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ABSTRACT OF THE DISSERTATION 
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Professor Kent L. Hill, Chair 

 

   

 Trypanosoma brucei are protozoan parasites that present a tremendous medical 

and economic burden on poverty-stricken areas of sub-Saharan Africa. These 

pathogens are estimated to affect nearly 60 million people and are considered one the 

world’s most neglected diseases. A key aspect for parasite pathogenicity and 

transmission is the mechanism of motility. Recent advances have revealed that in 

addition to the ability to swim in incredibly viscous environments, T. brucei parasites are 

capable of forming multicellular communities upon surface exposure. Although this 

behavior is ubiquitous in microbiology, this is the first described pathogenic protozoa 

capable of coordinating motility for polarized movement as a multicellular group. 

Through both forward and reverse genetic screens, this study outlines efforts to define 
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signaling pathways and genes required for this surface-induced behavior. In particular, 

cAMP has been implicated in this process and a biased screen was performed to 

identify cAMP effectors that are required for social motility.  

 At individual level, motility in T. brucei is achieved by a single flagellum that is 

attached along the length of the cell body. The T. brucei flagellum has a canonical 9 + 2 

axoneme structure that is highly conserved in organisms with motile flagella. A previous 

phylogenetic study identified 50 genes as the Core components of Motile Flagella 

(CMF).  This dissertation expanded the original study and compared 115 diverse 

eukaryotic genomes. CMF22 was identified as a broadly conserved gene that was 

present in almost all organisms with motile flagella but not in organisms that lack flagella 

or have immotile flagella. Biochemical fractionation, localization by epitope tagging and 

RNAi knockdown was used to characterize CMF22. These experiments have 

demonstrated that CMF22 is an axonemal protein required for propulsive motility. High-

resolution cryo-electron tomography of CMF22 knockdown mutants revealed the 

requirement of CMF22 for assembly of the proximal lobe of the nexin-dynein regulatory 

complex (N-DRC). Finally, mutagenesis experiments of the putative IQ motif and AAA 

domain of CMF22 have elucidated a potential mechanism for CMF22 action in 

axonemal motility.  

Altogether, this work reveals important findings of motility, both at the individual 

and multicellular level to enhance current understand of protozoan biology, social 

microbiology, and conserved mechanisms of flagellum motility.  
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African Sleeping Sickness 

Epidemiology and disease 

Human African Trypanosomiasis (HAT) is a devastating disease in sub-Saharan 

Africa and is considered one the world’s most neglected diseases (1). The causative 

agent of HAT, Trypanosoma brucei, is a protozoan parasite and is a threat to 

approximately 60 million people. There are two subspecies, Trypanosoma brucei 

gambiense and Trypanosoma brucei rhodesiense that cause disease in humans (Figure 

1-1). T. brucei gambiense causes “West African Sleeping Sickness”, which is endemic 

to central Africa and is the causative agent for 97% of all HAT cases. T brucei 

rhodesiense causes “East African Sleeping Sickness”, which is the more acute form of 

the disease and is found in eastern and southeastern Africa. Additionally, a third sub-

species, Trypanosoma brucei brucei, as well as other African trypanosomes, e.g. T. 

congolense, cause Nagana, a wasting disease in livestock. Lost agricultural gross 

domestic product due to Nagana totals to almost $4.75 billion, thus, in addition to the 

human health burden, African trypanosomes present a tremendous economic burden 

on an already impoverished area (Food and Agriculture Organization of the United 

Nations).  

Trypanosomes are transmitted from one mammalian host to another through the 

bite of the tsetse fly of the genus Glossina. When an infected fly takes a bloodmeal, 

parasites are transmitted from the fly to the mammalian host. Parasites subsequently 

proliferate in the bloodstream, lymph nodes, and systemic organs including the spleen, 

heart, liver, eyes, and endocrine glands. During this haemolymphatic stage (1-3 weeks 
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post-infection), HAT is characterized by symptoms that include headache, malaise, 

weight loss, fatigue, and characteristic waves of fever (2). These waves coincide with 

waves of parasitemia as parasites undergo antigenic variation, a parasite-derived 

mechanism to evade the host immune system by periodic switching of the surface 

glycoprotein (3, 4). In addition, infected patients often develop enlarged spleens, livers, 

anemia and lymphoadenopathy (2).  Weeks to months after infection, T. brucei 

parasites cross the blood-brain barrier and enter the central nervous system (CNS) (2).  

This second stage, or late stage is called the neurological stage and is characterized by 

meningoencephalitis. Symptoms at this stage include a disruption of the sleep/wake 

cycle, mental disturbances, motor system disturbances, sensory system disruption and 

abnormal reflexes (2).  Without treatment, infection almost invariably results in coma 

and death.  

Treatment 

There is no vaccine to prevent HAT infection, current therapies are out-dated, 

toxic, and there is now trypanotolerance to these drugs (5). A summary of the current 

drugs used to treat HAT is shown in Figure 1-2 (6). For treatment during the 

haemolymphatic stage, pentamide is administered intramuscularly or intravenously to 

those infected with T. b. gambiense. For T. b. rhodisiense, suramin is administered to 

those infected. Although suramin is effective at this early stage, it has been known to 

cause bone marrow toxicity and neurological complications (2). In addition these early-

stage drugs, two other drugs are frontline therapies for late-stage HAT infections. To 

treat T. b. rhodesiense, an arsenic-based compound, melarsoprol, is administered 
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intravenously. Although melarsoprol is the drug of choice and is the only therapy 

available for late-stage T. b. rhodesiense infection, it is painful and highly toxic, with 5% 

of patients dying from toxicity of the treatment (7). For treatment of late-stage T. b. 

gambiense infection melarsoprol is also used, as well as eflornithine and nifurtomox-

eflornithine combination therapy (NECT). Eflornithine and NECT, however, are not 

effective against T. b. rhodesiense infections. There are now a few novel drugs in 

various stages of clinical trials to treat HAT (6). The nitroheterocyclic drug fexinidazole 

is at phase 2 of clinical trials since it was proven to be effective as well as non-toxic in 

animals models of African Trypanosomiasis and is a promising candidate for treatment 

of late-stage T. b. gambiense HAT. Another treatment for late-stage T. b. gambiense is 

the oxaboroles class of drugs. This drug was able to clear parasites from the CNS in a 

murine model and is currently at stage 1 of clinical trials. In addition to developing new 

drugs for treatment of HAT, researchers have also tried a different approach by 

improving melarsoprol drug delivery by enhancing solubility so that toxicity is reduced. 

Although a number of new therapies to treat HAT are in the pipeline, it is evident that 

this neglected disease requires much more attention and research to combat this 

devastating disease in an already poverty-stricken region.  

 

T. brucei life cycle 

Development within the tsetse fly host 

The T. brucei life cycle requires both the insect vector and mammalian host for 

completion. Within each host, the parasite goes through a series of developmental 
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changes to mature into a form that allows for survival and colonization in the next host 

(Figure 1-3) (8-10). When the tsetse fly takes a bloodmeal from an infected mammalian 

host, bloodstream-form trypomastigotes develop into actively dividing procyclic-form 

trypomastigotes within the fly gut lumen. Procyclic-form T. brucei subsequently migrate 

to the ectoperitrophic space, proventriculus, and then foregut where they differentiate 

into another developmental form, the mesocyclic epimastigote form. These slender 

epimastigotes have increased motility and migrate to the salivary glands. In the salivary 

gland, shortened epimastigote forms attach to the salivary gland epithelium through 

extensions of the flagellar membrane (8, 9, 11, 12). Once attached, epimastigotes 

differentiate into bloodstream-transmissible metacyclic trypomastigotes that are now 

primed for survival in the mammalian host.   

Development within the mammalian host 

One major adaptation to become bloodstream-transmissible is the shedding of 

the major surface protein of procyclic-form cells, procyclin, and expression of the 

antigenically distinct variable surface glycoproteins (VSGs) (4, 13). After transmission 

by a fly, these bloodstream-adapted parasites proliferate in the blood as actively 

dividing slender metacyclic trypomastigotes. During this stage, metacyclics evade the 

host immune response through antigenic variation, a mechanism in which a small 

percentage of T. brucei parasites can switch the surface glycoprotein antigens while 

antibodies are targeting the surface antigen of the population (3). Slender, dividing 

metacyclics proliferate in the bloodstream, infiltrate systemic organs, and ultimately 

cross the blood brain barrier into the CNS. In the meantime, a population of these 
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dividing metacyclics differentiate to short, stumpy non-dividing cells that are uniquely 

primed for survival in the tsetse fly host (14-16). The developmental cycle of T. brucei is 

intricately fine-tuned for survival in both the mammalian host and in the testse fly vector.  

Host-pathogen interaction 

Although there are multitudes parasite-derived signals, it is the crosstalk between 

parasite-derived and host-derived signals that allow for T. brucei survival in both hosts. 

T. brucei is extracellular at all stages of its life cycle. In the testse fly vector, there are a 

number of host factors that contribute to parasite development and efficient 

transmission. For example, the surface protein EP-procyclin expression is reversibly 

induced by cold shock (16). This is presumably coordinated with the T. brucei life cycle 

where temperature drops from 37 °C to 28 °C when the fly takes a bloodmeal and 

metacyclic stage cells enter the colder tsetse fly host. Additionally, stumpy form cells 

are primed in the mammalian host to resist the external proteolytic environment of the 

tsetse fly (15).  

There is also evidence of communication between T. brucei and the mammalian 

host. One of the most notable examples is the development of the VSG coat on 

metacyclic parasites acquired in the tsetse fly before becoming mammalian-

transmissible. The VSG coat protects parasites from immune destruction by switching to 

a different isoform faster than antibody can be produced for each isotype (17). The T. 

brucei flagellum itself contains a repertoire of virulence factors. The losses of 

glycosylphosphatidylinositol-phospholipase C (GPI-PLC), calflagins, and metacaspase 

4 (MCA4) all reduce parasite virulence in a T. brucei mouse infection model (18-20). 
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Additionally, a T. brucei adenylate cyclase (ESAG4) activates protein kinase A in host 

macrophages to inhibit the trypanotoxic tumor necrosis factor (TNF) and prolong 

survival in infected mice (21).  

Another example of the host-pathogen communication is apparent in the diversity 

of protein families with stage-specific isoforms, such as transferrin receptors. Trasferrin 

is taken up by a heterodimeric transferrin receptor in which the genes for these 

receptors are expressed on telomeric expression sites along the VSG gene. Although 

there are up to 20 of these expression sites, only one is active at a time. Additionally, 

there are different isoforms of these transferrin receptors that have variable binding 

affinities for different transferrins from different animal hosts. It has been suggested that 

the ability for T. brucei to switch between different transferrin receptor genes has 

enabled the parasite to occupy various host environments (22). African trypanosomes 

experience a multitude of differing environments within each host and must therefore 

sense the host environment to make appropriate adaptations for survival. Profound 

developments in the studies of T. brucei pathogen interaction within both the tsetse fly 

host and mammalian hosts have been advanced through the use of T. brucei as a 

model organism. 

 

T. brucei is an exemplary model organism for the study of parasite pathogenesis 

and flagellum biology. 

 The first observation of T. brucei was made at the end of the nineteenth century 

by Plimmer and Bradford in 1899 and over the century, T. brucei has been an important 
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organism for the study of parasite pathogenesis and transmission. Recent advances 

have made T. brucei an exemplary model organism for studies in pathogenesis and 

ciliary function. Homologous recombination is highly efficient in T. brucei, making 

reverse genetics such as inducible RNA intereference (RNAi), targeted gene 

knockdowns and inducible expression of recombinant proteins possible (23). In addition, 

the recent creation of genetic library makes it feasible to do forward genetics in T. brucei 

using a library of RNAi mutants both in procyclic-form and bloodstream-form T. brucei 

(24, 25). T. brucei is therefore an incredible genetically tractable model organism with a 

diverse range of experimental tools for investigating pathogenesis and flagellum 

biology.  

The flagellum 

T. brucei is an early-diverging eukaryote. Phylogenetic reconstruction based on 

small subunit ribosomal RNA predicts that Salivarian trypanosomes branched about 300 

million years ago (26). One of the most prominent features of T. brucei is the flagellum. 

The flagellum of T. brucei is conserved in deep-branching eukaryotes and across broad 

evolutionary distances (27). It is suggested that the last eukaryotic common ancestor 

had a motile flagellum, hinting at its importance (28).  

The eukaryotic flagellum is a key structure that is conserved among all eukaryotic 

groups and is important for motility, sensation, adhesion and mating (29, 30). T. brucei 

is a microscopic parasite about 20 micrometers long and is tapered at both ends (Figure 

1-4). The flagellum of the parasite emerges at the flagellar pocket, is attached along the 

length of the cell body, and extends past the cell body at the anterior end (8). Although 
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this organelle is important for sensing, it is classically associated with mechanisms of 

motility in T. brucei (31). The flagellum is surrounded by a distinct plasma membrane 

that is contiguous with the cell body plasma membrane and is attached to the cell body 

by an array of transmembrane crosslinks call the flagellum attachment zone (FAZ). The 

core structure of the T. brucei flagellum is conserved with the motile eukaryotic flagella 

in which there is a 9 outer doublet microtubules arranged symmetrically around a 

central pair of microtubules (Figure 1-5). This axoneme also includes radial spokes that 

connect the central pair to each of the doublet microtubules. The nexin-dynein 

regulatory complex (N-DRC), a protein complex that sits at the base of radial spokes 

and doublet microtubules regulates signals between the central pair, the radial spokes, 

and adjacent doublet microtubules.  

The T. brucei flagellum is critical for a variety of roles. These include motility, host 

cell attachment, endocytosis/ immune evasion, sensory perception, cell morphogenesis, 

cell division, and cytokinesis (31, 32). The T. brucei flagellum has both unique and 

conserved features and is therefore an excellent model organism with dual roles: the 

unique features of the flagellum can be exploited for novel therapeutic targets while 

studies of conserved components of the flagellum provides a foundation for further 

studies in heritable ciliary diseases (Figure 1-5).   

 

Unique features of the T. brucei flagellum 

Paraflagellar rod 
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 A unique feature of flagellum in trypanosomatids, euglenoids, and dinoflagellates 

is the lattice-like structure that is adjacent to the axomeme of T. brucei called the 

paraflagellar rod (PFR) (33). This paracrystalline filament emerges from the flagellar 

pocket and extends alongside the axoneme all the way to the distal tip of the flagellum 

(Figure 1-5, green lattice structure). The PFR is composed of major proteins PFR-1 and 

PFR-2 as well as numerous other minor proteins which include the PFR-associated 

adenylate kinases ADK-A and ADK-B, and cAMP phosphodiesterases PDEB1 and 

PDEB2 (34-39). Although the precise role of the PFR is not known, it has been shown 

that the PFR is required for normal motility. RNAi knockdown of PFR-2 in T. brucei and 

PFR-1 and PFR-2 in Leishmania resulted in a paralysis and reduced flagellar velocity, 

respectively (40, 41). Recently, 20 additional PFR proteins were identified in a screen 

for proteins that function in motility (37).  Several of these proteins localize to the PFR 

and contain EF-hand domains or IQ motifs, both of which have the capacity for Ca2+ 

binding, suggesting an additional sensing role of the PFR.  

Flagellar membrane 

 T. brucei is a motile parasite that encounters it’s environment at the flagellum tip, 

therefore it is not surprising that the flagellar membrane is a scaffold for a variety of 

sensory proteins. In a paper I’ve included in Appendix B, we have purified the flagellum 

surface of bloodstream-form T. brucei to discover that the flagellum surface is enriched 

for T. brucei specific proteins (42). Among the 158 surface proteins identified, 16% was 

specific to T. brucei when compared against a dataset that included 8 ciliated organisms 

and 4 non-ciliated organisms. In comparison, kinetoplastic-specific proteins comprised 
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only 5% of the flagellum matrix proteome and 1% of the flagellum skeletal proteome. 

This flagellum surface proteome also identified proteins from major signaling cascades 

such as cyclic nucleotide signaling, Ca2+ signaling, and proteins that potentially function 

in transporting solutes across the cell membrane. The surface of the flagellum is a host-

pathogen interface that is replete with kinetoplastid specific proteins involved in 

signaling and can be exploited for therapeutic intervention.  

 

Conserved features of axonemal motility 

Axoneme 

 The axoneme is composed of the 9 outer doublet microtubules, the central pair of 

singlet microtubules, outer and inner dynein arms that provide the mechanical force for 

bending, radial spokes that connect the singlet microtubules to outer doublet 

microtubules, and the N-DRC that is a central hub in regulating motility dynamics. 

These additional structures on the doublet microtubules (inner dynein arms, outer 

dynein arms, N-DRC, radial spokes) are arranged in a periodicity of 96 nanometers 

along the length of the axoneme (Figure 1-6A) (43). The availability of genome 

sequences has allowed for comparison of the T. brucei axoneme to other eukaryotic 

organisms with motile flagella. These studies have demonstrated that the components 

of the axoneme are well conserved between T. brucei and the motile flagella of diverse 

eukaryotic groups (44-49). Additionally, these proteins play regulatory roles in flagellar 

beating as demonstrated by RNAi knockdown of these axonemal proteins.  
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Motility 

 The T. brucei flagellum is attached along the cell length and wraps around the 

cell body in a left-handed helix. In this way, the beating movement of the flagellum 

causes the entire cell body to spiral like a corkscrew to swim. In fact, the word 

“trypanon” is a Greek word for “auger cell,” which describes the corkscrew-like 

movement of the parasite as it moves through liquid environments. Like other flagellated 

microbes that have corkscrew motility such as spirochetes or treponemes, this spiraling 

movement is suggested to be more efficient in viscous environments and to possibly 

burrow through tight junctions of the blood brain barrier (50). Forward motility in T. 

brucei parasites initiates at the anterior tip of the cell and the wave is propagated 

towards the posterior end. The flagellum is attached to the cell body so as the cell 

moves, the flagellum appears to “undulate” when live parasites are examined under 

light microscopy.  

 T. brucei are rapid swimmers that have a forward motility at around 3-20 

micrometers per second and can swim extended periods of time in one direction. Like 

most motile microbes, the swimming pattern of T. brucei is observed to be longs runs 

followed by tumbling, often a change in direction and back to a run (51). Motility is 

achieved through coordination of the dynein motor power strokes around and along the 

length of the axoneme. The central pair, radial spokes, I1 inner dynein arms, and the 

dynein regulatory complex are all involved in regulating axonemal motility (52-56). 

Several seminal studies in Chlamydomonas reinhardtii have revealed a general 

mechanism for motility coordination. External signals are transduced from the central 
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pair to the radial spokes then to the inner dynein arms (57). The intermediate chain-light 

chain complex of the I1 inner dynein arm (I1 ICLC) and the nexin-dynein regulatory 

complex are suggested to transmit these signals to the outer dynein-inner dynein (OID) 

linker to distribute the signals (55, 58, 59).  

Nexin-dynein regulatory complex (N-DRC) 

 The N-DRC has is considered a regulatory hub for coordinating axonemal 

motility. The N-DRC sits at the base of the radial spokes on the doublet microtubules 

and is thought to transmit signals between radial spokes and outer dynein arms as well 

as mechanical/chemical signals between adjacent outer doublet microtubules (Figure 1-

6, gold structure) (57, 58, 60). Minus end-directed motor proteins on the A-tubule of the 

outer doublet microtubules called dyneins walk unidirectionally on the B-tubule of the 

adjacent outer doublet microtubule to generate sliding forces (61). However, this sliding 

movement is restricted by the N-DRC and sliding forces are translated into bending of 

the flagellum (62-64). In order for flagellar bending to be propagated along the 

axoneme, dynein activity must be coordinated around the circumference of the flagellum 

as well as along the axoneme since paralysis would result if all dyneins are active 

simultaneously (53). Therefore, the N-DRC, a reversible inhibitor of dynein activity, is a 

focal point of axonemal dynein regulation and is critical for motility. However, little is 

known about the regulatory mechanism of the N-DRC.  

 The N-DRC was first discovered through suppressor mutant analysis to isolate 

suppressors of the motility phenotype in radial spoke and central pair mutants (65-67). 

These mutants were able to suppress the paralysis defect observed in radial spoke and 
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central mutants, suggesting the presence of a complex, termed the “dynein regulatory 

complex” (DRC) that inhibits dynein activity. Electron micrograph (EM) analysis of drc 

mutants in comparison to wild-type axonemes revealed a crescent-shaped structure 

between radial spoke 2 and the inner dynein arms (68-70). Recent cryo-electron 

tomography studies of drc mutants in C. reinhardtii have determined that this DRC 

structure overlaps with previously described nexin links, such that the two structure are 

now considered a single complex, the N-DRC (60). The N-DRC from C. reinhardtii is 

predicted to be a 1.4-1.5 megadalton complex and is comprised of an estimated 11 or 

more subunits, DRC1-11 (71). Structurally, the DRC is divided into a 300-350 kDa base 

plate, which attaches to the A-tubule of one outer doublet microtubule, a 350 kDa 

proximal lobe and a 120 kDa distal lobe (Figure 1-6B).  The lobes extend outward to 

contact the B-tubule of the neighboring outer doublet microtubule. Heuser et al. 

performed tomographic averaging of 24 tomograms of intact, frozen-hydrated 

axonemes from wild-type and 5 different strains of drc mutants. By correlating published 

data on proteins missing in each mutant, with structural deficiencies observed in each 

mutant, Heuser et al. proposed a model for the sub-cellular localization of several DRC 

subunits within the N-DRC complex. It was revealed that DRC1 and DRC2 are likely 

within the base plate, DRC5 and DRC6 (as well as other polypeptides) are localized to 

the distal lobe of the B-tubule connector, and DRC3, 4, and 7 are within the central 

region of the linker (Figure 1-7) (60). However, the identity of proteins comprising 

approximately one-third of the total mass (500 kDa) of the N-DRC, including the entire 

proximal lobe, were unaccounted for, suggesting that additional DRC subunits remain to 

be identified.  
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Models of motility 

 There are three overlapping models that have been proposed for the regulation 

of flagellar beating. In the sliding control model, the linear arrangement of the dynein 

motors along the length of the outer doublet microtubule suggests that there is 

sequential activation and termination of dynein activity as microtubules slide relative to 

one another (72-75). The geometric clutch model hypothesizes that ciliary bending is 

due to changes in increased or decreased probability that a dynein arm will form a 

cross-bridge with the adjacent outer doublet microtubule, depending on transverse 

forces that force microtubules apart during bending (74, 76-79). In the last model called 

the distributor model, mechanical and enzymatic interactions involving the central pair, 

the radial spokes, a newly discovered calmodulin spoke complex (CSC) at the base of 

radial spokes, and the N-DRC are regulated by asymmetric contacts with the radial 

spokes during bending. Strain and tension is sensed and the information is transmitted 

from the radial spokes to the CSC and DRC to activate and/or inhibit different subsets of 

the dynein arms (58, 80, 81). The models are not mutually exclusive. 

Effectors of motility 

 It is predicted that there are 800-1000 proteins within the T. brucei flagellum, but 

most of these proteins have unknown domains and functions. It is probable that a 

subset of these proteins would function as effectors, or proteins that can sense external 

signals and transmit these signals for coordinated flagellum motility. Which signals and 

how signals are transduced in the axoneme have been an area of extreme interest. 
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Regulatory components within the central pair and radial spokes have been identified 

using the model organism Chlamydomonas reinhardtii. The phosphorylation state of the 

intermediate chain IC138 was revealed to be critical for regulating microtubule sliding 

(56). Dymek and Smith has shown that dynein activity is responsive to changes in 

calcium concentration, most likely through the calmodulin spoke complex at the base of 

radial spokes (82).  

Identification of key effectors for motility was attempted using another 

trypanosomatid, Crithidia oncopelti. Holwill and colleagues determined that Ca2+ ion 

concentration influences flagellar wave direction. Tip-to-base beating is predominant at 

low Ca2+ ion concentrations, but this distal beating switches to reverse base-to-tip 

beating at high Ca2+ ion concentrations (83). Additionally, nucleotide signaling has the 

potential to confer regulatory roles in flagellar beating. Upon ATP binding, protein 

motors called dyneins provide a mechanical force to drive flagellar motility (84). 

Although the response to Ca2+ or nucleotides as well as the identification of other Ca2+-

binding proteins in the flagellum have been described in many flagellated protozoans, 

effectors have not yet been identified in T. brucei (85, 86).  

The N-DRC is predicted to be an integral hub for coordinating axonemal motility. 

One of first N-DRC subunits identified, trypanin, is a protein required for regulating the 

flagellar beat in T. brucei and C. reinhardtii (87, 88). The homolog of trypanin is also 

critical for normal ciliary motility for ear development in zebrafish (89). Another N-DRC 

subunit identified in T. brucei that co-migrates with trypanin in sucrose gradients was 

CMF70, and like trypanin, this protein is also required for normal flagellar beating (90). 
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Recent work by Lin et al. used two-dimensional electrophoresis and MALDI-TOF mass 

spectrometry to identify 8 N-DRC proteins with phosphorylated isoforms. In a seminal 

study in 2011, Lin and colleagues identified 5 more N-DRC proteins in addition to the 7 

known N-DRC subunits. Among these 12 N-DRC associated proteins, 8 of these 

proteins and 2 other components that may regulate N-DRC function were found to have 

phosphorylated isoforms using a phosphoproteomic approach (91). This study identified 

DRC7, FAP61, DRC3, FAP206, FAP230, DRC2, FAP252, and DRC1 as proposed N-

DRC subunits that are post-translationally modified by phosphorylation, however, some 

of these proteins have not been independently validated as part of the N-DRC. 

