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 i 

Summary 

 
The radial spokes (RS) are multi-protein complexes composed of at least 23 

radial spoke proteins (RSP), decorating the microtubule doublets (MTD) of 

motile cilia and flagella “9 doublets + 2 singlets” with 96nm periodic unit. The 

proximal stalk region of the complex is linked to the A-tubule of MTDs, inner 

arm dyneins and the dynein regulatory complex, while the distal head region 

of spokes is facing to central pair microtubules (CP). At least 12 RSPs have 

homologues in humans and among those, genes, encoding RSPH1, RSPH4a, 

RSPH3, RSPH9 and HSP40 (an RSP16 co-chaperone), carry primary ciliary 

dyskinesia (PCD) causing mutations. In Chlamydomonas, mutants with 

deficiencies in radial spoke proteins have disturbed motility or possess 

paralyzed phenotype. A functional role of the radial spokes is expected to be 

in mechano-chemical regulation of flagellar waveform by signal transduction 

between CP and inner dynein arms. However, the exact molecular 

mechanism underlying the mechano-chemical signal transduction between 

RS/CP and dyneins is not well understood and this is partially due to the 

missing information on the structural arrangement of RSPs.  

In this work, I have combined three different approaches to investigate the 3D 

molecular arrangement of individual radial spoke proteins within the complex. 

I examined the oligomerization states and interactions between spoke head 

and neck proteins in vitro. Through optimization of RS isolation and by 

applying single particle cryo-electron microscopy, I was able to obtain the 3D 

structure of the RS complex with the unprecedented resolution of 17 Å, which 

allowed me to conclude about symmetric positioning of the head sub-unit in 

the complex and which can serve as a template for future model building.  

With the help of cryo-electron tomography I was able to characterize three 

different RS mutants, 1-178 Δ1, NDK5 and pf33, with absence or truncations 

of RSP3, RSP23 and RSP16, respectively. A comparative analysis with the 

wild type structure allowed deducing the role of those missing proteins in the 

structural integrity of the complex. 
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Zusammenfassung 
 

Die radialen Speichen (RS) sind Multiproteinkomplexe, die aus mindestens 23 

radialen Speichenproteinen (RSPs) bestehen, welche die Mikrotubuli-

Dubletten (MTD) von beweglichen Zilien und Flagellen "9 Dubletten + 2 

Einzeltubuli" mit 96nm Periodeneinheit dekorieren. Der proximale 

Stachelbereich des Komplexes ist mit dem A-Tubulus von MTDs, den inneren 

Dyneinarmen und dem Dynein-regulatorischen Komplex verbunden, während 

der distale Kopfbereich der Speichen dem zentralen Mikrotubuli-Paar (CP) 

gegenüberliegt. Mindestens 12 RSPs haben Homologe beim Menschen und 

unter diesen bewirken RSPH1-, RSPH4a-, RSPH3-, RSPH9- und HSP40-Co-

Chaperon-Gene mutationsbedingte primäre ciliäre Dyskinesie (PCD). In 

Chlamydomonas haben Mutanten mit Defekten in radialen Speichenproteinen 

eine gestörte Motilität oder besitzen einen paralysierten Phänotyp. Wir gehen 

davon aus, dass die funktionelle Rolle der radialen Speichen in der 

Signaltransduktion zwischen CP und inneren Dyneinarmen liegt, welche die 

mechanisch-chemische Regulation der Wellenform der Flagellen steuert. 

Allerdings ist der genaue molekulare Mechanismus, welcher der mechanisch-

chemischen Signaltransduktion zwischen RS/CP und Dyneinen zugrunde 

liegt, nicht gut verstanden, was teilweise auf das fehlende Wissen über die 

strukturelle Anordnung der RSPs zurückzuführen ist. 

In dieser Arbeit habe ich drei verschiedene Ansätze kombiniert, um die 3D-

Molekülanordnung einzelner radialer Speichenproteine innerhalb des 

Komplexes zu charakterisieren. Ich untersuchte die 

Oligomerisierungszustände und Wechselwirkungen zwischen Speichenkopf 

und Halsproteinen in vitro. Aufgrund der erfolgreichen Optimierung der RS-

Isolation und dank der Anwendung der Single-Particle-Kryo-Elektronen-

Mikroskopie konnte ich die 3D-Struktur des RS-Komplexes mit einer noch nie 

da gewesenen Auflösung von 17 Å identifizieren. Dies erlaubte es mir, offene 

Fragen in Bezug auf die symmetrische Positionierung der Kopf-Untereinheit 

dieses Komplexes abschliessend zu beantworten. Die Ergebnisse können 

auch als Vorlage für zukünftige Modellierungen dienen. 
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Mit Hilfe der Kryo-Elektronen-Tomographie konnte ich drei verschiedene RS-

Mutanten, 1-178 Δ1, NDK5 und pf33, mit fehlenden oder 

trunkierten/verkürzten RSP3, RSP23 bzw. RSP16 Proteinen charakterisieren. 

Eine vergleichende Analyse mit der Wildtypstruktur erlaubte, es, Schlüsse zu 

ziehen über die Rolle jener fehlenden Proteine für die strukturelle Integrität 

des Komplexes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 



 

 iv 

List of abbreviations 
AKAP     A-kinase anchoring protein motif 

ATP       adenosine triphosphate 

AUC      analytical ultracentrifugation 

CP         central pair 

CP3       cryoplunge 3 

DTT       dithiothreitol 

DPY       DPY-30 motif 

EGTA     ethylene glycol tetraacetic acid 

EFH        EF-hand domain 

FSC        Fourier Schell Correlation 

IDA         inner dynein arms 

IFT          Intraflagellar transport 

IQ            calmodulin-binding motif 

kD           kilodalton 

LRR        leucine-rich repeat 

MDa       megadalton 

MN         membrane organization and recognition nexus 

MT          microtubules 

MTD       microtubule doublets 

NDK       nucleoside diphosphate kinase 

nm          nanometer 

ODA       outer dynein arms 

PCD       Primary Ciliary Dyskinesia  

PPI         peptidyl-prolyl ismerase motif 

RIIa        RII alpha motif 

RS          radial spokes 

RSP       radial spoke proteins 

MALS     multiangle light scattering 

SEC       size exclusion chromatography 

SPA       single particle averaging 

TEM       transmission electron microscopy 

μm         micrometer 
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1 Introduction 

1.1 Motile cilia and flagella  
 

Motile cilia and flagella are ubiquitous organelles present in many eukaryotic 

cells being important for diverse cellular functions. Indeed, beating flagella in 

human sperm cells propels them through the female reproductive tract to find 

the oocyte in the process of fertilization; the synchronized beating motion of 

vertebrate cilia lining the respiratory tract helps sweep out extracellular mucus 

entrapping bacteria to be expelled from the lungs; flagella motility in 

unicellular algae allows them to escape chemically toxic environments or 

encounter light for the process of photosynthesis, etc.  Since both of the 

terms, cilia and flagella, refer to the same type of organelle, I will use those 

interchangeably in this thesis.  

The core axonemal ultrastructure of motile flagella has been conserved from 

protists to mammals, being composed of characteristic “9 microtubule 

doublets + 2 central pair” arrangement (Figure 1.1 (A)). The flagellar doublets 

initiate from the proximal tip of basal bodies composed of nine peripheral 

microtubule triplets, extend through a transition zone to form the axoneme 

that extends to the tip of the organelle. Extensive biochemical and proteomics 

analysis described the molecular complexity of flagella, being composed of > 

550 different polypeptides (Pazour et al., 2005; Smith et al., 2004; Broadhead 

et al., 2006).  

One of the most established model systems to study eukaryotic flagella is 

unicellular organism, Chlamydomonas reinhardtii. Basically, many of 

pioneering discoveries linked to flagella, defining entire field of studies (e.g. α-

tubulin acetylation in stable microtubules, ultrastructure of flagella, 

intraflagellar transport: IFT, etc.), were initiated by genetic, biochemical, 

physiological and structural studies on Chlamydomonas cells (Rosenbaum J., 

2009). Chlamydomonas also serves as a good model system to investigate 

the function of proteins, homologues of which are involved in human 
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diseases, such as primary ciliary dyskinesia (PCD) (Castelman et al., 2009; 

Jeanson et al., 2015; El Khouri et al., 2016; Sedykh et al., 2016). 

Due to the absence of ribosomes in flagella, flagellar proteins are first 

synthesized in cell body, thereafter most of them being transported into 

flagellum with the help of IFT (Kozminski et al., 1995; Rosenbaum and 

Witman, 2002; Hao and Scholey, 2009).  

 

 
 

Figure 1.1: Location of the radial spoke (RS) complex in the axoneme: (A) 

characteristic “9+2” structure in a cross section of a motile axoneme, containing 9 

peripheral microtubule doublet, 2 central pair microtubules, C1 and C2, radial spokes 

(red), outer dynein arms (turquoise), inner dynein arms (blue), microtubules (black) 

and N-DRC (green); (B) surface rendered 3D representation of 96nm periodic unit 

with the same color-coding except microtubule doublets shown in grey, the 

intermediate and light chains of IDAs are in yellow and inner dynein isoforms are 

indicated; (C) side view from the proximal end of axoneme, showing dynein c tail 
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connecting to RS2 and its anchoring protofilaments: A12 and A13. Reused with 

permission from Pigino and Ishikawa 2012, © Taylor & Francis LLC. 

The main protein complexes associated with the microtubule doublets and 

forming the building blocks responsible for motility are composed of the outer 

dynein arms, N-DRC complex (nexin – dynein regulatory complex), inner 

dynein arms and radial spokes, the later once having a periodicity unit of 

96nm with a right-handed helical arrangement along the doublets 

(Goodenough and Heuser, 1985).  Each block contains four outer dynein 

arms, which, along with the inner dynein arms, generate the power stroke 

through an ATP hydrolysis cycle. 

Radial Spokes (RS) consist of more than 22 different radial spoke 

proteins (RSPs) (Yang et al., 2006), which form a “T“ shape structure 

protruding from A-tubule  (A12 and A13 protofilaments) of the microtubule 

doublet towards the central pair apparatus (Figure 1.1, (B) and (C)). Radial 

spokes can occur in pairs (example: Chlamydomonas reinhardtii) or triplets 

(example: Tetrahymena thermophila) depending on the host organism. In C. 

reinhardtii the two spoke heads have a pseudo two-fold rotational symmetry 

(Pigino et al., 2011), however are not completely identical. At the tomography 

resolution, each RS seems pseudo-symmetric, but it is not known how 

symmetric it is at molecular level. Another work done using cryo-electron 

tomography with N- and C- termini labeled RSPs, predicted asymmetry at the 

head (RSP4 and RSP6 are at two fold symmetric positions) (Oda et al., 2014). 

However, preassembly of the “L” - shape complex suggests two-fold 

symmetric arrangement (Diener et al., 2011). Therefore it must be clarified 

how symmetric RS is at molecular resolution. 

 In C. reinhardtii there is a third RS stump, RS3, which is identical to 

the base of RS3 in Tetrahymena thermophila. Nonetheless, RS3 structurally 

differs from RS1 and RS2. Currently, the protein composition of RSs in C. 

reinhardtii is well known, but the exact information about the location of 

individual subunits within the RS and the nature of structural differences in 

RS1 and RS2 is missing. Structurally, the spoke complex has been 

subdivided into a stalk, bifurcated neck, attached perpendicular to the stalk 

and a head region facing the central pair tubule. Vast majority of spoke 
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mutants with common structural deficiencies in the spokehead region have a 

motility defect or possess paralyzed flagella (e.g. pf27, pf1 and pf17). Such 

mutants pointed to the importance of spokehead - central pair interactions for 

the motility of “9+2” flagella and cilia. 

 

1.2 Identification of radial spoke proteins 
 

Two-dimensional gel maps, comparing wild type and radial spoke protein 

mutants were initially used for characterization of spoke deficiencies (Piperno 

et al., 1977). Such a comparative analysis between spoke-less pf14 mutant 

and wild type axonemes identified 17 of the spoke protein components 

(Piperno et al., 1981). Two of RS head proteins, RSP4 and RSP6, were 

identified to share 48% homology, based on sequence analysis and gene 

mapping (Curry et al., 1992). Further identification of spoke proteins was 

facilitated by an extraction protocol developed for the RS complex, using 

buffers containing 0.5-0.6 M KI or NaBr coupled with 2D gel electrophoresis 

and mass spectrometry analysis along with the identification of the complete 

coding sequence from ESTs and genomic sequence (Figure 1.2) (Yang et al., 

2001, 2006). Genetic assignment of RSPs was deduced from combination of 

different methods, such as comparative 2D gel analysis from mutant 

dykarions, transformation rescue of particular mutant gene with wild type 

genetic sequence and further sequencing of mutant genes. (Luck et al., 1997; 

Huang et al., 1981; Diener et al., 1990; Yang and Yang et al., 2006). Thus, 23 

polypeptides have been identified to form radial spoke complex. Based on the 

combination of comparative analysis of the RS morphology in spoke deficient 

mutants with the misassembly of specific components and the analysis of 

isolated spokehead sub-domains (Piperno et al., 1977, 1981; Huang et al., 

1981; Zimmer et al., 1988; Williams et al., 1989; Curry et al., 1992; Patel-King 

et al., 2004; Yang et al., 2005; Pigino et al., 2011), RSPs were assigned to 

morphological regions within the spoke complex as follows: 

 

• Head region: RSP1, RSP4, RSP6, RSP9 and RSP10 

• Neck region: RSP2, RSP23 and RSP16 
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• Stalk region: RSP3, RSP5, RSP7, RSP8, RSP11, RSP12, RSP13-15, 

RSP17-22  (see Figure 1.3) 

 

After identification of RS proteins and based on domain predictions, RS neck 

and stalk regions were concluded to be a functional subunit of the complex, 

whereas the head region, due to the absence of any predicted functional 

domains, a structural component of the complex (Yang et al., 2006). Indeed, 

while the stalk and neck parts are abundant with proteins having common 

functional domains such as AKAP, RIIa, EF-hands, DNA-J, etc., the head 

proteins lack any kind of known functional domains, except MORN (a 

membrane binding motif), which is puzzling. 
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Figure 1.2: Predicted domain architecture of RSPs. The five spoke head proteins 

are indicated by white characters in black background. MN, MORN domain; DPY, 

Dpy-30 motif; GAF, cyclic GMP, adenylyl cyclase, FhlA domain; CAM, 1-8-14 

calmodulin-binding motif; AKAP, A-kinase anchoring protein motif; RIIa, RII alpha 

motif; EFH, EF-hand domain; PPI, peptidyl-prolyl isomerase motif; LRR, leucine-rich 

repeat; DnaJ and DnaJ-C, DnaJ-J and DnaJ-C molecular chaperone homology 

domains; NDK, nucleotide diphosphate kinase domain; IQ, IQ calmodulin-binding 

motif. Coiled-coil domains are indicated by an open bar. Adapted with the permission 

from Yang et al. 2006, © The Company of Biologists Ltd. 

 

 
Figure 1.3 Radial spoke domains. The boundaries between various domains of the 

RS structure (gray, heads; yellow, necks; blue, stalks; purple, adaptor protein 

complex) are represented in differential map. (A) Longitudinal view with proximal end 

toward the left. (B) Side view (RS1 in the front) seen from the proximal end. RSPs 

localized in each domain are indicated on the left side. CaM and CaM-IP2, -IP3 and –

IP4 are only present in RS2; the composition of the adaptor complex in RS1 is 

unknown. The volume of each domain (in cubic nanometers) is indicated on the right 

side of the figure. Reused with permission from Pigino et al. 2011, © The Rockefeller 

University Press.  

 

1.3 Assembly of the complex 
 

Large axonemal complexes are assembled at the tip region of flagellum 

(Witman 1975; Johnson and Rosenbaum, 1992; Lechtreck 2015). Analysis of 
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flagella membrane-matrix fractionated with sucrose gradient, showed the 

presence of a 12S peak containing an immature RS complex, missing RSP16, 

which is predicted to be a co-chaperone, and RSPs 8, 13-23. Coupled with 

the analysis of mutants with blocked retrograde IFT transport, the assembly 

and recycling of RS complex was suggested to be as follows: 1) transport of 

immature 12S spokes to the tip of the flagella by anterograde IFT 2) assembly 

of a mature, 20S complex with the help of missing RSPs along with 

attachment to the axonemal microtubules and 3) recycling of the 20S complex 

via retrograde IFT (Qin et al., 2004; Diener et al., 2011). 

 

1.4 Function of radial spoke protein complex 
 

The positioning of RSs, defective beating or paralysis of RS mutants, and the 

presence of regulatory secondary messenger motifs in RSPs, all suggest that 

the complex plays a mechanochemical role in regulating flagellar waveform 

(Howard et al., 1994).  

The spoke head complex, directly facing the central pair projections has been 

proposed to have a mechanical interaction with central pair projections, which 

could potentially control an on/off switch for specific parts of inner dynein arms 

and represent a mechanism of controlling the oscillatory mode in motile cilia 

and flagella (Yang and Smith, 2009). Recently, two studies were conducted to 

characterize the nature of RS/CP interactions producing contradictory results. 

