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Abstract 

Eukaryotic flagella (also referred to as cilia) are microtubule-based 

organelles that protrude from the cell body into the extracellular environment.  In 

addition to powering cell motility and fluid low, flagella mediate the reception of 

numerous signaling processes that direct developmental programs.  Because 

flagella serve such diverse roles, defects in flagellar morphology produce a 

pleiotropic array of human diseases.  

The assembly and maintenance of flagella relies on intraflagellar transport 

(IFT), the molecular motor driven traffic of large protein complexes (called trains) 

carrying flagellar proteins between the cell body and the flagellar tip.  To better 

understand the relationship between flagellar length and IFT, we developed a 

method to quantify IFT in the flagella of Chlamydomonas reinhardtii using total 

internal reflection fluorescence microscopy (TIRF, described in detail in chapter 

2).  In chapter 1, we measured changes in anterograde (base to tip) IFT during 

flagellar regeneration and found that IFT train size is inversely proportional to 

flagellar length, and may thus determine the steady state length of flagella.  In 

chapter 3, we performed a pharmacological screen for impaired cell motility in 

Chlamydomonas and identified a small molecule that reduces flagellar length in 

several organisms, while affecting both IFT and actin dynamics.  In chapter 4, we 

performed a genetic screen for impaired Chlamydomonas cell motility and 

isolated a temperature-sensitive mutant in the heavy chain of IFT dynein, the 

retrograde motor that returns IFT trains from the flagellar tip to the cell body.  

Unlike mutations in the anterograde kinesin motor, which impede both flagellar 
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assembly and maintenance, the dynein mutant (named dhc1b-3) experiences 

defects in assembly but not maintenance despite significant reductions in both 

dynein protein and IFT activity.  This surprising observation has forced us to 

rethink the relationship between IFT and the control of flagellar length. 
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Forward 

Perspectives on Flagellar Length Control 

 The structure and function of flagella will be outlined in great detail in the 

introductions of the following chapters.  Rather than retread the same information 

yet again, I would like to instead provide a slightly broader context for the studies 

undertaken in this thesis. 

 One consistent theme throughout this thesis is that we evaluated changes 

in flagellar length using the balance-point model (Figure 1.1 C), which asserts 

that flagellar length is the sum of the assembly rate and disassembly rate at the 

flagellar tip, the only site where tubulin is added or removed from the axoneme 

(Marshall et al., 2001, 2005).  The balance-point model further asserts that at 

least the assembly rate is dependent upon intraflagellar transport (IFT) to carry 

axonemal precursors such as tubulin from the cell body to the flagellar tip, a 

hypothesis that is supported by the disassembly of flagella that occurs when IFT 

is switched off using Chlamydomonas mutant strains (Kozminski et al., 1995). 

 The chapters in this thesis are presented in the chronological order in 

which the work was performed.  The initial question we addressed in chapter 1 

was whether changes in IFT during flagellar regeneration could explain the 

decelerating flagellar growth rate to a steady-state length, as proof of concept for 

the balance-point model.  In order to accurately quantify IFT in live cells, we 

measured GFP-tagged IFT proteins in Chlamydomonas flagella by total internal 

reflection fluorescence (TIRF) microscopy.   This method is thoroughly detailed in 

chapter 2.  In chapters 3 and 4, we performed screens for chemical and genetic 
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modulators of flagellar length, respectively.  In both of these studies, we 

measured changes in IFT using the TIRF technique and attempted to correlate 

these changes with flagellar length, in keeping with the balance-point model.  

Thus, while the studies in this thesis may differ in their approaches, they present 

a unified vision of flagellar length control as a simple readout of protein transport 

between the cell body and the flagellar tip.  However, as we observed in chapter 

4, the regulation of flagellar length may be more convoluted than this elegant 

solution.  

