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Zusammenfassung

MINFLUX ist eine neuartige Form der optischen Nanoskopie und erméglicht die Einzelmolekiil-
Verfolgung mit einer raumlichen und zeitlichen Préizision im Nanometer- /Millisekundenbereich,
indem wesentlich weniger detektierte Photonen benotigt werden als bei etablierten Methoden.
Durch die Nutzung dieser photoneneffizienten Prizision ermdglichte MINFLUX die Verwen-
dung einer vergleichsweise kleinen Fluoreszenzmarkierung, um die nanometerkleinen Schritte
des molekularen Motors Dynein in lebenden priméiren Neuronen bei physiologischen Konzen-
trationen von Adenosintriphosphat (ATP) direkt zu beobachten. Bislang war dies lediglich
i vitro und unter deutlich verlangsamten Bedingungen mdglich. Die endogene Markierung
von Dynein an verschiedenen Stellen erfolgte mittels CRISPR/Cas9, wobei die erfolgreiche
Markierung durch den Einsatz eines selbstgebauten Weitfeldmikroskops verifiziert wurde. Im
Rahmen der MINFLUX Messungen konnten Richtungswechsel innerhalb des bidirektiona-
len axonalen Transports beobachtet werden, die auf einer Zeitskala von einzelnen Schrit-
ten auftraten. Dies weist auf das Vorhandensein eines schnellen Umkehrmechanismus hin,
der sich von einem stochastischen Tauziehen-dhnlichen Verhalten unterscheidet. Die Analy-
se der Millisekunden kurzen Verweildauern zwischen aufeinanderfolgenden Schritten ergab,
dass der mechanochemische Zyklus durch eine einzige Ratenkonstante begrenzt ist, was wie-
derum darauf hindeutet, dass Dynein ein ATP pro Schritt verbraucht. Die Etablierung der
Einzelmolekiil-Verfolgung von endogenem Dynein in lebenden Neuronen mittels MINFLUX
erdffnet die Mdoglichkeit, mit MINFLUX weitere minimal-invasive Studien zur schnellen und

ungestorten Proteindynamik in lebenden Zellen durchzufiihren.






Abstract

MINFLUX represents a novel class of optical nanoscopy techniques, enabling tracking mea-
surements with nanometer/millisecond spatiotemporal precision by requiring substantially
fewer detected photons than established methods for molecular tracking. By leveraging this
photon-efficient precision, MINFLUX permitted the use of a comparatively small fluorescent
label to directly observe the nanometer-sized steps of the molecular motor dynein in liv-
ing primary neurons at physiological adenosine 5'-triphosphate (ATP) concentrations, which
was previously only feasible in vitro and at markedly decelerated conditions. To tag dynein
endogenously at different sites, CRISPR/Cas9 genome editing was implemented, and the
successful tagging was confirmed through the utilization of a self-built widefield microscope.
During MINFLUX tracking measurements, reversals within bidirectional axonal transport
were observed to occur on a time scale corresponding to individual steps, indicating the pres-
ence of a rapid reversal mechanism that is distinct from a stochastic tug-of-war-like behavior.
The analysis of the millisecond-short dwell times between consecutive steps revealed that the
mechanochemical cycle is single-rate limited, indicating that dynein consumes one ATP to
perform a step. Having established MINFLUX tracking of endogenous dynein in live neurons,
it is anticipated that MINFLUX will facilitate further minimally invasive studies of rapid and

undisturbed protein dynamics in live cells.
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1 Introduction

A multitude of intracellular processes and molecular reactions rely on diffusion. Nevertheless,
for large particles that necessitate transport within a specified timeframe over a long distance
within a cell, diffusive motion is insufficient (Mogre et al., 2020). Consequently, a transport
system distinct from diffusion is required that is directed, specific, and rapid. Indeed, eukary-
otic cells are on the one hand permeated by a complex and dynamic cytoskeleton that serves
as tracks and on the other hand contain molecular motor proteins that are not only capable
of rapidly moving along these molecular tracks but also specifically bind intracellular cargoes,
thus enabling their directed transport (Vale, 2003).

In axons, which can extend for distances of millimeters to meters and represent the
longest projections of neurons, the transport of cargo driven by motor proteins is of particu-
lar importance. The kinesin motor protein family and its counterpart, the cytoplasmic dynein
1 (hereafter referred to as dynein), are capable of processive movement, that is, movement
without detaching from the track, along the unidirectionally oriented microtubules within
the axon (Guedes-Dias and Holzbaur, 2019; Maday et al., 2014). Kinesin motors move from
the soma towards the axon terminal (anterograde), whereas dynein moves in the opposite
direction back to the soma (retrograde). This enables the transport of cargo in either di-
rection by converting chemical energy into mechanical work through the hydrolysis of ATP
(Schnitzer and Block, 1997). Given the essential role of axonal transport in neuronal de-
velopment, homeostasis, and survival, impairments in this process have been linked to the
pathogenesis of several neurological diseases, including Parkinson’s disease, Alzheimer’s dis-
ease, and amyotrophic lateral sclerosis, as well as neurodegenerative conditions (Hafezparast
et al., 2003; Sleigh et al., 2019). A comprehensive investigation of axonal transport provides
insights not only into the sophisticated molecular processes underlying motor proteins, but
also may contribute to the development of potential therapeutic modalities for the treatment
of neurological disorders.

To facilitate retrograde cargo transport, a tripartite motor complex is formed, comprising
one or two dynein dimers, dynactin, and an activating adaptor that binds specifically to a par-
ticular cargo. Initial in wvitro studies have demonstrated that dynein exhibits highly variable
discrete steps on the microtubule lattice towards the minus end, utilizing artificially linked
truncated yeast dynein monomers as a minimalistic study system (DeWitt et al., 2012; Qiu
et al., 2012; Reck-Peterson et al., 2006). Consequently, different proposed stepping mecha-
nisms have been put forth, including uncoordinated and independent head stepping (DeWitt
et al., 2012; Qiu et al., 2012), which is notably distinct from the predominantly recurring
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mechanisms observed in kinesin motors (Asbury et al., 2003; Hua et al., 2002; Yildiz et al.,
2004). In addition to yeast dynein, the use of purified human and mammalian dynein motor
complexes has revealed variable step sizes between 8 and 32nm, which encompass frequent
sideways and backwards stepping (Elshenawy et al., 2019; Mallik et al., 2004). Moreover, it
has been demonstrated that dynein performs smaller steps, predominantly 8 nm in size, under
the influence of an applied load through the use of an optical trap and beads attached to the
dynein motor complex (Elshenawy et al., 2019; Mallik et al., 2004).

However, established methods of protein tracking that rely on the detection of a flu-
orescence diffraction pattern and subsequent centroid localization require an exceedingly
high number of photons to attain sufficient localization precision for the detection of fast
nanometer-sized steps (Eilers et al., 2018). As a result, measurements conducted in vitro to
determine the individual steps of a dynein have utilized markedly reduced ATP concentra-
tions to decelerate the movement of dynein by several orders of magnitude (DeWitt et al.,
2012; Elshenawy et al., 2019; Mallik et al., 2004; Niekamp et al., 2021; Qiu et al., 2012;
Reck-Peterson et al., 2006). In live cells, the direct tracking of dynein using a small label
proved insufficient for detecting individual steps due to its rapid motion (Fellows et al., 2024;
Tirumala et al., 2024; Twelvetrees et al., 2016). An alternative approach has been to track
the transported cargo rather than dynein directly (Kural et al., 2005). This includes the use
of large, strongly scattering optical probes with a diameter greater than 50 nm, which pro-
duce the requisite photon rates for detecting steps of the transported cargo (Nan et al., 2005;
Peng et al., 2024). Consequently, the present understanding of dynein stepping behaviour is
predominantly based on markedly decelerated in vitro measurements or extrapolated from
cargo movement in live cells. Nevertheless, direct tracking of dynein in live cells necessitates
an alternative approach capable of detecting individual steps with a minimally invasive and

specific label, considerably smaller than the dynein motor complex itself.

Recent studies have demonstrated that MINFLUX enables the direct observation of un-
restrained protein dynamics, including those of kinesin-1 (Deguchi et al., 2023; Wirth et al.,
2023), through the use of a minimally invasive fluorescent label. In contrast to the passive
collecting of photons in established centroid localization methods, the MINFLUX localiza-
tion procedure actively positions the central intensity minimum (zero) of an excitation beam
as closely as possible to the fluorophore position (Balzarotti et al., 2017). As the distance
between the initially unknown fluorophore position and the known position of the intensity
minimum decreases, the localization precision per detected photon increases. In practice,
MINFLUX achieves single-digit nanometer precision with only a few hundred detected pho-
tons (Gwosch et al., 2020; Schmidt et al., 2021), thus enabling nanometer/millisecond spa-
tiotemporal precision using a small single fluorophore. In comparison, established centroid
localization techniques necessitate approximately a hundred times more detected photons to
achieve a comparable spatiotemporal precision (Eilers et al., 2018). The generation of such

high photon detection rates is typically only feasible with the use of large, highly scattering
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labels, which are often many times larger than the protein under observation.

To study the stepping behavior of dynein directly and as a whole endogenous mammalian
motor complex in live neurons, MINFLUX tracking with nanometer/millisecond spatiotempo-
ral precision was utilized. For specific tagging of endogenous dynein, CRISPR /Cas9-mediated
tagging of dynein at different sites was established, using tags that are notably smaller than
the dynein motor complex. The implementation of a widefield microscope allows for the as-
sessment of the endogenous dynein tagging and labeling procedure. A comprehensive analysis
of the MINFLUX data was conducted to gain insights into naturally occurring direction re-
versals and pauses between processive movements at single-step resolution in live neurons.
The fundamental attributes of the mechanochemical cycle of dynein were elucidated. Collec-
tively, this work aims to characterize unrestrained endogenous dynein stepping directly and

minimally invasively in live neurons using MINFLUX tracking.






2 MINFLUX Tracking of Endogenous Dynein

2.1 Tracking at Nanometer/Millisecond Precision with MINFLUX

2.1.1 Fluorescence Microscopy

The visualization of cellular structures and processes is a fundamental approach for under-
standing the underlying principles of living systems. Fluorescence microscopy has proven to
be an indispensable tool for achieving this objective (Sahl et al., 2017). This is not only be-
cause light interacts with living matter in a minimally invasive manner, but also because the
cellular components of interest can be specifically visualized within the complex environment
of multiple other components. To this end, fluorophores are specifically attached to the target
to be observed and excited by a light of matching wavelength, typically from a laser. The
emitted color-shifted light is then separated from the excitation light by spectral filtering and
collected on a detector, which is typically either a camera or a photodiode. In addition to
high contrast, another key advantage of fluorescence microscopy is the ability to image live
cells and thus dynamic processes within their cellular environment.

In general, the mechanism of fluorescence involves the absorption of a photon, which ex-
cites a molecule (fluorophore) to an excited state of higher energy. The molecule then rapidly
relaxes non-radiatively into the lowest vibrational level of the higher electronic state. Fluo-
rescence is the emission of a photon by relaxation of the molecule from the higher electronic
state to the lower energy ground state (Lakowicz, 2006). The energy of the emitted photon
is less than that of the absorbed photon, leading to a longer, red-shifted wavelength of the
emitted fluorescence photon.

To further suppress unwanted background signal, including that from autofluorescence of
cellular components, the incident light can be directed onto the sample at a highly inclined
angle, leading to total internal reflection (TTR) at the interface between the coverslip and the
sample medium. In this case, the incident light illuminates only a thin layer of the sample
near the coverslip, from which fluorescence photons are emitted. Quantitatively, the angles
of incidence 01 and refraction fg are related to the refractive indices of the coverslip nc and

the sample medium ny; as given in Snell’s law:
ng - sinfp = nyp - sin0g (2.1)

A critical angle .. of incidence can be determined when the angle of refraction is set to 90°.

For the refractive indices of the coverslip nc = 1.52 and the sample medium ny; = 1.33, the
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critical angle of incidence in the cover glass is

Ocrit = arcsin M 61°. (2.2)
nc

For incidence angles that exceed the critical angle, TIR occurs. The associated evanescent field
intensity decays exponentially into the sample medium and can be used to excite only those
fluorophores that are close to the coverslip, while leaving those molecules that are farther
away in the dark. Below the critical angle, but still at highly inclined angles, so-called highly
inclined and laminated optical sheet (HILO) microscopy can be used to illuminate only a
thin sheet of the sample with a high signal-to-background ratio (SBR), which is often used
to study cellular structures or processes with widefield microscopy across an entire volume
(Tokunaga et al., 2008).

2.1.2 Fluorescence Nanoscopy

For over a century, the diffraction limit, as formulated by Ernst Abbe, was considered an
insurmountable barrier to defining the limits of attainable resolution, that is, the discernment
of distinct details. It states that, due to the diffractive nature of light, the resolution is
limited by half the wavelength A and the inverse of the numerical aperture N A, which is

approximately 200 nm for visible light.

A

INA (2.3)

dabbe =

The N A, which serves as a measure of the ability of an objective lens to collect and focus
light, can be expressed in terms of the refractive index n and the semi-aperture angle 6 as
NA =nsiné.

While some concepts have pushed the limit to smaller scales, for instance via shorter
wavelengths, higher refractive indices and/or structured illumination, the diffraction limit
has only been conceptually overcome by separating in time the emitters within a diffraction-
limited region rather than attempting their simultaneous detection. The overcoming of the
diffraction limit constituted a paradigm shift that permitted imaging at much finer resolution,
and was consequently awarded the 2014 Nobel Prize in Chemistry (Hell, 2015). Imaging below
the diffraction limit became known as optical nanoscopy or super-resolution microscopy, and
relies on time-sequential switching between a “bright” and a “dark” state of fluorophores
(Hell, 2007). Within a diffraction-limited region, only a few or even a single fluorophore is
detected in its bright state, while the remaining fluorophores in the diffraction-limited region
are switched to and/or kept in a dark state. Subsequently, a different set of fluorophores are
switched to their bright state and are thus detected, while the neighboring fluorophores are
in a dark state. This time-sequential bright /dark transition of fluorophores and the exclusive
detection of the few bright fluorophores within a diffraction-limited region is repeated until

the entire region of interest (ROI) is read out to obtain a diffraction-unlimited image.
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Depending on how the bright/dark transition of fluorophores is realized, the optical
nanoscopy methods are divided into two categories (Sahl et al., 2017). The first category
is that of coordinate-targeted nanoscopy, in which light is used to transition fluorophores to
their dark and bright states at defined coordinates. The concept of stimulated emission deple-
tion (STED), which laid the foundation for fluorescence nanoscopy, was proposed by Stefan
W. Hell in 1994 (Hell and Wichmann, 1994) and was the first implementation of fluorescence
nanoscopy in live cells (Klar et al., 2000). In STED, a de-excitation beam with a central
intensity minimum is used to quench excited fluorophores (i.e., to force their transition to
the dark state) within the diffraction-limited region. Consequently, only those fluorophores
situated within the confined sub-diffraction region at the center of the de-excitation beam will
fluoresce subsequent to being excited by a superimposed excitation beam with an intensity
maximum (Hell, 2009). Therefore, the effective area of possible fluorescence is much smaller
than the diffraction limit and can be reduced by increasing the intensity of the de-excitation
beam. The diffraction-unlimited resolution of STED can be approximated by extending the

Abbe diffraction limit as follows:

A
dsTED R ——————,
2NA- 1+ £

where [ is the peak intensity of the de-excitation beam and I is the saturation intensity at

(2.4)

which half of the fluorophores are depleted. By translating the known position of the depletion
beam, a ROI can be read out in a targeted manner with diffraction-unlimited resolution. In
principle, single-molecule (“infinite”) resolution can be achieved when I/l — oo (Hell, 2007).
In practice, the gain in resolution is limited by the residual intensity in the central minimum
of the de-excitation beam and by photobleaching of the fluorophores.

The second category of fluorescence nanoscopy realizations relies on the stochastic tran-
sition between bright and dark fluorophore states. This coordinate-stochastic nanoscopy was
originally implemented in photo-activated localization microscopy (PALM) (Betzig et al.,
2006; Hess et al., 2006) and stochastic optical reconstruction microscopy (STORM) (Rust
et al., 2006) by tuning the fluorophore properties such that only a single fluorophore can
be in its bright state within a diffraction-limited region at a time, while the remaining fluo-
rophores of the same region are in a dark state. The centroid of the bright molecule can be
localized with a precision' proportional to the inverse square root of the number of photons
N detected (Hell, 2007):

A

INA- VN (2:5)

O centroid X

As this approach relies on the localization of individualized bright molecules separated by at

!The localization precision in coordinate-stochastic nanoscopy is essentially equivalent to the concept of res-
olution, given that coordinate-stochastic nanoscopy relies on the time-sequential localization of individual
molecules within one diffraction-limited region (Gwosch et al., 2023).
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least one diffraction limit, it is often referred to as single-molecule localization microscopy.
An alternative implementation of coordinate-stochastic nanoscopy is the recurrent reversible
binding of fluorophores to target structures, which is known as points accumulation for imag-
ing in nanoscale topography (PAINT) (Sharonov and Hochstrasser, 2006). In all these imple-
mentations, a diffraction-unlimited image is reconstructed after the acquisition by registering
the centroids of the individualized bright fluorophores that were separated by a distance of

at least one diffraction limit.

2.1.3 MINFLUX Nanoscopy and Tracking for Live-Cell Measurements

A decade after the implementation of coordinate-stochastic nanoscopy, MINFLUX introduced
a novel class of nanoscopy, reducing the attainable localization precision by at least another
order of magnitude into the single-digit nanometer regime (Balzarotti et al., 2017). MIN-
FLUX nanoscopy incorporates aspects of both coordinate-targeted and coordinate-stochastic
nanoscopy approaches, yet it differs significantly from both in that it not only surpasses the
diffraction limit (Eq. 2.3) but also overcomes the inverse square root dependence of detected
photons (Eq. 2.5) inherent to coordinate-stochastic nanoscopy. This is achieved by relat-
ing the unknown positions of individualized fluorophores (coordinate-stochastic nanoscopy)
with the known shape and sampling positions of an excitation pattern (coordinate-targeted
nanoscopy). Typically, the excitation pattern exhibits one or more intensity minima, ideally
of zero intensity, in lieu of an intensity maximum. By positioning the intensity minimum in
ever-increasing proximity to the fluorophore, the photon flux is minimized, while the posi-
tional information obtained per detected fluorescence photon is maximized. In the theoretical
limit of exact superimposition of the intensity minimum (zero) and the fluorophore, no fluo-
rescence photons would be detected, while the position of the fluorophore would be precisely
determined. Should the fluorophore then undergo minor displacement, a few detected pho-
tons would be sufficient to steer the intensity minimum in a manner that would once again
superimpose it with the position of the fluorophore. Consequently, rather than requiring an
exceedingly high number of detected photons for the passive localization of a fluorophore, the
inverse square root dependence is overcome in MINFLUX through the active searching and
tracking of a fluorophore by an intensity minimum.

Upon implementation of MINFLUX, an intensity minimum featuring a strong curvature
probes several positions around the estimated fluorophore position, following a targeted co-
ordinate pattern (TCP) of extent L. By utilizing a donut-shaped excitation beam with a
central minimum and an L that is much smaller than the beam focus, the background-free
MINFLUX localization precision with a fluorophore situated at the center is proportional to
L (Balzarotti et al., 2017):

L
o >
MINFLUX = 5 \/ﬁ

(2.6)
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Significantly, the precision of MINFLUX localization is not solely dependent on the inverse
square root of detected photons IV, as is the case with coordinate-stochastic nanoscopy. In-
stead, it is also linearly proportional to L, which represents twice the distance between the
excitation minimum position and the estimated fluorophore position. Consequently, reduc-
ing L, that is, bringing the excitation minimum closer to the fluorophore, results in a much
faster reduction in localization precision compared to collecting more fluorescence photouns.
In other words, MINFLUX implements an iterative fluorophore search and reduction of L
(Gwosch et al., 2020), thereby capitalizing on the rapid decline of the inverse square root
function in each iteration. This is in contrast to the non-iterative localization procedure used
in coordinate-stochastic nanoscopy, which is dependent on the collection of a multitude of
photons to precisely determine the fluorophore position (Eq. 2.5). Following the completion of
one MINFLUX iteration, the initial photons with high positional information detected at the
probed positions of the TCP are used to estimate the fluorophore position. This estimation
of the fluorophore position serves as the new TCP center for the subsequent iteration with
reduced L. By repeating the iterative reduction of L around the increasingly precise posi-
tion estimate of the fluorophore, a localization precision of a single nanometer can be readily
achieved using just a few hundred fluorescence photons (Balzarotti et al., 2017; Gwosch et al.,
2020; Schmidt et al., 2021). As a result, MINFLUX is markedly more photon efficient than
other coordinate-stochastic nanoscopy techniques.

The photon efficiency of MINFLUX is of paramount importance not only for imaging
purposes but also for tracking applications (Fig. 2.1A). Established single-particle tracking
methods are severely constrained by the limited photon rate of fluorophores. This is evident
if the detected photons N in Equation 2.5 are replaced by a fluorescence photon rate k at a

specific time interval 7, which can be regarded as time resolution.
1
Ucentroid\/F X ﬁ - dAbbe (27)

In order to achieve a spatiotemporal precision in the lower single-digit nanometer and mil-
lisecond regime—for example, to resolve steps of molecular motor proteins at physiological
ATP concentrations—a fluorescence photon detection rate in the million counts per second
(cps) regime is necessary (Fig. 2.1B). This is a considerably higher rate than what is typically
measured from single fluorophores. It is only possible to achieve such high count rates by
utilizing large optical probes, such as gold (Ando et al., 2020) or upconverting nanoparticles
(Peng et al., 2024), or aggregates of quantum dots (Nan et al., 2005), which are all substan-
tially larger than the protein under observation. To retain the use of individual fluorophores
for tracking, one alternative approach involves markedly slowing down protein movement
an vitro. This allows for sufficient fluorescence photon collection for single-digit nanometer
precision, albeit at a time resolution of approximately 100 ms (Yildiz and Selvin, 2005). How-
ever, both approaches, namely the use of large optical probes or decelerated dynamics, are

disadvantageous for directly and minimally invasively tracking protein dynamics in live cells.



2 MINFLUX Tracking of Endogenous Dynein

B T
| I it Centroid localization
' \ —— MINFLUX, L = 100 nm
20 \ MINFLUX, L = 75 nm |1
N —— MINFLUX, L = 50 nm
15 \\ —— MINFLUX, L = 25 nm

—_
o

Localization precision o (nm)

[&)]

0 1 I T T T T
0 100 200 300 400 500 600 700 800 900 1000
Fluorescence photon detection rate k (kcps)

Figure 2.1 | MINFLUX tracking procedure and localization precision

10

(A) Schematic of the MINFLUX tracking procedure following a moving fluorophore (red star) along
a trajectory (dashed line). In a typical MINFLUX tracking procedure, a single isolated and non-
blinking fluorophore is first localized with a beam featuring an intensity maximum. This is followed
by the described iterative localization procedure with an intensity minimum and a reduction of L.
Once a final L is reached, L is held constant and the red donut-shaped excitation beam (here 640 nm
wavelength) repeatedly probes (in this case) three positions around the estimated fluorophore position
(dots) and one at the center of the TCP, thereby successively determining the position of the moving
fluorophore. Past and future fluorophore positions and the corresponding TCPs are shown as faded
out. For purposes of clarity, successive localizations are depicted with greater separation than would
be the case in practice. (B) The centroid and MINFLUX localization precisions are plotted against
the fluorescence photon count rate at a fixed time resolution of 1 ms using Equations 2.7 and 2.8 with
= 660nm and NA = 1.4.
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In contrast, MINFLUX has demonstrated the capacity to enable spatiotemporal preci-
sion in the single-digit nanometer and millisecond range, for instance when applied to the
tracking of kinesin-1 (Deguchi et al., 2023; Wirth et al., 2023). This is due to the fact that
the spatiotemporal precision is no longer solely dependent on the inverse square root of flu-
orescence photons, but also on the reducible TCP diameter L and an iterative fluorophore
position estimation.

1 L
o TX ——+ —— 2.8
MINFLUX VT Jh 28 (2.8)

Consequently, even with an L = 75nm (Fig. 2.1B), a lower single-digit nanometer precision
at a time resolution of 1ms can be achieved at a fluorescence photon rate below 100 keps,
which is within the range of what single organic fluorophores provide under continuous wave
excitation. A comparison of the spatiotemporal precisions of centroid localization and MIN-
FLUX tracking (L = 75nm) reveals that at an equivalent fluorescence photon count rate,
the attainable localization precision is almost one order of magnitude smaller for MINFLUX
(Fig. 2.1B). For equivalent localization precision, MINFLUX reduces the required count rate
by almost two orders of magnitude?. In addition to the restricted fluorescence photon rate,
the total photon budget is constrained by photobleaching. Therefore, the photon efficiency of
MINFLUX also permits tracking over a longer period of time compared to centroid localiza-
tion (Kural et al., 2005), as MINFLUX requires considerably fewer photons per localization
of similar precision. In conclusion, the superior spatiotemporal precision per photon rate and
budget of MINFLUX is anticipated to facilitate direct and minimally invasive tracking of
endogenous proteins in live cells using a single fluorophore that is substantially smaller than

most proteins, including dynein.

