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Abstract

Single-molecule fluorescence microscopy is a powerful tool in the life sciences, enabled
by advances in detectors, fluorophore and sequence design, and analysis methods.
It reveals dynamic processes, intermediates, and molecular subpopulations that are
invisible to ensemble measurements. By analysing the diffraction-limited image of
an isolated fluorophore, emitter positions can be determined with high precision,
forming the basis of SMLM (single-molecule localisation microscopy). SMLM yields
quantitative information on the spatial distribution and density of molecular targets.
Leveraging the specific and reversible binding of complementary nucleic acid strands,
techniques such as DNA-PAINT (Point Accumulation for Nanoscale Topography)
use transient, repetitive binding of short labelled oligos to their complements to
generate stochastic “blinking” signals. The predictability and programmability of
DNA interactions arise from hybridisation. The thermodynamic differences between
complementary and mismatched strands allow us to design sequences with desired
binding properties, identify nucleotides in a strand, and measure free energy from
their binding behaviour.

We analysed DNA interaction data using two approaches: fluorescence time
profiles and detectable localisations of fluorophores. One approach focuses on
temporal aspects, while the other focuses on spatial aspects. We employed various
algorithms to accommodate these differences and enhance analysis by combining
their insights.

There are two primary components in this project: first, we developed a single-
virion DNA-PAINT method to visualise the structure of viral RNPs (ribonucleo-
protein complex), their relative spatial arrangements in IAV (influenza A virus)
particles for the first time. The spatial organizations of vRNPs and their interactions
were linked together to provide insights into the long-standing enigma of the TIAV’s
genome assembly process. The ability to study the overall interactions from mature

virus particles directly provides another puzzle piece compared to sequencing-based
approaches like SPLASH, SHAPE, etc.

Second, we developed a new sequencing technique (SPIN-Seq) that can link the
kinetic behaviours of molecule-DNA interactions with the DNA sequence on the



single-molecule level. We achieved a high accuracy (over 97% across all assays) and
applied it to study two sequence-dependent biological processes: catabolite activator
protein-DNA interaction and bacterial transcription initiation. SPIN-Seq is a new,
parallel method to explore the sequence space for protein-DNA interactions in vitro

without amplification or commercial sequencers.

Our experimental methodology can be applied using any TIRF (total internal
reflection fluorescence) microscopy with single-molecule sensitivity, and the analytic
pipeline can be easily applied to other data from SMLM. Thus, we believe that
the methods developed in this project will be increasingly important and useful
for future studies in fluorescence single-molecule biophysics.
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Introduction

1.1 SMLM and DNA-PAINT

This section is a brief introduction to DNA-Point Accumulation In Nanoscale
Topography (PAINT). It is a super-resolution technique that plays a critical
part in this research and belongs to the family of single-molecule localisation
microscopy (SMLM). SMLM significantly improves spatial resolution over traditional
diffraction-limited microscopy and enables imaging of biological structures at the

molecular scale.

1.1.1 Single-molecule biophysics and fluorescence microscopy

Traditional investigations in the life sciences have typically been conducted at an
ensemble average level. It has advantages when observing homogenous samples that
contain a large number of the same molecules or cells. However, many biological
samples, such as cells, are inherently heterogeneous, displaying a wide range of
biological, chemical, and physical properties. Even a supposedly homogenous
population can never be truly homogenous. Relying on a population signature for
these properties can obscure significant anomalies within the samples. This inherent
variability may hold valuable insights that become overlooked when averaging.

By concentrating on individual molecules, single-molecule biophysics research



2 1.1. SMLM and DNA-PAINT

explores the structure, dynamics, and interactions of single biomolecules, aiming to

understand how they function both in vitro and in vivo.

Since the early success of recording single-ion channel activity in the 1970s
[1], single-molecule techniques have evolved into powerful tools for the biophysical
community. These techniques allow for the direct observation of non-uniform kinetics,
rare molecular events, sub-populations of molecules, and transient states. They
also enable the manipulation of individual molecules and the direct measurement
of molecular forces. These capabilities of single-molecule techniques come with
the advent of revolutionary techniques, such as atomic force microscopy (AFM),

magnetic and optical tweezers, super-resolution fluorescence microscopy, etc.

Fluorescence microscopy is notable for its versatility and accessibility among
various single-molecule techniques. Advances in biochemistry and genetics now allow
for specific and precise fluorescent labelling of biomolecules, with minimal disruption
to biological samples. The methods for optical excitation and detection enable
visualisation of individual biomolecules with high spatial and temporal resolutions.
Detecting emission from single fluorophores opens up exciting opportunities for
studying biomolecules, as many molecular properties become accessible using
fluorescence as a readout. For example, Forster resonance energy transfer (FRET)
monitors the physical movement of biomolecules by analysing the correlated
changes in the fluorescence intensities of two nearby fluorophores. Fluctuations in
fluorescence signals enable the extraction of concentration and diffusion kinetics
in fluorescence correlation spectroscopy. Visualisation of fluorescence in spatial
coordinates (imaging) has been employed to study molecular geometry, relative

positioning, and to track the movements of molecules.

One important consideration in single-molecule imaging is selecting the appro-
priate fluorophore. There is a vast selection of fluorophores, such as fluorescent

proteins, organic dyes, and quantum dots. Ideally, the chosen fluorophore should
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1. Introduction 3

be bright, with high quantum efficiency and a high extinction coefficient. It should
also be photo-stable (a high photon budget that allows for long-term imaging)
and not interfere with biological activities. Additionally, it is preferable that the
fluorophore emits light in a spectrum that corresponds to the camera’s highest
quantum efficiency and possesses tunable chemical and photophysical properties to

meet the specific demands of different single-molecule experiments.

When observing the behaviour of single molecules under applied force, techniques
like AFM or optical /magnetic tweezers are often required. In contrast, observing
them in systems without external force is typically conducted under standard
widefield microscopy. Widefield microscopy enables the simultaneous imaging of
thousands of molecules, allowing for the collection of large amounts of data for
analysis and increasing the likelihood of detecting rare events. However, stray
signals outside the focal plane can interfere with the molecules of interest by
creating background fluorescence, which lowers the signal-to-noise ratio (SNR).
Furthermore, it is often necessary to image at high frequency (low exposure time),
which can further push the sample into a low SNR environment. This issue can be
mitigated by employing confocal microscopy, total internal reflection fluorescence

(TIRF) microscopy, and utilising sensitive, high-speed cameras.

1.1.2 Single-molecule localisation microscopy

The diffraction pattern of an arbitrarily small light source imaged using a lens-based
microscope is called the point spread function (PSF), which is typically an Airy
disk with a central peak radius of approximately 200-300nm. It prevents traditional
optical microscopy from resolving subcellular structures. New techniques, such as
stimulated emission depletion microscopy, structured illumination microscopy, and
single-molecule localisation microscopy (SMLM), have been developed to overcome

this diffraction limit.
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4 1.1. SMLM and DNA-PAINT

The idea behind SMLM is that the spatial coordinates of fluorophores can be
determined with high precision when their PSFs do not overlap. This technique
allows for localisation precision that is limited by the SNR, rather than the
wavelength of light. By temporally separating the fluorescence signals from densely
labelled objects, SMLM produces super-resolved images with nanometer resolution.
Fluorescent molecules contribute to this separation by switching between "on'
(bright) and "off" (dark) states. They typically blink over several thousand frames
or more, and the accumulated localisations are then combined to create a single

high-resolution image.

SMLM only requires a wide-field microscope equipped with standard continuous-
wave lasers and a camera capable of detecting single molecules. The sample’s
fluorescence emission is typically imaged through an oil-immersion objective lens
with a numerical aperture (NA) of 1.4 or higher to facilitate effective photon
collection. The pixel size of the camera should be approximately equal to the half-
width of the PSF, typically between 100 and 150 nm. To achieve 3D localisation,
one can encode and decode the axial position into and from the PSF. Modifications
in optical setups, i.e., exploiting PSF engineering by using cylindrical lenses, phase
masks, multifocal planes, etc., have enabled the localisation of molecules in three
dimensions. The most common approach is astigmatic 3D. Astigmatism is a type
of off-axis aberration where the PSF appear to be elongated in different directions
above and below the focal plane. However, PSF shaping or multi-plane detection

diverts photons, resulting in the loss of lateral localisation accuracy.

1.1.3 DNA Point Accumulation In Nanoscale Topography

Currently, there are three main techniques in SMLM: photoactivated localisation
microscopy, direct stochastic optical reconstruction microscopy, and DNA point
accumulation in nanoscale topography (DNA-PAINT). In DNA-PAINT, a pair
of short, complementary single-strand DNAs enables the blinking effect. One

DNA strand with a docking extension is immobilised on the target molecule, and
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Figure 1.1: working principle of SMLM. a and b show the diffraction patterns from an
isolated emitter and from dense sources, respectively. In b, the PSFs from simultaneously
active emitters overlap, causing a blurring of the structure. ¢ demonstrates that even
a sub-pixel shift can lead to detectable changes in the PSF. Figure d highlights the
impact of photon number (indicated above the arrows) on the pixel values recorded by
the camera. A higher photon count results in better SNR and increased localisation
precision. f presents an experimental image of a nuclear pore where fluorophores are
activated simultaneously. g, h, and i illustrate how information accumulates over time in
SMLM. A stochastic subset of emitters is recorded at different frames. This temporal
separation is achieved by leveraging the emitters’ ability to switch between on and off
states, as illustrated in e. The coordinates of the emitters are calculated and summarised
in a table, depicted in j. The accumulated localisations can be visualised as a point cloud
(k) or rendered into a super-resolved image, as shown in 1. (image adapted from )
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6 1.1. SMLM and DNA-PAINT

its complementary strand, known as the imager, is labelled with a fluorophore.
Generally, freely diffusing imagers cannot be detected by the camera because they
move across multiple pixels within a single frame, resulting in a blurred background.
However, when these imagers transiently bind to the docking strands, they are
fixed at a specific position for a short period, allowing the camera to capture the
accumulated photons and making the imagers detectable. DNA-PAINT can be
employed for any target molecules that can be linked to a docking strand, including

antibodies, nanobodies, aptamers, affimers, or genetically encoded tags.

Image quality of SMLM is dependent on the imaging process. Characteristics of
the fluorophore, such as brightness, photon-induced damage to the docking site, the
amount of nonspecific binding of the imager strand, and binding kinetics, all play a
part in image quality. The brightness and SNR are the main factors which determine
the localisation precision. The depletion of binding sites caused by dye-induced
generation of reactive oxygen species [3] reduces the sampling and therefore has a
negative influence towards the overall image quality. This damage is dependent not
only on the choice of fluorophore but also on laser power and wavelength. The choice
of fluorophore also influences the proportion of off-target localisations (sticking),
which affects both image quality and subsequent quantitative analysis. The binding
duration 7, depends on the stability of the DNA duplex and is inversely proportional
to dissociation rate (kopr) and can be engineered by strand length, GC content,
salinity of the buffer, etc. 7, increases by roughly an order of magnitude when
the length of the imagers increases by 1bp. It can be tuned to extract the highest
number of photons per binding event, thereby achieving high localisation precision
[4]. Meanwhile, the frequency of binding events can be tuned by the influx rate of

the imager, such as the concentration of imager strands, and the hybridisation rate

(kON)-

For a multicolour image, one can employ spectrally separated fluorophores and

a dichroic filter with multiple pass bands or use exchange-PAINT, which targets
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1. Introduction 7
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Figure 1.2: working principle of sequential exchange-PAINT. Exchange DNA-PAINT
images multiple targets using orthogonal sequences with the same fluorophore. The
imager P1* interacts with its complementary sequence, which is fixed on target P1, to
enable imaging of P1. After the first acquisition round, P1* is washed away, and P2* is
introduced to image P2. This process is repeated to image multiple targets. Finally, all
images from different rounds are aligned and overlaid to create a multiplexed image, with
a pseudo-colour assigned to each target. (image adapted from )

the molecules of interest with orthogonal docking strands. In exchange-PAINT,
different biological targets are imaged sequentially by respective complementary
imagers. After one DNA-PAINT image is acquired, the imaging buffer is changed
to remove the old imager strands and introduce new imagers. By repeating this

removing and reintroduction process, one can acquire super-resolution images with

a large number of biological targets (1.2)).

There are numerous software developed to analyse SMLM data. We chose
Picasso [5] (a collection of tools for PAINT) as a backend for localisation. It does
localisation detection by extracting local maxima from the neighbourhood. This
local area is a square box with a length set by the user. Then the net gradient
(Ghret) is calculated for each square around a local maximum by

Gnet == Zgz - Uy (11)

box
where g; is the central difference gradient at pixel 2 and u; is a unit vector originating
at pixel ¢ and pointing towards the central pixel of the square box. The pixel regions

identified during detection are analysed further to calculate sub-pixel coordinates if
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8 1.2. Quantitative analysis in SMLM

they have gradients exceeding a user-defined threshold. Among many published spot-
fitting algorithms, one standard of localisation algorithm is maximum likelihood
estimation (MLE) because it approaches the Cramer-Rao lower bound at high
SNR [6-8]. The MLE algorithm implemented in Picasso assumes a CCD camera
which features constant gain and offset across all pixels, and the per-pixel model
required for sSCMOS cameras is not supported. Therefore, the advantages of the
MLE algorithm can not be utilized without substantial modification of Picasso’s
localisation method. Picasso also offers two alternative localisation algorithms:
least-square Gaussian and average of the region of interest (ROI). The Gaussian
fit demonstrates robustness to minor pixel-to-pixel variations. Additionally, the
Gaussian fit directly yields the PSF widths, which are necessary for the astigmatic
3D method employed in this study. For these reasons, the Gaussian fit was selected

for localisation. Localisation precision is calculated by [7]

1.2
N 9 i a2N2) (12)

2 2/1 1 21,2

5> \/(60—|—a / 2)(£ 8762b

where a is the pixel size, b is the background intensity, N is the photon number,
and dg is the Gaussian width of the PSF. After acquiring localisations, some post-
processing steps, such as filtering out suboptimal localisations, can be applied based

on parameters like the width of the Gaussian, the estimated photon number, and

the background.

1.2 Quantitative analysis in SMLM

In traditional microscopy, data is represented as an intensity pixel or voxel in arrays.
In contrast, SMLM data is essentially a point cloud. This means that SMLM data
can be analysed by either generating an image from these coordinates or directly
dealing with the coordinates. As a result, some image processing tasks, such as
registration and segmentation, need to be approached differently than in conventional
microscopy. A wide range of data analysis methods has been applied to extract

quantitative information from SMLM data regarding the distribution, topology, and
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1. Introduction 9

spatial organisation of biological samples. Quantitative studies—including counting
proteins, analysing spatial arrangements and co-localisation between organelles, as

well as single-particle tracking—are routinely conducted on SMLM data.

To achieve accurate quantitative measurements, several issues must be addressed.
High-frequency vibrations can blur individual, diffraction-limited frames, affecting
localisation precision and cannot be corrected computationally. Therefore, isolating
the microscope from sources of vibration is crucial. Sample drift is a common phe-
nomenon in SMLM. It occurs when the sample shifts relative to the objective during
movie acquisition, leading to distortion and degradation of the data. Typically, axial
drift can be corrected in real-time using hardware, while lateral drift correction is
performed after data acquisition. Drift can be measured by tracking fiducial markers
or by using marker-free methods. Various types of fiducial markers are available,
including fluorescent beads, gold particles, and quantum dots. These markers are
effective when they remain stationary throughout the entire acquisition process and
do not interfere with the sample being imaged. They are particularly suitable for
TIRF imaging, as the targets and samples are in the same focal plane. However,
when these conditions are not met, it is essential to employ marker-free algorithms.
Numerous marker-free algorithms have been proposed, such as redundant cross-
correlation (RCC) [9], the mean shift algorithm [10], entropy minimisation [11], and
adaptive intersection maximisation (AIM) [12]. These approaches assume a stable
and static dataset, and may not perform reliably if the structure is dynamic in the
conditions under investigation or deforms over time due to external experimental

factors.

