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Abstract

Microtubules are crucial components of cytoskeleton in neurons, play important roles in
neural development, and are indispensable for intracellular transport. The dysregulation of the
microtubule dynamics is neurotoxic and can result in neurodegeneration or various
neurodevelopmental disorders. Microtubule dynamics is regulated by several mechanisms, one
of which are interactions with microtubule-associated proteins. The activity of microtubule-
associated proteins is itself tightly controlled. Even though the dysregulation of many
microtubule-associated proteins has been linked to human conditions, the precise regulation of
their function is not completely understood. Microtubule-associated proteins CRMP2 and tau
have been shown to control microtubule dynamics and stability and both have been associated

with the pathogenesis of Alzheimer’s disease.

Here we show that CRMP2 function is regulated on the level of isoforms proportion, CdkS5-
mediated phosphorylation, and conformational changes catalyzed by prolyl isomerases PIN1
and FKBP12. All of these have a direct impact on microtubule dynamics. We also show that
Cdk5-mediated phosphorylation has a negative impact on the formation and maintenance of
tau envelopes - patches of cooperatively bound tau with microtubule-protecting function.
Disruption of tau envelopes results in microtubule destabilization in cells. Together, we
demonstrate that microtubule dynamics and stability, essential for neural development and
defective in neurodevelopmental or neurodegenerative disorders, is tightly controlled by tau

and CRMP2A and their multi-level regulation.

Keywords: Microtubule-associated proteins, Collapsin Response Mediator Protein 2

(CRMP2), tau, phosphorylation, Cdk5, prolyl isomerases, FKBP12, PIN1



Abstrakt

Mikrotubuly jsou vyznamnou slozkou cytoskeletu neuront, hraji dilezité role ve vyvoji
nervové soustavy a jsou také nepostradatelné pro bunécny transport. Poruchy regulace
mikrotubuld jsou pro neurony toxické a mohou vyustit v degeneraci neuront nebo v nékteré
neurovyvojové poruchy. Dynamika mikrotubull je regulovana nékolika zplisoby, mezi které
patii interakce s proteiny vazicimi mikrotubuly. Aktivita téchto regulacnich proteinti je rovnéz
pfisn¢ kontrolovdna. Pfestoze byla popsana souvislost mezi narusenou regulaci funkce
n¢kterych mikrotubuly-vazebnych proteinti a neurodegeneraci, piesna regulace fungovani
téchto proteint neni zcela objasnéna. Mezi proteiny vazici mikrotubuly patii CRMP2 a tau,
které upravuji dynamiku a stabilitu mikrotubulli a byly oba spojeny s patogenezi Alzheimerovy

choroby.

V této praci je popsana regulace funkce proteinu CRMP2 nastavenim hladin CRMP2
isoforem, fosforylaci zprostfedkovanou kindzou Cdk5 a konformacnimi zménami
katalyzovanymi prolyl isomerdzami PIN1 a FKBP12. Tyto regula¢ni mechanismy maji pfimy
vliv na dynamiku mikrotubult. Déle ukazujeme, Ze fosforylace kinazou CdkS ma negativni
dopad na utvareni a stabilitu tau obalek (shlukii tau proteinu spojenych kooperativni vazbou a
obalujicich mikrotubuly), coz vede ke snizZeni stability mikrotubuli v bunice. Nase vysledky
ukazuji, ze dynamika a stabilita mikrotubuld, déje nezbytné pfi vyvoji nervové soustavy a
naruSené pii neurovyvojovych ¢i neurodegenerativnich procesech, jsou kontrolovany pomoci

proteinti tau a CRMP2 a jejich vicetroviiové regulace.

Kli¢ova slova: Proteiny vazici mikrotubuly, CRMP2, tau, fosforylace, Cdk5, prolyl
isomerazy, FKBP12, PIN1
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Introduction

1 Introduction

The cytoskeleton is a crucial structural and functional component of every cell. It is
responsible for forming and maintaining the cell shape and for connecting the distant parts of
the cell to the cell body. This is mainly important in neurons, cells with a specific shape
involving long projections (neurites). Microtubules, polymers composed of tubulin dimers and
the largest type of cytoskeletal fibers, play a significant role in reinforcing the neurites as well
as enabling cellular transport through them and keeping the communication between the cell
compartments. The importance of microtubules in neurons is supported by the observation that
their deregulation is tightly connected to neurodegeneration (Sferra et al., 2020). Various
microtubule-associated proteins regulate function of microtubules, their polymerization,
stability, or microtubule-based transport. As regulators of microtubule dynamics, the
microtubule-associated proteins and their activity must be also tightly controlled. One of the
critical means to quickly and efficiently regulate the activity of proteins is through
posttranslational modifications. Among the posttranslational modifications, phosphorylation
seems to be one of the most important and widespread - regulating virtually all cellular
processes. Recently, conformational regulation by prolyl isomerases was identified as another

important regulator of protein activity, stability, and cell signaling.

Even though the function of microtubule-associated proteins has been extensively studied
in neurons, their precise regulations and their role in neural development and

neurodegeneration are not well understood.

This work aims to characterize the function of some microtubule-associated proteins
important in neurons, to reveal their regulation and its involvement in neural development and
in neurodegenerative diseases. The thesis focuses on how microtubule-associated proteins are
regulated by phosphorylation mainly by Cdk5 kinase and how this regulation affects their
accessibility for another regulatory mechanism — conformational changes catalyzed by prolyl-
isomerases. | have focused on two families of microtubule-associated proteins important in
neuron growth and neural development — Collapsin response mediator proteins (CRMPs) and

tau.
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Introduction

1.1 Cytoskeleton

Cytoskeleton represents all prokaryotic and eukaryotic cells' leading structural and
organizational network consisting of filamentous structures that support the cell’s mechanical
resistance, help maintain internal organization, and are crucial for cellular division and
movement. Cytoskeletal fibers are long polymers composed of protein subunits whose
assembly and disassembly provide dynamic properties which are necessary for the cytoskeletal
functions. In eukaryotic cells, three types of cytoskeletal fibers exist — microfilaments,

intermediate filaments, and microtubules (reviewed in Fletcher and Mullins, 2010; Hohmann

and Dehghani, 2019).

Microfilaments (also called actin filaments) are thin filamentous structures (7 nm in
diameter) composed of globular protein units of actin. Generally, actin fibers can be found on
the cytoplasmic side of the plasma membrane creating a mesh-like network providing
mechanical support and allowing movement of the cell surface (reviewed in Fletcher and

Mullins, 2010; Hohmann and Dehghani, 2019).

Intermediate filaments are composed of a variety of related proteins sharing one structure —
coiled-coil structure — a pair of two intertwined proteins bound by hydrophobic interactions.
Intermediate filaments are less dynamic than microfilaments or microtubules and due to their
high stability provide mechanical support to cells (reviewed in Fletcher and Mullins, 2010;
Hohmann and Dehghani, 2019).

1.1.1 Microtubules

Microtubules are the thickest type of cytoskeletal fibers with a diameter of approx. 25 nm.
The building blocks — heterodimers of alpha- and beta-tubulin bind together in a head-to-tail
fashion resulting in structurally polarized linear protofilaments, which then associate laterally
to form a hollow tube. Microtubules are not just rigid skeleton of the cell, they switch between
the phases of growth and disassembly in a process called dynamic instability. The instability
of microtubules is intrinsic given by the GTP/GDP state of tubulin dimers - free tubulin binds
GTP which is in beta-tubulin hydrolyzed after the incorporation into microtubule to GDP,
which then tends to destabilize the microtubule lattice. A cap of GTP tubulin is therefore
important for stable growth. As microtubules are polarized, the two microtubule ends have
different properties - the plus end (terminated by beta-tubulin) is usually more dynamic — it

grows faster and undergoes more depolymerization events (catastrophes), which can be
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Introduction

replaced by the polymerization phase again (rescue; Figure 1; reviewed in Fletcher and

Mullins, 2010; Hohmann and Dehghani, 2019).

Growth

abeyuuys

Ly GTP-tubulin
4» GDP-tubulin

Figure 1:Microtubules and their dynamic instability.

Microtubules are polymers of alpha- and beta-tubulin dimers. They grow by the addition of GTP-
tubulin dimers at the growing (termed +) end. After the dimer incorporation, GTP is hydrolyzed to
GDP which could destabilize the growing end. The switch from polymerization to depolymerization is
called catastrophe while the switch from depolymerization to polymerization phase is called rescue. C-
terminal tails of tubulin proteins rise from the surface of the microtubule and are the main place for
posttranslational modifications and interactions with microtubule-associated proteins (adapted from
Roll-Mecak, 2020).

The regulation of microtubules and their dynamics happens on many levels. There are
specific tubulin isotypes — in most eukaryotes both alpha- and beta-tubulin subunits are
encoded by multiple genes giving rise to different tubulin isotypes exhibiting different
characteristics and different cellular and tissue distributions (reviewed in Gasic, 2022; Janke
and Magiera, 2020). Alpha- or beta-tubulin subunits can be also subjected to a broad range of
posttranslational modifications (covalent biochemical modification of one or more amino acids
following the protein biosynthesis) placed mainly in the C-terminal tails of tubulins which are
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Introduction

exposed on the surface of the microtubule (Figure 1; reviewed in Janke and Magiera, 2020).
Yet another way of affecting microtubules and their dynamics are various microtubule-
associated proteins (MAPs), which can bind to microtubules and regulate their dynamics as
well as other features (reviewed in Bodakuntla et al., 2019). All these mechanisms must work
together to maintain microtubule dynamics, which is crucial for cells and whose disruption can

lead to the cell death (reviewed in Fanale et al., 2015).

1.1.2 Microtubule-associated proteins (MAPs)

MAPs are proteins that bind to microtubules and affect the microtubule cytoskeleton.
According to their function, MAPs can be divided into several groups — structural MAPs
(promoting polymerization, stabilizing, bundling), nucleators, destabilizers and severing
proteins (e.g. katanin or spastin), capping proteins (or end-binding proteins e.g. EB1 or EB3),
motile MAPs (motor proteins e.g. kinesines and dynein), and crosslinkers (connecting different
components of the cytoskeleton; reviewed in Bodakuntla et al., 2019). Many other proteins can
occasionally bind to microtubules - proteins involved in signal transduction, translation, and
metabolism. MAPs themselves also interact with a plethora of proteins and thus might link the
microtubule cytoskeleton to many other cellular functions, such as signal transduction
pathways and synaptic function (reviewed in Goodson and Jonasson, 2018). Even though they
are usually connected with specific functions, one microtubule-binding protein can have
different effects on microtubules (for example stabilizers can also affect cellular transport along
the microtubules) and the effects of MAPs on microtubules can also depend on the conditions
(reviewed in Goodson and Jonasson, 2018). A large number of MAPs can potentially coexist
on a microtubule because several different MAP binding sites are present on the microtubule
surface but at the same time, some MAPs can compete for similar sites on the microtubule or

effectively regulate the access of other MAPs (reviewed in Bodakuntla et al., 2019).

Generally, it 1s considered that MAPs are highly (but not exclusively) interacting with acidic
C-terminals of tubulin molecules which are decorating the surface of microtubules. C-termini
are also the main place for posttranslational modifications so it is not surprising that
posttranslational modifications of tubulin can regulate the selectivity of the microtubule for
special MAPs (reviewed in Janke and Magiera, 2020). MAPs are important regulators of
microtubule dynamics and function therefore their deregulation is involved in various

pathological conditions (reviewed in Bodakuntla et al., 2019).
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1.2 Cytoskeleton in neurons

Neurons are cell type displaying an extremely polarized morphology with structurally and
functionally distinct compartments — usually a long axonal process responsible for transmitting
electrical signals to efferent neurons and several branched dendrites receiving afferent
information. The neuronal cytoskeleton provides not only a mechanical support important for
neural development (migration, extensions of neurites, guidance of the neurites, and formation
of functional synapses) and maintenance of the special neuronal structures, but is also critical
for long-distance transport, which is essential for neuronal function. The neuronal cytoskeleton
has to be flexible and dynamic to maintain the functioning throughout the life of an organism

(reviewed in Mufioz-Lasso et al., 2020).

Microfilaments in neurons are enriched in the regions near the plasmatic membrane and are
particularly concentrated in presynaptic terminals, dendritic spines, and growth cones (the
structure at the end of the developing or regenerating axon) where they create membrane
protrusions called lamellipodia or filopodia. Neuronal intermediate filaments, collectively
referred to as neurofilaments, provide mechanical strength and stabilize the cytoskeletal
network. Intermediate filaments are mostly abundant in the axons of neurons where they can
modulate the axonal diameter. Neuronal microtubules are present throughout the neurons, are
important for protrusion growth and guidance, and possess a special function in providing
continuous transport tracks for the active transport of mitochondria, vesicles, and mRNA

throughout the compartments (Figure 2; reviewed in Mufioz-Lasso et al., 2020).

These three groups of cytoskeletal fibers are highly connected and work together to achieve
the development as well as maintenance of neurons. For example, in the central core of the
growth cone, the microfilaments interact with axonal microtubules. In long motor axons,
intermediate filaments are anchored to actin filaments and microtubules (Figure 2reviewed in

Muiioz-Lasso et al., 2020).
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Growth cone

Figure 2: Neuronal cytoskeleton.

Cytoskeleton in neurons (a) is composed of microfilaments, microtubules and intermediate filaments
(neurofilaments). Microfilaments (in red; g) are enriched in the regions near the plasmatic membrane
and particularly in the growth cones where they create mesh-like structure (b, d). Neurofilaments (in
purple; f) stabilize the cytoskeletal network and are mostly abundant in the axons of neurons (c).
Neuronal microtubules (in green, e) are present in the cell body, dendrites and axons, they regulate
neurite outgrowth and provide tracks for the active transport throughout the neuron. b) Fluorescence
staining of the neuronal growth cone with microtubules in green and microfilaments in red. Scale bar
20um (adapted from Fletcher and Mullins, 2010).

1.2.1 Microtubules in neurons

Microtubules are an essential component of the neuronal cytoskeleton. The organization of
microtubules in neurons is different in several aspects from that in non-neuronal cells.
Microtubules in axons and dendrites are usually arranged in bundles and are not continuous to
the cell body to be associated with the microtubule-organizing center (centrosome) as in other
cell types (reviewed in Mufioz-Lasso et al., 2020). As mentioned above, microtubules have
intrinsic polarity and in neurons, they are tightly organized. In mammalian neurons, axonal
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microtubuless are all of the same orientation facing all minus ends to the cell body (parallel
plus-end out orientation) while dendritic microtubules are usually shorter with mixed polarity.
The orientation of microtubules is relevant for the function of neurites as well as for the
transport properties as the molecular motors displays a specificity in the terms of directions

(reviewed in Mufioz-Lasso et al., 2020).

Neuronal microtubules are heterogeneous not only in regards to their orientation, there is
also a mixture of multiple tubulin isotypes (mainly BII and BIII, with the latter being almost
exclusively neuronal), microtubules in different parts of the cell can differ in posttranslational
modifications as well as in MAPs bound. For example, axonal microtubules are usually
acetylated and detyrosinated while more dynamic microtubules in the growth cone contain
mainly tyrosinated tubulin. Given this heterogeneity, microtubules in different parts of the
neurons possess different features which are important for special functions of neuronal

compartments (reviewed in Janke and Magiera, 2020).

Microtubules play important roles in neurite formation, polarization, migration, or axon
guidance during neuronal development. In adult neurons, microtubules are important for
cellular maintenance, synaptic plasticity, localized cell signaling, and cellular transport. The
special function of microtubules is providing not only structural support, but also main long-
distance tracks for cellular transport, which is especially important in neurites because of the
long distances that different cellular components have to travel. So-called molecular motors
connected to microtubules transport for example organelles, vesicles, cell signaling molecules,

and RNAs throughout the neuronal processes (reviewed in Mufoz-Lasso et al., 2020).

The importance of microtubules for neuron function is supported by the fact that
deregulation of microtubule dynamics or transport given by mutations of tubulin proteins,
disrupted posttranslational modifications, or deregulated MAPs is linked to many

neurodevelopmental and neurodegenerative disorders (reviewed in Mufioz-Lasso et al., 2020).

1.2.2 MAPs in neurons

Besides the ubiquitously expressed MAPs, several structural MAPs are expressed mainly in
neurons. Typical neuronal MAPs are tau (mainly in axons) and MAP2 (mainly in dendrites).
Other important neuronal MAPs are the family of CRMP proteins which are expressed mainly

during neuronal development.
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Even though the deregulation of neuronal MAPs is connected to neurodevelopmental and
neurodegenerative disorders, the mechanism by which these structural MAPs are regulated is

not fully understood.

1.2.2.1 Tau

Tau protein (1, tubulin-associated unit) was first described in 1975 as a heat-stable protein
essential for microtubule assembly (Weingarten et al., 1975). Tau is able to promote
microtubule growth, to stabilize microtubules against depolymerization or bundle microtubules
(Drubin and Kirschner, 1986; Kanai et al., 1989). Those effects of tau are the question of
concentration and other conditions, and nowadays, tau is not considered a simple stabilizer but
a microtubule-associated protein whose main function is to modulate the stability and growth

of microtubules (Qiang et al., 2018).

Tau protein is widely expressed with the highest expression in the brain where it constitutes
over 80% of neuronal MAPs and is localized mainly in axons (Dugger et al., 2016; Gu et al.,
1996). Through its interaction with microtubules, tau supports axonal differentiation,
morphogenesis, outgrowth, and maintenance (Dawson et al., 2001; Esmaeliazad et al., 1994;
Kempfet al., 1996). Tau also has other, not so well-known roles, e.g. regulation of microtubule
spacing (Frappier et al., 1994; Chen et al., 1992), involvement in signaling pathways (reviewed

in Mueller et al., 2021), or regulation of intracellular transport (Vershinin et al., 2007).

Full-length adult tau is an intrinsically disordered protein consisting of a projection domain
that includes two N-terminal inserts, proline-rich domains, four imperfect repeats of the
microtubule-binding domain, and a C-terminal flanking region (Figure 3; Mandelkow et al.,
1995). In humans, tau exists in six protein isoforms created from one gene (MAPT,
microtubule-associated protein tau) by alternative splicing. These isoforms have different
numbers of N-terminal inserts (ON, 1N, 2N) and repeat domains (3R or 4R). The expression of
different isoforms is cell-type- as well as developmental stage-dependent and it was shown that
imbalances in their ratios may lead to pathological conditions (Hutton et al., 1998; Spillantini
et al., 1998). In vitro studies described a reduced microtubule-binding affinity and assembly

for 3R-tau isoforms (Goedert and Jakes, 1990; Goode et al., 2000; Panda et al., 2003).
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Structurally, tau protein is considered an intrinsically disordered, flexible, and elastic protein
with dynamic local secondary structure elements and intra-molecular interactions (Mukrasch
et al., 2009; Schweers et al., 1994) and it was suggested that phosphorylation makes tau stiffer
and extended (Hagestedt et al., 1989).

Projection domain Proline-rich domain Assembly domain

&
%

1 a5 197 244 368 a41
| Repeat domain Flanking region

B N N2 | R1 R2 R34

Figure 3: Microtubule-associated protein tau.

Tau consists of several structural and functional domains. The full-length isoform consists of
projection domain containing two N-terminal inserts (NI-N2; green), proline-rich domain, and
assembly domain including four imperfect repeats of the microtubule-binding regions (RI-R4; blue)
and a C-terminal flanking region. The repeat 2 (R2; dark blue) in the repeat microtubule binding

domain is the subject of alternative splicing and is missing in 3R-tau isoforms (adapted from Wu et al.,
2017).

Tau protein is connected to several neurodegenerative diseases collectively termed
tauopathies. Tauopathies are characterized by the inhibition of tau binding to microtubules,
inhibiting the stabilizing or polymerization-promoting function, or by the presence of
pathological fibrillar tau aggregates. Many tau mutations are connected to frontotemporal
dementia and parkinsonism linked to chromosome 17 (FTDP-17). Interestingly, the
pathological mutations include also those affecting splicing and thus changing the ratio
between tau isoforms (Goedert, 2005). Eventhough the tau aggregation is connected mainly to
pathological conditions of neurodegeneration, non-toxic aggregation of tau was described
during neural development (Hefti et al., 2019). Moreover, it was shown that tau can form
droplet-like assemblies under physiological conditions in vitro or in cells by the process of
liquid-liquid phase separation which could happen regardless of the phosphorylation of tau
molecules (Boyko et al., 2019; Wegmann et al., 2018). The role of the droplets is not fully
understood as it was suggested that it has a physiological role in bundling microtubules but it
can also evolve into pathologic tau aggregates (Hernandez-Vega et al., 2017; Wegmann et al.,
2018). Tau is a subject of many posttranslational modifications, among them phosphorylation
is one of the most analyzed. As aggregated tau is often hyperphosphorylated, and some

phosphorylations decrease the binding of tau to microtubules, it was suggested that tau
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unbinding and the higher concentration of unbound tau in the cytoplasm can be the prerequisite
for aggregates formation. However, it was shown in vitro that some specific phosphorylation
sites promote tau aggregation (Despres et al., 2017). Thus, the relationship between
phosphorylation, physiological tau droplets, and pathological tau aggregates has not been

well understood so far.

1.2.2.1.1 Tau binding to microtubules and tau envelopes

The binding of tau to microtubules is provided by the microtubule-binding domain
consisting of the repeat domains and the flanking regions (Figure 3; Mandelkow et al., 1995).
In in vitro experiments, bound tau adopts an extended conformation along the crest of the
protofilament tethering tubulin dimers together (Al-Bassam et al., 2002; Kellogg et al., 2018).
On the other hand, in cells, the model of microtubule-induced folding of tau leading to the
convergence of N- and C-terminus was proposed (Di Primio et al., 2017). It was suggested that
at very high concentrations, tau molecules can even aggregate on top of each other on the
microtubule surface (Ackmann et al., 2000). Other authors are suggesting two different modes
of tau binding. The one described above occurs when a microtubule has already been assembled
and stabilized either by taxol (in the experimental conditions), or by a sufficient number of
other MAP molecules, as may occur in vivo, and the second one occurs if tau is present during
microtubule polymerization. In the case of co-polymerization, tau was bound also to the inner
surface of the microtubules (Kar et al., 2003). Tau binds differently to different tubulin
isoforms (Bhandare et al., 2019), and the binding of tau to microtubule is affected also by
posttranslational modifications such as phosphorylation or acetylation (reviewed in Alquezar

et al., 2020).

Even though tau has been extensively studied for decades, there are still many questions
regarding its binding to microtubules including the kinetics. Tau was first discovered in 1975
as a factor binding to tubulin tightly and almost irreversibly (Weingarten et al., 1975). Later,
the affinity of tau to microtubules was described as moderate consisting of several weak
interaction sites allowing a flexible and regulated binding (Butner and Kirschner, 1991).
Another study showed that tau binding can be either reversible (when it is bound to
preassembled microtubules) or partially irreversible if incorporated into microtubules during

polymerization (Makrides et al., 2004).
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It was shown several times independently that there is more than one way, tau can bind to
microtubules. In 2012, it was shown that approximately half of the tau bound on microtubules
is stationary while the second half of the tau molecules are moving bidirectionally along
microtubules and the diffusing population is sensitive to pH (Hinrichs et al., 2012). The
observed diffusion is independent of tau concentration but dependent on the presence of C-
termini of tubulin (Hinrichs et al., 2012). It was shown that 4R tau isoform is on microtubule
equally distributed between the static and diffusing populations while on GMPCPP-stabilized
microtubules (non-hydrolyzable analog of GTP) diffusing conformation is preferred

(McVicker et al., 2014).

Other authors suggested two-phase binding of tau depending on tau concentration showing
that tau binds first as individual molecules which is followed by accumulation of tau on
microtubules creating tau aggregates (Ackmann et al., 2000). It was shown that tau can create
oligomers after binding to microtubules even in a low tau-to-tubulin molar ratio. Those
oligomers encircled microtubules in ring-like structures possibly strengthen lateral interactions.
Interestingly in saturating tau to tubulin ratios, tau covered the microtubules fully in a regular
structural pattern (Makrides et al., 2003). Another study shows that tau can form patches
consisting of multiple tau molecules on taxol-stabilized microtubules and that it affects
molecular transport (Dixit et al., 2008). Similar results were obtained using in vitro
reconstitution and single-molecule imaging, showing tau self-association on the microtubule
surface resulting in localized and reversible condensation of tau molecules creating cohesive
tau envelopes (Figure 4; Siahaan et al., 2019; Tan et al., 2019). These envelopes differ in
binding kinetics and regulate the accessibility and thus activity of microtubule severing
enzymes as well as the movement of molecular motors, which could be an important
mechanism regulating microtubule dynamics and neuronal function (Siahaan et al., 2019; Tan
et al., 2019). The tau molecules in the condensates are bound cooperatively locally altering the
spacing of tubulin dimers within the microtubule lattice and the formation of the envelopes is
dependent on the termini of tubulin (Siahaan et al., 2022). Even though it was suggested that
the patches are visible in neurons at least in some developmental stages (Tan et al., 2019), it is
expected that in cells where the majority of microtubules consist of GDP-tubulin, to which tau
has higher affinity (Castle et al., 2020), tau covers the whole microtubules and visualization of
the envelopes in cells needs the destabilization of tau binding - e.g. using taxol (Siahaan et al.,

2022).
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Figure 4: Tau envelopes.

Tau (green) can be bound to microtubules (red) either as individual diffusing molecules or as
cooperatively bound tau making envelopes (also named islands). Cooperatively bound tau has slower
turnover and dissociates usually only from envelope (island) boundaries (adapted from Siahaan et al.,
2019).

1.2.2.1.2 Tau phosphorylation

Tau undergoes a variety of posttranslational modifications e.g. phosphorylation, acetylation,
ubiquitination, methylation, or oxidation. These modifications can regulate tau-microtubule
interaction, localization of tau, degradation, or aggregation (reviewed in Alquezar et al., 2020;
Ye et al., 2022). The modifications may be influenced by each other and the pattern of
posttranslational modifications may represent the functional state of tau (reviewed in Ye et al.,

2022).

The most studied posttranslational modification of tau is phosphorylation. Human full-
length tau contains more than 80 potential phosphorylation sites with the majority of them
located in the proline-rich domain (Kimura et al., 2018). Phosphorylation affects the
physiological functions of tau, but is also highly connected to tau pathologies. The main studied

effect of phosphorylation is the regulation of tau binding to microtubules and tau aggregation.

The most notable phosphorylation site examined for its ability to abolish tau-microtubules
binding is Ser262 which is located within the microtubule-binding repeats and in a non-
phosphorylated state forms a hydrogen bond with alpha-tubulin (Biernat et al., 1993; Kellogg
et al., 2018). Another phosphorylation decreasing microtubule binding is Thr231 in the proline-
rich domain (Cho and Johnson, 2004). On the other hand, some phosphorylation, mainly on
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the C-terminus, promotes tau binding to microtubules as well as its assembly-promoting
function (Deancos et al., 1993; Cho and Johnson, 2003; Liu et al., 2007). Physiological increase
in phosphorylation was observed during human neural development where it plays an
important role in axonogenesis and interestingly, some phosphorylated sites overlap with
phosphorylation observed in neurodegenerative diseases (Biernat and Mandelkow, 1999; Brion
et al., 1993; Goedert et al., 1993; Hefti et al., 2019; Kenessey and Yen, 1993). It was also
suggested that hyperphosphorylation predisposes tau to liquid-liquid phase separation and
aggregation (Ambadipudi et al., 2017; Despres et al., 2017). Indeed, tau aggregates were
described even in the fetal brain, where higher phosphorylation was also described (Hefti et

al., 2019).

Several kinases can phosphorylate tau, but the two main studied are Glycogen synthase
kinase-3 beta (GSK3beta) and cyclin-dependent kinase 5 (CdkS5), which provide both
physiological phosphorylations as well as the abnormal hyperphosphorylation of tau in
Alzheimer’s disease (AD; reviewed in Hanger and Noble, 2011; Kimura et al., 2014). The
phosphorylation status of tau is the result of the balance between kinases and phosphatases
activity, with the main phosphatase for tau in the human brain being protein phosphatase 2A
(PP2A; Liu et al., 2005). Yet another mechanism regulating the phosphorylation status of tau
is isomerization provided by prolyl isomerase PINI1. PIN1 binds to all main Cdk5-
phosphorylated sites on tau and allows its dephosphorylation (Kimura et al., 2013).

Although aggregates of hyperphosphorylated tau in AD brains were observed decades ago,
the relationship between phosphorylation and aggregation is still elusive (reviewed in

Wegmann et al., 2021).

