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Abstract

The “high concentration barrier”, describing the maximum concentration of
fluorescent species tolerable, is one of the main limitations of single-molecule
fluorescence (SMF) measurements. Addressing this fundamental limit can enable
and expand several in vitro and in vivo single-molecule applications, including
tracking in crowded environments, fast super-resolution imaging, and single-
molecule fluorescence resonance energy transfer (smFRET) experiments.

In this thesis, we develop fluorogenic probes (which become fluorescent upon
binding to a target) to address the high-concentration barrier in several SMF
applications. The design is based on short ssDNAs fluorescing only upon
hybridising to their complementary target sequence. We engineer the quenching
efficiency and fluorescence enhancement upon duplex formation through screening
several fluorophore-quencher combinations, label lengths, and sequence motifs,
which serve as tuning screws to adopt our labels to different experimental
designs. With these fluorogenic labels, we can perform SMF experiments at
concentrations in excess of 10 pM fluorescent labels — an improvement of two
orders of magnitude compared to standard TIRF experiments, without the need
for any special optics or nano-fabrication.

We present several experimental applications of our probes, each showcasing
a specific feature fluorogenic probes can provide: We demonstrate the ease
of implementing these probes into existing protocols by performing super-
resolution imaging with DNA-PAINT, employing a fluorogenic 6nt-long imager.
Importantly, we did not perform any sequence engineering ourselves, but simply
“plugged in” the fluorogenicity feature and reduced the imager length. Through
the faster acquisition rate of binding events, the imaging of viral genome segments
could be sped up significantly, now only requiring approx. 150 s of imaging
to extract physical features in the 20 nm range.

To highlight new experimental paths only possible with fluorogenic labelling
species, we performed smFRET measurements where photobleaching is circum-
vented through a constant exchange of donor- and acceptor- dyes, supplied by
fluorogenic ssDNAs (REFRESH-FRET). This process is facilitated by fast the
exchange kinetics at probe concentrations far exceeding 100 nM, and allows
for observation of smFRET for hours.

Thirdly, we applied our probes in live-cell tracking of individual ribosomes by
labelling their 16S rRNA with a complementary probe. The increased signal-
specificity that fluorogenicity provides allows for a great signal-to-noise ratio
within the cellular environment. Our probes directly hybridise to the rRNA
target, so do not require any genetic engineering.



In summary, we characterised the fluorogenic properties of dye-quencher labelled
ssDNA probes, and demonstrate several single-molecule applications in vitro
and in vivo. Through their tuneability and simple implementation, we envision
our probes to be widely applicable, beyond what we could demonstrate here.
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1. Introduction

1.1 Revolutionising science molecule by molecule

The understanding of structure, dynamics, and function of biological systems
has been transformed by the unique insights gathered from single-molecule

experiments both in vitro and in vivo.!

In the traditional ensemble measurements used for decades (e.g. fluorometry,
any form of gel electrophoresis analysis, or general fluorescence imaging of cells),
critical information about different structural and functional subpopulations in
a complex milieu of molecules is lost due to ensemble averaging (as illustrated in
Figure 1.1A by averaging the colour averaging of different molecules). In addition
to this population averaging, there is temporal averaging as most processes do not
occur and cannot be synchronised on a molecular level to the extent required to
study molecular processes (see illustration in Figure 1.1B), this is specifically true
for systems in thermodynamic equilibrium. The timing of observations offered
by single-molecule techniques, however, allows for the identification of individual
steps, and, most importantly, the sequence and kinetics of each step in a specific

process can be identified and analysed separately for individual molecules.

The emergence of single-molecule techniques in the late 1990s led to an avalanche
of new single-molecule studies on assembly and folding of proteins, mechanism
of protein function, structure-function relationships of molecular assemblies, and

coupling of large macromolecular machines in vitro and in vivo.

Their versatility and sensitivity have made especially single-molecule fluorescence
(SMF) spectroscopy and microscopy studies very popular, specifically when
compatibility with living cells is required.?® The detection of a fluorescing
molecule, its emission properties, and its precise location enable measurements
of molecular stoichiometries, as well as super-resolution imaging and single-

molecule tracking.* !



1.1. Revolutionising science molecule by molecule

Figure 1.1: The principle of single-molecule experiments. A: An ensemble observation
of the molecular property “colour” would report “green”, not resolving the different
populations of yellow and blue molecules, and in the complete absence of any
green molecules. B: An ensemble observation of a process in equilibrium would
not report a colour change upon molecules switching colours from yellow to blue
or vice versa. Observations on the single-molecule level can observe the individual
molecules transitioning and can report on kinetics of the process.

All SMF techniques rely on the specific detection of (most commonly) individual
fluorophores, which operate as reporters for the target molecule. These exhibit
certain characteristic phenomena, which are both used to select true single-
molecule signals (but at the same time present challenges when interpreting
data): Firstly, photobleaching (the permanent destruction of the chromophore
due to photochemical processes and reactions) occurs as a discrete process, with
one bleaching step per fluorophore. Secondly, photo-blinking i.e. oscillations
in emission intensity can be observed due to molecules switching into different
emission states (unless prevented by specific buffer compositions). Thirdly,
anti-bunching, i.e. a delay between the emission of two photons (as detectable
in the autocorrelation function), can only be observed for single emitters, which
require a discrete time to cycle another electron into the excited state and
de-excite via fluorescence emission of another photon. These specific properties -
single-step photo-bleaching, blinking, and anti-bunching - are lost when many

fluorophores are observed at the same time.



1. Introduction

There are several single-molecule techniques or aspects of these worth a brief
introduction, the following is by no means intended to be a complete list.
Some techniques will be discussed more thoroughly in the following chapters,

where appropriate.

SMF has enabled super-resolution microscopy (SRM) by leveraging the ability
to detect and localise single molecules with great precision. Conventional
microscopy is limited by diffraction, which does not allow the spatial separation
of two emitters spaced by less than ~ 250 nm (for visible light microscopy,
Figure 1.2B). Many molecular interactions occur at scales much below the
diffraction limit, as are the structures of viruses or proteins, which can thus not be
resolved from diffraction-limited images acquired using conventional microscopy.
By imaging a subset of all emitters in single images, which later become
super-imposed to reconstruct the complete image, SMF localisation microscopy
techniques like photo-activated localisation microscopy (PALM), stochastic
optical reconstruction microscopy (STORM), and DNA-points accumulation for
imaging in nanoscale topography (PAINT) achieve resolutions well below the
diffraction limit (Figure 1.2).7"13 Using localisation-based SRM has provided
significant insight into fundamental cellular processes, and it has found its
place amongst the tools commonly employed to assess dynamics and spatial
distributions of proteins and nucleic acids in cells, as well as in nanoscale
structures (e.g., viruses or the cytoskeleton).!1® A specific introduction to

DNA-PAINT microscopy will be given in chapter 3.

For the single-molecule localisation microscopy (SMLM) methods, target molecules
have to be immobilised, since the imaging process requires time. However,
individual fluorescent molecules can also be observed when diffusing, where
their path (“track”) and diffusion speed can be subsequently analysed to give

further insight into e.g. the processes the target molecule is involved in, the



1.1. Revolutionising science molecule by molecule

A
Target
molecule
Fluorophore
Actual structure
C
o o @ O o W) -
B
]
N PaN Vo
all together emitter switching
Fluorescence l

super-res image

Figure 1.2: The principle of single-molecule localisation microscopy. A: The target
structure, formed by several units of a particular target molecule which is labelled with
an emitter. B: If distances between the different emitters are below the diffraction limit,
they cannot be resolved individually with conventional light microscopy. C: Temporal
separation of the emitters by selectively activating only a subset of them allows
localising each one with great precision. D: In subsequent frames, different sets of
emitters get activated and their position localised. Reconstruction images of all
accumulated localisations reveal the target structure, as in panel A.

composition of the environment, or subcellular organisation patterns. Due to
the great precision which is achievable when localising individual fluorophores,
this can resolve movements well below the diffraction limit. These ideas form

the basis for the study of ribosomes in chapter 5.

One further methods allows collecting spatial information on an even smaller
scale: single-molecule fluorescence resonance energy transfer (smFRET) , can be

used as a molecular ruler, sensitive to distances in the 2-10 nm range. Studies
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involving smFRET monitor the kinetics of processes such as conformational
changes or relative movements of two interacting species and have been widely
employed in elucidating sequences of events of important biological processes,
such as transcription, translation, and protein folding.'® A more detailed theo-

retical introduction to FRET is given in section 1.4.1 of this chapter.

1.2 The concentration barrier in SMF

In many SMF experiments, a critical limitation known as the “high concentration
barrier” prevents single-molecule analysis when the concentration of fluorescent
species exceeds a certain concentration (1-10 nM in general wide-field microscopy,
100 nM for total internal reflection (TIRF) microscopy, and much lower for
solution-based confocal microscopy).!”1® At higher concentrations of fluorescent
molecules, the signal-to-noise ratio (SNR) deteriorates too much to allow reliable
analysis of the data (see Figure 1.3, Note: These images were acquired in TIRF
mode, so observations are possible up to about 100 nM. The phenomena of SNR
deterioration is comparable across techniques, though.). This limitation intro-
duces the need to remove any unbound or non-specifically bound fluorophores
(e.g. in immuno-histochemistry- or Halo-Tag-based labelling approaches) and
to limit experimental designs with correctly labelled species to relatively low

concentrations, which are often far below biologically relevant affinities.!®

Strategies to address the “concentration barrier” have focused both on limiting
the excitation of or the emission from (unbound or otherwise diffusing) fluorescent
molecules in the background, and on enhancing the fluorescence of molecules
involved in the process or bound to the structures of interest. Background
suppression can be achieved by suitably modified instruments, such as in zero-
mode-waveguides or using the evanescent excitation field in a TIRF microscope.

In stimulated emission depletion (STED) microscopy, a second laser inducing
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Figure 1.3: The single-molecule concentration barrier in TIRF experiments.
Individual, labelled ssDNA molecules hybridising to complementary ssDNA molecules
on the surface can be resolved and observed on these field of views (FOVs) up
until a concentration of approx. 100 nM. For higher concentrations, the background
fluorescence by unbound molecules deteriorates the SNR too far to allow for detection
of the individual molecule on the surface.

stimulated-emission depletion reduces the de facto excited volume. The standard
for surface-based SMF experiments, the TIRF microscope, however, still cannot
allow detection of single immobilised molecules in the presence of >100 nM

of fluorescent species (Figure 1.3).1%:2022

Fluorescent enhancement of only those molecules which are under observation
using plasmonic effects can improve the SNR of a measurement by several orders
of magnitude,? but require the experimental protocol to be compatible with
the stability, accessibility, and functionality offered by the specific nanostructure
employed in the experiment. As such, nanostructures facilitating plasmonic

enhancement are so far unsuitable for imaging or tracking experiments.

A third approach focuses on using fluorogenic molecules which exhibit a signifi-
cant increase in quantum yield /fluorescence brightness upon interacting with
their target structure. Examples of this include fluorogenic dyes (e.g. nile red in
PAINT microscopy??) or molecular structures in which a conformational change
upon binding displaces a quencher to recover fluorescence of a fluorophore. In

contrast to other approaches, the employment of these fluorogenic labels or
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components does not require any specialised optics or nanofabrication, but

is compatible with either.?®

In particular, DNAs have a long-standing history of being used as fluorogenic
sensors. A main focus of the development has been on polymerase chain
reaction (PCR) probes, allowing detection and quantification of PCR products
without further post-processing:26-?” In early days, the read-out relied on either
nuclease digest of a ssDNA to remove a quencher from the proximity of a

fluorophore or to free the fluorophore into solution.?¢ 28

Fluorogenicity upon hybridisation of these single-stranded DNAs (ssDNAs) was
first used in molecular beacons, which use a self-complementary stem region to
facilitate interactions between terminally attached fluorophore and quencher.?%29
Later on, this secondary structure was found not to be required for fluorogenicity
of $sDNAs.3® The quenchers utilised have been diverse (both fluorescent and
dark quenchers), further the quenching abilities of DNA bases themselves and

of metal nanoparticles have been utilised.26-28:30-32

The quenching process in certain short, doubly-labelled ssDNAs (with dye and
quencher) was characterised to contain FRET-quenching and contact-quenching
components, which both show different spectral and molecular dependencies.3:33:34
Many studies, in particularly in the context of PCR probe development, primarily
focused on generating high quenching efficiencies in these constructs, but paid
little attention to the brightness of the de-quenched construct after hybridisation
(or at least did not explicitly analyse it). Yet, when translating the concept from
ensemble into the single-molecule setting, the de-quenched state is particularly

important, since a single emitter has to be bright enough to be detected

and/or localised.
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In an early SMF example, Zhang et al. used 19 nt long ssDNA probes,
labelled with dye and quencher, which hybridised to complementary mRNA. The
fluorogenicity allowed for high operational concentrations for fast hybridisation
of the probes to freshly synthesised mRNA.?*> The 19 nt length arouse from
considerations of sequence specificity and hybridisation rates, but also allowed

for good fluorogenicity, in particular high emission levels upon hybridisation.

The deployment of fluorogenic probes in localisation-based super-resolution
microscopy has been a particular inspiration for the work in this thesis, highlight-
ing some of the key challenges the field faced when developing well-performing,
fluorogenic SMF probes, in particular where short sequences are required. A
more in-depth review of the particular publications is given in chapter 3, but
the following developments in DNA-PAINT microscopy illustrate the extensive
effort that experimental designs require in the absence of a general and easily

adoptable strategy to implement fluorogenicity into SMF assays:

Based on the assumption (and observation) that a certain minimum distance
was required for efficient de-quenching (around 6 nm), fluorogenic imagers were
first introduced to DNA-PAINT microscopy using two optimised 15 nt imager
sequences with internal mismatches (which had to be carefully engineered).?
The mismatches reduced the duplex stability and in combination with a higher
imager concentration allowed for faster imager turnover - and an overall faster

imaging process.

FLASH-PAINT later addressed the multiplexing limitations of this approach by
implementing removable adapter strands to selectively activate and deactivate

docking sites, allowing the re-use of imagers for different targets.’”

Another approach by Kessler et al. utilised self-quenching of two terminal

ATTO655 dyes for fluorogenicity, but this approach is spectrally limited and has

10



1. Introduction

a lower enhancement compared to dye-quencher combinations we will discuss in
this thesis.®® While these strategies all successfully employ fluorogenic imagers
and improve DNA-PAINT acquisition speed, the solutions they provide are either
very specialised (ATTO655 self-quenching) or require significant engineering
of experimental protocols, highlighting the necessity for a more universally

adoptable strategy to implement fluorogenicity in SMF.

11
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1.3 Objectives of this thesis

Here, we present a universally translatable strategy for the design of fluorogenic
ssDNA-based probes based on terminal labelling with fluorophore and quencher,
which can be employed in a wide range of experimental set-ups to label and
visualise biological processes and structures at high operational concentrations.
We specifically focus on the compatibility with SMF experiments, the ease of im-
plementation into existing technologies, and the doors that higher concentrations

can open into so far unexplored experimental domains.

This chapter gives an overview of the main theoretical considerations in the
quenching and de-quenching process. Further information on the specific
background to each application is given in the relevant chapters to allow for

a more coherent and comfortable read.

Chapter two provides a careful characterisation of the probe design and the
effects of the main parameters in the design of such probes (fluorophore-quencher
pairing, probe length, and sequence effects). We can in particular address
previous limitations for short probes (5-15 nt) and demonstrate a SMF assay

using the newly designed probes at micromolar concentrations.

Chapter three focuses on the “plug and play” character of our fluorogenic
probes by adding fluorogenicity into existing experimental protocols, which we
demonstrate in DNA-PAINT imaging using a 6nt fluorogenic imager. The shorter
interaction of this 6nt imager used at high concentrations allows for a much
faster data acquisition and can speed up the otherwise lengthy DNA-PAINT

imaging process substantially.

In chapter four, fluorogenic probes are used to facilitate a completely new exper-
imental approach to overcome photobleaching: Through a constant exchange

of the fluorescent “unit”, individual molecules of interest can be studied over

12



1. Introduction

pre-longed time spans. The kinetics of this exchange need to be fast, which is

facilitated by very high operational concentrations of fluorogenic probes.

Chapter five introduces an additional characteristic of fluorogenic probes and
explores their use in in vivo settings: The fluorogenic property allows generating
very specific signals in settings where imaging or tracking would usually require
the removal of unbound probes. We explore the performance of fluorogenic
probes targeting the ribosome inside live E. coli cells, particularly focusing on
characterising uptake, signal specificity and probe stability inside the considerably

more crowded and heterogeneous environment that is a living cell.

Chapter six summarises the main developments and findings of this thesis,
putting them into context with one another. This is concluded with a brief
outlook onto possible further expansions of the techniques presented here is

given, focusing mainly on labelling proteins or mRNA both in vitro and in vivo.
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1.4. Theoretical background

1.4 Theoretical background

1.4.1 Forster resonance energy transfer

FRET is the process of a radiation-less transfer of energy between two molecules
via dipole-dipole interactions and was first discovered in polarisation mea-
surements of dye solutions: Upon shining polarised light into a sufficiently
concentrated dye solution, internal transfer processes would reduce polarisation of
emitted photons with rising dye concentration.??4° First explanations interpreted
the effect as a secondary fluorescence process after absorption of the primary
fluorescence photon. They were, however, not consistent with the experimentally
obtained concentration dependence. T. Forster was the first to give a quantum
mechanical theory to describe these processes accurately as an energy transfer
between an excited dye molecule (donor) and a not yet excited molecule (acceptor)
via dipole-dipole interactions.*! This process does not involve the exchange of a
particle i.e. a photon and relies on two quasi-simultaneous processes: The energy
transfer from donor to acceptor molecule and the emission of the transferred

energy from the acceptor molecule via fluorescence.

The energy transfer can not only be observed in a highly concentrated dye
solution, but also between two different dyes - providing that the emission
spectrum of one dye (donor) overlaps sufficiently with the absorption spectrum of
the second dye (acceptor) and both dye molecules can be found in close proximity
(commonly ~ 2-10 nm). Additionally, their dipole moments must share a parallel
component to allow for coupling. What was first discovered in homogeneous
solutions of only one fluorophore, is nowadays a widely used technique to study
biological systems and resolve distances far below the diffraction limit. In the
context of this thesis, it is important to mention that the acceptor dye does
not need to be fluorescent, many dark quenchers serve as FRET-acceptors and

de-excite in the far red or infra-red.
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1. Introduction

Figure 1.4: Jablonski-diagram
of the FRET process. Upon
E 4 donor excitation, which is fol-
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Upon exciting the donor, several competing processes take place (see Figure 1.4):
There is direct fluorescence emission, but also various non-radiative transitions,
including transitions to triplet states and quenching in chemical reactions (the
latter have been omitted in the figure for clarity). Providing above conditions
(spectral overlap, distance, parallel dipole component) for FRET are fulfilled,
there is also the possibility of direct energy transfer to a second dye molecule.

This, in turn, can now de-excite via any of the above-mentioned pathways.

The proportion of FRET emission among the total amount of processes leading
to the relaxation of the donor, called the FRET efficiency Frrgr, can be
expressed by the following equation 1.1 relating the rates at which the different

processes occur:

kFRET (1 1)

B —
FRET krrer + kr + knr

krrer is the rate of FRET, kr the rate of fluorescence and kg sums up the rates
of all other possible, non-radiative relaxation pathways. The energy transfer
rate from the donor to the acceptor krrgr in dependence of the intermolecular

distance r can be given by:%?

[e.o]

9000 n(10)x2® / Fp(v)ea(v)
12875 N 4167,

krrer(r) = dv (1.2)

4
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1.4. Theoretical background

where k is an orientation factor, ®p is the donor quantum yield, N4 is Avo-
gadro’s constant, r is the distance between both dye molecules, 7p is the donor
fluorescence lifetime, Fp(v) represents the normalised donor emission spectrum,
and e4(v) is the molar extinction coefficient of the acceptor at frequency v. This
formula unites information about the spectral overlap of donor emission and
acceptor absorption spectrum (the overlap integral), the relative dipole moment
orientation of both molecules (), and the donor quantum yield which are all
assumed to be constant and known for a specific dye pair.* These constants
are summarised as the so-called Forster-radius Ry, at which a transfer efficiency

of 0.5 is observed, so equation 1.2 can be simplified to:

1 Ry
k = —(—)° 1.3
FreT(T) TD( =) (1.3)
Errpr can then also be written as:
RS
E -0 1.4
FRET RO+ 10 (1.4)

This, in theory, provides an easy way to determine the distance between donor
and acceptor (r) by measuring Ergrpr, providing Ry is known in the given setting.
As values of Ry typically lie within the low nano-meter range, the method is
sensitive to distances in the range between 2 - 10 nm, which cannot be resolved
using conventional microscopy techniques.** Varying Ry of the FRET-pairs
allows tuning the distance range over which FRET is a sensitive sensor, a fact

we have exploited to tune the properties of our fluorogenic labels.

“Whether k2 can be averaged and seen as constant is still subject to discussions. A constant
k2 is often assumed because of molecule rotation times are thought to be much quicker than
fluorescence lifetimes, so that all orientations are covered within the lifetime of the excited
state. Averaging over time then yields k = % This assumption is, however, not true for all
cases and needs adjustment for specific situations. A recent benchmark study confirmed the
accuracy of absolute distance measurements for freely rotating dyes on DNA, however steric
constraints might interfere with the measurement.*3
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1. Introduction

1.4.2 Fluorescence quenching

Quenching describes a process or an interaction between a fluorophore and
another molecule (a quencher) which results in a reduced fluorescence emission.
The quencher can be the same type of molecule as the fluorophore (sometimes
referred to as self-quenching e.g. in Kessler et al.®), or it can be a different
molecule altogether (fluorescent or not). Mechanistically there are two broad
classes of quenching processes: So-called static quenching occurs due to in-
teractions of the fluorophore and quenching molecule(s) in the ground state,
resulting in a ground-state complex which can no longer be excited (or only
with significantly altered excitation parameters). The second type, dynamic
quenching, occurs by interaction of the fluorophore in the excited state with
surrounding molecules, which prevent fluorescence emission. Both types will

be briefly discussed in the following.

E 4

~~.. LT Figure 1.5: Jablonski-diagram of the
contact-quenching interactions. In the

S, ground state, two molecules found a com-
plex with altered energy levels, which can
no longer be excited as efficiently by the
original excitation light.

Firstly, static quenching describes an encounter of two molecules (at least one of
them is the fluorophore of interest), which undergo complex formation in such
a way that energy levels of the new complex differ significantly from those of
the original fluorophore (Figure 1.5). In the case of homo-dimer formation (or
between different molecules of very similar energy levels), the molecular orbitals
formed from the S; states are split into levels higher and lower than the original
S, energy levels.®> The effect is strongest the closer the original energy levels

were, for spectrally very distant molecules it eventually becomes negligible.6:47
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1.4. Theoretical background

These changes, as an immediate consequence, reduce the extinction coefficient of
the complex to the wavelength which would be best absorbed by the uncomplexed
fluorophore and results in a changed absorption spectrum.*® The transition
dipole arrangement now decides which excitation transitions are quantum-
mechanically allowed (and therefore occur readily). Quenching occurs primarily
when this new set of states are such that, after excitation and internal conversion
processes, only triplet transitions to long-lived states are allowed and only
very red-shifted phosphorescence can be observed, if at all. This is, in the
context of the work here, especially observed upon stacking of planar aromatic
molecules.*” Residual fluorescence thus occurs primarily from uncomplexed
fluorophore molecules at the standard fluorescence lifetime of fluorophore (since
the excited state of those un-complexed molecules is unaffected).*” In addition
to the spectral/energetic conditions, molecular contact is required for these

ground-state complexes to occur.