2.2 Endogenous Protein Tagging via CRISPR/Cas9

In the pursuit of visualizing rapid, dynamic processes in live cells, fluorescent and cova-
lent labeling of target proteins represents a powerful and versatile tool. This is typically
achieved by introducing a plasmid into the cell that genetically encodes the protein of inter-
est, which is fused to a tag that is either fluorescent in itself (e.g., the green fluorescent protein
(GFP) (Prasher et al., 1992)) or to a self-labeling protein tag, such as SNAP-tag (Keppler
et al., 2003) or HaloTag (Los et al., 2008). Consequently, the tagged protein of interest is
(over)expressed within the cell, under the control of an exogenous promoter. In the case of a
self-labeling protein tag, a cell-permeable fluorophore is introduced into the cell in a second
step. This fluorophore is conjugated to an O%-benzylguanine derivative for the SNAP-tag or
to a chloroalkane for the HaloTag. It then binds covalently to the self-labeling protein tag,
thus labeling the protein of interest (Xue et al., 2015). This approach offers the benefit of

2Tt is noteworthy that this discrepancy is further accentuated at smaller L, as also apparent in Figure 2.1B.
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2 MINFLUX Tracking of Endogenous Dynein

utilizing organic fluorophores at a preferred concentration, which often exhibit higher fluores-
cence photon rates and greater resistance to photobleaching compared to fluorescent proteins
(Crivat and Taraska, 2012).

The expression of tagged proteins has the practical advantage of relatively low effort,
but often results in overexpression artifacts or cytotoxicity and can severely disturb native
processes of the cell (Gibson et al., 2013). For example, in the case of the multiprotein complex
dynein, the overexpression of individual subunits has been observed to disrupt the fine-tuned
composition and regulation of the entire complex (Burkhardt et al., 1997; Moughamian et al.,

2013), as well as affect endomembrane localization (King et al., 2003; Vaughan et al., 2001).

As an alternative to exogenous expression, CRISPR/Cas9-based gene editing strategies
enable the modification of the genome of the cell itself (Doudna and Charpentier, 2014; Knott
and Doudna, 2018) allowing for endogenous expression of the tagged protein of interest con-
trolled by the endogenous promoter (Ratz et al., 2015). This is accomplished by inserting a
donor sequence encoding the tag specifically at the gene locus corresponding to the protein
of interest. Since neurons are non-dividing cells and therefore homology-based strategies are
inefficient (Suzuki et al., 2016), strategies based on non-homologous end-joining are prefer-
able. The recently introduced homology-independent Open Resource for the Application of
Neuronal Genome Editing (ORANGE) enables accurate and efficient knock-in of donor se-
quences for tagging proteins of interest in live neurons (Willems et al., 2020). The provided
CRISPR/Cas9 knock-in template vector () ORANGE) renders the tagging of custom proteins
of interest particularly convenient, as all the target, donor, Cas9, and guide ribonucleic acid

(gRNA) sequences are located on a single plasmid (Fig. 2.2).
The CRISPR/Cas9-mediated tagging process, utilizing the ORANGE knock-in approach

in live neurons, is conducted as follows: A CRISPR/Cas9 knock-in plasmid, generated specif-
ically for this purpose, is introduced into freshly cultured primary neurons, for example,
by electroporation. The neuron expresses the endonuclease Cas9, which is encoded on the
plasmid and originally part of the adaptive immune system of bacteria and archaea against
foreign plasmids and viruses (Jinek et al., 2012). This enzyme can introduce double-stranded
breaks in DNA | directed by a gRNA. The gRNA contains a 20-nucleotide-long target sequence
that specifically corresponds to the gene locus where the desired tag should be incorporated
into the genome and a protospacer adjacent motif (PAM) site at which next to it the DNA
is cleaved (Doudna and Charpentier, 2014). The ORANGE-based approach utilizes the ex-
pressed Cas9 to cleave the gene locus and excise the donor sequence encoding the tag from
the plasmid (Fig. 2.2). Subsequently, the donor sequence is incorporated into the cleaved gene
locus via non-homologous end-joining. The donor sequence is designed in such a way that if
the tag is incorporated in reverse, two complete target sequences and PAM sites are created.
This leads Cas9 to cut out the incorrectly incorporated donor sequence, thus ensuring the
correct integration of the tag into the genome (Willems et al.; 2020). Finally, the genome

is modified to comprise the desired tag at a specific gene locus, resulting in the endogenous
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Figure 2.2 | CRISPR/Cas9-mediated Tagging of Endogenous Proteins in Live Neurons

The CRISPR/Cas9 knock-in plasmid (schematic representation, an example plasmid map can be
found in Figure 3.1) contains the donor sequence encoding the protein tag, which is flanked by the
20-nucleotide-long target sequence and the PAM site. The expression of Cas9 is driven by a B-actin
promoter in combination with a CMV enhancer, while the U6 promoter is responsible for the expression
of the gRNA. Following electroporation, the Cas9 protein is expressed, which both excises the protein
tag from the plasmid and specifically cleaves the gene locus. In the event that the donor sequence is
integrated into the genome in reverse, two target sequences and PAM sites are created, which prompt
Cas9 to excise the incorrectly integrated donor sequence from the genome once more. Conversely, if
the orientation is correct, no genomic target sites are generated, ensuring that the donor sequence
encoding the protein tag remains correctly integrated into the genome. Consequently, the neuron
endogenously expresses protein of interest with the incorporated tag. The figure draws inspiration
from the work of Willems et al., 2020.
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2 MINFLUX Tracking of Endogenous Dynein

expression of the desired tagged protein of interest.

In conclusion, CRISPR/Cas9-mediated protein tagging enables fluorescent labeling of
endogenous proteins and thus visualization of unperturbed and native dynamic processes in
live neurons. While a previous study has demonstrated the endogenous tagging of dynein in
induced neurons (Fellows et al., 2024), this work applies a different approach to establishing

endogenous tagging of dynein in primary neurous.

2.3 Motor-Driven Intracellular Transport by Dynein

2.3.1 Physical Principles of Intracellular Transport

Living systems are highly dynamic. However, the driving forces of motion within a cell differ
markedly from that observed macroscopically. The Reynolds number Re provides a means of
quantifying the relative dominance of inertial forces over viscous forces within a given fluid

of density p and viscosity 7, as follows (Purcell, 1977):

av
Re =22 (2.9)

n
wherein a represents the characteristic length scale and v denotes the velocity. A low Reynolds
number indicates that viscous forces are dominant, while a high Reynolds number indicates
that inertial forces are dominant. To illustrate, for a human swimmer with ¢ = 1m and

3 and

v = 1ms~!, the Reynolds number is Re = 10°, considering water with p = 1gcm™
n = 1073 Pas, but for a protein with ¢ = 10nm and v = 1pms™!, the Reynolds number is
Re = 1078, This rough estimation emphasizes the enormous difference in Reynolds numbers,
which span 14 orders of magnitude. Consequently, for macroscopic objects, inertial forces
are dominant (Re > 1), whereas for intracellular entities, such as proteins, hydrodynamic
forces are of a viscous nature (Re < 1). The latter may be envisioned by considering oneself
immersed in honey.

An additional consequence of operating at low Reynolds numbers becomes evident when
considering the (incompressible) Navier-Stokes equation. In the limit of Re < 1, the inertial

terms are negligible, thereby reducing the Navier-Stokes equation to the Stokes equation:

p(Z—F(U'ﬁ)U):nAU—ﬁp Sesl nAT = Vp, (2.10)

inertial forces

where p denotes the pressure. Notably, by disregarding the inertial terms, the temporal depen-
dence also disappears. This implies that solely the instantaneous forces are of consequence,
not those from the past. Additionally, motion is reversible, irrespective of whether it is slow or
fast. Consequently, movement at low Reynolds numbers adheres to a markedly different prin-

ciple than that observed at the macroscopic scale. This is known as the “Scallop Theorem”,
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2 MINFLUX Tracking of Endogenous Dynein

named by Purcell, as a macroscopic scallop is capable of swimming through reciprocal mo-
tion of its shells, yet is unable to do so at low Reynolds numbers. Swimming at low Reynolds
numbers is, however, possible by a corkscrew-like propulsion (e.g., that of a prokaryotic flag-
ellum) or by a flexible “oar” (e.g. that of a eukaryotic flagellum or cilium, driven by dyneins)
(Purcell, 1977).

In considering intracellular movement, it is essential to take into account the additional
forces that are at work, namely thermal forces. These forces originate from random collisions
among solute particles, resulting in diffusive motion. Thermal forces play a role at the cel-
lular level due to their comparable magnitude to deterministic intracellular forces (Phillips
et al., 2012). This is evident when considering the thermal energy scale at body tempera-
ture (T ~ 310K), which yields kgT =~ 4pNnm, where kg denotes Boltzmann’s constant.
Indeed, molecular motor proteins exert forces in the piconewton range (Elshenawy et al.,
2019), resulting in conformational changes within the nanometer range.

To obtain an estimation of the length and time scales of diffusion, it is useful to consider
the following relation. The mean squared displacement (r?) of a solute particle is proportional

to the diffusion coefficient D and time ¢, as indicated by
(r?) o< Dt*. (2.11)

In a continuous hydrodynamic fluid, the exponent o« = 1. However, given the heterogeneous
composition of the cytoplasm within cells, comprising a range of solute particles of varying
sizes, it is probable that anomalous subdiffusion occurs, with a < 1 (Dix and Verkman, 2008).
In order to roughly estimate the time scale for different particles to diffuse, it is possible
to make use of the Stokes-Einstein relation, which provides an estimate for the diffusion
coefficient (Phillips et al., 2012):

kpT

= B 2.12
- (2.12)

with R denoting the radius of a spherical particle in a continuous fluid of viscosity n. When
considered for simplicity, « = 1 in Equation 2.11, the time scale for a small metabolite of
1nm in size to diffuse across a bacterium of 1pm in size would be 1ms. This is in stark
contrast to the time scale required for a vesicle of 100 nm radius to diffuse a length scale of a
meter-long axon in the human peripheral nervous system, which would be more than 10,000
years. It thus follows that a different transport system is required for the conveyance of large
intracellular cargoes and axonal distances.

In conclusion, intracellular transport can be classified into three main categories, depend-
ing on the underlying physical principle (Mogre et al., 2020). Firstly, diffusion-based transport
of small molecules over short distances has the advantage of not requiring additional energy
beyond that which is provided by thermal energy. As a second category with a greater de-

gree of control, intracellular flow can be employed for the transportation of a broad range of
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particles. For example, this can be generated by myosin-driven contraction of actin filament
networks (Deneke et al., 2019) or by cell shape deformation (Koslover et al., 2017). Lastly,
the highest level of control is provided by molecular motor-driven transport of intracellular
cargo, which is considerably faster than diffusion over axonal distances. However, this comes
at the cost of requiring additional energy in the form of ATP. One such molecular motor,

namely dynein, will be discussed in greater detail in the subsequent section.

2.3.2 The Molecular Motor Dynein

Although cytoplasmic dynein was first identified in 1987 (Paschal et al., 1987; Paschal and
Vallee, 1987), it took several years to elucidate its structure and study its dynamics. This was
likely due to the enormous size and complex assembly and activation of the motor protein,
particularly in mammalian and human cells (Canty et al., 2021). In addition to cytoplasmic
dynein, which is responsible for the retrograde transport of a variety of intracellular cargoes in
the cytoplasm (Reck-Peterson et al., 2018) and plays a pivotal role during cell division (Sharp
et al., 2000), there are also ciliary dyneins that drive intraflagellar retrograde transport and
ciliary beating, the latter also referred to as axonemal dyneins (Nachury and Mick, 2019).
This work, however, focuses on cytoplasmic dynein 1 (herein referred to as dynein) in live
neurons, which are non-dividing cells. In neuronal axons, dynein is the sole motor responsible
for transporting intracellular cargo in the retrograde direction on microtubules (Guedes-Dias
and Holzbaur, 2019), which are uniformly aligned in axons (Baas et al., 1988).

Dynein is a dimer comprising six subunits, with a molecular weight of 1.4 MDa. The
dynein heavy chain (DHC) is the largest of the subunits. It contains a motor domain at its
C-terminus and a tail domain at its N-terminus (Fig. 2.3A), where the two heavy chains are
dimerized (Zhang et al., 2017). While both dynein and kinesin motors perform discrete steps
on microtubules (Walter and Diez, 2012), they differ in numerous ways. In addition to being
oriented in opposite directions, a notable distinction is that the motor domain of dynein is
separated from its microtubule-binding domain (MTBD) by a 15nm-long coiled-coil stalk.
The motor domain is comprised of a ring of six structurally distinct ATPases associated
with diverse cellular activities (AAA) domains. Notably, ATP binding is possible to four
of these AAA domains, whereas only the ATP hydrolysis at AAA1 has been demonstrated
to be pivotal for dynein’s motility (Kon et al., 2004). AAA3 (Bhabha et al., 2014; DeWitt
et al., 2015; Nicholas et al., 2015) and AAA4 (Liu et al., 2020) have been identified to serve
regulatory functions. However, it remains unclear whether ATP hydrolysis at AAA3 and/or
AAAA4, in conjunction with AAAT1, is necessary to perform a single step.

The stepping of dynein and the corresponding translation of cargo along microtubules
are typically described in the context of AAA1’s mechanochemical cycle (Yildiz and Zhao,
2023). The latter involves the conversion of chemical energy into mechanical work by means
of the hydrolysis of ATP, occurring on a repetitive basis. The four nucleotide states of a

mechanochemical cycle within one motor domain of a dynein monomer in the AAAL site
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Figure 2.3 | Tagging of dynein in live cells

(A) The formation of an active dynein motor complex in mammalian and human cells involves the
assembly of a tripartite complex comprising one or two dynein dimers, dynactin, and an activating
adaptor. A dynein dimer is composed of two copies of each of the following: heavy chain, interme-
diate chain, light-intermediate chain, and three light chains. The activating adaptor binds a specific
intracellular cargo. For purposes of clarity, the p150°"*? subunit of dynactin is not shown. (B) Various
strategies for labeling dynein in live cells with corresponding tags are illustrated, with the dimensions
of the tags approximated to scale relative to that of dynein. The respective dimensions of the tags
and corresponding references are indicated. (C) The fully assembled dynein motor complex is depicted
on a microtubule moving in the retrograde direction to the soma. A red star indicates each of the
three potential sites where a HaloTag is conjugated to dynein in this work via CRISPR/Cas9-mediated
endogenous tagging.
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correspond to the nucleotide that is bound, respectively (empty—ATP—adenosine diphos-
phate (ADP) and inorganic phosphate—ADP—...). The catalytic ATPase activity of AAA1
is proposed to be linked to the following conformational changes that are traversed in the
course of a single mechanochemical cycle (Canty et al., 2021). However, the precise sequence

of conformational changes and nucleotide states remains unclear.

It is proposed that the mechanochemical cycle commences with the AAA1 domain in
its unbound state, with the MTBD exhibiting a strong affinity for the microtubule and the
linker remaining in a straight configuration. Upon binding of ATP, the MTBD is released
from the microtubule. Following the hydrolysis of ATP, the linker bends and dynein performs
a priming stroke, which moves the MTBD towards the minus end of the microtubule. In
fact, upon detachment of the MTBD from the microtubule, the MTBD initiates a diffusional
search for the subsequent potential binding site on the microtubule lattice. Given that the
of-tubulin dimers are spaced approximately 8 nm apart along the microtubule axis (on-axis
direction) (Alushin et al., 2014), the possible steps are multiples of 8 nm (Carter et al.,
2008), including the possibility of exceptional backsteps. Furthermore, the MTBD is capable
of stepping sideways (off-axis direction) and binding to an adjacent protofilament that is
approximately 6 nm apart (Asenjo et al., 2013). This is believed to facilitate the rerouting
of obstacles on the track (Ferro et al., 2019). The mechanochemical cycle continues with
the rebinding of the motor to the microtubule, which results in the dissociation of inorganic
phosphate. In its ADP-bound state, the linker reverts to a straight conformation, referred
to as the power stroke. This force-generating movement is believed to eventually exert a
pulling force on the cargo. Ultimately, ADP dissociates, and the motor domain is prepared
for the next round of the mechanochemical cycle. The completion of a step by dynein on the
microtubule lattice thus entails the passage of one mechanochemical cycle, which is almost
exclusively observed to consume one ATP molecule per cycle (DeWitt et al., 2015; Elshenawy
et al., 2019; Mallik et al., 2004; Reck-Peterson et al., 2006; Slivka et al., 2024; Toba et al.,
2006). However, as previously stated, there is a debate regarding whether the completion
of one mechanochemical cycle involves the consumption of two ATP molecules (Peng et al.,
2024).

In addition to the dynein dimer, a processive mammalian and human motor complex is
only formed upon the assembly with dynein’s cofactor dynactin and an activating adaptor
(Fig. 2.3A). In the absence of these components, a single dynein dimer adopts an autoinhib-
ited conformation, designated as the ¢-particle, which impedes the concurrent binding of both
MTBDs to the microtubule (Zhang et al., 2017). Dynactin is another extensive multiprotein
complex with a molecular weight of 1.1 MDa, comprising 23 proteins. In live cells, a second
dynein dimer typically assembles with dynactin (Grotjahn et al., 2018), which enhances the
force production and speed of the motor complex (Elshenawy et al., 2019; Urnavicius et al.,
2018). The processive dynein motor complex moves at a speed of more than 1 pms~! in live

neurons (Fellows et al., 2024), which is however also dependent on the cargo being trans-
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ported (Klinman and Holzbaur, 2016). In addition to dynactin, the formation of a stable
and processive dynein motor complex also requires the binding of an activating adaptor’s
coiled-coil domain (Urnavicius et al., 2015). The activating adaptor specifically binds to an
intracellular cargo, thereby facilitating the connection of the dynein motor to the cargo and
thus activating processive motility (McKenney et al., 2014). It is noteworthy that there are
numerous distinct activating adaptors for various intracellular cargoes, yet a single motor,
namely dynein, is responsible for retrograde transport (Canty et al., 2021). This is in con-
trast to the approximately 40 different kinesin motors that are responsible for anterograde
transport. The transported cargo includes not only large membrane cargos such as mitochon-
dria, endosomes, and peroxisomes but also viruses, RNA cargoes, and protein cargoes such

as microtubules or misfolded proteins (Reck-Peterson et al., 2018).

Given the plethora of intracellular cargo, it is unsurprising that there are numerous
regulatory levels to ensure the cargo is transported to the appropriate location at the correct
time (Guedes-Dias and Holzbaur, 2019). It is not uncommon for opposite polarity kinesin
and dynein motors to be anchored to the same cargo (Encalada et al., 2011; Maday et al.,
2012), which facilitates bidirectional transport. Nevertheless, the precise mechanism by which
directionality is controlled remains elusive. One proposed model to explain bidirectionality is
the so-called “tug-of-war” model (Miiller et al., 2008; Vale et al., 1992; Welte et al., 1998),
which describes a stochastic mechanical competition between kinesin and dynein motors.
While some live cell observations can be somewhat modeled by a tug-of-war this model fails
to explain, among other observations, the “co-dependence” of both motors (Hancock, 2014).
The latter describes the observation that for many bidirectionally transported cargoes, the
inhibition of one motor also leads to an inhibition of the opposing motor (Ally et al., 2009;
Encalada et al., 2011; Martin et al., 1999).

An additional potential explanation for the observed bidirectional intracellular transport
in live cells is the involvement of regulatory factors. It has been demonstrated that activating
adaptors can simultaneously recruit both kinesin and dynein motors (Canty et al., 2023,;
Fenton et al., 2021; Kendrick et al., 2019). Conversely, other adaptors have been shown to
recruit either kinesin or dynein motors (Fu and Holzbaur, 2013). A further recent observation
is that dynein and dynactin are partially spatially separated in order to prevent the formation
of an active dynein motor complex during anterograde motility, thus promoting long-range
transport in the axon (Fellows et al., 2024). Finally, post-translational modifications of the
microtubules and microtubule-associated proteins represent an additional layer of transport
regulation (Janke and Magiera, 2020). It is conceivable that controlling intracellular transport
is a combination of these different layers. Nevertheless, it seems implausible that in live cells,
pure stochastic mechanical competition (tug-of-war) is responsible for spatial and temporal
precise cargo delivery. This hypothesis can potentially be tested by investigating the pause

and reversal behavior of bidirectional transport with high spatiotemporal precision.

A further distinction between kinesin motors and dynein is their differing stepping be-
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havior and mechanism. While kinesins have been observed to perform alternating stepping
of their head domains (Wirth et al., 2023), regardless of whether they are described by a
hand-over-hand (Yildiz et al., 2004) or inchworm mechanism (Hua et al., 2002), the stepping
of the dynein motor domains has been observed to be independent of each other, at least
in the context of the model system of artificially dimerized, tail-truncated yeast dynein in
vitro (DeWitt et al., 2012; Qiu et al., 2012). Due to the elongated stalk and tail domain,
which permits a substantial separation of the two dynein monomers, variable step sizes and
recurrent sideways stepping are also observed for dynein in vitro (Elshenawy et al., 2019), in
contrast to kinesins, where both head domains typically adhere to the same protofilament.

Nevertheless, several observations regarding dynein stepping have been derived from de-
celerated in vitro measurements with reduced ATP concentrations. This is due to the pre-
viously described limited spatiotemporal precision of centroid localization. In vitro measure-
ments include the labeling of dynein with single fluorophores (Qiu et al., 2012), FluoroCubes
(Niekamp et al., 2021), or quantum dots (DeWitt et al., 2012; Elshenawy et al., 2019; Reck-
Peterson et al., 2006). Conversely, live cell measurements of dynein at physiological ATP
concentrations have been conducted using labels that are considerably larger than the dynein
motor complex (Fig. 2.3B), including upconverting nanoparticles (Peng et al., 2024), perox-
isomes that are multiply tagged with GFP (Kural et al., 2005), and aggregates of quantum
dots (Nan et al., 2005). As these approaches did not label the dynein directly, it is challenging
to extrapolate findings regarding cargo movement to dynein itself.

To address how mammalian dynein steps in live neurons and to contribute to the an-
swering of some of the outstanding mechanistic questions that have been raised, a tag that
is substantially smaller than the dynein motor complex is utilized to directly, specifically
and endogenously label dynein at three different sites (Fig. 2.3C). Resolving potential dynein
stepping at physiological ATP concentrations is only feasible through the use of MINFLUX
tracking, which necessitates markedly fewer detected photons to achieve single-digit nanome-

ter /millisecond spatiotemporal precision, as previously outlined.
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3 Materials and Methods

3.1 Sample Preparation

3.1.1 Preparation of Plasmids for Dynein Tagging

The following section outlines the preparation of several plasmids that are utilized for the
tagging of dynein. These plasmids are employed in two distinct methods: transient overex-
pression and CRISPR/Cas9-mediated knock-in. In the former approach, the plasmids are
introduced into neurons to overexpress a distinct dynein subunit. In the latter approach, the
plasmids are integrated into the genome of primary neurons, thus tagging the endogenous
dynein. Table 3.1 provides an overview of all generated plasmids.

As a preliminary step in the design of the plasmids for transient overexpression, a plas-
mid containing the full-length mouse cytoplasmic dynein 1 intermediate chain 2 isoform 2C
(DIC2C) tagged with enhanced GFP (EGFP) at the N-terminus (GFP-DIC2C) (King et al.,
2003) was obtained from Addgene (Plasmid #51409) and served as a template. The integrity
of the GFP-DIC2C plasmid was confirmed by Sanger sequencing (Eurofins Genomics).

All plasmids for CRISPR /Cas9-mediated knock-in are based on the CRISPR/Cas9 knock-
in template vector pPORANGE (Willems et al. (2020), Addgene #131471). Target sequences
for the rat genome were generated based on scoring algorithms (Doench et al., 2016; Hsu
et al., 2013) provided by the CRISPR design tool from Benchling. To tag the N-terminus
of the DIC, a well-scoring target sequence near the 5 end of exon 1 of dynein cytoplasmic
1 intermediate chain 2 (Dyncl1i2) was selected. Similarly, for the purpose of tagging the N-
terminus of the DHC, which is referred to as the dynein tail, a target sequence near the 5’ end
of exon 1 of dynein cytoplasmic 1 heavy chain 1 (Dynclhl) was selected. The tagging of the
dynein head, which is formed at the C-terminus of the DHC, is facilitated by the selection of
a target sequence at the 3’ end of Dynclhl.

