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Summary

The central nervous system, and in particular brain, controls how we perceive the world
around us. The brain processes information collected by the receptors and generates responses
in the form of electrical (action potentials) and chemical (neurotransmitters) signals. Such
information processing is possible due to neurons which are basic brain units. In order to execute
their complex function, neurons have a unique molecular organization emerging from interactions
between various ion channels, receptors, cell adhesion molecules, adaptors, and cytoskeletal
elements. Voltage-gated sodium channels (Nay) are especially important for the generation of
action potentials in neurons. Out of nine isoforms, the most abundant in the adult mammalian
brain is Nay1.6. The Nayl1.6 is clustered at high density at the axon initial segment (AIS) and the
nodes of Ranvier, where it promotes the initiation and propagation of action potentials,
respectively. Proper expression and maintenance of the Nay1.6 clusters at the AlS and nodes of
Ranvier depend on various proteins (e.g., ankyrin G and cell adhesion molecules). One
particularly important cell adhesion molecule that directly interacts with Nay1.6 is a 186 kDa
neurofascin isoform (NF186). Since both proteins are indispensable for proper signaling in the
brain, they are implicated in various neurological conditions. For example, mutations of Nay1.6
have been linked to epilepsy. The altered expression and localization of Nay1.6 have also been
found in multiple sclerosis. The NF186 has also been linked to multiple sclerosis and other

demyelinating diseases.

In order to decipher how Nay1.6 and NF186 contribute to various diseases and design
new therapeutic strategies, one must first understand the regulation of function, localization, and
trafficking of these two proteins under physiological conditions. However, there are many open
guestions on the regulation of Nay1.6 and NF186 in developing and mature neurons. The reason
is the lack of suitable labeling approaches that would allow studying nanoscale organization and
dynamics of the NF186 and Nay1.6 in their native environment with advanced super-resolution
(SRM) and live-cell microscopy. The current SRM and live-cell microscopy-compatible labeling
approaches mainly involve labeling with antibodies conjugated to fluorescent dyes or genetically
encoded fluorescent proteins (FPs). However, fluorescent antibodies are large (100-200 kDa)
and can introduce artefacts in live-cell and SRM studies. Also, in most cases, they cannot be used
for live labeling of transmembrane components and lack specificity when labeling closely related
protein isoforms, such as Nay. Genetically encoded FPs are smaller (~30 kDa) and provide
specificity. However, they can be added only to N or C termini, potentially affecting the trafficking

or localization of target proteins.



A combination of the genetic code expansion (GCE) and bioorthogonal click chemistry
reactions (referred to as click labeling) has emerged as a promising tool for site-specific
noninvasive fluorescent protein labeling in mammalian cells. GCE technology utilizes orthogonal
translation machinery to site-specifically install unnatural amino acid (UAA) into target proteins.
Subsequently, the incorporated UAA is labeled with a fluorescent dye via a bioorthogonal click
reaction. Contrary to the bulky fluorescent antibodies and N- and C-terminal FP-fusions, the
UAA-based tags are small (0.2—0.5 kDa) and can be introduced at any position into a protein of
interest. Therefore, UAAs represent an ideal alternative for labeling of the AIS components,
whose localization and function can be affected by the size of the labeling tags. Furthermore, the
UAA can be labeled with various cell-permeable and cell-impermeable fluorescent dyes

compatible with live-cell and SRM microscopy techniques.

The main aim of my Ph.D. was to establish highly efficient UAA-based click labeling of the
axon initial segment and node of Ranvier components, Nay1.6 and NF186, in living neurons that
would allow quantitative, live-cell, and SRM imaging studies. By designing different plasmids
encoding NF186, Nayv1.6, and orthogonal translational machinery and by optimizing conventional
transfection and labeling conditions, | established click labeling of NF186 and Nay1.6 in primary
neurons without affecting their localization and function. This was the first time that the large,
complex, spatially confined proteins, including ion channels, were labeled in living primary

neurons with click labeling approach.

In recent years, click labeling has emerged as a promising protein labeling tool. However,
due to the low to moderate UAA incorporation efficiency in mammalian cells and the complexity
of the method, click labeling has not been widely used, especially in neurons. Achieving higher
efficiency of the UAA incorporation in a larger number of neurons compared to conventional
transfection would allow quantitative, live-cell, and SRM imaging studies of neuronal proteins. To
increase click labeling efficiency of the large AIS component, Nay1.6, | probed different viral-
based systems for the efficient delivery of the GCE components, such as baculoviruses and
adeno-associated viruses (AAVs). The usage of the AAV-based vectors that bore GCE elements
led to a threefold increase in GCE efficiency and expression of Nay1.6 in neurons compared to

conventional transfection.

Finally, in addition to establishing a highly efficient click labeling of the Nay1.6 and NF186,
I demonstrated that this approach could be used for live-cell and direct stochastic optical

reconstruction microscopy (dSTORM) super-resolution imaging of the AIS. Furthermore, | showed



that click labeling could be used for quantitative studies of the localization of pathogenic

epilepsy-causing Nay1.6 variants.

In order to optimize dSTORM imaging and allow reproducible SRM imaging of the AIS, |
tested different imaging buffers, including a commonly used mounting medium Vectashield. This
led to the discovery that the fluorescence of AF647 and its variant AF647 Plus are quenched in
Vectashield without the effect on dSTORM imaging. These observations are important for both
SRM and conventional microscopy since Vectashield is a commonly used medium for tissue
mounting. Hence, these results will allow other laboratories to optimize their imaging conditions

and produce reliable results.

In conclusion, | developed a new approach for the highly efficient labeling of neuronal
proteins, including large and complex ion channels. This new approach is compatible with live-cell
and SRM imaging. Therefore, it will allow gaining novel insight into the regulation of NF186 and
Nayl1l.6 in health and diseases at the single molecule level in their native environment. This
approach will also allow studying additional pathogenic Nay1.6 variants and other Nay isoforms
for which suitable labeling approaches do not exist. Furthermore, AAV-based delivery will allow
efficient labeling of other complex proteins and ion channels in living and fixed neurons, as well
as in more complex model systems, such as brain slices, organoids, and whole animals.
Therefore, my Ph.D. work provides the basis for novel discoveries in the field of AIS and

neurobiology.



1. Introduction

The nervous system coordinates and regulates essential body functions that keep us alive,
such as heart rate, breathing, and metabolism?. The central nervous system (CNS), and in the
particular brain, processes information and controls how we perceive the world around us. It
ensures efficient communication with the environment and allows us to learn, think and
experience emotions, solve complex problems, and create art and music!. The fundamental
structural and functional unit of the nervous system is a highly specialized nerve cell (neuron)?.
Neurons are excitable cells that transmit information through the nervous system via electrical
and chemical signals. In order to execute their functions, neurons are organized in three
distinctive structural and functional compartments (Scheme 1a): a cell body (soma), short,
branched processes (dendrites), and a single long process (an axon)l. The somatodendritic
compartment receives and summarizes excitatory and inhibitory signals (synaptic inputs). If the
excitatory signals reach a threshold, the action potentials are initiated in the axon initial segment
(AlS), the ion channel enriched subdomain that occupies the first 10—60 um of the proximal axon?
4. In most vertebrates, a discontinuous myelin sheath enwraps the distal axons, allowing fast
propagation of the action potentials initiated at the AIS)!. The small (~1 ym) gaps in the myelin,
enriched with ion channels, are termed nodes of Ranvier®>’. Since the myelin acts as an electrical
insulator, action potentials are regenerated only at the nodes of Ranvier, resulting in fast and
discontinuous (saltatory) conduction®®. Upon arrival at the axonal terminals, action potentials
facilitate the release of neurotransmitters that transmit signals to the surrounding neurons,

muscles, or glands?.

During my Ph.D. | was studying two AIS and the node of Ranvier constituents, the
voltage-gated sodium channel isoform 1.6 (Nay1.6) and its associated protein, a 186 kDa isoform
of the cell adhesion molecule neurofascin (NF186). Nay1.6 is the most abundant Nay isoform in
the adult mammalian brain, responsible for the action potential initiation and propagation®. NF186
maintains the AIS structure and has a role in the formation and maintenance of the nodes of
Ranvier®1!, Since both proteins are indispensable for proper signaling in the nervous system, they
are linked to various neurological conditions. For example, the redistribution, altered expression,
and genetic mutations of Nayl.6 have been implicated in multiple sclerosis, epilepsy, autism
spectrum disorder, and neuronal injury*?'4. The autoantibodies against NF186 have been found

in demyelinating diseases®®.
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Scheme 1. Molecular organization of the axon initial segment (AIS). a: A schematic representation of a myelinated
neuron. The somatodendritic region (cyan) receives synaptic inputs (light pink). The action potentials (orange) are
initiated at the AIS and propagated discontinuously along the myelinated axon. The action potentials are regenerated
at the nodes of Ranvier. Upon arrival at the axon terminals (magenta), action potentials initiate the release of the
neurotransmitters that pass signals to the surrounding cells. b: Molecular composition of the AIS. The AIS is
characterized by the high-density clusters of the voltage-gated sodium channels (Nav). The Nav interacts with 186 kDa
neurofascin isoform (NF186) via auxiliary 81 and B2 subunits. Voltage-gated potassium channels (Kv) and neuronal
cell adhesion molecule (NrCAM) are also enriched at the AIS. The transmembrane AIS constituents are linked to the
underlying cytoskeletal elements (BIV-spectrin) via an adaptor ankyrin G (ankG). The C terminus of ankG extends to
the cytoplasm and interacts with microtubules. The B/V-spectrin interconnects 190 nm-spaced actin rings. The scheme

was generated in BioRender.com according to the scheme published in'é, with permission from a publisher.

To better understand the contributions of Nayl.6 and NF186 to the pathology of
neurological diseases, we need to be able to study their molecular organization and dynamics at
the AIS and nodes of Ranvier with advanced microscopy. New information on the Nayl1.6 and
NF186 neurobiology would allow the design of novel therapeutic strategies to treat diseases in
which these two proteins are implicated. However, the lack of specific minimally invasive labeling
tags compatible with advanced live-cell and super-resolution (SRM) microscopy has been the

main obstacle in obtaining details on the dynamics and ultrastructural organization of the Nayv1.6
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and NF186 at the AIS and the nodes of Ranvier. During my Ph.D., by combining genetic code
expansion (GCE) technology with bioorthogonal click chemistry, | established a novel approach
for site-specific Nay1.6 and NF186 labeling in living primary neurons. | demonstrated that this
approach (also termed click labeling) could be used for live-cell and SRM imaging of the AIS.
Furthermore, | showed that click labeling could be utilized for the localization studies of pathogenic

Nay1.6 variants.

The following sections describe the molecular organization and function of the AIS and
the nodes Ranvier components, focusing on Nay1.6 and NF186. | also provided an overview of
the current approaches for live-cell and SRM microscopy studies of the AIS and the nodes of
Ranvier. Since | developed a new labeling approach based on GCE and bioorthogonal click

chemistry, | introduced these two technologies in detail.
1.1 Axon initial segment

The axon initial segment provides neuronal excitability and maintains neuronal
polarity3417-20_ To fulfill these important roles, the AIS has a unique molecular organization
(Scheme 1b)*. One of the most distinct AIS features is the high density of the transmembrane
voltage-gated sodium channels?. The predominant isoform is the low threshold Nay1.6, localizing
in the distal AIS, where it promotes action potential generation>223, High threshold Nay1.2
localizes in the proximal AIS, where it promotes action potential backpropagation®2t. Nay1.1 is
found in the proximal AIS of certain neuronal subtypes, where it controls the action potential
initiation and propagation32224, Besides the Nay, voltage-gated potassium channels (Ky1-4,
Kv2.1, Ky2.2, Ky7.2, Ky7.3) and voltage-gated calcium channels (Cay) are enriched at the AIS of
different neuronal types. The Ky and Cay are essential for the action potential repolarization and

the modulation of neuronal excitability31825,

The Nav and other transmembrane AIS constituents are recruited and clustered to the AIS
by interactions with a membrane domain of a multi-modular submembrane protein ankyrin G
(ankG)#2627, The ankG is an adaptor that interacts with multiple transmembrane proteins (NF186,
Nayl.6, Ky7, neuronal cell adhesion molecule—NrCAM) and connects them to the underlying
cytoskeletal elements (a2/B1V-spectrin, actin, and microtubules)*. The AIS structure is maintained

owing to the cell adhesion molecule NF186.

In the last decade, advanced super-resolution microscopy such as stimulated emission
depletion (STED) and direct stochastic optical reconstruction microscopy (dSTORM) provided

profound insights into the ultrastructural organization of the AIS. The advanced microscopy



studies revealed that the submembrane cytoskeletal elements (a2/BIV-spectrin tetramers,
adducin, and actin), adaptor ankG, the transmembrane cell adhesion molecules (CAMs), and ion
channels are evenly distributed at the AIS with a spacing of ~190 nm?6:28-31, The SRM studies also
showed that the spacing of ~190 nm corresponds to the length of the a2/BIV-spectrin tetramers
that interconnect submembrane actin rings. In the center of the a2/BIV-spectrin tetramer lies
ankG, together with anchored membrane proteins. The C terminus of the ankG extends deeper

(~32 ym) into the cytoplasm, where it interacts with underlying microtubule bundles?é.

The AIS is a dynamic structure that undergoes structural and functional changes, known
as plasticity, in response to physiological (e.g., alterations of the neural activity) or
pathophysiological stimuli such as injury?>32, The changes can happen within hours (short-term
plasticity) or days (long-term plasticity). The short-term plasticity includes changes in the AIS
length®3. The long-term plasticity includes alteration of the AIS position (AIS relocation) or its
length3436. As an outcome, the neuronal activity gets modulated, allowing neurons to adapt to the

changes in their environment®?,
1.2. The nodes of Ranvier

In vertebrates, the discontinuous multilamellar myelin sheath enwraps most axons,
providing fast and saltatory propagation of the action potentials®’. Oligodendrocytes produce the
myelin sheath in the CNS and Schwann cells in the peripheral nervous system (PNS)!. The
discontinuations in the myelin—nodes of Ranvier are the sites of the action potential regeneration.
In order to successfully reinitiate electrical impulses, the nodes of Ranvier are organized into three
subcompartments: nodal gap, flanking paranodes, and juxtaparanodes (Scheme 2)%’. Internodes
are parts of the axon between two nodes of Ranvier covered by compact myelin®’. The nodes of
Ranvier in the CNS and PNS differ to some extent>’. This section describes the molecular
architecture of the nodes of Ranvier in the CNS since its organization in the PNS was less relevant

to my Ph.D. research.

Similarly to the AIS, the nodal gaps are enriched by high-density accumulations of a low
threshold Nay1.6 that allow the regeneration of action potentials®’-%°. In some neurons, Nayl.1
and Nayl1.6 or Nayl.1 alone accumulate at the nodal gaps?*. Nay, as well as voltage-gated
potassium channels (Ky7.1 and Ky7.2) and cell adhesion molecule NF186, are anchored to the
underlying cytoskeleton via interaction with a membrane domain of ankG®731.37.4041 The NF186
is an essential component since it is indispensable for the maintenance and formation of the

nodes of Ranvier’9.11.42,43
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Scheme 2. Molecular organization of the node of Ranvier. a: A schematic representation of the node of Ranvier.

b: A molecular organization of the node of Ranvier. Similarly to the AIS, Nav is enriched at the nodal gap. Nav directly
interacts with two auxiliary B subunits and cell adhesion molecule NF186. Likewise, Kv7 channels, secreted cell
adhesion molecules NrCAM, and transmembrane contactin (CNTN) are expressed at the nodal gaps. The
transmembrane nodal components interact with the extracellular matrix molecules and the submembrane ankG that
anchors them to the underlying BIV-spectrin. The paranodes are characterized by a trimeric complex consisting of
neuronal contactin-associated protein (Caspr), neuronal contactin, and glial 155 kDa neurofascin (NF155). The trimeric
complex is anchored to the neuronal BllI-spectrin via protein 4.1B. Juxtaparanodes are enriched by Kv1 interacting with
neuronal Caspr2 and neuronal and glial transiently expressed axonal glycoprotein 1 (TAG-1). The scheme was

generated in BioRender.com according to the scheme published in®, with permission from RightsLink®.

Paranodes are subdomains in which myelin tightly interacts with axolemma, forming a
specific electrical barrier. This barrier restricts Ky and Nay channels at the juxtaparanodes and
the nodal gaps, respectively®374244 The interactions between transmembrane glial and neuronal
proteins mediate the formation of this tight connection. The glial cell adhesion molecule NF155
(155 kDa  neurofascin  isoform) interacts with the neuronal Contactinl and
Paranodin/contactin-associated protein 1—Caspr163740, The trimeric complex is further stabilized
by interactions of Casprl with a submembrane adaptor, ankyrin B (ankB), that anchors this

complex to the underlying cytoskeleton®.

Juxtaparanodes are subdomains that stabilize the saltatory conduction of action
potentials. An abundance of shaker Kyl.1 and Ky1.2 channels characterizes these domains.
Likewise, a dimeric complex consisting of Caspr2 and Contactin2z (TAG-1—

transiently expressed axonal surface glycoprotein-1) enriches juxtaparanodes®3’.

The ultrastructural organization of the nodes of Ranvier has been studied less extensively
than the AIS3045, In addition, most of these SRM studies have been carried out in peripheral
myelinated neurons®%45, Those studies demonstrated that at the nodal gaps, all cytoskeletal

elements, adaptor protein ankG, and transmembrane proteins (NF186, NrCAM, Ky7.2, and Nay)



are periodically arranged with a spacing of ~190 nm3%4546, The longitudinal periodic distribution
of NF186 and Navy is not always symmetrical and homogenous. In some instances, NF186 and
Nay display more complex hexagonal organization*>. The paranodal components (BIl spectrin,
ankB, Casprl, NF155) are also highly periodically arranged with ~190 nm spacing®. At the
juxtaparanodes, only cytoskeletal elements display periodic organization, while the
transmembrane Ky1.2 channels do not. The absence of Ky1.2 periodicity might be due to the
compact myelin that hinders SRM imaging#. Finally, cytoskeletal elements exhibit periodic
organization at the internodes®“’. In order to gain deeper insights into the ultrastructural
organization of the nodes of Ranvier in CNS, detailed SRM studies of myelinated CNS neurons

are needed.
1.3. The axon initial segment and the node of Ranvier components

Since the main aim of my Ph.D. was to develop new tools for voltage-gated sodium
channels (Nay) and neurofascins (NFs) labeling, | described their structure, regulation, and spatial

and temporal distribution in more detail in this section.
a) Voltage-gated sodium channels

Voltage-gated sodium channels play an essential role in the electrical signaling in
excitable cells by initiating and propagating action potentials*®4°. On the membrane, Nay forms a
trimeric complex that consists of a large, highly glycosylated pore-forming a subunit (~260 kDa)

and two auxiliary B subunits (30-40 kDa each)®°.

There are nine voltage-gated Naya isoforms (Nay1.1-Nay1.9)%152, Their distribution is cell
and tissue-specific and developmentally regulated (Table 1)°3%, The Nay isoforms share the
general structural organization (Scheme 3)5. Briefly, the a subunit is a ~2000 amino acid-long
protein organized into four homologous domains (DI-1V) interconnected by long intracellular loops
(L1-L3)%0%6. Each domain contains six highly conserved transmembrane a helixes (S1-6
segments) interconnected by short extra- and intracellular loops®°%6. The S5 and S6 segments of
each domain, together with loops between them (P loops), form a pore and selectivity filter (highly
conserved DEKA sequence) that regulates Na* entry*®52, The S4 segments are enriched with
positively charged amino acids, acting as voltage sensors. The voltage sensors change
conformation in response to the membrane depolarization, resulting in the pore opening*. The
fast inactivation of Nay is regulated by the L3 loop that contains a highly conserved IFM motif
(inactivation gate)*®5” and by intracellular C-terminal tail®®. The C terminus also represents a

binding platform for interacting partners and regulators and contains multiple sites undergoing

9



posttranslational modification®%-¢2, Likewise, the posttranslational modifications and interaction

with partners occur at the N terminus and in the L1 and L2 loops6%-5,

Table 1. Classification of the voltage-gated sodium channel isoforms based on the tetrodotoxin (TTX)-sensitivity and

Nav spatial and temporal distribution. The Nav can be sensitive to TTX (TTXs) or resistant to TTX (TTXr). The table is

generated based on the previous publication®®.

Nav isoform Resistance Spatial and temporal distribution
Navl.1 TTXs Mature CNS: soma, proximal AlS, nodes of Ranvier; PNS
Nayl.2 TTXs Mature CNS: proximal AIS, unmyellnated axons, premature
nodes of Ranvier
Navl.3 TTXs PNS and embryonic CNS
Navl.4 TTXs Skeletal muscles
Navl.5 Moderately TTXr Cardiomyocytes and embryonic CNS
Navl.6 TTXs Mature CNS: distal AIS, nodes of Ranvier, (soma), mature PNS
Navl1.7 TTXs Mostly PNS, (CNS)
Navl1.8 TTXr PNS
TTXr PNS (hippocampus)
Nav1.9

10



B subunits (encoded by SCNXB genes; X is the number of a specific  isoform) are small
transmembrane proteins that belong to the CAM family®. The B subunits are indispensable for
the full functionality of the Nay since they modulate biophysical properties and the surface
expression of the a subunits®-%8, The B subunits also regulate SCNXA expression®. Furthermore,
during brain development, they are important for cell migration, cell adhesion, and neurite
outgrowth®, There are four transmembrane isoforms of 8 subunits (31—4) and one secreted 1B
isoform®7.:68.70-74 Homologous 1 and B3 interact noncovalently with Nay via their N and C termini.
The homologous 2 and B4 interact with Nay via a covalent, disulfide bond®. In the adult

mammalian brain, Nay usually forms a trimeric complex with 1 and p267:68,

T K1425TAG
K1224TAG Xt

K1546TAG g s

+ + ¢ V@B + 4 +

S * + + E
NH3* f / OO
Voltage Pore forming Inactivation loop

sensor loop

HA tag

Scheme 3. Structure of an alpha Nav1.6 subunit with click labeling sites. A Nav1.6 encoded by the SCN8A gene
consists of four homologous domains (I-/V). Each domain contains six transmembrane a-helixes (S1-6). The S4
segment enriched with positively charged amino acids is a voltage-sensor (red) that can sense changes in the
membrane potential. Domains and a-helixes are connected with intracellular and extracellular loops. The loops between
S5 and S6 of each domain (red) form a pore that allows Na* entrance. In order to click label Nav1.6, | selected eight
potential labeling positions and introduced the corresponding TAG mutations into mouse SCN8A. Red stars show the
most successfully click-labeled positions with ATTO488-tetrazine (tz; green). The pink stars show the additional
positions tested for click labeling in neurons. The other TAG positions that have not been tested in neurons are shown
as light blue stars. For the electrophysiological recordings of recombinant Na* currents, | introduced the Y371C mutation
that rendered Nav1.6 resistant to tetrodotoxin (TTX; yellow star). The hemagglutinin (HA)-tag (purple) introduced at the
mNav1.6 C terminus ensured that only full-length proteins were labeled with the anti-HA antibody. The scheme was

initially generated in BioRender.com and modified from?5.

Nayl.6

Nav1.6 (encoded by the SCN8A gene) is broadly distributed through the mature nervous
system (Table 1)°1.617677 |n the adult brain, it is the major voltage-gated sodium channel

isoform38.76.77  The abundance of the Nay1.6 isoform is found in distal AIS and the nodes of
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Ranvier, where it contributes to the generation and propagation of action potentials,
respectively®21-233839.7879 - A Jow amount of individual Nay1.6 molecules is also present in the
somatodendritic compartment, facilitating the generation of dendritic potentials?2. Furthermore,
ankG-independent ~230 nm Nay1.6 nanoclusters are present in the somatic compartment®. The
role of the somatic Nay1l.6 nanoclusters is still unclear. Apart from the neurons, Navl.6 is

expressed to a smaller extent in glial cells and cardiomyocytest77.

Sorting and enrichment of the Nay1.6 at the AIS and the nodes of Ranvier is promoted by
the interaction of a highly conserved, nine amino acid-long motif (ankyrin binding domain; ABD)
with ankG 6581-84 The interaction between ankG and Nay is regulated by casein kinase 2 (CK2)
enriched at the AIS and the nodes of Ranvier. At the AIS, the CK2 forms a tight complex with Nay
and phosphorylates ABD, modulating Nay accumulation in this neuronal compartment®38586, The
maintenance of Nay1.6 on the AIS surface is promoted by microtubule-associated protein 1B
(MAP1B) kinase. The MAP1B kinase binds the N terminus of the Nayl.6, preventing its
endocytosis®’. The modulation of Nay1.6 function and its surface expression is also regulated by
posttranslational modifications (phosphorylation, ubiquitination, palmitoylation, or glycosylation)
of N and C termini, L1-L2 loops, and the extracellular loops, or by interaction with various

partners®0-64,
b) Neurofascins

Neurofascins (encoded by the Nfasc gene) belong to the L1 family of CAMs®88°, The NFs
have important roles that involve the neurite outgrowth, formation, and stabilization of the nodes
of Ranvier, AIS maintenance, and the regulation of axo-axonic synapses®89-91. Diversity of NF
is achieved by developmentally- and spatially-specific alternative splicing of a single primary
transcript®92, During nervous system development, neuronal 180 kDa and 140 kDa neurofascin
isoforms (NF180 and NF140) control neurite outgrowth®38°, Likewise, NF140 promotes early
nodes of Ranvier assembly®. To a smaller extent, NF140 is present in the healthy adult brain and
demyelinated axons in multiple sclerosis (MS) patients®?%, The most abundant isoforms in the
mature nervous system are neuronal NF186, which localizes at the AIS and nodal gaps, and glial
NF155, localizing at the paranodes*®®8. Both isoforms are essential for the formation and

stabilization of the nodes of Ranvier®.
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UAA-based minimal tag
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ankyrin G

Scheme 4. Overview of the approaches for live labeling and imaging of the AIS and the nodes of Ranvier
components in neurons. AlIS and node of Ranvier components such as NF186 can be labeled in living neurons with
antibodies conjugated to a fluorescent dye recognizing the extracellular epitopes3°4. The alternative approach utilizes
genetically encoded fluorescent proteins (FPs) fused to N or C termini of AIS and nodal components?6:6583.84.95 gych
FPs fusions provide high specificity. However, due to their large size of ~30 kDa, they can perturb the localization of
proteins (e.g., NF186) or change the AIS morphology®>%. Unnatural amino acid (UAA)-minimal tags can be placed at
virtually any position while introducing changes of just a few atoms into the protein of interest®”-%. Hence, they have
emerged as a promising tool for dynamic studies of the AIS and the node of Ranvier components. The scheme was

originally generated in BioRender.com and modified from?®.

The general NF structure is shared between isoforms (Scheme 4, Fig. 9a). It consists of
six extracellular immunoglobulin (Ig)-like domains followed by fibronectin type 111 (FN III) repeats,
transmembrane a helix and a short intracellular tail. The number of FN 1ll domains differs between
NF isoforms®. Glial NF155 contains FN Ill domains 1, 2, 3, and 4, while NF186 contains FN Il
domains 1, 2, 4, 5 and the unique mucin (PAT) domain (Scheme 4, Fig. 9a)%. The cytoplasmic
tail includes a highly conserved FIGQY sequence that is indispensable for the NF interaction with
ankG and the NF localization at the AIS®>%%-101 Furthermore, the C-terminal YSLA sequence is
essential for NF186 sorting to the AIS®.

NF186 is a Nay-associated protein enriched at the AIS and nodal gaps®. It promotes the
nodes of Ranvier formation by clustering Nay1.6 and contributes to the AIS and the node of
Ranvier maintenance®!!. NF186 also promotes the brevican-based extracellular matrix assembly
at the AIS and links the extracellular matrix to the cytoskeleton via ankG'%2. Furthermore, NF186

inhibits neurite outgrowth®:.
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1.4. Pathologies associated with the AIS and the node of Ranvier components

Changes or disruption of the AIS and the node of Ranvier have been associated with
various neurological disorders!8375294,103-105 The changes in the AIS length or its position have
been observed in neurodegenerative diseases such as Alzheimer's disease'®® or MS1%7, and the
mouse and rat models of epilepsy'®®. The neuronal injury or demyelination can also cause
changes (shortening) of the AIS length32. The redistribution of the node of Ranvier components

and the elongation of the nodal gaps have been detected in MS and neonatal hyperoxial?37:103.105,

Since Nay and NF186 are indispensable for the proper functioning of the AIS and nodes
of Ranvier, it is not surprising that these proteins have been implicated in many diseases. The
redistribution, altered expression, and genetic mutations of Naya and Nay3 subunits have been
linked to developmental and epileptic encephalopathy, epilepsy, episodic ataxia, migraine,
intellectual disability, pain, cardiac diseases, cancer, MS, and axonal injury8?12-14,50,66,109
Numerous Nayl.6 mutations are linked to neurological diseases such as developmental and
epileptic encephalopathy, epilepsy, autism spectrum disorder, intellectual disability, or movement
disorders314199  Altered expression and redistribution of Nayl.6 are implicated in MS
pathology'?1%. Moreover, overexpression of Nay1.6 contributes to invasive cancer development

and metastasis (e.g., breast, cervical, lung, and colorectal cancers)10.11,

The autoantibodies against the extracellular domain of NF86 have been found in some
patients with demyelinating diseases such as Guillain-Barré syndrome, chronic inflammatory
demyelinating polyradiculoneuropathy, or MS!5!12114  The abundance of the anti-NF186
antibodies has been detected in a small number of chronic progressive MS patients, where they
might contribute to axonal degeneration'®1%3. Furthermore, the altered localization of NF186 and

NF155 at the nodes of Ranvier has been associated with axonal pathology in MS103,

1.5. The labeling and imaging approaches to study the AIS and the nodes of

Ranvier components

The exact mechanisms involved in the trafficking, sorting, and (re)organization of the AIS
and the nodes of Ranvier components under biological and pathological conditions have
remained elusive. The reason is the limited number of labeling approaches permitting dynamic
and SRM studies of those two compartments. Considering the number of diseases that involve
dysfunctions of the AIS and nodal components, understanding the regulation of these proteins is

necessary to design new therapeutical approaches. The following sections describe the current
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labeling and imaging strategies used to study the dynamic and ultrastructural organization of the

AIS and nodes of Ranvier and the limitations of these approaches.
a) Live-cell labeling approaches for dynamics studies

Several live-cell labeling approaches have been used to study the dynamics of the AIS
and nodal proteins (Scheme 4). One approach involves conventional immunostaining with
antibodies conjugated to fluorescent dyes!®3394-96.115116 Since the immunostaining protocols
usually involve membrane permeabilization to enable bulky antibodies to enter cells and access
their epitopes, this approach is mostly used for fixed-cell labeling. The main requirement for using
this approach in live-cell labeling and imaging experiments is that the epitopes recognized by the
fluorescent antibodies are located in the extracellular domains of transmembrane proteins. If such
epitopes do not exist, small tags (e.g., hemagglutinin—HA or V5 tags) can be introduced in the
extracellular domains of the recombinant or endogenous transmembrane targets®10l, An
example is NF186, for which live labeling and imaging fluorescent antibodies have extensively
been used®9495.115117 ‘More recently, labeling and imaging of endogenous Nay1.2 have been
achieved in living neurons. To this end, the V5 tag was introduced in the extracellular loop of
Nayl1.2 and immunostained with the corresponding fluorescent antibody®. One of the important
advantages of fluorescent antibodies is that they can be used to label endogenous proteins.
However, the antibodies are large (~150 kDa) and can be utilized only for live imaging of
transmembrane proteins. Likewise, the antibodies frequently lack specificity when used for
labeling closely related protein isoforms (e.g., Nay). Finally, they proved unreliable for dynamic
studies of the AIS components due to the crosslinking caused by the multivalency of primary
antibodies®. An example is an anti-NF antibody that failed to accurately report fast changes in

the AIS length upon depolarization®.

Fluorescent protein (FPs)-based genetically encoded tags are the most widely used for
live labeling and imaging studies of the AIS and node of Ranvier components33:83:84,96,101,116,118-122,
Since genetically encoded FPs are fused directly to the protein of interest, this labeling approach
is highly specific. However, FPs can be fused only to the N or C termini of the target protein. When
it comes to the AIS and nodal constituents, those domains are essential for the interactions with
partners or represent binding platforms for different regulators®%%3, The N or C termini also can
contain important localization sequences and posttranslational modification sites®0-63.99.100,
Therefore, adding relatively large FPs (~30 kDa) may impair some of the interactions with
regulators, affect the localization of the AIS components, or interfere with posttranslational

modifications. For example, the addition of a green fluorescent protein (GFP) to the C terminus
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of NF186 (NF186-GFP) hides the AIS localization (FIGQY) sequence. Consequently, NF186
cannot be specifically sorted to the AIS®>%, On the contrary, NF186-GFP can be sorted properly
to the nodes of Ranvier since FIGQY is not required to target NF186 to this compartment®5119.120,

Due to its size and highly complex structural organization, live labeling of Nay1.6 is even
more challenging compared to the smaller AIS components (e.g., NF186) and other neuronal
proteins and ion channels. Consequently, our knowledge about Nay1.6 originates mostly from the
electrophysiological recordings, biochemical, molecular, and genetic studies, and from the
immunostaining of fixed samples'421-23.383948,7879  This partially changed when a recombinant
full-length Nay1.6 fused to FPs was developed about ten years ago®. The FPs, such as GFP or
mCherry, were fused to the C terminus of Nay1.6. The imaging of living neurons that expressed
such recombinant voltage-gated sodium channels provided new information about molecular
mechanisms that regulate Nay1.6 targeting to the AIS and nodes of Ranvier88%8384 Moreover,
the photoconvertible GFP (Dendra2) allowed super-resolution imaging of the somatic Nay1.6
populations in living neurons®. Recently, using CRISPR/Cas9 technology, the endogenous
Nav1l.6 was tagged with GFP to study the plasticity of this protein at the AIS'?3. Besides FPs,
several other approaches have been utilized for Nay1.6 live imaging. A combination of the GFP
tag with an extracellular epitope that could be labeled with cell-impermeable dyes provided
valuable information on Nay1.6 sorting into different neuronal compartments®84, The extracellular
epitope consisted of 17 amino acid-long biotin acceptor domain (BAD). When biotinylated by
bacterial biotin ligase, the BAD domain could be labeled with non-permeable streptavidin
(SA)-conjugated dyes®t. With this approach, it was possible to label the Nayl.6 membrane
populations and follow their internalization and transport. A similar approach has recently been
utilized to image other Nay isoforms (Nayl.7 and Nayl1.9) in living sensory neurons and cell
linest?1.122. However, the SA-conjugated dyes are not ideal for live labeling due to their large size
of ~53 kDa. When SA was combined with GFP (27 kDa), the total change introduced into Nay
was ~80 kDa. Recently, CRISPR/Cas9 technology was used to introduce a self-labeling HaloTag
to the C terminus of endogenous Nay1.2 and Nay1.6%°. The subsequent labeling of HaloTag with
cell-permeable dyes allowed, for the first time, SRM and live-cell imaging of endogenous Nay1.2
and Nay1.6. However, since the size of HaloTag (~33 kDa) is similar to that of FPs (~27 kDa), it

has the same disadvantages as described above.
b) Super-resolution microscopy for ultrastructural studies

Super-resolution microscopy is a term that refers to a collection of advanced microscopy

techniques that allow the visualization of molecules below the resolution limit'?4. For SRM
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imaging, proteins or cell structures of interest are typically labeled with fluorescent antibodies,
dyes, or FPs'?4, The visualization of closely positioned fluorescently labeled molecules that cannot
be resolved with conventional microscopy is achieved by their separate detection'?>126, There are
two main approaches for achieving separate detection of fluorescent molecules. On the one hand,
SRM techniques such as STED utilize a patterned illumination to modulate the fluorescence
emission of closely positioned fluorophores??”-12°, On the other hand, single-molecule localization
microscopy (SMLM) techniques such as PALM, fluorescence (F)PALM, and direct (d)STORM rely
on the temporal separation of the closely positioned fluorescent molecules, their subsequent
localization, and reconstruction of the final SRM image®3-133, By combining the advantages of
STED and SMLM, minimal photon fluxed (MINFLUX) nanoscopy was recently developed!34. With
MINFLUX nanoscopy, the spatial resolution was improved from ~20—-30 nm to ~2-5 nm, reaching
the size of the individual molecules. During my Ph.D. | used mainly SMLM microscopy. Hence, |

described it in detail below.

The SMLM techniques differ in the fluorophores used to label target proteins. PALM and
FPALM use photoconvertible/photoactivable FPs, while (d)STORM utilizes photoswitchable
organic dyes, such as Alexa Fluor (AF)647 or Cyanine 5 (Cy5)!?. The temporal and spatial
separation of the fluorescent molecules in SMLM microscopy is achieved by the specific imaging
buffers that promote stochastic switching of the fluorophores between bright (ON) and dark (OFF)
states when illuminated with a high-power laser??>. This transition between the ON and OFF state
is termed blinking'?®. The most commonly used imaging buffer GLOX is based on the oxygen
scavenger system consisting of glucose, glucose oxidase (GO), and catalase (CAT). The GLOX
buffer is usually supplemented with thiol-reducing agents such as B-mercaptoethanol (BME) or
mercaptoethylamine (MEA; GLOX BME or GLOX MEA)*3®. Although GLOX, in combination with
AF647 dye, is an excellent dSTORM imaging buffer, it provides efficient blinking of fluorescent
dye molecules for only a few hours and needs to be replaced afterwards. Likewise, GLOX is
unsuitable for mounting and long-term storage of the samples. Therefore, immunostained or
click-labeled samples are usually stored in phosphate-buffered saline (PBS) before the addition
of GLOX for dSTORM imaging. Keeping neurons in PBS can lead to fluorescence loss if the
samples are not imaged within several days. Hence, in addition to GLOX, alternative buffers such
as glycerol-based mounting medium Vectashield (VS) or oxyrase/BME (OXEA) can be used for

single- and dual-color SRM136.137,

In the last decade, advanced super-resolution microscopy (e.g., STED, PALM, and

(d)STORM) has been extensively utilized to decipher the ultrastructural organization of
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neuronst6.28.:29.454665138 - Ag described above, with the help of advanced SRM microscopy, it was
shown that the AIS and the nodes of Ranvier components are periodically arranged with a spacing
of 190 nm16:28.29.4546.65 FEqor the SRM studies, the AIS and the nodes of Ranvier components have
been typically labeled with fluorescent antibodies!®:28.29.4546.138  However, the bulky antibodies
(100-200 kDa) place fluorophores far away from the target (~15 nm) and can potentially introduce
artefacts, especially when imaging the crowded AIS and the node of Ranvier environment. Hence,
new labeling approaches utilizing small tags that will reduce the distance between the target and
the fluorophore are in demand. The combination of the GCE and bioorthogonal click chemistry
(click labeling) has recently emerged as a promising tool for single- and dual-color SRM imaging
of small synaptic proteins and cytoskeletal elements in primary neurons®’ %, The small size of the
unnatural amino acid (UAA)-based labeling tag (0.2—0.5 kDa) that can be introduced anywhere
into the target protein make click labeling an ideal choice for SRM studies. In addition to the
minimal size of the labeling tag, click labeling is compatible with live-cell imaging. Therefore, this
approach is a promising tool for dynamic and SRM studies of the AIS and the nodes of Ranvier

components.

During my Ph.D. | aimed to establish the GCE and click chemistry for labeling two large
transmembrane AIS and node of Ranvier constituents, the Nay1.6 and NF186, in primary neurons.
The following sections describe genetic code expansion and click chemistry and their applications

in neurobiology.
1.6. Click labeling for advanced microscopy studies of neuronal proteins

The genetic code is a collection of rules determining how the trinucleotide sequences
(codons) encode canonical (natural) amino acids in all living organisms*3°, There are, in total, 64
codons. Three (opal, amber, and ochre) are protein synthesis termination (STOP) signals. The
remaining 61 codons encode 20 canonical amino acids that represent building blocks for all
existing proteins'®®. Some organisms use two additional proteinogenic amino acids—
selenocysteine and pyrrolysine, encoded by opal and amber STOP codons, respectively40:141,
The genetic code can be artificially expanded to encode unnatural (nhoncanonical) amino acids to
introduce novel biological, chemical, or physical properties into proteins42143, |n vitro and in vivo
UAA encoding can be achieved via metabolic UAA incorporation or genetic code expansion
technology. Metabolic UAA incorporation utilizes endogenous translational machinery [aminoacyl
tRNA synthetase (aaRS)/transfer ribonucleic acid (tRNA) pair] to replace one of the canonical
amino acids with a noncanonical one'#. With this technology, UAA is installed into the whole

proteome in a residue-specific manner44. A GCE technology uses orthogonal translational
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machinery that does not cross-interact with native translation to site-specifically install UAA into

a protein of interest (POI)142.143,

One of the emerging applications of GCE is protein labeling in living cells for fluorescence
microscopy studies. Live-cell protein labeling is achieved through a site-specific incorporation of
small UAA that can be labeled with a fluorescent dye into POI. The incorporated UAAs bear
reactive groups in their side chains that can be coupled to a small organic dye via click chemistry
reactions (hereafter referred to as clickable UAAs; Scheme 5)145-149, Until now, a combination of
the GCE and bioorthogonal click chemistry has been used to label various membrane and
cytosolic proteins in standard cell lines!45147.148,150-158 " and just recently in primary neurons and
organotypic slice cultures®” %, The following sections describe GCE technology, different UAAS,
and bioorthogonal click reactions focusing on their application for microscopy studies of neuronal

proteins in mammalian cells.
a) Genetic code expansion

As mentioned above, the GCE is a protein engineering technology that utilizes orthogonal
translation machinery [aminoacyl tRNA synthetase (aaRS)/tRNA pair] to site-specifically install

UAAs into the POI during translationt9.160,

A prerequisite for GCE-mediated site-specific UAA incorporation is orthogonality,
i.e., aaRS/tRNA should not cross-react with the endogenous translational machinery of the host
cell and has to specifically recognize UAA and incorporate it in response to a unique (blank)
codon®®!. These requirements are fulfilled by adopting translational machinery components from
other domains of life. If necessary, aaRSs/tRNAs are further evolved'#3'62, For the GCE in
mammalian cells, aaRS/tRNA pair is typically evolved in Escherichia coli (E. coli) or yeast and
then transferred to mammalian cells?%°163164. The commonly used orthogonal pairs in mammalian
cells are Tyrosil (Tyr) RS/tRNA™" and Leucil (Leu) RS/tRNA pairs derived from E. coli'®® and
Pyrrolysyl (Pyl) RSARNAPY  pair adopted from archaea Methanosarcina barkeri or
Methanosarcina mazeil#6165-170, The PylRS/tRNAPY is the most widely utilized because it can

recognize various UAAs and is orthogonal in both E. coli and eukaryotes'®°,
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Scheme 5. Genetic code expansion (GCE) and bioorthogonal click labeling of membrane proteins. Click labeling

of membrane proteins in living cells is a two-step process. In the first step (Step 1), using the GCE (amber codon
suppression), small UAAs, such as TCO*-Lys or endo-BCN-Lys are introduced into the recombinant membrane protein
of interest (mPOI). To successfully incorporate UAA, genes that encode for mPOI bearing TAG labeling site are
delivered to the cells via transfection or transduction, along with the bioorthogonal translational machinery elements—
NES PyIRSA® and tRNAPY. The UAA is added to the transfection/transduction or the culturing medium. During
translation, with the help of the orthogonal translational machinery, UAA is incorporated in response to an amber (TAG)
stop codon, resulting in the synthesis of the full-length mPOI. In the second step (Step 2), mPOl is labeled via ultra-fast
bioorthogonal click reaction, such as strain-promoted inverse electron-demand Diels-Alder cycloaddition (SPIEDAC)

between a strained alkene and the tetrazine. The scheme was initially generated in BioRender.com and modified from?®.

To encode the UAAs, in-frame nonsense codons are typically used. The most widely used
is an amber UAG (STOP) codon due to its low abundance in prokaryotic (~7%) and eukaryotic
cells (~20%)'71:172, Therefore, the subtype of the GCE technology that utilized the TAG stop codon
is also referred to as amber codon suppression. The amber codon is introduced at the specific
position into the gene encoding the POI (hereafter referred to as an amber mutant) by site-directed
mutagenesis®!. For the UAA incorporation, the genes encoding the amber mutant and the
orthogonal translational machinery elements are usually delivered via transfection6l,
Alternatively, amber codon suppression elements can be delivered via transduction (typically
used for animal studies)!®l. Since most UAAs are cell-permeable, they are usually added to the
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growth medium for in vitro studies. For in vivo studies, the UAAs can be added to the drinking
water!73174  Alternatively, for in vivo neuronal studies, UAAs can be injected directly into the
ventricles of the mouse brain'’®. If all the required components are present during the translation,
orthogonal translation machinery recognizes the STOP codon in the messenger (m)RNA and
incorporates UAA in response to it. As a result, a full-length target protein with installed UAA is

produced.

A successful UAA incorporation via GCE has been achieved in prokaryotes (E. coli)'’®,
single-cell eukaryotes (Saccharomyces cerevisiae)!’”1’8, mammalian cell lines, neuronal stem
cells, primary neurons'®3179 brain organoids 8%, and multi-cellular organisms (Caenorhabditis
elegans, Drosophila melanogaster, Danio rerio and Mus musculus)!73-175181-185 More than 200
UAAs have been encoded into various proteins by the GCE!. These UAAs bear
custom-designed functional handles that have been used to study protein interactions, protein
activity, and the effect of posttranslational modification on protein function'87, In addition,
clickable UAAs have been used for in vitro and in vivo protein labeling via click chemistry
reactions®®189 The following section describes the application of click chemistry for UAA-based

protein labeling.
b) Bioorthogonal click chemistry reactions

Bioorthogonal click chemistry is a collection of fast, selective, and biocompatible reactions
that proceed under mild, aqueous conditions between a biomolecule and a specific reporter,

probe, or substrate!®0:19,

Bioorthogonal click chemistry can be used for site-specific protein labeling in living cells
(click labeling). The click labeling of proteins is a two-step process that involves: 1) site-specific
incorporation of the clickable UAA into a protein of interest via GCE (typically amber codon
suppression) technology, 2) subsequent labeling of the side chains of the clickable UAAs with
small organic dyes via click chemistry reaction'’°, In order to be used for live-cell protein labeling,
click reactions should be bioorthogonal, i.e., should not interfere with any native biological
processes!®. Such reactions must also be non-toxic, fast, and highly specific under physiological

conditions?9t,

Several bioorthogonal click reactions have been developed for live-cell protein labeling:
copper(l)-catalyzed Huisgen azide-alkyne cycloaddition (CUACC), photo click reaction!®?1%, and
copper-free click reactions—SPAAC (strain-promoted alkyne-azide cycloaddition) and SPIEDAC

(catalyst-free strain-promoted inverse-electron demand Diels-Alder cycloaddition)45-147.149,196
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CUACC click reaction between azides and terminal alkynes is highly specific. However, this
reaction requires copper as a catalyst. Since copper is toxic for most cells, the CUACC use for
live-cell labeling is limited'%2. Photo click cycloadditions between tetrazoles and terminal or
strained alkenes are fast and less toxic than the CUACC as they use ultra-violet (UV) light as a
catalyst'92193, Therefore, they have also been employed for protein labeling in living cells®®.
Catalyst-free SPAAC and SPIEDAC are non-toxic, ultra-fast, and highly specific. They give a high
yield and proceed under physiological conditions. Hence, these two are the most suitable for
live-cell protein labeling*®?. Commonly used UAAs for SPAAC- and SPIEDAC-based protein
labeling are L-lysine derivatives. Side chains of these UAAs are modified to carry strained alkynes
or alkenes that react with organic dyes bearing azides or tetrazines. The examples are
trans-cyclooct-2-en — L — lysine (TCO*-Lys) and its axial (A) isomer (TCO*A-Lys)48197,
trans-cyclooct-4-en — L — lysine (TCO4en-Lys) and its equatorial isomer (TCO4en/eq-Lys)9:198,
cyclopropene — L — lysine (CpK)!%°, bicyclo [6.1.0] nonyne — L — lysine (endo-BCN-Lys)4714° and
cyclooctyne — L — lysine (SCO-Lys)46:169,

Due to its high reaction rate, SPIEDAC click reaction has been used the most for protein
labeling in living cells®2. SPIEDAC-based click labeling happens between the UAA side chain
that carries strained alkenes or alkynes and tetrazine conjugated to an organic dye!45146:148.149,
The additional advantage of SPIEDAC click reaction, particularly for microscopy studies®22%, is
its fluorogenicity. It is known that when conjugated to free tetrazine moiety, the fluorescence of
certain red dyes is quenched. Upon cycloaddition (click reaction), the fluorescence of a dye is
restored or increased. As a result, only click-labeled POI is fluorescent, while the background

originating from the free dye is minimalt52:192.:200,

To date, click labeling has been employed for single-color, dual-color, and pulse-chase
labeling of various proteins in living mammalian cell lines!45147:148,150-158.201 ' Some of the proteins
that have been successfully labeled are membrane proteins and receptors such as insulin
receptor (IR)*8, epidermal growth factor receptor (EGFR)'#°, tumor necrosis factor 1 receptor
(TNFR1)*%?, G protein-coupled receptor (GPCR)?*%1, ligand-gated ion channels'®3, and intracellular
cytoskeletal elements!47:150.152.157.158 _ Bjgorthogonal click reactions have also been used to label
small, low-abundance, or difficult-to-label proteins that could not be visualized with other labeling
tags. The examples are 137 amino acid-long (~15 kDa) interferon-inducible transmembrane
protein 3 (IFITM3), viral human immunodeficiency virus-1 (HIV-1) structural protein, and nuclear

pore complex (NPC) components150:156.201,
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Although multi-color click labeling of POIs has remained challenging, there are some
reports on successful dual-color protein labeling. SPIEDAC and its subtype, a selectively
enhanced (se)SPIEDAC reactions, were combined in a pulse-chase manner to label two different
UAAs incorporated into two populations of IR in a highly transfectable derivative of human
embryonic kidney 293 (HEK293T) cells'#. Click labeling of two IR populations was possible due
to the mutual orthogonality of SPIEDAC and seSPIEDAC. Also, with the help of mutually
orthogonal aaRS/tRNA pairs, two distinct UAAs were site-specifically incorporated into the same
membrane receptor and labeled with two fluorescent dyes in HEK293T cells 2°2. Two mutually
orthogonal aaRS/tRNA pairs and the combination of SPIEDAC and SPAAC reactions were
employed to label two different proteins in E. coli?®3. However, labeling two distinct proteins in the

same eukaryotic cell has remained challenging.