1.2.2.1.2.1 Phosphorylation of tau by Cdk5

CdkS is a proline-directed Ser/Thr kinase, which means that it phosphorylates specifically
Ser/Thr-Pro motifs. Although Cdk5 is a member of the cyclin-dependent kinase family,
members of which are important regulators of the cell cycle, CdkS5 is not involved in cell cycle
regulation and it is active particularly in post-mitotic neurons. Although CdkS is expressed in
many cell types, the activity of this kinase is determined by the availability of its regulatory
subunits which are present mainly in neurons. CdkS is active especially in axon shafts and

growth cones where it is involved in the regulation of cytoskeleton dynamics. CdkS5 is essential
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for neural development, it is involved in processes of axon growth and guidance, neuronal

migration, vesicular transport, and synaptic function (reviewed in Pao and Tsai, 2021).

CdkS was purified from brain microtubule fraction as one of two first-discovered tau protein
kinases together with GSK3beta (Ishiguro et al., 1992). CdkS5 is able to phosphorylate tau at
several sites in vitro, but four main Cdk5-dependent phosphorylation sites were described after
in vitro phosphorylation as well as in cells. Those sites are Ser202, Thr205, Ser235, and Ser404
(Figure 5; reviewed in Kimura et al., 2014).

Some Cdk5 phosphorylation sites serve as priming for following phosphorylation by kinase
GSK3beta, for example, Thr231 and Ser396 are primed by phosphorylation at Ser235 and
Ser404 by Cdk5, respectively (Figure 5; Li et al., 2006). Thus, increased phosphorylation of
tau by CdkS5 could potentiate subsequent phosphorylation by GSK3beta but at the same time,
high CdkS5 activity inhibits the activity of GSK3beta (Plattner et al., 2006; Wen et al., 2008).

CdkS5 needs to be activated by its activator (p35 or p39 which have different spatial and
temporal expression; Zheng et al., 1998). Cdk5’s activator p35 can be cleaved by calpains
(Ca**-dependent proteases) giving rise to shorter version of p35 named p25. This N-terminally
truncated protein has longer turnover and lacks the myristoylation site changing the localization
of active Cdk5 within the cell. CdkS5 activated by p25 could localize for example to the nucleus
where it can activate cell cycle machinery (reviewed in Pao and Tsai, 2021). The cleavage of
p35 can happen as a consequence of treatment of cells by H>O2, NMDA, glutamate, or Amyloid
beta (1-42), models of neuronal stress or overexcitation (reviewed in Shelton and Johnson,
2004). Even though p25 was considered to be a pathological product and a potential cause of
neurodegeneration (Patrick et al., 1999), recently, it was connected to physiological memory
formation while its role in neurodegenerative diseases is rather controversial (Engmann et al.,

2011; Giese, 2014; Tandon et al., 2003).
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Figure 5: Tau phosphorylation sites.

Schematic illustration of tau molecule (N-terminal inserts in yellow, proline-rich domain in green
and microtubule binding repeats in blue) and its phosphorylation sites (shown by arrowheads bellow).
Ser/Thr-Pro motifs ((S/T)P), sites described to be phosphorylated by Cdk5 in vitro (total Cdk5), sites
described repeatedly to be phosphorylated by Cdk5 (major Cdk5) and major GSK3beta
phosphorylation sites are listed below. The arrows between major Cdk5 and major GSK3beta sites
show priming phosphorylation (adapted from Kimura et al., 2014).

Many groups studied the effect of Cdk5 activity on tau phosphorylation, but the results are
rather inconsistent. It was shown that phosphorylation of tau is not decreased but even
increased in some phosphorylation sites in mice lacking p35 (Hallows et al., 2003). On the
other hand, Cdk5 knockdown showed reduced tau phosphorylation at specific phosphorylation
sites (Piedrahita et al., 2010). Overexpression of p25 in vivo is able to hyperphosphorylate tau
(Ahlijanian et al., 2000; Cruz et al., 2003) or at least increase the phosphorylation of specific
phosphorylation sites while other sites are not affected (Noble et al., 2003; Takashima et al.,
2001; Wen et al., 2008).

It is widely accepted that p35 provides physiological phosphorylation while p25 mainly
pathological phosphorylation of tau, but evidences of the different p25 versus p35 activation
of Cdk5 and tau phosphorylation are not clear. In vitro studies showed increased activation of
CdkS by p25 in comparison to p35 and higher tau phosphorylation on specific phosphorylation
sites (Hashiguchi et al., 2002) while other authors did not observe any differences in the
activation of Cdk5 by the two regulatory proteins and the same tau phosphorylation (Peterson
et al., 2010). However, in cells, p25 acquires a longer half-life and is, in contrast to p35, not
attached to the membrane which could lead to aberrantly activated CdkS leading to higher
phosphorylation of tau which could be in cells followed by subsequent phosphorylation by

other kinases (reviewed in Kimura et al., 2014).

Although both tau and CdkS kinase are deeply studied proteins, there are still conflicting
results about the effect of CdkS-phosphorylation on tau, and till now the effect of Cdk5
phosphorylation on tau protein in vivo is not completely understood. Also, most of the studies
focus on pathological tau phosphorylation but the physiological role of Cdk5-mediated
phosphorylation of tau is under-explored. Considering tau is one of the most studied MAPs,

the effect of Cdk5 phosphorylation on other MAPs (e.g. CRMPs) is even less understood.
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1.2.2.2 Collapsin response mediator proteins (CRMPs)

Collapsin response mediator proteins (CRMPs) are a family of 5 cytosolic proteins
predominantly expressed in the nervous system and highly conserved between species (about
95% similarity between mice and humans; reviewed in Charrier et al., 2003). CRMPs are
microtubule-associated proteins that bind to tubulin heterodimer and facilitate microtubule
polymerization. CRMPs are expressed mainly during neural development regulating axonal
growth and guidance through affecting microtubule polymerization but some CRMPs are
present in several brain regions also in adulthood (reviewed in Charrier et al., 2003). CRMP2
is the one that keeps a relatively high level of expression while CRMP4 is the least expressed
in the adult brain (Wang and Strittmatter, 1996). Nevertheless, CRMP4 is expressed in the
adult neuromuscular junctions (Byk et al., 1996) and its role in adult mice was described in the

regeneration of peripheral nerves (Girouard et al., 2020).

CRMPs were originally identified as mediators of Semaphorin 3A (Sema3A) signaling.
Semaphorins are mainly repulsive axon guidance cues that regulates axon guidance in the
peripheral as well as central nervous system. Sema3A signaling activates Cdk5 and GSK3beta
kinases which phosphorylate CRMPs, this phosphorylation inhibits the binding of CRMP to
tubulin and together with other events leads to axonal growth cone collapse (reviewed in
Schmidt and Strittmatter, 2007). CRMPs can regulate also cellular events other than neurite
dynamics, they were described as molecules transducing signals leading to apoptosis or as
ligands of the extracellular matrix in the neonatal brain and are involved in synaptic plasticity

(reviewed in Hou, 2020; Charrier et al., 2003).

CRMPs create hetero-tetrameric complexes in vivo (Wang and Strittmatter, 1997). Each
CRMP displays a different precisely regulated spatiotemporal expression pattern which could
result in the presence of spatiotemporally different types of tetramers and different CRMPs
may play distinct but complementary physiological roles during ontogenesis (reviewed in

Charrier et al., 2003).

The levels of CRMPs and their activity are altered in several neurological diseases. For
example, CRMP4 is connected to Amyotrophic lateral sclerosis (ALS), a fatal motor neuron
disease (Duplan et al., 2010), hyperphosphorylated CRMP2 is (similarly to tau) present in
neurofibrillary tangles in Alzheimer’s disease, and altered expression of CRMP2 was described

in several psychiatric disorders, mainly schizophrenia (reviewed in Hensley et al., 2011).
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1.2.2.2.1 CRMP2

CRMP2 was discovered in 1995 (Goshima et al., 1995) and it is the best-studied member of
the CRMP family. CRMP2 binds to tubulin dimers, promotes microtubule growth, and
mediates Sema3A signaling (Goshima et al., 1995; Niwa et al., 2017). In neurons, CRMP2
brings tubulin dimers to growing microtubules in axons promoting axonal branching and
growth (Fukata et al., 2002; Kimura et al., 2005) and is also involved in axon specification as
it was shown that CRMP2 accumulates in the future axon tip during neuron polarization and
overexpression of CRMP2 induces multiple axons (Inagaki et al., 2001). CRMP2 is also
connected to axonal regeneration (Suzuki et al., 2003). and autophagy (reviewed in Hensley

and Kursula, 2016).

CRMP2 works not only as a microtubule-associated protein, it regulates axon formation and
growth also by interactions with other proteins e.g. actin and actin cytoskeleton regulators
(Arimura et al., 2005; Kawano et al., 2005). CRMP2 has been also shown to serve as an adaptor
protein and to regulate axonal transport and vesicle trafficking (reviewed in Khanna et al.,
2012). CRMP2 affects endocytosis (Nishimura et al., 2003) and synaptic transmission
(reviewed in Stratton et al., 2020). CRMP2 expression is not restricted only to neurons, it is
expressed in oligodendrocytes and also in peripheral tissues where CRMPs are connected to

several types of cancer (reviewed in Moutal et al., 2019; Tan et al., 2014).
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Figure 6: Microtubule-associated protein CRMP2.

CRMP?2 (orange) forms tetramers, which bind to and stabilize GTP-state microtubule. C-terminal
flexible tail of CRMP?2 (red) tethers the wall of the microtubule. In the presence of tubulin dimers (gray),
CRMP? tetramers disintegrate and form heterotrimers (CRMP?2 and alpha/beta-tubulin dimer) utilizing
helix H19. CRMP2 promotes microtubule assembly by bringing the tubulin heterodimer closer to
growing microtubule tip, where tubulin dimer is incorporated (adapted from Niwa et al., 2017).

CRMP2 molecule folds into a globular domain with a flexible unstructured C-terminus. The
globular part interacts with beta-tubulin to form a CRMP2-tubulin heterotrimeric complex
which could be incorporated into the growing end of microtubule. CRMP2 can also form
homotetramers or heterotetramers with other members of the CRMP family. The globular parts
assemble into tetramers with the C-termini probably creating unfolded chains extending from
the tetramer and tethering the tetramer to microtubule GTP-state lattice leading to its
stabilization (Figure 6; Lin et al., 2011; Niwa et al., 2017). Indeed, the function of CRMP2 is
regulated by many posttranslational modifications and the majority of them are located at the
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C-terminus (reviewed in Moutal et al., 2019). CRMP2 exists in two isoforms produced by
alternative splicing. A shorter CRMP2B isoform is more abundant and more studied. CRMP2A
isoform is less expressed and is localized mainly to axonal growth cones (Balastik et al., 2015;

described in more detail below).

1.2.2.2.1.1 CRMP2 phosphorylation

CRMP2 is subject to many posttranslational modifications, the most studied of which is
phosphorylation. Several kinases can phosphorylate CRMP2, e.g. upon Sema3A signaling,
CRMP2 is phosphorylated at Ser522 by CdkS5 kinase. This phosphorylation allows
phosphorylation by another kinase GSK3beta, which phosphorylates CRMP2 on
Thr509/Thr514/Thr518 (Figure 7; Uchida et al., 2005). Another well-known phosphorylation
of CRMP2 is phosphorylation by Rho-kinase, which phosphorylates CRMP2 on Thr555 as a
consequence of lysophosphatidic acid treatment or Ephrin-AS5 signaling (Figure 7; (Arimura et
al., 2005). The described phosphorylations have similar consequences on CRMP2 function, i.e.
decrease of its affinity to tubulin dimer resulting in an impaired tubulin polymerization and
neurite outgrowth (Arimura et al., 2005; Uchida et al., 2005)Figure 7. In accordance with this,
it was shown that deletion of GSK3beta promotes microtubule growth and axon regeneration
and this effect can be reversed by overexpression of phospho-mimetic CRMP2 (Liz et al.,
2014). CRMP2 can be phosphorylated also by FER kinase, which phosphorylates Tyr479 and
Tyr499 residues. This phosphorylation regulates microtubule bundling and polymerization by
affecting CRMP2 tetramerization (Tyr479) and microtubule binding (Tyr499) (Figure 7; Zheng
et al., 2018Figure 7).

Dephosphorylation of CRMP2 on GSK3beta phosphorylation sites is provided mainly by
protein phosphatase 1 (PP1) and PP2A while the Cdk5-phosphorylation site was described as
rather resistant to dephosphorylation (Cole et al., 2008; Zhu et al., 2010).

In pathological conditions, CRMP2 can be phosphorylated by other kinases such as Protein
kinase A (PKA), Protein kinase C (PKC), or Calmodulin kinase II (CaMKII) (reviewed in
Nakamura et al., 2020). Hyperphosphorylation of CRMP2 is connected to Alzheimer’s disease
(Cole et al., 2007).
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Figure 7: Main kinases and phosphorylation sites on CRMP2.

In Sema3A signaling, CRMP2 is phosphorylated by Cdk5 kinase on Ser522 and by GSK3beta on
Thr509/Thr514/Thr518. Ser522 serves as a priming site for phosphorylation by GSK3beta. CRMP?2 can
by phosphorylated by Rho-kinase (RhoK) on Thr555 as a consequence of Lysophosphatidic acid (LPA)
treatment or EphrinA5 signaling. FER kinase phosphorylates Tyr479 and Tyr499. All these
phosphorylations have negative effect on CRMP2-promoted microtubule polymerization or stability
(adapted and modified from Nakamura et al., 2020).

1.2.2.2.1.2 CRMP2 isoforms

As mentioned above, CRMP2 exists in two isoforms produced by alternative splicing.
CRMP2A (75 kDa) is longer, containing an alternative N-terminal exon, and it is less expressed
than CRMP2B (64 kDa; Figure 8). Overexpression of each CRMP2 isoform in fibroblast
affects microtubule patterns but, interestingly, not the same way. While CRMP2A makes the
microtubules long and oriented (resembling axonal microtubules)), CRMP2B makes
microtubules rather short and disoriented (Yuasa-Kawada et al., 2003). In neurons, CRMP2B
overexpression promotes axon branching and suppresses axon elongation. CRMP2A
expression does not affect axon branching or elongation, but it is able to abolish the effect of
CRMP2B overexpression, suggesting that the two isoforms are regulating microtubule pattern
in opposite ways and each can reverse the effect of the another one (Yuasa-Kawada et al.,
2003). These data show that the ratio of the two isoforms plays an important role in regulating

microtubule growth and neural development.

Moreover, it was shown that the distribution of the two CRMP2 isoforms in the neuron is
not the same. While the expression of CRMP2B is observed in the whole neuron, CRMP2A is
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localized mainly to the somatic and axonal part and is increased in distal axons and axonal
growth cones (Balastik et al., 2015; Bretin et al., 2005; Yuasa-Kawada et al., 2003). In
accordance with this, it was shown that CRMP2B knockout neurons have reduced length of
dendrites, and specifically CRMP2B isoform is connected to proper dendritic development and
was connected to mental disorders such as schizophrenia (Feuer et al., 2023). The different
localization of CRMP2 isoforms was shown also in non-neuronal cells, where CRMP2B is
found only in the cytoplasm, while CRMP2A was detected also in the nuclear fraction and was
suggested to be the isoform connected to cancer (Grant et al., 2015) regulating carcinoma cell

invasion and migration (Morgan-Fisher et al., 2013).

CRMP2 isoforms are differentially expressed also during development. In rat brains,
CRMP2A isoform was observed mainly in early postnatal stages and diminishes in adulthood
while CRMP2B expression lasts (Quinn et al., 2003; Rogemond et al., 2008). Another study
showed isoforms levels during embryonic development in the chick retina showing the highest
expression of both of them between E10 and E16 and the earlier reduction of the level of

CRMP2A isoform (Yuasa-Kawada et al., 2003).

Besides the two isoforms produced by the alternative splicing, it was shown that specifically
CRMP2B can be in cells cleaved by calpain producing the truncated CRMP2B form (58 kDa)
which has also a specific temporal pattern and probably specific function (Rogemond et al.,
2008). In adults, this truncation is connected mainly to axonal degeneration (Zhang et al.,
2016), but it was suggested that the calpain-cleaved CRMP2B can play a role in synaptic
plasticity (Bretin et al., 2006). It was suggested that also CRMP2A isoform could be a target

of calpain cleavage but it was not studied in more detail (Bretin et al., 2006).
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CRMP2B isoform, 572 aa (~64 kDa)
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Figure 8: CRMP2A isoform and its stabilization by PINI.

CRMP? exists in two isoforms produced by alternative splicing - shorter isoform (CRMP2B) and
longer isoform (CRMP24). CRMP2A isoform possess alternative N-terminal exon in which is located
a unique Cdk5-phosphorylation site (Ser27). Another Cdk5-phosphorylation site is located at the C-
terminus (Ser623) and corresponds to Ser522 in CRMP2B. Cdk5-mediated phosphorylation directs
CRMP24 towards degradation, which can be prevented by treatment with MGI132 (proteasome
inhibitor) or by the de-phospho-mimetic mutation of CRMP2A (CRMP2A S27A). Prolyl isomerase PIN1
which binds specifically CRMP2A isoform phosphorylated by Cdk5 can stabilize CRMP2A against
degradation. The stability of CRMP2A is higher in WT neurons than in neurons lacking PIN1 (PIN1
KO), which was demonstrated in the presence of cycloheximide (CHX) inhibiting protein synthesis and
thus showing protein stability (modified from Balastik et al., 2015).

We have shown that specifically CRMP2A isoform can be bound and regulated by prolyl
isomerase PIN1. PIN1 binds to CRMP2A phosphorylated by Cdk5 (on phosphorylation sites
Ser27 and Ser623 - corresponding to Ser522 on CRMP2B) and protects phosphorylated
CRMP2A from degradation (Figure 8; Balastik et al., 2015). Phosphorylated CRMP2A is
directed towards proteasomal degradation, which can be rescued by the inhibitor of
preoteasome (MG132) or by the de-phospho-mimetic mutation of Ser27 (CRMP2A S27A).
Moreover, the prolyl isomerase PIN1 can bind to phosphorylated CRMP2A and prevet its
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degradation, which makes CRMP2A more stable in WT than in PIN1 KO neurons (Figure 8).
Thus, PIN1 can protect CRMP2A keeping the stable amount of CRMP2A and thus stabilizing
axons in low concentrations of the repulsing signals of Sema3A. By this mechanism, PIN1

regulates axon guidance (Balastik et al., 2015)Figure 8.

The distinct regulation of CRMP2 isoforms suggests their different functions and

emphasizes the importance of studying them separately.

1.2.2.3 CRMP2 and tau similarities and their role in Alzheimer’s disease

Microtubule-associated proteins CRMP2 and tau share some similarities. Both tau and
CRMP2 are regulators of microtubule stability although tau binds to the microtubule lattice
and prefers its GDP state, while CRMP2 binds to growing microtubule ends which are in the
GTP state. Both CRMP2 and tau are localized to axons and their growth cones and both of

these proteins are connected to neurodegeneration (reviewed in Hensley and Kursula, 2016).

Even though CRMP2 and tau do not share the same domains, the C-terminal tail of CRMP2
and the proline-rich domain of tau show considerable sequence homology, both are highly
basic and share a high concentration of proline-directed phosphorylation sites (reviewed in

Hensley and Kursula, 2016).

The same main kinases regulate the function of CRMP2 and tau. Both tau and CRMP?2 are
phosphorylated by GSK3beta which is primed by phosphorylation by Cdk5 and this
phosphorylation affects the binding of tau and CRMP2 to microtubules and thus stability of
microtubules. Both Cdk5 and GSK3beta as well as CRMP2 and tau were connected to
neurodegeneration, mainly to Alzheimer’s disease pathology (reviewed in Giese, 2009; Liu et

al., 2016).

Alzheimer’s disease is a progressive neurodegenerative disorder accompanied by memory
loss progressing to dementia caused by loss of neurons, dendritic spines, and synapses
(reviewed in Yu and Lu, 2012). Alzheimer’s disease is characterized by the accumulation of
amyloid-beta-rich extracellular plaques (senile plaques; amyloid-beta is a cleavage product of
amyloid precursor protein (APP)) and intracellular aggregates of hyperphosphorylated
proteins, mainly tau, called neurofibrillary tangles (NFT). In Alzheimer’s disease, tau is
abnormally posttranslationally modified (mainly hyperphosphorylated), it detaches from

microtubules and is prone to form fibrillary aggregates called paired helical filaments which
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are a predominant part of NFT. However, it was shown that the pathologic phenotype is more
correlated to the accumulation of soluble aggregated tau (pre-filamentous tau), oligomeric
intermediates preceding tangles formation (reviewed in Brunden et al., 2008). Moreover, tau
protein can be secreted and internalized by other cells which gave rise to the theory of spreading
the pathogenic misfolded tau through the brain and providing cells with toxic “seeds” that could
recruit endogenous tau and other MAPs (reviewed in Zhang et al., 2021). Alzheimer’s disease
phosphorylation of tau is considered to be provided mainly by Cdk5 and GSK3beta (Flaherty
et al., 2000) both of which are also associated with NFT (Yamaguchi et al., 1996). Tau first
oligomerizes in AD early stages and it is a consequence of Thr231 phosphorylation (Lasagna-

Reeves et al., 2012).

Even though NFT observed in Alzheimer’s disease are usually described as
hyperphosphorylated aggregates of tau protein, tau is not the only component of the tangles.
Proteomic analysis of NFT revealed more than 150 proteins, the majority of them were proteins
of energy and metabolism and cytoskeletal or structural proteins (Wang et al., 2005). CRMP2
is also associated with NFT, and moreover, one of the first antibodies raised against NFT (3F4
antibody) recognizes phosphorylated CRMP2 (Yoshida et al., 1998). Phosphorylation of
CRMP?2 is increased in Alzheimer’s disease and also in the triple transgenic mouse model of
Alzheimer’s disease where CRMP2’s hyperphosphorylation is evident before plaques or
tangles formation (Cole et al., 2007). It was shown that both CRMP2 isoforms are
hyperphosphorylated in Alzheimer’s disease and to some lesser extent also in other
neurodegenerative diseases mainly on sites Thr555, Thr514, and Ser522 (Mokhtar et al., 2018).
Interestingly, CRMP2 can play a role also as an extracellular component (Moutal and Khanna,
2018), and phosphorylated CRMP2 was found also in senile plaque neurites (Yoshida et al.,
1998). Moreover, CRMP2’s function was described also in regulating the actin network or in
vesicle transport and autophagy, processes which are affected in AD (reviewed in Hensley and

Kursula, 2016).

So, even though tau and its phosphorylation are more studied in connection to Alzheimer’s
disease, CRMP2 and its regulation is also disturbed in the early stages of this disorder and
could be similarly important for the pathology. Notably, not only are tau and CRMP2 regulated
by similar kinases, but upon phosphorylation they both have been shown to be

conformationally regulated by prolyl isomerase PIN1.
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1.3 Prolyl isomerases

Prolyl isomerases (Peptidyl-prolyl cis/trans isomerases; PPIs) are ubiquitous enzymes
expressed in prokaryotic and eukaryotic cells that are able to catalyze the conformational
change of peptide bond N-terminal to proline residue. The majority of peptide bonds in the
cells (99.95 %) are in trans conformation because of the steric hindrance applying in the cis
conformation. However, peptide bonds in front of the proline are more likely to adopt cis
conformation (around 6.5 % of Xaa-Pro bonds in proteins) because of the special ring structure
of the proline molecule (Stewart et al., 1990). The structure of proline affects by itself protein
features and in addition, it allows switching between cis and trans conformations, two distinct
structures of the peptide bond. Proline-isomerization occurs spontaneously, but the process is
very slow and can be accelerated by enzymes called prolyl isomerases. Isomerization may
regulate protein folding but importantly, it may also serve as a unique type of posttranslational
modification (non-covalent structural change of peptide backbone in contrast to classical
posttranslational modifications) regulating protein functions and through it many cellular

processes (Figure 9; reviewed in Gurung et al., 2023).

The conformation changes can regulate catalytic activities, phosphorylation status, protein
interactions, localization, or protein stability. The importance of prolyl isomerases in cellular
processes is illustrated by the fact that there are many examples of proteins specifically
recognizing frans or cis conformation. Besides kinases and phosphatases, many proteases have
been shown to be isoform-specific (Fischer et al., 1984; Weiwad et al., 2000; Zhou et al., 2000).
For example, chymotrypsin is well known to digest specifically trans-conformation peptide
bonds, which is exploited in prolyl isomerase assay for determination of PPlase activity
(Fischer et al., 1984). Prolyl isomerases themselves show stereospecificity for recognizing their

substrates (Schiene et al., 1998).

Prolyl isomerases were first discovered for their connection to immunosuppressive drugs
(cyclosporin A in the case of cyclophilins and FK506 in the case of FKBPs). Nowadays, prolyl
isomerases are classified into three groups — cyclophilins, FKBPs (FK506 binding proteins),
and parvulins and are known as regulators of many signal transduction pathways, e.g.
regulation of DNA repair, cell cycle, apoptosis, or immune response. Because of their
regulatory roles, expression, localization and activity of prolyl isomerases have to be tightly

regulated. Dysregulation of these enzymes is connected to various diseases such as
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autoimmune diseases, cancer, or neurodegenerative disorders (reviewed in Gurung et al.,
2023).

In the following chapters, I introduce FKBP12, a prototype member of the FKBP family
containing only one prolyl isomerase domain, and PIN1, a member of the parvulin family and

the only known phospho-specific prolyl isomerase.
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Figure 9: Peptidyl-prolyl cis/trans isomerases.

Peptidyl-prolyl isomerization is a process of switching between cis and trans isomers of the peptide
bond preceding proline (Pro; in red). This process can be in cells facilitated by enzymes called prolyl
isomerases — cyclophilins and FKBP, which isomerize non-phosphorylated substrates and parvulins
with the most studied member PIN1, which is the only known phospho-specific prolyl isomerase. Prolyl
isomerization could be considered a type of posttranslational modification that can serve as another
level of regulation of protein function on top of phosphorylation. The combination of
phosphorylation/dephosphorylation together with prolyl isomerization could produce up to 4 forms of
the same motif which could possess different functions (Adapted from Chen et al., 2018).

1.3.1 FKBP12

FKBP12 is the smallest (and archetypical) member of the FKBP family. Mammalian FKBPs

are ubiquitously expressed proteins that can be divided according to their cellular localization
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to cytoplasmic, endoplasmic reticulum-localized, and nuclear. Humans have at least 15
members of the FKBP family. The role of FKBPs was described in protein folding, signaling,
transcription control, regulation of apoptosis, or T-cell activation (reviewed in Tong and Jiang,

2016).

FKBP12 is a 12 kDa globular cytosolic protein consisting of one prolyl isomerase domain
with a hydrophobic binding pocket. Even though there are many members of the FKBP family,
deletion of the murine FKBP12 gene leads to a lethal phenotype mainly due to heart defects
(Shou et al., 1998). FKBP12 was first discovered as a target of the immunosuppressive drug
FK506 also known as tacrolimus (Harding et al., 1989; Siekierka et al., 1989). Later, it was
shown that FKBP12 binds also another immunosuppressive drug rapamycin (sirolimus). Both
drugs bind to FKBP12 and inhibit its PPlase activity, even though it is not the cause of their
immunosuppressive functions (Bierer et al., 1990). The immunosuppressive effect of FK506
is accomplished through binding of FKBP12-FK506 to calcineurin which is affecting T-cell
activation and thus blocking the adaptive response of the immune system (Liu et al., 1992).
Rapamycin in complex with FKBP12 inhibits proliferation of T cells through its association
with mTOR, a kinase involved in regulating cellular metabolism and proliferation (Sabatini et

al., 1994).

The physiological roles of FKBP12 are not completely understood. FKBP12 was shown to
associate with several membrane receptors in different cell types — with ryanodine receptors
(RyR; the major Ca** channels in the sarcoplasmic reticulum releasing Ca** to the cytoplasm
during muscle contraction), inositol triphosphate receptor (IP3R; which control release of Ca**
from ER after inositol 1,4,5-triphosphate exposition), or transforming growth factor beta
(TGFbeta) receptors. FKBP12 stabilizes the receptors or regulates their phosphorylation but
the role of prolyl isomerase activity in these processes has not been documented (Brillantes et

al., 1994; Cameron et al., 1997; Wang et al., 1994).

FKBP12 is enriched in the central and peripheral nervous system but the role of FKBP12 in
neurons is not fully understood (Steiner et al., 1992). FKBP12 is present in cell bodies as well
as neurites of neurons (Sugata et al., 2009), and it was shown that FK506 (FKBP12 inhibitor)
stimulates neurite outgrowth, reduces ischemic brain damage, and promotes regeneration
(reviewed in Hausch, 2015). Later, it was shown that non-immunosuppressive analogs of
FK506 show similar neuroprotective and regeneration-promoting effects (Gold et al., 1997),
but the dependency of the neuroprotective effect of these drugs on the FKBP12 has been

questioned and it was suggested that another member of the FKBP family could also mediate
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the effect (Gold et al., 2005). However, it was shown that brain-specific FKBP12 deletion in
mice leads to an increase in mTOR activity, enhanced hippocampal long-term potentiation

(LTP — one of the key mechanisms in memory formation), and some aspects of autism (Hoeffer

et al., 2008).

