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Abstract 

Abl2 Regulates Microtubule Dynamics through Interaction with both the 

Microtubule Lattice and Tubulin Dimers 

Wanqing Lyu 

2022 

Abl family kinases are believed to serve as central signaling nodes to transduce 

signals from upstream receptors to downstream signaling and cytoskeletal-

associated proteins. Genetic studies in Drosophila indicate that Abl2 interacts 

functionally with microtubules (MTs), but the underlying mechanism(s) is (are) 

completely unclear. Here, I report that Abl2 directly binds MTs and tubulin to 

regulate MT dynamics. Abl2 binds with MTs via the C-terminal half, which is also 

mediated by the phosphorylation level of the N-terminus. Abl2 recognizes different 

MT lattice states, with a higher preference for GMPCPP-MTs than GDP-MTs. Abl2 

also binds tightly to tubulin dimers, which is mediated by amino acids 688-924 in 

the C-terminus. As a naturally existing isoform, Abl2Δ688-790 loses its binding 

ability to tubulin dimers. I found that Abl2 promotes MT assembly and nucleation, 

as measured by the turbidity change. Interestingly, Abl2-eGFP formed spherical 

condensates in a concentration- and salt-dependent manner, which can recruit 

tubulin into Abl2:tubulin co-condensates. Co-condensation of Abl2 and tubulin 

further facilitates MT nucleation. Single-MT filament TIRF microscopy revealed 

that Abl2 increases MT elongation rate, which is consistent with the cellular 

observation that MTs have slower growth rates in Abl2 knockout cells. Lastly, the 

loss of the Abl2 in cells leads to an abnormally high cell migration speed, which 
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can be partially rescued by the C-terminal half that mediates the MT binding. 

Collectively, my data suggest the molecular mechanism that Abl2 acts as a MT 

nucleator and regulator to modulate MT dynamics and coordinate cellular 

behaviors. 
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Introduction 

Microtubules (MTs), together with actin filaments and intermediate filaments, 

comprise the three major components of the eukaryotic cytoskeleton. The diverse 

cellular MT morphology and precise regulation of MT dynamics underly many 

crucial cellular processes, including cell morphogenesis, motility, mitosis, neuronal 

development, and intracellular transport. Higher order complexes of MTs, 

microtubule-associated proteins (MAPs), and accessory proteins constitute a 

diverse array of sub-cellular structures that mediate key functions, e.g., the mitotic 

spindle that provides forces for chromosome separation during mitosis (Mitchison, 

1988), cilia and flagella for motility of many organisms (Ginger et al., 2008), and 

axons and dendrites in neuron morphogenesis (Conde & Caceres, 2009). MTs 

also serve as tracks for molecular motors to transport cargoes inside cells for 

efficient delivery (Goodson et al., 1997). To regulate these essential cellular 

processes, MTs undergo dynamic instability, a phenomenon by which individual 

MTs switch stochastically between growth and shortening. Dynamic instability 

enables MTs to provide mechanical forces to explore the cytoplasm, alter 

membrane shapes, and support transport and positioning of organelles and other 

structures. An overview of current research on the MT structures and mechanisms 

underlying its regulation is critical for understanding how they support these 

fundamental cellular processes. 

 

Physical attributes of microtubule and tubulin structure 
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Microtubules (MTs) are ~25 nm wide hollow cylindrical structures consisting of α/β-

tubulin heterodimers. These subunits are arranged in a head-to-tail fashion to build 

polarized protofilaments, which then interact laterally to form cylindrical MTs (Amos 

& Schlieper, 2005) (Figure 1.1A).  

α-tubulin and β-tubulin are similar in both protein structure and amino acid 

sequence, with 40% amino acid sequence identity (Li et al., 2002). The mammalian 

genome encoded 7 α-tubulins and 9 β-tubulins, with conserved structure but 

distinct cellular expression patterns and associated dynamics (Cleary & Hancock, 

2021). Each tubulin monomer is formed by a core of two β-sheets surrounded by 

α-helices and contains three domains (Downing & Nogales, 1998): 1) the amino-

terminal N-domain containing the nucleotide-binding site; 2) an intermediate I-

domain as the primary globular base; and 3) the unstructured carboxyl-terminal C-

domain, also known as E-hook, which bears post-translational modification (PTM) 

sites (Song & Brady, 2015) and is enriched in negatively charged residues that 

mediate electrostatic interactions with MT-binding proteins (MTBPs) (Wang & 

Sheetz, 2000). Whereas the I-domain of α-tubulin is exposed at minus ends 

trapping a nonhydrolyzable GTP inside the intradimer interface, the N-domain of 

β-tubulin is exposed at the plus ends of MTs, which contains the exchangeable 

GTP.  

Microtubules assembled in vitro, using brain-derived bovine or porcine tubulin 

(Gell et al., 2011), contains mixtures of heterogeneous tubulin isotypes with 

various PTMs. This tubulin mix gives rise to heterogeneous MT structures, which 

can be comprised of 9 to 16 protofilaments (Amos & Schlieper, 2005). MTs with 
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13 protofilaments and the left-handed three-start helix set (13_3) are primarily 

observed in vivo (Chaaban & Brouhard, 2017). Differences in lateral interactions 

give rise to two distinct microtubule lattice structures: lattice type A and type B. In 

the A-lattice, α-tubulin from one protofilament interacts with β-tubulin from the 

adjacent one. In the B-lattice, lateral interactions are mediated between α-/α-, and 

β-/β-tubulin (Figure 1.1B) (Chretien & Wade, 1991). Modeling based on the lateral 

interactions between protofilaments showed that the electrostatic interactions 

formed in the B-lattice make it the most favorable configuration (Sept et al., 2003). 

Microtubules usually adopt B-lattice configuration, but the A-lattice configuration is 

preferred when microtubules are polymerized in the presence of an allele of EB1 

(McIntosh et al., 2009). The subunit organization in the B-lattice leads to the 

formation of a seam, where adjacent protofilaments interact with α- and β-tubulin. 

MTs accommodate the increase and decrease in the number of protofilaments 

through a skew mechanism. In structures with more than 13 protofilaments, the 

lattice rotates to maintain the local lattice geometry in the 13_3 MTs (Amos & 

Schlieper, 2005). Together, the multiple axial and lateral contacts make 

microtubules rigid with ~5000 μm persistence length, a basic mechanical property 

indicating the bending stiffness (Gittes et al., 1993). 
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Figure 1.1 Microtubules are polar tubulin polymers with specific structure. A) 

α/β tubulin heterodimers are the building blocks of MTs (Left). Heterodimers are 

arranged longitudinally in a head-to-tail fashion into linear protofilaments (Middle). 

The protofilaments interact laterally with each other forming a hollow tubular 

structure (Right). The scheme here depicts a microtubule consisting of 13 

protofilaments with a seam. B) In the A-lattice configuration, two adjacent 

protofilaments contain two tubulin heterodimers with α subunits interacting with β 

subunits. In the B-lattice configuration, α subunits interact with α subunits, and β 

subunits interact with β subunits. Figure adapted from (Goodson & Jonasson, 

2018). 

 

Mechanisms underlying MT nucleation 

Purified porcine tubulin in solution spontaneously self-assembles into MTs in the 

presence of GTP and appropriate buffer systems (Voter & Erickson, 1984). The 

assembly process is characterized as having three phases: nucleation, elongation, 

and steady-state (Gaskin et al., 1974). The addition of new tubulin dimers to 

3 
st

ar
t



 10 

existing MT ends is an energetically favorable process (Kuchnir Fygenson et al., 

1995). However, the formation of the “critical nucleus” – where a few oligomers 

first come together to create stable polymers – has to overcome a large energy 

barrier to serve as the ends for elongation (Voter & Erickson, 1984) (Figure 1.2). 

The concentration of tubulin at which the system reaches a steady state whereby 

subunit loss and addition are balanced is termed the critical concentration, which 

is ~20 μM for mammalian tubulin (Voter & Erickson, 1984). Below the critical 

concentration, the critical nucleus cannot be formed – which is essential for 

subsequent MT assembly. Turbidity assays in which MT polymerization are 

monitored through absorbance provides a simple way to evaluate how different 

reagents or proteins regulate nucleation. The size of the critical nucleus can be 

estimated under simplified assumptions based on the nucleation lag phase in 

turbidity assays. Previous work suggested the nucleus to be in the range of 5 to 

20 tubulin dimers (Voter & Erickson, 1984). The energy barrier of in vitro nucleation 

can be dramatically lowered by the addition of non-hydrolysable GTP-analogue 

guanosine-5'-[(α,β)-methyleno]triphosphate (GMPCPP) (Hyman et al., 1992), 

glycerol (Shelanski et al., 1973), DMSO (Robinson & Engelborghs, 1982), and 

other microtubule stabilizing reagents like taxol (Kumar, 1981), albeit through 

different mechanisms. The turbidity assays serve as a tool in my project to analyze 

the potential mechanism of Abl2 regulation on microtubule nucleation, as shown 

in Chapter 5. 

The most common in vivo MT nucleation is templated by the γ-tubulin ring 

complex (γ-TuRC), mainly localized in the centrosome microtubule organization 
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center (MTOC), which overcomes the high energy barrier (Teixido-Travesa et al., 

2012). γ-tubulin arranges itself in a helical manner at the edge of the ring complex 

cap, mimicking existing MT ends to promote nucleation. The observation of non-

centrosome-dependent MT nucleation has uncovered a host of regulatory proteins 

and the underlying mechanisms, which I will discuss in the later sections. Given 

the inherent complexity associated with MT nucleation and formation of various 

potential intermediate structures, the mechanism or mechanisms of microtubule 

nucleation are not uniformly understood. A better understanding of nucleation will 

require the elucidation of these heterogeneous structural intermediates. 
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Figure 1.2 Simplified hypothetic model of microtubule nucleation. 

Spontaneous tubulin assembly into microtubules starts from the formation of 

tubulin oligomers. The first several steps are rate-limiting until the formation of so-

called “critical nucleus”, from which the addition of new tubulin is energetically 

favorable. The exact structure of the tubulin critical nucleus is not known yet, but 

the bulk assays estimate that the nucleus contains 5 to 20 tubulins. The size of the 

arrowheads indicates the likelihood of the reaction direction. Figure adapted from 

(Roostalu & Surrey, 2017). 

 

Microtubule dynamic instability 

In cells, MT minus-ends are stabilized by proteins in the MTOC or other structures 

like the Golgi apparatus (Akhmanova & Steinmetz, 2015), whereas the plus ends 

undergo rapid dynamics to sample the cytoplasmic environment. After localizing 

to the subcellular regions, e.g., the kinetochore of chromosomes, Golgi, ER, and 

plasma membrane, MT plus-end dynamics are spatiotemporally regulated by 
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MTBPs in the local environment to generate pushing or pulling forces or to be 

stabilized as a transportation track (Yue & Wu, 2014). 

MT dynamic instability is driven by GTP hydrolysis of the nucleotide at the β-

tubulin N-domain, rendered by the addition of new tubulin at growing plus ends. 

With distinct structures, the MT plus-ends, as compared to the minus-ends, have 

exposed β-tubulin subunits and have faster kinetic rate constants for GTP-subunit 

association and GDP-subunit dissociation, therefore are relatively more 

dynamically unstable (Strothman et al., 2019). MT plus-ends are more extensively 

studied due to their critical role underlying a variety of cellular processes. 

In vitro MT instability is usually measured by Total Internal Reflection 

Fluorescence (TIRF) Microscopy. This technique visualizes single MT filament 

dynamics in the presence of short GMPCPP-stabilized microtubule segments, 

which bypasses the rate-limiting nucleation phase. Dynamic instability is 

determined by 4 distinct parameters: catastrophe frequency, rescue frequency, 

elongation rate, and shortening rate (Figure 1.3) (Mitchison & Kirschner, 1984). 

Growing MTs oscillate between phases of growth and shrinkage. The short delay 

between inorganic phosphate release and hydrolysis event results in a GTP/GDP-

Pi-rich region, as known as the GTP cap (Voter et al., 1991), while the older MT 

lattice is mainly composed of GDP-tubulin. Loss of the GTP cap exposes GDP-

bound β-tubulin dimers to solution, causing the plus ends of MT to rapidly 

disassemble into oligomers – an event termed catastrophe. The catastrophe is 

observed as the switch from growth to shrinkage in vitro, and the switch from 

shrinkage to growth is termed as “rescue”. Direct observation of single MTs in vitro 
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via TIRF is commonly used to determine the effect of the MTBPs on MT dynamics. 

In Chapter 4, I show how the addition of Abl2 impacts single MT dynamics. 

 

 

Figure 1.3 MT dynamics measurement in TIRF single filament assays. (A) A 

representative single MT growth under TIRF Microscopy. The red segment 

represents tetra-rhodamine-labeled GMPCPP-stabilized MT seeds, the green 

dynamic segment represents Alexa Fluor 488-labeled tubulin addition onto the 

seeds. (B) Kymograph (length/time plot derived from a movie) of single MT 

undergoing dynamic instability in vitro revealing dynamic behaviors at the plus 

ends. (C) Diagram of a single MT kymograph undergoing dynamic instability. The 

key processes, growth, shrinkage, catastrophe, and rescue, of MT dynamics are 

indicated. The growth and shrinkage rate can be quantified by the slope of the 

phase, and the catastrophe frequency and rescue frequency can be quantified by 

counting the events over time. Figure 1.3B is adapted from (Fees & Moore, 2018). 

 

Structural basis of microtubule instability 

How GTP hydrolysis regulates dynamic instability has been subject to 

considerable debate. Two models, 1) the allosteric model and 2) lattice model, 
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have been proposed (Gudimchuk & McIntosh, 2021). In the allosteric model, GTP-

tubulin dimers exist in the straight conformation (Mandelkow et al., 1991), while 

the GDP-tubulin dimers are more bent in solution (Marantz & Shelanski, 1970). 

The hydrolysis of tubulin-bound GTP in MT lattice causes more bending strain, 

making it less stable (Muller-Reichert et al., 1998). The lattice model suggests that 

both GTP- and GDP-tubulin dimers are both bent in solution. GTP-tubulin might 

be more flexible and/or make stronger bonds with longitudinal tubulins or tubulins 

in neighboring protofilaments, which stabilizes the GTP-MT lattice. Elucidation of 

the high-resolution intermediate structures will be the key to distinguish these 

models. 

Recent biophysical and computational studies provide more evidence favoring 

the lattice model (Brouhard & Rice, 2014). Small-angle X-ray scattering (SAXS) 

results indicate that GTP- and GDP-tubulin dimers have very similar structures in 

solution (Rice et al., 2008). All-atom molecular dynamics studies also predict 

curved structures for both GTP- and GDP-tubulin (Gebremichael et al., 2008; 

Grafmuller & Voth, 2011; Igaev & Grubmuller, 2018; Tong & Voth, 2020). 

Additionally, high-resolution cryo-EM structures reveal two major differences 

between the GMPCPP-MTs and GDP-MTs: 1) The MT lattice compacts 

longitudinally by ~2 Å per dimer following GTP hydrolysis (Figure 1.4A)(Alushin et 

al., 2014; Zhang et al., 2015); 2) The GDP-MT lattice contains ~1-3 Å separation 

of protofilaments at the seam, deviating from the cylindrical symmetry, making the 

seam a weaker point in the structure (Figure 1.4B)(R. Zhang et al., 2018). 

Additionally, the GDP•Pi-MTs, although decorated with the MTBP Doublecortin, 
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exhibited uneven compression of α-tubulin in the short-lived intermediate structure 

(Manka & Moores, 2018b), rendering further weakening of the lateral contacts. 

Despite all these exciting results, the physiological relevance and mechanisms 

relating lattice compaction and dynamic instability are challenged by two 

arguments. Lattice compaction has not yet observed in yeast MTs (Howes et al., 

2017; von Loeffelholz et al., 2017), indicating that other biochemical means might 

underlie MT dynamic properties. Additionally, the GMPCPP-MT may not be a 

perfect mimic of GTP-MT, thus the lattice compaction from GMPCPP- to GDP-MT 

may not recapitulate the transition of GTP-MT to GDP-MT lattice (Estevez-Gallego 

et al., 2020). High-resolution structures of GTP-tubulin dimers in solution and the 

GTP-MT lattice would represent a fundamental advance to elucidate the 

mechanisms. 
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Figure 1.4 High resolution of microtubule structure reveals differences in 

GMPCPP (GTP-like) state and GDP state. A) As compared to GMPCPP state, 

GDP-MTs showed ~2 Å compaction in the longitudinal direction. B) These panels 

are the top view of MTs in A). The comparisons of the perfect helical symmetry 

and the resolved microtubule structure in different states, with deviations colored 

from blue to red. The histograms of Cα-atoms displacements are also shown 

above the atomic models. The top two panels are GDP-MTs and the bottom two 

panels are GMPCPP-MTs. Figure 1.3A is adapted from (Zhang et al., 2015); 

Figure 1.3B is adapted from (R. Zhang et al., 2018). 

 

Ultrastructure of the MT tips and lattice 

In addition to the GTP-cap, MT plus-end ultrastructure is another key determinant 

of dynamic instability. Early electron microscopic visualization showed that 

growing MT ends were tapered (Simon & Salmon, 1990). However, the 

dissembling MT ends were viewed as curved, outward-facing protofilaments with 

Lattice compaction

A B
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broken lateral contacts (Kirschner et al., 1974; Simon & Salmon, 1990). However, 

recent cryo-electron tomography (cryo-ET) studies revealed that the curved 

structures also exist amongst growing MT tips, with the presence of sheet-like 

structures (Figure 1.5) (Chretien et al., 1995; Guesdon et al., 2016). A central and 

ongoing challenge would be the structural resolution of the heterogeneous growing 

tips, and how these growing ends serve as structural platforms for control by the 

MTBPs. 