Since various tetrazine dye derivatives can be attached to a UAA, including the
photoswitchable ones, click labeling can be combined with advanced SRM microscopy. The
click-labeled IR was the first protein to be imaged with SRM microscopy?*#. In this study, dual-color
SRM of two IR populations was achieved using two different photoswitchable dyes#. Likewise,
the various extra- and intracellular click-labeled proteins, as well as viral ones, have been imaged
with different SRM techniques (e.g., ground state depletion microscopy—GSDIM, STORM,

STED, spatial light interference microscopy—SLIM, and MINFLUX)®7.98,153,157,158,170,201,204,

By combining click labeling with DNA-PAINT (points accumulation for imaging in
nanoscale topography; hereafter referred to as click-PAINT), it was possible to label the
low-abundance component of the NPC, nucleoporin 153 (Nupl153) and image it with

super-resolution microscopy**°.

c) The advantages of genetic code expansion and click chemistry for protein

labeling in living cells

Click labeling has emerged as one of the most powerful approaches for fluorescent protein
labeling. Besides the compatibility with live-cell labeling and imaging, the other advantages of
click labeling are the following'¢%188: the POI is modified in a minimally invasive way (only a few
atoms are added to the UAA side chain), the UAA and the fluorescent dye can be introduced at
virtually any position into the POI, and the UAAs with attached organic dyes are smaller (~0.5—
2 kDa) than the other fluorescent labeling tags (~30 kDa; Scheme 4). Owing to these features,
there is a minimal chance that the UAA installment will perturb function, trafficking, localization of

the protein of interest, or its interactions with partners and regulators. Furthermore, the organic
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dyes used for UAA labeling are typically brighter and more stable than fluorescent proteins. This
feature is important for labeling the low-abundance targets, live-cell, and SRM studies. Also, the
diverse commercially available tetrazine dyes covering the visible spectrum can be used for
different imaging applications (e.g., live-cell or SRM microscopy*®?, dual-color labeling and
imaging, or quantitative studies). Finally, since the organic dye is directly attached to the POI, the
distance between the fluorophore and target (a linkage error) is reduced compared to the
antibodies, nanobodies, and other labeling tags?°42%. Small linkage error is crucial for SRM
microscopy methods, where the bulky antibodies or larger fluorescent tags that place fluorophore

further away from the target can introduce imaging artefacts?94.205,
d) Applications of genetic code expansion and click chemistry in neuroscience

A successful site-specific incorporation of non-clickable UAAs via GCE was achieved in
mammalian cells, including primary neurons, for the first time about 15 years ago'®. Since then,
GCE technology has been used in neuroscience to some extent. Apart from the proof of principle
GCE of GFPT™E¢ in primary neurons'®®, neural stem cells’®, induced pluripotent cells, brain
organoids'®®, and mouse brains'’3, the diverse UAAs were successfully incorporated into various
neuronal proteins. These UAAs that bore diverse functional handles allowed studying inactivation,
function, activity, gating properties, and the interactions between subunits of the neuronal ion
channels and receptors in vitro (in mammalian cells and neurons) and in vivo (in mouse brain).
Some examples are ion channels (e.g., Kv1.4, Ciona intestinalis voltage-sensitive phosphatase—
CiVSP, potassium inwardly rectifying 2.1 channel—Kir2.1) and receptors (e.g.,
N-methyl-D-aspartate—NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid—
AMPA)163’175'179’206'208.

In recent years, the GCE-mediated site-specific incorporation of clickable UAAs was
combined with bioorthogonal click chemistry to label neuronal proteins in living mammalian
cells¥7:98.152.153209  Eor example, NMDA receptors have been labeled with this approach and
imaged with confocal and dSTORM super-resolution microscopy in standard and neuronal
(NG108-15) cell lines'®3. This study demonstrated the superiority of click labeling over
conventional immunostaining. Gamma-aminobutyric acid (GABA)-A and kainite Gluk2
receptors?®?2%° and Shaker B Ky channels?!? are other examples of neuronal proteins that have
been click labeled in mammalian cells. Likewise, click labeling has been used to study the amyloid
precursor protein (APP) processing and biogenesis and localization of its product (amyloid

peptide) in cell lines®41%5,
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Although bioorthogonal click chemistry was successfully used for site-specific labeling of
neuronal proteins in mammalian cells'®2155.29°  click labeling in living primary neurons has
remained a challenge for a long time. Recently, click labeling in primary neurons has been
established for small transmembrane synaptic regulatory proteins (TARPs; 30-40 kDa) and
cytoskeletal element, a neurofilament light chain (NFL; 60 kDa)®"-%8. Both neuronal proteins were
successfully imaged with confocal and SRM microscopy in primary neurons. Moreover, different
populations of NFL were labeled during neuronal growth or injury with two tetrazine dyes®’. Also,
by combining CRISPR/Cas9 genome editing technology with bioorthogonal click chemistry,
proof-of-principle click labeling of the endogenous NFL was achieved for the first time®’. As | will
describe below, the results of my thesis have expanded the application of click chemistry for
efficient labeling of large, spatially confined AIS components, NF186 and Nay (~186 kDa and

~260 kDa, respectively) in living primary neurons’.

In addition to the abovementioned applications, the incorporation of clickable UAAs was
combined with bioorthogonal click chemistry to label neuron-specific proteome in vivo and follow

how it changes upon stimulation, during memory formation, and in pathological conditions?11-213,

e) Challenges associated with genetic code expansion and click labeling and

strategies to improve it

A combination of genetic code expansion and bioorthogonal click chemistry has emerged
as a powerful tool for live-cell protein labeling. However, certain limitations prevented this
approach from being widely used, especially for microscopy studies in more complex model

systems (e.g., neurons, slice cultures, brain organoids, or mouse brains)*6°,

The main limitation of GCE is the low UAA incorporation efficiency in eukaryotic cells¢°.
The UAA incorporation in eukaryotes was achieved by importing orthogonal translational
machinery from other domains of life. Since the transcription in prokaryotes and eukaryotes differs
considerably, the main obstacle to a successful UAA incorporation was the expression of the
orthogonal tRNA. In prokaryotes, all RNA molecules are transcribed from the same polymerase
(pol), and the promoter elements are located outside the coding regions!®%16°, There are three
types of RNA polymerase in eukaryotes, transcribing different RNA molecules?4. Mammalian
tRNA is transcribed by pol Ill. The mammalian tRNA expression is driven by type 2 pol I
promoter, which has intragenic promoter elements (A and B boxes)?'*. Type 3 pol Il promoters
that transcribe short RNAs are similar to prokaryotic ones—they do not require any intragenic

elements and, presumably, have a well-defined transcription start site!5?160.163, Hence, these
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promoters have been utilized to express the orthogonal tRNA in mammalian cells'3168, For the
efficient expression of orthogonal tRNA, it was necessary to use type 3 pol Il promoters with
strong transcription activity. The H1 was the first to be used for the UAA incorporation in
mammalian cells and neurons?®3. In the meantime, U6, the best-characterized type 3 pol I
promoter, became widely used for UAA incorporation in mammalian cells and, recently,
neurons®”.%8.168.170 n a recent study, another type 3 pol Il promoter 7SK was also used to express

the orthogonal tRNA in brain organoids?€°.

Despite the successful expression of orthogonal tRNA in eukaryotic cells, it is required to
further increase the UAA incorporation efficiency®®. To this end, several strategies have been
used. One of the strategies aimed to increase the amount of orthogonal tRNA in the cytoplasm
by delivering multiple tRNA copies to the cells (3—16 copies)!73-175179-181 Thijs strategy resulted in
a successful UAA incorporation in neural stem cells and mouse brains?’3175179 Multiple tRNA
copies, along with amber mutant and aaRS, were delivered by transfection'5%175 or viral-based
vectors’3179, The virus-based delivery of the GCE components will be described later in detail.
An additional strategy, described previously'®°, improved the GCE efficiency by increasing the
amount of orthogonal tRNA in the cytoplasm was the addition of the strong nuclear export signal
(NES) signal to the N terminus of PyIRSAF. Since the PylRSAF contained nuclear localization signal
(NLS), it accumulated in the nucleus with the orthogonal tRNAP. The addition of the NES
redirected the localization of the orthogonal translational machinery back to the cytoplasm,
resulting in an increased GCE yield'’®. An alternative way to increase the tRNA amount in the
cytoplasm would also be to improve the effectiveness of tRNA transcription by finding more
efficient type 3 pol Ill promoters®®. Apart from U6, H1, and 7SK, the other promoters, such as
mitochondrial RNA processing (MRP)/7-21%% and Y3, could potentially be used for the expression
of orthogonal tRNA.

In addition to the initiation, transcription termination is indispensable for efficient
orthogonal tRNA expression. The PolyT sequence (cluster of four or more T residues) is
recognized as a transcription termination signal by pol Il in the absence of other factors, leading
to the disassembly of the elongation complex?14215, That is why the polyT tail is typically added to
the 3’ end of the orthogonal tRNA to successfully express it in mammalian cells. Recently, it has
been shown that the length of the polyT signal affects the termination efficiency of small noncoding
(sn)RNAZ2%¢, T4 is a minimal signal for transcription termination. However, efficient termination is
achieved for polyT consisting of at least T6%16. Furthermore, while the termination site is always

within the polyT, it is variable and mostly ranges from T3-T5. A variable transcription termination
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site leads to the production of the transcript with a variable PolyU tail that could reduce snRNA
stability?'6. The same may occur with orthogonal tRNA. An alternative way of increasing the tRNA
amount in the cytoplasm and, subsequently, GCE efficiency would be to improve the stability of
the transcripts by eliminating PolyU tail variability, as previously reported for snRNA216217,
Likewise, the evolution of the orthogonal tRNA could improve its stability and UAA incorporation
efficiency?8-220, Alternatively, a tRNA scaffold could be engineered to make it more stable, or

chimeric tRNAs could be designed?!5%221,

Apart from inefficient orthogonal tRNA expression, another important reason for the low
GCE efficiency in eukaryotic cells is the competition of the endogenous translation termination
factors (eukaryotic release factor 1—eRF1) with orthogonal tRNA to bind the amber STOP
codon?%%18_ |nteraction of the eRF1 with the amber STOP codon can result in premature
translation termination and production of the truncated POIs'>*18. The suppression of the eRF1
by expressing engineered eRF1 mutant E55D (eRF15%°P) has been utilized to improve the GCE
efficiency in mammalian cells??2, A similar strategy has recently been used to improve the
expression of NFL™¢ amber mutant and reduce the amount of truncated NFLTC in primary
neurons®’. However, eRF15%P can potentially affect the synthesis of endogenous proteins.
Although the eRF1E%5P effect on endogenous translation in neurons did not seem to be apparent,

as reported in the previous study?®’, its exact effect should be studied further.

An additional obstacle to the efficient UAA incorporation represents the eukaryotic
nonsense-mediated decay (NMD) surveillance pathway that recognizes premature STOP codons
and fast degrades mRNAs with such in-frame STOP codons??3. Hence, the NMD can reduce the
amount of the mRNA encoding amber mutant and, subsequently, the amount of POIs!5%188, The
UAA incorporation yield in yeast!’8, C. elegans'®, and mice has been improved by suppressing

the NMD mechanism?18>,

The UAA incorporation efficiency and the ratio of the full-length vs. truncated protein also
depend on the TAG position in the mRNA and its surrounding nucleotide sequence??*. That is
why it is essential to test different positions for the UAA incorporation. Furthermore, since the UAA
incorporation efficiency depends on the nucleotide sequence in the proximity of the TAG mutation,

GCE can potentially be improved by exchanging surrounding codons with synonymous ones??4,

27



Strategies to improve genetic code expansion and click labeling efficiency in

neurons

In terms of the GCE and click labeling efficiency in terminally differentiated primary
neurons, apart from the abovementioned problems, an additional challenge is low transfection
efficiency!®. The transfection efficiency in neurons is further reduced when multiple large genes
have to be delivered??®, i.e., ones encoding the orthogonal translational machinery and amber
mutants (e.g., SCN8A). Low GCE efficiency, in combination with low transfection efficiency,
results in the poor expression of the amber mutants in very few neurons. Consequently, click
labeling might be absent/pale or could not be used for quantitative studies due to a low number
of labeled neurons expressing POI. To achieve a high yield of the GCE in neurons, it is necessary
to find a way to efficiently deliver multiple large genes encoding orthogonal translational

machinery and amber mutant.

Several different approaches have been utilized for the delivery of GCE components to
neural stem cells and primary neurons®7:98.163,173,175,179,180,226.227 The most common approach is
transient transfection®”.%8.163, By optimizing transfection protocols, the GCE of neuronal proteins
was achieved in cell lines'®3 and primary neurons'’>. The same approach has recently been used
for click labeling of synaptic proteins and cytoskeletal elements in living neurons®’:%, However,
besides the low efficiency of transient transfection in neurons, the copy number of individual
components delivered via transfection cannot be regulated precisely??>. The inability to precisely
regulate copy number of individual GCE components can affect GCE efficiency since it is
important that the orthogonal tRNA, which is a limiting component, is expressed at a higher level

compared to aaRS??’.

As an alternative to transfection, cells that stably express orthogonal translational
machinery have been generated. To this aim, PiggyBac transposase has been used to integrate
orthogonal translational machinery into the genome of standard cell lines, embryonic stem, human
induced pluripotent stem cells (hiPSCs), and brain organoids'®2?8_ Although this approach is
efficient, the disadvantage is that it cannot be used to deliver GCE components into non-dividing

cultured primary neurons.

The viral-based vectors (lentivirus-, AAV-, and baculovirus-based vectors) with high
transduction efficiency have also been used to deliver GCE to neural stem cells, primary neurons,
organotypic slice cultures, or living micel73179226.227 The lentivirus-based vectors stably integrate

into the genome. Hence, in addition to the abovementioned PiggyBAC transposase, they have
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been used to generate neural stem cells that stably expressed orthogonal translational elements
and that were subsequently differentiated into neurons!’®. The main limitation of this system is
the instability of the lentiviral genome (single RNA strand), which can lead to the recombination
between multiple tRNAs and subsequent loss of these transgenes??. Unlike the lentiviruses, the
AAVs and baculoviruses do not integrate into the genome. Therefore, they can be used for the
transient expression of GCE components. The AAV-based vectors are widely used to deliver the
transgenes into neurons and brains of living animals®°. There are reports on using an
AAVs-based system to deliver the orthogonal translational machinery along with amber mutant to
mouse brain'’3, Although AAVs have a high transduction rate, the main limitation of this system
is their limited cargo capacity?3'. Baculoviruses are nontoxic, have large cargo capacity, and have
a stable DNA-based genome that tolerates repetitive sequences?3'23?2, Recombinant Autographa
californica nuclear polyhedrosis virus (AcNPV) is used the most?3L. In addition to insect cells, this
virus can infect mammalian cells without the ability to replicate in those cells?31. The commercially
available AcNPV-based systems (e.g., MultiPrime and MultiBacMam systems) were designed to
allow the delivery of large and multiple genes (e.qg., proteins involved in the GPCR signaling
pathway) to difficult-to-transfect cells such as primary neurons and iPSCs?33. Moreover,
custom-made baculovirus-based vectors have been developed to deliver GCE elements to
various mammalian cells, primary neurons, and mouse brains??6227. These custom
baculovirus-based vectors allowed efficient UAA incorporation into GFPTA® expressed in primary
neurons??’. Therefore, baculoviruses, especially commercial MultiBacMam system represent a

promising way to achieve efficient GCE and click labeling in primary neurons.
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2. Research aim

The main aim of my Ph.D. project was to develop a novel, efficient live-cell and SRM
microscopy-compatible tool for labeling of WT and pathogenic AIS and the node of Ranvier
components, Nayl.6 and NF186, in living primary neurons. The UAA-based labeling tags are
small, minimally invasive, and can be placed at virtually any position into target proteins.
Therefore, | combined GCE technology with bioorthogonal click chemistry to introduce UAA into

Nayl.6 and NF186 and label them in living neurons.
Within the aim, | defined the following objectives:

o |dentify appropriate intermediate host cell lines for the efficient GCE of the AIS and node
of Ranvier components.

e Design and probe suitable, highly efficient plasmids for the GCE of the AIS and the node
of Ranvier components in the intermediate host cell line and primary neurons.

e Establish the GCE and click labeling of Nay1.6 and NF186 amber mutants in intermediate
host cell lines and select the most suitable clickable amber mutants.

o Establish GCE and click labeling of the clickable Nay1.6 and NF186 in living primary
neurons.

e Establish live-cell imaging of click-labeled neurons expressing Nay1.6 or NF186.

e Demonstrate the applicability of the click labeling for studies of the pathogenic Nay1.6
variants.

o Improve the efficiency of the GCE and click labeling in neurons by establishing viral
vectors to deliver the orthogonal translational machinery elements and amber mutants to
primary neurons.

e Establish dASTORM super-resolution imaging in primary neurons immunolabeled with the
antibodies against the AIS and the node of Ranvier components.

e Establish dASTORM super-resolution imaging of click-labeled primary neurons expressing
Nay1.6 and NF186.
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3. Materials and Methods

3.1. Plasmids, cloning, and mutagenesis
Nayl1.6 plasmids

In the experiments involving voltage-gated sodium channel 1.6 isoform, | used the gene
encoding 1978 amino acids-long mouse Nay1.6 (MSCNB8A; transcript variant 1, NCBI Reference
Sequence: NM_001077499.2). The tetrodotoxin-sensitive (TTXs; mMSCN8A) or TTX-resistant
(TTXs; mSCN8AY3"1S) variants of the WT gene were synthesized by GenScript. To generate
clickable variants of the Nay1.6, the mSCNB8A was modified by mutating Lysine (K) to TAG amber
stop codon at the following positions: K1224TAG, K1425TAG, K1546TAG, or K1606TAG.
Likewise, mMSCNB8AY3"1S was modified by replacing Lysine (K), Arginine (R), or Alanine (A) with
TAG amber stop codons at the following positions: R914TAG, K1425TAG, K1546TAG,
A1601TAG, K1675TAG, K1731TAG. The genes encoding WT or TAG Nay1.6 were cloned into a
commercially available pcDNA3.1-P2A-EGFP vector. The mSCN8A was inserted upstream of the
P2A-EGFP using EcoRI and Xbal restriction enzymes. The final plasmids contained mSCNB8A
under the control of the enhanced (e)CMV promoter followed by 22 amino acids-long P2A
sequence and EGFP (Nayl.6-P2A-EGFP). Importantly, in these plasmids, TAA was used as a
stop codon. GenScript performed the TAG mutagenesis and clonings. | later modified these
commercially generated plasmids by introducing alternative TTXr mutations (Y371C or
S371C)19234 into SCNBAWTTAG genes via polymerase chain reaction (PCR)-mediated

site-directed mutagenesis (details are provided later in the text).

For the initial optimization of the Nay1.6 genetic code expansion in cell lines, | used
plasmids in which monomeric (m)GFP was fused to the C terminus of Nayl.6WTTAG
(Nay1.6WTTAG-mGFP). To generate these constructs, mMSCN8A was PCR amplified from
Nav1.6-P2A-EGFP. Subsequently, mSCN8A was inserted into the mGFP-N1 plasmid (a gift from
Michael Davidson, Addgene plasmid #54767; http://n2t.net/addgene:54767; RRID:
Addgene_54767) by using Hindlll and Apal enzymes. As | also explained in the Result section,
these plasmids were propagated in One Shot™ TOP10 Electrocompetent™ E. coli since | was still

establishing protocols for NaV1.6 propagation in bacterial cells at the time.

For the GCE and click labeling Nay1.6 in primary neurons, | used plasmids in which the
Human influenza hemagglutinin (HA) tag was added to the C terminus of Nay1.6WTTAG, The TTXs
and TTXr (Y371C) versions of the Nay1.6WTTAG-HA were generated by replacing P2A-EGFP with

an HA tag (using Xball and Apal restriction enzymes) in the following plasmids:
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Nay1.6WT-P2A-EGFP, Nayl1.6WT: Y371IC.p2A-EGFP, Nay1.6K1224TAG.P2 A-EGFP,
Nay1.61425TAC-.P2A-EGFP, Nay1.6K1425TAG, Y3TIC.p2 A-EGFP, Nay1.6K1546TAGTAC.P2 A-EGFP,
Nay1.6K1546TAG, Y3TIC. P2 A-EGFP, and Nayl1.6K1675TAG. Y371IC.p2A-EGFP. The HA tag was obtained
from Sigma Aldrich in the form of two complementary single-stranded oligonucleotides that were

annealed before ligation into the vector (Appendix Table 1).

The Nay1.6Y371¢-HA constructs that bore pathogenic LOF mutations were generated by
introducing 11652N or T1785P mutations?!® into mMSCN8AWTY371C_.HA, mSCNBAKI425TAGYS7TIC_ HA|
and mMSCNB8AKISETAGYSTIC.HA genes via PCR-mediated site-directed mutagenesis (details are

provided later in the text).

All mutations were introduced into mMSCN8A genes using the Quick Change Il XL
site-directed mutagenesis kit, following previously published protocols?®® and manufacturer's
recommendations (Agilent). In all experiments involving modifications or amplification of the
Nayv1.6 plasmids, | used chemically competent XL 10-Gold Ultracompetent E. coli, except for the
Nayl.6-mGFP. The XL 10-Gold Ultracompetent E. coli were grown between 27-28°C at all
propagation steps to prevent undesired changes in the mSCN8A genes?3¢. As previously
suggested?3>23¢ only small colonies were selected from the agar plates. After the isolation of
plasmid DNA from bacterial cells, restriction digestion was performed, and the DNA patterns were
analyzed on the agarose gel to check for rearrangements. Before the experiments were carried
out in mammalian cells, MSCNB8A open reading frames (ORFs) were fully sequenced to check if

the additional undesired mutations were introduced.

In addition to the XL-10 Gold cells, | probed chemically competent MAX Efficiency
Sthl2™ cells to propagate Nayl.6 plasmids?3. Alternatively, | grew One Shot™ TOP10
Electrocompetent™ E. coli between 27-28°C. However, all the constructs described in the thesis
(except for the initial Nay1.6-mGFP plasmids) were propagated in the XL 10-Gold Ultracompetent

cells to avoid inconsistency between experiments.
B1 and B1 plasmids

Mouse (m)B1 and mB2 plasmids were obtained from GenScript. The mB1 (654 base
par-long mSCN1B, Clone ID: OMu07915D ORF clone, accession no. NM:011322.2) and mp2
(558 base pair-long mSCN2B, clone ID: Omu42415D ORF clone, accession no. XM:006510629.3
ORF sequence) ORFs were cloned by GenScript into commercially available
pcDNA3.1+/C-(k)-DYK vectors. To generate stable neuronal cell lines, mB1 and mB32 were cloned

into vectors provided with a PiggyBac Transposase kit using the Nhel and Notl restriction
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enzymes (the details are provided in The generation of stable cell subsection). To generate a
multigene plasmid containing mB1, mB2, and mGFP, | used a MultiBacMam™ kit. To this end,
MGFP was PCR amplified from commercially available mGFP-N1 plasmid (a gift from Michael
Davidson, Addgene plasmid #54767; http://n2t.net/addgene:54767; RRID: Addgene_54767) and
cloned using BamHI and Xbal into pMDC donor vector. The mSCN1B and mSCN2B were PCR
amplified from the abovementioned plasmids obtained from GenScript. Using the Nhel and Notl,
mpB1 and mB2 were cloned into the pACEMam2 acceptor and pMDS donor vector, respectively.
Donor and acceptor vectors were provided with the MultiBacMam™ kit. These vectors contained
locus of X over P1 (LoxP) sites that facilitated the generation of a multigene plasmid via Cre-Lox
recombination. Following the manufacturer's recommendations, | combined genes of interest into
the pACEMAM2-mB1-mpB2-mGFP multigene construct. The amplification of pMDC and pMDS
donor vectors was carried out in pirHC* cells supplied with a MultiBacMam™ kit. All other plasmids

were propagated in One Shot™ TOP10 Electrocompetent™ E. coli.
NF186 plasmids

In the experiments that involved NF186, | used a commercially available plasmid that
contained rat Nfasc expressed from CMV promoter and fused to HA tag at its N terminus
(HA-NF186"T; a gift from Vann Bennett, Addgene plasmid # 31061; http://n2t.net/addgene:31061;
RRID: Addgene_31061)°, | further modified this plasmid by introducing K534TAG or K680TAG
amber mutations into the Nfasc by PCR-mediated site-directed mutagenesis (HA-NF1867A%).
Afterwards, | moved the HA tag from N to the C terminus of NF186. | used the Quick change Il XL
mutagenesis kit to remove nine amino acid-long HA from HA-NF186WTTAG  following the
manufacturer's protocols. In the resulting plasmids, the HA tag was cloned to the C terminus of
NF186. To this end, | used the Apal restriction site in the ORF of Nfasc and the Notl restriction
site at the end of the Nfasc to excise ~277 base pairs-long fragments from NF186WTTAG, The
missing fragments were replaced with ones in which the HA tag was added by PCR amplification
(CMV-NF186WTTAG-HA). Afterward, | generated additional NF186™-HA amber mutants
(K519TAG, K571TAG, K604TAG, or KBO9TAG) by PCR-mediated site-directed mutagenesis of
NF186Y“T-HA. In order to lower the NF186-HA expression in primary neurons, the CMV promoter
was replaced by weak human Neuron-Specific Enolase 2 promoter (hNSE). | PCR amplified latter
from commercially available pGL3 NSE construct (a gift from Rosalyn Adam, Addgene plasmid #
11606; http://n2t.net/addgene:11606; RRID: Addgene_11606)2%’, and subsequently cloned it into

CMV-NF186WTTAG-HA using Asel and Bglll restriction enzymes. In all molecular biology
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experiments involving NF186, | used One Shot™ TOP10 Electrocompetent E. coli unless stated

otherwise.
Plasmids containing genetic code expansion elements

For the genetic code expansion and click labeling in standard cell lines and primary
neurons, | used a system consisting of Y306A/Y384F (AF) double mutant of the Methanosarcina
mazei-derived orthogonal tRNAPY synthetase fused to a nuclear export signal (NES) and
orthogonal tRNAPY (NES PyIRSAFtRNAPY system). For the initial optimization of Nay1.6 click
labeling, | used the previously described codon non-optimized NES PyIRSAF/U6-tRNAPY1S0 that
was a gift from Prof. Dr. Edward Lemke (EMBL, Heidelberg, and IMB, Mainz). | generated
additional plasmids that contained codon-optimized NES PylRSAF and its cognate suppressor
tRNAPY expressed from various type 3 polymerase Ill promoters. The codon-optimized
NES PylIRSA* was synthesized by GenScript and cloned into the commercially available
pcDNA3.1/Zeo(+) vector. In this plasmid, the NES PylRSA" was expressed from the CMV
promoter (CMV-NES PyIRSAF). GenScript also synthesized U6-tRNAPY and UG6-tRNAPY-HDV
(Hepatitis Delta Virus) cassettes. | cloned these cassettes upstream of CMV-NES PylRSAF in the
reverse direction by using Bglll and Mfel restriction sites (NES PyIRSAF/U6-tRNAPY®7 and NES
PylIRSAFtRNAPY-HDV). | also cloned a cassette containing four copies of improved tRNAPY (M15)
expressed from U6 promoter (4xU6-tRNAMS) upstream of CMV-NES PyIRSAF in the reverse
direction by using the same enzymes (NES PylRSAF/4xU6-tRNAM5)?7, The 4xU6-tRNAMS was
PCR amplified from pNEU-hMbPyIRS-4xU6M15 plasmid (a gift from Irene Coin, Addgene plasmid
#105830; http://n2t.net/addgene:105830; RRID:Addgene 105830)!%L. | designed Y3-tRNAPY,
Y3-tRNAPY-HDV, MRP/7-2-tRNAPY, MRP/7-2-tRNAPY-HDV, 7SK-tRNAPY, 7SK-tRNAPY-HDV
cassettes using sequences from the previously published literature!51:216.238-240 These cassettes
were synthesized and cloned upstream of CMV-NES PyIRSAF (codon-optimized version) in the
reverse direction by Eurofins Genomics [NES PyIRSAF/Y3-tRNAPY(HDV),
NES PyIRSAF/MRP/7-2-tRNAPY(HDV), or NES PylRSAF/7SK-tRNAPY (HDV)].

All the plasmids were propagated in One Shot™ TOP10 Electrocompetent E. coli except
for the NES PylIRSAF/4xU6-tRNAMS. This plasmid was propagated in chemically competent
XL 10-Gold Ultracompetent E. coli grown between 27-30 °C to prevent the recombination
between repetitive sequences. The 4xU6-tRNAM® was fully sequenced to confirm that no

rearrangements had occurred between multiple tRNA copies.
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The genes encoding codon non-optimized NES PyIRSAF and eRF1F%P used for the AAV
generation were gifts from Prof. Dr. Edward Lemke (EMBL, Heidelberg, and IMB, Mainz), and
members of his laboratory generated them. U6-tRNAPY: used for AAV production or transduction
of HEK293T cells in combination with transfection, was also a gift from Prof. Dr. Edward Lemke.
The 4xtRNAPY'used for AAV production was a gift from Jason Chin (MRC Laboratory of Molecular
Biology, Cambridge, UK).

Plasmids containing fluorescent reporters

The NLS-mCherry-GFPY3°TAG plasmid used for AAV generation and NLS-iRFP-GFPY3TAG
plasmid used to probe type 3 pol Il promoters in cell lines were gifts from Prof. Dr. Edward Lemke
(EMBL, Heidelberg, and IMB, Mainz).

An iIRFP-GFPY3TAG plasmid without an NLS signal was used for the experiments that
involved transfections with type 3 pol lll promoters tests in primary neurons. This plasmid was
generated by removing the NLS sequence from NLS-iRFP-GFPY3TAG by PCR-mediated cloning
using Notl and Nhel restriction sites. The same plasmid was inserted in the bacmid (more details

are provided in the following section).
MultiBacMam plasmids

For the baculovirus production, the genes encoding GCE elements and amber mutants
were cloned into donor (pMDC) and acceptor (pPACEMam1) vectors by PCR-mediated cloning.
All the steps were carried out according to the manufacturer's instructions. The codon-optimized
NES PylIRSAF/U6-tRNAPY cassette was cloned into the pACEMam1 acceptor vector using Pvul
and BstZ17I restriction sites. In contrast, the CMV-NF186X680TAG_.HA or iRFP-GFPY39TAG were
cloned into pMDC donor vector using Sal and Xball restriction enzymes. The donor vectors
contained R6Ky origin of replication that allowed the propagation of the donors only in the
presence of pir gene. Therefore, the donor vectors had to be propagated in pirHC* cells (Geneva
biotech) provided with a MultiBacMam™ kit. All acceptor plasmids were propagated in One Shot™
TOP10 Electrocompetent™ E. coli.

The genetic code expansion elements and amber mutants that had been cloned in donors
and acceptors were combined into multigene expression plasmids (PACEMaml_NES PylRSAF,
UG-tRNAPY and CMV-NF186X60TAC.HA and pACEMaml_NES PylRSAF, U6-tRNAPY and
iIRFP-GFPY39TAG) via Cre-Lox recombination. Donors and acceptors contained genes for the

resistance to specific antibiotics, allowing the selection of a multigene with the desired
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combination of the genes on the agar plates. The additional selection step included the

propagation of a multigene in pir- bacteria (One Shot™ TOP10 Electrocompetent™ E. coli).

In the final steps, the genes of interest (GOIs; NES PylRSAF/UBG-tRNAPY' and
CMV-NF186K680TAG_.HA or NES PylIRSAF and U6-tRNAPY iRFP-GFPY3TACG) were inserted into
bacmid following manufacturer's instructions. To this aim, a chemically competent E. coli carrying
a single copy of the DH10EMBACVsV™ bacmid (supplied with a MultiBacMam™ kit) were
transformed with multigene plasmids. A transposition acceptor site (mini-attTn7) in bacmid
allowed the insertion of GOls via Tn7 transposition. The bacmids with the inserted GOlIs were
identified on agar plates via blue-white selection. Blue colonies that indicated a successful
transposition were amplified. Afterward, the bacmid was isolated, purified, and stored at -20 °C in
isopropanol for baculovirus production. Storing bacmids in isopropanol was required to prevent
their degradation.

All primers used for cloning and mutagenesis are provided in Appendix Table 1. The

sequences of the genes, promoters, and different cassettes are also provided in Appendix.
3.2. Mammalian cells
Standard and neuronal cell lines

For the experiments described in this Ph.D. thesis, | used standard HEK293T and
neuronal ND7/23 (mouse neuroblastoma x rat neuron hybrid; ECACC 92090903) and N1E-115-1
(mouse neuroblastoma; ECACC 08062511) cell lines. HEK293T cells were a gift from Prof. Dr.
Edward Lemke (EMBL, Heidelberg, and IMB, Mainz), while neuronal cell lines were obtained from
Sigma Aldrich. | also generated PiggyBac ND7/2318', ND7/231f"2 N1E-115-1f', and

N1E-115-1P'B2 stable cell lines, as will be described below.

Mammalian cell lines were grown in high-glucose Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% FBS and 1% penicillin-streptomycin (PS). HEK293T and
ND7/23 culture mediums were also supplemented with 1% sodium pyruvate and 1% L-glutamine.
For ND7/23 cell propagation, FBS was heat-inactivated at 56 °C for 30 min before it was used for
medium preparation. The PiggyBac stable cells were grown in the presence of 3 yg/ml puromycin
that was added to the medium after subculturing. Cell lines were kept in the incubator that was
set at 37 °C and 5% CO.. Cells were subcultured every 2—-3 days and used from passages 3-15.
HEK293T and N1E-115-1 cells were incubated with Trypsin-EDTA before splitting to help cell to

detach from the bottom of the Petri dish.
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Mammalian cells were seeded on six-well plates, four-well Lab-Tek Il chambered cover
glasses, or eight-well Lab-Tek Il chambered cover glasses a day before the experiments were
performed. The cells were seeded on six-well plates for patch clamp recordings and western blot
expression analysis. For microscopy experiments, cells were seeded on Lab-Tek Il chambered
cover glasses that had been pre-coated with 10 pg/ml Poly-L-lysine (PLL) or Poly-D-lysine (PDL)
solution in double-distilled water (ddH2O). Dishes were incubated with PLL or PDL solution for at
least 3 h at RT and washed 2-3 times with ddH>O before cell seeding. The PLL was used for

HEK?293T cell lines, while PDL was used for neuronal cell lines.
Generation of stable cell lines

Stable cell lines ND7/231F'", ND7/231P"82 N1E-115-1F', and N1E-115-1P"#? were generated
using a commercially available PiggyBac Transposon system (BioCat). | first cloned mSCN1B or
MSCN2B into PiggyBac-CMV-MCS-EF1-Puro cDNA/MIRNA Cloning and Expression Vector
(BioCat, Cat. no. PB510B-1-SBI) provided with a PiggyBac kit (PiggyBac-mB1 or
PiggyBac-mB1B12). Next, | determined the appropriate concentration of the antibiotic for the
selection of stable cell clones. To this aim, 200,000-250,000 neuronal ND7/23 or N1E-115-1 cells
were seeded in a six-well plate. The following day different concentrations of puromycin (selection
marker) were added (0—10 ug/ml). Puromycin was added in two wells of a six-well plate for each
concentration. Cells were examined daily for cell toxicity and survival for a week. The medium
was replaced every 2—-3 days with the addition of a fresh puromycin. The optimal dose of the
selection marker corresponded to the lowest concentration of the puromycin that killed all cells
after a week of culturing. For ND7/23, the optimal dose of puromycin was 1.2 yg/ml (later

increased to 3 pg/ml), while for N1TE-115-1 cell line optimal dose was 3 pg/ml.

| seeded 200,000-250,000 cells in 6-well plates to generate stable cell lines. | transfected
cells the following day using a JetPrime transfection reagent. To generate ND7/238" stable cells,
ND7/23 were transfected with 1.5 ug PiggyBac-mp1 and 0.6 ug Super PiggyBac Transposase
Expression Vector (BioCat, cat. no. PB210PA-1-SBl). For the Generation of ND7/23P8" stable
cells, ND7/23 cells were transfected with 0.75 ug PiggyBac-mB1, 0.75 ug Super PiggyBac-mf32,
and 0.6 ug PiggyBac. For the Generation of N1E-115-1f" stable cells, N1E-115-1 cells were
transfected with 1 ug of PiggyBac-mp1 plasmid and 0.4 ug Super PiggyBac Transposase. For the
Generation of N1E-115-1P"F2 stable cells, N1E-115-1 cells were transfected with 0.5 ug of each
PiggyBac-mp plasmid and 0.4 pg Super PiggyBac Transposase. The DNA/JetPrime reagent ratio
of 1 ug/0.5 pyl was used for all the transfection. The transfection mix was replaced with a fresh

culture medium after ~4 h. The selection was initiated the following day by adding the puromycin
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(2.3 pg/ml for ND7/23 and 3 pg/ml for N1E-115-1). The puromycin concentration was later
doubled for all stable cell lines to ensure that all untransfected cells were eliminated. Cells were
incubated with a puromycin for 72 h. Afterward, cells were subcultured to p10 Petri dishes and
propagated further. Since N1E-115-1 cells provided better expression of Nay1.6, | subcultured
those in p20 Petri dishes to isolate single clones. For each stable cell line and clone, sufficient

amounts of cells were cryopreserved.

The final step in the generation of a stable cell line involved confirmation that mMSCN1B
and mSCN2B were stably incorporated into genomes of neuronal cell lines. To this aim, | isolated
genomic (g)DNA from stable cell lines with the PureLink gDNA kit. Afterward, | amplified mSCN1B
and mSCN2B genes from the gDNA using a polymerase chain reaction (PCR) and analyzed
patterns on the agarose gel. The clones with the successfully incorporated mSCN1B and
MSCN2B were used in the experiments, while the others were discarded.

Primers used for the generation of stable neuronal cell lines and isolation of the gDNA are

provided in Appendix Table 1.
Primary neurons

In the experiments described in this thesis, | used Gibco primary cortical neurons isolated
from Sprague Dawley embryonic day 18 rats (RCNSs), Gibco primary cortical neurons isolated
from embryonic day 17 C57BL/6 mice (MCNs), or hippocampal neurons isolated from embryonic
day 18 C57BL/6NCrl mice (MHNSs). Rat and mouse cortical neurons were obtained from Thermo
Fisher Scientific, while mouse hippocampal neurons were prepared by the laboratory of
Prof. Dr. Holger Lerche. Animal protocols for the mouse hippocampal neuron preparation were
approved by the local Animal Care and Use Committee (Regierungspraesidium Tibingen,
Tlbingen, Germany). Details on the preparation of mouse hippocampal neurons have been
published in”>. Rat and mouse cortical neurons were thawed and maintained according to the

manufacturer's instructions, as briefly described below.

Neurons obtained from Thermo Fisher Scientific were grown in the B-27™ Plus Neuronal
Culture System. The medium was supplemented with 2% B27 Plus and 1% PS while the MHNs
were grown in a Neurobasal culture medium. The Neurobasal medium was supplemented with
B27, L-glutamine, and PS. The culture medium was replaced two times per week (usually every
3-5 days) by removing 200 ul of the old medium and adding 300 pl of the fresh, prewarmed

medium.

38



For microscopy experiments, the neurons were seeded on eight-well or four-well
Lab-Tek Il chambered cover glasses that had been pre-coated with PDL solution in
double-distilled water (ddH»O). For RCNs and MCNs seeding, Lab-Tek Il chambered cover
glasses were incubated with 20 pg/ml PDL solution for 2 h at RT, washed three times with ddH-0,
and dried before neuron seeding. For MHNSs seeding, Lab-Tek Il chambered cover glasses were
incubated with 0.1 mg/ml PDL solution, washed three times with ddH-O, and dried before neuron
seeding. After seeding, neurons were left in the incubator set at 37 °C and 5% CO,. After 4—6 h,
the culturing medium was replaced (for MCNs and RCNSs, 250 pl of the medium was replaced

with an equal amount of fresh prewarmed culturing medium).
Insect cell lines

Insect Gibco Sf21 cells in Sf-900™ IIl serum-free medium (SFM) cells were obtained from
thermos Fisher and thawed according to the manufacturer's recommendation. Briefly, 1 ml of
frozen Sf21 cells were placed drop by drop into 25 ml of the Sf-900™ 11l SFM complete 1x liquid
medium. After three days, cells were counted and passaged if they reached a density of at least
2 million cells/ml and 90% viability. Cells were frozen at a density of 20 million cells in a 1 ml
freezing medium. The freezing medium was prepared by adding 7.5% dimethyl sulfoxide (DMSO)

to the mixture of fresh and conditioned culture medium (1:1 ratio).

Sf21 cells were propagated in Sf-900™ Il SFM complete 1x liquid medium according to
the manufacturer's instruction and instructions from Geneva Biotech. Briefly, cells were grown in
suspension in sterile non-vented glass flasks that were replaced every 1-2 weeks. The
suspension culture to flask volume was 1:5, which ensured proper aeration. The Sf21 suspension
cultures were kept at 27-28°C (in a non-humidified, air-regulated, CO»-free atmosphere) on the
orbital shakers set at ~130 revolutions per minute (RPM). Cultures and mediums were protected
from light. Cells were counted every second day and passaged when they reached a density
between 2—4 million cells/ml with more than 90% viability. Cells were used for experiments from

passage three and propagated for around two months.
3.3. Unnatural amino acids

For the experiments described in this Ph.D. thesis, | used the following UAAs: nonreactive
N-e-t-butyloxycarbonyl-L-lysine (BOC-Lys; Iris Biotech GMBH, cat. no. HAA1096) and reactive
TCO*A-Lys (Sirius Fine Chemicals, SICHEM, cat. no. SC-8008), endo-BCN-Lys (SICHEM cat.
no. SC-8014), or TCO4en/eqg-Lys (a gift from Prof. Dr. Edward Lemke; can be obtained from
SICHEM, cat. no. SC-8060). The 100 mM UAA stock solutions were prepared in
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0.2 M NaOH/15% DMSO. For the experiments in mammalian cells and primary neurons, The
UAAs stocks were diluted in 1 M HEPES buffered saline (1:4 ratio) to the final concentration of
250 uM (UAA/1 M HEPES ratio of 1:4). The diluted UAAs were added directly to the medium, or

mixed with the medium and added to the cells.
3.4. Transfections

For experiments described in this thesis, | used the following transfection reagents:
Cellfectin™ Il and FuGene HD for the Sf21 cell line, JetPrime for neuronal cell lines,
Lipofectamine 2000 and Lipofectamine 3000 for cell lines and primary neurons.

Transfections of mammalian cell lines

For the transfection of mammalian cell lines, cells were always seeded a day before
transfection. JetPrime or Lipofectamine 3000 transfections were performed according to the
manufacturer's recommendations. Lipofectamine 2000 transfection were performed according to
previously published protocols®’241242, | used a DNA/Lipofectamine 2000 reagent ratio of
1 pg/1.6 pl (transfection protocol a) or 1 pg/2.4 pl (transfection protocol b). The DNA
DNA/Lipofectamine 3000 ratio was 1 pug/1.5pul, while DNA/P3000 ratio was 1 pg/2 pl
(transfection protocol c; | will refer to these protocols later in the text). The transfection mixes
were prepared in Opti-MEM Reduced serum media unless stated otherwise. After adding the
transfection mix, UAAs (TCO*A-Lys or BOC-Lys) were added to the medium. After approximately
6 h, the transfection mix was replaced with a fresh culture medium containing UAAs. In the control

wells, neurons were transfected the same way as described above without adding the UAAs.

Click labeling and/or fixation and immunostainings were performed the day after
transfection except for Nayl.6, where cells were click labeled and/or fixed ~48 h after
transfections. During and upon transfections, cells were incubated at 37 °C and 5% CO- unless

stated otherwise.
Transfections with Nay1.6 in neuronal cell lines

For pilot microscopy experiments involving transfections with Nayl.6-mGFP plasmids
(data shown in Fig.1l) or Nayl.6-P2A-EGFP (data shown in Fig.2 and3), | used
Lipofectamine 2000  (transfection protocol a).  ND7/23F"81B2 (25,000  cell/well)  or
N1E-115-1F"8182 (~19,000 cells/well) cells were seeded on eight-well Lab Tek Il chambered cover
glasses. Cells were transfected with the total DNA amount of 0.4 pg/well for single transfections
or 0.8 pg/well (0.4 pg WT/TAG plasmid, 0.4 ug NES PyIRSAFtRNAPY) for double transfection. For
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transfection in four-well Lab Tek Il chambered cover glasses, the number of seeded cells,
amounts of DNA, reagents, and mediums were doubled to correspond to the size of this dish.
ND7/23 stable cells transfected with Nay1.6W'-mGFP were moved to 30 °C, 5% CO., after
replacing the transfection mix with the culture medium?#2. Neuronal cells expressing
Nav1.6WT-mGFP were fixed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) for

15 min and analyzed afterward.

For experiments involving transfections with Nay1.6-P2A-EGFP (data shown in Fig. 4a—
7), Lipofectamine 3000 transfection reagent was used (transfection protocol c). ND7/23WT
(40,000 cells/well), N1E-115-1WT (30,000 cells/well), or N1E-115-1F"B182 (30,000 cells/well) cells
were seeded on four-well Lab Tek Il chambered cover glasses. Cells were transfected with a total
DNA amount of 1 pg/well (0.5 ug WT/TAG plasmid, 0.5 ug NES PyIRSAF/tRNAPY) for double
transfection and 0.5 pg/well for single transfection.

For experiments involving transfections with Nayl.6-HA (data shown in Fig. 17),
Lipofectamine 3000 (transfection protocolc) was used as well. However, for these
experiments, ND7/23"T cells were seeded at a density of 100,000 cells/well while N1E-115-1WT
cells were seeded at a density of 60,000 cells/well cells on four-well Lab Tek Il chambered cover
glass. Furthermore, cells were transfected with a total amount of 1.8 pg/well (0.8 ug WT/TAG
plasmid, 0.8 pg NES PyIRSAF/tRNAPY plasmid, 0.1 yg pACEMam2-mB1 and 0.1 yg pMDC-mB2

plasmids). Details on the transfections with Nay1.6-HA were also published’.
Other transfections in cell lines

For the experiments involving transfections with NF186, HEK293T (110,000 cells/well),
ND7/23 (50,000 cells/well), N1E-115-1 (50,000 cells/well) were seeded on four-well Lab Tek Il
chambered cover glasses. Standard and neuronal cell lines were transfected with 0.5 pg
HA-NF186WT using Lipofectamine 2000 (transfection protocol b) or Lipofectamine 3000
(transfection protocol c¢). Alternatively, for click labeling of NF186, ND7/23 cells were
transfected with the total amount of 1 ug/well (0.5 ug WT/TAG plasmid and 0.5 pug
NES PyIRSAFtRNAPY plasmid; transfection protocol b). This protocol was published 7°.

For experiments involving testing of type 3 pol Il promoters, HEK293T, ND7/23, or
N1E-115-1 were seeded on eightwell Lab Tek Il chambered cover glasses. Cells were
transfected the same way as was described for NF186-HA. The seeding cell numbers, amount of
DNA, and reagents were scaled down to correspond to the size of an eight-well Lab Tek Il

chambered cover glasses (reduced to ). Cells were incubated with nonreactive

41



BOC-Lys/1 M HEPES. The following day, cells were fixed in 4% PFA/PB for 15 min and imaged

with widefield microscopy.
Transfection of primary neurons

Primary MCNs or RCNs (90,000-110,000 neurons/well) were seeded on eight-well Lab
Tek 1l chambered cover glasses. Neurons were transfected with Lipofectamine 2000 following a
previously published protocol®’?4l, The exception was the optimization of Nay1.6 click labeling
(data shown in Fig.?21), where Lipofectamine 3000, following the manufacturer's
recommendations, was used. The transfection mix was replaced after ~6 h with a warm medium

containing 250 pl conditioned medium, 250 pl fresh culture medium, and UAA/1 M HEPES.

For transfections with Lipofectamine 2000, a total DNA amount of 1 ug (0.5 ug WT/TAG
plasmid and 0.5 pg NES PyIRSAF/tRNAPY plasmid) and the DNA/Lipofectamine 2000 reagent ratio
of 1 pg/2.4 ul, were used for each well of the eight-well Lab Tek Il chambered cover glasses. The
DNA and Lipofectamine 2000 reagents were diluted in Neurobasal Plus (NB) medium containing
1% PS. After 20 min incubation, an equal amount of NB containing 4% B27 Plus and 1% PS was
added to the transfection mix to obtain the final B27 Plus concentration of 2%. After 3-5 min
incubation (37 °C, 5% CO>), 200 ul of the transfection mix was added to each well of eight-well

Lab Tek Il chambered cover glasses.

For transfection with Lipofectamine 3000, | followed transfection protocol ¢ described
above. Neurons seeded on eight-well Lab Tek Il chambered cover glasses were transfected with
a total DNA amount of 0.5 ug/well (0.25 pg WT/TAG plasmid and 0.25 ug codon-optimized
NES PyIRS/tRNA). Before adding the transfection mix to neurons, 250 ul of the medium was
removed from each well and stored (37 °C and 5% CO,) for the medium change. Afterward, 25 pl

of the transfection mix was added to each well containing 250 pl of the remaining medium.

For click labeling of NF186-HA, RCNs were transfected on DIV 7 except for dASTORM of
click-labeled neurons, where neurons were transfected on DIV 8 or DIV 10. Neurons were
incubated with TCO*A-Lys. Click labeling, fixation, and immunostaining were performed four days
after the transfection. The exceptions are experiments involving dSTORM of click-labeled neurons
where click labeling, fixation, and immunostaining were performed 4 or 6 days after the

transfection.

For click labeling of Nay1.6, RCNs were transfected on DIV 8. Neurons were incubated

with TCO*A-Lys, endo-BCN-Lys, or TCO4en/eq-Lys. Click labeling was performed four days later
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except for the dSTORM imaging experiments, where neurons were click labeled, fixed, and

immunostained 4 or 6 days later.

For click labeling of LOF Nay1.6-HA variants, MHNs (120,000) were seeded on four-well
Lab Tek Il chambered cover glasses and transfected on DIV 7-8 using Lipofectamine 2000
(37 °C, 5% CO). The MCNs were transfected the same way described above®’?41, except that the
amounts of DNA, reagents, and mediums were doubled to correspond to the size of the four-well
Lab Tek chambered cover glasses. Neurons were incubated with TCO*A-Lys. After four days,

neurons were click labeled, fixed, and immunostained.

For experiments involving type 3 pol Ill promoters, MCNs were transfected on DIV 8 using
Lipofectamine 2000 transfection reagent as described above®’?4!. Neurons were incubated with
nonreactive BOC-Lys. After four days, neurons were fixed in 4% PFA/PB for 15 min and imaged

with widefield microscopy.
Note that in the control wells, neurons were transfected without adding the UAAs.
Transfection of insect cells

To produce baculoviruses, | tested different transfection reagents—Cellfectin™ Il and
FuGene HD. Before transfection, bacmids stored at -20 °C in isopropanol were washed in 70%
ethanol and dried under the cell culture hood for ~2—-3 h, as previously described?*3. Afterwards,
bacmids were resuspended in 30 ul (Cellfectin™ Il transfection) or 20 pl (FuGene HD

transfection) sterile ddH-O prewarmed at 65 °C.