FKBP12 binds to neuronal microtubule-associated protein tau and prevents tau from
pathological aggregation (Ikura and Ito, 2013; Jiang et al., 2023). FKBP12 also colocalizes
with phosphorylated neurofilament protein in axons (Sugata et al., 2009). However, the

physiological role of FKBP12 in neurons is not well understood.

1.3.2 PIN1

PIN1 (Protein interacting with NIMA1 (never in mitosis A-1)) is the best-known member
of the parvulin family of prolyl isomerases in mammals. PIN1 was discovered in connection to
cell cycle regulation (Lu et al., 1996), but was shown to play roles also in DNA damage
response, transcription and RNA processing, immune response, or the development of the germ

cells (reviewed in Lu, 2004).

PINT consists of the WW (Trp-Trp) domain, which determines the substrate specificity of
PIN1 and the C-terminal PPlase domain connected by a flexible linker (reviewed in Lu and
Zhou, 2007). PIN1 has a strict specificity for its substrates binding exclusively to pSer/pThr-
Pro bond in contrast to other prolyl isomerases which can not act on these phosphorylated
motifs (Ranganathan et al., 1997; Yaffe et al., 1997). The Ser/Thr-Pro bond’s spontaneous
isomerization is even slower after its phosphorylation (Schutkowski et al., 1998), making PIN1
a special and important regulator of many processes which works in tandem with “proline-

directed” kinases and phosphatases (reviewed in Lu and Zhou, 2007).

Although PIN1 homolog in budding yeast (Essl) is essential (Hani et al., 1995), PINI
knockout mice are viable (Fujimori et al., 1999) suggesting that some mammalian PPlases

could substitute PIN1’s function.

In contrast to many constitutively active PPlases, the activity of PINI is in cells tightly
regulated by transcriptional regulation (regulated by transcription factors E2F and NOTCH),
the level of mRNA (regulated by microRNAs), and many posttranslational modifications such
as phosphorylation, sumoylation, ubiquitylation, or oxidation (reviewed in Chen et al., 2018;

Lu, 2004). This tight regulation is important mainly for the regulation of the cell cycle but also
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for other processes regulated by PIN1 and the deregulation of PIN1 ‘s activity is connected to
many pathological conditions such as cancer or neurodegenerative disorders. In many types of
cancer, PIN1 is overexpressed and the amount of PIN1 correlates with poor prognosis

(reviewed in Chen et al., 2018).

PIN1 expression is induced during neuronal differentiation and neurons maintain high levels
of PIN1 in the cytoplasm and the nucleus (Hamdane et al., 2006). PIN1 regulates neural
development (Nakamura et al., 2012b), neuronal apoptosis (Becker and Bonni, 2006), or
synaptic activity (reviewed in Fagiani et al., 2021). During the development, PIN1 regulates
axonal growth (Balastik et al., 2015) and growth cone motility (Sosa et al., 2016). PINI
knockout mice develop age-dependent neuropathy, showing markers of premature aging
phenotype and degeneration, and inhibition of PIN1 in adult neurons is connected to
neurodegenerative disorders (Liou et al., 2002; Liou et al., 2003). However, the role of PIN1

in neurons is not fully understood.

1.3.3 Prolyl isomerases in neurodegeneration

Several neurodegenerative disorders are characterized by protein aggregates composed of
proteins that are normally completely or partially unfolded (intrinsically disordered), but are
prone to aggregation into fibrillary structures. Because the proteins adopt in aggregates an
alternative conformation, these neurodegenerative disorders are classified as “conformational
disorders” (reviewed in Carrell and Lomas, 1997). Amino acid proline is usually avoided from
regions with secondary structure, is more often found in turn or coil regions, and is considered

to be the most disordered-regions promoting amino acid (Theillet et al., 2013).

The most known examples of conformational disorders are Parkinson’s disease (PD; defined
by aggregates of alpha-synuclein called Lewy bodies), and Alzheimer’s disease (AD; defined
by aggregates of hyperphosphorylated tau and amyloid-beta), neurological disorders
characterized by the progressive loss of neurons leading to progressive irreversible dementia

and physical impairment of the aged population worldwide.

Prolyl isomerase PIN1 is deficient in many neurodegenerative disorders including PD and
AD. PIN1 accumulates in Lewy bodies and enhances the formation of alpha—synuclein
aggregates (Ryo et al., 2006). PIN1 is downregulated and its activity can be inhibited by
oxidation in AD brains (Butterfield et al., 2006; Chen et al., 2015; Sultana et al., 2006). It was
even shown that expression of PIN1 inversely correlates with degeneration in AD (Liou et al.,
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2002; Liou et al., 2003). PIN1 colocalizes with NFT and PIN1-dependent isomerization of the
pThr231-Pro232 motif in tau was suggested as crucial in the progression of AD (Lu et al.,
1999). It was shown that the cis-isomer of tau is the one prone to pathological aggregation
(Nakamura et al., 2012a). PIN1 can restore the function of tau directly (Lu et al., 1999) or
indirectly through its isomer-specific dephosphorylation (Zhou et al., 2000). PIN1 also protects
against AD by regulation of APP turnover via regulation of GSK3beta activity (Ma et al.,
2012). Moreover, PIN1 can bind to phosphorylated APP (Thr668-Pro motif) and accelerate its
isomerization which determines APP’s non-amyloidogenic (frans) or amyloidogenic (cis)

processing (Pastorino et al., 2006).

FKBP12 is also connected to neurodegenerative diseases including AD and PD. Expression
of FKBP12 is increased in the brains of PD patients and FKBP12 co-localizes with alpha-
synuclein in Lewy bodies (reviewed in Avramut and Achim, 2002). FKBP12 accelerates
aggregation of alpha-synuclein in vifro and in cells, leading to the production of fibrillary
aggregates found in PD. This effect can be abolished by FK506 treatment (Deleersnijder et al.,
2011; Gerard et al., 2006). FKBP12 levels are downregulated in AD brains and FKBP12
colocalizes with NFT (Sugata et al., 2009). FKBP12 prevents aggregation of tau peptide which
is dependent on PPlase activity (Ikura and Ito, 2013). FKBP12 binds also to the intracellular
domain of APP and overexpression of FKBP12 enhances the processing of APP to
amyloidogenic peptide which can be blocked by FK506 (Liu et al., 2014). AD was also
connected to Ca®" deregulation — elevated Ca’' release from RyR can contribute to
neurotoxicity and cell death in which FKBP12 could potentially play a role (reviewed in
Thibault et al., 2007).

As several neurodegenerative disorders are connected to pathological protein aggregates,
the role of prolyl isomerases in their development can not be overlooked. Several prolyl
isomerases are shown to be deregulated in these pathologies but the precise mechanism of their

function in the development of the disease is not fully understood.
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2 Aims and hypotheses

This study aims to characterize the regulation of neuronal microtubules by microtubule-
associated proteins and to analyze the effect of phosphorylation and conformational changes

of microtubule-associated proteins on microtubule dynamics and axon growth.

The goal of the thesis can be divided into three aims:

1.) Characterization of collapsin response mediator proteins and their isoforms in neural

development and neurodegeneration

We hypothesize that the different CRMP2 isoforms play distinctive roles during ontogenesis
and in Sema3A signaling during neural development. In addition, we hypothesize that

CRMP4a isoform’s transport is contributing to neurodegeneration in motor neurons.

2.) Prolyl isomerases and their role in the regulation of CRMP2A function, microtubule

dynamics, and axon growth

We hypothesize that not only prolyl isomerase PIN1, but also FKBP12 regulate CRMP2A
and its function and that their effect is phosphorylation-dependent. We will explore the effect
of FKBP12 on CRMP2A function in the regulation of microtubule dynamics and test the effect
of FKBP12 on neural development.

3.) Uncovering the role of tau phosphorylation in formation of tau envelopes and protection

of microtubules

We hypothesize that Cdk5-phosphorylation of tau affects tau envelopes' stability and their

microtubule-protective function in cells.
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3 Materials and methods

3.1 Mouse lines

All animal work was performed in compliance with European directive 2010/63/EU and
experiments were approved by the Czech Central Commission for Animal Welfare. Mice
(C57BL6/N background) were housed and handled according to the institutional committee
guidelines and had free access to food and water. We used WT, CRMP2 knockout (CRMP2
KO; Ziak et al., 2020), CRMP2A knockout (CRMP2A KO; produced in our laboratory; Ziak
et al., in preparation), or PIN1 knockout (PIN1 KO; Fujimori et al., 1999) mice.

Mice were used for primary neurons isolation, in utero electroporations, and for isolations
of brains. The age of the embryos was calculated from the date of a positive vaginal plug

(=E0.5).

3.1.1 Mouse genotyping

Mice were genotyped from genomic DNA isolated from tail biopsy. The tissue sample was
incubated overnight at 55°C in the lysis buffer with proteinase K (100mM Tris pH 8.5, 5SmM
EDTA, 0.2% SDS, 200mM NaCl, 100 ug/ml Proteinase K), DNA was precipitated using
sodium acetate and isopropanol, washed in 70% EtOH, dissolved in sterile water and used for

genotyping by PCR reaction with the primers listed in Table 1.

Table 1: Primers used for mouse genotyping

Mouse line primers

CRMP2 KO F-TCACCCTCCCGGGACGAT

R-TCTACCAATGTTACAACACAGA

R-ACTTACCGTGATGCGTGGAA

CRMP2A KO F-TCCCTCAACCCTCAGCTCT

R-GCTCGATTCAACAGATGGCT

R-TCCACCCCCAGGATGGAG

PINI KO F-CCGATCCTGTTCTGCAAACT
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R-GGATTAGAAGCAAGATTCGACT

R-CCACTTGTGTAGCGCCAAGTGC

3.2 Brain lysates

Mice were sacrificed at desired age by cervical dislocation (or by decapitation in case of
embryos and early postnatal pups), brains were isolated and homogenized in the lysis buffer
(50mM HEPES pH 7.4, 150mM NacCl, 10% glycerol, 1% Triton X-100, 1.5mM MgCl,, ImM
EGTA, 100mM NaF, ImM Na3VOs, ImM DTT, cOmplete™ EDTA-free Protease Inhibitor
Cocktail (Merck)) using ultraturrax. The samples were sonicated and centrifuged. Total protein
concentration in the supernatant was determined by Bradford assay (using BSA standards),
samples were diluted in the sample buffer (final concentration: 50mM TrisCIl pH 6.8, 2% SDS,
2% beta-mercaptoethanol, 10% glycerol, 0.1% Bromphenol Blue) to required concentration

(usually 2 pg/ul) and incubated at 98°C for 10 minutes.

3.3 Western blot

Samples (usually 10-20 pg of the total protein) were loaded on polyacrylamide gels (7.5%,
12% or 15%) and after the electrophoresis (100 V) were transfered to a PVDF membrane
(Merck, IPVH00010) using wet (40 mA, 4°C, overnight) or semi-dry transfer (Trans-Blot SD
Semi-Dry Transfer Cell, Bio-Rad, according to the provider instructions). Proteins were stained
by coomassie staining (2.5 g/l Coomassie briliant blue R250, 50% MetOH, 10% Acetic acid)
and washed in TBS-T (100mM Tris, 0.9% (w/v) NaCl, 0.1% (w/v) Tween). The membranes
were blocked in 5% milk/TBS-T (Lowfat powdered milk (Roth)). After blocking, the
membranes were incubated with appropriate primary antibodies (the antibodies used are listed
in Table 2) diluted in the blocking solution overnight at 4°C. After washing (TBS-T), the
membranes were incubated with HRP-conjugated secondary antibodies (1.5 hour, RT).
Membranes were washed and chemiluminiscence reaction was performed using ECL substrate
solution (0.1M Tris, pH 8.8, 1.25mM luminol, 0.2mM p-coumaric acid, 0.006% H>03). Films
(AGFA CP-BU NEW) were exposed to membranes in a dark room and developed in a FUJI
film developer. Films were scanned (EPSON Perfection V 700 photo) and signal density was
analyzed in FIJI.
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Materials and methods

Primary antibodies | Provider Identifier Application
Targeted protein
Beta tubulin DSHB Iowa E7 (deposited to the Immunocytochemistry
DSHB by
Klymkowsky, M.)

Beta-III-tubulin Exbio 11-264-C100 immunocytochemistry
Cleaved Caspase-3 Cell signaling 9661 Western blot
(Aspl75)
CRMP2 FUJIFILM Wako 014-24821 (9F) Western blot,

chemicals immunocytochemistry
CRMP2 pS522 MRC PPU Reagents | S761B Western blot
(recognizing also
CRMP2A pS623)
CRMP2A (Balastik et al., Western blot,

2015) immunoprecipitation
CRMP2A pS27 produced in rabbit against Western blot

CNLGSG(Sp)PKPRQK and affinity purified

using the same peptide; antibodies against

non-phosphorylated peptide were removed by

affinity purification with the non-

phosphorylated peptide
CRMP4 (TUC4) Merck AB5454 Western blot,

immunocytochemistry

FKBP12 Abcam ab2918 Western blot
FKBP12 Abcam ab58072 immunocytochemistry
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Flag Merck F7425 Western blot

GAPDH Merck G9545 Western blot

GFP ThermoFisher Al11120 Western blot
Scientific

Neurofilament (NF- | DSHB lowa 2H3 (deposited to the | Whole-mount staining

M) DSHB by Jessell,

T.M./ Dodd, J.)
PIN1 R&D systems MAB2294 Western blot,
immunocytochemistry

Secondary Provider Identifier Application

antibodies

anti-Mouse A488 ThermoFisher A-11029 immunocytochemistry
Scientific

anti-Rabbit A594 ThermoFisher A-11037 immunocytochemistry
Scientific

anti-Mouse A647 ThermoFisher A21236 immunocytochemistry
Scientific

anti-Rabbit A488 ThermoFisher A-11029 immunocytochemistry
Scientific

anti-mouse HRP ThermoFisher 31432 Western blot,
Scientific whole-mount staining

anti-rabbit HRP ThermoFisher 31462 Western blot
Scientific

anti-sheep HRP Merck 12-342 Western blot

47




Materials and methods

3.4 Primary neuron cultures, DRG, microfluidic chambers

Brains were isolated (in HBSS media - ThermoFisher Scientific 14065-049; with 20mM
HEPES, pH 7.3) from murine embryos (E15.5-E17.5), homogenized in Neurobasal media
supplemented with B27 supplement, 2mM glutamine, and Penicillin/Streptomycin
(ThermoFisher Scientific), filtered using cell strainer (40 um; Biologix) and spun down. The
cell pellet was resuspended in fresh media, counted, and cultured in Neurobasal media

supplemented with B27 supplement, glutamine, and Penicillin/Streptomycin in the density

80000 - 100000 cells/well in 24-well plate and 3000000 cells/60mm dish.

Dorsal root ganglia (DRG) were isolated from mouse embryos (E11.5-E12.5) and cultivated in
the chambered coverslips (pretreated with Laminin and Poly-D-lysine - 2 pg/ml and 50 pg/ml
respectively; Merck - L2020 and Millipore - A-003-E respectively) in Neurobasal media
supplemented with B27 supplement, glutamine, Penicillin/Streptomycin and 25 ng/ml NGF
(R&D systems).

If not stated otherwise, half of the media was replaced by fresh media every other day.

3.4.1 Neuronal transfection and transduction

Neuronal transfection was done at DIV1 (unless stated otherwise) using Lipofectamine 2000
(1.5-2 ng of DNA and 2 pl of Lipofectamine for 1 well in 24-well plate; Invitrogen) in
OptiMEM medium (ThermoFisher Scientific). Before the transfection, cells were washed 3x
with OptiMEM. Four hours after the transfection the media was replaced by Neurobasal media
supplemented with B27 supplement, 2mM glutamine, and Penicillin/Streptomycin

(conditioned medium).

Transduction of neurons or DRG was done 5 or 24 hours after the plating (unless stated
otherwise). Lentiviral particles were added to the media at desired concentration. In case that
the ratio between amount of lentiviral particles solution and the media was higher than 1:1, the
media was replaced in 3 hours, otherwise, the media was replaced in 24 hours. For the
transduction of neurons in the microfluidic chambers, the lentiviral particles were added

without dilution for one hour, after that they were replaced by the conditioned media.
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3.4.2 Neuronal samples for western blot analysis

For western blot analysis, neurons were plated on cell culture dishes (35 or 60 mm)
pretreated with Laminin and Poly-D-lysine (2 pg/ml and 30 pg/ml respectively). Neurons at
required DIV were washed (PBS) and incubated with the lysis buffer (50mM HEPES pH 7.4,
150mM NaCl, 10% glycerol, 1% Triton X-100, 1.5mM MgCl,, ImM EGTA, 100mM NaF,
ImM Na3VO4, ImM DTT, cOmplete™ EDTA-free Protease Inhibitor Cocktail) on ice for one
minute. The cells in the lysis buffer were harvested with the cell lifter, sonicated, and
centrifuged. The protein concentration was measured by Bradford assay and samples were
diluted in the sample buffer (final concentration: S0mM TrisCl pH 6.8, 2% SDS, 2% beta-
mercaptoethanol, 10% glycerol, 0.1% Bromphenol Blue) to required concentration (usually 1-

2 pg/ul) and incubated at 98°C for 10 minutes.

3.4.3 Immunocytochemistry

For immunocytochemistry, neurons were plated on glass coverslips (12 mm No. 1.5H;
0117520 — Paul Marienfeld; placed in 24-well plate) pretreated with Laminin and Poly-D-
lysine (2 pg/ml and 50 pg/ml respectively). Cells were fixed at the required DIV with 4%
PFA/PBS for 15 minutes and subsequently with 100% MetOH (-20°C). After washing (PBS),
cells were blocked with 0.1% BSA/PBS and incubated with selected primary antibodies diluted
in the blocking solution overnight at 4°C. After washing, cells were incubated with secondary
antibodies conjugated with Alexa Fluor of required excitation and emission for 1.5 hour at RT.
Cells were washed and samples were mounted with mowiol. Cells were captured using
confocal scanning microscope Leica SP8 or Leica Stellaris 8§ (PL FLUOTAR 25x/0.75 IMM
or HC PL APO CS2 63x/1.40 OIL).

For correlation between CRMP2A and prolyl isomerase intensities, intensities of 100
pixels/cell (n=5) were measured and normalized (mean subtracted and divided by SD). Pearson

correlation coefficient for CRMP2A and FKBP12/PIN1 signal was calculated. Differences

between correlations were calculated according to (Lenhard, 2014).

3.4.4 Microfluidic chambers

Microfluidic chambers were prepared from Sylgard 184 silicone (Dow) as described

previously (Ionescu et al., 2016; Maimon et al., 2018). Sylgard 184 elastomer base (41 g) and
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Sylgard 184 elastomer curing agent (4 g) were mixed and casted to the molds. The bubbles
were removed using vacuum desiccator and silicone was cured on heating plate 70°C
overnight. Four 7mm-diameter wells (2 on the axonal part and 2 on the cell-body part) for the
cultivation media were introduced and chambers were UV-sterilized and placed into 6-well
glass bottom plate (Cellvis - P06-1.5H-N) pretreated with Laminin and Poly-D-lysine (2 pg/ml
and 50 pug/ml respectively). Neurons were plated on the cell-body part of the chamber and
transduced 5 hours after the plating. Four days after the plating, neurons were stained using
Alexa 647-conjugated Cholera toxin Subunit B (1:1000; ThermoFisher Scientific) for 1 hour.
After washing, axonal part of the chamber was captured for 40 hours (20-minute timeframe)
using confocal microscope Leica TCS SP8 (10%/0.3 dry objective). Videos were analyzed
using FIJI plugin MTracklJ and average velocity was quantified. Kymographs were produced

using FIJI plugin Multi Kymograph.

3.5 Celllines, lentiviral particles production, transfection, transduction

HEK293T cells were cultured in DMEM media (Sigma - D6429) supplemented with 10%
fetal bovine serum (ThermoFisher Scientific - 10270106) and 1% penicillin/streptomycin
(ThermoFisher Scientific - 15240122). IMCD3 cells were cultured in DMEM/F12
(ThermoFisher Scientific — 31330038) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. Cell passaging was done by trypsinization, cells were cultured in a

humidified 5% CO; atmosphere at 37 °C.

3.5.1 Cell lysates for western blot

For western blot analysis, cells were washed and harvested using cell lifter. After
centrifugation, the cell pellet was lysed in the lysis buffer (50mM HEPES pH 7.4, 150mM
NaCl, 10% glycerol, 1% Triton X-100, 1.5mM MgCl,, ImM EGTA, 100mM NaF, 1mM
NazVOs4, ImM DTT, cOmplete™ EDTA-free Protease Inhibitor Cocktail), sonicated and
centrifuged. The protein concentration of the supernatant was measured by Bradford assay and
samples were diluted in the sample buffer (final concentration: 50mM TrisCl pH 6.8, 2% SDS,
2% beta-mercaptoethanol, 10% glycerol, 0.1% Bromphenol Blue) to required concentration

(usually 1-2 pg/ul) and incubated at 98°C for 10 minutes.
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3.5.2 HEK293T transfection

HEK293T cells were split 24 hours before transfection to get about 70% confluency. The
mixture of DNA and PEI (polyethylenimine; Polysciences, Inc. — 23966) was prepared (15 pg
of DNA and 45 ul PEI/p10 dish) in OptiMEM buffer (ThermoFisher Scientific) and added to
cells in DMEM with 1% FBS. Four hours after the transfection, the medium was replaced by
a conventional culture medium (DMEM, 10% FBS, Pen/Strep). Cells were collected 48 hours

after transfection (if not stated otherwise).

3.5.3 Lentiviral particles production

Lentiviral particles were produced by co-transfection of HEK293T cells with lentiviral
vector carrying the sequence coding the protein of interest or shRNA together with the
packaging plasmid (delta8.9) and envelope plasmid (vsv-g) in the ratio 1:0.9:0.1. The medium
containing lentiviral particles was collected 48 hours after the transfection, filtered (0.45 pm
pores) and used for transduction or stored at -80°C. To apply lentiviral particles to neurons,
HEK293T cells were after the transfection cultivated in Neurobasal media supplemented with

0.5xB27 supplement, glutamine, and Penicillin/Streptomycin.

3.5.4 IMCD3 cells transfection and transduction

IMCD3 cells were transfected 24 hours after splitting using Lipofectamine 2000 according
to the manufacturers instructions. The transfection was done in Optimem in 12-well plate or in
8-well coverslips (Ibidi; 0.5 pg of DNA + 0.9 ul Lipofectamine/well). The medium was

changed 3 hours after transfection.

For lentiviral transduction, the medium containing the lentiviral particles was added to the
cells and the efficiency of the transduction was checked 48 hours after the transduction (with

the fluorescent microscope in case of fluorescent marker in the vector).

For katanin experiments, IMCD?3 cells were transfected with vectors for overexpression of
mCherry-tau or mCherry, katanin subunit p60, katanin subunit p80-GFP, and CdkS5 and p25 or
empty pCDNA3 vector (in the ratio: 1: 0.375: 0.375: 0.375: 0.375). Cells were fixed 12 hours
after transfection and stained with anti-B-tubulin antibody. We analyzed the mean intensity of
tubulin signal in transfected cell relative to the intensity of surrounding non-transfected cells
using FIJI. These values were either correlated to the intensity of the katanin signal (correlation
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plot with the linear regression) or plotted in a bar graph (in this case only cells with the relative

intensity of katanin between 0.5-3 were plotted).

3.5.5 [MCD3 cells — elevated pH treatment, FRAP

IMCD3 cells were transduced by lentiviral particles for mScarlet-tubulin production and
transfected with vectors producing GFP-tau, GFP-tauAN in the presence or absence of Cdk5
and p25 expression (tau:Cdk5:p25 vectors ratio = 1:0.85:0.15). The imaging was done 24 hours

after the transfection.

For elevated pH treatment, cells were imaged every 20 seconds for 10 minutes. After 1
minute of imaging, the media was changed for the regular media with pH adjusted to 8.4 with
NaOH. Imaging was performed using TIRF microscope (Apo TIRF 60x Oil DIC N2) using
OKO-lab chamber (37°C, 5% CO,). Cells were analyzed using FIJI. The mean intensity of the
GFP signal was measured in random circular regions of the cytoplasm before elevated pH
treatment. The mean intensity of tau on the microtubule was measured before elevated pH
treatment and divided by the mean intensity of the same-size region in the cytoplasm next to
the measured microtubule. microtubule coefficient of variation (CoV) was determined using
FIJI from the standard deviation of the tau fluorescent signal within the ROI (a line drawn on
a single microtubule), divided by the mean. Three random microtubules were measured in each
cell and the CoV was averaged. The intensity of tau signal in the tau patches at 5 different
timepoints after elevated pH treatment was analyzed (for tau-AN the intensity over the random
regions of the microtubule was analyzed), and subtracted by the intensity of the same-size
region next to the microtubule. All timepoints were normalized to the intensity of tau before
the elevated pH treatment. To analyze the recovery of tau signal after the pH treatment, the
mean tau intensity in the cell (ROI comprising most of the cell) was measured at all time points
and subtracted by the intensity of the GFP signal in the cytoplasm (next to the microtubules).

The intensity in each time point was normalized to the intensity before elevated pH treatment.

For FRAP experiments, cells were captured using a spinning-disk confocal microscope
(Nikon CSU-W1; CF Plan Apo VC 60XC WI objective; 37°C and 5% CO2) equiped with
FRAP/photoactivation module. Imaging was done for 17 frames (100 ms exposure time,
500 ms interval) before FRAP, then FRAP was performed on a circular region of 0.5 um

diameter, after which the cell was imaged for 22 seconds to visualize the recovery. The analysis
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of the FRAP data was done using FIJI and Matlab. The intensity of the GFP signal in a small
ROI on the microtubule in the bleached region of the cell was analyzed, the same-size region
on the microtubule in the same cell but outside the bleached area was used as a reference (ref)
and the same-size region outside the cell was used as a background (bg). The curves were
double-normalized according to the equation Frap-normaiized(t) = (Frefpre/[Freft) -
Fod(OD([Efiap(2) - Fog(O))/Fpiap-pre), Where Freppre = Zt=0,0=17) ([Fref(t) - Fig(t)] fprebieach); Ffrap-pre =
2i=0:=17) ([Ffrap(t) - Fg(t)]/forebicach); forevieach = 17, Fref(t) 1s the reference fluorescence intensity
on the microtubule in the same cell but not in the bleached region; Fj.(?) is the fluorescence
intensity on the microtubule in the bleached ROI; Fpe(?) is the fluorescence intensity in a
background ROI outside the cells; Frerpre 1s the mean fluorescence intensity of the reference
ROI before the bleaching after background subtraction; Ffgp-pre is the mean fluorescence
intensity of the bleached ROI before the bleaching after background subtraction (Breuzard et
al., 2013). The normalized data was fitted using the Matlab fitting tool using the equation: y =
a*exp(-b*x)+c; where b = rate constant and ¢ = asymptote. For the analysis of the immobile
fraction, we used the equation: Immob = [1-(c-Fo)/(1-F0)]*100; where c is the asymptote (of
the fitted curve), and Fy is the normalized intensity immediately after the bleaching (Breuzard

etal., 2013).

3.6 Vectors, Cloning, Mutagenesis

We used the pPCDNA3 vector for the expression of flag-tagged proteins in HEK293T cells.
Vector pCDNA3.1 was used for the expression of CRMP2 proteins fused to mCherry in
neurons or IMCD3 cells. Vector pPCDNA3.1 expressing flag-tagged GFP-CRMP2 was used for
the purification of proteins used in in vitro assays. pCDNA3 or pLL3.7 vectors expressing
CRMP4a or its truncated or mutated forms were used for immunoprecipitation experiments.
Vector pGEX-KG was used for protein purification from bacteria. Lentiviral expression of
FKBP12 was provided by pWCC19 or pTRIP vectors. Experiments with GFP-EB3 expression
combined with CRMP2A or FKBP12 were done using pTRIP vector and the two proteins were
separated by 2A cleavage site. Experiments with GFP-EB3 in DRG was performed using
pTRIP GFP-EB3 combined with either CRMP2A expression or FKBP12 knockdown. For in
utero electroporation of GFP or CRMP2A, we used pCAGGS vector. For the expression of tau
or its truncated form fused to GFP, pCDNA4 vector was used. Katanin was expressed by co-

transfection of two katanin subunits in pLL vector. For tubulin visualization in live cells,
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lentiviral vector expressing mScarlet-tubulin was used. To get phosphorylated CRMP2A or
phosphorylated tau, we did co-transfection of the expression vector together with pCDNA3-
Cdk5 and pCDNA3-p25 (in the ratio 1: 0.6: 0.13). Created and used vectors together with the
cloning information are listed in Table 3. For the preparation of some vectors, the SLIC cloning
method was used (Jeong et al., 2012). Mutations or deletions were introduced using the
classical QuikChange protocol or by one-step site-directed mutagenesis protocol (Liu and

Naismith, 2008).

