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Abstract 

 

The local translation of messenger RNAs (mRNAs) within specialized neuronal 

compartments is a prerequisite for synaptic plasticity which underlies the formation 

of long-term memories. mRNAs are localized via active transport along microtubules, 

an extensively studied process, yet the associated mechanisms, dynamic 

interactions and key contributors remain poorly understood to this day. 

 

Recently, a novel many-by-many protein interaction screening approach suggested 

yet unknown interactions between microtubule motor proteins, the major nuclear 

export factor NXF1 and its adaptor SRSF3. Using a total internal reflection 

fluorescence microscopy-based in vitro reconstitution approach with recombinant 

full-length proteins, we were able to reconstitute an RNA transport system consisting 

of these factors, revealing a potential link between the export of mRNAs and their 

active transport along microtubules in neurons.  

 

Besides being an NXF1 adaptor, SRSF3 functions as a regulator of 3’ untranslated 

region (3’UTR) length. As 3’UTR length has only recently been discovered as an 

important determinant of mRNA localization, this reconstituted system potentially 

also establishes the groundwork for studying and understanding 3’UTR length-

dependent mRNA sorting in neurons. 
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Resum 

 

La traducció local d'ARNs missatgers (ARNms) dins de compartiments neuronals 

especialitzats és un requisit previ per a la plasticitat sinàptica que hi ha darrere de 

la formació de memòria a llarg termini. Els ARNms es localitzen mitjançant el 

transport actiu al llarg dels microtúbuls, un procés àmpliament estudiat, tot i que els 

mecanismes associats, les interaccions dinàmiques i els contribuents clau 

segueixen sent poc coneguts fins avui. 

 

Recentment, un nou enfocament de cribratge d'interacció de proteïnes va suggerir 

interaccions encara desconegudes entre proteïnes motores de microtúbuls, el 

principal factor d'exportació nuclear NXF1 i el seu adaptador SRSF3. Utilitzant un 

enfocament de reconstitució in vitro basat en microscòpia de fluorescència de 

reflexió interna total amb proteïnes recombinants de longitud completa, vam poder 

reconstituir un sistema de transport d'ARN que consistia en aquests factors, revelant 

un enllaç potencial entre l'exportació de l'ARNm i el seu transport actiu al llarg dels 

microtúbuls a les neurones. 

 

A més de ser un adaptador de NXF1, SRSF3 funciona com un regulador de longitud 

de 3' de la regió no traduïda (3'UTR). Com que la longitud de 3'UTR només s'ha 

descobert recentment com un determinant important de la localització de l'ARNm, 

aquest sistema reconstituït també estableix les bases per estudiar i entendre la 

classificació de l'ARNm depenent de la longitud de 3'UTR a les neurones. 
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1. INTRODUCTION 

 

1.1. What is an mRNA? 

 

Messenger RNA (mRNA) plays a fundamental role in all forms of life. It is a crucial 

element in the central dogma of biology, serving as an intermediary factor that 

connects the genetic information encoded in the DNA with the synthesis of proteins. 

It thereby carries this genetic information from the nucleus to the cytoplasm, where 

it can be translated into proteins. 

 

Besides the coding region, which contains all necessary information for the synthesis 

of a protein, mRNAs contain two untranslated regions (UTRs) at each end of the 

molecule: The 5’UTR is located upstream of the coding region, whereas the 3’UTR 

is located downstream of it (Figure 1).  

 

 

 
Figure 1: The components of an mRNA. An mRNA consists of a coding region as well as a 5’ and 
3’ untranslated region (UTR). While the coding region contains all information necessary for the 
synthesis of a protein, the UTRs regulate its stability, localization and translation.  

 

These two UTRs have expanded evolutionary in higher eukaryotes (reviewed in 

(Chen et al. 2012; Mayr 2016)), can span from a few dozen to thousands of 

nucleotides and are often highly conserved (Siepel et al. 2005; Xie et al. 2005). They 
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fulfill different functions in the cell: While 5’UTRs influence the translational 

regulation of mRNAs, 3’UTRs regulate mRNA stability, mRNA localization, and also 

mRNA translation to a certain extent (reviewed in (Leppek, Das, and Barna 2018; 

Mayr 2019)). With the help of its UTRs, an mRNA thus adds an extra layer of 

regulation to the genetic information, allowing for the fine-tuning and control of 

protein expression.  

 

1.2. Proteins are translated locally  

 

In order for genetic information to be translated into proteins in the cytoplasm, the 

cell requires several components and processes, including: (1) the mRNA as a 

message, (2) the ribosome as a translator of this message, (3) protein regulators 

such as translation initiation factors, and (4) transfer RNAs as decoders of the 

message (reviewed in (Shirokikh and Preiss 2018)). Interestingly, in the past 

decades, it has become increasingly clear that protein synthesis based on these 

factors is not uniformly distributed throughout the cytoplasm.  

 

The concept of localized translation came about in the 1950s, when two distinct 

populations of ribosomes were observed under the electron microscope: those that 

were (1) freely distributed in the cytoplasm as well as those that were (2) bound to 

the membrane of the endoplasmic reticulum (Palade 1955). Further investigations in 

the 1970s revealed that protein translation at membranes is not restricted to the 

endoplasmic reticulum, but also occurs at the inner and outer membranes of 

mitochondria, facilitating the import of locally synthesized proteins into mitochondria 

(Kellems, Allison, and Butow 1974; Kellems and Butow 1972).  

 

Since then, local protein synthesis has been described to take place within or in 

close proximity to various cellular compartments, including peroxisomes, RNA 

granules (reviewed in (Lashkevich and Dmitriev 2021)), as well as distal regions of 

highly polarized cells like neurons (reviewed in (Bourke, Schwarz, and Schuman 

2023)).  

 

Notably, in all of the described cases, the localization of mRNAs to specific 

compartments within the cell is a pre-requisite for local translation. It is thus crucial 

to understand the mechanisms with which mRNA localization is achieved and 

regulated. Our focus thereby lies in understanding the asymmetric localization of 

mRNAs in the cytoplasm. In the subsequent sections, I will summarize the current 

knowledge on cytoplasmic mRNA localization and will propose novel factors and 

mechanisms that may contribute to and advance our understanding of this 

fundamental process.  
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1.3. Principles of mRNA localization 

 

1.3.1. mRNA localization is a conserved mechanism 

 

The earliest report of mRNA localization dates back to 1983, when -actin mRNA 

was described to be asymmetrically localized in eggs and embryos of the ascidian 

Styela plicata (Jeffery, Tomlinson, and Brodeur 1983), participating in cytoplasmic 

segregation following fertilization, and differential distribution to mesodermal cell 

lineages during embryogenesis.  

 

Since then, mRNA localization has been observed in all kingdoms of life (reviewed 

in (Das et al. 2021)), spanning bacteria (Nevo-Dinur et al. 2011), plants (Michaud, 

Maréchal-Drouard, and Duchêne 2010; Okita and Choi 2002), fungi (Niessing et al. 

2018; Shepard et al. 2003) and animals (reviewed in (Holt and Bullock 2009)) (Figure 

2). The asymmetric localization of mRNAs fulfills a variety of fundamental functions, 

several of which can be found in the literature:  

 

a) In Drosophila melanogaster embryos, more than 70% of mRNAs are 

asymmetrically localized (Lécuyer et al. 2007), playing a crucial role in the 

spatial patterning of the embryo. Key examples of locally enriched mRNAs 

include bicoid and oskar mRNAs, which localize to opposite poles, forming 

the anterior-posterior axis of the embryo (reviewed in (Becalska and Gavis 

2009)). 

 

b) In the budding yeast Saccharomyces cerevisiae, ash1 mRNA localization to 

the nascent cell regulates mating type determination (Long et al. 1997).  

 

c) In Xenopus laevis oocytes, tissue-type determination is dependent on mRNA 

localization to the vegetal pole (reviewed in (King, Messitt, and Mowry 2005)).  

 

d) In different mammalian cell types, including fibroblasts (Mili, Moissoglu, and 

Macara 2008), intestinal epithelia cells (Moor et al. 2017) and neurons, mRNA 

localization plays pivotal roles in cell polarization, migration and 

differentiation, as well as axonal growth-cone steering and synaptic plasticity 

(reviewed in (Buxbaum, Haimovich, and Singer 2015; Holt and Schuman 

2013; Sutton and Schuman 2006)).  
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Figure 2: mRNA localization is a conserved mechanism. Examples for mRNA localization in 
different organisms include (A) Ash1 mRNA in the budding yeast Saccharomyces cerevisiae, (B) 
oskar and bicoid mRNAs in the Drosophila melanogaster embryo, (C) Vg1 mRNA in the Xenopus 
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laevis oocyte, (D) -actin mRNA in mammalian embryonic fibroblasts and (E) -actin and CamKII 
mRNAs in mammalian hippocampal neurons. (F-K) Microscopy images of different mRNA 
localization systems: (F) Ash1 mRNA in the budding yeast Saccharomyces cerevisiae (image 
originally from (Long et al. 1997)); (G) bicoid and oskar mRNAs in the Drosophila melanogaster 
oocyte (image originally from (Bullock 2007; Holt and Bullock 2009)); (H) Vg1 vegetal localization 
element RNA in the Xenopus laevis oocyte (image originally from J. Gagnon and K. Mowry (Medioni, 

Mowry, and Besse 2012)); (I) -actin mRNA in moving mammalian fibroblasts (image originally from 

(Park et al. 2012)); and (J-K) CamKII and His3 mRNAs in mammalian hippocampal neurons (image 

originally from (Fusco et al. 2021)). Whereas CamKII mRNA localizes to dendrites, His3 mRNA 
localizes to the soma.  

 

The localization of mRNAs rather than proteins has several advantages for a cell: 

(1) it is cost-efficient, as the localization of a single mRNA transcript can result in the 

translation of over 1,000 protein copies (measured in Escherichia coli (Taniguchi et 

al. 2011)) in response to local stimuli; (2) local translation of mRNAs at their sites of 

delivery can lead to the local enrichment of proteins, resulting in the formation of 

functionalized protein complexes; (3) proteins can have adverse effects in cellular 

compartments in which they are not intended to localize in; (4) mRNA localization 

provides an additional layer of temporal regulation, enabling mRNAs to localize to 

cellular compartments only at a certain developmental stage; and (5) local translation 

allows for an additional control of protein regulation via specific chaperone-based 

folding and/or specialized post-translational modifications (PTMs) (reviewed in (Holt 

and Bullock 2009; Medioni, Mowry, and Besse 2012)). 

 

1.3.2. Multiple mechanisms contribute to mRNA localization 

 

Cells can use different mechanisms to localize mRNAs: (1) diffusion and anchoring, 

(2) local protection from degradation, and finally (3) active transport (reviewed in 

(Medioni, Mowry, and Besse 2012; St Johnston 1995)): 

 

1. Diffusing mRNAs can be tethered to subcellular structures or protein complexes 

to remain in close proximity to sites of local translation. For instance, a cortical 

actin-based anchoring has been observed for Drosophila melanogaster nanos 

mRNA (Forrest and Gavis 2003). 

 

2. mRNAs can be protected from RNases or degradation enzymes by localization 

in a specific compartment. Drosophila melanogaster, for example, uses this 

mechanism to localize Hsp83 mRNA to the germ plasm in later developmental 

stages (Ding et al. 1993). 

 

3. Highly polarized cells often make use of active transport along the cytoskeleton 

to localize transcripts to specific compartments, e.g. -tubulin mRNA (S. 
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Baumann et al. 2020; S. J. Baumann et al. 2022) which is transported to axonal 

growth cones in neurons.    

 

Although all of the aforementioned mechanisms contribute to the asymmetric 

localization of mRNAs, animal cells primarily rely on active transport of mRNAs along 

the cytoskeleton. This preference may arise from the likelihood that active transport 

in animal cells guarantees the fastest and most efficient mechanism of mRNA 

delivery to sites of local translation (reviewed in (Holt and Bullock 2009)). 

 

1.4. Neuronal mRNA transport 

 

1.4.1. Why do neurons depend on the transport of mRNAs? 

 

Neurons are complex and specialized cells that are characterized by their highly 

polarized structure. They harbor a variety of functionalized compartments, including 

the cell body, also known as soma, as well as dendrites (information receivers) and 

axons (information transmitters). The dendritic and axonal compartments are 

collectively known as the neuropil which can contain up to 99% of a hippocampal 

pyramidal neuron’s cytoplasm. The axon can grow to a length of hundreds of 

centimeters, while dendrites are highly branched and can physically extend from the 

soma by an average length of >10 millimeters (Figure 2(J-K)) (Ishizuka, Cowan, and 

Amaral 1995). 

 

Intracellular transport plays a fundamental role in the maintenance and function of 

neurons. The transport of various cellular components, including mitochondria 

(Henrichs et al. 2020), synaptic ion channels (Barry et al. 2014; Heisler et al. 2014; 

Nakajima et al. 2012), secretory vesicles (Serra-marques et al. 2020) and mRNAs 

(S. Baumann et al. 2020; S. J. Baumann et al. 2022) is achieved by motor proteins 

like kinesin and dynein, utilizing microtubules to deliver their cargoes to precise 

locations within neuronal compartments.   

 

The transport of mRNAs is of particular importance as it enables neurons to control 

protein translation in a spatiotemporal manner. By transporting mRNAs to specific 

subcellular locations, neurons can rapidly respond to external stimuli and build local, 

specialized protein networks which are implicated in several functions, including 

dendritic arborization, axonal pathfinding and synaptic plasticity-underlying long-

term memory formation (reviewed in (Holt and Schuman 2013)). 
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Accordingly, the dysregulation of mRNA transport has been connected to 

neurological disorders like epilepsy (Nakajima et al. 2012) and the fragile X 

syndrome (Bagni et al. 2012), the most frequent cause of inherited intellectual 

disability (for further information see (Nobutaka Hirokawa, Niwa, and Tanaka 2010)). 

Identifying the factors that drive and regulate intracellular mRNA transport is thus of 

fundamental importance.  

 

1.4.2. The neuronal microtubule cytoskeleton 

 

The proper functioning of mRNA transport in neurons relies on a highly regulated 

network of cytoskeletal filaments. Besides actin and intermediate filaments, 

microtubules are a crucial component of the cytoskeletal network as they enable 

mRNA transport via the microtubule motor proteins kinesin and dynein.  

 

Microtubules are conserved in all eukaryotes and consist of /-tubulin heterodimers 

that polymerize into hollow cylinders. They are canonically composed of 13 

protofilaments that are assembled around a hollow core, resulting in rod-like 

structures that measure a diameter of 25 nm.  

 

Microtubules are structurally polar cytoskeletal filaments whose polarity results from 

the head-to-tail arrangement of the /-tubulin heterodimers in the protofilaments. 

Whereas -tubulin is exposed at the microtubule plus end, -tubulin is exposed at 

the microtubule minus end. Both microtubule ends are able to grow, however, the 

plus end is characterized by a faster growth than the minus end (Walker et al. 1988).  

 

A characteristic feature of microtubules is their dynamic instability which was first 

described in 1984 (Mitchison and Kirschner 1984): Even in an environment with a 

sufficient concentration of /-tubulin heterodimers, microtubules switch 

stochastically between extended periods of growth and shrinkage. This dynamic 

property of microtubules is crucial for many neuronal processes such as (1) the 

dynamic remodeling of the neuropil during development, (2) the guidance of axons 

to target destinations as well as (3) synaptic plasticity, which is the ability of synapses 

to adapt in response to activity, and which underlies long-term memory formation 

(reviewed in (Peña-Ortega, Robles-Gómez, and Xolalpa-Cueva 2022)). 

 

Moreover, microtubules are characterized by their negatively charged surface. The 

negative charge is caused by the outwards facing C-terminal tails of - and -tubulin 

monomers that are enriched in acidic residues such as glutamic and aspartic acid. 

These C-terminal tails modulate the affinity of stereospecific interactions of 
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microtubule-associated proteins (MAPs) with the outer surface of microtubules 

(reviewed in (Roll-Mecak 2015)). Among a variety of functions in the cell, MAPs can 

serve as regulators of microtubule dynamics or as motor proteins that are crucial for 

the transport of mRNAs (reviewed in (Goodson and Jonasson 2018), see section 

1.5). 

 

In neurons, the organization of microtubules depends on the specific compartment 

they are located in. In contrast to axons, where microtubules are organized in a plus-

end-out orientation, the polarity in dendrites is mixed, with both plus and minus ends 

facing outwards (Baas et al. 1988). This enables motor protein-based bidirectional 

transport of mRNAs from the soma to the periphery (anterograde transport) and from 

the periphery to the soma (retrograde transport) (Figure 3).  

 

Importantly, there is a “symbiontic” relationship between the cytoskeleton and mRNA 

in neurons. While the cytoskeleton is fundamental for mRNA transport to the 

neuropil, it in turn also depends on mRNAs like 2B-tubulin mRNA (S. Baumann et 

al. 2020; Preitner et al. 2014) for its local remodeling. 

 

 

 
Figure 3: The neuronal microtubule cytoskeleton. In neurons, microtubule polarity differs in axonal 
and dendritic compartments. Dendritic microtubules show mixed structural polarity, whereas axonal 
microtubules are unipolar with a plus-end-out organization, allowing both antero- and retrograde 
transport of mRNA. 
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1.5. Microtubule motor proteins transport mRNAs 

 

mRNAs are transported along microtubules in the form of messenger 

ribonucleoprotein (mRNP) complexes via kinesin and dynein (reviewed in (N. 

Hirokawa 2006)). In the subsequent sections, these two microtubule motor protein 

families will be introduced, with a specific emphasis on kinesin-1 (Figure 4) which is 

of particular interest as it serves as the primary motor protein utilized in this thesis.  

 

 

 
Figure 4: Kinesin-1 and dynein motors. Kinesin-1 and dynein motors transport cargoes along 
microtubules. Kinesin-1 consists of a heavy chain (KHC) dimer and two identical copies of light chains 
(KLCs). Like kinesin-1, dynein has two copies of a variety of subunits: the heavy chain (DHC), 
consisting of six AAA+ domains, the intermediate chain (DIC), the light intermediate chain (DLIC) as 
well as the three light chains (DLCs) Roadblock (Robl), LC8 and Tctex1. The two motors walk towards 
opposite ends of microtubules: While kinesin-1 walks to the plus end, dynein walks towards the minus 
end of microtubules. 

 

1.5.1. Kinesin  

 

Homo sapiens and Mus musculus have a total of 45 genes that encode 14 different 

classes of kinesin motor proteins. These kinesins can further be classified into three 

main types of microtubule-dependent motor proteins depending on the location of 

their motor domain in the polypeptide chain: N-KIFs (N-terminal motor domain), M-

KIFs (middle/central motor domain) or C-KIFs (C-terminal motor domain) (Aizawa et 

al. 1992; Lawrence et al. 2004; Miki et al. 2001). The location of the motor domain 

confers specific characteristics to the individual kinesin superfamily proteins (KIFs): 

While N-KIFs move towards the plus ends of microtubules, C-KIFs generally move 

towards the minus ends of microtubules. In contrast, M-KIFs are adenosine 

triphosphate (ATP)-dependent microtubule depolymerases. In addition, there are 

certain kinesins that combine directed motility with a destabilization function as well 

as those that can crosslink microtubules (reviewed in (Verhey and Hammond 2009)). 
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Kinesin-1, a highly abundant plus end-directed motor protein, is either present as a 

dimer, comprising two copies of the kinesin-1 heavy chain (known as KHC or KIF), 

or as a heterotetramer, consisting of the heavy chain dimer as well as two copies of 

identical, homologous kinesin-1 light chains (KLCs) (Figure 4) that are encoded by 

four different genes (KLC1-4). There are three homologous KHC proteins (KIF5A, 

KIF5B and KIF5C) in mammals which resulted from gene duplication and 

subsequent diversification events (Miki et al. 2001). They differ in their expression 

patterns: Whereas KIF5B is ubiquitously expressed, KIF5A and KIF5C are neuron-

specific. Mutations in them accordingly result in neurodegenerative and 

neurodevelopmental pathologies (Crimella et al. 2012; Nicolas et al. 2018; Poirier et 

al. 2013; Reid et al. 2002; Willemsen et al. 2014). 

 

KHCs are characterized by an N-terminal motor domain, a stalk region and a tail. 

Whereas the stalk region is crucial for heavy chain dimerization, the tail region is 

responsible for directly binding cargoes (reviewed in (Nobutaka Hirokawa, Niwa, and 

Tanaka 2010; Verhey and Hammond 2009)) as well as complex formation with 

kinesin-1 light chains.  

 

In contrast, the motor domain binds to microtubules and simultaneously functions as 

an ATPase that enables motility. The motility of kinesin-1 depends on the 

dimerization of two heavy chains: Release of adenosine diphosphate (ADP) and 

phosphate subsequent to adenosine triphosphate (ATP) hydrolysis enables the 

dissociation of one of the two motor domains from the microtubule, whereas the 

second motor domain remains attached to the lattice (reviewed in (Lee Sweeney 

and Holzbaur 2018)). A key factor in this process is a short neck-linker element in 

the C-terminus of the motor domain. A nucleotide-dependent conformational change 

of this element from a docked to an undocked state (Rice et al. 1999), together with 

the intramolecular strain generated during active translocation, creates an 

alternating step-wise movement of the kinesin-1 heavy chain dimers towards the 

microtubule plus end (Clancy et al. 2011; Milic et al. 2014; Rice et al. 1999; 

Rosenfeld et al. 2003; Yildiz et al. 2008). The energy from one ATP molecule 

ultimately results in an 8 nm step (Schnitzer and Block 1997) along the microtubule, 

which corresponds to the distance between two neighboring tubulin monomers in 

the microtubule lattice (reviewed in (Herrmann and Aebi 2016)). 

 

Kinesin-1 light chains comprise an N-terminal heptad repeat domain, a 

tetratricopeptide repeat as well as a C-terminal domain. Whereas the heptad repeat 

domain is responsible for KHC binding, the tetratricopeptide repeat and C-terminal 

domains bind to cargoes that are to be transported by kinesin-1 (Pernigo et al. 2013).   

 



11 

 

In neurons, kinesin-1 plays a crucial role in neuronal function by facilitating the 

intracellular transport of a wide range of cellular components, including motor 

proteins (Twelvetrees et al. 2016), mitochondria (Henrichs et al. 2020), synaptic ion 

channels (Barry et al. 2014; Heisler et al. 2014; Nakajima et al. 2012), secretory 

vesicles (Serra-marques et al. 2020) and mRNAs (S. J. Baumann et al. 2022; 

Brendel et al. 2004; Dictenberg et al. 2008; Kanai, Dohmae, and Hirokawa 2004; 

Mallardo et al. 2003). 

 

In its cargo-free state, however, kinesin-1 is autoinhibited. The autoinhibition 

comprises contributions of the KHCs as well as the KLCs. KHCs are proposed to be 

inhibited via an intramolecular interaction between their motor and tail domains (Coy 

et al. 1999; Dietrich et al. 2008; Friedman and Vale 1999; Kaan, Hackney, and 

Kozielski 2011; Stock et al. 1999). This interaction is enabled via an 

isoleucine/alanine/lysine motif in the tail domain (Hackney and Stock 2000; Kaan, 

Hackney, and Kozielski 2011) as well as a hinge region in the KHC coiled coil stalk 

domain, resulting in a folding of the KHCs that inhibits their movement along 

microtubules. Similarly, complex formation with KLCs decreases both binding to 

microtubules and motility (Friedman and Vale 1999; Verhey et al. 1998). KLCs are 

either suggested to help maintain the KHC-based autoinhibited state (Cai et al. 2007; 

Friedman and Vale 1999; Verhey et al. 1998) or are proposed to have a KHC-

independent autoinhibition mechanism via an intramolecular interaction between the 

tetratricopeptide repeat domain and an unstructured region next to it, partially 

occluding the KLC tryptophan-acidic motif. Cargo binding to this motif is finally 

proposed to relieve this autoinhibitory interaction, resulting in an overall 

conformational change of the KLCs (Yip et al. 2016). Newer studies suggest that 

kinesin-1 motors are only fully activated by an interplay of cargo binding to the KLC 

and recruitment of the KHCs to microtubules via microtubule-associated protein 7 

(MAP7). Besides affecting kinesin-1 landing rate, MAP7 is described to prevent the 

dissociation of kinesin-1 through transient interactions at the surface of microtubules 

(Chiba et al. 2022; Ferro et al. 2022; Hooikaas et al. 2019; Monroy et al. 2018).  

 

1.5.2. Dynein 

 

Besides kinesin, dynein represents the other family of microtubule motor proteins. It 

consists of dynein-1 and dynein-2, which are responsible for cargo transport along 

microtubules in the cytoplasm or in cilia (Paschal 1987; Paschal and Vallee 1987; 

Pazour et al. 1999; Porter et al. 1999), respectively. Like kinesin-1, cytoplasmic 

dynein-1 (hereafter referred to as dynein) transports a variety of cellular cargoes 

along microtubules, including organelles, vesicles, proteins and mRNAs (Aniento et 
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al. 1993; Bremner et al. 2009; Pilling et al. 2006; Sanghavi et al. 2013; Sladewski et 

al. 2018). 

 

Dynein is a large protein complex (~1.4 MDa) which is composed of six subunits that 

are present in two copies each: the dynein heavy chain (DHC), the intermediate 

chain, the light intermediate chain as well as the light chains Roadblock, LC8 and 

Tctex1. The DHC is comprised of a C-terminal domain as well as an N-terminal tail 

domain. The C-terminal domain consists of a microtubule-binding domain and a 

motor domain. The latter comprises a ring of six AAA+ domains as well as a linker 

between the ATP-hydrolyzing AAA1 with the cargo-binding heavy chain tail, which 

are both important for dynein motility towards the microtubule minus end (Figure 4). 

The heavy chain tail is responsible for connecting the heavy chain with the 

intermediate, light intermediate and light chains. These non-catalytic subunits of 

dynein are involved in cargo recruitment and binding to adaptor proteins (reviewed 

in (Reck-Peterson et al. 2018)). 

 

In contrast to kinesin-1, dynein is a minus end-directed motor protein (Schroer, 

Steuer, and Sheetz 1989) which transports neuronal cargoes either in a retrograde 

fashion from axons to the soma or in a bidirectional fashion in dendrites, consistent 

with microtubule polarity in these neuronal compartments (Figure 3).   

 

The motility of dynein depends on the combined action of the dimerization of its 

heavy chain, ATP hydrolysis-dependent conformational changes in the AAA+ ring, 

as well as bending and straightening of the AAA1-tail linker. ATP binding to the AAA1 

domain induces a conformational change, resulting in a weak binding state of dynein 

which is characterized by the dissociation of one of the two microtubule-binding 

domains from the microtubule lattice as well as bending of the linker. For the 

unbound microtubule-binding domain, ATP hydrolysis results in weak rebinding to 

the microtubule, which is further enhanced upon the release of phosphate. This 

power stroke results in the straightening of the linker, pulling the tail domain and 

associated cargo towards the new binding site on the microtubule lattice. Finally, 

upon the release of ADP, a new cycle of movement is initiated (Lin et al. 2014).  

 

Since dynein is autoinhibited in a cargo-less state, it requires the combined action of 

its accessory protein complex dynactin as well as an adaptor like protein Bicaudal 

D2 to ensure its activation, allowing it to deliver cargoes in neurons (McKenney et 

al. 2014a; Schlager, Hoang, et al. 2014).  

 

Ultimately, the dysregulation of dynein-based transport has been proposed to be of 

functional relevance concerning several neurological disorders, including the 
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Parkinson disease-like Perry syndrome, spinal muscular atrophy with lower 

extremity predominant and hereditary motor neuron disease (reviewed in (Lipka et 

al. 2013)). 

 

1.6. The drivers of neuronal mRNA localization: RBPs and 3’UTRs 

 

1.6.1. RBPs and zip codes 

 

In line with their high polarity and compartmentalization, neurons possess thousands 

of localized mRNAs (Cajigas et al. 2012; Gumy et al. 2011; Middleton, Eberwine, 

and Kim 2019; Zivraj et al. 2010). Despite the abundance of localized mRNAs, the 

sorting and distribution of these transcripts primarily rely on a limited set of motor 

proteins. Taking into account that individual transport complexes only harbor one to 

four copies of mRNAs (S. Baumann et al. 2020; Park et al. 2014; Turner-Bridger et 

al. 2018), neurons require a specificity factor that recruits these small and defined 

packages of mRNAs to microtubule motor proteins, priming them for transport to 

their final destinations in the cell. 

 

Besides motor proteins, mRNA localization therefore additionally depends on 

specific RNA-binding proteins (RBPs) that form mRNPs with individual mRNAs. The 

latter control various aspects of an mRNA’s life, such as stability, localization and 

translation. To guide mRNAs to their final location, RBPs interact with short, 

conserved localization sequences predominantly located in 3’UTRs of mRNA 

transcripts, also known as zip codes (reviewed in (Buxbaum, Haimovich, and Singer 

2015; Chabanon, Mickleburgh, and Hesketh 2006; Martin and Ephrussi 2009)). 

RBPs recognize these motifs in a sequence-specific manner and/or via a defined 

secondary structure, hence they serve as adaptors between mRNAs and motor 

proteins (Figure 5), controlling the precise targeting and localization of a given mRNA 

in a neuronal cell (for a recent summary of known RBP/zip code pairs see (Engel et 

al. 2020)). 

 

A well-known example of such a motor/adaptor/zip code system can be found in 

Drosophila melanogaster: Several localized mRNAs containing the zip code TLS 

interact with the dynein/dynactin complex via the adaptor proteins Egalitarian and 

Bicaudal-D (Dienstbier et al. 2009; Goldman et al. 2019). 
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Figure 5: Assembly of an mRNP transport complex. RBPs serve as adaptors between mRNAs 
and motor proteins by recognizing specific zip codes – short sequence- or structure-based elements 
in the 3’UTR of an mRNA. The here shown example illustrates the specific recognition of a secondary 
structure in the 3’UTR of an mRNA via an RBP. 

 

Nonetheless, the currently identified zip code/RBP/motor systems are insufficient to 

explain the motor protein-dependent localization of thousands of mRNA transcripts 

in neurons. Further research is crucial to elucidate the mechanisms through which 

neurons coordinate the precise targeting of thousands of mRNA transcripts, thereby 

ensuring their translation at the correct place and time, which ultimately enables 

long-term memory formation.   

 

1.6.2. 3’UTR length: A novel localization mechanism? 

 

Recently, the length of the 3’UTR itself has been suggested to serve as an additional 

mRNA localization mechanism besides the well-known zip code system (Middleton, 

Eberwine, and Kim 2019; Taliaferro et al. 2016; Tushev, Glock, Heumüller, et al. 

2018). 

 

In addition to a general increase in 3’UTR length within the neuronal tissue, neurons 

are uniquely known to have a high diversity of 3’UTR isoforms (Miura et al. 2013; 

Tushev, Glock, Heumüller, et al. 2018) resulting from alternative cleavage and 

polyadenylation. This mechanism, which is estimated to affect around 70% of human 

mRNAs (Derti et al. 2012), regulates processes such as cellular proliferation, 

tumorigenicity as well as synaptic plasticity (reviewed in (Tian and Manley 2016)). It 

comprises two processes: (1) the endonucleolytic cleavage of the nascent mRNA 

chain during splicing, and (2) the non-templated addition of adenosines (polyA tails) 

to an mRNA’s 3’end. Both processes lead to the generation of alternative 3’UTRs. 