Plasmid SNAP-DIC2C for Overexpression

To replace the EGFP-tag of the GFP-DIC2C plasmid by a SNAP-tag, the GFP-DIC2C plas-
mid was used as a backbone and another plasmid containing a SNAP26m-tag as a template
for the SNAP-tag. First, the SNAP-tag sequence was amplified by a polymerase chain reaction
(PCR) and purified using the NucleoSpin Gel and PCR Clean Up kit (#740609, Macherey
Nagel) according to manufacturer’s instructions. Next, the backbone and the purified SNAP-
tag insert were digested separately by the restriction enzymes Agel and Bglll (#FD1464
& #FD0083, Thermo Fisher Scientific). Backbone and insert were then ligated using the
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Table 3.1 | Overview of plasmids used for tagging dynein in living cells

Plasmid Name

Description

Reference

GFP-DIC2C

SNAP-DIC2C

pOrange Vector

pO-GFP-Dyncli2

pO-SNAP-Dyncli2

pO-SNAPco-Dyncli2

pO-Halo-Dync1i2

pO-EOS-Dyncli2

pO-GFP-Dynclhl

pO-Halo-Dynclhl

pO-Dynclhl-GFP

pO-Dynclhl-Halo

EGFP tagged (N-terminus) full-
length DIC2C for transient overex-
pression

SNAP26m tagged (N-terminus)
full-length DIC2C for transient
overexpression

Empty backbone template for
CRISPR/Cas9 (ORANGE) knock-

in constructs

CRISPR/Cas9-mediated tagging of
Dync1i2 with EGFP (N-terminus)

CRISPR/Cas9-mediated tagging of
Dync1i2 with SNAPf (N-terminus)

CRISPR/Cas9-mediated  tagging
of Dyncli2 with codon-optimized
SNAPf (N-terminus)

CRISPR/Cas9-mediated  tagging
of Dync1i2 with HaloTag7 (N-
terminus)

CRISPR/Cas9-mediated  tagging
of Dyncl1i2 with codon-optimized
mEOS4b (N-terminus)

CRISPR/Cas9-mediated tagging of
Dyncihl with monomeric EGFP
(mEGFP) (N-terminus, dynein
tail)

CRISPR/Cas9-mediated  tagging
of Dyncihl with HaloTag7 (N-
terminus, dynein tail)

CRISPR/Cas9-mediated  tagging
of Dynclhl with mEGFP (C-
terminus, dynein head)

CRISPR/Cas9-mediated  tagging
of Dyncihl with HaloTag7 (C-
terminus, dynein head)

Addgene #51409
King et al. (2003)

This thesis

Addgene #131471
Willems et al. (2020)

This thesis

This thesis

This thesis

This thesis

This thesis

This thesis

This thesis

This thesis

This thesis
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T4 DNA Ligase (#EL0011, Thermo Fisher Scientific). The ligated plasmid and a negative
control without SNAP-tag insert were transformed into One Shot TOP10 Escherichia coli
(#C404003, Thermo Fisher Scientific) and plated onto LB agar plates with kanamycin. On
the next day, five single colonies of the ligated plasmid were inoculated into 4 mL LB medium
with 0.1 % kanamycin and incubated overnight. The five clones were then isolated using the
QIAprep Spin Miniprep Kit (#27106X4, Qiagen) following manufacturer’s instructions and
evaluated by Sanger sequencing (Eurofins Genomics). Finally, a clone with correct sequence
was amplified using the GeneJET Endo-Free Plasmid Maxiprep Kit (#K0861, Thermo Fisher

Scientific) according to manufacturer’s instructions to obtain the SNAP-DIC2C plasmid.

Plasmid pO-GFP-Dyncli2 for CRISPR/Cas9-Mediated Knock-in

As the N-terminal sequence of all three isoforms of the rat DIC is identical, endogenous tagging
of DIC tags all three isoforms and not just one isoform, as is the case with overexpression.
Note also that the tagging functions for both Rattus norvegicus genomes, Rnor 6.0 and
mRatBN7.2, due to sequence identity in the respective genomic sequence segment. Since
the ORANGE system requires cutting within the exon, a 20bp long target sequence (5'-
TAATTCACTTTTGTCTGACA-3') corresponding to the Cas9 PAM sequence (5'-NGG-3')
was chosen that binds only 1 bp downstream of the start codon of Dync142, ensuring minimal
loss of genomic information. Forward and reverse target sequence oligos were synthesized by
Integrated DNA Technologies.

First, the forward target sequence was hybridized and ligated into the BbsI (#FD1014,
Thermo Fisher Scientific) digested empty pOrange backbone (Addgene #131471) with a mo-
lar ratio of 1:3 (vector:insert). The donor sequence, comprising EGFP flanked by two inverse
target sequence sequences, was generated in a stepwise manner. EGFP, the 3/ inverse target
sequence (located downstream of EGFP), and linker sequences were generated by two consec-
utive PCRs. The donor sequence, comprising EGFP flanked by two inverse target sequence
sequences, was generated in a stepwise manner. EGFP, the 3'inverse target sequence (located
downstream of EGFP), and linker sequences were generated by two consecutive PCRs. In the
first PCR, pPORANGE GFP-Actb KI #2 (Addgene #139666) served as a template to amplify
EGFP. In the second PCR, additional primers were employed to amplify the PCR product of
the first PCR, thereby introducing additional restriction sites. To insert the EGFP tag into
the backbone, the second PCR product and the pORANGE-target-sequence construct were
digested with BamHI and Xbal (#ER0051 & #ER0682, Thermo Fisher Scientific) and lig-
ated with T4 ligase (#EL0011, Thermo Fisher Scientific). Subsequently, the 5" inverse target
sequences (situated upstream of EGFP) with Nhel/HindIII compatible ends were annealed
and ligated into the Nhel and HindIII (#ER0972 & #ER0505, Thermo Fisher Scientific) di-
gested second intermediate construct. Following bacterial transformation, colonies containing
the correct pO-GFP-Dyncli2 construct were identified by sequencing (Eurofins Genomics)
and purified using the GeneJET Endo-Free Plasmid Maxiprep Kit (#K0861, Thermo Fisher
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Figure 3.1 | CRISPR/Cas9 knock-in plasmid
The plasmid map shown here is used to insert a HaloTag7 sequence at the 5 end of the rat
Dyncli2 gene, thereby tagging the N-terminus of the endogenous DIC with a HaloTag7. The other
CRISPR/Cas9 knock-in plasmids are similar to the one shown here.

Plasmids pO-Halo-Dyncli2, pO-EOS-Dyncli2, pO-SNAP-Dyncli2, and
pO-sNAPco-Dyncli2 for CRISPR/Cas9-Mediated Knock-in

Based on the pO-GFP-Dyncli2 plasmid, four additional plasmids were prepared for tagging
of the endogenous DIC. These plasmids contain a SNAPf-tag, a codon-optimized SNAPf-
tag, a HaloTag7, and a codon-optimized mEOS4b-tag. The codon optimization of the rat
sequence was conducted using the Codon Optimization Tool of Integrated DNA Technologies.
To prevent the potential formation of hairpins during synthesis, nine codons in the SNAPf
sequence were modified in the codon-optimized version.

First, the pO-GFP-Dyncli2 plasmid and all four inserts were digested separately with
Nhel-HF and Kpnl-HF (#R3131S & #R3142S, NEB) to separate the backbone from the
EGFP-tag by gel purification. Each insert containing the respective tag (acquired from Inte-
grated DNA Technologies) was ligated into the pO-Dyncli2 backbone separately. Following
bacterial transformation, colonies containing the correct construct were identified by sequenc-

ing (Eurofins Genomics). Finally, for each construct, a clone with the correct sequence was
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purified using the GeneJET Endo-Free Plasmid Maxiprep Kit (#K0861, Thermo Fisher Sci-
entific) to obtain the plasmids pO-SNAP-Dyncli2, pO-SNAPco-Dyncli2, pO-Halo-Dyncli2,
and pO-EOS-Dyncli2. Figure 3.1 shows the plasmid map for pO-Halo-Dyncli2, representative
for the other CRISPR/Cas9 knock-in plasmids.

Plasmids pO-GFP-Dynclhl and pO-Halo-Dynclhl for CRISPR/Cas9-Mediated
Knock-in

The initial step in the preparation of the pO-GFP-Dynclhl plasmid was identical to that
employed in the preparation of pO-GFP-Dyncli2. However, in this instance, different oligonu-
cleotides were hybridized to target Dynclhl with the integration site directly following the
start codon (5-CTTCCGCGGATCCGCCATGT-3'). The donor sequence containing mEGFP
tag flanked by two inverse target sequences was generated again by PCR and inserted into
the pPORANGE template by restriction digestion with Munl and HindITI (#R3589 & #R3104
NEB), dephosphorylation, and ligation. To prepare the pO-Halo-Dynclhl, a subcloning step
was employed. The plasmid pO-GFP-Dynclhl and an HaloTag7 insert with corresponding
restriction sites (obtained from Integrated DNA Technologies) were digested with Sall and
Nhel (#R3138 & #R3131, NEB) in order to replace the mEGFP with the HaloTag7 fragment.
Following bacterial transformation, colonies containing the correct constructs were identified
by sequencing (Eurofins Genomics) and purified using the GeneJET Endo-Free Plasmid Max-
iprep Kit (#K0861, Thermo Fisher Scientific).

Plasmids pO-Dynclh1-GFP and pO-Dynclhl-Halo for CRISPR/Cas9-Mediated
Knock-in

The target sequence (5-CCTCGAAGCTTCTATGAGCG-3') for the knock-in of the tags
mEGFP and HaloTag7 close to the stop codon of the Dynclhl gene (exon 78) was selected
to ensure that as few amino acids as possible at the C-terminus of the encoded DHC are
cleaved. The corresponding plasmids, pO-Dynclhl-GFP and pO-Dynclhl-Halo, were gen-
erated in a two-step procedure using restriction enzymes. First, the ordered target sequence
oligomers, containing the target sequences, were hybridized and ligated into the Bbsl-digested
(#FD1014, Thermo Fisher Scientific) pPORANGE vector. Following bacterial transformation,
colonies containing the correct intermediate construct were identified by sequencing (Eurofins
Genomics) and subsequently digested with Xbal and Sall (#ER0682 & #R3138, Thermo
Fisher Scientific). In the second step, both tags to be inserted into the plasmids were ampli-
fied from previous plasmids by PCR. The primers were designed in such a way that target
sites were inserted as the reverse complement of the genomic target sequence on both sides of
the amplified tag inserts. Finally, the amplified tags flanked by the inverse target sequences
were ligated into the digested intermediate construct, and colonies containing the correct
constructs from colony-PCR were purified using the GeneJET Endo-Free Plasmid Maxiprep
Kit (#K0861, Thermo Fisher Scientific).
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3.1.2 Preparation of Primary Hippocampal Neurons and PC12 Cells

Primary hippocampal cultures were obtained from Wistar rats at postnatal days PO or P1,
as previously described (Lukinavi¢ius et al., 2014). One day before dissection, autoclaved
@18 mm coverslips were were put in 12-well cell culture plates. For each coverslip, 50 uL. of a
gold nanoparticle solution (#GC150, BBI Solutions) was centrifuged and diluted to 150 uL
in phosphate-buffered saline per coverslip, with which the coverslips were coated. After a
minimum of three hours, the remaining liquid was aspirated. Subsequently, the coverslips were
coated with 100 pgmL~! poly-L-ornithine (#P3655, Sigma-Aldrich) and 1pugmL ! laminin
(#354232, Corning).

For transient overexpression experiments, 150 x 10 primary hippocampal neurons per
coverslip were plated on coated coverslips and maintained in an incubator (37°C, 5% COa,
95% rH) in Neurobasal medium (#21103049, Gibco) supplemented with 2% B27 serum-free
supplement (#17504044, Gibco), 1% GlutaMAX (#35050061, Gibco) and penicillin /streptomycin
(#25030, Biochrom) at a concentration of 100 UmL ™! or 100 ugmL ™!, respectively. The
medium was exchanged 1 h to 2h after seeding. After one day in culture, 5 pM Ara-C (#C1768,
Sigma-Aldrich) was added to the cells. Neurons were transfected after five to seven days in
culture using 500 ng plasmid DNA per coverslip and 2 pL Lipofectamine 2000 (#11668500,
Invitrogen) diluted in Opti-MEM (#31985070, Thermo Fisher Scientific). Half of the cul-
ture medium was transferred out of the well and stored at 37°C. After 1h incubation, the

transfection mixture was discarded and the stored cell medium was added again.

For CRISPR/Cas9-mediated tagging experiments, 200 x 10% neurons per coverslip were
electroporated using 200 ng of the CRISPR/Cas9 knock-in plasmid via the Neon transfection
system (#MPK10096 and #MPK5000, Thermo Fisher Scientific), utilizing a voltage of 1400 V
and three pulses of 10 ms duration. The primary hippocampal neurons were maintained in
an incubator in supplemented Neurobasal medium (#21103049, Gibco). The medium was

exchanged after one day in culture.

The PC12 cell line (#C0032002, AddexBio) was utilized for the purpose of comparing the
dynein movement to living neurons. The cells were seeded at a density of 50 x 10% per @18 mm
coverslip in a 12-well plate. After two days, the cells were transfected using a transfection
mixture. First, 2 pg of plasmid was incubated for five minutes at room temperature in 200 uL of
Opti-MEM (#31985070, Thermo Fisher Scientific), then 4 nL of Turbofect (#R0532, Thermo
Fisher Scientific) was added, followed by a 20-minute incubation at room temperature. The
mixture was then added to the well in dropwise fashion. After a period of five days, the cell
density was assessed and, should it be deemed suitable for imaging, the expressed dynein
was labeled with a cell-permeable fluorophore, as outlined in section 4.1.4. Following this,
the cells were washed twice and imaged prewarmed in FluoroBright DMEM (#A1896701,
Thermo Fisher Scientific).
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3.1.3 Genomic DNA Isolation

Correct incorporation of respective tags into the genome of cultured neurons was assessed
by isolating the genomic DNA of electroporated neurons and subsequent confirmation by
Sanger sequencing. 1.2 x 105 to 1.8 x 108 neurons were electroporated with each of these plas-
mids: pO-GFP-Dyncli2, pO-SNAP-Dyncli2, pO-SNAPco-Dyncli2, pO-Halo-Dyncli2, pO-
EOS-Dyncli2, pO-GFP-Dynclhl, pO-Halo-Dynclhl, pO-Dynclhl-GFP, and pO-Dynclhl-
Halo. The genomic DNA was isolated using the GenElute Mammalian Genomic DNA Miniprep
Kit (#G1IN70-1KT, Sigma-Aldrich). A PCR was performed with primers that bind in the
respective genes and tagging sequences. As an expample, the expected lengths of the Dync1i2
PCR products after gel electrophoresis are shown in figure 3.2A (all other electrophoresis gels
are presented in figure 4.2). The PCR products were purified using the NucleoSpin Gel and
PCR Clean Up kit (#740609, Macherey Nagel). The specificity of all five tags was confirmed
by Sanger sequencing (Eurofins Genomics) of respective purified PCR products from isolated
genomic DNA (Fig. 3.2B).
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Figure 3.2 | Genomic DNA Isolation
(A) Agarose gel with PCR products of isolated genomic DNA from electroporated neurons. Or-
ange boxes indicate expected PCR product lengths after CRISPR/Cas9-mediated tagging of dynein:
EGFP (3022 bp), SNAPco (2929 bp), SNAP (2929 bp), Halo (2833 bp), mEOS (3199 bp). (B) Excerpt
from the sequence using the example of pO-GFP-Dyncli2 electroporation in Geneious Prime (version
2023.2.1, Biomatters). The consensus sequence shows full agreement between the expected genomic
sequence with knock-in tag and the sequencing of the isolated genomic DNA.
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3.1.4 Fluorescent Labeling of Dynein in Living Neurons and PC12 Cells

Transfected or electroporated neurons were incubated with different cell-permeable fluo-
rophores after six to nine days in culture to label dynein in living neurons. An overview of
all fluorophores used in this thesis are listed in Table 3.2. For neurons that expressed SNAP-
tagged dynein, a fluorophore conjugated to O%-benzylguanine was used and for Halo-tagged
dynein, a fluorophore conjugated to chloroalkane, respectively. In some experiments, micro-
tubules are stained alongside dynein with a fluorophore conjugated to a taxane derivative

that specifically binds tubulin.

For the labeling, the fluorophore was diluted in medium to the desired concentration. The
fluorophore mixture was added dropwise to the well to distribute the fluorophore evenly. Neu-
rons were incubated for several minutes with the fluorophore as indicated at each experiment
right before imaging. Coverslips were washed with prewarmed artificial cerebrospinal fluid
(ACSF) solution (27mM Hepes pH 7.4, 126 mM NaCl, 2.5 mM KCI, 2.5 mM CaCls, 1.3 mM
MgClg, 30mM glucose) and transferred into a magnetic imaging chamber (Chamlide CMB,
Live Cell Instrument) filled with ACSF for imaging.

Table 3.2 | Overview of fluorophores used for live-cell imaging
The wavelengths of excitation and emission maxima are indicated as Ex/Em.

Fluorophore Ligand Ex/Em [nm)] Reference or Supplier
Oregon Green  HaloTag 496 /516 Promega, #G2802

LIVE 510 SNAP-tag 498 /529 abberior, #L.V510-0145
LIVE 510 Tubulin 498 /529 abberior, #1.V510-0141
BioTracker 488 Tubulin 500/515 Sigma-Aldrich, #SCT142
R110 Direct HaloTag 502/527 Promega, #G3221
505-Star SNAP-tag 504 /532 NEB, #859103S

NL19 HaloTag 514/533 Lardon et al. (2021)
JF549 HaloTag 549/571 Promega, #GA1110
MaP555 HaloTag 555/580 Wang et al. (2020)
580CP SNAP-tag 582/607 Butkevich et al. (2018)
580CP HaloTag 582/607 Butkevich et al. (2016)
610CP SNAP-tag 609/634 Butkevich et al. (2018)
610CP HaloTag 609/634 Butkevich et al. (2016)
LIVE 610 SNAP-tag 611/636 abberior, #LV610-0145
SiR SNAP-tag 641/662 Lukinavic¢ius et al. (2013)
JF646 HaloTag 646/664 Promega, #GA1120
JF646 SNAP-tag 646/664 Tocris, #1811539-59-9
JFX650 HaloTag 650,/667 Promega, #HT1070

SiR Tubulin 652/674 Lukinavi¢ius et al. (2014)
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3.2 Microscope Setups

3.2.1 Widefield Microscopy Setup

A widefield multiplexing microscopy setup (Fig. 3.3) was arranged for performing dynamic
measurements of biological samples with a large field of view and multiple excitation lasers.

Four excitation laser lines provide the ability to measure fluorescent probes at different
wavelengths within a large portion of the visible spectrum. The excitation lasers comprise a
640 nm 500 mW single-frequency diode laser (05-01 series Cobolt Bolero, HUBNER Photon-
ics), a 570nm 1500 mW fiber laser (2RU-VFL-P-1000/1500-570, MPB Communications), a
532nm 500 mW solid state laser (gem 532, Laser Quantum), and a 488 nm 70 mW diode laser
(LBX-488, Oxxius). A 405 nm laser with 100 mW (LBX-405, Oxxius) and a 375 nm laser with
16 mW (CUBE 375-16C, Coherent) can be used to activate fluorescent probes by UV-light.

The beam is expanded by a 20x /0.8 apochromatic objective lens (440640-9903, ZEISS)
in combination with an achromatic lens (fg = 120mm). The beam can be moved laterally
using a linear stage controlled by a motorized actuator (Z825B & KDC101, Thorlabs) and
finally focused by the TIR focusing lens (fr = 300mm) onto the back focal plane (BFP) of
the oil immersion 100x /1.5 objective lens (UPLAPO100XOHR, Olympus). By translating
the beam towards the edge of the back focal plane of the objective lens, the outgoing beam is
tilted which is necessary for HILO and TIR fluorescence microscopy. The resulting diameter
(indicated as full width at half maximum, FWHM) of the illuminated area at the sample
plane ds can be roughly estimated by

ds = dy, - <fo> ~ 60 pm (3.1)
fr
with the expanded beam diameter (FWHM) at the TIR lens d}, ~ 10 mm (depending on the
respective laser line), the objective focal length fo = 180mm/100 = 1.8 mm and the focal
length of the TIR lens (fr = 300 mm).

A rapidly switchable acousto-optic tunable filter (AOTF) (nC-TN-1001, AA Opto Elec-
tronic) is used to deflect the unwanted part of the laser light and transmit only the desired
part. By using the AOTF, it is possible to quickly switch between different excitation laser
wavelengths and enable multiplexed imaging. A custom LabVIEW 2020 (National Instru-
ments) program controls all components of the setup and synchronizes the alternate switching
of the excitation lasers with the camera frames so that only one excitation laser wavelength
is illuminating the sample in each successive frame. The software contains two acquisition
modes, a fast one with single excitation and a slower one with the possibility for alternated
multiplexing.

The microscope body (IX83, Olympus) is equipped with an auto-focus unit (IX3-ZDC,
Olympus) that also compensates drift in the z-direction; a microscope scanning stage (SCAN

IM 120x80, Mérzhauser Wetzlar) that can hold microscope slides or magnetic imaging cham-
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Figure 3.3 | Overview of the custom-built widefield microscopy setup

(A) Photos of the custom-built widefield microscopy setup. (B) The setup comprises four excitation
laser lines and two activation laser lines that are directed onto one beam path using different mirrors
and dichroic mirrors (DM). The desired excitation lasers can be selected and mulitplexed by a rapidly
switchable AOTF. The beam is expanded by a 20x /0.8 apochromatic objective lens in combination
with an achromatic lens (Lg). To tilt the beam angle at the microscope objective lens, the laser beam
can be shifted towards the outside of the BFP of the objective lens by a movable stage. The beam
is focused onto the BFP by an achromatic TIR focusing lens (Lt). The emission filter and dichroic
mirror inside the microscope body are selected according to the excitation wavelengths. An additional
LED lamp can be used to illuminate the sample while using the eyepieces. The sample is fixed on a
microscope stage that can be moved in the z- and y-directions. Emitted light from the illuminated
sample is directed on an EMCCD camera. A custom-written LabVIEW software controls the different
devices and saves the camera images.
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bers; and two mirror turrets (IX3-RFACA, Olympus), one for the respective excitation/emission
filters and corresponding dichroic mirrors of the broad spectrum LED lamp (XT720L, Ex-
celitas Technologies) and the other for the respective emission filters and dichroic mirrors
of the excitation laser wavelengths. For multiplexed imaging, two quadband filter sets are
available, one for alternating excitation by 405, 488, 532, and 640 nm wavelengths (F72-866
& F73-866S, AHF analysentechnik) and the other for alternating excitation by 405, 488, 570,
and 640 nm wavelengths (F72-832 & F73-832S, AHF analysentechnik).

Emitted light from the sample is directed through a 1.6 x magnifier onto a back-illuminated
electron multiplying charge-coupled device (EMCCD) camera (Andor iXon®™™+ DU-897D-
CSO-BV, Oxford Instruments) with 512 x 512 pixels and a pixel size of 16 pm. Consecutive
frames are shown in real-time within the LabVIEW program and saved as a 14-bit TIFF
stack on the hard drive of the PC.

The setup was aligned on a regular basis. For this purpose, all four excitation laser beams
were first aligned to a common beam axis. Both activation laser beams were also aligned to
the same beam axis. By tuning the frequencies of the AOTF, the main maximum for each
wavelength with the highest transmitted intensity was identified. A shearing interferometer
was used to adjust the expansion lens Lg to obtain a collimated beam. Subsequently, the
central position of the movable stage was determined, and it was ensured that the beam was
centered and perpendicular to the BFP using a pinhole with a connected crosshair reticle.
The TIR lens was then adjusted to focus the beam on the BFP, ensuring that the beam
diameter was as small and circular as possible (Fig. 3.4A). If the beam was defocused, a
stretched beam pattern would result due to astigmatism in one or a perpendicular direction

(Fig. 3.4B). Lastly, the camera position was centered.