 It is important to put our IFT observations into context with several other 

biological processes that affect flagellar length.  In addition to IFT-mediated 

assembly, the rate of flagellar disassembly is also likely subject to regulation, as 

microtubule stabilizing (EB1; Pedersen et al., 2003; Schroder et al., 2007) and 

destabilizing (kinesin-13; Blaineau et al., 2007; Piao et al., 2009) proteins are 

both localized to the flagellar tip.  Several kinases in the flagellum have been 

shown alter flagellar length (Wilson and Lefebvre, 2004; Berman et al., 2003; 

Bradley and Quarmby, 2005), perhaps through a yet to be elucidated “length 

sensor” mechanism.   There are modifications in the protein composition of the 

proximal and distal halves of the flagellum (Piperno and Ramanis, 1991; Yagi et 

al., 2009), differences that could serve as a ruler for flagellar length.  

Furthermore, the proximal half of the flagellum appears to be more resistant than 

the distal half to microtubule destabilization (Dentler and Adams, 1992).   Flagella 

also change their length in response to fluctuations in calcium and cyclic AMP 

levels and physical stimulation by fluid flow, in a process known as flow-mediated 

            2



adaptation (Besschetnova, 2010).  In addition to sensing and signaling within the 

flagellum, flagellar assembly is also subject to intracellular trafficking of vesicles 

and proteins from the golgi to the flagellar base (Follit et al., 2006; Nachury et al., 

2007; Yoshimura et al., 2007) and gating the entry of these proteins into the 

flagellum at the transition zone (Craige et al., 2010).  Finally, the expression of 

many flagellar genes is under the direct control of master regulator gene Foxj1, 

the downregulation of which induces flagella to shorten (Neugebauer et al.,2009; 

Cruz et al., 2010). 

The relationship between IFT and flagellar length described by the 

balance-point model is but one piece of the puzzle.  Perhaps it serves as a basal 

mechanism that is always in place, but may be modulated by additional layers of 

signaling, intracellular trafficking, and transcriptional control.  Understanding the 

interplay between these different processes will be the key to building an 

integrated model of flagellar length control. 
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Chapter 1   

Intraflagellar Transport Particle Size Scales Inversely with Flagellar Length: 

Revisiting the Balance-Point Length Control Model 

 

Benjamin D. Engel1, William B. Ludington1, & Wallace F. Marshall1 

1.  Dept. of Biochemistry & Biophysics, UCSF 

 

Originally published in The Journal of Cell Biology, 187: 81-89, October 2009. 
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Abstract 

The assembly and maintenance of eukaryotic flagella is regulated by 

intraflagellar transport (IFT), the bidirectional traffic of IFT particles (recently 

renamed IFT trains) within the flagellum.  We previously proposed the balance-

point length control model, which predicted that the frequency of train transport 

should decrease as a function of flagellar length, thus modulating the length-

dependent flagellar assembly rate.  However, this model was challenged by the 

differential interference contrast (DIC) microscopy observation that IFT frequency 

is length-independent.  Using total internal reflection fluorescence (TIRF) 

microscopy to quantify protein traffic during the regeneration of Chlamydomonas 

reinhardtii flagella, we determined that anterograde IFT trains in short flagella are 

composed of more KAP (kinesin-associated protein) and IFT27 proteins than 

trains in long flagella.  This length-dependent remodeling of train size is 

consistent with the kinetics of flagellar regeneration and supports a revised 

balance-point model of flagellar length control, where the size of anterograde IFT 

trains tunes the rate of flagellar assembly. 

 

Introduction 

 How cells regulate organelle size is a fundamental question in cell biology.  

The eukaryotic flagellum (a term used interchangeably with cilium), with its easily 

measured linear geometry, provides an ideal model for studying organelle size 

control.  Furthermore, ciliary length control has become increasingly medically 
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relevant, with recent studies linking ciliary defects to a wide range of human 

disorders (Pazour and Rosenbaum, 2002; Bisgrove and Yost, 2006). 