This dissertation will discuss efforts to define molecular pathways that regulate 

motility in Trypanosoma brucei with the hopes of augmenting our current understanding 

of conserved mechanisms of eukaryotic motility as individual cells and as groups for 

discovering major tenets of social microbiology.  
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FIGURES 

 

	
  

	
  

Figure 1-1. Geographical distribution of Human African Trypanosomiasis (HAT).  

Commonly termed “African Sleeping Sickness,” HAT is endemic to sub-Saharan Africa. 

Illustrated here is the geographical distribution of T. b. gambiense, and T. b. 

rhodesiense. The dotted black line divides the region between the causative agents for 

West African Sleeping Sickness (T .b. gambiense) and East African Sleeping Sickness 

(T. b. rhodesiense). Reprinted with permission from (1). 
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Figure 1-2. An overview of trypanocidal drugs used to treat Human African 

Trypanosomiasis. Listed are the drugs used, the targeted T. brucei species of each 

drug, the stages of infection that are susceptible to the drugs (stage 1 is the 

haemolymphatic stage and stage 2 is the neurological stage), and the half-life of each 

drug. Reprinted with permission from (6).  
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Figure 1-3. The life-cycle of Trypanosoma brucei. T. brucei are obligate parasites that 

reside in two hosts: the tsetse fly (left) and the mammalian host (right). Within each 

host, the parasite undergoes a series of developmental transformations to be 

transmissible to the next host. Image reproduced from 

http://www.cdc.gov/dpdx/trypanosomiasisAfrican/index.html 
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Figure 1-4. Scanning electron micrograph image of a procyclic-form Trypanosoma 

brucei. The flagellum is attached along the length of the cell body and extends past the 

cell body to culminate in a tip. Image captured by Michelle Thayer.  
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Figure 1-5. The Trypanosoma brucei flagellum. (a) Scanning electron micrograph of a 

procyclic-form T. brucei cell. (b) Transmission electron micrograph depicting a cross 

section of the flagellum with the cell body in the lower right corner. (c) Cartoon 

schematic of panel b. Depicted in blue are the outer doublet microtubules, outer and 

inner dynein arms, central spoke, radial pairs and nexin-dynein regulatory complex 

(dark blue circles). Structures unique to trypanosomes and closely related organisms 

are shown in green while conserved structures are in blue. Figure reproduced from (32). 
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Figure 1-6. 3D ultrastructure of the flagellum. (6A) Depicted is one 96 nanometer repeat 

of the C. reinhardtii flagellum, with the N-DRC labeled in gold. (6B) Simplified surface-

rendering of the N-DRC with the inset explaining the orientation seen in the larger view. 

Figure adapted from (60).  
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Figure 1-7. Location of N-DRC proteins within the complex. Isosurface rendering was 

performed on various drc mutants to identify proposed locations of subunits using 

previously published data on missing subunits and structural data on the presence of 

absence of specific N-DRC features in mutants. (6A) Side view and (6B) front view of 

proposed locations within the N-DRC. Figure adapted from (60). 
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Chapter 2 

Forward Genetics and Targeted Screens to Identify Genes Required for Social Motility 

in T. brucei.  
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Chapter 2 describes work done to identify genes regulating a novel behavior 

recently discovered in T. brucei termed “social motility” (1). The introduction will 

encompass current knowledge of social behavior in microbiology and a detailed 

description of this behavior in T. brucei. The introduction contains excerpts from a 

review published in Current Opinion in Microbiology in 2011 entitled “Social Parasites” 

by Dr. Miguel Lopez, Dr. Michael Oberholzer, Dr. Kent Hill and myself. Results will 

include two screening approaches: a forward genetics screen using an RNA 

interference (RNAi) library and a targeted cAMP effector screen to identify genes 

required for social motility in T. brucei.  

 

Introduction 

Social behaviors are most widely recognized in the communication and 

cooperation observed in metazoans, ranging from navigation strategies and group 

hierarchies in insect communities to complex social networking in humans and other 

primates. However, communication and cooperation among individuals in a group also 

occurs at the cellular level, as illustrated in collective motility of migrating cells during 

wound healing, tissue morphogenesis and tumor metastases. Moreover, cell-cell 

communication and cooperative behavior is not restricted to higher animals and recent 

years have seen a surge in the study and understanding of social interactions and their 

underlying mechanisms in microbial systems.  

 Social interactions among microbes give rise to multicellular groups having 

emergent behaviors that are not possible in single cells (2-9). For example, quorom 
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sensing enables synchronization of gene expression and cellular activities to allow a 

population to act as a group (2). Surface-associated behaviors such as biofilm formation 

and swarming motility allow microbes to establish communities with enhanced 

protection against external agonists and promote colonization and penetration of biotic 

and abiotic surfaces (10-14). Cell-cell signaling during sporulation in myxobacteria and 

slime molds directs group motility behaviors and developmental programs in which 

cellular differentiation gives rise to multicellular forms having distinct cell types with 

specialized functionalities, thereby enhancing survival through division of labor (15, 16). 

In extreme cases, multispecies biofilms and microbial mats constitute complex microbial 

ecosystems where numerous microbes communicate, cooperate and battle with each 

other (17). Ultimately, the goal is to enhance survival and proliferation of the organism 

and when the microbe is a pathogen, this has dire consequences for the host (6, 18, 

19).  

In the bacterial world, cell-cell communication is the rule and considering social 

behavior as a ubiquitous property of bacteria has transformed our view and 

understanding of microbiology (2-4). Social behaviors are also well-documented in 

eukaryotic microbes (6, 7, 20, 21). However, despite the tremendous influence that the 

paradigm of ‘sociomicrobiology’ has had on our understanding of microbiology, one 

group of microbes, the parasitic protozoa, seem to have been left without an invitation to 

the party. Studies of the organisms generally consider them as individual cells in 

suspension cultures or animal models of infection, while social interactions are largely 

unstudied.  
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Parasitic protozoa are etiological agents of several major human maladies, 

including malaria, epidemic dysentery, Leishmaniasis and African sleeping sickness, 

that affect over half a billion people worldwide. Parasites also limit economic 

development in some of the poorest regions on the planet and are thus major 

contributors to the global human health and economic burden. Parasites have complex 

life cycles requiring transmission through multiple hosts, survival in diverse 

environments and a wide variety of cellular differentiation events. Hence, there are 

numerous facets of parasite biology that may benefit from, or may even depend upon, 

social interactions. 

Cell-cell signaling and cell density-dependent behavior 

 The protozoan parasite T. brucei is the etiologic agent of African 

trypanosomiasis, which causes widespread mortality and morbidity of humans and 

livestock in sub-Saharan Africa. These parasites are transmitted to the bloodstream of a 

mammalian host through the bite of a tsetse fly vector. In the mammalian host, T. 

brucei must balance competing objectives of promoting parasite proliferation and 

limiting pathologic consequences to preserve the host as nutrient source (Figure 2-1). In 

addition, as a vector-borne pathogen, T. brucei must ready itself for survival in the 

tsetse vector and must maintain sufficient parasite density in the bloodstream to permit 

transmission during a tsetse blood meal (22, 23). Parasitemia is controlled partly via 

host immune defenses, but T. brucei is an expert at evading these defenses and thus 

benefits from differentiation of proliferating ‘slender’ form parasites into growth-arrested 

‘stumpy’ forms (24-26). Differentiation into non-dividing stumpy forms is irreversible in 



	
   41	
  

the bloodstream and premature commitment to this pathway would jeopardize 

maintenance of the infection (24-27). Control is provided via a postulated quorum 

sensing-type system in which a soluble, parasite-derived ‘stumpy induction factor’ (SIF) 

accumulates as parasite cell density increases and triggers parasite differentiation only 

after a sufficient parasitemia has been achieved (24, 25). The nature of SIF and the SIF 

signaling pathway are not known, but cyclic nucleotide signaling has been suggested to 

be involved (25, 26). Stumpy-form parasites are pre-adapted for survival in the tsetse 

midgut, while slender forms are not. Thus, SIF-dependent slender-to-stumpy 

differentiation limits maximum parasite density in the mammalian host and 

simultaneously modulates parasite preparation for survival in the next host, optimizing 

probability of transmission (23, 24).  

Recent work has provided insight into slender-to-stumpy differentiation and its 

contribution to T. brucei disease progression and transmission. Previously, studies were 

limited by subjective parameters for distinguishing slender from stumpy-form parasites. 

MacGregor et al. (22) used a stumpy-specific marker, PAD (28) to conduct a 

quantitative analysis of trypanosome population dynamics during chronic infection in 

mice. They demonstrated that stumpy forms dominate the parasite population 

throughout late stages of infection. The quantitative nature of the approach enabled 

mathematical modeling, which provided overwhelming support for a quorum sensing 

mechanism. Moreover, the authors were able to make specific predictions for the cell 

types that produce SIF and define kinetic parameters for its production, activity and 

turnover. These data will facilitate efforts to identify the SIF molecule(s). Because SIF is 

produced only by a subset of cell types in the population, the system has the capacity to 
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make qualitative as well as quantitative assessments of population dynamics. 

Interestingly, the findings also have implications for immune evasion strategies 

employed by T. brucei, because stumpy forms do not undergo antigenic variation (29). 

Overall, the results emphasize the importance of parasite–parasite communication as a 

crucial element in disease progression and transmission. 

 

Life on a surface and social motility in T. brucei 

 Most microbes are associated with surfaces in their natural environments and 

engage in surface-induced social behaviors, such as biofilm formation and various 

forms of social motility (6, 7, 9, 13, 14). These group activities facilitate surface 

colonization, defense and efficient use of nutrients (12, 14, 30). T. brucei is extracellular 

in both hosts and spends most of its lifecycle in direct contact with host tissue surfaces. 

Within the tsetse in particular, parasite movement across, and colonization of tissue 

surfaces are crucial for development and transmission (31-33). Currently, T. brucei is 

studied almost exclusively in suspension cultures and little is known about how life on a 

surface influences parasite behavior. 

With bacteria and fungi, cultivation on semisolid agarose matrices has proven 

valuable for studies of social behavior (6, 13, 14). Oberholzer et al. thus employed 

semisolid agarose matrices to study surface behavior of procyclic-form (insect life cycle 

stage) T. brucei (1). They discovered a novel group behavior, termed social motility, in 

which parasites assembled into multicellular communities with emergent properties that 

are not evident in single cells. Initially, parasites collect into small groups that move en 

masse across the agarose surface and grow larger through recruitment of other cells 
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(Figure 2-2). At the periphery of the inoculation site, groups of parasites collect in nodes 

of high cell density and then advance outward, forming radial projections (Figure 2-3). 

The number and spacing of radial projections is generally consistent from one group to 

the next and patterns formed resemble those generated during surface colonization by 

swarming bacteria (13, 14). The events of T. brucei social motility occur in defined 

stages as summarized schematically in Figure 2-3A.  

Several features of T. brucei social motility indicate cell–cell communication 

governs the behavior. First, coordination among individuals to enable group movement 

is striking, for example, in some cases, group movements occur only when other 

parasites are detected nearby, suggesting cell–cell communication within and between 

groups. Additionally, individual cells within each radial projection are highly motile and 

can freely move out and back from lateral edges, yet the group advances only at its 

leading edge. This indicates that polarized migration of the group is governed by 

parasites ‘choosing’ to move in a specific direction and suggests that parasite-derived 

signals may govern spacing of adjacent projections. In support of this idea, radial 

projections continue to advance unless they encounter a separate group of parasites, in 

which case movement is halted or diverted to avoid contact (Figure 2-3B). Adjacent 

projections alter their course in parallel, indicating that signaling between groups 

controls group movement. The zone of avoidance is a direct function of parasite 

number, suggesting that a diffusible substance(s) is responsible, as has been reported 

for swarming motility in bacteria (34, 35). Overall, the work demonstrates the capacity of 

protozoan parasites to engage in group activities and reveals a level of complexity and 

cooperativity to trypanosome behavior that was not previously recognized. The findings 
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also offer a convenient assay for studying environmental sensing in these organisms, 

which is an understudied problem. 

 The rest of this chapter details two approaches used to identify genes required 

for social behavior in T. brucei. The first method is a forward genetics screen using an 

RNA interference library created by the Paul Englund lab and the second is a targeted 

screen for cAMP effectors to investigate genes that regulate social motility. The 

preliminary results from each of these screens are discussed below.  

 

Forward genetics using an RNA interference library  

 The laboratory of Paul Englund developed an RNA interference (RNAi) library 

using DNA from procyclic-form T. brucei strain 927 cells (36).  A sonicator was used to 

shear the DNA into ~1 kilobase fragments, and using adaptor oligonucleotides, these 

fragments were inserted into a tetracycline-inducible RNAi vector (pZJMβ). The quality 

of the library was assessed by re-transforming E. coli with the pZJMβ library and 92% of 

plasmids contained inserts. Additionally, it is estimated that the library contains a 5-fold 

coverage of the entire genome and the insert can be identified using a nested-PCR 

strategy.  

 This pZJMβ RNAi library has had several successes in identifying novel 

regulators in a diverse multitude of functions in T. brucei. This library has revealed 

important genes for glycoprotein expression, tubericidin resistance, kinetoplast 

segregation, and mitochondrial membrane potential (36-39). These genes were all 

identified using a phenotypic assay to screen the RNAi mutant. Due to the number of 
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successes using this library, we attempted to use this library in conjunction with the 

social motility assay to identify key regulators in social motility in T. brucei.  

A targeted approach to identify cyclic mononucleotide (cNMP) binding effectors 

in the cAMP pathway in T. brucei.  

Mechanisms that regulate social behavior are diverse, however, all signaling 

pathways require the ability to sense, transduce and communicate signals to confer a 

response within the group. There are diverse classes of molecules that have been 

shown to regulate social behavior in other microbial systems such as acyl-homoserine 

lactones, nod factors, competence factors, Rho GTPases, Rac, and cyclic adenosine 

monophosphate (cAMP) (2, 40). For example, in bacteria, c-di-GMP regulates biofilm 

formation, swarming motility and adherence to tissue surfaces (14, 41, 42).  cAMP also 

modulates fruiting body formation in the slime mold Dictystelium discoidium, 

demonstrating that although there is versatility of this class of molecules in regulating 

various functions of social behavior, the signaling mechanisms can be conserved 

between diverse organisms.  

The eukaryotic flagellum (or cilia), including the T. brucei flagellum, has been 

implicated to be a major signaling center for sensation and transduction of extracellular 

signals (43-47). Components of the cAMP pathway have been previously been localized 

to the flagellum (48-51). The lab performed proteomics of the flagellum membrane in 

both procyclic-form and bloodstream-form T. brucei parasites (52, 53). In both 

proteomic preparations, components of the cAMP pathway were identified. The cAMP 

pathway is of interest because it is a major signaling molecule for diverse functions such 
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as cytokinesis, differentiation, and pathogenesis in T. brucei and could potentially 

function in cell-cell signaling as well (54, 55).  

In brief, key players in the cAMP pathway include enzymes that make cAMP from 

adenosine monophosphate (AMP) called adenylate cyclases (ACs), enzymes that break 

down cAMP called phosphodiesterases (PDEs), and effector proteins that bind cAMP to 

generate a response (56). ACs are unique in T. brucei in that there exists a highly 

expanded family of approximately 60 members and have structures that architecturally 

resemble membrane-bound type I receptor guanalyl cyclases of mammalian systems 

(57). Trypanosomal ACs have a single transmembrane domain with a catalytic domain 

at the C-terminus and a variable extracellular N-terminal domain. Like the mammalian 

receptor guanalyl cyclases, these diverse and genetically expanded ACs may function 

as receptors for T. brucei. This hypothesis is supported by the identification of procyclic-

form and bloodstream-form specific ACs (49, 50, 52). ESAG4 is specifically expressed 

in BSF parasites and functions in parasite viability as well as in modulating the host 

immune response (49, 50). On the other end of the cAMP pathway, PDEs in T. brucei 

have also been localized to the flagellum and function in parasite viability (48). The data 

hint at the importance of the cAMP pathway within a well-established signaling 

organelle of the parasite that potentially regulates cell-cell signaling.  

Components of cAMP pathway (ACs and PDEs) were therefore investigated for 

their role in social motility in T. brucei. Dr. Miguel Lopez knocked down several ACs that 

were preferentially expressed in procyclic-stage T. brucei cells. He identified that 

knockdown of one specific AC, annotated as AC6, resulted in a “hypersocial” phenotype 
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in which an average of 14 projections were consistently formed in the AC6 knockdown 

mutants (Figure 2-8C). In addition, replacing one allele at the AC6 locus with an RNAi-

immune wild-type copy of AC6 rescues the AC6 “hypersocial” phenotype while using a 

catalytically inactive mutant copy of AC6 does not rescue the “hypersocial” phenotype 

(Lopez et al, unplublished data). Dr. Michael Oberholzer discovered that knockdown of 

T. brucei phosphodiesterase B1 (PDEB1), however, results in no radial projection 

formation (Figure 2-8D). To supplement this finding, wild-type procylic-form T. brucei 

cells innoculated on semi-solid agarose in the presence of a phosphodiesterase 

inhibitor resulted in an absence of radial projections (Oberholzer et al, unpublished 

data). Together, these findings suggest that the cAMP pathway is required for social 

motility.  

In mammalian sperm, several scaffolding proteins that anchor cAMP-binding 

effector proteins called protein kinase A (PKA) are localized to the fibrous sheath of 

mammalian sperm (58). In T. brucei, PKA is also localized to the flagellum, however, 

the T. brucei PKA is not regulated by cAMP and the functional role of T. brucei PKA has 

not yet been identified (59).  

 

RESULTS 

RNAi library screen to identify social motility mutants 

 A schematic of our strategy to screen the mutant library is shown in Figure 2-4.  

The heterogeneous pool of mutants from the pZJMβ RNAi library was grown to log 
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phase and the library was sorted in 96-well plates so that each well contained a single 

parasite. The cells were then clonally expanded over several weeks and frozen. These 

expanded plates were thawed and batches of these plates were tested using the social 

motility assay.  

 In an initial proof-of-concept to test the stringency of our format, a preliminary 

experiment using wild-type cells that exhibit 1-9 radial projections, “hyper-social” 

mutants that develop 10+ radial projections, and “SoMo (-)” mutants that do not form 

radial projections was done (Figure 2-5). These are mutants of the cAMP pathway and 

a description of these mutants will be discussed in the targeted approach. These 

mutants were mixed so that 25% of the population were wild-type cells, 25% were 

“hyper-social” and 50% were “SoMo (-)” cells. The heterogeneous population was 

induced with tetracycline for 3 days and sorted into 96-well plates. These plates were 

frozen and batches were clonally expanded to test using the social motility assay. This 

proof-of-concept pilot screened 72 clones and the results were as follows (Figure 2-5): 

16% were had a wild-type phenotype (1-9 radial projections), 24% were “hyper-social” 

(10+ radial projections), and 35% were “SoMo (-)”. The percentages observed are close 

to expected ratios therefore this screening strategy was used for additional pilots with 

the RNAi mutant library.  

 In the first pilot screen, 196 clones were thawed but only 40% of cells survived 

the thawing process. Of the remaining 40%, none of the clones had social motility 

defects and all clonal lines had between 1-9 radial projections. One conclusion from this 

preliminary screen was that survival was too low. There are two major factors that could 
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have contributed to the low survival efficiency. One reason is that there could be lethal 

phenotypes associated with RNAi knockdown and these were not removed prior to 

screening. The second reason could be that cells were not frozen in logarithmic phase 

and therefore crashed upon thawing. To improve the low survival rate, we did a second 

pilot screen with modifications. We induced the heterogenous mutant library with 

tetracycline prior to sorting to eliminate cells with lethal RNAi effects. In addition, we 

consolidated only mutants that had normal growth rates at multiple steps and 

maintained cells at logarithmic phase before freezing. With these changes, 96 clones 

were screened for a second pilot. The survival after thawing clonal lines was improved 

from 40% in the first screen to 87% in the second screen. Although this screen also did 

not yield any clones with social motility defects, the high mortality rate and variability 

was vastly improved (Figure 2-6).  

 The T. brucei genome is about 10,000 genes and with fragments of approximate 

660 bp, it was calculcated that at least 45,000 clones would need to be screened for a 

90% probability of knocking down one specific gene. The next step was to make this 

screen high-throughput. In collaboration with the UCLA MSSR Facility, the use of robots 

could efficiently plate hundreds of clones at a time with respect to dilutions and plating. 

All clonal cells lines would be need to be plated at a certain dilution and differential 

dilutions is possible using robots at the UCLA MSSR Facility. In addition, these robots 

can also pipette a fixed aliquot of cells from hundreds of different cell lines. 

Unfortunately our assay format was not conducive to high-throughput screening. The 

use of the social motility assay relies on a macroscopic phenotype that requires a larger 

format than a read-out in a 96-well plate. Additionally, the assay conditions can vary 
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from plate to plate and experiments in triplicate are required to rule out false positives. 

At this stage in assay development, the social motility assay is far too variable and 

labor-intensive for productive high-throughput screening. To address this issue, time-

lapse microscopy can be used to identify critical developmental changes in colony 

formation. This would allow for a microscopic or fluorescent-based assay for effective 

screening.    

Targeted cAMP-binding effector screen 

In an effort to expand the current study of how the cAMP pathway regulates 

social motility in T. brucei, putative cyclic nucleotide (cAMP or cGMP) binding proteins 

collectively called cNMP-binding proteins were identified using the Simple Modular 

Architecture Research Tool (SMART). Using the well-conserved “cNMP-binding motif” 

as the search parameter in the T. brucei genome, 10 putative cNMP-binding proteins 

were identified. Four additional proteins were identified using Pfam, a protein family 

database, and homology to closely related Trypanosoma cruzi cAMP binding motif. In 

total, 14 putative cNMP-binding proteins were identified and gene-specific knockdowns 

were performed in T. brucei (Figure 2-9). Unique DNA sequences for the open reading 

frame (ORF) of each of the 14 genes were generated and inserted by restriction sites 

into a tetracycline-inducible RNAi-knockdown vector (60). Knockdown of cNMP9 and 10 

were previously generated by Jason Melehani and Dr. Michael Oberholzer, respectively.  

Each of these vectors containing gene-specific inserts were transfected into procyclic 

form T. brucei 29-13 cells. The cells were selected for using the drug phleomycin to 

create a heterogenous pool of knockdown mutants for each candidate gene. Each 
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heterogenous pool was then tested using the social motility assay (Figure 2-10). The 

assay was performed at least 7 times for each candidate and numbers of radial 

projections were assessed for each knockdown mutant. In addition, wild-type 29-13 

cells, a phosphodiesterase (PDE) mutant, and an adenylate cyclase (AC) mutant were 

used as controls. Jason Melehani and Dr. Michael Oberholzer assessed cNMP9 and 

cNMP10 before this screen was performed. Clones of these cell lines were found to 

have normal social motility (data not shown). To ask if these heterogenous mutant pools 

were sufficiently knocked down, a few candidates were tested for gene-specific 

knockdown using a northern blot. Figure 2-11 demonstrates that even in the 

heterogenous mutant pools of cNMP2 and cNMP5, there was tetracycline-inducible 

RNA depletion.  

Assessment of specific cNMP candidates  

 As illustrated in Figure 2-10, a few candidates had promising results. Knockdown 

of cNMP12 had no radial projections, however, upon closer investigation of the domain 

and homology of this protein to the C. reinhardtii genome, it was revealed that cNMP12 

had homology to RSP11, a radial spoke protein with a cNMP-binding domain. Other 

promising candidates are cNMP2, cNMP3, and cNMP4 for a slightly higher number of 

radial projections in comparison to social motility of wild-type cells. In addition, cNMP4 

has additional lipid-binding C2 domains that are of interest if this protein functions as 

part of a signaling pathway for transmembrane-bound ACs. The heterogenous pools of 

cNMP3 and cNMP4 were sub-cloned and each of these sub-clones were tested using 

the social motility assay (Figure 2-12A). Clones of cNMP3 had normal wild-type motility, 
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however, the clones of cNMP4 had a possible “hypersocial” phenotype with an average 

of 11 radial projections. Clone 4 had the most “hypersocial” phenotype and was 

assessed by qRT-PCR for the level of knockdown. In two independent experiments, 

clone 4 only had 35% knockdown (Figure 2-12B). In a preliminary experiment to 

compare the number of radial projections in tetracycline-induced mutants with 

uninduced conditions, knockdown of cNMP4 did not have increased number of radial 

projections in comparison to uninduced cells, however, the number of experiments done 

was not enough to be evaluated for statistical significance (data not shown).  

 

Discussion 

Two approaches were used to investigate signaling pathways required for social 

motility in T. brucei. In the first method, an unbiased screen was performed using a 

mutant library. Through a proof-of-concept screen and two preliminary screens, the 

approach was optimized. However, using the social-motility assay was not an efficient 

method for screening thousands of clones. More microscopic methods of screening are 

necessary and time-lapse microscopy can be used to identify essential elements of 

colony formation. In addition, if microscopic changes could be found and combined with 

a fluorescent-base assay, the optimized screen would be an efficient and 

comprehensive method to identify genes required for social motility.  

In a combinatorial approach, the mutant library can be enriched prior to 

screening. The pZJMβ library can be plated on a large semi-solid agarose plate and 
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through enrichment of hyper-social mutants that migrate faster than the rest of the 

population (at the tips of the radial projections), it is possible pre-select for a small 

population of “hyper-social” mutants (Figure 2-7A). Similarly, “SoMo (-)” mutants that 

cannot form radial projections can be enriched through isolation of cells from the center 

of the colony and re-plating these isolates (Figure 2-7B). Furthermore, motility assays 

can be used to eliminate mutants with motility defects. These populations can be 

clonally expanded and screened using the aforementioned screening strategy.  