Among these methods, we chose the AIM algorithm for its precision, efficiency
and robustness to noise. For an ideal drift-free system, the localisations detected
from the same emitter across the span of all frames should be intersected with a
radius of localisation precision. AIM estimates the drift by a two-stage strategy

to maximise the interaction of localisations across temporally distinct datasets.
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10 1.2. Quantitative analysis in SMLM

The first stage generates a preliminary estimation of drift from segmented sub-
datasets by maximising the intersections between the reference segment and other
temporal segments. Then, the preliminary corrected dataset is used as the new
reference for the second stage of refined drift correction. In practice, AIM takes three
parameters: segmentation (the number of frames per segment), intersection distance
(the maximum distance between two localisations in two temporally consecutive
segments to be considered as the same molecule), and maximum drift in segment
(the maximum expected drift between two consecutive temporal segments) to correct
localisation coordinates. Other preprocessing methods, which are not routinely used

in this project, will be introduced at the corresponding parts.

When working with point clouds, clustering techniques are often used to group
localisations into biological structures, aiding in the visualisation and interpretation
of the data. Clustering is a task that classifies a given set of data into subsets,
where data points within a subset are more similar to each other based on the
specified properties. Clustering approaches commonly used in SMLM estimate local
density and construct clusters from the detections with density above a threshold.
Ripley’s K-function [13] and its variants, as well as Density-based spatial clustering
of applications with noise (DBSCAN) [14], estimate density based on the number of
localisations within a specific distance. The Voronoi diagram [15] uses the area of
tiles in the associated tessellation. When the data contains structures with various
densities, clustering methods can be repeated with different parameters to segment
different components. More recent advances offer an alternative approach to handling
varying densities through persistence or topographic prominence. Topological data
analysis provides a framework for detecting topological properties and examining
the shape of the point cloud [16]. Additionally, Bayesian clustering algorithms have
also been utilised in SMLM data. For instance, Griffié et al. developed a method to

classify localisations as either background or signal using a binomial distribution |17].
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1. Introduction 11

While clustering methods help us identify biological molecules, co-localisation
analysis helps us find molecules that may have a functional relationship. Co-
localisation analysis has been applied to traditional optical fluorescence microscopes
to understand their role and biological processes, but suffers from a spatial resolution
of about half a wavelength. With the advent of super-resolution microscopy, co-
localisation analysis is approaching molecular resolution, bridging the gap between
FRET, which typically operates in the range of about 2-10 nm, and traditional
fluorescence microscopy. Co-localisation analysis methods can be categorised into
two types: pixel-based methods, which measure the global correlation between
different channels, and object-based methods, which first segment molecules and
then analyse their spatial distribution using statistical methods. One can construct
super-resolution images and apply standard co-localisation analysis methods on
these constructed intensity-based images. Therefore, the results will depend on
the process of image construction, which is often done by histogram or blurring
localisations. Because two molecules are almost impossible to be at the exact same
position, the co-localisation in SMLM is usually defined as intermolecular distance,
or spatial association. In this context, distance to the nearest neighbour, Ripley’s
K function, and pair correlation function can all serve as references. Additionally,
clustering algorithms can also be extended for co-localisation analysis by taking

data from other channels into consideration.

We also applied time series analysis on the fluorescence time profile extracted
from the potential position of molecules of interest. The time series is one of the
most fundamental representations of sequential data, characterised by its numerical
and continuous nature. Concepts such as clustering, classification, and segmentation
in general machine learning have been widely applied to the time-series domain.
There are three origins of fluorescence traces in this project: the binding of the
imager strand and its docking strand, the binding of the labelled protein and its
consensus sequences, and FRET efficiency. Although the biological interactions and

processes in question differ, the overall goal is to reconstruct the kinetic scheme
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12 1.8. DNA hybridization and stacking

from traces that are complicated by measurement noise, interference from nearby

bound fluorophores, and photophysical effects.

Various algorithms have been employed to analyse single-molecule time series,
including non-parametric Bayesian methods, change point detection, total variation
methods, and step detection algorithms, such as the Kalafut—Visscher algorithm [18].
The hidden Markov model (HMM) is particularly popular in this context; it is a
probabilistic model used to represent systems that transition between unobservable
states over time while producing observable outputs. However, contemporary
methods often face challenges related to model selection bias and parameter
identifiability. We must assume the existence of a certain number of biophysically
relevant states and possibly their interrelationships. Applying a specific HMM to
datasets with significant per-molecule variance in intensity, behaviour, and noise
level proves to be difficult. Numerous variants of the HMM have been proposed
to address these issues. In addition to HMM, we have employed two change point

detection methods, which will be detailed in the corresponding section.

1.3 DNA hybridization and stacking

Our understanding of how DNA sequences encode information has advanced
significantly since the early successes of solving the double helix structure and
establishing the central dogma. The very utility of DNA as a carrier of hereditary
information lies in its ability to undergo hybridisation. The predictable and specific
Watson-Crick hybridisation makes nucleic acids so useful in biology, biotechnology,
nanoscale engineering, and other fields. Some early studies measured thermodynamic
parameters for the formation of double strands between complementary and

mismatched short strands [19)].

A single mismatched base pair can cause a significant decrease in the binding
affinity of a DNA duplex compared to a perfectly matched duplex [20]. This

characteristic enables high specificity in target-probe hybridisation, which is crucial
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1. Introduction 18

for distinguishing between sequences that are often highly similar. The impact of a
mismatch on the stability of a DNA duplex depends on its location, the nearest
neighbours, and the orientation of the mismatch [21]. A mismatch located in
the middle of the strand is generally less stable than one positioned at the ends.
To accurately represent internal mismatches, it is more effective to use trimer
sequences with mismatches in the central position rather than the usual dimer
sequences employed in nearest-neighbour (NN) parameters. The thermodynamic
advantage gained from correctly paired bases can outweigh the destabilising effect
of a mismatch. However, cross-hybridisation—where probes bind to targets that
are not perfectly matched—can become kinetically trapped and hinder the desired
hybridisation. To effectively discriminate between mismatches, one must enhance
the yield of the intended hybridisation. Various methods have been employed
to achieve this, including molecular beacons, sequence engineering, the use of
artificial nucleases, temperature adjustments, and the addition of denaturing agents.
These strategies shift the Gibbs free energy of both the intended (AGjptend) and
unintended (AGynintendent) hybridisations in the same direction. Moreover, a natural
conflict exists between specificity and sensitivity [22], making it essential to find
a balance between these two requirements. Ideally, increasing the difference in

Gibbs free energy between the two hybridisations would provide an effective solution.

In 2012, Zhang et al. [23] showed that a hybridisation reaction is specific
when there is a large difference between the hybridisation yield of the intended
target X and spurious target S. They defined specificity as discrimination factor
Q) = xx/xs where xx and yg are hybridization yields of X and S respectively.
The upper bound of @ is

Q < Qmaz = eAAGO/RT

AAG® = (AG°(SC) — AG°(S) — AG°(C)) — (AG°(XC) — AG°(X) — AG°(C))
(1.3)

AAG®? is the difference in standard free energies of the hybridisation reaction for

X and S, AG? is the Gibbs free energy, R is the ideal gas constant, and T is the
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14 1.8. DNA hybridization and stacking

temperature. The standard free energy difference caused by a single base determines
the upper bound of the discrimination factor. This helps design hybridisation probes

that would enable near-optimal single-base discrimination.

Except for the base pairing between opposite strands mediated by hydrogen
bonds, the stacking between adjacent base pairs also plays an important part in
DNA stability. Earlier attempts to quantify the contribution of base stacking
interactions to the stability of double-stranded DNA measured the stacking energy
on nicked/gapped DNA fragments or used thermal denaturation. More recent
attempts include measuring force-dependent dissociation rates using optical tweezers
[24], direct measurements between di-nucleotides using centrifuge force microscopy
[25], and accessing an imager’s binding kinetics with stacking and non-stacking

configurations using DNA-PAINT [26].

The unified NN model has been developed to predict sequence-dependent DNA
thermal stability without separating base-pairing and base-stacking interactions. In
this model, the thermodynamic stability of duplex base-pairing can be determined
by the sum of free energy changes due to all adjacent NN base pair formations in
the sequence and helix initiation. It is used in melting temperature & secondary
structure prediction, and modelling hybridisation kinetics. Recent studies started
to determine the NN parameters under conditions of sequence mismatch |27, 28]
and at low sodium concentrations [29]. The properties of mismatched base pairs
depend strongly on their NN configuration [30]. Evaluating the dependence of
the thermodynamic and structural properties of mismatches with all possible
NNs is a challenging problem. The advantage of the NN model is numerical
efficiency, but it does not provide any insights into intramolecular interactions.
Other theoretical methods, including both microscopic and mesoscopic models,
can also handle mismatches. For example, Oliveira et al. published 4096 melting
temperature combinations covering single, double, and triple mismatches, using

the Peyrard-Bishop model for analysis [31]. This statistical physics model employs

DRAFT Printed on December 8, 2025



1. Introduction 15

microscopic potentials to account for hydrogen bonding and stacking interactions

32).

1.4 Purpose of this research

We have two primary goals in this project. First one was to uncover the mechanism of
influenza A virus (IAV) genome packaging by accessing the packaging stoichiometry,
and spatial organisation of the IAV segments in large populations of single virions
using DNA-PAINT. We derived a network of intermediate complexes from the
statistical analysis of defective particles. To quantify segment packaging fidelity,
we determined the fraction of virions with a complete genome. We also visualised
the spatial organisation of viral ribonucleoprotein (vVRNP) in single virions and
its heterogeneity by constructing super-resolved images and volume rendering. By
studying the diversity of relative vVRNP orientation within an ensemble of virus
particles, the heterogeneity can be quantified. We specifically localised all vRNPs
and assessed their structural arrangement. These results helped us determine the
relation between the genome organisation and vRNP abundance in a large number

of virions.

Secondly, we developed a new, rapid, parallel single-molecule sequencing method
that determines nucleotide sequences by measuring the kinetic differences between
complementary DNA strands and strands with mismatches on gapped DNA sub-
strates. As a proof of concept, we successfully sequenced strands of one, three,
and five bases, achieving an average accuracy rate of over 97%. We then applied
this method to investigate two sequence-dependent biological processes: catabolite
activator protein binding its consensus DNA and transcription initiation. This
method allowed us to link kinetic properties with DNA sequences at the single-
molecule level. The entire experiment was conducted on the same slide, without

the use of any special devices.
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16 1.4. Purpose of this research

In both parts, we will address two types of data: point clouds representing
labelled DNAs interacting with their complementary strand, and time series of
fluorescence intensities, which indicate interactions or conformational changes in
the molecules of interest. The spatial information in the point cloud allows us to
localise and visualise biological molecules, as well as to quantify their distances
and co-localisation. Meanwhile, the time series data provides valuable kinetic
information, such as binding and unbound time, which reflect the underlying
biological processes. A detailed description of the analysis methods will be provided
in the corresponding sections. In the following chapters, we will present our
methods and findings regarding IAV in Chapters 2 and 3. The details about our
single-molecule phenotyping and sequencing method, SPIN-Seq, will be covered in

Chapters 4 and 5.
All work that follows is my own except where material from other sources has

been explicitly cited and referenced. All contributions from collaborators have been

fairly acknowledged and clearly stated in the texts.
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Structure analysis of IAV genome enabled
by exchange PAINT

2.1 Structure, life cycle and genome of influenza
A virus

Influenza A virus (IAV), a member of the Orthomyxoviridae family, is a significant
viral pathogen in humans, known for causing seasonal epidemics and occasional
pandemics. TAVs are categorised into subtypes based on two proteins: hemagglutinin
(HA) and neuraminidase (NA). These proteins are situated on a host-derived lipid
membrane, which is supported by matrix protein 1 (M1) and matrix protein
2 (M2). There are 18 different hemagglutinin subtypes (H1 to H18) and 11
neuraminidase subtypes (N1 to N11) found in nature, leading to various combinations
[33]. While over 140 subtypes have been documented [34}, 35|, there may be even
more combinations resulting from virus reassortment, with birds and pigs serving as
their reservoirs. Additionally, IAV subtypes can be further classified into different
genetic clades and sub-clades. Although clades and sub-clades differ genetically,

they are not always antigenically distinct.

Antigenic shift is very prominent in seasonal flu, occurring when reassortment

yields new IAV subtypes. The protection of vaccines against [AVs is limited by
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18 2.1. Structure, life cycle and genome of influenza A virus

the variation in HA and NA envelope glycoproteins [36]. Furthermore, we face the
challenge of limited antiviral drugs and the increasing resistance to them. Thus, it
is critical to understand the mechanism of IAV replication in order to cope with

potential future pandemics and develop new antiviral medications.

In addition to the previously mentioned matrix proteins, IAVs also have two
types of non-structural proteins: NS1 and NS2. NS1 is derived from unspliced
mRNA, while NS2 comes from spliced mRNA. NS1 is one of the first proteins
expressed during a viral infection and is well-characterised as a potent antagonist
of type I interferon [37]. In contrast, NS2 is expressed at a later stage during the

infection and plays a crucial role in nuclear export [38].

Infection initiates when IAVs attach to the potential host cell via HA receptor-
binding sites, followed by endocytosis, during which the substances to be internalised
are surrounded by an area of plasma membrane, and then bud off into the cell,
forming an early endosome containing the virion. As the endosome matures, the low
pH triggers conformational changes on the HA molecules, resulting in the fusion of
the viral and endosomal membranes [39]. vRNPs that are released from endosomes
are transported into the nucleus through the nuclear pore complex. In the nucleus,
the heterotrimeric viral RNA-dependent RNA polymerase (RNAP) carries out the
transcription and replication of viral RNA (vRNA). The replication process consists
of two steps: the synthesis of complementary RNA (cRNA) and the synthesis of
new VRNA using cRNA as a template. The primary transcription results in the
production of viral mRNA, which is exported into the cytoplasm for translation by
cellular ribosomes. After translation, the RNAP sub-units (polymerase acidic(PA),
polymerase basic 1 (PB1), and polymerase basic 2 (PB2)) and nucleoproteins (NPs)
are imported into the nucleus and form progeny vRNPs with vRNA. Following
nuclear export, progeny vRNPs are transported across the cytoplasm to the cell

membrane, where the assembly of progeny virions occurs before being released from
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Figure 2.1: life cycle of TAVs. TAVs enter cells by endocytosis, after which the vRNPs are
released into the cytoplasm and transported into the cellular nucleus, where transcription
and replication occur. The newly synthesised vRNPs are exported to the cytoplasm,
subsequently transported to the plasma membrane and incorporated into the progeny
virus before budding. (image adapted from )

the cell membrane (2.1)).

