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Cell biology of the axon
Neurons are the basic cells that process information within the brain. They are compart-
mentalized into two morphologically, molecularly and functionally distinct domains; the 
axonal and the somatodendritic compartments. Multiple short and highly branched den-
drites function in receiving and integrating electrical synaptic inputs from thousands of 
neurons. In contrast, only a single axon is responsible for transmitting this integrated in-
formation in the form of an action potential, an electrical excitation wave that travels along 
the axonal membrane. To ensure that information is transmitted properly, the axon has a 
unique cytoskeletal organization and contains several specialized structures, including the 
axon initial segment (AIS) and presynaptic boutons (Figure 1).

Axonal morphology
The typical morphology and specialization of the axon is formed during a number of dis-
tinct developmental stages. Initially, neurons develop several short processes, called neuri-
tes. Then, upon neuronal polarization, one of these neurites grows longer than the others 
and becomes the axon, whereas the other neurites are destined to become the dendrites 
(Dotti et al., 1988). Axon specification is regarded as the fundamental process that gives the 
neuron its polarized morphology and segregates its neuronal functions into the somatoden-
dritic and axonal compartments (Stiess and Bradke, 2011). 

 One of the unique features of the axon is the AIS, localized at the proximal part of 
the axon. The AIS is rich in ion-channels, scaffolding proteins, cellular adhesion molecules 
and cytoskeletal proteins and is essential for the initiation of action potentials, and thereby 
proper functioning of the axon (Lai & Jan, 2006; Ogawa & Rasband, 2008). In addition, the 
AIS plays a key role in maintaining the axonal identity, by acting as a diffusion barrier to res-
tricts proteins and lipids to either the axonal or somatodendritic compartment and by acting 
as filter for active transport to prevent dendritic cargoes from entering the axon (Petersen 
et al., 2014; Song et al., 2009; Yoshimura & Rasband, 2014). Other unique, highly speciali-
zed structures within the axon are the presynaptic specializations, which are essential for 
transmitting information to the connecting neuron by translating the electrical signal into 
a chemical one. The presynapse is filled with neurotransmitter-containing synaptic vesicles 
which are released upon the arrival of an action potential. Together with the postsynapse 
from the receiving neuron, they form the sites where the actual communication between 
neurons takes place (Südhof, 2004) (Section 3).

The axonal cytoskeleton
The neuronal cytoskeleton, which is composed of microtubules, actin filaments and neurofi-
laments, enacts important functions in both the establishment and maintenance of neuronal 
polarity, structure and integrity of axons (Barnes and Polleux, 2009; Kapitein and Hoogen-
raad, 2011; Luo, 2002). The main function of neurofilaments, which are particularly abun-
dant in axons, is to control the axon diameter and thereby axonal conductance (Yuan et al., 
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2012). Microtubules and actin filaments mainly affect axon specification and growth and 
provide the roads for long- and short-range active axonal transport (Kapitein and Hoogen-
raad, 2011; Luo, 2002; Sainath and Gallo, 2015; Yuan et al., 2012). Both microtubules and 
actin filaments are dynamic structures, meaning that they continuously grow and shrink, 
which facilitates the continuous remodeling of the cytoskeleton. Already during the initial 
stages of neuronal development and neurite outgrowth, the cytoskeleton enacts an impor-
tant role in generating intracellular forces and acts as a signaling device (Witte and Bradke, 
2008). It is suggested that neurite initiation and outgrowth depends on the local increase in 
actin dynamics in combination with microtubule stabilization (Flynn et al., 2012). In additi-
on, kinesin-1 driven sliding of microtubules may provide the force needed for initial neurite 
outgrowth (Lu et al., 2013). During the later processes of axonal outgrowth, microtubule 
and actin dynamics are critical for driving growth cone motility and axon guidance (Gomez 
and Letourneau, 2014; Kolodkin and Tessier-Lavigne, 2011; Liu and Dwyer, 2014; Vitriol and 
Zheng, 2012). Finally, when contacts with other neurons are made, actin rearrangements 
play important roles in proper development of presynaptic sites through the organization of 
numerous presynaptic components (Cingolani and Goda, 2008; Nelson et al., 2013). 
 Since microtubules and actin filaments are involved in various stages of axon forma-
tion and outgrowth, they have recently received much attention in studies on axon regene-
ration. These studies are all aimed at increasing the regenerative properties of central ner-
vous system (CNS) axons. This could be achieved by affecting cytoskeletal rearrangements 
directly (Gordon-Weeks and Fournier, 2014) or by increasing axonal transport of receptors 
that mediate growth by signaling onto the cytoskeleton in response to extracellular cues 
(Eva and Fawcett, 2014). For example, microtubule stabilization after injury has been shown 
to promote axon regeneration in vivo (Hellal et al., 2011). Also, a more recent study demon-
strated the potency of the Food and Drug Administration (FDA) approved microtubule-sta-
bilizing drug epothilione B in promoting axon growth and functional recovery after CNS 
injury in rodent spinal cord (Ruschel et al., 2015). In addition, the developmentally regulated 
exclusion of growth-related receptors from the axon is suggested to account for the lack of 
regenerative ability of mature CNS axons. This regenerative ability was demonstrated to 
be restored by altering axonal trafficking to reintroduce these growth-related proteins into 
the axon in vitro (Franssen et al., 2015). Moreover, kinesin-1 mediated microtubule sliding 
has also been demonstrated to be involved in axonal regeneration in Drosophila (Lu et al., 
2015). Normally, microtubule sliding is developmentally down-regulated, but injury-indu-
ced calcium influx induces local microtubule disassembly and subsequently the formation 
of local microtubule arrays with mixed polarity (del Castillo et al., 2015; Lu et al., 2015). The 
formation of these mixed microtubule polarity arrays re-introduces the ability for kinesin-1 
mediated microtubule sliding and thereby neurite outgrowth (Lu et al., 2015). In general, se-
vere cytoskeletal rearrangements occur after injury and targeted cytoskeletal rearrangement 
may be a promising strategy for enhancing axon regeneration.

 In addition to axon regeneration, the axonal cytoskeleton has also gained much at-
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tention in respect to its association with several neurological diseases. Several developmen-
tal and neurological disorders have been described in which defects in axonal transport, 
outgrowth, targeting and synapse functioning are caused by disruption of axonal cytos-
keleton-dependent processes (Breuss and Keays, 2014; De Vos et al., 2008; Franker and 
Hoogenraad, 2013; Letourneau, 2009). For example, the motor neuron degenerative disease 
Amyotrophic Lateral Sclerosis (ALS) has been associated with axonal cytoskeletal rearran-
gements and axonal transport dysfunction (Robberecht and Philips, 2013). In Alzheimer’s 
disease, dissociation and missorting of the axonal microtubule-associated protein tau and 
cytoskeletal disruptions are linked to transport deficits and synaptic dysfunction (Zempel 
and Mandelkow, 2014). In addition, impaired regulation of microtubule stability, caused 
by spartin deficiency, is suggested to affect presynaptic development and axonal survival 
which underlies the neurodegenerative disease Troyer syndrome Hereditary Spastic Parap-
legia (HSP) (Nahm et al., 2013). These neurological disorders emphasize the importance of a 
functional and properly regulated axonal cytoskeleton for normal axonal functioning. 

Axonal microtubule and actin organization
Microtubules are cylindrical polymers built up from α- and β-tubulin heterodimers, with a 
fast-growing plus-end and a more stable minus-end. These tubulin polymers switch stochas-
tically between polymerization and depolymerization, a process called dynamic instability 
(Mitchison and Kirschner, 1984). The dynamics of microtubules are regulated by a large 
number of factors, including microtubule-associated proteins (MAPs), motor proteins, 
post-translational tubulin modifications and plus-end tracking proteins (Akhmanova and 
Steinmetz, 2010; Dehmelt and Halpain, 2005; Drummond, 2011; Janke and Kneussel, 2010; 
Niwa, 2015; Schuyler and Pellman, 2001). For example, various MAPs, including MAP1 and 
the axon-specific protein tau, decorate axonal microtubules and influence microtubule dy-
namics by stabilization (Cleveland et al., 1977; Derisbourg et al., 2015; Drechsel et al., 1992; 
Tortosa et al., 2013). In axons, microtubules form a unique unipolar organization, where all 
microtubules are oriented with their plus-end towards the axon tip, whereas in dendrites 
their orientation is mixed (Baas et al., 1988; Kapitein et al., 2010; Stepanova et al., 2003) (Fi-
gure 1A).  This unique orientation in the axon has important implications for its function, 
since it affects the specific sorting of axonal and dendritic cargos (Kapitein and Hoogenraad, 
2011).

Actin filaments (F-actin), polymers built up from globular actin (G-actin), are pola-
rized due to the orientation of each actin monomer in the filament. On the growing, barbed 
end, subunits are added while on the opposite side, the pointed end, monomers dissociate 
(Letourneau, 2009). Due to the weak interaction between these actin monomers, actin fila-
ments rapidly shift between polymerization and depolymerization states. Actin dynamics 
is regulated by numerous actin-binding proteins (ABPs) via various mechanisms. For in-
stance, ABPs can act by sequestering G-actin, nucleating actin filaments, capping or bin-
ding the barbed or pointed end to inhibit or promote polymerization or depolymerization 
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respectively, severing of actin filaments, bundling, crosslinking, stabilizing, and anchoring 
of F-actin to other cellular components (Letourneau, 2009). F-actin is important for or-
ganizing the plasma membrane and for providing a cortical scaffold for the localization 
of protein complexes (Letourneau, 2009). In synapses for example, stable F-actin plays a 
scaffolding role while rapid reorganization of actin remodels the synaptic structure during 
neuronal plasticity (Cingolani & Goda, 2008). Due to its difficulty to visualize, the organiza-
tion of axonal actin has been more challenging to characterize precisely. For long, actin was 
assumed to exist only in a subaxolemmal space that contains a dense network of thin actin 
filaments, which connect the plasma membrane to the central microtubule cytoskeletal net-
work (Hirokawa, 1982). Using electron microscopy techniques, patches of branched actin fi-
laments, organized in the form of meshworks, have been identified along the axon. Distally, 
these patches contribute to the formation of axonal filopodia (Jones et al., 2014; Korobova 
and Svitkina, 2010; Spillane et al., 2011), which give rise to axonal collateral branches (Gallo, 
2011). More recently, using super-resolution microscopy, axonal actin was found to be or-
ganized in regularly spaced rings that wrapped around the axon beneath the plasma mem-
brane which are spaced and connected by spectrin (Lukinavicius et al., 2014; Xu et al., 2013). 
These the ring-like structures along the axon arise already during axon specification and are 

Figure 1. The axonal cytoskeleton and axon-specific structures
The axon is specialized in transmitting information to other neurons. To ensure this function, the axon has a 
unique cytoskeletal organization (A+B) and has several specialized structures, including the axon initial segment 
(AIS) and presynaptic sites (C). (A) The unique unipolar orientation of the microtubules within the axon provides 
anterograde transports of various axonal cargoes via plus-end directed kinesins. Various mechanisms exist that 
regulate the activity of kinesins. (B) The actin cytoskeleton within the axon exists as periodically spaced rings un-
derneath the axonal plasma membrane, organized by spectrin and adducing, and provides the axon with elastic 
and stable support. Along the axon, bundles of actin are present. (C) At the presynaptic site, neurotransmitter-fil-
led synaptic vesicles are docked at the presynaptic membrane and undergo exocytosis upon the arrival of an acti-
on potential. Within the presynapse, actin is proposed to exist in a branched network where it may function in the 
controlling exo- and endocytosis, recruiting and positioning of synaptic vesicles and organizing the active zone.



CHAPTER 1

14

1

formed by short actin filaments that are capped by adducin and are connected by spectrin 
tetramers that create a periodicity of approximately 180 – 190 nm between the rings (D'Este 
et al., 2015; Xu et al., 2013) (Figure 1B). This periodic sub-membrane lattice structure is sug-
gested to provide elastic and stable mechanical support and to organize the molecular orga-
nization of the axonal membrane (D'Este et al., 2015; Xu et al., 2013). Besides the subcortical 
actin organization, bundles of actin are present along the axon where their  abundance is 
highly dependent on the developmental stage (D'Este et al., 2015) (Figure 1B).  Likely, these 
actin bundles represent a more dynamic axonal F-actin population as was recently observed 
using live-cell imaging (Ganguly et al., 2015). Here, trails of actin are suggested to nucleate 
from specific sites along the axon, likely from the surface of stationary endosomes. These 
dynamic axonal F-actin filaments were found to be formin, but not Arp2/3, dependent and 
allow for the rapid availability of actin within the axon (Ganguly et al., 2015). This suggests a 
dual population of axonal actin, with on the axonal plasma membrane the more stable actin 
rings, providing mechanical support, and the dynamic inta-axonal actin filaments, provi-
ding flexibility needed for maintaining axonal and synaptic plasticity (Ganguly et al., 2015).

Axonal transport
Besides its role in regulating and maintaining axonal polarization, outgrowth and stabili-
zation, the axonal cytoskeleton also plays an essential role in active transport of axonal pro-
teins, vesicles and organelles throughout the axon. Since the axon is functionally completely 
different from the dendrites, it requires a different set of proteins and cellular organelles. 
Active motor protein-driven transport is essential for sorting these axonal cargoes and to 
ensure that the correct proteins end up at the correct location within the cell (Kapitein and 
Hoogenraad, 2011). Active transport is especially important in axons, due to their signifi-
cant length.

 Motor proteins
Three classes of motor proteins, kinesins, dyneins and myosins, transport cargoes along 
the cytoskeleton. Myosin moves specifically along actin filaments and is generally invol-
ved in contractile forces and short-range transport, while kinesin and dynein move along 
the microtubule cytoskeleton to facilitate long-range transport (Vale, 2003). Kinesin and 
dynein move in opposite directions: dynein moves towards the minus-end of microtubu-
les, whereas most kinesins move towards the plus-end (Hirokawa et al., 2010). Due to the 
unique microtubule organization in axons, kinesins are therefore responsible for the an-
terograde transport of axonal proteins while dynein enables retrograde transport (Kapitein 
and Hoogenraad, 2011) (Figure 1A). Despite the broad variety of motor proteins, they share 
several general features. All motor proteins contain a relatively highly conserved motor-do-
main, which associates with the cytoskeleton and binds ATP, needed for the generation of 
energy for movement. Motor proteins have a more diverse tail region, which associates with 
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the cargo and contains several elements for regulation (Hirokawa et al., 2010; Vale, 2003). 
The diversity of the tail-domain across various motor proteins allows for the ability of diffe-
rent motors to bind specific cargoes, whereby adaptor proteins further assist in establishing 
correct cargo-motor protein associations (Hirokawa and Takemura, 2005; Schlager and 
Hoogenraad, 2009). 

Transport of axonal cargoes
Axonal transport is essential for the distribution of vesicles, organelles and signaling mole-
cules along the axon to control polarization, axon elongation, and synapse function (Chia et 
al., 2013; Maeder et al., 2014; Schlager and Hoogenraad, 2009). A large proportion of these 
axonal cargoes is destined for the presynapse and needs to be delivered to these specialized 
sites through active transport (Goldstein et al., 2008; Hirokawa et al., 2010) (Figure 1A). It 
has been suggested that several active zone proteins, including bassoon, piccolo and ELKS, 
are trafficked as preassembled complexes, whereas synaptic vesicle proteins and a distinct set 
of active zone proteins are transported by other types of vesicles (Maas et al., 2012; Shapira 
et al., 2003). However, this notion has become questionable since synaptic vesicle proteins 
and active zone proteins were reported to be co-trafficked via pre-assembled multi-vesicle 
transport complexes (Bury and Sabo, 2011; Tao-Cheng, 2007; Wu et al., 2013). 

Due to the heterogeneity of these vesicles and potential co-trafficking of various 
cargoes, the mechanism underlying active transport of these various synaptic components 
is not completely understood, (Wu et al., 2013). It is known that anterograde transport of 
synaptic vesicle precursors is dependent on kinesin-3 family motors KIF1A and KIF1Bβ 
(Hall and Hedgecock, 1991; Kondo et al., 2012; Okada et al., 1995) via adaptor proteins like 
DENN/MADD or liprin-α (Hall and Hedgecock, 1991; Miller et al., 2005; Niwa et al., 2008; 
Okada et al., 1995; Shin et al., 2003). Another kinesin motor, KIF5, has also been linked to 
the transport of synaptic components. It is suggested that KIF5 specifically transports pro-
teins destined for the presynaptic membrane, including syntaxin via the adaptor syntabulin, 
and SNAP25 (Cai et al., 2007; Diefenbach et al., 2002; Goldstein et al., 2008; Morton et al., 
2010; Niwa et al., 2008; Su et al., 2004). Besides synaptic components, other proteins and 
organelles are also actively transported along the axon. Amyloid precursor protein (APP) 
vesicles and dense core vesicles (DCV), containing the neurotrophic factor BDNF, are both 
trafficked via KIF5 via the adaptor JIP1 and Huntington, respectively (Colin et al., 2008; Fu 
and Holzbaur, 2013; Kamal et al., 2000; Lo et al., 2011). The latter can also be trafficked by 
KIF1A (Lo et al., 2011). Mitochondria are transported by KIF5 (Campbell et al., 2014; Pilling 
et al., 2006; Tanaka et al., 1998) via the adaptors Miro1/2-TRAK1/2, syntabulin, RanBP2 
or FEZ1 (Babic et al., 2015; Brickley and Stephenson, 2011; Cai et al., 2005; Fransson et al., 
2006; Fujita et al., 2007; Patil et al., 2013; van Spronsen et al., 2013). There are also indica-
tions that other kinesins contribute to mitochondrial transport within the axon, including 
KIF1Bα (Nangaku et al., 1994) and Kinesin-like protein 6 (KLP6) (Tanaka et al., 2011), to 
provide the synapses with the energy needed to meet their metabolic demand and to change 
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synaptic energy levels and thereby synaptic activity (Sun et al., 2013).
Since most of the cargoes destined for the axon are made in the cell body, the axon 

needs to make use of some kind of mechanism that ensures that these cargoes are equally 
distributed throughout the axon and do not only accumulate at the most proximal sites. 
To overcome this challenge, a model is proposed in which inefficient capture of cargoes at 
synaptic sites and back-and-forth movements of cargoes enable cargoes to target synapses 
equally (Wong et al., 2012). This may be achieved by bidirectional or stop-and-go transport 
and by having reversible interactions of motor-cargo complexes with presynaptic sites. This 
view is supported by a biophysical model which suggests that a more democratic distribu-
tion of cargoes along the axon can indeed be achieved by making the transport process 
less efficient (Bressloff and Levien, 2015), implying that the activity and motility of kinesins 
needs to be correctly regulated to ensure proper cargo transport and delivery along the axon 
(Figure 1A). 

Regulation of axonal transport 
To distribute various cargoes along the axon, the activity and motility of kinesins need to 
be properly regulated. The regulation of kinesin activity exists both at the level of kines-
in-microtubule interaction and at the level of kinesin-cargo interaction (Figure 2). Distinct 
post-translational modifications of microtubules are able to directly modulate the activi-
ty of specific kinesins, while leaving other kinesins unaffected (Janke and Bulinski, 2011; 
Song and Brady, 2015). Furthermore, MAPs are known to regulate transport by modulating 
the interaction of motors with the microtubules (Dixit et al., 2008; Vershinin et al., 2007). 
In addition, the nucleotide-state of tubulin is suggested to affect the interaction of specific 
kinesins with microtubules, thereby directing polarized transport due to the relative abun-
dance of GTP-loaded microtubules in the proximal part of the axon (Morikawa et al., 2015; 
Nakata et al., 2011). In addition to microtubule modifications, the organization and spacing 
of microtubules affects kinesin motility (Conway et al., 2014; Stephan et al., 2015; Wortman 
et al., 2014), whereas the dynamics of the microtubules may influence the kinesin-micro-
tubule interaction (Kurup et al., 2015). At the level of kinesin-cargo interaction, adaptor 
proteins direct the coupling of the cargo to the motor protein and function as a modulator 
of kinesin activity and motility (Akhmanova and Hammer, 2010; Maday et al., 2014). Beside 
adaptor proteins, other mechanisms known to regulate cargo-motor associations include 
local calcium (Ca2+) concentrations, phosphorylation of kinesin motors and Rab-GTPase 
activity (Schlager and Hoogenraad, 2009). Besides these more subtle regulatory mechanisms 
of kinesin activity, kinesins can also be completely inhibited by the mechanism of autoinhi-
bition. Here, the kinesin folds back on itself, enabling the tail-domain to bind and inhibit its 
own motor-domain (Verhey and Hammond, 2009) (Figure 2). Although this mechanisms 
is best described for kinesin-1 motor KIF5 (Kaan et al., 2011; Verhey et al., 1998), members 
of other kinesin families, including KIF1A (Hammond et al., 2009; Lee et al., 2004), KIF17 
(Hammond et al., 2010) KIF13B (Yamada et al., 2007), KIF21A (Chapter 6) and KIF16B 
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(Farkhondeh et al., 2015) are also known to be regulated by autoinhibition. This inhibition 
can be released, and thereby be regulated, by cargo binding or phosphorylation of the kines-
in (Verhey and Hammond, 2009). A novel mechanism of kinesin inhibition is via preventing 
the association of the motor-domain of kinesins with microtubules by the regulatory pro-
tein kinesin binding protein (KBP) and is discussed in Chapter 7.

Axonal transport and disease
Impairments in axonal transport, caused by dysfunctioning or dysregulation of motor pro-
teins, regulatory proteins or the underlying cytoskeleton could all have severe consequences 
for axonal functioning (Encalada and Goldstein, 2014; Millecamps and Julien, 2013; Niwa et 
al., 2013; Tischfield et al., 2011). Indeed, an increasing amount of neurodegenerative disor-
ders is linked to abnormalities in transport-related proteins (De Vos et al., 2008; Hirokawa 
et al., 2010).  For example, mutations in KIF5A have been linked to Hereditary Splastic Pa-
raplegia (HSP) and Charot-Marie-Tooth disease type 2 (CMT2) (Liu et al., 2014). Likewise, 
mutations in the microtubule growth inhibiting kinesin KIF21A contribute to Congenital 
Fibrosis of the Extraocular Muscles type 1 (CFEOM1) (Yamada et al., 2003). These mutati-
ons lead to loss of autoinhibition of the microtubule growth inhibitor KIF21A, causing ab-
normal axonal morphology and defects in axonal guidance (Cheng et al., 2014) (Chapter 6). 
Also, mutations in the regulatory protein KBP are linked to Goldberg-Shprintzen Syndrome 
(GOSHS) (Brooks et al., 2005) and cause a loss of KBP-mediated kinesin regulation (Chapter 
7).These are only one of the few examples of the many transport-related neurological disor-
ders, highlighting the importance of correct axonal transport functioning and regulation 
for proper axonal function.  

Molecular mechanisms of presynaptic functioning
The presynaptic sites are highly specialized structures that are essential for transmitting in-
formation to connected cells and are unique for the axon. The release of neurotransmitters, 
caused by the exocytosis of synaptic vesicle at the active zone, upon the arrival of an action 
potential, is a critical step in the initiation of synaptic transmission. This synaptic vesicle 

Figure 2. Regulation of kinesin activity
Various mechanisms exist that regulate the 
activity of kinesin motor proteins. These mo-
des of regulation act both at the level of ki-
nesin-microtubule interaction, through, e.g., 
microtubule-associated proteins (MAPs) and 
microtubule post-translational modificati-
ons (PTMs), and at the kinesin-cargo inter-
action, through, e.g., adaptor proteins and 
phosphorylation of the kinesin. In addition 
to these more modulatory effects on kinesin 
activity, kinesins can also be completely in-
hibited by the mechanism called autoinhibi-
tion. Here, the kinesin tail-domain folds back 
and inhibits its own motor-domain.
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exocytosis occurs rapidly and is very precisely timed and regulated to ensure proper synap-
tic transmission. Numerous proteins are involved to ensure that this synaptic vesicle release 
at the presynaptic site is tightly controlled and regulated. In the past decades, our under-
standing of the molecular mechanisms and components involved in this process increased 
tremendously, although the precise composition remains elusive (Chua, 2014). 

The synaptic vesicle cycle
Exocytosis of synaptic vesicles at presynaptic sites occurs at highly specialized regions of 
the presynaptic membrane, called the active zone. At the active zone, a series of membra-
ne trafficking events, the so-called synaptic vesicle cycle, underlies the regulated release of 
neurotransmitters and can traditionally be divided into four sequential steps (Südhof, 2004). 
First, the synaptic vesicles are filled with neurotransmitters mediated by transporters on 
the synaptic vesicles. Thereafter, these vesicles are recruited and docked at their release sites 
within the active zone. Subsequent priming of these synaptic vesicles ensures their close 
proximity with the presynaptic membrane and make them competent for fusion. Finally, 
upon the arrival of an action potential, Ca2+ flows into the presynaptic site by the opening of 

Recruitment

Docking

Postsynapse

Synaptic cleft

Priming Fusion

Endocytosis

Direct recycling

Recycling via endosome

NT uptake

Active zone

Ca2+

Ca2+

Figure 3. The synaptic vesicle cycle
Synaptic vesicles are filled with neurotransmitters (NTs) and recruited to the active zone, where they are docked 
and primed on the presynaptic plasma membrane. The arrival of an action potential causes the opening of vol-
tage-gated calcium channels leading to calcium (Ca2+) influx. This triggers the fusion of the synaptic vesicle with 
the presynaptic plasma membrane, and thereby exocytosis, releasing the neurotransmitters into the synaptic cleft 
which bind and active receptors on the postsynaptic membrane. Subsequent endocytosis, either by direct recy-
cling or recycling via the endosomal pathway, replenishes the synaptic vesicle pool to ensure they are available for 
subsequent rounds of synaptic vesicle exocytosis.
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the voltage-gated calcium channels (VGCCs). This is sensed by specific proteins of the pre-
synaptic release machinery and triggers the fusion of the vesicle with the plasma membrane, 
and thus exocytosis (Gundelfinger & Fejtova, 2012; Südhof, 2004, 2013). This synaptic vesi-
cle exocytosis is compensated by endocytosis of the synaptic vesicle membrane next to the 
active zone followed by recycling and refilling of the synaptic vesicle with neurotransmitter 
to replenish the synaptic vesicle pool and thereby sustain the cycle (Kononenko & Haucke, 
2015; Südhof, 2004) (Figure 3). 

Molecular composition of the presynapse
Numerous proteins  within the active zone perform major functions in almost all stages of 
the synaptic vesicle cycle, including the recruitment and docking of synaptic vesicles, the 
coupling of synaptic vesicle exocytosis to the intracellular influx of Ca2+, facilitating the 
recycling of synaptic vesicles and modulating neurotransmitter release (Gundelfinger and 
Fejtova, 2012; Sudhof, 2012). These various functions are executed by several overlapping 
sets of molecular machineries which are dynamically assembled into a core macromolecular 
scaffold within the active zone (Chua, 2014) (Figure 4).

RIM, ELKS, Munc13, Bassoon and Piccolo - Recruitment and docking of synaptic vesicles
An important complex within presynaptic sites is built up from the active zone proteins 
Rab3-interacting molecule (RIM), ELKS/CAST, bassoon, piccolo and munc13 and has a key 
function in the formation and organization of synaptic vesicle docking complexes (Figure 
4). These proteins serve as a structural scaffold that assists in the recruitment, assembly 
and organization of various synaptic machineries by binding numerous proteins within the 
presynaptic site and additionally function to modulate neurotransmitter release and presy-
naptic turnover (Chua, 2014; Gundelfinger & Fejtova, 2012; Schoch & Gundelfinger, 2006; 
Südhof, 2004, 2012). 
 Via the interaction of RIM with the synaptic vesicle protein Rab3, synaptic vesicles 
are recruited and docked to the active zone (Dulubova et al., 2005). In addition, the inter-
action of RIM, and ELKS, with VGCCs, provides a mechanism to localize these channels to 
the active zone and to physically couple synaptic vesicles within close proximity of calcium 
channels to enable the rapid response to Ca2+ influx (Chua, 2014; Kaeser et al., 2011; Pang 
& Südhof, 2010; Rosenmund et al., 2003; Schoch & Gundelfinger, 2006). Binding of RIM 
to munc13 is thought to promote the activation of the vesicle priming protein Munc13 and 
thereby the assembly of the vesicle release machinery (Deng et al., 2011). The ability of RIM 
to interact with many active zone and other presynaptic proteins have led to the notion that 
RIM functions as a central hub upon which other presynaptic machineries are organized 
(Chua, 2014; Südhof, 2004). 
 The structural proteins bassoon and piccolo are the two largest proteins within the 
active zone whose major function is to guide synaptic vesicles from the synapse to the active 
zone and to cluster them (Mukherjee et al., 2010; Südhof, 2012; Hallerman et al., 2010). They 
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are also thought to be the major structural components of the presynapse on which other 
presynaptic proteins are organized and are suggested to maintain the presynaptic structu-
re by regulating protein degradation (Chua, 2014; Schoch & Gundelfinger, 2006). Bassoon 
and piccolo bind each other, RIM, munc13 and ELKS, but also interact with various other 
proteins to coordinate active zone function via additional processes within the presynaptic 
sites. 

Liprin-α - Organizing the active zone
The evolutionary conserved members of the liprin-α family have a key function in regula-
ting presynapse assembly and organization by interacting with and recruiting of multiple 
active zone components (Chua et al., 2010; Spangler & Hoogenraad, 2007). Liprin-α binds 
to itself to form homodimers, and to the active zone components RIM, ELKS and CASK, of 
which the latter interacts with various cell-adhesion molecules, thereby acting as a scaffol-
ding protein that organizes multiple proteins into a large complex and links the core active 
zone components to transmembrane proteins (Spangler & Hoogenraad, 2007; Südhof, 2012) 
(Figure 4). Studies in invertebrates strongly suggest a role in synapse development and or-
ganization, since mutations in the C. elegans liprin-α homolog, SYD-2, and the Drosphilla 
homolog, dliprin-α, alter the size of active zones, cause mislocalization of synaptic vesicles 
and presynaptic proteins and reduce synaptic transmission (Kaufmann et al., 2002; Owald 
et al., 2012; Patel et al., 2006; Zhen & Jin, 1999). In addition, it seems to be one of the first 
proteins to be recruited to the presynaptic sites, prior to other main active zone components 
(Dai et al., 2006; Patel et al., 2006). Vertebrates contain four isoforms of liprin-α, which are 
expressed differentially within the brain, of which liprin-α2 and –α3 are exclusively expres-

Figure 4. Molecular organizati-
on of the active zone
Schematic illustration of a 
subset of presynaptic proteins, 
and their interactions at the 
active zone. A comlpex, com-
posed of RIM, ELKS, Munc13 
and the scaffolding proteins 
piccolo and bassoon recruits 
and docks the synaptic vesi-
cles and locate them near vol-
tage-gated calcium channels 
(VGGCs). Liprin-α functions 
as a scaffolding protein that 
organizes multiple proteins 
into a large complex. The 
SNARE complex, composed 
of synaptic vesicle-associa-
ted VAMP and the membra-
ne proteins syntaxin1 and 
SNAP25. Fusion is triggered 
by the calcium-sensing pro-
tein synaptotagmin (Syt).
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sed in brain (Spangler et al., 2011; Zürner et al., 2011). Similar to its function in invertebrates, 
mammalian liprin-α is essential for recruiting and organizing the presynaptic protein com-
position, thereby regulating neurotransmitter release (Chapter 2). 

SNARE complex - The synaptic vesicle release machinery 
The core fusion machinery needed for synaptic vesicle exocytosis consists of the SNARE 
proteins, which form a very tight complex that is formed by the proteins VAMP, located on 
the synaptic vesicle, and syntaxin and SNAP25, located on the presynaptic membrane (Jahn 
& Fasshauer, 2012; Jahn & Scheller, 2006; Rosenmund et al., 2003; Sutton et al., 1998) (Figure 
4). Initially, this complex is partially assembled, but following the influx of Ca2+ into the pre-
synaptic site they undergo full assembly, triggering the fusion of both membranes and thus 
exocytosis. This rapid Ca2+-dependent exocytosis is mainly mediated by the Ca2+-sensing 
protein synaptotagmin-1, located on the synaptic vesicle. Synaptotagmin-1 requires com-
plexin, a small cytoplasmic protein, as a cofactor which is essential for the priming and acti-
vation of synaptic vesicle fusion (Cai et al., 2008; Sudhof, 2013). In addition to their roles in 
vesicle fusion, partially assembled SNARE complexes are also likely to contribute to vesicle 
docking (de Wit et al., 2006).

The role of presynaptic actin
Although actin has originally been acknowledged to be involved in the assembly and deve-
lopment of the presynaptic site (Nelson et al., 2013; Zhang and Benson, 2001), the notion for 
its role organizing the presynaptic site at later stages and in regulating the synaptic vesicle 
cycle is emerging (Rust & Maritzen, 2015). Actin is highly concentrated at synapses, and it 
was recently shown that axonal actin patches are localized to presynaptic sites, as they colo-
calize with several presynaptic markers, and that F-actin accumulations become even more 
prominent when the neuron matures (D’Este et al., 2015). Within these presynaptic sites, 
actin is suggested to mainly exist in an Arp2/3-dependent branched network (Korobova and 
Svitkina, 2010) (Figure 1C). Synaptic actin becomes even more enriched upon synaptic acti-
vity, suggesting additional recruitment and polymerization of actin at the presynapse (San-
karanarayanan et al., 2003). Despite its high abundance, the role of actin at the presynaptic 
site is currently ambiguous (Cingolani & Goda, 2008; Rust & Maritzen, 2015). Several roles 
of actin at the presynaptic site have been suggested and include a solely structural function, 
a role in recruiting and positioning of synaptic vesicles, in regulating exocytosis or in con-
trolling endocytosis, but its exact role remains elusive (Rust & Maritzen, 2015). 
 In knock-out mice of the actin-depolymerizing proteins ADF/cofilin, the impair-
ment of actin dynamics causes reduced synaptic vesicle recruitment to the active zone (Wolf 
et al., 2014). Here, actin may function in the recruitment and positioning of synaptic vesicles 
by acting as a scaffold for the clustering of synaptic vesicles via synapsin. Alternatively, ac-
tin may also provide the tracks that allow synaptic vesicle transport via actin-based motor 
proteins to the active zone or could be involved in fine-tuning the localization of synaptic 
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vesicles after endocytosis (Cingolani and Goda, 2008; Dillon and Goda, 2005; Rust and Ma-
ritzen, 2015). For long, it has been thought that actin could function as a barrier at the presy-
naptic membrane to control synaptic vesicle exocytosis (Dillon and Goda, 2005). However, 
this idea has been challenged by recent findings where increased F-actin levels, due to the 
absence of specific actin-depolymerizing proteins, show increased exocytosis of synaptic 
vesicles in mice (Wolf et al., 2014). Instead, this suggests that normal F-actin dynamics is 
essential for proper synaptic vesicle exocytosis (Rust and Maritzen, 2015), which could be, 
at least partially, mediated by the activity-dependent F-actin assembly function of the active 
zone protein piccolo (Wagh et al., 2015; Waites et al., 2011). Defects in actin function or dys-
regulation of synaptic actin are also implicated in several mental disorders (Bernstein, 2011). 
Moreover, altered synapse development and morphology has been observed in a mouse mo-
del for Fragile X syndrome. These defects are presumably caused by dysregulation of actin 
dynamics, as altered levels of several actin-regulating proteins were observed (Klemmer et 
al., 2011). Moreover, mutant α-synuclein, associated with familial Parkinson’s disease (PD), 
was demonstrated to alter the rate of actin polymerization and to disrupt the actin cytoske-
leton in vitro (Sousa et al., 2009).

Scope of this thesis
The axon has a unique function in transmitting information to other neurons and has se-
veral unique features and mechanisms that enable proper axonal functioning. This thesis 
focuses on the synaptic vesicle release sites, which are essential for the initiation of synaptic 
transmission, and transport mechanisms within the axon. By focusing on the synaptic re-
lease sites, this thesis aims to enhance our understanding of the molecular composition of 
the presynapse because, although numerous components have already been identified, the 
precise molecular composition and function of each of these synaptic elements remains to 
be elucidated. By focusing on axonal kinesin motor proteins, this thesis aims to understand 
the mechanisms underlying kinesin regulation and its contribution to normal neuronal de-
velopment.
 Chapters 2 till 5 are intended to increase our understanding on the composition and 
functioning of the presynaptic release sites by identifying the function of several synaptic 
proteins in organizing the presynaptic site or in regulating the synaptic vesicle release cy-
cle. In Chapter 2, the function of the active zone protein liprin-α2 in mature mammalian 
synapses will be described. We show that liprin-α2 plays a key role in the recruitment and 
organization of multiple active zone proteins to enable proper synaptic transmission and 
that it functions as a scaffolding protein that promotes protein dynamics within the presy-
naptic sites. In Chapter 3, the role of actin in organizing the presynaptic site will be explored. 
Chapter 4 describes the structural basis for the binding of botulinum neurotoxin A to the 
synaptic vesicle protein 2C and the identification of an inhibitory peptide that prevents this 
complex formation. Here, we show that this inhibitory peptide is able to reduce the synaptic 
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internalization of the neurotoxin into cultured neurons. In Chapter 5, we identify two novel 
proteins which play a role in the synaptic vesicle cycle and explore their molecular function. 
Chapters 6 and 7 focus on the regulation of kinesin motors and investigate how loss of ki-
nesin regulation leads to development of two specific neurological disorders. In Chapter 6, 
we identified KIF21A as a microtubule growth inhibitor that organized microtubule arrays 
at the cell cortex and show that mutations in KIF21A that are associated with the neuro-
developmental disorder congenital fibrosis of the extraocular muscle type 1 (CFEOM1) re-
lieve its autoinhibition. We propose that this loss of KIF21A autoinhibition causes altered 
microtubule dynamics and thereby abnormal axonal development and responsiveness to 
axonal guidance cues. In Chapter 7, we identify and describe a novel inhibitory mechanism 
of kinesin activity by the protein KBP.  By investigating the molecular function of KBP 
during neuronal development we intend to understand how loss of KBP-mediated kinesin 
regulation underlies the neurological disorder Goldberg-Shprintzen syndrome (GOSHS).   
 Finally, in Chapter 8 the results of these studies will be discussed in a broader per-
spective and provides a general model on how the various processes within the axon contri-
bute to its normal functioning. 
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ABSTRACT
The presynaptic active zone mediates synaptic vesicle exocytosis, and modulation of its mo-
lecular composition is important for many types of synaptic plasticity. Here, we identify 
synaptic scaffold protein liprin-α2 as a key organizer in this process. We show that liprin-α2 
levels were regulated by synaptic activity and the ubiquitin-proteasome system. Further-
more, liprin-α2 organized presynaptic ultrastructure and controlled synaptic output by re-
gulating synaptic vesicle pool size. The presence of liprin-α2 at presynaptic sites did not 
depend on other active zone scaffolding proteins but was critical for recruitment of several 
components of the release machinery, including RIM1 and CASK. Fluorescence recovery 
after photobleaching showed that depletion of liprin-α2 resulted in reduced turnover of 
RIM1 and CASK at presynaptic terminals, suggesting that liprin-α2 promotes dynamic sca-
ffolding for molecular complexes that facilitate synaptic vesicle release. Therefore, liprin-α2 
plays an important role in maintaining active zone dynamics to modulate synaptic efficacy 
in response to changes in network activity. 
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INTRODUCTION
The primary function of the presynaptic active zone (AZ) is to regulate the release of neu-
rotransmitter-filled synaptic vesicles (SVs) in response to action potentials entering the bou-
ton (Südhof, 2012). The SV cycle is tightly controlled, both temporally and spatially, and its 
performance is modified in response to activity (Atwood and Karunanithi, 2002). Recent 
studies show that regulation of presynaptic efficacy involves molecular reorganization of the 
release apparatus by modulating AZ protein turnover (Lazarevic et al., 2011). Delivery or re-
moval of AZ molecules to or from any given synapse may not only change its release proper-
ties but also compromise overall synapse content and dynamics. However, mechanisms of 
presynapse dynamics are poorly understood and the identity of proteins that function as 
upstream regulators remains unknown. 
 Several studies suggest that invertebrate liprin-α family proteins Drosophila melano-
gaster dliprin-α and C. elegans SYD-2 play a key role in presynaptic development (Astigar-
raga et al., 2010; Chia et al., 2012; Dai et al., 2006; Kaufmann et al., 2002; Owald et al., 2012; 
Patel et al., 2006; Zhen and Jin, 1999). In addition, liprin-α family proteins in mammals 
continue to be expressed at high levels in the adult brain and are engaged in high-affinity 
interactions with many AZ proteins (Spangler and Hoogenraad, 2007). These characteris-
tics make liprin-α an attractive candidate to modulate AZ content and synaptic efficacy. 
However, due to the complexity of the liprin-α family and its four isoforms, known as li-
prin-α1, -α2, -α3 and -α4 (Spangler and Hoogenraad, 2007), knowledge of the presynaptic 
role of liprin-α in mammalian neurons is primarily limited to its expression in mouse brain 
(Spangler et al., 2011; Zurner et al., 2011), its subcellular localization by electron microscopy 
(Wyszynski et al., 2002) and its potential binding partners (Schoch and Gundelfinger, 2006; 
Spangler and Hoogenraad, 2007). Notably, liprin-α2 expression increases with age, and it is 
abundant in the adult hippocampus and enriched at mature synapses (Spangler et al., 2011; 
Zurner et al., 2011). We therefore set out to examine the role of liprin-α2 in mature hippo-
campal synapses by investigating whether liprin-α2 regulates presynaptic organization by 
anchoring AZ proteins such as RIM1 and CASK to regulate SV release.
  By using biochemical, cell biological, electrophysiological, live cell imaging and 
quantitative microscopy approaches, we show that liprin-α2 organizes presynaptic ultra-
structure and controls synaptic output by regulating synaptic vesicle pool size. We propose 
a model in which liprin-α2 organizes presynaptic composition and controls the dynamics of 
RIM and CASK in synapses in response to changes in network activity. Our data indicates 
that liprin-α2 is a unique scaffolding protein that promotes protein dynamics at the active 
zone and that this local mobility of presynaptic proteins is crucial to support synaptic vesicle 
release and normal presynaptic output.
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RESULTS 

Liprin-α2 is regulated by synaptic activity and the ubiquitin-proteasome system
Our previous work indicates that liprin-α2 (Figure 1A) is the major liprin-α family mem-
ber at mature hippocampal presynapses (Spangler et al., 2011). Since it is unknown how 
liprin-α2 protein levels are regulated at synapses, we examined the turnover of presynaptic 
liprin-α2. Fluorescence recovery after photobleaching (FRAP) experiments revealed that 
GFP-liprin-α2 fluorescence recovers to 67 ± 4% of prebleaching intensity within eight minu-
tes with an average recovery half-time of 13 ± 3 s (Figure 1B-D). On this time scale the active 
zone proteins Munc13 and bassoon exhibit very little recovery (Kalla et al., 2006; Tsuriel 
et al., 2009), indicating that liprin-α2 is a relatively dynamic component of the presynaptic 
active zone. Because the ubiquitin-proteasome system (UPS) plays an important role in sy-
naptic protein turnover (Bingol and Sheng, 2011; Tai and Schuman, 2008), we tested whether 
the proteasome inhibitor MG132 affects liprin-α2 expression in hippocampal neurons. Brief 
application of MG132 (10 μM, 1 hr) caused an increase in synaptic liprin-α2, in contrast to 
synaptic markers PSD-95 or bassoon (Figure 1E,F). In addition, FRAP experiments showed 
that application of MG132 (10 µM, 4 hr) results in an increase in the turnover of presynaptic 
liprin-α2 (82 ± 5%, t1/2 = 22 ± 4s, Figure 1B-D), indicating that mammalian liprin-α2 is re-
gulated by proteasomal degradation. We next examined whether changes in global synaptic 
network activity can also affect liprin-α2 levels. Decreasing network activity for 48 hours 
via the voltage-gated Na+ channel blocker TTX (2 µM) or the NMDA-receptor antagonist 
APV (50 µM) and AMPA-receptor antagonist DNQX (10 µM) led to a significant decre-
ase in liprin-α2 levels, while application of the GABAA receptor antagonist Bicuculline (40 
µM, 48 hrs) to increase network activity showed a ~30% increase in liprin-α2 levels (Figure 
1G). Consistently, comparable results were obtained when we measured total liprin-α2 levels 
using Western blotting. Application of TTX or APV/DNQX resulted in a ~70% and ~55% 
reduction of liprin-α2 levels compared to control, respectively (Figure 1H,I). Furthermore, 
MG132 (10µM, 6 hrs) increased global liprin-α2 levels in addition to partially occluding the 
loss of liprin-α2 caused by TTX (Figure 1H,I). The same trend is observed for the combined 
MG132 and APV/DNQX treatments, however the difference was not statistically significant. 
These data indicate that liprin-α2 is a dynamic member of the presynaptic active zone; its le-

Figure 1. Liprin-α2 is regulated by synaptic activity and the ubiquitin-proteasome system
(A) Domain structure of liprin-α2.
(B) Schematic representation of fluorescence recovery after photobleaching (FRAP) procedure. Fluorescent-tag-
ged proteins (red ovals) are bleached (white ovals) and fluorescence recovery is monitored in a single synapse.  
(C) Mean recovery time course of GFP-liprin-α2 treated with 10 µM of the proteasome inhibitor MG132 or DMSO 
as a control for 4 hrs in DIV15+4 neurons. Data were fit according to a two-exponential model (dark grey lines). 
ANOVA Repeated Measures: n=32/32, F=5.04, p=0.028. N=2 independent experiments. 
(D) Quantification of the mobile and immobile fractions of GFP-liprin-α2 treated with 10 µM MG132 or DMSO 
for 4 hrs in DIV15+4 neurons according to the fitted recovery time course (DMSO: mobile: 65%, immobile: 35%; 
MG132: mobile: 82%, immobile: 18%).
(E) Representative images of endogenous liprin-α2  (green), bassoon (red), and PSD-95 (blue) in DIV19 hippo-
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campal neurons treated with 10 μM of the proteasome inhibitor MG132 for 1 hr prior to fixation. Scale bar, 5 μm.
(F) Quantification of endogenous synaptic liprin-α2, bassoon and PSD-95 levels in cells treated with 10 μM 
MG132 for 1 hr. n=5; *, p=0.02
(G) Quantification of endogenous somatic liprin-α2 levels in DIV21 neurons treated with 2 μM TTX, 50 μM APV 
and 10 μM DNQX, 40 µM Bicuculline or DMSO (control) for 48 hrs. n=7/10; ***, p<0.0005; *, p=0.011
(H) Western blots of extracts of DIV14 hippocampal neuron cultures treated with 2 μM TTX, 50 μM APV and 
10 μ DNQX or DMSO (control) for 48 hrs with or without 10 µM MG132 treatment for 6 hrs. Equal volumes of 
extracts were loaded and immunoblotted for liprin-α2 and β-actin as loading control.
(I) Quantification of endogenous liprin-α2 levels in cells treated with TTX, APV and DNQX or DMSO (control) 
for 48 hrs with or without MG132 for 6 hrs. n=8/14; ***, p<0.001; **, p=0.003; N=4 independent experiments. Data 
are presented as mean values ± SEM.
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Figure 2. Liprin-α2 regulates synaptic vesicle release 
(A) Western blots of extracts of DIV13 hippocampal neuron culture infected at DIV7 with indicated amount 
of liprin-α2-shRNA expressing lentivirus. Equal volumes of extracts were loaded and immunoblotted for GFP, 
liprin-α1, liprin-α2, and actin as a loading control.
(B) Western blots of extracts of DIV13 neurons infected at DIV7 with liprin-α1 shRNA, liprin-α2 shRNA #1, 
liprin-α2 shRNA #2 or scrambled shRNA lentivirus as control. Equal volumes of extract were loaded and im-
munoblotted for liprin-α1, liprin-α2, and actin as a loading control. 
(C) Quantification of knockdown of endogenous liprin-α2 with liprin-α2 shRNA. For Western blot (WB), DIV7 
neurons were infected with indicated liprin-α2 shRNA constructs and harvested 6 days later. 
(D) Representative images of liprin-α2 levels in neurites of neurons infected either with GFP or liprin-α2-shRNA 
lentivirus (green). Cells were stained for endogenous VAMP2 (red) and liprin-α2 (blue). Scale bar, 5 μm. 
(E) Western blots of GFP expression in extracts of HeLa cells cotransfected with GFP-liprin-α1, α2, α3 or- α4 and 
either liprin-α1, liprin-α2 or control (CASK) shRNA constructs
(F) Quantification of knockdown of GFP-liprin-α protein with liprin-α1, liprin-α2 or control (CASK) shRNA 
constructs, normalized to control. N=3; ***, p=0.0001.
(G) Quantification of the percentage of presynaptic sites transfected with liprin shRNA constructs that were 
loaded with FM 4-64 dye (GFP: 84.0 ± 4.3%, liprin-α2 shRNA: 83.0 ± 7.3%,; n= 5 sets of 20 synapses per group).
(H) Quantification of the fluorescence intensity of FM 4-64 dye loading of presynaptic sites transfected with liprin 
shRNA constructs (GFP: 100.0 ± 2.3%, liprin-α2 shRNA: 83.2 ± 2.9%,; n= 100 synapses per group; ***, p<0.0005). 
Intensity of FM4-64 labeling in control cells was set to 100%.
(I) Quantification FM 4-64 destaining following unloading of presynapses transfected with liprin shRNA con-
structs (n=75 (GFP), or 82 (liprin-α2 shRNA) synapses; for GFP v. liprin-α2 shRNA: ANOVA Repeated Measures: 
***, F=51.96, p<0.0005).
(J) Quantification of the difference between the first frame after unloading stimulation (t0) and the last frame 
imaged (t120) for presynapses transfected with liprin shRNA constructs (GFP: 26.8 ± 1.0 A.U., n=75 synapses, 
liprin-α2 shRNA: 19.4 ± 1.9 A.U., n=82 synapses; ***, p=0.0005). Data are presented as mean values ± SEM.
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vels scale with network activity, and proteasome-mediated degradation both maintains stea-
dy-state levels of liprin-α2 and contributes substantially to TTX-induced loss of liprin-α2.

Liprin-α2 regulates synaptic vesicle release 
Next, we examined whether liprin-α2 affects presynaptic function through acute depletion 
of liprin-α2 expression in mature hippocampal presynapses. We selected two independent 
liprin-α2 shRNAs and one control liprin-α1 shRNA, all of which were effective in reduci-
ng protein levels of the targeted isoform without affecting the expression of other liprin-α 
proteins (Figure 2A-F, Table S1). We first investigated the effect of liprin-α2 knockdown on 
SV recycling using fluorescent membrane FM dyes (Fernandez-Alfonso and Ryan, 2004). At 
DIV19, we labeled the total recycling pool (TRP) of vesicles of hippocampal neuron cultures 
that were transfected at DIV15 with liprin-α2 shRNA by stimulation with 70 mM KCl for 
90 seconds in the presence of 10 μM FM4-64 dye (Leal-Ortiz et al., 2008) and analyzed the 
extent of FM dye loading and unloading in transfected axons which formed synapses with 
untransfected postsynaptic neurons. There were no significant differences in the percenta-
ge of axonal varicosities that contained FM4-64 clusters indicating that liprin-α2 does not 
influence the number of active synapses (Figure 2G). However, after loading, synapses de-
ficient in liprin-α2 displayed a ~17% reduction of FM4-64 fluorescence intensity compared 
to control (Figure 2H). We further compared the destaining kinetics of the TRP following a 
second stimulation with 70 mM KCl for 60 seconds. Neurons expressing liprin-α2 shRNA 
exhibited decreased FM4-64 unloading both in the frame immediately following stimulati-
on and in the two minutes that followed (Figure 2I,J). This suggests that liprin-α2 controls 
TRP size and regulates the efficiency of SV release.

Liprin-α2 regulates RRP size and synaptic plasticity
To understand the presynaptic function of liprin-α2 in greater detail, we performed who-
le-cell patch clamp recordings in cultured hippocampal autaptic neurons. Neurons were 
infected with liprin-α2 shRNA expressing lentiviruses at DIV9, after synapses are formed 
in this system (Gekel and Neher, 2008; Weston et al., 2011), and analyzed at DIV14. Spon-
taneous release characteristics such as miniature EPSC (mEPSC) amplitude (Figure 3A,B), 
frequency (Figure 3C), rise time (Figure 3D) and charge (Figure 3E) were unchanged. Hence, 
deletion of liprin-α2 does not affect postsynaptic receptor sensitivity and vesicle filling, nor 
does it interfere with the neuron’s capacity to spontaneously release synaptic vesicles. Ho-
wever, evoked response amplitudes (EPSC amplitudes) were decreased by more than 40% 
in neurons lacking liprin-α2 (Figure 3F). A second independent shRNA against liprin-α2 
showed a similar phenotype (Figure S1A), while liprin-α1 knockdown and a scrambled shR-
NA did not affect synaptic responses (Figure S1B-F). Importantly, overexpression of a shR-
NA-resistant liprin-α2 largely rescued the knockdown phenotype (Figure S1G). 
 We next investigated the readily releasable pool (RRP) size in liprin-α2 knockdown 
cells by measuring responses to application of 500 mM sucrose (Rosenmund and Stevens, 
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Figure 3. liprin-α2 regulates RRP size and synaptic plasticity
(A) Typical examples of spontaneous vesicle release. Scale bar represents 0.1 s and 25 pA. 
(B) Amplitude of spontaneous release events in hippocampal autapses infected with liprin shRNA viruses (GFP: 
16.9 ± 0.4 pA, n=58; liprin-α2 shRNA: 17.2 ± 0.6, n=37).
(C) Spontaneous release frequency in hippocampal autapses infected with liprin shRNA viruses (GFP: 3.6 ± 0.5 
Hz, n=60; liprin-α2 shRNA: 2.8 ± 0.5 Hz, n=40;).
(D) Rise time of spontaneous release events in hippocampal autapses infected with liprin shRNA viruses (GFP: 
0.91 ± 0.04 ms, n=58; liprin-α2 shRNA: 0.94 ± 0.06 ms, n=37).
(E) Charge of spontaneous release events in hippocampal autapses infected with liprin shRNA viruses (GFP: 38.4 
± 1.2 fC, n=58; liprin-α2 shRNA: 37.4 ± 1.6 fC, n=37).
(F) Amplitude of excitatory synaptic response evoked by an action potential in hippocampal autapses infected 
with liprin shRNA viruses (GFP: 1.67 ± 0.15 nA, n=73; liprin-α2 shRNA: 0.96 ± 0.16 nA, n=39; ***, p<0.001). 
Inserts show typical individual traces of EPSCs. Scale bar represents 0.01 s and 0.5 nA. Figure S1 shows a similar 
reduction of EPSC amplitude using a second independent liprin-α2 shRNA.
(G) RRP size as assessed with single hyperosmotic sucrose application (500 mM sucrose) in hippocampal autapses 
infected with liprin shRNA viruses (GFP: 1.29 ± 0.23 nC, n=19; liprin-α2 KD, 0.46 ± 0.06 nC, n=16; **, p=0.006). 
Inserts show typical examples of sucrose-induced currents. Grey bars represent time of sucrose application. Scale 
bars represent 1s and 0.1nA.
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1996). Liprin-α2 deficient neurons showed a ~60% decrease in RRP size (Figure 3G), while 
the vesicular release probability (Pves) was unchanged (Figure 3H). Therefore, in addition to 
regulating the TRP, liprin-α2 is an important factor in determining the number of vesicles 
present in the RRP. Furthermore, cells were stimulated with paired pulses of varying inter-
stimulus intervals to test the effect of liprin-α2 deletion on short-term changes in synaptic 
strength. Neurons expressing liprin-α2 shRNA exhibited paired pulse facilitation (Figure 
3I), indicating that synaptic release probability is decreased in the absence of liprin-α2. In 
all electrophysiological parameters, no significant differences were observed in neurons ex-
pressing control shRNAs (Figure S1), further confirming that liprin-α2 is specifically im-
portant for normal presynaptic function in the hippocampus. 
 In order to fully rule out any contribution of post-synaptic effects on the presynaptic 
phenotype, as well as determine if liprin-α2 deficiency affects all synapses equally, we pro-
bed synaptic vesicle release in presynapses with untransfected postsynaptic partners using 
the optical reporter Synaptophysinphluorin (SyPhy, Granseth et al., 2006). Neurons were 
transfected with SyPhy plus liprin-α2 shRNA or scrambled shRNA as control at DIV10 and 
imaged 5 days later. Synaptic vesicle release was triggered by applying 200 AP stimuli at 20 
Hz and Syphy responses were measured across 15-30 boutons per individual neuron. Signals 
were normalized to the maximal fluorescence obtained at each bouton upon NH4Cl super-
fusion to instantly alkalize the entire labeled vesicle pool (Figure 3J). Expression of liprin-α2 
shRNA strongly diminished synaptic vesicle exocytosis upon stimulation (Figure 3K) and 
the average maximal amplitude was more than 4-fold reduced compared to scrambled con-
trols (Figure 3L, scrambled (WT) 0.22 ± 0.05, n = 8; α2 KD 0.05 ± 0.03, n = 6, 15-30 synap-
ses per cell, ** p = 0.012). Examination of exocytosis at individual boutons revealed that 
liprin-α2 reduction resulted in an overall reduction of release probability and increased the 
number of presynaptically silent synapses. Together, the combination of probing exocytosis 
in mass cultures using FM-dye and SyPhy measurements and using patch clamp physiology 
in autaptic cultures reveal that liprin-α2 is an essential component of the presynaptic machi-
nery that orchestrates activity-dependent synaptic vesicle release.

(H) Vesicular release probability (Pves) is calculated as EPSC charge divided by sucrose induced RRP charge 
(GFP: 6.0 ± 0.8%, n=19; liprin-α2 KD, 4.8 ± 0.8, n=16; n.s., p=0.058).
(I) Paired-pulse ratio (ratio of the second to the first synaptic response plotted as a function of the stimulus 
interval) in hippocampal autaptic neurons infected with liprin shRNA viruses. (n = 37 (GFP), 21 (liprin-α2 shR-
NA),; PP(20ms): *, p=0.012; PP(50ms): *, p=0.018; PP(100ms): **, p=0.002; PP(200ms): ns., p=0.085; PP(500ms): *, 
p=0.044; PP(1000ms): *, p=0.044).
(J) Pseudo-colored images of the fluorescent response before (pre) and during 200 AP stimulation, and upon 
NH4Cl superfusion to probe the total vesicle pool in hippocampal mass cultures transfected with SyPhy plus 
scrambled shRNA or liprin-α2 shRNA. Scale bar, 1 μm.
(K) Average fluorescence responses upon 200 AP at 200 Hz in neurons expressing SyPhy plus scrambled shRNA 
(black trace, n=8 cells) or liprin-α2 shRNA (red trace, n=6 cells) normalized to the maximal NH4Cl response. 
15-30 synapses per cell.
(L) Mean values of amplitudes of 200 AP at 20 Hz responses in neurons expressing SyPhy plus scrambled shRNA 
(WT) or liprin-α2 shRNA (α2 KD) normalized to the maximal NH4Cl response. (WT 0.22 ± 0.05, n=8; α2 KD 0.05 
± 0.03, n=6, 15-30 synapses per cell, ** p=0.012).
(M) Distribution of amplitudes in single boutons from neurons expressing SyPhy plus scrambled shRNA (black 
bars, n=8 cells) or liprin-α2 shRNA (red bars, n=6 cells) normalized to the maximal NH4Cl response. 15-30 sy-
napses per cell. Data are presented as mean values ± SEM.
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Figure 4. Liprin-α2 knockdown causes lengthening of presynapses
(A) Representative images of a hippocampal autaptic neuron expressing GFP stained for MAP2 (blue) and 
VAMP2 (red) at DIV14. Scale bar, 30 μm.
(B) Quantification of total synapse number in hippocampal autapses infected with GFP or GFP plus liprin-α2 
shRNA viruses. n=70/70.
(C) Quantification of total dendrite length in hippocampal autapses infected with GFP or GFP plus liprin-α2 
shRNA viruses. 
(D) Quantification of soma area in hippocampal autapses infected with liprin-α2 shRNA viruses.
(E) Quantification of dendritic branching by Sholl analysis in hippocampal autapses infected with control (black 
line) and liprin-α2 (red line) shRNA viruses. 
(F) Quantification of number of synapses per distance from the soma (using concentric rings of Sholl analysis) in 
hippocampal autapses infected with control (black line) and liprin-α2 (red line) shRNA viruses.
(G) Representative image of hippocampal autaptic neurons infected with GFP or GFP plus liprin-α2 shRNA 
stained for bassoon (red) and synapsin (blue). Scale bar, 5 μm.
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Liprin-α2 organizes presynaptic ultrastructure 
Acute liprin-α2 knockdown did not affect neuronal morphology or synapse density, as 
soma area, dendrite length and branching as well as synapse number were similar to con-
trol neurons (Figure 4A-F). Synapse density (Figure 4B) was not significantly different in 
liprin-α2 deficient neurons, though, consistent with earlier observations in C. elegans SYD-2 
mutants (Zhen and Jin, 1999), synapses were slightly elongated in the absence of liprin-α2 
(Figure 4G-I). Close examination of synaptic ultrastructure using electron microscopy (Fi-
gure 5A) confirmed many of our electrophysiological and immunocytochemical findings. 
Consistent with the observed decrease in RRP size (Figure 3G), docked vesicles were redu-
ced with liprin-α2 knockdown (Figure 5B). Furthermore, as expected due to the lengthening 
of synapses in absence of liprin-α2, liprin-α2 knockdown increases the perimeter of the SV 
cluster (Figure 5C), while the total number of SVs was unchanged (Figure 5D). Intriguingly, 
synapses lacking liprin-α2 show a reduced number of vesicles per μm perimeter (Figure 5E) 
as well as shortened active zone and postsynaptic density length (Figure 5F,G). Hence, these 
data show that liprin-α2 controls synaptic ultrastructure in mature synapses and implies 
that liprin-α2 regulates presynaptic function by organizing synaptic vesicles and the cluste-
ring of the presynaptic release machinery.

Liprin-α2 organizes presynaptic protein composition
To investigate the molecular mechanism by which liprin-α2 influences presynaptic functi-
on, we first identified liprin-α2 binding partners in the brain using pull-down assays com-
bined with mass spectrometry (Table S2). We identified multiple presynaptic targets, nota-
bly the active zone proteins RIM1 and CASK, which have previously been shown to interact 
with liprin-α family proteins and play important roles in presynaptic function (Schoch et al., 
2002). To test where liprin-α2 functions in this presynaptic protein network, we examined 
synaptic targeting of liprin-α2 after depleting the expression of the liprin-α2 interacting 
proteins RIM1 and CASK and other prominent active zone proteins, including ELKS1 and 2, 
bassoon, and piccolo in cultured hippocampal neurons. Neurons were transfected at DIV15 
with shRNA constructs and synaptic expression levels were examined 4 days later (for ex-
perimental details, Figure S2, Table S1 and Materials and Methods). The shRNAs effectively 
reduced synaptic expression levels of the respective proteins (Figure 6A). However, under all 
conditions, no significant change in liprin-α2 clustering at synapses was observed, including 
when both bassoon and piccolo were simultaneously depleted (Figure 6B,C). Thus, synaptic 
targeting of liprin-α2 in mature axons is not dependent on the presence of other major pre-
synaptic scaffolding proteins. 

(H) Quantification of presynapse length in neurons transfected with mCherry and GFP or GFP plus liprin-α2 
shRNA. n=87/90; *, p=0.04.
(I) Quantification of presynapse area in hippocampal autaptic neurons infected with liprin-α2 shRNA. n=189/211 
cells; **, p=0.007. . Data are presented as mean values ± SEM.
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Figure 5.  Liprin-α2 knockdown changes synapse ultrastructure. 
Electron microscopy analysis of rat hippocampal autaptic 
neurons mice infected with lentiviruses expressing GFP or 
Liprin-α2 shRNA together with GFP. Ncultures=3, GFP: nsynap-

ses=150; α2 KD: nsynapses=135. Graphs represent synapse aver-
ages. All data are expressed as mean ± SEM. Mann-Whitney 
test, *, p<0.05; **, p<0.005; ***, p<0.001. Typical examples are 
shown in (A). Scale bar, 100 nm. Quantifications are shown in 
B-G.