Finally, the aligned setup was calibrated. The actual intensity in the sample plane was
determined for each excitation and activation wavelength, which depends on the respective
laser power and beam diameter. To determine the actual laser power P in the BFP, a power
meter was used to measure the laser beams at different output powers in the BFP and a
corresponding conversion factor was determined. Depending on the wavelength, the trans-
mittance of the objective lens is also taken into account. Assuming a Gaussian beam profile,
the mean FW HM of the beam is calculated from the 2D Gaussian fit at different positions of
a fluorescent bead sample (TetraSpeck Microspheres 100 nm, Invitrogen). The beam intensity

for each laser wavelength at the sample plane is then calculated.

The effective pixel size in the sample plane is expected to be 100 nm using the 100x
objective lens and an additional 1.6 x magnification. A slide with an 1 pm grating was used to
determine the actual pixel size. Using a line profile (Fig. 3.4C), the intensity was plotted along
the camera pixels (Fig. 3.4D). By means of the MATLAB function findpeaks, the peaks were
identified and the mean distance between the respective neighboring peaks was calculated to
pT = (10.0 £ 0.5). With an assumed grid spacing of dgiq = (1000 = 10) nm an effective pixel
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size of dpx = (100 & 5) nm was calculated as follows:

ri A Ti 2 Ti - Apz 2
Ay = dg_d =100nm  with Adp, = \/< d_g d) " (dg d_2 W) = 5nm (3.2)
pT bx

Consequently, the image size of a camera frame is 51.2 x 51.2 pm?.
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Figure 3.4 | Calibration and alignment of widefield microscopy setup
(A) Beam profile of aligned setup shown a few centimeters above the objective lens. Note that the
slight asymmetry of the beam profile results from the inclination of the hand-held paper. (B) Beam
profile of misaligned expansion or TIR lens. (C) Cropped camera image of a 1 pm grating. Scale bar:
50 px. (D) Line profile (red line in (C)) showing the normalized intensity and identified peaks.

3.2.2 MINFLUX Setup

MINFLUX tracking experiments were conducted using a commercially available MINFLUX
system (Abberior Instruments) (Schmidt et al., 2021), which includes a motorized inverted mi-
croscope (I1X83, Olympus) with a 100x /1.4 oil-immersion objective lens (UPLSAPO100XO,
Olympus). The microscope is equipped with excitation laser lines of 640, 561 and 488 nm
wavelengths and an LED lamp (XT720L, Excelitas) with corresponding filter sets. MIN-
FLUX detection was achieved by employing two avalanche photodiodes in the spectral ranges
of 650 nm to 685nm and 685nm to 720 nm wavelength, with the photon counts of the two
avalanche photodiodes being summed. Confocal images are acquired in the spectral ranges
of 500 nm to 550 nm and 580 nm to 630 nm wavelength, respectively. The reflection image of
the gold nanoparticles fixed on the cover glass is used for active stabilization, resulting in a

residual sample drift of typically less than 1 nm (mean square displacement) in all directions.

32



3 Materials and Methods

The Imspector software is used to operate the entire setup (version 16.3.15631-m2205, Abbe-
rior Instruments). The setup was fine-tuned the morning before the experiments by centering
the beams of the different lasers and verifying the quality of the intensity minimum (zero) of

the excitation laser.

3.3 Data Acquisition

For the purpose of tracking experiments, a fresh sample was prepared after a period of six
to nine days in culture, as previously described. The identification of a CRISPR-positive
neuron was achieved through the use of dynein labeled with a cell-permeable fluorophore or
dynein tagged with EGFP. Using the eyepieces and LED illumination increased the speed
of the identification process. The morphological characteristics of axons, namely their longer
and constantly narrow extension and smoother appearance compared to dendrites (Cason
et al., 2023), were employed to identify axons. In instances where the axon was not readily

discernible, an alternative cell was sought.

3.3.1 MINFLUX Tracking Measurements

Once an axon of a CRISPR-positive neuron had been identified, a series of ROIs along the
axon were selected for MINFLUX tracking. To achieve a localization precision well below
8 nm, which is the expected step size of dynein, and a temporal resolution well below 1 ms, to
avoid missing steps, the parameters listed in Table 3.3 were set in the localization procedure.
According to Equation 2.6, a minimum of 75 photons per localization is required to achieve
approximately 3nm localization precision at a TCP diameter of L = 75nm. The pattern
dwell time was set to 200 pus with at least three repetitions, which results in a mean photon
count rate of 125 kcps needed to obtain 75 photons per localization in 600 ps. In the course
of test experiments, these photon rates were frequently achieved by setting the laser power
of the 640 nm excitation laser to 135 pW (measured at the periscope). A confocal detection
pinhole size of 0.93 AU was used.

In the initial phase of the MINFLUX localization procedure, the ROI is continuously
scanned, and once a predefined photon threshold is reached, the specified iterative MINFLUX
localization procedure (Table 3.3) is initiated. The diameter L of the TCP is gradually reduced
while the laser power is incrementally increased. For MINFLUX tracking, the final iteration
step is repeated until the maximum center frequency ratio (CFR) (Schmidt et al., 2021) is
surpassed or the detection signal is lost completely. This ultimately yields a MINFLUX trace

of successive localizations.

3.3.2 Widefield Measurements

For widefield measurements in section 4.2, several ROIs of dimension 51.2 x 51.2um? were

successively selected along the axon. To achieve the highest frame rate for widefield dynein
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Table 3.3 | MINFLUX localization procedure
The minimum number of photons detected (photon count) refers to the overall dwell time of the
pattern, for example, 3 x 200 ps for the final iteration. Should the minimum number of photons not
be reached during a pattern, the entire pattern is repeated until the minimum number of photons is
achieved. This may result in an extended time interval to the next localization.

Iteration 1 2 3 4

TCP mode Prescan Hexagon Hexagon Hexagon
TCP diameter L (nm) 284 302 151 75
TCP dwell time (ps) 50 50 50 200
TCP repeat 1 1 1 3
Minimum photon counts 40 20 10 75
Background threshold (kcps) 15 30 30 40
Maximum CFR — 0.5 — 0.8
Laser power multiplication 1 1 2 3

tracking, microtubules and dynein were not simultaneously imaged in multiplexed mode but
rather successively. First, stained microtubules were imaged with the 488 nm excitation wave-
length at a focal intensity of 92 W/cm? and near TIRF conditions. To avoid channel bleed-
through, the stained microtubules were then bleached. Subsequently, in the same ROI, movies
were recorded with the 532 nm excitation wavelength at a focal intensity of 92 W/cm? and an
exposure time of 100 ms for at least one minute. For recordings in other sections, other laser

intensities may have been used, which are indicated in the text.

3.4 Data Analysis and Processing

In the figures presented in the subsequent chapter, the symbol ‘n’ represents the number of
data points, while the symbol ‘N’ denotes the number of independently conducted experi-

ments.

3.4.1 Analysis of MINFLUX Measurements

Data from MINFLUX measurements were analyzed and plotted in MATLAB R2022a using

custom-written scripts.

Singular Value Decomposition to Determine On-Axis Direction

The first step in the analysis of the measured MINFLUX traces was to determine the main
direction of propagation of the movement. Here, one can take advantage of the fact that
the shape of a processive motion of dynein along the axon corresponds approximately to a
rectilinear motion and thus has a large variance in the direction of propagation and a small

variance orthogonal to the direction of propagation. It is therefore reasonable to determine
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the direction of propagation using a singular value decomposition (SVD). In the following,
the main propagation direction is called “on-axis” and the direction orthogonal to it “off-axis”.
In case of a two-dimensional measurement and an economy SVD, the centered trace

R2X™ containing - /y-coordinates for m consecutive localizations can be uniquely

matrix T €
decomposed into two unitary matrices U € R?*? and V € R™*? and a diagonal matrix

3 € R?*? in the following manner (Brunton and Kutz, 2019).

T
0 V11 V12
ry - X Uil U12 g1 . .
T=1y - tm}: ml _yusvT = : : (3.3)
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The economy SVD was applied to each centered trace T using the MATLAB function svd. The
first column of U corresponds to the on-axis direction (main propagation direction) and the
second column the off-axis direction. Each trace vector t;, with j € [1,m], was subsequently

rotated into the on-/off-axis coordinate system by means of an inverse linear transformation.
tj=U"t, (3.4)

where #; denotes the rotated trace vector in the on-/off-axis coordinate system.

Filter Criteria for Sorting out Non-Processive Motion Traces

Given that the dataset often comprises more than 1,000 traces, four filter criteria were em-
ployed to pre-filter the processive traces (Table 3.4). Initially, traces with fewer than 200
localizations were excluded. Subsequently, traces with a photon count rate above 300 kcps
were omitted in the second filtering step. Thirdly, traces with a singular value o1 less than
20nm were discarded, as these traces do not demonstrate processive motion. Finally, traces

exhibiting similar variance in both axes (01/02 < 3) were excluded.

Step Finding and Segmentation

In order to evaluate the MINFLUX data without bias, the AutoStepfinder algorithm (Lo-
eff et al., 2021) was utilized to analyze the MINFLUX traces, which does not require any
assumptions about the number or size of steps. Subsequently, the traces were divided into
retrograde and anterograde segments, which is defined as a processive run of at least 50 nm.
As a direction reversal, the short trace segments between consecutive runs in opposite di-
rections were defined. A segment was considered to be a pause within a processive run if it
exhibited a speed below 100nms~! for at least 100 ms.

To estimate the localization precision of a trace, the standard deviation of the distance

between successive localizations was calculated as previously described (Deguchi et al., 2023).
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Table 3.4 | Filter criteria for sorting out non-processive motion traces.
These filter criteria were applied in descending order to all acquired MINFLUX traces in each data set.

Filter criterion Description Threshold

Traces were filtered out if minimum num-
Number of localizations ber of valid localizations per trace did not 200
exceed the threshold.

High photon count rates are often a sign of
multiple emitters or background emissions.

Ph k
oton count rate Traces with median photon count rate val- 300 keps
ues above the threshold were thus omitted.
Traces were sorted out if the first (on-axis)
Singular value o singular value (Eq. 3.3) did not exceed the 20nm

threshold.

Non-processive motion traces have similar
singular values in both axes in contrast to
processive ones and were therefore filtered
out.

Ratio of singular values o1 /09

The uncertainty of detected step sizes was estimated based on plateau length and step size
(Loeff et al., 2021).

Gaussian Mixture Model Fitting

The on-axis step distribution was fitted with a Gaussian Mixture Model using the MATLAB
function fitgmdist. To find the optimal number of Gaussian components, the Akaike Infor-
mation Criterion (AIC) was used in 1,000 fitting runs, where p is the number of estimated
parameters in the model and L is the likelihood function. The repeated runs compensate
for the stochastic initial conditions of fitgmdist which resulted in a varying number of fitted
components. The optimal set of components was determined in a range from one to seven

components.
AIC =2p—2InL (3.5)

Maximum Likelihood Estimation and Model Selection for Dynein Stepping

In order to select a model that best describes the dwell time distribution, which is composed
of the time interval 7 between successive steps, three models were fitted to the distribution.
These models are a single exponential, a convolution of two exponentials with the same
rate constant k£, and a convolution of two exponentials with different rate constants k; and ko
(Table 3.5). In order to ensure that the model fitting is independent of the data representation,
maximum likelihood estimates were used by employing the MATLAB function mle. The model
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that best describes the observed data was determined using the Akaike weights as a measure
of the probability that one of the candidate models was the optimal model given the data
and three competing models (Burnham and Anderson, 2002). It should be noted that the
AIC (Eq. 3.5) penalizes the model with two distinct rate constants more than the other two

models.

Table 3.5 | Maximum likelihood models for dynein stepping
Overview of different models for fitting the dwell time distribution, including their probability density
function (PDF) and cumulative distribution function (CDF) as well as a interpretation of these models
in the context of the kinetics of dynein stepping. The first model is a single exponential, the second a
convolution of two exponentials with the same rate constant, the third a convolution of two exponentials
with different rate constants.

PDF CDF Interpretation

Dynein stepping is based on a single process
ke kT 1—e described by the rate constant k, i.e. con-
sumption of one ATP per step.

Dynein stepping is based on two equal pro-
k2re T 1—e k(1 + kr) cesses occurring successively at a rate of k,
i.e. consumption of two ATPs per step.

Dynein stepping is based on two unequal
successive processes described by rate con-

% (e*k” — e*k”) 1+ % stants k1 and ko, i.e. different rate constants
may be assigned to slow and fast subpro-
cesses within the ATPase cycle.

Generation of Markov Chains

Markov chains were constructed by sampling the segmented MINFLUX traces at a sampling
rate of 1/k, with & = 90s™!, corresponding to the inverse rate constant determined by
maximum likelihood fitting of the dwell time data (Fig. 4.32B). This resulted in the generation
of a varying number of time intervals, corresponding to the distinct states observed. These
states included (i) processive retrograde movement (R), (ii) anterograde movement (A), (iii)
a pause within retrograde movement (R—R), (iv) a pause within anterograde movement
(A—A), (v) a direction reversal from retrograde to anterograde movement (R—A), and (vi)
a direction reversal from anterograde to retrograde movement (A—R). The sampling rate was
selected on the basis of the aforementioned segmentation, which was also performed on the
single-step timescale. The transition probabilities, which constitute the transition matrix P,
were calculated as the ratio of the number of time intervals representing a transition into a
subsequent state to the total number of time intervals for all transitions from the initial state.
The stationary probability vector  was determined using MATLAB’s asymptotics function.

Traces were excluded from the Markov chain generation procedure if they contained outlier
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pause or reversal times (Fig. 4.30B).

Simulation of MINFLUX Traces

MINFLUX traces (on-axis displacement versus time) were simulated using MATLAB by
assuming 1,000 discrete steps of 4nm increment at probabilities that matched the observed
Gaussian Mixture Model fit (Fig. 4.35B). The dwell times between these steps were generated
from a randomly exponential distribution with a decay constant of k = 90s™!, corresponding
to the maximum likelihood fit to the experimental dwell times (Fig. 4.32B). To account for
similar experimental conditions, noise was added to the trace at a level reflective of the desired

localization precision.

3.4.2 Analysis of Widefield Measurements

From the movies acquired with the widefield microscope, kymographs were generated along
the axon using the Fiji ImageJ (Schindelin et al., 2012) macro KymographClear (Mangeol
et al., 2016). The Fourier-filtered kymograph was color-coded to highlight retrograde (orange)
and anterograde (cyan) movement. With the KymographDirect program (Mangeol et al.
2016), several segments of retrograde and anterograde movement with a run length longer
than 1pm were manually traced. The exported data included the speed of the segments,
which were then visualized using MATLAB.
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4.1 Establishing Endogenous Tagging of Dynein in Living Neurons

In order to be able to track dynein in living primary hippocampal neurons, it was neces-
sary to establish and optimize the different steps of the sample preparation. The custom-
built widefield microscope was utilized to assess cell viability, the number of transfected or
CRISPR/Cas9-positive neurons, the expression of different protein tags, the specific binding

of fluorophores, and the colocalization of dynein with microtubules.

4.1.1 Optimization of Transfection and Electroporation of Living Neurons

A series of plasmids have been designed and generated with the objective of tagging dynein at
different subunits in living neurons (Table 3.1). In order to determine the optimal conditions
for transfection with overexpression plasmids and electroporation with CRISPR/Cas9 knock-
in plasmids, a series of conditions were tested. The optimal conditions were determined based

on the number of transfected or CRISPR/Cas9-positive neurons and cell viability.

Overexpression Plasmids

For DIC overexpression in living neurons, transfection with GFP-DIC2C or SNAP-DIC2C
plasmids was optimized by varying plasmid amounts in the range of 25ng to 1000 ng and
transfection times between one and seven days in culture. Optimal conditions were obtained

with 500 ng plasmid per coverslip, 2 pL. Lipofectamine 2000 after five to seven days in culture.

CRISPR/Cas9 Knock-In Plasmids

To optimize electroporation of living neurons, the amount of plasmid was varied between
200 ng to 400 ng, the voltage between 1200V to 1400V, the number of pulses between 1 and
3, and the pulse duration between 10 ms to 30 ms. The optimum was obtained with 3 pulses
of 10 ms duration at 1400 V and 200 ng plasmid.

To compare transfection with electroporation, neurons were also transfected with the
CRISPR/Cas9 knock-in plasmids using the optimal conditions described above. Overall, elec-

troporation resulted in more CRISPR/Cas9-positive neurons than transfection.
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4.1.2 Assessing Various Protein Tags Conjugated to Different Dynein Subunits

The subsequent step was to ascertain which protein tag is most suitable for tracking dynein
in living neurons. To this end, overexpression plasmids were initially evaluated, and then the
various CRISPR/Cas9 knock-in plasmids.

Overexpression of Dynein Intermediate Chain

To assess the suitability of overexpressing the tagged DIC, a subunit of the dynein motor
complex, as a strategy to track dynein in living neurons, two overexpression plasmids were
utilized, and living neurons were imaged with the custom-built widefield microscope. Using
the optimized transfection conditions, primary hippocampal neurons were transfected with
either the GFP-DIC2C plasmid or the SNAP-DIC2C plasmid. Following transfection, either
the fluorescent protein EGFP (Cormack et al., 1996) or the SNAP-tag (Keppler et al., 2003;
Sun et al., 2011), both conjugated to the mouse DIC2C (King et al., 2003), was overex-
pressed. Neurons expressing SNAP-DIC2C were additionally labeled with the cell-permeable
fluorophore LIVE610-SNAP to visualize dynein. Finally, various movies of different prepara-
tions of living hippocampal neurons were recorded with the widefield microscope.

Figure 4.1A shows a widefield image of two neurons expressing EGFP-DIC2C. Three
kymographs were generated along three neurites, displaying retrograde (back to the soma)
and anterograde (away from the soma) movement as seen by the diagonal trajectories (Fig.
4.1B-D). This indicates that the overexpressed and tagged DIC2C was incorporated into the
dynein motor complex, which moved in both directions in neurites, similar to a previous study
using the same overexpression plasmid in live neurons (Guo et al., 2016).

Similarly, retrograde and anterograde movement was observed in neurites of neurons
expressing SNAP-DIC2C, labeled with LIVE610-SNAP (Fig. 4.1E, F). In addition to the
observation of small moving particles, elongated structures in the neurites were also labeled.
These structures may correspond to non-specifically labeled mitochondria (indicated by red
triangles in Fig. 4.1E).

When comparing EGFP-tagged dynein to SNAP-tagged and fluorescently labeled dynein,
recordings of EGFP exhibited higher background intensity due to autofluorescence of the neu-
rons. In contrast, LIVE610-SNAP-labeled dynein complexes exhibited a high signal-to-noise
ratio and few background intensities, apart from non-specific labeling of mitochondria, due
to the red laser excitation. Compared to EGFP, the high photostability of the organic fluo-
rophore allowed for the acquisition of longer movies until the fluorophore was photobleached.

In summary, overexpression of tagged DIC, as part of the dynein motor complex, allows
for the observation of bidirectional movement in neurites of living neurons. However, it is
questionable whether the photostability of EGFP allows for long tracking experiments. Fur-
thermore, it is unfavorable that LIVE610-SNAP led to non-specific labeling of mitochondria.
Moreover, the consequences of expressing a dynein subunit derived from the mouse genome

within neurons of another organism, in this case rats, remain uncertain.
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Figure 4.1 | Overexpression of dynein intermediate chain

(A) Representative maximum intensity projection of a widefield movie of living primary neurons
transfected with GFP-DIC2C. White boxes indicate where the kymographs were generated. The laser
intensity of the 488 nm excitation laser was 25 W/cm? at an exposure time of 200 ms. Scale bar: 10 pm.
(B, C, D) Corresponding kymographs with color-coded retrograde (R, orange) and anterograde (A,
blue) movements. Triangles highlight a selection of movements in each direction. Scale bars: 5pm,
10s. (E) Representative maximum intensity projection of a widefield movie of a neuron transfected
with SNAP-DIC2C. Dynein was labeled with 100 nM LIVE610-SNAP for 24 h and washed thrice. Red
triangles highlight non-specific labeling of mitochondria. White box indicates where the kymograph
was generated. The laser intensity of the 640 nm excitation laser was 19 W /cm? at an exposure time
of 200 ms. Scale bar: 10 ym. (F) Corresponding kymograph with color-coded retrograde (R, orange)
and anterograde (A, blue) movements. Triangles highlight a selection of movements in each direction.
Scale bars: 5pm, 10s.
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CRISPR/Cas9 Knock-In Specificity Assessment

In order to overcome the aforementioned challenges associated with overexpression, it was
investigated whether dynein could be tagged endogenously by specifically and directly editing
various dynein genes through the introduction of DNA sequences encoding different protein
tags via CRISPR/Cas9-mediated genome editing. To this end, it was first assessed whether
the DNA sequences encoding the different protein tags were integrated at the correct location
in the genome following electroporation with the respective CRISPR/Cas9 knock-in plasmid.
To achieve this, genomic DNA was isolated from electroporated neurons and a PCR was
conducted using primers, one of which binds in the respective dynein gene and the other in
the respective sequence encoding the protein tag.

Figure 4.2 shows the resulting agarose gels that visualize the length of the PCR products.
All of the PCR products exhibited the anticipated length (illustrated by the orange boxes in
Fig. 4.2), as determined by the primers’ binding to the CRISPR/Cas9-edited genome. The
upper bands of the agarose gel were either not sufficiently clean to permit sequence resolution
by sequencing or could not be aligned with the genome. It should be noted that the bands
with the anticipated length are more prominent than the other bands. Sanger sequencing of
the PCR products confirmed the correct integration of all the sequences encoding the protein
tags (exemplary demonstrated in Fig. 3.2). This confirmed that the DNA sequence encoding
the various protein tags, including EGFP and mEGFP (Cormack et al., 1996; Zacharias et al.,
2002), mEOS4b (Paez-Segala et al., 2015), HaloTag7 (Encell et al., 2012; Los et al., 2008), and
SNAPf-tag (Keppler et al., 2003; Sun et al., 2011) was integrated correctly at three different

sites of the dynein genes.

CRISPR/Cas9-Tagged Dynein Intermediate Chain

Following confirmation of the correct integration of the DNA sequences encoding the protein
tags to the dynein genes, the expression and motility of the CRISPR/Cas9-tagged dynein
were assessed using the custom-built widefield microscope. Primary hippocampal neurons
were first electroporated with the pO-GFP-DIC plasmid using the optimized conditions de-
scribed above, and CRISPR/Cas9-positive neurons were identified using the eyepieces and
the LED lamp. Upon identification of a CRISPR/Cas9-positive neuron (Fig. 4.3A), the axon
was identified by its morphology as the longest and smoothest process with a constant diam-
eter (Fig. 4.3B). A series of videos was recorded along the axon, and color-coded kymographs
were generated using Fourier filtering (Mangeol et al., 2016; Shih et al., 2013) (Fig. 4.3C).
The kymograph of CRISPR/Cas9-tagged EGFP-DIC displays numerous particles, each
discernible by a distinctive line, many of which are also diagonal, indicating a movement
in retrograde or anterograde direction (Fig. 4.3C). Similar to the case of the overexpressed
EGFP-tagged DIC (Fig. 4.1A), the widefield acquisition in Figure 4.3B also displays back-
ground intensity that originates from cellular autofluorescence. Similarly, as with the overex-
pressed EGFP-tagged dynein, but in contrast to the fluorophore labeling (Fig. 4.1E, F), the
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Figure 4.2 | CRISPR/Cas9 knock-in specificity assessment

Agarose gels with PCR products of isolated genomic DNA from neurons electroporated with respective
CRISPR/Cas9 knock-in plasmids. Orange boxes indicate the expected PCR product lengths and areas
where the bands have been cut out for subsequent DNA purification and sequencing. The expected
PCR product lengths for the tagging of the DIC N-terminus were: EGFP (3022 bp), codon-optimized
SNAPf-tag (2929 bp), SNAPf-tag (2929 bp), HaloTag7 (2833 bp), mEOS4b (3199 bp), for the DHC
N-terminus: mEGFP (640 bp), mEGFP (630bp), HaloTag (451 bp), HaloTag7 (798 bp), and for the
DHC C-terminus: mEGFP (855 bp), mEGFP (610 bp), HaloTag7 (550 bp), HaloTag7 (421 bp).

photostability of EGFP is relatively low, as evidenced by the disappearance of lines at the
bottom of the kymograph (end of movie) (Fig. 4.3C). A notable distinction between the over-
expression and the tagged dynein approach is the sheer number of dynein motor complexes
that are visible in the kymograph. This is due to the fact that the neuron expresses tagged
dynein endogenously, as opposed to integrating overexpressed GFP-DIC2C into a select sub-
set of motor complexes. In comparison to overexpression, there are considerably fewer neurons
expressing tagged dynein due to the inherent low efficacy of CRISPR/Cas9-mediated knock-
in. In any case, the morphology of CRISPR/Cas9-positive neurons appears to be similar to
wildtype neurons. This contrasts with the overexpression case, where it remained unclear
whether the morphology was altered due to overexpression artifacts (Ratz et al., 2015) or
potential effects on the integrity of the entire motor complex and endomembrane localization
(King et al., 2003; Vaughan et al., 2001).