The genome of TAVs comprises eight single-stranded, negative-sense RNA
segments. Despite the eight RNA (PB1, PB2, PA, HA, NA, NP, M, and NS)
having various lengths from 2341 to 890 nt, they share the same structure. A
central coding region is flanked by segment-specific non-coding regions (NCRs)
and the terminal promoter regions U12 and U13 (12 and 13 nucleotides from the
3 and 5’ ends, respectively) as shown in Figure . These RNAs wrap around
twisted rod-like VRNP complexes in the virions. Within a vRNP complex, NPs
bind to VRNA while the 5" and 3’ termini of the RNA segment are bound by an

DRAFT Printed on December 8, 2025



20 2.1. Structure, life cycle and genome of influenza A virus

RNAP. The diameter of the VRNP rods is about 13 nm, and their lengths vary
between 30 and 110 nm [41]. Previously, the vRNPs were thought to lack secondary
and tertiary structures ) However, recent studies show that the NPs prefer
to bind to guanine-rich and uracil-poor regions on RNAs [42] 43|, and they bind
to about 12 nucleotides of vRNA with 25 nucleotides between adjacent binding
sites on average [44]. The revised vRNP models have NP-free RNA regions where
secondary and /or tertiary structures protrude from the twisted rod-like body )

Several electron microscopy (EM) studies show that the vRNPs are arranged
in a7 + 1’ pattern (seven vRNPs surrounding a central one) in virions. Noda et
al. showed that a mutant virus that only contains seven vRNAs (lack of HA) also
formed a ’7 + 1’ arrangement using host-derived ribosomal RNAs as the eighth
RNP[46]. This is consistent with influenza C and D viruses, which naturally have
seven VRNPs found in the same arrangement [47]. It suggests that the 7 4+ 1’
configuration plays an important role in the selective packaging. In the electron
tomography study by Noda et al. in 2012|48|, some string-like structures are
observed connecting neighbouring vRNPs through their entire lengths. They might
be the secondary and/or tertiary structures mentioned previously, and the ’7 + 1’
arrangement is formed through multiple interactions via these structures. As for the
specific sites on RNA where the vRNPs can interact with each other through base
pairing, they are detected from both coding regions (CRs) and non-coding regions
(NCRs) in all eight segments. However, mutations in these regions do not always
cause a reduction in packaging efficiency. It is thought that each segment-specific
packaging signal is a cluster made up of multiple, discontinuous short-nucleotide

elements [49].

Evidence suggests that not all eight vVRNAs are equally important in the
packaging process, indicating a hierarchy in selective packaging [50} [51]. Single-
molecule fluorescence in situ hybridisation (FISH) experiments also provide evidence

for the selective packaging model, demonstrating that most virus has one copy of

DRAFT Printed on December 8, 2025



2. Structure analysis of IAV genome enabled by exchange PAINT 21

A NCR NCR
l_‘_\ l_;l
Segment-specific NCR Segment-specific NCR
ut2—— —— U13
3’ - Protein-coding region - 5
(lll.l..llllll) Packagingsignal (IIIIIIIIIIIII)
— Bundling signal —
— Incorporation signal -
B pgi C
PB2 ;

v Promoter regions and NCRs

Packaging signal regions

AW
N

N\
(ANAN
H QN Q

((\
\ )X
X

Central coding region

Single-stranded vRNA
Structure of vRNP Revised vVRNP model

Figure 2.2: structures of RNA and RNP of [AV. A: A protein coding region is flanked
by segment-specific non-coding regions and terminal regions. Different arrows indicate the
packaging signal, bundling signal and incorporation signal. B: The conventional model of
vRNP shows predicted promoter, CRs, NCRs and packaging signal regions in the rod-like
vRNP. C: The revised vRNP model shows secondary and/or tertiary structures form at
NP-free regions protruding from the rod-like body. (image adapted from )
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22 2.1. Structure, life cycle and genome of influenza A virus

Figure 2.3: tomography and 3D model of the eight vRNPs within a virion. A displays
the tomograms of 0.5-nm-thick sections, highlighting short string-like structures with
arrows. B presents the top and side views of a 3D model depicting the eight vRNPs
arranged in a ’7 + 1’ configuration, with each vRNP represented in a different colour.
(images adapted from [48])

each of the eight segments [52]. Analysis of the combinations of different vRNAs
in individual virions reveals that the number of virions with a complete genome is
significantly higher than what would be expected from random selection [53]. In
addition to the interactions among vRNAs through base pairing, NPs play a crucial
role in selective packaging. Introducing mutations into specific NP residues can alter
the packaging efficiency of vVRNAs [54], 55]. Furthermore, the efficiency of defective
packaging can be restored by mutating NP residues [56]. The interactions between
vRNAs and NPs can influence the secondary and/or tertiary RNA structures,
subsequently affecting RNA-RNA interactions. Sequencing of psoralen cross-linked,
ligated, and selected hybrids (SPLASH) has been used to investigate direct vVRNA-
vRNA interactions within the context of viral ribonucleoproteins (VRNPs). Most
vRNAs show multiple and redundant inter-segment interactions at both NCRs and

CRs [57]. However, many of the interactions identified using SPLASH have yet to
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be confirmed as having a significant impact on the packaging process.

Generally speaking, the introduction of a new influenza virus into humans
from animals poses significant global health threats, and IAV has been the subject
of intensive research for the last few decades. Numerous techniques have been
employed to study the vVRNP structures and their arrangements. Accumulating
evidence suggests that the interactions between the eight vRNPs in IAV play a
role in the selective genome packaging process. However, the overall picture of the
assembly process of the vVRNPs, the network of their interactions, heterogeneity in

their structures and arrangement are still long-standing enigmas.

2.2 Overview of single-virion DNA-PAINT

To understand the role of individual vRNPs and their intermediates in selective
packaging, we conducted a series of analyses on the configuration of vRNPs and
packaging defects in HIN1 virus particles. A multiplexed DNA-PAINT method,
which incorporates both super-resolution (discussed in Chapter 2) and stoichiometry
assays (covered in Chapter 3), was developed. By integrating the findings from these

two types of experiments, we gained valuable insights into the assembly process of

the segmented genome (12.4)).

In Chapter 2, we will employ 3D astigmatic DNA-PAINT to investigate the
structures and relative spatial arrangements of vRNPs. Our analysis will focus
on the distribution of distances between vRNP pairs, virus particle sizes, and the
relationship between the distances among segments and their co-presence rates,
among other aspects. In contrast to the 3D models generated through cryo-EM,
DNA-PAINT allows for the identification of each vVRNP within each virus particle.
The substantial quantity of detected virus particles may reveal underlying structural
heterogeneity. Furthermore, the correlation between the pairwise distance and

their co-presence rates will enable the examination of the basic hypothesis that
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Figure 2.4: abstract of single-virion DNA-PAINT. This plot is an abstract of our methods
and findings in studying IAV (Chapters 2 and 3). Spatial coordinates, super-resolution
images, and vRNP combinations in incomplete virions help us further understand the
genome packaging process of IAV.

stronger interactions are associated with reduced distances and heightened co-

presence among segment pairs.

2.3 Astigmatic 3D calibration

The first step to apply astigmatism 3D SMLM is to measure the offset and gain of
our scientific complementary metal-oxide-semiconductor (sCMOS) camera, which
has read-out circuits for each pixel. We estimated them using the protocol described
by Huang et al and the ImageJ plug-in called GDSC SMLM . The offset
and read noise were calculated using the mean value and variance from a movie
captured at zero exposure with 6000 frames. Under the assumption of constancy,
gains were computed from 20000-frame movies of increasing exposure ranging

from 20 ms to 240 ms, with increments of 20 ms. A linear regression of every
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Figure 2.5: histograms of gains and offsets of sSCMOS camera. The distributions of gain
(A) and offset (B) are displayed. The red curves represent the results of the Gaussian fit.
The peak, as well as the average values, are 2 and 400 for gain and offset, respectively.

pixel gave us the gain as the slope of the output against exposure. To be more

specific, the gain was estimated using:
9i = (B;B]) "' B;AT

Ay = {(v} —vary), ..., (0F —vary), ..., (W) —var;)} (2.1)

(3 3

B; = {(D} — 0,),...(D¥ — 0,), ...(DN — 0,)}

where 7 indicates different pixels, v¥ is the variance at exposure time of k, 15f is the
mean at exposure time of k, o; is the offset, var; is the variance at the zero exposure
and N is the number of exposure levels. The distributions of gain and baseline
are centred at approximately 2 and 400, respectively . The gain and offset
parameters were tested within the ranges of 1.5 to 2.5 and 380 to 420, respectively.
The coordinates of localisations were barely affected by these variations. Due to
the limited impact of these parameters within the tested ranges, values of 2 and
400 were selected for the camera’s gain and offset, and the parameters for Picasso

were chosen accordingly.

Next, we recorded the PSFs of single Cy3B fluorophores from -300 nm to
300 nm in axial direction, with a 10-nm step size ) The biotinylated DNA
oligos labelled with Cy3B were fixed on neutravidin-coated PEGylated slides. We
simulated the calibration curve (plotting the widths of the PSF in the x and y

directions against the axial positions) using a sixth-degree polynomial [60]. The
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Figure 2.6: 3D astigmatic calibration. A: Examples of PSFs from -200 to +200 nm in
the z-axis with a step size of 100nm. Scale bar is 1 um B: calibration curve in the range
of -300nm and +300nm with a step size of 10 nm. C: histogram of the deviation to z
position whose Gaussian fit is centred at 0 with a sigma of 27 nm.

acquired calibration curve is asymmetrical and deviates from the theoretically
expected shape. This deterioration occurs when the sample stage is positioned more
than 150 nm from the focal plane, likely due to axial asymmetry and light loss
caused by spherical aberration (2.6B) [61]. Adjusting the light path could potentially
resolve this issue. However, imaging was performed using the Nanoimager, a sealed
commercial system, which precludes user modification or repair. Fortunately, due
to the sizes of the IAV virions, which range from 80 to 120 nm in diameter [62],
we performed the 3D measurement outside of the deviated region, ensuring higher
sensitivity and accuracy. The deviation between the calculated and actual z positions
exhibits a broad distribution centred at zero (2.6C). The standard deviation of a
Gaussian fit quantifies the localization precision in the z direction, yielding a value

of approximately 27 nm.

When imaging with an oil immersion objective into an aqueous medium, the

mismatch between the refractive indices of water and glass results in a focal shift. It
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means the physical distance between the emitter and the coverslip surface is shorter
than the distance that the objective needs to move to refocus. The net effect of
refraction depends on the observation depth. However, when only small amounts
of spherical aberration are present (imaging a few microns past the glass surface),
this magnification can be treated as a constant [60]. We calculated the axial scaling
factor using GATTA-PAINT 3D HiRes 80R Expert Line [63]. It is a nano-ruler with
two fluorescent spots separated by roughly 80 nm at two ends ) We found these
nano-rulers by selecting a few examples and utilising the "Pick Similar’ function in
the Picasso render. Next, each nano-ruler was treated as a two-component Gaussian
mixture model. The measured distance between the two centres(L,,), and the angle

between the nano-ruler and the surface (6,,), follow the equation [63]:

L LJ 1+ tan2(6,,) 2.9

1+ f?tan?(0,,)

where f is the axial scaling factor and L is the actual length of the nano-ruler. We
obtained a nano-ruler length of 77nm and a scaling factor of 0.65 ) Examples
of nano-rulers are shown in the forms of a rendered super-resolution image and a
scatter plot , C). The relation between the corrected height and project length
of nano-rulers resembles a quarter circle as it should be in theory (2.7D). So far,

we have finished all the preparation work for 3D astigmatic SMLM.
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Figure 2.7: axial scaling factor determination using nano-ruler. A is a schematic
representation of nano-rulers attached to a surface at various angles. Compared to the
actual (grey) position, the distance between two fluorophores projected onto xy plane
keeps the same, while the measured (dashed) z position needs to be corrected by a scaling
factor f. B: Three examples of the nano-ruler, with the axial positions indicated in colour
(scale bar measures 100 nm). C: An illustrative scatter plot displaying localisations that
belong to the same nano-ruler; the top and base fluorophores are depicted as yellow and
blue clusters, respectively, with their Gaussian centres highlighted by red dots. D: The
projected lengths of the nano-rulers in the xy plane, along with their corrected heights.
E: The relationship between the measured angles and lengths, alongside the result of the
fitted function using equation

2.4 Experiment protocol of single-virion DNA-
PAINT

In terms of the spatial arrangement of vRNPs, Cryo-EM has provided high-resolution
three-dimensional models; however, it does not offer the specificity needed for vRNPs
of similar lengths or their structural heterogeneity. In this study, we investigate
the spatial organisation of RNPs within individual IAV particles using exchange
DNA-PAINT. For clarity, we have included the methods for the stoichiometry assay

as well, which will be discussed in Chapter 3.

The virus sample was manufactured by Charles River Laboratories, aliquoted,

snap-frozen in liquid nitrogen and stored at -80°C. Fluorescent imager strands
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Figure 2.8: single-virion DNA-PAINT protocol. A outlines the key steps in the single-
virion DNA-PAINT technique. Initially, virus particles are fixed and immobilised on a
surface. They are then permeabilised and incubated with barcoded probes that contain
9nt segment-specific extensions. These extensions will transiently bind to imagers labelled
with Cy3B. B illustrates two imaging rounds, each targeting a different viral vRNP using
orthogonal imagers. The vRNPs are imaged sequentially until all of them have been
recorded for the desired duration.

were purchased from Metabion International AG. Based on the gene sequences for
PR8 (Pubmed EF467817.1 - EF467824.1, AF389122.1), the sequences for barcoded
hybridisation probes on all eight RNA segments were designed using Stellaris
Probe Designer 4.2 from LGC Biosearch Technologies with the following settings:
Organism: Human, Masking Level: 5, Max. Number of probes: 48, oligo length:
20, Min.Spacing length: 2 (All sequences are listed in Tabl. The docking-
strand sequence features a 5-TT-3’ spacer at the 5’ end, followed by a 9-nucleotide
docking sequence (seen in Table derived from Schnitzbauer et al. ) Cy3B
is positioned at the 3’ end of the imager strand to minimise the distance between
fluorophores and hybridisation sites. If all target sequences are available, we have

19 to 48 sites on each segment.

Dr Christof Hepp developed the following protocol for sample preparation and

DRAFT Printed on December 8, 2025



30 2.4. Experiment protocol of single-virion DNA-PAINT

) ) Docking sequence | Imager sequence Acquisition length (frames number of
Tmager Target segment (5 —>3") (5 —>3") Super-Res. Segmefnt—Stocil. target sites
P1 PB1 TTATACATCTA | CTAGATGTAT-Dye 4000 1000 48
P2 PB2 TTATCTACATA | TATGTAGATC-Dye 6700 1000 48
P3 NA TTTCTTCATTA | GTAATGAAGA-Dye 7000 750 42
P4 PA TTATGAATCTA | GTAGATTCAT-Dye 12300 900 48
P5 HA TTTCAATGTAT | CATACATTGA-Dye 12300 1000 48
P6 M TTTTAGGTAAA | CTTTACCTAAA-Dye 17400 2250 21
p7 NS TTAATTGAGTA | GTACTCAATT-Dye 12300 1300 19
P8 NP TTATGTTAATG | CCATTAACAT-Dye 8000 2250 33
P9 (control) | none TTAATTAGGAT | CATCCTAATT-Dye NA NA NA

Table 2.1: acquisition lengths and sequences for IAV segments. This table lists acquisition
length, docking and imager sequences and the number of barcodes of each AV target
segment. These sequences are adapted from [5] 64] with modifications in the P6 imager.

imaging conditions for the virus DNA-PAINT. And I performed the previously
described 3D astigmatic calibration and set up the data analysis pipeline which will

be introduced later.