Interestingly, the studies on the ultrastructure inside the MT shaft started by 

the observation of GTP-tubulin-rich islands surrounded on both sides by the aged 

GDP-MT lattice, suggesting the self-repair function of MTs both in vitro and in cells 

(Aumeier et al., 2016). MT bending (Schaedel et al., 2015), movement of motors 

on MT (Triclin et al., 2021), and MT severing by spastin/katanin (Srayko et al., 

2006) can all potentially lead to lattice defects through loss of tubulin. The self-

repair process requires new GTP-tubulin to replenish sites of lattice defect, which 

is expedited in the presence of GTP-MT binding proteins, mostly +TIPs (Reid et 

al., 2019). The resulting GTP-enriched islands function as potent rescue sites to 

increase the MT lifespan. Data not shown here, my collaborator Daisy found that 

Abl2 assists in the self-repair of MTs and further protects the MT lattice. 
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Figure 1.5 Summary of known microtubule plus ends ultrastructure. a) The 

left panel showed the diagram of microtubule plus ends with curled protofilaments. 

The right panel showed the cryo-EM image. b)-d) Diagram and cryo-EM images 

of current observed microtubule growing ends, including straight ends, curled 

multi-protofilaments sheet, and flared or ragged ends. e) Detailed collections of 

MT growing ends diagrams. Figure is adapted from (Gudimchuk & McIntosh, 2021). 
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Mechanism of MT stabilization by taxol 

In the following sections, I will discuss how MT dynamics are regulated by small 

molecules and MTBPs. In recent years, high-resolution structures of MT stabilized 

by various drugs have been solved to shed light on their distinct structural impact 

(Manka & Moores, 2018a). Paclitaxel (taxol), the most well-known natural-source 

cancer chemotherapy drug, has been shown to stabilize MTs and is widely used 

in many in vitro MT experiments, including MT cosedimentation assays in my 

thesis project. However, the mechanism of its stabilization has been under debate 

over the years due to lack of high-resolution structures. Taxol binds to the luminal 

side of β-tubulin and induces a conformational change of the M-loop – the domain 

that mediates MT lateral contact (Nogales et al., 1998). The tubulin straight-to-bent 

conformation transition moves the M-loop away from the lateral contact (Li et al., 

2002). The binding of taxol keeps the M-loop in the lattice-like/straight-like 

conformation (Elie-Caille et al., 2007). Interestingly, it was believed that taxol 

binding prevents the lattice compaction upon GTP hydrolysis, hence mimicking 

GTP-like structures (Alushin et al., 2014). Recent structural studies revealed that 

the taxol-MT structure harbors a minimal ~0.4 Å expansion in the longitudinal 

direction relative to the length of GDP-MTs, contradicting the hypothesis that taxol-

stabilized MTs mimic GTP-MT structure (Kellogg et al., 2017). Distorted taxol-MTs 

with compacted lattices maintain lateral contact but harbor heterogeneous 

intermediate structures upon taxol binding (Ettinger et al., 2016; Manka & Moores, 

2018b). It is for this reason that MTs may harbor structural lattice damage upon 
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taxol addition (Reid et al., 2017). Therefore, taxol is also applied to generate 

damaged MTs in the evaluation of MT lattice repair. 

 

Regulation of MT dynamics via MTBPs 

MT dynamic instability is tightly modulated via a broad spectrum of the associated 

proteins in vivo. MTBPs can be functionally categorized as stabilizers, destabilizers 

including severing enzymes, nucleators, end-binding proteins, 

bundlers/crosslinkers, and structural proteins (Goodson & Jonasson, 2018). 

Classic microtubule-associated proteins (MAPs) like tau, MAP2, and MAP6 

stabilize MTs (Bodakuntla et al., 2019; Bosc et al., 2003; Dehmelt & Halpain, 2005). 

+TIPs, like EB1 (Komarova et al., 2009; Vitre et al., 2008) and XMAP215 (Brouhard 

et al., 2008), directly regulate MT growth by coordinating the tip GTP-tubulin 

incorporation. On the other hand, stathmin destabilizes MTs by binding tubulin 

dimers, sequestering them from the MT lattice, and decreasing the available free 

tubulin concentration (Howell et al., 1999). Severing enzymes spastin and katanin 

break inside of the MT lattice by extracting tubulin dimers out of the MT lattice 

(Srayko et al., 2006; Vemu et al., 2020). Here, I will briefly discuss how two known 

MTBPs, XMAP215 and TPX2, acting as MT nucleators and compare and constrast 

their different underlying mechanisms. 

XMAP215/Dis1 family proteins were first identified for their abilities to regulate 

centrosome-dependent MT assembly (Tournebize et al., 2000) and proper 

chromosome disjunction (Rockmill & Fogel, 1988). It was later discovered that 

XMAP215 acts as a processive polymerase that interacts with both MTs plus ends 
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and tubulin dimers to catalyze subunit addition at the MT ends (Brouhard et al. 

2008). In vitro experiments with purified XMAP15 additionally revealed its intrinsic 

capacity to promote spontaneous MT nucleation (Thawani et al., 2018). Together, 

these data suggested that binding of MTBPs to both tubulin and MTs not only 

stabilizes and promotes growth, but also facilitate MT nucleation potentially by 

stabilizing MT intermediate structures. 

Similar to XMAP215, another protein TPX2/Xklp2 was also found to synergize 

with γ-TuRC in Xenopus eggs for templated nucleation (Kufer et al., 2002). Recent 

work from the Petry Lab revealed the striking mechanism underlying nucleation 

and branching formation by TPX2, that TPX2 phase separates into co-

condensates with tubulin to enhance the nucleation efficiency (King & Petry, 2020). 

This discovery opens up a new field for the study of cytoskeletal related proteins 

and their regulation of MT dynamics. Liquid-liquid phase separation (LLPS) was 

discovered as a potential feature of the proteins, which are intrinsically disordered 

and contain multivalent binding domains, to drastically increase the local protein 

concentrations for function.  

 

Regulation of MT dynamic via kinases 

Phosphorylation by kinases was originally reported to regulate the binding affinity 

of MTBP:MT interactions. A classic example is tau, hyperphosphorylation of which 

abolishes its MT-binding ability and induces large aggregation formation – 

neurofibrillary tangles – that contribute to pathologies such as Alzheimer’s Disease 

(Dehmelt & Halpain, 2005). Phosphorylation of MAPs also regulates the crosstalk 
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of microtubule and actin filaments. In vitro assays showed that phosphorylation of 

MAP6 by CaMKII (Calcium/calmodulin-dependent protein kinase II) prevents its 

binding to MTs, but does not affect binding to actin filaments, indicating 

phosphorylation may serve as a switch for MAP6 to translocate from MTs in 

dendritic branches to the pools of actin within spines (Baratier et al., 2006; Lefevre 

et al., 2013; McVicker et al., 2015). In most cases, phosphorylation plays an 

inhibitory role in MAPs binding to MTs, as the addition of negative charges from 

phosphate groups increases the overall negatively-charge electrostatics of the 

tubulin C-terminal tails. However, rare cases exist where phosphorylation 

enhances binding to MTs, like MAP2 (Brugg & Matus, 1991) and Eg5 (Cahu et al., 

2008). Recent studies on MT-binding kinases revealed that kinases play more 

diverse roles in fine tuning MAPs and microtubule networks (Ramkumar et al., 

2018). Phosphorylation of specific sites does not dissociate MAPs from MTs, but 

re-localizes them to different subcellular regions and alters the function of MAPs 

in the regulation of MT dynamics (Eot-Houllier et al., 2010; Lefevre et al., 2013; 

Tanaka et al., 2006).  

Recent work identified an emerging number of kinases that directly interact 

with MTs. The first several kinases with direct interactions were identified by their 

ability to phosphorylate free tubulin subunits, e.g., CDK1 (Fourest-Lieuvin et al., 

2006), DYRK1 (Ori-McKenney et al., 2016), Syk1 (Peters et al., 1996), and c-Fes 

(Laurent et al., 2004). Interestingly, several kinases bind to MTs, but do not appear 

to phosphorylate tubulin, including Abl2 (Y. Hu et al., 2019), TAOK2 (Nourbakhsh 

et al., 2021) and LRRK2 (Deniston et al., 2020) – mutations in all of which are 
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associated with defects in neuronal development. The structural resolution of 

LRRK2 decorating on MTs indicates that the kinase domain conformation, open or 

closed, regulates its MT binding (Deniston et al., 2020). Interestingly, in my project, 

Abl2 fragments lacking the kinase domain retain the high-affinity binding to MTs. 

However, we do find that the affinity is slightly reduced upon removal of the kinase 

domain, indicating a potential role of the kinase domain in regulating the binding 

function.  

 

Summary 

The MT cytoskeleton is one of the most remarkable components in eukaryotic cells. 

Recent advances in structural and functional analysis of MTs and MTBPs have 

elucidated many exciting mechanisms through which MTs adopt lattice 

rearrangements and presents altered dynamic instability. The inherent complexity 

underlying the multiple protofilaments structures have made a mechanistic 

understanding of its assembly and turnover a difficult undertaking, even after years 

of research. Much remains to be elucidated, such as determining the various 

structures that growing plus ends adopt and how would those structures hinder 

differences in dynamics. Fine control structural and dynamic changes is central to 

proper coordination of essential cellular processes. A better understanding of the 

specific roles for different MTBPs in specific cellular contexts will provide insights 

into how the MT network is perturbed to give rise to diseases, and how therapeutics, 

like taxol, can compensate for such alterations to thwart pathology.  
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Chapter 2 – Regulation of physiological and cellular processes by Abl 

family kinases 
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Introduction 

Abl family nonreceptor tyrosine kinases, including Drosophila D-Abl, C. elegans 

Abl, and the vertebrate Abl1 and Abl2 (also known as Abl-related gene, Arg) 

translate diverse extracellular cues, e.g., growth factors (Pendergast, 2006), DNA 

damage (Maiani et al., 2011; Meltser et al., 2011), and oxidative stress (Cao et al., 

2003; Cao et al., 2005), into cellular responses, such as cell edge protrusion 

(Lapetina et al., 2009), migration (Bradley & Koleske, 2009; Kain & Klemke, 2001), 

proliferation and survival (Gil-Henn et al., 2013). ABL genes were first identified as 

an oncogene in the Abelson murine leukemia virus. Initial interest on ABL was 

focused on its oncogenic potential, due to the discovery of BCR-ABL1, which is a 

constitutively activated oncogenic kinase in human chronic myeloid leukemia 

(CML) (Abelson & Rabstein, 1970; Ben-Neriah et al., 1986; Goff et al., 1980). 

Recent studies on the unique C-terminal extensions of Abl family kinases revealed 

their multivalent functions in interacting with actin and MTs, which may underlie 

their novel roles in neuronal degeneration (Y. H. Hu et al., 2019; Miller et al., 2004; 

Moresco & Koleske, 2003; Omar et al., 2017). Studies on the evolution of Abl 

proteins, along with their structure and function, will be crucial to understand 

tissue-specific and context-dependent biological roles of Abl family kinases.  

 

Developmental and physiological roles of Abl family kinases 

Vertebrate genomes encode two paralogs, Abl1 and Abl2, while nonvertebrate 

metazoans, Strongylocentrotus purpuratus, Caenorhabditis elegans, and 

Drosophila melanogaster, have a single ABL gene (Colicelli, 2010). Abl family 
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kinases exhibit high conservation across these species (Colicelli, 2010; Kruh et al., 

1990). After the alternatively spliced N-terminal domain, each protein contains 

tandem Src Homology 3 (SH3), SH2, and a tyrosine kinase domain, followed by a 

less-conserved C-terminal extension (Figure 2.1). A unicellular protist Monosiga 

brevicollis has two kinases that align well with ABL N-terminal sequence but 

terminate soon thereafter, suggesting the functional additions of the extended C-

terminal regions occurred during evolution (Colicelli, 2010). 

Genetic studies using Drosophila firstly revealed the potential interactions 

between Abl family kinases and the cytoskeleton. Drosophila Abl (D-abl) is 

abundant and localized at axons in the developing nervous system (Gertler et al., 

1989). Mutations in D-abl leads to defects in the nervous system, including 

aberrant midline crossing of central nervous system axons and defects in motor 

neuron axon pathfinding (Wills, Bateman, et al., 1999; Wills, Marr, et al., 1999).  

With ~40% sequence similarity to D-Abl, vertebrate Abl1 and Abl2 are 

extensively expressed in mammals and play especially critical roles in 

development of the immune and nervous systems. Abl1 is expressed in a wide 

range of mouse tissues, including the spleen, thymus and brain. Abl2 is mainly 

enriched in brains, with significant levels also in spleen, thymus, and muscle tissue 

(Koleske et al., 1998; Muller et al., 1982; Renshaw et al., 1988). Even with an 

overlap in tissue expression, protein levels and cellular localization of Abl1 and 

Abl2 vary. Abl2 is only found in the cytoplasm, with specific enrichment in the cell 

edge of fibroblasts and synapses of neurons (Y. Hu et al., 2019; Miller et al., 2004; 

K. Zhang et al., 2018). Abl1 also exists in the cytoplasm, but with the ability to 
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transport into nucleus (Colicelli, 2010; David-Cordonnier et al., 1998). 

Homozygous mutant mice expressing a null allele of abl1 show low viability and 

increased susceptibility to infections (Schwartzberg et al., 1989; Tybulewicz et al., 

1991). Interestingly, the loss of the C-terminal one-third of Abl1 in mice show a 

similar phenotype (Schwartzberg et al., 1991). abl2-/- mice survive to adulthood, 

but with neuronal defects (Koleske et al., 1998). Double deletion of abl1 and abl2 

in mice causes early embryonic lethality, with abnormalities in neuroepithelial cells 

and defects in neurulation (Koleske et al., 1998), suggesting the distinct roles of 

Abl paralogs in mammalian development, while retaining substantial functional 

overlap. 

Both in vivo and in cellulo analyses showed that loss of Abl family kinases 

leads to a significant decrease in neuronal dendritic arbor complexity and dendritic 

spine density, which is likely to explain the neuronal defects in knockout mice 

(Kerrisk & Koleske, 2013; Lin et al., 2013; Moresco et al., 2005). Studies of normal 

and cancer cells in culture showed that Abl family kinases increased cell motility 

and invasion of cancer cells potentially through its function in regulating adhesion, 

protrusion dynamics, and downstream cytoskeletal rearrangement  (Gil-Henn et 

al., 2013; Mader et al., 2011; Srinivasan & Plattner, 2006). Recent work indicates 

that Abl family kinases are also important in cell cycle arrest (Wolanin et al., 2010), 

receptor endocytosis (Echarri et al., 2012), lysosome targeting, and autophagy 

(Yogalingam & Pendergast, 2008).  
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Figure 2.1 Domain structures of Abl1, Abl2/Arg, and D-Abl. (a) The domain 

architecture of murine Abl1. Starting at the N-terminus, the indicated features are: 

alternatively spliced first exon type I and IV (bound to a myristoyl fatty acid, 

undulated line), SH3, SH2, and kinase domains, proline-rich region (Pro-X-X-Pro, 

green), nuclear localization signals (red), DNA-binding domains (DNA), globular- 

(G) and filamentous- (F) actin-binding domains and a nuclear export sequence 

(yellow) (b) The domain architecture of murine Abl2/Arg. Abl2 also contains 

alternatively spliced exons type IA and IB (bound to a myristoyl fatty acid). Abl2 

contains two F-actin binding domains (F) and a microtubule-binding domain (MT) 

in the C terminus. (c) The domain architecture of Drosophila Abl (D-Abl). D-Abl 

shares a consensus sequence for myristoylation, but has not been shown to be 

myristoylated. The C terminus domain organization is less defined. Figure adapted 

from (Hernandez, Krishnaswami, et al., 2004). 

 

 

/Abl1
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Domain functions and structural insights into Abl family kinases 

The multivalent functions of Abl family kinases are embedded in the protein 

sequence and multi-domain organization. The N-terminal SH3-SH2-kinase 

cassettes of Abl1 and Abl2 share more than 90% sequence identity and 75% 

similarity to D-Abl (Colicelli, 2010; Hernandez, Krishnaswami, et al., 2004). The 

SH3 domain binds to proline-rich peptide with a Pro-X-X-Pro consensus motif to 

mediate both intermolecular and intramolecular interactions (Barila & Superti-

Furga, 1998; Cicchetti et al., 1992; Pisabarro et al., 1998; Ren et al., 1993). The 

SH2 domain binds to phosphotyrosine-containing peptides with sequence 

specificity based on the three to six residues downstream from the phosphorylated 

tyrosine (Liu & Machida, 2017; Wagner et al., 2013). The Abl family kinase SH2 

domain binds preferentially to the consensus sequence of pTyr-X-X-Pro/Leu (pYyr 

is phosphotyrosine) (Songyang et al., 1993; Tinti et al., 2013). The kinase domain 

specifically catalyzes the phosphorylation of the tyrosine residues in target 

substrates, which further modulates their localizations or functions (Boyle et al., 

2007; Hernandez, Settleman, et al., 2004a; Simpson et al., 2015). Besides 

autophosphorylation (Brasher & Van Etten, 2000), Abl family kinases have been 

reported to phosphorylate many different substrates including cortactin (Boyle et 

al., 2007), Crk (Kain & Klemke, 2001), integrin β1 (Simpson et al., 2015) and 

p190RhoGAP (Bradley et al., 2006; Hernandez, Settleman, et al., 2004b) to 

coordinate the downstream signaling events and cellular behaviors. Even though 

Abl1 and Abl2 exhibit high sequence similarity, they can preferentially interact with 

some substrates, consistent with having unique cellular. For example, Abl2 has 
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significantly higher (over 10-fold) binding affinity for cortactin than Abl1, mediated 

through a two-residue difference in their SH2 domain sequence (Gifford et al., 

2014). 

The distinct subcellular localization and function of Abl1 and Abl2 result from 

their unique C-terminal domain composition which share 29% sequence identity. 

The Abl1 C-terminal domain contains a DNA binding domain; a proline-rich region 

(PRD) with the SH3 binding site and Pro-X-X-Pro motifs; 3 nuclear localization 

signals; a nuclear export signal; a G-actin binding domain; and a calponin 

homology (CH) F-actin binding domain (FABD). Abl2 has a PRD, an (I or L)WEQ 

F-actin binding domains, a microtubule binding region, and a conserved CH F-

actin binding domain (Figure 2.1)(Bradley & Koleske, 2009). 