Knockdown of proteins was performed using pLKO.1, pGhU6 (Radomska et al., 2012) or
mCherry-pGhU6, knockdown in in utero electroporations was done using pSUPER
(OligoEngine) vector. Silencing sequences and the hairpin sequences inserted into the relevant

vector are listed in Table 4.

All insertions or manipulations with the sequences were confirmed by DNA sequencing

(provided by SEQme company). Vectors were amplified using RbCl competent E. Coli TOP10.

Table 3: Expression vectors used

Expressed protein Vector Source or preparation
flag-CRMP2A pCDNA3 (Balastik et al., 2015)
flag-CRMP2B

flag-CRMP2B S522A
flag-CRMP2A S27A
flag-CRMP2A S623A
flag-CRMP2A S27A,S623A

flag-CRMP2AA604 pCDNA3 Truncated forms of CRMP2A (1-604) and

flag-CRMP2BAS503
sequences and cloned into pCDNA3, primers:

CRMP2B (1-503) were prepared from full-length

CRMP2A-F-ACCTCGAGATGGCCGAGAGAAAGCAATC
CRMP2B-F-ACCTCGAGATGTCTTATCAGGGGAAGA
R-TATCTAGACTATACCGGTCCGTCATACAGG

mCherry-CRMP2A

pCDNA3.1

mCherry (from pEmCherry vector) inserted in front

of CRMP2A using Kpnl and EcoRI; primers:
F- AATGGTACCGCCACCATGGTGAGCAA
R- CTCAGAATTCTAACTTGTACAGCTCGTCCA
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mCherry-CRMP2A
S27A,S623A

pCDNA3.1

CRMP2A in mCherry-CRMP2A-pCDNA3.1
replaced by CRMP2A S27A, S623A from
pCDNA3 using Xhol and Xbal

flag-GFP-CRMP2B

flag-GFP-CRMP2A

pCDNA3.1

Produced from GFP-CRMP2B and GFP-CRMP2A
by my colleague; GFP-CRMP?2 vectors were
produced by insertion of GFP (from pEGFP vector)

in front of CRMP2 using Kpnl and EcoRI; primers:
F- AATGGTACCGCCACCATGGTGAGCAA
R- TCAGAATTCGGACTTGTACAGCTCGTC

flag-GFP-CRMP2B Y479E

flag-GFP-CRMP2A Y580E

pCDNA3.1

Produced from flag-GFP-CRMP2B and flag-GFP-
CRMP2A by my colleague

flag-CRMP4a

pCDNA3

Sequence of CRMP4a (gene 22240; NP_033494.1)
was amplified from cDNA library prepared from
mouse brain and inserted using Xhol and Xbal,

primers:
F-ATACTCGAGATGTCCTACCAGGGCAAGAA
R- TCTTCTAGATTAACTCAGGGATGTGATGTTA

GFP-CRMP4a

pLL3.7

Sequence of CRMP4a was transferred into pLL3.7
to get GFP-fused protein using EcoRI; primers:

F-TGAGAATTCATGTCCTACCAGGGCAAGA
R-GCCGAATTCCTTAACTCAGGGATGTGATGT

GFP-CRMP4aA100-150

pLL3.7

primers
F-GCGGGAGGCGAGGTACAGAGCCTCAGCAAGGAAA
AAGGCGT
R-CTGTACCTCGCCTCCCGCTAAGGCAGCCTTTGTCCC
TTGGAA

using site-directed deletion protocol (Liu and

Naismith, 2008).

GFP-50aa
(TTMIIDHVVPEPESSLTE

pLL3.7

Amplified from GFP-CRMP4a, primers:
F-CTCGAATTCACCACCATGATCATTGACCAC
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AYEKWREWADGKSCCD R-GTCGAATTCTTACTGCTTGACGCTGTCATTCC

YALHVDITHWNDSVKQ) and inserted into pLL3.7 with EcoRI

flag-CRMP4a 1141V pCDNA3 The point mutation 1141V was generated in flag-
CRMP4a vector according to the protocol described
(Liu and Naismith, 2008), primers:
F-ATGTGGACGTCACCCACTGGAATGACAGCGTCAAG
CAG
R-AGTGGGTGACGTCCACATGCAAAGCATAGTCACA
GCAGC

GST pGEX-KG | (Balastik et al., 2015)

GST-PIN1

GST-FKBP12 pGEX-KG | FKBP12 sequence (gene 14225; NP_032045.1) was
prepared from mouse brain cDNA library and
inserted into pGEX-KG-GST by Xbal and Xhol,
primers:
F-TACTCTAGAGATGGGAGTGCAGGTGG
R-GACTCGAGCTGTCATTCCAGTTTTAGAAG

Cdks pCDNA3 (Balastik et al., 2015; Patrick et al., 1999)

p25

FKBP12 (mutated) pWCCI19 FKBP12 was first inserted into pWCC19 by Sall

and Smal and because the expression was very low,
QuikChange mutation was used to introduce Kozak
sequence, primers:

F-CCACCTGCACTCCCATGGTGAGGGGGATCCGATTC
R-GAATCGGATCCCCCTCACCATGGGAGTGCAGGTGG

The vector expressing FKBP12 with seven silent
mutations which should abolish its recognition by
the target sequence used in shFKBP12 construct
was prepared by QuikChange mutation protocol,

primers:

F-GGGGATGCTTGAAGATGGAAAGAAATTTGATTCTT
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CGAGAGATCGGAACAAGCCTTTTAAGTTTACACTAG
GCAAGC
R-GCTTGCCTAGTGTAAACTTAAAAGGCTTGTTCCGA
TCTCTCGAAGAATCAAATTTCTTTCCATCTTCAAGCA
TCCCC

GFP-EB3 pTRIP The vectors were prepared by our collaborators

GFP-EB3, CRMP2A (Carsten Janke lab, Institut Curie)

GFP-EB3, CRMP2A,

shluciferase

GFP-EB3, shluciferase

GFP-EB3, shFKBP12

GFP-EB3, CRMP2A S27A | pTRIP CRMP2A S27A was inserted into pTRIP-GFP-EB3
opened by Xhol using SLIC cloning, primers:
F-ACCTGGATCCACTAGTGTCGACATGGCCGAGAGAA
AGCAATC
R-CCATGTTTTTCTAGGTCTCGAGTTAGCCCAGGCTG
GTGATG

GFP-EB3, FKBP12 pTRIP FKBP12 sequence was inserted into pTRIP-GFP-
EB3 opened by Xhol using SLIC cloning, primers:
F-ACCTGGATCCACTAGTGTCGACATGGGAGTGCAGG
TGGAGACCA
R-CCATGTTTTTCTAGGTCTCGAGTCATTCCAGTTTTA
GAAGCTCCACA

FKBP12 pTRIP EB3 was removed from pTRIP GFP-EB3, FKBP12
using Nhel

GFP pCAGGS (Ziak et al., 2020)

CRMP2A pCAGGS The CRMP2A sequence was inserted into pPCAGGS

vector by my colleagues
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GFP-tau

pCDNA4

Human full-length tau sequence fused to eGFP; the

vector was provided by our collaborators

GFP-tau-AN

pCDNA4

Tau sequence with deleted N terminus (tau 242-
441) was created from control tau using one-step

site-directed deletion, primers:

F-CGGCCGCACGCCTGCAGACAGCCCCCGTGCCCAT
R-GCAGGCGTGCGGCCGCGGCTCCGAATTCTTTGTAT
AGT

mCherry-tau

pCDNA4

GFP in vector GFP-tau was replaced by mCherry
using Kpnl and EcoRI

mScarlet-tubulin

Human tubulin sequence (TUBA1B) fused with
mScarlet for lentiviral particles production provided

by our collaborators (Carsten Janke lab, Institut
Curie)

katanin p60 subunit

GFP-katanin p80 subunit

pLL

Vectors were provided by our collaborators (Lansky

and Braun lab)

mCherry

pGhU6

The reporter gene in pGhU6 (GFP) was replaced by
mCherry sequence using BamHI and EcoRI
(followed by treatment with Klenow fragment); the

vector was then used for knockdown of proteins
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Targeted | TRC library Targeting sequence Cloning details
protein database number (Hairpin sequence for
https://www.broadi insertion into the vector -
nstitute.org/rnai- Forward oligonucleotide)
consortium/trc-
shrna-design-
process
pLKO.1
PIN1 (Balastik et al., 2015)
(mouse)
CRMP2A (Balastik et al., 2015)
(mouse)
CRMP2 TRCN0000032641 | CCAGTCCTTCTATGCAGACAT | Prepared by my colleague
(mouse)
scrambled (Balastik et al., 2015)
(non-
silencing
control)
pGhUG6 (Hpal, Xhol)
CRMP4 TRCN0000032673 | CCATTCTCTGACTATGTCTAT AACCCCCCATTCTCTGACTA
(mouse) TGTCTATTCAAGAGATAGAC
ATAGTCAGAGAATGGTTTTT
GGAA
FKBP12 | TRCN0000012492 | TGATTCCTCTCGGGACAGAAA | AACCCCTGATTCCTCTCGGG
(mouse) ACAGAAATCAAGAGTTTCTG
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TCCCGAGAGGAATCATTTTT
GGAA

FKBP12

(mouse)

TRCNO0000012489

CCAGGCATCATCCCACCACAT

AACCCCCCAGGCATCATCCC
ACCACATTCAAGAGATGTGG
TGGGATGATGCCTGGTTTTT
GGAA

FKBP12

(mouse)

TRCN0000012491

GCCAAACTGATAATCTCCTCA

AACCCCGCCAAACTGATAAT
CTCCTCATCAAGAGTGAGGA
GATTATCAGTTTGGCTTTTT
GGAA

FKBP12

(mouse)

TRCNO0000416982

ACAGCACAAGCGATGGGTTAA

AACCCCACAGCACAAGCGA
TGGGTTAATCAAGAGTTAAC
CCATCGCTTGTGCTGTTTTTT
GGAA

PIN1

(mouse)

CCGGGTGTACTACTTCAATCA

AACCCCCCGGGTGTACTACT
TCAATCATCAAGAGTGATTG
AAGTAGTACACCCGGTTTTT
GGAA

(prepared by my colleague)

NSC

(non-
silencing

control)

ATCTCGCTTGGGCGAGAGTAAG

AACCCCATCTCGCTTGGGCG
AGAGTAAGTCAAGAGCTTA
CTCTCGCCCAAGCGAGATTT
TTTGGAA

pSUPER (BglII, HindIII)

FKBP12

TRCNO0000012492

TGATTCCTCTCGGGACAGAAA

GATCCCCTGATTCCTCTCGG
GACAGAAATTCAAGAGATTT
CTGTCCCGAGAGGAATCATT
TTTA

NSC

ATCTCGCTTGGGCGAGAGTAAG

GATCCCCATCTCGCTTGGGC
GAGAGTAAGTTCAAGAGAC
TTACTCTCGCCCAAGCGAGA
TTTTTTA
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3.6.1 cDNA library preparation
3.6.1.1 RNA isolation

cDNA library was prepared from WT mouse brain (1-month-old) using Tri-reagent (Sigma
—T9424) according to the manufacturer‘s protocol. Briefly, the tissue was homogenized in Tri-
reagent (10 pl/mg of tissue) using ultraturrax. After 5 minutes of incubation (RT), chloroform
was added (0.2 ul/ul of Tri-reagent) and shaken vigorously (around 15 seconds). After 2
minutes of incubation (RT), the sample was centrifuged (4°C, 15 minutes, 12000 g), the upper
(aqueous phase) was transferred to a new tube, and 100% Isopropanol (0.5 pl/ul of Tri-reagent)
was added. After 10 minutes incubation (RT), the sample was centrifuged again (10 minutes)
and the pellet was washed with 75% ethanol (1 pl/ul of Tri-reagent), mixed well, and
centrifuged again (4°C, 5 minutes, 7500 g). The pellet was then air-dried for 5 minutes,
resuspended in RNAse-free water, and incubated at 55°C for 10 minutes. Obtained RNA was
stored at -80°C, and used for RNA-quality testing and cDNA preparation. The concentration
and A260/280, A260/230 ratios were measured by nanodrop, and the quality of RNA was checked
by gel analysis. The electrophoresis was performed using 1% agarose gel (the TBE used was

prepared from 0.1% DEPC (Sigma — D5758)) around 1 pg of RNA was loaded.

3.6.1.2 Reverse transcription (cDNA synthesis)

Two pg of the RNA isolated from mouse brain, 4 pl of random hexamers (50uM), 8 ul of
dNTPs mix (10mM), and RNAse-free water (final volume 32 ul) were incubated at 65°C for 3
minutes, spun down, and placed on ice. AMV RT buffer was added together with 80 U of
RNAse inhibitor (murine, New England Biolabs - M0314S) and 20 U of AMV reverse
transcriptase (New England Biolabs — M0277S) getting the final volume of 40 pl. The mixture
was incubated at 25°C for 15 minutes, 42°C for 40 minutes, 90°C for 5 minutes, and on ice for
5 minutes. After this, RNAse-free water was added up to 200 pl. The cDNA library was stored
at -20°C, and 5 pl was used for the PCR reactions.
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3.6.2 PCR

3.6.2.1 Insert amplification

For amplification of desired suquence by PCR, we used primers listed in the Table 3, and 5
ul of cDNA or 500 ng of template vector. The sequence was amplified by 1.25 U Phusion
polymerase (with its buffer; New England Biolabs M0530S), 25 pmol of Fwd and Rev primers
and 0.2mM dNTPs mix in a final volume of 50 ul. The amplification was done by 30-35 cycles
consisted of denaturation at 95°C for 1 minute, annealing for 30 s (the temperature was set
according to the primers® melting temperature), extension phase at 72°C (the duration was set

according to the length of the sequence).

3.6.2.2 QuikChange mutagenesis

The mutagenesis by the QuikChange protocol was performed by PCR using the primers
listed in Table 3. We used 20 ng of the template vector, 50 pmol of Fwd and Rev primers,
0.6mM dNTPs mix, 2 U Phusion polymerase (with its buffer), in a final volume of 50 pul. The
amplification was done by 18 cycles consisted of denaturation at 95°C for 30 s, annealing for
1 minute (the temperature was set according to the primers® melting temperature), extension
phase at 72°C (the duration was set according to the length of the sequence). After the PCR,
the product was treated with 1ul of Dpnl (New England Biolabs) at 37°C overnight.

3.6.2.3 One-step site-directed mutagenesis or deletion

One-step site-directed mutagenesis or deletion was done according to the published protocol
(Liu and Naismith, 2008). We used 5-10 ng of the template vector, 50 pmol of Fwd and Rev
primers (primers listed in Table 3), 0.6mM dNTPs, 2 U Phusion polymerase (with its buffer),
in a final volume of 50 ul. The amplification was done by 12 cycles consisted of denaturation
at 95°C for 1 minute, annealing for 1 minute (the temperature was set according to the primers*
melting temperature), extension phase at 72°C (the duration was set according to the length of
the sequence). The PCR was finished with an additional annealing step (the temperature was
set according to the primers‘ melting temperature) for 1 minute and an extension step at 72°C

for 30 minutes. The PCR product was treated with 1 pl Dpnl at 37°C overnight.

All PCR products were analyzed by agarose gel electrophoresis. If needed, the products
were subjected to restriction cleavage and/or are purified using GeneJET PCR Purification Kit
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(ThermoFisher Scientific - K0702) or GeneJET Gel extraction Kit (ThermoFisher Scientific -
K0692). DNA concentration was estimated from the band intensity on the gel or measured

using NanoDrop One (ThermoFisher Scientific).

3.6.3 Restriction cleavage and ligation

The vector or insert for DNA cloning were digested using restriction endonucleases from
New England Biolabs according to manufacturer‘s instructions. Digested vector was
dephosphorylated (Alkaline Phosphatase, Calf Intestinal (CIP), New England Biolabs).
Prepared insert and vector were purified using GeneJET PCR Purification Kit (ThermoFisher
Scientific - K0702) or GeneJET Gel extraction Kit (ThermoFisher Scientific - K0692). DNA
concentration was estimated from the band intensity on the agarose gel or measured using

NanoDrop One (ThermoFisher Scientific).

Ligation of insert and vector (usually at the molar ratio of 6:1) was done in the final volume
of 10 pl using T4 DNA ligase (New England Biolabs) according to manufacturer protocol at

16°C overnight. The ligation mixture was then transformed into competent bacteria.

3.6.4 SLIC (One-step sequence- and ligation-independent cloning)

SLIC cloning was performed according to the published protocol (Jeong et al., 2012). The
insert was prepared using primers with overhangs (15-20 nucleotides overhangs, Table 3) and
the vector was opened by restriction cleavage and dephosphorylated. Insert and vector were
mixed at a molar ratio of 1:2 in the NEB buffer 2.1 (New England Biolabs) in the final volume
of 10 ul. T4 DNA polymerase (0.2 ul, New England Biolabs) was added and the mixture was
incubated at RT for 2.5 minutes and then 10 minutes on ice. The mixture was then transformed

into competent bacteria.

3.6.5 Knockdown-vectors cloning

For preparation of vectors used for production of shRNA, the oligonucleotides (the hairpin
sequence containing the targeting sequence) were ordered (according to the Table 4; only the
Fwd sequences are listed). Forward and reverse oligonucleotides (50uM) were annealed in the

annealing buffer (10x annealing buffer: 100mM Tris-HCI, pH 8, 10mM EDTA, pH 8, IM
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NaCl) in the final volume of 20 pl. The reaction was incubated at 95°C for 4 minutes and
allowed to cool down to RT. The double-stranded oligonucleotides were checked by the gel
analysis using 6% agarose gel and 6 pl of them were phosphorylated using T4 DNA kinase (in
the T4 buffer, final volume 50 pl; New England Biolabs) at 37°C for 30 minutes, and purified
with the PCR purification kit. The prepared inserts (phosphorylated double stranded
oligonucleotides) were then ligated into the vector (opened by restriction cleavage and

dephosphorylated) in the ratio of 11:1.

3.6.6 Bacterial transformation

The vector for amplification (0.2 pl), the ligation mixture (5 pl), the mixture after SLIC
cloning (5 pl), or the PCR product in the mutagenesis treated with Dpnl (2 pl) was transformed
into RbCl competent E. Coli TOP10 bacteria. The bacteria were cultivated on the agar plate
with the relevant antibiotic overnight at 37°C. Several colonies were grown in 5 ml of LB
media with the appropriate antibiotic, the vectors were purified (GeneJET Plasmid Miniprep
Kit, Thermo - K0503) and the insertion or mutation was verified by control restriction digestion

and DNA sequencing (provided by SEQme company).

3.7 Bacterial protein production and purification

Vector pGEX-KG with GST or fused proteins GST-PIN1/GST-FKBP12 was transformed
to E. Coli BL-21 (several colonies were tested for protein expression level and one clone for
each vector was used for final protein expression), and 100 ml of LB (containing 100 pg/ml
Ampicillin - Sigma A9518) was inoculated with transformed bacteria and incubated overnight
at 37°C, shaking. The overnight culture was diluted 1:20 into 11 of TB (1.2% tryptone, 2.4%
yeast extract, 0.5% glycerol, 0.017M KH2PO4, 0.072M K2HPO4 with 100 pg/ml Ampicillin).
The culture was grown up to ODsoo = 0.5-0.7 and IPTG was added to a final concentration of
0.5mM. After 3 hours (ODeoo around 1.2), the cells were harvested by centrifugation (4000 g,
20 minutes, 4°C). Bacterial pellet was resuspended in 25 ml of lysis buffer (50mM TrisCIl pH
8.0, 500mM NaCl, ImM EDTA, 1mM EGTA, 5% glycerol, ImM DTT, 1% Triton X-100,
cOmplete™, EDTA-free Protease Inhibitor Cocktail). Bacterial lysis was promoted by
incubation with lysozyme (final concentration 0.2 mg/ml, 20 minutes, RT; Sigma, L6876). The
lysate was sonicated (5x 1 minute, 60%, 1s ON + 1s OFF) and centrifuged (28000 g, 60
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minutes). The supernatant was incubated with glutathione-agarose beads (sigma G4510;
swelled before overnight in water and washed 3x with water and 1x with lysis buffer) for 3
hours and then washed (4x with the lysis buffer and 2x with the lysis buffer without triton X-
100) and then eluted using 30mM glutathione (Merck, G4251). Eluted protein was dialysed
overnight and subsequently 2x for 3 hours (dialysis buffer: 25mM Tris pH 7.4, 150mM NaCl,
5% glycerol, ImM DTT, 50 pg/ml PMSF; SnakeSkin dialysis tubing, 10K MWCO — 88245
ThermoScientific). The dialysed protein was aliquoted, flash-frozen and stored at -80°C.
Purified protein was analyzed by polyacrylamide gel electrophoresis (PAGE) and staining of
the gel by coomassie staining. The concentration of the protein was determined using Bradford
assay and/or measured by NanoDrop One (ThermoFisher Scientific). Purified proteins were

used for pull-down assays and for in vitro assays.

3.8 Flag-tagged protein production and purification

Flag-tagged proteins were purified from transfected HEK293T cells. Two days after the
transfection, cells were washed with BRB40 (40mM HEPES, 150mM KCI, ImM EGTA, 2mM
MgCl,, pH 6.8) and harvested using a cell lifter. Cell pellet was resuspended in ice-cold lysis
buffer (BRB40, 0.1% Tween, 5% glycerol, ImM DTT, 10 pg/ml Cytochalasin D (Merck -
C2618), Benzonase (5U; Merck - 70664), cOmplete™ EDTA-free Protease Inhibitor Cocktail
+10mM ATP (Merck — 797189)). The samples were sonicated (30%, 20 s, 4x) and centrifuged.
The supernatant was incubated with anti-flag agarose beads (Anti-DYKDDDDK Tag (L5)
Aftinity Gel Antibody; BioLegend) overnight at 4°C. After washing (BRB40 + ImM DTT),
the protein was eluted by 3x DYKDDDDK Peptide (ThermoFisher Scientific, A36805),
dialyzed against the dialysis buffer (BRB80, ImM DTT), and flash-frozen. Purified protein
was analyzed by PAGE and gel staining. The concentration of the protein was measured by

NanoDrop One (ThermoFisher Scientific). Purified proteins were used for in vitro assays.

3.9 Whole-mount staining of mouse embryos

Mouse embryos (E10.5-E12.5) were isolated (from heterocrosses of CRMP2 or CRMP2A
knockout strains) in PBS and fixed overnight in 4% PFA/PBS at 4°C. After washing with PBS
(several times for at least 8 hours), the epitopes were unmasked (4 minutes of boiling in

unmasking solution (Antigen Unmasking Solution, Citric Acid Based; Vector - H-3300)). After
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washing with PBS, the embryos were incubated in Dent’s fix (20% DMSO in Methanol) for
30 minutes at 4°C and bleached overnight (5% H2O> in 20% Dent’s fix; 4°C). After washing
in Dent’s fix (at least 4 hours) and in PBS (3x 30 minutes), blocking was performed (5% FBS,
20% DMSO/PBS, overnight, 4°C) and embryos were incubated with primary antibodies (anti-
neurofilament; 1:100 in blocking solution) for 3-4 days at RT. After washing with PBS
(overnight, 4°C) and 20% DMSO/PBS (overnight, 4°C), embryos were incubated with
secondary antibodies (anti-mouse IgG, HRP-conjugated; 1:1000) for 24 hours, 4°C. After
washing (20% DMSO/PBS, 2x 4 hours), the embryos were permeabilized (0.6% Tween/PBS;
overnight, 4°C) and washed in PBS (3x 10 minutes, 4°C). Embryos were incubated in DAB
solution (0.05% DAB/PBS (3.3'-Diaminobenzidine; Sigma - D8001) for 2 hours, 4°C and the
signal was developed using H>O> in the final concentration of 0.03%. After the washing with
PBS, embryos were cleared in increasing concentrations of glycerol and stored at 80% glycerol
at 4°C. Embryos were captured using Nikon SMZ18 stereomicroscope, the images were

processed with Helicon focus and analyzed using FIJI or Neurolucida.

3.10 CRMP2A immunoprecipitation

Immunoprecipitation was performed as described (Balastik et al., 2015). One half of the
mouse brain (WT or CRMP2 KO, 1-3 months old) was homogenized using ultraturrax (in the
lysis buffer; 5S0mM HEPES pH 7.4, 150mM NacCl, 10% glycerol, 1% Triton X-100, 1.5mM
MgCly, ImM EGTA, 100mM NaF, ImM Na3VO4, ImM DTT, cOmplete™, EDTA-free
Protease Inhibitor Cocktail (Roche)), sonicated (30 s, 30%) and centrifuged (20 minutes, 20000
g, 4°C). The supernatant was incubated with Protein A Sepharose beads (10:1; CL-4B; Merck)
for 1 hour at 4°C (preclearing). After the preclearing, the supernatant was incubated with the
Protein A Sepharose beads preincubated overnight with antibodies (Anti-CRMP2A antibody
affinity purified; Balastik et al., 2015) for 24 hours at 4°C. The beads were washed (4x with
the lysis buffer) and boiled (98°C, 12 minutes) in 2x Sample Buffer (1:1; 100mM TrisCl pH6.8,
4% SDS, 4% beta-mercaptoethanol, 20% glycerol, 0.2% Bromphenol Blue). The samples were
centrifuged and the supernatant (or the diluted lysate as in Input) was loaded on 15% or 7.5%
gel for Western blot analysis. Bands were visualized using antibodies anti-FKBP12 and anti-

CRMP2 (Table 2).
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3.11 Pull-down

HEK293T cells were transfected with pCDNA3 vector expressing proteins of interest
tagged with flag-tag. Two days after transfection, cells were washed with PBS and harvested
using cell lifter. After centrifugation, cell pellets were homogenized in the lysis buffer (5S0mM
HEPES pH 7.4, 150mM NacCl, 10% glycerol, 0.5% Triton X-100, 1.5mM MgCl, ImM EGTA,
ImM NaF, ImM Na3VO4, ImM DTT, cOmplete™ EDTA-free Protease Inhibitor Cocktail).
The lysate was incubated with glutathione-agarose beads (Merck - G4510) pre-incubated with
the purified GST-fused protein (1uM protein incubated with the beads for 3 hours at 4°C,
washed 2x with the lysis buffer) for 4 hours at 4°C. The beads were washed 5x with the lysis
buffer (with 0.1% Triton X-100). Washed beads were boiled in the 2x sample buffer (1:1;
100mM TrisCl pH6.8, 4% SDS, 4% beta-mercaptoethanol, 20% glycerol, 0.2% Bromphenol
Blue) and the supernatant was subjected to western blot. The bands were visualized using anti-

flag antibody (Table 2).

In the pull-down experiment using FK506, the beads with the GST-FKBP12 bound were
incubated with 20pM FK506 (InvivoGen, tlrl-fk5) for 1 hour at 4°C and after washing were

used for the incubation with the lysate.

3.12 Mass photometry

Purified proteins were subjected to Mass photometry (TwoMP — Refeyn Ltd., Oxford, UK,
Biophysical CF of Centre of Molecular Structure BIOCEV) according to the protocol (Wu and
Piszczek, 2021). The proteins were diluted in BRB80 buffer (80mM PIPES, ImM EGTA, ImM
MgCl, pH 6.8), 15 pl of the diluted sample was injected into the well of the silikon gasket
placed on the cleaned microscope coverslip, and movies of 60 s duration were recorded. The
raw data were converted to molecular mass using three-point calibration curve (BSA and TG
proteins). The number of events of each size was visualized in the form of histogram with 10
kDa bin width. Mass photometry data acquisition was performed using AcquireMP (Refeyn
Ltd.) and the data were processed and analyzed using DiscoverMP (Refeyn Ltd.).
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3.13 EB3 assay

Vectors pTRIP expressing GFP-EB3 were used for tracking the growing ends of
microtubules in IMCD3 cells. For FKBP12 overexpression, we transduced the cells with EB3
or EB3+FKBP12 and transfected the cells with mCherry-CRMP2A, mCherry-CRMP2A S27A,
or mCherry. Cells were captured 48 hours after the transfection. For FKBP12 knockdown, cells
were transduced with GFP-EB3, GFP-EB3-CRMP2, or GFP-EB3-CRMP2 S27A and then with
pGhU6-mCherry shFKBP12 or NSC. The efficiency of the knockdown/overexpression was
checked by western blot. For EB3 tracking in axons of DRG, we used pTRIP expressing GFP-
EB3 in combination with CRMP2A or knockdown of FKBP12 (GFP-EB3-CRMP2A-
shluciferase; GFP-EB3-shluciferase; GFP-EB3-shFKBP12). DRG were transduced 5 or 24
hours after plating and captured at DIV 3-5.