Neurons electroporated with the pO-Halo-DIC plasmid were labeled with MaP555-Halo
(Wang et al., 2020) and exhibited a similar morphology to those in which an EGFP was
knocked-in (Fig. 4.4A, B). However, the background intensity was considerably lower due to
the reduced excitation of cellular structures by 532nm laser light in comparison to 488 nm
for EGFP. Another notable distinction between the MaP555-Halo fluorophore and EGFP is
its enhanced photostability, as evidenced by the kymograph (Fig. 4.4C, the kymograph was
shortened to fit within the page layout). Additionally, the kymograph depicts numerous lines

corresponding to individual particles, including anterograde and retrograde movement.

Finally, neurons were electroporated with plasmids pO-SNAP-DIC, pO-SNAPco-DIC,
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Figure 4.3 | CRISPR/Cas9-mediated knock-in of EGFP to dynein intermediate chain
(A) Representative maximum intensity projection of a widefield movie of the soma of a living primary
CRISPR/Cas9-positive neuron electroporated with pO-GFP-DIC. The laser intensity of the 488 nm

excitation laser was 49 W/cm2 at an exposure time of 200 ms. Scale bar: 10 um. (B) Representative

maximum intensity projection of a widefield movie of the axon of the same CRISPR/Cas9-positive
neuron. The laser intensity of the 488 nm excitation laser was 148 W/cm2 at an exposure time of
200 ms. Scale bar: 10 pm. (C) Corresponding kymograph with color-coded retrograde (orange) and
anterograde (blue) movements. Triangles highlight a selection of movements in each direction. Scale
bars: 10 um, 10s.
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Figure 4.4 | CRISPR/Cas9-mediated knock-in of a HaloTag7 to dynein intermediate chain

(A) Representative frame of a widefield movie of the soma of a living primary CRISPR/Cas9-positive
neuron electroporated with pO-Halo-DIC. Dynein was labeled with 10 nM MaP555-Halo for 15 min,
washed once, followed by 30 min washout in conditioned medium and finally washed twice. The laser
intensity of the 532 nm excitation laser was 92W/cm? at an exposure time of 100ms. Scale bar:
10pm. (B) Representative maximum intensity projection of a widefield movie of the axon of the
same CRISPR/Cas9-positive neuron. The laser intensity of the 532 nm excitation laser was 92 W /cm?
at an exposure time of 100 ms. Scale bar: 10 um. (C) Corresponding kymograph (displayed shorter
due to long movie length) with color-coded retrograde (orange) and anterograde (blue) movements.
Triangles highlight a selection of movements in each direction. Scale bars: 10 ym, 10s.
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and pO-EOS-DIC. In the first two cases, neurons were labeled with different SNAP-tag flu-
orophore ligands. In all cases, no CRISPR/Cas9-positive neurons could be identified using
the widefield microscope. By recording several movies of potential CRISPR/Cas9-positive
neurons, moving particles could not be observed. Therefore, although the CRISPR/Cas9-
mediated integration of the respective DNA sequence encoding the SNAPf- or mEOS4b-tag
was successful (Fig. 4.2), the expression of the tagged DIC may have been impeded, the
expressed tagged DIC may have been folded incorrectly, or the tag may have impeded the
assembly or motility of the whole motor complex.

In summary, CRISPR/Cas9-mediated knock-in of an EGFP and a HaloTag7 to the DIC
resulted in the visible bidirectional movement of many particles, without the aforementioned

mentioned concerns of overexpression.

CRISPR/Cas9-Tagged Dynein Heavy Chain

In addition to the DIC, the CRISPR/Cas9-mediated tagging of the DHC was investigated by
electroporating neurons with the plasmids pO-GFP-DHC and pO-Halo-DHC and subsequent
imaging with the custom-built widefield microscope. As the two aforementioned tags were
demonstrated to be effective for the tagging of the DIC in living neurons, the generation of
CRISPR/Cas9 knock-in plasmids for the tagging of the DHC was not pursued with other
tags.

Similar to the CRISPR/Cas9-mediated tagging of the DIC with mEGFP, CRISPR/Cas9-
positive neurons and their axon were identified using the eyepieces and LED lamp. The
background intensity of the EGFP-tagged DHC (Fig. 4.5A, B) was similar to that of the DIC,
and the kymograph showed many particles as indicated by the color-coded lines, including
diagonal lines corresponding to retrograde and anterograde movement (Fig. 4.5C). However,
the CRISPR/Cas9 knock-in efficacy was higher for the DHC compared to the DIC, as more
CRISPR/Cas9-positive neurons were identified per coverslip.

When comparing CRISPR/Cas9-mediated tagging of the DHC with a HaloTag7 (Fig.
4.6A, B) to that of the intermediate chain, there were no notable differences in background
intensity or particle movement as shown in the kymograph (Fig. 4.6C). Both retrograde and
anterograde movement was observed in the axon of CRISPR/Cas9-positive neurons with
considerably higher photostability compared to mEGFP. Note that the kymograph in Figure
4.6C has also been cropped to fit the page layout. The CRISPR/Cas9 knock-in efficacy of
HaloTag7 on the DHC was also higher compared to the DIC.

Finally, neurons were also electroporated with the CRISPR/Cas9 knock-in plasmids pO-
DHC-GFP and pO-DHC-Halo to tag the C-terminus of the DHC corresponding to the
head domain of the dynein motor. In both cases, however, it was not possible to iden-
tify CRISPR/Cas9-positive neurons using the custom-built widefield microscope. Although
CRISPR/Cas9-mediated integration of the respective DNA sequence encoding the tags was

successful (Fig. 4.2), the expression of the tagged C-terminus may have been impeded, the
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Figure 4.5 | CRISPR/Cas9-mediated knock-in of mEGFP to dynein heavy chain
(A) Representative frame of a widefield movie of the soma of a living primary CRISPR/Cas9-positive
neuron electroporated with pO-GFP-DHC. The laser intensity of the 488 nm excitation laser was
31W/cm? at an exposure time of 50 ms. Scale bar: 10 pum. (B) Representative maximum intensity
projection of a widefield movie of the axon of the same CRISPR/Cas9-positive neuron. The laser

intensity of the 488 nm excitation laser was 154 W /cm? at an exposure time of 50 ms. Scale bar:

10 pm. (C) Corresponding kymograph with color-coded retrograde (orange) and anterograde (blue)
movements. Triangles highlight a selection of movements in each direction. Scale bars: 10 pym, 5s.
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Figure 4.6 | CRISPR/Cas9-mediated knock-in of a HaloTag7 to dynein heavy chain

(A) Representative frame of a widefield movie of the soma of a living primary CRISPR/Cas9-positive
neuron electroporated with pO-Halo-DHC. Dynein was labeled with 10 nM MaP555-Halo for 15 min,
washed once, followed by 30 min washout in conditioned medium and finally washed twice. The laser
intensity of the 532 nm excitation laser was 92W/cm? at an exposure time of 100ms. Scale bar:
10pm. (B) Representative maximum intensity projection of a widefield movie of the axon of the
same CRISPR/Cas9-positive neuron. The laser intensity of the 532 nm excitation laser was 92 W /cm?
at an exposure time of 100 ms. Scale bar: 10 um. (C) Corresponding kymograph (displayed shorter
due to long movie length) with color-coded retrograde (orange) and anterograde (blue) movements.
Triangles highlight a selection of movements in each direction. Scale bars: 10 ym, 10s.
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expressed tagged DHC may have been misfolded, or the tag may have impeded assembly or
motility of the entire motor complex.

Using CRISPR/Cas9-mediated knock-in in living primary hippocampal neurons, the N-
terminus of the DHC was endogenously tagged with mEGFP and HaloTag7 in addition to
the DIC. Identification of CRISPR/Cas9-positive neurons containing DHC tagged at the

C-terminus may require additional experimental trials.

4.1.3 Optimization of Fluorescent Labeling for MINFLUX Tracking

MINFLUX tracking of dynein in live neurons requires cell-permeable, non-blinking, photo-
stable fluorophores that can be excited with the 561 nm or, even more optimal, the 640 nm
excitation laser, as there is considerably reduced autofluorescent cellular background (Luki-
navicius et al., 2016). Tt is also critical that the fluorophores bind specifically to the HaloTag
or SNAP-tag, rather than non-specifically to other cellular components. This is necessary
to ensure that the observed movement is due to dynein. In addition, non-specifically bound
fluorophores generate a strong background intensity that makes MINFLUX tracking difficult
or even impossible.

Due to the relatively inefficient nature of CRISPR/Cas9-mediated tagging compared to
protein overexpression, only a small proportion of neurons was successfully tagged using
CRISPR/Cas9. Consequently, in the case of CRISPR/Cas9-mediated tagging of dynein, two
fluorophores that meet the aforementioned requirements are necessary for orthogonal labeling.
One fluorophore is required for MINFLUX tracking at a low concentration (excitable by the
561 nm or 640 nm laser) and the other as a counterstain to identify CRISPR/Cas9-positive
neurons (excitable by the 488 nm or 561 nm laser). It is important to select a fluorophore for
the identification of CRISPR/Cas9-positive neurons with an emission spectrum that is not
too red-shifted, as this can make it challenging to identify labeled neurons using the eyepieces.

To identify suitable fluorescent probes, a series of fluorescent HaloTag and SNAP-tag
ligands were screened under different labeling conditions, including fluorophore concentra-
tion, labeling time, and wash steps. Table 4.1 provides an overview of all tested fluorophores
and their performance in terms of specific labeling, low background intensity, photostability,
and finally whether moving particles corresponding to dynein were visible using widefield
microscopy. The fluorophores that fulfilled these criteria were JF549-Halo and MaP555-Halo,
which can be used to identify CRISPR/Cas9-positive neurons, and JF646-Halo and JEX650-
Halo, which can be used for MINFLUX tracking. Figures 4.7 and 4.8 illustrates representa-
tive widefield recordings of these fluorophores and corresponding kymographs along the axon,
where the movement of particles can be observed.

When comparing JF549-Halo and MaP555-Halo in terms of labeling efficacy, a lower
fluorophore concentration and shorter labeling time of MaP555-Halo was sufficient to label
more particles than in the case of JF549-Halo. This can be seen by comparing the number
of lines visible in the kymographs (Fig. 4.7A, D). The high labeling efficacy of MaP555-Halo

49



4 Results

Table 4.1 | Fluorophore performance for CRISPR/Cas9-mediated tagging of dynein in living neurons
The fluorophores that permitted the observation of moving particles corresponding to dynein, exhibiting
high photostability and low background intensity, are highlighted in bold.

Fluorophore Ligand Ex/Em [nm] Observations

Oregon Green HaloTag 496/516 Low photostability, non-specific cytosolic
background

LIVE 510 SNAP-tag 498/529 Low photostability

R110 Direct HaloTag 502/527 High background, low photostability

505-Star SNAP-tag  504/532 Low photostability, non-specific cytosolic
background

NL19 HaloTag 514/533 High cytosolic background

JF549 HaloTag 549/571 Moving particles, high background

MaP555 HaloTag  555/580 Moving particles, photostable, low
background

580CP SNAP-tag 582/607 Non-specific cytosolic background
Non-specific binding to mitochondria, pho-

S80CP HaloTag 582/607 tostable, low background

610CP SNAP-tag 609/634 Non-specific cytosolic background
Non-specific binding to vesicles, photo-

610CP HaloTag 609/634 stable, low background
Non-specific binding to mitochondria, pho-

LIVE 610 SNAP-tag  611/636 tostable, low background

SiR SNAP-tag 641/662 Few neurons visible, blinking in background

JF646 HaloTag  646/664 Moving particles, photostable, low
background

JF646 SNAP-tag  646/664 Not possible to find CRISPR/Cas9-positive
neurons

JFX650 HaloTag  650/667 Moving particles, photostable, low

background
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is advantageous to avoid cytotoxicity and, combined with its high photostability and specific
labeling, makes it the best choice of all tested fluorophores to identify CRISPR/Cas9-positive
neurons.

For MINFLUX tracking, the fluorophores JF646-Halo and JFX560-Halo both showed
less background intensity compared to JF549-Halo and MaP555-Halo, probably due to the
use of longer wavelength excitation light. No differences in photostability or brightness could
be detected between JF646-Halo and JFX560-Halo using the widefield microscope. However,
because JFX650-Halo was found to have improved photostability and brightness in live U20S
cells (Grimm et al., 2021), it was used for MINFLUX tracking of dynein in live neurons.

In addition to labeling dynein, microtubules were also stained with different fluorophores
as a control to ensure that labeled dynein colocalized with microtubules and to ensure specific
labeling. Non-specific labeling, such as binding of the fluorophore to mitochondria, would be
seen as colocalized movement in adjacent wild-type neurons. Of the tubulin ligands tested,
BioTracker 488 Green Microtubule had the highest photostability and could be used at a low
concentration and with a short labeling time (Fig. 4.9A-C).

As described above, SNAP-tagged dynein was observed upon overexpression (Fig. 4.1) but
not upon CRISPR/Cas9-mediated knock-in. Among the SNAP-tag ligands, LIVE610-SNAP
had the highest photostability, but was found to accumulate non-gpecifically in mitochondria.
However, it is difficult to assess the performance of the SNAP-tag ligands as it was not
possible to identify CRISPR/Cas9-positive neurons with CRISPR/Cas9-mediated knock-in
of the SNAP-tag to dynein.

For dynein labeling in live neurons, the combination of MaP555-Halo for CRISPR/Cas9-
positive neuron identification, JFX650-Halo for MINFLUX tracking, and BioTracker 488

Green Microtubule for microtubule staining was the best combination of fluorophores tested.

4.1.4 Evaluating PC12 Cells as a Study System for Dynein Tracking

Given that dynein is the essential molecular motor for retrograde transport of cellular cargo
not only in the axons of neurons but in all eukaryotes (Reck-Peterson et al., 2018), live-cell
tracking of dynein using MINFLUX may be possible in other cells beyond neurons. PC12 cells,
derived from transplantable rat pheochromocytoma, represent a suitable option due to their
rat genome, which enables the use of the same CRISPR/Cas9-mediated tagging plasmids
used for rat hippocampal neurons.

To evaluate whether PC12 cells are a suitable study system for live-cell tracking of dynein,
PC12 cells were transfected with the pO-Halo-DIC plasmid and imaged using the custom-built
widefield microscope. Figure 4.10A shows a CRISPR/Cas9-positive PC12 cell with MaP555-
Halo labeled dynein, which demonstrates that the entire cytosol is labeled. This appears to be
similar to the soma of neurons, where the entire soma is also labeled (Fig. 4.9A), and to what
has been previously observed in PC12 cells with overexpressed DIC fused to GFP (Myers
et al., 2007). To track individual particles, the cell was illuminated with high laser intensity
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Figure 4.7 | Labeling of dynein with JF549-Halo and MaP555-Halo

52

(A) Representative maximum intensity projection of a widefield movie of the axon of a living primary
CRISPR/Cas9-positive neuron electroporated with pO-Halo-DIC. Dynein was labeled with 100 nM
JF549-Halo for 60 min, washed twice, followed by 50 min washout in conditioned medium and finally
washed twice. The laser intensity of the 532 nm excitation laser was 975 W/cm2 at an exposure time
of 30 ms. Scale bar: 10 pm. (B) Corresponding kymograph with color-coded retrograde (orange) and
anterograde (blue) movements. Triangles highlight a selection of movements in each direction. Scale
bars: 10 um, 1s. (C) Representative maximum intensity projection of a widefield movie of the axon
of a CRISPR/Cas9-positive neuron electroporated with pO-Halo-DIC. Dynein was labeled with 10 nM
MaP555-Halo for 15 min, washed once, followed by 30 min washout in conditioned medium and finally
washed twice. The laser intensity of the 532 nm excitation laser was 92 W/cm2 at an exposure time
of 100 ms. Scale bar: 10 pm. (D) Corresponding kymograph with color-coded retrograde (orange) and
anterograde (blue) movements. Triangles highlight a selection of movements in each direction. Scale
bars: 10 ym, 3s.
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for several seconds to photobleach the majority of the labeled dynein. Figure 4.10B shows a
time-lapse color-coded image of the left part of the same cell after photobleaching, wherein
movement is indicated by the rainbow-colored trajectory marked by the white triangle. The
inset (Fig. 4.10C) shows the corresponding kymograph.

In general, it is possible to track endogenous dynein in live PC12 cells. However, because
virtually all dynein motor complexes in the cytosol are labeled, tracking individual particles
would be very challenging and only possible after photobeaching or reduction of the fluo-
rophore concentration. Moreover, it is difficult to discern between anterograde and retrograde
movement, as the microtubules may not be oriented in the same direction. Additional mi-
crotubule orientation markers, such as CLIP-170 or EB1 (Howard and Hyman, 2003; Perez
et al., 1999), may be necessary to determine microtubule orientation. Conversely, neurons
form elongated and thin axons that contain unidirectionally oriented microtubules. As a re-
sult, axons facilitate both the identification of the transport direction and the tracking of
individual particles due to their much greater dispersion along the axon length over several

hundred microns.

Figure 4.8 (facing page) | Labeling of dynein with JF646-Halo and JFX650-Halo

(A) Representative maximum intensity projection of a widefield movie of the axon
of a living primary CRISPR/Cas9-positive neuron electroporated with pO-Halo-DIC.
Dynein was labeled with 1 nM JF646-Halo for 15 min, washed twice, followed by 30 min
washout in conditioned medium and finally washed thrice. The laser intensity of the
640 nm excitation laser was 370W/cm? at an exposure time of 100ms. Scale bar:
10 pm. (B) Corresponding kymograph with color-coded retrograde (orange) and an-
terograde (blue) movements. Triangles highlight a selection of movements in each
direction. Scale bars: 10 pm, 3s. (C) Representative maximum intensity projection of
a widefield movie of the axon of a CRISPR/Cas9-positive neuron electroporated with
pO-Halo-DIC. Dynein was labeled with 0.5 nM JFX650-Halo for 15 min, washed once,
followed by 30 min washout in conditioned medium and finally washed thrice. The laser
intensity of the 640 nm excitation laser was 352 W /cm? at an exposure time of 100 ms.
Scale bar: 10 ym. (D) Corresponding kymograph with color-coded retrograde (orange)
and anterograde (blue) movements. Triangles highlight a selection of movements in
each direction. Scale bars: 10 pm, 3s.
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Figure 4.9 | Colocalization of dynein and microtubules

(A) Widefield movie frame of a living primary CRISPR/Cas9-positive neuron, electroporated with pO-
Halo-DHC, labeled with MaP555-Halo and excited with the 532 nm laser (same ROI as in Fig. 4.6A).
(B) Maximum intensity projection of the same ROl where microtubules were stained with BioTracker
488 Green Microtubule (1:40,000) for 15 min and excited with the 488 nm laser at an intensity of
92W/cm?. (C) Overlay of dynein labeling (A) and microtubule staining (B). (D) Maximum intensity
projection of a widefield movie of the axon, labeled with MaP555-Halo and excited with the 532 nm
laser (same ROl as in Fig. 4.6B). (E) Maximum intensity projection of the same ROI (as shown in
(D)), excited with the 488 nm laser at an intensity of 92W/cm?. (F) Overlay of dynein labeling (D)
and microtubule staining (E). Scale bars: 10 pm.
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MaP555-Halos
before bleaching

Figure 4.10 | PC12 cells as study system for dynein tracking

(A) Representative maximum intensity projection of a widefield movie of a living PC12 cell trans-
fected with pO-Halo-DIC. Dynein was labeled with 500 nM MaP555-Halo for 15 min, washed twice,
followed by 45 min washout in conditioned medium and finally washed twice. The laser intensity of
the 532 nm excitation laser was 260 W/cm? at an exposure time of 30 ms. Scale bar: 10pm. (B)
Temporal color-coded maximum intensity projection of a zoom-in of the same PC12 cell. The white
triangle highlights a trajectory of an outward-moving (anterograde) particle as seen by the rainbow-
like color. Scale bar: 5 pm. (C) Enlarged kymograph of the anterograde moving particle in (B). Scale
bars: 500 nm, 200 ms.
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4.2 Single-Molecule Tracking of Endogenous Dynein in Living

Neurons

The dynein motor complex has been previously studied in neurons by labeling the transported
cargo (Deinhardt et al., 2006; Maday et al., 2014), performing overexpression of tagged dynein
subunits (Guo et al., 2016; King et al., 2003), or by CRISPR/Cas9-mediated tagging in
induced neurons (Fellows et al., 2024). Here, the CRISPR/Cas9-mediated tagging of two
dynein subunits in primary neurons was established, which can now be utilized to examine

and contrast the motility of these dynein subunits with the custom-built widefield microscope.

To perform single-molecule tracking of endogenous DIC and DHC, primary hippocam-
pal neurons were electroporated with the pO-Halo-DIC and pO-Halo-DHC plasmids using
the optimized conditions (Section 4.1.1). After six to nine days in culture, dynein was la-
beled with 10 nM MaP555-Halo and 1:40,000 BioTracker 488 Green Microtubule for 15 min
(Fig. 4.11A). Labeling with MaP555-Halo facilitates both the single-molecule tracking of
dynein and the identification of CRISPR/Cas9-positive neurons. The concentration of the
fluorophore MaP555-Halo was determined to be optimal for labeling a sufficient number of
dynein molecules for sufficient motile events, while avoiding the hindrance of single-molecule
tracking by an excess of labeled non-processive motors along the microtubule tracks. To con-
firm specific labeling of dynein, the low microtubule staining concentration and time were em-
ployed to image the microtubules at a brightness level that avoided cytotoxicity and channel
bleed-through while still allowing for sufficient visualization of microtubules. After labeling,
the neurons were washed once, followed by a 30-minute washout in conditioned medium, and
finally imaged in ACSF.

The custom-built widefield microscope was employed to identify CRISPR/Cas9-positive
neurons, utilizing the LED lamp and eyepieces. To identify the axon, each neurite was traced
from the soma to its terminal point to assess its potential as the axon. The longest and
smoothest process was determined to be the axon (Cason et al., 2023). If the identifica-
tion process was inconclusive, a new CRISPR/Cas9-positive neuron was sought until it was
confirmed that the axon was identified. This is important because only in the axon is the
microtubule orientation unidirectional (Baas et al.; 1988), allowing for the study of active
dynein-mediated transport as the movement from the axon tip backward to the soma, which

is referred to as retrograde transport (Guedes-Dias and Holzbaur, 2019).

The exposure time of the EMCCD camera was set to 100 ms in fast acquisition mode,
and the laser intensity to 92 W/cm?, which was the optimal trade-off between high signal-to-
noise ratio of the tracked dynein particles and long trajectories before photobleaching. In all
widefield ROIs, microtubules were first imaged and bleached to avoid channel bleed-through

and thus unnecessary background intensity along the microtubules.
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4.2.1 Dynein Intermediate Chain Motility in Primary Neurons

To examine the motility of the DIC in primary neurons, 22 movies were recorded in four bio-
logical replicates using a custom-built widefield microscope. The procedure was as previously
described. Figure 4.11B-D depicts the soma of a representative maximum intensity image
from a movie of a CRISPR/Cas9-positive neuron. A comparison of the Halo-DIC image (Fig.
4.11B) with the microtubule staining (Fig. 4.11C) reveals an apparent overlay of both images,
while at the bottom left, a wildtype neuron is visible in the microtubule staining (Fig. 4.11C—
D). This demonstrates that CRISPR /Cas9-positive neurons can be clearly distinguished from
wildtype neurons. The axon was identified as described above and several movies along the
axon were recorded. A representative maximum intensity image of one movie is shown in Fig-
ure 4.11E-G. The microtubule staining in comparison to the Halo-DIC image reveals neurites
from wildtype neurons, thereby demonstrating the specificity of the labeling.

After the experimental acquisition, the movies were analyzed and the axons within the
recorded movies were carefully traced in Fiji ImageJ (Schindelin et al., 2012). Kymographs
were created, in which the recorded intensity along the traced axon of each movie frame
is projected as a horizontal line with the time axis in vertical direction. This allows the
identification of particles that move along the axon as diagonal lines, whereas particles that
are stationary will appear as vertical lines. Fourier filtering was applied to the kymographs
in order to distinguish between retrograde and anterograde movement (Mangeol et al., 2016;
Shih et al., 2013).

