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Neuroproteomics: investigating neuronal protein dynamics and protein-

protein interaction networks.

1. Mass Spectrometry (MS)-based proteomics in cell biology 
Before discussing and classifying the field of neuroproteomics, it is important to start from the 
basics and clarifying key concepts of general proteomics. Proteomics is generally described 
as a branch of science that is focused on the study of the proteome. The term ‘proteome’ was 
coined in 1994 by Mark Wilkins as an analogy of ‘genome’ and was initially defined as the 
complete complement of proteins that are expressed by a genome (Wasinger et al., 1995). 
Therefore, proteomics is currently described as the science that studies the proteome of a 
particular biological system (organism, tissue, cell type, sub-cellular structure) in a particular 
state or in an experimental condition. Classical proteomics studies typically investigate 
changes in protein profiles or in protein interactions as related to diseases and/or environmental 
stimuli. A proteomic experiment is composed of three major parts: 1) a method to fractionate 
complex protein or peptide mixtures, 2) mass spectrometry (MS) technology to acquire the data 
necessary to identify individual proteins, 3) bioinformatics to analyze and assemble the MS 
data. Decades of technological and instrumental developments have enormously contributed 
to implement these three major aspects of a proteomic workflow and have strongly contributed 
to define and re-shape the proteomics field, as we know it, in its current state. Among all the 
different approaches available to study proteins and their behavior in a biological context, mass 
spectrometry (MS) based proteomics has increased exponentially in the last few years and now 
represents a gold standard technology. This is mainly due to the fact that MS-based techniques 
are becoming more and more accessible and user friendly and MS-data can be more easily 
processed and analyzed also by non-experts. For this reason, compared to few years ago, MS-
based proteomics is now becoming almost an essential tool in the hands of a cell biologist or a 
neuroscientist through which he can access to a multitude of detailed and reliable information, 
with the enormous potential to drastically influence several aspects of his/her research. Within 
the field of proteomics, a great variety of approaches as well as instruments exist. In general 
terms, Mass Spectrometers use electric and magnetic fields to measure the mass-to-charge 
ratios (m/z) of charged molecules (typically peptides), allowing for their molecular masses 
determination and their relative abundances. For most of the experiments, it is not the mass of the 
proteins, but the mass of peptides derived from protein enzymatic cleavage which is measured 
(bottom-up proteomics). In a general bottom-up workflow (Figure 1), proteins are first cleaved 
at distinct sites into a mixture of peptides by proteolytic enzymes (typically trypsin) and then 
injected into a liquid chromatography (LC) system, coupled to a MS. A full MS spectrum is then 
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Figure 1. General workflow in bottom-up MS-based proteomics
Proteins are extracted from a biological source, such as from tissues, cells, or body fluids. In standard bottom-up MS, 
proteins are then digested into a peptide mixture using trypsin. Peptides are then separated by High Performance Liquid 
Chromatography (HPLC) systems to reduce the complexity of the mixture and analyzed by MS which is coupled to the 
HPLC through an electrospray ion source. MS analysis is performed by selecting individual peptides (precursor ions) in 
the mass spectrometer and by fragmenting them by collisions with nitrogen gas molecules at low pressure (Collision-
Induced Dissociation, CID) or by radical reactions (Electron Transfer Dissociation, ETD). As results of this, tandem 
mass spectra (MS/MS) are generated, which contain peptide sequence information. Computer algorithms match these 
mass spectra to organism specific databases. Matched spectra are used to identify proteins from the corresponding 
peptide sequence information. Further statistical data analyses are performed in silico and allow to filter out false 
positives from the dataset, to extrapolate quantitative information and to further validate the MS data obtained. 

acquired for the peptides eluting from the column at any given time by the Mass Spectrometer. 
Currently orbitraps are the most common instruments used in MS-based proteomics. The most 
intense peptides are then subsequently isolated and fragmented, usually by collision with an 
inert gas (CID, Collision-Induced Dissociation / HCD, Higher-energy collisional dissociation) 
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or by radical reactions (ETD, Electron Transfer Dissociation). The generated tandem MS (MS/
MS) spectrum is composed by a list of m/z ratios for the different fragments. Each spectra 
produced in the analysis is then used for peptide identification by matching it against a protein 
database with a search engine (Aebersold and Mann, 2003). Search engine algorithms work by 
correlating the thousands of experimental spectra generated in each single MS run to theoretical 
spectra of peptides. Mascot is probably the most popular commercially available search engine 
on the market (Perkins et al., 1999). Other algorithms have been later developed but they all 
share the same searching criteria. Initially an in silico digestion of a defined protein database 
is performed, taking into account modifications, miss-cleavages and cleavage specificity of the 
selected enzyme, and theoretical masses of these in silico generated peptides are compared to 
the precursor masses generated  by the experimental data. In the next step, this restricted dataset 
of matched peptides is further theoretically fragmented, depending on the applied fragmentation 
technique (CID, HDC, ETD) and compared to the experimental MS/MS spectra, ultimately 
leading to a defined score for each spectra match. The better the theoretical spectra matches the 
experimental ones, the higher is the score. Only spectra with scores above a certain threshold 
are taken into consideration. Due to the large number of spectra generated, there is a chance that 
some spectra are matched randomly. To correct for this and to distinguish true matches versus 
false matches, a False Discovery Rate (FDR) filter is applied to the peptide assignment (Steen 
and Mann, 2004). With this filter, spectra are set against a randomized decoy sequence database. 
The FDR is usually set to 1%, allowing a maximum of 1% of the matches to be false. Therefore, 
only true resulting peptide-spectrum-matches are then assigned to each protein, contributing to 
highly confident protein identification. 

2. Proteomics of the nervous system (Neuroproteomics) 
The brain is without any doubt the most complex organ of the entire human body. This is only 
partially reflected by the hundred billion neurons composing it, because the real complexity 
does not rely in the total number of cells but mainly in the almost infinite ways these single 
units (neurons) are connected with each other in the central nervous system (CNS). A full 
understanding of this complicated network of connections still represents one of the main 
priorities for the scientific community. Over the last decades, huge investments have been made 
in this sense (Amunts et al., 2016), which ultimately lead to enormous developments in diverse 
technologies (electron microscopy, super-resolution microscopy, optogenetics, transcriptomics). 
Super-resolution microscopy (also called Single Molecule Localization Microscopy, SMLM) 
is a collective term for a number of techniques (PALM, STORM, dSTORM) that allow 
diffraction-unlimited imaging (Betzig et al., 2006; Heilemann et al., 2008; Rust et al., 2006), 
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and are therefore well-suited to study the precise localization of proteins in the small neuronal 

projections (Tas et al., 2017) or in highly compartmentalized neuronal structures such as dendritic 

spines (MacGillavry and Hoogenraad, 2015). However due the limited amount of fluorophores 

and channels used in these imaging approaches, it is almost impossible to detect/analyze the 

multitude of proteins involved in each single molecular mechanism at each given time. In a 

similar fashion, the recent developments in genomic/transcriptomic techniques, allowing for 

single cell DNA/RNA sequencing, have greatly contributed to a more detailed characterization 

of the CNS at the cellular level (McCarroll et al., 2014; Pandey et al., 2018; Shekhar et al., 

2016). Unfortunately, although both the transcriptome and proteome of living systems are 

interconnected with each other, multiple studies have shown that mRNAs levels are relatively 

poor predictors of protein abundance (Ghazalpour et al., 2011; Gygi et al., 1999; Low et al., 

2013; Yeung, 2011). So, despite the great contribution brought by these techniques and taking 

into account that proteins are the building blocks and the final effectors in neurons, assessing 

the organization of the nervous system at the protein/molecular level remains one of the more 

crucial challenges in neuroscience. Moreover, at the moment the application of proteomic-based 

approaches in brain derived samples (Neuroproteomics) is still in a “preliminary/immature 

phase” if compared to other fields (cancer proteomics, immunoproteomics). The scarcity of 

studies in this sector is mainly due to two reasons: a) lack of sensitivity and a certain bias of 

the most common Mass Spectrometry techniques if compared to next-generation sequencing 

(NGS); b) technical difficulties in obtaining enough amount of sample when working with 

post-mitotic dissociated neuronal cells or neuronal differentiated induced pluripotent stem cells 

(IPSCs). These limitations have been now almost completely overcome due to the maturation of 

mass spectrometers into more powerful and versatile machines and to new improved protocols 

for proteins/peptides extraction (Altelaar et al., 2013b). These general improvements have 

prepared the ground for more reliable and accurate investigations of neuronal proteomes and 

protein dynamics in the coming years. In the next paragraphs I will shortly discuss about the 

huge technological improvements on the machines and then I will mainly focus my attention 

on the methodological advances in sample preparation and sample analysis that might be of 

particular interest for the neuroscience field.   

3. Protein profiling of neuronal proteomes

Bottom-up workflows in Neuroproteomics
Similarly to other -omics approaches which allow the detection of every single mRNA or to 

map every single gene of genomic DNA in a living cell, the goal of proteomics has always 
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been the identification of all proteins in a given biological sample. In order to increase the 

sensitivity of the analysis and consequently the numbers of total proteins successfully identified,  

pioneering proteomics works with brain-derived samples were all characterized by a first step 

of protein separation by two-dimensional electrophoresis (2DE) (Jungblut and Klose, 1985; 

Klose and Feller, 1981). However, numbers of neural proteins were frequently underestimated 

in these early 2DE experiments. Moreover these electrophoresis-dependent approaches were 

strongly biased against low-abundant proteins, membrane proteins, proteins with very high or 

low molecular weight, or again highly acidic or basic proteins. A real game changer in the field 

was represented by the combined use of chromatographic methods with mass spectrometry 

(LC-MS-MS). This set-up in association with bioinformatics and the human genome sequence, 

allowed for a less biased analysis of very complex neural samples (Yates et al., 1996) (Figure 

1). This increased sensitivity of LC-MS/MS was directly translated into much higher number 

of identified proteins in the entire brain (7,792, 34% of the genome) (Wang et al., 2006) and 

in brain plasma membrane fraction (862 from cortex and 1685 from  hippocampus) (Nielsen 

et al., 2005). These proteomic experiments typically required milligram amounts of starting 

protein sample, however the situation has drastically changed with the development of more 

sensitive and powerful high-resolution mass spectrometers that allow in-depth coverage of the 

proteome starting from sub microgram quantities (Wilhelm et al., 2014). In addition to MS 

technology improvements, better methods for sample preparation (Switzar et al., 2013) and for 

sample fractionation at the protein or peptide level enormously improved the coverage of the 

proteome. MS can only sequence a certain amount of peptides within a certain time window, 

thereby limiting the amount of proteins detected. Fractionation in modern proteomic workflows 

is an essential step required to reduce the complexity of the sample and to consequently increase 

the numbers of positive identifications in the MS analysis. In proteomics pre-fractionation is 

often done by employing an orthogonal method of LC separation before the LC-reversed phase 

separation, for example by strong cation exchange or high pH fractionation (Batth et al., 2014; 

Di Palma et al., 2012; Fournier et al., 2007). Another way of decreasing the complexity of 

the sample is by enriching for specific PTMs for example using phosphopeptide enrichment 

strategies (Post et al., 2017) or peptide-centric immunoprecipitations for lysine acetylation or 

ubiquitination (Choudhary et al., 2009; Xu et al., 2010). Thanks to these new technological 

advances and improved workflows, it has now become possible to quantify more than 10000 

proteins in cell lines and tissues (Kulak et al., 2017; Riley et al., 2016) and fully resolve 

complete proteomes of specific brain regions or specific sub-neuronal cell types (Frese et al., 

2017; Sharma et al., 2015). 



13

1

General Introduction

Quantitative proteomics 
The main historical limitations of proteomics are its slower throughput and its less sensitivity 
compared to some of the other large-scale technologies. Improved instrumentation and more 
efficient protocols for sample preparations and data analysis occurred in the last decade, have 
transformed proteomics from a “pure descriptive technique” into a technology that is capable 
of accurate measurement of protein dynamics in any sort of biological sample (Focking et al., 
2006; Ong and Mann, 2005). In particular, the recent advances in the MS-based quantification 
techniques and methods have hugely contributed for a more systematic study of the CNS. In 
proteomics experiments, relative protein quantification can be accomplished by using label free 
strategies or stable isotope labeling. Both methods have been successfully applied in this thesis. 
Label free quantification relies on spectral counting (PSMs, peptide-to-spectrum matches) or 
signal intensities to obtain quantitative information on proteins of interest. Spectral counting 
(PSMs) reflects the total number of spectra identified for a defined protein and provides 
a quantitative indication about its abundance (Lundgren et al., 2010). In this thesis, protein 
quantification based on the number of PSMs was extensively used to infer protein abundance 
of co-interacting proteins in affinity-purification mass spectrometry (AP-MS) experiments. 
To make this method more robust and reproducible, multiple measurements, obtained by 
performing independent experiments, have to be completed. Few limitations are associated 
with this strategy. For example, number of PSMs could be partially influenced by the type 
of protease used for digestion, or by the protein size, finally resulting in “partially-biased” 
measurements of protein abundances. To overcome these problems, more advanced strategies 
exist that allow relative protein quantification with better accuracy (Bantscheff et al., 2012). 
These alternative methods make use of stable heavy isotopes to label biological samples at 
the protein or peptide level. Different isotopes can be then easily distinguished due to their 
different masses in the MS analysis (Altelaar et al., 2013a). SILAC (stable isotope labeling with 
amino acids in cell culture) makes use of stable isotopes of lysine and arginine amino acids, 
which are added directly to the cell growth media (Ong et al., 2002). Although in recent years 
even whole animals were completely labeled with SILAC (Kruger et al., 2008), this method 
is mostly restricted to cultured cells making it suitable for dissected neurons (Spellman et al., 
2008) but not for tissue samples. Isotopic labeling after sample lysis represents a valuable and 
less expensive alternative which is suitable to virtually any sort of biological sample, including 
specific brain areas or tissues. The two most common types of isotopic labeling methods are 
dimethyl labeling or isobaric tags labeling (TMT, iTRAQ). Both of them have been applied for 
the investigation of neuronal protein dynamics in this thesis. Dimethyl labeling targets peptides 
generated after protease digestion converting all the available amines into dimethylamines by 
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using cyanoborohydride and formaldehyde in their unlabeled and stable isotope-labeled forms. 
Quantification occurs at the MS1 level, by comparing the ion intensities of heavy, medium or 
light labeled peptides which are distinguished based on a minimum mass difference of 4Da. One 
of the major advantage of this approach is that is cheaper compared to other labelling techniques 
but still is capable of equivalent depths of analysis providing comparable and accurate results 
(Altelaar et al., 2013a). One of the major technical limitations is represented by the limit in the 
amount of multiplexing that needs to be compared. Typically dimethyl labeling can be used 
for a maximum of three conditions (3plex), however recent technological advances in this 
application now allow relative quantification of up to 5 conditions (5plex) (Wu et al., 2014). To 
overcome the problems due to the limited multiplexing, isobaric tags, such as TMT or iTRAQ 
have been developed. These methods represent a valid alternative when multiplexing for more 
than 3 conditions is required. TMT labeling can now be successfully applied up to 11 different 
conditions, by combining different isotopic labels. Isobaric tags do not differ in total mass in 
MS1, but their resulting products present specific reporter ion signatures after fragmentation 
in MS2. These fragmentation signatures are then used for the identification and quantification 
of the different tags resulting from differential labeling. One of the major advantages of this 
technique relies in its potential to analyze large sample set coming from multiple time points, 
treatments or conditions. Nowadays, in the neuroscience field this reliable quantification method 
is widely used for temporal proteomics analyses in order to investigate multiple time points 
during neuronal development or for spatial proteomics to compare protein profiles of multiple 
brain areas or different neuronal populations (Rauniyar and Yates, 2014). 

Temporal proteomics
Our understanding of the development of the nervous system has been enormously ameliorated 
by our ability to generate in vitro cultures of primary rat or mouse neuronal cells. Neurons 
differentiate and respond to stimuli or external conditions over time by continuously regulating 
their protein profiles. As we mentioned in the previous chapter, protein dynamics of primary 
neuronal cultures can nowadays be precisely monitored by several quantitative-based proteomic 
approaches (SILAC, dimethyl labeling, TMT, iTRAQ). These methods generate in depth 
information about protein expression throughout development and allow accurate detection 
of even small quantitative changes in protein (Zhang et al., 2014). They are also becoming 
increasingly accessible and more accurate. Thanks to their capability of generating in depth 
quantitative data about protein dynamics over multiple time points, our vision is that within 
a few years they will replace entirely other protein detection methods such as classical WB-
approaches which only allow detection of one single protein per experiment and are strongly 
dependent on the availability of the antibodies. In their current state they already represent 
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an essential tool for a neuroscientist who can now directly compare the different proteomes 

of CNS-derived cells almost in every step of their differentiation (Figure 2A) (Frese et al., 

2017; Sharma et al., 2015). These approaches also allow precise monitoring of protein changes 

during disease progression or upon specific treatments with the final aim to unravel potential 

biomarkers or identify novel molecular targets for future therapeutic applications (Figure 2A). 

In particular they can now be directly applied to deeply investigate the proteomes of human-

induced Pluripotent Stem Cells (hiPSCs) derived from patients with neurological diseases. These 

stem cells are raised from human somatic cells with the introduction of specific growth factors 

and differentiated in various neuronal cell types (Takahashi et al., 2007; Yamanaka, 2007). 

By comparing protein profiling of neuronal cells derived from healthy and disease patients 

at critical time points of development it has now become possible to unravel key molecular 

mechanisms underlying genetic neurological disorders (Brennand et al., 2015; Chae et al., 2012; 

Singec et al., 2016). Similarly to hiPSCs, patient-derived 3d cultures and organoid technology 

have been recently shown to recapitulate the in vivo features of the original individual’s tissue in 

a three-dimensional in vitro culture system (Centeno et al., 2018; Dutta et al., 2017). Therefore, 

the application of proteome profiling throughout development by using quantitative proteomics 

on patient-specific tissues or organoids can now contribute to discover new protein targets and 

contribute to the optimization of patient-specific therapeutic approaches (Cristobal et al., 2017; 

Dakic et al., 2017). hIPSCs and organoids will definitely represent the future of neuroscience, 

however they still require further optimization in order to completely substitute the use of 

neuronal primary cultures. Mouse and rat primary cultures are still the preferred working 

model by several labs since they are easier to maintain and to be manipulated (by treatments or 

transfections) and they grow faster. 

Most of the research performed in this thesis is therefore based on quantitative proteomics 

approaches performed on rat dissociated cortical and hippocampal neurons. As we described in 

chapter 2 the application of quantitative proteomics in hippocampal neurons can now provide 

reliable protein profiling with short measurement times and with similar precision and effort 

to routine techniques, such as Western Blotting. Instead of quantifying one or a few proteins, 

the neuroscientist can obtain a detailed global overview of all the changes associated with the 

neuronal system within a spatiotemporal dimension. Moreover, these MS-based quantitative 

approaches are extremely important in specific cases where protein detection by WB or IF is 

not visible (typically in rat derived or mouse derived neurons) due to the lack of good working 

antibodies (see Chapter 6). We therefore envision that in the next few years proteomics will be 

tackling a wide variety of biological questions, especially in the field of neuroscience. 
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Figure 2. Overview of different neuroproteomics applications
(A) Temporal proteomics is applied for the investigation of temporal changes to the proteome, 
during  neuronal differentiation and development, or in response to specific treatment/stimuli (KD, 
overexpression, drug treatment) or in response to a specific neuronal adaptation (synaptic plasticity).
(B) Spatial proteomics is used to infer the spatial diversity of proteins in specific brain tissue regions 
and neuronal cell types, as well their subcellular localization within different neuronal compartments.
(C) Targeted proteomics is mainly used to identify protein-based interactions (AP-MS), post-translational modifications 
(PTMs-MS), subcellular localization of proteins and to get structural information about protein complexes (XL-MS).
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Spatial proteomics
The nervous system is not only constantly changing throughout development but also at 
its complete maturation it is organized in different compartmentalized regions, each one 
characterized by a specific subcellular neuronal population that is more over-represented than 
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others (Figure 2B). A key application and a future challenge for these MS-based quantitative 
methods is to define differential proteomes in these different brain regions, in order to pinpoint 
the minimal variations in protein composition that could underlie the extreme complexity of 
the human brain. In the past proteomic analyses have already created in depth and quantitative 
resources for many defined brain areas, similar to other mapping projects, such as the Allan 
Brain Atlas (Sunkin et al., 2013) or the Connectome project (Glasser et al., 2016). One of the 
first pioneering proteomic works tackling the protein complexity in the brain was represented 
by the Human brain Proteome Project (HbPP) which mapped the different proteomes in human 
brain regions (Hamacher et al., 2008). More recently, a new proteomic brain atlas, consisting 
of about 13,000 different proteins in different mouse brain regions, became available (Sharma 
et al., 2015). Specialization at the cell-type level gives rise to characteristic features to each 
neuronal cell population which can be distinguished by unique morphology, function or staining. 
Besides characterizing neuronal tissue-proteomic patterns several studies have now provided 
quantitative information about specific cell-specific proteomes, including those of neurons, glial 
cells, astrocytes, oligodendrocytes, and their progenitors (Figure 2B) (Chaerkady et al., 2009; 
Frese et al., 2017; Han et al., 2014; Iwata et al., 2013; Sharma et al., 2015). Recent efforts 
in neuroproteomics not only allow protein investigation in particular brain areas or neuronal 
cellular subtypes, which comprise low sample amounts, but also allow detailed characterization 
of intracellular compartments such as the post synaptic density, synaptosomes, or the pre-synaptic 
active zone, by achieving a better subcellular resolution (Figure 2B). Several approaches have 
utilized MS enrichment-based strategies (subcellular fractionation) to isolate the post synaptic 
density (PSD) and to systematically map the proteomes of these subcellular structures (Bayes 
et al., 2012; Peng et al., 2004; Sheng and Hoogenraad, 2007). Following similar enrichment 
approaches, other studies have focused on the MS-based identification and quantification 
of protein complexes composing the active zone or neuronal vesicles (Boyken et al., 2013; 
Witzmann et al., 2005). One of the current limitations of these works is that they heavily rely on 
good purification strategies. At the moment the lack of good protocols for diverse subcellular 
structures limits their in-depth analysis by MS. In this perspective, the recent application of 
new technologies which combine quantitative proteomics with proximity-labeling approaches 
(BioID or APEX) has the potential to become a real game changer in the field (Figure 2C) 
(Chen and Perrimon, 2017; Rees et al., 2015; Roux et al., 2012). In the BioID method, one 
protein targeting a cellular compartment is fused to a biotin protein ligase, which labels all the 
proteins in close proximity in the same compartment, thereby allowing protein investigation 
in their native environment (Roux et al., 2012). APEX (ascorbate peroxidase labeling) makes 
use of the same strategy but with faster labeling dynamics (Martell et al., 2012; Rhee et al., 
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2013). The main advantage of these techniques is that they do not require any fractionation 
protocol optimization, therefore in principle they could be applied for the investigation of any 
sort of neuronal subcellular micro-domain (Han et al., 2018). These methods have already been 
extensively used to elucidate protein complexes, pathways, and subcellular organelles in cell 
lines, and they have been recently applied also for the first time in neurons to quantitatively 
assess the protein composition of excitatory and inhibitory synaptic clefts (Loh et al., 2016).

4. Identification of protein-protein interactions by MS 

Affinity Purification-mass spectrometry (AP-MS)
In the previous section we explained how proteomic methods can monitor protein profiling 
throughout neurodevelopment or can characterize protein composition of specific brain regions 
or subcellular structures. However to get a full insight on the biological role of a protein of 
interest the final goal should be the identification of the structural and functional interactions the 
protein is involved in (Budayeva and Cristea, 2014; Morris et al., 2014). Affinity Purification-
Mass Spectrometry (AP-MS) is a highly effective method for isolating and identifying binding 
partners in any sort of neuronal sample (Figure 2C). AP can be performed using immobilized 
antibodies, proteins, peptides or ligands to isolate protein complexes. Since a successful MS 
analysis requires a considerable amount of purified proteins, AP-MS typically relies on the 
exogenous expression of a target protein linked to an affinity tag. The target protein is usually 
referred as “bait” protein, which works as an affinity probe able to capture the binding partners, 
typically described as “prey” proteins (Morris et al., 2014). Most of the affinity tags are made of 
short hydrophilic peptides (FLAG, HA) and they are often chosen because they do not interfere 
with the folding of the linked protein thanks to their reduced size. Other types of tags are small 
proteins (GST, GFP) or small molecules (biotin) and they are sometimes preferred because 
they could be used in multiple applications such as imaging or other biochemical assays. In this 
form of AP, these tags are added to protein of interest using recombinant DNA technologies 
and then expressed in the cellular model system of choice. In this thesis most of the AP-MS 
experiments were performed using as “bait” GFP-tagged or biotin-tagged proteins. Whenever 
possible biotin was preferred because of its high binding affinity for streptavidin which allows 
very efficient protein purifications (Kay et al., 2009). A more straightforward approach that has 
been less used in this thesis is to make use of an antibody to pull down the endogenous protein 
of interest without transiently expressing it (Altelaar et al., 2013b), however this alternative is 
heavily influenced by the limited availability of specific antibodies, which very often do not 
recognize with high affinity mouse or rat epitopes. Considering these limitations, in order to 
identify neuronal specific interactors, a “hybrid” approach was applied in this thesis (Chapter 
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3). Briefly, biotin- or GFP-tagged proteins were firstly expressed and purified from HEK293 
cells using streptavidin or anti-GFP beads respectively, and then incubated with brain lysates 
obtained from adult rats. Once the protein complexes are co-purified, the samples are separated 
by gel electrophoresis prior to in-gel digestion. By performing in-gel protein digestion it is 
possible to divide the sample in multiple fractions thus reducing its complexity, ultimately 
resulting in a higher number of identifications in the MS analysis (Dunham et al., 2012). To 
exclude interacting proteins from HEK293 cells and to distinguish brain-specific interactors, a 
control AP-MS experiment is performed in parallel with samples not supplemented with brain 
extracts. A representative workflow of the AP-MS methodology described is shown in Figure 3.

Figure 3. Overview of a typical AP-MS experiment in HEK293 cells and in rat brain extracts 
(A-B) The biotinylated-tagged protein of interest is first transiently expressed together with the protein-biotin ligase 
BirA, in HEK293 cells, next bio-tagged proteins with co-precipitating proteins are purified with streptavidin beads. 
For the identification of HEK293 interactors, samples are eluted from the beads after few washing steps and directly 
analyzed by LC-MS/MS (A). To identify brain specific interactions, the “bait” protein is further extensively washed 
with a buffer containing high salt concentrations to remove HEK293 interactors. The  protein is then incubated in vitro 
with protein extracts from adult rat brains and co-purified neuronal proteins are identified by LC-MS/MS (B). 
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Putative binding partners are then analyzed using the SAINT algorithm for scoring AP-MS data. Neuron specific 
binding proteins can be distinguished from interactors of  HEK293 cells by comparing results of the two parallel AP-
MS experiments.  

Compared to other techniques, such as for example the “two-hybrid” assay, AP-MS allows 
the simultaneous identification of several binding proteins of a protein of interest, and can 
give indications whether multiple proteins are co-precipitating together in complexes, even 
providing quantitative information about the stoichiometry and the dynamic changes of the 
protein complex (Gingras et al., 2007; Ngounou Wetie et al., 2013). One potential drawback 
of this method is represented by the high chances of detecting false positives in the analysis, 
which is mainly due to the presence of background proteins. This can be minimized by carefully 
performing negative control AP assays, for instance by using the same support resin without 
the bait or by using a bait, composed of the affinity tag but not including the protein of interest 
(Mehta and Trinkle-Mulcahy, 2016; Mellacheruvu et al., 2013). Proteins enriched in samples 
compared to negative controls can then be discriminated based on the total amount of spectral 
counts or peptides identified, or in case of quantitative proteomic approaches (SILAC, TMT, 
iTRAQ) by comparing their relative abundance measured with the isotopic tags (Armean et al., 
2013; Vermeulen et al., 2008). 
More recently, proximity based labeling approach (such as APEX and BioID previously 
described in this chapter) are also becoming more popular to study protein-protein interactions 
in their native environment. Besides identifying specific proteins present in defined organelles 
or subcellular structures, these methods work perfectly also for the detection of transient and 
weak interactions (Figure 2C). Once interacting proteins are biotinylated by a promiscuous 
biotin ligase mutant (BirA) fused to the protein of interest due to their proximity, they can then 
be subjected to harsh lysis and more stringent enrichment and washing steps which reduce the 
background binding problem (Chen and Perrimon, 2017; Smits and Vermeulen, 2016).
Cellular aggregates can also be purified and analyzed by MS as physiological protein complexes. 
Protein aggregates are pathological hallmarks typical of several neurodegenerative diseases. 
Aggregate formation proceeds following consecutive temporal steps. Initially monomers are 
transformed into soluble oligomers which then turn into insoluble fibrils or inclusion bodies 
along with the disease progression. During these pathological processes, normal proteins are also 
often sequestered into aggregates causing a loss of function phenotype. It is therefore extremely 
important to investigate the intrinsic nature of these aggregates. In fact, despite their clinical 
relevance very little is known about their precise protein composition. Optimized protocols for 
mechanical disruption and solubilization of these aggregates and controlled in vitro preparations 
of these entities allow a spatial and temporal characterization which can be achieved by 
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advanced proteomics based techniques. For instance, the interactomes of aggregation-prone 
disease proteins have been successfully characterized by quantitative MS (Hosp et al., 2015) 
and more recently profiling of Huntington inclusions has been performed (Hosp et al., 2017; 
Kim et al., 2016). These studies show drastic protein loss due to sequestration into aggregates. 
Similarly, Chapter 5 of this thesis described in detail the proteomic based approach we used to 
identify the brain proteins sequestered by Tau pathological oligomers and fibrils at different 
time points of their aggregation.

Protein-protein interaction analysis by chemical cross linking-MS (XL-MS) 
Chemical cross-linking mass spectrometry (XL-MS), similarly to proximity-proteomics could 
be used as a complementary approach to classical AP-MS, thanks to its enhanced capability 
of detecting and mapping weak and transient interactions (Figure 2C) (Sinz, 2018; Yang et al., 
2015).With this method, two amino acid residues that are in close proximity are covalently 
bound by a cross-linker, which consists in a reactive molecule composed by two functional 
lateral groups separated by a space arm. Several types of cross-linkers are currently available. 
XL-MS uses the characteristic distance constraint provided by each specific cross-linker to 
detect intra-protein and inter-protein interactions within molecular complexes. The distance 
constraint is equivalent to the length of the space arm summed to the lengths of the side chains 
of two cross-linked residues (Liu and Heck, 2015; Sinz, 2014) . In standard XL workflows, 
affinity purification of the protein of interest is performed before the cross-linking reaction and 
cross‐linked residues are identified by MS after enzymatic digestion of the linked proteins. The 
main advantage of this technique is that not only identifies novel interacting partners but offers 
meaningful information about their binding interfaces directly involved in the interactions (Liu 
et al., 2017). Although the resolution of the domain structures resolved by XL-MS is still limited 
compared to other techniques, such as X-Ray, NMR( Nuclear Magnetic Resonance) or cryo-EM 
(Cryogenic Electron Microscopy), at the moment XL-MS represents a convenient and attractive 
solution for gaining structural data without using huge amount of proteins and without dedicated 
technologies. For example in chapter 3 of this thesis XL-MS was used in combination with 
classical AP-WB approaches to infer KIF1A intra-molecular interactions underlying KIF1A 
tail conformation. One other recent alternative of cross‐linking is that it can also be applied 
efficiently in vivo, offering the opportunity to investigate protein–protein interactions directly 
in the cell (Kaake et al., 2014). Boosted by huge advances in data analysis methods, XL-MS can 
now provide valuable conformational information not only of individual protein complexes but 
also of the entire proteome (Liu et al., 2015; Lossl et al., 2016). Despite the huge improvements 
global XL-MS studies are still challenging due to the limited amount of cross-linked peptides 
detected by MS and to the computational difficulties of the data analysis (Liu and Heck, 2015). 
In neurobiology another interesting application of cross-linking could be represented by the 
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detailed characterization of neuro-receptors interactomes. Similar studies have been already 
proven to be successful in the investigation of receptor protein complexes in different types of 
cell lines (Deroo et al., 2015; Komolov et al., 2017).

5. Phosphoproteomics and analysis of post translational modifications 
(PTMs)
Phosphorylation is the most characterized type of PTM. Phosphorylation typically mediates 
conformational changes in protein structures often resulting into allosteric regulation or 
modulation of protein-protein interactions. Reversible phosphosites are usually located in crucial 
positions, for example in proximity of regulatory regions or docking sites, thus controlling 
activation/inactivation or binding/unbinding of specific proteins involved in cell signaling. 
Phosphorylation-mediated signaling is extremely important in neuronal synapses. Pioneering 
proteomics work in the field identified the post synaptic density (PSD) as composed of 466 total 
proteins (Collins et al., 2006), ~60 of which are kinases phosphorylating ~ 1000/1500 phospho-
sites in mouse (Collins et al., 2005; Munton et al., 2007; Trinidad et al., 2008). A more recent 
survey on proteomic studies about protein synaptic composition indicated that more than 2700 
different proteins are localized at post- and pre-synaptic sites (Pielot et al., 2012), consequently 
the number of expected synaptic phospho-sites is expected to be significantly higher. 
Learning and memory changes are encoded via synaptic plasticity which is directly correlated 
with the two main molecular processes modulating synaptic activity, named long-term 
potentiation (LTP) and long-term depression (LTD). LTP results in a persistent enhancement 
of synaptic transmission while in the complementary process of LTD the efficacy of synaptic 
transmission is reduced. Huge reorganization of proteins takes place during LTP and LTD and is 
usually achieved by changes in the levels or activity of signaling molecules such as kinases and 
phosphatases within the PSD. Quantitative phospho-proteomics approaches allow to precisely 
map the dynamics of these phosphorylation events which regulate the main synaptic proteins 
such as NMDARs, AMPARs, CaMKII, and PSD-95. For example activation of the NMDA 
receptor leads to changes in the phosphorylation of over 200 sites on 127 proteins (Coba et al., 
2009). In a similar fashion, stimulation of dopamine receptor triggers a different combination of 
phosphorylation events leading to activation of DA-PKA-Rap1-MAPK intracellular signaling 
pathway (Nagai et al., 2016). Lately, a phospho-proteomic work in the brain, highlighted 
the importance of the phosphorylation–dephosphorylation cycle of ~80 synaptic proteins in 
regulating synaptic sleep–wake homeostasis and in maximizing cognitive functions of the brain 
(Wang et al., 2018). 
Despite the importance of this PTM, the stoichiometry of phosphorylated proteins is low in 
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cells, therefore a dedicated enrichment step is necessary to study this modification (Mann et 
al., 2002; Zhou et al., 2013). For instance, in Strong Cation Exchange (SCX) chromatography, 
phosphorylated peptides, containing a negative group, are separated based on their net charge 
and are typically eluted before the bulk of non-phosphorylated peptides from the SCX column 
(Alpert et al., 2010; Mant and Hodges, 1985). Other phosphopeptide-enrichment strategies 
include purification by phosphosite-specific antibodies, chelation, using immobilized metal 
affinity chromatography (IMAC) resins, where negatively charged phosphopeptides bind to 
positively charged metal ions, or separation by titanium dioxide (TiO2) (Figure 2C) (Huang et 
al., 2014). One of the main problems of these enrichment strategies is that they require a certain 
amount of sample which can be problematic when working with dissociated cultured neurons, 
where the yield of harvested proteins is limited. However, new automated phosphopeptide-
enrichment methods have been recently optimized allowing high-throughput identifications of 
PTMs from low sample amounts of primary hippocampal neurons (Post et al., 2017). More 
targeted approaches can be also applied to map novel phospho-sites on a protein of interest. 
For these applications, the protein of interest is first separated from the complex mixture (using 
antibodies or specific tags) and subsequently analyzed by MS to precisely map the position 
of the phosphate groups on potential phosphorylated residues. The advent of ETD (Electron 
Transfer Dissociation) based fragmentation in combination with classical HCD and CID has 
dramatically increased the phosphosite localization scores (Frese et al., 2013; Wiesner et al., 
2008). 
Although most of the emphasis has been placed on phosphorylation, other PTMs can also 
be detected by similar kind of proteomic experiments. Just to cite a few, palmitoylation of 
neuronal integral and peripheral membrane proteins, influences protein function and trafficking 
(Dejanovic et al., 2014; Tortosa et al., 2017) and can now be investigated in depth by systematic 
MS studies (Kang et al., 2008). Ubiquitylation is involved in regulating protein turnover and 
mis-regulation of the ubiquitin-mediated degradation which can lead to multiple neurological 
diseases (Thompson et al., 2008). High-throughput proteomic technologies can now resolve 
both the presence and the type of ubiquitin linkage and even providing quantitative values 
(Ordureau et al., 2015; Ordureau et al., 2018). Glycosylation in the brain can also be precisely 
monitored using quantitative proteomics. This particular PTM seems to be dynamically 
modulated by excitatory stimulation in the brain, suggesting a potential role during synaptic 
plasticity (Khidekel et al., 2007). Altogether these studies show that the latest applications of 
neuroproteomics can precisely monitor not only global changes in protein expression but also 
the synchronized modifications and the PTMs cross talks occurring upon different stimulations 
and/or neuronal maturation. 
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6. Scope of this thesis
Proteins are highly dynamic entities which can modulate their cellular functions based on their 
expression level profiles and their intrinsic capabilities of forming complexes and networks in 
response to differentiation or stimulation. In neurobiology the investigation of protein dynamics 
has always been challenging due to the vast cellular heterogeneity in the CNS and the small 
numbers of cells (and consequently proteins) available. Over the last decade neuroproteomics 
has enormously contributed to the understanding of some of the major challenges in 
neurobiology. Considering that the combined application of multiple approaches and techniques 
is often the key for a complete comprehension of a biological event, we envision that MS-based 
approaches along with other –omics approaches will shortly become routine applications for the 
neuroscientist aiming to study neurological processes in more detail. In this thesis we applied 
the latest techniques in proteomics to study neuronal differentiation, kinesin-mediated neuronal 
transport and protein-interaction networks in the brain.

In Chapter 2 we perform a systematic and in-depth analysis of proteome dynamics in 
cultured hippocampal neurons at various developmental stages, including axon outgrowth, 
dendritogenesis and synapse formation. Using a combination of stable isotope labeling and 
high-resolution tandem mass spectrometry (MS/MS) we show that almost one third of all 4500 
neuronal proteins quantified undergo a more than two-fold expression change during neuronal 
differentiation, indicating extensive remodeling of the neuron proteome. By using AP-MS 
and cell biological assays we also reveal an unappreciated role for the classic ‘axon guidance 
molecule’ neural cell adhesion molecule 1 (NCAM1) in dendritic development. Besides its 
role in the axon, we show that NCAM1 is strongly upregulated during dendritogenesis and 
stimulates dendritic arbor development by promoting actin filament stabilization at the dendritic 
growth cone.

In Chapter 3 we address the role of the kinesin-3 family member KIF1A in transporting DCVs 
in dendrites. By performing a systematic AP-MS approach we identify the neuronal KIF1A 
interactome and focus on three binding partners, the calcium binding protein Calmodulin (CaM) 
and two synaptic scaffolding proteins: liprin-α and TANC2. We report that calcium, acting via 
CaM, enhances KIF1A binding to DCVs and increases vesicle motility in dendrites. In addition 
we show that liprin-α and TANC2 are mainly localized in dendritic spines and help in recruiting 
KIF1A-driven DCVs to synaptic sites. In general our combined proteomics-cell biological data 
describe a novel loading and delivery mechanism for KIF1A-driven vesicles.

In Chapter 4 we identify the interacting binding partners of different domains of the kinesin-3 
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family members KIF13B and KIF1A using AP-MS. We further investigate the role of these 
domains in transporting specific cargos in neurons by using a “split kinesin binding assay” 
previously described by (Jenkins et al., 2012). We discover that specific regions such as the MBS 
domain on KIF13B and the Liprin Binding Domain (LBD) on KIF1A (and consequently the 
specific adaptor proteins interacting with these regions, namely DLG and liprin-α respectively) 
are not directly required for the formation of the motor-cargo complex and therefore are not 
directly required for cargo transport, as previously hypothesized. 

In Chapter 5 we apply a MS-based approach to characterize the aberrant interacting partners 
sequestered by Tau pathological aggregates at different time point of aggregation. We also test 
the effect of the chaperone Hsp-90 on Tau aggregates by analyzing Tau interactome in samples 
supplemented with Hsp-90. Results suggest that specific MT binding proteins, RNA binders are 
sequestered into Tau fibrillary aggregates and their abnormal sequestration can be rescued by 
the activity of the chaperone Hsp-90 which prevents the aggregation of Tau, keeping it in its 
soluble monomeric conformation.

In Chapter 6 we apply quantitative MS-based technologies to: i) measure protein expression 
levels of TRIM related proteins in neurons depleted for the axon initial segment protein 
TRIM46; ii) verify KD-efficiency for several shRNAs directed against proteins known to 
shape ER morphology (REEPs, DP1) in neurons. We also use AP-MS in brains and cells to: i) 
characterize HAUS2 and HAUS6 protein complexes; ii) identify interacting binding proteins of 
SCRN1 (Secernin1) which is a protein we demonstrate is involved in the synaptic vesicle cycle.  

In Chapter 7 we discuss the critical steps required to ensure a correct neuronal differentiation 
highlighting the importance of microtubule dependent transport in this process. We mainly focus 
on the regulation of kinesin motors and in the predominant role of kinesin 3 motors (KIF1A 
and KIF13B) in transport of vesicles in dendrites and into dendritic spines. In the final part we 
provide an outlook on future research and applications in the study of motor protein regulation.
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ABSTRACT
Neuronal differentiation is a multistep process that shapes and re-shapes neurons by progressing 
through several typical stages, including axon outgrowth, dendritogenesis, and synapse 
formation. To systematically profile proteome dynamics throughout neuronal differentiation, we 
took cultured rat hippocampal neurons at different developmental stages and monitored changes 
in protein abundance using a combination of stable isotope labeling and high-resolution liquid 
chromatography-tandem mass spectrometry (LC-MS/MS). Almost one third of all 4,500 proteins 
quantified underwent a more than 2-fold expression change during neuronal differentiation, 
indicating extensive remodeling of the neuron proteome. To highlight the strength of our 
resource, we studied the neural-cell-adhesion molecule 1 (NCAM1) and found that it stimulates 
dendritic arbor development by promoting actin filament growth at the dendritic growth cone. 
We anticipate that our quantitative map of neuronal proteome dynamics is a rich resource for 
further analyses of the many identified proteins in various neurodevelopmental processes.



35

Quantitative map of protein dynamics during neuronal differentiation 

2

INTRODUCTION
The ability to generate in vitro cultures of primary rat or mouse neuronal cells has been 
fundamental to advancing our understanding of the development and functioning of the nervous 
system. A major advantage of performing experiments in primary hippocampal culture systems 
is that neurons resynchronize in culture prior to further differentiation (Dotti et al., 1988). This 
allows systematic processing and analyses of neuronal populations at the same developmental 
stage, which is particularly helpful for global system-wide analyses. Pyramidal neurons, the 
principal neuronal cell type in the hippocampus, account for the vast majority of the total 
neuronal cell population within these preparations and express many key phenotypic features of 
various neuronal cell types. The stages of neuron development in culture have been categorized 
and provide a starting point for studying neurodevelopmental processes, such as neuronal 
polarity, dendrite development, and synapse formation (Dotti et al., 1988). Directly after plating 
and attaching to the substrate, the cells develop lamellipodia around the soma (stage 1) that, 
within a few hours, transform into several short and highly motile neurites (stage 2). Quickly 
after, the neurons polarize upon which one of the several neurites develops into an axon (stage 
3). Around day in vitro 4 (DIV4), dendrites start to develop from the minor neurites (stage 4); 
this process is much slower than axonal outgrowth and specification and lasts for several days. 
After 1 week in culture, synaptogenesis begins, and neurons form functional synaptic contacts 
and, in the following weeks, undergo further neuronal maturation (stage 5).
Several studies have been reported monitoring global gene expression changes in developing 
rodent neurons (Mody et al., 2001; Dabrowski et al., 2003), albeit nearly all at the mRNA 
transcript level. These studies revealed that large changes in mRNA expression occur across 
different stages of hippocampal neuronal development (Dabrowski et al., 2003). Several 
earlier studies have been reporting differential gene expression during the specialization of 
the axon and dendrites in hippocampal primary culture systems. In more recent studies, also, 
the expression of non-coding regulatory RNAs has been profiled in developing neurons (van 
Spronsen et al., 2013). Transcriptome analysis of different brain regions and different cell types, 
including cortical primary neurons, has been compared with data from large-scale quantitative 
proteomic screens (Sharma et al., 2015). However, in many cases, the gene expression changes 
measured with transcriptomics approaches do not completely reflect the changes measured at 
the protein level. Several studies have shown that the correlation between mRNA and protein 
expressions can be low due to several factors such as protein turnover, half-lives, and other 
post-transcription mechanisms (Low et al., 2013). Moreover, a single mRNA can be translated 
multiple times, introducing another level of complexity in correlating such data. In this context, 
we argue that applying advanced MS methods and quantitative proteomics approaches to 
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systematically profile protein expression during neuronal differentiation will provide a better 
proxy for changes in protein expression.
Here, we perform a systematic and in-depth proteome analysis of hippocampal neurons in culture 
and established a quantitative map of neuron-specific proteome dynamics during developmental 
stages 2–3, 4, and 5. Our dataset comprises 6,753 protein identifications, of which more than 
4,300 were quantified over all time points, covering crucial neuronal developmental processes, 
including axon outgrowth, dendrite formation, and synaptogenesis. About one third of the 
proteins reveal substantial changes in protein expression throughout the neuronal differentiation, 
clearly highlighting the extensive reprogramming of the proteome. Our analysis revealed an 
unappreciated role for neural-cell-adhesion molecule 1 isoform 180 (NCAM180) in dendritic 
development. NCAM180 is strongly upregulated during dendrite outgrowth, is highly enriched 
in dendritic growth cones, and interacts with a large variety of actin-binding proteins.