One of the studies, replacing a missing part of the spoke with corresponding 

RSP, carrying a nonspecific hemagglutinin, biotin carboxyl carrier protein, and 

green fluorescent protein, suggested the nature of the RS/CP interactions is 

physical, occurring  (Oda et al., 2014), whereas the other study, 

characterizing bld12 and bld12pf14 double mutant shows preferential binding 

of spoke heads to some CP projection sides (C1a and C1b) and specific 

pulling forces exerted by RS (Nakazawa et al., 2014). Thus, the exact 

molecular mechanism underpinning the mechanism of RS/CP interactions 

remains to be elucidated. 
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It is already an established fact from both in vivo and in vitro reconstitution 

assays that a change in intraflagellar calcium concentration is involved in 

ciliary and flagellar motility (Bessen et al., 1980; Porter and Sale, 2000). The 

normal asymmetric waveform of the Chlamydomonas axoneme can be 

reconstructed in vitro with buffers containing low calcium concentrations 

(~pCa8) whereas a higher concentration (~pCa5 – pCa4) causes a switch to a 

symmetric waveform, which corresponds to backward motion of 

Chlamydomonas (Bessen et al., 1980). In line with that, several RSPs contain 

calmodulin-binding motifs (e.g. RSP2 and RSP23) or are identified as 

calmodulin (RSP20); thus calcium in part may act through RSs. 

Together with the calcium binding motif, RSP23 contains a predicted 

nucleoside diphosphate kinase motif (NDK), which is known to transfer the 

terminal phosphate between nucleoside diphosphate (NDP) and nucleoside 

triphosphate (NTP) through the so called ping-pong reaction mechanism 

(Berg and Joklik, 1953, Patel-King 2004).  

One of the spoke stalk proteins, RSP3 is predicted to have a functional motif 

of an A-kinase anchoring proteins, which are known to be scaffolding proteins, 

that bind protein kinases (PKA) and other regulatory kinases to target them to 

specific cellular locations (Schwartz 2001, Welch et al., 2010). The PKA is 

linked to RS regulation of dynein activity: inner dynein I1, located next to RS1 

in Chlamydomonas, the activity of which is known to be regulated by 

phosphorylation of IC138 (an intermediate chain subunit) and includes signals 

involved in subunits associated with the RS and CP apparatus (Sale and 

Habermacker 1997, Piperno et al., 1990, Pigino et al., 2011).  

Notably, despite the fact that RS defective mutants show paralyzed flagella in 

Chlamydomonas (e.g. pf14, pf24, pf17), in in vitro assays, such isolated, 

immotile axonemes  show reactivation of beating with low beat frequencies (~ 

5Hz) in the presence of low ATP concentrations (< 50uM) (Omoto et al., 

1996). Moreover, axonemes from spoke defective mutants undergo a calcium 

dependent waveform change (Wakabayashi et al., 1997). These results 

meant that the CP/RS interaction is not the only motility waveform regulatory 

pathway. Based on extensive analysis on motility properties in different 

ciliated species (with and without the presence of CP/RS complex), it has 
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been suggested that the outer- and inner-arm dyneins function independently 

and the CP and RS function is required only for inner-arm dyneins (Kamiya 

and Yagi 2014).  

 

1.5 The role of radial spoke proteins in disease  
 

Several genes encoding RSPs in Chlamydomonas have homologues in 

H.sapiens. Those homologues in humans are candidates of causing primary 

ciliary dyskinesia (PCD) - an autosomal recessive genetic disorder that can 

lead to symptoms including infertility, respiratory tract infections, otitis, and 

aberrant flagella motility. Moreover, genetic mutations in three of spokehead 

protein homologues (RSPH1, RSPH9 and RSPH4a) as well as spokeneck 

and spokestalk homologues (RSPH3 and HSP40) were recently reported to 

be involved in PCD (Castelman et al., 2009; Jeanson et al., 2015; El Khouri et 

al., 2016; Sedykh et al., 2016). Thus, understanding the molecular 

mechanism underlying the RS complex in flagella motility as well as 

characterizing the function of individual RSP in the complex from 

Chlamydomonas flagella can shed a light into the mechanism underlying 

these human diseases.  

Despite all the extensive studies done to decipher the role of the RS protein 

complex in flagellar beating, the exact molecular mechanism is not fully 

understood. In this work, based on past research history and in order to 

understand the molecular mechanism of the RS complex, I aimed to answer 

the following questions:  

1. What is the molecular arrangement and stoichiometry of RS head 

proteins? 

2. What is the structural role of RSP23, RSP16 and RSP3?  

3. What is the symmetry of RS complex at the molecular level? 
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2 Materials and Methods 

2.1 Molecular Cloning 
 

Full-length genomic sequences of radial spoke proteins (RSP1, 6, 9, 10, 2, 

16) from Chlamydomonas reinhardtii cDNA library (except RSP4 that was 

codon optimized for expression in E.coli), previously cloned into pProEx 

vectors (Kohno et al., 2011), were sub-cloned into various different plasmids 

(see Table 1) using the Gibson assembly method (Gibson et al., 2009). 

Typical assembly reaction was performed by mixing 7.5 µL Gibson master 

mix (containing DNA polymerase, ligase and exonuclease) with 3 - 6 ng of 

target vector and 20-50 ng of insert to a final volume of 10 µL. The mixture 

was incubated at 50°C for 1h. Subsequently the assembly product was 

transformed into E.coli (mach1) and the cells were plated and grew overnight 

on LB-agar plates with corresponding antibiotic resistance at 37°C. Several 

colonies were picked and plasmids were purified using the standard mini-prep 

kit (Qiagen). Corresponding plasmids were tested for the presence of right 

insert sequences either by enzymatic mapping using various different 

cleavage sides, present on multiple cloning site of the interrelated plasmid 

e.g. EcoRI, BamHI, NdeI, etc., or with the help of colony polymerase chain 

reaction (PCR). Thereafter, selected plasmids were sent for Sanger 

sequencing (Microsynth) and examined for absence of deletions, mutations or 

any kind of sequence distortions during sub-cloning.   

 

2.2 Expression and purification 
 

The recombinant RS head/neck proteins were each expressed in E.coli, 

carrying the coding sequence in different plasmids (Table 1).  Two different 

growth media were used for expression tests: Luria-Bertani (LB) and 

autoinduction media (as described in Grabski et al., 2003s). Overexpressed 

proteins using LB media, were induced by addition of isopropyl-β -D-

thiogalactopyranosid (IPTG) to a logarithmically growing culture of E.coli (OD 
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~ 0.6 - 0.9) to a final concentration of 1 mM and the cultures were grown for 

additional 12h at 20°C with continuous shaking under 200 rpm angular speed. 

After that, the cultures were harvested using swinging bucket floor centrifuge 

(HiCenXL, Beckman Coulter) at 4,000 rpm angular speed. The cells were 

suspended with 50 mM HEPES (pH 7.5), 500 mM NaCl, 10 mM imidazole, 5 

mM β-mercapthoethanol and protease inhibitor cocktail (cOmpleteTM, EDTA - 

free), lysed either by sonication (in case of protein Mw < 50 kD, e.g. RSP9, 

RSP10 and RSP16) or French press (Mw ≥ 50 kD, e.g. RSP1, RSP4, RSP6, 

RSP2) and spun down at 30,000 rpm (Type 45 Ti rotor) for 30 min at 4°C. The 

pellet was filtered with 0.45 µm filter membranes and used for metal-ion 

affinity chromatography (IMAC), using AKTA EXPRESS system. Column was 

washed with 8% elution buffer, containing 50 mM HEPES (pH 7.5), 0.5 M 

NaCl, 0.5 M imidazole and 5 mM β-mercapthoethanol. 

The corresponding peak fractions from the elution profile were collected and 

concentrated for subsequent gel filtration step, using as a buffer 20 mM Tris 

(pH 7.5), 150 mM NaCl and 2 mM DTT. In case of RSPs 4 and 9, an 

additional purification step with StrepII-tag was applied. Fractions from gel 

filtration were collected and further concentrated to continue either with 

biophysical assays or protein crystallization.  

 

Protein Plasmid Resistance Tags 

RSP1 pProEx , pET-

MCN 

Amp N-6xHis 

RSP1 PSTCm1, pET-

MCN 

Kan, Chl N-6xHis 

RSP4 (cDNA) pProEx, pET-

MCN 

Amp, Chl N-6xHis 

RSP4 (synthetic 

gene) 

Egwomipi Amp C-6xHis 

RSP4 (synthetic 

gene) 

Egwomipi, pET-

MCN 

Amp, Chl N-6xHis and 

DsbC; C-

StrepII 
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RSP6 Egwomipi, pET-

MCN 

Amp, Chl C-6xHis 

RSP6 pProEx, pET-

MCN 

Amp, Chl N-6xHis 

RSP9 pProEx , pET-

MCN 

Amp, Chl N-6xHis, 

C-Strep II 

RSP9 PSTCm1 Kan N-6xHis 

RSP10 PSTCm1, pET-

MCN 

Kan, Chl C-6xHis 

RSP10 pProEx Amp N-6xHis 

RSP16 pProEx, pET-

MCN 

Amp, Chl N-6xHis 

RSP2 pProEx, pET-

MCN 

Amp, Chl N-6xHis 

RSP23 pProEx Amp N-6xHis 

 
Table 1: List of radial spoke constructs with corresponding vectors and tags used for 

expression and purification experiments in E.coli. Kan – kanamycin, Amp – ampicilin, 

Chl - chloramphenicol 

 

2.3 Co-expression experiments 
 
To test pairwise co-expression, RSPs 1, 4, 6, 9, 10, 2 and 16, sub-cloned into 

pET-MCN vector series (Haffke et al. 2015) with one out of the pair vectors 

carrying penta-His tag and another without any tag, were co-transformed into 

E.coli cells (BL21-DE3) using the heat-shock method. After transformation, 

cells were allowed to recover and grow at 37°C for 12 hours followed by liquid 

culture in 2 mL of 2xLB media with 0.5% glucose in 24-well plates. Cells were 

induced at 25°C with addition of 2 mL of buffer containing 2xLB, 0.6% lactose, 

20 mM HEPES (pH 7.0) and 0.5 mM isopropyl-β-D-1-thiogalactopyranosid at 

OD ~ 0.9. Thereafter, plates with liquid cultures were centrifuged to pellet the 

cells at 1,500g for 10 min and re-suspended into two buffers differing in salt 



 

 

	
Materials	and	Methods	

	
	 	

14 

concentration: 10 mM Tris (pH 8.0), 50 mM  and 400 mM NaCl. After that, re-

suspended cells were lysed by sonication and centrifuged at 3,700g for 20 

min to remove cellular debris. The supernatant was transferred into 96-well 

plates for affinity purification. For IMAC purification, 12.5 µL of Cobalt Talon 

beads were added to each well and incubated for 1h at 4°C via gentle 

shaking. Beads were gently spun down and proteins were further washed and 

eluted with the help of a pipetting robot (Haffke et al., 2015). Co-expression as 

well as co-purification of protein complexes was tested by running 12% pre-

casted SDS-PAGE system (Bio-Rad). 

 

2.4 Crystallization 
 

For crystallization experiments, proteins were concentrated to 10-20 mg/mL.  

 

 
Table 2: An example of manually set up crystallization screen with RSP 4, 9 and 10.  

 

Crystallization drops were set up in a mixture of either 1:1 or 2:1 protein to 

precipitant ratio, using sparse matrix screens (pH-Clear, JSTC+, PACT, JSTC 

Core I-IV, Morpheus, Index, CS1, CS2, Proplex). In addition, bigger volume (1 

µL protein and 500 µL well) of manual drops was set up (example in Table 2). 
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Following protein pairs were tested for co-crystallization with manually set-up 

drops: RSP4/RSP9, RSP4/RSP10 and RSP9/RSP10 

2.5 Mass spectrometry measurements 
All the liquid chromatography/electrospray ionization time-of-flight mass 

spectrometry (LCT Premier Mass Spectrometer, Waters AG) measurements 

were performed in collaboration with Mr. Alain Blanc, at the Center for 

Radiopharmaceutical Sciences (CRS), Paul Scherrer Institut. 

Cross-linking mass spectrometry experiments and analysis were performed in 

collaboration with Dr. Leitner, using previously described procedures (Leitner 

et al., 2014). 

2.6 Sample preparation for electron microscopy 

2.6.1 Chlamydomonas cell culturing and axoneme isolation 
 

 Following mutant C.reinhardtii  strains were used for the studies: full-length, 

pf33 (originally from Prof. Ritsu Kamiya), 1-178, Δ1 and ndk5. All of them 

were obtained from Prof. Pinfen Yang’s lab (Marquette University, USA) and 

cultured in TAP (Tris-acetate-phosphate) medium (Gorman and Levine, 

1965). Cells were cultured under continuous stirring at ~100 rpm and 14/10 h 

light/dark cycles.  

For flagella isolation, cells were first harvested at 1,000 g, using a fixed angle 

rotor and de-flagellated, using the dibucaine method (Witman, 1986). After 

that, flagella were sedimented at 12,000 g for 20 minutes at 4°C, 

demembraned with 20 mM HEPES (pH 7.5), 5 mM MgSO4, 1 mM DTT, 0.5 

mM EDTA, 25 mM KCl, 1% Igepal and sedimented again at 12,000 g for 2 

min at 4°C.  The pellet of axonemes was resuspended in 20 mM HEPES (pH 

7.5), 5 mM MgSO4, 1mM DTT, 0.5 mM EDTA, and 25 mM KCl and plunge-

frozen. 

 

Mutant Gene product Motility 

phenotype 

Protein missing References 

Full-length RSP3 -- -- Sivadas et 



 

 

	
Materials	and	Methods	

	
	 	

16 

al., 2012 

Δ 1 RSP3 Paralyzed RSP7, 11 Sivadas et 

al., 2012 

1-178 RSP3 Paralyzed RSP1, 2, 4, 6, 

9, 10, 23, 16 

Sivadas et 

al., 2012 

NDK 5 RSP23 Paralyzed RSP23, 1, 16 Zhu et al., 

unpublished 

Pf33 RSP16 Jerky RSP16 Yang et al., 

2005 

Yang et al., 

2008 

Table 3: Summary of C.reinhardtii mutants used in this study 

 

2.6.2 Isolation of Radial Spoke protein complex
 Radial Spoke complex protein purification has been optimized using following 

protocol: 

1) Typically, 4 mL of densely cultured Chlamydomonas cells (full length 

strain) were harvested with 1,200 g for 6 min at 20°C and resuspended 

in 150 mL of 10 mM HEPES buffer, pH 7.5  

2) Deflagellation was carried out using pH shock method (Craige et al., 

2013) using as a buffer 10 mM HEPES (pH 7.5), 4% sucrose, 5 mM 

MgSO4, 0.5 mM EGTA and protease inhibitor cocktail (cOmpleteTM , 1 

tablet per 70 mL) 

3) To separate cell bodies from flagella, sedimentation was carried out 

using 30% sucrose cushion at 2,000 g, 10 min, 4°C and minimal 

acceleration/deceleration. Sedimentation was repeated without sucrose 

cushion, 3,200 g, 4°C for 5 min 

4) Flagella pellet was further clarified by sedimentation at 12k g for 20 min 

at 4°C and resuspended into (10 mM HEPES (pH 7.5), 5 mM MgSO4, 1 

mM BME, 0.5 mM EDTA, 25 mM KCl, protease inhibitor cocktail 

(cOmpleteTM, EDTA – free)). At this step, typical flagella concentration 

was in the range of 4 – 8 mg/mL, measured by Nanodrop (Nanodrop 

ND-1000).  
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5) Demembranation of flagella was performed using 1% IGEPAL with 

twice incubation for 10 min at 4°C. The efficacy of demembranation 

was examined under a phase contrast microscope.  

6) To remove dyneins, axonemes were treated twice with 0.5 M KCl or 

NaCl, each time with 15 min incubation at 4°C. Between the 

treatments, axonemes were sedimented at 13,000 g for 1 - 2 min at 

4°C. 

7) To isolate radial spokes, the pellet in 6) (6 - 8 mg/mL) was incubated 

with 0.6 M KI for for 15 min at 4°C, after which the solution was, diluted 

1:1 with 10 mM HEPES (pH 7.5), 5 mM MgSO4, 1 mM BME, 0.5 mM 

EDTA, 25 mM KCl, protease inhibitor cocktail (cOmpleteTM, EDTA - 

free).  

8) To clarify the radial spoke fraction, tubulin aggregates were 

sedimented at 16,000 g for 20 min at 4°C. The supernatant, including 

RS was used for further purification steps.  