For the transfection with Cellfectin™ II, | followed previously published protocol?*® and the
protocols provided by Prof. Dr. Edward Lemke's laboratory. Sf21 cells were split a day before
transfection. The following day, the cells were seeded in a six-well plate at a density of 500,000
cells/ml or 300,000 cells/ml in 3 ml of Sf-900™ 11l SFM medium. Sf21 cells were seeded in 2 wells
of the six-well plate for each baculovirus. Cells were left in the incubator at 27 °C (around 15 min)
to settle down while preparing the transfection mix. Wells seeded with 500,000 cells/ml were
transfected with 10 yl bacmid and 5 pul Cellfectin™ |l transfection regent in 0.2 ml of
Sf-900™ 11l SFM medium. Wells seeded with 300,000 cells/ml were transfected with 15 pl of the
bacmid and 8 pl Cellfectin™ |l transfection regent in 0.2 ml of Sf-900™ IIl SFM medium.
Transfection mixes were incubated for 15-30 min at the RT before addition to the Sf21 cells.
Transfected cells were sealed with parafiim and incubated for 5 h at 27 °C. Afterward, the

transfection mix from each well was replaced with 3 ml of fresh Sf-900™ IIl SFM medium.
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For the transfection with FuGene HD transfection reagent, Sf21 cells were seeded in a
six-well plate at a density of 300,000 cells/ml in 3 ml of Sf-900™ IIl SFM medium and transfected
on the same day. Sf21 cells were seeded in 2 wells of the six-well plate for each baculovirus.
Cells were left in the incubator at 27 °C (around 15 min) to settle down while preparing the
transfection mix. Sf21 cells were transfected with 15 pl bacmid and 5 pl FuGene HD transfection
reagent in 200 pl Sf-900™ [Il SFM medium. The transfection mix was incubated at RT for 15 min

before addition to the cells. Transfected cells were sealed with parafilm and incubated at 27 °C.

The cells were observed daily for the mCherry signal (a transfection marker). After ~48—
60 h, VO viral stocks were harvested, filtered with 0.2 um filters to get rid of the cell debris, and

stored at +4°C, protected from the light.

3.5. Viruses
Baculovirus production

For the baculovirus production, | followed previously published protocol?*® and the
protocols provided by Prof. Dr. Edward Lemke's laboratory and Geneva Biotech. | generated the
V1 and V2 generations to provide larger amounts of the baculovirus. For V1 production, Sf21 cells
were subcultured at a density of 0.9—1 million cells/ml in 50 ml of Sf-900™ III SFM medium (in
0.5 1 flasks). After cells reached more than 2 million cells/ml, they were subcultured to 0.9-
1 million cells/ml and transduced with 3—-6 ml VO. Transduced Sf21 cells were counted and
subcultured daily at a density below 1 million cells/ml until proliferation was arrested. Afterward,
cells were incubated for ~48—60 h before the V1 stocks were harvested (cells should become
large and swollen, and the cultures should turn pink as the virus amplifies). V1 stocks were spun
down (500 g, 10 min) to remove Sf21 cells. The supernatants were filtered and stored at +4 °C,
protected from light. Depending on the experiment, smaller amounts of V1 can be produced (e.g.,
25 ml Sf21 cells can be infected with 3 ml of VO). The proliferation should be arrested after a
minimum of 3 days upon transduction to a maximum of 9 days. For V2 production, Sf21 cells were
split at the density of 500,000 cells/ml in 100 ml of Sf-900™ IIl SFM medium (in 2 | flasks). After
two days (when cell density reached more than 2 million cells/ml), the medium amount was
doubled (200 ml). If necessary, the cell stocks can be doubled again (400 ml). The ~4—-8 ml of V1
was added to each flask. Transduced insect cells were incubated at 27 °C with shaking

(130 RPM) and protected from light. The subsequent steps were the same as described for V1.

Filtered unconcentrated V2 stocks were used for the transduction of mammalian cell lines.
Alternatively, before the transduction of mammalian cells, the V2 stocks were concentrated by

ultracentrifugation or Amicon® Ultra-15 centrifugal filter units (100 kDa MWCO, 15 ml sample
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volume)?#, | tested two protocols for V2 ultracentrifugation. | concentrated viral stocks in a 25%
sucrose cushion?® by loading V2 into 36 ml PA thin-walled ultracentrifugation tubes with the 3 ml
of 25% sucrose/5 mM NaCl/10 mM EDTA. The tubes with V2 were centrifuged at 75,000 g at 4°C
for 75 min. Alternatively, 33 ml of V2 stocks were loaded into 36 ml PA thin-walled
ultracentrifugation tubes and centrifuged at 39,000 g for 1 h??”. After the centrifugation, pellets
were collected, diluted in sterile 0.01 M phosphate-buffered saline (DPBS), and stored at +4°C. |
followed the manufacturer's instructions to concentrate V2 using an Amicon centrifugal
concentrator (50 ml of V2 was concentrated in one round of centrifugation by pouring V2 into
multiple Amicon units). Titers of the V2 stocks were determined using a BacPAK™ baculovirus

rapid titer kit following the manufacturer's instructions.

AAVs

| used the following AAV9A2 in this thesis: CMV-NES PylIRSA" (AAV#1), 4xUB-tRNAPY
(AAV#2), CMV-eRF1E50 (AAV#3), minimal (m)CMV-NES PyIRSAF and UB-tRNAPY (AAV#4),
MCMV-eRF15550 and UG-tRNAPY' (AAV#5), CMV-NLS-mCherry-GFPY3TAGC (AAV#6; Fig. 31a). In
addition, | tested AAV9A2 carrying mCMV-NLS-mCherry-GFPY3¥TAG and AAV7A2 carrying
NLS-mCherry-GFPY39TAG expressed from either CMV or mCMV promoter. The AAVs were
generated by Ning Meng, a Ph.D. student in the laboratory of Prof. Dr. Dirk Grimm (Virology,
Medical Faculty, University of Heidelberg, Cluster of Excellence CellNetworks, BioQuant, German
Center for Infection Research and German Centre for Cardiovascular Research, Heidelberg,

Germany). The AAVs production details have been published previously .
3.6. Transduction with baculoviruses

Before carrying out experiments in mammalian cells, | checked the functionality of
baculoviruses by following protocols from Geneva Biotech. To this end, | split Sf21 cells at a
density of 1 million cells/ml. | seeded 150,000 cells/well from the freshly split culture in 1 mi
Sf-900 11l SFM medium (12-well plates were used for seeding). After the cells settled down, |
transduced them with different amounts of the viral stocks by directly adding V1 or V2 to the wells
Oul, 2 ul, 4 ul, 6 ul, 12.5 pl, 25 pl, 50 pl, 100 pl, 200 pl, 300 ul, or 500 yl). Plates were wrapped
by parafilm and incubated at 27°C. A day after the transduction, | estimated mCherry fluorescence
and cell morphology under an epifluorescent microscope. Afterward, | fixed cells with 4% PFA/PB

and imaged them with widefield microscopy.

45



To optimize the transduction of mammalian cells, | tested different protocols
(transduction protocol a—c), as described below, by following Geneva Biotech's

recommendations.

HEK293T and ND7/23 cells were seeded a day before transduction on four-well Lab-Tek I
chambered cover glasses. Before the transduction, cells were washed in the Opti-MEM Reduced
serum media (~1-1.5h) to remove FBS that could have affected the binding of the virus.
Afterward, cells were rinsed 2—-3x in phosphate-buffered saline (PBS; 137 mM NaCl, 10 mM
NazHPO4, 1.8 mM KH2PO4, 2.7 mM KCI, pH 7.4). Following washing, transduction was
performed. If the transfection and transduction were combined, cells were transfected cells after
washing and transduced afterwards. The cells were washed twice in PBS between transfection
and transduction. Cells were incubated with V2 at 37 °C or RT. After ~4-4.5 h, the V2 was
replaced with a prewarmed culture medium with 3 mM sodium butyrate/ddH.O. The BOC-Lys
diluted in 1 M HEPES was added with a culture medium (transduction protocol b—c) or the
following day (transduction protocol a). Cells were fixed with 4% PFA/PB for 15 min and
analyzed with widefield microscopy.

Transduction protocol a (data shown in Fig. 27):

HEK293T cells were seeded at the following densities: 100,000, 80,000, and 60,000
cells/well. ND7/23 cells were seeded at the following densities: 60,000, 40,000, and 30,000
cells/well. The different seeding numbers allowed to follow cells for 24—72 h. Transduction was
carried out by adding the V2 stock directly to the well (300 pl, 600 pl, or 1000 pl). Cells were
incubated with V2 at 37 °C or RT (with shaking). Cells were fixed after 24 h (110,000 HEK293T
and 60,000 ND7/23 cells/well), 48 h (80,000 HEK293T and 40,000 ND7/23 cells/well) or 72 h
(60,000 HEK293T and 30,000 ND7/23 cells/well).

Transduction protocol b (data shown in Fig. 28):

HEK293T cells were seeded at a density of ~90,000-100,000 cells/well. Cells were
transfected with orthogonal translational elements and transduced with V2 afterwards.
Alternatively, cells were transduced with V2 without transfection. Transfections were carried out
using Lipofectamine 2000 with a DNA amount of 0.5 pg/well (U6-tRNAPY' or codon-optimized
NES PylRSAF) as described for the transfection protocol b. The V2 stock was added directly to
the well (600 ul or 1000 ul) for the transduction. Alternatively, 100 ul Amicon-concentrated V2 was
mixed with 400 ul DPBS, added to the cells, and incubated for ~2 h at 37 °C. Cells were fixed

48 h after the transduction.
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Transduction protocol ¢ (data shown in Fig. 29 and 30):

HEK293T cells were seeded at a density of ~90,000—-1000,000 cells/well. Cells were either
transfected with orthogonal translational elements and transduced with (ultra)concentrated V2 or
only transduced with (ultra)concentrated V2. Transfections were carried out with a 0.5 pg/well
U6-tRNAPY described in the transfection protocol b. Cells were transduced by adding the
concentrated V2 stock directly to the well (10 pl, 30 pl, 60 pl, and 120 pl of the V2 was mixed with
DPBS to the final volume of 300 pl). Cells were fixed 48 h after the transduction.

3.7. Transduction with AAVs

For the experiments involving transduction with the AAVs, neurons were seeded at a

density of 100,000-110,000 on eight-well Lab Tek Il chambered cover glasses.

To determine the best AAV serotype and the best promoter, | transduced neurons on
DIV 5 or DIV 8. | probed AAV9A2 or AAV7A2 carrying NLS-mCherry-GFPY3TAG expressed from
CMV or mCMV. AAVs were added at a multiplicity of infection (MOI) of 50,000 and analyzed on
DIV 12. For the experiments involving the GCE, | transduced RCNs on DIV 8 with different
combinations of the AAV9A2 (Fig. 31a and b). Each AAV was added at MOI of 15,000 together
with TCO*A-Lys/1 M HEPES. Neurons were fixed in 4%PFA/PEM 3 days after the transduction

and imaged with widefield microscopy.

The RCNs were transfected on DIV 8, except for dASTORM of click-labeled Nay1.6, where
neurons were transfected on DIV 8 or 10. RCNs were transfected with Lipofectamine 2000
following a previously published protocol®”?41 with a total DNA of 0.5 pg/well. After ~6 h
transfection mix was replaced with a culture medium containing TCO*A-Lys and different
combinations of the AAV9A2 (as described in the Results section, data are shown in Fig. 32, 33,
44, and 45). Each AAV was added at an MOI of 15,000 (Nay1.6) or 10,000 (NF186). Neurons
were click labeled, fixed, and immunostained after three (widefield and confocal) or four days (for
dSTORM).

Detailed protocol on the transduction was published previously’®.
3.8. Western blot expression analysis

For western blot analysis of CMV-NF186-HA expression, 250,000 ND7/23 cells/ well were
seeded into six-well plates a day before transfection. Cells were transfected with a total DNA
amount of 5pug per well (2.5ugWT/TAG plasmid and 2.5ug codon-optimized
NES PyIRSAFtRNAPY plasmid) following transfection protocol 2 described in the Transfection
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section. The following day, ND7/23 cells were collected from six-well plates and lysed in cold
RIPA buffer (pH 8): 12.5 mM Trizma hydrochloride, 37 mM sodium chloride, 3 mM sodium
deoxycholate containing 1:50 protease inhibitor cocktail (PIC), 1 mM phenylmethanesulfonyl
fluoride and 50 mM sodium fluoride. Lysis was performed by incubation on ice for 30 min, followed
by centrifugation (15 min, 18,000 g). After centrifugation, supernatants were collected, and the

total protein concentration of the lysates was measured by Bradford assay.

For Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE), proteins
were prepared in 4x Leammlie buffer containing BME and denatured by incubation at 95 °C for
5 min. The equal amounts of protein (10 ug per well) were separated by molecular weight on
NUPAGE™ 4-12% Bis-Tris Protein Gels together with 5 pl of Precision Plus Protein™
WesternC™. Electrophoresis was performed in IXNuUPAGE™ MOPS SDS running buffer for
40 min at 200 V. The proteins were transferred onto 0.2 um nitrocellulose membrane by semi-dry
transfer using a Trans-Blot® Turbo™ Transfer System for 7 min at 25 V and 1.3 A. Total proteins
were visualized by staining in Ponceau S solution [0.1% (w/v) Ponceau S in 5% (v/v) acetic acid].
The membrane was washed 3x10 min in ddH20. The membrane was blocked in 10% (w/v) skim
milk in Tris-buffered saline (TBS) buffer (20 mM Tris, 150 mM NacCl, pH 7.6) containing 0.05%
Tween 20 (TBST) for 1 h. The membrane was cut in half and incubated with rabbit anti-HA tag
(SG77) polyclonal antibody (Thermo Fisher Scientific, cat. no. 71-5500) or mouse anti-B3-tubulin
primary antibody ON at 4°C. The incubation with goat-anti-rabbit (Thermo Fisher Scientific, cat.
no. A16104) and anti-mouse horseradish peroxidase (HRP; Thermo Fisher Scientific, cat. no.
A16072) was carried out for 2 h at RT. Primary and secondary antibodies were diluted in
3% BSA/TBST. Membranes were washed 3x 10 min in TBST after incubation with primary and
secondary antibodies and incubated with the Clarity Western ECL substrate for 5 min. Afterwards,
the chemiluminescence was visualized using an Azure 600 imager (Azure Biosystems). Western

blot images for the figure were prepared in ImageJ/Fiji software?4°,
3.9. Click labeling

For the experiments described in this Ph.D. thesis, | used the following tetrazine dyes:
Cyb-tz (Jena Bioscience), AF647-tz (a gift from Prof. Dr. Edward Lemke), ATTO488-tz (Jena
Bioscience, cat. no. CLK-010-02), and AF647-Pyr-tz (Jena Bioscience, cat. no. CLK-102). The
dye stock solutions were prepared in DMSO at the following concentrations: 500 uM (Cy5-tz),
500 uM (AF647-tz and ATTO488-tz), and 1250 uM (AF647-Pyr-tz). The stock solutions were
diluted in a warm culture medium and added to the cells. Click labeling was performed at 37 °C

degrees for 10 minutes unless stated otherwise.
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Neuronal cells were washed briefly in PBS and fixed in 4% PFA/PB for 15 min at RT unless
otherwise stated. Primary neurons were fixed in the same way except that
4% electron-microscopy-grade PFA diluted in a cytoskeleton-preserving buffer (PEM; 80 mM
PIPES, 5 mM EGTA, 2 mM MgCl,; pH 6.8) was used. After fixation, cells were washed 3x5 min
in PBS. For live imaging, after click labeling, the neurons were placed in a warm Hibernate E
medium supplemented with 2% B27 Plus and 1% PS.

For experiments involving NF186, ND7/23 cells were click labeled and fixed one day after
transfections. For the experiments involving Na,1.6, ND7/23 or N1E-115-1 cell lines were click
labeled and fixed two days after the transfection. In initial click labeling experiments (data shown
in Fig. 2-4), Nay1.6-P2A-EGFP expressing cells were washed in a fresh warm culture medium
without UAAs for 2 h at 37 °C, 5% CO,. Afterwards, cells were labeled with 1.5-3 pM AF647-tz
or Cy5-tz onice or at 37 °C and washed in a warm culturing medium. In some instances, the cells
were washed after click labeling for ~1 h. In experiments where | sought the cause of the click
labeling-like single, | tested various conditions: 2 h vs. no washing before click labeling and
washing vs.no washing after click labeling. | compared click labeling on the ice vs. 37 °C with
1.5 uM AF647-tz or Cy5-tz. Final protocols for click labeling in cells excluded washing steps
before or after the labeling. For click labeling of NF186-HA and Nay1.6-HA in neuronal, | used
ATTOA488-tz (1.5 uM and 3 uM, respectively)?>.

Click labeling of primary neurons was performed 4 days after the transfection, except for
experiments involving AAVs or dASTORM. In the experiments involving AAVs, neurons were click
labeled 3 or 4 days after the transfection, while in the experiments involving dSTORM, neurons
were click labeled 4 or 6 days after the transfection. Usually, | removed UAAs a day before click
labeling. The exceptions were the experiments involving click labeling of test
Nay1.6K1546TAC.mGFP plasmid where TCO*A-Lys was removed 2 h before click labeling. Neurons
were labeled with 5 uM ATTO488-tz, 5 uM AF647-tz or 12.5 uM AF647-Pyr-tz at 37 °C. The
exception was Nayvl.6-mGFP, labeled for 10 min on ice. For click labeling of Nayl.6-HA
constructs, | introduced additional washing and blocking steps. These steps included washing in
warm Tyrode's solution (100 mM NacCl, 5 mM KCI, 5 mM MgCl,, 2 mM CaCl,, 15 mM D-glucose,
10 mM HEPES; pH 7.4, osmolarity 243—-247 mOsm), 3 times before labeling, and subsequent
blocking for 3 min at 37 °C in 1% BSA/Tyrode's solution, as described in%. Before live imaging or

fixation, neurons were washed 4 times
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3.10. Immunostaining

Table 2. Protocols for immunostaining of the recombinant NF186 and Nav1.6 in cell lines. The Materials and Methods
section provides the product numbers of the primary (‘) and secondary () antibodies (ab). The protocols for NF186 and

Nav1.6 immunostaining were previously published.

NF186 Nav1.6-HA
Permeabilization 30 min, 0.2% Tween 20/PBS* 10 min, 0.1% Triton X-100/PBS
Blocking 5% FBS/PBS, 1 h at RT 10% goat serum /3% BSA/PBS, 1 h at RT
‘ab solution 5% FBS/PBS 10% goat serum /3% BSA/PBS
‘ab Mouse anti-HA (1:1000), ON at +4 °C Rabbit anti-HA (1:1000), ON at +4 °C
“ab solution 5% FBS/PBS 3%BSA/PBS
“ab Goat anti-mouse AF(+)647 (1:500), 1h at RT Goat anti-rabbit AF555 (1:500), 1 h at RT

*For HA-NF186 immunostaining, a permeabilization step was not necessary.

Upon fixation, cells or neurons were washed 3x5 min in PBS. Afterwards, cells were
blocked for 1 h at the RT unless stated otherwise. In some instances, cells were permeabilized,
or the autofluorescence was quenched (Table 2-4). Cells were incubated with primary antibodies
ON at +4 °C, while the incubation with secondary antibodies was carried out for 1 h at the RT.
Before and after incubation with secondary antibodies, cells or neurons were washed 3x5 min in

PBS. Cells were fixed in 4% PFA diluted in PB or PEM buffer unless stated otherwise.

The following primary antibodies were used for the immunostainings: mouse anti-HA tag
(Thermo Fisher Scientific, cat. no. 26183), rabbit anti-HA tag (C29F4) monoclonal antibody (Cell
Signaling, cat. no. 3724), rabbit anti-panNF (Abcam, cat.no. ab31457), mouse anti panNay
(Sigma Aldrich, cat. no. S8809), mouse Nay1.6 Na*channel (Neuromab, cat. no. 75-026), mouse
anti-ankG antibody (Santa Cruz, cat. no. 12719), mouse anti-f3-tubulin antibody (BioLegend, cat.
no. 801202).

The following secondary antibodies were used for the immunostainings: goat anti-rabbit
AF555 (Thermo Fisher Scientific, cat. no. A21429), goat anti-rabbit AF(+)647 Plus (Thermo Fisher
Scientific, cat. no. A32733), goat anti-mouse AF(+)647 Plus (Thermo Fisher Scientific, cat. no.
A32728), goat-anti-mouse AF647 (Thermo Fisher Scientific, cat. no. A21236), goat anti-mouse
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AF633 (Thermo Fisher Scientific, cat. no. A-21052). The secondary antibodies were diluted at
1:500 in all experiments.

Dilutions of the primary antibodies and detailed protocols for immunostainings are
provided in Table 2—4.

Table 3. Protocols for immunostaining of the recombinant NF186 and Nav1.6 in primary neurons that were imaged with
conventional or ASTORM microscopy. The Materials and Methods section provides the product numbers of the primary

(‘) and secondary () antibodies (ab). The protocols for NF186 and Nav1.6 immunostaining were previously published?.

NF186-HA Nav1.6-HA Navl1.6-HA
(conventional microscopy) (conventional microscopy) (dSTORM microscopy)
Permeabilization / 10 min, 0.1% Triton X-100/PBS

) 0.2% Triton X-100/10% goat
Blocking 10% goat serum /3% BSA/PBS, 1 h at RT
serum/3% BSA/PBS, 1 h at RT

‘ab solution Blocking solution Blocking solution

Rabbit anti-HA (1:2000) Rabbit anti-HA (1:1000)
‘ Rabbit anti-HA
ab Mouse anti-ankG (1:50), Mouse anti-ankG (1:50)*

(1:250), ON at +4 °C
ON at +4 °C ON at +4 °C

“ab solution 3%BSA/PBS

Goat anti-rabbit AF555** Goat anti-rabbit AF555 Goat anti-rabbit AF555 or
“ab Goat anti-mouse AF633 Goat-anti-mouse AF633* goat anti-rabbit AF(+)647*

(1:500), 1 h at RT (1:500), 1 hat RT (1:500), 1 hat RT

*For quantification of the AIS length of the neurons expressing Nav1.6-HA, RCNs were co-immunostained (in addition
to anti-HA primary and AF555 secondary antibodies) with anti-ankG primary and anti-AF633 secondary antibodies. In
all other experiments, ankG antibody was not used. **For dASTORM of click labeled neurons, AF555 secondary antibody

was used, while for dASTORM of immunostained neurons, AF (+)647 antibody was used.
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Table 4. List of permeabilization solutions, blocking solutions, and antibodies used for immunostaining of the
untransfected primary neurons that were imaged with dSTORM microscopy. The Materials and Methods section
provides the product numbers of the primary (‘) and secondary (“) antibodies (ab) and more details on the

immunostaining protocols. The detailed protocols for panNav immunostaining were previously published?46,

dSTORM of the AIS in untransfected neurons

Quenching 0.1% sodium borohydride/PBS, 7min at RT (optional)
Washing 3x10 min in PBS (after quenching step) at RT
Blocking 0.2% Triton X-100/10% goat serum/3 %BSA/PBS, 1h at RT
‘ ab solution 0.1% Triton X-100/5% goat serum/3 %BSA/PBS
‘ab Rabbit anti-panNF (1:50), Mouse anti-panNav* (1:50), ON | Mouse anti-Nav1.6 (1:100),
a
ON at +4 °C at +4 °C ON at +4 °C
“ ab solution 5% goat serum/0.1% Triton X-100/PBS
) ) Goat-anti mouse AF(+)647 or )
Goat-anti rabbit AF(+)647 ) Goat-anti mouse AF(+)647
“ab goat-anti mouse AF647**
(1:500),1 h at RT (1:500), 1 h at RT

(1:500), 1 h at RT

*The same immunostaining protocol was used for the optimization of dSTORM imaging of the AIS and the experiments
involving the investigation of Vecatshield-induced fluorescence quenching. **In addition to AF(+)647, for imaging of
panNavin VS and 25% VS, the AF647 secondary antibody was used.

3.11. Microscopy and image processing

For confocal imaging, | used LSM 710 confocal scanning microscope (Carl Zeiss,
Oberkochen, Germany) controlled by ZEN Software (Carl Zeiss, Oberkochen, Germany).
Fixed-cell confocal imaging was performed in PBS, while live-cell confocal imaging was
performed in Hibernate E supplemented with 2% B27 and 1% PS. For widefield and 3D dSTORM
imaging, | used Inverted Nikon Eclipse Ti2-E (Nikon instruments) controlled by NIS-Elements AR
software (Nikon Instruments). WF imaging was performed in PBS, Vectashield (VS), or 25% VS.
The 3D dSTORM imaging was performed in Glox BME, 100% VS, or 25% VS. The 25% VS and
GLOX BME imaging buffers were prepared according to previously published protocols35136246,

The 25% VS was prepared by mixing 100% VS with Tris-Glycerol (5% v/v glycerol and 1 M Tris,
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pH 8). The GLOX solution was prepared by adding 14 mg glucose oxidase and 50 pl catalase to
Buffer A (10 mM Tris, pH 8, 50 mM NacCl). GLOX BME imaging buffer was prepared before the
imaging by adding 7 pl GLOX solution and 7 yl BME to 690 pl Buffer B (50 mM Tris, pH 8, 10 mM

NaCl) that contained 20% w/v glucose.
Microscope setup and image acquisition

For confocal imaging, | used a Plan-Apochromat 63x objective (NA 1.4, oil). A temperature
module and a heating insert (PeCon, Erbach Germany) set at 37 °C were used for live-cell
confocal imaging. A fluorescent lamp was used to identify neurons that were click-labeled with
ATTOA488-tz (live-cell imaging) or immunolabeled with anti-HA primary and AF555 secondary
antibodies (fixed-cell labeling), and ND7/23 cells click-labeled with ATTO488-tz. The fluorophores
(ATTO488-tz, AF555, AF(+)647, and AF633) were excited with 488, 561, and 633 laser lines,
respectively. Images were taken in one (ATTO488-tz; live-cell imaging), two (ATTO488-tz and
AF(+)647 or AF555; fixed-cell imaging), or three channels (ATTO488-tz, AF555, and AF633;
fixed-cell imaging). Two- or three-color images were taken sequentially. | took single planes
(ND7/23 cells and primary neurons) or z-stacks (primary neurons; 0.42 um step size). All images
were acquired as 16-bit with 2x line averaging, frame size of 1024x1024 pixels, pixel dwell time

of 6.30 us, and pixel size of 0.132 um. During acquisition, the pinhole was set at 1 Airy Unit.

For widefield and dSTORM imaging, the inverted Nikon microscope with a built-in
N-STORM module, XY motorized stage, a Perfect Focus System, ORCA-Flash 4.0 sCMOS
camera (Hamamatsu Photonics), fluorescent lamp (Lumencor Sola SE Il), various filter cubes,
and laser lines (see below) was used. For widefield imaging, | used Apo 60x (NA 1.4, oil) and
HP Apo TIRF 100xH (NA 1.49, oil) objectives. A fluorescent lamp was used to excite fluorophores
(AF488, ATTO488-tz, AF555, AF647, AF(+)647, AF647-tz, AF647-Pyr-tz, Cy5-tz) or fluorescent
proteins (mCherry, iRFP, mGFP, EGFP). The light was filtered through 488 (AHF; EX 482/18; DM
R488; BA 525/45), 561 (AHF; EX 561/14; DM R561; BA 609/54), and 647 (AHF; EX 628/40;
DM660; BA 692/40) filter cubes.

The 3D dSTORM imaging was performed on the N-STORM module of the inverted Nikon
microscope. For 3D dSTORM imaging, | used HP Apo TIRF 100xH (NA 1.49, oil) objective. The
405 and 647 laser lines (LU-NV Series Laser Unit; the microscope also contains 488 and 561
laser lines) were used to stimulate blinking or excite the fluorophores (AF647, AF(+)647,
AF647-Pyr-tz), respectively. The light was filtered using Nikon Normal STORM cube (T660Ipxr,
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ET705/72 m). The 3D dSTORM imaging was possible due to a cylindrical lens that had been
introduced into the light path?+’.

All widefield images were taken as 16-bit, with a frame size of 1024x1024 pixels. For the
image acquisition, | used Apo 60x objective (NA 1.4, oil) and the pixel size of 0.27 uym, except for
the imaging of click-labeled Nav1.6X546TAc-mGFP in neurons where | used HP Apo TIRF 100xH
(NA 1.49, oil) objective and the pixel size of 0.16 um. The camera exposure time was set to 30 ms
while the excitation light intensity was set at 20%—-30% (the exceptions are listed in the following

paragraph).

Image acquisition of HA-NF186%T in cell lines: 10 ms exposure time and the excitation
light of 10%. Image acquisition of ANSE-NF186 in neuronal cell lines: 20 ms exposure time. Image
acquisition of the AAVs with a fluorescent reporter in neurons: 10 ms exposure time and the
excitation light intensity of 10%. Image acquisition type 3 pol Ill promoters in cell lines: 10 ms

exposure time and the excitation light intensity of 5% (EGFP).

To acquire 3D dSTORM images, | always followed the same procedure. Click or
immunolabeled cells were detected with widefield microscopy, and corresponding images were
acquired. Afterwards, the region of interest in the same cell/neuron was selected, and the images
were first acquired with 647 laser power of 1%. In the next step, | performed 3D dSTORM of the
same region of interest with a maximum (100%) 647 laser power and continuous illumination. The
405 laser (5%) was used during the acquisition to stimulate blinking. dSTORM was performed in
the total internal reflection fluorescence (TIRF) or highly inclined and laminated sheet microscopy
(HILO) mode. Prior to imaging, | calibrated 3D dSTORM following instructions provided by Nikon.
For the calibration, | used TetraSpeck Microspheres. All 3D dSTORM images were acquired as
16-bit with a frame size of 128x128 pixels or 256x256 pixels. | acquired 15,000—30,000 frames at

25 Hz, 33 Hz, or 50 Hz. The camera exposure time was set to 20—40 ms.
The data were acquired in at least two to three experiments.
Image processing

I used ImageJ/Fiji to process all widefield and confocal images unless it was stated
otherwise. Images acquired in the form of z-stacks were converted to the maximum intensity
projections prior to the analysis. For multicolor images, | separated channels before converting
z-stacks to maximum intensity projections. For each channel, | linearly adjusted brightness and

contrast (for comparison of different conditions, the same values were set in different images).
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For presentation purposes, regions of interest (ROIs) were cropped. Different channels in
multicolor images were cropped in the same way and merged afterwards. Scale bars and
look-up-table (LUT) intensity bars were set in ImageJ/Fiji. For presentation purposes, | converted
processed images from 16-bit to 8-bit (composite images were converted to RGB Color) and
exported them from ImageJ/Fiji as .tiff files. All figures were created in Adobe lllustrator. Schemes

were created in BioRender.com, imported in Adobe lllustrator, and incorporated into figures.

| used Nikon-Elements AR software to process 3D dSTORM images. For the analysis, |
used default settings to identify the molecules (200 nm minimum width, 700 nm maximum width,
300 nm initial fit width, 2.5 max axial ratios, 1 max displacement). The maximum height was set
to 65,000, and the minimum height was set to automatic, or between 80-200 (dASTORM imaging
of the AIS components). The molecule localization was carried out with the overlapping peaks
algorithm. The drift correction based on the autocorrelation was performed automatically by
Nikon-Elements AR software. For the reconstruction of the 3D images, the Gaussian rendering
size was set to 10-15 nm. The 3D dSTORM reconstructed images were exported without z
rejected molecules, with height maps containing color-coded z positions. The regions of interest
in 3D dSTORM images were cropped in Nikon-Elements AR software. Scale bars of dASTORM
and corresponding TIRF images were added in Nikon Elements AR and exported as .tiff files.

Images were imported into Adobe lllustrator and arranged into figures.
3.12. Quantitative analyses

For the AIS length or the AIS fluorescence intensity analysis, images were acquired on
LSM 710 confocal microscope. The AIS length of the neurons transfected with Nay1.6-HA or
NF186-HA and surrounding untransfected neurons were analyzed as previously described3*7.
Briefly, confocal images were analyzed in ImageJ/Fiji, described in the Image processing section,
and exported as 16-bit. Afterwards, the AIS lengths were measured in MATLAB using a previously
published custom-written ais.m script®*248, The AIS lengths were measured in ankG channel. |
used the data acquired in 3 experiments for the analyses. Prior to measurements, all experimental

groups were blinded to avoid bias.

The AIS fluorescence intensity of the neurons transfected with clickable LOF Nayl.6-HA
was analyzed in ImageJd/Fiji using a previously published macro @ set:
https://github.com/cleterrier/Measure_ROIs. Briefly, confocal images were analyzed in
ImageJ/Fiji according to the instructions provided with the following macro:

https://github.com/cleterrier/Process_Images. The AIS fluorescence intensity was measured in
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both click and HA channels by following the instructions provided with a macro set and with the
help of the NeuronJ plug-in?#°. The analysis details were previously published”. As the macro set
instructions suggested, we used the mean intensity measured along the AIS with a subtracted
background (the corrected mean) for further statistical analysis. | analyzed only neurons with a
signal localizing in the AIS. | used the data acquired in 4 experiments for the analyses. Prior to

measurements, all experimental groups were blinded to avoid bias.

For the quantification of the GFPY3*TAS/mCherry ratio, images were acquired on the
inverted Nikon microscope. In order to quantify the mCherry and GFPY3°TAC fluorescence intensity
in neurons transduced with AAVs, widefield images were analyzed in ImageJ/Fiji using a macro
written by Aleksandra Arsi¢ (modification of the macro published in?%°). Aleksandra Arsi¢ also
performed the analysis. The macro worked in a way that it opened NLS-mCherry and
corresponding GFPY3°TAG images. Afterwards, the thresholding was done in the mCherry channel
(based on the Li dark algorithm), allowing the generation of the regions of interest (that
corresponded to mCherry nuclear signals). The out-of-focus nuclei and non-nuclear fluorescent
signals were not measured. They were excluded manually from each image. The user also
checked if all the ROIs were appropriately selected in this step. In the subsequent steps, the
intensity measurements were performed in mCherry and GFPY3TAG channels in the selected
regions of interest (the mean fluorescent intensity, integrated density, and raw integrated density).
The background fluorescence was subtracted by measuring a rectangular ROI in the area without
a fluorescent cell. The results were imported in excel to calculate a corrected total cell

fluorescence (CTCF) and the mCherry and GFPY3TAG ratios according to the following formulas:
CTFC = raw integrated density — (ROI area * mean fluorescence of a background)
mCherry/ GFPY3TAC ratio = CTFC(mCherry)/CTFC(GFPY3TAG)

For the mCherry and GFPY39TAG fluorescence measurements in neurons transduced with
AAVs, the cells with oversaturated pixels were excluded prior to the analysis. The data were
acquired in 2 experiments. For each condition, five images were analyzed per experiment (ten

images in total). Prior to measurements, all experimental groups were blinded to avoid bias.
3.13. Patch clamp recordings

For the whole-cell patch clamp recordings of recombinant Na* currents, the TTX-resistant
constructs were used (constructs were rendered TTXr by introducing Y371S or Y371C mutation
into the MSCNB8A). The N1E-115-1 (250,000 cells/well) or N1E-115-1F'#2(160,000-200,000) were
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seeded into six-well plates. N1E-115-1 cells were transfected with a total DNA amount of 8.4 g
(4 ug Nayl.6-HA plasmid, 4 ug codon-optimized NES PylRSAF/UG-tRNAPY: and 0.4 ug
pACEMam2_mp1_mp2_mGFP multigene plasmid). N1E-115-1 #'f2 cells were transfected total
DNA amount of 5pg (25pug Nayl.6-P2A-EGFP plasmid and 2.5pug codon
non-optimized NES PyIRSAF/U6-tRNAPY) using Lipofectamine 3000 (transfection protocol c).
Alternatively, N1E-115-1 cells were transfected with a total DNA amount of 5pug (4 ug
Nay1.6-P2A-EGFP plasmid and 4 pg codon non-optimized NES PylIRSAF/U6-tRNAPY' plasmid)
using Lipofectamine 2000 (transfection protocol a). Transfected cells were incubated with a
TCO*A-Lys. After two days, cells (~180,000) were reseeded in 35 mm Petri dishes (Greiner
Bio-one, cat. no. 627160), incubated for a few hours without UAAs (until cells settled down), and

recorded afterwards. Details on the transfection protocols were published previously™.

Recombinant Na* currents were measured in neuronal cell lines via a whole-cell patch
clamp in the presence of 500 uM TTX. The measurement and the analyses were performed by
Dr. Yuanyuan Liu (a postdoctoral researcher in the laboratory of Prof. Dr. Holger Lerche). The
protocols and analysis details were previously published’®. The data were acquired in at least

three experiments. Prior to measurements, all experimental groups were blinded to avoid bias.
3.14. Statistics

The statistical analysis was performed in the IBM SPSS Statistics 28.01.0 (Armonk, New
York, USA) except for the electrophysiological recordings analyzed in GraphPad Prism
(GraphPad Software, Inc., San Diego, CA, USA). The distribution of the data was assessed using
a Shapiro-Wilk normality test. The normally distributed data were tested for homogeneity of
variances using Levene's test. In addition, | checked if the outliers were present in the data. If one
of the assumptions was not fulfilled (normal distribution, absence of outliers, or homogeneity of
the variance), data were analyzed with the nonparametric Kruskal-Wallis test and with
Dunn-Bonferroni posthoc (if required). If all requirements were fulfiled, ANOVA with Tukey
posthoc was performed. The AIS length and the fluorescence intensity statistical analysis results
were previously published’. The results of the electrophysiological recordings were analyzed by
Dr. Yuanyuan Liu (a postdoctoral researcher in the laboratory of Prof. Dr. Holger Lerche). A
detailed analysis description has been published’®. The graphs were generated in IgorPro
(Wavemetrics, Portland, OR, USA). All the graphs were imported in Adobe lllustrator and

incorporated/arranged in the figures.
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4. Results

4.1. Genetic code expansion and click labeling of Nay1.6

The electrophysiological recordings described in section 4.1c were performed in
collaboration with the laboratory of Prof. Dr. Holger Lerche. My contribution includes the Nay1.6
mutagenesis, transfection, and cell preparation for the electrophysiological recordings. Whole-cell
patch clamp recordings of cells expressing recombinant Nay1.6 and the data analysis were
performed by Dr. Yuanyuan Liu, a member of the laboratory of Prof. Dr. Holger Lerche. This
section briefly summarizes the results of the electrophysiological recordings of the
Nay1.6X1425TAG-P2 A-EGFP (published in Stajkovi¢ et al. "Direct fluorescent labeling of NF186 and
Nayl1.6 in living primary neurons using bioorthogonal click chemistry." bioRxiv (2022)7%) and
Nay1.6X1546TAG-P2 A-EGFP (unpublished data).

a) Generation of WT and clickable Nay1.6 constructs

The mammalian recombinant Nay1.6 plasmids are highly unstable when propagated in
bacteria®36.251, As a result, the undesired point mutations or rearrangements are introduced into
the SCNBA gene during propagation in commonly used E. coli strains, such as electrocompetent
TOP10. Therefore, special protocols must be followed when handling recombinant Nayl.6
plasmids. These protocols include using the E. coli strains designed for cloning large unstable
inserts (e.g., Stbl2, Stbl4, or XL-II gold)?35236.242_ Furthermore, bacteria should be propagated at a
lower temperature (27-29 °C), and a complete SCN8A open reading frame needs to be
sequenced to confirm that the gene sequence is not compromised?3¢. To identify the most suitable
protocol for Nay1.6 propagation, | probed chemically competent XL-II gold®*® and Stbl2 E. coli
strains since both had been used for the SCN8A propagation236.242. Both strains allowed the
Nav1.6 propagation without introducing undesired mutations and gene rearrangements. To avoid
inconsistencies, | used the XL-1l gold in all molecular biology experiments that involved Nay1.6

unless it was stated otherwise.

A mouse (m)SCNBAWT gene was synthesized commercially by GenScript. A self-cleaving
P2A sequence?®? was introduced at the C terminus of SCN8AWT, followed by enhanced (E)GFP
and TAA stop codon (Scheme 6a). EGFP allowed the identification of the transfected cells
expressing Nayl.6. Posttranslational self-cleaving of the P2A sequence provided separation and
equal expression of Nayl.6 and EGFP. Furthermore, it minimalized the possibility that Nayv1.6

localization or function would be affected by EGFP.
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a b

Plasmids used for the initial click labeling optimization Plasmids used for click labeling in neurons
CMV  Y371C/S SCN8A™¢ P2A-EGFP CMV  Y371C SCN8A™C
CMV  Y¥371C/S SCN8A™¢ mGFP tRNA?Y CMV NES Pyl RS**
ue6
tRNAPY CMV NES Pyl RS** tRNAM U6 cMmv NES Pyl RS¥
ue6
¢ Auxiliary subunits d Multigene with auxiliary subunits
cmv cMv CMV mGFP

) - 1

Scheme 6. The schematic representation of the plasmids used for the Nav1.6 genetic code expansion and click
labeling in neuronal cell lines and neurons. a: Plasmids used for the initial optimization of the mNav1.6 genetic code
expansion and click labeling in neuronal cell lines. The mMSCN8AWTTAG genes under the cytomegalovirus (CMV)
promoter were fused to a self-cleaving P2A sequence and enhanced (E)GFP. Alternatively, mSCN8AWTTAG was fused
to monomeric (M)GFP. Nav1.6 plasmids were co-transfected with a codon non-optimized NES PylRSAF/U6-tRNAPY.,
‘b: For the mNav1.6 genetic code expansion and click labeling in primary neurons, P2A-GFP was replaced with a small
HA tag. The HA tag-containing plasmids were co-transfected with codon-optimized NES PylRSAF/U6-tRNAPY' or
NES PyIRSAF/4xU6-tRNAMS, ¢: The membrane expression and functionality of mNav1.6 in neuronal cell lines were
ensured by transfecting auxiliary 81 and B2 subunits along with plasmids shown in a and b. d: For patch clamp
recordings of recombinant Nav1.6-HA, neuronal cell lines were co-transfected with a multigene containing 81, 82, and

MGFP instead of plasmids shown in c. The scheme was generated in BioRender.com.

Next, | chose the potential TAG (click labeling) sites for the UAA incorporation
(Scheme 3). However, due to the complex structure of Nay1.6, | faced difficulties selecting those
labeling positions. The crystal structure of the mammalian Nay was unavailable when my project
started. Also, the Nay1.6 a subunit has a complex 3D organization and undergoes heavy
posttranslational glycosylation. Therefore, predicting if the selected positions would be accessible
for tetrazine dyes was difficult. Furthermore, numerous mutations of the SCN8A gene have been
implicated in neurological conditions!®%4. These positions/regions had to be avoided to exclude
any possibility that UAA incorporation would affect the function or localization of the Nay1.6.
Likewise, | had to avoid all the domains indispensable for the function of Nay1.6 or its interaction
with partner proteins (e.g., S4 voltage-sensors, P loops)®. Since | was interested in membrane
labeling of Nay1.6 with cell-impermeable dyes, | chose positions in the extracellular loops of
Nay1.6. Based on limited information, | selected and introduced the following TAG mutation into
MSCNBAWT: R914TAG, KI1224TAG, KI1425TAG, KI1546TAG, Al601TAG, KI1606TAG,
K1675TAG, and K1731TAG (Scheme 3). Since | later identified K1425TAG and K1546TAG as
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the most promising mutants for click labeling in neurons, | did not test the other amber (TAG)
mutants extensively. For the electrophysiological recordings of Na* currents originating from
recombinant Nay1.6WTTAC | introduced either Y371S or Y371C mutation that provided resistance
to sodium channel blocker tetrodotoxin (TTX) as previously described(Scheme 3)80.109.234.253 Fqr
the click labeling of Nay1.6 in primary neurons, P2A-EGFP was replaced by an HA tag, which will

be discussed later (Scheme 6b).

| also generated plasmids in which monomeric (m)GFP or EGFP were fused directly to
the C terminus of Nay1.6WTTAG (Nay1.6-GFPWTTAG; Scheme 6a). At that time, | was still optimizing
molecular biology protocols for mutagenesis, cloning, and amplification of recombinant Nay1.6 in
XL-II gold bacteria. That is why Nay1.6-GFP constructs were propagated in TOP10 E. coli. As
these constructs were used in some pilot experiments, | will mention them in the following
sections. However, the results obtained with these plasmids were not included in my published
paper’®. Also, these initial plasmids were later replaced by Nay1.6-EGFP constructs propagated
in XL-II gold bacteria.

b) Genetic code expansion of clickable Nay1.6 in neuronal cell lines

To click label Nay1.6™¢, | first wanted to optimize the expression of the WT and amber
mutants in the readily transfected intermediate host cell line. Since neuronal ND7/23 and
N1E-115-1 cell lines share similarities with primary neurons (they express ion channels, including
Nay, and can grow processes)®+2% | reasoned that they would provide a more native
environment for the proper expression and functioning of the Nay1.6 than the standard HEK293T
cell line. ND7/23 cells have been extensively used for the electrophysiological recordings of
recombinant voltage-gated sodium channels!38384109242 Therefore, | first attempted to express
and click label Nay1.6 in those cells. | identified optimal transfection conditions by testing different
transfection reagents (JetPrime, Lipofectamine 2000, and 3000), different ratios of DNA and the
transfection reagents, and different amounts of DNA. Regardless of the transfection protocol, click
labeling conditions, or plasmids that were used, the general workflow included: co-transfections
with previously described NES PyIRSAF/tRNAPY10  mNayl1l.6WTTAG  and mouse (m)B
subunits(Scheme 6c¢). Transfections were carried out in the presence or absence of the unnatural
amino acid TCO*A-Lys. To reduce the number of plasmids that were delivered to the cells and to
ensure that there was a sufficient amount of auxiliary B subunits®®, | later generated stable cell
lines that expressed mp1, or mB1 and mPB2. To find optimal click labeling conditions, | tested
different tetrazine (tz) dyes and different concentrations of the dyes. | also attempted labeling on

ice vs. 37 °C and labeling at different time points after transfection (24 h or 48 h). Upon click
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labeling, cells were fixed and imaged with widefield microscopy. In addition, to improve the surface
expression of Nay1.6, | incubated ND7/23 at 30 °C?%2. This section summarizes and shows the
most relevant results that allowed me to establish GCE and click labeling of Nay1.6 in neuronal

cell lines.

Initially, 1 expressed and click labeled Nay1.6WTTA6-P2A-EGFP along with mB1, or mp1
and mB2 (Scheme 6a and c) in ND7/23 cells. | followed protocols that had been used for the click
labeling of membrane proteins in HEK293T cells'’®. Instead of JetPrime, | used
Lipofectamine 2000 transfection reagents since the cell survival was better with the latter. Also,
Lipofectamine 2000 provided a higher transfection efficiency. In cells transfected with
Nay1.6WTTAG-P2A-EGFP, | observed the EGFP fluorescent signal, indicating that the expression
of these constructs had been successful. However, click labeling of Nay1.6WTTAC-P2A-EGFP with
Cy5-tz was unsuccessful. Since cytosolic EGFP produced by P2A self-cleaving in the
Nay1.6WT'TAC-P2A-EGFP could not be used to estimate the amount of Nay1.6 WT or TAG amber
mutants on the membrane, | expressed Nay1.6-mGFP plasmid in ND7/23 cells (Scheme 6a). The
widefield microscopy of Nav1.6-mGFP-expressing cells indicated that Nay1.6 WT and TAG amber

mutants mostly remained inside the cytoplasm (data not shown).

To improve Nay1l.6 membrane localization, | generated stable cell lines that expressed
either mB1 (ND7/23P") or mB1 and mB2 (ND7/23P'#2) by using the commercially available Super
PiggyBac Transposase System. Although the membrane localization of Nay1.6-mGFP in stable
ND7/23F"and ND7/23B'82 cell lines improved, particularly when cells were incubated at 30 °C after

the transfection, most channels remained in the cytosol (Fig. 1a).

Therefore, | tested an alternative host, a mouse neuroblastoma N1E-115-1 cell line. Those
cells were a promising candidate for the GCE of the recombinant Nay1.6 since they were
previously used for the electrophysiological studies of voltage-gated sodium channels, including
Nay1.6%57:2%8, Similarly to ND7/23, | generated N1E-115-1f" and N1E-115-1P'#2 stable cell lines.
The widefield microscopy showed higher Nay1.6W™-mGFP membrane localization in both stable
N1E-11-5-1 cell lines compared to ND7/23 cells (Fig. 1b).

After identifying a suitable host for the GCE of voltage-gated sodium channels, | expressed
and clicked labeled Nay1.6-P2A-EGFP in N1E-115-1P"2 cells. | first attempted click labeling with
Cy5-tz following a published protocol*”®. However, click labeling with this dye resulted in high
background and significant dye accumulations (data not shown). To find the optimal labeling

conditions and reduce the background, | attempted labeling on ice'5® and introduced a washing
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step in a warm culturing medium before labeling?*®. | also used an alternative far red dye,
AF647-tz. These optimized click labeling conditions resulted in what seemed to be a successful
click labeling of two Nay1.6 amber mutants (K1425TAG and K1546TAG) in N1E-115-1f1%2 cells
(Fig. 2). The pale click labeling of both amber mutants was also observed in ND7/23F'2 cells
(Fig. 2). The expression level and click labeling of Nayl1.6X'546TAG was higher than the
Nay1.6X1425TAG in both neuronal cell lines. However, later on, | realized that the membrane signal
did not represent a real click labeling (this will be explained and discussed in Section 4.1d).

ND7/23" ND7/23P#: h N1E-115-1F N1E-115-1F#:

Figure 1. Comparison of the Nav1.6WT-mGFP expression on the cell membrane of stable neuronal cell lines.
Neuronal ND7/23 or N1E-115-1 cells that stably expressed mB1, or mB1 and mB2 auxiliary subunits (hereafter referred
to as ND7/23F7, ND7/23F72, N1E-115-1#7, N1E-115-18762) were transfected with Nav1.6WT-mGFP plasmid using
Lipofectamine 2000 transfection reagent. Two days after the transfection, cells were fixed and imaged with widefield
microscopy. a: The representative widefield images show that in most ND7/238" and ND7£7#2 cells, Nav1.6 remained
inside the cytosol (red asterisks) while the low membrane signal was observed. b: Contrary to ND7/23 cells, in

N1E-115-18" and N1E-115-18762, a higher Nav1.6 signal was observed on the cell membrane. Scale bars: 20 um.

c) Electrophysiological characterization of clickable Nay1.6 in neuronal cell lines

After identifying optimal click labeling conditions, it was necessary to examine if the
introduction of TCO*A-Lys into Nayl.6™¢ altered any electrophysiological properties of the
channel. Since the click labeling efficiency of the K1546TAG amber mutant was higher than the
K1425TAG, the electrophysiological features of this mutant were assessed first. For the
electrophysiological recordings, TTXr (Y371S) variants®2253 of Nay1.6WTTAG-P2A-EGFP plasmids
were expressed in N1E-115-1P"2 cells. The Y371S mutation ensured that Na* currents originating
only from the recombinant and not the endogenous Nay1.6 would be recorded with the whole-cell
patch clamp. The recordings were performed 48 h after transfection in the presence of TTX. Since
Y371S variants exhibited very high Na* current amplitude that could not be analyzed, | replaced
Y371S with an alternative TTXr mutation (Y371C)'%°. After confirming that plasmids with the
Y371C mutation could be click labeled (Fig. 3a), the recombinant Na* currents were recorded.

Importantly, the detection of the recombinant Na* currents provided additional proof that
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Nayl1l.6WTTAG-P2A-EGFP was expressed on the cell membrane. The whole-cell patch clamp
recordings showed a slight difference in Na* current density between K1546TAG and WT
channels that did not appear significant (Fig. 3b, Appendix Table 2). There was no difference in
the activation of K1546TAG and WT channels. However, a slight depolarizing shift of the
K1546TAG inactivation curve appeared significant (Fig. 3b, Appendix Table 2). Hence, the

K1425TAG mutant was measured as well.