 Next, we examined whether 
acute depletion of liprin-α2 in mature 
neurons affects synaptic recruitment 
of other active zone proteins. Interes-
tingly, we observed a ~35% decrease 
in synaptic levels of both CASK (Fi-
gure 6D,E) and RIM1/2 (Figure 6D,F) 
upon liprin-α2 knockdown. PSD-95 
and Shank levels in apposed, untrans-
fected postsynapses were unaffected 
(Figure 6G,H), indicating that postsy-
naptic organization remained intact 
in spite of the presynaptic defects. Fu-
rthermore, in hippocampal neurons 
infected with liprin-α2 shRNA ex-
pressing lentiviruses we found partial 
depletion of additional presynaptic 
proteins, such as active zone com-
ponents bassoon and Munc18-1, sy-
naptic vesicle proteins Rab3, VAMP2 
and synapsin, the vesicular glutamate 
transporter vGlut, and P/Q type vol-
tage-gated Ca2+ channels (Cav2.1), in 
synapses (Figure 6I,J). Next, we tested 
whether overexpression of the direct 
binding partners of liprin-α2, RIM1 
and CASK, could rescue the liprin-α2 
knockdown phenotype. Though len-
tiviral-mediated expression of both 
RIM1 and CASK resulted in increased 
amounts of these proteins at synapses 
(Figure 7A), neither was able to rescue 
EPSC amplitudes in liprin-α2 defi-
cient neurons (Figure 7B). This sug-
gests that liprin-α2 is a critical player 
in the organization of the presynapse 
and functions upstream of its direct 
binding partners RIM and CASK. 
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Liprin-α2 is important for RIM1 and CASK dynamics at presynapses
To further understand the molecular mechanism by which liprin-α2 regulates RIM1 and 
CASK at synapses, we tested whether liprin-α2 controls the extent to which they are regula-
ted by activity (Lazarevic et al., 2011). Surprisingly, liprin-α2 does not influence total cellular 
levels of RIM and CASK and is not involved in the activity-dependent regulation of total 
cellular RIM and CASK levels (Figure 7C). This implies that liprin-α2’s influence on RIM 
and CASK occurs much more locally and dynamically. Accordingly, we examined the effect 
of liprin-α2 depletion on the dynamics of these proteins in synapses using FRAP. In wildty-
pe synapses, both RIM1 and CASK (Figure 8A-E) showed even more rapid recovery than 
liprin-α2 (Figure 1C,D). Cherry-RIM1 fluorescence recovered to 78 ± 5% of prebleaching 
intensity within five minutes with an average recovery half-time (t1/2) of 17 ± 5 s and re-
mained stable for up to 15 minutes (Figure 8A,C,E). Cherry-CASK exhibited slightly higher 
fluorescence recovery (87 ± 6%, t1/2 = 7 ± 1s, Figure 8B,D,E). Since RIM1 and CASK bind di-
rectly to liprin-α2, we expected that reduction of liprin-α2 would promote RIM1 and CASK 
dynamics at synapses and thus increase fluorescent recovery levels in FRAP experiments. 
Interestingly, liprin-α2 depletion in fact resulted in a significant reduction of presynaptic 
RIM1 and CASK recovery (RIM1: 60 ± 6%, t1/2 = 10 ± 2s, Figure 8A; CASK: 70 ± 5%, t1/2 = 10 
± 2s, Figure 8B,D). Hence, while absence of liprin-α2 leads to a reduction in synaptic levels 
of RIM1 and CASK (Figure 6D-F), the remaining RIM1 and CASK molecules appear to be 
more stable (Figure 8E). Finally, to test the mobility of RIM1 and CASK proteins that arrived 
during the recovery phase and exclude potential FRAP artifacts arising from photo-induced 
immobile fractions (Lippincott-Schwartz et al., 2003), we performed a second FRAP expe-
riment at the same synapses after 5.5 minutes (Figure 8F). As expected, cherry-CASK and 
cherry-RIM1 fluorescence recovered to approximately 100% of the second prebleach intensi-
ty (Figure 8F-H), arguing that these results are not due to photodamage and suggesting that 
the newly arrived RIM1 and CASK proteins are not yet in a stable complex with liprin-α2 
in the synapse. Together, these data indicate that liprin-α2 regulates both the amount and 
mobility of RIM and CASK at presynaptic terminals.

DISCUSSION
In this study we show that liprin-α2 is an important regulator of presynaptic function and 
dynamics in mature hippocampal synapses. Its expression levels are controlled by the ubi-
quitin proteasome system and positively scale with network activity. Liprin-α2 organizes 
presynaptic ultrastructure and controls synaptic output by regulating synaptic vesicle pool 
size. We propose a model in which the dynamic recruitment of major active zone consti-
tuents like RIM1 and CASK by liprin-α2 provides the plasticity needed by the presynaptic 
terminal to respond to changes in network activity. These data provide surprising new in-
sight into the way presynaptic signaling is controlled and indicate that proper maintenance 
of presynapse function is dependent on regulating protein dynamics as well as active zone 
content.
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Liprin-α2 levels are strongly regulated by activity
Liprin-α2 is particularly susceptible to activity-dependent regulation and scales with net-
work activity in a non-homeostatic manner: low activity reduces liprin-α2 levels, while in-
creasing activity results in more liprin-α2. Hence, liprin-α2 expression levels respond to net-
work activity to ensure optimal presynaptic output. The suppression of liprin-α2 levels upon 
blocking neuronal activity depends at least partially on the ubiquitin-proteasome system 
(Figure 1). Earlier reports demonstrated regulation of liprin-α family proteins by neuronal 
activity and the E3 ubiquitin ligase Anaphase Promoting Complex (APC) in D. melanogas-
ter (van Roessel et al., 2004) and mammalian neurons (Hoogenraad et al., 2007; Lazarevic 
et al., 2011) and showed that this had important consequences for controlling NMJ size and 
dendrite outgrowth, as well as implicated liprin-α as a potential master target for presynap-
tic APC (van Roessel et al., 2004) (Hoogenraad et al., 2007; Lazarevic et al., 2011). Our data 
confirms that this regulation is conserved for liprin-α2 at mammalian presynapses and hig-
hlights that proteasomal modulation of presynaptic liprin-α2 extends beyond controlling 
total liprin levels into controlling local liprin-α2 dynamics.

Liprin-α2 controls synaptic output
The liprin-α family has previously been well characterized as a regulator of presynaptic de-
velopment, particularly in invertebrate model systems. Mutations in syd-2, the C. elegans 
homolog of mammalian liprin-α, results in presynapses with a lengthened active zone and 
insufficient SV clustering (Zhen and Jin, 1999), and SYD-2 is critical for the recruitment of 
many AZ proteins in a hierarchical manner (Dai et al., 2006; Patel et al., 2006). Additionally, 
D. melanogaster dliprin-α is important in axon guidance (Choe et al., 2006; Hofmeyer et 
al., 2006), synapse formation (Astigarraga et al., 2010; Kaufmann et al., 2002), and SV traf-
ficking (Miller et al., 2005). These studies, combined with the high degree of evolutionary 
conservation of the liprin-α family (Spangler and Hoogenraad, 2007) suggest that liprin-α 
is also likely to be critical in vertebrate neurodevelopment. However, the extent to which 

Figure 6. Liprin-α2 controls presynaptic protein levels
(A) Quantification of shRNA knockdown of CASK, ELKS1/2, RIM1, bassoon and piccolo at synapses. n=5-7; 20 
synapses/cell. **, p<0.001; ***, p<0.0001
(B) Quantification of endogenous liprin-α2 clustering at presynaptic sites transfected at DIV15 with shRNAs of 
presynaptic proteins and fixed after 4 days. n=5; 20 synapses/cell.
(C) Representative images of cells transfected with indicated shRNA and imaged for GFP (green) and endogenous 
liprin-α2 (red). Scale bar, 5 µm.
(D) Representative images of cells transfected with GFP or GFP plus liprin-α2 shRNA and imaged for GFP 
(green) and endogenous CASK or RIM1/2 (red). Scale bar, 5 µm.
(E-H) Quantification of fluorescence intensity of endogenous CASK (E) and RIM1/2 (F) at presynaptic sites and 
PSD-95 (G) and shank (H) at postsynaptic sites transfected with GFP or GFP plus liprin-α2 shRNA at DIV15 and 
fixed 4 days later. Intensity of synaptic labeling in control cells was set to 100%. n= 100 synapses; ***, p<0.0005.
(I) Quantification of fluorescence intensity of various synaptic proteins at presynaptic sites in autaptic neurons 
infected with GFP or GFP plus liprin-α2 shRNA expressing lentiviruses at DIV9 and fixed 4 days later. Intensity 
in GFP cells was set to 100%. n=18-49 cells, p<0.05; **, p<0.005; ***, p<0.001
(J) Representative images of synaptic Rab3 levels in neurons infected with GFP or liprin-α2-shRNA lentivirus 
(green). Cells were stained for endogenous VAMP2 (red) and Rab3 (blue). Scale bar, 5 μm. Data are presented as 
mean values ± SEM.
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liprin-α influences neurons post-development is poorly understood.
 By utilizing acute knockdowns in cultured neurons after synapse formation, we sho-
wed that liprin-α2 levels control the total recycling (Figure 2) and readily releasable vesi-
cle pool sizes as well as short-term changes in presynaptic strength (Figure 3). The results 
from the different vesicle release paradigms imply that liprin-α2 reduction causes reduced 
synaptic release probability due to smaller vesicle pool sizes without affecting the release 
probability of individual synaptic vesicles. This phenotype strongly resembles that of RIM1 
null mutant neurons (Calakos et al., 2004). The decreased AZ length and number of docked 
SVs in liprin-α2 knockdown neurons (Figure 5) correlate with the changes in presynaptic 
strength and are consistent with the reported relationship between AZ length and SV pool 
size (Schikorski and Stevens, 1997; Schikorski and Stevens, 1999). Moreover, activity de-
pendent changes in AZ size have also been shown to relate to changes in readily releasable 
SV pool sizes (Matz et al., 2010). Notably, gross neuronal morphology and total size of the 
non-recycling synaptic vesicle pool are unchanged upon loss of liprin-α2, further indicating 
that, in mature synapses, liprin-α2 primarily influences localized factors within the active 
zone itself. 

Figure 7. RIM and CASK overexpression 
is unable to rescue liprin-α2 phenotype 
(A) Quantification of immunofluores-
cence intensity of RIM1 and CASK at 
presynaptic sites infected with lentiviral 
particles expressing mCherry (WT) or 
mCherry plus RIM1 or CASK (RIM OE 
and CASK OE, respectively). Intensi-
ty of labeling in control cells was set to 
100%. ** p<0.01, *** p<0.001.
(B) Evoked EPSC size in hippocampal 
autapses infected with liprin shRNA 
viruses cannot be rescued by overex-
pression of RIM1-IRES-mCherry or 
CASK-IRES-mCherry. Neurons were 
infected at DIV9 and recorded at DIV14 
(WT: 1.99 ± 0.25 nA, n=24; α2 KD: 1.18 
± 0.2 nA, n=19; α2 KD +RIM: 0.72 ± 0.17 
nA, n=10; α2 KD+CASK: 1.14 ± 0.21 nA, 
n=10; WT vs. α2 KD: p=0.016, WT vs. 
α2 KD+RIM1: p=0.003, WT vs. α2KD 
+CASK: p=0.046, all other combina-
tions p>0.05, n.s., including liprin-α2 
shRNA vs. liprin-α2 shRNA+RIM1: 
p=0.191). 
(C) Western blot of extracts of DIV21 
hippocampal neuron cultures. Neurons 
were infected at DIV15 with li-

prin-α2-shRNA or scrambled shRNA expressing lentivirus and treated for 48h with 2 μMTTX, 50 μM APV and 
10 μM DNQX, 40 µM Bicuculline or DMSO (control) or for 6h with 10µM MG132. Equal volumes of extracts 
were loaded and immunoblotted for CASK, RIM1/2 and β-actin as loading control. These results indicate that 
activity-dependent regulation of RIM1/2 and CASK is not mediated through liprin-α2. Data are presented as 
mean values ± SEM
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 Importantly, prior studies in cultured neurons have demonstrated effects of liprin-α 
on AMPA receptor trafficking (Dunah et al., 2005; Ko et al., 2003; Wyszynski et al., 2002) 
and dendrite morphology (Dunah et al., 2005; Hoogenraad et al., 2007). These studies used 
dominant negative proteins that inhibited interactions of all liprin-α family members with 
AMPA receptor binding proteins. In this study, using specific liprin-α2 shRNAs, we did not 
find any evidence for a postsynaptic role of liprin-α2. Spontaneous release amplitudes were 
normal in autaptic liprin-α2 deficient neurons and presynaptic release was strongly affected 
in liprin-α2 deficient neurons that made synapses onto wildtype postsynaptic neurons in 
our imaging paradigms using FM-dyes or SyPhy to probe vesicle release. Though we cannot 
formally rule out that depletion of liprin-α2 would be detrimental to expressing plasticity 
phenomena involving post-synaptic changes (like for instance long term potentiation), the 
fact that mEPSC characteristics are normal in liprin-α2 deficient neurons and the presence 
of notable SV release defects in presynapses with wildtype postsynapses strongly supports 
the conclusion that liprin-α2, like its invertebrate homologs SYD-2 and dliprin-α, is most 
critical for regulating presynaptic properties in hippocampal neurons. 
Liprin-α2 controls synaptic protein composition
 Changes in SV pools and presynaptic plasticity were accompanied by disrupted loca-
lization of important presynaptic proteins in the absence of liprin-α2 and reintroduction of 

Figure 8. Liprin-α2 is important for synaptic protein dynamics
(A) Mean recovery time course of photobleached mCherry-RIM1 in the presence of 
liprin-α2 shRNA (n=10 synapses) or control shRNA (n=16 synapses) in single synapses in DIV 15+4 neurons. The 
data were fit according to a two-exponential model (black lines). Dashed line indicates 100% recovery. ANOVA 
Repeated Measures: F=5.02, p=0.034. N=2 independent experiments.
(B) Mean recovery time course of photobleached mCherry-CASK in the presence of liprin-α2 shRNA (n=16 sy-
napses) or control (n=22 synapses) in single synapses in DIV 15+4 neurons. The data were fit according to a 
two-exponential model (black lines). Dashed line indicates 100% recovery. ANOVA Repeated Measures: F=9.83, 
p=0.003. N=2 independent experiments.
(C) Representative images before and after photobleaching of mCherry-RIM1 in the presence or absence of li-
prin-α2 shRNA. Scale bar represents 1 µm.
(D) Representative images before and after photobleaching of mCherry-CASK in the presence or absence of li-
prin-α2 shRNA. Scale bar represents 1 µm.
(E) Quantification of the mobile and immobile fractions of mCherry-RIM1 or mCherry-CASK in the presence or 
absence of liprin-α2 shRNA according to the fitted recovery time course after 2 independent experiments (RIM: 
-α2KD: mobile: 79%, immobile: 21%, +α2KD: mobile: 56%, immobile: 44%; CASK: -α2KD: mobile: 98%, immo-
bile: 2%, +α2KD: mobile: 71%, immobile: 29%).
(F) Schematic representation of a dual FRAP experiment including a second photobleach event of mCherry-RIM1 
in the presence (lower panel) or absence (upper panel) of liprin-α2 shRNA. Fluorescent-tagged RIM1 (red ovals) 
are photobleached (white ovals) and fluorescent recovery is monitored. After a plateau is reached, a second photo-
bleach was applied and fluorescent recovery was measured.
(G) Mean recovery time course of photobleached mCherry-RIM1 in single synapses in the presence of liprin-α2 
shRNA (n=40 synapses) or control shRNA (n=46 synapses). After 345 s a second photobleach was applied, indi-
cated by arrowhead. N=3. Data were fit according to a two-exponential model (black lines). Dashed line indicates 
100% recovery. FRAP1: F=14.92, p<0.0005; FRAP2: F=1.77, p=0.188. ANOVA Repeated Measures, N=3 indepen-
dent experiments.
(H) Mean recovery time course of photobleached mCherry-CASK in single synapses in the presence of liprin-α2 
shRNA (n=34 synapses) or control shRNA (n=38 synapses). After 345 s a second photobleach was applied, indi-
cated by arrowhead. N=3. Data were fit according to a two-exponential model (black lines). Dashed line indicates 
100% recovery. FRAP1: F=7.76, p=0.007; FRAP2: F=1.14, p=0.291. ANOVA Repeated Measures, N=3 independent 
experiments. Data are presented as mean values ± SEM.
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liprin-α2 binding partners RIM1 and CASK could not compensate for the loss of liprin-α2 
(Figure 6). FRAP experiments showed that liprin-α2 controls the dynamics of RIM1 and 
CASK at presynaptic boutons (Figure 8) and, combined with the physiology data suggests 
that active zone protein mobility is positively correlated with synaptic output. Furthermore, 
our FRAP analysis suggests that liprin-α2, RIM1, and CASK proteins exist at presynapses in 
two pools: a relatively small immobile pool and a larger mobile one. Depleting synaptic li-
prin-α2 by expressing specific shRNA caused a decrease in the mobility of liprin-α2 binding 
partners RIM1 and CASK, as well as a notable decrease in presynaptic efficacy. Converse-
ly, increasing synaptic liprin-α2, in this case with MG132, resulted in a larger mobile pool 
of liprin-α2, which is consistent with the reported increased synaptic efficacy upon UPS 
blockade (Rinetti and Schweizer, 2010). We propose a model in which liprin-α2 functions 
in regulating the relative sizes of the mobile and immobile fractions of RIM and CASK in 
synapses, and that proper maintenance of the dynamic fraction is necessary for normal pre-
synaptic output (Figure 9). Liprin-α2 may regulate RIM1 and CASK dynamics by competing 
with other RIM1 and CASK interaction partners. Such a competitive model for liprin-α2 is 
consistent with the numerous interactions between liprin-α2 and other AZ proteins (Schoch 
and Gundelfinger, 2006; Spangler and Hoogenraad, 2007). In other systems, computatio-
nal models of protein-protein interaction networks indicate that cooperate and competitive 
interacting partners strongly increase the dynamics in protein clusters (Kim et al., 2006). 
Thus, liprin-α2 is not only critically important for synaptic levels of RIM1 and CASK, it 
also provides dynamic interaction sites for RIM1/CASK and potentially other AZ proteins 
in order to maintain synaptic efficacy. Our data suggests that liprin-α2 is a likely candidate 
to organize presynaptic composition and provides the flexibility needed to maintain the 
dynamic pool of AZ proteins that facilitates synaptic vesicle release at presynaptic boutons. 

Figure 9. Model of liprin-α2 in modulating active zone dynamics.
Liprin-α2 (red) organizes presynaptic ultrastructure and controls synaptic output by regulating the size of the re-
cycling pool of synaptic vesicles (blue) via recruitment of several components of the release machinery, including 
RIM1 and CASK (green). Depletion of synaptic liprin-α2 reorganizes presynaptic structure and compositions 
and causes a decrease in the mobility of liprin-α2 binding partners RIM1 and CASK, as well as a notable decrease 
in presynaptic efficacy. Liprin-α2 may function in regulating the relative sizes of the mobile (light green) and 
immobile (dark green) fractions, and thereby the dynamics of RIM and CASK in synapses, by competing with 
other RIM1 and CASK interaction partners. Liprin-α2 provides a dynamic interaction sites for RIM1/CASK and 
potentially other AZ proteins in order to maintain synaptic efficacy.
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Common and diverging properties of liprin-α family proteins
C. elegans and D. melanogaster each contain only one liprin-α, SYD-2 and dliprin-α, res-
pectively (Kaufmann et al., 2002; Zhen and Jin, 1999) and vertebrates contain four liprin-α 
members (Serra-Pages et al., 1998). Although the vertebrate liprin-α isoforms are highly 
homologous and have several common properties, each isoform may exhibit functional di-
versity and perform specific functions. Most of the previous studies are based on overex-
pression of truncated or mutant forms of liprin-α2 (Dunah et al., 2005; Hoogenraad et al., 
2007; Ko et al., 2003; Wyszynski et al., 2002), making it difficult to draw conclusions about 
the specific roles of the liprin-α isoforms.  Here we used a specific liprin-α2 knock-down 
approach which allows us to investigate in a much more precise way the influence of one par-
ticular liprin-α isoform. Nevertheless, it is still challenging to dedicate a particular function 
to liprin-α2 due to a number of factors. First, it is very likely that there is high functional re-
dundancy between the liprin-α family members for their common properties at the synaptic 
terminals. For example, liprin-α3 is enriched at synapses in hippocampal neurons (Spangler 
et al., 2011) and might compensate for some of the liprin-α2 effects. The possible redundancy 
might be somehow different at the pre- and post-synapse, giving a possible explanation for 
the observed pre-synaptic effect of liprin-α2 depletion and the lack of a clear post-synaptic 
phenotype. Second, liprin-αs can form oligomers through both homo- and heterodime-
rization (Serra-Pages et al., 1998). Recent structure-function studies demonstrate that the 
dimerization of SYD-2 promotes a higher order of oligomerization, which is essential for 
presynaptic formation (Taru and Jin, 2011). It remains however unclear how deletion of one 
isoform affects the organization and/or complex formation of the other liprins at synapses. 
Third, small amino acid sequence divergences could be responsible for functional differen-
ces between the liprin-α isoforms (Spangler and Hoogenraad, 2007; Spangler et al., 2011). 
For example, the major liprin-α2 splice variant lacks the C-terminal PDZ binding motif, 
which is present in all other liprin-α isoforms (Zurner et al., 2011). Moreover, cellular, struc-
tural and biochemical data demonstrated that CASK binds to liprin-α2 and not to liprin-α1 
(Wei et al., 2011). The interaction of liprin-α2 (and α3 and α4) with CASK depends on a 37 
amino acid sequence insertion between the SAM1 and SAM2 domains. Additional studies 
are required to determine whether additional sequence divergence is responsible for some 
of the functional differences and whether other synaptic proteins interact with particular 
liprin-α isoforms. 

This is the first study to show that liprin-α family proteins have a presynaptic function in 
vertebrates as proposed in the invertebrate genetic models of D. melanogaster and C. elegans 
and unmasks a functional role for the liprin-α2 isoform at mature presynaptic terminals. 
Our data suggest a model wherein liprin-α2 plays an important role in organizing presynap-
tic composition and promotes active zone dynamics and thereby synaptic output. We propo-
se that liprin-α2 is a unique adaptor protein that increases AZ dynamics rather than merely 
anchoring and stabilizing synaptic protein complexes. Activity-dependent manipulation of 
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liprin-α2 levels via the proteasome system may serve as a mechanism to regulate protein 
dynamics at the AZ and tune synaptic efficacy during periods of high neuronal activity. 

MATERIALS AND METHODS

Animals
All animal experiments were performed in compliance with the guidelines for the welfare of experi-
mental animals issued by the Federal Government of The Netherlands. All animal experiments were 
approved by the Animal Ethical Review Committee (DEC) of the Erasmus Medical Center, Utrecht 
University or VU University Amsterdam.

Antibodies, reagents, DNA constructs and siRNAs
The rabbit polyclonal anti-liprin-α2 antibodies were raised against amino acids 498-635 
(NM_003625.2) (see supplementary Table 3). All other antibodies and reagents that were used are 
indicated in Supplementary Table 3 and 4. The following mammalian expression plasmids have been 
described: pGW1-GFP and pβactin-HA-β-galactosidase (Hoogenraad et al., 2005), biotin-tag-GFP 
vector and HA-BirA (Jaworski et al., 2009), pSuper vector (Brummelkamp et al., 2002). The liprin-α 
expression constructs were generated by a PCR-based strategy using human liprin-α1 and human 
liprin-α2 cDNA (Serra-Pages et al., 1998) and subcloned in pGW1-, pGW2- and pβactin-expression 
vectors (Kapitein et al., 2010) using the AscI/EcoRI or EcoRI sites, respectively. In bio-GFP-liprin-α2 
fusions, a linker encoding the sequence MASGLNDIFEAQKIEWHEGGG, which is the substrate of 
biotin ligase BirA was inserted into the NheI and AgeI sites in front of the pEGFP-C2 (Clontech) and 
the liprin-α2 open reading frame subsequently subcloned in the biotin-tag-GFP vector. CASK and 
RIM1 cDNAs were kind gifts of Dr. T. Südhof (Stanford) and were cloned into pLenti_ires_mCherry 
vectors (Wierda et al., 2007). Synaptophysinphluorin cDNA was a kind gift of Dr. L. Lagnado (MRC, 
Cambridge, UK). 
 The following shRNA sequences were used (See also supplementary Table 1): liprin-α1 (5’-tct-
gtgcatgacctcaatg), liprin-α2#1 (5’-gcatgaacttcttgaagaa), liprin-α2#2 (5’-agccagtctgattacagaa) and 
CASK (5’-gcactgaatcacccatggc) shRNA sequences targeting rat liprin-α1 (NM_001106320.2), liprin-α2 
(NM_001108745.1) and CASK mRNA (U47110) were designed using the siRNA selection program 
at OligoEngine. CAST2/ERC1 (5’-atgctgcctatgctacatc), CAST1/ERC2 (5’- catcaacaacttacccaaa) and 
RIM1 (5’-agtccagacggtaaagttc) shRNA were designed using selection program at the Whitehead (jura.
wi.mit.edu/bioc/siRNAext/). Bassoon (5’-aacacctgcacccagtgtcac) and piccolo (5’- aagtgctgtctcctctgtt-
gt) shRNA were based on published sequences (Leal-Ortiz et al., 2008). The complementary oligonu-
cleotides were annealed and inserted into pSuper vector (Brummelkamp et al., 2002). Liprin-α1 and 
liprin-α2 shRNA lentiviral constructs were created by inserting the N1 promoter and above described 
shRNA sequences into the XbaI and XhoI sites of pLentiLox3.7 which contained EGFP driven by a 
human synapsin1 promoter (Rubinson et al., 2003). 

Primary hippocampal neuron cultures, transfection, immunofluorescent staining, and fixed imaging 
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains. Cells were 
plated on coverslips coated with poly-L-lysine (30 μg/ml) and laminin (2 μg/ml) at a density of 75,000/
well (mass cultures). Hippocampal cultures were grown in Neurobasal medium (NB) supplemented 
with B27, 0.5 mM glutamine, 12.5 μM glutamate and penicillin/streptomycin (Spangler et al., 2011). 
Hippocampal neurons were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA (3.6 μg /
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well) was mixed with 3 μl Lipofectamine 2000 in 200 μl NB, incubated for 30 minutes and then added 
to the neurons in NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with NB and trans-
ferred in the original medium at 37°C in 5% CO2 for 2-4 days. 
 For immunofluorescent stainings, neurons were fixed for 10 minutes with 4% paraformalde-
hyde/4% sucrose in phosphate-buffered saline (PBS) or 10 minutes with ice-cold 100% methanol/1mM 
EGTA at -20°C. After fixation cells were washed three times in PBS for 5 min at room temperature, 
and incubated with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 
mM phosphate buffer, pH 7.4) overnight at 4°C. Neurons were then washed three times in PBS for 5 
min at room temperature and incubated with Alexa-conjugated secondary antibodies in GDB for 2 hr 
at room temperature and washed three times in PBS for 5 min. Slides were mounted using Vectashield 
mounting medium (Vector laboratories). 
 Confocal images were acquired using a LSM510 confocal laser-scanning microscope (Zeiss) 
with a 40x 1.3 N.A. or 63x 1.4 N.A. oil objective. Each image was a z-series of 10-12 images, each aver-
aged 2 times and was chosen to cover the entire region of interest from top to bottom. The resulting 
z-stack was ‘‘flattened’’ into a single image using maximum projection. Images were not further pro-
cessed and were of similar high quality to the original single planes. Confocal settings were kept the 
same for all scans when fluorescence intensity was compared. Morphometric analysis, quantification, 
and colocalization were performed using MetaMorph software (Universal Imaging Corporation). 

Time-lapse live imaging, SV exocytosis and FRAP experiments 
Time-lapse live cell imaging was performed on an inverted research microscope Nikon Eclipse 
TE2000E (Nikon) with a CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), equipped with a Cool-
snap and a QuantEM EMCCD cameras (Roper Scientific) controlled by MetaMorph 7.1 software 
(Molecular Devices). For SV exocytosis experiments, we used a HBO 103 W/2 Mercury Short Arc 
Lamp (Osram) and a Chroma ETGFP/mCherry filter cube for excitation. To separate emissions we 
used DualView (Optical Insight) with emitters HQ530/30M and HQ630/50M (Chroma) and the beam 
splitter 565DCXR (Chroma). For FRAP experiments, cells were imaged with Total Internal Reflection 
Microscopy (TIRF) using a 488nm or 561nm laser. During imaging cells were maintained at 37°C in 
either Tyrode solution (2.5mM KCl, 119mM NaCl, 25mM HEPES, 30mM Glucose, 2mM CaCl2, 2mM 
MgCl2), for SV exocytosis experiments, or the standard culture medium, for FRAP experiments, in a 
closed chamber with 5% CO2 (Tokai Hit; INUG2-ZILCS-H2).
 For SV exocytosis experiments using FM dyes, neurons were transfected at DIV15 and loaded 
with 10 μM FM4-64FX (Invitrogen) at DIV19 (Fernandez-Alfonso and Ryan, 2004) and areas con-
taining transfected axons were selected. One image of the FM4-64-loaded synapses was taken prior 
to the second stimulation, and images were acquired at an interval of ~7 seconds for two minutes 
immediately following the second stimulation.
 For SV exocytosis experiments using SynaptophysinPhluorin (SyPhy, Granseth et al., 2006), 
hippocampal mass cultures were transfected with SyPhy and ECFP at DIV10 and imaged at DIV15. 
 Neurons were stimulated by 200 AP at 20 Hz using field stimulation via platinum electrodes passing 
1 ms, 30 mA currents. Calcium imaging using Fluo-4 (Invitrogen) measurements was used to confirm 
that each stimulus triggered an action potential (not shown). Neurons were perfused (0.2 ml/min) 
in a saline solution containing (in mM) 119 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES (buffered to 
pH 7.4), 30 glucose, 10 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 50 mM D,L-2-ami-
no-5-phosphonovaleric acid (AP5) at 24°C. NH4Cl application was with 50 mM NH4Cl substituting 
50 mM NaCl (buffered to pH 7.4).
 FRAP experiments were performed using the FRAP scanning head 3 FRAP L5 D-CURIE 
(Curie Institute) and the 488nm or 561nm laser line for bleaching. To analyze the recovery of fluores-
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cence, areas including the bleached synapse were selected and background subtracted frame-by-frame 
by subtracting the average intensity of an empty, non-bleached area. FRAP data were normalized and 
corrected for ongoing photobleaching. Recovery R was then calculated as R = (I(t)- I(directly after 
bleaching))/(I(before bleaching)-I(directly after bleaching), with I denoting total synapse intensity. 
FRAP recovery curves were fit using a two-exponential model in SigmaPlot and the final recovery 
Rfinal for each individual trace was determined as the level of the fitted recovery curve at the end 
of the recording. The immobile fraction was then calculated as 1-Rfinal. The recovery half-time was 
determined for each trace as the first time point where recovery reached the level corresponding to 
half the final recovery. Analysis was performed using MetaMorph software (Universal Imaging Cor-
poration) and statistical significance was measured by ANOVA repeated measurements in SPSS 16.0 
(SPSS, Inc)

Autaptic cultures and virus infection
A thin layer of agarose was applied to glass coverslips to prevent cell adhesion. Agarose-covered cover-
slips were stamped with a mixture of 0.1mg/ml poly-D-lysine (Sigma) and 0.2mg/ml rat-tail collagen 
(BD Biosciences) solution using a custom made rubber stamp (Toonen et al., 2006; Weber et al., 2010; 
Wierda et al., 2007). Coverslips were UV sterilized for 20 min before and after stamping. Primary rat 
astrocytes were plated at a density of 8000/well and were allowed to form micro islands for 4-6 days in 
DMEM supplemented with 10% FCS, 1% non-essential amino acids and 1% penicillin/streptomycin 
(Wierda et al., 2007). Isolated hippocampal rat neurons were plated on astrocyte micro islands at a 
density of 2000 cells/well and were grown in Neurobasal medium (Invitrogen) supplemented with 
2% B-27 (Invitrogen), 1.8% HEPES, 0.25% glutamax (Invitrogen) and 0.1% Pen/Strep (Invitrogen) 
(Wierda et al., 2007). Generally, cells were infected with lentiviral vectors containing either GFP as 
control or GFP and liprin shRNAs at DIV9. Only islands containing single neurons were examined 
at DIV14-17.

Electrophysiological recordings
Electrophysiological recordings were performed on DIV14-17 autaptic glutamatergic hippocampal 
neurons at room temperature (± 21°C) (Toonen et al., 2006; Wierda et al., 2007). Whole cell volta-
ge-clamp (Vm = -70 mV) recordings were acquired with an Axopatch 200A amplifier, Digidata 1322A 
and Clampex 9.0 software. Recordings were performed at DIV14-17 with boro-silicate glass pipettes 
(2.5-4 mOhm) containing (in mM): 125 K+-gluconate, 10 NaCl, 4.6 MgCl2, 4 K2-ATP, 1 EGTA, 15 
Creatine Phosphate, 20 U/ml phosphocreatine kinase (pH 7.30, 300 mOsm). The external medium 
contained (in mM): 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 HEPES, 10 glucose (pH 7.30; 300 mosm). 
After whole cell mode was established, only cells with an access resistance of <10MΩ and leak current 
of <300 pA were accepted for analysis. Hypertonic sucrose (500mM) was applied using a fast barrel 
application system (Perfusion Fast-Step, Warner Instruments) to assess RRP size. Pvr was calculated 
as the response to a single stimulus divided by the response to hypertonic sucrose. All recordings were 
performed at room temperature. Analysis was performed using Clampfit v9.0 (Axon Instruments), 
Mini Analysis Program v6.0 (synaptosoft) and custom-written software routines in Matlab 7.1 or 
R2009b (Mathworks).

Biotin-streptavidin pull-down experiments and mass spectrometry analysis 
Streptavidin bead pull-down assays were performed as previously described (Jaworski et al., 2009). 
HEK293-cells were transfected with BirA and bio-GFP-liprin-α2 or bio-GFP using Lipofectami-
ne-2000 (Invitrogen) transfection reagent according to the manufacturer’s instructions. Cells were 
lysed 16 h later in 20 mM Tris-HCl, pH 8.0, 150 mM KCl, 1% Triton X-100, and protease inhibitors 
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(Roche). Cell lysates were centrifuged at 13,000 rpm for 10 min and the supernatants were incubated 
with Dynabeads M-280 streptavidin (Dynal; Invitrogen) for 30 min. Beads were separated by using 
a magnet (Dynal; Invitrogen) and washed two times in low salt wash buffer (20 mM Tris-HCl, pH 
8.0, 100 mM KCl, 0.1% Triton X-100), two times in high salt wash buffer (20 mM Tris-HCl, pH 8.0, 
500 mM KCl, 0.1% Triton X-100), and two more times in low salt wash buffer to remove binding 
proteins from HEK cells. P2 fractions from adult female rat brains were isolated and extracted with 
1% Sodium Deoxycholate (DOC) in 500mM Tris (pH 9.0) by incubation for 30 minutes at 36°C (Lee 
et al., 2001). Extracts were dialyzed overnight into a 50mM Tris (pH 7.4)/0.1% Triton X-100 solution 
and spun down at 13,200 rpm for 40 minutes.  The resulting supernatant is referred to as the P2/DOC 
extract and was incubated with the Dynabeads containing bio-liprin-α2 or bio-GFP for 2 hrs at 4°C 
and washed with low salt wash buffer for three times. For protein elution, the beads were boiled in 
NuPAGE LDS 4 sample buffer (Invitrogen), separated, and supernatants were run on a 4-12% NuPA-
GE tris-acetate gel (Invitrogen). The gel was stained with the Colloidal Blue staining kit (Invitrogen). 
 For mass spectrometry analysis, 1D SDS-PAGE gel lanes were cut into 2-mm slices using an 
automatic gel slicer and subjected to in gel reduction with dithiothreitol, alkylation with iodoacetami-
de and digestion with trypsin (Jaworski et al., 2009). Nanoflow LCMS/MS was performed on an 1100 
series capillary LC system (Agilent Technologies) coupled to an LTQ linear ion trap mass spectrome-
ter (Thermo) operating in positive mode and equipped with a nanospray source. The Mascot search 
algorithm (version 2.2) was used for searching against the International Protein Index database (re-
lease number IPI_rat_20100507.fasta or IPI_human_20100507.fasta). The Mascot score cut-off value 
for a positive protein hit was set to 60. Individual peptide MS/MS spectra with Mowse scores below 40 
were checked manually and either interpreted as valid identifications or discarded. Proteins present 
in the negative controls (pull-down assays with bioGFP alone) were omitted from the table.
 
Image analysis and quantification
Morphometric analyses of hippocampal neurons. Synapse size in dissociated hippocampal neurons 
was determined by cotransfection of soluble mCherry to fill the cell. The average pixel length and 
height per synapse were measured using MetaMorph software on the z-section where the synapse 
appeared largest. 
Quantification of synaptic targeting at presynaptic boutons. For analysis of presynaptic boutons we 
used GFP as an unbiased cell-fill. Because axons often crossed several z planes, we took series stacks 
from the bottom to the top of all axons and used the LSM software to generate image projections for 
quantitative analyses. Presynaptic boutons were morphologically identified as swellings along GFP 
labeled axon (Bamji et al., 2003; Leal-Ortiz et al., 2008). Hippocampal neurons were transfected with 
a plasmid encoding GFP at DIV15 and stained after four days with antibodies for several presynaptic 
proteins. As shown in Supplementary Figure 2, GFP-positive axon segments exhibit axonal varicosi-
ties that reliably colocalized with presynaptic marker VAMP2. To control for background and “false 
positive” colocalization at presynaptic boutons, we rotated the red-channel image of the VAMP2 stai-
ning by 90° and 180° and found that ~20% of synaptic staining at axonal swelling is due to coinciden-
tal crossing or overlap of non-transfected axons in the culture (Supplementary Figure 2B). Quantifi-
cation demonstrated that ~80% of these swellings were positive for endogenous presynaptic proteins 
(Supplementary Figure 2C). For quantitative analysis of synaptic targeting, twenty GFP-positive pre-
synaptic boutons were “blindly” selected from each confocal image and quantified for presence or 
absence of synaptic protein staining.  All results were verified in at least two independent experiments 
an n>5 for individual experiments. Statistical analysis was performed with Student’s t-test assuming 
two-tailed distribution and unequal variation. n was defined as the number of transfected cells.
Quantification of fluorescent intensity. Images of dissociated hippocampal neurons were analyzed 
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using MetaMorph software (Universal Imaging Corporation). Presynaptic boutons were morpho-
logically identified as swellings along GFP labeled axon segments as described or by colocalization 
with PSD-95 and bassoon. Fluorescence intensities were measured using confocal images taken with 
identical laser power and microscope settings. A region was drawn around each synapse and the 
average intensity within the region was measured, corrected for background staining, and normali-
zed to nontransfected neurons in the same field. Images of autaptic neurons were analyzed in Matlab 
with SynD (Schmitz et al., 2011). Dendrites were detected based on the staining for MAP2 or GFP 
expression. Synapses were detected based on the staining for VAMP or Synapsin. Detected synapses 
mask was used to measure the synaptic intensity of additional proteins. Measurements of FM4-64 
recycling at presynaptic boutons were performed as described (Murthy et al., 1997). Synapses from >5 
neurons per experiment were identified in MetaMorph by morphology and overlaid onto the FM4-64 
images for quantification of fluorescence intensity using MetaMorph software. The intensity of all 
points following unloading was normalized to the intensity of that synapse prior to unloading. Sepa-
rate experiments were adjusted to control to allow for comparison and analyzed in a blind manner. 
Statistical significance was measured by ANOVA repeated measurements in SPSS 16.0 (SPSS, Inc.). 
Measurements of SyPhy fluorescence at individual boutons were performed as described (Granseth et 
al., 2006). The peak of amplitude at 200 AP was selected at the end of the stimulation. Maximal mean 
value of SyPhy fluorescence upon NH4Cl superfusion was used to normalize SyPhy fluorescence upon 
AP stimulation at individual synapses.

Data representation and statistics
In all bar graphs, data is presented as mean values ± SEM. Statistical analysis was performed with 
SigmaPlot v11.0 (Systat Software) or SPSS 16.0 (SPSS, Inc). Data samples were tested for normal dis-
tribution with the Kolmogorov and Smirnov test and for heterogeneity of variance with the method 
of Barlett. If allowed, an unpaired t-test (with Welch correction if required) was used. Alternatively, 
the non-parametric Mann-Whitney U test was used to test for statistical significance. For multiple 
groups, One-way ANOVA or the non-parametric Kruskal-Wallis test was used. P-values below 0.05 
are considered significant (* p<0.05, ** p<0.01, *** p<0.001). 
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Figure S1. Electrophysiological parameters of a second independent liprin-α2 shRNA, liprin-α1 shRNA and a li-
prin-α2 shRNA resistant rescue construct
(A) Amplitude of excitatory synaptic response evoked by a single action potential in hippocampal autaptic 
neurons infected with a second independent shRNA against liprin-α2 compared to wildtype cells infected with a 
scrambled shRNA (scrambled shRNA (WT): 5.08 ± 0.62 nA, n=13; liprin-α2 shRNA (α2 KD-2): 3.00 ± 0.37 nA, 
n=14; *, Mann-Whitney test, p=0.021).
(B) Quantification of the percentage of presynaptic sites transfected with liprin-α1 shRNA that were loaded with 
FM 4-64 dye (GFP: 84.0 ± 4.3%, liprin-α1 shRNA: 83.0 ± 5.1%; n= 5 sets of 20 synapses per group).
(C) Quantification of the fluorescence intensity of FM 4-64 dye loading of presynaptic sites transfected with li-
prin-α1 shRNA (GFP: 100.0 ± 2.3%, liprin-α1 shRNA: 93.3 ± 4.2%; n= 100 synapses per group; n.s.). Intensity of 
FM4-64 labeling in control cells was set to 100%.
(D) Amplitude of excitatory synaptic response evoked by an action potential in hippocampal autaptic neurons 
infected with liprin-α1 shRNA compared to wildtype cells infected with viruses expressing EGFP (WT: 1.67 ± 
0.15 nA, n=73; liprin-α1 shRNA: 1.70 ± 0.21 nA, n=51)
(E) Spontaneous release frequency in hippocampal autaptic neurons infected with liprin-α1 shRNA viruses (WT: 
3.6 ± 0.5 Hz, n=60; liprin-α1 shRNA: 4.8 ± 1.7 Hz, n=43).
(F) Amplitude of spontaneous release events in hippocampal autaptic neurons infected with liprin-α1 shRNA 
(WT: 16.9 ± 0.4 pA, n=58; liprin-α1 shRNA: 16.9 ± 0.6, n=31).
(G) Amplitude of excitatory synaptic response evoked by a single action potential in wildtype hippocampal autap-
tic neurons infected with scrambled shRNA (WT) and neurons co-infected with liprin-α2 shRNA and EGFP (α2 
KD) or shRNA resistant liprin-α2 viruses (Resc.) (WT: 3.6 ± 0.43 nA, n=22; α2 KD: 1.45 ± 0.26 nA, n=28; Resc.: 
2.20 ± 0.25 nA, n=23; *, Mann-Whitney test, p=0.032). Data are presented as mean values ± SEM
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Figure S2. Method for quantifying the localization of presynaptic proteins
(A) Method for quantifying localization of various proteins at presynaptic sites. Synapses are highlighted by GFP 
transfection and identified as varicosities along the length of the axon. Synapses that contain any staining for the 
protein being analyzed are counted as positive. Scale bar, upper panel: 10 µm; lower panel: 1 µm.
(B) Quantification of number of positive synapses due to labeling in non-specific axons as determined by rotation 
of endogenous staining (***, p<0.0001, n=4 sets of 20 synapses per group).
(C) Quantification of localization of known presynaptic proteins at synaptic sites identified by GFP (n=5-15 sets 
of 20 synapses per group). Data are presented as mean values ± SEM
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SUPPLEMENTAL TABLES

pSuper-shRNA sequences that were tested and demonstrated a significant knockdown of the indicated target 
protein in rat hippocampal neurons using endogenous antibody staining. The asterisk denotes the sequence that 
was determined to be most effective and used in the experiments described in this paper. h-TRC library refers to 
the human Sigma-Aldrich TRC shRNA libraries (MISSION libraries).

Table S1. pSuper-shRNA sequences tested and used in this study

Proteins identified with a significantMascot score in bio-GFP-liprin-α2 pull-downs from rat brain P2 fractions. 
The list is corrected for background proteins, which were identified in a control bio-GFP pull-down. For each 
identified protein, the list is filtered for duplicates and shows only the hits with most identified peptides. Ab-
breviations used to indicate the identified proteins: CASK, calcium/calmodulin-dependent serine protein kina-
se (MAGUK family); RIM1, regulating synaptic membrane exocytosis 1 (also known as Rim1s, Rab3ip1, and 
RIM1α); MALS3, Lin-7 homolog C (C. elegans; also known as MALS3, VELI3, and LIN-7C); NRXN2, Neurexin 
2; and Rab3, member RAS oncogene family. The GenInfo Identifier (GI) number corresponds to the NCBI Protein 
sequence database

Table S2. Binding partners of liprin-α2 in rat brain extracts identified by mass spectrometry
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Chi, chicken; GP, guinea pig; m, monoclonal; Ms, mouse; p, polyclonal; Rb, rabbit.

Table S3. Antibodies used in this study

Table S4. Reagents used in this study
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ABSTRACT 
Presynaptic sites contain a highly specialized and dynamic assembly of presynaptic proteins 
to enable proper synaptic transmission. Recently, the actin cytoskeleton has been implicated 
in various aspects of presynaptic functioning. However, the exact role of actin in matu-
re presynapses is unclear. Here, we show that actin dynamics is essential for maintaining 
presynaptic organization. Disrupting actin dynamics using various actin-related drugs or 
by depletion of several actin-regulating proteins, resulted in a loss of the presynaptic scaf-
folding protein bassoon from presynaptic sites. Furthermore, we identified the F-actin bin-
ding and regulating proteins neurabin and spinophilin as important players in maintaining 
presynaptic organization. Neurabin and spinophilin localize to presynaptic sites but are 
mislocalized upon disruption of actin dynamics. Moreover, we found indications that neu-
rabin and spinophilin, besides interacting with F-actin, may interact with the microtubule 
cytoskeleton and presynaptic scaffolding complexes. Together, our findings suggest an im-
portant function of actin dynamics for maintaining presynaptic organization. We propose 
that neurabin and spinophilin may function as a local platform that provides a dynamic in-
terplay between the actin- and microtubule cytoskeleton and organizing complexes within 
the presynapse.
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INTRODUCTION
Presynapses control the regulated release and subsequent re-uptake of synaptic vesicle to 
sustain reliable synaptic transmission which is supported by a highly specialized and dyna-
mic assembly of presynaptic proteins (Chua, 2014; Gundelfinger and Fejtova, 2012; Sudhof, 
2012). In addition, the actin cytoskeleton has been suggested to play important structural 
and functional roles as it is highly abundant at presynaptic sites (Cingolani and Goda, 2008; 
Sankaranarayanan et al., 2003; Wilhelm et al., 2014). For example, actin is implicated in 
the maintenance of synaptic vesicle pools and the recruitment, positioning and exo- and 
endocytosis of synaptic vesicles (Cingolani and Goda, 2008; Rust and Maritzen, 2015). At 
presynaptic sites, the continuous assembly and disassembly of filamentous actin (F-actin) 
from globular actin (G-actin) is controlled by synaptic activity, implying a significant role 
of actin rearrangements during synaptic transmission (Sankaranarayanan et al., 2003). In-
deed, actin dynamics, rather than a net polymerization or depolymerization of actin, is 
suggested to be essential for presynaptic functioning (Rust and Maritzen, 2015). While the 
contribution of actin in presynaptic functioning is now well recognized (Rust and Maritzen, 
2015), the exact structural and functional roles of actin are still ambiguous. In contrast, 
numerous studies have investigated the relevance of actin dynamics at postsynaptic sites 
but the regulation and function of actin in presynaptic mechanisms has been disregarded, 
resulting in limited knowledge on the presynaptic role of actin. Therefore, we set out to 
explore the function of actin in presynaptic functioning. We show that actin dynamics is 
essential for maintaining presynaptic organization in mature hippocampal neurons. Treat-
ment with various actin dynamics perturbing drugs or depletion of several actin-regulating 
proteins, including the related F-actin binding proteins neurabin and spinophilin, deloca-
lizes the presynaptic scaffolding protein bassoon from presynaptic sites. Furthermore, we 
found that neurabin and spinophilin interact not only with actin and many actin-related 
proteins, but may also associate with the microtubule cytoskeleton, various signaling pro-
teins and presynaptic scaffolding proteins. Together, our findings indicate an important role 
of actin dynamics for maintaining presynaptic organization and suggest that neurabin and 
spinophilin function as a local platform that links the presynaptic cytoskeleton to presynap-
tic scaffolding complexes and regulates their function by serving as a local hub for signaling 
and modifying proteins.
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RESULTS AND DISCUSSION

Actin dynamics is required to maintain presynaptic organization
To explore the role of presynaptic actin in mature hippocampal synapses, we studied the 
effect of various actin-related drugs on the localization of the presynaptic protein bassoon. 
We reasoned that loss of bassoon from presynaptic sites, which we defined as the knoblike 
swellings along the axon, would reflect altered molecular organization of these presynaptic 
sites as bassoon is regarded as one of the core scaffolding components (Chua, 2014; Gundel-
finger and Fejtova, 2012). We first treated DIV19 cultured neurons with the actin polyme-
rization inhibitor latrunculin B (LatB; 10 μM), the F-actin capping reagent cytochalasin D 
(CytD; 5 μM), or the actin polymerizer jasplakinolide (Jasp; 2 μM) for 6 hours and studied 
their effect on presynaptic actin. Neurons were transfected with GFP-actin to visualize the 
total pool of neuronal actin and immunostained with phalloidin to distinguish F-actin. In 
control neurons treated with DMSO, we observed patches of GFP-actin and F-actin at pre-
synaptic sites, which we identified as morphologically defined swellings along the axon (Fig. 
1A). In addition, GFP-actin and F-actin localized throughout the axon (Fig. 1A). In neurons 
treated with LatB, a reagent that binds G-actin and prevents its incorporation into F-actin, 
less GFP-actin was observed at presynaptic sites while more GFP-actin was localized to the 
axon, showing a more homogeneous distribution throughout the neurites compared to con-
trol (Fig. 1A). In these neurons, the amount of F-actin seems to be slightly reduced in the 
axon, while the levels at presynapses appear to be less affected (Fig. 1A, N/A). Conversely, 
treatment with Jasp, a compound that binds and stabilizes F-actin, greatly increases pre-
synaptic GFP-actin enrichment (Fig. 1A, N/A). Unfortunately, we are unable to visualize 
the specific effect of Jasp on F-actin since Jasp and phalloidin compete for the same F-actin 
binding sites (Bubb et al., 1994). Treatment with CytD, a reagent that stabilizes F-actin by 
preventing both the assembly and disassembly of actin monomers (Brown and Spudich, 
1981), also enhances presynaptic GFP-actin enrichment (Fig. 1A). These GFP-actin patches 
highly colocalize with F-actin (Fig. 1A), indicating an increase of mainly F-actin at presy-
naptic sites upon CytD treatment. 
 Next, we examined the effect of the various actin-related drugs on the localization of 
bassoon. In control axons, bassoon was observed as well defined clusters located specifically 
at presynaptic sites, which we identified as morphologically defined swellings along the axon 
(Fig. 1A). However, neurons treated with LatB, Jasp or CytD show decreased amount of 
bassoon enrichment at presynapses compared to control, while more bassoon puncta were 
observed in the axon, indicating a deficiency in presynaptic bassoon targeting. To better 
understand the effect of altered actin dynamics on presynaptic bassoon localization, we 
quantified the percentage of bassoon-positive presynaptic sites in neurons treated with the 
different actin reagents for various durations. Although we could not observe a significant 
reduction in the amount of bassoon-positive presynapses after 30 min of incubation with 
any of the drugs tested, 2 hours of LatB or CytD treatment resulted in a ~40% decrease (Fig. 
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Figure 1. Actin dynamics is required to maintain presynaptic organization
(A) Representative images of an axon with presynaptic boutons of a neuron transfected at DIV15 with Mar-
cks-tagBFP to visualize neuronal morphology and GFP-actin to visualize all neuronal actin. 4 Days later, cultured 
neurons were treated with DMSO, 10 μM latrunculin B, 2 μM jasplakinolide or 5 μM cytochalasin D for 6h and 
stained with phalloidin (Phal) to visualize F-actin and for the presynaptic protein bassoon (Bsn). Presynaptic 
boutons, identified as morphologically defined swellings along the axon, positive or negative for bassoon are 
indicated by blue and orange arrows, respectively. Scale bar: 10 µm.
(B) Quantification of the percentage of bassoon (bsn) positive presynapses in DIV19 neurons treated with DMSO, 
10 μM latrunculin B, 2 μM jasplakinolide or 5 μM cytochalasin D for 0.5, 2, 6, 12 or 24 hours. n=10-12 images per 
condition. N=2-3 independent experiments. For DMSO, data was pooled for all time-points; n=30 images from 
N=5. Kruskal-Wallis Test with pairwise comparisons: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data are presented as 
mean values ± SEM.
(C) Quantification of the percentage of bassoon positive synapses in neurons as described in (B). n=6-12 images 
per condition. N=2-3 independent experiments. Mann-Whitney U Test: ***, P < 0.001; **, P < 0.01. Data are pre-
sented as mean values ± SEM.
(D) Quantification of presynaptic bassoon intensity in DIV19 neurons treated with DMSO, 10 μM latrunculin B 
(LatB), 2 μM jasplakinolide (Jasp) or 5 μM cytochalasin D (CytD) for 6h. n=100-130 synapses. N=2-3 independent 
experiments. Mann-Whitney U Test: ***, P < 0.001. Data are presented as mean values ± SEM.
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1B,C). After 6 hours of treatment, a marked decrease in bassoon-positive presynapses was 
observed for all the different actin drugs (Fig. 1B,C). While the effect of CytD on the per-
centage of bassoon-positive presynapses was more stable throughout time, treatment with 
LatB and Jasp for longer durations further decreased the percentage of bassoon-positive 
presynapses (Fig. 1B,C). In addition, the intensity of presynaptic bassoon was significantly 
decreased after 6 hours of treatment with all actin dynamics perturbing drugs (Fig. 1D), 
reflecting a reduction in presynaptic bassoon levels. Together, these data show that while the 
various actin reagents have differential effects on presynaptic and axonal actin levels and 
distributions, they all delocalize bassoon from presynaptic sites. Consistent with previous 
observations (Rust and Maritzen, 2015), our findings indicate that actin dynamics rather 
than the relative amount polymerized or depolymerized actin is important for maintaining 
presynaptic organization.  

The actin-binding proteins neurabin and spinophilin are required to maintain presynaptic or-
ganization
To further explore the function of actin in maintaining presynaptic organization, we set 
out to identify actin-related proteins that affect presynaptic bassoon localization. Therefo-
re, we performed a knock-down screen in which we depleted several actin-related proteins 
using shRNAs and assessed the percentage of bassoon-positive presynaptic sites in DIV19 
cultured neurons (Fig. 2A). As expected, the percentage of bassoon-positive presynapses 
was greatly reduced upon depletion of bassoon or the main presynaptic organizing protein 
liprin-α2 (Spangler et al., 2013) (Fig. 2A,B), providing support for our knock-down screen as 
an effective method to identify proteins involved in presynaptic organization. While deple-
tion of the actin nucleating proteins Arp2/3, spire1/2 or cordonbleu did not result in a sig-
nificant decrease in the percentage of bassoon-positive presynapses (Fig. 2B), knock-down 
of tropomyosin 4 and non-muscle myosin IIB (NMHCIIB) greatly affected presynaptic bas-
soon localization (Fig. 2B). The F-actin binding and stabilizing tropomyosins regulate ac-
tin dynamics by inhibiting both the polymerization and depolymerization rates of F-actin 
and by protection from actin severing proteins (Wang and Coluccio, 2010). NMHCII are 
actin-binding proteins that regulate the actin cytoskeleton through their actin cross-lin-
king, bundling and contractile properties (Vicente-Manzanares et al., 2009). In addition, 
depletion of neurabin and spinophilin, two related F-actin binding proteins that crosslink 
and bundle F-actin (Bielas et al., 2007; Satoh et al., 1998), resulted in less bassoon-positi-
ve presynapses (Fig. 2B). These findings suggest that actin regulating proteins, rather than 
actin nucleating proteins are important for maintaining proper presynaptic organization. 
Likely, de novo actin nucleation may play a more important role during development since 
the Arp2/3-complex has been shown to be essential for the formation of presynaptic boutons 
in Drosophila (Koch et al., 2014), while regulation of actin dynamics may be more important 
in established synapses. However, as we did not verify all shRNAs, we cannot exclude the 
possibility that our knock-down of actin nucleating proteins is not of sufficient efficiency to 
observe strong presynaptic phenotypes.
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 Neurabin and spinophilin are not only functionally, but also structurally very rela-
ted and share a N-terminal actin-binding domain, a central PDZ domain, a PP1-binding 
motif and a C-terminal coiled-coil that mediates homo- and hetrodimerizatuion (Allen et 
al., 1997). Previous studies have shown that spinophilin and neurabin are highly concentra-
ted at postsynaptic densities (Allen et al., 1997; Grossman et al., 2002; Terry-Lorenzo et al., 
2005). At the postsynapse, spinophilin and neurabin are well known to control the formati-
on, function and morphology of dendritic spines by regulating both the actin cytoskeleton 
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Figure 2.knock-down screen for actin-related proteins involved in presynaptic maintenance
(A) Representative images of an axon with presynaptic boutons of a neuron transfected at DIV15 with Mar-
cks-eGFP to visualize neuronal morphology and pSuper (control) or bassoon shRNA for 4 days and stained for 
bassoon. Presynaptic boutons, identified as morphologically defined swellings along the axon, positive or negative 
for bassoon are indicated by blue and orange arrows, respectively. Axon outline is marked by a white dotted line. 
Scale bar: 20 µm.
(B) Quantification of the percentage of bassoon (bsn) positive presynapses in DIV15+4 neurons transfected with 
indicated pool of or single shRNAs. n=8-12 images per condition. N=2-3 independent experiments. For control; 
n=27 images from N=7. Kruskal-Wallis Test with pairwise comparisons: ***, P < 0.001. Data are presented as mean 
values ± SEM.
(C) Quantification of the percentage of bassoon (bsn) positive presynapses in DIV15+4 neurons transfected with 
indicated single shRNAs. n=8-12 images per condition. N=2-3 independent experiments. Control; n=62 images 
from N=9. Mann-Whitney U Test: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data are presented as mean values ± SEM.
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and by targeting PP1 to dendritic spines, a protein phosphatase implicated in synaptic plas-
ticity (Feng et al., 2000; Hu et al., 2006; Terry-Lorenzo et al., 2005; Wu et al., 2008; Zito et 
al., 2004). However, the role of neurabin and spinophilin in regulating presynaptic function 
is much less clear. Studies in C.elegans indicated a function of neurabin and spinophilin 
during presynapse assembly. It was found that the neurabin/spinophilin homologue NEB-1 
localizes to local presynaptic F-actin assemblies where it acts as an upstream organizer by 
recruiting liprin-α and other active zone proteins during development (Chia et al., 2012).  In-
terestingly, our data suggest that neurabin and spinophilin may also enact important functi-
ons in maintaining presynaptic organization as we observe a decrease in the number of bas-
soon-positive synapses upon depletion of neurabin and spinophilin (Fig. 2B). Therefore, we 
selected the two related F-actin binding proteins neurabin/spinophilin to further investigate 

Figure 3. Validation of neurabin and spinophilin antibodies and characterization of expression
(A-B) Representative images of HEK293 cells transfected with GFP-spinophilin or GFP-neurabin and immunos-
tained for neurabin (A) or spinophilin (B). Scale, 20 μm.
(C) Western blot analysis of the validity and specificity of neurabin and spinophilin antibodies. HEK293 cells 
were transfected with GFP, GFP-neurabin or GFP-spinophilin and  equal amounts HEK293 cell extracts were 
immunoblotted for the indicated antibodies and actin as a loading control. 
(D) Western blot analysis of neurabin and spinophilin expression in cultured hippocampal neurons at various 
time-points. Actin was used as a loading control.
(E) Western blot analysis of neurabin and spinophilin expression in various neuronal and non-neuronal rat tis-
sues. Actin was used as a loading control. 
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the function of actin in mature presynapses. First, we repeated the neurabin and spinophilin 
knock-down experiments in order to validate our findings on presynaptic bassoon localiza-
tion. Using single shRNAs for the depletion of neurabin and spinophilin, we again observed 
a significant decrease in the percentage of bassoon-positive synapses (Fig. 2C), confirming 
our previous observations that neurabin/spinophilin are required to maintain presynaptic 
organization.
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Figure 4. Validation of neurabin and spinophilin knock-down efficiency
(A-B) Representative images of DIV15+4 neurons transfected with Marcks-eGFP to visualize transfected cells 
and to highlight neuronal morphology and pSuper (control), and various neurabin shRNAs (A) or spinophilin 
shRNAs (B). Neurons were immunostained for the neuronal marker MAP2 to visualize all neurons. Orange and 
blue arrows indicate transfected an non-transfected cells, respectively. Orange box indicates zoomed region of 
a dendrite as shown undernearth the overview image. Scale, 40 μm and 20 μm for overview image and zoomed 
region, respectively.
(C-F) Quantification of neurabin (C,D) and spinophilin (E,F) intensity in the cell body (C,E) and dendrites (D,F) 
in neurons as described in (A). n=9-18 cells per condition. N=2-3 independent experiments. Mann-Whitney U 
Test: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data are presented as mean values ± SEM.
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Characterization of neurabin and spinophilin tissue expression and validation of knock-down 
efficiency
In order to study the function of neurabin and spinophilin in regulating actin dynamics and 
presynaptic organization, we first obtained and validated neurabin and spinophilin specific 
antibodies. Analysis of HEK293 cells, expressing GFP-tagged neurabin or spinophilin and 
immunostained (Fig. 3A,B) or immunoblotted (Fig. 3C) using neurabin and spinophilin an-
tibodies, indicate specificity of both antibodies for the target protein and no cross-reactivity. 
Next, we characterized the expression patterns of neurabin and spinophilin unsung western 
blot analysis of various adult rat tissues and showed that neurabin is expressed throughout 
the various neuronal and non-neuronal tissues. Within the brain, neurabin expression is en-
riched in cortex and hippocampus (Fig. 3E). Spinophilin is enriched in neuronal compared 
to non-neuronal tissues where it also shows the highest expression in hippocampus and cor-
tex (Fig. 3E). Western blot analysis of cultured hippocampal neurons showed that both neu-
rabin and spinophilin protein expression increases slightly during development (Fig. 3D), 
which may reflect their function in synapse maturation and maintenance. Next, we further 
validated the neurabin and spinophilin shRNAs using immunohistochemistry. We trans-
fected DIV15 cultured hippocampal neurons with the various neurabin and spinophilin 
shRNAs for 4 days and immunostained for the appropriate antibodies (Fig. 4A,B). In control 
neurons, neurabin and spinophilin localized as distinct puncta and patches throughout the 
cell body, dendrites and axon (Fig. 4A,B). Depletion of neurabin (Fig. 4A,C,D) or spinop-
hilin (Fig. 4B,E,F) with each of the individual shRNA resulted in a significant decrease in 
the intensity of neurabin and spinophilin, respectively, in both the cell body (Fig. 4C,E) and 
dendrites (Fig. 4D,F), validating the efficiency of our shRNAs.

Neurabin and spinophilin localize to F-actin
As neurabin and spinophilin are known for their F-actin binding properties, we tested 
whether the presynaptic localization of neurabin and spinophilin is dependent on F-actin. 
Therefore, we treated DIV19 cultured neurons with various actin reagents that affect F-actin 
distributions and studied the effect on endogenous neurabin (Fig. 5A) and spinophilin (Fig. 
5B) localization. In control neurons treated with DMSO, neurabin and spinophilin localized 
to F-actin and could be observed as small clusters which are slightly enriched at presynaptic 

Figure 5. Actin dynamics is required for presynaptic neurabin and spinophilin localization
(A-B) Representative images of axons on neurons transfected at DIV15 with Marcks-eGFP to visualize neuro-
nal morphology. DIV19 cultured neurons were treated with DMSO, 10 μM latrunculin B, 2 μM jasplakinolide 
or 5 μM cytochalasin D for 6h and immunostained for F-actin using phalloidin, bassoon and neurabin (A) or 
spinophilin (B). Presynaptic boutons, identified as morphologically defined swellings along the axon, positive or 
negative for bassoon are indicated by blue and orange arrows, respectively. Scale bar: 10µm.
(C) Correlation between F-actin intensity and neurabin (light blue markers) or spinophilin (dark blue markers) at 
individual presynaptic sites. Corresponding lines indicate linear fit. n=92-95 synapses, N=2 independent experi-
ments. Pearson’s r correlation: neurabin, r=0.664, P < 0.001, ***; spinophilin, r=0.852, P < 0.001, ***.
(D-E) Quantification of presynaptic neurabin (D) and spinophilin (E) intensity in DIV19 neurons treated with 
DMSO, 10 μM latrunculin B (LatB), 2 μM jasplakinolide (Jasp) or 5 μM cytochalasin D (CytD) for 6h. n=75-104 
synapses. N=2 independent experiments. Mann-Whitney U Test: ***, P < 0.001; **, P < 0.01. Data are presented as 
mean values ± SEM.
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sites (Fig. 5A,B). Within presynaptic sites, the intensities of both neurabin and spinophilin 
highly correlates with the intensity of F-actin (Fig. 5C). Treatment with the actin reagents 
CytD, Jasp and LatB altered the localization of neurabin and spinophilin, showing redu-
ced enrichment at presynapses while maintaining their colocalization with F-actin (Fig. 5 
A,B). Quantification of neurabin and spinophilin intensities showed that upon treatment, 
presynaptic neurabin and spinophilin levels were reduced compared to control (Fig. 5 D,E). 
Together, these findings suggest that neurabin and spinophilin strongly colocalize to pre-
synaptic F-actin and that their presynaptic localization is dependent on F-actin dynamics. 