9) Ion metal affinity chromatography:  

a. 200 – 500 µL of Co2+ TALON beads slurry was used in a typical 

purification experiment. First the beads were washed with 10 mL 

dH2O and 5 mL buffer A  (with an addition of 0.3 M KI) for 

equilibration 

b. The RS supernatant was incubated with beads at 4°C, by end-

to-end rotating for 45 – 60 min after which, the flow was 

collected 

c. Beads were further washed with 10 mL buffer A + 0.5 M NaCl 

and incubated with 50 – 100 µL of 0.5 M imidazole for 15 min 

d. Elution fractions were collected and used either for negative 

staining or plunge freezing for cryo-EM. Only the first elution 

fraction contained imidazole, the rest were eluted using buffer A 

only, since high imidazole concentrations were interfering with 

cryo-EM imaging. 
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2.7 Biophysical characterization 
 
2.7.1 Multi angle light scattering coupled with size exclusion 
chromatography (SEC-MALS)
 Multiangle light scattering is a method used to determine the absolute molar 

mass of the sample and was used for accurate determination of protein 

oligomeric states in solution, interaction stoichiometry if any and presence of 

aggregations.  

 

 
Figure 2.1: Size exclusion chromatography coupled with a multi angle light 

scattering device used for biophysical characterization. System consisted of 

SEC column coupled in line with Wyatt Technology miniDAWN TREOS multiangle 

laser light detector with 3 different photocells at 45°, 90° and 135°, and a Wyatt 

Optilab T-rEX RI detector.  

 
SEC-MALS experiments were performed for biophysical characterization of 

RSPs 4, 9 and 10. For the measurements the wavelength of UV-vis diode 

system was set to 280 nm, MALS detector wavelength was 658 nm and RI 

detector was at 660 nm (Figure 2.1).  

All buffers used for the experiment were first filtered with 0.45 µm filters to 

remove aggregates. After equilibration of the column in 20 mM Tris (pH 7.5), 

150 mM NaCl, 2 mM DTT; 120 µL of proteins were injected at concentrations 

0.6 – 3 mg/mL with the flow rate of 0.4 – 0.5 mL/min at 25°C. For binding 



 

 

	
Materials	and	Methods	

	
	 	

19 

experiments, proteins were first premixed in 1:1 ratio at 1 – 3 mg/mL 

concentrations and either directly injected to the column or incubated at 4°C 

for 1h.  

The data processing was performed using ASTRA software (Wyatt 

Technology). UV absorbance was measured simultaneously with light 

scattering intensity and the differential refractive index, thus the absolute 

molar mass (M) was determined at each elution point, using Rayleigh-Gans-

Debye equation: 
𝐾∗𝑐

𝑅(𝜃, 𝑐) =  
1

𝑀𝑃(𝜃)+ 2𝐵𝑐 

𝐾∗ =  
4𝜋! 𝑑𝑛𝑑𝑐

!
𝑛!!

𝑁!𝜆!!
 

 

Where 𝑅(𝜃, 𝑐) is an excess Raleigh ratio, being a function of scattering angle 

𝜃 and concentration of solute 𝑐 and corrected for the detector distance and 

the detection volume. 𝑁! is an Avogadro’s number, 𝜆! is a laser wavelength in 

vacuum, 𝑛!  is a refractive index of the solvent, B is the second virial 

coefficient that accounts for intermolecular interferences, 𝑃(𝜃) is an angular 

scattering function called a form factor (Tarazona and Saiz 2003, Folta-

Stogniew 2006). 

 

 
2.7.2 Analytical ultracentrifugation
 Sedimentation velocity experiments were carried out with RSPs 1, 4, 9, 10 

and 16 at 20°C with 42,000 rpm angular speed in analytical ultracentrifuge 

(Figure 2.2); 400 µL of protein at different concentrations in 20 mM HEPES 

(pH 7.5), 150 mM NaCl and 2 mM  β-mercapthoethanol and the same amount 

of buffer was loaded into 12 mm charcoal filled Epon double-sector center 

pieces. Data was collected either with interference or absorbance (230, 250 or 

280 nm) optical system. Data has been analyzed using SEDFIT software to fit 

continuous distribution 𝑐!  of Lamm equation solutions (Schuck  2000, 

Rezabkova 2016). 
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Figure 2.2: Analytical ultracentrifuge from Beckman Coulter ProteomeLab XL-I, 
used for sedimentation velocity experiments.  

 
2.8 Electron microscopy
 

2.8.1 Negative stain 
For the negative stain data collection, continuous carbon grids were used. For 

that, 400 mesh size copper grids were manually coated with the following 

procedure:  

1. A carbon layer with adjustable thickness was deposited onto a mica 

waffle using carbon evaporator.  

2. Copper EM grids were placed on a filter paper under deionized water 

(Figure 2.3, A and B) and mica with carbon side up gently dipped into 

the water until the carbon layer came off 

3. Water was removed with the help of tubing and syringe. Thereafter, 

with the help of tweezers; the carbon layer was carefully positioned on 

top of the grids (Figure 2.3, C).  
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Figure 2.3: Carbon coating procedure. (A) – (B) TEM copper grids are placed on 

the filter paper with minimal free space in between, (C) water is removed with the 

help of tubing and syringe. 

 

Staining was made by applying 3.5 µL of sample to carbon coated EM grid, 

with typically ~1 mg/mL of protein. Excess buffer was blotted out with filter 

paper and grid immediately dipped into first out of three drops with ~20 µL of 

1-2% uranyl acetate solution and blotted. Consequently, after final blotting, 

sample was air-dried.  

  

2.8.2 Plunge freezing
 Sample preparation for cryo-electron tomography was performed using a 

cryo plunge freezer (CP3, Gatan, Figure 2.4). Holey carbon grids (Quantifoil 

Micro Tools GmbH, 200 mesh, R3.5/1) were used. Gold colloid particles (10 

nm) were applied to the sample, prior to freezing, as fiducial markers for 

tomographic reconstruction. Freezing conditions with least flattening effect on 

the axoneme were optimized to be: 1-side blotting, 2 – 3 bar pressure and 1.5 

sec blotting time. 
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                             Figure 2.4: Plunge freezer from Gatan: CP3. 

 

2.8.3 Cryo-electron tomography 
Data collection for cryo-electron tomography as well as negative stain was 

performed using a JEM2200FS (JEOL, Japan) microscope equipped with an 

in-column energy filter, and a field emission gun. Micrographs were recorded 

at 200kV voltage and by a 4k x 4k CMOS camera (F416 from TVIPS, 

Germany). 

 Tomographic image series were collected in the range of ±60! tilt angles and 

2 degrees increment. Average electron dose per total series was kept at 60 

𝑒! Å!. SerialEM software (Mastronarde 2005) was used for data collection. 

The width of the energy filter slit was 10 - 25 eV. Data was collected with 

~20,000x nominal magnification, corresponding to a pixel size of 5.6 Å. 

 

2.8.4 Single particle cryo-electron microscopy
 Data collection for single particle cryo-EM experiments was performed using 

FEI Tecnai F20 microscope equipped with a field emission gun and the FEI 

Falcon II direct electron detector device (4096 x 4096 pixels). 



 

 

	
Materials	and	Methods	

	
	 	

23 

After purification, 3.5 µL of purified RS complex applied to grids with either 

only holey carbon or carbon coated (Quantifoil R2/1, 200 mesh size, manually 

carbon coated), excess liquid was backside blotted (Whatman 1, GE 

Healthcare) and the grid was quickly plunge-frozen into liquid ethane (using 

manual plunge freezer setup). The grids were transferred to the microscope 

using Gatan 626 cryo-transfer system (Gatan, Inc.). 

Data was collected using a Falcon2 detector and EPU software (FEI) with 18 - 

20 𝑒! Å! dose with acquisition of 7 frames/sec.  

 

2.9 Data processing
 
2.9.1 Sub-tomogram averaging
 Following analysis procedures were applied for the sub-tomogram averaging: 

a. Tomograms were reconstructed using weighted back-projection 

method in IMOD software. The alignment was performed using gold 

fiducial markers. Low-pass and radial filter cutoff values were chosen 

to be 0.35, with falloff for radial filter at 0.05. 

b. For initial particle picking, a few points along microtubule doublets were 

picked manually using 3DMOD, following concatenation of those 

coordinates into STAR format (MATLAB script, see Appendix B). This 

small improvement from already published protocols allowed for faster 

and more convenient picking procedure.  

Further picking, based on 24 nm spacing was performed as described 

in Bui and Ishikawa 2013.  

c. The subsequent workflow for sub-tomogram averaging, including 24 

nm and 96 nm alignments, followed previously published protocol (Bui 

et al. 2013) 

d. Classification was applied for further heterogeneity analysis of radial 

spokes, following pipeline described in Obbineni et al., 2016. 
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2.9.2 Single particle analysis  
Data was analyzed using RELION2 software (Scheres 2012). First, movies 

were drift corrected using MOTIONCORR software (Li et al., 2013) and CTF 

was corrected using CTFFIND4 (Rohou & Grigorieff, 2015). After that, 

particles were picked using semi-automatic picking procedures, resulting in 

total of ~240.000 particles. This was followed with 2D classification 

procedures and refinements. Thereafter 3D classification was performed, 

using a 39.18 Å RS structure from cryo-ET as an initial reference (EMD-1941, 

Pigino G. et al., 2011). Cryo-EM data collection and single particle analysis 

was performed with kind help from Prof. Benoit Zuber and Dr. Ioan Iacovache, 

Uni Bern.  
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3. Results 

3.1 Purification and biophysical characterization of Radial Spoke 

(RS) head/neck proteins in C.reinhardtii 
 

3.1.1 Introduction  
In an effort to understand the function of spoke neck and spoke head 

proteins, previous studies, using chemical cross-linking of mixed RSPs from 

the head region as well as Glutathione S-transferase (GST) pull-down assays 

from expressed as recombinant RSPs, built an interaction scheme of RSPs 

from the RS head/neck region (Figure 3.1.1, Kohno et al. 2011). Another 

study, using cryo-electron tomography and sub-tomogram averaging with N- 

or C- terminus tagged RSP4 and RSP6 has shown slightly different 

localization of those two proteins in the RS head region from that reported in 

the GST pull down studies (Oda et al., 2014). Thus, there is unclearness 

about exact interactions and stoichiometry of RS head proteins. In order to 

shed light on this issue, I had the following strategy:  

 

1) Express and purify full-length RS head/neck proteins  

2) Carry out biophysical characterization of recombinantly expressed RS 

head/neck proteins 

 3) Screen for the interaction between RS head/neck proteins using: 

      a) various biophysical techniques 

      b) pairwise co-expression in E.coli   

4) Solve crystal structures of RS head/neck proteins alone and/or in 

complexes 
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Figure 3.1.1: Subunit interactions between RS head and neck proteins, detected 

by GST pull down assay. Each of the proteins, having a GST tag was pre-incubated 

with glutathione beads and subsequently mixed with His-tagged proteins for 2h at 

4oC. After washing and eluting the beads, anti-His tag antibodies detected binding. 

Reused with permission from Kohno et al. 2012, © John Wiley and Sons. 

  

To accomplish these aims, I, first, performed the secondary structure and 

homology domain predictions using the Protein Homology/analogy 

Recognition Engine V2.0 (PHYRE2) server. This analysis revealed a high 

percentage of unstructured regions and low homology domains in all the 

investigated RS proteins (see Figure 3.1.2). The only structural motif identified 

is called MORN (membrane occupation and recognition nexus) and is present 

in two RS head proteins, RSP1 and RSP10. This motif is known to be 

responsible for plasma membrane binding in junctophilins (Nishi M. et al., 

2000).  

 

Fig. 2.
Subunit interactions detected by GST-pulldown assays. Each GST-tagged RSP indicated on
the upper side and GST alone (control) were incubated with glutathione beads at 4°C for 30
min. After being washed with a buffer, the glutathione beads/GST-tagged proteins were
mixed with each His-tagged RSP indicated on the left side and incubated at 4°C for 2 h. The
beads were washed and eluted, and the binding was detected using anti-His tag antibody, as
described in Materials and Methods. Bands that were judged positive are marked with
circles.

Kohno et al. Page 14
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Figure 3.1.2: Schematic representation of RS head proteins with predicted 

homology domains as well as secondary structure and disorder predictions using 

PHYRE2. Predicted membrane occupation and recognition nexus domains, present 

in RSP1 and RSP10, are indicated with black rectangles.  

 

3.1.2. Expression and purification of RS proteins 
 

 First, we did expression tests of RS head proteins in E.coli, using previously 

published vectors (Kohno et al., 2011). We soon realized that the quality of 

some of the proteins is not sufficient, either the yields were low or the proteins 

were heavily degraded.  As RS head proteins are predicted to contain a lot of 

unstructured regions, these problems were expected (Figure 3.1.2). In order 

to improve the protein quality I decided to use different vectors and in certain 

cases added additional purification/solubility tags (e.g. RSP4). The process of 

cloning was not straightforward and occasionally time consuming due to an 

abundance of -GC- rich regions in Chlamydomonas genome and comparably 

large protein length (~350 a.a. in average). However I succeeded in 

expressing and purifying RSPs belonging to the head region (RSP1, RSP4, 

RSP9 and RSP10) as well as the neck region (RSP2 and RSP16). An 

example of restriction mapping experiment used for screening in subcloning of 

RSP4 gene is presented below (Figure 1.3).  I will describe two examples of 

expression and purification, one relatively straightforward (e.g. RSP9) and 

another, rather challenging (e.g. RSP4). 

Radial spoke protein 9 (RSP9) was predicted to contain a relatively large 

portion of unstructured regions. Nonetheless, it was rather straightforward 
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target for expression and purification in E.coli with quite a good yield (~16 mg 

per 1 L culture), using the combination of ion metal affinity chromatography 

(see Methods) followed by gel filtration. A Coomassie blue stained gel  

example of such a purification and the ESI - TOF MS profile that confirmed 

the predicted Mw of the RSP9 protein  (29.7 kD) are shown below  (Figure 

3.1.4). 

 

 
Figure 3.1.3: Example of restriction mapping using 1% agarose gel. Gel bands 

represent 8 digestion reactions (using EcoRI and NdeI restriction sites) with RSP4 

synthetic gene sub-cloned into EGWOMIPI plasmid. The correct EcoRI and NdeI 

digests are predicted to yield bands of 4974/2700 bp and these are seen in lane N5. 

 

 

In contrast to RSP9, after initial expression and purification tests of RSP4, 

signs of degradation were evident as can be seen from SDS-PAGE 

(Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) gel and ESI-

TOF MS (electrospray ionization – time of flight mass spectrometry) spectra 

(Figure 3.1.5, (A)).  
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Figure 3.1.4: Purification of RSP9 spoke head protein. ESI-TOF profile with 

mass-to-charge peak corresponding to ~30 kD as well as Coomassie blue stained 

gel, showing high purity of expressed RSP9. 

 

 

 

 

 



 

 

	
Results	

	
	 	

30 

 
 

Figure 3.1.5: Optimization of RSP4 purification: expression tests with RSP4 

resulted in protein degradation (panel A), seen by both SDS-PAGE and ESI-TOF 

methods. After optimization of the RSP4 gene, purity increased and the degradation 

was drastically reduced (panel B). 

 

 

 
 

Figure 3.1.6: Purification assessment of recombinant RSP4. Western blots 

probed with penta-His antibodies against 6His-RSP4, showing degradation signs 
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(indicated by red arrows) using both classical LB media (A) and ZY autoinduction 

media (B) and three different E.coli cell strains. Bands, corresponding to full length 

RSP4 are indicated by the black rectangle.  

 

 
Figure 3.1.7: Example of RSP4 protein purification procedure: (A) IMAC elution 

profile, (B) elution from size exclusion chromatography experiment. Corresponding 

protein elution peaks are indicated with red arrows. 

 

 

 

 In order to improve the quality of the RSP4 protein, I first tried to screen 

for different growth media (ZY auto-induction and LB, Fox et al., 2009 and 

standard LB) and different E.coli strains (NiCo21(DE3), JM109(DE3), BL21 

(DE3), see Figure 3.1.6). Using different types of E.coli did not change the 

quality of the protein, however growth in ZY media significantly decreased the 

amount of degradation products (see Figure 3.1.6 (B)).  

In order to further improve the quality of protein, I took into account that 

Chlamydomonas have certain codon differences as compared to bacterial 

genome,  and decided to use a synthetic gene, codon optimized for protein 

expression in E.coli. This alone didn’t improve the quality of the purified 

protein, therefore I added a DsbC (Disulfate bond isomerase, Zhuo et al., 

2014) solubility tag on the N-terminus of the protein, as well as an additional 

Strep II purification tag on the C-terminus. This allowed me to perform 

additional purification steps, which in turn improved the purity of the protein 
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(Figure 3.1.5 (B) and Figure 3.1.7 (A) and (B)). With that purity biophysical 

assays and crystallization trials were carried out.  

 
 

3.1.3. Characterization of oligomeric state of expressed RSPs
 

After expression and purification of RS proteins, we have characterized their 

oligomer states in vitro, using the combination of multi-angle light scattering 

(MALS) and sedimentation velocity analytical ultracentrifugation (SV AUC). 