E 4
S, _e S,
\ s, \ s,
—) 2% Y
or heat
o
S, — So S0 — So
F Q F Q*

Figure 1.6: Jablonski-diagram of the electron exchange process (Dexter energy
transfer). The excited electron in the F* (solid circle) is transferred onto a quencher
molecule and, either simultaneously or subsequently, an electron (hollow circle) is
transferred from the quencher back to the fluorophore. The Q* molecule created will
relax in subsequent steps, often dissipating heat.

Dynamic quenching processes involve interactions of the excited state fluorophore
molecule (F*) with the quenching molecule. For the purpose of this overview

here, we will summarise also resonance energy transfer processes such as FRET
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1. Introduction

into this category (because they originate from F*), although the literature does

not agree on whether it should be included in the same category.4"49

In general, there are several mechanisms which all lead to fluorescence quenching
of an already excited F*: Firstly there are so-called collisional processes, where
a diffusing molecule comes into molecular contact with F* and undergoes a
reaction which results in depopulating the F* state without fluorescence emission.
This can happen by various processes, one of which is electron exchange processes
(Dexter energy transfer, Figure 1.6), often observed in solvent interactions (as

very high concentrations are required).*®5°

A second de-excitation process involves the photo-induced transfer of electrons
(PET, i.e. redox reactions) between F* and quencher, resulting in two ionic
radicals, which can then be subject to further redox reactions, either restoring
the ground state fluorophore or resulting in a permanently altered molecule,
one mechanism of photo-bleaching (Figure 1.7, see chapter 4 for more details

on photobleaching).

A B
r 3 A
S, Kox S
, —@
00 k o
So_e So S, _eo ‘} So
-+ - - +
E F Q E F Q

Figure 1.7: Jablonski-diagram of the photo-induced electron transfer (PET) process.
Depending on the redox potentials, F* partake in oxidative (A) or reductive (B)
reactions, yielding charged radicals. A: The oxidative transfer of an electron (solid
circle) from the excited F* onto a @ molecule. B: The reduction of the excited molecule
by electron transfer from the Q molecule (hollow circle). Further reactions are required
to restore the original F (in Sp).
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1.4. Theoretical background

Thirdly, inter-system crossing (ISC) into the triplet state, as often caused in
interactions with molecular Oxygen (Figure 1.8). The triplet state then is
depopulated via one or several of the mechanisms already described: It emits
either in a slow and red-shifted phosphorescence process (the transition is spin-
forbidden), relaxes via further redox reactions (see PET, the molecule can get

destroyed in the process) or electron exchange.®’

E 4

Figure 1.8: Jablonski-diagram of the
quenching process via ISC. F* undergoes
ISC in reaction with Q, which leaves it in
a triplet state T;. Relaxation from T is —
only possible via slow phosphorescence or So
non-radiative processes. nr: non-radiative, F*
ph: phosphorescence

Lastly, there are the non-collisional interactions occurring, e.g. during FRET
processes (see previous section), during which only the excited state energy
is transferred onto the quencher (or in this context more often called accep-
tor). FRET processes can occur over much larger ranges than the collisional
mechanisms outlined above (1A vs. 10s of A), since FRET does not require
orbital contact.* Dynamic quenching processes do not alter the absorption
spectrum, but change the excited state lifetime, and so will result in a changed

fluorescence lifetime measurement.

In the context of the labelled DNA probes in this thesis, we did not perform
a detailed analysis of the precise quenching mechanisms at play within the
constructs. Due to the distances in the hybridised state, only FRET quenching
can and will occur once the probe is bound to a target. In the ssDNA state, we

cannot exclude contributions from other quenching mechanisms, particularly for
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1. Introduction

the red construct in chapter 4 we strongly assume static quenching effects

are at play.
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

2.1 Motivation

For the creation of fluorogenic probes, we focus on doubly-labelled ssDNAs,
which are well suited for labelling in a lab environment for a variety of reasons:
The sequence allows for specific interactions even at very short lengths (DNA-
PAINT applications commonly using only 7-9 nt long ssDNAs®) and provides

52-54 Further, the strength of interaction

very extensive options for multiplexing.
and consequently the kinetics of hybridisation can be tuned across a wide range
of time scales (from very transient interactions in DNA-PAINT microscopy
(100 to 300 ms''®!) to fluorescent labelling of origami structures which can

55,56) " ssDNA oligos are widely available from a range of

be stable for weeks
commercial suppliers, making the technology available to and affordable for
researchers outside expert synthesis laboratories. The spectral properties of
the probe can simply be changed by exchanging the conjugated fluorophore,
of which a huge variety is commercially available. ssDNAs are compatible
with live-cell experiments (especially once protected by chemical modifications),

and through their potentially very small size little impairing on e.g. diffusing

properties of a labelled protein complex.

The generation of fluorogenicity in our probes follows a simple principle: A
ssDNA is labelled terminally with a fluorescent fluorophore on the 5" and a dark
quencher on the 3’ terminus. When in solution, the low persistence length of
ssDNA (& 1 nm) allows it to collapse into a random coil, whereby fluorophore
and quencher are kept in close enough proximity to allow for contact-mediated
or high-efficiency FRET quenching of the fluorophore’s fluorescence (see Figure
2.1A). Upon hybridisation, the double-stranded DNA (dsDNA) duplex with
its higher persistence length (~ 50 nm) separates fluorophore and quencher
and therefore leads to de-quenching of the probe and an increased fluorescence

emission. This concept has been adopted in variety of applications,?6-3%57 but it
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2.1. Motivation

was so far assumed that a useful contrast between dark and bright state would
require the DNA to be chosen from a very limited range of lengths (of ~ 15 nt)
with little possibility to apply the same fluorogenic strategy to shorter or longer
constructs with an equally good performance. The underlying assumptions
were that in a shorter probe, the remaining FRET quenching would not allow
for bright enough fluorescence in the bound state (we did indeed observe this
for one of the constructs discussed in chapter 4), while for longer constructs
the quenching in the unbound state would not be efficient enough to allow
for significant fluorogenicity, unless hairpin structures were designed into the
probes (e.g. in molecular beacons). Those structures, however, come with
kinetic barriers which slows down hybridisation (in a 17nt beacon, a 5bp stem
reduced on-rates by 2 orders of magnitude, from 10*M —1s—1 without stem to

102M —1s—1)% and can render probes unusable for certain applications.

Here we show that by controlling and tuning the emission of the probes in
the quenched and de-quenched state, we can generate fluorogenic probes that
overcome the previous design limitations and push boundaries in a wide range of
applications, including but not limited to super-resolution imaging, SMF assays,

single-molecule tracking, and in vivo experiments.
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

2.2 The design of fluorogenic ssDNA probes

A B C

Unbound, quenched labels
| o .
e

Bound, de-quenched labels

1. Fluorophore/Quencher Pairing

R =

2. Label Length: 5-25nt

L

3. Transient Secondary Structures
W

o il 7. &

Figure 2.1: Experimental set-up for characterisation experiments. A: ssDNA probes
carry a fluorophore and a quencher on the 5’ and 3’ ends, respectively. In the single-
stranded state in solution, the fluorescence emission is quenched. Upon binding their
complementary docking strand immobilised on a surface, the fluorescence emission
increases because of the increased distance between fluorophore and quencher. B: The
measured intensity of spots (‘signal’) and the background is extracted from the raw
video and compared to values of probes only carrying the fluorophore. C: We evaluate
three main parameters of the probes, the Ry of the fluorophore/quencher pairing, the
length of the label, and the effect of transient secondary structures.

In the design of our fluorogenic probes, we focused on three key parameters

(Figure 2.1C):

o Firstly, the choice of fluorophore and quencher, which through their FRET
interaction (and potentially contact-mediated quenching in the single-

stranded state) will form the basis for the fluorogenicity.

o Secondly, the length of the ssDNA will determine the distance changes

between fluorophore and quencher upon hybridisation.
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2.2. The design of fluorogenic ssDNA probes

e Thirdly, the DNA sequence determines the specificity of target binding and
influences the hybridisation kinetics. Internal stabilisation of conformations
with small fluorophore-quencher distances through transient secondary
structures can be an important factor in quenching background fluorescence
of unbound probes. Whilst some applications might demand a certain
sequence, others will more crucially rely on favourable kinetics of probe
binding (e.g. DNA-PAINT imaging). For the latter, it is crucial to
eliminate secondary structures and internal interactions between bases by

reducing the number of bases to two non-complementary ones.

In order to systematically assess the influences of these parameters, we specifically
look at the performance of a set of test or reference probes. These probes were
designed to conserve the immediate environment of the fluorophore throughout
the different scenarios and to be free of any internal complementarity (by only
consisting of two non-complementary bases, G and T). For the purpose of
the following experiments, we were not concerned with possible non-canonical

interactions (e.g. non-Watson-Crick base-pairings or G-quadruplex structures).

The following measurements were all performed to determine the fluorescence
increase upon hybridisation of our probes. We first measured the molar emission
of unbound probes (‘background’ or B, Figure 2.1A-B), extracted from the
brightness of the areas in videos which do not contain molecules across a wide
range of concentrations. We then fitted with a linear regression to extract the
molar background Brg me. Since the background is concentration dependent, we
thought it best to use the molar quantity when comparing different constructs.
Secondly, we extracted the fluorescence intensity of probes that bind to surface-
immobilised complementary ssDNAs (‘signal’ Spq, Figure 2.1A-B), which is the
brightness of spots in our videos at 10 nM. For comparison, we normalised

all values to the B and S levels of probes carrying only the fluorophore but no
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

quencher (Br and Sg). Both values can be then used to calculate the fluorogenic

factor (FF), which is the fold change in emission intensity upon hybridisation:

normalised S = Sy = 5rQ (2.1)
Sr

. o . BFQ,mol
normalised B = By moi = ———— (2.2)

BF,mol

SN

FF = 2.3
BN,mol ( )

This normalisation makes the FF independent of any fluorescence increase upon
binding of fluorophore-only probes, which could be dye- or sequence-specific.
To keep our assessment as general as possible, we would like to be agnostic
to these effects. Any FF>1 in this work reports on a fluorogenicity greater
than what could be observed in the fluorophore-only constructs (observed for

example by Chung et al.).3

A full description of all experimental procedures can be found in the A.
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2.3. The tuning screws for fluorogenicity

2.3 The tuning screws for fluorogenicity

2.3.1 The Forster radius of the fluorophore-quencher pair

In the quenched state, the probe design is relying on contact-quenching or very
high-efficiency FRET quenching of the fluorescence emission of the fluorophore.
Both require close proximity, and a certain spectral overlap.®® Upon target
binding, the increased distance between fluorophore and quencher allows for
de-quenching and recovery of the fluorescence signal. The remaining quenching
is due to FRET at distances which exceed the range of any contact quenching

(which is assumed to be the case for all tested probes here).

For the FRET component, the spectral overlap between fluorophore emission
and quencher absorption is one of the defining factors in determining the Forster
radius Rg. We envisioned that changing out the quencher and modifying the
Rg, would allow us to modify the emission of a given label and what distance
changes are required for high fluorogenicity. Here, we tested the same 15 nt long
construct labelled with a 5’ fluorophore (ATTO647N) and several quenchers
on the 3’ end (BHQ1, BHQ2, BBQ650, Figure 2.2A). We used the absorption
spectra of the three quenchers, in conjunction with the emission spectra of the
fluorophore to calculate the Rg between fluorophore and quencher based on an
assumed x?% = % (Figure 2.2A). We estimated their Forster Radii to be 3.5 nm,
5.2 nm, and 6.2 nm for BHQ1, BHQ2, and BBQ650, respectively, when paired
with Atto647N as donor. We chose 15 nt as probe length to allow for reliable
detection of both signal and background fluorescence (at end-to-end distances of
3-4 nm in the ssDNA state and approx 5-6 nm in the dsDNA state, calculated
using worm-like chain model (WLC) and data from SMF studies)®*:®! both well
above instrument noise levels in all cases). All quenchers were chosen to have
similar molecular structures, in an attempt to minimise effects of structure-based

changes in quenching behaviour.
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Figure 2.2: The effect of varying spectral properties of the quencher on Fluorogenicity.
A: Absorption and emission spectra of the Qs and F, respectively. B: Fluorogenicity
characterisation. Red: Signal intensity in the hybridised state, normalised to the
fluorophore-only reference construct. With increasing Ry of the fluorophore/quencher
pair, the recovered signal from hybridised probes decreases. Grey: Background
emission by unbound probes, normalised to the fluorophore-only reference construct.
The background emission is efficiently quenched in all tested constructs, and higher
for fluorophore/quencher pairs with large Rg. The FF as the measure for overall
performance is similar for all constructs, with the BBQ650 performing worse
(FF= 8.8 + 0.2) than both BHQs (FF= 11.9 £ 0.4 and FF= 11.1 £+ 0.9). Mean values
and standard deviation from three independent experiments.

In the quenched, single-stranded state, we find the background decreasing
with increasing Rq of the fluorophore/quencher pair, consistent with a higher
degree of FRET quenching (Figure 2.2B, ‘background’ in grey). However, even
in the case of the lowest Ry (3.5 nm, ATTO647N and BHQ1), we find very
efficient quenching with a background of below 10 % of the fluorophore-only
reference construct. Especially for the BHQ1-construct, quenching is more
efficient than we would expect for a purely FRET-based quenching mechanism
at a distance of 3-4 nm separation between dye and quencher (where we would

expect only about 50% quenching).

The fluorescence signal upon probe hybridisation follows the same trend (Figure

2.2B, ‘signal’ in red): A large Ry correlates with low signal from the de-quenched
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2.3. The tuning screws for fluorogenicity

probe. With the ATTO647N-BHQ1 construct, the full signal can be recovered,
whereas with for the high spectral overlap construct (ATTO-647N-BBQ650),
we recover ~45 % of the signal of the fluorophore-only reference. The observed
signal levels align well with expected FRET-efficiencies at dye-quencher distances
of approx. 5-6 nm. For a given design of label, it is important to choose the
quencher that most efficiently quenches the fluorescence in the unbound form,

while ensuring significant de-quenching upon hybridisation.

Our results highlight the quencher choice has to be carefully balanced for an
optimal fluorogenic probe: In the unbound state, a quencher with large spectral
overlap (e.g. BBQG650 for Atto647N) is most desirable; in contrast, for the
bound and de-quenched state, probes with a small spectral overlap between

fluorophore and quencher have the brightest signal.

Upon calculation of the FF, we can see that the constructs with BHQ2 and
BHQ1 seem to perform overall best (FF= 11.9 + 0.4 and FF = 11.1 £+ 0.9,
respectively), with BBQG650 achieving a slightly lower FF of 8.8 4+ 0.2. The
comparably small differences suggest, however, that high FFs can be achieved
with a range of quenchers and that the choice of quencher allows to dim or
brighten a specific probe in both states. We hypothesise, that the FF of a
particular label depends much on how exactly the distance changes align with
steep parts of the distance-vs-FRET-Efficiency curve and might thus be of more

significant effect in probes of different length (shorter or longer than 15 nt).

Overall, Ry is a good (and quantitative) predictor for signal levels which can be
expected after hybridisation. In the single-stranded state, Ry allows predicting
the trends which the background follows, but quantitatively underestimates
the quenching we observe (and we find a similar effect in section 2.3.2). This
could be due to either an underestimation of the actual dye-quencher distance

or because of further quenching processes.
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

For design purposes, the Ry thus serves as a “tuning screw” based on other
parameters and requirements of the experimental design: an assay which requires
a very short probe (such as the DNA-PAINT imaging we are performing),
i.e. where even in the de-quenched state fluorophore and quencher are very
close, a low spectral overlap can help to recover enough signal to perform
insightful measurements. On the other end of the length spectrum, probes
where hybridisation allows for a large separation of fluorophore and quencher,
the background can be more efficiently suppressed than with a fluorophore-
quencher pair with a high Ry. The ideal quencher thus always depends on
the specific requirements of the experiment and the choice should be made

taking those into account.

2.3.2 Probe length and separation between fluorophore
and quencher

In a distance-sensitive process such as FRET, the probe length has a profound
impact on the fluorogenicity. We characterised a series of probe lengths spanning
across the range of 5 to 25 nt, with 5 nt being the shortest we were able to
observe hybridisation to surface-immobilised complementary DNA. We chose a
fluorophore-quencher pair with low spectral overlap (ATTO647N and BHQ1)
to allow for sufficient de-quenching of the very short probes to be able to

reliably detect them.

Figure 2.3 shows the observed signal and quenched background emission (Figure
2.3B) for probes of different lengths, from which we calculated the FF (shown
in Figure 2.3A). Overall, the quenched state emission (background) increases
with increasing length, from the 5 nt probe which is emitting only 1 % of
the de-quenched probe to the 25 nt probe at approx. 27 % (Figure 2.3B).
However, for lengths between 6 and 20 nt, the background shows no significant

increase, suggesting that the dynamics of the structure allow for a similar
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Figure 2.3: Length dependency of Flu-
orogenicity. A: The fluorogenic factor
(FF) calculated as the ratio of values in
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level of quenching across these lengths. Even in the 25 nt probe length, the
background is only 27 %, so presumably collapses into a random coil which
puts the fluorophore and quencher at distances on average well below the Ry

of the fluorophore/quencher pair (3.5 nm).

In the de-quenched state, the signal intensity follows a more typical FRET-
efficiency curve shape for FRET-based quenching at the distances set by the
probe length. Most promisingly, the short probes (5-8 nt) already show an
emission of 50-70 % of the saturation fluorescence signal (Figure 2.3B). Using a
FRET pair with a small Rg, as in this case, has allowed us to recover sufficient
fluorescence emission in the de-quenched state for single-molecule measurements,

despite the very short distance in the dsDNA state formed upon hybridisation.
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

With increasing length, the signal further increases, until it saturates at the

full fluorescence level from 10-12 nt onwards.

When comparing our experimentally obtained quenching efficiencies to theoretical
predictions (dye-quencher-distances were estimated using the WLC, with a
correction for the helical nature of dsSDNA), we see that there is a stark deviation
from predicted behaviour in the ssDNA probes, with the dye-quencher-distances
being much lower than predicted by the WLC model (Figure 2.4A). It suggests
that there are further interactions involved in the overall process which could
either bring fluorophore and quencher into much closer proximity (e.g. by
stacking of the chromophores) and/or the fluorophore is affected by further,
non-FRET based quenching mechanisms, further lowering the emission below
what would be expected in a FRET-only system. For our purposes of the label
design, this is very advantageous, as it keep background levels low even for labels

where the dye-quencher-distances were predicted to exceed the Rg by far.

For the hybridised probes, the WLC predictions are more consistent with the
experimentally observed values, but suggest a smaller Ry than we have calculated
(Figure 2.4B). Since our WLC predictions were made with very rough parameter
estimates (in particular of linker lengths and without accounting for major- vs.
minor-groove distances) combined with the assumptions made when originally
calculating the Ry values (constant quantum yield of the fluorophore, and
complete rotational freedom of both fluorophore and quencher), these deviations

lie within the accuracy of our predictions.

For evaluating the fluorogenicity, we calculated the FF (Figure 2.3A). Very short
probes have the highest FF - It seems this is mainly caused by very low levels of
background emission and could hint at additional quenching processes beyond

the ones seen in longer probes — or the average distance of fluorophore and
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Figure 2.4: Comparison of experimental data (purple) and predictions for the
quenching efficiency at different Rg from 2.5-3.5 nm (grey). A: Unbound, ssDNA probes:
Quenching is much more efficient than predicted by the WLC model. B: hybridised,
dsDNA probes: The experimental values follow the expected trend of the quenching
efficiency, albeit more consistent with a lower Rg of between 2.5-3.0 nm. Error bars
are standard deviations of three independent experiments.

quencher is much lower than in longer probes — resulting in very efficient FRET-
quenching. There is a length window between 10 and 20 nt, where (almost)
the full signal is recovered and there is still efficient background suppression,
leading to a FF of > 10 for all lengths. For the 25 nt label, the increased
background reduces the FF and we would thus expect to see even lower level of
fluorogenicity from this fluorophore/quencher pair for probes exceeding lengths
of 25 nt. It is worth noting, that these observations are made for this specific
fluorophore/quencher pair. For a more efficiently quenching pair (with a longer
Ry), we expect the signal in the hybridised state to only be fully recovered at
longer lengths, i.e. greater distances between fluorophore and quencher. For
the ssDNA state, the background increase might then also only occur for longer
probes, making this a promising approach for the design of longer fluorogenic
probes. On the contrary, for very short probes, the Ry should be chosen to be

as short as possible to allow for sufficient signal recovery upon hybridisation.
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

2.3.3 Transient secondary interactions

Based on the strong distance-dependency of the FF, we wondered whether the
deliberate introduction of transiently stabilising secondary interactions into our
constructs could help further improve the FF, especially in longer probes (Figure
2.5A). This approach is used in the design of molecular beacons, which often
use hairpin-like structures created by the complementarity of a stem region,
usually situated at either end of the probe. Often, these stem regions are of
significant length (e.g. 6 nt?) and thus forms fairly stable structures within
most experimental conditions. Consequently, the hybridisation kinetics will
be impaired significantly (the on-rate of molecular beacons with a 5 or 6 bp
)38

stem was reduced by several orders of magnitude)°®, which can render the probe

unsuitable for certain applications.

The probe used in chapter 5 is 18 nucleotides long and complementary to the
16S ribosomal RNA, which allows it to hybridise to ribosomes. Within its
sequence, there is a short, 4 nt intramolecular complementarity within an 18 nt
probe (AG = -4.23 kcal/mol at 25 °C based on NUPACK®?). The NUPACK
prediction shows that this folds the 3’end into the centre region (Figure 2.5B)
and is not forming a terminal stem region (like molecular beacons would). We
hypothesised that this would shift the equilibrium of possible ssDNA states in
the unbound state towards those with base-pairing, and hence impose a closer
distance between fluorophore and quencher (Figure 2.5A). At the same time, the
stability of this interaction is low, and it should not inhibit binding to a target.
The open 5 end can further serve as a toehold for hybridisation, facilitating
an initial interaction with the complementary sequence without requiring the

internal interaction to open beforehand.%

In our single-molecule experiments, the signal upon hybridisation was not affected

by this internal interaction, hence we recovered close to 100 % of the fluorescence
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Figure 2.5: Secondary interactions can improve fluorogenicity in a 18nt probe.
A: Schematic illustration of the reduced conformational dynamics in the unbound,
ssDNA state of probes capable of forming intramolecular base pairs, which leads to
an on average reduced distance between fluorophore and quencher. B: NUPACK
prediction of the secondary structure of the 18 nt probe at 25 °C based on a 4 nt self-
complementary region of the 3’- and centre section of the sequence. C: Signal intensity
in the hybridised state and background level of the 18nt probe, normalised to the
fluorophore-only reference construct. The 18nt probe with secondary structure emits
the same signal level as the fluorophore reference and the 20 nt fluorogenic sample
(dashed line, data from Figure 2.3), suggesting full hybridisation and no residual FRET
quenching. The background is reduced to 1.5 - 2% of the fluorphore-only reference,
resulting in a FF = 63, 5x larger than in reference constructs of comparable lengths
(dashed lines in panel D, data from Figure 2.3). D: Zoom in of panel C. Mean values
and standard deviation from three independent experiments.
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

signal (Figure 2.5C) At the same time, we could indeed confirm that even a 4nt
complementarity was sufficient to reduce the background emission of this 18nt
probe to a similar level as we have observed in the (much shorter) 5nt probe
(Figure 2.5D). Consequently, the FF of ~ 63 in this probe was the highest we
have observed in any of the constructs, and much higher than comparable probes
without secondary structures exhibit (compare the 15 and 20 nt probe without
secondary structures in Figure 2.5A). This approach should be extendable to any
long probe, where a complementary region of a certain length can be sufficient
to bring fluorophore and quencher into close proximity even if this interaction

is not stable in the given experimental conditions.