The actin-binding proteins neurabin and spinophilin as a presynaptic scaffold for cytoskeletal 
and presynaptic organizing complexes
To better understand the role of neurabin and spinophilin in maintaining presynaptic orga-
nization, we searched for neurabin and spinophilin binding partners using pull down assays 
combined with mass spectrometry analysis. Biotinylated and GFP tagged (BioGFP) neura-
bin and spinophilin, and bioGFP as a control, were transiently co-expressed with the biotin 
ligase BirA in HEK293 cells and cell extracts were used for pull-down assays with rat brain 
lysate. By organizing the main neurabin and spinophillin interacting proteins into functio-
nally related groups we identified many actin and actin-related proteins, including various 
actin-based motor proteins myosins, in our mass spectrometry results (Table 1), likely re-
flecting the known interaction of neurabin/spinophilin with F-actin (Satoh et al., 1998). In 
addition, we identified many kinases and phosphatases as putative interactors of neurabin/
spinophilin, including the known binding partner serine/threonine protein phosphatase 1 
(PP1) (MacMillan et al., 1999; McAvoy et al., 1999; Terry-Lorenzo et al., 2002a) and the 
calcium/calmodulin-dependent protein kinase II (CaMKII) (Grossman et al., 2004) (Ta-
ble 1). Besides these known interactions, we identified possible additional interactions of 
neurabin/spinophilin with other serine/threonine protein kinases, such as microtubule-af-
finity regulating kinases (MARKs), protein kinase C (PKC) and cyclin-dependent kinase-li-
ke 5 (CDKL5). In addition, we picked up several kinases involved in signal transduction 
including inositol-trisphosphate 3-kinase A (IP3KA), phosphoinositide phospholipase C 
(PI-PLC) and PIP5 kinase 1 (PIP5KI) (Table 1). Furthermore, we identified many proteins 
involved in the GTPase cycle including several guanine exchange factors (GEFs) and GT-
Pase activating proteins (GAPs), which are known to be involved in the regulation of a wide 
variety of cellular processes, including actin dynamics (Schaefer et al., 2014). Together, this 
may suggest that neurabin/spinophilin functions as a local hub for intracellular signaling. 
We identified several postsynaptic scaffolding proteins in our neurabin/spinophilin pull-
down (Table 1), consistent with their known localization to and functions in dendritic spi-
nes (Grossman et al., 2002; Hu et al., 2007). However, we also identified several presynaptic 
proteins in our mass spectrometry analysis, including the presynaptic scaffolding proteins 
CASK-interacting protein 1 (caskin-1), piccolo and bassoon (Table 1). In addition, we picked 
up several microtubule-associated proteins, including doublecortin (Table 1), a known in-
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3teractor of spinophilin (Bielas et al., 2007; Fu et al., 2013; Tsukada et al., 2003), several other 
microtubule-actin crosslinking proteins, such as  MACF1 (Chen et al., 2006) and p140Cap 
(Jaworski et al., 2009) and various microtubule plus- and minus end binding proteins (Table 
1). Furthermore, we identified proteins involved in the attachment of microtubules to the 
cell cortex, including CLASP1/2 and LL5β (Lansbergen et al., 2006). These findings may 
indicate a potential function of neurabin/spinophilin in regulating microtubule dynamics 
and organization via actin-microtubule interactions. 
 Findings in C. elegans have suggested that NEB-1 assembles the presynaptic active 
zone during development by recruiting SYD-2 and SYD-1 which is mediated by ELKS (Chia 
et al., 2012). Interestingly, we could not observe an interaction of neurabin/spinophilin with 
the mammalian homologues liprin-α, syde1/2 or CAST. Likely, the molecular mechanisms 
of maintaining presynaptic organization in mature neurons are different than those du-
ring presynapse assembly or, alternatively, divergent pathways have emerged in mammalian 
neurons. Here, we propose a function of neurabin/spinophilin that includes the regulation 
of both F-actin as microtubule organization and dynamics by serving as a scaffold that links 
F-actin, the microtubule cytoskeleton and presynaptic organizing complexes. In addition, 
via its interaction with many signaling and regulatory proteins, it may localize these pro-
teins to the submembranous F-actin to regulate the dynamics and organization of the cytos-
keleton and the activity and interactions of various presynaptic proteins (Fig. 6). Indeed, as 
neurabin and spinophilin recruit PP1 to local F-actin assemblies, this enables them to simul-
taneously modulate local F-actin rearrangements and PP1-related processes via altering the 
availability of substrates for of PP1 (Carmody et al., 2008; Cohen, 2002; Terry-Lorenzo et al., 
2002b). In this way, neurabin and spinophilin may serve as an important link between signal 
transduction processes and structural changes. Within the postsynapse, PP1 is suggested to 
dephosphorylate receptors, ion channels, and other signaling molecules (Allen et al., 1997; 
Oliver et al., 2002; Strack et al., 1999) to regulate synaptic transmission (Winder and Sweatt, 
2001). Likely, similar mechanisms exist at the presynapse where a neurabin/spinophilin/
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bin and spinophilin at the presynapse
Within the presynapse, neurabin/spin-
ophilin may function as a molecular 
platform for various signaling and re-
gulatory proteins that are targeted to the 
submembranous F-actin cytoskeleton 
via the F-actin binding properties of neu-
rabin/spinophilin. In this way, neurabin/
spinophilin may regulate the dynamics 
and organization of both the actin as the 
microtubule cytoskeleton. In addition, 
via its interaction with presynaptic sca-
ffolding proteins, neurabin/spinophilin 
may provide a dynamic interplay bet-
ween presynaptic organizing complexes 
and the presynaptic cytoskeleton. 
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PP1 complex regulates the activity or localization of presynaptic proteins. Here, neurabin/
spinophilin may modulate several signaling cascades by coordinating the assembly of mul-
tiprotein complexes that are regulated by phosphorylation. Interestingly, neurabin, spin-
ophilin, and many of their interacting partners are regulated by reversible protein phosp-
horylation, which can modulate assembly of the complex and/or activity of the associated 
proteins (Grossman et al., 2004; McAvoy et al., 1999; Sarrouilhe et al., 2006). In addition, 
as we identified many proteins involved in linking the F-actin cytoskeleton to microtubules 
(Table 1), we speculate that a dynamic interplay between F-actin and microtubules exist wit-
hin the presynapse, somewhat similar to that observed in axonal growth cones (Rodriguez 
et al., 2003). Indeed, spinophilin is suggested to regulate the association of doublecortin 
with microtubules, providing a mechanism for a dynamic interplay between the actin and 
microtubule cytoskeleton (Bielas et al., 2007). Furthermore, by functioning as a presynaptic 
signaling hub, neurabin/spinophilin might also be important for the proper localization 
and functioning of presynaptic scaffolding proteins, including bassoon, piccolo and caskin1 
by providing a dynamic interaction between actin, neurabin/spinophilin and presynaptic 
scaffolding proteins (Fig. 6). For example, neurabin/spinophilin may be important for the 
presynaptic localization of piccolo, which in turn could influence the presynaptic actin cy-
toskeleton as piccolo is suggested to function as a platform to coordinate presynaptic F-actin 
rearrangements via its interaction with a number of actin-regulatory proteins (Wagh et al., 
2015). Together, we propose that neurabin/spinophilin may provide an important presynap-
tic platform for linking cytoskeleton dynamics to presynaptic organization to maintain the 
dynamic molecular organization needed for presynaptic functioning.
 Although this study provides valuable new insights and suggestions into the function 
of presynaptic actin, additional studies are needed to further confirm the molecular inter-
actions between the F-actin binding proteins neurabin/spinophilin and the various presy-
naptic scaffolding, microtubule-associated and regulatory proteins. In addition, identifying 
whether these interactions also occur at the presynaptic site will further help to understand 
the molecular function of neurabin/spinophilin at the presynapse and will contribute to our 
understanding of the role of actin dynamics in presynaptic organization and functioning.
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Table 1. Identification of binding partners of neurabin and spinophilin by mass spectrometry 
in bioGFP pull-downs from rat brain lysate
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Table 1. Continued
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Table 1. Continued

Proteins with a number of peptide spectrum matches (#PSM) of 10 or more for either the 
bioGFP-neurabin or -spinophilin pull-down are included. Known interactors of neurabin 
and spinophilin are indicated in bold. 
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EXPERIMENTAL PROCEDURES

Animals
All animal experiments were performed in compliance with the guidelines for the welfare of experi-
mental animals issued by the Federal Government of The Netherlands. All animal experiments were 
approved by the Animal Ethical Review Committee (DEC) of the Utrecht University.

Antibodies and reagents 
Primary antibodies used include mouse anti-HA (Covance), mouse anti-bassoon (Stressgene), mouse 
anti-actin (Chemicon), rabbit anti-spinophilin (gift from Audrey Greenfield), rabbit anti-neurabin 
(Sigma) and chicken anti-MAP2 (Abcam). The following secondary antibodies were used: Alexa405-, 
Alexa488-, Alexa568-, Alexa647- (invitrogen), HRP- (Dako) conjucated secondary antibodies and 
phalloidin-Alexa647 (Invitrogen) conjugated antibody. Other reagents used include DMSO (Sigma), 
Latrunculin B (10 μM; Bioconnect), Jasplakinolide (2 μM; Tocris) and Cytochalasin D (5 μM; Sigma) 

Expression constructs and shRNAs
The following constructs are described previously: Marcks-GFP (De Paola et al., 2003) and HA-BirA 
(Jaworski et al., 2009). GFP-neurabin and GFP-spinophilin expression constructs were kindly pro-
vided by Dr. Shirish Shenolikar (Oliver et al., 2002; Terry-Lorenzo et al., 2005) and subcloned into 
GW1-GFP (Kapitein et al., 2010) and bio-GFP expression vectors (Jaworski et al., 2009) using AscI 
and SalI restriction sites. Marcks-tagBFP was generated by subcloning into a GW2 expression vector 
(Kapitein et al., 2010). EGFP-actin (clonetech) was subcloned into β-actin expression vector (Kapitein 
et al., 2010) to generate GFP-Actin.
 The shRNAs used in this study are indicated in Table S1. All shRNA targeting rat mRNA were 
designed using the siRNA selection program from the Whitehead Institute for Biomedical Research 
unless indicated otherwise and were inserted into the pSuper vector (Brummelkamp et al., 2002). 

HEK293 cell cultures and transfection
HEK293 cells were cultured in DMEM/Hams-F10 (50/50%) medium containing 10% Fetal Calf Se-
rum (FCS) and 1% penicillin/streptomycin in ø10 cm cell culture dishes (Greiner Bi-One) at 37°C in 
5% CO2. HEK293 cells were transfected using polyethylenimine (PEI, Polysciences) according manu-
facture’s protocol in a 3:1 PEI:DNA ratio and kept at 37°C in 5% CO2 for 12-24h.

Primary hippocampal neuron cultures and transfection
Primary hippocampal neuron cultures were prepared from embryonic day 18 (E18) rat brain. Hip-
pocampi were disected and collected and washed in modified Hanks’ Balanced Salt Solution (HBSS; 
(Gibco) supplemented with 10mM HEPES, 1% penicillin/streptomycin (Gibco)) in 14 ml polysterene 
tubes (Greiner Bio-One). Hippocampi were treated with trypsin (Gibco) for 15 min at 37°C, washed 
with modified HBSS and dissociated. Cells were plated in a 12-well plate on coverslips coated with 
poly-L-lysine (30 µg/ml; Sigma) and laminin (2 µg/ml; Roche) at a density of 50,000 (low) – 100,000 
(high) cells/well. Neuron cultures were grown in Neurobasal medium (NB; Gibco) supplemented 
with 2% B27 (Gibco), 0.5 mM L-glutamine (Gibco), 15.6µM glutamate (Sigma) and 1% penicillin/
streptomycin (Gibco). Neurons were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA 
(1.8 µg/well) was mixed with 3,3 μl Lipofectamine 2000 in 200 μl NB, incubated for 30 min and added 
to the neurons in fresh NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with NB and 
transferred in the original medium at 37°C in 5% CO2 for 2-4 days.

Immunohistochemistry
For immunofluorescence staining, cells were fixed for 10 min with 4% formaldehyde/4% sucrose in 
phosphate-buffered saline (PBS) at room temperature. After fixation, cells were washed three times in 
PBS for 5 min at room temperature and incubated with primary antibodies in GDB buffer (0.2% BSA, 
0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4ºC. Neurons were then 
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washed three times in PBS for 5 min at room temperature and incubated with Alexa-conjugated se-
condary antibodies in GDB for 1h at room temperature and washed three times in PBS for 5 min. Sli-
des were mounted using Vectashield mounting medium (Vector laboratories), with or without DAPI. 

Confocal microscopy
Confocal images were acquired using a LSM 700 confocal laser-scanning microscope (Zeiss) with a 
40× 1.3 N.A or 63×1.4 N.A. oil objective (Zeiss). Each image was a z-series of 4 images, each averaged 
2 times, covering a Δz region of 1.20 µm. The resulting z-stack was projected into a single image using 
maximum intensity projection. Images were not further processed and were of similar high quality to 
the original single planes. The confocal settings were kept constant during all imaging experiments 
when fluorescence intensity was compared or measured. 

Tissue extracts, cell extracts and Western blot analysis
For tissue Western blots, cerebellum, cortex, hippocampus, midbrain, brainstem, spinal cord, heart, 
kidney, liver, lung, spleen and pancreas were dissected as defined anatomically from an adult female 
rat. Samples were homogenized in homogenization buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 0.5% 
NP-40, pH8, 1x complete protease inhibitors; Roche) a 1:10 brain (mg) to lysis buffer (µl) ratio, briefly 
sonicated and centrifuged at 900 rpm for 15 min. Protein concentrations were measured using a BCA 
protein assay kit (Pierce) and 20 µg of protein was used for each sample. Cell extracts from cultured 
HEK293 and primary hippocampal neurons were prepared by lysis in 2x sample buffer. 
 Samples were boiled at 95 °C for 5 min and loaded on SDS-PAGE gels and subjected to Wes-
tern blotting. Proteins were transferred on polyvinylidene difluoride (PVDF, Millipore) membranes 
using wet blotting (Bio-Rad). Membranes were blocked at room temperature with 2% bovine serum 
albumin (BSA; Sigma) in PBS-T (0.05% Tween-20 in PBS) for 30-60 min and incubated with prima-
ry antibodies in PBS-T/2% BSA at 4°C overnight. Membranes were washed 3-5 times with PBS-T 
and incubated with HRP-conjugated conjugated secondary antibodies at room temperature for 1h. 
Membranes were washed 3-5 times with PBS-T and 1 time with PBS and proteins were detected using 
enhanced chemiluminescence (ECL). 

Biotin-streptavidin pull-down assay and mass spectrometry analysis
For biotin-streptavidin pull-down assays, HEK293 cells were transfected with BirA and bio-GFP-
constructs or bioGFP using PEI (Polysciences) transfection reagent. After 12h, cells were washed and 
subsequently collected in PBS supplemented with protease inhibitors.  Cells were harvested in and 
centrifuged at 10,000 rpm for 5 min and the pellet was resuspended in lysis buffer (150 mM NaCl, 
0.1% SDS, 0.5% Sodium Deocholate, 1% Triton-X100, 50mM Tris, pH 7.6, and protease inhibitors, 
Roche) and kept on ice for 30-45 min. M-280 streptavidin dynabeads (Dynal; Invitrogen) were quicky 
washed 3 times with normal washing buffer (150mM KCl, 0.1% Triton-X100, 20mM Tris, pH 7.6,), 
blocked at room temperature for 45 min in blocking buffer (150mM KCl, 20mM Tris, pH7.6, 0.2 µg/
µl chicken egg albumin, CEA), resuspended in normal washing buffer and added to the HEK293 cell 
lystes. Beads were separated by using a magnet (Dynal; Invitrogen) and washed 5 times in normal 
washing buffer. For whole brain extracts, a whole brain from an adult female rat was homogenized in 
lysis buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 0.2% NP-40, pH8, 1x complete protease inhibitors; 
Roche) to whole brain in a 1:10 brain (g) to lysis buffer (ml) ratio and prepared as described in the 
previous section. For the bio-GFP pull down with whole brain extracts, beads were washed 2 times 
in low salt buffer (100 mM KCl, 0.1% Triton-X100, 20mM Tris, pH7.6), 2 times in high salt buffer (500 
mM KCl, 0.1% Triton-X100, 20mM Tris, pH7.6) , and 2x in low salt buffer. 1 ml of rat brain extract was 
added to the beads, incubated at 4 °C for 1h and washed 5 times in normal washing buffer. For protein 
elution, beads were boiled in NuPAGE LDS 4 sample buffer (Invitrogen), separated, and supernatants 
were run on a 4-12% NuPAGE tris-acetate gel (Invitrogen). The gel was stained with the Colloidal Blue 
staining kit (Invitrogen). Mass spectrometry was performed as described previously (Lansbergen et 
al., 2006). Positive protein hits were manually checked and either interpreted as valid identifications 
or discarded based on their presence in the negative control (pull-down with bioGFP alone). 
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Image analysis and quantification
All images were analyzed and processed using ImageJ software
Quantification of the percentage of bassoon positive presynaptic sites. To highlight neuronal morpho-
logy, Marcks-eGFP, or Marcks-tagBFP was used as an unbiased cell-fill. Presynaptic sites were 
morphologically identified as swellings along the axon as described previously (Bamji et al., 2003; 
Leal-Ortiz et al., 2008; Spangler et al., 2013). Within the field of view of each confocal image, obtained 
with a 63x objective, ~20-60 presynapses were randomly selected and the number of synapses positive 
or negative for the bassoon staining was manually counted. From each image the percentage of positi-
ve synapses was calculated by dividing the positive synapses by the total amount of synapses counted. 
Values were averaged across multiple images and experiments. 
Quantification of fluorescent intensity. To quantify fluorescent intensity, a region of interest was ma-
nually drawn around the cell body, dendrites or synapses and the average intensity was measured 
using ImageJ. For the quantification of neurabin and spinophilin knock-down efficiency, the mean 
intensities were corrected for background intensities and mean intensities of three dendrites were 
averaged per cell. For the quantification of presynaptic fluorescent intensities, a circular region of set 
size of ø1.39 μm/ø 7 pix was used throughout the experiments. 

Data representation and statistics 
In all bar graphs, data are presented as mean values ± SEM. Statistical analysis was performed using 
SPSS 20.0 (IBM). Data samples were tested for normal distribution using the Kolmogorov-Smirnov 
test and for heterogeneity of variance using Levene’s test. If allowed, an independent t-test was used, 
or for multiple comparisons, one-way ANOVA followed by post-hoc Dunett’s t-test. Otherwise, the 
nonparametric Mann-Whitney U test was used for pairwise comparisons, or for multiple comparis-
ons, the Kruskal-Wallis test with pairwise comparisons. For testing correlations, the Pearson’s r cor-
relation was used. N indicates the number of independent experiments. Differences were considered 
significant when P < 0.05 (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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SUPPLEMENTARY FIGURES
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A

Supplementary Figure 1, related to Figure 1. 
(A) Representative images of a neuron transfected at DIV15 with Marcks-tagBFP to visualize neuronal morpho-
logy and GFP-actin to visualize all neuronal actin. Cultured neurons were treated with DMSO, 10 μM latrunculin 
B, 2 μM jasplakinolide or 5 μM cytochalasin D 4 days later for 6h and stained with phalloidin (Phal) to visualize 
F-actin. Scale bar, 10µm.



CHAPTER 3

88

3

SUPPLEMENTARY TABLES

Protein Accesion number shRNA
bassoon1 NM_0191416 5' AACACCTGCACCCAAGTGTCAC  3'
liprinα22 NM_001108745.1 5' GCATGAACTTCTTGAAGAA  3'
spire 1 5'  3'
spire 2 5'  3'

TM13 NM_001301736 5' AAGCACATTGCTGAAGATGCT  3'
TM23 NM_001024345 5' AAACTGGAGCAGGCCGAGAAG  3'
TM33  NM_001301286 5' AGAAGCTGGAGGAAGCGGAGA  3'
TM43 NM_012678 5' AATCAAGCTTCTGTCTGACAA  3'

#1** 5' CTTACCATCTGTTACCGTA  3'
#2* 5' CAATTACTATCAGCCCGAT  3'
#3 5' GTGAGTGAGGTTGCCCAGT  3'
#1** 5' CTCGAAGCTGGTCACCAAG  3'
#2* 5' GAAGATGAAGAGGACGGGG  3'
#3 5' GTGGCCCAGCTAATTCAGC  3'
#1 5' GGTAAATTCATTCGTATCA  3'
#2 5' CCTCATTTATCGGGATCCT  3'
#3 5' CTGCTCGCAAGAAACTAGA  3'

NMHC2b4 NM_031520.1 5' GATCAAAGTTGGCCGAGAT  3'
#1 5' CCGCTCTTGAGTCTAAACT  3'
#2 5' GTGGTCATTAACCCGTACA  3'
#3 5' CTGCATCGTTCCCAATCAT  3'
#1 5' TCCACAGCGAACAGAAACT  3'
#2 5' CTGGTAGTGAACTACCTGA  3'
#3 5' GTCCAAGTCCCTGAATGAA  3'
#16 5' GAAAGGCGTGGATGACCTA  3'
#27 5' AGGTTTATGGAGCAAGTGA  3'
#38 5' AGGTTTATGGAGCAAGTGA  3'

NM_053474.1

NM_053473.2

Target sequence

Arp2/3

NM_001107236

NM_031068

NM_001100690.1

NM_013194.1

neurabin

spinophilin

NMHC2a

NMHC2c

CB5

Kevenaar et al., Suplementary Table 1

AATCAGATGAAGAACTCCAGTTT
TTCCTGTAGCGTAAAGATGAANM_001127538

NM_001107381

Supplementary Table 1. Overview of the shRNA target sequences used in this study

1 (Leal-Ortiz et al., 2008); 2 (Spangler et al., 2013); 3 adapted from (Tojkander et al., 2011); 
4 (Rex et al., 2010); 5 (Ahuja et al., 2007); 6 (Korobova and Svitkina, 2008);  7 (Wegner et al., 
2008); 8 (Steffen et al., 2006).  **, most efficient shRNA; * efficient shRNA. 
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ABSTRACT
Botulinum neurotoxin A (BoNT/A) belongs to the most dangerous class of bioweapons 
(Arnon et al., 2001). Despite this, BoNT/A is used to treat a wide range of common medical 
conditions such asmigraines and a variety of ocular motility and movement disorders (Car-
ruthers and Carruthers, 2004). BoNT/A is probably best known for its use as an antiwrinkle 
agent in cosmetic applications (including Botox and Dysport)(Markey, 2000). BoNT/A ap-
plication causes long-lasting flaccid paralysis of muscles through inhibiting the release of 
the neurotransmitter acetylcholine by cleaving synaptosomal associated protein 25 (SNAP-
25) within presynaptic nerve terminals (Montecucco and Schiavo, 1994). Two types of 
BoNT/A receptor have been identified, both of which are required for BoNT/A toxicity and 
are therefore likely to cooperate with each other (Montal, 2010): gangliosides and members 
of the synaptic vesicle glycoprotein 2 (SV2) family, which are putative transporter proteins 
that are predicted to have 12 transmembrane domains, associate with the receptor-binding 
domain of the toxin (Montal, 2010). Recently, fibroblast growth factor receptor 3 (FGFR3) 
has also been reported to be a potential BoNT/A receptor (Jacky et al., 2013). In SV2 proteins, 
the BoNT/A binding site has been mapped to the luminal domain (Dong et al., 2006), but 
the molecular details of the interaction between BoNT/A and SV2 are unknown. Here we 
determined the high-resolution crystal structure of the BoNT/A receptor-binding domain 
(BoNT/A-RBD) in complex with the SV2C luminal domain (SV2C-LD). SV2C-LD consists 
of a righthanded, quadrilateral β-helix that associates with BoNT/A-RBD mainly through 
backbone-to-backbone interactions at open β-strand edges, in a manner that resembles the 
inter-strand interactions in amyloid structures. Competition experiments identified a pepti-
de that inhibits the formation of the complex. Our findings provide a strong platform for the 
development of novel antitoxin agents and for the rational design of BoNT/A variants with 
improved therapeutic properties.
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RESULTS AND DISCUSSION
The overall structure of BoNT/A-RBD in complex with SV2C-LD is shown in Fig. 1, and the 
data collection and refinement statistics are listed in Extended Data Table 1. The convex in-
terface formed by the amino- and carboxy-terminal BoNT/A-RB subdomains interacts with 
SV2C-LD. SV2C-LD forms a right-handed, quadrilateral β-helix, a fold that is characteristic 
of pentapeptide-repeat proteins (Vetting et al., 2006) (Extended Data Fig. 1). Based on a 
search of the Dali server (Holm and Rosenstrom, 2010), the proteins that are most structu-
rally similar to SV2C-LD in the Protein Data Bank (PDB) (Bernstein et al., 1977) are MfpA, 
a pentapeptide-repeat protein from Mycobacterium tuberculosis (Hegde et al., 2005), and 
AlbG, an McbG-like protein from Xanthomonas albilineans (Vetting et al., 2011).
  It has been noted that the molecular architecture of β-helices is similar to the struc-
ture of amyloid fibrils (Krishnan and Lindquist, 2005). Like in amyloid fibrils, the regular 
β-sheet edges of β-helices are in a conformation that provides the possibility of interacting 
with other β-strands and aggregating into higher-order structures. To avoid the formation 
of such aggregates, the ends of β-helices are typically capped by other secondary-structure 
elements (Bryan et al., 2011; Richardson and Richardson, 2002). No additional seconda-
ry-structure elements are seen on the N-terminal side of SV2C-LD, but the first N-termi-
nal turn of the SV2C-LD β-helix contains more charged amino acids in the inward facing 
positions than do the other coils. Such strategically placed charges are known to prevent 
aggregation of single-sheet proteins and β-propellers (Richardson and Richardson, 2002). 
At its C terminus, SV2C-LD contains a short 310- helix (Extended Data Fig. 1), but this helix 
precedes the two β-strands that interact with BoNT/A-RBD. The interaction between the 
open β-strand of SV2C-LD and the β-strand edge of BoNT/A-RBD is dominated by backbo-
ne–backbone hydrogen bonds, resembling the interstrand interactions in amyloid structu-
res (Ritter et al., 2005; Wasmer et al., 2008). Our findings therefore indicate that Clostridium 
botulinum has exploited a weakness in the structure of SV2 proteins to transport BoNT/A 
into host cells.
  BoNT/A has been shown to bind to neurons not only through SV2 proteins (Dong et 
al., 2006), or potentially FGFR3 (Jacky et al., 2013), but also in conjunction with gangliosides 
as co-receptors (Stenmark et al., 2008). A superimposition of our BoNT/A-RBD– SV2C-LD 
complex crystal structure with the previously reported full-length BoNT/A structure (Lacy 
et al., 1998) and the BoNT/A-RBD–GT1b structure (Stenmark et al., 2008) shows that the 
binding site for gangliosides is located in the C-terminal BoNT/A-RB subdomain almost op-
posite to the SV2C-binding site (Fig. 2). The two binding regions are separated by a distance 
of approximately 40 Å, illustrating that both receptors can simultaneously interact with the 
toxin. This finding might have important functional implications for the translocation of 
BoNT/A across the synaptic vesicle membrane and for subsequent cell intoxication, which 
are mechanisms of major importance that are still poorly understood. Recent studies using 
BoNT/B and BoNT/E have demonstrated that the low pH in the endosomal lumen and bin-
ding to the ganglioside GT1b are both required for the toxins to transform into oligomeric, 
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Figure 1. The BoNT/A-RBD–SV2C-LD complex
(a) Cartoon representation of the structure of BoNT/A-RBD (green) in complex with SV2C-LD (blue). Dotted 
lines indicate flexible regions of SV2C-LD that were not visible in the structure. The terminal residues of the 
SV2C-LD expression construct are indicated. 
(b) Close-up view of the interaction site (boxed area froma). Backbone–backbone and backbone–side chain hy-
drogen bonds are indicated by dashed orange lines. Side chain–side chain interactions are shown as dashed purple 
lines. 
(c) The complex structure from a different view. 
(d) Close-up of the interaction site (boxed region from C). 
(b,d) Carbon is shown in light blue for SV2C-LD and green for BoNT/A-RBD. In both structures, dark blue deno-
tes nitrogen, red denotes oxygen and yellow denotes sulphur.

hydrophobic membrane-associated channels (Sun et al., 2011; Sun et al., 2012). Although 
the mechanism of channel formation has not yet been studied at such detail for BoNT/A, 
additional binding to SV2 proteins might be a prerequisite for toxin translocation. Alter-
natively, binding to SV2 proteins might prevent the translocation of BoNT/A by hindering 
the formation of oligomeric transmembrane channels. Such inhibition might be relieved 
by acidification in the endosomal lumen and result both in the dissociation of the SV2–
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Figure 2. Proposed model for simultaneous ganglioside and SV2C binding by BoNT/A
Superimposition of full-length BoNT/A19, the BoNT/A-RBD–GT1b ganglioside complex18 and the BoNT/A-
RBD–SV2C-LD complex. The ganglioside (white and atom colours; labelled in the figure) and SV2C-LD (blue) 
bind to opposite sides of the C-terminal BoNT/A-RB subdomain (dark green). The N-terminal BoNT/A-RB 
subdomain (pale green), the translocation domain (including the belt (red)) and the protease domain (yellow) 
point away from the binding site. The SV2C transmembrane portion (light grey) was modelled. The position of the 
plasma membrane is proposed. Linker regions are shown as black dotted lines. Linker boundaries are indicated.

BoNT/A complex and the known inhibition of BoNT/A translocation by the RBD at neutral 
pH (Fischer et al., 2008). One promising candidate for a pH-sensing residue in SV2C-LD is 
H564, which is present at the interface of the complex. Consistent with this hypothesis, we 
observed an approximately fivefold decrease in the dissociation constant (Kd) of the complex 
between pH 7.5 and pH 5 in fluorescence anisotropy experiments (Extended Data Fig. 2).
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Figure 3. Open book representation of the BoNT/A-RBD–SV2C-LD interaction site
The components of the complex are shown separately and coloured according to their electrostatic potential 
(±3 kT/e, where k is the Boltzmann constant, T is temperature and e is the elementary charge): blue denotes basic 
residues, red denotes acidic residues and white denotes hydrophobic residues. The yellow ellipse indicates the ap-
proximate location of the hydrogen-bonding residues. The orange ellipse indicates the positively charged R1294 in 
BoNT/A-RBD and the mostly negatively charged surface region in SV2C-LD. R1294 is not defined in the electron 
density of the complex structure and hence does not participate in hydrogen bonds or salt bridges.

 Comparison of BoNT/A-RBD structures in the free state and SV2CLD-bound sta-
te reveals no significant conformational changes in the SV2C-LD-interacting elements of 
BoNT/A-RBD on complex formation. Cα superimposition of the BoNT/A-RBD (Fu et al., 
2009) onto the BoNT/A-RBD–SV2C-LD complex results in a root mean squared deviation 
(r.m.s.d.) of 0.54 Å over 412 residues. At the interface, 15 SV2C-LD residues and 19 BoNT/A-
RBD residues are partially or fully buried, resulting in a contact area of approximately 596 
Å2 . Several of these buried residues are engaged in backbone–backbone hydrogen bonds 
between interacting β-strands (Extended Data Table 2). One prominent feature seen in the 
structure is the accumulation of positively charged surface residues at the BoNT/A-RBD 
interface, whereas the binding surface of SV2C-LD is slightly negatively charged (Fig. 3). 
The residues are not engaged in inter-domain salt bridges; therefore, relatively few specific 
side-chain interactions are observed in the complex structure. Among these, the interaction 
between R1156 of BoNT/A-RBD and F563 of SV2C-LD is of particular interest, as it is a cati-
on–π-stacking interaction. The hydrogen bond between SV2C-LD N559 and BoNT/A-RBD 
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Figure 4.The BoNT/A-A2 peptide inhibits the internalization of BoNT/A-RBD by striatal neurons (at 18 days in vitro)
(a) Co-localization of endogenous SV2C with GFP–BoNT/A-RBD (top) or endogenous vesicular inhibitory amino 
acid transporter (VGAT) (bottom) in cultured striatal neurons. Scale bars, 50 µm. Enlargements of the regions 
indicated by the white rectangles are shown in the panels on the right. Scale bar, 10 µm. 
(b) Quantification of GFP–BoNT/A-RBD uptake by cultured striatal neurons. The number of co-localizing GFP–
BoNT/A-RBD and VGAT puncta was normalized to the total number of VGAT puncta. No GFP–BoNT/A-RBD, 
0.01% ± 0.00%; GFP, 0.03% ± 0.01%; no high K+ buffer, 0.57% ± 0.18%; no glutathione S-transferase (GST)–BoNT/
A-A2 (GST–A2), 8.53% ± 0.09%; GST–BoNT/A-A2 (GST–A2), 3.42% ± 0.69%; GST, 6.84% ± 1.12%. n = 20 images 
per group from two cultures, Mann–Whitney U test; ***P < 0.001; NS, not significant. N = 2 independent experi-
ments. All tests were performed two-sided. Data are presented as mean ± S.E.M.

Y1149 extends the interaction to the more distant β-strand of the toxin. Hydrogen bonds 
between SV2C-LD N559 and BoNT/A-RBD T1145, as well as between the backbone oxygen 
and nitrogen of SV2C-LD F557 and BoNT/A-RBD T1146, stabilize the complex downstream 
of the C-terminal boundary of the directly interacting toxin β-strand. R1294 is a residue that 
prominently contributes to the positive charge of the BoNT/A-RBD surface. Together, these 
residues seem to be important for shape and charge complementarity and consequently for 
binding specificity.
 The importance of these prominent side-chain interactions was tested by site-direc-
ted mutagenesis (Extended Data Fig. 3). Mutation of the two BoNT/A-RBD threonines T1145 
and T1146 completely abrogated binding to SV2C-LD in pull-down assays, and mutation of 
R1294 or R1156 in BoNT/A-RBD significantly reduced this binding (Extended Data Fig. 3). 
Likewise, substitution of the phenylalanine at position 563 of SV2C-LD with alanine stron-
gly reduced the binding to BoNT/A-RBD, whereas mutation of the SV2C-LD residue N559 
had no significant effect on interaction with the toxin. To further characterize the complex 
interaction, we performed fluorescence anisotropy experiments. Analysis of the wild-type 
proteins yielded a Kd value of 0.26 ± 0.2 μM. Kd values obtained for the mutant proteins were 
consistent with the pull-down results (Extended Data Fig. 4 and Extended Data Table 3).
 It has been reported that SV2 peptides harbouring the toxin-binding site prevent 
BoNT/A from binding to neurons (Dong et al., 2006). We therefore analysed the potency of 
short BoNT/A-RBD- and SV2C-LD-derived peptides at inhibiting complex formation. Ba-
sed on the interactions seen in the crystal structure, the peptide sequences were designed to 
correspond to the two SV2C-LD β-strands (peptide SV2C-A3), the BoNT/A-RBD β-strand 
(peptide BoNT/A-A5) and the BoNT/A-RBD β-sheet (peptide BoNT/A-A2) that interact in 
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the complex (Extended Data Fig. 3g). We observed full inhibition of complex formation in 
the presence of the peptide corresponding to the BoNT/A-RBD β-sheet and partial inhibi-
tion in the presence of the peptide corresponding to the two SV2C-LD β-strands, whereas 
no reduction in binding was seen in the presence of the peptide corresponding to the sin-
gle BoNT/A-RBD β-strand. These results indicate that the three-dimensional conformati-
on of SV2C-LD is crucial for the interaction. Consistent with this conclusion, the shortest 
SV2C-LD fragment reported to bind to BoNT/ A spans residues 529–566 of the SV2C se-
quence (Dong et al., 2006). The fragment extends over almost two turns of the β-helix and 
might therefore form a moderately stable three-dimensional structure. We next tested the 
BoNT/A-A2 β-sheet peptide for inhibition of BoNT/A-RBD binding to and internalization 
by cultured striatal neurons (at 18 days in vitro) (Fig. 4 and Extended Data Fig. 5), which 
endogenously express SV2C, or HEK-293 cells that were transfected with Flag-tagged SV2C 
protein (Extended Data Fig. 6). In the absence of the toxin-derived peptide, BoNT/A-RBD 
co-localized with SV2C. Pre-incubation of the cells with 5 μM glutathione S-transferase 
(GST)-tagged BoNT/A-RBD peptide resulted in a significant decrease in toxin binding and 
internalization, whereas no inhibition of the complex interaction was observed in the pre-
sence of a GST-only control.
 The findings of our study have important implications for the development of novel 
antitoxin agents, as well as for the medical and cosmetic applications of BoNT/A. The toxin 
has been described as one of the six most dangerous bioweapons1. Currently, the only availa-
ble antidotes for BoNT/A have severe side effects. Proposed alternative approaches include 
peptide inhibitors, and all three domains of the BoNTs have been considered as potential 
drug targets (Cai and Singh, 2007). The detailed structural information reported on the 
SV2C-LD–BoNT/A-RBD interaction should therefore be of particular interest for the targe-
ted development of BoNT/A-specific antibodies or high-affinity peptide inhibitors directed 
against the SV2-binding interface. 
 Depending on the type and area of medical or cosmetic application, the recom-
mended dose of BoNT/A varies markedly (Anderson, 2004), carrying a substantial risk of 
accidental BoNT/A overdose and poisoning. The crystal structure of the BoNT/A-RBD in 
complex with SV2C-LD provides a strong structural basis for the rational design of BoNT/A 
variants with an attenuated capacity to bind to SV2 proteins. Such variants are promising 
candidate proteins for broadening the very narrow therapeutic window, possibly resulting 
in much safer applications of the toxin.
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METHODS SUMMERY
All of the methods are described in detail in the Extended Experimental Procedures. The proteins 
were cloned into pET-based vectors and expressed in bacteria using auto-induction. Protein purifi-
cation was performed using immobilized metal affinity chromatography (IMAC) or GST sepharo-
se affinity chromatography followed by size-exclusion chromatography. The purified BoNT/A and 
SV2C domains were combined in a 1:1 ratio. The complex was purified in an additional size-exclu-
sion chromatography step, concentrated to 8 mg ml-1 and crystallized by vapour diffusion at 20 °C. 
The reservoir solution consisted of 100 mM HEPES, pH 7.5, 6% PEG 8000, 8% glycerol and 100 mM 
NaCl. For cryoprotection, the reservoir solution was supplemented with an additional 10% glycerol. 
Diffraction data were collected at the Swiss Light Source (SLS). The crystals belong to space group C 
1 2 1 and are pseudomerohedrally twinned with twin law  h,  k,l. The structure was solved by molecu-
lar replacement using PDB entry 3FUO as a search model. Pull-down assays were performed using 
IMAC with 6xHis-tagged BoNT/A-RBD and untagged SV2C-LD. Kd determination was performed 
by fluorescence anisotropy. For functional assays, primary striatal cultures were prepared from em-
bryonic day 18 rat brains, as described for hippocampal neurons (Kaech and Banker, 2006). At 18 
days in vitro, cultured striatal neurons were stimulated using a high K+ buffer (70 mM KCl, 51.5 mM 
NaCl, 25 mM HEPES, 30 mM glucose, 2 mM CaCl2 and 2 mM MgCl2; pH 7.4) with or without the 
GST–BoNT/A-A2 peptide or a GST control, or neurons were treated with a control buffer (2.5 mM 
KCl, 119 mM NaCl, 25 mM HEPES, 30 mM glucose, 2 mM CaCl2 and 2 mM MgCl2; pH 7.4), for 15 min 
at 37 °C. The neurons were incubated with GFP–BoNT/A-RBD or GFP only for 10 min at 37 °C and 
then washed with high K+ or control buffer and then fixed. HEK293T cells were cultured in DMEM/
Ham’s F-10 (50/50) medium supplemented with 10% FCS and 1% penicillin/streptomycin at 37 °C in 
5% CO2 and were transfected with the plasmid pGW2–mRFP (monomeric red fluorescent protein) 
and SV2C–Flag, or pGW2-mRFP only. After 24 h, the cells were incubated with fresh culture medium 
containing GST–BoNT/A-A2 or a GST control for 15 min at 37 °C. The cells were then incubated with 
BoNT/A-RBD for 10 min at 37 °C, washed with fresh culture medium and fixed. Immunohistoche-
mistry, confocal imaging, data representation and statistical analyses were performed as previously 
described (Spangler et al., 2013). Image analysis was performed using ImageJ software.

ACKNOWLEDGEMENTS
We thank A. Blanc for performing the mass spectrometry analysis of the recombinant pro-
teins and L. Knecht for help with protein production. This work was supported by UCB 
Pharma, UCB NewMedicines. This work was also supported by the Swiss National Science 
Foundation (grant 310030B_138659), The Netherlands Organization for Scientific Research 
(NWO-ALW-VICI) and The Netherlands Organization for Health Research and Develop-
ment (ZonMW-TOP).

AUTHOR CONTRIBUTIONS
R.M.B., M.H., D.M., T.C., F.L., M.O.S., G.F.X.S., C.C.H. and R.A.K. designed the research. 
R.M.B., D.F., M.H., J.T.K., M.M.W., C.U.S., R.J. and G.C. carried out the research. R.M.B., 
M.H., J.T.K., C.C.H., G.C. and R.A.K. analysed the data. J.T.K performed the experiments in 
cultured striatal neurons and HEK293 cells related to Figure 4 and Extended Figure 5 and 6. 
R.M.B. and R.A.K. wrote the paper with input from the other authors.



CHAPTER 4

100

4

Anderson, E.R., Jr. (2004). Proper dose, preparati-
on, and storage of botulinum neurotoxin serotype 
A. American journal of health-system pharmacy 
: AJHP : official journal of the American Society of 
Health-System Pharmacists 61, S24--29.

Arnon, S.S., Schechter, R., Inglesby, T.V., Henderson, 
D.A., Bartlett, J.G., Ascher, M.S., Eitzen, E., Fine, 
A.D., Hauer, J., Layton, M., et al. (2001). Botulinum 
toxin as a biological weapon: medical and public he-
alth management. Jama 285, 1059-1070.

Bernstein, F.C., Koetzle, T.F., Williams, G.J., Meyer, 
E.F., Jr., Brice, M.D., Rodgers, J.R., Kennard, O., Shi-
manouchi, T., and Tasumi, M. (1977). The Protein 
Data Bank. A computer-based archival file for ma-
cromolecular structures. European journal of bio-
chemistry / FEBS 80, 319-324.

Bryan, A.W., Jr., Starner-Kreinbrink, J.L., Hosur, R., 
Clark, P.L., and Berger, B. (2011). Structure-based 
prediction reveals capping motifs that inhibit be-
ta-helix aggregation. Proceedings of the National 
Academy of Sciences of the United States of America 
108, 11099-11104.

Cai, S., and Singh, B.R. (2007). Strategies to design 
inhibitors of Clostridium botulinum neurotoxins. 
Infectious disorders drug targets 7, 47-57.

Carruthers, J., and Carruthers, A. (2004). Botox: beyo-
nd wrinkles. Clinics in dermatology 22, 89-93.

Dong, M., Yeh, F., Tepp, W.H., Dean, C., Johnson, E.A., 
Janz, R., and Chapman, E.R. (2006). SV2 is the pro-
tein receptor for botulinum neurotoxin A. Science 
312, 592-596.

Fischer, A., Mushrush, D.J., Lacy, D.B., and Montal, 
M. (2008). Botulinum neurotoxin devoid of receptor 
binding domain translocates active protease. PLoS 
pathogens 4, e1000245.

Fu, Z., Chen, C., Barbieri, J.T., Kim, J.J., and Baldwin, 
M.R. (2009). Glycosylated SV2 and gangliosides as 
dual receptors for botulinum neurotoxin serotype F. 
Biochemistry 48, 5631-5641.

Hegde, S.S., Vetting, M.W., Roderick, S.L., Mitchenall, 
L.A., Maxwell, A., Takiff, H.E., and Blanchard, J.S. 
(2005). A fluoroquinolone resistance protein from 
Mycobacterium tuberculosis that mimics DNA. Sci-
ence 308, 1480-1483.

Holm, L., and Rosenstrom, P. (2010). Dali server: con-
servation mapping in 3D. Nucleic acids research 38, 
W545-549.

Jacky, B.P., Garay, P.E., Dupuy, J., Nelson, J.B., Cai, B., 
Molina, Y., Wang, J., Steward, L.E., Broide, R.S., Fran-

cis, J., et al. (2013). Identification of fibroblast growth 
factor receptor 3 (FGFR3) as a protein receptor for 
botulinum neurotoxin serotype A (BoNT/A). PLoS 
pathogens 9, e1003369.

Kaech, S., and Banker, G. (2006). Culturing hippocam-
pal neurons. Nature protocols 1, 2406-2415.

Krishnan, R., and Lindquist, S.L. (2005). Structural 
insights into a yeast prion illuminate nucleation and 
strain diversity. Nature 435, 765-772.

Lacy, D.B., Tepp, W., Cohen, A.C., DasGupta, B.R., and 
Stevens, R.C. (1998). Crystal structure of botulinum 
neurotoxin type A and implications for toxicity. Na-
ture structural biology 5, 898-902.

Markey, A.C. (2000). Botulinum A exotoxin in cosme-
tic dermatology. Clinical and experimental dermato-
logy 25, 173-175.

Montal, M. (2010). Botulinum neurotoxin: a marvel of 
protein design. Annual review of biochemistry 79, 
591-617.

Montecucco, C., and Schiavo, G. (1994). Mechanism of 
action of tetanus and botulinum neurotoxins. Mole-
cular microbiology 13, 1-8.

Richardson, J.S., and Richardson, D.C. (2002). Natural 
beta-sheet proteins use negative design to avoid ed-
ge-to-edge aggregation. Proceedings of the National 
Academy of Sciences of the United States of America 
99, 2754-2759.

Ritter, C., Maddelein, M.L., Siemer, A.B., Luhrs, 
T., Ernst, M., Meier, B.H., Saupe, S.J., and Riek, R. 
(2005). Correlation of structural elements and infec-
tivity of the HET-s prion. Nature 435, 844-848.

Spangler, S.A., Schmitz, S.K., Kevenaar, J.T., de Graaff, 
E., de Wit, H., Demmers, J., Toonen, R.F., and 
Hoogenraad, C.C. (2013). Liprin-alpha2 promotes 
the presynaptic recruitment and turnover of RIM1/
CASK to facilitate synaptic transmission. The Jour-
nal of cell biology 201, 915-928.

Stenmark, P., Dupuy, J., Imamura, A., Kiso, M., and 
Stevens, R.C. (2008). Crystal structure of botulinum 
neurotoxin type A in complex with the cell surface 
co-receptor GT1b-insight into the toxin-neuron in-
teraction. PLoS pathogens 4, e1000129.

Sun, S., Suresh, S., Liu, H., Tepp, W.H., Johnson, E.A., 
Edwardson, J.M., and Chapman, E.R. (2011). Re-
ceptor binding enables botulinum neurotoxin B to 
sense low pH for translocation channel assembly. 
Cell host & microbe 10, 237-247.

Sun, S., Tepp, W.H., Johnson, E.A., and Chapman, E.R. 
(2012). Botulinum neurotoxins B and E translocate 

REFERENCES



STRUCTURAL BASIS FOR THE RECOGNITION OF SV2C BY BONT/A

101

4

at different rates and exhibit divergent responses to 
GT1b and low pH. Biochemistry 51, 5655-5662.

Vetting, M.W., Hegde, S.S., Fajardo, J.E., Fiser, A., Ro-
derick, S.L., Takiff, H.E., and Blanchard, J.S. (2006). 
Pentapeptide repeat proteins. Biochemistry 45, 1-10.

Vetting, M.W., Hegde, S.S., Zhang, Y., and Blanchard, 
J.S. (2011). Pentapeptide-repeat proteins that act as 
topoisomerase poison resistance factors have a com-

mon dimer interface. Acta crystallographica Section 
F, Structural biology and crystallization communi-
cations 67, 296-302.

Wasmer, C., Lange, A., Van Melckebeke, H., Siemer, 
A.B., Riek, R., and Meier, B.H. (2008). Amyloid fi-
brils of the HET-s(218-289) prion form a beta sole-
noid with a triangular hydrophobic core. Science 319, 
1523-1526.



CHAPTER 4

102

4

EXTENDED DATA FIGURES

Extended Data Figure 1. Structure of the SV2C luminal domain
Side view (a) and top view (b) of SV2C-LD chain D of the complex structure. One full turn of the β-helix compri-
ses 20 amino acids. The central hydrophobic core of the β-helix is mostly formed by stacked, slightly tilted phe-
nylalanine residues. Cartoon representation: the helix, β-strands and loops are shown in red, yellow and green, 
respectively. The side chains are shown as lines in green and in atom colours. The 310-helix is indicated. The flexi-
ble N- and C-terminal regions that were not visible in the structure are schematically indicated as dotted lines.

Extended Data Figure 2. Binding of BoNT/A-RBD to SV2C-LD is reduced on acidification
Normalized fluorescence anisotropy titration of BoNT/A-RBD with labelled SV2C-LD (a) and displacement with 
unlabelled SV2C-LD at pH 7.5 (green) and pH 5 (red) (b). The affinity of SV2C-LD for BoNT/A-RBD at pH 5 is 
reduced by a factor of ~5. For values, see Extended Data Table 3.
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Extended Data Figure 3. Interaction between SV2C-LD and BoNT/A-RBD
(a) Overview of the prominent interactions that were analysed by site-directed mutagenesis. The colour code in 
Fig. 1 is used. 
(b) SDS–PAGE analysis of the pull-down assays. The 6×His-tagged BoNT/A domain (~50 kDa) and the untagged 
SV2C domain (~ 15 kDa) are indicated by arrows. 
(c-f) Close-up views of specific interactions. (c) The hydrogen bonds of N559. (d) The hydrogen bonds of T1145/
T1146. (e) The cation–πstacking interaction between BoNT/A-RBD R1156 and SV2C-LD F563. (f) The putative 
long-range electrostatic interactions of BoNT/A-RBD R1294. R1294 is not defined in the electron density of the 
complex structure and hence does not participate in hydrogen bonds or salt bridges. Nevertheless, mutagenesis 
of R1294 to alanine strongly reduces the binding of BoNT/A-RBD to SV2C-LD. We speculate that long-range 
electrostatic interactions between the positively charged BoNT/A-RBD arginine (depicted as a surface coloured 
according to the electrostatic potential) and the negatively charged regions in SV2C-LD have a role in complex 
formation. 
(g) Sequences and schematic representations of the peptides that were used for the complex inhibition studies.
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Extended Data Figure 4. Kd determination of wild-type and mutant BoNT/A-RBD and SV2C-LD proteins
The affinities of wild-type and mutant SV2C-LD for BoNT/A-RBD were determined by fluorescence anisotro-
py titration of labeled SV2C-LD (a, c, f) and subsequent displacement with unlabelled SV2C-LD (b), SV2C-LD 
F563A (d) or SV2C-LD N559A (g). Alternatively, the affinities of SV2C-LD mutants were calculated from the 
apparent Kd of labeled SV2C-LD in the presence (green) or absence (red) of SV2C-LD F563A (22.6 μM,e) or SV2C-
LD N559A (18.2 μM, h). The affinities of BoNT/A-RBD R1294A (i, j), BoNT/A-RBD R1156E (k, l) and BoNT/A-
RBD T1145A/T1146A (m, n) for SV2C-LD were determined accordingly by anisotropy displacement titrations. 
For values, see Extended Data Table 3.
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Extended Data Figure 5. The BoNT/A-A2 peptide inhibits the internalization of BoNT/A-RBD by striatal neurons
Representative images of GFP–BoNT/A-RBD uptake by cultured striatal neurons (DIV18). Neurons were pre-in-
cubated with the GST–BoNT/A-A2 or the GST control (5 µM, 15 min) in high K+ or control buffer and treated with 
GFP–BoNT/A-RBD or GFP only (200 nM, 10 min) and stained for the neuronal marker tubulin-β3 (TUBB3) and 
endogenous VGAT to label presynaptic terminals. Scale bar, 50 µm. Representative images are from a total of 20 
images per group, N = 2 independent experiments.
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Extended Data Figure 6. The BoNT/A-A2 peptide inhibits the binding of BoNT/A-RBD in HEK293T cells
(a) A typical example of BoNT/A-RBD (green) binding to SV2C–Flag (blue) in HEK293T cells. Cells were trans-
fected with SV2C–Flag and mRFP (red) to highlight transfected cells, fixed and stained using Flag- and His-tag-
ged antibodies. DAPI (4’,6-diamidino-2-phenylindole, purple) was used for visualizing all cell nuclei. Scale bar, 
50 µm. 
(b) Quantification of BoNT/A-RBD binding in SV2C–Flag expressing HEK293T cells. Cells were transfected 
with SV2C–Flag and mRFP, or mRFP only, and incubated with GST–BoNT/A-A2 peptide or GST control (5 µM, 
15 min) and treated without (control) or with BoNT/A-RBD (100 nM, 10 min). The total area of BoNT/A-RBD was 
normalized to the total area of mRFP-transfected cells. No BoNT/A-RBD: 1.24 ± 0.64%, n = 8; no SV2C–Flag: 
0.82 ± 0.64%, n = 5; no GST–BoNT/A-A2: 42.13 ± 7.44%, n = 9; 5 µM GST–BoNT/A-A2: 6.92 ± 1.93%, n = 9; 5 µM 
GST: 24.55 ± 8.01%, n = 9; Mann–Whitney U test, ***P < 0.001, * P < 0.05, NS not significant, n = number of images 
analysed per group, N = 2 independent experiments. All tests were performed two-sided. Data are presented as 
the mean ± S.E.M.
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EXTENDED DATA TABLES

*The highest resolution shell is shown in parentheses.

Extended Data Table 1. Data collected and refinement statistics

The table summarizes the hydrogen bonds of the interface between chain A and chain D.

Extended Data Table 2. SV2C-LD–BoNT/A-RBD hydrogen bonds
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Extended Data Table 3. Kd values of the interaction of wild-type and mutant proteins 

aDisplacement with unlabelled protein. bIn the presence of the unlabelled mutant SV2C-LD. Please note that 
the affinity of SV2C-LD for BoNT/A-RBD R1156E and T1145A/T1146A is reduced to an extent that allows only 
determination of a lower boundary for the affinity of unlabelled SV2C-LD (Extended Data Fig. 4l, n). However, 
these values are consistent with the reduced binding affinity of labeled SV2C-LD and the pull-down experiments.
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EXTENDED EXPERIMENTAL PROCEDURES

Cloning and protein production
The cDNAs encoding human SV2C (SwissProt Q496J9) amino acids 456–574 and BoNT/A (Swiss-
Prot P10845) amino acids 871–1296 were amplified by PCR using DNA templates that were co-
don-optimized for expression in Escherichia coli (GENEWIZ). The primer sequences used were: 
BoNT/A-RBD, 5’-GTGCCGCGCGGATCCAAAAACATCATCAACACGTCCATTCTCAACCTC-3’ 
and 5’-TTGCTAAGTGAGCTCTCATTACAGCGGACGTTCACCCCAACC-3’; and SV2C-LD, 5’GT-
GCCGCGCGGATCCGACGTAATCAAGCCGCTCCAGTC-3’ and 5’-TTGCTAAGT GAGCTCT-
CATTAGTCAAACGTGATTTGGCAACCCG-3’. The BoNT/A-A2 (β-sheet) peptide insert encoding 
residues 1140–1153 was generated by using synthetic primers (5’-CCACGAACATATATCTGAAT-
TCCAGCTGATAATTGACAGAGCTCACTTAGCAAGA TATAATACAAATCCGCCGAGC-3’ and 
5’-CAGATATATGTTCGTGGTCATTACACTAC CGCGACCGGATCCGGGTCCCTGGAACA-
GAACTTCCAGATCCGATTTTG-3’). Cloning into in-house assembled, pET-based vectors contai-
ning an N-terminal 6xHis, 6xHis–GFP or GST tag was performed by cotransformation cloning (Be-
noit et al., 2006). Mutagenesis was performed as described previously (Olieric et al., 2010). All insert 
sequences were verified by DNA sequencing (by GATC). The proteins were expressed separately in E. 
coli strain NiCo21(DE3) (New England Biolabs). Precultures (100 ml Luria Bertani (LB) medium sup-
plemented with 50 μg ml-1 kanamycin) were grown overnight at 37 °C in a shaking incubator. ZYM-
5052 medium for auto-induction (Studier, 2005) (4l supplemented with 50 mg ml-1 kanamycin) was 
inoculated 1:40 with the overnight culture, and the bacteria were grown for 7 h at 37 °C. Subsequently, 
the temperature was lowered to 20 °C, and the incubation was continued overnight. The GST control 
was expressed in LB medium supplemented with 100 mg ml-1 ampicillin, using induction with 1 mM 
isopropylthiogalactoside (IPTG). 
 The cells were harvested by centrifugation. The cell pellets were resuspended in 100 ml lysis 
buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 10 mM imidazole, 10 mM β-mercapthoethanol and 1 
cOmplete EDTA-free protease inhibitor cocktail tablet (Roche Diagnostics)). The cells were lysed on 
ice by ultrasonication. Lysate clearing was performed for 1 h at 25,000g, and the resultant supernatant 
was filtered (0.45 μm filter). The proteins were subsequently purified by IMAC (on a 5 ml HisTrap FF 
Crude column, GE Healthcare) and gel filtration (HiLoad 16/60 Superdex 200, GE Healthcare). The 
GST control was purified by GST sepharose affinity chromatography (GE Healthcare) followed by si-
ze-exclusion chromatography. SV2C-LD and BoNT/A-RBD were combined in a 1:1 ratio, co-purified 
by size-exclusion chromatography and concentrated to 8 mg ml-1 for crystallization. 

Crystallization and structure elucidation
The BoNT/A-RBD–SV2C-LD complex was crystallized in 100 mM HEPES, pH 7.5, 6% PEG 8000, 8% 
glycerol and 100 mM NaCl using a grid screen around the conditions described for the crystalliza-
tion of BoNT/A-RBD alone (Fu et al., 2009). For cryoprotection, the reservoir solution was supple-
mented with an additional 10% glycerol. A complete 2.3 Å resolution data set was collected from a 
single crystal at 100 K at the X06DA beamline of the Swiss Light Source using a wavelength of 1.000 
Å. The high-resolution limit was chosen according to the guidelines recently suggested by Karplus 
and Diederichs (Karplus and Diederichs, 2012). Data processing was carried out with XDS32. The 
crystals belong to space group C 1 2 1 and are pseudomerohedrally twinned with twin law 2h, 2k, l. 
The structure of the BoNT/A-RBD–SV2C-LD complex was solved by molecular replacement using 
residues 875–1295 of BoNT/A-RBD from PDB entry 3FUO as a search model (Fu et al., 2009). Two 
BoNT/A-RBD molecules could be positioned in the C 1 2 1 asymmetric unit by using Phaser (McCoy 
et al., 2007). The initial atomic model was refined with phenix.refine (Afonine et al., 2012), taking into 
account the twin law. From the first refinement cycles, additional density corresponding to SV2C-LD 
became visible. This allowed manual building of two copies of the domain, each one bound to a copy 
of BoNT/A-RBD in a 1:1 complex. Coot (Emsley et al., 2010) was used for model building. The final 
refined structure exhibits good geometry and stereochemistry, as validated with MolProbity (Chen 
et al., 2010) (residues in favoured regions 90.17% and outliers 0.81%). Structure figures were prepared 
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using PyMOL (DeLano, 2012). Electrostatic potentials were calculated using APBS (Baker et al., 2001). 
Secondary structure matching superimpositions (Krissinel and Henrick, 2004) were performed using 
Coot (Emsley et al., 2010). PROMOTIF (Hutchinson and Thornton, 1996) was used for structure ana-
lysis. A homology model of the transmembrane part of SV2C was generated using Phyre (Kelley and 
Sternberg, 2009). A PDB file of a lipid bilayer slice by Heller et al. (1993) was used for the generation 
of Fig. 2. Hydrogen bonds at the complex interface were analysed using PDBePISA (Krissinel and 
Henrick, 2007) v1.37. 

Pull-down assays
Purified 6xHis-tagged BoNT/A-RBD and untagged SV2C-LD were centrifuged separately at 16,000g 
for 15 min at 4 °C. The proteins were then combined and incubated overnight at 4 °C in pull-down 
buffer (20 mM Tris, pH 7.8, 150 mM NaCl and 5 mM β-mercaptoethanol). The interactions of wildty-
pe BoNT/A-RBD and mutant BoNT/A-RBD with wild-type SV2C-LD were analysed at 5 μM and 40 
μM, respectively. The binding of wild-type SV2C-LD and mutant SV2C-LD to wild-type BoNT/A-
RBD was analysed at 10 μM and 5 μM, respectively. After incubation, the samples were centrifuged, 
and the supernatants were incubated with ~50 ml Ni Sepharose 6 Fast Flow resin (GE Healthcare) for 
1 h. The Ni Sepharose resin was washed four times with 2 ml ice-cold pull-down buffer. Proteins were 
eluted in 100 μl pull-down buffer supplemented with 350 mM imidazole. The eluted solutions were 
analysed by SDS–PAGE.
 Peptide competition experiments were performed in the same way except that 50 μl 10 mM 
peptide suspension in pull-down buffer was mixed with the partner protein domain and incubated on 
ice for 5 min before adding the other protein domain. Final concentrations were 5 μM BoNT/A-RBD, 
20 μM SV2C-LD and 2 mM peptide. Peptides were ordered from Charité. The peptide sequences were 
as follows: SV2C-A3, NH2-DSEFKNCSFFHNK-COOH; BoNT/A-A2 (β-sheet), NH2-RGSVMTT-
NIYLNSS-COOH; and BoNT/A-A5 (β-strand), NH2- RGSVMTTN-COOH.

Protein labelling
The accessible cysteine residues of SV2C-LD were covalently labeled overnight with fluorescein malei-
mide (Molecular Probes) in 50 mM Tris, pH 7.5, 150 mM NaCl and 1 mM Tris(2-carboxyethyl)phosp-
hine, using a 20-fold excess of dye. Successful labeling and removal of free fluorescein by desalting 
(illustra NAP-5 columns, GE Healthcare) was confirmed by SDS–PAGE. The protein:fluorescein ratio 
was determined from the absorption at 280 nm and 493 nm. The absorption at 280 nm was corrected 
for the absorption of fluorescein to calculate the protein concentration. The labeling efficiency was 
approximately 50%. 

Kd determination 
The binding affinities of SV2C-LD to BoNT/A-RBD (wildtype and mutants) were determined in 50 
mM Tris, pH 7.5, and 150 mM NaCl by fluorescence anisotropy titration using 100 nM fluorescein-la-
belled SV2C-LD (SV2C-LD-F). The anisotropy signal was measured in a Cary Eclipse Fluorescence 
Spectrophotometer (Agilent Technologies) equipped with automated polarizers (λex 480 nm, λem 
520 nm, slit 10 nm, 20 °C, 5 s signal acquisition, g = 1.4495). Each data point was averaged from five 
measurements. To account for the reduced quantum efficiency of fluorescein at pH 5 (20 mM citrate 
and 150 mM NaCl), the slits were opened to 20 nm. The Kd values were determined by fitting the data 
to a one-site-binding model using Origin 7 (OriginLab). The binding affinity of unlabelled SV2C-LD 
and its mutants was determined by displacing SV2C-LD-F from the complex. The coupled equations 
for competitive binding were numericallyfitted with DataFitter Software (D.Veprintsev, unpublished). 
The affinities of SV2C-LD mutants were independently confirmed by determining the affinity from 
the apparent Kd of the BoNT/A-RBD–SV2C-LD-F complex in the presence of unlabelled SV2C-LD 
(Zhang and Zhang, 1998). 
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Animals and cells
All animal experiments were performed in compliance with the guidelines for the welfare of experi-
mental animals issued by the federal government of The Netherlands. All animal experiments were 
approved by the Animal Ethical Review Committee (DEC) of Utrecht University. HEK293T cells were 
obtained from the American Type Culture Collection and tested for mycoplasma. 

DNA constructs and antibodies for functional studies 
The SV2C–Flag construct was generated by PCR using the human full-length cDNA (Origene) as a 
template. The insert was cloned into a GW1-CMV vector, and the sequence was verified. The pGW2-
mRFP construct was generated as described (Kapitein et al., 2010). The following primary antibodies 
were used: goat anti-SV2C (1:400, Santa Cruz Biotechnology, clone P-20, order no. sc-11946), rabbit 
anti-VGAT (1:400, Synaptic Systems, order no. 131003), rabbit anti-Flag, (1:1,000, Sigma, order no. 
F7425), mouse anti-His (1:400, NeuroMab, clone N144/14, order no. 75-169) and mouse anti-tubu-
lin-β3 (TUBB3, 1:400, Sigma, order no. PRB-435P). The following secondary antibodies were used: 
Alexa Fluor 488-conjugated goat anti-mouse antibodies (order no. A11029); Alexa Fluor 568-con-
jugated goat anti-rabbit antibodies (order no. A11036); Alexa Fluor 647-conjugated goat anti-rabbit 
antibodies (order no. A21245) and Alexa Fluor 647-conjugated goat anti-mouse antibodies (order 
no. A21236); Alexa Fluor 488 (order no. A11055)- and Cy5 (order no. 705-175-147)-conjugated don-
key anti-goat antibodies; and Cy3-conjugated donkey anti-rabbit antibodies (order no. 711-165-152). 
Alexa Fluor-conjugated antibodies were purchased from Invitrogen, and cyanine-dye-conjugated an-
tibodies were purchased from Jackson ImmunoResearch. All secondary antibodies were used 1:400.

Blocking of BoNT/A-RBD uptake by neurons
Primary striatal cultures were prepared from embryonic day 18 rat brains, as described for hippo-
campal neurons (Kaech and Banker, 2006). Cells were plated on coverslips coated with 35 mg ml-1 

poly-L-lysine (Sigma) and 5 mg ml-1 laminin (Roche) at a density of 100,000 cells per well. Striatal 
cultures were grown in neurobasal medium (NB, Invitrogen) supplemented with B27 (Invitrogen), 
0.5 mM glutamine (Invitrogen), 12.5 mM glutamate (Sigma) and penicillin/streptomycin mix (Invi-
trogen) at 37 °C in 5% CO2. 
 At 18 days in vitro (DIV), cultured striatal neurons were stimulated using a high K+ buffer (70 
mM KCl, 51.5 mM NaCl, 25 mM HEPES, 30 mM glucose, 2 mM CaCl2 and 2 mM MgCl2; pH 7.4) with 
or without the GST–BoNT/A-A2 peptide (5 μM) or the GST control (5 μM), or neurons were treated 
with a control buffer (2.5 mM KCl, 119 mM NaCl, 25 mM HEPES, 30 mM glucose, 2 mM CaCl2 and 2 
mM MgCl2; pH 7.4), for 15 min at 37 °C. The neurons were incubated with GFP– BoNT/A-RBD (200 
nM) or GFP only (200 nM) for 10 min at 37 °C. The cells were then washed with high K+ or control 
buffer solution and fixed with 4% paraformaldehyde/4% sucrose in PBS for 10 min. 