Structural insights into Abl family kinases and their binding partners in 

atomic resolution provide details on the interaction mechanism. I will mainly focus 

on the structural advances in Abl2. The crystal structures of Abl2 SH3-SH2-kinase 

cassette in complex with different small molecules have been resolved (Nagar et 

al., 2003). A 17-residue peptide in Abl2 PRD encompassing a Pro-X-X-Pro-X-X-

Pro-X-X-Pro motif adopts a type II-like SH3-PPII helix interaction in a co-crystal 

with cortactin (Liu et al., 2012). The structure of Abl2 C-terminal F-actin binding 

CH domain has been determined as a compact left-handed four-helix bundle in 

solution using Nuclear Magnetic Resonance (NMR) (Liu et al., 2010). Through 

structural alignment, this structure is found similar to the focal adhesion targeting 

domain (FAT) of focal adhesion kinase (FAK), indicating a potential function of 

Abl2 in competing with FAK for binding partners to regulate focal adhesion 
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dynamics. The intrinsic disorder sequence in the C terminus is the biggest obstacle 

of resolving the structure. However, recent advances in electron microscopy (EM) 

raises the possibility of obtaining the structure of the Abl2 C-terminal domain. 

Negative-stain EM has been applied to the investigation of the Abl2-F-actin 

interaction. Low-resolution structures of actin filaments decorated with Abl2 

FABDs revealed that these two FABDs bind to different regions of actin filaments 

and induce distinct F-actin conformational changes, which is likely to explain their 

different roles in regulating actin filament rearrangements (Courtemanche et al., 

2015; Galkin et al., 2005). 

 

Activation mechanism of Abl family kinases 

Abl family kinases relay signals from diverse upstream pathways and stimuli 

including growth factor receptors, integrin adhesion receptors, immune cell 

receptors, DNA damage, cytokines and microbial invasion, mainly through the N-

terminal SH3-SH2-kinase cassette (Backert et al., 2008; Bradley et al., 2006; 

Plattner et al., 2003; Plattner et al., 1999; Plattner et al., 2004; Shaul & Ben-

Yehoyada, 2005; Simpson et al., 2015; Wessler & Backert, 2011). The N-terminal 

half of Abl family kinases have similar domain organization to Src kinase, with 52% 

identity in the kinase domain, and 37% in the SH3-SH2 domains (Nagar et al., 

2003). Similar to Src family kinases, Abl family kinases are regulated via the “latch-

clamp-switch” mechanism (Figure 2.2)(Hantschel, 2012). In the natively inactive 

state, Abl kinase domains are held in a locked conformation through the 

intramolecular interaction, “clamp”, with the SH3 and SH2 domain. This clamp is 
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held together with the aid of molecular “latch”. In the case of Abl family kinases, 

the N-terminal myristoyl group binding to the hydrophobic cavity of the kinase C-

lobe serves as a latch by inducing a conformational change in the C-terminal 

kinase domain helix which allows the docking of SH2 domain on to the kinase C-

terminal lobe. Signaling through receptors or binding partners of SH3 and SH2 

domains can release the clamp from the inhibitory state. Full kinase activation is 

then achieved by the “switch”, phosphorylation of several key tyrosine residues in 

the kinase domain, which prevents the kinase from returning back to the inactive 

state (Hantschel, 2012; Harrison, 2003; Nagar et al., 2003; Tanis et al., 2003). 

Another critical activation mechanism is through the self-association of Abl kinases. 

Dimerization or tetramerization through the coiled-coil domain of BCR in BCR-ABL 

promotes the kinase activity, potentially due to the autophosphorylation of the 

oligomerized kinases (Beissert et al., 2008; Hantschel, 2012; Mcwhirter et al., 1993; 

Smith et al., 2003).  
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Figure 2.2 The “latch-clamp-switch” regulation mechanism of Abl2 kinase 

activity. Model of Abl family kinase activation propose that engagement of the 

SH3 and SH2 domains with cellular binding partners release the “clamp”. 

Subsequent phosphorylation both at the Abl1/Abl2 SH2-kinase linker and 

Abl1/Abl2 activation loop act as a switch and promote the adoption of an active 

kinase state. Figure adapted from (Hantschel, 2012). 

 

Indirect and direct interactions of Abl family kinases with F-actin 

The striking findings that BCR-ABL phosphorylates focal adhesion proteins 

(Gotoh et al., 1995; Salgia et al., 1995) and promote dramatic changes in the actin 

cytoskeleton (McWhirter & Wang, 1993), which further lead to altered protrusion 

and migration attracted interests in how Abl family kinases might interact with actin 

filaments. Several Abl kinase substrates are implicated in the indirect regulation of 

the F-actin network (Figure 2.3), including Abi (Stradal et al., 2001), WAVE 

(Westphal et al., 2000), cortactin (Boyle et al., 2007), p190RhoGAP (Peacock et 

al., 2007), and N-WASp (Miller et al., 2010).  
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Integrin-mediated adhesion stimulates Abl2 to phosphorylate p190RhoGAP 

(GTPase-activating protein) on Tyrosine 1105. This phosphorylation event 

activates p190RhoGAP and allows it to bind to p120RasGAP, forming a complex 

(Bradley et al., 2006; Hernandez, Settleman, et al., 2004b; Peacock et al., 2007). 

The p190RhoGAP/p120RasGAP complex then translocates to the cell periphery 

(Bradley et al., 2006). Once localized to the membrane, the activated 

p190RhoGAP is positioned such that its GAP activity can act on nearby 

membrane-bound RhoA molecules and inactivate them. RhoA inactivation results 

in an inhibition of Rho-mediated contractility by decreasing signaling to Rho kinase 

(ROCK), thereby decreasing phosphorylation and activation of myosin light chain 

(MLC) (Chrzanowska-Wodnicka & Burridge, 1996). This ultimately results in a 

decrease in myosin-actin interaction and therefore, contractility. The decrease in 

contractility relaxes the cell in preparation for actin-based protrusion, thus 

facilitating the protrusive spreading of the cell on the extracellular matrix (Miller et 

al., 2004; Woodring et al., 2002).  

Phosphorylation of the adapter proteins Abi1 and WAVE promote the 

formation of the WAVE regulatory complex (WRC) that activates the Arp2/3 

complex (Mendoza, 2013), which is capable of stimulating actin branching and 

remodeling (Pollard, 2007). Abl2 also interacts with another activator of the Arp2/3 

complex, cortactin (Boyle et al., 2007; Lapetina et al., 2009). The interaction 

between Abl2 and phosphorylated cortactin potently activated actin nucleation by 

the Arp2/3 complex (Courtemanche et al., 2015; Mader et al., 2011). Recent work 

showed that the disruption of Abl2:cortactin interactions eliminates stable actin 
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filaments in dendritic spines, significantly reducing spine density (Shaw et al., 

2021). Abl family kinases coordinate cytoskeletal rearrangements via the kinase-

dependent interactions with key actin-binding proteins. However, the defining 

characteristics of Abl family kinases are their direct interactions actin and MTs. The 

Abl2 C-terminal region contains two distinct F-actin-binding domains that 

cooperatively bind actin filaments and can bundle F-actin in vitro. Abl2 localizes to 

the periphery of mouse fibroblasts during adhesion and spreading where it 

colocalized with concentrations of F-actin (Wang et al., 2001). The C-terminal half, 

which lacked the kinase domain, was necessary and sufficient for this localization.  

Interestingly, in vitro single filament TIRF experiments showed that direct binding 

of Abl2 stabilizes actin filaments and can cooperate with cortactin and Arp2/3 

complex to stimulate actin branching (Courtemanche et al., 2015). The decoration 

of Abl2 also greatly potentiates cofilin severing of actin filaments, which may be 

due to the actin filaments conformational change induced by the binding 

(Courtemanche et al., 2015). Together, these results suggest that Abl2 regulates 

actin structures through both direct and indirect interactions. 
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Figure 2.3 Abl2 control actin dynamics via direct binding or through other 

actin-binding proteins. Upon activation by extracellular cues, Abl2 interacts 

directly with actin filaments or through phosphorylation and cooperation of actin-

binding proteins to achieve actin cytoskeleton remodeling. Figure adapted from 

(Tang & Gerlach, 2017). 

 

Interaction of Abl family kinases with microtubules 

The finding that Abl1 kinase activity could be activated by paclitaxel provided the 

first evidence of possible crosstalk between MTs and Abl family kinases (Nehme 
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et al., 2000). BCR-ABL-expressing cells were shown to escape the mitosis arrest 

under nocodazole treatment, potentially through the dysfunctional mitotic 

checkpoint (Wolanin et al., 2010). Recent results that Abl1 directly phosphorylates 

γ-tubulin, one of the key components of centrosome, also suggested a possible 

mechanism by which Abl family kinases might regulate MTs during mitosis (Wang 

et al., 2022). 

Genetic studies in Drosophila first revealed that Abl family kinases interact 

functionally with MTs through the plus-end regulatory protein Orbit/CLASP to guide 

neuronal axon pathfinding (Lee et al., 2004). Flies carrying mutations of D-abl 

display abnormal CNS axon midline crossing and premature pathfinding of the 

neuromuscular junction motor ISNb axons. Mutations of orbit, the ortholog of 

vertebrate CLASP in Drosophila, phenocopy these D-abl deficiencies, which are 

enhanced in D-abl, orbit double mutants (Lee et al., 2004). Epistasis analysis 

suggests that D-abl acts upstream of orbit to mediate the growth cone targeting 

and axon guidance. Where and how Orbit functions were difficult to visualize in 

Drosophila growth cones, so the mechanism was further dissected in vertebrates 

using the orthologue protein, the cytoplasmic linker protein-Associated proteins 

(CLASPs). CLASPs are found localized to the growing tips of microtubules, 

through direct binding interactions with CLIPs and EBs (Lee et al., 2004; van de 

Willige et al., 2016), and act as a local stabilizer of MTs (Beffert et al., 2012; Lee 

et al., 2004). In vitro studies revealed that Abl1 directly phosphorylates CLASP, 

which then modulates its binding to MTs, but how the phosphorylation and 

interaction with Abl1 impacts MT network and cellular physiology are still unclear 
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(Engel et al., 2014). Through a yeast two hybrid screen, kinesin heavy chain (Khc), 

a member of the kinesin-1 subfamily of microtubule motors, was discovered as an 

interactor of D-abl downstream substrate Drosophila Enabled (Ena). Genetic 

analysis suggested that D-abl has a positive influence on the transport function of 

Khc, probably by inhibiting Ena (Martin et al., 2005). Interestingly, the orthologue 

of another microtubule regulator XMAP215, minispindle (Msps) in Drosophila, was 

shown to function during this axon guidance process by antagonizing the D-abl 

signaling through orbit (Lowery et al., 2010). 

A milestone advance showed that Abl2 directly binds to MTs (Miller et al., 

2004). Dr. Yinxiang Wang in the Koleske lab utilized the in vitro microtubule 

cosedimentation assays to show that Abl2 directly interacts with MTs. Together 

with its F-actin binding domains, Abl2 can act as a crosslinker of MTs and actin 

filaments in vitro. Abl2 localizes to and is required for the formation of dynamic 

actin-rich cell edge protrusions in 3T3 cells, which are also enriched for MTs. 

Inhibitors of either F-actin or MT polymerization disrupt Abl2 localization to the cell 

periphery and eliminate these dynamic cell edge protrusions (Miller et al., 2004). 

Despite these compelling data that Abl family kinases interact functionally with MTs 

(Figure 2.4), the physical and mechanistic basis by which Abl family kinases 

interact and regulate MTs is still unclear. My thesis aimed to understand how   Abl 

family kinases interact with MTs and tubulin to regulate MT dynamics. 
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Figure 3.5. Abl Family Kinases Functionally Interact with Microtubules. Abl 

cooperates with multiple effectors, including kinesin, CLASP, and XMAP215 (Lee 

et al., 2004; Lowery et al., 2010; Martin et al., 2005). The direct interactions of Abl 

family kinases and the resulting regulation mechanism are still unknown.  

 

Cell migration is mediated by the interaction of Abl2 and cytoskeleton 

Cell migration is the process that requires delicate cooperation of signaling 

transduction and cytoskeletal remodeling with exquisite spatial and temporal 

precision (Seetharaman & Etienne-Manneville, 2020). In many polarized motile 

cells, actin polymerization provides the major force for cell migration, whereas MTs 

extension and capture in the periphery assist in cell mechanics, intracellular 

trafficking, and signaling (Kaverina et al., 1998; Seetharaman & Etienne-
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Manneville, 2020). This allows the cell to sense the microenvironment and controls 

the focal adhesion dynamics and the polarity of migration (Gundersen, 2002a; 

Kirschner & Mitchison, 1986; Rodriguez et al., 2003; Waterman-Storer et al., 1999). 

Capture of MT ends occurs mainly through the interaction and stabilization by 

microtubule plus-end binding proteins (+TIPs), e.g. ACF7 (Kodama et al., 2003), 

IQGAP1, CLIP-170, and the associated CLASPs (Gundersen, 2002b).  

The multivalent functions of Abl2 in its interaction with cytoskeleton and 

signaling transduction make it a potential hub in motile cells (Bradley & Koleske, 

2009). Recent discoveries showed that Abl2 interacts with the regulators of the 

cytoskeleton to coordinate cell migration (Peacock et al., 2007). In response to 

extracellular stimuli through growth factor receptors and integrin receptors, 

activated Abl2 can directly phosphorylate actin nucleating promoting factors, such 

as cortactin and N-WASp, to increase the stabilized actin branching network 

(Courtemanche et al., 2015). The activated Abl2 also phosphorylates the 

p190RhoGAP to inhibit RhoA activity, attenuate actomyosin contractility and 

regulate adhesion dynamics (Bradley et al., 2006; Hernandez et al., 2004; Peacock 

et al., 2007). Even despite these many illustrated mechanisms, how Abl2 regulates 

MT dynamics and whether and how Abl2 mediates interactions between MTs and 

actin filaments in the cell migration are still unknown. 
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Summary  

Abl family kinases mediated signaling events play fundamental roles in the 

development and function of the heart, vasculature, brain, and immune system, 

and inappropriate activation of these kinases causes leukemias and promotes 

solid tumor progression (Colicelli, 2010). Upon activation by growth factor or 

integrin adhesion receptors, Abl2 functions as a central hub for integrating 

signaling cues and cytoskeletal rearrangement. Inactivation of these mechanisms 

dysregulates cell migration, chemotaxis, and phagocytosis in fibroblasts and 

macrophages, impairs breast cancer cell invasion and metastasis, and causes 

defects in neuronal dendrite and dendritic spines development and stability 

(Bradley & Koleske, 2009).  

 Direct and indirect interactions of Abl family kinases with both actin 

filaments and MTs have been reported. The domains that medicate binding of Abl2 

to actin filaments and their impact on actin stability and structure have been 

revealed.  How Abl2 interacts with MTs or tubulin to regulate MT dynamics remains 

largely unclear.  
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Chapter 3 – Thesis aims and my contributions 
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Genetic studies in Drosophila revealed that Abl family kinases interact functionally 

with MTs through acting upstream of the microtubule stabilizer Orbit/CLASP and 

the microtubule polymerase and nucleator Msps/XMAP215, which mediates the 

proper control of axon guidance. Our previous colleague Yinxiang Wang firstly 

reported the striking finding that Abl2 directly binds MTs. Along with the two F-actin 

binding domains, Abl2 can act as a crosslinker of MTs and F-actin in vitro. Abl2 

localizes to and is required for the formation of dynamic actin-rich cell edge 

protrusions in 3T3 fibroblasts, which are also enriched for MTs. Inhibition of either 

F-actin or MT network disrupts Abl2 localization to the cell periphery and eliminates 

the dynamic cell edge protrusions (Miller et al., 2004). Despite these compelling 

data that Abl family kinases interact functionally with MTs, the physical and 

mechanistic basis by which Abl family kinases interact with and regulate MTs 

remain elusive. The main objective of my project was to characterize the 

physical and functional interactions between the Abl family kinases and 

dynamic MTs. I provide evidence here that the Abl2 non-receptor tyrosine kinase 

regulates microtubule dynamics via direct binding to free tubulin and MT lattice, 

which is underlying the role of Abl2 in cell migration. 
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Aim 1. Characterization of the physical interactions between Abl2, MTs, and 

tubulin.  

To examine which amino acid regions of Abl2 are important in mediating the Abl2 

interactions with MTs and tubulin, I designed a library of Abl2 truncations to 

perform the functional assays for binding measurements. Different affinity tags are 

tested to obtain better protein quality and reduce the potential effect on protein 

functions in the assays. In collaboration with Daisy Duan, MT cosedimentation 

assays and TIRF microscopy were used to qualitatively and quantitatively measure 

binding of Abl2 fragments to taxol-stabilized MTs and GMPCPP-stabilized MTs. 

The preference of Abl2 for different nucleotide states of MTs was also analyzed. 

The size-exclusion chromatography profile of Abl2 mixed with tubulin indicated that 

Abl2 formed complexes with tubulin dimers. I further performed BioLayer 

Interferometry to quantify the tubulin binding affinity of Abl2 and Abl2 fragments, 

localize the tubulin binding regions, and evaluated how the ionic strength impacted 

Abl2 binding to tubulin. 

 

Aim 2. Examination of how Abl2 regulates microtubule dynamics in vitro and 

in cells. 

I performed the bulk tubulin turbidity assays to measure how Abl2 regulates MT 

nucleation and assembly. Interestingly, as a protein with an intrinsically disordered 

region, Abl2-eGFP undergoes phase separation under conditions thought to mimic 

the conditions of a crowded intracellular environment. I measured if Abl2 can co-

condensate with tubulin to further regulate MT nucleation. My collaborator Yuhan 
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Hu performed in vitro fluorescence microscopy assay to visualize the dynamics of 

microtubules in the presence and absence of Abl2 or Abl2 fragments. 