Cells were captured for 1 minute (every 2 s) in 8-well coverslips (Ibidi — 80827 - u-Slide 8
Well Glass Bottom) using Nikon Ti-E fluorescence microscope (CFI Plan Apo VC 100X Oil;
37°C, 5% CO,). Only cells positive for both GFP and mCherry were analyzed. GFP signal was
analyzed using FIJI plugin MTrackJ. The mean velocity of the growing microtubules on the
periphery of the cell with no contact with other cells was counted. The data are represented in

the form of kymographs using FIJI plugin Multi Kymograph.

3.14 In utero electroporation

In utero electroporation was done as previously described (Haddad-Tvolli et al., 2013).
Anesthetized mouse (induction by isoflurane 2.5%, maintenance 2% isoflurane) was shaved
and the skin was disinfected with ethanol. The incision (around 2 cm long) of the abdominal
wall was made and the embryos were pulled out and kept wett (PBS, 37°C). DNA solution (1-
3 ul) was injected into the brain lateral ventricle of the embryos using pulled and grinded (30°)
borosilicate glass capillaries (Science products — GB100TF-10P). Electric pulses introduced
by Smm electrodes (Electroporator NEPA21-Nepa Gene) were used for DNA delivery into the
cells (35 V, 50 msec transfer pulse + 950 msec pause, 5 pulses, impedance must be below 500
kQ). Abdominal cavity was filled with PBS (37°C) and the ebryos were put back inside.
Muscles and skin were sutured and 200 pl of 1% Rimadyl/PBS was injected subcutaneously.
Mouse was placed for two hours into the cage on top of a heating pad (37°C) with food and

water ad libitum.
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For in utero electroporations, vector pSUPER was used for knockdown and pCAGGS was
used for overexpression, pPCAGGS-GFP was used for visualization of electroporated cells. All
vectors used for in utero electroporation were endotoxine-free (NA0410 GenElute™ HP
Endotoxin-Free Plasmid Maxiprep Kit; according to the manual) and were diluted to the final

concentration of 2 pug/ul in sterile PBS with 0.1% Fastgreen (Merck-F7252).

Embryos were electroporated at E15.5 and analyzed 3 days later (E18.5). Isolated embryos
were fixed (overnight, 4°C, 4% PFA/PBS) and sliced using vibratome (150 um; Leica). The
sections were captured in propyl gallate (0.5% N-propyl gallate/90% glycerol/PBS; Merck-
P3130) using confocal microscope (Leica TCS SP8).

The amount of cells in the upper third of the cortical plate was analyzed and related to total
amount of cells in the whole cortical plate. The analysis was done manually using FIJI or semi-

automaticly using TRON software (Taylor et al., 2020).

3.15 Tubulin turbidity assay

Porcine brain tubulin (final concentration 25 uM), flag-tagged GFP-CRMP2A purified from
HEK293T cells (final concentration 1.25 pM) and GST-FKBP12 purified from bacteria (final
concentration 4.5 uM) were used for tubulin turbidity assay. FKBP12 inhibitor - FK506 (final
concentration 40 uM; InvivoGen, tlrl-fk5) was preincubated with FKBP12 for 5 minutes on
ice. The assay was performed in 96-well plates with glass bottom (Invitrogen, M33089) in a
final volume of 100 pl. All reagents were mixed on ice in BRB80 buffer (§0mM PIPES, 1mM
EGTA, ImM MgClz, pH 6.8) with 25% glycerol, ImM DTT. After adding ImM GTP, the
absorbance at 350 nm was measured every 15 seconds (for 1 hour, 37°C) using BioTek
Cytation3. For quantification of the absorbance in the plateau phase, 20 values at the end of the

measurement were averaged.

3.16 Peptidyl-prolyl cis/trans isomerase assay

Prolyl isomerase activity was assayed in a chymotrypsin-coupled assay as described
previously (Fischer et al., 1984). Chymotrypsin (Merck; 60 mg/ml in 1mM HCI) was incubated
with FKBP12 in the reaction buffer (buffer: 50mM HEPES, 100mM NaCl, pH 8) on ice for 10
minutes, the peptide (Suc-AAPF-pNA - Santa Cruz; 3mM, dissolved in 20 mg/ml LiCl in
trifluoroethanol) was added and the absorption at 390 nm was measured (every 3 s for 5
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minutes). The measurement was performed in 96-well plates with glass bottom (Invitrogen,

M33089) in a final volume of 200 ul using BioTek Cytation3.

3.17 In vitro tubulin polymerization assay

For in vitro tubulin polymerization assay, we used GST-FKBP12 protein purified from
bacteria and flag-GFP-CRMP2A protein purified from HEK293T cells. GMPCPP seeds were
prepared and the in vitro assay was performed. The microtubules were captured using total
internal reflection (TIRF) mode of an inverted widefield microscope Nikon Eclipse Ti-E
equipped with 100x HP Apo TIRF objective, H-TIRF module (for detailed description of the
methods, see the manuscript in the Supplement). The data were analyzed using FIJI NanoJ-
Core and Multi Kymograph plugins. The polymerization velocity, the depolymerization
velocity, the frequency of catastrophes and the frequency of rescues were analyzed (Zwetsloot
et al., 2018). We also analyzed the GFP-positive signal on the growing microtubules as the
average length of GFP-possitive ends or as a persistence of GFP signal on growing

microtubules.

3.18 Microscopy

The imaging was performed using the microscopes provided by IPHY'S Bioimaging facility
and Imaging Methods Core Facility at BIOCEV.

3.19 Data analysis and presentation

The analysis were performed using FIJI (ImageJ) if not stated otherwise. GraphPad Prism
was used for statistical analysis and graph illustration. For comparison of two independent
groups, Welch’s t-test or Mann-Whitney test was used according to the data normality unless

stated otherwise. The figures were prepared using Adobe Illustrator.
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4 Results

4.1 Collapsin response mediator proteins and their isoforms in neural

development and neurodegeneration

4.1.1 The amount of CRMP2 isoforms is developmentally regulated

CRMP2 is a microtubule-associated protein important in the processes of neural
development. Two isoforms of CRMP2 are produced by alternative splicing (Figure 8) and
even though the longer isoform of CRMP2 (CRMP2A) has been not much studied, some
differences between CRMP2A and CRMP2B isoforms regarding their effects on microtubules
were described (for more details see the introduction; Yuasa-Kawada et al., 2003). We have
shown that specifically CRMP2A isoform is enriched in distal axons and it contains a unique
phosphorylation site on its N terminus (Ser27; Figure 8) whose phosphorylation promotes the
binding of this isoform to prolyl isomerase PIN1 (Balastik et al., 2015) supporting that these
two isoforms are differentially regulated and could play different roles in cells. To follow up
on this study, we tested the differences between the isoforms and the phosphorylation status of
CRMP2A in more detail. As CRMPs were linked mainly to neural development, we first
focused on the regulation of the CRMP2 isoforms expression in the development of the murine
model. Using the antibody against CRMP2 (both isoforms) and western blotting, we noticed
that the ratio between CRMP2A and CRMP2B isoforms seems to be increased in primary
embryonic neurons, compared to early postnatal brains (Figure 10A). To verify the specificity
of the detected western blot bands, we tested the antibody using CRMP2A KO (mice lacking
the CRMP2A isoform; Ziak et al., in preparation) and CRMP2 KO (mice lacking both CRMP2
isoforms; Ziak et al., 2020; Figure 10B) brain lysates showing that the upper band corresponds
to CRMP2A. In both isoforms, we detected on Western blots two bands (at least in primary
neurons samples) corresponding to the different phosphorylation statuses as described before
(Balastik et al., 2015; Yoshimura et al., 2005). We also detected a lower band (around 58 kDa)
corresponding to the described cleavage product of CRMP2 (Rogemond et al., 2008). As the
brain lysates samples consist of different cell types and CRMP2 was detected also in non-
neuronal cells in the brain, mainly oligodendrocytes (Ricard et al., 2000), the difference
observed between brain lysates and primary neurons could be the consequence of different type

of the sample.
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We decided to analyze the relative amount of CRMP2 isoforms during the development in
more detail and we characterized CRMP2A and CRMP2B levels in samples of murine brains
from embryos to aged mice. Using embryonic brains (E16), young brains (2 months old), adult
(6 months old), and aged brains (21 months old), we performed western blotting using
antibodies against CRMP2A isoform, phospho-specific CRMP2A antibodies (against
CRMP2A phosphorylated on Ser27), and CRMP2 antibodies (used for visualization of
CRMP2B). Our results show that the ratio between the two isoforms (CRMP2A/CRMP2B)
decreases during life (Figure 10C, D; p<0.0001; Kruskal-Wallis test). As the CRMP2A isoform
seems to be more temporally regulated, we focused also on its specific phosphorylation (unique
site Ser27). The results showed that phosphorylation of Ser27 is significantly decreasing in
postnatal and aged brains (Figure 10C, E; p<0.0001; Kruskal-Wallis test). These results suggest
that CRMP2A isoform is not only more specifically regulated than CRMP2B but also that the

phosphorylation of this isoform on its N-terminus is temporally regulated.

Because the phosphorylation on the C-terminus (Ser522 for CRMP2B and Ser623 for
CRMP2A) was described as an important regulatory site for CRMP2 function and it was shown
that it functions as a priming site for other phosphorylations (Brown et al., 2004; Cole et al.,
2006; Yoshimura et al., 2005), we tested if the phosphorylation of Ser27 is dependent on the
phosphorylation of Ser623 or vice versa. For this purpose, we used CRMP2A with Alanine
(de-phospho-mimetic) mutations (S27A, S623A, S27A S623A). We showed that CRMP2A
which can not be phosphorylated on Ser27 is still phosphorylated on Ser623 and vice versa
(Figure 10F). The experiment also show the specificity of the phospho-specific antibodies, as

the de-phospho-mimetic mutations did not stain positive.

Together, we show that the two CRMP2 isoforms are differently regulated during mouse
development and aging. While the amount of CRMP2B is more stable, high levels of CRMP2A
isoform, especially its phosphorylated form, are more restricted to earlier developmental

stages.
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Figure 10: CRMP2A isoform levels and its phosphorylation are regulated in development and
aging.

A) The representative images of the western blot showing the two CRMP2 isoforms (with the
antibody against the C terminus recognizing both isoforms) in the primary embryonic (E16) neurons
culture and in the lysates of postnatal (P2) murine brains. Upper bands correspond to longer CRMP24
isoform (expected size 75 kDa) while lower bands correspond to CRMP2B (expected size 64 kDa). The
cleavage product of CRMP2 was also detected. B) Brain lysates of 1-6 months old wild-type (WT),
CRMP24 KO (CRMP2A4 knockout, denoted as C2A KO) and CRMP2 KO (CRMP?2 knockout, denoted
as C2 KO) mice. Upper bands correspond to longer CRMP2A isoform (expected size 75 kDa) while
lower bands correspond to CRMP2B (expected size 64 kDa). The cleavage product of CRMP2 was also
detected. GAPDH was used as a loading control. C) Representative images of western blot analysis of
murine brain lysates from different age groups (embryo (E16), young (2 months old), adult (6 months
old), and old (21 months old)). Antibodies against phosphorylated CRMP2A4 on Ser27 (CRMP2A4 pS27),
CRMP2A, and CRMP?2 (only the band corresponding to CRMP2B was analyzed) were used. GAPDH
was used as a loading control. D) Quantification of the relative ratio between the CRMP?2 isoforms
(CRMP2A/CRMP2B ratio) in the different age groups (embryo = 1 + 0.05, young = 0.93 + 0.10, adult
= 0.65 + 0.07, old = 0.50 = 0.07). Represented as mean + SEM. 3 brain lysates were analyzed in 3-4
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western blots in each group. E) Quantification of the relative ratio between the phosphorylated
CRMP24 and total CRMP2A (CRMP2ApS27/CRMP2A ratio) in the different age groups (embryo = 1
+0.02, young = 0.50 + 0.04, adult = 0.39 + 0.04, old = 0.24 + 0.05). Represented as mean + SEM. 3
brain lysates were analyzed in 3-4 western blots in each group. F) Representative images of western
blot analysis of mutated forms of CRMP2A protein expressed in HEK293T cells (wild-type (denoted as
WT), CRMP2A S27A (denoted as 274), CRMP2A4 S623A4 (denoted as 6234) and CRMP2A4 §2745623A4
(denoted as 2746234)). Antibodies against phosphorylated CRMP2A proteins (CRMP2A pS27 and
CRMP2A4 pS623) and the antibody against CRMP2A were used.

Some of the data are a part of the manuscript in preparation (Ziak et al., in preparation).

4.1.2 Both CRMP2 isoforms form oligomers in vitro

It was suggested before, that CRMP2 in its monomeric form binds to tubulin dimers, while
CRMP2 tetramers can bind and stabilize polymerized microtubules (Niwa et al., 2017). To test
if there is a difference between the two isoforms in the probability of tetramer formation, we
compared the tetramerization of CRMP2 isoforms using mass photometry. As a control, we
prepared the mutated CRMP2 proteins (CRMP2B Y479E and CRMP2A Y580E) which are not
able to form tetramers (Zheng et al., 2018). As expected, the mutated CRMP2 molecules
exhibit peaks corresponding to the CRMP2 monomer (94 kDa for CRMP2B and 105 kDa for
CRMP2A) and dimer (188 kDa for CRMP2B and 210 kDa for CRMP2A), but no peak was
detected in the expected size of tetramers. In contrast, both WT CRMP isoforms exhibited a
peak corresponding to the size of CRMP2 tetramers (376 kDa for CRMP2B and 420 kDa for
CRMP2A; Figure 11).

Thus, our in vitro data show that both isoforms CRMP2A and CRMP2B form tetramers in
solution similarly and that the described phospho-mimetic point mutation is able to abolish the
tetramerization (while retaining the ability to form dimers as it was described in the case of
CRMP2B; Niwa et al., 2017). Thus, our data indicate that the described different effects of
CRMP2A and CRMP2B on microtubules (Yuasa-Kawada et al., 2003) are not due to the

different preferred oligomerization states of the two isoforms.
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Figure 11: Both CRMP?2 isoforms oligomerize in vitro.

A) Distributions of particles of different sizes in the sample presented as histograms (x-axis showing
molecular mass, y-axis the number of events) measured by mass photometry. The buffer used for the
sample dilution was measured as a control. Orange lines are showing peaks according to the expected
molecular masses for the monomeric, dimeric, and tetrameric forms of CRMP2B (94, 188 and 376 kDa
respectively) and CRMP2A (105, 210 and 420kDa respectively). Mutated forms of CRMPZ2 unable to
form tetramers (CRMP2B Y479E, CRMP2A Y580E) were used as controls. C) Representative single
ratiometric frames (for CRMP2B and CRMP2A samples) obtained by Mass Photometry.
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The constructs for the purification of proteins used for Mass photometry were prepared by my
colleague Djamel Eddine Chafai under my supervision. I performed the Mass Photometry experiments
in the Biophysical CF of the Centre of Molecular Structure BIOCEYV.

4.1.3 CRMP2, but not CRMP2A deficiency affects the growth of peripheral nerves

CRMP2 has been identified as a downstream factor in Sema3A signaling (Goshima et al.,
1995). We have shown that CRMP2A isoform is enriched in the growth cones of axons and
that PIN1 stabilizes specifically CRMP2A isoform and buffers low-level Sema3A stimulation
(Balastik et al., 2015). We have also shown that decreased levels of PIN1 lead to inhibited axon
growth which can be rescued by CRMP2A overexpression (Balastik et al., 2015). Moreover,
PINT KO embryos display shorter and less branched processes in cranial nerves, the opposite
of what was described for Sema3A (or its downstream targets) knockouts (Kitsukawa et al.,
1997; Taniguchi et al., 1997). This suggests a specific role of CRMP2A isoform in mediating
Sema3A signaling.

To test this hypothesis, we stained the embryos of CRMP2 KO mice (lacking both CRMP2
isoforms) and CRMP2A KO mice (lacking specifically CRMP2A isoform) and analyzed the
growth and branching of the trigeminal nerve (which is regulated by Sema3A and overgrowth
of this nerve was found in Sema3A KO mice; Kitsukawa et al., 1997). The growth and
branching of the ophthalmic branch of the trigeminal nerve were significantly increased in
CRMP2 KO mice at E10.5-E12.5 (the growth of the spinal nerves was increased as well; Figure
12A-B; Ziak et al., 2020). The observed phenotype suggests that the growth-promoting
function of CRMP2 can be compensated by other factors (at least in the tested areas) while its
function as a mediator of repulsive guidance signals is not substituted. Interestingly, the
isoform-specific knockout (CRMP2A KO) did not show any significant difference in the
peripheral nerves in the developing embryos (Figure 12C-D) which suggests that CRMP2B
isoform can substitute the function of CRMP2A in mediating Sema3A signaling in peripheral
nerves in CRMP2A deficient mice. We did not see an increase of CRMP2B expression in
CRMP2A KO mice in brain lysates by western blotting though (Figure 10B), and we have
shown that deficiency of PIN1 (which regulates specifically CRMP2A isoform) is able to affect
the peripheral nerves growth in the development. However, there could be changes of
CRMP2B levels in distal parts of axons (where we found the CRMP2A-PIN1 regulation;
Balastik et al., 2015) which may not be detectable by western blotting in brain lysates. The

compensation can also be due to other members of the CRMP family as several of them have
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been connected to Sema3A signaling (Deo et al., 2004; Uchida et al., 2005) and may be
substrates of PIN1 via another phosphorylation site (the phosphorylation site regulating the
binding of PIN1 to CRMP2A is unique for this isoform; Balastik et al., 2015).

Together, our data show that while CRMP2 is critical for the development of the peripheral

nervous system, the function of CRMP2A in this area is redundant.
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Figure 12: CRMP2, but not CRMP2A regulates the growth of peripheral axons.
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A) Mouse embryo (E11.5) stained with the antibody against neurofilaments to label peripheral
nerves (Ill—oculomotor, IV—trochlear, V—trigeminal, VIl—facial, VII[—vestibulocochlear, 1X—
glossopharyngeal, X—vagal, and XI—accessory nerve. Op—ophthalmic branch, Mx—maxillar branch,
and Md—mandibular branch of the trigeminal nerve). Dashed rectangles marking the zoom-in regions
(in the right panels) showing the comparison of wild-type (WT) and CRMP2 KO mouse (Crmp2™")
focusing on the ophthalmic branch of the trigeminal nerve (upper panels) and the spinal nerves (lower
panels). Both regions show increased growth and branching in CRMP2 KO embryos (indicated by the
arrows). The quantification of the spine nerves is not shown here but it is shown in the attached
publication (Ziak et al., 2020) B) Quantification of the area innervated by the ophthalmic branch of the
trigeminal nerve in CRMP2 KO (Crmp2”) mice normalized to wild-type (WT) littermates. The
innervated area is increased by 66% in CRMP2 KO mice (*p<0.05, n=10). C) Heads of mouse embryos
(E11.5) stained with the antibody against neurofilaments of wild type (WT) and CRMP2A knockout
mouse (CRMP2A4 KO) with the dashed rectangles marking the zoom-in regions shown in lower panels
focusing on the ophthalmic branch of the trigeminal nerve. D) Quantification of area innervated by the
ophthalmic branch of the trigeminal nerve in CRMP2A KO mice normalized to wild-type (WT)
littermates. The innervated area is increased by 20% in CRMP2 KO mice (n.s.=not significant;
p=0.2772 (unpaired t-test), n=6 and 5 for WT and CRMP2A KO respectively. Scale bars: 500 um (if
not marked otherwise).

The final pictures and the final analysis were done by Jakub Ziak and are part of a publication (Ziak
et al., 2020) or of a manuscript in preparation (Ziak et al., in preparation).

4.1.4 CRMP4 mediates motor neuron loss in Amyotrophic lateral sclerosis

CRMP protein family members have been shown to form heterotetramers, the composition
of which may modulate their function. CRMP2 was shown to interact with one of its
sequentially closest family member - CRMP4 (Quach et al., 2020; Tan et al., 2015) and we and
others have shown that CRMP2 KO mice have increased levels of CRMP4 protein (Figure
13A; Nakamura et al., 2016; Ziak et al., 2020). CRMP4 is spliced into two isoforms and a
correlation was found between the degree of damage to the neuromuscular junctions and
changes in CRMP4a (the shorter CRMP4 isoform) expression (Duplan et al., 2010). The
upregulation of CRMP4a is sufficient to trigger muscle denervation and motor neuron
degeneration in vivo, and specific mutations in the N-terminus of CRMP4 were associated with
Amyotrophic lateral sclerosis (ALS) in patients (Duplan et al., 2010; Valdez et al., 2012). ALS
is a degenerative motor neuron disease and it is the most common motor neuron disease in
adults. Interestingly, Sema3A is involved in the pathobiology of the SOD1 ALS mouse model
(Venkova et al., 2014) and CRMP4a was shown to be elevated in the neuromuscular junctions
of the SOD1 mouse model of ALS (Duplan et al., 2010; Valdez et al., 2012). However, the
mechanism of the toxicity mediated by CRMP4 is not clear.

Considering the changes of CRMP4 in CRMP2 KO mice, we chose to test its effect on

neurons in more detail in a collaborative project with the laboratory of Prof. Eran Perlson
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(University of Tel Aviv, Israel) focusing on the role of CRMP4 in motor neurons and in the
ALS. First, we prepared the constructs for lentiviral knockdown of CRMP4 protein and tested
their efficiency (and the specificity of anti-CRMP4 antibody: Millipore AB5454) in primary
neuron cultures using western blot (Figure 13B) and immunocytochemistry (Figure 13C).
Using the tested antibody, we demonstrated that CRMP4 is not only increased in motor neurons
of ALS but also mislocalized (Maimon et al., 2021). Moreover, the mislocalization in the ALS-
diseased neurons was reinforced by Sema3 A exposition and was dependent on molecular motor

dynein (Maimon et al., 2021).

It was shown that CRMP2 binds to dynein and that the binding is mediated by two specific
domains (Arimura et al., 2009). To test if the interaction between CRMP4 and dynein is
mediated by the homologous domains as in CRMP2, we cloned the sequence of CRMP4
isoforms into expression vectors (pCDNA3 vector for production of flag-tagged protein and
pLL3.7 for GFP-CRMP4a; Figure 13D, E). Subsequently, we deleted the part corresponding
to the dynein binding domains in CRMP2 in the GFP-CRMP4a sequence (deletion of amino
acids 100-150; denoted as GFP-CRMP4A100-150; Figure 13E). Those constructs were used
for immunoprecipitation of endogenous dynein intermediate chain in COS7 cells. The results
show the interaction of the dynein intermediate chain with the full-length CRMP4 but not with
the truncated CRMP4 (Maimon et al., 2021; Figure 14A, B). The binding of the full-length
CRMP4 was also reduced by the presence of blocking peptides (the mixture of four peptides
designed to bind to the proposed dynein binding domain; Maimon et al., 2021; Figure 14A, B).

Using the flag-tagged CRMP4a in the pCDNA3 vector, we also tested the interaction
between CRMP4 and dynactin (a dynein activator) showing that CRMP4 co-
immunoprecipitates with dynactin and this interaction decreases in the presence of blocking
peptides (Maimon et al., 2021; Figure 14C, D) further supporting the interaction between
CRMP4 and the dynein/dynactin complex. Next, we prepared a plasmid for expression of
CRMP4-dynein-binding motif sequence (amino acids 100-150; denoted as GFP-50aa; Figure
13E) and used it (instead of the mixture of blocking peptides) for dominant-negative inhibition
of co-immunoprecipitation of CRMP4 with the dynein intermediate chain. The results showed
lower binding of CRMP4 to dynein in the presence of GFP-50aa supporting the importance of
this domain (amino acids 100-150) for CRMP4/dynein/dynactin binding (Maimon et al., 2021).

Finally, we prepared a vector expressing CRMP4a with 1141V mutation identified in ALS
patients (Blasco et al., 2013). This mutation is located in the dynein-binding motif suggesting

that its toxicity in ALS patients can be due to altered CRMP4a-dynein interaction. Indeed, the
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immunoprecipitation experiments show the enhanced formation of the CRMP4 1141V-dynein

complex (Maimon et al., 2021; Figure 14E, F).

Together, the experiments show that CRMP4a is mislocalized in ALS neurons because of
the formation of a complex with dynein mediated by the amino acids 100-150 in CRMP4a, and
suggest that altered CRMP4a-dynein interaction may promote motor neuron death in ALS

patients (Maimon et al., 2021).
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Figure 13: CRMP4 constructs for studying motor neuron loss in Amyotrophic lateral sclerosis.

A) Representative western blot of brain lysates of wild-type (WT), CRMP?2 heterozygote (CRMP2
+/-), and CRMP?2 knockout (CRMP2 -/-) mice (I-month-old). Antibody against CRMP4 was used.
Coomassie staining of the membrane serves as a loading control. B) Representative images of western
blot of lysates of primary neurons culture transduced with CRMP4 knockdown (shCRMP4) or non-
silencing control (Ctrl). Anti-CRMP4 and anti-GAPDH (loading control) antibodies were used. C)
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Primary cortical neurons transduced with CRMP4-silencing lentiviral vector (shCRMP4) and control
cells (Ctrl; transduced with the vector carrying non-silencing control sequence). Cells carrying the
vector are GFP-positive. Cells were fixed and immunostained using antibodies against CRMP4 and
Pll-tubulin (neuronal marker). Scale bar: 20 um. D) Representative western blot showing the
expression of GFP-tagged CRMP4a inserted into pLL3.7 vector in HEK293T cells. Antibodies against
CRMP4 and GFP were used. Coomassie staining of the membrane serves as a loading control. E)
Schematic representation of CRMP4 isoforms and prepared variants of the protein-expressing vectors
with GFP indicated in green and flag in light gray.

I prepared and tested the constructs used. Results obtained using the vectors are a part of the
publication (Maimon et al., 2021).
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Figure 14: CRMP4 interacts with dynein through domain located between amino acids 100-150.

A) Co-immunoprecipitation of dynein intermediate chain (DIC) and CRMP4 from COS7 cells
overexpressing GFP-CRMP4a or GFP-CRMP4aA100-150. In the CRMP4+peptides group, GFP-
CRMP4a overexpressing cells were preincubated with a 10uM mixture of 4 peptides homologous to the
deleted region in CRMP4 (100-150). Immunoprecipitated samples were analyzed using western blot.
The lower panel shows the amount of overexpressed proteins in the input. B) Quantification of the co-
immunoprecipitation experiment shown in A). Data are presented as mean £ SEM; One-way ANOVA,
Tukey’s multiple comparisons test; **p<0.01; * p< 0.05;, n = 3 experiments. C) Co-
immunoprecipitation of flag-CRMP4 and dynactin (denoted as p150) from COS7 cells overexpressing
flag-CRMP4a in the presence or absence of four blocking peptides (peptides homologous to the region
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100-150 of CRMP4a). Immunoprecipitated samples were analyzed using western blot. Lower panels
show the amount of proteins in the input. D) Quantification of the co-immunoprecipitation experiment
shown in C). The intensity of the dynactin band was normalized to the flag-CRMP4 band in each repeat.
Data are presented as mean + SEM; Student’s t-test; **p=0.01; n = 3 repeats. E) Co-
immunoprecipitation of dynein intermediate chain (DIC) and CRMP4 from COS7 cells overexpressing
WT or mutant CRMP4 (1141V). Control IgG antibody was used as a negative control. F) Quantification
of the co-immunoprecipitation experiment shown in E). The intensity of the CRMP4 band was
normalized to the intensity of the DIC band in each repeat. Data are presented as mean = SEM;
Student's t-test; * p<0.05; n = 4 experiments.