K1425TAG K1546TAG K1425TAG K1546TAG

*  AF647-tz AF647-tz AF647-tz _ AF647-tz

Nav1.6™6 Y37S_p2A-EGFP + NES PyIRSAF/U6-tRNA™ + TCO*A-Lys

N1E-115-1%#: ND7/23#:

Figure 2. GCE and click labeling of Nav1.6Y371S-P2A-EGFP in stable neuronal cell lines. Neuronal ND7/2387f2 or
N1E-115-18762 cells were co-transfected with codon non-optimized NES PyIRSAF/U6-tRNAPY and with tetrodotoxin
(TTX)-resistant Y371S versions of Navl.6-P2A-EGFP amber mutants (K1425TAG or K1546TAG) using
Lipofectamine 2000 transfection reagent. Transfected cells were incubated with the unnatural amino acid TCO*A-Lys.
Two days after the transfection, cells were washed for ~2 h, click labeled with AF647-tetrazine (tz), fixed, and imaged
with widefield microscopy. The representative images show that both mutants were click-labeled in both cell lines. The
expression level (EGFP) and click labeling signal (AF647-tz) of the K1546TAG amber mutant were higher than those
of the K1425TAG. The EGFP and click signals were paler and present in fewer ND7/238782 cells than the N1E-115-1872,
Scale bars: 20 um.
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Figure 3. Click labeling and biophysical characterization of Nav1.6K1546TAG. YSTIC_p2A-EGFP in N1E-115-187A2 cell
line. Neuronal N1E-115-1#782 cells were co-transfected with codon non-optimized NES PyIRSAF/U6-tRNAPY and with
TTX-resistant Y371C versions of Navl.6-P2A-EGFP WT or amber mutants (K1425TAG or K1546TAG) using
Lipofectamine 2000 transfection reagent. Transfected cells were incubated in the presence of the unnatural amino acid
TCO*-Lys for two days. Afterwards, cells were click labeled with AF647-tz, fixed, and imaged via widefield
microscopy (a). Alternatively, after two days, cells were re-seeded in 35 mm Petri dishes and recorded with a whole-cell
patch clamp (b). a: The representative images show that both amber mutants that bore Y371C mutation were
successfully click-labeled in N1E-115-18762 cells. Scale bars: 20 um. b: Representative Na* current traces obtained
from N1E-115-1P782 cells that expressed Nav1.6WT Y371C.P2A-EGFP (black), or Nay1.6K1546TAG, Y37IC.po A-EGFP (red).
Peak Na* current densities normalized to cell capacitance were plotted versus voltage (left graph). Voltage-dependence
of the activation (middle graph). Voltage-dependence of the fast inactivation (right graph). The K1546TAG amber
mutation caused a significant depolarizing shift of voltage-dependent fast inactivation. Number of recorded cells
(n)wt = 14 and nkissstac = 13. The lines represent the Boltzmann functions fit to the data points (middle and right graph).
Means + SEMs are shown in the graphs. Further details on the statistical analysis are provided in Appendix Table 2.

and the Materials and methods.

The low expression level of Nayl.6K425TAG (Fig. 3a) resulted in lower Na* currents
amplitude (data not shown). Therefore, | attempted to improve the transfection efficiency by
testing different DNA concentrations for Lipofectamine 2000 and by probing Lipofectamine 3000
transfection reagent. Lipofectamine 3000 improved transfection efficiency (I observed more EGFP
positive cells that appeared brighter; Fig. 4a), click labeling efficiency (Fig. 4a) and increased
Na* current amplitude. However, the whole-cell patch clamp results showed a significantly lower
current density of the K1425TAG amber mutant compared to the WT (Fig. 4b, Appendix
Table 2). The other electrophysiological parameters were unchanged (Fig. 4c-h, Appendix

Table 2). Since Nay1.6X1425TAG exhibited identical electrophysiological properties to WT except for
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the current density, | decided to use this mutant. Therefore, other TAG amber mutants

(Section 4.1a) were not measured.
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Figure 4. Characterization of the expression, click labeling, and functionality of the Nay1.6K425TAG,
YSTIC.P2A-EGFP in N1E-115-1F762 cell line. Neuronal N1E-115-162 cells were co-transfected with
codon non-optimized NES PyIRSAF/U6-tRNAPY and with TTX-resistant Y371C versions of Nav1.6-P2A-EGFP WT or
K1425TAG amber mutant using Lipofectamine 3000 transfection reagent. Transfected cells were incubated in the
presence of the unnatural amino acid TCO*-Lys for two days. Afterwards, cells were click labeled with AF647-tz, fixed,
and imaged with widefield microscopy (a). Alternatively, after two days, cells were re-seeded in 35 mm Petri dishes
and recorded with whole-cell patch clamp (b-h). a: The representative widefield image shows that the transfection of
N1E-115-18762 cells with Lipofectamine 3000 improved expression and click labeling of the Nay1.6X1425TAG, Y371C_ The
red arrow indicates AF647-tz dye accumulation, while white asterisks indicate EGFP-negative cells that appeared
labeled with click chemistry. Scale bars: 20 um. b: Representative Na* current traces obtained from N1E-115-15762 cells
that expressed Nav1.6WT Y371C.p2A-EGFP (black; upper left panel) or Nay1.6X1425TAG.YS71IC.p2 A-EGFP (blue; upper right
panel). Peak Na* current densities normalized to the cell capacitance were plotted versus voltage (lower panel; nwr = 18
and nkuszstac = 20). K1425TAG amber mutation caused a significant current density reduction compared to the WT.
c: Voltage-dependence of the activation (nwr = 18 and nki4zstac= 20). d: Voltage-dependence of the fast inactivation
(nwt = 18 and nki42stac = 20). The lines represent the Boltzmann functions fit to the data points (c, d). e: Time course
of recovery from fast inactivation at -100 mV (nwr = 17 and nki4zstac = 20). f: Voltage dependence of the major time

constant of fast inactivation T (nwt= 18 and nkuszstac = 20). g: Voltage dependence of the persistent current (Iss/lpeak).
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h: Entry into slow inactivation. The lines represent fits of a first-order exponential function to the data points.

Mean + SEMs are shown. Further details on the statistical analysis are provided in Appendix Table 2 and the Materials
and methods. The results shown in figure (b—h) were published in’®.

d) Unsuccessful click labeling of Nay1.6 in neuronal cell lines

While optimizing Nay1.6™¢-P2A-EGFP click labeling in neuronal cell lines, | occasionally
observed an unexpected AF647-tz membrane signal in EGFP negative cells (Fig. 4a). Likewise,
I noticed that click labeling signal did not always correlate with the EGFP intensity (Fig. 4a). To
investigate this closer, | performed control experiments in which N1E-115-181%2 cells were
co-transfected with Nay1.6"WTand NES PyIRSAFARNAPY or with NES PyIRSAF/tRNAPY alone, in the
presence or absence of TCO*A-Lys. As an additional control, | had untransfected cells
propagated with or without TCO*A-Lys. Two days after the transfection, cells were fixed, click
labeled with AF647-tz, and imaged with widefield microscopy. The results indicated that the
combination of NES PyIRSAFtRNAPY and TCO*A-Lys resulted in the membrane signal that

resembled click labeling (Fig. 5). Such signal was not detected in the absence of TCO*A-Lys or
the absence of NES PyIRSAF (Fig. 5).
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Figure 5. The false click labeling in neuronal cell lines transfected with orthogonal translational machinery.
Neuronal N1E-115-187%2 cells were co-transfected with Nay1.6WT YS37IC.P2A-EGFP, and codon non-optimized
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NES PyIRSAF/UB-tRNAPY or NES PylRSAF/UB-tRNAPY' alone, using Lipofectamine 3000 transfection reagent.
Transfected cells were incubated with or without the unnatural amino acid TCO*A-Lys. As an additional control,
untransfected cells were incubated with or without TCO*A-Lys. Two days after the transfection, cells were washed for
~2 h, click labeled with AF647-tz, fixed, and imaged with widefield microscopy. The representative images show that
the abundant membrane signal resembling click labeling was present only when cells were transfected with
NES PyIRSAF/U6-tRNAPY in the presence of TCO*A-Lys. Red asterisks indicate cells with unspecific membrane signals

resembling click labeling. Scale bars: 20 um.
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Figure 6. Cell washing before click labeling results in the appearance of the unspecific membrane signal in
neuronal cell lines. Neuronal N1E-115-187%2. N1E-115-1, or ND7/23 cells were co-transfected with
codon non-optimized NES PylIRSAF/U6-tRNAPY using Lipofectamine 3000 transfection reagent. Transfected cells were
incubated in the presence of the unnatural amino acid, TCO*A-Lys. Two days after the transfection, cells were either
washed for ~2 h and click labeled with AF647-tz or click labeled without washing. N1E-115-1 WT and stable cells were
washed for an additional 2 h after the click labeling and fixed s, while ND7/23 cells were fixed immediately. Upon
fixation, cells were imaged with widefield microscopy. a: Representative images showing that in both N1E-115-18782
and N1E-115-1 cells, membrane signals appear only when the 2 h washing step was performed before click labeling.
Such a signal did not appear when the washing step was performed after click labeling. b: Representative images
showing that a membrane signal in ND7/23 cells appeared when the 2 h washing step was performed before click

labeling. Scale bars: 20 um.
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To determine what was the exact cause of the click labeling-like signal, | performed a
series of control experiments in which | tested the following: labeling on ice vs. labeling at 37 °C,
labeling with different concentrations of Cy5-tz or AF647-tz, transfection with Lipofectamine 2000
and 3000 transfection reagents, transfection of different cell lines (stable vs. WT ND7/23 and
N1E-115-1), and click labeling 24 h or 48 h after the transfection. | also tried cell re-seeding before
labeling. The results of these experiments indicated that washing before or after labeling might
be a problem. The subsequent experiments showed that washing before click labeling contributed
significantly to the click labeling-like signal, most likely by stressing the cells (Fig. 6). The signal
was observed in both neuronal cell lines (Fig.6a and b). The observations from these
experiments excluded the possibility that stable cell lines contributed to the false click labeling

since such membrane signal was also observed in WT cells (Fig. 6a and b).

After successfully removing the background membrane signal, click labeling in
N1E-115-1PF'%2 cells expressing Nay1.6™¢ was still unsuccessful (Fig. 7). Therefore, | concluded
that neuronal cell lines, although suitable for electrophysiological recordings, were not a good
host for click labeling of the Nay1.6.

Nav1.6'25TAC Y371C.pI A-EGFP + NES PyIRSAF/U6-tRNA™ + TCO*A-Lys

AF647-tz

Figure 7. Unsuccessful click labeling of Nav1.6™¢-P2A-EGFP amber mutant in neuronal cell lines. Neuronal
N1E-115-18762 cells were co-transfected with codon non-optimized NES PyIRSAF/UG-tRNAPY and Nay1.6¥1425TAG,
YS71IC_.p2A-EGFP using Lipofectamine 3000 transfection reagent. Transfected cells were incubated with the unnatural
amino acid TCO*A-Lys. Two days after the transfection, cells were click labeled with AF647-tz, fixed, and imaged with
widefield microscopy. Representative images show unsuccessful click labeling of the Nayv1.6K1425TAG amber mutant in

N1E-115-187F2 cells. The white arrow indicates AF647-tz dye accumulations. Scale bars: 20 um.
e) Click labeling of Nay1.6-mGFP in primary neurons

Although the Nay1.6 click labeling in neuronal cell lines was unsuccessful (Fig. 7), the pilot
experiments that involved click labeling of Nav1.6K54TAG.mGFP in primary mouse neurons
indicated that this mutant could be labeled with AF647-tz (Fig. 8).
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These results prompted me to establish Nay1.6 click labeling directly in primary neurons.
Since Nav1.6 labeling was pale and frequent AF647-tz accumulations caused a high background
(Fig. 8), further optimization of transfection and click labeling conditions were necessary. To this
aim, | used a smaller AIS component with a less complex structure, the NF186 (Fig. 9a,
Scheme 4). The following section describes the establishment and optimization of NF186 click

labeling in cell lines and primary neurons.

Nav1.6X1>46TAE_ mGFP + NES PyIRS*F/U6-tRNAP + TCO*A-Lys

Figure 8. Click labeling of Navl.6K546TAG-mGFP plasmid in primary neurons. Mouse cortical neurons were
co-transfected on the day in vitro (DIV)8 with codon non-optimized NES PylRSAF/U6-tRNAPY and
Nay1.6X546TAC.mGFP using Lipofectamine 2000 transfection reagent. Transfected neurons were incubated with the
unnatural amino acid TCO*A-Lys. Four days after the transfection, TCO*A-Lys was removed, and neurons were click
labeled with AF647-tz, fixed, and imaged with widefield microscopy. Representative images of mouse neurons
expressing Nav1.6K1546TA6.mGFP show specific localization and click labeling of sodium channels in the AlS. Red

asterisks indicate AF647-tz accumulations in the extracellular space and surrounding dead neurons. Scale bars: 10 um.

4.2. Genetic code expansion and click labeling of NF186

The results described in section 4.2a—c were published in Stajkovi¢ et al. "Direct
fluorescent labeling of NF186 and Nay1.6 in living primary neurons using bioorthogonal click
chemistry." bioRxiv (2022)7°.

a) Genetic code expansion and click labeling of NF186 in neuronal cell lines

Before attempting NF186 click labeling in primary neurons, | assessed the expression
level and click labeling efficiency of different NF186 amber mutants in intermediate host cell lines.
To identify a suitable intermediate host for the GCE of NF186, | transfected HEK293T, N1E-115-1,

or ND7/23 cells with a previously described plasmid that contained rat Nfasc under control of the
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CMV promoter (Scheme 7)1, A small N-terminal HA tag in the NF186 plasmid (HA-NF186%T)
allowed me to immunolabel NF186"T in different cell lines (Fig. 9a).

a cMv Nfasc ¢ CMV Nfasc™e

tRNAM  CMV NES Pyl RS#* hNSE Nfasc™¢
- H) ) -
ue

Scheme 7. The schematic representation of the plasmids used for the NF186 genetic code expansion and click
labeling optimization in neuronal cell lines and neurons. a: A plasmid containing rat Nfasc gene under strong CMV
promoter with the N-terminal HA tag'®:115117 h: A plasmid encoding codon-optimized NES PylRSAF and U6-tRNAPY!
used for NF186 click labeling in neuronal cell lines and neurons. c¢: The plasmids containing Nfasc under CMV or weak
human neuron-specific enolase (hNSE) promoters. These plasmids were modified by moving the HA tag from N to the

C terminus to ensure immunodetection of full-length NF186 with an anti-HA antibody. The scheme was generated in

BioRender.com.

Although HEK293T cells have been previously used for NF186 microscopy studieso?, |
wanted to test ND7/23 and N1E-115-1 cell lines as intermediate hosts for the GCE of NF186
because of their neuronal properties. Therefore, | compared NF186W“" expression levels in
neuronal cell lines to the HEK293T cells (Fig. 9b).

o

HEK293T ND7/23 N1E-115-1
fluorophore ) v A
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Lipofectamine 2000

Ig-like
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Figure 9. Optimization of the NF186WT expression in neuronal cell lines. a: A structure of the recombinant
HA-NF186%T. Cell adhesion molecule NF186 consists of a small intracellular tail (cyan), transmembrane domain (dark
cyan), three extracellular fibronectin type Il repeats (FN lll; dark magenta), mucin domain (magenta), and six
extracellular immunoglobulin (Ig)-like domains (cyan)®. An HA tag (purple) introduced at the N terminus of NF186
allows its immunodetection in living cells. b: Comparing the HA-NF186"T expression in standard and neuronal cell
lines. HEK293T, ND7/23, or N1E-115-1 cells were transfected with HA-NF186"T plasmid using Lipofectamine 2000 or

70



Lipofectamine 3000 transfection reagents. The following day, the cells were fixed, immunostained with an anti-HA
antibody (ab), and imaged with widefield microscopy. Representative images show that NF186 expression was higher
in HEK293T and ND7/23 cells than the N1E-115-1. Scale bars: 20 um. The scheme was generated in BioRender.com.

The widefield microscopy showed abundant HA-NF186%T expression in ND7/23 cells,
similar to that observed in HEK293T cells. In contrast, the HA-NF186%T expression in N1E-115-1
cells was lower compared to HEK293T and ND7/23 (Fig. 9b). Therefore, | used ND7/23 cells as
a GCE host. To identify optimal transfection conditions, | tested two different transfection
reagents, Lipofectamine 2000 and Lipofectamine 3000. Both transfection reagents provided
robust expression of NF186 (Fig. 9b). Since Lipofectamine 2000 provided a sufficient NF186

expression, | used this reagent in further experiments.

For click labeling of NF186, | selected potential TAG click labeling sites using
SWISS-MODEL based on the crystal structure of a titin fragment (PDB 3B43)%59260, To
immunolabel only full-length recombinant NF186, | modified HA-NF186WT plasmid by moving the
HA tag from N to the C terminus (CMV-NF186-HA). Afterwards, | introduced the TAG amber
codon into the rat Nfasc gene at the following positions: K519TAG, K534TAG, K570TAG,
K604TAG, K680TAG, and K809TAG (Fig. 10a).
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Figure 10. Western blot expression analysis of NF186"T-HA and NF186™C¢-HA amber mutants in ND7/23 cell
line. a: A structure of the recombinant NF186-HA with positions of six potential TAG click labeling sites. In order to click
label NF186, | introduced the corresponding TAG amber mutations in the extracellular domain of rat Nfasc: K519TAG,
K534TAG, K571TAG, K604TAG, K680TAG, and K809TAG (red stars). An HA tag (purple) was moved from N to C
terminus, allowing the detection of full-length NF186 and click labeling with ATTO488-tz (green). b: Western blot
analyses of the NF186-HA expression. ND7/23 cells were co-transfected with codon-optimized
NES PyIRSAF/U6-tRNAPY and CMV-NF186%T-HA or with one of the CMV-NF186™¢-HA amber mutants (K519TAG,
K534TAG, K571TAG, K604TAG, K680TAG, K809TAG). Transfected cells were incubated with or without the unnatural
amino acid TCO*A-Lys. A day after transfection, cell lysates were collected, and the expression of NF186 was analyzed

with a western blot. Recombinant NF186-HA was detected with anti-HA antibody. The endogenous (3-tubulin detected
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with the anti-83-tubulin antibody was used as a loading control. The scheme shown in (a) was generated in

BioRender.com and published in™.

To assess if NF186 amber mutants could be expressed and labeled with click chemistry,
| co-transfected ND7/23 cells with improved codon-optimized NES PyIRSAF/tRNAPY®? and
CMV-NF186WTTAG-HA (Scheme 7b and c). The transfected cells were incubated with or without
TCO*A-Lys. A day after transfection, | collected lysates for western blot analysis (Fig. 10b).
Alternatively, I click labeled cells, fixed and immunostained them with anti-HA antibody (Fig. 11
and 12). Since click labeling of Nav1.6K1546TAS.mGFP with AF647-tz in primary neurons resulted
in a high background (Fig. 8), | used another cell-impermeable tetrazine dye (ATTO488-1z)
instead.

Western blot analysis showed that all six CMV-NF186™¢HA amber mutants were
expressed in the presence of TCO*A-Lys. NF186™¢HA expression was not detected in the
absence of the UAA (Fig. 10b). Expression levels of amber mutants were lower compared to the
NF186WT (NF186K8OTACSs NF186K680TAC NF186KS19TAG - NF186K604TACS>SNF186K534, NF186K570).
The lower expression of amber mutants in comparison to WT was expected since the GCE is not

100% efficient in mammalian cells.

Confocal microscopy confirmed the results of the western blot analysis (Fig. 11 and 12).
Furthermore, it revealed that all six amber mutants could be labeled with ATTO488-tz in living
ND7/23 cells (Fig. 12). Click labeling was not detected in the absence of the UAA (Fig. 12),

additionally confirming the click labeling specificity.

CMV-NF186%T™-HA + NES PyIRSAF/U6-tRNA™ + TCO*A-Lys CMV-NF186%“'-HA + NES PyIRS*F/UB-tRNA™ - UAA

ATTOA488-tz ATTOA88-tz

Figure 11. The membrane signal resembling click labeling is not detected in ND7/23 cells co-transfected with
NF186"“T-HA and the orthogonal translational machinery elements. Neuronal ND7/23 cells were co-transfected
with codon-optimized NES PylIRSPY/U6-tRNAPY and CMV-NF186WT-HA using a Lipofectamine 2000 transfection
reagent. Transfected cells were incubated with or without the unnatural amino acid TCO*A-Lys. The following day, cells
were click labeled with ATTO488-tz, fixed, immunostained with anti-HA antibody, and imaged with confocal microscopy.
The representative images show that WT protein was expressed independently of the TCO*A-Lys. Scale bars: 20 um.

The confocal images shown in the figure were published in?.
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Figure 12. GCE and click labeling of CMV-NF186™C¢-HA amber mutants in ND7/23 cell line. Neuronal ND7/23

cells were co-transfected with codon-optimized NES PylIRSAF/U6-tRNAPY and one of the CMV-NF186T¢-HA amber
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mutants (K519TAG, K534TAG, K571TAG, K604TAG, K680TAG, and K809TAG). Transfected cells were incubated
with or without the unnatural amino acid TCO*A-Lys. A day after transfection, cells were click labeled with ATTO488-tz,
fixed, immunostained with anti-HA antibody, and imaged with confocal microscopy. Representative images show that
all six amber mutants were successfully click-labeled in the presence of TCO*A-Lys. Click labeling signal was not

detected in the absence of the TCO*A-Lys. Scale bars: 20 um. The results shown in the figure were published in’®.
b) Genetic code expansion and click labeling of NF186-HA in primary neurons

After establishing click labeling in neuronal cell lines, | attempted to click label NF186-HA
amber mutants (Fig. 10a) in primary neurons. To this aim, | first assessed the localization of
recombinant NF186-HA in neurons. This was an important step since the overexpression of the
AlS components can affect targeting machinery, resulting in their mislocalization?6:96.117.261_ Since
all amber mutants except NF186X8%°TAG had considerably lower expression than the NF186WT
(Fig. 10b), I reasoned that this would be enough for their proper localization. Hence, |
co-transfected rat cortical neurons at DIV 7 with codon-optimized NES PlyRSAF/tRNAPY' and
CMV-NF186WTTAG-HA in the presence of TCO*A-Lys (Scheme 7b and c). Four days after the
transfection, | click labeled neurons with ATTO488-tz and immunostained them with an anti-HA
antibody. | observed that all six mutants were successfully click-labeled (data not shown).
However, confocal microscopy showed that NF186%T-HA expressed from the CMV promoter was
mislocalized in most of the neurons (Fig. 13a). The HA signal was mainly detected in soma and
processes (Fig. 13a). Less frequently, the HA signal was detected exclusively in the AIS
(Fig. 13a). Although NF186™¢-HA localization was better than the one of WT, the HA signal was

ectopically expressed along distal axons in many neurons (Fig. 13b).

To further improve the localization of NF186, | replaced the CMV promoter with a weak
hNSE promoter (Scheme 7c; hNSE-NF186WTTAG-HA) that had been used to lower HA-NF186WT
expression!!’. As in all previous experiments, | tested new plasmids in ND7/23 cells before
attempting click labeling in neurons. Widefield microscopy confirmed that hANSE promoter reduced
the expression of NF186 WT (Fig. 14a) and amber mutants (Fig. 14b) compared to the CMV
promoter. As expected, click labeling was unsuccessful due to the reduced expression of amber
mutants (Fig. 14b).

After confirming that the hNSE promoter successfully reduced the expression of
NF186WTTAG-HA, | expressed and attempted to click label new hNSE-NF186 amber mutants in
primary neurons. To this end, | co-transfected DIV 7 rat cortical neurons with
NES PyIRSAFtRNAPY and hNSE-NF186WTTAG-HA in the presence of TCO*A-Lys. Four days later,

| click labeled neurons with ATTO488 tz, fixed, and co-immunostained them with anti-HA and
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anti-ankG antibodies. The ankG immunostaining was used to detect the axon initial segments.
Confocal microscopy revealed that replacement of the CMV promoter resulted in lower expression
of NF186"T and NF186™¢ and improved localization to the AIS of most neurons (Fig. 15 and
16a—b). Expectedly, due to the overexpression, some neurons still showed ectopic localization of
NF186. Such ectopic signals were more frequent in neurons expressing NF186WT or
NF186K809TAG - All six mutants were successfully click-labeled when expressed from the hNSE
promoter (Fig. 15 and 16b). With the ATTO488-tz, there were few dye accumulations compared
to Cyb5-tz or AF647-tz, and the background was minimal (Fig. 15 and 16b).

c) The selection of the most optimal clickable NF186™¢-HA amber mutant in

primary neurons

After establishing click labeling of NF186™¢-HA in primary neurons, | wanted to select the
best click-labeled amber mutant whose overexpression did not affect the AIS structure. To this
end, | transfected neurons with hANSE-NF186YTTA-HA and immunostained them with anti-HA and
anti-ankG antibodies. Afterwards, | imaged immunolabeled neurons with confocal microscopy and
measured the AIS lengths in ankG channel using a custom-written MATLAB script3424¢, Anti-HA
immunostaining allowed the identification of neurons expressing NF186-HA, while anti-ankG
immunostaining allowed the detection of the total AIS population (AIS of transfected and
surrounding untransfected neurons). By comparing the AIS lengths of the neurons expressing
NF186-HA and surrounding untransfected ones, | could judge if the NF186-HA overexpression
affected the AIS structure (Fig. 16c).

| excluded NF186K534TAG-HA and NF186K>79TAG-HA amber mutants from the analysis since
few neurons expressed those two amber mutants. Furthermore, click labeling of NF186K534TAG-HA
and NF186K570TAG-HA was frequently weak (Fig. 15). Although NF186809TAG showed bright click
labeling, this mutant was not further analyzed due to its frequent ectopic expression along the
distal axon (Fig. 15). Therefore, the AIS length was measured in three remaining amber mutants
(NF186KKS19TAG-HA  NF186K680TAG-HA  NF186K604TAG-HA) and NF186WTHA (Fig. 16a and b). The
guantitative analysis of the AIS length revealed that neurons expressing recombinant
NF186WTTAG-HA were slightly longer than surrounding untransfected cells (Fig. 16c). However,
the differences in the AIS lengths between the NF186-expressing cells and surrounding
untransfected cells were not statistically significant (Fig. 16¢c, Appendix Table 3). Hence, the

expression of recombinant NF186™¢-HA did not alter the AlS structure significantly.
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CMV-NF186"™-HA + NES PylRSAF/U6-tRNAPY' + TCO*A-Lys

Anti-HA ‘ab

K519TAG K534TAG K571TAG

Anti-HA ‘ab Anti-HA 'ab
K604TAG K680TAG K809TAG

CMV-NF186™6-HA + NES PylRS*F/UB-tRNAPY' + TCO*A-Lys

Anti-HA “ab Anti-HA ‘ab

Figure 13. Recombinant NF186-HA under the CMV promoter frequently mislocalizes in primary neurons due to
overexpression. Rat cortical neurons were co-transfected on DIV 7 with codon-optimized NES PyIRSAF/U6-tRNAPY!
and with CMV-NF186"“T-HA (a) or with one of the CMV-NF186™¢-HA amber mutants (K519TAG, K534TAG, K571TAG,
KB604TAG, K680TAG, or KBO9TAG; b). Transfected neurons were incubated with or without the unnatural amino acid
TCO*A-Lys. Four days after the transfection, neurons were click labeled with ATTO488-tz, fixed, and immunostained
with anti-HA antibody. Afterwards, neurons were imaged with widefield (a) or confocal microscopy (b). a: The
representative widefield images show frequent mislocalization of the CMV-NF186WT-HA in primary neurons. Many
neurons expressed NF186 in soma and processes (left panel). Some neurons ectopically expressed NF186 in the distal
axon (middle panel), while others show proper NF186 localization in the AIS (right panel). Red arrows indicate NF186WT

localizing in the distal axon or AIS. b: The representative confocal images show that the reduced expression of
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NF186TCG-HA amber mutants improved their localization. However, NF186 was still ectopically along the distal axon.
The Z-stack images in b are shown as maximum intensity projections. Scale bars: 20 um. The results shown in the

figure were published in®.
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Figure 14. A weak hNSE promoter reduces the expression of NF186-HA, resulting in unsuccessful click
labeling in ND7/23 cells. Neuronal ND7/23 cells were co-transfected with codon-optimized NES PyIRSAF/UB-tRNAPY!

and NF186WT-HA under either CMV or hNSE promoter. Alternatively, cells were transfected with one of the
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hNSE-NF186™C¢-HA amber mutants (K519TAG, K534TAG, K571TAG, K604TAG, K680TAG, and K809TAG).
Transfected cells were incubated with or without the unnatural amino acid TCO*A-Lys. A day after the transfection,
cells were click labeled with ATTO488-tz, fixed, immunostained with anti-HA antibody, and imaged with widefield
microscopy. a: A weak hNSE promoter reduced the expression of NF186"“T-HA in ND7/23 cells compared to the CMV
promoter. b: The hNSE promoter reduced NF186TC¢-HA expression, resulting in unsuccessful click labeling. The
representative images show rare ND7/23 cells expressing NF186 NF186™CG-HA amber mutants. The white box

indicates potentially click-labeled cells, while red arrows indicate cells with weak HA signals. The scale bars: 20 um.

hNSE-NF186™C-HA + NES PyIRSAF/U6-tRNAPY! + TCO*A-Lys
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Anti-ankG ‘ab Anti-HA ‘ab ATTO488-tz
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Anti-ankG ‘ab Anti-HA “ab ATTO488-tz

Figure 15. GCE and click labeling of the hNSE-NF186™C-HA in primary neurons—examples of the amber
mutants that were poorly labeled or mislocalized Rat cortical neurons were co-transfected in DIV 7 with
codon-optimized NES PyIRSAF/U6-tRNAPY" and with one of the hNSE-NF186™C-HA amber mutants (K534TAG,
K571TAG, or KBO9TAG). Transfected neurons were incubated in the presence of the unnatural amino acid TCO*A-Lys.
Four days after the transfection, the neurons were click labeled with ATTO488-tz, fixed, and immunostained with
anti-HA and anti-ankG antibodies. Afterwards, neurons were imaged with confocal microscopy. Representative images
show that the click labeling signal was low (green arrows) in neurons expressing NF186X534TAG (upper panels) and
NF186K571TAG (middle panels). Although click labeling of neurons expressing NF186K680TAG was bright, this amber
mutant showed frequent ectopic expression along the distal axon (magenta arrows). The Z-stack images are shown as

maximum intensity projections in all panels. Scale bars: 10 um. The results shown in the figure were published in™.
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Figure 16. GCE and click labeling of hNSE-NF186™¢C-HA in primary neurons—examples of the successfully
click-labeled amber mutants localizing in the AIS. Rat cortical neurons were co-transfected in DIV 7 with
codon-optimized NES PylIRSAF/UG-tRNAPY and with one of the hNSE-NF186™G-HA amber mutants (K519TAG,
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KB604TAG, or K680OTAG). Transfected neurons were incubated in the presence of the unnatural amino acid TCO*A-Lys.
Four days after the transfection, the neurons were labeled with ATTO488-tz (a—d), fixed, and immunostained with
anti-HA and anti-ankG antibodies (a—c). Afterwards, fixed (a—c) or living (d) neurons were imaged with confocal
microscopy. a: Representative image of the neuron expressing NF186WT-HA. The hNSE promoter improved the
localization of WT NF186 by reducing its expression level. b: Representative confocal images of three remaining amber
mutants expressed from hNSE promoter (K519TAG, K604TAG, or K680TAG) with proper localization and successful
click labeling. c: The AIS lengths distribution measured in confocal images (in ankG channel) of neurons expressing
WT, K519TAG, K604TAG, or K6BOTAG NF186-HA (HA+) and corresponding surrounding untransfected cells (HA-).
The box plots show the median (the black lines inside the box), the 25™ and 75" percentiles (the box boundaries), the
single data points (the dots), and the outliers (the yellow dots). The lengths of the whiskers are defined by minimum
and maximum data points. The non-parametric Kruskal-Wallis test with Dunn-Bonferroni posthoc did not show any
significant differences between the HA+ and HA- AIS lengths for WT and the three clickable mutants (pwr = 0.206,
pksiotac = 0.265 preostac = 1.000, and pkesotac = 0.605; number (n) of analyzed AIS: nwt Ha+ = 18, nwt Ha- = 41, Nks19TAG
Ha+ = 11, Nk519TAG HA- = 25, Nke0aTaG HA+ = 10, Nke04TAG HA-= 9, NkesoTAG HA+ = 18, and nkesotac HA- = 23). The details of the
statistical analysis are provided in Appendix Table 3 and Material and methods. d: The representative image shows a
living neuron expressing NF186K680TAC.HA |abeled with ATTO488-tz. The Z-stack images are shown as maximum
intensity projections. Scale bars: 10 um (a, b, and d). The results shown in the figure were published in”>.

Since the overexpression of neither of the three NF186™-HA amber mutants affected the
AIS structure, | used additional criteria to select the best one. To this end, | estimated the UAA
incorporation rate for NF186KK519TAG-HA  NF186K680TAC-HA  and NF186K604TAG-HA using an iPASS
(identification of permissive amber sites for suppression) tool 224, This tool allowed me to calculate
the iPASS score that positively correlates with the UAA incorporation efficiency. This means the
iPASS score can predict at which positions the UAAs will be incorporated the most efficiently. The
calculated iPASS score for NF186K680TAG.HA was the highest (1.83), followed by the
NF186K604TAG_HA (1.63) and NF186K51°TAG-HA (1.61). Therefore, the iPASS tool predicted that the
UAA should be the most efficiently incorporated into NF186X68°TAG  |n line with the iPASS
prediction of the highly-efficient GCE, the NF186K68°TAGC-HA amber mutant also showed bright click
labeling in most neurons. Due to these reasons, | identified the K6B0TAG mutant to be the best-
performing out of the 3 TAG amber mutants that were measured. Hence, | used K680TAG amber
mutant in further experiments. Afterwards, | demonstrated that, in addition to fixed-cell imaging,
NF186X680TAG_.HA could be imaged in living neurons (Fig. 16d).

4.3. Genetic code expansion and click labeling of Nay1.6 in primary neurons

The results described in section 4.3a—c were published in Stajkovi¢ et al. "Direct
fluorescent labeling of NF186 and Nayl. 6 in living primary neurons using bioorthogonal click
chemistry." bioRxiv (2022)7°. The electrophysiological recordings described in sections 4.3b and

c were performed in collaboration with the laboratory of Prof. Dr. Lerche. My contribution includes
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the Nayv1.6 mutagenesis, transfection, and cell preparation for the electrophysiological recordings.
Whole-cell patch clamp recordings of neuronal cell lines expressing recombinant Nay1.6-HA and
the data analysis (section 4.3.b) were performed by Dr. Yuanyuan Liu, a member of the laboratory
of Prof. Dr. Lerche. This section briefly summarizes the results of the electrophysiological
recordings of the Nayl.6K1546TAG.HA published in?. Electrophysiological recordings of
loss-of-function (LOF) variants in N1E-115-1 cells were performed by the laboratory members of
Prof. Dr. Holger Lerche: Dr. Yuanyuan Liu, Hang Lyu, and Nan Zhang (section 4.3.c). These

results were also published in>.

After optimizing the conditions for the transfection and click labeling of transmembrane
AIS component NF186, | attempted to apply the same approach for the click labeling of Nay1.6 in
primary neurons. Similarly to NF186, | introduced an HA tag to the C terminus of Nay1.6WT/TAG
(Scheme 3. and 6b). The C-terminal HA tag ensured that only the full-length Nay1.6-HA was
detected with an anti-HA antibody. Unlike EGFP, the anti-HA primary antibody in combination
with AF555 or AF647-conjugated secondary antibodies allowed me to use clickable ATTO488-tz
dye that formed fewer dye accumulations than the AF647-tz. Before attempting to click label
Nay1.6 in primary neurons, | validated the functionality of the new Nay1.6WTTAG-HA constructs in

neuronal cell lines.
a) Validation of new Nay1.6-HA constructs in neuronal cell lines

To confirm that the full-length Nay1.6-HA proteins were expressed on the membrane of
neuronal cell lines, | co-transfected ND7/23 or N1E-115-1 with an improved codon-optimized
NES PyIRSAFtRNAPY, Nay1.6WTTAG-HA and mB1 and mB2 auxiliary subunits (Scheme 6b and c).
| used the WT cell lines because it seemed that the quality of 132 stable cells was lower after
the transfection (cells had slightly changed morphology and their survival rate seemed lower).
Transfected cells were click labeled with ATTO488-tz after two days, fixed, and immunostained
with anti-HA antibody. Confocal microscopy showed that WT and both amber mutants
(K1425TAG and K1546 TAG) were expressed in ND7/23 and N1E-115-1 cells (Fig. 17). In ND7/23
cells, Nay1.6"T-HA remained mainly in the cytoplasm while a low Nay1.6"WT-HA signal was

detected on the cell membrane (Fig. 17a and b). Consistently with the results obtained with
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Nav1.6-GFP (Fig. 1), Nay1.6WT-HA surface expression was higher in N1E-115-1 than in the
ND7/23 (Fig. 17a and b).

a Nav1.6%T-HA + NES PyIRSA*/U6-tRNAP b
ND7/23 cells N1E-115-1 cells

v

ND/23 N1E-115-1
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v ND/23 N1E-115-1 ¥

0 no UAA

ND7/23 cells
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N1E-115-1 cells

Anti-HA ‘ab ATTO488-tz . L s ATTO488-tz
Figure 17. Validation of Nav1.6-HA plasmids in neuronal cell lines. N1E-115-1 or ND7/23 cells were co-transfected
with codon-optimized NES PylRSAF/U6-tRNAPY, mB1 and mB2 auxiliary subunits, and Nav1.6"WTTAC-HA using a
Lipofectamine 3000 reagent. Transfected cells were incubated with or without the unnatural amino acid TCO*A-Lys.
Two days after transfection, cells were click labeled with ATTO488-tz, fixed, immunostained with anti-HA antibody, and
imaged with confocal microscopy. a: The Nav1l.6"T-HA was expressed independently of the TCO*A-Lys in both
neuronal cell lines. In ND7/23 cells, Nav1.6"WT-HA frequently remained in the cytosol (red asterisks), while a low signal
was observed on the cell surface. On the contrary, in N1E-115-1 cells, Nav1.6WT-HA was mainly detected on the cell

surface. b: The graphs show the normalized line profile fluorescence intensity measurements for Nav1.6"WT-HA signals
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in the cytosol and cell surface. The measurements were performed in ND7/23 and N1E-115-1 cells (pink line and blue
lines, respectively) shown in a. The blue and magenta lines indicate cells and regions of the cells used for the line
profile measurements. The line profiles were determined for cells incubated with (upper graph) or without (lower graph)
TCO*A-Lys after the transfection. The black arrows in the graphs indicate the membrane Nav1.6"WT-HA signal. c: Click
labeling of the ND7/23 and N1E-115-1 cells expressing Nay1.6K425TAC-HA with ATTO488-tz dye was unsuccessful due
to the insufficient expression of the channels on the cell surface. d: Click labeling of the ND7/23 and N1E-115-1 cells
expressing Nav1.6K1546TAG_HA with ATTO488-tz dye was unsuccessful due to the insufficient expression of the channels
on the cell surface. Scale bars: 20 um (a, ¢, and d). The results shown in the figure (a—upper panels, b—upper graph,

¢, and d) were published in’®.

Similar to what | observed in experiments involving Nay1.6-P2A-GFP (Fig. 3b and 4b),
the expression levels of Nayl.6-HA amber mutants were lower than the WT (Fig. 17c). Click
labeling of new Nay1.6™C-HA constructs in neuronal cell lines was unsuccessful most likely due
to the insufficient channel expression on the membrane (Fig. 17c). Therefore, | set out to click
label Nay1.6™CG-HA in primary neurons. In parallel with click labeling and microscopy, the
electrophysiological recordings of new Nay1.6Y371¢-HA plasmids expressed in neuronal cell lines
were repeated. However, in the meantime, | found out that the click labeling of K1546TAG in
neurons is brighter than the labeling of K1425TAG. Therefore, only the K1546TAG amber mutant
was re-measured with the whole-cell patch clamp (this will be discussed in detail in the following

section).
b) The selection of the most optimal new clickable Nay1.6™¢-HA amber mutants

After validating new Nayl.6-HA plasmids in neuronal cell lines, | attempted click labeling
of sodium channels in primary neurons (Fig. 18). | co-transfected rat cortical neurons at DIV 8
with an improved codon-optimized NES PylIRSAFtRNAPY and Nay1.6WTTAG-HA in the presence or
absence of TCO*A-Lys (Scheme 6b). Four days after the transfection, neurons were click labeled
with ATTO488-tz (Fig. 18a), fixed, and immunostained with an anti-HA antibody (Fig. 18b and c).
Alternatively, living neurons were imaged immediately upon click labeling (Fig. 18c, right panels).
Confocal microscopy showed that WT and both clickable TAG Nay1.6-HA were expressed in the
AIS. Both amber mutants were click labeled with ATTO488-tz, albeit the expression level and the
labeling efficiency of K1425TAG were lower than the K1546TAG. Live imaging of click-labeled
neurons was also successful. However, since the quality of Nay1.6X425TAG-HA click labeling was
low, | had difficulties identifying living neurons that expressed this mutant. Expectedly, only WT
Nay1.6-HA was expressed in the absence of TCO*A-Lys, while amber mutants were not (Fig. 19).
The click labeling was not detected in WT or amber mutant-transfected neurons in the absence
of the UAAs (Fig. 19).
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Figure 18. GCE and click labeling of Navl1.6™C-HA in primary neurons. a: A scheme depicting labeling of
mNav1.6X1546TAG amber mutant with ATTO488-tz via bioorthogonal SPIEDAC click reaction. The structure of mNav1.6
was generated in AlphaFold Protein Structure Database?%22?5% and modified in BioRender.com. b—c: Rat cortical
neurons were co-transfected on DIV 8 with codon-optimized NES PylRSAF/UG-tRNAPY' and Nav1.6WTTAG-HA using a
Lipofectamine 2000 transfection reagent. The transfected neurons were incubated with the unnatural amino acid
TCO*A-Lys. Four days after the transfection, cells were click labeled with ATTO488-tz, fixed, immunostained with
anti-HA antibody, and imaged with confocal microscopy. Alternatively, living neurons were imaged immediately upon
click labeling with confocal microscopy (right panels in c). b: Rat cortical neurons co-expressing Nav1.6"T-HA and the
orthogonal translational machinery. The confocal images are shown as single planes. c¢: Both Nav1.6™G-HA amber
mutants (K1425TAG and K1546TAG) were successfully expressed and click labeled with ATTO488-tz in fixed and
living neurons. The K1546TAG amber mutant was expressed at a higher level and exhibited brighter click labeling than
the K1425TAG. The Z-stack images are shown as maximum intensity projections. The brightness and contrast of the
panels showing the HA channel were linearly adjusted to show the 0—20,000 display range, as indicated by the look-up
table (LUT) intensity scale bars. LUT intensity scale bars show the minimum and maximum grey values. The brightness
and contrast of the panels showing the click channels were also linearly adjusted to show the 100-3100 display ranges
(LUT scale bars were shown). Scale bars: 10 um. The panels in b and ¢ (except for the panel showing a living neuron

expressing K1425TAG) were published in”®.
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Figure 19. The Nav1.6™€-HA amber mutants are not expressed and click labeled without the unnatural amino
acid TCO*A-Lys in primary neurons. Rat cortical neurons were co-transfected on DIV 8 with codon-optimized
NES PyIRSAF/U6-tRNAPY" and Nav1.6WTTAG-HA using a Lipofectamine 2000 transfection reagent. The transfected
neurons were incubated without the unnatural amino acid TCO*A-Lys. Four days after the transfection, cells were click
labeled with ATTO488-tz, fixed, immunostained with anti-HA antibody, and imaged with confocal microscopy. As
expected, only Nav1.6"WT-HA was expressed in the absence of TCO*A-Lys, while click labeling was absent in all the

conditions. Scale bars: 10 um. The single plane confocal images shown in the figure were published in’®.

Since the initial electrophysiological recordings showed that the biophysical properties
(e.g., fast inactivation) of the K1425TAG were more similar to WT than the ones of K1546TAG, |
attempted to increase its GCE efficiency. To this aim, | probed a plasmid that contained four
copies of improved orthogonal tRNAM (Scheme 6b, Fig. 20)*! and alternative transfection
reagents (Fig. 21). | also tested two additional amber mutants, Nay1.6X675TAG and Nav1.6K1224TAG
(Fig. 22). To test the improved orthogonal tRNAMS, | co-transfected, click labeled (fixed and
immunostained for fixed-cell imaging), and imaged rat cortical neurons as described above. The

difference was that | used a plasmid containing codon-optimized NES PylRSA" and 4xtRNAMS
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(NES PyIRSAF/AxtRNAMS; Fig. 20)%7241, Confocal microscopy of fixed and living neurons showed

no apparent improvement in click labeling efficiency compared to tRNAPY (Fig. 18c).

Nav1.6™€-HA + NES PyIRSAF/4xtRNAM'™ + TCO*A-Lys
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Figure 20. The orthogonal tRNAM!S does not improve expression and click labeling of the Nav1.6™¢-HA amber
mutants in primary neurons. Rat cortical neurons were co-transfected on DIV 8 with codon-optimized
NES PyIRSAF/4xU6-tRNAMYS and one of the Navl.6™G-HA amber mutants (K1425TAG or K1546TAG) using
Lipofectamine 2000 transfection reagent. The transfected neurons were incubated with the unnatural amino acid
TCO*A-Lys. Four days after the transfection, cells were click labeled with ATTO488-tz, fixed, immunostained with an
anti-HA antibody, and imaged with confocal microscopy. Alternatively, living neurons were imaged immediately upon
click labeling with confocal microscopy (right panels). The representative images show that both Nav1.6™¢-HA amber
mutants (K1425TAG and K1546TAG) were successfully expressed and click labeled with ATTO488-tz. However,
4xUB-tRNAMIS did not seem to improve the expression and click labeling efficiency of Nav1.6™¢-HA compared to
U6B-tRNAPY., The Z-stack images are shown as maximum intensity projections. For comparison of 4xU6-tRNAMS and
UB-tRNAPY, the brightness and the contrast of the panels showing the HA channel were linearly adjusted to show the
same display range (0—20,000) as shown in Figure 18 [as indicated by the look-up table (LUT) intensity scale bars].
The LUT intensity scale bars show the minimum and maximum grey values. The brightness and contrast of the panels
showing the click channels were also linearly adjusted to show the 100-3100 display ranges (as in Figure 18). The

scale bars: 10 um.

Next, | tested Lipofectamine 3000 transfection reagent, which had been reported to
improve transfection efficiency compared to Lipofectamine 2000254, | also observed slightly higher
expression when Lipofectamine 3000 was used for transfection in neuronal cell lines. Therefore,
| transfected rat cortical neurons with codon-optimized NES PyIRSAF/tRNAPY and Nav1.6™C-HA,
click labeled, and immunostained in the same way as for Lipofectamine 2000. | tested different

protocols and different ratios of DNA to Lipofectamine 3000 reagent. Confocal microscopy
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showed that the manufacturer’s Lipofectamine 3000 transfection protocol worked the best (details
are provided in Materials and methods), resulting in the improved expression and bright click
labeling of the amber mutants (Fig. 21). However, when Lipofectamine 3000 was used, |
observed fewer neurons expressing Nay1.6™¢-HA compared to Lipofectamine 2000 transfection
(~5 vs. ~16 neurons per eight-well Lab-Tek Il chambered cover glasses, respectively). Despite
the improved expression level of the amber mutant in individual neurons, providing enough AIS
for quantitative analysis and live cell imaging studies was challenging due to the low number of

transfected neurons.

Nav1.6™C-HA + NES PyIRSAF/U6-tRNAPY' + TCO*A-Lys

K1425TAG

Anti-HA "ab ATTOA488-tz

K1546TAG

Anti-HA “ab ATTO488-tz

Figure 21. Optimizing the expression and click labeling of Nav1.6™C-HA amber mutants in primary neurons
with Lipofectamine 3000 transfection reagent. Rat cortical neurons were co-transfected on DIV 8 with
codon-optimized NES PyIRSAF/U6-tRNAPY' and one of the Nav1.6™G-HA amber mutants (K1425TAG or K1546TAG)
using an alternative Lipofectamine 3000 transfection reagent. The transfected neurons were incubated with the
unnatural amino acid TCO*A-Lys. Four days after the transfection, cells were click labeled with ATTO488-tz, fixed,
immunostained with anti-HA antibody, and imaged with confocal microscopy. The representative images show that
Lipofectamine 3000 improved the expression and click labeling of Nav1.6™C-HA amber mutants (K1425TAG and
K1546TAG). The Z-stack images are shown as maximum intensity projections. The brightness and the contrast of the
panels showing the HA channel were linearly adjusted to show the (0—40,000) display range, as indicated by the look-up
table (LUT) intensity scale bars. The LUT intensity scale bars show the minimum and maximum grey values. The

brightness and contrast of the panels showing the click channels were also linearly adjusted to show the 100-3100
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display ranges (as in Figure 18; LUTs are not shown). Scale bars: 10 um. The panels showing Nay1.6K1425TAG.HA were

published in™.

Finally, 1 attempted click labeling of two Nayl.6-HA amber mutants (K1224TAG and
K1675TAG), which showed more robust expression in cell lines than the other spare amber
mutants (R914TAG, K1675TAG, and K1731TAG; Scheme 3). | transfected DIV 8 rat cortical
neurons with Lipofectamine 2000, click labeled, and immunostained them as described for
K1546TAG and K1425TAG. Confocal microscopy showed that few neurons expressed
Nay1.6X1224TAG-HA 'while | found no neurons that expressed Navl1.6K1675TAG-HA,

Nav1.6X1224TAG_HA + NES PyIRSAF/UG-tRNAPY' + TCO*A-Lys

Anti-HA ‘ab ATTO488-tz

Figure 22. GCE and click labeling of the additional Nay1.6K1??4TAG.HA amber mutant in primary neurons. Rat
cortical neurons were co-transfected on DIV 8 with codon-optimized NES PyIRSAF/U6-tRNAPY and Nay1.6K1224TAG.HA
amber mutant using Lipofectamine 2000 transfection reagent. The transfected neurons were incubated with the
unnatural amino acid TCO*A-Lys. Four days after the transfection, cells were click labeled with ATTO488-tz, fixed,
immunostained with anti-HA antibody, and imaged with confocal microscopy. The representative images show that
click labeling of Nay1.6K1224TAG.HA amber mutant was successful. The Z-stack images are shown as maximum intensity
projections. The brightness and the contrast of the panel showing the HA channel were linearly adjusted to show the
same display range (0—20,000) as shown in Figure 18 [as indicated by the look-up table (LUT) intensity scale bars].
The LUT intensity scale bars show the minimum and maximum grey values. The brightness and contrast of the panels
showing the click channels were also linearly adjusted to show the 100-3100 display ranges (as in Figure 18; LUT is

not shown). Scale bars: 10 um.