Splicing influences 3’UTR identity via the generation of alternative last exons, while 
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most polyadenylation sites can be found in the 3’UTR, leading to isoforms differing 

in length (also known as tandem 3’UTRs) that are identical in their overlapping 

regions. Constitutive 3’UTRs thereby consist of the region upstream of the first or 

proximal polyadenylation site, whereas alternative 3’UTRs arise from the usage of 

distal polyadenylation sites.   

 

Different 3’UTR isoforms, owing to the absence or presence of regulatory elements 

(e.g. zip codes/RBP motifs), fulfill different cellular functions and can influence 

mRNA stability, nuclear export, and subcellular localization. An mRNA’s localization 

is ultimately also able to regulate local translation, as for example for the short and 

long 3’UTR isoforms of brain-derived neurotrophic factor (BDNF) mRNA, whose 

localization pattern differs: the former is restricted to the soma, whereas the latter is 

localized to and translated in dendrites (An et al. 2008). 

 

Recently, the analysis of 3’UTR isoforms and their alternative localization has 

expanded beyond individual examples like BDNF mRNA. Genome-wide analyses 

have examined this diversity in brain-derived cell lines (Taliaferro et al. 2016), 

primary mouse hippocampal neurons (Middleton, Eberwine, and Kim 2019) as well 

as rat hippocampal slices (Tushev, Glock, Heumüller, et al. 2018). These studies 

focused on the separation of somatic and neuropil compartments as well as 3’end 

sequencing of the separate mRNA samples, showing that alternative localization of 

distinct 3’UTR isoforms is a widespread phenomenon.   

 

Strikingly, two groups recently identified that neuropil-enriched mRNA transcripts 

have significantly longer 3’UTRs than soma-enriched mRNAs (Middleton, Eberwine, 

and Kim 2019; Tushev, Glock, Heumüller, et al. 2018) (Figure 6A), whereas non-

localized mRNAs are characterized by the shortest 3’UTRs. The differential 

localization of short vs. long 3’UTRs was exemplified for rat CamKIIα mRNA 

(Tushev, Glock, Heumüller, et al. 2018). The latter is a highly abundant mRNA in the 

neuropil (Cajigas et al. 2012; Middleton, Eberwine, and Kim 2019) which codes for 

the alpha isoform of calcium/calmodulin-dependent protein kinase II, a protein that 

is crucial for synaptic plasticity and long-term memory formation (Yasuda, Hayashi, 

and Hell 2022; Zalcman, Federman, and Romano 2018). Strikingly, CamKIIa mRNA 

is characterized by three tandem 3’UTRs of varying lengths, of which only the 

longest 3’UTR isoform drives localization of the corresponding transcript to distal 

regions of dendrites. In contrast, the shorter 3’UTR isoforms restrict its localization 

to the soma or to proximal regions of dendrites (Tushev, Glock, Heumüller, et al. 

2018) (Figure 7). 
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Figure 6: mRNAs are sorted according to 3'UTR length. (A) Tandem 3’UTR isoforms, resulting 
from differential polyadenylation site selection, are localized to distinct parts of a neuron. Long 3’UTR 
isoforms localize to distal regions of dendrites, whereas shorter 3’UTR isoforms localize to the soma 
or proximal regions of dendrites. (B) Longer 3’UTR isoforms are not only characterized by novel 
regulatory elements, but also by repetitive elements that are already present in shorter 3’UTRs. 

 

Interestingly, the Schuman group also looked at the presence of regulatory elements 

such as RBP motifs in tandem 3’UTR isoforms. While longer isoforms comprise a 

high number of novel regulatory elements, they also harbor elements that are 

already present in shorter isoforms. Strikingly, the number of novel elements is lower 

than expected by chance, whereas the number of repeated elements is higher than 

expected by chance. Taken together, both the identity and quantity of a specific motif 

in 3’UTRs of differing length might be crucial factors that determine the localization 

of a given mRNA transcript (Tushev, Glock, Heumüller, et al. 2018) (Figure 6B).  
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Figure 7: CamKII 3'UTR isoforms show distinct localization patterns in neurons. (A) Reporter 

constructs were generated for the three different tandem 3’UTRs of CamKII that were fused to the 
coding sequence of green fluorescent protein (GFP). Fluorescence in situ hybridization was perfomed 
for GFP. The image shows dendrites of transfected neurons growing from left (soma, proximal) to 

right (neuropil, distal). Purple: GFP; White: CamKII mRNA. Scalebar: 10 µm. (B) Violin plots showing 

the distance from the soma for the mRNA localization signal of different CamKII 3’UTR isoforms. 
Image adapted from (Tushev, Glock, Heumüller, et al. 2018). 

 

1.7. Methods used to determine neuronal mRNP compositions  

 

Despite decades of research on mRNA transport and localization, the exact 

mechanisms by which neuronal mRNAs are connected to cellular transport 

machineries remain unknown. One significant challenge is the lack of techniques 

that are capable of precisely determining the composition and architecture of 

neuronal mRNA transport complexes while simultaneously isolating the specific 

functions of individual factors within these complexes from any pleiotropic effects 

(see section 1.7.1).  

 

In the first publication resulting from this thesis, we condensed the published findings 

of the past few decades into a network to visualize those few minimal neuronal 

mRNP transport complexes that are known to date and that are supported by 

substantial evidence (Figure 8). The network shows interactions between 

microtubule motor proteins, RBPs and target mRNAs that were identified in low-

throughput biochemical studies. We exclusively focused on those interactions which 

constitute an entire mRNP transport complex consisting of at least one motor protein, 

one RBP and one mRNA for which a specific binding sequence (zip code) has been 

identified. We further weighed the evidence for individual interactions based on (1) 

the type and quantity of methods which were used to determine them, (2) whether 
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these interactions are direct or indirect, and finally added information on the binding 

strength whenever available (Rodrigues et al. 2021).  

 

We defined direct interactions as those that result from (1) yeast-2-hybrid assays 

(see section 1.7.2), (2) co-immunoprecipitation (co-IP)/pull-down experiments using 

purified components, (3) reconstituted complexes (see section 1.7.3), (4) isothermal 

calorimetry, (5) surface plasmon resonance, (6) electrophoretic mobility shift assays, 

(7) nuclear magnetic resonance, (8) microscale thermophoresis, (9) individual 

nucleotide resolution – cross-linking immunoprecipitation (iCLIP) and (10) size 

exclusion chromatography – multiangle light scattering. In contrast, methods 

reporting indirect interactions typically comprise RNA-IP, co-IP, co-fractionation, and 

pull-down experiments performed using cell lysates (see section 1.7.1).  

 

Strikingly, as visualized by the dotted lines in Figure 8, many of the interactions 

shown for the proposed mRNP transport complexes result from indirect evidence. 

Thus, after decades of research in the neuronal mRNA transport field, to date only 

a handful of proposed mRNP transport complexes are supported by substantial, 

more direct evidence. These are visualized by solid lines (Figure 8) and have 

recently been expanded by a kinesin-1-based mRNP transport system (S. J. 

Baumann et al. 2022) (Figure 8). 

 

 

 

 
Figure 8: Known interactions between motor proteins, motor adaptors, RBPs and mRNAs. 
Cytoscape (Cline et al. 2007) network showing interactions between motor proteins, motor adaptors, 
RBPs and mRNAs described in the literature. The network is restricted to data from low-throughput 
studies, and only those mRNA interactions for which an RBP motif (zip code) is described are shown. 
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Continuous lines indicate direct interactions between individual factors, whereas dotted lines refer to 
interactions based on indirect evidence. The line width gives insights on the number of methods used 
to describe an individual interaction. Different colors refer to different identities of mRNA transport 
complex components: motor proteins (red), adaptor proteins (yellow), RBPs (blue) and RNAs (gray). 
Image adapted from (Rodrigues et al. 2021). 

 

1.7.1. Previous methods and their limitations 
 

In the past, many studies have aimed at determining the architecture and 
composition of mRNA transport complexes using the following methods: (a) the 
overexpression or knockdown of proteins, (b) imaging techniques, and (c) affinity 
purification coupled with mass spectrometric analyses (reviewed in the first 
publication resulting from this thesis (Rodrigues et al. 2021)). Despite providing 
useful information on proteins potentially involved in mRNA transport and 
localization, these methods have limitations which will be discussed below: 

 

(a) Overexpression and knockdown approaches 

 

Formerly, microtubule motor proteins and RBPs were often overexpressed or 

knocked down to investigate their potential involvement in mRNA transport. 

However, an important challenge of this approach is isolating the effect of a 

certain protein on mRNA transport from any pleiotropic effect this protein may 

have in the cell. For example, fragile X mental retardation protein (FMRP), one 

of the best-known mRNA-transporting RBPs (Dictenberg et al. 2008; Goering et 

al. 2020), also regulates nuclear processes (Shah et al. 2020), nuclear mRNA 

export (Edens et al. 2019; Zhang, Wang, and Huang 2007), and translation 

regulation (Feng et al. 1997). Furthermore, microtubule motor proteins transport 

a variety of cargoes besides mRNPs, including other motor proteins (Twelvetrees 

et al. 2016), mitochondria (Henrichs et al. 2020), axonal and synaptic ion 

channels (Barry et al. 2014; Heisler et al. 2014; Nakajima et al. 2012), and 

secretory vesicles (Serra-marques et al. 2020). Thus, the overexpression or 

knockdown of either class of proteins inevitably affects several cellular processes 

besides a potential function in mRNA transport. Therefore, the observed 

phenotypes cannot always be attributed to mRNA transport. 

 

(b) Imaging approaches  

 

Another commonly used method to study mRNA transport involves determining 

whether microtubule motor proteins, RBPs, and mRNA show co-localization in 

imaging approaches (Buxbaum et al. 2015). Although giving insights on mRNA 

transport dynamics, this approach presents both technical and biological 

challenges. The limited resolution of an optical microscope makes it difficult to 
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demonstrate direct interactions between individual proteins and mRNAs, as 

lower resolutions may result in the co-localization of these components by 

chance (Eliscovich, Shenoy, and Singer 2017). Moreover, an mRNA likely carries 

many RBPs that remain attached to it during its export, processing, translation, 

and decay (reviewed in (Müller-McNicoll and Neugebauer 2013)), fulfilling a 

multitude of functions that are not necessarily required for the transport of a given 

mRNA, often leading to a false association of these proteins with mRNA transport 

and localization. Ultimately, imaging approaches can thus show which proteins 

are trafficked together with mRNAs, but cannot identify the precise factors 

responsible for mRNA transport 

 

(c) Affinity purification & mass spectrometric analyses 

 

Affinity purification coupled with mass spectrometric analyses represents an 

alternative approach to determine mRNP composition, which typically yields a 

high number of target protein interactors. This method, which comprises co-IP 

and pull-down approaches, has several limitations. For instance, it may not 

capture transiently interacting proteins and may instead favor strongly binding 

interactors, leading to a biased list of interactors (Richards, Eckhardt, and Krogan 

2021). Additionally, this method cannot differentiate between direct protein-

protein interactions and protein-RNA-protein interactions: Often, co-

immunoprecipitation and pull-down experiments are performed in the absence of 

RNase, resulting in the pull-down of several proteins that interact with a target 

protein via protein-RNA-protein interactions rather than direct protein-protein 

interactions. As a result, many pulled-down complexes are either sensitive to 

RNase treatment or are directly performed in the presence of RNase inhibitors 

(J. F. Chu et al. 2019; Dictenberg et al. 2008; Fukuda et al. 2021; Kanai, Dohmae, 

and Hirokawa 2004; Mallardo et al. 2003). 

 

1.7.2. rec-YnH: a novel approach overcomes previous limitations  

 

To address the aforementioned constraints, it is essential to employ methods 

reporting direct protein-protein interactions rather than protein-RNA-protein 

interactions. Such approaches are fundamental in understanding the minimal 

components that are required for a given mRNA to be transported.  

 

One of the main methods used for the detection of direct protein interactions is yeast-

2-hybrid (Y2H) (Fields and Song 1989). The method (Figure 9A) relies on the 

expression of a reporter gene that is activated via the binding of a transcription factor. 

The latter consists of (1) an activation and (2) a DNA-binding domain, which are 
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independently fused to two proteins (bait and prey) for which an interaction is to be 

analyzed. The transcription of the reporter gene is only possible if the activation and 

binding domains are in close proximity to one another, which is dependent on an 

interaction between the bait and prey proteins. However, this protein-fragment 

complementation approach is time-consuming and labor-intensive, restricting it to 

the analysis of a smaller set of potential target protein interactors.  

 

To overcome the latter, the Maurer group has recently developed a novel high-

throughput, many-by-many screening approach (recombination yeast-n-hybrid, rec-

YnH) (Figure 9C) (Yang et al. 2018), which is based on the yeast-2-hybrid system, 

in order to identify direct interactions between neuronal microtubule motor proteins 

and RBPs that may account for functional mRNP transport complexes. In contrast 

to the yeast-2-hybrid method, which can only be used to test the interaction of a 

small set of bait and prey proteins at a time, rec-YnH makes use of homologous 

recombination in yeast in order to efficiently assemble entire bait-prey fusion 

libraries. This enables the screening of >1 million possible interactions (thousands 

of bait proteins x thousands of prey proteins). Instead of interaction selection in 

thousands of plates, as would be the case for yeast-2-hybrid, rec-YnH utilizes liquid-

gel culturing for interaction selection. This technique comprises the embedding of 

individual sets of potential protein interactors within a liquid growth medium. It is 

commonly used for many-by-many screenings, as it allows the analysis of multiple 

samples in a single experiment. Interaction partners are subsequently read-out via 

next-generation sequencing analysis, resulting in protein-protein interaction matrices 

(Figure 9C). 

 

To validate the obtained rec-YnH results, the Maurer group additionally analyzed 

selected interactions via the low-throughput NanoBRET (Machleidt et al. 2015) 

screening approach (unpublished data). The latter is based on bioluminescence 

resonance energy transfer (BRET) between two fluorophore-linked proteins that are 

in close proximity to each other (Figure 9B). It is thus complementary to the yeast-

2-hybrid method and likewise useful for the analysis of a small set of proteins. 

Whereas rec-YnH detects interactions in yeast nuclei, the NanoBRET approach 

detects interactions in the cytoplasm of yeast or mammalian cells. This is an 

important difference between the two screening approaches, as the focus of this 

thesis lies on interactions occurring in the cytoplasm, where microtubules and 

microtubule motor proteins reside.  
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Figure 9: Methods used to detect direct protein-protein interactions. (A) Yeast-2-hybrid (Y2H) 
is a low-throughput method that relies on the expression of a reporter gene that is activated via the 
binding of a transcription factor. The latter consists of an activation domain (AD) and a DNA-binding 
domain (BD), which are independently fused to two proteins (prey and bait, P1 and P2) for which an 
interaction is analyzed. The transcription of the reporter gene is only possible if the activation and 
binding domains are in close proximity to one another, which is dependent on an interaction between 
the prey and bait proteins. (B) The low-throughput NanoBRET method utilizes bioluminescence 
resonance energy transfer (BRET) between two proteins that are fused to fluorophores. Protein 1 
(P1) is linked to Nanoluciferase (NanoLuc), while protein 2 (P2) is linked to a HaloTag. When P1 and 
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P2 interact in the presence of the NanoLuc substrate and HaloTag ligand, the energy transfer from 
the energy donor (NanoLuc) to the energy acceptor (HaloTag) is enabled. (C) rec-YnH is a yeast-2-
hybrid-based, high-throughput method to determine direct protein-protein interactions. A large set of 
open reading frames (ORFs) of the human genome (ORF1, ORF2, ORF3, etc.) is transferred into 
rec-Y2H screening vectors, creating bait and prey vector libraries that are co-transformed into yeast. 
Via homologous recombination in yeast, these libraries are fused to generate bait-prey fusion 
libraries. Interaction selection is performed in liquid gel cultures, and interactions are read out via 
next-generation sequencing (NGS) analysis, resulting in protein-protein interaction matrices 
(interactions are indicated in pink).  

 

By validating selected rec-YnH interactions using the NanoBRET approach, 

potential false-positive hits are minimized. The combination of both screening 

methods thus offers valuable insights into the type of interactions that may be 

involved in forming functional mRNP complexes. 

 

1.7.3. In vitro reconstitution approaches 

 

Although rec-YnH and NanoBRET screening approaches provide crucial information 

on direct interactions between motor proteins and RBPs, it is important to 

reconstitute the proposed mRNP transport complexes to rule out any false positive 

hits.  

 

One way to do so would be by incubating the individual components with one another 

and performing gel filtration analyses. Although this method gives insights on 

interactions within the proposed mRNP transport complexes, high concentrations of 

individual components are required, weak interactions between them could 

potentially be missed, and only the average behavior of assembled complexes is 

represented, as the composition and stoichiometries of potential subcomplexes 

might not be detected. Furthermore, this method does not provide any information 

on the transport properties of the assembled complexes.  

 

In contrast, total internal reflection fluorescence microscopy (TIRF-M)-based in vitro 

reconstitution approaches represent a single-molecule method which (1) requires 

concentrations in the picomolar-range, (2) can detect stoichiometries of fully 

assembled mRNP transport complexes as well as subcomplexes, and (3) reports 

transport properties of the reconstituted mRNP transport system. Importantly, it can 

be used to prove which minimal set of proteins is necessary and sufficient to form a 

functional mRNP transport complex. In vitro reconstitution approaches have certain 

advantages over other biochemical methods as well as in vivo imaging approaches 

(see section 1.7.1), as they provide the precise control over (1) the 

presence/absence of all system components, (2) the concentrations of individual 

system components, and (3) a full characterization of the reconstituted system, 
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including velocities, distances traveled as well as particle sizes and oligomerization 

states of individual components and fully assembled mRNP complexes.  

 

In the past, this method has been commonly used to analyze microtubule-associated 

protein (transport) properties (Belyy et al. 2016; Bieling et al. 2010; Chiba et al. 2022; 

Henrichs et al. 2020; Hooikaas et al. 2019; Maurer et al. 2012; McKenney et al. 

2014b; Monroy et al. 2018; Reddy et al. 2016; Schlager, Hoang, et al. 2014; Trokter, 

Mücke, and Surrey 2012; Twelvetrees et al. 2016). Importantly, the method has also 

been adapted to investigate mammalian, fly and yeast mRNP transport systems (S. 

Baumann et al. 2020; S. J. Baumann et al. 2022; Gáspár et al. 2023; Heym et al. 

2013; McClintock et al. 2018; Sladewski et al. 2013). 

 

TIRF-M-based in vitro reconstitution approaches usually encompass the 

immobilization of one component of a given system, with other components of the 

system added in solution to study their interaction with the immobilized component 

(Bieling et al. 2010). The immobilized component can either be (1) a specific motor 

protein in order to measure its velocity in microtubule gliding assays, or (2) 

microtubules in order to study the dynamics of interacting proteins, including MAPs, 

motor proteins and mRNP transport complexes.  

 

To meet the specific requirements of studying mRNP transport mechanisms and 

properties, we adapted existing protocols (Bieling et al. 2010) to develop a suitable 

TIRF-M-coupled in vitro reconstitution approach (Figure 10) which is described in 

detail in the second publication resulting from this thesis (Grawenhoff, Baumann, 

and Maurer 2022)). The approach is based on the immobilization of microtubules 

and the analysis of motor protein, MAP, RBP/mRNA component interactions and 

transport properties on the microtubule lattice. It represents one of the main methods 

used in this thesis, and ultimately provides us with the means to study how purified 

and fluorescently labeled, recombinant proteins and mRNA (or RNA fragments) 

come together at the single-molecule level in the context of mRNA transport. 
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Figure 10: TIRF-M-coupled in vitro reconstitution assay. ~10 µl channels are prepared by 
attaching biotin-polyethylenglycol (biotin-PEG) coverslips to glass slides with two parallel strips of 
double-sided tape. Microtubules are assembled in vitro via polymerization of wild type, biotinylated 
and fluorescently labeled tubulin. They are stabilized and subsequently attached to the coverslips via 
NeutrAvidin, a deglycosylated avidin that has four biotin binding pockets. A solution containing motor 
proteins, RBPs and mRNA (or RNA fragments) is then flushed into the channel using a piece of 
Whatman® paper. TIRF-M allows to visualize the interactions of these system components in close 
proximity to microtubules. Figure adapted from (Grawenhoff, Baumann, and Maurer 2022). 

 

1.8. rec-YnH network: NXF1 and SRSF3 interact with motor 

proteins 

 

The rec-YnH screening approach (Yang et al. 2018) revealed numerous novel 

interactions between microtubule-associated and RNA-binding proteins not found in 

the existing literature. While some proteins show very few and selective interactions 

with other proteins, others are hubs for protein interactions, such as the major 

nuclear export factor (NXF1) of mRNA.  
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Strikingly, rec-YnH identifies a previously unknown interaction between NXF1 and 

light chains of both kinesin-1 and dynein, namely the kinesin-1 light chain 4 (KLC4) 

as well as the dynein light chain Tctex1 (unpublished rec-YnH screen data from the 

Maurer group, Figure 11). Considering that the NXF1, adaptor serine/arginine-rich 

splicing factor 3 (SRSF3), is a known regulator of 3’UTR length (see section 1.10.2), 

this network is of particular interest, as it proposes a yet unconfirmed functional 

connection between 3’UTR length regulation, mRNA export and microtubule motor 

protein-dependent mRNA transport.  

 

In this thesis, I thus chose to analyze and characterize the aforementioned rec-YnH 

network with the help of the developed TIRF-M-coupled in vitro reconstitution 

approach (see section 1.7.3) in order to assess whether the combination of a motor 

protein (kinesin-1/dynein), NXF1, SRSF3 and mRNA is necessary and sufficient to 

form a functional mRNP transport complex.  

 

In the following sections, I will provide an overview of the key rec-YnH network RBPs 

NXF1 and SRSF3. I will thereby focus on their respective established functions and 

explore how they might form a functional mRNP transport complex in neurons. 

 

 

 
Figure 11: Selected rec-YnH network.  (A) Interactions between kinesin-1/dynein light chains and 
NXF1 were identified via rec-YnH screening and verified via the NanoBRET approach whenever 
possible. Green: rec-YnH and NanoBRET positive; gray: rec-YnH positive, NanoBRET negative. (B) 
Cartoon representation of the rec-YnH network in (A). This network proposes a yet unconfirmed 
functional connection between NXF1/SRSF3 and kinesin-1- or dynein-based mRNA transport along 
microtubules. 
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1.9. NXF1 

 

1.9.1. Domains and established functions  

 

NXF1 is best-known for its function in the export of a large population of mRNAs 

(bulk mRNA) from the nucleus to the cytoplasm. It consists of five domains: an RNA-

binding domain (RBD), a pseudo-RNA recognition motif (ΨRRM) domain, a leucine-

rich repeat (LRR) domain, a nuclear transport factor 2-like (NTF2L) domain and a 

ubiquitin-associated domain (UBA) (Figure 12A). It has two distinct RNA-binding 

domains (RBDs) which are both essential for mRNA export (Braun et al. 2001; 

Hautbergue et al. 2008). With its N-terminal, arginine-rich RBD, it binds to bulk 

mRNA in an unspecific manner, while the ΨRRM-LRR domains constitute an RBD 

that specifically binds to mostly retroviral constitutive transport element (CTE) 

sequences (Teplova et al. 2011). During steady state, the N-terminal RBD is 

believed to undergo an intramolecular interaction with the NTF2L domain, resulting 

in the autoinhibition of NXF1, a state in which the N-terminal RBD is hidden and thus 

unable to bind RNA (Viphakone et al. 2012) (Figure 12B).  

 

 

 
 

 
Figure 12: NXF1 domains and autoinhibition. (A) NXF1 consists of five domains: an N-terminal 
RBD, a pseudo-RNA recognition motif (ΨRRM) domain, a leucine-rich repeat (LRR) domain, a 
nuclear transport factor 2-like (NTF2L) domain and a ubiquitin-associated domain (UBA). It has two 
RBDs: an N-terminal RBD and an RBD that is composed of the ΨRRM and LRR. With its NTF2L 
domain, it binds to its cofactor NXT1 (NXT1-binding domain, NXT1-BD), and the nuclear pore 
complex (NPC) is bound by both the NTF2L and the UBA domains (NPC-binding domain, NPC-BD). 
(B) NXF1 is autoinhibited in steady state: The N-terminal RBD undergoes an intramolecular 
interaction with the NTF2L domain. In this state, NXF1 cannot bind to mRNAs and instead requires 
adaptor proteins to relieve the autoinhibition and to activate mRNA binding. 

 

To relieve autoinhibition, NXF1 requires the binding of adaptors that trigger a 

conformational change and enable NXF1 to bind mRNA via its N-terminal RBD. 

There is a multitude of adaptors which bind to mRNA during transcription, splicing 

and further mRNA processing steps, and subsequently recruit NXF1 to promote the 
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export of mature mRNA (Hautbergue et al. 2008; Viphakone et al. 2012). The 

serine/arginine-rich splicing factor family (also known as SR proteins or SRSFs) 

functions as one of these NXF1 adaptors, with SRSF3 being the most potent adaptor 

from the SR protein family (Müller-McNicoll et al. 2016). 

 

1.9.2. Is NXF1 involved in mRNA transport in the cytoplasm? 

 

The literature indicates a well-established functional connection between members 

of the nuclear export factor (NXF) family and the cytoskeleton (reviewed in (Mamon 

et al. 2017)).  

 

Mus musculus NXF2 (mNXF2), Mus musculus NXF7 (mNXF7) and Homo sapiens 

NXF5 (hNXF5) have been found to associate with translating ribosomes and have 

been observed in processing bodies (P-bodies) and neuronal RNA granules, hinting 

at a potential function of NXF proteins in cytoskeleton-dependent mRNA transport 

(Jun et al. 2001; Katahira et al. 2008). In addition, mNXF2 was shown to interact with 

motor proteins and microtubule-associated proteins including Staufen1, KIF9, KIF17 

and the dynein light chain 1-like protein (Takano et al. 2007) in yeast-2-hybrid 

assays. It was also observed to form granules with KIF17 and mRNAs in dendrites 

of primary neurons, where it moves bidirectionally in a microtubule-dependent 

fashion (Takano et al. 2007). In addition, the Drosophila melanogaster NXF1 

orthologue (dNXF1) is found to be localized in the cytoplasm in SL2 cells (Herold, 

Klymenko, and Izaurralde 2001) and is observed to be a component of cytoplasmic 

mRNP granules in neurites of mature Drosophila melanogaster neurons (Yakimova 

et al. 2016). 

 

Homo sapiens NXF1 (hNXF1, hereafter referred to as NXF1), is predominantly 

known to localize to the nucleoplasm or the nuclear rim (Bear et al. 1999) as well as 

the cytoplasmic side of the nuclear pore complex (Ben-Yishay et al. 2019). 

Nevertheless, several studies suggest that NXF1 can also be found in the cytoplasm, 

which will be discussed below with respect to mRNA localization.   

 

NXF1 is often described to only be a functional export factor if it is in a complex with 

its adaptor NXT1, with which it interacts via its NTF2L domain (Katahira et al. 2015). 

Interestingly though, in an early study, Jin et al. determined that NXF1 – but not its 

co-factor NXT1 – is associated with polysomes in 293T cells together with CTE-

containing viral RNA (Jin et al. 2003), and thus propose that NXF1 plays a 

cytoplasmic role in the translational regulation of mRNA.  
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In addition, Saito et al. investigated the interaction between NXF1 and the neuronal 

RBD HuD and found that both proteins are partially localized to the apical end of 

neurites and somata of neuronal PC12 cells (Benita Wiatrak,Adriana Kubis-Kubiak 

2020; Saito et al. 2004). Considering that HuD binds mRNAs containing AU-rich 

elements (Caput et al. 1986; Ma, Chung, and Furneaux 1997) which it exports from 

the nucleus via NXF1, the authors hypothesize that NXF1 could play a role in mRNA 

localization to neurites via an interaction with adaptor proteins like HuD and SR 

proteins (Saito et al. 2004). 

 

Finally, in a more recent study performed in HeLa cells, NXF1 and CTE-derived 

Mason-Pfizer monkey virus RNA were observed to traffic together towards the 

microtubule-organizing center in a microtubule-dependent fashion (Pocock et al. 

2016). Considering that the RNA clusters with microtubule minus ends at the 

microtubule organizing center, Pocock et al. hypothesize that microtubule motor 

proteins, in particular minus end-directed dynein, might be involved in NXF1-

dependent viral RNA trafficking. The study also revealed that upon reaching the 

microtubule organizing center, the RNA demonstrates bidirectional transport along 

microtubules in accordance with the velocity of a plus end-directed motor, leading to 

the hypothesis that a kinesin might additionally be involved in the process.  

 

In conclusion, several studies have shown that NXF family proteins interact with 

motor proteins and are localized in RNA granules. NXF1 itself has been shown to 

localize to the cytoplasm, where it is reported to interact with an mRNA-bound export 

adaptor and is transported with viral RNA via minus- and plus end-directed motor 

proteins. The selected rec-YnH network, suggesting for the first time a direct 

interaction between NXF1 and kinesin-1/dynein light chains, thus agrees well with 

existing data in the literature. Nevertheless, the direct interaction with microtubule 

motor proteins has to be validated, and the assembly of NXF1, mRNA and potential 

additional components within an mRNA transport complex, as well as potential 

transport properties, remain to be analyzed.  

 

1.10. SRSF3  

 

1.10.1. Domains and established functions  

 

SRSF3 (initially named SRp20 according to its molecular weight of ~20 kDa), a 

potent NXF1 adaptor protein (Müller-McNicoll et al. 2016), belongs to the family of 

SR proteins that are conserved in metazoans and plants. They were initially 

identified as regulators of constitutive and alternative pre-mRNA splicing (reviewed 

in (Änkö 2014a)) and more recently described to fulfill a multitude of additional 



30 

 

functions in the cell (reviewed in (Slišković, Eich, and Müller-McNicoll 2022)), 

regulating every step of the mRNA life cycle, including 3’end processing, mRNA 

export, mRNP packaging, mRNA stability as well as translation.  

 

The SR protein family consists of 12 canonical members that contain an RRM at 

their N-terminus and a highly unstructured arginine/serine (RS)-rich domain (RS 

domain) of at least 50 amino acids with an RS content of >40% (Manley and Krainer 

2010) at their C-terminus. In addition to the N-terminal RRM, some SR proteins 

contain a ΨRRM domain (also called RRM homology domain), which is 

characterized by an atypical RRM fold. SRSF3 is the smallest protein of the SR 

protein family (Jeong 2017) with only 164 amino acids and an RS content of 69% 

(Wegener and Müller-McNicoll 2019) (Figure 13A). 

