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Abstract

Microtubules and actin are two essential cytoskeletal networks in neurons, providing
structural support and serving as tracks for intracellular transport during neuronal
morphogenesis and maintenance. The crosstalk between actin filaments and microtubules is
important for various cellular processes such cell division, migration, vesicle and organelle
transport, and axonal outgrowth. Microtubules provide platforms for many non-enzymatic
microtubule-associated proteins (MAPs) and enzymatic motor proteins, which are responsible
for intracellular transport. One non-enzymatic MAP, MAP1B, has been shown to have important
functions in neural development due to its early expression in neurons. Previous studies have
shown that knockdown of MAP1B results in defects in axon elongation and dendrite formation
in neurons. Mutations in MAP1B are also associated with epilepsy. However, the molecular
mechanism of how MAP1B regulates microtubule-based activities is still unclear.

To understand the basic function of MAP1B, we investigated its role in regulating actin-
and microtubule-based activities. Our data revealed that both the Heavy Chain (HC) and Light
Chain (LC) of MAP1B strongly bind to microtubules, but LC displayed a more diffuse behavior due
to interactions with C-terminal tubulin tails. Both HC and LC also shield microtubules from
severing by Spastin, although HC's protection was relatively weaker, possibly because it remains
statically bound to microtubules rather than competing with Spastin for C-terminal tail of tubulins.
MAP1B was also found to be a general inhibitor of various motor proteins, including kinesin-3,
kinesin-4, and cytoplasmic dynein, by preventing access by these motors to the microtubule

lattice.



The effect of MAP1B on actin was also explored. While both MAP1B LC and non-
phosphorylated HC interact with actin filaments, HC's formation of an HC-LC complex hinders the
binding of LC to actin filaments, thereby negatively regulating this interaction. Additionally, the
phosphorylation of MAP1B HC 1-1500 by DYRK1A was shown to decrease its affinity for actin
significantly, without a substantial impact on microtubule binding. In contrast, MAP1B LC's actin
binding ability remained unaffected despite post-translational modifications.

Furthermore, MAP1B LC was found to bind actin monomers and directly facilitate actin
polymerization over microtubules, creating a link between the two cytoskeletons. This action also
enabled unanchored polymerized actin filaments to attach to adjacent microtubules, thereby
connecting the two cytoskeletal networks, even without LC being statically bound to actin
filaments. In addition, we have identified DYRK1A as key kinase that negatively regulates MAP1B
HC's affinity for actin filaments.

In summary, this comprehensive study delves into the molecular mechanisms underlying
MAP1B's involvement in mediating the interaction between actin and microtubules. It sheds light
on the effects of both MAP1B HC and LC and their regulation by post-translational modifications,
providing insights into its role during neuronal development and the pathology of associated

neurological disorders.
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Chapter 1: Introduction

Cytoskeleton and Functions

The cytoskeleton is a major component of a living cell. It provides the structure and
maintains the shape of a cell. The complex and dynamic cytoskeleton is involved in various
cellular process, including cell division, cell signaling, transportation, and organization within the
cell. There are three major types of filaments in a cell: actin-based microfilaments, tubulin-based
microtubules, and intermediate filaments. The cytoskeleton components can rapidly assemble,
dissemble, and reorganize in response to environmental cues and the needs of the cell. Actin and
microtubules are essential during cell mitosis, neurite outgrowth and intracellular transport.

In the presence of ATP, G-actin monomers are polymerized into double stranded
filaments called F-actin. Actin filaments are flexible and very dynamic. ATP-actin monomers are
constantly added to the barbed end (plus-end) of the filament and depolymerizing from the

pointed (minus-end) (Figure A). The resulting treadmilling of F-actin can be regulated by profilin
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G-actin to catalyze exchange of ADP for ATP or binding to actin ADP within the filament to induce
filament disassembly, respectively. Actin filaments have many crucial functions in cells. They can
interact with cell membranes to provide strength and maintain the shape and structure of the
cell. Actin filaments are enriched at the edges of cells to enable cell migration and crawling. They
can also interact with myosin motors to enable the transport of organelles, vesicles, and other
cellular materials to their appropriate locations within the cell. In neurons, they are enriched in
the tips of axons and dendrites to facilitate growth cone elongation and guidance, and within
dendritic spines, helping to initiate and stabilize synaptic connections. They also guide the
migration of neurons to their appropriate destination within the brain during brain and nervous
system development (reviewed in Coles & Bradke, 2015). Efficient synaptic communication and
release of neurotransmitters is very important for neuronal activity. Actin filaments are involved
not only in the establishment of dendritic spines, but in the guidance of synaptic vesicles into and
within the presynaptic terminal.

Compared to actin, microtubules are larger, thicker and stiffer. Microtubules are long
hollow tubes composed of af-tubulin heterodimers. The tubulin dimers are polymerized into
linear protofilaments in a GTP-dependent process, resulting in predominantly 13-protofilament
microtubules. The rigid and hollow rod-shaped microtubule is approximately 25 nm in diameter.
The sequential addition of a3-tubulins that align in head-to-tail manner give rise to microtubule
polarity (Figure B). The a-tubulins are always exposed at the minus-end, while the B-tubulins are
exposed at the plus-end. The growth rate of microtubules at the plus tip is faster than at the
minus end due to this structural polarity. The third type of tubulin is called y-tubulin and is often

localized to centrosomes, but can be found in other foci of nucleation throughout the cell. It is a
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critical factor for microtubule nucleation and anchoring (Kollman et al., 2011). Microtubules are
highly dynamic and alternate between periods of growing and shrinking, which is termed
dynamic instability. As the GTP-bound B-tubulin is incorporated into the microtubule lattice
(often at the plus end), GTP is hydrolyzed to GDP, which decreasing its affinity to the adjacent
molecule, resulting in destabilization and depolymerization of the microtubule known as
catastrophe (Figure B). Microtubule dynamic instability that is defined as these periods of rapid
growth and catastrophe is essential for many cellular functions. It contributes to the overall
organization and reorganization of the cytoskeleton (Mitchison & Kirschner, 1984). Microtubule
dynamic instability also plays an important role in the migration of chromosomes to the opposite

side of the cell during mitosis and meiosis. Due to its importance in cell division, it has become

the target of anti-cancer drugs. Several successful drugs that are used in chemotherapy for cancer



treatment target microtubules to regulate microtubule growth rate and stability (Jordan &
Wilson, 2004). In migrating cells, microtubules can extend and retract, allowing the cell to change
shape and move in response to environmental cues. Microtubules also serve as tracks for motor
proteins, such as dynein and kinesins, in intracellular transport (Chevalier-Larsen & Holzbaur,
2006; Verhey & Hammond, 2009), which is essential to the overall health of a cell. Therefore,

microtubules and microtubule-based activities must be tightly regulated.

Motor Proteins and Microtubule-associated Proteins (MAPs)

Neurons are highly polarized with distinct compartments, each serving different functions
in transmitting electrical signals and processing information. Microtubules are essential for both
the development and maintenance of these comparments and overall neuronal morphology,
which enables neurons to connect and communicate with one another within a circuitry (Kapitein
& Hoogenraad, 2015; Ramkumar et al., 2018). These cellular processes depend on proper
regulation of microtubules, actin, and intracellular transport.

Microtubules provide platforms for many non-enzymatic microtubule-associated
proteins (MAPs) and enzymatic motor proteins, which are responsible for intracellular transport.
There are two major classes of motor proteins that move on the microtubule to transport a
variety of cargo to different destinations precisely in the cytoplasm. Cytoplasmic dynein
transports cargo to the minus ends of microtubules, while most transport kinesins carry cargo to
the plus ends of microtubules(Chevalier-Larsen & Holzbaur, 2006). Mutations in motor proteins
disrupt the intracellular transport balance and are associated with many neurodevelopmental

and neurodegenerative diseases, such as Congenital fibrosis of the extraocular muscles (CFEOM),



which is a disorder that limits ocular motility (Cheng et al., 2014; Verhey & Hammond, 2009).
Microtubule-associated proteins (MAPs) also bind on the microtubule lattice to regulate the
dynamics of microtubules, as well as the binding and motility of motor proteins (Monroy et al.,
2018, 2020). Previous studies and recent work from our lab have shown that some MAPs
facilitate a specific type of motor while inhibiting others. MAPs can differentially regulate
behaviors of other MAPs and motor proteins on the microtubule lattice(Lipka et al., 2016;
Monroy et al., 2018, 2020). Some MAPs are able to bind on the microtubule simultaneously,
whereas some exclude each other. The ability of some of these MAPs to stake out territory on
the lattice therefore determines whether other MAPs, including motor proteins, can bind the
microtubule. These “structural” MAPs can directly interact with certain motor proteins to
promote their binding and motility on the microtubule lattice. However, MAPs can also block
other motor proteins from accessing the microtubule and impede their transport functions. It is
therefore very important to understand how MAPs regulate microtubule organization and
microtubule-based transport.