Figure 4.12 shows a representative kymograph corresponding to the axon in Figure 4.11E,
where retrograde movement is colored in orange and anterograde movement in cyan. In the
kymograph, numerous particles are visible, whereas the majority appears to be stationary,
indicated by the vertical lines. In the upper right-hand corner, a long retrograde movement
is visible, representing dynein-driven movement back to the soma. This movement is redrawn
on the right for clarity. It is interrupted by two pauses, as indicated by the short vertical
sections, and ends with another pausing or stationary state. On the other side, four sections
of bidirectional movement are redrawn, including a direction reversal from either anterograde
to retrograde or retrograde to anterograde movement.

The observation that the majority of dynein motors appear stationary has also been made
in induced neurons, suggesting that only a small portion of dynein motors are actively involved
in retrograde transport (Fellows et al., 2024). Furthermore, the bidirectional nature of dynein
movement, including direction reversals and pauses, has also been observed previously for
different transported cargoes (Encalada et al., 2011; Kobayashi and Murayama, 2009; Kural
et al., 2005; Morris and Hollenbeck, 1993; Soppina et al., 2009). It seems plausible to suggest
that anterograde movement involves the active motion of the opposing kinesin motor family,
which is known to transport cargo, where dynein binds (Hancock, 2014; Maday et al., 2014;
Welte, 2004). Therefore, it seems reasonable to conclude that labeled dynein molecules travel

anterogradely as a passenger of kinesin-driven movement.
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Figure 4.11 | Colocalization of CRISPR/Cas9-tagged dynein intermediate chain and microtubules in a living
primary neuron
(A) Primary neurons were electroporated with pO-Halo-DIC after six to nine days in culture. Dynein
was labeled simultaneously with 10 nM MaP555-Halo and 1:40,000 BioTracker 488 Green Micro-
tubule for 15 min, washed once, followed by 30 min washout in conditioned medium, washed twice,
and imaged in ACSF. (B) Representative maximum intensity image of a widefield movie of the
soma of a living primary CRISPR/Cas9-positive neuron. The laser intensity of the 532 nm excitation
laser was 92 W/cm? at an exposure time of 100 ms. (C) Maximum intensity image of the same ROI
where the tubulin staining was excited by the 488 nm laser at 92W/cm?. (D) Overlay of dynein and
microtubules showing the soma and axon of the living primary neuron. (E) Representative maximum
intensity image of a widefield movie of the axon of the same neuron in which the labeled DIC was
excited. (F) Maximum intensity image of the same ROl where the tubulin staining was excited. (G)
Overlay of dynein and microtubules showing the axon of the living primary neuron. The ROl shown
is more than 100 pm from the soma. Scale bars: 10 pm.
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Figure 4.12 | Pauses and direction reversals within endogenous dynein intermediate chain movement
Kymograph along the axon as shown in Figure 4.11E, revealing pauses (P) and direction reversals
(R) within the endogenous dynein movement. Trajectories were traced within the white dotted boxes
in the kymograph. Anterograde (cyan) and retrograde (orange) movements are indicated by colored
triangles. Scale bars: 10 pm, 10s
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To investigate the speed of the CRISPR/Cas9-tagged dynein motors, segments of pro-
cessive movement, that is, uninterrupted movement, were collected using the kymographs
generated along the axons. 343 segments with a run length longer than 1 pm were considered
in the analysis. The segment speed is shown in Figure 4.13 as a histogram, with anterograde
speed represented in cyan and retrograde speed in orange. It should be noted that the di-
rection of speed was defined as positive in the retrograde direction, which corresponds to
dynein-driven motion. The distributions in both directions appear to be very similar, with

Lin each direction.

speeds up to 4.5pms ! and a median speed of approximately 1.5 pms™
This is comparable to what was observed previously in induced neurons (Fellows et al., 2024),
amyloid precursor protein (Fu and Holzbaur, 2013), or prion protein vesicles (Encalada et al.,

2011).
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Figure 4.13 | Segment speed of endogenous dynein intermediate chain
Histogram showing the speed of the CRISPR/Cas9-tagged DIC in anterograde (cyan, n = 174)
and retrograde (orange, n = 169) segments. Medians are indicated by the dotted line (with median
absolute deviation as uncertainty). Only segments with run lengths longer than 1 pm were considered.

4.2.2 Dynein Heavy Chain Motility in Primary Neurons

The motility of the DHC in living primary neurons was investigated using the same afore-
mentioned sample preparation procedure, but this time with the pO-Halo-DHC plasmid.
CRISPR/Cas9-positive neurons and their axons were identified according to the same proce-
dure. A total of 25 movies were recorded in six biological replicates. Figure 4.14A—C shows
a soma of a CRISPR/Cas9-positive neuron. By comparing the Halo-DHC image with micro-
tubule staining, a wildtype neuron at the bottom can be seen, demonstrating the distinction
between CRISPR/Cas9-positive and wildtype neurons. The specificity of the labeling can also
be appreciated in the overlay of the associated axon (Fig. 4.14D—F'). The Halo-DHC-positive

neurons exhibited similar characteristics to those of Halo-DIC-positive neurons. However, the
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efficacy of CRISPR/Cas9-mediated knock-in was higher for Halo-DHC, as more positive neu-

rons per coverslip could be identified.

A
Halo-DHC Halo-DHC

Figure 4.14 | Colocalization of CRISPR/Cas9-tagged dynein heavy chain and microtubules in a living pri-
mary neuron
(A) Representative maximum intensity image of a widefield movie of the soma of a living primary
CRISPR/Cas9-positive neuron electroporated with pO-Halo-DHC after seven days in culture. Dynein
was labeled simultaneously with 10 nM MaP555-Halo and 1:40,000 BioTracker 488 Green Micro-
tubule for 15 min, washed once, followed by 30 min washout in conditioned medium, washed twice,
and imaged in ACSF. The laser intensity of the 532nm excitation laser was 92W/cm? at an ex-
posure time of 100 ms. (B) Maximum intensity image of the same ROI where the tubulin staining
was excited by the 488nm laser at 92W/cm?. (C) Overlay of dynein and microtubules showing
the soma and axon of the living primary neuron. (D) Representative maximum intensity image of a
widefield movie of the axon of the same neuron in which the labeled DIC was excited. (E) Maximum
intensity image of the same ROI where the tubulin staining was excited. (F) Overlay of dynein and
microtubules showing the axon of the living primary neuron. The ROI shown is more than 100 pm
from the soma. Scale bars: 10 pm.

The kymograph in Figure 4.15 illustrates the movement of the endogenous DHC, cor-
responding to the representative recording of the axon in Figure 4.14D. As with the DIC,
most particles remained stationary, as seen by the vertical lines. Some particles exhibited
bidirectional movement, including direction reversals, as well as pauses or transitions into a
long-lasting pause or stationary state.

Once more, a segmentation of processive retrograde and anterograde movements was

carried out. A total of 329 segments were recognized with run lengths exceeding 1pm. The

62



4 Results

Reversals Pauses

- §

Figure 4.15 | Pauses and direction reversals within endogenous dynein heavy chain movement
Kymograph along the axon as shown in Figure 4.14D-F, revealing pauses (P) and direction reversals
(R) within the endogenous dynein movement. Trajectories were traced within the white dotted boxes
in the kymograph. Anterograde (cyan) and retrograde (orange) movements are indicated by colored
triangles. Scale bars: 10 pym, 10s
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corresponding segment speed is displayed in the histogram depicted in Figure 4.16. The

median speed, approximately 1pms !

, was comparable in both directions, although slightly
slower than what was observed for the DIC. Nevertheless, this speed is still comparable to
that observed in the aforementioned literature. The DHC experiments were conducted earlier,
with a culture period of six to seven days, than those of the DIC, which were performed after
eight and nine days in culture. This may influence the motility of dynein in living neurons
as they mature. The region of the axon where the movies were recorded may also influence
the processivity and speed of dynein, as has been partially observed in dorsal root ganglion
neurons (Peng et al., 2024). The experiments conducted here did not differentiate which

region of the axon the movies were recorded in, which could result in slightly different speeds.
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Figure 4.16 | Segment speed of endogenous dynein heavy chain
Histogram showing the speed of the CRISPR/Cas9-tagged DHC in anterograde (cyan, n = 167)
and retrograde (orange, n = 162) segments. Medians are indicated by the dotted line (with median
absolute deviation as uncertainty). Only segments with run lengths longer than 1 pm were considered.
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4.3 Stepping Behavior of Endogenous Dynein Scrutinized by
MINFLUX

The molecular motor dynein has been observed to perform discrete, nanometer-sized steps
within milliseconds on the microtubule lattice in a direction towards the minus end (Mallik
et al., 2004; Reck-Peterson et al., 2006). To date, the stepping behavior of dynein has been
predominantly investigated in wvitro at a reduced ATP concentration, which has been de-
creased by multiple orders of magnitude to markedly slow its movement (DeWitt et al., 2012;
Elshenawy et al., 2019; Niekamp et al., 2021; Qiu et al., 2012). Consequently, the dwell times
between successive steps were extended to enable the resolution of individual steps through
the use of established single-molecule tracking techniques. MINFLUX, conversely, enables the
discernment of molecular movement within the single-digit nanometer/millisecond domain
(Deguchi et al., 2023; Wirth et al., 2023). Therefore, to identify the actual rapid, discrete
steps of the dynein motor and thereby investigate its unimpeded stepping behavior in living
cells, a MINFLUX microscope with a donut-shaped excitation beam was utilized (Schmidt
et al., 2021).

To enable the tracking of individual dynein motors in living cells using the MINFLUX
microscope, primary hippocampal neurons were electroporated with CRISPR/Cas9 HaloTag-
dynein knock-in plasmids in accordance with the aforementioned optimal conditions (Sec-
tion 4.1.1). After six to nine days in culture, Halo-DHC or Halo-DIC were labeled with a low
concentration (100 pM) of JFX650-Halo for 15 min followed by a second 15-minute labeling
step with both 100 nM MaP555-Halo and 1:20,000 BioTracker 488 Green Microtubule (Fig.
4.17A), as these were identified as the optimal labeling conditions (Section 4.1.3). Following
a 30-minute washout in conditioned medium, Halo-DHC or Halo-DIC motor complexes were
tracked in living neurons using MINFLUX.

As previously outlined, the MINFLUX tracking procedure was optimized to enable the
attainment of a single-digit nanometer localization precision within a time span of less than
one millisecond, thus allowing for the detection of fast nanometer-sized steps (Section 3.3.1).
To ensure the exclusive localization of a single emitter, the ratio of central to peripheral
emission was calculated during tracking, serving as a termination condition for the localization
scheme (Schmidt et al., 2021).

4.3.1 MINFLUX Tracking of the Dynein Heavy Chain

The initial dynein subunit to be examined using MINFLUX in living neurons was the DHC.
First, a Halo-DHC-positive neuron was identified by the MaP555-Halo labeled dynein motors
using eyepieces and LED illumination (Fig. 4.17B). By tracing all processes that originate
from the soma, the axon was identified as the longest and smoothest (Fig. 4.17C). Figure 4.17C
also displays a neighboring wildtype neuron discernible through tubulin staining, though

without colocalization of MaP555 emission, thus corroborating the specificity of the HaloTag
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labeling.

Within the selected region, multiple MINFLUX traces were obtained (Fig. 4.17D). Figure
4.17E depicts one of these MINFLUX traces, which was rotated into the on-/off-axis coordi-
nate system via a singular value decomposition as previously described (Section 3.4.1). The
steps were fitted to the traces without prior knowledge of the step size or number (Loeff et al.,
2021), as indicated by the time-colored dots. Sideways steps with off-axis step sizes exceeding
6 nm, which corresponds to the width of a protofilament (Asenjo et al., 2013), are indicated
by arrowheads and are perpendicular to the on-axis. The presented trace also comprises two
off-axis sideways steps exceeding 25nm in length (black arrows), which were occasionally
observed. These could represent a large sideways step over multiple protofilaments at once
or a transition to an adjacent microtubule, the diameter of which is approximately 25nm
(Harterink et al., 2019). The individual detected steps are visible in the on-axis displacement
versus time plot, with the majority exhibiting an on-axis size of approximately 8 nm. MIN-
FLUX traces from six independent experiments were considered for subsequent analysis, as

they exhibited processive movement.

In total, traces with a length of up to 1.6 pm and a duration of 3s were obtained in both
the retrograde and anterograde directions (Fig. A.1). The localization precision for Halo-DHC
motors using a pattern diameter of L = 75 nm was determined to be (3.5 4+ 0.4) nm (median,
median absolute deviation (MAD)), with a minimum localization precision of 2.3nm. On
average, (109+11) photons (median, MAD) were utilized to determine the current position of
the motor. As the measured photon detection rate of (100£20) keps (median, MAD) was lower
than the 125 keps observed in preliminary experiments for which the MINFLUX localization
procedure was optimized, the time resolution was (1.5 £+ 0.4) ms (mean, standard deviation
(SD)), thus exceeding the anticipated time resolution of 1ms. This is possible because the
MINFLUX localization procedure determines the current photons per localization and adjusts
the pattern dwell time accordingly to reach the set photon threshold. Despite this, a median
step size uncertainty of (2.1 + 0.6) nm could be obtained, which is well below the observed
step sizes. As a result, individual steps of endogenous dynein in living primary neurons were
successfully detected using MINFLUX localization.

Figure 4.18 illustrates the marked enhancement in localization precision of MINFLUX
in comparison to the established centroid (camera-based) localization precision. While a con-
ventional camera-based localization with 109 photons would result in a precision of 26.7 nm
using the Rayleigh criterion, which is insufficient for resolving individual steps of endogenous
dynein, the attained MINFLUX localization precision was more than seven times smaller,
thereby enabling the detection of individual steps of endogenous dynein. The localization
precision of the measured MINFLUX traces of Halo-DHC are situated between the lower
limit of the background-free case (Eq. 2.6) and an upper limit of the corresponding curve
with background taken into account (Wirth et al., 2023) and an SBR = 1 or CFR = 0.5.

It is noteworthy that some traces even approach the background-free case. This highlights
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Figure 4.17 | MINFLUX tracking of endogenous dynein heavy chain

(A) Timeline of sample preparation, including electroporation of living primary neurons and live-
cell labeling. (B) Confocal images of the soma of a Halo-DHC positive neuron, where Halo-DHC is
visualized by MaP555-Halo labeling and microtubules by BioTracker 488 Green Microtubule staining.
Scale bar: 10 pm. (C) The axon of the Halo-DHC positive neuron was identified and traced for a
distance exceeding 100 pm. The overlay of Halo-DHC particles with tubulin staining demonstrates the
colocalization of both, as well as the presence of a neighboring wildtype neuron devoid of the labeled
Halo-DHC particles. The white box indicates the MINFLUX ROL. Scale bar: 10 pm. (D) MINFLUX
ROI with overlaid individual MINFLUX traces (orange) that colocalized with the axon. The white box
indicates the position of the representative MINFLUX trace. Scale bar: 1 pm. (E) The representative
MINFLUX trace (successive localizations shown by a gray line) with a corresponding step fit (time
color-coded dots) and sidesteps (off-axis steps larger than 6 nm, indicated by arrowheads) is shown.
Two black arrows indicate large off-axis steps. The inset shows an on-axis displacement versus time
plot with fitted steps. Scale bar: 100 nm.
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the necessity of employing MINFLUX localization for the detection of individual steps of

endogenous, and thus unrestrictedly fast, dynein.
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Figure 4.18 | Localization precision of dynein heavy chain MINFLUX traces
(A) A plot of localization precision versus photon counts per localization demonstrates the theoretical
limits of camera-based localization (black) in comparison to MINFLUX-based localization (blue:
background-free, orange: background considered with CFR = 0.5 or SBR = 1). Individual Halo-DHC
MINFLUX traces (n = 18) are represented by dots, which are color-coded by their corresponding
time resolution. (B) The same plot as shown in (A) with logarithmic axes.

The speed of Halo-DHC motors tracked with MINFLUX was found to be similar in
both the retrograde and anterograde directions (Fig. 4.19). While comparable, the speed
observed was slower than that determined through widefield measurements (Fig. 4.16). This
discrepancy may be attributed to the potential for extremely fast particles to be missed by
the MINFLUX localization procedure.

To assess the stepping behavior of endogenous dynein in living neurons, the MINFLUX
traces of Halo-DHC motors were divided into retrograde and anterograde segments, with
processive motion exceeding 50 nm. The minimal on-axis displacement anticipated from the
microtubule lattice structure is 4 nm (Fig. 4.20A). This is due firstly to the HaloTag being
positioned at the N-terminus of the DHC, which represents the center of mass and is referred
to as the dynein tail. Secondly, the MTBD of dynein binds to every other of3-tubulin dimer
(Carter et al., 2008), which has a diameter ranging between 8.1 nm and 8.3 nm (Alushin et al.,
2014). Therefore, the expected size of an on-axis step made by the dynein tail is that of an
integer multiple of half the size of the of-tubulin dimer. The width of a protofilament is
approximately 6 nm (Asenjo et al., 2013), so sideways steps exceeding 6 nm are considered a
switch to the adjacent protofilament.

The observed on-axis step sizes of retrograde segments are presented as a histogram in
Figure 4.20B. The median forward step size along the on-axis was observed to be (8.0 £
2.2) nm, with step sizes mainly between 4nm and 16 nm. Backward steps were infrequent,

with a probability of p = 0.04 and a smaller median step size of (5.7 4+ 2.0) nm. The median
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Figure 4.19 | Segment speed of dynein heavy chain MINFLUX traces
Histogram of segment speed of Halo-DHC, with retrograde segments (n = 25) color-coded in orange
and anterograde segments (n = 17) in blue, and the median value indicated for both directions.

on-axis step size of the entire distribution was (7.9+2.3) nm. The distribution of off-axis step
sizes is centered around (0.1+5.4) nm (mean, SD) and exhibits occasional sidestepping, with
a probability of p = 0.11 to the right and p = 0.10 to the left (Fig. 4.20C). It is evident that
the actual step size, s, was somewhat larger than the median on-axis step size, with a median
value of (9.2 £ 2.6) nm (Fig. 4.20D). In addition to the primary peak, a secondary peak at
approximately 12nm is evident in the step size distribution, corresponding to a step size of
the MTBD of 24nm. The step angle, ¢, was observed to be almost uniformly distributed
between —30° and 30°, with a median of ¢ = (—0.8 £ 20.7)° (Fig. 4.20E). These limits are

consistent with a step of 6 nm sideways and 8nm along the on-axis, ¢ = arctan 382 ~ 37°.

8nm
In summary, an average step of endogenous dynein would be 8 nm in on-axis direction, thus
corresponding to a 16nm MTBD step, occasionally with a sideways component, but rarely

backwards.

A subsequent analysis was conducted to ascertain the existence of potential discrepan-
cies between consecutive steps. In the two-dimensional distributions presented in the four
panels of Figure 4.21, the initial step, designated as step i, is consistently represented on
the x-axis, while the subsequent step, step i+1, is depicted on the y-axis. An examination
of the successive on-axis step sizes reveals a pronounced symmetry, with a peak occurring at
approximately 8 nm (Fig. 4.21A). This indicates that following an initial 8 nm step along the
on-axis, another 8 nm step is likely to follow. Secondly, the two-dimensional off-axis distribu-
tion also exhibits symmetry, with the majority of steps situated around 0nm (Fig. 4.21B).
This observation suggests that there was no evidence of left-right wobbling. The consecutive
actual step sizes also appear to be symmetric, similar to the consecutive on-axis step sizes,

with an initial 8 nm to 10 nm step followed by another step of similar size (Fig. 4.21C). In the
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Figure 4.20 | Stepping behavior of dynein heavy chain
(A) Schematic representation of the microtubule lattice with a step of size s. The on- and off-axis
step sizes are indicated, as well as the step angle ¢. (B) On-axis step size histogram of Halo-DHC.
(C) Step size histogram of off-axis step sizes of Halo-DHC. (D) Histogram of actual step sizes s of
Halo-DHC. (E) Step angle distribution of Halo-DHC (n = 925 for all histograms).

last panel, the consecutive step angle also appears to be symmetricly centered, similar to the
consecutive off-axis steps, which again indicates the absence of alternating left-right wobbling
(Fig. 4.21D). Collectively, this indicates that each step of endogenous dynein is independent
of the subsequent one, as there were no notable asymmetries.

Finally, the dwell time between consecutive steps was investigated. The distribution of
dwell times appears to be exponentially decaying, although it seems that the first bin is
underrepresented (Fig. 4.22A). This will be examined in greater detail in the following section
(Section 4.3.4). In any case, the succession of steps occurs with remarkable rapidity, with half
of the steps occurring in less than 7.4 ms. In total, endogenous dynein dwells for less than 100
ms before stepping again. When examining the consecutive dwell times, no asymmetry was
observed, with the majority occurring within a range of 2.5ms to 7.5ms (Fig. 4.22B). This
corroborates the previous finding regarding consecutive step sizes, indicating that consecutive
dwell times are independent of each other, that is, there are no alternating fast and slow steps,

but rather consecutive steps with similar dwell times.
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Figure 4.21 | Consecutive stepping of dynein heavy chain
(A) A two-dimensional histogram of consecutive on-axis step sizes of Halo-DHC, with the initial
step (i) on the x-axis and the subsequent step (i+1) on the y-axis. The corresponding probabilities
are color-coded. (B) Two-dimensional histogram of consecutive off-axis step sizes. The white box
indicates off-axis steps between —6 and 6 nm, which correspond to the limits of the same protofila-
ment. (C) Two-dimensional histogram of consecutive step sizes s. (D) Two-dimensional histogram
of consecutive step angles .
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Figure 4.22 | Dwell time analysis of dynein heavy chain
(A) The upper panel depicts the dwell time histogram of Halo-DHC, while the lower panel illustrates
the corresponding cumulative distribution of dwell times between consecutive steps (n = 900). (B)
The two-dimensional histogram of consecutive dwell times is presented with color-coded probability.

4.3.2 MINFLUX Tracking of the Dynein Intermediate Chain

In addition to the DHC, the DIC was also tracked with MINFLUX to gain insight into its
stepping behavior and identify potential differences between the two subunits during motility.
To facilitate a comparative analysis of the dynamics of the two subunits, the identical sample
preparation and labeling procedure was employed (Fig. 4.17A). In this instance, however,
living primary neurons were electroporated with the pO-Halo-DIC CRISPR/Cas9 knock-
in plasmid, which resulted in the tagging of the DIC at its N-terminus with a HaloTag,
as had been demonstrated previously (Section 4.2.1). Figure 4.23A depicts a representative
Halo-DIC-positive neuron, demonstrating the MaP555-Halo labeling of Halo-DIC and tubulin
staining. It should be noted that the tubulin image does not show the microtubules of the
soma, which were located at a different focal plane than those of the axon, which are shown
here. As previously, the axon was identified as the longest and smoothest process, and a
ROI for MINFLUX tracking was selected at a distance of at least 100 um from the soma (Fig.
4.23B). It should be noted that the tubulin staining in Figure 4.23B also reveals a neighboring
wild-type neuron; however, there is no colocalization of MaP555 labeling. This indicates the
specificity of the HaloTag labeling. A single trace was selected from the MINFLUX region
for subsequent analysis (Fig. 4.23C). Figure 4.23D presents the MINFLUX trace in detail,
with corresponding color-coded step fits. It should be noted that the raw trace with all
corresponding step fits is shown here. Consequently, the representation illustrates parts that
were not considered in the segmentation analysis. The retrograde section in the middle of the
trace, where the on-axis displacement versus time graph is taken from, appears disordered

due to the presence of two direction reversals from anterograde to retrograde movement and
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retrograde to anterograde. In total, MINFLUX traces from twelve independent experiments

have been considered for subsequent analysis, exhibiting processive movement.

The localization precision of the Halo-DIC MINFLUX traces was determined to be (4.2+
0.5) nm (median, MAD), with a minimum of 2.8 nm. This value is slightly higher than that of
Halo-DHC, which can be attributed to the lower number of photons per localization (91+11),
which is indirectly proportional to the localization precision via the square root. Furthermore,
the time resolution was higher, at (1.1 & 0.4) ms (mean, SD), compared to the MINFLUX
traces of Halo-DHC, reaching the anticipated limit of 1ms. This is likely attributable to
a markedly higher photon detection rate of (167 + 33) kcps (median, MAD), which was
achievable during MINFLUX tracking. In accordance with the MINFLUX traces of Halo-
DHC, the localization precision of the Halo-DIC MINFLUX traces were situated between the
lower background-free curve and the upper curve, where background was taken into account
(Fig. 4.24). In any case, all MINFLUX traces of Halo-DIC exhibited a localization precision
that was markedly higher than what would be expected for camera-based methods. This
allowed for the detection of inherently fast dynein steps in living neurons. In combination,
the step size detection uncertainty of (2.3+£0.6) nm (median, MAD) is considerably below the
anticipated step sizes of Halo-DIC motors, while the time resolution of (1.1 £+ 0.4) ms is well
below the expected dwell times. This enables the detection of individual steps of Halo-DIC

motors, as was previously observed for Halo-DHC motors.