I then aimed to investigate how Abl2 regulates the cytoskeletal network in 

cells. I engineered CRISPR abl2-/- cells and re-constituted the abl2-/- cells with 

Abl2-eGFP or Abl2 fragments-eGFP. I used the microtubule tip tracking peptide 

MACF43, fused with a fluorescent marker as a reporter to visualize the plus-end 

growth of MTs in cells and measured the rate of microtubule growth in the absence 

or presence of Abl2 or Abl2 fragments. Previous work reported that Abl2 mainly 

localizes to the cell edge and regulates the cell edge protrusions through 

interacting with actin filaments and microtubules. I performed live cell imaging 

using TIRF and confocal microscopy to visualize the interaction of Abl2 and 

cytoskeleton in cells. Lastly, I analyzed how cell migration is regulated in WT and 

abl2-/- cells, and the reconstituted cells re-expressing different Abl2 fragments. 
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Abstract 

Genetic studies in Drosophila indicate that Abl family kinases interact functionally 

with MTs, specifically with orbit/CLASP, which is the MT stabilizer that regulates 

the proper neuronal axon pathfinding (Lee et al., 2004). Previous work identified 

Abl2 as a direct interactor of both actin filaments and MTs (Y. Hu et al., 2019; Miller 

et al., 2004). Extensive studies of Abl2 interaction with actin filaments from our lab 

and others outlined the mechanism that Abl2 directly stabilizes actin filaments and 

cooperates with cortactin to regulate the actin branching. However, how Abl2 

interacts with MTs remained mysterious for more than ten years. My collaborator 

Yuhan Hu in the Koleske Lab provided one piece of the puzzle that the binding of 

Abl2 to MT lattice is mainly mediated through the electrostatic interaction with the 

disordered E-hook of MTs (Y. Hu et al., 2019). There are many other questions 

that remain to be answered to unveil the comprehensive interaction mechanism, 

including a) what is the MT binding region inside Abl2? b) Does Abl2 recognizes 

different MT nucleotide states? c) Does Abl2 binds to tubulin dimers?  

To answer these biochemical questions, I started from studies of the 

biophysical properties of Abl2 using Stokes’ radius analysis and multi-angle light 

scattering coupled with size exclusion chromatography (SEC-MALS) analysis. I 

provide evidence here that Abl2 mainly exists as monomers in vitro. In the 

subsequent studies, I designed a panel of Abl2 fragments and performed 

microtubule cosedimentation assays to determine the minimal regions that bind 

MTs. My data suggest that the C-terminal region is required for strong binding of 

Abl2 to MTs, since truncations from both sides largely reduced the binding affinity. 
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Interestingly, even though the N-terminal half containing the kinase domain does 

not directly bind to MTs, the deletion of it reduces Abl2 binding affinity to MTs, 

which is likely mediated through the phosphorylation level or the conformational 

change. As I reviewed in Chapter 1, MTs have different ultra-structures when 

bound with different nucleotides, generally characterized as the GTP-cap and the 

GDP-MT lattice. Determination of where Abl2 binds on the MT lattice is critical for 

understanding the role of Abl2 in regulating the MT network. I found that Abl2 binds 

tightly to both taxol- and GMPCPP-stabilized MTs. My collaborator Daisy Duan 

showed that Abl2 has a preference for the GMPCPP-MTs over GDP-MTs using 

TIRF Microscopy. Strikingly, I also found that Abl2 directly binds to tubulin. 

Measurements of the tubulin binding using BioLayer Interferometry (BLItz) 

revealed that Abl2 binds to tubulin through the two different regions aa. 688-924 

and aa. 1024-1090. The loss of aa. 688-790 eliminates the observable binding to 

tubulin. I reported that the interaction is mediated through electrostatic interactions 

and partly through the C-terminal tails of MTs. Taken together, our data indicate 

that Abl2 possesses binding abilities to GTP-MTs and tubulin, which may enable 

Abl2’s function to regulate MT dynamics. 
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Purified Abl2 and Abl2 fragments exist primarily as monomers in solution. 

The intrinsic disorder property of Abl2 impeded the yield and purity of Abl2 and 

Abl2 fragments’ purification. Different affinity tags have been explored to obtain 

better protein quality and reduce the potential effect in the assays. The switch from 

MBP-tag to His6-tag purification system produces much higher yields of the 

proteins. Interestingly, the purified His6-tag cleaved Abl2 runs at an unexpected 

early elution volume in the size-exclusion chromatography, indicating either an 

extended conformation or the existence of oligomers (Figure 4.1A). I set out to 

determine the biophysical properties of Abl2 using the Stokes’ radius analysis and 

SEC-MALS analysis. 

The Stokes’ radius (Rs) of Abl2 full-length and the C-terminus were 

determined by gel filtration chromatography. The standard proteins, Thyroglobulin 

(670 kDa, 86 Å), γ-globulin (150 kDa, 51 Å), Ovalbumin (44.3 kDa, 28 Å), and 

Ribonuclease A (13.7 kDa, 17.5 Å) were used to generate the standard curve for 

the estimation of Abl2’s Stokes’ radius (Figure 4.1B). Purified His6-tag cleaved 

Abl2 full-length (122 kDa) eluted at about 10.66 mL with a Stokes’ radius of 78 Å, 

corresponding to a globular protein at about 480 kDa. Purified His6-tag cleaved 

Abl2-557-C (66 kDa) eluted at about 11.45 mL with a Stokes radius of 67.7 Å, 

corresponding to a globular protein at about 350 kDa. I went on to test if the 

extended Stokes radius is due to the oligomerization of Abl2 or the extended 

conformation. 



 51 

 

Figure 4.1 Purification of Abl2 and Stokes radius determination. A) Gel 

filtration chromatography of His6-tag cleaved Abl2 and the corresponding SDS-

PAGE of the purified Abl2. B) Gel filtration chromatography of the standard 

proteins and the standard curve of the Stokes’ radius and the partition coefficient, 

Kav, a parameter calculated as (Ve−V0)/(Vt −V0), where Ve represents the elution 

volume corresponding to the protein peak, V0 is the void volume of the column, 

and Vt is total bed volume. The dotted lines indicate the positions of Abl2 and Abl2-

557-C. 
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In collaboration with Dr. Chunxiang Wu in the Xiong lab, we utilized size-

exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) to 

confirm the native state of Abl2 and Abl2 fragments. Interestingly, SEC-MALS data 

reveal that the peak of Abl2 with 78 Å Stokes radius (Peak1) has a molecular 

weight of ~127 kDa, corresponding to the monomer state. The presence of the 

significantly large complex eluting at the void volume (Peak3) and the dimer peak 

eluting at 10.1 mL (Peak2) may underlie the oligomers formed under formaldehyde 

crosslinking. The analysis of Abl2-557-C, Abl2-N-688, and Abl2-688-C are all 

predominantly monomers, with a low population of dimers (Figure 4.2). The 

combining result of Stokes’ radius analysis and SEC-MALS data indicate that Abl2 

exists mainly as an extended monomer in solution. The attempts to solve the 

structure of Abl2 or Abl2-557-C using Electron Microscopy (EM) of negatively 

stained specimens failed due to the heterogeneity of the protein samples.  
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Figure 4.2 SEC-MALS analysis showed that Abl2 mainly exists as monomers 

in solution. The profiles of SEC-MALS of A) Abl2; B) Abl2-557-C; C) Abl2-N-688; 

D) Abl2-688-C. The left axis showed that differential refractive index and the right 

axis showed the calculated molecular weight based on the light scattering signals. 

In A) All 3 peaks were shown, in which Peak1 corresponds to the monomer, Peak2 

corresponds to the dimer, and Peak3 corresponds to either aggregation or higher 

oligomers. In B), C), and D), only Peak1 and Peak2 were shown. 
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Abl2 binds to the MT lattice mainly through the C-terminus. 

We previously characterized MT binding of Abl2 fragments fused to dimeric 

glutathione-S-transferase (GST) fusion or the large molecular weight maltose 

binding protein (MBP) (Y. Hu et al., 2019; Miller et al., 2004). Concerned that these 

moieties may introduce artifacts, we purified monomeric Abl2 protein and 

fragments fused C-terminally to GFP via N-terminal His6-tags, which were 

subsequently removed. Consistent with findings from our previous work (Y. Hu et 

al., 2019), His6-cleaved Abl2-eGFP binds to taxol-stabilized MTs with a 

dissociation constant KD = 0.37 ± 0.12 μM (Table I) and the C-terminal half 557-

C-eGFP binds to MTs with a slightly lower affinity (KD = 0.66 ± 0.16 μM, Figure 

4.3A). Abl2-557-C is enriched with positively charged residues (12.8%, 80/626) 

and prolines (10.7%, 67/626), which is one of the conserved features in MT binding 

regions (Goode et al., 1997; Tajielyato et al., 2018). Abl2-557-1024-eGFP maintain 

binding ability to MTs, albeit with a lower affinity (KD, 557-1024-eGFP = 3.8 ± 1.5 μM, 

Table I). Further truncation to 557-930 still showed binding to MTs, however, the 

binding did not reach saturation, thus preventing us from estimating the affinity of 

this fragment for MTs accurately (KD > 3 μM). Smaller fragments including 557-

688-eGFP, 688-924-eGFP, and 1024-1090-eGFP at 2 μM did not bind to 

rhodamine-labeled MTs imaged by TIRF microscopy (data not shown). 

Assessments of Abl2 fragments binding to MTs are summarized in Table I. 

Interestingly, Abl1 and a naturally existing Abl2 neuronal isoform lacking amino 

acids 688-790 (Abl2Δ688-790) (Perego et al., 2005) exhibit strong binding to MTs 

(KD, Abl1 = 0.45 ± 0.17 μM; KD, Abl2Δ688-790 = 0.40 ± 0.20 μM, Figure 4.3B, C). 



 55 

Together, these data suggest that the C-terminal is required for strong binding of 

Abl2 to MTs. 

Abl2-N-557-eGFP does not bind directly to MTs. However, truncation of 

Abl2 N-557 from Abl2-FL-eGFP decreases MT binding affinity. Phosphorylation of 

MTBPs has been shown to play an important role in mediating the interaction with 

MTs. Considering that there are abundant phosphorylated tyrosines in Abl2-N-557, 

Abl2 binding on MTs is likely regulated by the phosphorylation of the N-terminus. 

We added PD180970, a tyrosine kinase inhibitor, at the onset of Abl2-eGFP 

expression in Hi5 insect cells. Global phosphorylation of Abl2-eGFP was 

successfully controlled at low levels, as proven by western blot (Figure 4.3D). Co-

sedimentation assays showed that tyrosine dephosphorylated Abl2-eGFP still 

binds MTs, but with weak affinity, KD = 2.4 ± 1.4 μM (Figure 4.3E).  
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Table I. Summary of Abl2 and Abl2 fragments binding to taxol-MTs. 

Disassociation constant (KD) data are measured as means ± S.D., for each assay 

condition, n > 3. NB: Not Binding, NS: Not Saturating, binding did not reach 

saturation for the tested concentrations.  

  

Table I. Summary of Abl2 fragments binding to taxol-MTs

Abl2-eGFP
N-557-eGFP

KD��ȝ0���
SH3 SH2 Kinase A

557 688 924 1090 1182

SH3 SH2 Kinase

A AM 0.37 ± 0.13
N.B. 

A M A 0.66 ± 0.15

557-930 > 3

557-1024-eGFP 3.8 ± 1.5

$EO�¨������� SH3 SH2 Kinase AA AM 0.40 ± 0.20

557-C-eGFP

557-C A M A 1.1 ± 0.26

557-688-eGFP N.B. 

A

A

Abl2-eGFP SH3 SH2 Kinase AA AM 2.4 ± 1.4
Dephosphorylated
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Figure 4.3 Abl2 binds to taxol-MTs via the C-terminal half. The plots of the 

percentage of A) 557-C-eGFP, B) Abl1, C) Abl2Δ688-790, and E) the 

dephosphorylated Abl2-eGFP bound versus MT concentration are shown. For 

each MT cosedimentation assay condition, n ≥ 4. D) Purified Abl2-eGFP and 

dephosphorylated Abl2-eGFP were run with SDS-PAGE, followed by Coomassie 

blue G250 staining in the left and by western blot using the phosphorylated tyrosine 

antibody 4G10. 
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Abl2 binds stronger to GMPCPP-MTs than GDP-MTs. 

New tubulin dimers are added to the growing tips of MT protofilaments in complex 

with GTP, which undergoes hydrolysis into GDP. The growing MT contains a “cap” 

of GTP-polymerized tubulin that protects it from destabilization, which occurs when 

aged GDP-bound protofilament ends are exposed to solution. GMPCPP is a slowly 

hydrolyzed analog of GTP; hence, MTs polymerized from GMPCPP structurally 

mimic the GTP cap. To decipher the mechanism by which Abl2 regulates the MT 

network, it is critical to understand whether Abl2 binds preferentially to the GDP:MT 

lattice or the GTP:MT caps. Previously I showed that Abl2 binds to taxol-stabilized 

MTs with high affinity. Cosedimentation assays with MTs stabilized with GMPCPP 

showed that Abl2-eGFP binds to MTs stabilized with taxol (KD = 0.37 ± 0.12 μM) 

or with GMPCPP (KD = 0.33 ± 0.15 μM) with similar dissociation constants (Figure 

4.4A, B). My collaborator Daisy established the MT segmentation assays to 

measure whether Abl2 preferentially binds to GDP- or GMPCPP-bound 

polymerized tubulin, which mimics the GTP-bound state (Figure 4.4C). GDP-MTs 

were grown from GMPCPP-seeds and capped with GMPCPP-polymerized tubulin 

to prevent catastrophe. Control specimens EB1-eGFP and tau-eGFP bound 

preferentially to GMPCCP-MTs and GDP-MTs, respectively as demonstrated 

previously (Castle et al., 2020; Reid et al., 2019; Zanic et al., 2009). Purified Abl2-

eGFP and 557-C-eGFP bound preferentially to GMPCPP-MT segments over 

GDP-MT segments (Figure 4.4D, E), where they may facilitate tubulin addition or 

stabilize the MT lattice.  
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Figure 4.4 Abl2 binds the MT lattice, with a preference for GMPCPP-MTs over 

GDP-MTs.  

(Figure caption on next page.) 
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Figure 4.4 Abl2 binds the MT lattice, with a preference for GMPCPP-MTs over 

GDP-MTs. A, B) Representative gels of the cosedimentation assays performed 

with A) taxol-stabilized MTs and B) GMPCPP-stabilized MTs and the plots of the 

percentage of Abl2 or Abl2 fragments bound versus MT concentration are shown. 

The fitted KD values indicated that Abl2 binds similarly to taxol-MTs and GMPCPP-

MTs. N indicates the replicates number of the experiments. C) Diagram of the 

experimental setup. The middle GDP-enriched segments labeled by Alexa Fluor 

647-tubulin are capped by the GMPCPP-enriched segments labeled by 

rhodamine-tubulin. D) EB1-eGFP, Tau-eGFP, Abl2-eGFP, and 557-C-eGFP 

prefer different nucleotide-enriched segments, and the preferences of the 

GMPCPP-segments over the GDP-segments are quantified in E), shown as the 

log scale. E) The binding intensity of proteins on GMPCPP- over GDP-MTs were 

plotted in log scale. The points above 0 indicate preferred binding to GMPCPP-

MTs, and below 0 indicate preferred binding to GDP-MTs. 
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Abl2 binds to free tubulin dimers via the C-terminal half. 

I next set out to test whether Abl2 binds tubulin dimers in solution using size-

exclusion chromatography. Purified Abl2 and porcine tubulin were applied 

separately or after mixing for 30 min on ice to the Superdex 200 column and their 

elution profiles were measured. Interestingly, the mixture of Abl2 and tubulin 

shifted tubulin to the earlier fractions.  As shown in the first section, purified Abl2-

557-C (68 kDa) eluted at about 11.45 mL with a Stokes radius of 67.7 Å, 

corresponding to a globular protein at about 350 kDa. The incubation of His-Abl2-

557-C and tubulin leads to the formation of a new peak with larger Stokes radius 

of 101 Å (Figure 4.5A, B). 

To quantitatively measure the affinity of Abl2 binding to tubulin dimers, I 

performed biolayer interferometry (BLItz) using His-Abl2 and His-Abl2 fragments. 

His-Abl2 or His-Abl2 fragments were immobilized on a Ni-NTA affinity chip and the 

binding of a range of concentrations of tubulin were measured as a change in the 

binding signal (nm). Purified His-Abl2 bound tubulin dimers with a KD = 42 ± 13 nM. 

His-Abl2-557-C is sufficient for high-affinity tubulin dimer binding, KD = 17 ± 8 nM 

(Figure 4.5C, D), while the Abl2 N-terminal half, His-Abl2-N-557, did not detectably 

bind dimers (Table II). Interestingly, increase of the association buffer salt from 

100 mM to 300 mM KCl largely reduced the binding signals (Figure 4.5 E). We 

further tested the binding affinity of His-Abl2-fragments to identify the tubulin dimer 

binding domain in Abl2 (Table II). Two distinct fragments, Abl2-688-924 and 1024-

1090, each bound independently to tubulin dimers, but with greatly lower affinity 

(KD, 688-924 = 118 ± 39 nM; KD, 1024-1090 = 252 ± 123 nM). Strikingly, the naturally 
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expressing isoform His-Abl2Δ688-790 fails to bind tubulin but binds strongly to 

MTs (KD, Abl2Δ688-790 = 0.40 ± 0.20 μM, Figure 4.4C). This indicates that the MT-

binding region and tubulin-binding region of Abl2 are not completely overlapping. 
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Figure 4.5 Abl2 binds tubulin via two regions in the C-terminal half.  

(Figure caption on next page.) 
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Figure 4.5 Abl2 binds tubulin via two regions in the C-terminal half. A) SEC 

analysis of 557-C, tubulin, and the mixture of 557-C and mixture. The 

corresponding SDS-PAGE analysis of the SEC elution fractions is shown in B). 

His-Abl2 C) or His-557-C D) were immobilized on a Ni-NTA biosensor and the 

association of different concentrations of tubulin was measured. Representative 

traces are shown, with data in black and one phase exponential fits in red dotted 

lines. Full concentration gradients (4 tubulin concentrations) were performed at 

least three independent times and used to calculate a KD. E) Tubulin binding to 

His-Abl2Δ688-790 are not observable in the presence of 2000 nM and 8000 nM 

tubulin. F) The binding signals are significantly reduced for His-Abl2-557-C when 

the association buffer contains 300 mM KCl.  