In the second method, a more targeted and biased approach was used to identify 

cAMP effectors that potentially regulate social behavior. There were several promising 

when these candidates were knocked down and assessed using the social motility 

assay. The candidate cNMP12 was not considered for further investigation because it is 

most likely a radial spoke protein. Mutants of the core components of the axoneme, 

such as radial spoke proteins, typically have structural defects and these often result in 

immotility. The social motility defect observed in Figure 2-10 is therefore probably due to 

a general motility defect rather than social motility defect. Another candidate, cNMP4, 

seemed to have a “hypersocial” phenotype under tetracycline-induction. However, 

preliminary results were not significant and this putative cNMP candidate needs to be 

assessed using a better knockdown line as well as additional experiments in uninduced 

conditions.   

Like the unbiased screening approach, an enrichment method can be also be 

used to find cAMP effectors. CpdA, a phosphodiesterase inhibitor, was used to 

demonstrate that in addition to gene knockdowns, biochemical inhibition can also be 
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used to inhibit social motility (unpublished data). If the RNAi mutant library was plated 

on semi-solid agarose supplemented with CpdA, mutants downstream of 

phosphodiesterase inhibition such as mutants of cAMP-binding would be able form 

radial projections. By plating enough cells, and multiple rounds of enrichment at the tips 

of the radial projections, it would be possible to identify cAMP effectors.  

PKA exists as an inactive heterotetramer with two catalytic subunits attached to 

two regulatory subunits. Upon binding of cAMP to the regulatory subunits, the catalytic 

subunits are released and can subsequently be phosphorylated (56). In a closely 

related parasite, T. cruzi, PKA has been identified and the T. cruzi PKA regulates stage 

differentiation in the parasite (61, 62). Downstream effectors of the T. cruzi PKA has 

been identified and they include a variety of signaling molecules such as kinases, 

cAMP-specific phosphodiesterases, hexokinases, ATPases, and an aquaporin (62). The 

T. brucei PKA, however, binds cGMP rather than cAMP, therefore this T. brucei specific 

PKA may function differently from the conserved cAMP pathway (59).  

Although PKA is one of the most common cAMP effectors, there are other cAMP-

binding effectors that bind cAMP directly for downstream function. Such examples 

include ion channels, metabolic enzymes (lipases, phosphorylase kinases) and 

chemotactic receptors (63). The T. brucei cAMP signaling system may diverge from the 

conserved pathway through the use of unknown cAMP-binding proteins to transduce 

cAMP signals. Recently, cAMP effectors were identified in a genome-scale RNAi screen 

for resistance to the phosphodiesterase inhibitor, CpdA (55). In this study, the screen 

identified four cAMP Response Proteins (CARPs). CARP1 is kinetoplastid-specific and 



	
   55	
  

has a predicted cyclic nucleotide binding-like domain whereas CARP2 and CARP3 are 

conserved hypothetical proteins that are found in the eukaryotic flagellar proteome or 

are associated with flagellar function. In our studies, CARP1 is cNMP1, a protein 

containing a putative cNMP-binding domain and was also found in a proteome of the T. 

brucei flagellum skeleton (unpublished data). The preliminary data from social motility 

assays of the heterogenous knockdown cell line of cNMP1, however, did not show a 

social motility defect (Figure 2-10). Although cAMP binding has not been experimentally 

verified for CARP1/cNMP1, the putative cNMP-binding domain hints at a possible role in 

cAMP signaling. Furthermore, since the function of CARP1/cNMP1 is still unknown, 

more in-depth analysis of this gene using clones with a high level of knockdown and 

assessing other CARPs may reveal a role for these genes in the regulation of social 

motility.  

In summary, investigating the role of social behavior in T. brucei enhances our 

general understanding of social interactions in pathogenic protozoa, and more globally, 

cell-cell communication. As described above, ubiquitous mechanisms of sensing, 

communication and transduction within microbiology seem to be conserved in T. brucei 

and pivotal facets of these mechanisms can be examined using T. brucei as a model 

organism. Additionally, the social motility assay provides an excellent framework for 

interrogating other signaling pathways. In the near future, findings revealed by this 

approach may lead to parasite-specific signaling pathways that can be exploited for 

therapeutic intervention.  
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MATERIALS AND METHODS 

Nomenclature and Gene ID 

T. brucei Gene IDs are taken from TriTrypDB v.5 are as follows:  

cNMP1: Tb927.11.16210, cNMP2: Tb927.11.2380, cNMP3: Tb927.11.2140, cNMP4: 

Tb927.10.5240, cNMP5: Tb927.1.1530, cNMP6: Tb927.7.4640, cNMP7: Tb927.7.2320, 

cNMP8: Tb927.8.2130, cNMP9: 927.3.5020, cNMP10: Tb927.11.4610, cNMP11: 

Tb927.11.15730, cNMP12: Tb427tmp.01.5260, cNMP13: Tb927.9.10890, cNMP14: 

Tb927.4.670.  

Cell Lines and Culture Methods 

T. brucei cells were grown in Cunningham’s semi-defined medium (SM) 

supplemented with 10% heat-inactivated fetal calf serum (FCS) as previously described 

(64). Procyclic 29-13, a 427 strain that expresses T7 RNA polymerase and the 

tetracycline repressor, (60) were used as wild-type controls for all experiments and were 

maintained in SM medium supplemented with 10% FCS, 15 mg/mL G418 and 50 

mg/mL hygromycin (64). Transfection and selection were done as previously described 

(64). Clonal lines were established through limiting dilution. The pZJMβ RNAi library 

was a kind gift from the Englund Lab and was maintained in SM medium supplemented 

with 10% FCS, 15 mg/mL G418, 50mg/mL hygromycin and 2.5 µg/mL phleomyclin.  

pZJMβ RNAi Screening 
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The pZJMβ RNAi library was thawed and maintained in logarithmic phase 

(~5x106 cells/mL) for 3-5 days before sorting. In pilot #2, the library was induced with 1 

µg/mL tetracycline before sorting. 100 µL pre-warmed SM media with 10% FCS, G418, 

hygromycin and phleomycin were added to ten 96-well plates then the pZJMβ RNAi was 

sorted into wells so that each well contained a single cell for a total of 960 wells at the 

Janis V. Giorgi Cytometry Core Facility (UCLA). Cells were passaged three times and 

healthy clones were consolidated into multiple 12-well plates. For pilot #2, an additional 

consolidation step was performed before cells were passaged. Each 12-well plate was 

thawed and the social motility assay was performed on 12 clones at a time.  

Social Motility Assay 

Cultivation on SM plates with 0.4% semi-solid agarose was performed as 

previously described (1). Growth of colonies was monitored up to 6 days using a Pentax 

Optio A30 point-and-shoot 10 megapixel camera. 

Database Searches 

Candidate cNMP-binding proteins were identified using the SMART database 

(65). A keyword search using the term “cNMP binding” was performed against the T. 

brucei genome to identify cNMP1-10. The Pfam database was used to find cNMP11-13 

and cNMP14 was identified as an ortholog of the T. cruzi GAF-domain containing 

hypothetical protein, TcCLB.507053.90.  

RNAi Cell Lines 
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RNAi plasmids were constructed in the p2T7TiB plasmid (66). Approximately 500 

base pair fragments of each candidate cNMP ORF was selected using parameters 

described previously (67, 68) and designed using the RNAit algorithm as described in 

(69, 70). Primers used for each cNMP gene are listed as follows:   

cNMP1 F: ATGGATCCCAGTGAATAATTGAAAGATGTGAAGCG  

cNMP1 R: ATAAGCTTGGTGGCGAGAAAGAAGAGAAAAG 

cNMP2 F: ATGGATCCAGGGTATTAACGCATATTTCAGG  

CNMP2 R: ATAAGCTTTTTCCATGGATAACCTCAAGTG 

cNMP3 F: ATGGATCCCAAATGAAGGGTTGTGGTTGTG  

cNMP3 R: ATAAGCTTGTTCACCGTTGCACATTTTG  

cNMP4 F: ATGGATCCCGTATGCATGACATCTCTTAAGTC  

cNMP4 R: ATAAGCTTAACGCAGAGACGAAAGGAAA 

cNMP5 F: ATGGATCCAATGGACGATATCGTATGACTTG 

cNMP5 R: ATAAGCTTAATTTGCTTGGAACCTGCAT 

cNMP6 F: ATGGATCCGATCGCCTCGCATAGGGTGTAG  

cNMP6 R: ATAAGCTTCGGAGAGACCACAACACATCAG 

cNMP7 F: ATGGATCCTACGCGATGTGTCACACTAACG  

cNMP7 R: ATAAGCTTCGTCCGAAACAGGAGGTAAG 
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cNMP8 F: ATGGATCCGGCAAGCGCACCTCTTGATTG  

cNMP8 R: ATAAGCTTCCACCCACACATATCCCAATTCC 

cNMP11 F: ATGGATCCCTCAAGGGAAGCAGGACGG  

cNMP11 R: ATAAGGCTTAGCACAGCGATGAGGAAAATAAG 

cNMP 12 F: ATGGATCCAGCGCATCTGCAGCAGTTAAATAAG  

cNMP12 R: ATAAGCTTAAGGTAAGGGCAACGTGGACATC 

cNMP 13 F: ATGGATCCCAAGGCAGAACTTCGCCTTCG  

cNMP13 R: ATAAGCTTGGGATGGGCGTCTATATCAAGAGC 

cNMP 14 F: ATGGATCCGGCACCATGTAAACTATTCAAATATTTG  

cNMP 14 R: ATAAGCTTAACATCCACAGCAGCCATAC 

The amplicons were cloned into the p2T7TiB plasmid using cut sites BamHI and HindIII 

(underlined) and all DNA plasmids were verified by direct sequencing. Each plasmid 

was linearized with NotI and constructs containing gene-specific inserts were 

transfected into 29-13 cells. After 18-24 hours later, transfected cells were selected for 

using 2.5 µg/mL phleomyclin. RNAi was induced by adding 1 µg/mL tetracycline.  

Northern Blots: 

Total RNA was extracted from logarithmic phase cells using the Qiagen RNeasy 

Miniprep kit. Northern blots were performed on RNA samples (5ug/lane) for cNMP2, 

cNMP4, and cNMP5 knockdown cell lines as previously described in (71) except that 
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DIG-labeled probes (DIG Nucleic Acid Detection Kit, Roche) were used. Probes unique 

to each gene was used in accordance with manufacturer’s instructions. Primers for 

probes are as follows:  

cNMP2 F: CAAGGCAGAGGTTCTCAAGG, cNMP2 R: AACAACAATGGGACGAGGAG 

cNMP4 F: TTGCACCGTCGTCACATTAT, cNMP4 R: CGTTTATGCTATCAAGCGCA 

cNMP5 F: CAGTGCGGGTCTTTCTTCTC, cNMP5 R: CATTCCACGCAGTACATCCA 

 

 

 

 

 

 

 

 

 

 

 

 



	
   61	
  

FIGURES 

	
  

	
  

Figure 2-1. Cell–cell communication benefits T. brucei. Parasite–parasite 

communication (chart on left) via cell density-dependent signaling controls T. 

brucei differentiation from proliferating forms that are adapted for survival in the 

bloodstream to growth-arrested, transmission competent forms that are adapted for 

survival in the tsetse vector. By linking differentiation to population density, the parasite 

avoids depletion of host nutrients and prevents premature commitment to a 

developmental form that is not optimized for survival in the mammalian host. Without 

density-dependent cell–cell communication (chart on right), continued parasite 

proliferation would deplete host resources and thus reduce chances for transmission. 

Reprinted with permission from (72). 
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Figure 2-2. T. brucei social motility on a surface. T. brucei cells assemble into small 

groups that migrate en masse across the surface and enlarge through recruitment of 

other cells. Panels are time-lapse images showing movement of a group of parasites 

(top right of panel) across the surface of a semisolid agarose plate, with dashed white 

line indicating starting position of the group. Bottom panel shows summary. Elapsed 

time is indicated in minutes. Scale bar is 100 µm. Reprinted with permission from (72).	
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Figure 2-3. Social motility in T. brucei. When cultivated on semi-solid surfaces, T. 

brucei engages in complex social interactions that culminate in the formation of 

characteristic colony patterns. (A) Schematic diagram of the main steps of social motility 

in T. brucei, with parasites represented in black. Initially, individual parasites (Day 0) 

form small groups (Day 1). These groups move en masse across the surface and grow 

through recruitment of additional parasites. Groups assemble at the periphery of the 

inoculation site, concentrating in nodes (Days 2–3). From these nodes, parasites 

advance outward, forming radial projections (Days 3–5) that are regularly spaced and 

advance at the leading edge only (Days 5+). (B) Suspension cultures of wild type (mot 

+) or motility mutant (mot −) parasites were inoculated on semi-solid agarose and 

imaged at 3, 4 or 6 days (3 d, 4 d, 6 d) post inoculation. Social motility requires active 

parasite motility, as motility mutants (mot -) fail to undergo social motility. Projections 

can sense neighboring cells and halt or redirect their movements to avoid contact, 

resulting a zone of avoidance (dotted red circles in panel B6d). Reprinted with 

permission from (72). 
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Figure 2-4. RNAi library screen to isolate social motility mutants. Trypanosomes have 

been transfected with an RNAi library to generate a heterogeneous population of 

mutants. The population is sorted to single cells in a 96-well plate format. In the second 

pilot, the population was induced with tetracycline for RNAi knockdown prior to sorting. 

Lethal or slow growing cells are eliminated and clonal RNAi lines are assayed for social 

motility. General motility mutants are expected to be recovered and these are 

distinguished from those specifically defective in social motility by assaying motility in 

suspension culture.  
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Figure 2-5. Proof of concept of the RNAi library screen for social motility genes. Wild-

type procyclic cells that form 1-9 projections (fingers) when plated on semi-solid 

agarose was mixed with SoMo (-) mutants that do not generate projections, and “hyper-

social” mutants (SoMo +++) that generate 10 or more projections were mixed at a 25%, 

50%, and 25%, respectively. The screen was performed as illustrated in Figure 4. 

Observed phenotypes for wild-type, SoMo (-) and SoMo (+++) populations was 16%, 

60%, and 24% respectively.  
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Figure 2-6. Pilots 1 and 2 of the RNAi library screen to identify social motility mutants. 

In Pilot #1 (middle column), the library was sorted to one cell per well and induced with 

tetracycline, passaged three times, consolidated, and frozen in 12-well plates. Of the 

196 mutants thawed, 47 mutants could not be recovered and 42 had viability defects. 

107 were screened and none had social motility defects (radial projections less than 1 

or greater than 10). In pilot #2 (right column), cells were pre-treated with tetracycline 

and slow growers discarded to eliminate growth-related variability. 96 clonal lines were 

screened and 12 had viability defects. Of the 84 screened, no lines had social motility 

defects.  
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Figure 2-7. Enrichment screen for social motility mutants. (A) The RNAi library is plated 

on a semi-solid agarose plate (1) and permitted to form radial projections (2). The cells 

from the tips of the radial projections would be re-plated on semisolid agarose and after 

multiple rounds of re-plating, the pool of mutants would be sorted and screened (3) to 

find “hyper-social” mutants (4). (B) The same enrichment screen can be used to isolate 

SoMo (-) mutants from the center of the radial projections.  
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Figure 2-8. cAMP signaling is required for normal social motility. (A) A simplified 

diagram of the cyclic adenosine monophosphate (cAMP) pathway demonstrates how 

cAMP is generated and broken down by adenylyl cyclases and phosphodiesterases, 

respectively, to drive many signaling processes (effectors). (B) Wild-type procyclic 29-

13 cells with a normal number of radial projections. (C) RNAi knockdown of an adenylyl 

cyclase results in “hyper-social” motility while (D) RNAi knockdown of a flagellar 

phosphodiesterase causes loss of radial projections. These results suggest that the 

cAMP pathway is a key component in regulating social behavior in T. brucei.  
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Figure 2-9. Candidate T. brucei cNMP-binding proteins. The SMART database was 

used to search the T. brucei genome for cNMP-binding proteins. The database 

identified 10 putative cNMP-binding proteins (cNMP 1-10) and homology searches as 

well as searching the Pfam database yielded 4 more cNMP-binding proteins (cNMP 11-

14). Other domains such as transmembrane, C2-binding, PAS and serine-threonine 

kinase domains are illustrated.  
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Figure 2-10. Social motility on candidate cNMP-binding proteins. The social motility 

assay was performed on heterogenous populations of each cNMP knockdown mutant 

and the number of radial projections was assessed. The social motility assay was also 

performed on wild-type (WT), the phosphodiesterase knockdown mutant (PDEB) and 

the adenylyl cyclase mutant (AC) as a control. Knockdowns of cNMP9 and cNMP10 

were assessed previously by J. Melehani and M. Oberholzer and were found to have 

normal social motility.  
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Figure 2-11. Individual cNMP mutants (heterogenous) have reduced mRNA levels. 

Mutant pools of cNMP2 and cNMP5 were induced with tetracycline for RNAi knockdown 

and a probe specific for cNMP2 and cNMP5 was used in combination with DIG-labeling 

to assess mRNA levels. In both panels, the mRNA levels in the heterogeneous pools 

were reduced (+ Tet lanes).  
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Figure 2-12. Social motility and knockdown of clones of cNMP3 and cNMP4. (A) Social 

motility was performed on clones of cNMP1, cNMP3 and cNMP4 under RNAi induced 

conditions. (B) Knockdown of cNMP4 clone 4 was quantitated by qRT-PCR and +Tet 

conditions show approximately 35% knockdown.  
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Chapter 3 

CMF22 is Required for Propulsive Motility in T. brucei.  
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Motility in T. brucei is driven by a single flagellum that is attached along the 

length of the cell body. Chapter 3 focuses on a protein that was identified in an in silico 

screen to be well conserved in diverse eukaryotes with motile flagella [18]. This chapter 

entitled, “CMF22 is required for propulsive motility in T. brucei” is my first-author 

publication and was published in Eukaryotic Cell. It was written by myself, Jaspreet 

Sandhu, Gerasimos Langousis, and Kent L. Hill. Experiments for this publication were 

done by Jaspreet Sandhu and myself. Phylogenetic comparisons were performed by 

Gerasimos Langousis.  

 

INTRODUCTION  

 

The flagellum (also called cilium) is a prominent eukaryotic organelle that 

functions in motility, environmental sensing, adhesion and mating (1, 2). In humans, 

flagellar motility is essential for normal development and physiology (3). Defective 

motility, due to flagellar paralysis or dysregulated beating, results in a variety of 

diseases including primary ciliary dyskinesia, situs inversus, hydrocephalus, respiratory 

malfunction and male factor infertility (4). In addition, motile flagella provide the primary 

mode of locomotion for many pathogenic protozoa, including Trypanosoma spp., 

Leishmania spp., Giardia lamblia, and Trichomonas vaginalis, which cause immense 

morbidity throughout the developing world (5-7). For example, Trypanosoma brucei spp. 

depend on a motile flagellum to complete their lifecycle, enabling infections of humans 

and livestock that result in significant loss of life and economic hardship in sub-Saharan 
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Africa (8, 9). Therefore, the motile flagellum is a critical component in a range of 

heritable and infectious diseases.  

 

Flagella are present in all major eukaryotic groups and are built upon a 

microtubule axoneme that may be motile or non-motile (10-12). Motile flagella exhibit 

structural elaborations that are not seen in immotile flagella and in most organisms 

share a canonical “9+2” axoneme structure, which consists of nine outer doublet 

microtubules arranged symmetrically around a pair of singlet microtubules.  Outer 

doublets provide a scaffold for assembly of dynein motors and regulatory complexes, 

with adjacent doublets connected via nexin links. Projections extending outward from 

each of the central pair microtubules form a sheath-like structure that envelopes the 

central pair (13). Radial spokes extend inward from each outer doublet microtubule and 

terminate adjacent to the sheath of the central pair microtubules. Recent cryoelectron 

tomography studies have defined additional axonemal substructures, such as 

microtubule inner proteins (14) and novel interdoublet linkages (15). Structural 

variations are present in some organisms, but the general architecture of the 9+2 

axoneme described above is conserved across broad evolutionary distances, consistent 

with the idea that the last eukaryotic common ancestor had a motile axoneme (16). 

 

Because of the importance of flagellum motility to human health and disease, 

there is great interest in identifying essential functional and structural components of 

these organelles, as these represent candidate disease genes and/or therapeutic 

targets.  Moreover, such efforts offer insight into flagellum biology and motility 



	
   85	
  

mechanisms by defining fundamental building blocks needed for assembly and 

operation of motile axonemes.  The deep evolutionary origins of the eukaryotic 

axoneme, together with availability of complete genome sequences from many 

divergent eukaryotes, has made it possible to identify candidate motility genes based on 

phylogenetic distribution (17-20). These approaches take advantage of the fact that 

proteins crucial for axoneme motility are conserved in most organisms with motile 

flagella, but are absent in organisms that lack motile flagella. Proteins identified may be 

conserved across diverse taxa or may represent lineage-specific elaborations, 

depending upon how the analysis is developed (21). As with any genomic approach, 

direct analyses of resultant candidates must then be conducted to interrogate the 

predicted role in axoneme motility. 

 

Previously, we performed an in silico screen to identify genes that are broadly 

conserved in organisms with motile flagella and absent in organisms that lack a motile 

flagellum (19). We identified a cohort of fifty genes postulated to serve as core 

Components of Motile Flagella (CMF), i.e. having axonemal motility functions conserved 

across diverse taxa. Several CMF genes encode proteins with known or implicated 

functions in axoneme motility through independent studies. These include subunits of 

the nexin-dynein regulatory complex (trypanin, CMF44, CMF46, CMF70) (22-26), 

protofilament ribbon proteins (CMF2, CMF3, CMF4, CMF19) (27-29), dynein subunits 

(CMF39, CMF73) (30, 31) and the trypanosome orthologue of the “move backwards 

only 2”, MBO-2, gene product (CMF8) (32, 33). However, a large number of CMF 

proteins have not yet been subjected to direct, in-depth analysis. Among the cohort of 
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CMF proteins, CMF22 piqued our interest because its amino acid sequence contains IQ 

and AAA sequence motifs, which have potential to confer regulatory roles via Ca2+ and 

nucleotide signaling, respectively (34, 35). Each of these is of interest in the context of 

flagellum function, because calcium ions and nucleotides both function in regulation of 

flagellum beating (36, 37).  Here we report in-depth analysis of CMF22 in the African 

trypanosome T. brucei, which has emerged as a powerful experimental system for 

functional analysis of flagellar proteins (38). We employ expanded phylogenetic 

analysis, together with biochemical and gene knockdown approaches to demonstrate 

that CMF22 is an axonemal protein required for regulation of flagellar beating. 

 

RESULTS  

The original identification of CMF genes surveyed ten organisms and 

represented a limited number of eukaryotic clades (19). We therefore expanded our 

analysis with CMF22 to include 115 organisms and incorporate representatives from 

each of the five major clades that encompass most eukaryotic diversity (39, 40). Within 

this set, we included members of the chromalveolate and rhizaria clades that were not 

represented previously. Using reciprocal best BLAST, we identified CMF22 orthologues 

in 85 out of 86 organisms with motile flagella, 0 out of 4 with only immotile flagella and 3 

out of 25 with no flagella (Table 3-1). Notably, a CMF22 orthologue was identified in 

representatives from all five clades for which there is a complete genome sequence of a 

ciliated organism available (Fig 3-1A). Together, these results indicate that CMF22 was 

likely present in the last eukaryotic common ancestor and are consistent with a central 

role for CMF22 in axonemal motility.  
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Analysis of the CMF22 primary amino acid sequence revealed the presence of 

sequence motifs with the potential for regulatory input/output, namely an IQ motif near 

the N-terminus and an ATPase Associated with a variety of cellular Activities (AAA) 

motif near the C-terminus (Fig 3-1B). The presence and position of the IQ and AAA 

domains are conserved in CMF22 orthologues from diverse organisms (Fig 3-1B), 

supporting a requirement for these sequence motifs for CMF22 function. Although the 

SMART predicting algorithm detected a weak hit for the IQ motif in the Bigelowiella 

natans orthologue, individual alignment shows that all the conserved residues 

(IQxxxRGxxxR) are present (data not shown). The combined phylogenetic distribution 

and domain structure of CMF22 support a role in axonemal motility, with potential for 

regulatory function. We therefore investigated this idea directly through biochemical and 

functional analysis of the CMF22 protein in T. brucei. 

 

CMF22 is an axonemal protein  

To determine the location of CMF22, we utilized in situ tagging (41) to place a 

3xHA epitope at the protein’s C-terminus. Anti-HA antibodies specifically recognized a 

single protein of approximately 110 kDa in total cell lysates from the CMF22-HA tagged 

cell line (Figure 3-2A, 3-2B). This size is consistent with the size predicted for the 

CMF22 protein (102 kDa). To determine if CMF22-HA is associated with the flagellum, 

cells were extracted with detergent to separate detergent-soluble proteins (S1) from 

insoluble cytoskeletons (P1). Cytoskeletons were further extracted with 0.5 M NaCl to 

solubilize the subpellicular cytoskeleton (S2), leaving an insoluble flagellum skeleton 
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(P2) that includes the axoneme, paraflagellar rod (PFR), basal body and flagellum 

attachment zone (FAZ) (42). The entire cellular pool of CMF22 fractionated with the 

axonemal marker trypanin in the flagellum skeleton fraction, even when using high salt 

extraction (1M NaCl) (Fig 3-2B). Notably, these high-salt extraction conditions solubilize 

most outer arm dyneins as well as much of the central pair apparatus and portions of 

the PFR (38). 