 

SR proteins interact with mRNAs mostly via their RRMs. mRNA-binding specificity 

is thereby conferred via the number of RRMs, their spacing and the presence or 

absence of an additional Zn2+ knuckle. Interestingly, many binding motifs can be 

found for individual members of the SR protein family, and their motifs are short and 

degenerate (reviewed in (Änkö 2014a), see section 1.10.3). 

 

 

 

 
Figure 13: SRSF3 domains and influence on 3'UTR length. (A) SRSF3 has two domains: an RNA 
recognition motif (RRM) as well as a highly unstructured, arginine- and serine-rich domain (RS 
domain). The RS domain is mainly important for protein-protein interactions (protein-binding domain 
(protein-BD)), it can however also interact with mRNA (RBD). In contrast, the RRM is solely 
responsible for mRNA binding. (B) SRSF3 promotes distal polyadenylation site (PAS) selection, 
resulting in the generation of long 3’UTRs. 

 

In contrast to the RRM, the RS domain is mainly responsible for protein-protein 

interactions (J. Y. Wu and Maniatis 1993), although it has also been described to 

interact with mRNA (reviewed in (Hertel and Graveley 2005)). The high amount of 

serines in the RS domain can be phosphorylated reversibly, and phosphorylation 
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plays an important role in regulating SR protein activity, subcellular localization and 

their biological functions. There are two classes of kinases, SRPKs and CLKs, which 

specifically phosphorylate SR proteins (Aubol et al. 2013): SRPK-mediated 

phosphorylation in the cytoplasm is essential for the nuclear import of SR proteins 

as well as their localization to nuclear speckles (Lai, Lin, and Tarn 2001), whereas 

CLK-mediated hyperphosphorylation in the nucleus is required for SR protein 

recruitment to transcription sites and the assembly of the spliceosome. Two 

phosphatases, PP1 and PP2A, dephosphorylate SR protein during splicing, resulting 

in the release of the spliceosome. The dephosphorylation is furthermore essential 

for the recruitment of NXF1 (see section1.11.1) and thus crucial for mRNP packaging 

and the export of mature mRNAs from the nucleus to the cytoplasm (reviewed in 

(Wegener and Müller-McNicoll 2019)).  

 

1.10.2. SRSF3 regulates 3’UTR length 

 

Two SR proteins have recently emerged as regulators of 3’UTR length by influencing 

the choice of proximal or distal polyadenylation sites. Via two mechanisms, SRSF3 

promotes distal polyadenylation site selection, resulting in the generation long 

3’UTRs (Figure 13B): Firstly, it directly counteracts SRSF7, another SR protein 

family member which promotes the generation of short 3’UTRs, and secondly, it 

maintains high levels of cleavage factor Im, the absence of which decreases 3’UTR 

length (Schwich et al. 2021).  

 

The alternative choice of polyadenylation site is thought to influence the export 

efficiency of a given mRNA. By promoting distal polyadenylation site selection, 

SRSF3 increases the abundance of regulatory motifs (see section 1.6.2) and 

potential NXF1 binding sites, facilitating NXF1-based export of SRSF3/mRNA 

complexes (Müller-McNicoll et al. 2016).  

 

1.10.3. SRSF3 motifs in neuropil-localized mRNAs 

 

Besides being important for NXF1-mediated mRNA export, there are several 

indications in the literature hinting at a potential function of SRSF3 in accompanying 

mRNAs from the nucleus to distal locations in the neuropil. 

 

In a massively parallel reporter assay for mRNA localization, the Moor group recently 

analyzed ~50,000 sequences and 3’UTRs of more than 300 genes, and determined 

that 3’UTR-dependent localization is the result of either (1) defined localization 

elements encoded in a 3’UTR or (2) a broader localization potential derived from the 
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contribution of several sequences in a given 3’UTR. In order to test whether RBPs 

are the drivers of localization via these localized or dispersed motifs, they mutated 

individual sequences, one of which contains the core motif CNYC (C: cytosine; N: 

any nucleotide; Y: cytosine or uracil; see section 1.11.2) recognized by SRSF3. In 

both analyzed cell lines, CAD and Neuro-2a, the wild type sequence containing 

UCUUCU (core SRSF3 motif underlined) was significantly enriched in the neurite 

fraction. The mutation of this sequence resulted in a significant decrease in neurite 

enrichment (Mikl et al. 2021), suggesting a function of SRSF3 in the targeting of 

mRNAs to the neuropil.   

 

In a different study, Middleton et al. assessed the dendritic targeting capacity of 

differentially expressed/localized mRNAs, specifically focusing on identifying known 

RBP motifs that might be drivers of dendritic mRNA localization. Strikingly, they 

report that the highest enrichment for dendritic vs. somatic localization was observed 

for the sequence AUCAWCG (W: adenine or uracil, core SRSF3 motif underlined) 

(Middleton, Eberwine, and Kim 2019). Interestingly, this motif was also more 

enriched than guanine quadruplex RNA structures (G-quadruplexes) which have 

previously been implicated in promoting dendritic localization (Subramanian et al. 

2011) and are often found in the 3’UTR of well-known dendritically localizing mRNAs 

such as BDNF and CamKII mRNAs Based on this observation, Middleton et al. 

suggest that SRSF3, via potential motif inclusion and recruitment of NXF1, might be 

involved in at least the early steps of dendritic mRNA localization (Middleton, 

Eberwine, and Kim 2019).  

 

In conclusion, SRSF3 is an RBP that promotes the generation of long 3’UTRs to 

which it recruits NXF1, resulting in the export of NXF1/SRSF3/mRNA complexes 

from the nucleus to the cytoplasm. Different groups have reported an enrichment of 

the core SRSF3 motif in neuropil-localized mRNAs, deletion of which results in their 

accumulation in the soma. This leads to the hypothesis that SRSF3 may play a 

crucial role in guiding mRNAs to distal compartments in neurons. Nevertheless, 

whether NXF1/SRSF3/mRNA complexes can be transported along the microtubule 

cytoskeleton via motor proteins, as well as potential transport properties of this 

proposed complex, remain to be analyzed.  
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1.11. Interactions between NXF1/SRSF3-mRNP components 

 

1.11.1. How do NXF1 and SRSF3 interact? 

 

The association between NXF1 and SRSRF3 is postulated to take place subsequent 

to the completion of nuclear splicing, as the splicing-dependent dephosphorylation 

of SRSF3 is necessary for its interaction with NXF1 (Y. Huang, Yario, and Steitz 

2004; Lai and Tarn 2004). This indicates the presence of a control mechanism that 

ensures the selective transport of only mature mRNA from the nucleus to the 

cytoplasm. 

  

The interaction between SR proteins and NXF1 has been investigated by several 

groups and is generally described as a direct interaction (Hargous et al. 2006; 

Yingqun Huang et al. 2003; Lai and Tarn 2004; Tintaru et al. 2007), although mostly 

determined using indirect methods (see section 1.7.1).  

 

In pull-down experiments, Huang et al. show that immobilized NXF1 interacts with 

SRSF3 in HeLa cell nuclear extract. They further report that the N-terminal region of 

NXF1 (aa 1-362) is responsible for this interaction (Yingqun Huang et al. 2003) 

(Figure 14). Of note, pull-down experiments were performed in the presence of 

RNase A, suggesting that mRNA is not necessary for this interaction to occur.  

 

Similarly, based on pull-down experiments using immobilized NXF1/NXT1 and 

SRSF3 synthesized in rabbit reticulocyte lysate, Hargous et al. report that the 

interaction between NXF1 and SRSF3 is dependent on the linker between the 

SRSF3 RRM and RS domains, a short stretch of arginine-rich residues (EKRSRNR) 

(Figure 14). Mutation of the arginine residues prevented an interaction between 

SRSF3 and NXF1, which was further confirmed via co-immunoprecipitation. Of note, 

pull-down experiments were conducted in the presence of RNase, while co-

immunoprecipitation experiments were performed following alkaline phosphatase 

and RNase treatment (Hargous et al. 2006). These findings provide support to the 

notion that mRNA is not required for bridging the interaction between NXF1 and 

dephosphorylated SRSF3.  
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Figure 14: The interaction between NXF1 and SRSF3. The NXF1/SRSF3 interaction is often 
described as direct. Based on pull-down experiments (Hargous et al. 2006; Yingqun Huang et al. 
2003), the N-terminal region of NXF1 is proposed to interact with the linker between the RRM and 
RS domain of SRSF3, more specifically with the arginine residues (marked in red) in the linker 
sequence.  

 

1.11.2. How do SRSF3 and NXF1 interact with bulk mRNA? 

 

Due to their functional differences, individual SR proteins were long believed to bind 

mRNA in a sequence-specific manner. Various techniques, such as systematic 

evolution of ligands by exponential enrichment (SELEX), (i)CLIP (reviewed in (Jeong 

2017)) as well as nuclear magnetic resonance spectroscopy approaches (Hargous 

et al. 2006) have since been used to identify SR protein motifs.  

 

In accordance with SELEX approaches (Cavaloc et al. 1999; Schaal and Maniatis 

1999) that revealed the consensus SRSF3 motif CYYC (C: cytosine; Y: pyrimidine), 

more recent iCLIP studies led to the identification of a matching core motif, CNYC 

(C: cytosine; N: any nucleotide; Y: pyrimidine) (Änkö et al. 2012; Müller-McNicoll et 

al. 2016). The unspecific recognition of distinct nucleotides in the motif explains the 

diversity of the reported SRSF3 binding sequences (reviewed in (Änkö 2014a)): 

nuclear magnetic resonance spectroscopy-derived solution structures of the SRSF3 

RRM in complex with the 4 nucleotide RNA sequence CAUC (Hargous et al. 2006) 

have shown that only the 5’cytosine is recognized in a specific manner, whereas the 

3’cytosine is favored over other nucleotides at this position. Both of them are 

stabilized in the −sheet of the SRSF3 RRM via hydrogen bond formation. The 

remaining nucleotides, on the other hand, are barely stabilized, allowing for 

interchangeable nucleotides at positions 2 and 3.  

 

Interestingly, recent iCLIP data shows that NXF1 and SRSF3 bind to the 3’UTR of 

mRNAs in close proximity to each other (within a 60 nucleotide window). Consistent 

with this, the interaction of NXF1 and SRSF3 in pull-down studies is lost upon 

prolonged treatment with RNase, favoring the hypothesis that the NXF1/SRSF3 

interaction is stabilized by mRNA (Müller-McNicoll et al. 2016), although previous 
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studies reported an mRNA-independent interaction between the two proteins 

(Hargous et al. 2006; Yingqun Huang et al. 2003) (see section 1.11.1). Finally, in 

vivo iCLIP data provided additional insights into the recruitment of NXF1 to 3’UTRs 

by SRSF3 in cells: The binding motif of NXF1 was found to be highly similar to that 

of SRSF3 in 3’UTRs, while it differed in other regions of the mRNA (Müller-McNicoll 

et al. 2016). Considering that SRSF3 predominantly binds to the 3’UTR of mRNAs, 

this suggests that SRSF3 recruits NXF1 to these SRSF3 binding sites in 3’UTRs. 

 

In conclusion, NXF1 is proposed to interact with the RRM-RS linker of SRSF3, 

confirming the direct interaction between NXF1 and SRSF3 found in the rec-YnH 

screen. This interaction is likely stabilized by mRNA, considering that (1) NXF1 and 

SRSF3 bind in close proximity to each other in the 3’UTR of mRNAs and (2) the 

interaction is lost upon prolonged RNase treatment. The NXF1/SRSF3/mRNA 

complex that travels from the nucleus to the cytoplasm thus comprises interactions 

of all components with each other, forming a stable mRNP complex. 

 

1.12. Why study the selected rec-YnH network?  

 

Overall, the direct interactions identified in the selected rec-YnH network (see 

section 1.8, Figure 11), comprising light chains of kinesin-1 and dynein, the export 

factor NXF1 and the 3’UTR length regulator SRSF3, combine previously reported 

interactions (NXF1-SRSF3) with newly identified interactions (KLC4/Tctex1-NXF1). 

Both types of interactions are either supported by substantial evidence or match 

observations made in previous studies (see sections 1.9.2 and 1.11.1): 

 

a) The interaction between NXF1 and SRSF3 has been analyzed by several 

groups (Hargous et al. 2006; Yingqun Huang et al. 2003; Müller-McNicoll et 

al. 2016), and is proposed to be a direct interaction that is stabilized by mRNA 

(Müller-McNicoll et al. 2016). 

 

b) NXF1 has been implicated in bidirectional viral RNA trafficking (Pocock et al. 

2016) and other NXF family proteins have been reported to (1) interact with 

motor proteins, (2) be present in RNA granules, (3) be involved in 

(bidirectional) mRNA transport (Herold, Klymenko, and Izaurralde 2001; Jun 

et al. 2001; Katahira et al. 2008; Takano et al. 2007; Yakimova et al. 2016). 

 

Based on the selected rec-YnH network, NXF1 is proposed to be the central factor 

connecting microtubule motor proteins with SRSF3/mRNA complexes, and would 

thus represent a novel, yet unconfirmed motor/mRNA adaptor. Furthermore, NXF1 
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links mRNA transport to SRSF3 which has been suggested to regulate 3’UTR length 

and mRNA localization in previous studies (see sections 1.10.2 and 1.10.3):  

 

a) SRSF3 promotes the generation of long 3’UTRs to which it remains bound to 

during NXF1 recruitment and export from the nucleus to the cytoplasm 

(Müller-McNicoll et al. 2016). 

 

b) SRSF3 motifs are enriched in neuropil-localized mRNAs, and deletion of 

sequences that include the core SRSF3 motif results in their accumulation in 

the soma (Middleton, Eberwine, and Kim 2019; Mikl et al. 2022). 

 

Hence, if confirmed by further analyses, this rec-YnH network would represent the 

first reported link between 3’UTR length regulation, mRNA export and mRNA 

localization, making it an exciting network to study in the context of mRNA transport. 
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2. MOTIVATION 

 

The precise localization of neuronal mRNAs is a fundamental process that has 

fascinated researchers for decades, as it serves as the first step in ensuring the local 

translation of proteins at defined sites within the neuron.  

 

Although neurons harbor thousands of localized mRNAs (Cajigas et al. 2012; Gumy 

et al. 2011; Middleton, Eberwine, and Kim 2019; Zivraj et al. 2010), there is only a 

limited amount of motor proteins that can transport these mRNAs. In the mRNA 

localization field, it thus remains to be understood (1) how these mRNAs are 

selectively packaged and precisely delivered within neurons; (2) whether there are 

specific, yet unknown adaptor proteins that connect specific mRNAs to motor 

proteins; and (3) which factors define the final destination of an mRNA within 

neurons.  

 

To date, the exact mechanisms with which neuronal mRNAs are coupled to motor 

proteins and reach their final destination remain mostly unknown. Numerous 

publications have reported a multitude of proteins that are suggested to be involved 

in mRNA transport, however, the employed methods predominantly report indirect 

interactions and are not able to disentangle pleiotropic effects from actual functions 

in mRNA transport. The identification of direct interactions and the reconstitution of 

these interactions are thus necessary to verify whether and how the associated 

proteins are involved in mRNA transport.  

 

The recently developed rec-YnH interaction screen (Yang et al. 2018) revealed a 

network that suggests direct interactions between the light chains of microtubule 

motor proteins kinesin-1 and dynein, the main nuclear export factor of bulk mRNA, 

NXF1, and a 3’UTR length regulator, SRSF3. The established functions of the 

individual network components suggest an mRNA transport system (Figure 15) in 

which (1) SRSF3 promotes the generation of long 3’UTRs in the nucleus, (2) NXF1 

is recruited to these long 3’UTRs, (3) NXF1 exports the SRSF3/mRNA complexes 

from the nucleus to the cytoplasm, (4) NXF1/SRSF3/mRNA complexes are recruited 

to microtubule motor proteins via the NXF1/light chain interaction, and (5) 

microtubule motor proteins transport the NXF1/SRSF3/mRNA complexes to their 

final destination in the neuropil. As both NXF1 and SRSF3 are suggested to bind to 

the 3’UTR of mRNAs at neighboring positions while simultaneously interacting with 

one another, we hypothesize that the transported mRNP is stable and can thus reach 

distal destinations within neurons. 
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Figure 15: Proposed mRNA transport system based on the selected rec-YnH network. The 
assembly of the proposed mRNA transport system is suggested to follow these steps: (1) SRSF3 
promotes the generation of long 3’UTRs in the nucleus, (2) NXF1 is recruited to these long 3’UTRs, 
(3) NXF1 exports the SRSF3/mRNA complex from the nucleus to the cytoplasm, (4) 
NXF1/SRSF3/mRNA complexes are recruited to microtubule motor proteins (here exemplified for 
kinesin-1) via the NXF1/light chain interaction, (5) microtubule motor proteins transport the 
NXF1/SRSF3/mRNA complexes to their final destination in the neuropil. 

 

As described above, TIRF-M-coupled in vitro reconstitution approaches represent a 

very useful method to validate whether a given network comprises the minimal 

factors both necessary and sufficient for the formation of a functional mRNP 

transport complex. 

 

In this thesis, I was hence interested in answering the following questions using the 

developed TIRF-M-coupled in vitro reconstitution approach (Grawenhoff, Baumann, 

and Maurer 2022): 

 

1) Is NXF1 transported by microtubule motor proteins? 

 

2) Are NXF1 and SRSF3 co-transported by microtubule motor proteins? 
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3) Are NXF1/SRSF3 the minimal components that tether mRNAs to microtubule 

motor proteins?  

 

4) Which SRSF3 motifs are recognized by the proposed mRNP transport 

complex? 

 

5) Do the NXF1/SRSF3/mRNA complexes remain stable or fall apart during 

motor protein-based transport? 

 

In the following sections, I will describe the work accomplished in order to address 

these questions.   
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3. MATERIALS & METHODS  

 

3.1. Cloning  

 

Cloning of all protein constructs was performed by Magüi Gili (Maurer group). For 

individual protein constructs, the N- or C-terminal placements of solubility, 

purification and/or fluorescent labeling tags were determined based on literature 

information on protein domains implicated in the interaction with other proteins. 

Additionally, to minimize the number of constructs generated, protein constructs 

were generally designed with fluorescent labeling tags that were separated from the 

core proteins via protease cleavage sites. This enabled the expression and 

purification of both fluorescently labeled and unlabeled proteins using the same 

construct.  

 

3.1.1. NXF1(-SNAP) 

 

The Nxf1 coding region was PCR-amplified from a codon-optimized version of 

human Nxf1 (accession no.: NM_006362.5) and inserted by Gibson assembly into a 

pCoofy17 backbone vector for expression in E. coli. This resulted in a recombinant 

Nxf1 gene N-terminally flanked by a Protein A solubility tag (ZZ-tag) and the HRV-

3C protease cleavage site, as well as C-terminally flanked by the TEV protease 

cleavage site, a linker sequence (ILGAPSGGGATAGAGGAGGPAGLIN), a self-

labeling protein tag (SNAP-tag), another HRV-3C protease cleavage site and a His-

tag. The final construct was validated by sequencing of the entire open-reading 

frame and named pCoofy17_ZZ-3C-NXF1-TEV-HL-SNAP-3C-His.  

 

3.1.2. (SNAP-)SRSF3 

 

The Srsf3 coding region was PCR-amplified from a codon-optimized version of 

mouse Srsf3 (accession no.: NM_013663.5) and inserted by Gibson assembly into 

a pCoofy17 backbone vector for expression in E. coli. This resulted in 3 different 

constructs: (1) a recombinant Srsf3 gene N-terminally flanked by an N-utilization 

substance protein A (NusA) solubility tag and the small ubiquitin-like modifier 3 

(SUMO3) protease cleavage site, as well as C-terminally flanked by the HRV-3C 

protease cleavage site and a Twin-Strep-tag; (2) a recombinant Srsf3 gene N-

terminally flanked by a maltose-binding protein (MBP) solubility tag and the SUMO3 

protease cleavage site, as well as C-terminally flanked by the HRV-3C protease 

cleavage site and a Twin-Strep-tag; and (3) a recombinant Srsf3 gene N-terminally 

flanked by a NusA solubility tag, the SUMO3 protease cleavage site and a SNAP-



42 

 

tag, as well as C-terminally flanked by the HRV-3C protease cleavage site and a 

Twin-Strep-tag. The final constructs were validated by sequencing of the entire 

open-reading frame and named pCoofy17_NusA-SUMO3-SRSF3-3C-Strep, 

pCoofy17_MBP-SUMO3-SNAP-SRSF3-3C-Strep and pCoofy17_NusA-SUMO3-

SNAP-SRSF3-3C-Strep. 

 

3.1.3. (SNAP-)FEZ2 

 

The Fez2 coding region was PCR-amplified from a codon-optimized version of 

mouse Fez2 (accession no.: NM_001285940.1) and inserted by Gibson assembly 

into a pCoofy17 backbone vector for expression in E. coli. This resulted in a 

recombinant Fez2 gene N-terminally flanked by a Protein A solubility tag (ZZ-tag), 

the HRV-3C protease cleavage site, a SNAP-tag, the SUMO3 protease cleavage 

site, as well as C-terminally flanked by another HRV-3C protease cleavage site and 

a Twin-Strep-tag. The final construct was validated by sequencing of the entire open-

reading frame and named pCoofy17_ZZ-3C-SNAP-SUMO3-FEZ2-3C-Strep. 

 

3.1.4. RTRAF(-SNAP) 

 

The Rtraf coding region was PCR-amplified from a codon-optimized version of 

mouse Rtraf (accession no.: NM_026528.3) and inserted by Gibson assembly into 

a pCoofy17 backbone vector for expression in E. coli. This resulted in a recombinant 

Rtraf gene N-terminally flanked by a NusA solubility tag, a SUMO3-tag, as well as 

C-terminally flanked by a linker sequence (ILGAPSGGGATAGAGGAGGPAGLIN), a 

SNAP-tag, an HRV-3C protease cleavage site and a Twin-Strep-tag. The final 

construct was validated by sequencing of the entire open-reading frame and named 

pCoofy17_NusA-SUMO3-RTRAF-HL-SNAP-3C-Strep. 

 

3.1.5. NudT21(-SNAP) 

 

The NudT21 coding region was PCR-amplified from a codon-optimized version of 

mouse NudT21 (accession no.: NM_026623.3) and inserted by Gibson assembly 

into a pCoofy17 backbone vector for expression in E. coli. This resulted in a 

recombinant NudT21 gene N-terminally flanked by a Protein A solubility tag (ZZ-tag) 

and an HRV-3C protease cleavage site, as well as C-terminally flanked by a TEV 

protease cleavage site, a linker sequence (ILGAPSGGGATAGAGGAGGPAGLIN), 

a SNAP-tag, another HRV-3C protease cleavage site and a His-tag. The final 

construct was validated by sequencing of the entire open-reading frame and named 

pCoofy17_ZZ-3C-NudT21-TEV-HL-SNAP-3C-His. 
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3.1.6. (SNAP-)KIF5A 

 

The Kif5a coding region was PCR-amplified from a codon-optimized version of 

mouse Kif5a (accession no.: NP_001034089.1) and inserted by Gibson assembly 

into a pLIB backbone vector from the biGBac system for expression in Spodoptera 

frugiperda insect cells. This resulted in a recombinant Kif5a gene N-terminally 

flanked by a Twin-Strep-tag, an HRV-3C protease cleavage site, a SNAP-tag, a 

linker sequence (ILGAPSGGGATAGAGGAGGPAGLIN) and a TEV protease 

cleavage site. The final construct was validated by sequencing of the entire open-

reading frame and named pLIB_Strep-3C-SNAP-HL-TEV-KIF5A. 

 

3.1.7. KLC4 / KLC4-SNAP 

 

The Klc4 coding region was PCR-amplified from a codon-optimized version of 

mouse Klc4 (accession no.: NM_029091.3) and inserted by Gibson assembly into a 

pLIB backbone vector from the biGBac system for expression in Spodoptera 

frugiperda insect cells. This resulted in 2 different constructs: (1) a recombinant Klc4 

gene C-terminally flanked by a TEV protease cleavage site, a linker sequence 

(ILGAPSGGGATAGAGGAGGPAGLIN), a SNAP-tag, an HRV-3C protease 

cleavage site and a His-tag; and (2) a recombinant Klc4 gene without any additional 

solubility, affinity or fluorescent labeling tags. The final constructs were validated by 

sequencing of the entire open-reading frame and named pLIB_KLC4-TEV-HL-

SNAP-3C-His and pLIB_KLC4. 

 

3.2. Protein expression 

 

All recombinant proteins used in this work were expressed either in E. coli strains or 

Spodoptera frugiperda cells. Protein expression in Spodoptera frugiperda cells was 

performed by Magüi Gili (Maurer group). In general, two versions of each wild type 

protein were expressed: (1) the unmodified protein lacking any further tags, and (2) 

the wild type version of the protein modified with an additional SNAP-tag that was 

later labeled with fluorescent dyes.   

 

3.2.1. Expression of NXF1(-SNAP) 

 

BL21-AI™ One Shot™ Chemically Competent E. coli (Invitrogen) were transformed 

with the corresponding plasmid (pCoofy17_ZZ-3C-NXF1-TEV-HL-SNAP-3C-His) for 

the expression of NXF1 and NXF1-SNAP, respectively.  Protein expression in LB 

medium supplemented with kanamycin was induced via the addition of 0.5 mM 
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isopropyl β-D-1-thiogalactopyranoside (IPTG) and 0.2% L-arabinose at an optical 

density (OD)600=0.8 for 16 h at 200 rpm, 18°C. Bacteria were harvested by 

centrifugation (4,000 x g, 4°C, 20 min), and pellets were stored at -80°C.  

 

3.2.2. Expression of SRSF3 and SNAP-SRSF3 

 

Since bacterial expression conditions yielding soluble full-length SRSF3 could not 

be found in literature (Hargous et al. 2006; Yingqun Huang et al. 2003), different 

parameters for the expression of SRSF3 were tested in a small-scale expression 

test using 2 ml LB cultures supplemented with kanamycin. These parameters 

included 2 different E. coli strains (BL21-CodonPlus(DE3)-RIL and Rosetta™ 

(DE3)pLysS), 2 N-terminal solubility tags (MBP-tag and NusA-tag (Raran-kurussi 

and Waugh 2012; Raran-Kurussi and Waugh 2014)) as well as 3 different expression 

conditions with varying IPTG concentrations, temperatures and total expression 

times: (1) 1 mM IPTG, 37°C, 3 h; (2) 0.5 mM IPTG, 25°C, 5 h; (3) 0.1 mM IPTG, 

18°C, 16 h.  For each of the conditions, 1 ml samples were taken, sonicated (with a 

small tip) using a Sonicator (Branson) (amplitude: 37%, 0.3 s pulse on/ 0.3 s pulse 

off, room temperature) and subsequently analyzed via SDS-PAGE and Coomassie 

staining.   

 

For the large-scale expression of SRSF3, Rosetta™(DE3)pLysS Competent Cells 

(Novagen) were transformed with the corresponding plasmids (pCoofy17_NusA-

SUMO3-SRSF3-3C-Strep/ and pCoofy17_NusA-SUMO3-SNAP-SRSF3-3C-Strep) 

for the expression of SRSF3 and SNAP-SRSF3, respectively. Protein expression in 

LB medium supplemented with kanamycin was induced via the addition of 0.1 mM 

IPTG at an OD600=0.5 for 16 h at 200 rpm, 18°C. Bacteria were harvested by 

centrifugation (4,000 x g, 4°C, 20 min), and pellets were stored at -80°C.  

 

3.2.3. Expression of (SNAP-)FEZ2 

 

BL21-CodonPlus(DE3)-RIL E. coli (Agilent) were transformed with the 

corresponding plasmid (pCoofy17_ZZ-3C-SNAP-SUMO3-FEZ2-3C-Strep) for the 

expression of FEZ2 and SNAP-FEZ2, respectively. Protein expression in LB medium 

supplemented with kanamycin was induced via the addition of 0.5 mM IPTG at an 

OD600=0.8 for 16 h at 200 rpm, 18°C. Bacteria were harvested by centrifugation 

(4,000 x g, 4°C, 20 min), and pellets were stored at -80°C.  
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3.2.4. Expression of RTRAF(-SNAP)  

 

BL21-CodonPlus(DE3)-RIL E. coli (Agilent) were transformed with the 

corresponding plasmid (pCoofy17_NusA-SUMO3-RTRAF-HL-SNAP-3C-Strep) for 

the expression of RTRAF and RTRAF-SNAP, respectively. Protein expression in LB 

medium supplemented with kanamycin was induced via the addition of 0.5 mM IPTG 

at an OD600=0.8 for 16 h at 200 rpm, 18°C. Bacteria were harvested by centrifugation 

(4,000 x g 4°C, 20 min), and pellets were stored at -80°C.  

 

3.2.5. Expression of NudT21(-SNAP) 

 

BL21-AI™ One Shot™ Chemically Competent E. coli (Invitrogen) were transformed 

with the corresponding plasmid (pCoofy17_ZZ-3C-NudT21-TEV-HL-SNAP-3C-His) 

for the expression of NudT21 and NudT21-SNAP, respectively.  Protein expression 

in LB medium supplemented with kanamycin was induced via the addition of 0.5 mM 

IPTG and 0.2% L-arabinose at an OD600=0.8 for 16 h at 200 rpm, 18°C. Bacteria 

were harvested by centrifugation (4,000 x g, 4°C, 20 min), and pellets were stored 

at -80°C.  

 

3.2.6. Expression of KIF5A HC 

 

800 ml Sf21 II cell suspension at 1.5x10e6 cells/ml were infected with 800 µl of a V1 

Baculovirus (pLIB_Strep-3C-SNAP-HL-TEV-KIF5A) and incubated in a 2 l flask in a 

shaker-incubator (100 rpm, 27ºC, 3 days). Cells were harvested by centrifugation 

(2,000 x g, 4ºC, 15 min), resuspended in cold 1x PBS and centrifuged again (2,000 

x g, 4ºC, 15 min). The supernatant was discarded and the pellet was frozen in liquid 

N2 and stored at -80ºC. 

 

3.2.7. Co-Expression of (SNAP-)KIF5A HC and KLC4 

 

800 ml Sf21 III cell suspension at 1.5x10e6 cells/ml were infected with 800 µl of a 

V1 Baculovirus (pLIB_Strep-3C-SNAP-HL-TEV-KIF5A) and with 400 µl of a V1 

Baculovirus (pLIB_KLC4) and incubated in a 2 l flask in a shaker-incubator (100 rpm, 

27ºC, 3 days). Cells were harvested by centrifugation (2,000 x g, 4ºC, 15 min), 

resuspended in cold 1x PBS and centrifuged again (2,000 x g, 4ºC, 15 min). The 

supernatant was discarded and the pellet was frozen in liquid N2 and stored at -80ºC. 

3.2.8. Co-Expression of KIF5A HC and KLC4-SNAP 
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600 ml Sf21 II cell suspension at 2x10e6 cells/ml were infected with 800 µl of a V1 

Baculovirus (pLIB_Strep-3C-KIF5A) and with 1000 µl of a V1 Baculovirus 

(pLIB_KLC4-TEV-HL-SNAP-3C-His) and incubated in a 2 l flask in a shaker-

incubator (100 rpm, 27ºC, 3 days). Cells were harvested by centrifugation (2,000 x 

g, 4ºC, 15 min), resuspended in cold 1x PBS and centrifuged again (2,000 x g, 4ºC, 

15 min). The supernatant was discarded and the pellet was frozen in liquid N2 and 

stored at -80ºC. 