2.4 Single-molecule assays at micromolar con-
centrations

The design parameters outlined above allow for the generation of highly fluoro-
genic probes which can be used in single-molecule experiments at concentrations
orders of magnitude above the concentration limit of 100 nM. Figure 2.6A
shows different FOVs of the 18 nt probe with a transient secondary structure
studied in Figure 2.5. Even at 10 pyM, individual molecules can clearly be
distinguished and could be analysed for desired parameters such as brightness,
location etc. Operating at high concentrations is particularly important in
single-molecule experiments which rely on the accumulation of statistics from
individual molecules, and where without a sufficient on-rate this process can

be long and tedious.

In order to demonstrate our capability to operate single-molecule experiments
at concentrations in the uM range, we perform a simple assay which is capable
of detecting single-base mismatches in a target structure by evaluating the

hybridisation kinetics of a fluorogenic probe (Figure 2.6B).2
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2.4.1 Experimental design

A full description of the experimental procedures can be found in the appendix.
The probe in this case is an 8nt long sequence, labelled with Atto643 and BHQ1,
a fluorophore/quencher pair with a low Ry, allowing for a good de-quenching
performance of the probe whilst still offering good quenching in solution. A
fully matched target will lead to a more stable interaction with the probe,
compared to one with a destabilising single-base mismatch. The target itself
is double-stranded, but has a 8 nt long “gap” of ssDNA that offers a binding
site. To create the mismatches, we will vary the base at the position marked
with "X’ The probe hybridisation in this setting is additionally stabilised by

stacking interactions on either side (Figure 2.6B).

2.4.2 Results

Using a fluorogenic probe, the assay could be performed at 2 M with an SNR
sufficient for detection of binding events, as illustrated by the fluorescence-vs-
time traces in Figure 2.6C. The dwell times of all binding events were extracted
for all four possible bases at the position labelled with X, and their clearly
show the more stable interaction of the probe with the fully complementary
target with G at the position X, which leads to longer average bound times
(Figure 2.6D). The single mismatch reduced the average interaction lifetime
by a factor of approx. two (1.1 s (complementary) vs. approx. 0.4-0.6 s
(mismatched)) and thus allows for a clear distinction of target sequences purely

based on the hybridisation kinetics®.

Whilst the average of all bound times is a good indicator in this case, a further
analysis reveals more details: From previous studies of the kinetics of DNA hy-
bridisation, we know that the observed event duration usually contains (at least)

two components, consequently we fitted two lifetimes describing the process.%4
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Figure 2.6: Single-molecule experiments at pMconcentrations. A: Single frame
images of the 18 nt probe (described in Figure 2.5) at various concentrations, binding
to complementary target strands. Individual molecules can be identified at all
concentrations up to 10 M. B. Single-molecule assay for mismatch detection and
base calling. The binding kinetics of fluorogenic 8nt probes will distinguish the fully
matched sequence from a mismatch at position labelled with X. C. Intensity-vs-time
traces of an 8 nt probe binding to a target at 2uM, top: fully complementary target,
bottom A:C mismatch at position X. D. The duration of binding events extracted
from time traces at 2uM probes for all for possible bases at position X. Lifetimes
were fitted accounting for the camera frame rate and error bars are 95 % confidence
intervals determined by bootstrapping.

These lifetimes represent two different hybridisation states: The shorter one is
a (or a mixture of several) partially hybridised and short-lived state, possibly
the initially formed 3-4 bp nucleation site, from where the full hybridisation
develops.® The larger lifetime is then representing this fully hybridised state.
Previous experiments and the theoretical modelling by Ouldridge et al. does not
exclude further states (and rather assumes an enselmble of states)®*%® however
fitting even lifetimes into an exponential decay is difficult and, if possible, requires

an even larger amount of data points to be accurate.
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Figure 2.7: Two-exponential fit of the 8 nt probe bound times at fully complementary
targets or single-base mismatches. A: Bound-time, first component. B: Bound-time,
second component. C: Proportion of fit determined by first component. Both fitted
lifetime components have similar values for fully matched and mismatched targets,
however the second (longer) lifetime is barely present in the mismatches. Graphs show
fitted values with 95 % confidence intervals obtained from bootstrapping.

In our case, both fitted lifetime components for each target, interestingly, are
very similar between all four possible bases at the position X, irrespective of the
sequence being fully matched or with a single-base mismatch (Figure 2.7A-B,
approx. 0.3-0.4 s for the shorter and 1.5-2.0 s for the longer lifetime). Whilst we
can theoretically extract a longer lifetime (component 2) from all four samples,
it is essentially absent in the mismatched cases, which are almost completely
described by the single lifetime of the short component (Figure 2.7C), indicating
that the central mismatch does very rarely only allow for the formation of a

more stable duplex, in which all possible base pairs are formed.

Operating at 2 pM has allowed us to accumulate approx. 1000 - 3000 fitted
binding events within an imaging time of 5 min per FOV, averaging between
10-20 events per evaluated molecule. Use of higher concentration of the
fluorogenic probe accelerated the process of delineating the distinction between

complementary and mismatch sequences by collecting significant number of
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2. Tuning fluorogenicity in ssDNA probes for SMF experiments

binding events in a shorter span of time due to enhanced on-rate at an escalated

probe concentration.

2.5 Conclusion

We have conducted an in-depth characterisation of the fluorogenicity in self-
quenching ssDNA probes (terminally labelled with F and Q), carefully evalu-
ating the effect of probe length, Ry of the F-Q pair, and transient secondary
interactions on the fluorogenicity of ssDNA probes. Utilising this has allowed
us to create highly fluorogenic constructs over a wide range of lengths and

with different F/Q pairs.

Previously, optimising for the highest degree of quenching in the unbound state
lead to the conclusion that a minimum of around 15 nt distance had to be
incorporated between dye and quencher to allow for sufficient de-quenching for

36,52 This was based on the assumption that a large

single-molecule detection.
Ry of approx. 6 nm was required. However, by focusing on the principles
guiding the de-quenching efficiency, we can construct probes of high FF of
various lengths, the shortest being 5nt. We could further provide strategies
which can increase quenching (and thereby fluorogenicity) in longer probes. The
probe length in our design is fully flexible within the regions interesting for
hybridisation kinetics, spanning the timescales of most experiments (5-25 nt),
and through the introduction of secondary structures, even longer designs are

possible. 'We are, however, not relying on specific structural motifs, giving

free choice of the sequences used.

Our findings can easily be translated to other spectral regions. We chose the red
dye ATTOG647N for our characterisation, but have also performed experiments
with ATTO643. No data is shown in this thesis, but we have designed probes

with Cy3B as well with similar success. The only spectral or dye-specific property
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in our design is the Ry of the F-Q pair, which can easily be determined for any
combination by evaluating available spectral data, independent of the spectral
region of interest. Previous approaches and our work in chapter 4 on short
(8-11 nt) ssDNA fluorogenic probes have used a self-quenching approach, whereby
two terminally fluorophores on the probe would contact-quench in solution.2-38->7

This approach is, however, limited to very specific fluorophore (ATTO647N and
ATTOG655) and does not easily translate to other spectral regions.

For most of the experimental work, we have focused on FRET as the quenching
mechanism, but we have also found some evidence suggesting other mechanisms
might contribute to the quenching in the unbound state. We have not focused
on them in this study, but hypothesize they will only improve the FF, as
the unbound state will be further darkened without affecting the de-quenched
fluorescence significantly (given the same Rg). Such contributions could be tested
and optimised for by finding the most efficient amongst the available quenchers
of a similar Ry with the fluorophore of choice. Because Ry are measurable
and - to a certain degree - predictable from information often provided by
manufacturers, quenchers can be pre-selected for their Ry and then only a subset
of suitable candidates tested for the best contact quenchers — a property which
to the best of our knowledge is much more difficult to predict from information

accessible before experimental testing.

In conclusion, when applying the presented findings to new probe designs, we

have found the following to be helpful guidelines:

o For short labels (shorter than 8-10 nt), the de-quenching in the hybridised
state is the limiting factor. Here, short Rys are particularly important.
In combination with ATTO647N and ATTO643, BHQ1 worked well (see
following figure 2.6 and chapter 3). These are particularly interesting for

applications where fast turnover kinetics are required.
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o Intermediate labels, approximately 10-20 nt, are fairly flexible regarding
Ry, so the quencher choice is less crucial to achieving a good FF. However,
in applications where photon counts are crucial, a low Ry might aid in
facilitating bright signal levels. Maximising the achievable concentration
of probes might, on the other hand, require a higher degree of quenching

of unbound probes, as can be achieved with a larger Ry pair.

« For long probes (longer than 20 nt), large Ry will help in maintaining good
quenching of the unbound state, whereas they will not (or barely) affect
signal levels once hybridised. These probes allow for stable labelling under

most buffer conditions.
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3. Fast super-resolution imaging with 6 nt imagers for DNA-PAINT

3.1 Motivation

To demonstrate a fast and easy implementation of fluorogenic probes into existing
experimental protocols, we performed localisation-based super-resolution imaging
using DNA-PAINT with a fluorogenic imager. DNA-PAINT allows for imaging
of biological samples through the accumulation of localisations from fluorescently
labelled imager strands transiently hybridising to complementary docking strands

11,51 The spatio-temporal

bound to the target structure of interest (see Figure 3.1).
separation of single emitters required for super-resolution imaging is here achieved
through a hybridisation reaction, rather than photo-physically as in similar
methods like PALM and STORM. Multiplexing in DNA-PAINT is achievable
by using orthogonal imager and docking site sequences, then even the same

optical channel can be re-used for imaging another target after washing away

imager strands in between imaging rounds (so-called exchange-PAINT).53

Much like other SRM techniques, the acquisition of a single image is time-
consuming, in particular because it is the experimental environment which
determines imaging speed in DNA-PAINT. It is primarily determined by two
factors: the hybridisation kinetics of imagers to the docking strand and the need
for motion blur of unbound imagers, which is required for precise localisation

of only target-bound imagers.

To date, the significant imaging time dictated by these two factors is still a major
limiting factor to the image acquisition in multiplexed DNA-PAINT experiments.
Fluorogenic imagers can help to address both points: Through them being
essentially dark when unbound, the need for motion blur is significantly reduced,
so shorter exposure times can be realised without resolving unbound imagers.
Secondly, speeding up the actual kinetics of the hybridisation/de-hybridisation
cycle requires fast off-rates (i.e. shorter sequences) as well as faster on-rates,

which is facilitated by higher imager concentrations. Recent developments have
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Figure 3.1: Principle of DNA-PAINT imaging. A: The target molecule of interest in
its structure is not labelled with a fluorophore directly. Instead, a ssDNA docking
site is attached, to which so-called imager strands (fluorescently labelled) transiently
hybridise. B: The hybridisation pattern induces blinking at each position, akin to
other photo-physical blinking used in PALM and STORM. C: The super-resolution
image is reconstructed from the localisations observed in subsequent frames.

seen fluorogenic imager strands®® 38 to allow for faster image acquisition, but
efforts focused on specifically developed sequences (which include mismatches)

or the use of a limited set of fluorophores to achieve fluorogenicity:

The first use of fluorogenic imagers for DNA-PAINT microscopy was reported in
2022.36 The authors identified the need for fast exchange kinetics in combination
with background suppression if faster exposure times should be implemented in
DNA-PAINT microscopy. Under the assumption that in a dye-quencher labelled
probe, no significant de-quenching would be achievable below 15 nt, Chung et
al. selected and optimised two 15 nt sequences with internal mismatches to
exhibit similar binding kinetics to a fully matched 6 nt imager. This allowed
fast imaging in two different colour-channels at 20 ms exposure times. Further

imager sequences using this approach have not been developed to date.
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Building on this approach and addressing its multiplexing limitations, FLASH-
PAINT ("fluorogenic labelling in conjunction with transient adapter-mediated
switching for high-throughput DNA-PAINT") activates and de-activates only
a subset of docking sites in subsequent rounds of imaging.3” Through remov-
able adapter strands, which provide these docking sites to the specific target,
multiplexing of targets can be achieved whilst maintaining the same imager
sequence (e.g. the mismatched, 15nt sequence introduced by Chung et al.). In
contrast to the conventional exchange-PAINT, not the imagers but the docking
sites are exchanged between rounds of imaging, and multiplexing even with just
two fluorogenic imager sequences has been demonstrated for numerous cellular
targets. The exchangeable adaptor strands are, however, yet another element in
the experiment which might require optimisation, and as the authors highlight,

exchange of the docking sites requires several minutes to be completed.

Kessler et al. followed a different approach to achieve fluorogenicity, by using two
terminal ATTO655 dyes on the imager, akin to our red r-label in chapter 4 (with
two terminal ATTOG647N).3® This approach allowed to use a conventional imager
sequence, and can thus (presumably) be multiplexed similarly to conventional
DNA-PAINT. However, self-quenching behaviour has not been reported for
many dyes (and in our own experience specifically does not work with e.g. Cy3B),
and so spectral multiplexing and operation using a different excitation laser is
difficult. Further, the achieved fluorogenicity was about a factor of five, which

substantially lower than we could demonstrate using a dye-quencher combination.

Whilst the approaches in the literature provide sensible solutions to the task at
hand - increasing the acquisition speed of DNA-PAINT experiments through the
use of fluorogenic imagers, they so far required substantial sequence engineering
of either imager or docking sequences, or were spectrally limited to very few dyes.

Our fluorogenicity approach enables us to create very short imager strands not

51



3.1. Motivation

limited to the previously used fluorophores or imager sequences, which, if used at
high concentrations, can speed up imaging significantly. The quenching strategy
allows for better background suppression than the self-quenching approach and

can be integrated seamlessly into an existing DNA-PAINT protocol.

52



3. Fast super-resolution imaging with 6 nt imagers for DNA-PAINT

3.2 Interrogating the structure of the Influenza
A genome

The Kapanidis Lab has recently developed a DNA-PAINT labelling protocol to
study the genomic structure of the Influenza A virus.'® In this negative-sense,
single-stranded RNA virus, the genome is organised on eight segments. In
each of these viral ribonucleoprotein complexs (VRNPs), the three viral RNA
polymerases together with the viral (v-)RNA, wrapped around the exterior of
oligomerised nucleo-proteins (NPs), form a complex stabilised by intramolecular
interactions (Figure 3.2A-B).% In the viral life-cycle, these segments need to
be packaged into viral particles, which can then be released from a host cell to
infect a new target. Despite its importance in the prediction and management of
influenza pandemics, the mechanistics of the packaging process are yet to

be fully understood.

Based on recent evidence, some form of packaging signal seems to control

67,68

the assembly of one complete set of segments. Previous studies have shed

light on the nature of inter-segment interactions, which could aid in such a
selective assembly process. Whilst some studies highlight the importance of

69771)

several sequence motifs and direct base-pairing (mutational analysis , some

predict a complex landscape of contacts along the entire segment length (in-silico

72774)

and biochemical cross-linking assays , others question the importance of

RNA-RNA-interactions for packaging all together.”™

Structural analysis using electron tomography of complete virions suggest
that segments align parallelly when budding off a host cell with a central
segment mediating the contact to six surrounding segments (termed the “7+41”

)76778

confirmation, see Figure 3.2C , a similar organisation was found in mature

particles using Cryo-electron microscopy.”®® By using the segment lengths
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Figure 3.2: Schematic of the structure of the Influenza A genome inside a viral
particle. A: A particle contains eight gene segments, encoding the eight viral proteins.
B: Each segment consists of a nucleoprotein backbone, around which the viral RNA
is wound. Each gene segment further contains the three viral polymerases. C: The
proposed '74+1’ conformation of segments inside the virion.

to identify certain segments, a significant heterogeneity within the spatial

arrangement of RNPs was observed.™

DNA-PAINT imaging of the viral genome, as co-workers developed it, allowed to
extract structural features and resolving individual segments with a resolution
better than ~ 10 nm, linking these features to the segment ID, and also study
the presence or absence of individual segments within single virus particles at a
large scale (>10,000 individual virus particles).!> As part of the process, they
sequentially interrogated each segment in eight rounds of exchange-PAINT. For
the large-scale analysis of the presence and absence of individual segments, imager
concentrations were elevated to beyond what would allow for super-resolution
imaging in an attempt to shorten data acquisition time — the information was
then extracted from intensity-vs-time traces using step-finding algorithms to
count binding events. Whilst this was an appropriate solution to the problem
at hand, it highlights how limiting the slow imaging process in DNA-PAINT

imaging can be for the acquisition of large data-sets.
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3.3 Experimental design

A full description of all experimental procedures can be found in the appendix.
In brief, for super-resolution imaging of viral gene segments using DNA-PAINT,
viral particles are fixed and dried onto the imaging glass surface. Subsequently,
they are permeabilised to allow access to segment-specific primary DNA-probes.
These label each segment with many (20-60) copies of docking sites for a
specific DNA-PAINT imager, as previously established'® (Figure 3.3A). In eight
subsequent rounds of imaging, different segments can be imaged within the same
sample. Performing eight rounds of exchange-PAINT is time-consuming, and
in our experience the main bottleneck to accessing the heterogeneity within

the viral particles at statistically significant levels.

In order to speed up the imaging process, we implemented a fluorogenic imager,
which allows much higher operational concentrations. In combination with the
short length of only 6 nt, this speeds up the hybridisation kinetics and conse-
quently the imaging process. In our proof-of-principle experiment, we labelled
only two of the vVRNA segments: The PB1 segment with probes complementary
to the 6 nt imager, and the NA segment with probes complementary to the P3

imager sequence used in the original study (as a comparison, Figure 3.3A).1°

The P3 imager produced the best data quality in the original protocol, so we
chose it as a standard to compare the new imager to. The 6 nt imager sequence
(5-TGGTGG-3’) was adopted from published imager sequences,®! but we did
not perform any sequence engineering. This was of particular importance since
we wanted to demonstrate the ease of adoption of a fluorogenic strategy into

an already existing protocol.

We initially tested imaging with the combination of ATTO647N-BHQ1 as

fluorophore/quencher pair, chosen because of the low Forster radius allowing
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Figure 3.3: Experimental Design of the DNA-PAINT imaging of Influenza A gene
segments. A: General strategy for labelling of the viral genome: RNA-carrying viral
segments are hybridised by primary probes, which provide the docking sequence for
DNA-PAINT imagers. In sequential rounds, the PB1 segment is imaged with the
fluorogenic 6 nt imager (purple backbone) followed by the NA segment with the P3
imager. B: Multiplexed design of the 6 nt imager docking site. C: Overview FOV of
viral segments imaged with the 6 nt imager. D: Zoom-in onto one segment with radius
(green) and spine (orange, drawn here for illustration purposes only).

for good de-quenching at 6 nt length. We later changed to ATTO643-BMNQ1,
which proved to reduce unspecific sticking to the surface during imaging and

thus improved the performance.

To maximise the on-rate of imager binding, the primary probes carrying the
docking site for the 6 nt imager contained a multiplexed docking sequence
(extension: 5-CCACCACCACCA-...), overall creating three possible binding
sites for the imager (a concept first introduced in Strauss et al.’®, the docking

site is shown in Figure 3.3B). The fluorogenic properties of the 6 nt imager allow
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us to raise the imager concentration to 20 nM and shorten the exposure time to
20 ms (compared to 5 nM and 200 ms for the P3 imager)'® without significant
contributions of unbound imagers to the background levels. Since DNA-PAINT
uses point-spread function (PSF) fitting to obtain precise localisations for
every emitter, it is much more sensitive to background than e.g. the SMF
assays we performed in chapter 2, in particular at imaging speed where free
imagers no longer blur into a homogenous background. Fluorogenic imagers thus
improve the data quality even at concentration much below the "concentration

barrier" of 100nM.

The observed localisations are filtered, linked, un-drifted, and analysed for
clusters (more details in the appendix). The filtered clusters of localisations are
binarised as outlined in Figure 3.4, fitted with a spine along the long axis of the
clusters, and a radius perpendicular to the spine. Both parameters report on the
physical dimensions of the VRNPs (Figure 3.3C-D and 3.4C ). The fitted spine
length of the NA segments imaged with P3 exhibits a wide distribution ranging
up to about 150 nm, potentially caused by projecting the segments oriented
in 3D onto the imaging plane.!® The segment radius follows a much narrower
distribution with a mean of approx. 15-20 nm, in agreement with previous
estimates based on electron microscopy.®>®* We chose the segment radius as the
appropriate physical parameter of the viral segments to test our 6 nt imagers

and compare to the previous protocol with non-fluorogenic imagers.
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C
localisations after Gaussian blurred localisations Binarised image with fitted
cluster filtering spine and radius

Figure 3.4: The binarisation process to used to fit spine and radius to the clusters.
A: exemplary cluster of localisations after filtering. B: A Gaussian blur is added to
each localisation, creating a density-based image. C: The density map is thresholded
to binarise the image into an area inside and outside the cluster. Spine and radius are
fitted into the binary mask.

3.4 DNA-PAINT imaging with a 6 nt imager

3.4.1 Fluorogenicity of the 6 nt imager

The fluorophore and quencher choices were based on earlier characterisation
experiments of standardised sequences. We performed the same characterisation
again with the specific imager strands used in the DNA-PAINT imaging. Two
combinations of fluorophore/quenchers were tested, ATTO647N-BHQ1 and
ATTO643-BMNQI1. The first combination was the one deemed most suitable
from the original characterisation experiments. Whilst ATTO467N is a very
photo-stable and bright dye and well-used for single-molecule experiments, it is
known for its hydrophobicity and can cause non-specific sticking.®* To improve
the performance further, we thus also tested ATT0643, a fluorophore developed
as the less hydrophobic equivalent to ATTO647N.%5% For our very short imagers,
both fluorophores were paired with quenchers to have pairs with small Ry values.
With imager sequences as short as 6 nt, de-quenching upon hybridisation would
be the main concern for the success of the experiment. For technical reasons

with the manufacturer (presumably compatibility in the synthesis pipeline),
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B signal Figure 3.5: Characterisation
[ background of the 6 nt imager Fluorogenic-
ity. Red: Signal intensity in
the hybridised state, normalised
to the fluorophore-only reference
construct. Grey: Background
emission by unbound probes,
normalised to the fluorophore-
only reference construct. The
ATTO647N-BHQ1 construct had
a background of 11% and a sig-
nal of 55% of the unquenched
construct, resulting in a FF of
5. The lower background in
the ATTO643-BMNQ1 construct
(5%), combined with the higher
signal level of 70% resulted in a
FF of 15.
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we had to switch from BHQ1 to BMNQL1 in the sequence with ATTO643, but

both quenchers share the same properties.’”