 

The biochemical fractionation pattern observed for CMF22 is consistent with an 

axonemal protein, but would also be observed for protein components of the basal 

body, PFR or FAZ. To distinguish between these possibilities, we used 

immunofluorescence to examine the distribution of CMF22 in the cell. CMF22-HA was 

found to be distributed along the entire length of the flagellum (Figure 3-3) and clearly 

distinct from the basal body (Figure 3-S1). CMF22-HA staining was adjacent to, but not 

coincident with, PFR staining along most of the flagellum (Figure 3-3A-D, I). Moreover, 

at the proximal end of the flagellum, where the flagellum emerges from the cell body, 

CMF22-HA staining extended beyond the end of the PFR and nearly all the way to the 

kinetoplast (Figure 3-3J, open arrowheads). Thus, CMF22 is not part of the PFR. At the 

distal end of the flagellum, CMF22-HA extended all the way to the flagellum tip, beyond 

the cell body (Figure 3-3A-D, filled arrowhead, I), demonstrating CMF22 is not part of 

the FAZ, which stops at the end of the cell body (43). Finally, CMF22-HA overlapped 

and was interspersed with the axonemal marker trypanin along the entire length of the 

flagellum, including the proximal end of the axoneme (Figure 3-3H, K, L, Figure 3-4). 

This staining pattern differs from the side-by-side staining pattern observed for CMF22 
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and PFR. A similar pattern was also observed in dividing cells where the newly forming 

flagellum is seen posterior to the old flagellum (Figure 3-4). Therefore, the combined 

biochemical, immunofluorescence and phylogenetic data demonstrate that CMF22 is an 

axonemal protein. 

 

CMF22 is required for propulsive motility  

To investigate CMF22 function, we used tetracycline (Tet)-inducible RNAi to 

target the CMF22 3’UTR, so as to allow subsequent rescue experiments (see below) 

(44, 45). Northern blots using RNA from CMF22-UTR-knockdown parasites, hereafter 

referred to as “CMF22-UKD”, showed a single CMF22 mRNA of approximately 3.7 kb 

that was dramatically reduced within 72 hr of Tet induction (Fig, 3-5A). Knockdown of 

CMF22 resulted in a modest growth defect (Fig 3-5B), with a doubling time of 14.6 

hours for the knockdown compared to 10.1 hours for control cells. This is consistent 

with prior preliminary analysis of a CMF22 open reading frame knockdown (19). We did 

not observe any obvious morphological or flagellum defects in the knockdown, based on 

light microscopy, nor did we observe any obvious ultrastructural defect in the flagellum, 

based on transmission electron microscopy (Supplementary Figure 3-2). To test the 

requirement of CMF22 for cell motility, CMF22-UKD parasites were analyzed using high 

resolution, single cell video microscopy, as well as automated particle tracking and 

motility trace analysis (44). A motility defect was immediately evident in CMF22-UKD 

cells when analyzed using automated particle tracking (Figure 3-5C, D) and high-

resolution video microscopy (Supplemental Movie 3-1 and 3-2). Knockdown cells 

retained a vigorously beating flagellum, but beating was unproductive, as the cells were 
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incapable of translocation, while uninduced controls were motile and moved readily in 

and out of the field of view (Supplemental Movie 3-1 and 3-2).  

  

To determine the penetrance of the motility phenotype and quantify the impact on 

cell movement, we employed motility trace analysis and automated particle tracking (44, 

46). CMF22-UKD parasites were significantly slower than uninduced controls (2.15 

um/s for the knockdown vs 4.48 um/s for controls, p <0.0001). Cell speed provides a 

reasonable assessment of cell motility, but has limitations because it does not filter out 

Brownian motion, which will contribute to speed calculation. We therefore measured 

mean squared displacement as a function of time interval to assess the impact of 

CMF22 knockdown on propulsive cell movement. Using this approach we found 

propulsive cell movement to be essentially absent in the CMF22 knockdown (Fig 3-7, 

top panels). Thus, CMF22 knockdown resulted in a defective flagellar beat that was 

incapable of driving propulsive motility.  The defect was reversed following removal of 

tetracycline (Supplementary Figure 3-3). 

 

Despite the block in propulsive motility, the flagellum of CMF22 knockdown cells 

continued to beat. Close examination of flagellum beating using high-speed video 

microscopy revealed defective coordination of axonemal beating along the length of the 

flagellum. Beating was erratic and variable in any given cell and from cell to cell, making 

it difficult to assign a uniform description, but prominent features included erratic 

movement of the flagellum tip, coupled with sharp bending in the cell’s anterior end 

(Supplemental Movie 3-2 and 3-4). Base-to-tip beats were common (Fig 3-7, +Tet, and 
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Supplemental Movie 3-4), which contrasts to control cells where the dominant beat is 

tip-to-base (47, 48) (Fig. 3-7, -Tet, Supplemental Movie 3-1 and 3-3). Tip-to-base beats 

could be observed in knockdown cells (Figure 3-S3), although not as clearly or as 

consistently as in control cells, and generally did not appear to propagate along the 

whole cell (Supplemental Movie 3-5 and 3-8). Thus, it appears erratic and reverse 

flagellar beating combine to block propulsive cell movement.  

 

Maintaining CMF22 expression in the knockdown restores motility  

We next asked whether the motility defect in the knockdown was specific to loss 

of CMF22 expression. For this, we took advantage of the fact that RNAi targets the 3’ 

UTR of CMF22, allowing us to express CMF22 under inducing conditions by changing 

the 3’ UTR (44, 45). We used in situ tagging (41) to replace the CMF22 3’ UTR with the 

alpha tubulin 3’ UTR, while simultaneously incorporating an HA tag at one CMF22 allele 

in the knockdown. With this method, an HA-tagged copy of the gene is generated that is 

immune to RNAi and is expressed from the endogenous CMF22 locus (44). We refer to 

this cell line as “UTR-knockdown-RNAi-immune” (UKD-Ri). Immunoblotting with anti-HA 

antibodies showed a single band in lysates from UKD-Ri cells (Figure 3-8A). The alpha 

tubulin 3’UTR is smaller than the CMF22 3’ UTR, therefore CMF22-HA mRNA is smaller 

than endogenous CMF22 mRNA and this size difference enabled us to distinguish 

between the endogenous and RNAi-immune CMF22 mRNA in Northern blots. A probe 

specific for the CMF22 ORF hybridized to a single mRNA in the UKD parental line and 

two mRNAs in the UKD-Ri cell line, corresponding to endogenous and HA-tagged 

mRNAs (Figure 3-8B). Abundance of the endogenous mRNA (Figure 3-8B, open 
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arrowhead) was dramatically reduced upon RNAi induction, while the HA-tagged mRNA 

(Figure 3-8B, filled arrowhead) was unaffected. Thus, CMF22-UKD-Ri cells retain 

CMF22 expression even under RNAi induction and this cell line was used to test for 

rescue of the motility phenotype. 

 

RNAi knockdown of endogenous CMF22 had a minimal effect on growth of CMF22-

UKD-Ri cells (Figure 3-8C), with a doubling time of 11.5 hours compared to 10.5 hours 

for -Tet controls. Importantly, UKD-Ri cells retained propulsive motility even upon 

knockdown of endogenous CMF22, as demonstrated by motility trace (Figure 3-8D, E), 

movies of individual cells (Supplemental Movies 3-6 and 3-7) and mean squared 

displacement analyses (Figure 3-6, bottom panels). The slope of the MSD curve was 

slightly less under induced conditions, but propulsive motility was clearly restored. 

Therefore, the motility defect in CMF22-KD cells is attributed specifically to the loss of 

CMF22. Moreover, the ability of HA-tagged CMF22 to support propulsive motility 

demonstrates that the localization of the HA-tagged protein reflects the location of the 

endogenous protein.  

 

Stability of CMF22-HA interaction with the axoneme is reduced in NDRC 

knockdowns  

The phylogenetic distribution, biochemical fractionation and localization of 

CMF22, together with the phenotype of CMF22 knockdowns, demonstrate an important 

role in axonemal motility.  Consistent with these findings, a recent study found that the 

CMF22 orthologue in Chlamydomonas reinhardtii showed reduced abundance in 
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axonemes from nexin-dynein regulatory complex (NDRC) mutants, suggesting it may be 

associated with the NDRC (49).  The fractionation and localization of CMF22, together 

with the phenotype of CMF22 knockdowns are consistent with this idea.  To test for a 

potential interaction of CMF22 with the NDRC, we asked whether co-fractionation of 

CMF22 with axonemes was altered in trypanosomes deficient in NDRC subunits 

trypanin or CMF70.  In control cells, CMF22 fractionates exclusively with 1% NP40-

extracted cytoskeleton pellets and 1M NaCl-extracted axoneme pellets (Figure 3-2).  As 

shown in figure 3-9, Tet-inducible knockdown of trypanin or CMF70 resulted in nearly 

half of the cellular pool of CMF22 being solubilized with 1% NP40 (Figure 3-9).  

Therefore, an intact NDRC is required for stable association of CMF22 with the 

axoneme.  In the reciprocal experiment, stable association of trypanin with 1M NaCl-

extracted axonemes was not altered by CMF22 knockdown (Figure 3-9).  

 

DISCUSSION  

Axonemal motility is essential for human development and physiology, as well as 

for the motility of pathogens that cause tremendous human suffering worldwide (4, 5). 

Therefore, defining core components of motile axonemes enhances understanding of 

eukaryotic biology and provides insight into mechanisms of inherited and infectious 

diseases in humans. In this study, we use phylogenetic, biochemical and functional 

analysis to demonstrate that CMF22 is a broadly conserved component of the motile 

axoneme and is required for wild type flagellum beating in T. brucei. Ablation of CMF22 

expression by RNAi results in altered flagellar beating, including erratic and reverse 

beating, and completely blocks directional cell motility.  
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CMF22 is represented in each of the five major eukaryotic clades for which there is a 

representative having a motile flagellum and a completely sequenced genome (Figure 

3-1). This distribution indicates CMF22 arose early in eukaryotic evolution as a core 

component of the machinery that drives flagellar motility. CMF22 function has not been 

directly studied in other organisms. However, CMF22 mRNA is among the most 

abundant transcripts in human sperm (96th percentile) and exhibits five-fold reduced 

expression in patients with male factor infertility, which is characterized by abnormal 

sperm morphology and motility (50). These findings support the phylogenetic analyses 

by indicating a role for CMF22 in flagellar motility in organisms as diverse as 

trypanosomes and humans. We did not identify a CMF22 orthologue in Plasmodium 

falciparum, which elaborates a motile flagellum during gametocytogenesis (51).  P. 

falciparum axonemes are not well-studied, but exhibit unusual features relative to the 

canonical structure (52).  Our analysis suggests that P. falciparum has either dispensed 

with the need for CMF22, or that the gene sequence has diverged sufficiently to 

preclude detection based on sequence similarity. 

 

Identification of CMF22 orthologues in three organisms reported to lack a 

flagellum, Chlorella variabilis, Ostreococcus tauri, and Aureococcus anophagefferens, 

at first seems contrary to its overall restriction to organisms with motile flagella, but 

further analysis indicates otherwise.  Ostreococcus and Chlorella are both green algae 

with no flagellated stage yet described. However, as noted previously (20, 53), these 

organisms retain genes for several flagellum proteins, including NDRC subunits trypanin 
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and CMF70, the dynein subunit LC1, the dynein-NDRC assembly factor CCDC39 and 

MBO2. Aureococcus is in a different lineage (Chromalveolates) and no flagellated stage 

is yet described. Again however, orthologues of flagellar genes are present such as 

centriolar Pix proteins (54) and in our own analysis, we found LC1, IFT88, BBS5, and 

trypanin (data not shown). The presence of “flagellar” genes in these organisms has 

been suggested to indicate they might possess a cryptic flagellated stage, for example a 

cryptic gamete stage (55), or that ‘flagellar’ genes have been retained for other 

functions, or even that they have recently lost flagella and there has not been enough 

time for genomic loss (20). In any case, given the presence of several genes for 

flagellum proteins, it is not entirely surprising to find that CMF22 is retained in these 

organisms. 

 

CMF22 knockdown completely blocks propulsive cell motility, but does not cause 

flagellar paralysis.  Rather, the CMF22 knockdown exhibits an abnormal beating pattern 

characterized by erratic beating and frequent reversals of waveform propagation. The 

knockdown does not show any indication of defective flagellum assembly or major 

defects in growth that accompany gross disruptions of axoneme structure in T. brucei 

(23, 56-59). Indeed, TEM analysis did not reveal any obvious defect in axoneme 

ultrastructure.  These data argue for a role in flagellar beat regulation, rather than a 

structural role or a direct role in generating forces that power microtubule sliding. Two 

proteins previously shown to function in beat regulation in T. brucei are trypanin and 

CMF70, which function as part of the NDRC (26). The CMF22 knockdown exhibits 

erratic flagellar beating, as observed in CMF70 knockdowns, but does not exhibit the 
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continuous cell tumbling that characterizes trypanin knockdowns (23, 25). Also, despite 

frequent reversals of flagellar wave propagation, CMF22 knockdowns do not exhibit 

significant backward cell motility, such as that described in outer arm dynein mutants 

with reverse wave propagation (46, 58). The absence of backward cell locomotion in 

CMF22 knockdowns may be due to reverse (base-to-tip) beats occurring simultaneously 

with forward (tip-to-base) beats, which counter each other and block propulsive motility.  

Thus, CMF22 appears to function in beat regulation, but its precise role is distinct from 

that of previously described flagellar mutants that lead to altered flagellum beating in T. 

brucei.   

 

Given the flagellum beating defect of the CMF22 knockdown, together with 

biochemical and immunofluorescence data, we expect CMF22 to reside within an 

axonemal sub-complex that is crucial to motility regulation. Canonical sub-complexes of 

motile axonemes are inner and outer arm dynein motors, radial spokes, the nexin-

dynein regulatory complex (NDRC) and the central pair apparatus (60).  The entire 

cellular pool of CMF22 remains with insoluble axonemes after extraction with 1M NaCl, 

which solubilizes outer arm dyneins and much of the central pair apparatus (38). Thus, 

it is unlikely that CMF22 is a subunit of outer arm dynein complexes or the central pair 

apparatus.  In support of this conclusion, CMF22 is retained in organisms that lack outer 

dyneins, Physcomitrella, and in organisms that lack the central pair apparatus, 

Thalasiossira (20, 61, 62). Notably, NDRC subunits trypanin and CMF70 are likewise 

conserved in Physcomitrella and Thalasiossira, the latter of which also lacks radial 

spokes and inner arm dyneins (20). Altogether, these data suggest that CMF22 can 
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function independently of the central pair apparatus, radial spokes or any single subset 

of axonemal dyneins and point to the NDRC or one of the novel axonemal sub-

complexes recently identified by cryoelectron microscopy (14) as the site of CMF22 

action. Current efforts are aimed at distinguishing between these possibilities. During 

preparation of this manuscript, Bower et al. (49) reported that the CMF22 orthologue in 

Chlamydomonas reinhardtii is a candidate NDRC subunit, because it shows reduced 

abundance in axonemes from drc mutants. Our data support and extend the important 

Chlamydomonas studies through fractionation, localization and functional analysis of 

the T. brucei CMF22 protein and are consistent with an NDRC function for CMF22.  As 

reported for C. reinhardtii, we observed that CMF22 is less stably associated with the 

axoneme in cells deficient in other NDRC components, which is a hallmark of NDRC 

subunits (63, 64).  Availability of the CMF22 knockdown allowed us to also ask the 

reciprocal question, namely whether or not NDRC subunits are impacted by loss of 

CMF22.  We found that association of trypanin with salt-extracted axonemes is not 

affected by CMF22 knockdown.  Bower and colleagues (49) suggested that FAP82, the 

C. reinhardtii CMF22 orthologue, may correspond to one of the NDRC distal densities 

that contact the B-tubule of the adjacent outer doublet (65).  The finding that CMF22 

knockdown does not alter trypanin fractionation supports this model and structural 

studies are underway to directly test this idea.  

 

A notable feature of CMF22 is the protein’s domain architecture, which includes 

an N-terminal IQ motif and a C-terminal AAA domain. IQ motifs function as binding sites 

for calmodulin and other EF hand proteins (66). AAA domains are nucleotide binding 
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domains that function in regulation and ATP hydrolysis in a variety of cellular contexts 

(67). The presence and position of each of these domains is conserved in CMF22 

orthologues from diverse organisms (Figure 3-1B), indicating there is selective pressure 

to retain them and supporting the notion that they are important for protein function. The 

CMF22 AAA domain lacks the glutamate residue in the Walker B motif that is critical for 

catalysis (68), so it probably does not hydrolyze ATP. However, it might still function in 

regulation of motility through nucleotide binding.  

 

The CMF22 IQ motif is of particular interest because it links CMF22 to potential 

functions in Ca2+ regulation of flagellar motility, which is conserved across diverse phyla 

and likely has roots in regulatory mechanisms that appeared early in eukaryotic 

evolution. Chemotaxis of mammalian sperm as well as flagellated protists is dependent 

upon modulation of the motility apparatus in response to extracellular cues, using Ca2+ 

as the second messenger (12, 69-73). Targets of Ca++ are not well understood, but 

pioneering studies in Chlamydomonas recently identified three axonemal protein 

complexes that bind calmodulin and are predicted to function in Ca++ regulation (74-76). 

The Chlamydomonas CMF22 orthologue, FAP82, was identified in the flagellar 

proteome (77), but was not identified as part of CaM-binding complexes in 

Chlamydomonas (78).  Nonetheless, Ca2+ regulated motility is conserved in another 

trypanosome species, Crithidia oncopelti, where direction of flagellar wave propagation 

is regulated by the concentration of calcium. Forward (tip-to-base) beating 

predominates at low [Ca2+], <0.1 mM, and reverse (base-to-tip) beating dominates at 

higher Ca2+ concentrations (79, 80). The Ca2+ response is observed in demembranated 
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flagella of C. oncopelti (36) indicating that at least some of the targets are axonemal 

proteins. The axonemal location of CMF22 and frequent reversals of flagellar beating in 

the CMF22 knockdown are consistent with a role for CMF22 in flagellar beat regulation.    

 

T. brucei and related trypanosomatids are deadly pathogens that cause 

tremendous human suffering worldwide and the flagellum is central to trypanosome 

biology, transmission and pathogenesis (81). Distinctive characteristics of T. brucei 

flagellum structure and motility suggest specialized mechanisms for controlling flagellar 

beating and parasite motility (47, 82-85). In addition to providing insight into 

fundamental biology of flagella, understanding beat regulation in these organisms thus 

offers opportunities for discovering novel therapeutic or transmission-blocking 

strategies. Of the fifty original CMF genes identified in T. brucei (19), five have now 

been demonstrated or implicated to function as part of the NDRC:  trypanin, CMF70, 

CMF46 and CMF44 (22, 23, 25, 26, 56) and, as discussed above, CMF22. While CMF 

proteins themselves are broadly-conserved, they interact with conserved as well as 

organism-specific proteins (86, 87). Continued analysis of CMF22 and other CMF 

proteins therefore offers opportunities to enhance understanding of flagellum motility 

with relevance to pathogenesis of trypanosomes and related human pathogens. 
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SUPPLEMENTAL MOVIE LEGENDS 

Supplemental Movie #1: 30 fps CMF22-UKD –Tet, control cells. Video microscopy 

shows normal motility of uninduced (-Tet) CMF22-UKD cell line. Notice that the cell 

rapidly travels across the field of view. Video recorded and played at 30 fps. 

Supplemental Movie #2: 30 fps CMF22-UKD +Tet cells.  After 72 hours of RNAi 

induction (+Tet), CMF22-UKD cells exhibit erratic movements in which flagellar beating 

is impaired and cells are not capable of propulsive motility. Notice in the knockdown 

(+Tet), erratic movements of the flagellar tip, bent anterior (thin end), and base-to-tip 

beating. Video recorded and played at 30 fps. 

Supplemental Movie #3:  1000fps video of flagellar beating in control cells.  Cells 

maintained –Tet. Videos were recorded at 1000 frames/second and played back at 50 

frames/second. Note several tip-to-base beats. Figure 6 (-Tet) shows time-lapse image 

series taken from frames 100 to 300.  

Supplemental Movie #4:  1000fps video of reverse (base-to-tip) flagellar beating in 

CMF22 Knockdown cells.  CMF22-UKD cells were maintained +Tet for 72 hrs.  Videos 

recorded at 1000fps and played at 50 fps.  Figure 6 (+Tet) shows time-lapse image 

series taken from frames 150 to 350. 

Supplemental Movie #5.  1000fps video of forward (tip-to-base) flagellar beating in 

CMF22 knockdown cells.  CMF22-UKD cells were maintained +Tet for 72 hrs.  Videos 

recorded at 1000fps and played at 50 fps.  Video shows a flagellar beat that moves from 

tip toward base but then appears to stop and then reverse direction.  Supplemental 

Figure 3 (top panels) shows time-lapse image series taken from frames 110 to 130. 
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Supplemental Movie #6: 30 fps video of normal cell translocation in CMF22UKD-

Ri cells maintained in –Tet. Video shows essentially normal beating and translocation 

of CMF22-UKD-Ri cells before RNAi induction with Tet. 

Supplemental Movie #7: 30 fps video of normal cell translocation in CMF22UKD-

Ri cells 72 hours post-induction for RNAi against endogenous CMF22. 

CMF22UKD-Ri cells were maintained +Tet for 72 hrs.  Video was recorded and played 

at 30 fps.  Video shows essentially normal beating and translocation of CMF22-UKD-Ri 

cells after RNAi knockdown of endogenous CMF22.   

Supplemental Movie #8: 1000 fps video of reverse flagellar beating followed by a 

forward beat in CMF22 Knockdown cells. CMF22-UKD cells were maintained +Tet 

for 72 hrs. Videos recorded at 1000fps and played at 50 fps. Video shows a forward 

beat that moves from the tip towards the base of the flagellum (frames 100 to 200) and 

is immediately followed by a reverse beat that moves back to the tip of the flagellum 

(frames 300 to 400). Supplemental Figure 3 (bottom) shows time-lapse image series 

taken from frames 145 to 595 

 

METHODS 

Trypanosome transfection and cell maintenance:  

Procyclic 29-13 cells (88) were used for all experiments. Cultures were 

maintained in Cunningham’s semi-defined medium (SM), supplemented with 10% heat-

inactivated fetal calf serum, 15 mg/mL G418 and 50 mg/mL hygromycin (23). 
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Transfection and selection were done as previously described (23). Clonal lines were 

established through limiting dilution. RNAi was induced by adding 1µg/mL tetracycline. 

Database searches: 

T. brucei CMF22 (XP_828418.1) orthologues were identified in genome 

databases as reciprocal best BLAST hits using the NCBI BLAST portal as well as 

species-specific portals when necessary and the T. brucei sequence as the original 

query. Hits were confirmed by individual alignments where there was ambiguity.  An 

organism is listed as having an orthologue if it has a hit and returned T. brucei CMF22 

as the top hit in a BLAST search against T. brucei. Domain identification was done 

using the SMART database (89) and individual alignments where there was ambiguity. 

A summary of the organisms used and the corresponding accession numbers of CMF22 

orthologues is provided in Table 3-1.  

 

In situ tagging and RNAi knockdown:  

In situ tagging of CMF22 was performed using the pMOTag2H vector (41) for 

direct integration of a tagging cassette at the C-terminus of endogenous CMF22.  The 

final 515 bp of the CMF22 ORF were amplified from 29-13 procyclic genomic DNA with 

forward (5’- ATGGTACCTGAAGAAAGAGGTACTTAAGGGC-3’) and reverse (5’-

ATCTCGAGTTCCTTCTTCTTGGGTCTCTTCTTAG-3’) primers containing a KpnI site 

and an XhoI site, respectively. This fragment was ligated into the corresponding sites of 

pMOTag2H directly upstream of the 3xHA cassette. Subsequently, 655 bp of the 3’ UTR 

immediately downstream of the CMF22 stop codon were amplified with forward (5’-

ATGGATCCAGCCCGGAATGTTCCTCAC-3’) and reverse (5’- 
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ATACTAGTGACGCCGGTCGACCTCGAAG-3’) primers containing a BamHI and a SpeI 

site, respectively. This fragment was then cloned into the corresponding sites directly 

downstream of the puromycin-resistance cassette.  The entire tagging cassette 

(CMF22ORF-3xHA-igr-PuroR-CMF22 3’UTR) was excised from the resulting plasmid 

and stably transfected into 29-13 cells.  

