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Once upon a time, a self-replicating molecule appeared. It 

became a cell, then a clump of cells, then a squishy worm 

sort of thing, then a fish, then an ape, then a guy who said 

none of that stuff ever happened. Later, a British man 

worked it all out and people told him he looked like a 

monkey. 

History of biology 
Science: Abridged Beyond the Point of Usefulness 
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Résumé de thèse 

Études structurales des dynéines cytoplasmiques 

Ces dernières années, les protéines motrices dynéines ont suscité beaucoup 

d'attention. Le développement de nouvelle analyse structurale telle que la cryo-

microscopie électronique (cryo-ME), a permis de visualiser les déplacements de la 

dynéine avec multiples de ses partenaires comme les microtubules,1,2,3 les trains de 

transport intra-flagellaires (IFT), 4,5 la dynactine, les complexes adaptateurs de 

cargos,6 et dans les axones de mammifères.7 Malgré ces avancées, de nombreuses 

questions fondamentales subsistent sur l'activité motrice de la dynéine et des 

mécanismes de fixation avec les protéines cargos. En effet, le cycle mécano-

chimique, responsable du remodelage du segment de liaison (ou linker) et générateur 

de forces, n’est pas clairement défini. De plus, les méthodes de recrutement des 

adaptateurs cargos et leurs spécificités de liaison avec la dynéine ne sont pas 

caractérisées. 

J'ai voulu aborder ces questions au cours de ma thèse sous la forme de deux 

principaux projets. Dans le projet 1, j'ai utilisé le domaine moteur de la dynéine-2 

comme modèle pour étudier les « insertions » ainsi que leurs rôles dans le 

remodelage des linkers. Ces insertions ont déjà été observées comme jouant un rôle 

dans la course motrice de la dynéine, mais n'ont jamais été décrites structuralement. 

Dans le projet 2, j’ai souhaité reconstituer et étudier le complexe de la dynéine 

entièrement assemblé, comprenant la dynactine, l'adaptateur cargo et le cargo. Il n'a 

jamais été démontré qu'un tel complexe pouvait être reconstitué in vitro. Cette 

méthodologie permettrait de progresser significativement notre compréhension sur la 

mobilité de la dynéine, ainsi que de son activation et le recrutement de protéines 

cargos.  

 

 

 

 
 



11 

Projet 1: Contribution des éléments de la structure secondaire au remodelage 

du linker du moteur de la dynéine 

 Le déplacement de la dynéine le long des microtubules nécessite l'attachement 

et le détachement cyclique des microtubules tout en générant une force. Les dynéines 

génèrent la force nécessaire au mouvement en hydrolysant de l'ATP dans leur anneau 

AAA+. Cet anneau AAA+ contient quatre sites de liaison aux nucléotides. Le site AAA1 

est responsable de la génération de la force et de la régulation de l'affinité des 

domaines de liaisons des microtubules (MTBD).8,9,10,11,12,13 La dynamique du domaine 

moteur nucléotides-dépendant peut être divisé en plusieurs états. Dans l'état APO, 

l'anneau AAA+ est largement ouvert et le linker adopte une conformation droite. Cette 

conformation APO est post-course motrice et l'affinité du MTBD au microtubule est 

élevée. Lors de la liaison de l'ATP dans le domaine AAA1, l'anneau AAA+ se ferme, 

le MTBD se dissocie du microtubule. Le linker adopte alors une conformation courbée, 

pré-course motrice, où sa fente centrale agit comme un point de pivot (Figure 1). Une 

fois que l'hydrolyse de l'ATP en ADP et phosphate (Pi) a été effectuée, la dynéine 

refixe le microtubule, ce qui réouvre l'anneau AAA+ et stimule le redressement du 

linker – cela correspond au coup de force produisant la course motrice (ang. ‘power 

stroke’).14 Après la libération de l'ADP du site AAA1, le moteur est prêt pour un autre 

cycle d'hydrolyse de l'ATP et une étape consécutive sur le microtubule. 

L'état nucléotidique dicte la position du linker par rapport à l'anneau AAA+. En 

l'absence de nucléotide (forme APO), la pointe du linker est arrimée au domaine 

AAA5. Au cours de la liaison et de l'hydrolyse de l'ATP (avant le coup de force), la 

pointe du linker est établie à l'interface des domaines AAA2 et AAA3. Après le coup 

de force et la libération du Pi, le linker se redresse et se fixe au domaine AAA4. Un 

déplacement supplémentaire de l'extrémité N-terminale du linker vers le domaine 

AAA5 induit l'ouverture de l’anneau AAA+ et la libération de l'ADP du site AAA1. Ce 

remodelage du linker nucléotide-dépendant est l'élément clé du cycle mécano-

chimique de la dynéine.8 Jusqu'à présent, plusieurs états nucléotidiques ont été 

structuralement décrits : AMPPNP,15,16 ADP,17 et ADP.Vi.14 Bien que nous disposions 

de quelques aperçus de la structure du moteur de la dynéine dans différents états 

nucléotidiques, la manière dont l'anneau AAA+ soutient réellement le remodelage du 

linker reste encore inconnu. 

Certains éléments de structure secondaire de l'anneau AAA+ pourraient être 

responsables du remodelage du linker. Ces éléments sont appelés "insertions" et sont 
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présents dans les domaines AAA1-5 de la dynéine. Ces derniers sont constitués 

d'extensions α-hélicoïdales ou d’épingle à cheveux β, de la structure de base α/β 

AAAL. Ils résident sur la face du linker de l'anneau AAA+. Leurs emplacements sont 

indiqués sur la figure 1 et résident dans le domaine moteur de la dynéine. Les 

insertions ont également une nomenclature spécifique qui précise leurs 

emplacements dans le domaine AAA. L'insertion H2 est une épingle à cheveux β qui 

émerge de l'hélice H2 du domaine AAA. Il pointe vers le centre de l'anneau AAA+ pour 

interagir avec le substrat dans certaines protéines AAA+. L'insertion pré-sensorielle I 

(PS-I) est une insertion entre l'hélice 3 et le brin 4 du domaine AAA.18 

Il semblerait que l'insertion PS-I du domaine AAA4 provoquerait un conflit 

stérique avec l'extrémité N-terminale du linker lors de la fermeture de l'anneau AAA+. 

Induit par la présence d'ATP, elle déclencherait la flexion du linker.19 Les insertions 

PS-I et H2 du domaine AAA2 ont également été associées au remodelage du linker.17 

Elles sembleraient interagir avec la région du point pivot dans le domaine linker pour 

participer au remodelage de ce dernier. A ce jour, aucune de ces hypothèses n'a pu 

être vérifiée par une étude structurale. J'ai ainsi voulu évaluer, en utilisant une 

approche structurale, la contribution de ces éléments au remodelage du linker. Le 

domaine moteur de la dynéine-2 est un excellent modèle pour étudier la contribution 

des insertions. En effet, dans ce système il y a peu, voire pas d'interférence dans 

l'hydrolyse des nucléotides dans les autres domaines : le domaine AAA3 est dépourvu 

de résidus catalytiques;16,20 le domaine AAA4 est peu conservé ; les domaines AAA5 

et 6 ne possèdent pas de sites de liaison aux nucléotides. Pour cette raison, j'ai choisi 

la dynéine-2 dans mes études et je me suis fixé les objectifs suivants: 

1. Production du domaine moteur de la dynéine-2 humaine recombinante : 

WT (native), ΔAAA2 PS-I et H2, ainsi que ΔAAA4 PS-I; 

2. Étude cryo-ME à haute résolution de ces délétions et évaluation de leurs 

influences sur le comportement du domaine moteur et du linker.  

 



13

Figure 1. A Emplacement des insertions dans les domaines 

AAA1-5 de la dynéine-2, PDB : 4rh7 (le domaine linker a été

enlevé pour des raisons de clarté). B Domaine moteur de la 

dynéine-2. Le point pivot du linker et la partie N-terminale sont 

mis en avant.
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Projet 2: Études structurales du complexe de la dynéine impliqué dans le 

développement du néocortex 

Le néocortex est un tissu cérébral spécifique aux mammifères, associé à des 

capacités cognitives élevées. Dans le cerveau adulte, le néocortex est constitué de 

six couches, dont deux sont la zone ventriculaire et la plaque corticale.21 Chaque 

couche contient des neurones pyramidaux d'un sous-type spécifique qui sont générés 

à partir de cellules progénitrices gliales radiales apicales (abrégée RGPCs) situées 

dans la zone ventriculaire. Les RGPCs de la zone ventriculaire se divisent pour 

générer des progéniteurs intermédiaires qui migrent le long des RGPCs, de la zone 

ventriculaire vers la plaque corticale, où ils se différencient en neurones pyramidaux. 

La division des RGPCs pour générer des progéniteurs intermédiaires est régie par le 

cycle mitotique des RGPCs. Il est étroitement lié aux mouvements oscillatoires de 

leurs noyaux, un phénomène également connu sous le nom de migration nucléaire 

inter-cinétique (abrégé INM ci-après).22 En phase G1 du cycle cellulaire, le noyau se 

déplace du côté apical au côté basal de la zone ventriculaire. Une fois que le noyau a 

atteint le côté basal, les RGPCs entrent en phase S. Au cours de la phase G2 suivante, 

le noyau se déplace à nouveau vers le côté apical de la zone ventriculaire, où les 

cellules subissent une mitose pour générer les cellules progénitrices intermédiaires, 

qui se déplacent dans la plaque corticale du néocortex pour se différencier en 

neurones. Le mouvement de ces cellules progénitrices intermédiaires de la zone 

ventriculaire vers le néocortex est guidé par les RGPCs, qui traversent latéralement 

l'ensemble du néocortex. La représention schématique de la migration neuronale 

guidée par l'INM et les RGPCs est présentée dans la figure 2. La fonction biologique 

de la migration nucléaire inter-cinétique dans les RGPC n'est pas bien comprise. Il a 

été supposé qu'elle pourrait permettre de regrouper un grand nombre de RGPCs dans 

un espace limité, augmentant ainsi le nombre de progéniteurs intermédiaires pouvant 

être générés dans la zone ventriculaire.22 Le renflement nucléaire des RGPCs 

conduirait à de grands espaces vides, si ces cellules étaient regroupées latéralement. 

En raison de l'INM, la position du renflement nucléaire varie entre les RGPCs voisins, 

ce qui permet un empilement serré des cellules voisines. Bien que le rôle biologique 

de l'INM dans les RGPCs fasse encore l'objet de débats, son importance pour le 

développement du cerveau des mammifères n’est plus à prouver et est reflété par 

plusieurs neuropathologies telles que la lissencéphalie (phénotype de cerveau lisse) 

et la microcéphalie (phénotype de cerveau de taille réduite). 
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De premières études ont établi que le processus INM dépend des microtubules 

ainsi que des protéines motrices associées aux microtubules.23,24,25 La protéine 

motrice Kif1a (qui se dirige vers l'extrémité positive des microtubules), est un membre 

de la famille des protéines motrices de la kinésine. Elle transporte les noyaux pendant 

la phase G1 du cycle cellulaire vers le côté basal de la zone ventriculaire, où les 

extrémités positives (+) des microtubules se regroupent.24 Les extrémités négatives (-

) des microtubules dans les RGPCs se regroupent sur le côté apical de la zone 

ventriculaire. Le mouvement des noyaux, de la partie basale vers la partie apicale 

pendant la phase G2, est dirigé par la dynéine, une protéine motrice associée aux 

microtubules. Elle transporte les protéines cargos vers l'extrémité négative des 

microtubules.25 Le mouvement nucléaire apical piloté par la dynéine se déroulerait en 

deux phases. Dans la première phase, la dynéine et son activateur ubiquitaire, la 

dynactine, sont recrutées dans le noyau par une interaction avec le composant du 

pore nucléaire RanBP2, ainsi qu’avec la participation de la protéine d'échafaudage 

BicD2.25,26 La deuxième phase est contrôlée par le composant du pore nucléaire 

Nup133 qui se lie à CENP-F, lequel recrute la dynéine/dynactine via les protéines 

NudE et NudEL.25,27,28 La synchronisation de ces mouvements nucléaires, avec la 

phase G2 du cycle cellulaire, est assurée par l'activité de la kinase mitotique CDK1. 

CDK1 phosphoryle RanBP2 qui à son tour se lie à BicD2. BicD2 recrute la 

dynéine/dynactine pour conduire la première phase de la migration nucléaire 

ventriculaire. La deuxième phase de la migration nucléaire apicale des RGPCs 

implique le joueur clé CENP-F, qui réside à l'intérieur du noyau jusqu'à la fin de la G2. 

Dans ce cas, l'activité de CDK1 est nécessaire pour relocaliser CENP-F du noyau vers 

le cytoplasme. Il se lie à Nup133 pour initier la seconde phase de migration nucléaire 

apicale des RGPCs.27 La raison de l'existence de deux voies distinctes de recrutement 

de la dynéine au cours de la migration apicale des RGPCs n'est pas claire pour le 

moment. Il semblerait que la voie tardive de CENP-F pourrait permettre une meilleure 

coordination entre le cycle mitotique et l'arrivée du noyau RGPC sur le côté apical de 

la zone ventriculaire. CENP-F quitte le noyau environ au même moment que la Cycline 

B y entre, ce qui pourrait garantir que la séparation des centrosomes, la rupture de 

l'enveloppe nucléaire et l'assemblage des kinétochores soient coordonnées avec les 

étapes finales de migrations nucléaires médiées par CENP-F vers le côté apical de la 

zone ventriculaire.27  
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Il existe également des preuves expérimentales solides de l’implication du 

régulateur de dynéine Lis1 dans la migration nucléaire des RGPCs.23 La suppression 

de Lis1 par l'intermédiaire d'un siRNA, dans un cerveau embryonnaire en 

développement de rat, abolit presque complètement la migration nucléaire oscillatoire 

dans les RPGCs. Cet effet peut être expliqué par la capacité de Lis1 à induire un état 

de liaison aux microtubules dans la dynéine plus fort et plus résistant à la force.29 Ce 

qui pourrait être nécessaire lorsque la dynéine transporte de grands cargos tels que 

les noyaux. Des dysfonctionnements dans les voies de recrutement de la dynéine 

médiées par RanBP2 et Nup133 entraînent l'arrêt des noyaux RGPCs qui ne 

parviennent pas à atteindre le côté apical de la zone ventriculaire et qui, par 

conséquent, ne subissent pas de mitose, ce qui a des conséquences dévastatrices 

sur le développement du néocortex.30,23,31  

La base structurale de la migration nucléaire des RGPCs pilotée par la dynéine 

reste inconnue, malgré son importance bien établie dans le développement du 

néocortex. Nous ignorons comment le composant du pore nucléaire RanBP2 recrute 

les complexes de dynéine pour promouvoir la migration nucléaire des RGPCs. En plus 

du recrutement, l'activité motrice de la dynéine doit également être activée. En effet, 

la dynéine existe dans un état d’auto-inhibition qui n'est levé que lorsqu'elle se lie à 

un adaptateur cargo et à la dynactine.32,33,34,35 Pour les complexes cargos comprenant 

BicD2, comme pour le cas de la voie de recrutement de RanBP2, un mécanisme 

d'activation potentiel a récemment été suggéré.35 Malheureusement, ces hypothèses 

ont été tirées d'expériences effectuées sur BicD2 tronqué et/ou BicD de drosophile. 

Pour étudier la question essentielle du recrutement et de l'activation de la dynéine par 

RanBP2, je me suis fixé les objectifs suivants: 

1. Production de BicD2 humain recombinant sous forme entière et 

biochimiquement actif; 

2. Reconstitution et études structurales du complexe BicD2-RanBP2BBD; 

3. Études cryo-ME à haute résolution du complexe DDBR2 reconstitué in vitro; 
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La majorité de ce travail a été publié dans le manuscrit intitulé « In-vitro 

characterization of the full-length human dynein-1 cargo adaptor BicD2 ». Toutes les 

expériences supplémentaires soutenant ce travail sont décrites dans la section des 

résultats de ce manuscrit.

Figure 2. Illustration du processus INM dans la zone ventriculaire (VZ) du néocortex. Une fois la mitose 

terminée, les cellules progénitrices fraîchement formées vont se différencier en divers types de

neurones et peupler la plaque corticale par translocation guidée par la glie radiale ou translocation 

somale.
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1. Introduction

1.1 The Cytoskeleton – giving shape to the cell 

The cytoskeleton is a complex network of protein filaments spanning the cell’s 

cytoplasm. It has a multitude of functions, the most fundamental ones are to give the 

cell its shape and to control its physical properties.36 The cytoskeleton provides the

cell with the ability to contract to aid cell migration through deformation.37 It is essential 

in cell signalling pathways and endocytosis38, segregation of chromosomes39, 

cytokinesis during cell division40, and may act as an epigenetic determinant of cell 

shape, function, and fate.37 The latter also gives the cell the ability to form very 

specialized structures such as flagella and cilia. The cytoskeleton is present in all 

organisms, including bacteria and archaea39, but its structure, function, and dynamics 

strongly depend on the organism and cell type.40 The large-scale and more visual 

example of cytoskeleton function is muscle contraction, where actin-dependent motors 

collectively exert forces on parallel actin filaments.

The eukaryotic cytoskeleton consists of three types of biopolymers: actin 

filaments, intermediate filaments, and microtubules. Each of these has a unique ability 

to assemble and disassemble depending on the current cell requirements. Actin 

filaments are solid rods with a diameter of ~7 nm that are composed of the globular 

protein G-actin, which in its filamentous form is known as actin (or F-actin). The ATP-

dependent polymerization of G-actin results in polar filaments. There is a growing (+) 

end that tends to assemble and disassemble quicker than the (-) end (Figure 1). Actin 

filaments have a structural role in the cell and they can bear a large amount of tension. 

Figure 1. Schematic illustration of actin assembly and disassembly. The globular
actin monomers (G-actin) polymerize into filamentous actin (F-actin) upon ATP 
binding. As the ATP hydrolysis progress the F-actin will depolymerize into ADP-
bound actin.
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When associated with the motor protein myosin, they participate in force generation 

during cellular contraction and cell body movement.41

The diameter of intermediate filaments (IF) is slightly larger (~10 nm) than that 

of microfilaments, but smaller than the diameter of microtubules (~25 nm) – hence the 

name ‘intermediate’. They are made of fibrous proteins that contain a central α-helical 

rod domain. The building blocks of IF’s are intertwined coiled coils. They have an 

antiparallel architecture which implies they are unipolar with both ends having identical 

properties. Also, unlike the microfilaments and microtubules, the polymerization of IF’s 

is nucleotide independent. They have a mechanical role, because they were shown to 

buffer mechanical stress36.

Microtubules are long and stiff polymeric structures. These filaments are the 

largest in diameter (~25 nm), and result from the polymerization of heterodimers of α-

and β-tubulin. They form protofilaments that later assemble into a hollow tube – the 

microtubule (Figure 2). Tubulin is a GTP-dependent protein which similar to 

microfilaments, creates polar (+) and (-) ends. Microtubule polarity determines 

assembly start and end but also directs various motor proteins that facilitate cellular 

Figure 2. Representation of microtubule dynamic instability. A The polar microtubule protofilament 
is made of β- and α-tubulin units. The polymerizing end contains β-tubulin in the GDP bound state
while α-tubulin always stays in the GTP-bound state. The γ-tubulin ring serves as a microtubule 
nucleating site. B Microtubule rescue (assembly). The preformed αβ-tubulin dimers assemble in
such a way as to form a GTP cap of β-tubulin. C Microtubule catastrophe. The disassembly of the 
microtubules occurs from the GTP-cap towards the γ-tubulin ring.
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transport42. Their function and properties are quite broad and will be discussed in more 

detail in the following sections of this chapter. 

 

1.1.1 Microtubules 

α- and β-tubulin are small (~ 55kDa) globular proteins, which form a stable, 

non-covalent heterodimer. In eukaryotes, α- and β-tubulins are well conserved (~60%) 

while identity is about 40% between the two. The third form, γ-tubulin, is localized at 

the centrosome where it serves as a nucleation point for microtubules (Figure 2A). The 

αβ-tubulin dimers polymerize in a GTP-dependent manner into protofilaments in a 

head-to-tail fashion (Figure 2B). These protofilaments can later assemble into a hollow 

tube – the microtubule. In mammals, the microtubule is usually formed through the 

association of 13 protofilaments, but this number can vary between 10 and 15.43,44,45,46 

β-tubulin can hydrolyse GTP into GDP, while α-tubulin always stays in the GTP 

state. During polymerization the nucleotide exchangeable site (E site) of the β-tubulin 

always contacts the catalytic domain of the α-tubulin of the neighbouring dimer. 