  



 65 

 

Table II. Summary of Abl2 and Abl2 fragments binding to tubulin. 

Disassociation constant (KD) data are measured as means ± S.D., for each assay 

condition, n = 3. N.B.: Not Binding, the binding signals are not observable or really 

low that cannot be fit. The parameters are fitted using the GraphPad Prism 9 

“Association Kinetics – Two or more ligand concentrations”, which assumes a 

shared koff and globally fits the data to the exponential association kinetic model to 

derive a single best-fit estimate for kon and koff. 

  

Abl2
N-557

KD 
(nM)  

SH3 SH2 Kinase A
557 688 924 1090 1182

SH3 SH2 Kinase

A AM 42 ± 13

N.B. 

557-C A M A 17 ± 8

924-1024 M N.B. 

930-1090 M 20 ± 3

¨������� SH3 SH2 Kinase AA AM N.B. 

1024-1090

688-924 118 ± 39

252 ± 123

koff 
(min-1)  

kon 
(*106 M-1min-1)  

3.6 ± 1.1

N.B. 

8.6 ± 2.1

N.B. 

5.4 ± 2.6

N.B. 

12 ± 1.0

8.3 ± 0.83

0.14 ± 0.02

N.B. 

0.15 ± 0.08

N.B. 

0.23 ± 0.02

N.B. 

0.58 ± 0.15

1.5 ± 0.10
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Chapter 5 – Regulation of MT dynamics via Abl2 in vitro and in cells 
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Abstract 

Abl family kinases-mediated signaling events and cytoskeletal rearrangements 

play fundamental roles in many cellular processes, including cell morphogenesis 

and migration, and neuronal dendrites stability. Previous work by Ann Miller 

showed that Abl2 localizes to and is required for the formation of dynamic actin-

rich cell edge protrusions in 3T3 cells, which are also enriched for MTs. Inhibition 

of either F-actin or MT polymerization disrupts Abl2 localization to the cell 

periphery and eliminates these dynamic cell edge protrusions (Miller et al., 2004). 

In the previous chapter, I showed that Abl2 directly interacts with MTs and tubulin 

in vitro. The mechanistic functions of Abl2 through these interactions in vitro and 

in cells remain unknown. I provide evidence here that Abl2 promotes MT 

nucleation and assembly in the turbidity assays, which requires the interaction of 

Abl2 with tubulin. Interestingly, we found that Abl2 form co-condensates with 

tubulin in the presence of molecular crowding reagent dextran, which locally 

increases tubulin concentration and further enhances the nucleation of MTs. My 

collaborators Yuhan Hu and Daisy Duan showed that Abl2 increases MT 

elongation rates and reduces MT rescue frequency. I further set out to investigate 

how Abl2 regulates cytoskeletons in cells. I tracked the MT elongation rates using 

the MT plus-end binding peptide mKate-MACF43 and showed that loss of Abl2 

slows down the MT elongation rates, which can be rescued by re-expressing Abl2 

in the knockout cells. The effect of Abl2 on MT growth rates is mainly dependent 

on the function of the C-terminal half. Using live cell imaging, I found that Abl2 

mainly co-localizes with actin structures in cells, with transient interactions with 
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MTs and with the MTOC. Lastly, I measured the random cell migration of WT and 

Abl2 KO cells. I showed that loss of Abl2 leads to aberrantly high migration speed, 

which can only be partially rescued by the expression of the C-terminal half. 

Together, our work demonstrates that Abl2 plays versatile roles in regulating MT 

dynamics in vitro and in cells, which can further coordinate with the actin network 

and the downstream signaling pathways to mediate cell migratory behaviors. 
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Abl2 promotes tubulin nucleation and assembly in vitro. 

After determining the physical binding properties of Abl2 and MTs, I next sought to 

determine if the direct interactions of Abl2, MTs, and tubulin are responsible for regulating 

MT dynamics. I employed an in vitro MT turbidity assay to measure the impact of Abl2 on 

tubulin assembly. The concentration of MTs was monitored using absorbance at 350 nm; 

18 μM tubulin was polymerized in the presence of GTP and reached the plateau after 120 

mins. When incubating alone without tubulin, MBP-Abl2 and MBP did not significantly 

change the turbidity measurements (Figure 5.1A). When tubulin was incubated with 0.5 

μM Abl2-N-557 or MBP the turbidity curves did not change compared with tubulin alone 

control (Figure 5.1B). The inclusion of 0.5 μM MBP-Abl2 or MBP-557-C led to a steeper 

increase in Abs. 350 nm that plateaued at a significantly higher level (Figure 5.1B). The 

reactions were ultracentrifuged to pellet the polymerized MTs, followed by SDS-PAGE and 

densitometry quantifications, to confirm that more tubulin was polymerized in the presence 

of Abl2 (Figure 5.1C). MBP-557-C promoted tubulin assembly in a concentration-

dependent manner (Figure 5.1D). Samples taken from the end of turbidity experiments (T 

= 120 min) were visualized using EM of negatively stained specimens and revealed that 

tubulin was assembled into MTs (Figure 5.1E). I did not observe any significant MT 

bundles, as noted previously (Miller et al., 2004). Together, these results indicate that Abl2 

COOH-terminal half is sufficient and necessary to promote MT assembly and Abl2 kinase 

domain (MBP-N-557) does not influence MT dynamics.  
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Figure 5.1 Abl2 promotes MT assembly via the C-terminal half. 

(Figure caption on next page.) 
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Figure 5.1 Abl2 promotes MT assembly via the C-terminal half. A) 18 μM 

tubulin assembly was measured by the change in turbidity. As control groups, 

absorbance changes of the MBP-Abl2 alone and MBP-alone were also measured 

in the absence of tubulin. B) Absorbance changes were measured when 18 μM 

tubulin was incubated with 0.5 μM MBP-Abl2, 0.5 μM MBP-557-C, 0.5 μM MBP-

N-557, or 0.5 μM MBP. C) The tubulin assembly reactions with and without Abl2 

were ultracentrifuged and the amount of the pellet MTs was quantified using SDS-

PAGE and densitometry. D) 18 μM tubulin was incubated in the presence of 

increasing concentrations of 0.5-2 μM MBP-557-C. E) Representative negative 

stain EM images of MTs or MTs with MBP-Abl2 or MBP-557-C at the end of 

turbidity assay (T = 120 min). 
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I next measured the physiological Abl2 concentration in cells. Using purified 

recombinant MBP-Abl2 as blotting standards, I found that Abl2 represents 0.19% 

of total protein in WT mouse 3T3 fibroblast and COS-7 cell extracts. Assuming that 

the total cytoplasmic protein concentration is ~100 mg/ml (Albe et al., 1990; Finka 

& Goloubinoff, 2013) and the molecular weight of Abl2 is 128 kD, I estimated the 

physiological concentration of Abl2 to be ~1.5 μM (Figure 5.2A, B). This is within 

the concentration range at which Abl2 or Abl2 C-terminal half promotes tubulin 

assembly. 

As noticed before, besides the total polymerized MTs, the inclusion of Abl2 

leads to a steeper curve, which indicates the potential change in the nucleation 

phase. The critical concentrations required for MT formation and the lag time when 

one-tenth of the maximum turbidity is reached provide sensitive measures of MT 

nucleation, as reviewed in Chapter 1. After the optimization of the protein 

purification systems, I also switched the MBP-tagged proteins to tag-free Abl2 and 

Abl2 fragments. Consistent with what we observed before, the addition of the tag-

free Abl2 leads to higher absorbance readings when plateau (Figure 5.2C), which 

is corresponded to the amount of polymerized MTs. 

The plateau of the turbidity assays varied as a linear function of initial tubulin 

concentration, yielding critical concentrations (x intercept) of 5.5 ± 1.1 µM and 0.5 

± 1.8 µM in the absence and presence of Abl2, respectively (Figure 5.2E). The lag 

time decreased from 16 ± 2 min to 9 ± 3 min when Abl2 was added in the reactions 

(Figure 5.2F). I also found that Abl2Δ688-790, which loses the tubulin binding 

ability, did not promote MT nucleation in the turbidity assay, with a lag time of 16 
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± 2 min. The acceleration of nucleation was also confirmed by using negative-stain 

electron microscopy. Ten minutes after the onset of the reaction (T = 10 min), 4 µL 

of the reactions were retrieved and preserved as negative-stain samples to 

visualize the MT segments. Significant more MTs were assembled at the initial 

phase when Abl2 is included in the reaction (Figure 5.2G). We can also observe 

more large particles formed in the presence of Abl2, which is likely the tubulin 

oligomers that can further form the critical nucleus and elongate as MT segments.  
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Figure 5.2 Abl2 promotes MT nucleation. 

(Figure caption on next page.) 
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Figure 5.2 Abl2 promotes MT nucleation. (A) Ar11 immunoblot of recombinant 

Abl2, WT COS-7 cell lysate, and WT mouse 3T3 fibroblast cell lysate. Ar11 

recognizes the C-terminal half of Abl2. The expected bands of Abl2 (134 kD) are 

indicated. B) Ponceau S staining reveals the total amount of the protein loaded in 

each lane (purified recombinant Abl2: 0.08 and 0.053 µg, WT COS-7: 10, 20, 30 

µg, WT 3T3: 10, 20, 30 µg). C) Absorbance changes were measured when 18 μM 

tubulin was incubated in the absence or presence of 1 μM Abl2 or 1 μM Abl2Δ688-

790. D) Critical concentrations of tubulin were measured in the absence or 

presence of 1 μM Abl2 by plotting the plateau absorbance change versus the 

tubulin concentrations. E) The time that one-tenth of the maximum turbidity is 

reached is quantified as a measure of MT nucleation efficiency. F) Representative 

negative stain EM images of MTs or MTs with Abl2 at T = 10 min. 
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Abl2-eGFP undergoes phase separation and co-condenses with tubulin, 

which facilitates MT nucleation. 

As reviewed in Chapter 1, several microtubule-binding proteins (MTBPs) regulate 

MT nucleation through phase separation (Hernandez-Vega et al., 2017; King & 

Petry, 2020), which occurs mostly in the highly disordered and multivalent proteins. 

The prediction software PONDR-FIT (Xue et al., 2010) and DISOPRED3 (Jones & 

Cozzetto, 2015), suggested that the Abl2 C-terminal half (PONDR-FIT: 0.6670; 

Diso-Pred3: 0.4391) contains significant disorder, relative to its N-terminal half 

(PONDR-FIT: 0.2670; Diso-Pred3: 0.1461, Figure 5.3A).  

To investigate whether Abl2 could undergo phase separation, my 

collaborator Daisy observed solutions containing Abl2-eGFP under conditions 

thought to mimic the conditions of a crowded intracellular environment (5% dextran) 

(Andre & Spruijt, 2020). Abl2-eGFP underwent apparent phase separation: Abl2-

eGFP puncta in the dense phase retained a spherical morphology that could be 

visualized in both the brightfield and fluorescence imaging (Figure 5.3B). The 

extent to which Abl2-eGFP partitions into the dense phase can be measured by 

the partition coefficient (PC), i.e., the ratio of Abl2-eGFP concentration in the dense 

phase to the background solution phase. Fluorescence recovery after 

photobleaching (FRAP) of a single confocal plane within single Abl2-eGFP 

condensates demonstrated recovery of Abl2-eGFP fluorescence with an 

approximate half-life t1/2=1.7 min (Figure 5.3C). The phase separation propensity, 

the threshold of which was set as PC ≥ 4, increased with increasing concentration 

of Abl2-eGFP but was attenuated by increasing salt (Figure 5.3D, phase diagram). 
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Control experiments revealed that eGFP alone did not similarly undergo phase 

separation. which reveals that Abl2 can form coacervates due to its own molecular 

grammar.  

Given that Abl2-eGFP binds tubulin dimers and undergoes phase 

separation, we tested whether Abl2-eGFP could form coacervates with tubulin 

dimers. When incubated under conditions that promote Abl2-eGFP phase 

separation (50 mM KCl, 5% dextran), Alexa Fluor 647-tubulin dimers partitioned 

into Abl2-eGFP condensates. The Abl2 C-terminal half showed similar 

coacervation, while the Abl2 N-terminal did not undergo phase separation and did 

not bind tubulin dimers (Figure 5.3E). FRAP analysis revealed that the dimers 

could diffuse into an internally bleached region, with an approximate half-life 

t1/2=0.833 min (Figure 5.3F). 
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Figure 5.3 Abl2 undergoes phase separation and co-condenses with tubulin. 

(Figure caption on next page.) 
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Figure 5.3 Abl2 undergoes phase separation and co-condenses with tubulin. 

A) Probability of disorder along the sequence of Abl2 was predicted using PONDR-

FIT (grey) and DISOPRED3 (magenta). B) 1 μM Abl2-eGFP undergoes phase 

separation in the buffer containing 50 mM KCl and 5% dextran, as shown in the 

brightfield (left) and fluorescence imaging (right). C) FRAP analysis of the Abl2-

eGFP condensates showed that Abl2-eGFP can freely diffuse inside and outside 

of the condensates. The quantifications of the measurements are shown in the 

bottom panel as blue dots and the fitting is in black. D) Salt and concentration 

phase diagram of Abl2-eGFP is shown. The red dots represent PC < 4, considered 

as not phase separated. The green dots represent PC ≥ 4, considered as phase 

separated. E) Alexa Fluor 647 labeled-tubulin forms co-condensates with phase-

separated Abl2-eGFP and 557-C-eGFP. N-557-eGFP does not form condensates 

and tubulin does not co-localize with N-557-eGFP signals. F) FRAP analysis of 

tubulin within the co-condensates showed that tubulin can freely diffuse inside and 

outside of the co-condensates. The quantifications of the measurements are 

shown in the bottom panel as blue dots and the fitting is in black. 
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I next set out to test if the co-condensation of Abl2 and tubulin further 

facilitates the nucleation process. Considering that phase separation of Abl2 may 

contribute to the turbidity measurement, we measured the non-templated MT 

nucleation using 8 μM of tubulin labeled with Alexa Fluor 647 and 1 μM Abl2-eGFP 

under the phase separation condition, 50 mM KCl and 3% dextran. As shown 

previously, Abl2-eGFP co-condenses with Alexa Fluor 647-tubulin at the beginning 

of the reaction. Polymerized MT segments were observed growing from the Abl2-

tubulin co-condensates. In the absence of 3% dextran, Abl2-eGFP diffused in 

solution, and fewer MTs were observed after 1 hour-reaction (Figure 5.4).  
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Figure 5.4 Abl2 and tubulin co-condensates promote MT nucleation. The 

confocal images of the Alexa Fluor 647-tubulin and Abl2-eGFP showed that MTs 

nucleate out of the co-condensates under phase separation conditions 30 min and 

1 h after reactions started at 37°C. Under the same condition, eGFP does not form 

condensates. Without dextran, Abl2-eGFP is diffuse. Few MTs were observed 

assembled without dextran or with eGFP. 
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Abl2 increases MT elongation rate in TIRF single-filament assays.  

My collaborator Yuhan Hu next used in vitro TIRF microscopy to measure Abl2 

impacts MT dynamics at a single-filament resolution. The MT elongation rate was 

significantly higher in the presence of 0.5 or 1 μM MBP-Abl2 or MBP-557-C 

(Figure 5.5A-C, E). On the other hand, 1 μM MBP-688-C or 2 μM MBP-557-688 

did not influence MT elongation (Figure 5.5D). These observations suggest the C-

terminal half is required to allow Abl2’s function in regulating MT elongation.  

 

Figure 5.5 Abl2 increases MT elongation rate in vitro. 

(Figure caption on next page.) 
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Figure 5.5 Abl2 increases MT elongation rate in vitro. A) Schematic of the 

experimental design. Alexa Fluor 488-labeled tubulin (green) polymerizes onto the 

ends of rhodamine-labeled GMPCPP-stabilized MTs (red) which are anchored to 

the coverslip with anti-rhodamine antibodies (brown), the flow chamber was 

observed using TIRF microscopy. B-C) Representative time stills and kymographs 

of 7 μM 15% Alexa Fluor 488-labeled tubulin elongation in the absence and 

presence of 1 μM Abl2. D) 7 μM tubulin were incubated with 1 μM MBP, 1 μM 

MBP-Abl2, 1 μM MBP-557-C, 1 μM MBP-688-C, or 2 μM MBP-557-688, and MT 

elongation rates were measured and quantified. E) MT elongation rates were 

measured with 7 μM tubulin incubated in the presence or absence of 0.5-1 μM 

Abl2, 0.5-1 μM 557-C, 1-4 μM MBP. Data points are means ± S.E.; **, p<0.01; ****, 

p<0.0001, for each in vitro MT dynamic assay condition n ≥ 100. 
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Loss of Abl2 reduces MT elongation rate in cells, which can be rescued by 

the C-terminal half. 

Having demonstrated that purified Abl2 promotes elongation rate in vitro, I 

examined how the loss of Abl2 function impacts MT behaviors in cells. I generated 

CRISPR abl2−/− COS-7 cells and 3T3 fibroblasts. I used western blotting to confirm 

the expression levels of Abl2 in the WT and abl2−/− cells, and the transient re-

expression levels of Abl2-GFP, Abl2-N-557-GFP, and Abl2-557-C-GFP in abl2−/− 

COS-7 cells, and the stably re-expression levels of Abl2-GFP, Abl2-N-557-GFP, 

and Abl2-557-C-GFP (Figure 5.6). 
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Figure 5.6 Expression levels of Abl2 in WT, abl2−/−, and the rescue cell lines. 