1 prepared the vectors used in these experiments. The experiments, analysis, and final pictures were
done by our collaborators from the laboratory of Prof. Eran Perlson (University of Tel Aviv, Israel)
and are a part of the publication (Maimon et al., 2021).
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4.2 Prolyl isomerases and their role in the regulation of CRMP2A function,

microtubule dynamics, and axon growth

4.2.1 PIN1 knockout mice have similar temporal CRMP2A regulation as WT

We have previously shown that prolyl isomerase PIN1 can stabilize Cdk5-phosphorylated
CRMP2A isoform (Balastik et al., 2015; Figure 8). Since we found that the levels of the two
CRMP2 isoforms are differentially regulated during life and that phosphorylation of CRMP2A
is also temporally regulated (Figure 10C-E), we hypothesized that this could be the effect of
temporal regulation of PIN1 prolyl isomerase. To test this, we analyzed the time profile of
PIN1 expression in our samples of mouse brains of different ages (the samples analyzed in
Figure 10C-E). PIN1 amount decreased significantly with age (p<0.0001; one-way ANOVA;
Figure 15A-B) which is consistent with previously published data (Nakamura et al., 2012b)
and also with the premature-aging-like phenotype observed in PIN1 knockout mice (Liou et

al., 2002).

The decrease of PIN1 amount (and thus lower stabilization of CRMP2A) in time, could be
the reason for decreasing levels of CRMP2A (and particularly phosphorylated CRMP2A)
observed during the time in Figure 10C-E. To test this hypothesis, we analyzed the levels of
CRMP2 isoforms and CRMP2A phosphorylation in developing, adult, and aged PIN1 KO
brains. The profiles as well as the amounts of studied proteins show no apparent differences
compared to the results observed with WT brains (Figure 15C, D, E) which could be explained
by the adaptation of PIN1 KO mice to the absence of PIN1 via genetic compensation (Rossi et
al., 2015). The role of PINI1 in regulating CRMP2A could be substituted by other prolyl
isomerases even though PINI is the only known phospho-specific prolyl isomerase. It was
discussed that PIN1 regulates many cellular processes (including cell cycle) but the phenotype
of PIN1 KO mice is rather mild, so the existence of a compensation mechanism has already

been speculated (Liou et al., 2002).

Together, we show that there are no apparent differences in the amount and phosphorylation
of CRMP2A in the PINI KO mouse brains even though we have shown that knockdown of
PIN1 leads to decrease of CRMP2A level and phosphorylation in primary neurons (Balastik et
al., 2015; Figure 18B, C, D).
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Figure 15: PINI knockout mice have similar temporal CRMP2A regulation as WT.

A) Representative western blot showing the amount of PINI protein in lysates of mouse brains of
different ages (embryos at embryonic day 16 (E16), Young/Adult mice (2-6 months old), and Old mice
(21 months old)). Antibodies against PINI were used, GAPDH was used as a loading control. B)
Quantification of the relative amount of PINIduring the studied time points (embryo = 1 + 0.04,
Young/Adult = 0.48 + 0.04, Old = 0.28 + 0.03. Represented as mean £ SEM. 3 brain lysates were
analyzed in 4 western blots in each group. C) Representative western blot showing the amount of
CRMP?2 isoforms and CRMP2A Ser27 phosphorylation in brain lysates of different age groups.
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Antibodies against phosphorylated CRMP2A on Ser27 (CRMP2A4 pS27), CRMP2A, and CRMP2 (only
the band corresponding to CRMP2B was analyzed). GAPDH was used as a loading control. D)
Quantification of the relative ratio between the CRMP2 isoforms (CRMP2A/CRMP2B ratio) in the
different age groups (WT embryo (denoted as WI-E16) = 1 £ 0.046, WT-Young/Adult = 0.78 + 0.067,
WT-Old = 0.50 £ 0.070, PINIKO embryo (denoted as KO-E16) = 1.17 + 0.18, PINIKO Young/Adult
(denoted as KO-Young/Adult) = 0.80 £ 0.09, PINIKO Old (denoted as KO-Old) = 0.43 £ 0.05).
Represented as mean + SEM. 3 brain lysates (2 brain lysates in the PINIKO — embryo group) were
analyzed in 3-4 western blots in each group (the Young and Adult groups were merged). E)
Quantification of the relative ratio between the phosphorylated CRMP2A and total CRMP2A
(CRMP2ApS27/CRMP2A ratio) in the different age groups (WT embryo (denoted as WT-E16) = 1 +
0.02, WI-Young/Adult = 0.44 + 0.03, WT-Old = 0.24 £ 0.05, PIN1KO embryo (denoted as KO-E16) =
1.05 = 0.07, PINIKO young/adult (denoted as KO-Young/Adult) = 0.44 £ 0.03, PINIKO old (denoted
as KO-0Old) = 0.25 £ 0.04). Represented as mean = SEM. 3 brain lysates (2 brain lysates in the PINIKO
— embryo group) were analyzed in 3-4 western blots in each group (the Young and Adult groups were
merged).

The data from WT brains (the part of the experiment shown in C-E is also presented in Figure 10C-
E).

4.2.2 Prolyl isomerase FKBP12 binds CRMP2A isoform

Prolyl isomerase PIN1 regulates phosphorylated CRMP2A isoform (Balastik et al., 2015).
Whether other prolyl isomerases regulate conformation of CRMP2A and may partially
compensate for PIN1 deficiency in PIN1 KO mice is so far not known. To address this question,
we have first investigated if other prolyl isomerases can bind to CRMP2 and regulate its
function. We focused first on FKBP12, a member of the FKBP family of prolyl isomerases
containing a single prolyl isomerase domain. Even though FKBP12 was first described in
connection with immune reaction, FKBP12 is highly expressed in the brain and its level, like
that of PIN1, is altered in the brains of patients with neurodegenerative diseases and it was

hypothesized that FKBP12 might play a role in axonal transport (Avramut and Achim, 2002).

To test if FKBP12 binds to CRMP2, we first performed an immunoprecipitation experiment
using antibodies against CRMP2A protein. The results show that FKBPI12 is indeed co-
immunoprecipitated together with CRMP2A from the WT murine brain lysate, but not from
the CRMP2 KO brain lysate which was used as a negative control (Figure 16A). There is also
a significant amount of immunoprecipitated CRMP2B which is consistent with the published
data showing that the CRMP members can form heterotetramers (Stenmark et al., 2007; Wang
and Strittmatter, 1997).

Hence, to test if there is a specific binding of FKBP12 to only one of the CRMP2 isoforms,
we performed a pull-down experiment using HEK293T cells which have low endogenous

expression of CRMP proteins (The human protein atlas; Karlsson et al., 2021). We
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overexpressed flag-tagged CRMP2A, CRMP2B, or C-terminally truncated CRMP2 isoforms
(CRMP2AA604 and CRMP2BAS503; Figure 16D), since the C-terminus is considered the main
regulatory region of CRMP2 carrying most of the phosphorylation sites, and tested their
binding to FKBP12. The results show that FKBP12, similar to PIN1, binds predominantly to
CRMP2A isoform (p=0.01, Figure 16B, C). Interestingly, there is a non-significant trend of
increased binding in the absence of the C-terminus (p=0.16, Figure 16B, C). These results
suggest that the N-terminus extension which is present only in CRMP2A isoform is critical for

FKBP12 binding while the regulatory C-terminus possibly has an inhibitory effect.

To test the binding in more detail and to verify the specificity of our pull-down assays, we
performed the pull-down of CRMP2A in the absence or presence of FK506 (tacrolimus,
FKBP12 inhibitor). Indeed, FK506 decreased the binding, suggesting competition of CRMP2A
and FK506 for the FKBP12 hydrophobic binding site pocket (Figure 16E).

Finally, as it was shown that both CRMP2 and FKBP12 are abundant in neurons (Kamata
et al., 1998; Steiner et al., 1992) and CRMP2A isoform is enriched in axonal growth cones
(Balastik et al., 2015), we wanted to show that endogenous FKBP12 and CRMP2A can interact
in neurons. We stained primary neuron cultures for FKBP12 and CRMP2A to show their co-
localization. Indeed, we detected a partial co-localization of FKBP12 and CRMP2A in neurons,

particularly in distal axons and axonal growth cones (Figure 16F).

Together, the results indicate that FKBP12 binds specifically to CRMP2A isoform in the

distal parts of growing axons.
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Figure 16: Prolyl isomerase FKBPI12 interacts with CRMP2A in distal axons.

A) Co-immunoprecipitation experiment using antibody against CRMP2A. Brain lysates of either
wild-type (WT) or CRMP2 knockout (CRMP2 KO) young mice (1-3 months old) were used.
Immunoprecipitated proteins (IP) and the used lysate (Input) were visualized by western blot using
antibodies against CRMP?2 (both isoforms) and FKBP12. B) Pull-down experiment from HEK293T-cell
lysates overexpressing flag-tagged CRMP2A, CRMP2B or their truncated forms CRMP244604 and
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CRMP2BA503 respectively. The proteins were pulled down using glutathione-agarose beads together
with purified GST-FKBP12 or GST as a negative control. CRMPs were visualized using anti-flag
antibody. C) Quantification of the pull-down experiment presented in B) normalized to the input and
related to CRMP2A (CRMP24 = 1 £ 0; CRMP2B = 0.16 + 0.10; CRMP244604 = 2.82 = 0.82;
CRMP2BA503 =0.26 £ 0.09; mean = SEM, Welsch’s t-test;, *p<0.05; n = 3 experiments). D) Schematic
illustration of truncated isoforms used for the pull-down experiment presented in B) and C). E) Pull-
down experiment from HEK293T cells overexpressing flag-CRMP2A in the absence (-) or the presence
(+) of FK506. F) Double-immunostaining of primary neurons (DIV4) using antibodies against
CRMP2A (red) and FKBPI2 (green). The dashed rectangle marks the zoomed-in region shown in the
lower panels. Arrows showing the co-localization of CRMP2A4 and FKBP12. Scale bar 10 um.

4.2.3 FKPB12 binds specifically to non-phosphorylated CRMP2A

We have previously shown that PIN1 binds specifically to Cdk5-phosphorylated CRMP2A
(Balastik et al., 2015) which is in agreement with the described specificity of PIN1 for
substrates with phosphorylated Ser or Thr preceding Pro (Yaffe et al., 1997). Thus, we decided
to test the phospho-specificity of FKBP12-CRMP2A interaction. We performed pull-down
experiments using lysates of HEK293T cells expressing CRMP2A in the absence or presence
of increased activity of CdkS5 kinase (overexpression of CdkS5 and its activator p25). The results
show that CRMP2A phosphorylation differentially regulates binding of PIN1 and FKBP12.
While PINT strongly prefers phosphorylated CRMP2A (Figure 17A, B; Balastik et al., 2015),
FKBP12 binds specifically to non-phosphorylated CRMP2A (p=0.0001; Figure 17A, B).

There are two described Cdk5-phosphorylation sites in CRMP2A — Ser623 (corresponding
to Ser522 in CRMP2B) and Ser27 (Balastik et al., 2015). We used de-phospho-mimetic
constructs (Ser is replaced by Ala) and performed the pull-down experiments in conditions of
high CdkS activity. As expected, de-phospho-mimetic mutations abolished the binding of PIN1
to CRMP2A (Figure 17C, D; Balastik et al., 2015). In contrast, the binding of FKBP12 to
CRMP2A was non-significantly increased by mutation of the C-terminus (p=0.1271) and
significantly promoted by the de-phospho-mimetic mutation of the N-terminus (Ser27; p=0.02;
Figure 17C, D). The results strongly support the higher importance of the N-terminus of
CRMP2A for the binding to FKBP12 and are consistent with the data presented in (Figure 16B,
C) showing the binding of FKBP12 to CRMP2A even in the absence of the C-terminus.

To test whether the binding of the two prolyl isomerases is affected by CRMP2A
phosphorylation also in neurons we transfected CRMP2A KO neurons with mCherry-
CRMP2A or mCherry-CRMP2AS27A, S623A (de-phospho-mimetic for both Cdk5
phosphorylation sites) and analyzed the colocalization of these proteins with endogenous
FKBP12 and PIN1 in the growth cones (Figure 17E). The signal of the two prolyl isomerases
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correlated similarly with CRMP2A (correlation coefficient rcrmp2a-rkBri2 = 0.2998; rcrmp2a-
PIN1 = 0.2998; Pvetween the correlationsy = 1) Wwhile in the presence of mutated CRMP2A
(CRMP2AS27AS623A), the correlation with PIN1 signal was significantly decreased (r =
0.1763; Pvetween the correlations) = 0.019) and correlation with FKBP12 was significantly increased
(r = 0.3959; p(between the correlationsy = 0.049) making the correlations of FKBP12 and PINI
significantly different (p(between the correlations) = 0.0001; Figure 17F).

These results are consistent with the pull-down experiments and show that FKBP12 binds
preferably to non-phosphorylated CRMP2A while PIN1 binds preferably to phosphorylated

CRMP2A also in the cellular environment of the active neuronal growth cone.
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Figure 17: FKPB12 binds non-phosphorylated CRMP2A.

CRMP2A S27A,S623A intensity (AU)

A) Pull-down of flag-CRMP2A by purified GST-FKBP12 (left panel) or GST-PIN1 (right panel) in
the absence (-) or presence (+) of higher Cdk5 activity (overexpression of Cdk5 and its activator p25).
GST is used as a negative control. Proteins were visualized using anti-flag antibodies. B) Relative
quantification of pull-downs shown in A) normalized to the input (CRMP2A = 1 + 0; CRMP2A4 + Cdk5
= 0.39 £ 0.08;, mean + SEM; Welsch’s t-test; ***p<0.001; n = 8 experiments, Data for PINI are
obtained from 2 western blots of one experiment and were not statistically analyzed). C) Pull down of
CRMP2A and its de-phospho-mimetic mutants (Ser are replaced by Ala at positions 27, 623, or both)

93



Results

by FKBPI12 (left) or PINI (right) in the presence of high Cdk5 activity. GST is used as a negative
control. Proteins were visualized using anti-flag antibodies. D) Relative quantification of pull-downs
shown in C) normalized to the input (CRMP24 = 1 £0.21; CRMP24 S274 = 2.57 + 0.38; CRMP2A4
S6234 =1.75+0.35; CRMP2A S274, §6234 = 2.59 + 0.41; mean £ SEM; Welsch’s t-test; *p<0.05; n
= 4 experiments,; Data for PINI are obtained from 2 western blots of one experiment and were not
statistically analyzed). E) Representative images of analyzed neurons and growth cones used for
colocalization of endogenous FKBP12 or PINI (stained using antibodies) with CRMP2A (upper panels)
or mutated de-phospho-mimetic CRMP2A S274S8623A4 (lower panels) in CRMP2A KO primary cortical
neurons. The dashed rectangle marks the region zoomed in (in the right panels). White arrows show
the growth cone which is zoomed in (the lower panels). Yellow arrows show the regions of the
colocalization of one or both prolyl isomerases with CRMP2A. Scale bar 10 um. F) Correlations
between the mCherry signal (corresponding to CRMP2A (upper graph) or CRMP2A S2748623A (lower
graph)) and the two prolyl isomerases — PINI (red) or FKBP12 (black) presented as scatter plots with
linear regression.

4.2.4 Knockdown of FKBP12 does not significantly affect the amount of CRMP2A protein but it

decreases its Ser27 phosphorylation

To understand the effect of FKBP12 on CRMP2A, we decided to study CRMP2A in neurons
lacking FKBP12. For this purpose, we prepared several constructs (pGhU6 vector with shRNA
sequence) for FKBP12 knockdown (described in methods). We used these vectors for lentiviral
transduction of neuronal culture and observed the amount of GFP (reporter used in the pGhU6
vector), FKBP12, and cleaved Caspase-3 (an apoptotic marker) for several days. Two shRNA
(TRCN0000416982 and TRCN0000012489) showed increased levels of Casp-3 (Figure 18A).
As the other two shRNA (TRCN0000012491 and TRCN0000012492) visibly reduce the
amount of FKBP12 without increasing the levels of Caspase-3, we concluded, that the observed
harmful effect of some shRNAs is rather a consequence of possible off-target recognition than
the effect of FKBP12 knockdown. We decided to use the shRNA TRCN0000012492 for the

following experiments.

As we have shown that prolyl isomerase PINT1 stabilizes phosphorylated CRMP2A (Balastik
et al., 2015; Figure 8), we first tested how knockdown of PIN1 or FKBP12 affect the amount
and phosphorylation of CRMP2A. In neuronal culture, we observed an expected effect of
knockdown of PIN1 prolyl isomerase — it decreases the amount of CRMP2A (Figure 18B, D;
p=0.0378) and also the ratio between phosphorylated (pS27) and total CRMP2A (Figure 18B,
C; p<0.0001). These data confirm the published data (Balastik et al., 2015). Knockdown of
FKBP12 showed no significant difference in the CRMP2A amount (Figure 18B, D; p=0.1033)
and a slight decrease in the ratio CRMP2A pS27/CRMP2A (Figure 18B, C; p<0.0001). To

ensure, that the observed effect is the consequence of the downregulated FKBP12 protein, we
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performed a rescue experiment. We prepared a vector expressing FKBP12 with seven silent
mutations which should abolish its recognition by the target sequence used in the shFKBP12
construct (described in methods). We then transduced neurons with lentiviral particles carrying
the shRNA together with a control vector or vector overexpressing FKBP12 with silent
mutations. We observed the same effect of knockdown of FKBP12 — the proportion of Ser27-
phosphorylated CRMP2A was decreased (Figure 18E, F; p=0.0167) while the total CRMP2A
amount was not significantly changed (Figure 18E, G; p=0.0904). We observed no significant
difference between knockdown and rescue group in the amount of CRMP2A (Figure 18E, G;
p=0.7097) and in the portion of phosphorylated CRMP2A (Figure 18E, F; p=0.3132) even
though there is a trend towards the control levels making the difference between Ctrl and rescue
not significant (Figure 18E, F; p=0.0974). The insufficiency of the rescue is probably due to
visibly lower level of FKBP12 in the rescue group compared to controls (Figure 18E) which
could be due to low efficiency of the expression or blocking only partially its recognition by

the silencing target sequence.

Together, the data show that, unlike PIN1, FKBP12 does not affect the amount of CRMP2A,
but both prolyl isomerases influence the level of CRMP2A phosphorylation.
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Figure 18: Knockdown of FKBPI2 does not significantly affect the amount of CRMP2A protein
but it decreases its Ser27 phosphorylation.

A) Western blot showing the efficiency of different target sequences used for shRNA knockdown of
FKBPI2. Antibodies against FKBP12, GFP (reporter protein contained in the pGhUG vector), cleaved
Caspase-3 (a marker of apoptosis) were used, GAPDH was used as a loading control. The neurons
were analyzed 2-5 days after transduction. As a control, we used pGhUG6 vector with a non-silencing
control sequence (Ctrl). We tested four different recognition sequences: TRCN0O000012489 (denoted as
89), TRCN0000012491 (denoted as 91), TRCNO000416982 (denoted as 82), and TRCNO0O00012492
(denoted as 92). B) Representative western blot of primary neurons lysates. Neurons were transduced
with the control sequence (non-silencing control, Ctrl), sequence for PINI knockdown (shPINI), or
sequence for FKBP12 knockdown (shFKBP12). Antibodies against phosphorylated CRMP2A on Ser27
(CRMP2A pS27), CRMP2A4, FKBP12, PINI were used. GAPDH was used as a loading control. C-D)
Relative quantification of the western blot experiment represented in B). C) Relative CRMP2A
pS27/CRMP2A ratio is decreased by knockdown of PINI as well as knockdown of FKBPI12 (Ctrl = 1 +
0.03, shPINI = 0.59 = 0.027, shFKBP12 = 0.72 £ 0.05; mean £ SEM, ****p<(0.0001, Welch’s t-test;
n=15 - 5 western blots; 3 samples in each experiment). D) Relative CRMP2A amount is decreased by
PINI knockdown and not significantly changed by FKBPI12 knockdown (Ctrl = 1 + 0.05, shPINI =
0.82+0.07, shFKBP12 = 1.18 + 0.09; mean = SEM, *p<0.05, Welch's t-test; n=15 - 5 western blots,
3 samples in each experiment). E) Representative western blot of primary neurons lysates transduced
by control vectors (non-silencing control in pGhU6 and empty pWCC vector), knockdown of FKBP12
or knockdown of FKBP12 in combination with overexpressing vector carrying FKBP12 sequence with
seven silent mutations in the shRNA-recognition site (rescue, denoted as shFKBP12+FKBPI12). The
presented picture of the western blot is from one membrane, only the order of the samples has been
changed for better readability. F-G) Relative quantification of the western blot experiment represented
in E). F) Relative CRMP2A pS27/CRMP2A ratio is significantly decreased by knockdown of FKBPI12
but not significantly decreased by the knockdown of FKBP12 in combination with the expressing vector
(Ctrl=1%0.03, shFKBP12=0.79+0.07, shFKBP12+FKBP12 = 0.88 + 0.06; mean £ SEM; *p<0.05,
Welch’s t-test; n=12 — 4 western blots; 3 samples in each experiment). G) Relative CRMP2A amount
is not significantly changed by FKBPI12 knockdown and by the knockdown combined with the
expressing vector (Ctrl = 1 +0.04, shFKBP12 = 1.17 +0.08, shFKBP12+FKBP12 = 1.13 + 0.06, mean
+ SEM; Welch’s t-test; n=12 — 4 western blots; 3 samples in each experiment).

4.2.5 Prolyl isomerase FKBP12 inhibits CRMP2A in vitro

As we did not observe any distinctive effect of FKBP12 absence on the CRMP2A levels,
we decided to test the effect of FKBP12 on CRMP2A activity. CRMP2 is a microtubule-
associated protein that was shown to promote microtubule polymerization (Niwa et al., 2017).
We decided to test the effect of FKBP12 on microtubule dynamics in the presence of CRMP2A.
For this purpose, we used a tubulin turbidity assay. Importantly, it was shown that FKBP12
does not affect microtubule dynamics itself in contrast to other FKBPs such as FKBP52
(Chambraud et al., 2007). We first purified proteins for the in vitro assay. We expressed GST-
tagged FKBP12 (or GST as a control) in bacteria and purified the protein using glutathione-
agarose beads (described in methods; Figure 19A). We expressed GFP-CRMP2A (flag-tagged)
in HEK293T cells and purified the protein using anti-DYKDDDDK beads (described in

methods; Figure 19B). To be sure that the purification process does not affect the prolyl
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isomerase activity of FKBP12, we performed peptidyl-prolyl cis/trans isomerase assay

showing that our purified FKBP12 has prolyl isomerase activity (Figure 19C).

Using the tubulin turbidity assay, we then tested the effect of the presence of CRMP2A on
the tubulin polymerization. The results show that CRMP2A is significantly promoting
microtubule growth (Figure 19D, E), which is similar to what was published for CRMP2B
(Niwa et al., 2017). When we added FKBP12 together with CRMP2A to tubulin, the
polymerization curve was similar to the control conditions (tubulin only, without CRMP2A;
Figure 19D, E). To ensure that the effect is because of FKBP12 activity, we performed the
assay in the presence of FK506 (tacrolimus, FKBP12 inhibitor). In the presence of FKBP12
and its inhibotor FK506, CRMP2A increases the microtubule growth the similar way as
CRMP2A alone (Figure 19D, E).

Together, we show that CRMP2A is promoting microtubule growth and this effect is
abolished by the presence of prolyl isomerase FKBP12.
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Figure 19: Prolyl isomerase FKBP12 inhibits CRMP2A in vitro.

A) Coomassie staining of the PAGE-gel showing purified protein GST-FKBP12 and GST (used as a
control) used in the in vitro assays. Proteins are loaded in two different concentrations. B) Coomassie
staining of the PAGE-gel showing purified flag-tagged-GFP-fused protein CRMP24 used for the in
vitro assays. C) Peptidyl-prolyl cis/trans isomerase assay showing the activity of purified FKBP12
prolyl isomerase. Absorbance at 390 nm is reflecting the cis/trans isomerization (described in methods).
D) The tubulin turbidity assay showing microtubule growth in the control conditions (in black; denoted
as Ctrl; tubulin only), in the presence of CRMP24 (red), in the presence of CRMP2A in combination
with FKBP12 (green; CRMP2A+FKBP12), or in the presence of CRMP2A, FKBP12 and its inhibitor
FK506 (blue; CRMP2A+FKBP12+FK506). E) Quantification of the absorbance in the plateau phase
of the curves shown in D) reflecting the differences in the microtubule growth (Ctrl = 0.065 = 0.002;
CRMP24 = 0.083 + 0.005; CRMP24 + FKBPI12 = 0.064 + 0.002; CRMP24 + FKBPI2 + FK506 =
0.080 £ 0.005; mean + SEM; Mann-Whitney test; *p<0.05; n = 10, 14, 5, 8 experiments).

I performed the tubulin turbidity assay with the advice of my colleague Djamel Eddine Chafai.
Djamel Eddine Chafai prepared the tubulin used in the assay.
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4.2.6 Prolyl isomerase FKBP12 affects binding of CRMP2A on growing microtubules and

decreases microtubule polymerization velocity

To study the effect of CRMP2A and FKBP12 on microtubule dynamics in more detail, we
performed an in vitro tubulin polymerization assay. In this assay, prepolymerized and stabilized
microtubules are immobilized on the coverslip and after the addition of tubulin, it is possible
to analyze the dynamics of growing microtubules in time. We performed this assay in the
presence of CRMP2A and observed significantly increased microtubule growth due to:
increased microtubule polymerization velocity, decreased depolymerization velocity and
increased frequencies of both catastrophe and rescue (p<0.0001, p=0.0001, p<0.0001,
p=0.0199 respectively, Figure 20A, B). Adding FKBP12 to CRMP2A significantly reduced
the microtubule polymerization rate (p<0.0001; Figure 20A, B). Microtubule rescue frequency
also showed a decreasing trend, although not significant (p=0.058; Figure 20A, B). Together,
the results are in accordance with the results obtained using tubulin turbidity assay and show
that FKBP12 is inhibiting promotion of microtubule growth caused by CRMP2A. The

observed effect is mainly the consequence of affected polymerization velocity.

As our CRMP2A was tagged with GFP, we were also able to analyze the binding of
CRMP2A to the microtubules. We observed almost no binding to the stabilized microtubules
but CRMP2A was clearly binding to the growing ends of microtubules (Figure 20A) which
was described before for both CRMP2 isoforms (Yuasa-Kawada et al., 2003). Importantly, the
presence of FKBP12 appeared to decrease this binding (Figure 20A). We quantified this
observed effect as an average length of GFP-positive ends, and as the persistence of GFP signal
on growing microtubule, both showing a significant decrease in the presence of FKBP12

(p<0.0001 and p=0.0005 respectively; Figure 20C, D).

Together, these results suggest that FKBP12 inhibits CRMP2A activity by inhibiting its

binding to microtubules.
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Figure 20: Prolyl isomerase FKBPI12 affects binding of CRMP2A on growing microtubules and
decreases microtubule polymerization velocity.

A) Represenative pictures of the microtubules and representative kymographs showing microtubule
dynamics in in vitro tubulin polymerization assay in control conditions (Ctrl, tubulin only), in the
presence of GFP-CRMP24 (CRMP2A4), or in the presence of GFP-CRMP2A and FKBPI2
(CRMP2A+FKBP12). Microtubules are shown in black, GFP-CRMP2A in green. Scale bar = 1 um.
B) Quantification of the microtubule dynamics parameters: microtubule polymerization velocity (ctrl
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= 6.45 + 0.14; CRMP24 = 11.17 £ 0.19; CRMP24 + FKBPI2 = 9.02 = 0.19;, n = 259, 401, 350
polymerization events in 5 independent experiments), microtubule depolymerization velocity (ctrl =
61.5 £ 2.2; CRMP24 = 51.0 £ 1.4; CRMP24A + FKBPI2 = 49.7 + 1.6, n = 200, 326, 294
depolymerization events in 5 independent experiments), frequency of catastrophes (ctrl = 0.0033 £
0.0002; CRMP24 = 0.0074 £ 0.0004; CRMP2A4 + FKBPI2 = 0.0066 £ 0.0003; n = 97, 100, 98
microtubules in 5 independent experiments), and frequency of rescues (ctrl = 0.017 £ 0.002; CRMP2A
=0.023 £ 0.002; CRMP2A + FKBPI12 = 0.018 £0.002; n = 95, 99, 94 microtubules in 5 independent
experiments; mean = SEM; Mann-Whitney test; *p<0.05, ***p<0.001, ****p<0.0001). C) Average
length of GFP-positive ends measured as GFP-positive area in the polymerization phase divided by the
number of frames in the polymerization phase. (CRMP2A4 = 0.2966 + 0.03428 um, CRMP2A+FKBP12
=0.1329 + 0.01207 um; mean £ SEM.; ****p<0.0001, Mann-Whitney test; n = 25 microtubules in 5
independent experiments). D) Persistence of GFP signal on the growing microtubule (MT) measured
as GFP-positive area in the growing phase divided by the length of the growing end. (CRMP2A = 33.07
+3.955 s, CRMP2A+FKBPI2 = 18.69 + 1.844 5, mean = SEM; ***p<0.001; Mann-Whitney test; n =

25 microtubules in 5 independent experiments.