RESULTS

Global Proteomic Signatures of Developing Hippocampal Neurons
To profile neuronal proteome alterations during differentiation, primary hippocampal neurons 
were grown in serum-free neurobasal medium, enabling rapid differentiation and maturation 
(Dotti et al., 1988). Cells were harvested after DIV1, DIV5, and DIV14, corresponding to 
neuronal developmental stages 2–3, 4, and 5, respectively, as described recently (van Spronsen 
et al., 2013). These stages are associated with the distinct neuronal differentiation processes, 
namely axon formation and specification (stages2–3/DIV1), dendrite outgrowth (stage 4/DIV5), 
synaptogenesis, and maturation (stage 5/DIV14). For in-depth quantitative proteome analysis, 
cell lysates of the three time points were subjected to tryptic digestion (Figure 1A), triplex 
stable-isotope dimethyl labeling (Boersema et al., 2009), strong cation-exchange (SCX)-based 
fractionation, and nano-ultra-performance liquid chromatography (nano-UPLC) coupled to 
high-resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS). Quantification 
of relative protein expression changes was performed based on the MS signal intensities of the 
stable isotope-labeled peptide ions (Figure 1A). In total, 46,869 unique peptides from 6,753 
unique proteins were identified (median unique peptides per protein = 6.9). Tissue enrichment 
analysis against the whole Rattus norvegicus proteome as background revealed that the dataset 
covers large parts of hippocampal neuron-specific proteins (Fisher’s exact test, adjusted p = 
2.3E-51; Figure 1B). Overall, 4,354 proteins were quantified across all time points (median ratio 
count = 14; Table S1). The averaged relative protein abundances span five orders of magnitude 
(Figure 1C). Within the 25% most abundant proteins, we observed numerous neuron-specific 
proteins. Gene Ontology (GO) enrichment analysis, with respect to cellular component, 
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highlights proteins located in the axon and nerve terminal (‘‘neuron projection terminus’’) 
as being among the most abundant proteins, besides more commonly detected nucleosomal 
proteins and the proteasome (Figure 1C). Scatterplots of the log2-transformed protein ratios 
(DIV5/DIV1 and DIV14/DIV5) and a heatmap of Pearson correlation scores illustrate the good 
correlation between biological replicates (Figure 1D; Figure S1A). In total, 1,793 proteins show 
more than 2-fold (log2 scale < -1 and > 1) expression changes, indicating extensive remodeling 
of at least one third of the neuron proteome during differentiation (Figure S1B).
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Quantitative Analysis of Proteome Dynamics during Neuron Differentiation
We assessed the global proteome changes of 4,354 proteins quantified across all time points. 
Close inspection of proteins that were considered not significantly changing (Supplemental 
Experimental Procedures) revealed general protein metabolism and catabolism as the main 
processes that are not substantially differentially regulated during neuronal differentiation. This 

Figure 1. MS-Based Quantitative Proteomic Analysis of Developing Hippocampal Neurons in Culture
(A) Workflow of quantitative neuroproteomic analysis.
(B) Tissue enrichment analysis of all identified proteins using the Database for Annotation, Visualization, and Integrated 
Discovery (DAVID).
(C) Distribution of protein abundances, spanning five orders of magnitude.
(D) In total, 4,354 proteins were quantified across all time points, and good correlation between biological replicates is 
observed. See also Table S1.
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is reflected by several GO terms, such as ‘‘translation’’ (adjusted p value 9.8E-8) and ‘‘protein 
catabolic process’’ (p = 7.5E-6), and the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
terms ‘‘ribosome’’ (p = 9.9E-5) and ‘‘proteasome’’ (p = 6.8E-4) that were found overrepresented 
(Figure S1C). Together, these findings imply that the global protein turnover rates are not 
substantially affected in the course of proteome remodeling during neuronal differentiation.
To obtain an unbiased view of the proteome expression dynamics during neuronal differentiation, 
we performed unsupervised fuzzy clustering of all significantly changing proteins. This analysis 
resulted in six clusters of distinct expression profiles (Figure 2A), with proteins upregulated 
during differentiation in clusters 1, 2, and 3 and proteins downregulated present in clusters 4, 5, 
and 6. We next investigated whether the clusters revealed proteins with developmental stage-
specific expression patterns. Indeed, many proteins within specific clusters shared functionalities 
related to their cellular component, molecular function, or their contribution to distinct biological 
processes (Figure 2B).Complete GO annotations for each cluster can be found in Figure S2. 
Cluster 6 contains proteins strongly downregulated from DIV1 to DIV5 and, to a lesser extent, 
from DIV5 to DIV14, indicating a precisely timed downregulation during early neuronal 
differentiation. Proteins in this cluster are mainly involved in early differentiation processes of 
post-mitotic neurons, which do not proliferate and remain arrested in G0 phase, exemplified by 
multiple proteins involved in the regulation of cell cycle and DNA replication, such as DNA 
helicases. This includes minichromosome maintenance complex proteins (Mcm2–Mcm7) as 
well as DNA polymerase delta (Pold2), replication factor 5 (Rfc5), and Flap endonuclease 1 
(Fen1) (Figure 2C). Downregulation of proteins related to cell cycle and DNA replication have 
been similarly observed in other terminally differentiating cells (Kristensen et al., 2013). In line 
with these findings, we detected slight upregulation of cyclin-dependent kinase 5 (Cdk5) (Figure 
S3A), which is known to be exclusively expressed in post-mitotic neurons and is involved in 
suppressing cell-cycle reentry (Zhang and Herrup, 2011).
Proteins in cluster 4 exhibit a strong downregulation from DIV5 to DIV14 (Figure 2A). Many 
proteins in this cluster are associated with RNA metabolism (Figure 2B), exemplified by a 
highly connected group of mRNA polyadenylation factors (Figure 2C). Interestingly, several 
transcription factors, which play key roles in neuronal differentiation, are also allocated to this 
cluster. A prominent example of this subset of proteins is the neuron-specific transcription factor 
Sox11, which is the most downregulated protein in the total dataset (expression level decreases 
about 40-fold from DIV1 to DIV14; see also Figures 4A and 4B). The onset of Sox11 expression 
is known to overlap with decreased expression of Sox2 (not quantified in our data) in neuronal 
committed proliferating progenitor cells, promoting differentiation into premature neurons 
(Haslinger et al., 2009). 
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Figure 2. Dynamic Proteome Remodeling during Neuronal Differentiation
(A) Unsupervised clustering of proteome dynamics revealed six clusters with distinct protein expression profiles. n 
represents the number of proteins per cluster.
(B) Gene ontology enrichment analysis of each cluster was performed using a Fisher’s exact test (cutoff p < 0.002,  
Benjamini-Hochberg corrected). Representative biological processes (BP), molecular functions (MF), cellular 
components (CC), and protein classes (PC) that are overrepresented in one of the clusters are visualized. 
(C) Protein network analysis showing highly connected proteins that are representative for each cluster.
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Likewise, transcription factor Bcl11a, which has been identified as a negative regulator of axon 
branching and dendrite outgrowth (Kuo et al., 2009), follows the expression profile of cluster 4. 
Other related transcription factors are allocated to cluster 5 (sustained decrease of relative protein 
levels from DIV1 to DIV14); for instance, Foxg1 and Sox11-interacting protein Pou3f2, both of 
which play important roles in the early to mid-neurogenesis of postmitotic neurons (Dominguez 
et al., 2013; Hsieh, 2012). Another transcription factor found in cluster 5 is Tbr1, which is 
expressed in early postmitotic neurons, promotes neurogenesis, and functions as a repressor 
of astrocyte formation (Mendez-Gomez et al., 2011). Moreover, Tbr1 has been reported to be 
involved in regulation of axon pathfinding (Hevner et al., 2006), a process that is part of the 
major developmental changes from stage 2 to stage 3. Collectively, our data show that neuronal 
differentiation and maturation from stages 2–3 to stage 5 resonate with a gradual decrease of 
several transcription factors that are key regulators in the early events of neurogenesis and 
initial axon formation. Notably, Sox8, another member of the SRY-related HMG (high-mobility 
group)-box gene family, shows a minor increase from DIV1 to DIV5 and an elevated increase 
from DIV5 to DIV14 (cluster 1). Sox8 is reportedly involved in the regulation of terminal 
differentiation of oligodendrocytes (Stolt et al., 2004). Late upregulation from developmental 
stage 4 to stage 5 suggests that Sox8 might also be involved in the terminal differentiation of 
neurons. However, its functional role in the later stages of neuronal development remains to be 
unveiled.
Cluster 5, representing a constant decrease of relative protein levels over time (Figure 2A), 
is enriched for proteins associated to chromatin (Figure 2B). Steady downregulation of 
histone methyltransferases (Ehmt1 and Wdr5), acetyltransferases (Kat8 and Hat1), and 
histones (Hist1h1b, Hist1h1a, and H2afy2) indicate an ongoing remodeling of the chromatin 
architecture during neuronal differentiation (Figure 2C). The GO term ‘‘mRNA binding’’ 
was also found specifically enriched in cluster 5. In fact, 42 out of 103 proteins classified as 
RNA-binding proteins (RBPs) (Table S2) are allocated to this cluster and undergo, on average, 
3-fold downregulation (log2 scale = 1.6) from DIV1 to DIV14. Post-transcriptional regulation 
by RBPs controls gene expression and diversification and is known to accurately coordinate 
spatiotemporal differentiation of neurons (DeBoer et al., 2013). A prominent member of this 
cluster is Polypyrimidine tract-binding protein 2 (Ptbp2). Ptbp2 is predominantly expressed in 
brain tissue during the early stages of neurogenesis, and its main function is the precisely timed 
negative regulation of alternative splicing events of a distinct set of target genes that play key 
roles in neuronal differentiation (Sawicka et al., 2008). Therefore, we mined our data for proteins 
whose transcripts are targets of Ptbp2 (Licatalosi et al., 2012). We observed that the decrease 
in Ptbp2 levels coincides with increased expression of several proteins whose transcripts are 
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targets of Ptbp2 (including Camk2b, Camk2g, Psd95, Dnm1, Ppp3cb, and Numb). Interestingly, 
we observed for three other target proteins, whose transcript levels were found elevated in that 
study, no significant expression changes (Sorbs2 and Pum2) or only a slight decrease (Sympk, 
cluster 5) in our dataset. Notably, the neuron-specific RBPs Nova1 and Nova2, which are direct 
interactors of Ptbp2, show no significant expression change from DIV1 to DIV14. Among the 
upregulated RBPs are Pura and Purb, which, besides their molecular function in RNA binding, are 
known transcriptionally active DNA binders. Pura and Purb undergo a highly similar expression 
increase from DIV5 to DIV14 (cluster 1), indicating a specific role in synapse formation and 
later maturation processes. Indeed, reduced synapse formation was observed in Pura knockout 
mice (White et al., 2009), supporting a presumed role during synaptogenesis. Notably, a third 
member of the Pur family, Purg, shows stronger and earlier upregulation compared to Pura and 
Purb, suggesting involvement in differentiation events preceding synapse formation. Together, 
these findings support highly coordinated reorganization of the protein network orchestrating 
post-transcriptional gene expression regulation during neuronal differentiation (Loya et al., 
2010).
The proteins in cluster 1 show a substantial increase in relative expression levels from DIV5 to 
DIV14 (Figure 2A). This expression profile corresponds to stage-specific upregulation during 
maturation from stage 4 to stage 5. Distinct GO terms, which were found enriched in cluster 1, 
cover proteins involved in several metabolic processes, including polysaccharide, amino acid, 
and lipid metabolism (Figure 2B). Closer inspection of the corresponding proteins revealed that 
most of them function as catalytic enzymes in lysosomes (e.g., cathepsin L1, arylsulfatase B, 
and dipeptidyl peptidase 2; Figure 2C). Endosomal trafficking is a key control mechanism in 
synapse formation and modulation of synaptic plasticity. For example, postsynaptic receptor 
density is governed by the interplay of endosomal recycling and endosome-lysosome trafficking. 
Therefore, the observed upregulation of lysosomal proteins in the course of neuronal development 
could reflect an increase in the cellular capacity for the degradation via the lysosomal pathway.
Cluster 3 comprises proteins that undergo increased expression from DIV1 to DIV5, while the 
expression changes from DIV5 to DIV14 are marginal (Figure 2A). Many proteins in this cluster 
are associated with cell adhesion and cell-cell signaling-related GO terms (Figure 2B). This 
includes several transmembrane receptor kinases involved in cell adhesion, migration, axon 
guidance, and dendrite formation. For instance, prominent members of this cluster are growth 
factor receptors Egfr and Fgfr1; neurotrophin receptor Ntrk3; semaphorin receptor Plxnd1; 
and axon guidance cues Slit1, Slit2, and Slit3 (Figure 2C). Moreover, numerous cell-adhesion 
proteins also follow the expression pattern of cluster 3, which will be discussed in detail later.
Cluster 2 represents a group of proteins whose expression levels constantly increase from DIV1 
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to DIV5 and from DIV5 to DIV14 (Figure 2A). GO analysis revealed the enrichment of several 
terms related to cation transport and neurotransmitter secretion in this cluster (Figure 2B), as 
exemplified by several highly connected subunits of various ATPases (Figure 2C). Furthermore, 
the majority of the significantly regulated synaptic proteins belong to this cluster (GO term 
‘‘synaptosome’’), which will be discussed in the following sections.

Coordinated Proteome Dynamics of Proteins in Complexes during Differentiation
We next sought to characterize concerted dynamics of proteins within previously annotated 
protein complexes. Statistical assessment of the significance of co-regulated proteins revealed 
coordinated expression changes for proteins involved in several cellular processes during 
neuronal development (Table S3). This includes, for example, nuclear transport (nuclear pore 
complex), cell-cycle control (anaphase-promoting complex, APC/C), and DNA replication 
(MCM complex) (all p < 0.005; Figure 3A), providing further evidence for continuous 
chromatin remodeling during terminal differentiation of post-mitotic neurons. Conversely, 
the same statistical analysis can reveal proteins that deviate from the expression profile of 
the corresponding complex or family, indicating a neuron- or developmental stage-specific 
function. This is nicely illustrated by expression profile analysis of SNARE proteins from the 
syntaxin family, revealing neuron-specific expression. Syntaxin proteins are important players 
in vesicle docking and fusion with target membranes. We observed continuous upregulation of 
Stx1a and Stx1b from DIV1 to DIV14 (Figure 3B; Figure S3B), both of which are specifically 
expressed in neuronal and secretory cells, playing a key role in neurotransmitter secretion. All 
other syntaxins undergo no substantial expression changes (Figure 3B; Figure S3B), indicating 
that syntaxin-mediated intracellular transport processes, including endosomal (Stx7, Stx8, 
and Stx12), endoplasmic-reticulum (ER)-to-Golgi- (Stx5 and Stx18), and trans-Golgi (Stx6 
and Stx16) trafficking, are not regulated by expression changes of syntaxins in the course of 
neuronal differentiation.
Next, we determined whether this approach was able to resolve neuron-specific isoforms that 
modulate distinct functions within protein complexes. Adaptor protein (AP) complexes are 
involved in intracellular vesicular transport and cargo selection by binding to sorting signals. 
The AP2 complex mainly plays a role in endocytosis from the plasma membrane, whereas 
AP3 is important for trans-Golgi sorting events (Boehm and Bonifacino, 2001). All subunits 
of the AP2 adaptor complex show a significant (p < 0.005) coordinated upregulation from 
DIV1 to DIV14 (Figure 3A), following the expression profile of most synaptic proteins 
(cluster 2; Figure 2A). Strikingly, this does not hold for the AP3 complex (p = 0.209), where 
one isoform of the Ap3b subunit (Ap3b1) diverges from the common expression profile of the 
other complex proteins, including the neuron-specific isoform Ap3b2 (Figure 3B), implying 
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Figure 3. Significance Analysis of Protein Expression Profile Similarities for Proteins within Families or 
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(A) Examples of tight co-regulation of proteins that are part of larger protein complexes during neuronal development 
(all p < 0.001). A complete list is given in Table S3.
(B) The same analysis reveals proteins within complexes or families that undergo divergent expression during 
differentiation. Hierarchical clustering further differentiates divergent protein expression. Error bars represent SD.
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functional regulation of the complex activity by Ap3b. It has recently been shown that neuronal 
AP3 complexes are assembled by one of the two Ap3b isoforms, regulating distinct vesicular 
sorting processes (Seong et al., 2005). Neuron-specific Ap3b2-containing AP3 mediates cargo 
sorting preferentially into synaptic vesicles, while ubiquitous Ap3b1-containing AP3 more 
likely promotes cargo delivery toward the lysosomes (Newell-Litwa et al., 2009). Moreover, 
neuronal AP3 was shown to be 4-fold more abundant in axons and dendrites than ubiquitous AP3 
(Seong et al., 2005). Together, this substantiates our data across developmental stages 2–3 to 5, 
which are accompanied with dendrite formation, synaptogenesis, and maturation. The richness 
of the neuron-specific proteome allowed us to further explore expression profiles of several 
other protein families. We observed distinct regulation of members of the tyrosine-protein 
phosphatase family, where receptor-type tyrosine phosphatases (Ptpr) undergo upregulation 
during neuronal differentiation, whereas most non-receptor-type tyrosine phosphatases (Ptpn) 
showed no expression changes (Figure 3B; Figure S3B).
Hierarchical clustering further supports this observation by clearly separating the two subclasses. 
Ptps are important in signal transduction via a highly coordinated interplay with kinases (Tonks, 
2013), and both classes are involved in cell-adhesion processes. Upregulation of the receptor-
type Ptps implies an increased demand for cell-adhesion molecules in the course of dendrite 
outgrowth and synapse formation. Similar observations were made for members of proteins 
from the Atp1- and Ca2+/calmodulin-dependent protein kinase families. The main function 
of the Na/K-ATPase complex in neurons is to maintain the resting potential by using large 
amounts of the total cellular ATP supply. Interestingly, we observed that expression levels of 
Atp1b3 remain unchanged during neuronal differentiation, whereas all other subunits undergo 
upregulation, indicating a potential functional regulation through a stoichiometric change of 
the complex (Figure 3B; Figure S3B) (Ori et al., 2016). The ratio between the a and b subunit 
is 1:1 during assembly in the ER; however, the degradation rate of b subunits is known to 
be significantly higher. Moreover, each b isoform confers a different ATPase activity; thus, 
a change in stoichiometry indicates a potential cellular mechanism to regulate pump activity 
according to changes in Na+ or K+ concentrations, allowing maintenance of the resting 
potential or adjustment for changes in cell volume during neuronal differentiation. For the 
Ca2+/calmodulin-dependent protein kinase family, we observed that Camk2 proteins, overall, 
upregulated during neuronal differentiation, whereas expression levels of the members of the 
Camk cascade (Camkk, Camk1, and Camk4) remained unchanged (Figure 3B; Figure S3B). 
The various Cam kinases differ in their subcellular localization. Camk2 predominantly localizes 
in dendrites, whereas Camkk and Camk1 are ubiquitous cytoplasmic proteins, and Camk4 
is nuclear (Wayman et al., 2008). Camkk phosphorylates and activates Camk1 and Camk4, 
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which act on further downstream targets in the MEK/Erk (mitogen-activated protein kinase/

extracellular-signal-related kinase) pathway (Camk1) or modulate CREB (cAMP response 

element binding protein)-mediated transcription (Camk4) (Wayman et al., 2008). In contrast, 

Camk2 is one of the major constituents of the post-synaptic density (PSD) and is a key player 

in mediating Ca2+-influx-triggered signal transduction, modulation of synaptic plasticity, and 

induction of long-term potentiation. Notably, Camk2a is the most upregulated protein in our 

dataset. Our data clearly show an increased demand for PSD-localized Camk2 in growing and 

developing neurons.

Synaptic and Cell-Adhesion Protein Profiling during Neuronal Development
Next, we assessed the proteome dynamics during synaptogenesis, a key event in neuronal 

development that requires the coordinated assembly of a highly connected protein network that 

includes scaffolding proteins, receptors, and their downstream targets, signaling molecules, and 

cell-adhesion proteins. In our hippocampal neuron cultures, dividing non-neuronal cells are 

mostly represented by astrocytes. They expand after DIV5 (Figure S4A), thus promoting synapse 

formation and transmission. Indeed, synapse formation during the neuronal development of 

hippocampal neurons in culture occurs from stage 4 (DIV5) to stage 5 (DIV14) (Figure 4A). 

Interestingly, the majority of all differentially expressed synaptic proteins are allocated to 

cluster 2 (Table S4), which corresponds to a steady increase in relative protein levels from DIV1 

to DIV14 (Figure 2A). This cluster includes important presynaptic proteins involved in vesicle 

trafficking (Syp and Syt1), cytoskeleton organization and protein anchoring (Cask, Pclo, Bsn), 

and neurotransmitter release (Syn1, Vamp2, Snap25, Sv2a, and Sv2b) (Figure 4C). Prominent 

members of the upregulated postsynaptic proteins are scaffold and anchoring proteins (Shank2, 

Psd95, Grip1, Homer1), and several glutamate and GABA receptors (Figure 4D; Figure S4B). 

To validate our quantitative proteomics data, we additionally plotted the relative expression of 

several proteins where we do not expect large changes (Figure 4F) and confirmed expression 

of several depicted proteins by western blot analysis (Figures 4G–4I) of lysates from the 

corresponding time points. These results were paralleled by immunoblotting of embryonic and 

adult rat hippocampal tissue, Hip.(E) and Hip.(A), respectively (Figure 4G), substantiating 

the observation of higher expression levels at later developmental stages. Presynaptic markers 

such as Bassoon (Bsn) and Synaptophysin (Syp) (Figure 4C) are known to accumulate at new 

synapses before postsynaptic proteins such as Psd95 (Friedman et al., 2000; Okabe et al., 

2001). This is supported by our data, which show a later expression increase of Psd95 (Figure 

4D). However, for the majority of postsynaptic proteins, we do not observe a timely delayed 

expression increase, which is also evident from hierarchical clustering analysis of all synaptic 
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proteins (Figure S4D). This is likely because the temporal resolution of this study is limited by 
the experimental design. Nevertheless, our dataset demonstrates the substantial upregulation 
of many synaptic proteins already at early developmental stages, long before synaptogenesis 
takes place. Similar expression profiles are observed for subunits of various neurotransmitter 
receptors and voltage-gated ion channels (Figures S4B and S4C).
Cell-adhesion molecules are another important class of proteins with a key role in neuronal 
development. They mediate axon pathfinding and axon-dendrite contact formation, and they 
further modulate dendritic spine morphology and synaptic plasticity. In total, 82 cell-adhesion 
proteins were quantified in our dataset (Table S5), including Cntn1, NrCAM, Nrxn2, NCAM1, 
and NCAM2 (Figure 4E). Interestingly, 24 of these are allocated to cluster 3 (Figure 2A), 
highlighting that their major expression increase proceeds during the transition from stage 2–3 
tostage4, indicating an important role in dendrite formation. Neural cell-adhesion molecule 1 
(NCAM1) is a prominent member of the cell-adhesion proteins that share the expression profile 
of cluster 3 (Figure 2A).

NCAM1 Is Highly Enriched in Dendritic Growth Cones
NCAM1 belongs to the immunoglobulin-like family of cell-adhesion molecules and is one 
of the most abundant neuronal adhesion proteins (Sharma et al., 2015). NCAM1 expresses 
in three main isoforms produced by alternative splicing of the NCAM1 gene. Two of the 
isoforms (NCAM140 and NCAM180) are transmembrane proteins, while NCAM120 is 
glycosylphosphatidylinositol (GPI) anchored (Figure 5A). We first analyzed by western blot 
isotype-specific protein expression levels in cultured rat hippocampal neurons extracts from 
DIV2 to DIV21 (Figure 5B). In agreement with previous observations, NCAM180 is the main 
isoform expressed in neurons (Noble et al., 1985). Quantification revealed that NCAM180 
shows two main peaks of protein expression at DIV5 and DIV16 (Figure 5C), confirming our 
quantitative MS data and indicating that, in addition to its well-known role in synaptic plasticity 

Figure 4. Protein Expression Changes during Neuronal Differentiation
(A) Schematic overview of neurogenesis, illustrating the distinct developmental stages and representative transcription 
factors involved.
(B) Expression profiles for representative transcription factors including the most downregulated protein in this dataset, 
Sox11.
(C–F) Expression profiles of selected presynaptic proteins (C), postsynaptic proteins (D), cell-adhesion proteins (E) and 
proteins with no relative expression change over the developmental stages (F).
(G) Change in the protein expression during neuronal development shown by western blot analysis from cultured 
hippocampal neurons, embryonic tissue (Hip.(E)), and adult brain tissue (Hip.(A)).
(H and I) Graphs showing the quantifications of relative intensities of the western blot analysis in (G), shown in (H), and 
control proteins, shown in (I). n = 3 experiments per condition. Error bars indicate mean ± SEM.
In (B)–(F), error bars represent SD.
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Figure 5. The Cell-Adhesion Molecule NCAM1 and Its Expression throughout Neuronal Development
(A) Schematic overview of the three main NCAM1 isoforms. Ig, immunoglobulin.
(B and C) Western blot analysis (B) and quantification (C) of developmental expression of NCAM1 in DIV2–DIV21 rat 
hippocampal neurons. Error bars indicate mean ± SEM.
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(Doherty et al., 1995), NCAM1 may be important at earlier stages of neuronal development 

(DIV5). To further investigate NCAM1 distribution in developing neurons (DIV1–DIV14), 

we performed triple-labeling immunofluorescence experiments using a NCAM1-specific 

antibody, the dendritic microtubule marker MAP2, and the F-actin marker phalloidin (Figure 

5D). As reported previously, NCAM1 showed some staining in stage 2–3 cells (DIV1), which 

was mainly present in the axonal growth cones. Interestingly, at DIV4–DIV5, many neurons 

displayed strong accumulation of NCAM1 in dendritic growth cones. Here, NCAM1-rich 

dendritic growth cones are positive for F-actin but not for the microtubule marker MAP2, 

which is more restricted to the dendritic shaft (Figure 5E). Dendritic NCAM1 accumulations 

are present in approximately 40% of the neurons counted at DIV4, and during later stages 

(DIV6–DIV8), it gradually disappears (Figure 5F). At later developmental stages, NCAM1 was 

found diffusely distributed over the dendritic plasma membrane. Similar results were obtained 

with the mouse primary hippocampal culture, although here, NCAM1 was already localized in 

dendrites at DIV3 (Figure S5). 

NCAM1 Is Required for Both Axonal and Dendritic Outgrowth and Branching
Since NCAM1 accumulates in dendritic growth cones, we further investigated the role of 

NCAM1 during dendritic development. Therefore, three specific short hairpin RNA (shRNA) 

sequences were designed and generated, based on the NCAM180 mRNA rat sequence, to 

perform knockdown experiments. All three shRNAs (shRNA_NCAM1#1, shRNA_NCAM1#2, 

and shRNA_NCAM1#3) reduced protein levels by ~80%, as revealed from both western blot 

analysis and immunostaining (Figures 6A–6C; Figure S6). We next examined the effect of 

NCAM1 knockdown on outgrowth of axon and dendrites (Figure 6D). Quantification revealed 

that both the length of the axon (Figure 6E) and length of the dendrites (Figure 6F) were 

significantly reduced compared to that of control neurons. The observed reduction of axon length 

in NCAM1-depleted neurons is consistent with that reported in previous works (Pollerberg et 

al., 2013). Apart from the axonal phenotype, NCAM1 depletion in young neurons also caused 

a marked reduction in dendrite development. Quantification indicated that knockdown of 

NCAM1 using three different shRNAs reduces the length of primary dendrites, total dendrites, 

and dendritic branches by 40% compared to control neurons (Figure 6F).

(D) Representative images of rat hippocampal neurons from DIV1 to DIV14, stained for NCAM1 (green), MAP2 (red), 
and phalloidin (blue). Scale bar, 20 mm.
(E) Representative rat hippocampal neuron at DIV5 stained for NCAM1 (green) and MAP2 (red). Scale bar, 20 mm.
(F) Quantification of the percentage of neurons characterized by the NCAM1 dendritic staining shown in (D) and (E). 
n = 100 cells per DIV.



50

Chapter 2

2

Figure 6. shRNA-Mediated Knockdown of NCAM1 in Neurons
(A) Knockdown of NCAM1 by indicated shRNA constructs and analyzed by western blot in DIV4 cortical neurons.
(B) Representative images of hippocampal neurons at DIV4 co-transfected with indicated constructs and stained with 
NCAM1 monoclonal antibody. Arrows indicate transfected neurites. 
(C) Quantification of NCAM1 fluorescent-staining intensities in neurites of hippocampal neurons co-transfected at 
DIV4 with indicated constructs.
(D) Representative images of primary hippocampal neurons co-transfected with indicated constructs (DIV1–DIV7) to 
visualize axon (top) and dendrite (bottom) morphology.
(E and F) Quantification of axon (E) and dendrite (F) morphological parameters.
Error bars indicate mean ± SEM. *p < 0.5, t test; **p < 0.01, t test. Scale bars, 10 mm in (B), 100 mm for the top of (D), 
and 50 mm for the bottom of (D).
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Actin Stabilization Rescues NCAM1 Knockdown Phenotype
To investigate the mechanism by which NCAM1 influences dendritic development, we searched 
for NCAM180-binding partners in neurons and used the other two isoforms as controls. The 
GFP-tagged NCAM1 isoforms were expressed in neurons to check their proper localization and 
their correct insertion in the cell membranes (Figures S7A and S7B). Subsequently, constructs 
of all three GFP-NCAM1 isoforms and GFP (as control) were transiently expressed in HEK293 
cells; GFP proteins were isolated with GFP beads and incubated with either young (postnatal 
day 5; P5) or adult rat brain extracts, and then co-isolated proteins were analyzed in an affinity 
purification (AP)-MS experiment. To identify true NCAM1-binding partners (in adult or young 
brains), we used the ‘‘Significance Analysis of INTeractome (SAINT)’’ for probabilistic scoring 
of our AP-MS data (Choi et al., 2011). Among the entire list of putative interacting proteins 
identified (Table S6), only those with a SAINT probability > 0.75 (false discovery rate [FDR] 
= 0.1) were considered as true interactors and were then represented as spheres of different size 
and color according to their relative abundance and obtained p value, respectively (Figure 7A). 
Interestingly, several members of actin-binding, -stabilizing and/or -polymerizing proteins such 
as spectrin (Spt) and myosin (Myo/Myh); actin-related proteins (Arps), tropomyosins (Tpms); 
F-actin-capping proteins (Capzas); and actinins (Actn) are the main neuronal interactors of 
NCAM1, ubiquitously enriched in young brains and, to a lesser extent, in adult brains. The 
interaction between the NCAM140 and NCAM180 intracellular tails and actin-cytoskeleton-
related proteins (Spt, α-Actn, and Tpm) has been already reported and characterized in previous 
studies (Pollerberg et al., 2013). In our AP-MS experiments, it is interesting to notice that the 
length of each NCAM1 isoform used as bait directly correlates with the relative abundance of 
each specific actin-binding protein identified (as indicated by the amount of peptides and peptide 
spectrum matches [PSMs] measured), thus corroborating the hypothesis that NCAM180 (with 
its longer C terminus) might be the main player involved in the regulation of actin dynamics 
in dendrites (Figure 7A; Table S6). By drawing a protein interaction network (Cytoscape, 
Genemania plugin), using as input the actin-binding proteins identified in the NCAM180 pull-
down, it becomes evident how these proteins are tightly connected (Figure 7B). Similarly to 
NCAM1, most actin-interacting proteins are grouped in the earlier defined cluster 3 (Figure 2A) 
and upregulated at DIV5 (Figure 7C), suggesting that they may strongly cooperate in NCAM1 
signaling. To investigate the potential relationship between NCAM1 and the actin cytoskeleton 
(Figure 7D), we tested whether the dendritic phenotype caused by NCAM1 depletion can 
be reversed by jasplakinolide-forced F-actin stabilization. Jasplakinolide is a drug known to 
stabilize actin fibers and to facilitate actin polymerization. Thus, neurons were first transfected 
with the two most efficient NCAM1 shRNAs (ShRNA_NCAM1#1 and ShRNA_NCAM1#3), 
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and 24 hr later, a low dose of jasplakinolide (10nM) was added to the growth medium for 6 days. 
The addition of jasplakinolide partially rescues the neuronal developmental defects caused by 
NCAM1 depletion, as demonstrated by the quantification of the axonal and dendritic parameters 
(Figures 7E–7G). Total dendritic length, primary dendrite length, and dendritic branch length 
were significantly increased in jasplakinolide-treated neurons compared to control neurons 
(Figure 7G). Together, the presented data indicate actin stabilization as a mechanism for 
NCAM1-mediated dendritic growth.

DISCUSSION
The in-depth analysis of neuronal proteins that are abundantly and differentially expressed 
during the well-defined stages of differentiation is a promising strategy for understanding 
neurodevelopment- regulated processes. We provide proof of concept by applying this strategy 
to identify and characterize the role of NCAM1 in dendritic outgrowth.

A Quantitative Map of Proteome Dynamics during Neuronal Differentiation
In neurons, like in all other cells, proteins are the main functional components, but how the 
proteomes differ in developing neurons is not known. To resolve the global neuronal proteome 
and to determine the basis for cellular differentiation, we performed a quantitative analysis of 
protein levels by combining triplex stable-isotope dimethyl labeling coupled to high-resolution 
LC-MS/MS of hippocampal neurons in culture. Here, we found that 1,793 proteins show more 
than 2-fold expression changes during the different developmental steps, indicating extensive 
remodeling of the neuron proteome during early differentiation. This analysis revealed six 
clusters of distinct expression profiles, with proteins upregulated during differentiation in clusters 
1, 2, and 3 and proteins downregulated present in clusters 4, 5, and 6. We mainly focused our 
attention on cluster 3, which contains proteins whose expression levels are highly upregulated 
between stages 2–3 and stage 4 of in vitro neuronal development. According to GO classification, 

Figure 7. NCAM1 and Its Role in Actin Cytoskeleton Stabilization
(A) Selected candidates of putative NCAM1 interactors identified in young and adult rat brains by AP-MS experiments 
(see Table S6 for the complete list of proteins). SAINT probability cutoff > 0.75 corresponds to an average FDR of 0.1. 
The p values and spectral counts are graphically represented by colors and spheres, respectively.
(B) Network analysis on selected NCAM180-binding proteins linked to actin cytoskeleton. Edge color coding: blue, 
co-localization; orange, predicted interaction; green, shared protein domain; purple, co-expression.
(C) Heatmap and hierarchical clustering of the expression profiles of selected NCAM1-interacting proteins.
(D) Schematic representation of NCAM180 associated with actin-stabilizing proteins.
(E) Representative images of primary hippocampal neurons co-transfected with indicated constructs (DIV1–DIV7) and 
treated 24 hr later with DMSO or 10 nM jasplakinolide. Scale bar, 50 mm.
(F and G) Quantification of axon (F) and dendrite (G) morphological parameters.
Error bars indicate mean ± SEM. *p < 0.5, t test; **p < 0.01, t test. 
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most of the proteins present in this cluster are transmembrane proteins that could play a role 
by modulating dendritic outgrowth and branching. It is interesting to notice that, during these 
stages of neuronal development, a very specific group of NCAM-adhesion molecules (NCAM1, 
NCAM2, NRCAM, and L1CAM) is characterized by exactly the same pattern of protein-level 
regulation (Figure 4E), suggesting that these proteins may act synergistically. On the other hand, 
pre- and postsynaptic proteins are highly represented in cluster 2, indicating that their expression 
levels increase throughout neuronal development. These data strongly support a model in which 
specific synaptic scaffolding proteins such as Bassoon, Piccolo (pre-synaptic proteins), Shank, 
and Camk2A (post-synaptic proteins) are expressed prior to synapse formation. The full datasets 
are available in Tables S1, S2, S3, S4, and S5.

NCAM1 Plays an Important Role in Dendritic Outgrowth
To demonstrate the strength of our resource, we focused on NCAM1 as a regulator for dendritic 
outgrowth. NCAM1 is best known for its role in axonal wiring through interactions with various 
ligands via its extracellular domain (Pollerberg et al., 2013). NCAM1 is unique among the 
adhesion molecules because it carries a polysialic acid (Togashi et al., 2009), which can be 
reversibly attached to extracellular domains, reducing its homophilic interactions and thereby 
controlling clustering and downstream signaling of NCAM1 (Pollerberg et al., 2013). The 
cytosolic part of the longer NCAM1 isoform (NCAM180) interacts with several cytoskeletal 
elements and signaling molecules. NCAM1 is reportedly involved in neurite outgrowth and axon 
pathfinding (Walsh and Doherty, 1997). For example, in mice lacking NCAM1, hippocampal 
axons show abnormal pathfinding (Cremer et al., 1997). Our data suggest that NCAM1 not only 
plays a role in axon outgrowth and guidance but is also required for proper dendritic outgrowth 
during first days of neuronal development. We speculate that NCAM180 is the specific isoform 
playing a role in dendrites based on the developmental expression pattern. Consistently, 
NCAM180 is strongly upregulated during dendrite outgrowth and highly enriched in dendritic 
growth cones. Interestingly, other NCAM family proteins have been reported to be involved in 
dendritic branching and morphology in C. elegans (Dong et al., 2013). It is likely that, similar 
to its role in axonal growth cones, NCAM1 at the tips of dendrites may sense various types of 
extrinsic signals, such as other CAMs or various diffusible factors that determine their general 
orientation and outgrowth (Pollerberg et al., 2013). The extracellular signals may come from 
crossing axons, dendrites from the same cell, and neighboring arbors and together regulate the 
immense complexity of dendrite morphology. 

Actin Stabilization as a Mechanism for NCAM1-Mediated Dendritic Growth
Our AP-MS experiments revealed that NCAM180 interacts with several members of actin-
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binding, -stabilizing and/or –polymerizing proteins in young and adult brains. These data are 
consistent with the previously reported interactions between the NCAM1 intracellular tails and 
actin-related proteins (Buttner et al., 2003; Leshchyns’ka and Sytnyk, 2016). These observations 
suggest that NCAM1 can act as a scaffold for multiple cytoskeleton components and that multiple 
actin-binding proteins can amplify the interaction between NCAM1 with the actin cytoskeleton. 
However, it is also possible that these interactions do not occur simultaneously but are rather 
highly regulated in response to the extracellular signals (Leshchyns’ka and Sytnyk, 2016). 
Interestingly, inducing actin polymerization by jasplakinolide treatment partially rescues the 
dendritic phenotype of NCAM1 depletion. These results indicate that forced actin stabilization 
can compensate for the absence of NCAM1 and is one of the driving forces that act during 
dendrite morphogenesis. These data suggest a model in which NCAM1 stimulates dendritic 
arbor development by promoting actin filament stabilization at the dendritic growth cone. 
In summary, the analysis of proteins differentially expressed at each specific stage of hippocampal 
neuron development constitutes a fundamental research tool that may be used in the future for 
a better understanding of any specific molecular mechanism involved in neurodevelopment. 
Our quantitative proteomics results give a comprehensive overview of protein abundances in 
time, thereby providing a unique database regarding protein expression patterns in cultured 
neurons. Furthermore, thanks to the recent technological advances in MS-based proteomics 
(tandem mass tags [TMTs] or iTRAQ isobaric mass tags would allow relative quantification of 
up to ten different time points), this analysis could also constitute an excellent starting point for 
other studies that aim to further complement our understanding of neuronal protein dynamics.

EXPERIMENTAL PROCEDURES

Animals
All experiments with animals were performed in compliance with the guidelines for the welfare of experimental animals 
issued by the Government of The Netherlands, and were approved by the Animal Ethical Review Committee (DEC) of 
the Utrecht University.

Expression vectors, shRNA constructs and antibodies
The NCAM120, NCAM140, and NCAM180 constructs were kindly provided by Dr. Landmesser. The following 
NCAM1 shRNAs were designed and used in this study: NCAM1#1 (5’-GGATCTCATCTGGACTTTG), NCAM1#2 
(5’-GATCTTCCAGAAGCTCATG) and NCAM1#3 (CGTTGGAGAGTCCAAATTC) targeting rat NCAM1 mRNA 
(NM_031521.1). NCAM1 mouse (Millipore) and NCAM1 rabbit (Proteintech) antibodies were used for Western blot, 
immunocytochemistry experiments. For further details, see Supplemental Experimental Procedures.

Primary hippocampal neuron cultures
Primary hippocampal and cortical cultures were isolated from embryonic day 18 (E18) rat brains. Cells were plated 
on coverslips coated with poly-L-lysine (30μg /ml) and laminin (2μg/ml) at a density of 100,000/well. Hippocampal 
neurons were transfected at DIV1 using Lipofectamine 2000 (Invitrogen). Cortical neurons Cells were transfected using 
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the Amaxa Rat Neuron Nucleofector kit (Lonza). For further details, see Supplemental Experimental Procedures.

Statistical Methods
Analysis of significance of proteins changing between developmental stages was carried out using Significance analysis 
of microarrays (SAM). Clustering was performed using unsupervised fuzzy clustering. Gene ontology enrichment 
analyses were performed using a Fisher’s exact test. Co-regulation of proteins within complexes or families was 
assessed using the R package protein.profiles. Co-IP data were analyzed using Significance Analysis of INTeractions. 
For morphometric analyses of hippocampal neurons, statistical significance was determined using student’s t test 
assuming a two-tailed variation. The graphs represent mean ± s.e.m. For further details, see Supplemental Experimental 
Procedures.

DATA AND SOFTWARE AVAILABILITY
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
partner repository with the dataset identifier PXD005031 (Vizcaino et al., 2016). 

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, and six tables and can be 
found with this article online at: http://dx.doi.org/10.1016/j.celrep.2017.01.025.
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Figure S1. Related to Figure 1. Reproducibility and statistical analysis of differentially expressed proteins
(A) Heat map showing Pearson correlation scores for the two independent biological replica.
(B) Distribution of fold changes calculated on all the quantified proteins. 
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(C) Gene ontology (GO) and KEGG pathway enrichment analysis. All quantified proteins were subjected to enrichment 
analysis with respect to biological process, molecular function, cellular component and protein class (KEGG). 
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Figure S2. Related to Figure 2. Gene ontology classification of regulated proteins 
For all proteins of each cluster (see Figure 2) enrichment analysis with respect to biological process, molecular function, 
cellular component and protein class (KEGG) was performed. Overrepresentation was tested against all not regulated 
proteins. The heat maps show the overrepresentation /underrepresentation of each group in each specific cluster.
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Figure S3. Related to Figure 3. Expression profiles of protein families/complexes
(A) Expression profiles of proteins from the cyclin-dependent kinase family.
(B) Heat maps of expression profiles of proteins showed in Figure 3B. Ap3b1 (6 unique peptides used for the 
quantification) does not follow the expression profile of the other AP3 complex proteins. Similar trend has been 
measured for Atp1b3 (7 unique peptides used for the quantification) that does not change over time while other subunits 
of the complex are upregulated. 
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Figure S5. Related to Figure 5. NCAM1 localization in mouse hippocampal primary neurons 
Representative images of mouse hippocampal neurons from DIV1 to DIV10, stained for NCAM1 (green), MAP2 (red). 
Scale bar, 50 μm.

Figure S4. Related to Figure 4. Expression profiles of cell-type protein markers and proteins with similar 
function/localization
(A) Expression profiles of selected protein markers for mature neurons, immature neurons, astrocytes and microglia. 
Astrocytes specific proteins are highly up-regulated after DIV5.
(B) Expression profiles of selected neurotransmitter receptors.
(C) Expression profiles of selected voltage-gated ion channels.
(D) Hierarchical clustering of all synaptic proteins (based on Euclidian distance). Proteins known to be located 
either pre- or postsynaptic are highlighted in bold. Evidently, the expression profiles of these two subclasses are not 
distinguishable by hierarchical clustering.
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Figure S6. Related to Figure 6. NCAM1 downregulation in rat hippocampal primary neurons 
(A) Representative images of neurons transfected with pSUPER or shRNA NCAM1mix, filled with GFP (1DIV for 3 
days) and stained with NCAM1 monoclonal antibody. Scale bar, 20 μm. 
(B) Higher magnifications of representative images of neurons co-transfected with pSUPER, shRNA NCAM1mix, 
shRNA NCAM1#1, shRNA NCAM1#2, shRNA NCAM1#3 and GFP. Arrows point to representative neurites. Scale 
bar, 10 μm.
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Figure S7. Related to Figure 7. Characterization of N-terminal GFP tagged NCAM1 isoforms
(A) Representative images of neurons transfected with GFP-NCAM120, GFP-NCAM140 or GFP-NCAM180 and 
stained with NCAM1 mouse antibody. The NCAM1 antibody recognizes the C-terminal tail of NCAM1 and as 
expected the signal is completely overlapping with the GFP only when the longer NCAM1 isoform (NCAM180) is 
expressed. Scale bar, 20 μm. 
(B) Representative images of neurons transfected with GFP-NCAM120, GFP-NCAM140 or GFP-NCAM180 and 
live stained with Vhh-GFP-568 nanobodies. Cells were not permeabilized before the staining and the GFP-targeted-
nanobodies were added directly in the medium at 37°C, so only NCAM1 molecules efficiently expressed on the 
neuronal surface can be detected. Scale bar, 10 μm.  
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Animals
All experiments with animals were performed in compliance with the guidelines for the welfare of experimental animals 
issued by the Government of The Netherlands, and were approved by the Animal Ethical Review Committee (DEC) of 
the Utrecht University.

Antibodies and reagents
The following primary and secondary antibodies were used in this study: NCAM1 mouse (Millipore), NCAM1 rabbit 
(Proteintech), Syt1, Camk2a mouse (Sigma), PSD95, Cntn1, NCAM2, L1CAM, Kif5B, Actg mouse (Millipore) and 
Tubα1a rabbit (Abcam), MAP2 rabbit (Cell Signaling), Vhh-GFP-Alexa 561 nanobodies (Yau et al., 2014). Alexa 488-, 
Alexa 568- and Alexa 594-conjugated secondary antibodies (Invitrogen). Other reagents used in this study include: 
Jasplakinolide (2792, Tocris Bioscience), n-Dodecyl β-D-maltoside (A0819, Applichem).   

Expression vectors and shRNA constructs
The following mammalian expression plasmids have been described: pGW1-GFP (Hoogenraad et al, 2005), pCDNA3.1-
RFP-NCAM120, pCDNA3.1-RFP-NCAM140, pCDNA3.1-RFP-NCAM180, pCDNA3.1-eGFP-NCAM120, 
pCDNA3.1-eGFP-NCAM140, pCDNA3.1-eGFP-NCAM180 (Hata et al., 2007)the expression and targeting of each 
isoform and its relationship to distinct forms of synaptic vesicle cycling before and after synapse formation was 
previously unknown. By transfecting chick motoneurons with fluorescently tagged mouse 180, 140 and 120 isoforms, 
we show that before myotube contact the 180 and 140 isoforms are expressed in distinct puncta along the axon which 
are sites of an immature form (Brefeldin A sensitive, L-type Ca2+ channel mediated.  The following shRNA sequences 
are used in this study. NCAM1#1 (5’-GGATCTCATCTGGACTTTG), NCAM1#2 (5’-GATCTTCCAGAAGCTCATG) 
and NCAM1#3 (CGTTGGAGAGTCCAAATTC) targeting rat NCAM1 mRNA (NM_031521.1) were designed using 
the siRNA selection program at the Whitehead Institute for Biomedical Research (jura.wi.mit.edu/bioc/siRNAext) 
(Yuan et al., 2004). The complementary oligonucleotides were annealed and inserted into a pSuper vector (Hoogenraad 
et al., 2005). The control pSuper vector contained a scrambled sequence.

Primary hippocampal neuron cultures and transfection 
Rat primary hippocampal cultures were prepared from embryonic day 18 rat brains. Cells were plated on coverslips 
coated with poly-L-lysine (30μg /ml) and laminin (2μg/ml) at a density of 100,000/well as previously (Kapitein et al., 
2010). Hippocampal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 μM glutamine, 12.5 
μM glutamate and penicillin/streptomycin. Mouse primary hippocampal cultures were prepared from embryonic day 18 
mouse brains then plated and cultured in the same conditions as rat primary neurons.
Hippocampal neurons were transfected at DIV1 using Lipofectamine 2000 (Invitrogen). Briefly, DNA (1.8 μg/well, for 
a 12 wells plate) was mixed with 3.3 μl of Lipofectamine 2000 in 200μl NB, incubated for 30 min, and then added to 
the neurons in NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with NB and transferred in their original 
medium at 37°C in 5% CO2 for 3-7 days. For forced actin-stabilization experiments, young neurons co-transfected at 
day1 were treated 24 hours later (DIV2) with 10 nM Jasplakinolide and cells were then incubated for 6 days at 37°C in 
the presence of the drug (Swiech et al., 2011).

Primary cortical neuron nucleofection
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 (pSUPER, ShRNA-NCAM1mix, ShRNA-NCAM1#1, ShRNA-
NCAM1#2, ShRNA-NCAM1#3) and plated on coverslips coated with poly-L-lysine (37.5μg/ml) and laminin (5μg/ml) 
in 12-wells plates (2-6 x104 cells/well) containing DMEM supplemented with 10% FBS (Kaech and Banker, 2006). 
Cells were allowed to recover and adhere to the surface at 37°C in 5% CO2, after 4 hours the medium was replaced 
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with Neurobasal medium supplemented with 2% B27, 0.5mM glutamine, 15.6μM glutamate, and 1% penicillin/
streptomycin. After 4 days cells were lysed in hot denaturing sample buffer. 

Sample preparation for Mass spectrometry
At three time points (DIV1, DIV5, DIV14) neurons were washed 4x with 500 µL pre-warmed PBS. For lysis 500 
µL lysis buffer (8 M Urea, 1 tablet Complete Mini EDTA-free protease inhibitor Cocktail (Roche) in 10 mL 50 
mM triethylammonium bicarbonate (Sigma)) was added to each well. Following sonication, samples were cleared 
by centrifugation at 20,000 × g for 20 min. Proteins were reduced (5 mM DTT, 55˚C, 30 min), alkylated (10 mM 
Iodoacetamide, 30 min in the dark) and sequentially digested by LysC (Protein-enzyme ratio 1:50, 37˚C, 4 h) and trypsin 
(Protein-enzyme ratio 1:50, 37˚C, 16 h) according to the standard filter-aided sample preparation protocol (Wiśniewski 
et al., 2009). Resulting peptides from each time point were desalted using C18 solid phase extraction cartridges (Waters) 
and subjected to stable isotope triplex dimethyl labeling on column (Boersema et al., 2009). Labels were swapped 
between biological replicates. Differentially labeled peptides were mixed in a 1:1:1 ratio based on LC-MS base peak 
intensity of the separate channels, dried in a vacuum concentrator and reconstituted in 10% formic acid for subsequent 
fractionation.

Peptide Fractionation
Peptides were fractionated using strong cation exchange chromatography (SCX), as previously described (Frese et al., 
2012)”ISBN” : “1520-6882 (Electronic. Briefly, peptides were loaded onto a Zorbax BioSCX-Series II column (0.8 mm 
× 50 mm, 3.5 μm) in 100% solvent A (0.05% formic acid in 20% acetonitrile). Solvent B consisted of 0.05% formic acid 
and 0.5 M NaCl in 20% acetonitrile. Fractionation was conducted using the following gradient: 0−0.01 min (0−2% B); 
0.01−8.01 min (2−3% B); 8.01−14.01 min (3−8% B); 14.01−28 min (8−20% B); 28−38 min (20−40% B); 38−48 min 
(40−90% B); 48−54 min (90% B); 54−60 min (0% B). Collected fractions were dried in vacuo, reconstituted in 10% 
formic acid/5% DMSO and stored at -80°C prior MS analysis.

Affinity Purification-Mass Spectrometry (AP-MS) using GFP pull-down
Human Embryonic Kidney 293 cells (HEK293) cells were cultured in DMEM/Ham’s F10 (50%/50%) containing 
10% Fetal Calf Serum (FCS) and 1% penicillin/streptomycin at 37°C and 5% CO2. HEK293 cells were transfected 
with pGW1-GFP, eGFP-NCAM120, eGFP-NCAM140 and eGFP-NCAM180 constructs with polyethylenimine 
(PEI, Polysciences) according to the manufacturer instructions. Cells were lysed 48 hours later in a lysis buffer for 
transmembrane proteins (20mM TrisHCl, 100mM NaCl, 10mM EDTA (pH8.0), 10mM Na4P2O7, 10% Glycerol, 
50mM NaF, 1% n-Dodecyl β-D-maltoside, and protease inhibitors (Roche)), centrifuged at 13000 rpm for 15 min 
and the supernatants were incubated with GFP-trap beads (Chromotek) for 1 hour at 4°C. Beads were then separated 
using a magnet (Dynal; Invitrogen) and washed five times in washing buffer (20mM Tris HCl, 150mM KCl, 0.1% 
TritonX-100). Brains were obtained from female adult rats or P5 rat pups and homogenized in 10x volume/weight in 
tissue lysis buffer (50mM TrisHCl, 150mM NaCl, 0.1% SDS, 0.2% NP-40, and protease inhibitors (Roche)). Brain 
lysates were centrifuged at 16,000 g for 15 min at 4°C and the supernatant was incubated with the Dynabeads containing 
GFP or GFP-NCAM120/140/180 for 2 hrs at 4°C and washed with lysis buffer for five times. For MS analysis, the beads 
were resuspended in 15 ul of 4x Laemmli Sample buffer (Biorad) and supernatants were loaded on a 12% Criterion 
XT Bis-Tris precast gel (Biorad). The gel was stained with 0.1% Coomassie Brilliant Blue G250 (Sigma-Aldrich, 
Steinheim, Germany) in 25% methanol and 10% acetic acid (Merck, Darmstadt, Germany). Each lane from the gel was 
cut in 3 slices, destained and digested using trypsin, as described in (Ekkebus et al., 2013). Briefly, each lane from the 
gel was cut into three pieces and placed in 0.5-ml tubes. They were washed with 250 μl of water, followed by 15-min 
dehydration in acetonitrile. Proteins were reduced (10 mM dithiothreitol, 1h at 56°C), dehydrated and alkylated (55 mM 
iodoacetamide, 1h in the dark). After two rounds of dehydration, trypsin was added to the samples (20 μl of 0.1 mg/ml 
trypsin in 50 mM Ammoniumbicarbonate) and incubated overnight at 37°C. Peptides were extracted with ACN, dried 
down and reconstituted in 10% formic acid prior MS analysis.
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Mass spectrometry analysis
All samples were analyzed on an ETD enabled LTQ-Orbitrap Elite or Q-Exactive mass spectrometer (Thermo Fisher 
Scientific, Bremen, Germany) that was coupled to Proxeon EASY-nLC 1000 (Thermo Fisher Scientific, Odense, 
Denmark). Peptides were loaded onto a trap column (Reprosil C18, 3 µm, 2 cm × 100 µm; Dr. Maisch) with solvent A 
(0.1% formic acid in water) at a maximum pressure of 800 bar and chromatographically separated over the analytical 
column (Zorbax SB-C18, 1.8 µm, 50 cm × 75 µm; Agilent) using a 60 min, 90 min or 150 min linear gradient from 
7-30% solvent B (0.1% formic acid in acetonitrile) at a flow rate of 150 nL/min. The mass spectrometer was operated 
in the data-dependent acquisition mode. After a survey scan from 350-1500 m/z the 10 or 20 most abundant peptides 
were subjected to either HCD or decision tree-guided CID/ETD fragmentation (ddDT) (Frese et al., 2011)in a 2D or 3D 
ion trap, respectively. Product ions were detected in the Orbitrap (HCD methods; Resolution 7,500) and linear ion trap 
(ddDT methods), respectively. Normalized collision energy was set to 35% and 32% for CID and HCD, respectively. 
Charge state dependent ETD reaction time and supplemental activation were enabled. Charge state screening was 
enabled and ions with charge states <2+ were excluded from analysis. Samples from in-gel digestion were analyzed 
using a 90 min gradient.