Since click labeling of Nav1.6K224TAG.HA was pale, | did not test this mutant further
(Fig. 22). Instead, | sought alternative ways to improve expression levels of amber mutants and
their labeling efficiency (particularly K1425TAG). To this aim, | used viral-based vectors to deliver
orthogonal translational machinery to primary neurons. Details on the viral vectors are described

in Sections 4.4a and b.
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After demonstrating that click labeling of Nay1.6-HA in primary neurons was possible, |
wanted to assess whether the TCO*A-Lys incorporation and the overexpression of recombinant
Nav1.6 affected the AIS structure (Fig. 23a). For the AIS quantitative analysis, neurons were
transfected, click labeled, and immunostained with anti-HA and anti-ankG antibodies (details are
provided in Materials and Methods; Fig. 23b). Similarly to NF186, | compared the AIS length of
the neurons expressing Nay1.6™¢-HA to the AIS length of the surrounding untransfected neurons
by using a custom-written MATLAB script®4248, The anti-HA antibody was used to identify neurons
that expressed Nay1.6™C-HA [HA positive (+)], while the anti-ankG was used to identify total AIS
[HA+ and HA negative (-)]. Contrary to the NF186, | measured only the AIS length of the neurons
expressing amber mutants, as | observed no mislocalization of Nav1.6"WT-HA. Quantitative
measurements of the AIS showed that its length was not significantly affected by the
overexpression of recombinant Nay1.6™¢-HA (Fig. 23b, Appendix Table 4).
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Figure 23. The TCO*A-Lys incorporation and the overexpression of Nav1.6™C-HA in primary neurons do not
alter the AIS structure. a: A schematic representation of the cultured primary neuron with annotated AlS. b: Rat
cortical neurons were co-transfected on DIV 8 with codon-optimized NES PyIRSAF/U6-tRNAPY and one of the
Nav1.6™CG-HA amber mutant (K1425TAG and K1546TAG) using Lipofectamine 2000 transfection reagent. The
transfected neurons were incubated with the unnatural amino acid TCO*A-Lys. Four days after the transfection, cells
were click labeled with ATTO488-tz, fixed, immunostained with anti-HA and anti-ankG antibodies, and imaged with
confocal microscopy. The representative images show co-localization of the recombinant Nav1.6™C¢-HA (anti-HA
immunostaining) with AIS marker ankG (anti-ankG immunostaining). As expected, the localization of recombinant
Navl1.6 was more robust in the distal AlS. The Z-stack images are shown as maximum intensity projections. Scale bars:
10 um. The graph shows the distribution of the AIS lengths measured in the confocal images of the anti-ankG
immunostained neurons expressing either Nay1.6K1425TAG.HA or Nayl1.6X1546TAG.HA (HA+) and corresponding
surrounding untransfected cells (HA-). The box plots indicate the median (the black lines inside the box), the 25" and
75™ percentiles (the box boundaries), and the single data points (the dots). The minimum and maximum data points
define the whiskers' lengths. One-way ANOVA with Tukey posthoc did not show significant differences between the
HA+ and HA- AIS lengths (pkiazstac = 0.124, pkissstac = 0.136; number (n) of analyzed cells: nkiszstac Ha+ = 18,

Nk1425TAG HA- = 34, Nkisa6TAG HA+ = 15, and nkisseTac HA- = 22). The details of the statistical analysis are shown in
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Appendix Table 4. and the Materials and methods. The scheme (a) was generated in Biorender.com.The results shown
in figure (b) were published in™.

| then attempted to assess if the overexpression of recombinant Nay1.6™¢-HA changed
the number of sodium channels in transfected neurons compared to untransfected ones by
measuring Nay1.6 fluorescence intensity. To this aim, | transfected neurons with Nay1.6™¢-HA
and immunostained them with anti-HA and anti-Nay1.6 antibodies. The anti-HA antibody was
used to identify neurons that expressed Nay1.6™C-HA (HA+), while anti-Nay1.6 was used to
identify the total population of 1.6 sodium channel isoform. However, due to the very low
anti-Nay1.6 signal, | could not acquire a sufficient number of bright neurons that could be used
for quantitative measurements of the AIS fluorescence intensity.

Finally, | wanted to validate the functionality of the new Nay1.6™¢-HA constructs (Fig. 24).
Since Nav1.6K1546TAG.HA click labeling in neurons was brighter than the Nav1.6K425TAG-HA | the
biophysical parameters of this mutant were assessed. To this aim, | co-transfected N1E-115-1WT
cells with codon-optimized NES PyIRSAF/tRNAPY, TTXr versions of Nayl1.6WT/KIS46TAG, YSTIC.HA|
and with a plasmid that bore mf31, mB2 and mGFP genes (Scheme 6b and c). The mGFP was
used to identify cells expressing mpB1 and mp2. TTX ensured that only Na* currents originating
from recombinant Nay1.6 would be recorded. The electrophysiological recordings detected a
small significant shift (~2.8 mV) in the inactivation curve of the K1546TAG amber mutant
compared to the WT (Fig. 24c, Appendix Table 5). Since this difference was smaller than the
one observed for P2A-EGFP constructs (~5.6 mV) and click labeling of K1546TAG was bright, it

was possible to use this amber mutant in further experiments.

| then attempted to further improve Nay1.6X%46TAG click labeling in neurons by testing
alternative, more stable UAAs, such as endo-BCN-Lys?%®> and TCO4en/eq-Lys'%® (Fig. 25).
Confocal microscopy revealed that both UAAs were successfully incorporated into Nav1.6K1546TAG,
Likewise, both UAAs were successfully click-labeled with ATTO488-tz (Fig. 25). However, neither
of those two seemed to be better than the TCO*A-Lys. The endo-BCN-Lys produced frequent
somatic background (Fig. 25a). When TCO4en/eqg-Lys was used, only a few neurons expressing
Nayl.6™¢ were detected (Fig.25b) probably due to the incompatibility of the
NES PyIRSAFtRNAPY with this UAA.
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Figure 24. Biophysical characterization of Nay1.6X*%46TAG.HA in N1E-115-1 cell line. Neuronal N1E-115-1 cell line
was co-transfected with codon-optimized NES PylIRSAF/U6-tRNAPY, multigene containing mB1, mB2, and mGFP, and
TTX-resistant Y371C versions of Nav1.6-HA WT or K1546TAG amber mutant using Lipofectamine 3000 transfection
reagent. Transfected cells were incubated in the presence of the unnatural amino acid TCO*-Lys for two days.
Afterwards, cells were re-seeded and recorded via whole-cell patch clamp. a: Representative Na* current traces
obtained from N1E-115-1 cells that expressed either Nay1.6WT Y371C-HA (black) or Nay1.6Xt546TAC. Y37IC.HA (red). Peak
Na* current densities normalized by the cell capacitance were plotted versus voltage (nwt = 20 and nkis4etac = 18).
b: Voltage-dependence of the activation (nwr = 20 and nkissstac = 18). c: Voltage-dependence of the fast inactivation
(nwt =20 and nkissetac = 17). The KI1546TAG amber mutation caused a significant depolarizing shift of
voltage-dependent fast inactivation. The lines represent the Boltzmann functions fit to the data points (b, c). d: Time
course of recovery from fast inactivation at -100 mV (nwr = 20 and nkissstac = 18). The K1546TAG amber mutation
significantly accelerated the recovery from fast inactivation. e: Voltage dependence of the major time constant of fast
inactivation th. K15646TAG amber mutation significantly delayed the transition from activation to fast inactivation.
f: Voltage dependence of the persistent current (Iss/lpeak). g: Entry into slow inactivation. The lines represent fits of a
first-order exponential function to the data points. Mean + SEMs are shown. Further details on the statistical analysis

are provided in Appendix Table 5 and Materials and methods. The results shown in the figure were published in®.
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Figure 25. The alternative unnatural amino acids provide a successful GCE and click labeling of the

Nay1.6K1546TAG.HA in primary neurons. Rat cortical neurons were co-transfected on DIV 8 with codon-optimized
NES PyIRSAF/UB-tRNAPY and Nav1.6K1546TAG.HA amber mutant using Lipofectamine 2000 transfection reagent. The

transfected neurons were incubated with unnatural amino acid endo-BCN-Lys (a) or TCO4en/eq-Lys (b). Four days

after the transfection, cells were click labeled with ATTO488-tz, fixed, immunostained with anti-HA antibody, and

imaged with confocal microscopy. a: The representative images show that click labeling of incorporated endo-BCN-Lys

was successful, albeit there was a frequent background in the soma (indicated by a green asterisk). b: The

representative images show that click labeling of incorporated TCO4en/eq-Lys was successful. However, there were

only a few HA+ and click-labeled neurons. The Z-stack images are shown as maximum intensity projections. Scale

bars: 10 ym.
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c) Application of click labeling for localization studies of pathogenic Nay1.6 variants

After | successfully established Nay1.6™C-HA click labeling in neurons and confirmed the
functionality of the K1546TAG amber mutant by whole-cell patch clamp, | wanted to demonstrate
the applicability of this approach for localization studies of pathogenic Nay1.6 variants. Recently,
new generalized epilepsy-causing mutations of the human (h)SCN8A gene (I11654N and T1787P)
have been reported?®®. Both mutations showed a loss-of-function effect (LOF), i.e., they caused
loss of Na* currents in neuronal cell lines and altered firing in mouse hippocampal neurons.
However, due to a lack of suitable labeling approaches, it remains elusive if the LOF effect was
caused by reduced expression of mutated channels on the neuronal surface or impaired function
of the Nay1.6. To answer this question, | used click labeling to study the localization of LOF Nay1.6

variants.

To use the click labeling to study the localization of LOF variants, | introduced LOF
mutations that corresponded to the ones described for the hSCN8A (11652N and T1785P) into
clickable mSCNB8AKS6TAG, Y371C, gnd mSCNB8AKI425TAG, Y371C genes. Before starting the microscopy
studies, | wanted to confirm that these mutations had an equivalent LOF effect on the mouse
Nayl1.6 to the one they have on the human Nay1.6. Hence, | co-transfected N1E-115-1WT cells
with codon-optimized NES PylIRSAFtRNAPY, control (TAG-only) or LOF (TAG and pathogenic
mutation) Na,1.6"37*¢-HA plasmids, and multigene construct containing mGFP, 31, and B2 genes.
The whole-cell patch clamp recordings of Nay1.6 currents in N1E-115-1WT cells confirmed that
both LOF variants caused a significant reduction of Na* currents compared to the control
(Fig. 26a and b, Appendix Table 6). Therefore, | could use these plasmids for localization

studies.

To study the localization of LOF Nayl.6-HA variants, | then co-transfected mouse
hippocampal neurons at DIV 7-8 with NES PyIRSATtRNAPY and control (TAG-only), or LOF
Na,1.6K1546TAG, Y37IC_HA plasmids. Four days later, | click labeled neurons with ATTO488-tz and
immunostained them with an anti-HA antibody. Click labeling allowed the detection of the
Nayv1l.6-HA membrane population, while anti-HA immunostaining was used to detect the total
Nayl.6-HA population (cytosolic and membrane Nayl1.6-HA). Surprisingly, confocal microscopy
revealed that both LOF variants were expressed on the neuronal surface despite almost complete
loss of Na* currents in N1E-115-1WT cells (Fig. 26c¢). | further confirmed microscopy results by
measuring the AIS fluorescence intensity of the ATTO488-tz and HA signal in neurons expressing
control of LOF variants. The quantitative analysis showed no significant difference in the AIS

fluorescence between control and LOF variants (Fig. 26d).
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Figure 26. The localization study of click-labeled Nay1.6™C-HA pathogenic variants in primary neurons. a—b:
N1E-115-1 cells were co-transfected with codon-optimized NES PyIRSAF/UG-tRNAPY!, a plasmid containing mB1, mB2,
and mGFP, and TTX-resistant clickable Nav1.6™¢ YSTIC.HA (with or without loss-of-function mutations) using

Lipofectamine 3000 transfection reagent. Transfected cells were incubated in the presence of the unnatural amino acid
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TCO*-Lys for two days. Afterwards, cells were re-seeded and recorded with a whole-cell patch clamp. a: Representative
Na* current traces obtained from N1E-115-1 cells expressing either control—Nay1.6K1425TAGYS7IC.HA (red) or one of the
loss-of-function (LOF) variants—Nay1.6K1425TAG, Y371C, 11652N_HA (blue) or Nay1.6K1425TAG, Y371C, TI78P_ HA (purple). Both
LOF pathogenic mutations significantly reduced the peak Na* current density of clickable Nav1.6 compared to the
control  (Nav1.6X1425TAG, YSTIC.HA: .72 9 + 16.4 pA/pF, n =11;  Nay1.6K1425TAGYSTICIES2N.HA: 12,3 + 5.0 pA/pF,
n =8, p=0.0015; Nay1.6K425TAG.YSTICTIT8P. HA: .12 7 + 4.4 pA/pF, n = 12, p = 0.0006; ANOVA on ranks with Dunn's
posthoc test). b: Representative Na* current traces obtained from N1E-115-1 cells that expressed either control—
Nay1.6K1546TAG YSTIC.HA (red) or one of the LOF variants—Nay1.6K1546TAG YS71C I1652N_HA (blue) or Nayl.6K1546TAG YS71C
TI785P_HA (purple). Both LOF pathogenic mutations significantly reduced the peak Na* current density of clickable
Navl.6 compared to the control (Nayl.6KIS46TAG. YSTIC-HA: -125.1 + 34.8 pA/pF, n=13; Nayl.6K!546TAG, Y371
652N HA: -18.7 + 6.3 pA/pF, n=8, p =0.0018; Nayl.6KI546TAGYSTICTIT8P HA: 154 + 2.0 pA/pF, n=8, p =0.0014;
ANOVA on ranks with Dunn's posthoc test). Mean + SEMs are shown (a, b). ¢: The representative images show DIV 12
mouse hippocampal neurons expressing either control—Nay1.6K1546TAG YSTIC.HA or one of the LOF pathogenic
variants—Nay1.6K1546TAG YS7TICI1652N.HA or Nay1.6K1546TAG YS7TICTIT85P. HA  For days after transfection, neurons were click
labeled with ATTO488-tz, fixed, immunostained with anti-HA antibody, and imaged with confocal microscopy. Both LOF
pathogenic variants were present at the AIS of mouse hippocampal neurons. d: Distribution of the ATTO488-tz (left
graph) or anti-HA (right graph) fluorescence intensity measured in confocal images of click-labeled and anti-HA
immunostained mouse hippocampal neurons expressing either control—Nay1.6X!546TAG Y37IC.HA (red) or one of the
LOF pathogenic variants—Nay1.6K1546TAG Y371C I1652N_H A (blue) or Nay1.6X1546TAG YS7TIC TI785P_HA (purple). The box plots
indicate the median (the black lines inside the box), the 25" and 75" percentiles (the box boundaries), the single data
points (the dots), and the outliers (the yellow dots). The minimum and maximum data points define the lengths of the
whiskers. The non-parametric Kruskal-Wallis test did not show any significant differences between the control and the
LOFs measured in click or HA channel (pattoass-tz = 0.324; panti-Ha = 0.190; Nk1546TAG, Y371C = 29, NK1546TAG, Y371C,11652N = 24
and nkisa6TaG va7ic T178sp = 26). The Z-stack images are shown as maximum intensity projection (c). The scale bars:
10 um (c). Details on the statistical analysis (d) are provided in Appendix Table 6 and Materials and Methods. The

results shown in the figure were published in’®.

4.4, Strategies to improve genetic code expansion and click labeling efficiency

in neurons

The results described in section 4.4b (except for the quantitative analysis of
GFPY39TA6/mCherry ratio in primary neurons) were published in Stajkovic¢ et al. "Direct fluorescent
labeling of NF186 and Nayl.6 in living primary neurons using bioorthogonal click chemistry."
bioRxiv (2022)7. The AAVs described in this section were generated by Ning Meng, a Ph.D.
candidate in the laboratory of Prof. Dr. Dirk Grimm. | performed all the experiments that included
AAVs. | also analyzed all the data except for the quantitative analysis of the GFPY29TA6/mCherry
ratio in primary neurons. This analysis was carried out by Aleksandra Arsi¢, a member of Dr. lvana

Niki¢-Spiegel's laboratory.
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After successfully establishing the click labeling of the AIS components, | aimed to further
increase the efficiency of GCE and click labeling in neurons. To this aim, | probed different
viral-vectors to efficiently deliver orthogonal translational machinery elements and amber mutants
to neurons. | tested a commercially available, baculovirus-based system for gene delivery,
MultiBacMam?33, and AAV-based viral vectors. In addition, | tried to optimize the expression levels
of orthogonal tRNA and NES PylRSAF,

a) MultiBacMam system

To test MultiBacMam suitability for the delivery of the GCE components to the neurons, |
first established the insect cell culture. | chose Spodoptera frugiperda (Sf)21 cells as a model
system since they are commonly used for the production of recombinant MultiBacMam
baculoviruses?33243, | tested different conditions for insect cell propagation (e.g., adherent vs.
suspension culture and plastic flasks vs. glass flasks). Growing Sf21 cells in suspension in glass
flasks provided the most optimal conditions for insect cell proliferation. Plastic flasks were
unsuitable since Sf21 cells adhered firmly to the bottom of the dish and could not be efficiently
detached.

Before starting baculovirus production, | inserted GOls into the engineered baculovirus
genome—bacmid (DH10EMBacVSV; Schemes 8 and 9a). To this end, | cloned genes encoding
the GCE elements and amber mutant into transfer vectors (donors and acceptor) provided with a
commercial MultiBacMam™ kit (Scheme 8). For the optimization of the baculovirus production, |
cloned a dual fluorescent reporter consisting of nuclear localization sequence (NLS)-near-infrared
fluorescent protein (iRFP) fused to GFPY3TAG (NLS-iRFP-GFPY39™€) into a donor vector. The
codon-optimized NES PylRSAF/U6-tRNAPY was cloned into the acceptor vector. Donor and
acceptor vectors contained locus of X over P1 (loxP/Lox) sites that allowed me to combine GOls
into a multigene via Cre-Lox recombination (Scheme 8). The subsequent steps involved: the
selection of a multigene with the desired combination of genes, the multigene insertion into the
DH10MBacVSV genome via T7 transposition, bacmid selection by blue-white screening,
amplification, and isolation of the bacmid that carried GOls (Scheme 8; the details are provided

in Materials and Methods).
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Scheme 8. A general workflow of the MultiBacMam™ system. In the first step (1.), genes encoding amber mutant
and orthogonal translational machinery elements (or genes encoding any other proteins of interest) are cloned into
transfer vectors (donor and acceptors). The transfer vectors contain LoxP sites that allow the generation of large
multigene via Cre-Lox recombination (2.). The multigene containing the right combination of the genes is selected using
different combinations of antibiotics and special bacterial strains (pirt E. coli). The multigene is inserted into the
baculovirus genome via Tn7 transposition (4.). The successful transposition events are detected via blue-white
selection, and bacmids are amplified (5.). In order to generate baculoviruses, insect cells are transfected with the
bacmid (6.). Baculoviruses are further amplified, collected, and purified (7.). In the final step, mammalian cells are
transduced (8.) and analyzed (9.). The scheme was obtained and adapted from the MultiBacMam™ manual (Geneva
Biotech).

To produce baculoviruses (Scheme 9), | transfected Sf21 cells with the bacmid that
carried genes encoding the GCE elements (NES PylIRSAF and U6-tRNAPY) and amber mutant
(NLS-IRFP-GFPY3TAG) | determined optimal conditions for baculovirus production by seeding
different numbers of Sf21 cells and probing different transfection reagents (Cellfectin Il vs.
FuGene). The mCherry gene expressed under the control of an insect cell-specific promoter that
was present in the bacmid (Scheme 9a) allowed the detection of successfully transfected
[mCherry positive (+) cells] under an epifluorescent microscope (Scheme 9b). Approximately 48—
60 h after the transfection (before the cells reached confluence), | collected initial viral stock (VO

generation).

Afterwards, baculovirus was amplified by transducing Sf21 in suspension with VO
(V1 generation; Scheme 9b). The large amounts of baculoviral stocks were produced by
transducing Sf21 with V1 (V2 generation; Scheme 9b). In order to prevent the accumulation of
defective viruses, Sf21 cells had to be counted and split every day. | also followed the
fluorescence and morphology of the transduced cells under the microscope daily. The presence
of many large and swollen mCherry+ cells indicated that proliferation was about to arrest.
Furthermore, mCherry gave the medium pink color, allowing me to monitor the amplification of

the virus with the naked eye (Scheme 9b). The baculovirus amplification was followed by
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proliferation arrest. After the proliferation had been arrested, to avoid the production of defective
viruses, V1 and V2 viral stocks had to be collected after 48—60 h. Afterwards, V1 and V2 viral
stocks were filtered to remove cell debris.

mCherry

mini-attTn7

5
00
DO
@0

[olele]
Q00

Z.Sp*M_ A B _C

Tn7L LoXP CcMV Gm"Tn7R

MultiBacMam VO production V1 production V2 production

Scheme 9. The baculoviruses production via the MultiBacMam™ system. a: A schematic representation of a
MultiBacMam genome (bacmid). The bacmid (DH10EmBacVSV™) is engineered to contain the elements required to
successfully produce recombinant baculoviruses. The mCherry gene under insect cell-specific promoter facilitates the
detection of transduced Sf21 cells by giving the suspension culture pink color. The vesicular stomatitis virus (VSV)
glycoprotein increases the transduction efficiency of mammalian cells. Tn7L, Tn7R, and mini attTn7 elements allow
Tn7 transposition and multigene insertion into bacmid, while lacZ gene allows blue-white selection. The F replicon limits
the number of bacmid to one per cell. b: The baculovirus production and amplification. After the transfection of the Sf21
cells with bacmid in six-well plates, the successfully transduced cells are identified by estimating the mCherry
fluorescent signal, and VO is collected (1.). V1 generation is produced by the transduction of Sf21 cells in suspension
with VO (2.). After the cells stop dividing and the culture acquires pink color, V1 is collected and used to produce large
amounts of the baculovirus (V2 generation) (3.). After the V1-transduced cells stop dividing and the culture acquires
pink color, V2 is collected (4.). Afterwards, the virus titer can be determined (5.), or the virus can be concentrated by
ultracentrifugation (5.). The scheme was generated in BioRender.com. The scheme of the bacmid (a) was generated

based on the scheme available in the MultiBacMam™ manual (Geneva Biotech).

| observed that the time until the proliferation arrest of transduced Sf21 (V1 generation)
took 5-9 days and depended on the bacmid transfection efficiency (estimated by mCherry
fluorescence). The presence of a higher number of mCherry+ cells would result in faster
production of V1. The proliferation of V1-infected cells (V2 generation) usually took shorter (3-5
days) since V1 contains more infective particles than VO. In some instances, cells did not stop
dividing. The reason was usually the poor quality of Sf21 cells or the low quality of the VO or V1
viral stocks. Before carrying out experiments in mammalian cells, | assessed the functionality of
baculoviruses by transducing Sf21 cells with different amounts of the V2 virus and estimating the

number of mCherry+ cells and the overall appearance of the transduced cells.
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After generating the V2 viral stocks, | attempted to optimize transduction in standard
HEK293T and neuronal ND7/23 cell lines. To this end, | seeded cells in eight-well Lab-Tek I
chambered cover glasses. The following day, | transduced them by replacing the culturing
medium with the V2 virus that carried NES PylRSAF, U6-tRNAPY" and NLS-iRFP-GFPY3°TAC genes
in its genome. Since fetal bovine serum (FBS) could affect the binding of the virus, cells were
extensively washed in Opti-MEM Reduced serum media and phosphate-buffered saline (PBS)
before the transduction. To find optimal transduction conditions, | probed different amounts of V2
viral stock (300 pl, 600 pl, and 1000 ul) for the transduction and incubation with V2 at different
temperatures (RT vs. 37 °C). | also tested different times for the expression of amber mutant
(24 h, 48 h, and 72 h post-transduction). Approximately 4 h after the transduction, | exchanged
medium and added non-reactive unnatural amino acid, BOC-Lys. To improve transduction
efficiency and protein expression, | supplied cells with 3 mM sodium butyrate, following the

recommendation of the MultiBacMam™ kit manufacturer.

The widefield microscopy showed that cells were successfully transduced with the
baculovirus (estimated by the fluorescence of the iRFP that was expressed independently of the
UAAs and orthogonal translational machinery; Fig. 27a). However, the BOC-Lys incorporation
was unsuccessful since the GFPY3TACG signal was absent in all the conditions (data not shown).
By checking the iRFP fluorescence, | observed that the transduction efficiency was higher in
HEK?293T cells (Fig. 27a) than in the ND7/23 cells (Fig. 27b). The transduction efficiency was the
highest in the cells transduced at 37 °C and fixed at 48 h or 72 h upon transduction (Fig. 27a).
The higher amounts of virus resulted in a higher iRFP signal (600 ul and 1000 pl; Fig. 27a).
Hence, | conducted further experiments in HEK293T cells at 37 °C. | used 600 pl or 1000 pl of

the V2. The fluorescence signal was analyzed 48 h upon transduction.

Since | did not observe any GFPY37TAG signal, | wanted to determine if one of the GCE
components was deficient. To this end, before transduction, | transfected HEK293T cells with
either U6-tRNAPY or NES PylRSA" and compared those to the transduced-only cells. The widefield
microscopy revealed that tRNAPY was deficient since the robust GFPY3TAG signal was detected
only in the cells transfected with additional tRNAPY (Fig. 28a). Since | also determined that the

titer of the V2 stock was low (~4) | attempted to concentrate V2 by using Amicon centrifugal filter
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units?#4, However, widefield microscopy indicated that the Amicon-concentrated V2 did not

improve transduction efficiency (Fig. 28b).
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Unconcentrated baculovirus: iRFP-GFPY3°TAS-HA + NES PyIRSAF/U6-tRNA™' + BOC-Lys

Figure 27. Optimization of the transduction condition with baculoviruses in mammalian cell lines. Standard
HEK?293T and neuronal ND7/23 cell lines were transduced with different amounts of the unconcentrated baculovirus
carrying codon-optimized NES PylIRSAF/U6-tRNAPY and iRFP-GFPY3®TAG, The transduction was carried out at room
temperature (RT) or 37 °C. The unnatural amino acid BOC-Lys and 3 mM sodium butyrate were added upon
transduction. After 24 h, 48 h, or 72 h, cells were fixed and imaged with widefield microscopy. a: Comparison of different
transduction conditions with unconcentrated baculoviruses in HEK293T cells. The representative images show that the
highest iRFP signal was observed in cells transduced at 37 °C that were fixed 48 h or 72 h after the transduction.
b: Comparison of the different transduction conditions with baculoviruses in ND7/23 neuronal cell line. Representative

images show a low iRFP signal in a few ND7/23 cells. The brightness and the contrast were linearly adjusted to show
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the same display range (a: 100-3100; b: 0-1000), as indicated by the look-up table (LUT) intensity scale bars. The

LUT intensity scale bars show the minimum and maximum grey values. Scale bars: 20 um.

Baculovirus only + NES PyIRSA* + UB-tRNA™ + UB-tRNAY

Figure 28. Orthogonal tRNAPY' is a limiting component for the successful GCE in mammalian cells transduced
with baculoviruses. HEK293T cells were transfected with codon-optimized NES PylRSAF or U6-tRNAPY. Afterwards,

Unconcnetrated: iRFP-GFPY3°TAC_HA

+ NES PyIRSAF/U6-tRNAP + BOC-Lys
Amicon concentrated: iRFP-GFPY3°TAG_.HA

+ NES PyIRSAF/UB-tRNA™' + BOC-Lys

transfected or untransfected (control) cells were transduced with the unconcentrated (a) or amicon-concentrated (b)
baculovirus carrying codon-optimized NES PyIRSAF/U6-tRNAPY and iRFP-GFPY39TAG, The transduction was carried out
at 37 °C. The unnatural amino acid BOC-Lys and 3 mM sodium butyrate were added upon transduction. After 48h, the
cells were fixed and imaged with widefield microscopy. a: The representative images show that the GFPY3TAG sjgnall
was detected only when additional orthogonal tRNAPY was delivered via transfection. b: The representative images
show that the amicon-concentrated baculovirus did not improve the transduction efficiency. The brightness and contrast
of the images in a and b were linearly adjusted to show the same display range (iRFP: 100-3100, GFPY3°TAG; 0—
10,000), as indicated by the look-up table (LUT) intensity scale bars. The LUT intensity scale bars show the minimum

and maximum grey values. Scale bars: 20 um.

| next attempted to increase virus titer by concentrating V2 stocks with ultracentrifugation
at high speed (Scheme 9b) as described previously??7233, Afterwards, | transduced HEK293T
with different amounts of the concentrated virus (10 pl, 30 ul, 60 ul, and 120 pl). The widefield
microscopy showed that ultracentrifugation improved transduction efficiency as a more robust
iRFP signal was observed in cells transduced with concentrated V2 (Fig. 29a) compared to the
unconcentrated one (Fig. 27a). Occasionally, GFPY3TAG positive (+) cells were observed in cell
transduced with concentrated V2 (Fig. 29a). When cells transduced with concentrated V2 were
supplied with additional tRNAPY, robust iRFP and GFPY3°TAC signals were observed (Fig. 29b).
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Concentrated baculovirus: iRFP-GFPY3°TA6-HA + NES PyIRSAF/U6-tRNA™ + BOC-Lys

no U6-tRNAPY!

10 ul 30ul 10000 I
0

Concentrated baculovirus: iRFP-GFPY39™¢-HA + NES PyIRS*F/U6-tRNA™' + BOC-Lys

+ UB-tRNA

Figure 29. Concentrating baculoviruses with ultracentrifugation improves transduction efficiency but not GCE
efficiency. The HEK293T cells were transfected with U6-tRNAPY'. Afterwards, transfected or untransfected (control)
cells were transduced with different amounts of the baculoviruses carrying codon-optimized NES PylIRSAF/U6-tRNAPY!

and iRFP-GFPY3TAC  Baculoviruses were concentrated with ultracentrifugation at high-speed to improve the
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transduction efficiency. The transduction was carried out at 37 °C. The unnatural amino acid BOC-Lys and 3 mM
sodium butyrate were added upon transduction. After 48h, the cells were fixed and imaged with widefield microscopy.
a: The representative images show that ultracentrifugation at high-speed improved transduction efficiency. However,
when additional tRNAPY was not delivered, a low GFPY3°TAC signal was detected in a few cells. b: The representative
images show that when additional tRNAPY' was delivered via transfection, robust iRFP and GFPY3°TAG signals were
detected. For comparison of the iRFP and GFPY39TAG signals between cells transfected with U6-tRNAPY (b) and
untransfected ones (a), the brightness and the contrast were linearly adjusted to show the same display range (0—
10,000), as indicated by look-up table (LUT) intensity scale bars (a, b). LUT intensity scale bars show the minimum and

maximum grey values. Scale bars: 20 um.

To check whether baculoviruses could be used for GCE of the AIS components, |
generated a bacmid that carried CMV-NF186X680TAGC.HA  NES PyIRSAF, and U6-tRNAPY. After |
had produced and concentrated V2 viral stocks, | transduced HEK293T cells (with or without
transfection with the additional tRNAPY). The widefield microscopy showed that NF186 amber
mutant was poorly expressed in HEK293T cells even when the additional tRNAPY was supplied

(Fig. 30).
Concentrated baculovirus: CMV-NF186X68°TAG_HA + NES PylRSAF/U6-tRNA™ + BOC-Lys

no U6-tRNAPY

Anti-HA "ab

+ U6-tRNA™

Anti-HA “ab ARtiZHA ‘ab

Figure 30. GCE efficiency of NF186TC-HA amber mutant in mammalian cells transduced with concentrated
baculoviruses is low even when additional tRNAPY' was added. The HEK293T cells were transfected with
UB-tRNAPY, Afterwards, transfected or untransfected (control) cells were transduced with different amounts of the
baculoviruses carrying codon-optimized NES PylRSAF/U6-tRNAPY and CMV-NF186K680TAG_HA In order to improve the
transduction efficiency, baculoviruses were concentrated via ultracentrifugation at high-speed. The transduction was
carried out at 37 °C. The unnatural amino acid BOC-Lys and 3 mM sodium butyrate were added upon transduction.
After 48h, the cells were fixed and imaged with widefield microscopy. The representative images show that when
additional tRNAPY' was not delivered via transfection, a low HA signal was detected in a few cells (upper panels). When
additional tRNAPY' was delivered via transfection, the expression level of NF186K680TAG.HA was improved. However,

the number of transduced cells remained low. Scale bars: 20 um.
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In summary, the amount of the orthogonal tRNAPY' proved to be a limiting factor for the
expression of amber mutant in mammalian cells transduced with baculoviruses. The expression
level of AIS component NF186 was low in HEK293T cells even when cells were supplied with
additional tRNAPY. In contrast to HEK293T cells, the ND7/23 cells were poorly transduced with
baculoviruses. Therefore, | probed AAVs as alternative viral-based vectors for delivery of the

orthogonal translational machinery to primary neurons.
b) Adeno-associated virus-based vectors

Despite their limiting cargo capacity?®', AAVs are a suitable alternative to baculoviruses

since they have been utilized for proof-of-principle GCE of a small GFP™€ in a mouse brain'’3,

As a first step, | optimized transduction conditions by using a dual-fluorescent reporter
(NLS-mCherry-GFPY3TAG) packed in engineered AAV7 or AAV9. The engineered AAVs displayed
the small A2 peptide (NYSRGVD) on their surfaces (hereafter referred to as “AAV7A2” or
“AAV9A2”), which previously improved the transduction efficiency of various cells2%6. To find which
serotype was more suitable, | transduced primary neurons with NLS-mCherry-GFPY3°TAG packed
in either AAV7A2 or AAV9A2. At the same time, | tested different promotors for the reporter
expression [CMV or minimal (m)CMV]. Upon transduction, neuronal viability and the mCherry
fluorescence were monitored daily on the epifluorescent microscope. The mCherry was
successfully expressed in all conditions. Microscopy results indicated that neurons transduced
with CMV-NLS-mCherry-GFPY3TAG packed in AAV9A2 looked the healthiest and appeared to
have the highest number of bright mCherry+ cells. In addition to the promoters and serotypes, |
tested different DIVs for transduction (DIV 5 vs. DIV 8). | observed a robust mCherry fluorescence
in neurons transduced at DIV 8. Therefore, in further experiments, | infected neurons at DIV 8
with the AAV9A2. After identifying a suitable serotype and DIV for the transduction, | probed if the
AAV9A2 could be used for the GCE of the fluorescent reporter. To this end, | transduced rat
cortical neurons at DIV 8 with the AAV9A2 bearing CMV-NLS-mCherry-GFPY3*TAG (Fig. 31a;
AAV#6) along with the AAV9A2 carrying different combinations of GCE elements (Fig. 31a;
AAV#1-5). The NES PyIRSAF was combined with one, two, or four copies of U6-tRNAPY, with or
without eRFE5P (details are provided in Fig. 31a). | also tested CMV and mCMV promoters for

104



the expression of GCE elements (Fig. 31a). Three days after transduction, | fixed cells, imaged

them, and estimated mCherry and GFPY3TAC fluorescence intensity.
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Figure 31. Adeno-associated viruses (AAVs) provide an efficient GCE of a dual-fluorescent reporter in primary

neurons. a: The schematic representations of the GCE elements packed in the AAVs. The scheme was initially
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generated in BioRender.com and modified from’®. b—c: Rat cortical neurons were co-transduced on DIV 8 with an
AAV9A2 carrying the gene for a dual-fluorescent reporter (AAV#6: CMV-NLS-mCherry-GFPY39TAG) and different
combinations of AAV9A2s carrying genes for GCE elements (AAV#1—CMV-NES PyIRAF; AAV#2—4xU6-tRNAPY!
AAV#3—CMV-eRF1F%0; AAV#4—minimal (m)CMV-NES PyIRAF and UG6-tRNAPY; AAV#5—mCMV-eRF1F%P and
UB-tRNAPY) depicted in a. The neurons were incubated with the unnatural amino acid TCO*A-Lys. Three days after the
transduction, neurons were fixed and imaged with widefield microscopy. b: The representative images show neurons
expressing a dual-fluorescent reporter (AAV#6) and different GCE elements (AAV#1 and 2, AAV#1, 2 and 3, AAV#4,
AAV#3 and 4, AAV#1 and 5, and AAV#4 and 5). Scale bars: 20 um. c: The quantitative analysis of the
GFPY39TAG/ImCherry ratio in neurons co-transduced with different AAVs combinations (shown in a and b). The box plots
show the median (the black lines inside the box), the 25" and 75" percentiles (the box boundaries), the single data
points (the dots), and the outliers (the yellow dots/squares). The minimum and maximum data points define the lengths
of the whiskers. The nonparametric Kruskal-Wallis test with Dunn-Bonferroni posthoc showed no significant differences
between AAV#1 and 2 and AAV#4 (p1vs2 = 1). However, statistical analysis showed that AAV#1 and 2 and AAV#4
were significantly different from AAV#1, 2, and 3, AAV#1 and 5, AAV#4 and 5, and AAV#3 and 4 (p1vs3 =0, p1vs4 =0,
P1vss =0, prvse =0, p2vs3 =0, p2vsa =0, p2vss =0, p2vss =0). The number of analyzed nuclei (n)1 = 169, n2 = 151,
n3 =129, n4a = 133, ns = 129, ne = 127). The blue (AAV#1 and 2) and green (AAV#4) asterisks in the graph indicate
significant differences between the groups. The details of the statistical analysis are provided in Appendix Table 7 and
the Material and Methods section. The quantitative analysis was performed by a colleague from the laboratory
(Aleksandra Arsic).

The widefield microscopy showed that a combination of AAV#1 and AAV#2
(CMV-NES-PyIRSA* and 4xU6-tRNAPY) or AAV#4 (MCMV-NES-PyIRSAF and U6-tRNAPY) resulted
in the lowest GCE efficiency (Fig. 31b). When neurons were transduced with eRF155°P, the GCE
efficiency improved, resulting in a higher GFPY3*TAGsignal (Fig. 31b). Quantitative measurements
of the GFPY3*TAG/mCherry ratio in transduced neurons confirmed widefield microscopy results
(Fig. 31c, Appendix Table 7). There was no significant difference between the combination of
AAV#1 and #2 and AAV#4. In contrast, both had a significantly lower GFPY3*TA/mCherry ratio than
the combinations that contained eRF1F%P (Fig. 31c, Appendix Table 7).

Next, | attempted to express and click label AIS constituents in primary neurons by using
AAV-based viral vectors. Due to the limiting cargo capacity of the AAVs, | had to combine the
transfection of the large amber mutants (NF186™¢-HA or Nay1.6™¢-HA) and the transduction
with AAV9AZ2 that carried GCE elements (AAV#1-5). | first tried to click label NF186™¢-HA since
it was a smaller AIS constituent. At DIV 8, | transfected rat cortical neurons with
hNSE-NF18K680TAG.HA (plasmid#1; Fig. 32a and b) and transduced them with AAV9A2 that
carried different combinations of GCE elements (AAV#1-5; Fig. 32a and b).
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Figure 32. AAVs provide a successful GCE and click labeling of the AIS component NF186K680TAG_HA in primary

neurons. a: The schematic representations of the AAV9A2 and the plasmid used for GCE and click labeling of NF186

in primary neurons. b: The schematic representation of the experimental design. The schemes were initially generated
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in BioRender.com and modified from’. c: The Rat cortical neurons were transfected on DIV 8 with
hNSE-NF186K680TAG.HA amber mutant (plasmid#1) and transduced with different combinations of AAVs carrying genes
for the GCE elements (AAV#1 and 2; AAV#1, 2, and 3; AAV#1 and 5; AAV#4 and 5). The neurons were incubated with
the unnatural amino acid TCO*A-Lys. After three days, neurons were click labeled with ATTO488-tz, fixed,
immunostained with an anti-HA antibody, and imaged with confocal microscopy. The Z-stack images are shown as
maximum intensity projection. The representative confocal images show that AAV9A2 provides efficient GCE and click
labeling of NF186 amber mutant. However, NF186 shows ectopic expression along the distal axons due to

overexpression. Scale bars: 10 um.

Since a combination of AAV#1 and 2 performed similarly to AAV#4, | did not transduce
neurons with the latter. For the same reason, | did not transduce neurons with AAV#4 and 3
(eRF155%P). Three days later, | click labeled neurons with ATTO488-tz, fixed, and immunostained
them with anti-HA antibody. The confocal microscopy showed that click labeling of NF186 was
successful (Fig. 32c). However, NF186 was frequently ectopically expressed along the distal
axon in all conditions. The ectopic expression was not surprising for two reasons. First, a
transfection with one plasmid (NF186™¢-HA) is more efficient than transfections with multiple
plasmids (NF186™C¢-HA and NES PylRSAF/tRNAPY). Second, the delivery of the GCE elements
with the AAVs is more efficient and hence leads to a higher GCE efficiency. Furthermore, in some
conditions, | observed a background in the ATTO488-tz channel coming most likely from cell
debris that accumulated tetrazine dye and the UAAs. Since it showed the lowest GCE efficiency,
a combination of AAV#1 and AAV#2 resulted in the lowest number of neurons ectopically
expressing NF18K680TAG_HA and showed the lowest background in the ATTO488-tz channel.

Since the AAVs seemed to improve the expression of NF186, | proceeded with
experiments involving Nav1.6. Using the same protocol described above, | transfected neurons
with Nay1.6™¢-HA and transduced them with AAVs that bore different GCE elements. Three days
later, | click labeled neurons with ATTO488-tz, fixed and immunostained them with an anti-HA
antibody. Afterwards, | imaged neurons with confocal microscopy or counted HA+ neurons with
widefield microscopy. The confocal microscopy showed that a combination of AAV#1 and AAV#2
improved the Nay1.6™C-HA expression level and click labeling in comparison to the transfection
with Nay1.6™¢-HA and GCE elements (Fig.33 and Fig. 18). Furthermore, the widefield
microscopy showed that the number of transduced neurons expressing Nay1.6™¢ was ~2.7 times
higher than the transfected neurons (40 neurons vs. 15 neurons per well in eight-well Lab-Tek Il
chambered cover glasses, respectively). | also observed that the co-transduction with the
eRF1E55P further improved the expression and click labeling efficiency of Nay1.6 (data not shown).

However, the background of ATTO488-tz labeling was high, while the surrounding dead cell
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debris frequently hindered the click labeling signal (data not shown). Therefore, | used a

combination of AAV#1 and 2 in further experiments.
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Figure 33. AAVs provide a highly efficient GCE and click labeling of the AIS component Nav1.6 in primary
neurons. a: The schematic representations of the AAV9A2 and the plasmids used for GCE and click labeling of Nav1.6
in primary neurons and the experimental design. The scheme was initially generated in BioRender.com and modified
from’. b: The Rat cortical neurons were transfected on DIV 8 with Nav1.6™C-HA amber mutants (plasmid#1 and 2)
and transduced with AAV9A2 (as shown in a). The neurons were incubated with the unnatural amino acid TCO*A-Lys.
After three days, neurons were click labeled with ATTO488-tz, fixed, immunostained with an anti-HA antibody, and
imaged with confocal microscopy. The Z-stack images are shown as maximum intensity projection. The representative
confocal images show that AAV9A2 provides efficient GCE and click labeling of Nav1.6™C-HA amber mutants. For
comparison with transfected neurons, the brightness and contrast of the panels showing the HA channel were linearly
adjusted to show the same display range (0-20,000), as shown in Figure 18. In addition, they were adjusted to show a
broader display range (0-50,000), as indicated by the look-up table (LUT) intensity scale bars. The LUT intensity scale
bars show the minimum and maximum grey values. The brightness and contrast of the panels showing the click
channels were also linearly adjusted to show the 100-3100 display ranges (LUTs are not shown), as in Figure 18.

Scale bars: 10 um. The confocal images shown in the figure were published in™.
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c) Engineering orthogonal translational machinery elements to improve genetic

code expansion in mammalian cells and neurons

Apart from probing the viral-based vectors, | attempted to enhance the expression level of
the orthogonal translational machinery to improve the GCE efficiency in mammalian cells and

primary neurons.

To optimize the expression levels of the orthogonal translational machinery elements, |
engineered orthogonal aaRS and tRNAPY' genes (Scheme 10). The modifications included the
codon optimization in the gene encoding PyIRSAF and the addition of the NES signal®’1%°. As the
previous sections (4.2 and 4.3) mentioned, | combined the improved codon-optimized
NES PyIRSAF with tRNAPY' expressed from a commonly used, strong U6 promoter®”. In addition, |
engineered and probed alternative type 3 polymerase Il promoters—7SK, MRP/7-2, and Y3.
Furthermore, | attempted to improve tRNAPY stability by removing the variable polyT tall
(Scheme 10a). To this end, | inserted a self-cleaving hepatitis delta virus (HDV) ribozyme
between the tRNAPY 3’ end and polyT sequence?!6217, The HDV ribozyme ensured that polyT was
cleaved after the transcription. | combined codon-optimized NES PyIRSAF with cassettes that
consisted of one of the type 3 polymerase Il promoters and tRNAPY followed by polyT tail, with or
without HDV ribozyme in between these two (Scheme 10a). Furthermore, as mentioned in
section 4.3, | generated a plasmid that contained four copies of improved tRNAM!® expressed from
U6 promoter (4xUB-tRNAM15)151 and codon-optimized NES PylRSAF
(Scheme 10b; NES PyIRSAF/UB-tRNAM15)97,

This section briefly describes preliminary microscopy results obtained in neuronal cell lines
and primary neurons transfected with engineered plasmids and a dual fluorescent reporter
(NLS-iIRFP-GFPY3TAG; Scheme 10c). To confirm that the engineered promoters were functional,
| first probed new plasmids in a commonly used GCE host, the HEK293T cell line. | co-transfected
those cells with NLS-iRFP-GFPY39TAG (Scheme 10c) and with each of the engineered plasmids
(Scheme 10a and b) in the presence or absence of unnatural amino acid BOC-Lys. In addition, |
co-transfected cells with NLS-iRFP-GFPY3TAG and previously published codon non-optimized
NES PylRSAF/UG-tRNAPY! plasmid (Scheme 10d)*°, Codon non-optimized
NES PylIRSAF/U6-tRNAPY allowed me to assess if the new constructs improved GCE efficiency.
The following day | fixed cells and imaged them with widefield microscopy. All the other
experiments described in this section were performed in the same way unless stated otherwise.

The microscopy results showed that all engineered type 3 polymerase Ill promoters provided the
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successful GCE of the GFPY39TAG  albeit with different efficiencies (Fig. 34). As expected, in the

absence of BOC-Lys only iRFP was detected (data not shown).

After confirming the functionality of new plasmids, | wanted to check if alternative
promoters are functional in neuronal cell lines that | had used as intermediate hosts for the GCE
of neuronal proteins (ND7/23 and N1E-115-1). In both neuronal cell lines, the GCE was successful
(Fig. 35 and Fig. 36). Widefield microscopy showed that the transfection efficiency (iRFP
fluorescent signal) and the amber codon suppression efficiency (GFPY3TAG fluorescent signal)
were lower in N1E-115-1 than in the HEK293T and ND7/23 cell lines. In ND7/23 cells, the
expression levels of iIRFP and GFPY3TAG agppeared even higher than in the HEK293T cells.
Regarding the efficiency of the new plasmids, preliminary results indicated that alternative
promoters (7SK and MRP/7-2, and Y3) were less efficient than the U6. Furthermore, HDV
ribozyme did not seem to improve the GCE efficiency. The plasmid containing codon-optimized
NES PylRSA* and U6-tRNAPY was more efficient than the codon non-optimized counterpart.
However, further quantitative analysis is needed to confirm the microscopy results. Also, the
efficiency of the plasmid containing 4xU6-tRNAM'S was unclear without quantitative analysis.

To confirm the results obtained in intermediate hosts, | co-transfected DIV 8 mouse
cortical neurons with engineered plasmids encoding orthogonal translational machinery and a
dual fluorescent reporter consisting of iRFP (without NLS) fused to GFPY3°TAG, After three days, |
fixed neurons and assessed iIRFP and GFPY39TACG fluorescence with widefield microscopy. The
preliminary results indicated that codon-optimized NES PylRSA" was more efficient than the
codon non-optimized version (Fig. 37) and that the U6 promoter was the most efficient for the
tRNAPY expression (Fig. 38).
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Figure 34. The functionality conformation of the engineered plasmids encoding the GCE elements in the

standard cell line. HEK293T cells were co-transfected with a dual-fluorescent reporter (NLS-iRFP-GFPY39TA®) and
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different plasmids that bore GCE elements. Cells were incubated with BOC-Lys overnight, fixed, and imaged with
widefield microscopy. a: The representative images of the HEK293T cells co-transfected with NLS-iRFP-GFPY3TAG
and codon non-optimized NES PylIRSAF/U6-tRNAPY. b: The representative images of the HEK293T cells co-transfected
with NLS-iRFP-GFPY39TAG codon-optimized NES PyIRSAF and four copies of improved U6-tRNAM, c: The
representative images of the HEK293T cells co-transfected with NLS-iRFP-GFPY3TAG codon-optimized NES PylRSA"
and tRNAPY expressed from different type 3 polymerase Il promoters (U6, 7SK, MRP/7-2, or Y3), with or without HDV
sequence at the 3' end of the tRNAPY', The widefield microscopy showed that all polymerase 11l promoters are functional.

Scale bars: 20 ym.
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Figure 35. Comparison of the engineered type 3 polymerase Ill promoters in neuronal N1E-115-1 cell line.

Mouse neuroblastoma N1E-115-1 cells were co-transfected with a dual-fluorescent reporter (NLS-iRFP-GFPY39TAG)
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and different plasmids that bore GCE elements. Cells were incubated with BOC-Lys overnight, fixed, and imaged with
widefield microscopy. a: The representative images of the N1E-115-1 cells co-transfected with NLS-iRFP-GFPY39TAG
and codon non-optimized NES PyIRSAF/U6-tRNAPY. b: The representative images of the N1E-115-1 cells
co-transfected with NLS-iRFP-GFPY39TAG codon-optimized NES PyIRSAF and four copies of improved U6-tRNAMS,
c: The representative images of the N1E-115-1 cells co-transfected with NLS-iRFP-GFPY3°TAG  codon-optimized
NES PyIRSAF and tRNAPY' expressed from different type 3 polymerase Il promoters (U6, 7SK, MRP/7-2, or Y3), with
or without HDV sequence at the 3' end of the tRNAPY. The widefield microscopy showed that the strongest GFPY39TAG

signal was observed when the U6 promoter was combined with codon-optimized NES PylIRSAF. Scale bars: 20 ym.
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Figure 36. Comparison of engineered type 3 polymerase Ill promoters in neuronal ND7/23 cell line. Rodent

ND7/23 neuroblastoma cells were co-transfected with a dual-fluorescent reporter (NLS-iRFP-GFPY39TAG) and different
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plasmids that bore GCE elements. Cells were incubated with BOC-Lys overnight, fixed, and imaged with widefield
microscopy. a: The representative images of the ND7/23 cells co-transfected with NLS-iRFP-GFPY3TAG and
codon non-optimized NES PyIRSAF/U6-tRNAPY. b: The representative images of the ND7/23 cells co-transfected with
NLS-iRFP-GFPY3TAG  codon-optimized NES PylRSAF and four copies of improved U6-tRNAM!S, ¢: The representative
images of the N1E-115-1 cells co-transfected with NLS-iIRFP-GFPY3TAG  codon-optimized NES PyIRSAF and tRNAPY!
expressed from different type 3 polymerase Ill promoters (U6, 7SK, MRP/7-2, or Y3), with or without HDV sequence at
the 3' end of the tRNAPY. The widefield microscopy showed robust iRFP and GFPY3°TAG signals in many cells. The
strongest GFPY39TAG signal was observed when the U6 promoter was combined codon-optimized NES PylRSAF. Scale

bars: 20 um.

iRFP-GFPY376 4 iRFP-GFPY39TA6 4
codon-optimized NES PylIRSAF/U6-tRNAPY! control NES PyIRSAF/UB-tRNAPY!