Protofilaments and microtubules thus have one end with α-tubulin exposed, the (-) 

end, and the other with β-tubulin exposed, the (+) end. This architecture designates 

the polarity of each side, and therefore dictates the microtubule growth dynamics, but 

also directionality for motor proteins. Although growth can occur at both ends it has a 

higher rate on the (+) end47. The (+) end of microtubules is normally stabilized by the 

minimum GTP cap of one tubulin layer (Figure 2B). As the hydrolysis proceeds, the 

GTP cap will be lost and microtubule depolymerization begins, the phenomenon also 

known as microtubule catastrophe (Figure 2C).43 

 

1.1.2 Stability and dynamics 

Although microtubules are the most stable cytoskeletal filaments because of 

extensive lateral contacts between their protofilaments37, they nevertheless switch 

between constant growth and shrinkage and never reach a steady-state length. This 

property is known as dynamic instability and has been demonstrated in-vivo and in-

vitro.43,48,49 The switch between the two states depends on the nucleotide state of β-

tubulin. When GTP binds to β-tubulin’s E-site, the microtubule is in the growth phase 

and shrinkage occurs upon GTP hydrolysis. The growth dynamics dictate the 
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microtubule’s biological role, whether it is the microtubule’s reorganization, spatial and 

temporal differentiation, or generation of pushing and pulling forces in a cell.50,51 

Moreover, dynamic instability establishes the cell’s asymmetry. This comes from the 

search-and-capture model50 where microtubules search for their targets, such as 

plasma membranes, chromosomes, and organelles during the inter-conversion 

between the growth and shortening cycles. This leads to cell polarization through 

selective microtubule stabilization, as a result of the microtubule’s response to 

environmental signals and/or factors. Microtubules are also regulated by microtubule 

assembly-promoting factors, microtubule-stabilizing and destabilizing factors (such as 

microtubule-associated proteins – MAP’s), microtubule severing proteins, and 

microtubule-based motors from the kinesin and dynein superfamilies.52,53,54  

 

1.1.3 Microtubules and traffic control 

 The polarity-driven spatial arrangement of microtubules inside the cell 

orchestrates the multiple-cargo carrying motors. Microtubule-based motors are finely 

regulated to move in the desired direction, at the right moment, and with the right 

cargo. We have relatively little knowledge about how cells regulate switching between 

anterograde and retrograde transport. The anterograde transport is driven towards the 

(+) end of microtubules - away from the cell body, and retrograde transport goes along 

the (-) end of microtubules, hence toward the cell body. Microtubule structures that 

can provide a good understanding of motor function are axons and the flagellum as 

they are specialized for long-distance intracellular transport. In the past years these 

cellular structures have served as model systems for the development of new cryoEM 

methods.55,56,57  

 Flagellar IFT transport consists of a continuous stream of anterograde and 

retrograde migration of so-called IFT-trains on the axoneme, which is composed of 

microtubule doublets. The axoneme is the core structure found in eukaryotic flagella 

and cilia. It determines the shape of these organelles and, in the case of motile cilia, 

bends them. Dynein and kinesin have to be bound to the IFT train at the same time, 

but only one motor is active depending on the direction of the transport. Kinesin is 

involved in anterograde transport, and dynein is responsible for retrograde transport. 

The retrograde IFT trains are known to be smaller and faster compared to anterograde 
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one, which already indicates that both species have distinct protein compositions.58 

The IFT dynein needs a heterotrimeric kinesin II to reach the flagellar tip, suggesting 

that it is inactive during anterograde transport. Once the IFT train reaches the flagellar 

tip it dissociates from the microtubule doublets. Subsequently, the IFT trains undergo 

a remodeling event (cargo unloading for axoneme maintenance) and dynein gets 

activated to bring the IFT trains back to the basal end of the flagellum by the retrograde 

transport.58 The nature of this remodeling event is still unclear. In Chlamydomonas it 

has been shown that it consists of the IFT particle remodeling at the flagellar tip to 

control the length of the flagella.59 At the flagellar base the reverse process must be 

taking place. New cargo is loaded, kinesin II becomes the active motor, and dynein 

gets inactivated.60 This IFT train flux is continuously recycled within the flagellum and 

can keep on going for hours without the need for protein synthesis.61 

Another example of long-distance microtubule trafficking is on the axon of nerve 

cells. Some axons can be meters long, hence they cannot rely on passive diffusion 

and have developed a similar cargo trafficking to flagellum – a retrograde and 

anterograde transport.62 There are plenty of cargos moving along single microtubule 

filaments between the cell body and the axon end, such as lipids, proteins, organelles 

or synaptic vesicles. The regulation of the cargo flux is also similar to that of IFT, as 

the cargos usually recruit the microtubule motors dynein and kinesin at the same time. 

Although axonemal cargos can show bidirectional movement, they usually have one 

overall preferred direction of movement, suggesting that only one of the opposing 

dynein and kinesin motors is active at one time.63,64 It is also possible that both motors 

become active and engage in a so-called tug-of-war competition.65 During kinesin 

mediated anterograde transport, activation of the opposing dynein motor can be 

stimulated upon injury, or any other scenario where the axonal transport is blocked. 

The vesicles building up at the blocked site can reverse their direction towards the cell 

body66, partly mediated by the recruitment of additional dyneins.63 

Microtubule-based transport in flagella and axons has raised many questions 

about motor protein regulation. It is still unclear how they coordinate their activity with 

respect to each other, and what drives the turnaround events along the filaments. 

Recent advances in cryoET have given some new insight into the inner architecture 

of the axoneme,67 but many mechanistic details are still missing. What is interesting 

about these transport events is the cross-talk between dynein and kinesin. Impairment 



32 

of one of these motors abolishes both the anterograde and retrograde transport 

processes. This implies that a lack of activity of one motor is somehow ‘communicated’ 

to the active motor.68,69,70,71 It has been suggested that this phenomenon can be 

controlled by dynactin at a molecular level. This is because dynein and kinesin II can 

bind to an overlapping site in the p150Glued component of dynactin.69 

 

1.2 Cytoplasmic dyneins  

1.2.1 Dynein transport and discovery 

Microtubules are essential for intracellular transport. Their polarity and 

localization within the cell make them suitable ‘highways’ for motor proteins. Motor 

proteins use microtubules to move vesicles, organelles, protein- and RNA-containing 

complexes, and viruses to specific cell locations.72 Dyneins were first isolated from 

Tetrahymena pyriformis and imaged by metal-shadowing electron microscopy in 1965 

by Gibbons and Rowe.73 Later, two cytoplasmic isoforms of dynein were identified 

(dynein-1 and dynein-2), where dynein-1 is the cytoplasm-based motor, and dynein-2 

the cilia based-motor.74,75,76 

It has been demonstrated that dynein-1 is essential in fruit fly (Drosophila 

melanogaster) 77 and mouse (Mus musculus).78 Mutations in dynein-1 are known to 

cause several neuropathologies in humans. These include neurodegenerative 

diseases, such as the Parkinson’s disease-like Perry syndrome, spinal muscular 

atrophy with lower extremity predominance (SMA-LED), hereditary motor neuron 

disease, and Charcot-Marie-Tooth disease. They also include neurodevelopmental 

disorders such as lissencephaly and microcephaly.79,80,81,82,83,84,85 The impairment of 

dynein-1 associated proteins has also been shown to cause various cortical 

malformations and intellectual disabilities.86  

Cytoplasmic dynein drives the majority of retrograde microtubule transport 

events in eukaryotic cells. The cytoplasmic dynein-1 isoform facilitates cell division, 

the migration of organelles and vesicles, brain and muscle development, and can also 

be hijacked by pathogenic viruses to reach specific cellular locations.72,87,88,89 It is a 

particularly interesting motor in neurons, as it carries essential signals and organelles 

from distal axon sites to the cell body.90 The cargos of dynein-1 can be grouped into 

four main categories: membranes, RNAs, proteins, and viruses. The type of cargo 



33 

recruited depends on a number of factors, such as the phase of the cell cycle, or cargo 

adaptors and regulators such as kinases and phosphatases. This range of interactions 

suggests that dynein can form higher-order complexes to achieve its cellular functions. 

Over 30 years after the discovery of dynein, a high molecular weight complex was 

identified to be crucial for dynein-1 motility on microtubules - the dynactin complex.91,92 

Furthermore, it was shown that the complex associates in the presence of dynein 

cargo adaptors such as BicD2 – a long and flexible protein that links dynein, dynactin, 

and the cargo for processive movement along the microtubules. BicD2 is a human 

homolog of Drosophila BicD, which was identified in 1986.93 The BicD family of dynein 

cargo adaptors are relatively large, mostly coiled-coil proteins, that are known to 

increase the motility of the dynein-dynactin-BicD2 (DDB) complexes in vitro.32,94 In 

addition to BicD2 and its homologues, there are several protein families that act as 

cargo adaptors, and they share the common feature of recruiting dynein, dynactin and 

adaptor-specific cargos.  

Dynein-1, dynactin, and the cargo adaptor are the principal components of the 

(-) end microtubule-based motor machinery. The speed and affinity of this complex on 

microtubules are also regulated by Lis1 and two nuclear distribution proteins NDE and 

NDEL1.95,96,97 These three proteins can alter dynein’s motor properties and they help 

the DDB complex to assemble correctly.98 Moreover cytoplasmic dynein-1 and -2 

associate with several light chains that regulate correct motor complex assembly and 

interaction with other proteins. 

Dynein-2 is another cytoplasmic isoform of dynein and was first identified in sea 

urchin (Echinoidea) and rat (Rattus norvegicus) in 1994.99,100 A few years later it was 

shown that the light chain of dynein-2 is associated with retrograde IFT in 

Chlamydomonas and its mutations led to IFT accumulation at the flagella’s tip and 

impairment of kinesin-based trafficking in Caenorhabditis elegans.101,102,103 

Dynein-2 forms a large complex with kinesin-2 to transport IFT-A and IFT-B 

complexes from the ciliary base to the tip and back to the cell body.104 The IFT train 

consists of IFT-A and IFT-B complexes (Figure 5D) which are driven by kinesin-2 to 

reach the ciliary tip. At the tip the IFT trains undergo some kind of rearrangement 

(which is not yet well understood) which activates dynein-2 for retrograde transport. 
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Even though dynein-2 almost uniquely operates within cilia, there is evidence that it 

plays cytoplasmic roles in Chlamydomonas, which lacks a dynein-1 isoform.105 

Within cilia, dynein-2 is attached to the IFT train and passively transported from 

the ciliary base towards the tip by the motor protein kinesin-2 in an inactive form.106,107 

Microtubule gliding assays have shown that the dynein-2 dimer is less motile 

compared to dynein-2 alone.34,4 In a dimer, the dynein’s motor domains stack against 

each other forming an autoinhibited state. This state is speculated to be an inactive 

form of dynein-2 that is transported by kinesin-2 during anterograde IFT trafficking. 

These in vitro observations were further confirmed by in vivo cryoET in 

Chlamydomonas showing anterograde IFT trains with dynein-2 in a compact, 

autoinhibited conformation with stalks pointing away from the microtubule doublets.108 
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1.2.2 Dynein as a P-loop NTPase

The dynein heavy chain generates the power to move along the microtubules. 

The motor domain of dynein belongs to the family of the AAA+ proteins (ATPases 

Associated with various cellular Activtities) which in turn belongs to a larger protein 

family – the P-loop NTPases. The P-loop NTPases are nucleotide-dependent proteins 

that are able to harness the chemical energy of ATP hydrolysis and convert it into 

mechanical work. Nature evolved many of those essential-for-life enzymes and they 

are present in all three domains of life: archaea, bacteria, and eukarya.18 Around 10% 

Figure 3. Cytoplasmic dynein motor domain architecture. A The motor domain consists of an
N-terminal tail domain (not shown), linker, six AAA domains (namely from AAA1 to AAA6), 
and a C-terminal domain (not shown). B Highlighted AAA1 and AAA2 domains in cytoplasmic
dynein-2 structure (PDB: 4rh7) with the ATP biding site circled. C Scheme of a single AAA
domain and its catalytic residues: Walker A, B, and R finger. Their arrangement in the AAA+ 
ring make it necessary to assemble two AAA domains to form a functional nucleotide binding
site D Each AAA domain can be subdivided into large and small AAA domain.
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of prokaryotic and eukaryotic genomes contain P-loop NTPases in the protein-coding 

regions.109 All AAA+ enzymes have a conserved αβα core domain structure. The five-

stranded β sheet is sandwiched between α-helical domains and extended by a less 

conserved α-helical bundle of four helices (a AAA+ specific feature). For simplicity, the 

αβα core is called the large domain (or AAAL) and the helical bundle emerging from 

β5 is called the small domain (or AAAS). The ATP molecule is bound between these 

two domains of the AAA+ motif.110 In oligomeric structures ATP is further stabilized by 

the R-finger of the neighbouring subunit (Figure 3C and D). The AAA+ motif contains 

between 200 and 250 amino acids, and distinct nucleotide-binding features: Walker A, 

Walker B, Sensor II, and R-finger (Figure 3D).111 

The superfamily of AAA+ proteins is a functionally diverse group within the P-

loop NTPases. They belong to the group that is characterized by an additional strand 

between the P-loop strand and the Walker B strand.112 They drive many processes 

within the cell, such as protein degradation, vesicular fusion, peroxisome biogenesis, 

assembly of membrane complexes, in-cell transport, gene regulation, and many 

more.113,114,115,110 In all cases there are a well-defined regulatory mechanisms 

controlling their activity. The AAA+ enzymes are active in a certain oligomeric state, 

where pairs of subunits interact to form a functional nucleotide-binding site.18 That 

binding site will in turn be able to bind and hydrolyse a nucleotide to release a chemical 

energy and convert it into mechanical force. The AAA+ machine can be formed by 

association of single AAA+ motifs to form an oligomer (e.g. proteins from the Helicases 

and Clamp loaders group - HEC), and some AAA+ (such as dynein) can be encoded 

as a single protein (e.g. proteins from the Protease, Chelatase, Transcriptional 

activators, and Transport group - PACTT).111 Another level of diversity within this 

family arise from extensions and rearrangements in the protein structure. In dynein 

those elements are: the N-terminal tail domain emerging from the AAA1; the stalk and 

MTBD emerging from the AAA4 domain; the buttress of the AAA5 domain; and the C-

terminal domain (Figure 3A). In dyneins the N-terminal tail domain and C-terminal 

motor domain is connected by a linker – the structural element responsible for 

mechanical force generation. The linker domain can be subdivided into an N-terminal 

and a C-terminal domain with a cleft in between. The cleft in the linker domain acts as 

a pivot point that helps the linker adapt various, nucleotide state-dependent 

conformations. The tail domain is a structure that binds the light chains, dictates the 
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dynein complex geometry, and uses the linker for force generation. The stalk, buttress, 

and MTBD form a domain that controls microtubule affinity upon receiving the signal 

from other AAA domains.  

The arrangement of the catalytic residues in AAA+ proteins is well-conserved. 

The Walker A motif, located between strand β1 and helix α1, has a GX4GKT/S 

consensus sequence.116 The lysine and threonine/serine residues of this motif are 

believed to bind the β-phosphate of the ATP molecule. The phosphate groups of the 

nucleotide are coordinated by a divalent magnesium cation.117,116,118 

The Walker B motif is located on strand β3 and has a consensus sequence 

ψψψψDE, where ψ denotes a hydrophobic residue.118 Conservation of the Walker B 

motif is more variable among AAA+ proteins. The function of the aspartate is to 

coordinate the magnesium cation and the glutamate carboxyl group acts as a catalytic 

base that withdraws a proton from the water molecule attacking the ATP γ-

phosphate.119,120,121 

The R finger is a conserved residue located on the N-terminal part of strand 

β5.122 In AAA+ proteins that form rings it is believed to be an essential feature in 

allosteric communication. It points to the ATP active site of the neighbouring motif (γ-

phosphate of the nucleotide). Hence, to form an active nucleotide-binding site, at least 

two AAA+ subunits need to interact, which is why most AAA+ are functional in 

oligomeric states and form ring-like structures.123,124,125 
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1.2.3 Mechanochemical cycle of dynein

Every dynein consists of six AAA domains of which AAA1-AAA4 are able to 

bind ATP.126,127 Dynein motility relies on ATP hydrolysis in the AAA1 site which causes 

the remodeling of the linker to generate the force for the movement along the 

microtubule and influences the microtubule affinity of the MTBD.8,9,10,11,12,13 Thus the 

mechanochemical cycle of dynein can be divided into three main events: ATP 

hydrolysis in the AAA1 site, linker remodeling, and microtubule affinity change in the

MTBD. Upon ATP binding, the MTBD dissociates from the microtubule and the linker 

bends into the pre-power stroke conformation.128,129 The MTBD diffusively searches 

for a new binding site at the microtubule and is able to rebind to the microtubule after 

ATP hydrolysis. The release of the inorganic phosphate (Pi) induces a tight 

microtubule binding state and the bent linker switches back to a straight conformation, 

Figure 4. Schematic illustration of dynein's mechanochemical cycle. The APO state (nucleotide-
free in the AAA1 domain) adapts a straight linker conformation (right). Upon ATP binding in AAA1 
and consecutive hydrolysis into ADP the linker adapts the pre-power stroke conformation (middle) 
and subsequent release of the inorganic phosphate will cause the actual power stroke and 
straightening of the linker into its original state (left). Release of ADP will resume the cycle all over 
again. The change in MTBD microtubule affinity is controlled through the coiled-coil registry shifts 
in the stalk, which carries the MTBD. The ATP binding to the AAA1 site induces a registry shift in 
the stalk supporting the low microtubule affinity conformation of the MTBD. After ATP hydrolysis,
the stalk registry shift is reversed, which supports the high microtubule affinity conformation of the 
MTBD and allows the tight binding to the microtubule.251,252
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the power stroke which generates force to move the dynein forward (Figure 4). The 

cycle is finalized with the release of ADP.  

 

1.2.4 Dynein-1 and dynactin architecture 

 Human dynein-1 forms a large 1.4 MDa complex.130 It has six components, 

which are present in two copies. There is one isoform encoding the dynein heavy chain 

(DHC, gene: DYNC1H1), and two isoforms for each of the additional five accessory 

chains: intermediate chains (IC, encoded by DYNC1|C1 and DYNC1|C2), light 

intermediate chains (LIC, encoded by DYNC1LI1 and DYNC1LI2), and the three light 

chains (Roadblock - encoded by DYNLRB1 and DYNLRB2, LC8 - encoded by 

DYNLL1 and DYNLL2, and Tctex - encoded by DYNLT1 and DYNLT3). The 

architecture of the dynein-1 complex is presented in Figure 5A. The dynein heavy 

chain has a molecular weight of 532 kDa (4643 amino acids) and can be divided into 

an N-terminal tail domain that binds the accessory chains, and the C-terminal motor 

domain which generates force.  