Coverslip cleaning Glass coverslips (Epredia, 24 x 60mm, #1.5) were cleaned
using super sonication at 45kHz 100W for 15 minutes in 2% Hellmanex III (Hellma
Analytics, Germany) solution. After this initial cleaning, the coverslips were rinsed
five times with Milli-Q (MQ) water. They were then sonicated for an additional 5
minutes under the same ultrasonic conditions and washed five more times with MQ
water to remove any residual Hellmanex. Next, the coverslips were dried using a
nitrogen flow and subjected to plasma cleaning at 100 W (Henniker Plasma HPT-100)

for 3 minutes. The cleaned coverslips should be used immediately for immobilisation.

Virus immobilisation, permeabilisation and hybridisation The virus
aliquot was stored at -80°C and thawed on ice. The virus particles were fixed
using 4% formaldehyde (purchased from Thermo Scientific, diluted in HEPES-
buffered saline (HBS)) for high-throughput stoichiometry analysis or 0.5% for
super-resolution experiments, incubating for 10 minutes at room temperature. The
virus aliquot was diluted in 0.9% NaCl at a ratio of 1:1000 and centrifuged at 1300
rpm for 2 minutes at 4°C using SIGMA 1-14K centrifuge. 10 pL of supernatant was
collected and added into a CultureWell gasket (6 mm diameter, Grace Biolabs, USA)

and placed on a 38°C heat block (Grant QBA) to accelerate evaporation. Once the
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sample was dry, the gasket was replaced with a flow chamber (VI0.4 ibidi, Germany).
The sample was washed with HBS and permeabilised with 0.5% Triton X-100 for 15
minutes. For hybridisation, the sample was washed again with 2x sodium citrate
buffer (SSC) and then incubated with hybridisation buffer (HB: 200 mg/mL tRNA,
20 mg/mL nuclease-free BSA, 2 x SSC, 10% formamide, and 1% ribonuclease
inhibitors) for 10 minutes to block unspecific probe attachment. After blocking, the
virus sample was incubated overnight at 37°C in HB buffer with an equal amount
of 8-probe sets that target the respective gene segments at a concentration of 4 pM.
Once hybridisation was complete, the sample was incubated with clearing buffer

(CB:2 x SSC and 10% formamide) for at least 30 minutes to remove unbound probes.

The viral sample was prepared and mounted onto the microscope, followed by a
wash with 2x SSC. Nanodiamonds (Cytodiagnostics, Canada), measuring 90 nm
in diameter, were diluted at a 1:10 ratio in 2x SSC and then introduced into the
chamber as fiducial markers. Incubation continued until approximately 20 fiducial
markers were detected within the field of view (FOV). Next, the sample was rinsed
with a DNA-PAINT buffer (DB: 5 mM Tris-HCI pH 8, 75 mM MgCl,, 1 mM EDTA,
and 0.05% Tween-20) [65]. The imagers were diluted to the desired concentration in
DB. The imaging duration was adjusted to achieve a comparable average number of
binding events for all segments. A comprehensive summary of the varying imaging
conditions is presented in Table [2.2] After each imaging round, the chamber was
rinsed with the DB and allowed to stand for 2 minutes to eliminate any residual
imaging agents. This imaging and rinsing procedure was repeated until all sequences
had been imaged the required number of times. All experiments were conducted
using a Nanoimager (Oxford Nanoimaging) equipped with a 100x objective (NA
1.4). The FOV measured approximately 80 x 49 um?. For movie acquisition, a
532nm laser with an intensity of 3.6 mW was used, employing TIRF mode at an

illumination angle of 54.5°.
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super-resolution | segment stoichiometry

Imager concentration 5 nM 50 nM
Exposure time 200 ms 20 ms
Total imaging time frgmes 4000 -17400 750-2250
minutes | 13-58 0.25-0.75
Sample size (FOVs) 1 49

Table 2.2: imaging conditions for single-virion assays. This table lists imaging conditions
for super-resolution and high-throughput stoichiometry experiments, including imager
concentration, exposure time, number of frames and FOVs.

PEG surface preparation To acquire the calibration curve for 3D astigmatic
microscopy, single imagers were tethered to a PEG surface using a NeutrAvidin link
and immersed in IB supplemented with a Gloxy-based oxygen scavenging system (1
mM Trolox, 1% glucose, 40 pug/mL catalase, and 0.1 mg/mL glucose oxidase). The
PSFs from isolated fluorophores were recorded from -300 nm to +300 nm with a

10-nm step size.

Microscope slides were prepared following the methods described in previous
studies [66, 67]. In summary, coverslips were cleaned using a plasma treatment
and then sequentially treated with 2% Vectabond aminosilane (Vector Labs) in
acetone. After drying under nitrogen, these coverslips were bonded to 6 mm
silicone gaskets (GBL103280; Grace Bio-Labs), resulting in observation wells made
of aminosilane-functionalized glass. Next, the wells were coated with 20 uL of a
solution containing 30 mM mPEG-SVA (Laysan Bio) and 0.75 mM Biotin-PEG-
SVA (Laysan Bio) in MOPS-NaOH (pH 7.5) for 90 minutes at room temperature.
After this, the wells were washed with PBS and treated with 30 uL of a 10
uM NeutrAvidin (ThermoFisher) solution in 0.5x PBS for 10 minutes at room
temperature. Following additional washes with PBS, the wells featured NeutrAvidin-

biotin-PEG /mPEG-functionalized glass floors.
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Figure 2.9: suboptimal localisation filtering based on z-axis position. This graph shows
the histogram of axial position of NA segments (A) and an example of localisations from
NA segment recording before (B) and after (C) filtering. The scale bar is 200nm. The
green dashed lines indicate the thresholds.

2.5 Preprocessing for SMLM data

After localisations using Picasso (Box side length: 7, Min.net gradient: 3000,
Baseline: 400, Sensitivity: 2.5, Quantum efficiency: 0.82, Pixel size: 117 nm,
magnification factor: 0.65), we filtered the localisations based on their z positions,
which is essentially based on the shape of the PSFs. When two imagers in proximity
are detected simultaneously, their overlapped PSFs will be fitted as a single elongated
PSF by the localisation algorithm. The elongation of PSFs is indicated by deviations

in the z positions, and these localisations were filtered out accordingly (12.9).

We utilised the AIM method [12] for drift correction(segmentation: 100, inter-
action distance: 20 nm, maximum drift in the segment: 60 nm). Afterwards, we
registered the localisations from different imaging rounds using fiducial markers.
Since these fiducial markers do not form specific linkages with the surface, some
of them are mobile during the recording or buffer exchange process. To address
this, we implemented a two-step procedure to identify the stationary markers before

using them to register the localisations from various recordings.
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First, we filtered out fiducial markers that exhibited movement during the
recording process by calculating the average Euclidean distance of each marker’s
localisations from its centre and applying a threshold of 12 nm. Next, we excluded
fiducial markers whose positions changed significantly during buffer exchange. The
positional shifts of different fiducial markers between two consecutively recorded
movies should be similar. To identify the outliers, we calculated the squared Maha-

lanobis distances of these shifts. The squared Mahalanobis distance is defined as

d?\/lahalanobis = ("L‘ - :u)T ' C_l ) ("L‘ - :u) (23>

where z is the position vector of the object, u is the arithmetic mean vector, and
C~1 is the inverse covariance matrix of the independent variables. It measures the
distance between a point and a probability distribution. Essentially, it quantifies
the distance of a vector from the mean, standardised by the covariance matrix. As a
result, the Mahalanobis distance is unitless, scale-invariant, and takes into account
the correlations within the dataset. Fiducial markers with squared Mahalanobis
distances greater than the 0.68 quantile of a chi-squared distribution were considered

mobile during buffer exchange.

After identifying the static fiducial markers, the transformation matrix between
two consecutive movies is calculated using the point-to-point iterative closest point
(ICP) algorithm |68, 69]. In general, ICP iterates through two steps: first, finding
a correspondence set K = (p, q) from the target point cloud P, and source point
cloud @ transformed with the current transformation matrix T; second, updating
the transformation T by minimising an objective function E(T) defined over the
correspondence set K. The objective function applied here is

E(T)= > llp—Tqll (2.4)

(pa)eK
We selected point-to-point ICP to directly handle 3D coordinates while restricting
the matrix T to a rigid-body transformation. To estimate the uncertainty of this

registration method, we randomly divided the static fiducial markers into two
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subsets for registration and compared the results. The differences observed were
negligible ) After registration, the localisations were linked to prevent bias
arising from various dwell times. Localisations that were separated by less than
one dark frame in time and less than one pixel in space were considered from
the same binding events. These two parameters are somewhat arbitrary due to
the sparse nature of the data. We calculated the empirical localisation precision

as the standard deviation of the coordinates among these linked localisations (2.10B).

The viral segments were detected using DBSCAN, which defines the clusters as
dense regions separated by space with low-density noise. It works around three key
concepts: core samples (samples have a minimum number (min_ samples) of other
samples within a specific distance eps), border samples (samples within the radius of
eps of a core sample but do not have min_ samples neighbours), and noise samples
(samples are neither core nor border samples). A cluster is therefore a set of core
samples and their border samples. In practice, DBSCAN takes two parameters:
min_samples and eps to do the analysis. After adjusting the recording time for
each segment, the average localisations from different movies are similar, which
allows us to set the default values: eps = 58.5nm (half pixel), min_samples = 25 for
the super-resolution assays. Next, we used the centroids of clusters to present the
position of vRNPs. To assess the reliability of the centroid positions, we randomly
divided the localisations in each cluster into two sub-clusters and measured the
distances between their centroids (2.10C). The median value of this distribution is

4.6 nm, which is considerably smaller compared to the IAV particle size.
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Figure 2.10: precisions of registration, localization, and vRNP position. A: Part of a
PB2 segment aligned using two disjoint subsets of fiducial markers (Red and cyan). It
shows the robustness of our channel registration method. The difference between the
alignment results is less than 0.1nm. The scale bar is 5 nm. B: Histogram of empirical
localisation precision, which is the standard deviation of localisations from the same
binding events. C: This histogram shows the precision of the vRNP position. It is the
distribution of distances between centroids of two randomly split subsets of localisations
from the same segments.

2.6 Structure integrity of virions

Before delving into the details of the vVRNPs, we conducted several assessments to
ensure the structural integrity of the virus particles. First, we employed an anti-HA
immunofluorescence (IF) co-staining method to visualise the virus envelope, followed
by a DNA-PAINT assay targeting the NA segment([2.11]A). The immobilised IAVs
were incubated with rabbit anti-HA IgG as the primary antibodies and goat anti-
rabbit IgG as the secondary antibodies. In the negative control, we substituted the

primary antibodies with non-immunised rabbit IgG, which showed no fluorescence

signals (2.11] C).

The sample showed more IF spots without RNA signal than RNA spots without
IF signal, which could be explained by free HA or virus particles lacking the NA
segment. This step is to ascertain that we are observing the whole virus particles
(i.e., not groups of segments dissociated from the particles). Thus, we are more
interested in the percentage of vVRNPs that are associated with envelop than HA
associated with vVRNPs. Our results indicated that 73% of the particles exhibiting
an NA signal also showed an IF signal ) Although this does not provide

definitive proof of the intactness of the virions, it does show that the majority of the
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Figure 2.11: co-localisation of anti-HA TF signal and NA segment. A: Experiment to
demonstrate co-localisation of vRNA and the viral envelope: Individual viral envelopes
were stained via anti-HA IF, followed by image acquisition and DNA PAINT targeting
NA segments. VRNA (left panel) and HA (middle panel) showed extensive co-localisation
(right panel). The left panel in A is a single frame from the PAINT movie. Thus, it does
not show all signals from NA vRNPs. The co-localisation is indicated by the red circles
in the right panel. B: Distributions of HA IF intensity detected in positions with vRNA
(green) and random positions in a control experiment (black). C: Comparison of the
signals from the IF assay and the control experiment. The scale bar is 2pm.

virus samples contained the envelope component, HA. Additionally, the distribution
of segment counts (which will be discussed later) supports the conclusion that the

RNP assemblies we observed correspond to virus particles.

Next, we investigated the conformation and structural integrity of vRNPs using
different barcodes of primary probes to image the 3’ and 5 termini and the outline
of the NA vRNP. To identify the terminus signal, we modified the DBSCAN
parameters to eps = 10nm and min_samples = 4. Except for segments that are

not elongated enough to assign the termini to one end, only about 17.4% (75 out
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Figure 2.12: quaternary structure of NA segments. In the observed cases that both 5’
(blue) and 3’ (green) termini are identified, 75% of them had termini at one or both ends
of the outline (red) of the NA segment. The scale bar is 50 nm.

of 432) of the viral particles have signals from both ends. This may be caused
by the inaccessibility of the two ends when they bind to RNAPs. Among the NA
segments that show strong signals from both ends, there is a similar probability of
the termini being together (36% of the 75 segments) or at the opposite ends (39%
of the 75 segments). The remaining 25% had at least one signal not clearly located
at an end (2.12)). We also found that the length of NA segments with termini on
opposite sides is approximately twice as long as those with termini on the same
side. This observation suggests that one end of the RNA termini may detach from
the polymerase and unwind from the nuclear proteins of the vRNPs. This open
structure may serve dynamic functions, such as replication and transcription, for
example, allowing the 3’ end to move between different binding sites on RNAP
[70]. This type of open vRNPs accounts for approximately 6.7% of the total vVRNPs

observed and thus has a limited influence on the subsequent statistical analysis.
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Figure 2.13: positional change of NA segments during imaging. A: Example of a
super-resolved NA vRNP at the beginning and the end of the imaging cycle. The overlap
on the right illustrates the positional shift. Scale bar is 50 nm. B: Histogram of the mean
shifts in location of all NA vRNPs that could be detected both before and after imaging.

Finally, we confirmed the vRNPs remained in their positions through the
experiment by recording the NA vRNPs at the beginning and end of the imaging
sequence. The median value of the position difference between the beginning and
end is 15.6nm, which is a small fraction compared to the inter-segment distances
. So, it only has a limited influence on our later distance analysis. The
relative positional changes among vRNPs differ, suggesting that rearrangement
occurs during imaging and highlighting the need to optimize the fixation step

in sample preparation.

2.7 Distance analysis of vRNPs

Following the detection of segments, a co-localisation analysis was performed using
the centroids of each identified cluster. The coordinates of these centroids were

subject to an agglomerative hierarchical clustering method, employing single linkage
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Figure 2.14: correlation of inter-segment distance between different directions. The
plots show the correlations of inter-segment distances projected onto different directions
with the results of a linear fit (red lines) dictated at the top. The moderate correlation
proves the validity of our 3D astigmatic method.

with a distance threshold of 2 pixels (equivalent to 234 nm). Within this context,
the co-localised vVRNPs were classified together as belonging to the same virion.
Agglomerative clustering is a bottom-up approach that begins with each sample
as an individual cluster. Clusters are then successively merged if their distance is
below the threshold. The hierarchical structure of these clusters is represented as a
dendrogram, with the root node encompassing all samples. Standard linkage criteria
utilised in hierarchical clustering include: Ward’s method (minimum variance of
the clusters being combined), the maximum method (maximum distances between
all observations in the two clusters), the average method (the mean distance of all
observations from the two sets), and single linkage (minimum distance between

observations in the compared clusters).