The in vitro polymerization assay was performed by Jan Sabo at the Institute of Biotechnology,
Czech Academy of Sciences. I prepared the proteins used for the experiments (except for tubulin) and
analyzed the obtained recordings.

4.2.7 Prolyl isomerase FKBP12 inhibits CRMP2A in IMCD3 cells

We show that FKBP12 inhibits CRMP2A in vitro. To see the effect of FKBP12 on
CRMP2A-promoted microtubule growth in cells, we used IMCD3 cells suitable to visualize
microtubules. We first tested the endogenous expression of CRMP2A and FKBP12 in this cell
line. We performed western blot from primary neuron lysates (which have high expression of
both CRMP2A and FKBP12) and IMCD3 lysates (Figure 23A). We observed lower expression
of FKBP12 in IMCD3 and not detectable expression of both CRMP2B and CRMP2A. With
this information, we decided to test both knockdown and overexpression of FKBP12 in control
conditions and in the conditions of overexpressed CRMP2A protein. To study the microtubule
dynamics in cells, we used vectors expressing GFP-tagged EB3 protein (protein binding to
growing microtubule ends). We also tested the effect of de-phosho-mimetic CRMP2A
(CRMP2A S27A) as we show that binding of FKBP12 is dependent on the phosphorylation of
this site. Using western blot, we first tested the efficiency of overexpressions and knockdowns

(Figure 23B, C).

With these groups of cells, we performed the experiment capturing the GFP signal of GFP-
EB3 protein and measured the relative microtubule growth speed (Figure 23D, E). The results
show that in the control conditions (without CRMP2A protein), neither knockdown nor
overexpression of FKBP12 significantly affects microtubule growth (p=0.1775 and p=0.9358
respectively). In agreement with the results obtained in vitro, CRMP2A overexpression was

able to significantly increase the growth of microtubules (p<0.0001; Figure 23D, E).
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Overexpression of CRMP2A in the conditions of elevated levels of FKBP12 increased slightly
the microtubule growth in comparison to control (p=0.016) but significantly less than
CRMP2A overexpression without FKBP12 (p<0.0001; Figure 23D, E). The combination of
CRMP2A overexpression and knockdown of FKBP12 was not significantly different than
CRMP2A overexpression alone (p=0.430). Interestingly, and in contrast to CRMP2A,
expression of mutated CRMP2A S27A (which cannot be phosphorylated on Ser27) did not
increase the microtubule growth (p=0.2; Figure 23D, E). As we show in the previous data, the
de-phospho-mimetic mutation is bound by FKBP12 more efficiently, so we suggest that the
mutated form is more efficiently inhibited by endogenous FKBP12 present in IMCD3 cells.
Indeed, the combination of mutated CRMP2A and overexpression of FKBP12 had no effect
(p=0.994) while, importantly, the combination with FKBP12 knockdown increased the
microtubule growth similarly as overexpression of wild-type CRMP2A (p<0.0001 in
comparison with control and p=0.822 in comparison with CRMP2A; Figure 23D, E).
Interestingly, even though it was described that tagged CRMP2 is not functional in terms of
microtubule orientation determination (Yuasa-Kawada et al., 2003), we see the same effect of
CRMP2A on microtubule growth in EB3 assay using not tagged CRMP2A and mCherry-
CRMP2A.

Together, the data demonstrate that FKBP12 inhibits the CRMP2A-mediated microtubule

polymerization in cells.
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Figure 21: Prolyl isomerase FKBP12 inhibits CRMP2A in IMCD3 cells.

A) Western blot showing the comparison of the amount of CRMP2 and FKBP12 in primary neurons
and IMCD3 cells. Proteins were visualized using antibody anti-CRMP?2 (upper bands correspond to
CRMP24, lower bands correspond to CRMP2B, CRMP2B cleavage product is also visualized), and
anti-FKBP12. Coomassie staining of the membrane is shown as a loading control. B,C) Western blot
showing IMCD3 cells used for EB3 experiment. Either FKBPI12 overexpression (B) or FKBPI2
knockdown (C; shFKBPI12) was used in combination with CRMP2A or mutated CRMP2A S27A4
overexpression. Antibodies against phosphorylated CRMP2A on Ser27 (CRMP2A4 pS27), CRMP2A and
FKBPI12 were used. GAPDH is used as a loading control. D) Representative images of IMCD3 cells
expressing GFP-tagged EB3 protein to visualize the growing ends of microtubules. Combination of
either FKBP12 overexpression or FKBPI12 knockdown (middle and lower row respectively) were
analyzed in combination with CRMP2A or mutated CRMP2A (CRMP2A4 S27A) overexpression (middle
and right column respectively). Dashed rectangles mark the zoomed-in regions shown in the upper right
corner. Scale bar 10 um. A representative kymograph is shown under each picture. E) Quantification
of relative microtubule (MT) growth rate (ctrl = 1 £ 0.01; FKBP12 = 1.01 £ 0.02; shFKBP12 = 1.03
+ 0.02; CRMP24 = 1.13 £0.01; CRMP2A4 + FKBPI2 = 1.06 £ 0.02; CRMP2A shFKBP12 = 1.11
0.02; CRMP24 S§274 = 1.01 + 0.01; CRMP24 S274 + FKBPI12 = 1.02 £ 0.02; CRMP2A4 S274
ShFKBP12 = 1.12£0.02; mean = SEM; Mann-Whitney test; ns = not significantly different, **p<0.01,
*E*p<0.001, ****p<0.0001; n = 761, 390, 235, 746, 462, 330, 550, 300, 235 microtubules in at least
7 independent experiments).

The vectors expressing EB3 were prepared by Carsten Janke ‘s laboratory, Institut Curie in France.

4.2.8 Prolyl isomerase FKBP12 affects microtubule dynamics in neurons and reduces axonal

growth

As we have shown that FKBP12 inhibits CRMP2A in vitro and in IMCD3 cells artificially
expressing CRMP2A, we wanted to see the effect of FKBP12 in neurons, where both CRMP2A
and FKBP12 are naturally expressed. For this purpose, we used EB3 assay in DRG (dorsal root
ganglia) neurons (Figure 22A). Pseudo-unipolarity of those cells allows us to study the
microtubule movement specifically in axons. The results show that even in neurons which have
high endogenous level of CRMP2A, CRMP2A overexpression is able to increase microtubule
growth (p<0.0001; Figure 22A, B). Knockdown of FKBP12 also slightly increased the EB3
movement (p=0.0281; Figure 22A, B), which is in agreement with the previous data showing
the inhibitory effect of FKBP12 on CRMP2A. Notably, in neurons the effect of FKBP12
knockdown is stronger than in IMCD3 cells, which can be due to different levels of these two

proteins in different cell types and/or different phosphorylation states of CRMP2A.

Showing that FKBP12 is affecting microtubule growth also in neurons, we were interested
if FKBP12 has some effect also on axonal growth. It was shown that CRMP2 promotes axonal
growth (Fukata et al., 2002). Even though it was not shown that CRMP2A overexpression

increases axon growth under normal conditions, CRMP2A was shown to have an effect in the
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absence of PIN1 prolyl isomerase or in the conditions of increased CRMP2B amount which
suggests that CRMP2A supports axonal elongation (Balastik et al., 2015; Yuasa-Kawada et al.,
2003). To study the effect of FKBP12 on axonal growth, we plated primary cortical neurons
into microfluidic chambers, small compartmentalized silicon devices where axons grow
through small channels allowing us to study axonal growth in time. With this approach, we
were able to analyze the axonal growth in neurons with increased (+FKBP12) or lowered
(shFKBP12) amount of FKBP12 (Figure 22C, D). Average axon growth rate was significantly
increased by knockdown of FKBP12 (shFKBP12) (p=0.04; Figure 22C, D), while expression
of FKBP12 significantly decreased the axon growth rate (p=0.007; Figure 22C, D).

These results show that FKBP12 not only regulates microtubule dynamics through the
regulation of CRMP2A activity, but it affects axonal growth which makes it a regulator of

neural development.
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Figure 22: Prolyl isomerase FKBPI2 affects microtubule dynamics in neurons and reduces
axonal growth.

A) Representative image of dorsal root ganglia in culture with a dashed rectangle marking analyzed
regions of axons. Representative axons are shown in the right panels. We analyzed control cells (Ctrl),
cells with CRMP2A overexpression (CRMP2A), and cells with FKBP12 knockdown (shFKBP12). White
arrows are marking the GFP-positive ends of growing microtubules (GFP-EB3 signal). Representative
kymographs are shown below. Scale bar 5 um. B) Quantification of EB3 movement in axons of dorsal
root ganglia shown in A). Average axonal growth rate was analyzed (ctrl = 0.163 = 0.002; CRMP2A
= 0.175 £ 0.002; shFKBPI2 = 0.170 = 0.002; mean + SEM um/s; Mann-Whitney test; *p<0.05,
*EXXD<0.0001;, n = 611, 602, 585 microtubules in 4 independent experiments). C) Representative
images of neurons in microfluidic chambers with the trajectory of growing axons for 20 hours and
representative kymographs corresponding to the trajectories. D) Quantification of average axon
growth rate (ctrl = 6.41 £ 0.15, +FKBPI12 = 5.83 +0.16, shFKBP12 = 6.94 £ 0.18; mean £ SEM nm/s;
Mann-Whitney test; *p<0.05, **p<0.01, ****p<0.0001; n=100 axons in 4 independent experiments).
Scale bar 100 um.

4.2.9 FKBP12 affects neuronal migration

Showing that FKBP12 affects CRMP2A and its function in vitro, in a cellular model, and
in neurons, we were interested if some effect can be observed also in vivo during brain
development. As it was shown that CRMP2 is not affecting only axonal growth and guidance
but also other processes important in brain development such as neuronal migration, we
decided to test the effect of FKBP12 in this process. It was shown that CRMP2 knockdown
decreases neuronal migration (Ip et al., 2014; Ip et al., 2012) even though we did not see the
same using CRMP2 knockout mice (Ziak et al., 2020). We used in utero electroporation
technique to modify the amount of FKBP12 specifically in a population of cells in the
developing cortex of murine embryos (Figure 23A). We then fixed and cut the brains (at E18),
and analyzed the portion of cells in the upper third of the cortical plate (Figure 23B). The results
show that the knockdown of FKBP12 decreased neuronal migration (p=0.0315; Figure 23B,
C) which is the same effect as observed before for CRMP2 knockdown (Ip et al., 2014; Ip et
al., 2012). This is not in accord with our data as we would expect lower CRMP2A inhibition
in the conditions of FKBP12 knockdown and thus increased or at least not changed neuronal
migration. However as it was shown that CRMP2A and CRMP2B can have different functions
(Yuasa-Kawada et al., 2003), we cannot exclude that CRMP2A can play a different role in the
neuronal migration. As we got results similar to the knockdown of CRMP2, we tested if
overexpression of CRMP2A can rescue the observed effect. The overexpression of CRMP2A
combined with FKBP12 knockdown was not significantly different than FKBP12 knockdown

alone (p=0.3975; Figure 23B, C), even though we saw an increasing trend.
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Together, the results show that FKBP12 is affecting neuronal development also in vivo.
Knockdown of FKBP12 decreases neuronal migration. However, the role of FKBP12-
CRMP2A interaction in the observed effect is so far not clear and will need to be further
characterized. FKBP12 substrates, other than CRMP2A, could mediate or at least contribute to
the observed effect.
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Figure 23: FKBPI?2 affects neuronal migration.

A) Representative picture of coronal section of electroporated brain with GFP-positive
(electroporated) cells in green. Dashed rectangle marks the analyzed regions shown for each group in
B). B) Representative pictures of electroporated brains (E18). Cortical plate (bordered by red lines)
was divided into 3 parts (separated by red dashed lines) and the proportion of cells in the upper third
(marked by white arrows) was analyzed. C) Quantification of the proportion of cells in the upper third
of the cortical plate in electroporated embryos (Ctrl = 0.182 + 0.026, shFKBP12 = 0.088 + 0.019,
ShFKBP12+CRMP2A4 = 0.116 + 0.024,; mean = SEM; *p<0.05, Welch’s t-test; n=4, 4, 5 embryos
respectively from 3 litters). Scale bar: 100 um.
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4.3 The role of tau phosphorylation in formation of tau envelopes and

protection of microtubules

4.3.1 Phosphorylation of tau affects the formation of tau envelopes

As we have shown the dual regulation of CRMP2A protein by two different prolyl
isomerases, we were interested if similar regulation is used also for other microtubule-
associated proteins. We focused on the tau protein as it is also an axonal microtubule-associated
protein and has important implications in the development of Alzheimer's disease. The
regulation of tau by phosphorylation and by prolyl isomerase PIN1 has been investigated in
multiple publications. While the majority of them has been studying formation of pathological
tau aggregates, much less is known about the regulation of tau in its physiological functions.
Recently, it was shown that tau can form protective envelopes on microtubules (Siahaan et al.,
2019; Tan et al., 2019), but their regulation is so far ill understood. We decided to characterize
the effect of tau phosphorylation (specifically by CdkS5 kinase) on tau envelope formation and
stability.

Tau can be bound on the microtubule either by diffusive binding (with high turnover) or by
cooperative binding (lower turnover, tau making the envelopes; Siahaan et al., 2019). We tested
the dynamics of tau binding to microtubules using FRAP in IMCD3 cells either carrying GFP-
tagged full-length tau (Ctrl) or truncated tau (tau-AN) which was shown to be unable to form
tau envelopes. To see the effect of phosphorylation, we co-expressed tau with Cdk5 and its
activator p25 (tau-CdkS5; Figure 24A). The GFP signal was photo-bleached under a microscope
in the small region of the cells and the recovery of the signal was analyzed on the microtubule
in the bleached region (Figure 24A, B). To characterize the dynamics of tau binding to
microtubules, we calculated the time constant of the fluorescence recovery (Figure 24C) and
the proportion of the immobile fraction (Figure 24D). The FRAP time constant was
significantly lower for truncated tau (p<0.0001) which is not able of cooperative binding and
thus is bound difusively. Interestingly, phosphorylated tau show also lowered time constant
(p=0.0004) even though slightly higher than truncated tau-AN (p=0.0296), suggesting that
phosphorylated tau is bound less cooperatively than control tau, but more cooperatively than
tau-AN (Figure 24C). The immobile fraction of control tau was around 20% and was almost
completely lost in the tau-AN (p=0.0002). The immobile fraction of phosphorylated tau was
around 8%, which means between the control (p=0.0117) and the truncated one (p=0.1808;
Figure 24C).
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Together these data show phosphorylated tau as a state in between cooperative wild-type

tau and non-cooperative truncated tau and it supports the data obtained by our colleagues in

vitro (Siahaan et al., 2024).
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Figure 24: Phosphorylation of tau affects the formation of tau envelopes.

tau-aN
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A) Representative pictures of IMCD3 cells before FRAP (left), right after the FRAP (0 s), 2.5, 5 and
20 seconds after the FRAP (2.5 s, 5 s and 20 s respectively). The cells express GFP-tagged tau (Ctrl),
truncated tau (tau-AN) or tau in combination with Cdk5 and its activator p25 (tau-Cdk5). Bleached
area is marked by dashed red circle. Scale bar = 10 um. B) Relative normalized intensity of GFP signal
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on the microtubule in the bleached region in time. C) Quantification of the fluorescence recovery time
constant (Ctrl = 6.05 + 0.64, tau-AN = 1.69 £ 0.23, tau-Cdk5 = 2.83 + 0.43; mean + SEM (s); *p<0.05,
*EXD<0.001, ****p<0.0001; Welch’s t-test; n=15, 15, 14 cells in 3 independent experiments). D)
Quantification of the percentage of immobile fraction (Ctrl = 22.49 + 3.55, tau-AN = 1.14 + 3.40, tau-
Cdk5 = 8.23 + 3.88; mean £ SEM (%), *p<0.05, ***p<0.001; Welch’s t-test; n=135, 15, 14 cells in 3
independent experiments).

1 prepared the cells for FRAP experiments and analyzed the data. The capturing was done by Valerie
Siahaan.

4.3.2 Phosphorylation of tau affects the stability of tau envelopes

Unlike in vitro, where the envelopes are readily visible, tau signal in cells usually covers the
microtubules homogenously. It was shown before that it is possible to visualize the envelopes
in cells using the taxol treatment. Taxol binds to the microtubules and extends the lattice which
leads to tau unbinding. During this process the envelopes are observable (Siahaan et al., 2022).
We aimed to visualize the envelopes in cells also with a different technique to support the taxol
treatment-obtained data. To do this, we tested elevated pH treatment as it was shown before,
that tau binding is affected by intracellular pH (Charafeddine et al., 2019). Indeed, although
the tau signal in IMCD3 cells transfected with GFP-tau is homogenously covering the
microtubules, after elevated pH treatment, tau binding is quickly destabilized forming patches
of high tau signal interspersed with gaps of tau signal on the microtubules which are slowly
growing and covering again the whole microtubule 9 minutes after the treatment (Figure 25A).
During this process, the microtubules stayed intact showing no patches or gaps demonstrating

that the mild pH increase primarily affects microtubule-bound tau (Figure 25A).

With this tool, we tested the differences between control wild-type tau, the truncated tau
(non-forming envelopes; tau-AN), and tau with higher phosphorylation (tau-Cdk5). First, we
analyzed the binding of these tau molecules on microtubules before the treatment. In all
experimental groups, tau was bound on the microtubule, even though the density on the
microtubules was significantly lower for tau-AN (p<0.0001; Figure 25B). The density of tau-
Cdk5 was also significantly lower compared to controls (p=0.0307), but significantly higher
than tau-AN (p=0.0011; Figure 25B). To ensure that the observed effect is not the consequence
of different transfection efficiencies, we analyzed mean intensity of tau in the cell. Even tough
the level of tau was significantly higher in the tau-AN, the level of tau was comparable in all
groups and it can not explain the differences in tau density on the microtubules (p between
control and tau-AN = 0.1522; p between control and tau-Cdk5 = 0.1954, p between tau-AN and
tau-Cdk5 = 0.0161; Figure 25C). The lowered density of tau on the microtubules can be
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explained by the lower affinity of tau to microtubules which was published for phosphorylated
tau (Cho and Johnson, 2003; Schneider et al., 1999). Alternatively, the lower density of tau on
the microtubules can be a consequence of the lower cooperativity described for the truncated

tau (Siahaan et al., 2019; Tan et al., 2019).

As expected, after the pH treatment of cells with truncated tau, the tau signal was removed
completely and returned in time with no tau patches visible during the process (Figure 25A).
The presence of the patches can be quantified as a coefficient of variation along the
microtubule, a parameter reflecting the homogeneity/heterogeneity of the signal. While in
controls, there is an increase in the coefficient of variation of tau signal along the microtubule
after the treatment (p=0.0102; p=0.0096; while the coefficient of variation of tubulin signal is
comparable during the whole process with the means ranging from 7.95 to 9.83; significance
not analyzed), no visible changes of coefficient of variation are observed in tau-AN (Figure
25D, E). In cells with higher activity of CdkS5 kinase, the signal is usually completely removed
after the pH treatment and then recovers exhibiting the high-density patches of tau (Figure
25A) which is observed as an increase of coefficient of variation not right after the pH treatment

but 9 minutes after (p=0.0247; Figure 25D).

To support that the patches observed in control cells and in cells with phosphorylated tau
correspond to tau envelopes, we analyzed the density in patches observed in control and tau-
CdkS5 groups and on the microtubule in tau-AN group where no visible patches were observed.
The results show that the relative density of tau in the patches in both controls and
phosphorylated tau stays constant during the recorded period, while the density of tau in tau-
AN group is gradually increasing (Figure 25F). From this data and from the data obtained in
vitro (Siahaan et al., 2024), we conclude that phosphorylated tau is, in contrast to truncated

tau-AN, able to form tau envelopes.

The almost complete removal of tau signal after pH treatment in tau-CdkS5 cells and delayed
recovery of the tau signal suggest lower stability of tau envelopes after phosphorylation (Figure
25A, D). To test if the observed recovery delay is only a consequence of larger decline right
after the pH treatment or if the regrowth rate itself is also affected, we analyzed the intensity
of the tau signal on the microtubules in time and show that the reappearance of tau signal on
the microtubule is slower with phosphorylated tau (exponential time constant in controls is 1.3

minutes and in tau-Cdk5 cells 2.5 minutes; Figure 25G).
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Together, this data and the data obtained in vitro (Siahaan et al., 2024) show that
phosphorylated tau can form tau envelopes but these envelopes are less stable and less readily

formed than those from unphosphorylated tau.
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Figure 25: Phosphorylation of tau affects the stability of tau envelopes.
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A) Representative images of IMCD3 cells expressing GFP-tau (denoted as tau), truncated tau
(denoted as tau-AN) or tau in the conditions of high Cdk5 activity (tau-Cdk5) before the elevated pH
treatment (denoted as before, left panels), right after the pH treatment (denoted as 0 min, middle
panels), and 9 minutes after the pH treatment (denoted as 9 min, right panels). For each cell, tau and
tubulin signal are shown (upper and lower panels respectively). Scale bar = 5 um. B) Quantification
of tau density on the microtubules (MT; tau = 1.69 £ 0.06, tau-AN = 1.30 = 0.02, tau-Cdk5 = 1.53 £
0.06; mean = SEM; ****p<0.0001, **p<0.01, *p<0.05; Mann-Whitney test; n=25 cells for each group
in 4 independent experiments). C) Quantification of mean intensity of GFP signal in the cells (tau =
232.5£20.2, tau-AN = 319.5 £ 41.6, tau-Cdk5 = 227.5 £ 29.5; mean + SEM; *p<0.05; Mann-Whitney
test; n=25 cells for each group in 4 independent experiments). D) Quantification of the coefficient of
variation (CoV) of tau signal along the microtubules (MT). **p<0.01, *p<0.05; Mann-Whitney test;
n=25 cells for each group in 4 independent experiments. E) Quantification of the coefficient of variation
of tubulin signal along the microtubules (MT; not statistically analyzed). F) Normalized tau density in
tau patches in control and tau-Cdk5 cells and normalized tau density along the microtubule in tau-AN
cells where no patches are visible. The densities are analyzed at five time points after the pH-treatment
and normalized to the density of tau on the microtubules before the treatment. G) Quantification of tau
density on microtubules (MT) through the whole cell (the mean tau intensity subtracted by the mean
intensity of the cytoplasm region without microtubules) normalized to the tau density before the pH
treatment.

1 prepared the cells and captured them in the Imaging Methods Core Facility at BIOCEV. I analyzed
the data and consulted the analyses with Valerie Siahaan and other authors of the paper. The
exponential time constants were calculated by Valerie Siahaan.

4.3.3 Phosphorylation of tau decreases the protective function of tau envelopes

It was shown that tau envelopes differently modify access of other microtubule-associated
proteins to microtubules regulating their function (Siahaan et al., 2019; Tan et al., 2019). An
example of such a protein is microtubule-severing enzyme katanin. It was shown that tau
envelopes, but not diffusively bound tau protect microtubules from katanin severing (Siahaan
et al., 2019). As we show that phosphorylated tau forms tau envelopes but those envelopes are
less stable, we asked if there is also a functional effect of phosphorylation on protectivity of
tau envelopes. To answer this question, we tested how tau envelopes in the control conditions
and in the conditions of higher Cdk5 activity protect microtubules against katanin digestion in

IMCD3 cells (Figure 26A).

As expected, and as shown before, tau expression protected microtubules from katanin
severing (p<0.0001; Figure 26A, B). Interestingly, tau in conditions of high CdkS5 activity was
not able to protect microtubules anymore (p<0.0001) and the microtubules were severed
similarly as without tau (p=0.5169; Figure 26A, B). To show that the observed effect is not
because of other cellular targets of Cdk5, we tested the severing in the conditions of high Cdk5
activity without tau. CdkS5 expression itself leads to slightly increased digestion (p=0.0466) but
this small change can not explain the effect observed with phosphorylated tau (Figure 26A, B).
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As the cells were transfected and thus the amount of katanin is different in each cell, we also
correlated the relative katanin density with the density of microtubules and observed a negative
correlation in all groups. The correlation of cells expressing tau was less strong than in cells
with katanin only (p=0.03) as well as than cell expressing tau in combination with Cdk5

(p=0.002; Figure 26C).

Together, the data show that tau protects microtubules from katanin severing and
phosphorylation by CdkS5 abolishes this effect. The data are in accordance with in vitro data
obtained by our collaborators (Siahaan et al., 2024).
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Figure 26: Phosphorylation of tau decreases the protective function of tau envelopes.

A) Representative images of IMCD3 cells transfected with GFP-katanin (left panels) and mCherry-
tau (right panels). The cells were fixed and immunostained with anti-tubulin antibodies to visualize
microtubules (middle panels). The diffusive signal of tau is a consequence of fixation process as
described before (Ebneth et al., 1998). Cells were transfected with katanin (Ctrl), katanin and tau
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(+tau), katanin, tau and Cdk5 with its activator p25 (+ tau Cdk5), or with katanin and Cdk5 with its
activator p25 (+ Cdk5). Scale bar = 5 um. B) Relative tubulin density calculated as intensity of either
cells without katanin (No katanin) or transfected cells normalized to surrounding nontransfected cells
(No katanin = 1.01 £ 0.02, Ctrl = 0.61 £0.03, + tau = 0.95 £ 0.04, + tau Cdk5 = 0.58 £ 0.03, + Cdk5
=0.51+0.03, Mean + SEM; *p<0.05, ****p<0.0001 Mann-Whitney test; n=60, 64, 68, 71, 60 cells in
3 independent experiments). C) Correlation between relative tubulin density and relative katanin
density. Correlation coefficients are as follows: Ctrl =-0.4855, + tau =-0.2474, + tau Cdk5 =-0.5691,
+ Cdk5 =-0.5411; n=120, 112, 120, 122 XY pairs.

I performed the experiments and analyzed the data. Valerie Siahaan analyzed the differences
between correlations.
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5 Discussion

5.1 CRMP2 isoforms possess different spatiotemporal distribution and distinct

roles in the regulation of peripheral nerve growth

Microtubule-associated protein CRMP2 regulates neural development by influencing
microtubule polymerization and axon growth and guidance (Fukata et al., 2002; Uchida et al.,
2005). CRMP2 exists in two isoforms produced by alternative splicing. While one study claims
that, in contrast to humans, pigs or chickens, only one CRMP2 isoform is present in rodents
(Moutal et al., 2019), several studies show two CRMP2 isoforms to exist in mouse brain
(Balastik et al., 2015; Bretin et al., 2005; Ziak et al., 2020) or in rats (Quinn et al., 2003;
Rogemond et al., 2008). Here we show the presence of the two CRMP2 isoforms in the murine
brain or in primary neurons using both general CRMP2 antibodies, as well as by using two
different antibodies recognizing specifically CRMP2A or CRMP2A phosphorylated on Ser27,
antibodies raised specifically against N-terminal exon unique only for CRMP2A. We also use
a sequence derived from the murine genome (NCBI Reference Sequence: NP_001365696.1)
and use it for the production of functional protein corresponding to CRMP2A. Moreover, our
laboratory developed an isoform-specific knockout mice line lacking specifically CRMP2A

isoform (Ziak et al., in preparation).

Despite the fact that the two CRMP2 isoforms were described more than twenty years ago
(Quinn et al., 2003; Yuasa-Kawada et al., 2003), their distinct roles are not well understood
and the majority of experimental studies about CRMP2 are not recognizing between the
isoforms or are describing only CRMP2B. The importance of studying the individual isoforms
1s emphasized mainly by the results showing that the two isoforms are not substituting each
other but rather show opposite effects in some aspects and are able to compensate for the effect
of each other (Yuasa-Kawada et al., 2003). Recently, it was shown that CRMP2B knockout
neurons have unaffected amount of CRMP2A isoform (Feuer et al., 2023), and we show that
specific CRMP2A knockout mice have not changed levels of CRMP2B, suggesting that the
isoforms are not regulating each other and consenting that they are not substituting each other.
Considering this phenomenon, the spatiotemporal distribution of individual isoforms and their

ratio could be an important determining factor of the localized function of CRMP2.

The spatial distribution of CRMP2 isoforms in neurons was described several times,

showing that while CRMP2B is localized throughout the whole neuron, CRMP2A localization
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is more restricted to the somatic and axonal region (Balastik et al., 2015; Bretin et al., 2005;
Yuasa-Kawada et al., 2003). We show here that the specific regulation is also temporal, leading
to different ratios of the two isoforms during the lifetime. We studied the ratio of the two
isoforms from the embryonic until the aging stage showing that the CRMP2A proportion
significantly decreases not only after the early development but progressively during the whole
life. Several studies show the levels of CRMP2 isoforms in detail during embryonic and early
postnatal development and compare it to the levels in the adult brain showing usually that both
isoforms are expressed mainly developmentally with CRMP2B remaining until the adult stage
while CRMP2A level is diminished faster (Quinn et al., 2003; Rogemond et al., 2008; Yuasa-
Kawada et al., 2003). Altogether, the results show that CRMP2A isoform is more

developmentally restricted.