Mass spectrometry data analysis
All mass spectrometric raw data were processed with Proteome Discoverer (version 1.3, Thermo Scientific, Bremen, 
Germany), as described in (Frese et al., 2012)”ISBN” : “1520-6882 (Electronic. Peak lists were generated using a 
standard workflow. The non-fragment filter was used to simplify ETD spectra. HCD spectra were deisotoped and charge 
deconvoluted. The TopN filter node was used to filter CID and ETD spectra and to retain the 10 most abundant peaks 
per 100 Da window. Peptide identification was performed by searching individual peak lists of HCD, ETD-IT and CID-
IT against the Uniprot rat database (version 2013_01) concatenated with a list of common contaminants using Mascot 
(version 2.3, Matrix Science, UK). Trypsin was set as cleavage specificity, allowing a maximum of 2 missed cleavages. 
Precursor ion mass tolerance was set to 15 ppm. Product ion mass tolerance was set to 0.02 Da (Orbitrap detection) 
and 0.5 Da (ion trap detection), respectively. Carbamidomethylation (C) was used as fixed modification. Oxidation (M) 
and dimethylation (light, intermediate or heavy) of lysine residues and the peptide N-termini, respectively, were set 
as variable modification. The percolator algorithm was used to filter the data to <1% false-discovery-rate on peptide 
level. Additionally, only peptides that pass the following filters were retained: mascot ion score ≥20, minimum peptide 
length 6, precursor mass tolerance 10 ppm, and search engine rank 1. Only unique peptides were used for quantification 
and the obtained ratios were normalized to the median. AP-MS data was analyzed using Proteome Discoverer and the 
aforementioned settings. Common contaminant proteins including immunoglobulins were removed from the list.

Bioinformatic analysis
Gene ontology (GO) classification was obtained via PANTHER (Mi et al., 2005)using human expertise. These 
subfamilies model the divergence of specific functions within protein families, allowing more accurate association 
with function (ontology terms and pathways and Perseus (version 1.3.0.4, within MaxQuant) (Cox et al., 2009; Huang 
da et al., 2009). Hierarchical clustering was performed within Perseus using Euclidian distance. Network analysis was 
performed using the GeneMania plugin (Montojo et al., 2010) within Cytoscape (Shannon et al., 2003). Significance 
analysis of microarrays (SAM) (Roxas and Li, 2008) was used to assess significance of obtained protein ratios, as 
described in (Munoz et al., 2011). Briefly, log2-transformed ratios of proteins that were quantified in all time points and 
in both replicates were subjected to a one-class test using 1000 permutations and an S0 value based on the method by 
(Tusher et al., 2001). Proteins with a SAM q-value ≤0.15 (corresponding to a median log2 fold-change of >1.5 between 
DIV14 and DIV1) were considered significantly regulated and subjected to unsupervised fuzzy clustering using GProX 
1.1.9 (Rigbolt et al., 2011)the analysis of data has become the bottleneck of proteomics experiment. To provide the 
proteomics community with a user-friendly platform for comprehensive analysis, inspection and visualization of 
quantitative proteomics data we developed the Graphical Proteomics Data Explorer (GProX. Briefly, the relative 
abundance of all proteins from each time point was log10 transformed, Z-scored and clustered using a fuzzification 
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value of 2, 100 iterations and a minimum membership value of 0.35. Gene ontology enrichment for each cluster was 
performed using a Fisher’s exact test within GProX (min. occurrences 5 for GOMF, GOBP and protein class, and 1 for 
GOCC; Benjamini-Hochberg corrected p-value <0.05). Significance of expression profile similarities within groups 
of interest was determined using the R package “proteinProfiles” (Julian Gehring [2011], https://bioconductor.org/
packages/devel/bioc/html/proteinProfiles.html) within R/Bioconductor (Gentleman et al., 2004), as reported elsewhere 

(Hansson et al., 2012). The heatmap in Figure 7 was generated by subjecting log10-transformed and z-scored relative 
abundances of all proteins from each time point (DIV 1, 5, 14) to hierarchical clustering using Euclidean distance. 
Statistical assessment of the AP-MS data was performed based on spectral counts using the SAINT (Significance 
Analysis of INTeractions, version 2.3.2) algorithm (Choi et al., 2011). The SAINT parameters were set as follows: 
nburn=4000, niter=20000, lowmode=0, minfold=1, and norm=1. Bait proteins with a SAINT probability score >0.75 
were considered putative protein interaction partners.

Cell extracts and Western blotting
HEK293 cell extracts were prepared by resuspending cells in equal amounts of lysis buffer containing 25mM Tris-HCl 
pH 8.0, 50mM NaCl, 0.5% Triton X-100 supplemented with 1x protease inhibitors cocktail (Roche). The soluble fraction 
was separated by centrifugation at 13000 rpm for 15 minutes and supplemented with sample buffer 4x (8% SDS, 25% 
glycerol, 0.05M Tris pH 6.8, 400mM DTT and 40mg/l bromophenol blue). Rat primary hippocampal neurons (E18) 
were plated on 24 mm coverslips in 6 well plates and harvested at DIV 1, 5 and 14 days in vitro (DIV), or at DIV2, 4, 
6, 8, 10, 12, 14, 16, 18 and 21. Cells were lysed in hot denaturing sample buffer. Lysates prepared from individual wells 
were pooled together (3 wells each stage, 3 independent preparations) and equal protein concentrations were adjusted 
before supplementing with 4x sample buffer. Samples were boiled at 99ºC for 10 minutes before being analyzed by 
SDS PAGE. Proteins were transferred on PVDF membranes (Millipore) using a semi-dry blotting system. Membranes 
were blocked and incubated with primary antibodies (overnight at 4°C) in PBS or PBST (0.1% Tween-20, 2% BSA). 
Peroxidase-coupled secondary antibodies were applied for 1 hour at RT. Following primary NCAM1 antibodies have 
been used for detection: NCAM1 mouse antibody (Millipore 1:1000), NCAM1 rabbit antibody (Proteintech 1:1000). 
For quantifying NCAM1 expression levels, the relative intensities of NCAM1 for each sample (n=3) were obtained 
by normalization to the tubulin loading control. The relative percentage of NCAM1 expression levels was obtained by 
normalization of the relative intensities with the relative intensity of NCAM1 at DIV2. For quantifying Syt1, Camk2a, 
PSD95, Cntn1, NCAM1, NCAM2, L1CAM expression levels, the relative intensities of each band (n=3) were measured 
together with 3 different loading controls such as Kif5B, Actg and Tubα1a . Quantifications were performed with 
ImageJ.

Immunohistochemistry
For general immunohistochemistry, neurons were fixed for 10 min with 4% paraformaldehyde (PFA)/4% sucrose in 
phosphate buffered saline (PBS) at room temperature. After fixation cells were washed 3 times for 10 min in PBS at 
room temperature, incubated for 10 min with permeabilization buffer (0.25% TritonX-100 in PBS) and then blocked 
for 1 hour with blocking buffer (2% BSA, 2% Glycin, 0.2% Gelatin, 50mM NH4Cl, in PBS). Neurons were then 
incubated with primary antibodies in blocking buffer overnight at 4°C, washed three times in PBS for 10 min at room 
temperature and then incubated with the Alexa-conjugated secondary antibodies in blocking buffer for 1 hour at room 
temperature. Neurons were then washed 3 times for 5 min in PBS at room temperature and subsequently mounted on 
slides in Vectashield mounting medium (Vector Laboratories). For labeling of F-actin neurons were incubated with 
Phalloidin-647 (1:100 in PBS; Molecular Probes) for 30 min at room temperature, washed 3 times in PBS and mounted 
on slides in Mowiol. Images were acquired using a Nikon upright or Olympus BX53 upright fluorescent microscopes 
with a 10x, 20x or 40x objective. Confocal images were acquired using a Leica SP5 microscope (Wetzlar, Germany) 
equipped with a Krypton-Argon-Ion laser (488/568/647 nm) and an acousto-optic-tunable filter (AOTF) for selection 
and intensity adaptation of laser lines. Images and were taken with 63x oil objective as z-stacks (300 nm z-step) and 
maximum intensity projections were calculated from each fluorescence channel of the image-stack. 
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Analyzing NCAM1 knockdown efficiency by immunostaining
Efficiency of NCAM1 shRNA knock down was verified by immunostaining of endogenous NCAM1 protein in 
hippocampal neurons co-transfected at DIV1 with 0.45 μg/well GFP and 1,35 μg/well of different NCAM1-shRNAs or 
a mixture of all of them, and fixed 3 days later. NCAM1 staining was measured in neurites of GFP positive neurons and 
was compared to NCAM1 staining in neurites of GFP negative surrounding cells. Quantifications were performed with 
Image J software (http://rsb.info.nih.gov/ij). 
Quantification of fluorescent intensity. For the quantification of antibody staining, images were acquired with a 40x 
oil objective with the same settings and the exposure time and ImageJ was used to manually draw specific regions of 
interest (ROI) located in primary neurites. From the ROIs the mean intensity was measured. To prevent selection bias 
during quantification, in NCAM1-KD neurons the neurites segments were selected in one channel (GFP) and blindly 
quantified in the other channel (NCAM1 intensity). Intensities were measured in at least three neurites per neuron, 
in segments of approximately the same size, both in GFP positives and GFP negatives neurons within the image.  To 
remove the background signal, the intensity near the selected neurites (same segment size) was measured and subtracted 
to the neurites measured intensities within the same image. Intensities were averaged over multiple cells, normalized 
and a statistical analysis was performed with student’s t test assuming a two-tailed and unequal variation. For Figure 
6C, n = 9+9 neurons for pSUPER, n = 13+13 neurons for shNCAM1 mix, n = 7+7 neurons for shNCAM1#1, #2 and #3. 
n is derived from two independent experiments.

Morphometric analyses of hippocampal neurons
To analyze axonal and dendritic morphology of NCAM1 knockdown neurons, GFP was used as an unbiased cell-fill 
in combination with different NCAM1-shRNAs or a mixture of all of them. Hippocampal neurons were co-transfected 
at DIV1 using the same concentrations of plasmid DNA previously reported, and fixed 7 days later. The morphometric 
analysis and quantification were performed with ImageJ. The axonal parameters, such as axonal total length and longest 
neurite length, were measured in images acquired with a dry 10x objective whereas quantification of the dendrites 
total length, primary dendrites length and branches length was done with images acquired with an 20x dry or 40x oil 
objective. For axon and dendrite length, all neurites of a single neuron were traced in ImageJ and the number of pixels 
was then converted to distance in μm. Morphological characteristics and MAP2 staining were used as parameters to 
distinguish axon and dendrites. Data were averaged over multiple cells and experiments, and a statistical analysis 
was performed with student’s t-test assuming a two-tailed and unequal variation. For Figure 6E (axon morphology); 
n = 18 neurons for pSUPER, n = 25 neurons for shNCAM1mix, n = 17 neurons for shNCAM1#1, n = 16 neurons for 
shNCAM1#2, n = 18 neurons for shNCAM1#3. For Figure 6F (dendrites morphology): n = 9 neurons for pSUPER, 
n = 10 neurons for shNCAM1mix, n = 8 neurons for shNCAM1#1, n = 8 neurons for shNCAM1#2, n = 9 neurons for 
shNCAM1#3. For Figure 7F (axon morphology): n = 9+9 neurons for pSUPER, n = 9+9 neurons for shNCAM1#1, 
n = 11+11 neurons for shNCAM1#3. For Figure 7G (dendrites morphology): n = 12+12 neurons for pSUPER, n = 12+12 
neurons for shNCAM1#1, n = 13+13 neurons for shNCAM1#3. n is derived from two independent experiments.
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ABSTRACT
Tight regulation of neuronal transport allows for cargo binding and release at specific cellular 
locations. The mechanisms by which motor proteins are loaded on vesicles and how cargoes 
are captured at appropriate sites remain unclear. To better understand how KIF1A-driven dense 
core vesicle (DCV) transport is regulated, we identified the KIF1A interactome and focused 
on three binding partners, the calcium binding protein calmodulin (CaM) and two synaptic 
scaffolding proteins: liprin-α and TANC2. We showed that calcium, acting via CaM, enhances 
KIF1A binding to DCVs and increases vesicle motility. In contrast, liprin-α and TANC2 are not 
part of the KIF1A-cargo complex but capture DCVs at dendritic spines. Furthermore, we found 
that specific TANC2 mutations, reported in patients with different neuropsychiatric disorders, 
abolish the interaction with KIF1A. We propose a model in which Ca2+/CaM regulates cargo 
binding and liprin- α and TANC2 recruit KIF1A-transported vesicles.
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INTRODUCTION
Kinesins and dyneins are motor proteins responsible for cargo transport and delivery along 
microtubule tracks. Microtubule-based cargo transport is particularly important in cells with 
complex geometry, such as neurons (Hirokawa et al., 2010). The neuronal transport machinery 
delivers proteins, lipids, mRNA, and organelles to the distal sites, as well as controlling 
cargo degradation and recycling of building blocks. Various cargoes that are transported 
along microtubules move bidirectionally, exhibiting periods of rapid movements, pauses, and 
directional switches. The identification of mutations in genes encoding tubulin isoforms, motor 
proteins, or other components of the trafficking machinery in human patients strongly supports 
the view that defective cargo transport can directly trigger neurodegeneration (Millecamps and 
Julien, 2013). It is therefore important to understand how cargo trafficking is initiated and how 
cargoes are captured at their final destinations. In addition, transport deficits might arise through 
various indirect mechanisms. For example, the stalling of vesicles could trigger the formation 
of aggregates within axons that may result in neuronal dysfunction. 
Several molecular mechanisms related to microtubules, motors, and cargo interactions were 
shown to regulate cargo pick-up and delivery (Maeder et al., 2014; Schlager and Hoogenraad, 
2009). On one hand, microtubule orientation, length, and spacing in axons and dendrites 
can control cargo sorting and transport efficiency (Kapitein et al., 2010; Yogev et al., 2016). 
Additional motor-microtubule mechanisms include tubulin posttranslational modifications 
(PTMs), microtubule-associated proteins (MAPs), and tubulin isotypes (Gumy et al., 2017; 
Sirajuddin et al., 2014). On the other hand, transport is regulated on the site of motor-cargo 
interaction through motor interaction with phospholipids, receptors or integral membrane 
proteins, scaffolding proteins, and small Rab guanosine triphosphatase (GTPases) and their 
effector proteins (Maeder et al., 2014; Schlager and Hoogenraad, 2009). Moreover, local 
subcellular specializations and compartmentalization of specific structures can control local 
cargo trafficking. For instance, the axon initial segment (AIS) functions as a cargo filter that 
selectively prevents passage of dendritic vesicles while allowing the entry of axonal cargoes 
(Leterrier and Dargent, 2014). Furthermore, evidence suggests that during transient microtubule 
polymerization into dendritic spines, kinesin motors transport cargoes along microtubules (MTs) 
into spines (Esteves da Silva et al., 2015; McVicker et al., 2016). Despite growing evidence of 
transport regulation, little is known about how vesicles are loaded on motors and captured at the 
dendritic spines.
KIF1A, named UNC-104 in Caenorhabditis elegans (C. elegans) and Drosophila, was identified 
as the primary motor protein first for synaptic vesicles (SVs) (Niwa et al., 2008; Okada et al., 
1995) and later for dense core vesicles (DCVs) (Barkus et al., 2008; Lo et al., 2011; Zahn et 
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al., 2004). DCVs, also called secretory vesicles or post-Golgi vesicles, are transported from the 
Golgi apparatus to the plasma membrane in both axons and dendrites, unlike SVs (de Wit et al., 
2006; Lochner et al., 2008). DCVs contain secretory proteins such as brain-derived neurotrophic 
factor (BDNF) and neuropeptide Y (NPY) and do not coincide with membrane protein transferrin 
receptor (TfR) (Lipka et al., 2016). The integral membrane protein synaptotagmin 4 (Syt4) is 
also present on DCVs (Dean et al., 2009). The scaffolding protein liprin-α interacts with the tail 
region of KIF1A (Shin et al., 2003), and liprin-α mutants in Drosophila impair cargo trafficking, 
suggesting that liprin-α is part of the KIF1A-cargo complex (Miller et al., 2005). However, in 
C. elegans, liprin-α is mainly localized to synaptic sites, and its distribution is not affected in 
KIF1A mutants (Sieburth et al., 2005). An additional model suggests that liprin-α can play an 
active role in clustering KIF1A transported SVs (Wagner et al., 2009; Wu et al., 2013). Thus, 
whether liprin-α is a cargo adaptor linking KIF1A to vesicles or captures KIF1A-driven cargo 
to synaptic sites remains an open question.
To better understand how KIF1A-driven vesicle trafficking is controlled in neurons, we performed 
an interactome analysis of KIF1A. Based on those results, we focused on three KIF1A binding 
partners, the calcium binding protein calmodulin (CaM) and two synaptic scaffolding proteins: 
liprin-α and TANC2 (tetratricopeptide repeat, ankyrin repeat, and coiled coil containing 2). 
TANC2 was originally identified as a postsynaptic density (PSD)-95-interacting protein, 
regulating dendritic spine and synapse function (Han et al., 2010). TANC2 gene mutations are 
identified in patients with neurological disorders ranging from autism to schizophrenia (de Ligt 
et al., 2012; Fromer et al., 2014; Iossifov et al., 2012). To gain insights into the role of these 
three proteins in KIF1A-mediated transport, we used a combination of live-cell imaging and 
biochemical-proteomic methodology. This approach allowed us to demonstrate that calcium, 
acting via CaM, enhances KIF1A binding to DCVs and increases vesicle motility. In addition, 
we show that liprin-α and TANC2 are mainly localized in dendritic spines and recruit KIF1A-
driven DCVs to synaptic sites. Altogether, our findings reveal a mechanism for pick-up and 
delivery of DCVs in dendrites.

RESULTS

Kinesin-3 Family Member KIF1A Interacts with Liprin-α and TANC2
KIF1A contains a classical N-terminal motor domain, followed by three coiled coils, a stalk 
domain in the middle part, and a pleckstrin homology (PH) domain in the tail region, which in 
C. elegans is crucial for recognition of phosphatidylinositol 4,5-bisphosphate (PIP2) in cargo 
vesicle membranes (Figure 1A) (Klopfenstein et al., 2002). To identify KIF1A interactome, we 
set up a systematic affinity purification-mass spectrometry (AP-MS) screening using different 
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KIF1A tail fragments (Figure 1A). BioGFP-KIF1A fragments were expressed in HEK293 
cells, purified with streptavidin beads, and incubated with brain lysates. Co-isolated proteins 
were then analyzed by mass spectrometry (MS). Among the list of putative interacting proteins 
detected with this approach, we classified candidate KIF1A binding partners with a probability 
> 0.98, using SAINT (Significance Analysis of INTeractome) to score our AP-MS data (Figure 
S1A; Tables S1 and S2) (Choi et al., 2011). Most identified binding partners are associated with 
the stalk domain of KIF1A (amino acid 657-1105), and most of them belong to the postsynaptic 
density (PSD) (7.82 = log10[corrected  p value] Gene Ontology [GO], cellular component) 
(Figures S1A and S1B). This stalk region is highly similar to MAGUK binding sites (MBSs) 
found in other kinesin-3 motors, such as KIF13B (Zhu et al., 2016). MBS regions mediate 
binding with the guanylate kinase (GK) domain, and in the case of KIF13B, MBS is required 
for the formation of a complex with the GK of the synaptic protein DLG1 (Hanada et al., 2000; 
Yamada et al., 2007). Although MBS regions are highly conserved, small amino acid sequence 
variations could drastically change their binding specificities for different scaffolding proteins. 
In line with this, our results indicate that the MBS domain of KIF1A interacts with a different 
group of postsynaptic scaffolds compared to KIF13B, confirming high selectivity of these 
domains (Figure S1A; Tables S1 and S2). As part of the interactome, we detected well-known 
interactors of KIF1A, such as liprin-α family proteins (Shin et al., 2003), as well as interactors 
such as TANC2. We observed a highly significant enrichment of TANC2 total spectral counts 
(Figure 1B) but not of counts for its homolog TANC1 (Figure 1C). Similarly, we found KIF1A 
associated only with TANC2 in our AP-MS experiment in which we immunoprecipitated TANC1 
or TANC2 from rat brain extracts (Figure 1D). To validate our proteomic results, we performed 
affinity purification-Western blot (AP-WB) experiments in cells co-expressing bioGFP-KIF1A 
fragments (657-1105 and 657-1698), along with a HA-tagged version of TANC1 and TANC2. 
As expected, both TANC2 and liprin-α bound the KIF1A middle fragment (657-1105), but not 
TANC1 (Figures 1E and 1F). Surprisingly, neither TANC2 nor liprin-α was able to bind a longer 
KIF1A fragment including the PH domain (Figures 1E and 1F), as shown by MS data (Figure 
1B; Tables S1 and S2), indicating an auto-inhibitory role of the C-terminal portion of KIF1A. 
As final evidence, reverse AP-WB experiments confirmed that TANC2 and liprin-α are binding 
partners of KIF1A (Figures 1G and 1H), and in vitro competition assays showed that TANC2 
and liprin-α2 partially compete for the same binding site on KIF1A (Figures S1C and S1D). In 
addition, we pinpointed their N-terminal domains as the regions mainly involved in the binding 
(Figures 1I and 1J; Figure S1F). We also found a potential association between TANC2 and 
liprin-α (Figures S1G and S1H); however, it is quite likely that the two proteins only indirectly 
interact by binding KIF1A within a macromolecular complex. Overall, these results identify the 
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Figure 1. KIF1A Binds to TANC2, Liprin-α, and CaM
(A) bioGFP-KIF1A(383-881, 657-1105, 657-1698, 950-1250, 1105-1698) used to perform AP-MS experiments.
(B) KIF1A interactors identified by MS. p values and spectral counts are graphically represented by colors and spheres, 
respectively. See also Figures S1A and S1B and Tables S1 and S2.
(C) TANC1 and TANC2 spectral counts detected by MS.
(D) TANC (TANC1 Ab, PanTANC Ab, and TANC2 Ab) immunoprecipitation-MS experiments. p values and spectral  
counts of KIF1A are graphically represented by colors and spheres, respectively.
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PSD proteins liprin-α and TANC2 as interactors of KIF1A (Figure 1K).

Kinesin-3 Family Member KIF1A Interacts with CaM
Among other identified candidate KIF1A interactors, we decided to further characterize the 
calcium regulator CaM. As suggested by the number of CaM spectra detected by MS (Figure 
1B) and confirmed by subsequent AP-WB (Figure 1L), CaM is one of the few proteins 
capable of binding both the KIF1A middle tail region (657-1105) and the full tail (657-1698). 
Combined with CaM being calcium regulated, it represents an ideal modulator of KIF1A-based 
cargo trafficking (Figure 1K). Typically, calcium binding to the EF hands of CaM induces a 
conformational switch, which exposes the hydrophobic pockets present in the two lobes of 
CaM, allowing binding to target proteins (Zhang et al., 1995). To assess the ability of CaM to 
bind to KIF1A in response to calcium, we performed in vitro affinity purification (AP) assays 
using bioGFP-KIF1A fragments and HA-CaM in the presence of excessive calcium (2 mM) or 
EDTA (2 mM) (Wang and Schwarz, 2009). Western blot (WB) analysis revealed that the amount 
of CaM bound to KIF1A increased by ~50% in calcium-supplemented samples (Figures 2A and 
2B), indicating a stronger association between motor protein and CaM upon calcium addition.
The structure of Ca2+-bound CaM is flexible and dynamic, allowing it to recognize and modulate 
the activity of its substrates. As a consequence, the consensus sequence for CaM binding motifs 
is not well defined. Most Ca2+/CaM binding substrates can be broadly characterized by a short 
stretch of amino acids containing a high density of positively charged and hydrophobic residues 
(Yamniuk and Vogel, 2004). In search of potential CaM binding sites, we used two separate 
databases: the Calmodulin Target Database (http://calcium.uhnres.utoronto.ca) (Yap et al., 
2000) and the Calmodulation Database and Meta-Analysis website (http://cam.umassmed.edu) 
(Mruk et al., 2014). This analysis revealed the existence of a conserved binding motif for CaM 
spanning residues 710–740 of KIF1A (Figure 2C). Therefore, we generated different KIF1A 
fragments of ~60 amino acids each (Figure 2C) and found that KIF1A(691-752) interacted with 
CaM (Figure 2D). Consequently, we made a CaM binding-deficient bioGFP-KIF1A(657-1105) 

(E) Western blots (WBs) of HA-TANC proteins and liprin-a1 in AP experiments of bioGFP-KIF1A(657-1105, 657-
1698) from co-transfected HEK293 cells.
(F) WB of HA-liprin-α2 in AP of bioGFP-KIF1A(657-1105, 657-1698).
(G and H) WB of HA-KIF1A in AP of bioGFP-TANC2 (G) or bioGFP-liprin-α2 (H).
(I) WB of HA-KIF1A in AP of full-length GFP-TANC2 and GFP-TANC2 fragments (1-832, 833-1227, 1228-1500, and 
1501-1900).
(J) WB of HA-KIF1A in AP of full-length GFP-liprin-α2 and GFP-liprin-α2 fragments (1-735 and 796-1257).
(K) Schematic representation of KIF1A in association with the PSD scaffolding proteins TANC2 and liprin-α2 and with 
the calcium sensor CaM.
(L) WB of HA-CaM in AP of bioGFP-KIF1A fragments (657-1105, 1105-1698, and 657-1698).
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Figure 2. Ca2+ Promotes CaM-KIF1A Binding and Ca2+/CaM Modulates KIF1A Tail Conformation
(A) bioGFP-KIF1A(657-1105) was expressed in HEK293 cells, purified using streptavidin pull-downs, and 
incubated with protein extracts of cells expressing HA-CaM in the presence of 2 mM EDTA or 2 mM Ca2+. bioGFP-
KIF1A(1105-1698) was used as negative control. Western blot detection was performed using HA and GFP antibodies.
(B) Quantification of CaM relative intensities shown in (A), calculated as the ratio of HA-CaM signals normalized on 
the affinity-purified bioGFP-KIF1A signals. n = 3 experiments per condition. The bars show mean ± SEM.
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fragment by substituting five hydrophobic amino acids with alanine residues, as reported 
previously (Figure 2C) (Li and Sacks, 2003). The absence of HA-CaM signal and of CaM 
spectra in the bioGFP-KIF1A_5*Ala pull-downs indicates that the hydrophobic residues are 
required for CaM recognition (Figures 2E and 2F). Altogether, these results indicate that CaM 
interacts with a short KIF1A fragment (691-752), in contrast to TANC2 and liprin-α, which 
require the entire region (657-1105) to associate with KIF1A (Figure 2G) and do not compete 
with CaM for KIF1A binding (Figures S1C–S1E).

CaM Binding to KIF1A Changes Intramolecular Interactions
Next, we wanted to address the question of the loss of KIF1A binding partners in the full-length 
fragment. As described earlier, TANC2 and liprin-α are able to bind to KIF1A(657-1105), 
but not to the longer fragment KIF1A(657-1698) (Figures 1B, 1E, and 1F; Figure S1A). One 
possible explanation is the presence of an inhibitory mechanism caused by the intramolecular 
interactions. To assess this, we performed AP-WB experiments using different bioGFP-
KIF1A truncations, in combination with HA-KIF1A(657-1105). We only detected binding 
between HA-KIF1A(657-1105) and bioGFP-KIF1A(1105-1698), confirming an intramolecular 
interaction between the C terminus and the middle part of the tail (Figure 2H). This interaction is 
regulated by Ca2+/CaM binding (Figures 2I and 2J). To further characterize these intramolecular 
interactions, we applied crosslinking-mass spectrometry (XL-MS) to KIF1A(657-1698_WT) 
and mutant KIF1A(657-1698_5*Ala). We detected nine intramolecular crosslinked peptides, 
of which 6 peptides were shared between the two proteins (in black) (Figures 2K and 2L). 

(C) bioGFP-KIF1A fragments (691-752, 800-896, and 986-1054) and mutant bioGFP-KIF1A(657-1105_5*Ala) 
(W714A, W716A, Y717A, F719A, and L722A).
(D) WB of HA-CaM in AP experiments of bioGFP-KIF1A truncations (657-1105, 691-752, 800-896, and 986-1054) 
from co-transfected HEK293 cells.
(E) WB of HA-CaM in AP of bioGFP-KIF1A(657-1105_WT) or bioGFP-KIF1A(657-1105_5*Ala).
(F) CaM spectral counts detected by MS in AP of bioGFP-KIF1A(657-1105_WT) or bioGFP-KIF1A(657-1105_5*Ala).
(G) WB of HA-TANC2 and liprin-α1 in AP of bioGFP-KIF1A(657-1105, 691-752, 800-896, 986-1054).
(H) WB of HA-KIF1A(657-1105) in AP of bioGFP-KIF1A(1105-1698, 950-1250).
(I) bioGFP-KIF1A(1105-1698, 950-1250, 657-1698) were incubated with protein extracts of cells expressing HA-
KIF1A(657-1105) in the presence of 2 mM EDTA or 2 mM Ca2+. WB detection was performed using HA and GFP 
antibodies. Ca2+ increases binding affinity between KIF1A fragments.
(J) bioGFP-KIF1A(1105-1698, 950-1250, 657-1698) were incubated with protein extracts of cells expressing HA-
KIF1A(657-1105_WT) or HA-KIF1A(657- 1105_5*Ala). WB detection was performed using HA and GFP antibodies. 
Mutant KIF1A(657-1105_5*Ala) shows reduced binding to KIF1A C-terminal fragments compared to WT.
(K and L) Crosslinking-mass spectrometry (XL-MS)-based analysis of purified bioGFP-KIF1A(657-1698_WT) (K) or 
bioGFP-KIF1A(657-1698_5*Ala) (L). Schematic maps of intra-protein crosslinks are identified. Crosslinks detected 
in both WT and 5*Ala are represented as black lines, WT-specific crosslinks are represented as red lines, and 5*Ala-
specific crosslinks are represented as blue lines.
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Three of those crosslinks were specific for either KIF1A-wild-type (WT) (highlighted in red) or 
KIF1A_5*Ala (in blue). In the KIF1A_5*Ala mutant, crucial intramolecular interactions were 
disturbed compared to the WT protein. In particular, crosslink 1044-1562 was not present in the 
absence of CaM and aberrant intramolecular crosslinks 720-1562 and 720-1684 were detected, 
confirming that the backfolding of the tail is governed by CaM binding.

Ca2+/CaM Regulates the Binding of KIF1A with DCVs
Altogether, our results highlight the importance of Ca2+/CaM in regulating KIF1A molecular 
dynamics. In the following steps, we decided to repeat our initial KIF1A AP-MS experiments 
in rat brain extracts, this time supplemented with either calcium or EDTA (Figures 3A–3C). 
The number of spectra detected for co-precipitated liprin-α and TANC2 markedly decreased 
in samples treated with calcium when compared to the EDTA condition (Figures 3A and 3C; 
Figure S2A), suggesting that calcium negatively affects the binding affinity of KIF1A for these 
scaffolds. Consistent with the in vitro AP data (Figures 2A and 2B), we detected more CaM 
spectra in the presence of calcium compared to the EDTA condition (Figures 3A–3C). Only in 
the presence of calcium KIF1A(657-1698) associated with specific DCV-related proteins such 
as Syt4 and synaptotagmin 11 (Syt11) (Figures 3B and 3C; Figure S2B). We obtained the same 
results for other proteins involved in PIP2 and phosphoinositide metabolism (Figure 3C; Figures 
S2C–S2E). Based on these results, we can conclude that calcium increases the binding between 
KIF1A and DCVs. These proteomic findings were confirmed by in vitro AP-WB experiments 
(Figures 3D–3I). Using a CaM binding-deficient KIF1A mutant (657-1698_5*Ala), revealed a 
reduction in the amounts of co-precipitated Syt4 (Figure 3J) or Syt11 (Figure 3K),  confirming 
a role for CaM in promoting the interaction between KIF1A tail and DCV proteins (Figure 3L). 
Our proteomic data did not allow us to derive any conclusion about SV-related proteins, because 
the number of spectra identified was not sufficient to show enrichment. 
Based on these considerations and taking into account that KIF1A(657-1105) was found 
associated with proteins enriched in the PSD (Figures S1A and S1B), we decided to further 
investigate the role of KIF1A in DCV trafficking in dendrites. First, we assess the role of CaM in 
the KIF1A-DCV interaction in hippocampal neurons. To this end, we co-expressed GFP-KIF1A_
WT or GFP-KIF1A_5*Ala with DCV proteins: NPY-RFP (Figures 4A and 4B) or mCherry-
Syt4 (Figures 4C and 4D). KIF1A-WT co-localized with NPY and Syt4 on vesicles, whereas 
mutant KIF1A, which is unable to bind CaM, showed a diffuse cytoplasmic localization that 
did not coincide with DCVs (Figures 4A–4E). Because CaM-KIF1A binding affinity is already 
stimulated at low micromolar concentrations of calcium (Figures 4F and 4G) (comparable to 
physiological Ca2+ concentrations in vivo), we next wondered whether increasing calcium in 
neurons could activate KIF1A-mediated DCV transport. To test this, we increased intracellular 
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Figure 3. KIF1A Binds DCVs in a Ca2+/CaM-Dependent Manner
(A) bioGFP-KIF1A(657-1105) was purified using streptavidin pull-downs and incubated with rat brain extracts in the 
presence of 2 mM EDTA or 2 mM Ca2+.
KIF1A(657-1105) interactors were identified by MS. Mascot scores and spectral counts of selected proteins (TANC2, 
liprin-α, and CaM) are graphically represented by colors and spheres, respectively. See also (C) and Figure S2A.
(B) bioGFP-KIF1A(657-1698) was incubated with rat brain extracts in the presence of 2 mM EDTA or 2 mM Ca2+. 
KIF1A(657-1698) interactors were identified by MS. Mascot scores and spectral counts of selected proteins (Syt4, 
Syt11, and CaM) are graphically represented by colors and spheres, respectively. See also (C) and Figures S2B–S2E.
(C) Table represents the number of spectral counts detected in AP-MS experiments of bioGFP-KIF1A(657-1105) and 
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concentration of calcium by treating neurons with bicuculline, which acutely enhances neuronal 
activity by inhibiting g-aminobutyric acid (GABA) receptor activity. Bicuculline induced 
clustering of KIF1A and increased motility of KIF1A-NPY complexes within minutes (Figures 
4H–4M). In addition, we examined the effect of calcium deprivation (BAPTA-AM treatment) 
on DCV motility, and BAPTA-AM-treated neurons showed lower motility of KIF1A, NPY, and 
Syt4 vesicles (Figures 4N–4P). These data strongly support a role for calcium in the regulation 
of KIF1A-DCV loading and motility in neurons. Altogether, these results indicate that binding 
of Ca2+/CaM to the KIF1A tail regulates DCV pick-up and trafficking (Figure 3L).

KIF1A-Mediated DCV Trafficking Is Independent of TANC2 and Liprin-α
Next, we were interested whether KIF1A, TANC2, and/or liprin-α can also control DCV 
motility. We first systematically quantified the co-localization of KIF1A with DCV markers 
(NPY, Syt4, and Syt11) in hippocampal neurons (Figure 5A; Figures S3A and S3B). KIF1A 
showed ~50% co-localization with NPY-, Syt4-, and Syt11-positive vesicles (Figures 5B and 
5C). Next, we tested whether NPY and synaptotagmins label the same DCV population. Only 
10% of the NPY-positive vesicles coincided with Syt4 or Syt11 (Figures 5D–5F; Figures S3C 
and S3D). In contrast, Syt4 and Syt11 showed ~70% co-localization (Figures 5G–5I; Figures 
S3E and S3F), indicating that NPY and synaptotagmins label different subpopulations of DCVs. 
Second, using live-cell imaging, we assessed whether NPY and DCVs are transported by KIF1A. 
Kymographs of those recordings showed robust co-movement of GFP-KIF1A and NPY-RFP, 
as well as mCherry-Syt4-labeled vesicles (Figures 5J and 5K). Next, we tested the effect of 
KIF1A knockdown on NPY or Syt4 vesicle motility. DCV motility was severely affected in 
neurons depleted of KIF1A, with ~50% reduction of mobile NPY-GFP- or Syt4-Cherry-positive 

bioGFP-KIF1A(657-1698) in the presence of 2 mM EDTA or 2 mM Ca2+ for selected co-purified proteins: TANC2, 
liprin-α, calmodulin (CaM), synaptotagmin (Syt), phosphatidylinositol 5-phosphate 4-kinase (Pip4k2), and inositol 
polyphosphate 5-phosphatase (Inpp5).
(D and E) bioGFP-KIF1A(657-1105) was incubated with protein extracts of cells expressing HA-TANC2 (D) or HA-
liprin-a2 (E) in the presence of 2 mM EDTA or 2 mM Ca2+. WB detection was performed using HA and GFP antibodies.
(F and G) bioGFP-KIF1A(657-1698) was incubated with protein extracts of cells expressing mCherry-Syt4 (F) or 
mCherry-Syt11 (G) in the presence of 2mM EDTA or 2 mM Ca2+. WB detection was performed using mCherry and 
GFP antibodies.
(H and I) Quantifications of Syt4 (H) and Syt11 (I) relative intensities shown in (F) and (G), calculated as the ratio of 
co-purified mCherry signals normalized on the bioGFP-KIF1A. n = 3 experiments per condition. The bars show mean 
± SEM.
(J and K) bioGFP-KIF1A(657-1698_WT) or bioGFP-KIF1A(657-1698_5*Ala) was incubated with protein extracts 
of cells expressing mCherry-Syt4 (J) or mCherry-Syt11 (K). WB detection was performed using mCherry and GFP 
antibodies.
(L) Schematic model illustrating the Ca2+/CaM mechanism acting on the KIF1A tail, leading to DCV loading and 
mobilization.



85

Regulation of KIF1A-driven Dense Core Vesicles transport

3

0

50

100

150

200

250

0 10 20 30

0

50

100

150

200

250

0 10 20 30

0

50

100

150

200

250

0 10 20 30

0

50

100

150

200

250

300

100 20 30 40

L

M

K

F G

H I

C DB

 
 

CTR BAPTA-AM CTR BAPTA-AM CTR BAPTA-AM

 

0

25

50

75

100

KI
F1

A 
mo

tili
ty 

(%
)

NP
Y 

mo
tili

ty 
(%

)

Sy
t4 

mo
tili

ty 
(%

)

0

25

50

75

100

0

25

50

75

100

N O PKIF1A motility NPY motility Syt4 motility

KI
F1

A 
+ 

NP
Y

KI
F1

A 
+ 

Sy
t4

MARCKS-BFP MARCKS-BFP

mCherry-Syt4 mCherry-Syt4

MERGE MERGE

MARCKS-BFP MARCKS-BFP

NPY-RFP NPY-RFP

GFP-KIF1A-5*Ala

MERGE MERGE

KIF1A_WT KIF1A_5*Ala KIF1A_WT KIF1A_5*Ala

***
**

*

GFP-KIF1A-WT GFP-KIF1A-WT GFP-KIF1A-5*Ala

A

E

WT 5A
la

0

2

4

6

8

10

KIF1A dendritic puncta 

n.
pu

nc
ta

(1
0µ

m)

***

HA-KIF1A 
(657-1105)

INPUT

WT 5*A
la

(657-1105)
WT

(657-1105)
5*Ala

CaM-PD

   - -   1 5
   500 -

 -
 -  - -

 10
 -

50
-

100
-

250
-

500
-

kDa
100

70

EDTA 0 1 5 10 50
100 250 500

0

50

100

Ca2+(µM)

Re
lat

ive
KI

F1
A

IR

GCaMP6

pre-treatment post-Bicuculline

pre
po

stBic
uc

ull
ine

GF
P-

KI
F1

A
NP

Y-
RF

P

0.0

0.1

0.2

0.3

0.4

0.5

moving KIF1A on NPY

KI
F1

A
co

-lo
ca

lN
PY

pe
rm

in ***

0.00

0.05

0.10

0.15

0.20

0.25

static KIF1A on NPY

KI
F1

A
co

-lo
ca

lN
PY

pe
rm

in

GFP-KIF1A NPY-RFP MERGEGFP-KIF1A NPY-RFP MERGE

pre-treatment (10min) post-DMSO (10min)

Tim
e

position

J

0.0

0.1

0.2

0.3

0.4

0.5

moving KIF1A on NPY

KI
F1

A
co

-lo
ca

lN
PY

pe
rm

in

pos
t-D

MSO

pre
-tre

atm
ent

pos
t-D

MSO

pre
-tre

atm
ent

pos
t-B

icu
c.

pre
-tre

atm
ent

pos
t-B

icu
c.

pre
-tre

atm
ent

0.00

0.05

0.10

0.15

0.20

0.25

static KIF1A on NPY

KI
F1

A
co

-lo
ca

lN
PY

pe
rm

in

GFP-KIF1A NPY-RFP MERGEGFP-KIF1A NPY-RFP MERGE

pre-treatment (10 min) post-Bicuculline (10min)

Tim
e

position

EDTA (µM)
Ca2+ (µM)

NPY
KIF1A_WT

KIF1A_5*Ala
NPY

Syt4
KIF1A_WT

KIF1A_5*Ala
Syt4

0
20
40
60
80

100
120
140
160
180
200

0

10
050 15
0

19
0

pre-treatment
KIF1A

0
20
40
60
80

100
120
140
160
180
200

0 50 10
0

15
0

19
0

post-Bicuculline
KIF1A

HA

Int
en

sit
y (

AU
)

Int
en

sit
y (

AU
)

Int
en

sit
y (

AU
)

Int
en

sit
y (

AU
)

distance(µm) distance(µm)

distance(µm) distance(µm)

Int
en

sit
y (

AU
)

distance(µm)

Int
en

sit
y (

AU
)

distance(µm)



86

Chapter 3

3

Figure 4. KIF1A-Driven DCVs Transport Is Regulated by Ca2+/CaM
(A) Representative dendrites of rat hippocampal neurons (11–14 DIV) co-transfected with GFP-KIF1A_WT or GFP-
KIF1A_5*Ala (green) with NPY-RFP (red). Arrows point to co-localizing puncta. Scale bar, 5 mm.
(B) Line scans of fluorescence intensity of GFP-KIF1A and NPY-RFP channels shown in (A).
(C) Dendrites of neurons co-transfected with GFP-KIF1A_WT or GFP-KIF1A_5*Ala (green) with mCherry-Syt4 (red). 
Arrows point to co-localizing puncta. Scale bar, 5 mm.
(D) Line scans of fluorescence intensity of GFP-KIF1A and mCherry-Syt4 channels shown in (C).
(E) Quantifications of GFP-KIF1A_WT and GFP-KIF1A_5*Ala puncta in dendrites. The bars show mean ± SEM (n = 
20–28 dendrites; ***p < 0.001, t test).
(F) Ca2+ dependence of the in vitro binding of CaM to KIF1A. AP of CaM (anti-CaM beads) from lysates of cells 
transfected with HA-KIF1A(657-1105_WT) or HA-KIF1A(657-1105_5*Ala). WB detection was performed using anti-
HA antibody.
(G) Quantification of KIF1A binding to CaM shown in (F). The percentage of maximal binding to CaM was defined as 
the intensity of the co-precipitated band of KIF1A and set at 100% in 2 mM Ca2+. n = 3 experiments per condition. The 
bars show mean ± SEM.
(H and I) Representative kymographs showing trajectories of GFP-KIF1A and NPY-RFP vesicles in selected neurites of 
co-transfected neurons pre- and post-treatment with DMSO (H) or with 40 mM of bicuculline (I).
(J and K) Quantifications of trajectories of GFP-KIF1A co-localizing with NPY-RFP (see H and I) pre- and post-
treatment with DMSO (J) or with bicuculline (K). The bars show mean ± SEM (n = 12 dendrites in J and n = 34 
dendrites in K; ***p < 0.001, paired t test).
(L) Intracellular calcium levels in a representative dendrite treated with bicuculline and visualized with the calcium 
indicator GCaMP6. Scale bar, 5 mm.
(M) GFP-KIF1A clustering in a representative dendrite treated with bicuculline. Scale bar, 5 mm.
(N–P) Quantifications of the percentage of mobile GFP-KIF1A (N), NPY-GFP vesicles (O), or mCherry-Syt4 vesicles 
(P) in neurons (11–14 DIV) treated with DMSO (CTR) or 10 mM of BAPTA-AM. Bars show the mean (n = 21–29 
dendrites in N, n = 20–28 dendrites in O, and n = 41–50 dendrites in P; *p < 0.05, **p < 0.001, ***p < 0.001, t test).

vesicles compared to pSuper control (Figures 5L–5O). We confirmed the specificity of this 
result with a rescue experiment in which expression of full-length KIF1A (but not of KIF1A 
lacking the C-terminal PH domain) restored NPY motility (Figure 5M). These data are in line 
with a previously described role for KIF1A in transporting DCVs (Arthur et al., 2010; Lipka et 
al., 2016; Lo et al., 2011; McVicker et al., 2016). 
Finally, we assessed whether the depletion of TANC2 and/or liprin-α also affects DCV motility. 
We used previously described short hairpin RNAs (shRNAs) targeting liprin-α (Spangler et 
al., 2013) and generated TANC2-specific shRNAs, whose efficacy was tested by quantifying 
the intensity of the staining of endogenous TANC2 in neurons (Figures S3G–S3I). TANC2 or 
liprin-α knockdowns did not influence DCV motility, as shown by live-cell imaging of NPY or 
Syt4 (Figures 5N and 5O). In addition, other transport parameters, such as pausing frequency 
and duration, were not affected by this treatment (Figures S3J–S3L). These data suggest that 
TANC2 and liprin-α are not part of the KIF1A-DCV transport complex and do not work as 
classical cargo-adaptor proteins.
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Figure 5. DCV Dendritic Trafficking Is KIF1A Dependent and TANC2/Liprin-α Independent
(A) Neurons (11–14 DIV) co-transfected with GFP-KIF1A (green), in combination with NPY-RFP, mCherry-Syt4, or 
mCherry-Syt11 (red). Arrows point to co-localizing puncta. Scale bar, 5 mm. See also Figures S3A and S3B.
(B and C) Percentage of co-localizing puncta between DCV proteins and KIF1A (B), and vice versa (C). The bars show 
mean ± SEM (n = 19–23 dendrites).
(D) NPY-GFP (green), in combination with mCherry-Syt4 or mCherry-Syt11 (red). Scale bar, 5 mm. See also Figures 
S3C and S3D.
(E and F) Co-localizing puncta between NPY and Syt4 or Syt11 (E), and vice versa (F). The bars show mean ± SEM 
(n = 21–31 dendrites).
(G) Phluorin-Syt4 (green) with mCherry-Syt11 (red) or Phluorin-Syt11 (green) with mCherry-Syt4 (red). Arrows point 
to co-localizing puncta. Scale bar, 5 mm. See also Figures S3E and S3F.
(H and I) Co-localizing puncta between Syt4 and Syt11 (H), and vice versa (I). The bars show mean ± SEM (n = 20–27 
dendrites).
(J and K) Representative kymographs showing trajectories of NPY-RFP vesicles (J) or mCherry-Syt4 vesicles (K) (red) 
moving with GFP-KIF1A (green).
(L) Representative images acquired at 10s intervals showing NPY-GFP motility in dendrites of neurons transfected with 
pSuper (right) or shRNA_KIF1A (left). In the merged images, red corresponds to 0s, blue corresponds to 10s, and green 
corresponds to 20s. Scale bar, 5 mm.
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(M) Quantification of the percentage of mobile NPY vesicles in neurons (11–14 DIV) co-transfected with NPY-GFP, in 
combination with pSuper, shRNA_KIF1A, shRNA_KIF1A + FL-HA-KIF1A, or shRNA_KIF1A + HA-KIF1A(1-1105). 
The bars show mean (n = 18–32 dendrites; *p < 0.05, **p < 0.001, ***p < 0.001, t test).
(N and O) Quantification of the percentage of mobile DCVs in neurons (11–14 DIV) co-transfected with NPY-GFP (N) 
or mCherry-Syt4 (O), in combination with pSuper, shRNA_KIF1A, shRNA_TANC2, shRNA_liprin-α2-3, or shRNA_
liprin-α2-3 + shRNA_TANC2. The bars show mean (n = 17–58 dendrites in N and n = 17–39 dendrites in O; ***p < 
0.001, t test). See also Figures S3J–S3L.

TANC2 and Liprin-α Are Scaffolding Proteins in Dendritic Spines
To better understand the roles of TANC2 and liprin-α in KIF1A-dependent cargo trafficking, we 
investigated their distribution in neurons. Both proteins localized in dendrites (Figure 6A), were 
enriched in dendritic protrusions, and co-localized with the postsynaptic markers PSD-95 and 
Homer (Figures 6B–6D). When co-expressed, TANC2 and liprin-α co-clustered in dendritic 
spines (Figure 6E). Analysis of the truncated isoforms revealed that the C-terminal part of 
TANC2 (1501-1900), which includes the PDZ binding domain, is responsible for the synaptic 
localization (Figure S4A). In contrast, for liprin-α, the N-terminal part (1-735) is required for 
the synaptic localization (Figure S4B). We followed those observations and characterized the 
interactomes of TANC2 and liprin-α (Tables S3 and S4). Based on this analysis, we identified 
postsynaptic density proteins (GO classification, cellular component), such as PSD-95(DLG4), 
SAP-97(DLG1), CASK, Scribble, Centaurin gamma 2 and 3 (AGAP1 and AGAP3), and 
various subunits of the NMDA receptor (Grin1 and Grin2B), as the main interactors of TANC2 
(Figure S4C; Table S3). These results are in line with previous findings that describe TANC2 
as a synaptic scaffold, interacting and co-localizing with the synaptic anchoring proteins PSD-
95 and Homer (Han et al., 2010) and with other PDZ domain proteins (Gasparini et al., 2017). 
Among the interacting partners of liprin-α2, we picked up both postsynaptic (Grip1, Grip2, 
Lin7, Trio, and CASK) (Wyszynski et al., 2002) and pre-synaptic proteins (Rims1/2, ERC1/2, 
and Munc13-1/2) involved in the maturation, docking and secretion of SVs and known to form 
macromolecular protein complexes with liprin-α in the axonal active zone (Figure S4D; Table 
S4) (Olsen et al., 2005; Spangler et al., 2013). Altogether, we can conclude that TANC2 and 
liprin-α are enriched in dendritic spines and interact with various synaptic proteins.