Tau is one of the most well-studied MAPs because it is a hallmark of neurodegenerative
disease, including Alzheimer’s disease and some forms of frontotemporal dementia(Wang &
Mandelkow, 2016). It has also been identified as a marker for brain damage after traumatic brain
injury (TBI), highlighting its role in neurodegeneration. Although initially recognized for
enhancing microtubule stability, tau has additional functions, such as controlling microtubule
modifications, influencing microtubule mechanical properties, regulating microtubule motor
transport, and more. Tau is mainly expressed in neurons during early brain development and

continues throughout adulthood. There are six isoforms of tau found in brains. They are different



due to alternative splicing of Exon 2, 3 and 10, and contain either 3 or 4 microtubule-binding
repeats. All six isoforms contain a 3 or 4 microtubule-binding repeats domain and are flanked by
a proline-rich region and pseudo-repeats region. Tau was originally identified as a MAP that
stabilizes and bundles microtubules. However, many studies have shown that tau also has other
roles, such as directing motor transport and regulating microtubule lattice spacing. A recent study
has shown that tau strongly inhibits kinesin-1 and kinesin-3, but has less effect on cytoplasmic
dynein (Tan et al., 2019). It also contributes to stabilizing microtubules by forming “condensates”
on the microtubules lattices and protecting it from severing by microtubule-severing protein,
Spastin and katanin, which are expressed in all compartments within neurons to sever and
generate short microtubules (Qiang et al., 2006; Tan et al., 2019). Tau is differentially
phosphorylated in the adult brain and is mainly localized to axons. Many studies have shown that
hyperphosphorylation of tau reduces its affinity for microtubules and promote formation of
aggregates. Tau aggregates have a high tendency to form paired helical filaments (PHFs) and are
suggested to be associated with neurogenerative diseases such as Alzheimer’s disease. Many
mutations in tau and hyperphosphorylation at serine-proline or threonine-proline motifs are
suggested to have a higher tendency to form aggregates and lead to tauopathies (reviewed in
Wang & Mandelkow, 2016). Although phosphorylation of tau decreases its affinity for
microtubules, it does not always lead to the formation of aggregates into PHFs. An early study
shows that phosphorylation of tau at KXGS motifs such as S324 and S214 causes tau to detach
from microtubule, but inhibits it from forming PHFs (Schneider et al., 1999). While most studies
focus on phosphorylation sites causing tau to dissociate from microtubules and form aggregates,

site-specific phosphorylation of tau at Serine 262 affects its interaction with End-binding protein-



1 (EB1) without causing dissociation from microtubules. Therefore, phosphorylation of tau at
different sites regulates other functions of this protein and potentially contributes to the
organization of the cytoskeleton.

MAP1B is highly expressed during early stages of neuronal development and is
downregulated in the adult brain (Garner et al., 1990; Tucker et al., 1988). It is localized in
neuronal somas, dendrites, and distal parts of axons (reviewed in Villarroel-Campos & Gonzalez-
Billault, 2014). MAP1B is encoded as a polypeptide chain and first synthesized to a polyprotein,
and then proteolytically cleaved into a heavy chain (HC) and light chain (LC), which can associate
to form a protein complex (Halpain & Dehmelt, 2006; Hammarback et al., 1991; Villarroel-
Campos & Gonzalez-Billault, 2014). Both MAP1B HC and LC contain microtubule and actin binding
domains (Noble et al., 1989; Togel et al., 1998). The two microtubule binding domains of MAP1B
reside at amino acids 589-787 in HC and 2203-2239 in LC (Noble et al., 1989; Togel et al., 1998).
A prior study also suggested a putative third microtubule binding domain between the first 126
amino acids of HC that can bind soluble tubulins in vitro (Gomi & Uchida, 2012). MAP1B also
promotes microtubule assembly (Kuznetsov et al., 1981).

MAP1B is a major component of the neuronal cytoskeleton (Bloom, Luca, & Vallee, 1985).
Mutations in MAP1B have been shown to be associated with many neurological diseases(Cheng
et al., 2014; Heinzen et al., 2018). An early study showed that MAP1B is necessary for proper
dendritic spine formation (Tortosa et al., 2011). They observed a significant decrease of mature
dendritic spines in neurons and an increased number of aberrant filipodia-like protrusions in the
absence of MAP1B. Defects in axonal elongation and branching, and neuronal migration were

also observed in MAP1B gene-disrupted mice (Bouquet et al., 2004; Takei et al., 2000). A recent



study identified de novo and inherited variants in MAP1B in periventricular nodular heterotopia
(PVNH), which is a disorder that leads to abnormal migration of neurons during fetal brain
development (Heinzen et al.,, 2018). The identified variants in PVNH include one de novo
mutation that leads to a premature stop codon and the expression of a truncated MAP1B (aa 1-
303) and two inherited alleles that lead to premature stop codons and the expression of a
truncated MAP1B (aa 1-532 and aa 1-1103). Another recent study showed that MAP1B interacts
with a kinesin-4, KIF21A. The gain-of-function mutations in KIF21A cause defects in axon
elongation and enlargement of growth cone in the oculomotor nerve (Cheng et al., 2014). KIF21A
is normally in an autoinhibited state, like many other kinesin motors (Chiba et al., 2019; Verhey
& Hammond, 2009). The mutations in the KIF21A protein are gain-of function, because they
release this autoinhibition. This overactivity of the motor is hypothesized to lead to CFEOM
(Bianchi et al., 2016; Cheng et al., 2014; van der Vaart et al., 2013). Intriguingly, MAP1B knockout
mice also develop CFEOM, whose phenotypes mimic the phenotypes of the KIF21A mutant mice

(Cheng et al., 2014).

Actin-Microtubule Crosstalk

Microtubules and actin are two essential components of the cytoskeleton in neurons,
providing structural support and facilitating intracellular transport. The crosstalk between
microtubules and actin plays a crucial role in various neuronal processes, including cell
morphology, axon guidance, synaptic plasticity, and vesicle trafficking (Mohan & John, 2015). The
interaction between microtubules and actin helps maintain the unique morphology of neurons

(reviewed in Dehmelt and Halpain, 2004). Microtubules provide the structural framework,



guiding the elongation of axons and dendrites, while actin filaments contribute to the growth and
stability of dendritic spines and axonal growth cones (Mohan & John, 2015). During neuronal
development, axons navigate through complex environments to reach their target destinations.
The coordination between microtubules and actin is crucial for proper axon guidance (Mohan &
John, 2015). Microtubules guide the overall direction of axonal growth, while actin dynamics at
the growth cone's leading edge play a role in responding to guidance cues (Dent & Gertler, 2003).
Actin filaments are involved in the dynamic changes of dendritic spines, which are crucial for
synaptic plasticity (Tortosa et al., 2011), the basis for learning and memory. Intracellular
transport of vesicles and organelles in neurons depends on both microtubules and actin filaments.
Microtubules act as "highways" for long-range transport, while actin provides the "local streets"
for fine-tuned and shorter-distance transport within dendrites and axons (Evans et al., 2014).
Both microtubules and actin are involved in the trafficking of membrane vesicles during
endocytosis and exocytosis at the synapse (Zhu et al., 2009). The coordinated action of these
cytoskeletal components ensures efficient communication between neurons. In developing
brains, neurons need to migrate to their appropriate positions. In migrating neurons,
microtubules extend into the leading process, stabilizing it, while actin-rich structures like
lamellipodia and filopodia drive the movement by pushing the process forward (Dehmelt &
Halpain, 2004). Overall, the intricate crosstalk between microtubules and actin is essential for the
proper functioning of neurons. Disruptions in this crosstalk can lead to neuronal developmental
disorders, neurodegenerative diseases, and impaired synaptic communication. Understanding
the molecular mechanisms underlying microtubule-actin interactions in neurons is a topic of

ongoing research in neuroscience.



Structural MAPs, such as MAP1B and tau were originally identified and categorized as
microtubule-binding and stabilizing proteins since they co-purified with polymerized brain
tubulin (Bloom, Luca, & Vallee, 1985). However, many studies have shown that they contribute
to a variety of other molecular roles, such as directing motor transport and crosslinking actin
filaments and microtubules. Both MAP1B and tau have been reported to bind to both
microtubules and actin filaments. However, MAP1B does not share any sequence similarity to
tau (Tucker, 1990). Nevertheless, they are the MAPs capable of binding both actin and
microtubules, a feature that is not present in the majority of other MAPs. They have been
identified as the key players that directly crosslink the two cytoskeletons (reviewed in Mohan
and John, 2015). Therefore, it is important to understand the molecular mechanism of how MAPs

regulate these two cytoskeletal networks and contribute to overall neuronal health.
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Chapter 2: Biochemical Dissection of Microtubule-associated Protein Complex, MAP1B