Blocking of BoNT/A-RBD binding in HEK293T cells 
HEK293T cells were cultured in DMEM/Ham’s F-10 (50/50) medium supplemented with 10% FCS 
and 1% penicillin/streptomycin at 37 °C in 5% CO2 and were transfected with pGW2–mRFP and 
SV2C–Flag, or pGW2–mRFP only, using the FuGENE 6 reagent (Roche). After 24 h, cells were incu-
bated with fresh culture medium containing GST–BoNT/A-A2 or the GST control for 15 min at 37 °C. 
Next, cells were incubated with BoNT/A-RBD (100 nM) for 10 min at 37 °C, washed with fresh culture 
medium and fixed with 4% paraformaldehyde/4% sucrose in PBS for 10 min. 

Immunohistochemistry, confocal imaging and image analysis 
After fixation, cells were washed three times with PBS for 5 min and incubated with the indicated 
primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100 and 30 mM phosphate 
buffer; pH 7.4) overnight at 4 °C. Neurons were then washed three times for 5 min with PBS, incubated 
with secondary antibodies in GDB buffer for 1 h at room temperature and washed again three times 
for 5 min with PBS. Coverslips were mounted using VECTASHIELD mounting medium (Vector La-
boratories). 
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 Confocal images were acquired using an LSM 700 confocal laser-scanning microscope (Zeiss) 
using a 40x (1.3 NA) oil objective. Each image was acquired from a z-series of 5 images, each averaged 
twice, and was chosen to cover the entire region of interest from top to bottom using a 0.47-μm inter-
val. The resultant z-stack was ‘flattened’ into a single image using maximum intensity projection. All 
image acquisition settings were kept constant throughout the experiments. 
 Image analysis was performed using ImageJ software (National Institutes of Health). For ana-
lysis of the amount of synaptic GFP–BoNT/A-RBD uptake by cultured striatal neurons, the ImageJ 
plug-in ‘Puncta Analyzer’ was used to automatically count the number of VGAT- and GFP–BoNT/A-
RBD positive puncta. Threshold values were held constant throughout the experiments. To exclude 
nonspecific background signal, a filter excluding puncta smaller than 0.6 μm2 and larger than 6.3 μm2 
was applied. The number of co-localizing VGAT and GFP–BoNT/A-RBD puncta was normalized to 
the total number of VGAT-positive puncta to correct for changes in neuron density per image. For 
analysis of the amount of BoNT/A-RBD binding in HEK293T cells, the total area of BoNT/ARBD 
was normalized to the total area of mRFP-transfected HEK293T cells above an assigned threshold. 
Threshold values were kept constant throughout the experiments. Thresholded images were proces-
sed using a median filter to remove noise. 

Data representation and statistics
The number of cells analysed was based on previous data sets (Spangler et al., 2013). For all experi-
ments, N (number of replicates) represents biological replicates. In all bar graphs, the data are presen-
ted as the mean values ± s.e.m. Statistical analysis was performed using SPSS Statistics v20 (IBM). The 
non-parametric Mann–Whitney U test was used to test for statistical significance. P values below 0.05 
are considered significant (*P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant). All tests were perfor-
med two-sided. The data samples were tested for normal distribution with the Kolmogorov–Smirnov 
test and for heterogeneity of variance with Bartlett’s test.
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ABSTRACT 
Presynapses control the release and subsequent re-uptake of synaptic vesicles via the synap-
tic vesicle cycle to enable reliable and sustainable synaptic transmission. Numerous proteins 
have been identified that play important functions during the various phases of the synaptic 
vesicle cycle. However, comprehensive understanding of all the molecular players involved 
in the tight and regulated release of synaptic vesicles has not yet been reached. Therefore, 
we seek to identify novel proteins involved in presynaptic functioning. Using a knock-down 
screen approach, we identified secernin 1 and proline-rich repeat transmembrane protein 2 
(prrt2) as two uncharacterized proteins involved in synaptic vesicle recycling. Both proteins 
are highly enriched in brain and are developmentally up-regulated. We show that the cyto-
solic protein secernin 1 promotes synaptic vesicle recycling and that depletion of secernin 1 
results in larger presynaptic sites and increased synaptic vesicle numbers. Secernin 1 inter-
acts with the endoplasmic reticulum (ER) proteins VAPA/B and may thereby regulate the 
localization of the ER at the presynaptic site and thereby local presynaptic calcium levels. 
Together, we demonstrate a previously undescribed function for secernin 1 and prrt2 at the 
presynaptic site. Our findings provide a strong basis for future research into the molecular 
mechanisms of secernin 1 and prrt2 in regulating synaptic vesicle recycling and will ultima-
tely contribute to our growing understanding of presynaptic functioning.
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INTRODUCTION
Synaptic transmission, the core process underlying neuronal communication, is essential 
for normal brain functioning as dysregulation has been implicated in many neurological 
disorders (van Spronsen and Hoogenraad, 2010; Waites and Garner, 2011). The presynapse 
plays a crucial role in synaptic transmission by releasing neurotransmitter-filled synaptic 
vesicles upon calcium-influx, triggered by the arrival of an action potential. Numerous pro-
teins tightly control this release by regulating the filling, docking, priming, release and reup-
take of synaptic vesicles to ensure reliable and sustainable synaptic transmission (Rizzoli, 
2014; Sudhof, 2004). In the past decades, combined effort of biochemical, genetic, electrop-
hysiological and cell biological studies have led to the discovery of many of the molecular 
players involved in this synaptic vesicle cycle and the elucidation of their molecular function 
(Bruckner et al., 2015; Chia et al., 2013; Sudhof, 2012). Despite this great progress, compre-
hensive understanding of the fundamental mechanisms of presynaptic functioning has not 
been fully reached, implying additional roles for yet unidentified molecular players. Recent-
ly, a mass spectrometry study revealed several undescribed proteins located at presynaptic 
docking sites (Boyken et al., 2013). Therefore, we set out to unravel the significance and 
function of these uncharacterized proteins in controlling synaptic functioning. 
 In this study, we used a knock-down screen approach to identify novel proteins in-
volved in the regulation of the synaptic vesicle cycle. Twelve candidate proteins were selec-
ted from a list of proteins found to associate with synaptic vesicle docking sites (Boyken 
et al., 2013). From these candidates, we identified two protein families, the secernins and 
proline-rich transmembrane proteins (prrt), which significantly affected presynaptic vesi-
cle exo- and endocytosis using a synaptotagmin1-uptake assay. Based on the expression of 
the various protein family members in brain tissue, we selected secernin 1 and prrt2 and 
demonstrated that both proteins are involved in the regulation of the synaptic vesicle cycle. 
In addition, we show that secernin 1, a small cytosolic protein, controls presynaptic bouton 
size and synaptic vesicle numbers. Together, we propose that secernin 1 and prrt2 are novel 
proteins involved in the regulation of presynaptic functioning. Further studies should reveal 
the cellular mechanisms and molecular details of their presynaptic role, which will ultima-
tely contribute to our growing understanding of presynaptic functioning. 
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RESULTS

Identification of secernin and proline-rich transmembrane protein as novel proteins involved 
in the synaptic vesicle cycle
To discover possible novel proteins that play an important role in presynaptic functioning, 
we set out to identify proteins that affect the presynaptic vesicle cycle. Candidate proteins 
were selected from a published list of uncharacterized proteins that are suggested to as-
sociate with synaptic vesicle docking sites (Boyken et al., 2013), based on their expression 
according to the Allan Brain Atlas and their presence in cultured hippocampal cultures as 
analyzed by Mass Spectrometry. Related family member proteins were included in the se-
lection. To examine the role of the selected candidate proteins in synaptic vesicle recycling, 
we performed a knock-down screen. Candidate proteins were depleted using a pool of shR-
NAs and synaptic vesicle recycling was assessed using a synaptotagmin uptake assay. DIV19 
cultured neurons were briefly stimulated using 50 μM bicuculline and incubated with an 
antibody directed against the luminal domain of the synaptic vesicle protein synaptotag-
min1, thereby visualizing presynaptic sites which undergo cycles of exo- and endocytosis 
(Fernandez-Alfonso et al., 2006; Kraszewski et al., 1995). Presynaptic sites were identified 
as morphologically defined swellings along the axon and the number of presynapses that 
display a positive or negative staining for synaptotagmin1 was counted. As expected, the 
percentage of synaptotagmin-positive presynapses was greatly reduced upon depletion of 
synaptotagmin1, the key presynaptic organizing protein liprin-α2 (Spangler et al., 2013) and 
bassoon, a large presynaptic scaffolding protein that maintains presynaptic integrity and 
synaptic vesicle pools  (Mukherjee et al., 2010; Waites et al., 2013) (Fig. 1A,B, Fig. S1). To-
gether, these data provide support for our knock-down screen approach as a valid method to 
identify proteins that play an important role in presynaptic functioning.
 Knock-down of our candidate proteins revealed a significant effect of secernin 1, 
secernin 3 and prrt2 on synaptic vesicle recycling since depletion of either of these pro-
teins greatly reduces the number of synaptotagmin1-positive presynapses (Fig. 1B). These 
findings could be reproduced by repeating the synaptotagmin uptake experiments using 
single shRNAs targeting the members of the secernin and prrt protein families (Fig. 1E). 
Interestingly, the number of bassoon-positive synapses was not affected (Fig. 1C,D), which 
may suggest that the presynaptic function of secernin 1, 3 and prrt2 is specifically related to 
the synaptic vesicle exo- and endocytosis rather than maintaining presynaptic composition 
as bassoon is regarded as a main presynaptic scaffolding protein (Chua, 2014; Gundelfinger 
and Fejtova, 2012). In contrast, depletion of the active zone scaffolding proteins bassoon and 
liprin-α2 does greatly reduce the number of bassoon-positive synapses (Fig.1C,D). Interes-
tingly, depletion of synaptotagmin1 also greatly decreases the number of bassoon-positive 

Atlas (ABA) and Expression atlas (EA) and expression in the hippocampus according to Mass Spec analysis of 
cultured hippocampal neurons, of the proline-rich transmembrane protein (prrt) and secernin (scrn) protein 
family members. N/A, not analyzed; +++, very high expression; ++, high expression; +, medium expression; +/-, 
low expression; -, not expressed.
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control shRNA synaptotagmin shRNA control shRNA bassoon shRNA

Size
(aa) 

Expression 
Brain (ABA) 

Prrt1 306 31 N/A  +/-  +/-
Prrt2 344 36 N/A +  +
Prrt3 974 101  ++  +  - 
Scrn1 414 46  +++  +++  ++
Scrn2 423 47  +  +/-  - 
Scrn3 304 34  -  +  - 
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Figure 1. knock-down screen for novel presynaptic proteins involved in the synaptic vesicle cycle
(A) Representative images of an axon with presynaptic sites of a neuron transfected with Marcks-eGFP and either 
pSuper vector (control) or synaptotagmin (syt) shRNA at DIV15. Cultured neurons were live-stained for synapto-
tagmin and post-stained for bassoon 4 days later. Presynaptic sites, morphologically identified as swellings along 
the axon, are indicated by yellow arrows. Scale bar, 20µm.
(B) Quantification of the percentage of synaptotagmin (syt) positive presynapses in neurons transfected with in-
dicated shRNAs. For the knock-down of candidate proteins (indicated in dark blue) a pool of 3 shRNAs was used 
for a single candidate protein. n=12-30 images per condition. N=2-3 independent experiments. Kruskal-Wallis 
Test with pairwise comparisons: ***, P < 0.001; *, P < 0.05. Data are presented as mean values ± SEM.
(C) Representative images of an axon with presynaptic sitestransfected with Marcks-eGFP and either pSuper 
(control) or bassoon shRNA as described in (A). Presynaptic sites are indicated by yellow arrows. Scale bar, 20µm. 
(D) Quantification of the percentage of bassoon (bsn) positive synapses in neurons transfected with indicated 
shRNAs as described in (B). n=12-30 images per condition. N=2-3 independent experiments. Kruskal-Wallis Test 
with pairwise comparisons: ***, P < 0.001. Data are presented as mean values ± SEM.
(E) Quantification of the percentage of synaptotagmin (syt) positive synapses in DIV19 neurons transfected with 
indicated single shRNAs for 4 days and live-stained for synaptotagmin. n=12-20 images per condition. N=2 inde-
pendent experiments. Kruskall-Wallis Test with pairwise comparisons: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data 
are presented as mean values ± SEM.
(F) Overview of the protein size (size), molecular weight (MW), brain expression according to the Alan Brain 
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synapses, which slightly resembles recent findings in Drosophila in which synaptotagmin 
deficiency was shown to lead to less active zones positive for the bassoon-interacting protein 
ELKS/CAST (Paul et al., 2015). 
 Together, these data suggest that secernin 1, secernin 3 and prrt2 may play a role in 
regulating presynaptic vesicle recycling without affecting presynaptic composition. Mem-
bers of the secernin protein family are known to be cytosolic proteins containing a dipep-
tidase domain. It is suggested that secernin 1 promotes exocytosis and sensitivity to calci-
um in mast cells (Way et al., 2002), while the exact mechanisms remain unresolved. Since 
secernin 1 is suggested to be the main protein within the brain and cultured hippocampal 
neurons (Fig. 1F), we further focused on secernin 1 as our main secernin protein of interest. 
Prrt2 contains an N-terminal proline-rich region and two highly conserved transmembrane 
regions at its C-terminus. Interestingly, mutations in PRRT2 have been associated with se-
veral neuronal disorders, including paroxysmal kinesigenic dyskinesia (PKD), an autosomal 
dominant disorder characterized by sudden brief attacks of involuntary movements (Bruno 
et al., 2004), benign familial infantile epilepsy (BFIE), hemiplegic migraine and episodic 
ataxia (Cloarec et al., 2012; Gardiner et al., 2012; Lee et al., 2012; Marini et al., 2012; Wang 
et al., 2011) and has more recently also been linked to febrile seizures in epileptic patients 
(He et al., 2014). Although the molecular mechanisms of prrt2 are currently unknown, it is 
suggested that prrt2 is important for proper neurotransmitter release (Li et al., 2015).

Validation of secernin 1 and prrt2 antibodies
In order to study the molecular function of secernin 1 and prrt2, we generated N- and C-ter-
minally tagged expression constructs and obtained several antibodies. Antibodies were va-
lidated for their reactivity and specificity using both immunohistochemistry and Western 
blot analysis. HEK293 cells, overexpressing the members of the secernin or prrt family were 
immunostained or immunoblotted with the corresponding antibodies. While secernin 1 
and secernin 2 antibodies recognize overexpressed protein in HEK293 cells, using both im-
munofluorescence (Fig. 2A) and Western blotting (Fig. 2B), secernin 3 reactivity could not 
be detected for either application (Fig 2A,B). It is important to note that our secernin 1 
antibody also shows reactivity with the other members of the secernin family (Fig. 1B). Si-
milarly, all antibodies tested against the members of the prrt family recognize overexpressed 
protein using both immunofluorescence (Fig. 2C) and Western blotting (Fig. 2 D). 

Characterization of secernin 1 and prrt2 expression
Next we characterized the expression patterns of both secernin 1 and prrt2 in various adult 
rat tissues and in cultured neurons. Western blot analysis of different rat tissues showed that 
both secernin 1, present as a 50 kDa protein band, and prrt2, which runs at 65 kDa, are hig-
hly enriched in various neuronal tissues compared to non-neuronal tissues (Fig. 2E,H). Both 
secernin 1 and prrt2 seem to be the predominant members of their protein families in brain 
(Fig. S2A-E). These findings are in agreement with in situ hybridization data from the Allen 
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Figure 2. Characterization of secernin 1 and proline-rich transmembrane protein 2 protein expression.
(A) Representative images of HEK cells transfected with indicated GFP- or HA-tagged secernin construct for 24h 
and immunostained with indicated secernin antibodies and DAPI. Scale bar, 50 μm. 
(B) Western blot analysis of the validity and specificity of various secernin antibodies. Equal amounts of extracts 
of HEK cells, transfected for 24h with indicated GFP-tagged constructs or GFP, were immunostained for the 
indicated antibodies and actin as a loading control. 
(C) Representative images of HEK cells transfected with indicated GFP-tagged proline-rich transmembrane con-
struct for 24h and immunostained with indicated antibodies and DAPI. Scale bar, 50 μm.
(D) Western blot analysis of the validity and specificity of various proline-rich transmembrane protein antibodies 
as described in (B). 
(E) Western blot analysis of secernin 1(scrn1) expression in various neuronal and non-neuronal rat tissues. Actin 
was used as a loading control.  
(F-G) Western blot analysis of secernin 1 (Scrn1) expression in cultured hippocampal (F) and cortical (G) neurons 
at various time-points. Actin was used as a loading control.
(H) Western blot analysis of prrt2 expression on various neuronal and non-neuronal rat tissues. Actin was used 
as a loading control.  
(I-J) Western blot analysis of prrt2 expression in cultured hippocampal (F) and cortical (G) neurons at various 
time-points. Actin was used as a loading control.
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Brain Atlas (Lein et al., 2007), gene expression data from the Expression Atlas (Kapushesky 
et al., 2012) (Fig. 1F) and previous findings on prrt2 expression levels (Chen et al., 2011). 
Western blot analysis of cultured hippocampal (Fig. 2F,I) and cortical (Fig. 2G,J) neurons 
at various time-points, showed an increased expression of both secernin 1 (Fig. 2F,G) and 
prrt2 (Fig. 2I,J) during development. Together, these data show that secernin 1 and prrt2 

Figure 3. Secernin 1 controls synaptic vesicle release 
(A) Localization of GFP-secernin 1 in cultured hippocampal neurons. Neurons were transfected at DIV18 with 
GFP-secernin 1, and RFP to highlight neuronal morphology, for 24h and immunostained for bassoon. Lower 
panels represent zoomed region as indicated by the white rectangular box. Scale bars, 50 μm and 10 μm for upper 
and lower panels, respectively. 
(B) Western blot analysis of knock-down efficiency of various secernin 1 shRNAs.  Cultured cortical neurons were 
nucleofected with indicated constructs at DIV0, collected 4 days later and immunoblotted for secernin 1 and actin 
as a loading control. 
(C) Quantification of knock-down efficiency of various secernin 1 shRNAs as described in (B). Values are norma-
lized to actin. n=3 independent experiments. Student’s t-test: **, P < 0.01, *, P < 0.05. Data are presented as mean 
values ± SEM.
(D) Representative images of axons of DIV15+4 cultured neurons transfected with pSuper (control), GFP-se-
cernin 1 (secernin1 OE), secernin 1 shRNA #1 (secernin 1 KD) or secernin 1 shRNA plus GFP-secernin 1 in a  2:1 
ratio (rescue) and RFP to highlight neuronal morphology. Neurons were live-stained with synaptotagmin (syt). 
Blue arrows indicate presynaptic sites, as morphologically identified as swellings along the axon. Scale bar, 10 μm.  
(E) Quantification of presynaptic synaptotagmin intensity in DIV15+4 neurons transfected with RFP and pSuper 
(control) or two independent secernin 1 shRNAs. n=158-160 synapses per condition. N=2 independent experi-
ments. Mann-Whitney U Test: ***, P < 0.001. Data are presented as mean values ± SEM.
(F) Quantification of presynaptic synaptotagmin intensity in neurons transfected with indicated constructs as 
described in (D). n=120-130 synapses per condition. N=2 independent experiments. Mann-Whitney U Test: ***, 
P < 0.001. Data are presented as mean values ± SEM.
(G) Quantification of presynapse size of neurons transfected with indicated constructs as described in (E). n=60-
110 synapses per condition. N=2 independent experiments. Mann-Whitney U Test: ***, P < 0.001; **, P < 0.01. Data 
are presented as mean values ± SEM.
(H) Quantification of presynapse size of neurons transfected with indicated constructs as described in (F). n=106-
110 synapses per condition. N=2 independent experiments. Mann-Whitney U Test: ***, P < 0.001; **, P < 0.01. Data 
are presented as mean values ± SEM.
(I) Representative images of axons of DIV15+4 neurons transfected with pSuper (control) or secernin1 shRNA #1 
(secernin1 KD) and RFP to highlight neuronal morphology and immunostained for vGlut. Blue arrows indicate 
presynaptic boutons. Scale bar, 10 μm.  
(J) Quantification of the percentage of vGlut positive synapses in DIV15+4 neurons transfected with RFP and 
pSuper (control) or two independent secernin 1 shRNAs. n=11-16 images per condition. N=2 independent expe-
riments. Mann-Whitney U Test: n.s. Data are presented as mean values ± SEM.
(K) Quantification of presynaptic vGlut intensity in neurons transfected with indicated constructs as described 
in (J) n=160 synapses per condition. N=2 independent experiments. Mann-Whitney U Test: ***, P < 0.001. Data 
are presented as mean values ± SEM.
(L) Quantification of presynaptic synaptotagmin intensity in DIV15+4 neurons transfected with RFP and pSu-
per (control), GFP-secernin 2 (secernin2 OE), GFP-secernin 3 (secernin 3 OE), secernin1 shRNA #1, secernin 
1 shRNA # 1 plus GFP-secernin 2 (rescue w secernin 2, 2:1 ratio) or secernin1 shRNA #1 plus GFP-secernin 3 
(rescue w secernin 3, 2:1 ratio). Neurons were live-stained for synaptotagmin. n=120-155 synapses per condition. 
N=2 independent experiments. Mann-Whitney U Test: ***, P < 0.001. Data are presented as mean values ± SEM.
(M) Quantification of presynaptic synaptotagmin intensity in DIV15+4 neurons transfected with RFP and pSu-
per (control) or various secernin 1 truncation constructs as described in (O) and live-stained for synaptotagmin. 
n=144-161 synapses per condition. N=2 independent experiments. Mann-Whitney U Test: ***, P < 0.001; P < 0.01, 
***; P < 0.05, ***. Data are presented as mean values ± SEM.
(N) Protein sequence alignment of human secernin 1-3. Dashed box indicates start of the C69 peptidase domain. 
Purple boxes indicate the cysteine site for dipeptidase activity as indicated by the MEROPS database. 
(O) Schematic representation of the secernin 1 constructs used in (M); secernin full-length (FL, aa 1-414), secern-
in 1 peptidase dead mutant (PD*) with a single 9C>A point mutation indicated with red stripe, secernin 1 ΔC (aa 
1-313) and secernin 1 ΔN (aa 313-414). CC, coiled-coil. 
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are highly enriched in brain and that both proteins are upregulated during development, 
reaching higher levels during the period of synaptogenesis, supporting the notion of their 
role in synaptic functioning. 

Secernin 1 controls synaptic vesicle release
To unravel the molecular function of secernin 1, we first studied its cellular localization 
in neurons. Since all secernin antibodies tested were not suitable for immunofluorescence 
of endogenous protein levels, we transfected cultured hippocampal neurons with GFP-se-
cernin 1 (Fig. 3A) or secernin 1-GFP (Fig. S3B) and observed a diffuse localization as can be 
expected from a cytosolic protein. Next, we further explored the function of secernin 1 in 
presynaptic functioning using the synaptotagmin uptake assay. Depletion of secernin 1 with 
the most potent shRNA (#1), as determined by Western blot analysis (Fig. 3B,C), resulted in a 
~60% reduction in presynaptic synaptotagmin intensity (Fig. 3D-F), which could be rescued 
by co-expression of GFP-secernin 1 (Fig. 3D,F). Interestingly, overexpression of GFP-se-
cernin 1 resulted in a 2-fold increase in synaptotagmin intensity (Fig. 3D,F), indicating that 
secernin 1 promotes synaptic vesicle exo- and endocytosis. We also observed a pronounced 
effect of secernin 1 on presynaptic size, as depletion and overexpression of secernin 1 increa-
ses and decreased the area of the presynaptic site, respectively (Fig 3D,G,H). Again, this phe-
notype could be rescued by co-expressing GFP-secernin 1 together with secernin 1 shRNA 
(Fig. 3D,H). As we observed an increase in presynapse area upon secernin 1 depletion, we 
reasoned that secernin 1 deficient presynapses might have an increased number of synap-
tic vesicles at the presynaptic site, since a positive correlation between presynaptic bouton 
volume and the total number of synaptic vesicles has been reported (Pierce and Mendell, 
1993; Schikorski and Stevens, 1997; Streichert and Sargent, 1989; Yeow and Peterson, 1991). 
Indeed, knock-down of secernin 1 resulted in a ~70% increase of the presynaptic intensity of 
vGlut (Fig. 3I,K), an indicator for the relative number of synaptic vesicles as the number of 
vGlut copies per vesicle is tightly controlled (Mutch et al., 2011), while leaving the percentage 
of vGlut-positive synapse unaffected (Fig. 3I,J). The observed phenotypes on presynaptic 
size and presynaptic synaptotagmin and vGlut intensity could be reproduced using a second 
independent shRNA (#3) against secernin 1 (Fig. E,G,J,K), suggesting that our results are 
not due to potential off-target effects. Together, these data suggest that secernin 1 positively 
affects synaptic vesicle exocytosis as secernin 1 over-expression enhances synaptotagmin 
uptake and depletion of secernin 1 causes accumulation of synaptic vesicles and increased 
presynaptic bouton size.
 Next, we investigated whether the increased synaptotagmin uptake, observed for se-
cernin 1, is shared between the other secernin family members. Therefore, we expressed 
GFP-secernin 2 and GFP-secernin 3 in cultured hippocampal neurons and measured pre-
synaptic synaptotagmin intensity following the synaptotagmin uptake assay. In contrast to 
overexpression of secernin 1 (Fig. 3D,F), overexpressing of neither secernin-2 or -3 resulted 
in increased presynaptic synaptotagmin intensity (Fig. 3L). In addition, co-expressing of 
GFP-secernin-2 or -3 could not rescue the secernin 1 knock-down phenotype (Fig. 3L). The-
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se findings suggest an unique function of secernin 1 in controlling presynapse function. By 
performing rescue experiments with truncated versions of secernin 1 (Fig. 3O), we seek to 
map the region involved in regulating synaptic vesicle recycling. In contrast to overexpressi-
on of full-length secernin 1, overexpression of secernin 1 truncations did not result in incre-
ased presynaptic synaptotagmin uptake compared to control (Fig. 3M). In addition, neither 
truncated version of secernin 1 was able to rescue secernin 1 knock-down to control levels 
(Fig. 3M). Together, these data suggest that the full-length secernin 1 is needed for enhanced 
synaptotagmin uptake at presynaptic sites.  

Secernin1 interacts with the ER-membrane protein VAPA/B
To get more insights into the possible mechanisms by which secernin 1 affects the presynap-
tic vesicle cycle, we performed pull-down experiments combined with mass spectrometry 
to identify secernin 1 binding partners. Biotinylated and GFP-tagged (bioGFP) secernin 
constructs were co-expressed with the biotin ligase BirA in HEK293 cells and cell extracts 
were used for pull-down assays with rat brain lysate. Interestingly, multiple endoplasmic re-
ticulum (ER) associated proteins were identified as the main secernin 1 interacting proteins, 
using this analysis, including VAPA/B and Erlin1/2, which both showed a more pronounced 
interaction with secernin 1 compared to secernin 2 and 3 (Figure 4A and Table S1). To va-
lidate the interaction between secernin 1 and VAPA/B, we conducted pull-down experi-
ments using extracts of HEK293 cells co-expressing with GFP-secernin 1 and HA-VAPA 
and confirmed the binding between secernin 1 and VAPA (Figure 4B). To further confirm 
the interaction between secernin 1 and VAPA/B, we performed immunofluoresence experi-
ments in HEK293 cells. GFP-secernin 1 colocalized with myc-VAPA and HA-VAPB, which 
are known to localize to the ER. Although the interaction between secernin 1 and VAPB 
remains to be confirmed biochemically, our preliminary results suggest that secernin 1 in-
teracts with the ER protein VAPA/B.
Kevenaar et al., Figure 4

Accession Protein
# Peptides # PSM # Peptides # PSM # Peptides # PSM # Peptides # PSM

Q6AY84 Secernin 1 1 1 13 107 1 1 1 1
Q9Z270 VAPA 15 85 1 1
Q9Z269 VAPB 12 57
B1WBY7 Erlin-1 1 1 17 63 2 2 3 3
B5DEH2 Erlin-2 1 1 18 64 2 2 3 3
B2GV15 DBT 1 1 20 67 23 105 17 58
P81155 VDAC-2 2 3 7 33 4 7 4 6

bioGFP bioGFP-secernin 1 bioGFP-secernin 3  bioGFP-secernin 2
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Figure 4. Secernin 1 interacts with the 
ER-membrane protein VAPA/B
(A) Most prominent binding partners 
of bioGFP-secernin1 in HEK293 cells 
loaded with rat brain extracts and 
identified by mass spectrometry. Table 
only includes hits with a >10 times en-
richment compared to control (bioG-
FP alone) and with #PSM>25. Results 
of bio-GFP-secernin2 and –secernin3 
are shown for comparison. For the ex-
tended list, see Table S1. PSM, peptide 
spectrum matches. 
(B) GFP-pull downs from extracts of 
HEK293 transfected with HA-VAPA 
and GFP-secernin1 or GFP only as con-
trol and probed for GFP and HA. 
(C) HEK293 cells transfected with 
GFP-secernin1 and myc-VAPA or HA-
VAPB and stained anti-HA (red) and 
DAPI (blue). Scale bar, 40 μm. 
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Prrt2 controls synaptic vesicle release
Prrt2 is known to be a transmembrane protein, belonging to a large superfamily of proteins, 
called the Dispanins, referring to their common 2-transmembrane structure and more spe-
cifically to the Dispanins B subfamily (Sallman Almen et al., 2012). To better understand the 
function of prrt2, we set out to study its localization in neurons. However, all prrt antibo-
dies tested were not applicable for immunofluorescence of endogenous protein levels. The-
refore, we transfected cultured hippocampal neurons with HA-tagged prrt2 and observed a 
membranous localization and HA-prrt2 clusters scattered throughout the neuron (Fig. 5A). 
Next, we further investigated the function of prrt2 in presynaptic functioning by using the 
synaptotagmin uptake assay. Depletion of prrt2 using the most potent shRNA (#1) as deter-
mined by Western blot analysis (Fig. 5B,C), or a second independent shRNA (#3) resulted in 
a ~70-50% reduction in presynaptic synaptotagmin intensity (Fig. 5D) and a slight increase 
in presynaptic vGlut intensity (Fig. 5E), confirming our initial findings that prrt2 controls 
the synaptic vesicle cycle.

Kevenaar et al., Figure 4
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Figure 5. Prrt2 controls synaptic vesicle release 
(A) Localization of HA-prrt2 in cultured hippocampal 
neurons. Neurons were transfected at DIV18 with HA-pr-
rt2 and RFP to highlight neuronal morphology for 24h and 
immunostained for bassoon. Lower panels represent zoomed 
region as indicated by the white rectangular box. Scale bars, 
50 μm and 10 μm for upper and lower panels, respectively. 
(B) Western blot analysis of knock-down efficiency of various 
prrt2 shRNAs.  Cultured cortical neurons were nucleofected 
with indicated constructs at DIV0, collected 8 days later and 
immunoblotted for prrt2 and actin as a loading control. 
(C) Quantification of knock-down efficiency of various prrt2 

shRNAs as described in (B). Values are normalized to actin. n=3 independent experiments. Student’s t-test: **, P 
< 0.01, *, P < 0.05. Data are presented as mean values ± SEM.
(D) Quantification of presynaptic synaptotagmin intensity in DIV15+4 neurons transfected with RFP and pSuper 
(control) or two independent prrt2 shRNAs. n=110-130 synapses per condition. N=2 independent experiments. 
Mann-Whitney U Test: ***, P < 0.001. Data are presented as mean values ± SEM.
(E) Quantification of presynaptic vGlut intensity in neurons transfected with RFP and pSuper (control) or two 
independent prrt2 shRNAs n=193-210 synapses per condition. N=2 independent experiments. Mann-Whitney U 
Test: ***, P < 0.001. Data are presented as mean values ± SEM.
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DISCUSSION

Secernin 1 and prrt2 are novel players in synaptic vesicle recycling
Proper regulation of the release and reuptake of synaptic vesicles is needed to ensure relia-
ble and endurable synaptic transmission which underlies normal brain functioning. Here, 
using the well-established synaptotagmin uptake assay (Fernandez-Alfonso et al., 2006; 
Kraszewski et al., 1995) we identified two uncharacterized proteins, secernin 1 and prrt2, to 
have a novel function in synaptic vesicle recycling. We demonstrated that depletion of both 
secernin 1 and prrt2 greatly reduces presynaptic synaptotagmin uptake. Although these 
findings strongly imply a defect in exo- and/or endocytosis, it cannot be ruled out that other 
mechanism are involved, which might lead to decreased synaptotagmin uptake. For exam-
ple, altered total synaptotagmin levels may affect the uptake of the synaptotagmin antibody. 
Therefore, it will be important to clarify whether total presynaptic synaptotagmin levels re-
main unchanged upon altered secernin 1 and prrt2 levels. Further research is needed to cla-
rify the exact role of both prrt2 and secernin 1 at the presynaptic site. Performing electron 
microscopy studies will help to identify which process of the synaptic vesicle cycle is affected 
by providing ultrastructural information on the number of total and docked synaptic vesi-
cles, the localization of synaptic vesicles and active zone size. Additional experiments using 
more advanced re-uptake assays and visualizing synaptic vesicle exo- and endocytosis using 
live-cell imaging will further help to identify the exact membrane recycling event controlled 
by either prrt2 or secernin 1. Additionally, using electrophysiology, the role of prrt2 and 
secernin 1 on synaptic transmission should be determined. Together, these findings will aid 
to further clarify the presynaptic role of secernin 1 and prrt2 and will ultimately contribute 
to our growing understanding of the fundamental details of presynaptic functioning and 
synapse-associated neurological disorders.  

The role of prrt2 in presynaptic functioning
Although our findings provide valuable initial insights into the role of prrt2 at the presy-
napse, the molecular mechanisms leading to altered synaptic vesicle recycling remains to be 
resolved. While currently over 50 mutations in PRRT2 have been linked to various neuro-
logical disorders (Meneret et al., 2013), knowledge on the consequences of these mutations 
on prrt2 functioning remain restricted to putative alterations in prrt2 levels or localization 
(Chen et al., 2011; Lee et al., 2012). Although the molecular mechanisms of presynaptic prrt2 
function remain to be resolved, preliminary findings from pull-down experiments com-
bined with mass spectrometry analysis, might suggest that prrt2 interacts with various ion 
transporters, including the vesicular H+ ATPases (V-ATPases) and plasma membrane Ca2+ 
and Na+/K+ ATPases (Table S2). As several prrt2-related disorders are suggested to be caused 
by io-channel dysfunction, since patients respond well to treatment with the voltage-ga-
ted Na+-channel blocker carbamazepine (Chou et al., 2014), this might imply a function of 
prrt2 in regulating ion-transporter function and thus the excitability at the presynapse. In 
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addition, by interacting with synaptic vesicle V-ATPases, prrt2 might more directly control 
synaptic vesicle release as an increasing amount of dat indicate an additional acidificati-
on-independent role of various V-ATPase V0 subunits in exocytosis and membrane fusion 
(Hiesinger et al., 2005, Sun-Wada et al., 2006; Di Giovanni et al., 2010; Conrood et al., 2013). 
It is suggested that ATPase V0 serves as a sensor for intravesicular pH, and is thereby able to 
discriminate fully loaded and acidified vesicles from vesicles undergoing neurotransmitter 
reloading and controls exocytosis and synaptic transmission by interacting with the SNARE 
complex (Poëa-Guyon et al., 2013). Possibly, prrt2 might bind and regulate the function of 
V-ATPase V0 subunits and thereby synaptic vesicle exocytosis. Confirming the interaction 
of prrt2 with these putative binding partners will help to identifying the molecular function 
of prrt2 at the presynaptic site. Ultimately, understanding the effects of various common 
PRRT2 mutations on prrt2 function and synaptic vesicle exocytosis will help to understand 
the neuropathology of prrt2-related neurological disorders. 

The role of secernin 1 in presynaptic functioning
Previous work in mast cells suggested that secernin 1 increases the rate and extent of exocy-
tosis (Way et al., 2002). In line with these findings, we demonstrated that secernin 1 enhan-
ces synaptic vesicle recycling in hippocampal neurons. However, the underlying molecular 
mechanisms leading to enhanced exocytosis by secernin 1 need to be elucidated to under-
stand the role of secernin 1 at the presynaptic site. As we observed a potential interaction of 
secernin 1 with several ER-associated proteins, we suggest that secernin 1 affects presynap-
tic functioning via the regulation of ER-related processes. Our preliminary findings indicate 
that Secernin 1 binds to integral ER membrane proteins VAPA/B which are implicated in 
various cellular processes, including membrane trafficking and lipid transport and metabo-
lisms (Lev et al., 2008). In addition to their localization to the ER, VAPA/B are also found 
on multiple other intracellular membranes which likely represent the various ER-membra-
ne contact sites (Lev et al., 2008). By interacting with various membrane-binding proteins, 
VAPs can specifically tether the ER to various types of membranes (Helle et al., 2013). By 
interacting with VAPA/B, secernin 1 may regulate the tethering of the ER to the presynaptic 
plasma membrane, and thus the localization these intracellular calcium stores, and could 
thereby modulate local Ca2+ levels within the presynapse (Fig. 6). In this manner, knock-
down of secernin 1 could result in reduced local calcium concentrations at the sites of exocy-
tosis (Fig. 6) and thereby diminished synaptic vesicle exocytosis, which is consistent with the 
suggested function of secernin 1 in increasing calcium sensitivity in mast cells (Way et al., 
2002),. Taken together, we propose a model in which secernin 1 potentiates synaptic vesicle 
release by controlling local presynaptic calcium concentrations (Fig. 6).
 But how does secernin 1 affect the size of the presynaptic sites and the number of pre-
synaptic vesicles? It might be possible that secernin 1, in addition to its function in ER-pre-
synaptic plasma membrane tethering, negatively controls synaptic vesicles transport as 
VAPA/B are known to be important for ER/Golgi-mediated vesicular transport (Lev et al., 
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2008). We showed that depletion of secernin 1 results in an increase in presynaptic bouton 
size and in the number of synaptic vesicles, while impairing synaptic vesicle recycling. These 
finding seem somewhat counterintuitive as bouton size is positively correlated with synap-
tic efficacy, due to increased number of total and docked synaptic vesicles, active zone area 
and release probability (Murthy et al., 2001; Pierce and Lewin, 1994; Pierce and Mendell, 
1993; Schikorski and Stevens, 1997; Streichert and Sargent, 1989; Yeow and Peterson, 1991). 
However, our findings might be explained by a model in which secernin 1 controls both 
the delivery of synaptic vesicles to the presynapse as well as synaptic vesicle release by in-
teracting with VAPA/B. Alternately, the observed increase in presynapse area and synaptic 
vesicle numbers upon secernin 1 depletion may be due to homeostatic plasticity, providing 
the presynapse with a mechanism to cope with the decreased synaptic vesicle exocytosis.  
 Interestingly, several proteomic studies have implicated increased secernin 1 levels in 
the dorsolateral prefrontal cortex of schizophrenia and bipolar disorder patients (Penning-
ton et al., 2008) and decreased levels in the cerebral cortex of sleep-deprived mice (Pawlyk 
et al., 2007). In addition, increased expression of secernin 1 was observed in the early phases 
of Azheimer’s disease (AD) in a tau transgenic mouse model for AD (Chang et al., 2013). 
Together, these findings strengthen the notion of an important function of secernin 1 in 
synaptic and brain functioning. As secernin 1 is also expressed in non-neuronal tissue, se-
cernin 1 likely controls exocytosis in a wide array of cell types. Indeed, several studies have 
associated aberrant secernin 1 expression with several types of cancer (Geisler et al., 2015; 
Miyoshi et al., 2010; Suda et al., 2006; Suehara et al., 2011) which is proposed to might be 
caused due to enhanced exocytosis of metalloproteinase-2/9 (MMP-2/9) which accelerates 
tumor progression (Lin et al., 2015). Therefore, elucidating the exact mechanisms by which 
secernin 1 regulates exocytosis, will have valuable implications for both neuronal and gene-
ric diseases. 

Kevenaar et al., Figure 6
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Figure 6. Model for secernin 1 function at presynaptic sites
Within the presynapse, secernin 1 may control the tethering of the endoplasmic reticulum (ER) to the presynaptic 
plasma membrane by interacting with the ER membrane protein VAPA/B. In this way, secernin 1 is able to con-
trol the localization of intracellular calcium (Ca2+) stores to the presynapse and thus local Ca2+ concentrations. 
Knock-down (KD) of secernin 1 leads delocalization of the ER from the active zone, which could lead to decre-
ased local Ca2+ levels upon the arrival of an action potential and thus deficient synaptic vesicle (SV) recycling. 



CHAPTER 5

130

5

EXPERIMENTAL PROCEDURES

Animals
All animal experiments were performed in compliance with the guidelines for the welfare of experi-
mental animals issued by the Federal Government of The Netherlands. All animal experiments were 
approved by the Animal Ethical Review Committee (DEC) of the Utrecht University.

Antibodies and reagents 
All primary antibodies used are indicated in Table S3. The following secondary antibodies were used: 
Alexa405-, Alexa488-, Alexa568-, Alexa647- (invitrogen, 1:1000), HRP- (Dako, 1:2000) and IRDye 
680LT (1:20.000) and IRDye 800CW (1:15.000) conjucated secondary antibodies. Other reagents used 
include bicuculline (Sigma, 50 μM).

Expression constructs and shRNAs
The following constructs are described previously: GW1-RFP (Hoogenraad et al., 2005), pGW2-mRFP 
(Kapitein et al., 2010), Marcks-GFP (De Paola et al., 2003), HA-BirA (Jaworski et al., 2009), HA- and 
myc-tagged VAPA  and VAPB (Teuling et al., 2007). Secernin 1-3 and Prrt1 cDNA were obtained 
from a human cDNA library kindly provided by Mike Boxem. All N- and C-terminally HA and GFP 
tagged secernin 1-3 and prrt1 constructs were generated by PCR using the appropriate templates and 
primers as described in Table S4 and cloned into GFP- or HA-tagged pGW1 and βactin expression 
vectors (Jaworski et al., 2009; Kapitein et al., 2010) using  AscI and SalI restriction sites. The truncated 
secernin1 constructs, GFP-Scrn1-ΔC (aa 1-313) and GFP-Scrn1-ΔN (aa 313-414) were generated from 
secernin1 cDNA by PCR based strategy using the primers described in Table S4. Using site-directed 
mutagenesis we generated the GFP-tagged secernin1 peptidase dead mutant (GFP-secernin1-PD*) by 
reconstituting the 9th aa from C>A. Human prrt3 cDNA clone was obtained from Source Biosciences 
(Lifesciences; IMAGE 5300209), and corrected using two-step PCR to introduce the missing double 
CC after aa 362 and cloned it into βactin-GFP expression vector using AscI and SalI. N- and C-termi-
nally tagged HA and GFP tagged prrt2 constructs were generated by recloning HA-prrt2 (gift from 
H.Y. Lee) (Lee et al., 2012) into pGW1-HA and pGW1-GFP or βactin-HA and βactin-GFP expression 
vectors, respectively, using AscI and SalI. Full-length secernin and prrt were subcloned in the bio-tag-
GFP vector (Jaworski et al., 2009) to generate bio-GFP tagged secernin and prrt constructs. 
 The shRNAs used in this study are indicated in Table S5. All shRNA targeting rat mRNA were 
designed using the siRNA selection program from the Whitehead Institute for Biomedical Research 
unless indicated otherwise and were inserted into the pSuper vector (Brummelkamp et al., 2002). 

HEK293 cell cultures and transfection
HEK293 cells were cultured in DMEM/Hams-F10 (50/50%) medium containing 10% Fetal Calf Se-
rum (FCS) and 1% penicillin/streptomycin in ø10 cm cell culture dishes (Greiner Bi-One) at 37°C in 
5% CO2. HEK293 cells were transfected using polyethylenimine (PEI, Polysciences) according manu-
factur’s protocol in a 3:1 PEI:DNA ratio.

Immunoprecipitation
HEK293 cells were harvested 36h after transfection in lysis buffer (150 mM NaCl, 1% Triton-X100, 
50mM, 100mM Tris-HCl, pH 7.6, and protease inhibitors (Roche)), incubated for 30 min at 4°C and 
centrifuged at 13,000 rpm for 15 min at 4°C. Immunoprecipitation was performed using GFP-Trap 
magnetic beads (Chromotek) according to manufactures’ protocol. Briefly, 500 μl cell extracts were 
incubated with 15 μl of washed beads for 2h at 4°C. Beads were separated using a magnet and washed 
3 times with washing buffer (50mM Tris pH7.5,150mM NaCl, 0.5% TritonX-100). Samples were eluted 
using sample buffer an eluted complexes were subjected to western blot analysis as described in the 
corresponding section.  
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Primary hippocampal and cortical neuron cultures and transfection
Primary hippocampal neuron cultures were prepared from embryonic day 18 (E18) rat brain. Hip-
pocampi were disected and collected and washed in modified Hanks’ Balanced Salt Solution (HBSS; 
(Gibco) supplemented with 10mM HEPES, 1% penicillin/streptomycin (Gibco)) in 14 ml polysterene 
tubes (Greiner Bio-One). Hippocampi were treated with trypsin (Gibco) for 15 min at 37°C, washed 
with modified HBSS and dissociated. Cells were plated in a 12-well plate on coverslips coated with 
poly-L-lysine (30 µg/ml; Sigma) and laminin (2 µg/ml; Roche) at a density of 50,000 (low) – 100,000 
(high) cells/well. Neuron cultures were grown in Neurobasal medium (NB; Gibco) supplemented 
with 2% B27 (Gibco), 0.5 mM L-glutamine (Gibco), 15.6 µM glutamate (Sigma) and 1% penicillin/
streptomycin (Gibco). Neurons were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA 
(1.8 µg/well) was mixed with 3,3 μl Lipofectamine 2000 in 200 μl NB, incubated for 30 min and added 
to the neurons in fresh NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with NB and 
transferred in the original medium at 37°C in 5% CO2 for 1-4 days.

Nucleofection of primary cortical cultures
Nucleofection was performed as described (Yau et al., 2014). Briefly, primary cortical neurons were 
isolated from E18 rat brain. Cells (1x106) were transfected using the Amaxa Rat Neuron Nucleofector 
kit (Lonza) with 3µg of plasmid DNA and plated on coverslips coated with poly-L-lysine (37.5 µg/ml) 
and lamin in (5µg/ml) in 12-wells plates (2-6 x104 cells/well) containing Dulbecco’s Modified Eagle 
Medium (DMEM; Lonza) supplemented with 10% Fetal Bovine Serum (FBS) (Kaech and Banker, 
2006) and kept at 37°C in 5% CO2. After 4h, medium was replaced with supplemented NB medium. 
After 4-8 days, cells were lysed in 2x sample buffer (8% SDS, 25% glycerol, 400 mM DTT, 40 mg/L 
bromophenol blue, 0.05M Tris, pH 6.8) and boiled at 95°C for 5 min. 

Synaptotagmin uptake assay
The assay to visualize synaptic vesicle recycling was performed using mouse antibody directed at the 
luminal domain of synaptotagmin1 (Synaptic Systems). Cultured hippocampal neurons were pre-
treated with bicuculline (Sigma, 50 μM) at 37°C in 5% CO2 for 10 min followed by live-staining with 
synaptotagmin antibody (1:200) in the presence of 50 μM bicuculline at 37°C in 5% CO2 for 10 min. 
Subsequently, neurons were fixed as described in the next section.

Immunohistochemistry
For immunofluorescence staining, neurons were fixed for 10 min with 4% formaldehyde/4% sucrose 
in phosphate-buffered saline (PBS) at room temperature. After fixation, cells were washed three times 
in PBS for 5 min at room temperature and incubated with primary antibodies in GDB buffer (0.2% 
BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4ºC. Neurons were  
washed three times in PBS for 5 min at room temperature and incubated with Alexa-conjugated se-
condary antibodies in GDB for 1h at room temperature and washed three times in PBS for 5 min. Sli-
des were mounted using Vectashield mounting medium (Vector laboratories), with or without DAPI. 

Confocal microscopy
Confocal images were acquired using a LSM 700 confocal laser-scanning microscope (Zeiss) with a 
40× 1.3 N.A or 63×1.4 N.A. oil objective (Zeiss). Each image was a z-series of 4 images, each averaged 
2 times, covering a Δz region of 1.20 µm. The resulting z-stack was projected into a single image using 
maximum intensity projection. Images were not further processed and were of similar high quality to 
the original single planes. The confocal settings were kept constant during all imaging experiments 
when fluorescence intensity was compared or measured. 

Tissue extracts, cell extracts and Western blot analysis
For tissue Western blots, cerebellum, cortex, hippocampus, midbrain, brainstem, spinal cord, heart, 
kidney, liver, lung, spleen and pancreas were dissected as defined anatomically from an adult female 
rat. Samples were homogenized in homogenization buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 0.5% 
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NP-40, pH8, 1x complete protease inhibitors; Roche) a 1:10 brain (mg) to lysis buffer (µl) ratio, briefly 
sonicated and centrifuged at 900 rpm for 15 min. Protein concentrations were measured using a BCA 
protein assay kit (Pierce) and 20 µg of protein was used for each sample. Cell extracts from cultured 
HEK293, primary hippocampal and cortical neurons were prepared by lysis in 2x sample buffer. 
 Samples were boiled at 95 °C for 5 min and loaded on SDS-PAGE gels and subjected to Wes-
tern blotting. Proteins were transferred on polyvinylidene difluoride (PVDF, Millipore) membranes 
using wet blotting (Bio-Rad).Membranes were blocked at room temperature with 2% bovine serum 
albumin (BSA; Sigma) in PBS-T (0.05% Tween-20 in PBS) for 30 min and incubated with primary 
antibodies in PBS-T/2% BSA at 4°C overnight. Membranes were washed 3-5 times with PBS-T and in-
cubated with HRP-conjugated or IRDye-680LT or -800CW conjugated secondary antibodies at room 
temperature for 1h. Membranes were washed 3-5 times with PBS-T and 1 time with PBS and proteins 
were detected using enhanced chemiluminescence (ECL) or using Odyssey Infrared Imaging system 
(Li-cor Biosciences). For quantification of protein bands, integrated densities were measured using 
ImageJ and normalized to the integrated densities of the corresponding actin bands. 

Biotin-streptavidin pull-down assay and mass spectrometry analysis
For biotin-streptavidin pull-down assays, HEK293 cells were transfected with BirA and bio-GFP-
constructs or bioGFP using PEI (Polysciences) transfection reagent. After 12h, cells were washed and 
subsequently collected in PBS supplemented with protease inhibitors.  Cells were harvested in and 
centrifuged at 10,000 rpm for 5 min and the pellet was resuspended in lysis buffer (150 mM NaCl, 
0.1% SDS, 0.5% Sodium Deocholate, 1% Triton-X100, 50mM Tris, pH 7.6, and protease inhibitors, 
Roche) and kept on ice for 30-45 min. M-280 streptavidin dynabeads (Dynal; Invitrogen) were quicky 
washed 3 times with normal washing buffer (150mM KCl, 0.1% Triton-X100, 20mM Tris, pH 7.6,), 
blocked at room temperature for 45 min in blocking buffer (150mM KCl, 20mM Tris, pH7.6, 0.2 µg/
µl chicken egg albumin, CEA), resuspended in normal washing buffer and added to the HEK293 cell 
lystes. Beads were separated by using a magnet (Dynal; Invitrogen) and washed 5 times in normal 
washing buffer. For whole brain extracts, a whole brain from an adult female rat was homogenized in 
lysis buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 0.2% NP-40, pH8, 1x complete protease inhibitors; 
Roche) to whole brain in a 1:10 brain (g) to lysis buffer (ml) ratio and prepared as described in the 
previous section. For the bio-GFP pull down with whole brain extracts, beads were washed 2 times 
in low salt buffer (100 mM KCl, 0.1% Triton-X100, 20mM Tris, pH7.6), 2 times in high salt buffer (500 
mM KCl, 0.1% Triton-X100, 20mM Tris, pH7.6) , and 2x in low salt buffer. 1 ml of rat brain extract was 
added to the beads, incubated at 4 °C for 1h and washed 5 times in normal washing buffer. For protein 
elution, beads were boiled in NuPAGE LDS 4 sample buffer (Invitrogen), separated, and supernatants 
were run on a 4-12% NuPAGE tris-acetate gel (Invitrogen). The gel was stained with the Colloidal Blue 
staining kit (Invitrogen). Mass spectrometry was performed as described previously (Lansbergen et 
al., 2006). Positive protein hits were manually checked and either interpreted as valid identifications 
or discarded based on their presence in the negative control (pull-down with bioGFP alone). 

Image analysis and quantification
Quantification of the percentage of synaptotagmin, bassoon and vGlut at presynaptic sites. To highlight 
neuronal morphology, Marcks-eGFP, GFP or RFP was used as an unbiased cell-fill. Presynaptic bou-
tons were identified as swellings along the axon as described previously (Bamji et al., 2003; Leal-Ortiz 
et al., 2008; Spangler et al., 2013). Within the field of view of each confocal image, obtained with a 
63x objective, 40-60 presynapses from transfected cells were randomly selected and the number of 
synapses positive or negative for the presynaptic marker of interest was manually counted. From each 
image the percentage of positive synapses was calculated by dividing the positive synapses by the total 
number of synapses counted. Values were averaged across multiple images and experiments. 
Quantification of presynaptic area. To quantify the area of presynaptic sites, morphologically-identi-
fied presynaptic sites from transfected cells were randomly selected as described in the previous sec-
tion. Presynaptic srea was measured by manually drawing a region around the synapse using ImageJ.  
Quantification of fluorescent intensity. To quantify fluorescent intensity, a region of interest was ma-
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nually drawn around the cell body, dendrites or synapses and the average intensity was measured 
using ImageJ. For the quantification of synaptotagmin knock-down efficiency, the mean intensities 
were corrected for background intensities. For the quantification of presynaptic fluorescent intensi-
ties, a circular region of set size of ø 1.39 μm/ø 7 pix was used throughout the experiments.   

Data representation and statistics 
In all bar graphs, data are presented as mean values ± SEM. Statistical analysis was performed using 
SPSS 20.0 (IBM). Data samples were tested for normal distribution using the Kolmogorov-Smirnov 
test and for heterogeneity of variance using Levene’s test. If allowed, an independent t-test was used, 
or for multiple comparisons, one-way ANOVA followed by post-hoc Dunett’s t-test. Otherwise, the 
nonparametric Mann-Whitney U test was used for pairwise comparisons, or for multiple comparis-
ons, the Kruskal-Wallis test with pairwise comparisons. N indicates the number of independent expe-
riments. Differences were considered significant when P < 0.05 (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
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Supplementary Figure 1, related to Figure 1. Validation of synaptotagmin knock-down efficiency 
Quantification of knock-down efficiency of synaptotagmin1 (syt1) shRNA. Cultured neurons were transfected 
at DIV15 with pSuper (control) or syt1 shRNA and GFP to highlight neuronal morphology and immunostained 
for synaptotagmin 4 days later. Synaptotagmin intensities were measured in the cell body (A), dendrites (B) and 
presynaptic sites (C) and corrected for background staining. n=60 dendrites and 200 synapses from 20 neurons 
N=2 independent experiments. Mann-Whitney U Test: ***, P < 0.001. Data are presented as mean values ± SEM.
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Supplementary Figure 2, related to Figure 2. Characterization of tissue expression of secernin and proline-rich re-
peat protein family members 
(A-C) Western blot analysis of the expression of prrt1 (A), prrt2 (B) and prrt3 (C) in various neuronal and 
non-neuronal rat tissues using indicated prrt antibodies. Actin was used as a loading control.
(D-E) Western blot analysis of the expression of secernin 1 (D) and secernin 2 (E) in various neuronal and 
non-neuronal rat tissues using indicated secernin antibodies. Actin was used as a loading control.
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Supplementary Figure 3, related to Figure 3. Localization of secernin family members in neurons
(A-B) Representative images of the neuronal localization of secernin family members. DIV18 neurons were trans-
fected for 1 day with indicated N-terminally (A) or C-terminally (B) GFP-tagged secernin constructs and RFP to 
highlight neuronal morphology. Neurons were immunostained for the somatodendritic marker MAP2.
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SUPPLEMENTARY TABLES

Proteins with a number of peptide spectrum matches (#PSM) of 5 or more and an enrichment of 3 or more 
compared to the control (BioGFP) in the bioGFP-Secernin 1 pull-down are inlcuded. 

Supplementary Table 1. Identification of binding partners of Secernin 1 and secernin 2 and 3 by mass spectrome-
try analysis using bioGFP pull-downs from rat brain lysate.
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Proteins with a number of peptide spectrum matches (#PSM) of 5 or more and an enrichment of 2 or more 
compared to the control (BioGFP) in the bioGFP-prrt2 pull-down are inlcuded. 

Supplementary Table 2. Identification of binding partners of prrt2 and pprt1 by mass spectrometry analysis 
using bioGFP pull-downs from rat brain lysate.
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Supplementary Table 3. 
Overview of primary antibodies used in this study

Rb, rabbit; Ms, mouse; Gt, goat; Gp, Guinea pig; *, 
dilution used for live-staining

Supplementary Table 4. Overview of primers used used in this study 
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Supplementary Table 5. 
Overview of shRNA target sequences used in this study 

1(Spangler et al., 2013); 2(Xu et al., 2012); 
** most efficient shRNA, * efficient shRNA
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ABSTRACT
Mechanisms controlling microtubule dynamics at the cell cortex play a crucial role in cell 
morphogenesis and neuronal development. Here we identified kinesin-4 KIF21A as an in-
hibitor of microtubule growth at the cell cortex. In vitro, KIF21A suppresses microtubule 
growth and inhibits catastrophes. In cells, KIF21A restricts microtubule growth and parti-
cipates in organizing microtubule arrays at the cell edge. KIF21A is recruited to the cortex 
by KANK1, which co-clusters with liprin-α1/β1 and the components of the LL5β-containing 
cortical microtubule attachment complexes. Mutations in KIF21A have been linked to con-
genital fibrosis of the extraocular muscles type 1 (CFEOM1), a dominant disorder associated 
with neurodevelopmental defects. CFEOM1-associated mutations relieve autoinhibition of 
the KIF21A motor, and this results in enhanced KIF21A accumulation in axonal growth 
cones, aberrant axon morphology and reduced responsiveness to inhibitory cues. Our study 
provides mechanistic insight into cortical microtubule regulation and suggests that altered 
microtubule dynamics contribute to CFEOM1 pathogenesis.
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INTRODUCTION
Microtubules (MTs) play an essential role in the regulation of cell morphology, polariza-
tion and motility. In interphase cells MTs are often directed with their dynamic plus ends 
towards the cell periphery (Howard and Hyman, 2003). Once a growing MT reaches the 
cell cortex, it can undergo a catastrophe and shrink back, be captured and stabilized at the 
cortex, bend and continue growing parallel to the plasma membrane or promote formation 
of a cell protrusion. MTs can deliver to the cell periphery building blocks and signaling 
molecules required for actin reorganization and remodeling of cell-matrix and cell-cell ad-
hesions, and in this way control directional cell growth and movement (Akhmanova et al., 
2009; Rodriguez et al., 2003). Therefore, molecular insight into MT-cortex interactions is 
essential for understanding cell polarization, migration and morphogenesis during complex 
developmental processes such as axon guidance (Dent et al., 2011; Li and Gundersen, 2008). 
Cortical capture of MTs can be regulated by MT plus-end tracking proteins (+TIPs) (Akh-
manova and Steinmetz, 2008; Kumar and Wittmann, 2012). Among +TIPs, CLASPs act as 
rescue factors that attach MTs to the cell cortex by forming a complex with LL5β and ELKS 
(Lansbergen et al., 2006)). LL5β and ELKS form plasma membrane-bound patches that are 
tightly associated with, but distinct from the integrin-based adhesions (focal adhesions, FA) 
(Lansbergen et al., 2006; Hotta et al., 2010). 
 In spite of the high concentration of MT stabilizing and rescue factors such as  CLAS-
Ps at the cell margin, in immotile cells like HeLa, most MTs terminate at the cell edge (Lans-
bergen et al., 2006; Mimori-Kiyosue et al., 2005). This cannot be explained exclusively by the 
barrier effect of the cell boundary: since MTs are flexible (Brangwynne et al., 2007), some of 
them can be expected to enter the MT-stabilizing region at the cell periphery at an oblique 
angle and persist in this region due to the high rescue frequency. In the absence of active cell 
protrusions, MTs will be expected to form a bundle parallel to the cell edge. The fact that this 
does not occur suggests that local MT rescue at the cell periphery is counterbalanced by an 
activity that inhibits MT growth.
 In this study, we set out to search for MT growth-restricting cortical activities.  We 
have identified kinesin-4 KIF21A, its interaction partner KANK1 (Kakinuma and Kiyama, 
2009; Kakinuma et al., 2009) and scaffolding proteins liprin-α1 and liprin-β1 (Serra-Pages 
et al., 1998; Spangler and Hoogenraad, 2007; Stryker and Johnson, 2007), as components of 
the LL5β-containing cortical MT attachment complexes. We found that KIF21A acts as a 
cortical MT growth inhibitor, a conclusion supported by in vitro work with purified pro-
teins, live cell imaging and modeling. Interestingly, heterozygous missense mutations in 
KIF21A cause congenital fibrosis of the extraocular muscles type 1 (CFEOM1), a dominant 
syndrome characterized by abnormal development of the oculomotor nerve, which is likely 
due to axon pathfinding defects (Heidary et al., 2008; Yamada et al., 2003). We demonstrate 
that a CFEOM1-associated mutation enhances KIF21A activity by relieving autoinhibition 
of the motor. Increased activity of KIF21A in neurons alters axon and growth cone morpho-
logy and reduces growth cone responsiveness to an inhibitory cue. Our results suggest that 
abnormal regulation of MT dynamics is a potential cause of the CFEOM1 syndrome. 
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RESULTS

Liprins, KANK1 and KIF21A are part of the same cortical structures as LL5β and ELKS 
To isolate additional components of the cortical LL5β-ELKS complex, we performed strep-
tavidin pull-down assays of BioGFP-LL5β and -ELKS from HEK293T cells and analyzed 
the resulting proteins by mass spectrometry. Among the most prominent hits, we identified 
liprin-α1, an already known ELKS partner (Ko et al., 2003), and liprin-β1 (Serra-Pages et al., 
1998)(Fig. S1A,B). We then performed another round of pull-down assays using BioHA-li-
prin-α1 and BioGFP-liprin-β1 and identified KANK1 (ANKRD15), KANK2 (ANKRD25) 
and kinesin-4 KIF21A, a known binding partner of KANK1 (Kakinuma and Kiyama, 2009; 
Kakinuma et al., 2009), as liprin-α1 and liprin-β1 interaction partners (Fig. S1C,D). Im-
munofluorescent staining showed that endogenous liprin-α1, liprin-β1, KANK1 and KI-
F21A displayed a significant overlap with LL5β in patches at the free edges of non-motile 
round-shaped HeLa cells (Fig. 1A-E). The clusters of all these cortical proteins often accu-
mulated around FAs but never overlapped with them, similar to LL5β (Lansbergen et al., 
2006) (Fig. 1F). Endogenous KANK2 also localized in small cortical clusters close to FAs 
(Fig. S1E-G), but its overlap with LL5β was much more limited (Fig.1E, Fig.S1G). Cortical 
colocalization of liprin-α1, KANK1 and KIF21A was fully recapitulated using live cell ima-
ging of their fluorescent fusions by using Total Internal Reflection Fluorescence microscopy 
(TIRFM) (Fig. 1G-I, Fig. S1H). We conclude that LL5β, liprins, KANK1 and KIF21A form 
overlapping clusters at the peripheral cell cortex. 

Biochemical characterization of the cortical protein interactions
To further validate the mass spectrometry results, we performed co-immunoprecipitation 
(co-IP) experiments. Our previous studies showed that cortical LL5β-ELKS complexes dis-
play poor solubility (Hotta et al., 2010; Lansbergen et al., 2006), and therefore, we performed 
cell lysis using either a non-ionic detergent (Triton X-100) or a mixture of non-ionic and 
ionic detergents (radioimmunoprecipitation assay buffer, RIPA), which yielded somewhat 
different results (Fig.2A,B). Liprin-α1 and liprin-β1 co-precipitated with each other, and li-
prin-β1 co-precipitated with LL5β; in turn, LL5β co-precipitated both liprins (Fig. 2A,B). 
ELKS was co-precipitated with LL5β and liprin-α1, in agreement with the fact that it binds 
to both proteins (Ko et al., 2003; Lansbergen et al., 2006). Using Triton X-100 extracts, we 

Figure 1. LL5β, liprin-α1, liprin-β1, KANK1 and KIF21A colocalize at the cell cortex.
(A-D,F) HeLa cells were fixed and stained with the indicated antibodies. Insets show enlargements of the boxed 
areas. In the overlays liprins, KANK1 and KIF21A are shown in green and LL5β, and FAK (focal adhesion kinase, 
a FA marker) in red. 
(E) Quantification of colocalization of the indicated endogenous proteins with the endogenous LL5β in a 4x7 μm 
box at the cell periphery. Average coefficient of linear correlation between the signal intensity for each pixel in the 
two channels was calculated. 16-30 cells were analyzed per condition.
(G-I) TIRFM images of live HeLa cells transiently transfected with the indicated GFP (green in overlay) and 
mCherry (red in overlay) fusion constructs. 
See also Fig. S1 and Table S1.