Analysis of vVRNP distances within the virus particles demonstrated a moderate
correlation of the lateral and axial directions , which proves the validity of
our 3D method. The average vRNP distances in z were only about one-third of
the x/y distances, suggesting that either the virus particles may have been slightly
flattened during the preparation process, or that the fraction of elongated particles

preferentially aligned with the surface.
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We used the maximum segment-centre distance to present the size of virus
particles and observed that the size of virus particles reached a maximum when
the segment number was six and decreased when the virus was even more complete
(2.15C). One possibility is that the interactions within a complete or nearly complete
virus particle can force the vRNPs into a more organised configuration. The median
segment-centre distance of HA is significantly closer to the centre ) However,
among virions with all segments, no one segment was constantly in the closest
proximity to the centre. We also examined the frequency of segment-centre distances
in the HA (the segment closest to the centre on average) and NS (the segment
furthest from the centre on average) segments. Both segments share the same range,

but the key difference lies in the frequency of small distances to the centre (2.15D).

Next, we examined the pairwise distances between segments. The median
distances of segment pairs are illustrated in Figure 2.15A. One can see that the
maximum distance is roughly the same size as a virion (100 nm), and the minimum
distance (45 nm) is about twice the diameter of vVRNP, leaving a 20 nm gap between
two vVRNPs. Additionally, the frequency distribution of the nearest segment pairs
(NP-NS) and the furthest segment pairs (PB1-NS) is presented in Figure [2.15]F.
Similar to the segment-centre distances, the two inter-segment distances fall within
the same range; however, the frequency decreases much more rapidly as the distance
of NP-NS increases. Additionally, there is a moderate negative correlation with
a Pearson’s coefficient of -0.54 between the co-appearance rate of two segments
and the distance between them in virus particles with 2-4 segments ) The
negative correlation also exists if we expand the virions under investigation to other
numbers of segments, such as 2-5 and 2-6, with slightly smaller absolute values of
Pearson’s coefficient. This supports our hypothesis that segment pairs with stronger

interactions have closer distances and higher co-presence rates.
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Figure 2.15: analysis of distances between vRNPs. A: A heatmap illustrating the median
inter-segment distances measured in nanometres (nm). B: The median distances between
the segments to the virion centre for eight vRNPs. C: The average size of the virion,
indicated by the maximum segment-virion centre distances, changes with the number of
segments. D: A graph displaying the frequency versus distance of the nearest (HA) and
furthest (NS) segments to the virion centre. E: The correlation between inter-segment
distances and their co-appearance rates in virions containing 2 to 4 segments shows a
moderate negative correlation (as indicated by the red line representing a linear fit),
with a Pearson’s coefficient of -0.54. F: The frequency distribution of the closest pair of
segments (NP-NS) and the farthest pair (PB1-NS) based on their distances.
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2.8 vRNP Visualisation

2.8.1 2D super-resolution image rendering and skeleton-
isation

Once all gene segments had been assigned to a virion, the x and y coordinates
of the localisations in each segment were used to fit the vRNP spine using the
following procedure: a super-resolution image with a pixel size of 0.234 nm (500X
oversampling) was created by rendering each localisation as a Gaussian function
with a sigma of 3.9 nm. The resulting image was subjected to a low-pass order-one
Butterworth filter with a cut-off frequency of 0.02 and a Gaussian blur with a sigma
of 5.85 nm and converted to binary using the ISODATA method [71]. A Hilditch
skeleton [72] was fitted to the binary image (2.16).

The squared low-pass Butterworth filter here is given by the following expression
[73):
1

1+ ()

Hlow(f) -

where f = /319" £2 is the absolute value of spatial frequency (f; is the d-th
component of spatial-frequency vector-one per image dimension), fs is the sampling
frequency, and n is the filter order. c is the cut-off frequency ratio defined in terms
of f,, determining the position of the cut-off relative to the shape of the fast Fourier

transform (FFT). The FFT spectrum covers the Nyquist range ([—fs/2, fs/2]).

=

Figure 2.16: 2D image rendering process and skeletonisation. Scatter plots of
localisations, the rendered super-resolution image, and the fitted spine (red) and radius
(blue) of the binary image are displayed from left to right. These three plots are at the
same scale, and the size of the scale bar is 50nm.
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44 2.8. vRNP Visualisation

Thus ¢ should have a value between 0 and 0.5.

ISODATA is a histogram-based method, also known as the Ridler-Calvard
method. In ISODATA, an initial threshold (typically set at the average intensity
of the image) is used to divide the histogram into two classes: A and B. The
average intensities of these classes are denoted as m 4 and mp, respectively. A
new threshold is determined as the average of m4 and mp. The new threshold is

updated iteratively based on the new average intensities until it converges.

Regarding skeletonisation, some general requirements must be met. The skeleton
of binary pattern P should consist of thin lines that are one-pixel wide, lie along
the centre of P, and have the same connectivity as the original pattern. Pixels are
usually removed gradually. Once a skeleton or part of it is obtained after multiple
passes, it should not be eroded by subsequent passes. Hilditch algorithm finds
the skeleton by computing quasi-Euclidean distances and tests Hilditch conditions
to preserve topology. It is a parallel thinning algorithm that uses 3 x 3 window
(Hilditch also published a 4 x 4 version in a seminar in 1968) to determine whether
a pixel P; should be removed or kept in the image. For deleting a pixel, the Hilditch

algorithm checks whether the following four conditions are satisfied: The algorithm

PO | P2 P3

2 < B(P1) <6

A(P1) =1

P8 | P1 | Pa

P2-P4-P8=0or A(P2) #1

P2-P4-P6=0or A(P4) #1
P7 | P6 | P5
where B(P1) is number of non-zero neigh-

bours of P1 and A(P1) is number of 0, 1

patterns in the sequence P2, P3, P4, P5,
Figure 2.17: A 3x3 window that shows P6. P7. PS. P9. P2

the arrangement of 8 neighbourhoods of
pixel P1 that are used to decide whether
P1 will be removed.
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stops if no pixel is deleted at the end of a pass.

Blurring processes aim to create a continuous 2D structure for each segment,
i.e. preventing isolated parts in the binary image and branches in the skeleton.
However, these suboptimal situations do occur occasionally. In which cases, we used
the convex hull of the detached components in binary images for skeletonisation. If

branches exist, the longest one was used as the vRNP spine.

The length of the spine was considered to be the length of the vRNP, and the
median value of distances from each pixel on the spine to the boundary of the binary
image is considered as the radius of the vRNP . In addition, the orientation
of the segment in 2D was determined by fitting the skeleton with a straight line and
calculating its angle with respect to the x-axis. To measure the alignment of the
2D projections, we used the direction of maximum variance of all localisations in a
virion to represent the overall orientation of the genome and calculated the angle
deviation between each spine and the cardinal direction. Most projected length
(701 out of 726) ranges from 0 to 100nm, which is consistent with the previously
reported VRNP size. The longer segment (close to 150nm or more, 13 out of 726)
may correspond to the detached vRNA we presented earlier. Moreover, most radii
fall within a small range of 10-20nm, as one may expect from the projections of a
rod-shaped object. These very short spine lengths correspond to a nearly circular
2D vRNP projection ) and could be from a segment perpendicular to the
surface or suffer from incomplete labelling. In the most frequent cases, segments

are aligned in the same direction to a certain extent, while the angle deviation can

be anything from parallel to perpendicular (2.18E).

To test the accuracy of our spine-based visualisation method, we randomly split
locations belonging to the same RNP and constructed the spine in the same way.
The differences in spine length and orientation in the 2D plane were calculated

(2.18A, B, C). We determined a median precision of 4nm, 10nm and 10° for the
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Figure 2.18: precisions and distributions of spine lengths, radii and relative orientation
of vRNPs. The top plots illustrate the robustness of our pipeline based on constructed
super-resolution 2D images, showing the precision of projected orientation (A), vRNP
length (B), and radius (C). D is the scatter plot of spine length vs. radius of the NA
segment, as one may expect that the 2D lengths of the segment distribute in an extensive
range due to the various projection angles. E is the angle deviation of each segment from
the cardinal angle.

vRNP position, length and orientation, respectively.

We observed three types of vVRNP arrangements: 1. a global shape with short
RNPs that barely overlap (160 out of 592); 2. well-aligned elongated vRNPs (192
out of 592); 3. showing a certain level of disorder (240 out of 592) ([2.19). These
arrangements are also observed in electron microscopy studies [74, 75]. Furthermore,
the disordered arrangement is the most abundant in our dataset, which also aligns

with the previous cryo-electron tomography study [74].

2.8.2 Volume rendering

In some cases, it is beneficial to create a conventional voxel-based image from
a 3D coordinate dataset. There are various methods to achieve this, such as
using a histogram of localisation positions or summing Gaussian functions for each
localisation. These methods are essentially 3D versions of standard 2D image

rendering techniques. Additionally, other volume rendering approaches utilise
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NP

M NS

NA

Figure 2.19: examples of constructed 2D images of vRNP complexes and their spines.
The graph gives a few examples of the observed spatial arrangements and the segment
spines. Different colours mark different segments within the virus particles. The three
types of arrangements: elongated parallel vRNPs (left), Short separated vRNPs (middle),
and disordered arrangement with no apparent consistent orientation (right). The scale
bar is 50nm.

coordinates directly, such as Poisson surface reconstruction and tetrahedralization.

We performed volume rendering by extracting an iso-surface using the Python
Microscopy Environment [76]. The process begins by placing points into an octree,
which is truncated to a minimum of four localisations per cell. This method
effectively divides the volume into cubic cells that adapt in size based on the local
point density. As a result, cells are larger in areas with fewer localisations and
smaller in regions with higher densities. The outcome is a volumetric data structure

that retains the same information as a fully sampled reconstruction but contains

DRAFT Printed on December 8, 2025



48 2.8. vRNP Visualisation

Figure 2.20: volume renderings of representative vRNP complexes. From top to bottom
are three examples of iso-surfaces generated using the dual marching algorithm, belonging
to classes 1, 2, and 3, respectively. The top, front, and side views of each complex are
displayed in each row from left to right. All scale bars are 50 nm.

significantly fewer elements. After calculating the local density of localisations
within each cell, the dual marching cubes algorithm [77] was employed with a
density threshold of 2 x 10~ localisations per cubic nanometer. This threshold was
determined based on empirical localisation precision. The iso-surfaces are visualised

as a wireframe in Figure [2.20]
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In addition, we also realised that some techniques which are usually applied
to cryo-EM data have been used in SMLM [78, 79|, despite the fundamental
differences in origins of signal between cryo-EM and SMLM. We followed the work
of Sieben et al. [80] using single-particle reconstruction methods to create 3D models
for individual segments. Briefly speaking, super-resolution images were aligned
and classified by a template-free maximum-likelihood multi-reference refinement
algorithm [81]. Then class averages were used to build an initial model using Eman2
[82]. The initial model was then refined using the projection matching (Xmipp3)
protocol [83]. However, due to the flexibility and heterogeneity of our structures,
lower symmetry order and limited data size, the 3D model we acquired lacks details

and does not provide resolution enhancement.
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High-throughput DNA-PAINT

In Chapter 3, we will use a high-throughput stoichiometry assay to analyse the
vRNP combinations from over 60,000 AV particles. This data will help us illustrate
the relationships among different segment combinations, leading to an understanding
of the assembly process of IAV’s segmented genome. Additionally, we will introduce
fluorogenic probes that reduce background interference from diffusing imagers,

allowing a higher concentration of imagers and a faster imaging process.

Due to the limitations of the FOV size and the requirement to prevent overlap of
nearby virus particles, we typically observed only a few hundred virus particles per
FOV using the previous super-resolution method. In addition to the long imaging
time, it is impractical to collect data from more than 10,000 virus particles using
the exchange DNA-PAINT method we established in Chapter 2. To increase the
data size, we increased the imager concentration from 5nM to 50nM, reduced the
exposure time to 20 ms and the number of frames to a few hundred (2.2). The high
imager concentration led to simultaneous binding events, subsequent PSF overlap,
and a reduction in localisation precision. As a consequence, we lost the geometric
information of the vRNPs. However, this approach allowed us to collect numerous
approximate positions rapidly (3.5 min per FOV), with adequate precision to conduct

co-localisation analysis, which enables us to extract segment combinations from a

51



52 3.1. TAV genome assembly pathway

large number of virions in a short period. We collected 49 FOVs per assay using the
multiple FOV collection in the Nanoimager (Oxford Nanoimaging, UK) under TIRF

mode at an illumination angle of 54.5° with a laser intensity of 3.6mW at 532nm.

3.1 IAV genome assembly pathway

Localisations are identified using Picasso with the following parameters: box side
length of 7, minimum net gradient of 3000, baseline of 400, sensitivity of 2.5,
quantum efficiency of 0.82, and pixel size of 117 nm. The magnification factor is not
specified here, which differs from our previous super-resolution method, as we are
now working with 2D SMLM. Channel registration was performed using the RCC
method in Picasso Render. Since we are acquiring only 2D data, and considering the
minimal rotation among different imaging rounds and limited localisation precision,
the RCC method, which only corrects for translation, is adequate for our purposes.
Additionally, due to the short recording time, drift is negligible; therefore, drift

correction is omitted in the analysis pipeline.

We identified potential vVRNPs using the DBSCAN algorithm (with parameters
eps = 117 nm and min_samples = 4) with a more efficient implementation [84] to
handle the large data size. This fast parallel version of DBSCAN is designed explicitly
for low-dimensional Euclidean spaces. For the exact 2D DBSCAN, the algorithm
utilises a grid construction method for point partitioning and employs bichromatic
closest pairs to assess connectivity among core points. We set very loose conditions
for DBSCAN to include clusters associated with unspecified bindings. This helps

us understand the features of false-positive clusters in the subsequent analysis.

3.1.1 False-positive vRNP filtering using change point de-
tection

There are two types of noise associated with high imager concentration: blurred
background from diffusing imagers and non-specific binding. PSFs are approximately

5 pixels in size, so the window size needs to be significantly larger than this to
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3 pixels{ ]

21 pixels

Figure 3.1: background remove method for single-virion stoichiometry assay. The yellow
symbol X denotes the pixel where the centroid of a cluster is located. The raw signal
and background are determined by calculating the sum and median value within a 3 x 3
(green area) and a 21 x 21 (grey area) window centred on this pixel.

preserve the signals, yet not so large as to lose local sensitivity to the background.
We tested window sizes of 11, 15, and 21 pixels. A window size of 10 pixels
(radius of 5 pixels) was found to be too small, as it disrupted the PSFs. The
choice between using 15 or 21 pixels is somewhat arbitrary. Next, we used the
x, v coordinates of each cluster to extract the fluorescence time profile from the
background-subtracted movie . The fluorescence value of each frame is the

sum of intensities within a 3 x 3 window, centred at the centroid of the vRNP cluster.

The number of binding events in the fluorescence traces was detected using the
pruned exact linear time algorithm (PELT) [85] |86] with the least squares deviation
cost function to identify the mean shift in signals (3.2/A). To be more specific, for

signal {y;}; on an interval I, the cost function is

c(yr) =D lve —7ll3 (3.1)

tel

where 7 is the mean of {y;}ier.
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Figure 3.2: false-positive vRNP filtering. A provides a snapshot of a diffraction-limited
movie showing NA vRNPs that were imaged with a high imager concentration of 50 nM,
before and after the removal of background noise. The fluorescence intensity time trace
of the highlighted spot from the background-removed movie (black line) and the results
of change point detection using PELT analysis (red line) are also shown. B: This part
illustrates the distribution of binding events per spot when imaging NA vRNPs. The
blue histogram represents the assay with barcoded probes that are complementary to the
NA segment. The red histogram serves as a negative control, having non-complementary
sequences to NA vRNA. The vertical black line indicates the threshold for detecting viral
segments.