TANC2, KIF1A, and Liprin-α Depletion Affects Spine Density and Morphology
Spine morphology is largely controlled by actin dynamics. Identifying TANC2 and liprin-α 
as enriched in dendritic spines led us to speculate that their distribution and accumulation 
may also be regulated by actin. Therefore, we transfected neurons with GFP-TANC2 or GFP-
liprin-α2 and treated them with either latrunculin B to depolymerize the actin cytoskeleton or 
jasplakinolide to stabilize actin (Figures S4E and S4F). Latrunculin B treatment reduced the 



89

Regulation of KIF1A-driven Dense Core Vesicles transport

3

Figure 6. TANC2 and Liprin-α2 Are PSD Scaffolds that Localize in Dendritic Spines
(A) Hippocampal neurons (11–14 DIV) transfected with GFP-TANC2 or GFP-liprin-α2 (green) and stained for MAP2 
(red). Scale bar, 20 mm.
(B and C) GFP-TANC2 (B) or GFP-liprin-α2 (C) (green) co-localization with Homer and PSD-95 (red) in dendritic 
spines. Scale bar, 5 mm.
(D) Quantifications corresponding to the percentage of GFP-TANC2 (B) or GFP-liprin-α2 (C) puncta co-localizing with 
PSD-95 or Homer. The bars show mean ± SEM (n = 24–36 dendrites).
(E) Neurons co-expressing GFP-liprin-α2 and RFP-TANC2. Scale bar, 20 mm. Bottom panels correspond to higher 
magnification showing TANC2 and liprin-α2 co-localization in dendritic spines. Arrows point to co-localizing puncta. 
Scale bar, 5 mm.
(F) Dendritic protrusions of pSuper or TANC2-KD (knockdown) neurons (shRNA_TANC2#1, shRNA_TANC2#3, and 
shRNA_TANC2mix) co-transfected with MARCKS-GFP to visualize membrane morphology. Scale bar, 5 mm. Graphs 
show quantifications of protrusion density (number of protrusions per 10 mm) for total number of protrusions (left) or 
mushroom-shaped protrusions (right). The bars show mean ± SEM (n = 30–33 dendrites; *p < 0.05, ***p < 0.001, t 
test).
(G) Dendritic protrusions in neurons co-transfected with pSuper, shRNA_TANC2#1, or shRNA_TANC2#1 + GFP-
TANC2, in combination with MARCKS-GFP. Scale bar, 5 mm. The bars show mean ± SEM (n = 54–75 dendrites, **p 
< 0.01, ***p < 0.001, t test).
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number of TANC2 and liprin-α2 clusters in spines by ~30%, whereas jasplakinolide treatment 

resulted in an opposite phenotype, with ~30% increase of clusters in spines (Figures S4G and 

S4H). These data suggest that the localization and clustering of TANC2 and liprin-α2 are 

affected by the actin cytoskeleton in dendritic spines. This hypothesis is strengthened by the 

ability of several TANC2- and liprin-α-interacting proteins to directly or indirectly associate 

with the actin cytoskeleton (Figure S4I). To get further insights into the roles of TANC2, KIF1A 

and liprin-α in dendritic spine morphology, we performed knockdown experiments. TANC2 

depletion caused a significant reduction in the total number of protrusions, particularly of 

mushroom spines (Figure 6F), and the effect was rescued by re-introducing full-length TANC2 

(Figure 6F). KIF1A and liprin-α depletion showed a similar phenotype, severely affecting the 

total number of dendritic protrusions (Figure 6H). These data are consistent with previous 

findings (Han et al., 2010; McVicker et al., 2016) and show that TANC2, KIF1A, and liprin-α 

depletion affects spine number and morphology. 

TANC2 and Liprin-α2 Act as Immobile Postsynaptic Posts Able to Recruit KIF1A in a 
Subset of Dendritic Spines
Based on the preceding results, we further examined the functional relationship between KIF1A 

and TANC2 or liprin-α in dendritic spines. Co-expression of HA-KIF1A with GFP-TANC2 

or GFP-liprin-α2 showed that ~10% KIF1A-FL co-clustered with TANC2 and liprin-α2 in 

dendritic spines (Figure 7A). In contrast, KIF1A(1-1105), lacking the PH domain but containing 

the TANC2 and liprin-α binding region, showed a rather diffuse cytoplasmic pattern (Figure 7B). 

Nevertheless, we noticed accumulation of KIF1A(1-1105) in dendritic spines that co-localized 

with TANC2 and liprin-α2 (Figure 7B), suggesting that KIF1A can co-localize with TANC2 

and liprin-α2 in spines even without cargo binding. This effect was exacerbated when these 

proteins were expressed in COS7 cells (Figures S5A–S5F). Because KIF1A is a motor protein, 

we next examined the spatial and temporal dynamics of KIF1A, DCVs (by imaging NPY and 

Syt4), TANC2, and liprin-α. As we described earlier, KIF1A-, NPY-, and Syt4-positive vesicles 

showed high motility along the dendritic shaft. This was not the case for TANC2 and liprin-α, 

which were relatively static in dendritic spines (Figures 7C–7E). This finding supports our claim 

that TANC2 and liprin-α are not part of the KIF1A-DCV transport complex. Closer analysis of 

the vesicle dynamics revealed that DCVs frequently paused and stopped near TANC2- or liprin-

α-positive clusters (Figures 7C–7E) and the number of DCV pauses at TANC2/liprin-α2 clusters 

(H) Dendritic protrusions in neurons transfected with pSuper, shRNA_KIF1A, shRNA_TANC2, shRNA_liprin-α2-3, 
or shRNA_liprin-α2-3 + shRNA_TANC2, together with MARCKS-GFP. Scale bar, 5 mm. The bars show mean ± SEM 
(n = 30–36 dendrites, ***p < 0.001, t test).
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Figure 7. TANC2 and Liprin-α Recruit KIF1A-Driven DCVs in Dendritic Spines
(A and B) Neurons co-expressing GFP-TANC2 or GFP-liprin-α2 (green), in combination with HA-KIF1A (A) or HA-
KIF1A(1-1105) (B) (red) and stained for MAP2 (blue). Scale bar, 10 mm. Panels on the right correspond to higher 
magnifications showing dendritic TANC2 and liprin-α2 puncta co-localizing with KIF1A. Scale bar, 5 mm.
(C) Kymographs showing trajectories of GFP-KIF1A and RFP-TANC2 in a selected dendritic region of transfected 
hippocampal neurons (11–14 DIV).
(D) Trajectories of NPY-RFP (green) vesicles pausing at GFP-liprin-α2 (red) clusters (left panel); trajectories of NPY-
GFP (green) vesicles pausing at RFP-TANC2 (red) clusters (right panel).
(E) mCherry-Syt4 (red) vesicles pausing at GFP-liprin-α2 (green) clusters (left panel) or at GFP-TANC2 (green) 
clusters (right panel).
(F and G) GFP-TANC2 (F) or GFP-liprin-α2 (G) co-localizing with NPY-RFP, mCherry-Syt4, or mCherry-Syt11 
puncta in dendritic protrusions visualized with MARCKS-BFP. Scale bar, 2 mm.
(H–J) Quantifications showing the percentage of GFP-KIF1A (H), NPY-GFP (I), and mCherry-Syt4 (J) puncta in 
dendritic protrusions, measured in neurons transfected with pSuper, shRNA_Cortactin, shRNA_TANC2, and shRNA_
liprin-α2-3 (11–14 DIV) and filled with MARCKS-BFP. The bars show mean ± SEM (n = 30–57 dendrites in H, n = 
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was higher in mature neurons (17 days in vitro [DIV]) in which TANC2 and liprin-α2 were 
more accumulated in spines (Figures S5G–S5K). We also found DCV accumulation in dendritic 
spines, and in ~10% of the spines, DCVs co-localized with TANC2 and liprin-α2 (Figures 7F 
and 7G). To gain additional functional insight, we analyzed the distribution of DCVs in TANC2- 
or liprin-α-depleted neurons. TANC2 and liprin-α knockdown, but not Cortactin knockdown, 
caused a reduction of KIF1A, NPY, and Syt4 clusters in spines by ~40% compared to control 
(Figures 7H–7J). Based on these results, we propose that TANC2 and liprin-α recruit KIF1A-
driven DCVs to dendritic spines (Figure 7K).

TANC2 Disease Mutations Abolish the Interaction with KIF1A and Affect KIF1A-DCV 
Recruitment
The preceding findings on the role of TANC2 in DCV transport turned our interest into 
potential consequences for neuronal dysfunction. TANC2 gene mutations R760C and R1066X 
(nonsense mutation) were found in patients with intellectual disorders and autism spectrum 
disorder, respectively (de Ligt et al., 2012; Iossifov et al., 2012). In the last part, we wanted 
to test whether those mutants may be affecting TANC2 localization to dendritic spines and/
or its ability to bind KIF1A. While the localization of TANC2-R760C was similar to the WT 
TANC2, TANC2-R1066X failed to accumulate at the dendritic spines (Figures S6A and S6B). 
These results are in agreement with an important role of the C-terminal PDZ binding domain 
for TANC2 synaptic localization (Figure S4A). Furthermore, AP-WB experiments revealed 
strongly reduced binding between both TANC2 mutants and KIF1A (Figure S6C). To directly 
assess the effect of TANC2 point mutation (R760C) on KIF1A and DCV transport, we next 
produced chimeric proteins, which are the result of the fusion between NF186 (Neurofascin) 
and TANC2(1-832_WT) or TANC2(1-832_R760C). As expected, both Neurofascin-fusion 
proteins mis-accumulate TANC2 at the AIS (Figures S6D and S6E). Neurons co-expressing 
a WT TANC2 chimera showed reduced run length (Figure S6F), speed (Figure S6G), and 
run duration (Figure S6H) of anterograde-transported DCVs at the AIS compared to a control 
NF186, whereas in the presence of a mutant R760C, DCV motility was not affected (Figures 
S6F–S6H). These data suggest that a single point mutation (within the N-terminal part of 
TANC2) found in patients with intellectual disorders, apart from being detrimental for binding 

35–71 dendrites in I, and n = 43–90 dendrites in J; *p < 0.05, **p < 0.01, ***p < 0.001, t test).
(K) Hypothetical model of KIF1A-dependent transport of DCVs in dendritic spines. KIF1A, in low Ca2+, is in an auto-
inhibited conformation, unable to efficiently bind any cargo. In the presence of high Ca2+, KIF1A interacts with CaM, 
resulting in a conformational change of its C-terminal tail. Upon Ca2+/CaM binding, KIF1A is activated, allowing for 
DCV loading and motility. KIF1A-driven DCVs are recruited in dendritic spines by liprin-α and TANC2, which ensure 
a precise mechanism of synaptic tagging for the vesicles.
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with KIF1A (Figure S6C), drastically impairs the recruitment of KIF1A-transported vesicles in 
neurons. Altogether, these data suggest that the aberrant localization, the abolished interaction 
with KIF1A, and the deficient recruitment of KIF1A-driven vesicles of TANC2 mutants may 
contribute to the underlying molecular mechanisms that lead to neurological defects observed 
in patients.

DISCUSSION

Ca2+/CaM Interacts with KIF1A and Allows DCV Binding and Motility
In neurons, calcium is a regulatory factor for multiple elements of the trafficking machinery. 
Calcium and calcium-activated proteins control motor protein processivity and motor-cargo 
binding (Hirokawa et al., 2010; Schlager and Hoogenraad, 2009). For example, Ca2+/CaM 
allows activation of actin-based motors, such as myosin Va (Krementsov et al., 2004), myosin 
VI (Batters et al., 2016), and myosin 1C (Lu et al., 2015). In those cases, calcium is required 
for an initial activation of the myosin motor protein, allowing the transition from a backfolded 
conformation to an active status. Another example is the activation of Ca2+/CaM-dependent 
protein kinase II (CaMKII) by calcium, which in turn phosphorylates KIF17, leading to the 
release of NMDA receptor- containing vesicles (Guillaud et al., 2008). Finally, the regulation of 
mitochondrial trafficking depends on calcium. Upon calcium binding, the adaptor protein Miro 
interacts with the motor domain of KIF5 motors, thereby preventing its microtubule interaction 
and inhibiting the transport of mitochondria (Macaskill et al., 2009; Wang and Schwarz, 2009). 
Similar to this mechanism, cytoplasmic KIF1A is in an auto-inhibited state and becomes active 
only upon cargo binding (Hammond et al., 2009; Niwa et al., 2016). In this study, we were 
able to decipher the role of calcium in KIF1A-dependent vesicle trafficking. We show that 
Ca2+/CaM-dependent modulation on KIF1A allows for binding to vesicular cargo. Our results 
indicate that at low calcium concentrations, the tail domain of KIF1A does not bind to vesicular 
cargo, whereas at high calcium concentrations, CaM binds KIF1A, allowing for subsequent 
DCV motility. Thus, we propose a mechanism in which Ca2+/CaM regulates the loading of 
DCVs. This model potentially represents a more general paradigm for other kinesins and 
cargoes in response to calcium. For example, KIF1Bβ contains a predicted CaM binding site in 
a highly conserved region and therefore could undergo similar Ca2+/CaM-dependent dynamics.

TANC2 and Liprin-α Capture KIF1A-Driven DCVs
Syt4 is present on DCVs and is transported by KIF1A along microtubules in the dendritic shaft 
(Arthur et al., 2010). Microtubule entry into dendritic spines was proposed as a mechanism 
of local delivery of KIF1A-mediated DCVs (McVicker et al., 2016). Our data point to two 
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scaffolding proteins, TANC2 and liprin-α, present in dendritic spines as important players in 
the mechanism behind KIF1A-transported DCV capture. First, TANC2 and liprin-α bind the 
stalk domain of KIF1A. Second, they are stably present in dendritic spines while not being part 
of the KIF1A-cargo complex. Third, although TANC2 and liprin-α do not directly affect the 
motility of KIF1A-transported DCVs, they influence the cargo distribution in dendritic spines. 
Based on those points, we speculate that TANC2 and liprin-α, interacting with KIF1A, are able 
to stop and capture KIF1A-bound DCVs upon dendritic spine entry. In this model, TANC2 and 
liprin-α act as local signposts tethering KIF1A-transported DCVs. Consistent with our model, 
neurons lacking KIF1A show spine morphology defects, which can be directly caused by an 
altered transport of DCVs within the dendritic spines. In this study, we focused on KIF1A-
dependent DCV transport in dendrites; however, the same general principles might be applied to 
the transport of SVs in the axonal compartment. Similar mechanisms have been described at the 
pre-synaptic axonal boutons, where static clusters of liprin-α can capture KIF1A-transported 
SVs (Olsen et al., 2005; Wu et al., 2013, 2016) or where actin pre-synaptic pools locally recruit 
DCVs (Bharat et al., 2017). Based on our biochemical results, DCV recruitment is favored by 
low calcium concentrations, thereby working as an opposing mechanism counteracting the Ca2+/
CaM-induced DCV mobility. Myosin motors may play an additional role in trafficking DCVs 
into spines. Specifically, it was proposed that myosin V modulates DCV transport and delivery 
(Bittins et al., 2010) and myosin V activity is regulated by a similar Ca2+/CaM mechanism (Lu 
et al., 2006; Nguyen and Higuchi, 2005). Thus, local Ca2+ concentrations have an important role 
in the modulation of DCV trafficking and delivery in and out of dendritic spines. 
In summary, we propose that Ca2+/CaM regulates cargo pick-up and scaffolding proteins 
liprin-α and TANC2 recruit KIF1A-driven DCVs into spines. Our findings reveal a potential 
general mechanism that depends on two basic elements: calcium to load motors to cargo and 
specific signposts to unload cargo. Given that alterations in cargo trafficking pathways were 
described in several neurological diseases, our findings that some TANC2 disease mutants do 
not interact with KIF1A are bringing to light additional molecular targets to investigate the 
trafficking machinery in neuropathological disease models.
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EXPERIMENTAL PROCEDURES

Animals
All experiments were approved by the DEC Dutch Animal Experiments Committee (Dier Experimenten Commissie), 
performed in line with institutional guidelines of Utrecht University and were conducted in agreement with Dutch 
law (Wet op de Dierproeven, 1996) and European regulations (Directive 2010/63/EU). For details see Supplemental 
Experimental Procedures. Female pregnant Wister rats were obtained from Janvier Laboratories. Hippocampal neurons 
were obtained from embryos of both genders at E18 stage of development

Expression vectors, shRNA constructs.
pebioGFP-KIF1A(657-1105, 657-1698) correspond to truncated versions of the KIF1A rat variant 2 (XM_003750741). 
HA- and GFP-TANC2 were generated using as template FLAG-TANC2 described in (Han et al., 2010). The following 
shRNA sequences are used in this study: TANC2#1 (5’-CCTCAGTCAAGGGTCATAT-3’) targeting rat TANC2 mRNA 
(XM_008768351.1), shRNA_KIF1A (Kevenaar et al., 2016), shRNA_liprin-α2/α3 (Spangler et al., 2013). All other 
constructs were created using PCR-based strategies. For details, see Supplemental Experimental Procedures.

Hippocampal Neuron Cultures, Transfections, Treatments. 
Primary hippocampal cultures were prepared from embryonic day 18 rat brains. Cells were plated on coverslips coated 
with poly-L-lysine (30μg/ml) and laminin (2μg/ml) at a density of 100,000/well. Hippocampal neurons were transfected 
using lipofectamine (Invitrogen). Neuron cultures were treated with 10μM latrunculin B, 10μM jasplakinolide, 10μM 
BAPTA-AM or 40μM bicuculline and fixed or imaged from 0 to 1h after addition of the drugs. For details, see 
Supplemental Experimental Procedures.

Affinity Purification-Mass spectrometry (AP-MS) using biotin or GFP pull-down on rat brain extracts
Brains were obtained from female adult rats and homogenized in tissue lysis buffer (50mM TrisHCl, 150mM NaCl, 
0.1% SDS, 0.2% NP-40, and protease inhibitors). Brain lysates were centrifuged at 16,000g for 15min at 4°C and the 
supernatant was then incubated for 1h at 4°C with beads previously conjugated with the protein of interest. For details, 
see Supplemental Experimental Procedures.

Sample preparation, peptide fractionation, mass spectrometry and data analysis
All samples were analyzed on an ETD enabled LTQ-Orbitrap Elite coupled to Proxeon EASY-nLC 1000 (Thermo Fisher 
Scientific) or on an Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific) coupled to an Agilent 1290 
Infinity LC (Agilent Technologies). The full MS methods are available in the Supplemental Experimental Procedures.

Live-Cell Imaging Microscopy and analysis
Live-cell imaging experiments were performed in an inverted spinning disk confocal microscope equipped with a Plan 
Apo VC 100x/60x NA 1.40 oil objective, and an incubation chamber mounted on a motorized XYZ stage which were 
all controlled using MetaMorph (Molecular Devices) software. For details, see Supplemental Experimental Procedures.

Statistical Methods
AP-MS data were analyzed using SAINT (Significance Analysis of INTeractions, version 2.3.2) algorithm. Statistical 
significance was determined using Student’s t test assuming a two-tailed variation. The graphs represent mean ± s.e.m. 
For details, see Supplemental Experimental Procedures.

DATA AND SOFTWARE AVAILABILITY
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
partner repository with the dataset identifier PXD010080.
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Supplemental Information includes Supplemental Experimental Procedures, six figures, and four tables and can be 
found with this article online at: https://doi.org/10.1016/j.celrep.2018.06.071.
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Figure S1. Related to Figure 1. KIF1A(657-1105) interacts with TANC2, liprin-α2, CaM and shows high binding 
affinity for a restricted group of post synaptic density (PSD) proteins
(A) List of KIF1A (657-1105) interactors identified by LC/MS-MS in rat brain affinity purification (AP) experiments. 
BioGFP-CTR and bioGFP-KIF1A truncated isoforms (657-1105; 657-1698) were firstly expressed in HEK293 cells, 
purified using streptavidin-pulldowns and then incubated with rat brain extracts. Candidate proteins identified by MS are 
considered true KIF1A(657-1105) interactors when their probability >0.98 using the SAINT algorithm. Heat map shows 
total spectral counts detected for each protein candidate in AP-MS experiments of bioGFP, bioGFP-KIF1A(657-1105) 
or bioGFP-KIF1A(657-1698). Selected candidates shown in the graph are neuronal specific interacting partners not 
detected in a control bioGFP-KIF1A(657-1105) AP-MS experiment performed in HEK293 cells. See also Table S1.    
(B) Gene ontology analysis (cellular component) of KIF1A(657-1105) interacting proteins (P-value>0.98). See also 
Figure S1A and Table S1.
(C) bioGFP-KIF1A(657-1105) was expressed in HEK293 cells, purified using streptavidin-pulldowns and incubated 
with protein extracts of cells expressing FLAG-TANC2 alone, or in combination with extracts of cells expressing HA-
liprin-α2 or in combination with 10 or 40 mg of purified calmodulin (Sigma). Western blot detection was performed 
using FLAG, HA and GFP antibodies.
(D) bioGFP-KIF1A(657-1105) was expressed in HEK293 cells, purified and incubated with protein extracts of cells 
expressing HA-liprin-α2 alone, or in combination with extracts of cells expressing FLAG-TANC2 or in combination 
with 10 or 40 mg of purified calmodulin (Sigma). Western blot detection was performed using HA, FLAG and GFP 
antibodies.
(E) bioGFP-KIF1A(657-1105) was expressed in HEK293 cells, purified using streptavidin-pulldowns and incubated 
with protein extracts of cells expressing HA-CaM alone, or in combination with extracts of cells expressing FLAG-
TANC2 or in combination with extracts of cells expressing HA-liprin-α2. Western blot detection was performed using 
HA, FLAG and GFP antibodies.  
(F) Western blots of HA-KIF1A(657-1105) in AP experiments of full length GFP-TANC2 and GFP-TANC2 fragments 
(1-832, 833-1227, 1228-1500, 1501-1900) from co-transfected HEK293 cells.
(G) Western blots of HA-liprin-α2 in AP experiments of GFP, full length GFP-TANC2, or GFP-TANC2 fragments (1-
832, 833-1227, 1228-1500, 1501-1900).
(H) Western blots of HA-TANC2 in AP experiments of GFP, full length GFP-liprin-α2, GFP-liprin-α2(1-735) or GFP-
liprin-α2(796-1257).
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Figure S2. Related to Figure 3. KIF1A interactome is modulated by calcium
(A) BioGFP-KIF1A(657-1105) was incubated with rat brain extracts in presence of 2mM EDTA or 2mM Ca2+.  Heat 
map shows selected post synaptic density (PSD) proteins co-purified with KIF1A(657-1105)_EDTA and identified 
by MS. Relative abundance of each protein is represented as total spectral counts detected in bioGFP (ctr), bioGFP-
KIF1A(657-1105)_EDTA or bioGFP-KIF1A(657-1105)_Ca2+.
(B-E) BioGFP-KIF1A(657-1698) was incubated with rat brain extracts in presence of 2mM EDTA or 2mM Ca2+. Relative 
abundance of each protein is represented as total spectral counts detected in bioGFP (ctr), bioGFP-KIF1A(657-1698)_
EDTA or bioGFP-KIF1A(657-1698)_Ca2+.  Heat maps show selected co-purified proteins with KIF1A(657-1698) _
Ca2+: Synaptotagmin4 (Syt4) and synaptotagmin11 (Syt11) (B); Vapa and Vapb(C); phosphatidylinositol 5-phosphate 
4-kinase (Pip4k2), phosphatidylinositol-glycan-specific phospholipase D (Gpld1), inositol polyphosphate 5-phosphatase 
(Inpp5), diphosphoinositol polyphosphate phosphohydrolase 2 (Nudt4) (D); syntrophins (Snt) (E).
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Figure S3. Related to Figure 5. KIF1A transports DCVs in dendrites but DCV motility is not influenced by 
TANC2 and liprin-α 

(A) Representative images of rat hippocampal neurons (DIV11-DIV14) co-transfected with GFP-KIF1A (green) in 
combination with NPY-RFP (red), mCherry-Syt4 (red) or mCherry-Syt11 (red) and stained for MAP2 (blue). Scale bar, 
10μm. 
(B) Images correspond to higher magnifications of the selected areas highlighted in the nearby figures. Arrows point to 
co-localizing puncta. Scale bar, 5μm.
(C) Neurons co-transfected with NPY-GFP (green) in combination with mCherry-Syt4 (red) or mCherry-Syt11 (red) 
and stained for MAP2 (blue). Scale bar, 10μm. 
(D) Images correspond to higher magnifications of the selected areas highlighted in the nearby figures. Scale bar, 5μm.
(E) Neurons co-transfected with Phluorin-Syt4 (green) in combination with mCherry-Syt11 (red), or with Phluorin-
Syt11 (green) in combination with mCherry-Syt4 (red). Scale bar, 10μm. 
(F) Images correspond to higher magnifications of the selected areas highlighted in the nearby figures. Arrows point to 
co-localizing puncta. Scale bar, 5μm.
(G) Representative images of hippocampal neurons (DIV11-14) knockdown for TANC2 with indicated shRNA 
constructs (shRNA_TANC2#1, shRNA_TANC2#2, shRNA_TANC2#3, shRNA_TANC2mix), filled with GFP (green) 
and stained with TANC2 polyclonal antibody (red). Scale bar, 20μm.
(H-I) Quantifications of TANC2 fluorescent-staining intensities in KD-neurons shown in Figure S3G. (H) TANC2 
staining intensity in the soma of transfected KD-neurons is compared to TANC2 intensity in the soma of non-transfected 
neurons within the same images; (I) TANC2 staining intensity in neurites of transfected KD-neurons is compared to 



103

Regulation of KIF1A-driven Dense Core Vesicles transport

3

0

500

1000

1500

TA
NC

2 i
nte

ns
ity ***

***

TANC2-KD quantification in the soma

0

200

400

600

800

TANC2-KD quantification in dendrites

TA
NC

2 i
nte

ns
ity

CTR
CTR

pS
UPER

shR
NA_TANC2#1

shR
NA_TANC2#2

shR
NA_TANC2#3

shR
NA_TANC2m

ix
CTR

CTR
CTR

CTR
CTR

pS
UPER

shR
NA_TANC2#1

shR
NA_TANC2#2

shR
NA_TANC2#3

shR
NA_TANC2m

ix
CTR

CTR
CTR

Figure S3

%
 in

 m
ov

em
en

t

0

30

60

90

120

0

0.1

0.2

0.3

0.4

0.5

pa
us

e f
re

qu
en

cy
 (1

/se
c)

av
er

ag
e p

au
se

 du
ra

tio
n (

se
c)

0

5

10

15

20

pS
UPER

shR
NA_K

IF1A

shR
NA_TANC2

shR
NA_lip

rin-
α2-3

shR
NA_lip

rin-
α2-3

+ s
hR

NA_TANC2

pS
UPER

shR
NA_K

IF1A

shR
NA_TANC2

shR
NA_lip

rin-
α2-3

shR
NA_lip

rin-
α2-3

+ s
hR

NA_TANC2

pS
UPER

shR
NA_K

IF1A

shR
NA_TANC2

shR
NA_lip

rin-
α2-3

shR
NA_lip

rin-
α2-3

+ s
hR

NA_TANC2

pS
up

er
 

sh
RN

A_
TA

NC
2#

1 
sh

RN
A_

TA
NC

2#
2 

sh
RN

A_
TA

NC
2#

3 
sh

RN
A_

TA
NC

2m
ix

TANC2 Ab TANC2 Ab/GFP G JH

I K

L

*** ***ns

*** ** ***

***

ns

Sy
t4

 +
 S

yt
11

KI
F1

A 
+ 

DC
Vs

Sy
t4

NP
Y

NPY-RFP GFP-KIF1A KIF1A + NPYMAP2

MAP2mCherry-Syt4 GFP-KIF1A

MAP2mCherry-Syt11 GFP-KIF1A KIF1A + Syt11

Sy
t11

NP
Y 

+ 
Sy

t
Sy

t4

MAP2mCherry-Syt11 NPY-GFP NPY + Syt11

MAP2mCherry-Syt4 NPY-GFP NPY + Syt4MAP2mCherry-Syt4 NPY-GFP NPY + Syt4

Sy
t11

A B

C D

E F

NPY-RFP GFP-KIF1A KIF1A + NPYMAP2

mCherry-Syt4 GFP-KIF1A KIF1A + Syt4 KIF1A + Syt4MAP2

mCherry-Syt11 GFP-KIF1A KIF1A + Syt11MAP2

mCherry-Syt4

MAP2NPY-GFP NPY + Syt11mCherry-Syt11

mCherry-Syt11 MERGEPHluorin-Syt4

mCherry-Syt4 MERGEPHluorin-Syt11

mCherry-Syt11 MERGEPHluorin-Syt4

mCherry-Syt4 MERGEPHluorin-Syt11

NPY pausing frequency

NPY pausing duration% NPY in movement



104

Chapter 3

3

TANC2 intensity in neurites of non-transfected neurons within the same images. The bars show mean ± s.e.m. (n=9-13 
neurons (H), n=27-39 neurites (I); **P<0.01, paired t-test; ***P<0.001, paired t-test).
(J-L) Quantifications of NPY trafficking parameters in dendrites of neurons (DIV11-14) co-transfected with NPY-GFP 
in combination with pSuper, shRNA_KIF1A, shRNA_TANC2, shRNA_liprin-α2-3, sh_RNA_liprin-α2-3 + sh_RNA_
TANC2; percentage of NPY vesicles in movement (J), NPY pause frequency (K), NPY average pause duration (L). Bars 
show the mean; (n=17-58 dendrites).  

Supplemental Figure 4 (related to FIGURE 6) 
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Figure S4. Related to Figure 6. TANC2 and liprin-α2 are scaffolding proteins in the post synaptic density (PSD)
(A) Representative dendritic protrusions of neurons (DIV14-17) expressing GFP-TANC2 n-terminal (1-832) or GFP-
TANC2 c-terminal fragment (1501-1900) and stained for the post-synaptic proteins Homer or PSD-95 (red). Scale bar, 
5μm.
(B) Representative dendritic protrusions of neurons (DIV14-17) expressing GFP-liprin-α2 n-terminal (1-735) or GFP-
liprin-α2 c-terminal fragment (796-1257) and stained for the post-synaptic proteins Homer or PSD-95 (red). Scale bar, 
5μm.
(C) List of significant TANC2 interactors identified by MS in AP experiments using bioGFP-TANC2 as bait. BioGFP-
CTR and bioGFP-TANC2 were expressed in HEK293 cells, purified using streptavidin-pulldowns and then incubated 
with rat brain extracts. Co-purified proteins have been identified by AP-MS and have been classified as TANC2 
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interactors if probability >0.90 using the SAINT algorithm. Heat map shows total spectral counts in bioGFP-CTR and 
bioGFP-TANC2. See also Table S3. 
(D) List of significant liprin-α2 interactors identified by LC/MS-MS in AP experiments using bioGFP-liprin-α2 as 
bait. BioGFP-CTR and bioGFP-liprin-α2 were purified using streptavidin-pulldowns and then incubated with rat brain 
extracts.  Co-purified proteins have been identified by AP-MS and have been classified as putative liprin-α2 interactors 
if probability >0.90 using the SAINT algorithm. Heat map shows total spectral counts in bioGFP-CTR and bioGFP-
liprin-α2. See also Table S4. 
(E) Dendritic protrusions of neurons (DIV14-17) expressing GFP-TANC2 and treated with DMSO (Untreated), 
LatrunculinB or Jasplakinolide for 1h. Scale bar, 5μm.
(F) Dendritic protrusions of neurons (DIV14-17) expressing GFP-liprin-α2 and treated with DMSO (Untreated), 
LatrunculinB or Jasplakinolide for 1h. Scale bar, 5μm.
(G) Quantifications of total GFP-TANC2 puncta in dendrites (left panel) and of TANC2 intensity in spines/dendritic 
shaft (right panel) in DMSO (Untreated), Latrunculin B or Jasplakinolide treated neurons (Figure S4E). The bars show 
mean ± s.e.m. (n=27-30 dendrites; ***P<0.001, t-test).
(H) Quantifications of total GFP-liprin-α2 puncta in dendrites (left panel) and of liprin-α2 intensity in spines/dendritic 
shaft (right panel) in DMSO (Untreated), Latrunculin B or Jasplakinolide treated neurons (Figure S4F). The bars show 
mean ± s.e.m. (n=24-31 dendrites,  **P<0.01, t-test, ***P<0.001, t-test).
(I) Table represents selected actin binding proteins co-purified with bioGFP-TANC2 or bioGFP-liprin-α2 and identified 
by MS (Cttn=Cortactin, Dmd=Dystrophin, Lasp1=LIM and SH3 domain protein 1, Snt=Syntrophin, Dtn=Dystrobrevin, 
Dstn=Destrin, Ablim=Actin-binding LIM protein, Trio=Triple functional domain protein). Relative abundance of each 
protein is represented as total spectral counts. See also Table S3-4.
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Supplemental Figure 5 (related to FIGURE 7) 
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Figure S5. Related to Figure 7. TANC2 and liprin-α act as synaptic signposts tethering KIF1A-transported DCVs
(A) Representative images of COS7 cells co-transfected with GFP-KIF1A_full length or GFP-KIF1A(1-1105) (green) 
in combination with RFP-liprin-α2 (red) and stained for α-tubulin (blue). Scale bar, 20μm. 
(B) Images correspond to higher magnifications of the selected areas highlighted in the nearby figures. Arrows point to 
co-localizing puncta. Scale bar, 5μm. 
(C) Line scans of fluorescence intensity of GFP-KIF1A and RFP-liprin-α2 in Figure S5B along the transparent white 
line. 
(D) Representative images of COS7 cells co-transfected with GFP-KIF1A_full length or GFP-KIF1A(1-1105) (green) 
in combination with RFP-TANC2 (red) and stained for α-tubulin (blue). Scale bar, 20μm. 
(E) Images correspond to higher magnifications of the selected areas highlighted in the nearby figures. Arrows point to 
co-localizing puncta. Scale bar, 5μm. 
(F) Line scans of fluorescence intensity of GFP-KIF1A and RFP-TANC2 in Figure S5E along the transparent white line.
(G-H) Graphical representation of NPY vesicles pausing at liprin-α2 (G) or TANC2 (H) static synaptic clusters.
(I-J) Quantifications of GFP-liprin-α2 (I) or GFP-TANC2 (J) puncta in filopodia, mushroom spines or dendritic shaft in 
DIV14/DIV17 neurons. The bars show mean ± s.e.m. (n=31-63 dendrites; *P<0.05, t-test, ***P<0.001, t-test).
(K) Quantifications of percentage of NPY vesicles pauses at liprin-α2/TANC2 immobile clusters calculated on the total 
amount of NPY vesicles pauses, in DIV14/DIV17 neurons. The bars show mean ± s.e.m. (n=15-31 dendrites, *P<0.05, 
t-test).
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Figure S6. Related to Figure 7. TANC2 disease mutations affect KIF1A binding and DCV recruitment
(A) Representative dendritic protrusions of neurons (DIV14-17) expressing GFP-TANC2_WT, GFP-TANC2_R760C 
or GFP-TANC2_R1066X (green) and stained for the post-synaptic markers Homer or PSD-95 (red). Scale bar, 5μm.
(B) Quantifications corresponding to the percentage of GFP-TANC2 co-localizing puncta with endogenous Homer or 
PSD-95 shown in Figure S6A. The bars show mean ± s.e.m. (n=20-33 dendrites, ***P<0.001, t-test).
(C) Western blots of HA-TANC2_WT, HA-TANC_R760C and HA-TANC2_R1066X in AP experiments of bioGFP or 
bioGFP-KIF1A(657-1105) from co-transfected HEK293 cells.
(D-E) Zoom of the proximal axon in DIV11 hippocampal neurons transfected with NF186-GFP-TANC2(1-832_WT) 
(WT) (D) or NF186-GFP-TANC2(1-832_R760C) (R760C) (E) and stained for TRIM46 (blue). Scale bar, 5μm.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Animals
All experiments were approved by the DEC Dutch Animal Experiments Committee (Dier Experimenten Commisie), 
performed in line with institutional guidelines of Utrecht University and conducted in agreement with the Dutch law 
(Wet op de Dierproven, 1996) and European regulations (Directive 2010/63/EU). Female pregnant Wister rats were 
obtained from Janvier Laboratories. Upon delivery, rats were kept in a controlled 12h light-dark cycle with a temperature 
of 22°C and were given unrestricted access to food and water. The animals were housed with companions in transparent 
Plexiglas cages with wood-chip bedding and paper tissue for nest building and cage enrichment. Hippocampal neurons 
were obtained from embryos of both genders at E18 stage of development. None of the parameters analyzed in this study 
are reported to be affected by embryo gender. Pregnant female rats and embryos have not been involved in previous 
procedures.    

Antibodies and reagents
The following primary and secondary antibodies were used in this study: Homer rabbit (SySy), PSD-95 mouse 
(NeuroMab), TRIM46 rabbit (van Beuningen et al., 2015),Tubα1a rabbit (Abcam), GFP rabbit (Abcam), MAP2 
mouse (Sigma), MAP2 rabbit (Cell Signaling), mCherry mouse (Clontech), HA mouse (Covance), HA rabbit (Santa 
Cruz), FLAG mouse (Sigma), TANC1 rabbit (Abcam), TANC2 rabbit (Abcam), PanTANC (Han et al., 2010), and 
liprin-α1 (Spangler et al., 2013). Alexa405-, Alexa 488-, Alexa 568- and Alexa 594-conjugated secondary antibodies 
(Invitrogen). Other reagents used in this study include: jasplakinolide (2792, Tocris Bioscience), latrunculinB (SC-
203318, Bioconnect), BAPTA-AM (SC-202488, Santa Cruz), bicuculline (Sigma), Streptavidin Dynabeads M-280 
(Thermo Scientific), GFP-Trap® beads (ChromoTek), Calmodulin-Sepharose beads (Biovision), recombinant 
Calmodulin (C4874, Sigma). 

Expression vectors and shRNA constructs
The following mammalian expression plasmids have been previously described: BirA coding vector and pebioGFP 
(van der Vaart et al., 2013), pGW1-GFP (Jaworski et al., 2009), pSuper vector (Brummelkamp et al., 2002), pGW2-
MARCKS-GFP (Schatzle et al., 2011), pGW1-HA-liprin-α2, pGW1-GFP-liprin-α2, pGW1-GFP-liprin-α2(1-735), 
pGW1-GFP-liprin-α2(796-1257) and peBioGFP-liprin-α2 (Spangler et al., 2013), pGW1-HA-KIF1A (Kevenaar et al., 
2016), pGW1-GFP-KIF1A (Lee et al., 2003), pGW2-NPY-GFP and pGW2-NPY-RFP (Schlager et al., 2010). pGW2-
MARCKS-BFP was cloned by replacing GFP with cDNA encoding for BFP using BamHI and XbaI sites. pAAV-
mCherry-Syt4, pAAV-mCherry-Syt11, pAAV-Syt4-phluorin, pAAV-Syt11-phluorin were kindly given us by Camin 
Dean. HA-CaM was generated by PCR on human-CAM1 cDNA kindly given us by Mike Boxem and cloned into a 
pGW2-HA linearized backbone using AscI and BamHI.
PebioGFP-KIF1A(657-1105), pebioGFP-KIF1A(393-881), pebioGFP-KIF1A(1105-1698), pebioGFP-KIF1A (950-
1250), pebioGFP-KIF1A(657-1698) correspond to truncated versions of the KIF1A rat variant 2 (XM_003750741) and 
were kindly given us by Gary Banker; pebioGFP-KIF1A(691-752), (830-896), (986-1054) were produced by PCRs using 
pebioGFP-KIF1A(657-1105) as template and cloned using BamHI and XbaI sites; pebioGFP-KIF1A(657-1105_5*Ala) 
mutant was generated by gibson cloning (New England Biolabs) using 3 fragments: 1) gene blocks (IDT) to introduce 
5 point mutations within the predicted CaM binding site (W714A, W716A, Y717A, F719A and L722A) (360b), 2) 
PCR product of pebioGFP-KIF1A657-1105 and 3) peBioGFP backbone digested with BamHI and AscI; pebioGFP-
KIF1A(657-1698_5*Ala) mutant was generated with the same strategy but using the pebioGFP-KIF1A657-1698 
as substrate for PCR of fragment 2; pGW1-HA-KIF1A(657-1105), pGW1-HA-KIF1A(657-1105_5*Ala), pGW1-
HA-KIF1A(657-1698), pGW1-HA-KIF1A(657-1698_5*Ala) were created using PCR based strategies and cloned 
into pGW1-HA vector using AscI and EcoRI sites; pGW1-GFP-KIF1A_5*Ala was created by Gibson cloning using 
3 fragments: 1) pGW1-GFP-KIF1A digested with KpnI and BamHI 2-3) PCR products obtained using degenerated 
primers to introduce 5 point mutations in the CaM binding site; pGW1-HA-KIF1A(1-1105) was generated by PCR on 



109

Regulation of KIF1A-driven Dense Core Vesicles transport

3

pGW1-HA-KIF1A and cloned using AscI and EcoRI.
pGW2-HA-TANC1 and pGW2-HA-TANC2 were generated using FLAG-TANC1 and FLAG-TANC2 (Han et al., 
2010) as templates respectively and gene blocks (IDT) for the N-terminal part of the proteins and cloned into a pGW2-
HA backbone using AscI and BamHI sites; peBioGFP-TANC2, b-actin-GFP-TANC2, b-actin-myc-tagRFP-TANC2 
were generated using as template pGW2-HA-TANC2; b-actin-GFP-TANC2(1-832, 833-1227, 1228-1500, 1501-1900) 
were created by PCR strategies and cloned into b-actin-GFP vector using AscI and BamHI sites; pGW2-HA-TANC2_
R760C and pGW2-HA-TANC2_R1066X were generated by Gibson cloning using pGW2-HA-TANC2_WT as template 
for PCRs and a pGW2-HA linearized backbone; b-actin-GFP-TANC2_R760C and b-actin-GFP-TANC2_ R1066X 
were generated by PCR based strategies using b-actin-GFP-TANC2 as backbone and pGW2-HA-TANC2_R760C 
and pGW2-HA-TANC2_R1066X as templates for PCR reactions. pGW1-NF186-GFP-TANC2(1-832_WT) and (1-
832_R760C) were produced by PCRs based strategies using b-actin-GFP-TANC2_WT or _R760C as templates and by 
cloning these PCRs products into a pGW1-NF186 (Kuijpers et al., 2016) backbone using AscI/XbaI sites. 
The following shRNA sequences are used in this study: TANC2#1 (5’-CCTCAGTCAAGGGTCATAT-3’), TANC2#2 
(5’-GGAGCTGAAACCGAAATCT-3’) and TANC2#3 (5’-GGCCAGTAAATACCAATCT-3’) targeting rat TANC2 
mRNA (XM_008768351.1) were designed using the siRNA selection program at the Whitehead Institute for Biomedical 
Research (jura.wi.mit.edu/bioc/siRNAext) (Yuan et al., 2004) and the complementary oligonucleotides were annealed 
and inserted into a pSuper vector (Brummelkamp et al., 2002; Hoogenraad et al., 2005). ShRNA_KIF1A has been 
already described (Kevenaar et al., 2016) as well as shRNA_liprin-α2, shRNA_liprin-α3 (Spangler et al., 2013) and 
shRNA_cortactin (Jaworski et al., 2009). The control pSuper vector contains a scrambled sequence.

Primary hippocampal neuron cultures, transfections and drug treatments 
Primary hippocampal cultures were prepared from embryonic day 18 rat brains. Cells were plated on coverslips coated 
with poly-L-lysine (30μg /ml) and laminin (2μg/ml) at a density of 100.000/well as previously described (Goslin and 
Banker, 1989; Kapitein et al., 2010). Hippocampal cultures were grown in Neurobasal medium (NB) supplemented with 
B27, 0.5 mM glutamine, 12.5 μM glutamate and penicillin/streptomycin. Hippocampal neurons at DIV 11-14 / 14-17 
were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA (1.8 μg/well, for a 12 wells plate) was mixed 
with 3.3 μl of Lipofectamine 2000 in 200 μl NB, incubated for 30 min, and then added to the neurons in NB at 37°C 
in 5% CO2 for 45 min. Next, neurons were washed with NB and transferred in their original medium at 37°C in 5% 
CO2 for 2-3 days. 10 μM latrunculin B, 10 μM jasplakinolide, 10 μM BAPTA-AM or 40μM bicuculline were added to 
neuron cultures and fixed or imaged from 0 to 1h after addition.

Affinity Purification-Western blot (AP-WB) using biotin or GFP pull-down
Human Embryonic Kidney 293 cells (HEK293) cells were cultured in DMEM/Ham’s F10 (50%/50%) containing 
10% Fetal Calf Serum (FCS) and 1% penicillin/streptomycin at 37°C and 5% CO2. HEK293 cells were transfected 
with pe-Biotin-GFP constructs in combination with BirA or with GFP tagged constructs using polyethylenimine (PEI, 
Polysciences) according to the manufacturer instructions. Cells were lysed 48h later in lysis buffer (50mM TrisHCl 
(PH 7.4-7.8), 100mM NaCl, 0.5% TX-100, 5mM MgCl2, protease inhibitors (Roche)), centrifuged at 13.000 rpm 
for 15 min and the supernatants were incubated with either Streptavidin  Dynabeads M-280 (Thermo Scientific) or 
GFP-trap beads (Chromotek) for 1h at 4°C. Beads were then separated using a magnet (Dynal, Invitrogen) and washed 
five times in washing buffer (20mM Tris HCl, 150mM KCl, 0.1% TritonX-100). Proteins were eluted from the beads 
by adding a 4x dilution of the sample buffer (8% SDS, 25% glycerol, 0.05M Tris pH 6.8, 400mM DTT and 40mg/l 
bromophenol blue). Samples were then boiled at 99ºC for 10 minutes before being analyzed by SDS PAGE. Proteins 
were transferred on nitrocellulose membranes (Millipore) using a semi-dry blotting system. Membranes were blocked 
with 3% BSA in PBS-T (0.1% Tween-20) and incubated with primary antibodies (overnight at 4°C) in 3% BSA PBS-T. 
IRdye680 or IRdye800-conjugated secondary antibodies (Li-Cor) were diluted 1:20.000 in 3%BSA-PBST and applied 
for 1h at RT. Blots were acquired using a LICOR Odyssey scanner at 680nm or 800nm. To quantify the relative amount 
of a specific co-precipitated protein, the intensity of each band was measured and then normalized to the intensities 
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of the corresponding INPUT loading control band and to the intensity of the band relative to the purified bait protein. 
Quantifications were performed with Image J software (Universal Imaging Corporation).

Affinity Purification-Mass spectrometry (AP-MS) using biotin or GFP pull-down on rat brain extracts
Human Embryonic Kidney 293 cells (HEK293) cells were cultured in DMEM/Ham’s F10 (50%/50%) containing 10% 
Fetal Calf Serum (FCS) and 1% penicillin/streptomycin at 37°C and 5% CO2. HEK293 cells were transfected with pe-
Biotin-GFP constructs in combination with BirA or with GFP-constructs using polyethylenimine (PEI, Polysciences) 
according to the manufacturer instructions. Cells were lysed 48h later in RIPA lysis buffer (50mM TrisHCl pH 7.4-7.8, 
150mM NaCl, 1%Triton X-100, 0.1% SDS, 0.5% Sodium Deoxycholate and Protease inhibitors (Roche)), centrifuged 
at 13.000 rpm for 15 min and the supernatants were incubated for 1h at 4°C with either Streptavidin Dynabeads M-280 
(Thermo Scientific) or GFP-trap beads (Chromotek), previously blocked in chicken egg albumin (Life Technologies). 
Beads were then separated using a magnet (Dynal, Invitrogen) washed twice in low salt washing buffer (20mM Tris-
HCl pH 7.4-7.8, 100 mM KCl, 0.1% Triton X-100), followed by two washing steps in high salt wash buffer (20mM 
Tris-HCl pH 7.4-7.8, 500 mM KCl, 0.1% Triton X-100) and two final steps in low salt washing buffer (20mM Tris-HCl 
pH 7.4-7.8, 100 mM KCl, 0.1% Triton X-100) to remove binding proteins from HEK293 cells. Brains were obtained 
from female adult rats and homogenized in 10x volume/weight in tissue lysis buffer (50mM TrisHCl, 150mM NaCl, 
0.1% SDS, 0.2% NP-40, and protease inhibitors). Brain lysates were centrifuged at 16,000 g for 15 min at 4°C and 
the supernatant was then incubated for 1h at 4°C with beads previously conjugated with either the biotinylated or the 
GFP-tagged proteins of interest. Beads were then separated using a magnet (Dynal; Invitrogen) and washed in normal 
washing buffer (20mM Tris HCl, 150mM KCl, 0.1% TritonX-100) for five times. For MS analysis, the beads were 
resuspended in 15 μl of  Laemmli Sample buffer (Biorad), boiled at 99ºC for 10 minutes and supernatants were loaded 
on  4-12% Criterion XT Bis-Tris precast gel (Biorad). The gel was fixed with 40% methanol and 10% acetic acid and 
then stained for 1h using colloidal coomassie dye G-250 (Gel Code Blue Stain Reagent, Thermo Scientific). Each lane 
from the gel was cut in 3 slices, destained and digested using trypsin, as described in (Ekkebus et al., 2013). Briefly, each 
lane from the gel was cut into three pieces and placed in 0.5-ml tubes. Gel pieces were then washed with 250 μl of water, 
followed by 15 min dehydration in acetonitrile. Proteins were reduced (10 mM dithiothreitol, 1h at 56°C), dehydrated 
and alkylated (55 mM iodoacetamide, 1h in the dark). After two rounds of dehydration, trypsin (Promega) was added to 
the samples (20 μl of 0.1 mg/ml trypsin in 50 mM Ammoniumbicarbonate) and incubated overnight at 37°C. Peptides 
were extracted with ACN, dried down and reconstituted in 10% formic acid prior MS analysis.

In vitro Co-purification of KIF1A using sepharose CaM beads 
Equal amounts of lysates from HEK293 cells transfected with KIF1A(657-1105_WT) or KIF1A(657-1105_5*Ala) 
were incubated for 4h at 4°C with Calmodulin-Sepharose beads (Biovision) with increasing μM concentration of Ca2+ 
or EDTA. Beads were then washed with normal washing buffer (20mM Tris HCl, 150mM KCl, 0.1% TritonX-100) for 3 
times by centrifuging them at 1500g for 3min. Proteins were eluted from the beads by adding a 4x dilution of the sample 
buffer (8% SDS, 25% glycerol, 0.05M Tris pH 6.8, 400mM DTT and 40mg/l bromophenol blue). Samples were then 
boiled at 99ºC for 10 minutes before being analyzed by SDS PAGE. 

Immunoprecipitation on rat brain extracts
Rat brain extracts were obtained from female adult rats and homogenized in 10x volume/weight in tissue lysis buffer 
(50mM TrisHCl, 150mM NaCl, 0.1% SDS, 0.2% NP-40, and protease inhibitors). Brain lysates were centrifuged at 
16.000 g for 15 min at 4°C and the supernatant was used for the immunoprecipitations. IPs were performed using 
Pierce Crosslink IP kit (Thermo Scientific) according to manufacturer recommended protocol. TANC1 rabbit (Abcam), 
TANC2 rabbit (Abcam), PanTANC (Han et al., 2010) were the antibodies used for the IP experiments.

Mass spectrometry analysis
All samples were analyzed on an ETD enabled LTQ-Orbitrap Elite coupled to Proxeon EASY-nLC 1000 (Thermo 
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Fisher Scientific, Odense, Denmark) or on an Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany) coupled to an Agilent 1290 Infinity LC (Agilent Technologies). Peptides were loaded onto a trap 
column (Reprosil pur C18, Dr. Maisch, 100 µm x 2 cm, 3 µm; constructed in-house) with solvent A (0.1% formic acid 
in water) at a maximum pressure of 800 bar and chromatographically separated over the analytical column (Poroshell 
120 EC C18, Agilent Technologies, 50 µm x 50 cm, 2.7 µm) using 90 min linear gradient from 7-30% solvent B 
(0.1% formic acid in acetonitrile) at a flow rate of 150 nL/min. The mass spectrometers were used in a data-dependent 
mode, which automatically switched between MS and MS/MS. After a survey scan from 350-1500 m/z the 10 or 
20 most abundant peptides were subjected to either CID or HCD fragmentation depending on the MS-spectrometer 
used. MS spectra were acquired in high-resolution mode (R > 30,000), whereas MS2 was in high-sensitivity mode 
(R > 15,000). For data analysis, raw files were processed using Proteome Discoverer 1.4 (version 1.4.1.14, Thermo 
Scientific, Bremen, Germany). Database search was performed using the Uniprot rat database and Mascot (version 
2.5.1, Matrix Science, UK) as the search engine. Carbamidomethylation of cysteines was set as a fixed modification and 
oxidation of methionine was set as a variable modification. Trypsin was set as cleavage specificity, allowing a maximum 
of 2 missed cleavages. Data filtering was performed using a percolator (Kall et al., 2007), resulting in 1% false discovery 
rate (FDR). Additional filters were search engine rank 1 and mascot ion score >20. The mass spectrometry proteomics 
data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) partner repository 
with the dataset identifier PXD010080.  