KIF21A IS A CORTICAL MICROTUBULE GROWTH INHIBITOR

149

6



CHAPTER 6

150

6

Figure 2. Biochemical characterization of the interactions between cortical patch components.
(A-C) HeLa cells were lysed with Triton X-100 (A,C) or RIPA (B) lysis buffer, and IP experiments were performed 
with the indicated antibodies and analyzed by Western blotting. 
(D,F) Streptavidin pull-down assays were performed with extracts of HeLa cells (D) or HEK293T cells (F) co-ex-
pressing full length BioGFP-KANK1/2 (D) or KANK1 fragments (F) and BirA, and analyzed by Western blotting 
with the indicated antibodies. 
(E) Schematic overview of KANK1 deletion mutants used in this study. Numbering is based on KANK1 sequence 
AAH37495. KN – KANK N-terminal motif, CC, coiled coil, ANKRD – ankyrin repeat domain. The ability of 
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could also demonstrate a co-IP between endogenous and overexpressed liprins, KANK1/2 
and KIF21A (Fig.2C,D, Fig. S2A,B), while no co-IP was observed between LL5β and KANK1 
(data not shown), in line with the mass spectrometry results (Fig. S1A) and lower degree 
of colocalization between these proteins (Fig. 1E). The interaction between KANK1/2 and 
liprins likely depends on liprin-β1, because it co-precipitates with KANK proteins much 
better than liprin-α1 (Fig. 2D, Fig. S2B). 
 Next, we characterized these interactions in more detail. KANK1 is a member of a 
small protein family, which contains four members, KANK1-4, that are known to regulate 
the actin cytoskeleton and are characterized by the presence of a KANK-specific N-terminal 
(KN) motif, several coiled-coils and a C-terminal ankyrin repeat domain, a region required 
for the interaction with KIF21A (Kakinuma and Kiyama, 2009; Kakinuma et al., 2009). We 
found that KANK1 interacts with liprin-β1 through its first coiled coil domain (KANK1-
CC1), and requires its C-terminal part including the complete ankyrin repeat domain with 
some preceding sequences for the interaction with KIF21A (Fig.2E,F, Fig.S2C,D). We have 
also mapped the KANK1-binding region of KIF21A. KIF21A is a member of the kinesin-4 
family; it contains an N-terminal motor domain followed by coiled coil regions and a C-ter-
minal WD-40 domain (Fig. 2G). By using pull-down experiments, we found that the inter-
action between KANK1 and KIF21A is mediated by a 38 amino acid stretch in the middle 
of KIF21A, which is predicted to contain a short helix (fragment H1, Fig. 2G-I). The H1 
fragment and all KIF21A deletion mutants that contained this polypeptide displayed a sig-
nificant overlap with KANK1-positive cortical patches, while none of the fragments lacking 
this sequence showed such localization (Fig. 2G, Fig. S1I,J, and data not shown), indicating 
that the KANK1-binding fragment of KIF21A is responsible for its cortical recruitment. 
Taken together, our results show that LL5β, ELKS, liprins, KANK1 and KIF21A form an 
interacting network at the cell cortex. 

Cortical proteins display distinct turnover rates at the cortex
We compared the turnover of LL5β, ELKS, liprin-α1, KANK1 and KIF21A at the cortex by 
fluorescence recovery after photobleaching (FRAP). For all five proteins, the data could be 
fitted using a two-exponential model (Fig. S1K-O, Table S1). Fluorescence recovery was simi-
lar for ELKS and liprin-α1, with the halftime of the slower component of ~5 min, while the 

KANK1 fragments to interact with liprin-β1 and KIF21A is indicated.
(G) Schematic overview of KIF21A deletion mutants used in this study. Numbering is based on KIF21A isoform 1 
(NP_001166935). We have used a KIF21A splice variant, which contains a 13 amino acid deletion (positions 558-
570). MD, motor domain, CC, coiled coil, H - helical region, CT - C-terminus. The ability of KIF21A fragments 
to localize to KANK1-positive cortical patches determined by TIRFM in live cells and to interact with KANK1 is 
indicated. ND, not determined.
(H) Streptavidin pull-down assays were performed with extracts of HEK293T cells co-expressing the indicated 
BioGFP constructs, mCherry-KANK1 and BirA, and analyzed by Western blotting with antibodies against GFP 
and mCherry.
(I) GST pull down assays with GST or  GST-KIF21A-H1 fusion protein purified from E. coli. Extracts of HEK293T 
cells expressing the indicated GFP fusions were used for pull downs, and the proteins were detected by anti-GFP 
antibodies. See also Fig. S2.
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Figure 3. Regulation of cortical MT organization by KIF21A, KANK1 and liprins
(A) HeLa cells were transiently transfected with the indicated siRNAs. After 2 days, the cells were transfected 
with the indicated DNA constructs, and after 1 more day live cell images were collected using TIRFM. KANK1r 
– KANK1 rescue construct, containing silent mutations making it insensitive to siRNA.
(B) Quantification of KIF21A-GFP recruitment to the peripheral cell cortex, based on the experiment shown in 
(A). Fluorescence intensity in a 3 μm circle at the cell periphery was normalized by the intensity in a central cell 
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recovery of KANK1 and LL5β was slower (halftime of ~10 min and ~20 min, respectively). 
KIF21A exchanged much faster than all the other cortical factors analyzed here (recovery 
halftime of less than a minute) (Fig. S1O, Table S1). This was not due to the motor activity of 
KIF21A, because a fragment containing only the middle part of the protein (KIF21A-CC1, 
Fig. 2G) also showed a rapid turnover (Fig. S1P, Table S1). The recovery of all five proteins 
was faster than the dynamics of the cortical clusters themselves, which in HeLa cells are 
stable for ~30 min (Lansbergen et al., 2006). Our data thus indicate that LL5β, ELKS, liprins, 
KANK1 and KIF21A overlap in relatively stable cortical structures that undergo exchange 
with the cytosolic pools with different kinetics. 

Liprins, KANK1 and KIF21A affect cortical MT organization 
We have previously shown that depletion of CLASPs, LL5β and ELKS from HeLa cells re-
duces the stability and density of cortically attached MTs (Lansbergen et al., 2006). To in-
vestigate whether the two liprins, KANK1 and KIF21A act in the same pathway, we have 
performed siRNA-mediated protein depletions. The four proteins could be knocked down 
by ~70-90% without significantly affecting the expression of each other or LL5β and ELKS 
(Fig. S3A-C, and data not shown). LL5β, liprins and KANK1 affected the clustering of each 
other, but were not essential for each other’s recruitment to the cortex (Fig. S3D-F, and data 
not shown). However, the depletion of KANK1 abolished cortical localization of KIF21A, in 
line with the observation that this localization depends on the KANK1-binding region of 
KIF21A (Fig. 3A, Fig. S3G, Fig.S1I,J), while the depletion of KANK2 had little effect (data 
not shown). Cortical localization of KIF21A could be fully rescued by expressing a KANK1 
construct resistant to siRNAs (Fig.3A,B). KIF21A depletion had no influence on localizati-
on of KANK1 or other cortical factors (Fig. S3H, J, K, and data not shown), indicating that 
cortical recruitment of KIF21A occurs downstream of these proteins, in line with its more 
rapid exchange at the cortex (Fig. S1K-P, Table S1). 
 Next, we investigated how the depletion of these proteins affects MT organization. 
The effect of liprin-α1 and liprin-β1 depletion was very similar to the one we have previously 
described for LL5β and ELKS (Lansbergen et al., 2006): the number of MT ends at the cell 

region of the same size after background subtraction. 35-45 measurements were performed for each condition. 
(C) HeLa cells were transiently transfected with the indicated siRNAs. 3 days later, the cells were fixed and stained 
with the antibodies against β-tubulin.
(D) Plots of MT numbers in a 5 x 1 μm box located at the indicated distance from the cell edge. Measurements 
were performed in 20 cells per siRNA. Numbers above the plots indicate the size of each bar in % compared to 
the adjacent control bar; values significantly different from control are indicated by asterisks (*, p < 0.05; **, p < 
0.001; Mann-Whitney U test).
(E-H) HeLa cells were transiently transfected with the indicated siRNAs. 3 days later, cells were fixed and stained 
with the indicated antibodies. The insets show enlargements of the boxed areas. KANK1 and KIF21A are shown 
in green, and β-tubulin in red.
(I) Plots of the percentage of non-radial MTs running along the cell edge and the total number of MTs in a 4 x 7 
μm box adjacent to the cell edge or in a box of the same size placed 4 μm away from the cell edge. Measurements 
were performed in 10 cells per siRNA. 
Values significantly different from control are indicated by asterisks (*, p < 0.05; **, p < 0.001, Mann-Whitney U 
test). N.S., no significant difference with control. See also Fig. S3.
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periphery was significantly diminished while MT outgrowth from the centrosomal area was 
not significantly affected (Fig. 3C,D, Fig. S3I). In contrast, the depletion of KANK1 and 
KIF21A caused formation of dense MT bundles running parallel to the cell edge (Fig. 3E-I, 
Fig. S3J,K). This was likely due to their effect on MTs at the cell periphery, because KANK1 
and KIF21A knockdown had no significant effect on MT outgrowth from the centrosomal 
area (Fig. S3I). KANK2 depletion had no strong effect on MT organization (data not shown). 
The effect of KIF21A depletion could be reversed by expression of a KIF21A-GFP mutant 
resistant to siRNAs (Fig. S4A,B), although the rescue was incomplete likely due to the very 
low level of expression of the KIF21A-GFP construct. Taken together, our results suggest 
that liprins promote formation of dense MT arrays at the periphery of HeLa cells, similar to 
LL5β and ELKS, while KIF21A and KANK1 restrict MT growth at the cell periphery.

KIF21A inhibits MT growth
We hypothesized that KIF21A, a kinesin-4 family member, might be the actual MT 
growth-restricting factor, because Xklp1, another kinesin-4, was shown to be a processive 
MT plus end directed motor that can inhibit MT dynamics (Bieling et al., 2010; Bringmann 
et al., 2004). Indeed, a fragment of KIF21A containing the motor domain and the N-termi-
nal part of the coiled coil (KIF21A-MD2-GFP, Fig.2G) could be readily detected as small 
dots that moved processively along MTs towards their plus ends with a mean velocity of 1.2 
± 0.2 μm/s (n=146 in 5 cells) (Fig. 4A, Movie 1). Overexpression of this fragment in COS-7 

Figure 4. KIF21A decreases MT growth rate 
(A) TIRFM-based live cell imaging of COS-7 cells transiently co-transfected with KIF21A-MD2-GFP and EB3-
mRFP. Red and green images were collected simultaneously with a beam splitter for 50 s with a 0.1 s interval 
between frames. Panels from left to right: a single frame of the GFP channel; maximum intensity projection of 
the GFP channel over 500 frames (50 s), an overlay of a single frame with GFP channel shown in green and mRFP 
channel in red, and a kymograph along a single MT illustrating motile behavior of KIF21A-MD2-GFP. See also 
Movie S1.
(B) Kymographs illustrating growth of EB3-mRFP-decorated MT tips in control and KIF21A-MD2-GFP-expres-
sing COS-7 cells.
(C) Plots of average MT growth velocity measured with EB3-mRFP in control and KIF21A-MD2-GFP-expressing 
COS-7 cells. 120-270 MTs were measured in 13-17 cells.
(D) Live cell imaging of EB3-mTagRFP-T in adult dorsal root ganglion (DRG) neuron growth cones performed on 
a spinning disk microscope. Cells were co-transfected with the control construct (GFP) or KIF21A-GFP. Images 
were collected for 100 s with a 0.2 s interval between frames; single frames and maximum intensity projections 
of 500 frames are shown.
(E) Kymographs illustrating growth of EB3-TagRFP-T-decorated MT tips in the growth cones of control and 
KIF21A-GFP-expressing DRG neurons. Contrast is inverted in panels A, B, D and E, except for the cover overlay.
F. Plots of average MT growth velocity and catastrophe frequency measured with EB3-TagRFP-T in control and 
KIF21A-GFP-expressing adult DRG neuronal growth cones. 20-28 MTs in 10-18 growth cones were analyzed in 
each condition.
(G,I) Kymographs illustrating the dynamics of MTs grown in the presence of rhodamine-tubulin (G) or mCher-
ry-EB3 (I), either alone or with the addition of KIF21A-MD2-GFP. Bright rhodamine-labeled MT seeds are visible 
in the red channel, as indicated below the kymograph.
(H,J) Parameters of MT dynamics in presence of rhodamine-tubulin or 10 nM mCherry-EB3 and different con-
centrations of KIF21A-MD2-GFP. ~120-180 MT growth events were analyzed for each condition in at least two 
independent experiments.
Values significantly different from control are indicated by asterisks (**, p < 0.001, Mann-Whitney U test). See 
also Fig. S4.
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Figure 5. KIF21A restricts MT growth at the cell cortex
(A) HeLa cells stably expressing EB3-GFP were transiently transfected with control or KIF21A siRNAs and ima-
ged using wide-field fluorescent microscope. Five consecutive frames (0.1 s exposure each) were averaged, and 
then a projection of two consecutive averaged frames, shown in green and red, was made using Time-lapse Series 
Painter plugin for ImageJ (van der Vaart et al., 2011). Merged frames illustrate MT plus end growth over 1 s.
(B) Representative kymographs illustrating growth of EB3-GFP-decorated MT tips at the edge of control and 
KIF21A-depleted cells. Growth events with two different velocities are indicated with stippled lines. Contrast is 
inverted.
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cells, which lack cortical CLASP-containing MT-stabilizing complexes (Lansbergen et al., 
2006), significantly decreased the velocity of MT growth (Fig. 4B,C). The full length KIF21A 
displayed only a very weak expression in COS-7 cells, and we therefore could not assess its 
effect on MT dynamics in this system. However, when the full length KIF21A was expressed 
in neurons, it strongly accumulated in axonal growth cones (see below), making it possible 
to assess its effect on MT dynamics. We found that elevated KIF21A levels reduced MT po-
lymerization rate and inhibited catastrophes in growth cones (Fig. 4D-F).
 To test whether the ability to regulate MT growth is an autonomous property of KI-
F21A, we purified KIF21A-MD2-GFP from E. coli (Fig. S4C) and investigated its effect on 
MT dynamics in vitro. MTs were grown in the presence of 15 μM tubulin and visualized by 
the addition of rhodamine-labeled tubulin (0.5 μM). Alternatively, we tested MT growth in 
the presence of 10 nM mCherry-EB3, because the members of the EB family are the most 
abundant cellular MT plus end-decorating proteins (Jiang et al., 2012; Schwanhausser et 
al., 2011). In the presence of ATP, KIF21A-MD2-GFP molecules, imaged by TIRFM, exhi-
bited processive motility along dynamic MTs with an average velocity of 0.6 ± 0.2 μm/s 
at 30°C (n=200) (Fig. S4D). The lower velocity of the motor in vitro was likely due to the 
lower temperature used for the assay, but could also be caused by differences in folding and 
post-translational modifications as the protein was produced in bacteria. Importantly, KI-
F21A-MD2-GFP caused a concentration-dependent decrease of MT growth velocity, which 
was visible in the presence of tubulin alone and was even more obvious in the presence of 
mCherry-EB3, which by itself accelerates MT growth (Montenegro Gouveia et al., 2010) (Fig. 
4G-I). Although a reduction of MT growth rate is expected to lead to more frequent cata-
strophes (Walker et al., 1988), in the presence of KIF21A-MD2 the catastrophe frequency 

(C) Lognormal fits of the distributions of the growth velocities at the cell periphery (within 3 μm from cell edge) 
and in the central cytoplasm measured in 20 cells in 3 independent experiments. Examples of the distributions 
are show as insets on the right. Larger versions of all distributions are shown in Fig. S5.
(D) Length of EB3-GFP-positive comets in control and KIF21A-depleted cells measured at the cell periphery and 
in the central part of the cell. 140 comets in 7 cells were measured in each condition. Values significantly different 
from control are indicated by asterisks (*, p < 0.01; Mann-Whitney U test).
(E) A schematic model of MT dynamics regulation by the cortical MT attachment complex. LL5β, liprin-α1, 
liprin-β1 and KANK1 are recruited to the cortex independently and co-cluster at cortical sites adjacent to FAs. 
LL5β and liprins recruit MT stabilizing and rescue factors, CLASPs, and prevent long MT depolymerization epi-
sodes. KANK1 recruits KIF21A, which, in turn, prevents MTs from overgrowing. 
(F-H) Results of simulation of MT organization with different parameters, as indicated above the images. For 
central cell regions, MT dynamics parameters were assigned values that we have recently measured (Table S2).  In 
the left panel, MT growth rates and rescue frequencies were the same in the central cytoplasm and at the cell mar-
gin. In the middle panel, the growth rate was the same, but the rescue frequency was increased in the 1 μm-broad 
region at the cell margin (Mimori-Kiyosue et al., 2005). In the right panel, the rescue frequency was increased 
while the growth rate was decreased in the 1 μm-broad region at the cell margin. Rescue frequency is expressed 
as characteristic rescue time (i.e. inverse frequency value).
(I-K) Plots show simulated values of MT radiality (a measure of the proportion of MT segments directed outwards 
from the cell center) in the 5 μm zone at the cell margin, and the percentage of MT plus ends in the 1 μm-broad 
region at the cell margin dependent on MT growth rate (I) or rescue time (inverse rescue frequency, J) in the 1 μm 
region at the cell margin. Plots in panel K show the dependence of the same parameters on the rescue time in the 
1 μm region at the cell margin, when the growth rate at the cell margin was set at 4.8 μm/min. Growth rates and 
rescue frequencies were the same in the central cytoplasm in all conditions, as indicated. Each point represents 
an average and SD of four simulations.
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was strongly reduced, in line with the effect of KIF21A overexpression in neurons (Fig.4F,J). 
This property is important to promote stable MT array formation, because it allows KIF21A 
to restrict MT growth without inducing MT disassembly. For comparison, we tested a di-
meric motor domain fragment of kinesin-1 KIF5B (Fig. S4C), which had no effect on MT 
growth rate but, similar to KIF21A, diminished the frequency of catastrophes (Fig. S4E-F). 
The ability to suppress MT catastrophes might thus represent a general property of kinesins 
crowding the growing MT plus end, while the ability to decrease MT growth rate is kinesin 
family-specific.
 Next, we investigated whether KIF21A acts as a MT growth inhibitor in vivo by com-
paring MT dynamics in control and KIF21A-depleted HeLa cells using EB3-GFP as a mar-
ker. We noticed that a large number of very short EB3-positive comets was present close to 
the cell margin in control cells but not in KIF21A-depleted cells (Fig. 5A). Imaging with a 
high temporal resolution (10 frames per second) demonstrated that these comets correspon-
ded to MT plus ends that displayed long periods of slow growth (Fig. 5B). The distribution 
of MT growth velocities at the cell margin was thus different from that in the central cell 
regions, and this difference was strongly diminished when KIF21A was depleted (Fig. 5B,C, 
Fig. S5). The slow comet displacement in control cells correlated with a reduced EB3 comet 
length (Fig. 5D), as can be expected when MT polymerization rate is reduced, supporting 
the view that KIF21A is a MT growth inhibitor. 

Analysis of cortical MT organization by modeling
To assess whether the decrease in MT growth rate induced by KIF21A is sufficient to ex-
plain why MTs do not overgrow at the cell margin, we modeled MT dynamics as a random 
two-state dynamic instability process using macroscopic Monte Carlo simulations (Dog-
terom and Leibler, 1993). All minus ends were assumed to be anchored to the centrosome 
located in the center of a perfectly round cell with a radius of 25 μm. Radially emanating 
MT plus ends could be either growing or shortening, and the behavior of the entire MT 
ensemble was fully described by velocities of growth and shortening and frequencies of ca-
tastrophes and rescues. We assumed that catastrophe and rescue times (inverted values of 
the catastrophe and rescue frequencies) are distributed according to gamma distributions 
((Odde et al., 1995), Table S2). Whenever a MT plus end reached the cell margin it switched 
to shortening. We assumed that MTs inside the cell are flexible (Brangwynne et al., 2007), 
leading to fluctuations in the orientation of the growing MT tips (see Supplemental Experi-
mental Procedures for details). 
 At the beginning of the simulations the initial length of all MTs (250 in total) was 
equal to zero and they were allowed to grow from the cell center. Total time of each simula-
tion was eight hours. The appearance of the MT array as well as MT radiality (a value reflec-
ting the percentage of MT segments pointing outward) and the percentage of MT plus ends 
in the 1 μm-broad region at the cell margin served as output of each simulation (Fig. 5F-K). 
When the simulations were run with MT dynamics parameters determined by us previously 
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for central cell regions (van der Vaart et al., 2011) (Table S2), MTs reached the cell margin 
and subsequently, due to their flexibility, showed significant overextension along the cell 
edge. MTs thus became non-radial at the cell periphery, and the majority of MT plus ends 
were not localized at the cell margin (Fig.5F). 
 Next, we used the model to assess the effect of changes of MT growth rate and res-
cue frequency on MT organization.  Reduction of MT growth at the cell edge alone had no 
strong effect (Fig. 5I). When the rescue frequency at the cell margin was increased to mimic 
the effect of CLASPs as cortical rescue factors (Mimori-Kiyosue et al., 2005), most MTs were 
located close to the cell boundary where they formed a dense MT bundle (Fig. 5G,J). Ho-
wever, a combination of increased rescue frequency and reduced MT growth rate resulted 
in a more ordered MT array with most MT ends located close to the cell margin (Fig. 5H, 
K), similar to the MT array observed in control cells (Fig. 3C,E,G). This indicates that MT 
growth inhibition at the peripheral cell cortex induced by KIF21A combined with high MT 
rescue frequency by CLASPs (Lansbergen et al., 2006) indeed helps to explain why in control 
cells the majority of MTs terminate near the cell edge (Fig. 5E).

CFEOM1-associated mutations in KIF21A abrogate the autoinhibitory interactions between 
the coiled coil and the motor
Using immotile and therefore geometrically well-defined HeLa cells and in vitro experi-
ments we have established that KIF21A acts as a MT growth inhibitor. How can this finding 
help to explain the effect of missense mutations in KIF21A in pathogenesis of CFEOM1? 
To address this question, we first examined the effect of the most frequent CFEOM1-asso-
ciated substitution in KIF21A, R954W (Chan et al., 2007), on the behavior of the motor. A 
fragment of KIF21A containing the whole coiled coil domain but lacking the KANK1-bin-
ding region (MD3, Fig. 2G), was completely diffuse and did not colocalize with MTs (Fig. 
6A). However, when we introduced into this fragment the R954W substitution, we observed 
highly processive motility of the motor to MT plus ends, similar to KIF21A-MD2 (Fig. 6A, 
Fig.4A). A similar effect was observed with the full length KIF21A: the wild type protein 
localized to the cortical patches and displayed no detectable motility along MTs (Fig. 1I, Fig. 
6B), while the mutant KIF21A-R954W-GFP also localized to cortical sites, but in addition 
showed processive motility along linear tracks with an average velocity of 0.7 ± 0.1 μm/s 
(n=40 in 5 cells) (Fig. 6B). 
 To further substantiate these findings, we carried out motility assays using extracts 
of HEK293T cells expressing the MD3 fragment of the wild type KIF21A or the R954W 
mutant. Rhodamine-labeled stabilized MTs were immobilized on coverslips, and the move-
ments of GFP-labeled kinesins present in the extract were visualized using TIRFM (Fig. 6C). 
Although the velocity of movement was similar for the wild type protein and the mutant 
(0.2 ± 0.2 μm/s and 0.2 ± 0.1 μm/s, respectively, measured at 30°C), we observed significantly 
more processive motility events in extracts of the cells expressing the mutant protein com-
pared to the wild type version (Fig. 6C). In line with this observation, MT pelleting assays 
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showed that the R954W mutant of KIF21A-MD3 interacted with MTs much better than the 
wild type protein, and similar results were also obtained for the R954W mutant of the full 
length KIF21A (Fig.6D). KIF21A-GFP with the R954W mutation was also more efficient 
in the rescue of the MT disorganization phenotype caused by KIF21A depletion in HeLa 
cells: while the wild type KIF21A-GFP only partially reversed this phenotype, likely due to 
its very low expression, KIF21A-R954W-GFP was able to promote a complete rescue even 
though its expression was also very low, most likely because it was more efficiently concen-
trated at the cell edge (Fig.S4A,B). 
 The CFEOM1-associated mutation might act by relieving autoinhibition imposed by 
the C-terminal part of the coiled coil on the motor domain of KIF21A. Fully in line with 
this interpretation, we found that KIF21A-MD2 efficiently coprecipitated with the C-termi-
nal part of the KIF21A coiled coil (fragments CC3 and CC4), but that the interaction was 
abolished in the presence of the R954W mutation (Fig. 6E,F). Most of the other known CFE-
OM1-associated mutations are located in the coiled coil region of KIF21A close to the R954 
site (Chan et al., 2007). However, two CFEOM1-associated mutations, C28W and M356T, 
are localized in the motor domain (Lu et al., 2008; Yamada et al., 2003). A structural model 
of the KIF21A motor based on the known X-ray structure of kinesin-4 indicates that the C28 
and M356 residues, which are positioned at the opposite ends of the motor sequence, are 
localized close to each other at a motor domain site distinct from the putative MT binding 
surface (Fig. S6). We introduced these two substitutions in the MD2 fragment of KIF21A 
and found that they indeed did not block the MT-based motility of the motor in cells (Fig. 

Figure 6. CFEOM1-associated mutations in KIF21A relieve autoinhibition 
(A,G) TIRFM-based live cell imaging of COS-7 cells transiently co-transfected with KIF21A-MD3-GFP or its 
R954W mutant and EB3-mRFP (A), or KIF21A-MD2-GFP mutants C28W and M356T and EB3-TagRFP-T (G). 
Images were acquired and prepared as described for Fig. 4A. The kymographs on the right illustrate the absence 
of motility of KIF21A-MD3 and motile behavior of KIF21A-MD3-R954W.
(B) TIRFM-based live cell imaging of HeLa cells transiently transfected with the KIF21A-FL or the mutant KI-
F21A-R954W-FL fused to GFP. Panels from left to right: a single frame of the GFP channel; maximum intensity 
projection of the GFP channel over 500 frames (50 s), and a kymograph along a single MT illustrating motile 
behavior of KIF21A-FL-R954W and the absence of detectable motility of KIF21A-FL.
(C) Single frames and kymographs illustrating the behavior of KIF21A-MD3-GFP (green) and the R954W mutant 
in extracts of HEK293T cells on taxol-stabilized MTs (red) in vitro. Images were collected using TIRFM with a 0.5 
s interval. Quantification shows the density of processive displacements longer than 0.25 μm (~18 MTs per condi-
tion). Concentrations of GFP fusions in the extract were controlled by Western blotting, as shown at the bottom 
of the panel. Ratio of the number of events for KIF21A-MD3-R954W:KIF21A-MD3 was 8.3±0.1 (mean±SD from 
2 independent experiments). Contrast is inverted in panels A, B, C and G, except for the cover overlays.
(D) MT pelleting assays with extracts of HEK293T cells expressing the indicated KIF21A-GFP fusions. Ratio of 
signal intensity between the pellet and supernatant was measured in three (KIF21A-MD3) or four (KIF21A-FL) 
independent experiments. The tubulin signal in the supernatant in the lane where no MTs were added is due to 
the presence of tubulin dimers in the cell extract.
(E) Schematic overview of CFEOM1-associated point mutations in KIF21A and deletion mutants used to analyze 
autoinhibition of KIF21A.
(F,H) Streptavidin pull-down assays were performed with the extracts of HEK293T cells co-expressing BirA, 
BioGFP-KIF21A-MD2 or its mutated versions together with mCherry-KIF21A-CC3/4 fusions or their mutated 
versions. The results were analyzed by Western blotting with the indicated antibodies. 
Values significantly different from control are indicated by asterisks (*, p < 0.05; ***, p < 0.001, Mann-Whitney U 
test). See also Fig. S6.
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6G). However, both mutations completely prevented co-IP between the motor domain and 
the coiled coil of KIF21A (Fig. 6H), indicating that, similar to the R954W mutation, they 
do not interfere with the motor function of KIF21A but rather prevent its autoinhibition. 
Interference with autoinhibition might thus be a general property of CFEOM1-associated 
substitutions in KIF21A, suggesting that CFEOM1 pathology is due to a gain-of-function 
phenotype, which is fully in line with the dominant character of the disease. To understand 
CFEOM1 etiology, it is thus necessary to investigate the consequences of expression of KI-
F21A mutants and their enhanced activity, rather than the loss of KIF21A function.

Effects of enhanced KIF21A activity in neurons
Since the pathology in CFEOM1 patients suggests an effect on neuronal development (Hei-
dary et al., 2008; Yamada et al., 2003), a process critically dependent on MT-actin cross-talk 
(Dent et al., 2011), we compared the localization of the wild type and mutant GFP-tagged 
KIF21A in cultured neurons. Both the wild type and the R954W mutant of the full length 
KIF21A were present in the somatodendritic compartment as well as the axons and accumu-
lated in axonal growth cones (Fig.7A). FRAP experiments in axonal growth cones showed 
that the recovery of KIF21A-GFP-R954W was similar to that of the wild type protein, (Fig. 
S7), indicating that the two proteins display a similar turnover, at least at a short time scale. 
However, the extent of KIF21A accumulation in the growth cones increased ten fold for the 
R954W mutant compared to the wild type protein, in line with the enhanced motor activity 
of the mutant (Fig.7B,C). We conclude that a CFEOM1-associated mutation promotes accu-
mulation of KIF21A in growth cones.

Figure 7. CFEOM1-associated mutation in KIF21A promotes KIF21A-mediated alteration of 
axonal morphology and growth cone behavior
(A) Hippocampal neurons were cotransfected at day 1 in vitro with the indicated GFP fusions and a morphology 
marker, β-galactosidase. Three days later neurons were fixed and stained for β-galactosidase and GFP. Arrow, cell 
body; arrowheads, axonal growth cones.
(B) Fluorescence intensity in different neuronal compartments (soma, axonal segment within ~30 μm of the soma 
(proximal axon), axonal segment within ~8 μm of the growth cone (distal axon) and growth cone), normalized 
to soma.
C. Fluorescence intensity in the growth cone normalized to soma in control (GFP), KIF21A-GFP and KI-
F21A-R954W-GFP-expressing neurons. ~30-35 growth cones in 7-9 neurons were analyzed per construct.
(D-F) Quantification of the length of the primary axon (D), total axonal length (E) and axonal branching using 
Sholl analysis (F). 27-34 cells were analyzed per construct.
(G) Mean growth cone displacement within 5 min in control (GFP), KIF21A-GFP and KIF21A-R954W-GFP-ex-
pressing neurons. Growth cones of transfected cells were selected and GFP signal was imaged for 1 hr with a 5 min 
interval. 15-25 growth cones were analyzed per construct. 
(H) Three main types of growth cones found in cultured hippocampal neurons.
(I) Percentage of growth cones with different morphology, shown in panel H in control (GFP), KIF21A-GFP and 
KIF21A-R954W-GFP-expressing neurons. ~160-200 growth cones in 12-15 cells were analyzed per construct.
(J) Area of the fan like growth cones. 12-37 GFP-positive growth cones were analyzed per condition.
(K) Examples of response of the growth cones expressing the indicated GFP fusions to Sema3F treatment. 
(L) Growth cone collapse within 1 hr after Sema3F treatment. 12-37 GFP-positive growth cones were analyzed per 
condition. Growth cones with less than 3 filopodia within 45 min of observation were considered collapsed. Error 
bars indicate 95% confidence interval.
Values significantly different from control are indicated by asterisks (*, p<0.05, **, p < 0.01; ***, p < 0.001, 
Mann-Whitney U test). See also Fig. S7.
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 We next analyzed the functional consequences of increased KIF21A levels and found 
that the length of the primary axon was slightly decreased by KIF21A-GFP and significantly 
reduced by KIF21A-GFP-R954W expression (Fig. 7D), in line with KIF21A acting as a MT 
polymerization inhibitor. Due to a marked increase in axonal branching (Fig. 7F), the total 
axonal length was longer when KIF21A or its mutant were expressed (Fig. 7E), which is in 
accordance with the importance of proper control of MT dynamics for neurite branching 
(Dent and Kalil, 2001; Gallo, 2011). 
 Since KIF21A and especially its mutant strongly accumulated in axonal growth co-
nes, we investigated growth cone behavior and morphology in more detail. Live cell imaging 
showed that KIF21A suppressed overall growth cone dynamics: the total length of displace-
ments, including protrusions and retractions, was reduced in KIF21A-expressing neurons 
(Fig. 7G). Interestingly, the expression of KIF21A decreased the proportion of axonal tips 
with a fan-like morphology, which, based on live cell imaging, displayed dynamic, “sear-
ching” behavior (Fig.7H,I). In contrast, the proportion of torpedo-like growth cones, which 
alternated between linear displacements and pauses, and bulb-like growth cones, which 
were stationary, was higher in KIF21A-expressing cells (Fig.7H,I). 
 We further focused on the behavior of the fan-like growth cones, because they are 
known to be important for pathfinding decisions during axon guidance (Mason and Wang, 
1997). We found that in KIF21A and KIF21A-R954W-expressing cells these growth cones 
were smaller than in control cells (Fig. 7J). We then investigated how such growth cones 
respond to treatment with an axon guidance molecule Semaphorin 3F (Sema3F), which in-
duces growth cone collapse in hippocampal neurons (Yang et al., 2012). While in control 
cells ~80% of fan-like growth cones collapsed within 45 min after Sema3F addition, this res-
ponse was significantly suppressed in KIF21A-GFP expressing neurons (Fig. 7K,L). This is 
in line with the view that dynamic MTs and actin strongly influence each other and that the 
cross-talk between them is essential during axon growth and guidance (Conde and Caceres, 
2009; Dent et al., 2011; Dent and Kalil, 2001; Schaefer et al., 2008). The effects of KIF21A on 
growth cone morphology and dynamics were even more pronounced after expression of 
the KIF21A-R954W mutant (Fig. 7G-L), which was more concentrated in the growth cone 
than the wild type protein. Taken together, our results indicate that the CFEOM1-associated 
mutation in KIF21A promotes its accumulation in axonal growth cones, and that increased 
KIF21A activity in growth cones alters their behavior.

 DISCUSSION
In this study, we have described the complex pathway responsible for the regulation of cor-
tical MT dynamics. We have found that liprin-α1, liprin-β1, KANK1 and KIF21A cooperate 
with LL5β, ELKS and CLASPs in cortical MT organization. Within cortical MT attach-
ment sites, LL5β and KANK1 appear to be the “core” components required for targeting 
of MT-binding proteins such as CLASPs and KIF21A, while liprins and ELKS play a role of 
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scaffolds required for protein clustering, in line with their function in neuronal cells (Hida 
and Ohtsuka, 2010; Spangler and Hoogenraad, 2007; Stryker and Johnson, 2007) (Fig. 5E). 
Protein turnover measurements showed that different components of the cortical clusters 
exchange with their own characteristic rates, with LL5β and KANK1 being the slowest, and 
KIF21A exchanging rapidly. This result indicates that the cortical clusters do not exchange 
as a single entity; rather, their individual components have their own characteristic dynami-
cs, a situation similar to that found in FAs (Wolfenson et al., 2009). 
 An important function of the identified cortical complexes is to concentrate MT-sta-
bilizing and rescue activity of CLASPs at the cell margin (Fig. 5E). In non-motile cells like 
the HeLa strain studied here, where cell protrusions are infrequent, extensive MT growth at 
the cell margin is expected to lead to formation of peripheral MT bundles. However, in spite 
of the high concentration of MT rescue factors at the periphery of HeLa cells, most MTs ter-
minate at the cell edge (Lansbergen et al., 2006; Mimori-Kiyosue et al., 2005). By combining 
experiments with modeling we showed that this is at least partly due to the KIF21A-medi-
ated inhibition of MT growth. In vitro experiments showed that KIF21A behaves similarly 
to another MT dynamics-inhibiting kinesin-4, Xklp1, which also acts as a MT polymeriza-
tion and catastrophe inhibitor (Bieling et al., 2010; Bringmann et al., 2004). However, while 
Xklp1 acts on overlapping MTs in the mitotic spindle midzone, where it is recruited by PRC1 
(Bieling et al., 2010), KIF21A inhibits MT extension at the cell margin to which it is recruited 
by KANK1. 
 Identification of KIF21A as an inhibitor of MT dynamics provides insight into CFE-
OM1 pathogenesis. We found that three missense mutations located in different parts of 
the KIF21A gene of CFEOM1 patients suppress the interaction between the kinesin motor 
domain and coiled coil region within the stalk of the molecule. Several lines of evidence sug-
gest that this leads to reduced autoinhibition of the motor and thus makes KIF21A constitu-
tively active. Autoinhibition through the interaction between the motor and the tail domain 
is a common property of different kinesins (Verhey and Hammond, 2009). However, what 
makes the situation with KIF21A particularly interesting is that mutations causing loss of 
autoinhibition occur in humans and result in a very specific neurodevelopmental syndrome. 
Importantly, activation rather than loss of function induced by CFEOM1-associated muta-
tions in KIF21A explains the dominant nature of the syndrome.
 How can an enhanced activity of KIF21A lead to CFEOM1? The disease is manifested 
by abnormalities in innervation of extraocular muscles, a deficiency likely caused by specific 
axon guidance or pruning defects (Heidary et al., 2008; Yamada et al., 2003). Identification 
of CFEOM-causative mutations in tubulin-encoding genes points to the abnormal state of 
the MT cytoskeleton as a major contributing factor to CFEOM (Tischfield et al., 2010). Axon 
development and guidance critically depend on the correct cytoskeletal organization and 
MT-actin cross-talk in growth cones (Conde and Caceres, 2009; Dent et al., 2011; Schaefer 
et al., 2008). Unlike the immotile HeLa cells where actin-based protrusions are infrequent 
and enhanced MT growth leads to formation of MT bundles at the cell margin, in axonal 
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growth cones polymerizing MTs penetrate into actin-rich cell extensions and are critically 
important for axonal growth cone propagation. In neurons, increased KIF21A expression 
leads to formation of somewhat shorter and more branched axons, a phenotype that might 
cause alterations in target innervation. This axonal phenotype is in line with suppression of 
rapid MT elongation; a similar effect was previously associated with enhanced MT stabili-
zation by CLASPs, which were also implicated in regulation of axon guidance (Beffert et al., 
2012; Hur et al., 2011; Lee et al., 2004) and which might act in the same pathway as KIF21A. 
Moreover, the increased activity of KIF21A reduced growth cone motility and the number 
of growth cones with a complex fan-like morphology. The remaining fan-like growth cones 
were smaller and less responsive to Sema3F, a member of the axonal guidance molecule fa-
mily that is important for the development of the ocular motor system (Ferrario et al., 2012). 
Semaphorin-induced axonal growth cone collapse is thought to rely on both actin and MT 
dynamics (Aizawa et al., 2001; Sanchez et al., 2000). It is likely that reduced responsiveness 
in KIF21A-expressing cells is due to a misbalance of MT-actin cross-talk in these growth 
cones. The reduced responsiveness to inhibitory cues in KIF21A-expressing neurons might 
stabilize retracting branches during axonal pathfinding and could augment the observed 
axonal branching phenotype. The exact signaling mechanism underlying KIF21A-mediated 
inhibition of Sema3F-induced growth cone collapse and its importance for the development 
of the ocular motor system requires further studies.
 Taken together, our data suggest that the enhanced localization of the mutant form 
of KIF21A in axonal growth cones can induce misregulation of MT dynamics, and that the 
associated changes in axonal morphology and guidance might form the basis of CFEOM1 
pathogenesis.
 

EXPERIMENTAL PROCEDURES
The description of constructs, siRNAs, antibodies, cell culture and staining procedures, details of the 
microscopy equipment, as well as a detailed description of the biochemical procedures, image analysis 
and modeling can be found in Supplemental Experimental Procedures.

Image Acquisition and Processing
Images of fixed cells were collected with a Leica DMRBE microscope equipped with a PL Fluotar 100x 
1.3 N.A. and 40x 1.00-0.50 N.A. oil objectives or an Olympus BX53 upright fluorescence microscope 
equipped with UPLSAPO 100xO/1,4 Universal Plan Super Apochromatic and UPLFLN 40xO /1,3 
Universal Plan Fluorite oil objectives. Live cell imaging and in vitro assays were performed on an in-
verted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect focus system (PFS) (Nikon), 
equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), Photometrics Evolve 512 
EMCCD (Roper Scientific) and controlled with MetaMorph 7.7 software (Molecular Devices). The 
microscope was equipped with TIRF-E motorized TIRF illuminator modified by Roper Scientific 
France/PICT-IBiSA, Institut Curie. MT nucleation and MT dynamics in DRG neurons were analyzed 
on a spinning disk microscope similar to the one described above, which was equipped with a CSU-
X1-A1 Spinning Disc (Yokogawa). FRAP assay was carried out using ILas system (Roper Scientific 
France/ PICT-IBiSA, Institut Curie). For growth cone tracking, we used a Nikon Eclipse TE2000E 
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microscope (Nikon) equipped with a 40x Plan Fluor N.A.1.3 objective (Nikon) and a Coolsnap HQ 
camera (Photometrics). To keep cells at 37°C we used stage top incubators (model INUBG2E-ZILCS 
Tokai Hit); neurons were maintained in the presence of 5% CO2.
Images were prepared for publication using MetaMorph and Adobe Photoshop. Growth cone trac-
king was performed using MTrackJ-plugin for ImageJ (Meijering et al., 2012) by selecting the point 
within the growth cone with the highest intensity. Statistical analysis was performed using non-pa-
rametric Mann-Whitney U-test in SigmaPlot. For morphometric analysis of hippocampal neurons, 
images of transfected neurons were analyzed for total axonal length and axonal branching in Matlab 
with SynD (Schmitz et al., 2011). For analysis of primary neurite length, the NeuronJ plugin in ImageJ 
(Meijering et al., 2004) was used.  

Protein purification, immunoprecipitation, Western blotting and mass spectrometry
GST fusions and HIS-tagged KIF21A-MD2-GFP and KIF5B-MD2-GFP fusions were expressed in 
BL21 E. coli and purified using glutathione-Sepharose 4B (GE Healthcare) and Ni-NTA Agarose (Qi-
agen), repectively. Immunoprecipitation, Western blotting and mass spectrometry were described 
previously (Lansbergen et al., 2004; Grigoriev et al., 2011).

Analysis of MT dynamics in vitro, MT pelleting and kinesin motility assays
The in vitro MT plus end tracking assay was performed as reported before (Montenegro Gouveia et al., 
2010). During the experiments the samples were maintained at 30 °C and data were collected using 
TIRFM. Values for MT growth rate and catastrophe frequency were obtained using kymograph ana-
lysis. Catastrophe frequencies were obtained by dividing the total number of catastrophes observed by 
the total time MT spent in growth. The standard deviation for catastrophe frequency was calculated 
as described previously (Walker et al., 1988).
 Kinesin motility assays were performed by TIRFM using rhodamine-tubulin seeds atta-
ched to coverslips with biotin-NeutrAvidin links, and extracts of HEK293T cells transfected with 
the constructs expressing KIF21A-GFP fusions. MT pelleting assays were performed essentially as 
described previously (Lansbergen et al., 2004) using extracts of HEK293T cells expressing different 
KIF21A-GFP fusions.
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Figure S1, related to Figure 1. Identification and characterization of the components 
of the cortical LL5β and ELKS-containing complexes.
(A-B) Identification of liprin-α1 and liprin-β1 in BioGFP-LL5β (A) and BioGFP-ELKS (B) streptavidin pull-down 
assays from HEK293T cell extracts by mass spectrometry.
(C,D) Identification of KANK1, KANK2 and KIF21A in BioHA-liprin-α1 (C) and Bio-liprin-β1 (D) streptavidin 
pull-down assays from HeLa cell extracts by mass spectrometry.
(E-G) HeLa cells were transiently transfected with control siRNAs or siRNAs against KANK2. 3 days later, cells 
were fixed and stained for KANK2 (green in overlay) and LL5β or FAK (red in overlay).
(H-J) TIRF microscopy images of live HeLa cells transiently transfected with the indicated GFP (green in overlay) 
and mCherry (red in overlay) fusion constructs. 
(K-P) Analysis of the turnover of the indicated proteins by FRAP in HeLa cells using TIRF imaging. The plots 
show processed FRAP data (green dots) and their fitting to a two-exponential model (red lines) as described pre-
viously (Grigoriev et al., 2011) (see also Table S1). 3-7 cells per construct were analyzed. The recovery halftimes for 
the two components are indicated.
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Figure S2, related to Figure 2. Biochemical analysis of the interactions between liprins, KANK1/2 and KIF21A.
(A) IPs were performed with extracts of HeLa cells expressing HA-tagged liprin-α1, liprin-β1, or BICD2 (a cyto-
solic protein (Hoogenraad et al., 2001), used as a control), and analyzed by Western blotting with the indicated 
antibodies.
(B) Streptavidin pull-down assay was performed with extracts of HeLa cells co-expressing BioGFP-KANK1/2, 
BirA and HA-liprin-α1 and HA-liprin-β1, and analyzed by Western blotting with the indicated antibodies. 
(C) Schematic overview of KANK1 deletions. Numbering is based on KANK1 sequence AAH37495. KN – the 
KANK N-terminal motif, CC, coiled coil, ANKRD – ankyrin repeat domain. The ability of KANK1 fragments to 
interact with liprin-β1 and KIF21A is indicated.
(D) Streptavidin pull-down assay was performed with extracts of HeLa cells co-expressing BioGFP-KANK1/2 
and BirA and analyzed by Western blotting with the indicated antibodies.



KIF21A IS A CORTICAL MICROTUBULE GROWTH INHIBITOR

173

6

Figure S3, related to Figure 3. Characterization of the knockdown of the cortical complex components.
(A-C) Extracts of HeLa cells transfected with the indicated siRNAs analyzed by Western blotting with the indica-
ted antibodies. Two different siRNAs, A and B, were used to deplete KIF21A.
(D-H, J,K) HeLa cells were transiently transfected with different siRNAs. 3 days later, the cells were fixed and 
stained with the indicated antibodies. The insets show enlargements of the boxed areas. In the overlays in D-H 
liprins, KANK1 and KIF21A are shown in green, and LL5β and FAK in red; in the overlays in J-K, liprin-α and 
LL5β are in green and β-tubulin in red.
(I) HeLa cells stably expressing EB3-GFP were transiently transfected with different siRNAs. 3 days later, the 
cells were imaged by spinning disk microscopy and the number of MTs originating from the centrosomal area 
was analyzed in 6-14 cells per condition. N.S., no significant difference with control based on the Mann-Whitney 
U test.
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Figure S4, related to Figure 4. KIF21A regulates MT growth and organization.
(A) Rescue of MT organization in KIF21A-depleted cells by KIF21Ar-GFP and its R954W mutant. HeLa cells were 
transiently transfected with the indicated siRNAs. After 1 day, the cells were transfected with the indicated DNA 
constructs, and after 1 more day, cells were fixed and stained for β-tubulin. KIF21Ar – KIF21A rescue construct 
containing silent mutations making it insensitive to KIF21A siRNA(B).
(B) Plots of the percentage of non-radial MTs running along the cell edge and the total number of MTs in a 4 x 
7 μm box adjacent to the cell edge. Measurements were performed in 10 cells per condition. Values significantly 
different from control are indicated by asterisks (*, p < 0.05; **, p < 0.001, Mann-Whitney U test).
(C) Coomassie-stained gels with purified KIF21A-MD2-GFP or KIF5B-MD2-GFP.
(D) Kymograph illustrating the behavior of purified KIF21A-MD2-GFP (20 nM) on dynamic MTs grown in the 
presence of 10 nM mCherry-EB3. Only the GFP signal is shown.
(E,F) Parameters of MT dynamics in presence of 10 nM mCherry-EB3 and different concentrations of KIF21A-
MD2-GFP or KIF5B-MD2-GFP. ~120 MT growth events were analyzed for each condition in at least two inde-
pendent experiments.
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Figure S5, related to Figure 5. Effect of KIF21A depletion on MT growth rate.
Distributions of MT growth rates at the cell periphery (within 3 μm from cell edge) and in the central cytoplasm 
measured in 20 cells in 3 independent experiments in control or KIF21A depleted cells.

Figure S6, related to Figure 6. Homology model of the 
human KIF21A motor domain illustrating the positi-
on of two CFEOM1-associated mutations. 
Homology model of the human KIF21A motor do-
main (residues 1-369). The two residues mutated in 
CFEOM1, C28 and M356, are highlighted in red. 
The putative MT binding site, helix α4, is shown in 
yellow. The model was constructed by SWISS-MO-
DEL homology modeling server (Arnold et al., 2006; 
Kiefer et al., 2009) using the mouse KIF4 motor 
domain structure as the model (pdb: 3ZFD). As the 
human KIF21A motor domain contains an extensi-
on (residues 238 to 264), which is not present in the 
mouse KIF4 motor domain, these residues are not 
displayed in the figure.

Figure S7, related to Figure 7. Characterization of KI-
F21A turnover in neuronal growth cones.
Constructs expressing GFP alone and the indica-
ted GFP fusions were transfected into hippocampal 
neurons at day 1 in vitro. 4 days later, growth cones 
containing GFP signal were photobleached and its re-
covery was measured over a 1 min period. Fluorescen-
ce intensity was normalized to the initial value. 9-10 
growth cones were analyzed for each condition.
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SUPLEMENTARY TABLES

Table S1, related to Fig.1 and Fig. S1. Analysis of the FRAP data

Percentage and recovery halftime for each protein population were determined by fitting of a two-com-
ponent exponential model to FRAP curves. Halftime of fluorescence recovery t 1/2, 95% confidence in-
terval (95% conf. int.) for each t 1/2 and percentage of each protein population are indicated.

Table S2, related to Fig. 5. MT dynamics parameters used for simulations

Parameters for MT dynamics in the central cytoplasm were measured previously (van der Vaart 
et al., 2011). *) Mean and standard deviation values of characteristic catastrophe and rescue times 
were calculated from corresponding frequencies assuming gamma distribution of times and inver-
se-gamma distribution of frequencies. 

SUPLEMENTARY MOVIES

Movie S1, related to Figure 4. KIF21A-MD2-GFP moves along MTs. 
TIRF microscopy-based live cell imaging of COS-7 cells transiently co-transfected with KIF21A-MD2-GFP and 
EB3-mRFP. Red and green images were collected simultaneously with a beam splitter with a 0.1 s interval be-
tween frames, and three consecutive frames were averaged. 100 averaged frames are displayed at a rate of 30 
frames per second. Available online. 
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SUPLEMENTARY EXPERIMENTAL PROCEDURES

Cell culture and transfection of DNA constructs
HeLa, COS-7 and HEK293T were cultured as described previously (Akhmanova et al., 2001). Poly-
Fect (Qiagen), FuGENE 6 (Roche) or Lipofectamine 2000 (Invitrogen) reagents were used for plasmid 
transfection. Primary hippocampal cultures were prepared from brains of embryonic day 18 (E18) rats 
as described previously (Jaworski et al., 2009) and transfected using Lipofectamine 2000 (Invitrogen) 
for live imaging and immunofluorescent staining. Dorsal root ganglion (DRG) neurons were isolated 
from adult female Sprague Dawley rats (3 months old). The neurons were dissociated with collagenase 
type IV (Sigma) and 0.1% trypsin (Sigma). Dissociated neurons were plated on coverslips coated with 
poly-d-lysine (20 µg/ml), 1 μg/ml laminin and cultured in dissociated DRG culture medium (DMEM 
(Lonza), 1% FBS (Invitrogen), penicillin-streptomycin-fungizone (1×) (Sigma), and NGF (20 ng/mL) 
(Sigma), and kept at 37°C in 5% CO2. Dissociated adult DRG neurons were transfected using a Micro-
porator (Invitrogen). Approximately 1 × 105 cells were transfected per reaction, in a volume of 10 μl. 
Transfected cells were plated and cultured as described above, but without antibiotics for the first 24 
hours after electroporation. 

Constructs
(Bio)GFP-KIF21A and KIF21A-GFP expression constructs and their deletion mutants were generated 
using Flexi ORF clone pF1KA1708 human cDNA (Kazusa DNA Research Institute) in pEGFP-C1 and 
pEGFP-N3 by cloning- and PCR-based strategies. GFP-KIF21A-R954W, C28W and M356T mutations 
were introduced by overlapping PCR. In BioGFP fusions, a linker encoding the sequence MASGLN-
DIFEAQKIEWHEGGG, which is the substrate of biotin ligase BirA, was inserted into the NheI and 
AgeI sites in front of the GFP (pBioGFP-C1). BirA ligase expression construct was a gift from D. Meijer 
(Erasmus MC, Rotterdam, The Netherlands). GFP-LL5β, RFP-LL5β and GFP-ELKS (Lansbergen et al., 
2006), EB3-mRFP (Grigoriev et al., 2008) and HA-liprin-α1 (Spangler et al., 2011) were described pre-
viously. EB3-TagRFP-T was generated in pEGFP-N1-like vector ( a gift of Y. Mimori-Kiyosue, Riken, 
Japan). BioHA-liprin-α1 was generated by cloning a linker encoding the sequence MASGLNDIFEAQ-
KIEWHEGGG into HA-liprin-α1 construct. mCherry-liprin-α1 was subcloned into GW1-mCherry 
vector. HA-liprin-β1 was generated using human cDNA (NM_003622) in GW1-HA by cloning and 
PCR-based strategies and BioGFP-liprin-β1 was generated by re-cloning liprin-β1 in frame into the 
BioGFP vector based on pEGFP-C1. KANK1 and KANK2 fusions and KANK1 deletion constructs 
were generated using human cDNA clones KIAA0172 and KIAA1518 (Kazusa DNA Research In-
stitute) in pEGFP-C1 or its derivatives where GFP was substituted for mCherry or TagRFP-T by a 
PCR-based strategy. Rescue constructs were made by a PCR-based mutagenesis strategy; for KIF21A, 
the target sequence GTAAGACCCATGTCAGATA was mutated to GTCAGGCCTATGTCGGACA; 
for KANK1, the target sequence AGAGAAGGACATGCGGAT was mutated to TGAAAAAGATAT-
GCGAAT.
  For neuronal expression, KIF21A constructs were cloned into a modified GW1-vector (British 
Biotechnology) (Hoogenraad et al., 2005). GST-KIF21A-H1 was generated by a PCR-based strategy in 
pGEX-6P-1. KIF21A-MD2 and KIF5B-MD2 were cloned in frame with EGFP-6xHIS tag at the C-ter-
minus into pET28a vector modified to remove the N-terminal His-tag and the T-tag.

siRNAs
siRNAs were synthesized by Ambion or Dharmacon; they were directed against the following target 
sequences: control: GCACUCAUUAUGACUCCAU (Mimori-Kiyosue et al., 2005) or MISSION si-
RNA Universal Negative Control #2 (Sigma-Aldrich), KIF21A (A): CACGUACUGUGAAUACAGA, 
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KIF21A (B): GUAAGACCCAUGUCAGAUA, human liprin-α1: GGCUGAAAAAAAUCGUAAA, 
human liprin-β1: GAUUCGAGAUUUGGAGUUU, LL5β: GGAGATTTTGGATCATCTA (Lans-
bergen et al., 2006), ELKS: GTAGGGAAAACCCTTTCAAT (Lansbergen et al., 2006). KANK1 and 
KANK2 were depleted using OnTarget-Plus SmartPool (Dharmacon); for rescue experiments with 
the KANK1 construct, an siRNA with the target sequence CAGAGAAGGACAUGCGGAU was used. 
Synthetic oligos were transfected using HiPerFect (Qiagen) at a concentration of 5 nM and cells were 
analyzed 72 hr after transfection.

Antibodies and immunofluorescent cell staining
We used chicken polyclonal antibodies against β-galactosidase (Aves Labs), rabbit polyclonal anti-
bodies against GFP (Abcam or MBL), HA (Santa Cruz), LL5β (Lansbergen et al., 2006), KANK1 and 
KANK2 (Sigma), ELKS (a gift from Dr. F. Melchior, ZMBH, University of Heidelberg, Germany), 
liprin-α1 (Spangler et al., 2011), KIF21A (Tischfield et al., 2010) (a gift of E. Engle, Children’s Hospital 
Boston, USA)  used for immunofluorescent cell staining, or Upstate Biotechnology, used for Western 
blotting. Rabbit polyclonal antibodies to liprin-β1 were raised against liprin-β1 amino acids 195-433 
fused to GST. We used mouse monoclonal antibodies against GFP and HA tag (Roche), mCherry 
(Clontech) and β-tubulin (Sigma Aldrich), FAK (BD Biosciences) and rat antibody against α-tubulin 
(Abcam). The following secondary antibodies were used; alkaline phosphatase-conjugated anti-rabbit 
and anti-mouse (Sigma-Aldrich), IRDye 800CW Goat anti-rabbit and anti-mouse (Li-Cor Bioscien-
ces), Alexa-350, Alexa-488 and Alexa-594 conjugated goat antibodies against rabbit and mouse IgG 
(Molecular Probes), 
 HeLa cells were fixed with –20 °C methanol for 15 min in the case of liprin-α1 and LL5β stai-
ning. In case of liprin-β1, KANK1, KANK2, KIF21A and tubulin labeling, cells were fixed with –20 
˚C methanol for 15 min or fixed with –20 °C methanol for 15 min followed by a post-fixation with 4% 
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at RT. Cells were rinsed with 0.15% 
Triton X-100 in PBS; subsequent washing and labeling steps were carried out in PBS supplemented 
with 1% bovine serum albumin and 0.15% Tween-20. At the end, slides were rinsed in 100% ethanol, 
air-dried and mounted in Vectashield mounting medium (Vector laboratories). For staining of cul-
tured neurons, the protocol was adjusted as follows: cells were rinsed three times for 5 min with PBS, 
fixed with 4%PFA/4% sucrose in PBS, and subsequently incubated with primary antibodies in GDB 
buffer (0.2% BSA, 0.8% NaCL, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. 
Next, neurons were washed three times in PBS for 5 min and incubated with Alexa-conjugated secon-
dary antibodies in GDB buffer for 1 hr at room temperature. Neurons were washed three times in PBS 
for 5 min and slides were mounted using Vectashield mounting medium (Vector labatories).

Image Acquisition and Processing
Images of fixed cells were collected with a Leica DMRBE microscope equipped with a PL Fluotar 100x 
1.3 N.A. and 40x 1.00-0.50 N.A. oil objectives, FITC/EGFP filter 41012 (Chroma) and Texas Red filter 
41004 (Chroma) and an ORCA-ER-1394 CCD camera (Hamamatsu). Alternatively, we used an Olym-
pus BX53 upright fluorescence microscope equipped with UPLSAPO 100xO/1,4 Universal Plan Super 
Apochromatic and UPLFLN 40xO /1,3 Universal Plan Fluorite oil objectives, U-FGFP and U-FMCHE 
filters (Olympus) and Photometrics CoolSNAP HQ2 CCD (Roper Scientific) camera. The microscope 
was driven by Olympus CellSens Dimension 5D software.
 Live cell imaging and in vitro assays were performed on an inverted research microscope 
Nikon Eclipse Ti-E (Nikon) with the perfect focus system (PFS) (Nikon), equipped with Nikon CFI 
Apo TIRF 100x 1.49 N.A. oil objective (Nikon), Photometrics Evolve 512 EMCCD (Roper Scientific) 
and controlled with MetaMorph 7.7 software (Molecular Devices). The microscope was equipped with 
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TIRF-E motorized TIRF illuminator modified by Roper Scientific France/PICT-IBiSA, Institut Curie. 
MT nucleation and MT dynamics in DRG neurons were analyzed on a spinning disk microscope that 
was the same as the one described above but equipped with a CSU-X1-A1 Spinning Disc (Yokoga-
wa). For regular imaging we used the mercury lamp HBO-103W/2 (Osram) for excitation or 491nm 
100mW Calypso (Cobolt) and 561nm 100mW Jive (Cobolt) lasers. We used ET-GFP filter set (Chro-
ma) for imaging of proteins tagged with GFP; ET-mCherry filter set (Chroma) for imaging of proteins 
tagged with mCherry. For simultaneous imaging of green and red fluorescence we used triple-band 
TIRF polychroic ZT405/488/561rpc (Chroma) and triple-band laser emission filter ZET405/488/561m 
(Chroma), mounted in the metal cube (Chroma, 91032) together with Optosplit III beamsplitter 
(Cairn Research Ltd, UK) equipped with double emission filter cube configured with ET525/50m, 
ET630/75m and T585LPXR (Chroma). FRAP assay was carried out using ILas system (Roper Scienti-
fic France/ PICT-IBiSA, Institut Curie) installed on the same microscope and with the lasers mentio-
ned above at 100% laser power. For growth cone tracking, we used a Nikon Eclipse TE2000E micros-
cope (Nikon) equipped with a 40x Plan Fluor N.A.1.3 objective (Nikon) and a Coolsnap HQ camera 
(Photometrics). To keep cells at 37°C we used stage top incubators (model INUBG2E-ZILCS Tokai 
Hit). Neurons were maintained in the presence of  5% CO2.
 Images were prepared for publication using MetaMorph and Adobe Photoshop. All images 
were modified by adjustments of levels and contrast; for images of live cells, averaging of several 
consecutive frames was performed in some cases; in addition to adjustments of levels and contrast, 
Unsharp Mask and Blur filters (Photoshop) were applied. Maximum intensity projection, kymograph 
analysis and various quantifications were performed in MetaMorph. Growth cone tracking was per-
formed using MTrackJ-plugin for ImageJ (Meijering et al., 2012) by selecting the point within the 
growth cone with the highest intensity. To quantify growth cone dynamics, completely static growth 
cones (≤10µm/hr) were excluded from analysis. Statistical analysis was performed using non-parame-
tric Mann-Whitney U-test in SigmaPlot.

Protein purification, immunoprecipitation and Western blotting
GST fusions were expressed in BL21 E. coli and purified with Glutathione Sepharose 4B (GE Healthca-
re). Immunoprecipitations and Western blotting were described previously (Lansbergen et al., 2004). 
 BL21 E. coli cells carrying the HIS-tagged KIF21A-MD2-GFP or KIF5B-MD2-GFP con-
structs were grown at 37 °C till OD600 ~0.6-0.8, and the protein expression was induced by adding 
0.1 mM IPTG at 22 °C for 16 hrs.  Cells were resuspended in ice cold buffer containing 50 mM sodium 
phosphate pH 8, 250 mM NaCl, 1 mM MgCl2, 20 mM Imidazole, 1 mM DTT, 0.5% Triton X-100 and 
protease inhibitor cocktail (Roche), and after sonication, the cell debris was separated by centrifu-
gation at 25000 X g for 60 min. The supernatants were incubated with Ni-NTA Agarose (Qiagen) at 
4 oC for 90 min and transferred to columns, which were washed with the buffer containing 50 mM 
sodium phosphate pH 6, 250 mM NaCl, 1 mM MgCl2, 60 mM Imidazole, 1 mM DTT, 25 µM ATP. The 
proteins were eluted with the buffer containing 50 mM sodium phosphate pH 7, 250 mM NaCl, 1 mM 
MgCl2, 500 mM Imidazole, 1 mM DTT, 25 µM ATP. 
 KIF5B-MD2-GFP was further purified by gel filtration using Superose6 (10/300GL) column 
(GE Healthcare) in the buffer containing 50 mM sodium phosphate pH 7.0, 250 mM NaCl, 1 mM 
MgCl2, 1 mM DTT, 25 µM ATP. KIF21A-MD2-GFP was exchanged into MRB80 buffer (80 mM K-PI-
PES pH 6.8, 1 mM EGTA, 4 mM MgCl2, supplemented with 10 mM AMP-PNP and 1 mM DTT, using 
PD-10 desalting columns (GE Healthcare). The protein was incubated with preformed MTs in the 
presence of 2 mM AMP-PNP, 1 mM GTP, 20 μM taxol at 26 °C on a thermo mixer for ~1 hr. MTs were 
sedimented by centrifugation ~100000 x g for 20 min at 24 °C. KIF21A-MD2-GFP that was bound 
to the sedimented MTs were released by resuspending the MT pellet with MRB80 buffer containing 
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10 mM ATP and 250 mM NaCl and by depolymerizing the MTs on ice. KIF21A-MD2-GFP was se-
parated from the MTs by centrifugation at ~100 000 x g for 20 min at 24 °C and further by Ni-NTA 
affinity purification as described above. The purified proteins were stored at -80 °C in MRB80 buffer 
containing 200 mM NaCl, 1mM DTT, 25 μM ATP, 10 % sucrose.

Analysis of MT dynamics in vitro
The in vitro MT plus end tracking assay was performed as reported before (Montenegro Gouveia 
et al., 2010). Briefly, microscopy slides and precleaned glass coverslips were used to assemble a flow 
chamber with the help of double-sided tape. The chamber was treated with 0.2 mg/ml PLL-PEG-bi-
otin (Surface Solutions, Switzerland) in MRB80 buffer (80 mM K-PIPES, pH 6.8, 4 mM MgCl2, and 
1 mM EGTA) for 5 min. After washing the chamber with MRB80 buffer, it was incubated with 0.8 
mg/ml NeutrAvidin for 5 min. Short MT seeds were prepared using 20 µM tubulin mix containing 
18% biotin-tubulin and 12% rhodamine-tubulin (Cytoskeleton, Inc.) with 1 mM GMPCPP at 37 °C 
for 30 min. The polymerized MTs were pelleted by centrifugation in an Airfuge for 5 min. After one 
round of depolymerization of the MTs and polymerization with 1 mM GMPCPP the final MT seeds 
were stored in MRB80 buffer containing 10% glycerol. The seeds were attached to the coverslips using 
biotin-NeutrAvidin links and incubated with 0.8 mg/ml k-casein.
 The in vitro reaction mixture consisting of 15 µM tubulin, 50 mM KCl, 0.1% Methyl cellulose, 
0.5 mg/ml k-casein, 1 mM GTP, oxygen scavenging system (20 mM glucose, 200 µg/ml catalase, 400 
µg/ml glucose-oxidase, 4 mM DTT), 2 mM ATP, 10 nM mCherry-EB3 and the specified amount of 
KIF21A-MD2-GFP was added to the flow chamber and sealed with grease. During the experiments 
the samples were maintained at 30 °C and data were collected using TIRF microscopy. The values for 
MT growth rate and catastrophe frequency were obtained using kymograph analysis. Catastrophe 
frequencies were obtained by dividing the total number of catastrophes observed by the total time 
MT spent in growth. The standard deviation for catastrophe frequency was calculated as described 
previously (Walker et al., 1988).