Introduction

MAP1B is a neuron-specific microtubule associated protein (MAP), which is predominantly
expressed in axons during early neuronal development and subsequently downregulated.
However, it is also expressed in the dendrites, pre- and post-synaptic densities, and dendritic
spines of mature neurons in areas showing significant synaptic plasticity in adult brains (Bodaleo
et al., 2016; Mohan & John, 2015; Tortosa et al., 2011). MAP1B is required for dendritic spine
formation through regulation of actin (Tortosa et al.,, 2011). MAP1B was regulated by
phosphorylation. Certain proline-directed proteins kinases, such as GSK3[ and DYRK1A,
phosphorylate MAP1B, and this specific phosphorylation type is referred to as mode-l
phosphorylation. It has been reported that mode-lI phosphorylation of MAP1B was found
enriched in distal ends of growing axons (Villarroel-Campos & Gonzalez-Billault, 2014), and most
functions of MAP1B are regulated by this type of phosphorylation, which is reported to affect
actin dynamics and cytoskeletal crosslinking (Del Rio et al., 2004). In addition, mode-I
phosphorylation of MAP1B was found to be a downstream effector of the Netrin 1-signaling
pathway that is critical in neuronal migration and axonal guidance (Del Rio et al., 2004). Another
recent study also showed that MAP1B-deficient mice mimic the phenotype of kinesin-4 gain-of-
function mutant mice, which lead to aberrant development of axons and growth cones in
oculomotor nerves, resulting in the development of congenital fibrosis of extraocular muscles

type 1 (CFEOM1) (Cheng et al., 2014).
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Although the phenotypic effects of MAP1B in neural development have been extensively
studied in vivo, the underlying molecular mechanisms of MAP1B on microtubules and actin
filaments are still unclear. Here, we present a comprehensive analysis of the binding behaviors
of MAP1B, both HC and LC, on actin filaments and microtubules. Our findings revealed that the
MAP1B LC displayed a more diffusive binding behavior than MAP1B HC on the microtubule lattice
and protected the lattice from severing by Spastin through interactions with the C-terminal tails
of tubulins. MAP1B appears to be a general inhibitor of many motor proteins, because both HC
and LC impede motors from accessing microtubule lattice, including kinesin-3, kinesin-4 and
cytoplasmic dynein. In contrast, they have different functions in regulating cytoskeletal
organization. We found that MAP1B phosphorylation of HC by DYRK1A negatively regulates its
affinity to actin filament. Interestingly, MAP1B HC negatively regulates MAP1B LC’s affinity to
actin by masking its actin binding domain. Moreover, our data suggested that MAP1B LC is able
to direct actin polymerization along microtubules and crosslink these two cytoskeletons without
being statically bound to actin filaments. Overall, we have identified a MAP that is capable of
binding to both the microtubule and actin cytoskeletal networks and determined how this activity

is regulated by phosphorylation, providing insight into its role in neurons.

Results
MAP1B heavy chain (HC) and light chain (LC) have high affinity to microtubules

MAP1B is first synthesized as a polyprotein and proteolytically cleaved to form a heavy
chain (HC: aa 1-2202) and a light chain (LC: aa 2203-2464). Figures 1A shows a schematic

representation of mouse MAP1B. Both HC and LC contain actin binding domains and microtubule
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binding domains. The LC has been reported to interact with the N-terminus of the HC. Using
Alphafold, we predicted the structures of MAP1B HC 1-1500 and LC. There are two globular
domains in the HC: aa 27-240 and aa 241-532. The rest of HC is intrinsically disordered. There is
one globular domain at the C-terminus of LC at aa 2340-2464, which is also reported to be the
actin binding domain (figure 1C). There are more than 33 phosphorylation sites within the HC,
but not many known kinases (Scales et al., 2009). Previous studies have found that GSK3[3
phosphorylates MAP1B HC at S1260, T1265, S1390, and DYRK1A phosphorylates MAP1B HC at
S1395. Many studies have shown that phosphorylation of MAP1B HC regulates its affinity to
microtubules and actin in vivo (reviewed in Riederer, 2007), we will investigate the effects of
MAP1B phosphorylation on the cytoskeleton in vitro later in this study.

To understand the binding behaviors of MAP1B on microtubules, we first characterized the
regions of MAP1B that robustly bind to microtubules. For these experiments, we used purified
recombinant proteins in in vitro reconstitution assays. We cloned a variety of MAP1B HC and LC
constructs with fluorescent tags, expressed the constructs in bacterial or insect cells, and purified
them using different types of column chromatography. We directly imaged the binding of MAP1B
to taxol-stabilized microtubules in vitro using TIRF microscopy. A recent study has identified new
loss-of-function heterozygous variants in MAP1B, including de novo and parental inheritable
variants that are associated with PVNH (Heinzen et al., 2018). All three of these variants result
in premature stop codons. Hence, we first examined whether the three epilepsy-associated
mutant variants of MAP1B could bind microtubules. We added fluorescently labeled MAP1B 1-
303, 1-532 and 1-1103 to flow chambers with taxol-stabilized microtubules affixed to coverslips,

and imaged their molecular behaviors using TIRF microscopy. The epilepsy-associated mutant,
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MAP1B 1-303, which only contains one putative microtubule binding domain, does not bind to
microtubules (figure 1B). The second mutant, MAP1B 1-532 weakly binds to microtubes (figure
1B) with a Kd=74.38 (Supplementary figure 1). Increasing concentrations up to 500 nM of both
variants were tested, but they still did not saturate the microtubule (Supplementary figure 1).

Although previous studies have shown that MAP1B 1-126 interacts with tubulin (Gomi &
Uchida, 2012), the interactions of MAP1B 1-303 and 532 with microtubules were weak. However,
the longest epilepsy-associate mutant, MAP1B 1-1103 exhibited a high affinity for microtubules,
with a Kd of 1.58 (Supplementary figure 1). At 5nM of MAP1B 1-1103, it shows robust binding to
the microtubules (figure 1B). We also examined purified recombinant MAP1B HC MTBD (aa 639-
747), MAP1B 1-1500, and full length HC and LC, and found that they all bound to taxol-stabilized
microtubules with high affinity (figure 1B). Together, these data suggest that the MTBD 639-747

of MAP1B is necessary for robust microtubule binding.
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Figurel. Analysis of MAP1B HC and LC microtubule binding behaviors. (A) Schematic
representation of MAP1B. Red box is actin binding domain (ABD) in the HC (1-508). Blue box is
microtubule binding domain (MTBD) in the HC (639-767). LC also contains ABD and MTBD. Yellow
box is a putative microtubule assembly domain (MTA) in the HC (976-1401). A putative second
MTBD in HC (1-126) was also reported. The cleavage site at aa2202 is conserved among many
species including human, rat and drosophila. Phosphorylation sites by known kinases within the
HC are presented. (B) TIRF-M images of purified fluorescently tagged MAP1B HC full length,
MAP1B HC 1-1500, MAP1B HC microtubule binding domain, MAP1B HC 1-1103, MAP1B LC at 5
nM concentrations and MAP1B HC 1-532, MAP1B HC 1-303 at 100 nM concentrations on taxol-
stabilized microtubules. (C) Alphafold predicted structures of MAP1B HC 1-1500 and LC. (D)
Kymographs of MAP1B LC, HC 1-1500 and HC full length on taxol-stabilized microtubules from
single molecule assays. (E-F) Quantification of the mobile ratios and diffusion coefficients of
MAP1B LC, HC 1-1500 and HC full length on the microtubules. The total trajectories analyzed are
n=13914, 645, 622 from 2 independent experiments. ****p<0.0001. (G) TIRF-M images of
MAP1B HC 1-1500 and LC on mixed subtilisin-treated (magenta) and wild type microtubules
(blue). (H) Quantification of MAP1B HC 1-1500 and LC on subtilisin-treated microtubules (n=50)
and wild type microtubules (n=50) from 2 independent trials. ****p<0.0001. All graphs show all

datapoints. P-values were determined using an unpaired student’s t-test.

MAP1B light chain (LC) is more diffusive on microtubules than heavy chain (HC) due to its

interaction with the tubulin C-terminal tails.
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To examine the difference of MAP1B HC and LC binding behaviors on microtubules, we
performed single molecule assays using TIRF microscopy. We added 50 pM of HC full length, HC
1-1500, or LC to flow chambers and image single molecular behaviors of MAP1B on microtubules.
We observed that LC exhibits a diffusive binding behavior on the microtubule while most of HC
full length and HC 1-1500 remain statically bound (figure 1D). To measure the difference in this
binding behavior, we analyzed the mobile ratio of HC and LC molecules on the microtubules. We
observed that 28% of LC molecules on the microtubule are mobile, while only 8% of HC 1-1500
and 4% of HC full length molecules are mobile (figure 1E). We also measured the diffusion rate
of LC, HC 1-1500 and HC full length and compared the diffusion coefficients. The diffusion rate
of LC was also higher than HC 1-1500 and HC full length (figure 1F). However, the diffusion rate
of MAP1B HC 1-1500 and HC full length were not significantly different. These data indicate that
LC displays a more diffusive behavior than HC on the microtubule lattice. We next wanted to
determine the reason for the difference in the HC and LC diffusive behaviors. We used subtilisin-
digested microtubules to examine the effect of the C-terminal tails of tubulin on MAP1B.
Subtilisin treatment of microtubules digests the C-terminal tails of tubulin. We mixed wild-type
microtubules and subtilisin-treated microtubules in different fluorescent dye and immobilized
them in the flow chamber. We then added either 10 nM of MAP1B HC 1-1500 or LC to the mixed
microtubule populations and observed their binding behaviors. Our data indicate that both
MAP1B HC 1-1500 and LC have lower affinity to microtubules that lack C-terminal tails. However,
removal of C-terminal tails has a more pronounced effect on LC binding than HC 1-1500 (figure
1G). We normalized the fluorescent intensity of LC or HC 1-1500 on subtilisin-treated