We have also studied the portion of CRMP2A phosphorylated on its unique phosphorylation
site showing that phosphorylation of CRMP2A is also decreasing with age and the
phosphorylated CRMP2A seems to be even more specific only for the stage of brain
development. As it was shown that this phosphorylation drives CRMP2A to degradation
(Balastik et al., 2015), it is possible that the degradation mechanism could affect the temporal
profile of CRMP2A isoform levels. It was shown that proteasome activity decreases during
aging while immunoproteasome activity increases (reviewed in Davidson and Pickering,
2023). However, if the phosphorylation of CRMP2A and its degradation drives the distinct

profiles of CRMP2 isoform levels would need further research.

It was suggested that CRMP2 binds to tubulin heterodimer in its monomeric form, but is
also able to bind to and stabilize microtubules in its tetrameric form (Niwa et al., 2017). We
tested the differences between the isoforms in terms of tetramerization and did not find
significant difference in an in vitro assay. This is in accordance with the data showing that
CRMP2B promotes microtubule growth (Niwa et al., 2017; Zheng et al., 2018), and with our
results indicating that the longer isoform, CRMP2A, has also a promoting effect on microtubule
growth in vitro and in cells. Further analysis will need to be done to uncover the molecular

basis of the functional differences between the two isoforms.

As one of the main described roles of CRMP2 is mediating Sema3A signaling (Goshima et
al., 1995), we studied the growth of peripheral nerves in mice lacking both or only the longer
CRMP2 isoform. Our data show an overgrowth of the ophthalmic branch of the trigeminal
nerve in total CRMP2 knockout mice resembling the effect of Sema3A-receptor knockout

(Kitsukawa et al., 1997), while no significant difference was observed in CRMP2A-specific
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knockout mice. These results suggest a specific role of CRMP2B isoform in Sema3A signaling

and/or in the regulation of the peripheral axons growth.

The specific role of CRMP2 isoforms in axon growth is so far controversial. CRMP2B has
been shown to enhance axon outgrowth in DRG (Niwa et al., 2017) and in hippocampal
neurons (Tan et al., 2015). However, another study showed that overexpression of CRMP2B
in neurons promotes axon branching, but suppresses axon growth, while the CRMP2A isoform
has by itself no effect on axon branching or elongation and it is rather opposing the effect of
CRMP2B (Yuasa-Kawada et al., 2003). Yet another study showed no effect of CRMP2 on
axonal growth in motoneurons and hippocampal neurons (Duplan et al., 2010). The spinal cord
axons from WT and CRMP2 KO mice used in this study grow similarly in the culture (Ziak et
al., 2020).

Moreover, it was shown that CRMPs can have different effects in the central and peripheral
nervous system and in different types of neurons, e.g. CRMP4 seems to be particularly
important in peripheral nervous system and peripheral nerve regeneration (Duplan et al., 2010;
Girouard et al., 2020). Furthermore, it was shown that different members of the CRMP family
can rescue the absence of another one. Especially, it was shown that CRMP2 and CRMP4 can
substitute each other in promoting axon growth (Tan et al., 2015), and CRMP4 level is
considerably increased in CRMP2 knockout mice (Ziak et al., 2020). The observed overgrowth
of peripheral nerves in CRMP2 knockout mice is thus likely the result of a combined effect of
impacted transmission of Sema3A signaling and/or CRMP4 upregulation rather than the direct

effect of CRMP2 absence on axon growth.

Still, the observed effect of full-CRMP2 knockout on peripheral nerve growth is lower than
the effect of Sema3A-receptor knockout (Kitsukawa et al., 1997) which leads us to speculate
that even in this function, the compensatory effect of other members of CRMP family could
play a role. However, we show that the addition of Sema3A to spinal cord axons in culture
significantly decreases the growth of WT neurons but has no effect on CRMP2 KO ones (Ziak
et al., 2020).

In summary, we show that CRMP2 isoforms have a different spatiotemporal distribution
and distinct importance in particular developmental processes. However, the understanding of

the special functions of the two CRMP2 isoforms would need further research.
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5.2 Prolyl isomerases PIN1 and FKBP12 regulate CRMP2A isoform depending on
its phosphorylation by Cdk5

CRMP2 function has been shown to be regulated by posttranslational modifications, the best
studied of which is phosphorylation. Phosphorylation of CRMP2 is generally considered an
inhibitor of CRMP2’s microtubule-growth-promoting function (Crews et al., 2011; Uchida et
al., 2005; Yoshimura et al., 2005) with the main kinases being Cdk5 and GSK3beta and the
major phosphatase PP2A (Zhu et al., 2010).

Moreover, the activity of CRMP2 can be regulated by conformational changes promoted by
prolyl isomerases. Prolyl isomerases are considered to be not only proteins involved in protein
folding but also in the regulation of protein function (reviewed in Schmidpeter and Schmid,
2015). The most studied prolyl isomerase for its regulatory function which governs the fate of
many phosphoproteins is PIN1 (reviewed in Chen and Igumenova, 2023; Liou et al., 2011).
Our group has shown that prolyl isomerase PIN1 binds and regulates protein CRMP2 after its
phosphorylation by Cdk5 and it counteracts the inhibitory effect of phosphorylation.
Surprisingly, it regulates specifically CRMP2A isoform (Balastik et al., 2015).

The binding of PIN1 to CRMP2A is dependent on Cdk5-phosphorylation specifically on
two Serines, one of them on the C-terminus and the second (Ser27, specific for CRMP2A
isoform) on the N-terminus. PIN1 protects phosphorylated CRMP2A against degradation
(Balastik et al., 2015) which was shown also for other PIN1 substrates (reviewed in Liou et al.,
2011). PINT could also allow protein dephosphorylation as it was described for example for
tau protein (Zhou et al., 2000). It was shown that the dephosphorylation of the CdkS5-
phosphorylation site on the C-terminus of CRMP2 is rather resistant to dephosphorylation
similarly to some phosphorylation sites in tau protein (Cole et al., 2008), so PIN1 could
counteract the inhibitory effect of phosphorylation also by allowing CRMP2A
dephosphorylation. Nevertheless, PIN1 was not able to accelerate CRMP2 dephosphorylation
on the C-terminus (Cole et al., 2008) which was, however, tested only with CRMP2B isoform,
which is in our assays not bound by PIN1. Moreover, we have shown that phosphorylation of
Ser27 by CdkS5 is the one resulting in proteasomal degradation of CRMP2A as mutation of this
site stabilized CRMP2A protein similarly to the presence of PIN1 (Balastik et al., 2015). Our
results show that knockdown of PIN1 leads to decreased CRMP2A amount in primary neurons
and that the portion of Ser27-phosphorylated CRMP2A is decreased too, which could be the
result of high degradation of phosphorylated CRMP2A in PIN1 deficient state.
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As we show that CRMP2A and specifically CRMP2A phosphorylated on N-terminus is
developmentally restricted and its amount decreases in murine brains during life, we
hypothesized that it could be the effect of specific temporal stabilization of CRMP2A by PINT1.
We and others (Nakamura et al., 2012b) show that PIN1 amount indeed decreases during life.
However, we did not see any striking difference in CRMP2A or CRMP2A pS27 levels in
comparison between WT and PINI KO mice suggesting another regulatory mechanism
keeping the required amount of CRMP2A or a compensatory mechanism, i.e. that another
prolyl isomerases could at least partially compensate for PIN1 deficiency. The compensatory
mechanism in PIN1 knockout mice was suggested for at least some PIN1 functions (Liou et
al., 2002). Nevertheless, no obvious changes in activity or expression of other prolyl isomerases

were detected in PIN1 KO mice (Fanghinel et al., 2006).

We now show that another prolyl isomerase, FKBP12, binds to CRMP2A isoform.
Interestingly, the binding of FKBP12 is regulated by the same Cdk5-phosphorylation of
CRMP2A as the interaction with PIN1, but in the opposite way. Especially Ser27 seems to be
critical regulatory site for both FKBP12 and PIN1 suggesting that phosphorylation of this site
can switch between regulations with those two prolyl isomerases. FKBP12 shows lower
specificity to the amino acid preceding proline in the binding site than PIN1. PIN1 binding is
restricted to pSer/pThr-Pro motifs while the binding motif for FKBP12 is usually described as
general Xaa-Pro, even though it was described that Leu-Pro is the best target (Jakob et al.,
2009) and is used for example in inositol-1,4,5-triphosphate receptor (Cameron et al., 1997). It
was shown that motif Ser-Pro is almost 10x less bound by FKBP12 than Leu-Pro but still 50x
better than Asp-Pro or Glu-Pro which were shown as the worst substrates (Jakob et al., 2009).
Interestingly, FKBP12 binding can be even proline-independent suggesting that the isomerized
motif and the binding site do not have to be identical (Ahearn et al., 2011). Recently, it was
shown that FKBP12 is able to bind to three different binding sites on tau, from which only the
weakest one includes proline (Jiang et al., 2023). Moreover, inhibition of FKBP12 binding by
phosphorylation of the substrate was recently shown for tau. The two major FKBP12-binding
sites on tau contain tyrosine and the phosphorylation of these sites abolishes the binding of
FKBP12 (Jiang et al., 2023). Nevertheless, to our knowledge, a phosphorylation at a specific
site affecting the binding of two different prolyl isomerases in the opposite way has not been

described yet.

Interestingly, we show not only that phosphorylation of CRMP2A affects the binding of
FKBP12, but also that FKBP12 regulatess CRMP2A phosphorylation. We show that
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knockdown of FKBP12 decreases the Ser27 phosphorylation level in primary neurons without
affecting the total amount of CRMP2A. It was shown several times that FKBP12 can affect the
phosphorylation of its substrates - for instance FKBP12 affects some signaling pathways by
interacting with Ca®*-dependent phosphatase Calcineurin, bringing the phosphatase to the
target and allowing its dephosphorylation (Cameron et al., 1997; Shin et al., 2002). FKBP12
binding was also shown to prevent phosphorylation of TGF-beta and EGF receptors (Chen et
al., 1997; Lopez-llasaca et al., 1998). Our results demonstrate, however, the opposite trend -
downregulation of FKBP12 leading to lower phosphorylation. We suggest that FKBP12 could
bind to non-phosphorylated CRMP2A and allows its phosphorylation, which could be
accomplished by providing the conformational change and subsequent accessibility for
conformation-specific protein kinases (reviewed in Wulf et al., 2005). With this mechanism,
FKBP12 could regulate the degradation of CRMP2A, as it has been shown before that
phosphorylation of Ser27 promotes the degradation of CRMP2A (Balastik et al., 2015).
However, we did not observe a significant effect of FKBP12 on the total amount of CRMP2A
protein. Also, in our following in vitro assays, we can see the effect of FKBP12 on CRMP2A
using purified proteins, suggesting that the effect of FKBP12 on CRMP2A function is rather
direct, and the effect on CRMP2A phosphorylation present another regulatory pathway.

Together, our data show conformational changes catalyzed by prolyl isomerases as a new
level of regulation of CRMP2A activity above its phosphorylation. We show that one protein
can be conformationally regulated in its both phosphorylated and nonphosphorylated states
suggesting that prolyl isomerases can specifically regulate function and maintain the level of

their substrates both spatially and temporally.

5.3 Prolyl isomerase FKBP12 regulates microtubule dynamics and axon growth

We show that in contrast to PIN1, which stabilizes CRMP2A and promotes axonal growth
(Balastik et al., 2015), FKBP12 inhibits the activity of CRMP2A, which results in decreased

microtubule polymerization in vitro and in vivo and in reduced axon growth.

It was shown before that two different members of the FKBP family — FKBP52 and FKBP25
— regulate microtubule polymerization directly by binding to tubulin (Dilworth et al., 2018;
Chambraud et al., 2007). However, FKBP12 does not bind and regulate tubulin directly
(Chambraud et al., 2007). Now we show that FKBP12 regulates microtubule dynamics

indirectly by controlling the activity of CRMP2A. Prolyl isomerases regulates micortubules in
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neurons also by microtubule-associated protein tau, which is regulated by prolyl isomerases
FKBP12, FKBP51, FKBP52, and PIN1 (Chambraud et al., 2010; Ikura and Ito, 2013; Jiang et
al., 2023; Jinwal et al., 2010).

Previously, phosphorylation of CRMP2 was suggested as a mechanism inhibiting CRMP2
function (Uchida et al., 2005). Here we show that FKBP12 binds to CRMP2A which is not
phosphorylated (specifically on Ser27) and inhibits its function. Moreover, we observed that
the mutated form (S27A) of CRMP2A which cannot be phosphorylated on Ser27 is not able to
promote the microtubule growth in cells. We suggest that this effect can be the consequence of
higher inhibition by prolyl isomerase FKBP12 because of the higher affinity of FKBP12 to this
mutated CRMP2A. This is in agreement with the fact that knockdown of FKBP12 in
combination with this mutated CRMP2A mimicked the WT CRMP2A and overexpression of
FKBP12 in combination with WT CRMP2A mimicked the mutated one.

It was shown that CRMP2B is able to increase microtubule growth in DRG (Xia et al.,
2013). We now show that CRMP2A isoform is also increasing microtubule growth in DRG. In
our assay we observed slightly higher velocity values even in control conditions compared to
published data (Eira et al., 2021; Xia et al., 2013). This discrepancy could be a consequence of
different stage of isolated DRG, different cultivation conditions or by the use of different EB3-
expression constructs, as it was shown that expression of EB3 increases by itself the growth
velocity (Roth et al., 2018). Interestingly, FKBP12 silencing is also increasing microtubule
growth in DRG, even though the differences are small. This may be due to measurements in
axon shafts in our assays, as it was shown that the effects on microtubule growth differ
depending on the analyzed area of axon (Eira et al., 2021). However, the increase in
microtubule growth observed with CRMP2A expression as well as silencing of FKBP12 is in

agreement with our other results and with the inhibitory effect of FKBP12 on CRMP2A.

Even though FKBPI12 is studied mainly in connection to immunoregulation and cardiac
research, there are many studies describing its importance in neurons and in the brain. We now
show that FKBP12 overexpression decreases while FKBP12 knockdown increases axon
growth and suggest that the effect is through binding of FKBP12 to CRMP2A. This is in
agreement with the results showing that inhibitor of FKBP12 (FK506) promotes neurite
outgrowth (Lyons et al., 1994), and this inhibitor, as well as other FKBP12-inhibitor without
immunosuppressive function, accelerates nerve regeneration (Gold et al., 1995; Gold et al.,
1997; Khan et al., 2002). However, the mechanism of this phenomenon is not well understood
and similar effect was described also for FK506 derivatives that do not bind FKBP12 (Gold et
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al., 2005). Since CRMP2 (Suzuki et al., 2003) and microtubule stabilization itself (Hellal et al.,
2011) were also shown to increase neurite outgrowth and nerve regeneration, we suggest that

FKBP12 could regulate axon growth through its regulation of CRMP2A function.

It was shown that removing FKBP12 specifically in the brain leads to enhanced late-phase
LTP (L-LTP) and perseveration in several assays of memory (Hoeffer et al., 2008), while brain-
specific CRMP2 knockout mice show reduced LTP and impaired learning and memory (Zhang
et al., 2016; Ziak et al., 2020). Together, these results are in agreement with FKBP12-mediated
inhibition of CRMP2A. Also, both those proteins were connected to behavioral phenotypes
that have been observed in several cognitive disorders, including autism spectrum disorder
(ASD), obsessive-compulsive disorder (OCD), and schizophrenia (Hoeffer et al., 2008; Zhang
et al., 2016; Ziak et al., 2020).

We also show the effect of FKBP12 downregulation on neuronal migration during
embryonic development. The role of CRMP2 in neuronal migration is so far not clear, as in our
total CRMP2 knockouts, we did not observe any significant effect of CRMP2 absence on
neuronal migration (Ziak et al., 2020), while CRMP?2 silencing was shown to perturb neuronal
migration (Ip et al., 2012). However, neither of these outcomes is in agreement with our results
showing decreased neuronal migration in FKBP12 knockdown cortices and the observed
inhibitory effect of FKBP12 on CRMP2A. As we show that FKBP12 regulates specifically
CRMP2A isoform and that the two CRMP2 isoforms could have different effects, we could
still speculate about a specific role of the isoforms in neuronal migration. However, our
FKBP12 knockdown phenotype was neither compensated nor amplified by the expression of
CRMP2A protein. Thus, we suggest that the observed effect of FKBP12 on neuronal migration
is mediated by another FKBP12 substrate than CRMP2A.

We show that specifically CRMP2A isoform is bound and regulated by prolyl isomerase
FKBP12. CRMP2A isoform is much less expressed but its relative amount is higher in axonal
growth cones (Balastik et al., 2015). From our data, it seems that the CRMP2A isoform is much
more tightly conformationally regulated than the more abundant isoform CRMP2B which
further demonstrates their different roles in the cell. We show that FKBP12 inhibits CRMP2A,
which leads to decreased microtubule dynamics and axon growth. The inhibitory effect of
FKBP12 would deserve further research as we are not showing the mechanism of CRMP2A
inhibition. It was recently suggested that FKBP12 could alter the conformation of proteins by
two different mechanisms either by the cis/trans isomerization or by chaperone activity and

that these two activities could have opposing effects as it was shown for tau protein (Jiang et
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al., 2023) or alpha-synuclein and another prolyl isomerase Cyclophilin A (Favretto et al.,
2020). This phenomenon was shown particularly in the regulation of protein aggregation which
could be interesting considering that CRMP2 and also FKBP12 were found in neurofibrillary
tangles, aggregates found in Alzheimer's disease brain (reviewed in Quach et al., 2020; Sugata

et al., 2009) and interestingly, FKBP12 can prevent tau from aggregation (Ikura and Ito, 2013).

Together, we show that FKBP12 is a novel regulator of microtubule dynamics and neural
development through its binding to CRMP2A and inhibiting its function. However, the role of
FKBP12 in brain development is probably more complex as FKBP12 has other substrates

which could play a role in these processes, e.g. tau.

5.4 Cdk5 phosphorylation affects tau envelope formation, stability, and

functionality

Phosphorylation of microtubule-associated proteins has a widespread effect on microtubule
function and stability. Recently, it was shown that microtubule-associated protein tau can bind
to microtubules cooperatively making protective tau envelopes and we tested the effect of CdkS5
phosphorylation on the formation and functionality of tau envelopes. It was shown before, that
tau in envelopes has lower turnover (Tan et al., 2019). Thus, we tested first the differences in
the turnover between control tau (making envelopes), delta-tau (not making envelopes), and
phosphorylated tau in cells. In control cells, we observed a recovery time constant of around 6
seconds and in delta-tau around 1.7 seconds (approximately 3.5x difference between control
and delta tau) which is much faster than what was described in vitro by FRAP (22.2 s in
envelopes and 10.4 s outside the envelopes; Tan et al., 2019) or by another method (20 s in
envelopes and 3 s outside the envelopes; Siahaan et al., 2019). However, the recovery time
observed in our experiment is comparable with the recovery observed in different cell models
(half-time recovery of 3 s in Vero cells and 3.8 s in neurons (Konzack et al., 2007) or 5.8 s in
human 356 fibroblasts (Samsonov et al., 2003)). The observed differences between cell types
could be caused by the different natural levels of phosphorylation in the different cell lines or
by a slightly different experimental approach. It was also shown that the recovery time as well
as the portion of immobile fraction differs in neurons even between different stages of
development as well as between the cellular compartments (Iwata et al., 2019). Importantly,

the recovery time of our CdkS-phosphorylated tau lies in between cooperative control tau and
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non-cooperative delta-tau suggesting that phosphorylated tau binds cooperatively but the

cooperativity is lower than in control tau.

Another parameter used to describe the behavior of tau envelopes is their
assembly/disassembly, which can be reached in cells using taxol (Siahaan et al., 2022). It was
shown before that pH affects the binding of tau to microtubules showing that elevated pH
increases the diffusion coefficient of tau and decreases the duration of the interactions (Hinrichs
et al., 2012). It was also shown that higher pH decreases the binding of tau to microtubules in
cells (Charafeddine et al., 2019). So, we decided to use increased pH as a model for challenging
tau binding which could show us the envelopes. With this method, we show that
phosphorylated tau more readily dissociates from microtubules than control tau, but
importantly, during the recovery, it still shows a patches-like pattern even though the regrowth
is slower than in control cells. Together, the data is in agreement with in vitro results showing
that a higher concentration of phosphorylated tau is needed to see comparable envelope
coverage as with control tau. Also, the disassembly of tau envelopes is much faster in the

presence of active Cdk5 (Siahaan et al., 2024).

Finally, as it was shown that tau envelopes can affect differently the binding of microtubule-
associated proteins thereby regulating their function (Siahaan et al., 2019; Tan et al., 2019),
our collaborators tested the effect of Cdk5 phosphorylation on kinesin and katanin accessibility
to microtubules in vitro (Siahaan et al., 2024) showing that kinesin is not able to walk through
the envelopes and that this effect is not affected by tau phosphorylation. On the other hand,
they show the difference between phosphorylated and non-phosphorylated tau in the case of
katanin accessibility showing that katanin is not able to digest inside the tau envelopes in
control conditions, but it is in the case of phosphorylated tau. Together, the data indicate that
tau phosphorylation does not make tau envelopes dysfunctional, but rather forms a regulatory
mechanism precluding kinesin transport, but allowing katanin severing. As katanin severing
was affected in vitro, we tested the functionality of tau envelopes in microtubule protection
against katanin digestion in cells. We show, similarly to others (Qiang et al., 2006), that tau
protects microtubules from katanin severing. Interestingly, phosphorylated tau was not able to
protect the microtubules. This effect was suggested before, hypothesizing that
hyperphosphorylated tau is detaching from microtubules leaving them unprotected and this
presumption was suggested as a possible mechanism for axonal branching (Qiang et al., 2006;

Sudo and Baas, 2011).

Even though it is generally accepted that phosphorylation detaches tau from microtubules,
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it depends on the phosphorylation level. It was shown that some phosphorylation is, on the
contrary, needed for binding of tau to microtubules. Some phosphorylations are found
exclusively in the microtubule-bound fraction (Cho and Johnson, 2003), and it was shown that
neither under-phosphorylated nor highly phosphorylated tau isoforms are associated with
microtubules, suggesting that phosphorylation can affect the binding positively as well as

negatively (Deancos et al., 1993).

There are over 80 possible phosphorylation sites in the human longest tau isoform (Kimura
et al., 2018) with more than 30 of them described as phosphorylated in paired-helical filaments
in AD brains (reviewed in Gong et al., 2006). It was shown that tau from AD brains does not
bind to tubulin (Alonso et al., 1994) and some specific phosphorylation sites that affect tau’s
affinity to microtubules were described, mainly Ser262 and Thr231 (Biernat et al., 1993;
Drewes et al., 1995; Cho and Johnson, 2004; Sengupta et al., 1998; Schneider et al., 1999). On
the other hand, it was also shown that phospho-epitopes specific to AD affect tubulin assembly
but not binding to microtubules (Amniai et al., 2009). In our experiments, we are using the
high activity of Cdk5 as a model of higher phosphorylation. Several phosphorylation sites were
described to be phosphorylated by Cdk5 with the 4 major phosphorylation sites (shown in the
majority of the studies) being Ser202, Thr205, Ser235, and Ser404 (Kimura et al., 2016;
Kimura et al., 2014). These phosphorylations are found in both control and AD brains (Martin
et al., 2013) and are also increased in bacterial tau treated with Cdk5/p35 used in our in vitro
assays (Siahaan et al., 2024). Phosphorylation of sites Ser202/Thr205/Ser235 was shown not
to affect binding to taxol-stabilized microtubules and it was demonstrated that CdkS5 epitopes
can cause functional defects of tau even though the binding of tau to microtubules is not
affected (Amniai et al., 2009; Barbier et al., 2019). On the other hand, it was also shown that
Ser235 inhibits binding to microtubules by 10% (Sengupta et al., 1998).

In our experiments using cell cultures, other phosphorylations can play a role as it was
shown that phosphorylation by one kinase can promote or inhibit phosphorylation of specific
sites by other kinases creating a large variety of phosphorylated tau species. Such an example
1s GSK3beta kinase which can phosphorylate tau after priming by Cdk5 kinase (Liu et al.,
2006). Also, we used p25 as an activator of CdkS5 kinase in our experiment in cells and while
some studies show that Cdk5/p25 phosphorylates tau similarly to Cdk5/p35 (Kimura et al.,
2016), other results show that Cdk5/p25 transfection leads to a different phosphorylation and
decreased tau binding to microtubules (Patrick et al., 1999). Interestingly, it was suggested that

p25 is not only a pathological product of p35 cleavage but plays also a physiological role in
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neurons showing that transient p25 activation regulates synaptic plasticity learning, memory,

and synaptogenesis (Angelo et al., 2006; Fischer et al., 2005; Seo et al., 2014).

In our experiments in cells, we see a lower density of tau on the microtubules which could
be the effect of lower affinity of tau to tubulin or lower tau-tau cooperative binding. /n vitro,
the envelopes from phosphorylated tau are less dense than envelopes from control tau (in the
concentration of tau making the similar coverage of microtubules by envelopes; Siahaan et al.,
2024). In general, it is difficult to separate tau affinity to tubulin from tau cooperative
interaction as they are both intrinsically intertwined. Thus, lower binding of tau to microtubules
can contribute to the observed effects in cells but together with the data shown in vitro, where
is possible to visualize the envelopes and see immediately the difference between the regions
where tau is bound non-cooperatively and the regions covered by tau envelopes (Siahaan et al.,
2024), we suggest that effects observed in cells is the effect of tau ability to form protective tau

envelopes.

Tau is phosphorylated by numerous kinases in healthy neurons, but deregulation of Cdk5
seems critical in the neuropathological process leading to neurodegeneration (Cruz and Tsai,
2004). The precise understanding of the function of phosphorylation is still not fully
understood. We are now showing that Cdk5 phosphorylation could affect the protectiveness of
tau envelopes which could be one part of the mechanism in physiological as well as

pathological regulation of tau.

As CdkS phosphorylation affects tau envelopes, it would be interesting to test if there is an
additional effect of PIN1 prolyl isomerase. Until now, it was shown that PIN1 binds to tau and
is able to restore the function of phosphorylated tau through affecting dephosphorylation of tau
by phosphatases (Kutter et al., 2016; Lu et al., 1999; Zhou et al., 2000). The interaction between
FKBP12 and tau and the role of FKBP12 in the pathology of tau aggregation was also described
(Ikura and Ito, 2013; Jiang et al., 2023; Zhuang et al., 2024). However, the effect of prolyl

isomerases on tau envelopes was not yet shown and will be a subject of further studies.
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6 Summary

Microtubule-associated proteins are important regulators of many cellular processes. Their
importance is emphasized in neurons, cells with long protrusions for whose formation and
function the cytoskeleton is essential. We focused here on collapsin response mediator proteins
and tau protein. Both of these microtubule-associated proteins can regulate the stability of
microtubules, both are the target of many posttranslational modifications, mainly
phosphorylation and both are related to Alzheimer's disease. Even though both of these proteins
have been analyzed in detail, their precise regulation and cooperation to build and maintain
complex neuronal network in physiological conditions as well as their deregulation
accompanying neurodegeneration is not fully understood. The main common player in the
regulation of tau and CRMP2 is phosphorylation provided by many different protein kinases,
from which Cdk5 kinase is one of the most studied. We show that Cdk5 phosphorylation
specifically controls yet another level of regulation of CRMP2, conformational changes
catalyzed by prolyl isomerases. Interestingly, this special regulation concerns only one isoform
of CRMP2 protein, suggesting distinct regulation and distinct roles of individual CRMP2
isoforms in neural development. Moreover, a specific Cdk5-dependent phosphorylation site
determines the accessibility for two different prolyl isomerases suggesting the importance of
this regulatory mechanism. We also show an effect of Cdk5 phosphorylation on protective tau
envelopes. As it was shown that tau could be bound by several prolyl isomerases, it would be
interesting to continue studying the effect of prolyl isomerases on tau envelopes and their
protective function. As prolyl isomerases PIN1 and FKBP12 as well as Cdk5 and both
mentioned microtubule-associated proteins are connected to neurodegenerative disorders such
as Alzheimer’s disease, the observed regulatory mechanism and its changes could be a part of

the pathogenesis of this disorder.

Together, we show regulatory mechanisms controlling microtubule stability in neuronal
cells specifically driven by kinase Cdk5 and prolyl isomerases applicable in neural

development as well as in neurodegeneration.
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