 

3.3. Purification of recombinant proteins 

 

3.3.1. Purification of NXF1 and NXF1-SNAP 

 

3.5-5 g of pelleted BL21-AI™ One Shot™ Chemically Competent E. coli (Invitrogen) 

with the corresponding plasmid for the expression of ZZ-NXF1-SNAP-His were 

resuspended in 40 ml NXF1-LEGF buffer (100 mM NaPi, 400 mM KCl, 5 mM MgCl2, 

0.001% Brij-35, 0.7 mM -mercaptoethanol (BME), pH 7.2) supplemented with 1 

EDTA-free cOmpleteTM protease inhibitor tablet (Sigma) and DNase I (Roche). Cells 

were lysed by sonication (4 min total: 20 s pulse on/ 30 s pulse off, 50% amplitude, 

4°C), and cell debris was pelleted by centrifugation (184,000 x g, 45 min, 4°C). The 

supernatant was applied to a 5 ml HisTrap Chelating HP column (Cytiva) pre-

charged with Co2+ and pre-equilibrated with NXF1-LEGF buffer at 4°C using a 

peristaltic pump. The column was washed with 30 column volumes (CV) of NXF1-

Wash buffer (100 mM NaPi, 400 mM KCl, 5 mM MgCl2, 0.001% Brij-35, 0.7 mM 

BME, 25 mM imidazole, pH 7.2), and ZZ-NXF1-SNAP-His was eluted with NXF1-

elution buffer (100 mM NaPi, 400 mM KCl, 5 mM MgCl2, 0.001% Brij-35, 0.7 mM 

BME, 400 mM imidazole). The eluted ZZ-NXF1-SNAP-His was incubated either with 

His-tagged PreScission and His-tagged TEV proteases (Biomolecular Screening & 

Protein Technologies Unit, CRG) for the purification of NXF1 or solely with His-

tagged 3C PreScission (Biomolecular Screening & Protein Technologies Unit, CRG) 

for the purification of NXF1-SNAP. After incubation for 16 h at 4°C, both protein 

samples were concentrated using 30 kDa molecular weight cut-off (MWCO) filters 

(Merck) and were subsequently ultra-centrifuged (280,000 x g, 15 min, 4°C) to 

remove potential aggregates. NXF1 and NXF1-SNAP were finally purified via size 

exclusion chromatography (SEC) using a Superdex® 200 Increase 10/300 GL 

column (Cytiva) equilibrated with NXF1-LEGF buffer. Protein-containing fractions 

were pooled and further concentrated using 30 kDa MWCO filters (Merck). NXF1-

SNAP was fluorescently labeled using SNAP-Cell® TMR-Star (NEB) with a ratio of 

1:3 NXF1-SNAP:dye at 4°C for 16 h in the presence of 2 mM DTT. Non-conjugated 

dye was removed using a 10 ml Zeba™ Spin Desalting Column (Thermo Fisher 

Scientific), and NXF1-SNAP was ultra-centrifuged (280,000 x g, 15 min, 4°C) to 



47 

 

remove potential aggregates. Final labeling ratio and protein concentration were 

determined using a NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer, and NXF1-SNAP aliquots were flash-frozen and stored in liquid 

N2. 

 

3.3.2. Purification of SRSF3 

 

7-10 g of pelleted Rosetta™(DE3)pLysS Competent Cells (Novagen) with the 

corresponding plasmid for the expression of NusA-SRSF3-Strep were resuspended 

in 50 ml SRSF3-LEGF buffer (100 mM NaPi, 600 mM KCl, 3 mM MgCl2, 0.7 mM 

BME, 50 mM L-arginine, 50 mM L-glutamate, pH 7.4) supplemented with 1 

cOmplete™ ULTRA EDTA-free protease inhibitor tablet (Sigma) and DNase I 

(Thermo Fisher Scientific). Cells were lysed by sonication (4 min total: 20 s pulse on/ 

30 s pulse off, 50% amplitude, 4°C), and cell debris was pelleted by centrifugation 

(184,000 x g, 45 min, room temperature (RT)). The supernatant was applied to a 5 

ml StrepTrap HP column (Cytiva) pre-equilibrated with SRSF3-LEGF buffer at RT 

using a peristaltic pump. The column was washed with 30 CV of SRSF3-LEGF 

buffer, and removal of the NusA-tag was performed by on-column cleavage with His-

tagged SENP2 protease (Biomolecular Screening & Protein Technologies Unit, 

CRG) for 1 h at RT. The cleaved Strep-tag and His-tagged SENP2 protease were 

then removed by a 22 CV wash step using SRSF3-LEGF buffer. Finally, SRSF3 was 

eluted from the StrepTrap HP column via an on-column cleavage of its Strep-tag via 

His-tagged PreScission protease (Biomolecular Screening & Protein Technologies 

Unit, CRG) for 1 h at RT. To remove the His-tagged PreScission protease during 

SRSF3 elution with SRSF3-LEGF buffer, a 1 ml HisTrap FF column pre-equilibrated 

with SRSF3-LEGF buffer was attached to the StrepTrap HP column. The eluted 

SRSF3 was concentrated with Amicon Ultra-15 10 kDa MWCO filters (Merck) and 

ultra-centrifuged (280,000 x g, 15 min, RT) to remove potential aggregates. Final 

protein concentration was determined using a NanoDrop™ One/OneC Microvolume 

UV-Vis Spectrophotometer, and SRSF3 aliquots were flash-frozen and stored in 

liquid N2.  

 

3.3.3. Purification of SNAP-SRSF3 

 

7-10 g of pelleted Rosetta™(DE3)pLysS Competent Cells (Novagen) with the 

corresponding plasmid for the expression of NusA-SUMO3-SNAP-SRSF3-Strep 

were resuspended in 50 ml SNAP-SRSF3-LEGF buffer (100 mM NaPi, 600 mM KCl, 

3 mM MgCl2, 0.7 mM BME, 50 mM L-arginine, 50 mM L-glutamate, 5 mM EDTA, pH 

7.4) supplemented with 1 cOmplete™ ULTRA EDTA-free protease inhibitor tablet 

(Sigma) and DNase I (Roche). Cells were lysed by sonication (4 min total: 20 s pulse 
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on/ 30 s pulse off, 50% amplitude, 4°C), and cell debris was pelleted by 

centrifugation (184,000 x g, 45 min, RT). The supernatant was applied to a 5 ml 

StrepTrap HP column (Cytiva) pre-equilibrated with SNAP-SRSF3-LEGF buffer at 

RT using a peristaltic pump. The column was washed with 30 CV of SNAP-SRSF3-

LEGF buffer, and removal of the NusA-SUMO3-tag was performed by on-column 

cleavage with His-tagged SENP2 protease (Biomolecular Screening & Protein 

Technologies Unit, CRG) for 1 h at RT. The cleaved Strep-tag and His-tagged 

SENP2 protease were then removed by a 30 CV wash step using SNAP-SRSF3-

LEGF buffer. Finally, SNAP-SRSF3 was eluted from the StrepTrap HP column via 

an on-column cleavage of its Strep-tag via His-tagged PreScission protease 

(Biomolecular Screening & Protein Technologies Unit, CRG) for 1 h at RT. To 

remove the His-tagged PreScission protease during SNAP-SRSF3 elution with 

SNAP-SRSF3-LEGF buffer, a 5 ml HisTrap excel column pre-equilibrated with 

SRSF3-LEGF buffer was attached to the StrepTrap HP column. The eluted SRSF3 

was concentrated with Amicon Ultra-15 30kDa MWCO filters (Merck), and SNAP-

SRSF3 was fluorescently labeled using SNAP-Surface® Alexa Fluor® 647 (NEB) 

with a ratio of 1:1.5 SNAP-SRSF3:dye at RT for 3 h in the presence of 2 mM DTT. 

Non-conjugated dye was removed using a 5 ml Zeba™ Spin Desalting Column 

(Thermo Fisher Scientific), and SNAP-SRSF3 was ultra-centrifuged (280,000 x g, 15 

min, RT) to remove potential aggregates. Final labeling ratio and protein 

concentration were determined using a NanoDrop™ One/OneC Microvolume UV-

Vis Spectrophotometer, and SNAP-SRSF3 aliquots were flash-frozen and stored in 

liquid N2. 

 

3.3.4. Purification of FEZ2 

 

3.5-5 g of pelleted BL21-AI™ One Shot™ Chemically Competent E. coli (Invitrogen) 

with the corresponding plasmid for the expression of ZZ-SNAP-SUMO3-FEZ2-Strep 

were resuspended in 40 ml FEZ2-LEGF buffer (100 mM NaPi, 600 mM KCl, 5 mM 

MgCl2, 5 mM DTT, pH 7.0) supplemented with 1 cOmplete™ ULTRA EDTA-free 

protease inhibitor tablet (Sigma) and DNase I (Roche). Cells were lysed by 

sonication (3 min total: 20 s pulse on/ 30 s pulse off, 50% amplitude, 4°C), and cell 

debris was pelleted by centrifugation (184,000 x g, 45 min, 4°C). The supernatant 

was applied to a 5 ml StrepTrap HP column (Cytiva) pre-equilibrated with FEZ2-

LEGF buffer at 4°C using a peristaltic pump. The column was washed with 40 CV of 

FEZ2-LEGF buffer, and removal of the ZZ-SNAP-SUMO3-tag was performed by on-

column cleavage with His-tagged SENP2 protease (Biomolecular Screening & 

Protein Technologies Unit, CRG) for 1 h at RT. The cleaved ZZ-SNAP-SUMO3-tag 

and His-tagged SENP2 protease were then removed by an 80 CV wash step using 

FEZ2-LEGF buffer. Finally, FEZ2 was eluted from the StrepTrap HP column (Cytiva) 

via an on-column cleavage of its Strep-tag via His-tagged PreScission protease 
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(Biomolecular Screening & Protein Technologies Unit, CRG) for 2.5 h at 4°C. To 

remove the His-tagged PreScission protease during FEZ2 elution with FEZ2-LEGF 

buffer, a 1 mL HisTrap excel column pre-equilibrated with FEZ2-LEGF buffer was 

attached to the StrepTrap HP column. The eluted FEZ2 was concentrated with 

Amicon Ultra-15 10 kDa MWCO filters (Merck) and ultra-centrifuged (280,000 x g, 

15 min, 4°C) to remove potential aggregates. FEZ2 was further purified via SEC 

using a Superdex® 200 Increase 10/300 GL (Cytiva) equilibrated with FEZ2-LEGF 

buffer, and protein-containing fractions were pooled and further concentrated using 

Amicon Ultra-15 30kDa MWCO filters (Merck). Final protein concentration was 

determined using a NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer, and FEZ2 aliquots were flash-frozen and stored in liquid N2. 

 

3.3.5. Purification of SNAP-FEZ2 
 

7-10 g of pelleted BL21-AI™ One Shot™ Chemically Competent E. coli (Invitrogen) 

with the corresponding plasmid for the expression of ZZ-SNAP-SUMO3-FEZ2-Strep 

were resuspended in 40 ml SNAP-FEZ2-LEGF buffer (100 mM NaPi, 500 mM KCl, 

5 mM MgCl2, 5 mM DTT, pH 7.0) supplemented with 1 cOmplete™ ULTRA EDTA-

free protease inhibitor tablet (Sigma) and DNase I (Roche). Cells were lysed by 

sonication (3 min total: 20 s pulse on/ 30 s pulse off, 50% amplitude, 4°C), and cell 

debris was pelleted by centrifugation (184,000 x g, 45 min, 4°C). The supernatant 

was applied to a 5 ml StrepTrap HP column (Cytiva) pre-equilibrated with SNAP-

FEZ2-LEGF buffer at 4°C using a peristaltic pump. The column was washed with 35 

CV of SNAP-FEZ2-LEGF buffer, and ZZ-SNAP-SUMO3-FEZ2-Strep was eluted 

using SNAP-FEZ2-LEGF buffer supplemented with 5 mM desthiobiotin. The ZZ-tag 

was removed via cleavage in solution using His-tagged PreScission protease 

(Biomolecular Screening & Protein Technologies Unit, CRG) for 16 h at 4°C, and 

SNAP-SUMO3-FEZ2 was subsequently fluorescently labeled using SNAP-Surface® 

Alexa Fluor® 647 (NEB) with a ratio of 1:1.5 SNAP-SUMO3-FEZ2:dye at 4°C for 16 

h in the presence of 2 mM DTT. Non-conjugated dye was removed using a 5 ml 

Zeba™ Spin Desalting Column (Thermo Fisher Scientific), and SNAP-SUMO3-FEZ2 

was ultra-centrifuged (280,000 x g, 15 min, 4°C) to remove potential aggregates. 

SNAP-SUMO3-FEZ2 was then further purified via SEC using a Superdex® 200 

Increase 10/300 GL column (Cytiva) equilibrated with SNAP-FEZ2-LEGF buffer. 

Protein-containing fractions were pooled and further concentrated using Amicon 

Ultra-15 30kDa MWCO filters (Merck). Final labeling ratio and protein concentration 

were determined using a NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer, and SNAP-SUMO3-FEZ2 aliquots were flash-frozen and stored 

in liquid N2. 
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3.3.6. Purification of RTRAF-SNAP 

 

2.5 g of pelleted BL21-CodonPlus(DE3)-RIL E. coli (Agilent) with the corresponding 

plasmid for the expression of NusA-SUMO3-RTRAF-SNAP-Strep were 

resuspended in 40 ml RTRAF-LEGF buffer (100 mM NaPi, 700 mM KCl, 0.001% 

Brij-35, 3 mM MgCl2, 0.7 mM BME, 50 mM L-arginine, 50 mM L-glutamate, pH 7.2) 

supplemented with 1 cOmplete™ ULTRA EDTA-free protease inhibitor tablet 

(Sigma) and DNase I (Roche). Cells were lysed by sonication (3 min total: 20 s pulse 

on/ 30 s pulse off, 50% amplitude, 4°C), and cell debris was pelleted by 

centrifugation (184,000 x g, 45 min, 4°C). The supernatant was applied to a 5 ml 

StrepTrap HP column (Cytiva) pre-equilibrated with RTRAF-SNAP-LEGF buffer at 

4°C using a peristaltic pump. The column was washed with 40 CV of RTRAF-LEGF 

buffer, and removal of the NusA-SUMO3-tag was performed by on-column cleavage 

with His-tagged SENP2 protease (Biomolecular Screening & Protein Technologies 

Unit, CRG) for 16 h at 4°C. The cleaved NusA-SUMO3-tag and His-tagged SENP2 

protease were then removed by a 60 CV wash step using RTRAF-LEGF buffer. 

RTRAF was eluted from the StrepTrap HP column (Cytiva) using RTRAF-LEGF 

buffer supplemented with 5 mM desthiobiotin, and concentrated with Amicon Ultra-

15 10 kDa MWCO filters (Merck). In order to reload RTRAF-SNAP-Strep onto the 

StrepTrap HP column and to thereby wash out remaining SENP2 protease and the 

NusA-SUMO3-tag, desthiobiotin was removed from the buffer using PD 10 Desalting 

Columns (Sigma). The column was washed with 92 CV RTRAF-LEGF buffer, and 

RTRAF-SNAP was finally eluted via on-column cleavage using His-tagged 

PreScission protease (Biomolecular Screening & Protein Technologies Unit, CRG) 

for 16 h at 4°C. To remove the His-tagged PreScission protease during RTRAF 

elution with RTRAF-LEGF buffer, a 1 ml HisTrap excel column pre-equilibrated with 

RTRAF-LEGF buffer was attached to the StrepTrap HP column. The eluted RTRAF-

SNAP was concentrated with Amicon Ultra-15 10 kDa MWCO filters (Merck), and 

RTRAF-SNAP was fluorescently labeled using SNAP-Surface® Alexa Fluor® 647 

(NEB) with a ratio of 1:1.5 RTRAF-SNAP:dye at 15°C for 2 h in the presence of 2 

mM DTT. Non-conjugated dye was removed using a 5 ml Zeba™ Spin Desalting 

Column (Thermo Fisher Scientific), and RTRAF-SNAP was ultra-centrifuged 

(280,000 x g, 15 min, 4°C) to remove potential aggregates. Final labeling ratio and 

protein concentration were determined using a NanoDrop™ One/OneC 

Microvolume UV-Vis Spectrophotometer, and RTRAF-SNAP aliquots were flash-

frozen and stored in liquid N2. 
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3.3.7. Purification of NudT21 

 

3.5-5 g of pelleted BL21-AI™ One Shot™ Chemically Competent E. coli (Invitrogen) 

with the corresponding plasmid for the expression of ZZ-NudT21-SNAP-His were 

resuspended in 50 ml NudT21-LE buffer (50 mM Tris-HCl, 500 mM NaCl, 5 mM 

MgCl2, 5 mM imidazole, 5% glycerol, 0.7 mM BME, pH 8.0) supplemented with 1 

cOmplete™ ULTRA EDTA-free protease inhibitor tablet (Sigma) and DNase I 

(Roche). Cells were lysed with a French press (3x, 10,000 PSI, 4°C), and cell debris 

was pelleted by centrifugation (184,000 x g, 45 min, 4°C). The supernatant was 

applied to a 5 ml HisTrap Chelating HP column (Cytiva) pre-charged with NiSO4 and 

pre-equilibrated with NudT21-LE buffer at 4°C using a peristaltic pump. The column 

was washed with 20 CV of NudT21-LE buffer, 5 CV of NudT21-Wash buffer (50 mM 

Tris-HCl, 500 mM NaCl, 5 mM MgCl2, 15 mM imidazole, 5% glycerol, 0.7 mM BME, 

pH 8.0), and ZZ-NudT21-SNAP-His was eluted with NudT21-Elution buffer (50 mM 

Tris-HCl, 500 mM NaCl, 5 mM MgCl2, 300 mM imidazole, 5% glycerol, 0.7 mM BME, 

pH 8.0). ZZ-NudT21-SNAP-His was then concentrated using Amicon Ultra-15 30 

kDa MWCO filters (Merck), and the NudT21-Elution buffer was exchanged with 

NudT21-GF buffer (50 mM Tris-HCl, 300 mM NaCl, 5% glycerol, 2 mM DTT) using 

PD 10 Desalting Columns (Sigma). ZZ-NudT21-SNAP-His was further purified via 

SEC using a Superdex® 200 Increase 10/300 GL column (Cytiva), and the ZZ-tag 

and His-tag were removed by cleavage in solution via GST-tagged recombinant 

HRV-3C protease (SPEED BioSystems) and GST-tagged TEV protease 

(Biomolecular Screening & Protein Technologies Unit, CRG) for 16 h at 4°C. ZZ-

NudT21-SNAP-His was concentrated using Amicon Ultra-15 30 kDa MWCO filters 

(Merck), and ultra-centrifuged (280,000 x g, 15 min, 4°C) to remove potential 

aggregates. ZZ-NudT21-SNAP-His was further purified via SEC using a Superdex® 

200 Increase 10/300 GL column (Cytiva), and protein-containing fractions were 

pooled. Final protein concentration was determined via Bradford protein assay 

(Protein Assay Dye Reagent Concentrate, Bio-Rad), and NudT21 aliquots were 

flash-frozen and stored in liquid N2. 

 

3.3.8. Purification of NudT21-SNAP 

 

3.5-5 g of pelleted BL21-AI™ One Shot™ Chemically Competent E. coli (Invitrogen) 

with the corresponding plasmid for the expression of ZZ-NudT21-SNAP-His were 

resuspended in 50 ml NudT21-LE buffer (50 mM Tris-HCl, 500 mM NaCl, 5 mM 

MgCl2, 5% glycerol, 5 mM DTT, pH 8.0) supplemented with 1 cOmplete™ ULTRA 

EDTA-free protease inhibitor tablet (Sigma) and DNase I (Roche). Cells were lysed 

with a French press (3x, 10,000 PSI, 4°C), and cell debris was pelleted by 

centrifugation (184,000 x g, 45 min, 4°C). The supernatant was applied to a 5 ml 
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HisTrap Excel column pre-equilibrated with NudT21-SNAP-LE buffer at 4°C using a 

peristaltic pump. The column was washed with 20 CV of NudT21-LE buffer, 20 CV 

of NudT21-SNAP-Wash buffer (50 mM Tris-HCl, 1000 mM NaCl, 5 mM MgCl2, 10 

mM imidazole, 5% glycerol, 5 mM DTT, pH 8.0), and ZZ-NudT21-SNAP-His was 

eluted with NudT21-SNAP-Elution buffer (50 mM Tris-HCl, 500 mM NaCl, 5 mM 

MgCl2, 300 mM imidazole, 5% glycerol, 5 mM DTT, pH 8.0). ZZ-NudT21-SNAP-His 

was then concentrated using Amicon Ultra-15 30 kDa MWCO filters (Merck), and the 

NudT21-SNAP-Elution buffer was exchanged with NudT21-SNAP-GF buffer (50 mM 

Tris-HCl, 300 mM NaCl, 5% glycerol, 2 mM DTT) using PD 10 Desalting Columns 

(Sigma). ZZ-NudT21-SNAP-His was re-loaded onto a 1 ml HisTrap Excel column 

pre-equilibrated with NudT21-SNAP-LE buffer at 4°C using a peristaltic pump, 

washed 3x with 15 CV NudT21-SNAP-Wash buffer supplemented with 10, 20 or 30 

mM imidazole, and eluted with NudT21-SNAP-Elution buffer. ZZ-NudT21-SNAP-His 

was concentrated using Amicon Ultra-15 30 kDa MWCO filters (Merck), and 

fluorescently labeled using SNAP-Surface® Alexa Fluor® 647 (NEB) with a ratio of 

1:1.5 NudT21-SNAP:dye at 4°C for 16 h in the presence of 2 mM DTT. Non-

conjugated dye was removed using a 5 ml Zeba™ Spin Desalting Column (Thermo 

Fisher Scientific), and the ZZ-tag and His-tag were cleaved in solution via His-tagged 

PreScission protease (Biomolecular Screening & Protein Technologies Unit, CRG) 

for 1 h at 15°C. NudT21-SNAP was concentrated using Amicon Ultra-15 30 kDa 

MWCO filters (Merck), and ultra-centrifuged (280,000 x g, 15 min, 4°C) to remove 

potential aggregates. NudT21-SNAP was further purified via SEC using a 

Superdex® 200 Increase 10/300 GL column (Cytiva). Final labeling ratio was 

determined using a NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer, while final protein concentration was determined via Bradford 

protein assay (Protein Assay Dye Reagent Concentrate, Bio-Rad). NudT21-SNAP 

aliquots were flash-frozen and stored in liquid N2. 

 

3.3.9. Purification of KIF5A HC and SNAP-KIF5A HC 

 

3.5 g of pelleted cells obtained from 800 ml of Sf21 insect cell culture with the 

corresponding plasmid for the expression of Strep-SNAP-KIF5A HC were 

resuspended in 50 ml KIF5A HC-LEGF buffer (80 mM NaPi, 400 mM KCl, 5 mM 

MgCl2, 0.001% Brij-35, 2.5 mM DTT, 0.1 mM ATP, pH 7.2) supplemented with 1 

cOmplete™ ULTRA EDTA-free protease inhibitor tablet (Sigma) and DNase I 

(Roche). Cells were lysed with a Dounce homogenizer (2x 40 times, on ice), and cell 

debris was pelleted by centrifugation (184,000 x g, 45 min, 4°C). The supernatant 

was applied to a 5 ml StrepTrap HP column pre-equilibrated with KIF5A HC-LEGF 

buffer at 4°C using a peristaltic pump. The column was washed with 40 CV of KIF5A 

HC-LEGF buffer, and Strep-SNAP-KIF5A HC was eluted with KIF5A HC-LEGF 

Elution buffer (50 mM HEPES-NaOH, 50 mM arginine, 50 mM glutamate, 250 mM 



53 

 

glucose, 500 mM KCl, 5 mM MgCl2, 2.5 mM DTT, 1 mM EDTA, 0.001% Brij-35, 10 

mM ATP, 15 mM desthiobiotin, pH 8.0). KIF5A HC was then concentrated using 

Amicon Ultra-15 30kDa MWCO filters (Merck), and desthiobiotin was removed using 

PD 10 Desalting Columns (Sigma). The eluted Strep-SNAP-KIF5A HC was either 

incubated with His-tagged PreScission and His-tagged TEV proteases 

(Biomolecular Screening & Protein Technologies Unit, CRG) for the purification of 

KIF5A or solely with His-tagged 3C PreScission (Biomolecular Screening & Protein 

Technologies Unit, CRG) for the purification of SNAP-KIF5A. After incubation for 16 

h at 4°C, both proteins were applied to separate 1 ml StrepTrap HP columns (Cytiva) 

to remove potentially uncleaved protein. SNAP-KIF5A HC was fluorescently labeled 

using SNAP-Surface® Alexa Fluor® 647 (NEB) with a ratio of 1:1.5 SNAP-KIF5A 

HC:dye at 15°C for 2 h in the presence of 2 mM DTT. Non-conjugated dye was 

removed using a 5 ml Zeba™ Spin Desalting Column (Thermo Fisher Scientific). 

KIF5A HC and SNAP-KIF5A HC were concentrated using Amicon Ultra-15 30 kDa 

MWCO filters (Merck), and ultra-centrifuged (280,000 x g, 15 min, 4°C) to remove 

potential aggregates. Both proteins were further purified via SEC using a Superose® 

6 Increase 10/300 GL (Cytiva), and protein-containing fractions were pooled. The 

concentrations of KIF5A HC and SNAP-KIF5A HC were determined by SDS-PAGE 

analysis in comparison to a BSA standard, and labeling ratio was finally determined 

using a NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer. Purity of 

both proteins was determined via SDS-PAGE, and KIF5A HC and SNAP-KIF5A HC 

aliquots were flash-frozen and stored in liquid N2. 

 

3.3.10. Purification of KIF5A/KLC4 

 

3.5 g of pelleted Sf21 cells with the corresponding plasmid for the co-expression of 

Strep-SNAP-KIF5A HC and KLC4 were resuspended in 40 ml KIF5A HC/KLC4-

LEGF buffer (80 mM NaPi, 250 mM KCl, 5 mM MgCl2, 0.001% Brij-35, 2.5 mM DTT, 

2.5 mM EDTA, 0.1 mM ATP, pH 7.2) supplemented with 2 cOmplete™ ULTRA 

EDTA-free protease inhibitor tablets (Sigma) and DNase I (Roche). Cells were lysed 

with a Dounce homogenizer (2x 40 times, on ice), and cell debris was pelleted by 

centrifugation (184,000 x g, 45 min, 4°C). The supernatant was applied to a 5 ml 

StrepTrap HP column (Cytiva) pre-equilibrated with KIF5A/KLC4-LEGF buffer at 4°C 

using a peristaltic pump. The column was washed with 20 CV of KIF5A/KLC4-LEGF 

buffer, the Strep-SNAP-KIF5A/KLC4 complex was eluted with KIF5A/KLC4-LEGF 

buffer supplemented with 10 mM desthiobiotin, and desthiobiotin was then removed 

using PD 10 Desalting Columns (Sigma). The eluted Strep-SNAP-KIF5A/KLC4 

complex was incubated with His-tagged TEV protease (Biomolecular Screening & 

Protein Technologies Unit, CRG) for 16 h at 4°C for the purification of KIF5A/KLC4. 

The KIF5A/KLC4 complex was then concentrated using Amicon Ultra-15 30kDa 

MWCO filters (Merck), and ultra-centrifuged (280,000 x g, 15 min, 4°C) to remove 
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potential aggregates. The KIF5A/KLC4 complex was further purified via SEC using 

a Superdex® 200 Increase 10/300 GL column (Cytiva). It was then concentrated 

using Amicon Ultra-4 30kDa MWCO filters (Merck) and final protein concentration 

was determined via Bradford protein assay (Protein Assay Dye Reagent 

Concentrate, Bio-Rad). Purity of the complex was determined via SDS-PAGE, and 

KIF5A/KLC4 aliquots were flash-frozen and stored in liquid N2. 

 

3.3.11. Purification of SNAP-KIF5A/KLC4  

 

3.5 g of pelleted Sf21 cells with the corresponding plasmid for the co-expression of 

Strep-SNAP-KIF5A HC and KLC4 were resuspended in 40 ml SNAP-KIF5A 

HC/KLC4-LEGF buffer (80 mM NaPi, 200 mM KCl, 5 mM MgCl2, 0.001% Brij-35, 2.5 

mM DTT, 2.5 mM EDTA, 0.1 mM ATP, pH 7.2) supplemented with 1 cOmplete™ 

ULTRA EDTA-free protease inhibitor tablet (Sigma) and DNase I (Roche). Cells 

were lysed with a French press (2x, 2,500 PSI, 4°C), and cell debris was pelleted by 

centrifugation (184,000 x g, 45 min, 4°C). The supernatant was applied to a 5 ml 

StrepTrap HP column (Cytiva) pre-equilibrated with SNAP-KIF5A HC/KLC4-LEGF 

buffer at 4°C using a peristaltic pump. The column was washed with 40 CV of SNAP-

KIF5A HC/KLC4-LEGF buffer, the Strep-SNAP-KIF5A HC/KLC4 complex was 

eluted with SNAP-KIF5A HC/KLC4-LEGF buffer supplemented with 10 mM 

desthiobiotin, and the His-tag was cleaved in solution via His-tagged PreScission 

protease (Biomolecular Screening & Protein Technologies Unit, CRG) for 1 h at 

20°C. The SNAP-KIF5A HC/KLC4 complex was then concentrated using Amicon 

Ultra-15 30kDa MWCO filters (Merck), and ultra-centrifuged (280,000 x g, 15 min, 

4°C) to remove potential aggregates. The SNAP-KIF5A/KLC4 complex was further 

purified via SEC using a Superdex® 200 Increase 10/300 GL column (Cytiva), and 

fluorescently labeled using SNAP-Surface® Alexa Fluor® 647 (NEB) with a ratio of 

1:1.5 SNAP-KIF5A HC/KLC4:dye at 4°C for 16 h in the presence of 2 mM DTT. Non-

conjugated dye was removed using a 5 ml Zeba™ Spin Desalting Column (Thermo 

Fisher Scientific), and final protein concentration was determined via Bradford 

protein assay (Protein Assay Dye Reagent Concentrate, Bio-Rad). Since only the 

KIF5A HC is SNAP-tagged, the concentration of the latter was determined by SDS-

PAGE in comparison to a BSA standard, and labeling ratio was finally determined 

using a NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer. Purity of 

the complex was determined via SDS-PAGE, and AF647-KIF5A HC/KLC4 aliquots 

were flash-frozen and stored in liquid N2. 
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3.3.12. Purification of KIF5A/KLC4-SNAP 

 

4.5 g of pelleted Sf21 cells with the corresponding plasmid for the co-expression of 

Strep-KIF5A and KLC4-SNAP-His were resuspended in 40 ml KIF5A/KLC4-SNAP-

LEGF buffer (80 mM NaPi, 200 mM KCl, 5 mM MgCl2, 0.001% Brij-35, 2.5 mM DTT, 

2.5 mM EDTA, 0.1 mM ATP, pH 7.2) supplemented with 1 cOmplete™ ULTRA 

EDTA-free protease inhibitor tablet (Sigma) and DNase I (Roche). Cells were lysed 

with a Dounce homogenizer (2x 30 times, 4°C), and cell debris was pelleted by 

centrifugation (184,000 x g, 45 min, 4°C). The supernatant was applied to a 5 ml 

HisTrap Excel column (Cytiva) pre-equilibrated with KIF5A/KLC4-SNAP-LEGF 

buffer at 4°C using a peristaltic pump. The column was washed with 26 CV of 

KIF5A/KLC4-SNAP-His Wash buffer (80 mM NaPi, 200 mM KCl, 5 mM MgCl2, 

0.001% Brij-35, 2.5 mM DTT, 2.5 mM EDTA, 0.1 mM ATP, 10 mM imidazole, pH 

7.2), and a 1 ml StrepTrap HP column equilibrated with KIF5A/KLC4-SNAP-His 

Elution buffer (80 mM NaPi, 200 mM KCl, 5 mM MgCl2, 0.001% Brij-35, 2.5 mM DTT, 

2.5 mM EDTA, 0.1 mM ATP, 400 mM imidazole, pH 7.2) was attached to its bottom. 