The average computational complexity of the PELT algorithm is O(CKn),
where C represents the complexity of the cost function on a sub-signal, K is the
number of change points to detect, and n is the size of the data. PELT achieves
computational efficiency by eliminating solution paths that are known not to lead
to optimality. It penalises the inclusion of each additional change point by adding
a penalty value to the cost function. The reasoning behind this approach is that for
a timestamp to be identified as a change point, it must reduce the segmentation
cost by more than the penalty value. Thus, selecting the appropriate penalty value
is crucial to the effectiveness of PELT. PELT is significantly faster than other exact
search methods and more accurate than approximate search methods, allowing us
to balance the need for accurate detection and the demand for rapid processing in

large datasets.

We compared the distributions of binding event numbers for each trace from the

stoichiometry assay and control experiments. The control experiments utilised an
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3. High-throughput DNA-PAINT 55

oligo set that contained the same number of sequences, with identical lengths and
barcodes. However, the DNAs in this set were not complementary to any vRNA.
The population showing a high number of binding events corresponds to specific
bindings from the viral segments. In contrast, the population with fewer binding
events relates to background noise (3.2B). A normal distribution was fitted to the
genuine population to establish a threshold where the probabilities of false positives
and false negatives are equal. When signals from the exact location were observed
across multiple segment readouts, the likelihood of detecting a genuine viral particle
increased with the same count of events. It becomes easier to distinguish between the
two components (noise and genuine signals) within the distribution from positions
exhibiting persistent signals . Thus, the event number thresholds for each
segment were established based on the number of other segments detected at the
same location (3.4). After noise filtering, we identified co-localised vRNPs using
agglomerative clustering with single linkage and a distance threshold of 234 nm
(under the same conditions as in Chapter 2). So far, we have acquired binary-coded

segment combinations of virions.

Approximately 20000 viral particles can be detected per readout using our
stoichiometry assay. We initially investigated the correlation of the co-presence
rate of segment pairs among three technical duplicates (3.5)). Our analysis yielded
an overall Pearson’s coefficient of about 0.88, indicating the reproducibility of our

method.

3.1.2 Abundance and co-presence of vRNPs

We counted the virus particles based on the number of vRNPs they contain, which
forms a U-shaped distribution, with the lowest counts observed at those containing
3 or 4 vRNPs (3.6/A). This pattern has also been reported in a previous sequential
FISH study [53]. It significantly deviates from what would be expected under

a random packaging process. We also examined the missing vRNPs from virus
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Figure 3.3: distribution of binding event numbers in the presence of other segments. The
binding event distributions of spots showing a recurring fluorescent signal from all eight
imaging cycles are presented. The red line indicates the Gaussian fit to the population
corresponding to vRNPs. p is the mean number of imager binding events to a vRNP and
N is the number of traces analysed (the number of spots that are potential vRNPs).

particles that contain seven segments ([3.6B) and the abundance of segments in the
virus particles (3.6C). The difference in the number of absent segments is significant,
while the quantities of each vRNP are pretty similar. These findings further support

the selective packaging model.

Next, we focused on the co-presence rate of segment pairs from virus particles
containing two segments ) This rate is defined as the fraction of the number
of segment pairs relative to the mean of the two segment counts. Additionally, the
most common five-segment combinations of complexes containing 2-7 vRNPs are
displayed in Figure 3.6]E. The normalization in Figure measures interaction

strength between two segments. Meanwhile, panel E shows absolute counts, which
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Figure 3.4: determining thresholds of binding event numbers. The detection threshold of
a segment (binding events) depends on the number of potential segments. The threshold
for the number of binding events in a segment is affected by the presence of fluorescent
traces from other detection rounds, which indicate potential segments. This plot illustrates
the number of binding events for the NA segment, categorised by the number of potential
segments observed in other imaging rounds. The histograms are fitted with Gaussian
functions, which were then used to establish the detection threshold, indicated by the
black line. As the number of other segments increases, the proportion of the background
population decreases in relation to the genuine vVRNP population, and the detection
threshold shifts to lower values.

are influenced by the varying numbers of different segments. There are no particular
combinations that maintain high abundance across all segment counts. This
observation suggests that the assembly process is not a straightforward linear

process, where one segment is added at a time.

If we rule out the possibility of assembling multiple segments simultaneously,

then a virus with three segments can only form via the pathway of 2 + 1. Since
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Figure 3.5: co-presence correlation between 3 technical duplicates from virions with
different segment counts. Each panel contains 28 data points, representing all possible
segment, pairs from a total of 8 segments. The Pearson correlation coefficients range from
0.7 to 0.98, with specific values indicated in each panel.
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there are no intermediate states for making the virus with two components, the
normalised co-presence rate should positively correlate with the interaction strength
between the two segments. By comparing the changes in abundance of viruses with
2 and 3 vRNPs ), it becomes clear that the assembly efficiency between these
two states cannot solely be explained by the interaction strengths of the individual
components with the newly added member. For instance, the third most abundant
complex with two segments (85) becomes the most abundant (385) when segment
3 (PA) is added. In contrast, the 17 complex becomes less plentiful and shifts to
the second position when the 2 (PB1) is introduced. However, based on Figure
[3.6ID, the interactions between 3-8 and 3-5 are weaker than 2-1 and 2-7, respectively.
Several factors may contribute to this complexity, including occupied interaction
sites and changes in secondary or tertiary structures resulting from vRNP-vRNP

interactions in the intermediates.

We further investigated the changes in the normalised co-presence rate of all
segment pairs from virions with 2-7 vRNPs. The normalisation is done via the

following equation:

p/pz
(1-p)/(1—po)

where p is the co-presence probability of the segment pair in particles with a specific

N =

(3.2)

number of segments and py is the average co-presence probability of particles with
the same segment count. This equation accounts for the natural increase/decrease
in the co-presence rate/mutual exclusion in virions with higher segment count and
uses the ratio between co-presence and mutual exclusion to weigh the propensity of

co-presence (3.8A).

3.1.3 Analysis of vRNP assembly pathway: association rule
mining and community detection

We then expanded the analysis to explore all possible combinations. Excluding

the scenario in which a single viral particle contains multiple copies of the same
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A: counts of virus particles

categorised by the number of vRNA contained (grey bars), and comparison with the same
datasets with segments shuffled between particles to simulate a stochastic distribution
(white bars). B: Frequency of gene segments that are absent from particles with only
one segment missing. Legend: Segment numbers that code for genes. C: The count of
all detected segments is normalised by the most abundant segment for each assay. D:
Co-presence rate in particles with two segments, normalised by the average segment count.
E: The counts of different combinations of viral segments for complexes that have 2 to 7
components. The heights of bars are normalised by the highest combination count within

each category.
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vRNPs, the octameric TAV genome can create 255 distinct complexes and 3025
unique assembly interactions. To investigate these interactions, we decided to utilise
the frequent pattern (FP) growth algorithm [87] for association rule mining, and

present the statistical results in a network.

Association rule mining reveals the probabilistic relationships between itemsets
in an extensive database. This method is widely used in various fields, including
market basket analysis, web usage mining, and bioinformatics. The FP-growth
algorithm identifies frequent items and utilises a suffix tree structure to encode all
samples, allowing for the extraction of all frequent itemsets from the FP tree. An
association rule takes the form A — C', where A and C' are disjoint itemsets, with
A indicating the antecedent and C' as the consequent. For each itemset, various
statistical metrics are calculated. To select the most reliable association rules,
we analysed the distributions of confidence, lift, and Zhang’s metric, establishing

appropriate thresholds (3.7)). Their definitions are provided in the following equation:
support(A—C') = support(A| JC)

support(A — C)

confidence(A — (') = Support(A)
uppor

3.3
confidence(A — C) (3:3)

lift(A — C) = support(C)

Zhang’s metric(A — () = confidence(A — (') — confidence(A” — C')
g 5 THEe N M azx|confidence(A — C), confidence(A’ — C')]

where A’ is the complement of the set A. Confidence is the probability of seeing
the consequent in a sample given that it contains the antecedent. The lift metric
measured how much more often the antecedent and consequent of a rule A—C occur
together than we would expect if they are statistically independent. If A and C are
independent, the Lift score will be exactly 1. The value range of Zhang’s metric
is [—1, 1], while a positive number indicates association and a negative number
suggests dissociation. As depicted in Figure [3.7C, there are no negative values in

Zhang’s metric. In other words, vRNPs and the intermediates of their combinations
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Figure 3.7: Histograms of parameters used to filter association rules. The red lines
indicate the thresholds applied for filtering. A: The histogram shows the confidence metric
with a threshold of 0.85. B: The metric is lift with a threshold of 1.6. C: The histogram
represents Zhang’s metric, with a threshold set at 0.55. These parameters are used to
evaluate the significance of each association rule. Their definition can bee seen in equation

B3

attract each other to varying degrees but do not exhibit any repelling effects.

We present these association rules in a network ), where arrows indicate
the direction from the antecedent to the consequent. The colours of the nodes
represent different communities identified using the Leiden algorithm |88] with the
modularity method [89]. Community detection functions as a clustering algorithm
for a network by identifying nodes that form densely connected subgroups (referred
to as communities). The modularity method aims to maximise the difference
between the actual number of edges within a community and the expected number

of edges. According to the configuration model [90], the expected number of edges

is given by fﬁ%, where K, represents the total degree of nodes in community ¢, and

m denotes the total number of edges in the network. The definition of modularity is

1 K>

H (ec —

) (3.4)

" om - 2m
where e, is the actual number of edges in the network and v is the resolution
factor. Higher resolution results in the identification of more communities, while

lower resolution leads to fewer communities. In plot [3.8B, the optimal partition is

obtained with a resolution of 1.0.

In this graph, the item sets (indicated by the cyan boxes in Figure ) that play

central roles in each community contain pairs of segments that have an increasing
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relative co-presence rate in a more complete virus. These pairs consist of PA(3)
and NP(5) combined with one of three other segments: PB1(2), HA(4), NA(6),
or with each other. This suggests that the PA and NP segments have a special
role in the genome assembly process. Other non-central item sets could serve as
intermediates, particularly those involved in multiple communities, as they may
facilitate numerous assembly pathways. Additionally, the number of non-central
nodes in each community may provide insights into the flexibility of each potential
pathway—the more nodes present, the greater the options available for assembling

a more complete complex.

Some combinations, such as NS-M (8-7), exhibit a rapid decline in stoichiometry
as the segment number increases ), suggesting that their initial combination
may lead to incomplete packaging. The three most abundant segment pairs (7-2,
8-5, 8-7) found in two-segment virions all fall into this category. Additionally, we
observed that other segment pairs, such as 6-4 (M-PB1), although they decrease,
maintain a decent value in the co-presence rate as they approach the end. This
indicates that while they may not be effective as initial seeds, they may join other

pathways as a pair.

In summary, our results dismiss the idea of a single direct or stochastic assembly
pathway. Instead, they suggest multiple possible pathways with varying preferred
hierarchy orders for vVRNPs and their intermediates to join the complex . The
association rules in Figure link segment pairs and intermediate complexes,
resulting in a high-segment-count genome. However, the association rules that
describe the relationships of the non-central components and their intermediates are
lost during the filtering process. This indicates that these relationships are not as
'strong’, likely due to the large number of possible combinations when the segment
count is near four; in the meantime, the number of such virions is significantly lower,

or these intermediate processes may experience weaker interactions. There is only

one non-central subcomplex with a minimum segment count of 3 that appears in
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Figure 3.8: segment co-presence rates and association-rule network. A: Normalised
segment co-presence in particles with segment counts ranging from 2 to 7. The cyan
boxes indicate segment pairs that form association centres in B. B: A network illustrating
significant associations between vRNP subcomplexes, with arrows indicating relationships
from antecedents to consequents as determined by the FP algorithm in a Fruchterman-
Reingold layout. The communities identified by the Leiden Algorithm are represented in
different colours.
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the network (816 interacts with 53), which suggests a relatively strong interaction
compared to other early intermediate-early intermediate interactions that lead to

late intermediates.

We also considered the possibility that the incomplete genome observed in the
mature virus might result from erroneous pathways. However, similar segment-
count distribution patterns (3.6/A) have been found in a budding virus as well.
Furthermore, we hypothesise that stronger interactions will lead to smaller pairwise
distances and greater co-presence rates. The negative correlation between the
co-appearance rate and distance among all 28 pairs ) supports this hypothesis.
Therefore, it is speculative that the associations we observed arise from the assembly

process being aborted or stalled.
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Figure 3.9: a model for influenza genome assembly via multiple pathways. A: Newly
synthesised vVRNPs are concentrated at a membrane. Unspecific interactions (represented
by dashed lines) between all segments help localise the vRNPs, which will later facilitate
segment-specific interactions. B: In the early stages of assembly, strong interactions (shown
as red sticks) between individual vRNPs and their pairs form low-order subcomplexes. C:
During the later stages, weaker interactions (illustrated as orange sticks) cooperatively
stabilise each other (indicated by double arrows) to form higher-order complexes (green
arrows). This process results in the assembled viral genome (D), which is packaged
into budding virus particles (E). The illustrated assembly routes represent conceptual
examples, as a multitude of RNA contacts can lead to many alternative assembly pathways
(depicted by grey outlines). If lower-order subcomplexes take too long to grow to sizes
at which cooperative effects can enhance assembly, incomplete viral genomes may be
packaged (indicated by red arrows).
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3.2 Fluorogenic DNA-PAINT

DNA-PAINT suffers from a low imaging speed due to its requirement for a low
imager concentration. The unbound imagers appear as background fluctuation or
erroneous binding events, depending on the exposure time and their diffusion speed.
At long exposure times or fast diffusion speeds, they contribute a high background,
drowning the signal from molecules, which causes the loss of localisations during
detection and deteriorates the localisation precision. The raw images are often
processed to remove a heterogeneous background using computational techniques
such as the difference of Gaussian, rolling ball algorithm, and wavelet filtering.
However, processing the image may disrupt the diffraction pattern of the PSF and
have a negative influence on the following localisation step. To suppress background
experimentally, researchers use techniques such as TIRF to minimise the illumination
volume, and low imager concentration (usually only a few nanomolar). To boost
imaging speed, one can optimise the DNA sequence and buffer conditions to reduce
the dark time [65]. However, if one wants to increase the imaging speed even more,
the exposure time becomes so short that the unbound imagers are no longer blurred

by diffusion, which leads to false binding events.

3.2.1 Fluorogenic single-molecule microscopy

An ideal way to address both background and false binding issues is to create
imagers that are dim when they diffuse in the solution and bright when they bind
to the targets. FRET-based DNA-PAINT has been proposed to achieve this effect.
The donor and acceptor are either conjugated to two different imagers or one to a
docking strand and the other to an imaging strand. Only when they coincidentally
bind to the same docking strand (3.10B2) or the imager binds to the docking strand
1), the energy from the excited donor is transferred to the acceptor, whose
emission is then detected. However, because of the trade-off between energy-transfer

efficiency and excitation-emission cross-talk, the localisation precision that has been

reported so far is substantially worse than that of regular DNA-PAINT (3.10/A) |91,
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Figure 3.10: probe design of regular, FRET and fluorogenic DNA-PAINT. This plot
shows the concept of regular, FRET and fluorogenic DNA-PAINT, comparing their imager
probe and docking strand systems. A: Regular DNA-PAINT B: Two different designs for
FRET DNA-PAINT. The acceptor fluorophore is only detectable when both donor and
acceptor strands are bound to the target together (B1) or when the imager with donor
fluorophore binds to the docking strand (B2). C: The fluorogenic probe is quenched in
solution and becomes fluorescent in the binding state.