 

RNAi plasmids were constructed in the p2T7TiB plasmid (90). A 405 base pair 

fragment of the CMF22 3’ UTR was selected using parameters described previously 

(45, 91) and designed using the RNAit algorithm (92) as described in (44, 45). This 

region was amplified with forward (5’-ATGGATCCAGCCCGGAATGTTCCTCAC-3’) and 

reverse (5’-ATAAGCTTGCTTCGCACCTGTACAACG-3’) primers containing a BamHI 

and HindIII site, respectively. The resulting amplicon was cloned into the corresponding 

sites of p2T7TiB between opposing, tetracycline-inducible T7 promoters. Following 

linearization with Not1, this plasmid was stably transfected into 29-13 cells, to generate 

a CMF22-3’UTR knockdown (CMF22-UKD) line. All DNA constructs were verified by 

direct sequencing. The rescue cell line, “UKD-Ri”, was generated by stably transfecting 

the CMF22 C-terminal in situ tagging cassette (above) into the CMF22-UKD line. The 

same CMF22 C-terminal in situ tagging cassette (above) was stably transfected into the 

trypanin-UKD(44) and CMF70-KD (25) cell lines to generate trypanin and CMF70 

knockdowns that express tagged CMF22. These cell lines were grown in media without 

puromycin for a week prior to tetracycline induction.   
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Cytoskeletal fractionation, western blotting, and immunofluorescence and electron 

microscopy:  

Procyclic 29-13 cells were subjected to detergent fractionation using a two-step 

fractionation method as previously described (25, 38). Non-ionic 1% Nonidet-P40 

(NP40) was used to solubilize the cell and the pellet fraction was subsequently 

extracted in 0.5 M and 1 M NaCl PMN [10 mM NaPO4 pH 7.4, 1 mM MgCl2, 150 mM 

NaCl] buffer. Cell lysates and detergent fractionations were analyzed by western 

blotting as previously described (23). Primary antibody dilutions were as follows: 

monoclonal anti-HA antibody (HA 11.1 Covance) 1:1000, monoclonal anti-Trypanin 

antibody (mAb 37.2) 1:5000 (23), monoclonal anti-Tubulin antibody E7 supernatant 

1:2500. The monoclonal antibody E7, directed against beta-tubulin, was developed by 

(93) and obtained from the Developmental Studies Hybridoma Bank maintained by the 

University of Iowa Department of Biological Sciences. 

 

For immunofluorescence, cells were extracted in PEME buffer (100 mM 

piperazine-N,N′-bis(2-ethanesulfonic acid), pH 6.9, 2 mM EGTA, 0.1 mM EDTA, 1 mM 

MgSO4, 25 µg/ml aprotinin, 25 µg/ml leupeptin) containing 1% NP40 (42). Cell 

cytoskeletons were fixed in 2% paraformaldehyde, quenched in 0.1M glycine, and 

subjected to indirect immunofluorescence microscopy as previously described (38). 

Procyclic 2913 cytoskeletons were used as a negative control and showed no staining 

(data not shown). The following primary antibody dilutions were used: monoclonal anti-

HA antibody (HA11.1, Covance) 1:200, monoclonal anti-PFR antibody (rat αPFR2, a gift 

from Thomas Seebeck) 1:2500, mouse monoclonal anti-Trypanin antibody (9C7) 1:50, 
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rat anti-HA antibody clone 3F10 (Roche Applied Science) 1:100, monoclonal anti-tubulin 

clone YL 1/2 (Millipore) 1:2500.  Cytoskeletons were mounted after staining with 

Vectashield containing DAPI.  

 

For transmission electron microscopy (TEM), log-phase CMF22-UKD cells were 

uninduced or induced with tetracycline for 72 hours, washed twice with PBS, 

resuspended in 1 mL fixative (3% paraformaldehyde and 3% glutaraldehyde in 0.1 M 

Na-cacodylate containing 1% filtered tannic acid), and incubated for one hour. For 

detergent-extracted cytoskeletons, cells were washed twice in PBS and resuspended in 

PEME + 1% NP-40 for 10 minutes. Cells were then pelleted and resuspended in 1 mL 

fixative for one hour (same as above). Fixed cells were pelleted and resuspended in 

fixative without tannic acid, treated with 1% osmium tetroxide, dehydrated in ethanol, 

washed three times in Eponate resin, and embedded in Eponate182. After 

polymerization, cells were sectioned into 80nm thick sections and analyzed using a Jeol 

1230 transmission electron microscope at the University of Iowa Central Microscopy 

Research Facility (94).  

 

Northern blots:  

Total RNA was extracted from cells using the Qiagen RNeasy Miniprep kit. 

Northern blots were performed on RNA samples (5 µg/lane) from each cell line as 

previously described in (95) with the exception that DIG-labeled probes (DIG Nucleic 

Acid Detection Kit (Roche)) were used in place of 32P-labeled probes to detect RNA 

levels. A unique 523 base pair probe corresponding to nt 1398 to 1920 of the CMF22 
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ORF was used in accordance with manufacturer’s instructions. rRNA was crosslinked 

and visualized under ultraviolet light. 

 

Growth curves and motility assays/videos 

Cell growth was monitored using a Z1 Coulter Particle Counter (Beckman 

Coulter, USA) with curves plotted as cumulative growth and data points are reported as 

the averages obtained in three independent experiments with duplicate samples taken 

at each time point. Error bars indicate the standard deviation of the three independent 

experiments. For motility assays, cells at a density of 3 x 106 cells/ml were pipetted into 

poly-glutamate coated motility chambers (46) at room temperature and imaged on a 

Zeiss Axioskop II microscope within ten minutes after removal from the incubator. For 

motility traces, videos were collected using darkfield optics with a 20x objective as 

described (46). For tetracycline inducible conditions, 1µg/mL tetracycline was added to 

cultures for 72 hours before video capture. Motility traces were performed as described 

(46) and average curvilinear velocity was determined using Metamorph software 

(Molecular Dynamics). A student’s unpaired t-test was also used to determine 

significance. To quantify parasite propulsive motility, traces were used to calculate the 

mean squared displacement of individual cells in the x and y dimensions according to 

the formula MSD = <ri(t)2> = <(pi(t) – pi(0))2>, where ri is the distance travelled by the 

parasite over time interval t and pi is the position of the parasite at any given time. The 

timescale of t ranged from 1 to 30 seconds in increments of 1 second. MSD is 

calculated for each instance i of a given time interval. Several cell MSDs were then 
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averaged to obtain an ensemble average. Error bars indicate the standard deviation. 

For CMF22-UKD, 20 minus Tet parasites were analyzed, compared to 20 plus Tet 

parasites. For CMF22-UKD-Ri, 20 minus Tet parasites were analyzed, compared to 20 

plus Tet parasites. For the tetracycline-removal experiment, CMF22-UKD cells were 

induced with tetracycline for 72 hours and tetracycline was removed by diluting cells to 

1x106 cells/mL in fresh media without tetracycline, with continuous dilution to maintain 

log phase growth for 5 days.  After 5 days of tetracycline removal, motility traces and 

MSD was performed as described above. For single cell motility videos, cells were 

imaged using DIC optics with a 100x oil objective. Videos were captured either at 30 

frames per second with a COHU CCD camera and imported using Adobe Premiere 

Elements as described (46), or captured at 1000 frames/second using a X-PRI mono 2s 

High Speed Camera (AOS Techonologies AG) and the AOS Imaging Studio light V2 

software from the manufacturer.    
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FIGURES 

 

 

Figure 3-1. CMF22 is broadly conserved among organisms with motile flagella. (A) 

Representative organisms from each of the indicated eukaryotic clades are shown 

along with a depiction indicating whether these organisms have a motile flagellum, an 

immotile flagellum, or no flagellum. The presence or absence of CMF22 orthologues is 

noted in the right-most column. Only organisms for which the complete genome 

sequence is available were considered. Groups are based on the work of Keeling et al. 

(B) The CMF22 domain architecture is conserved in diverse organisms. The schematic 
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shows the predicted domain architecture for CMF22 orthologues from the indicated 

organisms. The IQ and AAA motifs were identified using SMART (black and gray boxes) 

or individual alignments (hash-marked box). The organisms (with their GenBank 

accession numbers in parentheses) used were as follows: Trypanosoma brucei 

(XP_828418.1), Homo sapiens (NP_001257513.1), Chlamydomonas reinhardtii 

(XP_001690665.1), Paramecium tetraurelia (XP_001429179.1), and Bigelowiella 

natans (jgi_Bigna1_142761). aa, amino acids. 
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Figure 3-2. CMF22 is associated with the flagellum skeleton. (A) Western blot of total 

cell lysates from control (2913) or CMF22-HA-tagged (CMF22-HA) cells. Blots were 

probed with antibodies against the HA epitope or loading control (tubulin). (B) Western 

blot of whole-cell lysates (lane L) and the indicated subcellular fractions from CMF22-

HA cells. Blots were probed with antibodies against the indicated proteins. Fractions 

correspond to nonionic detergent-soluble (lane S1) and insoluble (lane P1) fractions, as 

well as soluble (lane S2) and insoluble (lane P2) fractions obtained by extraction of P1 

with NaCl at the concentrations indicated at the top. The lower band in the trypanin blot 

is likely a degradation product. 
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Figure 3-3. CMF22 is localized to the axoneme. Indirect immunofluorescence was 

performed on detergent-extracted cytoskeletons from CMF22-HA cells. Samples were 

stained with anti-HA antibodies to detect CMF22-HA and costained with antibodies 

against markers for the PFR (PFR2) (A to D, I, and J) or axoneme (trypanin) (E to H, K, 

and L), as indicated. DNA was visualized with DAPI (blue). Phase-contrast, individual 

fluorescence, and merged fluorescence images are shown. Regions boxed in red and 

blue in panelDare enlarged in panels I and J, respectively. Regions boxed in red and blue 

in panel H are enlarged in panels K and L, respectively. The white arrowheads in panels 

A to D mark the end of the cell body. Red and green arrowheads in panel J mark the 

proximal end of PFR and CMF22 staining, respectively. Red and green arrowheads in 

panel L mark the proximal end of trypanin and CMF22 staining, respectively. 
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Figure 3-4. CMF22 localizes to the axoneme in nascent flagella. Indirect 

immunofluorescence was performed on detergent-extracted cytoskeletons from dividing 

CMF22-HA cells. Samples were stained with anti-HA (green) and anti-trypanin (red) 

antibodies. The newly emergent daughter flagellum (arrows) is posterior to the old 

flagellum (arrowheads). Phase-contrast, individual fluorescence, and merged 

fluorescence images are shown. 
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Figure 3-5. CMF22 knockdown disrupts motility. (A) Northern blot of RNA prepared 

from CMF22-UKD cells grown in the absence (-) or presence (+) of Tet, as indicated. 

(Top) Probe with a DNA fragment unique to the CMF22 ORF; (bottom) rRNA as a 

loading control. (B) Growth curve of CMF22-UKD grown in the absence or presence of 

Tet for 2 weeks, as indicated. Data are averages of three independent experiments. (C 

and D) Motility traces of CMF22-UKD grown in the absence or presence of Tet for 72 h, 

as indicated. Each line traces the movement of an individual trypanosome over a 30-s 

time interval. 
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Figure 3-6. Time-lapse series showing the reverse beat in CMF22-UKD following 

tetracycline induction. (Top) Control cells (CMF22-UKD cells in the absence of Tet) 

retain a wild-type tip-to-base beat; time-lapse image series taken from frames at 100 to 

300 ms of Movie S3 in the supplemental material are shown. (Bottom) After Tet 

induction for 72 h, CMF22-UKD cells display a flagellar beat that originates at the base 

of the flagellum and propagates toward the flagellum tip (reverse beat); frames at 150 to 

350 ms of Movie S4 in the supplemental material are shown. White arrows, first 

waveform; black arrows, second waveform; filled arrows, position of the waveform at 

each time point; unfilled arrows; approximate position where the waveform originates; P, 

posterior end of the cell; A anterior end of the cell. 
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Figure 3-7. HA-tagged CMF22 rescues the motility defect of CMF22-knockdown cells. 

(A) Western blot of total protein prepared from CMF22-UKD cells or CMF22-UKD-Ri 

cells probed with anti-HA or antitubulin antibody, as indicated. UKD-Ri cells contain an 

RNAi-immune HA-tagged CMF22 gene; see the text for details. (B) Northern blot of total 

RNA prepared from CMF22-UKD or CMF22-UKD-Ri cells grown in the absence or 

presence of Tet, as indicated. Open arrowhead, endogenous CMF22 mRNA; filled 

arrowhead, HA-tagged mRNA. Membranes were probed with a DNA fragment specific 

to the CMF22 ORF (top), and rRNA is shown as a loading control (bottom). (C) Growth 

curve of CMF22-UKD-Ri cells grown in the absence or presence of Tet, as indicated. (D 

and E) Motility traces of CMF22-UKD-Ri cells grown in the absence or presence of Tet, 

as indicated. 
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Figure 3-8. CMF22 is required for propulsive motility. MSD is plotted as a function of 

the time interval (delta time) for CMF22-UKD cells and for CMF22-UKD-Ri cells grown 

in the absence or presence of Tet, as indicated. 
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Figure 3-9. CMF22-HA is less stably associated with the axoneme in NDRC mutants. 

(A) Western blot of the indicated subcellular fractions from trypanin-UTRknockdown, 

CMF70-knockdown, or CMF22-ORF-knockdown cells probed with anti-HA, anti-

trypanin, or anti-tubulin antibody, as indicated. Fractions correspond to whole-cell lysate 

(lanes L), nonionic detergent-soluble (lanes S1) and insoluble (lanes P1) fractions, as 

well as soluble (lanes S2) and insoluble (lanes P2) fractions obtained by extraction of 

P1 with 1 M NaCl. The lower-molecular-mass bands in the anti-HA and anti-trypanin 

blots are likely degradation products. 

 

 

 

 

 

 

 

 



	
   119	
  

 

 

Figure 3-S1. CMF22 and basal body co-staining. Indirect immunofluorescence on 

detergent-extracted cytoskeletons from CMF22-HA cells.  Samples were stained with 

anti-HA antibodies to detect CMF22-HA (green) and YL 1/2 antibodies as a marker for 

the basal body (red).The kDNA and nuclear DNA were stained with DAPI (blue). 
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Figure 3-S2. CMF22 knockdown does not affect axoneme ultrastructure. Transmission 

electron microscopy (TEM) analysis of flagella in CMF22-UKD cells grown in the 

absence or presence of tetracycline for 72 hours as indicated. Samples are either whole 

cells (upper panels) or 1% NP40-extracted samples (lower panels). 
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Figure 3-S3. Removal of tetracycline restores wild-type motility in CMF22-UKD cells. 

CMF22-UKD cells were induced with tetracycline for RNAi knockdown of CMF22 for 72 

hours then tetracycline was removed by diluting the culture to 1x106 every 24 hours for 

5 days.  (A) Motility traces of individual cells at day 5 after tetracycline removal. (B) 

Mean squared displacement (msd) of CMF22-UKD cells after 5 days tetracycline 

removal is plotted as a function of time interval.  
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Figure 3-S4. CMF22 knockdown cells exhibits both reverse and forward beats. Time-

lapse image series from video microscopy of CMF22-UKD cells 72 hrs post induction. 

Filled arrow indicates position of wave at each time point. Unfilled arrows indicate 

approximate position where waveform originated. “P” marks the posterior end of the cell 

and “A” marks the anterior end of the cell. (Top) Induction with Tet shows a reverse 

flagellar beat that moves toward the base of the flagellum. Frames 110 to 130 taken 

from Supplementary Movie 5. (Bottom) A reverse flagellar beat that moves towards the 

base of the flagellum, then stops and moves toward the tip of the flagellum (bottom 

panels). Frames 145 to 595 taken from Supplemental Movie 3-8.  
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Table 3-1. CMF22 orthologues from 115 diverse eukaryotes. The TbCMF22 protein 

(XP_828418.1) was used as the original query to perform reciprocal best BLAST using 

the NCBI BLAST portal and species specific portals. An orthologue was confirmed only 

if TbCMF22 was returned as the top hit upon BLAST against the T. brucei genome. To 

get diverse coverage of genomes, multiples species from the same genus were not 

compared. Our study found 85 orthologues for CMF22 out of 86 organisms with motile 

cilia, 0 out of 4 organisms with immotile cilia and 3 out of 25 organisms without cilia. 
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Chapter 4 

Cryo-electron Tomography of the T. brucei Flagellum Reveals High-Resolution 3D 

Structural Analysis of the Axoneme and Identifies Structural Defects Caused by the 

Loss of CMF22  
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This chapter describes the efforts to determine the 3D structure of the T. brucei 

flagellum and to identify structural defects caused by loss of CMF22. I’ve employed 

cryo-electron tomography to determine differences between the CMF22-UKD mutant 

and wild-type procyclic 29-13 cells. In addition to potentially determining the sub-

localization of CMF22, these results also revealed novel features of the Trypanosoma 

brucei flagellum. This work is the result of a collaboration with the laboratory of Dr. Hong 

Zhou in the UCLA Department of Microbiology, Immunology and Molecular Genetics, 

CnSI (UCLA), and Dr. Huy Bui, a Postdoctoral Fellow at the European Molecular 

Biology Laboratory in Heidelberg, Germany.  

INTRODUCTION 

Cilia, or flagella, or are highly conserved, evolutionarily ancient organelles with 

diverse functions in motility, environmental sensing, adhesion, mating and human 

development (1-3). In higher eukaryotes such as humans, defects in flagellar motility 

can cause a number of diseases, termed “ciliopathies”, such as primary cilia dyskinesia, 

situs inversus, hydrocephalus, respiratory malfunction and male factor infertility. The 

first discovery of the association between structural defects of motile cilia and a human 

genetic disease (primary ciliary dyskinesia) was first demonstrated by Afzelius et al. in 

1976 where electron microscopy of sperm from four subjects who produced immotile 

sperm showed that cilia from these sperm cells were missing the motor proteins 

(dyneins) required to convert chemical energy from ATP hydrolysis to mechanical 
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energy for movement (4). This breakthrough was the first of many other discoveries 

illustrating that structural defects in cilia results in ciliary disorders (5).  

The most widely recognized role of flagella/cilia is for cellular motility, for example 

of mammalian sperm and of pathogenic protozoa such as Trypanosoma spp., 

Leishmania spp., Giardia lamblia, and Trichomonas vaginalis (6-8). Recently, 

Trypanosoma brucei has emerged an attractive model system for studies of flagellar 

biology due to the development of great molecular tools for molecular genetics (9). 

There are several advantages that make these parasites attractive model systems. For 

example, trypanosomes can be rapidly propagated in cell culture, can reach high 

densities for proteomic analyses, the genome is fully sequenced as well as annotated, 

and the flagellum skeleton is easily extracted using detergent and high salt (8-11). In 

addition, reverse genetic approaches such as efficient, inducible RNAi silencing is 

possible in T. brucei (12). The ease of genetic manipulation in T. brucei has led to 

genetic screens, comparative genomics, and proteomics to identify hundreds of putative 

flagellar proteins (13-16). These approaches have elucidated the highly conserved 

structure of the T. brucei axoneme, however there has been no study to define a high-

resolution structural analysis of the T. brucei flagellum.  

The canonical, eukaryotic motile cilium possess a 9+2 axoneme structure in 

which 9 “outer doublet” microtubules surround a central pair of singlet microtubules. The 

outer doublet microtubules also contain substructures for motility that include motor 

proteins called outer dynein arms (ODA), inner dynein arms (IDA), and radial spokes 

that project inwards from each outer doublet microtubule to interact with the central pair. 
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Additionally, the nexin-dynein regulatory complex (N-DRC) sits at the base of radial 

spokes on each doublet microtubule and is critical for motility regulation (17-21). Motility 

is achieved by hydrolysis of ATP on the dyneins to provide a mechanical force. These 

dyneins are coordinated around the circumference of the axoneme and along the length 

by signals from the central pair and radial spokes. These signals are then regulated 

through the N-DRC.  

 Much of the current knowledge of motility coordination is due to technological 

innovation in the area of high-resolution imaging. These advances have led to more 

refined structures since the first image of flagella in Sphagnum sperm using a metal 

shadowing whole-mounted, frayed axoneme technique (22). The development of 

electron tomography and cryo-electron tomography imaging techniques and the use of 

motility mutants have been made it possible to determine the contribution of protein 

complexes in coordinating motility. Studies in other model organisms such as 

Chlamydomonas reinhardtii, sea urchin sperm, tetrahymena, chicken chondrocyte cilia, 

and newt epithelial cilia have refined structures of the outer and inner dynein arms, 

microtubules doublets, central pair, radial spokes and nexin-dynein regulatory complex 

among other sub-structures (8). Recently, cryo-electron tomography has also defined 

novel axonemal substructures such as microtubule inner proteins (MIPs) (23) and novel 

interdoublet linkages (24). These high-resolution studies of the axoneme have revealed 

conserved structures across broad evolutionary distances as well as structural variation 

unique to each organism (25).  
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 High-resolution cryo-electron tomography of Chlamydomonas reinhardtii, 

Tetrahymena thermophila and sea urchin sperm has identified many conserved and 

novel features. Authors compared the axonemal structure of three eukaryotes with 

diverse waveforms to identify differences that could account for these very different 

waveforms. The green alga C. reinhardtii have two flagella that synchronously beat in 

“breast-stroke” mode and have asymmetric recovery strokes. The beat in C. reinhardtii 

is planar and perpendicular to the axis of rotation. Another model system for flagellar 

biology is Tetrahymena thermophila in which hundreds of cilia are coordinated in 

metachronal waves and individually have asymmetric waveform. Finally, sea urchin 

sperm flagella differ through cyclical, symmetric waves that initiate at the base. Like C. 

reinhardtii, beating of tetrahymena and sea urchin sperm flagella is mostly planar.  This 

comparative study illustrated very diverse molecular architecture in terms of 

arrangement of protein complexes on the doublet microtubules, microtubule inner 

proteins (MIPs), dynein structure, and N-DRC structures (25).  

 The advent of sequencing has led to numerous fully sequenced genomes from 

diverse eukaryotes. Although there is some controversy regarding the correct eukaryote 

tree of life, molecular phylogenies as well as morphological and biochemical evidence 

has suggested that there are five major “supergroups” that encompasses most 

eukaryotic diversity: Chromalveolates, Plantae, Excavates, Rhizaria, and Unikonts (26, 

27). It has been hypothesized that the last common eukaryotic ancestor had a 9 + 2 

motile flagellum and every extant branch of eukaryotes includes organisms with motile 

flagella (28). C. reinhardtii, T. thermophila, and sea urchin sperm are representative 

organisms with flagella from eukaryotic clades Plantae, Chromalveolates, and Unikonts 
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respectively. Thus far, Bigelowiella natans is the only flagellated Rhizaria that has been 

sequenced, however, the genome is not very well annotated therefore studies in this 

organism have been limited. On the other hand, since the first description 150 years 

ago, Trypanosomes have been a well-studied model organism for flagellar biology yet 

no high-resolution ultrastructural analysis has been performed on axonemes from this 

organism. T. brucei is a member of the Excavate supergroups that encompasses 

diverse groups of protists (26). Although it is unclear whether the Excavate supergroup 

is monophyletic, certain groups within the Excavates are arguably considered early 

branching lines in eukaryotic evolution, therefore studies in T. brucei flagella would add 

to current knowledge of evolution (26).  

T. brucei has a unique beating pattern in which the beat propagates tip-to-base 

(29) and the beat is driven by bihelical waves with alternating chirality (30). Additionally, 

T. brucei represents a unique model system for studying eukaryotic flagella from a 

human pathogen. In comparison to primary ciliary dyskinesia, a rare autosomal 

recessive genetic disorder that affects one in 20,000 individuals, eukaryotic pathogens 

as a group is estimated to cause up to half a billion deaths worldwide (31-33). Thus far, 

there has been no high-resolution ultrastructural analysis of a eukaryotic human 

pathogen.  

 This study aims to define the three-dimenional architecture of the T. brucei 

flagellum as well as delineation of structural defects in T. brucei CMF22 (aka DRC11) 

mutants. CMF22, previously identified as axonemal protein that regulates propulsive 

motility in T. brucei, was hypothesized to be part of the N-DRC protein complex based 
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on the phylogenetic profile, axoneme location, co-immunoprecipitation with another 

DRC subunit (DRC4), and the presence of motility defects upon RNAi knockdown (34, 

35). Additionally, this protein is lost in DRC2 and DRC4 mutants but not vice versa 

suggesting that CMF22 may be part of the outer lobes, which is a major contact for 

neighboring microtubules (21, 34). Antibodies to the CMF22 ortholog in C. reinhardtii 

has also shown decreased expression in drc mutants, however, there is no known 

mutant of CMF22 (35). CMF22 also has interesting domain structures that include the 

IQ motif and AAA domain, suggesting a potential signaling component for this protein. 

High-resolution structural analysis of this first mutant of the N-DRC lobe can therefore 

provide insight into mechanisms of axonemal motility.  

 

RESULTS 

T. brucei is missing dynein c and outer-inner dynein connector between the DRC 

and ODA 

 T. brucei flagella were prepared by detergent extraction to remove membranes 

and the subpellicular cytoskeleton was depolymerized using 150mM KCl, leaving the 

flagellum skeleton, axoneme plus PFR, intact. To purify the flagellum skeleton from cell 

body contaminants, the flagellum skeleton fraction was placed over buffer containing 

30% sucrose and gently centrifuged. The top layer was concentrated and plunge frozen 

on carbon grids and tilt series were collected using dual-axis tilt tomography 

with Batchtomography software from FEI (36). Tilt series were used to assemble 

tomograms as described in (36). Substructures within the axoneme are arranged in a 
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repeating unit that repeats each 96nm along the length of each outer doublet 

microtubule. To obtain a high-resolution structure of the T. brucei repeating unit, 

subtomogram volumes encompassing the 96-nm repeat were extracted from six 

individual tomograms and 581 subtomograms were averaged to reconstruct the 3D 

structure of the T. brucei repeating unit (37).  

One major observation is that the T. brucei flagellum has 2-headed ODA, similar 

to Tetrahymena and sea urchin sperm (Figure 4-1A, teal), and differing from the 3-

headed ODA of C. reinhardtii. Additionally, the T. brucei axoneme has 3 full-length 

radial spokes (Figure 4-1A, blue). In contrast, C. reinhardtii has only two full-length 

spokes and a shortened “radial spoke stand-in” at the position of the third radial spoke. 