The columns were washed with 6 CV of KIF5A/KLC4-SNAP-His Elution buffer, and 

the Strep-KIF5A/KLC4-SNAP-His complex was eluted with KIF5A/KLC4-SNAP-

LEGF buffer supplemented with 5 mM desthiobiotin. The His- and Strep-tags were 

cleaved in solution via His-tagged PreScission protease (Biomolecular Screening & 

Protein Technologies Unit, CRG) for 18 h at 4°C. The KIF5A/KLC4-SNAP complex 

was then concentrated using Amicon Ultra-15 30 kDa MWCO filters (Merck), and 

ultra-centrifuged (280,000 x g, 15 min, 4°C) to remove potential aggregates. The 

KIF5A/KLC4-SNAP complex was further purified via SEC using a Superdex® 200 

Increase 10/300 GL column (Cytiva), and fluorescently labeled using SNAP-

Surface® Alexa Fluor® 647 (NEB) with a ratio of 1:1.5 KIF5A/KLC4-SNAP:dye at 

4°C for 16 h in the presence of 2 mM DTT. Non-conjugated dye was removed using 

a 5 ml Zeba™ Spin Desalting Column (Thermo Fisher Scientific), and final protein 

concentration was determined via Bradford protein assay (Protein Assay Dye 

Reagent Concentrate, Bio-Rad). Since only KLC4 is SNAP-tagged, the 

concentration of the latter was determined by SDS-PAGE in comparison to a BSA 

standard, and labeling ratio was finally determined using a NanoDrop™ One/OneC 

Microvolume UV-Vis Spectrophotometer. Purity of the complex was determined via 

SDS-PAGE, and KIF5A/KLC4-SNAP aliquots were flash-frozen and stored in liquid 

N2. 

 

3.4. Purification of bovine brain tubulin 

 

Tubulin was purified from bovine brains according to a published protocol (Castoldi 

and Popov 2003). In brief, the protocol consists of two consecutive cycles of tubulin 
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polymerization and depolymerization in a high-molarity PIPES buffer, resulting in the 

efficient removal of contaminant MAPs. Purity of depolymerized tubulin was 

determined via SDS-PAGE, tubulin concentration was determined using a 

NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer, and tubulin 

aliquots were flash-frozen and stored in liquid N2. 

 

3.5. Biotinylation and fluorescent labeling of bovine tubulin 

 

For subsequent usage in TIRF-M-based in vitro motility assays, purified bovine 

tubulin was labeled using ATTO 390 NHS-ester (ATTO-TEC GmbH) or biotinylated 

using EZ-LinkTM NHS-Biotin (Thermo Fisher Scientific). Both reactions were 

performed according to a published protocol (Hyman et al. 1991) with modifications. 

In general, the procedures include fluorescent labeling and biotinylation, 

respectively, of polymerized tubulin, resulting in a protection of those residues that 

are required for tubulin assembly into microtubules. The modification of bovine brain 

tubulin is performed at a high pH to enable the reaction of NHS-ester activated biotin 

and fluorescent dyes with primary amines of tubulin. Additionally, functional tubulin 

is separated from dysfunctional or aggregated tubulin with the help of two 

consecutive cycles of tubulin polymerization and depolymerization. The complete 

modification procedure is described below.  

 

130 µM tubulin were polymerized in pre-warmed B80 buffer (80 mM PIPES-KOH, 3 

mM MgCl2 1 mM EGTA, pH 6.8) in a total volume of 4 ml. 3 ml pre-warmed glycerol 

were added, and the mixture was incubated for 40 min at 37°C. Polymerized tubulin 

was then layered on a 9 ml warm high pH cushion (100 mM HEPES-NaOH, 3 mM 

MgCl2, 1 mM EGTA, 60% (v/v) glycerol, pH 8.2), and microtubules were pelleted by 

centrifugation using a 70 Ti rotor (Beckman Coulter) (40,000 rpm, 45 min, 35°C, slow 

acceleration/deceleration). The supernatant above the cushion was removed and 

the supernatant/cushion interface was washed twice with 1.5 ml warm labeling buffer 

(100 mM HEPES-NaOH, 2 mM MgCl2, 1 mM EGTA, 40% (v/v) glycerol, 0.5 mM 

GTP, pH 8.2). The microtubule pellet was then resuspended in 1.5 ml warm labeling 

buffer with a cut pipette tip. Assuming a polymerization efficiency of 70%, 243 µM 

tubulin were then either biotinylated using a 25-fold molar excess of EZ-LinkTM NHS-

Biotin (Thermo Fisher Scientific) or fluorescently labeled using a 25-fold molar 

excess of ATTO 390 NHS-ester (ATTO-TEC GmbH) in the presence of 2 mM GTP 

in warm labeling buffer in a total volume of 4.5 ml. The mixture was incubated for 20-

40 min at 37°C, and then layered on a 1 ml warm low pH cushion (80 mM PIPES-

KOH, 3 mM MgCl2 1 mM EGTA, 60% (v/v) glycerol, pH 6.8). Microtubules were 

pelleted by centrifugation using a TLA 100.3 rotor (Beckman Coulter) (80,000 rpm, 

30 min, 35°C, slow acceleration/deceleration). The supernatant above the cushion 
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was removed, and the supernatant/cushion interface was washed twice with warm 

B80 buffer. Microtubules were then resuspended in 1.5 ml cold depolymerization 

buffer (50 mM glutamate-KOH, 1 mM EGTA) and incubated on ice for 30 min. 

Depolymerized tubulin was centrifuged in a 120.2 rotor (Beckman Coulter) (80,000 

rpm, 10 min, 2°C, slow acceleration/deceleration). After removal of potential 

aggregates, the tubulin-containing supernatant was subjected to a second 

polymerization step: Tubulin was polymerized in the presence of 2 mM GTP in warm 

B80 buffer in a total volume of 4 ml. ½ volumes of pre-warmed glycerol were added, 

and the mixture was incubated at 37°C for 30 min. Polymerized tubulin was then 

again layered on a warm low pH cushion, and microtubules were pelleted by 

centrifugation using a TLA 100.3 rotor (Beckman Coulter) (80,000 rpm, 30 min, 35°C, 

slow acceleration/deceleration). The supernatant above the cushion was removed, 

and the supernatant/cushion interface was washed twice with warm B80 buffer. 

Microtubules were then resuspended in 0.2 ml cold depolymerization buffer (50 mM 

glutamate-KOH, 1 mM EGTA) and incubated on ice for 30 min. Depolymerized 

tubulin was centrifuged in a 120.2 rotor (Beckman Coulter) (80,000 rpm, 10 min, 2°C, 

slow acceleration/deceleration). After removal of potential aggregates, the tubulin-

containing supernatant was recovered, and tubulin concentration (and labeling ratio 

of fluorescent tubulin) was determined using a NanoDrop™ One/OneC Microvolume 

UV-Vis Spectrophotometer. Purity of biotinylated and fluorescent tubulin, 

respectively, was determined via SDS-PAGE, and tubulin aliquots were flash-frozen 

and stored in liquid N2. 

 

3.6. Polymerization and stabilization of microtubules 

 

Microtubules for in vitro motility assays were polymerized from bovine brain tubulin 

with a stochastic incorporation of ATTO 390 (ATTO-TEC GmbH)-labeled and 

biotinylated tubulin: 36 µM unlabeled tubulin were mixed with 14 µM ATTO 390-

labeled and 10 µM biotinylated tubulin, and the mixture was incubated in BRB80 (80 

mM PIPES-KOH, 2 mM MgCl2, 1 mM EGTA, pH 6.8) in the presence of 4 mM GTP 

for 25 min at 37°C in a total volume of 50 ul. 400 ul pre-warmed BRB80 

supplemented with 20 µM taxol (Sigma) were added, and the mixture was incubated 

for 60 min at 37°C. Polymerized microtubules were then pelleted by centrifugation 

(20,000 x g, 5 min, RT), and microtubules were carefully resuspended in 50 µl 

BRB80 supplemented with 20 µM taxol.  

 

3.7. TIRF-M-coupled in vitro reconstitution assays 

 

TIRF-M-coupled in vitro reconstitution assays including motility chamber 

preparation, in vitro motility assays as well as the analysis of TIRF-M data were 
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performed and analyzed as extensively described in (Grawenhoff, Baumann, and 

Maurer 2022) with minor modifications. The procedures will be briefly summarized 

in the following sections.  

 

3.7.1. Motility chamber preparation 

 

Motility chambers with a volume of ~10 ul were prepared as described previously 

(Bieling et al. 2010). Glass cover slips functionalized with biotin-PEG (Microsurfaces 

Inc, USA) were attached to glass slides previously washed in 1 M NaOH, H2O and 

EtOH as well as passivated with poly(L-lysine)-PEG (PLL(20)-g[3.5]-PEG(2), PLL-

PEG, SuSos AG) using 2 parallel strips of double-sided tape. Motility chambers were 

additionally passivated for 5 min on ice by flushing with 5% (w/v) Pluronic F-127 in 

TIRF-M assay buffer (90 mM HEPES, 10 mM PIPES, 2.5 mM MgCl2, 1.5 mM EGTA, 

15 mM BME, pH 6.95) supplemented with 50 µg/ml κ-casein, and subsequently 

flushed with 25 µg/ml Neutravidin (Invitrogen) in TIRF-M assay buffer containing 200 

µg/ml κ-casein. The motility chambers were washed immediately with TIRF-M assay 

buffer and placed at RT for 3 min. Taxol-stabilized microtubules diluted in RT TIRF-

M assay buffer were added to the motility chambers and incubated for an additional 

3 min to ensure their successful coupling to the biotinylated coverslips via interaction 

with NeutrAvidin. 

 

3.7.2. In vitro motility assays 

 

Prior to motility chamber passivation and preparation, in vitro motility assay 

components were pre-diluted and pre-incubated on ice 18 ± 1 min in TIRF-M assay 

buffer supplemented with 1.2% PEG-3350 (Sigma), and 0.5 U/µl SUPERase•In™ 

RNase Inhibitor (Invitrogen). Individual pre-incubation mixes include motor proteins, 

RBPs and RNA (purchased from IBA Lifesciences) in nM to µM range (note: (SNAP-

)SRSF3 was always added to the pre-incubation mix immediately before adding it to 

the final RT motility buffer due to its purification at room temperature). Pre-incubation 

mixes were then diluted 65-fold into the final motility buffer (TIRF-M assay buffer 

supplemented with 0.32 mg/ml glucose oxidase (SERVA), 0.275 mg/ml catalase 

(Sigma), 50 mM glucose (Sigma), 50 µg/ml -casein and 0.12% methylcellulose 

(Sigma)). Protein and RNA concentrations for individual assays are described in 

figure legends. TIRF-M motility mixes were finally added to motility chambers 

containing pre-immobilized microtubules, and chambers were sealed with nail polish 

for imaging of 5 min movies at 30 ± 1°C. 
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3.7.3. TIRF-M 

 

Microscopy data was acquired using a custom-built TIRF microscope (TILL 

Photonics) using a 100x 1.49 N.A. objective lens (Olympus) and four laser lines: 405 

nm, 488 nm, 561 nm, 639 nm. Individual laser powers as well as exposure times and 

acquisition frame rates were kept constant for all experiments in order to ensure 

comparability between different experiment sets/conditions. Before acquiring 

microscopy data, all channels were aligned by recording images with TetraSpeck™ 

Microspheres (0.1 µm, fluorescent blue/green/orange/dark red, Invitrogen) in all 

channels on a daily basis. Triple color imaging was achieved by alternate recording 

of two distinct channels corresponding to laser lines 561 nm and 639 nm. Movies 

were recorded with four frames per second (FPS, 250 ms or 125 ms exposure per 

channel). ATTO 390-labeled microtubules in each experiment were recorded as 

single snapshots (800 ms exposure) immediately before and after alternating time-

lapse movies via laser line 405 nm. This “snapshot (405 nm) / time-lapse (alternating 

561 nm and 639 nm) / snapshot (405 nm)” protocol was chosen due to the fast 

bleaching of the ATTO 390 dye in comparison to other fluorescent dyes, and enabled 

a control of microtubule positioning before and after time-lapse recordings. Double 

color imaging was achieved by a similar protocol with two snapshots (laser line 405 

nm, 800 ms exposure) for the imaging of ATTO 390-labeled microtubules 

immediately before and after imaging with a single laser line (561 nm or 639 nm / 

250 ms or 125 ms exposure).  

 

3.7.4.  Analysis of TIRF-M data 

 

To analyze the dynamic properties of kinesin-1-RBP as well as kinesin-1-RBP-RNA 

complexes (kinesin-1 ribonucleoproteins (kinesin-1 RNPs)), TIRF-M movies were 

analyzed with the FIJI plug-in TrackMate, as described previously (Grawenhoff, 

Baumann, and Maurer 2022) and commonly used for single-molecule tracking (S. 

Baumann et al. 2020; S. J. Baumann et al. 2022). TrackMate enables the tracking 

of particles at single-molecule intensity, and for all TIRF-M-based experiments and 

conditions, entire movies (5 min) and field of views (60 x 60 µm) were analyzed. 

Single particles were detected with the help of the Difference of Gaussian (DoG) 

detector by setting the Estimated Blob Diameter to 800 nm. Intensity thresholds 

depend on laser wavelength, laser power and fluorophore concentration, and were 

typically set to 25-40 nm. Trajectories of kinesin-1-RBP complexes and kinesin-1-

RNPs were analyzed using the Linear Motion Tracker (LMT) with pre-defined 

settings (Maximal Linking Distance=600 nm, Maximal Gap-Closing Distance=600 

nm, Maximal Frame Gap=2). Although no diffusive movement of kinesin-1 could be 

detected, several RBPs showed diffusive behavior on microtubules in the absence 
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of kinesin-1. To exclude these diffusive events from the analysis, only trajectories 

with a Maximum Distance Traveled > 4,000 nm were taken into account. All 

parameters used for the analysis of dynamic properties of kinesin-1-RBP complexes 

as well as kinesin-1-RNPs were kept constant between experiment sets, so that 

different conditions could be compared. 

 

3.8. Mass photometry 

 

The potential interaction of different proteins as well as monomeric or multimeric 

states of individual proteins and were analyzed via mass photometry using a One 

MP mass photometer (Refeyn). Proteins were diluted in their respective RT 

purification buffers or RT TIRF-M assay buffer to a final concentration of 10 – 20 nM 

in a sample well (3 mm diameter, Refeyn) pre-assembled on a glass sample carrier 

slide (Refeyn) and placed in the mass photometer for immediate imaging. If more 

than one protein was analyzed, proteins were pre-incubated on ice or at RT for ~ 10 

min at a 10-fold higher concentration to facilitate interactions. Molecular weights of 

individual proteins or protein complexes were assigned via comparison with 

calibration probes with known molecular weights in each buffer. Background 

intensities generated by the different buffers used were subtracted for each 

experiment. 
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4. KINESIN-1 AND DYNEIN CAN INTERACT WITH NXF1 

 

4.1. Results 

 

The aim of this thesis was to analyze whether the selected rec-YnH network 

interactions (Figure 11), comprising microtubule motor protein light chains and the 

RBPs NXF1 and SRSF3, can result in the formation of a complex that transports 

mRNA along microtubules.  

 

To determine how individual factors within the complex interact with one another, we 

opted for an in vitro reconstitution approach with single-molecule sensitivity.   

 

4.1.1. NXF1 harbors kinesin-1 and dynein light chain interaction motifs 
 

To understand how NXF1 might interact with the kinesin-1 and dynein light chains 

KLC4 and Tctex1, respectively, we first analyzed whether NXF1 harbors any known 

interaction motifs. 

 

The dynein light chain Tctex1 is reported to interact with a variety of target proteins 

via an R/K-R/K-x-x-R/K consensus sequence (x: any amino acid) (Mok, Lo, and 

Zhang 2001). We hence analyzed the NXF1 amino acid sequence and were able to 

find this motif twice: One Tctex1 motif is found in its RRM (K22-K23-K24-G25-R26), 

whereas the second motif is located in its ΨRRM (R128-K129-Y130-D131-K132).  

 

Although target recognition via kinesin-1 light chains is not fully understood, there 

are a few interaction motifs that have been identified in previous studies. Kinesin-1 

light chain 2 (KLC2), for example, is reported to interact with a target protein, C-Jun 

N-terminal kinase interacting protein (JIP3), via a hydrophobic patch in the leucine 

zipper of the latter (Ala437-Leu438-Val441-Leu445-Ile446), thereby relieving kinesin-1 

autoinhibition (Cockburn et al. 2018). The KLC2 hydrophobic amino acid residues 

that interact with JIP3 are highly conserved in all kinesin-1 light chains, including 

KLC4. Interestingly, we found that NXF1 harbors a hydrophobic patch (Ala171-Leu172-

Val175-Ile179-Leu180) in its ΨRRM that is highly similar to the JIP3 hydrophobic patch. 

Alternatively, KLCs are also reported to interact with several other proteins (Aoyama 

et al. 2009; Araki et al. 2007; Dodding et al. 2011; Kawano et al. 2012; Konecna et 

al. 2006; Rosa-Ferreira and Munro 2011; Schmidt et al. 2009) via a tryptophan-acidic 

motif (Pernigo et al. 2013), in which the central tryptophan is flanked by acidic amino 

acid residues such as glutamate and aspartate (e.g. EWD). Interestingly, analysis of 

the NXF1 amino acid sequence revealed that it also harbors two of these tryptophan-
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acidic motifs (E583-W584 and W594-D595) in its NTF2L and ubiquitin-associated 

domains, respectively. 

 

Besides harboring two dynein light chain interaction motifs, NXF1 thus also harbors 

two KLC4 interaction motifs that could account for the identified rec-YnH-based 

interaction between NXF1 and kinesin-1/dynein.  

 

4.1.2. Development of a TIRF-M-based in vitro reconstitution approach  

 

To study the novel rec-YnH-based interactions, we developed an in vitro 

reconstitution approach (Grawenhoff, Baumann, and Maurer 2022) which is based 

on previously published methods (Bieling et al. 2010) and has been successfully 

employed in other studies from the Maurer group (S. Baumann et al. 2020; S. J. 

Baumann et al. 2022). This approach (see section 1.7.3 and Figure 16 for a detailed 

explication) includes the preparation of biotinylated TIRF-M chambers 

(Supplementary Figure 1) in which fluorescently labeled, biotinylated and taxol-

stabilized microtubules (Figure 17) are immobilized via NeutrAvidin, a 

deglycosylated avidin that has four biotin binding pockets. Microtubule motor 

proteins (kinesin-1 and dynein) as well as RBPs and mRNAs are then added to these 

TIRF-M chambers, and can subsequently be analyzed for their interaction with 

microtubules and/or one another. 
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Figure 16: Schematic representation of the individual steps performed in TIRF-M in vitro 
reconstitution experiments. (A) Preparation proceeds according to the numbered steps: (1) 
Proteins imaged in each TIRF-M experiment are pre-incubated on ice for ~15 min to increase the 
propensity of complex formation (when >1 protein is used, in this case kinesin-1 and NXF1). In the 
meantime, TIRF-M chambers are passivated (2) and the assay mix is prepared (3). The assay mix 
includes the reagents ATP, glucose, oxygen scavengers as well as blocking and crowding agents 
(compare with section 3.7.2). After adding NeutrAvidin to the TIRF-M chambers (4), fluorescent and 
biotinylated microtubules (see Figure 17) are flown into the TIRF-M chambers (5). After an incubation 
time of ~3 min at room temperature (RT), the pre assay mix is added to the assay mix, forming the 
final assay mix (6) that is added to the TIRF-M chambers (7). The chambers are then immediately 
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sealed and imaged for 5 min. (B) Schematic representation of how individual mixes are added into 
TIRF-M chambers. Image originally from (Grawenhoff, Baumann, and Maurer 2022). 

 

In a first test, we analyzed whether polymerized and taxol-stabilized microtubules, 

consisting of unmodified as well as fluorescently labeled and biotinylated bovine 

tubulin (Figure 17), were stable within the typical imaging time of 5 min. We therefore 

performed a TIRF-M experiment in which we imaged microtubules at the beginning 

(0 sec) and at the end of each 5 min movie (300 sec). TIRF-M images show that 

microtubules are stable and remain at the same position to which they initially 

attached (Figure 17B), confirming that the developed TIRF-M in vitro reconstitution 

approach is suitable for the analysis of motor protein motility and potential 

RBP/mRNA transport along microtubules. 

 

 

 
Figure 17: Microtubule purity and stability. (A) Coomassie-stained SDS-PAGE gel of purified - 

and -tubulin monomers. The latter migrate at the expected molecular weight of 55 kDa. (B) Top: 
Schematic of microtubules used in TIRF-M in vitro reconstitution assays. They consist of a mixture of 
unmodified, fluorescently labeled (Atto390) and biotinylated bovine tubulin. Bottom: Taxol-stabilized 
microtubules are stable over the imaging period of 5 min. For simplicity, microtubules in subsequent 
figures are represented only with unmodified bovine tubulin, although the experimental setup for every 
performed experiment is identical to the here presented microtubule assembly.  

 

4.1.3. Purification of microtubule motor proteins 

 

Having confirmed the stability of microtubules in the in vitro reconstitution 

experiments, the next step in testing the novel rec-YnH-based interactions consisted 

in obtaining purified microtubule motor proteins and testing their activity in vitro 

reconstitution assays.  

 

The dynein complex was kindly provided by Andrea Tassinari (Maurer group). For 

the kinesin-1 heterotetramer, we chose to express and purify the neuron-specific 
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KIF5A heavy chain isoform (Kanai et al. 2000) in combination with KLC4. Three 

heterotetramers were purified: unlabeled kinesin-1 heterotetramer (KIF5A/KLC4, 

purified by Silvia Speroni (Maurer group)), heavy chain-labeled kinesin-1 

heterotetramer (AF647-KIF5A/KLC4, purified by Silvia Speroni (Maurer group)) and 

light chain-labeled kinesin-1 heterotetramer (KIF5A/KLC4-AF647, purified in this 

thesis).  

 

Cloning, expression and purification protocols for all three kinesin-1 heterotetramers 

are explained in detail in sections  3.1, 3.2 and 3.3. Each of the co-expressed 

heterotetramers contained tags improving solubility (ZZ-tag), as well as enabling 

both affinity chromatography (His- and Strep-tags) and fluorescent labeling (SNAP-

tag), all of which were cleavable via 3C and TEV proteases. The unlabeled 

heterotetramer (KIF5A/KLC4) and the heavy chain-labeled heterotetramer (AF647-

KIF5A/KLC4) were purified by Strep-tag affinity chromatography, pulling exclusively 

on Strep-tagged (SNAP-)KIF5A HC, resulting in the purification of heterotetramers 

by complex formation of (SNAP-)KIF5A HC with KLC4. Since this protocol led to an 

excess of KIF5A HC over KLC4 (Figure 18C), the protocol for the purification of the 

light chain-labeled heterotetramer (KIF5A/KLC4-AF647) was adjusted: A His-tag 

was added to the KLC4 construct to enable an additional immobilized metal ion 

affinity chromatography step besides the Strep-tag affinity chromatography step.  

 

Using this double affinity chromatography approach, which is demonstrated in Figure 

18A-B, we tried to prevent the co-purification of KIF5A HC dimers lacking KLC4 (or 

KLC4-AF647 monomers). Yet, for all three kinesin-1 heterotetramers, the excess of 

(SNAP-)KIF5A HC over KLC4(-SNAP) can be observed throughout the purifications, 

as visualized by the size exclusion chromatograms (Supplementary Figure 2) as well 

as in the final preparations, as shown in the SDS-PAGE analyses (Figure 18C). The 

higher KIF5A HC yield becomes especially visible in the KIF5A/KLC4-AF647 size 

exclusion chromatogram, in which the AF647 signal (corresponding to KLC4) is 

present in a smaller side peak next to the main absorption peak at 280 nm. 

Accordingly, SDS-PAGE analysis shows that KLC4 is gradually lost in the size 

exclusion chromatography fractions eluting in the main 280 nm absorbance peak 

(Figure 18B). 
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Figure 18: Purification of microtubule motor proteins. Three different kinesin-1 heterotetramers 
(KIF5A/KLC4, AF647-KIF5A/KLC4 and KIF5A/KLC4-AF647) were purified. (A) The purification 
protocol used for the purification of KIF5A/KLC4-AF647. (B) Coomassie-stained SDS-PAGE gels 
show the purification of KIF5A/KLC4-SNAP according to (A). L: molecular weight protein ladder, P: 
pellet, SN: supernatant, FT1: flow-through (HisTrap Excel column), W1: wash (HisTrap Excel 
column), FT2/W2: flow-through/wash (StrepTrap HP column), E2: elution (StrepTrap HP column), 
3C: PreScission protease (3C) cleavage, conc: concentration, ultrac: ultracentrifugation, label: 
labeling with AF647 dye, desalt: desalting, A3-A10: fractions in size exclusion chromatography. The 
dashed orange rectangle shows which samples were chosen for further purification following size 
exclusion chromatography. The corresponding size exclusion chromatogram is shown in 
Supplementary Figure 2 together with the chromatograms of the other two kinesin-1 heterotetramers. 
(C) Final Coomassie-stained SDS-PAGE gel showing the three purified kinesin-1 heterotetramers as 
well as AF647-dynein. KIF5A/KLC4-AF647 was purified in this thesis, whereas AF647-KIF5A/KLC4 
and KIF5A/KLC4 were purified by Silvia Speroni (Maurer group). AF647-dynein was obtained from 
Andrea Tassinari (Maurer group).  

 

To verify whether the final preparations of the three kinesin-1 complexes comprise 

heterotetramers consisting of two copies of KIF5A HC as well as two copies of KLC4, 

mass photometry analyses were performed. Mass photometry is a novel tool used 

to analyze the oligomeric state of proteins on a single-molecule basis. The method 

relies on the ability of proteins to scatter light, resulting in distinct mass photometry 

contrasts that can be directly correlated with a protein’s molecular mass 

(Supplementary Figure 4). The obtained mass photometry results for all three 

purified kinesin-1 complexes (Supplementary Figure 5) show the presence of 

heterotetramer peaks. Of note, each purification sample also includes minor (1) 

lower molecular mass peaks corresponding to (SNAP-)KHC dimers and 

uncomplexed KLC4(-SNAP) as well as (2) higher molecular mass peaks 

corresponding to (SNAP-)KHC tetramers.  

 

Finally, in SDS-PAGE analyses, both (SNAP-)KIF5A HC and KLC4(-SNAP) 

migrated at their expected molecular weights (Figure 18C). Interestingly, (SNAP-

)KIF5A HC migrates as a double band (especially visible for the purified, unlabeled 

KIF5A/KLC4 heterotetramer) whenever the resolution is sufficient. To exclude the 

possibility of having co-purified a contaminant or a fragment, we confirmed via mass 

spectrometric analyses (data not shown) that the amino acid sequence of the protein 

in the second KIF5A HC band is identical to the first, and thus possibly results from 

distinct posttranslational modifications. 

 

4.1.4. Kinesin-1 and dynein show distinct processivities in TIRF-M 

assays 

 

Having purified kinesin-1 and dynein, we next analyzed whether the individual motor 

protein complexes are functional and processive. We expected both microtubule 
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motor proteins to be autoinhibited as described in the literature (see section 1.5.1). 

Initial TIRF-M experiments (Figure 19) confirmed that both microtubule motor 

proteins were able to bind to microtubules. In our experiments, dynein appears to be 

predominantly autoinhibited, with its motility characterized mostly by diffusion with 

occasional directed events. Contrary to our expectations (see section 1.5.1), 

microtubule-bound kinesin-1 does not appear to be autoinhibited, as visualized by 

processive movement of AF647-KIF5A/KLC4. To exclude the possibility that the 

SNAP-tag, which was placed at the N-terminus of the KIF5A heavy chain of the 

kinesin-1 heterotetramer construct (AF647-KIF5A/KLC4), had an effect on motility, 

we also tested a C-terminally SNAP-tagged heterotetramer (KIF5A-AF647/KLC4, 

data not shown), similar to the C-terminally mScarlet-tagged kinesin-1 used by the 

McKenney group (Chiba et al. 2022). Both of our kinesin-1 heterotetramer 

preparations showed a similar motility phenotype, suggesting that the placement of 

fluorescent tags does not influence motility of recombinant kinesin-1.  

 

 

 
Figure 19: Kinesin-1 and dynein motility. TIRF-M in vitro reconstitution experiments were 
performed to test whether kinesin-1 and dynein bind to microtubules and are processive. Kymographs 
show that kinesin-1 (left) is processive, while dynein (right) is diffusing on microtubules. The applied 
concentrations are indicated below the kymographs. 

 

We further measured the velocity and run length of the purified AF647-KIF5A/KLC4 

heterotetramer in these initial exploratory experiments. Kinesin-1 was processively 
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moving along microtubules with a mean speed of ~1400 nm/s and a median run 

length of ~7.5 µm.  

 

Of note, the kymographs of both microtubule motor proteins (Figure 19) display 

processive and diffusive events with similar fluorescence intensities, suggesting a 

homogeneity of the oligomeric states of the microtubule-bound motor protein 

complexes. 

 

4.1.5. Purification of NXF1 

 

Having established that kinesin-1 and dynein can bind to microtubules and that they 

move either in a processive or diffuse manner along them, we next cloned, 

expressed and purified NXF1. NXF1 was fused to an N-terminal solubility tag (the 

IgG-binding domain of protein A, ZZ domain) (Inouye and Sahara 2008) separated 

by a PreScission protease (3C) cleavage site. At its C-terminus, NXF1 was fused to 

a TEV protease cleavage site, a linker sequence (HL), a SNAP-tag, a 3C- and a His-

tag (ZZ-3C-NXF1-TEV-HL-SNAP-3C-His). This construct was initially purified via 

affinity chromatography, and then split into two samples for the purification of (1) 

NXF1 and (2) NXF1-SNAP.  