 The unicellular biflagellate green alga Chlamydomonas reinhardtii is a 

powerful tool for studying flagellar biology (Randall, 1969; Silflow and Lefebvre, 

2001).  Following abscission, flagella regenerate to their original length with 

reproducible kinetics (Fig. 1A).  Short flagella undergo a period of rapid growth, 

then transition to a slow elongation phase as they near their steady-state length 

(Fig. 1B).  Though this phenomenon was first observed forty years ago 

(Rosenbaum et al., 1969), the mechanisms that control the kinetics of flagellar 

regeneration are not well understood.  Studies in Chlamydomonas have revealed 

that the assembly and maintenance of flagella depend on intraflagellar transport 

(IFT), the molecular motor-driven process of bidirectional protein traffic within the 

flagellum (Kozminski et al., 1993).  IFT describes the movement of IFT trains 

(previously referred to as “particles” but renamed “trains” based on electron-

tomography; Pigino et al., 2009), heterogeneous linear protein arrays composed 

of heterotrimeric kinesin-2, cytoplasmic dynein-1b, axonemal cargo, and two 

varieties of IFT complexes (A and B) (Piperno and Mead, 1997; Cole et al., 1998; 

Cole, 2003; Ou et al., 2007).  Kinesin powers anterograde transport to the distal 

tip of the flagellum, where the trains are remodeled and subsequently undergo 

dynein-driven retrograde return to the base.  IFT has been shown to be directly 

responsible for the transport of axonemal precursors to the site of flagellar 

assembly at the tip (Qin et al., 2004; Hou et al., 2007).  Defects in kinesin, 

dynein, and most of the IFT proteins all lead to short or absent flagella (Huang et 

            7



al., 1977; Pazour et al., 1999, 2000; Porter et al., 1999; Piperno et al., 1998; 

Deane et al., 2001; Pedersen et al., 2005).  Additionally, reducing the speed and 

frequency of IFT leads to flagellar shortening (Kozminski et al., 1995; Iomini et 

al., 2001).  Thus, IFT appears to play a central role in mediating flagellar length. 

 The balance-point model of flagellar length control (Fig. 1C) (Marshall et 

al., 2001, 2005) proposes that flagellar length is the resultant of two opposing 

rates: a length-independent disassembly rate and an assembly rate that 

decreases as the flagellum elongates.  The length-independent disassembly rate 

is supported by the observation that when IFT is stopped in the fla10 conditional 

kinesin-2 mutant, disassembly occurs at a constant basal rate regardless of 

flagellar length (Kozminski et al., 1995; Parker and Quarmby, 2003; Marshall et 

al., 2001, 2005).  Furthermore, during drug or mitosis-induced active flagellar 

disassembly, a process that requires retrograde IFT, flagella also shorten at a 

length-independent rate (Pan and Snell, 2005; Marshall et al., 2005).  The 

balance-point model predicts that the flagellar assembly rate decreases as a 

function of length until the flagellum reaches a unique steady-state length where 

the assembly and disassembly rates are in equilibrium.  Driven by the 

observation that short and long flagella contain roughly the same quantity of IFT 

protein (Marshall et al., 2005), the original balance-point model proposed that the 

number of IFT trains in a flagellum is constant.  Thus, the length-dependent 

assembly rate would arise from the variable frequency of anterograde trafficking 

events.  As the flagellum lengthens, trains would become spaced further apart, 
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new cargo would arrive at the tip less frequently, and the assembly rate would 

decrease (Fig. 4A).   

However, studies using DIC microscopy revealed that long flagella 

actually contain more IFT trains than short flagella (Dentler, 2005).  This 

observation appears to invalidate a key prediction of the balance-point model, 

and seems to be inconsistent with the finding that all flagella contain the same 

amount of IFT protein.  However, this conflict is based on the assumption that all 

trains are equivalently sized.  In fact, IFT trains have been demonstrated to be 

modular.  When viewed by transmission electron microscopy, trains range from 

100nm to over 600nm in length (Pedersen et al., 2006), and are composed of a 

variable number of smaller, linearly-arranged particle substructures (Kozminski et 

al., 1993, 1995; Pigino et al., 2009).  Furthermore, immunogold localization 

studies suggest that the number of IFT proteins in a train can vary by several-fold 

(Sloboda and Howard, 2007). Thus, changes in IFT train size, rather than 

frequency, could theoretically mediate the length-dependent assembly rate 

predicted by the balance-point model. 