A) Ar11 immunoblot of WT and abl2−/− COS-7 cells, and abl2−/− COS-7 cells re-

expressing Abl2-GFP or Abl2-557-C-GFP. Ar11 recognizes the Abl2 C-terminal 

half. Ar19 immunoblot of WT and abl2−/− COS-7 cells, and abl2−/− COS-7 cells re-

expressing Abl2-GFP and Abl2-N-557-GFP. Ar19 recognizes the Abl2 N-terminal 

half. The expected bands of Abl2, Abl2-GFP (161 kD), Abl2-557-C-GFP (96 kD), 

and Abl2-N-557-GFP (92 kD) are indicated. Ponceau S staining reveals the total 

amount of the protein loaded in each lane of the Ar11 blot (WT COS-7: 30, 30 µg, 

abl2−/− COS-7: 30 µg, abl2−/− COS-7 + Abl2-GFP: 5, 5 µg, abl2−/− COS-7 + Abl2-

557-C-GFP: 5, 5 µg) and the Ar19 blot (WT COS-7: 30, 30 µg, abl2−/− COS-7: 30 

µg, abl2−/−  COS-7 + Abl2-GFP: 5, 5 µg, abl2−/− COS-7 + Abl2-N-557-GFP: 5, 5 

µg). B) Left: Ar11 immunoblot of WT mouse 3T3 fibroblast cells, abl2−/− 3T3 cells, 

and abl2−/− 3T3 cells re-expressing Abl2-GFP. Center: Ar11 immunoblot of abl2−/− 

3T3 cells re-expressing Abl2-GFP or Abl2-557-C-GFP. Right: Ar19 immunoblot of 

abl2−/− 3T3 cells re-expressing Abl2-GFP or Abl2-N-557-GFP. The expected 

bands of Abl2, Abl2-GFP, Abl2-557-C-GFP, and Abl2-N557-GFP are indicated. 
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Ponceau S staining reveals the total amount of the protein loaded in each lane of 

the left Ar11 blot (WT 3T3: 20 µg, abl2−/− 3T3: 20 µg, abl2−/− 3T3 + Abl2-GFP: 50 

µg), the center Ar11 blot (abl2−/− 3T3 + Abl2-GFP: 30 µg, abl2−/− 3T3 + Abl2-557-

C-GFP: 10, 20, 30 µg), and the right Ar19 blot (abl2−/− 3T3 + Abl2-GFP: 30 µg, 

Abl2-N-557-GFP: 10, 20, 30 µg). 
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 I measured MT elongation rates by tracking the extension of MT plus-end 

marker mCherry-MACF43 (Figure 5.7A). Because MT dynamics differ drastically 

at the center compared to the periphery of a single cell, we separately analyzed 

MT elongation rates in the cell center and the outermost 25% of the cells, based 

on the distance from the observed MT-organization center (MTOC) to the cell 

membrane. In control WT COS-7 cells, MTs grew at a rate of 6.1 ± 0.1 μm/ min at 

the cell edge and 6.5 ± 0.2 μm/min at the cell center. In abl2−/− COS-7 cells, MT 

growth slowed by 25% at the cell edge (4.6 ± 0.2 μm/min) and 21% at the cell 

center (5.2 ± 0.2 μm/min; Figure 5.7B-D). Re-expression of Abl2-GFP in abl2−/− 

COS-7 cells increased MT growth rates to 8.3 ± 0.2 μm/min at the cell edge and 

9.7 ± 0.2 μm/min at the cell center. Re-expression of 557-C-GFP also increased 

MT growth rates to 8.5 ± 0.2 μm/min at the cell edge and 10.0 ± 0.3 μm/min at the 

cell center (Figure 5.7C, D). The elevated rates of MT growth over those of WT 

cells likely resulted from the overexpression of Abl2-GFP (14-fold) or 557-C-GFP 

(18-fold; Figure 5.6). That said, this effect was specific to the re-expression of Abl2 

or 557-C, as similar overexpression of N-557-GFP (12-fold), containing the 

tyrosine kinase domain but not the MT-binding regions, did not rescue MT growth 

at the cell edge (5.1 ± 0.2 μm/min) or the cell center (6.5 ± 0.2 μm/min). GFP 

expression also did not impact MT growth in abl2−/− COS-7 cells (edge: 4.9 ± 0.1 

μm/min; center: 5.4 ± 0.2 μm/min; Figure 5.7C, D). The COS-7 cell experiments 

demonstrate that reduction of Abl2 levels slowed MT growth, and overexpression 

of Abl2 or 557-C rescued this defect. We extended these results to 3T3 fibroblasts, 

where we could achieve more physiological re-expression levels of Abl2 or 557-C 
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in abl2−/− 3T3 cells (Figure 5.6). In WT 3T3 cells, MTs grew at a rate of 11.5 ± 0.4 

μm/ min at the cell edge and 14.6 ± 0.4 μm/min at the cell center. In abl2−/− 3T3 

cells, MT growth was reduced by 26% at the cell edge (8.4 ± 0.3 μm/min) and 26% 

at the cell center (10.8 ± 0.4 μm/ min; Figure 5.6E-G). Stable re-expression of 

Abl2-GFP (0.25-fold of endogenous level) in abl2−/− 3T3 cells restored MT growth 

to levels observed in WT cells (edge: 11.1 ± 0.2 μm/min; center: 13.1 ± 0.2 

μm/min). Stable re-expression of 557-C-GFP (0.34-fold) was sufficient to restore 

MT growth at the cell edge, but not at the cell center (Figure 5.6F, G). Re-

expression of N-557-GFP (21-fold) did not rescue MT growth defect in abl2−/− 3T3 

cells (edge: 7.9 ± 0.2 μm/min; center: 10.2 ± 0.3 μm/min). 
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Figure 5.7 Abl2 is required for normal MT growth in cells.  

(Figure caption on next page.) 
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Figure 5.7 Abl2 is required for normal MT growth in cells. A) Maximum 

intensity projection of mCherry-MACF43 time-lapse showed single MT tracks in a 

COS-7 cell. MT growth events in the inner one half of the cell, centered at the 

MTOC, were categorized as being within the cell center, and those in the 

outermost one-quarter region were categorized as being within the cell edge. B) 

Kymographs of the cell edge MT plus-tip growth in WT and abl2−/− COS-7 cells, 

and abl2−/− COS-7 cells re-expressing GFP or Abl2-GFP. E) Kymographs of the 

cell edge MT plus-tip growth in WT and abl2−/− 3T3 cells, and abl2−/− 3T3 cells re-

expressing Abl2-, N-557-, 557-C-GFP. MT plus-tip growth at the cell center and 

the cell edge in C) and D) in COS-7 cells or F) and G) in 3T3 cells are quantified. 

n ≥ 150. **, P < 0.01; ****, P < 0.0001. N.S., not significant. 
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Abl2 co-localizes with the cytoskeleton in cells. 

To study Abl2 and cytoskeleton localization in COS-7 cells, I performed live-cell 

imaging of COS-7 abl2−/− expressing fluorescently labeled Abl2 and the fluorescent 

markers of MTs (EB3) or actin (LifeAct). Using dual-color TIRF imaging, I observed 

EB3-GFP-positive MT plus-tips approaching and traversing though Abl2-RFP 

puncta at the cell edge in COS-7 cells (Figure 5.8A). Consistent with my 

collaborator Ke Zhang’s finding, more of the Abl2 signals were found to co-localize 

with actin in the wave-like structures near the cell edge (Figure 5.8B). Further 

inspection with spinning disk confocal microscopy confirmed that Abl2-GFP puncta 

co-localizes with actin (Figure 5.8C).  Additionally, more interactions of Abl2 with 

the cellular MTs are observed in the dorsal plane via different behaviors: 1) Abl2 

colocalizes with the aster EB3 signal in the cell center, which is potentially the 

MTOC in cells. 2) Abl2 transiently decorates MT lattice in cells (Figure 5.8D).   

 

Abl2 regulates cell migration partially through interactions with the 

cytoskeleton. 

Knowing that re-expression of Abl2-557-C rescued MT growth in cells, we next 

sought to test if Abl2-557-C regulates cell migration. Previously our laboratory 

showed that abl2−/− 3T3 cells had significantly higher migration speeds compared 

with WT 3T3 fibroblasts and that Abl2-GFP re-expression in abl2−/− 3T3 cells 

slowed migration to WT levels (Peacock et al., 2007). As before, we found that 

abl2−/− 3T3 cells showed a twofold increase in migration speed compared with WT 

3T3 cells (WT: 11.88 ± 4.50 μm/h; abl2−/−: 22.18 ± 8.14 μm/h). Re-expression of 
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Abl2-557-C-GFP in abl2−/− 3T3 cells partially slowed migration by 22.5% to 17.19 

± 9.01 μm/h, but unlike full-length Abl2, it did not slow migration to WT speeds 

(Figure 5.9). GFP alone did not impact the accelerated abl2−/− migratory behavior 

(20.00 ± 7.56 μm/h). These data indicate that the Abl2-557-C contributes to normal 

cell migration, likely in combination with other activities of the protein. 
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Figure 5.8 Abl2 interacts with the cytoskeleton in cells, which mediates cell 

migration. 

(Figure caption on next page.)  
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Figure 5.8 Abl2 interacts with the cytoskeleton in cells, which mediates cell 

migration. A) Maximum intensity projection of a live cell TIRF video of an abl2−/− 

COS-7 cell expressing EB3-GFP and Abl2-RFP. Time-lapse shots showed MT 

plus-tip tracker EB3-GFP went through Abl2-RFP puncta. B) One frame of a live 

cell TIRF video of an abl2−/− COS-7 cell expressing Abl2-GFP and LifeAct-mCherry 

showed that Abl2-GFP co-localizes with actin in the ventral waves. C) Frames of 

live cell confocal videos of abl2−/− COS-7 cells expressing Abl2-GFP and EB3-

tdTomato showed that Abl2-GFP co-localizes with actin. E) Cell migration tracks 

showed the displacements of WT and abl2−/− 3T3 fibroblasts, and abl2−/− 3T3 cells 

re-expressing Abl2- 557-C-GFP or GFP over 6 h. F) The plot showed the speed of 

migration. Error bars are presented as mean ± SD n ≥ 30. *, P < 0.05; ****, P < 

0.0001. N.S., not significant. 
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Chapter 6 – Summary, Conclusions and Future Perspectives 
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To sum up, I provide evidence in the previous chapters that the non-receptor 

tyrosine kinase Abl2 regulates MT dynamics in vitro and in cells by directly 

interacting with the MT lattice and tubulin dimers. I demonstrated that Abl2-MT and 

Abl2-tubulin binding interactions are mediated by the disordered Abl2 C-terminal 

half through electrostatic forces. Abl2 recognizes unique MT lattice structures and 

prefers binding to GMPCPP-stabilized MTs. Abl2 interacts with free tubulin dimers 

through two regions, aa. 688-924 and aa. 1024-1090, both that reside within the 

C-terminal half. Interestingly, the alternative spliced Abl2 isoform, which lacks aa. 

688-790, does not bind tubulin dimers, without affecting binding to MTs.  

We then characterized the MT dynamics change under the regulation of 

Abl2. Using the turbidity assay to measure scattered light as a function of time, I 

showed that Abl2 decreases the critical concentration for spontaneous tubulin 

polymerization, promotes MT nucleation, and increases the total amount of the 

assembled MTs.  

By TIRF microscopy, we observed that Abl2 regulates MT dynamics by 

increasing the plus-end elongation rate, which is in line with my cellular data that 

MT elongation rates were reduced when Abl2 was knocked out. I also 

demonstrated that the C-terminal half of Abl2 is necessary and sufficient to rescue 

MT growth rate. Furthermore, I showed that Abl2 interacts with the cytoskeleton in 

cells, which can further mediate the cell migratory behaviors. 

Additionally, we observed that Abl2 undergoes phase separation and forms 

coacervates with tubulin to enhance the effect on MT nucleation. 
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Abl2 interacts with tubulin through two distinct regions. 

We identified two tubulin-binding regions in Abl2, regions containing amino acids 

688-924 (Site I) and 1024-1090 (Site II), each sufficient to bind tubulin dimers itself, 

albeit with weaker affinity than Abl2 and the C-terminal half. Curiously, the 

Abl2Δ688-790 splice isoform did not bind detectably to tubulin even though it 

retains site II (Table II). We speculate that Abl2 initially interacts with tubulin via 

Site I, which has a higher affinity to tubulin. The binding of tubulin to Site I may be 

required to expose Site II to an additional tubulin dimer and promote their 

interactions in a head-to-tail fashion (Figure 6.1). This model may help to explain 

why the naturally occurring splice isoform Abl2Δ688-790, which lacks all or part of 

Site I, significantly disrupt binding to tubulin and render it unable to promote MT 

nucleation. The protein sequence of the two tubulin-binding sites in Abl2 showed 

no significant alignment with known tubulin-binding domains, indicating novel 

interactions between tubulin and tubulin-binding proteins.  

Interestingly, one of the processed 2D class averages from the negative 

stain EM samples of the Abl2-tubulin mixture appears as one proposed complex 

in the hypothesized binding model. I also observed that in the size-exclusion 

chromatography, tubulin was shifted to two earlier peaks upon pre-incubation with 

Abl2-557-C: one at an earlier elution volume and the other with similar position as 

Abl2-557-C only, indicating that there may be two populations of the tubulin bound 

with Abl2-557-C in different ratios, i.e., 2:1 in the first peak and 1:1 in the second 

peak. Inspection of the binding curves of His-Abl2 or His-557-C to tubulin (Figure 

4.5C, D) also reveals that the simple 1:1 binding model does not perfectly fit the 
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curve, especially for the reactions with higher tubulin concentrations. The deviation 

in the fitting may be due to the presence of different binding rations of Abl2 and 

tubulin. The confirmation of the binding ratios will require the support from future 

experiments. Such follow-up validation experiments include running the gel 

samples together with previously known amounts of tubulin and Abl2-557-C to 

quantify the molar ratio using densitometry. Additionally, it will be necessary to 

perform SEC-MALS or analytical ultracentrifugation to determine the molecular 

mass of these two peaks. 
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Figure 6.1 Abl2 interacts with tubulin through two tubulin-binding regions. 

A) The hypothesized model of Abl2 interaction with tubulin: Abl2 uses the more 

exposed 688-924 region as the major site to interact with tubulin. The 1024-1090 

region is less accessible in the native conformation. The interaction with the first 

tuulin dimers leads to the conformational change and the exposure of the second 

binding region, 1024-1090, which can further recruit additional dimers in a head-

to-tail fashion. B) One class of the 2D averages of Abl2-tubulin negative stain EM 

samples. The bottom panel showed the drawing illustration. The blue peanut 

outlines the potential tubulin signals.  

  

A B

10 nm



 100 

What is the biological importance of the alternatively spliced isoform 

Abl2Δ688-790 that loses tubulin binding ability? 

As a naturally existing isoform, Abl2Δ688-790 lacks the ability to bind tubulin, but 

retains strong binding to MTs. The fragment aa. 688-924 contains an actin-binding 

domain, though the boundaries of which have not been accurately determined. 

Future studies will be required to measure how the loss of 688-790 affects Abl2 

binding to actin. The loss of this region may disrupt the internal actin binding region 

and defect the cooperative binding of Abl2 to actin.  

To figure out if Abl2 and Abl2Δ688-790 have different biological roles in vivo, 

I collaborated with Shaojie Ma in the Sestan lab to investigate if there is unique 

expression pattern for Abl2 and Abl2Δ688-790 in different tissues. Murine Abl2 

shares highly conserved sequence with that of human Abl2, with almost identical 

sequence in the region of 688-790. Several human Abl2 transcripts also revealed 

lack of aa. 688-790. We extracted the RNA-sequencing data both in mouse 

neocortical regions (Figure 6.2A) and in human tissues (Figure 6.2B), and plotted 

the transcripts level. We found that Abl2 (aa. 1-1182) transcript has higher RNA 

levels in human (data from GTEx database) and Abl2Δ688-790 transcripts has 

higher level in mouse (data from (Tasic et al., 2018)), with no specific tissue 

localization. Follow-up studies will require the cross-confirmation from multiple 

databases and the quantitative reverse transcription PCR (RT-qPCR) and western 

blotting. After validating that these two isoforms have distinct expression levels 

between human and mouse, it would be interesting to investigate the evolutionary 
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roles of the 688-790 region and to study if these two isoforms have unique 

subcellular localizations and functions. 

 

 

Figure 6.2 Transcripts levels of different Abl2 isoforms A) in mouse neocortical 

brains and B) in human tissues. The pink highlighted indicate Abl2 (1-1182) and 

the red rectangles indicate the isoforms with 688-790 missing. 

  

A
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Abl2 binding to MTs via the C-terminal half is likely to be mediated by the 

upstream signaling pathways. 

Though there is no binding to MTs itself, the N-terminal half of Abl2 mediates Abl2 

C-terminus binding to MTs. The N-terminal half of Abl2 is enriched with tyrosine 

residues through which the upstream signaling factors like the platelet-derived 

growth factor receptor (Boyle et al., 2007) and integrins (Warren et al., 2012) can 

modulate Abl2’s kinase activity. Phosphorylation of MTBPs is reported to be an 

important switch to mediate their binding to MTs temporally and spatially in cells 

(Ramkumar et al., 2018). As reviewed in Chapter 1, most of the interactions 

between MTBPs and MTs is negatively correlated with the phosphorylation status 

of the MTBPs. For example, the hyperphosphorylation of tau abolishes MT binding. 

It is also the underlying cause of neurofibrillary tangles, which is its pathological 

aggregation form and is a hallmark of Alzheimer’s disease (Gong & Iqbal, 2008). 

Intriguingly, I found that the dephosphorylated Abl2-eGFP has reduced binding 

affinity for MTs, as compared to highly tyrosine-phosphorylated Abl2-eGFP 

(Figure 4.3D, E). Previous colleague Yuhan Hu in our lab showed that Abl2 

interacts with the MTs through electrostatic interactions between the positively 

charged C-terminal half of Abl2 and the negatively charged tubulin C-terminal tails, 

also known as E-hook, of MTs (Y. Hu et al., 2019). Dephosphorylation leads to an 

overall decrease of the negative charge in Abl2, which should result in higher 

binding affinity to MTs in theory. These contradictory results indicate the underlying 

MT-binding property of Abl2 is likely due to the structural rearrangements upon 

phosphorylation level change, rather than its electrostatics change by the 
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phosphorylation status. Recent results from the Reck-Peterson Lab and the 

Leschziner Lab on the cryo-EM structure of LRRK showed that the kinase domain 

conformation is likely to mediate MT binding (Deniston et al., 2020). 