Figure 37. The codon-optimized NES PyIRSAF improves GCE efficiency in primary neurons. Mouse cortical
neurons were co-transfected with a dual-fluorescent reporter (NLS-iRFP-GFPY39TAG) and either codon-optimized
NES PyIRSAF/U6-tRNAFPY®? or a codon non-optimized version'®°, The neurons were incubated with BOC-Lys. After four
days, they were fixed and imaged with widefield microscopy. The representative images show that the codon-optimized

NES PyIRSAF provides higher GFPY39TAG expression in comparison to codon non-optimized version. Scale bars: 20 um.
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Figure 38. Comparison of engineered type 3 polymerase Ill promoters in primary neurons. Mouse cortical
neurons were co-transfected with a dual-fluorescent reporter (iRFP-GFPY39TAG) codon-optimized NES PylRSA* and
tRNAPY expressed from different type 3 polymerase Ill promoters (U6, 7SK, MRP/7-2, or Y3), with or without HDV
sequence at the 3' end of the tRNAPY'. The neurons were incubated with BOC-Lys. After four days, they were fixed and
imaged with widefield microscopy. The representative images show that the codon-optimized NES PylRSAF/U6-tRNAPY!

provides the highest GFPY39TACG expression. Scale bars: 20 um.
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4.5. dSTORM imaging of the AIS and the node of Ranvier components in neurons

The results described in section 4.5b were published in Arsi¢, A., Stajkovié¢, N., Spiegel,
R., & Nikic-Spiegel, I. (2020). Effect of Vectashield-induced fluorescence quenching on
conventional and super-resolution microscopy. Scientific reports, 10(1), 1-13246, Aleksandra Arsi¢
and | are shared first authors in the publication. The data shown in section 4.5b (widefield and

dSTORM imaging of immunolabeled AIS in different imaging mediums) were produced by me.

The final aim of my Ph.D. project was to combine click labeling with dSTORM microscopy
to visualize AIS and node of Ranvier components at a single-molecule level. To this end, | first
optimized dSTORM imaging of the AIS components in neurons immunolabeled with conventional
primary and secondary antibodies, as previously described!¢?8, The optimization of SRM imaging
also included probing different dSTORM imaging buffers. Afterwards, | optimized dSTORM
imaging of click-labeled AIS components with the help of the AAV-based viral vectors and by

testing click labeling with different tetrazine dyes.
a) dSTORM imaging of the immunolabeled primary neurons

| used conventional antibodies to optimize dSTORM imaging of the AlS in primary neurons
and followed previously published protocols'®28, | maintained cortical neurons for at least 11 DIV
before fixation and immunostaining. This ensured that Nay1.6 and associated proteins were
incorporated into the periodic skeleton®®. | combined anti-AIS primary antibodies with the
improved variant of the photoswitchable AF647-conjugated secondary antibody, the AF647 Plus
[AF(+)647]. As previously reported?®, fixing neurons with 4% PFA in cytoskeletal preserving buffer
(PEM) maintained the periodic arrangement of the AIS components (Fig. 39). Such fixation
procedure allowed me to successfully perform dSTORM of neurons immunostained with
anti-panNF or anti-panNay antibodies in GLOX BME imaging buffer (Fig. 39a and b). | also
attempted dSTORM of neurons immunostained with anti-Nay1.6 antibody. However, due to the

poor quality of the immunostaining, dSTORM was less successful (Fig. 39c).
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Figure 39. Optimization of dSTORM imaging of immunostained AIS components in primary neurons. Mouse
cortical neurons were fixed, immunostained with anti-pan neurofascin (NF; a), anti-panNav (b), and anti-Nav1.6 (c)
antibodies, and imaged with dASTORM microscopy. a: The representative 3D dSTORM image of panNF in DIV 15
mouse cortical neurons shows its periodic distribution at the AlS. b: The representative 3D dSTORM image of panNav
in DIV 10 mouse cortical neurons shows its periodic distribution at the AIS. c: The representative 3D dSTORM image
of Nav1.6 in DIV 14 mouse cortical neurons does not show apparent periodic distribution at the AlS. The left panels
show total internal reflection fluorescence (TIRF)/highly inclined and laminated optical sheet (HILO) images acquired
with a 647 nm laser before dSTORM imaging. Middle panels show 3D dSTORM images. The right panels show an
enlarged boxed region from 3D dSTORM images in the middle. The Z positions in the 3D dSTORM images are
color-coded according to the height maps on the right. The height maps contain minimal and maximal Z-position values.
Scale bars (HILO/TIRF and dSTORM images): 5 um. Scale bars (dSTORM insets): 2 um.
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b) Vectashield as an alternative buffer for dSTORM imaging of the AIS components

Prior to dSTORM imaging in GLOX BME, labeled samples are usually stored in PBS.
However, storing the labeled samples in PBS can lead to fluorescence loss if the samples are not
imaged within several days upon immunostaining or click labeling. Therefore, before attempting
to establish dSTORM imaging of click-labeled neurons, | probed alternative imaging buffers that
could help with fluorescence preservation. | chose Vectashield (VS), a commonly used mounting
medium since it has been combined with AF647 for dSTORM imaging of cytoskeletal elements in

cell lines13s,

To test Vectashield suitability for d<STORM imaging of the AIS, | fixed and immunostained
mouse primary neurons with anti-panNay primary and AF647 or AF(+)647-conjugated secondary
antibodies. The AF(+)647 is an improved variant of the AF647, whose suitability for dAISTORM in
Vectashield has not been probed previously. Surprisingly, the widefield imaging showed that the
fluorescence of both AF647 and AF(+)647 was quenched when neurons were placed in
Vectashield (Fig. 40).

a

b

PanNav-AF647 in PBS PanNav-AF647 in VS PanNav-AF(+)647 in PBS |PanNav-AF(+)647 in VS

PBS—VS
PBS—VS

Figure 40. The effect of Vectashield (VS) imaging medium on the AF647 and AF(+)647 fluorescence intensity.
Mouse cortical neurons were fixed and immunostained with anti-panNayv primary and Alexa Fluor (AF)647 or AF647
Plus [AF(+)647)] secondary antibodies. Afterwards, neurons were imaged with widefield microscopy. The same field of
view was first imaged in PBS and afterwards in VS. a: Representative images show that VS quenches AF647
fluorescence. b: Representative images show that VS quenches AF(+)647 fluorescence. The brightness and contrast
were linearly adjusted to show the same display range in PBS and VS. Scale bars: 20 um. The figure and the figure

legends were modified from?46,

Despite the fluorescence loss, the photoswitching properties of the AF(+)647 were not
affected by Vectashield, which allowed me to successfully performed dSTORM imaging
(Fig. 41a). Furthermore, the periodic distribution of the Nay was successfully resolved in
Vectashield (Fig. 41a), similarly to GLOX BME (Fig. 41b). Likewise, dSTORM of the AF647

immunostained neurons was possible (data now shown).
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Figure 41. dSTORM imaging of the Nav in different imaging mediums. Mouse cortical neurons were fixed and
immunostained with anti-panNav primary and AF(+)647) secondary antibodies. Afterwards, neurons were imaged with
3D dSTORM in Vectashield (VS) or GLOX BME imaging mediums. a: The representative 3D dSTORM image shows
that the Nav periodic distribution at the AIS can be resolved despite the VS quenching effect. b: The representative 3D
dSTORM image shows that, as expected, in GLOX BME, the Nav periodic distribution is resolved. The left panels show
TIRF/HILO images acquired with a 647 nm laser before ASSTORM imaging. Because of the VS quenching effect, an
autoscale look-up table (LUT) intensity bar was used to ensure that AIS would be visible. The LUT intensity scale bars
show minimum and maximum grey values. Middle panels show corresponding 3D dSTORM images. The right panels
show an enlarged boxed region from 3D dSTORM images in the middle panels. The Z positions in the 3D dSTORM
images are color-coded according to the height maps on the right. The height maps contain minimal and maximal
Z-position values. Scale bars (HILO/TIRF and dSTORM images): 5 um. Scale bars (dSTORM insets): 2 um. The figure

and the figure legends were modified from?46,

However, dSTORM imaging in Vectashield was challenging due to the fluorescence
guenching that hindered the identification of immunolabeled axon initial segments. Therefore, |
had to select immunolabeled axon initial segments in PBS, save their positions, replace PBS with
Vectashield, and image the selected neurons with dSTORM. To overcome this issue, | tested the
suitability of 25% Vectashield for AISTORM of the AIS (Fig. 42). | chose this imaging medium since
it has been previously used for dSSTORM imaging in cell lines*3¢. With both AF647 and AF(+)647,
dSTORM imaging was successful (Fig. 42). The 25% VS effect on AF(+)647 fluorescence was
similar to that observed for 100% Vectashield. Interestingly, the AF647 fluorescence was
guenched to a lesser extent in 25% Vectashield (Fig. 42a). Therefore, | was able to search for
immunolabeled AIS in 25% Vectashield when the AF647 was used.
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Figure 42. The 25% Vectashield (VS) effect on the AF647 and AF(+)647 fluorescence. Mouse cortical neurons
were fixed and immunostained with anti-panNav primary and AF647 or AF(+)647) secondary antibodies. Afterwards,
neurons were imaged with widefield and dSTORM microscopy. The same fields of view were first acquired in PBS and
afterwards in 25% VS with widefield microscopy (upper panels in a and b). The neurons placed in 25% VS were also
imaged with 3D dSTORM (lower panels in a and b). a: The widefield and 3D dSTORM images show the 25% VS effect
on the AF647. b: The widefield and 3D dSTORM images show the 25% VS effect on the AF(+)647 fluorescence. In
widefield microscopy images (a, b), the brightness and contrast were linearly adjusted to show the same display range
in both PBS and 25% VS [as indicated by look-up table (LUT) intensity scale bars]. The LUT intensity scale bars show
minimum and maximum grey values. The lower panels show corresponding 3D dSTORM images of the boxed regions
from widefield images. The Z positions in the 3D dSTORM images are color-coded according to the height maps on
the right. The height maps contain minimal and maximal Z-position values. Scale bars: 20 um (widefield images) and
5 um (dSTORM images). The figure and the figure legends were modified from?24.

Apart from dSTORM, the Vectashield quenching effect is important for conventional
widefield and confocal microscopy. That is why | investigated this phenomenon further. The
details on quantitative analysis of the AF647 and AF(+)647 fluorescence quenching in Vectashield
have been published?#6. The details on the quantification of Vectashield and 25% Vectashield
suitability for dAISTORM imaging were described in the same publication. Since these results are

published and out of the scope of my Ph.D. thesis, | did not describe them here again.
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c) dSTORM imaging of click-labeled AIS and node of Ranvier components in neurons

After successfully establishing click labeling of AIS components in neurons, | attempted to
combine it with dSTORM imaging. Since imaging in VS proved to be more challenging than in
GLOX BME, | performed experiments that involved optimization of dSTORM imaging of
click-labeled AIS components in the latter. | first attempted to establish the dSTORM of
click-labeled NF186™C¢-HA. | started with NF186 since it was smaller and expressed at a higher
level in comparison to Nayl.6. As mentioned earlier in the text, AF647-tz produced high
background and formed dye aggregates (Fig. 8). Hence, | tested AF647-Pyrimidyl-tetrazine
(AF647-Pyr-tz) that had been used for click labeling of small synaptic proteins®. This dye
produced fewer dye aggregates and, subsequently, less background than the AF647-tz. With
lower background, | could use a high concentration of AF647-Pyr-tz, ensuring bright click labeling.
Using a high dye concentration was necessary since AF647-Pyr-tz is less reactive than AF647-tz.
As a result, dSTORM imaging of click-labeled NF186™¢-HA in neurons was successful (Fig. 43).

NF186X680TAG_HA + NES PylRSAF/UB-tRNAPY!

AF647-Pyr-tz

AF647-Pyr-tz

Figure 43. dSTORM microscopy of click-labeled NF186X680TAG.HA in primary neurons. The representative
3D dSTORM images of DIV 12 or DIV 14 rat cortical neurons expressing NF186K680TAG-HA click-labeled with
AF647-Pyr-tz. The neurons were transfected on DIV 8 or 10 with hNSE- NF186K680TAG.HA and codon-optimized
NES PyIRSAF/U6-tRNAPY, in the presence of unnatural amino acid TCO*A-Lys. Four days after transfection, neurons
were click labeled, fixed, and immunostained with anti-HA antibody. Afterwards, the neurons were imaged with
3D dSTORM microscopy in GLOX BME. The left panels show TIRF/HILO images acquired with a 647 nm laser in the
click channel before dSSTORM imaging. The middle and right panels show corresponding 3D dSTORM images. The Z
positions in the 3D dSTORM images are color-coded according to the height maps. The height maps contain minimal
and maximal Z-position values and the position of the focal planes. Scale bars (HILO/TIRF and dSTORM images):

5um.
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After establishing dSTORM imaging of click-labeled NF186, | attempted to do the same
for Nav1.6. Since the reports on the nanoscale organization of the Nay1.6 isoform were lacking, |
first assessed how the recombinant Nay1.6™C-HA was incorporated into the membrane periodic
skeleton (Fig. 44). To this end, | transfected DIV 8 rat cortical neurons with codon-optimized
NES PyIRSAFIRNAPY and Nay1.6K1546TAG-HA (Fig. 44a). Alternatively, | transfected DIV 8 neurons
with Nay1.6X1546TAG.HA and transduced them with AAV#1 and 2 (Fig. 44b). After 4-6 days, |
immunostained neurons with anti-HA primary and AF(+)647 secondary antibodies. Afterwards, |
performed dSTORM of the HA+ neurons. The results showed that Nayl.6 were successfully
incorporated into the AIS skeleton since | observed periodic distribution in some parts of the AIS
(Fig. 44). This arrangement also indicated that TCO*A-Lys incorporation and the overexpression
of the Nayl1.6 did not affect the AIS nanostructure. At the moment, | am conducting additional

experiments to quantify Nayl.6-HA periodicity (data are not included in the thesis).
a

Anti-HA ‘ab dSTORM: anti-HA ‘aly’.

Nav1.641546T6. HA +
NES PyIRS**/U6-tRNA®Y

Anti-HA ‘ab dSTORM:-anti-HA "ab

Nav1.6X1546T6. HA +
AAV#1 and 2

Figure 44. dSTORM microscopy of immunostained neurons expressing Nav1.6K'546TAG_.HA Rat cortical neurons
were transfected on DIV 8 with Nay1.6¥1%46TAG.HA amber mutant and codon-optimized NES PyIRSAF/U6-tRNAPY' (a).
Alternatively, neurons were transfected with Nay1.6X1%46TAG_HA and transduced with AAV#1 and 2 (CMV-NES PyIRSAF
and 4x U6-tRNAPY!, respectively; b). Neurons were incubated with the unnatural amino acid TCO*A-Lys. After 4-6 days,
neurons were fixed and immunostained with anti-HA primary and AF(+)647 secondary antibodies and imaged with
3D dSTORM in GLOX BME. a—b: The representative 3D dSTORM images of the anti-HA immunostained DIV 12
neurons expressing Nav1.6K1546TAG.HA The left panels show TIRF/HILO images acquired with a 647 nm laser in the
HA channel before dSTORM imaging. The middle panels show corresponding 3D dSTORM images. The right panels
show an enlarged boxed region from 3D dSTORM images in the middle panels. The Z positions in the 3D dSTORM

images are color-coded according to the height maps. The height maps contain minimal and maximal Z-position values
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and the position of the focal planes. Scale bars (HILO/TIRF and dSTORM images): 5 um. The scale bar (3D dSTORM
inset): 2 um.

In the next step, | attempted dSTORM imaging of Nay1.6K1546TAG-HA that was click labeled
with a high concentration of the AF647-Pyr-tz. The AAV-based delivery of the orthogonal
translational machinery elements combined with transfection with the Nay1.6-HA plasmid resulted
in a larger number of neurons expressing recombinant Nayl.6 at a higher level than the
transfection (Section 4.4b). Therefore, | imaged only neurons transfected with Nay1.6 and
transduced with orthogonal translational machinery. In addition to AAV#1 and 2, | also tested
AAV#4 since both (AAV#1 and 2 and AAV#4) provided lower background than other AAV
combinations (Section 4.4b). Preliminary results suggested that dSTORM imaging of
click-labeled Nay1.6 is possible. However, in some instances, it was hard to distinguish labeling
from the surrounding background due to low signal-to-noise-ratio (Fig. 45). Currently, | am
working on further optimization of dSTORM imaging of click-labeled Nay1.6.

Nav1.6K1546TAC_HA + AAV#1 and 2 Navl1.6K1346TAG_HA + AAV#HA

Anti-HA ‘ab AF647'-Pyr-tz AF647-Pyr-tz

dSTORM: AF647-Pyr-tz 410 dSTORM: AF647-Pyr-tz

Figure 45. dSTORM microscopy of click-labeled Nav1.6X1546TAG.-HA in primary neurons. Rat cortical neurons were
transfected on DIV 10 with Nay1.6K546TAG-HA amber mutant and transduced with AAV#1 and 2 (CMV-NES PyIRSA"
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and 4xU6-tRNAPY, respectively) or AAV#4 (MCMV-NES PylRSAF/UB-tRNAPY) in the presence of unnatural amino acid
TCO*A-Lys. Four days after the transduction (DIV 14), neurons were click labeled with AF647-Pyr-tz, fixed, and
immunostained with anti-HA primary and AF555 secondary antibodies. The click-labeled neurons were imaged with 3D
dSTORM in GLOX BME. The representative widefield images (upper panels) show neurons expressing
Nay1.6K1546TAG-HA in HA and the corresponding click channel. The lower panels show 3D dSTORM of click-labeled AIS
from the upper panel. For both AAVs combinations, 3D dSTORM of Nav1.6X546TAG.HA was possible despite the high
background. The Z positions in the 3D dSTORM images are color-coded according to the height maps. The height
maps contain minimal and maximal Z-position values and the position of the focal planes. Scale bars of the widefield

images: 10 um. Scale bars of the dSTORM images: 5 um.
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5. Discussion and further perspectives

Click labeling of the AIS components in neuronal cell lines and neurons

Labeling the AIS in living neurons is challenging due to the large sizes of its
components (~140-480 kDa). Another reason is the complex and precisely regulated molecular
organization of the AIS constituents that can be affected by the introduction of labeling tags. Until
recently, AIS live labeling approaches have been limited to a) the bulky antibodies conjugated to
fluorescent dyes, b) the N- or C-terminal FPs fusions with recombinant AIS proteins, and c) the
labeling tags such as HaloTag or biotin acceptor domain (BAD)®5:83.84.96,101,119,120,123 ' However,
none of these approaches is ideal. On the one hand, the antibodies compatible with live-cell
labeling are available only for some transmembrane AIS components (e.g., NF186). Also, the
antibodies are large (~150 kDa) and cannot follow the fast dynamic changes of the AlS%. On the
other hand, relatively large FPs and labeling tags (~30 kDa) can alter molecular interactions,
trafficking, or localization of the AIS constituents®. Also, the overexpression of the recombinant

AIS components can lead to their ectopic localization?26.95.96.117,261,

In addition, the existing labeling tags are not ideal for the SRM studies in general, including
the studies of the AIS, as they place fluorophores further away from the target, increasing the
linkage error?®”. New labeling approaches that bring fluorophores closer to the target proteins are
in demand to reduce linkage error. Developing novel minimal labels became even more important
with the development of new SRM methods such as MINFLUX, which has a resolution of ~1-5
nm*34, With such high resolution, minimal tags are required since FPs and bulky antibodies will

almost certainly limit localization accuracy and introduce artefacts?04.

An especially difficult-to-label AIS component is the voltage-gated sodium channel 1.6
isoform. Besides common problems associated with the AIS live labeling, plasmids encoding
recombinant Nay1.6 tend to rearrange during propagation in bacteria. The reasons are repetitive
sequences and cryptic prokaryotic promoters in the SCN8A gene?36:251, Also, since many highly
conserved domains are indispensable for the proper functioning of the Nayl1.6, introducing even
small tags can severely impact its function'®'4%0, For these reasons, the number of studies
involving Nay1.6 live labeling and subsequent live-cell or fixed-cell imaging is limited. To my
knowledge, there have been no reports on live-cell labeling of recombinant Nayl.6 with
fluorescent tags in cell lines. At present, there are, in total, seven reports in which FPs or

extra- and intracellular labeling tags were used for the Nayl.6 labeling in living primary
neurons65,80,83,84,87,123_
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| overcame the issues associated with the existing AIS labeling methods, including Nay1.6,
by establishing a new approach that combines two modern technologies, GCE and bioorthogonal
click chemistry (click labeling)”. The main advantages of click labeling are the small size of the
UAA with attached organic dye (~0.2—-2 kDa) and the possibility of introducing UAAs anywhere
into the target protein6%188, These advantages minimize the potentially harmful effect of the
labeling tag on the AIS constituents. An additional benefit of click labeling is the availability of
commercial cell-permeable and cell-impermeable clickable dyes with different photophysical
properties covering the visible spectrum. The variety of tetrazine dyes (e.qg., bright and stable
ATTO488-tz or SiR-tz, photoswitchable Cy5-tz, AF647-tz or AF647-Pyr-tz) allows combining click
chemistry with various advanced microscopy techniques. The examples are recent reports in
which different tetrazine dyes were used for live-cell labeling and imaging (ATTO488-tz,
SiR-tz)’>%7 or super-resolution STED (SiR-tz) and dSTORM (AF647-Pyr-tz) imaging in
neurons®:%, In these studies, cell-impermeable dyes were used to label membrane proteins and
ion channels%, while cell-permeable dyes were used for labeling of the intracellular
cytoskeleton®’. Recently, photoswitchable AF647-tz was combined with a powerful MINFLUX
nanoscopy, allowing imaging of filopodia in cell lines with a resolution of ~2 nm?2%4. Besides the
abovementioned applications, clickable dyes attached directly to the target protein (1:1 ratio)

could be particularly useful for quantitative SRM studies of neuronal proteins.

While | was establishing click labeling of the AIS, two papers reported labeling of small
transmembrane regulatory proteins (TARPs) and neuronal cytoskeletal elements (NFL) in primary
neurons using the same approach®”%8, | contributed to the research article reporting click labeling
of NFL as one of the co-authors. However, the AIS components, especially Nay1.6, are much
larger and have a more complex structure than the NFL and TARPs (260 kDa vs. ~35-68 kDa,
respectively). As a result, the transfection and GCE efficiencies of the Nay1.6 were low, leading
to poor click labeling. Also, less complex structures of NFL and TARPs made it easier to select
potential click labeling sites for those two. However, by optimizing transfection and labeling
conditions, | expanded the application of click chemistry to large, spatially confined proteins with
complex structures’. Furthermore, | efficiently delivered orthogonal translational machinery to
neurons by taking advantage of the AAV-based viral vectors. The efficient delivery of orthogonal
translational machinery increased GCE efficiency, resulting in a bright click labeling of the AIS in
many neurons (~3x more neurons compared to the conventional transfection). With the new AAVs
carrying orthogonal translational machinery elements, it will be much easier to establish efficient

click labeling of other proteins and ion channels in neurons.
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Previously, click labeling was applied for proof-of-principle studies of WT ion channels,
such as NMDA, GABA-A, and Shaker B Ky, in conventional and neuronal cell lines53:209.210,
However, click labeling of large ion channels has not been achieved in primary neurons. |
demonstrated that this approach could be used to label WT and pathogenic Nay1.6 in neurons,
opening new opportunities to study ion channels and large neuronal proteins in their native
environment with various microscopy technigues. In addition to clickable UAAs that allow
visualization of molecules in living cells with microscopy, diverse UAAs have previously been
exploited to study the functional properties of ion channels and receptors. The incorporation of
bulky UAAs was used to study the role of specific amino acids in the inactivation of Ky1.4163, A
similar approach could be applied to Nay1.6. Furthermore, non-clickable photoresponsive UAAs
could be used for site-specific optogenetic in vitro or in vivo studies of Nay1.6 interactions, activity,
and gating properties!?5179,206-208,268

When | started establishing click labeling of the AIS components, this approach had been
successfully applied for extracellular labeling and microscopy of receptors in mammalian cell
lines'45148, There were also limited reports on the GCE-based incorporation of non-clickable UAAs
in primary neurons317517% and proof-of-concept incorporation of clickable UAA into GFP in
mouse brains'’3, Since the transfection efficiency of primary neurons is low, | initially attempted
to establish GCE and click labeling of the Nay1.6 in cell lines that are efficiently transfected and
can be propagated fast. Choosing an optimal host cell line was important since HEK293T cells
do not provide the most native environment for the Nay1.6 expression. On the contrary, neuronal
N1E-15-1 and ND7/23 share similarities with primary neurons and acquire neuronal-like
phenotype upon differentiation, providing a more native environment for the proper folding and

functioning of sodium channels?54-256,

Microscopy and patch clamp recordings showed that neuronal N1E-115-1 cells provided
higher membrane expression of Nay1.6 WT and TAG amber mutants than the ND7/23 cells. The
Na* currents of my recombinant WT constructs recorded in ND7/23 (~0.5—-1 nA) were lower than
previously reported values for the recombinant Nay1.6 plasmids (1-4 nA)%, suggesting lower
Nay1.6"T expression in my experiments. The low Na* currents and Nay1.6 membrane expression
in ND7/23 cells were surprising since the electrophysiological recordings of recombinant Nay1.6
are typically performed in those cells?38384109 The low Nay1.6"T expression could be due to the
transfection of ND7/23 cells with multiple large constructs encoding GCE components
(NES PyIRSAF/tRNAPY) and Navl1.6. Since the efficiency of multiple transfections is generally
lower than one of the single transfection, this could have resulted in lower Na* currents measured

in cells expressing recombinant Nay1.6"“". The Na* currents recorded in both ND7/23 and
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N1E-115-1 cells expressing recombinant Nay1.6™¢ were lower than ones recorded in cells
expressing Nay1.6WT, suggesting lower expression of Nayl.6™¢ amber mutants. The lower
expression of Nay1.6™¢ constructs compared to Nay1.6W" was expected since the GCE is not
100% efficient.

The results presented in this thesis implied that the N1E-115-1 provided a better
environment than the ND7/23 cells for membrane expression of the sodium channels. As |
showed, these cells allowed reliable electrophysiological recordings of the recombinant Nay1.6
WT and TAG amber mutants. Therefore, in instances where primary neurons cannot be used
(e.g., when activation or fast inactivation of recombinant Nayl.6 needs to be determined),

neuronal N1E-115-1 cell line can be a good alternative.

The N1E-115-1 cells proved to be a suitable host for the Nay1.6 genetic code expansion
and patch clamp recordings. However, | encountered multiple problems while attempting to click
label Nay1.6™¢ in N1E-115-1 cells. The substantial dye aggregates resulted in a high background
upon click labeling with commonly used Cy5-tz or AF647-tz. Although some aggregates were
removed by extensive washing in culturing medium, | did not manage to remove them completely.
Similar aggregates were observed in primary neurons, while they were less pronounced in the
ND7/23 cells. Hence, the background was at least partially related to the cell type. The cells that
formed clusters, or the ones seeded at a higher density, such as N1E-115-1 and primary neurons,
possibly had more dye remaining between them. Likewise, the type?6°270 and the size® of the
tetrazine dye may have contributed to the background, as the smaller ATTO488-tz did not form

dye aggregates (I discuss this in more detail below).

Another critical problem with neuronal cell lines, particularly N1E-115-1, was false click
labeling that | observed in the initial experiments. Since the false click labeling was mainly
detected in cells expressing NES PyIRSAF/UG-tRNAPY in the presence of the UAAs, it was
reasonable to assume that the unspecific amber codon suppression could have contributed to its
appearance. However, experiments in which | compared different labeling conditions in the cells
expressing NES PylRSAF/U6-tRNAPY, with and without UAA, revealed that the false labeling signal
was present only when ~2 h washing step in a culturing medium before click labeling was
performed. Furthermore, the click labeling-like signal was not observed in neurons. Therefore, the
false click labeling was likely not a direct result of the unspecific amber codon suppression.
However, | cannot entirely exclude that NES PylIRSAF/U6-tRNAPY' with TCO*-A-Lys suppressed
some endogenous codons in the absence of its substrate (amber mutant of the protein of interest),

producing C-terminally extended proteins. Such proteins can be deleterious or act as stressors?’*.
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However, other reports suggest cells have mechanisms to remove C-terminally elongated and
potentially harmful proteins?’2. | cannot explain why the washing in culturing medium before click
labeling introduced a background while the washing after did not. A possible explanation would
be that the cells that underwent transfection with orthogonal translation machinery in the presence
of UAAs were more stressed. In such cells, medium change and washing before labeling could
have been an additional stressor that made the tetrazine dyes somehow stick to the cell
membrane. Importantly, washing before click labeling did not seem to affect neurons. Therefore,
false click labeling was most likely the result of a combination of different stressors that occurred
only in certain cell types. Based on these observations, when establishing click labeling of a new
protein, it is essential to consider the host cell line carefully. Likewise, care should be taken that
the cells are minimally stressed. Cell seeding number, transfection reagents, transfections with
multiple plasmids, and medium change are just some critical factors that could affect cell viability
and act as stressors. In addition, including the appropriate transfection and labeling controls is

required to avoid false or unreliable results.

Even after | had reduced the background, click labeling of the Nay1.6 was unsuccessful
in neuronal cell lines. The most likely explanation was the insufficient Nay1.6™¢ expression on
the cell surface. This observation was supported by the results from ND7/23 cells that expressed
NF186-HA. After the NF186™C€ expression had been reduced by exchanging the CMV with a weak
hNSE promoter, previously successful click labeling became unsuccessful. Since neuronal cell
lines were not optimal for Nay1.6 click labeling, | aimed to establish it directly in primary neurons.
However, establishing click labeling of large, spatially confined ion channels with a complex
structure in primary neurons was technically challenging. Therefore, using a smaller target with a
less complex structure facilitated the optimization of expression, transfection, and click labeling in
neurons. Nayl.6-associated protein NF186 was a perfect candidate due to its smaller size
(~186 kDa), lack of repetitive domains, and less complex structural organization compared to
Nay1.6%°.

| used NF186 to establish the click labeling of the AIS in living neurons since it is a smaller
target with a less complex structure than the Nayl.6. However, NF186 itself represents an
interesting target to study due to its essential roles in the AIS and node of Ranvier maintenance
and establishment®!!, So far, FPs have been used to study NF186 targeting to the AIS during
development in living neurons®. There are also studies in which antibodies were used to study
NF186 regulation at the AlIS!?® or to demonstrate NF186 roles in organizing extracellular matrix

at the AIS192, Small UAA-based tags could be applied to study these processes in more detail
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with SRM and live-cell microscopy without the risk of tag-induced perturbations. Furthermore,
click labeling could be used to follow the NF186 plasticity in the AlS upon depolarization or injury,

which has been impossible with fluorescent antibodies or GFP-based tags®:°.

Click labeling optimization typically involves a selection of the amber mutant with the
strongest expression level since such a mutant has the highest chance of being labeled. However,
this rule cannot be applied to recombinant AlIS components as their overexpression can affect the
AIS structure?6.96.117.261  For example, although NF186™¢ amber mutants under the control of a
strong CMV promoter were successfully click labeled, | could not use them because they were
ectopically expressed. Even after | lowered the expression level of NF186 by replacing CMV with
a weak hNSE promoter'!’, some amber mutants, such as K809TAG, remained mislocalized.
Therefore, probing multiple amber mutants was required to find one with proper localization and
bright click labeling.

An additional issue with the GCE inherent to (multiple) transfections was the difference in
protein expression levels between individual cells. The non-uniform expression was especially
problematic for the recombinant AIS components, NF186-HA and Nay1.6-HA, since it resulted in
their mislocalization in some neurons. In the other neurons, these AIS components localized
properly. The unequal expression levels of recombinant NF186-HA and Nayl.6-HA between
neurons could explain why the AIS length of neurons expressing these two AlS components were
slightly longer than that of the untransfected cells, although the difference did not appear
significant. In addition, the combined expression of endogenous and recombinant NF186 or
Nayl.6 might have contributed to the slightly longer AIS length of the transfected neurons. The
difference in the AIS length between transfected and untransfected neurons could be reduced by
knocking down or silencing endogenous proteins with small interfering (si)RNA or short hairpin
(sh)RNAZ2.273 |t should also be kept in mind that the expression level and subsequent localization
of the protein of interest will depend on its size. For example, smaller NF186 (186 kDa) was
ectopically localized more frequently compared to the larger Nay1.6 (~260 kDa) that localized
properly at the AIS in almost all the instances. The slight Nay1.6 mislocalization was observed in
a few neurons only when its expression was increased using highly efficient AAVSs, including those

carrying eRF1E%%P (this will be discussed later in the text).

Another factor that affects UAA incorporation efficiency is the context around the TAG
site??*, Depending on the TAG position, the amber mutant could become more susceptible to
readthrough (expression of amber mutant in the absence of UAA) or exhibit a lower expression

level. For all of the tested amber mutants, | observed no readthrough in the absence of the UAA.
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However, | did observe the difference in the expression levels between different NF186 or Nay1.6
amber mutants. The expression level mostly correlated with the iPASS scores that predict the
suppression efficiency of the amber mutants??* [NF186; 1.86 (K6BOTAG) vs. 0.62 (K524TAG);
Nayl.6: 0.9 (K1425TAG) vs. 2.05 (K1546TAG)]. The position of amber mutation will affect not
only not GCE but also click labeling efficiency. Even if certain TAG labeling sites provide the
optimal expression level and do not affect the function or localization of a target protein, they also
need to be accessible for tetrazine dye. An example is Nay1.6X425TAG which was poorly click
labeled compared to Nay1.6X%46TAG  Although the expression level of the Nayl1.6X1425TAG was
slightly lower than the Nay1.6X1%46TAG as shown by microscopy and patch clamp, the main reason
for the poor click labeling of this mutant was most likely the UAA inaccessibility for tetrazine dye.
This observation was supported by the microscopy results showing that the highly-efficient AAVs
used for delivery of the GCE elements increased the expression levels of Nay1.6X1425TAG while the
click labeling improved only slightly. To further confirm these findings, | looked at the positions of
incorporated UAAs using the recently developed AlphaFold Protein Structure Database
(AlphaFold DB, https://alphafold.ebi.ac.uk) that predicts 3D protein structure models?%3. According
to the predicted 3D Nay1.6 structure, UAA incorporated at position K1546TAG is exposed on the
protein surface, while one incorporated at K1425TAG is buried between different domains of the
channel. Therefore, tetrazine dye seemed to have better access to the UAA incorporated at the
K1546TAG position, explaining the higher efficiency of click labeling of the Nay1.6X546TAC amber

mutant compared to the Nay1.6X1425TAG,

Since Nay1.6X1%46TAG showed bright click labeling with minimal changes in its biophysical
properties manifested in ~2.8 mV shift of the inactivation curve compared to the Nay1.6"T, | used
this amber mutant in further experiments. The previous reports in which a larger (17 amino acids)
BAD domain had been introduced at position K1546 for labeling and live imaging studies of the
Nayl1.6 support the suitability of this position for click labeling®®8487, The Nay1.6 function was
minimally affected by BAD introduction, i.e., only current density was reduced®. | did not observe
a significant difference in the current density of K1546TAG vs. WT, while the current density of
low-expressed K1425TAG was significantly reduced compared to WT. Contrary to Akin et al.,
although small (2.8 mV), a shift in the inactivation curve of K1546TAG was significant®*. These
results were unexpected since | introduced only one amino acid change at the same position
instead of 17 amino acids. The discrepancy in the results could have arisen from the lower number
of recorded cells in the previous study (9 Nay1.684°-GFP vs. 6 Nay1.6"“'-GFP) compared to the
number of cells recorded in my work (18 Nay1.6™C-HA vs. 20 Nay1.6WT-HA)7584. Alternatively, the

host cell line in which Nay1.6 was recorded (ND7/23 vs. N1E-1115-1) or TTXr mutation (Y371S
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vs. Y371C) could have led to the difference between the results reported in Akin et al. and my

results.

In addition to the Nay1.6 expression in the AlS, using confocal and PALM microscopy,
Akin et al. detected ~230 nm Nay1.6 nanoclusters in the somatic compartment®. Click labeling of
the K546 TAG amber mutant allowed the detection of the Nay1.6 in the AIS. However, | did not
observe previously reported membrane somatic nanoclusters® in living or fixed neurons.
Possibly, such small clusters cannot be detected with click chemistry since, with this approach,
there is no fluorescent signal amplification (one dye molecule labels one Nayl.6). With the
immunostaining of the HA tag, | also detected somatic Nay1.6, which represented the total Nay1.6
pool. However, as the immunostaining is done upon fixation and permeabilization, these
immunostained somatic channels represented the total Nay1.6 pool, and | could not distinguish
between intracellular and extracellular somatic Nay1.6.

After establishing click labeling of the AIS, | demonstrated the applicability of this approach
for the AIS studies by investigating the localization of previously described pathogenic
epilepsy-causing Nay1.6 mutations with the LOF effect in cell lines and primary neurons®3. The
pathogenic mutants were expressed at the same level as the control in the AlS, as shown by click
labeling, while the Na* currents recorded in neuronal cells were almost completely abolished,
similarly to the previous work?*3. These results suggested that LOF mutations affected the function
of the Nay1.6 rather than its trafficking to the neuronal membrane. This conclusion was further
supported by the fact that both mutations were located in the transmembrane domain IV and not
in domains essential for trafficking and maintenance of the Nayl.6 on the membrane (e.g.,
N-terminus and ABD)®38487_ |t would be interesting to use click chemistry to further explore the
effect of these two pathogenic mutations. UAA-minimal tags can be utilized to follow the
internalization or the stability and mobility of 11652N and T1785P Nay1.6 variants in living neurons.
Apart from these two, it would be interesting to click label other Nay1.6 with LOF effect!® and to
determine if they are exported to AlS. Likewise, click labeling can be used to study the trafficking
and localization of pathogenic variants with the gain of function effect!. If the pathogenic Nay1.6
variants have a reduced or absent expression on the neuronal surface, they could be
pulse-chased labeled with cell-permeable and cell-impermeable tetrazine dyes. The pulse-chase
labeling with two tetrazine dyes has been previously used to study different populations of the
same membrane receptor*® and cytoskeletal elements®’. Applying this approach to Nay1.6 will
allow studying if the pathogenic variants get internalized or retained in the cytosol. Trafficking and

localization studies of the pathogenic Nay1.6 represent one of many potential applications of click
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labeling. Other potential applications include studies of different Nay1.6 populations or expression
of newly synthesized Nayl1.6 during the development and pathological conditions such as

neuronal injury.

During my Ph.D. | established click labeling of the AIS in primary non-myelinated neurons.
To study the nodes of Ranvier, it would be necessary to establish click labeling in myelinating
co-cultures or slice cultures. This would allow studying the nodes of Ranvier components, NF186
and Nayl.6, with live-cell and SRM microscopy in health and disease. To this end, expressing
recombinant nodal components at the later DIV in primary neurons would be required. Later
expression of NF186 and Nay1.6 could be accomplished with inducible promoters®. For the
expression in slice cultures, the AAVs described in my thesis could be used to efficiently deliver
the GCE components. Also, these AAVs may allow NF186 or Nav1.6 labeling in human brain

slice cultures?’.

To some extent, the short- and long-term AIS plasticity has been studied in living and fixed
neurons34359%.123 However, it remains elusive whether the AIS in co-cultured neurons undergoes
plasticity the same way as in non-myelinated cultured neurons. Likewise, the nodes of Ranvier
plasticity have not been studied extensively with microscopy in living neurons. Therefore, it
remains unclear if and how the nodes of Ranvier undergo plasticity. Click chemistry could be used
to follow the nodes of Ranvier in real-time and answer these questions. Likewise, click chemistry
could be utilized to study the pathogenic changes in the nodes of Ranvier directly. In that regard,
it would be interesting to examine how Nav1.6 redistributes upon oxidative injury in co-cultured
neurons. These future experiments could help to reveal the mechanism of neurodegenerative
diseases such as multiple sclerosis (e.g., it has been shown that the nodes of Ranvier are
particularly vulnerable in the previously described reversible form of axonal injury?7®). For such
studies, the recombinant proteins should be specifically expressed in neurons but not glial cells.
A specific expression could be achieved with neuron-specific promoters for the amber mutant and

orthogonal translational machinery.

In addition to the studies of Nay1.6, new minimally invasive approaches for live labeling of
the other Nay isoforms would be necessary for further discoveries in the field since such
approaches are currently lacking. Considering that the structure of the Nay is highly conserved,
the labeling approach developed for one isoform can be easily adapted for other isoforms. The
example is a BAD domain that was originally used for live labeling Nav1.6 and later transferred
to Nay1.7. 8121 Similarly, the click chemistry could be easily adapted for live labeling of other Nay

isoforms. Selecting potential click labeling sites will be even easier with the development of the
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abovementioned AlphaFold Protein Structure Database?®®. Neuronal Nayl.1 and Nayl.2,
implicated in different neurodevelopmental and neurodegenerative diseases, are particularly
interesting!21450276. However, labeling these, even with conventional immunostaining in fixed
cells/tissue, is challenging?”’. Live labeling of Nay1.2 is limited to relatively large FPs that can
potentially introduce artefacts®'23, To my knowledge, there are no reports on the Nayl.1 live
labeling in cultured neurons. Click chemistry can be used for localization and trafficking studies
of WT and pathogenic variants of these two Nay isoforms. Live labeling approaches for the
Nayvl1.7, which is highly expressed in the PNS and included in the regulation of pain sensation,
are also limited*?!. Click labeling of the Nay1.7 could help reveal mechanisms of pain sensation
in the sensory neurons. Moreover, click labeling could find applications beyond neuroscience for
labeling of cardiac Nayl1.5 isoform that had been implicated in Brugada syndrome®5°276, With
detailed protocols and optimizations described in this thesis and accompanying paper’ and the
highly efficient AAVs, other large and spatially-confined ion channels and neuronal proteins for

which labeling approaches are lacking can be easily labeled with click chemistry.

Highly efficient genetic code expansion and click labeling of neuronal proteins in

neuronal cell lines and primary neurons

The main limiting factor for successful GCE in mammalian cells, including neurons, is the
expression of orthogonal tRNA imported from other domains of life59.160.222_ | ikewise, the ratio
between aaRS and tRNA can influence GCE efficiency??’. | designed a new plasmid that
increased the GCE efficiency in mammalian cell lines and primary neurons, as shown by the
widefield microscopy. The novelty introduced in this plasmid was an improved (codon-optimized)
NES PylRSAF gene for expression in eukaryotic cells combined with a single copy of U6-tRNAPY.,
It was not surprising that codon optimization of the gene encoding NES PylRSA improved the
efficiency of the GCE compared to the non-optimized version°. The optimized codons are used
more optimally in mammalian cells, resulting in a more efficient translation and improved
expression of the aaRS. These findings were supported by a recent publication from our
laboratory in which NFL™¢ amber mutant was labeled in neurons with click chemistry®’. This study
showed by quantitative western blot that the codon-optimized NES PyIRSAF/U6-tRNAPY' plasmid
was more efficient than the corresponding plasmid that bore a non-optimized NES PyIRSAF
version. Furthermore, Arsi¢ et al. showed that codon-optimized NES PyIRSAF was more efficient
in combination with tRNAPY' than when combined with four copies of the improved tRNAM®
described by Serfling et al*>1. These results were somehow surprising since Serfling et al. reported

that the 4xU6-tRNAM1S cassette was more efficient than the U6-tRNAPY. The discrepancy between
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these two publications was most likely due to the difference in NES PylIRSAF that was used
(codon-optimized Arsic¢ et al. vs. codon non-optimized in Serfling et al.). The widefield microscopy
results described in my thesis are in agreement with the results published in Arsi¢ et al®’.
However, quantitative analysis (microscopy, fluorescence-activated cell sorting—FACS, and
western blot) will be needed to estimate the exact differences in the efficiency of 4xU6-tRNAM1S

and U6-tRNAPY' as well as codon-optimized and non-optimized NES PyIRSAF.

To boost the GCE efficiency, | also attempted to increase the efficiency of the orthogonal
tRNAPY expression by improving its stability. To this aim, | removed the variable polyT tail from
tRNAPY' using a self-cleaving HDV ribozyme?’8. Previously, HDV ribozyme had been inserted
between the 3' end of the CRISPR (cr)RNA, a part of the CRISPR/Cpfl (CRISPR-associated
endonuclease in prevotella and francisella 1) system, used for genome editing?’® and the polyT
to release free crRNA and increased its activity?'6. However, in the same study inserting HDV
ribozyme at the 3' end of gRNA (a part of the CRISPR/Cas9 genome editing technology) did not
increase its activity?*6. As | showed by widefield microscopy, HDV did not seem to improve the
GCE efficiency. However, quantification and further experiments are needed to determine the
exact effect of HDV on the tRNA stability and GCE efficiency. Since the activity of the HDV
ribozyme depends on the surrounding sequences, engineering those might improve its
effectiveness and, subsequently, stability of the orthogonal tRNA2'6217, The GCE efficiency could
also be improved by engineering 5'and 3'sequences surrounding orthogonal tRNAFPY.

Alternatively, directed evolution or further engineering the tRNAPY could help5%.22°,

For efficient GCE and click labeling of endogenous proteins in primary neurons or
recombinant proteins in slice cultures, organoids, and animal models, delivering one copy of the
orthogonal tRNA might not be enough!73180227 The quantitative analysis of the intensity of
fluorescent reporters in neurons transduced with AAVs showed no significant difference between
one and four copies of tRNAPY, as described in the Results section. Therefore, it might be
necessary to deliver more than four U6-tRNAPY' copies, e.g., 16 copies, as reported previously??’.
However, such a high number of U6-tRNAPY' copies increases the probability of recombination
between repetitive sequences. | attempted to overcome this issue by probing additional type 3
pol Il promoters (Y3, MRP/7-2, 7SK) that could be combined with the commonly used strong U6
promoters?26.244, Although widefield microscopy implied that none of the tested promoters proved
more efficient than the U6, an additional characterization and quantitative analysis with FACS
might help identify the promoter with similar or higher efficiency. Based on widefield microscopy

results from this thesis and the previously published literature'®®, 7SK might be promising in this
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regard. Alternative promoters would also allow fine-tuning tRNA expression depending on the

target protein, host cell line, and experimental design.

Alternatively, a 5' self-cleaving Hammerhead ribozyme (HH) and the 3'self-cleaving
HDV?78 could be combined to express multiple tRNAPY from a single promoter. The combination
of these two has been used to simultaneously express multiple gRNA from U6 or CMV
promoters?8°, The same strategy could be used to express multiple tRNAPY from a single U6
promoter or to express tRNAPY' together with aaRS from a single CMV promoter. As suggested

in289, this approach could also help pack multiple tRNAPY in the AAVSs.

As discussed above, the GCE of proteins expressed in mammalian cells, and in particular
primary neurons, is generally low to moderate due to inefficient expression of orthogonal
tRNA60.222. The transfection efficiency of non-dividing primary neurons is also low?!¢3, especially
when multiple and large plasmids, such as those encoding SCN8A and GCE components, need
to be delivered. Low transfection combined with low GCE efficiency results in the poor expression
of amber mutants of protein of interest in a few neurons. | partially overcame these problems and
successfully established click labeling of the AIS in living primary neurons’ by using conventional
transfections for GCE based on the existing work from our laboratory®’. However, further
improvements in the GCE efficiency, resulting in a high number of neurons expressing amber
mutant, would allow more reliable quantitative, SRM, and live-imaging studies. It would also allow
efficient click labeling of neuronal proteins in more complex model systems such as slice cultures,
organoids, and living animals. Although the endogenous NFL has been tagged with clickable
UAAs in neurons?, site-specific click labeling of NFL and other proteins might not be possible
with conventional transfection due to the low GCE efficiency. Hence, the highly efficient GCE
would enable site-specific labeling of endogenous proteins at their native level of expression. For

these reasons, | probed viral vectors for the delivery of the GCE components.

Baculoviruses with a stable genome that tolerates repetitive sequences and can accept
large cargo?31232 have been previously used to deliver simultaneously five different proteins to
primary neurons?33, Baculoviral-based vectors, such as pACBac, have also been utilized for the
GCE of fluorescent reporters in neurons and mouse brains??6227, The MultiBacTAG system was
used for UAA incorporation and click labeling of recombinant eukaryotic proteins produced in Sf21
insect cells?®l. Therefore, baculoviruses are promising vectors for the delivery of all GCE
components to primary neurons, including multiple tRNA copies and genes encoding large AIS
components. However, in my hands, MultiBacMam production was tedious, time-consuming, with

high variability between experiments. | noticed inconsistent virus quality and differences in virus
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titers collected from the V2 generations. The same happened even when multiple V2 were
generated from the same V1 generation. | did not achieve a high MOI even when |
(ultra)concentrated V2. Therefore, | had to use large amounts of virus to transduce mammalian
cells successfully. In order to improve transduction efficiency, it will be necessary to increase the
MOI of the baculoviruses. To this end, different protocols for virus production and purification need

to be tested.

An additional issue with baculoviruses was the low transduction efficiency of ND7/23 cells.
According to the manufacturer of the MultiBacMam™ system (Geneva Biotech), some neuronal
cell lines might be less susceptible to transduction with baculoviruses. Therefore, other neuronal
cell lines could be used for experiments involving baculoviruses. Although baculoviruses allowed
the successful transduction of a high number of HEK293T cells, the efficiency of the amber codon
suppression was low due to the insufficient expression of the orthogonal tRNAPY. Creating a
baculovirus that bears multiple tRNA copies and combining it with one that carries amber mutant
and NES PylRSAF might solve the problem of insufficient tRNAPY227 even at lower MOlIs.
Alternatively, previously published pAcBac vectors??’ could be tested instead of the MultiBacMam

system.

When testing baculoviruses, | observed that the expression level of NF186 amber mutant
in HEK293T cells was low even when cells were transfected with additional tRNAPY. Generating
fresh baculoviruses might solve this problem since | observed differences between various V2
batches. Regarding Nayl1.6 baculoviruses generation, special conditions might be required. For
example, it might be necessary to propagate viruses at less than 30 °C since there is no available
information on the mutation rate of Nayl.6 in Sf21 cells and to sequence the whole bacmid

genome to determine that the SCN8A gene is intact?36.

Due to the variability of the titers and quality of the baculoviral stocks, | started, in parallel,
to optimize an alternative approach that involved the use of AAV-based viral vectors for the
delivery of GCE components. Since this approach allowed efficient and reliable GCE in neurons,

| did not further optimize MultiBacMam.