Once more, Halo-DIC MINFLUX traces were divided into segments of processive retro-
grade and anterograde movement to facilitate a detailed investigation of the stepping behav-
ior. The speed of these segments was found to be similar in both directions (Fig. 4.25), and
comparable to that of Halo-DHC (Fig. 4.19), reaching speeds of up to 2.9 pms !, which is
similar to the fastest particles observed with the widefield microscope (Fig. 4.13). However,
it should be noted that the median speed is considerably slower than that observed using
the widefield microscope. Despite the spatiotemporal precision achieved with MINFLUX, it

is possible that very fast particles may still be missed.

In order to investigate the stepping behavior of Halo-DIC motors, an analysis was con-
ducted on the steps within the retrograde segments. The on-axis step size distribution exhibits
two principal peaks at 8nm and 12nm, in addition to a minor peak at approximately 16 nm
(Fig. 4.26B). The majority of backsteps were observed to be between 4nm and 8 nm in size.
In comparison to the on-axis distribution of Halo-DHC, the present distribution exhibits a
broader range of step sizes and a higher probability of backsteps (p = 0.15). Similarly, the
off-axis step size distribution is broader, with a mean of (—0.4£8.0) nm (mean, SD) and a pro-
nounced peak at 6 nm (Fig. 4.26C), corresponding to a sidestep to the adjacent protofilament.
The probabilities for sidestepping were markedly higher than those observed for Halo-DHC,
with p = 0.20 to the left and p = 0.16 to the right. As with the on-axis step size distribution,
the distribution of actual step sizes exhibits a peak at approximately 8 nm and one at approx-

imately 12nm (Fig. 4.26D), which is even more pronounced than that of the on-axis step size
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Figure 4.23 | MINFLUX tracking of endogenous dynein intermediate chain

(A) Confocal images of the soma of a Halo-DIC positive neuron, where Halo-DIC is visualized by
MaP555-Halo labeling and microtubules by BioTracker 488 Green Microtubule staining. Scale bar:
10pum. (B) The axon of the Halo-DIC positive neuron was identified and traced for a distance
exceeding 100 pm. The overlay of Halo-DIC particles with tubulin staining demonstrates the colo-
calization of both, as well as the presence of a neighboring wildtype neuron devoid of the labeled
Halo-DIC particles. The white box indicates the MINFLUX ROIl. Scale bar: 10 pm. (C) MINFLUX
ROI with overlaid individual MINFLUX trace (orange) that colocalized with the axon. The white box
indicates the position of the representative MINFLUX trace. Scale bar: 2 pm. (E) The representative
MINFLUX trace (successive localizations shown by a gray line) with a corresponding step fit (time
color-coded dots) is shown. The inset shows an on-axis displacement versus time plot with fitted
steps. Scale bar: 100 nm.
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Figure 4.24 | Localization precision of dynein intermediate chain MINFLUX traces
(A) A plot of localization precision versus photon counts per localization demonstrates the theoretical
limits of camera-based localization (black) in comparison to MINFLUX-based localization (blue:
background-free, orange: background considered with CFR = 0.5 or SBR = 1). Individual Halo-DIC
MINFLUX traces (n = 21) are represented by dots, which are color-coded by their corresponding
time resolution. (B) The same plot as shown in (A) with logarithmic axes.
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Figure 4.25 | Segment speed of dynein intermediate chain MINFLUX traces

Histogram of segment speed of Halo-DIC, with retrograde segments (n = 20) color-coded in orange
and anterograde segments (n = 26) in blue, and the median value indicated for both directions.
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distribution. It is evident that the actual step size distribution of Halo-DIC is broader than
that of Halo-DHC, indicating larger steps with a median of s = (11.8 +£3.4) nm. The angular
distribution of Halo-DIC exhibits larger step angles than that of Halo-DHC, including a slight
left-hand bias, as evidenced by the median angle of ¢ = (—3.4 +£26.7)° (Fig. 4.26E).

In conclusion, the on-axis step sizes exhibited a median of (9.8 + 3.1) nm, which was
larger than the (8.0 £ 2.2) nm observed for Halo-DHC. Additionally, the off-axis step size
distribution of Halo-DIC was broader than that of Halo-DHC, with a SD of 8.0 nm compared
to 5.4nm for Halo-DHC. Furthermore, the occurrence of backsteps was more prevalent, and
they were larger in size with (—7.4 £ 2.1) nm compared to those observed in Halo-DHC with
(—=5.7 & 2.0) nm. This suggests that the N-terminus of the DIC exhibits greater flexibility

during movement than the dynein tail (DHC N-terminus).
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Figure 4.26 | Stepping behavior of dynein intermediate chain
(A) Schematic representation of the microtubule lattice with a step of size s. The on- and off-axis
step sizes are indicated, as well as the step angle ¢. (B) On-axis step size histogram of Halo-DIC.
(C) Step size histogram of off-axis step sizes of Halo-DIC. (D) Histogram of actual step sizes s of
Halo-DIC. (E) Step angle distribution of Halo-DIC (n = 298 for all histograms).

As previously, an analysis was performed to identify any asymmetries present in con-
secutive steps of the DIC. In the two-dimensional histogram of the on-axis steps, it can be
observed that the majority of initial 8 nm steps are followed by another 8 nm step. However,
there is also a less probable occurrence of an initial 12nm step followed by another 12nm
step (Fig. 4.27A). Moreover, it can be discerned that there is a slight probability of a forward
step of 8 nm followed by a backward step of —8nm, as well as an initial backward step of
—8nm followed by another —8 nm backward step. The latter two possibilities, which were not
discernible in the plot of the DHC, are likely attributable to the fact that the DIC exhibited a
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greater prevalence of backsteps than the DHC. With regard to the consecutive off-axis steps,
the highest probability was observed within the range of —6nm to 6 nm (Fig. 4.27B). As was
observed previously in both the off-axis step size and angular distributions (Fig. 4.26C, E), a
slight left-handed bias is evident in the two-dimensional histogram of the consecutive off-axis
steps, indicating that a left swing is followed by a centered step. Upon examination of the
consecutive actual step sizes, three primary probabilities emerge. The predominant proba-
bility is an initial 12nm step followed by another 12nm step (Fig. 4.27C). The remaining
probabilities are an initial 8 nm step followed by another 8 nm step and an initial 12 nm step
followed by an 8 nm step. The consecutive step angles are predominantly distributed around
0°, exhibiting no discernible asymmetries (Fig. 4.27D). Overall, consecutive steps of Halo-DIC
were predominantly independent, with each subsequent step of the same kind following the
previous one. However, there were also instances where consecutive steps were unequal in size

compared to the Halo-DHC motors.
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Figure 4.27 | Consecutive stepping of dynein intermediate chain
(A) A two-dimensional histogram of consecutive on-axis step sizes of Halo-DIC, with the initial
step (i) on the x-axis and the subsequent step (i+1) on the y-axis. The corresponding probabilities
are color-coded. (B) Two-dimensional histogram of consecutive off-axis step sizes. The white box
indicates off-axis steps between —6 and 6 nm, which correspond to the limits of the same protofila-
ment. (C) Two-dimensional histogram of consecutive step sizes s. (D) Two-dimensional histogram
of consecutive step angles ¢
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Finally, the dwell time between consecutive steps was examined. The dwell time distri-
bution of Halo-DIC appears to be comparable to that of Halo-DHC, exhibiting a distribution
similar to an exponential decay (Fig. 4.28A). A half of the dwell times lasted for a duration
of less than 6.9 ms, which is comparable to what was observed in Halo-DHC motors. Fur-
thermore, the consecutive dwell times were also symmetrically distributed between 2.5 and
7.5ms (Fig. 4.28B), indicating that the stepping of endogenous dynein in living neurons is
temporally independent, as revealed by MINFLUX.
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Figure 4.28 | Dwell time analysis of dynein intermediate chain
(A) The upper panel depicts the dwell time histogram of Halo-DIC, while the lower panel illustrates
the corresponding cumulative distribution of dwell times between consecutive steps (n = 278). (B)
The two-dimensional histogram of consecutive dwell times is presented with color-coded probability.

4.3.3 Examination of Pauses and Direction Reversals in Dynein Movement

The observation of bidirectional processive movement with intermittent pausing within the
movement of labeled dynein across both widefield (Figs. 4.12 & 4.15) and MINFLUX mea-
surements (Fig. 4.23D) warrants a closer examination of these pauses and direction reversals.
Prior research has demonstrated that motors of opposite polarity, including both dynein and
kinesin family motors, are attached to the same cargo (Hancock, 2014; Maday et al., 2014;
Welte, 2004), resulting in bidirectional movement of the cargo (Encalada et al., 2011; Fu and
Holzbaur, 2013; Kural et al., 2005; Maday et al., 2012). As only dynein has been tagged and
labeled in this work, bidirectional movement can still be observed, in the retrograde direction
as active, dynein-driven movement and in the opposite anterograde direction as kinesin-driven
movement, in which dynein is attached to the cargo as a passenger. In particular, controversy
remains regarding the underlying process of the observed pauses and direction reversals. One
potential explanation is a stochastic process, typically referred to as a tug-of-war between
opposing motors (Hendricks et al., 2010; Miiller et al., 2008; Vale et al., 1992). This contrasts
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with the other possibility, which is a regulated process involving adaptor or microtubule-
associated proteins (Canty et al., 2023; Dixit et al., 2008; Ferro et al., 2022). Alternatively,
or in addition, regulation may occur as a consequence of post-translational modification of
microtubules (Guedes-Dias and Holzbaur, 2019).

To provide an indication of the two possible explanations for pauses and direction rever-
sals, all pauses and direction reversals in the MINFLUX measurements were first categorized
(Fig. 4.29). Pauses, defined as segments within a processive movement with a speed below
100nms—! for a minimum of 100ms, were observed in 41.0% of all MINFLUX traces. A
comparable proportion was observed for direction reversals, with 38.5 % of all traces. In both
cases, the proportion of anterograde (A) and retrograde (R) movement was similar (A—A:
20.5 %, R—R: 20.5 %, A—R: 17.9%, R—A: 20.5%). Only 10.3% of all traces exhibited both
pauses and reversals. Furthermore, 30.8 % of all traces exhibited solely pauses, while 12.8 %
displayed solely reversals. Of these, the proportions were similarly distributed between antero-
grade and retrograde (A—A: 15.4%, R—R: 15.3%, A—R: 12.8%, R—A: 10.3%). However,
there were also highly processive traces devoid of both pauses and reversals (46.2% of all
traces). Notably, retrograde traces without any pauses or reversals (33.3 %) were observed to
be almost three times more frequent than anterograde traces without any pauses or reversals

(12.8%).

Pauses Reversals
A—-A R—>R A—-R R->A Total 100%
41.0% 38.5%
All traces containing pauses or reversals o
205% | 205% | 17.9% | 20.5% 80%
Traces containing pauses, but no reversals| 15.4% 15.4% 30.8% 60%
()
Traces containing reversals, but no pauses 12.8% 10.3% 12.8%
0,
Retrograde traces with neiter pauses nor reversals 33.3% [100% 40%
Anterograde traces with neiter pauses nor reversals 12.8% 20%
Traces with both pauses and reversals 10.3%
L10%
Reversals or pauses with “tug-of-war’-like behavior | 2.6% 2.6% 5.3% 2.6% 10.2% DN.A.

Figure 4.29 | Categorization of pauses and direction reversals in MINFLUX traces of dynein
Overview of different categories resulting from the segmentation of MINFLUX traces. It should be
noted that traces present in the initial two rows may have been counted on multiple occasions, if
they exhibited both pauses and reversals. In order to ensure that each trace is counted only once,
the total incidence of traces with reversals but without pauses (fourth row) has been adjusted. In
contrast, when distinguished after the type of reversals traces may have been counted multiple times
if both types of reversals were present in the respective trace.
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In comparison to conventional widefield measurements, MINFLUX permits the observa-
tion of individual steps at physiological ATP concentration within living neurons, thereby
allowing the study of naturally occurring direction reversals and pauses in greater detail. Fig-
ure 4.30A illustrates four representative on-axis versus time plots, which encompass both types
of pauses or direction reversals. Notably, the duration of direction reversals ((16 £ 13) ms)
was on the order of the dwell time of individual steps, whereas the pause duration was ap-
proximately ten times longer ((154 £ 52) ms) (Fig. 4.30B). Pauses were, by definition, longer
than 100 ms, given that this was the threshold defined a-priori based on the observation that
individual steps were found to last less than 100ms (Figs. 4.22A & 4.28A). Nevertheless,
the duration of direction reversals could have been comparable to that of pauses, which was
not observed. Given the observed rapidity of directional reversals, it can be inferred that a
regulatory mechanism may be responsible for triggering a switch in motor activity, thereby
leading to a directional reversal. This is in contrast to a proposed stochastic tug-of-war as
an underlying mechanism for direction reversal. In a somewhat unexpected finding, and in
contradiction to the previously stated conclusion, discrete backward and forward steps were
also observed on rare occasions within both pauses and reversals (Fig. 4.30C). These con-
stitute 10.2% of all pauses and direction reversals (Fig. 4.29). This, in turn, leads to the
suggestion that on rare occasions, a stochastic mechanical competition between motors of
opposite polarity (tug-of-war) may also occur as an alternative to a regulated rapid reversal

mechanism.

In order to gain a comprehensive understanding of the pauses and reversals within the
context of the overall movement, two Markov chains were generated: one for the regulated
reversal mechanism and the other for the unregulated, stochastic case. The transition prob-
abilities between the states that constitute the Markov chains were calculated on the basis
of both the frequency and duration of processive movements, pauses, and reversals, which
were put in relation to one another. The first of the two Markov chains, which models the
case of a regulatory reversal mechanism, differentiates between distinct pause and reversal
states (Fig. 4.31A). To describe the unregulated stochastic mechanism (tug-of-war), the sec-
ond Markov chain allows for processive movement to transition into a single pause state, from

which movement can proceed in either direction (Fig. 4.31B).

Notably, the transition probabilities from either processive movement to a reversal or
pause are observed to be comparable (pa, A—sA = PA, AR, PR.R>R = PR,R—A)- This suggests
that both pauses and reversals are similarly probable within a processive movement. However,
a notable discrepancy emerges when comparing the transition probabilities from reversals or
pauses back to processive movement (pa—aA < PRAA, PRHRR < PASRR). Pauses are
approximately four times more likely to be sustained than reversals, as they last markedly

longer than reversals, as previously discussed (Fig. 4.30B).

The transition matrices P, which contain all transition probabilities (Eqs. 4.2 & 4.3), can
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Figure 4.30 | Duration of pauses and direction reversals in MINFLUX traces of dynein

(A) Representative MINFLUX traces illustrate the occurrence of pauses within processive retrograde
(R—R) and anterograde movements (A—A) and direction reversals, from anterograde to retrograde
(A—R) and vice versa (R—A). The corresponding step fit is color-coded based on the movement
direction (orange: retrograde, blue: anterograde). The duration of pauses and reversals is indicated
below the respective pause or reversal. Scale bars: 50 nm, 100 ms. (B) A boxplot of all reversal and
pause durations illustrates that pauses are approximately 10 times longer than reversals. Grey dots
indicate outliers. (C) A representative excerpt from a MINFLUX trace containing a reversal that
may be described as a tug-of-war. Scale bars: 50 nm, 100 ms.
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be used to identify the eigenvector 7 to the eigenvalue 1.

P =m (4.1)
0085 0 0007 0 0007 0
0 0957 0 002 0 0020
0076 0 0924 0 0 0
Pr ula; - 4.2
egulated 0 0062 0 0938 0 0 (42)
0 0243 0 0 0758 0
0274 0 0 0 0 0.726]
0985 0 0015
Punregulated — 0 0957 0043 (43)

0.041 0.062 0.897

The eigenvector 7 represents the long-term, stationary probability distribution of each state.
Notably, for both mechanisms, the largest stationary probability was the probability for pro-
cessive movement in either direction, 1 and me (Eqs. 4.4 & 4.5). This indicates that, over

time, dynein is most likely to be found in a processive state.

ﬂ'regulated:<0.599 0.224 0.058 0.084 0.018 0.016) (4.4)

ﬂ-unregu]ated - (0534 0275 Olg].) (45)

Additionally, the aforementioned differences in pause and reversal transition probability high-
light that reversals are shorter in duration (Fig. 4.30B) and less likely to endure than pauses
(Fig. 4.31A).

In conclusion, these MINFLUX findings on endogenous dynein in living neurons at single-
step resolution do not definitively resolve the controversy regarding the mechanism, stochastic
or regulated, that underlies direction reversals within bidirectional axonal transport. How-
ever, the data strongly suggest a regulated rapid reversal mechanism, as this occurred with
markedly higher frequency than a stochastic tug-of-war. An alternative interpretation of the
findings is that they depict a scenario in which either a regulated or a stochastic mechanism

occur, with the rapid regulated mechanism being the predominant one.
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Figure 4.31 | Markov chains for the description of pause and reversal behavior
(A) Ergodic Markov chain for the regulated reversal mechanism, which encompasses the transitions
between anterograde (A) and retrograde (R) segments, including transitions to reversal (R—A &
A—R) and pause states (R—R & A—A). The thickness of the arrows indicates the transition prob-
abilities between different states. (B) Ergodic Markov chain for the stochastic unregulated reversal
mechanism (tug-of-war) depicting the transitions from anterograde (A) to retrograde segments (R)
through a single stochastic pause state (P) that does not distinguish between pauses or reversals.

4.3.4 Elucidation of the Stepping Kinetics of Dynein

The question of whether the motor protein dynein consumes a single or multiple ATP
molecules per step has remained a topic of contention since the initial structural investi-
gations. This is due to the fact that the ring-shaped motor domain of dynein is, in principle,
capable of binding with ATP in four of its six AAA domains (Kon et al., 2012). ATP hydrol-
ysis between the first and second AAA domain (referred to as AAA1) has been demonstrated
to be indispensable for dynein motility (Kon et al., 2004). Furthermore, it has been demon-
strated that AAA3 (Bhabha et al., 2014; DeWitt et al., 2015; Nicholas et al., 2015) and AAA4
(Liu et al., 2020) play a regulatory role. However, it remains unclear whether ATP hydrolysis
at AAA3 and/or AAA4 occurs in conjunction with AAA1 to perform a single step, suggesting
that dynein may consume two (or more) ATPs to perform a single step (Peng et al., 2024),
a hypothesis that remains a topic of debate.

To elucidate whether dynein necessitates the sequential hydrolysis of one or more ATPs
to perform a single step, a comprehensive examination of the dwell times 7 between successive
steps of endogenous dynein was conducted. Three distinct models were utilized to describe
the dwell time data: a single exponential decay and a convolution of two exponential decays
with equal or unequal rate constants (Table 3.5). In order to ensure independence from the
data representation, the data were fitted directly using maximum likelihood estimation, rather
than the conventional approach of a non-linear least squares fit to the histogram, which would
be dependent on the bin size. Akaike weights were employed as a metric for evaluating the

likelihood that one of the candidate models represents the optimal fit, given the models and
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Figure 4.32 | Stepping kinetics of dynein in living neurons

(A) Histogram of dwell times (Halo-DHC and Halo-DIC) between consecutive steps with three
possible models to describe the measurement data. The models were fitted to the data by maximum
likelihood estimation. The orange curve represents a convolution of two exponentials with different
rate constants, the cyan curve represents a convolution of two exponentials with equal rate constants,
and the purple curve represents a single exponential model. The fitting parameters and Akaike weights
are indicated in the legend. (B) Left censoring of the dwell time distribution with the same model
fitting (n = 1178 & N = 18 for both histograms).

data (Burnham and Anderson, 2002).

The dwell time distribution of both Halo-DHC and Halo-DIC was best described by the
model comprising a convolution of two exponentials with two distinct rate constants, k1 being
small and ks being large (w(AIC) = 1.00, Fig. 4.32A). The smaller rate constant k; may be
attributed to the rate-limiting step within the ATPase cycle, while the higher rate constant
ko may be ascribed to rapid cycle steps, given that the live-cell measurements were conducted
at endogenous ATP concentrations and thus are not necessarily rate-limited by the binding of
ATP. In accordance with this interpretation, the high rate constant ks is found to be in good
agreement with the ATP hydrolysis and ADP dissociation rate of approximately 1000s™ !,
which was previously determined in biochemical assays at saturating ATP concentrations
(Holzbaur and Johnson, 1989). Furthermore, the low rate constant k; is consistent with
the ATPase activity of recombinant dynein-dynactin-adaptor complexes (Elshenawy et al.,
2019). An alternative interpretation is that some of the fastest steps (7 < 3 ms), occurring on
a timescale close to the temporal resolution of the measurement, may be missed and therefore
underrepresented in the data. Therefore, when considering solely those steps exhibiting dwell
times of 7 > 3 ms (left censoring), the proposed single-exponential model, with a rate constant
of k= (90 £ 3) s7!, provides the optimal fit to the data (w(AIC) = 0.61, Fig. 4.32B). This
results in the low rate constant k; of the model of two convolved exponentials with two
distinct rate constants becoming equal to the rate constant k of the single exponential model.

Similarly, the same conclusions can be drawn when the dwell time data for Halo-DHC and
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Figure 4.33 | Stepping kinetics of dynein heavy and intermediate chain in living neurons

(A) Dwell time histogram (Halo-DHC) with three possible models fitted to the data by maximum
likelihood estimation. The fitting parameters and Akaike weights are indicated in the legend. (B)
Left censoring of the dwell time distribution (Halo-DHC) with the same model fitting (n = 900 & N
= 6 for both histograms). (C) Dwell time histogram (Halo-DIC) with three possible models fitted to
the data by maximum likelihood estimation. The fitting parameters and Akaike weights are indicated
in the legend. (D) Left censoring of the dwell time distribution (Halo-DIC) with the same model
fitting (n = 278 & N = 12) for both histograms).
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Halo-DIC are considered separately (Fig. 4.33).

In order to verify the fitting procedure, a gamma distribution of degree two was simulated,
which would describe two processes with the same rate occurring consecutively. This corre-
sponds to the situation in which dynein would require two ATP molecules to be hydrolyzed
consecutively in order to perform a single step. When fitting the simulated distribution, the
model of two convolved exponentials with the same rate was found to be the best fitting
model (w(AIC) = 0.73, Fig. 4.34). This firstly confirms that the maximum likelihood fitting
procedure, assessed by Akaike weights, did indeed identify the underlying model correctly,
and secondly indicates that the model of two convolved exponentials with the same rate was

not an adequate description of the measured dwell time data.
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Figure 4.34 | Simulated gamma distribution
(A) Dwell time histogram of a simulated gamma distribution of degree 2 with three possible models
fitted to the data by maximum likelihood estimation. The fitting parameters and Akaike weights are
indicated in the legend. (B) Left censoring of the dwell time distribution with the same model fitting
(n = 1000 for both histograms).

In conclusion, the measured dwell time between consecutive steps of endogenous dynein
is best described by either a convolution of two exponentials with distinct rate constants
or a single exponential. Both models indicate that a single rate-limiting process underlies
the stepping kinetics of dynein, suggesting that the hydrolysis of a single ATP molecule is
required to perform a single step. However, it should be noted that additional ATP molecules
may be hydrolized independently, which are consequently not necessary for the performance

of the step but may serve regulatory purposes.

4.3.5 Consideration of the Step Size in Relation to the Microtubule Lattice

Given that dynein is a microtubule-associated motor with its MTBD specifically binding
between of3-tubulin dimers with defined dimensions (Alushin et al., 2014; Carter et al., 2008),
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it is reasonable to hypothesize that the steps might follow the periodic lattice formed by
the microtubules. The two most prominent models that have been proposed to describe the
stepping of dynein are the “alternating shuffle” model (Reck-Peterson et al., 2006), in which
both M'TBDs alternately take steps that are twice as large as the tail, and an uncoordinated
model (DeWitt et al., 2012; Qiu et al., 2012), in which the MTBDs can independently perform
steps. Consequently, in both models, the dynein tail (Halo-DHC) would perform steps half
the size of those of the MTBD (Fig. 4.35A).

In order to ascertain whether or not the dynein tail follows the size of the microtubule
lattice, the on-axis step size distribution of the dynein tail (Halo-DHC) was fitted using a
Gaussian Mixture Model, without prior knowledge of the number or parameters of the fitted
Gaussians (Fig. 4.35B). To identify the optimal Gaussian components, the AIC was calculated
for 1,000 fitting runs, serving as a measure of goodness of fit. Indeed, the optimal Gaussian
components exhibit step sizes of a 4 nm increment, within uncertainty boundaries, that range
between 4nm and 16 nm. This suggests that the dynein tail performs steps that align with
the periodicity of the half-size microtubule lattice, specifically steps of a 4 nm increment and
steps that are half the size of the MTBD.
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Figure 4.35 | Gaussian mixture model analysis of the dynein tail step sizes
(A) Schematic representation of the microtubule lattice with four possible step sizes of the dynein
tail (Halo-DHC) in the retrograde direction. The step sizes are separated by an increment of 4 nm,
thus matching the periodicity of the microtubule lattice. (B) The on-axis step size distribution
of the dynein tail (Halo-DHC) was fitted by a Gaussian Mixture Model (GMM), as illustrated by
the orange line, whose components (dashed lines, forward components: mean & SD) represent the
optimal composition of the distribution.