The accessory chains associate with the heavy chain tail domain as 

homodimers. The intermediate chain (IC, 73 kDa) binds to the N-terminal helical 

bundles of the tail via its WD40 domain and the largely disordered N-terminal part 

(~200 AA’s). The disordered part of IC also interacts with the light chains Robl (11 

kDa), LC8 (10 kDa), and Tctex (11 kDa). The light intermediate chain (LIC, 56.5 kDa) 

binds to the C-terminal part of the tail domain.131,132 The LIC is also able to interact 

with cargo adaptors via its C-terminal region.133,134,135  

Dynactin is a multi-subunit 1.1 MDa protein complex that is required for dynein 

motility (hence the name dynactin).136 Structurally it is made of an actin-like filament 

of eight α-centractin protomers (ARP1, encoded by ACTR1A and ACTR1B) and a 

single copy of β-actin (encoded by ACTB). The ARP1 filament is capped on the barbed 

end by the F-actin protein CAPZ (encoded by CAPZA1 or CAPZA2, and CAPZB), and 

on the pointed end by ARP11 (encoded by ACTR10), p62 (DCTN4), p27 (DCTN6), 

and p25 (DCTN5). The dynactin shoulder part emerges from ARP1 closer to the 

barbed end. It is made of two copies of p150Glued (DCTN1), four copies of p50 

(DCTN2), and two copies of p25 (DCTN3). The dynactin assembly scheme is shown 
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in Figure 5C. The p150Glued N-terminus is a long, flexible coiled-coil which has been 

reported to interact with microtubules.137  

 

1.2.5 Dynein-2 architecture 

 Dynein-2 is a motor protein complex transporting cargo along microtubules 

within cilia. Recent years have brought a lot of information about dynein-2, revealing 

significant differences from dynein-1 and addressing many long-standing questions 

about its motility, structure, and assembly.4 The fully assembled dynein-2 complex is 

made of 16 copies of at least 8 different proteins. Similarly to dynein-1, the N-terminal 

part of the heavy chain encodes the tail domain, which acts as a dimerization scaffold 

and binding site for accessory chains.34,138 The C-terminal part of the dynein-2 heavy 

chain encodes the force generating AAA+ motor domain.14. The N-terminal part of the 

heavy chains provides a scaffold for binding of the accessory chains: intermediate 

chains, light intermediate and light chains. Although the overall composition of the 

complex appears similar to dynein-1, most of the proteins are unique to dynein-2 and 

have a different nomenclature (Figure 5B).139  

 The accessory chains in dynein-2 are well-known by now, but their individual 

function in the dynein-2 activities remain unclear. The light intermediate chain 1 

(DYNC2LI1) binds to the end of the tail domain and has complex-stabilizing 

properties.140,106,141,142,143,144,34 The tail domain of dynein-2 forms a highly asymmetric 

structure even though in mammals it is made of two identical heavy chain copies.4 

This asymmetry of the heavy chain tail is enforced by unconventional sub-complexes 

of the intermediate and light chains. While in dynein-1 all accessory chains form 

homodimers, this is not the case for dynein-2. Its intermediate chains form a 

heterodimer consisting of the WD repeat-containing proteins 34145,139,146,147 and 

60139,148 (namely WD43 and WD60). The WD proteins contain a C-terminal β-propeller 

domain which binds the very N-terminal part of the dynein-2 tail. Also, the dynein-2 

complex has different stoichiometry and symmetry compared to dynein-1. The subunit 

copy number varies from one to six where the intermediate chain N-terminal domains 

are held together by light chain dimers of roadblock (DYNLRB), three LC8 light chain 

(DYNLL) dimers, and a dimer of two different Tctex proteins (namely Tctex-type 

protein – DYNLT, and Tctex1 domain containing-protein (TCTEX1D2).4,139,138,149 
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Interestingly the intermediate chains have different binding partners within the dynein-

2 complex. Based on co-expression studies, WD34 interacts with LC8 and roadblock, 

while WD60 preferentially interacts with the Tctex heterodimer.138 This unique 

architecture and composition has implications in dynein-2 motility and recruitment of 

the IFT particles (Figure 5D).4

Figure 5. Architecture of the cytoplasmic dyneins and their main interactors. A Cytoplasmic dynein-1
heavy chain along with five accessory chains. B Cytoplasmic dynein-2 heavy chain with seven 
accessory chains. The units marked in grey means that they are involved in heterodimer formation in 
the fully assembled dynein-2 complex. C Architecture of the multi-subunit dynein activator dynactin. D
IFT particle A and B composition.
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1.3 Cargo adaptors 

1.3.1 Dynein-activating cargo adaptors 

Cargo adaptors are usually extended, flexible proteins that share several 

properties. They are required for dynein motility. Structurally they are characterized by 

α-helices forming extended coiled-coils and functionally each of them has the ability 

to interact with multiple protein partners. Generally, the N-terminal region of the cargo 

adaptor associates with the dynein motor protein while the C-terminal domain recruits 

cargos. Cargo adaptors of dynein-1 mainly interact with the LIC. An illustrated domain 

organization and length of these adaptors is presented in Figure 6. Selectivity towards 

their respective cargos is achieved by adaptor-specific cargo binding 

mechanisms.134,135,150 These mechanisms include association with the cargo via 

conserved motifs, domains, and/or protein modifications. Our knowledge of the 

molecular bases of cargo recruitment is very limited. Currently there are eleven 

mammalian dynein cargo adaptors known, but the number is continuously growing.151  

 The best studied family of dynein-1 cargo adaptors are the BicD proteins. BicD 

was first identified in Drosophila, because mutations in this gene caused double 

abdomen development - the bicaudal phenotype, hence the name BicD.93 Mammals 

have two BicD orthologues, BicD1 and BicD2, with multiple isoforms and molecular 

weights in the 100 kDa range. BicD’s form a homodimer and, based on secondary 

structure predictions, they tend to fold into three coiled-coil domains (CC1, CC2, and 

CC3). Each CC domain plays a role in higher-order complex formation. For the N-

terminal coiled-coil domain, CC1, it was shown that it is able to bind dynactin and 

dynein via the ARP1 subunit of dynactin and the N-terminus of the dynein heavy 

chain152,132as well as LIC1.134,133 These multiple interactions increase the affinity of the 

dynein for dynactin and are required for stable dynein/dynactin/BicD2 complex (DDB) 

formation.33,153,154 It was also shown that the N-terminal region of BicD2 alone is able 

to induce DDB complex formation with higher efficiency than the full-length protein.155 

BicD2 has the tendency to bind two dyneins and one dynactin for processive 

movement.  

 The C-terminal domains of BicD’s (CC2 and CC3), are usually implicated in 

cargo recruitment. The BicD1 C-terminal CC3 domain can interact with GTP-bound 

RAB6A and B156,157,158,159,160 and cytomegalovirus/HHV-5 protein UL32161. BicD2 is 

able to recruit RAB6A162, NEK9163, DNAI1164,165, RANBP2166, and kinesin KIF5A166. 
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Cargo adaptors of the BicD family also interact with themselves. It has been observed 

by several groups that the C-terminal part is able to make contact with the N-terminal 

part leading to an autoinhibited state in BicD1167 and BicD168,169. There is little known 

about human BicD2 autoinhibition and many features are assumed to be common with 

better-studied Drosophila BicD orthologue.170171 It has also been suggested that the 

autoinhibited state can be relieved by cargo binding.168,172,173,170 There is evidence for 

cargo-induced autoinhibition release for Drosophila BicD in the case of Egl and mRNA 

cargo.170 So far no such studies have been done for either BicD1 or BicD2. 

The BicDR family is closely related to the BicD2 cargo adaptor family. There 

are two mammalian orthologues, BicDR1 and BicDR2, which have half the size of 

BicD2, but share a very similar domain organization. They have three CC domains, 

dimerize and bind dynein/dynactin. Interestingly, BicDR1 can recruit four dyneins and 

one dynactin which increases the speed and force of the motor complex.131,174,175  

 Another family of dynein cargo adaptors are the Hook proteins. There are three 

orthologues in mammals, Hook1, Hook2, and Hook3, and they are believed to operate 

similarly to the BicD family. They are made of three domains: the N-terminal hook 

domain; a coiled-coil domain driving dimerization of the protein; and C-terminal 

random coil domain that mediates cargo binding.176,133,131 Hook1 and 3 have the ability 

to induce longer and faster dynein-dynactin runs than BicD2.135,131,177 Hooks associate  
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with dyneins similarly to BicD2 as they bind to LIC1 via its N-terminus. This interaction 

induces processive dynein motility in vitro and in vivo.133,177,135 Similarly to BicDR1, 

Hook3 has been shown to recruit a team of two dynein dimers per one dynactin.131

Hook1 and Hook3 are involved in endosomal trafficking pathways,178,179,180,176,181 while 

Hook2 is thought to operate at the centrosome and during mitotic 

progression.182,183,184,185 Hook1 has also been reported recently to associate with 

TrkB-BDNF-containing complexes in neurons.186

Figure 6. Schematic illustration of known dynein-1 cargo adaptors with highlighted domains and 
interacting sites. All adaptors drawn to scale except for NIN, NINL and JIP3.
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Another known dynein activating cargo adaptor is Spindly. It is required in 

mitosis to silence the mitotic checkpoint and localize dynein and dynactin to the mitotic 

kinetochore.32,187,188,189 This induces end-on kinetochore-microtubule attachments 

mediated by the NDC80 complex and subsequent chromosome movements to the 

pole.188,190,191 Spindly shares two features with other cargo adaptors: the CC1 box 

motif and Spindly motif (Figure 7).150 The CC1 box motif is an N-terminal motif in BicD 

cargo adaptors that mediates the interaction with the dynein LIC1.133 The BicD and 

Spindly mechanisms of dynein binding are believed to be similar, because mutating 

the two conserved alanines of the CC1 box to valine residues in BicD and Spindly 

results in a loss of the interaction with dynein and dynactin in vitro.175

The motif that enables cargo adaptors to interact with the pointed end of 

dynactin is conserved and named the spindly motif (L(F/A)xE), because it was first 

identified in the Spindly cargo adaptor.189 It is located between the first and the second 

coiled coil domain in most of the adaptors. It is not precisely known how this interaction 

is mediated at a molecular level. Mutating the phenylalanine into alanine in Spindly 

causes its dissociation from dynactin, but in other adaptors the same residue is 

actually an alanine (e.g. BicDs).150 This suggests that dynein-dynactin-cargo adaptor 

assembly might occur via different mechanism depending on the cargo adaptor and 

cellular context.150 Despite the divergent dynactin binding mechanism, the described 

adaptors have three main features in common: an N-terminal CC1 box or Hook domain 

mediating the interaction with LIC1; a coiled-coil domain (~30nm) sandwiched 

between the dynein tail and dynactin; and a spindly motif at the C-terminus of the 

coiled-coil domain. 

Figure 7. Sequence alignment of the CC1 box and spindly motif of selected cargo adaptors.
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Another, less characterized and discussed dynein cargo adaptor is Rab11-

FIP3. It shares the dynein-binding N-terminal properties found in BicDs, Hooks, and 

Spindly and is able to activate dynein motility.32 Rab11-FIP3 is involved in movement 

of peripheral endosomes along microtubules towards the MTOC/centrosome 

generating endosomal recycling compartment (ERC)192, and has been implicated in 

dendrite formation through trafficking of Rab11- and Arf6-dependent endosomal 

transport.193,194 

The last group of cargo adaptors described here are the largest representatives 

of the dynein-dynactin interactors: ninein (NIN) and ninein-like proteins (NINL). They 

have been identified as cargo adaptors through BioID MS.195 These large coiled-coil 

proteins share a similar secondary structure with other cargo adaptors but they also 

contain EF-hand domains similar to the Rab11-FIP3 protein. The EF-hand domain has 

a helix-loop-helix architecture and its name comes from the thumb and forefinger-like 

shape of the motif in which a Ca2+ ion is coordinated by the loop region. Ninein 

localizes to the appendages of mother centrioles196 where it supposedly anchors 

centrosomal microtubules.197,198 It has been shown in mice that ninein re-localizes 

from centrosomes to the apical surface during differentiation of epithelial cells.196 It 

also has been observed that a re-localization targeting desmosomal junctions can take 

place during differentiation of stratified epithelial cells in the epidermis.199 The loss of 

ninein in zebrafish leads to impairment of brain and skull development,200 and the loss 

of ninein-like cargo adaptors causes delocalized trafficking patterns of cilia directed 

cargo (Rab8a) and defects in melanosome transport.201,202  

 

1.3.2 Candidate cargo adaptors 

There are a number of proteins that share the domain organization with the 

activating cargo adaptors. They have been suggested to be involved in dynein motility, 

but their dynein motility-enhancing properties have yet to be confirmed. The first 

protein is huntingtin-associated protein 1 (HAP1). As its name suggests HAP1 

associates with huntingtin and their involvement in Huntington’s disease is known.203 

HAP1 can interact with the p150 subunit of dynactin204,205 as well as kinesin light and 

heavy chains,206 which strongly suggests its role in intracellular transport. HAP1 is 

required for autophagosome huntingtin-mediated transport and amyloid precursor 
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protein (APP) trafficking.207 Huntingtin has been linked to the vesicle transport in 

axons. It has been suggested that huntingtin and HAP1 can act as at scaffold for 

dynein and kinesin association with vesicles.208,209,210,211,212  

Another group of candidate cargo adaptors are mammalian TRAK proteins, first 

identified in drosophila under the name Milton.213 It has been observed that knockdown 

of Milton causes a reduction in retrograde transport velocities in axons, but does not 

significantly affect the anterograde transport. Moreover, mutations in Milton caused 

the absence of mitochondria in photoreceptors, wing nerves, and motor 

axons.214,215,213 Taken together, this suggests that Milton is involved in mitochondria 

positioning. In rat hippocampal neurons the mammalian homologues of Milton, TRAK1 

and TRAK2, are localized in axons and dendrites respectively.216,217 Consistently with 

these observations, TRAK1 impairment leads to the reduction of mitochondrial mobility 

in axons, while TRAK2 defects cause reduced mitochondrial mobility in dendrites.218 

The most recent models describe TRAK1 and TRAK2 as regulators of dynein and 

kinesin-1 activity to move mitochondria in axons and dendrites.217 Structurally Milton 

and TRAKs have an N-terminal coiled-coil domain and a C-terminal cargo interaction 

region. The cargo protein for Milton and TRAKs is the mitochondrial rho GTPase Miro 

- an outer membrane protein containing two GTPase domains and two EF hand 

domains. 

 

1.3.3 Other adaptors 

The last group of putative dynein activating adaptors are the RILP and JIP 

proteins. They fall into the ‘other adaptors’ category for two reasons: they haven’t been 

shown to activate dynein in vitro or in vivo, and structurally they do not resemble other 

adaptor proteins.  

Rab7-interacting lysosomal protein (RILP) has been speculated to bind to 

Rab7-containing vesicles, which include late endosomes and lysosomes.219,220 The 

recruitment of dynein by RILP takes place in a stepwise fashion. RILP and ORP1L 

(oxysterol-binding protein-related protein 1L) associate into a complex with the Rab7 

GTPase which enables RILP to recruit the p150 subunit of dynactin. This event, in 

turn, will facilitate dynein and vesicle recruitment.221 It has been further proposed that 
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dynein complex formation in this particular pathway can be regulated by cholesterol 

levels in a ORP1L-dependent manner.151 

 Four mammalian JNK-interacting protein (JIP) proteins have also been 

identified as potential dynein cargo adaptors, JIP1, 2, 3, and 4.222,223,224 Despite the 

dynein context, each JIP contains a JNK kinase domain close to the N-terminus, which 

facilitates the binding of JNK and p38 kinases, which are involved in cell growth, 

differentiation, and apoptosis. All of the JIPs have been reported to also bind kinesin-

1.225,226,227,228 JIP3 and JIP4 have been shown to interact with dynein-dynactin via their 

N-terminal coiled-coil domains.224 The Drosophila JIP3 homolog, Sunday Driver, was 

shown to interact with dynein-dynactin during axonal JNK-injury signalling.229 JIP3-

deficient mice, zebrafish, and C. elegans have shown lysosomal accumulation and 

maturation issues.230,231,232 JIP4 on the other hand was shown to interact with kinesin-

1 and dynactin to transport recycling endosomes during cytokinesis in an ARF6-

dependent manner.227 

 

1.4 Structural studies of the cytoplasmic dyneins 
Dyneins have attracted a lot of attention in the past years with the recent 

developments in cryoEM. Structural techniques helped us to see how dynein operates 

in the context of microtubules,1,2,3 IFT trains,4,5 dynactin and cargo adaptor 

complexes,6 and mammalian axons.7 Despite these structural advancements there 

are still many fundamental questions about dynein motor activity and its cargo binding 

mechanisms. It is not known how the mechanochemical cycle of dynein induces the 

linker remodeling to generate force. It is unclear how dynein achieves cargo adaptor 

binding specificity and how it recruits the actual cargo. These are the main questions 

that I wanted to address in this thesis. In Project 1 I used the dynein-2 motor domain 

as a model to study the role of the ‘inserts’ and their role in linker remodeling. These 

inserts have already been observed to play a role in dynein’s power stroke but have 

never been described structurally. In Project 2 I wanted to reconstitute and study the 

fully assembled dynein complex with dynactin, cargo adaptor, and cargo. It has not 

been shown that such complexes can be reconstituted in vitro. Such methodology 

would significantly advance our understanding of dynein motility, activation, and cargo 

recruitment.  



49 

1.4.1 Project 1: Contribution of the secondary structure elements to the dynein 
motor linker remodeling 
 The movement of dynein along microtubules requires cyclic microtubule 

attachment and detachment while generating force. Dyneins generate force for the 

movement by hydrolyzing ATP in its AAA+ ring which contains four nucleotide binding 

sites. The AAA1 site is responsible for force generation and MTBD microtubule affinity 

regulation.8,9,10,11,12,13 The nucleotide-dependent motor domain dynamics can be 

divided into several states. In the APO state, the AAA+ ring is a wide open ring and 

the linker adopts the straight, post power stroke conformation and the MTBD-

microtubule affinity is high. Upon ATP binding in the AAA1 domain, the AAA+ ring 

closes, the MTBD dissociates from the microtubule, and linker adapts the bent pre-

power stroke conformation where its central cleft acts as a pivot point (Figure 8B). 

Once the ATP hydrolyses into ADP and phosphate has occurred, dynein rebinds the 

microtubule, which reopens the AAA+ ring and stimulates linker straightening – the 

force producing power stroke. After the ADP is released from the AAA1 site the motor 

is ready for another ATP hydrolysis cycle and a consecutive step on the microtubule. 

 The nucleotide state dictates the linker position with respect to the AAA+ ring. 

In the absence of the nucleotide (APO) the linker tip is docked onto the AAA5 domain. 

During ATP binding and hydrolysis (pre-power stroke) the linker tip is docked at the 

interface of the AAA2 and AAA3 domains. After the power stroke and Pi release the 

linker straightens back and docks onto the AAA4 domain. Further shifting of the linker 

N-terminus towards AAA5 induces the AAA+ opening and release of the ADP from the 

AAA1 site. The nucleotide-dependent linker remodeling is the key element in the 

dynein mechanochemical cycle.8 So far, several nucleotide states have been 

structurally described: AMPPNP,15,16 ADP,17 and ADP.Vi.14 While we have some 

structural snapshots of the dynein motor in different nucleotide states, it remains 

largely unknown how the AAA+ ring actually supports linker remodeling. It has been 

suggested that certain secondary structure elements in the AAA+ ring might be 

responsible for the linker remodeling.14 These elements are called ‘inserts’ and are 

present in the AAA1-5 domains of dynein. The inserts are made up of α-helical or β-

hairpin extensions of the basic α/β AAAL fold and reside on the linker face of the AAA+ 

ring. Their location within the dynein motor domain is shown in figure 8A. The inserts 

also have specific nomenclature which specifies their location in the AAA domain. The 

H2 insert is a β-hairpin that emerges from the H2 helix of the AAA domain. It often 
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points at the center of the AAA+ ring to interact with the substrate in some AAA+ 

proteins. Pre-sensory insert I (PS-I) is an insertion between helix 3 and strand 4 of the 

AAA domain.18 

It has been speculated that the AAA4 PS-I insert might cause a steric clash with 

the linker N-terminus upon ATP-induced AAA+ ring closure19 to trigger linker bending. 

Also, the PS-I and H2 inserts of the AAA2 domain have been implicated in linker 

remodeling. It has been suggested that they interact with the pivot point region in the 

linker domain to participate in linker remodeling.17 None of these hypotheses have 

been structurally verified so far. I wanted to structurally evaluate the contribution of 

these elements to linker remodeling. The dynein-2 motor domain is an excellent model 

system for studying the contribution of inserts because there is a little to no 

interference of nucleotide hydrolysis in the other domains: the AAA3 domain lacks the 

catalytic residues;16,20 the AAA4 domain is poorly conserved; and the AAA5 and 6 

domains have no nucleotide binding sites. Because of that I chose dynein-2 in my 

studies and set myself the following aims: 

1. Production of recombinant human dynein-2 motor domain: WT, ΔAAA2 

PS-I and H2, and ΔAAA4 PS-I; 

2. High-resolution cryoEM study of these deletions and evaluation of their 

influence on the motor domain and linker behavior.  
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Figure 8. A Location of the inserts in the dynein-2 AAA1-
5 domains, PDB: 4rh7 (linker domain removed for clarity 
reasons). B Dynein-2 motor domain with highlighted 
linker pivot point and the N-terminal part. 
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1.4.2 Project 2: Structural studies of the dynein complex involved in the 
neocortex development 

The neocortex is a mammal-specific brain tissue associated with higher 

cognitive abilities. In the adult brain, it consists of six layers.21 Each layer contains 

pyramidal neurons of a specific subtype that are generated from the apical radial glial 

progenitor cells (RGPCs) located in the ventricular zone. The RGPCs in the ventricular 

zone divide to generate neurons that migrate along the RGPCs from the ventricular 

zone to the cortical plate where they differentiate into pyramidal neurons. The division 

of RGPCs to generate intermediate progenitors is driven by the RGPC mitotic cycle, 

which is tightly linked with oscillatory movements of their nuclei, a phenomenon that is 

also known as interkinetic nuclear migration (INM).22 In the G1 phase of the cell cycle, 

the nucleus moves from the apical to the basal side of the ventricular zone. Once the 

nucleus has reached the basal side, the RGPCs enter the S-phase. In the following 

G2-phase, the nucleus moves back to the apical side of the ventricular zone, where 

the cells undergo mitosis to generate the intermediate progenitor cells that move into 

the cortical plate of the neocortex to differentiate into neurons. The movement of these 

intermediate progenitor cells from the ventricular zone to the neocortex is guided by 

the RGPCs, which laterally traverse across the whole neocortex. The schematic 

illustration of the INM and RGPC-guided neuron migration is shown in Figure 9. The 

biological function of interkinetic nuclear migration in RGPCs is not well understood. It 

has been speculated that it might allow the packing of a large number of RGPCs within 

a limited space, thereby boosting the number of intermediate progenitors that can be 

generated at the ventricular zone.22 Due to the INM, the position of the nuclear bulge 

varies between neighboring RGPCs, which allows tight packing of neighboring cells. 