)

Another approach to achieving this effect is through the use of fluorogenic
probes, which change their fluorescence intensity in response to alterations in
their micro-environment. Fluorogenic dyes start in a quenched state (non-emissive
or weakly emissive) and transform to a fluorescent state upon interaction with
or reaction to their targets. These probes can be categorised into two types:
those that begin with a quenched state, where interactions restore fluorescence,
and those where interactions with the target create fluorescent structures. An
important photophysical property of a fluorogenic probe is the ratio of emission
intensity between free and bound probes, known as the fluorogenic factor (FF). The
binding-induced changes in fluorescence can exceed a 10,000-fold increase . This
property enables us to use a considerably higher concentration of imagers compared
to regular probes, which accelerates the imaging process while maintaining a low
background. In the case of fluorogenic DNA-PAINT, an imager strand is designed

to have a dye on one end and a corresponding quencher on the opposite end. In
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the unbound state, the imager coils bring the dye and quencher into proximity,
resulting in the quenching of the fluorescence signal (3.10C). The efficiency of
quenching and the enhancement of fluorescence depend on duplex formation, which
can be engineered through various combinations of fluorophores and quenchers,

label length, sequence, and other factors.

3.2.2 High-speed DNA-PAINT

We utilised a fluorogenic probe designed to target the PB1 segment, following the
same sample preparation protocols as described in 2.4, Dr Mirjam Kummerlin
designed two fluorogenic probes: 6ntl  A647N_BHQ1 and 6ntl  A643 BMNQI.
They share the same sequence of 5’-TGGTGG1-3". These probes (purchased from
biomers.net, Ulm, Germany) are 6 nt long, featuring Atto647N or Atto643 at the 5’
end and a black hole quencher 1 (BHQ1) or BMN-Q1 at the 3’ end. Their docking
strand is 5’-CCACCACCACCA-3’, which has three complementary sites for binding

with the 6nt imagers (3.11B).

For 6nt imagers, the movies were recorded at an exposure time of 20ms, using
Nanoimager (Oxford Nanoimaging) under TIRF model with an illumination angle
of 54°, 638 nm continuous laser with power of 150mW. To compare the performance
of the fluorescent and fluorogenic probes, we also imaged the NA segment with
the fluorescent P3 imager ) using Nanoimager, TIRF model at 54°, 200ms

exposure time, 532nm excitation laser, 3.6 mW.

BHQs achieve quenching through a combination of FRET and static quenching.
In FRET, the excited fluorophore transfers its energy to BHQ so that the fluorophore
returns to the ground state and the energy absorbed by BHQ is dissipated as heat.
In static quenching (also known as contact quenching), the fluorophore and quencher

combine to form a new, non-fluorescent intramolecular dimer. The static quenching
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Figure 3.11: protocol of single-virion fluorogenic DNA-PAINT. A is a schematic
representation of our fluorogenic DNA-PAINT assay. Viral RNAs are hybridised with
primary probes that contain an extension docking sequence. In sequential rounds of
imaging, we first visualise the PB1 segment using a fluorogenic 6nt imager (depicted with
a purple backbone), followed by imaging the NA segment with the P3 imager (green
backbone). B: Arrangement of docking sites for the 6 nt imager.

efficiency depends on the affinity between the fluorophore and the quencher. BMN-

Q1 is also a dark quencher having the same characteristics as BHQ.

When the probe length is small, the FRET effect reduces the fluorescence of the
probe in binding states. The small overlap between Atto647N and BQHI1 leads to a
small Forster distance (Ry =~ 3nm) and subsequently has small loss of fluorescence

intensity upon hybridisation (3.12/A). Ry is calculated using the formula

HQGDJ()\)
n4

Ry = 0.0211( )L/6 (3.5)

where k2 is the dipole-dipole orientation factor, which is 2/3 in case of random
orientation, n is the refractive index of the medium, ©p is the quantum yield of
the donor in the absence of acceptor, and .J is the spectral overlap integral between
the acceptor absorption spectrum and the area-normalised emission spectrum of
the donor. (The manufacturer does not provide the spectrum of BMN-Q1, and
therefore, the Ry of Atto643-BMNQ1 is not calculated.)

To calculate the FF of the 6nt imagers, we began by taking the average photon
counts from the localisations of the fluorogenic probe (Srg) and dividing them

by the average photon counts from probes that do not contain quenchers (Sg),
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Figure 3.12: spectrum and fluorogenic factors of the imagers. A: The emission spectrum
of Atto647N and Atto643, along with the absorption spectrum of BHQ1 (provided by the
manufacturer). B: The normalised signal and background of the two 6mer imagers, which
gives FFs of 4.77 £ 0.11 (Atto674N-BHQ1) and 15.04 4 0.57 (Atto643-BMNQ1).

which provides us with the normalised signal (Sy). Due to the sparse nature of the
binding events, we estimated the background intensities by using the median value
from the central area of the FOV throughout the movie. Next, we performed a
linear regression analysis of the background intensities against imager concentration
to determine the molar background (Bpgme). We then normalised this molar
background by comparing it to the molar background emission from probes that are
only labelled with a fluorophore (B 01), resulting in the normalised background
(BN,mol)- Finally, the fluorescence factor (FF) was calculated as the ratio of the
normalised signal (Sy) to the normalised background (B mol)-

_ SN _ Srq/SF
BNmoi  Brgmot/Brmo

FF (3.6)

The FFs are about 5 and 15 for Atto647N-BHQ1 and Atto643-BMNQ1, respectively

B.12B).

We conducted a control experiment to examine the specificity of the fluorogenic

probe by using a sample without primary probes carrying the docking site for our
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Figure 3.13: negative control for fluorogenic imagers. A: Negative control without
primary probes (red) shows few localisations compared to the sample with primary
probes(cyan). B: PB1 imager (Cyan) and NA 6nt imager (A647N-BHQ1, red) are co-
localised.

6nt imager strand. One can observe that the 6nt signal only exists when the primary

probe was applied (3.13A) and PA(red) and PB1 segments are co-localised (3.13B).

Then, we acquired the localisations using Picasso (Box side length: 7, Min. Net
gradient: 3000, Baseline: 400, Sensitivity: 2.5, Quantum efficiency: 0.82, Pixel size:
117 nm). Drift correction was performed using the AIM algorithm (segmentation:
100, interaction distance: 20nm, maximum drift in segment: 60 nm), and the
potential vRNPs were identified using DBSCAN(eps = 58.5nm, min_ samples =

0.01* frame number).

Compared to the P3 imager, both 6nt fluorogenic probes exhibited a higher
number of non-specific binding events, resulting in the formation of larger and less
dense clusters, in contrast to the more compact viral segments. We quantified the
compactness of clusters by the ratio of core samples and non-noise samples identified
by DBSCAN. By observing the distributions of core sample ratios ) from P3
and 6nt imagers, we set the threshold of 0.8 to filter out most false clusters (3.14B).

Due to the advantages of higher FF' and reduced noise that comes with the high
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Figure 3.14: false-positive vRNP filtering based on core sample ratio from DBSCAN. A:
The average normalised counts of core sample ratio for the P3 imager and the two 6mer
imagers, Atto643-BHQ1 and Atto647N-BMNQ1. The error bar is the standard deviation
from three technical replicates. B shows the distribution of segment lengths and radii
before (left) and after (right) the clustering filtering process, from Atto643-BMNQ1 (top)
and Atto647N-BHQ1 (bottom) imagers, respectively.

solubility of Atto643-BMNQ1 fluorophore, we conducted further experiments and

analysis using data from this imager.

Super-resolution images of each segment were generated by treating each
localisation as a Gaussian function, followed by low-pass filtering, binarisation,
and skeletonisation to get the length and width of the segment (detailed process in
chapter 2). Most values of vRNP radius acquired from our experiment lie between
10 and 20nm, in agreement with previous studies, and our exchange DNA-
PAINT experiment in section Next, we fit the radius distributions using
a two-component Gaussian model, where one component with a larger average

value represents the remaining noise and the other presents the genuine vRNPs
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Figure 3.15: convergence of segment radius over imaging time and average binding rates
of imagers. A: Two-component Gaussian fit of the radius distribution. B: the change of
average localisation number per segment over imaging time. C: The mean value of radius
converges with the imaging time increasing.

(3-15/A). The use of a Gaussian function is an empirical choice, as these large clusters
originate from ’sticky’ spots on the coverslip, and there is no specific expectation

for the shape of such areas.

We used the centre of the Gaussian to present the radius of the segment at a
specific imaging time. It reaches convergence for the 6nt imager at 16 nm and the
P3 imager at 15 nm (3.15(C). This 1nm difference could be explained by the two
extra binding sites on the docking strand of PB1 segment ) We evaluated the
accuracy of the width convergence analysis by randomly splitting the localisations
from the same vRNP into two sub-groups and processing them through the same
pipeline. The difference in segment radius between the two sub-groups was relatively
small, measuring smaller than 0.5 nm for the 6nt imager and 0.25 nm for the P3

imager, across all the imaging times investigated.

Notably, it took approximately 150 seconds and 800 seconds for the radius to
reach convergence for the 6nt and P3 imagers, respectively. The faster convergence
of 6nt data can be explained by the higher on-rate of the 6mer imager, which can
be visualised as the average number of localisations per viral segment. The average
localisation number of the 6nt imager is about 6 times higher than that of P3, and

both of them show a strong linear relationship with the imaging time (3.15B).
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Next, we applied Fourier ring correlation (FRC) to analyse the resolution changes
with imaging time. Because SMLM images are rendered from a series of individual
fluorophores sparsely located in space and time, these images are fundamentally
different from traditional diffraction-limited images. The resolution of structures
depends on the localisation precision and the density of fluorescent labels. To
answer this question, the FRC was proposed [96]. To compute FRC resolution, the
localisations that constitute a super-solved image are split into two statistically
independent subsets fi(7) and fy(7) where 7 is the spatial coordinates. Their

Fourier transforms f1(¢) and f»(¢) on the perimeter of circles of constant spatial

frequency with magnitude ¢ = |g] give the RFC

—— ———

) — Z(fecircle fl <®f2<q_>
\/ZJEcircle |fl@ |2\/Z¢T€circle |fTQ<\q_) |2

For low spatial frequencies, the FRC is close to 1. In contrast, at high spatial

FRC(q (3.7)

frequencies—where noise overshadows the actual structure—the FRC declines close
to 0. Resolution is defined as the inverse of the spatial frequency at which the
FRC falls below a specific threshold. We used a threshold of 1/7, which has been

reported as the most suitable for localisation microscopy [97].

We tracked the resolutions of images whose corresponding clusters reach the
minimum core sample ratio of 0.8 at the end of the whole movie using the most
frequent resolutions as the typical resolution achieved at specific imaging time

(3.17A). We summarised such a change over time in Figure .
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Figure 3.16: procedures of FRC analysis. The process of determining FRC resolution
involves creating two super-resolution images from randomly split localisations, calculating
the correlation between two rings with a series of radii in Fourier space, fitting the series
of spatial frequencies and their corresponding FRC values to a logistic function (red line),
and finding the intersection of the fitted function with the threshold of 1/7.
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Figure 3.17: FRC resolution converges over time. A: Histogram illustrates the resolution
distribution from a 20000-frame movie using 6nt imagers. The blue line indicates the
most frequent value, which is selected to represent the resolution achieved at the imaging
time. B displays the improvement of resolution as the imaging time increases.
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3.3 Summary of the single-virion DNA-PAINT

We utilised DNA-PAINT to investigate the genome of the IAV. This method involves
fixing DNA oligos onto the RNP through hybridisation. The extensions of the oligos
provide docking sites for DNA imagers labelled with the Cy3B fluorophore. We
recorded and localised binding events between imagers and the vVRNA with high
precision. The super-resolved images and rendered volumes provided structural
information about each vRNP and their relative spatial arrangement. We also
studied the pair-wise distance and their co-presence rates. Additionally, an effective
high-throughput stoichiometry assay allowed us to determine the combination of
vRNPs from virus particles, offering insights into the assembly process of TAV’s
segmented genome. The combined information from both super-resolution and

stoichiometry assays ultimately leads to the interpretation of the genome assembly

pathway (2.4)).

Our findings reveal that the viral RNPs exhibit highly flexible and heterogeneous
structures, as well as diverse spatial arrangements. The assembly of the influenza
genome occurs through multiple pathways in a selective, redundant, and cooperative
manner. The vRNPs likely form medium-sized intermediates, and the subsequent

assembly process is completed through interactions with both other intermediates

and individual viral RNPs.

The data analysis pipeline used to investigate the IAV samples is summarised
in the flowchart [3.18 The two most computationally intensive steps in this pipeline
are localisation and clustering filtering through change point detection. To expedite
localisation, we fitted the PSF to Gaussian functions using the Levenberg-Marquardt
algorithm implemented on CUDA [98]. The PELT algorithm used in change point

detection was implemented in C.

In addition to utilising more efficient hardware (such as GPUs or more powerful

CPUs) and programming languages, we also adapted more efficient algorithms.
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Figure 3.18: data analysis pipeline of single-virion assay.This plot summarises the data
analysis methods we applied to study the TAV particles. yellow and blue boxes indicate
the methods that are only applied to data from 3D astigmatism super-resolution and
stoichiometry assays, respectively. The common steps that are involved in both assays
are indicated in the white boxes.

For instance, we utilised a DBSCAN specifically designed for low-dimensional
Euclidean spaces, which operates with a time complexity of O(nlogn) in two
dimensions. The octree structure used in volume rendering effectively reduces the
number of samples that need to be processed, and PELT is also highly efficient with

an average computational complexity that increases linearly with the size of the data.
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Single-molecule sequencing on gapped
DNA

Sequencing techniques play an essential role in basic biological research, allowing
scientists to ask questions related to the genome. Traditional DNA sequencing
methods, such as the Sanger method, rely on amplifying the template DNA and gel
electrophoresis. Although Sanger sequencing is still considered the ‘gold standard’
for DNA sequencing methods, this first-generation technology is slow and expensive.
Over the last decades, next-generation sequencing methods have been developed in
response to the demand for cheap, fast, accurate, and easy-to-implement techniques
with longer read lengths. Commercial single-molecule, real-time sequencing methods
such as [llumina sequencing [99] and Oxford Nanopore Technology |100] have been
developed. However, they both require special devices. Here we present a new
technique that can sequence gapped DNA molecules at the single-molecule level

using a standard wide-field microscope.

This method leverages the variations in the thermodynamic properties of DNA
sequences as they interact with their complementary and mismatched strands. The
fluorescence profile from labelled oligos indicates the subsequent distinct kinetic

behaviours. We developed two types of assays: competitive and non-competitive
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sequencing, based on this concept. As a proof of concept, we used them to sequence

single, three, and five bases.

4.1 Experiment protocol of base calling

Dr Jagadish Hazra developed the protocols for base calling and conducted the

related experiments. I established the data analysis pipeline outlined in this chapter.