Kinesin in vitro motility assay
Kinesin motility assay was performed similar to the in vitro MT dynamics assay, with following 
adjustments. Rhodamine-tubulin seeds were elongated by incubation at room temperature for 1 to 
2 days. These MTs were attached to coverslips with biotin-NeutrAvidin links as described above. 
HEK293T cells were transfected with the constructs expressing KIF21A-GFP fusions, lysed in TBS 
buffer (20 mM tris, 150 mM NaCl, pH 8.0) supplemented with 1x protease inhibitor cocktail (Roche) 
and 0.5% Triton-X100 and centrifuged in an Airfuge for 5 minutes. Cell lysates were added to the 
reaction mix which contained oxygen scavenging system, 10 mM glucose, 2 mM ATP, 2 mM MgCl2  in 
MRB80 buffer and added to the flow chamber and imaged by TIRF microscopy. 

MT pelleting assay 
For MT pelleting assays, tubulin isolated from bovine brain (Cytoskeleton, Inc.) was polymerized 
at 37 °C for 45 minutes (20 µM tubulin, 1mM GTP in MRB80 buffer), after which 20 µM Taxol was 
added, and the mixture was incubated for 30 minutes at room temperature. HEK293T cells transfec-
ted with different KIF21A-GFP fusion constructs were lysed in MRB80 buffer (80mM PIPES, 1 mM 
EGTA, 4 mM MgCl2, pH 6.8 adjusted with KOH) supplemented with 1x protease inhibitor cocktail 
(Roche), 0.5% Triton-X100 and centrifuged in an Airfuge for 5 minutes. Lysates were incubated with 
stabilized MTs in the presence of 2 mM AMPPNP, 1 mM GTP and 20 µM Taxol for 30 minutes at 
room temperature. MTs were pelleted by centrifugation in an Ultrafuge for 15 minutes at 100 000 x g. 
Supernatant and pellet were collected and analyzed by Western blotting. Quantification was perfor-
med by measuring average intensity of the band on Western blots in ImageJ.
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Mass spectrometry
Mass spectrometry was performed as described previously (Grigoriev et al., 2011). The Mascot search 
algorithm (version 2.2, MatrixScience) was used for searching against the Uniprot database (taxo-
nomy: Homo sapiens; release human_2011_11.fasta). The peptide tolerance was set to 10 ppm (Or-
bitrap) or to 2 Da (ion trap) and the fragment ion tolerance was set to 0.8 Da. A maximum number of 
2 missed cleavages by trypsin were allowed and carbamidomethylated cysteine and oxidized methi-
onine were set as fixed and variable modifications, respectively. The Mascot score cut-off value for a 
positive protein hit was set to 65. Individual peptide MS/MS spectra with Mascot scores below 40 were 
checked manually and either interpreted as valid identifications or discarded. 

Modeling
To model MT organization we used Monte Carlo simulations of simple two-state dynamic instability 
model (Dogterom and Leibler, 1993), (Katrukha and Maly, in preparation). In this model, MTs form 
a radial array with their minus ends attached to an immobile centrosome in the center of a round cell 
with a radius of 25 μm. Plus ends are free and constantly switch between two states: growth and shor-
tening. We assume that velocities of growth and shortening, and catastrophes and rescues times are 
distributed according to gamma distributions (Odde et al., 1995) with values of mean and standard 
deviation presented in Table S2. 
 In the initial moment the length of all MTs is equal to zero and they all are in the growth state. 
Initial growth directions are distributed homogeneously. The duration of each state and the velocity of 
plus end elongation during this time interval are determined by generating random numbers accor-
ding to distribution of parameters. If the next position of the plus end during growth phase occurs to 
be outside the cell then the MT is switched to shortening. If a MT is shortened to the centrosome it is 
forced to switch to the growth state. The time step of simulations is equal to the value of 0.01 s and it 
is much less than characteristic times of growth and shortening. Using shorter integration times had 
no effect on the outcome. 
 An individual MT is presented as a polyline consisting of connected segments of equal length 
dl = 200 nm. The orientation of the MT tip during growth undergoes fluctuations due to the elastic 
surrounding of the MT (Brangwynne et al., 2007). We used the persistence length of MTs as an inte-
grated parameter describing both MT rigidity and elasticity of the cytosolic environment. Each new 
segment is added at the end of the growing MT with additional random rotating angle δθ with respect 
to the previous segment. The distribution of δθ is assumed to be normal with zero average value and 
variance equal to:

 For CHO cells MT persistence length lp* was estimated to be equal to 30 μm (Brangwynne et 
al., 2007). Since MTs in HeLa cells appear straighter than in CHO cells, in our simulations we used the 
value of 60 μm. The variation of this parameter in the range of 25-70 μm did not significantly affect the 
results. Total time of each simulation was equal to eight hours with integration time step 0.01s for a 
MT array consisting of 250 MTs. The radiality value was calculated as the percentage of MT segments 
pointing outward after subtracting 50% and multiplying the resulting value by two. Defined in this 
way radiality is equal to 100% when all segments point outward and to 0% when orientation of MT 
segments is random, i.e. 50% point outward and 50% inward.
 Dynamics simulations were implemented using custom written C++ program with random 
number generators from the boost library (http://www.boost.org/). Visualization of the results was 
performed in Mathematica software (Wolfram Research, Inc., ver.7, Champaign, IL, 2008).
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Analysis of neuronal morphology and growth cone dynamics
For morphometric analysis of hippocampal neurons, images of transfected neurons were analyzed for 
total axonal length and axonal branching in Matlab with SynD (Schmitz et al., 2011). For analysis of 
primary neurite length, the NeuronJ plugin in ImageJ (Meijering et al., 2004) was used.  For growth 
cone analysis, GFP-positive growth cones were selected and imaged for 60 min with 3 min interval. 
After 12 min conditioned neuronal medium was replaced for conditioned medium supplemented 
with 10 nM Semaphorin 3F (R&D) to induce growth cone collapse. Growth cone area was measured 
by framing the growth cone using the freehand tool in ImageJ software. For growth cone collapse 
analysis, only growth cones that showed dynamic behavior in the 5 frames before Sema3F addition 
were included. Growth cones with less than 3 filopodia in the last 15 min were considered collapsed 
(Richter et al., 2007; Yang et al., 2012).
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ABSTRACT 
Kinesin motor proteins play a fundamental role in normal neuronal development by con-
trolling intracellular cargo transport and microtubule cytoskeleton organization. Regula-
ting kinesin activity is important to ensure their proper functioning and their misregulation 
often leads to severe human neurological disorders. Nonsense mutations in the kinesin-bin-
ding protein (KBP) gene are linked to the neurological disorder Goldberg-Shprintzen 
syndrome (GOSHS), which is characterized by polymicrogyria, microcephaly and axonal 
neuropathy. Here, we found that KBP deficiency leads to severe impairments in cortical mi-
gration, neuronal polarity and axon outgrowth in vitro and in vivo. Furthermore, we show 
that KBP directly modulates kinesin motor activity. KBP interacts with the motor domains 
of a subset of kinesins thereby inhibiting their microtubule binding activity and altering 
cargo trafficking and microtubule dynamics. Our study reveals a novel mechanism of ki-
nesin inhibition and suggests that misregulation of a specific set of kinesins contributes to 
GOSHS pathogenesis.
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INTRODUCTION
Kinesin motors are a large family of related motor proteins that are essential for various 
microtubule (MT)-based processes during neuronal development. Kinesins drive vesicle 
transport, organize the localization of organelles and control MT dynamics in both axons 
and dendrites (Vale, 2003). Studies in several model systems have revealed that members 
of the kinesin-1, kinesin-2 and kinesin-3 subfamilies are particularly critical for neuronal 
transport (Hirokawa et al., 2010). In contrast, members of the kinesin-8 and kinesin-13 sub-
families are MT-depolymerizing kinesins that use their catalytic activities to regulate MT 
dynamics (Walczak et al., 2013). Neurons are especially vulnerable to defects in MT-based 
processes: numerous motors and their regulators have been implicated in a wide array of 
neurological and neurodegenerative disorders (Franker and Hoogenraad, 2013; Millecamps 
and Julien, 2013). 
  Several mechanisms exists that control kinesin motor activity, both at the level of 
motor-cargo and motor-MT interactions. For instance, kinesin activity is regulated through 
opposing motor activity, cargo-adaptors or local MT cues (Janke and Kneussel, 2010; Schla-
ger and Hoogenraad, 2009). One other important mechanism by which motor proteins are 
regulated includes the suppression of motor activity by autoinhibition, which has been best 
studied for kinesin-1 family members (Verhey and Hammond, 2009). In the absence of car-
go, inactive kinesin-1 exists in a folded conformation, allowing the tail domain to bind and 
inhibit its motor domain (Kaan et al., 2011). Cargo binding of the tail region subsequently 
relieves autoinhibition and enables MT-based motility (Blasius et al., 2007; Coy et al., 1999). 
The molecular mechanism of autoinhibition has been described for different kinesin fa-
mily members, which has led to the general idea that most kinesin motors are self-inhibited 
(Verhey and Hammond, 2009). However, whether other inhibitory mechanisms exist is un-
known.
 Human genetics studies showed that homozygous nonsense mutations in the gene 
encoding kinesin-binding protein (KBP/KIAA1279) were linked to Goldberg-Shprintzen 
syndrome (GOSHS), a severe neurological disorder characterized by mental retardation, po-
lymicrogyria, microcephaly and axonal neuropathy (Brooks et al., 2005; Dafsari et al., 2015; 
Valence et al., 2013). KBP was originally identified in a yeast two-hybrid screen as a KIF1C 
binding protein (Wozniak et al., 2005) and was found to be associated with other members 
of the kinesin family (Lehti et al., 2013; Tanaka et al., 2011). Furthermore, KBP has been sug-
gested to associate with the cytoskeleton (Alves et al., 2010; Drevillon et al., 2013) and shown 
to be required for axonal outgrowth in zebrafish (Lyons et al., 2008). Interestingly, electron 
microscopy analysis of the KBP zebrafish mutants revealed MT defects and aberrant orga-
nelle accumulations in the axon (Lyons et al., 2008). However, the function of KBP and its 
putative role in regulating MT dynamics and cargo transport has remained unresolved.
 In this study, we used a combination of biochemical techniques, cell-biological approaches, 
quantitative microscopy, single molecule assays and in vitro and in vivo model systems to 
determine the role of KBP during neuronal development. Here, we found that KBP defi-
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ciency severely impairs cortical migration, neuronal polarity and axon outgrowth in vitro 
and in vivo. Changing the levels of KBP in neurons leads to altered cargo trafficking and 
MT dynamics. We found that KBP binds to the motor domain of a specific set of kinesin 
family members and regulates kinesin activity by preventing the association of the kinesin 
with MTs. This interaction between KBP and kinesins is controlled by phosphorylation. Our 
findings suggest that KBP functions as a specific kinesin inhibitor that modulates MT-based 
motility and depolymerizing activity of a subset of kinesin motors. Inhibition of kinesin 
activity by KBP provides a completely novel control mechanism for kinesin motor protein 
function. Together, our findings suggest that the lack of KBP-controlled kinesin inhibition 
represents the underlying molecular mechanism that contributes to the neuropathological 
defects observed in GOSHS patients.

RESULTS

KBP binds to the motor domain of a specific subset of kinesin motor proteins
To determine the role of KBP during neuronal development, we first identified KBP binding 
partners by performing pull down assays combined with mass spectrometry. Constructs 
encoding biotinylated and GFP-tagged KBP (bio-GFP-KBP) were transiently expressed in 
HEK293 or HeLa cells together with the protein biotin ligase BirA. Biotinylated proteins 
were isolated with streptavidin beads and analyzed by mass spectrometry. Several types 
of kinesin motors were identified in this analysis: the kinesin-2 motor KIF3A, members 
of the kinesin-3 family, including KIF1A, KIF1B, KIF1C, KIF13B, KIF14, kinesin-8 motor 
KIF18A and kinesin-12 motor KIF15 (Fig. 1A). Other molecular motors, such as compo-
nents of the dynein/dynactin motor complex or myosin proteins, kinesin-1 (KIF5/KHC), 
kinesin-4 (KIF21), kinesin-13 (KIF2/M-kinesins) and kinesin-14 (KIFC/C-kinesins), were 
not detected in the KBP pull down experiments. To validate the mass spectrometry results 
and to further narrow down the kinesin-KBP interaction we conducted pull down and im-
munoprecipitation experiments using KBP-specific antibodies (Fig. S1A,B). Using a panel 
of GFP-tagged kinesin proteins containing only the motor domain and the first coiled-coil 
region (MDC) we could confirm that endogenous KBP binds to the same subset of kinesins 
that were identified by mass spectrometry (Fig. 1D, E). Consistent with the mass spectrome-
try results, several other kinesin family members, including the kinesin-1 motor KIF5B and 
the kinesin-4 motor KIF21B, or components of the dynein motor did not pull down endo-
genous KBP (Fig. 1C-D, S1D and Table S1), indicating that KBP binds to a specific subset of 
kinesin motor proteins. Using these pull down and immunoprecipitation assays, we could 
not detect the previously described association between the stathmin-like protein SCG10 
and KBP (Alves et al., 2010) (Fig. 1C, S1D).
 To corroborate that KBP binds specifically to the motor domain as suggested by our 
pull down experiments (Fig. 1D,E), we performed additional immunoprecipitation expe-
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riments with constructs containing either the MDC domain or the whole stalk/tail region 
(tail) of the kinesin-3 family members KIF1A and KIF1C (Fig. 1F). The kinesin-1 family 
member KIF5B was used as a control. In agreement with the previous experiments (Fig. 
1A,D), KBP did not interact with any of the kinesin tail constructs but associated with the 
motor domains of KIF1A and KIF1C, while it showed no interaction with full length KIF5B 
or its motor domain (Fig. 1C,F, S1D). Furthermore, KBP is also able to interact with a single 
motor domain of KIF1A, without the coiled-coil region (MD, Fig. 1G). By expressing trunca-
ted versions of KBP, we tried to map the minimal kinesin-binding region of KBP (Fig. S1A). 
While none of the N-terminal (aa 1-292) and C-terminal (aa 292-621) fragments of KBP 
were able to interact with any of the kinesin constructs, full-length KBP (aa 1-621) bound to 
endogenous KIF1C, KIF14 and KIF15 (Fig. 1B, S1C). 
 To roughly determine the stoichiometric amounts of KBP and kinesins in cells, we 
tested the relative expression levels of KBP and KIF1A in cortex and hippocampus (Fig. 
S1E-H). Loading known amounts of purified KBP and KIF1A and comparing the intensity 
of the bands on Western blot to those in various brain tissues showed that KBP is present 
in excess amount in all neuronal cells and tissues examined. We next searched for a me-
chanism that regulates the KBP-kinesin interaction. Since phosphorylation is an important 
mechanisms to regulate motor function (Hirokawa et al., 2009), we tested whether binding 
between kinesin and KBP is regulated by phosphorylation. HEK293 cells expressing a panel 
of KBP-associated KIFs were treated with the phosphatase inhibitor okadaic acid to induce 
hyperphosphorylation or with the protein kinases inhibitor staurosporine to induce pro-
tein dephosporylation (Fig. 1H). In addition, recombinant lambda protein phosphatase was 
added to staurosporin samples to remove additional phosphate groups (Fig. 1I). While the 
treatments did not change the expression of KBP, they reduced the binding of KBP to a sub-
set of kinesins, particularly KIF1A (Fig. 1H,I). Together, these data demonstrate that KBP 
binds specifically to the motor domain of a defined subset of kinesin motor proteins and that 
phosphorylation increases the binding between KBP and some kinesins.

In vitro characterization of KBP and its interaction with the motor domain of KIF1A 
To further characterize the interaction between KBP and kinesin in more detail in vitro, we 
used affinity-purified, recombinant KBP from bacteria (Fig. 1J, lane 1). We first conducted 
multiangle light scattering (MALS) experiments to assess the oligomerization state of KBP 
in solution, and obtained a molecular mass of 69.7 kDa (Fig.1K, red line), which is consistent 
with the molecular mass of monomeric KBP (71.9 kDa). Circular dichroism (CD) spectros-
copy measurements of KBP revealed a far-ultraviolet spectrum characteristic of proteins 
with substantial α-helical content (Fig. 1L). The stability of KBP was assessed by a thermal 
unfolding profile recorded by CD at 222 nm (Fig. 1M), which revealed a single sharp tran-
sition with a melting temperature, Tm, centered at 53°C. These findings are consistent with 
sequence analysis and structure predictions, which indicate that KBP exhibits an alpha-al-
pha superhelix type of fold formed by three tetratricopeptide-like repeats (TPR) (Fig. S1A).
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  Next, we tested whether KBP binds directly to the motor domain of KIF1A (KI-
F1A-MD). His-KIF1A-MD co-eluted in the presence of an excess of untagged KBP (Fig. 
1J, lane 2) thus demonstrating a direct interaction between KBP and the motor domain of 
KIF1A. In contrast His-KIF21B-MD did not co-elute with KBP, indicating that the interac-
tion is specific for KIF1A-MD (Fig. 1J, lane 3). To assess the stoichiometry of the KBP/His-
KIF1A-MD complex, we performed MALS experiments with the co-purified complex and 
obtained a molecular weight of 112.9 kDa (Fig. 1K), which is consistent with the molecular 
weight for a 1:1 complex between KBP (71.9 kDa) and His-KIF1A-MD (41 kDa). 

KBP and KBP-interacting kinesins control cortical migration
According to the in situ hybridization data from the Allen Mouse Brain Atlas and Western 
blot analysis of various tissues, KBP is abundantly expressed in the developing and adult 
rodent brain, including forebrain, cortex and spinal cord (Fig. S1J,K). The main neurologi-
cal characteristics of GOSHS patients are polymicrogyria and microcephaly (Goldberg and 
Shprintzen, 1981; Brooks et al., 2005), which are caused by the abnormal organization of the 
cortex. To better understand the underlying cellular mechanisms that could lead to these 
neurological defects, we investigated the role of KBP in cortical neuronal migration and 
performed ex vivo electroporation experiments followed by organotypic slice cultures. E14.5 
mouse embryos were electroporated with HA-KBP, KBP-shRNA or control plasmids, to-

Figure 1. KBP binds to the motor domain of a specific subset of kinesin family proteins
(A) Most prominent binding partners of bio-GFP-KBP in HeLa and HEK293 cells identified by mass spectrome-
try.
(B) Immunoprecipitations using GFP antibodies from extracts of HEK293 cells transfected with indicated con-
structs and probed for KIF1C, KIF14, KIF15, dynactin subunit p150 and Dynein Heavy Chain (DHC). 
(C) Immunoprecipitations using GFP-trap magnetic beads from extracts of HEK293 cells transfected with GFP-
FRB tagged KIF1A-MDC and KIF5B-MDC or GFP fused full length KIF5B or SCG10. Blots are probed for GFP 
and for endogenous KBP.  
(D) Immunoprecipitations using GFP trap beads from extracts of HEK293 cells expressing GFP-FRB tagged 
N-terminal fragments of indicated kinesin motors, including the motor domain and first coiled-coil region 
(MDC) and probed for endogenous KBP. 
(E) Immunoprecipitations using GFP-trap beads from extracts of HEK293 cells expressing GFP-FRB tagged 
N-terminal fragments of KIF1A-MDC as positive control, KIF5B-MDC as negative control and KIF18-MDC and 
probed for endogenous KBP.
(F-G) Immunoprecipitations performed as in (E) comparing C-terminal stalk and tail regions (tail) and MDC (F) 
and single motor domain (MD) and MDC (G) of KIF1A, KIF1C and KIF5.
(H) Immunoprecipitation assay using GFP-trap beads from extracts of HEK293 cells transfected with indicated 
kinesin constructs and pre-treated for 3 hours with either 100 nM Okadaic acid (OA) or 1 µM Staurosporine (St) 
and probed for endogenous KBP.
(I) In vitro dephosphorylation assay using recombinant Lambda Protein Phosphotase (λ) and extracts of HEK293 
cells transfected with KIF1A-MDC and pre-treated for 3 hours with either 100 nM Okadaic acid (OA) or 1 µM 
Staurosporine (St). PI: protease inhibitor cocktail.
(J) Coomassie blue stained SDS-PAGE of purified KBP (Lane 1), KBP with His-KIF1A- MD (Lane 2) and KBP 
with His-KIF21B-MD (Lane 3) after immobilized metal-affinity chromatography.
(K) Analysis of the molar mass of purified KBP (red line, 69.7 kDa) and co-purified KBP/His-KIF1A-MD complex 
(black line, 112.9 kDa) by size-exclusion chromatography coupled to multiangle light scattering (SEC-MALS). 
The absorbance at 280 nm (right axis) and the molar mass (left axis) were plotted as a function of column elution 
volume. The corresponding theoretical masses are 71.9 kDa (KBP) and 112.9 kDa (1:1 KBP-KIF1A complex).
 (L-M) Circular dichroism (CD) spectrum (J) and thermal unfolding profile (K) of KBP recorded by CD at 222 
nm.
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gether with GFP to visualize transfected cells, and neuronal migration was analyzed 3 days 
later by quantification of cell position in the cortex, spatially divided into (sub)ventricular 
zone (SVZ/VZ) (Fig. 2A), intermediate zone (IZ) (Fig 2B) and cortical plate (CP) (Fig. 2C-D). 
In control brain slices, 27% ± 1.55% of the GFP-positive neurons migrated from the SVZ/
VZ up to the CP (Fig. 2C-E). In contrast, in both KBP overexpressing and depleted cells, the 
number of GFP-positive cells reaching the CP was greatly reduced by ~50% (Fig. 2C) with 
most of the cells ending up in the IZ (Fig. 2B,E), indicating a severe impairment in neuronal 
migration. Since KBP directly binds to the kinesin motor domain, we hypothesized that loss 
of KBP may lead to increased kinesin activity. By compared the overexpression phenotypes 
of kinesins that associate with KBP, we next determined which of the kinesin motors is in-
volved in neuronal migration.  By individually overexpressing the KBP-interacting kinesins 
in migrating neurons in the slices, we found that increased levels of KIF15 impairs cortical 
migration (Fig 2A-C,E), which is consistent with previous reports on the function of KIF15 
in developing neurons (Buster et al., 2003; Klejnot et al., 2014). Together, these data indicate 
that KBP and KBP-interacting kinesin KIF15 are involved in proper neuronal development.

KBP and KBP-interacting kinesins control axon outgrowth and neuronal polarity
Another main neurological characteristic of GOSHS patients is axonal neuropathy (Brooks 
et al., 2005; Dafsari et al., 2015; Valence et al., 2013) and KBP has been shown to be required 
for normal axonal outgrowth in zebrafish (Lyons et al., 2008). Therefore, we investigated 
the role of KBP during neuronal development and determined whether KBP is involved in 
axonal outgrowth in primary cultured hippocampal neurons. We transfected neurons at 
DIV0 with HA-KBP and KBP-shRNAs for 4 days and found that both knockdown and over-
expression of KBP resulted in reduced axon length (Fig. 3A-C). Moreover, in neurons with 
decreased and increased levels of KBP, microtubule associated protein 2 (MAP2), which is 
normally restricted to somatodendritic domains, redistributed into the axon (Fig. 3D-F). 
These results suggest that KBP regulates axon outgrowth and neuronal polarity. 
 Next, we determined which of the KBP-controlled kinesins are involved in these de-
velopmental processes. We compared the KBP knockdown phenotypes with the effects of 
kinesin overexpression, and vice versa.. While overexpression of single kinesin motor pro-

Figure 2. KBP is required for normal cortical neuronal migration by controlling KIF15
(A-C) Migration analysis of mouse cortical neurons electroporated ex vivo with GFP and indicated constructs at 
E14.5 and analyzed 3 days later. Quantification shows the distribution of GFP-positive cells in the different corti-
cal zones: SVZ/VZ, subventricular zone/ ventricular zone (A); IZ, intermediate zone (IZ); CP, cortical plate (C). n 
= 13-26 brain sections from 6-28 brains per condition. N = 2-9 independent experiments. Mann-Whitney U Test: 
***, P < 0.001; *, P < 0.05. Data are presented as mean values per section ± SEM.
(D) Representative image of the migration of cortical neurons electroporated ex vivo with GFP and empty vector 
(control) as described in (A). Sections were immunostained for Ctip2 (red), Nestin (blue) and nuclear marker 
Hoechst (purple). Dotted lines indicates zone border. Scale bar, 100 μm
(E) Representative images of the migration of cortical neurons electroporated ex vivo with GFP and empty vector 
(control), HA-KBP, KBP-shRNA or HA-KIF15 and immonostained for Ctip2 (red) and Hoechst (purple). Lower 
panel shows the migration of GFP positive neurons only. Dotted lines indicate zone border. SVZ/VZ, subventri-
cular zone/ ventricular zone; IZ, intermediate zone; CP, cortical plate. Scale bar, 100 μm. 
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teins only slightly influenced axonal length (Fig. 3A,B), the polarized sorting of MAP2 was 
severely disrupted by overexpression of KIF3A and KIF18A (Fig. 3D,E). In contrast, knock-
down of KIF3A, KIF13B or KIF18A resulted in reduced axonal length (Fig. 3A,C) and de-
pletion of KIF3A severely disrupted the polarized sorting of MAP2 (Fig. 3D,E). The defects 
in MAP2 polarity, caused by KIF3A depletion and KBP overexpression, were both partially 
rescued by co-expressing full-length KIF3A (Fig 3G). These data are consistent with pre-
vious findings on the role of KIF3A and KIF13B in controlling axon formation and neuronal 
polarity by regulating the trafficking of specific signaling complexes (Horiguchi et al., 2006; 
Nishimura et al., 2004; Shi et al., 2004; Yoshimura et al., 2010).
 However, the role of KIF18A, a MT-depolymerizing kinesin involved in regulating 
MT dynamics to control mitotic chromosome positioning (Mayr et al., 2007; Stumpff et al., 
2008), during neuronal development is unknown. Since other depolymerizing kinesins have 
also been implicated in axon outgrowth (Noda et al., 2012), we tested whether KIF18A has 
an effect on neuronal MT dynamics. To visualize MT dynamics in neurons, we expressed 
GFP-MT+TIP to specifically label growing MT plus-ends (Yau et al., 2014). Plus-end trac-
king behavior of GFP-MT+TIP could be readily observed in control cells expressing pSu-

Figure 3. KBP-controlled kinesin motors control axon outgrowth, neuronal polarity 
and microtubule dynamics 
(A) Representative images of DIV 4 neurons co-transfected with HA-KBP, KBP-shRNA,  KIF3A-, KIF13B-, KI-
F18A-shRNA pools or pSuper (control) and GFP fill for 4 days. Scale bar, 100 µm.
(B) Quantification of primary axon length in DIV 4 hippocampal neurons transfected with GFP and HA-tagged 
full-length kinesins, or empty vector (control) or KBP-shRNA for 3 or  4 days, respectively. n = 19-41 cells per 
group. N = 2-3 independent experiments (for control, n = 108, N = 8). Kruskal-Wallis test:  **, P < 0.01; *, P < 0.05. 
Data are presented as mean values ± SEM 
(C) Quantification of primary axon length of DIV 4 hippocampal neurons transfected with HA-KBP, indicated 
pools of shRNAs or pSuper (control) and GFP for 4 days. n = 15-40 cells per group, N = 2-4 independent experi-
ments (for control n = 187, N = 10). Kruskal-Wallis test. ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data are presented 
as mean values ± SEM.
(D) Representative images of neurons co-transfected (DIV4+4) with pSuper (control), HA-KBP, KIF1A-shRNA, 
KIF3A-shRNAs or KI3A-shRNAs plus HA-KIF3A (KIF3A rescue), and GFP to highlight neuronal morphology, 
and stained for endogenous MAP2. Yellow arrowheads represent the axon. Scale bar, 50 µm.
(E) Polarity index of endogenous MAP2 intensities in neurons (DIV4+4) transfected with empty vector (control), 
KBP-shRNA, or indicated full-length kinesins. Polarity index (PI) was calculated by using PI=(Id-Ia)/(Id+Ia) 
where Id and Ia represent average dendritic and axonal intensities, respectively. n = 7-22 cells per group. N = 2-4 
independent experiments. Kruskal-Wallis test with pairwise comparisons: ***, P < 0.001. Data are presented as 
mean values ± SEM
(F) Polarity index of endogenous MAP2 intensities in neurons (DIV4+4) cotransfected with HA-KBP or indicated 
pools of shRNAs. n = 7-29 cells per group. N = 2-4 independent experiments. Kruskal-Wallis test with pairwise 
comparisons: ***, P < 0.001. Data are presented as mean values ± SEM.
(G) Polarity index of endogenous MAP2 intensities in neurons (DIV4+4) transfected with pSuper (control), HA-
KBP, KIF3A-shRNAs with or without co-expression of HA-tagged full-length KIF3A. n = 14-29 cells per group. N 
= 2-4 independent experiments. Mann-Whitney U Test: ***, P < 0.001. Data are presented as mean values ± SEM.
(H) Representative images of maximum intensity projections of GFP-MACF43 in the cell body of neurons cot-
ransfected with pSuper (control), HA-KBP, KBP-shRNA, KIF1A-shRNA, KIF18A-shRNAs or KIF18A shRNAs 
plus HA-tagged fill-length KIF18A (KIF18A rescue) and GFP-MACF43 (DIV4+4). Projections were made from 
live imaging movies acquired at 10 fps for 40 s. Scale bar, 10 µm.
(I-K) Quantification of the average catastrophe frequency (I), growth rate (J) and growth length (K) of MT +Tips 
marked by GFP-MACF43 in the cell body of neurons (DIV4+4) transfected with HA-KBP, KIF1A-shRNA, KI-
F18A-shRNAs, KIF18A-shRNAs plus HA-KIF18A (KIF18A rescue) or pSuper (control) and GFP-MACF43. Cata-
strophe frequency was calculated as the inverse growth time. n = 25-750 events from 11- 21 cells. Mann-Whitney 
U test: ***, P < 0.001; **, P < 0.01, *, P < 0.05. Data are presented as mean values ± SEM.
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per or KIF1A shRNAs and in cells expressing HA-KBP, KBP-shRNA and KIF18A-shRNAs 
(Fig. 3H). When KIF18A levels were altered by KIF18 knockdown, KBP overexpression or 
KBP knockdown, several parameters of MT dynamics, such as the MT growth length and 
catastrophe frequency were strongly affected (Fig. 3I-K). The observed alterations in MT 
dynamics were rescued by expressing HA-KIF18A in KIF18A knockdown neurons (Fig. 3I-
K). As expected, KIF1A depletion had no effect on catastrophe frequency or growth length 
(Fig. 3I,K). Interestingly, the MT growth rate was increased in KIF18A depleted cells and in 
cells expressing HA-KBP or KBP-shRNA (Fig. 3K), which is in line with a role of KIF18A in 
promoting MT pausing (Mayr et al., 2007; Stumpff et al., 2008). All together, these data in-
dicate that KBP and the KBP-interacting kinesins KIF3A, KIF13B and KIF18A are involved 
in proper neuronal development.

Figure 4. KBP controls KIF1A dependent Rab3 vesicle distribution
(A) Representative images of neurons (DIV4+4) co-transfected with HA-KBP and RFP or GFP (fill) stained for 
HA-tag and endogenous Rab3 or co-transfected with RFP-LC3, GFP-NgCAM or Mito-dsRed. Scale bars, 10 µm 
and 5 µm for upper (cell body) and lower panels (axons), respectively. 
(B) Representative images of myc-KIF1A localization in neurons (DIV4+4) co-transfected with myc-KIF1A and 
pSuper (control), HA-KBP or KBP-shRNA. Arrow indicate the soma (yellow), proximal axon (orange) and distal 
axon (green). Scale bar, 10 μm.
(C) Quantification of myc-KIF1A intensity in the distal tip of the axon normalized to the intensity in the proximal 
region of the axon.  n = 12-15 cells. N = 2 independent experiments. Mann-Whitney U test: **, P < 0.01. Data are 
presented as mean values ± SEM.
(D) Representative images of GFP-Rab3 localization in hippocampal neurons (DIV4+4) co-transfected with GFP-
Rab3 and HA-KBP, KBP-shRNA, indicated HA-tagged full-length kinesins or pSuper (control).  Arrow indicate 
the soma (yellow), proximal axon (orange) and distal axon (green). Scale bar, 10 μm.
(E) Representative images of GFP-Rab3 expression in the cell body of neurons (DIV4+4) transfected with KI-
F1A-shRNA, KIF1B-shRNA, HA-KBP or pSuper (control) and GFP-Rab3. Dotted line indicates soma outline. 
Scale bar, 5 μm.
(F) Quantification GFP-Rab3 intensity in the distal tip of the axon of neurons transfected with indicated con-
structs, normalized to intensity in the proximal axonal region. n = 10-18 cells. N = 2 independent experiments. 
Mann-Whitney U test: ***, P < 0.001; **, P < 0.01. Data are presented as mean values ± SEM.
(G) Quantification of GFP-Rab3 intensity in the cell body of neurons transfected with indicated constructs. Soma: 
n = 15-20 cells; N = 2 independent experiments. Mann-Whitney U test: **, P < 0.01; *, P < 0.05. 
(H) Quantification of the percentage of neurons (DIV4+4), co-transfected with GFP-Rab3, mRFP (to identify 
transfected cells) and pSuper (control), HA-KBP, KBP-shRNA or indicated pool of shRNAs, that display GFP-
Rab3 accumulation in the cell body. n= 150-350 cells per condition. N = 3-7 independent experiments. χ2-test. ***, 
P < 0.001; *, P < 0.05. Data are presented as mean values per experiment ± SEM.
(I) Quantification of the percentage of neurons, co-transfected with GFP-Rab3and indicated constructs with or 
without co-expression of either HA-KIF1A or HA-KIF1Bβ, that display GFP-Rab3 accumulation in the cell body. 
n= 60-350 cells per condition. N = 2-7 independent experiments. χ2-test. ***, P < 0.001. Data are presented as 
mean values per experiment ± SEM.
(J) Quantification of the percentage of neurons, co-transfected with GFP-Rab3 and pSuper (control), KBP-shRNA 
and indicated full-length HA-tagged kinesins, which display GFP-Rab3 accumulation in the cell body. n= 70-110 
cells per group. N = 2 independent experiments. χ2-test. ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data are presented 
as mean values per experiment ± SEM.
(K) Schematic representation of the C. elegans PVD neuron showing two highly branched dendrites and an axon 
that extends ventrally into the ventral nerve cord. Red box indicates the imaged area in (O).
(L) Representative images of C. elegans PVD neuron, showing localization of synaptic vesicles marked by RAB-
3-mCherry and SAD-1-GFP in worms with or without GFP-KBP overexpression. Note that the synaptic vesicle 
marker SAD-1-GFP cannot be scored due to the GFP-KBP expression. Arrowheads indicate the axon. Upon KBP 
overexpression synaptic vesicles are lost from the axon and are detected in the anterior dendrites (arrows). Con-
trol worms are siblings that lost the extra-chromosomal array. CB: Cell body. Scale, 20 µm
(M) Quantification of the percentage of RAB-3 vesicle localization in control worms or worms overexpressing 
KBP. n > 50 animals per group. 
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KBP controls KIF1A-mediated synaptic vesicle distributions in vitro and in vivo 
Because several KBP-interacting kinesins are known to be involved in cargo transport and 
since  KBP mutant zebrafish show aberrant organelle accumulations in the axon (Lyons et 
al., 2008), we next determined whether KBP is involved in axonal cargo transport. HA-KBP 
localizes to the cytoplasm with a variety of distinct puncta scattered throughout the cell 
body, axon and dendrites which do not specifically coincide with neuronal cargoes, such 
as Rab3 positive synaptic vesicle precursors, autophagosome adaptor LC3, axonal surface 
glycoproteins neuronglia cell adhesion molecule (NgCAM) or mitochondria (Fig. 4A). Our 
biochemical experiments showed that KBP interacts with KIF1A (Fig 1A,D), which media-
tes axonal transport of Rab3 positive synaptic vesicle precursors (Hall and Hedgecock, 1991; 
Yonekawa et al., 1998; Zhao et al., 2001). To study the effect of KBP on KIF1A localization, 
we transfected DIV4 cultured hippocampal neurons with myc-KIF1A together with KBP 
overexpression or knockdown constructs for 4 days. Changing the level of KBP resulted in a 
marked change in KIF1A localization: knockdown of KBP resulted in an increase of KIF1A 
in the distal tips of neurites, while HA-KBP expression leads to a KIF1A accumulation in the 
proximal axon (Fig. 4B,C). As expected, the KIF1A-mediated cargo Rab3 followed a compa-
rable distribution upon KBP depletion and overexpression (Fig. 4D,F). Control hippocam-
pal neurons showed GFP-Rab3 labeled synaptic vesicles in the cell body and in proximal 
and distal axons, while KBP depleted cells showed a strong increase in Rab3 intensity in the 
distal axon (Fig. 4D,F). In contrast, increased levels of KBP resulted in a marked decrease 
in the number of Rab3 vesicles in the axon (Fig. 4D,F), and increased Rab3 intensity in the 
cell body, similar to KIF1A depletion (Fig. 4E,G). These data are consistent with previous 
findings on synaptic vesicle distributions in KIF1A deficient mice (Yonekawa et al., 1998), 
indicating that increased KBP levels prevent the transport of Rab3 vesicles by inhibiting 
kinesin motor activity. We next tested which other KBP-controlled kinesins are responsible 
for  proper Rab3 vesicle distributions by depleting the KBP-interacting kinesins in neurons. 
In addition to KBP overexpression and KIF1A depletion, only knockdown of KIF1B sho-
wed strong Rab3 vesicle accumulations in the cell body (Fig. 4H). The Rab3 increase in the 
cell body was rescued by co-expressing of HA-KIF1A or HA-KIF1Bβ (Fig. 4I). Consistently, 
overexpression of KIF1A and KIF1Bβ, but not KIF1Bα leads to a strong accumulation of 
Rab3 vesicles in the distal axon (Fig. 4D,F). These findings indicate that KBP is required for 
the normal distribution of synaptic vesicle precursors in hippocampal neurons.
 Next, we studied the role of KBP in controlling Rab3 distributions in C. elegans, as an 
in vivo model system. In contrast to mammals, C. elegans does not have a gene encoding for 
KBP. We therefore generated transgenic worms expressing GFP-tagged human KBP in PVD 
sensory neurons (Fig. 4K) and examined the axonal targeting of the presynaptic marker 
RAB-3, which depends on UNC-104/KIF1A (Maniar et al., 2012). To verify that KBP is able 
to bind UNC-104, we performed immunoprecipitation experiments in HEK293 cells using 
a construct containing the motor domain and the first coiled coil (MDC) of UNC-104 (Fig. 
S1L). In wild-type animals, presynaptic specializations are largely restricted to the axon in 
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the ventral nerve cord of the PVD (Maniar et al., 2012). Expression of GFP-KBP alters the 
distributions of RAB-3-mCherry resulting in mislocalization of the synaptic vesicles from 
the axon to the cell body and in the anterior dendrite (Fig. 4L,M). These observations sug-
gest that KBP alters the UNC-104/KIF1A-mediated distribution of synaptic vesicles both in 
vitro and in vivo. Collectively, these results demonstrate that KBP inhibits KIF1A-dependent 
synaptic vesicle distribution and trafficking.

KBP regulates the motility of synaptic vesicles and other axonal cargoes
Since KBP regulates the distribution of Rab3 vesicles in neurons, we next determined the 
effect of KBP on the motility of synaptic vesicles and additional axonal cargoes. We first 
transfected DIV4 cultured hippocampal neurons with GFP-Rab3 for 4 days and followed 
their movements in axons using live-cell microscopy (Fig. 5A and Supplementary Movie S1). 
Co-expression of HA-KBP resulted in a strong decrease of motile Rab3 vesicles and in an 
increase of static vesicles in axons, whereas KBP depletion showed the opposite effect (Fig. 
5B,C). Using kymographs, we analyzed the velocities of moving Rab3 vesicles and observed 
an average velocity of 1.21 ± 0.05 µm/s for anterograde moving vesicles in control neurons 
(Fig. 5D, S2A), which is consistent with reported velocities (Lee et al., 2003; Mondal et al., 
2011; Okada et al., 1995). Compared to control, we observed a significant decrease in an-
terograde Rab3 vesicle speed after co-expression of HA-KBP to 0.81 ± 0.05 µm/s (Fig. 5D, 
S2A). As expected, depletion of KIF1A showed the same effect on Rab3 vesicle motility as 
KBP overexpression (Fig. 5D, S2A). In contrast, Rab3 vesicles moved faster towards the dis-
tal axon upon depletion of KBP with an average velocity of 1.76 ± 0.11 µm/s (Fig. 5D, S2A), 
which is comparable with the velocity of KIF1A in the in vitro motility assay (Fig. 7N). 
Although less pronounced, a similar effect of KBP overexpression and knock-down was ob-
served for Rab3 vesicles moving in a retrograde direction (Fig. 5E, S2A). The observed Rab3 
trafficking defects in KBP overexpression and knock-down neurons was not due to altered 
MT dynamics since no defects in Rab3 motility was observed upon changes in KIF18 activi-
ty (Fig. 5B,C) or alterations in the axonal MT polarity (Fig. 5F,G). KIF5 and dynein, motors 
that do not bind KBP (Fig 1B-D), are the main motors that drive both axonal mitochondrial 
and autophagosome transport (Fu et al., 2014; Hollenbeck and Saxton, 2005; van Spronsen 
et al., 2013). Consistent with KIF5-mediated anterograde axonal transport, KBP does not 
modulate anterograde mitochondrial and autophagosome transport velocity (Fig. 5H,I,K-
M,O). However, KBP depletion affects the velocity and number of retrograde moving mi-
tochondria (Fig. 5J,K) and the number of retrograde moving autophagosomes (Fig. 5O), 
suggesting that KBP-associated kinesin motors contribute to retrograde axonal transport. 
These findings support the idea that opposite polarity motors are required for driving cargo 
transport (Ally et al., 2009). 

KBP inhibits kinesin-based cargo motility in living cells
As KBP affects the distribution and motility of axonal cargoes, and binds directly to the mo-
tor domain of kinesin, we hypothesized that KBP might control kinesin motor activity. To 
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test this idea, we made use of our previously developed cargo trafficking assay were FRB-FK-
BP heterodimerization triggers the coupling of a motor protein of interest to an artificial 
cargo after addition of the rapamycin analogue AP21967 (rapalog, Fig. 6A) (Hoogenraad 
et al., 2003; Kapitein et al., 2010). Here, we used stationary peroxisomes as cargos for the 
read out of the activity of a particular kinesin motor and followed their movement using 
live cell imaging. Peroxisomes were labeled by expressing PEX-RFP-FKBP, which is a fusion 
construct of PEX3, a peroxisomal membrane-targeting signal, the red fluorescent protein 
(RFP) and FKBP12, a domain that can be bind to FRB in the presence of rapalog (Kapi-
tein et al., 2010). We used truncated kinesin constructs where FRB was fused to the MDC 
domain of KBP-interacting kinesins to induce MT plus-end directed movement. In COS-
7 cells co-transfected with PEX-RFP-FKBP and KIF-MDC-FRB constructs, most peroxi-
somes displayed a perinuclear localization before rapalog addition (0 min, Fig. 6B). Treating 
these cells with rapalog revealed a robust accumulation over time of peroxisomes at the cell 
periphery, near MT plus ends (Fig. 6B,E). Co-expressing peroxisome targeting and kinesin 
motor constructs together with full length HA-KBP prevents the directional translocation 
of peroxisomes to the cell periphery by all KBP-interacting kinesins but, as expected, not by 
KIF5B or KIF21B (Fig. 6C-G, Fig. S3A,B and Supplementary Movie S2-S3). These findings 

Figure 5. KBP affects the trafficking of various neuronal cargoes
(A) Hippocampal neurons (DIV4) were co-transfected with GFP-Rab3 and HA-KBP, KBP-shRNA, KIF1A-shR-
NA or pSuper (control) for 4 days. Live cell imaging was used to visualize GFP-Rab3 vesicle movement along 
axons. Representative images of a control axon showing nonmoving (static, black arrowhead) Rab3 vesicles and 
moving vesicles in the anterograde (dark grey arrowheads) or retrograde (light grey arrowheads) direction. 
(B) Representative kymographs showing motility of GFP-Rab3 in axons as described in (A)
(C) Quantification of the percentage of axonal GFP-Rab3 vesicle movement in during 10 s. n = 8-13 cells with 15 
vesicles traced per cell. N = 2 independent experiments. Mann-Whitney U test: ***, P < 0.001; **, P < 0.01; *, P < 
0.05. Data are presented as mean values per cell ± SEM. 
(D-E) Quantification of anterograde (D) and retrograde (E) GFP-Rab3 vesicle run velocities in the axon of DIV4+4 
neurons co-transfected with GFP-Rab3 and indicated constructs. n = 40-150 vesicles from 8-19 cells. N = 2 inde-
pendent experiments. Mann-Whitney U test: ***, P < 0.001; *, P < 0.05. Data are presented as mean values ± SEM.
(F) Quantification of the percentage of MT +Tips that grow in an anterograde direction in distal axons of neurons 
transfected with GFP-MACF43 and indicated constructs. n = 11-17 axons per group, 150-200 comets traced per 
group. Mann-Whitney U test: n.s.  
(G) Representative kymographs from (F). Scale bar, 10 μm.
(H) Representative kymograph showing axonal mitochondria movement in neurons transfected with Mito-ds-
Red and indicated constructs.  Scale bar, 10 μm. 
(I-J) Quantification of anterograde (I) and retrograde (J) mitochondria velocities in the axon of DIV4+4 neurons 
co-transfected with Mito-dsRed and indicated constructs. n = 50-120 mitochondria traced from 7-9 cells. N = 2 
independent experiments. Mann-Whitney U test: ***, P < 0.001. Data are presented as mean values ± SEM.
(K) Quantification of the percentage of axonal mitochondria movement. n = 11-16 axons, 120-180 mitochondria 
traced per condition. N = 2 independent experiments. Mann-Whitney U test: **, P < 0.01; *, P < 0.05. Data are 
presented as mean values per axon ± SEM. 
(L) Representative kymograph showing axonal LC3-RFP movement in neurons transfected with LC3-RFP and 
indicated constructs.  Scale bar, 10 μm. 
(M-N) Quantification of anterograde (M) and retrograde (N) LC3-RFP velocities in the axon of DIV4+4 neurons 
co-transfected with LC3-RFP and indicated constructs. n = 20-90 LC3-GFP vesicles traced from 8-11 cells. N = 2 
independent experiments. Mann-Whitney U test: n.s. Data are presented as mean values ± SEM.
(O) Quantification of the percentage of axonal LC3-GFP vesicle movement. n = 8-16 axons, 80-120 LC3-GFP 
vesicles traced per condition. N = 2 independent experiments. Mann-Whitney U test: ***, P < 0.001; **, P < 0.01; *, 
P < 0.05. Data are presented as mean values per axon ± SEM. 
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Figure 6. KBP inhibits kinesin 
induced peroxisome trans-
port
(A) Schematic overview of 
the inducible cargo traf-
ficking assay using the 
FRB-rapalog- FKBP hetero-
dimerization system coupled 
to peroxisomes.
(B-D) Peroxisome motility 
in cells visualized by PEX-
mRFP-FKBP upon recruit-
ment of KIF1A-MDC-FRB 
without (B) and with (C) HA-
KBP. Time (min:s) starts with 
rapalog addition. Yellow lines 
indicate cell outline. Recruit-
ment of GFP-KIF1A-MDC-
FRB to peroxisomes after ad-
dition of rapalog is indicated 
over time and expression of 
HA-KBP in that particular 
cell is shown after fixation 
by immunofluorescent stai-
ning (D). Radial kymograph 
of recordings acquired with 
10 s intervals. Each frame is 
colored using a time- coded 
gradient that ran from blue to 
white before and from white 
to red after rapalog addition 
at 0:00. Scale bar, 10 µm.
(E) Overlay of sequential bi-
narized images from the re-
cording in (B-C).
(F) Graph showing peroxi-
some distribution in COS-7 
cells over time visualized 
by PEX-mRFP-FKBP upon 
recruitment of indicated ki-
nesin constructs before and 
after addition of rapalog with 
(black lines) and without (red 
lines) HA-KBP. n = 4-10 cells 
per group. Data are presented 
as mean values ± SEM. 
(G) Quantification of peroxi-
some distribution in COS-
7 cells. The graph shows 
peroxisome displacement 
with and without HA-KBP 
25 minutes after rapalog ad-
dition as measured in radial 
kymopgraphs. Mann-Whit-
ney U test: ***, P < 0.001. n 
= 4-10 cells per group. Data 
are presented as mean values 
± SEM.
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suggest that KBP inhibits cargo transport driven by a specific subset of kinesin motors. Im-
portantly, expression of HA-KBP in COS-7 cells does not interfere with the heterodime-
rization system itself. In the presence of HA-KBP, the KIF-MDC-FRB constructs are still 
recruited to the peroxisomes (Fig. 6C,D). Moreover, the cytoplasmic distribution of KBP 
is unaffected by rapalog treatment (Fig. S3E). Consistent with the pull down experiments 
(Figure 1B, S1C), the co-expression of truncated fragments of KBP was not able to inhibit 
the translocation of KIF1A (Fig. S3C,D). KIF14 was not included in this analysis because, 
under control conditions, this particular kinesin did not show processive motility (data not 
shown). All these findings were further confirmed using fixed HeLa cells treated with rapa-
log for different time intervals (10, 30 and 60 min, Fig. S3F-H). 
 Next, we studied more directly the effect of KBP on synaptic vesicle trafficking by 
inducing KIF1A-mediated synaptic vesicle transport in axons. We used the FRB-rapa-
log-FKBP heterodimerization system to induce the binding of KIF1A to Rab3 vesicles (Fig. 
S4A). Treatment of DIV5 neurons co-expressing the fusion constructs of FKBP-GFP-Rab3 
and KIF1A-MDC-FRB with rapalog for 30 minutes revealed decreased Rab3 levels in the 
cell body and accumulations of Rab3 vesicles in the axon and growth cones (Fig. S4B-D). 
Co-expressing HA-KBP together with the Rab3 and KIF1A-MDC motor constructs blocked 
the translocation of Rab3 vesicles, resulting in a strong accumulation in the cell body (Fig. 
S4B-D). This result demonstrates that, in the presence of KBP, KIF1A motor proteins are no 
longer able to transport Rab3 positive vesicles into axons. Indeed, live-cell imaging experi-
ments revealed that KIF1A-induced Rab3 vesicle movements in axons are inhibited in the 
presence of HA-KBP. While GFP-Rab3 vesicles move along the axon toward the growth cone 
after addition of rapalog, most GFP-Rab3 vesicles are largely immobile in the presence of 
KBP (Fig. S4E and Supplementary Movie S4-5). Together, these data demonstrate that KBP 
inhibits specific kinesin-based cargo movements. 

KBP prevents KIF1A motility by preventing the association with microtubules 
Since KBP inhibits cargo motility in living cells, we next determined the influence of KBP 
on the interaction between kinesin and MTs. We again used the kinesin-3 family member 
KIF1A as a representative KBP-controlled kinesin. By fusing the kinesin-1 coiled-coil stalk 
to the monomeric KIF1A motor domain (Tomishige et al., 2002), we generated a GFP-tag-
ged, dimeric KIF1A variant (dKIF1A-MDC) and imaged it on mCherry-α-tubulin labeled 
MTs in COS-7 cells by total internal reflection fluorescence (TIRF) microscopy. The data 
were subsequently used to measure the intensity of the dKIF1A-MDC signal on MTs in the 
presence and absence of KBP. As shown in Fig. 7A, dKIF1A-MDC associates with MTs in 
control cells, while in the presence of KBP, dKIF1A-MDC is mainly present in the cytoplasm 
and does not colocalize with MTs. Co-expression of HA-KBP decreased the KIF1A intensity 
along MTs by ~80% (Fig. 7B). These observations were confirmed by MT pelleting assays: 
dKIF1A-MDC-GFP expressed in HEK293 cells robustly bound to taxol-stabilized MTs in 
the absence of KBP, while addition of purified KBP strongly decreased MT-KIF complex 
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formation as evidenced by an increased dKIF1A-MDC-GFP fraction observed in the super-
natant after centrifugation (Fig. 7C). 
 We confirmed these results with recombinant purified proteins: increasing the con-
centration of KBP reduced the amounts of KIF1A-cMD recovered in the pellet fraction (Fig. 
7D). In contrast, addition of purified KBP did not affect the MT association of KIF21B-
MD (Fig. 7E). Micrographs of the pellet fractions confirm that MTs are decorated with 
KIF1A-cMD, while in presence of KBP MTs are not decorated (Fig. 7F). This observation 
can be visualized by calculating the fast Fourier transforms (FFT) of MT segments, which 
amplifies repetitive patterns. Undecorated MTs show a 4 nm periodicity along the long axis 
of the filament due to repetition of α- and β-tubulin monomers. MTs decorated with kines-
in-MD show in addition a 8 nm periodicity due to their binding to each tubulin heterodimer 
(Harrison et al., 1993). Consistently, MTs alone show a 4 nm periodicity, MTs mixed with 
KIF1A-cMD a 4 nm and 8nm periodicity and as expected addition of KBP resulted in loss 
of the 8 nm periodicity (Fig. 7G). These findings suggest that KBP reduces binding of KI-
F1A-cMD to MTs. Moreover, purified KBP does not interact with MTs in pelleting assays 
(Fig. S1I). Together, these data demonstrate that KBP prevents binding of KIF1A to MTs.

Figure 7. KBP impairs KIF1A motility and its association with microtubules
(A) Representative images of cortical areas of COS-7 cells co-expressing mCherry-α-tubulin and GFP-tagged 
N-terminal fragment of dimeric KIF1A (dKIF1A-MDC-GFP) with and without HA-KBP. Scale bar, 3 µm.
(B) Quantification of dKIF1A-MDC-GFP labeling intensity on MTs with or without co-expression of HA-KBP. 
For each cell, the background-corrected intensity was determined for four regions along MTs (IMT+CY) and four 
similarly sized cytosolic regions without MTs (ICY). From this, the intensity at MTs (IMT) was calculated as IMT = 
(IMT+CY-ICY)/ICY. n = 9 and 7 cells for control and KBP, respectively, Mann-Whitney U test, ***, P < 0.001. Data are 
presented as mean values ± SEM.
(C) HEK293 cell extracts expressing dKIF1A-MDC-GFP were incubated with (+MT) or without (-MT) taxol sta-
bilized MTs and with or without purified KBP. The MTs were pelleted and the supernatant (S) and pellet (P) were 
analyzed by immunoblotting using GFP antibodies.
(D-E) SDS-PAGE gels stained with Coomassie Blue showing pellets from MT pelleting assays. First lanes repre-
sent the control samples: 2.8 μM dKIF1A-MDC (D) or 2.5 µM KIF21B-MD (E, negative control), 3 μM MTs and 
MTs mixed with kinesin-MD. Remaining lanes show MTs and kinesin-MD at constant concentration incubated 
with increasing concentrations of KBP (1.6 μM to 62 μM). 
(F) Electron micrographs of negatively stained pellets from MT pelleting assays showing MTs (MT, smooth lat-
tices), MTs decorated with KIF1A-cMD (MT + KIF1A-cMD, rough lattices) and MTs, KIF1A-cMD and 22-fold 
molar excess of KBP (MT + KIF1A-cMD + KBP, smooth lattices). Scale bar, 100 nm.
G) Fast Fourier transforms (FFT) calculated from the indicated micrograph areas. All FFTs show a clear 4 nm pe-
riodicity derived from α- and β- tubulin subunits in the MT lattice Addition of KIF1A-cMD to MTs results in an 
additional 8 nm periodicity caused by the binding of kinesin-MD to tubulin heterodimers. KBP reduces binding 
of KIF1A-cMD to MTs thereby the FFT shows only 4nm MT lattice periodicity as seen in the MT only control.
(H) Schematic representation of the single-molecule motility assay of dKIF1A-GFP on surface-immobilized MTs 
without (left panel) or with KBP (right panel).
(I) Representative image of dKIF1A-MDC-GFP (green) moving along surface-immobilized MTs (red) in the ki-
nesin-MT motility assay.
(J) Representative kymographs of dKIF1A-MDC-GFP kinesin movements on a single MT with or without KBP. 
(K-L) Quantification of the average number of kinesins landing on a single MT (K) and the number of kinesins 
that moves along a single MT (L). Values are corrected for the size of the MTs by calculating the adjusted aver-
age number of landings (K) and runs (L) per 1000 µm2. n = 25 and 31 MTs for control and +KBP, respectively. 
Mann-Whitney U test: ***, P < 0.001. Data are presented as mean values ± SEM.
(M-N) Quantification of average run length (M) and run velocity (N) of dKIF1A-MDC-GFP traces per MT with 
or without KBP. n = 25 and 31 MTs for control and +KBP, respectively. Mann-Whitney U test: ***, P < 0.001. Data 
are presented as mean values ± SEM.
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 Since the biochemical experiments showed that KBP inhibits the association of KI-
F1A with MTs, we next examine the effect of KBP on KIF1A movement along MTs using an 
in vitro single molecule motility assay (Kapitein et al., 2005). To visualize the motility of in-
dividual KIF1A motors, we added extracts of HEK293 cells expressing GFP-tagged, dimeric 
KIF1A (dKIF1A-MDC) to surface-immobilized MTs (Fig. 7H). Single KIF1A motors could 
be observed as distinct fluorescent spots moving unidirectionally along MTs (Fig. 7I and 
Supplementary Movie S6), and their binding and motility were analyzed using kymographs. 
Consistent with our MT binding and electron microscopy data (Fig. 7A-G), we observed 
a strong reduction in the amount of KIF1A motors associating with MTs after addition of 
purified KBP (Fig. 7J). In the presence of KBP, the number of single KIF1A motors that asso-
ciated with surface-immobilized MTs was reduced by ~75% compared to control (Fig. 7K). 
An even greater reduction of ~85% was observed for the amount of KIF1A motors that were 
able to move along MTs after addition of KBP (Fig 7L). The few remaining motile particles 
showed a considerably shorter run length compared to control (Fig. 7M and S3B) and sho-
wed only modest increase in the velocity (Fig. 7N). Collectively, these findings indicate that 
KBP primarily inhibits kinesin activity by preventing the association of the kinesin with 
MTs. 

DISCUSSION

Defects in microtubule dynamics and cargo transport underlie GOSHS
GOSHS is a severe neurodevelopmental disorder marked by mental retardation, polymi-
crogyria, microcephaly and axonal neuropathy (Brooks et al., 2005; Dafsari et al., 2015; Va-
lence et al., 2013). We found that KBP in cortical neurons is required for proper migration, 
which might explain the abnormal cortical organization observed in GOSHS patients. Pre-
vious studies have generated zebrafish kbp null mutants to identify the cellular function 
of KBP during neuronal development (Lyons et al., 2008). It has been shown that KBP is 
required for axonal outgrowth and maintenance; KBP mutant axons show reduced growth 
during development and undergo degeneration at later stages. Moreover, electron microsco-
py analysis revealed aberrant cargo accumulations in the axon and an abnormal distribution 
of synaptic vesicles (Lyons et al., 2008). Our findings in KBP depleted hippocampal neurons 
are consistent with the reported observations in zebrafish kbp mutants, as we observed im-
paired neuronal development and abnormal localization of synaptic vesicle precursors. 
 Although the genetic basis of GOSHS symptoms and the neurological defects of KBP 
deficiency have been studied in zebrafish, the underlying molecular function of KBP re-
mained poorly understood. It has previously been suggested that KBP is a microtubule-as-
sociated protein whose main role is to regulate MT organization in neurons (Alves et al., 
2010; Drevillon et al., 2013). It has also been suggested that the abnormal cargo localization 
observed in zebrafish mutants might occur as a secondary effect of the altered MT cytoskele-
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ton (Lyons et al., 2008). In contrast to these conclusions, we found that KBP does not directly 
bind to MTs but can alter MT dynamics by inhibiting the activity of MT-depolymerizing 
kinesins, such as KIF18A. Our results suggest that KBP influences distinct kinesins that are 
required for both MT cytoskeleton organization and neuronal cargo transport mechanisms. 
Therefore, we propose that the primary function of KBP is to inhibit a subset of kinesins 
during neuronal development and that the loss of specific kinesin inhibition underlies the 
functional defects observed in GOSHS patients. 

KBP-controlled kinesin motor activity is required for distinct neuron developmental processes
We have used KIF1A as a representative motor protein to investigate the KBP-kinesin in-
teraction in biochemical, biophysical and cellular experiments. Our data suggest that KBP 
functions as a regulator of KIF1A motor activity and controls KIF1A-mediated synaptic 
vesicle precursor transport in hippocampal neurons. We found that KBP not only interacts 
with KIF1A, but also with several other kinesin family members, including cargo transpor-
ting and MT-depolymerizing kinesins. Defects in multiple KBP-controlled kinesin-path-
ways could account for the additional developmental phenotypes observed in KBP deficient 
neurons. For instance, KIF1A deficient neurons do not show clear morphological pheno-
types during development (Yonekawa et al., 1998). In contrast, KBP deficient neurons in 
vitro and in vivo do show alterations in neuronal migration, axonal outgrowth and neuro-
nal polarity. The observed defects in axon formation and neuronal polarity are most likely 
attributed to the impairment of other kinesin-based transport pathways like, for example, 
the ones involving KIF13B and KIF3A (Horiguchi et al., 2006; Nishimura et al., 2004; Shi et 
al., 2004; Yoshimura et al., 2010), and/or to the alterations in MT dynamics and organiza-
tion mediated by KIF18A (Mayr et al., 2007; Stumpff et al., 2008). Our data suggest that the 
cortical neuronal migration defects are most likely due to the loss of KIF15 inhibition. Pre-
vious studies showed an enrichment of KIF15 in migratory neurons (Buster et al., 2003) and 
found that neurons depleted of KIF15 migrate irregularly (Klejnot et al., 2014). Although 
the function of KIF15 during cell division is to crosslink and slide antiparallel MTs apart 
(Tanenbaum et al., 2009), its precise role during neuronal migration remains unclear. It also 
remains an intriguing question why KBP preferentially binds and inhibits the motility of a 
specific set of kinesins since there is no obvious consensus sequence in their motor domains 
and since they belong to several different kinesin families. Solving the high-resolution struc-
ture of the KBP-kinesin complex will be necessary to resolve this issue. Regardless of the 
mechanistic details on how KBP regulates kinesin motor activity, we here propose a model 
in which different KBP-controlled kinesins modulate cargo distributions and MT dynamics 
for proper neuronal migration, axonal outgrowth and neuronal polarity.

Loss of KBP-controlled kinesin inhibition underlies GOSHS
Regulation of kinesin activity is important to prevent futile ATP hydrolysis and overcrow-
ding of MT tracks. One mechanism by which kinesins are controlled is autoinhibition. In 
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the absence of cargo, kinesins exist in an autoinhibited, folded-back conformation where-
by the tail region binds and suppresses the activity of its own motor domain (Verhey and 
Hammond, 2009). Using single molecule in vitro assays, we found that KBP inhibits kinesin 
motility by blocking the association of KIF1A with MTs. However, unlike autoinhibition, 
the inhibitory function of KBP is not restricted to cytoplasmic motors but can also block 
cargo-attached kinesin movement. When KBP interacts with a kinesin that is recruited to 
peroxisomes in COS7 cells, it severely slows down cargo transport. This is consistent with 
our live-cell imaging data in neuronal cells where, in the absence of KBP, synaptic vesicle 
precursors moved faster and accumulated at the distal ends of the axon. These observations 
imply that KBP binding to kinesins may be able to directly control the retrograde or an-
terograde direction of axonal cargos that are transported by opposing motors. Moreover, 
the repertoire of KBP-controlled kinesins bound to transport vesicles will dictate the exact 
transport parameters and allow precise spatial and temporal regulation to ensure proper 
motility and delivery of specific cargoes. The simplest model for how KBP controls kinesin 
function is the one in which KBP binding to the motor domain inhibits kinesin activity 
and where release of KBP activates kinesin motors to allow cargo transport. We found that 
phosphorylation enhances the binding between KBP and KIF1A. Investigating whether lo-
cal kinase signaling affects the activity of KBP and if other post-translational modifications 
influence kinesin-KBP complex formation will be important topics for future studies. 
 Although great progress has been made in characterizing the function of motor 
proteins during neuronal development (Hirokawa et al., 2010), we are only beginning to 
understand the mechanisms that regulate motor activity. In this study, we describe a novel 
molecular mechanism for controlling kinesin activity during neuronal development. We 
show that KBP regulates kinesin activity by binding to the motor domain and thereby inhi-
biting kinesin association with MTs. Our findings suggest that KBP functions as a specific 
kinesin inhibitor that prevents both MT-based motility and depolymerizing activity of a 
specific subset of kinesins. Interestingly, coordinated actions of both processes may be re-
quired during the various distinct steps of neuronal development. Therefore, KBP-mediated 
inhibition of selected kinesins provides a completely new mechanism for kinesin regulation. 
We suggest that misregulation of a specific set of KBP-controlled kinesins may represent the 
core mechanism underlying the neuropathological defects observed in GOSHS patients. 
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EXPERIMENTAL PROCEDURES

Antibodies and reagents
Two independent anti-KBP antibodies were generated by immunizing rabbits with a short peptide en-
compassing amino acid 24-38 of mouse KBP (Eurogentec) and glutathione-S- transferase (GST)-KBP 
(amino acid 1-292) fusion proteins. Details of KBP antisera and other antibodies and reagents are in 
the Supplementary Material and Methods.