While the biological purpose of INM in RGPCs is still under debate, its importance for 

the development of the mammalian brain is reflected by several neuropathologies 

such as lissencephaly (smooth brain phenotype) and microcephaly (reduced brain size 

phenotype). 

Early studies have established that the INM process is dependent on 

microtubules as well as microtubule-associated motor proteins.23,24,25 The microtubule 

(+) end-directed motor protein Kif1a, a member of the kinesin motor protein family, 

transports nuclei during the G1 phase of the cell cycle to the basal side of the 

ventricular zone, where the microtubule (+) ends cluster.24 The microtubule (-) ends in 

RGPCs cluster at the apical side of the ventricular zone. Consequently, the movement 
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of nuclei from the basal back to the apical side during the G2-phase is driven by 

dynein, a microtubule-associated motor protein that transports cargo towards the (-) 

end of microtubules.25 The dynein-driven apical nuclear movement is believed to 

proceeds in two phases. In the first phase, dynein together with its ubiquitous activator 

dynactin is recruited to the nucleus through an interaction with the nuclear pore 

component RanBP2 under participation of the scaffolding protein BicD2.25,26 The 

second phase is controlled by the nuclear pore component Nup133 that binds to 

CENP-F which recruits dynein/dynactin via the proteins NudE and Nudel.25,27,28 

Synchronization of these nuclear movements with the G2 phase of the cell cycle is 

achieved via the activity of the mitotic kinase CDK1. CDK1 phosphorylates RanBP2 

which in turn binds BicD2. BicD2 recruits dynein/dynactin27 to drive the first phase of 

ventricular nuclear migration. The second phase of RGPC apical nuclear migration 

involves the CENP-F key player, which resides inside the nucleus until late G2. In this 

case, the activity of CDK1 is needed to relocate CENP-F from the nucleus to the 

cytosol so that it can bind to Nup133 to initiate the second phase of apical RGPC 

nuclear migration.27 The reason for two separate dynein recruitment pathways during 

apical RGPC migration is not clear at the moment. It has been speculated that the late 

CENP-F pathway might allow better coordination between the mitotic cycle and the 

arrival of the RGPC nucleus at the apical side of the ventricular zone. CENP-F leaves 

the nucleus at about the same time Cyclin B enters it, which could ensure that 

centrosome separation, nuclear envelope breakdown, and kinetochore assembly are 

coordinated with the CENP-F mediated final nuclear migration steps to the apical side 

of the ventricular zone.27 

There is also strong experimental evidence that the dynein regulator Lis1 is 

involved in RGPC nuclear migration. SiRNA mediated knockdown of Lis1 in the 

developing embryonic rat brain almost completely abolished the oscillatory nuclear 

migration in RPGCs.23 This effect can be explained by the ability of Lis1 to induce a 

strong, more force resistant microtubule binding state in dynein29, which might be 

needed when dynein transports large cargos, such as nuclei.  
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Disturbances in the RanBP2 and Nup133 mediated dynein recruitment 

pathways lead to arrested RGPC nuclei that fail to reach the apical side of the 

ventricular zone and as a consequence do not undergo mitosis with devastating 

consequences for neocortex development.30,23,31

The structural basis of dynein-driven RGPC nuclear migration remains 

unknown despite its well-established importance in neocortex development. It is not 

known how the nuclear pore component RanBP2 recruits the dynein complexes to 

promote RGPC nuclear migration. In addition to the recruitment, the motor activity of 

dynein has also to be activated. Dynein exists in an auto-inhibited state that is only 

overcome when it binds to a cargo adaptor and dynactin.32,33,34,35 For cargo complexes 

involving BicD2, as in the case of the RanBP2 recruitment pathway, a potential 

activation mechanism has recently been suggested.35 Unfortunately these hypotheses 

were derived from experiments on truncated BicD2 and/or Drosophila BicD. To 

investigate the important question of RanBP2-mediated dynein recruitment and 

activation, I set myself the following aims:

Figure 9. An illustration of the INM process within the ventricular zone (VZ) of the neocortex. Upon mitosis 
completion the freshly formed progenitor cells will differentiate into various types of neurons and populate 
the cortical plate through radial-glia guided translocation or somal translocation.
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1. Recombinant production of biochemically active, full-length human 

BicD2; 

2. Reconstitution and structural studies of the BicD2-RanBP2BBD complex; 

3. High-resolution cryoEM studies of the in vitro reconstituted DDBR2 

complex; 

The major part of this work has been published in the manuscript entitled “In-vitro 

characterization of the full-length human dynein-1 cargo adaptor BicD2”. All additional 

experiments supporting this work are described in the result section (following the 

manuscript). 
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2. Results: Structural Studies on Dynein Linker Remodeling 

Dynein movement depends on ATP-dependent linker remodeling.8 The 

chemical energy generated in the AAA1 domain is converted into a mechanical 

remodeling of the linker by adapting pre- and post-power stroke conformations.19 

There are a few high- and medium-resolution structures of the dynein motor domain 

in these conformations but it remains unclear how linker remodeling is induced and 

regulated. The size and complex architecture of dynein makes its mechanochemical 

cycle less understood compared to other motors.  

There are reports of secondary structure elements in the motor domain that 

have an influence on the linker’s behaviour.10,14 These elements are called ‘inserts’ 

and they are present in dynein’s AAA1-5 domains. Among the inserts of the AAA+ 

ring, the AAA2 and AAA4 inserts have been speculated to be involved in linker 

remodeling.14 The H2 insert of AAA2 has been suggested to contact the central linker 

cleft to induce linker remodeling upon ATP hydrolysis in AAA1.10,14 The α-helical PS-I 

insert of AAA4 is speculated to induce linker remodeling via a steric clash with the 

linker tip upon ATP-mediated AAA+ ring closure.14 Location of these inserts within the 

AAA+ ring is shown in Figure 8A. The contribution of these inserts has not been 

extensively studied even though it might be of high importance for our understanding 

of dynein motor force generation. For these reasons I decided to structurally 

characterize dynein’s motor domain behaviour upon deletion of the inserts in the AAA2 

and AAA4 domains. 

 

2.1 Expression of the dynein-2 motor domain constructs 

For this study I chose to work on the human dynein-2 motor domain because, 

in contrast to dynein-1, linker remodeling only depends on ATP turnover at the AAA1 

domain with no influence from the accessory ATP binding sites, which do not 

hydrolyse ATP (unpublished data). This suggests that linker remodeling in dynein-2 

has no interference with ATP activity in other domains making it a good model system 

to study insert contribution to linker remodeling with cryoEM. Furthermore there is a 

3.3 Å crystal structure of human dynein-2 in the pre-power stroke conformation that I 

could use as a reference for the comparison with linker remodeling in the AAA2 and 
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AAA4 insert deletion mutants. For convenience the motor domain will be called dynein-

2 in this chapter (the N-terminal tail part was deleted). 

I started my work with four plasmids encoding cytoplasmic dynein-2: WT, 

ΔAAA2 H2 & PS-I, ΔAAA2 H2, and ΔAAA4 PS-I. The exact sequences of AAA2 H2, 

AAA2 PS-I, and AAA4 PS-I are listed in Table 1. The H2 and PS-I insert in the AAA2 

domain were replaced by a GG linker and the PS-I insert in AAA4 was replaced by a 

GSG sequence. The constructs had already been cloned by my supervisor Dr. Helgo 

Schmidt when I arrived in the lab. The dynein-2 gene was codon optimized for insect 

cell expression and inserted into the pFastBac vector. The GOI was N-terminally fused 

with an 8xHis tag, a ZZ tag (protein A), followed by 2xTEV cleavage sites and GFP.  

Table 1. List of dynein-2 inserts in the AAA2 and AAA4 domain considered in this work. 

Dynein-2 insert Sequence Replaced by Residues 

AAA4 PS-I GLYTLEELEPLLLPLKDQASQDGFFGPVFNYFTYRI GSG 2739-2775 

AAA2 H2 DMDTREW GG 2016-2023 

AAA2 PS-I LLTMPSGERIQ GG 2072-2083 

 
 To express these constructs in insect cells, I incorporated the plasmids into 

the baculoviral genome. I transformed the plasmids into the bacterial DH10MultiBac-

CFP, DH10MultiBac-YFP, or DH10MultiBac-mCherry strains. Further stages of 

bacmid production and subsequent transfection are described in the methods section. 

Each virus was amplified to at least the P2 generation for test- and large-scale 

expression of the dynein-2 constructs. A diagnostic SEC run and corresponding SDS-

PAGE gel are shown in figure 10. For expression and purification steps refer to the 

Methods section. 
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2.2 cryoEM data processing of dynein constructs

The data were collected on an FEI Titan Krios (data collection parameters listed 

in table 2) and processed similarly for all dynein-2 variants. Example of data 

processing workflow is shown in figure 11 for ΔAAA4 PS-I. The data were collected 

either on our in-house microscope (WT and ΔAAA4 PS-I) or at the ESRF in Grenoble 

(ΔAAA2 H2 & PS-I, ΔAAA2 H2, and ΔAAA2 H2). Motion correction and dose-weighting 

was done with MotionCor2233 and CTF parameters were set using Gctf.234 The rest of 

the processing was done in Relion-2.0.235 Micrographs were manually examined to 

remove the low quality images with uncorrected drift, large contamination, 

astigmatism, or extreme defocus values (<1 μm or >5 μm, except for the phase-plate 

data where close-to-focus values are acceptable).

Figure 10. Example of the SEC profile and diagnostic SDS-PAGE gel of the dynein-2 WT after the 
overnight cleavage with the TEV protease.
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For each dataset I picked a small set (1-5k) of particles manually, and subjected 

them to reference-free 2D classification. The classes representing the motor domain 

were centered and used as references for autopicking with Gautomatch (K. Zhang, 

MRC Laboratory of Molecular Biology, Cambridge, UK). The particles were then 

cleaned through several cycles of 2D classifications and subsequent 3D classification 

and refinement. For the 3D classification a large and featureless mask was applied to 

increase the resolution in the AAA+ ring rather than considering the motor domain with 

stalk and buttress.  

 

 

WT ΔAAA4 PS-I ΔAAA2 PS-I & H2

Voltage [keV] 300 300 300

VPP - -

Camera

Acquisition pixel size 1.09 1.052 1.053

No. of acquired 
movies

3548 4117 4540

Defocus range 0-1.4μm 0-5.5μm 0-4μm

CTF resolution range 2.37-12.65 2.3-14 2.3-12

No. of picked particles 940,625 1,712,074 1,435,296

No. of particles from 
2D classification

344,867 584,020 372,208

Final number of 
particles

268,642 149,509 171,665

Resolution 4.7Å 3.23Å 4.0Å

Final B factor fitted -25 -59 -106

Relion version 2.1 3.0.7 3.0.8

Gatan K2

Table 2. Data collection parameters for dynein-2 constructs used in this study. 
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Figure 11. Cryo-EM data-processing workflow for the maps presented in this study. Example on ΔAAA4 PS-I 
deletion mutant. Other datasets were processed similarly and minor differences were usually in software used for 
the CTF estimation and/or particle picking. The ΔAAA4 PS-I ADP.Vi map yielded 3.61Å (with Bayesian polishing 
3.2Å). Resolutions are for an FSC of 0.143. 
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2.3 Dynein-2 WT in the ADP.Vi state 

At the point when I started my work there were not many cryoEM structures of 

dynein-2 (either full-length or motor domain) available. For that reason, I decided to 

prepare the WT dynein-2 and characterize the conformations it samples in the 

presence of ADP.Vi. From the total ~260k particles, the ADP.Vi reconstruction yielded 

a 4.8Å density map of the motor domain (Figure 12 A and B). The WT dynein-2 had 

several projections (Figure 12 C and D) mainly located at the back of the AAA+ ring. 

The reconstruction allowed me to clearly assign the domains. In my reconstructions 

there was a relatively even distribution of ADP.Vi (bent linker), ADP (linker associated 

with AAA4), and APO (linker associated with AAA5) states. This suggests that in 

presence of the ADP.Vi the motor exists in an equilibrium of states. The density 

presented in figure 12 B is seen in the ADP.Vi state and the linker is in the pre-power 

stroke conformation, hence pointing towards AAA2/3. Interestingly the linker tip 

appears to be more flexible compared to the crystal structure in the same nucleotide 

state as its density is less defined. This is likely due to the crystal contacts of the N-

terminal part of the protein that stabilize the conformation. 
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2.4 Dynein-2 ΔAAA2 H2 & PS-I 

The protein was prepared with sodium orthovanadate and Mg.ATP to induce 

ADP.Vi state in the AAA1 domain. Also, in this case the motor domain would be 

expected to adapt the pre-power stroke conformation. The final reconstruction was 

done with ~170k particles. There was a significant preferential orientation in the data 

set. While the final reconstruction was estimated to be around 4.0 Å it was difficult to 

resolve the main chain (Figure 13 A and B). Nevertheless, I could confidently dock in 

all the domains in the AAA+ ring. I had attempted grid optimization to overcome the 

preferential orientation issue by testing gold grids and the addition of detergent, but 

Figure 12. CryoEM reconstruction of the dynein-2 WT. A Fourier shell correlation (FSC) for half maps of 
the dynein-2 WT reconstruction with 0.143 FSC criteria indicated. B Density map of the final reconstruction 
with final resolution of 4.8 Å. Angular distribution of the particle views seen from the motor domain front C
and the top of the motor domain D.
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none of these measures improved the angular distribution of the projections (Figure 

13 C and D). 

2.5 Dynein-2 ΔAAA4 PS-I in the ADP.Vi state

The AAA4 PS-I deletion dynein-2 variant was prepared in the presence of 

ADP.Vi. Dynein-2 in this nucleotide state should mimic the pre-power stroke linker 

conformation.8 For the protocol for ADP.Vi nucleotide preparation please refer to the

cryoEM sample preparation section in this chapter. The final reconstruction was done 

with ~140k particles. The final resolution of 3.2Å allowed for a clear assessment of the 

deletion in the protein structure (Figure 14 A and B), the nucleotide state in the AAA1 

domain, and to resolve the side chains. (Figure 14 C and D). 

Figure 13. CryoEM reconstruction of the dynein-2 ΔAAA2 H2 & PS-I. A Fourier shell correlation (FSC) for 
half maps of the dynein-2 ΔAAA2 H2 & PS-I reconstruction with 0.143 FSC criteria indicated. B Density
map of the final reconstruction with final resolution of 4.0 Å. Angular distribution of the particle views seen 
from the motor domain front C and the top of the motor domain D.
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2.6 Effect of the AAA2 and AAA4 inserts on dynein-2 linker 

remodeling  

The resolution of the cryoEM maps for dynein-2 WT, AAA2 H2 & PS-I, and 

AAA4 PS-I deletions allowed for a confident AAA+ domain docking and 

characterization of the linker conformation.  

The dynein motor domain can adapt several geometries depending on the 

nucleotide state in the AAA1 domain. In the absence of the nucleotide, the APO state, 

the ring is split into two halves as there are gaps at the interfaces of AAA1 and 2, and 

AAA5 and 6. In this state the N-terminal linker is docked onto the AAA5 domain.15 This 

state is a post-power stroke state and is presented in Figure 15 A. Upon ATP binding 

the ring enters a closed conformation and there are no gaps at the AAA domain 

interfaces. This state induces the pre-power stroke conformation which means that 

Figure 14. CryoEM reconstruction of the dynein-2 ΔAAA4 PS-I. A Fourier shell correlation (FSC) for half 
maps of the dynein-2 ΔAAA4 PS-I reconstruction with 0.143 FSC criteria indicated. B Density map of the 
final reconstruction with final resolution of 3.2 Å. Angular distribution of the particle views seen from the 
motor domain front C and the top of the motor domain D. 
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linker bends towards the AAA2/3 interface as shown in Figure 15 B.14 Upon ATP 

hydrolysis into ADP and Pi the power stroke takes place, the linker reaches towards

the AAA4 domain and the AAA+ ring starts opening up the gaps between AAA1/2 and 

AAA5/6 again. This is also the post-power stroke conformation (Figure 15 C).10 The 

cycle is completed when the linker docks onto the AAA5 domain by opening up the 

AAA1 site even further which ‘ejects’ the ADP molecule and dynein can undergo a 

new cycle again. 

To maintain a consistent nucleotide state, all samples were prepared with the 

ATP hydrolysis transition state analogue ADP.Vi, which favours the pre-power stroke 

conformation of the linker.8 Moreover this nucleotide state should induce a closed 

conformation of the AAA+ ring. This significantly helps in the assessment of the 

nucleotide state based on the ring geometry, and relative population of nucleotide 

states in the deletion mutants.

Figure 15. The schematic illustration of different linker and the AAA+ ring geometry. A In the
APO state the gap between AAA1 and 2, and AAA5 and 6 is open splitting the AAA+ ring into 
two ‘halves’. Without nucleotide the linker is docked onto AAA5. B Upon ATP binding AAA+ 
closes and linker adapts pre-power stroke conformation by reaching the AAA2/3 interface. C
Upon ATP hydrolysis progression the linker performs the power stroke and lean towards the 
AAA4 domain. Further docking onto the AAA5 will ejects the ADP from the AAA1 site and 
prepare the protein for the new power stroke cycle.
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In the AAA2 H2 & PS-I deletion mutant both inserts have been replaced with a 

GG linker. From the cryoEM reconstruction it is clear that the majority of the particles 

fall into the open AAA+ ring conformation – the APO state. A clear gap between the 

AAA1/2 domains, and the AAA5/6 domains indicates that no nucleotide is bound to

the AAA1 domain (Figure 16 C). This means that ADP.Vi is unable to drive the ring 

closure as is the case for the WT protein (Figure 16 A). As a consequence the linker 

is docked onto the AAA5 domain. These structural observations are in line with the 

reported motility of this deletion, indicating no ATPase activity.14

On the other hand PS-I deletion in the AAA4 domain shows a rather closed 

AAA+ ring conformation (Figure 16 B) and a similar nucleotide state distribution of 

ADP, ADP.Vi, and APO. This suggests that dynein ATPase activity is not abolished by 

this deletion, and motility measurements showed only decreased ATPase activity 

compared to the WT.14 The nucleotide state of this deletion could also be confidently 

Figure 16. WT, ΔAAA4 PS-I, ΔAAA2 H2 & PS-I reconstructions with indicated nucleotide state in the 
AAA1 domain and microtubule motility value. Top and bottom panel show the same view of the motor 
domain and the bottom panel has reduced background to make the linker orientation clearer. A WT with
the linker docked onto the AAA2/AAA3 domain. B ΔAAA4 PS-I variant with the linker docked onto the 
AAA4. C ΔAAA2 H2 & PS-I with linker docked onto the AAA5 domain. Also arrows indicate the gaps 
created in the APO state. Microtubule motility of each variant taken from Schmidt et al., 2015.
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assessed from the cryoEM maps as the ADP and ADP.Vi state maps reached sub 3.5 

Å resolution. Strikingly, even in the closed ring conformations the linker docks onto the 

AAA4 domain. This is an unexpected observation as in the ADP.Vi state the linker is 

expected to be in the pre-power stroke conformation – bent and docked onto the 

AAA2/3 interface. 

 

2.7 Discussion 

Dynein developed the ability to convert chemical energy into mechanical work 

to drive movement along microtubules. This energy conversion is directly linked to a 

large conformational change in the dynein motor domain – the linker remodeling.  

It is not precisely known how ATP hydrolysis at AAA1 and the subsequent 

opening and closing of the AAA+ ring trigger linker remodeling. The AAA4 PS-I α-

helical insert and the two AAA2 β-hairpin inserts (AAA2 H2 & PS-I) have already been 

shown to affect the linker conformation based on low resolution negative stain electron 

microscopy. Moreover the effect of these structural features have been shown to 

dramatically affect dynein’s motility in microtubule gliding assays.14 In this work I 

wanted to investigate what the exact role of the AAA2 and AAA4 inserts were during 

linker remodeling. 

I successfully produced four dynein-2 constructs in insect cells: dynein-2 WT, 

ΔAAA2 H2 & PS-I, ΔAAA2 H2, and ΔAAA4 PS-I. All of them expressed very well 

yielding sufficient amounts for cryoEM analysis. Normally a litre of Sf9 culture gave 

around 0.5-1.0 mg of pure protein. Even though all the samples behaved similarly 

during purification the ΔAAA2 H2 particles displayed a strong preferential orientation 

on the cryoEM grid compared to WT, ΔAAA2 H2 & PS-I, and ΔAAA4 PS-I. In order to 

overcome the preferred orientation problem, I screened several types of grids and 

additives, but none of them solved the problem. Also, in every condition and 

independently of concentration the protein had a tendency to aggregate on the grid. 