 

(1) For the purification of NXF1, PreScission (3C) as well as TEV proteases were 

used to cleave the N-terminal ZZ- as well as the C-terminal HL-SNAP-His 

fusion tag. NXF1 was then concentrated, ultracentrifuged to remove potential 

aggregates, and subjected to size exclusion chromatography.  

 

(2) For the purification of NXF1-SNAP, only PreScission protease (3C) was used 

to cleave the N-terminal ZZ-tag. NXF1-SNAP was then concentrated and 

ultracentrifuged to remove potential aggregates. It was subjected to size 

exclusion chromatography, and its SNAP-tag was labeled with 

tetramethylrhodamin (TMR) dye.  

 

A schematic overview of the NXF1(-SNAP) purification is provided in Figure 20, and 

the size exclusion chromatograms of the individual NXF1 and NXF1-SNAP 

purifications can be found in Supplementary Figure 3. Of note, as reported previously 

(Golovanov et al. 2004), NXF1 is characterized by poor solubility and further 

precipitates over time. This issue had previously been solved by adding 50 mM 

arginine and 50 mM glutamate to the purification buffer (Golovanov et al. 2004), 

however, the addition of these amino acids had an opposite effect on the solubility 

of NXF1 in our hands. We thus excluded them in the final purification buffers. 

Additionally, the TMR dye used for the labeling of NXF1-SNAP further decreased 
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solubility in our hands. In contrast to the purification of kinesin-1, we therefore 

decided to label NXF1-SNAP subsequent to size exclusion chromatography. 

Delaying the labeling step increased the yield of purified NXF1 by a factor of 5. 

Finally, we note that it is important to perform the purification with a low amount of 

starting material (~3-5 g of E. coli), as higher concentrations of NXF1 led to a higher 

propensity to precipitate, resulting in an overall lower yield.  

 

 

 
Figure 20: Purification of NXF1(-SNAP). NXF1 and NXF1-SNAP were purified according to the 
protocol shown in (A). (B) Coomassie-stained SDS-PAGE gels show the purification of NXF1 and 
NXF1-SNAP according to (A). The upper gel shows the first steps in the purification of NXF1 and 
NXF1-SNAP, including 3C- and TEV protease-mediated cleavage of ZZ-NXF1(-SNAP)-His. The 
middle gel exemplifies the elution of NXF1-SNAP in different fractions during size exclusion 
chromatography. The bottom gel shows purified NXF1 and NXF1-SNAP. L: molecular weight protein 
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ladder, P: pellet, SN: supernatant, FT: flow-through, W: wash, 3C: PreScission protease (3C) 
cleavage, conc: concentration, ultrac: ultracentrifugation, 3C/TEV: 3C and TEV cleavage, A5-B3: 
fractions in size exclusion chromatography.  

 

SDS-PAGE analysis (Figure 20B) confirms the purity of NXF1 and NXF1-TMR which 

both run as single bands at their expected molecular weights of 71.0 kDa and 93.1 

kDa, respectively. The oligomerization states of NXF1 and NXF1-TMR were further 

analyzed using mass photometry (Supplementary Figure 6). As NXF1 is reported to 

homodimerize (Matzat, Berberoglu, and Lévesque 2008), we expected it to be 

dimeric. Our mass photometry results show that more than half of the purified NXF1 

is dimeric, with a smaller peak corresponding to the mass of the NXF1 monomer. 

The ability of NXF1 to oligomerize is further confirmed by SDS-PAGE analysis 

(Figure 20), where oligomers that do not dissociate in reducing conditions and the 

presence of detergent can be observed at higher concentrations.  

 

4.1.6. NXF1 interacts with motor proteins kinesin-1 and dynein 

 

Having purified NXF1 and NXF1-TMR, we next set out to test whether NXF1 

interacts with kinesin-1 and dynein in TIRF-M-coupled in vitro reconstitution 

experiments. Considering that microtubule-bound kinesin-1 is active in our 

experiments, we expected NXF1 to be transported by kinesin-1. In contrast, as 

dynein shows diffusive behavior, we expected NXF1 to co-diffuse with dynein.  

 

In initial TIRF-M experiments, both kinesin-1 and dynein occasionally interacted with 

NXF1: NXF1 was transported by kinesin-1 (Figure 21A) and co-diffused along 

microtubules in a complex with dynein (Figure 21B). However, in these initial 

exploratory experiments, the propensity of each microtubule motor protein to interact 

with NXF1 was low. 
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Figure 21: NXF1 occasionally interacts with microtubule motor proteins. Kymographs show that 
(A) kinesin-1 occasionally transports NXF1 and that (B) NXF1 occasionally co-diffuses with dynein. 
Arrows indicate an overlap between the AF647-KIF5A/KLC4 or AF647-dynein signals with the NXF1-
TMR signal. The individual and merged channels of NXF1-TMR as well as AF647-KIF5A/KLC4 and 
AF647-dynein, respectively, are shown. The applied concentrations are indicated below the 
kymographs. 

 

4.2. Discussion 

 

The aim of the work presented in this chapter was to purify the individual components 

of the selected rec-YnH network, including microtubule motor proteins and NXF1, as 

well as to perform a first characterization of their functionalities and interactions.   

 

4.2.1. Initial characterization of kinesin-1 and dynein 

 

The first step in analyzing the novel rec-YnH interactions was to obtain the 

microtubule motor proteins dynein and kinesin-1. We therefore expressed and 

purified three kinesin-1 heterotetramers: unlabeled heterotetramer (KIF5A/KLC4), 

heavy chain-labeled heterotetramer (AF647-KIF5A/KLC4) and light chain-labeled 

heterotetramer (KIF5A/KLC4-AF647). The single affinity chromatography protocol 

we initially chose for the purification of the unlabeled and heavy chain-labeled 

heterotetramer, respectively, resulted in a higher yield of (AF647-)KIF5A HC 

compared to KLC4. We thus adapted the purification protocol of light chain-labeled 

KIF5A/KLC4-AF647 to contain a sequential affinity chromatography step (Figure 
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18A-B) with distinct affinity tags on the kinesin-1 light and heavy chain, respectively. 

Nevertheless, the excess of KIF5A HC over KLC4 could not be reduced, comparable 

to the other two heterotetramer preparations (Figure 18C).  

 

A similar lower yield of kinesin-1 light vs. heavy chain can also been observed in 

SDS-PAGE analyses of kinesin-1 heterotetramer (KIF5A/KLC1) purifications in 

recent studies (Chiba et al. 2022; Tan et al. 2023). The inability to reduce the 

excessive amount of KIF5A HC in comparison to KLC4 possibly results from an 

oligomerization of the kinesin-1 heavy chain. Accordingly, KIF5A HC homotetramers 

and individual counts of higher order oligomers can be observed in our mass 

photometric analyses (Supplementary Figure 5) of the three different kinesin-1 

heterotetramer preparations. This is in agreement with a recent study by the 

McKenney group, in which purified KIF5A HC had a 20% higher mass than the 

calculated mass for a KIF5A HC dimer, and KIF5A had a higher propensity to form 

HC oligomers in vitro than KIF5B and KIF5C isoforms (Chiba et al. 2022).  

 

Furthermore, SDS-PAGE analyses show that KIF5A HC migrated as two bands 

(Figure 18C) although their amino acid sequences were found to be identical by 

mass spectrometric analyses. The double band has been observed previously for 

KIF5A, KIF5B and KIF5C HC isoforms (Chiba et al. 2022), and has been attributed 

to either higher oligomeric states that do not dissociate under reducing conditions 

and in the presence of detergent or a distinct posttranslational modification of KIF5A 

HC during expression in insect cells. In their recent preprint, Tan and colleagues 

further report two size exclusion chromatography peaks, which they suggest 

correspond to two different folding patterns of the KIF5B HC isoform: an extended 

state, corresponding to activated KIF5B HC, or a compact state, corresponding to 

the autoinhibited form (Tan et al. 2023). Two potential different folding states of the 

KIF5A HC could thus alternatively explain the presence of the double band in SDS-

PAGE analyses, suggesting that only a certain fraction of KIF5A HC is active in our 

experiments. 

 

Finally, the presence of a mass peak corresponding to the molecular weight of KLC4 

dimers in mass photometric analyses (Supplementary Figure 5) suggests that 

recombinant kinesin-1 preparations might differ from in vivo complexes, as 

dimerization of KLCs has not been reported previously. A dimerization of KLCs could 

also explain why heterotrimers consisting of two KIF5A HCs and one KLC4 are not 

detected in our mass photometric analyses (Supplementary Figure 5). 

 

In conclusion, the purification of kinesin-1 heterotetramers consisting of two copies 

of KIF5A HC and two copies of KLC4 was successful, even if accompanied by some 
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uncomplexed KIF5A HC oligomers and KLC4 dimers. Considering that kinesin-1 

light chains do not bind to microtubules in the absence of KIF5A HCs, the presence 

of KLC4 dimers will not affect the analysis of kinesin-1 motility and NXF1 transport. 

It might be important for adjusting the concentration of NXF1 in in vitro reconstitution 

assays though, as uncomplexed KLC4 might bind to NXF1 in solution, depleting it 

from the pool that can bind to microtubule-bound KIF5A/KLC4 heterotetramers. 

Nevertheless, after an initial analysis of AF647-KIF5A/KLC4 heterotetramer (or 

AF647-KIF5A HC oligomer) motility, the light chain-labeled KIF5A/KLC4-AF647 

heterotetramer can then be used to determine the percentage of (co-)transported 

NXF1, NXF1/SRSF3 or NXF1/SRSF3/RNA complexes, respectively, as these are 

expected to exclusively bind to light chain-containing KIF5A/KLC4 heterotetramers 

and not to KIF5A HC dimers/oligomers (see section 1.8).  

 

4.2.2. Differential activity and processivity of kinesin-1 and dynein 

 

To test the functionality of kinesin-1 and dynein, their activities were examined in 

TIRF-M-coupled in vitro reconstitution experiments. Considering that we used full-

length recombinant KIF5A HC (and not constitutively active tail-truncated versions 

such as K560 (Chiba et al. 2022; Ferro et al. 2022; Hooikaas et al. 2019) or K460 

(Chiba et al. 2022; Shimizu et al. 2000)) in combination with KLC4, we expected 

kinesin-1 to be autoinhibited (Coy et al. 1999; Dietrich et al. 2008; Friedman and 

Vale 1999; Kaan, Hackney, and Kozielski 2011; Stock et al. 1999). Contrary to our 

expectations, the microtubule-bound KIF5A/KLC4 heterotetramer is processive in 

our in vitro reconstitution experiments. 

 

A similar processivity phenotype was recently described by the McKenney group 

(Chiba et al. 2022) for KIF5A HC homodimers and KIF5A/KLC1 heterotetramers, 

and could potentially be explained by the extended (activated) vs. compact 

(autoinhibited) folding states that Tan et al. described for the KIF5B heavy chain in 

their recent preprint (Tan et al. 2023). In gliding assays performed by the McKenney 

group, in which KIF5A HC dimers and KIF5A/KLC1 heterotetramers are non-

specifically attached to a glass surface, both kinesin-1 preparations were able to 

slide microtubules along the glass surface, confirming that recombinant KIF5A is an 

active motor (Chiba et al. 2022). Furthermore, in single-molecule assays similar to 

our TIRF-M-based reconstitution assay, they were able to show that recombinant 

KIF5A HC dimers and KIF5A/KLC1 heterotetramers have a high processivity: Out of 

all MT-bound complexes, 70% of KIF5A HC dimers and 41% of KIF5A/KLC1 

heterotetramers were processive, while the remaining dimers and heterotetramers 

were either static or diffusive. Yet, landing rates were reduced by >100-fold and 

further 7-fold, respectively, compared to the constitutively active, truncated K460 
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kinesin-1 variant (Chiba et al. 2022). Hence, kinesin-1 autoinhibition appears to 

primarily inhibit microtubule binding. Once bound to microtubules, a big fraction of 

these motors is active, aligning with the processivity phenotype observed for our 

kinesin-1 preparations.  

 

In contrast to kinesin-1, dynein is diffusive in our in vitro reconstitution experiments. 

This observation is in agreement with the literature, in which dynein is reported to be 

autoinhibited in the absence of its accessory protein complex dynactin and an 

adaptor protein such as Bicaudal D2 (McKenney et al. 2014b; Schlager, Serra-

Marques, et al. 2014). In contrast to kinesin-1, the autoinhibition does not affect 

microtubule binding in our experiments, but rather the ability of dynein to 

processively walk along microtubules.  

 

While the mean velocity of ~1400 nm/s of the here purified recombinant KIF5A/KLC4 

heterotetramers is similar to the reported range (1182 ± 187 nm/s for KIF5A HC 

dimers and 1051 ± 176 nm/s for KIF5A/KLC1 heterodimers (Chiba et al. 2022), the 

median run length of ~7.5 µm (Figure 19) we measured in our first test experiments 

was significantly higher than the average run length of ~1 µm determined in previous 

studies for tail-truncated or full-length kinesin homodimers or KIF5A/KLC1 

heterotetramers, respectively (Chiba et al. 2022; Seitz and Surrey 2006; Thorn, 

Ubersax, and Vale 2000; Verbrugge, Van Den Wildenberg, and Peterman 2009). 

Considering that mass photometric analyses (Supplementary Figure 5) detected the 

presence of higher order oligomers such as KIF5A HC tetramers, it is possible that 

these long run events are caused by oligomers, as also suggested in a recent study 

(Chiba et al. 2022). In any case, the higher run length of the KIF5A/KLC4 

heterotetramer complexes matches the run length the Maurer group has previously 

observed for KIF5A HC in the absence of KLCs (S. J. Baumann et al. 2022), and 

might depend on experimental conditions. 

 

4.2.3. Kinesin-1 and dynein occasionally interact with NXF1 

 

To be able to analyze the rec-YnH-based interaction between kinesin-1/dynein and 

NXF1, we purified NXF1. In solution, the majority of purified recombinant NXF1 is 

dimeric, whereas about ~33% of NXF1 is monomeric (Supplementary Figure 6). 

Although NXF1 is mostly characterized as a heterodimer with its adaptor NXT1, 

recombinant NXF1 has also been described to homodimerize in the absence of 

mRNA (Matzat, Berberoglu, and Lévesque 2008), aligning with the observed NXF1 

dimerization in our experiments. 
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In initial qualitative TIRF-M-coupled in vitro reconstitution experiments, we could 

show that NXF1 occasionally interacted with kinesin-1 and dynein (Figure 21). A 

previous study had already suggested a role of kinesin-1 and dynein in the 

microtubule-dependent bidirectional movement of NXF1/viral RNA complexes to and 

around the microtubule-organizing center (Pocock et al. 2016). We here further 

extend this observation by identifying that the link between NXF1 and microtubule 

motor proteins is a direct interaction, even though happening only occasionally in 

initial exploratory experiments. 

 

In cells, NXF1 itself is predicted to be autoinhibited (Viphakone et al. 2012) in the 

absence of SRSF3, a state in which it cannot bind mRNA. The autoinhibition 

comprises an intramolecular interaction between the N-terminal RRM and the C-

terminal NTF2L domain of NXF1 (Müller-McNicoll et al. 2016; Viphakone et al. 2012). 

The only accessible NXF1 domain for interaction with microtubule motor proteins 

would thus theoretically be the ubiquitin-associated domain. Considering that we 

detected kinesin-1 and dynein light chain binding motifs mostly outside of the 

ubiquitin-associated domain, the NXF1 domains that are “hidden” during 

autoinhibition possibly remain accessible for interaction with motor proteins. 

Alternatively, the few NXF1 proteins in these exploratory experiments that interact 

with microtubule motor proteins might not be autoinhibited, similar to the equilibrium 

of autoinhibited vs. processive kinesin-1 dimers and heterotetramers reported 

previously (Chiba et al. 2022; Tan et al. 2023). 

 

In conclusion, we have here shown the first evidence of a direct interaction between 

two major microtubule motor proteins dynein/kinesin-1 and the major nuclear export 

factor of mRNAs, NXF1, even if the interaction was observed only occasionally in 

these exploratory experiments. 

 

In the following sections, we will analyze whether kinesin-1 is capable of transporting 

complexes of NXF1, its cofactor SRSF3 as well as RNA along microtubules with the 

help of TIRF-M-coupled in vitro reconstitution approaches.  
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5. NXF1 & SRSF3 CAN BE CO-TRANSPORTED BY KINESIN-1 

 

5.1. Results 

 

Having shown that kinesin-1 and dynein interact with NXF1 (even if only occasionally 

in initial, exploratory experiments), we next set out to determine whether SRSF3 

interacts with motor protein-bound NXF1, resulting in either co-transport or co-

diffusion via kinesin-1 and dynein, respectively.  

 

Since full-length SRSF3 had not been expressed in a soluble manner in E. coli 

previously due to its intrinsic insolubility (Hargous et al. 2006; Yingqun Huang et al. 

2003), our first aim was to identify an expression condition that yielded soluble 

SRSF3 and SNAP-tagged SRSF3, respectively.  

 

5.1.1. Finding suitable expression conditions for (SNAP-)SRSF3 

 

In accordance with previous groups (Hargous et al. 2006; Yingqun Huang et al. 

2003), we also chose to express (SNAP-)SRSF3 in E. coli, as expression in this host 

offers various advantages over the expression in other cell types such as insect or 

human cells. Expression in E. coli does not only typically yield a high amount of the 

protein of interest, it is also simple, cost-effective and rapid. Furthermore, there are 

multiple E. coli strains to choose from, for example, the BL21-CodonPlus(DE3)-RIL 

and Rosetta™ (DE3)pLysS strains that additionally code for tRNAs that are rare in 

E. coli, namely arginine, isoleucine, leucine, proline and glycine. The Rosetta™ 

(DE3)pLysS strain further expresses T7 lysozyme which is used to prevent the leaky 

expression of proteins prior to the induction of protein expression.  

 

The combination of these advantages enabled us to compare several different 

parameters for the expression of (SNAP-)SRSF3 in E. coli:  

 

(1) Different N-terminal solubility tags: Maltose-binding protein (MBP) and N-

utilization substance protein A (NusA) (Raran-Kurussi and Waugh 2014); 

 

(2) Different E. coli strains: BL21-CodonPlus(DE3)-RIL and Rosetta™ 

(DE3)pLysS; 

 

(3) Different expression conditions: (a) 18 °C, 16 h, 0.1 mM IPTG; (b) 25°C, 5 h, 

0.5 mM IPTG; (c) 37°C, 3 h, 1 mM IPTG. 
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At its N-terminus, (SNAP-)SRSF3 was fused to either of the indicated solubility tags 

and a SUMO3 cleavage site (Besir 2017). At its C-terminus, it was fused to a 3C 

protease cleavage site as well as a Strep-tag. The resulting constructs (NusA-

SUMO3-(SNAP-)SRSF3-3C-Strep and MBP-SUMO3-(SNAP)-SRSF3-3C-Strep) 

were used for expression in small volumes according to the indicated conditions, 

and the solubility of the proteins was tested by ultracentrifugation of the cell lysate 

after expression.  

 

By comparing the intensity of (SNAP-)SRSF3 bands on SDS-PAGE gels, we were 

ultimately able to determine the condition that yielded the highest amount of soluble 

(SNAP-)SRSF3 (Figure 22A, here exemplified for non-SNAP-tagged SRSF3). It 

included the following parameters: Expression at 18°C for 16 h with an IPTG 

concentration of 0.1 mM using the Rosetta™ (DE3)pLysS E. coli strain and the NusA 

solubility tag. The lower temperature and therefore longer expression time represent 

a “soft” way of expressing proteins, which ultimately facilitates the expression of 

soluble protein. In contrast, the shorter expression time at 37°C increases the 

chance of obtaining unfolded or misfolded protein (Francis and Page 2010).  

 

To test for leaky expression of NusA-SUMO3-(SNAP-)SRSF3-3C-Strep prior to the 

induction of protein expression in the determined condition, we further performed a 

Western Blot analysis with an anti-Strep antibody (Figure 22B, here exemplified for 

non-SNAP-tagged SRSF3). As expected, considering the presence of T7 lysozyme 

in the Rosetta™ (DE3)pLysS E. coli strain, leaky expression of SRSF3 was not 

detectable. Furthermore, Western blot analysis clearly shows that the majority of 

SRSF3 expressed under the chosen condition was soluble.  

 

In conclusion, we were thus not only successful in identifying an expression condition 

resulting in soluble (SNAP-)SRSF3, but also an expression condition in which the 

majority of expressed (SNAP-)SRSF3 is soluble.  
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Figure 22: Finding optimal conditions for the expression of (SNAP-)SRSF3. (A) Coomassie-
stained SDS-PAGE gels exemplify expression tests for SRSF3 fused to the N-terminal solubility tags 
MBP (top gel) and NusA (bottom gel). Varying expression conditions were tested: different E. coli 
strains (Rosetta™ (DE3)pLysS and BL21-CodonPlus(DE3)-RIL), different temperatures (18°C, 25°C, 
37°C), different IPTG concentrations (according to temperature; 18°C: 0.1 mM IPTG, 25°C: 0.5 mM 
IPTG, 37°C: 1 mM IPTG) and different expression times (16 h, 5 h, 3 h). For each condition, the 
soluble fraction (supernatant, SN) was separated from the insoluble fraction (pellet, P). The condition 
that yielded the highest amount of soluble SRSF3 (Rosetta™ (DE3)pLysS, NusA, 0.1 mM IPTG, 
18°C, 16 h expression) is marked with a green, dashed rectangle. (B) The marked condition in (A) 
was further validated via Western Blot analysis using an anti-Strep antibody for the detection of 
soluble NusA-SUMO3-SRSF3-3C-Strep prior to and after the induction of protein expression.  

 

5.1.2. Purification of (SNAP-)SRSF3 

 

Following the successful expression of soluble SRSF3 and SNAP-tagged SRSF3, 

respectively, our aim was to purify both of the latter. We initially focused on the 
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purification of non-SNAP-tagged SRSF3 to determine optimal purification conditions, 

and then used the same conditions for the purification of SNAP-SRSF3.  

 

Owing to its described intrinsic insolubility (Hargous et al. 2006), we expected the 

purification of SRSF3 to be technically challenging following its extraction from E. 

coli. Initial attempts included purification at 4°C, which is typically used for the 

purification of recombinant proteins to reduce proteolysis (Remans et al. 2022), as 

well as size exclusion chromatography to remove any contaminants during 

purification. However, SRSF3 appeared to be less stable at lower temperatures 

(data not shown). Furthermore, contaminants could not be efficiently removed and 

the overall protein yield was severely reduced upon size exclusion chromatography 

(data not shown), potentially resulting from an interaction of SRSF3 with the column 

resin. 

 

We were ultimately able to design a room temperature-based purification protocol 

that yielded pure SRSF3 and SNAP-SRSF3, respectively. The protocol, which is 

schematically shown in Figure 23, will be briefly discussed here to highlight crucial 

purification steps. With the aim of degrading contaminating nucleic acids, NusA-

SUMO3-(SNAP-)SRSF3-3C-Strep is extracted from E. coli via a prolonged 

sonication step. Following sonication, it is purified via affinity chromatography and 

separated from its solubility (NusA-) and purification (Strep-) tags via on-column 

protease cleavage. SNAP-SRSF3 is subsequently fluorescently labeled with AF647 

dye, and non-incorporated dye is subsequently removed via a desalting column. 

AF647-SRSF3 as well as SRSF3 are finally ultracentrifuged. This step, used to 

remove potential aggregates, is performed using a lower velocity compared to other 

purification protocols in this thesis, as SRSF3 is otherwise pelleted. 

 

SDS-PAGE analysis confirms the successful purification of both proteins using the 

purification protocol developed: SRSF3 and SNAP-SRSF3 migrated as single bands 

at their expected molecular weights of 19.3 kDa and 41.3 kDa, respectively (Figure 

23B). Of note, we initially tried to purify C-terminally instead of N-terminally SNAP-

tagged SRSF3. Several purification attempts showed, however, that SRSF3-SNAP 

was not stable, as the SNAP-tag was typically lost during purification (data not 

shown), potentially by degradation. Placement of the SNAP-tag at the N-terminus of 

SRSF3, however, solved this problem. 

 

To further determine the oligomeric state of purified SRSF3 and SNAP-SRSF3, 

mass photometric analyses were performed (Supplementary Figure 7). Both SRSF3 

(19.3 kDa) and SNAP-SRSF3 (41.3 kDa) are either below or at the border of the 

lower molecular mass detection limit of 40 kDa for this technique (Sonn-Segev et al. 
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2020; D. Wu and Piszczek 2020, 2021). Their monomer peaks are thus overlayed 

with the buffer background signal peak (Supplementary Figure 7), and their mass 

peaks hence cannot be assigned to their molecular mass. Nevertheless, the mass 

photometric analyses confirm that there are no higher order aggregates of neither of 

the two purified proteins.  

 

 

 
Figure 23: Purification of (SNAP-)SRSF3. SRSF3 and SNAP-SRSF3 were purified according to the 
protocol shown in (A). (B) Coomassie-stained SDS-PAGE gels show the purification steps according 
to (A) for SRSF3 (top) and SNAP-SRSF3 (bottom). SNAP-SRSF3 was fluorescently labeled with 
AF647, and non-incorporated dye was removed via to remove non-incorporated fluorescent dye. L: 
molecular weight protein ladder, P: pellet, SN: supernatant, FT1: flow-through 1, W: wash, FT2: flow-
through 2, FT3: flow-through 3, desalt: removal of non-incorporated AF647 dye, conc: concentration, 
ultrac: ultracentrifugation, final: final sample after flash-freezing and thawing.  
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5.1.3. SRSF3 occasionally interacts with motor protein-bound NXF1 

 

We next aimed to determine whether SRSF3 and NXF1 can simultaneously interact 

with microtubule motor proteins. In the case of an interaction, we expected SRSF3 

and NXF1 to be co-transported by kinesin-1 or to co-diffuse along microtubules in a 

complex with dynein. To reduce the complexity of the performed assays, we opted 

to focus on analyzing exclusively kinesin-1-based transport from now on.  

 

To observe simultaneously fluorescently labeled NXF1 and SRSF3 in kinesin-1-

based transport experiments, the unlabeled kinesin-1 heterotetramer (KIF5A/KLC4) 

was used. Besides individual transport events of NXF1 and SRSF3, we could identify 

co-transport events of both proteins. This is exemplified in the kymograph in Figure 

24, in which out of four NXF1 transport events on a single microtubule, three are 

accompanied by SRSF3. Even though these initial results suggest that NXF1 and 

SRSF3 can indeed be co-transported via kinesin-1, the total number of co-transport 

events of both proteins strongly varied, and were overall low in these initial, 

exploratory experiments. 

 

 
 

Figure 24: NXF1 and SRSF3 are occasionally co-transported by kinesin-1. Kymographs show 
that NXF1-TMR and AF647-SRSF3 are co-transported by kinesin-1. Arrows indicate overlaps of the 
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NXF1-TMR and AF647-SRSF3 signals. The individual and merged channels of NXF1-TMR and 
AF647-SRSF3 are shown, and the applied concentrations are indicated below the kymographs. 

 

In an attempt to increase the co-transport events of NXF1 and SRSF3 by kinesin-1, 

we changed two parameters in the in vitro reconstitution experiments, including (1) 

the addition of ATP to the pre assay mix and (2) the addition of mRNA to the final 

assay mix.  In the pre assay mix (Figure 16, step 1), kinesin-1 (as well as NXF1 and 

SRSF3) was not incubated with ATP. We expected that addition of ATP to the pre 

assay mix and not just to the final assay mix (Figure 16, step 6) might stabilize 

kinesin-1, resulting in a higher quantity of active kinesin-1 molecules and therefore 

potentially also higher NXF1/SRSF3 co-transport numbers. Addition of ATP to the 

pre assay mix, however, reduced transport numbers of NXF1/SRSF3, potentially 

resulting from an interaction of its negatively charged phosphates with the highly 

positively charged RS domain of SRSF3. Furthermore, although NXF1 and SRSF3 

were co-transported in the absence of RNA in these initial experiments, we 

hypothesized that the number of co-transport events might be increased in the 

presence of RNA, perhaps by further stabilizing the interaction as described 

previously (Müller-McNicoll et al. 2016). Initial attempts of adding full-length CamKII 

mRNA (obtained from Artem Komissarov (Maurer group)) to exploratory 

experiments, however, did not lead to an increase in NXF1/SRSF3 co-transport 

numbers.  

 

In conclusion, we could for the first time show that kinesin-1 can co-transport two 

RBPs, NXF1 and its cofactor SRSF3, even though the number of co-transport events 

was low in these initial, exploratory experiments.  

 

5.2. Discussion 

 

After having established that the main interaction in the proposed rec-YnH network, 

comprising NXF1 and kinesin-1/dynein, can indeed be reconstituted in a single-

molecule in vitro assay, the aim of the work presented in this chapter was to analyze 

whether kinesin-1 can co-transport NXF1 and SRSF3 in vitro.  

 

In the literature, it is widely accepted that SRSF3 recruits NXF1 to mRNA after the 

completion of splicing in the nucleus (Y. Huang, Yario, and Steitz 2004; Lai and Tarn 

2004). In the past, the interaction between NXF1 and SRSF3 has mostly been 

described as direct on the basis of pull-down and co-immunoprecipitation 

approaches in the presence of RNase (Hargous et al. 2006; Yingqun Huang et al. 

2003; Lai and Tarn 2004; Tintaru et al. 2007). In contrast, a recent study shows that 

the NXF1/SRSF3 interaction is lost in co-immunoprecipitation assays upon 
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prolonged RNase treatment (Müller-McNicoll et al. 2016), suggesting a stabilization 

of the NXF1/SRSF3 interaction by mRNA in vivo. However, no study has so far been 

able to conclusively verify whether the interaction is based on a direct protein-protein 

or protein-RNA-protein interaction using an in vitro assay (see section 1.7), as 

recombinant, full-length SRSF3 could not be expressed in a soluble form yet 

(Hargous et al. 2006; Yingqun Huang et al. 2003).  

 

In this thesis, we report, to our knowledge, the first successful purification of 

bacterially overexpressed, recombinant, full-length SRSF3, enabling us to further 

analyze the interaction between SRSF3 and NXF1. Strikingly, in our in vitro 

reconstitution assays, we were able to show that SRSF3 can indeed occasionally 

interact with kinesin-1/NXF1 complexes in the absence of RNA (Figure 24). 

Whenever NXF1 and SRSF3 are co-transported, the kinesin-1/NXF1/SRSF3 

complex appears to be stable, as neither NXF1 nor SRSF3 dissociates from kinesin-

1 during its run (Figure 25). Our results thus suggest that NXF1 and SRSF3 do not 

require a stabilization via RNA in order to be co-transported by kinesin-1 in vitro. This 

finding is in agreement with previous studies performed in cell lysate, reporting a 

direct interaction between NXF1 and SRSF3 in the presence of RNase (Hargous et 

al. 2006; Yingqun Huang et al. 2003; Lai and Tarn 2004; Tintaru et al. 2007), 

assuming that NXF1 and SRSF3 interact with each other while being transported by 

kinesin-1. 