RSP1, RSP4 and RSP9 were shown to be monomers in contrast to RSP10 

and RSP16, being tight dimers (see Table 4) 

 

Protein Oligomer state Method used 

RSP1 Monomer AUC 

RSP4 Monomer AUC/MALS 

RSP9 Monomer AUC 

RSP16 Dimer  AUC 

RSP10 Dimer  AUC/MALS 

 
Table 4: summary of the results of oligomer state characterization from RS 

head/neck proteins, using MALS and AUC.  

 

In addition to oligomer state, we were interested in protein-protein interactions 

and carried out MALS and AUC measurements on the mixture of RS 

head/neck proteins such as RSP16/RSP9, RSP16/RSP10, RSP9/RSP10, 

RSP4/RSP9 and RSP4/RSP10. None of the experiments have shown any 

interaction traces, which might be due to absence of the interactions, a 

transient nature of interactions between those pairs, or a need for more than 2 

proteins to form tight complex. Two examples (below) show the results of an 

SV AUC experiment (Figure 3.1.8 a) and MALS (Figure 3.1.8 b). In the first 

example, we have first tested the oligomer state of RSP16 by varying its 

concentration between 5 – 50 µM and detected a clear sedimentation peak, 

corresponding to the dimeric state of the protein (Figure 3.1.8 a (A)). We have 
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also titrated RSP9 against RSP16 (Figure 3.1.8 a (B)), but no shift in 

sedimentation value was detected.  

 

 
 
Figure 3.1.8 a: Example of sedimentation velocity experiment (A) the c(s) peak 

showing RSP16 peak with an Sw value of 5S, which corresponds to a dimeric state of 

the protein. (B) RSP9 titrated against 5 µM RSP16 showed no shift in Sw values, 

which indicated the absence of interactions.   

 

 
Figure 3.1.8 b: Example of SEC-MALS experiment. The elution profile of SEC-

MALS, showing one peak for both RSP9 and RSP4 at a molar mass corresponding 

to their monomeric state. Neither peak shifted when mixing the two proteins in a one-

to-one ratio, indicating an absence of interactions (at 2 µM).  

 

The second example shows a SEC-MALS profile of RSP9 and RSP4 mixed in 

a one-to-one ratio and again didn’t show any changes in the estimated 

molecular mass, which can be interpreted as an absence of any interactions. 

MALS:#RSP4#and#RSP9#

!  RSP4 is a monomer 
!  No interaction at 2mg/mL!!! 
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There is a slight shift of peaks detected in the SEC-MALS elution time profile, 

which is within the error range of the instrument.  

 

3.1.4. Testing pairwise protein interactions by co-expression in E.coli  
As an alternative approach to decipher RS proteins interaction stoichiometry, I 

have used a pairwise co-expression method in E.coli (Vincentelli et al., 2013). 

This has been used successfully as a tool for identification of specifically 

interacting subunits within multi protein complexes (Fribourg et al., 2001).  

After sub-cloning seven RS proteins (RSPs 1,4,6,9,10,2,16) into dedicated 

plasmids (see methods), I have co-expressed each pair in E.coli twice, putting 

6xHis affinity tag alternatively on either of the proteins in each pair. The SDS-

PAGE analysis of solubilized fractions from lysed cells showed most of the 

proteins to be co-expressed (meaning both proteins in the tested pair are 

expressed in E.coli) and co-solubilized (meaning both proteins in the tested 

pair are isolated in soluble fractions) (see Figure 3.1.9). Interestingly, the 

bands corresponding to RSP1 and RSP2 appeared lower than theoretical 

molecular weights (RSP1: Mth/Mex = 123/78.6 kD and RSP2: Mth/Mex = 

118/77.4 kD). This indicates on possible truncation/cleavage of the proteins. 

As previously reported (Kohno et al., 2011), RSP6 was not expressed in E.coli 

(revealed by SDS-PAGE analysis from whole cell extracts).  

 

 
Figure 3.1.9: Co-solubilization experiment showing expression levels of RSPs. 

Commassie blue stained SDS-PAGE gel of proteins co-solubilized with 50 mM NaCl. 

Corresponding red arrows indicate tagged proteins and black stars mark co-

solubilized partner RS proteins. Un-tagged proteins pulled down in this experiments 
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are indicated with red color. RSP6 was the only protein that was not expressed and 

serve as negative control. Marker values are annotated in kD.  

 

 
Figure 3.1.10: Example of a co-purification experiment. Coomassie blue stained 

SDS-PAGE gels after affinity purification of co-expressed proteins. The left gel shows 

that untagged RSP9 and RSP16 co-purified with tagged RSP1. There are even more 

evident hits between RSP2 and either RSP4/RSP9 or RSP16 for buffer salt 

concentrations of 50 mM and 100 mM, right gel. Red arrows indicate the protein 

bands carrying the 6xHis- tag; black stars indicate co-purified, non-tagged partner 

proteins. Marker values are annotated in kD.  

 

After co-solubilization we have proceeded with IMAC using Cobalt Talon 

beads (see Methods) followed by SDS-PAGE analysis of the elution fraction. 

Surprisingly, there were almost no hits that could indicate tight complex 

formations or general interactions between RS head/neck proteins (see 

Figure 3.1.8 a and 3.1.8 b). Nonetheless, I got some hits from co-purification 

of 6xHis-RSP2 with RSP4, RSP9 or RSP16, both in 50 mM and 100 mM NaCl 

concentrations (Figure 3.1.10). Interactions between RSP2 and RSP4 were 

seen before, using chemical cross-linking (Kohno et al., 2011), however, 

RSP2 was not shown to interact with RSP9 and RSP16. We have also 

detected an interaction hit between RSP1 and RSP16 as well as RSP9 (see 

Figure 3.1.10, left).  

Unfortunately, the hits seen in this co-purification experiment (Figure 3.1.10) 

were reproduced only once (out of three experimental replicates) and did not 



 

 

	
Results	

	
	 	

36 

serve as a solid ground to proceed with reconstitution of the complex using 

co-expression methods.  

An absence of expected interactions from this assay from most of proteins 

(basically all tested pairs showed negative results with an exception 

presented in Figure 3.1.10) might be explained by possible transient nature of 

pairwise interactions between RS head/neck proteins or alternatively, by the 

lack of a substrate that could trigger tight binding of the rest of proteins.   

 
 

3.1.5. Crystallization trials 
In addition to biophysical characterization of individual proteins and protein-

protein interactions, I have done extensive trials using a vapor diffusion 

method on the crystallization of individual, as well as mixed proteins, based 

on previously reported results on protein interactions using GST-pull down 

assays (Kohno et al., 2011) (example in Figure 3.1.11). After optimizing the 

purification, each of the expressed proteins was tested for optimal pH and 

buffer conditions using a commercial 96-well sparse matrix screen (see 

Methods). Thereafter, a few more crystallization conditions were tested, 

having various different additives, buffers and PEGs (described in Methods). 

In addition, manual drops were set in an effort to optimize possible hits with 

additional variations of found, based on the results from the sparse matrix 

screens, conditions.  

Unfortunately, none of the proteins yielded crystals suitable for X-ray data 

collection. The reason for that is likely the presence of unstructured regions in 

almost all full-length the RS head/neck proteins as well as absence of tight 

interactions between individual proteins.  

 

 
 

RSP9$crystallizaQon…$$

Set$up$screen,$using$$
•  pHAClear$
•  JSTC+,$PACT,$Morpheus$
•  JSTC$Core$IAIV$(Gaia$A>$

2011)$
•  Morpheus$
•  Index$
•  CS1$
•  CS2$
•  Manual$drops…$
$

25% PEG1500, 100mM MMT, pH 5 
100 mM Citric acid, 40% Ethanol, 5% PEG1000, 
 0.1M Na2HPO4, pH 4.2 200mM Ammonium Chloride, 20% PEG3350 

WITH$VERA$LAURA$AND$MAY$

CoAexpression,$inAvivo$complex$reconsQtuQon$



 

 

	
Results	

	
	 	

37 

Figure 3.1.11: Crystallization trials:  light microscope images of crystallization 

drops set up by the vapor diffusion method with RSP9. No crystal growth was found 

under those conditions. 

 

3.1.6  Cross-linking mass spectrometry (in collaboration with Dr. Leitner) 
indicates  RSP2 and RSP4 interact with their amino-termini 
A cross-linking mass spectrometry analysis (Leitner et al., 2014) of the 

isolated RS complex was carried out to confirm the presence of interacting 

proteins and examine interaction stoichiometry. Despite the fact that the 

amount of protein was fairly small (~10 µg per cross-linking reaction) for the 

proper application of the method, we have identified a cross-linked contact 

between RSP2 and RSP4 using two different concentrations of Disuccinimidyl 

Suberate (DSS) cross linker (Table 5). This correlated with the results of co-

expression experiments in E.coli (Figure from SDS-PAGE gel) and was also 

detected by Kohno and colleagues (Kohno et al., 2011). Interestingly, the 

cross-linked region is in the amino-terminus of both RSP4 and RSP2, which in 

case of RSP2 is localized right after a predicted Dpy-30 dimerization motif. 

This pinpoints an interacting surface possibly residing on the amino-terminal 

region of the proteins. If the suggested model showing the positions of amino- 

and carboxyl-termini of RSP4 is correct (Oda et al., 2014), this helps to further 

localize RSP2 within the RS complex towards the distal part of the bifurcated 

spokeneck region. Structural analysis of the pf24 mutant, which is a paralyzed 

mutant missing RSP2 and having reduced spokehead proteins, has shown 

absence of RS head region. This is in line with the location of RSP2 within 

close proximity to RS-head due to direct interactions with RSP4 and possible 

other spoke proteins.  

 

Cross-linked protein Cross linked region Predicted  motif 

RSP2 YVKNAEVEGNFYR- Dpy-30 

RSP4 -KSTFDPK None 
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Table 5: summary of corresponding inter protein cross linked regions between RSP2 

and RSP4 and predicted motifs nearby. The regions reside at the N-termini for both 

proteins.  

3.1.7 Discussion 
 

Biophysical assays on recombinantly expressed spoke proteins show no 

evidence of tight inter or intra-protein interactions and only two out of five 

purified proteins are dimers in vitro (RSP10 and RSP16). However, 

comprehensive in vivo data indicates on tight complex formation (Diener et 

al., 2011, Kohno et al., 2011).  Biochemical analysis of cell extracts from pf14, 

a mutant that lacks the stalk protein RSP3, identified a stable head complex 

comprising RSP4, RSP6, RSP9 and RSP10, meaning those proteins are 

forming a permanent sub-complex with stable interactions (Diener et al., 

2011). 

The reconstructed volume calculations from sub-tomogram averaging of RS 

head/neck regions suggest the presence of at least 4 copies of individual 

spokehead proteins (in each spoke), RSPs 1, 4, 6, 9 and 10, and 2 copies of 

spokeneck proteins: RSPs 2, 16 and 23 (Pigino et al., 2011). The protein 

expression and purifications for biophysical studies have been optimized, 

based on purity and general behavior of protein in vitro (e.g. stability, absence 

of degradations, etc.). However, the absence of functional motifs made it 

difficult to confirm activity of protein after purification, which might account for 

absence of detected interactions. It is also possible, that individual spokehead 

and spokeneck proteins do not form a tight complex per se, having only weak 

interactions and only assemble into a stable complex in presence of all the 

components. Another possibility is that there are other factors, chaperones, 

posttranslational modifications, etc. that help to form or stabilize the complex 

in vivo. 

Co-expression experiments with RS head/neck proteins were carried out to 

test for interactions occurring for proteins in situ, while expressed. The results 

cannot serve as independent and unambiguous proof of interactions, due to 

the lack of reproducibility, but interactions were seen between the following 

pairs: RSP1 – RSP9, RSP1 – RSP16, RSP2 – RSP4, RSP2 – RSP9, RSP2 – 
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RSP16. Among these, the only pair of proteins to be shown previously to 

interact was RSP4 and RSP2 (Kohno et al., 2011).  

Despite the fact that Kohno and colleagues, with the help of GST-pull down 

assay and cross-linking of an axoneme, were able to detect interactions 

between RSPs localized in the head and neck regions of the complex, my 

data does not confirm those. Such a discrepancy in the results, especially for 

recombinantly expressed RSPs, can be a consequence of variations in the 

quality of proteins produced using an E.coli bacterial expression system for 

eukaryotic proteins.  

In addition absence of interactions detected by specific, biophysical methods 

and their presence in case of detection with more sensitive approaches, like 

cross- linking or GST pull down assays can be interpreted as indicative of 

transient or weak interactions between individual proteins. Such interactions 

may be stabilized when all the components are present.  

Our cross linking MS experiments also confirmed the presence of an 

interaction between those two proteins and closer analysis pinpointed the 

interaction to the amino-terminus of both proteins. This correlates with the 

identification of the amino-terminus of RSP4 being situated towards the 

bifurcated neck region of the RS complex (Oda et al., 2014).  

 

3.2 Cryo-electron tomography and sub-tomogram averaging from 
mutant RS protein complex in situ
 

3.2.1 Introduction 
Cryo-electron tomography and sub-tomogram averaging provides low- 

resolution 3D structural identification of RSPs within the RS morphology 

(Pigino et al., 2011, Ishikawa 2015). Indeed, a comparative analysis of mutant 

RS complex in situ sheds light into an impact of individual RSPs to the 

complex formation.  

I have characterized four different RS mutant (1-178, Δ1, ndk5, pf33) 

axonemes, with deletions in different RSP genes (e.g. RSP3, RSP23 (NDK5) 
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and RSP16 (HSP40)), and examined an influence of missing proteins on the 

stability and assembly of the entire complex (Table 3).  

 

Characterization of AKAP (RSP3) truncation mutants: 
Radial spoke protein 3, a dimeric scaffolding subunit of the RS complex, is 

predicted to be an A-kinase anchoring protein (Sivadas et al., 2012). 

Sequence analysis predicted that RSP3 contains a characteristic amphiphatic 

helix region (AHr) and three coil regions:  Coil1 (conserved among 

orthologous), Coil2 and Coil3 (unique to C.reinhardtii). The amino-terminal 85 

a.a. of RSP3 are known to be responsible for anchoring the RS complex to 

microtubule doublets (Diener et al., 1993) as well as for homodimerization of 

the protein.  

The main function of AKAP proteins is in phosphoregulation, which is 

facilitated by binding and anchoring mechanism to cAMP-dependent protein 

kinase A (PKA) through AH-RIIa or Dpy-30 domain interactions. Nonetheless, 

in RS complex, RSP3 interacts with non-PKA spoke proteins such as RSP7 

and 11 at the stalk base and RSP2 and 23 at the spoke neck regions (Patel-

King et al., 2004, Kohno et al., 2011). Western blot analysis from axoneme 

with truncated Coil 1 region in RSP3 (Δ1 mutant) has shown deficiencies in 

the assembly of RIIa domain containing RSP7 and 11 proteins (Figure 3 from 

Sivadas et al., 2012). The same type of analysis on the assembly of RS 

complex with truncated Coil 2 and Coil3 regions in RSP3 (only 1-178 a.a. 

present) showed the absence of RSPs in head/neck regions, which is 

otherwise facilitated via binding of RSP3 and RSP2/23 at the RS neck region 

(Sivadas et al., 2012).  

Until now, the only available structural information from RS complex of RSP3 

truncation mutants (1-178, Δ1) was based on imaging using transmission 

electron microscopy with plastic-embedded and cross-sectioned axoneme 

(Sivadas et al., 2012). The main differences in the RS complex were 

pinpointed as a length difference between those two mutants (~30 nm for RS 

in Δ1 and ~22 nm for 1-178 strain) as well as enlarged head region in the Δ1 

strain as compared to 1-178 mutant. In order to further localize missing RS 

subunits (e.g. RSP7 and 11) and determine the influence of RSP3 truncations 
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on the morphology of the complex, I performed cryo-electron tomography and 

sub-tomogram averaging of axonemes from these mutants. 

 

Characterization of NDK5 (RSP23) mutant RS complex: 
Radial spoke protein 23, residing on the RS neck region is known to belong 

into Group II nucleoside diphosphate kinases (NDK), namely NDK5. The 

importance of NDK proteins in cilia and flagella is proven due to occurrence of 

primary cilia dyskinesia (PCD) in mammals or humans in case of defects 

(Duriez et al., 2007, Vogel et al., 2012). NDK5 deficient mutant in 

Chlamydomonas has paralyzed phenotype and is missing RSP1, 16 and 23 

(Figure 3.2.1). Functionally, NDKs are known to transfer a phosphate from 

NTPs to NDPs (Berg and Joklik, 1953) and NDK5 has a phosphorylation 

activity in vitro (Yang et al., unpublished). However, the exact molecular 

mechanism underpinning NDK5 activity in the RS complex is not well 

understood.  

NDK5 was shown to interact with RSP2 in vitro from GST pull-down assay 

with recombinant expressed proteins (Kohno et al., 2011) as well as with 

RSP3 via its Dpy-30 predicted domain (Sivadas et. al., 2012). With the help of 

cryo-electron tomography and sub-tomogram averaging of NDK5 deficient 

mutant, I aimed to characterize structural impact of NDK5 in RS complex 

formation and stability.  