This might be due to an intrinsic property of this deletion that cause some misfolding 

or change in surface character of the AAA4 domain, and consequently, aggregation 

on the grid. Another strategy that I used to try to overcome the preferred orientation 

problem was to combine several datasets to potentially enrich the rare particle 

orientations needed for a convincing reconstruction. Even though I was able to 
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increase the number of particles from ~180k to ~450k, there were no additional views 

in the 2D classification, and as a consequence, I was not able to obtain a 3D 

reconstruction for the dynein-2 ΔAAA2 H2 deletion mutant. 

The resolution of the AAA2 H2 & PS-I deletion mutant structure allowed for 

confident domain assignment in the dynein-2 motor domain. The cryoEM 

reconstruction resulted in one major population with an open AAA+ ring – the APO 

state. Consistently with an open ring conformation, the linker is docked onto the AAA5 

domain. This indicates that H2 or PS-I are both necessary for the closure of the AAA1 

nucleotide binding site. Their location in respect to the AAA1 is shown in Figure 17. 

This observation is further supported by a reported lack of motility.14 Based on our 

unpublished data, ATP hydrolysis in dynein-2 takes place only in the AAA1 domain. 

This allows me to conclude that this deletion mutant directly affects the AAA1 site in 

the AAA+ ring.  

To narrow down the contribution of the H2 and PS-I inserts separately I 

attempted to produce the H2 deletion mutant, but as outlined above, the preferential 

orientation in the cryoEM reconstructions was difficult to overcome. Nevertheless my 

supervisor performed an ATPase activity assay of that deletion mutant, and strikingly 

ΔAAA2 H2 had activity close to that of the WT (Figure 17). This suggests that the PS-

I insert is required for the AAA+ ring closure and that this insert is somewhat involved 

in the linker power stroke. A structure of ΔAAA2 H2 would help in understanding 

whether PS-I involvement in linker dynamics is direct or indirect, but this would require 

further work to overcome the preferential orientation issue. 

 



70

The AAA4 PS-I deletion mutant yielded sub 3.5Å resolution for the ADP and 

ADP.Vi states. Both nucleotide states are of similar abundance (160k and 140k 

particles respectively) and both of them appear to be in a closed ring conformation. In 

both states the linker is docked onto the AAA4 domain. It is expected that in the ADP 

state we would observe a closed ring conformation, with the linker contacting the AAA4 

domain. On the other hand, it was not the expected architecture of the ADP.Vi state,

as it should resemble the pre-power stroke linker conformation. This implies that PS-I 

deletion in the AAA4 domain decouples the linker remodeling from the AAA+ ring 

closure. The ΔAAA4 PS-I AAA+ ring density is comparable that of the closed ring of 

the WT protein. This shows that the defective linker dynamics in the ΔAAA4 PS-I is 

due to deletion of the insert and not due to the altered AAA+ ring geometry. The motility 

of that deletion mutant is also significantly lower compared to the WT. These 

observations, taken together, make it difficult to interpret why the AAA4 PS-I insert 

decouples the linker remodeling from the ring closure and docks it onto the AAA4. The 

WT maps don’t display an obvious structural role of that insert in respect to the linker. 

It is clear nonetheless that the AAA4 PS-I insert is essential for linker remodeling. One 

possibility is that the AAA4 PS-I is involved in a transient interaction with the linker that 

Figure 17. Location of the AAA2 H2 & PS-I inserts in the WT motor domain in APO and ADP.Vi state. 
A Interface between AAA1 and AAA2 in the APO state shows no contacts of the AAA2 PS-I and H2 
inserts with AAA1. Upon nucleotide binding the gap between these two domains closes, where AAA2 
PS-I insert faces the AAA1 domain. AAA3, 4, 5, and 6 removed for clarity reasons. B ATPase activity 
of the WT, ΔAAA2 H2, and ΔAAA2 H2 & PS-I.
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induces its remodeling and it is a state that is hard to capture with conventional dynein-

2 sample preparation methods and applied cryoEM workflows. 

 

2.8 Perspectives 

Several obstacles that I faced in this work can be of crucial importance in 

understanding the dynein linker dynamics. The ΔAAA2 H2 structure would be a great 

addition to this work and the preferred orientation issue could be addressed by the use 

of streptavidin affinity grids. This relatively simple approach offers superb particle view 

distribution where spontaneously biotinylated protein is anchored down to the 

streptavidin-covered grids. Moreover this approach has proved efficient in cryoEM 

studies of dynein.236 Another approach to overcome the preferential orientation 

problem might be use of the novel blotless grid technologies, such as chameleon® 

form SPT Labtech which is going to be installed soon at the cryoEM facility at the 

IGBMC. 

There are also some alternative approaches to resolve transient states which 

potentially limit our interpretation of the ΔAAA4 PS-I deletion mutant. One of them 

would be use the of the slowly hydrolysable ATP analogue ATPγS. Incubation with 

that nucleotide could increase the relative abundance of the short-lived states. The 

incorporation of unnatural amino acids, such as BPA237 could also be used for a very 

precise cross-linking approach in order to stabilize selected states. 

This work highlights the importance of the AAA+ inserts in the dynein motor 

domain. The roles of the AAA domain inserts have not yet been structurally 

characterized, even though their importance has already been reported. Interestingly, 

they are not part of the catalytic sites involved in binding and nucleotide hydrolysis, 

but they do affect the dynein conformation by altering the ATP binding properties and 

the power stroke performance. Deletion of the AAA2 and AAA4 inserts has been 

shown to have a dramatic effect on AAA+ properties in dynein. This raises several 

other aspects worth considering to understand dynein’s mechanochemical cycle. 

Analysis of the AAA1, AAA3, and AAA5 inserts in the dynein motor domain would be 

useful to complete this work and to give a global image on the roles of these motifs, 

as it is already clear that the AAA2 and AAA4 inserts have distinct effects on the motor 

domain by altering the linker docking sites as well as the ATPase activity.  
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3. Results: Structural Studies of the Dynein Complex 

Involved in the Neocortex Development 

 

3.1 In vitro characterization of the full-length human dynein-1 cargo 

adaptor BicD2 

This chapter includes a manuscript submitted to the bioRxiv server and to the 

journal Structure (Cell Press). The manuscript is followed by supplementary materials 

which are not going to be included in this publication but that were essential parts of 

this project.  
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ABSTRACT 

The cargo adaptors are crucial in coupling motor proteins with their respective cargos and 

regulatory proteins. BicD2 is one of the most prominent examples within the cargo 

adaptor family. BicD2 is able to recruit the microtubule motor dynein to RNA, viral particles 

and nuclei. The BicD2-mediated interaction between the nucleus and dynein is implicated 

in mitosis as well as interkinetic nuclear migration (INM) in radial glial progenitor cells, 

and neuron precursor migration during embryonic neocortex development. In vitro studies 

involving full-length cargo adaptors are difficult to perform due to the hydrophobic 

character, low-expression levels, and intrinsic flexibility of cargo adaptors. Here we report 

the recombinant production of full-length human BicD2 and confirm its biochemical 

activity by interaction studies with RanBP2 and cytoplasmic dynein-1. We also describe 

pH-dependent conformational changes of BicD2 using cryoEM, template-free structure 

predictions, and biophysical tools. Our results will help define the biochemical parameters 

for the in vitro reconstitution of higher order BicD2 protein complexes. 

 

INTRODUCTION 

Cytoplasmic dynein drives the majority of retrograde microtubule transport events in 

eukaryotic cells. The main isoform – cytoplasmic dynein-1 (hereafter dynein-1) is involved 

in cell division, the transport of organelles and vesicles, brain and muscle development, 

and can also be hijacked by pathogenic viruses to reach cellular locations1,2,3,4,5. It is a 

particularly interesting motor in neurons, as it carries essential signals and organelles 

from distal axon sites to the cell body6.  

Dynein-1 motility and cargo specificity depends on cargo adaptor proteins. Currently there 
are eleven dynein-1 cargo adaptors known and this number is continuously growing7.  
Cargo adaptors are characterized by α-helices forming extended coiled-coil domains and 

they have the ability to interact with multiple proteins. Generally, the N-terminal region of 



the cargo adaptor associates with the dynein motor while the C-terminal domain recruits 
cargos. Selectivity towards their cargos is achieved by adaptor-specific cargo binding 
mechanisms8,9,10.  

The best studied family of cargo adaptors are the BicD proteins. Mammals have two BicD 
orthologues, BicD1 and BicD2. BicD’s form a homodimer and based on secondary 
structure predictions, they fold into three coiled-coil domains (CC1, CC2, and CC3). The 

N-terminal coiled-coil domain (CC1), was shown to bind dynactin and dynein via the 
ARP1 subunit of dynactin and the N-terminus of the dynein heavy chain11,12 as well as 
LIC1.8,13 These multiple interactions increase the affinity of the dynein for dynactin and 
are required for stable dynein/dynactin/BicD2 complex (DDB) formation.14,15,16 It was also 
shown that the N-terminal region of BicD2 alone is able to induce DDB complex formation 

with higher efficiency than the full-length protein17. CC1 domain contains the dynein and 

dynactin interacting motifs – the CC1 box10,13,18 and the spindly motif10,19,20. The C-

terminal domains of BicD’s (CC2 and CC3), are usually implicated in cargo recruitment. 
The BicD1 C-terminal CC3 domain can interact with GTP-bound RAB6B21,22,23,24,25 and 

cytomegalovirus/HHV-5 protein UL3226. BicD2 is able to recruit RAB6A27, NEK928, 
DNAI129,30, RANBP231, and kinesin KIF5A31. Cargo adaptors of the BicD family also 

interact with themselves. It has been observed by several groups that the C-terminal part 
is able to make contact with the N-terminal part leading to an autoinhibited state in BicD132 
and BicD33,34. There is little known about human BicD2 autoinhibition and many features 
are assumed to be common with better-studied Drosophila BicD ortholog35,36. It has also 

been suggested that the autoinhibited state can be relieved by cargo binding33,37,38,35. 
There is evidence of cargo-induced autoinhibition release in Drosophila BicD with Egl and 

mRNA as a cargo.35 So far no such studies have been done for either BicD1 or BicD2. 

Understanding the structure, dynamics and reactivity of cargo adaptor proteins is required 

to advance our understanding of cargo selection, recruitment, and release. Most of the in 

vitro reconstitution experiments of the human BicD2 with cargo and/or dynein-dynactin 

were performed on a truncated protein or the Drosophila ortholog. As it is an extensively 

studied dynein adaptor, there is a need for a protocol for robust production of the full-

length human BicD2. The long-standing challenges in characterising cargo adaptors like 

BicD2 are limited expression levels and solubility which makes them poor targets for 

structural and functional analyses. Here we describe the recombinant production of the 

human full-length BicD2 and provide novel insights to its in vitro behaviour. We validated 

the dimeric nature of recombinant BicD2 and its correct folding. Our findings reveal 

unexpected pH-dependent conformations of BicD2 in in vitro conditions. It affects BicD2 

folding and conformation in a pH range from 6 to 8, which we confirmed with several 

biophysical techniques and cryoEM. We also address the biochemical activity of BicD2 

by interaction studies with RanBP2 and dynein-1/dynactin. Our findings lay the ground 

for further studies on BicD2 reactivity, regulation, and role in motor protein complexes 

formation. 

 

 



RESULTS 

Biochemical characterization of full length BicD2  

We succeeded in producing full-length human BicD2 isoform 2 under mild solubilizing 

conditions (see methods) and subsequently characterized its biochemical and functional 

properties. The addition of mild zwitterionic surfactants like CHAPS to the lysis buffer was 

crucial for obtaining sufficient protein amounts for large scale purifications. Our size-

exclusion multi-angle light scattering (SEC-MALS) analysis indicates a molecular weight 

of 192 (±0.7%) kDa (Supplementary figure 1A). The slightly higher molecular weight is 

likely caused by the presence of the detergent in solution hence it is in agreement with 

the expected value of 186 kDa for a full-length BicD2 dimer. BicD2 also elutes at a volume 

of 1.35 mL on a Superose® 6 Increase 3.2/300 size exclusion column, which is earlier 

than expected and most likely caused by the increased hydrodynamic radius due to the 

extended coiled-coil fold of BicD2.  

We evaluated the effect of buffers on the stability of BicD2 by differential scanning 

fluorimetry (nanoDSF) to establish an optimal buffer composition. The pH screen revealed 

that the BicD2 stability varies considerably in the range from pH 6.0 to pH 8.0 (Figure 2A). 

The melting curves at pH 7.0 and pH 8.0 show clear but distinct inflection points, while 

the curve at pH 6 indicates partly unfolded protein. The full-length BicD2 carries a net 

negative charge at all of these pH values (Supplementary figure 1B). We also performed 

three SEC runs on full-length BicD2 at pH 6.0, 7.0, and 8.0. The first run after affinity 

purification at pH 7.0 and pH 8.0 was characterized by an elution peak for dimeric BicD2 

between 1.3 – 1.4 mL and a broad peak of degraded BicD2 around 1.8 mL 

(Supplementary figure 1C). The second SEC run yielded clean BicD2 fractions (Figure 

2B). The slightly different SEC elution volumes and the distinct inflection points in the 

DSC melting curves suggest the possibility of different BicD2 conformations at pH 7.0 

and pH 8.0. Moreover, the protein ran at pH 7.0 had significantly higher ratio of BicD2 to 

degrading protein compared to pH 8.0 where degradation proceeds more rapidly 

(Supplementary figure 1B). At pH 6.0 BicD2 eluted almost at the end of the column 

suggesting partial denaturation (Figure 2B). Re-running the BicD2 peak fractions revealed 

elution peaks at the expected volumes without additional degradation peaks. These 

results were further confirmed by circular dichroism (CD) experiments (Supplementary 

figure 2). The spectra for pH 7.0 and pH 8.0 suggest almost pure α-helical content, 

consistent with the predicted BicD2 fold. The CD spectrum for pH 6.0 does not resemble 

the α-helical model, but also does not fit into random-coil models. Heating the protein up 

to 60 °C did not reveal the random coil characteristic peaks (Supplementary figure 2B). 

This suggests that the protein at pH 6.0 adopts partially unfolded structure.  

Influence of pH value on BicD2’s conformation and stability 

In order to obtain insights into the conformation of BicD2 at pH 7.0 and pH 8.0, we directly 

visualized BicD2 at these pH values using a cryo-electron microscope. We collected two 

datasets and applied identical data processing workflows to avoid bias in the 



interpretation. The representative 2D classes showed that most molecules at pH 8.0 fall 

into an extended conformation (Figure 2C), whereas the vast majority of BicD2 particles 

adopt more compact conformations (Figure 2D) at pH 7.0. These results are consistent 

with the results from the SEC runs where BicD2 elutes at 1.4 mL at pH 7.0 but 1.35 mL 

at pH 8.0 suggesting a shorter hydrodynamic radius at pH 7.0.  

Next we wanted to identify amino-acid residues that potentially could be responsible for 

the pH dependent conformational changes of BicD2. We analysed multiple sequence 

alignments and focused on conserved histidines as they often have crucial functions in 

pH-sensitive proteins. The alignment of eukaryotic BicD, BicD1’s, and BicD2’s shows only 

a poor sequence identity of less than 10%. However, in the C-terminal part of the CC2 

domain there is a short ‘YH’ sequence motif that is present in all BicD isoforms (Figure 

3A). We generated a structure prediction with AlphaFold239 for the CC2 and CC3 domain 

of the human BicD2 (Figure 3B) to evaluate where these residues are potentially located 

within the predicted structure. Our analysis suggests that they are not involved in dimer 

interactions, but that they are located within the tri-helical interface of H3, H4, and H5. 

We compared the YH-containing motif of hsBicD2 (Y538-H539) with its two distant 

isoforms – D. melanogaster BicD and C. elegans BicD1. The architecture is very similar 

for all isoforms. Importantly, in all cases there is another conserved basic residue (H640) 

on the H5 helix that could interact with residue Y538 on the H3 helix (Figure 3C). In order 

to validate the structure predicted by AF2, we have also compared it to the negative stain 

class averages reported for BicD35 (Supplementary figure 3). 

To test if the YH motif and the interhelical tyrosine-histidine pair (Y538-H640) interfere 

with BicD2’s pH dependent behaviour in-vitro, we generated the H539A/Y538A and 

H539A/Y538A/H640A mutants and characterized them by SEC at pH 7.0 and pH 8.0. The 

fact that the differences in the BicD2 elution peaks do still exist suggests that also the 

underlying conformational differences are still present. Furthermore, the mutant BicD2 

proteins are more prone to degradation, because the equilibrium between the peaks for 

full-length BicD2 and its degradation products has shifted towards the degradation 

products. This effect is more pronounced for the H539A/Y538A/H640A triple mutant 

(Figure 3D). At pH 7.0 the BicD2 fraction is the most abundant, while at pH8.0 the BicD2 

fraction significantly decreases and the protein is prone to degradation. Even though 

H539/Y538/H640 does not seem to be involved in the pH-induced conformational 

changes of full-length BicD2, these residues nevertheless are clearly important for the 

stability of the protein. 

 

 

 

 

 



BicD2’s interaction with RanBP2 and dynein/dynactin 

RanBP2 (or Nup358) is known to recruit BicD2 through a small disordered region between 

two Ran binding domains (2003-2444) as demonstrated in yeast two-hybrid assays.40 The 

BicD2 binding domain of RanBP2 (hereafter RanBP2BBD) interacts with the C-terminus of 

BicD2 (715-804)41 and contains several consensus CDK1 phosphorylation sites, which 

have been shown to be important for BicD2 binding.42 However, a recent in-vitro 

experiment demonstrated that the RanBP2BBD -BicD2 complex can also be formed in the 

absence of phosphorylation.41 Since all these experiments used the truncated BicD2 C-

terminus, the binding of the full-length BicD2 to RanBP2BBD remains to be characterized. 

In order to clarify the role of phosphorylation in BicD2- RanBP2BBD complex formation, 

and to confirm the biochemical activity of our recombinant full-length BicD2, we evaluated 

the interaction with its binding partner RanBP2.  

We performed double pull-down assays with full length BicD2 and RanBP2BBD as well as 

with a phosphomimetic variant of RanBP2BBD where the known CDK1 phosphorylation 

sites had been mutated to aspartates (T2153D, S2246D, S2251D, S2276D, and 

S2280D). We were able to obtain a BicD2-RanBP2BBD complex in both cases 

(Supplementary figure 3A). However, subsequent SEC runs of the purified complexes 

indicated that they are not stable and that they dissociate. In order to investigate if 

RanBP2BBD phosphorylation leads to more stable complex formation, we produced 

recombinant CDK143 and performed an in vitro kinase assay on RanBP2BBD. The mass 

spectrometry analysis revealed eight S/T consensus sites in the BicD2 binding region of 

RanBP2 of which five overlapped with earlier findings42 (Supplementary figure 4). We 

mixed in vitro phosphorylated or non-phosphorylated RanBP2BBD with full length BicD2 

and analysed the samples by SEC. Successful complex formation was only observed for 

the in vitro phosphorylated RanBP2 (Figure 4A). Next, we investigated if BicD2 can be 

phosphorylated by CDK1 and if such a modification could potentially strengthen complex 

formation with RanBP2BBD. The mass spectrometry analysis after BicD2 in vitro 

phosphorylation indicated five phosphorylation sites in regions predicted to be structurally 

disordered demonstrating that BicD2 can be phosphorylated by CDK1 (Supplementary 

figure 4). We mixed the in vitro phosphorylated BicD2 with non-modified RanBP2BBD and 

subsequently analysed the sample by SEC. There was no indication of complex formation 

(Figure 4A). The equivalent experiment with in vitro phosphorylated RanBP2BBD did not 

show any evidence of increased BicD2-RanBP2BBD complex formation compared to non-

modified BicD2 – in vitro phosphorylated RanBP2 SEC run (Figure 4A). These results 

suggest that BicD2 phosphorylation does not contribute to the BicD2-RanBP2BBD complex 

formation.   

We also analysed the influence of pH on BicD2-RanBP2BBD complex formation. To this 

end, we mixed full-length BicD2, RanBP2BBD and CDK1 at pH 7.0 and pH 8.0 to induce 

complex formation and analysed the samples by SEC. We also carried out the 

corresponding control experiments in the absence of CDK1 (Figure 4B). From the 

fractions analysed by SDS-PAGE, it is evident that complex formation is enhanced with 



CDK1-treated samples. Interestingly, the two runs at pH 7.0 (with and without CDK1) 

showed a broad distribution of RanBP2BBD throughout the elution and only minor increase 

in the RanBP2 intensity at BicD2 peak fractions in the presence of CDK1. Taken together, 

these observations suggest that the BicD2-RanBP2BBD complex forms best under slightly 

alkaline pH which narrows the pool of RanBP2BBD species.  