DNA and shRNA constructs
The KBP expression constructs were generated by a PCR-based strategy using the human KBP cDNA 
(KIAA1279, IMAGE clone 4550085). The KBP-shRNA sequence (5’-TATCATAGTAAGCATGT-
GCTT) targeting rat KBP mRNA (NP_001026797) was based on the effective human KBP#1 siRNA 
sequence and inserted into a pSuper vector. See Supplementary Material and Methods.

Protein purification and biophysical characterization
KBP was expressed in Rosetta2 cells, lysed and purified by immobilized metal-affinity chromatograp-
hy (IMAC) followed by size exclusion chromatography. MALS was performed using a S-200 analytical 
size exclusion chromatography column connected in-line to a mini-DAWN TREOS light scattering 
and Optilab T-rEX refractive index detectors. For details, see Supplementary Material and Methods.

In vitro kinesin motility assay
MTs labled with rhodamine-conjugated tubulin were stabilized and attached to a glass coverslip. Di-
meric GFP-tagged KIF1A was expressed in HEK293 cells and cell lysates were added, in the presence 
of ATP, to the stabilized microtubules and incubated with or without purified KBP. For details see 
Supplementary Material and Methods.

Image acquisition, processing and morphometric analyses
Simultaneous dual color time-lapse live cell imaging and TIRFM was performed on a Nikon Eclipse 
TE2000E microscope with Coolsnap and QuantEM cameras. Neurons were maintained at 37ºC with 
5% CO2. For details see Supplementary Material and Methods.
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and biochemical characterization
(A) Schematic structure of KBP. Black boxes indicated tetratricopeptide repeats (TPR). Antibodies were raised 
against a short KBP peptide (amino acid 24-38) and GST-tagged KBP fusion proteins containing amino acids 
1-292 (antibody GST-fusion). KBP truncations tested for kinesin binding in B and C are indicated. 
(B) KBP antibodies specifically recognize GFP-tagged KBP but not BICD2 and BICDR-2 in HeLa cells. 
(C) Immunoprecipitations using HA antibodies from extracts of HEK293 cells transfected with indicated HA-fu-
sed KBP constructs and probed for the endogenous p150Glued, KIF1C and KIF15.
(D) Immunoprecipitations using anti-HA antibody from extracts of HEK293 cells expressing HA-KIF1A-MDC 
or HA-KIF5B-MDC as positive and negative controls respectively and HA-tagged LC2A, LC2B and SCG10 and 
probed for endogenous KBP.
(E) Coomassie blue stained SDS-PAGE showing purified full length KIF1A fused to GFP (arrow).
(F) Representative immunoblots demonstrating relative expression of KIF1A and KBP in various tissues and cell 
lines including DIV8 (8) cultured hippocampal and cortical neuronal cultures and HEK cells. 10 μg of total pro-
tein were loaded per lane. Levels of expression are compared to known amounts of purified GFP-KIF1A and KBP.
(G-H) Quantification of relative expression of KBP (n=7) and KIF1A (n=5). Data plotted as mean values ± SEM. 
(I) Coomassie stained SDS-PAGE showing supernatant (S) and pellet (P) fractions from MT pelleting assays. The 
different lanes represent: MTs, two different KBP concentrations (16.4 μM and 62 μM) and MTs mixed with either 
16.4 μM or 62 μM KBP.
(J) Developmental expression patterns of KBP in E10.5 (whole embryo), E13.5, E16, E18, P1, P5 (head only) and 
P10, P15 and adult (forebrain and cerebellum) mice.
(K) Western blot analysis of KBP expression in various mouse tissues.
(L) Immunoprecipitation using GFP trap beads from extracts of HEK293 cells expressing the motor domain and 
first coiled-coil (MDC) of C. elegans UNC-104 and human KIF1A and KIF21B and probed with endogenous KBP.
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Kevenaar et al., Supplemental Figure 2
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Supplementary Figure 2, related to Figure 5. Frequency distributions of GFP-Rab3 transport
A) Frequency distributions of run velocities for anterograde and retrograde GFP-Rab3 vesicle movements in the 
axon of neurons (DIV4+4) co-transfected with GFP-Rab3 and indicated constructs. n = 41-154 vesicles from 8-19 
cells. N = 2 independent experiments.
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Kevenaar et al., Supplemental Figure 3
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Supplementary Figure 3, related to Figure 6. KBP inhibits kinesin induced peroxisome transport
(A) Radial kymograph of peroxisome motility in cells visualized by PEX-mRFP-FKBP upon recruitment of in-
dicated kinesin constructs with and without HA-KBP. Yellow lines indicate cell outline. Radial kymographs of 
recordings are acquired with 10 s intervals. Each frame is colour-coded using a time-coded gradient that runs 
from blue to white before and from white to read after rapalog addition at 0:00.
(B) Overlay of sequential binarized images from the recordings in (A). 
(C) Peroxisome distribution before and after rapalog addition in presence of KIF1A-MDC-FRB, PEX-RFP-FKBP 
and indicated KBP truncation constructs. The left panel is an overlay of sequential binarized images color coded 
by time.  Yellow lines indicate cell outlines. The right panel represents a radial kymograph of peroxisome motility. 
Radial kymographs of recordings are acquired with 30 s intervals.  
(D) Graphs showing peroxisome distribution in COS-7 cells over time visualized by PEX-RFP-FKBP upon re-
cruitment of indicated kinesin constructs before and after addition of rapalog with HA-KBP(1-621) (black lines), 
HA-KBP(1-292) (red lines) and HA-KBP(292-621) (gray lines). N = 7-16 cells per group. Data are presented as 
mean values ± SEM.
(E) Representative images of COS-7 cells transfected with KIF1A-MDC-GFP-FRB, KBP-HA, PEX-RFP-FKBP 
and stained for α-tubulin and HA, before and after addition of rapalog. Black lines indicate cell outline. Scale 
bars, 20μm.
(F) Representative images of HeLa cells co-expressing PEX-mRFP-FKBP, KIF1A- MDC-FRB with or without 
HA-KBP before (0 min) and 60 min after addition of rapalog. White dotted lines indicate cell edges. Yellow ar-
rowheads show peripheral signals. Scale bar, 10 µm.
(G) Percentage of HeLa cells expressing KIF1A-MDC-FRB or dynein/dynactin adaptor BICD2N-FRB with and 
without HA-KBP before (0 min) and after (10, 30 and 60 min) addition of rapalog, showing a peripheral (KIF1A) 
or pericentral (dynein) distribution upon co-expression of indicated constructs.
(H) Percentage of HeLa cells expressing KIF1B-MDC-FRB, KIF1C-MDC-FRB, KIF3A-MDC-FRB, KIF5B-MDC-
FRB, KIF13B-MDC-FRB, KIF15-MDC-FRB, KIF18A-MDC-FRB and KIF21B-MDC-FRB with and without HA-
KBP before (0 min) and after (10, 30 and 60 min) addition of rapalog, showing a peripheral distribution upon 
co-expression of indicated constructs.
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Kevenaar et al., Supplemental Figure 4
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Supplementary Figure 4, related to Figure 6. KBP inhibits KIF1A-dependent synaptic vesicle distribution and traf-
ficking.
(A) Schematic representation of the inducible cargo trafficking assay using the FRB-rapalog-FKBP hetrodimeri-
zation system coupled to FKBP-GFP-Rab3 vesicles. 
(B-C) Quantification of Rab3 intensity in cell body and axon (B) and the ratio of Rab3 cell body to axon Rab3 
intensity (C) of hippocampal neurons co- expressing KIF1A-MDC-FRB and FKBP-GFP-Rab3 with and without 
HA-KBP before (0 min) and after (30 min) addition of rapalog. n = 10. Mann-Whitney U test: ***, P < 0.001. Data 
are presented as mean values ± SEM.
(D) Representative images of cell body and axons of hippocampal neurons co-expressing KIF1A-MDC-FRB and 
FKBP-GFP-Rab3 with and without HA-KBP before (0 min) and after (30 min) addition of rapalog. Yellow arrow-
heads indicate GFP-Rab3 vesicles. Scale bar, 20 µm.
(E) FKBP-GFP-Rab3 motility in distal axons and growth cones of hippocampal neurons co-expressing KIF1A-
MDC-FRB and FKBP-GFP-Rab3 with and without HA-KBP before (0 min) and after (30 min) addition of rapalog. 
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SUPPLEMENTARY TABLES

Table S1, related to Figure 1 and 6. Overview of immunoprecipita-
tion experiments of KBP using GFP-FRB tagged motor domains of 
indicated kinesin motors

Immunoprecipitations were performed using GFP trap magnetic 
beads from extracts of HEK293 cells expressing GFP-FRB tagged 
N-terminal fragments of indicated kinesin motors including the 
motor domain and first coiled-coil (MDC) and probed for endo-
genous KBP. +, Estimations of binding after normalization for the 
expression of GFP-kinesin: weak binding; ++, medium binding; 
+++, strong binding; -, no binding; n.t, not tested. 1(Shin et al., 
2003); 2(Seki et al., 1997); 3(Verhey et al., 1998); 4(Carleton et al., 
2006).  
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shRNA targetting sequence 
Accesion 
Number

KBP shRNA TATCATAGTAAGCATGTGCTT NP_001026797
KIF1A shRNA CGAATATGCTGACATCTTC XM_343630.4
KIF1A-#1 CAGGATGACCGGACCTTCT
KIF1A-#2 GACCGGACCTTCTACCAGT
KIF1A-#3 GTCATCAGGATACGTCCAT
KIF1B-#1 GGGCTAAACATTTCGTTGT
KIF1B-#2 GCAACGCTGTTATCAATGA
KIF1B-#3 CTGGATCTAATGCGAGAGA

KIF3A-#1 GTGCGACCAATATGAACGA
KIF3A-#2 CGTATCGGAACTCTAAACT
KIF3A-#3 GTTGGTGCGACCAATATGA
KIF14-#1 CATAAACAGCACTTATGTT 
KIF14-#2 CATCCCGATATGAAACAAA 
KIF14-#3 CGCTCTCATTCCGTTTTCA 
KIF13B-#1 GAAGCCGACAAACGTTGAA
KIF13B-#2 GACGAGAAATTGACTTACA
KIF13B-#3 GGATGATGCTGACCGAGAG
KIF15-#1 GGCTATTGCTCGACTAGAA
KIF15-#2 CCTACGATAACTTACAAGA
KIF15-#3 GGAAATTGATAGGTCATCA
KIF18A-#1 GCAGCTACTAGACAATGGA
KIF18A-#2 TTTGTAGAAGGCACAAATA
KIF18A-#3 GACACATATAACACTCTTA

XM_343630.4

NM_001137642.1

NM_181635.2

NM_001108345.1

NM_213626.1

NM_053377.1

NM_057200.1

KIF1C-#11 GGATAGCAAACAGGAAAAA
NM_145877.1

1: Schlager et al., 2014

KIF1C-#2

KIF1C-#3
GCCCATATGTACAAGACCT
GGAGATCTATTGCGAACGA

Table S3, related to Figure 2-5. Overview of shRNA con-
structs used in this study 

1(Schlager et al., 2014)

KIF1A1

KIF1Bα

KIF1C

KIF3A

KIF Acession Number
(IMAGE clone)

NM_008440.4

KIAA0706 (5266798)

KIAA1448

NM_008443 (5702415)
KIF13B2

KIF143

KIF154

NM_015254.3

NM_010620.1

KIAA0042

Species

mouse

human

human

KIF18A5 NM_031217.3 human

human

human

mouse

mouse

KIF1Bβ KIAA0591 human

3(Carleton et al., 2006)

1(Lee et al., 2003)

5(Stump� et al., 2008)

4(Tanenbaum et al., 2009)

2Kind gift from Lotte B. Pedersen

Table S2, related to Figure 2-4. 
Overview of full-length kinesin con-
structs used in this study 

1(Lee et al., 2003), 2kind gift from 
Lotte B. Pedersen; 3(Carleton et al., 
2006); 4(Tanenbaum et al., 2009); 
5(Stumpff et al., 2008)
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES

Animals
All animal experiments were performed in compliance with the guidelines for the welfare of expe-
rimental animals issued by the Federal Government of The Netherlands. All animal experiments 
were approved by the Animal Ethical Review Committee (DEC) of the Erasmus Medical Center and 
Utrecht University

Antibodies and Reagents
Rabbit KBP antibodies were generated by immunizing rabbits with 1) short peptide encompassing 
amino-acids 24-38 of mouse KBP (Eurogentec) and 2) glutathione-S-transferase (GST)-KBP (amino 
acid 1-292) fusion proteins followed by affinity purification using His-KBP(1-292) coupled to cyano-
gen bromideactivated Sepharose 4B-columns (GE Healthcare). The following commercial antibodies 
were used in this study: rabbit anti-GFP, rabbit anti-KIF5C, rabbit anti-KIF14, mouse anti-KIF15, rat 
anti-Ctip2, mouse anti-Sat2b, and chicken anti-MAP2 (Abcam), rabbit anti-KIF1Bβ (Bethyl Labora-
tories), mouse anti-p150, mouse anti-KIF1A, mouse anti-Rab3 (BD Biosciences), rabbit anti-KIF1C 
(Cytoskeleton, Inc), mouse anti-β-actin (Chemicon), rabbit anti-dynein heavy chain (DHC), rab-
bit anti-HA (Santa Cruz), mouse anti-MAP2, mouse anti-α-tubulin (Sigma) and mouse anti-Tag1 
(DSHB), rabbit anti-tubulin-β3 (Covance), mouse anti-Nestin (Millipore), rabbit anti-β- galactosi-
dase  (MP  Biomedicals), mouse  anti-β-galactosidase (Promega),  mouse anti- GFP, rat anti-HA and 
mouse anti-HA (Roche), rabbit anti-myc (Cell signaling). We also used Alexa350- Alexa405-, Al-
exa488-, Alexa568-, Alexa647- (Invitrogen), Cy3- (Jackson), HRP-conjugated secondary antibodies 
(Dako) and Hoechst 33342 (Life Technologies) . Other reagents used in this study are taxol (Sigma) 
and rapalog (AP21967, Ariad Pharmaceuticals). 

Expression constructs and siRNAs
The following mammalian expression plasmids have been described: pGW1-GFP and pβac-
tin-HA-β-galactosidase (Hoogenraad et al., 2005), pGW2-GFP (Kapitein et al., 2013), β-actin-GFP-
FRB (Kapitein et al., 2010c), bio-tag-GFP and HA-BirA (Jaworski et al., 2009), pSuper vector (Brum-
melkamp et al., 2002), GFP-BICD2 (Hoogenraad et al., 2001), GFP-KIF1C (Schlager et al., 2010), 
FKBP- and FRB-encoding fragments were from the Argent Regulated Heterodimerization kit (Ariad 
Pharmaceuticals), mCherry-α-tubulin, PEX3-mRFP-FKBP (Kapitein et al., 2010a; Kapitein et al., 
2010b), GFP-Rab3C (van Vlijmen et al., 2008), Mito-dsRed (Li et al., 2004) and GFP-MACF43 (Hon-
nappa et al., 2009); full-length KIF5B-GFP (van Spronsen et al., 2013); GFP-SCG10 and HA-SCG10 
(Charbaut et al., 2005); myc-KIF1A  and GFP-KIF1A (Lee et al., 2003) ,  LC3-GFP (Kimura et al., 
2007), HA-LC2A and HA-LC2B were generated by PCR using human LC2A (IMAGE clone 4518318) 
and LC2B (IMAGE clone 1645677) into pMT2 expression vector. All N-terminal HA-tagged full-
length kinesin constructs were generated by PCR using IMAGE clones or excising constructs as tem-
plate as described in Table S2 and cloned into pGW1-HA expression vector. The N-terminal motor 
domain of C. elegans unc-104 (MDC, aa 1-464) was PCR amplified from cDNA and cloned into β-ac-
tin-GFP-FRB (Kapitein et al., 2010c) to generate UNC-104(MDC)-GFP. All other KIF constructs were 
generated by PCR based strategies and cloned in β-actin-GFP-FRB or in β-actin-FRB as summarized 
is Table S1.  Dimeric KIF1A-MDC (dKIF1A-MDC) was made by fusing the motor domain of KIF1A 
(aa 1-356) to the first coil region of KIF5B (aa 326-560) and subcloned in pGW2 expression vectors 
(Kapitein et al., 2013). HA-FRB-BICDN has been described before (Kapitein et al., 2010b). FKBP-
GFP-Rab3 was made by fusing FKBP to the N-terminus of GFP-Rab3c in pβactin. The KBP expres-
sion constructs were generated by a PCR-based strategy using the human KBP cDNA (KIAA1279, 
IMAGE clone 4550085) and subcloned in pGW1- and pβactin- expression vectors (Kapitein et al., 
2010c). The KBP truncation, including GFP-KBP(1-292), GFP-KBP(292-621) were generated by PCR 
based strategies. In bio-GFP-KBP fusions, a linker encoding the sequence MASGLNDIFEAQKIE-
WHEGGG, which is the substrate of biotin ligase BirA was inserted into the NheI and AgeI sites in 
front of the pEGFP-C2 (Clontech) and the KBP open reading frame subsequently subcloned in the 
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biotin-tag-GFP vector. The GFP-MT+TIP construct contains the general microtubule tip localizati-
on signal, SxIP motif recognized by microtubule plus-end binding (EB) proteins and was generated 
as follows. The two-stranded leucine zipper coiled-coil sequence corresponding to GCN4-p1(RM-
KQLEDKVEELLSKNYHLENEVARLKKLVGER) was fused to N-terminal 43 amino acid peptide 
(ETVPQTHRPTPRAGSRPSTAKPSKIPTPQRKSPASKLDKSSKR) of human MACF2 (E5455-R5497; 
NP_899236) by PCR based strategy. A glycine rich-linker sequence (GAGG) was inserted between 
GCN4-pl and MACF43 and subcloned in pβactin-16-pl expression vectors (Kapitein et al., 2010c) to 
generate pβactin-GFP-GCN4-MACF43, which is named GFP-MT+TIP. 
 We used the following siRNAs for knock-down experiments in HEK293 cells: KBP#1: 5’-uau-
cauaguaagcaugugcuu-3’, KBP#2: 5’-ugaaucaggaucccuuagcuu-3’, KBP#3: 5’-uuauauagugcuucugau-
guu-3’, KBP#4: 5’-uaaccaucaaucugaaagauu-3’ (Dharmacon). The KBP-shRNA sequence targeting rat 
KBP mRNA was based on the effective human KBP#1 siRNA sequence.  All shRNA targeting rat 
mRNA was designed using the siRNA selection program at the Whitehead Institute for Biomedical 
Research and  were inserted into a pSuper vector (Brummelkamp et al., 2002). For an overview of the 
shRNAs used in this study, see Table S3.

Biotin-streptavidin pull-down experiments and mass spectrometry analysis
Streptavidin bead pull-down assays were performed as previously described (Jaworski et al., 2009). 
HEK293-cells or HeLa cells were transfected with BirA and bio- GFP-KBP or bio-GFP using Lipofec-
tamine-2000 (Invitrogen) transfection reagent according to the manufacturer's instructions. Cells 
were lysed 16 h later in 20 mM Tris-HCl, pH 8.0, 150 mM KCl, 1% Triton X-100, and protease in-
hibitors (Roche). Cell lysates were centrifuged at 13,000 rpm for 15 min and the supernatants were 
incubated with Dynabeads M-280 streptavidin (Dynal; Invitrogen) for 45 min. Beads were separated 
by using a magnet (Dynal; Invitrogen) and washed three times in lysis buffer. For protein elution, the 
beads were boiled in NuPAGE LDS 4 sample buffer (Invitrogen), separated, and supernatants were 
run on a 4-12% NuPAGE tris-acetate gel (Invitrogen). The gel was stained with the Colloidal Blue 
staining kit (Invitrogen).
 For mass spectrometry analysis, SDS-PAGE gel lanes were cut into 2-mm slices using an au-
tomatic gel slicer and subjected to in gel reduction with dithiothreitol, alkylation with iodoacetamide 
and digestion with trypsin (Promega, sequencing grade), essentially as described previously (Jawor-
ski et al., 2009). Nanoflow LCMS/MS was performed on an 1100 series capillary LC system (Agilent 
Technologies) coupled to an LTQ  linear  ion  trap  mass  spectrometer  (Thermo)  operating  in  posi-
tive  mode  and equipped with a nanospray source. Peptide mixtures were trapped on a ReproSil C18 
reversed phase column (Dr Maisch GmbH; column dimensions 1.5 cm × 100 µm, packed in-house) 
at a flow rate of 8 µl/min. Peptide separation was performed on ReproSil C18 reversed phase column 
(Dr Maisch GmbH; column dimensions 15 cm × 50 µm, packed inhouse) using a linear gradient from 
0 to 80% B (A = 0.1 M acetic acid; B = 80% (v/v) acetonitrile, 0.1 M acetic acid) in 70 min and at a 
constant flow rate of 200 nl/min using a splitter. The column eluent was directly sprayed into the ESI 
source of the mass spectrometer. Mass spectra were acquired in continuum mode; fragmentation of 
the 4 peptides was performed in data-dependent mode. Peak lists were automatically created from 
raw data files using the Mascot Distiller software (version 2.1; MatrixScience). The Mascot search al-
gorithm (version 2.2) was used for searching against the International Protein Index database (release 
number IPI_human_20100507.fasta). The peptide tolerance was typically set to 2 Da and the fragment 
ion tolerance to 0.8 Da. A maximum number of 2 missed cleavages by trypsin were allowed and car-
bamidomethylated cysteine and oxidized methionine were set as fixed and variable modifications, 
respectively. The Mascot score cut-off value for a positive protein hit was set to 60. Individual peptide 
MS/MS spectra with Mowse scores below 40 were checked manually and either interpreted as valid 
identifications or discarded. Proteins present in the negative controls (pull-down assays with bioGFP 
alone) were omitted from the table.
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Brain extracts and Western blot analysis
For tissue Western blots, cerebellum, cortex, spinal cord, heart, kidney, liver, lung and spleen were 
dissected from P30 mice and placed in ice-cold PBS, pH7.4. For developmental Western blots, E10 
(whole embryo), E13, E16, E18, P1, P5 (head only) P15 and adult (forebrain or cerebellum), mice were 
placed in ice-cold PBS, pH 7.4. Samples were homogenized in homogenization buffer (150 mM NaCl, 
50 mM Tris, 0.1% v/v SDS, 0.5% v/v NP-40, pH8, 1x complete protease inhibitors; Roche), briefly soni-
cated, centrifuged at 900 rpm, resuspended in 2x SDS sample buffer and boiled for 5 minutes. Protein 
concentrations were measured using a BCA protein assay kit (Pierce) and 20 µg of protein was loaded 
in each lane for a subsequent Western blot analysis.

Immunoprecipitation
Immunoprecipitation experiments were performed as previously described (Schlager et al., 2010). 
HEK293 cells were cultured in DMEM/Hams-F10 (50/50%) medium containing 10% FCS and 1% 
penicillin/streptomycin and were transfected using Lipofectamine2000 (Invitrogen). Cells were har-
vested 24 h after transfection, by scraping the cells in ice-cold PBS and lysing cell pellets in lysis buffer 
(25 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1.0% Triton X-100, and protease inhibitors; Roche). Super-
natant and pellet fractions were separated by centrifugation at 13,200 rpm for 5 min. Supernatants 
were mixed with an equal amount of lysis buffer, protein-A- agarose beads (GE Healthcare), and 3 
µg of mouse anti-GFP (Roche). Samples were incubated 4 hours while rotating at 4°C, centrifuged 
at 2000 rpm and pellets were washed 3-7 times with wash buffer (25 mM Tris-HCl, pH 8.0, 100 mM 
NaCl, 0.1 % NP40). Samples were eluted in SDS sample buffer, equally loaded onto SDS-PAGE gels and 
subjected to western blotting on polyvinylidene difluoride membrane. Blots were blocked with 2% bo-
vine serum albumin/0.05% Tween 20 in PBS and incubated with primary antibodies at 4°C overnight. 
Both KBP antibodies were used in a 1:500 dilution. Blots were washed with 0.05% Tween 20 in PBS 
three times for 10 min at room temperature and incubated with either anti-rabbit or anti-mouse IgG 
antibody conjugated to horseradish peroxidase (Dako). Blots were developed with enhanced chemilu-
minescent Western blotting substrate (Pierce).
 For GFP-Trap (Chromotek) co-immunoprecipitation experiments, HEK293 cells were used 
for expression of different GFP-FRB tagged N-terminal fragments of kinesins, including the motor 
domain and the first coiled-coil (MDC). Cells were plated on 10 cm2 culture dishes in one to one 
mixture of DMEM/F10 medium (Gibco, Life Technologies) supplemented with 10% FCS, 100 U/ml 
penicillin and 100 µg/ml streptomycin (Gibco, Life Technologies), at 37°C and 5% CO2 and 24 hr after 
were transfected with MaxPEI. Briefly, 30 µl of MaxPEI (Polysciences) were added to 500 µl of F10, 
incubated for 5 min at RT and mixed with 10 µg of plasmid DNA diluted in 500 µl of F10. Transfection 
mixture was incubated for 30 min at RT and then applied drop wise to the cell culture. 48 hr later cells 
were washed with PBS containing 1 mM MgCl2 and lysed in 500 µl of extraction buffer per dish (20 
mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM MgCl2, 0.5% Triton-X-100, 1x protease inhibitor cocktail, 
EDTA-free (Roche), shock frozen and stored at -80 or thaw and processed for the extraction imme-
diately. After 30 min of incubation on ice, the cell suspension was centrifuged 30 min at 13.000 x g, 
4°C and the supernatant was used for immunoprecipitations. Immunoprecipitation using GFP-trap 
magnetic beads was performed as described before (van Spronsen et al., 2013). For immunoprecipi-
tations of HA-tagged constructs, extracts from transfected HEK293 cells were prepared as described 
above. Anti-HA magnetic beads were washed with the lysis buffer and blocked with 0.2% Chicken Egg 
Albumine (Sigma) for 40 min at RT and washed twice with the lysis buffer. Immunoprecipitation was 
carried out for 2 hours at 4°C, beads were washed 4-5 times with the lysis buffer. Isolated complexes 
were eluted and analyzed by immunoblotting. 
 For testing the effect of phosphorylation transfected cells were incubated for 3 hr with either 
100 nM of Okadaic acid (Sigma) or 1 µM Staurosporin (Sigma). Then extraction was performed as 
described above except that groups receiving Ocadaic acid were lysed in extraction buffer additio-
nally containing 1x PhosphoSTOP (Roche). Before proceeding with the co-immunoprecipitations, 
the expression rates of GFP-fused kinesins were estimated by SDS-PAGE followed by immunoblot-
ting with anti-GFP antibody. All samples were normalized to the lowest expressing construct and 
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diluted with corresponding mock extract containing same amounts of endogenous KBP. For active 
dephosphorylation experiments, extracts of Staurosporine pre-treated HEK293 cells containing equal 
amounts of dKIF1A-MDC and endogenous KBP were diluted in dephosphorylation buffer (1x NE-
Buffer for PMP and 1 mM MnCl2) incubated with different amounts of recombinant Lambda Protein 
Phosphotase (NEB) at 4°C, 20°C or 30°C. Extracts from Okadaic Acid stimulated cells were diluted 
in a same reaction buffer without Lambda Phosphotase, incubated at the same conditions and used as 
positive control. GFP co-immunoprecipitation experiments were performed as described before (van 
Spronsen et al., 2013) by using GFP-Trap magnetic beads (Chromotek). Briefly, pre-blocked GFP-trap 
magnetic beads were added to each reaction and samples were further incubated for 1.5 h at 4°C, 
rotation.  Eluted complexes were checked by SDS-PAGE and immunoblotting with anti-GFP and 
anti-KBP antibody.

Protein purification
For analysis of relative expression of KIF1A in cell lines and brain tissue, GFP-KIF1A (mouse) was 
expressed in adherent HEK293 cells for 48 hours. Cells from 2x10 cm2 dishes were pulled together 
and extracted with 1 mL of extraction buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM MgCl2, 
0.5% Triton-X-100, 1x protease inhibitor cocktail, EDTA-free (Roche)) in a same way as for immunop-
recipitation experiments. 50 µL of GFP-Trap magnetic beads were added to the extract and incubated 
for 2 hours at 4°C, rotation. After two times washing with the extraction buffer, beads were washed 
another two times with the same buffer containing 500 mM NaCl and then one more time with the 
normal extraction buffer. Purified protein was eluted with 2x SDS Loading buffer and concentration 
of GFP-KBP was measured by OD on SDS-PAGE stained with coomassie blue where series of BSA 
dilutions were included as standard. 
 Human KBP, mouse KIF1A motor domain (KIF1A-MD, residues 1-352) and human KIF21B 
motor domain (KIF21B-MD, residues 1-369) were PCR amplified from a human cDNA library (Frey 
et al., 2007) and cloned into the pET-based bacterial expression vector PSTCm1, which encodes for a 
N-terminal 6xHis tag followed by a thrombin cleavage site (Olieric et al., 2010). Fusion of KIF1A-MD 
(residues 1-352) with the QIRNTVSVN polypeptide derived from the linker of murine conventio-
nal kinesin KIF5C (KIF1A-cMD) was cloned into NSKn1, which encodes for a C-terminal 6xHis tag 
(Kikkawa et al., 2001; Olieric et al., 2010). Full length KBP was also cloned in PSTCm1 without any 
6xHis tag. 
 KBP, KIF1A-MD and KIF21B-MD proteins were expressed in Rosetta2 (Novagen) whereas 
KIF1A-cMD was produced in BL21(DE3) (Stratagene). Cells were grown in LB media (supplemented 
with 40 µg/ml kanamycin + 30 µg/mL chloramphenicol) to an OD600 of 0.4 - 0.6 at 37°C. KIF1A-cMD 
was grown in 3xTY medium as described (Kikkawa et al., 2001). Cells were cooled down to 20°C and 
expression was induced with 0.4 mM isopropyl 1-thio-β- galactopyranoside (IPTG, Sigma). Protein 
expression was performed at 20°C for 16 hr. Cells were harvested the next day and lysed by sonication 
(50 mM HEPES pH 8, 500 mM NaCl, 10 mM Imidazole, 10% glycerol, 2 mM β-mercaptoethanol and 
protease inhibitors (Roche)). The crude extracts were cleared by centrifugation at 30,000 x g for 30 
min. Supernatants were filtered (0.4 µm pore size) before purification. 
 His-KBP was purified by immobilized metal-affinity chromatography (IMAC) on HisTrap 
NP Ni2+-Sepharose columns (GE Healthcare) at 4°C accordingly to manufacturer’s instructions. The 
6xHis tag was cleaved during dialysis against thrombin cleavage buffer (20 mM TrisHCl pH 7.4 sup-
plemented with 150 mM NaCl, 2.5 mM CaCl2 and 2 mM DTT) for 16 hr at 4°C using 2 units of hu-
man thrombin (Sigma) per milligram of recombinant protein. Cleaved samples were reapplied to the 
IMAC column to separate the cleaved products from the 6xHis tag and uncleaved protein. Processed 
proteins were concentrated and gel filtrated on a HiLoad Superdex 200 16/60 size exclusion column 
(GE Healthcare) equilibrated in 20 mM TrisHCl, pH 7.5, supplemented with 150 mM NaCl and 2 mM 
DTT. KIF1A-MD. KIF1A-cMD and KIF21B-MD were purified as described above except that the 
6xHis tags were not removed and KIF1A-cMD was gel filtrated in 10 mM MOPS pH 7.0 supplemented 
with 100 mM NaCl, 1 mM EGTA, I mM MgCl2, 20% w/v sucrose and 2 mM DTT. For the co-puri-
fication of KBP (without tag) with either His-KIF1A-MD or His-KIF21B-MD, the cells containing 
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KBP and the ones containing His-KIF1A-MD or His-KIF21B-MD were mixed together before cell 
disruption. Purification of the complex was performed as described above. The homogeneity of the 
recombinant proteins was assessed by SDS-PAGE and their identity was confirmed by ESI-TOF mass 
spectrometry. The fractions containing the proteins were concentrated by ultrafiltration. Protein con-
centrations were estimated by UV at 280 nm and proteins were aliquoted and flash frozen in liquid 
nitrogen before storage at -80°C. 

Estimation of relative expression of KBP and KIF1A
To measure the amounts of KBP and KIF1A, HEK293 cells, DIV8 rat cortical and hippocampal pri-
mary neurons (sample pulled from 6 wells for each group) as well as tissue from cortex and hippo-
campus of adult rats were solubilized in 1x Sample Loading Buffer. Samples were extensively boiled 
and protein concentration was determined by Amidoback test. 10 µg of each sample were loaded on 
SDS-PAGE next to the known amounts of KBP or KIF1A (100, 500 and 1000 pg). KBP and KIF1A were 
detected with the respective antibodies and values from 5-7 different gels were analyzed. 

Biophysical characterization
MALS experiments were performed in 20 mM TrisHCl pH 7.5, 150 mM NaCl, 2 mM DTT using a 
S-200 analytical size exclusion chromatography column connected in-line to mini-DAWN TREOS 
light scattering and Optilab T-rEX refractive index detectors (Wyatt Technology). KBP was injected at 
a concentration of 27.8 µM; the KBP-His-KIF1A-MD complex at a concentration of 17.7 µM. 
 The CD spectra shown in Fig. 1J was collected at 10°C and at a protein concentration of 0.5 µM 
in 20 mM TrisHCl, pH 7.5, 150 mM NaCl supplemented with 1 mM TCEP using a Chirascan spectro-
polarimeter (Applied Photophysics) and a cuvette of 0.1 cm path length. The thermal unfolding profile 
shown in Fig. 1K was obtained by increasing the temperature at a speed of 1°C/min between 10°C and 
80°C and by monitoring the CD signal at 222 nm.

Microtubule pelleting assay
Microtubule pelleting assays from lysates were performed as previously described (Lansbergen et al., 
2004). Polymerized microtubules were made by diluting 5 µg/µl purified tubulin (Cytoskeleton) in 
G-PEM buffer (80 mM Pipes pH 6.84, 1 mM MgCl2, 1 mM EGTA, 1 mM GTP, 10% glycerol) in a ratio 
of 1:1, incubated for 10 minutes at 37°C, followed by addition of 20 µM Taxol and AMP-PNP (Sigma) 
and incubation for 30 minutes at room temperature. Lysates of HEK293 cell expressing dKIF1A-
MDC-GFP was mixed with ~5 µg polymerized microtubules and 1 µM Taxol or 30% sucrose and 1 
µM Taxol in G- PEM buffer (control) and incubated for 30 minutes at room temperature, followed by 
spindown for 10 min at 2 bar (29 psi) in Beckman airfuge to pellet the polymerized microtubules. The 
experiments was also performed by adding 1 µg/ul purified KBP to the lysates. The supernatant and 
pellet was examined by SDS-polyacrylamide gel electrophoresis (PAGE).
 For microtubule pelleting assay with purified proteins, 10 mg/ml tubulin stock was diluted 
to 1.1 mg/ml in 1xBRB80 buffer (K-PIPES 80 mM, pH 6.8, EGTA 1 mM, MgCl2 1 mM) supplemented 
with GTP 0.5 mM and DTT 1.25 mM and kept on ice for 5 min. Microtubule (MT) polymerization 
was triggered by heating the tubulin mix for 10 min at 37°C followed by a stepwise addition of 0.1 
μM, 1 μM and 10 μM paclitaxel ((Sigma Aldrich) dissolved in DMSO) with 5 min incubation between 
each step and final incubation of 10 min at 37°C. Different concentrations of purified KBP (1.6 to 62 
μM) were incubated with 3 μM polymerized MTs and 2.8 μM dKIF1A-MDC or 2.5 μM KIF21B-MD 
diluted in BRB80 supplemented with 1mM ATP (Sigma Aldrich) for 2h at 20°C. Pelleting assays with 
KBP and microtubules alone were performed as described above using two different KBP concentra-
tions (16.4 µM and 62 µM). KBP was incubated alone or in the presence of 3 µM taxol stabilized MTs. 
To avoid unspecific binding, protein mixtures were incubated for 1h at 20°C in BRB80 buffer that was 
supplemented with 120 mM NaCl. A taxol-glycerol cushion containing 55% 2x BRB80, 44% Glycerol 
and 6% 2 mM paclitaxel was added to the centrifugation tubes prior to sample addition. After cen-
trifugation at 174,500 x g for 25 min, 10 µl supernatant was carefully removed and added to 2.5 μl 5x 
SDS loading dye. The remaining supernatant was discarded and the pellets were resuspended in 100 μl 
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BRB80 buffer with 25 μl 5x SDS loading dye. Supernatant and pellet fractions (12.5 μl) were analyzed 
on Coomassie stained 12% SDS-PAGE. 

In vitro kinesin motility assay
dKIF1A-MDC-GFP was transfected into HEK293 cells. 48 hr after, cells were washed with PBS con-
taining 1 mM MgCl2 and resuspended in 0.8 ml of ice cold PEM80 buffer (80 mM PIPES, pH 6.9, 2 
mM MgCl2 and 1 mM EGTA) containing 1 mM MgCl2, 10 µM ATP, 0.5% Triton-X-100 and 1x Prote-
ase inhibitor cocktail (Roche), snap frozen and stored at -80°C before use. For extraction, lysates were 
thawed, incubated on ice for 20 min and centrifuged at 13.000 x g, 4°C for 20 min. Supernatants were 
used for the assay immediately. 
 Rhodamine-labeled microtubules were prepared from the seeds in advance as described (Mo-
han et al., 2013). Stabilized and biotinylated microtubule seeds were quickly transferred into 37°C 
water bath, incubated for 5 min and  kept in the dark at RT for 48 hr. Double tape imaging slides 
were assembled from microscopic slides and plasma cleaned coverslips (24x24 mm) as described be-
fore (Mohan et al., 2013). Flow channels on the coverslip were coated with biotinylated poly(L-lysi-
ne)-[g]-poly(ethylene glycol) (PLL-PEG-biotin, 0.2 mg/mL) for 5 min, washed with PEM80, incubated 
with 1 mg/mL NeutrAvidin for 5 min, washed with PEM80. Microtubules were diluted 1:10 in PEM80 
containing 10 µM Taxol and washed into the flow channels. After 5 min, unbound microtubules were 
washed out and unspecific binding of proteins to the surface was blocked with κ-casein (1 mg/ml) 
in PEM80 with 10 µM Taxol. Imaging mixture was prepared during incubation steps and contained 
following compounds: 76 µl  PEM80 + Taxol; 1 µl 10 mM Glucose ; 1 µl Glucose Oxidase; 1 µl Catalase 
; 1 µl 100 mM DTT; 5 µl 200 mM MgCl2 ; 5 µl 1 mM ATP and 10 µl cell extract. Imaging mixture was 
divided in two parts and purified KBP was added to one (final concentration 100 ng/µl) and equal 
volume of PEM80 to the other (control). Flow channels were filled with imaging mixtures with or 
without KBP, sealed with vacuum grease and proceeded to imaging. 

Cultured cells, transfection and immunofluorescent staining
HeLa, HEK293T and COS-7 cells were cultured in DMEM/Ham's F10 (50/50%) medium containing 
10% FCS and 1% penicillin/streptomycin. One day before transfection, cells were plated at 1:20 in Lab-
tek chamber slides (Nunc) or on glass coverslips. Cells were transfected with DNA constructs using 
Superfect transfection reagent (Qiagen) or FuGENE6 (Roche) according to the manufacturers pro-
tocol and incubated overnight. Synthetic siRNA oligos were transfected using a transfection reagent 
(HiPerFect; QIAGEN) at a concentration of 5-20 nM. Three or four days after the siRNA transfection, 
cells were fixed and analyzed by immunofluorescent staining.
 Cells were fixed in 4% paraformaldehyde for 10 min at room temperature followed by 5 min 
in 0.1% Triton X-100 in PBS. Slides were blocked in 0.5% BSA/0.02% glycine in PBS and labeled with 
primary antibody either for 2 h at room temperature or overnight at 4°C. Slides were washed three 
times with 0.05% Tween20 in PBS, labeled with secondary antibodies for 1 hour at room temperature, 
washed three times with 0.05% Tween20 in PBS and mounted using Vectashield mounting medium 
(Vector laboratories). Images of fixed HeLa or COS-7 cells were collected with a Leica DMRBE mi-
croscope equipped with PLFluotar 40x 1.0 N.A. and PLFluotar 100x 1.3 N.A. oil objectives, FITC/
EGFP filter 41012 (Chroma), Texas Red filter 41004 (Chroma), DAPI filter 31000 (Chroma) and an 
ORCA-ER-1394 CCD camera (Hamamatsu).

Primary hippocampal neuron cultures, transfection and immunofluorescent staining
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains (Kapitein et al., 
2010c). Cells were plated in a 12-wells plate on coverslips coated with poly-L-lysine (30 µg/ml; Sigma) 
and laminin (2 µg/ml; Roche) at a density of 75,000 – 100,000 cells/well. Neuron cultures were grown 
in Neurobasal medium (NB; Gibco) supplemented with 2% B27 (Gibco), 0.5 mM L-glutamine (Gibco), 
15.6 µM glutamate (Sigma) and 1% penicillin/streptomycin (Gibco). Neurons were transfected using 
Lipofectamine 2000 (Invitrogen). Briefly, DNA (1.8 µg /well) was mixed with 3.2 µl Lipofectamine 
2000 in 200 ml NB, incubated for 30 minutes and then added to the neurons in NB at 37°C in 5% CO2 
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for 45 min. Next, neurons were washed with NB and transferred in the original medium at 37°C in 
5% CO2 for 2-4 days.
 For immunofluorescence staining, neurons were fixed for 10 min with 4% formaldehyde/4% 
sucrose in phosphate-buffered saline (PBS) or 5 min with ice-cold 100% methanol/1mM EGTA at 
-20°C, followed by 5 min with 4% formaldehyde/4% sucrose in PBS at room temperature. After fixati-
on cells were washed two times in PBS for 30 min at room temperature, and incubated with primary 
antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 
7.4) overnight at 4ºC. Neurons were then washed three times in PBS for 5 min at room temperature 
and incubated with Alexa-conjugated secondary antibodies in GDB for 1 hr at room temperature 
and washed three times in PBS for 5 min. Slides were mounted using Vectashield mounting medium 
(Vector laboratories), with or without DAPI. Confocal images were acquired using a LSM 700 con-
focal laser-scanning microscope (Zeiss) with a 40× 1.3 N.A or 63×1.4 N.A. oil objective (Zeiss). Each 
image was a z-series of ~5 images, each averaged 2 times and was chosen to cover the entire region of 
interest from top to bottom. The resulting z-stack was ‘‘flattened’’ into a single image using maximum 
projection. Images were not further processed and were of similar high quality to the original single 
planes. The confocal settings were kept the same for all scans when fluorescence intensity was compa-
red. Morphometric analysis, quantification, and colocalization were performed using MetaMorph or 
ImageJ software (Universal Imaging Corporation). See for details the methods section: Image analysis 
and quantification.

Ex vivo electroporation, organotypic slice cultures and immunofluorescent staining.
Pregnant C57Bl/6 mice were sacrificed by cervical dislocation and E14.5 embryos were rapidly re-
moved and decapitated. 1.7µl DNA mixture, containing 0.6 µg/µl KBP-shRNA, HA-KBP, full-length 
HA-tagged kinesins or empty vector  (control) and  0.4 µg/µl GFP dissolved in MilliQ with 0.05% Fast 
Green (Sigma), was injected in the lateral ventricles of the embryonic brains using glass micro-pipet-
tes (Harvard Apparatus) and a PLI-100 Pico-injector (Harvard Apparatus). Heads (motor cortex of 
the brains) were electroporated with gold plated Genepaddles (Fischer Scientific) using an ECM 830 
Electro-Square-Porator (Harvard Apparatus) set to three unipolar pulses at 30V (100ms interval and 
pulse length). Brains were then isolated, collected in ice-cold cHBSS, embedded in 3% LMP-agarose 
(Fisher Scientific) in complete Hanks’ balanced salt solution (cHBSS; 2.5 mM Hepes pH7.4, 30 mM 
D-Glucose, 1 mM CaCl2, 1 mM MgSO4, 4 mM NaHCO3 in HBSS (Gibco)) and sectioned coronally 
into 300 µm thick slices using a vibratome (Leica). Sections were collected on poly-D-lysin-lami-
nin-coated culture membrane inserts (Falcon), placed on top of slice culture medium (70% v/v Basal 
Eagle Medium, 26% v/v cHBSS, 2% Horse Serum, 20mM D-glucose, 1mM L-glutamine, penicillin/
streptomycin) and cultured for 3 days with one medium exchange after 2 days prior to fixation with 
4% paraformaldehyde in PBS. Fixed slices were blocked and permeabilized in 10% normal goat se-
rum/0.2% Triton X-100/PBS for 6h at RT or O/N at 4°C followed by a primary antibody staining in 
the same blocking solution O/N at 4°C, washed three times for 15 min with PBS, followed by a stai-
ning with secondary antibodies diluted in blocking buffer for 6 h at RT or O/N at 4°C. Next, slices 
were washed four times with PBS for 15 min followed by a 14 min wash with H2O mounted using 
Vectashield mounting medium  (Vector Laboratories). Confocal images were acquired using a LSM 
700 confocal laser-scanning microscope (Zeiss) with a 20× 0.8 N.A. objective (Zeiss). Images were 
acquired as z-stacks of 20 images each averaged 2 times. Using maximum intensity projection, the 
z-stack was compressed into a single image. Images were not further processed and were of similar 
high quality to the original single planes.  Analysis of migration was performed using ImageJ (Uni-
versal Imaging Corporation). See for details the methods section: Image analysis and quantification.

C. elegans strains, transgenes and imaging
Pdes-2::gfp::kbp was cloned using multisite Gateway cloning. The des-2 promoter sequence was based 
on Maniar et al (2012) and cloned into pDONR4-1, the gfp sequence was cloned into pDONR221 
and the human KBP coding sequence was cloned into pDONR2-3. pKN146 was used as destination 
vector which is the pCFJ201 vector supplemented with the unc-54 UTR (kind gift from H.C. Korswa-
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gen). Strains were cultured using standard conditions (Brenner, 1974) at 15 °C and imaged at RT. The 
STR91 strain was generated by injecting the Pdes-2::gfp::kbp (100 ng/µl) with the co-injection marker 
Pmyo-2::gfp (4 ng/µl) into CX9797 (Maniar et al., 2012). Worms were anesthetized with 10 mM tetra-
misole, imaged by confocal microscopy microscopy and maximum intensity projections of acquired 
Z stacks (1 μm steps) were made using ImageJ software (Universal Imaging Corporation)

Time-lapse live cell imaging and imaging processing
Time-lapse, live-cell imaging was performed on a Nikon Eclipse TE2000E or Ti-E (Nikon) equipped 
with an incubation chamber (INUG2-ZILCS-H2; Tokai Hit) mounted on a motorized stage (Prior). 
Coverslips, 24 or 18 mm, were mounted in metal rings or a Ludin chamber (life imaging services), 
respectively , immersed in 0.6 ml Ringer's solution (10 mM Hepes, 155 mM NaCl, 1–2 mM CaCl2, 1 
mM MgCl2, 2 mM NaH2PO4, 10 mM glucose, pH 7.2) or culture medium and maintained at 37°C / 
5% CO2. For image acquisition of GFP-Rab3, Mito-dsRed and RFP-LC3 movement, proximal axons of 
neurons were selected and imaged with 4 frames/s for 40 s using a Plan Apo VC 100× 1.4 N.A. oil ob-
jective (Nikon), 1 frame/s for 3 min using a Plan Fluor 40× 1.3 N.A oil objective (Nikon) or 1 frame/s 
for 3 min using a Plan Apo 60× 1.4 N.A. oil objective (Nikon), respectivey, as described (Fu et al., 2014; 
van Spronsen et al., 2013)  and an Evolve 512 EMCCD camera (Photometrics). 
For image acquisition of rapalog induced peroxisome transport, cells were selected and imaged every 
30s for 30–60 min using a Plan Fluor 40× 1.3 N.A. objective (Nikon) and a Coolsnap HQ camera 
(Photometrics). Rapalog (AP21967; Ariad Pharmaceuticals) was dissolved to 1 mM in ethanol. To in-
duce motility during image acquisition, 0.2 ml of culture medium (hippocampal neurons) or Ringer's 
solution (COS-7 cells) with rapalog (4 µM) was added to establish a final rapalog concentration of 1 
µM. Images of live cells were processed using MetaMorph (Molecular Devices) or LabVIEW (Natio-
nal Instruments) software.
 To create color plots of the above experiment, all images of a time-lapse recording were thres-
holded to yield binary images that were subsequently overlaid nontransparently, starting with the 
final frame (first frame on top). Each frame was colored using a time- coded gradient that ran from 
blue to white before and from white to red after Rapalog addition at 0:00 (Kapitein et al., 2010b). Color 
plots and radial kymographs were constructed as described (Kapitein et al., 2010b). In short, each 
pixel value above threshold was inserted into a histogram of intensity I versus distance from center 
for each video frame, using the pixel size (161 nm) as the bin size. From such a histogram, the radius 
required to include a fraction p of peroxisomes could be obtained by finding the first bin Bn for which, 
where N is the total number of bins (Kapitein et al., 2010b).
 Single molecule imaging and imaging of cherry-tubulin GFP-KIF1A-MD, was performed 
using total-internal-reflection fluorescence (TIRF) microscopy on a Nikon Eclipse Ti microscope 
with a perfect focus system (Nikon) equipped with a Nikon Apo TIRF 100× 1.49 N.A. oil objective 
(Nikon) and Photometrics Evolve 512 EMCDD camera (Roper Scientific) as described previously (Ka-
pitein et al., 2010b). The motility of dKIF1A-MDC-GFP on Rhodamine-microtubules was imaged as 
stream acquisition with 20 frames/s. For each condition (control and KBP) movies were acquired for 
different time points during 2 hr.  
 Time-lapse live-cell imaging of MACF43 was performed on an inverted spinning-disk 
microscope Nikon Eclipse Ti-E (Nikon) with perfect focus system (Nikon) equipped an incubati-
on chamber (INUBG2E-ZILCS; Tokai Hit), Plan Apo VC 100× 1.40 N.A oil objective (Nikon) and 
Photometrics Evolve 512 EMCCD camera (Roper Scientifics), controlled by MetaMorph 7.7. software 
(Molecular Devices). For imaging of microtubule dynamics in the cell body, movies were acquired as 
stream acquisition with 10 frames/s for 40 s. For imaging of microtubule polarity in axons, movies 
were acquired with 1 frame/s for 5 min.

Electron Microscopy
Electron micrographs were taken in a JEM2200FS (JEOL) operated at 200 kV equipped with a TVIPS 
F416 camera. Negative stain samples were prepared from pellets of MT binding assay. The resus-
pended pellets were diluted 1:10 in BRB80 buffer and 5µl were transferred to freshly UV activated 
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homemade carbon-coated copper grids. After 20 s protein excess was removed by side-blotting and 
the grids were washed three times with BRB80 buffer. Negative stain was applied by repeating this 
procedure with freshly prepared uranyl acetate solution (1% wt/vol). Excess of staining solution was 
removed by side-blotting and the grids were dried in the air. Fast Fourier transform (FFT) of negative 
stain micrographs were generated and analyzed with ImageJ (Image processing and analysis in JAVA).   

Image analysis and quantification
Morphometric analyses of cultured hippocampal and cortical neurons. To highlight neuronal morpho-
logy, we used green fluorescent protein (GFP) as an unbiased cell-fill. For quantification of prima-
ry axon length, images were acquired using Olympus BX53 upright fluorescent microscope using a 
10x UplanFL objective (Olympus) or Nikon Eclipse 80i microscope using a 10x PlanFluor objective 
(Nikon). The primary axon was identified as the non-MAP2 positive neurite and was manually traced 
using the NeuronJ plugin (Meijering et al., 2004) with ImageJ software. 
Quantification of fluorescent intensity in neurons. For the quantification of fluorescent intensity, ima-
ges were acquired on a LSM 700 confocal microscope (Zeiss) using a plan-apo 63×1.4 N.A. oil or 40× 
1.3 N.A objective and average intensity of signals in the cell body and neurites were measured using 
ImageJ software. Because neurites often crossed several z planes, we took series of stacks from the 
bottom to the top and used the ZEN 2011 software (Zeiss) to generate image projections for quanti-
tative analyses. To prevent selection bias during quantification, the axon segments were selected in 
one channel (GFP, RFP or β-galactosidase to visualization neuronal morphology) and quantified in 
the other channel (Rab3 or MAP2 intensity). To control for background signals we measured in the 
area of the same size the intensity near the neuron and subtracted the random fluorescent intensity 
in these images. Intensities were averaged over multiple cells and normalized. To calculate the ratio 
of distal to proximal axonal GFP-Rab3 and myc-KIF1A intensities, the average fluorescent intensity a 
10 µm region in the most proximal part of the axon (P) and in the distal tip of the primary axon (D) 
was measured. Ratio distal to proximal (D/P) was the calculated by dividing the intensity in D by the 
intensity in P. Average dendritic intensity (Id) of regions on 2 dendrites and average axonal intensity 
(Ia) from a selected region from the axon were used to calculate the polarity index (PI) per cell using 
PI=(Id-Ia)/(Id+Ia). For uniformly distributed proteins Id=Ia and PI=O, whereas PI>0 or PI<0 indicates 
polarization towards dendrites or axons, respectively (van Spronsen et al., 2013).
Analysis of kinesin labeling on microtubules. To analyze the intensity of GFP-KIF1A- MDC on micro-
tubules in the presence or absence of KBP, the background-corrected intensity was determined for 
four regions along microtubules (IMT+CY) and four similarly sized cytosolic regions without microtu-
bules (ICY). From this, the intensity at microtubules (IMT) was calculated as IMT=(IMT+CY-ICY)/ICY.
Quantification of Rab3 accumulation in neurons. To determine the amount of cells that display Rab3 
accumulation in the cell body, the number of transfected neurons (n>50 per group, per experiment) 
were counted and grouped in either clearly accumulating or non-accumulating, Data were averaged 
over multiple experiments. 
Analysis of cortical neuronal migration. Acquired maximum intensity projection images of mouse 
cortical brain slices were subdivided into subventricular zone/ventricular zone (SVZ/VZ), interme-
diate zone (IZ) and cortical plate (CP) compartments based on Ctip2 and DAPI staining and the 
number of GFP+ cells were manually counted in each compartment using thresholding in ImageJ. 
The number of GFP+ cells in each area was expressed as the percentage of the total number of GFP+ 
cells per image. Data was averaged from multiple comparable brain slices from multiple mice and 
experiments. 
Quantification of peroxisome trafficking assay in fixed cells. To determine the distribution of mRFP-
PEX before and after rapalog addition, the number of transfected HeLa cells (n>50) were counted and 
grouped into one of the three distribution categories: pericentrosomal (dynein), pheripheral (kinesin) 
or dispersed (control). Data were averaged over multiple experiments.
Quantification of neuronal cargo trafficking. Kymographs were created using ImageJ software and 
used to measure the velocity of Rab3vesicles and LC3 or mitochondria during a 40 s or 3 min imaging 
period, respectively. To assess the mobility of the cargoes, the number of cargoes showing a net move-
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ment in an anterograde or retrograde direction during the entire imaging period was counted using 
the kymogaphs. Cargoes were considered static if they remained immobile for the entire imaging 
period. For each axon, 15 vesicles were followed. For Rab3 vesicle movement, vesicles were manually 
traced during the first 10 s of each movie.
Quantification of microtubule +Tip dynamics and polarity. Movies of cell bodies or axons of neurons 
expressing GFP-MT+TIP, acquired on a spinning disc confocal microscope, were imported into Ima-
geJ software. Raw movies were processed using a median filter using a radius of 1 pix. Maximum 
intensity projections of those movies contained easily visible tracks corresponding to the microtu-
bule growth episodes marked by GFP-MT+TIP comets. Kymographs were built along those tracks. 
On the kymographs, single growth episodes can be distinguished by bright tilted straight lines. The 
length and duration of each growth episode were measured as horizontal and vertical projections of 
those lines, respectively, the growth velocity was calculated as a ratio of those values and the reported 
mean catastrophe frequency is equal to the inverse growth time as described (Gumy et al., 2013). For 
quantification of microtubule polarity, the number of anterograde and retrograde growth events were 
counted.
Quantification of single molecule motility. Measurements for number of landings and the number, 
length and velocity of individual runs were made using ImageJ. Briefly, kymographs were built along 
the individual microtubules. Landing and run events were detected and counted manually. Processive 
movements of kinesin motors were observed as the straight tilted lines. Velocity was measured as the 
slope and run length as the length of these lines. Only continuous movements with a minimum dura-
tion of 0.4 µm were included in the analysis of the number, length and velocity of the runs.  

Data representation and statistics 
In all bar graphs, data are presented as mean values ± SEM. Statistical analysis was performed using 
SPSS 20.0 (IBM) or GraphPad Prism 6 (GraphPad Software). Data samples were tested for normal 
distribution using the Kolmogorov-Smirnov test and for heterogeneity of variance using Levene’s test. 
If allowed, an independent t-test was used, or for multiple comparisons, one-way ANOVA followed by 
post-hoc Dunett’s t-test. Otherwise, the nonparametric Mann-Whitney U test was used for pairwise 
comparisons, or for multiple comparisons, the Kruskal-Wallis test with pairwise comparisons. For 
statistical analysis of cell counts, the χ2-test was performed. N indicates the number of independent 
experiments. Differences were considered significant when P < 0.05 (*, P < 0.05; **, P < 0.01; ***, P < 
0.001).



KBP REGULATES KINESIN MOTOR ACTIVITY

231

7

SUPPLEMENTARY REFERENCES

Amoroso, M.W., Croft, G.F., Williams, D.J., O'Keeffe, 
S., Carrasco, M.A., Davis, A.R., Roybon, L., Oakley, 
D.H., Maniatis, T., Henderson, C.E., et al. (2013). Ac-
celerated high-yield generation of limb-innervating 
motor neurons from human stem cells. The Journal 
of neuroscience : the official journal of the Society for 
Neuroscience 33, 574-586.

Brenner, S. (1974). The genetics of Caenorhabditis ele-
gans. Genetics 77, 71-94.

Brummelkamp, T.R., Bernards, R., and Agami, R. 
(2002). A system for stable expression of short inter-
fering RNAs in mammalian cells. Science 296, 550-
553.

Carleton, M., Mao, M., Biery, M., Warrener, P., Kim, 
S., Buser, C., Marshall, C.G., Fernandes, C., Annis, J., 
and Linsley, P.S. (2006). RNA interference-mediated 
silencing of mitotic kinesin KIF14 disrupts cell cycle 
progression and induces cytokinesis failure. Molecu-
lar and cellular biology 26, 3853-3863.

De Paola, V., Arber, S., and Caroni, P. (2003). AMPA 
receptors regulate dynamic equilibrium of presynap-
tic terminals in mature hippocampal networks. Na-
ture neuroscience 6, 491-500.

Dimos, J.T., Rodolfa, K.T., Niakan, K.K., Weisenthal, 
L.M., Mitsumoto, H., Chung, W., Croft, G.F., Saphier, 
G., Leibel, R., Goland, R., et al. (2008). Induced plu-
ripotent stem cells generated from patients with ALS 
can be differentiated into motor neurons. Science 
321, 1218-1221.

Frey, D., Kambach, C., Steinmetz, M.O., and Jaussi, R. 
(2007). Production of in vitro amplified DNA pseud-
olibraries and high-throughput cDNA target ampli-
fication. BMC biotechnology 7, 31.

Fu, M.M., Nirschl, J.J., and Holzbaur, E.L. (2014). LC3 
binding to the scaffolding protein JIP1 regulates pro-
cessive dynein-driven transport of autophagosomes. 
Developmental cell 29, 577-590.

Gumy, L.F., Chew, D.J., Tortosa, E., Katrukha, E.A., 
Kapitein, L.C., Tolkovsky, A.M., Hoogenraad, C.C., 
and Fawcett, J.W. (2013). The kinesin-2 family mem-
ber KIF3C regulates microtubule dynamics and is re-
quired for axon growth and regeneration. The Jour-
nal of neuroscience : the official journal of the Society 
for Neuroscience 33, 11329-11345.

Honnappa, S., Gouveia, S.M., Weisbrich, A., Damber-
ger, F.F., Bhavesh, N.S., Jawhari, H., Grigoriev, I., van 
Rijssel, F.J., Buey, R.M., Lawera, A., et al. (2009). An 
EB1-binding motif acts as a microtubule tip localiza-
tion signal. Cell 138, 366-376.

Hoogenraad, C.C., Akhmanova, A., Howell, S.A., 
Dortland, B.R., De Zeeuw, C.I., Willemsen, R., Vis-
ser, P., Grosveld, F., and Galjart, N. (2001). Mamma-
lian Golgi-associated Bicaudal-D2 functions in the 
dynein-dynactin pathway by interacting with these 
complexes. The EMBO journal 20, 4041-4054.

Hoogenraad, C.C., Milstein, A.D., Ethell, I.M., Hen-
kemeyer, M., and Sheng, M. (2005). GRIP1 controls 
dendrite morphogenesis by regulating EphB receptor 
trafficking. Nature neuroscience 8, 906-915.

Jaworski, J., Kapitein, L.C., Gouveia, S.M., Dortland, 
B.R., Wulf, P.S., Grigoriev, I., Camera, P., Spangler, 
S.A., Di Stefano, P., Demmers, J., et al. (2009). Dyna-
mic microtubules regulate dendritic spine morpho-
logy and synaptic plasticity. Neuron 61, 85-100.

Kapitein, L.C., Schlager, M.A., Kuijpers, M., Wulf, P.S., 
van Spronsen, M., MacKintosh, F.C., and Hoogen-
raad, C.C. (2010a). Mixed microtubules steer dyn-
ein-driven cargo transport into dendrites. Current 
biology : CB 20, 290-299.

Kapitein, L.C., Schlager, M.A., van der Zwan, W.A., 
Wulf, P.S., Keijzer, N., and Hoogenraad, C.C. (2010b). 
Probing intracellular motor protein activity using an 
inducible cargo trafficking assay. Biophysical journal 
99, 2143-2152.

Kapitein, L.C., van Bergeijk, P., Lipka, J., Keijzer, N., 
Wulf, P.S., Katrukha, E.A., Akhmanova, A., and 
Hoogenraad, C.C. (2013). Myosin-V opposes micro-
tubule-based cargo transport and drives directional 
motility on cortical actin. Current biology : CB 23, 
828-834.

Kapitein, L.C., Yau, K.W., and Hoogenraad, C.C. 
(2010c). Microtubule dynamics in dendritic spines. 
Methods in cell biology 97, 111-132.

Kikkawa, M., Sablin, E.P., Okada, Y., Yajima, H., Flet-
terick, R.J., and Hirokawa, N. (2001). Switch-based 
mechanism of kinesin motors. Nature 411, 439-445.

Kimura, S., Noda, T., and Yoshimori, T. (2007). Dis-
section of the autophagosome maturation process by 
a novel reporter protein, tandem fluorescent-tagged 
LC3. Autophagy 3, 452-460.

Lansbergen, G., Komarova, Y., Modesti, M., Wyman, 
C., Hoogenraad, C.C., Goodson, H.V., Lemaitre, R.P., 
Drechsel, D.N., van Munster, E., Gadella, T.W., Jr., et 
al. (2004). Conformational changes in CLIP-170 re-
gulate its binding to microtubules and dynactin lo-
calization. The Journal of cell biology 166, 1003-1014.

Lee, J.R., Shin, H., Ko, J., Choi, J., Lee, H., and Kim, 
E. (2003). Characterization of the movement of the 



CHAPTER 7

232

7

kinesin motor KIF1A in living cultured neurons. The 
Journal of biological chemistry 278, 2624-2629.

Maniar, T.A., Kaplan, M., Wang, G.J., Shen, K., Wei, L., 
Shaw, J.E., Koushika, S.P., and Bargmann, C.I. (2012). 
UNC-33 (CRMP) and ankyrin organize microtubu-
les and localize kinesin to polarize axon-dendrite 
sorting. Nature neuroscience 15, 48-56.

Meijering, E., Jacob, M., Sarria, J.C., Steiner, P., Hir-
ling, H., and Unser, M. (2004). Design and validation 
of a tool for neurite tracing and analysis in fluores-
cence microscopy images. Cytometry Part A : the 
journal of the International Society for Analytical 
Cytology 58, 167-176.

Mohan, R., Katrukha, E.A., Doodhi, H., Smal, I., Me-
ijering, E., Kapitein, L.C., Steinmetz, M.O., and Ak-
hmanova, A. (2013). End-binding proteins sensitize 
microtubules to the action of microtubule-targeting 
agents. Proceedings of the National Academy of Sci-
ences of the United States of America 110, 8900-8905.

Olieric, N., Kuchen, M., Wagen, S., Sauter, M., Crone, 
S., Edmondson, S., Frey, D., Ostermeier, C., Stein-
metz, M.O., and Jaussi, R. (2010). Automated seam-
less DNA co-transformation cloning with direct ex-
pression vectors applying positive or negative insert 
selection. BMC biotechnology 10, 56.

Rivron, N.C., Vrij, E.J., Rouwkema, J., Le Gac, S., van 
den Berg, A., Truckenmuller, R.K., and van Blit-
terswijk, C.A. (2012). Tissue deformation spatially 
modulates VEGF signaling and angiogenesis. Pro-
ceedings of the National Academy of Sciences of the 
United States of America 109, 6886-6891.