 
Figure 3.2.1: Western blot analysis of NDK5 mutant, indicating on an absence of 

RSP1, RSP16 (HSP40) and RSP23. The other spoke proteins appeared normal, 

compared to wild type control, with permission from P. Yang (unpublished). 
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Characterization of HSP40 (RSP16) missing RS complex: 
Radial Spoke Protein 16 or HSP40 belongs to DnaJ protein superfamily of co-

chaperone, which is known to help in protein folding related processes and to 

share common substrates with HSP70s (Yang et al., 2006, Yang et al. 2008). 

Comparative analysis of pf24 mutant defective in RSP2 gene and with 

reduced amounts of RS head and neck proteins has shown RSP16 to be 

localized in the spokeneck region (Pigino et al., 2011). The protein has a 

dimeric form in vitro (as shown in previous chapter from AUC). Western blot 

analysis of “L” shape RS precursors discerned absence of RSP16 in 

premature complex and thus it is assumed to be transported to the flagella tip 

separately to facilitate mature spoke formation (Yang et al., 2004, Diener et 

al., 2011). The exact mechanism of the assembly of RSP16 in the RS 

complex is not well understood. Since RSP16 is present in mature, “T” shape 

spokes, its function might differ from the common role of HSP40 proteins that 

involve binding and release of target peptides (Yang et al., 2008).  

To understand the structural role of the protein in the assembly of RS 

complex, I have performed cryo-electron tomography and sub-tomogram 

averaging using pf33 mutant, generated with the help of UV mutagenesis in 

Prof. Kamiya’s lab. Western blot analysis from that mutant shows the 

presence of all RSPs except HSP40 (Figure 3.2.2) and flagella possessed a 

jerky motility phenotype. 
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Figure 3.2.2: Western blots showing the deficiencies of RSP16 (asterisk) in pf33 

mutant as compared with wild type and pf14 mutant axonemes. Tubulin (Tub) bands 

show the protein load and are exposed using Ponceau S-stained membrane 

(bottom), with permission from P. Yang (unpublished). 

 

3.2.2 Structural characterization of RSP3 truncation mutants
 As a control strain for structural studies, I have used a full length rescued 

RSP3 transgenic mutant (will be referred as full length below). My 

comparative analyses of 1-178 and Δ1 strains have shown similar length of 

the spoke in average of 20.72 nm (Table 6). This did not correlate with 

previously published length estimations from plastic cross-sections of an 

axoneme for Δ1 mutant (~30 nm). Since in sub-tomogram averaging, 

calculated length of spokes is from total average, there is a possibility of 

subset of spokes having length variations. Nonetheless, sub-tomogram 

averaging allows better resolution and less ambiguity in length estimation as 

compared to plastic embedding sections.  

Another difference found in Δ1 is small protrusion at the tip of the stalk, 

perpendicular to the spokestalk (Figure 3.2.3 (F) and Figure 3.2.4 (D)) axis. It 

reminds us of the spokehead (Figure 3.2.3 (D)). However, being much smaller 

than fully assembled RS head (Figure 3.2.3 (D) and (F)), which only partially 
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supports previously proposed model where a full wild type like morphology of 

the spoke head region has been hypothesized (Sivadas et al., 2012).  

Proteins residing at that region are presumably RS head/neck proteins, since 

previously published results (Sivadas et al., 2012) have shown presence of 

RS head/neck proteins (e.g. RSPs 1, 4, 6, 9, 10, 2 and 23) with comparable to 

the WT amounts in Δ1.  

The overall shape of RS in Δ1 strain has distinct morphology as compared to 

1-178 spoke or full length (Figure 3.2.3 (D), (E) and (F)). The stalk region 

reminds a question mark sign (Figure 3.2.3 (F)), which might be the 

consequence of local instability on that region, induced due to the absence of 

spokestalk proteins RSP 7 and RSP11. This could lead to a collapse of the 

RS complex and miss-assembly of RS neck/head regions.  

 

 
 
Figure 3.2.3: Structure of radial spokes from full length (A, D), 1-178 mutant (B, 

E) and Δ1 mutant (C, F) Chlamydomonas. Density maps were obtained by 

averaging sub-tomograms involving the 96 nm periodic unit from cryo-electron 

tomography and shown as transverse (A, B, C) and longitudinal (D, E, F) sections. 

Corresponding height on the RS stalk is indicated by red dashed line and the small 



 

 

	
Results	

	
	 	

45 

additional protrusions at the tip of RS stalk are indicated with red arrows (D, E and F). 

RS height in 1-178 and Δ1 is similar and equal ~20nm (E and F). Scale bar, 20 nm. 

 

 

 

 
 

Figure 3.2.4: Structure of radial spokes from 1-178 (A, C) and Δ1 mutant (B, D) 

Chlamydomonas. Density maps were obtained by averaging sub-tomograms 

involving the 96 nm periodic unit from cryo-electron tomography and shown as 

longitudinal (A, B) and top (C, D) sections. Corresponding positions on the RS2 tip 

are indicated by red arrows. The density at the position of spokehead/neck 

components, RSP1, 4, 6, 9, 10, 16, 2 and 23 are missing in averaged cryo-electron 

tomograms from 1-178 strain (A and C). An additional density, perpendicular to the 

stalk region is present at the tip of RS complex in Δ1 strain (B and D).  Scale bar, 20 

nm. 
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3.2.2. Sub-tomogram averaging shows NDK5 (RSP23) being crucial for 
structural integrity of RS head 
In order to characterize the structural components of RS complex with NDK5 

(RSP23) protein missing, I performed cryo-electron tomography and 

subsequent sub-tomogram averaging of the ndk5 axoneme, based on the 96 

nm periodic unit. 

To visualize spoke lesions caused by diminished NDK5, HSP40 and 

RSP1, I compared sub-tomogram averages of RS from Chlamydomonas WT 

and ndk5 flagella (Figure 3.2.5). The length of RSs in ndk5 axoneme is 

considerably shorter (29 nm) than WT RSs (43 nm). Curiously, despite the 

seemingly normal abundance of the other four spokehead proteins in SDS-

PAGE (Figure 3.2.1), sub-tomogram averages showed that RSs from ndk5 

(Figure 3.2.5 C and D) resembled headless RSs of the pf24 mutant (Pigino et 

al., 2011), contrary to intact RSs from WT (Figure 3.2.5 A and B). The density 

corresponding to the RS head is either missing or highly blurred. This is, on 

the one hand, consistent with the structural results from headless RS in 

respiratory cilia of primary cilia dyskinesia patients with a defective RSP1 

gene (Lin et al., 2014); and, on the other hand, it explains the ndk5 flagella 

phenotype that is as paralyzed as the headless mutant flagella, compared to 

the jerky flagella missing only HSP40 (Yang et al., 2008). Altogether, the 

results indicate the importance of NDK5 in the structural stability of the entire 

spokehead.    
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Figure 3.2.5: Structure of radial spokes from WT (A, B) and ndk5 mutant (C, D) 

Chlamydomonas. Density maps were obtained by averaging sub-tomograms 

involving the 96 nm periodic unit from cryo-electron tomography and shown as 

transverse (A, C) and longitudinal (B, D) sections. Corresponding positions on the 

RS neck are indicated by red arrows. The density at the position of spokehead 

components, RSP1, 4, 6, 9 and 10, are missing in averaged cryo-electron 

tomograms from ndk5 strain (C and D). Scale bar, 20 nm. 

 

3.2.3. Absence of RSP16 causes flexibility in the RS head and neck 
regions
 
To judge unambiguously the effect of RSP16 absence on the RS complex 

from the pf33 mutant, I have used spoke headless reference in 96 nm 

average (procedure similar to Pigino et al., 2012). When comparing 96 nm 

averaged RS structure of pf33 and the full-length strain, a blur in spoke 

head/neck region is evident (dashed rectangle in Figure 3.2.6 (A) and (B)). 

This evidences either a misalignment in sub-tomogram averaging procedure 

or a structural heterogeneity of HSP40- spoke complex. Since MTDs from the 

same average appeared to be crisp, I have ruled out a misalignment scenario 
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(Figure 3.2.6 (A) and (B)). In order to test for heterogeneity, I have used a 1D 

classification method (Obbineni et al., 2016) after 96 nm based alignment and 

averaging procedure.   

The classification analysis resulted in the majority of particles falling into one 

class with 541 particles and the rest 147 particles to be into class 2 (Figure 

3.2.7). The main difference between class1 (representing 80% of the 

particles) and class 2 appeared as an inclined density at the spokeneck 

region of RS1 (red arrow in Figure 3.2.7 (A) and (B)). In addition, the RS head 

region in class 1 still was blurred as compared to class 2, which pointed out 

further heterogeneity within the class.  

Indeed, a subsequent analysis of class 1 has shown further heterogeneity in 

the spokeneck and spokehead regions (Figure 3.2.8 (A), (B) and (C)). An 

average from the first class (Figure 3.2.8 (A)) has shown an additional density 

in between RS1 and RS2, that is difficult to explain from the absence of 

RSP16. At the same time RS2 has a slight rotation as compared to other 

class averages (Figure 3.2.8 (A) and (C)). The second-class average 

contained the very same inclination at the RS1 neck region as the total 

average (Figure 3.2.7 (A) and Figure 3.2.8 (B)). The third class average has 

slight curvature in the RS head part as indicated with red arrow (Figure 3.2.8 

(C)). Taken together, an absence of RSP16 does not influence on the overall 

spoke assembly to characteristic “T” shaped mature RS, however it induces 

structural and possible conformational heterogeneity in both RS1 and RS2. 

Since the heterogeneity is mainly in RS head/neck region, which is 

supposedly involved in mechanosensing with central pair complex (Oda et al. 

2014), the interactions are impaired, resulting in a jerky motion phenotype.   

As a control, classification analysis was performed with the full length 

axoneme. Two representative classes (Figure 3.2.9 A and B) show a main 

difference to appear in the RS head region (see red arrows), but no major 

structural heterogeneity as seen in case of pf33 mutant (Figure 3.2.8). The 

majority of particles (~60%) fall into class1 (Figure 3.2.9 A) with WT-like RS 

morphology, whereas the rest comprise a spoke with “defects” in RS head 

region, that could potentially occur due to flattening of flagella during cryo-

freezing or other mechanical distortion during axoneme preparation.  
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Figure 3.2.6: Sub-tomogram averages of WT and pf33 axonemes. Comparison of 

RS structure from transverse sections of 96 nm periodicity based average of WT (A) 

and pf33 mutant (B) of Chlamydomonas. Red dashed rectangle indicates on the 

corresponding spoke head/neck regions where the main differences resides. RSP16- 

mutant shows a blur in the density of the spoke head/neck region (B) as compared to 

WT (A). Scale bar 20 nm. 

 

 
Figure 3.2.7: Averaged RS structures from sub-classification of 96nm aligned 

pf33 axoneme. Two representative classes with averaged longitudinal sections from 

RS of pf33 mutant axoneme. Red arrow bar indicates on the corresponding 

difference in RS1 between class1 (A), with small inclination in spokeneck region and 

class2 (B). Scale bar 20 nm. 
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Mutant Estimated RS 
length 

Number of 
particles 

Full length ~43 nm 540 

Δ 1 20.7 nm 468 

1-178 20.7 nm 972 

NDK5 29 nm 112 

Pf33 ~43 nm 688 

WT 43 nm _ 

 
Table 6: summary from the mutants analyzed using cryo-electron tomography 

with estimated length of RS and number of particles included in the analysis (done in 

this work).  
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Figure 3.2.8: Averaged RS structures from sub-classification of 541 particles 

from pf33. Corresponding differences among the classes are indicated with red 

dashed rectangles or red arrows. First sub-class (A) shows an additional density in 

between RS1 and RS2 and slight rotation in the spokeneck region of RS2 (arrow in 

A). An average from the second sub-class (B) has an inclination in the spokeneck 

region of RS1 and blurred spokehead. The third sub-class (C) has a slightly tilted 

spokehead region. Scale bar 20 nm.  

 
 

 
Figure 3.2.9: Sub-averages from full length classification. Corresponding red 

dashed rectangles are indicating a discontinuity in the RS head region. Scale bar 20 

nm.  

 

3.2.4. Discussion 
 
3D reconstructions of axonemes from spoke mutant strains allowed me to 

access the structural role of individual proteins within the axoneme in situ. 

Combined with biochemical and functional assays (done in collaboration with 

Prof. Yang), the function of missing proteins can be understood.  

With the above-mentioned method, I have characterized the morphology of 

three different mutant axonemes, having truncations or deletion of the 

following spoke proteins: RSP3, RSP23 and RSP16.  

The study on RSP3 truncation mutants (Δ1 and 1-178) allowed an 

understanding of the structural impact of predicted coil regions of the protein 
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(Sivadas et al., 2012). The evidence of the truncated spoke of the 1-178 

mutant, missing carboxyl - terminus of RSP3 was rather predictable, since the 

deleted region is localized in the distal part of the spoke, in a close proximity 

to the spokehead. However, the absence of a properly assembled spokehead 

in the Δ1 mutant strain was unexpected and not fully supported by previously 

published biochemical data (Sivadas et al., 2012), which suggested that all 

the spokehead and spokeneck proteins, except RSP16 were assembled on 

the axoneme. Thus, the absence of the coil1 region in RSP3 not only disrupts 

interactions between adjacent proteins (RSP7 and RSP11), but also has an 

impact on interactions of its amino-terminus with adjacent spokehead and 

spokeneck regions (Oda et al., 2011), possibly inducing a local collapse of the 

structure. Notable, recent studies have shown a homologue of RSP3 in 

humans, RSPH3 to be involved in PCD with five genetic mutations localized 

at the conserved predicted domains of the protein (Jeanson et al., 2015). 

These mutations are similar to pf14, which introduces a premature stop codon 

in RSP3 and results in the total absence of RSPs in the axoneme. However in 

the human patients, immunofluorescence detected the presence of the RS 

head and neck proteins RSPH1, RSP4 and RSP23, even though, as in 

Chlamydomonas, RSP3 and 11 were missing. 

The structural characterization done in this work has shown nucleoside 

diphosphate kinase or RSP23 to be a structural unit of the spoke neck region, 

being involved in anchoring the RS head to the stalk. Its role is similar to that 

of RSP2, whose loss in the pf24, results in headless spokes (Pigino et al., 

2011). Interestingly, biochemical data detected the absence of only RSP16 at 

the neck and RSP1 at the head regions, which suggested the possibility of 

direct interactions between RSP23-RSP1 and RSP23-RSP16 proteins and a 

collapse of the head region in the assembled RS.  

Radial spoke protein 16 is assembled into the spoke complex only after the 

transport of immatured “L”-shaped spokes to the tip of the axoneme (Diener et 

al., 2011). Previous biochemical studies on an RSP16 RNAi mutant coupled 

with structural information from TEM images of cross sections of plastic-

embedded axonemes, detected the presence of characteristic “T”-shaped RS 

morphology in these flagella, which beat with a jerky motion. Recent studies 
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showed a mutation in DNAJB13 gene, encoding an ortholog to RSP16 protein 

in human to cause PCD and male infertility (El Khouri et al., 2016), thus 

pointing on importance of deciphering the function of this protein.  Structural 

characterization of pf33, missing RSP16, done in this work indicates on a 

flexibility of spokeneck region, which leads to heterogeneity of 

spokeneck/spokehead. That kind of flexibility correlates with the function of 

HSP40 family proteins, to which RSP16 belongs being involved in protein 

folding processes. It presumably stabilizes the spokeneck/head in certain 

conformation that ensures proper interactions between the spokeneck and 

central pair microtubules (CP). Consequently, the flexibility in the spokeneck 

and spokehead in pf33 induces local impairment in RS-CP interactions and 

may account for the jerky motility phenotype.  

 

3.3 Isolation and structural characterization of RS protein complex in 
vitro 
 

3.3.1 Introduction 
All the structural information on the radial spoke protein complex obtained so 

far was based on cryo-electron tomography and sub-tomogram averaging 

(Pigino et al., 2011, Oda et al., 2012, Lin et al., 2012), with the best resolution 

at ~35 Å (Pigino et al. 2011, Bui et al. 2009). However, in order to discuss the 

role and molecular interactions of individual proteins within the RS complex, 

higher resolution structure is necessary. The size of the complex (> 1MDa) 

made it a suitable target for cryo-electron microscopy and single particle 

analysis. In addition possible structural heterogeneity due to differences 

between RS1 and RS2 (Pigino et al., 2011) can be properly addressed by 

computational analysis involved in single particle averaging procedures. 

A prerequisite for successful application of the method is in obtaining 

homogeneous complex purification with full integrity of all ~23 radial spoke 

proteins. Moreover, if the first requirement is not very stringent met, the   

single particle analysis can deal with impurities in the sample through 

computational sorting and separating contaminants from RSs. The second 
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requirement, due to fundamental reasons, is absolutely necessary. Indeed, 

analysis procedures in single particle cryo-EM involve alignment, classification 

and averaging from a big number of projections, presumably having identical 

structures and if those structures are not identical and represent particles with 

partial disassembly, a compromise in resolution is unavoidable.   