Next, we analysed if the complex between full-length BicD2 and RanBP2BBD is able to 

interact with dynein/dynactin. We pre-incubated CDK1 phosphorylated RanBP2BBD with 

BicD2 and mixed the complex with freshly prepared rat brain lysate. We pulled on BicD2 

and characterized the sample by mass spectrometry. We could identify several dynein 

and dynactin components, such as dynein-1 heavy chain and p150, which indicated the 

presence of a dynein/dynactin-BicD2-RanBP2 complex (Supplementary figure 3B). 

 

DISCUSSION 

The ability of Dynein-1 to bind a wide range of cargoes is mediated by its compatibility 

with many cargo adaptor proteins, such as BicDs, Hooks, NINs, Spindly, TRAKs, RILP or 

JIP3.7 Investigating in vitro reconstituted complexes between cargo adaptors and 

dynein/dynactin has led to valuable insights into dynein motor recruitment and 

activation.32,44,45 However most of these studies were done with truncated BicD2 

constructs that lack either the dynein- or the cargo- binding domains. Many biophysical 

and structural studies have been hampered by the lack of sufficient amounts of full-length 

cargo adaptors. Here we report a robust method for the recombinant production of a full-

length BicD2 and demonstrate its correct fold and biochemical activity towards the 

RanBP2 cargo as well as dynein/dynactin. We believe that our results will facilitate in vitro 

reconstitution approaches of motor-cargo complexes. 

One of the unexpected findings was the strong influence of the pH value on the 

conformation and stability of full-length BicD2. At pH 6.0, 7.0 and 8.0 BicD2 switches from 

partially unfolded to compact and to an open conformation. Our cryoEM 2D classification 

of full-length BicD2 at pH 7.0 indicates that over 50% of the particles fall into compact 

classes while the majority of particles at pH 8.0 adopt an open conformation. Recent work 

has provided evidence that the autoinhibited state is characterized by an interaction 

between the CC2 and CC3 domains.35 Although we were not able to assign individual 

coiled-coil domains in our cryoEM 2D class averages due to the intrinsic flexibility of 

BicD2, there is the possibility that the more compact 2D class averages at pH 7.0 might 

represent the autoinhibited state and the extended conformation at pH 8.0 the open, 

activated state. Similar autoinhibited conformation has also been recently described for 

cargo adaptor Spindly46 which suggest that autoinhibition might be a common feature of 

cargo adaptors. 

It is not clear if these pH driven conformational changes are relevant only in vitro or if they 

also have a physiological relevance. In principle, the cellular pH value could also trigger 

pH dependent conformational changes of the BicD2 cargo adaptor. At the cytosolic pH 



value of ~7.2 most BicD2 molecules would adapt the compact, potentially autoinhibited 

form and require additional, activating signals to recruit motor proteins and cargo. 

Conditions that lead to an increase in the intracellular pH, like mitosis and growth factor 

signalling47,48,49, could bypass the need for such signals and activate the BicD2 cargo 

adaptor on a globular level.  

In the case of BicD2 one of the activating signals is believed to be the interaction with its 

cargos like RanBP233,35,37,38. Furthermore, post-translational BicD2 modifications might 

also influence its reactivity. BicD2 contains several consensus phosphorylation sites50 

and an acetylation site in its N-terminal part51.  

We also have identified three conserved residues, H539/Y538/H640 that contribute to the 

stability of BicD2. Mutating these amino-acid residues to alanines clearly increased the 

tendency of BicD2 for self-degradation. Our template-free AlphaFold2 prediction suggest 

the possibility of Y538/H640 stabilizing the H3-H4-H5 α-helical bundle via intramolecular 

hydrogen bonds (Supplementary figure 5B and C). Disrupting it could trigger partial 

unfolding and subsequent protein degradation. A similar architecture (Supplementary 

figure 5) was also observed in a pH-sensitive endotoxins and mutating the equivalent 

histidine-tyrosine pair mutation lead to protein destabilization and degradation.52  

We characterized the BicD2 reactivity with its known cargo protein RanBP2. There are 

conflicting results in the field with respect to the question whether RanBP2 

phosphorylation is a requirement for the interaction with BicD242,41. Our results now 

reconcile these reports, because they show that BicD2 has the ability to bind both non-

phosphorylated as well as phosphorylated RanBP2DDB. In double pull-downs we 

observed that BicD2 readily interacts with RanBP2 without any protein modification at pH 

7.0 and 8.0. These complexes are nevertheless unstable over SEC. This suggests that 

there is a weak association of these proteins in vitro in a wide range of conditions. The 

CDK1 phosphorylation of RanBP2BBD (but not BicD2) significantly increased the stability 

of the complex and increase in the pH value improved the complex homogeneity.  
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MATERIALS AND METHODS 

Cloning and mutagenesis 

Human BicD2 isoform 2 and RanBPBBD genes were ordered from Epoch LifeScience and 

codon-optimized for Escherichia coli expression. The genes were subsequently cloned 

into the pNHD expression vector (a vector used for site-specific pSer incorporation53, but 

both proteins express equally well in a commercial pMMS vector). The BicD2 plasmid 

was modified to introduce an N-terminal STREP-tag followed by a short ‘GSGSG’ linker. 

The RanBPBBD plasmid was fused with a C-terminal double TEV cleavage site, a GSGSG 

linker, and a 6xHis tag. The H539A/Y538A and H539A/Y538A/H640A mutants were 

generated by rolling circle PCR. The co-expression plasmid encoding CDK1-cyclinB for 

insect cell expression was a kind gift from the Andrea Musacchio lab. 

Protein expression and purification 

Plasmids for bacterial expression were transformed into E. coli BL21(DE3) chemically 

competent cells and grown overnight on tetracycline plates. The plate was used for 

inoculation of the 50 mL LB medium pre-culture which was grown overnight at 37°C for 

further scale-up. Protein expression was induced at 25°C with 1mM isopropyl-1-thio-β-D-

galactopyranoside (IPTG) and expressed for 3h at 37°C. Cells were harvested, washed 

with 1xPBS, and frozen. BicD2 WT and mutants were re-suspended in the lysis buffer 

containing 1xPBS pH8.0, 10% glycerol, 7 mM CHAPS, 2 mM DTT, 2mM PMSF, protease 

inhibitors, and incubated on a roller for 1-2h at 4°C. Cells were lysed by sonication (5x30s 

with 30s breaks on ice) and centrifuged at 30000 rpm at 4°C for 1 hour. The supernatant 

was mixed with pre-equilibrated STREP-tactin 4XL beads and incubated on a roller for 

30 minutes at 4°C before loading on a gravity flow column. The resin was washed with 

10 CVs of the lysis buffer, 10 CVs of the wash buffer (1xPBS pH8.0, 10% glycerol, 7 mM 

CHAPS), and eluted with the elution buffer (1xPBS pH8.0, 10% glycerol, 7 mM CHAPS, 

50 mM biotin). Pooled fractions were concentrated to 2 mg/mL and snap-frozen in 100 µL 



aliquots for further experiments and gel filtration. RanBP2BBD was purified in the same 

manner as BicD2 with a  difference in the buffer used (20 mM Tris-HCl pH8.0 instead of 

PBS). Both constructs (WT) yielded around 1 mg of protein per litre of culture (after affinity 

step).  

The CDK1CyclinB plasmid was transformed into E. coli DH10MB-MCherry chemically 

competent cells with heat shock at 42°C for 30s followed by 6h recovery in LB medium at 

37°C with shaking. The cells were then plated on agar plates containing kanamycin (50 

μg ml−1), gentamicin (7 μg ml−1), tetracycline (10 μg ml−1), Xgal (600 μg ml−1) and IPTG 

(40 μg ml−1) and positive clones were identified by a blue/white selection after 24h 

incubation at 37°C followed by 24h at RT. The positive clones were grown in LB media 

containing kanamycin (50 μg ml−1), gentamicin (7 μg ml−1), and tetracycline (10 μg ml−1) 

overnight. Bacmids were purified using the isopropanol precipitation method. 2ml of Sf9 

cells at 0.5×106 cells per ml were transfected with 2 µg of fresh bacmid DNA and FuGene 

HD transfection reagent (Promega) at a ratio of 3:1 transfection reagent to DNA. After 

72h the 6-well plate was analysed for mCherry fluorescence signal and the positive 

conditions (V0) were directly used for further virus amplifications by adding 2mL of V0 to 

50 mL of Sf9 cells at 1x106 cells per mL (V1) and grown for 72h. The V1 was then used 

for infecting another 50 mL of Sf9 at 1x106 cells/mL (V2). The V2 virus was further used 

to infect 500 mL of the Sf9 culture 1x106 cells/mL. After 72h the cells were collected at 

1000 rpm for 10 min at 4°C. The pellet was flash-frozen in liquid nitrogen and stored at -

80°C until purification. The CDK1CyclinB pellet was re-suspended in the lysis buffer 

containing 50mM Tris-HCl pH8.0, 10mM MgCl2, 10% glycerol, 0.1% NP40, 0.1 mM EDTA, 

2mM DTT, 2 mM PMSF, protease inhibitors, and incubated on a roller for 1h at 4°C. The 

cells were lysed by sonication (2x30s with 30s breaks on ice) and centrifuged at 40000 

rpm at 4°C for 1 hour. The supernatant was mixed with pre-equilibrated GST-sepharose 

beads for 30 minutes at RT and loaded onto a gravity flow column. The resin was washed 

with 10 cvs of the lysis buffer, 10 cv’ of the wash buffer (Tris-HCl pH8.0, 150mM NaCl, 

10% glycerol, 0.1mM EDTA), and eluted with the elution buffer (Tris-HCl pH8.0, 150mM 

NaCl, 10% glycerol, 0.1mM EDTA, 25mM reduced GST). Pooled fractions were 

concentrated to 0.5 mg/mL and snap-frozen in 50µL aliquots for further experiments. 

SEC-MALS 

Prior to SEC-MALS analysis BicD2 dimer was purified on Superose® 6 Increase 3.2/300 

column in SEC buffer (50 mM Tris pH 7.5, 150 mM Potassium acetate, 10 mM Magnesium 

acetate, 7 mM CHAPS). Then 90µL of BicD2 sample (1mg/mL) was injected into FPLC 

Ettan Micro LC (formerly GE Healthcare, now Cytiva) coupled with MiniDAWN TREOS 

MALS detector (Wyatt Technology), Optilab T-rEX (Wyatt Technology) RI detector, and 

Superdex® S200 10/300 GL (formerly GE Healthcare, now Cytiva) column and run at 

25°C in SEC buffer (50 mM Tris pH 7.5, 150 mM Potassium acetate, 10 mM Magnesium 

acetate). The data was processed using the ASTRA software (Wyatt Technology).  

 



Circular dichroism 

CD experiments were recorded on a Jasco J-815 spectropolarimeter (Easton, MD) 

equipped with an automatic 6-position Peltier thermostated cell holder. The instrument 

was calibrated with 10-camphorsulphonic acid. Samples (65 μL) were prepared in PBS 

supplemented with CHAPS 7 mM and buffered at various pH (6.0, 7.0 or 8.0). Far-UV CD 

data were collected in the 182–270 nm range using a 0.1 mm pathlength cell (Quartz-

Suprasil, Hellma UK Ltd) at 20.0 °C ± 0.1 °C. Spectra were acquired using a continuous 

scan rate of 50 nm/min and are presented as an average of 10 successive scans. The 

response time and the bandwidth were 1.0 s and 1 nm, respectively. The spectra were 

corrected by subtracting the solvent spectrum obtained under identical conditions. 

 

CryoEM sample preparation 

The 100µL sample was thawed on ice and equilibrated with 5xPBS at either pH 8.0 or pH 

7.0. The Superose® 6 Increase column was equilibrated for 16h at a specific pH (in PBS 

buffer only) and the dimer fraction from the SEC taken for grid preparation. Cu/Rh 1.2/1.3 

300mesh grids were plasma cleaned for 90s at 30% plasma power (80:20 argon:oxygen). 

The protein concentration was adjusted to 1µM and applied on the grid and plunge-frozen 

in a Vitrobot Mark IV robot (FEI), maintained at 100% humidity and 10 °C. 

CryoEM data collection and image analysis 

Datasets for BicD2 at pH 8.0 and pH 7.0 were collected using a Glacios™ Cryo-TEM 

operating at 200keV with a K2 Summit direct electron detector (Gatan). Videos were 

collected in counting mode, with a final calibrated pixel size of 1.078 Å/pixel, 8s exposure, 

and total dose of ~ 54 e-/Å2. 

SerialEM54 was used for automated data collection and the videos were processed using 

Relion3.0.55 The micrographs were manually filtered giving each dataset ~700 

micrographs. Particles were picked using the general model in TOPAZ56 and 2D classified 

twice. Each dataset yielded around 150k particles used for 2D classification. All data 

processing steps were done reference-free. 

In vitro kinase assays and phosphorylation mapping 

BicD2 or RanBP2BBD were mixed with CDK1 at 1:100 molar ratio with 0.1mM MgATP and 

incubated for 30min at RT. Each sample had a negative control that did not contain 

MgATP. Each reaction mixture was loaded on SDS-PAGE and stained with pro-Q 

diamond stain to check for phosphorylated proteins. Phosphorylatoin sites were analysed 

with trypsin digest MS using an Orbitrap Elite and Acclaim Pepmap 100 column. The PSM 

values corresponded to the number of MS2 spectra which made it possible to identify 

peptides. In BicD2 we covered 75% of the sequence (PSM’s: 2087) while for RanBP2 we 

covered 85% (PSM’s: 1195).  

 



AlphFold2 structure prediction 

We used the whole CC2 and CC3 domain of a human BicD2 (residues 265-855) to model 

a homooligomer. We generated 5 models using AlphaFold239 advanced notebook from 

Google Colab. We used MMseqs257 (UniRef+Environmental) for MSA generation.  
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Figure 1. A Schematic representation of the dynein-dynactin-BicD2 complex 

associated with the cargo protein – RanBP2. CDK1CyclinB activity has been known to 

activate this complex to progressively move the nucleus in radial glial progenitor cells 

towards the base of the neocortex in the developing human brain. B Domain 

organization of the BicD2 cargo adaptor dimer. The N-terminal part is responsible for 

binding dynein and dynactin while the C-terminal part binds plus-end directed motor 

kinesin-1 and cargos. C Hypothetical BicD2 autoinhibited conformations from the 

previously reported data. 



 

Figure 2. A First-derivative of the DSF melting curves at three different pH values. 

The curves at pH 7.0 and pH 8.0 display main inflection point in the range of 47-50°C. 

The curve at pH 6.0 doesn’t show a distinct inflection point. Each measurement was 

repeated 3 times. B SEC profiles of BicD2 run at three different pH values. Each 

sample was run twice on a Superose® 6 Increase column to ensure clean peak 

fractions. C and D Representative cryoEM 2D classes from ~700 micrographs (per pH 

condition). The yellow box represents classes from pH 8.0 while the grey box from pH 

7.0. In both cases we processed the data with Relion3.1. 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. A Sequence alignment of the tri-helical domain (H3, H4, and H5 helix) of D. 

melanogaster, C. elegans, and mammalian BicD1 and BicD2 isoforms. The conserved 

Y538 is marked in red, and H640 in blue. B Structure prediction of the BicD2 CC2 and 

CC3 dimer with AlphaFold2. The C-terminal loop of CC3 has been deleted for clarity 

reasons. C Zoom into the conserved histidine and tyrosine that are crucial for the 

protein stability. D Chromatograms of affinity purified BicD2 variants. In yellow - WT, 

orange - Y538A/H539A double mutant, dark orange - Y538A/H539A/H640A triple 

mutant. In all chromatograms the solid line represents pH8.0, and the dashed line pH 

7.0. For each construct an identical protein amount was loaded.  

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SEC profiles of the BicD2 reaction with RanBP2BBD with or without action of 

the CDK1CyclinB complex. A Purified proteins were mixed at a 1:1 molar ratio and 

incubated for 30 minutes at RT. In light grey a chromatogram of unphosphorylated 

BicD2 and unphosphorylated RanBP2BBD. In dark grey CDK1CyclinB phosphorylated 

BicD2 with unphosphorylated RanBP2. In light green unphosphorylated BicD2 with 

CDK1CyclinB phosphorylated RanBP2, and dark green represents both proteins being 

CDK1CyclinB phosphorylated. All reactions were performed at pH 8.0 B Pull-down of 

affinity-purified BicD2, RanBP2BBD, at two different pH values with or without 

CDK1CyclinB. The dark yellow chromatogram represents BicD2, RanBP2BBD, and 

CDK1CyclinB pull-down at pH 8.0, while light yellow shows the same reaction but at pH 

7.0. Dark and light grey chromatogram show the same reactions but without activity 

of CDK1CyclinB complex (at pH 8.0 and pH 7.0 respectively). 
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Supplementary figure 1. A The SEC-MALS profile of the pre-purified 

BicD2. B Table with BicD2 charge values at specific pH. To generate this 

data we used ‘Prot pi’ bioinformatic tool box for the calculation and simulation 

of physico-chemical parameters of proteins (Release: 2.2.29.150). C The 

SEC profile of an affinity purified full-length BicD2. The grey chromatogram 

represents the sample ran at pH 7.0, and the yellow chromatogram is the 

sample ran at pH 8.0. In both cases an identical protein amount was loaded 

on to the Superose® 6 Increase column. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 2. A CD spectra of the full-length BicD2 at pH value of 6.0, pH 

7.0, and pH 8.0. All three runs were done at 20°C. B CD spectra of the full-length 

BicD2 at pH 6.0 at three temperatures (20, 40, and 60°C). Prior to the experiment 

each BicD2 sample was run twice on SEC in PBS buffer at the respective pH. 



 

 

 

 

Supplementary figure 3. Comparison of the AF2-predicted human BicD2CC2-CC3, fruit 

fly BicDCC2-CC3, and negative stain class-averages of the full-length BicD. 



 

 

 

 

 

 

 

 

 

 

Supplementary figure 3. A The double pull-down of the BicD2-RanBP2BBD 

complex. The first pull-down was done on Strep-tagged BicD2 followed by 

6xHis-tagged RanBP2. The complex was pulled with either RanBP2BBD 

(RanBP2BBD-WT) or the phosphomimetic mutant of RanBP2BBD (RanBP2BBD-

PM) and at two different pH values. B The BicD2 pull-down from the rat brain 

lysate indicating the DDB complex characteristic bands. The dynein heavy 

chain and p150 bands were confirmed by MS. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 4. CDK1-CyclinB phosphorylation profile of BicD2 and 

RanBP2. A BicD2 contains five S/T sites within its sequence in structurally disordered 

regions. B RanBP2BBD contains multiple phosphorylation sites within the structurally 

disordered region between the Ran2 and Ran3 domains, which is also the BicD2 

binding site.  



 

Supplementary figure 5. A Structure comparison of the computational structure 

of BicD2 H3-H4-H5 α-helical bundle fragment and analogous region in Cry3Bb 

endotoxin (PDB ID: 1CIY) and sequence alignment of the tyrosine containing helix. 

Loops removed for clarity reasons. B and C Probable rotamers of the H640 and 

respective distance from Y538. 
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3.2 Supplementary data 

3.2.1 Human BicD2 expression and solubilisation 

The gene encoding the human BicD2 isoform 2 was codon-optimized for 

bacterial expression in a pNHD vector, a plasmid used for site-specific unnatural 

amino-acid incorporation,238 but I also observed reproducible protein expression levels 

in commercial vectors, such as pMMS. The gene was fused with either an N-terminal 

6xHis or a StrepII tag to aid protein purification. Protein overexpression and purification 

is described in the attached manuscript.  

For all bacterial expressions described here I used the Escherichia coli 

BL21(DE3) strain with no supplementary plasmids. Even though the protein was well 

expressed (Figure 18A), the vast majority of the protein was found in the pellet after 

cell lysis and centirfugation. In order to solubilize the protein, I decided to optimize first 

the expression conditions. In my conditions the shorter expression times gave 

significantly more protein (maximum 3.5h at 37°C) compared to the overnight cultures 

in the temperature range from 12 to 24°C, and none of these conditions affected the 

protein solubility. After finding the optimal expression time and temperature I decided 

to optimize the chemical parameters of protein expression by: decreasing the IPTG 

concentration from the 1mM to 0.1mM as IPTG is generally toxic to cells and often 

lower concentrations give better or equal results; overexpressing in the presence of 1-

3% ethanol;239 adding a mixture of arginine and glucose;240 and heat shocking the 

culture upon expression induction.241 These expression methods have been shown to 

increase the soluble fraction of the protein. All of these had little to no effect on protein 

solubility, and only in the standard expression protocol (3h overexpression at 37°C, 

1mM IPTG) and heat-shocked cultures prepared as described by Chen et al., (2002) 

I observed a minor soluble fraction in the supernatant (Figure 18A). I loaded the 

soluble fraction from the standard expression protocol on a Superose® 6 column to 

check if the protein elutes as a homogenous peak. Based on the SEC profile it is most 

likely a non-functional protein as it contains several full-length BicD2 species 

throughout the elution (Figure 18B). 