The DNA sequences (purchased from Biomer Corp.) and their corresponding
strand names are listed in Table[A.2] The protocol for preparing a NeutrAvidin-
biotin-PEG/mPEG functionalized coverslip is described in section [2.4]

single molecule imaging All single-molecule measurements were conducted
using the Nanoimager microscope (Oxford Nanoimaging), equipped with a 100X,
1.4 NA objective, and a sCMOS camera (Orca flash4 v3). The TIRF mode was
applied with an illumination angle of 56°. The emission channel was divided into
two using a dichroic 640 LP splitter. One is for wavelengths ranging from 498 to
551 nm and 550 to 620nm. The other is for wavelengths 685/40 nm.

For imaging, we added 40 pL solution containing DNA seals in an imaging buffer
to the observation wells and incubated for 1 minute. The seal concentration for
each experiment is stated in the corresponding parts. Specific parameters for each
assay, including exposure time, excitation wavelength, and the number of frames,
are detailed in Table 4.1} After one imaging round was completed, the surface was
washed using 40 pL of assay buffer (AB: 20 mM HEPES, 200 mM NaCl, 80 mM

MgCl, of pH 7.7) three times to remove the old imagers.

Form Gap-containing DNA substrates To form gapped DNA, oligos were
annealed by mixing two complementary strands in a ratio of 1:1 in hybridisation

buffer (200 mM Tris-HCI, pH 8.0, 500 mM NaCl, 1 mM EDTA). The mixture was

heated to 95°C for 5 minutes to denature the strands, followed by gradual cooling
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experiment type | movie type exposure | frame excitation wave | laser
time (ms) | number | length (nm) power (mW)
non competing localiztion movie 200 1000 532 0.2
sequence interrgation movies | 300 1000 638 0.6
competing localiztion movie 250 1200 532 0.2
sequence interrgation movies | 250 1200 638 0.6

Table 4.1: image acquisition conditions for base calling. This table presents the image
acquisition conditions for all base calling methods discussed in this chapter, including
exposure time, number of frames, wavelength, and excitation laser power.

to 25°C at a rate of 2°C per minute to facilitate annealing. The resulting DNA

duplexes were then placed on ice until further use.

DNA substrates immobilisation First, we prepared NeutrAvidin-biotin-
PEG/mPEG functionalised coverslip (#1.5 Menzel/ThermoFisher) using the same
approach described before in Section Biotinylated DNA constructs were
incubated at 50 pM for 30s to 1min to acquire a density of about 2 immobilised
molecules per um? and followed by a washing step with 200 ul of AB. Next, 40 pL of
FluoSpheres™ biotin-labelled microspheres (Thermo Scientific, 200 nm in diameter)
was added as fiduciary markers at a ratio of 1:2000 in AB. Next, we exchanged the
buffer in the investigation well with AB three times to remove unattached beads.
We added 10 uL 50pM gapped DNA in imaging buffer 1 (IB1: 0.5 M NaCl, 50
mM HEPES pH 7.3, 6 mM BSA, 1 mM TROLOX, 1% Glucose, 40 pug/ml catalase
and 0.1 mg/ml glucose oxidase) for 10s, and followed by the other three washes to

remove the unattached beads.

Sequencing via non-competitive approach The 8nt gapped DNA was
constructed by annealing biotinylated sequence, Cy3B-labelled strand (Gap(1-
27)-Top®3B:18) and another flanking strand (Gap(36-65)-Top). Four 100nM 8nt
non-competitive seals are labelled with Atto647N with one different base at position
3 of the Gap in imaging buffer 2 (IB2: 20 mM HEPES, pH 7.7, 200 mM NaCl, 80
mM MgCl,, 5% dextran sulphate, 10% formamide, 1 mM TROLOX, 1% Glucose,

40 pg/ml catalase and 0.1 mg/ml glucose oxidase) were imaged sequentially.
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Sequencing via competitive inhibition For competitive single base calling,
our R-seal was Atto647N-labelled 8nt oligo with a degenerated base (equal probabil-
ity of having any of the four standard bases) opposite to position 3 of the DNA gap
(R8-N?). Next, we added four unlabelled oligos of 8 nt length having A (U8-A3%),
T (GUS-T?), G (U8-T?) or C (U8-C?) at a position complementary to the third
base of the gapped DNA in a sequential manner. We use 300 nM of the unlabelled
oligo (U-seal) and 100 nM of 8 nt labelled R-seal. The imaging was performed in
imaging buffer 3 (IB3: 20 mM HEPES, 200 mM NaCl, 80 mM MgCl, of pH 7.7,
1 mM TROLOX, 1% Glucose, 40 ug/ml catalase and 0.1 mg/ml glucose oxidase,
10% dextran sulphate , 10% formamide).

For the 3-base sequencing experiment, a 13-nt DNA gap was constructed by
annealing biotinylated sequence (Gap(1-65)-BPi!), one 27-nt Cy3B labelled strand
(Gap(1-27)-Top®¥3B2%) | and one 25-nt strand (Gap(41-65)-Top). The R-seal was
labelled with Atto647N and BHQ1 quencher on the 5" and 3’ ends, respectively, and
contained three degenerated positions at the 5th, 6th and 7th positions corresponding
to the Gap. We performed the 3-base experiments using 500 nM labelled 13 nt
degenerated seal (R3-N°NCN7) and 1.5 uM of unlabelled competing seals, in 1B3

with 15% formamide.

For 5-base sequencing, we use the same 13-nt DNA gap as for 3-base sequencing.
A 13-nt R5-seal labelled with ATTO647N and BHQ1 and 5’ and 3’ end respectively
with five degenerated bases at positions 5,6,7,8,9 (R13-N°NSN7N®N?) was used.
Since we used the same 13-nt gap for 5-base sequencing, we used the same buffer
compositions as for 3-base sequencing (i.e., IB3 with 15% formamide). The
concentrations of R5-seal and competing unlabelled seals were 1 uM and 2 pM,

respectively.

Single base sequencing in a mixed population with prior position

knowledge Each of the four different 8-nt DNA gaps was sequentially immobilised
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and localised on the surface at a concentration of 50 pM. First, we immobilised
Gap-A and registered the locations of the Gap-A molecules by exciting with 0.2
mW of 532 nm laser, followed by photobleaching using a 532 nm laser at a power of
2 mW. We then repeated the same procedures for Gap-T, Gap-G and Gap-C. We
then interrogated the Gap molecules using a competitive-inhibition approach, using
a mixture of 100 nM R-seal and 300 nM of the unlabelled 8-nt oligos (one U-seal at

a time), or 100 nM R-seal for a non-competitive approach.

4.2 Single base calling

First, we will present the concept and results of single-base calling using both
non-competitive and competitive assays, introduce the analytical method for
automatically sequencing the interrogated position, and present the statistical

results of the accuracy rates.

4.2.1 Single base calling via non-competitive approach

In the non-competitive experiment, we utilised four seals labelled with Atto647N that
differ by one base at a position opposite the interrogated site on the template. Only
the seal that is complementary to the template shows significant binding, resulting
in the highest fluorescence and the largest number of detectable localisations )
We focused on the base at position 3 of an 8-nt gapped DNA molecule immobilised
on a surface. For the substrate with guanine at the interrogated position (GapG),
only the seal with cytosine at position 3 (S8-C?) exhibited active fluorescence and
subsequently showed a high number of localisations. In contrast, seals S8-A3, S8-T3,

and S8-G* demonstrated significantly lower activity (4.1B, top row).

Similarly, when the thymine is at the interrogated position (GapT), the seal
with adenine (S8-A?) will exhibit the strongest binding, compared to other seals
(4.1B, second row). Additional examples from GapA, and GapG are presented
in Figure as well, which are located in the last two rows. As illustrated in
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Figure 4.1: concept of non-competitive base calling method and examples of fluorescence
data. A: Schematic plots of the non-competitive base calling method. When investigating
the third position in the gap, four labelled seals with different nucleotides at the opposite
position are used. Compared to the other three seals, the one with a complementary
nucleotide at position 3 will exhibit the strongest binding with the gapped substrate
and subsequently the strongest fluorescence signals. B: shows the design of gaps and
seals for non-competitive single-base calling, examples of the corresponding fluorescence
time series, number of detected localisations (parameters for localisation can be seen in
Sectio, and localisations in 2D space from left to right in each row. Colours: green,
black, red, and blue represent nucleotide C, A, T, G in seals, and their complementary
nucleotide G, T, A, C in gaps. The scale bar is 100 nm.

the scatter plot last column), the majority of localizations are clustered
around the substrates. This clustering occurs because seals attach to these gapped
substrates, leading to the accumulation of localizations and the formation of clusters
around them. Conversely, a small fraction of localizations outside the dense area

is likely due to noise (unspecific binding).

4.2.2 Single base calling via competitive inhibition

In the competitive experiment, a mixture of DNAs containing degenerated bases

(U-seal) at the opposite site of the interrogated position must compete with a
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fluorescent reporter seal (R-seal) with a known base at the same site. Since the
probability of having any of the four standard bases is equal in a degenerated base
(N), only the seal that has the complementary nucleotide to the gap will prevail
over the R-seal, suppressing binding of the R-seal to the gap, thus reducing the
associated fluorescence (4.2A). In contrast to the non-competitive experiment, the
complementary seal in the competitive setup demonstrates the lowest fluorescence

activity and the fewest localisations.

We used an Atto647N-labelled oligo of 8nt length with a degenerated base
opposite to position 3 of the DNA gap (R-seal; R8-N?) and four unlabelled oligos
of 8 nt length having A (U8-A3%), T (U8-T?), G (U8-G?) or C (U8-C?) at a position
opposite to the third base of the gapped DNA. For example, when the integrated
position 3 is guanine, US-C? exhibits the lowest fluorescence compared to the other
three seals , top row). The same results can be observed from other gapped
DNA sequences , second-to-last rows).

4.2.3 Single base calling on mixture surface

To show our capability to sequence individual bases within a mixed population, we
sequentially immobilised four different 8-nt DNA gaps on a surface at a concentration
of 50 pM. We recorded their positions and then performed a photobleaching step to
eliminate the fluorescence from Cy3B. The gaps were applied to the surface in the

following order: GapA, GapT, GapC, and GapG (4.3)A).

Next, we interrogated the surface using either a non-competitive ) or
competitive ) inhibition approach to identify the base of each library molecule,
comparing the results with our prior knowledge (the position and identity of each
library molecule). Just like the surface, which only contains one type of gapped
substrates, the highest and lowest fluorescence occur when seals are complementary

in non-competitive and competitive inhibition assays, respectively.
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Figure 4.2: concept of competitive inhibition base calling and representative fluorescence
signals. A: Schematic plots of the competitive single-base calling method. In each imaging
round, U-seals with a known base at the opposite end of the interrogated position and
labelled R-seals compete with each other to bind with the gapped DNA. The U-seal will
suppress the binding of R-seal when it has the complementary nucleotide. The subsequent
decrease in fluorescence will reveal the identity of the integrated base. B: The design
of gaps for competitive single-base calling, examples of the corresponding fluorescence
time series, number of detected localisations (parameters for localisation can be seen in
Sectio, and localisations in 2D space are laid out from left to right. Colours: green,
black, red, and blue represent nucleotide C, A, T, G in seals, and their complementary
nucleotide G, T, A, C in gaps. The scale bars are 100 nm.
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Figure 4.3: single base calling on mixture surface using both non-competitive and
competitive methods. A: Schematic plot of the process to create a mixture surface.
B: Examples show the binding kinetics of four different DNA substrates and their
corresponding base calling results. The overview of sequencing results on a mixture
surface using non-competitive method is displayed on the right side of this panel. Circles
represent the correct sequencing, and squares indicate the false results. Colours: green,
white, red, and blue represent nucleotide C, A, T, G in seals, and their complementary
nucleotide G, T, A, C in gaps. C: The similar examples for the competitive inhibition
approach. One may notice the presence of circles within the prominent fiducial markers
in the images. This phenomenon arises from the enhancement of image contrast, which
facilitates the clear visualisation of localizations for the purpose of display. However,
this adjustment leads to the occlusion of the relatively weak signals from neighbouring
localizations by the fiducial markers. The scale bars in the overview images measure 5
nm, and the scale bar in the scatter plots of localizations is 100 nm.
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4.3 Analytical pipeline of base calling

In both competitive and non-competitive cases, we quantify the binding events
to identify the unknown base by counting the number of detected localisations in

proximity to the library molecules (gapped DNA substrate).

For integration movies, we applied drift correction using the AIM method
(segmentation: 100, interaction distance: 20nm, maximum drift in segment: 60 nm)
with localisations detected by Picasso (box side length: 5, Min.net gradient: 1000,
Baseline: 400, Sensitivity:2.5 Quantum efficiency: 0.82, Pixel size: 117 nm).

Next, movies from different imaging rounds were registered to the gapped
DNAs using fiducial markers in the first frame of each movie with a rigid-body
transformation. Fiducial markers in different images are selected based on intensity
thresholds of 50,000 and 2,000 for the green and red channels, respectively. Only the
intensities within a 7 x 7 window of each fiducial marker were kept and rescaled to
0-255, to remove the impact of other signals and the unwanted weighting effects due
to the different brightness of different fiducial markers. The registration matrix was
calculated based on the work of Thévenaz, etc [101]. It uses a coarse-to-fine iterative
strategy with optimisation carried out using a modified Levenberg-Marquardt

algorithm.

To address the issue of lost fiducial markers during the buffer exchange process,
we developed a second method for registration using super-resolution images
constructed from detected localisations. In this approach, transformation matrices
between the red and green channels, as well as between the localisation movie
and the initial integration movie, are still calculated using fiducial markers. The
calculation of the latter matrix must rely on fiducial markers because the movies
recorded for localising gapped DNAs consist of only 10 frames, which is insufficient
for creating super-resolution images. After localisation detection, we applied a

DBSCAN algorithm (with parameters eps = 117 nm and min_samples = 50)
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to eliminate noise. The constructed super-resolution images are then enhanced
through a gamma correction to amplify signals from bright pixels, and they are
registered using either Thévenaz’s method or phase cross-correlation [102]. Phase
cross-correlation operates in Fourier space and achieves arbitrary subpixel precision

by employing an upsampled matrix-multiplication discrete Fourier transformation.

For each molecule detected (Box side length: 5, Min.net gradient: 400, Baseline:
400, Sensitivity:2.5 Quantum efficiency: 0.82, Pixel size: 117 nm) in the gap
substrates, we counted the number of localisations from each integration movie
within a radius of 234 nm (2 pixels) from it. This allows us to summarise the
interactions between library DNA molecules and different seals into a set of four
localisation numbers. Next, we selected the complementary nucleotide from the four
standard bases and established a confidence parameter to quantify the differences in
fluorescence activities among the four seals. For every gapped DNA, we compared the

difference among the four localisation counting (LC) values and defined confidence as:

largest count — second largest count non-competitive mehod
second minimum — minimum competitive inhibition

difference = {

difference
confidence =

percentile 95 of difference — minimum of difference

clip confidence to the range of 0 - 1
(4.1)

In this process, we removed substrate molecules with sticky seals by analysing
the time distribution of co-localised localisations from all integration movies. We
considered localisations in consecutive frames as a bundle. For seals with over 100
localisations, we require at least 5 bundles, ensuring that the longest bundle does
not exceed 50% of the total frames for non-competitive sequencing. For competitive
assays, we require at least 2 bundles, with the longest bundle being smaller than

80% of the total frames.

Additionally, we determined a minimum LC value for a seal to be considered
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