microtubules to wildtype microtubules. We observed that only 13% of LC (figure 1H) were bound
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to subtilisin-treated microtubules, whereas 55% of HC 1-1500 molecules were bound to
subtilisin-treated microtubules compared to the association of each construct with wild-type
microtubules (figure 11). These data indicate that LC utilizes the C-terminal tails of tubulin to bind
and diffuse along the microtubule lattice. While HC 1-1500 interacts with the C-terminal tails of
tubulins, these interactions may be less important for its more static association with
microtubules. Therefore, MAP1B LC displays a more diffusive behavior on microtubule compared

to MAP1B HC.
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Figure 2. The effects of MAP1B HC 1-1500 and LC on motor proteins and spastin. (A)TIRF-M
images and kymographs of 0.25 nM of KIF1A-mScarlet + 1 mM ATP in the absence and presence
of 50 nM of sfGFP-MAP1B HC 1-1500 and LC-sfGFP. (B) TIRF-M images and kymographs of 1 nM
of KIF21A (1-930) -mScarlet + 1 mM ATP in the absence and presence of 50 nM of sfGFP-MAP1B
HC 1-1500 and LC-sfGFP. (C) TIRF-M images and kymographs of dynein-dynactin-BicD2(DDB)-
TMR + 1 mM ATP in the absence and presence of 50 nM of sfGFP-MAP1B HC 1-1500 and 10 nM
LC-sfGFP. (D) Quantifications of landing rates of processive KIF1A, KIF21A, and DDB in the
absence and presence of MAP1B HC 1-1500 and LC. (E) TIRF-M images of purified, recombinant
TMR-labeled SNAP-Spastin either alone or in the presence of either sfGFP-MAP1B HC 1-1500 or
LC-sfGFP. (F) Quantification of microtubule intensity difference after severing by spastin of
spastin alone (n=40 microtubules), in the presence of HC 1-1500 (n=29 microtubules) and LC
(n=50) from 2 independent experiments, ****p<0.0001. All graphs show all datapoints. P-values

were determined using an unpaired student’s t-test.

MAP1B is a general inhibitor of motor proteins.

It has been reported that MAP1B is expressed in both axons and dendrites in neurons
(reviewed in Villarroel-Campos & Gonzalez-Billault, 2014). MAPs can differentially regulate
motility of different types of motor proteins on the microtubule lattice (Monroy et al., 2018,
2020). A recent study has identified that members of the kinesin-3 and kinesine-4 families are
responsible for cargo transport into both dendrites and axons, while most other kinesins are
either non-transport motors or selectively transport cargo into axons (Lipka et al., 2016). We

wanted to examine how MAP1B affects the binding and motility of kinesin-3 (KIF1A) and

20



kinesin-4 (KIF21A) on the lattice. Our data revealed that both KIF1A and KIF21A were largely
inhibited from landing on the microtubules by the presence of MAP1B HC 1-1500 and MAP1B
LC (figure 2A-B). We then examined the effects of MAP1B on cytoplasmic dynein. Previous
studies have shown that different MAPs selectively regulate different kinesins but have
insignificant effects on cytoplasmic dynein (Monroy et al., 2018, 2020; Tan et al., 2019).
Interestingly, we observed that MAP1B HC 1-1500 and LC also impeded the processive DDB
complex from landing on microtubules (figure 2C). Our data has revealed that MAP1B act as a

general inhibitor to many motors and restricts them from accessing the microtubule lattice.

MAP1B LC protects microtubules from severing by spastin.

Next, we wanted to examine how MAP1B affected other proteins on the microtubule
lattice. Spastin is a microtubule severing enzyme. It is an ATPase that hydrolyzes ATP to sever
microtubules and generate short microtubule seeds in cells(Roll-Mecak & McNally, 2010) . It
“pulls” the C-terminus of tubulins to destabilize tubulin-tubulin interactions and destruct the
microtubule lattice (Roll-Mecak & Vale, 2008). A previous study has shown that tau
“condensates” that formed on microtubules protected the underlying microtubule lattice from
severing by spastin (Tan et al., 2019). We found that both MAP1B HC 1-1500 and LC protects
microtubules from severing by spastin (figure 2E). Our analysis from a time-course movie
showed that the fluorescence intensity of microtubules after severing by spastin was reduced
by 89% compared to fluorescence intensity of unsevered microtubule, indicating our spastin
robustly severs undecorated microtubules. In the presence of MAP1B HC 1-1500, the

fluorescence intensity of microtubules in the presence of spastin was reduced by 49%, while
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the fluorescence intensity dropped by 19% in the presence of MAP1B LC (figure 2F). These data
indicate that the LC more effectively protects the microtubule lattice from spastin severing

compared to the HC.
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Figure 3. LC binds actin but HC does not. (A) TIRF-M images of MAP1B HC full length-sfGFP and
LC-mScarlet on actin filaments. (B) Quantification of fluorescence intensity of MAP1B HC full

length on actin filaments in the absence and presence of MAP1B LC (n=50 actin filaments from 2
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independent trials, ****p<0.0001) and fluorescence intensity of MAP1B LC on actin filaments in
the absence and presence of MAP1B HC full length (n=50 actin filaments from 2 independent
trials, ****p<0.0001). (C) Alphafold prediction of HC-LC complex interaction region: HC 241-532
interacts with LC 2340-2464, which is the reported actin binding domain of LC. (D) TIRF-M images
of either MAP1B HC full length or MAP1B LC and actin filaments on immobile microtubules. (E)
Quantification of actin fluorescence intensity in the absence or presence of MAP1B HC full length
or LC on microtubules. All graphs show all datapoints. P-values were determined using an

unpaired student’s t-test.

MAP1B HC negatively regulates LC’s affinity to actin filaments.

Since MAP1B HC and LC have both actin and microtubule binding domains, we also
wanted to examine the binding behaviors of MAP1B to actin. We added either MAP1B HC full
length or MAP1B LC to the flow chamber with coverslips coated with immobile actin filaments
and imaged their binding behaviors using TIRF-M. We observed that MAP1B LC binds to actin
filaments, but MAP1B HC does not (figure 3A). We then mixed MAP1B HC full length and LC to
examine how they affect each other. Surprisingly, we observed that the presence of MAP1B HC
significantly decreased LC’s affinity to actin filaments. MAP1 HC does not bind to actin
filaments, regardless of the presence or absence of MAP1B LC (figure 3B). However, the
fluorescence intensity of MAP1B LC on actin filaments decreased by 67% in the presence of
MAP1B HC, indicating that MAP1B HC negatively affected MAP1B LC’s binding to actin (figure

3B). It has been reported that COOH terminus of MAP1B LC interacts with actin, and this region
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also associates with the N-terminus of the HC to form a HC-LC complex (Togel et al., 1998).
Using Alphafold, we predicted the HC-LC interaction region in MAP1B LC was aa 2340-2464,
which is also the putative actin binding domain of LC. The data suggests that the presence of
MAP1B HC interacts with COOH terminus of LC, preventing its association with actin filamentse

by masking LC’s actin binding domain (figure 3C).

MAP1B LC is able to recruit actin filaments to microtubules.

Our data has shown that LC can bind to both microtubules and actin filaments. Next, we
wanted to examine whether MAP1B LC can recruit actin filaments to microtubules and crosslink
these two cytoskeletons. We added MAP1B HC or LC and actin filaments to flow chamber with
coated immobile microbubbles and imaged on TIRF-M. MAP1B LC showed robust binding to
microtubules, and was able to recruit actin filaments to microtubules effectively (figure 3D).
However, consistent with our earlier data, MAP1B HC binds to microtubules but was not able to
recruit actin filaments to microtubules (figure 3D-E). Although both MAP1B HC and LC have
been reported to have microtubule and actin binding domains (reviewed in Villarroel-Campos &
Gonzalez-Billault, 2014), only MAP1B LC is capable of binding and crosslinking these two

cytoskeletal networks.

Phosphorylation of MAP1B HC by DYRK1A negatively regulates actin binding affinity
An earlier study reported that only dephosphorylated MAP1B binds to microfilaments
(Pedrotti & Islam, 1996). To investigate how phosphorylation of MAP1B HC affect its affinity to

actin filaments, we compared the actin binding behaviors of non-phosphorylated and
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phosphorylated MAP1B HC 1-1500. We observed that bacterially expressed MAP1B HC (1-1500)
binds to actin filaments while insect cell-expressed MAP1B does not (figure 4A-4B). Bacterially
expressed MAP1B HC(1-1500) does not have any post-translational modifications compared to
the insect cell-expressed protein.

According to previous studies, DYRK1A is one of the kinases that phosphorylates MAP1B
HC. We performed kinase assays with DYRK1A and bacterially expressed-MAP1B HC 1-1500 for
30 minutes in vitro. We then analyzed the western blots with phosphor-Ser/Thr antibody to
validate the kinase assays. DYRK1A was able to phosphorylate MAP1B HC 1-1500 in vitro (figure
4C). We then mixed bacterially expressed MAP1B HC(1-1500) and DYRK1A with or without ATP,
and for the phosphorylation assay to proceed for 30mins, then imaged the binding behaviors of
either non-phosphorylated or phosphorylated MAP1B on actin filaments using TIRF-M. Strikingly,
we observed that non-phosphorylated MAP1B HC 1-1500 binds actin, whereas the DYRK1A
phosphorylated MAP1B HC 1-1500 does not (figure 4D).