 As an alternative approach for BicD2 solubilisation, I decided to purify the 

insoluble protein fraction under non-native conditions. The non-native purification 

principally consists of four steps: isolation and purification of inclusion bodies; 
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solubilisation of the inclusion bodies (unfolding); refolding of the solubilized proteins; 

and purification of the refolded proteins. At the refolding stage, the protein precipitated 

instantly upon decrease of the guanidine concentration, which prevented further 

purification (for details see Methods chapter). 

 Another attempt towards BicD2 solubilisation that I tried was fusion constructs 

with solubilizing tags. With standard cloning methods, I generated N- or C-terminal 

BicD2 fusions with: superfolding GFP; lipoyl domain; MBP; or trigger factor. None of 

these tags had an effect on BicD2 solubility as the major fraction of the protein 

remained in the pellet after cell lysis. 

 The full-length BicD2 was successfully solubilized upon addition of a detergent. 

Addition of non-denaturing detergents is a common practice in membrane 

biochemistry and for many hydrophobic proteins.242 Among many commercial 

compounds the most commonly used detergents are non-ionic compounds such as 

Triton-X, NP40, and Tween20, and zwitterionic compounds such as CHAPS and 

CHAPSO.243 CHAPS is often the preferred detergent in protein extraction and 

solubilisation due to its mild chemical nature and can be removed by dialysis unlike 

the non-ionic detergents.244 Addition of 7mM CHAPS solubilized the majority of the 

protein in a dimeric form (Figure 18C) as confirmed by SEC-MALS analysis. 
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Figure 18. Expression and purification of the full-length BicD2. A BicD2 expression optimization. Uninduced lane shown 
as a control. 'P' indicates pellet and 'S' supernatant. Minor soluble fractions observed in 1mM IPTG, heat-shock, and
2% EtOH conditions. B BicD2 SEC profile of minor soluble fraction from standard expression protocol (3h 
overexpression at 37°C, 1mM IPTG). All elution peaks correspond to the full-length BicD2. C SEC run of CHAPS-
solubilized BicD2. The arrow represents the BicD2 elution peak.
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3.2.2 Negative stain BicD2 characterization

To confirm that the solubilized protein is well-folded and stable, I used several 

biophysical methods: circular dichroism (CD) to quantify the secondary structure 

content; differential scanning fluorimetry (DSF) to find an optimal buffer composition;

negative stain electron microscopy to check the overall shape and conformational 

homogeneity; and cryoEM for the direct protein visualization under native conditions. 

The DSF, CD, and cryoEM experiments are described in the manuscript. In short, the 

DSF melting curves revealed that BicD2 is very sensitive to changes in the pH. The 

CD experiment has shown the primarily α-helical content of the BicD2 sample at pH7.0 

and 8.0, but not for pH6.0 as protein is partly unfolded at that pH. In the cryoEM section

I have shown that BicD2 exists in different conformations induced by changes in the 

pH between 7.0 and 8.0. For the negative stain electron microscopy analysis I purified 

the protein at pH 7.0 as it is more stable. I used a protein concentration of 10nM with 

no detergent. The grids were stained with a 2% uranyl acetate solution and imaged 

using a Tecnai G2 200kV TEM. An example image is shown in Figure 19. The sample 

showed a good particle distribution throughout the grid, and I collected several 

micrographs to check for the sample quality. The micrographs shows no signs of 

aggregation and an approximate particle size of 50 nm, which indicates proper protein 

folding consistent with other negative stain experiments reported for Drosophila

BicD.170

Figure 19. Negative stain image of the full-length BicD2.
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3.2.3 RanBP2BBD production, phosphorylation, and stability 

After successfully producing recombinant and soluble BicD2 I worked on the 

BicD2-binding RanBP2 truncation. The ~53kDa RanBP2BBD fragment production in 

bacteria has already been reported. 26,245 In short, the GOI was inserted into a pNHD 

vector and fused with a 6xHis tag at the C-terminus. Protein expression was induced 

with 1mM IPTG in E. coli BL21(DE3) strain for ~3h. Protein was extracted and purified 

similarly to BicD2. One litre of culture yielded around 1mg of a protein. RanBP2BBD is 

also prone to continuous degradation and I found it difficult to stabilize it in solution. I 

fused the protein with different purification tags (6xHis, GST, or MBP) but it did not 

seem to influence the stability. I decided to work with the 6xHis-tagged protein for 

further experiments. The best strategy to recover a majority of the intact protein, was 

to reduce the expression time in E.coli to a minimum, and to perform the purification 

under non-native conditions. In short, the protein was extracted and unfolded with 6M 

Urea and purified on a Ni-NTA resin and either refolded on the SEC column or dialysed 

against a target buffer (see Methods for the detailed protocol). Although protein 

unfolding and refolding is rarely advised it did reduce the degradation rate significantly 

and it should not interfere with reactivity as the BicD2 binding region of RanBP2BBD is 

predicted to be intrinsically disordered.246 

Moreover, for the interaction with BicD2 it is known that RanBP2BBD needs to 

be CDK1-phosphorylated. I wondered if phosphorylation could stabilize the protein to 

any extent but unfortunately the protein degraded even quicker compared to the 

unmodified protein (Figure 20). On the other hand phosphorylation of RanBP2BBD 

narrows the pool of RanBP2BBD species on SEC. The unmodified protein gives several 

peaks unlike the phosphorylated variant which normally gives two elution peaks: the 

monomeric protein (based on elution volume) and degradation products. I also 

attempted RanBP2BBD expression in a eukaryotic system (Sf9) but it degraded instantly 

upon purification which made it difficult to perform the reconstitution experiments or 

elaborate the biophysical characterization steps. 
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I then decided to reconstitute the complex between the two proteins: full-length 

BicD2 and RanBP2BBD. For reconstituting the BicD2 and RanBP2 complex it had been 

shown that the intrinsically disordered region in RanBP2BBD needs to be CDK1-

phosphorylated.245 When I started my degree there were no efficient methods for 

recombinant and active CDK1 kinase production. For that reason I implemented four 

alternative strategies to produce phosphorylated RanBP2: (1) incorporation of the 

unnatural amino acid (UAA) phosphoserine (pSer);238 (2) phosphorylation with the 

alternative kinases ERK2, JNK1, and p38; (3) phosphomimetic mutations; and (4) 

protein production in the Sf9 eukaryotic system that yields unspecific phosphorylation. 

For the unnatural amino acid system I identified four serines (S2246, S2251, S2276, 

and S2280) that can potentially be modified into phosphorylated residues. The 

Figure 20. SEC profile of the unmodified RanBPBBD (dashed line) and CDK1-modified RanBP2BBD (solid
line). 
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unnatural amino acid system involves repurposing key parts of a cell's translation 

machinery - tRNA and aminoacyl-tRNA synthetase, to incorporate an unnatural amino 

acid site selectively within a protein. The aminoacyl-tRNA synthetase (aaRS)/tRNA 

pairs translate 61 of the 64 codons into the 20 canonical amino acids. This leaves 3 

stop codons that terminate the translation machinery and that can be conveniently 

used in UAA incorporation. In this case the phosphoserine-charged orthogonal tRNA 

was used for site specific pSer incorporation. Sometimes the stop codon is not 

recognized by the orthogonal tRNA on time which can stop translation machinery. This 

results in a truncated protein hence I moved the purification tags to the C-terminus to 

extract only the full-length protein. Also, for all possible mutants attempted, only two 

phosphoserines (S2246 and S2251) were incorporated without noticeable effect on 

expression levels. Incorporation of three residues also worked, but with a significant 

drop in expression levels (Figure 21). Successful pSer incorporation was confirmed 

with MS. The quadruple mutant did not yield a purifiable amount of protein.

As incorporation of two pSer worked well, I used that mutant for further in-vitro

kinase assays with ERK2, JNK1, and p38 to quantify the modified S/T sites. The 

alternative kinases together with unnatural pSer residues were not able to 

phosphorylate all CDK1

Figure 21. SDS-PAGE of the RanBP2BBD with
incorporated unnatural amino acids. Left: RanBP2BBD

with two phosphoserines, middle and right: two 
RanBP2BBD variants with three phosphoserines 
incorporated.
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consensus amino acids in RanBP2BBD. While some of them overlap significantly with 

consensus sites of CDK1, only CDK1 is able to uniquely phosphorylate the BicD2 

binding region (T2153, S2246, S2251, S2276, and S2280). The relative S/T positions 

phosphorylated by all four kinases are listed in Table 2 with S2246 and S2251 marked 

in blue as they were incorporated with the UAA system. The third and fourth approach 

in RanBP2BBD modification was mutation of the S/T sites into phosphomimetic 

residues and protein expression in a eukaryotic system. To generate the 

phosphomimetic mutant I applied classical cloning methods for introduction of 5 point 

mutations (T2153D, S2246D, S2251D, S2276D, and S2280D) and produced the 

protein as for the WT in E. coli. For expression in Sf9, I re-cloned the RanBP2BBD gene 

with purification tags into the pLIB vector and generated baculovirus for insect cell 

infection. For detailed steps of baculovirus generation and infections please refer to 

the methods chapter.

Table 3. List of RanBP2BBD residues modified in vitro by ERK2, JNK1,
p38, and CDK1 kinases. The dots in blue indicate the RanBP2BBD with 
two phosphoserines incorporated prior to the in vitro kinase assay.
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3.2.4 BicD2-RanBP2BBD complex reconstitution 

The primary method for complex reconstitution in my work was the pull-down 

approach. Two differently tagged proteins were mixed together and affinity-purified on 

first tag, followed by another affinity step using the second protein tag. Human BicD2 

was fused with an N-terminal StrepII tag to be affinity purified on Strep-Tactin resin, 

while RanBP2BBD had a C-terminal 6xHis tag allowing purification by Ni-NTI agarose 

beads. 

To reconstitute the BicD2:RanBP2BBD complex, I produced several RanBPBBD 

variants: the wild type, and the four variants described above - (1) unnatural amino 

acids variant with two phosphoserines; (2) ERK2, JNK1, p38, and CDK1-modified 

RanBP2BBD; (3) phosphomimetic mutant; and (4) Sf9-produced protein.  

In the double pull-down experiments selected RanBP2BBD variants (WT, 

phosphomimetic, and Sf9-expressed) seem to interact well with BicD2 (Figure 22). 

The two proteins can form a stoichiometric (based on band intensities) complex 

through weak interactions. In addition I performed the same pull-downs at pH 7 and 

pH 8 to investigate if the different BicD2 conformations can potentially influence the 

complex formation. The pH value had no effect in double pull-downs. I did not use the 

unnatural amino acid variant in my studies as two phosphoserines were not enough 

Figure 22. Double pull-down of the BicD2:RanBP2BBD 
complex. For each reaction an identical protein fragment was 
used. WT – wild type protein expressed in bacteria, PM – 
phosphomimetic mutant expressed in bacteria, Sf9 – wild 
type protein expressed in insect cells.  
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to yield a visible amount of the complex on SEC. Similarly ERK2, JNK1, and p38 did 

not yield a significant amount of the complex, probably due to incomplete 

phosphorylation of the BicD2 binding region. On the other hand, CDK1 modification 

facilitated efficient complex formation between BicD2 and RanBP2BBD. Details of that 

approach are also shown in the attached manuscript. The phosphomimetic mutant did 

not form a stable complex that would not dissociate over SEC. Last but not least, the 

Sf9-expressed protein was degrading very fast, which did not allow me to use it for 

elaborate interatomic studies. Taken together the two proteins seem to interact well in 

the double pull-downs experiments independently from chemical modifications such 

as phosphorylation or pH value. Nevertheless over the SEC runs the complexes seem 

to dissociate quickly, implying a weak range of interaction between unmodified 

proteins. CDK1 modification and increased pH value significantly strengthen the 

interaction. 

 

3.2.5 DDB and DDBR2 complex pull-down 

After reconstituting the BicD2:RanBP2BBD complex I decided to reconstitute a 

larger complex between dynein-1, dynactin, BicD2, and RanBP2BBD (DDBR2) even 

though recombinant expression of the dynein-1 complex and dynactin is very 

challenging. In the interest of time, I decided to follow approaches that extract dynein 

and dynactin from endogenous sources, such as mouse, rat, or pig brain. It was shown 

that an intact dynein-dynactin-BicD2N (DDB, where BicD2N is a N-terminal truncation 

of BicD2) can be pelleted from mice brains in a functional form.152 It also had been 

demonstrated that dynactin can be purified to homogeneity from porcine brains.132  

I decided to attempt a pull-down experiment from rat brain lysates. The rats 

were obtained from the animal house at the institute which allowed me to extract the 

rat brains freshly. Details of this protocol are described in the methods section.  

 To pull-down the intact DDB or DDBR2 complexes from rat brain lysates, I have 

used either BicD2 or RanBP2BBD as a bait. Both proteins have worked in principle and 

were able to pull-down dynein- and dynactin-specific bands. The Strep-tagged BicD2 

as a bait gave significantly cleaner eluates. This is mostly due to better Strep-tag:resin 

affinity compared to the 6xHis-tagged RanBP2BBD. Before the pull-down experiments 

I prepared the lysate by removing bulk tubulin by adding GTP and taxol before 
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centrifugation.152 In parallel to brain lysate centrifugation I was setting up the 

BicD2:RanBP2BBD reaction with CDK1 on ice. After centrifugation of the lysate I added 

7 mM CHAPS as I found it crucial in extracting the DDBR2 complex from the brain 

lysate. I then added the BicD2:RanBP2BBD reaction into the lysate and left on a roller 

overnight at 4°C. To efficiently pull-down the DDB or DDBR2 complexes I observed 

that longer lysate:bait incubation times gave better results. This is probably due to the 

generally low endogenous protein abundance in a relatively large solution volume. A 

single pull-down experiment was performed on five adult rat brains lysate (less than 

25mL total volume). The bait proteins were added to the lysate at a final concentration 

of ~0.005-0.01μM. After the complex was purified on StrepII-tagged BicD2 the elution 

was concentrated and loaded onto Superose® 6 3.2/300 column. The complex has an 

expected size of ~3 MDa hence it elutes in the void volume of the column (~0.8 mL). 

The void volume was loaded on a gradient SDS-PAGE to check for characteristic 

bands (Figure 23). Indeed there were several dynein and dynactin specific bands that 

I was able to confirm with MS which would indicate that the pull-down of the 

endogenous proteins worked with recombinant BicD2. 
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Figure 23. Reconstitution of the DDB and DDBR2 complexes from rat brain lysates. The light blue SEC 
profile shows the lysate incubated with the full-length BicD2 only. The dark blue SEC profile shows the 
lysate incubated with BicD2 and pre-phosphorylated RanBP2BBD. Gradient SDS-PAGE gel for the void 
volume of the DDBR2 SEC profile.
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3.3 Discussion 

Cargo adaptors are long, coiled-coil proteins that are crucial in motor protein-

mediated intracellular transport. Their versatility in binding partner proteins is 

outstanding. They can bind minus end directed motor dynein, plus end motor kinesin, 

and multiple cargos. The bases of dynein recruitment by some cargo adaptors have 

been described to a molecular level150,133,189 shedding light on how N-terminal domain 

of the cargo adaptor can interact with dynein’s light intermediate chain via CC1 box 

motif. Similarly the Spindly domain interaction with dynactin had been characterised. 

In contrast the other terminus of the cargo adaptor, responsible for the cargo 

recruitment, is lacking molecular-level description of its interactions. For human BicD2 

there are at least three cargos reported: RanBP226, Rab6A165, and Nesprin247. There 

are also reports demonstrating interaction between BicD2 and viral capsids248. The 

interaction of motor proteins with viruses is well known but there was no studies 

correlating these interactions with specific cargo adaptors (other than HIV-1). The 

likely reason for such poor descriptions of these interactions are difficulties in 

producing and handling the cargo adaptors as well as their cargos. Also, many of these 

proteins are flexible and/or disordered which makes structural studies very 

challenging. Nevertheless structural information is needed in order to understand 

these mechanisms.   

In order to attempt biophysical and structural studies of BicD2 I have first 

established an efficient protocol for producing sufficient amount of a human full-length 

BicD2. The main challenge in producing BicD2 was its solubility. I attempted multiple 

approaches to overcome its hydrophobic character by fusion with either superfolding 

GFP, lipoyl group, MBP, or trigger factor. I have also screened expression conditions 

to find out if that can keep the protein in the solution, but without a significant 

outcomes. The last approach I had attempted was addition of the detergent to the 

solution at the lysis step. Addition of a zwitterionic detergent extracted over 80% of the 

protein from the pellet into a soluble form. That finding allowed me to characterize full-

length protein but also perform functional studies with its interactor RanBP2. 

Next, I performed basic biophysical characterization of the BicD2. Upon 

screening BicD2 against multiple additives (salts, detergents, small molecules, 

buffers) it turned out that pH has a striking effect on BicD2. Variation of pH between 6 
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and 8 gave unique melting curves of the protein which indicated that it might undergo 

different conformational transitions. I further described this pH sensitivity with SEC, 

cryoEM, CD, negative stain to conclude that protein exists in multiple conformational 

states. At slightly acidic pH the protein is in partially unfolded state. It is a very 

interesting behaviour as protein at that pH value should still carry a negative charge 

(pI of BicD2 equals 5.3). At neutral values BicD2 adopts its well described 

autoinhibited conformation and slightly basic values release BicD2 from that state 

entering what we call an open conformation where CC domains do not interact with 

each other.  

With help of MSA and structure predictions with AlphaFold2 I also identified 

residues in the BicD2 sequence that are crucial for maintaining its stability (Y538, 

H640). I confirmed stabilizing role of these residues by analysing respective point 

mutations with SEC, showing that folded dimeric fraction of the protein is significantly 

reduced upon introduction of those point mutations. 

Last but not least I reconstituted a complex between known BicD2 cargo 

RanBP2. I was able to form a complex upon CDK1 modification of the RanBP2 

fragment (but not BicD2). I also analysed to complex formation efficiency in respect to 

the BicD2’s pH-induced conformational changes and the complex between RanBP2 

and BicD2 appeared to be more homogenous at pH8.0 and lower pH values caused 

uniform distribution of these proteins in the SEC profiles suggesting that they do reach 

a steady state. I also confirmed BicD2 binding properties by incubation with rat brain 

lysates to demonstrate its ability to recruit dynein and dynactin. I was able to pull down 

motor protein dynein-1 complex with BicD2 as a bait protein, hence the DDB complex. 

Similarly the same complex with cargo was reconstituted using RanBP2 as a bait 

(DDBR2). 

My work on BicD2 cargo adaptor has provided an efficient protocol for 

production of soluble and fully functional cargo adaptor paving the way in DDB 

complexes regulation studies. It is also a first attempt at visualising the cargo adaptor 

with cryoEM proving its conformational dynamics. I also described biochemical activity 

of the full-length adaptor by establishing a methodology to reconstitute large DDBR2 

complex extracted from mammalian brain tissue.  
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4. Methods 

 

4.1 Molecular biology 

4.1.1 PCR reactions 

PCR reactions were normally prepared in a 25 μL volume. Depending on the 

GC content I used 5 μL of either 5x Phusion HF or GC buffer (New England Biolabs), 

0.2 mM of the dNTP mix, 0.15 μL of forward and reverse primers (100 pmol/μL), ~0.5 

μL of the template DNA (~100 ng/μL), and 0.25 μL of Phusion® High-Fidelity DNA 

Polymerase (New England Biolabs). The remaining volume was filled up with mQ H2O. 

 

4.1.2 Gibson assembly 

The Gibson assembly master mix was prepared according to the standard 

protocol.249 In short, 320 μL of freshly thawed 5x ISO buffer was mixed with 0.64 μL 

10 U/μL T5 exonuclease, 20 μL of 2 U/μL Phusion® High-Fidelity DNA Polymerase, 

160 μL of 40 U/μL Taq DNA ligase, and filled up with mQ water up to 1.2 mL and 

stored at -20 °C in 15 μL aliquots. For the assembly reaction, the Gibson assembly 

aliquot was thawed on ice and mixed with DNA (linearized vector and insert at 

equimolar ratio) in a total volume of 20 μL. The reaction mixture was then incubated 

at 50°C in either water bath or thermocycler for 1 hour. Then the reaction mixture was 

incubated for 2 minutes on ice and used for transformation into the TOP10 E. coli 

strain. 