As expected, the initial test experiments showed that AAVs improved the GCE efficiency
of a dual fluorescent reporter compared to conventional transfection, resulting in many neurons
expressing mCherry-GFPTAG, However, due to the low cargo capacity?3, large AIS components
could not be packed into AAVs. Nevertheless, by combining transfections and transductions, |

increased the number of neurons expressing Nayl1.6 by ~3.5 times. For the AVVs generation, a
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codon non-optimized NES PylRSA* was used. Generating AAV with codon-optimized
NES PyIRSAF might further improve Nay1.6 GCE and click labeling efficiency. Such a virus might
also help improve the dSTORM quality of click-labeled Nay1.6. However, combining transduction
and transfection for experiments involving GCE and click labeling of Nay1.6 in living animals or
mouse brains might be challenging. That is why optimizing baculoviruses for amber mutant and

orthogonal translational machinery delivery is still worth considering.

It has previously been reported that the co-expression of the eRF1E%5P with orthogonal
translational machinery and amber mutant of a target protein improved the efficiency of the
GCE???. Hence, as expected, adding AAVs that bore eRF1F%P mutant further improved the
efficiency of GCE in neurons. These results agreed with the previously published report®” in which
eRF1550 combined with codon-optimized NES PylRSAF/U6-tRNAPY' boosted NFLT™¢ GCE
efficiency from 48.6% to 97.4% and even allowed labeling of the endogenous NFL. However, due
to the high GCE efficiency, eRF1F%P, in some instances, led to the overexpression of the
Nay1.6™¢. Hence, | did not use the recombinant eRF155°P mutant for click labeling of recombinant
AIS components. Nevertheless, eRF155°P might be helpful for click labeling of other neuronal
proteins that are not spatially confined. In addition to overexpression, | observed higher
background in the click channel in neurons transduced with eRF155°P in the presence of the UAA.
| did not investigate this further due to time constraints. However, one explanation could be that
eRF1555P increased the expression of AIS components too much, resulting in a higher number of
dead cells that accumulated ATTO488-tz. Another explanation could be a potential effect of the
eRF1555P mutant on the translation termination of endogenous proteins. The latter explanation is
less likely since the previous experiments from our laboratory with the eRF15%5P mutant implied
that its overexpression did not seem to significantly increase unspecific amber codon suppression
in primary neurons®’. Thus, further optimization of transduction conditions with AAVs carrying
eRF1555P will be highly beneficial for site-specific click labeling of endogenous AlS components

and other neuronal targets.

Establishing labeling of the endogenous proteins in living neurons is essential since it
would allow studying them under physiological conditions. Labeling endogenous AIS components
is particularly important since it will solve the mislocalization problem associated with the
overexpression of recombinant constructs. At present, there is some progress toward labeling
endogenous AIS components. Using CRISPR/Cas9 technology, | and other members of the
laboratory labeled endogenous NF186 with a GFP tag (unpublished data). Also, the endogenous

Nay was labeled with GFP, V5, or HA tags®'?3. However, similarly to recombinant proteins,
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tagging endogenous proteins with relatively large tags could affect their localization or function.
Recently, CRISPR/Cas9 has been combined with click chemistry for proof-of principle labeling of
the endogenous NFL with minimally invasive UAA tags®’. To achieve labeling of the endogenous
NFL, the linker that bore TAG amber mutation followed by a 3XFLAG tag was added to its
C terminus. The introduction of the UAAs into the C-terminal linker prevented the knockdown of
the NFL, which would be caused by low amber codon suppression efficiency. Although promising,
the disadvantage of this approach, apart from the low GCE efficiency, was click labeling in a few
neurons and the absence of site-specificity. Therefore, GCE efficiency would need to be

increased to achieve site-specific labeling of endogenous proteins.

The site-specific labeling could be achieved with the AAVs carrying 4xU6-tRNAPY' and
eRF1E%P, The other laboratory members and | are currently testing this strategy for site-specific
UAA incorporation and click labeling of endogenous NF186. The NF186 was chosen because it
was highly expressed and click labeled even with conventional transfections. Although it might
appear challenging, the AAVs and further optimization of the method could allow the click labeling
of the endogenous Nayl1.6. To this end, iPSCs might be more suitable since they would enable
the generation of clones that stably express orthogonal translational machinery*€°, In this regard,
the inducible GCE technology?®? or inducible promoters® can be used to switch on the expression
of the specific orthogonal components. High expression of the endogenous amber mutant could

be achieved with the expression of the eRF1F°°P and multiple tRNA copies (16 or more).
Super-resolution imaging of click-labeled AIS and node of Ranvier components

One of the advantages of click labeling is its compatibility with advanced super-resolution
microscopy techniques, such as GSDM*8, dSTORM?®, STED?’, MINFLUX?%, and click-PAINT?*®,
However, most of the previous studies have been carried out in cell lines!48150.204 Recent studies
have reported the application of click labeling for STED and dSTORM imaging of small membrane
and cytosolic proteins in primary neurons®’:%, Combining UAA-based minimal tags with SRM
microscopy would allow studying the AIS compartment at the single-molecule level. However,
SRM imaging of the large, spatially confined AIS components, organized in a complex way, brings
additional challenges compared to imaging of small and highly abundant proteins (e.g., TARPS,
NFL). The AIS components are periodically arranged with a spacing of 190 nm?6:28, Capturing the
periodic organization of NF186 and Navy is not straightforward due to their less regular periodicity
and lack of highly-specific antibodies and other labeling tags. That is why only a few
proof-of-principle reports on dSTORM and DNA-PAINT imaging of immunolabeled NF186 and

Nayv have been published!®?®. The nanoscale organization of the Nay1.6 at the AIS is unclear
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since most of the abovementioned studies used an anti-panNay antibody that recognizes all
sodium channel isoforms. By combining conventional immunostaining and dSTORM, | obtained
SRM images showing the periodic distribution of the NF186 and Navy, as previously reported*6.28,
However, not every imaged AIS immunostained with the panNay antibody exhibited periodic
organization. In addition, as previously suggested?®, | observed that Nay periodicity was less
regular, i.e., ring-like patterns were observed only in some regions of the immunostained axon
initial segments. The published literature also suggests that at the nodes of Ranvier, NF186 and
Nay are not distributed homogenously*®. Since the AIS and the nodes of Ranvier share structural
organization, that could explain the lack of periodicity in some regions of the AIS. Another reason
for the lack of periodicity could be the Nay sensitivity to strong fixatives, such as PFA, that can
mask the epitopes recognized by panNay antibodies?’’. This is supported by the ongoing
experiments that are not included in the thesis, in which optimization of fixation protocols resulted

in better preservation of the Nay periodicity.

The dSTORM imaging of the neurons immunostained with anti-Nay1.6 antibody did not
reveal apparent periodicity, most likely due to the poor quality of the immunostaining with this
antibody. On the contrary, the results presented in this thesis, which involved dSTORM imaging
of a large number of neurons expressing recombinant Nay1.6-HA immunostained with an anti-HA
antibody, showed that the ring-like distribution of the recombinant Nay1.6, confirming that the 1.6
isoform is at least partially periodically arranged at the AlIS. Currently, | am conducting additional
experiments involving immunostaining with an anti-HA antibody to quantify the periodicity of

recombinant Nay1.6 at the AlS.

After confirming with the immunostaining that Nay1.6-HA was periodically arranged, |
attempted to establish dSTORM imaging of click-labeled AIS components. With the
immunostaining approach, primary antibodies specific to the protein of interest are recognized by
multiple secondary antibodies conjugated to a fluorescent dye, resulting in the amplification of the
fluorescent signal. With click labeling, the fluorescent dye is directly attached to a protein of
interest. Since there is no signal amplification, the intensity of click labeling is usually weaker than
the conventional immunostaining. Since the main requirement for a successful dASTORM is bright
labeling of a target protein, the background must be minimal to acquire high-quality SRM images
of click-labeled proteins. When | attempted to establish dSTORM of click-labeled AIS components
in primary neurons, one of the main issues was the lower quality of labeling with photoswitchable
far-red dyes (AF647-tz and Cy5-tz) compared to the ATTO488-tz. In addition, click labeling of

primary neurons with far-red dyes resulted in numerous dye accumulations that contributed to the
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low signal-to-noise ratio. The high background can be explained by the tendency of certain dyes
(e.g., Cyb) to form aggregates in aqueous solution at higher concentrations, such as those used
for click labeling (5 uM) 269270, That would also explain why such aggregates were not observed
for ATTO488-tz (5 uM) or lower Cy5-tz dye concentrations used for dASTORM of click-labeled
TARPs (0.5 uM or 1 uM)®%. The click labeling quality could also depend on the dye size. The
higher quality of Nay1.6 click labeling with ATTO488-tz (Mw = 758.78 g/mol) than the AF647-tz
or Cy5-tz (Mw > 1100 g/mol) was most likely caused by the inaccessibility of larger dyes to the
incorporated TCO*A-Lys®. However, increasing the concentration of larger tetrazine dyes
improved click labeling. As | showed, AF647-Pyr-tz used at high concentrations (12.5 uM) allowed
SRM of the click-labeled AIS. | chose this dye since it formed fewer aggregates compared to the
AF647-tz or Cy5-tz. With such optimized conditions, | successfully imaged click-labeled NF186
with dSTORM microscopy. In addition, by using AAVs to increase GCE efficiency, | obtained
dSTORM images of click-labeled neurons expressing recombinant Nayl1.6. However, due to the
lower signal-to-noise ratio and slightly worse click labeling signal, the quality of dSTORM images
of the Nayl1.6 was lower compared to NF186. Further optimization will be necessary to improve
the dSTORM quality of click-labeled Nay1.6. | am currently trying to improve the click labeling by
probing new AVVs carrying codon-optimized NES PyIRSAF. In addition, the other colleagues from
the laboratory and | are attempting to establish click-PAINT, which has been used for SRM
imaging of low-abundance and difficult-to-label proteins!®. These experiments are ongoing and

therefore are not included in the thesis.

Establishing click-PAINT of the AIS would have additional advantages compared to
(d)STORM. For example, combining DNA- and click-PAINT would allow high-quality multi-color
SRM imaging of the AIS components!®45, Although multi-color STORM of AIS componentsi6.28
and dSTORM of highly-abundant proteins'3¢137 have been achieved, both approaches have
limitations. The fluorescent antibodies compatible with STORM are not commercially available;
hence, this approach is not easy to implement in the laboratory. Regarding dSTORM, the number
of suitable combinations of photoswitchable dyes is limited. Besides commonly used AF647,
AF555 or AF568 can be used for dASTORM in combination with GLOX MEA imaging buffer!3s,
However, the blinking properties of orange dyes are inferior compared to the AF647%5, resulting
in lower quality of ASSTORM images in the second channel. This could be especially problematic
when fine structures, such as the periodic skeleton at the AIS, need to be resolved. In addition,
establishing click-PAINT would also allow studying different populations of the AIS components,

labeled with different dyes, during development or injury, with high precision. Alternatively, to
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study different populations of the AIS components with high precision, click-PAINT could be

combined with click labeling.

Regarding the dSTORM imaging of immunostained or click-labeled proteins, the additional
disadvantage is the requirement for a unique GLOX imaging buffer that induces photoswitching
of the fluorophores'3®. After the samples are placed in GLOX, they cannot be reused and are
discarded upon imaging. Furthermore, immunostained or click-labeled samples are usually stored
in PBS before imaging. Since the fluorescence in PBS fades with time, samples cannot be stored
for more than a few days. A possible solution would be to store and image samples in
25% VS136.246 - Alternatively, another SRM imaging approach (e.g., STED) can be explored®’

since, for this approach, buffers that allow long-term storage could be used.

In conclusion, | successfully incorporated UAA-based minimal tags into two AIS and node
of Ranvier components (NF186 and Nay1.6) by taking advantage of the GCE technology. Using
a bioorthogonal click reaction, | subsequently labeled incorporated UAAs with small organic dyes
in living neurons. | expanded the application of click chemistry for labeling of large and
spatially-confined proteins with a complex organization, including voltage-gated ion channels.
Apart from proof-of-principle labeling and imaging of the wild-type AIS constituents, |
demonstrated that click labeling could be used for localization studies of the pathogenic AIS
components and dSTORM imaging of the AIS. A new minimally invasive tool that allows studying
AlIS and nodes of Ranvier components with advanced microscopy will help answer many
guestions regarding ion channels and AIS and the node of Ranvier biology. The significance of
my Ph.D. work goes beyond AIS and the nodes of Ranvier components since | found a way to
improve GCE and click labeling efficiency. To do so, | engineered GCE components and utilized
AAVs to deliver orthogonal translational elements to primary neurons more efficiently than
conventional transfections. With more efficient GCE and click labeling, it will be possible to study
various recombinant and endogenous proteins in primary neurons and more complex model
systems (brain organoids or slice cultures) and at the level of living animals. This novel and
efficient approach for live labeling of ion channels and other neuronal proteins in living neurons

will open new avenues of research in the neurobiology field.
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6. Appendix
6.1. Appendix Tables

Appendix Table 1. Primers used for cloning and mutagenesis.

Aim Primer name Primer sequence 5'> 3'
GCCATTGAGATTCCGATGGATCCAAG
HA(del)-NF186fw
Deletion of HA tag from the N CATTCAGAATGAG
terminus of NF186 CTCATTCTGAATGCTTGGATCCATCG
HA(del)-NF186rv
GAATCTCAATGGC
GAGGTCTAGGACCCCACCAGGATCTA
NF186K519TAGfW
CAGGATG
GGGGTCCTAGACCTCCAGGCGGACTT
NF186K519TAGN
GATTTTCA
GTGGCCTAGAGGGGCACCACAGTGC
NF186K534TAGfVV
AG
GCCCCTCTAGGCCACCTGGTCTTCAG
NF186K534TACry
GC
AGGATGTAGAAGGAAGATGACTCCCT
NF186K571TAGfW
GACCATCTTCG
TTCCTTCTACATCCTGTTTCCAATGTA
. . NF186K571TAGy,
Introduction of TAG. amber mutation GAGTGGCTC
into Nfasc
CTGGCATAGGCCTACCTCACTGTTCT
NF186K604TAGfW
AGCTGATCAG
GTAGGCCTATGCCAGGTCCTGGTCCA
NF186K604TAGW
G
CACTCCTAGTTCCCAGGCAGTGTCAA
NF186K680TAGfW
CTCAG
TGGGAACTAGGAGTGGTCATGCCAGA
NF186K680TAGH,
CTCCT
NF186KX809TAGy TTTGGGTAGGGCCCGGAGCCTGAAAC
CGGGCCCTACCCAAAGTCATTTTCAG
NF186K809TAGy
CCTGGACTC
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GGTGGTGGGCCCTGAAGACCCCAAA

NF186-HAfw
GAAG
Addition of HA tag to the C terminus
of NF186 ACCACCGCGGCCGCTCAAGCGTAGT
NF186-HArv CTGGGACGTCGTATGGGTAGGCCAG
GGAATAGATGGCATTGACTG
GGTGGTATTAATTGTATGCAGCTGGA
hNSE(Asel)fw

hNSE cloning into NF186

CCTAGGAGAG AAG

hNSE(Bglll)rv

ACCACCAGATCTCGGTGGTAGTGGCG
G

mSCN1B into
pACEMam2 to make multigene

Cloning of

plasmid

MSCN1B(Kpnl) rv

GGTGGTGCTAGCCACCATGGGGACG
CTGCTGGCTCT

mMSCN1B(Nhel)fw

ACCACCGGTACCTTATTCAGCCACCT
GGACGCCT

Cloning of mSCN1B into pMDS to

make multigene plasmid

MSCN2B(Nhel)fw

GGTGGTGCTAGCCACCATGGAAGTCA
CAGCGCCCACC A

MSCN2B(Kpnl)rv

ACCACCGGTACCTTACTTGGTGCCAT
CTTCCGCGTTG

Cloning of mEGFP into pMDC to

make multigene plasmid

MGFP(BamHI)fw

GGTGGTGGATCCCACCATGGTGAGCA
AGGGCG

mGFP(Xball)rv

ACCACCTCTAGATTACTTGTACAGCTC
GTCCATGCCGA

Cloning of mSCN1B and mSCN2B
for PiggyBAC expression vector for
generation of neuronal stable cells

MSCN1B(Nhel)fw

GGTGGTGCTAGCCACCATGGGGACG
CTGCTGGCTCT

MSCN1B(Notl)rv

CCGTCCGCGGCCGCCTATTCAGCCAC
CTGGACGCC

MSCN2B(Nhel)fw

GGTGGTGCTAGCCACCATGCACAGG
GATGCCTGGCTACC

CCGTCCGCGGCCGCTTACTTGGTGCC

MSCN2B(Notl)rv
ATCTTCCGCGT
mSCN1Brv CTATTCAGCCACCTGGACGCCTG
Amplification of mSCN1B and
mSCN2B from gDNA of neuronal | mSCN2Brv TTACTTGGTGCCATCTTCCGCGTTG
cells
PiggyBACfw ATGTAATTACGTCCCTCCCCCGCTAG
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CAGCAGGCCGTTATTGAACAGGGCTG

MSCNBS8AI652Ny
GCAG
CTGCCAGCCCTGTTCAATAACGGCCT
MSCNBS8AI652Nfyy
Loss-of-function SCN8A GCTG
mutagenesis CCAGATCTCATAGAAGGGCTCGAAGT
MSCNB8ATL785Pry
CATCCTCAG
CTGAGGATGACTTCGAGCCCTTCTAT
MSCNS8ATL785Pfyy
GAGATCTGG
GTACAGGTTCTCCCAGCAGTCCTGGG
MSCNS8AY371Cy
Introduction of TTXr (Y371C) TCATCAG
mutation into MSCN8A CTGATGACCCAGGACTGCTGGGAGAA
MSCNB8AY371Cry
CCTGTAC
(Phos)CTAGATACCCATACGACGTCCC
MSCNS8A-HAfw

Addition of HA tag on the C terminus
of Nav1.6

AGACTACGCTTAAGGGCC

MSCN8A-HArv

(Phos)CTTAAGCGTAGTCTGGGACGTC
GTATGGGTAT

Cloning of Nav1.6 into mGFP

MSCNSA(HindIIl)fw

GCTGATAAGCTTCACCATGGCTGCAC
GGC

MSCNB8A(Apal)rv

CGGCGAGGGCCCCGCACTTTGACTCT
CTCACTTCTTTCTGTCTCTTAG

Cloning of  UG-tRNAP'  into

NES PylIRSAF

rvU6-tRNAPY(Bgll)fw

GGTGGTAGATCTAAAAAACGGAAACC
CCGGGAATCTAACC

rvU6B-tRNAPY' (Mfel)rv

CAAATATGAAGGAATCATGGGAAATA
GGCCCTCCAATTGAAAGGG

Cloning of UB-tRNAPY-HDV into
NES PyIRSAF

rvU6-tRNAPY-HDV(Bglll)fw

GGTGGT AGATCTAAAAAAGTCCCATT
CGCCATG CCG

Cloning of 4xU6-tRNAM® into

NES PyIRSAF

Ax(rvUB-tRNAM1S) Byl fw

GGTGGTAGATCTGAAAAGTGCCACCT
GACGTCGAC

4x(rvUB-tRNAMS) Mfel rv

CGGCGACAATTGTCGGTCAAGCCTTG(C
CTTG
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Cloning of NLS into mCherry

NLS-mCherry (Nhel)fw

GCTGGCGCTAGCACCATGCCGCCGA
AAAAAAAACGCAAAGTGGAAGATAGC
GTGAGCAAGGGCGAGGAGG

mCherry(Notl)rv

CGCGCAGCGGCCGCTCACTTGTACA

Removing NLS from iRFP

GCTCGTCCATGCCG

GGAGGAGCTAGCCACCATGGCGGAA
iRFP(Nhel)fw

GGATCCGTCGCC

GCTGTACAAGCATCACCATCACCATC
iRFP(Notl)rv

ACTGAGCGGCCGCAAAGGG

Cloning
into pACMam1

NES PylRSAF/U6-tRNAPY

CMV-NES PylIRSAF/U6-tRNA
PY(Pvul)fw

GGTGGTCGATCGAAAAAACGGAAACC
CCGGGAA TCTAACC

CMV-NES PyIRSAF/UB-tRNA
PY(BStZ171)rv

ACCACCGTATACCCATAGAGCCACCG
CATCC

Cloning CMV-NF186K880TAG_.HA into

pMDC

NF186-HA(Sal)

GGTGGTGTCGACATGGCCAGGCAGC
AGGC

NF186-HA(Xbal)rv

ACCACCTCTAGATCAAGCGTAGTCTG
GGACGTCGTATG

Cloning iRFP-GFPY39TAG into pMDC

iRFP-GFPY39TAG(Sall)fw

GGTGGTGTCGACCACCATGGCGGAA
GGATCCG

iIRFP-GFPY39TAG(Xbal)rv

ACCACCTCTAGATCAGTGATGGTGAT
GGTGATG CTTGTAC
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Appendix Table 2.

of the patch-clamp recordings of WT vs. K1425TAG was previously published”®.

Biophysical

properties of

Nay1.6WT

YSTICHA  and  Navl.6KIS46TAGYSTIC.POA.EGFP, or
Nay1.6WT.YS71C.p2A-EGFP and Navl1.6¥1425TAG.YS71C.po A-EGFP recorded in neuronal N1E-115-18762 cells. The analysis

Steady-state Steady-state T at 0
activation inactivation t -100 Current
mvo | n T;:]C\?(ms) n density n
Ve (mV) [k N |Vie (mv) [k n | (ms) (PA/pF)
) -62.3+0.6 |4.90.1 8'25210' 3.80.2
'WT _ -
Navl.6 17.4+0.9 5.9+0 3 14 14 14 14 |-252.4432.0 |14
Nay1.6K1546TAG |15 6+1.2 | 13 |56.6+0.4 el 13 D020, 13 [3.0£0.1** |13 |-196.4+22.8 |13
55:03 | |20 * 02+
- 0.59+0.
WT - - -
Nav1.6 9.9+1.1 73+0.3 18 |-58.84+0.5(4.9+0.1 |18 02 18 |3.6%0.2 17 124.6+15.5 |18
- 0.600. -89.0+5.5*
K1425TAG |_ -
Navl.6 11.4+0.6 74402 20 |-60.2+0.54.8+0.1 |20 03 20 |3.6x0.2 20 (p=0.0426) 20

Note. Data are presented as means * S.E.M.s; number of recorded cells (n); * p < 0.05, ** p < 0.01. Student's t-test or
Mann-Whitney U test.
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Appendix Table 3. Pairwise comparisons of the AIS length (measured in ankG channel) between NF186 transfected

(HA+) and surrounding untransfected (HA-) neurons using the nonparametric Kruskal-Wallis test. These results were

previously published?.

Categories: 1. WT HA+; 2. WT HA-; 3. K519TAG HA+; 4. K519TAG HA-; 5. K60ATAG HA+; 6. K60ATAG HA-; 7.
K680TAG HA+; and 8. K6B0TAG HA-. Pairwise comparisons of transfected (HA+ ankG+) and surrounding
untransfected (HA- ankG+) neurons for WT and three amber mutants (1-2, 3-4, 5-6, and 7-8) are highlighted in grey.

Pairwise comparisons
Comparisons Test statistic th\;rdard ;t:tri‘:t?éd test Significance ggj:i?itce:ncea
4.00-2.00 6.433 11.390 0.565 0.572 1.000
4.00-8.00 -9.382 12.969 -0.723 0.469 1.000
4.00-6.00 -23.138 17.448 -1.326 0.185 1.000
4.00-1.00 40.443 13.875 2.915 0.004 0.100
4.00-7.00 -41.832 13.875 -3.015 0.003 0.072
4.00-3.00 42.133 16.240 2.594 0.009 0.265
4.00-5.00 -52.360 16.795 -3.118 0.002 0.051
2.00-8.00 -2.949 11.693 -0.252 0.801 1.000
2.00-6.00 -16.705 16.523 -1.011 0.312 1.000
2.00-1.00 34.010 12.691 2.680 0.007 0.206
2.00-7.00 -35.399 12.691 -2.789 0.005 0.148
2.00-3.00 -35.700 15.241 -2.342 0.019 0.537
2.00-5.00 -45.927 15.831 -2.901 0.004 0.104
8.00-6.00 13.756 17.648 0.779 0.436 1.000
8.00-1.00 31.062 14.125 2.199 0.028 0.781
8.00-7.00 32.450 14.125 2.297 0.022 0.605
8.00-3.00 32.751 16.455 1.990 0.047 1.000
8.00-5.00 42.978 17.002 2.528 0.011 0.321
6.00-1.00 17.306 18.325 0.944 0.345 1.000
6.00-7.00 -18.694 18.325 -1.020 0.308 1.000
6.00-3.00 18.995 20.175 0.942 0.346 1.000
6.00-5.00 29.222 20.624 1.417 0.157 1.000
1.00-7.00 -1.389 14.962 -0.093 0.926 1.000
1.00-3.00 -1.689 17.178 -0.098 0.922 1.000
1.00-5.00 -11.917 17.703 -0.673 0.501 1.000
7.00-3.00 0.301 17.178 0.017 0.986 1.000
7.00-5.00 10.528 17.703 0.595 0.552 1.000
3.00-5.00 -10.227 19.612 -0.521 0.602 1.000

Note. Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. Asymptotic

significances (two-sided tests) are displayed. The significance level is 0.05.

a Significance values have been adjusted by the Bonferroni correction for multiple tests.
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Appendix Table 4. Multiple comparisons of the AIS length (measured in ankG channel) between Nay1.6™G-HA
transfected (HA+) and surrounding untransfected (HA-) cells using one-way ANOVA with the Tukey posthoc. These

results were previously published’.

Categories: 1. K1425TAG HA+; 2. K1425TAG HA-; 3. K1546TAG HA+; and 4. K1546TAG HA-. Multiple comparisons
of transfected (HA+ ankG+) and surrounding untransfected (HA- ankG+) neurons for two amber mutants (1-2, 3-4) are
highlighted in grey.

Multiple comparisons

Tukey HSD
0] Q)] Mean difference Standard o 95% Confidence interval
Category | Category (1-3) error Slgnificance Lower bound Upper bound
2.00 3.66061 1.64177 0.124 -0.6418 7.9630
1.00 3.00 0.78047 1.96907 0.979 -4.3797 5.9406
4.00 4.90039" 1.79007 0.037 0.2094 9.5914
1.00 -3.66061 1.64177 0.124 -7.9630 0.6418
2.00 3.00 -2.88014 1.74582 0.357 -7.4552 1.6949
4.00 1.23979 1.54110 0.852 -2.7988 5.2784
1.00 -0.78047 1.96907 0.979 -5.9406 4.3797
3.00 2.00 2.88014 1.74582 0.357 -1.6949 7.4552
4.00 4.11993 1.88595 0.136 -0.8224 9.0622
1.00 -4.90039" 1.79007 0.037 -9.5914 -0.2094
4.00 2.00 -1.23979 1.54110 0.852 -5.2784 2.7988
3.00 -4.11993 1.88595 0.136 -9.0622 0.8224

Note. *The mean difference is significant at the 0.05 level.
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Appendix Table 5. Biophysical properties of Nay1.6WT Y371C.HA  and Nay1.6X1546TAG, YS7IC_.HA recorded in neuronal

N1E-115-1 neuroblastoma cell line. These results were previously published?.

Steady-state

Steady-state

activation inactivation Th at 0 mV Trec at -100 Current
n ;;CV ms) | " density | n
Vi K V12 K N (ms) (PA/pF)
(mV) (mV)
WT -
Navl.6 11.8+1. |6.8+0 (20 |58.6+0. [4.8+0.1 20 10.47+0.02 |20 |2.8+0.1 20 149 4417 5 20
0 3 5
- - 55.8+0. 0.57+0.03* 2 440 2%
Nay1.6X1546TAG |11 5+0. (6.6+£0 (18 |6** 4.9+0.1 17 |* 18 o 18 | 18
o s (0= (0=0.0026) (p=0.0173) 105.5+12.5
0.0025)

Note. Data are presented as means + SEMs; a number of recorded cells (n); * p < 0.05, ** p < 0.01,

Mann-Whitney U test.

Student's t-test or

153



Appendix Table 6. Mean AlS fluorescence intensities (measured in click—ATTO488-tz or HA channel) between control
(Nay1.6K1546TAG, Y37IC.HA) and LOF pathogenic variants (Nay1.GKIS46TAG YSTACHES2N.HA  gnd  Nayl.6KIS46TAG.

YS71CT1785P.HA) using the nonparametric Kruskal-Wallis test. The results shown in the upper table were previously

published?®.

Independent-samples Kruskal-Wallis test: summary (ATTO488-tz channel)

Total number of cells (n) 79
Test statistic 2.2442
Degree of freedom 2
Asymptotic significance (2-sided test) 0.326

aThe test statistic is adjusted for ties.

Independent-samples Kruskal-Wallis test: summary (HA channel)

Total number of cells (n) 79
Test statistic 3.3262
Degree of freedom 2
Asymptotic significance (2-sided test) 0.190

aThe test statistic is adjusted for ties.
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Appendix Table 7. The quantification of the GFPY3*TAS/mCherry ratio in neurons transduced with different

combinations of the AAVs. Pairwise comparisons of the GFP/mCherry ratio of neurons transduced with AAVs that bore

a dual fluorescent reporter (NLS-mCherry-GFPY3TAG) and different combinations of the genetic code expansion

elements by using the independent-samples Kruskal-Wallis test.

Categories: 1. AAV#1, 2 and 6; 2. AAV#4 and 6; 3. AAV#3, 4, and 6; 4. AAV#4, 5 and 6; 5. AAV#1, 5 and 6; 6. AAV#1,

2, 4, and 6. Pairwise comparisons of neurons transduced with different combinations of the AAVs that are significantly

different are highlighted in grey.

Pairwise Comparisons of groups
Comparisons Test Statistic Standard Standard test Significance Adjusted
error statistic significance?
1.00-2.00 -19.733 27.105 -0.728 0.467 1.000
1.00-5.00 -320.972 28.300 -11.342 0.000 0.000
1.00-4.00 -326.673 28.057 -11.643 0.000 0.000
1.00-3.00 -387.980 28.300 -13.710 0.000 0.000
1.00-6.00 -405.657 28.426 -14.271 0.000 0.000
2.00-5.00 -301.239 29.021 -10.380 0.000 0.000
2.00-4.00 -306.939 28.784 -10.663 0.000 0.000
2.00-3.00 -368.247 29.021 -12.689 0.000 0.000
2.00-6.00 -385.923 29.144 -13.242 0.000 0.000
5.00-4.00 5.701 29.912 0.191 0.849 1.000
5.00-3.00 67.008 30.139 2.223 0.026 0.393
5.00-6.00 -84.684 30.258 -2.799 0.005 0.077
4.00-3.00 61.307 29.912 2.050 0.040 0.606
4.00-6.00 -78.984 30.031 -2.630 0.009 0.128
3.00-6.00 -17.677 30.258 -0.584 0.559 1.000

Note. Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. Asymptotic

significances (2-sided tests) are displayed. The significance level is 0.05.

a-Significance values have been adjusted by the Bonferroni correction for multiple tests
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6.2. The sequences of the genes, promoters, and different cassettes used in the

thesis
MSCNSAWT-P2A-GFP:

atggctgcacggctgcetggcacctcctggecccgattectttaagcectttcacacctgagagcctggctaacatcgagagaa
gaattgccgagtccaagctgaagaagcctcccaaggcecgatggetctcacagagaggacgacgaggattctaagcectaagecca
atagcgatctggaggccggcaagtccctgcectttcatctacggcgacatcccacagggcectggtggecgtgeccactggaggactttga
cccctattacctgacccagaagacatttgtggtgctgaatcggggcaagacactgttccgcttctctgccacceccgecctgtatatectg
tccectttcaacctgatccgcagaatcgecatcaagatcctgatccactecgtgttctctatgatcatcatgtgcacaatcctgaccaattg
cgtgttcatgaccttctccaatccaccagagtggagcaagaatgtggagtacaccttcacaggcatctacacctttgagtctctggtgaa
gatcatcgcccggggcttttgcatcgacggcttcacctttctgagagacccatggaactggctggactttagegtgatcatgatggectac
atcaccgagtttgtgaatctgggcaacgtgagcgccctgcggacattccgggtgctgcgegecctgaagaccatctetgtgatcectgg
cctgaagacaatcgtgggcgcecctgatccagtccgtgaagaagctgtccgacgtgatgatcctgaccgtgttetgectgteegtgtttge
cctgatcggcectgcagcetgttcatgggcaacctgaggaacaagtgcgtggtgtggccaatcaactttaatgagagctatctggagaac
ggcaccagaggcttcgattgggaggagtacatcaacaacaagaccaatttctatatggtgcctggcatgctggagecactgctgtgeg
gcaactcctctgatgccggecagtgcccecgagggctttcagtgcatgaaggccggcagaaatcctaattatggctacacctcttttgac
accttttcctgggcctttctggecctgttcagactgatgacccaggactactgggagaacctgtaccagcetgaccctgagagecgecgg
caagacctacatgatcttctttgtgctggtaatcttcgtgggctecttctacctggtgaacctgatcctggecgtggtggecatggectacga
ggagcagaaccaggccaccctggaggaggccgagcagaaggaggcecgagticaaggecatgctggagcagetgaagaagca
gcaggaggaggcccaggccgecgecatggecacatccgecggeaccgtgagcgaggacgecatcgaggaggagggcgagga
tggcgtgggctcecececcggtcttctagecgagcetgtccaagcetgtectctaagtccgccaaggagaggcggaatcggagaaagaage
ggaagcagaaggagctgtccgagggcgaggagaagggcgatccagagaaggtgttcaagagcgagtccgaggatggeatgag
acggaaggcctttcgcctgcctgacaatagaatcggcaggaagttttccatcatgaatcagagcctgctgtccatccctggcageccttt
cctgtccecggcacaattccaagtccagceatcttctcttttcgcggecctggcagattccgegatccaggcetccgagaacgagtttgecga
tgacgagcacagcaccgtggaggagtccgagggccggagagactccctgtttatccctatccgcgeccgggagegceagatectctt
actccggctactccggctattctcagtgctccagatcttctcggatctttccatctctgcggagatccgtgaagagaaactccaccgtgga
ctgtaatggcgtggtgagcctgatcggecccggctcccacatcggcagactgctgccagaggcecaccaccgaggtggagatcaag
aagaaggggcctggcagcctgctggtgtctatggagcagcetggcecagcetatggcagaaaggaccggatcaattctatcatgtcegtg
gtgacaaacaccctggtggaggagctggaggagtcccagaggaagtgtcccccatgttggtacaagtttgccaatacatttctgatctg
ggagtgtcacccatattggatcaagctgaaggagatcgtgaatctgatcgtgatggacccattcgtggatctggccatcacaatctgcat
cgtgctgaacaccctgtttatggccatggagcaccaccccatgacaccacagtttgagcacgtgctggecgtgggcaatctggtgttca
ccggcatctttaccgccgagatgttcctgaagctgatcgecatggacccatactactattttcaggagggcetggaatatcttcgatggcttt
atcgtgagcctgtccctgatggagctgggectggecgatgtggagggcectgtctgtgctgegeagcetttcggetgetgegegtgttcaag

ctggccaagagctggccaaccctgaatatgctgatcaagatcatcggcaactccgtgggegecctgggeaatctgacectggtgetg
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gccatcatcgtgttcatctttgccgtggtgggcatgcagcetgttcggcaagtcctacaaggagtgegtgtgcaagatctcccaggagtgt
aagctgccacggtggcacatgaacgatttctttcactctttcctgatcgtgttccgggtgetgtgecggegagtggatcgagaccatgtggg
actgcatggaggtggccggccaggccatgtgcctgategtgttcatgatggtaatggtaatcggcaatctggtggtgctgaatctgttect
ggccctgetgetgtettcttttagcgccgacaacctggecgccacagacgatgacggcgagatgaataacctgcagatcteegtgate
agaatcaagaagggcgtggcctgggccaaggtgaaggtgcacgcctitatgcaggceccactttaagcagagggaggecgatgag
gtgaagccactggacgagctgtacgagaagaaggccaattgtatcgccaaccacacaggcgtggatatacaccgcaatggegattt
ccagaagaacggcaatggcaccacctccggcatcggctectctgtggagaagtacatcatcgacgaggaccacatgtccttcatca
ataatccaaatctgaccgtgcgggtgcctatcgecgtgggegagtctgactttgagaatctgaacaccgaggacgtgtccagcgagtc
cgacccagagggctccaaggacaagctggatgatacatcctctagcgagggctctaccatcgacatcaagectgaggtggaggag
gtgcctgtggagcagcecagaggagtacctggaccctgatgectgtttcaccgagggctgcgtgcagagattcaagtgctgtcaggtga
acatcgaggagggcctgggcaagtcttggtggatactgcggaagacatgcttcctgatcgtggagcacaactggtttgagacctttatc
atcttcatgatcctgctgtcctccggegecctggcectttgaggacatctatatcgagcagagaaagaccatcagaaccatcctggagta
cgccgacaaggtgttcacatatatctttatcctggagatgcetgctgaagtggaccgectacggctttgtgaagttctttaccaatgcctggt
gctggctggactttctgatcgtggecgtgtetctggtgtccctgatcgecaacgccctgggctattctgagetgggegecatcaagtctetg
agaaccctgagagccctgcgccccctgagagcecctgagcagatttgagggcatgagggtggtggtgaatgecctggtgggegecat
ccctagcatcatgaacgtgctgetggtgtgectgatcttttggctgatcttttctatcatgggegtgaatctgttcgccggcaagtaccactac
tgctttaatgagacctccgagatccggticgagatcgatgaggtgaacaacaagacagactgtgagaagctgatggagggcaacaa
tacagagatccggtggaagaatgtgaagatcaatttcgataacgtgggcgccggctacctggecctgectgcaggtggecacctttaag
ggctggatggatataatgtacgccgecgtggattcccgcaageccgatgagcagecagactatgagggcaacatctacatgtacatce
tatttcgtgatcttcatcatcttcggcagctttttcaccctgaatctgtttatcggcgtgatcatcgataacttcaaccagcagaagaagaagt
tcggcggccaggacatcttcatgacagaggagcagaagaagtactataacgccatgaagaagcetgggcetccaagaagcectcaga
agccaatccctagaccactgaataagatccagggcatcgtgttcgacttcgtgacccagcaggcctitgacatcgtgatcatgatgetg
atctgtctgaacatggtgaccatgatggtggagacagatacccagtccaagcagatggagaatatcctgtattggatcaacctggtgttt
gtgatctttttcacatgtgagtgcgtgctgaagatgttcgcectgcgecactattatttcacaatcggctggaacatctttgacttcgtggtggt
aatcctgtctatcgtgggcatgtttctggccgacatcatcgagaagtacttcgtgagcccaacactgttcagagtgatccggcetggecag
gatcggcagaatcctgcggctgatcaagggcgccaagggcatcagaaccctgctgttcgecctgatgatgtctctgccagecctgtte
aatatcggcctgctgetgtttctggtaatgttcatcttttccatctttggcatgtccaacttcgcectatgtgaagcacgaggcecggceatcgatg
atatgtttaacttcgagacattcggcaactccatgatctgtctgttccagatcaccacctctgccggctgggatggectgetgetgectate
ctgaatagaccaccagattgtagcctggataaggagcaccctggcagcggcttcaagggcegattgtggcaatccttccgtgggceatct
tcttcttcgtgtectacatcatcatctctttcctgatcgtggtgaacatgtacatcgcecatcatcctggagaatttctetgtggeccaccgagga
gtctgccgacccactgtctgaggatgacttcgagaccttctatgagatctgggagaagtttgaccctgatgccacccagtttatcgagtat
tgcaagctggccgactttgccgacgcecctggagcacccactgagagtgccaaagccaaataccatcgagcetgatcgecatggatct
gcccatggtgagcggegatagaatccactgcctggacatcctgtttgecttcacaaagagagtgctgggcgatagcggegagetgga

catcctgaggcagcagatggaggagaggttcgtggectctaaccccagcaaggtgtcctacgagectatcaccacaaccctgcgga
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gaaagcaggaggaggtgtccgecgtggtgctgcagagagcectacagaggcecacctggeccggagaggctttatctgcagaaagat
cacctccaacaagctggagaatggcggceacccaccgcgagaagaaggagtctaccccctctaccgecagectgcecttcctacgac
tccgtgaccaagccagataaggagaagcagcagcgcgcagaggagggacggagagaaagagctaagagacagaaagaagt
gagagagtcaaagtgctctagaggaagcggagctactaacttcagcectgctgaagcaggctggagacgtggaggagaaccctgg
acctatgagcaagggcgaggagctgttcaccggggtggtgeccateetggtcgagctggacggegacgtaaacggecacaagttc
agcgtgtccggegagggcegagggegatgecacctacggcaagcetgaccctgaagttcatctgcaccaccggcaagetgecegtge
cctggeccaccctegtgaccaccctgacctacggegtgcagtgcttcageccgetaccccgaccacatgaagcagceacgacttcttca
agtccgcecatgcccgaaggctacgtccaggagcegceaccatcttcttcaaggacgacggcaactacaagacccgegecgaggtga
agttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggceacaagc
tggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgeca
caacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacccccatcggegacggcecccgtgetgetgeecga
caaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaagcgcegatcacatggtectgctggagttcgtgace

gccgcecgggatcactcacggcatggacgagctgtacaagtaa

e SCNSAWT
e Xbal restriction site

o P2A self-cleaving sequence

MSCNSAWVT-EGFP:

atggctgcacggctgctggcacctcctggecccgattectttaagcectttcacacctgagagectggctaacatcgagagaa
gaattgccgagtccaagctgaagaagcctcccaaggcecgatggetctcacagagaggacgacgaggattctaagcectaagecca
atagcgatctggaggccggcaagtccctgcectttcatctacggcgacatcccacagggcectggtggecgtgecactggaggactttga
cccctattacctgacccagaagacatttgtggtgctgaatcggggcaagacactgttccgettctctgccacccccgecctgtatatectg
tccectttcaacctgatccgcagaatcgccatcaagatcctgatccacteegtgttctctatgatcatcatgtgcacaatcctgaccaattg
cgtgttcatgaccttctccaatccaccagagtggagcaagaatgtggagtacaccttcacaggcatctacacctttgagtctctggtgaa
gatcatcgcccggggcttttgcatcgacggcttcacctttctgagagacccatggaactggctggactttagegtgatcatgatggectac
atcaccgagtttgtgaatctgggcaacgtgagcgccctgcggacattccgggtgctgecgegecctgaagaccatctetgtgatcectgg
cctgaagacaatcgtgggcgcecctgatccagtccgtgaagaagctgtccgacgtgatgatcctgaccgtgttetgectgteegtgtttge
cctgatcggcectgcagcetgttcatgggcaacctgaggaacaagtgcgtggtgtggccaatcaactttaatgagagctatctggagaac
ggcaccagaggcttcgattgggaggagtacatcaacaacaagaccaatttctatatggtgcctggcatgctggagecactgctgtgeg
gcaactcctctgatgccggecagtgccccgagggctttcagtgcatgaaggccggcagaaatcctaattatggctacacctcettttgac
accttttcctgggcctttctggecctgttcagactgatgacccaggactactgggagaacctgtaccagctgaccctgagagecgecgg
caagacctacatgatcttctttgtgctggtaatcttcgtgggctccttctacctggtgaacctgatcctggecgtggtggecatggectacga
ggagcagaaccaggccaccctggaggaggccgagcagaaggaggcecgagticaaggecatgctggagcagetgaagaagca
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gcaggaggaggcccaggccgcecgecatggecacatccgecggeaccgtgagcgaggacgecatcgaggaggagggcgagga
tggcgtgggctcecececcggtettctagegagcetgtccaagcetgtectctaagtccgccaaggagaggcggaatcggagaaagaage
ggaagcagaaggagctgtccgagggcgaggagaagggcgatccagagaaggtgttcaagagcgagtccgaggatggcatgag
acggaaggcctttcgcctgcctgacaatagaatcggcaggaagttttccatcatgaatcagagcctgctgtccatccctggcageccttt
cctgtcccggcacaattccaagtccagceatcttctcttttcgecggecctggcagattccgegatccaggetccgagaacgagtttgecga
tgacgagcacagcaccgtggaggagtccgagggccggagagactccctgtttatccctatccgegeccgggagegcagatcctctt
actccggctactccggctattctcagtgctccagatcttctcggatctttccatctctgcggagatccgtgaagagaaactccaccgtgga
ctgtaatggcgtggtgagcectgatcggecccggctcccacatcggcagactgctgccagaggcecaccaccgaggtggagatcaag
aagaaggggcctggcagcctgctggtgtctatggagcagctggccagcetatggcagaaaggaccggatcaattctatcatgtcegtg
gtgacaaacaccctggtggaggagctggaggagtcccagaggaagtgtcccccatgttggtacaagtttgccaatacatttctgatctg
ggagtgtcacccatattggatcaagctgaaggagatcgtgaatctgatcgtgatggacccattcgtggatctggccatcacaatctgcat
cgtgctgaacaccctgtttatggccatggagcaccaccccatgacaccacagtttgagcacgtgctggecgtgggceaatctggtgttca
ccggcatctttaccgccgagatgttcctgaagctgatcgecatggacccatactactattttcaggagggctggaatatcttcgatggcttt
atcgtgagcctgtccctgatggagctgggectggecgatgtggagggcectgtetgtgctgegeagcetttcggetgetgegegtgttcaag
ctggccaagagctggccaaccctgaatatgctgatcaagatcatcggcaactccgtgggegecctgggeaatctgacectggtgetg
gccatcatcgtgttcatctttgccgtggtgggcatgcagcetgttcggcaagtcctacaaggagtgegtgtgcaagatctcccaggagtgt
aagctgccacggtggcacatgaacgatttctttcactctttcctgatcgtgttccgggtgcetgtgcggegagtggatcgagaccatgtggg
actgcatggaggtggccggccaggccatgtgcctgategtgttcatgatggtaatggtaatcggcaatctggtggtgetgaatctgttect
ggccctgetgetgtettcttttagcgccgacaacctggecgccacagacgatgacggcgagatgaataacctgcagatctcegtgatc
agaatcaagaagggcgtggcctgggccaaggtgaaggtgcacgcctitatgcaggceccactttaagcagagggaggecgatgag
gtgaagccactggacgagctgtacgagaagaaggccaattgtatcgccaaccacacaggcgtggatatacaccgcaatggcegattt
ccagaagaacggcaatggcaccacctccggcatcggctectctgtggagaagtacatcatcgacgaggaccacatgtccttcatca
ataatccaaatctgaccgtgcgggtgcctatcgecgtgggegagtctgactttgagaatctgaacaccgaggacgtgtccagecgagtc
cgacccagagggctccaaggacaagctggatgatacatcctctagcgagggctctaccatcgacatcaagcctgaggtggaggag
gtgcctgtggagcagccagaggagtacctggaccctgatgectgtttcaccgagggctgegtgcagagattcaagtgctgtcaggtga
acatcgaggagggcctgggcaagtcttggtggatactgcggaagacatgcttcctgatcgtggagcacaactggtttgagacctttatc
atcttcatgatcctgctgtcctccggegecctggcectttgaggacatctatatcgagcagagaaagaccatcagaaccatcctggagta
cgccgacaaggtgttcacatatatctttatcctggagatgcetgctgaagtggaccgectacggctttgtgaagttctttaccaatgcctggt
gctggctggactttctgatcgtggecgtgtetctggtgtecctgatcgecaacgccctgggctattctgagetgggegecatcaagtctetg
agaaccctgagagccctgcgccccctgagagcecctgagcagatttgagggcatgagggtggtggtgaatgecctggtgggegecat
ccctagcatcatgaacgtgctgetggtgtgectgatcttttggctgatcttttctatcatgggegtgaatctgttcgccggcaagtaccactac
tgctttaatgagacctccgagatcecggttcgagatcgatgaggtgaacaacaagacagactgtgagaagctgatggagggcaacaa
tacagagatccggtggaagaatgtgaagatcaatttcgataacgtgggcgcecggctacctggecctgetgcaggtggecacctttaag

ggctggatggatataatgtacgccgcecgtggattcccgcaageccgatgagcagcecagactatgagggcaacatctacatgtacate
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tatttcgtgatcttcatcatcttcggcagctttttcaccctgaatctgtttatcggcgtgatcatcgataacttcaaccagcagaagaagaagt
tcggcggcecaggacatcttcatgacagaggagcagaagaagtactataacgccatgaagaagcetgggcetccaagaagcectcaga
agccaatccctagaccactgaataagatccagggcatcgtgttcgacttcgtgacccagcaggcctttgacatcgtgatcatgatgetg
atctgtctgaacatggtgaccatgatggtggagacagatacccagtccaagcagatggagaatatcctgtattggatcaacctggtgttt
gtgatctttttcacatgtgagtgcgtgctgaagatgttcgcectgegecactattatttcacaatcggcetggaacatctttgacttcgtggtggt
aatcctgtctatcgtgggcatgtttctggccgacatcatcgagaagtacttcgtgagcccaacactgttcagagtgatccggetggecag
gatcggcagaatcctgcggcetgatcaagggcgccaagggcatcagaaccctgctgttcgecctgatgatgtctctgccagecctgtte

aatatcggcctgctgetgtttctggtaatgttcatcttttccatctttggcatgtccaacttcgcectatgtgaagcacgaggcecggceatcgatg
atatgtttaacttcgagacattcggcaactccatgatctgtctgttccagatcaccacctctgccggctgggatggectgetgcetgectate

ctgaatagaccaccagattgtagcctggataaggagcaccctggcageggcttcaagggcgattgtggcaatccttccgtgggeatct
tcttcttcgtgtectacatcatcatctctttcctgatcgtggtgaacatgtacatcgcecatcatcctggagaatttctctgtggccaccgagga

gtctgccgacccactgtctgaggatgacttcgagaccttctatgagatctgggagaagtttgaccctgatgccacccagtttatcgagtat
tgcaagctggccgactttgccgacgcecctggagcacccactgagagtgccaaagccaaataccatcgagcetgatcgecatggatct

gcccatggtgagcggcgatagaatccactgcctggacatcctgtttgecttcacaaagagagtgctgggcgatagcggegagcetgga
catcctgaggcagcagatggaggagaggttcgtggectctaaccccagcaaggtgtcctacgagectatcaccacaaccctgegga
gaaagcaggaggaggtgtccgccgtggtgctgcagagagectacagaggccacctggeccggagaggctttatctgcagaaagat
cacctccaacaagctggagaatggcggceacccaccgcgagaagaaggagtctaccecctctaccgecagcectgecttcctacgac
tccgtgaccaagccagataaggagaagcagcagcgcgcagaggagggacggagagaaagagctaagagacagaaagaagt
gagagagtcaaagtgctctagaggcacccgcattctgcagagcaccgtgggcaccgegecgggeggceageattgcgaccatgag

caagggcgaggagctgttcaccggggtggtgceccatectggtcgagetggacggcgacgtaaacggccacaagttcagegtgtee

ggcgagggcgagggcgatgcecacctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgeccgtgecctggecca
ccctegtgaccaccctgacctacggegtgcagtgcttcageccgetaccccgaccacatgaagcagcacgacttcttcaagtcegecat
gcccgaaggctacgtccaggagcegcaccatcttcttcaaggacgacggcaactacaagacccgegecgaggtgaagttcgaggg

cgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaa
ctacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgecacaacatcgag
gacggcagcgtgcagctcgecgaccactaccagcagaacacccccatcggcgacggecccgtgctgctgcccgacaaccactac
ctgagcacccagtccgecctgagcaaagaccccaacgagaagcegcegatcacatggtectgctggagttcgtgaccgecgecggga