Phosphorylation via autophosphorylation or upstream signaling factors activates 

Abl2 and posits the N terminus in an open conformation, as discussed in Chapter 

2. However, how the conformation of the N-terminal SH3-SH2-kinase cassette 

affects the C terminus structural rearrangements remains unknown due to the lack 

of structural resolution. The highly disordered C-terminal region impedes the 

quality of the purified proteins and limits pursuit of the structural studies. Alpha-fold 

predicts the C-terminal of Abl2 is made up of flexible coils surrounding the 

conserved N terminus. I hypothesized that the open-up of the N-terminal core may 

change the exposed charge residues distribution, hence affects Abl2’s binding to 

MTs. In collaboration with Matt Cook in the Xiong lab, we tried several conditions 

to prepare EM samples together with tubulin, however, the samples are too 

heterogeneous to achieve the three-dimensional reconstructions. The future 

validations of the hypothesized model will require the optimization of the Abl2 

purification, or the stabilization of Abl2 with chemicals or binding partners to 

decrease the heterogeneity of the particles under EM. Structural insights into Abl2, 

especially the C terminus, will be critical for us to answer a lot of mechanical 

questions, e.g., where does Abl2 bind on MTs and tubulin? Does Abl2 undergo 

conformational changes upon binding to MTs and tubulin? Does the N-terminal 

conformational changes lead to differences in the accessibility of the MT-binding 

or tubulin binding sites? 
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In the other way, localization of Abl2 on the MTs through the C terminus 

may also affect the specificity of the kinase towards different substrates. I 

generated the retroviral vector to stably express Abl2-BioID2-HA in cells. 

Immediate next steps following proximity labelling include mass spectrometry, 

which will reveal the interactome profile of Abl2 and changes of substrates under 

different cell status, e.g., cells treated with nocodazole for loss of MT structures or 

taxol for stabilized MT structures. Data analysis on the interactome profile changes 

will shed lights on how the downstream pathways are mediated through Abl2 

binding to MTs.  

 

Abl2 may have different interaction behaviors with MTs under certain cellular 

contexts. 

Abl family kinases have been reported to play critical roles in coordinating multiple 

cellular behaviors including protrusion and migration. Previous work from our 

laboratory has demonstrated that Abl2 binds cooperatively to actin and promotes 

formation of actin-based protrusions, including lamellipodia in fibroblasts and 

invadopodia in invasive cancer cells (Gil-Henn et al., 2013; Mader et al., 2011; 

Miller et al., 2004; Peacock et al., 2007; Wang et al., 2001). In these contexts, Abl2 

stably co-localizes primarily with actin, and transiently interacts with MTs. 

Interestingly, the destabilization of the actin filaments in COS-7 does not release 

Abl2 to the MT lattice. The possible reason is that Abl2 possesses strong binding 

affinity to free tubulin, which is highly concentrated in the cytoplasm. Abl2 released 

from actin filaments may prefer binding to tubulin, instead of on MTs. The 
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hypothesis is in line with my observation that Abl2 showed significant colocalization 

with MTs when the cellular MTs are more stabilized and appears as bundles (data 

not shown). In addition to the transient interaction with the filamentous MTs, Abl2 

is also found to enrich in the area near the microtubule-organization center 

(MTOC). Recent work from Cao lab and Liu lab showed that c-Abl/Abl1 directly 

binds and phosphorylates γ-tubulin, which is important for the γ-TuRC assembly 

and centrosome maturation (Wang et al., 2022). My preliminary results showed 

that Abl1 functions similarly to Abl2 in MTs (Figure 4.3B) and tubulin binding (data 

not shown), therefore, Abl1 and Abl2 is likely to play compensatory roles in cells. 

Our collective data indicate the model that Abl family kinases can firstly interact 

with γ-tubulin promote the γ-TuRC formation. Thereafter, the interaction with α/β-

tubulins via the C terminus can promote the elongation of the MTs from the 

templates. 

Future studies of Abl2 interactions with cytoskeleton in specific cell types, 

e.g., epithelial cells which have classic cell-cell adhesion structures, or in specific 

cell cycles, e.g., the mitosis, especially the prophase and the metaphase, will help 

us understand Abl2’s regulation mechanism on the cellular MT network and what 

are the physiological roles of Abl2 interaction with MTs. 

 

Abl2 serves as the central crosslinker between MT and actin in cells.  

In collaboration with Dr. Ke Zhang, we showed that Abl2 is recruited to ventral actin 

waves to promote lamellipodium extension, and MT plus tips do not extend beyond 

the Abl2:actin waves (K. Zhang et al., 2018). Using confocal microscopy, I 
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observed that Abl2 also colocalizes with the actin coated vesicle-like structures 

(Figure 5.9B, C), indicating that Abl2 may assist in the endocytosis and/or other 

related trafficking processes by coupling actin and MTs. Previous work from the 

Pendergast lab showed that inhibition of Abl kinases signaling through the kinase 

inhibitor STI571 treatment induced the accumulation of autophagosomes and 

lysosomes (Yogalingam & Pendergast, 2008). As we discussed before, MT binding 

is likely to be mediated by the kinase domain conformation. STI571 treatment 

could also cause the direct changes in the cytoskeletal interactions, besides the 

indirect roles through downstream signaling. Dr. Miguel A Del Pozo's Lab also 

reported that Abl family kinases regulate the early stages of caveolin-1 inward 

trafficking (Echarri et al., 2012). Both endocytosis and trafficking require the 

exquisite collaboration between actin filaments and MTs (Apodaca, 2001; Nolte et 

al., 2021). It would be interesting to set up the experimental systems to measure 

Abl family kinases’ effect in these processes and determine how different 

fragments of Abl family kinases will alter the functions. 

 

Recruitment of tubulin dimers to MTs or oligomers may be a common 

mechanism underlying MT nucleation, growth, and lattice repair. 

In Chapter 5, I showed that Abl2 decreases the lag time for MTs to initiate 

processive growth (Figure 5.2), and increases the total amount of the polymerized 

MTs in the equilibrated reactions (Figure 5.1). Tubulin-binding deficient Abl2Δ688-

790 has no effect on the lag time (Figure 5.2). Analysis of the MT plus-end 

dynamics using TIRF microscopy revealed that Abl2 promotes MT elongation both 
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in vitro and in cells. My discovery that Abl2 can both interact with MT lattice and 

tubulin encouraged us to look into the other roles Abl2 may play in regulating MT 

network. Inspired by the recent findings that new tubulin can be incorporated into 

the MT lattice defects or gaps for self-repair, my collaborator Daisy Duan obtained 

the preliminary data that Abl2 structurally recognizes damaged sites and localizes 

at areas directly adjacent to lattice defects (data not shown). As the functional 

readout, more repair events of the taxol-damaged MTs were observed in the 

presence of Abl2-eGFP (data not shown). Together, our discoveries shown here 

and in Chapter 5 suggest that Abl2 binds tubulin dimers to promote nucleation, 

increase MT growth and lifetime, and promote MT lattice repair. The versatile 

functions of Abl2 in the regulation of MT networks appear as lots of puzzle pieces, 

which can be unified together by a hypothesized mechanism.  

Under our hypothesized working model, Abl2 can clamp down onto the MT 

growing ends, lattice defects boundaries, or the tubulin oligomer to facilitate the 

incorporation of new tubulin dimers (Figure 6.3). The accurate ultrastructure of MT 

growing ends, MT lattice segments containing damage sites, and tubulin oligomers 

remain unclear due to the difficulties in capturing such heterogeneous intermediate 

structures. However, recent cryo-EM analysis on the growing ends of the MTs 

showed the presence of various structures including straight ends, curled multi-

protofilaments sheet, and flared or ragged ends (Figure 1.5). Certain lattice 

defects like “holes” may be akin to corners on protofilaments along growing ends. 

We postulate that Abl2 docks onto ends of protofilaments to promote rapid tubulin 

dimer addition (growth rates increase) – analogous to Abl2 localization on 
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boundaries of the damaged MT segments (repair promotion) (Figure 6.3). As a 

support of this model, many of the identified MT nucleators like XMAP215 

(Brouhard et al., 2008; Thawani et al., 2018) and CLASP2α (Aher et al., 2020; Al-

Bassam et al., 2010; Lawrence et al., 2018) also have been reported to participate 

in plus-end elongation rate promotion and/or lattice repair, indicating these 

processes may share similar underlying mechanisms.  

The nucleation process seems difficult to fit in the scenario since the 

process has been a puzzling question for almost a century. As reviewed in 

Chapter 1, classical models for MT nucleation proposed that new MTs form via a 

nucleation-elongation mechanism, in which the formation of a critical nucleus is 

the rate-limiting step. Recent studies demonstrated that ‘the critical nuclei’ are first 

formed as 2D layers of a growing lattice prior to its maturation into a cylindrical 

tube91,92. Enlargement of 2D lattices is energetically favorable but kinetically 

impeded by the difficulty in adding new protofilament layers (Brouhard & Rice, 

2018; Rice et al., 2021). This new model connects the nucleation with the growing 

ends, both dependent on the addition of new tubulins onto the existing structures. 

We propose that Abl2 may facilitate this by binding a nascent protofilament and 

recruiting and condensing tubulin dimers to promote layer formation. In addition, 

Abl2 may then bind to the lattice and facilitate tubulin addition at corners of 2D 

lattices, which may be structurally akin to the corners at growing MT ends and 

damaged holes (Figure 6.3).  
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Figure 6.3 The hypothesized model that Abl2 interacts with tubulin and MTs 

to regulate dynamics. Abl2 can dock onto the longer protofilaments A) in the MT 

growing ends, B) MT lattice defects boundaries, and C) the tubulin oligomers to 

facilitate the incorporation of new tubulin dimers, resulting in the facilitation of the 

MT elongation, lattice damage repair, and nucleation. 
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Phase separation of Abl2 facilitates MT nucleation. 

Biomolecules that can form condensates generally contain intrinsically disordered 

regions (IDRs) and multivalent binding regions. These sequence features generate 

the driving forces for the condensate formation (Alberti et al., 2019; Feng et al., 

2019; Wang et al., 2018). The multivalency and the inherent disordered C-terminal 

half of Abl2 led us to determine whether Abl2 can undergo phase separation. 

Strikingly, we found that Abl2 form coacervates in the presence of 5% dextran, 

which is thought to mimic the conditions of a crowded intracellular environment. 

The phase separation behavior is mainly mediated through the disordered C-

terminal half and can recruit the interacting tubulin into the dense phase (Figure 

5.3). Recent studies on several MTBPs including TPX2 (King & Petry, 2020), tau 

(Hernandez-Vega et al., 2017; Tan et al., 2019), and CLIP-170 (Wu et al., 2021) 

reveal that phase separation allows MTBPs to conduct various MT-associated 

functions, which include enhancing nucleation, protecting existing MTs from 

severing enzymes, and spatially condensing tubulin dimers for MT growth. I 

showed that new MTs nucleated from Abl2-eGFP:tubulin co-condensates. Under 

the same conditions, tubulin mixing with eGFP did not have filaments assembled 

(Figure 5.4). Unlike the homogeneous behaviors of MT bundles growing from 

tau:tubulin co-condensates (Hernandez-Vega et al., 2017) and the branched MT 

network growing from the TPX2:tubulin co-condensates (King & Petry, 2020), both 

single/bundle filament or aster MTs were observed in the presence of Abl2-eGFP. 

In addition, there were some Abl2:tubulin co-condensates whereby new MT 

polymers did not nucleate out. One potential explanation is that the purified Abl2-
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eGFP is not pure enough. The impurities in the phase separation system causes 

the formation of the “sticky balls” that cannot be fused together in vitro (Wang et 

al., 2018), which is consistent with Daisy’s observations in pilot dual optical-trap 

fusion experiments. Depending on biophysical properties, the condensates in vitro 

can ‘mature’ into a more viscous-gel- or solid-like state that differs in aging speeds 

(J.B. Woodruff, et al., 2017). This may also reduce the exchange of the molecules 

inside and outside of condensates which will negatively impact the protein function 

inside condensates. Hence, clusters of Abl2 within these sticky, aged condensates 

may have lost the pre-mature liquid-like properties and trapped tubulin in the 

inactive fractions.  

Our in vitro experiments require molecular crowders to drive the formation 

of Abl2 drops at physiological salt concentrations. We do not know whether similar 

mechanisms of nucleation via Abl2:tubulin co-condensates operate in vivo. Tubulin 

condensation has been proposed to be a mechanism driving the nucleation of 

microtubules in C. elegans centrosomes (Woodruff et al., 2017). Considering my 

observations that Abl2 colocalizes with the MTOC in cells, Abl2 is likely to 

participate in the condensates, probably at certain cell cycle phases to promote 

the MT nucleation and growth from the centrosome. It would be interesting to 

determine if Abl2 undergoes phase separation in cells and if the phase separation 

behavior of Abl2 can be modulated by signaling cues or localization of Abl2. 
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Summary 

As a summary of my thesis, my results demonstrated that Abl2 is a novel regulator 

of MT dynamics by directly binding to tubulin dimers and MT lattice. In our 

hypothesized working model, Abl2 co-condenses with tubulin and recruits fresh 

GTP-tubulin to specific sites, as listed in the following contexts, to promote 

dynamics: a) In the context of MT nucleation, Abl2 is likely to interact with tubulin 

oligomers or the ultrastructure before the critical nucleus and recruit dimers from 

solution to form the critical nucleus. b) When Abl2 is enriched at damaged MT 

boundaries, fresh GTP-tubulin is recruited and the new protofilaments nucleated 

out from the damaged sites. The repaired lattice is enriched with GTP-tubulin, 

thereby increasing opportunities for the MT to switch back into its growth state after 

which it enters a state of shrinkage. c) Abl2 can also recognize the newly-formed 

MT GTP-caps to increase the plus-end elongation rates. Together, the ability of 

Abl2 to promote MT growth, rescue, and nucleation stems from co-condensation 

with tubulin, where Abl2-tubulin complexes serve as compartmentalized reactors 

for Abl2 to function locally on MTOC, MT shafts and/or at growing ends.  
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Chapter 7 – Materials and Methods 
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Molecular cloning and purification of recombinant proteins 

Full-length murine Abl2 (residues 74-1182), Abl2-eGFP, N terminus (N-557), N-

557-eGFP, C terminus (557-C), 557-C-eGFP, 688-790, 688-924, 688-924-eGFP, 

1024-1090 were cloned with an N-terminal 6XHis tag into the pFastBac1 vector 

(Invitrogen) for insect cell expression. Abl2Δ688-790 and Abl2Δ688-790-eGFP 

was generated were generated using PCR-based mutagenesis and confirmed by 

DNA sequencing. Abl2 and Abl2Δ688-790 were cloned into pN1-EGFP expression 

vector for mammalian cell expression. Recombinant baculoviruses expressing 

Abl2 or Abl2 fragments in pFastBac vector constructs were generated using the 

Bac-to-Bac expression system in Sf9 insect cells according to the manufacturer’s 

instructions (ThermoFisher, Waltham, MA). After 36-48hr infection with 

baculoviruses, Hi5 cells were collected and centrifuged for 3,000 rpm for 5min at 

4°C. Cells were lysed using buffer containing 20 mM HEPES pH7.25, 5% glycerol, 

500 mM KCl, 20 mM imidazole, 1 mM DTT, 1 mM PMSF, 1X protease inhibitor 

cocktail, 1% Triton-X100 and left to incubate at 4°C on a rotisserie stand for 5-

10min. Lysates were ultracentrifuged using Ti70.1 rotor for 45 min, 40K rpm at 4°C. 

After collecting and 0.45 μm filtering the supernatant, proteins were passed 

through disposable columns with Ni-NTA resin beads via gravity flow 3x. Resin 

was washed with the following buffers in the following order: wash A (20 mM 

HEPES pH7.25, 5% glycerol, 500 mM KCl, 20 mM imidazole, 1 mM DTT, 1 mM 

PMSF, 1X protease inhibitor cocktail); B (20 mM HEPES pH7.25, 5% glycerol, 1 

M KCl, 20 mM imidazole, 1 mM DTT, 1 mM PMSF, 1X protease inhibitor cocktail), 

A, and C (20 mM HEPES pH7.25, 5% glycerol, 300 mM KCl, 20 mM imidazole, 1 
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mM DTT, 1 mM PMSF, 1X protease inhibitor cocktail). Bound proteins were bump-

eluted off the Ni-NTA resin (Invitrogen) using wash C buffer containing 300 mM 

imidazole in 5 1mL fractions. His-Abl2 and Abl2 fragments for biolayer 

interferometry assays were exchanged into storage buffer containing 20 mM 

HEPES pH7.25, 5% glycerol, 100 mM KCl, 1 mM DTT using either Superdex 75 

increase 10/300 GL column for proteins with MW < 75kDa, or  Supderdex 200 

increase 10/300 GL column for proteins with MW ≥ 75kDa. For His-tag cleavage, 

tags on Abl2 and tau proteins were removed using 1:60 units of TEV protease and 

were incubated on rotisserie stand at 4°C for 2.5-4 hrs. His-tag cleaved proteins 

were exchanged into the storage buffer containing 20 mM HEPES, 5% glycerol, 

300 mM KCl, 1 mM DTT using either Superdex 75 increase 10/300 GL column or 

Supderdex 200 increase 10/300 GL column. Peak fractions were collected, snap 

frozen, and stored at -80°C until use. EB1-eGFP and tau-eGFP were prepared 

with the same procedures.  