Compared to Tetrahymena and sea urchin sperm, C. reinhardtii seems to have the most 

divergent ultrastructure (25). Notably, among the inner dynein arms (IDAs), dynein c of 

the IDAs is present in all organisms for which there is a high-resolution 3D structure, but 

is missing on all outerdoublet microtubules in T. brucei (Figure 1B, red dashed circle). 

Dynein c groups with the IAD3 phylogenetic group (38). Phylogenetic analysis of T. 

brucei inner arm dynein genes has revealed that diversity of the gene of IAD3 group 

genes is quite restricted. C. reinhardtii has 6 genes within the IAD3 phylogenetic group, 

whileT. brucei only has one (38). The limited diversity of IAD3 heavy chain genes may 

account for the lack of dynein c. Another interesting observation is that C. reinhardtii 

dynein c is required for flagellar beating at high viscosity (39). T. brucei are motile 

swimmers and efficiently swim in high viscosity (30). Therefore, the absence of dynein c 

suggests that cooperation among individual dyneins to drive axonemal beating may 

differ substantially among different organisms to swim in highly viscous environments.  
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C. reinhardtii axonemes have an important structure that connects the N-DRC to 

the outer dynein arms called the outer-inner dynein (OID) linker. This structure has been 

suggested to regulate both ODAs and IDAs to coordinate flagellar beating since 

mutants of this linker had an altered waveform (40). This structure, however, is missing 

in T. brucei axonemes as well as in Tetrahymena and sea urchin sperm (Figure 4-5C). 

Again, it appears that C. reinhardtii differs from T. brucei, Tetrahymena, and sea urchin 

sperm at the ultrastructure level to coordinate beating.  

T. brucei has extensive structures that potentially connect to neighboring 

microtubules 

Interconnections between outer doublets are critical to normal axoneme beating 

(40). Another feature unique to T. brucei is the extensive connections on every doublet 

microtubule that extend to the neighboring outer doublet (Figure 4-2). In C. reinhardtii, 

besides dyneins themselves, the only interdoublet connection present on all doublets is 

the N-DRC. T. brucei, on the other hand, has an extensive lobe structure on the I1 

intermediate chain-light chain (I1 ICLC) complex in comparison to that of other 

organisms. A side view of the axoneme shows that this I1 ICLC is co-linear with the 

outer lobes of the N-DRC, a point of contact with the adjacent B-tubule (Figure 4-2B and 

C, yellow) (21). This extended lobe, in addition to the lobes of the N-DRC, makes the 

interdoublet connections between neighboring microtubules considerably more 

extensive than in other organisms. Additionally, T. brucei ODA-gamma exhibits a large 

extension from the N-terminal tail domain that extends significantly toward the 
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neighboring B-tubule, though it is not clear if this structure makes contact with the 

neighboring B-tubule (Figure 4-1, black arrow, Figure 4-2, teal).  

T. brucei has novel MIP arrangement and a unique ponticulus structure within the 

B-tubule 

Microtubule inner proteins (MIPs) are suggested to function in microtubule 

stability and molecular assembly of the axoneme (23). The resolution achieved in this 

study clearly identifies a variety of MIPs in T. brucei (Figure 4-3). MIP1b, MIP2a, and 

MIP3 (25, 41) are clearly visible within the T. brucei doublet microtubules (Figure 4-3C). 

T. brucei has additional unique MIPs in the B tubule attached to protofilaments B6-8 as 

well as a ponticulus, a large structure within the B-tubule that is only present in mature 

T. brucei flagella (Figure 4-3B) (42). This structure can be seen to be connected to the 

B-tubule at protofilaments B2-4 (Figure 4-3C). This structure is only found in T. brucei 

axonemes (42) and the role of this structure has not yet been identified.  

Outer doublet asymmetry in the interdoublet linker and dynein b 

Various studies using cryo-electron tomography in C. reinhardtii have illustrated 

structural features that differ between different outer doublet microtubules (43, 44). 

These include IDA arrangement, doublet specific bridges between adjacent 

microtubules, lack of ODAs, and specific structures associated with the I1 ICLC inner 

dynein arm (43, 45). The current study illustrates a similar asymmetry in a sub-structure 

of the I1 ICLC inner dynein arm that is hypothesized to interact with the adjacent 

microtubule. Doublets 1-3 have a smaller but protruding density, whereas doublets 4, 5-

9 exhibit a larger density that spans a larger surface area closer to the microtubule 
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(Figure 4-4). There are 4 variations of this interdoublet linker in which doublet 

microtubules 1-3 are conserved, doublets 5-6 are conserved and doublets 8-9 are 

conserved. Doublet 4 appears to be unique (Figure 4-4). Interestingly, doublets 8-9 are 

also missing dynein b. There is poor resolution for doublet microtubule 7 due to the 

missing wedge effect and is therefore not shown.  

A unique N-DRC structure in T. brucei 

The N-DRC of T. brucei is at the same location as observed in C. reinhardtii, 

Tetrahymena, and sea urchin sperm. Compared to C. reinhardtii N-DRC (21), the T. 

brucei N-DRC has a smaller proximal lobe and a larger distal lobe (21). The T. brucei N-

DRC has a large proximal lobe and the length of the lobes that is parallel to the 

microtubule is quite extensive (Figure 4-1, green). Presumably this results in an 

increased surface area for binding to the adjacent microtubule. Connections between 

the N-DRC to other protein complexes on the doublet microtubules are observed to be 

more extensive in T. brucei than reported for other organisms. These connections 

include contacts between the N-DRC (green) and the MIA complex (grey) (Figure 4-5A), 

radial spoke 2 (blue) and IDAs 4 and 5 (red) (Figure 4-5C). The N-DRC connections to 

the MIA complex also appear to be much more extensive in T. brucei than in C. 

reinhardtii (21).  

The N-DRC is a broadly conserved structure that is a central regulator for 

coordinating flagellar beat (17-21). The N-DRC is predicted to be a 1.5 megadalton 

complex and a number of subunits (DRC1-11) have been identified in T. brucei, C. 

reinhardtii, and humans (21, 46-49). Some of these subunits have been mapped within 
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the N-DRC using cryo-electron tomography in various drc mutants in C. reinhardtii, 

however many subunits as well as the arrangement of certain subunits within the 

complex remain unknown (21). CMF22, aka DRC11 is a recently identified N-DRC 

axonemal protein that is suspected to be an N-DRC subunit (34). An N-DRC 

assignment for CMF22 is based on co-immunoprecipitation with DRC4 and the 

observation that CMF22 interaction with the axoneme is reduced in drc mutants in T. 

brucei and C. reinhardtii (34, 35). Notably, loss of CMF22 did not alter the interaction of 

DRC2 and DRC4 with the axoneme (34). The location of CMF22 within the N-DRC is 

unknown, therefore, to determine if the N-DRC structure is affected by loss of CMF22, 

we used cryo-electron tomography to resolve the 3D structure of the 96-nm repeat unit 

in axonemes from T. brucei CMF22 knockdown cells (CMF22-UKD). For this, 909 

subtomograms were extracted from 10 individual flagella tomograms and were 

averaged to identify structures altered in CMF22-UKD axonemes. In the CMF22-UKD 

axonemes, a large portion of the proximal lobe and a smaller portion of the distal lobe 

are missing (Figure 6). In addition, a protrusion on the left side of the N-DRC linker 

region is altered in the CMF22-UKD axonemes (Figure 6). This data indicates that 

CMF22 is localized to the N-DRC proximal lobe or is an adaptor protein that is required 

for assembly of the proximal lobe. The clarity of the CMF22 knockdown structural defect 

illustrates the strong penetrance of knockdown and demonstrates the value of T. brucei 

RNAi lines for high-resolution structural analysis. Earlier work using cryo-electron 

tomography of C. reinhardtii mutants generated by amiRNA-mediated knockdown of 

axonemal protein complexes was challenging due to the heterogeneity of the mutant 
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(50). T. brucei is therefore an excellent model system for ultrastructure studies for 

flagellar biology.  

 

DISCUSSION 

Cryo-electron tomography of T. brucei axonemes adds to the current knowledge 

of flagellar biology in that it is the first high-resolution structure for an organism from the 

Excavate supergroup, which are considered to be deep brancing eukaryotes. Notably, 

this is also the first high-resolution 3D ultrastructure study of axonemes from a 

pathogenic organism. Our studies have revealed that the T. brucei flagellum has many 

general features that are more similar to Tetrahymena and sea urchin sperm than to 

Chlamydomonas reinhardtii. T. brucei has 2-headed ODAs, three full-length radial 

spokes and a missing OID linker. The T. brucei axoneme also has several unique 

features such as much more extensive network of protrusions that potentially contact 

the adjacent microtubule, a novel ponticulus, novel MIP arrangement, outer doublet 

asymmetry, and a unique N-DRC. These novel features may contribute unique features 

of trypanosome flagellum beating, such as the tip-to-base beating pattern in which the 

beat is driven by bihelical waves with alternating chirality (30). Possibly, this unique 

waveform allows this parasite to be uniquely pathogenic and key molecular 

arrangement of sub-complexes on the T. brucei axoneme may modulate this distinct 

waveform. Further investigation of other pathogenic protozoans with motile flagella can 

provide insight into conserved mechanisms of eukaryotic pathogenesis through flagellar 

motility.   
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Additionally, we have identified the first ever proximal lobe mutant of the N-DRC, 

demonstrating the importance of this lobe in regulating propulsive motility. Unlike other 

known mutants of the N-DRC, inner arm dyneins were unaffected by the loss of CMF22. 

As such, this is the first clear motility defect that can be entirely attributed to perturbation 

of the N-DRC, as opposed to the N-DRC plus dyneins. Experiments to isolate the sub-

complex of CMF22 and the proteins that potentially interact are underway. In a previous 

experiment, expression of an epitope-tagged CMF22 in another N-DRC mutant, 

trypanin, results CMF22-HA becoming solubilized (34). RNAi knockdown of trypanin 

releases a ~900 kDa complex that contains CMF22-HA in the soluble S1 fraction (data 

not shown). CMF22-HA can be co-immunoprecipitated using anti-HA antibody (not 

shown), hence mudpit MS/MS mass spectrometry analysis can now be used to define 

the CMF22 sub-complex. 

Additional work using stable isotope labeling by amino acids (SILAC) to identify 

quantitative differences between different N-DRC mutants and wild-type cells will also 

be useful to define not only the sub-complex of CMF22, but also which N-DRC proteins 

are lost in the CMF22 mutant and other N-DRC mutants. Defining these proteins may 

elucidate the mechanism of motility regulation via CMF22, provide a model of protein-

protein interaction required for assembly of the N-DRC, and identify additional N-DRC 

proteins. This study, along with concurrent cryo-electron tomography studies of other N-

DRC mutants will provide a molecular map of the T. brucei N-DRC, a central regulator 

of motility coordination. Identification of human homologs of these core proteins will be 

useful in evaluating gene products that may be important for the regulation of motility for 

ciliopathic diseases. A recent study revealed the importance of studying the composition 
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of the N-DRC. DRC1, a subunit of the N-DRC that is localized to the base plate was 

shown to be involved in primary ciliary dyskinesia pathogenesis (49). Therefore, the 

identification of additional N-DRC components advances not only our current knowledge 

of key regulators, but also a mechanism of how cilia motility fails in ciliary diseases.  

 

 

MATERIALS AND METHODS 

Axoneme preparations: 

  Procyclic 29-13 wild-type and CMF22-UKD T. brucei cells were cultured in 

Cunningham’s SM Medium supplemented with 10% heat-inactivated fetal calf serum, 15 

mg/mL G418 and 50mg/mL hygromycin (9). The CMF22-UKD cell line was previously 

generated in (34). Approximately 4x108 cells from each cell line was used for cryo-

electron tomography. Cells were washed three times in PBS and resuspended in 

extraction buffer [20mM HEPES, 1mM MgCl2, 150mM KCl, 0.5% NP-40, 2x protease 

inhibitor cocktail (Sigma, EDTA-free), 1x DNase buffer (Turbo DNase, Invitrogen) and 

1x Dnase (Turbo DNase, Invitrogen)] at a final concentration of 2x106 cells/µL. Cells 

were incubated at room temperature for 15 minutes and CaCl2 was added to samples 

for a final concentration of 1mM. Samples were incubated on ice for 30 mins to 

solubilize the subpellicular microtubules and centrifuged at 4 °C at 8000 rpm for 10 

minutes to isolate insoluble flagella. The supernatant was discarded and the pellet was 

resuspended in extraction buffer at a final concentration of 4x106 cells/µL. The sample 
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was carefully overlaid on top of three times the volume of ice-cold 30% (w/v) sucrose 

supplemented with 10mM HEPES, 5mM MgSO4, and 1mM DTT. The two-layer mixture 

was centrifuged at 4 °C at 3000 rpm for 5 minutes and half of the upper volume was 

pipetted into a clean microcentrifuge tube. The sample was washed several times in 

extraction buffer without detergent and resuspended at a final concentration of 1.6x107 

cells/µL.  

 

Quick freezing, cryo-electron tomography, and image analysis: 

Samples were plunge frozen and applied on carbon grids with colloidal gold 

particles as markers for tomographic reconstruction. Cryo-electron tomography and 

data processing was performed as described in (36). Each tilt series was taken with a 

defocus of −3 µm from −70° to +70° tilt along alpha and beta tilt axes, with 2° 

increments at the lower tilt angles (range ± 40°) and 1° increments above +40° and 

below −40°. Dual axis data sets were achieved by taking single tilt data sets at several 

points of the grid before manually rotating the grid by 90° and taking the second tilt 

series at the same locations. For surfaced rendered reconstructions, 6 flagella (581 

subtomograms) from wild-type procyclic T. brucei cells and 10 flagella (909 

subtomograms) from CMF22-UKD cells were averaged as previously described in (25, 

51).  Segmentation of components (ODA, IDA, RS and N-DRC) was based on 

axonemes from C. reinhardtii (21, 25, 52-54).  
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FIGURES 

 

 

Figure 4-1. Cryo-electron tomography of the T. brucei flagella. (A) Cryo-electron 

tomography of 6 flagella, consisting of 581 tomograms of the 96 nm repeat. Colored as 

follows: ODA (teal), IDA (red), radial spokes (blue), Intermediate chain-light chain 1 

(yellow, left), N-DRC (green). (B) T. brucei axonemes are missing inner dynein arm c 

(red dashed circle, red arrow). T. brucei ODA-gamma exhibits a large extension from 

the N-terminal tail domain that potentially interacts with neighboring microtubules (black 

dotted circle, black arrow).   
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Figure 4-2. The T. brucei flagellum has extensive features to interact with the adjacent 

microtubule. (A) Side view of wild-type axonemes as seen from the left side of Figure 4-

1. The T. brucei intermediate chain-light chain I1 dynein arm (yellow) has an extended 

lobe (black circle) that is co-linear with the outer doublet microtubules, depicted by the 

dashed line. (B) Side view of wild-type axonemes as seen from the right side of Figure 

4-1. The N-DRC (green) also extends to the same plane (depicted by the dashed line) 

as the outer doublet microtubules and may interact with adjacent microtubules. 

Additionally the large protrusion of the N-terminal tail domain of ODA-gamma is 

depicted as the teal globular structure almost touching the dashed line. 
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Figure 4-3. Conserved and unique MIPs of T. brucei. (A) Schematic of MIPs in C. 

reinhardtii is adapted from (25). (B) Density map of a cross section of the T. brucei 

axoneme shows MIPs within the doublet microtubules. Densities correlate to MIP2 

(MIP2a and/or MIP2b), MIP3 (MIP3a and/or MIP3b) and a large density that spans 

almost through the B-tubule, the ponticulus. (C) Average tomograms and surface 

rendering of a cross section of the T. brucei axoneme illustrate conserved MIPs to C. 

reinhardtii (colored) and unique MIPs to T. brucei (black).  
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Figure 4-4. Doublet specific features of the T. brucei axoneme. Surface rendering of 

average tomograms of doublet microtubules illustrate doublet specific features of the 

intermediate chain-light chain I1 inner arm dynein (yellow in doublets 1-6, green in 

doublets 8-9) and the predicted interdoublet linker (orange for doublets 1-3, purple for 

doublet 4, blue for doublets 5-6, and red for doublets 8-9).  
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Figure 4-5. Connections of the N-DRC to axonemal protein complexes. (A) The N-DRC 

(green) has a connection to the predicted MIA complex (grey, yellow circle), (B) radial 

spoke 2 (blue, yellow circle), and (C) the inner dynein arms 4 and 5 (red, yellow circle). 

Notably, the N-DRC has no connections with the ODA (dashed circle).   
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Figure 4-6. The T. brucei N-DRC structure. Surface rendering of the wild-type (A) and 

CMF22-UKD (B) T. brucei axoneme reveals the N-DRC in green and yellow, 

respectively. (C) The N-DRC in wild-type (green) is compared to that of CMF22-UKD 

(yellow) and the merged image shows the missing proximal lobe (red arrow), part of the 

distal lobe, and a “nub” that is altered in the CMF22-UKD mutant (black arrow).  
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As described in Chapter 2, CMF22 has two domains of interest: an IQ motif for 

calcium signaling and an ATPase Associated with various cellular Activities (AAA) 

domain for effector function. Chapter 3 describes efforts to identify if these domains 

function in regulating propulsive motility and adds insight into a working model on how 

motility coordination is achieved through CMF22.  

 

Introduction 

 The eukaryotic flagellum is an evolutionarily ancient organelle with genomic 

evidence suggesting that the last eukaryotic common ancestor had a motile flagellum 

(1, 2). The eukaryotic flagellum, also known as cilium, has diverse functions that include 

motility, environmental sensing, adhesion, and mating (3, 4). Flagella are widely 

recognized to function in cellular propulsion for many pathogenic protozoa such as 

Trypanosoma spp., Leishmania spp., Giardia lamblia, and Trichomonas vaginalis (5-7). 

In higher eukaryotes such as humans, flagellar motility is required for normal 

development and physiology (8-10). A number of ciliopathies including primary ciliary 

dyskinesia, situs inversus, hydrocephalus, respiratory malfunction and male factor 

infertility arise due to motility defects of cilia in human cells (11).   

 Trypanosoma brucei are vigorous swimmers that move through viscous 

environments such as blood. An unusual feature of trypanosome motility is that the 

organism moves with the tip of the flagellum leading, which is reversed in most 

flagellated organisms. The general mechanism of motility in T. brucei is conserved with 

that of other diverse eukaryotes with motile flagella (12). There has been tremendous 
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research using T. brucei as a model organism for flagellar biology (7, 13). Motility is 

achieved through coordination of inner and outer dynein motor proteins that provide 

power for microtubule sliding around and along the length of the canonical 9+ 2 

axoneme (12, 14).  Current models suggest that dyneins are coordinated by other 

protein complexes on the axoneme which includes the central pair, radial spokes, and 

the nexin-dynein regulatory complex (N-DRC), however, how these complexes are 

coordinated for motility and the effectors to transmit regulatory signals have not yet 

been identified (15-19).    

Decades of work in Chlamydomonas reinhardtii have revealed that the N-DRC, a 

complex that sits at the base of the radial spokes and interacts with inner dynein arms, 

is a hub of regulating axonemal motility (20-22). Dynein regulation by the N-DRC 

require proteins with a signaling capacity, however, while many subunits of the N-DRC 

thus far identified have coiled-coiled domains and motifs for protein-protein interaction, 

very few have domains predicted to confer regulatory inputs. The N-DRC is a broadly 

conserved complex in organisms with motile flagella (23-26), therefore, in order to 

identify effector proteins that regulate N-DRC activity and other core components of 

motile flagella, our lab performed an in silico screen of 10 genomes from diverse 

eukaryotes to identify genes broadly and uniquely conserved in eukaryotes with motile 

cilia. This phylogenetic screen identified a cohort of fifty genes, the core Components of 

Motile Flagella (CMF) genes, that were present in eukaryotes with motile flagella but 

were absent in organisms that lack flagella (27). This initial study was expanded in a 

recent work that compared the CMF genes across 115 eukaryotic genomes, leading to 

the identification of CMF22 as a gene that stood out as being one of the most 
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conserved CMF genes and contained domains of interest for regulation by Ca2+ and 

ATP (28). CMF22 domain architecture consists of an N-terminal IQ motif and a C-

terminal ATPase Associated with various cellular Activities (AAA) domain, both of which 

make it a promising candidate effector protein for signaling events that allow organisms 

to alter their motility in response to external signals. The CMF22 protein is therefore of 

high interest, because very little is known about such effector proteins that control 

flagellar motility. Our in-depth analysis of CMF22 revealed that CMF22 is a broadly 

conserved axonemal protein that regulates propulsive motility and may be important for 

general mechanisms of eukaryotic motility (28). The conserved presence and position of 

IQ and AAA domains in CMF22 orthologs from diverse eukaryotes with motile flagella 

indicates these domains are important for CMF22 function and therefore make CMF22 

an attractive candidate effector for translating external signals to mechanical forces for 

motility.  

 This study aims to analyze the IQ motif and AAA domains of CMF22 to 

determine their function in regulating motility. Using point mutants of each domain, we 

identified that the AAA domain may be functional in regulating motility and coordination 

of motility may be modulated through a key residue important for ATP-binding. 

Additionally, immunofluorescence and biochemical assays of the AAA point mutant 

demonstrates that mutation of the residue for ATP-binding does not affect CMF22 

localization and therefore the motility defect is not likely to be due to mislocalization of 

the protein. Altogether, this data suggests CMF22 may modulate axonemal motility 

through through ATP-binding.  
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RESULTS 

Mutagenesis of the IQ and AAA domains in CMF22 

 To identify the putative IQ and AAA motifs in T. brucei CMF22 (Tb927.11.3360), 

the protein sequence was run through the SMART and Pfam databases (29). The 

SMART algorithm identified both the IQ and AAA domains, although the IQ domain 

(amino acids 229-251) was a weak hit with an e-value of 15.2. The AAA domain, 

however, was confidently predicted using the SMART algorithm with an e-value of 2.5 

e-14 at amino acids 652-783 (data not shown). The Pfam database only predicted an 

AAA domain at the same site with an e-value of 3.8e-12 and no IQ motif was identified. 

The SMART database algorithms predicted the IQ motif of TbCMF22 to be 

LQSAVQAYLTRK at amino acid positions 237-248, the Walker A motif of the AAA 

domain to be GFHGTGKT at 656-663, and the Walker B motif to be VIYIDN at 709-714. 

Alignment of these sequences to the consensus sequences for the IQ motif and AAA 

domain are illustrated in Figure 5-1. Conserved amino acids (red) of the IQ motif are 

shown to mostly align with the T. brucei putative IQ motif except for a key arginine. For 

the AAA domain, the conserved residues of the consensus sequence perfectly align 

with the T. brucei Walker A motif of CMF22, however, the conserved glutamate residue 

required for ATP hydrolysis in the consensus sequence is missing in the T. brucei AAA 

domain Walker B motif (Figure 5-1). Notably, closely related kinetoplastids such as 

Trypanosoma cruzi, Trypanosoma congolense, and Leishmania major do not have the 

conserved arginine in the IQ motif. Instead, similar to T. brucei, they have a glutamine 
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or a lysine (L. major) (Figure 1). In addition, all these kinetoplastids do not have the 

invariant glutamic acid required for ATP hydrolysis (Figure 5-1). 

Using this alignment, mutations were generated for conserved residues of both 

the IQ motif and the Walker A motif of the AAA domain. For the IQ motif, the 

hydrophobic amino acid at position 1, conserved glutamine at position 2 and basic 

charges at position 6 are critical for interaction with calmodulin (30, 31). Therefore, an 

IQ mutant containing four alanine substitutions at all of the critical interaction points as 

well as sites surrounding these critical residues was generated and is called the “4A” 

point mutant (Figure 5-1). Various mutations of this IQ motif were also generated and 

are illustrated in Figure 5-S1A. To generate the AAA domain mutant, the key lysine of 

the Walker A motif that is required for nucleotide binding was mutated to an alanine 

(32), and this mutant is called “K662A”. As illustrated in Figure 1, the T. brucei Walker B 

motif lacks the conserved glutamate for ATP hydrolysis, suggesting that ATP hydrolysis 

may not occur for this protein. Accordingly, no mutation was generated to test this motif.  

In a previous study, a CMF22 RNAi knockdown mutant was generated in which 

the region targeted for knockdown was in the untranslated region. This leaves the open-

reading frame region available for mutagenesis (28, 33). The study also described an 

“RNAi-immune add-back” strategy in which a wild-type copy of gene can be tagged at 

the endogenous locus and is not targeted for RNAi degradation.  Using the same 

strategy, one can replace the endogenous gene at one allele with a copy of the gene 

carrying point mutations and a C-terminal tag and leave the other allele untouched. This 

approach is also tetracycline-inducible so in the uninduced cell lines, there is a mixture 



	
   173	
  

of both endogenous wild-type and mutant protein. However, when cells are induced with 

tetracycline for RNAi knockdown of the target gene, only mutant protein will be 

expressed.  

To make mutagenesis constructs carrying the point mutations, the full-length 

CMF22 ORF was cloned into an in situ tagging vector (34) and site-directed 

mutagenesis was performed (33). Since the CMF22 ORF is a 2.7 kilobase pair 

fragment, homologous recombination can occur at any region along this length. 

Transfected cells for both the IQ motif and the AAA domain mutations were each cloned 

by limiting dilution and genomic DNA was extracted to PCR amplify regions containing 

the mutation. Primers used were specific to the tagged copy of CMF22 and direct 

sequencing of each clone for each mutagenesis construct confirmed the presence of 

desired mutations.  