Therefore, I have pursued the following strategy for achieving the goal of 

obtaining higher resolution images of isolated RSs: 

1. Biochemical optimization of RS complex purification for cryo-EM single 

particle studies 

2. Optimization of freezing parameters, cryo-grids preparation  

3. Data collection and processing 

 

3.3.2 Improvements in sample preparation for single particle cryo-
electron microscopy (cryo-EM) 
Isolation of radial spoke protein complex was first reported by P. Yang and 

colleagues (Yang et al., 2001, Kelekar et al., 2009) who succeeded in 

extracting and solubilizing the complex with the help of 0.5 M KI or NaBr. 

Furthermore, they restored spoke structures into pf14 flagella mutant, which 

confirmed at least partial integrity of the isolated spokes. Further studies, 

applying the same kind of extraction and additional 2D gel analysis coupled 

with mass spectrometry allowed identification of 10 additional radial spoke 

proteins, at least 23 in total (Yang et al., 2006).  

The isolation protocol is based on subsequent salt treatments coupled with 

velocity sedimentation, which facilitates disruption and separation of flagella 

sub-complexes. Limitations of the protocol, admitted by the authors (Kellekar 

et al., 2009) were the presence of large aggregation/precipitation of spokes 

after prolonged dialysis in 30 mM NaCl buffer, during sucrose gradient 

sedimentation. At the same time higher salt buffers resulted in poor 

separation of the spoke complex. Thus, as an alternative to sucrose density 

gradient sedimentation, Ni-NTA affinity purification was proposed (Zhu et al., 

2013), but was only used for purification of truncated RSP3-tagged transgenic 

strains (Gupta et al., 2012).  
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Since the RS isolation protocol was an empirically derived procedure, 

involving a lot of small but important variations depending on the inconstancy 

between preparations, first challenge was to achieve (establish, or improve 

etc.) reproducibility of the procedure. I, therefore, examined each step in the 

purification procedure, using not only classical SDS-PAGE method but also 

phase contrast light microscopy and notably, negative stain electron 

microscopy. Performing a negative stain EM has not only allowed judging the 

quality of the isolation of spokes but also identified the “checkpoints” that 

would define the success of purification. 

After achieving RS purification, I encountered several obstacles for cryo-

electron microscopy, listed below: 

 

1. Low yield of the complex (typically about 50 µg from 8 L of 

Chlamydomonas culture) 

2. Instability (meaning one can not freeze and store the complex); it has a 

tendency to aggregate and disassemble (Figure 3.3.3, (A) and (B)) 

3. Presence of impurities, major fraction consisting of tubulin and dynein 

(Figures 3.3.1, 3.3.1 a and 3.3.3) 

4. Presence of 25-30% sucrose, which interferes with cryo-EM imaging 

 

The low yield of the complex was a constraint only due to the apparent low 

purity of the preparation, otherwise it was still within acceptable range of 

concentrations for the cryo-EM single particle studies. One possible way to 

tackle with this problem was in scale-up of the initial cell culture volume, 

however, usually the yield of protein was not proportional to initial volume of 

cell culture. This was due to additional purification steps, which led to the loss 

of purified material, carried out for the high quality or purity of the RS 

preparation. 

Instability of the complex was rather an issue especially due to prolonged 

purification procedures (typically 2-3 days). Indeed, after sucrose density 

sedimentation, apart from the main RS complex at 20S fraction (Figure 3.3.1, 

lanes 12 - 14), there was a trace of spoke proteins towards the pellet (Figure 

3.3.1, lanes 15 - 20). This was due to both, aggregation of complex and 
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incomplete separation of RS1 and RS2, during solubilization, which lead to 

higher sedimentation values.  

As previously reported, the RS head region has a tendency to disassemble 

from the entire complex after prolonged sedimentation under low ionic 

strength conditions (Piperno et al., 1981).  That could potentially account for 

aggregations just due to exposure of hydrophobic patches of protein to the 

solution in the disassembled spoke neck/head regions.  

The presence of major contaminants, tubulin and dynein, was a well-known 

fact (Yang et al., 2001, Kelekar et al., 2011). To circumvent dynein 

contamination in RS isolation, which was due to its identical sedimentation 

values with RS complex, Yang and colleagues have used a double mutant 

strain pf28pf30 that lacked 20S motor species (outer arm and inner arm I1/f 

dyneins). Nonetheless it did not solve tubulin contamination problem and the 

procedure still involved prolonged dialysis, which led to aggregations of RS 

complex. Because of remaining tubulin contamination and due to the fact that 

the cells from double mutant strain, pf28pf30, occasionally failed to hatch, 

which in turn resulted in large cell-wall contamination from the culture, I have 

found that strain not suitable for the optimization of RS purification.  

 

 

 
  
Figure 3.3.1: RS purification using sucrose density gradient. Fractions from a 

10-30% sucrose density gradient, from RS purification, stained with silver stain. The 
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black arrow indicates one of the major contaminant, tubulin (~50 kD), and the red 

arrow marks RSPs 2 and 1 (118 and 123 kD). The RS complex peak values appear 

in fractions 12 – 14 but also spread all the way towards the bottom of the gradient. 

The last fraction usually contained a pellet with aggregated spokes. Marker values 

are annotated in kD. 

 

 
 

Figure 3.3.1 a: Identified pattern of RS proteins, using silver stained SDS-PAGE 

method. The bands from 5-25% sucrose density gradient fractions are compared 

and correlated with established 1D gels of the RS complex. 

  

In order to circumvent all the problems, mentioned above, I have used affinity 

chromatography as a purification method for isolation of RS complex from a 

recombinant Chlamydomonas flagella. Indeed, the procedure is faster, since it 

avoided the lengthy sucrose sedimentation step (~12-15h), is more specific 
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for the RS complex and could potentially solve the problem with impurities 

appearing due to similar sedimentation coefficients. In addition, it allowed 

concentration of the protein and exclude sucrose from the buffer for further 

cryo-EM studies. This was an important point especially since the usage of 

common concentrating columns has shown to be inefficient, leading to RS 

unspecific binding to the membrane. In turn, such a purification strategy 

required a tagged RS strain with a choice of protein to be tagged from among 

23 different possibilities. The protein of my choice was RSP3, since it is one of 

the main scaffolding subunits of the complex, protruding with its N-terminus 

from the spokestalk region all the way towards spokehead with its C-terminus 

being localized at the spokeneck region (Oda et al., 2014). Thus, the strain I 

have used for optimizing RS purification was full length rescued transgenic 

Chlamydomonas mutant, having 12 histidines at the C-terminus of RSP3 (Zhu 

et al., 2013).  

Improving RS isolation allowed obtaining structurally intact RS complex 

(Figure 3.3.3, (C) and (D)) from only 8 L of initial cell culture (previously 

published protocols were using ~48 L of culture). It did not completely 

eliminate dynein and tubulin contaminants (see Figure 3.3.2, red arrows), 

however >80% of particles were recognized as RS complex (Figure 3.3.3, (C) 

and (D)).  The presence of RS complex in the flow fraction may have been 

caused by the partial inaccessibility of the His-tag due to some steric 

hindrance present or spoke aggregation. Nonetheless, the amount of purified 

complex was still enough for using electron microscopy as well as automatic 

particle picking computational procedures important for 3D reconstruction of 

the complex.  

Negative stained micrographs comparing the RS isolations before and after 

optimization are shown below (Figure 3.3.3). As observed from the results of 

improved purification procedure, in the micrographs, the majority of the 

particles can be recognized as spokes, due to their characteristic “T”-shape 

morphology (Figure 3.3.3, (C) and (D)). To illustrate the advantage of affinity 

purification an example micrograph of negative stained RSs with non-optimal 

purification procedures is shown below (Figure 3.3.3, (A) and (B)), illustrating 

the  occasional aggregations and presence of impurities.  
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Figure 3.3.2: Isolation of RS complex using affinity chromatography. Silver 

stained, 7.5% SDS-PAGE gel showing fractions from metal ion affinity pull down of 

RS complex with RSP3 – 3HA – 12His tag. The flow-through fraction contains a band 

pattern characteristic of the RS protein complex presumably due to incomplete 

accessibility of C-terminus of RSP3 protein for binding to the Co++ beads. Red arrows 

point to the bands due to dynein and tubulin contaminants.  
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Figure 3.3.3: Negative stained micrographs from the RS purifications. (A) and 

(B) using previous, non-optimized protocol with numerous “contaminants” and 

aggregations. (C) and (D), elution fraction and ½ diluted from optimized RS 

purification protocol,  where characteristic “T”-shape of the complex is recognizable 

and serves as a quality control for optimized purification. Scale bars 200 nm. 

 
 

3.3.3 Optimization of freezing conditions for cryo-EM
 After reducing the compositional heterogeneity of the sample by optimizing 

the purification protocol (the previous section), freezing conditions needed to 

be optimized. Three important parameters to be considered for optimization 

were 1) overall ice thickness, to allow electrons to penetrate through the 

specimen; 2) homogeneous particle distribution over the grid with enough 

density to be picked for the analysis but not too dense to have overlapping 

structures and 3) good angular distribution of the particles over the grid, which 

is important to achieve isotropic resolution all over the structure.  
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The first two parameters were examined, after using various different 

conditions for blotting and freezing (e.g. plunge freezing equipment, types of 

grids, etc.), by screening the grids with TEM. Screening, using TEM was done 

in two steps. First, an overview on the grid ice thickness was obtained with the 

help of map generation using the low magnification mode (~200x). Thereafter, 

the distribution of particles over individual meshes and holes was examined, 

using higher magnification imaging modes (~3,000x and 50,000x). 

 The third condition could only be examined after data collection and 

processing, in terms of 2D classification of particles.   

Initial freezing trials of RS complex showed a tendency for unspecific binding 

of the protein onto the carbon part of holey carbon grids. In order to 

circumvent the problem, hydrophobicity of carbon has been varied by 

reducing the time for glow discharge cleaning procedure, which ensures 

removing hydro-carbons from the surface of TEM grids. In concert with that, 

two different types of equipment were tested for glow discharging: a UV lamp 

and a commercial glow discharge unit (Cressington208 Carbon). All in all, 

even though, the protein was repealed by carbon and could stay in the holey 

areas, the distribution of protein over the grid was rather pure and led to 

heterogeneous ice thickness over the TEM grid as well as within the mesh 

(Figure 3.3.4). A number of other parameters, such as blotting time, chamber 

humidity, type of grids (e.g. different mesh size, holey carbon, lacey carbon) 

as well as blotting pressure have been varied with the use of commercial 

freezing apparatus (CP3, Gatan), but did not have considerable impact 

towards finding the right conditions for freezing. Besides the tendency of RS 

to stick to carbon, yet another issue was the low concentration of particles in 

the grid due to stripping off effect from the blotting paper. This could be fully 

eliminated with the use of single-sided blotting and using a manual blotting 

and plunging device. Despite the fact that a lot of parameters are not under 

precise control with manual blotting and freezing device (e.g. humidity of the 

blotting chamber, temperature of liquid ethane, blotting time), it allows a 

“back-side” blotting and eliminates the problem of double-side blotting 

(another alternative would be the single-side blotting instrument from Leica), 

which was crucial for getting desirable freezing quality. An ultimate 
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optimization was in use of pre-coated carbon grids, which was done manually, 

for blotting and freezing that resulted in desirable protein concentration over 

the grid as well as ice thickness (Figure 3.3.5).  

 
 
Figure 3.3.4: Example of semi-optimal frozen cryo grid for single particle cryo-

EM studies. TEM micrographs showing (A) a low magnification (~200x) overview 

allows examining overall thickness of ice: square mesh with relatively good ice 

thickness, which appears transparent and has suitable RS distribution as shown in 

high magnification (~30,000x) micrograph (B); corresponding blue rectangle (A) 

indicates “bad” ice area, being too thick for electrons to penetrate, which is the 

reason why there is not much signal from the protein at higher magnification (C). 

Yellow rectangle (A) indicates semidried mesh area. Scale bars: ~40uM (A) and 

~200 nm (B and C). 
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Figure 3.3.5: Optimized blotting conditions for single particle cryo-EM, using 

continuous carbon. A low magnification (A, ~200 x) micrograph gives an overview 

of good ice coverage along the grid and thickness conditions. The higher 

magnification (B, ~50,000 x) micrograph allows correlating ice thickness with 

particles density and distribution conditions in the hole. Scale bar ~100nm. 

 

3.3.4 2D characterization of RS complex denotes flexibility in the stalk 
region 
In order to get an idea about particles angular distributions using either carbon 

coated or just holey carbon grids, I have performed 2D classifications from 

both of the types of data separately. After several refinement procedures, 

averages from 2D classification of particles from carbon-coated grids have 

shown variability in angular distribution, not being limited by only the side 

views, but also having intermediate and top views (see Figure 3.3.6, (A)). In 

contrast to that, the same type of analysis for holey carbon dataset yielded 

into class averages representing only side views of RS complex, which in 

addition appeared less crisp or defined (Figure 3.3.6, (B)). This could be 

explained either by an assumption that the RS complex is destabilized during 

the blotting and freezing procedures in the buffer as opposed to presence of 

carbon support, which leads to heterogeneity in the dataset. Another factor 

could be that the initial dataset for holey carbon grids was only half as large 

as the dataset obtained from RS particles on carbon support. In any case, 

heterogeneity, whether intrinsic or induced by purification and freezing, can 
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only be sorted out using a large dataset for classification and averaging; 

otherwise, as may be the case (for the holey grids) insufficient particles are 

present to adequately define (or populate) each particle class. 

Another interesting result is an anisotropic resolution of the spoke complex, 

decreasing from the head region towards the stalk (Figure 3.3.6, (D)). Indeed, 

the most distal part of the spoke stalk as well as distal parts of spokehead 

regions appear to be blurred and indicate certain flexibility of that region in the 

spoke complex. This correlates with already reported heterogeneity in RS1 

and RS2 spoke stalk (Pigino et al., 2011). The best resolution achieved in 2D 

classification was at ~12 Å.  

 

 

 
Figure 3.3.6: 2D class averages of RS. Representative class averages after 2D 

classification analysis from the data collected with continuous carbon (A) as well as 

holey carbon grids (B). The averages from carbon data set contain orientation 

variations of RS complexes (A) which is not the case for the holey carbon data (B). 

Corresponding scaled images of averages from each type of grids (C and D) are 

indicated with red squares (A and B). RS parts with possible flexibility, appearing 
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blurred in class averages from both, continuous and holey carbon coated grids, are 

indicated with blue rectangle and arrowheads in (D).  

 

3.3.5 Reconstruction of 3D structure of RS complex at 17.3 Å resolution 
The 3D structure of the spokes has been reconstructed using as an initial 

template previously reported 3D tomographic structure (Pigino et al., 2011). 

Since the initial reference structure was obtained by tomography, the chance 

of model or reference bias was low. Considering that the RS stalk region 

appeared to have a certain flexibility and due to limited size of the dataset, 3D 

structural refinements were carried out on the masked RS head/neck regions, 

which resulted in the best 17.3 Å resolution reconstruction reported so far 

(see Figure 3.3.9 for resolution assessment).  

In order to access the symmetry present in the RS complex, an initial 3D 

refinement and reconstruction were carried out without symmetry imposed. 

This lead to an interesting output, showing a two-fold symmetry present at the 

spokehead  region (Figure 3.3.7, A), breaking towards the head and stalk 

parts of the complex (Figure 3.3.7, B and C).  
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Figure 3.3.7: Structure of RS complex, reconstructed without symmetry 

imposed. Surface rendered model, showing a two-fold symmetry at the spokehead 

region (A), with symmetry axis marked with a red ellipse. Neck and stalk regions do 

not show similar symmetry (B) and (C). 

 

Due to the improved resolution, obtained after 3D refinements of the head 

region, and taking into account the two-fold symmetry, more details of the 

structure of the spoke head are visible (Figure 3.3.8). The single particle 

structure of the head region indicates a few additional densities, which were 

not envisioned from the tomography structure (Figure 3.3.8, red arrows) as a 

result of resolution limitation.   
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Figure 3.3.8: Comparison between the structure of the RS head region from 

single particle cryo-EM (17.3 Å) and cryo-electron tomography (35 Å). Surface 

rendered models show much more detail for subdomain architecture of RS complex 

from single particle reconstruction as compared to tomography. Red arrows indicate 

additional densities being visible only in the higher resolution structure.  

 
The structure provides better understanding of domain architecture in RS 

macromolecular complex and can be used for further model building.  
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Figure 3.3.9: The gold-standard fourier shell correlation plots (FSC), calculated 

before and after applying mask as well as with corrected values, since the estimation 

for unmasked volume is usually undervalued. Frequency values, dropping below 0.5 

FSC is corresponding to 20Å resolution and below 0.143 FSC to 17.3Å estimated 

resolution. 