Cross linking Mass Spectrometry (XL-MS)
For crosslinking experiment, the beads with affinity-precipitated proteins were incubated with 2 mM disuccinimidyl 
sulfoxide (DSSO; ThermoFischer Scientific) crosslinker for 1h at room temperature (Kao et al., 2011). The crosslinking 
reaction was quenched with 20 mM Tris-HCl for 20 min at room temperature. On-beads crosslinked proteins were 
denatured with 2 mM Urea, reduced with 4 mM dithiothreithol at 56⁰C for 30 min and then alkylated with 8mM 
iodoacetamide for 30 min in the dark. Proteins were partially digested using trypsin (Promega) at 37⁰C for 2h. The 
supernatant was removed from the beads, fresh aliquot of trypsin was added and further digested overnight at 37⁰C. 
Crosslinked protein digests were subsequently desalted and enriched with Strong Cation Exchange (SCX) Stage Tips. 
Obtained fractions were dried and stored at -80⁰C for further use.
Crosslinked peptide mixtures were reconstituted in DMSO/FA/HOH 5%/10%/85% (v/v/v) mixture and analyzed 
on an Orbitrap Fusion Lumos (ThermoFisher Scientific) coupled online to an Agilent UPLC 1290 system (Agilent 
Technologies). Crosslinked peptide digest was trapped on a pre-column (Reprosil pur C18, Dr. Maisch, 100 µm x 2 cm, 3 
µm; constructed in-house) for 10 min with buffer A (0.1% formic acid) and separated on an analytical column (Poroshell 
120 EC C18, Agilent Technologies, 50 µm x 50 cm, 2.7 µm) over 65 min with a linear gradient from 10% to 40% B (B: 
0.1% formic acid, 80% acetonitrile). MS data acquisition was performed using MS2_MS3 acquisition strategy: at the 
MS1 level survey scan was recorded in Orbitrap (OT) at 60.000 resolution. For selected precursors collisional-induced 
dissociation (CID) was applied and signature peaks for the crosslinkers were recorded at 30000 resolution. Fragments 
exhibiting patterns associated to the DSSO cleavable crosslinker were further subjected to low-resolution MS3 scan in 
the ion trap (IT) (Kao et al., 2011; Liu et al., 2017). Raw data files were processed in Proteome Discoverer 2.2 with 
in-house developed nodes for crosslink analysis (Liu et al., 2015). The mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset 
identifier PXD010080.  

Bioinformatic analysis
Gene ontology (GO) classification was obtained via PANTER (Mi et al., 2005)O. Statistical assessment of the AP-MS 
data was performed based on spectral counts using the SAINT (Significance Analysis of INTeractome, version 2.3.2) 
algorithm (Choi et al., 2011) . The SAINT parameters were set as follows: nburn=2000, niter=20.000, lowmode=0, 
minfold=0, and norm=1. Bait proteins with a SAINT probability score >0.90 were considered putative protein 
interaction partners.
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Immunofluorescent staining
Neurons were fixed for 10 min with 4% formaldehyde/4% sucrose in phosphate-buffered saline (PBS) at room tem-
perature. After fixation cells were washed three times for 10 min in PBS, incubated for 10 min with permeabilization 
buffer (0.25% TritonX-100 in PBS) and then blocked for 1h with blocking buffer (2% BSA, 2% Glycin, 0.2% Gelatin, 
50mM NH4Cl, in PBS). Neurons were then incubated with primary antibodies diluted in blocking buffer overnight at 
4°C, washed three times in PBS for 10 min and then incubated with Alexa-conjugated secondary antibodies in blocking 
buffer for 1h at room temperature. Neurons were then washed 3 times for 5 min in PBS at room temperature and sub-
sequently mounted on slides in Vectashield mounting medium (Vector Laboratories). 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 ~7-10 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 compared. Morphometric analysis, quantification, and co-local-
ization were performed using ImageJ software (Universal Imaging Corporation). See for details the methods section: 
Image analysis and quantification.

Image analysis and quantification
Quantification of TANC2 knockdown efficiency by immunostaining in cultured hippocampal neurons
Efficiency of TANC2 shRNAs knock down was verified by immunostaining of endogenous TANC2 protein in 
hippocampal neurons co-transfected at DIV11 with 0.45 μg/well GFP and 1.35 μg/well of different TANC2-shRNAs 
or a mixture of all of them, and fixed 3 days later (DIV14). TANC2 staining (rabbit polyclonal anti-TANC2 antibody, 
Abcam) was measured both in the soma and in the neurites of GFP positive neurons and was compared to TANC2 
corresponding staining in GFP negative surrounding cells within the same image. Images were acquired using a LSM 
700 confocal laser-scanning microscope (Zeiss) using a plan-apo 40×1.3 N.A with the same settings and the exposure 
time and taking series of stacks from the bottom to the top. Maximum intensity projections were created using ZEN 
2014 software (Zeiss) and later used for the analyses. ImageJ was used to manually draw specific regions of interest 
(ROI) located in the soma and in at least three primary neurites. From the ROIs the mean intensity was then measured. 
To prevent selection bias during quantification, the regions of interest in TANC2-KD neurons were selected in one 
channel (GFP) and blindly quantified in the other channel (TANC2 intensity). Intensities were measured in segments of 
approximately the same size, both in GFP positives and GFP negatives neurons. To remove the background signal, the 
intensity near the selected areas (same segment size) was measured and subtracted to the measured intensities within 
the same image. Normalized intensities were averaged over multiple cells and a statistical analysis was performed with 
student’s t test assuming a two-tailed and unequal variation. 
Dendritic protrusions analysis
To highlight protrusions morphology, neurons were transfected at DIV11 and fixed at DIV14 using MARCKS-GFP 
as an unbiased cell-fill in combination with our constructs of interest up to a maximum of 1.8 μg of total DNA/well. 
Confocal images were acquired using a LSM700 confocal laser-scanning microscope (Zeiss) with a 63x oil objective. 
The confocal laser intensity settings were optimized for each neuron. The resulting z-stack used for the spine counting 
was a single image processed by using the maximum projection function of ZEN2014 software (Zeiss). Images 
were not further processed and were of similar high quality to the original single planes. Morphological analysis and 
quantification were performed using ImageJ. For each neuron three dendrites were selected and boxes of 20 μm of 
length were placed 20 μm from the soma. Within these boxes the number of mushroom, filopodia-like and stubby spines 
were counted manually by using the Cell Counter plugin.
Quantification of fluorescent intensity in neurons
For the quantification of fluorescent intensity, images were acquired on a LSM700 confocal microscope (Zeiss) using 
a plan-apo 40×1.3 N.A objective and intensity of signals in the cell body and neurites were measured using ImageJ 
software. Because neurites often crossed several z planes, series of stacks were taken from the bottom to the top and the 
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ZEN 2014 software (Zeiss) was used to generate image projections for quantitative analyses. To prevent selection bias
during quantification, the neurites segments were selected in one channel (GFP, RFP or BFP to visualize neuronal 
morphology) and quantified in the other channel. To control for background signals the intensity of an area of the same 
size was measured near the selected neuron and the measured random fluorescent intensity was subtracted in these 
images. Intensities were averaged over multiple cells and normalized. 
Quantification of KIF1A and DCV distribution in dendritic spines
To highlight protrusions morphology, neurons were transfected at DIV14 and fixed at DIV17 using MARCKS-BFP as 
an unbiased cell-fill in combination with our constructs of interest (KIF1A, NPY, Syt4) up to a maximum of 1.8 ug of 
total DNA/well. Confocal images were acquired using a LSM700 confocal laser-scanning microscope (Zeiss) with a 
63x oil objective. The confocal laser intensity settings were optimized for each neuron. The resulting z-stack used for 
the counting was a single image processed with the maximum projection function of ZEN2014 software (Zeiss). To 
prevent selection bias during quantification, the selected dendritic fragments were selected in the BFP channel. For each 
neuron three dendrites were selected and boxes of 20 μm of length were placed approximately 20 μm from the soma; 
then KIF1A, NPY or Syt4 puncta were counted in each single spine along 20 μm as well as in the dendritic shaft. Ratios 
of puncta spines/shaft were then normalized for the total number of spines along 20 μm to correct for different spines 
densities in different conditions.    

Live cell imaging and imaging processing
Live-cell imaging experiments were performed in an inverted microscope Nikon Eclipse Ti-E (Nikon), equipped 
with a Plan Apo VC 100x NA 1.40 oil or a 60x NA 1.40 oil, a Yokogawa CSU-X1-A1 spinning disk confocal 
unit (Roper Scientific), a Photometrics Evolve 512 EMCCD camera (Roper Scientific) and an incubation chamber 
(Tokai Hit) mounted on a motorized XYZ stage (Applied Scientific Instrumentation) which were all controlled using 
MetaMorph (Molecular Devices) software. Neurites that were in close proximity to the soma were selected for imaging. 
Imaging and analysis of motility of NPY and Syt4 motility 
Time-lapses were acquired with 1 sec intervals for 5min, later analyzed for motility of vesicles. Motility was analyzed 
by pseudocoloring 1st frame in green and 10th frame in red. Merging those frames revealed vesicles non-colocalizing 
(motile), partially and fully co-localizing (immotile).
Imaging and analysis of motility of KIF1A, NPY, Syt4 upon BAPTA treatment
For motility analyses, time-lapses were acquired with 1 sec intervals for 5min, later analyzed for motility of vesicles. 
BAPTA-AM or DMSO were pipetted to the sample at a final concentration of 10uM. Motility was analyzed by 
pseudocoloring 1st frame in green and 10th frame in red. Merging those frames revealed vesicles non-colocalizing 
(motile), partially and fully co-localizing (immotile).
Imaging and analysis of motility of KIF1A, NPY upon bicuculline treatment 
Time lapse images in GFP and RFP channels were carried at 1 frame per second intervals, for 10 minutes before addition 
of DMSO or bicuculline. Treatments were pipetted to the sample and imaging of the same field of view was carried for 
another 10 minutes. To analyze the mobility of KIF1A and NPY along neurites, 3-5 neurite segments were selected from 
each field of view. The same segments were selected from the time lapse taken before and after addition of treatments. 
Only segments that were of at least 15µm in length and with minimal crossings by other neurites were selected for 
kymographs based analysis. Using Fiji software, segments were traced with a line-ROI and kymographs were separately 
created using the Multi Kymograph plugin. The number of KIF1A and co-localized, mobile KIF1A and NPY traces of 
each kymograph were manually counted.
Imaging and analysis of motility of KIF1A, NPY, Syt4 in combination with the scaffolding proteins  liprin-α2 and 
TANC2.
Time-lapses were acquired with 1 sec intervals for 5min, in neurons (DIV14, DIV17) co-transfected with GFP- or RFP-
tagged TANC2 or liprin-α2 in combination with GFP-, RFP- or mCherry-tagged KIF1A, NPY or Syt4. To analyze the 
mobility of DCVs along neurites, 3-5 neurite segments were selected from each field of view. To calculate the percentage 
of DCV pausing within or outside static TANC2/liprin-a2 spots, kymographs were obtained and subsequently analyzed. 
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NPY was used as marker for DCVs. NPY pausing was calculated as percentage of the ratio of NPY pauses at TANC2/
liprin-α2 positive clusters on the total amount of NPY pauses. 
Imaging and analysis of NPY motility in the axon initial segment (AIS) of neurons transfected with Neurofascin-TANC2 
fusion proteins.
Time lapse images in GFP and RFP channels were carried at 5 frames per second intervals, for 50 seconds. Neurons 
(DIV11) were co-transfected with NPY-RFP in combination with NF186-GFP or NF186-GFP-TANC2(1-832_WT) 
or NF186-GFP-TANC2(1-832_R760C). The AIS of transfected neurons was clearly detectable in the green channel 
because of the accumulation of NF186 and NF186 chimeric proteins in this region. After the AIS was visualized in 
green, the RFP channel was used for the imaging of NPY vesicles in the same region. For the analysis, a z-projection 
of the average intensity of the movie was made and subtracted from the original movie to background fluorescence and 
non-moving particles. A line of approximately 10-20mm in each AIS was drawn. Kymographs of these lines were then 
created using KymoResliceWide plugin. Clearly visible anterograde and retrograde traces were traced on the kymos 
by drawing straight lines. Length and angle of the lines were measured and used to calculate velocity, run length and 

duration.           
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ABSTRACT
The ability of a cell to transport cargo vesicles to their correct destination is called selective 
transport. Neurons, being cells of complex architecture, heavily rely on MT-based transport 
to develop and function properly. Kinesin-mediated transport is implicated in the anterograde 
transport of vesicles both in the axon and in dendrites. The focus of this work is to understand 
the mechanisms responsible for kinesin-driven vesicle transport in neurons. For this reason 
we investigated the role of two kinesin-3 family members – KIF1A and KIF13B – in binding 
and transporting neuronal vesicle populations. To this end, we first tested their capability 
to interact with specific brain adaptor proteins by performing affinity purification – Mass 
Spectrometry (AP-MS) experiments using a series of kinesin tail domains. KIF1A and KIF13B 
are characterized by a similar structural domain organization, nevertheless they bind distinct 
groups of proteins, suggesting different selectivity towards different adaptors. Next, by using 
these C-terminal tail fragments in combination with the axon-selective KIF5C motor domain 
(KIF5C(1-560)) we performed a split kinesin assay in hippocampal neurons to investigate their 
potential association with different populations of dendritic vesicles. When the split kinesins 
are assembled, only the bound vesicles are misdirected into the axon. Results show that the 
Dense Core Vesicle (DCV) related protein NPY is selectively transported by KIF1A, while the 
endocytic marker Transferrin Receptor (TfR) shows positive association only with KIF13B. 
The C-terminal regions of both kinesins (1105-1698 for KIF1A and 832-1826 for KIF13B) 
are essential in kinesin-driven transport. On the contrary, middle regions (657-1105 for KIF1A 
and 442-832 for KIF13B) are not directly involved in the interaction with vesicles. These data 
indicate that the post synaptic scaffolds associated with KIF13B and KIF1A middle regions 
(MBS, MAGUK binding stalk, and LBS, liprin bindig site, respectively) are not required for 
motor-cargo transport. Based on these findings, we conclude that disc-large proteins (DLGs) 
and liprin-α proteins might play different regulatory roles on the motors and/or might affect the 
distribution and delivery of vesicles by acting as immobile signposts in neurons.
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INTRODUCTION
Kinesins are the motor proteins able to transport vesicles to the plus end of microtubules (MTs). 
Kinesins are typically composed of two general modules: the motor domain, which binds MTs 
and the tail domain which is responsible for cargo binding. Kinesin tail domains contains 
specialized regions responsible for the interaction with adaptor proteins, which are supposed 
to mediate the association with vesicle cargos (Hirokawa et al., 2010). Several studies have 
successfully described which kinesin interacts with which cargo (Schlager and Hoogenraad, 
2009), however, these works do not investigate in detail which are the functional domains 
required for the kinesin-cargo loading and which adaptor proteins are essential in facilitating 
the motor-cargo interaction.
The kinesin-3 family (KIF) consists of five subfamilies in mammals (KIF1, KIF13, KIF14, 
KIF16, and KIF28). KIF1A is characterized by the presence of a C-terminal Pleckstrin 
Homology (PH) domain capable of binding to PIP2 containing vesicles (Klopfenstein et al., 
2002; Klopfenstein and Vale, 2004). However, it is unclear whether this interaction has a 
supporting role in stabilizing the kinesin-cargo interaction or it is actually how KIF1A interacts 
with vesicles. KIF1A was originally shown to be involved in the transport of synaptic precursor 
proteins (Hall and Hedgecock, 1991; Okada et al., 1995). The regulatory molecular mechanism 
at the base of this transport was described few years later and relies on the capability of KIF1A 
to bind selectively only the GTP-bound form of Rab3 on synaptic vesicles (SVs) through the 
adaptor protein DENN/MADD (Niwa et al., 2008). At the same time this kinesin can also 
transport dendritically polarized cargos (Jenkins et al., 2012; Karasmanis et al., 2018; Stucchi et 
al., 2018). Dense Core Vesicles (DCVs) can be specifically transported by this kinesin-3 family 
member both in the axon and in dendrites (Barkus et al., 2008; de Wit et al., 2006; Lo et al., 
2011; Lochner et al., 2008; Zahn et al., 2004). KIF1A stalk domain was also shown to associate 
with liprin-α, which is a scaffolding protein for AMPA receptors in dendrites (Shin et al., 2003). 
Besides interacting with liprin-α, KIF1A co-precipitated with GRIP, GluR2/3, synaptotagmin, 
RIM, which are proteins enriched in the post-synaptic compartment (Shin et al., 2003). Despite 
these biochemical evidences, currently there are no direct evidences of KIF1A transporting 
liprin-α associated vesicles. In this perspective, further investigations are required to understand 
whether this protein complex directly modulates DCV trafficking or recruits DCVs at synaptic 
sites.
KIF13B is another kinesin-3 family member (Lawrence et al., 2004) which similarly to KIF1A, 
has been reported to act in axonal and dendritic transport in neurons (Horiguchi et al., 2006; 
Jenkins et al., 2012). KIF13B was originally named GAKIN (guanylate kinase–associated 
kinesin) (Asaba et al., 2003; Hanada et al., 2000) and is known to transport PIP3-containing 



120

Chapter 4

4

vesicles through the interaction with the adaptor protein centaurin-α1 (Horiguchi et al., 2006). 
Interestingly, centaurin-α1 is a regulator of dendritic branching and dendritic spine formation 
in neurons (Miyazaki et al., 2005; Moore et al., 2007). The tail domain of KIF13B is also 
capable of binding to vesicles that contain Transferrin Receptor (TfR), a dendritically polarized 
protein (Jenkins et al., 2012). The middle region of KIF13B contains a MAGUK binding site 
(MBS) domain responsible for the interaction with the guanylate kinase (GUK) domain of 
DLG1 (SAP-97) (Hanada et al., 2000), as well as with the GUK domain of DLG4 (PSD-95) 
(Mok et al., 2002; Zhu et al., 2016). PSD-95 and SAP-97 are scaffolding proteins in the post-
synaptic compartment and are suggested to regulate AMPA and NMDA receptors trafficking in 
dendritic spines (Mauceri et al., 2007; Rumbaugh et al., 2003; Sans et al., 2001; Schluter et al., 
2006). In neurons SAP-97 can also act as an endocytic scaffold, forming a complex with Myo6 
and AP-2, favoring the internalization of AMPARs (Osterweil et al., 2005). As in the case of 
liprin-α in relationship with KIF1A, currently there is not a clear consensus whether these DLG 
proteins operate by directly coupling KIF13B to cargos, such as AMPARs/NMDARs and other 
membrane components, or work as synaptic posts by tethering KIF13B-driven cargos to the 
plasma membrane. 
In this context, we performed a systematic Affinity Purification (AP) proteomic screening using 
different KIF1A and KIF13B fragments in search for novel binding proteins. This MS-based 
approach allowed us to successfully identify their complete interactomes in cells and rat brains 
and pinpoint the functional domains involved in the interactions. To get further insights into the 
biological relevance of these data we then used the same kinesin truncations in a split kinesin 
assay in hippocampal neurons (Jenkins et al., 2012). Results indicate that the KIF1A binding 
proteins (liprin-α and TANC2) and the KIF13B binding proteins (DLGs) are not directly 
required for the transport of NPY and TfR positive vesicles, respectively. Therefore we conclude 
that these PSD proteins are not mobile adaptor proteins for KIF1A- and KIF13B-driven vesicles 
but work as immobile synaptic clusters, recruiting vesicles at specific sites, as we previously 
hypothesized ((Stucchi et al., 2018), Chapter 3). Taken together, our findings clarify the role of 
these kinesin-3 interactors in respect to DCV (NPY) and endocytic vesicle (TfR) transport in 
neurons.

RESULTS

Characterization of KIF1A and KIF13B neuronal interactomes 
The kinesin-3 family protein KIF1A is a neuron specific motor protein characterized by a 
motor domain, a Forkhead-Associated (FHA) domain, three coiled-coils, a stalk domain and 
a C-terminal PH domain responsible for lipid binding (Klopfenstein et al., 2002; Soppina 
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et al., 2014) (Figure 1A). The regulatory regions in the middle part have been reported 
to be important for the dimerization and for the consequent relief of KIF1A auto-inhibition 
(Hammond et al., 2009; Soppina et al., 2014). Furthermore, cargo binding has been shown to 
favor KIF1A dimerization and processivity (Huo et al., 2012). However it is not clear which 
KIF1A regulatory adaptor proteins play direct roles in cargo loading and cargo-induced kinesin 
activation. Similarly KIF13B comprises an N-terminal motor domain, a FHA domain, a MBS 
domain, a Cytoskeleton-Associated Protein-Glycine-rich (CAP-Gly) domain and several coiled 
coils, whose functions are still unclear (Figure 1B). 

Figure 1. KIF1A and KIF3B fragments 
(A) Schematic representation of KIF1A domains and bioGFP-KIF1A(393-881, 657-1105, 657-1698, 950-1250, 1105-
1698) fragments used for AP-MS.
(B) Schematic representation of KIF13B domains and bioGFP-KIF13B(442-832, 832-1826, 442-1826) fragments used 
for AP-MS.
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Several proteins have been found associated with KIF13B (in particular with the MBS domain) 

but despite extensive biochemical characterization still little is known about their possible roles 

in recruiting KIF13B to exocytotic and/or endocytotic carriers. To get a better understanding 

into these aspects we performed AP-MS on different KIF1A and KIF13B tail domains (FIGURE 

1A-B). Briefly, we transiently expressed 5 bioGFP-KIF1A (383-881, 657-1105, 657-1698, 950-

1250, 1105-1698), 3 bioGFP-KIF13B fragments (442-832, 832-1828, 442-1832) and bioGFP 

control, together with the protein-biotin ligase BirA in HEK293 cells. The bioGFP tagged 

proteins were purified with streptavidin beads and incubated with rat brain lysates. Co-isolated 

proteins were then analyzed by MS. Among the list of putative interacting proteins, we selected 

candidate KIF1A or KIF13B binding partners with a probability >0.95 using the SAINT 

algorithm for scoring our AP-MS data (Choi et al., 2011) (Table 1-2). To distinguish brain-

specific interactors, complementary AP-MS experiments were performed in HEK293 samples 

not supplemented with brain extracts (Table 3-4). The KIF1A interactome was already described 
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in (Stucchi et al., 2018, Chapter 3, Figure 1). These data clearly indicate that a subgroup of 
PSD scaffolding proteins (liprin-α, TANC2, Shank and Homer) mainly binds KIF1A middle 
region (657-1105) (Table 1). Similarly, our MS analysis of KIF13B interactome, allowed us to 
identify several KIF13B neuronal interactors and precisely map their binding sites (Table 2). 
In this case, very distinct groups of proteins bind specifically either the middle part (442-832) 
or the C-terminus of the protein (832-1826). As expected, PSD proteins such as PSD-95, PSD-
93 and SAP-97 were categorized among the most significant interactors of the MBS middle 
region (Yamada et al., 2007; Zhu et al., 2016). Other SAP-97 interaction partners such as LIN7 
and CASK were also co-precipitated (Bohl et al., 2007; Lee et al., 2002), indicating that these 
scaffolds can form a protein complex together with KIF13B in the brain as well. From these data 
we could conclude that KIF1A LBS domain (657-1105) and KIF13 MBS (44-832) show a high 
degree of selectivity towards different sub-class of PSD and dendritic proteins (Table 1-2). Brain 
centaurin-α1 (Adap1) was found in association only with full tail of KIF13B (Table 2), further 
confirming their direct interaction (Tong et al., 2010; Venkateswarlu et al., 2005) and supporting 
a role for this protein in accumulating KIF13B at the actin cytoskeleton at the leading edges of 
cells (Kanai et al., 2014; Venkateswarlu et al., 2004). Centaurin-α1 binds PIP3 and filamentous 
actin and interacts with the clathrin coat adaptor AP-3 (Bendor et al., 2010; Nie and Randazzo, 
2006), which interestingly was also found enriched in KIF13B AP (Ap3m1, Ap3m2; Table2). 
An interactor that specifically binds the C-terminal part of KIF13B tail (832-1826) is Utrophin 
(Utrn). Utrophin is a large cytoskeletal scaffolding protein, which was recently shown to bind to 
KIF13B in a complex that mediates endocytosis of the low density Lipoprotein Receptor-related 
Protein 1 (LRP1) (Kanai et al., 2014). Apart from utrophin, the coiled-coils C-terminal region of 
KIF13B could also co-precipitate Syntrophin (Snt) and Dystrobrevins (Dtn) (Table 2), which are 
direct binding partners of this scaffold at the plasma membrane (Kramarcy et al., 1994; Peters 
et al., 1997). These proteins are part of the Dystrophin Associated Protein Complex (DAPC) 
which has been recently shown to act as a linker between actin cytoskeleton and MTs. Similarly, 
DAPC have been identified as main binding partners of the C-terminal region of KIF1A (657-
1698) (Table 1). In accordance with these results we can conclude that synaptic PSD proteins 
bind the MBS and LBS (middle regions) of these kinesins, while Dystrophin associated proteins 
tightly associate with their C-terminal parts. It is therefore tempting to speculate that the two 
kinesins, by using similar domains to interact with similar protein groups might be subjected 
to similar regulations. Besides distinct similarities, their association with different sub-class of 
PSD and dendritic proteins might underlie their selectivity towards different types of cargos and 
their specialized different functions in neurons. 
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KIF13B and KIF1A have similar MBS domains that mediate binding to different PSD 
proteins 
In order to identify putative structural similarities between the two motors we then decided 
to search for conserved amino acid sequences. Interestingly the MBS of KIF13B shows high 
degree of homology with a region included in the stalk domain (675-1105) of KIF1A, the LBS 
(Figure 3A). By using I-TASSER (Iterative Threading ASSEmbly Refinement) (Yang et al., 
2015), we applied a homology modelling approach superimposing KIF1A on the structure of 
KIF13B MBS (Figure 2A), which was previously resolved by X-Ray cristallography in complex 
with DLG4/PSD-95 (Zhu et al., 2016) (Figure 2B). This in silico analysis allowed us to infer 
the structure of a similar MBS-like domain on KIF1A, with high confidence (TmScore=0.94) 
(Figure 2C). We then confirmed that a KIF13B minimal fragment, spanning residues 663-
862 and including the MBS domain, was sufficient for binding PSD-95 (Figure 2D), as also 
previously reported by (Zhu et al., 2016). Similarly to this association between PSD-95 and 
KIF13B, we recently demonstrated that other PSD scaffolding proteins such as liprin-α and 
TANC2 directly interact with the stalk domain (657-1105) of KIF1A (Stucchi et al., 2018). 
As next step, we experimentally verified our in silico structural predictions by producing a 
smaller KIF1A fragment, spanning residues 657-864, and homologous to KIF13B MBS (663-
862) and by testing its ability of binding liprin-α and TANC2. As expected, AP-WB results 
show that this shorter KIF1A fragment (657-864) can co-precipitate with both liprin-α and 
TANC2 (Figure 2E). These data demonstrate that KIF1A uses a domain structurally related to 
the MBS of KIF13B for the interaction with PSD proteins. Furthermore our results indicate that 
PSD-95 interacts specifically with the MBS domain of KIF13B but not with KIF1A (Figure 
2D). Similarly, liprin-α binds the predicted MBS-like domain of KIF1A but not KIF13B 
(Figure 2E), confirming the high selectivity of these regions. Altogether these data suggest that 
although these MBS regions are highly conserved, small amino acid sequence variations could 
drastically change their binding specificities for different scaffolding proteins. Based on the 
above findings and on the recently characterized molecular structure of KIF13B in complex 
with PSD-95 (Figure 2F), we generated a homology based model of KIF1A in complex with the 
predicted binding regions of liprin-α and TANC2 (Figure 2G-H). These structures highlight the 
importance of specific coiled-coil regions within the MBS of KIF13B and the LBS of KIF1A in 
mediating the binding with their substrates (PSD-95 and liprin-α/TANC2, respectively). 
Our hypothesis is that small amino acid variations within these structurally folded coiled-
coil regions have been allowed by evolution in order to achieve selectivity towards different 
groups of scaffolding proteins.  As proof of that, altogether our results indicate that different 
members of the kinesin-3 family have very unique and characteristic binding affinities for their 
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Figure 2. The MBS of KIF13B and a similar MBS “like” domain of KIF1A bind to specific PSD proteins
(A) Superimposed ribbon structures of KIF13B(680-795) (cyan)  and KIF1A(726-847) (red).
(B) Ribbon and surface structure of KIF13B-MBS domain(680-795) (PDB: 5B64).
(C) Ribbon and surface structure of KIF1A-MBS”like” domain(726-847).
(D) Schematic representation of bioGFP-KIF13B fragments (442-832, 663-832) used to map the minimal binding site 
to PSD-95 (top panel). Western Blots of mCherry-PSD-95 in AP of bioGFP-KIF13B(442-832, 663-832) and bioGFP-
KIF1A(657-864) (bottom panel).
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(E) Schematic representation of bioGFP-KIF1A fragments (657-1105, 657-864) used to map the minimal binding site 
to liprin-α and TANC2 (top panel). Western Blots of HA-TANC2 and liprin-α1 in AP of bioGFP-KIF1A(657-1105, 
657-864); Western Blots of HA-liprin-α2 in AP of bioGFP-KIF1A(657-1105, 657-864) and bioGFP-KIF13B(663-832) 
(bottom panels).
(F) Ribbon and surface structure of KIF13B-MBS domain (cyan) in complex with DLG4/PSD-95-GK domain (light 
green) (PDB: 5B64).
(G) Predicted structure of KIF1A-MBS“like” domain (red) in complex with liprin-α2(350-700) (blue) (minimal binding 
domain to KIF1A (Shin et al., 2003)).
(H) Predicted structure of KIF1A-MBS“like” domain (red) in complex with TANC2(300-832) (green) (minimal binding 
domain to KIF1A (Stucchi et., 2018)).
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Figure 3. KIF1A and KIF13B show sequence homology in their predicted MBS domains
(A) Amino acid sequence alignment between KIF1A- and KIF13B-(MBS). All the residues are colored in black; how-
ever, those residues in template which are identical to the residue in the query sequence are highlighted in color. Polar 
residues are brightly colored while non-polar residues are in dark shade. Secondary structure is indicated as: H=Helix; 
S=Strand; C=Coil.
(B) Schematic representation (top panel) and corresponding ribbon structures (bottom) of bioGFP-KIF13B(663-832, 
663-762) fragments used for AP-WB. Western Blots of mCherry-PSD-95 in AP of bioGFP-KIF13B(663-832, 663-762) 
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interacting synaptic scaffolds. Interestingly, both minimal binding regions, besides being quite 
homologous with each other, contain well-defined coiled-coil motifs within their sequences 
(KIF1A CC3=802-825; KIF13B CC3=752-772). When part of this coiled-coil motif (CC3) was 
removed from the KIF13B MBS region (663-832), the binding between KIF13B (663-762) and 
the GUK domain of PSD-95 was completely abolished (Figure 3B). These data are consistent 
with a previous work which hypothesized a critical role for the second alpha helix of this CC 
region in mediating the interaction with GUK substrates (Zhu et al., 2016). Key residues located 
on this specific alpha helix, which have been demonstrated to be critical for the PSD-95/KIF13B 
interaction are not conserved among the kinesin-3 family proteins (Zhu et al., 2016), further 
supporting the selectivity and specificity of this binding. Consistent with this observation, when 
the homologous alpha helix (part of the CC3) was removed from the KIF1A LBS (657-864) 
the binding between KIF1A (657-813) and the scaffolds TANC2 and liprin-α was not affected 
(Figure 3C). These data contribute to further narrow the interfaces involved in the binding and 
clearly indicate that an alpha helical region in the CC3 is the motif directly required to mediate 
the association between KIF13B and PSD-95. In the case of KIF1A, the presence of alternative 
alpha helical regions downstream in the sequence might be sufficient to stabilize the interaction 
with the scaffolds.

KIF1A and KIF13B do not require liprin-α and DLG proteins to transport DCVs and TfR 
respectively
To verify the net effect of each single KIF1A and KIF13B domain on vesicle transport we 
decided to use several kinesin-3 fragments in a split kinesin assay in neurons. The split kinesin 
assay was firstly optimized by the Banker lab (Jenkins et al., 2012) and in its original version 
consists of an imaging based approach to identify kinesins interacting with different fluorescently 
labeled vesicle population. In brief, two separate constructs are simultaneously expressed, one 
encoding a kinesin tail domain and the other a kinesin motor domain that can be assembled 
together into a fully functional kinesin using a linker drug. In our experiments different KIF1A 
and KIF13B tail fragments were tested (Figure 4A-B) in combination with the motor domain of 
KIF5C (KIF5C(1-559)) which has a strong bias for transport into the axon. The KIF5C motor 
domain walks constitutively along microtubules in the axon but it is incapable of transporting 
vesicles which require regions included in the tail domain for their movement. KIF5C(1-559) 
is fused to the FK506 binding protein (FKBP) and the KIF1A/KIF13B tail domains are fused 

(bottom panel).
(C) Schematic representation (top panel) and corresponding ribbon structures (bottom) of bioGFP-KIF1A(657-864, 
657-813) fragments used for AP-WB. Western Blots of HA-TANC2 and liprin-α1 in AP of bioGFP-KIF1A(657-864, 
657-813) (bottom panel).
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Figure 4. KIF1A and KIF13B do not require their MBS domains to transport DCV and TfR respectively 
A) Schematic representation of FRB-KIF1A(395-1698, 1105-1698, 657-1698, 393-752, 395-1105, 1560-1698, 1105-
1560) fragments used for the split kinesin assay in combination with KIF5C(1-560)-FKBP.
B) Schematic representation of FRB-KIF13B (442-1826, 832-1826, 663-1826, 442-663, 442-832, 832-1700, 1160-
1826, 1160-1700) fragments used for the split kinesin assay in combination with KIF5C(1-560)-FKBP.
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to the FKBP12-rapamycin binding (FRB) domain. Only upon addition of the drug Rapalog, 
the FKBP and FRB domains can be efficiently linked together (Kapitein et al., 2010) resulting 
in motor-tail assembly. This assembly is expected to cause a rapid and profound change in the 
trafficking pattern of the vesicles binding the kinesin tail domain. NPY-GFP was used as marker 
for DCVs and TfR, as marker for endocytotic vesicles. In our experiments, NPY or TfR were 
redistributed from dendrites and soma to the axonal tips only in case of positive association 
with a kinesin tail domain. In a test experiment, NPY positive vesicles were redistributed to the 
axon and accumulated at the tips specifically by the full tail of KIF1A (395-1698) (Figure 4C) 
but not by KIF13B while TfR could be redistributed by KIF13B tail (443-1826) (Figure 4D) 
but not by KIF1A, after addition of the drug. These results confirm previous findings which 
described KIF1A as the primary motor protein for DCVs (Barkus et al., 2008; Lipka et al., 2016; 
Lo et al., 2011) and KIF13B as the main motor for endocytic vesicles (Jenkins et al., 2012). 
After demonstrating the reliability of this technique with the full length tails, we performed 
a systematic screening using shorter fragments based on functional domains of KIF1A and 
KIF13B (Figure 4A-B). To quantify the net effect of each single KIF1A domain on DCV 
trafficking, we decided to count the number of transfected cells showing a distinct accumulation 
of NPY at the axonal tips upon Rapalog addition in each condition. Results clearly indicate 
that only KIF1A(657-1698) and KIF1A(1106-1698) (and full tail-KIF1A(395-1698)) showed 
a positive assembly in the assay, resulting in NPY accumulation at the axonal tips (Figure 4E). 
Interestingly, KIF1A(1106-1698), despite missing the liprin-α/TANC2 binding domain, is 
capable of transporting DCVs, though with less efficacy (65% positive cells) compared to the 
longer fragment (Figure 3E). These results reveal that the C-terminal portion of the protein 
containing the PH domain is the essential region necessary and sufficient to recruit vesicles. A 
smaller fragment including the PH domain only (1560-1698) does not show any interaction with 
DCVs. This implies that additional spanning regions are required to stabilize the PH domain-

C) Representative pictures showing NPY-GFP (green) accumulation at the axonal tips after addition of Rapalog in 
neurons co-transfected with FRB-KIF1A(396-1698) full tail (blue) and KIF5C(1-560)-FKBP (red). KIF1A-tail 
specifically transports NPY but failed in transporting TfR.
D) Representative pictures showing TfR-GFP (green) accumulation at the axonal tips after addition of Rapalog in 
neurons co-transfected with FRB-KIF13B(442-1826) full tail (blue) and KIF5C(1-560)-FKBP (red). KIF13B-tail 
specifically transports TfR but failed in transporting NPY.
E) Bar graph shows quantifications relative of the percentage of transfected neurons showing NPY accumulation at 
the axon tips upon Rapalog addition. KIF1A(395-1698, 1105-1698, 657-1698) show positive association between the 
motor-tail complex and NPY, resulting into vesicle transport in the axon. 
F) Bar graph shows quantifications relative of the percentage of transfected neurons showing TfR accumulation at 
the axon tips upon Rapalog addition. KIF13B(442-1826, 833-1826, 663-1826) show positive association between the 
motor-tail complex and TfR, resulting into vesicle transport in the axon.
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vesicle association. In agreement with these findings, KIF1A fragments containing the stalk 
domain but not the PH domain (395-1105, 395-752, 1106-1559) can not transport vesicles 
indicating that these middle domains are not sufficient for driving transport and strongly 
supporting a possible role for them in the regulation of kinesin activity. Altogether, these data 
bring us to the conclusion that liprin-α and TANC2, which are associated with a defined MBS-
like region (657-864) in the stalk domain (657-1105) (Figure 2E), are not directly implicated in 
the transport.
An identical approach was used to test the ability of different KIF13B tail fragments to re-
distribute and accumulate TfR-GFP at the axonal tips. Quantifications show that apart KIF13B 
full tail (443-1826), only KIF13B (663-1826) and KIF13B (833-1826) could efficiently bind and 
transport TfR vesicles (Figure 3F). Similarly to KIF1A, these results indicate that the C-terminal 
of KIF13B is the region required to associate with vesicles, while the middle portions of the tail 
including the MBS or the FHA, failed in transporting TfR. Taken together these data suggest that 
DLG proteins which bind the MBS of KIF13B (663-862) (Figure 2D) are not directly required 
in the formation of the kinesin-cargo complex. Our conclusions have been taken using DCVs 
and TfR vesicles as KIF1A and KIF13B cargos respectively, however further investigations are 
needed to understand whether this is also true in the case of other type of kinesin-3 transported 
vesicles.  

DISCUSSION
Defining how specific motors are selectively linked to their vesicular cargoes remains a 
challenging open question. Here we applied a combination of MS-based and imaging assays 
to identify potential new regulatory adaptor proteins of two kinesin-3 family members and 
understand their roles in relationship to cargo trafficking. AP-MS results clearly indicated the 
direct link between different KIF1A/KIF13B domains and specific binding partners. However 
this technique cannot elucidate the functional role of these newly identified interactions. In this 
perspective, the combined application of a systematic reliable and fast imaging approach as the 
split kinesin assay can enormously contribute to a better understanding. We showed that distinct 
groups of PSD scaffolds are associated with the MBS of KIF13B and with a homologous region 
on KIF1A (Table 1-2). DLG1 and DLG4 were previously reported to directly interact with 
KIF13B via its GUK domain (Hanada et al., 2000). Few studies have hypothesized that the 
DLG-KIF13B association is required for the correct loading and transport of proteins to the 
plasma membrane (Bolis et al., 2009; Marcello et al., 2007; Sans et al., 2001). Despite many 
indirect evidences, specific neuronal cargoes/proteins co-trafficked by the DLG1-KIF13B 
complex remain to be identified. In a similar way, the scaffolding protein liprin-α interacts with 
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a MBS-like region of KIF1A, and has been shown to be involved in cargo trafficking (Miller et 
al., 2005; Wagner et al., 2009; Wu et al., 2013). Also in this case, the putative role of liprin-α as 
adaptor protein linking KIF1A to vesicles still remains an open question. TANC2 and CASK are 
other PSD scaffolds with high affinity for the MBS of KIF1A, but they are also not part of the 
motile motor- vesicles complexes (Stucchi et al., 2018; Wu et al., 2016). 
In this context, our results demonstrate that the KIF1A and KIF13B regions required for the 
interaction with these scaffolds are not necessary for KIF1A- and KIF13B-mediated transport of 
DCVs and TfR vesicles respectively. When using KIF1A(1105-1698) and KIF13B(883-1826) 
tails lacking these domains, we did register a reduction in the percentage of cells accumulating 
NPY and TfR at the tips (Figure 3E-F) compared to full length tails, but not a completely 
abolished transport as we would have expected in case these scaffolds had been required for 
transport. One reasonable explanation is that these proteins can work as signposts tethering 
vesicular trafficking proteins to the plasma membrane without directly affecting vesicle transport. 
We previously demonstrated that the synaptic scaffolds liprin-α2 and TANC2 can affect the 
distribution of KIF1A-transported DCVs in spines but do not affecting their primary transport 
in the dendritic shaft (Stucchi et al., 2018). By using an analogous molecular mechanism, the 
scaffolding proteins DLGs can potentially recruit KIF13B-driven vesicles in different subset 
of spines (Kanai et al., 2014). Another explanation could be represented by an activating 
regulatory role for these proteins in respect to kinesin-3 family members. For example, DLG1/
SAP-97 binds to KIF13B-MBS near a proposed auto-inhibitory region. It has been proposed 
that this association can relieve the auto-inhibitory mechanism of KIF13B, activating KIF13B 
motor activity (Yamada et al., 2007). Our data suggest that in absence of the MBS domain the 
accumulation of vesicles at the tips is only partial (50% reduction compared to FL) (Figure 4F) 
which could be explained by an incomplete activation of KIF13B. Also, in assays with KIF1A 
tails we showed that the accumulation at the tips is reduced in the construct missing the stalk 
domain compared to full length (Figure 4E). These findings suggest that DLG1 and liprin-α/
TANC2 might act as molecular stimulators of KIF13B and KIF1A respectively, regulating the 
efficacy of the kinesin-mediated transport of vesicles. Future works are required to elucidate the 
accuracy of these proposed models. 
Overall, these results also reveal new potential candidate proteins involved in trafficking. 
The C-terminal region (883-1826) of KIF13B could precipitate utrophin, syntrophin (Snt) 
and dystrobrevins (Dtn) (Table 2). KIF1A C-terminus (1105-1698) also shows high affinity 
for similar syntrophin (Snt) and dystrobrevins (Dtn) proteins (Table 1). These regions of both 
kinesins are also the minimal domains required for the vesicle transport. Based on these findings, 
we can hypothesize that a direct association between kinesin-3 members and Dystrophin 



131

Kinesin-3 mediated transport

4

Associated Protein Complex (DAPC) might be an additional molecular event required for 
kinesin-driven transport. For a full understanding of the molecular dynamics behind the role 
of the DAPC complex in kinesin-mediated transport, future validations are necessary. Other 
kinesins such as KIF1Bβ, which possesses a C-terminal tail similar to KIF1A, or KIF16B, 
which has a C-terminal PX homology domain that binds PIP3 on early endosomes (Hoepfner et 
al., 2005), could be subjected to similar molecular regulations. Summarizing, the data presented 
in this thesis chapter showed that a combination of proteomics techniques and imaging assays 
can be applied as a reliable approach to screen potential new adaptor proteins of different motor 
proteins and evaluate their contribution in cargo transport. 

TABLES

Accession gene name Σ# Unique Peptides # PSM P-value # PSM P-value # PSM P-value # PSM P-value # PSM P-value # PSM P-value

F1M4A4 KIF1A 126 2 0 1096 1 803 1 1735 1 255 1 879 1
P62161 Calm1 13 0 0 7 1 47 1 51 1 1 0 0 0
Q9JLU4 Shank3 45 0 0 0 0 62 1 0 0 0 0 0 0
F1LSS0 Golga2 45 1 0 0 0 113 1 0 0 0 0 0 0
F1LTE0 Tanc2 54 2 0 3 0.02 107 1 12 1 2 0 3 0.02
D3ZQJ3 Gigyf1 19 0 0 0 0 34 1 0 0 0 0 0 0
F1MAK3 Arhgap32 25 0 0 0 0 32 1 1 0 1 0 2 0.95
D3ZIV3 Mad1l1 21 0 0 0 0 28 1 0 0 0 0 0 0
Q9QX74 Shank2 21 0 0 0 0 28 1 0 0 1 0 0 0
E9PSL7 Cit 22 0 0 0 0 25 1 0 0 0 0 5 1
D3ZZ81 Ppfia1 35 4 0 9 0.06 106 1 2 0 10 0.34 6 0
F1M863 Ppfia4 35 3 0 3 0 78 1 2 0 3 0 8 0.36
G3V917 Tanc1 1 0 0 0 0 18 1 0 0 0 0 0 0
Q9Z2X5 Homer3 11 0 0 0 0 15 1 0 0 0 0 0 0
O55147 Utrn 14 0 0 0 0 15 1 1 0 0 0 0 0
Q9Z214 Homer1 23 1 0 0 0 30 1 2 0.19 0 0 0 0
D3ZDA2 Sema6d 11 0 0 0 0 13 1 0 0 0 0 0 0
Q62915 Cask 13 0 0 0 0 13 1 0 0 1 0 1 0
G3V8Q9 Apc 11 0 0 0 0 13 1 0 0 1 0 1 0
D3Z8E6 Camsap1 11 0 0 0 0 11 1 0 0 1 0 0 0
F1LS65 Sipa1l1 1 1 0 0 0 22 1 0 0 0 0 0 0
D4A7D3 Tbk1 18 2 0 0 0 30 1 1 0 0 0 2 0
Q4KMA0 Azi2 5 0 0 0 0 9 1 0 0 0 0 0 0
F1M8A4 Ppfia2 25 8 0 8 0 73 1 2 0 7 0 10 0
Q792I0 Lin7c 4 0 0 0 0 6 1 1 0 0 0 0 0
F1M7S0 Magi3 6 0 0 0 0 6 1 0 0 2 0.97 0 0
Q99JD4 Clasp2 18 3 0 3 0 27 1 12 0.99 0 0 1 0
F1LSE6 Ppfia3 52 21 0 12 0 116 1 8 0 18 0 20 0
F1LQV9 Lin7a 1 0 0 0 0 4 1 1 0 1 0 0 0
D4AEC2 Camsap2 12 2 0 1 0 14 1 0 0 1 0 1 0
O88382 Magi2 3 0 0 0 0 3 1 0 0 0 0 0 0
Q9Z252 Lin7b 2 0 0 0 0 3 1 0 0 0 0 0 0
D3ZWC6 Sntb1 16 0 0 0 0 22 1 10 1 0 0 0 0
P53678 Ap3m2 6 0 0 1 0 4 1 5 1 4 1 7 1
P53676 Ap3m1 6 0 0 1 0 4 1 5 1 6 1 4 1
D4ACH6 Dtna 15 2 0 1 0 30 1 17 1 1 0 1 0
O88377 Pip4k2b 8 3 0 1 0 0 0 22 1 2 0 0 0
F1LX22 Pip4k2a 2 2 0 1 0 0 0 10 0.99 1 0 0 0
P62260 Yw hae 19 8 0 12 0 16 0 23 0.93 18 0.03 56 1
D3ZZP2 Rab39a 1 0 0 2 0.94 3 1 4 1 5 1 5 1
F1LW77 Rab33b 2 0 0 1 0 4 1 4 1 4 1 5 1
B0BMW0 Rab14 1 0 0 1 0 4 1 3 0.99 4 1 4 1
P63102 Yw haz 18 14 0 24 0 22 0 25 0 27 0 45 1
P61983 Yw hag 12 12 0 16 0 17 0 22 0 19 0 38 1

KIF1A (1105-1698)Identif ied proteins GFP KIF1A (393-881) KIF1A (657-1105) KIF1A (657-1698) KIF1A (950-1250)

Table 1. KIF1A interactors in brain extracts
Affinity purification mass spectrometry analyses (AP-MS) of bioGFP-KIF1A(393-881, 657-1105, 657-1698, 950-1250, 
1105-1698) in rat brain protein extracts. Accession name = Uniprot accession code; gene name = corresponding gene 
name; Σ#Unique peptides = total number of unique peptides; #PSM= number of PSMs. Higher numbers of PSMs are 
highlighted in red, lower in green. P-value = probability score from SAINT analysis. 0≤p≤1, the higher the score the 
higher the probability for a given interaction. Higher scores are highlighted in red, lower scores in green.
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Table 2. KIF13B interactors in brain extracts
Affinity purification mass spectrometry analyses (AP-MS) of bioGFP-KIF13B(442-832, 832-1826, 442-1826) in rat 
brain protein extracts. Higher numbers of PSMs are highlighted in red, lower in green. Higher p-values are highlighted 
in red, lower in green.