 

Results and Discussion 

 To test the predictions of the revised balance-point model, we needed an 

accurate method to assay IFT train size in live cells undergoing flagellar 

regeneration.  Previous attempts to visualize IFT in Chlamydomonas have 

primarily relied on DIC microscopy.  While this technique can measure the speed 

and frequency of IFT (Kozminski et al., 1993; Iomini et al., 2001; Dentler, 2005), 
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it is insufficient for quantifying train size.  The apparent size of trains seen by DIC 

is not a good measure of protein content, as it is affected by the angle of DIC 

shear and the train’s refractive index.  We decided instead to use fluorescence 

microscopy to quantify the amount of GFP-labeled IFT protein found in each 

train.  GFP tagging of IFT proteins has been extensively employed in C. elegans 

(Orozco et al., 1999; Ou et al., 2007), but Chlamydomonas provides a significant 

advantage for visualizing IFT.  Because wildtype Chlamydomonas cells adhere 

both their flagella to the coverglass (Bloodgood, 1995), we were able to achieve 

high fidelity measurements with adjusted TIRF (Axelrod, 2001; Mattheyses and 

Axelrod, 2006), where the angle of incident light is decreased to close to the 

critical angle, providing a deeper field of illumination near the coverglass (250-

350nm, see materials and methods).  Using this setup (Fig. 1D), we imaged 

completely through adhered flagella (Fig. S1A) at ~30 frames per second, while 

the autofluorescent cell bodies remained outside the field of illumination.   

  We analyzed two key members of anterograde trains: KAP (Mueller et al., 

2005), the nonmotor subunit of kinesin-2, and IFT27 (Qin et al., 2007), a small 

rab-like GTPase that is a core component of IFT complex B.  IFT complex B is 

required for anterograde transport and is thought to be present in every 

anterograde train.   By making kymographs from movies of KAP-GFP and IFT27-

GFP strains (Figs. 1E and 1F, Videos 1 and 2), we extracted information about 

the speed, frequency, and GFP intensity of IFT trains (for methods see Fig. S1B).  

We restricted our analysis to anterograde IFT because it is these trains that 

contribute to the length-dependent rate of axoneme assembly.  Retrograde IFT 
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may contribute to disassembly, but it appears to do so in a length-independent 

manner (Pan and Snell, 2005), which cannot explain the kinetics of flagellar 

regeneration and the steady-state length. 

To observe how IFT is affected by flagellar regeneration, we exposed cells 

to an acidic pH shock, which induces flagellar abscission (Lefebvre, 1995).  

During the subsequent regeneration phase, we measured the speed, frequency, 

and GFP intensity of anterograde transport and correlated these measurements 

with flagellar length.  Consistent with previous observations (Dentler, 2005), we 

found that anterograde IFT frequency is relatively length-independent and varies 

between ~1 train/s in short flagella to ~1.25 trains/s in long flagella (Fig. 1G).   

Short flagella exhibited more variable and reduced anterograde IFT speeds, 

averaging ~1.6m/s, while trains in long flagella had a consistent top speed of 

~2.3m/s (Fig. 1H).   However, reduced anterograde speeds in short flagella 

cannot explain the increased assembly rate predicted by the balance-point 

model.  Correlating the GFP intensity of anterograde traces with flagellar length 

revealed an intriguing relationship: IFT trains in short flagella (2-6m) were over 

twice as intense as those in long flagella (8+m) (Fig 1I).  Furthermore, trains in 

flagella that were too short to distinguish individual trafficking events (<2m) 

were 3-4 times as bright as trains in long flagella.  Because GFP intensity serves 

as a proxy for GFP number, we concluded that IFT trains in short flagella 

contained several-fold more KAP-GFP and IFT27-GFP proteins.  Thus, trains in 

short flagella are functionally larger, with a greater cargo-carrying capacity.  

While IFT27-GFP had a very low flagellar background signal that was 
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comparable to the camera noise (Fig. 1F), KAP-GFP had significantly higher 

background intensity that was brightest in short regenerating flagella (Fig. 1E).  

However, even when normalized by this background signal, trains in short 

flagella were over twice as intense as trains in long flagella (Fig. 1I, light blue 

bars).  Because train traffic could not be distinguished in very short flagella 

(<2m), the flagellar background was not measurable.  