Next, we wanted to investigate the effects of MAP1B HC phosphorylation on its
microtubules binding behaviors. We allowed DYRK1A to phosphorylate MAP1B HC 1-1500 for 30
mins and imaged MAP1B HC on microtubules. We observed that the phosphorylated MAP1B HC
1-1500 has a slight decrease in fluorescence intensity on microtubules compared to the non-
phosphorylated condition (figure 4F). Compared to the non-phosphorylated MAP1B HC 1-1500,
the fluorescence intensity of HC on microtubules dropped by 21% (figure 4G). In contrast,
upon phosphorylation by DYRK1A, MAP1B HC 1-1500’s affinity to actin filaments dropped by 75%
(figure 4E). Phosphorylation of MAP1B HC by DYRK1A therefore predominantly affects its affinity

for actin.
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Figure 4. Phosphorylation of MAP1B HC 1-1500 by DYRK1A regulates its affinity to actin. (A)
TIRF-M images of bacterially expressed MAP1B HC 1-1500 (no phosphorylation) and insect cell-
expressed MAP1B HC 1-1500 (with phosphorylation) on microtubules. (B) Quantification of
bacterially expressed HC 1-1500 and insect cell-expressed MAP1B HC 1-1500, n=55 and 48 actin
filaments, respectively, from 2 independent experiments, ****p<0.0001. (C) Western blot of
phosphorylation of bacterially expressed strep-tagged MAP1B HC 1-1500 by DYRK1A in the
absence or presence of ImM ATP. The reaction mixtures were subjected to SDS-PAGE, followed
by Western blot analysis with strep tag and Phospho-Threonine/Serine antibodies, n=3. (D) TIRF-
M images of 50 nM of bacterially expressed MAP1B HC 1-1500 and DYRK1A in the absence or
presence of ImM ATP on actin filaments. (E) Quantification of fluorescence intensity of MAP1B
HC 1-1500 in the presence of DYRK1a with and without 1mM ATP on actin filaments, n=76, 78
actin filaments, respectively, from 3 independent experiments, ****p<0.0001. (F) TIRF-M images
of 50 nM of bacterially expressed MAP1B HC 1-1500 and DYRK1A in the absence or presence of
1mM ATP on microtubules. (G) Quantification of fluorescence intensity of MAP1B HC 1-1500 with
and without 1mM ATP on microtubules, n=75 microtubules for each condition from 3
independent experiments, ****p<0.0001. All graphs show all datapoints. P-values were

determined using an unpaired student’s t-test.
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Figure 5. LC binds to actin and directs F-actin polymerization on microtubules. (A) Confocal
images of BEAS2B cells expressing superfolder-GFP tagged MAP1B HC or LC, immunostaining for
tubulin. (B) BEAS2B cells expressing superfolder-GFP tagged MAP1B HC or LC, staining actin with
phalloidin. Scale bar: 5 um. Representative images from n = 2. (C) TIRF-M images of actin
polymerization (red) on LC-bound microtubules from a time-course movie at 0 min (top) and 2
min (bottom). (D) TIRF-M images of the absence of actin polymerization (red) on HC-bound
microtubules after 6 mins of actin polymerization. All graphs show all datapoints. P-values were

determined using an unpaired student’s t-test.

Both MAP1B HC full length binds to microtubules, but only LC binds to actin stress fibers in vivo

Using TIRF-M, we directly observed MAP1B HC and LC binding behaviors on microtubules
and actin filaments. To confirm whether they behave the same in cells, we transiently transfected
the lung epithelial cell line, BEAS2B, with MAP1B HC or LC and imaged their localization in cells
using confocal microscopy. To maintain the integrity of microtubules and actin filaments'
architecture, we employed two distinct fixation protocols. Paraformaldehyde fixation was chosen
for better preservation of actin, while the methanol fixation method was preferred to maintain
the structure of microtubules. We observed that both MAP1B HC and LC bind to microtubules
within cells (figure 5A). Proteins expressed in mammalian cells are likely post translationally
modified. Both HC and LC were able to robustly bind to microtubules. However, only the LC was

able to bind on actin stress fibers (figure 5B). MAP1B HC showed a diffusive cytoplasmic
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distribution in cells (figure 5B), which reconcile to the binding behaviors of purified recombinant

MAP1B HC we have observed in TIRF-M actin binding assay in vitro.

MAP1B LC directs actin polymerization along microtubules.

Although many studies and our data have shown that the MAP1B LC binds to actin stress
fibers in cells, the exact role and molecular mechanism of LC in cytoskeletal organization is
unclear. We performed a dynamic actin polymerization assay and observed that the LC was able
to bind actin and direct actin polymerization along microtubules (figure 5C). We mixed 50 nM LC
and 1 uM G-actin monomers with 1 mM ATP and added the mixture to flow chambers with
coverslips coated with immobile microtubules. Then we took a 2 min time-course movie to image
polymerization using TIRF-M. We observed that MAP1B LC saturates microtubules and recruits
actin to the lattice (figure 5C). Overtime, actin filaments were polymerized along microtubules
through the interactions with MAP1B LC. We also observed that polymerized actin filaments that
extended out from one end of the microtubule were subsequently docked on an adjacent
microtubule, likely captured by MAP1B LC on that adjacent microtubule (figure 5C). MAP1B LC
therefore not only guides actin to polymerize across LC-bound microtubules, but also facilitates
actin filaments to dock and anchor to the adjacent microtubules when they are in close proximity.
However, MAP1B HC 1-1500 did not recruit actin to the microtubule or facilitate actin
polymerization (figure 5). Although non-phosphorylated MAP1B HC 1-1500 binds to actin

filaments, it does not facilitate actin polymerization like MAP1B LC .
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Discussion

MAP1B plays a key role in neuronal development. Mutations in MAP1B are correlated with the
development of a variety of neurological diseases including Parkinson’s, schizophrenia, and
periventricular nodular heterotopia. Understanding the molecular mechanism of how MAP1B
regulate actin, microtubule, and microtubule-based activity will give us more insight to its role in
cytoskeletal organization during neuronal development. We have tested the microtubule binding
ability of different epilepsy-associated mutant variants of MAP1B, revealing that the longest
variant (MAP1B 1-1103) displayed robust binding due to the presence of the MTBD 639-747. Of
the two short mutant variants, MAP1B 1-532 weakly binds microtubules, while the de novo
mutant, MAP1B 1-303 does not bind to microtubules. All MAP1B HC constructs containing the
MTBD 639-747 showed robust binding to microtubules, as well as MAP1B LC. However, single
molecule assays using TIRF microscopy showed that both HC and LC bind strongly to microtubules,
with LC displaying a more diffusive behavior due to interactions with C-terminal tubulin tails. The
interaction of LC and C-terminal of tubulins protects microtubules from severing by Spastin.
MAP1B HC also protects microtubules, but to a much lesser extent than LC. This might due to
MAP1B HC being more statically bound to microtubules and spatially protecting the lattice, rather
than competing for binding to C-terminal tails of tubulin with Spastin. Although previous studies
have shown that MAPs differentially regulate motor proteins and selectively facilitate the motility
of different kinesins (Lipka et al., 2016; Monroy et al., 2018, 2020), MAP1B seems to be a global
inhibitor of many motor proteins. It inhibits kinesin-3, kinesin-4 and DDB from landing on the
microtubules lattice. We also investigated the effect of MAP1B on actin. MAP1B LC and non-

phosphorylated HC bind to actin filaments. However, MAP1B HC negatively regulates the
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interaction between MAP1B LC and actin filaments by forming a HC-LC complex to mask the actin
binding domain on LC. Moreover, we found that phosphorylation of MAP1B HC 1-1500 by
DYRK1A leads to disassociation from actin. It decreases MAP1B HC 1-1500’s affinity to actin
drastically. However, the effects on microtubule binding were mild. In contrast, MAP1B LC’s actin
binding ability was not affected despite having post translational modifications in cells. Moreover,
we found that MAP1B LC binds to actin monomers and direct actin polymerization over
microtubules to crosslink these two cytoskeletons. MAP1B LC facilitates the unanchored
polymerized actin filaments to dock on microtubules and keep these two cytoskeletons
connected without being statically bound to actin filaments. Our data has also revealed how
phosphorylation of MAP1B HC regulates its affinity to actin. DYRK1A is a key kinase that
negatively regulates MAP1B HC's affinity to actin filaments. Overall, we have conducted an in-
depth study of MAP1B, both HC and LC, and characterized the molecular mechanism of mediating

actin and microtubule crosstalk.