The plasmid pRK793 TEV S219V was obtained as a gift from the Boggon 

Lab and transformed into BL21 E. coli for purification. The protein was expressed 

in 2L of BL21 E. coli culture followed by isopropylβ-D-thiogalactopyranoside (IPTG) 

(0.2 mM) induction at 37°C for 3 hrs. Cells were sonicated in buffer containing 20 

mM Tris pH 8, 5 mM βME, 500 mM NaCl, 4 mM imidazole, 1 mM DTT, 1 mM PMSF, 

1X protease inhibitor cocktail. Lysates were ultracentrifuged using Ti70.1 rotor for 

45 min, 40K rpm at 4°C. After collecting and 0.45mm filtering the supernatant, 

proteins were passed through disposable columns with Ni-NTA resin beads via 

gravity flow 3X. Resin was washed with the following buffers in the following order: 
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wash A (20 mM Tris pH 8, 5 mM βME, 500 mM NaCl, 4 mM imidazole, 1 mM DTT, 

1 mM PMSF), B (20 mM Tris pH 8, 5 mM βME, 250 mM NaCl, 40 mM imidazole, 

1 mM DTT, 1 mM PMSF), and C (20 mM Tris pH 8, 5 mM βME, 40 mM Imidazole, 

100 mM NaCl, 1 mM DTT, 1 mM PMSF). Bound proteins were eluted off the Ni-

NTA resin using elution buffer (20 mM Tris pH 8, 5 mM βME, 400 mM Imidazole, 

100 mM NaCl, 1 mM DTT, 1 mM PMSF, and 1X protease inhibitor cocktail). The 

eluted fractions were then applied to a mono S cation exchange column for 

cleanup using buffer A (20 mM HEPES pH 7.25, 5% Glycerol, 1 mM DTT) and 

buffer B (20 mM HEPES pH 7.25, 5% Glycerol, 1 M KCl, 1 mM DTT). The eluted 

fractions containing TEV were pooled, flash-frozen in liquid nitrogen, and stored at 

80°C. 

 

Tubulin purification and labelling 

Porcine brain tubulin was purified as described previously (Castoldi and Popov, 

2003). Cycled tubulin was labeled with Alexa Fluor 647 (Alexa Fluor™ 647 NHS 

Ester (Succinimidyl Ester)), ThermoFisher, Waltham, MA and rhodamine (TAMRA, 

SE; 5-(and-6)-Carboxytetramethylrhodamine, Succinimidyl Ester, Invitrogen, 

Carlsbad, CA) as described (Brouhard et al., 2008). Biotinylated porcine brain 

tubulin was obtained from Cytoskeleton, Denver, CO.  

 

Microtubule cosedimentation assays and quantification 

Cosedimentation assays were performed as previously described (Campbell and 

Slep, 2011; Miller et al., 2004). Double-cycled GMPCPP (Jena Bioscience, 
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Thuringia, Germany) stabilized MTs were grown as described (Vemu et al., 2020). 

Taxol-MTs was polymerized at a final concentration of 60 μM at 37°C in 

polymerization buffer [80 mM PIPES, pH 6.8, 1 mM MgCl2, 1 mM EGTA, 1 mM 

GTP, and 15 nM paclitaxel (taxol)]. The taxol-stabilized MTs and GMPCPP-

stabilized MTs were set aside for cosedimentation. For MT cosedimentation 

assays, 0.2 μM Abl2 or Abl2 fragments were mixed with increasing concentration 

of MTs (0 to 6 μM) at 37°C for 20 minutes in binding buffer [80 mM PIPES, pH 6.8, 

70 mM KCl, 1 mM GTP, 5 nM taxol (100 μL reaction volume)]. Mixtures were 

pelleted by high-speed centrifugation at 120,000 X g for 20 minutes at 37°C. Pellet 

and supernatant fractions were recovered and separated by SDS-PAGE, stained 

with Coomassie Blue G-250 (Bio-Rad Laboratories, Hercules, CA) then destained 

in water. The SDS-PAGE gels were then scanned with Bio-Rad ChemiDoc™ 

Touch Imaging System and quantified by densitometry using ImageJ software. 

Binding affinity was quantified either as the percentage of Abl2/Abl2 fragments 

bound to MTs over total amount of Abl2/Abl2 fragments in the reaction for each 

concentration or as the amount of Abl2 bound to MTs for each concentration of 

Abl2. Experiments were repeated at least 4 times for each experimental condition 

(n ³ 4). A specific binding curve with equation y = Bmax × x/ (KD + x) was used to fit 

the curve, where y is specific binding, x is the concentration of the ligand, Bmax is 

the maximal binding in the same units as y, and KD is the binding affinity in the 

same units as x (Pollard, 2010). Binding curves, affinities (KD), and R2 value for 

curve fitting were calculated using Prism 9 (GraphPad). 

 



 118 

Tubulin binding analysis with size-exclusion chromatography  

Size-exclusion chromatography used a Supderdex 200 increase 10/300 GL 

column equilibrated in 20 mM HEPES pH 7.25, 5% glycerol, 100 mM KCl, 1 mM 

DTT. The column was calibrated with standard proteins of known Stokes radii 

(Sigma-Aldrich, St. Louis, MO).  Abl2 or Abl2-557-C and tubulin were mixed with 

tubulin at a ratio of 1:4 and incubated for 30 min on ice, and then injected onto the 

column. Control experiments were performed with each protein alone. The 

collected fractions were analyzed by SDS-PAGE, stained with Coomassie brilliant 

blue G250 (Sigma-Aldrich, St. Louis, MO), and scanned. 

 

Tubulin binding affinity measurements using biolayer Interferometry 

The biolayer interferometry technique using the BLItz system (ForteBio) was used 

to measure binding kinetics for the tubulin interaction with His-Abl2 and His-Abl2 

fragments. Anti-His biosensors (for the His6-tag fusions) were hydrated in binding 

buffer (20 mM HEPES pH 7.25, 5% glycerol, 100 mM KCl, 1 mM DTT, 0.02% 

Tween) for 10 min. For each tubulin concentration (ranging from 7 nM to 2000 nM), 

the following procedure was performed. An initial baseline was collected by 

immersing the biosensor in binding buffer for 1 min, and then 4 μl of fixed 

concentrations of His6-Abl2 or His6-Abl2 fragments (0.3 μM or 1 μM) were loaded 

to the biosensor for 5 min. The Abl2-loaded biosensor was returned to binding 

buffer for collection of a second baseline for 1 min and then placed in 4 μl of tubulin 

for a 5-min association step. For each data point, the background binding was also 

measured. For each tubulin concentration, the difference in the signal (in nm) just 
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prior to the association step and that at the end of the association step was 

subtracted from the difference in signal for background binding. These values were 

plotted, and the curves were fit using GraphPad Prism to obtain a dissociation 

constant. 

 

Turbidity assay and preparation of Abl2-MT sample grids for EM imaging 

18 μM porcine brain tubulin in BRB80 was incubated with the MT polymerization 

buffer (2 mM of GTP, 1 mM DTT, 15% Glycerol) alone or in the presence of Abl2 

and Abl2 fragments at 37°C. Tubulin assembly was monitored by measuring 

turbidity at 350 nm (A350) for 2 hours using SpectraMax M6 Multi-Mode Microplate 

Reader recording spectrophotometer. Control experiments were done by 

monitoring A350 for buffer alone with 0.5 μM Abl2 and Abl2 fragments without 

tubulin. 4 μL reactions at 10 min were taken out and visualized using electron 

microscopy (EM) of negatively stained samples. A 400-mesh copper grid (Ted 

Pella, Redding, CA) overlaid with a very thin continuous carbon layer was gently 

glow discharged and 4 μL of the diluted protein was applied to the grid. After a 30 

s adsorption, the reactions were blotted away from the grid with filter paper 

(Whatman No.1) leaving a thin layer of solution on the grid. 4 μL of 2% uranyl-

acetate solution were applied to the grid for 30 s before blotting twice. After blotting, 

the grid was left to dry for 2 min. The negative stain samples of the turbidity assays 

were imaged using a Tecnai12 transmission electron microscope (TEM) and 

images recorded on a Gatan CCD camera at ∼−2-3 μm defocus. 
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Condensate (phase separation) analysis  

To measure the phase diagram of Abl2-eGFP as a function of [salt] and its 

concentration, condensates were prepared by mixing Abl2-eGFP with 5% dextran 

70, at the protein and salt concentrations indicated. A particular [salt]:[Abl2-eGFP] 

condition was scored to have phase-separated condensates if the average signal 

in apparent condensates was at least four times higher than background (i.e., 

partition coefficient ≥ 4). Conditions were scored to not contain condensates if they 

fell below this cutoff or if no apparent condensates were observed. Partition 

coefficient is defined as the difference in mean intensity of a condensate compared 

with the background, i.e., apparent relative enrichment. The “Color Threshold” 

(Otsu thresholding) and “Particle Analyzer” functions on FIJI were used to identify 

and quantify condensate intensity, respectively. For each concentration, construct, 

and condition, at least 30 condensates were analyzed. All statistical analysis and 

graph generation was carried out in MATLAB.  

To measure FRAP, condensates were prepared and were allowed to settle 

for 10 min. Focus was set just above the coverslip and three regions of interest 

(ROIs) of equal size and geometry were placed (1) within the condensate to be 

photobleached, (2) the background, and (3) within a nearby condensate. 

Photobleaching was carried out and the intensity of each ROI recorded every 

second for the first 10 s and every 10 s thereafter over a 10 min acquisition. 

Recovery in the photobleached ROI was normalized to any changes in intensity in 

the background and nearby condensate ROI due to global bleaching. Global 

photobleaching in excess of 5% of the starting intensity was never observed. If the 
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intensity in the nearby condensate ROI changed, that FRAP acquisition was 

discarded. 

 

Microtubule nucleation under phase separation conditions 

8 μM 10% Alexa Fluor 647-labeled porcine brain tubulin in BRB80 was incubated 

with the MT polymerization buffer (2 mM of GTP, 1 mM DTT, 10% Glycerol), 1 μM 

Abl2-eGFP, 3% Dextran at 37°C. Reactions were added to a 384-well glass-

bottom plate (Corning, Corning, NY), which was acid-washed and coated with 2% 

F-127 for 30 min. Tubulin nucleation was monitored using Nikon CSU-W1 SoRa 

spinning disk confocal 30 min and 1 h after the start of the reactions. 

 

Microtubule segmentation and dynamic assays in vitro 

Silanization of cover glasses and preparation of flow-cells was previously 

described (Y. Hu et al., 2019) and coated with 1 mg/mL biotin for 10 min, 2% F-

127 for 30 min, and neutravidin for 5 min. To create the GDP-enriched islands, 6-

12% rhodamine-labeled, 10% biotinylated GMPCPP seeds were immobilized on 

glass cover slips in flow chambers. 8 μM of 6-12% Alexa Fluor 647-labeled tubulin 

supplemented with 1 mM GTP was flowed into the chamber to allow for the MTs 

elongation for 2 min. The flow chamber was washed with BRB80 and immediately 

flew in 8 μM of 6-12% rhodamine-labeled supplemented with 1 mM GMPCPP to 

prevent the catastrophe of the GTP-MTs, which will further age into GDP-enriched 

MT islands. After 2 min equilibration, Abl2-eGFP, 557-C-eGFP, EB1-eGFP or tau-

eGFP was flowed into the chamber in the imaging buffer containing BRB80 
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supplemented with 50 mM KCl, 40 mM glucose, 40 mg/ml glucose-oxidase, 16 

µg/ml catalase, 0.16 mg/ml casein, 1% DTT, and 0.01% Tween-20. For all the 

experiments an objective heater was used to warm the sample to 34°C. 

Dynamic MT assays using rhodamine-labeled seeds and Alexa Fluor 488- 

labeled dynamic extension were performed as describe previously (Brouhard et al., 

2008; Zanic et al., 2009). The imaging buffer consisted of BRB80 (80 mM PIPES, 

1 mM MgCl2, 1 mM EGTA, pH 6.8), supplemented with 40 mM glucose, 40 μg/ml 

glucose oxidase, 16 μg/ml catalase, 0.1 mg/ml casein, 1 mM DTT, 1 mM GTP, and 

100 mM KCl. For elongation rate measurements, images were acquired in the 

TIRF channel every 5 s for 25-40 minutes on a Nikon Ti-E microscope with a 

100x/1.49 oil objective, an Andor Zyla 4.2 sCMOS camera, and Nikon Elements 

software. An objective heater was used to heat the sample to 34 ̊C. Data were 

analyzed by making kymographs from acquired images using Fiji software, which 

were then used to measure the parameters of MT dynamics. Elongation rates were 

determined by measuring the change in length of a single MT over time. 

 

Cells, cell culture, and construct transfection 

Mycoplasma free COS-7 cell lines (ATCC) were grown in DMEM supplemented 

with 10% FBS, 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-

glutamine. abl2-/- COS-7 cells were generated using CRPISPR/Cas9. A guide 

sequence of 5′-GAGAAAGTGAGAGTAGCCCT-3′ with an adjacent PAM (GGG) 

targeting the fourth exon of Abl2 was inserted into lentiCRISPR plasmid then 

transfected into HEK293T cells to generate lentivirus. COS-7 cells were infected 
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with the generated lentivirus and then selected with 2 μg/mL puromycin for 72 

hours. abl2-/- COS-7 cells were transfected with Abl2, N-557, or 557-C in pN1-

EGFP using polyethylenimine (PEI). Transfection was performed 24 to 48 hours 

prior to imaging according to the manufacturer’s instructions. The same strategy 

was used to inactivate Abl2 in WT mouse 3T3 fibroblasts, using the guide 

sequence of 5’- CATGTAAAGTAACACGACGG-3’ with an adjacent PAM (CGG). 

Resistant Abl2-GFP, N-557-GFP, or 557-C-GFP were cloned into pLXSN vector 

and then transfected into HEK293T cells to generate retrovirus. abl2-/- 3T3 cells 

were infected with the retrovirus then selected with 400 μg/mL G418 for 7 days. 

Abl2 or Abl2 variants expressing cells were obtained by fluorescence-activated cell 

sorting using abl2-/- 3T3 cells as a negative reference. Cell lysates were collected 

to determine the expression levels of Abl2 or Abl2 variants via immunoblotting. 

 

Western Blot analysis 

Cells were lysed with 1x LSB buffer (8% SDS, 20% Glycerol, 100 mM Tris pH= 6.8, 

8% 2-Mercaptoethanol, and complete protease inhibitors) at 95°C. Lysates were 

run on SDS-PAGE then transferred to nitrocellulose, blocked using 5% milk or BSA 

and immunoblotted with Ar11, which specifically recognizes Abl2 C-terminal half 

(residues 766–1182), or Ar19, which recognizes Abl2 N-terminal half (Ar11 and 

Ar19 were gifts from Peter Davies, Albert Einstein Medical College, Bronx, NY), or 

4G10, which recognizes the phosphorylated tyrosine residues. The intensity of 

each band was quantified using ImageJ and controlled by the intensity of Ponceau 

S stain image for each lane. abl2-/- COS-7 cells exhibited >92% loss of Abl2 signal 
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and abl2-/- 3T3 fibroblasts exhibited > 95% loss of Abl2 signal by blotting with Ar11 

and Ar19.  

 

Time-lapse live-cell microscopy and quantification 

For cellular MT growth tracking, cells were imaged on 30 mm #1.5 coverslips in an 

interchangeable dish (Bioptechs). Coverslips were plasma cleaned for 2 minutes 

with H2/O2. Coverslips were coated with 50 μg/ml Poly-D-Lysine (Sigma-Aldrich, 

St. Louis, MO) for 20 minutes at room temperature. Cells were seeded at 50,000 

cells per coverslip. Cell dishes were maintained at 34°C in phenol red-free DMEM 

supplemented with 10% FBS and 20 mM HEPES (pH 7.3) while imaging. Images 

were acquired in TIRF mode every 1 second (1 FPS) for 2 minutes. Cell areas 

were divided by 15° radial lines centered at the observed MT organization center 

(MTOC). Cell centers were defined as the area within the inner half region of a cell 

determined by connecting the midpoints of all radial lines, cell edges were defined 

as the outer most one quarter of a cell. Kymographs were generated by plotting 

the track of MT plus-tip marker fluorescence, mCherry-MACF43, as a function of 

time. MT plus-end growth rates were determined by measuring the displacement 

of MT plus-tip tracker over time. At least 150 tracks of mCherry-MACF43 were 

quantified for each assay condition (n ³ 150). 

For visualization of Abl2 and the cytoskeleton interactions, cells were 

imaged on MetTek dishes (35 mm Dish, No. 1.5 Uncoated Coverslip, 14 mm Glass 

Diameter). The dishes were coated with 50 μg/ml Poly-D-Lysine (Sigma-Aldrich, 

St. Louis, MO) for 20 minutes at room temperature and 10 μg/ml human fibronectin 
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(Gibco) for 1 h at 37°C. Cells were seeded at 50,000 cells per coverslip. abl2-/- 

COS-7 cells were transfected with fluorescently labeled Abl2 and LifeAct or EB3, 

as indicated, using polyethylenimine (PEI). Transfection was performed 24 to 48 

hours prior to imaging according to the manufacturer’s instructions. Cell dishes 

were maintained at 37°C in phenol red-free DMEM supplemented with 10% FBS 

and 20 mM HEPES (pH 7.2) while imaging. Images were acquired using TIRF and 

Nikon CSU-W1 SoRa spinning disk confocal Microscopy. 

 

Single-cell migration assay and quantification  

WT and abl2-/- 3T3 fibroblasts, or abl2-/- 3T3 cells re-expressing GFP, or Abl2-557-

C-GFP were plated at a sub-confluence on 6-well plates coated with 10 μg/ml 

fibronectin (Sigma-Aldrich, St. Louis, MO). Phase-contrast images were acquired 

every 40 minutes for 6 hours on a Keyence BZ-X710 All-in-One Fluorescence 

Microscope with a 4x/0.1 objective. Movies were analyzed with the Manual 

Tracking function in ImageJ, using one of the nucleoli to track the cells in each 

frame. At least 30 cells were tracked for each experimental condition (n ³ 30). The 

cell migration tracking data was analyzed as described (Gorelik and Gautreau, 

2014).  

 

Statistical analyses 

Comparisons of MT elongation rates were made with unpaired, two-tailed 

Student’s t-tests, as appropriate. Significance was defined as *, p<0.05, **, p<0.01; 

***, p<0.001; ****, p<0.0001. For binding experiments, values of KD are expressed 
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as mean ± S.D., N.B. (not binding), or N.S. (not saturating). Error bars of the 

binding curves are presented as standard deviation (mean ± S.D.). Calculations 

were performed in Prism8 (GraphPad). 
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