 

 

3.3.6 Discussion 
The tendency of aggregation and instability of the purified RS complex in vitro 

can be one of the reasons why the matured, “T”-shaped spoke complex is not 

assembled in the cell body of Chlamydomonas but rather transported into 

axoneme to be accessorized with additional proteins (e.g. RSP16 and RSP8) 

to form a final complex (Diener et al., 2011). Thus, in general, purification of 

such a complex appears to be a challenge, which was optimized in this study 

specifically for cryo-electron microscopy and single particle averaging.  

Purification was optimized to improve the heterogeneity due to presence of 

other protein “contaminants” (mainly dyneins and tubulin). Purity was not fully 

realized partially due to the limitations of the method itself (e.g. unspecific 

binding of tubulin to IMAC beads) and possibly because of possible in vitro/in 

vivo interactions between RS complex and tubulin. Nonetheless, most of 

impurities were eliminated ensuring an acceptable level of biochemical 
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homogeneity of the complex. However, despite the fact, RS1 and RS2 protein 

composition is known to be similar, there are structural differences at the 

spokestalk region shown by cryo-electron tomography studies (Pigino et al., 

2011) that imposes structural heterogeneity and is another level of complexity 

for getting high resolution structural information on the complex. The 

resolution I have obtained in this studies was limited to 17.3 Å due to two 

factors: 1) mechanical limitation from the electron microscope, not giving 

structural information beyond 8 Å and 2) small number of initial data collected 

(~200,000 picked and ~9,000 included to final 3D reconstruction) considering 

the heterogeneity of the complex. Thus, obtaining more data will help in 

getting higher resolution structural details of the complex.  

Our structure allowed confirming two-fold symmetry in the RS-head region, 

which was suggested from a cryo-electron tomography work (Pigino et al., 

2011), but opposed in another cryo-ET studies showing, with the help of 

BCCP tags, the locations of the amino and carboxyl-termini of RSP4 and 

RSP6, breaking the symmetry (Oda et al., 2014).  Nonetheless, in the later 

work as the authors admit themselves, there is an ambiguity for localization of 

carboxy-termini of RSP6, due to rather scattered appearance of the signal 

which could easily account for incorrect modeling/positioning of those 

proteins. Apart from that, based on 3D reconstructed volumes of the RS head, 

there shall be at least four copies of individual RSPs, which were not 

considered in their model.  
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4 Summary and Outlook 
 

In current studies I have used combination of three different methods to shed 

light into structural and functional morphology of RS proteins. With those I 

was able to answer to different questions, mainly focusing on RS head and 

neck regions: 

1) Do individual proteins, comprising spokehead and spokeneck form a 

tight complex or are the interactions rather having transient nature? Is it 

possible to reconstitute the complex in vitro or crystallize individual 

proteins? 

As far as I can conclude from the performed in vitro biochemical and 

biophysical characterization of interactions between recombinantly 

expressed proteins, the interactions are rather weak or transient. 

Surprisingly, despite the predictable number of proteins per monomer 

of the RS head region indicating 4 copies of each spokehead protein to 

be present, almost all of the spokehead proteins are monomers, 

besides RSP10 being a homodimer in vitro. Co-expression 

experiments of spokeneck and spokehead pointed out possible 

interactions between RSP1 – RSP9, RSP1 – RSP16, RSP2 – RSP4, 

RSP2 – RSP9, RSP2 – RSP16. Overall, despite the fact of presence of 

individual hits, it was not enough to proceed with multi-protein co-

expression in E.coli, which might simply be due to absence of 

additional factors involved in eukaryotic protein folding (e.g. 

phosphorylation or other kinds of posttranslational modifications). It 

might be worth trying a MultiBac expression method (Trowitzsch et al., 

2010).  

Cross-linking MS from the isolated RS complex confirmed interactions 

between RSP2-RSP4, with the cross linked regions localized at the 

amino-termini of both proteins, which potentially enable us to model the 

orientation of those proteins inside RS complex.  

Extensive crystallization experiments of individual proteins have failed 

and that can account mainly for presence of many flexible or 



 

 

	
Summary	and	Outlook	

	
	 	

71 

unstructured regions within the sequence of RS proteins (Figure 3.1.2). 

Nonetheless, it could be worth to try crystallization with RS proteins 

forming tight sub-complexes and thus reducing the flexibility of 

individual components. 

 

2) What is the impact of individual proteins (RSP3, RSP23 and RSP16) 

on RS complex formation in situ? 

Cryo-electron tomography and sub-tomogram averaging of mutant 

axonemes: NDK5, Δ1, 1-178, pf33. The absence of RS head/neck 

region indicated RSP23 being a structural protein to link the RS head 

region to the neck part of the complex.  

a. Structural characterization of RSP3 truncation mutants (Δ1 and 

1-178) designated the importance of Coil 1 preserved region of 

RSP3 for stability and assembly of the RS head region. 

b. Absence of RSP16 (HSP40) in pf33 axonemal RS was shown to 

have as a secondary effect in terms of flexibility of RS 

head/neck region. This gave interesting results in terms of 

potential heterogeneity in RS complex of WT and explained the 

phenotype of pf33 strain. Thus RSP16 as a member of DNA 

chaperone protein family is presumably responsible for 

conformational stability of spoke neck and head regions.  

c. 3D structure of NDK mutant strain together with biochemical 

data (done by collaboration) allowed us to conclude: despite 

RSP23 belonging to the Group II NDK protein family, its NDK 

activity is not necessary for the assembly of RS. Structure of the 

spoke being similar to headless mutant demonstrates that 

RSP23 is an anchoring protein for the RS head region, similar to 

RSP2. 

 

Characterization of such a secondary structural anomalies in the RS 

complex, induced by absence or mutation of individual proteins that are 

involved in PCD using homology can potentially provide a platform for fast 

diagnostics.   
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3) What is the structure of the RS protein complex and what can we learn 

from it? 

Single particle cryo-electron microscopy of isolated RS complex. 

Mature RS complex has been isolated and optimized for cryo-electron 

microscopy studies. Collected dataset allowed 3D reconstruction with 

17.3 Å resolution structure of RS head and neck regions, being the 

best resolution reported so far, allowing us to confirm the two-fold 

symmetry of the RS head region. The stalk region of the complex has a 

higher flexibility (possibly due to differences present in RS1 and RS2).  

 The optimization of purification procedure done in this work will allow 

further data collection and refinements of the structure, which hopefully 

will shed light into the molecular mechanism of motility waveform 

control by RS/CP/dynein complex interactions. In combination with 

further cross-linking MS experiments it has a potential to understand 

the exact stoichiometric arrangement and structure of RS proteins.   

Further analysis can be conducted to decipher conformational 

heterogeneity of the complex and combined with cryo-ET data, give 

clues about regulation mechanism of RSs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

	
Bibliography	

	
	 	

73 

Bibliography  
 

Bessen M, Fay RB and Witman GB, 1980, Calcium control of waveform in 

isolated flagellar axonemes of Chlamydomonas, J. Cell Biochem,  86, 446-

455 

 

Berg P, Joklik WK, 1955. Transphosphorylation between nucleoside 

polyphosphates. Nature, 172, 1008-1009 

 

Broadhead R, Dawe HR, Farr H, Griffiths S, Hart SR et a., 2006, Flagellar 

motility is required for the viability of the bloodstream trypanosome, Nature 

440, 224-227 

 

Bui KH and Ishikawa T, 2013. 3D structural analysis of flagella/cilia by cryo-

electron tomography. Methods in Enzymology, 524, Chapter 17, 305-323 

 

Bui KH, Sakakibara H, Movassagh T, Oiwa K, Ishikawa T, 2009. Asymmetry 

of inner dynein arms and inter-doublet links in Chlamydomonas flagella. J Cell 

Biol, 186, 437-446 
 

Castelman VH, Romio L, Chodhari R, Hirst RA, de Castro SC et al., 2009, 

Mutations in radial spoke head protein genes RSPH9 and RSPH4A cause 

primary ciliary dyskinesia with central-microtubular-pair abnormalities, Am J 

Hum Genet, 84, 197-209 

 

Craige B, Brown JM, Witman GB, 2013. Isolation of Chlamydomonas flagella. 

Curr Protoc Cell Biol, Chapter 3, 1-12 

 

Curry AM, Williams BD, Rosenbaum JL, 1992. Sequence analysis reveals 

homology between two proteins of the flagellar radial spokes. Mol Cell Biol. 

12, 3967-3977 

 



 

 

	
Bibliography	

	
	 	

74 

Diener DR, Ang LH, Rosenbaum JL. 1993, Assembly of flagellar radial spoke 

proteins in Chlamydomonas: identification of the axoneme binding domain of 

radial spoke protein 3. J. Cell Biol. 123, 183-190 

 

Diener DR, Curry AM, Johnson KA, Dentler WD, Lefebvre PA et al., 1990. 

Rescue of a paralyzed-flagella mutant of Chlamydomonas by transformation. 

Proc. Natl. Acad. Sci. U.S.A. 87, 5739-5743 

 

Diener DR, Yang P, Geimer S, Cole DG, Sale WS et al., 2011, Sequential 

assembly of flagellar radial spokes, Cytoskeleton (Hoboken), 68, 389-400 

 

Duriez B, Duquesnoy P, Escudier E, Bridoux AM, Escalier D, 2007. A 

common variant in combination with a nonsense mutation in a member of the 

thioredoxin family causes primary ciliary dyskinesia. Proc Natl Acad Sci USA, 

104, 3336-3341  

 

El Khouri E, Thomas L, Jeanson L, Bequignon E, Vallette B, et al., 2016, 

Mutations in DNAJB13, Encoding an HSP40 Family Member, Cause Primary 

Ciliary Dyskinesia and Male Infertility, Am J Hum Genet. 99, 498-500 

 

Folta-Stogniew, 2006. Oligomeric states of proteins determined by size-

exclusion chromatography coupled with light scattering, absorbance, and 

refractive index detectors. Methods Mol Biol, 328, 97-112 
 

Fox BG and Blommel PG. 2009. Autoinduction of protein expression. Curr. 

Protoc. Protein Sci. Chapter 5 

 

Fribourg S, Romier C, Werten S, Gangloff YG, Poterszman A. et al., 2001. 

Dissecting the interaction network of multiprotein complexes by pairwise 

coexpression of subunits in E. coli. J Mol Biol, 306, 363-373  

 

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd et al., 2009. 

Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat 



 

 

	
Bibliography	

	
	 	

75 

Methods, 6, 343-345 

 

Goodenough UW, Heuser JE, 1985, Substructure of inner dynein arms, radial 

spokes, and the central pair/projection complex of cilia and flagella, J Cell 

Biol., 100, 2008-2018 

 

Gorman DS and Levin RP, 1965. Cytochrome f and plastocyanin: their 

sequence in the photosynthetic electron transport chain of Chlamydomonas 

reinhardi. Proc Natl Acad Sci USA, 54, 1665-1669 
 

Grabski A, Mehler M, Drott D, 2003. Unattended high-density cell growth and 

induction of protein expression with the Overnight Express Autoinduction 

System. inNovations 17, 3-6 

 

Gupta A., Diener D., Sivadas P., Rosenbaum J. and Yang P. 2012. The 

versatile molecular complex component LC8 promotes several distinct steps 

of flagellar assembly. J. Cell Biol. 198, 115-126 

 

Habermacher G, Sale WS, 1997. Regulation of flagellar dynein by 

phosphorylation of a 138-kD inner arm dynein intermediate chain. J Cell Biol. 

13, 167-176 

 

Haffke M, Marek M, Pelosse M, Diebold M-L, Schlattner U et al., 2015. 

Characterisation and production of protein complexes by co-expression in 

Escherichia coli. Methods in Molecular Biology, 1261, Chapter 4, 63-89 

 

Hao L, Scholey JM, 2009. Intraflagellar transport at a glance. J Cell Sci., 122, 

889-892 

 

Howard DR, Habermacher G, Glass DB, Smith EF, Sale WS, 1994. 

Regulation of Chlamydomonas flagellar dynein by an axonemal protein 

kinase. 127, 1683-1692 

 



 

 

	
Bibliography	

	
	 	

76 

Huang B, Piperno G, Ramanis Z and Luck DJ. 1981. Radial spokes of 

Chlamydomonas flagella: genetic analysis of assembly and function. J. Cell 

Biol. 88, 80-88 

 

Ishikawa T. 2015. Cryo-electron tomography of motile cilia and flagella. Cilia, 

4, 1-20 

 

Jeanson L, Copin B, Papon J-F, Dastot-Le Moal F, Duquesnoy P, Montantin 

G. et al. 2015. RSPH3 mutations cause Primary Ciliary Dyskinesia with 

central-complex defects and a near absence of radial spokes. The American 

Journal of Human Genetics, 97, 153-162 

 

Johnson KA and Rosenbaum JL, 1992. Polarity of flagellar assembly in 

Chlamydomonas. J Cell Biol., 119, 1605-1611 

 

Kamiya R and Yagi T. 2014. Functional Diversity of Axonemal Dyneins As 

Assessed by In Vitro and In Vivo Motility Assays of Chlamydomonas Mutants. 

Zoological Science, 31, 633-644 

 

Kelekar P, Wei M, and Yang P. 2009. Isolation and analysis of radial spoke 

proteins. Methods in Cell Biology, 92, Chapter 12, 181-196 

 

Kimanius D, Forsberg BO, Scheres SH, Lindahl E, 2016, Accelerated cryo-

EM structure determination with parallelization using GPUs in RELION-2, Elife 

Vol. 15;5 doi:10.7554/eLife.18722 

 

Knowles MR, Ostrowski LE, Leigh MW, Sears PR, Davis SD et al., 2014. 

Mutations in RSPH1 cause primary ciliary dyskinesia with a unique clinical 

and ciliary phenotype. Am J. Respir. Crit. Care Med. 189, 707-717 

 

Kohno T, Wakabayashi K, Diener DR, Rosenbaum JL and Kamiya R, 2011. 

Subunit interactions within the Chlamydomonas flagellar spokehead. 

Cytoskeleton (Hoboken), 68, 237-246, DOI: 10.1002/cm.20507  



 

 

	
Bibliography	

	
	 	

77 

 

Kozminski KG, Beech PL, Rosenbaum JL, 1995. The Chlamydomonas 

kinesin-like protein FLA10 is involved in motility associated with the flagellar 

membrane. J Cell Biol., 131, 1517-1527 

 

Kremer, J. R., Mastronarde, D. N. and McIntosh, J. R., 1996, Computer 

visualization of three- dimensional image data using IMOD, J Struct Biol 116, 

71-76.  

 

Kucukelbir A, Sigworth FJ and Tagare HD. 2013. Quantifying the local 

resolution of cryo-EM density maps. Nature Methods, 11, 63-65 

 

Lechtreck KF, 2015. IFT-Cargo Interactions and Protein Transport in Cilia. 

Trends Biochem Sci., 40, 765-778 

 

Leitner A, Walzthoeni T, Aebersold R, 2014. Lysine-specific chemical cross-

linking of protein complexes and identification of cross-linking sites using LC-

MS/MS and the xQuest/xProphet software pipeline. Nat Protoc. 9, 120-137 

 

Li X, Mooney P, Zheng S, Booth CR, Braungeld MB et al., 2013, Electron 

counting and beam-induced motion correction enable near-atomic-resolution 

single-particle cryo-EM, Nat Methods, Vol. 10(6):584-90 

 

Lin J, Heuser T, Carbajal-Gonzalez BI, Song K, Nicastro D, 2012. The 

structural heterogeneity of radial spokes in cilia and flagella is conserved. 

Cytoskeleton (Hoboken) 69:88-100 

 

Lin J, Yin W, Smith MC, Song K, Leigh MW et al., 2014. Cryo-electron 

tomography reveals ciliary defects underlying human RSPH1 primary ciliary 

dyskinesia. Nat Commun, 5, 1-19 
 



 

 

	
Bibliography	

	
	 	

78 

Luck DJ, Piperno G, Ramahis Z and Huang B. 1977. Flagellar mutants of 

Chlamydomonas: studies of radial spoke-defective strains by dykarion and 

revertant analysis. Proc. Natl. Acad. Sci. U.S.A. 74, 3456-3460 

 

Mastronarde DN, 2005. Automated electron microscope tomography using 

robust prediction of specimen movements. J Struct Biol, 152, 36-51 
 

Nakazawa Y, Ariyoshi T, Noga A, Kamiya R, Hirono M, 2014. Space-

dependent formation of central pair microtubules and their interactions with 

radial spokes. PLoS, doi:10.1371/journal.pone.0110513 

 

Nishi M, Mizushima A, Nakagawara Ki, Takeshima H. 2000. Characterization 

of human junctophilin subtype genes. Biochem Biophys Res. Commun. 273, 

920-927 

 

Obbineni JM, Yamamoto R, Ishikawa T, 2016. A simple and fast approach for 

missing-wedge invariant classification of subtomograms extracted from 

filamentous structures. J Struct Biol, 197, 145-154 

 

Oda T, Yanagisawa H, Yagi T and Kikkawa M, 2014. Mechanosignaling 

between central apparatus and radial spokes controls axonemal dynein 

activity. JCB, 204, 807-819 

 

Omoto CK, Yagi T, Kurimoto E, Kamiya R, 1996. Ability of paralyzed flagella 

mutants of Chlamydomonas to move. Cell Motil Cytoskeleton, 33, 88-94 

 

Patel-King RS, Gorbatyuk O, Takebe S and King SM. 2004. Flagellar radial 

spokes contain a Ca2+ -stimulated nucleoside diphosphate kinase. Mol. Biol. 