Materials and Methods

Molecular biology

The cDNA for protein expression in this study were as follows: mouse MAP1B (Transomic
#BC138033), mouse KIF21A, human KIF1A (aa 1-393; Addgene #61665), human DCX (Addgene
#83929), human Tau-2N4R (Addgene #16316). MAP1B HC 1-303, HC 1-532, HC 1-1103, HC 1-1500
and HC MTBD proteins were cloned in frame using Gibson cloning into a pET28 vector with a N-

terminal Strepll-Tag, mScarlet or a superfolder GFP (sfGFP) cassette. KIF1A (1-393) and MAP1B
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LC proteins was cloned in frame using Gibson cloning into a pET28 vector with an C-terminal
mScarlet-Strepll or sfGFP-Strepll cassette. MAP1B HC full length and KIF21A 1-930 proteins were
cloned in frame using Gibson cloning into a pACEBAC vector with C-terminal sfGFP-Strepll and
mScarlet-Strepll cassette, respectively. HC 1-1500 were cloned in frame using Gibson cloning into

a pACEBAC vector with a N-terminal mScarlet-Strepll cassette.

Protein expression and purification

For bacterial expression of sfGFP-MAP1b 1-303, sfGFP-MAP1B 1-532, sfGFP-MAP1B 1-1103,
sfGFP-MAP1B 1-1500, mScarlet-MAP1B 1-1500 and MAP1B LC 2203-2464-sfGFP, BL21 cells were
grown at 37°C until reached O.D 0.6-0.8, and protein expression was induced with 0.1mM IPTG.
Cells were grown overnight at 18°C and harvested. BL21 cells expressing Dyrk1AAC(1-499) were
grown at 37°C until reached O.D 0.6-0.8, and protein expression was induced with 0.2mM IPTG
and allowed grown for 3 hours at 30°C and harvested. The cell pellets were rinse with PBS and
resuspended in lysing buffer (50mM Tris, 150mM K-acetate, 2mM MgS0s, 2mM EGTA, 10%
glycerol, pH8.0), supplemented with ImM DTT and 1mM PMSF and PI mix. Cells were lysed by
Emulsiflex and clarified by centrifugation at 11,000 xg for 20 minutes. Clarified lysate was passed
through Strep-Tactin XT column for one hour. Protein was washed with lysis buffer for three
column volume and then eluted off from the column with 100mM D-biotin in lysis buffer. The
protein was further purified with ion exchange column (HiTrap Q or HP) or size exclusion column
(Suprose-6 GE Health).

For insect cells expression of mScarlet-MAP1B 1-1500 and MAP1B 1-2202-sfGFP, sf9 cells were

grown in shaker flask to about 2 million/ml and infected at 1:100 ratio of virus and allowed
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protein expression for 60 hours. Cells were harvested and rinsed with PBS. The cell pellet was
resuspended in lysis buffer (50mM Tris, 150mM K-acetate, 2mM MgS04, 2mM EGTA, 10%
glycerol, pH8.0), supplemented with 1mM DTT and 1mM PMSF and Pl mix, and then lysed in
Dounce homogenizer with 1% Triton-X100. The lysate was centrifuged at 11,000xg for 20 minutes.
Clarified lysate was passed through Strep-Tactin XT column for one hour. Protein was washed
with lysis buffer for three column volume and then eluted off the column with 100mM D-biotin
in lysis buffer. The protein was further purified with ion exchange column (HiTrap Q or HP) or

Suprose-6 (GE Health) size exclusion column.

Kinase Assay

In vitro kinase assay was perform with bacterial expressed mScarlet-MAP1B1-1500 and sfGFP-
Dyrk1AAC in assay buffer( 90mM SRP, 50mM K-acetate, 2mM EGTA, pH 7.6), supplemented with
k-casein, BSA, 10uM Taxol, 1uM phalloidin. 500nM of bacterial expressed mScarlet-MAP1B HC 1-
1500 and sfGFP-Dyrk1AAC were incubated in final volume of 50ul with or without 2mM ATP at

37°C for 30 minutes.

Preparation of Microtubules

A mixture of native tubulin, biotin-tubulin, and fluorescent-tubulin purified from porcine brain
(~10:1:1 ratio) was assembled in BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8
with KOH) with 1 mM GTP for 15 min at 37 °C, then polymerized MTs were stabilized with 20 uM
Taxol. Microtubules were pelleted over a 25% sucrose cushion in BRB80 buffer to remove

unpolymerized tubulin. For subtilisin removal of the C-terminal tubulin tails, the assembled MTs
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were digested with 200 pg/mL subtilisin for 1 hour at 37°C. The digestion was terminated by
addition of PMSF and the digested MTs were centrifuged over a 25% sucrose cushion to remove
the subtilisin protease before use.

TIRF Microscopy

Flow chambers containing immobilized microtubules were assembled as described (McKenney
et al., 2014). Imaging was performed on a Nikon Eclipse TE200-E microscope equipped with an
AndoriXon EM CCD camera, a x 100, 1.49 NA objective, four laser lines (405, 491, 568, and 647
nm) and Micro-Manager software43. All binding assays of MAPs on microtubule experiments
were performed in assay buffer (90 mM Hepes pH 7.4, 150 mM K-acetate, 2 mM Mg- acetate, 1
mM EGTA, and 10% glycerol) supplemented with 0.1 mg/mL biotin- BSA, 0.5% Pluronic F-168,
10uM Taxol, and 0.2 mg/mL k-casein (Sigma). All binding assays of MAPs on actin filaments were
performed in assay buffer (90 mM Hepes pH 7., 150 mM K-acetate, 2 mM Mg- acetate, 1 mM
EGTA, and 10% glycerol) supplemented with 0.1 mg/mL biotin- BSA, 0.5% Pluronic F-168, 10 uM
Taxol, 0.1 mM of Phalloidin, and 0.2 mg/mL k-casein (Sigma).

ATP concentrations are indicated in the legends. Motility data was analyzed by kymograph
analysis in ImageJ (NIH) to determine landing rates of processive motors.

For fluorescent intensity analysis, a segmented line was drawn on microtubule or actin filaments,
and the mean intensity value was recorded. The segmented line was then moved adjacent to the
microtubules or actin filaments of interest and a local background vale was recorded. The
background value was subtracted from the value of interest to give the background corrected

intensity.
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Cell Culture and Immunocytochemistry

BEAS-2B cells were used for cell imaging experiments. They were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Life Technologies), supplemented with 10% fetal bovine serum
(FBS), 50units/mL of penicillin and 50 ug/mL of streptomycin. All cell cultures were maintained
in a 95% air/ 5% CO, atmosphere at 37°C. The cell lines were routinely confirmed to test negative
for mycoplasma contamination.

The expression vectors used in this study were pEGFP-MAP1B HC 1-2202 and pEGFP- MAP1B LC
2203-2464. Transfections were performed by using the Lipofectatmine 20000 reagent kit
(Invitrogen) according to manufacturer’s instructions. Cells were generally transfected for 8
hours with 1 pg plasmids when the density reached ~80% confluency. Cells were fixed with 4%
PFA or ice-cold methanol for 10 minutes at room temperature or at -30°C. Fixed cells were
washed with PBS and permeabilized in 0.5% Triton X-100 for 10 minutes. Coverslip was washed
with PBS and block with 4% BSA for one hour at room temperature. Cultures Were then
incubated with DM1A antibody at a concentration of 1:500 for 2 hours at room temperature.
Secondary antibodies were used at a concentration of 1:1000 for anti-DM1A and 1:1000 for
Alexa-647 conjugated phalloidin for 1 hours in room temperature. Cells were washed 3 times in
PBS after incubation with secondary antibodies, and then mounted onto a microscope slide with
ProLong™ Gold Antifade Mountant (Invitrogen), and then examined by spinning disk confocal

microscopy.

Confocal microscopy
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The spinning disk confocal was performed on an inverted research microscope Eclipse Ti2-E with
the Perfect Focus System (Nikon), equipped with a Plan Apo 60x NA 1.40 oil objective, a rest X-
Light V3 spinning disk confocal head (Crest-Optics), a Celesta light engine (Lumencor) as the light
source, a Prime 95B 25MM sCMOS camera (Teledyne Photometrics) and controlled by NIS
elements AR software (Nikon). The fluorescent images for BEAS-2B cells were collected over a
stack of vertical z-sections across the entire cell ¥4 pum thickness. The final fluorescent images

shown in the main text and figures are based on the z-averaged images by using Fiji software

(https://fiji.sc/)

Statistical analysis

All statistical tests were performed with unpaired t-tests.
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Supplemental Figures
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Supplementary Figure 1. Saturation curve of MAP1B HC, truncations variants, and LC. TIRF-M
images of 100nM of MAP1B HC 1-303 and MAP1B HC 1-532, and 5nM of MAP1B HC 1-1103,
MAP1B HC 1-1500, MAP1B HC microtubule binding domain and MAP1B LC bound to
microtubules. The corresponding quantification of fluorescence intensity of microtubule-bound
MAP1B plotted again concentration (MAP1B 1-303 does not bind to microtubule. n>130
microtubules for each 5nM , 50nM, 100 nM concentrations from 3 independent experiments.
MAP1B 1-532: KD = 74.38 nM n>130 microtubules for each 5nM , 50nM, 100 nM, 500 nM
concentrations from 3 independent experiments. MAP1B 1-1103: KD= 1.58. n>130 microtubules

for each 0.5 nM, 1 nM, 5 nM, 10 nM, 20 nM, 40 nM concentrations. MAP1B 1-1500: KD= 3.56.