Northern blots were performed on the IQ motif mutant (4A), the AAA domain 

mutant (K662A), and a previously described RNAi-immune add-back rescue mutant (Ri) 

in which one allele of the CMF22 RNAi knockdown mutant was replaced with a wild-

type, tagged copy of CMF22 (28). As previously shown, the alpha-tubulin 3’UTR is 

smaller than the CMF22 3’UTR so the tagged copy of CMF22 can be distinguished from 

endogenous CMF22. Using a probe specific for the CMF22 ORF that hybridizes to both 

the endogenous and tagged copies of CMF22, there are two bands that appear on a 

Northern blot (Figure 5-2A). The endogenous copy of CMF22 has a longer 3’UTR and 

therefore corresponds to the top band (open arrowhead). In the presence of 

tetracycline, RNA of the endogenous CMF22 in Ri, 4A and K662A cell lines are all 
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dramatically reduced. RNA levels of the tagged copies of CMF22, whether “wild-type” or 

point mutants, are not reduced and are unaffected by RNAi induction (closed 

arrowhead). To ask if the point mutants are expressed, immunoblotting with anti-HA 

antibodies show a single band at approximately 110kDa in total cell lysates from the Ri 

cell line, 4A and K662A point mutants but not in the parental line CMF22-UKD (Figure 

5-2B). Notably, the K662A mutants seem to express less protein than Ri or 4A cells. 

Cells were then monitored for growth defects under both uninduced and tetracycline-

induced conditions. RNAi knockdown of CMF22 in the AAA point mutant resulted in a 

mild growth defect (Figure 5-2C) whereas growth of the other mutants were unaffected 

by RNAi induction.  

Both the IQ and AAA point mutants were then tested for their requirement for 

propulsive cell motility. Motility was analyzed using high resolution, single cell video 

microscopy and RNAi induced K662A point mutants had an observable motility defect. 

In comparison to uninduced cells, RNAi induction of K662A point mutants inhibited 

propulsive motility such that cells moved slower across the field of view and many cells 

had frequent reverse beats (Supplemental Movies 5-3 and 5-4).  The 4A IQ motif 

mutant, however, was able to translocate in and out of the field of view (Supplemental 

Movies 5-1 and 5-2). To determine the impact of the motility defect on a population 

scale, point mutant cell lines were traced using automated particle tracking and motility 

trace analysis (33) under uninduced and induced conditions. Motility traces of Ri and 

point mutants in uninduced conditions showed that cells were motile and were capable 

of translocation (Figure 5-S2). Traces reveal a motility defect in the K662A point mutant 

but not for cells with point mutants in the IQ motif (Figure 5-S1C, Figure 5-3). The 
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motility defect, however, was not as pronounced as the CMF22-UKD mutant in that cells 

were able to minimally translocate in a “zig-zag” pattern (Figure 5-3).  

To quantify the impact of the motility defect, mean squared displacement was 

measured as a function of time interval. In comparison to a previous study in which the 

CMF22-UTR knockdown resulted in an absence of propulsive motility (28), the K662A 

point mutant has some ability for propulsive movement when not induced with 

tetracycline and this level of propulsive motility is similar to that of induced Ri cells and 

the induced 4A point mutant. In the RNAi induced K662A point mutants, however, 

propulsive motility is largely reduced (Figure 5-4, red line). In contrast, the 4A point 

mutant for the IQ motif had normal propulsive motility in both uninduced and induced 

conditions (Figure 5-4). Although the defect in propulsive motility was evident in the 

K662A induced cells, a student’s unpaired t- test on average motility of all point mutants 

do not reveal a significant difference (p>0.05) (Figure 5-S1B and 5-S3). Using the social 

motility assay described in Oberholzer et al. (35) as a motility assay, 4A and K662A 

point mutants were cultivated on semi-solid agarose in the presence and absence of 

tetracycline. As expected for a mutant that has defective propulsive motility, K662A 

mutants cannot form radial projections in the presence of tetracycline (Figure 5-S4). 

To examine if the K662A motility defect was due to mislocalization, biochemical 

fractionation was performed on the K662A point mutants. Cells from induced K662A 

and induced Ri cells were first extracted with detergent to separate soluble proteins (S1) 

from the insoluble cytoskeletons (P1). The P1 pellet was then salt extracted with 1M 

NaCl to isolate insoluble flagellum skeletons (P2) from the subpellicular cytoskeleton 
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(S2). Since the K662A point mutant is tagged with a 3xHA epitope, cell equivalents of 

each of the fractionation steps were blotted with anti-HA to determine if the K662A point 

mutant has a similar profile to the “wild-type” Ri fractionation pattern at 1M NaCl. The 

entire cellular pool mutant CMF22 in the K662A point mutant fractionated in the 

flagellum skeleton (P2) fraction similarly to the wild-type, tagged copy of CMF22 in Ri 

cells (Figure 5-5A). The distribution of mutant CMF22 in the K662A point mutants was 

also examined by immunofluorescence. Like wild-type CMF22-HA (Figure 5-5B, left 

panels), mutant CMF22-HA in the K662A point mutants was localized along the length 

of the flagellum (Figure 5-5B, right panels). The biochemical and immunofluorescent 

data suggest that the motility defect in K662A point mutants is not likely due to structural 

defects associated with mislocalization of the protein.  

DISCUSSION 

 CMF22 was identified as a broadly conserved axonemal protein with an 

orthologue in each of the five major eukaryotic clades. Previous work has demonstrated 

that knockdown of CMF22 results in a defect in propulsive motility (28). CMF22 contains 

putative IQ and AAA domains in which the presence and position of these domains are 

well conserved in CMF22 orthologues (28). This suggests that there is a selective 

pressure to retain these domains and therefore must be important for protein function. 

This study expands on the original characterization of CMF22 by determining whether 

these domains are required for regulating motility. Using site-directed mutagenesis to 

substitute key residues with alanine, point mutations of the IQ and AAA domain were 

generated. Point mutants of the IQ motif had normal motility, however, the AAA domain 
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mutant with a mutation in the key lysine required for ATP binding revealed a motility 

defect. This data suggests that the ATP binding through the AAA domain of CMF22 

may be functionally required for propulsive motility.  

 The IQ domain is 25 amino acids long with a consensus sequence of [I, L, 

V]QxxxRxxxRGxx[R,K] that is widely distributed from yeast to plants (30, 36). The 

structure of the IQ motif is an amphiphilic seven-turn-α-helix. Calmodulin is suggested 

to interact with the IQ motif at the hydrophobic amino acid (typically isoleucine, leucine, 

or valine) at position 1, a conserved glutamine at position 2, basic amino acids (typically 

arginine) at positions 6 and 11, and in some cases a glycine at position 7 (30). IQ motifs 

are thought to bind calmodulin in a calcium-independent manner, or apo-CaM (37, 38). 

In some cases, apo-CaM binds the protein via IQ motifs in both the absence and 

presence of calcium and is required for function in enzymatic activities (37). However, a 

subset of these apo-CaM binding proteins such as neuromodulin bind calmodulin in the 

absence of calcium and have been speculated to sequester intracellular calmodulin 

under low calcium conditions. In this context, these apo-CaM binding proteins function 

to concentrate CaM to specific regions of the cell for rapid release in response to 

calcium (39, 40).  

 In our study, we have chosen to mutate conserved amino acids rather than make 

a truncated mutant without the putative IQ motif to avoid misinterpretation of results. 

Our goal was to assess the functional contribution of this domain without the 

complication of large structural defects that could result when creating truncation 

mutants. We mutated the IQ motif at positions 1, 2, 5 and 6 in which the conserved 
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hydrophobic amino acid followed by a conserved glutamine and the basic amino acid at 

position 6 were all mutated to alanine. In 2000, Zuhlke et al. created point mutants in 

the IQ motif of an L-type calcium channel and demonstrated that the mutant with the 

least capacity to bind calmodulin contained mutations at positions 1, 2, 5, 6, and 7 (31). 

To mirror this mutation, we made an alanine substitution at position 5 in addition to the 

conserved amino acids as positions 1, 2, and 6. With this “4A” mutant, we assessed the 

motility phenotype under uninduced and RNAi induced conditions. In both conditions, 

the 4A mutant had normal motility. This data suggests that the IQ motif is not functional 

for axonemal motility of T. brucei parasites in suspension cultures and on semi-solid 

agarose. This data also correlates with weak domain predictions in which the IQ domain 

was a weak hit. However, as more IQ motifs have been identified, recent work has 

shown that there are many divergent CaM isoforms that do not match the consensus 

sequence. Additionally, this domain was only investigated in the context of motility and 

without physiological relevant cues. It is possible that this IQ motif is a signaling 

component for regulating motility in more natural environments such as within the tsetse 

fly insect vector or the mammalian host. 

 ATPase Associated with various cellular Activity (AAA) proteins are a group of 

highly divergent proteins in which over 30,000 have been identified throughout all 

kingdoms of life (41). The AAA+ module of AAA proteins is a 200-250 stretch of amino 

acids that is comprised of two domains: a core αβα nucleotide-binding domain and a 

smaller α-helical domain for catalysis of ATP (42). AAA proteins are involved in diverse 

cellular functions such as DNA recombination, DNA replication, DNA repair, protein 

folding, protein assembly, protein transport, protein degradation, and many others (42). 
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The core αβα nucleotide-binding domain, also called the Walker A motif of the AAA 

domain, has a key lysine that is required for ATP binding. This lysine interacts with the β 

and γ phosphates of ATP (32). This invariant lysine residue has been assessed for over 

20 AAA proteins and data from these mutagenesis experiments suggest that given the 

conservation of the ATPase binding motif across diverse kingdoms, this lysine is so 

critical for ATP-binding that even conservative amino acid exchanges are not tolerated 

(41). We therefore mutated the invariant lysine to an alanine and assessed motility of 

the point mutants for the functional contribution of this invariant lysine and indirectly, 

ATP-binding. Our studies reveal that this invariant lysine is required for normal 

propulsive motility since only the K662A mutant results in defective motility. Our findings 

suggest that ATP-binding at the AAA domain in CMF22 may be required for normal 

motility.  

The Walker B motif of CMF22 in T. brucei diverges from the consensus 

sequence and lacks the invariant glutamate required for priming a water molecule for 

nucleophilic attack on the γ phosphate group of ATP (43). This suggests that that 

CMF22 does not hydrolyze ATP but may still function in regulating motility through 

nucleotide binding. An example of this is in the Caenorhabditis elegans adapter protein 

Uncoordinated protein 53 (UNC-53) that contains a AAA domain. UNC-53 is required for 

migration of cells and neuronal processes. UNC-53 is an adapter protein that integrates 

guidance information for cytoskeletal reorganization at the leading edge of motile cells 

such as mechanosensory neurons, excretory canals, and sex muscles (44-46). The 

human homologs, neuron navigators (NAV), has been identified and were shown to be 
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required for neuronal outgrowth (47-49). One of the NAVs, NAV1, requires ATP binding 

for function. Authors mutated the highly conserved lysine residue of the Walker A motif 

to abolish nucleotide binding. They found that neurite extensions were reduced in this 

AAA mutant form of NAV1. Interestingly, similar to CMF22, NAV1 has an asparagine 

instead of the conserved glutamate in the Walker B motif. This suggests that like NAV1, 

CMF22 may function through nucleotide binding rather than hydrolysis of ATP.  

We noted that the K662A mutant has a propulsive motility defect when half of the 

potential CMF22 copies are mutated (uninduced) and the ability for propulsive mutant is 

even more pronounced when all the copies are mutated (induced) (Figure 5-4). The 

result of the AAA mutation on propulsive motility is complicated by the fact that both the 

uninduced and RNAi induced cell lines do not express CMF22 as abundantly as the 

“rescue” cell lines or the IQ motif point mutants (Figure 5-2B). The uninduced K662A 

point mutants that express both wild-type and mutant CMF22 have the same level of 

propulsive motility as RNAi -induced Ri and 4A cells. As stated previously, endogenous 

CMF22 at one allele is knocked down when cells are induced and potentially half the 

copies of CMF22 mRNA are degraded. In many cases, there is some level of protein 

regulation and that is why the protein abundance of CMF22 in the Ri + Tet cells seem to 

be similar to that of the uninduced cell line. This is not always the case and a mutation 

could possibly affect the stability of a protein. This may be the case for the K662A 

mutant therefore we cannot definitively state that decreased propulsive motility is due to 

the mutated lysine in the walker A motif of the CMF22 AAA domain.  
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In order to assess whether the mutation alone truly results in a motility defect, a 

critical experiment would be to find a clonal cell line that expresses a similar amount of 

CMF22 to the “rescue” cell line. If a clonal line of the point mutant with equal protein 

expression level of CMF22 as the wild-type cells (Ri) has a defect in propulsive motility, 

the defect can be attributed to the mutation. An alternative method to address the issue 

of protein abundance is to overexpress the K662A mutant in the CMF22-UKD 

background so that there is equal or overexpressed CMF22. This cell line would then be 

compared to overexpression of wild-type CMF22 without the mutation and Ri “add back” 

cells (that have decreased protein expression). If the invariant lysine affects propulsive 

motility, then overexpression of the K662A mutant copy of CMF22 would result in 

defective propulsive motility in comparison to overexpression of wild-type CMF22 and Ri 

“add back” cells. It is also possible that the K662A point mutation could be linked to 

protein stability and the contribution of the point mutation or protein abundance on 

propulsive motility cannot be parsed out.  

The K662A mutant may also have a dominant-negative effect. AAA proteins 

typically exist as homohexamers and function through binding (50). In addition to the 

issue of protein abundance, another explanation for why the uninduced K662A mutant 

cell line has decreased propulsive motility is that the K662A point mutant CMF22 may 

be binding to the wild-type CMF22 and inhibiting function or that the point mutant 

structurally inhibits oligomerization and therefore CMF22 protein stability. To address 

this, an experiment using different epitope tags to tag each CMF22 allele and co-

immunoprecipitation in the trypanin knockdown cell line may reveal CMF22 

dimerization.  
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To determine if the AAA point mutants phenotype is due to mislocalization, we 

performed biochemical fractionation and immunofluorescence. Even in high salt 

extractions, the RNAi-induced K662A point mutant has an identical profile with wild-type 

CMF22 protein and the entire pool of contents of the mutant CMF22 is in the insoluble 

flagellum skeleton fraction. Previous work has shown that CMF22 localizes to the 

axoneme so to determine if the RNAi-induced K662A point mutants mislocalize, we 

performed immunofluorescence microscopy. Epitope-tagged K662A point mutants 

localized to the axoneme and was distributed along the length of the entire flagellum. 

The biochemical and immunofluorescent data suggests that the K662A point mutant 

CMF22 is not mislocalized and the phenotype is potentially due to the point mutation in 

the ATP binding site of CMF22.  

Altogether, the data suggests that although the IQ domain is not required for 

motility in this context of this study, the AAA domain may be functional. Expressing point 

mutants of the ATP-binding site of the AAA domain in which potentially half the copies 

of CMF22 are mutant reduces propulsive motility to similar levels as induced add-back 

(Ri) or 4A mutants (Figure 5-4). Additionally, RNAi induction results in expression of 

only the K662A point mutant and the resulting effect is an even more substantial defect 

in propulsive motility. Whether the defect is entirely due to the contribution of the point 

mutant, the decreased protein expression or both remains to be investigated. It is still an 

important find that nucleotide binding may modulate the function of this protein, and as 

suggested by previous work, this protein may be localized to a central regulating hub 

called the N-DRC (28). No candidate effector protein that transduces external cues into 

a mechanical force at this central hub has been identified and CMF22 may be that 
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missing link. A recent study has found another protein in the N-DRC, DRC7, has a 

conserved transglutaminase-like (TGL) peptidase domain (51). It has been 

demonstrated that proteins with TGL domains interact with AAA-containing proteins and 

therefore it is possible that CMF22 interacts with DRC7. If the TGL domain is functional 

in DRC7, it may facilitate interactions with glutamylated tubulin residues on the B-tubule 

since T. brucei flagellar microtubules are extensively glutamylated (19, 51, 52). In 

addition, glutamylation-deficient C. reinhardtii demonstrated that there is interaction 

between glutamylated tubulin, dynein e, and the N-DRC during microtubule sliding (53, 

54). Further investigation of CMF22, the function of both the IQ and AAA domains, and 

identification of CMF22 interacting partners will provide insight into the current work of 

flagellar biology and add to our working model of motility in a protozoan pathogen.  

SUPPLEMENTAL MOVIE LEGENDS 

Supplemental Movie 5-1. 30fps 4A point mutant, -Tet, control cells. Single-cell 

video microscopy shows normal motility of the uninduced (-Tet) 4A point mutant cell 

line. Cells are capable of translocating across the field of view. Video recorded and 

played at 30 fps.  

Supplemental Movie 5-2. 30 fps 4A point mutant, + Tet cells. 4A point mutants were 

grown in tetracycline for 72 hours and assessed using single-cell video microscopy. 4A 

+ Tet cells are able to translocate across the field of view and exhibit a normal beating 

pattern. Video recorded and played at 30 fps.  
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Supplemental Movie 5-3. 30 fps K662A point mutant, -Tet cells. Uninduced K662A 

point mutants are capable of translocating across the field of view and exhibit normal 

beat. Video recorded and played at 30 fps.  

Supplemental Movie 5-4. 30 fps K662A point mutant, + Tet cells. After 72 hours of 

RNAi induction (+Tet), K662A point mutants cannot move across the field of view and 

exhibit frequent reverse beats. Video recorded and played at 30 fps.  

MATERIALS AND METHODS 

Trypanosoma brucei cell culture maintenance and transfection: 

Procyclic 29-13 T. brucei cells that express T7 RNA polymerase and the 

tetracycline repressor (55) were cultured in Cunningham’s semi-defined medium (SM) 

supplemented with 10% heat-inactivated fetal calf serum (FCS), 15mg/mL G418 and 50 

mg/mL hygromycin as previously described (56). Transfection and selection were 

performed as previously described (56). Clonal cell lines were established through 

limiting dilution.  

Database searches:  

IQ and AAA domain identification performed on CMF22 (XP_828418.1) using the 

SMART (57) and Pfam databases (29).  

Mutagenesis Cell Lines: 

The full-length CMF22 ORF was cloned into the in situ pMOTag2H tagging 

vector (34) to be used as a template for site-directed mutagenesis. GeneArt Seamless 
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Cloning and Assembly (Invitrogen, Catalog #A13288) was used and primers for cloning 

the full-length CMF22 ORF were: (Forward) 

AAGGGAACAAAAGCTGGGTACCATGTCTTCGTTGACATGT and (Reverse) 

GCACATCGTAAGGGTACTCGAGTTCCTTCTTCTTGGGTCT. The QuikChange II Site-

Directed Mutagenesis Kit (Agilent Technologies) was used to mutate key residues of the 

IQ and AAA domains of CMF22. Primers for mutagenesis are as follows:  

 4A IQ motif mutant  

(Forward) 5’- ggagggaaagagccgctacagttgcggcaagtgctgcggcagcttacctgacccgaaa -3’ 

(Reverse) 5’- tttcgggtcaggtaagctgccgcagcacttgccgcaactgtagcggctctttccctcc -3’ 

K662A AAA domain mutant 

(Forward) 5’ - gttttcatgggactggagcgacccacctggtgcacg -3’ 

(Reverse) 5’ – cgtgcaccaggtgggtcgctccagtcccatgaaaac -3’  

All DNA constructs were verified by direct sequencing. The amplicons containing 

mutation sites were excised using the KpnI and XhoI restriction digests and the tagging 

cassettes was stably transfected into the CMF22-UKD cell line (28).  Clonal lines were 

established through limiting dilution and genomic DNA was isolated from each clonal 

line. Primers surrounding the mutation site were used to amplify the region and PCR 

products sequenced for mutation verification. Primers used were the forward primer 

used to clone the CMF22 ORF into the in situ pMOTag2H tagging construct and the 

reverse primer that spans the sequence for the 3xHA and intergenic tubulin region: 

CGTTGTCACACTTTGTCGACTATGCGTAATC. Clones with verified mutations were 

used for further analysis.  
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Northern blots: 

The Qiagen RNeasy Miniprep kit (Qiagen) was used to extract total RNA and 

northern blots were performed on RNA samples. 5 µg of RNA from each cell line was 

used for each cell line as previously described in (58) except DIG-labeled probes (DIG 

Nucleic Acid Detection Kit, Roche) was used to detect RNA levels. A unique probe for 

nucleotides 1398 to 1920 of the CMF22 ORF and a unique probe for nucleotides 2577 

to 3108 of the Tb927.1.1530 gene that is unaffected by CMF22 knockdown for a loading 

control was used in accordance with manufacturer’s instructions.  

Growth curves and motility assays/videos: 

Cell growth was monitored using a Z1 Coulter Particle Counter (Beckman 

Coulter, USA) and growth was plotted as cumulative growth. Data points were obtained 

from the averages of two counts for each time point. Cells were grown to a density of 3 

x 106 cells/ml for motility assays and pipetted into poly-glutamate coated motility 

chambers (59) at room temperature. Cells were imaged using a Zeiss Axioskop II 

microscope within ten minutes of removal from the incubator. 30-second videos using 

darkfield optics under a 20x objective was collected for motility traces. 1 µg/mL 

tetracycline was added to cultures for 72 hours prior to video capture for RNAi induction. 

Traces were performed as previously described (59) and average curvilinear velocity 

was determined using Metamorph software (Molecular Dynamics). For each cell line, 

average velocities from 31 cells were used to calculate the mean. A student’s unpaired 

t-test was also used to determine significance. Propulsive motility was quantified using 

motility traces in which the mean squared displacement of individual cells in the x and y 
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dimensions was calculated according to the formula MSD = <ri(t)2> = <(pi(t) – pi(0))2>, 

where ri is the distance travelled by the parasite over time interval t and pi is the position 

of the parasite at any given time. MSD is calculated for each instance I of a given time 

interval. MSDs for at least 24 cells were averaged to obtain an ensemble average and 

error bars indicate standard deviation. For single cell motility videos, cells were imaged 

using DIC optics with a 100x oil objective and were captured at 30 frames per second 

with a COHU CCD camera. Videos were imported using Adobe Premiere Elements 

(59).  

Cytoskeletal fractionation, western blotting and immunofluorescence:  

Cells were subjected to detergent fractionation using a two-step fractionation 

method as previously described (56, 60). Cells were solubilized using non-ionic 1% 

Nonidet-P40 (NP-40) and the pellet was extracted using 1 M NaCl PMN (10mM NaPO4 

pH 7.4, 1mM MgCl2, 150mM NaCl] buffer. Detergent extracted samples on cell lysates 

were analyzed by western blotting as previously described (61). Primary antibody 

dilutions were as follows: monoclonal anti-HA antibody (HA 11.1 Covance) 1:1000, 

monoclonal anti-Tubulin antibody E7 supernatant 1:2500. The monoclonal antibody E7 

is directed against beta-tubulin was developed by (62) and obtained from the 

Developmental Studies Hybridoma Bank maintained by the University of Iowa 

Department of Biological Sciences.  

Cells were extracted in PEME buffer (100mM piperazine-N,N′-bis(2-

ethanesulfonic acid), pH 6.9, 2mM EGTA, 0.1mM EDTA, 1mM MgSO4, 25 µg/ml 

aprotinin, 25 µg/ml leupeptin) containing 1% NP40 for immunofluorescence microscopy 
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(63). Cytoskeletons were fixed in 2% paraformaldehyde, quenched in 0.1 M glycine and 

subjected to indirect immunofluorescence microscopy as previously described (56). For 

a negative control, immunofluorescence microscopy was performed on procyclic 29-13 

cytoskeletons and showed no staining (data not shown). Monoclonal anti-HA antibody 

(HA11.1, Covance) was used at a 1:200 dilution. Cytoskeletons were mounted with 

Vectashield containing DAPI after staining.  

Social Motility Assay: 

The assay was performed as described in (35). Procyclic cells were cultivated on 

SM plates with 0.4% semi-solid agarose and 1 µg/mL tetracycline. Plates were 

incubated at 28 °C and 4% CO2 for up to 5 days. A Pentax Optio A30 point-and-shoot 

10 megapixel camera was used to monitor and document the growth of colonies.  
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FIGURES 

 

Figure 5-1. The IQ motif and AAA domain of CMF22 have conserved residues. The T. 

brucei CMF22 protein sequence was aligned with the consensus IQ motif and AAA 

domain (SMART). Conserved residues are shown in red, conserved invariant residues 

important for calmodulin or ATP binding are marked with an asterisk (30, 32). 