Accession gene name Σ# Unique Peptides # PSM P-value # PSM P-value # PSM P-value # PSM P-value
Q70AM4 Kif13b 93 26 0 469 1 822 1 1136 1
Q63622 Dlg2 20 0 0 44 1 0 0 121 1
G3V7N0 Hs2st1 9 0 0 27 1 0 0 10 1
F1LNM0 Dlg1 42 2 0 75 1 4 0.12 154 1
Q62915 Cask 21 0 0 14 1 1 0 37 1
P31016 Dlg4 32 2 0 34 1 3 0.03 110 1
P0CG51 Ubb 2 11 0 133 1 24 0 16 0
Q5XI32 Capzb 7 0 0 6 1 5 1 4 1
D4A8M2 Cask 1 0 0 6 1 1 0 15 1
F1M863 Ppfia4 20 3 0 24 1 2 0 16 1
D3ZZ81 Ppfia1 10 4 0 19 1 2 0 10 0.36
F1MAK3 Arhgap32 5 0 0 5 1 1 0 0 0
G3V8Q9 Apc 3 0 0 4 1 0 0 0 0
P63170 Dynll1 3 0 0 4 1 7 1 4 1
Q9Z250 Lin7a 8 0 0 4 1 1 0 20 1
Q792I0 Lin7c 6 0 0 4 1 1 0 15 1
O55147 Utrn 121 0 0 1 0 171 1 112 1
O08679 Mark2 42 2 0 1 0 91 1 95 1
F1M836 Mark3 23 2 0 0 0 54 1 66 1
D3ZWC6 Sntb1 14 0 0 2 0.97 16 1 15 1
F1LNE7 Mark1 27 2 0 0 0 50 1 66 1
Q6XDA0 Sptb 13 0 0 3 1 14 1 11 1
B5DFL9 Sestd1 13 0 0 0 0 13 1 6 1
F1LW77 Rab33b 3 0 0 2 0.97 8 1 4 1
Q63357 Myo1d 6 0 0 0 0 6 1 5 1
P53678 Ap3m2 5 0 0 5 1 6 1 3 1
D3ZZP2 Rab39a 1 0 0 3 1 6 1 4 1
D3ZMX6 Sntb2 15 1 0 1 0 13 1 19 1
D4A678 Spta1 14 1 0 0 0 12 1 13 1
P53676 Ap3m1 4 0 0 2 0.97 5 1 1 0

Q9WVB1 Rab6a 2 0 0 1 0 4 1 3 1
Q9QYF3 Myo5a 28 6 0 13 0.04 29 1 25 1
O88768 Adap1 19 0 0 2 0.97 0 0 32 1
D3ZHV2 Macf1 32 2 0 13 1 6 0.65 30 1
D3ZMX6 Sntb2 15 1 0 1 0 13 1 19 1
P35439 Grin1 7 0 0 0 0 0 0 7 1
P84060 Dtnb 2 0 0 0 0 3 1 5 1
Q9Z136 Tsc1 11 1 0 1 0 2 0.22 12 1
D4ACH6 Dtna 9 2 0 3 0.04 8 0.95 15 1

GFP KIF13B (442-832 KIF13B (832-1826) KIF13B (442-1826)Identif ied proteins
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Accession gene name Σ# Unique Peptides # PSM P-value # PSM P-value # PSM P-value # PSM P-value # PSM P-value # PSM P-value

Q12756 KIF1A 108 5 0 770 1 663 1 772 1 154 1 515 1

P62158 CALM1 15 0 0 10 1 66 1 70 1 0 0 0 0
Q9UHD2 TBK1 35 0 0 0 0 74 1 1 0 2 0.98 0 0
Q9H6S1 AZI2 17 0 0 0 0 24 1 0 0 0 0 0 0
Q13136 PPFIA1 13 0 0 0 0 22 1 0 0 0 0 0 0
Q9Y330 ZBTB12 11 0 0 4 1 15 1 0 0 0 0 0 0
Q9ULW0 TPX2 10 0 0 0 0 12 1 0 0 0 0 0 0
Q9NV31 IMP3 7 0 0 2 0.93 11 1 0 0 0 0 0 0
Q08379 GOLGA2 9 0 0 0 0 9 1 0 0 0 0 0 0
O43166 SIPA1L1 7 0 0 0 0 7 1 0 0 0 0 0 0
O15083 ERC2 1 0 0 3 0.99 7 1 3 1 0 0 0 0
Q14980 NUMA1 25 2 0 6 0.77 18 1 2 0.05 13 1 0 0
Q96FJ2 DYNLL2 2 0 0 1 0 6 1 1 0 2 0.98 2 0.96
O75334 PPFIA2 0 0 0 0 0 4 1 0 0 0 0 0 0
Q4VCS5 AMOT 8 1 0 0 0 5 0.99 0 0 7 1 0 0
O14578 CIT 1 0 0 0 0 3 0.99 0 0 0 0 0 0
O75335 PPFIA4 0 0 0 0 0 3 0.99 0 0 0 0 0 0
Q01469 FABP5 9 0 0 0 0 0 0 22 1 0 0 0 0
P12883 MYH7 1 0 0 0 0 1 0 9 1 0 0 0 0
Q9Y623 MYH4 0 0 0 0 0 2 0.96 8 1 0 0 0 0
P13533 MYH6 0 0 0 0 0 1 0 8 1 0 0 0 0
P11055 MYH3 0 0 0 0 0 2 0.96 7 1 0 0 0 0
P12882 MYH1 0 0 0 0 0 2 0.96 6 1 0 0 0 0
Q9UKX3 MYH13 1 0 0 0 0 1 0 6 1 0 0 0 0
P61981 YWHAG 8 0 0 0 0 1 0 0 0 0 0 24 1
Q04917 YWHAH 7 0 0 0 0 1 0 0 0 0 0 21 1
P62258 YWHAE 18 0 0 0 0 2 0 0 0 0 0 63 1
P63104 YWHAZ 12 1 0 1 0 3 0 1 0 2 0 34 1
P31946 YWHAB 7 0 0 0 0 2 0 0 0 1 0 28 0.99

KIF1A (1105-1698)Identif ied proteins GFP KIF1A (393-881) KIF1A (657-1105) KIF1A (657-1698) KIF1A (950-1250)

Table 3. KIF1A interactors in HEK293 cells
Affinity purification mass spectrometry analyses (AP-MS) of bioGFP-KIF1A(393-881, 657-1105, 657-1698, 950-1250, 
1105-1698) in HEK293 cells protein extracts. Higher numbers of PSMs are highlighted in red, lower in green. Higher 
p-value scores are highlighted in red, lower in green.

Table 4. KIF13B interactors in HEK293 cells
Affinity purification mass spectrometry analyses (AP-MS) of bioGFP-KIF13B(442-832, 832-1826, 442-1826)  in 
HEK293 cells protein extracts. Higher numbers of PSMs are highlighted in red, lower in green. Higher p-value scores 
are highlighted in red, lower in green.

Accession gene name Σ# Unique Peptides # PSM P-value # PSM P-value # PSM P-value # PSM P-value
Q9NQT8 KIF13B 64 18 0 271 1 588 1 759 1
Q7LGA3 HS2ST1 18 0 0 57 1 1 0 18 1
Q15149 PLEC 16 1 0 16 1 0 0 0 0
Q12959 DLG1 6 0 0 4 1 0 0 6 1
Q9BST9 RTKN 2 0 0 3 0.99 0 0 0 0
P46779 RPL28 5 0 0 5 0.98 0 0 1 0
Q9Y3U8 RPL36 5 0 0 5 0.98 1 0 1 0
Q7KZI7 MARK2 13 0 0 0 0 18 1 15 1
P46939 UTRN 14 0 0 0 0 17 1 4 1
Q13425 SNTB2 12 0 0 0 0 12 1 9 1
P11182 DBT 8 0 0 2 0.95 11 1 3 0.99
Q9Y623 MYH4 0 0 0 0 0 8 1 0 0
Q9BTV4 TMEM43 7 0 0 3 0.99 8 1 0 0
P12882 MYH1 1 0 0 0 0 7 1 0 0
P11055 MYH3 1 0 0 0 0 7 1 0 0
Q9UKX2 MYH2 0 0 0 0 0 6 1 0 0
P13535 MYH8 0 0 0 0 0 6 1 0 0
Q9Y2T2 AP3M1 6 0 0 3 0.99 5 1 0 0
P13533 MYH6 0 0 0 0 0 4 1 0 0
P12883 MYH7 0 0 0 0 0 4 1 0 0
P04279 SEMG1 19 0 0 0 0 0 0 26 1
Q14331 FRG1 5 0 0 3 0.99 4 1 23 1
Q96CW1 AP2M1 17 0 0 3 0.99 2 0.98 20 1
Q9BZ01 FRG1B 0 0 0 0 0 1 0 14 1
Q02383 SEMG2 9 0 0 0 0 0 0 12 1
Q9Y297 BTRC 4 0 0 0 0 9 1 13 1
Q9UKB1 FBXW11 7 0 0 0 0 11 1 16 1
P61981 YWHAG 1 0 0 0 0 0 0 4 0.92
Q04917 YWHAH 2 0 0 0 0 1 0 4 0.92

Identif ied proteins GFP KIF13B (442-832) KIF13B (832-1826) KIF13B (442-1826)
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EXPERIMENTAL PROCEDURES

Animals
All experiments were approved by the DEC Dutch Animal Experiments Committee (Dier Experimenten Commissie), 
performed in line with institutional guidelines of Utrecht University and were conducted in agreement with Dutch law 
(Wet op de Dierproeven, 1996) and European regulations (Directive 2010/63/EU). 

Antibodies and reagents
The following primary and secondary antibodies were used in this study: GFP rabbit (Abcam), HA mouse (Covance), 
HA rabbit (Santa Cruz), liprin-α1 rabbit, mCherry mouse (Clontech), myc mouse (Santa Cruz), Alexa405-, Alexa 488-, 
Alexa 568- and Alexa 594-conjugated secondary antibodies (Invitrogen). Other reagents used in this study include: 
Rapalog, Streptavidin Dynabeads M-280 (Thermo Scientific).

Hippocampal Neuron Cultures, Transfections, Treatments 
Primary hippocampal cultures were prepared from embryonic day 18 rat brains. Cells were plated on coverslips 
coated with poly-L-lysine (30μg/ml) and laminin (2μg/ml) at a density of 100,000/well (Goslin and Banker, 1989). 
Hippocampal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 μM 
glutamate and penicillin/streptomycin. Neurons were transfected using lipofectamine (Invitrogen). Neuron cultures 
were treated with Rapalog (100nM) and fixed 24h after addition of the drug.

Expression vectors and shRNA constructs
The following mammalian expression plasmids have been previously described: BirA coding vector, pebioGFP, 
pebioGFP-KIF1A(393-881, 657-1105, 657-1698, 950-1250, 1105-1698) and pGW2-HA-TANC2, pGW1-HA-
liprin-α2 (Stucchi et al., 2018). PebioGFP-KIF13B(442-832, 832-1826, 442-1826) constructs correspond to truncated 
version of the human KIF13B and were kindly given us by Gary Banker; mCherry-PSD-95 was a given us by Harold 
MacGillavry. PebioGFP-KIF1A(657-864) and pebioGFP-KIF1A(647-813) were produced by PCR using pebioGFP-
KIF1A(657-1105) as template and cloned using BamHI and XbaI sites, pebioGFP-KIF13B(663-832) and pebioGFP-
KIF13B(663-762) were produced by PCR using pebioGFP-KIF13B(442-832) as template and cloned using BamHI 
and XbaI sites. GW1-KIF5C(1-559)-mRFP-FKBP was produced by PCR using pBa-KIF5C(1-559)-GFP (Addgene) 
as template and cloned using HindIII and AgeI sites. GW1-FRB-3myc-KIF1A(395-1698) was produced using GW1-
HA-KIF1A (Stucchi et al., 2018) as a template and cloned using AscI and SalI sites. GW1-FRB-3myc-KIF1A(395-752, 
395-1105, 657-1698, 1106-1698, 1106-1559, 1560-1698) were produced using GW1-FRB-3myc-KIF1A(395-1698) as 
a template and cloned using AscI and SalI sites. GW1-FRB-3myc-KIF13B(443-1826) was produced using PebioGFP-
KIF13B(443-1826) as a template and cloned using AscI and SalI sites. GW1-FRB-3myc-KIF13B(443-662, 443-832, 
663-1826, 833-1826, 1160-1826, 833-1700, 1160-1700) were produced using GW1-FRB-3myc-KIF13B(443-1826) as 
a template and cloned using AscI and SalI sites.

Affinity Purification-Western Blot (AP-WB) 
Human Embryonic Kidney 293 cells (HEK293) cells were cultured in DMEM/Ham’s F10 (50%/50%) containing 10% 
Fetal Calf Serum (FCS) and 1% penicillin/streptomycin at 37°C and 5% CO2. HEK293 cells were transfected with pebio-
GFP constructs in combination with BirA using polyethylenimine (PEI, Polysciences) according to the manufacturer 
instructions. Cells were lysed 48h later in lysis buffer (50mM TrisHCl (PH 7.4-7.8), 100mM NaCl, 0.5% TX-100, 
5mM MgCl2, protease inhibitors (Roche)), centrifuged at 13.000 rpm for 15 min. Supernatants were then incubated 
with Streptavidin  Dynabeads M-280 (Thermo Scientific) for 1h at 4°C. Beads were separated using a magnet (Dynal, 
Invitrogen) and washed five times in washing buffer (20mM Tris HCl, 150mM KCl, 0.1% TritonX-100). Proteins were 
eluted from the beads by adding a 4x dilution of the sample buffer (8% SDS, 25% glycerol, 0.05M Tris pH 6.8, 400mM 
DTT and 40mg/l bromophenol blue). Samples were boiled at 99ºC for 10 minutes before being analyzed by SDS PAGE. 
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Proteins were transferred on nitrocellulose membranes (Millipore) using a semi-dry blotting system. Membranes were 
blocked with 3% BSA in PBS-T (0.1% Tween-20) and incubated with primary antibodies (overnight at 4°C) in 3% BSA 
PBS-T. IRdye680 or IRdye800-conjugated secondary antibodies (Li-Cor) were diluted 1:20.000 in 3%BSA-PBST and 
applied for 1h at RT. Blots were acquired using a LICOR Odyssey scanner at 680nm or 800nm.

Affinity Purification-Mass Spectrometry (AP-MS) on rat brain extracts
Human Embryonic Kidney 293 cells (HEK293) cells were cultured in DMEM/Ham’s F10 (50%/50%) containing 10% 
Fetal Calf Serum (FCS) and 1% penicillin/streptomycin at 37°C and 5% CO2. HEK293 cells were transfected with pebio-
GFP constructs in combination with BirA using polyethylenimine (PEI, Polysciences) according to the manufacturer 
instructions. Cells were lysed 48h later in RIPA lysis buffer (50mM TrisHCl pH 7.4-7.8, 150mM NaCl, 1%Triton 
X-100, 0.1% SDS, 0.5% Sodium Deoxycholate and Protease inhibitors (Roche)), centrifuged at 13.000 rpm for 15 min 
and the supernatants were incubated for 1h at 4°C with Streptavidin Dynabeads M-280 (Thermo Scientific) previously 
blocked in chicken egg albumin (Life Technologies). Beads were then separated using a magnet (Dynal, Invitrogen) 
washed twice in low salt washing buffer (20mM Tris-HCl pH 7.4-7.8, 100 mM KCl, 0.1% Triton X-100), followed by 
two washing steps in high salt wash buffer (20mM Tris-HCl pH 7.4-7.8, 500 mM KCl, 0.1% Triton X-100) and two 
final steps in low salt washing buffer (20mM Tris-HCl pH 7.4-7.8, 100 mM KCl, 0.1% Triton X-100) to remove binding 
proteins from HEK293 cells. Brains were obtained from female adult rats and homogenized in 10x volume/weight in 
tissue lysis buffer (50mM TrisHCl, 150mM NaCl, 0.1% SDS, 0.2% NP-40, and protease inhibitors). Brain lysates were 
centrifuged at 16.000 g for 15 min at 4°C and the supernatant was then incubated for 1h at 4°C with beads previously 
conjugated with either the biotinylated or the GFP-tagged proteins of interest. Beads were then separated using a magnet 
(Dynal; Invitrogen) and washed in normal washing buffer (20mM Tris HCl, 150mM KCl, 0.1% TritonX-100) for five 
times. Samples were processed as described in (Stucchi et al., 2018) and then analyzed by MS.

Affinity Purification-Mass Spectrometry (AP-MS)
Human Embryonic Kidney 293 cells (HEK293) cells were cultured in DMEM/Ham’s F10 (50%/50%) containing 
10% Fetal Calf Serum (FCS) and 1% penicillin/streptomycin at 37°C and 5% CO2. HEK293 cells were transfected 
with pebio-GFP constructs in combination with BirA using polyethylenimine (PEI, Polysciences) according to the 
manufacturer instructions. Cells were lysed 48h later in RIPA lysis buffer (50mM TrisHCl pH 7.4-7.8, 150mM NaCl, 
1%Triton X-100, 0.1% SDS, 0.5% Sodium Deoxycholate and Protease inhibitors (Roche)), centrifuged at 13.000 rpm 
for 15 min and the supernatants were incubated for 1h at 4°C with Streptavidin Dynabeads M-280 (Thermo Scientific) 
previously blocked in chicken egg albumin (Life Technologies). Beads were then separated using a magnet (Dynal, 
Invitrogen) washed in washing buffer (20mM Tris HCl, 150mM KCl, 0.1% TritonX-100) for four times and co-
precipitated proteins were analyzed by MS. 

Mass Spectrometry analysis
All samples were analyzed on an ETD enabled LTQ-Orbitrap Elite coupled to Proxeon EASY-nLC 1000 (Thermo 
Fisher Scientific, Odense, Denmark). Peptides were loaded onto a trap column (Reprosil pur C18, Dr. Maisch, 100 
µm x 2 cm, 3 µm; constructed in-house) with solvent A (0.1% formic acid in water) at a maximum pressure of 800 bar 
and chromatographically separated over the analytical column (Poroshell 120 EC C18, Agilent Technologies, 50 µm 
x 50 cm, 2.7 µm) using 90 min linear gradient from 7-30% solvent B (0.1% formic acid in acetonitrile) at a flow rate 
of 150 nL/min. The mass spectrometers were used in a data-dependent mode, which automatically switched between 
MS and MS/MS. After a survey scan from 350-1500 m/z the 10 or 20 most abundant peptides were subjected to 
CID fragmentation. For data analysis, raw files were processed using Proteome Discoverer 1.4 (Thermo Scientific). 
Database search was performed using Uniprot rat database or Uniprot human database on Mascot (version 2.5.1, Matrix 
Science, UK) as the search engine. Carbamidomethylation of cysteines was set as a fixed modification and oxidation of 
methionine was set as a variable modification. Trypsin was set as cleavage specificity, allowing a maximum of 2 missed 
cleavages. Data filtering was performed using a percolator, resulting in 1% False Discovery Rate (FDR). Additional 
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filters were search engine rank 1 and mascot ion score >20. 

Bioinformatic analysis
Statistical assessment of the AP-MS data was performed based on spectral counts using the SAINT (Significance 
Analysis of INTeractome, version 2.3.2) algorithm (Choi et al., 2011) . The SAINT parameters were set as follows: 
nburn=2000, niter=20.000, lowmode=0, minfold=0, and norm=1. Bait proteins with a SAINT probability score >0.95 
were considered putative protein interaction partners.

Homology-based modeling (I-TASSER)
KIF1A(657-864) was superimposed to KIF13B-MBS structure (PDB: 5B64) using I-TASSER (Yang et al., 2015). 
Similarly, N-terminal-TANC2 and N-terminal-liprin-α2 structures were predicted by using I-TASSER without 
constraint.  Structure of the DLG4 GK/KIF13B MBS complex was previously obtained by (Zhu et al., 2016) using 
X-ray crystallography. The atomic coordinates of the DLG4 GK/KIF13B MBS complex are deposited in PDB under the 
accession code PDB: 5B64. The structural figures were prepared with PyMOL (www.pymol.org). 

Split kinesin assay
KIF5C(1-559)-mRFP-FKBP was expressed together with a kinesin tail domain and NPY-GFP or TfR-GFP in hippocampal 
neurons (DIV7-9). Rapalog was added at transfection. Neurons were fixed for 10 minutes with 4%formaldehyde/4% 
sucrose in phosphate-buffered saline (PBS) at room temperature, washed three times in PBS for 5 minutes, and then 
incubated with primary antibody diluted in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate 
buffer, pH 7.4) at 4C overnight. Neurons were then washed three times in PBS for 5 minutes and incubated with Alexa-
conjugated secondary antibodies diluted in GDB buffer for 1h at room temperature. Neurons were then washed three 
times in PBS for 5 minutes and mounted on slides in Vectashield mounting medium (Vector Laboratories). Images were 
acquired on a Nikon Eclipse 80i upright widefield fluorescence microscope, equipped with a Photometrics CoolSNAP 
HQ2 CCD camera and Nikon NIS Br software, using a Plan Fluor 40x N.A. 1.30 oil objective. For quantification, cells 
that express all three constructs were counted and classified as cargo transporting, when all three constructs co-localized 
in axonal tips, or not transporting, when the cargo was not co-localizing with the other two constructs in axonal tips.
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ABSTRACT
Aggregation of the Tau protein defines progression of neurodegenerative diseases, including 
Alzheimer’s Disease. Tau assembles into oligomers and fibrils. The molecular basis of their 
toxicity is poorly understood. Here we show that p-stacking by Arginine side chains rewires the 
interactome of Tau upon aggregation. Oligomeric nano-aggregates scavenge the COPI complex, 
fibrils attract proteins involved in microtubule binding, RNA binding and phosphorylation. The 
aberrant interactors have disordered regions with unusual sequence features. Arginines are 
crucial to initiate such aberrant interactions. Remarkably, substitution of Arginines by Lysines 
abolishes scavenging, which indicates a key role for the pi-stacking of the Arginine side chain. 
The molecular chaperone Hsp90 tames such re-arrangements, which suggests that the natural 
protein quality control system can suppress aberrant interactions. Together, our data present a 
molecular mode of action for derailment of protein-protein interaction in neurodegeneration.
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INTRODUCTION
Protein aggregation is linked to a wide range of neurodegenerative disorders, including 
Alzheimer’s, Parkinson’s and Huntington’s diseases (Hartl, 2017; Knowles et al., 2014). 
Protein fibrils are ubiquitous presence in patients’ brains affected by neurodegeneration 
(Wilcock and Esiri, 1982). For all neurodegenerative disorders, protein aggregation proceeds 
in a step-wise fashion, from structurally heterogenous oligomeric species to mature fibrils, the 
former considered to be the most toxic agents (Chiti and Dobson, 2017; Holtzman et al., 2016). 
Remarkably, it is unclear why protein aggregates are toxic and how they react within the cellular 
environment of the neuron (Goedert et al., 2017; Wang and Mandelkow, 2016). Intracellular 
aggregation or the protein Tau is hallmark of Alzheimer’s disease and other fatal tauopathies. 
(Goedert et al., 2017; Sydow et al., 2011; Wilcock and Esiri, 1982). Several factors play a role 
in the origin of Alzheimer’s, such as extracellular amyloid formation of the Aβ peptide (Lane 
et al., 2018). However, intracellular Tau aggregation is sufficient to induce neurodegeneration, 
correlates with cognitive impairment in humans and is necessary to mediate Aβ toxicity (Bejanin 
et al., 2017; Roberson et al., 2007; Wang and Mandelkow, 2016). 
The mechanistic contribution to disease of Tau oligomers and fibrils remains largely elusive. 
Due to their structural heterogeneity and difficulties in isolation, it is difficult to point out 
which cellular processes they target (Holtzman et al., 2016; Wang and Mandelkow, 2016). 
However, non-physiological protein aggregates may result in new interactions within the cell, 
disturbing a variety of cellular processes and disrupting the protein quality control network, 
responsible for fibrils handling and disposal (Ciechanover and Kwon, 2017; Gidalevitz et al., 
2006). Major components of this network are two conserved energy-driven chaperone systems, 
Hsp70 and Hsp90 (Morán Luengo et al., in the press). They both participate in Tau clearance 
in physiological condition (Blair et al., 2013; Fontaine et al., 2015), however their contribution 
to neurodegeneration is still elusive. Hsp70 can disaggregate Tau fibrils, while Hsp90 buffers 
aggregation prone stretches of Tau (Ferrari et al., 2018; Karagöz et al., 2014; Pratt et al., 2015). 
Hsp90 decreased efficiency during aging may contribute to Tau aggregation, which in turn may 
dictate further collapse of chaperones activity (Shelton et al., 2017).
Previous proteomics studied revealed that Tau fibrils establish new abnormal interactions with 
either the insoluble proteome (Donovan et al., 2012) or ER-associated protein complexes (Meier 
et al., 2015). We recently showed that toxicity of an aggregation-prone variant of the protein 
Axin is caused by aberrant interactions established by oligomeric nano-aggregates formed in the 
cytoplasm (Anvarian et al., 2016). Together, this made us wonder how Tau fibrils would interact 
with the soluble cytoplasmic component of the brain, where protein aggregation takes place. 
It is an open question whether common structural features govern the binding of interactors to 
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Tau fibrils. It is of great interest to understand which interactions are engaged by Tau fibrils and 
their binding mechanisms, as this would reveal which cellular processes are targeted by Tau-
dependent neurodegeneration and would offer novel therapeutic strategies. 
We set out to understand at molecular level how aggregation of Tau modulates interactions 
with proteins. Here we reveal that fibril formation rewires the interactome of Tau. Interestingly, 
the avidity properties gained upon fibril formation attract a defined, new set of interactors, 
which contains disordered regions with a unique amino acidic footprint. The key determinant 
for derailing the protein network is Arginine-driven p-stacking. This provides a molecular 
framework to understand aberrant interactions of neurotoxic fibrils. Interestingly, there is a 
cellular defence system suppressing Tau aggregation. We find that the Hsp90 chaperone stalls 
formation of Tau fibrils and reshapes their abnormal interactome. Thus, neurons are endowed 
with a powerful molecular machine that is able to counteract formation of Tau fibrils and their 
engagement with aberrant interactors.

RESULTS

Separation of Tau monomers, oligomers and fibrils
To analyse potential interactome changes upon aggregation of Tau, it is crucial to precisely control 
fibril formation over time. We set out to biochemically characterise the aggregation process, 
from monomeric Tau at the start to mature fibrils as end-point. To this mean, we recombinantly 
produced a pro-aggregating variant of Tau-RD (Tau-Q244-E372, DK280 (Gustke et al., 1994)), 
with a FLAG tag to facilitate detection (Tau-RD*). Tau-RD is an established Alzheimer 
model that aggregates more aggressively that the wildtype full length protein (Mocanu et al., 
2008). We induced its aggregation via heparin following an established procedure (Goedert et 
al., 1996) and collected samples as aggregation proceeded. We then resolved these samples 
on density gradients spread over 12 fractions and detected them with a fluorescent antibody 
(Fig. 1A). At time 0, Tau-RD* sedimented on top of the gradient (Fractions 1 and 2, tube I), 
consistent with its expected monomeric nature at the start of the experiment. After 1 h (tube II), 
Tau-RD* sedimented further down until fraction 3, indicating the appearance of oligomeric, 
nanometer-scale aggregates (nano-aggregates). At 8 h (tube III), Tau-RD* spreaded until 
fractions 7, consistent with the growth of increasingly large aggregates. Finally, after 24 h (tube 
IV), we detected no Tau-RD* in fraction 1 anymore, indicating that all Tau-RD* aggregated into 
either oligomers or fibrils, reflected by the presence of aggregates from Electron Microscopy 
(TEM) characterised Tau-RD* fibrils at 24 h as negatively stained paired helical filaments with 
periodicity of 50-100 nm, consistent with previous observations (Wegmann et al., 2010) (Fig. 
1B). Thus, our procedure generates the full spectrum of Tau species for aggregation-dependent 
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interactome analysis, representing monomers, oligomeric nano-aggregates and mature fibrils.

Figure 1. Precise control of Tau aggregation.
(A) Time course of Tau-RD* aggregation monitored by density gradients. Samples were centrifuged for 2.5 h at 
200000g.
(B) Transmission Electron Microscopy of Tau-RD* fibrils, timepoint 24 h. Scalebar 100 nm.

Tau fibrils target specific protein families
Next, we wondered how Tau reacts at different aggregation stages with the soluble neuronal 
proteome. We exposed the FLAG-tagged Tau-RD* at different stages of aggregation during a 
24 h period with rat brain lysates depleted of their insoluble components (Fig. 2A). We pulled 
down potential interactors with an anti-FLAG antibody and revealed their identity via mass 
spectrometry. For each protein, we determined the abundance by counting Peptide Spectrum 
Matches (PSMs) at each aggregation stage. We compared the protein spectrum at each timepoint 
(tx) to the one of monomeric Tau-RD* without heparin (t0-) and plotted changes as logarithmic 
function. This setup allowed us to monitor proteome changes. We uncovered striking interactome 
changes as Tau-RD* aggregation proceeds (Fig. 2B). A sub-group of interactors showed decreased 
levels compared to the monomeric reference values (Fig. 2B, purple box t24, blue interactors). 
Another sub-group of interactors showed binding levels similar for the fibril fractions as for the 
monomers. Remarkably, however, they bound stronger to early-stage Tau nanoaggregates (Fig. 
2B, purple box t1).  Finally, a sub-group of the proteome increasingly associated with Tau upon 
progression of fibril formation, reaching its maximum as mature fibrils appeared (Fig. 2B, purple 
box t24, red interactors). The time-dependent change in protein-protein interactions implies that 
fibrils and oligomers differ in binding properties to other proteins. Thus, progressive aggregation 
gradually rewires Tau interactome, with different aggregation species interacting with different 
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Figure 2. Tau interactome rewires during aggregation
(A) Experimental setup to highlight interactome changes upon Tau aggregation.
(B) Heat map of MS-identified proteins of Tau-RD* aggregates (0, 1, 8 and 24 h of aggregation). Colours show relative 
enrichment of different time points (tx) compared to monomeric Tau-RD* without heparin (t0-). Interactors are sorted 
by trend (late-stage decreased, early-stage increased, late-stage decreased).
(C) Heat map showing an unbiased selection of Tau-RD* lost proteins (decreasing in abundance) upon aggregation, 
sorted by functional clusters (GO-term analysis). Dashed purple box highlights interactors increasing in abundance at 1 
hour, then decreasing as aggregation proceeds.
(D) Heat map showing an unbiased selection of Tau-RD* sequestered proteins (increasing in abundance) upon fibril 
formation, sorted as for (C).
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molecular partners.  We wondered whether the aberrant interactors of Tau aggregates share 
common functional properties by classifying them via Gene Onthology enrichment analysis, a 
tool to cluster proteins with similar biological functions (GO Consortium, 2017 (Ashburner et 
al., 2000)). We first focused on monomeric-specific interactor lost upon aggregation, with only 
25% of interactors belonging to functional clusters, namely protein phosphorylation regulators 
(16%) or RNA binding proteins (9%) (Fig. 2C). Notably, members of the COPI complex are the 
most prominent interactor of nano-aggregates (t1). They neither bind to monomers nor fibrils, 
indicating that this complex prefers binding to Tau oligomeric species (Fig. 2C, dashed purple 
box). When analyzing the interactome of the Tau-RD* fibrils, remarkably 66% of the newly 
attracted interactors belong to only 3 major functional clusters (Fig. 2D), namely RNA Binding 
proteins (40% of the interactors), Regulators of Protein Phosphorylation (20%), Microtubule 
Associated Proteins (MAPs, 6%), with the rest of the proteins showing no GO enrichment 
(Various Proteins, 34%). Results were confirmed in 3 biological replicates (Fig. S1 for lost 
monomeric interactors and Fig. S2 for fibrillary interactors), allowing us to conclude that Tau 
aggregates attract proteins connected to a very limited set of biological processes, exchanging 
proteins connected to the same functional networks and increasing their relative abundance, 
whereas the rest of the cellular activity seems to not be disturbed by Tau fibrils. Strikingly, COPI 
preferentially interact with early stage aggregates and MAPs with late stage fibrils, suggesting 
that different types of aggregates may differ in their gain of function aberrant phenotypes.

Arginine side chains mediate fibril interactions
We hypothesized that shared biological activity may underlinecommon sequence features. 
We noted that RNA and microtubule binding proteins and regulatory proteins often contain 
intrinsically disordered regions. Therefore, we determined the degree of disorder for each fibril-
binding protein using the disorder predictor MetaDisorder, which particularly accurate because 
it is the consensus of 15 primary algorithms (Kozlowski and Bujnicki, 2012). We then plotted 
the disorder content per functional cluster. All functional clusters, even non-clustered fibrils 
binders, showed high disorder content, with medians at least 15% higher in absolute disorder 
than the average disordered percentage in the human proteome (Pentony and Jones, 2010) 
(Fig. 3A). Most dramatic is the MAP cluster, which is 95% disordered. We conclude that Tau 
fibrils attract proteins enriched in intrinsically disordered regions. It is unusual for intrinsically 
disordered proteins to directly interact with each other (van der Lee et al., 2014), therefore we 
can also conclude that fibrillation endows Tau with new properties to engage in protein-protein 
interactions.
We wondered whether disordered stretches captured by Tau fibrils showed specific sequence 
properties. To reveal such a bias, we compared the frequency of each amino acid in the disordered 
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regions of fibril interactors to the average frequency in the whole disordered proteome (Tompa, 
2002). Remarkably, our analysis showed that chemical composition of disordered regions of 
fibril-specific interactors dramatically differed from that of typical disordered regions (Fig. 
3B). In particular, Prolines and Valines were significantly depleted, whereas they are the most 
abundant components in the entire disordered proteome. Conversely, Arginine and Methionine 
stood out as the most significantly enriched amino acids (p≤0.0001, Wilcoxon paired non-
parmatric t-test). Arginines had higher frequency when compared to Methionines (5% of total 
residues in disordered regions for Arginine,1.6% for Methionine, Fig. 3B). More than 85% of 
the interactors had at least 1 long disordered region (30+ residues), with 90% of these regions 
containing at least two Arginines. These numbers reveal that Arginines may have a predominant 
role in IDRs binding to Tau fibrils. When compared to the folded proteome, most of the amino 
acids were depleted, (Fig. 3C). Conversely, Arginine stood out again as the most significantly 
enriched amino acid (p ≤ 0.0001, Wilcoxon paired non-parametric t-test), whereas Methionine 
had similar enrichment compared to globular proteins, suggesting that the footprint of Tau fibril-
specific interactors is different from globular proteins too, and therefore a unique signature 
of proteins binding to Tau fibrils. Of note, aromatic amino acids, which can also engage in 
p-interactions but are less well tolerated in disordered stretches, were not enriched when 
compared with either folded or disordered proteome average frequencies, further highlighting 
the enrichment of Arginines in binders of Tau fibrils (Fig. 3B and Fig. 3C). Taken together, 
our bioinformatics analysis shows that Tau fibril-specific interactors have their own unique 
footprint, characterized by specific amino acid biases in Arginine-rich disordered regions that 
differ from the typical disordered segment and globular protein.

p-p interactions crucial for fibrils binding
Next, we aimed to reveal the molecular mechanism of interaction of Tau fibrils with IDRs. Tau-
RD has a positive net charge at physiological pH (pI = 9.7 for Tau-RD, 9.3 for Tau-RD*), making 
us wonder why positively charged Arginines would be so enriched in Tau aggregation-specific 
interactors. Notably, next to charge-charge interactions, Arginine can also engage in protein-
protein interactions via the delocalised p-system of sp2-hybridized atoms of its guanidinium 
group (Vernon et al., 2018). We also noted that there is no significant bias for the other positively 
charged residue, Lysine (Fig. 3B), whose side chains contain only sp3-hybridized atoms and are 
thus unable to engage in p-p interactions,  suggesting that pi orbitals and not charge could be 
the determinant for binding to fibrils. We set out to test this hypothesis by analysing the impact 
of Arginine to Lysine exchanges in a fibril-binding protein, an established test to verify the 
contribution of p-p interactions (Vernon et al., 2018). We chose the N-terminal domain of the 
fibril-specific protein Map7 for this test (Fig. 4). This domain has extended disordered stretches 
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Figure 3. Tau aggregation-specific interactors are enriched in disordered sequences
(A) Prediction of percentage of disordered residues of Tau-RD* fibril-specific interactors (timepoint 24 h) using Meta-
Disorder (Kozlowski and Bujnicki, 2012), sorted by functional clusters. Dashed line indicates the average disorder 
percentage for human proteome (Pentony and Jones, 2010).
(B) Amino-acidic footprint of disordered regions of Tau-RD* fibril-specific interactors, expressed in fold-changes 
against the abundance of each amino acid in the disordered regions of the whole human proteome (Tompa, 2002) (red: 
significantly increased; black: significantly decreased, p ≤ 0.0001). Amino acids on the y-axis are sorted by abundance 
in the disordered proteome.
(C) As in B, but against folded regions of the whole human proteome (Tompa, 2002). Amino acids on the y-axis are 
sorted y abundance in the disordered proteome, for comparison with Fig. 3B.
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enriched in Arginines (8.4% of disordered residues), next to a folded coiled coil domain, making 
it a valuable candidate to test Arginine-driven binding to fibrils. We designed and purified two 
HA-tagged truncations of Map7-M1-S227, wildtype and an R12K variant where we replaced all 
Arginines in the disordered regions of the protein with Lysines (Fig. 4A). The R12K substitution 
had no effect on the net charge of the protein (Fig. 4B). Moreover, the circular dichroism spectra 
of both proteins were identical and they both indicated the presence of α-helixes and disordered 
stretches (Fig. 4C). Thus, exchanging Arginines to Lysines in the disordered segments of the 
N-terminal fragment of Map7 does neither alter its charge nor its secondary structure. Next, we 
set out to test whether the exchange of Arginines to Lysines would affect binding to fibrils. We 
subjected Tau-RD* fibrils to Map7 binding, with or without one of the two Map7 truncations. 
We resolved protein complexes via density gradients, using different antibodies to detect Tau-
RD* and Map7. Map7 wt and R12K sedimented throughout the tube (Fig. 4D, anti-HA blot, 
Tube I and III), whereas Tau-RD* fibrils sedimented to the bottom half of the tube (Fig. 4D, anti-
FLAG blot, tube II and IV, fractions 7-12). The homogenous spread of Map7 alone throughout 
the tube could be explained by the tendency of disordered regions to show higher apparent 
molecular mass compered to order structures (Receveur-Brechot et al., 2006). When Map7 wt 
and Tau-RD* fibrils reacted together, however, the entire Map7 population sedimented in the 
heaviest fraction, indicating its association with the largest fibrillary structures (Fig. 4D, anti-
HA blot, tube II, fraction 12), consistent with the proteomics analysis (Fig. 2C). Conversely, 
when Map7 R12K and Tau-RD* fibrils reacted, only a part of Map7 population sedimented 
in the heaviest fraction, whereas another part distributed in the lightest fractions, indicating 
onlypartial association with largest fibrillar structures (Fig. 4D, anti-HA blot, tube IV, fractions 
1-5 and 12). Since both constructs have same charge and structural properties but differ in their 
ability to engage in p-p interactions, we conclude that p-p interactions are key forces governing 
binding to fibrils.

Hsp90 stalls Tau aggregation
Aberrant interactome rewiring is linked to cellular toxicity (Anvarian et al., 2016). It would be 
therapeutically valuable to find endogenous proteins able to modulate such aberrant transition 
in interactome. We looked for such endogenous player in the protein quality control network, a 
pool of proteins that ensures the health of the proteome by removal of misfolded and aggregated 
proteins (Hartl, 2017). A key player in this network is the molecular chaperone Hsp90, which 
also controls Tau levels in the cell. Hsp90 forms a complex with Tau buffering its aggregation-
prone regions (Karagöz et al., 2014) and controls the degradation of Tau monomers (Dickey 
et al., 2007).To understand the effect of Hsp90 on Tau aggregation dynamics, we wondered 
how this molecular chaperone would interfere with the formation of Tau fibrils. To monitor 
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aggregation of Tau-RD* in the presence of increasing concentrations of Hsp90, we induced 
aggregation in the presence of Thioflavin T, a dye that recognizes amyloid structures (Fig. 5A). 
After aggregation reached plateau for all conditions, we resolved aggregating samples on density 
gradients (Fig. 5B). In a dose-dependent manner, Hsp90 suppressed Tau-RD* to form higher 
molecular weight species, decreased amyloid content and prevented fibril formation altogether. 
Hsp90 also altered morphology of the aggregates: instead of fibrils, only smaller structures were 
visible in the TEM images when aggregation was performed in the presence of Hsp90 (Fig. 
5C). Thus, Hsp90 has a dramatic effect on Tau aggregation dynamics, derailing its aggregation 
toward non-fibrillar nano-aggregates with decreased amyloid content.

Figure 4. p stacking of Arginines drive binding to Tau fibrils
(A) Graphic scheme of Map7 Full Length and Map7 truncations used in this study. Red bars indicate R to K replace-
ment. CC = coiled-coil domain.
(B) Sequences of Map7 M1-S227 truncations colored by hydrophobicity (yellow boxes), negative charges (red boxes) 
and positive charges (blue boxes). White Ks indicate Arginines replaced with Lysines. Black boxes comprise coiled-coil 
domain.
(C) Circular Dichroism of Map7 M1-S227 truncations.
(D) Binding of Map7 1M-227S truncations to Tau-RD* fibrils, assessed by density gradients. Tubes (I to IV) were either 
blotted against HA tag against FLAG tag, targeting respectively Map7 truncations or Tau-RD* fibrils. Samples were 
centrifuged for 2.5 h at 200000g.
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Hsp90 modulates fibril interactome
Next, we wondered whether aggregates with different structural features should attract different 
binding partners. To address this question, we monitored Tau-RD* aggregation in the presence 
or absence of Hsp90 and described the changes in abundance of pulled-down interactors in 
these two conditions (Fig. 6A). Stunningly, none of the fibril-specific interactors were enriched, 
whereas many of them decreased in abundance for all functional clusters when Hsp90 modulated 
the aggregation (Fig. 6B). The only interactor that showed a significant enrichment was 
α-synuclein (SNCA), a well-known Hsp90 partner, suggesting that Hsp90 may co-aggregate 
with nanoaggregates. A subgroup of interactors, associated to Tau monomer but not to Tau 
fibrils (FBXO3, CTBP1, CTBP2 and POLDIP2, Fig. S1) appeared in the presence of Hsp90. 

Figure 5. Hsp90 derails Tau aggregation toward non-fibrillar nano-aggregates.
(A) Thioflavin T assay to detect decrease of amyloid content in the presence of increasing concentrations of Hsp90 (0, 
1, 5, 10 μM). Fluorescence is expressed as arbitrary unit (a. u.).
(B) Density gradients to detect inhibition of fibril formation in the presence of increasing concentrations of Hsp90 (0, 
1, 5, 10 μM). Samples from Fig. A at 16 h were loaded directly onto density gradients and resolved by centrifugation 
for 2.5 h at 200,000 g.
(C) Transmission Electron Microscopy of Tau-RD* aggregating samples in the presence or absence of 10 μM Hsp90 
after 2 days of aggregation.
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Also, the Hsp90-stalled nano-aggregates did not associate with COPI, in contrast to the ones 
formed in its absence. Taken together, these results suggest that Hsp90 drastically reshapes Tau 
aggregation-specific interactome, blocking the interactions associated to pathological Tau fibrils 
and moulding the interactome toward a more physiological state.

Figure 6. Hsp90 remodels Tau aggregation-specific interactome
(A) Experimental setup to compare interactome changes in the presence or absence of Hsp90.
(B) Bar graph showing Hsp90-dependent modulation of Tau-RD* aggregation reflected as differences enrichments for  
specific proteins sequestered by Tau-RD* fibrils in the presence/absence of Hsp90.

DISCUSSION
We tracked interactome changes associated to the formation of Tau fibrils, a hallmark of 
Alzheimer’s disease. Tau fibrils results from the aggregation of monomeric Tau, known to 
stabilize microtubules in neurons. As they form, Tau fibrils attract specific classes of abnormal 
interactors, mostly involved in RNA biology, regulation of protein phosphorylation and 
microtubule dynamics. Strikingly, these interactors share similar structural features, endowed 
with long disordered stretches with specific amino acidic bias. Arginine bias plays a crucial role, 
as Arginine-to-Lysine substitutions partially impairs the binding to Tau fibrils. 

Tau fibrils target RNA, cytoskeletal and phosphorylation dynamics
Our experimental setup focuses on the soluble fraction of the cytoplasm, the environment 
where fibrils naturally accumulate during the progression of Alzheimer (Wang and Mandelkow, 
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2016). Proteomics studies concerning Tau fibrils reveal interactomes of insoluble membrane-
enriched fractions co-pelleted with Tau fibrils and their ER-associated components (Donovan 
et al., 2012; Meier et al., 2015). Here we provide data sets revealing interactions of Tau fibrils 
with the soluble components of the brain, to which the protein is exposed when aggregating in 
disease. Our setup accelerates the process of Tau aggregation from years in vivo to hours in vitro 
and highlights proteomic rearrangements over time, adding a time dimension to proteomics 
studies. Thus, our study mimics the temporal dynamics of Tau aggregation spanning several 
decades from initial seeds to mature fibrils, with different aggregation stages having different 
reactivity with the cellular environment (Fig. 2B). We fractionated Tau aggregates over time 
to overcome the problem that the dynamic nature of the aggregation process would preclude 
us from obtaining a defined, monodisperse Tau nano-aggregate (Wang and Mandelkow, 2016). 
We show that early-stage aggregates specifically attract COPI components. These interactors 
decrease in abundance as fibrils form, highlighting the exchange of interactors as aggregation 
proceeds. Our data can explain Golgi fragmentation observed in neurons of Alzheimer brains 
without tangles (Stieber et al., 1996).
Our interactome data suggest that Tau fibrils may hijack three cellular processes: 1) RNA-
related processes, 2) cytoskeletal dynamics via Microtubule Associated Proteins (MAPs) and 
3) phosphorylation equilibria (Fig. 2C). Regarding RNA-related processes, the interactome 
of monomeric Tau is already highly enriched in components of the ribonucleoproteome 
(Gunawardana et al., 2015), and Tau fibrils have been shown to impair RNA translation (Meier 
et al., 2016). Our data suggest a mechanism where Tau fibrils attract additional proteins related 
to RNA processing, altering the balance between Tau and the ribonucleoproteome and thus 
impairing translation. 
Tau fibrils target also MAPs, linked to cytoskeletal dynamics. MAPs have been shown to act 
together to regulate microtubule dynamics and cargo transport, with Map7-Tau imbalances 
disrupting axonal transport and neuronal growth (Monroy et al., 2018). Such imbalances in axonal 
transport are a common marker of Tau-related neurodegenerative disorders (Kneynsberg et al., 
2017). Our data suggest a novel mechanism to explain such disorders, where Tau aggregation 
acts on two levels, first by promoting imbalances in the levels of different MAPs and second by 
actively sequestering other MAPs components, further exacerbating such imbalances.
Lastly, our data show how Tau fibrils attract a wide range of kinases and other protein 
phosphorylation regulators. Tau is hyperphosphorylated in Alzheimer, however the contribution 
of its phosphorylation to aggregation is yet to be understood (Goedert et al., 2017; Wang 
and Mandelkow, 2016). New structural insight proved that phosphorylated residues do not 
contribute significantly to assembly of mature fibrils (Fitzpatrick et al., 2017). Our data suggest 
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that the effect of Tau fibrils on phosphorylation dynamics may be subtler and not related to 

their hyperphosphorylation, once again disturbing levels and activity of a range of phospho-

regulators as in the case of RNA binding proteins and MAPs.

To summarize, scattered experimental evidences support the targeting of RNA, microtubule and 

phosphorylation dynamics by Tau fibrils. Our work shows how these processes are coherently 

linked by interactome re-wiring of Tau from its monomeric, physiological protomer to its 

polymeric, toxic aggregate.

Analogies between mode-of binding of Tau fibrils and proteins involved in phase separation
The structural analysis of Tau fibril-specific interactome revealed an abundance of disordered 

stretches compared to average disorder propensity of the human proteome. Intriguingly, the 

abundance of disorder stretches is a characteristic of interactors binding to Huntingtin fibrils 

(Ripaud et al., 2014) or to artificial proteins with propensity to form amyloid fibrils (Olzscha 

et al., 2011), suggesting that the preference for highly disordered binders is a general feature of 

amyloids. We found a striking enrichment of Arginine and Methionine residues in disordered 

regions of Tau fibril binders, while Prolines and the hydrophobic residues Isoleucine, Valine and 

Phenylaniline were significantly depleted, highlighting a unique footprint of Tau fibrils binders. 

Lysine does not contribute to binding, despite their positive charge shared with Arginines, 

pointing to the role of Argine as p-stacker (Vernon et al., 2018). Of note, also the other 

strongly enriched residue in Tau fibril interactors, Methionine, can establish p-p interactions 

with aromatic rings (Valley et al., 2012). However, Arginines increased abundance suggests a 

predominant role of this residues in driving the binding to Tau fibrils. Thus, our work describes 

interactome rearrangements not only in a qualitative manner but describe a key molecular 

component driving such re-arrangements, namely side chains of Arginines capable of engaging 

in p-p interactions. p-stacking in disordered regions is also the fundamental force driving Liquid 

Liquid Phase Separation, a process that forms membrane-less compartmentalization within a 

cell (Alberti, 2017; Qamar et al., 2018). The number of Arginines is a key factor for phase 

separation propensity (Wang et al., 2018). So far, the role of π-stacking was showed only for 

physiologically relevant proteins. We turned the table, using non-physiological aggregates to 

show that their interactions are based on the same chemical principles driving phase separation. 

Our paradigm explains recent phenomenological data, showing co-influence of aggregation 

dynamics between Tau and phase-separating proteins (Maziuk et al., 2018; Vanderweyde et al., 

2016). Strikingly, Tau fibril-specific interactome is enriched in proteins from the Heteronuclear 

Ribonucleoparticle family (Fig. 2A and Fig. S2), whose protein architecture promotes 

phase separation (Harrison and Shorter, 2017). Thus, Tau fibrils can attract phase-separating 
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proteins, potentially increasing their local concentration and promoting their co-aggregation. 
Taken together, our data mechanistically support a tight cross-talk between physiological and 
pathological aggregates. In terms of fundamental chemical contacts, they are two sides of the 
same coin. Interestingly, Arginine is enriched in several chaperone binding motifs, including 
Hsp70, J-domain co-chaperones, SecB and trigger factor (Knoblauch et al., 1999; Patzelt et al., 
2001; Rüdiger et al., 1997; Rüdiger et al., 2001). We speculate that Arginine may have specific 
but not yet understood implications for protein homeostasis and aggregation. In this context it is 
interesting that the abundant cytosolic Hsp90 chaperone (Picard, 2002) may have an upstream 
effect in avoiding the engagement of Tau fibrils with their abnormal interactors by buffering 
these exposed stretches in the cytoplasm. Hsp90 may therefore act on two levels in the fight 
against Alzheimer-related Tau fibrils, first by actively blocking their formation and second by 
preventing fibrils binding to their abnormal interactors. Understanding how the manipulation 
of Hsp90 affects the biology of Tau fibrils may grant us a new weapon to fight Alzheimer’s 
Disease.
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Figure S1. Interactome rewiring of monomeric-specific interactors, 3 independent biological replicas
Heat map showing an unbiased selection of Tau-RD* lost proteins upon aggregation. Only proteins with a Fold Change 
calculation > 2 (FC-A, Crapome; by averaging the spectral counts across the selected controls) were considered en-
riched in Tau-RD* monomers compared to control empty beads in the 3 different replicas.
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Figure S2. Interactome rewiring of fibrillar-specific interactors, 3 independent biological replicas
Heat map showing an unbiased selection of Tau-RD* sequestered proteins upon aggregation. Only proteins with a Fold 
Change calculation > 2 (FC-A, Crapome; by averaging the spectral counts across the selected controls) were considered 
enriched in Tau-RD* aggregates compared to Tau-RD* monomers in the 3 different replicas.