Our fluorogenicity testing aligns with the results expected based on the earlier
characterisation experiments: Both sequences have a significantly reduced
background level at 5 and 11 % of the reference fluorophore-only sequence
for the ATTO643-BMNQ1 and ATTO647N-BHQ1, respectively (see Figure 3.5).
The signal levels obtained were 55 and 70 %, respectively, resulting in a FF of 5
for the ATTO647N-BHQ1 and 15 for the ATTO643-BMNQ1 construct. The
value for the ATTO647N-BHQ1 strand is lower than expected from previous
characterisation experiments, which seems to be the result of higher background
levels (11 % for the imager sequence vs. 6 % for the systematic probe sequence
in chapter 2). The ATTO643-BMNQ1 imager, in contrast, exhibits a high FF,

making it a promising candidate for the actual imaging process.
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3.4.2 Specificity of the 6 nt imager

In control experiments, only very few clustered localisations can be detected
in a negative control sample without primary probes carrying the docking site
for the ATTO647N-BHQ1 6 nt imager strand (Figure 3.6A). This suggests
that there are very few non-specific interactions of the imager with e.g. the
vRNA of other segments which would lead to spurious localisations. When
testing the 6 nt imager against the conventional imager used to label the PB1
segment (P1), we observe high levels of co-localisation when imaging the same
field of view (Figure 3.6B). In this particular case, both channels were imaged
at the same time, and 50ms was chosen as a compromise exposure time. This
will, however, leave a significant proportion of 6 nt binding events undetected,
which leads to less signal in the red channel and the visual impression that

the P1 imager is detecting more segments.

Both experiments demonstrate that primary probes hybridise well, and binding
sites are accessible for the 6 nt imager, which also only specifically binds the

correctly labelled segments.
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Figure 3.6: Control experiments for 6 nt DNA-PAINT imaging. A: Negative control
without primary probes (red) shows few localisations compared to the sample with
primary probes (cyan). B: P1 imager (Cy3B, cyan) and 6 nt imager (A647N, red)
co-localise at viral segments.

3.4.3 Dye optimisation

Despite the dense clusters of localisations being specifically labelled segments,
we observe more localisations uniformly spaced out across the FOV using the
ATTO647N-BHQ1 6 nt imager compared to the Cy3B-P3 (Figure 3.7A). We
hypothesise these come from non-specific surface interactions of the imagers.
When imaging at longer exposure times, these very short events are not picked
up (or are very dim and can easily be filtered), but when imaging at 20 ms,
they are noticeable. Further, there can be larger (=~ 1lum), less dense or
well-defined clusters in the FOV in the 6 nt imaging data, which are far too

large for viral targets.

We thus implemented an additional filtering step to extract only those clusters
with a high core sampling ratio (i.e. high number of central localisations). This
allows to extract only those dense segments we expect to be true viruses and filter
out non-clustered or loosely clustered localisations. However, any non-specific

binding event will, even in the extracted clusters, lead to noise in the fitting
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Figure 3.7: Dye optimisation for 6 nt imager. A: non-specific, evenly spread
localisations are greatly reduced in the ATTO643-BMNQ-1 (red) data compared to
the ATTO647N-BHQ1 data (cyan). Data is presented before filtering, linking, and
un-drifting. B: Localisations per Segment for both 6 nt imagers after all filtering steps.
C: Segment radii, fitted to the extracted segments.

and therefore skew the results. In an attempt to reduce the localisations coming
from non-specific surface interactions, we switched to a less hydrophobic dye,
ATTO643. A recent study found both fluorophores to be bright and exhibit a
good SNR during the DNA-PAINT imaging process, ATTO643 had a slightly
higher photon yield and, most significantly, was much less prone to unspecific

interactions (so exhibited a higher specificity) when tested for cellular imaging.®

The new ATTO643-BMNQ1 6 nt imager strand had significantly less of the
evenly-spread localisations in the raw data than the ATTO647N imager (Figure
3.7A). Presumably because the better SNR allows for more localisations to be
detected, and because fewer clusters and localisations were rejected in the further
filtering steps, the ATTO643 allows for faster accumulation of localisations
(Figure 3.7B). The average binding event duration (after filtering) was comparable

in both cases (approx. 60 ms).

The ATTO643 imager also showed a faster convergence of the fitted segment
radius (Figure 3.7C) than the ATTO647N imager. When plotting the same data
with the number of localisations on the x-axis, both curves overlap, suggesting

that the final convergence radius would be equivalent in both cases (not shown).
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3.4.4 Speed advantage through fluorogenicity

Using the much shorter ATTO643-BMNQ1 6 nt fluorogenic imager, we could
perform DNA-PAINT measurements at 20ms exposure time (a factor of 10
smaller than the previous protocols using the P3 imager). The higher imaging
concentration (20 nM in our case instead of 5 for the P3 imager) allows raising the
on-rate of the 6 nt imager to 1.19 s™! (4 0.02 s™!, calculated from localisations
per cluster after filtering, Figure 3.8A), about 6x more than we observe for the P3
imager (0.196 4 0.001 s™1). Over the period of image acquisition, the segments
sampling increases steadily, and fits of the segment radii converge eventually to
their true value (within the error margins affected by the localisation precision)
of 16 nm (+ 1 nm) for the PB1 segment imaged by the 6 nt and 13 nm (0.5 nm)
for the NA segment imaged by P3 (Figure 3.8B). Notably, the radii could be
extracted after imaging of ~ 200 binding events per segment, which required
~ 800-1000 s of imaging with the P3 imager, and only ~ 150 s of imaging with
the 6 nt imager. The use of the 6 nt fluorogenic imager improved the imaging
speed by a factor of &~ 6, purely using established experimental protocols and

published imager sequences.

It is difficult to separate the effects of fluorogenicity and sequence optimisation:
Without optimising the sequence, 20nM might not have been enough to speed up
on-rates sufficiently to allow for faster accumulation of binding events, especially
given the naturally lower on-rate of a shorter ssDNA. We are now operating
at the maximum concentration which our surface permits (before non-specific
interactions introduce too much spurious localisations), and predict that for a
further speed improvement, we would require higher operational concentrations
which might be feasible in combination with passivated surfaces. The elevated
concentration of the 6nt imager (4x higher than P3) should have sped up

the on-rate by a factor of four (assuming linear concentration dependence),
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which is facilitated by the fluorogenic nature of the imager. The optimised
sequence at the same concentration as the P3 imager (5 nM) would have given
an event rate of approx. 0.3 s~1, which is 50% higher than observed for the P3
sequence (approx. 0.2 s7!). However, even at 5 nM, we would have required
fluorogenicity to suppress the non-homogenous background introduced by free
imagers at an exposure time of 20 ms. Overall, the speed improvement is
consequently due to the increased rate of accumulation of localisations when
using the fluorogenic 6nt imager, which is equally facilitated by faster imaging

speed and faster turnover Kkinetics.

Aside from speed, the achievable resolution is another key factor to bear in
mind when optimising super-resolution protocols. An experimental estimate
for the resolution is difficult to obtain in our experiments: We do not have two
target sites at a defined separation, which we could try to resolve (like in many

)11:13,:3853,5481 " YWe have some insight into how robust (and

origami-based studies
therefore precise) our imaging is: These radius values are reproducible with
<1 nm precision when localisations of each cluster are randomly split into two
sub-sets and the analysis is repeated on those separately. It is thus interesting
that we observe different radii for the different imagers we used. The radii
of all eight segments when imaged with the canonical P imagers converge to
13.5 + 1 nm (data of a co-worker)'®, the 6 nt imager consistently shows a larger
width of 16 £ 1 nm. An additional 3 nm in width would be consistent with the
three different binding sites of the 6 nt imager (see Figure 3.3B): The outermost
position of the imager would be 6 nt away from the hybridisation point of
the P3 imager. ssDNA with this length and a persistence length of 1-1.5 nm
would exhibit an end-to-end distance of approx. 3 nm (as calculated using the

WLC model®). Whilst such a systematic error is at a first glance reducing the

accuracy of the measurements obtained using the fluorogenic imager, the fact
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Figure 3.8: DNA-PAINT on viral particles using 6 nt imagers. A: Localisations
per Segment. B: Segment radii, fitted to the extracted segments. Error bars are the
standard deviation from three independent experiments.

that we can so reliably detect this discrepancy, allows us to correct for it and

shows that we are sensitive to structural changes of approx. 3 nm.

As an alternative, Fourier Ring Correlation can aid in estimating the resolution
within our data which takes both localisation precision and labelling/sampling
density of the image into account:3¥% The localisation data is split into two
(statistically) independent subsets, which are transformed into Fourier-space.
The correlation function between both is large for small spatial frequencies
(dominated by large features in the image), but decreases with increasing spatial
frequencies, until eventually converging to zero when noise in the image becomes
dominant. The frequency at which the correlation function first crosses a certain
threshold can be transformed into a distance in the original image-space and

gives a measure for the achieved resolution in the image.®%.
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3.5 Conclusion

Overall, our fluorogenic strategy allows us to generate plug-and-play level
solutions to introduce fluorogenicity into experimental designs. To demonstrate
the ease of implementation of such solutions into existing protocols, we performed
DNA-PAINT imaging on influenza A viral segments with a 6 nt long, fluorogenic
imager and showed that we can not only recover the physical dimensions far
below the diffraction limit, we did so faster than in the initial viral imaging
protocol using a non-fluorogenic imager. To achieve this, we relied on imager
sequences published previously and simply added fluorogenicity. We are aware of
the fact that the used sequence was speed-optimised, unlike the P3 sequence in
the “old” protocol. The particular focus of this chapter was to demonstrate the
adaptability of the fluorogenic probes to an existing protocol — and to highlight
the speed advantage in DNA-PAINT relative to that existing protocol. Overall,
the speed improvement is possible because of the delicate interplay between
imager binding kinetics and frame rate - without the optimised sequences,
hybridisation kinetics of the imager might have been limiting the imaging time,
without the fluorogenicity in the imager, it would have been the minimum

exposure time required for motion blur.

Our fluorophore and quencher choice focuses on allowing sufficient de-quenching
in the hybridised state of an imager as short as 6 nt, which eliminated the need
for long imagers as previously postulated.®® Our approach is translatable to other
spectral regions and does not rely on specific fluorophores or sequences. The
fluorogenicity allowed us to image with shorter exposure times (20 ms instead of
200ms) at higher imager concentrations (20 nM instead of 5nM), allowing for

faster accumulation of binding events and therefore image reconstruction.

DNA-PAINT uses PSF fitting to obtain precise localisations for every emitter,

a process which is much more sensitive to (in particular non-homogenous)
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background than e.g. the SMF assays we performed in chapter 2. Thus,
fluorogenicity of imagers was required to perform good-quality imaging even at
concentrations of 20 nM, which in other assays might be operational without
fluorogenicity. More generally, the background reduction will improve the SNR at
any concentration, so is not only worth consideration for experiments performed

beyond the 100 nM concentration barrier.

In summary, we could demonstrate super-resolution imaging of viral genome
segments with a fluorogenic 6 nt long imager strand. Through increasing the
imager concentration whilst shortening the exposure time, the imaging process

could be sped up by a factor of six.
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4.1 Addressing the Achilles heel of SMF: Pho-
tobleaching

Single-molecule methods have transformed the study of biological systems by
enabling detailed interrogation of the structure, dynamics, and function of
individual molecules.! Since the dawn of single-molecule methods, many of
the original teething troubles have been addressed and the scope of SMF has

drastically increased.

Most SMF methods (and more generally, fluorescence microscopy), however,
are still severely limited by photobleaching, which is the irreversible photo-
destruction of the fluorophore used to label the bio-molecules of interest. These
limitations have been evident since the early days of SMF.?%*! Due to photo-
bleaching, the photon budget per fluorophore (i.e., the number of photons emitted
before the end of the observation) remains limited, and restricts observation
time to the low-minute timescale.?% This limitation remains, despite significant
improvement through the use of fluorescence stabilisation systems (such as

oxygen scavengers and triplet-state quenchers).9 98

A possible way to overcome photobleaching is to exchange the fluorescent labels
during an ongoing experiment. This can be achieved using transient or reversible
interactions between the target molecule under study and the fluorophore,
provided that the system allows for an exchange of an attached fluorescent probe
with a new probe before the attached probe gets photo-bleached (Figure 4.1A).
Exchanging bleached fluorescent labels with fresh ones has been explored for
self-healing and regeneration of DNA nanostructures,” where an incubation
with fresh “staple” strands repaired the effects of photo-damage to fluorescently
labelled staples. Further, transiently binding fluorophores have been used to

study targets for extended periods, especially in SMLM, with an early example
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being the method of PAINT.?* Such transient binding was also used in DNA-
PAINT, where short labelled DNA strands (“imagers”) bind to complementary
“docking strands” on target biomolecules such as DNA nanostructures'! and
proteins.®® Exchanging fluorescent labels has also been combined with STED

microscopy to avoid the effects of photo-bleaching.?%1%

To achieve super-resolution, methods like DNA-PAINT require temporal sepa-
ration of the individual signals from within a diffraction-limited area and thus
need extensive “dark intervals” (i.e., during which the target is not bound by
a transient label, and thus is not fluorescent). Consequently, these methods
cannot provide the continuous signal needed to monitor the presence or motions

of a molecular target over extended observation spans.

In principle, the dark interval between two transient labels binding to the same
target can be decreased by increasing the rate of binding, either by increasing the
concentration, and/or changing the properties of the transient label to increase
the on-rate constant. However, in a diffraction-limited TIRF experiment, the
concentration of fluorescent transient labels cannot be increased much above
100 nM, as unbound labels contribute to the fluorescence background and
degrade the SNR of the measurement.'®2% 22 Higher concentrations of fluorescent
species have only been used in combination with STED microscopy (where the

100,101

effective excitation volume is decreased below the diffraction limit) and

when fluorogenic probes are used.36:38:102

One approach to generate continuous fluorescence over long time spans is to
multiplex binding sites for transient DNA labels and optimise binding/unbinding
kinetics, which can allow for single-particle tracking for hours.!%® Whilst this
approach is attractive for SMF measurements with a single fluorophore, it
is incompatible with smFRET studies, where the multiple binding sites on

the docking DNA strand will create an uninterpretable range of potential
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Figure 4.1: The principle of renewable emission via fluorogenic and repeated
ssDNA hybridisation (REFRESH). A. Continuous exchange is facilitated by transient
hybridisation of short, fluorogenic ssDNA probes (r-labels) to complementary docking
strands bound to a target molecule of interest (top). The schematic fluorescence trace
(bottom) shows how, if intervals of exchange are short (below or on the order of the
frame rate), a near-continuous fluorescence signal can be observed. B. REFRESH-
FRET: The same labelling strategy is now applied to donor and acceptor dyes attached
to a target of interest which undergoes conformational changes. The observed donor
and acceptor traces (middle) can be used to calculate FRET efficiencies (bottom) and
monitor conformational dynamics.

Y

FRET-efficiencies. A recent approach built on the concept of “dye-cycling’
by implementing it on only a single binding site, thus enabling extended
smFRET experiments on holliday junctions (HJs) using the reversible binding
of fluorescently labelled 9-nt-long ssDNAs carrying either a FRET donor and

a FRET acceptor (“cyclers”).!%4

However, despite measuring in an SNR regime that did not allow resolution of
the dynamics of the HJ, the maximum concentration of transient fluorescent
labels was limiting the temporal sampling to only ~ 50% per cycler, and thus
having single-molecule targets spending only ~ 25% of time in a doubly-labelled

state, during which FRET measurements could be performed.!%4
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The limitations of the past studies vividly highlight that the fluorescence
background due to unbound labels is the main bottleneck in achieving con-
tinuous fluorescence traces. We address these limitations by introducing a
transient binding approach that optimises background suppression and label
exchange to enable near-continuous, bleaching-independent single-molecule
fluorescence observations via Renewable Emission via Fluorogenic and Repeated
ssDNA Hybridisation (REFRESH, Figure 4.1A). We also extend this approach
to snFRET (REFRESH-FRET, Figure 4.1B). In both cases, the target bio-
molecule is modified with a short ssDNA docking strand which is recognised by
a labelled complementary DNA (a “renewable label” or “r-label”). Importantly,
our approach involves the design of fluorogenic r-labels that enable measurements
in high concentration regimes which allow for continuous (or near-continuous)
emission of fluorescence from a target biomolecule with both high temporal

resolution and extended observation span (>1 hr, Figure 4.1A, bottom).

We show that we can specifically label two sites within a molecule and enable
smFRET measurements over the same period. Finally, we show that transient
labelling is fully compatible with dynamic bio-molecules by monitoring the
conformational dynamics of HJs using long-lived smFRET measurements. Our
strategy can be easily tuned to adapt its temporal resolution and observation

span to a plethora of biological systems and applications.
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4.2 The photophysics of bleaching

The process of photo-bleaching is induced by chemical reactions of the fluorophore
in the excited state: Upon excitation by incoming laser light, electrons in the
fluorophore are excited into higher states (mainly the S;) from which they return
to the ground state (Sy) by emitting the later detected fluorescence photon (see
Jablonski-diagram in Figure 4.2). The number of photons which can be detected
from each molecule (“photon budget”) is determined by the excitation laser power
and the exposure time in conjunction with the quantum yield, which is dictated
by the kinetic rates of all possible de-excitation transitions of the respective
electron. These involve de-excitation via fluorescence (ky;), but also non-radiative
decay processes (k,,) inter-system crossing into the triplet state Ty (kys.), and
from there permanent transitions into non-fluorescent states (red arrows). The
latter process is called photo-bleaching and, due to the cycling of electrons

between excited and ground state, will eventually occur for all fluorophores.'%

There are several factors playing into the process of photo-bleaching, and
most of them have been addressed in efforts to increase dye lifetimes. Photo-
bleaching is commonly induced by a reaction of F* with electrons in long-lived
triplet states with molecular oxygen or free radicals, which are produced by

105 One focus of photo-stabilisation systems is thus

Oy in the buffer solution.
the removal of Oy from the dye environment. Many systems achieve this
by employing enzymes which use up O, in the reactions they catalyse, such
as the cocktail of glucose/glucose-oxidase/catalase (gloxy), or protocatechuic

acid (PCA)/protocatechuate-3,4-dioxy-genase (PCD).9%9

The latter does not exhibit a significant drop in pH and is thus more suitable
for long-term observations.”” A third system uses glucose, pyranose-oxidase,
and catalase and showed an even longer stability of pH with a similar photo-

stabilisation performance as the other systems.”®
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Figure 4.2: Simplified Jablonski-diagram of possible states and transitions for a
fluorophore. An electron from the ground state S is excited into the first excited state
S1 at a rate keg, from where it can de-excite emitting a photon (= fluorescence, k¢;) or
via non-radiative processes (k). Competing with this is inter-system crossing (k;sc)
to the triplet state T;. From here, phosphorescence can de-excite the molecule back
to the ground state (k). In the presence of reductants and oxidants, redox reactions
into radical-ionic, dark states can occur (ko and k,eq). To shorten their lifetimes,
these states can be depopulated by complementary redox reactions (k’,.q and k’yy,
respectively). Quickly depopulating the radical ionic and the triplet states reduces
not only blinking, but also the chance of photo-bleaching, which usually occurs from
these states.!%?

The removal of molecular oxygen from buffers increases the abundance of
blinking events, during which the excited electron is stalled in a long-lived
triplet state. Oxygen would usually quench this state (by reacting with the
triplet state fluorophore, creating singlet oxygen), so that triplet-state blinking
would barely affect experiments at time resolutions on the ms timescale. If
oxygen is enzymatically removed, an alternative triplet state quencher is required
to prevent long blinking events interfering with experiments. Trolox, a vitamin E
derivate, is commonly used as a triplet quencher and, in combination with

oxygen scavenging, has been effective at extending observation time spans.%

Finally, the electron in the excited state is susceptible to redox reactions (k,, and

K,eq), which generate non-fluorescent radical ions. Especially the singlet-oxygen
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produced in reaction with the triplet fluorophore is a common reaction partner.
As a consequence, the fluorophore is at least temporarily dark. To “re-cycle”
those ions into functional fluorophores, mild oxidising and reducing agents can
be added to buffers, which restore the ground state via the complementary
redox reaction.!®® Quickly depopulating the radical ionic and the triplet states
reduces not only blinking, but also the chance of photo-bleaching, which usually

occurs from these states.'%®

The implementation of oxygen scavengers, triplet state, and redox quenchers
can thus increase the lifespan in in vitro experiments, but ultimately cannot

permanently prevent photo-damage and bleaching.!%

Despite having some room for optimising the quantum yield as well as the
illumination and detection conditions, the photon budget of a fluorophore
employed in single-molecule experiments remains essentially limited by photo-
bleaching. The information obtained in single-molecule studies about the
position or distance of labelled molecules critically relies on the number of
photons collected per frame, the length of which in turn determines the temporal
resolution of dynamic processes. By limiting the photon budget, photo-bleaching,
even in the presence of stabilisation systems, thus remains one of the major

limitations for fluorescence-based single-molecule experiments.
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4.3 Design principles for REFRESH

A full description of all experimental procedures can be found in the appendix.

4.3.1 Fluorogenic strategy

To keep the dark intervals low, our technique relies on using high concentrations of
unbound labels (100 nM — 1 upM). This, in turn, leads to a significant fluorescence
background which needs to be suppressed beyond the level offered by TIRF
microscopy (with concentrations up to 100 nM).*®20722 To further suppress the
fluorescence background, we require fluorogenic probes to deliver fluorophores

to their designated targets.

This particular aspect of the REFRESH technique inspired the main theme
of this thesis and lead to most of the work presented in other chapters. The
fluorogenic strategies presented here thus pre-dates the findings and partially
differ from the strategy in the remaining work presented in other chapters.
Following from the limited SNR gain (equivalent to the FF in the characterisation
chapter but measured differently) in the red label and the need for a longer
sequence in the green label, we searched for alternatives and tuning strategies

for the fluorogenicity.

Red acceptor label

For a red label, we use a short ssDNA labelled with two ATTO647N fluorophores
(one on either end) that exhibit contact-mediated quenching in solution (see
Figure 4.3); when bound to the target, the state of quenching is lifted, leading to

the appearance of fluorescence corresponding to two ATTO647N fluorophores.?”

To characterise the level of fluorogenicity, we performed ensemble measurements,
assessing the fluorescence of the quenched r-labels in absence and presence of

up to 100-fold excess of complementary DNA.
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Figure 4.3: Characterisation of de-quenching of r-label strands upon titration with
complementary strands. Fluorescence spectra of probes terminally labelled with two
ATTOG647N (A), two ATTO655 (B), ATTO647N and Dabcyl (C), ATTO647N and
BHQ3 (D), or Cy3B and BHQ2 (E) at various concentrations of complementary
ssDNA.
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We tested a construct terminally labelled with two ATTO655, two ATTOG647N,
and ATTO647N and BHQ3 or Dabcyl. All constructs were 11nt long, except
the ATTOG655 labelled probe, which had a length of 8 nt. The emission spectra
(Figure 4.3A-D) were recorded in presence of 0 to 20 pM complementary DNA
(complementary DNA was added until the fluorescence signal saturated). Upon
hybridisation, the increased stiffness of dsDNA forces the dye-dye interactions
apart and thus should de-quench the probes.

All red r-labels (Figure 4.3A-D) show an increase in fluorescence upon addition
of an increasing concentration of complementary DNA, most prominent the
2xATTO647N (A) and the ATTO647N-BHQ3 (D) probes (4-fold and 6-fold
increase, respectively). The level of fluorescence in the ATTO647N-BHQ3 probe
is, however, still lower than the fully quenched 2xATTO647N. We reasoned
that there is significant FRET from ATTOG647N to the BHQ3 even in the
hybridised state, which prevents fluorescence emission and thus renders the
probe unsuitable for our purpose. For further single-molecule experiments, we
selected the 2xATTO647N r-label as a red label, since it proved to be the most
suitable out of the tested selection. It also effectively makes the r-label (as a
unit) more photostable, since complete loss of fluorescence requires bleaching

of both fluorophores and thus will require more time to occur.