Schlager, M.A., Kapitein, L.C., Grigoriev, I., Burzynski, 
G.M., Wulf, P.S., Keijzer, N., de Graaff, E., Fukuda, 
M., Shepherd, I.T., Akhmanova, A., et al. (2010). Pe-
ricentrosomal targeting of Rab6 secretory vesicles by 
Bicaudal-D-related protein 1 (BICDR-1) regulates 
neuritogenesis. The EMBO journal 29, 1637-1651.

Schlager, M.A., Serra-Marques, A., Grigoriev, I., 
Gumy, L.F., Esteves da Silva, M., Wulf, P.S., Akhma-
nova, A., and Hoogenraad, C.C. (2014). Bicaudal d 
family adaptor proteins control the velocity of Dyn-
ein-based movements. Cell reports 8, 1248-1256.

Schmitz, S.K., Hjorth, J.J., Joemai, R.M., Wijntjes, R., 
Eijgenraam, S., de Bruijn, P., Georgiou, C., de Jong, 
A.P., van Ooyen, A., Verhage, M., et al. (2011). Au-
tomated analysis of neuronal morphology, synapse 
number and synaptic recruitment. Journal of neu-
roscience methods 195, 185-193.

Seki, N., Ohira, M., Nagase, T., Ishikawa, K., Miyajima, 
N., Nakajima, D., Nomura, N., and Ohara, O. (1997). 
Characterization of cDNA clones in size-fractiona-

ted cDNA libraries from human brain. DNA rese-
arch : an international journal for rapid publication 
of reports on genes and genomes 4, 345-349.

Shi, Y., Kirwan, P., Smith, J., Robinson, H.P., and Live-
sey, F.J. (2012). Human cerebral cortex development 
from pluripotent stem cells to functional excitatory 
synapses. Nature neuroscience 15, 477-486, S471.

Shin, H., Wyszynski, M., Huh, K.H., Valtschanoff, J.G., 
Lee, J.R., Ko, J., Streuli, M., Weinberg, R.J., Sheng, M., 
and Kim, E. (2003). Association of the kinesin motor 
KIF1A with the multimodular protein liprin-alpha. 
The Journal of biological chemistry 278, 11393-11401.

Stumpff, J., von Dassow, G., Wagenbach, M., Asbury, 
C., and Wordeman, L. (2008). The kinesin-8 motor 
Kif18A suppresses kinetochore movements to con-
trol mitotic chromosome alignment. Developmental 
cell 14, 252-262.

Tanenbaum, M.E., Macurek, L., Janssen, A., Geers, 
E.F., Alvarez-Fernandez, M., and Medema, R.H. 
(2009). Kif15 cooperates with eg5 to promote bipolar 
spindle assembly. Current biology : CB 19, 1703-1711.

van Spronsen, M., Mikhaylova, M., Lipka, J., Schla-
ger, M.A., van den Heuvel, D.J., Kuijpers, M., Wulf, 
P.S., Keijzer, N., Demmers, J., Kapitein, L.C., et al. 
(2013). TRAK/Milton motor-adaptor proteins steer 
mitochondrial trafficking to axons and dendrites. 
Neuron 77, 485-502.

van Vlijmen, T., Vleugel, M., Evers, M., Mohammed, 
S., Wulf, P.S., Heck, A.J., Hoogenraad, C.C., and van 
der Sluijs, P. (2008). A unique residue in rab3c de-
termines the interaction with novel binding protein 
Zwint-1. FEBS letters 582, 2838-2842.

Verhey, K.J., Lizotte, D.L., Abramson, T., Barenboim, 
L., Schnapp, B.J., and Rapoport, T.A. (1998). Light 
chain-dependent regulation of Kinesin's interaction 
with microtubules. The Journal of cell biology 143, 
1053-1066.

Warlich, E., Kuehle, J., Cantz, T., Brugman, M.H., 
Maetzig, T., Galla, M., Filipczyk, A.A., Halle, S., 
Klump, H., Scholer, H.R., et al. (2011). Lentiviral vec-
tor design and imaging approaches to visualize the 
early stages of cellular reprogramming. Molecular 
therapy : the journal of the American Society of Gene 
Therapy 19, 782-789.

Yau, K.W., van Beuningen, S.F., Cunha-Ferreira, I., 
Cloin, B.M., van Battum, E.Y., Will, L., Schatzle, 
P., Tas, R.P., van Krugten, J., Katrukha, E.A., et al. 
(2014). Microtubule minus-end binding protein 
CAMSAP2 controls axon specification and dendrite 
development. Neuron 82, 1058-1073.



KBP REGULATES KINESIN MOTOR ACTIVITY

233

7





Chapter 8
General discussion

Josta T. Kevenaar 



CHAPTER 8

236

8

The axon, the single long process of the neuron, is important for the transmission of in-
formation to connected cells. To support this function, the axon contains several highly 
specialized structures, such as the presynaptic sites which are essential for the initiation of 
synaptic transmission. In addition, axonal functioning relies on the correct action of kines-
in motor proteins for proper axonal transport and microtubule dynamics. In this thesis, we 
provided new insight into the functioning of presynapses by investigating the mechanisms 
involved in organizing the presynaptic sites (Chapter 2 and 3) and in synaptic vesicle release 
(Chapter 4 and 5). Furthermore, by studying axonal kinesin regulation, we put forward a 
novel mechanism of kinesin inhibition (Chapter 7) and show how loss of accurate kines-
in regulation leads to defects in axonal functioning and ultimately to the development of 
neurological disorders (Chapter 6 and 7). Together, these findings contribute to our under-
standing of the fundamental mechanisms of proper axonal functioning and the pathophys-
iology of various neurodevelopmental disorders. 

Organizing the molecular architecture of the presynapse
The presynaptic sites are highly specialized structures along the axon that are essential for 
the initiation of synaptic transmission by facilitating the release of neurotransmitters at the 
correct moment. The presynapse is constructed such, that it ensures the precise and timely 
regulation of synaptic vesicle release. Many of the presynaptic molecular elements and their 
functions have already been identified. However, the comprehensive molecular composition 
of the presynapse and the exact function of each of the synaptic elements involved remain 
to be elucidated. 

Liprin-α2 acts as a key regulator of presynapse organization
Here, we provided further insights into the composition of the presynaptic sites by focusing 
on the function of the central scaffolding protein liprin-α2. Similar to the findings in inver-
tebrates (Kittelmann et al., 2013; Patel et al., 2006; Stigloher et al., 2011; Zhen and Jin, 1999), 
we identified mammalian liprin-α2 as an important upstream modulator of active zone 
composition by interacting with and affecting the distribution of major active zone proteins 
(Chapter 2). In addition, liprin-α2 regulates the dynamics of active zone components to 
maintain the flexibility needed to respond to changes in neuronal activity. Through this or-
ganizing function, liprin-α2 regulates presynaptic transmission by affecting the clustering 
of synaptic vesicles at the active zone and thereby synaptic vesicle release (Chapter 2) (Fi-
gure 1A). Although we showed that liprin-α2 affects specifically presynaptic efficacy, it re-
mains to be studied whether other liprin-α isoforms exhibit similar or divergent functions. 
Previous studies indicated that, while liprin-α proteins are highly homologous, they each 
display distinct expression patterns and subcellular localization within the brain (Spangler 
et al., 2011; Zurner et al., 2011). Liprin-α2 and -α3 are mainly expressed in brain, while 
liprin-α1 and -α4 are also expressed in non-neuronal tissues. As we reported in Chapter 
2, liprin-α1 depletion does not affect presynaptic transmission, implying distinct synaptic 
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functions of at least liprin-α1 and liprin-α2. Likely, small structural changes between the 
proteins account for differential functions within the brain. Indeed, liprin-α2 is known to 
preferentially interact with CASK via a liprin-α2 unique region within its SAM domain, 
while liprin-α1 binds more strongly to ELKS. It remains to be tested whether liprin-α3, one 
of the isoforms which is also present at hippocampal synapses to a great extend (Spangler et 
al., 2011), affect presynaptic function or could compensate for some of the effects of liprin-α2 
deficiency. Preliminary observations of a full liprin-α3 knock-out (KO) mice indicated no 
major brain or behavioral abnormalities, suggesting that the function of liprin-α3 may be 
redundant or restricted to a specific brain region. Yet, more comprehensive characterization 
of the liprin-α3 KO mice is needed to understand the function of liprin-α3. Recent findings 
suggest a function for liprin-α3 in regulating actin polymerization via its interaction with 
the formin protein mDia1 (Brenig et al., 2015; Sakamoto et al., 2012). However, further and 
more detailed investigation is needed to identify the neuronal role of liprin-α3. Moreover, 
generating liprin-α2 knock-out and liprin-α2/3 double knock-out mice will further clarify 
the potential of other liprin proteins to compensate for its loss in vivo or whether they have 
divergent functions. Furthermore, as liprin-α2 and -α3 are the main isoforms present at 
hippocampus, characterizing these mutant mice will be important for the understanding 
of the contribution of different liprin-α proteins in the processes of learning and memory.

The order of sequence – organizing the presynapse upstream of liprin-α2
Although we identified liprin-α2 as a key organizer of the active zone (Chapter 2), studies in 
invertebrates have suggested additional presynaptic component that function upstream of 
liprin- α2 in organizing the presynaptic site during development (Chia et al., 2014; Chia et 
al., 2012). These studies indicated a possible role of SYD-1, a RhoGAP protein, in the recruit-
ment of SYD-2/liprin-α as SYD-1 was demonstrated to act upstream of liprin-α2 in presy-
napse assembly and to regulate and retain the proper localization of liprin-α and ELKS at the 
active zone (Chia et al., 2012). Later, it was shown that the actin-interacting protein NAB-1 
(neurabin/spinophilin) recruits both SYD-1 and liprin-α upon local F-actin rearrangement 
triggered by the extracellular interaction of the cell adhesion molecules SYG-1/Neph and 
SYG-2/Nephrin (Chia et al., 2014). Despite these findings, the mechanisms of presynapse 
organization in mammalian neurons remain unclear. It can be expected that other mecha-
nisms exist due to the divergence of multiple liprin-α isoforms in vertebrates. It remains 
to be tested whether liprin-α2, the key regulator of active zone composition in vertebrates 
(Chapter 2), is recruited in a similar way in mature mammalian synapses. Interestingly, we 
found that neurabin and spinophilin are important for maintaining presynaptic composi-
tion in established presynapses (Chapter 3). However, based on neurabin/spinophilin pull-
down experiments combined mass spectrometry analysis, no substantial indications for 
an interaction of neurabin/spinophilin with either liprin-α or syde1/2 were found (data not 
shown), suggesting that liprin-α might be recruited to the presynapse in a divergent manner. 
Interestingly, preliminary findings from syde1/2 pull-down and mass spectrometry experi-
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ments suggest that syde1/2 might be involved in synaptic vesicle functioning in mammalian 
neurons, since the main putative binding partners include synaptic vesicle associated pro-
teins, such as the SNARE disassembly factor NSF, the CASK-interacting protein Caskin and 
synaptic vesicle glycoprotein SV2A (data not shown). Consistently, loss of function studies 
of the mammalian syde1 show reduced synaptic vesicle docking at the active zone in syde1 
deficient synapses, but syde1 seems not to affect general synapse assembly (Wentzel et al., 
2013). This hypothesis is supported by studies in flies, where SYD-1 was found to act par-
tially independent from liprin-α in synapse assembly and that it enacts additional liprin-α 
independent functions, such as the retention of neurexin at the presynaptic site (Owald et 
al., 2012). Moreover, loss of liprin-α causes a more severe defect in synapse development than 
SYD-1 deficiency, which could be explained by differential effect of liprin-α and SYD-1 on 
KIF1A-mediated axonal transport of synaptic materials (Holbrook et al., 2012). Together, 
this suggests that syde1/2 may be involved in positively affecting liprin-α function, but that 
liprin-α plays a more important role in organizing the presynaptic site via the recruitment of 
various presynaptic elements, possibly through its function in regulating axonal transport 
(Miller et al., 2005; Shin et al., 2003; Urwyler et al., 2015; Wagner et al., 2009). It may also be 
possible that SYDE1/2 is involved in synapse organization during development, as suggested 
by the findings in invertebrates, but that its main function switches to regulate synaptic vesi-
cle release in mature mammalian synapses. Further studies are needed to elucidate whether 
mammalian syde1/2 plays a role in organizing the presynaptic site during development or 
whether its function is indeed diverged from its invertebrate orthologs.
 Other suggestions for important presynaptic organizers that might function up-
stream of liprin-α again come from studies in invertebrates in which the SYG-1/SYG-2 com-
plex was identified as an upstream controller of synapse assembly in C. elegans. Here, the 
conserved immunoglobulin cell adhesion molecule SYG-1/Neph mediates diverse processes 
via the interaction with its trans-synaptic partner SYG-2/Nephrin, including target-specific 
synaptogenesis (Huber and Benzing, 2005; Shen et al., 2004). The angled geometry of the 
trans-synaptic SYG1/2 complex was demonstrated to account for its synaptogenic properties 
while the rigidity of the adhesive complex allows close packing of SYG proteins, facilitating 
downstream signaling to the presynaptic cytoskeleton (Ozkan et al., 2014). Strikingly, all 
three members of the mammalian Neph protein family are able to drive synapse formation 
in C. elegans (Neumann-Haefelin et al., 2010; Wanner et al., 2011), demonstrating a general 
functional overlap of all mammalian Neph proteins and SYG-1 and suggest a comparable 
function of Neph proteins in vertebrates. Interestingly, preliminary findings indicate a role 
of Neph in maintaining active zone organization in mature mammalian synapses (data not 
shown). While the Neph ortholog SYG-1 has been widely characterized in invertebrates, 
studies on vertebrate Neph proteins are mainly restricted to their function in organizing the 
slit diaphragm in the kidney (Gerke et al., 2005; Neumann-Haefelin et al., 2010; Sellin et al., 
2003). Future studies should be directed at identifying the function of the individual Neph 
proteins in vertebrates and their down-stream signaling cascade that leads to the recruit-
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ment and organization of synaptic components. 
 Possibly, the synaptogenic and organizing function observed for the Neph tran-
smembrane proteins may be more general and may apply to various synaptogenic cell ad-
hesion molecules. Even cell adhesion alone might be sufficient to induce F-actin assembly 
since poly-D-lysine-coated beads are also able to induce presynaptic differentiation and lo-
cal assembly of F-actin in vitro (Lucido et al., 2009). This is consistent with the emerging 
idea that various cell adhesion molecules often converge on a similar pathway that induces 
F-actin rearrangements (Besse et al., 2007; Chia et al., 2014; Mosca et al., 2012; Stavoe and 
Colon-Ramos, 2012; Sun and Bamji, 2011), which could ultimately lead to the capturing of 
synaptic vesicle proteins and thereby synapse assembly (Bury and Sabo, 2014). This idea is 
supported by various findings where depletion of individual transmembrane proteins does 
not display major synaptic impairments, implying functional redundancy between different 
synaptic adhesion molecules (Chia et al., 2013; Missler et al., 2012). Identifying this common 
pathway will be an interesting topic for further investigation. Especially studies elucidating 
the role of cell-adhesion molecules during later stages of development will help to unravel 
the hierarchy of presynapse organization. 

Actin plays an organizing role in mature synapses
As discussed, it is very probable that F-acting rearrangements within the presynapse play a 
crucial role not only in synapse formation, but also in synapse maintenance and organiza-
tion. In line with these thoughts, we observed a substantial effect of various treatments that 
disturb F-actin dynamics on presynaptic organization in mature neurons (Chapter 3). These 
findings indicate that actin dynamics may be important for maintaining proper presynaptic 
organization in mature neurons, arguing against the concept that actin may only be impor-
tant for presynapse organization during synaptogenesis (Zhang and Benson, 2001). Instead, 
our findings align with the emerging notion that actin plays significant roles at the presy-
naptic site also in mature neurons (Cingolani and Goda, 2008). Here, it might be important 
for multiple aspects of synapse functioning, such as maintaining and regulating synaptic ve-
sicle pools or driving plasticity-related organizational changes (Cingolani and Goda, 2008).
Indeed, the presynaptic site contains a great collection of actin-regulating proteins which 
are not only involved in the development but also in the functioning and remodeling of 
presynaptic sites at later stages (Pawson et al., 2008; Pielage et al., 2011; Rodal et al., 2008; 
Waites et al., 2011). Consistently, we found that depletion of several actin-regulating proteins 
disrupted presynaptic organization (Chapter 3). In addition, it is known that the F-actin cy-
toskeleton and various presynaptic active zone proteins interact and influence each other bi-
directionally (Chia et al., 2012; Coyle et al., 2004; Waites et al., 2011). Within the presynapse, 
spatially distinct populations of F-actin have been described, such as active zone-associated 
or synaptic vesicle-associated F-actin (Bleckert et al., 2012). Since F-actin can be organized 
into several different structures, including branched networks and bundled, unbranched 
filaments (Chhabra and Higgs, 2007; Michelot and Drubin, 2011), it would be interesting to 
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identify whether specific forms of actin are associated with divergent presynaptic functions 
via distinct F-actin populations. Interestingly, we found possible indications that bundled, 
unbranched F-actin may be more important for maintain presynaptic organization then 
branched actin networks (Chapter 3), although further investigation of the distinct contri-
butions of various F-actin populations is needed.
 Despite substantial progress towards the understanding of the role of the actin cytos-
keleton at presynapses, the role of actin at mature presynaptic sites is currently ambiguous 
and many outstanding questions remain. Our findings indicate that actin dynamics does 
play a major scaffolding role in mature synapses. These findings may favor a model in which 
cell adhesion molecules locally affect F-actin rearrangements, causing the capture of synap-
tic vesicles, scaffolding molecules and other synaptic components. Here, actin might play 
a key role in organizing the presynaptic site, upstream of many other active zone proteins, 
and thus in presynaptic functioning. However, more studies are required to identify the 
precise role of actin at the presynaptic site and to determine whether the main role of actin 
at the presynapse is indeed a scaffolding one. Therefore, it would be critical to differentiate 
between the structural roles of actin and its role in transporting or clustering of synaptic ve-
sicles. In addition, elucidating the exact synaptic localization of various F-actin populations 
will help to identify the function of actin at the presynapse (Figure 1A).
 In respect to the function of the cytoskeleton in presynaptic functioning, it would also 
be interesting to investigate the role of microtubules, since an increasing number of findings 
suggest their implication for proper presynaptic functioning. It is suggested that the MAP1 
homolog Futsch, localizes between the AZ and microtubules in Drosophila neuromuscular 
junctions (NMJ), possibly linking these two structures and thereby stabilizing presynaptic 
composition (Lepicard et al., 2014). Microtubule reorganization via Futsch seems to be im-
portant in the activity-dependent remodeling of the AZ in Drosophila (Sugie et al., 2015). 
Consistent with these findings, we found numerous microtubule-actin crosslinking and mi-
crotubule-associated proteins to putatively interact with F-actin or F-actin-binding proteins 
(Chapter 3). Probably, microtubule dynamics supports synapse remodeling by facilitating 
kinesin-1 mediated axonal transport of synaptic components (Kurup et al., 2015). These 
findings provide exciting directions for future research into the role of microtubules in the 
organization and function of presynaptic sites.

New insights into the regulation of synaptic vesicle release
The regulated release of neurotransmitters from the presynaptic site is crucial for proper sy-
naptic transmission and underlies presynaptic functioning. Multiple protein complexes are 
known to work together to ensure that every step within the synaptic vesicle release cycle is 
tightly controlled. Here, we aimed to increase our understanding of the components of the 
molecular machinery involved in the synaptic vesicle cycle 
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Disrupting synaptic vesicle release - The structural basis of the BoNT/A–SV2 interaction
In Chapter 4, we studied the molecular mechanisms of Botulinum neurotoxin A (BoNT/A) 
in disrupting synaptic vesicle release. Infection with BoNT/A causes muscle paralysis due 
to disrupted release of the neurotransmitter acetylcholine. BoNT/A binds to the luminal 
domain of synaptic vesicle protein 2 (SV2), a transmembrane protein located on synaptic 
vesicles, and is thereby able to hitchhike via recycling synaptic vesicles into the presynaptic 
site. There, it translocates into the presynaptic cytoplasm where it cleaves the SNARE pro-
tein SNAP25 and thereby disrupts synaptic vesicle release. By investigating the structural 
basis for recognition, we determined the molecular details of the interaction of BoNT/A 
with SV2C and identified an inhibitory peptide that inhibits this interaction and reduces the 
uptake of BonT/A into presynaptic sites. These findings have important implications for the 
prevention or treatment of botulism since it will facilitate the targeted development of novel 
and specific antitoxin agents but also for the generation of BoNT/A variants with a much 
safer and broader medical and cosmetic applications. 
 However, SV2 is not the only receptor for BoNT/A. It is known that binding of 
BoNT/A follows a two-receptor model in which BoNT/A binds with low affinity interaction 
towards gangliosides and with high affinity to SV2 (Rummel, 2013). The two receptors are 
abundantly expressed on the membrane while SV2 localization is restricted within the dy-
namic recycling synaptic vesicles. Therefore, both receptors are required to ensure high bin-
ding affinity and specificity that are necessary for intoxication (Lam et al., 2015). In addition, 
fibroblast growth factor receptor 3 (FGFR3) is proposed to be another potential receptor of 
BoNT/A, but the physiological relevance of this interaction remains to be investigated (Jacky 
et al., 2013). 
 With respect to BoNT/A, eight subtypes have been described, but most of our un-
derstanding regarding the binding and action of BoNT/A is based on the BoNT/A1 subtype 
while little is known about the functional differences between the various BoNT/A subtypes 
(Kull et al., 2015). There are indications that different BoNT/A subtypes have diverse binding 
affinities and properties for the different receptors which may in part account for their dis-
tinct toxicological properties (Kull et al., 2015; Whitemarsh et al., 2013). In addition, there 
are multiple indications that N-linked glycosylation of SV2 is crucial for facilitating BoNT/A 
recognition (Dong et al., 2008; Lam et al., 2015). Future structural and functional studies 
including glycosylated SV2 will help to understand the function of SV2 glycosylation in 
BoNT/A recognition and will likely represent a more physiological relevant situation. In ad-
dition, studies directed towards the identification of the functional differences between the 
various BoNT/A subtypes and the contribution of the multiple receptors will help to further 
facilitate the generation of improved or alternative therapeutics for botulism with modified 
efficacy or target range.

Secernin1 and prrt2 are novel players in the synaptic vesicle cycle
To increase our understanding on the molecular mechanisms of presynaptic functioning, 
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we set out to discover novel proteins involved in the synaptic vesicle release cycle. Using a 
knock-down screen approach, we identified both secernin and proline-rich transmembrane 
(prrt) proteins to be important for proper synaptic vesicle recycling (Chapter 4). Further 
characterization revealed that within both family members, secernin1 and prrt2 are the 
main members regulating the synaptic vesicle cycle in hippocampal neurons. 
 Prrt2 is exclusively expressed in brain and mutations in the gene encoding prrt2 
have been widely linked to several neurological disorders, including paroxysomal kinesi-
genic dyskinesia, a movement disorder characterized by brief involuntary attacks triggered 
by voluntary movements, and forms of infantile epilepsy (Becker et al., 2013; Meneret et 
al., 2013). Most mutations in PRRT2 cause a premature stop codon leading to nonsense 
mediated decay of the protein or generation of a truncated form of prrt2 which is thought 
to alter its subcellular localization (Lee et al., 2012; Wu et al., 2014). It is suggested that 
prrt2 deficiency increases the release of glutamate leading to neuronal hyperexcitability (Li 
et al., 2015). Prrt2 is a member of the conserved Dispanin family, a family of related proteins 
that share a common two transmembrane (2TM) structure that belongs to the Dispanin B 
(DSPB) subfamily (Sallman Almen et al., 2012). The Dispanin proteins contain several hig-
hly conserved regions including the double cysteine motif (C-C) in the first transmembrane 
helix, which induces clustering of the proteins via post-translational modification through 
S-palmitoylation in DSPA2C (Yount et al., 2010). As this motif is highly conserved, it is like-
ly that S-palmitoylation is an important regulatory mechanism also among the other subfa-
milies, including the subfamily of prrt2 (Sallman Almen et al., 2012). The largest family of 
2TM proteins identified, are the inward rectifying potassium channels, providing specula-
tions for a somewhat comparable channel function of prrt2. However, the actual molecular 
function of prrt2 needs to be determined which will contribute to the understanding, and 
ultimately treatment, of prrt2-related neurological disorders.
 Much less is known about the function of secernin 1 since our current knowledge 
is restricted to its cytosolic localization and putative dipeptidase activity. According to the 
MEROPS database, secernin 1 belongs to clan PB, which includes peptidases that are autoli-
tically activated and contain an N-terminal nucleophile. More specifically, secernin 1 is part 
of the C69 family of cysteine dipeptidases (dipeptidase A). Although the substrate of secern-
in 1 is unknown, it has been demonstrated that dipeptidase A is able to cleave the dipep-
tides leu-leu and phe-leu, although only those with a free C-terminus. In general, the C69 
family is variable in sequence and exhibit great diversity in substrate specificity and includes 
enzymes such as choloyglycine hydrolases, acid ceramidases, isopenecillin N acetyltrans-
ferases and a subgroup of eukaryotic proteins with unclear function. Determining whether 
secernin 1 contains peptidase activity and identifying the potential substrate for secernin 
1 will help to further indentify the molecular function of secernin 1. The only publications 
thus far regarding secernin 1 function suggest a role of secernin1 in regulating exocytosis in 
mast cells by increasing sensitivity to calcium (Lin et al., 2015; Way et al., 2002). Assumingly, 
secernin 1 exhibits a similar function in the brain, where it might regulate the fusion of 
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presynaptic vesicles in response to calcium influx. Unraveling the molecular functions of 
both prrt2 and secernin 1 will be an exciting direction for further research and will help to 
expand our understanding of the comprehensive composition of the presynaptic site and the 
function of each of the individual elements in regulating proper synaptic transmission. 

The relevance of proper kinesin regulation for axonal functioning
Kinesin motor proteins drive axonal cargo transport and regulate microtubule dynamics 
and are therefore involved in a diverse range of neuronal processes. By enabling the re-
modeling of the axonal cytoskeleton, microtubule dynamics is essential for normal axon 
morphogenesis by affecting various processes, including neuronal polarization (Stiess and 
Bradke, 2011), axon initiation (Flynn, 2013; Sainath and Gallo, 2015), growth cone dyna-
mics, axon guidance (Liu and Dwyer, 2014), axon elongation and axon branching (Niwa, 
2015). In addition, kinesin-mediated transport is essential for axonal morphogenesis and 
survival by driving polarized transport to ensure the correct distributions of a myriad of 
axonal cargoes (Hirokawa et al., 2010). Therefore, precise and correct regulation of kinesin 
function is essential for proper axonal functioning, which is highlighted by the numerous 
neurodegenerative and neurodevelopmental disorders linked to malfunctions in kinesin-re-
lated processes (De Vos et al., 2008; Millecamps and Julien, 2013). 

Novel mechanism of kinesin inhibition by KBP
The activity of kinesins is known to be regulated in various ways by either modulating ki-
nesin activity or by completely inhibiting kinesin function. Complete inhibition of kinesin 
activity is established by the mechanism of autoinhibition. Here, we identified a novel me-
chanism of kinesin inhibition by the protein KBP (Chapter 7). We showed that KBP binds 
to the motor-domain of a specific subset of kinesins and thereby prevents their binding to 
microtubules and thus inhibits kinesin activity (Figure 1B). In contrast to autoinhibition, 
this alternative mechanism could potentially halt kinesin transport without detachment of 
cargoes. Although we demonstrated that phosphorylation modulates the KBP-kinesin in-
teraction (Chapter 7), it will be necessary to further resolve the mechanisms that control 
this interaction. It remains to be studied whether the phosphorylation sites that alter their 
binding are located on the kinesin or on KBP and which signals affect this phosphorylation 
state. It would be interesting to investigate whether local intracellular signals, induced by 
active synapses along the axon for example, affect the phosphorylation state and thereby 
KBP-kinesin binding. Such a mechanism could potentially contribute to the delivery of axo-
nal cargoes at specific locations. In addition, other post-translational modifications could 
be involved in regulating the KBP-kinesin interaction, as KBP contains several putative pal-
mitoylation and sumoylation sites. Another possibility is that the KBP-kinesin interaction 
is not precisely controlled by local signals, but that the association and dissociation of KBP 
with kinesin is more random. In this model, KBP might provide a mechanism for stop-and-
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go transport that makes axonal transport less efficient, which is suggested to be necessary 
for the equal distribution of cargoes along the axon (Bressloff and Levien, 2015; Hancock, 
2014; Wong et al., 2012). Another intriguing question that remains unanswered is why KBP 
specifically binds to the particular subset of kinesin motor proteins identified in Chapter 
7. Future structural studies are needed to understand the precise mode of the KBP-kinesin 
interaction and to identify the motif responsible for this binding. In addition, this novel 
mechanisms of kinesin inhibition by KBP raises the question whether more proteins exist 
that act in a similar manner as KBP. Unraveling these issues will help to better understand 
the molecular details of kinesin regulation and will potentially lead to the generation of 
therapeutic strategies for various neurological disorders in which misregulation of kinesin 
function is causal. 

Consequences of disrupted kinesin regulation
Since kinesins have important functions in both axonal cargo transport and in regulating 
microtubule dynamics, misregulation of kinesin activity could have severe impact on axo-
nal functioning. Indeed, in Chapter 7 we showed that loss of KBP-mediated kinesin regu-
lation underlies the severe neurodevelopmental disorder Goldberg-Shprintzen syndrome 
(GOSHS). GOSHS is genetically caused by homozygous nonsense mutations in the gene 
encoding KBP (Brooks et al., 2005). By investigating the function of KBP, we provided new 
insights into the underlying molecular mechanisms that lead to this severe neurological 
disorder (Chapter 7). We demonstrated that KBP interacts with a specific subset of kinesins 
and that these kinesins employ various functions within the neuron. Through the ability of 
KBP to regulate the activity of these multiple kinesins, KBP could thus affect various cellular 
processes within the axon. We showed that by controlling the activity of kinesins involved 
in axonal transport, KBP controls the trafficking of synaptic vesicle precursors via KIF1A 
and KIF1Bβ. In addition, KBP also affects the retrograde trafficking of other axonal car-
goes such as mitochondria and autophagosomes, which are mainly transported by the non 
KBP-controlled kinesin KIF5. It remains to be studied whether the activity state of other 
KBP-controlled kinesins, which are attached to the same cargo, could affect the activity of 
others motor proteins, or whether additional KBP-controlled kinesins are involved in their 
trafficking.  Most likely, KBP also alters the transport of PIP3-containing vesicles, the par3 
polarity complex and secretory vesicles by regulating the activity of KIF13B (Horiguchi et 
al., 2006; Tong et al., 2010; Yoshimura et al., 2010), KIF3A (Funahashi et al., 2013; Nishimu-
ra et al., 2004) and KIF1C (Schlager et al., 2010; Theisen et al., 2012), respectively. Through 
these various transport routes, KBP could affect neuronal polarization, axon development 
and the distribution of synaptic vesicles (Chapter 7). By regulating the activity of the mitotic 
kinesins KIF14, KIF15 and KIF18A (Cross and McAinsh, 2014), KBP may potentially control 
cytokenisis and cell proliferation. Also, through the post-mitotic function of KIF15, a motor 
that is suggested to oppose microtubule movements and is involved in migration (Buster 
et al., 2003; Klejnot et al., 2014; Liu et al., 2010; Xu et al., 2014), KBP may control cortical 
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migration (Chapter 7). Finally, we demonstrated an interaction of KBP with KIF18A, a pro-
cessive plus-end directed motor that accumulates at growing microtubule plus-ends where 
it inhibits microtubule dynamics (Czechanski et al., 2015; Du et al., 2010; Varga et al., 2009). 
KIF18A is currently only known for its function during mitosis. However, we demonstrated 
a possible post-mitotic neuronal function of KIF18A during axon growth. Likely, KIF18A af-
fects axon elongation via its ability to regulate microtubule dynamics in developing neurons 
(Chapter 7). By regulating the activity of KIF18A, KBP may also control microtubule dy-
namics during development. Together, this implies that KBP deficiency has severe conse-
quences for various neuronal processes which together could account for the neurological 
defects observed in GOSHS patients.  Identifying the exact functions of each of the kinesins 
regulated by KBP will help to better understand the molecular events leading to GOSHS. 
Also, elucidating the functions of other kinesins will help to determine whether other motor 
proteins may be able to compensate for the lack of kinesin regulation in GOSHS patients. In 
addition, characterization of a KBP-deficient mouse model for GOSHS will provide further 
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Figure 1. Model for the various processes required for proper axonal functioning
The axon is important for the transmission of information to connected cells. To support this function, the axon 
contains several highly specialized structures, including the presynaptic sites and requires correct functioning 
of kinesin motor proteins for proper axonal transport and microtubule dynamics. (A) The presynaptic speciali-
zations are essential for the initiation of synaptic transmission. Liprin-α2 functions as a key regulator of active 
zone composition by recruiting and organizing various presynaptic proteins. Through this organizing function, 
liprin-α2 regulates presynaptic transmission by affecting the clustering of presynaptic vesicles at the active zone. 
Within the presynaptic site, various cell-adhesion molecules (CAMs) signal onto the actin cytoskeleton to trigger 
actin rearrangements. These actin rearrangements might be important for organizing the active zone upstream 
of many other presynaptic components. (B) Within the axon, the regulation of kinesin activity is needed to con-
trol axonal cargo transport and microtubule dynamics. Inhibition of kinesin activity can be established via the 
mechanisms of autoinhibition (left), where the kinesin folds back on itself, enabling the tail-domain to bind and 
inhibit its motor-domain. KBP provides a novel mechanism of kinesin inhibition (right) by binding to the mo-
tor-domain of kinesins and thereby prevents their interaction with microtubules and thus activity. (C) Within the 
growth cone, microtubule dynamics are important for the growth cone motility and guidance. KIF21A stabilizes 
microtubules to the membrane, by linking the microtubules to a cortical attachment complex.
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insight into GOSHS pathogenesis. Together, these findings will increase our understanding 
of the fundamental mechanisms of kinesin-related processes and will contribute to the de-
velopment of therapeutic strategies for kinesin-related neurological disorders.
 The significance of proper regulation of kinesin activity for normal axonal functio-
ning is also demonstrated by the finding that heterozygous missense mutations in KIF21A 
underlie the neurodevelopmental disorder congenital fibrosis of the extraocular muscles 
type 1 (CFEOM1) (Yamada et al., 2003). In Chapter 6, we demonstrated that KIF21A activity 
is regulated by autoinhibition and that CFEOM1-related mutations in KIF21A abolish the 
ability of the kinesin to autoinhibit itself. Loss KIF21A autoinhibition leads to an accumu-
lation of the kinesin at axonal tips and to defects in axon outgrowth, axon branching and 
growth cone dynamics. We demonstrated that KIF21A functions as an inhibitor of micro-
tubule growth at the cell cortex, implying that altered microtubule dynamics at neurite tips 
contributes to the observed defects in axon outgrowth and growth cone dynamics (Figure 
1C). In fact, accurate regulation of microtubule dynamics has been shown to be essential for 
proper axonal morphogenesis and guidance. During axon outgrowth, microtubules provide 
the intracellular forces needed for neurite elongation via various mechanisms (Suter and 
Miller, 2011), including kinesin-1 mediated sliding of microtubules (Lu et al., 2013) and mi-
crotubule stabilization (Flynn, 2013). In addition, microtubules dynamics is required growth 
cone turning as both microtubule stabilizing and destabilizing agents abolish growth cone 
dynamics and guidance (Liu and Dwyer, 2014). Likely, microtubule stabilization at a specific 
site of the growth cone, combined with microtubule destabilization at the opposing side, 
provide a mechanisms for growth cone turning and guidance (Liu and Dwyer, 2014). Con-
sistently, we demonstrated that increased levels of KIF21A reduces growth cone dynamics 
and suppresses the responsiveness to repulsive guidance cues (Chapter 6). This suggests that 
increased KIF21A levels at the growth cone, due to loss of autoinhibition, over-stabilizes 
microtubules at the growth cone membrane, thereby reducing microtubule dynamics and 
thus growth cone motility (Figure 1C). Together, this implies that loss of KIF21A inhibition 
is the underlying molecular mechanism that leads to CFEOM1 pathogenesis by affecting 
proper axon morphogenesis and targeting. It remains to be resolved why specifically ocular 
motor neuron development is affected since KIF21A is abundantly expressed in the nervous 
system (Desai et al., 2012). Since a related type of CFEOM is associated with mutations in 
tubulin (Cederquist et al., 2012; Tischfield et al., 2010) and MAP1B deficient mice develop 
CFEOM (Cheng et al., 2014), this could reflect the selective vulnerability of these specific 
type of neurons in perturbations in the axonal cytoskeleton.
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Concluding remarks 
In this thesis, we studied the fundamental processes underlying proper axonal functioning, 
where we specifically focused on the mechanisms involved in presynaptic functioning and 
axonal kinesin regulation. Synaptic functioning is crucial for proper information processing 
within the brain and various neurological disorders are implicated with disturbed synapse 
function (van Spronsen and Hoogenraad, 2010; Waites and Garner, 2011). Similarly, nu-
merous neurological disorders are linked to defects in kinesin-related processes (Franker 
and Hoogenraad, 2013; Millecamps and Julien, 2013), emphasizing the importance of both 
processes for normal axonal functioning. Here, we provided new insights into the molecu-
lar mechanisms involved in maintaining presynaptic organization and in synaptic vesicle 
release. In addition, we identified and described a novel mechanism of kinesin regulation 
and provided new insights in the importance of proper kinesin regulation for normal axonal 
functioning.  Despite these progresses, comprehensive understanding of all the molecular 
processes involved in either presynaptic functioning or kinesin regulation awaits further 
investigation. Grasping these molecular details will advance our knowledge on these funda-
mental processes, but may require additional approaches. 
 Since the original discovery of the kinesin motor protein in the mid 1980’s (Vale et 
al., 1985), extensive research on kinesin motor protein function has led to the identificati-
on of the many members of the kinesin family and their diverse role in various neuronal 
processes. This knowledge, obtained during the past three decades only, have tremendously 
increased our understanding of the diverse functions of kinesins in driving cargo trans-
port and affecting microtubule dynamics. Later, mechanisms that affect kinesin function 
emerged. These new insights added to the realization of the complexity of kinesin regula-
tion, since it seems that with every regulatory mechanism being discovered, a new layer of 
regulation is exposed. Unraveling all the mysteries and levels of kinesin regulation will be 
the next challenge in cell biology. Single molecule in vitro techniques combined with live 
cell imaging have proven to be a valuable method to isolate the individual effects of specific 
proteins on kinesin activity. Future in vitro reconstitution assays that represent a more bi-
ological situation will help to understand the influence of various regulatory mechanisms 
on kinesin function within neurons. Due to the rapid advances in super-resolution micros-
copy techniques, more options will arise for the visualization of specific cellular processes. 
Future techniques combing multi-color super-resolution microscopy with live cell imaging 
will help to further identify the subcellular locations, cellular triggers and effects of specific 
regulatory proteins on motor protein activity.  
 Due to the small size and not morphologically well-defined nature of the presynaptic 
sites, these advanced imaging techniques will also help to better understand the molecular 
architecture and processes within presynapses. To really grasp how all the individual buil-
ding blocks fit together within the active zone, their relative subcellular locations need to 
be determined. Combining advanced live cell imaging techniques with methods that can 
specify and induce sites of synaptogenesis will give us the opportunity to gain more insight 
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into the mode of delivery of the synaptic components and the order of composition. Since 
the notion that the actin cytoskeleton plays an essential role in forming and maintaining the 
presynaptic sites, recent advances in the development of actin probes will help to shed more 
light on its exact subcellular location and functions. Improving the visualization of specific 
interactions or cellular processes without the need for genetic perturbations, using cell-per-
meable fluorescent probes, for example, can visualize specific cellular structures, such as 
membranes (Chierico et al., 2014) and the cytoskeleton (Lukinavicius et al., 2014). Further 
improvement and broadening the application of such kind of tools (Grimm et al., 2015), 
together with further evolvement and generation of specific biosensors, will greatly enhance 
the possibilities to visualize and study specific intracellular processes. 
 While new approaches and techniques continue to be developed, new doors for in-
vestigation will be opened, providing new unexplored directions for future research. To-
gether with the combined effort of many interdisciplinary fields will help to understand the 
fundamental processes underlying brain functioning and will ultimately contribute to the 
development of clinical applications for neurological disorders. 
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Summary

Our brain, one of our most complex organs, allows us to move, feel, think and learn. The 
brain is built up from billons of brain cells, which together form a dynamic and complex 
network that processes all sorts of information. Each brain cell, also called neuron, receives 
information from thousands of other neurons via its multiple processes called dendrites. 
Only a single process, called the axon, is responsible for the transfer of this integrated in-
formation to other neurons via electrical signals. To transmit this information properly, the 
axon contains several unique structures and features. 
 One of these unique structures are the presynaptic specializations which, together 
with the postsynaptic specializations located on the dendrites of receiving cells, form the sy-
naptic connections where the transfer of signals takes place. The presynapses are important 
for conveying information to connected neurons via the release of neurotransmitters. These 
chemical signals are stored inside synaptic vesicles within the presynapse which fuse with 
the presynaptic membrane upon the arrival of an electrical signal. This causes the release of 
neurotransmitters to the synaptic cleft, the space between the pre- and postsynapse. These 
chemical signals subsequently bind to receptors on the postsynapse of the receiving neuron, 
generating an electrical signal. Therefore, proper functioning of presynapses is essential for 
accurate communication within the brain. The importance of the correct functioning of our 
synapses is highlighted by the numerous brain diseases associated with disrupted synapse 
function. For example, deficiency in synapse function has been implicated in Parkinson’s 
disease and Alzheimer’s disease, but also contributes to the development of autism and psy-
chiatric disorders such as schizophrenia. 
 Chapters 2 till 5 of this thesis are therefore aimed to investigate the fundamental 
mechanisms of presynapse functioning to contribute to a better general understanding of 
presynaptic function on a molecular level. In addition, this thesis investigates the mecha-
nisms involved in the fusion of synaptic vesicles with the presynaptic membrane, and thus 
the release of neurotransmitters. Chapter 2 describes the role of liprin-α2 in mature sy-
napses. Here, we show that liprin-α2 is important for normal release of neurotransmitters 
form the presynaptic site through the key role of liprin-α2 in recruiting and organizing 
various presynaptic proteins. In addition, liprin-α2 maintains the dynamics of presynaptic 
proteins, needed for the presynapse to adjust to changes in network activity. In chapter 3, we 
examine the role of the cytoskeleton component actin in mature synapses, where we show 
that the dynamics of actin is essential for maintaining proper presynaptic organization. In 
the following chapter, chapter 4, we describe the structural basis for the recognition of bo-
tulinum neurotoxin A, the neurotoxin that causes botulism, to SV2C, a protein located on 
presynaptic vesicles. Using this structural information, an inhibitory peptide was designed 
which successfully disrupts the binding of botulinum neurotoxin A to its receptor SV2C. 
Hereby, this inhibitory peptide prevents the entering of the toxin into the presynapse, where 
it typically has its harmful effect. Chapter 5 subsequently describes the identification of two 
novel proteins, prrt2 and secernin 1, which play an important role in regulating neurotrans-
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mitter release and thus presynaptic function.  We show that secernin 1 affects the size of the 
presynaptic specializations and the number of synaptic vesicles within the presynapse. 
 In addition to presynapses, intracellular transport is also important for proper axo-
nal functioning. Due to the significant length of the axon and since most of the cellular ma-
terials are produced in the cell body, active transport of these materials is essential to deliver 
the correct materials to the correct location within the axon. This active transport is carried 
out by molecular motor proteins, including kinesins, which transport specific cellular mate-
rials via the microtubule cytoskeleton, the roads of the cell. In addition, some kinesins play 
important functions in regulating microtubule dynamics. Therefore, the activity of kinesins 
need to be tightly controlled to ensure their activity or non-activity at the proper moments 
and locations. For that reason, chapter 6 and 7 of this thesis are aimed to investigate the 
mechanisms of kinesin regulation and its relevance for normal neuronal development and 
shows how disrupted kinesin regulation contributes to the development of two different 
neurological disorders. In chapter 6, we describe the molecular function of kinesin KIF21A 
and show that KIF21A inhibits microtubule growth and regulates the organization of the 
microtubules underneath the cell cortex. Mutations in KIF21A lead to the neurological 
developmental disorder congenital fibrosis of the extraocular muscle type 1 (CFEOM1), a 
disorder characterized by the abnormal development of the nerve controlling a part of the 
eyes. We showed that these mutations relieve the auto-inhibition of KIF21A, leading to a loss 
of the ability of the kinesin to regulate its own activity. This ‘hyperactivity’ of KIF21A results 
in an accumulation of the kinesin in axonal tips where it affects axonal outgrowth and the 
sensitivity for inhibitory guidance cues. These findings suggest that disrupted regulation 
of the motor protein KIF21A represents the molecular cause leading to the development of 
CFEOM1. Next, chapter 7 describes a novel mechanism of kinesin regulation by the protein 
KBP. We show that KBP inhibits the activity of a specific subset of kinesins by preventing the 
interaction of the kinesin with microtubules. Patients with Goldberg-Shprintzen syndrome, 
a severe neurological disorder, are deficient of the KBP protein and thus lack the molecular 
‘brake’ for a number of kinesins. We demonstrate that KBP affects cortical migration of 
neurons, polarization of neurons and axon outgrowth by controlling the acvtivity of ki-
nesins involved in both axonal transport and microtubule dynamics. Our findings suggest 
that mis-regulation of a specific subset of kinesin motor proteins represents the underlying 
mechanisms contributing to Goldberg-Shprintzen syndrome pathogenesis. 
 In short, this thesis describes the fundamental processes needed for proper axonal 
functioning where we specifically focus on the mechanisms involved in presynapse functio-
ning and the regulation of motor proteins. The importance of these molecular processes for 
the correct functioning of our neurons, and thus our brain, is highlighted by the many brain 
diseases implicated with disrupted functioning of both synapses and motor protein related 
processes. This thesis provides new insights into the molecular processes involved in presy-
naptic functioning and motor protein regulation. These insights will further contribute to 
our understanding of axonal functioning, in health and disease.  
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Samenvatting 

Onze hersenen, één van ons meest complexe organen, maakt het mogelijk om te bewegen, 
te voelen, te denken en om te leren. Het brein is opgebouwd uit biljoenen hersencellen, die 
gezamenlijk een dynamisch en complex netwerk vormen welke verschillende soorten infor-
matie verwerkt. Elke hersencel, ook wel neuron genoemd, ontvangt informatie van duizen-
den andere hersencellen via zijn vele uitlopers die dendrieten worden genoemd. Alleen een 
enkele uitloper, het axon, is verantwoordelijk voor het doorgeven van deze geïntegreerde 
informatie naar andere hersencellen via elektrische signalen. Om deze informatie goed te 
kunnen doorgeven, heeft het axon een aantal unieke structuren en eigenschappen. 
 Een van deze unieke structuren, zijn de presynaptische specialisaties die, samen met 
de postsynaptische specialisaties gelegen op de dendrieten van ontvangende cellen, de sy-
naptische connecties vormen waar signaaloverdracht tussen de ene en de andere hersencel 
plaats vindt. De presynapsen zijn belangrijk voor het doorgeven van informatie naar verbon-
den hersencellen via de uitscheiding van neurotransmitters. Deze chemische signaalstoffen 
liggen opgeslagen in synaptische blaasjes in de presynaps die fuseren met het presynaptische 
membraan wanneer er een elektrisch signaal de presynaps bereikt. Op deze manier komen 
de neurotransmitters vrij in de synaptische spleet, de ruimte tussen de pre- en postsynaps. 
Vervolgens binden deze signaalstoffen aan receptoren op de postsynapse van de ontvangen-
de hersencel, waardoor hier weer een elektrisch signaal ontstaat. Voor goede communicatie 
tussen hersencellen, en dus het functioneren van ons brein, is een juiste werking van de pre-
synapse essentieel. Het belang van het goed functioneren van onze synapsen wordt onder-
streept door de vele hersenziektes die geassocieerd zijn met een ontregelde synapsfunctie. Zo 
weten we inmiddels dat verstoorde werking van de synapsen ten grondslag kan liggen aan de 
ziekte van Parkinson en de ziekte van Alzheimer, maar ook bijdraagt aan de ontwikkeling 
van autisme en psychische stoornissen zoals schizofrenie. 
 Hoofdstuk 2 tot en met 5 van dit proefschrift zijn er daarom op gericht om de fun-
damentele werking van de presynaps te onderzoeken om zo bij te dragen aan een betere 
algemene kennis over synapsfunctie op moleculair niveau. Daarnaast bevat dit proefschrift 
onderzoek naar de mechanismes die betrokken zijn bij de fusie van synaptische blaasjes met 
het presynaptische membraan en dus de uitscheiding van neurotransmitters. Hoofdstuk 2 
beschrijft de rol van liprin-α2 in de volgroeide presynaps. We zien dat liprin-α2 een centrale 
rol speelt in het rekruteren en het organiseren van verscheidene presynaptische eiwitten 
en daardoor belangrijk is voor de normale afgifte van neurotransmitters. Daarnaast is li-
prin-α2 essentieel voor het behouden van de dynamiek van de eiwitten in de presynaps, 
welke nodig is om de synapsfunctie aan te kunnen passen aan veranderingen in netwerkac-
tiviteit. In hoofdstuk 3 onderzoeken we de rol van actine, een component van het cytoskelet, 
in volgroeide synapsen. Hier laten we zien dat de dynamiek van actine essentieel is voor het 
behoud van de juiste organisatie van de presynaps. Het daaropvolgende hoofdstuk, hoofd-
stuk 4, beschrijft de structurele basis van de binding van botulinetoxine A, een neurotoxine 
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die botulisme veroorzaakt, aan zijn receptor SV2C, een eiwit die zich op de presynaptische 
blaasjes bevindt. Met behulp van deze structurele kennis, is er een inhiberende peptide ont-
worpen die succesvol de binding van botulinetoxine A aan zijn receptor SV2C verstoord 
waardoor de toxine niet de synapse kan binnendringen waar het normaliter zijn schadelijke 
werking heeft. Vervolgens beschrijft hoofdstuk 5 de ontdekking van twee nieuwe eiwitten, 
prrt2 en secernin 1, die een belangrijke rol spelen in het reguleren van de afgifte van neu-
rotransmitters en daardoor de functie van de presynapsen. We laten zien dat secernin 1 de 
grootte van de presynaptische specialisaties en de hoeveelheid presynaptische blaasjes in de 
presynapse beïnvloedt. 
 Naast de presynapsen, speelt ook intracellulair transport een belangrijke rol bij een 
goede werking van het axon. Aangezien het axon erg lang kan zijn en de meeste materia-
len gemaakt worden in het cellichaam, is actief transport van deze cellulaire bouwstoffen 
binnen in hersencellen noodzakelijk om de juiste materialen op de juiste plek in het axon 
te krijgen. Dit actief transport wordt uitgevoerd door moleculaire motor-eiwitten, onder an-
dere door kinesines, die specifieke celmaterialen vervoeren over het microtubuli cytoskelet, 
het wegennetwerk van de cel. Daarnaast zijn kinesines belangrijk voor het reguleren van de 
dynamiek van de microtubuli. Daarom moeten motor-eiwitten goed gereguleerd worden 
om er zo voor te zorgen dat deze op de juiste momenten en plekken actief of juist niet-actief 
zijn. Zodoende richtten hoofdstuk 6 en 7 van dit proefschrift zich op de mechanismes van 
de regulatie van kinesines en het belang hiervan voor de gezonde ontwikkeling van hersen-
cellen. Daarnaast illustreren deze hoofdstukken hoe verstoorde regulatie van motor-eiwit 
activiteit bijdraagt aan de ontwikkeling van twee verschillende neurologische stoornissen. 
In hoofdstuk 6 beschrijven we de moleculaire functie van de kinesine KIF21A en tonen we 
aan dat KIF21A de groei van microtubuli remt en de organisatie van microtubuli bij de 
celranden reguleert. Mutaties in KIF21A leiden tot de neurologische ontwikkelingsziekte 
congenitale fibrose van de extraoculaire spier type 1 (CFEOM1), een aandoening waarbij de 
zenuw die een deel van het oog aanstuurt niet goed is ontwikkeld. We laten zien dat deze 
mutaties de auto-inhibitie van KIF21A weghalen waardoor de kinesine het vermogen tot 
zelfregulatie van zijn activiteit verliest. Deze ‘hyperactiviteit’ van KIF21A leidt tot ophoping 
van de kinesine in de uiteindes van het axon en verstoort daar axonuitgroei en sensitiviteit 
voor inhibitoire signaalstoffen. Dit onderzoek suggereert dat verstoorde regulatie van het 
motor-eiwit KIF21A de moleculaire oorzaak is die leidt tot de ontwikkeling van CFEOM1. 
Vervolgens beschrijft hoofdstuk 7 een nieuw mechanisme van de regulatie van kinesines 
door het eiwit KBP. We laten zien dat KBP de activiteit van een specifieke set kinesines remt 
door de interactie van de kinesine met de microtubuli te blokkeren. Patiënten met de ern-
stige neurologische aandoening Goldberg-Shprintzen syndroom missen het KBP eiwit en 
daardoor een moleculaire ‘rem’ op een aantal kinesines. We tonen aan dat KBP de corticale 
migratie van neuronen, polarisatie van neuronen en axon uitgroei stuurt door de activiteit 
van kinesines die betrokken zijn bij zowel axonaal transport als microtubuli dynamiek te re-
guleren. Onze bevindingen suggereren dat misregulatie van een specifieke set van kinesine 
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motor-eiwitten het onderliggende mechanisme is die ten grondslag ligt aan de ontwikkeling 
van Goldberg-Shprintzen syndroom. 
 Kortom, dit proefschrift beschrijft de fundamentele processen die noodzakelijk zijn 
voor een goede werking van het axon, waarbij we ons specifiek richten op mechanismes die 
betrokken zijn bij het functioneren van presynapsen en de regulatie van motor-eiwitten. Het 
belang van deze moleculaire processen voor het goed functioneren van onze hersencellen, 
en daarmee ons brein, wordt onderstreept door de vele hersenziekten die geassocieerd zijn 
met een verstoorde werking van zowel synapsen als motor-eiwit gerelateerde processen. Dit 
proefschrift biedt nieuwe inzichten in de moleculaire processen die betrokken zijn bij de 
werking van presynapsen en de regulatie van moleculaire motoren. Deze inzichten zullen 
verder bijdragen aan onze kennis over het functioneren van het axon in zowel welzijn als 
ziekte.  
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bijzondere periode in mijn leven dan toch echt tot een einde is gekomen, met dit proefschrift 
als eindresultaat. Voor mijn gevoel zijn de afgelopen vier jaren echt voorbij gevlogen, wat ik 
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projecten kunnen werken die nu mijn proefschrift vullen. Uiteraard wil ik je niet alleen 
maar bedanken voor t́he opportunity to do my PhD heré , maar ook voor alle begeleiding 
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mijn expansiedrift in het lab. Het allerbeste voor je toekomst! Lena, bedankt dat je mij alle 
ins en outs hebt bijgebracht over het muiswerk en dat je mij steeds hebt geholpen met al mijn 
vragen. Ook enorm bedankt voor al je werk met de ex vivo electroporaties. Succes met je 
Nederlandse lessen en met het vinden van je droombaan. 
 Sam en Max, jullie waren altijd wel in voor een borrel of een feestje waar jullie dan 
traditiegetrouw (als hilarisch duo) tot in de late uurtjes te vinden waren. Sam, jouw flauwe 
humor hebben zo veel lachwekkende momenten opgeleverd. Bedankt daarvoor, want dat 
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heeft mij er wel regelmatig aan kunnen herinneren dat ik het allemaal soms iets minder seri-
eus hoef te nemen. Veel succes met de laatste afrondingen van je promotie en met het vinden 
van een passende baan. Max, na het roepen van de naam van je favoriete plek in Utrecht op 
bijna elke gelegenheid, zijn we gelukkig op de valreep toch nog een keer met z’n allen naar de 
Chopito’s geweest. Bas, jij hoort ook wel in dit rijtje thuis, want ook jij was wel regelmatig op 
een feestje te vinden. Ook jij bedankt voor alle leuke momenten binnen, maar voornamelijk 
buiten het lab. Vanaf hier is het maar een kleine stap naar de leden van de lab outing 2014, 
Bram, Catia, Vincent, Nora, Hanna en Amol. I really enjoyed organizing the lab outing with 
all of you. We were really lucky to have such a great committee full of enthusiastic people. 
Thank you for that fantastic experience and for all the fun during our reunions. Although 
more and more of us are leaving The Kruyt, let’s keep that tradition alive. I still want to beat 
you guys with bowling once! All of you thanks for the great evenings and Bram thanks for 
your dance moves during those evenings and I wish you all the best with your new job.
 Of course a very special thanks to my paranymphs, Cátia and Marleen. We always 
wanted to organize something with the three of us. For some reason, that didn’t really hap-
pened in the last years. In this way we can still, sort of, do so. I am very happy to have you 
both as my friends and paranymphs. Cátia, you really contributed to the KBP projects with 
all your hard work and your extensive analysis on neuron morphology. But besides these 
more scientific contributions, you also made my years as a PhD student so much more fun. 
I enjoyed your enthusiasm, your tremendous amount of energy, your cheerful character in 
and outside the lab. I particularly enjoyd the many wonderful evenings where we could share 
our commen interest in weird dance moves and thanks for the many times I could crash at 
your place and to make use of your B&B afterwards. Marleen, door jouw organisatorische 
skills en je ongelofelijke creativiteit vond ik het altijd geweldig om met jou feesten te organi-
seren. Ik bewonder je doorzettingsvermogen en kritische houding en ik vind het heel knap 
dat je naast je dagelijkse bezigheden met je kleine ook nog even een PhD aan het binnensle-
pen bent. Ik heb het erg leuk gehad met jou in het lab en daarbuiten. Bedankt voor alle open 
gesprekken je gezelligheid en je humor op het lab en tijdens de vele uitjes. Heel veel succes 
met de laatste loodjes tijdens het afronden van je promotie. 
  Mijn roomies, Harold, Laura, Amélie en Bart en mijn ex-roomies Karin en Marijn. 
Marijn, ik vond het oprecht jammer toen je N504 ging verlaten om je volgende stap in Berlijn 
te nemen. De kamer en het lab waren bijzonder leeg na jouw vertrek. Harold, je bent een zeer 
goede opvulling van deze leegte. Bedankt voor je gezelligheid en hopelijk haal je een paar 
mooi grants binnen. Het allerbeste voor je wetenschappelijk carrière! Amélie, I enjoyed your 
company in our room and hopefully you will be able to finish your paper soon so you can 
fully enjoy your pregnancy and your second child. Laura, thanks for all the advices you gave 
me during the years. Bart, bedankt voor je onuitputtelijke bron gevatte grappen.
 Dear co-neuron-culturers, Elena, Amélie, Dieudonée, Bart and Marta (and of course 
our culture-guru, Casper), thank you for your company and effort during the culturing. Ele-
na, together we formed and started the ‘second’ team to cope with the continuous expansion 
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of the lab. Margriet and Gabi, thank you for taking over some of the tasks for this prepara-
tion at a certain moment. Dieudonée, thanks to you we made several improvements to the 
culture business and changed it to the more efficient double-culture. Good luck all with all 
the culturing to feed the hungry neuron-needs of the lab. 
 Also a big thanks to my partners, Yujie and Feline, on the secernin1/prrt2 project.  
Yujie, thank you for the great collaboration on this project. Thanks to your great bioche-
mistry knowledge and cloning skills, we could add a lot of new data to the chapter. Feline, 
je bent meteen heel gemotiveerd en ik vind het dan ook heel fijn dat ik mijn project met een 
gerust gevoel aan jou over kan dragen. Dankzij je proposal ben je al helemaal klaargestoomd 
en je pikt alles nu al meteen goed op. Ik heb er alle vertrouwen in je dat je dit project tot een 
mooi einde zult brengen.
 Marina, thank you for all the biochemistry work that you performed and your ex-
cellent experimental knowledge. Ricardo, thanks for the endless mass-speccing. Martin, 
bedankt voor je EM data voor het KBP project. Phil, thank you for all the cloning and vi-
rus-work you did for me and I wish you all the best at your future new job. Ilya, you were 
always there to help me with any microscopy-issues. Hai Yin, thanks for your input during 
the old monthly meetings and I wish you all the best for your recovery. Marta, we had our 
shared interest in presynaptic actin and had some great plans. Unfortunately we did not 
really got the chance to work those out. Good luck with finishing your PhD. Ines, Renee, 
Dennis, Kah Wai en Robert bedankt voor alle hulp en een mooie tijd. Ondanks dat jullie, 
Myrrhe en Samantha, al (lang) weg waren voordat ik hier begon, wil ik ook jullie bedanken 
voor de (lange-afstands) samenwerking aan het KBP en liprin project. Here, I would also 
like to thank all the people with who I had valuable international collaborations on multiple 
projects: Sara Bianchi, Natacha Olieric, Michel Steinmetz, Roger Benoit and Richard Kam-
merer.
 I would also like to thank my two great students, Nora and Maria. Maria, thanks for 
your great effort during your internship. You really boosted the ‘novel presynaptic proteins’ 
project. You were really a great student and it was a pleasure to work with you. Nora, ook jij 
bedankt voor jouw inzet en al je harde werk tijdens je stages. Eerst als bachelor en daarna 
als master student om verder te gaan waar je was gebleven. Dat laat wel zien dat ook wij een 
zeer fijne samenwerking hebben gehad tijdens deze maanden. Bedankt daarvoor en voor al 
je harde werk, ook als het project iets minder rooskleurig verliep. I wish you both all the best 
for your future!
 Lukas, je hebt altijd wel weer nieuwe wilde ideeën voor nieuwe projecten die je vol 
enthousiasme kunt vertellen. Er zijn al heel wat nieuwe ‘hot topics’ voorbij gekomen.  Ik ben 
benieuwd waar je over tien jaar aan werkt, misschien toch nog steeds motor-eiwitten? Hoe 
dan ook, ik wens je veel succes en plezier met je wetenschappelijke carrière. Ook alle leden 
van de Kapitein groep, Annaël (your fantastic dance moves keep amazing me), Eugene, Wil-
co, Bas, Max, Anne en Roderick, thanks for all your input and fun.
 Also everyone of Anna’s group, Ben, Maud, Kai, Ivar, Carol, Andrea, Ruddi, Helma, 
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Jingchao, Qingyang, Amol, Chao, Hari and Ruben, thanks for the great time and discussi-
ons. Ook alle anderen op de 5e verdieping bedankt voor de gesprekken tijdens borrels en de 
lunch en voor jullie input tijdens de maandagochtend besprekingen. Paul, jouw lach vanuit 
twee kantoren verder of jouw gemopper als de printer het weer eens niet deed waren altijd 
vermakelijk. Fons, als we het toch over lachen hebben, moet die van jou uiteraard ook wel 
genoemd worden. Erg leuk dat, ondanks je officieel met pensioen bent, toch nog op de 5e ver-
dieping te vinden bent. Ook Sander en Mike, bedankt voor jullie input tijdens de meetings. 
Sabrina, Purvi, Dušan, Sofia, Anniek, Suzanne, Suzan, Vincent, Ruben en Lars alle succes 
voor jullie projecten.  

Ook zijn er velen buiten de wetenschapswereld die hebben bijgedragen aan het afronden 
van mijn promotie en verdienen daarbij ook zeker een plekje in mijn dankwoord. Allereerst 
wil ik al mijn vrienden bedanken voor alle fijne en gezellige momenten die mij de nodige 
ontspanning en afleidingen hebben gegeven. Daarnaast ook in het bijzonder Jolien, voor al 
je feedback die je mij hebt gegeven en je leuke associaties met vreemde liedjes. Cindy, voor 
jouw kritische blik als het op details aankomt. De meiden van 2.0, Karolien, Anneloes, Si-
mone, Vera, Franca, Juul, Laura, Renske, Do en Anna, voor de vele leuke etentjes en uitjes,  
waar ik voor de verandering over niet-wetenschappelijke weetjes en problemen kon praten. 
En ten slotte, de meiden van Sirene, door jullie voel ik mij weer jong! 
 Ook de steun van mijn familie is van onmisbare waarde geweest tijdens mijn pro-
motietraject. Ik wil daarom iedereen van mijn (schoon)familie hiervoor bedanken. Laurens, 
vanaf het begin tot het eind was jij absoluut de grootste steun die ik heb gehad. Bedankt 
voor je warmte en dat je er altijd voor mij bent om op terug te vallen. Ook bedankt voor het 
beantwoorden van mijn (veelal retorische) vragen en het aanhoren van mijn hersenspinsels 
vanaf de overkant van de tafel tijdens de laatste loodjes. Pap en mam, voor al jullie wijze 
woorden, raad en advies. Jullie onvoorwaardelijke steun en geloof in mij betekenen veel 
voor mij. Bedankt dat jullie er altijd voor mij zijn! Mijn grote broers en mijn schoonzussen, 
Matei en Carolina, Timon en Anne, bedankt voor de (thuis)basis die jullie voor mij vormen. 
Matei, wat geweldig dat je van plan bent om helemaal vanuit Koeweit over te komen om 
bij mijn verdediging te kunnen zijn! Daarnaast mijn schoonouders, Herman en Marianne, 
voor jullie interesse en jullie steun in mij, maar ook voor de leuke vakanties voor de nodige 
ontspanning. Tot slot mijn oma, Trudy. Jouw leergierigheid en vastberadenheid om je am-
bities te vervolgen hebben mij altijd geïnspireerd. Ik bewonder hoe jij ondanks alles weer 
overweegt om opnieuw de schoolbanken in te gaan. 

Hora est!
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