As the discrete steps of 4nm increment might be obscured and their peaks might overlap
due to the finite localization precision of the MINFLUX measurement, the hypothesis that
the on-axis step size distribution comprises several Gaussian components is additionally in-
vestigated through simulation. To this end, a MINFLUX trace comprising 1,000 steps of 4nm
increment, whose probability of occurrence matches that of the fitted Gaussian components,
is simulated (Fig. 4.36A). The dwell time between these steps was randomly selected from

an exponential distribution with a decay constant of k = 90s~! (Fig. 4.36B), which corre-
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sponds to the observed rate constant of the measurement (Fig. 4.35B). To account for the
localization precision of the measurement, noise was added to the simulated trace accordingly.
Subsequently, the steps within the noisy trace were fitted using the same procedure that had
been used for the measurement.

The resulting step size distribution of the simulation (Fig. 4.36C) exhibits a high degree of
similarity to the measured distribution depicted in Figure 4.35B. As a consequence of the finite
localization precision, the discrete 4 nm steps appear to be smeared out. When a Gaussian
mixture model was fitted to the simulated data, as was done previously (Fig. 4.36C), the first
three resulting Gaussian components resembled the discrete 4 nm incremental steps within the
uncertainty boundaries. The fitted Gaussian components are also analogous to those observed
in the measured distribution. Furthermore, the distribution of dwell times (Fig. 4.36D) is
comparable to that of the initial simulation input and to that of the measurement (Fig.
4.22A). Similarly, when the simulated data are fitted using maximum likelihood estimation
in a manner analogous to that employed for the measured dwell time distribution, comparable
observations are evident. The model that best fits the data according to Akaike weights is
a convolution of two exponentials with different rate constants (orange curve in Fig. 4.36E),
with the single exponential model (purple curve) exhibiting a high degree of similarity for
larger dwell times. However, very small dwell times (7 < 3ms) seem underrepresented when
assuming the exponential decay as underlying model. Consequently, when these short dwell
times are excluded from the fitting process (Fig. 4.36F), the single exponential model emerges
as the optimal fit, with a rate constant of k¥ = (80 £ 3) s~!. This rate constant is also
comparable to that observed in the measurement. In all instances, the convolution of two
exponentials with an identical rate constant (cyan curve), corresponding to a consumption of
2 ATPs to perform a single step, failed to adequately represent the distributions.

By assuming a stepping behavior comprising 4 nm increment steps with a dwell time
that is single exponentially distributed (1 ATP /step), which was implemented by simulation,
distributions of step size and dwell time could be obtained that were found to be highly

similar to those observed in the measurement. This provides an additional confirmation that

Figure 4.36 (facing page) | Simulation of steps with 4 nm increment

(A) The input for the simulation is presented with steps of 4nm in increment, each
occurring with a probability that corresponds to the observed probability of the step
size distribution as determined from the measurement. (B) An exponential dwell
time distribution was used as the input for the simulation. (C) The resulting step
size distribution of the simulated noisy trace was fitted by a Gaussian mixture model,
whose components (dashed lines, forward components: mean + SD) represent the
optimal composition of the distribution. (D) The resulting dwell time distribution of
the simulated noisy trace. (E) Dwell time distribution of the simulated noisy trace
with maximum likelihood estimation fit of three possible models to describe the data.
The orange curve represents a convolution of two exponentials with different rate
constants, the cyan curve represents a convolution of two exponentials with equal
rate constants, and the purple curve represents a single exponential model. The fitting
parameters and Akaike weights are indicated in the legend. (F) Left censoring of the
simulated dwell time distribution.
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the dynein tail might perform steps of 4 nm increment, thus matching the microtubule lattice

structure.
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5 Discussion

Establishing Endogenous Dynein Tagging for Live-Cell Tracking

In order to establish the CRISPR/Cas9-mediated endogenous tagging of dynein in living
neurons for MINFLUX tracking experiments, the entire sample preparation procedure was
established and optimized. First, optimal conditions for the introduction of the different
generated plasmids (Table 3.1) into the neurons via electroporation were determined. The
optimal conditions were three pulses of 10 ms duration at 1400V and 200 ng plasmid. Of the
various protein tags tested, GFP and HaloTag were found to be the most effective, resulting in
the observation of bidirectional axonal transport. The use of CRISPR/Cas9-mediated tagging
was found to be advantageous over overexpression, as potential overexpression artifacts (Ratz
et al., 2015) and potential alterations of motor complex integrity and endomembrane localiza-
tion (King et al., 2003; Vaughan et al., 2001) were avoided. Among the different fluorophores
tested (Table 4.1), the optimal labeling of tagged dynein was obtained by using the JFX650
HaloTag ligand for subsequent MINFLUX tracking, MaP555-Halo to identify CRISPR/Cas9-
positive neurons, and BioTracker 488 Green Microtubule as a microtubule staining control. In
contrast to PC12 cells, neurons were found to facilitate the tracking of individual molecules
more effectively due to their axons containing unidirectionally oriented microtubules, which
are necessary to determine movement direction, and a sparse distribution of dynein motors
due to the thin and elongated shape of the axon.

In conclusion, the CRISPR/Cas9-mediated tagging of dynein in primary living hippocam-
pal neurons has been successfully established, and can be used for single-molecule tracking
of endogenous dynein using widefield microscopy and for MINFLUX tracking to resolve indi-
vidual steps of endogenous dynein at its unimpeded speed under physiological ATP concen-

tration.

Confirming Endogenous Dynein Tagging by Widefield Microscopy

The use of CRISPR/Cas9-mediated knock-in of a HaloTag7 sequence to two dynein loci
enabled the tracking of individual labeled dynein subunits in primary neurons using the
custom-built widefield microscope. This approach allows for the unimpeded direct study of
the motor complex at physiological ATP concentrations. The tracking of both the DIC and
DHC revealed bidirectional movement, including pauses and direction reversals, similar to
what has been observed previously for intracellular cargo (Kural et al., 2005; Maday et al.,
2012; Morris and Hollenbeck, 1993; Soppina et al., 2009; van Spronsen et al., 2013) or GFP-
tagged DIC (Kobayashi and Murayama, 2009). It can be inferred that retrograde movement
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is the result of active dynein-driven transport, while anterograde movement is most likely the
result of dynein transported as a passenger of kinesin motors, both of which are bound to the
same cargo (Hancock, 2014; Maday et al., 2014; Welte, 2004). The speeds in both directions
were similar, with the DIC being slightly faster than the DHC, but both comparable to
what has been observed previously for various cargoes transported in axons (Encalada et al.,
2011; Fellows et al., 2024; Fu and Holzbaur, 2013). The limitations to widefield tracking of
individual dynein motors were primarily due to the presence of labeled non-processive labeled
motors, as well as photobleaching and out-of-focus movement. Overall, the strategy of tagging
dynein endogenously by CRISPR/Cas9 is a suitable approach for studying the unimpeded
dynein motor complex in living primary neurons, which was successfully visualized by the

custom-built microscope.

Revealing Endogenous Dynein Steps in Live Neurons by MINFLUX Tracking

For the first time, individual nanometer-sized steps of endogenous, and thus unrestrained,
mammalian dynein have been directly detected in live neurons through the use of MINFLUX
tracking. Previously, the reduction of the ATP concentration by several orders of magnitude
had markedly slowed down dynein, thereby facilitating the resolution of individual steps in
vitro by widefield microscopy (DeWitt et al., 2012; Elshenawy et al., 2019; Niekamp et al.,
2021; Qiu et al., 2012; Reck-Peterson et al., 2006). Alternatively, in live cells, large optical
probes with a diameter exceeding 50 nm have been used to resolve steps of cargo transported
by dynein (Nan et al., 2005; Peng et al., 2024).

The dynein tail (Halo-DHC, center of mass) was observed to move in discrete steps of
a size between 4 and 16 nm along the on-axis of microtubules, exhibiting a prominent peak
at 8 nm. These steps occur rapidly, with approximately half of the steps occurring in less
than 7.4ms. Previous in witro measurements of purified dynein motor complexes without
load have reported an on-axis step size distribution that is wider (8§ nm to 32 nm) (Elshenawy
et al., 2019; Mallik et al., 2004). However, when a high load was applied, the in vitro on-axis
step size distributions (Elshenawy et al., 2019; Toba et al., 2006) appeared to be similar to
those obtained in this work in live neurons, which seems reasonable given that dynein is only
activated when bound to a cargo (load) in live cells. Furthermore, the measured mean forward
step size of (8.7 £ 3.8) nm is comparable to the approximately 10 nm observed in vitro in the
high load case (Elshenawy et al., 2019). This may indicate that dynein moves forward with a
high force in live neurons, assuming a molecular gear mechanism that predicts a smaller step
size under high load (Mallik et al., 2004). In contrast to in vitro measurements, additional
factors may also contribute to the observed small forward step sizes, which were not present
in the in vitro studies. These factors may include post-translational modifications (Guedes-
Dias and Holzbaur, 2019) and microtubule-associated or adaptor proteins (Canty et al., 2023;
Dixit et al., 2008; Ferro et al., 2022). Notwithstanding the aforementioned similarities, notable

discrepancies were observed with regard to the occurrence of backward steps. In wvitro studies
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have revealed that the occurrence of backward steps is markedly higher in the absence of load
(~0.20) (DeWitt et al., 2012; Elshenawy et al., 2019; Reck-Peterson et al., 2006; Slivka et al.,
2024), and even more so under high load (0.35 to 0.50) (Elshenawy et al., 2019). This stands
in stark contrast to the observed occurrence of backward steps for Halo-DHC, which was
found to be only 0.04. This finding suggests that dynein exhibits a high degree of efficiency in
moving forward in live neurons, a condition that is undoubtedly distinct from that observed
in a reduced in vitro environment.

An analysis of the off-axis steps of dynein, perpendicular to the on-axis, revealed that
dynein frequently steps sideways, a finding that is consistent with those of previous studies
(Elshenawy et al., 2019; Reck-Peterson et al., 2006; Slivka et al., 2024). This may be a
consequence of the long stalk domain and flexibility of dynein, which allows for variable steps
in both directions and may be necessary to circumvent obstacles in the crowded cellular
environment (Ferro et al., 2019). Rarely, large sideways steps exceeding the diameter of a
microtubule of 25 nm have been observed, which may indicate a step over many protofilaments
or even a switch to a neighboring microtubule.

In contrast to the dynein tail (Halo-DHC), MINFLUX tracking of Halo-DIC revealed
that both the on-axis and off-axis step size distributions are wider, with a higher incidence
of backward and sideways steps and slightly larger on-axis steps. This may indicate that the
N-terminus of the intermediate chain is more flexible in its movement, a finding that can be
inferred from structural studies (Chaaban and Carter, 2022; Urnavicius et al., 2018).

In conclusion, MINFLUX permitted the direct tracking and detection of individual steps
of endogenous dynein in living primary neurons at a spatiotemporal precision that was previ-
ously unattainable with established methods and a single small fluorophore. Consequently, the
stepping behavior of dynein could be studied in its natural environment, confirming previous
findings from ¢n witro measurements but also demonstrating discrepancies. Through MIN-
FLUX, endogenous protein dynamics can be described directly and minimally invasively, not
only 4n witro but also inside cells, which represents a significant step towards the understand-

ing of natural protein dynamics.

Discovering Rapid Direction Reversals Different from a Tug-of-War

MINFLUX tracking of endogenous dynein along the axon not only revealed the individual
steps of dynein but also demonstrated bidirectional movement, in both retrograde and an-
terograde directions. As anticipated, this suggests that both dynein and kinesin motors are
anchored to the same transported cargo, indicating that dynein may be a potential driver
of retrograde movement and that kinesin may be responsible for driving anterograde move-
ment. The presence of motors of both polarities acting on the cargo may facilitate navigation
around obstacles and serve as a regulatory layer to reach the desired cargo destination (Han-
cock, 2014; Welte, 2004; Yildiz and Zhao, 2023). It is noteworthy, however, that nearly half
of the recorded MINFLUX traces exhibited high processivity in a single direction and were
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not bidirectional. This observation suggests that the various MINFLUX traces may have cap-
tured dynein attached to different types of cargo, given that the tracking procedure did not
differentiate between cargo types. Furthermore, the high degree of processivity is underscored
by the observation that processive retrograde and anterograde movement was most probable
in the stationary long-term probability vector that originated from the constructed Markov
chains.

By dividing the measured MINFLUX traces into segments of processive retrograde and
anterograde movement, it was possible to observe pauses within these processive segments, as
well as direction reversals from one movement direction to the other with an unprecedented
level of detail. It is notable that direction reversals exhibited a significantly shorter duration
than pauses, with an approximately ten times shorter duration, while the probability of
their persistence was four times lower. This indicates that direction reversals appear to be a
regulated process (Encalada et al., 2011; Fu and Holzbaur, 2013; Heber et al., 2024; Kunwar
et al., 2011), which may be influenced by the involvement of adaptor or microtubule-associated
proteins (Canty et al., 2023; Dixit et al., 2008; Ferro et al., 2022), or by post-translational
modifications (Guedes-Dias and Holzbaur, 2019), in contrast to an unregulated and purely
stochastic tug-of-war (Miiller et al., 2008).

The duration of both pauses and reversals observed by MINFLUX tracking was markedly
shorter than that previously observed in live cells using widefield microscopy (Fellows et al.,
2024; Tirumala et al., 2024). This may be attributed to the fact that conventional methods
did not permit the observation of individual steps in live cells using single fluorophores or
fluorescent proteins, due to their limited spatiotemporal precision. It is conceivable that com-
parable rapid pauses or reversals, occurring in the order of several milliseconds as observed
with MINFLUX tracking, may have been undetected in centroid tracking studies. Conversely,
although some MINFLUX traces had a duration of several seconds and often ended in a sta-
tionary state, potential pauses or reversals on the order of seconds have not been observed
with MINFLUX tracking, most likely due to photobleaching. Nevertheless, the single-step
precision of MINFLUX has enabled the characterization of previously undetected reversals
and pauses, suggesting the existence of a rapid regulatory reversal mechanism associated with

bidirectional axonal transport in neurons.

Suggesting Incremental Dynein Step Sizes Matching the Microtubule Lattice

Given that dynein is a microtubule-based molecular motor and microtubules are highly peri-
odic in their structure, it seems reasonable to posit that dynein performs steps that align with
the periodicity of microtubules. As the MTBD of dynein binds between of-tubulin dimers
with a length of 8 nm, assuming a stepping model where the dynein tail performs steps half
the size of the MTBD and given that, in this work, Halo-DHC—that is to say, the dynein
tail—has been tracked, the expected incremental step size of the dynein tail would be 4 nm.

Although the spatiotemporal precision of the MINFLUX measurements may not have been

94



5 Discussion

sufficient to resolve distinct peaks of 4 nm increment within the on-axis step size histogram,
a Gaussian mixture model fit indicated the anticipated, albeit blurred and thus overlapping
peaks separated by 4nm. A simulation of steps with 4nm increment at the measurement
precision furthermore yielded a distribution and corresponding 4 nm incremental fit that was
similarly shaped to that of the measurement. It can thus be proposed that the dynein tail
may indeed perform steps of 4 nm increment that align with the microtubule lattice. Indeed,
a recent MINFLUX study has demonstrated that the MTBD of truncated artificially linked
yeast dynein monomers performs steps of 8 nm increment in vitro (Slivka et al., 2024). This
serves to corroborate the hypothesis, although it should be noted that the yeast dynein in
that study was almost ten times slower and obviously different from live-cell measurements

of the endogenous mammalian dynein motor complex that was tracked in this work.

Determining the Single Rate-Limiting Process Underlying Dynein Kinetics

The tracking of endogenous dynein in live neurons using MINFLUX permitted not only the
study of step sizes but also the determination of the kinetics underlying the stepping behavior.
By considering all dwell times between successive steps, it was determined that the model
comprising a convolution of two exponentials with a slow rate-limiting constant and a fast
constant was the best fitting model. Alternatively, when extremely short dwell times were not
considered, as they might have been missed and thus underrepresented, the single exponential
model was the best fitting one. Both models include a single rate-limiting constant, which
suggests that a single rate-limiting process underlies dynein kinetics. This can be interpreted
by identifying the single rate-limiting process at a rate of k = (90+3) s~! as the consumption
of one ATP molecule per step, consistent with previous in vitro studies (DeWitt et al., 2015;
Elshenawy et al., 2019; Mallik et al., 2004; Reck-Peterson et al., 2006; Slivka et al., 2024; Toba
et al., 2006). It is, however, not possible to completely exclude the possibility that additional
ATP molecules are hydrolyzed independently of the performance of a step.

The observation that dynein utilizes a single ATP molecule to perform a step is in ac-
cordance with the prevailing stepping mechanisms, which were derived from in vitro mea-
surements. These include the “alternating shuffle” model (Reck-Peterson et al., 2006), which
posits that the head domains alternately perform steps twice the size of the tail domain, the
“inchworm model” (Niekamp et al., 2021), which suggests that one head domain always leads
and the other follows, and an uncoordinated head movement (DeWitt et al., 2012; Qiu et al.,
2012), which postulates that the head domains step independently.

This contrasts with a recently proposed model of successive consumption of two ATP
molecules per step (Peng et al., 2024), which is not supported by the dwell time data and
corresponding fits that originate from direct tracking of dynein in the present work. With
regard to the latter model, it remains uncertain whether and how tracking the transported
cargo can be extrapolated to dynein itself. Although the size of the introduced HaloTag,

used in this work for binding the tracked fluorophore, can be considered small in comparison
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to the size of the dynein motor complex, it cannot be completely excluded that this small
alteration causes minor interference. However, these concerns are addressed by the fact that
the CRISPR/Cas9-tagged dynein exhibits movement patterns similar to those observed in
other live-cell studies (Encalada et al., 2011; Kural et al., 2005; Maday et al., 2012; Morris
and Hollenbeck, 1993; Soppina et al., 2009; van Spronsen et al., 2013) and that the tagging
position of the dynein tail is a common tagging position utilized in other studies (Elshenawy
et al., 2019, 2020; Schlager et al., 2014). Moreover, tracking dynein with HaloTags on different
positions on the motor complex (Halo-DHC and Halo-DIC) yielded comparable dwell time
distributions and led to the same conclusions regarding the fitting procedure. It is therefore
unlikely that the introduction of a comparatively small HaloTag would cause interference.
In light of these observations, it can be concluded that endogenous dynein requires one
ATP molecule to perform a single step, a finding that provides clarification on the debate

concerning the number of ATP molecules consumed per step.
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In addition to the MINFLUX tracking of the two dynein subunits (Halo-DHC and Halo-
DIC) and the detection of their stepping behavior, rapid direction reversals and underlying
single rate-limiting kinetics, further tagging positions and labeling strategies may be worthy of
consideration for the purposes of clarifying the stepping mechanism of dynein in live cells. The
CRISPR/Cas9 knock-in plasmid pO-Dynclhl-Halo, which has been generated in this work,
might be used to tag and track the dynein head domain. By comparing the stepping behavior
of the head domain to that of the dynein tail, it may be possible to clarify the underlying
stepping mechanism of mammalian dynein in live cells. The hypothesis of uncoordinated
independent head movement (DeWitt et al., 2012; Qiu et al., 2012) would be substantiated if
the dynein head were to perform steps twice as large as those of the tail, while its dwell time
distribution was also best described by a single exponential, albeit at a rate half as large as that
of the tail, given that the tail performs a step with each head step. In contrast, the inchworm
(Niekamp et al., 2021) or alternating shuffle model (Reck-Peterson et al., 2006) would be
confirmed if the dwell time distribution of the head was best described by a convolution of
two exponentials with equal rates, while the step size of the head was also twice as large as
that of the tail. The latter two models can be differentiated most elegantly by performing
two-color MINFLUX tracking, as was done for kinesin in vitro (Scheiderer et al., 2024). Two-
color tracking in live cells would necessitate the implementation of an orthogonal labeling
strategy, such as the use of a SNAP-tag in conjunction with the HaloTag.

The tagging of the MTBD of dynein, as has been done in vitro on truncated artificially
linked dynein monomers (Slivka et al., 2024), would require, for example, the use of highly
laborious genetic code expansion (Arsi¢ et al., 2022; Mihaila et al., 2022) for the mammalian
motor complex in live cells. This is due to the fact that the MTBD is relatively small in
comparison to a self-labeling tag such as the HaloTag. One potential insertion site could be
analogous to that employed for yeast, as demonstrated in previous studies (Niekamp et al.,
2021; Slivka et al., 2024), given the similarity in amino acid sequence and structure between
the yeast MTBD (Nishida et al., 2020) and those of rat or human (Zhang et al., 2017).

In order to evaluate the hypothesis that dynein would consume two ATP molecules to
perform a step, a hypothesis that was proposed by analyzing the dwell times between steps of
the transported cargo (Peng et al., 2024), it might be possible to tag and track dynactin using
MINFLUX. An analysis of step sizes and dwell times would provide clarity on the underlying

stepping behavior of the motor complex.

To ascertain whether disparate types of cargo may result in variations in stepping behav-
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ior, the MINFLUX tracking procedure could be adapted. To this end, the tracking procedure
could be modified to select whether the tracked dynein is transporting a specific type of cargo.
This could be achieved by labeling one specific type of cargo, such as lysosomes, endosomes,
or mitochondria, with a fluorophore that can be excited with the 561 nm laser. The prescan
could then be conducted with the 561 nm laser to localize the labeled transported cargo, and
then switching to the 640nm laser in the subsequent iterations to perform the MINFLUX
tracking on the labeled dynein that transports the labeled cargo.

The analysis of the on-axis step size distribution using a Gaussian mixture model led
to the hypothesis that the dynein tail (Halo-DHC) performs steps of an increment of 4 nm,
which would then align with the microtubule lattice structure. However, due to the limited
localization precision, potential peaks separated by 4nm may appear blurred and overlap.
To enhance the localization precision, it may be feasible to reduce the TCP diameter L to
resolve the peaks separated by 4 nm.

Given that dynein has been observed to helically move around the microtubule in vitro
(Elshenawy et al., 2019), it may be feasible to utilize a three dimensional donut excitation
beam in conjunction with a modified TCP comprising additional probing positions in the z
direction (Gwosch et al., 2020; Schmidt et al., 2021) to ascertain whether a comparable helical
movement is also discernible in live cells. Some two-dimensional MINFLUX traces exhibited
motion that resembled a sinuous line, which may correspond to a helical motion in three
dimensions.

In this work, MINFLUX traces have been acquired in the mid axon. It is plausible that
there are regional variations in dynein motility within the axon. As an example of motility
differing depending on the axonal region, it has been demonstrated that autophagosomes,
which are retrogradely driven by dynein, initially move bidirectionally in the distal region
but then switch to a unidirectional processive motility (Maday et al., 2012). Dynein tracking
in distinct axonal regions may yield disparate motility patterns, including the potential for a
higher incidence of direction reversals in the axon initial segment.

In conclusion, MINFLUX tracking of the endogenously tagged dynein established in this
work allowed, for the first time, the direct detection of individual nanometer-sized dynein
steps in live neurons. This enabled the characterization of dynein’s stepping behavior, and
revealed previously unseen rapid directional reversals that had remained hidden by the lack of
spatiotemporal precision of conventional methods. The rapid reversals indicate the presence
of a regulated reversal mechanism for opposing motors, which is distinct from an unregulated
stochastic tug-of-war. Furthermore, direct tracking of dynein revealed its underlying kinetics
to be single-rate limited, indicating the consumption of a single ATP molecule per step. The
methods and results established in this work have the potential to stimulate further insights
into fast protein dynamics in their natural cellular environment and to elucidate the molecular

aspects of various diseases, through the superior spatiotemporal precision of MINFLUX.
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Figure A.1 | Additional MINFLUX traces of endogenous dynein
The MINFLUX traces displayed here were acquired with both Halo-DHC and Halo-DIC motors in
living neurons. They contain portions of the trace and corresponding steps that were filtered out as
direction reversals or pauses in the subsequent segmentation analysis. This is due to the fact that the
step-finding algorithm utilized fits steps to the entire trace, including direction reversals or pauses.
Scale bars: 100 nm.
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