 

4.1.3 Transformation for DNA preparation 

The Gibson assembly reaction or plasmids were transformed into chemically 

competent TOP10 cells by mixing the DNA with 100 μL of cells (or 100 ng of DNA). 

The cells were then incubated on ice for 30 minutes, heat shocked at 42°C for 45 

seconds and then mixed with 400 μL of LB medium and recovered at 37°C in a shaking 

incubator for 1 hour. After recovery 100 μL of the cells were plated out on a selective 

plate and incubated overnight at 37°C. 
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4.1.4 Bacmid preparation 

The target plasmid was transformed into the DH10MB E. coli strain similarly to 

the TOP10 transformation protocol. After the heat shock the cell suspension was 

mixed with 2 mL of LB and recovered at 37°C for 5-6 hours. Then 100 μL of the cells 

were plated out on a selective plate containing 50 μg/mL kanamycin, 10 μg/mL 

tetracycline, 7 μg/mL gentamicin, 0.4 mM IPTG, and 500 μg/mL X-gal. Plates were 

then incubated at 37°C overnight, followed by incubation at room temperature for the 

next 24-48 hours until the blue color developed well. Once the white colonies were 

identifiable they were re-streaked on to a fresh selective plate to further confirm the 

recombination (with a blue one as a negative control). A few white colonies were then 

inoculated in 6 mL of LB media for bacmid production and incubated overnight at 37 

°C in a shaker. The cells were then spun down at 12000 rpm at 4°C for 10 minutes. 

The supernatant was discarded and the pellet re-suspended in 250 μL of A1 buffer 

(Macherey-Nagel). Then 250 μL of P2 buffer (0.2M NaOH, 1% SDS) was added and 

mixed gently. After 5 minutes 300 μL of the P3 buffer (3M KOAc, pH5.5) was added 

and mixed gently. Then the tubes were spun at 12000 rpm at 4°C for 10 minutes, the 

supernatant was collected into a new tube, and the procedure repeated three times 

(to ensure there is no leftover pellet in the tube). The tubes were then left to reach RT 

and then 800 μL of isopropanol was added, gently mixed, and incubated for 10 minutes 

on ice. Bacmid DNA was precipitated by spinning down (12000 rpm, 15 min, RT) and 

after supernatant removal the pellet was washed with 500 μL ice-cold 70% ethanol 

and spun down again at RT for 5 minutes and 12000 rpm. The supernatant was 

removed and the tubes were left to dry off in a sterile place. Bacmid DNA was then 

immediately taken for transfection. 

 

4.1.5 Transfection 

Prior to transfection, the Sf9 cells were split to 1×106 cells/mL a day before. I 

then prepared a transfection ‘master mix’ by mixing 250 μL of media (Sf-900 II SFM, 

Gibco), 5 μL of the transfection reagent (FuGENE HD, Promega), and 10-50 μL of the 

bacmid DNA. The reaction was then left under the laminar flow hood for 30 minutes. 

Then Sf9 cells were spun down at 2000 rpm for 5 minutes and resuspended in fresh 

media to a final cell count of 1×106 cells/mL. The cells were then split into a 6-well 

plate well in 2 mL portions, mixed with the transfection mixture, and incubated at 27°C. 
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Every DH10MB strain used in this work contained one fluorescent protein to visually 

assess the presence of the virus (either CFP, YFP, or mCherry). Once the P0 virus 

was visible under the light microscope a shaking Sf9 culture was prepared for further 

virus amplification (P1) and subsequent protein production (infections with P2 or 

higher).  

 

4.2 Protein production 

4.2.1 Bacterial expression and purification 

Plasmids for bacterial expression were transformed into E. coli BL21(DE3) 

chemically competent cells and grown overnight on selective plates. The plate was 

used for inoculation of the 50 mL pre-culture and grown overnight at 37°C in LB 

medium for further scale-up. Protein expression was induced at ~25°C with 1mM 

isopropyl-1-thio-β-D-galactopyranoside (IPTG) and expressed for 3 h at 37°C. Cells 

were harvested, washed with 1xPBS and frozen for purification. In my work I used 

many proteins expressed in bacteria which is why I will describe the general protocol 

used. Pellets were re suspended in the lysis buffer (containing 20 mM Tris pH 8.0, 100 

mM NaCl, 10% glycerol, 1 mM DTT, 2 mM PMSF, protease inhibitors) and incubated 

on a roller for 1-2h at 4°C. Cells were lysed by sonication (5x30s with 30s breaks on 

ice) and centrifuged at 30000 rpm at 4°C for 1 hour. The supernatant was mixed with 

pre-equilibrated respective resin (depending on the tag) for 30 minutes at 4°C and 

loaded on to a gravity flow column. The resin was then washed with 10 CV of the lysis 

buffer, 10 CV of the wash buffer (20 mM Tris pH8.0, 10% glycerol, 2 mM DTT), and 

eluted with the elution buffer (composition depending on the construct). The pooled 

fractions were concentrated to the highest concentration possible and snap-frozen in 

100μL aliquots for further experiments and gel filtration. General deviations from this 

protocol include the use of 7 mM CHAPS for all BicD2 preparations and replacement 

of the Tris buffer with PBS. RanBP2BBD was normally purified under non-native 

conditions hence the lysis and wash buffer contained 6M urea and incubation steps 

were done at RT.  
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4.2.2 CDK1-CyclinB complex insect cell expression and purification 

Insect-cell expression plasmids were transformed into E. coli DH10MB-

MCherry chemically competent cells. The P2 virus was used for large scale infection 

of the Sf9 cultures. The Sf9 cells were split to 1×106 cells/mL and expressed for 72 

hours or to 2×106 cells/mL and expressed for 48 hours. The cells were then collected 

at 1000 rpm for 10 min at 4°C. The pellet was flash-frozen in liquid nitrogen and stored 

at -80°C until purification. The CDK1CyclinB complex pellet was re suspended in the 

lysis buffer containing 50 mM Tris-HCl pH8.0, 10 mM MgCl2, 10% glycerol, 0.1% 

NP40, 0.1 mM EDTA, 2 mM DTT, 2 mM PMSF, protease inhibitors, and incubated on 

a roller for 1h at 4°C. Cells were lysed by sonication (2x30s with 30s breaks on ice) 

and centrifuged at 40000 rpm at 4°C for 1 hour. The supernatant was then mixed with 

pre-equilibrated GST-sepharose beads for 30 minutes at RT and loaded on to a gravity 

flow column. The resin was washed with 10 CV of the lysis buffer, 10 CV of the wash 

buffer (20 mM Tris-HCl pH8.0, 150mM NaCl, 10% glycerol, 0.1mM EDTA), and eluted 

with the elution buffer (20 mM Tris-HCl pH8.0, 150 mM NaCl, 10% glycerol, 0.1 mM 

EDTA, 25 mM reduced GST). Pooled fractions were concentrated to 0.5 mg/mL and 

snap-frozen in 50 μL aliquots for further experiments. The RanBP2 and BicD2 

constructs expressed in Sf9 were purified similarly. 

 

4.2.3 Dynein-2 insect cell expression and purification 

All dynein-2 constructs were purified similarly to the method described 

previously.15 In short, the virus encoding WT dynein-2 or a deletion mutant was used 

to infect the Sf9 cells at 1×106 cells/mL count for 72 hours. The frozen pellets were re 

suspended in lysis buffer (30 mM HEPES pH 7.4, 50 mM KOAc, 2 mM MgOAc, 0.2 

mM EGTA, 10% v/v glycerol, 300 mM KCl, 0.2 mM Mg.ATP, 1 mM DTT and 2 mM 

PMSF) and lysed in a dounce tissue homogenizer or sonicated on ice (~30 seconds). 

The lysate was then cleared by centrifugation at 45000 rpm for 1 h at 4 °C. The 

supernatant was incubated for 3 h with IgG beads with around 2-3 mL beads per 1 L 

of the Sf9 culture. The beads were then loaded on to a gravity-flow column and washed 

with 10 CV of the lysis buffer and 10 CV of TEV buffer (50 mM Tris-HCl pH 8, 150 mM 

KOAc, 2 mM MgOAc, 1 mM EGTA, 10% v/v glycerol, 1 mM DTT and 0.2 mM Mg.ATP). 

Beads were then re-suspended in the TEV buffer (~1:2 beads to buffer ratio) and 

incubated overnight with TEV protease on a roller in the cold room. The next day, the 
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protein was eluted, concentrated to 4 mg/mL, snap-frozen in 50 μL aliquots, and stored 

at -80 °C. The stocks were thawed on ice and run on a Superose® 6 SEC column prior 

to use. For all dynein-2 constructs expression levels are normally within the milligrams 

range for 1 L of the Sf9 culture. 

 

4.2.4 Dynein-1 complex insect cell expression and purification 

The dynein-1 complex was expressed and purified as described.33 The virus 

encoding dynein-1 complex was used to infect the Sf9 cells at 1×106 cells/mL count 

for 72 hours. The frozen pellets were re suspended in lysis buffer (50 mM HEPES pH 

7.4, 100 mM NaCl, 1 mM DTT, 0.1 mM ATP, 10% glycerol, 2 mM PMSF) and lysed in 

a dounce tissue homogenizer (~30 strokes). The lysate was then cleared by 

centrifugation at 45000 rpm for 1 h at 4 °C. All further steps were identical as for the 

dynein-2 purification.  

 

4.2.5 Inclusion bodies purification 

The cells were lysed in a lysis buffer followed by four washing steps (wash 

buffer: 100mM Tris pH 8.0, 2M urea, 0.5M NaCl, 5mM EDTA, 2% Triton, 1mM β-

mercaptoethanol). For each wash step the 1L culture pellet was re suspended in 

~50mL of the wash buffer, incubated on a roller for 45 minutes at RT, and centrifuged 

at 20000g at 4°C. The inclusion bodies were then re suspended in the denaturation 

buffer (100mM Tris pH8.0, 6M guanidine-HCl, 20mM β-mercaptoethanol) and 

incubated for 1h at 70°C. The denatured protein was then filtered and incubated at RT 

with Ni-NTI agarose beads (at that time I worked with 6xHis tagged BicD2) and eluted 

under denaturing conditions (denaturation buffer with 400mM imidazole was used for 

elution). The eluted protein was then dialysed against a wash buffer at ~4°C overnight 

in a dialysis tube with a 10kDa cutoff membrane (SnakeSkinTM). 
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4.3 Structural studies 

4.3.1 CryoEM sample preparation 

For the BicD2 cryoEM analysis 100μL of the sample was thawed on ice and 

equilibrated with 5xPBS at either pH8.0 or 7.0. The Superose6® increase SEC column 

was equilibrated for 16h at a specific pH (in PBS buffer only) and the dimer fraction 

taken for grid preparation. Cu/Rh 1.2/1.3 300mesh grids were plasma cleaned for 90 

seconds at 30% plasma power (under 80:20 argon:oxygen). The protein concentration 

was adjusted to 1 μM and then applied on the grid and plunge-frozen in a Vitrobot 

Mark IV robot (ThermoFisher), maintained at 100% humidity and 10°C.  

All dynein-2 constructs were purified on a Superose6® column prior to cryoEM 

grid preparation. The peak fraction was adjusted to 1-2 μM and then mixed with the 

ATP hydrolysis transition state analogue ADP.vanadate (ADP.Vi). To achieve that the 

100 mM stock of sodium orthovanadate (New England Biolabs) was heated at 95 °C 

for 5 minutes, cooled down on ice and added to the protein sample to a final 

concentration of 3 mM followed by the addition of Mg.ATP to a final concentration of 

3 mM. The protein was then used for grid preparation. For the majority of grid 

preparations, I used Cu/Rh 1.2/1.3 300mesh grids, cleaned with a plasma cleaner at 

30% plasma power under a 80:20 argon:oxygen mixture for 90 seconds. 3 uL of the 

sample were applied on to the grid and plunge-frozen in a Vitrobot Mark IV robot 

(ThermoFisher) maintained at 100% humidity and 10 °C. For most of the dynein grids 

the blotting force was set to 0, and blotting time was in the range between 2 to 6 

seconds. These parameters were giving uniform ice-thickness and good particle 

distribution. I did not observe a significant difference in particle distribution on the grid 

when I used 1 μM or 2 μM of the sample at grid preparation stage. The grids were 

then stored in LN2 until the screening session. In the beginning, I was screening the 

grids on an in-house Polara microscope which was later replaced by a GlaciosTM Cryo-

TEM microscope (ThermoFisher). The grids with good parameters were saved for 

high-resolution data collection on a Titan Krios Cryo-TEM 300keV microscope. 
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4.3.2 CryoEM data collection and image analysis 

Datasets for BicD2 at pH8.0 and pH7.0 were collected using the Glacios™ 

Cryo-TEM operating at 200keV with a K2 Summit® direct electron detector (Gatan). 

Videos were collected in counting mode, with a final calibrated pixel size of 1.078 

Å/pixel, 8s exposure, and total dose of ~ 54 e-/Å2. SerialEM was used for automated 

data collection and videos were processed using Relion3.0.250 Micrographs were 

filtered manually giving each dataset ~700 micrographs. Particles were picked using 

the general model in TOPAZ and 2D classified twice. Each dataset yielded around 

150k particles used for 2D classification. All data processing steps were done 

reference-free. 

 

4.3.3 Negative staining  

All protein constructs were screened for the right concentration using negative 

stain analysis. Most of the proteins (whether dynein-1, dynein-2, BicD2, or 

RanBP2BBD) were in range from 10 to 30 nM to obtain a good particle distribution. The 

grids were plasma cleaned as for the cryoEM analysis. Around 10-20 μL of the protein 

was loaded onto the grid, incubated for 20-30 seconds and blotted away manually. 

Then 20 μL of the uranyl acetate solution (2%) was applied onto the grid, gently 

pipetted up and down and left on the grid for ~30 seconds. This step was repeated 3 

times to ensure a good sample embedding in the stain. Before staining the uranyl 

acetate solution was spun down at 17000g for 2 minutes (to remove the aggregates). 

 

4.3.4 AlphFold2 structure prediction 

The CC2 and CC3 domain of a human isoform 2 of BicD2 (residues 265-855) 

was used for homooligomer modelling using the AlphaFold2 advanced package 

(Google Colab). We generated 5 models and used MMseqs2 (UniRef+Environmental) 

for the MSA generation. MMseqs2 covered between 650-800 residues in the N-

terminal part of the fragment used, except for the C-terminal coil sequence (unique to 

human BicD2 isoform2).  
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4.4 Other biophysical and biochemical methods 

4.4.1 In vitro kinase assays and phosphorylation mapping 

CDK1CyclinB was mixed with the target protein at a 1:100 molar ratio with 0.1mM 

Mg.ATP and incubated for 30min at RT. Each sample had a negative control that did 

not contain Mg.ATP. Each reaction mixture was loaded onto SDS-PAGE and stained 

with pro-Q diamond stain to check for phosphorylated proteins. Phosphorylation sites 

were analysed with trypsin digest MS using Orbitrap Elite and an Acclaim Pepmap 100 

column. The PSMs values corresponded to the number of MS2 spectra which made it 

possible to identify peptides. In BicD2 75% of the sequence was covered (PSM’s: 

2087) while for RanBP2 85% of the sequence was covered (PSM’s: 1195).  

 

4.4.2 Unnatural amino acid-incorporation 

 Target serine codons were point mutated into TAG stop codons. The plasmids 

were then transformed into SepRS(2)/pSer tRNA(B4)CUA/EF-Sep bacterial strain. 

The strain was a kind gift from the Jason Chin lab at LMB. The transformation was 

grown overnight on selective LB plates (tetracycline/chloramphenicol). The colonies 

were used to inoculate a shaking culture for further upscaling. Bacterial cultures were 

started at OD600=0.1. At OD600=0.35-0.4, 2 mM phosphoserine was added to the 

cultures and further incubated to reach OD600=0.5. Prior to induction with 1 mM IPTG 

another 2 mM of phosphoserine was added. Proteins were expressed for 4 hours at 

37°C and pellets were frozen until needed. 

 

4.4.3 SEC-MALS 

Prior to SEC-MALS analysis BicD2 dimer was purified on Superose® 6 

Increase 3.2/300 column in SEC buffer (50 mM Tris pH 7.5, 150 mM Potassium 

acetate, 10 mM Magnesium acetate, 7 mM CHAPS). Then 90μL of BicD2 sample 

(1mg/mL) was injected into FPLC Ettan Micro LC (formerly GE Healthcare, now 

Cytiva) coupled with MiniDAWN TREOS MALS detector (Wyatt Technology), Optilab 

T-rEX (Wyatt Technology) RI detector, and Superdex® S200 10/300 GL (formerly GE 

Healthcare, now Cytiva) column and run at 25°C in SEC buffer (50 mM Tris pH 7.5, 

150 mM Potassium acetate, 10 mM Magnesium acetate). The data was processed 

using the ASTRA software (Wyatt Technology). 
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4.4.4 Circular dichroism 

CD experiments were recorded on a Jasco J-815 spectropolarimeter (Easton, 

MD) equipped with an automatic 6-position Peltier thermostated cell holder. The 

instrument was calibrated with 10-camphorsulphonic acid. Samples (65 μL) were 

prepared in PBS supplemented with CHAPS 7 mM and buffered at various pH (6.0, 

7.0 or 8.0). Far-UV CD data were collected in the 182–270 nm range using a 0.1 mm 

pathlength cell (Quartz-Suprasil, Hellma UK Ltd) at 20.0 °C ± 0.1 °C. Spectra were 

acquired using a continuous scan rate of 50 nm/min and are presented as an average 

of 10 successive scans. The response time and the bandwidth were 1.0 s and 1 nm, 

respectively. The spectra were corrected by subtracting the solvent spectrum obtained 

under identical conditions. 

 

4.4.5 Rat brain lysate preparation  

Freshly sacrificed rats were taken for brain extraction. The organs were gently washed 

in PMEE buffer (35mM PIPES pH7.2, 5mM MgSO4, 1mM EGTA, 6.8% glycerol, 1mM 

TCEP, protease inhibitors) and snap frozen until needed. Upon thawing on ice the 

brains were mixed with protease inhibitors and a minimal amount of the PMEE buffer. 

Then the brains were homogenized for a few seconds with a tissue homogenizer (on 

a minimal setting to avoid foaming) followed by 30 strokes in a dounce homogenizer 

on ice. Lysed brains were then centrifuged at 40000 rpm for 1 h at 4°C. The cleared 

lysate was instantly used for further experiments without further freezing. 
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Résumé en français suivi des mots-clés en français 

Les dynéines cytoplasmiques dirigent la majorité des événements de transport rétrograde 

des microtubules dans les cellules eucaryotes. La dynéine cytoplasmique-1 est impliquée 

dans la division cellulaire, le transport des organelles et des vésicules, le développement du 

cerveau et des muscles, tandis que la dynéine cytoplasmique-2 facilite l'assemblage des 

flagelles dans les cellules de mammifères. Dans le cortex en développement, la dynéine-1, 

la dynactine et l'adaptateur de cargaison BicD2 sont recrutés vers le noyau, pour les déplacer 

du côté apical vers le côté basal du néocortex. L'adaptateur de cargaison BicD2 est une 

protéine de liaison allongée et flexible qui interagit avec le moteur dynéine dirigé vers 

l'extrémité négative, le moteur kinésine-1 dirigé vers l'extrémité positive, les composants du 

pore nucléaire, l'ARN et les particules virales. Ce travail se concentre sur deux aspects 

fondamentaux du transport médié par la dynéine : comment la dynéine génère-t-elle la force 

nécessaire au mouvement via le remodelage de la liaison, et comment l'adaptateur de 

cargaison humain BicD2 médiatise-t-il l'interaction avec sa cargaison ? 

Mots-clés : dynéine-1, dynéine-2, BicD2, cryoEM, biophysique. 

Résumé en anglais suivi des mots-clés en anglais 

Cytoplasmic dyneins drive the majority of the retrograde microtubule transport events in 

eukaryotic cells. Cytoplasmic dynein-1 is involved in cell division, transport of organelles and 

vesicles, brain and muscle development, while cytoplasmic dynein-2 facilitates flagella 

assembly in mammalian cells. In the developing cortex, dynein-1, dynactin, and the BicD2 

cargo adaptor are recruited to the nucleus, to move it from the apical to the basal side of the 

neocortex. The BicD2 cargo adaptor is an elongated, flexible linker protein mediating 

interaction with the minus-end directed dynein motor, the plus-end motor kinesin-1, nuclear 

pore components, RNA, and viral particles. This work focuses on two fundamental aspects 

of dynein-mediated transport: how does dynein generate force for movement via linker 

remodeling, and second how does human cargo adaptor BicD2 mediates the interaction with 

its cargo. 

Keywords: dynein-1, dynein-2, BicD2, cryoEM, biophysics. 