Green donor label

For the green label, we have used r-labels that contain a pair of a green fluorophore
(Cy3B) and BHQ-2, which serves as a non-fluorescent FRET acceptor to the
Cy3B fluorescence in the unbound r-label. To allow for sufficient fluorogenicity
in the bound state, we use an extended r-label length of 15 nt with mismatches
between r-label and docking strand, as was done recently for fluorogenic DNA-
PAINT imagers.?® For the green r-label, we observe a 16-fold increase in

fluorescence intensity upon hybridisation (Figure 4.3E), which suggests that
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Figure 4.4: Individual frames imaged at various concentrations of green r-labels
(0-5 uM) in the imaging buffer. At 0 nM, the observed spots come from immobilised
Cy3B. The subsequence images show spots of green r-labels at various concentrations
binding to complementary, immobilised docking strands. Through the fluorogenic
nature of the r-lables, individual targets can still clearly be identified at 5 uM of
r-lables in the imaging buffer.

indeed increasing the distance between dark quencher and fluorophore in the
de-quenched state (compared to the ATTO647N-BHQ3 pair) is allowing for
strong emission once hybridised with complementary DNA. This allowed for
imaging of single-molecule binding sites using a TIRF microscope with up to

5 uM r-label (see Figure 4.4).

4.3.2 Sequence selection

The Sequences of the r-labels — vital to providing the desired binding kinetics
— were chosen as follows: for the initial sequence (red r-label), we selected a
DNA length of 10-12 nt to provide a “bound time” that is long enough to ensure
efficient use of the photon budget of the fluorophores, and short enough to avoid
photo-bleaching in the bound state (which, for a single ATTOG647N fluorophore,
is described by kpyeeen = 0.003 s~! under continuous excitation by a laser power
of 1.4 mW at 640 nm, Figure 4.5). Broadly speaking, k,s; has to be 10-100 fold
larger than Kpjeqcn, and ko, should be 10-100-fold larger than kess.

The ultimate goal of a high on-rate (which minimises dark periods) could be

facilitated by a high r-label concentration, but could also be influenced by the
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sequence: repetitiveness in sequence (e.g., consistent of repeats of a three-base
motif) combined with a longer sequence have been shown to increase the on-
rate.”® We also avoided interactions within the sequence by choosing just two
non-complementary bases per sequence (e.g., only thymine (T) and guanine
(G)), and estimated AG values from Santa Lucia et al.!%7 and on-rates for DNA
hybridisation using an algorithm by Zhang et al.'®® From this, we calculated off-
rates for approximately thirty sequences and analysed the impact of G/C content,
label length and sequence composition. Starting from the observed bleaching
rate (Kpeacn = 1072 s71), we defined a range of suitable off-rates (approx. ks
=10"2-10"' s71), and in that range looked for the sequence with the highest
on rate. Within the sequences we tested, this was a T-only 12mer, which we
thought difficult to implement for FRET, because hybrids shifted by a few bases
could still form a relatively stable hybrid - but could introduce a multitude of
different FRET-states into our measurements. We instead experimentally tested
two similar, but not as homogenous sequences (5-TTT GGG TTT TT-3" and
5-TTT TGT TTT TTT-3’) and eventually chose the first, which had much
higher on-rate than the second, and few 100 nM would suffice for continuous
fluorescence traces. Specifically, the red r-label showed a mean t,s; of ~ 3.3 s

(or kop & 0.30 s7!) and a mean t,, of ~ 15 s (or kosy &~ 0.07 s7) at 20 nM.

For the second r-label sequence, we built on the fluorogenic DNA-PAINT imager
sequence design by Chung et al., which extended the imager length to 15 nt and
used mismatches between imager and docking strand to reduce bound times
and allow for blinking and super-resolution imaging.?® Starting with their green
imager sequence, we introduced a higher degree of complementarity into the
docking sequence to prolong binding events. We observed the hybridisation
of the green r-label sequence to seven different, partially complementary, and
surface-immobilised ssDNAs and evaluated the percentage of frames in which we

could detect an r-label being bound at 100nM (“occupancy”). This appeared to
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be an easier measure of how close we are to continuous signals than the lengthy
determination of kg, kof¢, and Kyeqer, we performed for the red r-label. Mean
occupancies of the tested sequences ranged from 30-80% at 100mM. The sequence
with the highest degree of occupancy was selected (with a mean t,fr of ~ 12 s

(or ko, & 0.08 s7') and a mean t,, of &~ 22s (or kosy ~ 0.05 s71) at 100 nM.

To give straightforward numbers for the hybridisation kinetics and allow for easy
sequence selection, we have previously calculated mean values of t,¢s and t,,
and also the inverse values as k,,, and k., respectively. From previous studies,
we know, however, that the hybridisation kinetics are indeed better described
by a bi-exponential decay with two independent decay constants.’*% To further
characterise the binding behaviour, we thus fitted a bi-exponential distribution to
the dwell times (extracted as described in the main experimental section) of both
r-labels using a maximum-likelihood-estimator (MLE) in Matlab (MEMLET!%9).
The fitted function takes into account the minimum measurable dwell time (one
frame) and the discrete nature of the observable values. Confidence intervals for

fitted decay times were determined via bootstrapping (Table 4.1 and Figure 4.6).

Both r-labels exhibited two on-time components, indicative of two hybridisation

64,65

states. The longer one, corresponding to the fully hybridised state in the
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Figure 4.6: Characterisation of the binding kinetics of r-labels. The data was fitted
to a bi-exponential distribution using a MLE algorithm in Matlab (MEMLET!®, red
graph). For display purposes, the data were binned with increasing bin size, counts
were normalised by the bin width. Error bars on bins are derived from bootstrapping
(200 iterations).

range of 20-30s, the fast component is about an order of magnitude lower, 1-2 s.
Interestingly, the green r-label which was designed to contain mismatches in the
sequence, has a higher proportion of binding events being described by the long
component than the red r-label. Off-times have a dominant component in the low
second-range, suggesting that already at 100nM, a fast exchange is possible. This

is particularly true for the red r-label, where this is in the sub-second range (0.3s).
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Table 4.1: Parameter mean and 95% CI from bootstrapping (200 iterations) the
binding kinetics of the r-labels.

label state parameter mean lower 95% CI  upper 95% CI

green off percentage t; 0.757  0.752 0.761
t; (in s) 3.189  3.151 3.227
to (in s) 31.080 30.616 31.544
on percentage t; 0.341  0.337 0.345
t; (in s) 1.491  1.455 1.528
to (in s) 24.907 24.706 25.108
red off percentage t; 0.905  0.905 0.906
t; (in s) 0.285 0.284 0.285
to (in s) 8.0561  8.005 8.098
on percentage t; 0.783  0.783 0.784
t1 (in s) 1.105  1.101 1.108
to (in s) 31.708 31.571 31.845

4.4 Near-continuous SMF with REFRESH

We first implemented our renewable strategy on a surface-immobilised DNA
target containing a docking DNA strand complementary to our respective r-
label. The target was also labelled with a Cy3B fluorophore, which served
as a localisation signal. During the experiment, we first localised our target
using the green emission channel (Figure 4.7A, left); we then added the r-label
strands, and recorded movies under red or green excitation (Figure 4.7A, right),

which were then used to generate time-traces.

We generated time-traces at different concentrations of the red r-label (Fig-
ure 4.7B). They show several intervals of high intensity (= 2,000 counts),
corresponding to an r-label being bound to the target (blue shading) followed by
disappearance of the fluorescence signal (blue triangles), which we attribute to
r-label dissociation (and not to bleaching, which would have led to a step-wise

decrease in intensity due to the presence of two fluorophores per r-label).
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Figure 4.7: REFRESH allows for continuous SMF observations: A. The target
molecule is localised on the surface via a localisation label (magenta), observed in
an emission channel different from that of the r-labels. After the addition of r-labels
(carrying two ATTO647N or Cy3B/BHQ2), binding and unbinding can be observed at
co-localising spots. B. Example traces at 20 nM (top) and 100 nM (bottom) red r-label.
C. Example traces of 100 nM green r-label. Blue shaded areas: bound intervals of
the complete r-label; triangles indicate de-hybridisation; yellow shaded areas: interval
with only one emitting ATTO647N; magenta shaded area: interval without functional
BHQ2.
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As expected, the dark intervals become shorter with increasing r-label concentra-
tion (compare Figure 4.7B and C), and for concentrations of >100 nM, become
negligible (<2 %, see further traces in Figure 4.8). Occasionally, bleaching
of one fluorophore occurs, reducing the fluorescence signal by =~ 50 %, to
~ 1,000 counts (yellow shading), which also suggests that de-quenching upon
target binding is complete, with no significant impact of any remaining contact-

mediated quenching or homo-FRET processes on the quantum yield. Further
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decrease to baseline intensity is attributed to r-label unbinding or bleaching

of the second fluorophore.
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Figure 4.8: Additional traces of the red r-label binding at 100 nM. Repeated binding
can be observed by the signal rising to ~ 1000-1500 counts. Occasionally, the signal

shows lower counts (~ 750 counts), which indicates intervals of only one functional
ATTOG647N dye emitting.

We performed similar experiments using a target carrying the docking strand for
the green r-label. To avoid FRET interactions between localisation signal and
r-label, we used a second Cy3B dye as localisation signal, which was bleached
before addition of the r-labels. Our traces at 100 nM green r-label (Figure 4.7C,
further traces can be found in Figure 4.9) show clear r-label binding events,
detected as an increase in signal from background level to ~ 450 counts (blue

shading). We observe a mean bound time of ~ 22 s (with any dwells shorter
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than the 100 ms frame-time being inaccessible), which indicates a turnover

faster than for the red r-label.

Occasionally, we observe a signal level of &~ 800 counts (magenta shading), which
we attribute to an r-label without functional quencher (either due to incomplete
synthesis or due to temporary quencher blinking process®*), which thus appears
brighter due to the lack of FRET. The observed increased signal in the absence
of quenching is consistent with expectations from the 14-bp separation between
fluorophore and quencher (& 5.5 nm) and the Férster radius between Cy3B and
BHQ2 (& 6.1 nm)."% At 100 nM, we observe a temporal sampling of ~ 70 %. To
increase the temporal sampling further, we can increase the r-label concentration

to e.g., 300 nM for the following smFRET experiments.

Our results clearly established that we can perform continuous observations on
immobile biomolecules using renewable labelling based on the hybridisation of
short, ssDNA labels. Importantly, due to constant r-label exchange, the trace
length was not limited by the bleaching of individual fluorophores, and since
the fluorescence signal was lost for very few frames at a time, we achieved a

very high temporal target sampling, which reached up to 98 %.
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Figure 4.9: Additional traces of the green r-label binding at 100 nM. Repeated
binding can be observed by the signal rising to ~ 450 counts. Occasionally, the signal
reaches higher counts (= 800 counts), which indicates intervals of Cy3B fluorescence
without functional BHQ2.

4.5 Conformational dynamics for hours using
REFRESH-FRET

We then moved to the experimental implementation of smFRET measurements
using r-labels. As a model system, we chose a HJ, a well-studied, dynamic four-
arm DNA structure that allows us to monitor repeated interconversions between
two conformational states distinguishable using FRET.1!! We first assembled a

“standard” HJ by using four 22 nt-long ssDNA strands, one of which carries a
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covalently attached FRET donor and a second carrying a covalently attached
FRET acceptor; this labelling strategy results in the fluorophores appearing
at the ends of two of the HJ’s four arms (Figure 4.10A). In the two main
conformational states of this reference HJ, the fluorophores are positioned at very

different distances from each other, resulting in two distinct FRET efficiencies

(E, a high FRET state of E & 0.75 and a low FRET state of E ~ 0.25).

To monitor both FRET and fluorophore stoichiometries, we used alternating
laser excitation (ALEX) of the immobilised molecules using 200 ms frame-
times (100 ms exposure per channel). For each ALEX frame, the AA signal
(emission in the acceptor channel during acceptor excitation) reports on the
presence of the acceptor, and the DD and DA signals (emission in the donor
or acceptor channel during donor excitation, respectively) are used to observe
FRET and conformational changes. Figure 4.10C shows a representative example
of a fluorescence trace recorded from the reference HJ: the AA trace shows
an intensity of ~ 1,500 counts, and features slow fluctuations between two
spectral states of ATTO647N, which have been described before.''? On the other
hand, DD and DA show anti-correlated fluctuations indicating dynamic FRET
processes, which are also clearly reflected in the apparent E trace (bottom panel),

which shows transitions between high (E ~ 0.75) and low (E ~ 0.25) values.

To implement REFRESH—FRET, we extended the strands carrying the reporter
dyes by docking sequences complementary to our green and/or red r-labels. In
solution, we provide the required fluorogenic r-labels, which bind specifically to
their docking strands (Figure 4.10B). In the two main HJ conformational states,
the fluorophores are again positioned at different distances from each other,
resulting in two distinct FRET efficiencies. We recorded traces using 100 nM of
red and 300 nM of green r-label, and an exposure time of 100 ms/channel/frame

(Figure 4.11).
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Figure 4.10: Observation of conformational dynamics using REFRESH-FRET.
A. Reference structure of a covalently labelled HJ. B. HJ with exchanging labels: The
X- and R-strand of the HJ carry extensions, which serve as specific binding site for
the fluorogenic r-labels. C. Intensity-vs-time trace of the reference HJ (covalent labels)
with AA, DA, and DD signal (top), from which the apparent FRET efficiency (E) was
calculated. The anti-correlated fluctuations in DD and DA and the fluctuations in E
indicated FRET dynamics between a high-FRET state (E &~ 0.75) and a low-FRET
state (E ~ 0.25).

Upon ALEX excitation, the AA trace in Figure 4.11 specifically reports on
the presence of the red r-label, whilst the DD trace reports on the green r-
label. The presence of a significant DA intensity (i.e. the FRET signal) is only
expected when both dyes are present at the same time and will report on the
conformational state of the HJ. The observed time traces show the same pattern
of binding events as shorter traces in Figure 4.7, with the additional feature that,
whenever both r-labels bind simultaneously, the same anti-correlated dynamics

in the DD and DA intensity as with the reference HJ can be observed (zoomed-in
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segment, Figure 4.11). The fluorescence fluctuations indicate FRET dynamics,
with the E value showing clear transitions between high (E ~ 0.75) and low (E =~
0.25) values. The FRET efficiencies for the two states are similar to the reference

HJ, which validates the choice of the fluorophore location on the r-labels.

Interestingly, the presence of two acceptor dyes on the red r-label does not
interfere with these FRET-measurements. Compared to the situation with only
one dye, the second acceptor, even if quite far removed from the donor, will
add a further FRET de-excitation pathway, overall possibly leading to slightly
elevated apparent FRET efficiencies (and might be the reason for the very slight
shift in the histograms in Fig 4.13 C vs. D, which is also visible when only the
red r-label is used (Figure 4.15C). Once the energy transfer has happened, both
ATTOG647N dyes are equivalent in their de-excitation pathways (and through
homo-FRET can be seen as being in some form of equilibrium), and so emission
properties are not expected to be any different to a case with only a single
ATTO647N dye. Occasionally, we can observe the system in the presence of
only one acceptor dye (e.g. in Figure 4.12, approx. minute 5-8). If it is the
proximal dye which bleaches, we lose most of the signal in the DA channel,
since FRET to the distal dye is occurring with low efficiency. However, we
can afford to lose the distal ATTO647N and can maintain the same ability to

monitor conformational dynamics as with two dyes.

Inspection of the traces shows that the AA signal is near-continuous over the
recorded period at an r-label concentration of 100 nM, whilst the DD trace

shows still periods of time without fluorescence (=~ 20 %).

Since the observation time of the REFRESH-HJ is essentially immune to the
photobleaching, we can monitor it for extraordinarily long time-spans. The

trace in Figure 4.12 lasts for one hour, several orders of magnitude longer

than the bleaching time of the individual fluorophores (= 50 s for ATTOG647N,

92



4. Bleaching-resistant, near-continuous single-Molecule fluorescence and FRET

b mll MW"IWM JLMWM

mm.wmwm

| Wliﬂll"ﬂlumuwmu lhllhlln%w "

1oq__ - 200 - :mu 350

l
dﬂvn«nl umlwlluul! nlumaim |m' | quULWUHP U'ﬂfu’w A Wmu"u'v Vg wmw i’ u,

180

Figure 4.11: Representative traces from the REFRESH-HJ using 100 nM red and
300 nM green r-label. A. Full trace with AA (top), DD, and DA channel (middle)
and calculated FRET efficiency (E, bottom). B. Zoom-in of the trace in A. The
anti-correlated fluctuations in the DD and DA channels (middle panels) and the
fluctuating E trace (bottom) indicate a dynamic interchange between a high-FRET
state (E ~ 0.75) and a low-FRET state (E ~ 0.25).

see Figure 4.5. We replaced the buffer in the chamber continuously (with a
full volume exchange every 5 min) to replenish the stock of r-labels and the

photo-stabilisation system.

For any labelling strategy, it is important to assess how much it influences the
system that is to be studied with it - In our case, the HJ. We thus compared the
transitions recorded in the traces from the reference HJ with both dyes covalently
attached; the two HJs where one dye is supplied by r-labels whilst the other one is
attached covalently; and the complete REFRESH-HJ. We used the E traces (see
Methods) to generate FRET efficiency distributions and dwell-time histograms
for the four different HJs (Figure 4.13, 4.14, and 4.15 for the single r-labels).
All structures showed similar FRET distributions, with peaks at E values of
~ 0.25 and =~ 0.75. The relative abundance of the two fractions for the HJ
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Figure 4.12: Representative hour-long traces from the REFRESH-HJ using 100 nM
red and 300 nM green r-label. A. Full trace with AA (top), DD, and DA channel
(middle) and calculated FRET efficiency (E, bottom). B. Zoom-in of the trace in A.
The anti-correlated fluctuations in the DD and DA channels (middle panels) and the
fluctuating E trace (bottom) indicate a dynamic interchange between a high-FRET
state (E =~ 0.75) and a low-FRET state (E ~ 0.25).

(reference: low FRET: ~ 70 % high FRET: ~ 30 %, REFRESH: low FRET:
~ 51 %, high FRET: ~ 49 %) indicate an equilibrium constant of Kp;gn—siow
~ 2.3 for the reference HJ, and a Kpigh—i0n = 1.0 for the REFRESH-FRET
HJ. The relative abundance indicates that the low-FRET state is energetically
slightly favoured in the reference HJ, however, the difference between the states
is = 2-fold smaller when using r-labels. Notably, the shift in the equilibrium
when only one dye is supplied as an r-label is much stronger for the red one
(Khigh—stow =~ 1.2) than for the green one (Kpighsiow~ 2.0), suggesting that
the majority of the equilibrium shift is induced by the attachment of the red
docking strand and r-label (see Figure 4.15). The r-label concentration does

not affect the the FRET populations (Figure 4.14).
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We also determined the kinetic constants for the interconversion of FRET
states. In the REFRESH-HJ, at 100 nM red and 300 nM green r-label, the
interconversion rates were Kpighiow = 3.45 £ 0.04 s7! and Kjpw—snign = 2.69
+ 0.03 s7!, equating to a Khigh—iow = 1.3. In comparison, the reference HJ
showed a Kpighsiow = 5.51 £ 0.22 s71 Kjpynign = 1.61 £ 0.04 s71, and a
Khigh—tow = 3.4. These values agree well with the values obtained from the
population fitting and further show that, the shift in equilibrium when comparing
reference and REFRESH HJ is due to a change in the stability of both states.
An interconversion constant Kp;gn—si0 Near unity is consistent with previously
published literature on the HJ: Gilboa et al. reported a Kpignh—ion of = 3.7,

while McKinney et al. reported a Kpigh—i0n of & 1 across different [MgCly].1 1113

Our results show that, compared to a covalently labelled HJ, the interconversion
kinetics and the equilibrium between both FRET states are affected by the
addition of our r-labels of their docking sequences. The HJ is, however, a worst-
case scenario: Each arm of the HJ is 11 nt long, so we have significantly affected
the lengths of the two arms wich carry the r-labels by adding a 11 or 15 nt
additon. The structure thus looses its symmetry, and the equilibrium constant
together with the interconversion rates suggest there might be some interactions
stabilising the high-FRET state, potentially mediated by the extensions. When
thinking of translating the REFRESH approach to large (protein) complexes,
we would envision these contributions to become less pronounces and potenitally
negligable. Any application should, nevertheless, control and check for such

labelling effects before drawing conclusions.
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Figure 4.13: Monitoring conformational dynamics using REFRESH-FRET: Repre-
sentative data from one experiment. A-B. FRET histograms of the reference HJ with
covalent labels (A) and the HJ with exchanging donor and acceptor (B). C-D. Dwell
time histograms of the high and low FRET states for the reference HJ (panel C; data
from 64 molecules), and the HJ with exchanging acceptor label (D; data from 101
molecules), the errors stated are fitting errors. N, number of datapoints across all
traces.
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Figure 4.14: Conformational dynamics in the HJ observed with single r-labels at
different concentrations. Representative data from one experiment. A-B. FRET
histograms of the HJ with covalently attached donor and exchanging acceptor at
200 nM (A) and 20 nM (B). C -D. Dwell time histograms of the high and low FRET
states for both HJs, the errors stated are fitting errors. N, number of datapoints
across all traces.
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Figure 4.15: Conformational dynamics in the HJ observed with single r-labels.
FRET distributions (C-D) and dwell time histograms (E-F) for the HJ with only
(A, C, E) or green (B, D, F) r-label, as indicated by the schematics in A and B,
respectively. Data 179 (red r-label) and 72 molecules (green r-label). N, number of
datapoints across all traces.
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Our results clearly establish that we can use REFRESH-FRET to accurately
resolve conformational dynamics on the milli-second timescale over observation

times on the scale of hours, spanning five orders of magnitude.

Ultimately, the observation time span is limited by the survival time of the target
molecule, especially the docking strand. In DNA-PAINT, photo-destruction of
docking strands has been reported; however, DNA-PAINT uses 10-25-fold higher
laser powers than our experiments.''* Additionally, DNA-PAINT experiments are
often performed without photo-stabilisation, which both preserves fluorescent
dyes and prevents damage to DNA structures (such as docking sites or r-
labels).” Consistent with this, we have observed only a few traces (<5 %) which
permanently enter a dark state after some time (or show significant reduced
on-times). Using DNA hybridisation to allow for transient interaction provides
great tuneability and makes our approach applicable to many experimental
conditions: The r-labels are tuneable in terms of length and sequence which
enables us to modify the interaction strength in order to tune the off-rates in
response to experimental requirements (e.g. lower salt conditions used with
proteins). The nature of the r-labels (fluorogenicity) and our imaging conditions
allows us to use very high concentrations and therefore we can further enhance

the on-rates, if required.
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4.6 Conclusion: REFRESHing News for ex-
hausted fluorophores

In most SMF studies, photobleaching severely limits the available photon budget
from a reporter fluorophore. Each measurements needs to carefully balance
temporal resolution, overall observation span, and photons collected per frame,
with the latter feature determining the spatial or FRET resolution of the

measurement.