Cell, 15, 3891-3902 

 

Pazour GJ, Agrin N, Leszyk J and Wtiman GB. 2005. Proteomic analysis of a 

eukaryotic cilium. J. Cell Biol. 170, 103-113 

 



 

 

	
Bibliography	

	
	 	

79 

Piperno G. 1995 Isolation of radial spoke heads from Chlamydomonas 

axonemes. Methods in Cell Biology, 47, Chapter 52, 381-383 

 

Piperno G, Huang B, and Luck DJ. 1977. Two-dimensional analysis of 

flagellar proteins from wild-type and paralyzed mutants of Chlamydomonas 

reinhardtii, Proc. Natl. Acad. Sci. U.S.A. 74, 1600-1604 

 

Piperno G, Huang B, Ramanis Z and Luck DJL, 1981. Radial spokes of 

Chlamydomonas flagella: polypeptide composition and phosphorylation of 

stalk components. The Journal of Cell Biology, 88, 73-79 

 

Pigino G, Bui KH, Maheshwari A, Lupetti P, Diener D. and Ishikawa T. 2011. 

Cryoelectron tomography of radial spokes in cilia and flagella. The Journal of 

Cell Biology, 195, 673-687, DOI:10.1083/jcb.201106125  
 

Pigino G. and Ishikawa T. 2012. Axonemal radial spokes, 3D structure, 

function and assembly, BioArchitecture 2, 2, 50-58, DOI: 

http://dx.doi.org/10.4161/bioa.20394 

 

Piperno G, Ramanis Z, Smith EF, Sale WS, 1990. Three distinct inner dynein 

arms in Chlamydomonas flagella: molecular composition and location in the 

axoneme. J Cell Biol. 110, 379-389 

 

Porter ME, Sale WS, 2000. The 9 + 2 axoneme anchors multiple inner arm 

dyneins and a network of kinases and phosphatases that control motility. J 

Cell Biol., 151, F37-42 

 

Qin H, Diener DR, Geimer S, Cole DG, Rosenbaum JL, 2004. Intraflagellar 

transport (IFT) cargo: IFT transports flagellar precursors to the tip and 

turnover products to the cell body. 164, 255-266 

 



 

 

	
Bibliography	

	
	 	

80 

Rezabkova L, Kraatz SH, Akhmanova A, Steinmetz MO, Kammerer RA, 2016. 

Biophysical and Structural Characterization of the Centriolar Protein Cep104 

Interaction Network. J Biol Chem, 291, 18496-18504 

 

Rohou A, Grigorieff N., 2015, CTFFIND4: Fast and accurate defocus 

estimation from electron micrographs, J Struct Biol. Vol.192(2): 216-21 

 

Rosenbaum JL, 2009, A Stroll through Time with Chlamydomonas, The 

Chlamydomonas Source Book, Chapter 1, Vol. 3, 1-15 

 

Rosenbaum JL and Witman G, 2002, Intralagellar transport, Nat Rev Mol Cell 

Biol. 3, 813-825 

Schuck P, 2000. Size-distribution analysis of macromolecules by 

sedimentation velocity ultracentrifugation and lamm equation modeling. 78, 

1606-1619 

 

Scheres SH, 2012. RELION: implementation of a Bayesian approach to cryo-

EM structure determination. J Struct Biol, 180, 519-530 

 

Schwartz Z, Lohmann CH, Sisk M, Cochran DL, Sylvia VL, et al., 2001. Local 

factor production by MG63 osteoblast-like cells in response to surface 

roughness and 1,25-(OH)2D3 is mediated via protein kinase C- and protein 

kinase A-dependent pathways. Biomaterials, 22, 731-741 

 

Sedykh I, TeSlaa JJ, Tatarsky R, Keller AN, Toops KA et al., 2016. Novel 

roles for the radial spoke head protein 9 in neural and neurosensory cilia. 

Scientific Reports, 6, 1-12 

 

Sivadas P, Dienes JM, Maurice MS, Meek WD and Yang P, 2012. A flagellar 

A-kinase anchoring protein with two amphiphatic helices forms a structural 

scaffold in the radial spoke complex, JCB, 199, 639-651 

 



 

 

	
Bibliography	

	
	 	

81 

Smith EF and Yang P, 2004, The radial spokes and central apparatus: 

mechano-chemical transducers that regulate flagellar motility, Cell Motil. Med. 

300, 53-56 

 

Tarazona MP and Saiz E, 2003. Combination of SEC/MALS experimental 

procedures and theoretical analysis for studying the solution properties of 

macromolecules. J Biochem Biophys Methods, 56, 95-116 

 

Trowirzsch S, Bieniossek C, Nie Y, Garzoni F, Berger I, 2010. New 

baculovirus expression tools for recombinant protein complex production. J 

Struc Biol, 172, 45-54 

 

Vincentelli R, Romier C, 2013. Expression in Escherichia coli: becoming faster 

and more complex. 23, 326-334 

 

Vogel P, Read RW, Hansen GM, Payne BJ, Small D, et al., 2011. Congenital 

hydrocephalus in genetically engineered mice. Vet Pathol 49, 166-181 

 

Wakabayashi K, Yagi T, Kamiya R, 1997. Ca2+-dependent waveform 

conversion in the flagellar axoneme of Chlamydomonas mutants lacking the 

central-pair/radial spoke system. Cell Motil Cytoskeleton, 38, 22-28 

 

Welch, E.J., B.W. Jones, and J.D. Scott. 2010. Networking with AKAPs: 

context-dependent regulation of anchored enzymes. Mol. Interv. 10, 86–97.  

 

Williams BD, Velleca MA, Curry AM, Rosenbaum JL. 1989. Molecular cloning 

and sequence analysis of the Chlamydomonas gene coding for radial spoke 

protein 3: flagellar mutation pg-14 is an ochre allele. J. Cell Biol. 109, 235-245 

 

Witman GB, 1975. The site of in vivo assembly of flagella microtubules. Ann N 

U Acad Sci., 30, 178-191 

 

Witman GB, 1986. Isolation of Chlamydomonas flagella and flagellar 



 

 

	
Bibliography	

	
	 	

82 

axonemes. Methods Enzymology, 134, 280-290 

 

Yan R, Hu X,  Zhang W, Song L, Wang J. et al., 2015. The mouse radial 

spoke protein 3 is a nucleocytoplasmic shuttiling protein that promotes 

neurogenesis. Histochem Cell Biol. 144, 309-319 

 

Yang C, Compton MM, Yang P, 2005. Dimeric novel HSP40 is incorporated 

into the radial spoke complex during the assembly process in flagella. Mol Biol 

Cell., 16, 637-648 

 

Yang P., Diener D. R., Rosenbaum J. L. and Sale W. S. 2001. Localization of 

Calmodulin and Dynein Light Chain LC8 in Flagellar Radial Spokes, J. Cell 

Bio., 153, 1315-1326 

 

Yang P, Diener DR, Yang C, Kohno T, Pazour GJ et al. 2006 Radial spoke 

proteins of Chlamydomonas flagella. Journal of Cell Science, 119, 1165-1174, 

DOI: 10.1242/jcs.02811 

 

Yang P and Smith EF, 2009. The Flagellar Radial Spokes. The 

Chlamydomonas Source Book. Chapter 7, Vol.3, 209-235 

 

Yang P, Yang C and Sale WS. 2004. Flagellar radial spoke protein 2 is a 

calmodulin binding protein required for motility in Chlamydomonas reinhardtii. 

Eukaryot. Cell, 3, 72-81  

 

Yang C and Yang P. 2006. The flagellar motility of Chlamydomonas pg25 

mutant lacking an AKAP-binding protein is overtly sensitive to medium 

conditions. Mol. Biol. Cell, 17, 227-238 

 

Zhu X, Liu Y, Sivadas P, Gupta A, Yang P, 2013. Molecular tools for studying 

the radial spoke. Methods in Enzymology 524, 19-36 

 



 

 

	
Bibliography	

	
	 	

83 

Zhuo X-F, Zhang Y-Y, Guan Y-X, Yao S-J, 2014. Co-expression of disulfide 

oxidoreductases DsbA/DsbC markedly enhanced soluble and functional 

expression of reteplase in Escherichia coli. J of Biotech, 192, 197-203 

 

Zimmer WE, Schloss JA, Silflow CD, Youngblom J and Watterson DM. 1988. 

Structural organization, DNA sequence, and expression of the calmodulin 

gene. J. Biol. Chem. 263, 19370-19383 

 

 

 

 

 



 

 

	
Appendix	

	
	 	

84 

 

Appendix  

A. Single particle analysis, using Relion 2.0 software: 

 
Following procedure was applied for 3D structural analysis of RS presented in 

this work. More detailed description on the meaning of each parameter can be 

found in RELION 2.0 tutorial (Kimanius  et al., 2016). 

 

 
Figure A1: Graphical user interface of RELION 2.0  
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1. Motion correction  
After the movies were imported to RELION 2.0 software and corrected 

with motioncorr software (Li  et al., 2013). 

 

2. CTF estimation  
CTF has been estimated with the help of CTFFIND4 software (Rohou 

A. and Grigorieff N., 2015) 

 

 
Figure A2: CTF correction  

 

3. Particle picking and extraction  
 

At first, the particles were manually selected from several micrographs (total 

number of picked particles ~1000). Those particles were used for reference-

free 2D classification and resulted class averages served as a template for 

further automated particle picking from the full data set.  

 

a. Manual picking 

Particle diameter (A): 300 

Scale for micrographs: 0.2 

Sigma contrast: 3 

Low pass filter (A): 20 

The rest of the parameters were left at their default values.  

 

b. Auto-picking 
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Low pass filter references (A): 20 

Angular sampling (deg): 5 

Picking threshold: 1 

Minimum inter-particle distance (A): 300 

 Maximum stddev noise: 1.1 

 …. 

Particles box size (pix): 300 

Invert contrast: yes 

Normalize particles: yes 

 

4. Particle sorting and a subset selection 
This step was used only after an initial round of 2D classification. 

Appropriate classes were visually chosen and saved for another 

iteration of a 2D classification.  

 

5. 2D classification 
This step was carried out using the following parameters: 

Do CTF-correction: yes 

Number of classes: 50 

Number of iterations: 25 

Mask diameter (Angstrom): 580 

Several iterations of this step were made, following a subset selection. 

Once there was no improvement in the class quality/resolution (highest 

resolution with the best class was ~12 Angstrom), a 3D classification 

step has been carried out.  

 

6. 3D classification  
In this step, a reference was used from previously published cryo-

electron tomography structure of wild-type RS (EMDB: ) 

Number of classes: 4 

Number of iterations: 25 

Regularization parameter T: 4 

Mask diameter (Angstrom): 580 
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Mask individual particles with zeros: yes 

… 

Perform image alignment: yes 

Angular sampling interval: 7.5 degrees 

Offset search range (pix): 5 

 Offset search step (pix): 1 

 Perform local angular searches: No 

 

7. 3D auto-refine 
Ref. map is on absolute greyscale: yes 

Initial low-pass filter (Angstrom): 50 

Symmetry: C1* 

… 

Mask diameter (Angstrom): 580 
*only for the initial refinement. Further on, C2 symmetry was applied for 

masked RS head region.  

 
8. Mask creation  

Several masks were created in different 3D refinement steps prior to 

proceeding with post-processing. 

…. 

Low pass filter map: -1 

Pixel size (A): 2.1 

Initial binarisation threshold: 0.01 

Extend binary map this many pixels: 3 

Add a soft-edge of this many pixels: 3 

…. 

9. Post-processing   
…. 

Estimate B-factor automatically: yes 

Lowest resolution for auto-B fit (A): 10 

 …. 
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B. Optimized procedure for particles picking from flagella tomograms 
1. Open ZaP and Slicer windows for reconstructed tomogram file: e.g. 

*.rec or *.rec.mrc using 3DMOD image processing dialog from the 

IMOD software (Kremer J. et al., 1996). In the slicer window, look at 

cross-section view (can be enhanced, if ~100 images averaged). 

2. After finding the polarity of flagella from the slicer view, select the 

following options: Specials ⇒ Bead Helper and select the middle 

position on each MTDs (a little hint is to select the position on slicer 

with left-click and select the contour appearing on ZaP window with 

middle-click).  

3. After selecting position on all 9 MTDs, move to another section, using 

View axis position on the slicer window.  

4. When 5-10 different points per MTD are selected, save the model with 

*.nff format and execute MATLAB script, presented below. 

Note: an empty *.star format file has to be ready in the same directory 

as *.nff coordinates file 

 

 
Figure B: An example of averaged cross (A) and longitudinal (B) sections from 
reconstructed tomogram of C.reinhardtii 
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MATLAB script: 

 
function[] = create_star_files() 

 

global  X Y Z ; 

 

%% First of all, the user has to provide the name of '*.nff' file 

prompt = 'Please write the name of *.nff file? '; 

n = input(prompt,'s'); 

name = [n,'.nff']; 

%prompt = 'Please write the name of *star file '; 

%s = input(prompt,'s'); 

%star = [s,'.star']; 

 

%% The .nff file is opened and the parameters there are saved as a coordinate vectors: X,Y 

and Z: 

result = []; 

fid = fopen(name,'r'); 

while 1 

    tline = fgetl(fid); 

    if ~ischar(tline), break, end 

    celldata = textscan(tline,'%f %f %f'); 

    matdata = cell2mat(celldata); 

    % match fails for text lines, textscan returns empty cells 

    result = [result ; matdata]; 

end 

 

fclose(fid); 

A = num2cell(result); 

X = vec2mat(cell2mat(A(:, 1)),9); 

Y = vec2mat(cell2mat(A(:, 2)),9); 

Z = vec2mat(cell2mat(A(:, 3)),9); 

l = length(A)/9; 

%% Read the template.star file and generate 9x .star files  

fid = fopen('template.star','r'); 

i = 1; 

tline = fgetl(fid); 

a{i} = tline; 

while ischar(tline) 

    i = i+1; 
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    tline = fgetl(fid); 

    a{i} = tline; 

end 

a{1} = ['#',date]; 

a{3} = ['data_',n,'.rec']; 

a{5} = ['_map.3D_reconstruction.id                ',n,'.rec']; 

a{6} = ['_map.3D_reconstruction.file_name         ',n,'.rec.mrc']; 

fclose(fid); 

 

% Write cell A into .txt 

size = length(a)-2; 

token = strtok(name,'.'); 

n = token; 

for s = 1:9 

    Name = [n,'_',num2str(s),'.star']; 

fid = fopen(Name, 'w'); 

for i = 1:size 

        if i == size-1 

       for j = 1:numel(X(:,1)) 

         fprintf(fid, '%4d%5d%8d  %.4f  %.2f  %.2f  %.2f   %.3f   %.3f   %.3f   %.4f   %.4f   %.4f     

%.2f %.4f %d \n',j,1,0,1,X(j,s),Y(j,s),Z(j,s),50,50,50,0,0,1,0,1,1); 

       end 

        break 

    else 

        fprintf(fid, '%s\n', a{i}); 

    end 

end 

   

end 

 

Example of template *.star format file: 
# Tue Mar  3 18:19:55 2015 

 

data_N5_2.rec 

 

_map.3D_reconstruction.id                N5_2.rec 

_map.3D_reconstruction.file_name         N5_2.rec.mrc 

_map.3D_reconstruction.select            1 

_map.3D_reconstruction.fom               0.000000 

_map.3D_reconstruction.origin_x          0.000000 
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_map.3D_reconstruction.origin_y          -200.000000 

_map.3D_reconstruction.origin_z          0.000000 

_map.3D_reconstruction.scale_x           1.000000 

_map.3D_reconstruction.scale_y           1.000000 

_map.3D_reconstruction.scale_z           1.000000 

_map.3D_reconstruction.voxel_size        1.000000 

_particle.box_radius_x                   50.000000 

_particle.box_radius_y                   50.000000 

_particle.box_radius_z                   50.000000 

_particle.bad_radius                     20.000000 

_filament.width                          40.000000 

_filament.node_radius                    10.000000 

_refln.radius                            0.000000 

_marker.radius                           10.000000 

_map.view_x                              0.000000 

_map.view_y                              0.000000 

_map.view_z                              1.000000 

_map.view_angle                          0.000000 

 

loop_ 

_particle.id 

_particle.group_id 

_particle.defocus 

_particle.magnification 

_particle.x 

_particle.y 

_particle.z 

_particle.origin_x 

_particle.origin_y 

_particle.origin_z 

_particle.view_x 

_particle.view_y 

_particle.view_z 

_particle.view_angle 

_particle.fom 

_particle.select 
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