n>130 microtubules for each 0.5 nM, 1 nM, 5 nM, 10 nM, 20 nM, 40nM, 60nM concentrations
from 3 independent experiments. MAP1B MTBD: KD= 11.54 . n>130 microtubules for each 0.5
nM, 1 nM, 5 nM, 10 nM, 20 nM, 40 nM, 60nM concentrations from 3 independent experiments.
MAP1B LC: KD= 1.54 . n>130 microtubules for each 0.1 nM, 0.5 nM, 1 nM, 5 nM, 10 nM, 20 nM
concentrations from 3 independent experiments. All graphs show all datapoints. P-values were

determined using an unpaired student’s t-test.
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Supplementary Figure 2. Analysis of the effects of MAP1B on other MAPs. (A) TIRF-M images
of binding assays of 10 nM MAP1B LC-sfGFP and mScarlet-Tau on microtubules, sfGFP-MAP1B
HC 1-1103 and mScarlet-Tau on microtubules, sfGFP-MAP1B HC 1-1103 and mScarlet-DCX on
microtubules. Both MAP1B HC 1-1103 and LC segregate Tau into homotypic patches, while DCX
does not exclude MAP1B HC1-1103. (B) Graph displaying individual xy pairs per pixel for MAP1B
LC, MAP1B HC 1-1103, or and MAP1B HC full length intensity versus tau intensity on the
microtubules, fit with a linear regression. Pearson correlation coefficient r = -0.75 (n=1357 xy
pairs from 10 microtubules, r = -0.68 (n=2317 xy pairs from 10 microtubules), r=-0.39 (n = 1545
xy pairs from 10 microtubules), respectively. Graph displaying individual xy pairs per pixel for
MAP1B 1-1103 intensity vs DCX intensity on the microtubules. Pearson correlation coefficient r =
0.02 (n=2254 xy pairs). (C) Top panel: TIRF-M images of tau on microtubules in the absence and
presence of increasing concentrations of endogenous MAP1B HC. Bottom panel: TIRF-M images
of endogenous MAP1B HC on the microtubules in the absence or presence of increasing
concentrations of tau. (D) Quantification of tau fluorescence intensity on microtubules plotted
as a function of MAP1B concentration (n=100 microtubules) and MAP1B fluorescence intensity
on microtubule plotted as a function of tau concentration (n=100 microtubules). All graphs show

all datapoints. P-values were determined using an unpaired student’s t-test.
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Supplementary Figure 3. Analysis of MAP1B HC-LC complex. (A) Elution profile graph of MAP1B
HC 1-1500 alone, MAP1B LC alone, and HC 1-1500 and LC combined from Suporose6 size
exclusion chromatography. (B) SDS-PAGE gel of fractions of HC 1-1500, MAP1B LC, and HC 1-1500
and LC mixture from Suporose6 size exclusion chromatography. MAP1B HC 1-1500 started to
elute at fractions 3, while LC started at fractions 4-5. In the HC-LC mixture run, both HC and LC

eluted two fractions earlier than the LC alone run, indicating HC-LC forms a complex.
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Supplementary Figure 4. Phospho-mutant of MAP1B HC 1-1500 does not bind to actin

filaments. TIRF-M images of bacterial expressed 50 nM MAP1B HC 1-1500, insect cell-expressed
MAP1B HC 1-1500, insect cell-expressed MAP1B HC 1-1500 phospho-mutant (S1260A, S1265A,

S1390A, S1395A).



Chapter 3: Co-Authorship Contributions and Unpublished Findings

| joined the McKenney and Ori-McKenney labs (MOM lab) in my junior year of undergrad.
| first worked with a grad student in the lab to investigate the relationship between microtubule-
associated proteins and motor proteins. Our paper “Competition between microtubule-
associated proteins directs motor transport” was published Nature Communications in 2018. In
cells, both microtubule-associated proteins (MAPs) and motor proteins simultaneously converge
on the microtubule. However, the coordination of binding activities of non-motor MAPs and their
role in balancing and directing motor transport was unclear at the time. This paper focused on
the interplay between MAP7 and Tau, which have opposite functions in vivo. We observed that
MAP7 and Tau compete for binding to microtubules. Our data provided a mechanism by which
MAP7 displaced Tau from the microtubule lattice. In addition, MAP7 enhanced kinesin-based
transport in living cells and strongly recruited kinesin-1 to microtubules in vitro. This
demonstrated that MAP7 directly enhances motor movement, indicating a novel mechanism of
regulation by a MAP. Importantly, both MAP7 and Tau inhibit kinesin-3 but have no impact on
cytoplasmic dynein, indicating how different MAPs selectively control specific classes of motors.
These findings provided a general principle for how MAP competition influences microtubule
lattices, thereby determining the appropriate distribution and balance of motor activity within
cells. For this paper, | cloned a variety of genes into vectors for protein expression in bacteria or
insect cells. | then expressed these proteins and purified them using a range of different methods,
including different affinity columns and gel filtration columns. | therefore have ample experience

in cloning, protein expression and purification, and size exclusion chromatography. These skills

45



were valuable as they enable me to conduct biochemical experiments using purified proteins and

in vitro reconstitution system approaches during my later graduate study.

| continued to work in the Ori-McKenney lab as a junior specialist then as a graduate
student after obtaining my bachelor’s degree from UC Davis. My initial project was to understand
how one microtubule-associated protein, tau, forms aggregates and becomes neurotoxic upon
phosphorylation by a range of kinases. | was working on determining the cooperation and
competition between three kinases in particular: Dyrk1A, GSK3[B, and Akt. | produced
phosphomimetic and phosphomutant versions of tau at different phosphorylation sites and |
expressed and purified Dyrk1A, GSK3[3, and Akt to see how their modifications differentially
affected tau function. | performed kinase assays to determine how the addition of different
kinases affected its binding behavior. Overall, we saw that Dyrk1A determines whether and how
further phosphorylation of tau can occur, and therefore dictates whether tau is phosphorylated
by a neurotoxic kinase (GSK3f) or a neuroprotective kinase (Akt).

Alzheimer Disease (AD) is the most common cause of dementia in adults. The appearance
of neurofibrillary tangles (NFTs) in the brain is one of the hallmarks of AD, and the NFTs may play
a causative role in the disease. NFTs consist of hyperphosphorylated tau aggregates. However,
the underlying mechanism of tau hyperphosphorylation still remains unknown. Some kinases
that phosphorylate tau promote NFT formation, while other kinases play opposing roles. There
are more than 40 phosphorylation sites that have been identified in tau aggregates (Kimura et

al., 2016).
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GSK3p is a major kinase that heavily phosphorylates tau at more than six sites (Avila et al., 2012;
Wang & Mandelkow, 2016), and its activity is thought to promote tau toxicity. However, some
studies suggest that site-specific phosphorylation of tau is not always pathological (Ittner et al.,
2016; Schneider et al., 1999). Akt is a kinase involved in neuronal regeneration that
predominantly phosphorylates tau at S214 (3,5)(Song et al., 2012; Yu & Koh, 2017), and S214
phosphorylation has been reported to have a protective effect against tau assembly in to NFTs
(Schneider et al., 1999).

Many individuals with Down Syndrome (DS) show early onset of AD, but the underlying
mechanism remains unknown(Liu et al., 2008; Ryoo et al., 2007). Both DS and AD patients have
common pathological hallmark, which is the presence of NFTs consisting of hyperphosphorylated
tau protein aggregates. Dyrk1A is a kinase located in the DS critical region in Chromosome 21,
and it predominately phosphorylates tau at T212. Previous studies have shown that high levels
of phosphorylation of tau T212 are found in NFTs in both DS and AD patient brains (Ryoo et al.,
2007). Overexpression of human DYRK1a in transgenic mice showed a significant increase of Tau
phosphorylation at T212 (Liu et al., 2008; Ryoo et al., 2007). The high level of Dyrk1A expression
might contribute to hyperphosphorylation of tau and lead to the formation of NFTSs.

We found that tau T212 phosphorylation by Dyrk1lA facilitated further tau
phosphorylation by GSK3f, and prevented S214 phosphorylation by Akt. We hypothesize that
DYRK1a might affect tau aggregation by modulating its phosphorylation by Akt and GSK3p,

changing its microtubule binding affinity and accelerating NFT formation.
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Dyrk1A efficiently phosphorylates tau to generate a single phosphorylated form in vitro
within 40mins. To investigate the link between Dyrk1A and tau phosphorylation at T212 in vitro,
we first performed a kinase assay time-course and analyzed the results using Phos-Tag gels, which
interact with phosphate groups to cause large shifts in apparent molecular weight for

phosphorylated proteins (Figure 1).

Dyrk1A - + + + - + + $ + + +

Tau + + + + + 4 4 + + + +

0 S 10 15 20 40 60 90 120 180 (mins)

[)I-IU ’ - ~-“-“~~- |
non-pTau P --~ - -

Figure 1. In-vitro Time-course kinase assay of Tau phosphorylation by DYRK1a using a Phos-Tag

gel. Top band is phosphorylated Tau and bottom band is non-phosphorylated Tau.