By circumventing this limitation, REFRESH allows monitoring processes at high
temporal resolution over long observation spans, opening many new opportunities
for single-molecule studies. Most prominently, this allows access to long-lived or
rare states in slow reactions, which would be mis-characterised in a bleaching-
limited system. In our work, a prominent example of such slow conformational
dynamics is the RNA polymerase (RNAP) clamp, a mobile element which
has been shown to be critically important for RNAP function.!'® Previous
work showed that the clamp populates at least three conformational states
and can switch between states within the 1-s timescale. A large majority of
the molecules, however, exhibits no dynamics over the photobleaching-limited
observation span of the assay (= 10 s).!'6 These enzymes could all switch to
a specific conformational state upon addition of substrate DNA, suggesting
that the static RNAP molecules are not inactive but must indeed undergo
conformational switching at timescales longer than ~ 10 s. Conformational
switching at long timescales was indeed observed in an experiment with reduced
frame rates,!'” however, even in these studies, the number of events exhibiting
slow conformations switching were limited due to photobleaching, and the
reduced frame rates resulted in missed events at the fast timescales. REFRESH-
FRET would allow monitoring of slow and fast conformational changes over

long periods of time without sacrificing temporal resolution.
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Long-lived states and slow transitions have been suggested for many proteins,
nucleic acids and their complexes, and they might be critical to understand
mechanisms and defining rate-limiting steps, the new capabilities proposed here

will shed light on their functional role and relevance.
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5. In vivo imaging of ribosomes in E. coli using fluorogenic ssDNA probes

5.1 Motivation

In previous chapters, we could demonstrate the versatility of fluorogenic ssDNA
probes to improve or expand the scope of in wvitro fluorescence experiments and
imaging. Many crucial biological processes, however, can only be studied in their
correct cellular environment and thus require in vivo experiments with live cells.
ssDNA is, in principle, a good candidate to be used to deliver probes in vivo
— DNA is biocompatible, the probes are relatively small compared to larger
protein-based tagging systems (e.g. antibodies, Halo- or Flag-tags), and are,
through choosing sequence and length, highly adaptable to different contexts. On
their own, ssDNAs may be unstable in the cellular environment (and even trigger
cellular responses like the SOS response),''® but the two terminal modifications

and their short length should aid in stability.

RNA seems to be a natural choice for targeting with our probes, since they can

directly hybridise sequence-specifically by forming an RNA-DNA hybrid.

Single-molecule studies of RNA dynamics in vivo can shed light on several
fundamental biological processes. RNA carries the information for and forms the
catalytic unit of protein synthesis, directly linking transcription and translation.
It is further subject to many processes of the cell physiology: adaptation to
environmental changes, the cell’s metabolic state, antibiotic stress, and much
more.!t? To date, studying mRNA in vivo often relies on genetically modified
strains, which insert aptamer binding sites at a gene of interest.!?0"123 Most
commonly, these are the MS2 or PP7 aptamer loops, originally derived from
bacteriophages. These aptamer loops in the RNA are bound by fluorescent
RNA-binding proteins, labelled either by fusion to fluorescent proteins or
through tagging systems like Halo.!1%124 Especially for MS2, the loops have

been engineered to provide a flexible toolbox for mRNA visualisation, adopting
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to RNA turnover rates, preventing early degradation of tagged RNAs, and

expanding the target organisms (to yeast and E. coli).1?5128

Techniques targeting of endogenous RNA avoid the consequences of aptamer-
based approaches on gene expression and the need for gene editing. On a single-
molecule level, CRISPR-based RNA labelling has been performed, utilising the
RNA-affinity of (a catalytically dysfunctional) dCas13.12%130 A second class of
endogenous RNA labelling protocols uses molecular beacons, which directly
hybridise to a 15-20nt target sequence.!?* Similar to our probes, they carry
terminal fluorophores and quenchers, which are brought into close contact by
a 4-6nt long, hybridised stem region. We believe our probes improve on these
molecular beacon structures in two ways: The stem structure is a kinetic barrier
in the hybridisation, slowing down the binding rate. It further leaves ssDNA
ends exposed after hybridisation, which could undermine the de-quenching by

allowing flexibility in the fluorophore-quencher placement.

When choosing an intracellular RNA target for a proof-of-principle study, we set-

tled on the E. coli ribosomal 16S RNA for several biological and technical reasons:

Ribosomes are the cellular machinery translating mRNA into proteins. In E.
coli, they consist of the larger 50S and the smaller 30S subunit. Each of the
subunit consists of several protein- and RNA-components, bridging together
RNA binding- and -decoding functions with the catalytic functions of protein
synthesis from individual amino acids. In bacteria, translation often occurs
co-transcriptionally, so the dynamics of transcription and translation are tightly
linked together.'®! Different studies using both fluorescence and cryo-electron
microscopy have shown that ribosomes are excluded from the nucleoid and
are dispersed throughout the cytoplasm (the individual subunits, however,
can enter the nucleoid).!¥2133 The distribution of ribosomes responds to the

metabolic state and can change in response to antibiotic stress.!333% Other
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5. In vivo imaging of ribosomes in E. coli using fluorogenic ssDNA probes

members of the Kapanidis Lab have recently used ribosome distributions to

135 Ribosomes are thus attractive targets for single-

detect antibiotic resistance.
molecule tracking, allowing insight into fundamental biological processes and

being a valuable diagnostic target.

There are further technical reasons for our choice: Firstly, ribosomes are very

132 which helps in eliminating or at

abundant (10s of thousand copies per cell),
least minimising off-site binding of our probes. Secondly, ribosomes consists
in large parts of rRNA, some of which is available for hybridisation by ssDNA
probes — a fact which has been exploited in several studies using and developing
fluorescence in situ hybridisation (FISH)-probes for species identification in
bacteria and has been used in the Kapanidis Lab for fixed-cell imaging.'3% 140
For a first in vivo attempt at labelling using the fluorogenic probes, we can
thus circumvent any genetic engineering since our docking sites are already
endogenously present. Thirdly, the ribosome and its intracellular distribution
has been extensively studied, which establishes a good backdrop of knowledge to

help in troubleshooting a new labelling method as we propose here,132133,135,141,142

In this chapter, we evaluate the performance of fluorogenic ssDNA probes
targeting the 16S rRNA. We will compare them to non-fluorogenic probes in fixed
cells, before assessing probe uptake protocols, probe stability and signal specificity

in vivo. Finally, we perform a tracking analysis of single ribosome molecules.

To keep our findings widely applicable, we have designed many of the control
experiments presented in the following sections to equally apply to many different
probes and in vivo targets. Nevertheless, for each target, the specific context
within the cell (copy numbers, accessibility, diffusion coefficient, size, ...)
ultimately needs to be considered before translating any of the findings to

a new target.
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5.2 Experimental design
A full description of all experimental procedures can be found in the A.

To label ribosomes in vivo, we designed a fluorogenic probe which will hybridise
directly to available rRNA. For our purpose, we picked a probe sequence
complementary to the 16s rRNA, in the literature known as EUB338 (see
Figure 5.1).138 Tts target sequence is conserved across all eubacteria, making

this probe a versatile label for ribosomes across species.

> Ribosome

EUB338-F/Q
probe

16S rRNA

EUB338 probe: 5'- GCTGC CTCCC GTAGG AGT -3’
16S rRNA: 3'- ;sCGACG GAGGG CAUCC UCAj3; -5’

Figure 5.1: Labelling approach for ribosomes. The fluorogenic EUB338-F/Q probe
hybridises to a complementary sequence of the 16S rRNA in the 30S subunit of the
ribosomes.

In the Kapanidis lab, this specific sequence has been used in fixed-cell experi-
ments for ribosome labelling for phenotyping ribosomal responses to antibiotic
treatment.!3>143 The probe is 18nt long, with a 4nt internal complementarity, and
is extensively characterised in chapter 2.3.3. We chose ATT0643 as fluorophore
and used BHQ1 as quencher. Most remarkably, the probe exhibited a FF >60,
making it highly fluorogenic (see Figure 2.5). This will provide not only a good
SNR during the imaging, but will also ensure that any signal we observe is

actually originating from a labelled ribosome, and not diffusing free probes.

108



5. In vivo imaging of ribosomes in E. coli using fluorogenic ssDNA probes
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Figure 5.2: Experimental process of in vivo ribosome labelling with fluorogenic
probes. Probes are internalised through electroporation. After washing with PBS,
cells are sandwiched on an agarose pad and imaged on the microscope.

In control experiments, we will compare the ribosome-specific EUB338 probe
(F/Q labelled) with a non-fluorogenic, 15nt probe only carrying a fluorophore
(nF or standard probes), and a 18nt probe designed to not interact stably
with RNA ('non-targeting’ or nF).

For probe delivery into cells, we tested several methods, but ultimately found
electroporation to be the most promising one. After electroporation and washing,
the cells are immobilised by being sandwiched between an agarose pad (1 %
agarose in rich defined medium (RDM)) and then imaged on the microscope

(see Figure 5.2).
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5.3 In vivo single-molecule imaging with flu-
orogenic ssDNAs

5.3.1 Probe performance in fixed E.coli cells

The probe sequence has been extensively tested for ribosome labelling in
fixed cells by co-workers in the lab.!3%140:143 They however, did not require
a fluorogenic label since any unbound probes could be washed off as part of
the protocol. To ensure that fluorogenic probes would in principle be able to
hybridise to the ribosome target, the same fixed-cell staining was performed
with the fluorogenic probes and with the established fluorophore-only probes
(“standard probes”). We assessed several parameters, both before and after
washing steps, in an attempt to capture the capabilities of fluorogenic probes as
best as possible. Cells for this comparison were treated with ciprofloxacin, an
antibiotic which inhibits topoisomerases and prevents relaxation of supercoiled
DNA. This leads to a very compact nucleoid region in the centre of the cell,
in which ribosomes are rarely observed.'?>!*3 Based on if and how well we
can capture this contrast allows us to assess the performance of our probes
(because the ribosomes are so vital for cellular function, it is difficult to engineer

“ribosome-free” regions or cells in other ways).

After antibiotic treatment for 30 min, cells were fixed and permeabilised before
EUB338 probes were added. A sample of cells was imaged before washing, all
other cells were washed according to the standard protocol before being imaged.
The random montages of segmented cells in Figure 5.3A show an example of the
phenotype we observe from ribosome staining after ciprofloxacin treatment: A
distinct dark, i.e. ribosome-poor region is clearly visible in the cell centre in which
the very compact chromatin sterically excludes the ribosomes. Curiously, we
can already see this in the unwashed sample stained with the standard, dye-only

EUB338 probe, and it is also clearly visible when using the fluorogenic probes.
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Figure 5.3: Ribosome staining with fluorogenic and standard EUB338 probe.
A: Randomly selected examples of segmented cells with stained ribosomes before
and after the washing steps indicated in the protocol. Both a dye-only standard probe
(F, green) and a fluorogenic probe (F/Q, purple) were used. B: Mean and Minimum
cell intensity in above samples. C: Cell contrast in above samples. Black markers are
mean and SD from three independent experiments, each data point in colour represents
an individual cell, N as given in A. p-values calculated with Kruskal-WallissANOVA
with post-hoc Dunn’s test for individual pairings.
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We evaluated the mean cell brightness (averaged across the whole cell, Fig-
ure 5.3B) as an indicator of overall loading and accessibility. In the standard
sample, the mean cell brightness is reduced after washing, showing that some
unbound probes were removed from the cells. The cell mean brightness in
both fluorogenic samples is comparable to the standard sample after washing.
We observed no decrease with the fluorogenic probes (despite the statistical
significance, the effect is minimal), indicating that potentially unbound probes
(which got removed in the washing steps) did not contribute much to the overall
brightness — as expected when they are quenched. Between the standard and
fluorogenic washed samples, there is no difference in mean brightness, suggesting

both probes have good permeability into the fixed cells.

The minimum intensity (in each cell, Figure 5.3B) is a measure of the signal we
see in areas where we expect the lowest ribosome density (the closest to evaluating
non-specific signals). Since these regions may not be completely ribosome-free,
we do not expect a complete drop in intensity to background levels, but we can
overall see a substantially lower brightness of those ribosome-sparse areas for
the washed or fluorogenic samples as compared to the unwashed sample stained
with the standard probe. This again suggests that in the standard sample,
we could remove non-specific signal from unbound probes through washing,
whereas in the fluorogenic case those unbound probes did not contribute to any
observed brightness. This conclusion is further supported by the higher contrast
observed in the standard washed or both fluorogenic samples when compared

to the standard unwashed sample (Figure 5.3C).

None of the observed differences in these fixed-cell experiments are as pronounced
as we have seen in the previous applications and as the FF of the probe would

suggest. This could at least partially originate from the lack of a true negative
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control, i.e. a ribosome-free area or cell which we cannot easily create experi-
mentally. Therefore, the closest to 'background’ levels are the measurements of
the cell minimum intensity, which might still contain a significant amount of
targets, albeit less than other regions within the cells. Additionally, effects on the
ensemble level might be further equalised by the fact that with so many target
molecules (10s of thousands per cell'3?), the amount of free probes is relatively low
either way and thus effects are less pronounced. On the ensemble level, we can,
conservatively, conclude that the fluorogenic labels are capable of permeabilising
the fixed cell, they bind to ribosomes and allow extracting all information
about distribution of ribosomes at least as good as the standard probes after
washing. The additional quencher does, consequently, not impact the probe in
any negative way — and any advantage will be more prominent and crucial
in the live-cell, single-molecule experiments. These findings are not necessarily
specific to the ribosome-labelling EUB338 probes, but could potentially translate

to other short, fluorogenic ssDNAs used to bind other cellular targets.

5.3.2 Probe uptake into live E.coli cells

The labelling of targets inside living cells with fluorogenic ssDNAs critically
relies on a controllable and reliable delivery method. The Kapanidis Lab has
extensive experience with delivery of fluorescently labelled molecules such as
ssDNAs. 1447147 For single-molecule tracking with hybridising ssDNAs, the intra-
cellular concentration (and probe numbers relative to target numbers) is critical,
it dictates hybridisation kinetics, off-target binding, and the proportion of labelled
targets. For the subsequent analysis and deciphering of the data, monitoring and
understanding the intracellular concentrations is essential. Commonly, we deliver
molecules via electroporation, followed by a brief recovery period. We also tested
a second protocol using a chemical permeabilisation buffer commonly used in

plasmid transfection. Through analysing the brightness of individual cells after
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Figure 5.4: Probe uptake into live E. coli cells through electroporation (circles, red)
and chemical competence (squares, green). Individual mean cell brightness and their
population mean (black square) and median (black line with 25/75 percentiles as box).

probe uptake, we can quantify the internal probe concentration, understand
the limits in probe uptake, and the heterogeneity within a sample. For these
experiments, we used the EUB338 probe labelled only with ATTO643, because
we are only interested in the uptake of probes, not their hybridisation state

(which would influence the brightness of fluorogenic probes).

The number of probes taken up into the cell was calculated from total single
cell brightnesses, divided by the observed singular intensity of individual probes
(Figure 5.4). Due to imaging in epifluorescence mode, substantial background
fluorescence (from free probes in the buffer) had to be subtracted. For the
analysis, we consider all cells with less than 1-2 probes/ cell as empty, these are
on the scale we would also expect artefacts of averaging the singular brightness

across the whole FOV.

The chemical transfection method (faintly coloured/green data in Figure 5.4)

yielded consistently lower probe uptake than electroporation, and required a
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5. In vivo imaging of ribosomes in E. coli using fluorogenic ssDNA probes

much higher probe concentration in the buffer for any uptake to happen. Further,
there is a significant proportion of cells which remains without any probes being
taken up, resulting in a larger spread of the distribution of internalised probes.
In single-molecule experiments, such heterogeneity can skew results significantly,

and further complicate the interpretation of any observations.

In contrast to that, electroporation with any of the tested probe concentrations
yielded a single population of cellular brightnesses, which was narrower than
with the chemical method. Consequently, the number of probes taken up into the
cell is more defined and overall higher through electroporation (boldly coloured

data in Figure 5.4, the right population for each concentration).

Despite being higher in the electroporation samples, the internal concentration
of probes in all cases remains far below the buffer concentration, and outliers
reach a maximum of 4-5 fold the population mean. This suggests that no
equilibrium is reached between buffer and cytosol and that consequently cellular
membranes remain intact during the procedures. To conclusively assess cell
viability after the procedures, however, cells would need to be monitored for
extensive periods of time in conditions suitable for growth. On an agarose pad
with nutrient-rich media, viable cells would be expected to divide over the course
of 1-2 hrs. Counting the percentage of dividing vs non-dividing cells could thus
be used to assess cell viability and correlate it with the probe uptake. From
experience, cell viability after electroporation is high, for our conditions around

70% of cells were dividing after electroporation in previous studies.!44:148

We can further fit the uptake data to different uptake models and find the best fit
to be a saturation-model, which suggests a maximum intra-cellular concentration
of approx. 250nM can be reached with the electroporation protocol (assuming

an average cell volume of 1fL, which results in 1 probe/cell ~ 2nM).
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Concentrations might be further increased by varying the voltage during the
electroporation, or by optimising “chemical” delivery methods, if required. Higher
concentrations may be required for in vivo REFRESH experiments, where 100s
of nM are required to maintain hybridisation kinetics (even in a much higher-salt
environment). In the specific case of ribosome labelling, we operate at 50nM
to ensure we only label a small fraction of ribosomes, otherwise the labelling

will be too dense for single-molecule tracking.

5.3.3 Fluorogenicity and signal specificity in vivo

For specific single-molecule tracking in wvivo, we rely on signals only and
specifically coming from probes hybridised to their target. This implies firstly
that unbound probes have to remain quenched inside the cellular environment,
and secondly that probes only hybridise to their specific target sequence and do
not interact with other nucleic acids, proteins, or any other cellular component.
Such interaction with e.g. complementary single-stranded nucleic acids (mainly
RNA), single-strand binding protein (SSB) involved in DNA-repair and defence
against pathogen DNA, or other, non-specific interaction partners could lead to
a false-positive signal. We anticipate that also fluorophore and quencher may
influence the behaviour — either through sterically hindering access to the probe

ssDNA, or by interacting themselves in a non-specific manner.

Control experiments on this matter are difficult to implement as many of the
potential intra-cellular interactions are with potentially vital cellular components

(such as SSB), or are difficult to predict.

In an attempt to quantify the signal specificity, we compared several probes,
all labelled with ATTO643 and BHQ1. We delivered them into cells and
evaluated the cellular brightness in comparison to a probe not carrying BHQ1

(‘non-fluorogenic’ or nF). This serves as the positive control, showing what
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signal level to expect if all probes were to de-quench completely. Another
probe has been specifically designed to not bind any mRNA or rRNA sequence
(‘non-targeting’ or nT). It is 18nt long, and has an internal 4nt complementary
region, akin to the EUB338 probe. The maximum complementarity to any
transcribed RNA is 11nt, which should be significantly more unstable than a
fully bound EUB338 ribosome probe.

Figure 5.5A shows representative FOVs. Even within the different samples, cell
brightnesses vary, indicating some heterogeneity in probe uptake. We have seen
a similar spread when comparing different probe uptake protocols (see Figure
5.4). In our tracking experiments, we are interested in a certain spot density,
which ultimately even the bright cells will achieve after a certain amount of
bleaching. Heterogeneity is thus not impeding, as long as it has no further
implications on e.g. cell viability. In contexts where the label concentration
is more critical (like an in vivo version of REFRESH), uptake protocols might
need to be further optimised or only cells of a certain brightness i.e. label

concentration would have to be selected for analysis.

Further, brightness differences between the different samples are quite apparent:
The EUB338-F/Q probe yielded brightly stained cells, with individual spots
being resolvable in some. In contrast, with the nT-F/Q probe, cells appear very
dim, and the nF-F probes stained cells even brighter. Quantified by the mean
cell intensity (Figure 5.5B and zoom-in in C), cells show a wide distribution of

brightness values, but median values recapitulate the images:

The F-only probe shows the highest signal, which serves as reference for the
scenario in which all probes are fully fluorescent. The nT-probe has a much
lower signal of approximately 10 % of the fully de-quenched intensity (in the

fully quenched state in vitro, we observed approximately 3 %), suggesting that
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a significant proportion of probes remains quenched and does not engage in

off-target interactions with e.g. SSB or mRNA.

The remaining signal (which is higher than what we expected based on the 3%
in vitro) suggests that either we are not fully able to interrupt all off-target
interactions, or that the fully quenched state is not as dark in wvivo as we
have observed in high-salt conditions in wvitro. In comparison, the EUB338
ribosome probes exhibit approx. 40-50 % of the nF-F probe signal, suggesting

a significant target-bound population.

When localising individual spots within the FOVs, we can extract their brightness
values and now examine individual molecules. For these measurements, we
lowered the exposure time to 20ms in order to measure even fast-diffusing, but
target bound molecules. We can see spots appearing within the cells with
all probes, where probes are diffusing slow enough to be resolved as spots —
presumably because there are some probes interacting with a molecule with
much slower diffusion. These spots reveal the same brightness for all three
probes (Figure 5.5D), supporting the idea that when bound, de-quenching is

complete and those signal levels are comparable.

The number of spots varies greatly across the three probes (Figure 5.5D, data is
normalised to show abundance per cell per frame): The EUB338 probe, having
a high number of targets in the cell, has the most spots being found, followed by
the nF-F probe. The nF-F probe sequence has not been specifically selected, so
we can expect a certain level of hybridisation to cellular targets, which accounts
for the spots we identify in the images. Lastly, the nT-F/Q probe showed the
lowest number of spots, confirming the findings from the ensemble analysis of cell

brightness values that the nT-F/Q probe remains largely unbound and quenched.
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Figure 5.5: Signal specificity and fluorogenicity in vivo.A: Representative FOVs of
cells electroporated with the three probes. B: Brightness of cells electroporated with
different probes over time. Dots represent single cells, darker markers show the median
value and 25-50% percentiles. C: Zoom-in on panel A. D: Brightness histogram of
individual spots localised in one FOV at 20ms exposure, normalised to reflect spot
abundance per cell per frame. EUB338: ribosome-targeting probe, nT: non-targeting,
nF: non-fluorogenic.

In summary, through comparing the cell brightnesses, spot brightnesses and spot
abundance of three different probes, we could demonstrate that our fluorogenicity
is translatable into living cells and provides a SNR benefit, which on the ensemble
level is about a factor of 10. This value is most likely underestimating the actual
FF of individual probes, because any off-target observations would increase the
background level. These occur at a basic level, even for a probe that is optimised

to not exhibit many sequence-specific interactions.
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The much lower amount of interactions detected with the nT-F/Q probe suggests,
however, that the vast majority of signal observed for the EUB338-F/Q probe is
specific and originating from sequence-specific interactions. A further filtering
of the true signal might be possible based on diffusion properties, which are

discussed in section 5.3.5

5.3.4 Probe stability in vivo

A major concern for any work including ssDNA inside live cells is the cellular
machinery which evolved to detect and process ssDNA, mitigating pathogen
attacks, preventing any interference with cellular processes, or ensuring efficient

processing of endogenous ssDNA.

Degradation of probes by nucleases inside the cells is our greatest concern in this
context for two reasons: Firstly, probes which are cut into smaller pieces will no
longer be quenched since the fluorophore-carrying fragment will quickly diffuse
out of the FRET-reach of the quencher. Consequently, the observed signals
can no longer safely be attributed to hybridised labels or, if blurred through

faster motion, contribute to a higher background level.

Secondly, the hybridisation specificity and duration is greatly altered if not
completely abolished and the target can no longer be observed or tracked. We
hoped that through the short length of our probes, in combination with the
fluorophore and quencher modifications and any attractive interaction that
stabilises a compact ssDNA conformation, the steric hindrance is protecting
our probes to a certain degree from nuclease digest and allows for meaningful

observations over typical experimental timescales.