158

Chapter 5

5

C
tb

p1
N

ed
d4

D
us

p3
S-

Tp
p

N
ae

1
Fa

m
16

9a
M

at
2b

U
br

1
H

er
c4

C
tb

p2
Pe

pd
R

nh
1

Pa
di

2
D

hp
s

Pp
p2

r2
d

Ap
eh

M
ta

p
Pg

p
G

da
R

cc
2

La
nc

l2
Fn

3k
Ag

l
Th

op
1

M
ap

k3
C

lu
h

M
ap

2k
1

R
nf

14
O

tu
b1

Tx
nl

1
C

ap
ns

1
Sm

s
Sn

x1
Fl

ad
1

Tb
ce

LO
C

10
09

11
77

Te
cp

r1
Er

m
n

Pr
un

e
Fa

f1
Po

ld
ip

2
Fb

xo
3

As
ns

M
ap

4k
4

M
in

k1
Tn

ik
C

cd
c1

77
C

dk
11

b
Pt

rf
Ak

ap
17

a
Tb

c1
d1

0b
Sa

p3
0b

p
Sl

tm
N

f2
M

rp
l1

6
C

op
e

M
ap

9
G

ly
r1

R
pl

35
M

ap
7d

1
R

ps
3a

D
na

jb
2

Ei
f2

b3
C

op
b2

C
op

a
D

gk
g

C
dc

16
D

ek
G

st
o1

W
as

h1
R

ps
15

a
R

ps
6

Ba
ia

p2
R

ab
11

fip
2

H
nr

np
m

Ez
r

R
dx

Tr
m

t1
0c

M
sn

M
ap

7d
2

H
nr

np
ul

2
Sa

fb
2

R
pl

26
Er

c2
G

tp
bp

4
LO

C
68

98
99

C
hm

p2
b

D
nt

tip
2

Sn
ca

P4
hb

Ev
l

R
pl

10
Pr

pf
3

Vt
n

Pr
pf

4
Fg

b
Ph

ac
tr1

D
hx

16
Ar

hg
ef

2
Er

c1
Fg

f2
Pr

pf
39

C
or

o2
b

G
px

1
Pf

kf
b2

R
bm

10
M

ap
3k

7
C

ar
ns

1
St

k3
8l

D
do

Ei
f4

b
Pf

kf
b3

−5
0

5
4

8
24

0*
0

0
1

2
3

4
0*

0
1

2
3

4
8

24

H
ou

rs
 o

f a
gg

re
ga

tio
n

R
ep

lic
a 

1
R

ep
lic

a 
2

R
ep

lic
a 

3

en
ric

hm
en

t

lo
g2

(T
x/

T0
)

G
O

_c
la

ss
Va

rio
us

C
O

PI
R

N
A

Ph
os

ph
o

M
ap

Ta
u-

fib
ril

s
in

te
ra

ct
or

s

Ta
u-

m
on

om
er

s
in

te
ra

ct
or

s

Tau interactome.  3 independent biological replicas.
Heat map showing significant proteins interacting with Tau fibrils or Tau momers. 



159

Fibril formation rewires interactome of the Alzheimer protein Tau by p-stacking

5

KEY RESOURCES TABLE

Key resources table can be found with this article online at:
https://www.biorxiv.org/content/early/2019/01/16/522284.full.pdf

EXPERIMENTAL PROCEDURES

In Vitro Studies
Human Tau-RD* and rat HA-Map7 truncations (M1-S227, both wild type and R12K), were cloned in pET24a vectors 
and expressed in E. coli (BL21 Rosetta2). Human Hsp90b was cloned in pET23a vector and expressed in E. coli (BL21 
Rosetta2).

Animals
All experiments were approved by the DEC Dutch Animal Experiments Committee (Dier Experimenten Commissie), 
performed in line with institutional guidelines of Utrecht University and were conducted in agreement with Dutch law 
(Wet op de Dierproeven, 1996) and European regulations (Directive 2010/63/EU). Female pregnant Wister rats were 
obtained from Janvier Laboratories.

Purification of Tau-RD*
We overproduced N-terminally FLAG-tagged (DYKDDDDK) Human Tau-RD (Q244-E372, also referred to as K18, 
with pro-aggregation mutation DK280) recombinantly in E. coli BL21 Rosetta 2 (Novagen), with additional removable 
N-terminal His6-Smt-tag.
(MGHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSL-
RFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGG).
Cells were harvested, flash-frozen in liquid nitrogen and stored at -80°C until further usage. Pellets were thawed in a 
water bath at 37°C and resuspended in 50 mM HEPES-KOH pH 8.5 (Sigma-Aldrich), 50 mM KCl (Sigma-Aldrich), ½ 
tablet/50 ml EDTA-free protease inhibitor (Roche), 5 mM β-mercaptoethanol (Sigma-Aldrich). Cells were disrupted by 
an EmulsiFlex-C5 cell disruptor (Avestin). Lysate was cleared by centrifugation, filtered with a 0.22 μm polypropylene 
filter (VWR) and supernatant was purified using an ÄKTA Purifier chromatography system (GE Healthcare). First, 
protein was loaded onto a POROS 20MC (Thermo Fischer Scientific) affinity purification column in 50 mM HEPES-
KOH pH 8.5, 50 mM KCl, 5 mM β-mercaptoethanol, eluted with a 0-100% linear gradient (5 Column Volumes, CV) of 1 
M imidazole. Fractions of interest were collected and concentrated in a buffer concentrator (Vivaspin, cutoff 10 kDa) to 
final volume of 3 ml. The concentrated sample was desalted with a PD-10 desalting column (GH Healthcare) in 50 mM 
HEPES-KOH pH 8.5, ½ tablet/50 ml Complete protease inhibitor (Roche)) and 5 mM β-mercaptoethanol. The His6-
Smt tag was removed by Ulp1 treatment, shaking at 4°C over night. Next day, protein was loaded onto a POROS 20HS 
(Thermo Fischer Scientific) cation exchange column equilibrated with 50 mM HEPESKOH pH 8.5. Protein was eluted 
with a 0-100% linear gradient (15 CV) of 2 M KCl (Carl Roth). Fractions of interest were collected and loaded onto 
a HiLoad 26/60 Superdex 200 pg (GE Healthcare Life Sciences) size exclusion column equilibrated with aggregation 
buffer (25 mM HEPES-KOH pH 7.5, Complete Protease Inhibitors (1/2 tablet/50 ml), 75 mM KCl, 75 mM NaCl and 
10 mM DTT). Fractions of interest were further concentrated to the desired final concentration using a concentrator 
(Vivaspin, cut-off 5 kDa). Protein concentration was measured using an ND-1000 UV/Vis spectrophotometer (Nanodrop 
Technologies) and purity was assessed with SDS-PAGE. Protein was aliquoted and stored at -80°C.

Purification of MAP7 truncations
We overproduced N-terminally HA-tagged (YPYDVPDYA) rat map 7 truncations (M1-S227, both wild type and 
R12K), recombinantly in E. coli BL21 Rosetta 2 (Novagen), with additional removable N-terminal His6-Smt-tag. Cells 
were harvested, flash-frozen in liquid nitrogen and stored at -80°C until further usage. Pellets were thawed in a water 
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bath at 37°C and resuspended in 50 mM phosphate buffer pH 8 (Sigma-Aldrich), 150 mM KCl (Sigma-Aldrich), ½ 
tablet/50 ml EDTA-free protease inhibitor (Roche), 5 mM β-mercaptoethanol (Sigma-Aldrich). Cells were disrupted by 
an EmulsiFlex-C5 cell disruptor (Avestin). Lysate was cleared by centrifugation, filtered with a 0.22 μm polypropylene 
filter (VWR) and supernatant was purified using an ÄKTA Purifier chromatography system (GE Healthcare). First, 
protein was loaded onto a column with Ni-IDA resin. Proteins were eluted by 250 mM imidazole (Sigmaaldrich) in 
phosphate buffer (150 mM, NaCl (Sigma-Aldrich), pH=8.0) in presence of Complete Protease Inhibitors (1 tablets/100 
ml) (Roche) and 5 mM β-mercaptoethanol (Sigma-Aldrich).The His6-Smt tag was removed by Ulp1 treatment at 4°C 
over night, while dialyzed against 50mM phosphate buffer (pH=8.0) and 5 mM β-mercaptoethanol with a 6kDa cut-off 
membrane (SpectrumLaboratories). Next day, protein was loaded onto a POROS 20HS (Thermo Fischer Scientific) 
cation exchange column equilibrated with 50mM phosphate buffer (pH=8.0) and 5 mM βmercaptoethanol. Protein 
was eluted with a 0-100% linear gradient (15 CV) of 2 M KCl (Carl Roth). Fractions of interest were further buffer 
exchanged againt 25 mM HEPES buffer (pH=7.5, salt: 75 mM KCl; 75 mM NaCl) Vivaspin, cut-off 6 kDa and further 
concentrated using a concentrator (Vivaspin, cut-off 5 kDa). Protein concentration was measured using an ND-1000 
UV/Vis spectrophotometer (Nanodrop Technologies) and purity was assessed with SDS-PAGE. Protein was aliquoted 
and stored at -80°C.

Protein purification of Hsp90
Hsp90 was purified as previously described (Radli et al., 2017). We overproduced N-terminally His6-tagged human 
Hsp90b recombinantly in E. coli BL21 Rosetta 2 (Novagen). Cells were harvested, flash-frozen in liquid nitrogen and 
stored at -80°C until further usage. Pellets were thawed in a water bath at 37°C and resuspended in 12.5 mM sodium 
phosphate buffer pH 6.8 (Sigma-Aldrich), 75 mM KCl (Sigma-Aldrich), ½ tablet/50 ml EDTA-free protease inhibitor 
(Roche), 5 mM β-mercaptoethanol (Sigma-Aldrich). Cells were disrupted by an EmulsiFlex-C5 cell disruptor (Avestin). 
Lysate was cleared by centrifugation, filtered with a 0.22 μm polypropylene filter (VWR) and supernatant was purified 
using an ÄKTA Purifier chromatography system (GE Healthcare). First, protein was loaded onto a POROS 20MC 
(Thermo Fischer Scientific) affinity purification column in 50 mM sodium phosphate buffer pH 8.0, 400 mM KCl, 5 
mM β-mercaptoethanol eluted with a 0-100% linear gradient (5 Column Volumes, CV) of 1 M imidazole. Peak was 
loaded onto a POROS 20HQ (Thermo Fischer Scientific) anion exchange column equilibrated with 25 mM sodium 
phosphate buffer pH 7.2 and 5 mM β-mercaptoethanol. Protein was eluted with a 0-100% linear gradient (15 CV) of 
2 M KCl. Fractions of interest were then loaded onto a HiTrap heparin column High Performance (GE Healthcare) 
column equilibrated with 25 mM sodium phosphate buffer pH 7.2 and 5 mM β-mercaptoethanol. Protein was eluted 
with a 0-100% linear gradient (15 CV) of 2 M KCl and peak was buffer exchanged against 25 mM sodium phosphate 
buffer pH 7.2, 150 mM KCl, 150 mM NaCl and 5 mM βmercaptoethanol. Protein concentration was measured using an 
ND-1000 UV/Vis spectrophotometer (Nanodrop Technologies) and purity was assessed with SDS-PAGE. Protein was 
aliquoted and stored at -80°C.

Formation of Tau fibrils
Monomeric Tau-RD* aggregated in aggregation buffer and Heparin Low Molecular Weight (Santa Cruz Biotech), con-
centrations depending on the experiment and Tau:heparin ratio always kept 4:1. Aggregation was performed at 37°C, 
shaking at 180 rpm, and aliquots were flash frozen at timepoints indicated in the text. Aliquots were then thawed on ice 
for downstream applications.

Preparation of density gradients
Density gradients were prepared according to an established procedure (Stone, 1974). Gradients were formed by 
dissolving 10% and 40% sucrose (Sigma-Aldrich), in 25 mM HEPES pH 7.5, 75 mM KCl, 75 mM NaCl. Gradients 
were set up in polyallomer centrifuge tubes (Beckmann) by filling them to half hight with 40% sucrose and topping 
them up with an equal amount of 10% sucrose. Gradients were formed by tilting the tubes horizontally for 3 h at room 
temperature and then tilting them back to vertical position. Tubes were stored overnight at 4°C and samples were loaded 
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as described for each experiment. 

Sample preparation for density gradients 
Fig. 1A. 2.5 μl of Tau-RD* aggregates (37 μM of monomers) at different aggregation stages (time of aggregations: 0, 1, 
8, 24 h) were loaded onto density tubes and subjected to centrifugation, 2.5 h at 200,000 g.
Fig. 4D. 2.5 μl of Tau-RD* fibrils (20 μM of monomers, timepoint 24 hours) reacted for 1 h at 37°C with either 7.5 μl 
of aggregation buffer or 7.5 μl of aggregation buffer plus 0.5 μM rat HA-Map7 M1-S227, either wt or R12K. Samples 
were then entirely loaded loaded onto density tubes and subjected to centrifugation, 2.5 h at 200000g.
Fig. 5B. 10 μl of Tau-RD* (20 μM of monomers), aggregated for 16 hours in the plate reader Spectramax i3 (Molecular 
Devices) in the presence of increasing concentration of Hsp90 (0, 1, 5 and 10 μM) in aggregation buffer, were loaded 
completely onto density tubes and subjected to centrifugation, 2.5 h at 200000g.

Dot blot analysis of density gradients
Dot blot was performed using a dot blot apparatus (BioRad) and nitrocellulose membrane 0.1 μM (Sigma-Aldrich) 
washed with PBS. Twelve fractions were manually collected for each tube into a 96-deep well (Thermo Fisher 
Scientific), and each dot-blot well was filled with 150 μl of fraction using a multi-pipette which was pulled through by 
applying vacuum after 10 minutes of incubation with the membrane at room temperature. Nitrocellulose membranes 
were blocked with PBS blocking buffer (LI-COR) and incubated with primary antibody, either monoclonal anti-FLAG 
M2 (F3165, Sigma Aldrich, working dilution 1:1000) or anti-HA 12CA5 mouse hybridoma (produced in-house), at 
room temperature for 1 h. After three washes with PBS, secondary antibody Donkey anti Mouse IgG IR Dye 800 
conjugated (610-732-002, Rockland, 1:5000) was added at room temperature for 45 minutes. After additional 2 washes 
with PBS-T and one final wash with PBS, detection was performed using Odyssey CLx (LI-COR). Imaging was 
performed via Image Studio Lite (LICOR). 

Transmission Electron Microscopy
Specimens were prepared for Transmission Electron Microscopy using a negative staining procedure. Briefly, a 5 μl 
drop of sample solution was adsorbed to a glow-discharged (twice for 20 s, on a Kensington carbon coater) piolo-
form-coated copper grid, washed five times on drops of deionized water, and stained with two drops of freshly prepared 
2.0% Uranyl Acetate, for 1 and 5 minutes, respectively, and subsequently air dried. Samples were imaged at room 
temperature using a Tecnai T20 LaB6 electron microscope operated at an acceleration voltage of 200 kV and equipped 
with a slow-scan Gatan 4K x 4K CCD camera. Images were acquired at a defocus value of 1.5 μm. Magnification/pixel 
size on specimen level: Fig. 1A 62.000 times/0.178 nm/pix; Fig. 5C right panel 62.000 times, 0.178 nm/pix; Fig. 5C 
right panel 100.000 times, 0.110 nm/pix 

Rat brain extracts preparation
Rat brain extracts were obtained from female adult rats and homogenized in 10x volume/weight in tissue lysis buffer 
(50 mM Tris HCl, 150 mM NaCl, 0.1% SDS, 0.2% NP-40, and protease inhibitors). Brain lysates were centrifuged at 
16.000 g for 15 min at 4°C, and the supernatant was used for the affinity purification-mass spectrometry experiments.

Affinity Purification-Mass spectrometry (AP-MS) using anti-FLAG beads on brain extracts
Tau-RD* monomers, oligomers or fibrils (37 μM monomeric concentration, with or without 37 μM Hsp90, depending 
on the experiment) were incubated for 1h at 4°C with FLAG beads (Sigma) previously blocked in chicken egg albu-
min (Sigma). Beads were then separated using a magnet (Dynal, Invitrogen) and washed three times with aggregation 
buffer to remove unbound Tau-RD* and excess of albumin. Beads conjugated with the Tau-RD* aggregated proteins 
were then incubated with brain extracts for 1h at 4°C. Beads were then washed in washing buffer (20 mM Tris HCl, 
150 mM KCl, 0.1% TritonX-100) for five times to remove aspecific neuronal proteins. For MS analysis, beads were 
then resuspended in 15 μl of 4x Laemmli Sample buffer (Biorad), boiled at 99ºC for 10 minutes and supernatants were 
loaded on 4-12% Criterion XT Bis-Tris precast gel (Biorad). The gel was fixed with 40% methanol and 10% acetic acid 
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and then stained for 1h using colloidal coomassie dye G-250 (Gel Code Blue Stain, Thermo Scientific). Briefly, each 
lane from the gel was cut into three pieces and placed in 1.5-ml tubes. They were washed with 250 μl of water, followed 
by 15-min dehydration in acetonitrile. Proteins were reduced (10 mM DTT, 1 h at 56°C), dehydrated and alkylated (55 
mM iodoacetamide, 1 h in the dark). After two rounds of dehydration, trypsin was added to the samples (20 μl of 0.1 g/l 
trypsin in 50 mM Ammoniumbicarbonate) and incubated overnight at 37°C. Peptides were extracted with acetonitrile, 
dried down and reconstituted in 10% formic acid prior to MS analysis.

Mass spectrometry analysis
All samples were analyzed on an Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific) coupled to an 
Agilent 1290 Infinity LC (Agilent Technologies). Peptides were loaded onto a trap column (Reprosil pur C18, Dr. 
Maisch, 100 μm x 2 cm, 3 μm; constructed in-house) with solvent A (0.1% formic acid in water) at a maximum pressure 
of 800 bar and chromatographically separated over the analytical column (Poroshell 120 EC C18, Agilent Technologies, 
100 μm x 50 cm, 2.7 μm) using 90 min linear gradient from 7-30% solvent B (0.1% formic acid in acetonitrile) at a flow 
rate of 150 nl/min. The mass spectrometers were used in a data-dependent mode, which automatically switched between 
MS and MS/MS. After a survey scan from 350-1500 m/z the 10 or 20 most abundant peptides were subjected to HCD 
fragmentation. MS spectra were acquired in high-resolution mode (R > 30,000), whereas MS2 was in high-sensitivity 
mode (R > 15,000). For data analysis, the raw data files were converted to *.mgf files using Proteome Discoverer 1.4 
software (Thermo Fisher Scientific). Database search was performed using the Uniprot rat database and Mascot (version 
2.5.1, Matrix Science, UK) as the search engine. Carbamidomethylation of cysteines was set as a fixed modification and 
oxidation of methionine was set as a variable modification. Trypsin was set as cleavage specificity, allowing a maximum 
of 2 missed cleavages. Data filtering was performed using a percolator (Kall et al., 2007), resulting in 1% false discovery 
rate (FDR). Additional filters were search engine rank 1 and mascot ion score >20.

Gene Ontology analysis
Proteins were classified using the enrichment analysis tool provided by Gene Ontology Consortium (GO Consortium, 
2017 (Ashburner et al., 2000)).

Circular Dichroism
HA-tagged (YPYDVPDYA) rat map 7 truncations (M1-S227, both wild type and R12K) were buffer exchanged against 
chloride-free phosphate buffer pH 7.5, 150 mM NaF (Sigma-Aldrich), to an estimated concentration of 0.05 mg/ml. 
Spectra were obtained on a Circular Dichroism Detector (JASCO), range from 180 nm to 250 nm, cut off at high tension 
over 700 V.

ThioflavinT aggregation assay
Aggregation of Tau-RD* (20 μM stock) in aggregation buffer (total volume 100 μl) was stimulated by 5 μM heparin 
Low Molecular Weight in the presence of 60 μM ThioflavinT (Sigma) in transparent, lidded Greiner 96-well plates 
(Sigma- Aldrich). To assess the impact of Hsp90, samples were supplied with 0, 1, 5 or 10 μM of Hsp90. Fluorescent 
spectra were recorded every 10 minutes for 16 hours with a SpectraMax i3 (Molecular Devices).

QUANTIFICATION AND STATISTICAL ANALYSIS

Disorder prediction and Amino acidic bias
Disordered residues in Tau interactome protein were predicted using MetaDisorder predictor (Kozlowski and Bujnicki, 
2012). We defined disorder percentage of each interactor as the amount of disordered amino acids divided by total 
amount of amino acids. To calculate aminoacidic biases in disordered regions, disordered regions of each aggregation-
specific interactor were considered as a single string of amino acids. The frequency of each amino acid in each disordered 
string was then calculated and compared to its frequency in the disordered regions of the whole proteome (Pentony and 
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Jones, 2010). The ratio of calculated over predicted frequency was then computed and expressed as a log2 function for 
the whole set of aggregation-specific interactors, sorted per amino acid, with residues ordered by their abundance in the 
human proteome.
Boxplot and graphs of Fig. 3 were created with SPSS. Statistical significance of Fig. 3B and Fig. 3C was tested using 
the Wilcoxon paired non-parmatric t-test on measured paired to predicted data for each protein.

Mass spectrometry quantification
To infer protein abundancy of each individual protein co-purified with Tau-RD*, we relied on total numbers of PSMs; 
PSMs of each identified protein were then normalized on the PSMs of the purified Tau-RD* in each condition. A ratio 
was then calculated between normalized PSMs of the protein co-purified with Tau-RD* at different time point of 
aggregation and normalized PSMs of the same protein at 0 h without heparin. Ratios were then transformed into log2. 
Crapome (Mellacheruvu et al., 2013) was used to analyze Tau-RD* interacting binding proteins in three biological 
replicas. Proteins co-precipitated with Tau-RD* at 4 h were compared with proteins co-precipitated with Tau-RD* at 
0 h without heparin. Proteins with a Fold Change calculation > 2 were considered significant proteins sequestered by 
Tau-RD* aggregates. This unbiased analysis for scoring AP-MS data generated a selection of proteins characterized 
by higher binding affinity for fibrillar species (Fig. 2D, Fig. S2). Same selected proteins are also shown in Fig. 6B 
to highlight how Tau-RD* interactomes change upon incubation with Hsp90. Proteins co-precipitated with Tau-RD* 
at 0h were compared with controls (FLAG-beads). Proteins with a Fold Change calculation > 2 were considered 
significant proteins sequestered by Tau-RD* monomers. This unbiased analysis for scoring AP-MS data, generated a 
selection of proteins characterized by higher binding affinity for monomeric species (Fig. 2C, Fig. S1). Data analysis 
was conducted using Perseus or R, hierarchical clustering was performed within Perseus using Euclidian distance. 
Fig. 2B: Quantifications of proteins detected at t = 0, 1, 8 and 24 h in replica 3 are represented in the heat map. Fig. 
2C: Heat map shows an unbiased selection of proteins co-precipitating with Tau-RD* monomers without heparin (t0-) 
compared to control pull downs (empty FLAG-beads). Only proteins with a Fold Change calculation > 3 (FC, Crapome; 
by averaging the spectral counts across the selected controls) were considered enriched in Tau-RD* monomers without 
heparin (t0-) compared to controls in the 3 different biological replicas. Values shown in the heat map refer to time 
points t0, t1, t8 and t24 of replica 3. Fig. S1: Interactors of Tau-RD* monomers selected in Fig. 2C are shown with their 
relative quantifications across all time points in 3 biological replicas. Fig. 2D Heat map shows an unbiased selection of 
proteins specifically co-precipitating with Tau-RD* aggregates (t4) compared to Tau-RD* monomers without heparin 
(t0-). Only proteins with a Fold Change calculation > 2 (FC, Crapome; by averaging the spectral counts across the 
selected controls) were considered enriched in Tau-RD* monomers without heparin (t0-) compared to controls in the 
3 different biological replicas. Values shown in the heat map refer to time points t0, t1, t8 and t24 of replica 3. Fig. S2: 
Full list of interactors of Tau-RD* oligomers and fibrils (t4) shown in Fig. 2D is shown with their relative quantifications 
across all time points in 3 biological replicas. Fig. 6B: Bar graph shows same selected proteins of Fig. S2 (significant 
proteins interacting with Tau-RD* aggregates, t4) and their average quantifications in Tau-RD* (t4) compared to 
Tau-RD* + Hsp90 (t4) across 3 different biological replicas. Ratios of normalized PSMs of interactors in Tau-RD* 
- Hsp90 / normalized PSMs of interactors in Tau-RD*+Hsp90 are graphically represented and shown as percentages. 
Negative values indicate a decreased binding affinity in presence of Hsp90 while positive ones indicate a higher affinity. 
Quantification of selected interactors of Tau-RD* monomers without heparin t0- (Fbxo3, Poldip2, Ctbp1, Ctbp2) is also 
included as additional control. Most of the interactors of Tau-RD* aggregates reduce their binding affinity in presence 
of Hsp90 whereas Fbxo3, Poldip2, Ctbp1 and Ctbp2 do not.
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ABSTRACT
In this thesis chapter we selected a collection of works which exemplify the MS-based approaches 
we used to address specific neurobiological related questions. Quantitative proteomics was used 
to infer protein profiling in dissociated cortical neurons depleted for the axon initial segment 
(AIS) protein TRIM46 or depleted for selected endoplasmic reticulum (ER)-shaping proteins. 
In particular, dimethyl labeling (3plex) was applied to investigate changes in protein expression 
levels in neurons transfected with TRIM46_shRNA and TMT isobaric labelling (6plex) was 
used to quantify protein expression in neurons transfected with ER-shaping proteins_SHRNAs. 
Results greatly contributed to the validation of our knockdown (KD) approaches by providing 
accurate information about neuronal protein dynamics that will be followed up in future studies. 
Targeted proteomic approaches (Affinity Purification-Mass Spectrometry, AP-MS) were applied 
for the identification of proteins associated with HAUS/augmin and Secernin1 (SCRN1). The 
first one is a protein complex recently described to be involved in microtubule nucleation, while 
the latter is a protein with a potential new role in regulating the synaptic vesicle recycling at the 
pre-synapse. 
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INTRODUCTION
The use of differential stable isotopes allows accurate protein quantification thanks to their 
distinctive masses which can be distinguished in the MS-spectra. Several strategies have been 
developed to optimize the incorporation of stable isotopes. They mainly consist of metabolic 
labelling at the cellular or organism level or chemical labelling at the protein or peptide level 
(Altelaar et al., 2013). Chemical labelling has the advantage that can be applicable to almost 
any sample preserving accuracy, precision and reliability (Altelaar et al., 2013). A relatively 
cost-effective technique is dimethyl labelling, which typically achieves quantification at the 
MS level (Boersema et al., 2009). However, one major limitation of this approach relies in 
the limited amount of samples that can be analyzed simultaneously (dimethyl labeling is 
convenient for up to 3plex). Tandem Mass Tag (TMT) labeling on the other hand, using isobaric 
chemical labels, allows quantification based on MS/MS reporter ions therefore permitting the 
analysis of multiple conditions in parallel (up to 10plex) (Rauniyar and Yates, 2014). One of 
the major issues with isobaric labels has historically been the potential co-isolation of more 
than one peptide species, which could often lead to possible errors in the quantification results. 
Nowadays, the advent of new Mass Spectrometers allows analysis at higher resolution without 
affecting the speed of the MS analysis. Thanks to these technological advances, the issue of 
co-isolation and co-fragmentation of interfering ions with ions of interest is much more limited 
compared to the past. Here, we applied chemical isotope labeling LC-MS to efficiently measure 
protein expression levels in dissociated rat cortical neurons. Neurons, electroporated at DIV0 
with specific sh_RNAs to deplete proteins of interest (TRIM46 or ER-shaping proteins) were 
harvested 4-7 days later and relative changes in their proteome dynamics were investigated by 
using high resolution MS. 
Besides global investigation of protein profiling, proteomics can be used to investigate the precise 
composition of protein complexes. For example, here we applied AP-MS to get further insights 
into the role of the HAUS/augmin complex in neurons. Or in a similar experiment, we identified 
novel Scrn1 binding partners, therefore discovering possible molecular mechanisms by which 
Scrn1 affects the presynaptic vesicle cycle. The experimental workflow for the identification 
of specific brain interacting proteins has been already extensively described in the introduction 
of this thesis (Figure 3, Introduction). In this chapter, we make use of diverse MS-based 
technologies to obtain crucial data that would be otherwise more challenging to extrapolate with 
classical biochemical techniques. Up to now, the lack of reliable antibodies targeting rat proteins 
and the scarcity of material obtained from dissociated primary neuronal cultures have always 
represented the major limitations within the range of biochemical applications. Thankfully, 
recent advances in proteomics are now opening new exciting possibilities towards a more global 
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understanding of the biology of the neuron.

RESULTS 

1. TRIM46 acts as microtubule (MT) bundler at the AIS 

Axon formation, the initial step in establishing neuronal polarity, critically depends on local 

MT reorganization and is characterized by the formation of parallel MT bundles. The tripartite 

motif containing (TRIM) protein TRIM46 plays an instructive role in the initial polarization 

of neuronal cells. TRIM46 is specifically localized to the newly specified axon and, at later 

stages, partly overlaps with the axon initial segment (AIS). TRIM46 specifically forms closely 

spaced parallel microtubule bundles oriented with their plus-end out. Without TRIM46, all 

neurites have a dendrite-like mixed microtubule organization resulting in Tau missorting and 

altered cargo trafficking. By forming uniform microtubule bundles in the axon, TRIM46 is 

required for neuronal polarity and axon specification in vitro and in vivo (Figure 1A) (van 

Beuningen and Hoogenraad, 2016; van Beuningen et al., 2015). In this work, we applied 

dimethyl labelling (3plex) to TRIM46_shrRNA or pSuper (and untransfected) transfected 

neurons to validate the specificity of TRIM46-KD and to investigate neuronal protein dynamics 

upon TRIM46 depletion. Tryptic peptides from TRIM46-KD, pSuper and untransfected neurons 

were chemically labelled by using combinations of several isotopomers of formaldehyde and 

cyanoborohydride. TRIM46_shRNA sample was labelled with heavy isotopes, pSuper with 

“medium” and untransfected with “light”. The efficiency of TRIM46 protein depletion was first 

tested by quantitative MS (Figure 1B-C) and then confirmed by Western blot analysis (Figure 

1D-E). Quantifications obtained from both methods clearly indicate a significant reduction in the 

protein levels of TRIM46 by 80% (Figure 1C, 1E). These data, besides validating the efficacy 

of our produced shRNAs in depleting TRIM46 suggest that the shRNAs used in this study are 

specific for TRIM46 and do not affect any other member of the TRIM family (Figure 1C). Upon 

TRIM46 depletion one of the most striking effect that we observed was an increase in the total 

levels of TRIM36 (Figure 1C). This might underlie a feedback mechanism operated by the 

neurons which positively regulate the expression level of TRIM36 to compensate for TRIM46 

reduction. TRIM36 shows quite high sequence homology compared to TRIM46 especially in 

their RING domains (Figure 1F). More interestingly, TRIM36 is the only other protein of the 

TRIM family which has MT bundling properties (Short and Cox, 2006) and labels the MT 

cytoskeleton in HeLa cells (Figure 1G). However, unlike TRIM46, TRIM36 does not localize 

at the AIS (van Beuningen et al., 2015) so it probably acts as MT bundler in other subcellular 

neuronal compartments. Map7d2 is another microtubule-associated protein whose expression is 
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Figure 1. TRIM46 knockdown in neurons
(A) Microtubule organization at the axon initial segment (AIS). Tripartite motif-containing protein TRIM46 localizes to 
the proximal axon and forms parallel microtubule arrays. This uniform axonal microtubule organization is necessary for 
neuronal polarity and axon specification. The axonal microtubules are decorated by Tau, whereas MAP2 becomes en-
riched in the somatodendritic compartment. The microtubule minus-end binding protein CAMSAP2 stabilizes non-cen-
trosomal microtubules and is enriched in the very first part of the axon, but absent from the AIS. (Adapted from Van 
Beugeningen & Hoogenraad, Curr Opinion in Nerobio. 2016)
(B) Scatter Plot showing protein expression levels calculated as log2(ratios) shRNA_TRIM46/PSuper and shRNA_
TRIM46/untransfected. 
(C) Diagram representing quantitative MS data of DIV4 cortical neurons electroporated with pSuper control (medium 
labeled) or TRIM46_shRNA#1/2 (heavy labeled). Protein names, Relative quantification is shown as ratio TRIM46_
shRNA/pSuper.
(D-E) Western blot analysis (D) and quantifications of cortical neurons (DIV7) (E) expressing indicated constructs. 
Arrowheads indicate TRIM46 band.
(F) Clustal alignment of selected full-length TRIM46 and TRIM36 homologues from the animal kingdom. Alignment 
only shown for depicted residues. The essential cysteine and histidine residues of the RING domain are indicated with 
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asterisks and the mutated residues in the TRIM46 RING mutant are indicated by the red arrows.
(G) HeLa cells expressing either GFP-TRIM46 or GFP-TRIM36 (green) stained for alpha-tubulin (red). Scale bar, 
10μm.

affected by TRIM46 depletion (Figure 1B), while its closely related homologous Map7d1 does 

not show any difference. Recent studies in our lab have successfully demonstrated that only 

Map7d2 but not Map7d1 plays an active role at the AIS (Pan et al., 2019). Altogether these data 

might suggest a synchronized action of Map7d2 and TRIM46 in regulating MTs dynamics at 

the AIS. Overall, these data further emphasize the accuracy of our proteomic based approach 

in providing in depth coverage of protein dynamics and in discovering new protein targets for 

future projects to come.  

2. Role of the ER-shaping proteins (RTNs and DP1) in developing neurons 
As described in the previous paragraph, the establishment of neuronal polarity strongly depends 

on local MT organization. Like MTs, also the endoplasmic reticulum (ER) forms an extensive 

network throughout the entire neuron. Cumulating evidence indicates that specific membrane 

proteins resident of the ER have the ability to directly bind and regulate MT organization and 

stability (Gurel et al., 2014). Our lab recently showed that the interplay between MTs and ER 

is also essential for neuronal polarity (Farias et al., 2019). ER-tubules localize within the axon, 

whereas ER-cisternae are retained in the somatodendritic domain. MTs are essential for axonal 

ER-tubule stabilization and reciprocally the ER is required for stabilizing and organizing axo-

nal MTs. Recruitment of ER-tubules into one minor neurite initiates axon formation, while ER 

retention in the perinuclear area or disruption of ER-tubules prevents neuronal polarization. In 

light of these findings, this project describes for the first time a feedback-driven regulation be-

tween ER and MTs that is essential to establish neuronal polarity (Farias et al., 2019). Specific 

ER-resident transmembrane proteins control the shape of the ER. For instance, proteins such as 

reticulons (RTNs) and DP1 (REEP5) promote high curvature of ER-membranes to form ER-tu-

bules (Voeltz et al., 2006). A preliminary MS analysis indicated the relative abundance of the 

major ER shaping proteins expressed in our dissociated rat neurons (Figure 2A). Next, a more 

precise MS-based quantification method was successfully applied to investigate the effects of 

the depletion of selected ER shaping proteins in cultured neurons. We tested the efficacy of our 

designed shRNA targeting RTNs 1-4 proteins (RTN1+RTN2+RTN3+RTN4), REEP1 and DP1 

in nucleofected neurons at DIV4 (Figure 2B). The validation of these newly produced shRNAs, 

by using a quantitative proteomic approach (TMT labelling), was crucial for the outcome of this 

study considering: i) the large amount of imaging experiments performed in this project which 

relied on the use of these shRNAs, ii) the lack of effective antibodies targeting these proteins 
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Figure 2. ER-shaping proteins knockdown in neurons 
(A) Relative abundance of ER-shaping proteins calculated as total number of spectra (PSMs) normalized on the length 
of the protein (AAs) in DIV4 cortical neurons.  
(B) Heat map showing quantitative proteomics results of neurons (DIV4) transfected with pSuper, with RTNs_shRNAs, 
with REEP1_shRNA, with DP1(REEP5)_shRNA or untransfected (UNT). Graphical representations of these results 
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in biochemical assays. In order to achieve the quantification of 5 different conditions together 
(5plex), we used a MS2 based quantification using 5 different TMT isobaric tags. A scheme of 
the used isobaric tags is shown in the Experimental procedures and in Figure 2. Results clearly 
demonstrate that the designed shRNAs efficiently knocked down ER-shaping proteins without 
having any significant off target effect on other ER related proteins (Figure 2B). In particular, 
it was essential for us to demonstrate the efficacy and the specificity of the silencing of the 
RTN isoforms (Figure 2C) and of DP1 (Figure 2D) in neurons. The depletion of these specific 
ER-shaping proteins significantly affects the ER distribution, resulting in a imbalanced soma-
todendritic distribution of the ER marker Sec61β (Figure 2E-F) and causes severe defects in 
neuronal polarization (Farias et al., 2019). 

3. Characterization of the HAUS/augmin complex in neurons 
The multisubunit protein HAUS/augmin complex is also required to establish and maintain 
neuronal polarity. HAUS/augmin was initially described to be required for mitotic spindle 
assembly in dividing cells (Goshima et al., 2008; Lawo et al., 2009; Liu et al., 2014). In our lab, 
we demonstrated that the HAUS complex is also essential in neurons (where the centrosome 
is inactivated early in development) by ensuring uniform microtubule polarity in axons and 
regulation of microtubule density in dendrites. Using imaging and high-resolution microscopy, 
we found that distinct HAUS clusters are distributed throughout neurons and colocalize with 
g-TuRC, suggesting local microtubule nucleation events. Based on these main findings this 
project describes how HAUS complex locally regulates microtubule nucleation events to 

are shown in Figure 2C-D. 
(C) Quantitative proteomics results of RTNs-KD neurons (DIV4). Average TMT ratios correspondent to the relative 
protein expression of RTN4, RTN3 and RTN1 proteins quantified in neurons untransfected (UNT), transfected with 
control shRNA (pSuper) or transfected with shRNAs for RTN1, RTN2, RTN3 and RTN4 and compared to control 
proteins (TUBB2A and GAPDH). Untreated neurons peptides were chemically labeled with TMT-126, pSuper neurons 
with TMT-127 and shRNAs for RTNs with TMT-128. RTN1, RTN4 and GAPDH quantifications were based on unique 
peptides. RTN3 and TUBB2A quantifications were based on total peptides due to high sequence overlap. RTN2 was 
not detected.
(D) Quantitative proteomics results of DP1-KD neurons (DIV4). Average TMT ratios correspondent to the relative 
protein expression of DP1 quantified in neurons untreated (UNT), transfected with control shRNA (pSuper) or 
transfected with shRNA for DP1 and compared to control proteins (TUBB2A and GAPDH). Untreated neurons peptides 
were chemically labeled with TMT-126, pSuper neurons with TMT-127 and shRNA for DP1 with TMT-131. DP1 and 
GAPDH quantifications were based on unique peptides. TUBB2A quantifications were based on total peptides due to 
high sequence overlap.
(E-F) Representative images of hippocampal neurons DIV7 co-transfected at DIV4 with GFP-Sec61β (top panels) plus 
fill (bottom panels) together with control plasmid or shRNAs RTN1-4, DP1 and RTN4 plus DP1 (E). Polarity indexes 
of GFP-Sec61β in neurons expressing shRNAs for RTN4, RTN1-4, DP1 or RTN4 plus DP1 in (F); n = 20 neurons per 
condition. 
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Figure 3. HAUS/augmin complex interacts with Microtubule and Actin Binding Proteins
(A) HAUS/augmin complex regulates neuronal migration, polarization, and development. In neurons, the HAUS 
complex is distributed as discrete clusters regulating local microtubule nucleation. The function of HAUS contributes to 
understand how microtubules are generated in developing neurons after centrosome inactivation in early development.
(B) HAUS binding partners of Bio-GFP-HAUS2 and HAUS6 in HEK293 cells identified by AP-MS.
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control proper neuronal development (Figure 3A) (Cunha-Ferreira et al., 2018). In this work, 
the contribution of MS-based proteomics has been essential to gain further insight into the 
mechanism underlying HAUS localization and dynamics. Specifically, lysates of HEK293 cells 
co-expressing Bio-GFP-HAUS2 or HAUS6 and the biotin-protein ligase BirA were incubated 
with adult brain extracts, and isolated proteins were analyzed by affinity purification-mass 
spectrometry (AP-MS). As expected by pulling down HAUS2 or HAUS6 all the other subunits 
of the HAUS complex were successfully co-affinity-purified within the protein complex (Figure 
3B). AP of HAUS2 and HAUS6 brought down various α and β-tubulin subunits and MT-
associated proteins (Figure 3C–E), consistent with the association of the HAUS complex with 
the MT cytoskeleton. Interestingly, several actin-related proteins were also enriched in the list 
of proteins pulled down with HAUS6 (Figure 3C–E). Analysis of protein interaction networks 
(Cytoscape, GeneMANIA plugin) revealed how these proteins are interconnected with each 
other (Figure 3C). To better map the localization of the HAUS complex with respect to both 
actin and MTs, we performed three-color super-resolution imaging. In DIV4 neurons, GFP-
HAUS2 clusters co-localized with the MT cytoskeleton. Surprisingly, GFP-HAUS2 clusters 
also localized with the actin cytoskeleton (Figures 3F-G). Although most clusters co-localized 
with both actin and MTs, some GFP-HAUS2 clusters localized exclusively with actin. These 
data helped us to understand how HAUS/augmin clusters associate both with the MT and the 
actin cytoskeleton.

4. SCRN1-VAP1 interaction regulates dynamic endoplasmic reticulum remodeling and 
presynaptic function
Presynapses control the release and subsequent re-uptake of synaptic vesicles in neuronal cells. 
Numerous proteins that play important functions during the various phases of the synaptic 
vesicle cycle have been identified (Rizzoli, 2014; Sudhof, 2004, 2012). In our lab, we discovered 
novel proteins involved in presynaptic functioning. Using a knock-down screen approach, we 

(C) Network analysis on HAUS2 and 6 putative binding partners associated with the microtubule (blue) and actin 
cytoskeleton (red). Edge color coding: blue, co-localization; orange, predicted interaction; green, shared protein 
domain; purple, co-expression.
(D-E) Selected putative binding partners of Bio-GFP-HAUS2 and HAUS6 identified in adult rat brains (D) and HEK293 
(E) by AP-MS. Peptide counts are graphically represented by spheres, ratios of the spectral counts (PSMs) of the bait 
over the control are represented as colors (blue-microtubule binding proteins; red-actin binding proteins).
(F) Single molecule super-resolution reconstruction of a DIV4 hippocampal neuron transfected with GFP-HAUS2 
(red), extracted and fixed with GA and PFA, and post-labelled with LifeAct-GFP (cyan) and DNA-PAINT (yellow) to 
visualize actin and α-Tubulin, respectively. Insets depict indicated areas. Scale bar 2 mm in panel and 500 nm in insets.
(G) Percentage of GFP-HAUS2 clusters across 4 different categories: 1 – No co-localization, 2 – co-localization with 
microtubules, 3 – co-localization with actin and 4 – co-localization with microtubules and actin. (n=3, N=1). Data are 
presented as mean ± SD. 
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Figure 4. The pre-synaptic protein Secernin1 (SCRN1) interacts with the ER-membrane protein VAPA/VAPB
(A-B) Significant binding partners of Bio-GFP-SCRN1 identified in rat brains (A) and HEK293 (B) by AP-MS. Only 
proteins with at least 10 fold change-enrichment compared to bio-GFP control are represented. Peptide counts are 
graphically represented by spheres, ratios of the spectral counts (PSMs) of the bait over the control are represented as 
colors (red-brains (A); blue-HEK293(B)).
(C) Table includes significant SCRN1 interactors with a >10 times enrichment compared to control (bioGFP alone) and 
with #PSM>25. Results of bio-GFP-SCRN2 and –SCRN3 are shown for comparison. For the extended list, see Figure 
A. 
(D) AP-WB from extracts of HEK293 transfected with HA-VAPA and GFP-SCRN1 or GFP (control) and probed for 
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identified Secernin1 (SCRN1) as an uncharacterized proteins involved in synaptic vesicle 
recycling.We showed that it promotes synaptic vesicle recycling and its depletion results in larger 
presynaptic sites and increased synaptic vesicle numbers (Lindhout et al., 2019, submitted). 
The application of AP-MS was crucial for understanding the possible mechanisms through 
which SCRN1 controls the presynaptic vesicle cycle. AP-MS experiments were performed 
in search for novel SCRN1 binding partners (Figure 4A-C). Secernin1 constructs were co-
expressed with the biotin ligase BirA in HEK293 cells and cell extracts were used for pull-down 
assays with rat brain lysates. Interestingly, multiple ER-associated proteins were identified as 
the main SCRN1 interacting proteins, including VAPA/B and Erlin1/2 (Figure 4C). VAP and 
Erlin proteins showed a specific interaction with SCRN1 compared to SCRN2 and SCRN3 
(Figure 4C). To further validate the interaction between SCRN1 and VAPA/B, subsequent pull-
down experiments were conducted using extracts of HEK293 cells co-expressing with GFP-
SCRN1 and HA-VAPA which confirmed the binding between Secernin1 and VAP (Figure 
4D). Additionally, to further demonstrate the interaction between Secernin1 and VAP proteins, 
IF experiments were performed in neurons where co-expression of GFP-SCRN1 with either 
HA-VAPA or HA-VAPB resulted in the formation of dense VAP/SCRN1-positive clusters 
at neurites (Figure 4E). Altogether these results suggest that Secernin1 interacts with the ER 
protein VAPA/B. Based on these biochemical evidences and on other functional and imaging 
results from our lab (Lindhout et al., 2019, submitted), our conclusion is that this association is 
necessary to regulate the localization of the ER at the presynaptic site, thereby controlling local 
presynaptic calcium levels (Figure 4F). Our findings on SCRN1 will ultimately contribute to our 
growing understanding of presynaptic functioning.

GFP and HA.
(E) Hippocampal neurons (DIV16) co-expressing GFP-SCRN1 with HA-VAPA or HA-VAPB. Scale bar (full size) = 10 
μm, scale bar (zoom) = 5 μm.
(F) Model for Secernin1 function at presynaptic sites. SCRN1 may control the tethering of the ER to the presynaptic 
plasma membrane by interacting with the ER membrane protein VAPA/B. In this way, SCRN1 is able to control the 
localization of intracellular calcium (Ca2+) stores to the presynapse and thus local Ca2+ concentrations.
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EXPERIMENTAL PROCEDURES

Animals
All experiments were approved by the DEC Dutch Animal Experiments Committee (Dier experimenten Commisie), 
performed in line with institutional guidelines of Utrecht University and conducted in agreement with the Dutch law 
(Wet op de Dierproven, 1996) and European regulations (Directive 2010/63/EU). Female pregnant Wister rats were 
obtained from Janvier Laboratories. Hippocampal neurons were obtained from embryos of both genders at E18 stage 
of development. 

Antibodies and reagents
Rabbit anti-TRIM46 was made by injecting full length GST-TRIM46 (precipitated in PBS) together with adjuvant into 
New Zealand White rabbits (by BioGenes GmbH); rabbit anti-GFP(Abcam); mouse anti-HA(Covance). The following 
secondary antibodies were used: Alexa405-, Alexa488-, Alexa568-, Alexa647- (Invitrogen, 1:1000), IRDye 680LT 
(1:20.000) and IRDye 800CW (1:15.000) conjugated secondary antibodies. Streptavidin Dynabeads M-280 (Thermo 
Scientific).

Expression vectors and shRNA constructs
- The following shRNAs were created: rat TRIM46-shRNA 1 (5’-gttgctgacagagcttaac-3’), and rat/mouse TRIM46-shR-
NA 2 (5’-gaacatggagaaggaactg-3’), RTN1-shRNA (5’-gcagaggcctgtaaatata-3’), RTN2-shRNA (5’-tagcacagaccaat-
cagaa-3’), RTN3-shRNA (5’-ctgcaaatcgatgtattaa-3’), RTN4-shRNA (5’-gtccagatttctctaatta-3’), DP1-shRNA (5’-ga-
catataaagttccagaa-3’). The oligonucleotides were annealed and inserted into pSuper vector. Full-length mouse TRIM46 
was generated in pGW1-GFP, full-length human TRIM36 was generated in pGW1-GFP (TRIM46 and TRIM36 clones 
were both kindly provided by Dr. T. Cox (Short and Cox, 2006). 
- BirA vector was a kind gift from Dr. D. Meijer (Erasmus MC, Rotterdam, The Netherlands), Bio-GFP vector was pre-
viously described (Jaworski et al., 2009). Full length human HAUS2 was amplified by PCR from pEGFP-C1-HAUS2 
(gift from Dr. Laurence Pelletier), full length HAUS6 was amplified by PCR from pEGFP-C1-HAUS6 (gift from 
Dr. Laurence Pelletier). Both fragments were inserted in AscI/SalI sites of pGW2-GFP expression vector to generate 
pGW2-GFP-HAUS2 and pGW2-GFP-HAUS6 respectively. To generate Bio-GFP-HAUS2 or HAUS6, HAUS2 and 
HAUS6 were recloned from pGW2-GFP-HAUS2/6 with AscI/SalI restriction enzymes and inserted in Bio-GFP vector.
- Secernin1-3 cDNA were obtained from a human cDNA library kindly provided by Mike Boxem. All N- and C-ter-
minally HA and Bio-GFP tagged Secernin1-3 constructs were generated by PCR based strategies and cloned into Bio-
GFP; HA-tagged; pGW1 and β-actin expression vectors (Jaworski et al., 2009; Kapitein et al., 2010; van der Vaart et 
al., 2013) using AscI and SalI restriction sites. HA- and myc-tagged VAPA and VAPB have been previously described 
(Teuling et al., 2007).

Primary hippocampal neuron cultures and transfection 
Rat primary hippocampal cultures were prepared from embryonic day 18 rat brains. Cells were plated on coverslips 
coated with poly-L-lysine (30μg/ml) and laminin (2μg/ml) at a density of 100.000/well. Hippocampal cultures were 
grown in Neurobasal medium (NB) supplemented with B27, 0.5μM glutamine, 12.5μM glutamate and penicillin/
streptomycin. Mouse primary hippocampal cultures were prepared from embryonic day 18 mouse brains then plated 
and cultured in the same conditions as rat primary neurons. Hippocampal neurons were transfected at DIV1 using 
Lipofectamine 2000 (Invitrogen). Briefly, DNA (1.8μg/well, for a 12 wells plate) was mixed with 3.3μl of Lipofectamine 
2000 in 200μl NB, incubated for 30 min, and then added to the neurons in NB at 37°C in 5% CO2 for 45 min. Next, 
neurons were washed with NB and transferred in their original medium at 37°C in 5% CO2. 

Primary cortical neuron nucleofection
Primary cortical neurons were isolated from E18 rat brain. Cells (1x106) were transfected using the Amaxa Rat Neuron 
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Nucleofector kit (Lonza) with 3μg of plasmid DNA and plated on coverslips coated with poly-L-lysine (37.5μg/ml) and 
laminin (5μg/ml) in 12-wells plates (2-6 x104 cells/well) containing DMEM supplemented with 10% FBS. Cells were 
allowed to recover and adhere to the surface at 37°C in 5% CO2, after 4 hours the medium was replaced with Neurobasal 
medium supplemented with 2% B27, 0.5mM glutamine, 15.6μM glutamate, and 1% penicillin/streptomycin.

Mass spectrometry (dimethyl labelling)
Untreated, pSuper-transfected and TRIM46-shRNAs-transfected cortical neurons (DIV5) were washed 3 times with PBS 
and lysed with lysis buffer (8 M Urea, 50 mM triethylammonium bicarbonate (Sigma), EDTA-free protease inhibitor 
Cocktail (Roche)). 50mg of proteins from each condition were reduced (5 mM DTT, 55˚C, 30 min), alkylated (10 mM 
Iodoacetamide, 30 min in the dark) and sequentially digested by LysC (Protein-enzyme ratio 1:50, 37˚C, 4 h) and trypsin 
(Protein-enzyme ratio 1:50, 37˚C, overnight). Resulting peptides from each time point were desalted using C18 solid 
phase extraction cartridges (Waters) and subjected to stable isotope triplex dimethyl labeling on column (Boersema et 
al., 2009). For labeling the following scheme was used: untreated=light; pSuper=medium; shRNAs_TRIM46=heavy. 
Differentially labeled peptides were then mixed in a 1:1:1 ratio based on LC-MS base peak intensity of the separate 
channels, dried in a vacuum concentrator and reconstituted in 10% formic acid for subsequent fractionation. Peptides 
were fractionated using strong cation exchange chromatography (SCX) as previously described (Frese et al., 2017). 
Samples collected after fractionation were analyzed on a Q-Exactive mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany) coupled online to an Agilent UPLC 1290 system (Agilent Technologies). Peptides were loaded onto 
a trap column (Reprosil C18, 3 µm, 2 cm × 100 µm; Dr. Maisch) with solvent A (0.1% formic acid) and separated on 
an analytical column (Poroshell 120 EC C18, Agilent Technologies, 50 µm x 50 cm, 2.7 µm) using a 120 min linear 
gradient from 7-30% solvent B (0.1% formic acid in acetonitrile). For data analysis, raw files were processed using 
Proteome Discoverer 1.4 (version 1.4.1.14, Thermo Scientific, Bremen, Germany). Database search was performed 
using the Uniprot rat database and Mascot (version 2.5.1, Matrix Science, UK) as search engine. Carbamidomethylation 
of cysteines was set as a fixed modification. Oxidation of methionine and dimethylation (light, intermediate or heavy) of 
lysine residues and the peptide N-termini, respectively, were set as variable modifications. Trypsin was set as cleavage 
specificity, allowing a maximum of 2 missed cleavages. Data filtering was performed using percolator, resulting in 1% 
false discovery rate (FDR). Additional filters were search engine rank 1 and mascot ion score >20. Unique peptides or 
total peptides were used for quantification and the obtained ratios were normalized to the median.