Additionally, these motifs were aligned to CMF22 orthologues in representative 

eukaryotic organisms with motile flagella and closely related kinetoplastids. The 
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organisms (with their GenBank accession numbers in parentheses) used were as 

follows: Trypanosoma brucei (XP_828418.1), Chlamydomonas reinhardtii 

(XP_001690665.1), Giardia lamblia (XP_001707075.1), Tetrahymena thermophila 

(XP_001015966.1), Homo sapiens (NP_001257513.1), Trypanosoma cruzi 

(XP_817318.1), Trypanosoma congolense (CCC94925.1), Leishmania major 

(XP_001681896.1). RNAi immune mutagenesis constructs used in this paper are also 

listed: Ri (no mutation), 4A (IQ motif mutation), and K662A (mutation of the invariant 

lysine required for ATP binding).  
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Figure 5-2. CMF22 point mutants are expressed with minimal growth defects. (A) 

Northern blot of RNA from Ri (no mutation), 4A (IQ point mutant), and K662A (AAA 

point mutant) cell lines in the absence (-) or presence (+) of Tet, as indicated. Empty 

arrowhead denotes the endogenous CMF22 while filled arrowhead marks the HA- 

tagged (mutant) CMF22. CMF22 was probed with a unique probe to the CMF22 ORF 

and the loading control was a unique probe to an unaffected gene (Tb927.1.1530). (B) 

Western blot of total cell lysates from parental (CMF22-UKD), RNAi immune add-back 

(Ri), 4A and K662A mutants. Blots were probed with antibodies against the HA epitope 

or loading control (beta-tubulin). (C) Growth curve of Ri, 4A and K662A cell lines in the 

absence (-) and presence (+) of Tet for 306 hours, as indicated.  
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Figure 5-3. K662A point mutants have aberrant translocation. Motility traces of CM22-

UKD, Ri, 4A and K662A cell lines in the presence of Tet for 72 hours as indicated. Each 

line represents the movement of individual parasites over a 30 second time interval.  
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Figure 5-4. K662A + Tet mutants have defective propulsive motility. MSD is plotted as a 

function of time interval (delta time in seconds) for Ri, 4A and K662A cell lines in the 

absence and presence of tetracycline for 72 hours, as indicated. K662A mutants 

induced with tetracycline are illustrated in red. Top graph includes error bars  (standard 

error of mean) and the bottom graph does not.  
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Figure 5-5. CMF22-HA in the K662A mutants is stably associated with the axoneme. 

(A) Western blot of the indicated subcellular fractions from Ri and K662A cell lines after 

growth in tetracycline for 72 hours. Blots were probed with anti-HA and anti-beta-tubulin, 

as indicated. Fractions correspond to whole-cell lysates (L), non-ionic detergent-soluble 

(S1) and insoluble (P1) fractions, as well as soluble (S2) and insoluble (P2) fractions 

from 1 M NaCl extraction of the P1 fractions. The lower molecular mass bands in the 

anti-HA blots are likely degragation products. (B) Indirect immunofluorescence was 

performed on detergent-extracted cytoskeletons from Ri and K662A cells grown in 

tetracycline for 72 hours, as indicated. Samples were stained with anti-HA (red) 

antibodies.  
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Figure 5-S1. Various IQ motif point mutants of CMF22 have normal average motility 

and translocation. (A) In addition to the “4A” mutant, three variations of the IQ motif 

mutants were generated at positions 1, 2, and 5 of the IQ motif, as indicated. (B) 

Student’s unpaired t- test of average motility of the point mutants show no significant 

defect. (C) Motility traces from L238E, AA and V241A point mutants cell lines grown in 

the presence of tetracycline for 72 hours, as indicated. Each line traces the 

translocation of a single cell over a 30 second time interval.  
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Figure 5-S2. Uninduced cell lines are capable of translocation. Motility traces of Ri, 4A 

and K662A cells lines grown in the absence of tetracycline, as indicated. Each line 

traces the translocation of an individual parasite over a 30 second period.  
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Figure 5-S3. Average velocity does not reveal significant differences. Ri, 4A, and 

K662A cells were grown in the absence and presence of tetracycline for 72 hours. The 

“add-back” Ri cell line from Figure 5-S1 is shown as reference. Metamorph software 

tracked the average velocity of cells and the mean is highlighted in red. A student’s 

unpaired t-test reveals no significant difference between all cell lines, both under 

uninduced and induced conditions. Red bar = mean, as indicated (red).  
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Figure 5-S4. The K662A mutant has defective motility and is unable to form radial 

projections. 4A and K662A mutants were grown in the presence or absence of 

tetracycline for 3 days, as indicated. Cells were then assayed for social motility by 

plating on Cunningham’s SM media supplemented with 0.4% semi-solid agarose and 1 

µg/mL tetracycline according to standard methods (35). Pictures were taken at day 5 

post-plating.  
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 This dissertation explores various mechanisms of motility in T. brucei parasites 

for signaling pathways required for surface-induced behavior and for individual 

movement. Chapter 2 discusses the novel social behavior of T. brucei parasites and 

efforts to identify genes required for social motility. Chapters 3-5 describe a multitude of 

experiments performed to characterize CMF22, a broadly conserved protein in diverse 

eukaryotes with motile flagella/cilia that is found to be required for propulsive motility 

and complete N-DRC assembly.  

 The findings described in this dissertation expand our current knowledge of both 

social microbiology and flagellum biology. However, these discoveries have merely 

opened the doors for additional progress that will enhance our understanding of motility. 

This chapter outlines preliminary data and future experiments for the continuation of this 

work.  

 

Social Motility in T. brucei 

 In Chapter 2, both a forward and reverse genetics screen was performed to 

identify genes that regulate social motility in T. brucei. An RNAi library screen was 

optimized for high-throughput screening, however the assay itself was deemed to 

macroscopic and variable for efficient screening. One method to improve the screen 

would be to use time-lapse microscopy to identify essential precursors of colony 

formation such as a pattern of movement that must occur for parasites to form radial 

projections. Another technique would be to link this microscopic phenotype with a 

fluorescence marker to easily identify mutants.  
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 As outlined in Chapter 2, the inducible RNAi library can be enriched prior to 

screening. As illustrated in Figure 2-7, the RNAi library would be plated the center of a 

large, semi-solid agarose plate and allowed to form radial projections. Mutants could be 

isolated from the center for “SoMo (-)” mutants or from the tips of the radial projections 

for “hypersocial” mutants. These pre-selected mutants would be innoculated on semi-

solid agarose multiple times to enrich for the mutants. These mutants can then be 

sorted as individual clones and the identity of these mutants can be determined using 

nested PCR to identify the gene (1).  

 The second approach was a targeted screen to identify genes that bind cNMP. 

Unpublished data from the lab has revealed that the cAMP pathway is required for 

social motility in T. brucei. Thus, 14 genes with putative cNMP-binding domains were 

investigated. Individual knockdown of each of these genes and preliminary social 

motility assays on the heterogenous knockdown pools of each candidate gene was 

performed. From this biased screen, cNMP4, seemed to have a “hypersocial” 

phenotype. The heterogenous pool of cNMP4 knockdown mutants was sub-cloned and 

the social motility assay was performed to reveal a potential “hypersocial” phenotype. 

The level of knockdown for cNMP4 was assessed for cNMP4 clone 4 and the level of 

knockdown was only 35% (Figure 4-12). Additional clones would need to be tested to 

identify a clone with greater knockdown to see if cNMP4 is required for social motility. 

Other cNMPs to test would be cNMP1 since Gould et al. found that knockdown of 

cNMP1 (cAMP Response Protein 1, CARP1) allows for resistance to the 

phosphodiesterase inhibitor CpdA and that this protein is responsive to cAMP. The 

function of cNMP1/CARP1 is still unknown and may function in social motility.  



	
   210	
  

 Another enrichment screen to identify cNMP-binding proteins and downstream 

cAMP effectors that are required for social motility would be to innoculate the RNAi 

library on semi-solid agarose plates supplemented with the phosphodiesterase inhibitor 

CpdA. In this gain-of-function screen, mutants that can bypass the CpdA inhibition and 

form radial projections can be isolated as social motility mutants that are responsive to 

cAMP. Like the aforementioned unbiased enrichment screen, these mutants can be 

sorted as described in Chapter 2 and using nested PCR, the genes required for social 

motility can be identified.  

Additional techniques for genome-wide screening through RNA sequencing was 

performed by Dr. Michael Oberholzer in which RNA parasites cultivated on semi-solid 

surfaces were compared to parasites grown in suspension cultures (unpublished data). 

This approach identified 22 candidate genes that were at least two-fold upregulated on 

plates. These candidates are currently being evaluated by independent RNA 

knockdown and tested using the social motility assay as a read-out.  

 

Conserved axonemal motility  

CMF22 is an axonemal protein that is required for propulsive motility and 

association of this protein to the axoneme is reduced in N-DRC mutants (2, 3). To 

determine if the sub-localization of CMF22 is within the N-DRC and to identify binding 

partners of CMF22, several approaches were taken. One method was to compare the 

axonemes of CMF22 knockdown mutant to wild-type axonemes using cryo-electron 

tomography. Results from this study discussed in Chapter 4 revealed that CMF22 is 
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required for assembly of the N-DRC proximal lobe. However, this data does not 

definitively identify the sub-localization of CMF22 since the proximal lobe could consist 

of other proteins that require CMF22 for assembly. In one approach, called BioID, 

CMF22 is tagged with a mutated version of the BirA enzyme (BirA*). Three versions of 

the tagging construct were created and are illustrated in Figure 6-1A. This mutated BirA 

can biotinylate proteins in close proximity to a protein of interest to co-

immunoprecipitate binding partners. In addition, this technique allows for co-

immunoprecipitation of skeletal proteins such as CMF22 because it allows for stringent 

solubilization techniques (4). This proximity-dependent approach has been used in T. 

brucei to identify proteins in the bilobe, a discrete cytoskeletal structure with few known 

protein components (5). In this approach, we planned to solubilize the axonemes with 

SDS and pull down biotinylated proteins using streptavidin beads. It is expected that 

mudpit mass spectrometry will be able to identify the binding partners of CMF22 and 

that these proteins will be known as well as unknown N-DRC proteins. Thus far, only 

the in situ CMF22 tagging construct containing BirA* at the C-terminus and the N-

terminal tetracycline-inducible BirA*-CMF22 was cloned and transfected into T. brucei 

procyclic-form parasites. This resulted in expression Myc-BirA*-CMF22 at approximate 

135 kDa (Figure 6-1B). There was no anti-HA labeling for the in situ CMF22-BirA* but 

there was axoneme as well as subpellicular microtubule labeling for the N-terminal 

tetracycline-inducible BirA*-CMF22. Unfortunately, as illustrated by 

immunofluorescence, efforts to exogenously biotinylate the N-terminal BirA*-CMF22 

have been unsuccessful (Figure 6-1C). 
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In another approach to localize CMF22, a technique using cryoET with biotin-

streptavidin is underway. This approach was developed and pioneered by the Kikkawa 

group and has been used to successfully localize proteins in the outer-inner dynein 

linker, the inner junction of doublet microtubules, and radial spokes in C. reinhardtii (5-

9). The method is a structural labeling method in which proteins of interest are tagged 

with a biotinylation domain and the protein is then endogenously biotinylated. The 

addition of the biotin binding partner, streptavidin, is large enough to generate a high 

signal intensity for visualization by electron microscopy. Because biotin is small but 

streptavidin is large, the system also has high specificity and precision of localization (6, 

10). Current efforts are focused on cloning a biotin carboxyl carrier (BCCP) domain at 

the C-terminus of CMF22 with a HA epitope tag (Figure 6-2). Thus far, anti-myc shows 

that CMF22 is localized to the axoneme, however, immunoflourescence using 

streptavidin did not show endogenous biotinylation (Figure 6-2). Commercial BirA to 

biotinylate the axoneme was suggested and efforts to optimize this approach is 

underway.  

CMF22 was found to remain in a ~900 kDa complex in the soluble fraction (S1) 

of another N-DRC mutant, trypanin, when induced with tetracycline (Figure 6-3, right). 

Since the N-DRC is a 1.5 mDa complex and CMF22 may be localized to the proximal 

lobe, the 900 kDa complex may be a large portion of the N-DRC. Co-

immunoprecipitation of this CMF22 sub-complex is currently underway and the strategy 

is illustrated in Figure 6-3, left. In one approach, anti-HA beads are being used to co-

immunoprecipitate CMF22-HA.  Preliminary experiments to attempt to co-

immunuprecipitate CMF22-HA using anti-HA beads in the S1 fraction of induced 
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trypanin-knockdown mutants have been proven difficult since it seems that CMF22 

precipitates on beads and even stringent elution methods such as 8M urea does not 

work (Figure 6-4, beads). To address this issue, two approaches have been taken. One 

method is to perform on-bead digestion in which proteins are trypsinized on the anti-HA 

beads themselves. Another technique is to use express BCCP tagged CMF22 in 

trypanin knockdown mutants and as described previously, perform co-

immunoprecipitation of the soluble 900 kDa complex using streptavidin beads. On-bead 

digestion for streptavidin beads has been performed routinely, therefore if BCCP-tagged 

CMF22 can be expressed and endogenously biotinylated, the binding partners of 

CMF22 can be identified. 

Finally, stable isotope labeling by amino acids (SILAC) is another approach that 

can be used to identify which proteins are lost when compared to a wild-type sample. 

SILAC was performed on CMF22, in addition to other N-DRC mutants by Dr. Michelle 

Shimogawa and Gerasimos Langousis. Thus far, preliminary SILAC analysis was able 

to detect reduced amounts of other N-DRC proteins as well as numerous hypothetical 

proteins with interesting domains in N-DRC mutants when compared to wild-type cells 

(unpublished data). Promising results for this initial experiment are expected to be 

informative in reconstructing the molecular architecture of the N-DRC, a central hub for 

regulating axonemal motility.  

Mutations of the IQ and AAA domains were performed in Chapter 5 to determine 

the contribution of these domains and potentially elucidate the mechanism of motility 

coordination through CMF22. Results from the mutation experiments have found that in 
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the context of T. brucei motility in suspension cultures, the IQ motif is not required for 

propulsive motility. On the other hand, mutation of the key lysine required for ATP 

binding in the AAA domain of CMF22 results in a motility defect. As discussed, the 

impact of the mutation is not clear since there is also decreased protein abundance in 

the K662A point mutant. AAA domains typically form ring-like structures, either by 

oligomerization to form homohexamers or through protein folding of a large protein (11). 

Sequence analysis of CMF22 predicts that like other AAA proteins, it may form a ring 

(personal communication). This may explain the possible dominant negative effect of 

the uninduced K662A point mutant in which uninduced cells do not have propulsive 

motility like the uninduced “add-back” Ri cells or the uninduced 4A point mutant. Also, if 

the point mutation alters CMF22 structure so that CMF22 stability is compromised when 

it cannot oligomerize, this could explain the decreased protein expression. To determine 

if CMF22 is a dimer, both endogenous CMF22 alleles could be tagged with different 

epitope tags (anti-HA and anti-Myc) in the trypanin knockdown mutant so that under 

tetracycline induction, CMF22 would be soluble and can be co-immunprecipitated. 

Thus, using anti-HA beads to co-immunoprecipitate CMF22, it is expected that if CMF22 

is a dimer, the Myc-tagged CMF22 can be detected in this complex using anti-Myc 

antibodies following the anti-HA pull-down. The experiment should hold true in the vice 

versa experiment as well. If CMF22, like predicted, is a homohexamer, this ~900 kDa 

complex could be mostly CMF22 proteins. Additionally, other clones of the K662A 

mutants are currently being screened to find a clone that has higher levels of protein 

expression so that the contribution of the point mutant in regulating propulsive motility 

can be clearly assessed.  



	
   215	
  

Due to the high conservation between T. brucei and the canonical eukaryotic 

axoneme, defining the mechanism of motility through structural analysis and protein-

protein interaction will help elucidate broadly conserved mechanisms of motility in other 

organisms such as humans. As yet, the human homolog of CMF22 has only been 

associated with teratozoospermia, a disease in which sperm have physiological and 

motility defects (10). CMF22 may be an undiscovered key player in other ciliopathies 

and current advances in identifying the mechanism of CMF22 action within the N-DRC 

as well as in axonemal motility in eukaryotes will be useful in finding conserved 

mechanisms of motility in flagellar biology.   
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FIGURES 

 

 

Figure 6-1. BioID tagging of CMF22 to identify interacting proteins. (A) Schematic of 

BioID constructs created. For BioID #1, BirA* was cloned into the in situ tagging 

pMOTag2H plasmid. For BioID #2 and #3, the CMF22 ORF was cloned into a 

tetracyline-inducible construct created by (5). (B) BioID #3 expresses Myc-tagged 

CMF22 at approximately 135 kDa, denoted by the asterisk. (C) Anti-Myc shows Myc-

BirA*-CMF22 is localized along the axoneme and in microtubules (left panels), but is not 

biotinylated (right panels).  
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Figure 6-2. BCCP tagging of CMF22 for sub-localization by CryoET. The biotin carboxyl 

carrier protein domain (BCCP) was added at the C- terminus of CMF22 as shown in the 

schematic to the left. IFA (right panels) show that CMF22-HA-BCCP is localized to the 

axoneme in detergent-extracted cells upper right) but streptavidin staining (bottom right) 

shows that there is no biotinylation.  
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Figure 6-3. Co-immunoprecipitation of the 900kDa soluble CMF22-HA complex. (Left) 

Schematic of co-immunoprecipitation includes taking the detergent soluble (S1) fraction 

and incubating the lysate with anti-HA beads. The bound fraction containing the 

complex is eluted and mudpit MS/MS spectrometry will be used to identify CMF22 

binding partners. (Right) S1 fraction of RNAi-induced trypanin mutants were run on a 

blue native gel and the band in the right lane shows that CMF22-HA is in a ~900 kDa 

complex.  
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Figure 6-4. CMF22-HA co-immunoprecipitation using the S1 fraction of tetracycline-

induced trypanin mutants and eluted using 8M urea. Western blot using anti-HA shows 

that CMF22-HA (110 kDa band) in the S1 fraction of trypanin mutants + Tet are soluble 

(S1) and after pre-clearing the lysate (PC), no protein was lost. CMF22-HA and 

interacting proteins were eluted using 8M urea (E1, E2) and is seen in 2.5x108 cell 

equivalents (250x) but is also still massively bound to beads (Beads). Bands 

corresponding to 50 and 25 kDa are likely heavy and light chains of the anti-HA 

antibody.  
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 The eukaryotic flagellum is a highly conserved organelle that functions in motility, 

sensing, transport, pathogenesis and human development (1, 2). These cellular 

structures are ubiquitous organelles and are classically associated with motility in a 

number of organisms. Various genetic and proteomic approaches to define the 

eukaryotic flagellum have identified hundreds of flagellar proteins, however, the 

mechanism in which these proteins interact with one another to drive motility is still 

unknown (3-6). In the model organism T. brucei, the flagellum is required for motility, 

infection and pathogenesis (7, 8). The T. brucei flagellum has high conservation to the 

canonical “9 + 2” axoneme and the genetic amenability of this organism have made T. 

brucei an incredible system for studying flagellum biology.  

 

Social motility in T. brucei  

 The first focus of this dissertation was to examine the novel social behavior 

exhibited by these parasites. Recent advances in our laboratory have revealed that T. 

brucei are able to communicate with one another to collectively migrate as a group 

across surfaces (9). The mechanism of how these individual parasites are able to come 

together to form a group and subsequently form projections that radiate outwards from 

the site of innoculation is largely unknown. To identify genes required for social 

behavior, a tetracyline-inducible RNAi library developed by another laboratory was 

utilized in combination with the social motility assay. This work optimized an approach 

to use this RNAi library through a proof-of-concept experiment and several pilot 

experiments to optimize parameters for high-throughput screening. Although the social 
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motility assay was considered too variable and macroscopic for high-throughput, the 

method of sorting and growth of these parasites in bulk was optimized. Efforts to identify 

more microscopic or fluorescent read-outs are underway.  

Another targeted approach to identify genes required for social motility was to 

knockdown genes with putative cNMP-binding domains and test their ability to engage 

in social behavior. Unpublished data from our laboratory has revealed that the cAMP 

pathway regulates social motility. Knockdown of certain adenylate cyclases, a family of 

proteins that generate cAMP, resulted in a “hyper-social” phenotype when these 

mutants were plated on semi-solid agarose. In contrast, knockdown mutants of 

phosphodiesterases, proteins that break down cAMP, resulted in parasites that were 

unable to form radial projections. To identify the mechanism of social motility through 

the cAMP pathway, this study evaluated the putative proteins that function downstream 

of the cAMP pathway through binding cAMP or cGMP. Using a search algorithm in both 

the SMART and Pfam databases, 14 candidates with potential cNMP-binding sites were 

identified. Individual knockdown of these genes were performed and these candidates 

are currently being evaluated. Recent work from the Boshart lab that identified other 

proteins that function downstream of the cAMP pathway and these are also potential 

candidates for regulating social behavior (10).  

Altogether, this dissertation has employed both forward and reverse genetics to 

identify several candidates that potentially coordinate social behavior. Current efforts 

are focused on evaluating these candidates genes.  
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Conserved mechanism of motility  

T. brucei is an exemplary model organism for the study of flagellum biology. 

Highly efficient homologous recombination, the presence of RNAi machinery, and 

inducible genetic vectors for expression and knockdown/ knockout of genes are just a 

few of the many diverse molecular tools in T. brucei (11). Furthermore, the T. brucei is 

sequenced and annotated, which allows for ease in genetic manipulation. The T. brucei 

flagellum is composed of a canonical “9 + 2” axoneme with core proteins conserved 

between T. brucei and other flagellated eukaryotic model organisms. The availability of 

complete genomic sequence has allowed for comparison of motility genes across 

divergent eukaryotic organisms with motile flagella and define key proteins essential for 

motility. An initial study compared 8 genomes of various eukaryotes with motile flagella 

against genomes of eukaryotes that lack flagella or have an immotile flagella (5). This 

study identified 50 genes that are core Components of Motile Flagella (CMF), many of 

which have been validated as proteins required for axonemal motility in T. brucei and 

other organisms. Investigation of genes broadly conserved in eukaryotes with motile 

flagella was expanded in Chapter 3 of this dissertation. The study compared the 50 

CMF genes in 115 genomes to identify a broadly conserved gene with interesting 

domains (12). CMF22 was present in almost all organisms that have motile flagella and 

has an IQ motif at the N terminus as well as an ATPase Associated with various cellular 

Activities (AAA) domain at the C terminus. Biochemical fractionation and 

immunofluorescent localization identified CMF22 as an axonemal protein that is 

localized along the length of the flagellum. RNAi knockdown of CMF22 results in 
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defective propulsive motility, and normal motility is restored when an RNAi immune 

copy of the wild-type CMF22 gene is added back into the knockdown construct.  

Phylogenetic, localization and biochemical data suggests that CMF22 is part of a 

microtubule-associated complex that regulates motility, the nexin-dynein regulatory 

complex (N-DRC). Additionally, Figure 3-8 shows that the association of CMF22-HA to 

the flagellum is compromised in drc mutants Trypanin and CMF70 (13, 14). 

Complementary work in Bower et al. also shows the loss of CMF22 in drc mutants in C. 

reinhardtii (15). Altogether, these data strongly suggested that CMF22 is part of the N-

DRC. This hypothesis was investigated in Chapter 4 through high-resolution cryo-

electron tomography of CMF22-UKD. Findings from Chapter 4 revealed that CMF22 is 

required for the assembly of the proximal lobe of the N-DRC and since were no 

disruptions to inner arm dyneins as seen by CryoET, the defect in propulsive motility 

can be entirely attributed to the loss of CMF22 and the loss of the proximal lobe of the 

N-DRC. This is an important find since this is the first N-DRC mutant identified that has 

a defect exclusively in the N-DRC.  

In addition to the discovery that CMF22 is required for assembly of the proximal 

lobe of the N-DRC, this dissertation also presented high-resolution structural analysis of 

the T. brucei flagellum. This is the first high-quality structure of the flagella from an 

Excavate and the first analysis of flagella from a eukaryotic human pathogen. The 

flagella in T. brucei is critical for pathogenesis and key differences in flagella 

architecture in comparison to flagella from non-pathogenic eukaryotes may reveal novel 

features that are required for pathogenesis. Results show key conserved features such 
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as the outer dynein arms, inner dynein arms, the presence of radial spokes, and the N-

DRC. However, there are also differences such as the missing inner dynein arm c, the 

lack of an inner-outer dyenin linker, a novel interdoublet linker, and more obvious 

extensions between neighboring microtubules than in other eukaryotic axonemes for 

which there is a 3D structure. These differences may contribute to the unique waveform 

of T. brucei that increases the parasite’s ability to infect or evade host immune 

responses. Further studies that define contributions of these unique features may 

elucidate the mechanism of motility in T. brucei.  

To characterize the contribution of CMF22 and how it possibly interacts with 

neighboring proteins, the putative domains of CMF22 were investigated in Chapter 5. 

The IQ motif and AAA domain of CMF22 was mutated to determine if these domains 

are required for propulsive motility and to potentially understand the mechanism of 

CMF22 action. Alanine substitutions of the IQ motif and the key lysine required for ATP-

binding in the AAA domain were performed to create various mutant constructs. None of 

the IQ motif mutants had a defect in propulsive motility, however, the AAA mutant was 

not able to translocate as efficiently as wild-type cells. Therefore, in the context of 

propulsive motility in suspension cultures, the AAA mutant may be required for 

propulsive motility. The contribution of decreased protein expression in this AAA domain 

mutant is unknown and further analysis should be done using an AAA mutant that 

expresses wild-type levels of CMF22 or overexpression of the AAA mutant for 

expression of CMF22 at wild-type levels. In addition, determining if CMF22 functions as 

a dimer may also elucidate the mechanism of CMF22 action.  
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 The findings in this dissertation contribute to our current understanding of novel 

mechanisms employed by T. brucei to communicate and cooperate at the multicellular 

level through social behavior and move at the individual level. Additionally, the results 

from CMF22 experiments also expand our understanding of conserved mechanisms of 

eukaryotic flagellum biology. The insight gained through these works uncovers both 

unique aspects of parasite biology that can be further exploited for potential 

therapeutics and conserved tenets of eukaryotic biology for discovering new links 

between cilia motility and ciliary diseases.  
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Appendix A 

Independent Analysis of the Flagellum Surface and Matrix Proteomes Provides Insight 

into Flagellum Signaling in Mammalian-infectious Trypanosoma brucei 
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