To observe whether a significant digest or degradation of probes was happening
within our typical experimental timescales, we electroporated cells with 50nM of

one of three different probes: the ribosome-targeting EUB338-F/Q probe (18nt
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long), the nT-F/Q probe designed to not form any significant hybridisation
products, and the non-fluorogenic nF-F probe (15nt, nF). Immediately after
electroporation, we washed cells once in PBS before placing them onto the
agarose pads for imaging. This allowed us to monitor probe dynamics and any

cellular response to the probes immediately after probe delivery into the cells.

We expect the three different probes to exhibit a variety of intracellular hybridi-
sation states or distributions: The 18-nt EUB338 probes has many targets (the
ribosomes) and we thus expect it to be target-bound to a large proportion. Fur-
ther, the 18nt-hybridisation is near stable on the timescales of these experiments,
so no significant turn-over of probes is expected. The stable hybridisation into

a DNA-RNA hybrid could protect probes from degradation.

In contrast to that, the nT probe has no specific target inside the cells (any
off-target sequence complementarity with RNA is a maximum of 11nt long),
so we expect it to stay mostly freely diffusing and therefore quenched. The
nF-probe was employed to have a comparison for the signal levels to expect
in case of complete hybridisation or separation of fluorophore and quencher
through e.g. digest. It has no specific target, but we have found several
complementary sequences on transcribed RNA, so there could be a proportion
of probes hybridised. Overall, the three probes should give a good indication
of any degradation/processing happening within the timescales relevant to

our experiments.

Figure 5.6 shows several representative FOVs of the three different probes
imaged for up to 150 mins (Note: The image contrast and brightness settings are
conserved within each row, not between the different probes. For a comparison
between the probes, see Figure 5.5). The cells in each FOV exhibit a certain
level of diffusive brightness, originating from probes diffusing faster than can be

resolved in the respective image (200 ms exposure time here). Several cells also
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have distinctly visible bright foci, here diffusion is slower, presumably because
the probe is bound (some examples highlighted by arrows, more details in

section 5.3.5).

The nF-probe shows the highest brightness levels (with a background corrected
median cell brightness of 100-150 units, which peaks after 60 min and declines

afterwards, maybe because of degradation processes.

The nT-probe exhibits a low median brightness at all time points, about 10 %
of the nF probe. The nT brightness level remains constant over the course
of 100 min, we therefore do not think there is a significant digest of probes
happening, which would result in the release of bright probe fragments. Since
this probe is remaining largely in its ssDNA state, we thought it to be the most

susceptible to degradation, but its signal remains constant and at a very low level.

The EUB-F/Q probe shows a signal increase in the first 30 min of the experiment,
before stabilising for the following 2 hrs at approx. 40 units. The initial increase
in signal could reflect the time span of target binding, or a potential increase

in target quantity after cells stabilise on the agar pads.

In summary, we observe no indication for degradation of probes on this ensemble
level, and can therefore conclude that ssDNA labels are suitable for labelling
cellular targets and observing them over typical experimental timescales. Based

on this ensemble analysis, we cannot yet explain the dynamics observed for

the nF-F probe.
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Figure 5.6: In vivo stability of fluorogenic probes. A-C: Cells with internalised
ssDNA probes at several time points after being placed on nutrient-rich agarose pad.
D: Cell brightness with median and 25-75% quartiles. This plot has been cropped to
highlight time-dependent developments of median values. The full range data can
be seen in Figure 5.5B. EUB338: ribosome-targeting probe, nT: non-targeting, nF":
non-fluorogenic.

5.3.5 Single Ribosome tracking in wvivo

Through a series of control experiments, we could establish that fluorogenic
ssDNAs of the EUB338 sequence are suitable to label ribosomes in vivo. We
now imaged cells electroporated with our probes at much higher speed (20 ms
exposure), in order to capture the diffusive behaviour of ribosomes at different
stages.!33 We localised all appearing spots with the picasso algorithm within a
custom python software. Through brightfield images, we were able to segment
cells and discard localisations not resulting from probes inside cells. The
remaining localisations were linked to tracks. Several cells showed multiple
tracks, often spanning the whole cell area (see Figure 5.7A). Tracks last on

average 23 frames, with some molecules being trackable for 100s of frames.
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Figure 5.7: Single-molecule tracking of ribosomes in vivo. A: Exemplary FOV of
ribosome tracks with several cells zoomed-in. Tracked Ribosomes are found across
the cell, but slow (blue) tracks are more prominent in the cell periphery and on
the membrane. Fast diffusing species (orange/yellow/white) can occupy the whole
cell. B: Diffusion histogram of the labelled ribosomes with two fitted populations.
C: Heatmaps of the spatial profile of the two populations fitted into B. Mean diffusion
coefficient and percentage of each population. Data from 2155 tracks in 117 cells.

For diffusion analysis, tracks were split up into 5-frame track segments, for which
diffusion histograms were extracted. We can identify two distinct subpopulations
with different apparent diffusion coefficients (D*) (see Figure 5.7B). The faster

I accounts for about 13 % of all data

subpopulation with a D* = 0.34 um?2s~
points (red population). This is consistent with previous measurements of the
diffusion of the free small ribosomal subunit (Sanamrad et al. report approx.

12 % free small ribosomal subunit with D* of approx. 0.2-0.4 um?s~!, Bakshi
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et al. find a D* of 0.35um?s™1).13%133 The heatmap in Figure 5.7C of this
subpopulation (in red) further shows that these fast molecules are uniformly
found across the whole cell (as are individual orange/yellow tracks in Figure
5.7A), in line with previous findings of the small ribosomal subunit being capable

of diffusing throughout the cell, including the nucleoid.'33

The other subpopulation shows significantly slower diffusive behaviours, with
a D* about two orders of magnitude smaller (D¥= 6.2 - 1073 pum?2s™!). This
subpopulation has previously been termed "bound’!?3 and is found predominantly
in the cell periphery, not in the nucleoid region(s) of the imaged cells (see

heatmaps in Figure 5.7C, and blue-purple tracks in Figure 5.7A).

Apart from these population-level observations, we could observe changes in the
diffusive state of individual ribosomes. Individual Step-size-trajectories show
how the step size changes dramatically — presumably when a free subunit enters

the ’bound’ state — and occasionally becomes ’free’ again (see Figure 5.8).

Taken together, these results - diffusion properties, spatial distributions, and
observable state transitions, are consistent with our probes binding ribosomes,
which we can then observe throughout their function cycle. Whilst we cannot
at this point rule out an impact of our probes onto the ribosome functionality,
we have several pointers suggesting labelled ribosomes remain functional: The
populations of bound vs. free populations, their diffusion properties and spatial
distribution remains unaltered compared to reported literature. Moreover,
labelled ribosomes are capable of forming the full 70S ribosome from the 30S
subunit (as evident by transitions from the free to the bound state in the
trajectories), suggesting that mRNA binding (by the 30S subunit) and subsequent
assembly of the 70S ribosome are unaffected (or at least not abolished) by our

probe hybridising to the 16S rRNA.
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Figure 5.8: Example step-size traces of single ribosomes. Ribosomes can change
diffusive states, as evident by changes in step-size.

5.4 Conclusion

In this chapter, we have translated our labelling strategy to in wvivo single-
molecule tracking. We chose ribosomes as an intracellular target, with a 18nt fluo-

rogenic probe directly hybridising to the 16S RNA of the small ribosomal subunit.

Fixed-cell imaging confirmed that our fluorogenic probes can provide an SNR-
benefit in a scenario where removal of excess, unbound probes is not possible,
serving as first evidence of our fluorogenic strategy being translatable to cellular
targets. Whilst we focused primarily on in vivo experiments in this chapter,
this result provides an interesting avenue for imaging of other targets in fixed
cells in settings where the advantage in speed of sample preparation can be

crucial, such as in diagnostic testing.

We could further establish a delivery method for 100s of nM of our probes,

opening doors for potential REFRESH-applications in vivo or the targeting
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of low-abundance targets which require high probe concentrations for fast

and efficient labelling.

Through careful examination of the signal from non-targeting, fluorogenic probes,
we showed that the fluorogenic properties of our probes prevailed in vivo,
facilitating efficient background suppression (by at least 90 %) and, consequently,
a high SNR. These non-targeting probes further showed very little off-target
binding, suggesting that in our experimental setting, the ssDNA is not involved
in sequence-independent interactions. Further, our fluorogenic probes remained

intact and quenched over the experimental time-spans of up to 150 min.

Having established that the signal from our probes is bright, specific, and the
background suppression by fluorogenicity is functional in vivo, we moved on
to performing single-molecule tracking of ribosomes. The diffusion analysis
revealed two distinct subpopulations, whose apparent diffusion coefficients and
spatial distribution are in accordance with those reported for ’free’ and "bound’
ribosomal subunits.!32133 We have so far not optimised our imaging conditions
to obtain longer tracks by reducing the excitation power, and adjusting the
label concentration to prevent wrongly linked tracks. For the analysis, we thus
chose short track segments of just 5 frames to minimise any bias this might
induce. With longer tracks, however, we should be able to observe more of these
transitions between different diffusive states, allowing access to the kinetics of
processes the ribosome is involved in. The exposure time of 20 ms allowed us
to clearly image the free subunit diffusion, but potential substates in the slow
population are lost in the localisation error. With longer exposure times, we
could shift the sensitivity towards slower diffusive processes. We are currently
working on stroboscopy illumination and overall longer exposure times at lower
laser powers, and are confident the probes are photostable enough to image tracks

long enough to capture significant timescales of ribosome functional - the average
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translation duration of an average protein should be ~ 15-20 s (assuming 300

amino acids in length and a translation speed of 15-20 amino acid per second!3!).

Further, our probes allow us to study the ribosomes in the context of different
perturbations, such as antibiotic treatments. Reproducing the ribosome pheno-
types which have been observed in response to treatment with antibiotics such
as ciprofloxacin, gentamicin, and chloramphenicol, this would further support
the specificity of the EUB338 probes.!3 Especially given the absence of a
true negative control (i.e. observing our probes in vivo but in the absence of
ribosomes), such perturbation experiments are particularly important. Moreover,
in live cells, antibiotic susceptibility testing as co-workers have performed it!33
would not require fixation protocols, instead we can monitor the phenotype
as it develops after electroporation in live cells. The tracking might reveal a
more detailed phenotype with different parameters characterising each antibiotic
response (rather than just the spatial distribution in fixed cells), some of which
might develop fast and could allow for rapid read-out of susceptibility. Such
tests are particularly interesting with respect to patient samples potentially
containing different bacterial species. The EUB338 probe hybridises to a rRNA
sequence conserved in all eubacteria,'®® and can thus be used for ribosome

labelling in a species-independent way.

In summary, we demonstrated functional single-molecule tracking in vivo using
fluorogenic ssDNA probes. Our signal is specific without any genetic engineering
and can accurately report on the diffusive behaviour of our target, the small

ribosomal subunit.
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6. Single-molecule fluorescence imaging with fluorogenic ssDNA probes

6.1 Flexibility of fluorogenicity

This thesis has developed a method to facilitate fluorescent labelling by utilising
short ssDNAs to hybridise their complementary sequence. We designed fluoro-
genicity into the probes, by terminally linking a fluorophore and a quencher to the
ssDNA. In the single-stranded, un-hybridised state, the probes remain quenched
through contact-mediated and/or FRET quenching processes. The change in
end-to-end distance of the probe upon hybridisation leads to a change in distance
between fluorophore and quencher, resulting in de-quenching and a substantial
increase in fluorescence. As a consequence, the background fluorescence from
unbound probes is greatly reduced, facilitating a better SNR, which allows
operating at much higher concentrations (we demonstrated experiments at
2 uM, but can still identify single molecules at 10 gM), much above the “high
concentration barrier” (50-100 nM for TIRF experiments). Further, fluorogenic
probes provide very specific signal only when bound to their target, which allows

them to be implemented in in vivo imaging.

Expanding on previous work on molecular beacons, fluorogenic DNA-PAINT
imagers and PCR probes, we performed a detailed characterisation of the
parameters in our design that allow us to adopt the fluorogenic strategy to
different experimental requirements. The characterisation work we performed
in this thesis thus laid the ground for a universal design strategy of fluorogenic
ssDNA-based probes, which found a multitude of applications, some of which

we have discussed in this thesis.

Previous work often focused on finding the most efficient quenching, which
then in turn sacrificed the potential de-quenching, or significantly restricted
the remaining design parameters (such as label sequence, length, or choice
of dye(s)) and consequently only had limited or very specific applicability

in many cases.28:36:52
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In contrast, we identified the Ry between fluorophore and quencher in combina-
tion with the probe length as the major tuning screws to facilitate fluorogenicity.
They shape the careful balance between good quenching in the ssDNA and
sufficient de-quenching in the dsDNA state: The label length determines the
end-to-end distance between fluorophore and quencher in both hybridisation
states, long distances as seen in longer labels lead to less quenching in the
unbound, but more de-quenching in the hybridised state. The Ry on the other
hand, determines the level of quenching at any given distance, and also affects
the change in distance which leads to the most change in fluorescence emission.
We can utilise these properties to create a good level of fluorogenicity (FF>10)

in a wide range of experimental scenarios:

Whether specific hybridisation kinetics are required, or the experimental setting
dictates the label sequence and length: The choice of Ry can be adjusted to
facilitate fluorogenicity in any scenario with labels between 5-25nt, which covers
most hybridisation timescales required in experiments, as well as facilitating
specific hybridisation within a large sequence space. Some experiments might
require a certain level of fluorescence emission, on which they cannot compromise

- a low Rq or longer label can facilitate this, albeit by increasing the background.

Other scenarios require the best possible SNR but are more flexible about other
parameters, and so the combination with the absolute best FF will be most
suitable - potentially combined with transient secondary interactions within the
label: This greatly increased fluorogenicity (FF>60) by stabilising a ssDNA
confirmation with very short F-Q distances, suggesting that probes even longer

than 25nt could be made fluorogenic with our strategy.

The design of a fluorogenic probe should thus be seen as a process of optimising
and adjusting several parameters, rather than searching for the one universal

best way - this would ultimately sacrifice performance in certain applications.
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We have outlined the trends these parameters follow and have given concrete
experimental values for a set of combinations which can inform other researchers

and allow for easy implementation into new and existing protocols.

6.2 Plug & play level solutions to implement
fluorogenicity

Our universal design approach has allowed us to implement fluorogenicity into
a great variety of experimental settings. From classical single-molecule FRET
experiments (albeit with a twist), to super-resolution imaging and in vivo single-
particle tracking, we could use fluorogenic ssDNA probes to harness a variety of

their specific advantages, which will be outlined in the following.

6.2.1 Fast DNA-PAINT imaging of viral gene segments

The DNA-PAINT application was chosen to highlight the ease of implementation
of the fluorogenic labels into an existing protocol. We chose a different imager
sequence of our desired length and sequence, adjusted the F-QQ combination
and could start imaging, without the requirement for extensive experimental
troubleshooting or optimisation of imager properties. Implementing fluorogenic-
ity into our DNA-PAINT experiment allowed us to significantly speed up the
imaging process, recovering the physical features (segment radius, <20 nm) of
the imaged viral gene segments after just 3 min. This was facilitated by using
a very short 6 nt imager strand at high concentrations, which, in combination
with a short exposure time of only 20 ms, lead to a faster accumulation of
binding events and therefore sampling of the target structure. Fluorogenicity
here facilitated improvements on existing DNA-PAINT protocols, by harnessing

the much reduced background emission of fluorogenic imager strands.
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6.2.2 Bleaching-resistant SMF and FRET

The development of fluorogenic labels has also allowed us to follow completely
new experimental paths, addressing the long-standing problem of photo-bleaching
in SMF. High operational concentrations allow us to achieve turnover-kinetics
of transiently binding labels fast enough to create a near-continuous labelling
of target structures whilst constantly exchanging the fluorophore. This ap-
proach, which we termed REFRESH, makes the overall experimental timescale

independent of the bleaching of individual fluorophores.

We labelled HJs with exchanging donors and acceptors, facilitating smFRET
measurements of individual molecules for 1 hour and accumulating 18,000 data
points from an individual molecule. The fluorogenic labelling did not affect the
FRET values or dynamics of the conformational changes of the HJs, promising

good performance for studying other target structures of biological interest.

Our experiments were made possible by very high operational concentrations
in the 100 nM-1 uM range, and so we relied on the fluorogenicity to improve

the SNR and facilitate these measurements.

6.2.3 In vivo ribosome tracking

For in vivo tracking applications, signal specificity is crucial. Otherwise, the
true signal and diffusive behaviour is “diluted” too much by wrongly labelled
molecules to make meaningful conclusions. ssDNA labels can provide specificity
by their sequence, and the fluorogenicity allows us to observe only those molecules

bound to a target structure whilst keeping background fluorescence low.

We could demonstrate that the fluorogenicity remains functional in vivo, our
probes are stable over typical timespans, and we can target a specific cellular

component, here the ribosome. When tracking individual ribosomes, we could
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recapitulate their spatial distributions and diffusion properties, as previous

studies with different tagging approaches had found them.!33149

In in vivo applications, where unbound probes cannot be simply removed from
the cellular environment, fluorogenicity allowed us to optically remove them
from the background and only visualise hybridised probes. The ssDNA-nature
of them further allowed us to directly hybridise our target structure without the

need for any genetic engineering, simply using the wildtype strain.

6.3 Future Applications

The aim of the great deal of characterisation work performed as part of this thesis
was to create a solid basis for easy and broad application of fluorogenic ssDNAs
in different fluorescence imaging contexts. Based on what we have demonstrated
to date, there are several new avenues we can envision for future experiments

and expansions, a few of which we will briefly discuss in the following.

6.3.1 Long-term study of proteins using REFRESH

In principle, the REFRESH approach can be extended to more complex confor-
mational ensembles to monitor functionally relevant changes in conformational

states, such as in large protein complexes.

One interesting target are the mechanistics of RNA polymerase (RNAP), the
central molecular machine responsible for gene transcription in cells. Starting
from studies on single diffusing transcription complexes'®® 153 the Kapanidis
group has established robust smFRET strategies on immobilised complexes,
which can also monitor transcription in real-time with high-temporal resolution
(down to 5 ms) for >5 minutes.'®* 156 An attractive molecular target for bleaching-
free FRET is a vital RNAP structural module, the RNAP clamp, which forms one

wall of the active-site cleft of RNAP. Results from previous studies indicate that
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the clamp populates at least three conformational states and can switch between
these on the second timescale. A large majority of the molecules, however,
exhibits no dynamics over the observation time of the assay (~10 s).'571%8 These
enzymes could switch to a specific conformational state upon addition of substrate
DNA, suggesting that the static RNAP molecules are not inactive but must
indeed undergo conformational switching at timescales which remain inaccessible
under the current experimental conditions limited by photobleaching to only
~10 s. Bleaching-free FRET should allow monitoring of these conformational

changes over long periods of time without sacrificing temporal resolution.

These slow conformational changes may have substantial functional relevance,
as has been proposed for other DNA-processing machines (e.g., the RecBCD
DNA helicase!®®). The new capabilities proposed here will shed light on this
fundamental biophysical question. Furthermore, since the bacterial RNAP has
significant structural and functional similarities with eukaryotic and archaeal
RNAPs, understanding bacterial transcription will illuminate the mechanisms
of many RNAPs, some of which have large biomedical and biotechnological

importance.

6.3.2 Imaging mRNA expression on the single-molecule
level

Based on our success of achieving fast hybridisation kinetics to complementary
DNA-sequences, and the ability to also target RNA demonstrated by tracking
the ribosome in vivo, we envision using our fluorogenic probes to facilitate
monitoring of many rounds of transcription emanating from a single DNA

molecule on the surface.

Specifically, mRNA expression will be monitored by sequence-specific, diffusing

probes which (reversibly or stably) bind their complementary sequence on the
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mRNA. Using one probe (one colour) complementary to a sequence of interest,
the hybridisation will report on transcription activity, transcription speed, as

well as processes such as transcription re-initiation.

By competitively binding in regions of RNA secondary structures, the assay
could be further developed to look at co-transcriptional RNA folding. Since
certain mRNA regions will become inaccessible to the probe once folding is
complete, the ability for an mRNA to hybridise transiently with a probe and
generate fluorescence signal will be lost. This signal loss will identify the timing

of the RNA folding event.

Implementing a second imager complementary to an RNA sequence at other
points along the gene allows monitoring the time elapsing between the emergence
of specific mRNA sequences, and will provide access to the transcription speed
and transcriptional pausing as well as further insight into the formation of

RNA secondary structures.

The obtained kinetic data can provide insight into the stochasticity of in vitro
transcription and pave the way for similar experiments combining it with
(REFRESH-)FRET: While a doubly labelled RNAP molecule performs the
transcription, conformational states will be identified and the inter-transition
kinetics could be characterised by the bleaching-free FRET assay, and the kinetic
data gained on mRNA production will allow connecting the conformational
profile of a protein to functional states and functional heterogeneity - creating a

unique link between functional and structural states of a large protein complex.

6.3.3 In vivo (m)RNA tracking

Based on the achievements in tracking rRNA in vivo, we could envision a
monitoring system for production of specific mRNAs in the presence of all

regulatory pathways and cellular influences. Such work will allow studying
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the spatial distribution as well as the kinetics of mRNA production with high

spatial and temporal resolution.

RNA levels within bacterial cells fluctuate substantially, and are controlled by
stochastic events, such as DNA conformational changes, transcription factor
binding, and rate-limiting steps during transcription. These large variations
in RNA levels are due to transcription bursts, i.e., transcripts being produced
during periods of intense activity, followed by inactivity.!?®16! The origin of
this burst behaviour is far from clear. It is also unclear how gene location
affects transcription, especially considering previous work in the Kapanidis
lab showing that transcription of moderately-to-highly expressed genes occurs
in the nucleoid periphery.'? As part of the efforts to study and understand
transcription on a mechanistic level, the production of specific mRNAs in

vivo is of particular interest.
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A.1 Glossary

ALEX
FF
FISH
FOV
FRET
HJ
HMM
ISC
LB
MLE
NP
OD
PAINT
PALM
PCA
PCD
PCR
PET
PSF

Q
RDM
REFRESH

RNAP
SMF
SMLM
SNR
SRM
SSB
STED
STORM

alternating laser excitation
fluorogenic factor

fluorescence in situ hybridisation
field of view

fluorescence resonance energy transfer
holliday junction

hidden markov model

inter-system crossing

lysogeny broth
maximum-likelihood-estimator
nucleo-protein

optical density

points accumulation for imaging in nanoscale topography
photo-activated localisation microscopy
protocatechuic acid
protocatechuate-3,4-dioxy-genase
polymerase chain reaction
photo-induced electron transfer
point-spread function

quencher

rich defined medium

renewable emission via fluorogenic and repeated ssDNA
hybridisation

RNA polymerase

single-molecule fluorescence
single-molecule localisation microscopy
signal-to-noise ratio

super-resolution microscopy
single-strand binding protein
stimulated emission depletion

stochastic optical reconstruction microscopy
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TIRF
WLC
dsDNA
gloxy
smFRET
ssDNA
vRNP

total internal reflection

worm-like chain model

double-stranded DNA

cocktail of glucose/glucose-oxidase/catalase
single-molecule fluorescence resonance energy transfer
single-stranded DNA

viral ribonucleoprotein complex

141



A.2. Material & Methods chapter 2: Tuning fluorogenicity

A.2 Material & Methods chapter 2: Tuning
fluorogenicity

Some illustrations in this chapter were created in biorender.