Since the Phos-Tag gels separate proteins based on their phosphorylation status, a
protein that was phosphorylated at multiple sites would migrate much slower than the same
protein phosphorylated at only one site, and multiple bands above the control band should be
observed. Since only one such band was observed for tau, we conclude that DyrklA
predominantly phosphorylated tau at one site, which is likely T212 based on prior literature and
our experiments with a phospho-specific antibody against p-T212.

DyrklA primes tau for further phosphorylation by GSK3B. To determine if
phosphorylation of tau-T212 by DYRK1a facilitates further tau phosphorylation by GSK3p, we

performed a kinase assay using purified GSK3p, either with or without pre-incubation of tau with
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Dyrk1A. We used a Western blot with an anti-pTauS199/202 (GSK3f phosphosites) antibody to

compare the phosphorylation level of tau. We observed that pre-incubation of tau

b GSK3p3 - + B
GSK38 - + s
Dyrk1A - - +
Dyrk1A - - +
: . N . TauT212D * *
au
- TauT212D | e ‘ -
p——d
pS199/202
pPS199/202

Figure 2. Phosphorylation of TauT212 by Dyrk1A promotes further phosphorylation of Tau by
GSK3p. a) In vitro Western blot of phosphorylation of Tau by before (lane 2) and after (lane 3)
pre-incubation with Dyrk1A. b) Western blot of phosphorylation of Tau T212D mutant by GSK3[3
before (lane 2) and after (lane 3) pre-incubation with Dyrk1A. The reaction mixtures were
subjected to SDS-PAGE, followed by Western blot analysis with Tau and phosphor-Ser-199/202-

Tau (pS199/202) antibodies.

with Dyrk1A led to increased phosphorylation by GSK3f (Figure 2a). We also performed the
kinase assay using tau with a T212D mutation to mimic Dyrk1A-mediated phosphorylation. The
signal intensity of phosphorylated tau for Dyrk1A preincubated and non-preincubated conditions
were very similar, suggesting that phosphorylation at T212 is responsible for Dyrk1A’s priming

effect (Figure 2b).
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Phosphorylation of tau T212 by Dyrk1A prevents Akt from phosphorylating tau at S214.
To investigate the relationship between Dyrk1A and Akt’s ability to phosphorylate Tau S214, we
performed kinase assays using purified tau, Dyrkla and Akt proteins. We measured
phosphorylation by Western blot using a pTauS214 antibody. When tau was incubated only with
Akt, we observed a strong tau phosphorylation signal in the blot. However, when tau was first
pre-incubated with Dyk1A, we did not detect phosphorylation, indicating that phosphorylation

of tau by Dyrk1A inhibits phosphorylation two sites over at S214 by Akt (Figure 3a).

a
Akt . + + b
Akt - + - +
Dyrk1A - - +
Dyrk1A
Tau + + N
TauT212D . + ¥

4+ +

Tau Tau
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Figure 3. phosphorylation of tau at T212 by DYRK1A prevents Akt from phosphorylating tau at
S214. a) In vitro Western blot of phosphorylation of tau by Akt before (lane 2) and after (lane 3)
pre-incubation with DYRK1A. b) Western blot of phosphorylation of tau T212D mutant by Akt.
The reaction mixtures were subjected to SDS-PAGE, followed by Western blot analysis with total

tau and phosphor-Ser-214-Tau (pS214) antibodies.
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We also performed the kinase assay using the tau T212D mutant and observed that the mutation
also blocked phosphorylation at S214, consistent with the idea that phosphorylation of tau at

T212 by Dyrk1A is responsible for the inhibitory effect (Figure 3b).

While | was working on my tau phosphorylation project, | also contributed to another
project focused on the tau protein. The resulting paper, “Microtubules gate tau condensation to
spatially regulate microtubule functions” was published in Nature Cell Biology in 2019. Tau
aggregation into the insoluble NFT fibrils described above is a hallmark of AD and similar
dementias. However, the non-pathologic, physiological state of Tau molecules within cells was
still unclear. We used single-molecule imaging to directly observe that the microtubule lattice
plays a role in regulating the reversible self-association of tau. This leads to localized and dynamic
clustering of tau molecules on the microtubule lattices. These tau condensates act as selectively
permissible barriers, influencing the activity of microtubule-severing enzymes and controlling the
movement of molecular motors along the microtubules. The data suggests that reversible self-
association of tau molecules, controlled by the microtubule lattice, is a crucial mechanism
underlying the biological functions of tau. Furthermore, this process of tau oligomerization
appears to be a common characteristic shared between the normal physiological form of tau and
the pathological forms. For this paper, | cloned, expressed and purified a variety of tau
truncations. In addition, | learned how to perform single-molecule TIRF assays to observe how
tau molecules form cooperative self-assemblies that we termed “condensates,” and to analyze if

and how different tau truncations could co-localize with the condensates.
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When | was working on my thesis project, “Biochemical dissection of MAP1B complex”, |
also contributed to another project to investigate how different microtubule-associated proteins
(MAPs) influence the motility of kinesin and dynein motors. Our paper “A Combinatorial MAP
Code Dictates Polarized Microtubule Transport” was published in Developmental Cell in 2020. In
eukaryotic cells, the distribution of intracellular components is essential for proper function, and
this distribution is often achieved through regulated active transport that is driven by molecular
motors moving along microtubules. While we understand that both intrinsic factors within the
motors and extrinsic factors in the cellular environment can influence motor activity, the
mechanisms governing the overall distribution of activated motor-cargo complexes within cells
was unclear. In this paper, we used in vitro reconstitution of purified motor proteins and non-
enzymatic MAPs to investigate how MAPs differentially regulate motor proteins. We found that
MAPs display distinct effects on the motility of three main classes of transport motors: kinesin-1,
kinesin-3, and cytoplasmic dynein. This paper revealed how combinations of different MAPs
affect motor functions. In addition, we found that MAP9 acts as a positive regulator kinesin-3
motility. Based on these findings, we proposed a general 'MAP code', which can bias motor
movement along microtubules and help understanding the complex intracellular transport
within highly polarized cells like neurons. For this paper, | cloned, expressed, and purified
different MAPs including DCLK, DCX, Map2, Tau, MAP7 and Map9 from bacterial cells or insect
cells. I also performed a number of immunostaining experiments in neurons cultured from mouse

embryonic brains to observe the localization patterns of these MAPs.
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While | was working on my thesis project, | also contributed to another project to
investigate how the autophosphorylation of doublecortin-like kinase 1 (DCLK1) control its
microtubule binding. Our paper “Autoregulatory control of microtubule binding in doublecortin-
like kinase 1” was published in elLife in 2021. The microtubule-associated protein doublecortin-
like kinase 1 (DCLK1) is an important therapeutic target due to its high expression levels in various
cancers. However, the physiological roles of its kinase activity and its regulation were unclear.
We investigated how DCLK1's kinase activity affects its interaction with microtubules. We found
that DCLK site-specific autophosphorylation within its C-terminal tail regulates its kinase activity
and microtubule binding affinity. This phosphorylation in the C-terminal tail prevents excessive
phosphorylation within the microtubule-binding domain. When the C-terminal tail is removed or
when the phosphorylation site is mutated, this leads to higher level of phosphorylation within
the doublecortin microtubule-binding domains, resulting in disruption of the binding of DCLK1 to
microtubules. Our data revealed how site-specific autophosphorylation of DCLK1 has a profound
impact on its interaction with microtubules. These results suggested that DCLK1 can modulate its
kinase activity to tune its affinity for microtubules. These findings provided crucial molecular
insights that can guide future therapeutic strategies related to DCLK1l's role in cancer
development and progression. For this paper, | expressed and purified DCLKAC and mutant
proteins. | performed kinase assays of DCLK wildtype, DCLKAC and mutant variants, and
examined their microtubule binding affinity using TIRF-M, analyzed data and participated in

writing the manuscript.
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When | was working on my thesis project, | also contributed to another project to
investigate the effects of tau envelop formation on microtubule lattice. Our paper “Microtubule
lattice spacing governs cohesive envelope formation of tau family proteins” was published on
Nature chemical biology in 2022. The data revealed that tau envelopes form cooperatively and
locally affect the spacing of tubulin dimers within the microtubule lattice. Envelope formation
leads to a compaction of lattice, while expanding the lattice results in the disassembly of tau
envelopes. We examined other members of the tau protein family: MAP2, which also forms
envelopes and actively compacts the lattice, and MAP4, which does not exhibit this behavior.
These envelopes differentially affect the movement of motor proteins, indicating that tau family
members are able to create distinct functional regions on the microtubule lattice. The study
concluded that the interconnected relationship between lattice spacing and cooperative
envelope formation by MAP2 and tau provides the molecular basis for spatially regulating
microtubule-based processes. For this paper, | cloned, expressed and purified MAP4 WT and
MAP4 mutants. Using TIRF microscopy, | tested whether MAP4 and MAP4-pseudo-Tau-
hydrophobic mutants can form “condensates” or “envelopes” like MAP2 and tau as they were all
evolved from the same protein family. | also performed single molecule assay to investigate
whether MAP4 can regulate kinesin and dynein motility like tau and MAP2. | analyzed data, wrote

methods, and reviewed and edited the manuscript.
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