 

Although we were not able to obtain high numbers of NXF1/SRSF3 co-transport 

events in these initial reconstitution experiments, our results not only represent a 

novel reconstitution of kinesin-1-mediated transport of an RNA-binding protein, 

adding to the very small number of previous such reconstitutions, but we also report, 

to our knowledge, the first reconstitution of a kinesin-1-based transport system 

comprising two RNA-binding proteins in combination.  

 

Our first attempts of increasing the number of NXF1/SRSF3 co-transport events in 

our in vitro reconstitution experiments consisted of the addition of either ATP or 

mRNA to the pre incubation mixes (containing kinesin-1, NXF1 and SRSF3; 

compare with Figure 16).  As neither of these attempts resulted in higher numbers 

of NXF1/SRSF3 co-transport events, and co-transport was not always reproducible, 

we hypothesized that an additional factor may be required to increase the propensity 

of NXF1 and SRSF3 to form complexes with kinesin-1. 
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6. DO ADDITIONAL FACTORS INCREASE THE ASSOCIATION 

BETWEEN NXF1/SRSF3 AND KINESIN-1? 

 

In the preceding chapters, we established that kinesin-1 can co-transport NXF1 and 

SRSF3. However, the number of NXF1/SRSF3 co-transport events remained low 

and transport was not always reproducible, suggesting that additional factors may 

be required to increase the propensity of NXF1 and SRSF3 to form complexes with 

kinesin-1. The work presented in this chapter focuses on identifying and analyzing 

these potential additional factors that might stabilize the kinesin-1/NXF1/SRSF3 

complex. 

 

6.1. Results 

 

6.1.1. Extension of the core rec-YnH network 

 

Considering that we identified NXF1 to be a hub for protein interactions, we extended 

the core NXF1 rec-YnH network (Supplementary Figure 8) to determine proteins that 

show (if possible) NanoBRET-validated interactions with both kinesin-1 light chain 

KLC4 and NXF1. Three additional factors fulfill this requirement (Figure 25): 

fasciculation and elongation zeta protein 2 (FEZ2), RNA transcription, translation 

and transport factor protein (RTRAF) as well as Nudix hydrolase 21 (NudT21).  

 

 

 
Figure 25: NXF1 and KLC4 are shown interact with additional proteins. NXF1 and KLC4 are 
predicted to interact with NudT21, FEZ2 and RTRAF in the rec-YnH screen. These interactions have 
(mostly) been validated by NanoBRET. Green: rec-YnH and NanoBRET positive; gray: rec-YnH 
positive, NanoBRET negative. 
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Besides showing interactions with both KLC4 and NXF1 in the rec-YnH and 

NanoBRET screens, each of these proteins is additionally reported to interact either 

directly or indirectly with mRNA and/or the microtubule cytoskeleton in the literature. 

FEZ2, RTRAF and NudT21 are thus interesting factors to study in the context of 

mRNA transport, and their established roles in this aspect will be outlined in the 

following.  

 

FEZ1, to which its paralog FEZ2 is closely related, is described to interact with 

kinesins KIF3 and KIF5 (Fujita et al. 2007; Suzuki et al. 2005). It was proposed to 

function as a dimeric, bivalent cargo transport adaptor (Teixeira, Alborghetti, and 

Kobarg 2019), linking a variety of cargoes to microtubule-based transport. Since 

FEZ1 shares all of its binding partners with FEZ2 (Marcos R. Alborghetti, Furlan, and 

Kobarg 2011), this adaptor function is likely present in both paralogs, which are 

further described to play a role in neuronal development as well as neurological 

disorders (Teixeira, Alborghetti, and Kobarg 2019). 

 

RTRAF, on the other hand, is described to be a component of kinesin-1- and mRNA-

containing dendritic granules (Kanai, Dohmae, and Hirokawa 2004) as well as 

cytosolic, ribosome-containing RNA granules (Elvira et al. 2006).  

 

Finally, NudT21, a component of the cleavage factor Im complex, is reported to be 

a “master regulator” of alternative polyadenylation (Y. Chu et al. 2019) that promotes 

the synthesis of longer 3’UTRs similar to SRSF3. Disruption of NudT21-mediated 

regulation of alternative polyadenylation is consequently reported to result in 

intellectual disability (Alcott et al. 2020; Gennarino et al. 2015).  

 

In conclusion, each of the above-mentioned proteins has a potential function in 

neuronal mRNA transport. Consequently, they represent suitable candidates to test 

in combination with NXF1 and KIF5A/KLC4, potentially leading to the identification 

of a factor that stabilizes the kinesin-1/NXF1/SRSF3 complex in in vitro reconstitution 

experiments.  

 

6.1.2. Purification of extended rec-YnH network components  

 

To analyze the transport of NXF1/SRSF3 complexes in the presence of FEZ2, 

RTRAF and NudT21 in in vitro reconstitution assays, we cloned, expressed and 

purified each of the latter in unlabeled and labeled versions (Figure 26). FEZ2, 

RTRAF and NudT21 were each fused to an N-terminal solubility tag (NusA- or ZZ-

tag) as well as a C-terminal affinity tag (His- or Strep-tag) which were separated via 

protease cleavage sites. For the purification of labeled proteins, FEZ2, RTRAF and 
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NudT21 were fused to an N- or C-terminal SNAP-tag. All proteins were expressed 

in E. coli and purified via affinity chromatography. After cleavage of solubility and 

affinity tags, proteins were subjected to size exclusion chromatography, and labeling 

was performed using AF647 dye. 

 

In SDS-PAGE analyses, all proteins run at their expected molecular weights of 42.6 

kDa (unlabeled FEZ2), 27.2 kDa (unlabeled NudT21) and 28.9 kDa (unlabeled 

RTRAF), respectively. Likewise, the labeled proteins run at their expected molecular 

weights of 71.1 kDa (labeled FEZ2), 49.2 kDa (labeled NudT21) and 54.0 kDa 

(labeled RTRAF), respectively. Of note, both unlabeled and labeled RTRAF are 

characterized by a double band that has previously been observed for the wild type 

protein (Pazo et al. 2019), potentially resulting from distinct posttranslational 

modifications. 

 

 

 
Figure 26: Purification of extended rec-YnH network components. Coomassie-stained SDS-
PAGE gels show the purity of labeled and unlabeled FEZ2, RTRAF and NudT21. FEZ2-AF647, FEZ2 
and RTRAF-AF647 were purified in this thesis. RTRAF was purified by Carlo Carolis (Protein 
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Technologies Unit, CRG), whereas NudT21-AF647 and NudT21 were purified by Silvia Speroni 
(Maurer group). Purification protocols are similar to that of NXF1-TMR and NXF1, respectively, as 
described in section 3.3.  

 

To analyze the oligomeric states of the purified proteins, they were subjected to 

mass photometric analyses (Supplementary Figure 9). Considering that the 

molecular weights of the monomeric proteins are either below or close to the 

background signal of the TIRF-M assay buffer which they were measured in 

(corresponding to 40 kDa), the method was only suitable for the detection of oligomer 

formation. As only minor oligomer peaks were detected for each protein, we assume 

that they are predominantly present as monomers.  

 

6.1.3. FEZ2 is co-transported with NXF1 and might increase the co-

transport numbers of NXF1 and SRSF3 

 

To determine whether the factors of the extended rec-YnH network increase 

complex formation between kinesin-1 and NXF1, we tested FEZ2, RTRAF and 

NudT21 in TIRF-M in vitro reconstitution assays (Figure 27 and Figure 28). Based 

on the rec-YnH and NanoBRET results (Figure 25), we expected each of the proteins 

to interact with both kinesin-1 and NXF1. Surprisingly, out of all analyzed proteins, 

we observed that only FEZ2 was transported via kinesin-1 alone as well as in 

combination with NXF1 (Figure 27A). Furthermore, in exploratory experiments, 

kinesin-1 frequently co-transported NXF1 and SRSF3 in the presence of FEZ2, as 

exemplified in Figure 27B.  

 

In disagreement with the extended rec-YnH network (Figure 25), the remaining 

proteins (NudT21 and RTRAF) did not show an association with kinesin-1 or NXF1 

in exploratory experiments (Figure 28A+C). Considering that the rec-YnH network 

shows an additional link between NudT21, RTRAF and FEZ2, we next assessed 

whether the further addition of FEZ2 to the experiment including NXF1, kinesin-1 

and NudT21/RTRAF could induce complex formation and thus potentially increase 

NXF1/SRSF3 co-transport (Figure 28B+D).  
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Figure 27: FEZ2 is co-transported with NXF1 and potentially increases NXF1/SRSF3 co-
transport numbers. (A) Kymograph showing that NXF1 and FEZ2 are co-transported by kinesin-1 
(marked by white arrows). (B) Entire field of view of a TIRF-M movie (at 12 s out of 5 min) showing a 
high association of NXF1 and SRSF3 in the presence of FEZ2.  

 

Interestingly, the addition of FEZ2 to exploratory experiments including kinesin-1, 

NXF1 and RTRAF (Figure 28B) resulted in the transport of RTRAF by kinesin-1. 

However, the lack of NXF1 co-transport in this experiment potentially suggests that 

RTRAF competes with NXF1 for kinesin-1/FEZ2 binding. Alternatively, when FEZ2 

was added to exploratory experiments including kinesin-1, NXF1 and NudT21 

(Figure 28D), it did not promote an interaction with either kinesin-1 or NXF1, 

respectively.  

 

In conclusion, out of the tested proteins, FEZ2 is the only factor that can stably 

associate with kinesin-1/NXF1(/SRSF3) complexes, and was thus included in the in 

vitro reconstitution experiments presented in the next chapters. 
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Figure 28: RTRAF and NudT21 do not increase kinesin-1-mediated NXF1 transport. Preliminary 
data shows that the additional selected proteins from the extended NXF1 rec-YnH network do not 
increase kinesin-1-mediated NXF1 transport. Different combinations of proteins were tested and 
exemplary kymographs were chosen. White arrows show the presence of the labeled, additional 
proteins (red) in the kymographs. (A) RTRAF does not interact with kinesin-1 or NXF1. (B) In the 
presence of FEZ2, RTRAF interacts with kinesin-1, however, NXF1 is not co-transported. (C) Like 
RTRAF, NudT21 does not interact with kinesin-1 or NXF1. (D) The presence of FEZ2 in the 
experiment does not lead to an association of NudT21 with NXF1 or kinesin-1.  

 

6.2. Discussion 

 

After having established that NXF1 and SRSF3 are occasionally co-transported by 

kinesin-1, the aim of the work presented in this chapter was to analyze whether the 

number of NXF1/SRSF3 co-transport events could be increased. 

 

Starting from the extended rec-YnH-based NXF1 network (Supplementary Figure 8), 

we tested whether FEZ2, RTRAF and NudT21, which show interactions with both 
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NXF1 and KLC4 (Figure 25), can increase kinesin-1-based co-transport of NXF1 

and SRSF3.  

 

Out of the three proteins analyzed, FEZ2 showed a favorable interaction with both 

KLC4 and NXF1, visualized by its kinesin-1-based co-transport with NXF1 (Figure 

27A). A link between FEZ2 and NXF1 had not been reported previously, and 

suggests that FEZ2, like its paralog FEZ1, can increase the association of cargoes 

with kinesin (Fujita et al. 2007; Suzuki et al. 2005; Teixeira, Alborghetti, and Kobarg 

2019). Although described to homodimerize in the literature (M. R. Alborghetti et al. 

2010), neither AF647-FEZ2, nor unmodified FEZ2 are dimeric in our experiments 

(Supplementary Figure 9), revealing that homodimerization is not a requirement for  

FEZ2 to increase the association of NXF1 with kinesin-1.  

 

Exploratory experiments further revealed a frequent co-transport of NXF1 and 

SRSF3 in the presence of FEZ2 (Figure 27B), but no co-transport of NXF1 with 

RTRAF or NudT21, respectively (Figure 28B+D), was observed. This suggests a 

certain selectivity in the rec-YnH network. As the rec-YnH method relies on the 

homologous recombination of individual bait and prey protein pairs, the method 

cannot detect whether all of the identified interactions can take place simultaneously 

or whether some interactions block others via steric hindrances. Additionally, even 

though mostly validated using the NanoBRET approach, rec-YnH-predicted 

interactions may nevertheless be false positives or might depend on the cellular 

environment which they were detected in. Thus, the here presented in vitro 

reconstitutions with selected components are critical to identify minimal sets of 

interactors required for efficient microtubule-based transport. 

 

In conclusion, in this chapter we determined that NXF1 and SRSF3 are frequently 

co-transported by kinesin-1 in the presence of FEZ2. We thus concluded that FEZ2 

is an important factor to include in the in vitro reconstitution experiments presented 

in the next chapters. 
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7. NXF1 & SRSF3 ARE EFFICIENTLY CO-TRANSPORTED BY 

KINESIN-1 VIA INTERACTION WITH KLC4 

 

7.1. Results 

 

In the work presented in the previous chapter, we established in exploratory TIRF-

M-coupled in vitro reconstitution experiments that the low number of kinesin-1-based 

NXF1/SRSF3 co-transport events is potentially increased in the presence of FEZ2 

(Figure 27).  

 

7.1.1. KLC4 is required for the transport of NXF1 

 

Direct binding to the KIF5A HC has been reported in previous studies for other 

kinesin-1 cargoes (Sun et al. 2011; Williams et al. 2014; Woźniak and Allan 2006). 

Since minor KIF5A HC dimer/oligomer populations are also present in our 

heterotetramer preparations (Figure 18 and Supplementary Figure 5), we wanted to 

test if transport of FEZ2/NXF1/SRSF3 complexes is really dependent on the kinesin-

1 light chain KLC4 (Figure 18 and Supplementary Figure 5), as predicted by the rec-

YnH and NanoBRET screens (Figure 25).  

 

To do so, we designed an in vitro reconstitution experiment in which we focused 

exclusively on the transport of NXF1 by each of the KIF5A/KLC4 heterotetramer 

preparations (KIF5A/KLC4-AF647, AF647-KIF5A/KLC4, unlabeled KIF5A/KLC4) in 

comparison to a dimeric AF647-KIF5A HC which was kindly provided by Sebastian 

Baumann (Maurer group). 

 

In these in vitro experiments, each of the KLC4-containing heterotetramers 

transported NXF1. In contrast, NXF1 was not transported by AF647-KIF5A HC 

dimers, suggesting that KLC4 is indeed required for the transport of NXF1 (Figure 

29).  
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Figure 29: KLC4 is crucial for NXF1 transport. Using kinesin-1 concentrations normalized relative 
to a bovine serum albumin standard, we compared transport efficiencies of NXF1 by the different 
KLC4-containing kinesin-1 heterotetramers in comparison to dimeric KIF5A HC. Concentrations of 
kinesin-1 heterotetramers were diluted 10-fold in comparison to previous in vitro reconstitution 
experiments. KLC4-containing kinesin-1 heterotetramers transported NXF1, whereas the KLC4-
lacking AF647-KIF5A HC dimer did not transport NXF1. All experiments were performed at least in 
triplicates. The AF647-labeled component of each kinesin-1 variant is marked in red. NXF1-TMR is 
marked in yellow. 

 

7.1.2. FEZ2 increases the co-transport of NXF1/SRSF3 via kinesin-1 
 

After having determined that KLC4 is necessary for NXF1 transport, we set out to 

precisely determine the ratios of kinesin-1 run events vs. transported cargo. To do 

so, we performed experiments using light chain-labeled KIF5A/KLC4 

heterotetramers. 

 

Purified KLC4-SNAP has a high labeling ratio of 80%, we thus expect a majority of 

the KIF5A/KLC4-SNAP heterotetramers to carry at least one fluorescent AF647 dye, 

allowing us to count only those run events that include KLC4. Using this experimental 

setup, we were thus able to determine how additional cargo influences kinesin-1-

based transport of NXF1. 

 

In an exploratory reconstitution experiment, we first compared KIF5A/KLC4-AF647-

mediated transport of NXF1 alone with that of NXF1 transport in the presence of 

FEZ2 and SRSF3 (Figure 30). Confirming our observations with unlabeled 

KIF5A/KLC4 (Figure 27), the presence of FEZ2 lead to an increase in KIF5A/KLC4-

AF647-mediated transport of NXF1(/SRSF3). Importantly, transport of NXF1 was 

still dependent on KLC4 in the presence of FEZ2 and SRSF3 in these experiments, 

as seen by the overlap of the NXF1 and KLC4 signals in Figure 30B. 
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To understand which fraction of heterotetramers transports cargo, we next quantified 

NXF1 transport events relative to KIF5A/KLC4-AF647 run events in the presence of 

FEZ2 or SRSF3, respectively, as well as a combination of both (Figure 31).  

 

  

 
Figure 30: NXF1 transport depends on KLC4 and is increased in the presence of further cargo. 
Kymographs showing the dependency of NXF1 transport on KLC4 via an overlap of NXF1 and KLC4 
signals (white arrows). (A) NXF1 transport by KIF5A/KLC4 heterotetramers. Overlaps of NXF1-TMR 
and KIF5A/KLC4-AF647 signals are marked with white arrows. (B) NXF1 transport by KIF5A/KLC4 
heterotetramers in the presence of FEZ2 and SRSF3. Overlaps of NXF1-TMR and KIF5A/KLC4-
AF647 signals are marked with white arrows. 

 

In agreement with our previous observations (Figure 27 and Figure 30), the transport 

of NXF1 was significantly increased in the presence of a combination of FEZ2 and 

SRSF3 (Figure 31). In the presence of both, approximately 16% of KLC4-carrying 

kinesin-1 motors transported NXF1. In contrast, the presence of either SRSF3 or 

FEZ2 alone did not increase NXF1 transport efficiencies: While approximately 7% of 

KIF5A/KLC4 heterotetramers transported NXF1, approximately 8% of kinesin-1 

heterotetramers transported combinations of NXF1 with either SRSF3 or FEZ2, 

respectively. 
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To finally determine whether kinesin-1 motility is affected by its type of cargo, we 

further measured the run length and velocity of kinesin-1 in the presence of different 

combinations of NXF1, FEZ2 and SRSF3 (Figure 31). We observed that neither 

kinesin-1 run length, nor velocity was affected by these combinations of cargo.  

 

 
 
Figure 31: NXF1 transport is increased in the presence of FEZ2 and SRSF3. Comparison of 
kinesin-1-based NXF1 transport efficiencies in the presence/absence of additional factors. The 
included factors of each experiment as well as their fluorescent label (yellow: TMR; red: AF647) are 
displayed on the right. The velocity and run length of kinesin-1 are comparable in the presence 
different cargo. Each experiment was performed at least in triplicates. 

 

7.1.3. An optimized TIRF-M assay buffer increases run/transport events  
 

In comparison to other TIRF-M-based in vitro reconstitution experiments performed 

in the Maurer group (S. Baumann et al. 2020; S. J. Baumann et al. 2022), the TIRF-

M assay buffer used for the here presented in vitro reconstitution experiments up to 

this point contained a 2-fold higher concentration of MgCl2. To test whether the Mg2+
 

concentration influences kinesin-1 run length, velocity and cargo transport, we 

compared kinesin-1 motility in the two TIRF-M assay buffers, containing either 5.0 
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mM or 2.5 mM MgCl2, respectively (Figure 32). Strikingly, in the presence of a lower 

Mg2+ concentration, the number of processive kinesin-1 events per 5 min movie was 

approximately 4x higher than in the TIRF-M assay buffer with a higher Mg2+ 

concentration. For all following TIRF-M in vitro reconstitution experiments, the MgCl2 

concentration was thus adjusted to 2.5 mM. 

 

 

 
Figure 32: Effect of Mg2+ concentration on kinesin-1 processivity. (A) Kymographs comparing 
the processivity of kinesin-1 in TIRF-M assay buffer containing 5.0 mM and 2.5 mM MgCl2, 
respectively. (B) Quantification of kinesin-1 run events per 5 min movie in TIRF-M assay buffer 
containing 5.0 mM and 2.5 mM MgCl2, respectively.  

 

Using the optimized TIRF-M assay buffer, we next analyzed whether the reduced 

Mg2+
 concentration had an effect on kinesin-1-based cargo transport. TIRF-M in vitro 

reconstitution experiments under these conditions revealed that the increase in the 

number of processive kinesin-1 events (Figure 32) also led to an increase in the 

number of transport events of NXF1 alone (Figure 33A) and in combination with 

SRSF3 (Figure 33B), respectively. 

 

In conclusion, we could show that NXF1 transport by kinesin-1 is dependent on its 

light chain KLC4. Although the percentage of NXF1 transport is increased in the 

presence of both SRSF3 and FEZ2, an optimized TIRF-M assay buffer led to an 
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increase in the number of processive kinesin-1 events and also to higher co-

transport numbers of NXF1 and SRSF3 even in the absence of FEZ2.  

 

 
Figure 33: Lower Mg2+ concentration increases co-transport numbers of NXF1 and SRSF3. (A) 
Kymograph showing increased numbers of NXF1 transport events. (B) Left: Screenshots of a 5 min 
TIRF-M movie (at 04:04 min - 04:09 min) showing two co-transport events of NXF1 and SRSF3. 
Transport proceeds in the right-to-left direction. Scalebar: 5 µm. Right: Kymograph showing increased 
numbers of NXF1/SRSF3 co-transport events in the optimized TIRF-M assay buffer.  

 

7.2. Discussion 

 

After having observed that FEZ2 is transported by kinesin-1 and potentially 

increases the amount of NXF1/SRSF3 co-transport events in exploratory 

reconstitution experiments, the aim of this chapter was to determine specificities and 

motility parameters of the analyzed kinesin-1-based transport system.  

 

In the previous chapters, the rec-YnH- and NanoBRET-based link between KLC4 

and NXF1 (Figure 11) was exclusively analyzed using either KIF5A HC-labeled or 

unlabeled KIF5A/KLC4 heterotetramers. However, as purified KIF5A/KLC4 
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heterotetramer samples are accompanied by KIF5A HC dimer/oligomer populations 

(Figure 18 and Supplementary Figure 5), and direct binding to KIF5A HC had been 

reported for a few other kinesin-1 cargoes (Sun et al. 2011; Williams et al. 2014; 

Woźniak and Allan 2006), it was important to verify whether NXF1 transport is indeed 

dependent on KLC4. The here presented in vitro reconstitution experiments using 

purified, KIF5A/KLC4-AF647 heterotetramers thus enabled a precise analysis of the 

link between KLC4 and NXF1.  

 

Using KIF5A/KLC4-AF647, we were able to determine that KLC4 is required for 

kinesin-1-based NXF1 transport (Figure 30). In agreement with this finding, NXF1 is 

not transported in the absence of KLC4 (Figure 29), validating the NXF1-KLC4 link 

reported via rec-YnH and NanoBRET approaches (Figure 11) and being in 

agreement with the identification of potential KLC4 interaction motifs found in NXF1 

(see section 4.1.1). These results suggest a potentially different binding mode of 

NXF1 compared to other kinesin-1 cargoes that bind to the kinesin-1 heavy chain 

(Sun et al. 2011; Williams et al. 2014; Woźniak and Allan 2006), confirming the role 

of kinesin-1 light chains in cargo recognition and binding (Pernigo et al. 2013, 2018; 

Woźniak and Allan 2006; Zhu et al. 2012). These studies highlight the kinesin-1 light 

chain tetratricopeptide repeat domain for cargo recognition, usually recognizing 

tryptophan-acidic motifs in cargoes. Whether the tryptophan-acidic motif is important 

for the interaction between KLC4 and NXF1, which harbors two of these motifs (see 

section 4.1.1), is yet to be analyzed.  

 

The quantitative analysis of transport events showed that NXF1 is most efficiently 

transported in the presence of both FEZ2 and SRSF3 (Figure 31), which confirms 

previous more qualitative observations (Figure 27). Interestingly, we could not 

observe a significant increase of kinesin-1-based NXF1 transport events in the 

presence of only FEZ2, although the rec-YnH and NanoBRET screens as well as 

previous more qualitative experiments (Figure 25 and Figure 27) showed that FEZ2 

can interact with both NXF1 and KLC4.  

 

Different explanations for the dependency of efficient NXF1 transport on the 

presence of both FEZ2 and SRSF3 are possible. The simultaneous binding of 

SRSF3 and FEZ2 to NXF1 could lead to a refolding of NXF1, potentially relieving its 

described autoinhibition (Müller-McNicoll et al. 2016; Viphakone et al. 2012) more 

efficiently than via SRSF3 alone. Alternatively, the simultaneous binding of FEZ2 

and SRSF3 could lead to a change in charge that favors NXF1 binding to kinesin-1 

heterotetramers. Finally, the presence of two additional proteins, increasing the 

overall concentration of proteins in the in vitro reconstitution experiment, might lead 

to unspecific oligomerization or phase separation, a phenomenon that has been 

observed previously in the Maurer group for a wide range of proteins at higher 
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concentrations, promoting transport in an artificial way. However, for unspecific 

oligomerization, likely resulting in more kinesin-1 heterotetramers attached to a 

higher molecular weight NXF1/SRSF3/FEZ2 complex, we would expect an 

increased kinesin-1 run length due to a lower probability of dissociation from 

microtubules. By comparing the kinesin-1 run length in the presence of NXF1 alone 

or in combination with FEZ2 and SRSF3 (Figure 31), we do not observe any 

differences, making unspecific oligomerization improbable.  

 

However, the median run lengths of 7100 – 8000 nm we obtained for KIF5A/KLC4 

complexes (in the presence or absence of cargo) are significantly higher than that 

reported for KIF5A/KLC1 complexes, where the median run length is described to 

be 1490 nm (interquartile range: 780 – 2840 nm) (Chiba et al. 2022). In the Maurer 

group, a higher run length has also been observed previously for TIRF-M-based in 

vitro reconstitution experiments using dimeric KIF3 or KIF5A HC (S. Baumann et al. 

2020; S. J. Baumann et al. 2022), and might depend on specific experimental 

conditions. Considering that our observed cargo transport does not result from 

unspecific oligomerization, and that our system shows a certain selectivity (Figure 

28), the higher run length of KIF5A/KLC4 heterotetramers still allows us to draw 

meaningful conclusions from transport experiments. 

 

We further observed that a lower Mg2+ concentration in the TIRF-M assay buffer 

significantly increases the number of processive kinesin-1 events per 5 min movie. 

The inhibitory effect of an excess of free Mg2+ has been observed previously for 

kinesin as well as myosin motors, and is related to the inhibition of ADP release from 

the active site as well as the lowering of the affinity of motor proteins for microtubules 

or actin, respectively (Nitta, Okada, and Hirokawa 2008; Rosenfeld, Houdusse, and 

Sweeney 2005; Swenson et al. 2014).  

 

Using a lower Mg2+ concentration, we were not only able to increase the number of 

processive kinesin-1 events, but also that of NXF1 transport events (Figure 33). 

Strikingly, under these optimized conditions, efficient NXF1/SRSF3 co-transport was 

obtained in the absence of FEZ2. This confirmed our initial hypothesis that kinesin-

1 light chain KLC4 as well as the two RBPs NXF1 and SRSF3 represent the core 

protein components of the proposed RNA transport system (Figure 11). The 

extended network factor FEZ2 (Figure 25) might nevertheless be able to further 

increase kinesin-1-based co-transport of the core network proteins NXF1 and 

SRSF3 by facilitating their interaction with kinesin-1. This would align with the 

increase in NXF1/SRSF3 co-transport events we observed in the presence of FEZ2 

using a higher Mg2+ concentration (Figure 31), and be in agreement with the kinesin-

1 adaptor function described for the FEZ2 paralog FEZ1 (Teixeira, Alborghetti, and 

Kobarg 2019). 
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In conclusion, we identified optimal conditions for the reconstitution of an RBP 

transport system incorporating kinesin-1 (KIF5A/KLC4 heterotetramers), NXF1 and 

SRSF3. In the next chapter, we will analyze whether this RBP transport system is 

both capable of and sufficient for the transport of RNA. Although we could determine 

that FEZ2 is not required for the efficient co-transport of NXF1 and SRSF3, it may 

further increase co-transport numbers. In order to maximize the potential transport 

of RNA, we thus included it in further in vitro reconstitution experiments. 
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8. THE RECONSTITUTED RBP SYSTEM TRANSPORTS RNA  

 

8.1. Results 

 

After having reconstituted a functional and stable RBP transport system consisting 

of the core rec-YnH network components kinesin-1, NXF1 and SRSF3, as well as 

the optional extended network component FEZ2, we next set out to analyze whether 

this system can also transport RNA. 

 

8.1.1. Selection of a suitable mRNA candidate 
 

As described above (see section 1.6.2), 3’UTR length has recently been proposed 

to be an indicator for neuronal mRNA localization. mRNA transcripts enriched in the 

neuropil were reported to have significantly longer 3’UTRs than mRNA transcripts in 

the soma (Middleton, Eberwine, and Kim 2019; Tushev, Glock, Heumüller, et al. 

2018) (see section 1.6.2, Figure 6A). One such example is CamKII mRNA (Figure 

7), a highly abundant mRNA in neurons which harbors three tandem 3’UTR isoforms 

of differing lengths. The mRNA’s peripheral destination is related to the associated 

3’UTR isoform: the longer the isoform, the more distal the transcript localizes within 

dendrites (Tushev, Glock, Heumüller, et al. 2018) (Figure 7).  

 

In the previous chapters, we could show that the two main RBP components of the 

rec-YnH network, the nuclear export factor NXF1 and the 3’UTR length-regulator 

SRSF3, can be efficiently co-transported by the microtubule motor protein kinesin-1 

in vitro. In cells, SRSF3 is known to promote the generation of long 3’UTRs (see 

section 1.10.2), remains bound to these, and promotes their export from the nucleus 

to the cytoplasm by association with NXF1 (see section 1.9.1). We hence chose the 

middle and long CamKII 3’UTR isoforms, driving their mRNA transcript’s 

localization to distal parts of dendrites, as suitable candidates to study in the context 

of mRNA transport via the reconstituted RBP system.  

 

8.1.2. Analysis of SRSF3 motifs in CamKII 3’UTR 
 

We were first interested in analyzing whether the middle and long 3’UTR isoforms of 

CamKII mRNA harbor SRSF3 motifs. We therefore searched for known SRSF3 

motifs in the literature and additionally used information from unpublished data 

(personal communication with Michaela Müller-McNicoll) (Figure 34A). Many of the 

identified motifs are not unique, and allow for nucleotide (nt) variation at some 

positions in the sequence (Figure 34A, motifs 1, 2, 3, 9 and 10) (Änkö 2014b; 
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Hargous et al. 2006) (see section 1.11.2). We next determined the abundance of the 

identified motifs in the three different CamKII 3’UTRs, including the short (850 nt), 

middle (1629 nt) and long (3116 nt) isoforms. As tandem 3’UTRs, the sequences of 

the three 3’UTRs overlap (Figure 34B), therefore the entire sequences of the short 

and the middle 3’UTR isoforms are incorporated in the long 3’UTR isoform. 