A.2.1 Characterisation experiments

Probe design

All labelled probe sequences can be found in Table A.1. They were modified
to carry a 5’-ATTO647N and a 3’-quencher. Probes of different lengths were
designed to conserve the 3nts surrounding the fluorophore and quencher attach-
ment site (5-ATTO647N-TTT-X,,-TTT-quencher), with only the central section
altered to facilitate different lengths. The 18nt probe which contained a 4nt
self-complementary region differs from this design. All probes were ordered from
biomers.net (Ulm, Germany). Complementary, biotinylated docking strands

were ordered from Merck (Darmstadt, Germany).

Sample preparation

Target strands were immobilised via a 3’-biotin binding NeutrAvidin on coverslips
coated by polyethylene-glycol (PEG). In wells of silicone gaskets, 20 pL of the
target strands (100-500 pM) were incubated for 10-30 s, followed by washing three
times with 200 pL. PBS. Subsequently, 30 pL of DNA imaging buffer (200 mM
MgCl,, 10 mM NaCl, 50 mM HEPES pH 7.4, 6 mM BSA, 3 mM Trolox, 1 %
Glucose, 40 ng/mL catalase and 0.1 mg/mL glucose oxidase) containing the

stated probe concentrations were added.

Imaging

Single-molecule fluorescence movies were collected using the Nanoimager-S

single-molecule fluorescence microscope (Oxford Nanoimaging). The microscope
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was used as a widefield single-molecule fluorescence microscope with objective-
based total internal reflection fluorescence (TIRF) illumination mode, with the
excitation angle set at 54.0°. We performed the imaging using continuous-wave
excitation (640 nm, with the laser powers of 9 % (1.4 mW). In all experiments,

we used 100-ms exposures.

Image processing

To obtain brightness information for localised spots (‘signal’), all “tif’ files
obtained from imaging at 10 nM were processed in the Picasso ‘localize’ tool®!.
Photon counts of these localisations were frequency-counted and distributions
were fitted to obtain mean photon counts for each probe. In some samples, we
observed two brightness populations. We excluded the population resulting from
probes without functional quenchers (either bleached quenchers or faulty synthe-

sis), which exhibits the same brightness as probes with only the F labelling (.

Data presentation & comparison

The obtained photon counts were normalised by dividing them by the average

photon counts observed for probes without quenchers (‘normalised signal’).

normalised S = Sy = 5rQ (A.1)
SF

From the all videos, background intensities were extracted using a custom
script, averaged over the central area of the field of view and across all frames
of the movies. The background intensities were plotted against the probe
concentration and fitted with a linear regression in Origin (Origin Labs). These
molar background emissions were normalised by dividing them by the mo-
lar background emission of probes only labelled with a F, but no quencher

(‘normalised background’).

normalised B = By moi =
BF,mol
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Both values can be then used to calculate the FF, which is the fold change

in emission intensity upon hybridisation:

FF = Sy

= A.3
BN,mol ( )

The normalisation applied here extracts changes induced by the addition of the
quencher to a probe and is not sensitive to e.g. changes in quantum yield of
the dye when forming dsDNA. To keep our assessment as general as possible,
we would like to be makes the assessment agnostic to these effects. Any FF>1
in this work reports on a fluorogenicity greater than what could be observed

in the fluorophore-only constructs.

For comparison with theoretical estimates, we calculated predicted quenching
efficiencies for all the probes in section 2.3.2, approximating their end-to end

distances with the WLC model:%°

The Worm-Like Chain (WLC) model formula for the mean-squared end-to-

end distance is:
(R?) = 2L,L (1 L (1- eL/LP)> (A.4)
P L

Where L, is the persistence length (1 nm for ssDNA, 50 nm for dsDNA),L = Nl
is the contour length, N is the number of nucleotides,/,; is the length per

nucleotide (0.6 nm for ssDNA, 0.34 nm for dsDNA).

The root-mean-square (RMS) end-to-end distance is:
Rpus =/ (R?) (A.5)

To correct the distance for helical structure in dsDNA, we use:

=\ e+ (20 (2)) a9
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Where r is the radial distance from the helix axis (we have assumed 1 nm) and
6 = N x 34.3° is the angular offset based on the number of nucleotides. From
these predicted distance, we have calculated expected signal levels under the

assumption that all quenching is mediated purely by FRET.

Calculation of Forster radii of FQ-pairs

We measured absorption spectra of all quenchers on the Nanodrop, and used
the fluorophore emission spectra and fluorophore fluorescence lifetimes provided
by the manufacturer.88¢ The Forster radii were then calculated using the

FRET-Calc tool.!63

A.2.2 Single-molecule hybridisation assay

Sample preparation

Oligos were obtained from biomers.net and Merck, dissolved to a final con-
centration of 100 uM, and stored at -20 °C (for sequences, see Table S1). All
components of the gapped target were mixed in annealing buffer (200 mM
Tris-HCI pH 8.0, 500 mM NaCl, 1 mM EDTA) at 2 uM, and then annealed in a
thermocycler (program: heating to 90 °C, then cooling to 25 °C at 2 °C/min,
storing at 4 °C). The labelled 8 nt probe was ordered from biomers.net (Ulm,
Germany), carrying a 3’ Atto647N and a 5-BHQ1. Preparation of surfaces and
immobilisation was performed as described for characterisation experiments.
Imaging was performed in buffer containing 20 mM Hepes, 200 mM NaCl, 80 mM
MgCly, 5 % dextran sulphate, and 5 % formamide.

Imaging

Samples were imaged at 2 uM under the same conditions as described for the
characterisation experiments. Imaging was performed at 1.4 mW of 640 nm and

0.8 mW of 532 nm excitation, with an exposure time of 200 ms.
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Data analysis

Molecules were localised in the green channel, traces were extracted and fitted
with an HMM using a custom Python software. Binding kinetics were fitted
using the probability density functions, correcting for finite exposure times
of the camera and length of states in MEMLET.'% All graphs were plotted

in Origin (Origin Labs).

A.3 Materials & Methods chapter 3: DNA-
PAINT

Some illustrations in this chapter were created in biorender.

Virus strain

A /Puerto Rico/8/34 (HIN1) influenza virus (PRS8) purified from embryonated
chicken eggs was purchased from Charles River Laboratories, aliquoted, flash-

frozen in liquid Ny and stored at -80 °C before use.

Probe design

Primary probes against the NA and the PB1 segment were designed as outlined in
Hepp et al.'5, the PB1 probes were adopted to contain multiplexed docking sites
against the 6nt-imager (5-CCACCACCACCA-3’). All sequences of primary
probes were taken from Hepp et al.'® The P3 imager sequence was used as
described previously®! and was fluorescently labelled with Cy3B on the 5’ end.
The 6nt imager has the following sequence: 5-TGGTGG-3’ and was labelled
with ATTO643 or ATTOG647N on the 5’ and with BMNQ1 or BHQ1, respectively,
on the 3’ end. Imager strands were purchased from Metabion international AG

(P3-Cy3B, Planegg, Germany) or biomers.net (6nt imagers, Ulm, Germany).
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Virus sample preparation and imaging

All virus samples were prepared as outlined in Hepp et al.'>, in brief this
comprised the following steps: Cover slips were cleaned (sonic bath and plasma
cleaner) to remove any contaminations immediately before use. Viral particles
were thawed on ice and fixed using 4% formaldehyde. After dilution in 0.9 %
NaCl solution, viral particles were added into CultureWell gaskets () 6 mm,
Grace Biolabs, US) mounted on the cleaned coverslips, and the liquid evaporated
at 40 °C. After removal of the gaskets, sticky slides VI0.4 (ibidi, Germany) were
used to create flow channels over the viral particles. Viral particles were then
permeabilised with 0.5 % Triton-X-100 before primary probes were added to a
final concentration of 4 pM and incubated overnight at 37 °C. Unbound probes
were removed using a clearing buffer before DNA-PAINT imaging was performed.
Samples were imaged on the Nanoimager at laser powers of 3.6 mW (532 nm)

and 150 mW (640 nm) at exposure times of 200 and 20 ms, respectively.

Image processing

The image processing steps are following those outlined in Hepp et al.'®, but
were adjusted to adopt the different noise behaviour in these experiments:

751 with the following sections:

Localizations were detected with Picasso “Localize
box length: 7, gradient: P3 is 3000 and 6 nt is 5000, baseline: 400, sensitivity:
2.75, quantum efficiency: 0.82, pixel size: 117 nm. The gain (=sensitivity * quan-
tum efficiency) and offset(=baseline) are estimated using the sCMOS analysis

provided by GDSC image] plugin!64,

Localisations were then undrifted using the AIM algorithm!'%® implemented
in picasso render using the following parameters: Segmentation: 100 frames,
Intersection distance: 20 nm, max. drift in segment: 60 nm. DBSCAN1!®

was performed to find clusters with the following parameters: eps: 0.5 pixel,
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min_samples: 0.01 * frame number. Clusters were then filtered by core sample
ratio (number of core samples / total samples > 0.8) and with component

number = 2 in the 6 nt data.

To extract physical features from the found clusters, each localisation in a cluster
is rendered as a Gaussian with a sigma of 7.8 nm, then a low pass filter (order-one
Butterworth filter with a cut-off frequency of 0.02) and Gaussian filter (sigma
5.85 nm) are applied to the image. Next, it is transferred to a binary image
using the ISODATA method (excluding any clusters larger than 5000 nm?), then
the Hilditch skeleton!'®” is found to represent the segment (“spine”). If branches
exist in the skeleton, the longest one is chosen. The median value of the distance
between each pixel on the skeleton and the boundary of the binary image is
considered to be the radius of the segment. Reconstructed super-resolution

images were exported from Picasso “Render”.”!

A.4 DMaterials & Methods chapter 4: REFRESH

Some illustrations in this chapter were created in biorender.

Determining the Fluorogenic Factor

To characterise the level of quenching, we performed ensemble measurements,
assessing the absorption spectra and the fluorescence of the quenched r-labels
in absence and presence of up to 100-fold excess of complementary DNA. The
fluorescence spectra were measured at a scanning spectro-fluorometer (PTI)
using 1-s integration time per 1-nm-wavelength intervals using 100 yL r-labels in
buffer (50 mM HEPES, pH 7.4; 200 mM MgCl,, 10 mM NaCl, 0.1 % BSA, the
same buffer as used for single molecule measurements) to a final concentration
of 100 nM. Complementary DNA was added stepwise to achieve different

concentrations until saturation of the signal was observed (0.1-10 uM). Samples

148



A. Appendix

were excited at 520 nm (containing Cy3B), 620 nm (containing ATTO647N)
or 640 nm (containing ATTOG655).

Holliday junction annealing and immobilisation on surfaces

Oligos were obtained from Metabion and Merck, dissolved to a final concentration
of 100 uM, and stored at -20°C (for sequences, see Table S1). HJ components
(strands: HJ-H, HJ-B, HJ-X or HJ-XI, HJ-R or HJ-RI) were mixed in annealing
buffer (200 mM Tris-HCI pH 8.0, 500 mM NaCl, 1 mM EDTA) at 2-4 uM, and
then annealed in a thermocycler (program: heating to 90 °C, then cooling to
25 °C at 2 °C/min, storing at 4 °C). HJs were immobilised via a biotinylated
H-strand binding NeutrAvidin on coverslips coated by polyethylene-glycol (PEG).
In wells of silicone gaskets, 20 pL. of the HJs (100 -500 pM) were incubated for
10-30 s, followed by washing three times with 200 pl. PBS. Subsequently, 30
nL of DNA imaging buffer (200 mM MgCly, 10 mM NaCl, 50 mM HEPES pH
7.4, 6 mM BSA, 3 mM Trolox, 1 % Glucose, 40 pg/mL catalase and 0.1 mg/mL
glucose oxidase) containing the stated r-label concentrations were added. For
hour-long acquisition of FRET dynamics, the buffer was renewed at a rate of

6 uL/min, allowing for a complete volume exchange every 5 min.

Imaging

Single-molecule fluorescence movies were collected using the Nanoimager-S single-
molecule fluorescence microscope (Oxford Nanoimaging). The microscope was
used as a widefield single-molecule fluorescence microscope with objective-based
TIRF illumination mode, with the excitation angle set at 53.6°. We performed
the imaging using continuous-wave excitation (532 nm for Cy3B and 640 nm
for ATTO647N) or alternating laser excitation (ALEX) mode, with the laser
powers of 12-13 % (2.9-3.6 mW) at 532 nm; and 6 % (1.4 mW) at 640 nm. In
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all experiments, we used 100 ms exposures and ALEX movies were recorded at

100 ms/frame/excitation, leading to traces with 200 ms temporal resolution.

Fluorescence trace extraction

Movies were corrected for lateral drift as follows: localisations were found using
Picasso® ‘localize’ and were then loaded in ‘render’ and un-drifted by redundant
cross-correlation (RCC). The created drift file was used in a custom MATLAB
(MathWorks) script to undrift individual frames, which were then combined
using FIJI.1%® For all data except the red 1-hr trace, fluorescence intensity
vs. time traces were extracted and background-corrected using TwoTone.!%
The program extracts the fluorescence intensity in the green and red channel
upon green excitation (DD and DA, respectively), and in the red channel upon
red excitation (AA). Traces were manually inspected and any traces, in which
multiple molecules were detected, were discarded. For one-colour experiments,
the DD signal was used for localisation, and the AA signal was plotted as
intensity vs time traces. In FRET experiments, all three signals were used to
calculate the apparent FRET efficiency E and donor-acceptor stoichiometry

S were calculated as follows:!7°

DA
E=pb+pa (A7)
DA+ DA
5= DD x DA x AA (A-8)

Two-dimensional E-S plots were used to select data points which contain both
donor and acceptor dyes, for which E histograms were plotted. Further analysis
and HMM fitting were performed using ebFRET.!™* We fitted two distinct FRET
states and extracted dwell time histograms for each state. By fitting these with
a single exponential, the transition rates were determined. Stated rates with

errors are means and standard deviations, respectively, of three independent
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experiments. The figures show exemplary data from one of multiple experiment

per condition. All traces and histograms were plotted using Origin (OriginLab).

Determining binding-kinetics of the r-labels

For extraction of dwell times from our fluorescence time traces, we performed
HMM fitting on the intensity vs time traces obtained for both r-labels. Fitting
worked well on the green traces, but for the red label, the multiple emission states
of ATTO647N combined with the two intensity levels resulting from two bound
fluorophores lead to difficulties for hidden markov model (HMM) fitting. We
thus resulted to using localisation-based information extracted using Picasso®
for fitting dwell times for the red r-label. Localisations were extracted using
the ‘localize’ tool and then undrifted using redundant cross correlation (RCC).
All remaining localisations were filtered for in sx/sy for the main population
and linked, allowing one dark frame between localisations. From this data, the
length of binding events (= on times) and the dark time between events (=
off time) can be extracted. To give readers straightforward numbers for the
hybridisation kinetics in the main text, we have calculated mean values of toff and
ton, and the inverse values as k., and ks, respectively. From previous studies,
we know, however, that the hybridisation kinetics are indeed better described
by a bi-exponential decay with two independent decay constants. To further
characterise the binding behaviour, we thus fitted a bi-exponential distribution
to the dwell times (extracted as described in the main experimental section) of
both r-labels using a maximum-likelihood-estimator in Matlab (MEMLET!%9).
The fitted function takes into account the minimum measurable dwell time (one
frame) and the discrete nature of the observable values. Confidence intervals

for fitted decay times were determined via bootstrapping.
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A.5 DMaterials & Methods chapter 5: In vivo
single-molecule tracking

Some illustrations in this chapter were created in biorender.

Fixed cell experiments

Bacterial cultures were prepared in a shaking incubator at 37°C in 5 mL lysogeny
broth (LB) until reaching an optical density (OD) of 0.2. Then, 0.5 mg/L
ciprofloxacin were added, and the samples were incubated at 37°C for 30 min.
Samples were then fixed in 2 % paraformaldehyde for 20 min. After fixation, cells
were pelleted and washed once with 1xPBS, and re-suspended in 5 mL 1xPBS
before being split into 1 mL aliquots and permeabilised in 500 pL. absolute
ethanol before being stored at -20 °C.

Before imaging, the cells were centrifuged to remove the ethanol supernatant,
washed with 500 pL1xPBS, and resuspended in hybridization buffer (20 % v/v
formamide, 0.9 M NaCl, 20 mM Tris pH 7.5, 0.01 % SDS w/v). 25 nM of
EUB338-ATTO643 or ATTO643-BHQ1 were added to the solution and the
sample was incubated for 20 min (for sequences, please see table A.1). Following

incubation, the samples were washed and resuspended in 150 pL. PBS.

Samples were imaged on agarose pads prepared with 1.5 % (w/v) high pu-
rity agarose (Bio-Rad, US) in distilled water. Images were collected on the
Nanoimager (ONI, UK) with a 100X oil-immersion objective in multi-acquisition
mode. Image processing and segmentation. Each field of view was segmented
using BacSeg, a user-friendly bacterial analysis platform that allows microscopy
images to be segmented using machine learning models. Within the software,
the resulting segmentations can be easily curated and then exported in multiple
formats to facilitate downstream analysis. Descriptive statistics of the segmented

bacteria can also be computed and exported. The BacSeg plugin can be
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installed from the Napari Hub, the Python package manager PyPi, or GitHub

(https://github.com/piedrro/naparibacseg).

Transfection of fluorogenic ssDNAs

Electro-competent cells were created as follows: E. coli MG1655 wildtype cells
were grown in LB medium at 37 °C, 350 rpm to an OD of 0.4. Cells were
pelleted and washed three times with MilliQQ water, aliquoted (20 uL), and
flash-frozen at -80 °C. Prior to electroporation, cells were thawed on ice and
incubated with 5uLthe relevant concentration of ssDNA probes for 5-10 mins.
For electroporation, cells were transferred to chilled electro-cuvettes (Bio-Rad,
US) and electroporated at 1.4 kV. Cells recovered in SOC media at 37 °C,
350 rpm for 30 min. Cells were pelleted at 3300xg at 4 °Cand washed three
times with chilled PBS. After the final wash, cells were suspended in 20 pL
of 1X PBS and placed on ice.

Chemical competency was achieved following the manufacturers instructions
of the Mix & Go! E.coli Transformation Kit (Zymo Research, US). Briefly,
cells were grown to an OD of 0.5, then pelleted and washed once with the
provided washing buffer. Cells were then resuspended in the provided competent

buffer and frozen at -80 °C.

Imaging of live cells

For imaging, cells were placed on 1 % agarose pads containing 1X RDM. Images
of cells were collected in bright field and fluorescence mode (excitation at 640 nm,
10-16 mW) on the Nanoimager (ONI, UK) at exposure times of 20 and 200 ms.

Fluorescence images were acquired at beam angles of 0 and 51°.
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Image analysis

For extraction of brightness data, brightfield images were segmented using
BacSeg (as outlined for the fixed cell experiments), before the masks were used
on the fluorescence images to extract e.g. brightness data. For tracking, the
python software MolTrack was used, which tracks individual molecules within
the segmented cell masks (as created with BacSeg). It can be installed from
GitHub (https://github.com/piedrro/napari-moltrack). Tracks were split into
5-frame segments and D* values were extracted in a custom python script.

Diffusion data was extracted and visualised using Origin (Origin Labs).
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A.6 DNA sequences

Table A.1: DNA-Sequences used in this Thesis.

rpuddy "y

Name Sequence 5’ — 3’ 5’ linked 3’ linked
Characterisation

SP 5 A647N_BHQ1 TTTTT A647TN BHQ1
SP 6 A647N_BHQ1 TTTTT T AG4TN BHQ1
SP_8 A647N_BHQ1 TTTGG TTT A647TN BHQ1
SP_10 A647N_BHQ1 TTTGT GGTTT AG47TN BHQ1
SP 12 A647TN_BHQ1 TTTGT TGGTT TT A647TN BHQ1
SP_ 15 A647N_BHQ1 TTTGT TGGTT GGTTT A647TN BHQ1
SP_20 A647N_BHQ1 TTTGT TGGTT GGGTT GTTTT A647N BHQ1
SP_25 A647TN_BHQ1 TTTGT TGGTT GGGTT GTGTT GGTTT A6G47TN BHQ1
SP_6_comp_bio AAAAA A biotin

SP_8 comp_ bio AAACC AAA biotin

SP_10_comp bio AAACC ACAAA biotin

SP_12 comp_bio AAAAC CAACA AA biotin

SP_15 comp_bio AAACC AACCA ACAAA biotin

SP_20 comp_bio AAAAC AACCC AACCA ACAAA biotin

SP_ 25 comp bio AAACC AACAC AACCC AACCA ACAAA biotin

SP_ 15 BHQ1 TTTGT TGGTT GGTTT A647TN BHQ1
SP_15 BHQ2 TTTGT TGGTT GGTTT A647TN BHQ?2
SP 15 BBQ650 TTTGT TGGTT GGTTT A647N BBQ650
SP 15 A647N TTTGT TGGTT GGTTT A6G47N

SP_ 18 2ndry GCTGC CTCCC GTAGG AGT A647TN BHQ1



981

Name Sequence 5’ — 3’ 5’ linked 3’ linked
SP_ 18 comp_ 2ndry bio ACTCC TAC GG GAG GC AGC biotin

REFRESH

HJ-B CCCTA GCAAG CCGCT GCTAC GG

HJ-H CCGTA GCAGC GAGAG CGGTG GG biotin

HIJ-R CCCAC CGCTC TTCTC AACTG GG ATTO647N

HJ-X CCCAG TTGAG AGCTT GATAG GG Cy3B

HJ-RI aaaaa gggaa aCCCACCGCTCTTCTCAACTGGG

HJ-XI ttcaa cattt cttct CCCAGTTGAGAGCTTGATAGGG

rl-2x ATTO647N tttce ctttt t ATTO647N ATTO647N
rI-ATTO647N-Dabcyl tttce ctttt t ATTO647N 3’Dabcyl
rl-ATTO647N-BHQ3 tttee ctttt t ATTO647N BHQ3
comprl aaaaa gggaa a

gl-Cy3B-BHQ2 agaag taatg tggaa Cy3B BHQ2
compgl ttcaa cattt cttct

8mer-2xATTO655 tccac cgt ATTO655 ATTO655
Comp-8mer acggt gga

DNA-PAINT

P3 GTAAT GAAGA Cy3B

P1 CTAGA TGTAT Cy3B

6ntl _A643__BMNQ1 TGGTG G Atto 643 BMNQ1
6ntl__A647N_BHQ1 TGGTG G A647N BHQ1
comp_R2-6mer_bio TTTCC ACCA biotin

Primary Probes 6ntl PB1

Primary Probes P1_PB1

CCACC ACCAC CA-R
TTATA CATCT A-R

PB1 Sequences'®
PB1 Sequences'®

saouanbas YN 9V



LGT

Name Sequence 5’ — 3’ 5’ linked 3’ linked
Primary Probes P3_NA TCTTC ATTAC-R NA Sequences'®
Ribosomes

EUB A647N_BHQ1 GCTGC CTCCC GTAGG AGT AG4TN BHQ1

EUB A643 BHQ1 GCTGC CTCCC GTAGG AGT Atto 643 BHQ1

comp EUBI18 bio ACTCC TACGG GAGGC AGC biotin

non-targeting_ F/Q ATCAT GATCC CTAGA TCT Atto 643 BHQ-1

F A643 AAGAA GTAAA GGGAG Atto 643 BHQ-1

rpuddy "y
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