tcactcacggcatggacgagctgtacaagtaa

e SCNSAWT
e Linker
e EGFP-STOP codon
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MSCNBAWVT-HA:

atggctgcacggctgctggcacctcctggecccgattectttaagcectttcacacctgagagcctggctaacatcgagagaa
gaattgccgagtccaagctgaagaagcctcccaaggcecgatggetctcacagagaggacgacgaggattctaagcectaagecca
atagcgatctggaggccggcaagtccctgcectttcatctacggcgacatcccacagggcectggtggecgtgecactggaggactttga
cccctattacctgacccagaagacatttgtggtgctgaatcggggcaagacactgttccgettctctgccaccceccgecctgtatatectg
tccectttcaacctgatccgcagaatcgccatcaagatcctgatccactecgtgttctctatgatcatcatgtgcacaatcctgaccaattg
cgtgttcatgaccttctccaatccaccagagtggagcaagaatgtggagtacaccttcacaggcatctacacctttgagtctctggtgaa
gatcatcgcccggggcttttgcatcgacggcttcacctttctgagagacccatggaactggctggactttagegtgatcatgatggectac
atcaccgagtttgtgaatctgggcaacgtgagcgccctgcggacattccgggtgctgecgegecctgaagaccatctetgtgatcectgg
cctgaagacaatcgtgggcgcecctgatccagtccgtgaagaagctgtccgacgtgatgatcctgaccgtgttcetgectgteegtgtttge
cctgatcggcctgcagcetgttcatgggcaacctgaggaacaagtgcgtggtgtggccaatcaactttaatgagagctatctggagaac
ggcaccagaggcttcgattgggaggagtacatcaacaacaagaccaatttctatatggtgcctggcatgctggagcecactgctgtgeg
gcaactcctctgatgccggecagtgccecgagggctttcagtgcatgaaggccggcagaaatcctaattatggctacacctcettttgac
accttttcctgggcctttctggecctgttcagactgatgacccaggactactgggagaacctgtaccagcetgaccctgagagecgecgg
caagacctacatgatcttctttgtgctggtaatcttcgtgggctccttctacctggtgaacctgatcctggecgtggtggecatggectacga
ggagcagaaccaggccaccctggaggaggccgagcagaaggaggcecgagticaaggccatgctggagcagetgaagaagca
gcaggaggaggcccaggccgccgecatggecacatccgecggeaccgtgagcgaggacgecatcgaggaggagggegagga
tggcgtgggctcecececcggtettctagcgagcetgtccaagcetgtectctaagtccgccaaggagaggcggaatcggagaaagaage
ggaagcagaaggagctgtccgagggcgaggagaagggcgatccagagaaggtgttcaagagcgagtccgaggatggceatgag
acggaaggcctttcgcctgcctgacaatagaatcggcaggaagttttccatcatgaatcagagcctgctgtccatccctggcagceccttt
cctgtccecggcacaattccaagtccagceatcttctcttttcgecggecctggcagattccgegatccaggcetccgagaacgagtttgecga
tgacgagcacagcaccgtggaggagtccgagggccggagagactccctgtttatccctatccgcgeccgggagegceagatcctctt
actccggctactccggctattctcagtgctccagatcttctcggatctttccatctctgcggagatccgtgaagagaaactccaccgtgga
ctgtaatggcgtggtgagcectgatcggecccggctcccacatcggcagactgctgccagaggcecaccaccgaggtggagatcaag
aagaaggggcctggcagcctgctggtgtctatggagcagctggecagctatggcagaaaggaccggatcaattctatcatgtcegtg
gtgacaaacaccctggtggaggagctggaggagtcccagaggaagtgtccecccatgttggtacaagtttgccaatacatttctgatctg
ggagtgtcacccatattggatcaagctgaaggagatcgtgaatctgatcgtgatggacccattcgtggatctggccatcacaatctgcat
cgtgctgaacaccctgtttatggccatggagcaccaccccatgacaccacagtttgagcacgtgctggecgtgggcaatctggtgttca
ccggcatctttaccgccgagatgttcctgaagctgatcgecatggacccatactactattttcaggagggcetggaatatcttcgatggcttt
atcgtgagcctgtccctgatggagctgggcctggecgatgtggagggcectgtetgtgctgecgeagcetttcggetgetgegegtgttcaag
ctggccaagagctggccaaccctgaatatgctgatcaagatcatcggcaactccgtgggegecctgggeaatctgacectggtgetg
gccatcatcgtgttcatctttgccgtggtgggcatgcagetgttcggcaagtcctacaaggagtgegtgtgcaagatctcccaggagtgt
aagctgccacggtggcacatgaacgatttctttcactctttcctgatcgtgttccgggtgetgtgcggegagtggatcgagaccatgtggg
actgcatggaggtggccggccaggccatgtgcctgategtgttcatgatggtaatggtaatcggcaatctggtggtgctgaatctgttect
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ggccctgetgetgtettettitagcgecgacaacctggecgccacagacgatgacggcgagatgaataacctgcagatctcegtgatc
agaatcaagaagggcgtggcctgggcecaaggtgaaggtgcacgcctttatgcaggceccactttaagcagagggaggecgatgag
gtgaagccactggacgagctgtacgagaagaaggccaattgtatcgccaaccacacaggcgtggatatacaccgcaatggcegattt
ccagaagaacggcaatggcaccacctccggcatcggctectctgtggagaagtacatcatcgacgaggaccacatgtccttcatca
ataatccaaatctgaccgtgcgggtgcctatcgecgtgggegagtctgactttgagaatctgaacaccgaggacgtgtccagecgagtc
cgacccagagggctccaaggacaagctggatgatacatcctctagcgagggctctaccatcgacatcaagcectgaggtggaggag
gtgcctgtggagcagccagaggagtacctggaccctgatgectgtttcaccgagggctgcgtgcagagattcaagtgctgtcaggtga
acatcgaggagggcctgggcaagtcttggtggatactgcggaagacatgcttcctgatcgtggagcacaactggtttgagacctttatc
atcttcatgatcctgctgtcctccggegecctggcectttgaggacatctatatcgagcagagaaagaccatcagaaccatcctggagta
cgccgacaaggtgttcacatatatctttatcctggagatgcetgctgaagtggaccgectacggctttgtgaagttctttaccaatgcctggt
gctggctggactttctgatcgtggecgtgtetctggtgtccctgatcgccaacgccctgggctattctgagetgggegecatcaagtctetg
agaaccctgagagccctgcgccccctgagagcecctgagcagatttgagggcatgagggtggtggtgaatgecctggtgggegecat
ccctagcatcatgaacgtgctgetggtgtgectgatcttttggctgatcttttctatcatgggegtgaatctgttcgccggcaagtaccactac
tgctttaatgagacctccgagatccggttcgagatcgatgaggtgaacaacaagacagactgtgagaagctgatggagggcaacaa
tacagagatccggtggaagaatgtgaagatcaatttcgataacgtgggcgccggctacctggecctgetgcaggtggecacctttaag
ggctggatggatataatgtacgccgecgtggattcccgcaagceccgatgagcagecagactatgagggcaacatctacatgtacatc
tatttcgtgatcttcatcatcttcggcagctttttcaccctgaatctgtttatcggcgtgatcatcgataacttcaaccagcagaagaagaagt
tcggcggccaggacatcttcatgacagaggagcagaagaagtactataacgccatgaagaagctgggctccaagaagcctcaga
agccaatccctagaccactgaataagatccagggcatcgtgttcgacttcgtgacccagcaggcctttgacatcgtgatcatgatgetg
atctgtctgaacatggtgaccatgatggtggagacagatacccagtccaagcagatggagaatatcctgtattggatcaacctggtgttt
gtgatctttttcacatgtgagtgcgtgctgaagatgttcgccctgcgecactattatttcacaatcggcetggaacatctttgacttcgtggtggt
aatcctgtctatcgtgggcatgtttctggccgacatcatcgagaagtacttcgtgagcccaacactgttcagagtgatccggcetggecag
gatcggcagaatcctgcggcetgatcaagggcgccaagggcatcagaaccctgctgttcgecctgatgatgtctctgccagecctgtte
aatatcggcctgctgetgtttctggtaatgttcatcttttccatctttggcatgtccaacttcgcectatgtgaagcacgaggcecggceatcgatg
atatgtttaacttcgagacattcggcaactccatgatctgtctgttccagatcaccacctctgccggctgggatggectgetgetgectate
ctgaatagaccaccagattgtagcctggataaggagcaccctggcagcggcttcaagggcegattgtggcaatccttccgtgggcatct
tcttcttcgtgtectacatcatcatctctttcctgatcgtggtgaacatgtacatcgcecatcatcctggagaatttctcetgtggeccaccgagga
gtctgccgacccactgtctgaggatgacttcgagaccttctatgagatctgggagaagtttgaccctgatgccacccagtttatcgagtat
tgcaagctggccgactttgccgacgcecctggagcacccactgagagtgccaaagccaaataccatcgagcetgatcgecatggatct
gcccatggtgagcggcgatagaatccactgcctggacatcctgtttgecttcacaaagagagtgctgggegatagcggegagcetgga
catcctgaggcagcagatggaggagaggttcgtggectctaaccccagcaaggtgtcctacgagcectatcaccacaaccctgegga
gaaagcaggaggaggtgtccgccgtggtgctgcagagagectacagaggcecacctggeccggagaggctttatctgcagaaagat

cacctccaacaagctggagaatggcggceacccaccgcgagaagaaggagtctacceectctaccgecagcectgecttcctacgac
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tccgtgaccaagccagataaggagaagcagcagcgcgcagaggagggacggagagaaagagctaagagacagaaagaagt

gagagagtcaaagtgcictagaacccatacgacgtcccagactacgcttaa

e SCNB8AWT

e Xbal restriction site
e HAtag-STOP codon

mMSCNI1B:

atggggacgctgctggetctegtggtgggegeggegcetggtatcctcagectgggggggctgcgtggaggtggattcegat
accgaggctgtgtatgggatgaccttcaaaatcctgtgcatctcctgtaagegtegtagtgagaccaccgccgaaaccttcacggagt

ggaccttccgccagaaggggacagaggaatttgtcaagatcctacgctatgagaatgaggtgctgcagctggaggaagatgageg
ctttgagggccgagtggtgtggaacggtagtcggggcaccaaggacctgcaggacctgtccatcttcatcaccaacgtcacctacaa
ccactctggcgactacgaatgtcacgtctaccgtctcctcttctitgataattatgagcacaacaccagcegtcgtcaagaagatccacct
ggaggtggtggacaaggccaacagagatatggcatccatcgtgtcagagatcatgatgtacgtgctcattgtggtgttgaccatatgge
ttgtggcagagatggtgtactgctacaagaagattgctgctgctacggaggctgctgcacaagagaacgcectcagaatacctggecat

tacatccgagagcaaagaaaactgtacaggcgtccaggtggctgaatag
mMSCN2B:

atggaagtcacagcgcccaccactcttagtgtcctcaatgggtccgatacccgectgecctgtaccttcaactcctgctacac
cgtgaaccacaagcagttctctcttaactggacttaccaggagtgtaacaattgcacagaggagatgttcctccagttccgaatgaaga
tcattaacctgaagctggagcggtttggagaccgcgtggagttctcagggaaccccagtaagtacgacgtgtcagtgactctaaaga
acgtgcagctagaagacgaaggcatttacaactgctacattaccaaccctccagaccgccaccgcggecacggcaagatttacctg
caggtccttctagaagtacccccagagcgggactccacggtggeggtcatcgtgggtgectcagtggggggtttcctggetgtggteat
cttggtgctgatggtggtcaaatgtgtgaggaggaaaaaagagcagaagctgagcacggatgacctgaagactgaagaggaagg
caagatggatggtgagggcaacgcggaagatggcaccaagtaa

Nfasc"WT-HA:

atggccaggcagcaggcgccaccctgggtccacgtagecctcatectcettcctcctcagectcggaggggccattgagatt
ccgatggatccaagcattcagaatgagctgacccaacccccaacgatcaccaagcagtcggtgaaggaccacatcgtggaccece
gagataacatcctgattgaatgtgaagctaaagggaaccccgeccccagtttccactggactcgcaacagcaggttcttcaacattge
caaggacccacgggtgtccatgaggaggaggtctgggaccttggtgatcgacttccgcagtggtgggeggectgaggagtacgaa
ggggagtaccagtgctttgcccggaacaaattcggcacagctcttagcaaccgcatccgectgcaggtgtccaaatctceectgtgge
ccaaggaaaacctagaccccgtcgtggttcaagagggtgeccccttaaccctgcagtgcaaccccccacctggectcecateecce
gtcatcttctggatgagcagctccatggageccatcacccaggacaagcegtgtctcccagggtcacaacggggacctgtacttctcca

acgtcatgctgcaggacatgcagaccgactacagctgcaatgcacgcttccacttcacccacaccattcagcagaagaatcccttca
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ccctcaaagtcctcaccacccgaggagttgcggaaagaacacctagcttcatgtatccccagggcacgtcaagcagtcagatggta
ctgcgceggceatggacctgcetgetggagtgcattgectctggggtcccaacaccagatattgcatggtacaagaaaggtggggacctc
ccatctgacaaggccaagttcgagaattttaacaaggctctgcgcatcaccaatgtctctgaagaggactctggggagtatttctgectg
gcctccaacaagatgggcagcatccggcacacgatctcggtgagagtaaaggcetgecccatactggctggatgageccaagaactt
gatcctggctcctggtgaagatgggaggctggtgtgtcgagccaatgggaacccgaagecgaccgtccagtggetggtgaatggag
accctttgcaatcggcaccacccaaccccaaccgtgaggtggccggagacactatcatcttccgggacactcagatcagcagcagg
gcagtgtaccagtgtaacacatccaacgaacatggctacctgctggccaatgccttcgtcagcegtattagatgtacccectcggatget
gtctccccggaaccagctcatcagggtgatectttacaaccggacgcgactggactgtecgttctttgggtctcccattccaacactecg
atggtttaagaatgggcaaggaagcaacctggatggtggtaactaccacgtctacgaaaatggcagcctggaaatcaagatgattcg
caaagaggaccaaggcatctacacctgtgtggccaccaacatcctgggaaaagctgaaaatcaagtccgectggaggtcaaaga
ccccaccaggatctacaggatgcctgaagaccaggtggccaagaggggcaccacagtgcagctggagtgecgtgtgaageatga
cccctecttgaaactcacagtctcctggctgaaggatgacgagccactctacattggaaacaggatgaaaaaggaagatgactcect
gaccatcttcggagtggcagagcgggaccaaggcagttacacgtgcatggccagcaccgagcetggaccaggacctggcaaagg
cctacctcactgttctagctgatcaggcecactccgactaaccgtttggctgecctgecccaaagggcggcecagaccgacccagggace
tggagctcactgacctggcggaaaggagtgtgaggctgacctggatcccgggggatgataacaacagtcccatcacagactacgtt
gtccagtttgaagaggaccagttccagccaggagtctggcatgaccactccaagttcccaggceagtgtcaactcagecgtectecatc
tgtcccegtatgtcaactatcagttccgagtcatcgetgtcaacgaggttgggagcagcecaccccagcecttccatccgageggtaccga
acaagcggggcaccccctgaatccaaccccagtgatgtgaagggcgaagggacacgaaaaaacaatatggagatcacatggac
gcctatgaatgctacctccgectttggccccaacctgegctacattgtcaagtggcgacggagagaaacccgagagacttggaacaa
tgtcaccgtgtggggctctcgctatgtggtggggcagacccctgtctacgtaccctatgagatccgagtccaggcetgaaaatgactttgg
gaaaggcccggagcctgaaaccgtcattgggtactcgggggaagatttacccagtgcccccaggcgtttcagagtccgacagecca
acctggagaccatcaacctggaatgggatcacccagagcaccccaacgggatcctgattggatacacgctcagatacgtgeccttta
atggaaccaaactgggaaagcagatggtggaaaacttctctcccaatcagaccaagttctcggtgcagagagcagaccccgtgtee
cgttaccgcttctccctcagtgccaggacgcaggtgggctctggagaagcageccacggaggagtccccaacacctccaaatgaag
ctactccaactgcagctcctcccacattgcccececgactaccgtgggtaccacaggecttgtgagcagtactgatgctactgceccttgetg
ccaccagtgaagccacaacagttcccatcatcccaaccgtcgtacctaccaccgtcgecaccaccattgccacaactactacaacc
actgccgcecgecaccaccactaccaccacggagagtcctcccactaccaccactgggactaagattcacgaaaccgeccccgac
gagcagtccatttggaacgtcacggtgctccccaacagtaaatgggccaacatcacctggaagcacaatttcaggcctggaactgac
tttgtggttgagtacatcgacagcaaccatacgaaaaaaactgtccctgttaaggcccaagceccageccatacagctgacagacctct
ttcccgggatgacgtacacgttgcgggtgtattcccgggacaacgagggceatcagcagtaccgtcatcacctttatgaccagtacagct
tacaccaacaaccagactgacatcgccacccagggctggttcatcgggctcatgtgtgcecattgeccttctggtgcetgatcctgettateg
tctgcttcatcaagaggagtcgtggcggcaagtacccagtgcgagaaaagaaggatgtccccttgggecctgaagaccccaaaga
agaagatggttcatttgactacagtgacgaggacaacaagcccctgcagggcagccagacatctctggacggcaccatcaageag

caggagagtgacgacagcctagtggactacggcgagggtggcgagggcecagttcaacgaagatggctectttattggccagtacac
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tgtcagaaaggacaaggaggagaccgagggcaatgagagctcagaggccacatctccagtcaatgccatctattccctggectac

ccatacgacgtcccagactacgcttga
e HA tag-TGA stop codon
hNES promoter

tgtatgcagctggacctaggagagaagcaggagaggaagatccagcacaaaaaatccgaagctaaaaacaggacac
agagatgggggaagaaaagagggcagagtgaggcaaaaagagactgaagagatgagggtggccgecaggcactttagatag
gggagaggctttatttacctctgtttgttttttttttttttttttttttittgcgaggtagtcttgcttagtctccaggctggagtgcagtggcacaatcte
agctcactgcaacttccacctcctgggttcaagcaattctcctgectcagectcccgagtagetgggactacaggegcatgcaaccge
gcctggctaatttttgtatttttagtagaaacggggtttcaccacgttagccaggatggtctggatctcctgacctegtgatctgcecegectec
gccttccaaagtgctgggattacaggggtgagcecacagcgcectggtcectatttacttctgtcttctacctccaggagatcaaagacgct
ggccttcagacctgatcagactcccaggggcagccaccacatgtatgacagagaacagaggatgcctgtttttgccccaaagctgga
aattcatcacaacctgaggcccaggatctgctctgtgccggtectctgggeagtgtggggtgcagaatggggtgectaggectgageg
ttgcctggagectaggccgggggecgecctcgggcaggegtgggtgagagecaagaccgegtgggecgeggggtgctggtagga
gtggttggagagacttgcgaaggcggcetggggtgttcggatttccaataaagaaacagagtgatgetcectgtgtctgaccgggtttgtg
agacattgaggctgtcttgggcttcactggcagtgtgggecttcgtacccgggcetacaggggtgcggctetgectgttactgtcgagtgg
gtcgggccgtgggtatgagegcettgtgtgcgcetggggecaggtegtgggtgecceccacccttceccccatectecteecttccccactecca
ccctegteggtecececcaccegegctegtacgtgecgectccgecggeagctectgactcatcgggggcetcegggtcacatgegeccge
gcggccctataggegectcctccgeccgecgeccgggagecgecagecgecgecgcecactgecacteecgetcetctcagegecgec

gtcgccaccgecaccgecaccgecactaccaccg
Codon-optimized NES PyIRSAF:

atggcttgccctgtgectetgcagetgectcccctggaacgcectgaccctggacgataagaaaccactgaacaccctgatta
gcgcecaccggcctgtggatgtccaggaccggcacaatccacaagatcaagcaccacgaggtgagcagatccaaaatctacatcg
agatggcctgcggegaccacctggtggtgaacaacagcaggagcagcaggaccgeccgggecctgaggcaccacaagtatcge
aagacatgcaagcggtgtcgcgtgtccgacgaggatctgaacaagttcctgaccaaggccaatgaggatcagacatccgtgaaggt
gaaggtggtgtctgccccaacccggacaaagaaggcaatgccaaagagegtggccagggceccccaagectctggagaacaccy
aggcagcacaggcacagccatctggcagcaagtttagcccagcaatccccgtgagcacccaggagtecgtgtetgtgectgecage
gtgtccacatctatctctagcatctctaccggagcaacagccagcegecctggtgaagggcaacaccaatcctatcacaagceatgtceg
ccccagtgcaggecagcegceccctgeecctgaccaagtcccagacagaccgectggaggtgetgctgaaccctaaggatgagatcag
cctgaacagcggcaagccattcagggagctggagtccgagetgcetgtctaggagaaagaaggacctgcagcaaatctacgecga
ggagagggagaactatctgggcaagctggagagggagatcaccagattctttgtggatagaggctttctggagatcaagtccccaat
cctgatcccectggagtacatcgagcggatgggcatcgacaacgatacagagctgtctaagcagattttcagggtggacaagaattttt

gcctgaggceccatgctggecccaaacctggecaattacctgaggaagcetggaccgegecctgeccgaccecatcaagattttcgag
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atcggcccatgttatagaaaggagtctgatggcaaggagcacctggaggagtttaccatgctgaatttttgccagatgggctctggcetgt
acccgggagaacctggagagcatcatcacagacttcctgaatcacctgggcatcgactttaagatcgtgggegatagetgtatggtgtt
tggcgacacactggatgtgatgcacggcgatctggagctgtcctctgecgtggtgggacctatcccactggacagggagtggggceat
cgataagccctggatcggagcaggattcggectggagegectgctgaaggtgaagcacgactttaagaacatcaagcgggctgec

agaagcgaaagttattacaatgggattagcacaaacctgtga
UB-tRNAPY-HDV(rv):

aaaaaagtcccattcgccatgccgaagcatgttgcccagecggegcecagecgaggaggcetgggaccatgecggeccgg
aaaccccgggaatctaacccggctgaacggatttagagtccattcgatctacatgatcaggtttccggtgtttcgtectttccacaagata
tataaagccaagaaatcgaaatactttcaagttacggtaagcatatgatagtccattttaaaacataattttaaaactgcaaactaccca
agaaattattactttctacgtcacgtattttgtactaatatctttgtgtttacagtcaaattaattccaattatctctctaacagcecttgtatcgtata

tgcaaatatgaaggaatcatgggaaataggccctc

PolyA

HDV self-cleaving ribozyme

tRNAPY!

U6 promoter
7SK-tRNAPY-HDV(rv):

aaaaaagtcccattcgccatgccgaagcatgttgcccagecggegcecagcgaggaggctgggaccatgecggeccgg
aaaccccgggaatctaacccggctgaacggatttagagtccattcgatctacatgatcaggtttccgaggtacccaggeggegcaca
agctatataaacctgaaggaaatctcaactttacacttaggtcaagttacttatcgtactagagcttcagcaggaaatttaactaaaatct
aatttaaccagcatagcaaatatcatttattcccaaaatgctaaagtttgagataaacggacttgatttccggctgttttgacactatccag
aatgccttgcagatgggtggggcatgctaaatactgcag

e PolyA

e HDV self-cleaving ribozyme
o tRNAPY

e 7SK promoter

Y3-tRNAPY-HDV(rv):

aaaaaagtcccattcgccatgccgaagcatgttgcccagecggegcecagecgaggaggcetgggaccatgecggeccgg
aaaccccgggaatctaacccggctgaacggatttagagtccattcgatctacatgatcaggtttccgaaagttaggectgtagttgtaga

tatataaggtttataatattcaccctttacaagtcatggtggattatgagcataaactgttaaaaatatgtttgtgtattccaaatacatacctc
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atacgtaataataaaaccacagaaaagtatttaatttagaagaaaaatctatttacatttcaacgaccttacagggcttccggataacgt

ctggttcaaagcatgctgggtaatcy

e PolyA
e HDV self-cleaving ribozyme

e tRNAPY
e Y3 promoter
MRP/7/2-tRNAPY'-HDV(rv):

aaaaaagtcccattcgccatgccgaagcatgttgcccagecggegcecagegaggaggctgggaccatgecggeccgg
aaaccccgggaatctaacccggctgaacggatttagagtccattcgatctacatgatcaggtttcccacgtectcagettcacagagta
gtattttatagccctaaagaaattgtgttttatgattagggtgagaaagttggtggcgtgagattaaaaaaaccgttttcgggcataactttct
aagactataggctttcagaggcattgtggctagcagaatagctaatagacacgaaatgaacaaatacaggaaagctagaatgaca
ctatcttatgcaaatatggtctggccccgecctacggggagtgggegtggectcccecggagecggecggectgetcgegtgegegtge
gcgttggggcggecggecaatgeccggaccgcttcggcaccgeccgeccgatccctccaccegtgggecggcaatggegggegea
gtttcgctettgggtgtggtggggctgctgcttgtgtetgegetgtccggggtectaggagaccgegecaatccecgacctccgggeacac
ccaggtaccagctagggctgctggaggagggctgggactgcgcacgggtcccaggecccagctcggetgactcgectgtatectee
ctccgcagggaacgcagceccaccccggctctggagccacggaaccccggceggegaccaccgctcaaggatcaacgcgagegg

acccgggccgggtegetgectetgggggegetgtacaccgeggecgtegeggcttttgtgctgtacaagtgtttgcaggtacg

e PolyA
e HDV self-cleaving ribozyme

e tRNAPY
e MRP/7-2 promoter
4xUB-tRNAMS(rv):

aaaaaacggaaaccccgggaatcgaacccggctgaacggatttagagtcegttcggtcteecctgaccaggtttcecggtgtt
tcgtcctttccacaagatatataaagccaagaaatcgaaatactttcaagttacggtaagcatatgatagtccattttaaaacataatttta
aaactgcaaactacccaagaaattattactttctacgtcacgtattttgtactaatatctttgtgtttacagtcaaattaattctaattatctctct
aacagccttgtatcgtatatgcaaatatgaaggaatcatgggaaataggccctcttcctgcccctcgacaaaaaacggaaaccce
gggaatcgaacccggctgaacggatttagagtccgttcggtctccctgaccaggtttccggtgtttcgtectttccacaagatatataaag
ccaagaaatcgaaatactttcaagttacggtaagcatatgatagtccattttaaaacataattttaaaactgcaaactacccaagaaatt
attactttctacgtcacgtattttgtactaatatctttgtgtttacagtcaaattaattctaattatctctctaacagccttgtatcgtatatgcaaat

atgaaggaatcatgggaaataggccctcttcctgcccctcgacaaaaaacggaaaccccgggaatcgaacccggcetgaacgga
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tttagagtccgttcggtctccctgaccaggtttceggtgtttcgtectttccacaagatatataaagccaagaaatcgaaatactttcaagtt
acggtaagcatatgatagtccattttaaaacataattttaaaactgcaaactacccaagaaattattactttctacgtcacgtattttgtacta
atatctttgtgtttacagtcaaattaattctaattatctctctaacagccttgtatcgtatatgcaaatatgaaggaatcatgggaaataggcc
ctcttcctgcccctcgacaaaaaacggaaaccccgggaatcgaacccggctgaacggatttagagtecgttcggtetcectgacca
ggtttccggtgtttcgtectttccacaagatatataaagccaagaaatcgaaatactttcaagttacggtaagcatatgatagtccattttaa
aacataattttaaaactgcaaactacccaagaaattattactttctacgtcacgtattttgtactaatatctttgtgtttacagtcaaattaattct

aattatctctctaacagccttgtatcgtatatgcaaatatgaaggaatcatgggaaataggcecctc

e Linker
e tRNAMIS

e UG promoters
NLS:
cgaaaaaaaaacgcaaagtggaagatagc
MEGFP:

atggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagetggacggegacgtaaacggecac
aagttcagcgtgtccggcgagggegagggegatgecacctacggcaagctgaccctgaagttcatctgcaccaccggcaagetge
ccgtgecctggeccaccctegtgaccaccctgacctacggegtgcagtgcttcageccgetaccccgaccacatgaagcagcacgac
ttcttcaagtccgcecatgcccgaaggctacgtccaggagegcaccatcttcttcaaggacgacggcaactacaagacccgegecga
ggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggceatcgacttcaaggaggacggcaacatcctggggea
caagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatc
cgccacaacatcgaggacggcagcgtgcagctcgecgaccactaccagcagaacacccccatcggcgacggeccegtgetgctg
cccgacaaccactacctgagcacccagtccaagctgagcaaagaccccaacgagaagegcgatcacatggtcectgetggagttcg

tgaccgccgcecgggatcactctcggcatggacgagctgtacaagtaa
iRFP:

atggcggaaggatccgtcgccaggcagcctgacctcettgacctgcgacgatgagcecgatccatatccceggtgecatceca
accgcatggactgctgctcgcecctcgecgecgacatgacgatcgttgccggcagcgacaaccttcccgaactcaccggactggega
tcggcgcecctgatcggecgctctgecggecgatgtettcgactcggagacgcacaaccgtctgacgatcgecttggeccgageccgggg
cggccgtcggagceaccgatcactgtcggcttcacgatgcgaaaggacgcaggcttcatcggctcectggceatcgecatgatcagcetca
tcttcctcgagctcgagcectccccagegggacgtcgecgagecgeaggcgticttccgecgecaccaacagegecatccgecgectge
aggccgcecgaaaccttggaaagcgcectgcgecgecgeggegcaagaggtgcggaagattaccggettcgatcgggtgatgatcta
tcgcttcgectcecgacttcagcggcgaagtgatcgcagaggatcggtgcgecgaggtcgagtcaaaactaggectgeactatcectge

ctcaaccgtgccggegeaggeccgtcggctctataccatcaaccecggtacggatcattcccgatatcaattatcggecggtgecggte
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accccagacctcaatccggtcaccgggceggcecgattgatcttagcettcgecatcetgegecagcegtctcgeccgtecatctggaattcat
gcgcaacataggcatgcacggcacgatgtcgatctcgattttgcgcggcgagcegactgtggggattgatcgtttgccatcaccgaacg
ccgtactacgtcgatctcgatggccgccaagectgcgagcetagtcgeccaggttetggectggcagatcggegtgatggaagag

mCherry:

atgccggtgagcaagggcgaggaggataacatggccatcatcaaggagttcatgcgcettcaaggtgcacatggagggct
ccgtgaacggccacgagttcgagatcgagggcgagggcgagggccgeccctacgagggceacccagaccgcecaagetgaaggt
gaccaagggtggccccctgeccttcgectgggacatcectgtcecectecagttcatgtacggctccaaggectacgtgaagecaccecgec
gacatccccgactacttgaagctgtccttccccgagggcttcaagtgggagcegegtgatgaacttcgaggacggeggegtggtgace
gtgacccaggactcctccctgcaggacggegagttcatctacaaggtgaagctgcgeggeaccaacttcccctccgacggeccegt
aatgcagaagaagaccatgggctgggaggcctcctccgageggatgtaccccgaggacggegecctgaagggcgagatcaage
agaggctgaagctgaaggacggcggccactacgacgctgaggtcaagaccacctacaaggccaagaageccgtgcagetgecc
ggcgcctacaacgtcaacatcaagttggacatcacctcccacaacgaggactacaccatcgtggaacagtacgaacgcgecgag

ggccgcecactccaccggceggeatggacgagctgtacaagtga
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6.3.

The appendix lists of the cell culture mediums/supplements, chemicals, kits,

cells, antibodies, dyes, and other materials used in this dissertation

Cell culture mediums and supplements:

B27 (Thermo Fisher Scientific, cat. no. 17504044)

B-27™ Plus Neuronal Culture System (Thermo Fisher Scientific, cat. no. A3653401)
DPBS, no calcium, no magnesium (Thermo Fisher Scientific, cat. no. 14190169)
Fetal Bovine Serum, qualified, EU-approved, South America origin (Thermo Fisher
Scientific, cat. no. 10270106)

HEPES, 1 M (Thermo Fisher Scientific, cat. no. 15630056)

Hibernate E - Low Fluorescence (Brain Bits, cat. no. HELFF)

High-glucose Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific,
cat. no. 41965062)

L-glutamine (Thermo Fisher Scientific, cat. no. 25030024)

Neurobasal culture medium (Thermo Fisher Scientific, cat. no. 21103049)

Opti-MEM Reduced serum media unless stated otherwise (Thermo Fisher, cat. no.
31985062)

Penicillin-streptomycin (Sigma Aldrich, cat. no. P0781)

Penicillin-streptomycin (Thermo Fisher Scientific, cat. no. 15140122)

Poly-D-lysine (Sigma Aldrich, cat. no. P6407)

Poly-L-lysine (Sigma Aldrich, cat. no. P1524)

Puromycin dihydrochloride (Sigma Aldrich, cat. no. P8833)

Sf-900™ 11l SFM  complete  1xliquid medium (Thermo Fisher Scientific,
cat. no. 12658019)

Sodium pyruvate, 100 mM (Thermo Fisher Scientific, cat. no. 11360039)
Trypsin-EDTA (0.05%), phenol red (Thermo Fisher Scientific, cat. no. 25300054)

Chemicals:

16% Paraformaldehyde EM Grade (Electron Microscopy Sciences, cat. no. E15710)
2-Mercaptoethanol (Sigma Aldrich, cat. no. M3148)

2-Propanol (Honeywell research, cat. no. 33539)

Bovine Serum Albumin (Sigma Aldrich, cat. no. A9647)

Catalase (Sigma Aldrich, cat. no. C3155)
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e DMSO, sterile, filtered (Sigma Aldrich, cat. no. D2438)

e Glucose (Sigma Aldrich, cat. no. D9559)

e Goat serum (Thermo Fisher, cat. no. 16210072)

e Paraformaldehyde (Sigma —Aldrich, cat. no. 158127)

e Phenylmethanesulfonyl fluoride (Sigma Aldrich, cat. no. P7626)

e Protease inhibitor cocktail (PIC., Sigma Aldrich, cat. no. P8340)

e Skim milk (Carl Roth, cat. no. T145.1)

e Sodium borohydride (Sigma Aldrich, cat. no. 71320)

e Sodium chloride (Sigma Aldrich, cat. no. S7653)

¢ Sodium deoxycholate (Sigma Aldrich, cat. no. D6750)

e Sodium butyrate (Sigma Aldrich, cat. no. B5887)

e Sodium fluoride (Sigma Aldrich, cat.no. S7920).

o TetraSpeck Microspheres (Thermo Fisher, cat. no. T7279)

e The glucose oxidase (Sigma Aldrich, cat. no. G2133)

e Triton X-100 (Sigma-Aldrich, cat. no. X100)

e Trizma hydrochloride (Sigma Aldrich, cat. no. T5941)

¢ Trizma® base, BioPerformance Certified (Sigma Aldrich, cat. no. T6066)
o TWEEN® 20 BioXtra, viscous liquid (Sigma Aldrich, cat. no. P7949)
e Vectashield (Biozol, cat. no. VEC-H-1000)

Kits:

e BacPAK™ baculovirus rapid titer kit (Takara Bio/Clontech, cat. no. 631406)

e E.Z.N.A. Plasmid mini kit | (V-spin column; VWR, cat no. D6943-02)

o EndoFree Plasmid Maxi Kit (10; Qiagen, cat no. 12362)

e MultiBacMam™kit (Geneva Biotech)

e PCR Purification Kit (Thermo Fisher Scientific, cat no. K310001)

¢ PiggyBAC Transposon system (BioCat)

e PureLink gDNA kit (Thermo Fisher, cat. no. K1820-01)

o PureLink® Quick Gel Extraction Kit (Thermo Fisher Scientific, cat no. K210012)

e PureLink® Quick Plasmid Miniprep Kit (Thermo Fisher Scientific, cat no. K210011)

e PureLink™ HiPure Plasmid Maxiprep Kit (Thermo Fisher Scientific, cat no. K210007)

e Quick Change Il XL site-directed mutagenesis kit (Agilent Technologies, cat. no.
200522)
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Bacteria, insect, and mammalian cell lines:

Gibco primary cortical neurons isolated from embryonic day 17 C57BL/6 mice
(Thermo Fisher Scientific, cat. no. A15586)

Gibco primary cortical neurons isolated from Sprague Dawley embryonic day 18 rats
(Thermo Fisher, scientific, cat. no. A365512)

Gibco Sf21 cells in Sf-900™ Il serum-free medium (Thermo Fisher Scientific,
cat. no. 12682019)

MAX Efficiency Stbl2™ cells (Thermo Fisher Scientific, cat. no. 10268019)

One Shot™ TOP10 Electrocompetent™ E. coli (Thermo Fisher Scientific, cat. no.
C40452)

XL 10-Gold Ultracompetent E.coli (Agilent, cat. no. 200315)

Mouse neuroblastoma N1E-115-1 cell line (Sigma Aldrich; ECACC 08062511)
Mouse neuroblastoma x rat neuron hybrid ND7/23 cell line (Sigma Aldrich; ECACC
92090903)

Primary antibodies:

Mouse anti-ankyrin G antibody (Santa Cruz, cat. no. 12719)

Mouse anti-HA tag (Thermo Fisher Scientific, cat. no. 26183)

Mouse anti-panNavy (Sigma Aldrich, cat. no. S8809)

Mouse anti-B3-tubulin antibody (BioLegend, cat. no. 801202)

Mouse Nay1.6 Na+ channel (Neuromab, cat. no. 75-026)

Rabbit anti-HA tag (C29F4) monoclonal antibody (Cell Signaling, cat. no. 3724)
Rabbit anti-HA tag (SG77) polyclonal antibody (Thermo Fisher Scientific, cat. no. 71-
5500)

Rabbit anti-panNF (Abcam, cat.no. ab31457)

Secondary antibodies:

Goat anti-rabbit AF647 (Thermo Fisher Scientific, cat. no. A21245)

Goat anti-mouse AF633 (Thermo Fisher Scientific, cat. no. A-21052)

Goat anti-mouse AF647 (Thermo Fisher Scientific, cat. no. A21236)

Goat anti-mouse AF647 Plus (Thermo Fisher Scientific, cat. no. A32728)

Goat anti-mouse horseradish peroxidase (Thermo Fisher Scientific, cat. no. A16072)
Goat anti-rabbit AF555 (Thermo Fisher Scientific, cat. no. A21429)
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e Goat anti-rabbit AF647 Plus (Thermo Fisher Scientific, cat. no. A32733)

o Goat-anti-rabbit horseradish peroxidase (Thermo Fisher Scientific, cat. no. A16104)
Tetrazine dyes:

o AF647-Pyr-tz (Jena Bioscience, cat. no. CLK-102)
e ATTOA488-tz (Jena Bioscience, cat. no. CLK-010-02)

e Cy5-H-tz (Jena Bioscience)
Transfection reagents:

e Cellfectin™ [l (Thermo Fisher Scientific, cat. no. 10362100)

e FuGene HD (Promega, cat. no E2311)

e JetPrime transfection reagent (Polyplus-transfection, cat. no. 114-15)
e Lipofectamine 2000 (Thermo Fisher Scientific, cat. no. 11668027)

e Lipofectamine 3000 (Thermo Fisher Scientific, cat. no. L3000015)

Unnatural amino acids:

e BOC-Lys (Iris Biotech GMBH, cat. no. HAA1096)

e Endo-BCN-Lys (SICHEM cat. no. SC-8014)

e TCO*A-Lys (Sirius Fine Chemicals, SICHEM, cat. no. SC-8008)

e TCO4en/eqg-Lys (a gift from Prof. Dr. Edward Lemke; can be obtained from SICHEM,
cat. no. SC-8060)

Cell culture dishes:

o 35 mm Petri dishes (Greiner Bio-one, cat. no. 627160)

e Amicon® Ultra-15 centrifugal filter units (100 kba MWCO, 15 ml sample volume;
Sigma Aldrich, cat.no. UFC910008)

e Eight-well Lab-Tek Il chambered cover glasses (German #1.5 borosilicate glass;
Thermo Fisher Scientific, cat. no. 155409)

e Four-well Lab-Tek Il chambered cover glasses (German #1.5 borosilicate glass;
Thermo Fisher Scientific, cat. no. 155382)

e P10 Petri dishes (Greiner Bio-one, cat. no. 664160)

e P20 Petri dishes (Greiner Bio-one, cat. no. 639160)
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Western blot materials:

0.2 um nitrocellulose membrane (BioRad, 1704158)

IXNUPAGE™ MOPS SDS running buffer (Thermo Fisher, NP0O001)
4x Leammlie buffer (BioRad, 1610747)

Bradford assay (Sigma-Aldrich, cat. no. B6916)

Clarity Western ECL substrate (Bio Rad, 1705060)

NUPAGE™ 4-12% Bis-Tris Protein Gels (Thermo Fisher, NP0329)
Precision Plus Protein™ WesternC™ l|adder (BioRad, 610376)

Trans-Blot® Turbo™ Transfer System
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6.4. List of abbreviations
aaRS — aminoacyl-tRNA synthetase
AAV — adeno-associated virus
ab — antibody
ABD - ankyrin binding domain
AcCNPV — Autographa californica nuclear polyhedrosis virus
AFA488 — Alexa Fluor 488
AF(+)647 — Alexa Fluor 647 Plus
AF555 — Alexa Fluor 555
AF633 — Alexa Fluor 633
AF647 — Alexa Fluor 647
AF647-Pyr-tz — Alexa Fluor 647-Pyrimidyl-tetrazine
AF647-tz — Alexa Fluor 647-tetrazine
AIS — axon initial segment
AMPA — a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
ankB — ankyrin B
ankG — ankyrin G
APP - amyloid precursor protein
ATTOA488-tz — ATTOA488-tetrazine
BAD - biotin acceptor domain
BOC-Lys — N-¢-t-butyloxycarbonyl-L-lysine
BSA — bovine serum albumin
CAG - chicken B-actin promoter

CAM - cell adhesion molecule
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Cas9 — CRISPR-associated protein 9

Caspr — contactin-associated protein

CAT — catalase

Cay— voltage-gated calcium channels

CiVSP - Ciona intestinalis voltage-sensitive phosphates

CK2 — casein kinase 2

CMV - cytomegalovirus

CNS - central nervous system

CNTN - contactin

Cpfl — CRISPR-associated endonuclease in prevotella and francisella 1
CpK — cyclopropene — L — lysine

CRISPR - clustered regularly interspaced short palindromic repeats
crRNA — CRISPR RNA

CUACC - Cu(l)-catalyzed azide—alkyne cycloaddition

Cy5 — Cyanine 5

Cyb-tz — tetrazine-Cyanine 5

DIV — day in vitro

DNA — deoxyribonucleic acid

DNA-PAINT — DNA-points accumulation for imaging in nanoscale topography
dSTORM - direct stochastic optical reconstruction microscopy

E. coli - Escherichia coli

ECM — extracellular matrix molecules

EGFP — enhanced GFP

EGFR — epidermal growth factor receptor
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endo-BCN-Lys — bicyclo [6.1.0] nonyne — L — lysine
eRF1 — eukaryotic release factor 1

FACS - fluorescence-activated cell sorting

FBS — fetal bovine serum

FN 11l domain — fibronectin type Ill repeats (domains)
FPALM - fluorescence photoactivation localization microscopy
FPs — fluorescent proteins

GABA — gamma-amino butyric acid

GCE - genetic code expansion

gDNA — genomic DNA

GFP — green fluorescent protein

GO - glucose oxidase

GOl — gene of interest

GPCR — G-protein-coupled receptor

gRNA — guide RNA

GS — goat serum

GSDM - ground state depletion microscopy

HA tag — hemagglutinin tag

HDV ribozyme — hepatitis delta virus ribozyme

HEK293T — highly transfectable derivative of human embryonic kidney 293 cells

HH ribozyme — hammerhead ribozyme
HILO — highly inclined and laminated optical sheet
hiPSCs — human induced pluripotent stem cells

HIV-1 — human immunodeficiency virus-1
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hNSE — human neuron-specific enolase 2 promoter

HRP — horseradish peroxidase

ICC — immunocytochemistry

IFITM3 — interferon-induced transmembrane protein 3

Ig-like domain — immunoglobulin-like domain

iPASS - identification of permissive amber suppression sites

iPSCs — induced pluripotent stem cells
IR — insulin receptor
iRFP — near-infrared fluorescent protein

ITR — inverted terminal repeat

Kir2.1 — potassium inwardly rectifying 2.1 channel

Kv— voltage-gated potassium channels
LeuRS — leucil tRNA synthetase

LOF — loss-of-function

LUT — look-up table

MAP1B — microtubule-associated protein 1B
MCMV — minimal CMV

MCN — mouse cortical neurons

MEA — monoethanolamine

MGFP — monomeric GFP

MHN — mouse hippocampal neurons
MINFLUX — minimal photon fluxes

MOI — multiplicity of infection

mPOI — membrane protein of interest
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MRNA — messenger RNA
MRP — mitochondrial RNA processing
MS — multiple sclerosis

Nay — voltage-gated sodium channels

ND7/23 — mouse neuroblastoma (N18 tg 2) x rat dorsal root ganglion neuron hybrid cell

NES — nuclear export signal

NES PylRSAF — Y306A/Y384F (AF) double mutant of the Methanosarcina mazei-derived

orthogonal tRNAPY' synthetase fused to a nuclear export signal (NES)

NF — neurofascin

NF140 — neurofascin 140 kDa isoform
NF155 — neurofascin 155 kDa isoform
NF180 — neurofascin 180 kDa isoform
NF186 — neurofascin 186 kDa isoform
NFL — neurofilament light chain

NLS — nuclear localization signal

NMD — nonsense-mediated decay

NMDA — N-Methyl-D-aspartate

NPC — nuclear pore complex

NrCAM — neuronal cell adhesion molecule
Nup153 — nucleoporin 153

ORF — open reading frame

OXEA buffer — oxyrase/BME buffer

PALM - photo-activated localization microscopy

PB — phosphate buffer
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PBS — phosphate-buffered saline

PCR — polymerase chain reaction

PFA — paraformaldehyde

PGK-1 — phosphoglycerate kinase

PNS — peripheral nervous system

POI — protein of interest

pol — polymerase

PyIRS — pyrrolysyl tRNA synthetase

RCN - rat cortical neurons

RNA — ribonucleic acid

RPM — revolutions per minute

RT — room temperature

SA - streptavidin

SCO-Lys — cyclooctyne — L — lysine

SDS-PAGE - sodium dodecyl-sulfate polyacrylamide gel electrophoresis
seSPIEDAC - selectivity enhanced SPIEDAC
Sf21 — Spodoptera frugiperda 21 cells

shRNA — short hairpin RNA

SiIRNA — small interfering RNA

SiR-tz — silicon rhodamine-tetrazine

SMLM - single-molecule localization microscopy
sSnRNA — small noncoding RNA

SPAAC - strain-promoted azide-alkyne cycloaddition

SPIEDAC - strain-promoted inverse electron-demand diels-alder cycloaddition
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SRM — super-resolution microscopy

STED - stimulated emission depletion microscopy
TAG-1 — transiently expressed axonal glycoprotein-1
TARP — transmembrane AMPAR regulatory protein
TBS - tris-buffered saline

TBST — tris-buffered saline with 0.1% Tween® 20
TCO*A-Lys — trans-cyclooct-2-en — L — lysine axial isomer
TCO*-Lys — trans-cyclooct-2-en — L — lysine
TCO4en/eg-Lys — trans-cyclooct-4-en — L — lysine equatorial isomer
TCO4en-Lys — trans-cyclooct-4-en — L — lysine
TIRF — total internal reflection fluorescence

TNFR1 — tumor necrosis factor 1 receptor

tRNA — transfer RNA

tRNAPY' — pyrrolysyl suppressor tRNA

TTX — tetrodotoxin

TTXr — tetrodotoxin-resistant

TTXs — tetrodotoxin-sensitive

TyrRS — Tyrosil tRNA synthetase

tz — tetrazine

UAA — unnatural amino acid

UbiC — ubiquitin C

UV — ultra-violet

VS - Vectashield

VSV — vesicular stomatitis virus
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WT — Wild-Type

BME — B-mercaptoethanol
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dSTORM imaging of neurons immunostained with anti-panNay primary and AF647 and

AF(+)647-conjugated secondary antibodies in different imaging mediums (Fig. 40-42). |
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performed immunostaining, widefield, and dSTORM imaging of neurons shown in Fig. 40-42.
The widefield and dSTORM imaging of neurons is different imaging medium is part of
Aleksandra’s and mine published work: Arsi¢, A., Stajkovic, N., Spiegel, R. and Niki¢-Spiegel, I.,
2020. Effect of Vectashield-induced fluorescence quenching on conventional and super-
resolution microscopy. Scientific reports, 10(1), pp.1-13. The figures shown in this dissertation
(Fig. 40-42) are included in the same publication. | modified figures for presentation purposes in

this thesis.

The electrophysiological recordings of recombinant Na* currents and analysis of
loss-of-function pathogenic Nayl.6 variants were performed in collaboration with the laboratory of
Prof. Dr. Holger Lerche. These results are shown in Fig. 3b, 4b-h, 24, and 26 and published in
Stajkovic, N., Liu, Y., Arsi¢, A., Meng, N., Lyu, H., Zhang, N., Grimm, D., Lerche, H. and
Nikic-Spiegel, 1., 2022. Direct fluorescent labeling of NF186 and Nay1.6 in living primary neurons
using bioorthogonal click chemistry. bioRxiv. Dr. Yunyuan Liu performed whole-cell patch clamp
recordings of recombinant Na* currents in WT or stable ND7/23 and N1E-115-1 cell lines
(Fig. 3b, 4b-h, 24). Hang Lyu and Nan Zhang performed whole-cell patch clamp recordings of
recombinant Na* currents in N1E-115-1 cells transfected with loss-of-function Nay1.6-HA variants
(Fig. 26a and b). Dr. Yunyuan Liu analyzed all the data and generated graphs (Fig. 26a and b),
which | further modified and incorporated into figures. For the analysis of the AIS fluorescence in
neurons expressing WT or loss-of-function Nay1.6-HA variants, Dr. Yunyuan Liu cultured mouse
hippocampal neurons. Experiments involving whole-cell patch clamp and loss-of-function
pathogenic variants were designed with the help of Dr. Ilvana Niki¢-Spiegel, Prof. Dr. Holger

Lerche, and Dr. Yuanyuan Liu. They also helped in the interpretation of the results.

The AAVs described in this dissertation were generated as a part of a collaboration with
the laboratory of Prof. Dr. Dirk Grimm. These data are shown in Fig.31-33 26 and published in
Stajkovic¢, N., Liu, Y., Arsi¢, A., Meng, N., Lyu, H., Zhang, N., Grimm, D., Lerche, H. and
Nikic-Spiegel, I., 2022. Direct fluorescent labeling of NF186 and Nay1.6 in living primary neurons
using bioorthogonal click chemistry. bioRxiv. Prof. Dr. Dirk Grimm and Ning Meng designed
AAVs. Ning Meng generated AAVS.

Christine Koehler and Dr. Daniel Fitzgerald (Geneva Biotech) advised me on how to
culture Sf21 cells, produce viruses, and transduce mammalian cells. They also provided me with

protocols for Sf21 cell propagation and transduction of mammalian cells.

Cathleen Hagemann and | established protocols for generation of stable neuronal cell line.
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