Mass spectrometry (TMT labelling)
Untreated, pSuper-transfected and shRNAs-transfected (RTNs; REEP1, DP1) cortical neurons (DIV5) were washed 
3 times with PBS and lysed with lysis buffer (8 M Urea, 50 mM triethylammonium bicarbonate (Sigma), EDTA-
free protease inhibitor Cocktail (Roche)). 50mg of proteins from each condition were reduced (5 mM DTT, 55˚C, 
30 min), alkylated (10 mM Iodoacetamide, 30 min in the dark) and sequentially digested by LysC (Protein-enzyme 
ratio 1:50, 37˚C, 4 h) and trypsin (Protein-enzyme ratio 1:50, 37˚C, overnight). Resulting peptides were then desalted 
using C18 solid phase extraction cartridges (Waters) and subjected to stable isotope TMT-6plex labeling according 
to manufacturer’s instruction (Thermo Scientific). For labeling the following scheme was used: untreated=TMT-126; 
pSuper=TMT-127; shRNAs_RTNs=TMT-128; shRNA_REEP1=TMT-130; shRNA_DP1=TMT-131. Differentially 
labeled peptides were mixed in a 1:1:1:1:1 ratio based on LC-MS/MS base peak intensity of the separate channels, 
dried in a vacuum concentrator and reconstituted in 10% formic acid for subsequent fractionation. Peptides were 
fractionated using off-line high pH (basic) reversed-phase chromatography prior to MS analysis. Samples collected 
after fractionation were analyzed on a Q-Exactive mass spectrometer (Thermo Fisher Scientific) coupled online to an 
Agilent UPLC 1290 system (Agilent Technologies). Peptides were loaded onto a trap column (Reprosil C18, 3 µm, 2 cm 
× 100 µm; Dr. Maisch) with solvent A (0.1% formic acid) and separated on an analytical column (Poroshell 120 EC C18, 
Agilent Technologies, 50 µm x 50 cm, 2.7 µm) using a 120 min linear gradient from 7-30% solvent B (0.1% formic acid 
in acetonitrile). For data analysis, raw files were processed using Proteome Discoverer 1.4 (version 1.4.1.14, Thermo 
Scientific). Database search was performed using the Uniprot rat database and Mascot (version 2.5.1, Matrix Science, 
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UK) as search engine. Carbamidomethylation of cysteines was set as a fixed modification. Oxidation of methionine and 
TMT-6plex of lysine residues and peptide N-terminus, were set as variable modifications. Trypsin was set as cleavage 
specificity, allowing a maximum of 2 missed cleavages. Data filtering was performed using percolator, resulting in 1% 
false discovery rate (FDR). Additional filters were search engine rank 1 and mascot ion score >20. Unique peptides or 
total peptides were used for quantification and the obtained ratios were normalized to the median.

Affinity Purification-Mass Spectrometry (AP-MS)
Streptavidin beads pull-down assays were performed with HEK293 cells transfected with BirA and Bio-GFP-HAUS2, 
Bio-GFP-HAUS6 and Bio-GFP using polyethylenimine (PEI, Polysciences); or with BirA and Bio-GFP-Scrn1, Bio-
GFP-Scrn2, Bio-GFP-Scrn3 and Bio-GFP for 48H according to the manufacturer’s instructions. AP, MS-sample 
preparation, and MS-analysis were performed as previously described (Stucchi et al., 2018) (Introduction, Figure 3).

Map of interactions analysis
Selected HAUS2 and HAUS6 interactors linked to microtubule cytoskeleton or actin cytoskeleton were used for the 
generation of protein-protein interaction networks in Figure 3. Network analyses were performed using the GeneMania 
plugin (Montojo et al., 2010) within Cytoscape (Shannon et al., 2003). 

Live imaging
Three color SMLM was performed on a Nikon Ti microscope equipped with a 100× N.A. 1.49 Apo TIRF oil 
objective, a Perfect Focus System and an additional 2.5× Optovar to achieve an effective pixel size of 64 nm. After 
immunocytochemistry, samples were first incubated for 15 minutes with TetraspeckTM 100 nm-beads (Invitrogen). High 
laser power induced blinking of GFP-HAUS2 was first imaged for 1000-2000 frames, after which it was completely 
bleached. LifeAct-GFP and fluorescently labelled DNA complementary strand, I2-650 (binding to anti-mouse-D2) were 
then added and diluted to obtain single molecule binding events. DNAPAINT imaging was performed according to 
UltivueTM-2 super-resolution 2-plex kit protocol. Subsequently, LifeAct-GFP was imaged as previously described 
(Janssen et al., 2017). Between 20,000 and 30,000 frames were recorded per acquisition with exposure time of 100 ms.

SUPPLEMENTAL INFORMATION

Supplemental Experimental Procedures and additional data can be found online at:
- https://www.cell.com/neuron/fulltext/S0896-6273(15)01018-1
- https://www.cell.com/neuron/pdf/S0896-6273(19)30057-1.pdf
- https://www.cell.com/cell-reports/fulltext/S2211-1247(18)31035-0
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In contrast to genomics, transcriptomics and imaging approaches, proteomics is still one 
step behind in the field of neurobiology. Therefore, the overall aim of this work was to use 

mass spectrometry (MS)-based technologies to provide important insights into the complex 
architecture and the molecular mechanisms underlying the biology of the neuron. This thesis is 
composed by a collection of neurobiological studies that combine targeted and/or quantitative 
proteomics for the identifications of protein-protein interactions and/or for the investigation 
of protein profiling with advanced imaging techniques. Specifically, we sought to investigate 
the changes in the proteome occurring during neurodevelopment (Chapter 2) or in response to 
specific stimuli (Chapter 6) and to understand the mechanisms underlying cargo transport by 
microtubule motors (Chapters 3, 4). Furthermore we optimized an affinity purification (AP)-
MS based technique that allowed us to distinguish the aberrant neuronal interactors of Tau 
in its pathological fibrillary conformation (Chapter 5). These multidisciplinary approaches 
successfully contributed to unravel new molecular mechanisms regulating neuronal protein 
dynamics and to explore novel intracellular pathways which might be fundamental for future 
research in the field.

1. Neurodevelopment of hippocampal neurons in vitro
Neurons are highly specialized cells that can be distinguished from any other type of cells of 
the human body because of their intrinsic capability of using electrical and chemical signals to 
transfer information to surrounding cells. Synapses are the specialized compartments used by 
the neurons to contact and communicate with each other. The mature human brain is composed 
of approximately 100 billion neurons, all generated from a relative small population of precursor 
cells. During maturation, neurons undergo well-defined developmental stages. Our ability to 
generate in vitro cultures of primary neuronal cells has been fundamental to our understanding 
of the development and functioning of the nervous system. Primary cultures of rat or mouse 
hippocampal neurons at the moment represent the best experimental model for the investigation 
of neuronal differentiation and synaptic plasticity (Kaech and Banker, 2006). Hippocampal 
neurons undergo well-defined developmental stages, characterized by crucial steps:  after initial 
neurites outgrowth neurons polarize, which means that one of the several neurites develops into 
an axon, next dendrites start to develop from the minor neurites and later (after one week in 
culture) synaptogenesis begins (Dotti et al., 1988; Fletcher and Banker, 1989). A quantitative 
proteomic based approach has allowed us to analyze proteome dynamics during these stages 
of differentiation (in vitro hippocampal neurons at DIV1, DIV5, DIV14) (Figure 1). About 
one third of the neuronal proteins measured by this MS-based analysis revealed substantial 
changes in protein expression, clearly highlighting an extensive reprograming of the proteome 
throughout the neuronal differentiation. In our analysis, we mainly focused our attention and 
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validated proteins that undergo increased expression from DIV1 to DIV5. This cluster included 
several transmembrane receptor kinases involved in cell adhesion, migration, axon guidance and 
dendrite formation. In total, 82 cell adhesion proteins were quantified in our data set and most 
of them, including Cntn1, NrCAM, Nrxn2, NCAM1 and NCAM2 were allocated to this cluster 
(Chapter 2). These data indicate that their major expression increase proceeds during an “early 
neuronal maturation” therefore supporting an important role for neuronal cell adhesion proteins 
in dendrite formation. Neural cell adhesion molecule 1 (NCAM1) is a prominent member of the 
cell adhesion proteins that perfectly resembles the expression profile of cluster 3 (Chapter2). 
By using a combination of biochemical and imaging techniques we unraveled a previously 
uncharacterized role for NCAM1 in stimulating dendritic arbor development by promoting actin 
filament stabilization at the dendritic growth cone. We provided proof of concept by applying 
this strategy to identify and characterize the role of NCAM1 during dendritic outgrowth but this 
quantitative map of neuronal proteome constitutes a fundamental tool for the understanding of 
any other specific molecular mechanism involved in neurodevelopment (Figure 1).
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Figure 1. Protein profiling of hippocampal neurons throughout in vitro development 
Quantitative-MS (dimethyl labeling) was applied to hippocampal neurons in culture at different stages of differentiation 
to systematically profile proteome dynamics (chapter 2). Approximately 1,800 proteins show significant expression 
changes during differentiation. Proteins are classified into six expression profile clusters, each one describing a stage-
specific pattern of protein dynamics (top panel). This database helps to identify new neurodevelopment mechanisms; 
for example in this study we unravel a novel role for the neural cell adhesion molecule 1 (NCAM1) in stimulating 
dendritogenesis (bottom panel)(Adapted from(Frese et al., 2017)).
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For example, this research clearly indicated that specific proteins involved in transport, such 
as adaptor complex subunits of AP2 and AP3 showed a significant coordinated up-regulation 
throughout differentiation, following the expression profile of most synaptic proteins (Chapter 
2). AP complexes are involved in intracellular vesicular transport and cargo selection by 
binding to sorting signals. The AP2 complex mainly plays a role in endocytosis from the 
plasma membrane, whereas AP3 is important for trans-Golgi sorting events (Boehm and 
Bonifacino, 2001). Similar observations were made for synaptic proteins, in fact the majority 
of them were characterized by a steady increase in their protein levels throughout neuronal 
maturation (Chapter 2). Nevertheless, our data set demonstrates substantial up-regulation of 
many synaptic proteins already at early developmental stages, even before synaptogenesis takes 
place. This group included important presynaptic proteins involved in vesicle trafficking (Syp, 
Syt1), protein anchoring (Cask, Pclo, Bsn), neurotransmitter release (Syn1, Vamp2, Snap25, 
Sv2a, Sv2b) alongside with postsynaptic scaffolds (Shank, PSD95, Grip1, Homer1) and several 
glutamate and GABA receptors (Chapter 2). This quantitative map clearly indicates that drastic 
changes in intracellular transport machinery are essential to ensure proper delivery of cargos 
and synaptic materials from the cell body to the forming synapses and to efficiently sustain 
neuronal differentiation.   

2. The role of kinesin-dependent transport in neurons, the study of KIF1A
As discussed in the previous paragraph, transport components are among the group of proteins 
undergoing major expression changes during neuronal development and dynamic remodeling of 
the trafficking machinery is essential to sustain neuron capability of modifying its synaptic content 
throughout differentiation (Holtmaat and Svoboda, 2009). Movements of vesicular cargos play 
important roles in synapse formation as well as in homeostatic maintenance of mature synapses. 
Bidirectional movement of these cargos is mediated by cytoskeletal-based molecular motors. 
Kinesins are the main motor proteins able to drive cargo transport along the plus end of the 
microtubules and therefore they are implicated in a diverse range of critical neuronal processes 
(Vale, 2003). Numerous neurodegenerative disorders are associated with mutations in genes 
encoding kinesin motor proteins or other components of the trafficking machinery in human 
patients, strongly supports the view that cargo transport is essential for neurodevelopment and 
proper neuron functioning (Millecamps and Julien, 2013). One of the most critical aspects in 
kinesin-mediated transport is to ensure that correct cargos are attached and transported by the 
correct motor protein to the correct location. Kinesin-mediated transport is of major relevance 
in neurons where essential building blocks that determine their polarity have to be distributed 
from the cell body to distal compartments either in the axon or in dendrites (Hirokawa et al., 
2010). Different mechanisms mediate cargo-motor recruitment and cargo delivery at distal sites. 
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Adaptor proteins play a major role in these processes (Hirokawa et al., 2009).  In neurons, 
calcium is a regulatory factor for multiple elements of the trafficking machinery. In chapter 3 
we described the role of calcium in KIF1A-dependent vesicle trafficking. Our data for the first 
time reveal the existence of a Ca2+/CaM (calmodulin) dependent mechanism acting on a kinesin 
motor, that directly regulates KIF1A tail conformation thereby resulting in increased binding to 
cargos in response to calcium. Calcium allows activation of specific myosins, such as myosinVa 
(Krementsov et al., 2004), myosin VI (Batters et al., 2016), myosin 1C (Lu et al., 2015) through 
a similar CaM-dependent mechanism. Our results indicate that at low calcium concentrations 
the tail domain of KIF1A does not bind to DCVs (Dense Core Vesicles), whereas at high calcium 
concentrations, CaM binds KIF1A allowing for subsequent DCV motility (Figure 2).
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Figure 2 –Regulation of KIF1A-dependent transport 
A Ca2+/CaM molecular mechanism directly regulates the conformation of KIF1A tail and the binding between KIF1A 
and DCVs. At high local Ca2+ concentrations, CaM efficiently binds to KIF1A, allowing for DCV loading and motility. 
On the contrary, at low Ca2+ concentrations, Liprin-α and TANC2, acting as synaptic posts, tether KIF1A-driven DCVs 
into dendritic spines (chapter 3) (adapted from (Stucchi et al., 2018).
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 We demonstrated that calcium, by modulating CaM binding affinity to KIF1A, regulates KIF1A-

binding to vesicular cargos. Interestingly it has been recently shown that calcium and synaptic 

activity are required for an efficient KIF1A-dependent transport of DCVs into dendritic spines 

(McVicker et al., 2016). Based on these findings, our model could potentially represent a direct 

link between local intracellular calcium concentrations (and neuronal activity) and KIF1A-

dependent cargo transport (Figure 2). KIF1A is normally in auto-inhibited state, and it gets 

activated upon cargo binding which releases this self-autoinhibition (Hammond et al., 2009; 

Niwa et al., 2016). At the same time KIF1A exists as monomer but it works as a processive motor 

mainly when in its dimeric state (Al-Bassam et al., 2003; Tomishige et al., 2002). Consequently, 

it will be interesting to further investigate whether KIF1A conformational changes induced by 

Ca2+/CaM are also directly connected to a switch from monomer to dimer. These complex layers 

of regulation acting on the motor would be necessary to directly connect neuronal activity, 

motor processivity, release of autoinhibition and consequent cargo-binding. Other kinesins are 

also directly or indirectly regulated by calcium (Guillaud et al., 2008; Macaskill et al., 2009; 

Wang and Schwarz, 2009) indicating that coupling “Ca2+ sensors” on motors is essential for 

neuronal cargo trafficking. 

3. Cargo trafficking into dendritic spines
In hippocampal neurons, excitatory synapses are typically located on dendritic spines. In dendritic 

spines, actin filaments are predominantly present in the spine neck, whereas short, branched 

actin filaments are found in the spine head in proximity of the post synaptic density (PSD) 

(Hotulainen and Hoogenraad, 2010; Matus, 2000). Actin primary role in spines is to stabilize 

PSD proteins (Kuriu et al., 2006; Renner et al., 2009) and to modulate spine head structure in 

response to postsynaptic stimulation (Fischer et al., 2000; Star et al., 2002). On the contrary, 

microtubules (MTs) are enriched in dendritic shaft and almost absent in dendritic spines (Conde 

and Caceres, 2009). Despite this clear spatial segregation, live-cell experiments revealed that 

microtubules can transiently enter into dendritic spines (Hu et al., 2008; Jaworski et al., 2009; 

Merriam et al., 2013; Schatzle et al., 2018). Recent findings have also demonstrated that MTs 

are steered into spines through mechanical action of actin at the base of the spines (Schatzle et 

al., 2018) and that microtubule-based motors by walking along polymerizing MTs into spines 

can directly deliver cargos to the PSD (Esteves da Silva et al., 2015; McVicker et al., 2016). 

Nevertheless, the importance of this type of transport into spines has not been fully elucidated 

yet, due to the difficulties of studying such an infrequent event, like MT invasions of spines. 

As previously discussed in chapters 3-4, specific kinesin-3 family members, such as KIF1A 

and KIF13B are required for transporting vesicles in dendrites and have been hypothesized to 
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enter dendritic spines along MT tracks (Jenkins et al., 2012; McVicker et al., 2016; Stucchi et 
al., 2018). Our group and others showed that the middle stalk region of KIF1A interacts with 
a restricted subgroup of post synaptic density (PSD) proteins, such as liprin-α and TANC2 
(chapter 3-4) (Shin et al., 2003; Stucchi et al., 2018), while an homologous MBS (MAGUK 
binding site) on KIF13B mediates the binding with other class of PSD proteins, such as SAP-
97 and PD-95 (Mok et al., 2002) (chapter 4). It is therefore tempting to speculate that these 
different biochemical properties are at the base of their selectivity for different spines. Different 
composition of PSD proteins in spines could explain why certain spines are preferentially 
targeted by a specific motor and could dictate the precise locations where kinesin-transported 
cargos are targeted and consequently released.

4. The role of KIF1A and KIF13B in vesicle transport into spines 
As explained in the previous paragraph, our model postulates that specific PSD proteins, such 
as liprin-α and TANC2, act as immobile synaptic posts tethering KIF1A-transported DCVs into 
spines (Stucchi et al., 2018). Consistent with these findings, depletion of KIF1A in neurons 
(as well as liprin-α and TANC2 depletion) negatively affects dendritic spines density (mainly 
mushroom shape spines) (McVicker et al., 2016; Stucchi et al., 2018), indicating that KIF1A is 
a crucial motor protein essential for the MT-based transport of cargos (DCVs) in protrusions. 
An analogous role could be played by SAP-97 and PSD-95 in respect to KIF13B dependent 
transport (chapter 4). 
From a biochemical point of view, this situation has numerous similarities with the molecular 
model which describes how microtubules interact with plasma membrane sites surrounding 
Focal Adhesions (FA) in cells (van der Vaart et al., 2013). At the cell plasma membrane, KANK 
proteins, a class of proteins with high structural similarity with the neuronal TANC proteins 
(Kakinuma et al., 2009; Zhu et al., 2008), initiate a cortical platform assembly by recruiting 
and clustering the kinesin KIF21A, liprins, CLASP and other scaffolding proteins around FA 
(Bouchet et al., 2016; van der Vaart et al., 2013). In neurons, similar recruitment mechanisms 
have been already postulated in the axonal compartment where static clusters of liprin-α cause 
immobilization of KIF1A-transported SVs (Olsen et al., 2005; Wu et al., 2016), or actin pre-
synaptic pools can capture KIF1A-transported Syt4-positives DCVs (Bharat et al., 2017). 
Despite these evidences, we can not entirely rule out that myosin motors can also control DCV 
transport in spines. Myosin V modulates transport, maturation and exocytosis of DCVs in 
the axon (Bittins et al., 2009; Bittins et al., 2010) and it is also involved in several processes 
in dendritic spines such as actin based-transport of GKAP (Shin et al., 2012) or trafficking 
of AMPA receptors and recycling endosomes (Hales et al., 2002; Wang et al., 2008). One 
hypothesis would be that KIF1A and myosin are both bound to the same DCV, but kinesin 
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acts as predominant motor along MTs in dendrites whereas in proximity of microtubule-actin 
intersection, in the dendritic shaft, myosin gets activated and would take over cargo delivery, 
transporting DCVs along actin filaments into spines. Interestingly, the processive movements 
of KIF1A on MTs and of myosin V on f-actin are both modulated by similar conformational 
changes induced by calcium concentration (Lu et al., 2006; Nguyen and Higuchi, 2005; Stucchi 
et al., 2018), suggesting that local calcium concentrations can trigger the shift between kinesin-
mediated transport and myosin-mediated transport. In an alternative model, KIF1A (walking on 
invading MTs) would be responsible of the anterograde transport into the spines while myosin 
would only play a role in the retrograde transport of DCVs from the spines.

5. The importance of LBS and MBS domains in KIF1A and KIF13B 
regulation respectively
In chapter 4 we explore the biochemical properties of the Liprin Binding Site (LBS, 657-854) 
on KIF1A and of the MAGUK Binding Site (MBS, 663-832) on KIF13B. By using a cell-
imaging approach we could also demonstrate that both domains are not directly required for 
the binding of the vesicles on the kinesin tails. As we mentioned in the previous paragraph 
our conclusion is that these regions and their associated adaptor proteins might mainly play 
regulatory roles on the motors, for example by influencing the recruitment of these kinesin-3 
members at distal sites. Interestingly both LBS and MBS regions, apart from being homologous 
with each other, contain well defined coiled-coil motifs which seem to mediate the association 
between motors and PSD proteins. However, for the time being it is not clear which are the 
molecular mechanisms underlying this protein-protein interaction. 
In chapter 3 and chapter 4 we showed that a short motif within LBS of KIF1A is the minimal 
binding region for liprin/TANC2 and this interaction might act as a stop signal for the motor 
protein. Based on these data, our hypothesis is that, in presence of an active and processive 
kinesin, this motif must not be accessible to its substrates otherwise the kinesin would be always 
clustered by these scaffolds, and thus inactive. Moreover, our data suggest that the activity of 
KIF1A and its capability of transporting cargos are strongly dependent on the conformation 
of its tail. It is plausible that this strong regulation on KIF1A tail is directly translated into 
facilitated formation of KIF1A dimers. Indeed, our hypothesis is that a dimeric state of the motor 
is necessary for the formation of a stable allosteric binding between two pleckstrin homology 
(PH) domains (each one from each KIF1A molecule) and phosphatidylinositol 4,5-bisphosphate 
(PIP2) micro-clusters on cargo vesicle membranes (Klopfenstein et al., 2002). Based on these 
points, our assumption is that in presence of an active KIF1A, this coiled coil region within 
the LBS must be sterically covered or not accessible. This might be caused for example by 
the presence of coiled-coil intermolecular interactions with the other KIF1A molecule of 
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the dimer, which might help in stabilizing KIF1A-dimer, preventing the association with the 
PSD scaffolds. Contrarily, when KIF1A is inactive (and in its monomeric conformation) this 
specific coiled-coil domain is exposed and then able to bind specific PSD proteins, resulting in 
KIF1A recruitment at synaptic sites. Local calcium concentration would determine activation 
or inactivation of the motor by modulating conformation of KIF1A tail and consequently the 
position of this critical CC motif. We explained in the previous paragraph the importance of a 
Ca2+/CaM regulatory mechanism acting downstream of this region in modulating the structure 
of KIF1A-tail (Figure 2). This calcium dependent mechanism is essential for kinesin-activation 
and for cargo loading. In agreement with this model, KIF1A-binding to PSD proteins is favored 
by low calcium concentrations, thereby working as an opposite mechanism counteracting the 
KIF1A-vesicle mobilization stimulated by high calcium (Figure 2).
In the case of KIF13B, the scenario would be similar but with few significant differences. 
KIF13B interactome was extensively described in chapter 4. Dimerization of KIF13B, as in the 
case of KIF1A, results in super-processive movement (Soppina et al., 2014), however unlike 
KIF1A, KIF13B is not subjected to Ca2+/CaM regulation. A defined coiled-coil region (CC3) 
in the MBS of KIF13B, is likely to mediate the recruitment of the motor to PSD-95 at synaptic 
sites but it is not directly required for the vesicle loading and transport (as in the case of KIF1A) 
(chapter 4). Unlike KIF1A, KIF13B tail does not contain a PH domain, so this kinesin can bind 
phosphoinositides (PIP) on vesicle membranes only through an adaptor. Centaurin-α1 (ADAP1) 
represents the ideal candidate (chapter 4), due to its double capability of binding both KIF13B 
and PIP3 on cargo vesicles, through its PH domain (Horiguchi et al., 2006; Tong et al., 2010).  
In disagreement with literature, our data suggest that the entire kinesin tail is necessary for 
centaurin-α1 binding and not only the forkhead-associated (FHA) domain, as was previously 
reported (chapter 4). Our idea is that the CC3 of KIf13B could interact with another coiled-coil 
motif (CC4) located at the c-terminal of the tail, and this CC-CC binding would be essential to 
facilitate centaurin-α1 association. Our hypothesis is that the motor needs to be in a compact 
conformation to stabilize centaurin-α1 binding and to ensure an efficient vesicle binding (Figure 
3). In agreement with this model, recent data from our lab indicate that in presence of a KIF13B 
carrying a point mutation in the CC4, the association with centaurin-α1 is abolished.
Our model implies that KIF13B binding to centaurin-α1 is directly linked to vesicle transport 
while binding to PSD-95/SAP-97 is associated with recruitment of the motor at distal sites 
(Figure 3). It is also logic to speculate about a competitive binding of these proteins for the 
motor, so that kinesin properties would be tightly controlled by the type of adaptor bound. CC3 
would be exposed only in absence of vesicle binding and therefore available for the interaction 
with scaffolding proteins PSD-95/SAP-97. In a similar pattern of regulation, the CC3 of KIF1A 



192

Chapter 7

7

seems to alternatively regulate either kinesin-dimerization or binding to liprin-α/TANC2 
resulting in vesicle transport or vesicle recruitment respectively (chapter 3 and 5; (Stucchi et 
al., 2018)).

A similar example of autoinhibition mechanism mediated by an antiparallel coiled coil motif has 

been recently described for the kinesin-4 family members KIF21A and KIF21B (Bianchi et al., 

2016). Although autoinhibition through intramolecular interactions is a general principle for the 

regulation of kinesin motors in the absence of cargo (Akhmanova and Hammer, 2010; Schlager 

and Hoogenraad, 2009), here we pinpoint specific coiled coil motifs that could play double roles 

in controlling autoinhibition and in tethering motors to their final destination. To sum up these 

concepts, our data highlight the importance of specific coiled coil motifs in regulating kinesin-3 

Figure 3. Regulation of KIF13B-dependent transport 
KIF13B binding to centaurin-α1 is required for the association and the transport of vesicles. PSD-95 and SAP-97, 
working as immobile scaffolds in spines, recruit KIF13B-driven vesicles at distal sites. Kinesin behavior is tightly 
controlled by the type of adaptor bound. Our data suggest that a specific coiled-coil motif on the MBS of KIF13B 
alternatively regulates tail back-folding and its consequent association with centaurin-α1, or binding to PSD-95 and the 
consequent kinesin recruitment in spines.
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activation, monomer-to-dimer transition and processive transport of cargoes; as well as in the 
motor recruitment mediated by PSD scaffolds at distal sites (Figure 4).
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Figure 4. Hypothetical model of kinesin-3 dependent transport of vesicles in dendrites and spines
KIF1A and KIF13B recruitment into dendritic spines is controlled by specific synaptic posts which bind the middle 
regions (LBS and MBS) of these kinesin-3 members. Kinesin-3 activation might be linked to synaptic activity and 
consequent calcium influxes, which directly relieve kinesin auto-inhibition and increase MT invasions into spines. 
Vesicle delivery is also controlled by Myosin V that can receive cargos transported by kinesin-3 members in the 
dendritic shaft and transports them along actin filaments into the spine head.    

6. Open questions about kinesin-3 mediated transport
Different types of PH domains show different specificities for phosphoinositides (PIPs) and 

interactions between PH domains and PIPs in the membranes are essential to localize proteins to 

specific membrane domains (Lemmon and Ferguson, 2001). Interestingly, in addition to lipids, 

PH domains can also bind directly the adaptor protein (AP) complexes (Lemmon, 2003). AP 

proteins, through association with clathrin, contributes to the formation of vesicles by membrane 

deformation and connect cargo proteins and lipids. The kinesin-3 family members KIF1A 

and KIF13B can directly or indirectly bind to PIP and consequently AP proteins (chapter2, 

chapter 4). However, how motifs are precisely recognized by these motor proteins and how 

the specificity for different vesicles is ensured remain still unclear. It is therefore essential to 

deeply investigate the molecular mechanisms regulating kinesin-cargo interaction. Up to now 
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multiple efforts have been made in order to identify new adaptor proteins possibly involved in 
this process. Our hypothesis is that the conformation of the kinesin tail is the real determinant 
factor triggering vesicle transport. In the case of KIF1A we showed that tail conformation (and 
consequently of its PH domain) is directly regulated by a Ca2+/CaM mechanism. We speculate 
that structural changes in the tail directly promote vesicle binding by affecting the position of 
the PH domain. KIF13B does not bind CaM and does not have a PH domain in its tail. For this 
motor, the binding with vesicles is ensured by the formation of a hetero-tetrameric complex 
with the adaptor protein centaurin-α1 (Tong et al., 2010). Motor-vesicle binding in this case is 
indirect and is mediated by the PH domain located on centaurin-a1. Predicted phospho-residues 
(Y633, S732) located within the MBS of KIF13B could selectively modulate its binding affinity 
with centaurin-α1 and/or with PSD-95/SAP-97. Interestingly KIF13B can be phosphorylated 
by the kinase Par1, leading to a reduction in PIP3 transportation (Yoshimura et al., 2010). On 
the contrary, no phosphorylated residues are present within the KIF1A homologous LBS. 
These evidences lead us to hypothesize that KIF13B tail conformation, centaurin-α1 binding 
and consequent vesicle association might be potentially regulated by a phosphorylation-
dependent mechanism at the MBS. The spatial position of the PH domains in relationship with 
the position of PIP microdomains and AP protein clusters on vesicles can be the determining 
factors ultimately leading to cargo binding and transport. Further investigation in this direction 
is required to fully understand these regulatory mechanisms connecting cellular signaling and 
kinesin-3 trafficking processes. 
Moreover, the scaffolding protein TANC2, apart from binding and recruiting KIF1A into spines 
(chapter 3, (Stucchi et al., 2018)), is also able to strongly interact with centaurin-γ2 (AGAP1) 
and centaurin-γ1 (AGAP3) in brains (chapter  3, (Stucchi et al., 2018)), suggesting that specific 
centaurins and PIP domains at the plasma membranes could also control the trafficking of 
KIF1A-directed secretory vesicles in spines. A recent study indicates that centaurin-γ2 is 
expressed in dendritic spines, where it regulates endosomal trafficking and dendritic spine 
morphology (Arnold et al., 2016), therefore supporting a role for this GTPase in KIF1A–
dependent membrane trafficking in spines. 
Although the functional consequence of the interaction between PSD-scaffolds and kinesin-3 
members has been debated for long time, up to now there is not clear consensus about the 
complex role of PSD-95/SAP-97 and liprin-α/TANC2 in respect to KIF13B and KIF1A 
mediated transport respectively. Despite our data suggesting these scaffolds targeting and 
recruiting kinesin-3-driven vesicles into spines, they do not necessarily exclude a parallel 
role in activating kinesin-3 by relieving of their auto-inhibition (Wagner et al., 2009; Yamada 
et al., 2007).  Similarly, we cannot completely rule out the possibility that PSD-proteins are 
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transported by the kinesin-3 members KIF1A and KIF13B as preformed mobile clusters of 
scaffolding proteins, acting as postsynaptic hotspots for the formation of new synapses (Gerrow 
et al., 2006). Alternatively, PSD proteins can also act as adaptors facilitating kinesin-mediated 
transport of specific proteins; for example in hippocampal neurons, KIF17 forms a protein 
complex with SAP-97 and other PDZ scaffolds (CASK, MALS, Mint) which contributes to the 
MT-mediated transport of NMDA receptor subunits (Jeyifous et al., 2009; Setou et al., 2000).
Another aspect that requires further investigation is the calcium dependent coupling of KIF1A 
with its transported vesicles (chapter 3). For a full understanding of this mechanism it would be 
optimal to test whether KIF1A-driven vesicle transport stimulated by calcium is also connected 
to synaptic activity. Future works should help understanding whether local synaptic stimulation 
at single spine level might be locally translated into an increased KIF1A-mediated transport of 
vesicles at the dendritic shaft and/or into dendritic spines (Figure 4). In line with this hypothesis, 
a recent study from our lab showed that local calcium-influx in an activated dendritic spine 
directly leads to an increase in the number of MT invasions into the same spine (Schatzle 
et al., 2018).  Moreover it was previously shown that KIF1A-driven transport of DCVs into 
spines along MT tracks is stimulated in response to neuronal activity (McVicker et al., 2016).  
Altogether these evidences indicate that neuronal activity dramatically increases the number 
of MTs invading dendritic spines and the consequent number of KIF1A-vesicle complexes 
targeting spines. In parallel, our data might point to an activity-dependent stimulation of KIF1A, 
which would be the result of a direct Ca2+/CaM-dependent mechanism acting on the kinesin 
tail. If this true, the calcium sensor CaM would represent the molecular link coupling neuronal 
activity and KIF1A-mediated transport.

7. Tau fibrils promote co-aggregation of aberrant interactors leading to loss 
of function mechanisms in Alzheimer’s Disease (AD)
In chapter 5 we used a combined in vitro/MS approach to biochemically characterize Tau 
aggregates and their brain interactors, providing a time-resolved description of interactome 
re-arrangements occurring upon Tau pathological aggregation. Tau amyloid aggregates are 
one of the major landmarks of Alzheimer’s Disease (AD) and their accumulation in the brain 
correlates with the severity of the disease (Goedert et al., 2017). Unfortunately, despite extensive 
biochemical and biophysical characterization of these toxic species in Alzheimer patients’ brain, 
it is still unclear how they interact with other components in neurons and their real contribution 
to AD pathology. This proteomics-based application, allows us to follow interactome re-
wiring of Tau at different steps of aggregation from its monomeric, physiological species to 
its polymeric, toxic aggregate. Our data suggest that the appearance of Tau aggregates directly 
results in the formation of new abnormal interactions within the neuron, ultimately disturbing a 
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variety of cellular processes. Specifically, Tau fibrils sequester a defined set of interactors, mainly 
targeting RNA Binding Proteins, Microtubule Associated Proteins and Protein Phosphorylation 
Regulators. Almost all of these identified proteins are enriched in disordered regions and possess 
specific aminoacidic footprint, with a significant overrepresentation of Arginine residues, thus 
uncovering a mechanism where Arginines in disordered regions drive binding to Tau fibrils 
via p-p stacking (Vernon et al., 2018). Our data also show that the chaperone Hsp90, by 
forming a complex with Tau, blocks the formation of Tau fibrils, therefore preventing their 
detrimental engagement with aberrant interactors. Overall, the precise characterization of Tau 
aberrant interactome upon aggregation might have a huge impact on our current understanding 
of the loss of function mechanisms that are directly related to Tau fibrils formation and to the 
severe neurodegeneration linked to Alzheimer pathology. Moreover, understanding how the 
manipulation of Hsp90 affects the biology of Tau fibrils may grant us a new molecular weapon 
that could be finely tuned to contrast AD.

8. Future perspectives
In this thesis, we have used a combination of proteomics, biochemical and live cell imaging 
techniques to study neurodevelopment and to explore the role of specific motor proteins in MT-
based transport. In particular, we have provided strong biological evidence for the importance 
of specific cell adhesion molecules (NCAM1) in dendritogenesis and of two kinesin-3 family 
members (KIF1A and KIF13B) in dendritic transport. Moreover we also used a semi-quantitative 
MS-based approach to understand which abnormal interactions are engaged by Tau fibrils in the 
brain. These generated data led to follow-up works that will probably unravel other important 
principles, specifically on active transport and microtubule dynamics in neurons. Understanding 
how different vesicles, different adaptors and different motor proteins cooperate with each 
other to ensure an accurate temporal and spatial targeting of cargos is a central question for 
the neuroscientific community. The addressing of this question will require a multidisciplinary 
approach similar to what we used in this thesis. We also envision that high throughput techniques 
will play a dominant role in this complex scenario. Therefore, the combination of advanced 
MS techniques, structural studies and high resolution live cell microscopy applied in this work 
might represent a general scheme for future studies to come. 
A great amount of studies has enormously contributed to our current knowledge about the 
function of neuronal cytoskeleton and its components. Nevertheless, the recruitment and 
delivery of protein cargos to synapses have always represented a particularly challenging aspect. 
In this thesis we show that different mechanisms regulate the affinity of motors to cargos and 
motor ability to walk along the cytoskeletal tracks. Furthermore we shed light on several aspects 
of synaptic transport, in particular on the role of motor proteins in transporting cargos into 
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dendritic spines. Understanding how synapses work is fundamental to unravel how information 
is processed in the brain and to elucidate the neuropathological mechanisms underlying 
different neurological disorders. Despite several advances, our knowledge is still incomplete 
and key aspects still require further investigations. For a more global comprehension of synaptic 
function it is crucial to identify which components are cycled to the membrane or added to the 
PSD in response to LTP stimulation and discover which other motor proteins, besides KIF1A, 
are able to couple neural activity to synaptic membrane trafficking. In an ideal future scenario, 
neuroscientists would be able to perform proteomics on specific neuronal compartments, such 
as dendritic spines or axonal terminals, in order to understand how neurons precisely change 
their local protein content upon stimulation and to unravel the secrets behind synaptic scaling. 
Furthermore, recent advances in MS combined with proximity-based approaches will finally 
allow the detection of transient and dynamic protein-protein interaction directly in neurons, 
providing a better picture of the biochemical properties of neuronal transport. Similar techniques 
could be also applied for an accurate biochemical characterization of the different components 
contained in membrane compartmentalized structures, such as for instance synaptic vesicles 
(SVs) or DCVs. A precise identification of the transmembrane proteins decorating their surface 
and of the transported cargos contained in their lumen, could open new fascinating perspectives 
in the study of neuronal transport, providing vesicle specific protein markers to be effectively 
visualized by advanced microscopy.   
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SUMMARY

Similarly to the amazon rainforest which is formed by a multitude of different trees, many of them 

growing around and on top of each other with their branches and roots tightly interconnected, the 

human brain is composed by approximately 100 billion neurons organized into a complex matrix 

of connections and packed into highly specialized layers. The tridimensional organization of the 

neurons within the human brain is what makes the human brain so unique. In fact, it is now 

universally accepted that our capability of thinking, moving and performing the most difficult 

tasks (like writing this thesis) is only partially explained by the high numbers of neuronal 

cells contained in the human brain and mainly relies in their infinite multitude of dynamic 

connections. The peculiar cellular shape and the precise subcellular organization of the neuron, 

characterized by one long axon, generating output signals, and multiple dendrites, receiving 

chemical inputs, confer to this specific cell the capability of transmitting electro-chemical 

information. The connection sites where communication takes place are called synapses. Each 

synapse has a very defined and specialized composition of proteins. In order to establish and 

maintain neuronal polarity and to build functional synapses, neuronal cells must be able to sort 

and deliver proteins and other components to the pre- (axon) and post-synaptic compartments 

(dendritic spines) with extreme precision. In fact, the protein composition of each single neuronal 

compartment not only determines its unique architectural morphology and function but has also 

a more profound effect on the formation of the neuronal network which is the essence of our 

brain. In this perspective, it is essential to study the primary building blocks of life, the proteins, 

alongside with their interactions and the molecular mechanisms regulating their functions. 

Only by studying these primary components we can fully understand the elaborate architecture 

of branches and roots, ultimately getting one step closer to the immense complexity of the 

rainforest. Unfortunately science is not “an easy thing” and a reductionist approach that aims 

to simplistically explain one phenomenon as caused by one single protein, roughly translated 

into the paradigm “one protein, one function”, has already shown huge limitations in modern 

biology. In line with these observations, a key concept of modern biology is that proteins 

participate in complex, interconnected networks, rather than linear pathways. In recent years the 

rapid adoption of high-throughput -omics approaches (genomics, transcriptomics, proteomics) 

has created new exciting possibilities for the investigation of the brain and its cellular entities, 

the neurons. In the field of neurobiology, proteomics has recently started to showcase its full 

potential as a powerful methodology able to outperform classical biochemical approaches by 

allowing a more global understanding of protein dynamics and a more detailed characterization 

of intracellular protein networks and complexes. This thesis describes our efforts in advancing 
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the understanding of selected mechanisms in neurons by using Mass Spectrometry (MS)-based 
proteomics applications. Latest MS techniques have been widely used to investigate neuronal 
differentiation, kinesin-mediated neuronal transport and protein-interaction networks in 
physiological or pathological condition.

In Chapter 2, we used stable isotope labeling MS to perform a systematic and in-
depth analysis of proteome dynamics in cultured hippocampal neurons at various stages of 
development. This technique allowed us to precisely map neuronal proteins undergoing 
extensive up-regulation or down-regulation throughout differentiation. By using a combination 
of biochemical and imaging techniques we then revealed unappreciated roles for protein 
candidates which we selected from this analysis.

In Chapter 3, we focused our study on neuronal transport and on the crucial role 
played by the kinesin-3 family member KIF1A in transporting dense core vesicles (DCVs). 
By performing a systematic affinity purification (AP)-MS approach we mapped the physical 
interactions of KIF1A. We next focused on three binding partners, the calcium binding protein 
Calmodulin (CaM) and two synaptic scaffolding proteins: liprin-α and TANC2. Our findings 
revealed that calcium, acting via CaM, enhances KIF1A binding to DCVs and increases vesicle 
motility in dendrites. In addition we showed that the scaffolding proteins liprin-α and TANC2 
work by tethering KIF1A-driven DCVs into synapses. 

In Chapter 4, we further extended our analysis on Kinesin-3 mediated transport. After 
identifying the specific KIF1A and KIF13B domains involved with the binding with specific 
neuronal adaptor proteins we systematically tested their role in mediating vesicle transport. 
These data shed light on the precise function of the Maguk Binding Site (MBS) of KIF13B and 
the Liprin Binding Domain (LBD) of KIF1A. 

Chapter 5 is focused on the aggregation of the microtubule-binding protein Tau. Tau 
pathological species (oligomers and fibrils) are investigated using an in vitro approach combined 
with MS. We showed that Tau aggregation completely rewires the “physiological” interactome 
of Tau. Our data mechanistically demonstrated that Tau aberrant interactors have disordered 
regions with unusual sequence features and that the chaperone protein Hsp90, by stalling fibrils 
formation, suppresses aberrant interactions. This molecular basis for derailment of protein-
protein interactions can explain the toxicity of these aggregates during neurodegeneration.

Finally in Chapter 6, we reported a selection of quantitative MS-applications and 
targeted MS methods that were used in different projects to address specific neurobiological 
questions.    
The aforementioned results of this thesis, obtained by integrating multiple techniques ranging 
from proteomics and bioinformatics to cell biology, imaging and microscopy, will contribute to 
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provide a more detailed picture of the biology of the neuron and lay the foundation for further 
studies in the field. Our vision is that high-throughput studies and multidisciplinary approaches 
will be fundamental for the future of neuroscience, by helping scientists to unravel the deeper 
secrets of the brain forest. 
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SAMENVATTING

Zoals het Amazoneregenwoud bestaat uit vele verschillende bomen die, met hun takken en 

wortels vervlochten, om en over elkaar heen groeien, bestaat het menselijk brein uit circa 

100 miljard neuronen die zijn georganiseerd in een complexe matrix van verbindingen en 

gerangschikt zijn in gespecialiseerde lagen. Deze driedimensionale organisatie van neuronen 

is wat het menselijk brein zo uniek maakt. Het is tegenwoordig zelfs algemeen geaccepteerd 

dat onze bekwaamheid om te denken, bewegen, en het volbrengen van allerlei zeer uitdagende 

taken (zoals het schrijven van deze thesis), slechts gedeeltelijk kan worden verklaard door het 

grote aantal neuronale cellen in het menselijk brein, maar voornamelijk afhangt van de ontelbare 

dynamische connecties. De uitzonderlijke vorm en de exacte intracellulaire organisatie van 

het neuron, gekenmerkt door één lang axon - dat uitgaande signalen genereert - en meerdere 

dendrieten - die chemische signalen ontvangen - geven deze specifieke cellen de mogelijkheid 

om elektrochemische informatie over te dragen. De verbindingen waar communicatie plaatsvindt 

heten synapsen. Iedere synaps heeft een bepaalde en gespecialiseerde samenstelling van 

eiwitten. Om neuronale polariteit te bewerkstelligen en behouden, en om functionele synapsen 

te maken, moeten neuronen in staat zijn om met uiterste nauwkeurigheid eiwitten en andere 

bestanddelen te sorteren en bezorgen naar de pre- en post- synaptische compartimenten (het axon 

en de dendritische spines). De samenstelling van eiwitten in ieder neuronale onderdeel bepaalt 

niet alleen diens unieke morfologische opbouw en functie, maar heeft ook een fundamenteel 

effect op de formatie van het neuronale netwerk, die de essentie van ons brein is. In het licht 

daarvan is onderzoek naar eiwitten, de elementaire bouwstenen van het leven, en de interacties 

en moleculaire mechanismen die hun functies reguleren essentieel. Door het bestuderen van 

deze primaire elementen kunnen we de uitgebreide architectuur van de takken en de wortels 

begrijpen, om uiteindelijk een stapje dichterbij de immense complexiteit van het regenwoud 

te komen. Wetenschap is helaas geen gemakkelijke zaak, en een minimalistische benadering 

die streeft om een fenomeen simpelweg te verklaren als zijnde veroorzaakt door een enkel 

eiwit, ruwweg vertaald als het paradigma ‘één eiwit, één functie’, blijkt ernstige beperkingen te 

hebben in de huidige biologie. Deze observaties passen beter bij een ander concept, dat steeds 

meer aanhang krijgt binnen de huidige biologie. Binnen dit concept worden eiwitten bekeken 

als onderdeel van complexe netwerken die onderling verbonden zijn in plaats van als schakels in 

lineaire cascades. De ontwikkeling van high-throughput technieken (op het gebied van genomica, 

transcriptomica en proteomica) brengt interessante nieuwe mogelijkheden met zich mee om het 

brein en zijn cellulaire eenheden, de neuronen, te onderzoeken. Binnen de neurobiologie begint 

de proteomica pas recentelijk tot zijn recht te komen als onderzoekstechniek. Het blijkt een 
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krachtige methode die in staat is om de klassieke biochemische technieken te overtreffen, doordat 
proteomica zowel een meer integraal begrip geeft van eiwitdynamica als een gedetailleerde 
beschrijving van intracellulaire eiwitnetwerken en -complexen. Met behulp van verschillende 
proteomica methodes die gebaseerd zijn op massaspectrometrie (MS) beschrijven we in dit 
proefschrift onze inspanningen en resultaten in het bevorderen van het begrip van neuronale 
mechanismen. De nieuwste MS-technieken zijn gebruikt om neuronale differentiatie, kinesine-
gemedieerd transport in neuronen, en interactie-netwerken van eiwitten - in fysiologische of 
pathologische toestand - te onderzoeken.

In Hoofdstuk 2 hebben we stabiele isotoop-labeling MS gebruikt om een   systematische 
en diepgaande analyse uit te voeren van de proteoom-dynamica in gekweekte hippocampale 
neuronen tijdens verschillende stadia van ontwikkeling. Met deze techniek konden we 
nauwkeurig in kaart brengen hoe de expressie van bepaalde eiwitten sterk veranderd tijdens de 
neuronale differentiatie. Door een combinatie van biochemische en microscopie-technieken te 
gebruiken, onthulden we vervolgens ondergewaardeerde rollen voor eiwitkandidaten die we uit 
deze analyse selecteerden.

In Hoofdstuk 3 hebben we gekeken naar het cellulaire transport in neuronen en de 
cruciale rol van KIF1A, welke behoort tot de kinesine-3 familie, in het transport van specifieke 
blaasjes, zogeheten Dense Core Vesicles (DCV’s). Met behulp van affiniteits-zuivering MS 
brachten we op een systematische manier de fysieke interacties van KIF1A in kaart. Vervolgens 
hebben we ons gefocust op drie bindingspartners, het calciumbindende eiwit Calmodulin (CaM) 
en twee synaptische scaffold-eiwitten: liprin-a en TANC2. Onze resultaten tonen aan dat calcium 
via CaM de binding van KIF1A aan DCV’s versterkt en de beweeglijkheid van de blaasjes in 
dendrieten verhoogt. Daarnaast laten we zien dat de scaffold-eiwitten liprin-a en TANC2 de 
KIF1A-aangestuurde DCV’s vasthouden in synapsen.

In Hoofdstuk 4 hebben we onze analyse van Kinesine-3 gemedieerd transport verder 
uitgebreid. Na identificatie van de specifieke KIF1A en KIF13B domeinen die betrokken zijn 
bij de binding met specifieke neuronale adapter eiwitten, hebben we hun rol in het mediëren van 
blaasjestransport systematisch getest. Onze bevindingen werpen licht op de precieze functie van 
de Maguk Binding Site (MBS) van KIF13B en het Liprin Binding Domain (LBD) van KIF1A.
 Hoofdstuk 5 richt zich op de aggregatie van het microtubulus-bindende eiwit Tau. Met 
behulp van een in vitro benadering gecombineerd met MS worden pathologische soorten van 
Tau (oligomeren en vezels) onderzocht. We laten zien dat Tau aggregatie het “fysiologische” 
interactoom van Tau compleet herschrijft. Onze gegevens laten mechanistisch zien dat afwijkende 
interactoren van Tau verstoorde regio’s met ongewone sequentie kenmerken hebben en dat het 
chaperone eiwit Hsp90, door vezel formatie te vertragen, afwijkende interacties onderdrukt. 
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Deze moleculaire basis voor het ontsporen van eiwit-eiwit interacties kan de toxiciteit van deze 
aggregaten tijdens neurodegeneratie verklaren. 

Tot slot rapporteren we in Hoofdstuk 6 een selectie van kwantitatieve MS-applicaties 
en gerichte MS methoden die gebruikt zijn om de specifieke neurobiologische vragen om de 
verschillende projecten te adresseren.
De bovengenoemde resultaten van deze thesis zijn verkregen door meerdere technieken, 
variërend van proteomica en bioinformatica tot cel biologie en microscopie, te integreren. 
Ze zullen bijdragen aan een gedetailleerder beeld van de biologie van het neuron, en de 
basis leggen voor verdere studies in het veld. Onze visie is dat high-throughput studies en 
multidisciplinaire benaderingen fundamenteel zijn voor de toekomst van neurowetenschappen, 
door wetenschappers te helpen de diepere geheimen van het hersenwoud te ontrafelen. 
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