 

We found a comparatively large number of partially overlapping SRSF3 motifs in the 

three CamKII 3’UTR isoforms: 192 motifs in the long 3’UTR, 124 motifs in the 

middle 3’UTR and 56 motifs in the short 3’UTR isoform (Figure 34 and 

Supplementary Figure 11). The SRSF3 motifs can be categorized into two distinct 

sets: unique and repetitive motifs. While motif 9 is a unique motif exclusively present 

in the long 3’UTR, the abundance of motifs 1, 2 and 10 increases from the short to 

the long 3’UTR isoform (Figure 34B). 
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Figure 34: Abundance of SRSF3 motifs in rat CamKII 3’UTR isoforms. SRSF3 motifs were 
obtained from the literature and using information from unpublished data (personal communication 
with Michaela Müller-McNicoll) (Änkö 2014b; Hargous et al. 2006; Yingqun Huang and Steitz 2001; 
Jang et al. 2014; Jia and Zheng 2009; Middleton, Eberwine, and Kim 2019; Slišković, Eich, and 
Müller-McNicoll 2022). Nucleotides enclosed in brackets indicate the possibility of distinct nucleotides 
at the specified position, e.g. [AT] allows for adenine or thymine (uracil in RNA) at the given position. 
(B) Abundance of SRSF3 motifs in the short (850 nt), middle (1629 nt) and long (3116 nt) 3’UTR 

isoforms of rat CamKII mRNA. The long 3’UTR isoform harbors 192 motifs, the middle 3’UTR 
harbors 124 motifs and the short 3’UTR harbors 56 motifs. 
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8.1.3. In vitro reconstitution of an RNA transport system 

 

We next set out to determine whether the reconstituted RBP transport system can 

transport RNA in our TIRF-M-based in vitro reconstitution experiments. As an RNA 

to test in these experiments, we used a 60 nucleotide sequence from the long and 

middle CamKII 3’UTR isoforms (SRSF3 RNA #1) which harbors three distinct 

SRSF3 motifs: motifs 1, 2 and 10. Whereas motifs 1 and 2 are present in one copy 

each in the RNA, motif 10 is present in multiple copies (Figure 35A-B).  

 

In a first step, we analyzed the interaction of SRSF3 RNA #1 with different 

subcomplexes of the reconstituted RBP transport system in TIRF-M-coupled in vitro 

reconstitution experiments. We initially tested a combination of SRSF3 RNA #1 with 

KIF5A/KLC4 alone, showing that the motor itself was interestingly able to transport 

RNA in low numbers. 

 

To test whether the presence of NXF1 affected RNA transport by KIF5A/KLC4, we 

then analyzed a combination of KIF5A/KLC4, NXF1 and SRSF3 RNA #1 in the vitro 

reconstitution experiments. Strikingly, we observed that the kinesin-1 heterotetramer 

can co-transport NXF1 and RNA (Figure 35C), and that the presence of NXF1 led to 

an increase in the number of RNA transport events (Figure 35E). Importantly, by 

simultaneously tracking NXF1 and RNA, we could determine that NXF1 and RNA 

did not dissociate from one another during their run, suggesting that the transported 

complex is stable over time.  

 

To exclude the possibility that the observed increase in RNA transport events 

resulted from a non-specific interaction of the TMR dye bound to SNAP-tagged 

NXF1, we exchanged fluorescently labeled NXF1 with unlabeled, non-SNAP-tagged 

NXF1, and tested it in combination with KIF5A/KLC4 and SRSF3 RNA #1 (Figure 

35D). The number of RNA transport events was comparable in the presence of 

fluorescently labeled and unlabeled NXF1, respectively, showing that the SNAP-tag 

and fluorescent TMR dye do not influence RNA transport (Figure 35Figure 35E).  

 

In conclusion, we determined that although the KIF5A/KLC4 heterotetramer can 

occasionally transport RNA alone, it also co-transports NXF1 and RNA, which results 

in an overall increase in RNA transport efficiency. 
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Figure 35: RNA is transported by individual components of the RBP transport system. (A) 
SRSF3 RNA #1 was chosen based on a 60 nucleotide sequence in the middle and long 3’UTR 

isoforms of CamKII mRNA according to the presence of different SRSF3 motifs in varying quantities. 
SRSF3 motifs 1-10 are marked in different colors represented by the individual boxes. (B) The stars 

mark where the SRSF3 RNA #1 sequence is located within the long and middle CamKII 3’UTRs, 
respectively. (C) Kinesin-1/NXF1 complexes transport SRSF3 RNA #1 in the absence of FEZ2 and 
SRSF3 (white arrows). (D) Transport of SRSF3 RNA #1 is not dependent on the SNAP-tag/AF647 
dye on NXF1. (E) The number of SRSF3 RNA #1 transport events differs in the presence of either 
kinesin-1 alone or kinesin-1/NXF1 complexes, respectively. 

 

8.1.4. Analysis of the specificity of the RNA transport system 

 

While NXF1 alone is reported to bind RNA without sequence specificity in its active 

state (Viphakone et al. 2012; Walsh, Hautbergue, and Wilson 2010) (see section 

1.9.1), SRSF3 is known to recruit NXF1 to specific motifs within 3’UTRs of mRNAs 

(Müller-McNicoll et al. 2016) (see section 1.11.2). We thus expected the presence 

of SRSF3 to convey RNA-binding specificity to the reconstituted system. 

 

To analyze whether SRSF3 affects the specificity of RNA transport by the 

reconstituted system, we used two more 60 nucleotide sequences from the long 

CamKII 3’UTR isoform (SRSF3 RNA #2 as well as a negative control RNA (- control 

RNA)) as RNAs to test in comparison to SRSF3 RNA #1 (Figure 36A-B). In contrast 

to SRSF3 RNA #1, SRSF3 RNA #2 harbors fewer copies of the repetitive motif 10, 

and additionally harbors the unique motif 9 (Figure 34 and Figure 36A). The negative 

control RNA, on the other hand, does not harbor any SRSF3 motifs (Figure 36A). 

Using a combination of these RNAs, we aimed to study whether RNA transport relies 

on unique motifs within the RNA sequences or on an additive effect resulting from 

the presence of multiple copies of repetitive motifs.  

 

To try to maximize the transport of RNA in the specificity-related TIRF-M-coupled in 

vitro reconstitution assays, we further added FEZ2 to the RNA transport system. As 

expected, SRSF3 RNA #1 was transported by the in vitro RBP system comprising 

kinesin-1, FEZ2, NXF1 and SRSF3 (Figure 36C). When comparing the transport of 

SRSF3 RNA #1 to that of SRSF3 RNA #2 and the negative control RNA (- control 

RNA), the transport system showed different selectivities (Figure 36D). Strikingly, 

there is a significant difference in the transport of SRSF3 RNA #1 vs. SRSF3 RNA 

#2, suggesting that the transport system can bind RNA with some sequence 

specificity. Nevertheless, the negative control RNA, which we expected not to be 

transported due to its lack of SRSF3 motifs, is surprisingly transported more 

efficiently than SRSF3 RNA #2. Thus, although the system can differentiate between 

different RNA sequences for transport, it currently remains unclear how the putative 

binding motifs affect RNA binding to the reconstituted transport system.  
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Figure 36. Selectivity of RNA transport. (A) Three RNA sequences (SRSF3 RNA #1, SRSF3 RNA 

#2, - control RNA) from the CamKII 3’UTR isoforms were chosen based on the presence or absence 
of SRSF3 motifs. SRSF3 motifs 1-10 are marked in different colors represented by the colored boxes. 
(B) Visualization of where the 60 nucleotide RNA sequences are located within the middle and long 

3’UTR isoforms of rat CamKII mRNA. Red star: SRSF3 RNA #1, red oval: SRSF3 RNA #2, blue 
shape: - control RNA. (C) Screenshots of a TIRF-M movie (at 00:40-00:58 min out of 05:00 min) 
showing co-transport of NXF1 and SRSF3 RNA #1 in the presence of kinesin-1, FEZ2 and SRSF3. 
Transport proceeds in the left-to-right direction. Scalebar: 10 µm. (D) Comparison of the percentage 
of AF647-labeled RNA (SRSF3 RNA #1, SRSF3 RNA #2, - control RNA) transport in the presence of 
kinesin-1, FEZ2, NXF1-TMR and SRSF3.  

 

 



110 

 

8.2. Discussion 

 

The aim of the work reported in this chapter was to analyze whether the reconstituted 

RBP transport system comprising either (1) kinesin-1 and NXF1 or (2) kinesin-1, 

FEZ2, NXF1 and SRSF3, respectively, can transport RNA.  

 

We chose a sequence from the middle and long CamKII 3’UTR isoforms as a 

candidate RNA (SRSF3 RNA #1), as it harbors several SRSF3 motifs that comprise 

the core motif CNYC and thus potential NXF1 binding sites, facilitating NXF1-based 

export of SRSF3/mRNA complexes (Müller-McNicoll et al. 2016). Additionally, the 

middle and long 3’UTR isoforms are known to localize to more distal regions of 

dendrites compared to the short 3’UTR isoform (Tushev, Glock, Heumüller, et al. 

2018) (Figure 7).  

 

Our in vitro experiments show that heterotetrametric KIF5A/KLC4 itself transported 

SRSF3 RNA #1 to a certain extent. A similar observation was made recently by 

Dimitrova-Paternoga and colleagues, showing a direct interaction between RNA and 

a purified, recombinant Drosophila melanogaster kinesin heavy chain truncation 

(Dimitrova-Paternoga et al. 2021).  

 

Strikingly, when NXF1 was added to the in vitro reconstitution experiments, kinesin-

1 efficiently co-transported RNA and NXF1. Although we observe a clear trend for 

NXF1 alone increasing the number of RNA transport events independent of its 

fluorescent tag, we did not obtain sufficiently high numbers of RNA transport events 

in either the presence or absence of NXF1 yet. Further experiments are needed to 

validate the observed trend.  

 

As NXF1 is described to be autoinhibited in the nucleus (Viphakone et al. 2012), a 

state in which it cannot bind mRNA, we initially expected kinesin-1/NXF1-based RNA 

transport to be possible only in the presence of SRSF3. In cells, mRNA-bound 

SRSF3 interacts with NXF1 to relieve its autoinhibition (Müller-McNicoll et al. 2016; 

Viphakone et al. 2012), leading to the export of NXF1/SRSF3/mRNA complexes 

from the nucleus to the cytoplasm. While autoinhibited NXF1 cannot bind mRNA, 

activated NXF1 can bind mRNA without sequence specificity (Viphakone et al. 2012; 

Walsh, Hautbergue, and Wilson 2010). Due to the increase in RNA transport events 

observed in the presence of kinesin-1/NXF1 complexes compared to kinesin-1 alone 

in our in vitro experiments, we thus consider it likely that at least a fraction of NXF1 

is activated in our in vitro experiments even in the absence of SRSF3. 
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As SRSF3 recruits NXF1 to specific motifs in the 3’UTRs of neuronal mRNAs 

(Müller-McNicoll et al. 2016), we assumed that the presence of SRSF3 in the 

reconstituted system might not only increase the number of RNA transport events, 

but also the specificity of RNA transport. To analyze this, we further tested two 

additional 60 nucleotide sequences from the middle and long CamKII 3’UTR 

isoforms: SRSF3 RNA #2 and a negative control RNA.  

 

In comparison to SRSF3 RNA #1, SRSF3 #2 RNA contains fewer repetitions of 

SRSF3 motif 10 as well as the unique motif 9 which is exclusively present in the long 

3’UTR isoform. In the presence of kinesin-1, FEZ2, NXF1 and SRSF3, we observed 

a significantly lower number of SRSF3 RNA #2 vs. SRSF3 RNA #1 transport events. 

This suggests that unique motif 9 is not crucial for RNA transport by the reconstituted 

system. Instead, these results imply that it indeed might rather be the quantity of 

repetitive motifs, in this case motif 10, that is of relevance for RNA transport.  

 

Alternatively, the folding of SRSF3 RNA #2 might render SRSF3 motifs, potentially 

also motif 9, inaccessible, resulting in lower numbers of SRSF3 RNA #2 transport. 

Surprisingly, SRSF3 RNA #2 is also transported less frequently than a negative 

control RNA lacking SRSF3 motifs, suggesting that we either missed a further 

SRSF3 motif in our analysis or an additional factor that may be important for the 

binding of SRSF3 and thus RNA to kinesin-1/NXF1 complexes in vitro experiments. 

Hence, although a difference in RNA transport numbers can be observed for SRSF3 

motif #2 and the negative control RNA, this difference is not significant, possibly 

given the small number of data points. More experiments have to be performed in 

order to further analyze the potential specificity of the reconstituted system.  

 

In conclusion, we were able to reconstitute an RNA transport complex using purified, 

recombinant proteins and RNA. While kinesin-1 transports RNA to a low extent by 

itself, a complex of kinesin-1 and NXF1 can more efficiently transport RNA in vitro 

(Figure 33). Although it has not been formally shown, we further conclude that 

SRSF3 is a member of the RNA transport complex, considering that (1) we obtained 

efficient co-transport of NXF1 and SRSF3 by kinesin-1 (Figure 33), (2) our 

reconstituted system shows to a certain degree different selectivities depending on 

the presence or absence of SRSF3 motifs (Figure 36); and (3) SRSF3 is known to 

activate NXF1 and to recruit it to 3’UTRs in cells (Müller-McNicoll et al. 2016). In the 

future, it will be important to perform additional experiments in which NXF1, SRSF3 

and RNA are independently fluorescently labeled to unequivocally test if indeed they 

form an RNA transport complex together with kinesin-1 in vitro. 
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9. CONCLUSION 

 

While mRNA transport has been studied for decades, we still lack a comprehensive 

understanding of how distinct distributions of thousands of mRNAs are generated in 

neurons, a process which is crucial for synaptic plasticity as well as long-term 

memory formation (Cajigas et al. 2012; Glock, Heumüller, and Schuman 2017; 

Taliaferro et al. 2016; Tushev, Glock, Heumüller, et al. 2018). To date, only a handful 

of adaptor proteins, such as adenomatous polyposis coli (S. Baumann et al. 2020; 

S. J. Baumann et al. 2022), have been identified to link specific zip code-containing 

neuronal mRNAs to the microtubule motor proteins dynein and kinesin for the 

transport of mRNAs along microtubules.  

 

The Maurer lab has therefore developed a yeast-2-hybrid-based many-by-many 

protein screening approach, namely rec-YnH (Yang et al. 2018), to identify novel 

interactions between RNA-binding and microtubule-associated proteins.  

 

The rec-YnH screening approach revealed a network of interactors (Figure 11) that 

proposes a connection between mRNA export, microtubule-based mRNA transport 

and 3’UTR length-dependent mRNA localization.  

 

The aim of this thesis was thus to analyze this identified network of interactors 

(Figure 11), including the light chains of the microtubule motor proteins kinesin-1 and 

dynein, the nuclear export factor NXF1 as well as the 3’UTR length regulator SRSF3, 

in order to determine whether these components are necessary and sufficient to 

reconstitute RNA transport in vitro, and whether this potential RNA transport system 

can provide insight into how the delivery of mRNAs to distal destinations within 

neurons is achieved.  

 

We determined that the central factor of the network, the nuclear export factor NXF1, 

harbors interaction motifs for both dynein and kinesin-1 light chains. Strikingly, using 

our TIRF-M-coupled in vitro reconstitution approach (Grawenhoff, Baumann, and 

Maurer 2022), we could show that NXF1 can indeed co-diffuse or be transported 

along microtubules by dynein and kinesin-1, respectively, validating the obtained 

rec-YnH screening data. 

 

Although NXF1 has already been proposed to be involved in the microtubule-based 

transport of viral RNA in the past (Pocock et al. 2016), and further NXF1 family 

proteins were observed in neuronal RNA granules (see section 1.9.2), we here report 

the first indication of a direct interaction between NXF1 and microtubule motor 

proteins.  
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Furthermore, we were able to show that NXF1 and SRSF3 are co-transported by 

kinesin-1 via its light chain KLC4. NXF1 and SRSF3 have previously been described 

to interact directly with one another in pull-down and co-IP approaches (Hargous et 

al. 2006; Yingqun Huang et al. 2003). To date, it is however not clear whether the 

interaction is further stabilized by mRNA (Müller-McNicoll et al. 2016). Although we 

exclusively looked at the assembly of NXF1 and SRSF3 on kinesin-1, we could 

determine that RNA is not required in order for them to be co-transported.  

 

Analyzing potential effects of additional extended rec-YnH network components 

(Figure 25) revealed that FEZ2, a paralog of the kinesin cargo adaptor FEZ1 

(Teixeira, Alborghetti, and Kobarg 2019), can increase co-transport events of NXF1 

and SRSF3. In agreement with the adaptor function of FEZ1, we thus determine that 

FEZ2 helps the assembly of kinesin-1/NXF1/SRSF3 complexes (see chapter 6). 

Various optimizations finally showed that FEZ2 is, however, not necessary for 

efficient kinesin-1-based co-transport of NXF1 and SRSF3. 

 

We further identified that kinesin-1 itself is capable of inefficiently transporting RNA, 

a characteristic which has only recently been reported for the kinesin-1 heavy chain 

(Dimitrova-Paternoga et al. 2021). Strikingly, we show that NXF1 and RNA are co-

transported via kinesin-1, and that NXF1 increases the amount of RNA transported 

by kinesin-1. This finding aligns with previous reports in the literature, stating that 

NXF1 harbors an N-terminal RNA-binding domain that can bind mRNA in a non-

specific manner (Viphakone et al. 2012; Walsh, Hautbergue, and Wilson 2010), 

which would explain why the presence of NXF1 results in an increase in RNA 

transport numbers.  

 

Furthermore, while NXF1 has been described to be involved in the trafficking of viral 

RNA via a constitutive transport element motif encoded in it (Pocock et al. 2016), 

NXF1 has different modes for binding to viral and messenger RNA, respectively. 

While it uses its N-terminal RNA-binding domain to bind to mRNA, it uses an 

alternative RNA-binding domain, consisting of its ΨRRM-LRR domains (see section 

1.9.1), to bind to viral RNA. In contrast to the previous study on viral RNA (Pocock 

et al. 2016), we thus report the first instance of kinesin-1/NXF1-based RNA transport 

independent of the viral constitutive transport element, revealing that this transport 

mechanism is potentially of importance to the neuron itself.  

 

Although our assays show that SRSF3 is not necessary for the in vitro transport of 

RNA via kinesin-1 and NXF1 per se, SRSF3 might be important for the in vivo 

transport of mRNA in combination with kinesin-1 and NXF1. In cells, SRSF3 is 

reported to promote 3’UTR lengthening and to recruit NXF1 to specific motifs within 
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the 3’UTR of mRNAs (Müller-McNicoll et al. 2016), resulting in the activation of NXF1 

and the export of NXF1/SRSF3/mRNA complexes. In its free state, however, NXF1 

is autoinhibited, a state in which it cannot bind mRNA, and instead requires adaptor 

proteins like SRSF3 to gain the ability to bind mRNA.  

 

There is currently no reason to assume that SRSF3 is absent from the reconstituted 

RNA transport system, as (1) SRSF3 and NXF1 are efficiently co-transported by 

kinesin-1 in our in vitro reconstitution assay (Figure 33); (2) the reconstituted system 

likely shows different RNA-binding selectivities dependent on SRSF3 motifs; and (3) 

SRSF3 activates the mRNA-binding activity of NXF1 in cells, priming it for the 

nuclear export of NXF1/SRSF3/mRNA complexes (Müller-McNicoll et al. 2016). To 

unequivocally prove that SRSF3 is co-transported with kinesin-1/NXF1/RNA 

complexes, we nevertheless require additional experiments in which one can 

simultaneously track NXF1, SRSF3 and RNA via individual fluorescent tags on each 

component. 

 

Considering that SRSF3 and NXF1 preferentially export mRNAs with long 3’UTRs 

from the nucleus to the cytoplasm in cells, the here described in vitro RNA transport 

system could potentially function as a 3’UTR length-dependent mRNA sorting 

system in cells. This system would then be responsible for exclusively sorting 

mRNAs with long 3’UTR isoforms to distal regions of dendrites or axons.  

 

In conclusion, we report the first reconstitution of a minimal kinesin-1-based RNA 

transport system that can potentially simultaneously (1) connect mRNA export from 

the nucleus with microtubule-based mRNA transport in the cytoplasm, and (2) 

connect 3’UTR length regulation with mRNA localization within neurons.  
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10. OUTLOOK 

 

An exciting new discovery in the mRNA localization field is that not only specific 

localization motifs (zip codes) within 3’UTRs, but also 3’UTR length in general, are 

important determinants for the localization of specific mRNAs in neurons. In 

particular, longer 3’UTR isoforms were identified to reach more distal locations within 

axons and dendrites compared to shorter 3’UTR isoforms. However, the required 

factors and mechanisms with which neurons accomplish 3’UTR length-dependent 

mRNA sorting are yet to be identified, representing a crucial step in understanding 

how neurons regulate processes such as synaptic plasticity and the formation of 

long-term memories. 

 

Despite decades of research, a limitation in determining how specific mRNAs are 

localized to distal neuronal locations has been the missing knowledge on key 

components of mRNP transport complexes. In this thesis, we were able to 

reconstitute a novel RNP transport complex that suggests a connection between 

3’UTR length regulation, mRNA export as well as mRNA transport, and hence builds 

the basis for the identification of an mRNA sorting system in neurons. 

 

There are indications in the literature that point towards a potential function of the 

reconstituted NXF1/SRSF3/RNA transport system in 3’UTR length-dependent 

mRNA sorting. In particular, there are recent studies that determined that 3’UTRs 

enriched in dendrites and axons harbor SRSF3 motifs, deletion of which abolishes 

their localization (Middleton, Eberwine, and Kim 2019; Mikl et al. 2022). Furthermore, 

long 3’UTR isoforms were described to comprise a high number of unique motifs 

besides repetitive motifs already present in shorter isoforms (Tushev, Glock, Biever, 

et al. 2018). As such, the localization of specific mRNAs was proposed to either 

result from (1) unique localization motifs within the 3’UTR or (2) a broader 

localization potential resulting from the combination of several motifs within the 

3’UTR (Mikl et al. 2022) (see section 1.10.3). Alternatively, mRNA localization has 

been proposed to result from liquid-liquid phase separation of the mRNA itself 

(reviewed in (Langdon and Gladfelter 2018)) or of (specific domains of) the adaptors 

linking mRNAs to motor proteins (Liao et al. 2019).  

 

Provided that SRSF3 is indeed a component of the reconstituted RNP system, we 

can integrate these ideas to propose a model that introduces three different 

mechanisms with which neurons could regulate 3’UTR length-dependent mRNA 

sorting: 
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(a) Motor proteins are exclusively coupled to long 3’UTR isoforms via a unique 

SRSF3 motif encoded in them, leading to the transport of only long 3’UTR 

isoforms; 

 

(b) Motor proteins transport long 3’UTR isoforms more efficiently due to the 

increase in SRSF3 motifs in longer vs. shorter 3’UTR isoforms; 

 

(c) Motor proteins are preferentially coupled to long 3’UTR isoforms due to their 

higher probability to phase separate either alone or in combination with 

SRSF3.  

 

 

 
Figure 37: Different mechanisms could account for 3'UTR length-dependent mRNA sorting. 
(A) The proposed 3’UTR length-dependent mRNA sorting system comprises mRNA, SRSF3, NXF1 
and a microtubule motor protein (exemplified for kinesin-1). (B) Three different mechanisms could 
account for 3’UTR length-dependent mRNA sorting: (a) Motor proteins are only coupled to long 3’UTR 
isoforms via a unique SRSF3 motif in them, meaning that only those transcripts with long 3’UTR 
isoforms get transported; (b) Motor proteins transport mRNAs harboring long 3’UTR isoforms more 
efficiently due to the increase in SRSF3 motifs in longer vs. shorter 3’UTR isoforms; and (c) Motor 
proteins are preferentially coupled to long 3’UTR isoforms via their higher probability to phase 
separate either alone or in combination with SRSF3. 

 

Our reconstituted RNP transport system is uniquely positioned to determine the 

precise mechanism that 3’UTR length-dependent mRNA sorting underlies. Using the 

system to have a closer look at the different possibilities provided by the model, first 

results hint towards possibility (b), a more efficient transport of longer 3’UTR 
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isoforms due to an increase in (repetitive) SRSF3 motifs within them. Although it is 

premature to draw any definite conclusions from these exploratory experiments, the 

data we obtained shows that our in vitro reconstitution system, enabling the precise 

control over the presence/absence as well as quantity of SRSF3 motifs in a given 

RNA, is highly effective in further investigating the different mechanisms described 

by the proposed model. 

 

We expect that future research on the reconstituted RNP transport system, which 

we propose to function as a potential neuronal 3’UTR length-dependent mRNA 

sorting system, will help to elucidate the mechanism neurons employ to ensure the 

localization of mRNAs to their precise destinations. We anticipate that this will 

ultimately contribute to the understanding of not only processes like synaptic 

plasticity-underlying long-term memory formation, but also neurological disorders 

associated with their dysregulation, as for example epilepsy.  
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11. SUPPLEMENT 

 

 

 
Supplementary Figure 1: TIRF-M assay chamber preparation. Glass slides are cleaned via 
subsequent wash steps with NaOH, H2O and EtOH (1). They are then dried (2), supplied with two 
strips of double-sided tape (3) and passivated with PLL-PEG (4). Residual PLL-PEG is removed via 
a wash step with H2O (5), and glass slides are dried via a swift movement of the wrists (6) as well as 
incubation at 37°C (7). Biotinylated coverslips are then cut into four equal pieces and attached to the 
double-sided tape strips on the passivated glass slides (8a-9). The resulting TIRF-M chambers are 
placed in a box and stored at 4°C until further use (10). Figure taken from (Grawenhoff, Baumann, 
and Maurer 2022).  
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Supplementary Figure 2: Size exclusion chromatograms of kinesin-1 purifications. Top: 
Chromatogram of the KIF5A/KLC4-AF647 heterotetramer purification. Middle: Chromatogram of the 
AF647-KIF5A/KLC4 heterotetramer purification. Bottom: Chromatogram of the KIF5A/KLC4 
heterotetramer purification. Dotted gray rectangles: KIF5A/KLC4-SNAP heterotetramer size 
exclusion chromatography fractions analyzed via SDS-PAGE in Figure 18, dotted yellow rectangles: 
selection of fractions for further purification.  
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Supplementary Figure 3: Size exclusion chromatograms of NXF1 purifications. Top: 
Chromatogram of the NXF1-TMR purification, bottom: Chromatogram of the NXF1 purification. 
Dotted gray rectangles: NXF1-SNAP size exclusion chromatography fractions analyzed via SDS-
PAGE in Figure 20, dotted yellow rectangles: selection of fractions for further purification.  
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Supplementary Figure 4: Mass photometry principle. Proteins in solution scatter light according 
to their molecular mass. The resulting contrast can be translated into the molecular weight of the 
analyzed protein(s). Figure was designed based on: https://www.refeyn.com/about-mass-
photometry.  
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Supplementary Figure 5: Analysis of the oligomeric states of kinesin-1. Mass photometry was 
used to determine the oligomeric states of the different kinesin-1 heterotetramers: KIF5A/KLC4, 
AF647-KIF5A/KLC4 and KIF5A/KLC4-AF647. Individual samples were measured in TIRF-M assay 
buffer (90 mM HEPES, 10 mM PIPES, 2.5 mM MgCl2, 1.5 mM EGTA, 15 mM BME, pH 6.95) 
supplemented with 2.5 mM ATP. The background (buffer) signal was subtracted from the measured 
peaks. On the left, the measured molecular weight of individual peaks is noted (pink). On the right, 
the peaks are assigned (via dashed green lines) to the expected components in each sample (green) 
based on calculated molecular weights.  
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Supplementary Figure 6: Analysis of the oligomeric states of NXF1 and NXF1-TMR. Mass 
photometry was used to determine the oligomeric states of NXF1 and NXF1-TMR. Individual samples 
were measured in TIRF-M assay buffer (90 mM HEPES, 10 mM PIPES, 2.5 mM MgCl2, 1.5 mM 
EGTA, 15 mM BME, pH 6.95) supplemented with 2.5 mM ATP. The background (buffer) signal was 
subtracted from the measured peaks. On the left, the measured molecular weight of individual peaks 
is noted (pink). On the right, the peaks are assigned (via dashed green lines) to the expected 
components in each sample (green) based on calculated molecular weights. 
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Supplementary Figure 7: Analysis of the oligomeric states of SRSF3 and AF647-SRSF3. Mass 
photometry was used to determine the oligomeric states of SRSF3 and AF647-SRSF3. Individual 
samples were measured in TIRF-M assay buffer (90 mM HEPES, 10 mM PIPES, 2.5 mM MgCl2, 1.5 
mM EGTA, 15 mM BME, pH 6.95) supplemented with 2.5 mM ATP. The background (buffer) signal 
was subtracted from the measured peaks. On the left, the measured molecular weight of individual 
peaks is noted (pink). On the right, the peaks are assigned (via dashed green lines) to the expected 
components in each sample (green) based on calculated molecular weights. 
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Supplementary Figure 8: Extended rec-YnH network shows that NXF1 is a hub for protein 
interactions. Interactions between NXF1 and a multitude of proteins such as microtubule motor 
protein light chains (KLC1, KLC2, KLC4), microtubule end-binding proteins (EB1, EB2, EB3), a dynein 
light chain (Tctex1) and adaptor (BICD2) as well as others were identified via rec-YnH screening and 
verified via the NanoBRET approach. Green: rec-YnH and NanoBRET positive; gray: rec-YnH 
positive, NanoBRET negative.  



130 

 

 



131 

 

Supplementary Figure 9: Analysis of the oligomeric states of RTRAF, NudT21 and FEZ2. Mass 
photometry was used to determine the oligomeric states of RTRAF(-AF647), NudT21(-AF647) and 
(AF647-)FEZ2. Individual samples were measured in TIRF-M assay buffer (90 mM HEPES, 10 mM 
PIPES, 2.5 mM MgCl2, 1.5 mM EGTA, 15 mM BME, pH 6.95) supplemented with 2.5 mM ATP. The 
background (buffer) signal was subtracted from the measured peaks. On the left, the measured 
molecular weight of individual peaks is noted (pink). On the right, the peaks are assigned (via dashed 
green lines) to the expected components in each sample (green) based on calculated molecular 
weights. 

 

 

 

 
Supplementary Figure 10: Purified AF647-labeled KIF5A HC. AF647-KIF5A HC was purified by 
Sebastian Baumann. 
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Supplementary Figure 11. A total of 192 SRSF3 motifs were found in the long 3’UTR isoform 

of CamKII mRNA SRSF3 motifs were obtained from the literature as well as unpublished data 
(personal communications with Michaela Müller-McNicoll) (Änkö 2014b; Hargous et al. 2006; Yingqun 
Huang and Steitz 2001; Jang et al. 2014; Jia and Zheng 2009; Middleton, Eberwine, and Kim 2019; 
Slišković, Eich, and Müller-McNicoll 2022). (B) SRSF3 motifs (colors shown in (A)) found in the long 

3’UTR of rat CamKII mRNA. (C) Abundance of SRSF3 motifs in the short, middle and long 3’UTRs 

of rat CamKII mRNA  
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