Although IFT frequency and particularly IFT speed were reduced in 

regenerating short flagella, both parameters were uncorrelated with train intensity 

(Figs. S2A and S2B).  This means that while slow trains and large trains are both 

found in short flagella, large trains are not predisposed to being slow.  However, 

we did uncover a moderate length-independent correlation between IFT speed 

and frequency, which was strongest within the KAP-GFP data set (Fig. S2C). 

 To confirm that trains in short flagella contained more KAP protein, we 

fixed KAP-GFP cells at various timepoints following pH shock and quantified the 

number of GFP molecules in each train by counting stepwise photobleaching 

events under TIRF illumination (Fig. 2) (Leake et al., 2006).  We chose to focus 

on the KAP-GFP strain for this experiment because it was created in a fla3 (KAP 

point mutant) background, in which only exogenously expressed KAP protein 

enters the flagella (Fig. S1C) (Mueller et al., 2005).  Thus, every KAP protein in 

the trains is GFP labeled.  The IFT27-GFP strain, on the other hand, has a 

mixture of endogenous and labeled protein in its flagella (Qin et al., 2007). 

Throughout the timecourse of the bleach, the average fluorescence was 

measured in regions of interest (ROIs) corresponding to spots of peak intensity 
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(IFT trains) along the flagella (Fig. 2A).  Fluorescence in each ROI was lost in an 

exponential and stepwise manner, and many steps fit a relatively uniform size 

(25-60 counts, depending on the imaging session), consistent with single GFP 

bleaching events (Fig. 2B).  Before quantification, the steps were enhanced with 

an edge-preserving Chung-Kennedy filter (blue line in Fig. 2B) (Chung and 

Kennedy, 1991; Smith, 1998; Leake et al., 2006).  Much like the live-cell 

experiments, we found that trains in short flagella were enriched with several-fold 

more KAP-GFP proteins.  Trains in long flagella contained an average of 6 KAP-

GFP proteins, trains in half-length flagella possessed an average of 10 KAP-

GFP, and trains in short flagella held an average of 16 KAP-GFP (Fig. 2C).  ROIs 

in very short flagella (<2m) routinely had over 20 KAP-GFP proteins.  Strikingly, 

this length-dependent 2-4 fold difference in KAP-GFP protein number mirrors the 

2-4 fold difference in train intensity seen in Figure 1.  Step totals counted by eye 

were confirmed by dividing the total bleached intensity by the average GFP step 

size determined for each trace.  The tight correlation between the number of GFP 

steps and the total bleached intensity for each ROI (Fig. S1D) suggests not only 

that GFP number was accurately quantified, but also that GFP intensity (as 

reported in Fig. 1) is indeed a strong proxy for GFP protein content. 

While these initial studies revealed the relationship between train size and 

flagellar length, both experiments were susceptible to variability due to 

comparing data from different images (variability in laser intensity and alignment) 

of different cells within a population (intrinsic cell-to-cell variability in IFT pool size 

and GFP expression levels).  Fortunately, we were able to address these 
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concerns thanks to a unique Chlamydomonas behavior known as the long-zero 

response, which occurs when only one of the flagella is severed.  During the ~30 

minutes following abscission, the two flagella equilibrate in length by shortening 

the long flagellum as the severed flagellum grows (Rosenbaum et al., 1969).  

This experiment provides an elegant internally-controlled opportunity to use a 

single image to compare the IFT dynamics between a long flagellum and short 

flagellum, both of which are sharing the same limited pool of IFT proteins.  When 

we began our long-zero observations, it was immediately apparent that the 

shorter flagellum contained trains with higher GFP intensity.  Furthermore, 

greater differences in length between the flagella were accompanied by greater 

differences in train intensity (Figs. 3A and 3B, Videos 3-6).  Quantification 

revealed a 1:1 linear correlation between train intensity and flagellar length.  For 

example, a flagellum that was half the length of its counterpart would have trains 

that were twice as bright.  (Fig. 3C: a subset of the data, length ratio <4, 

corrected for flagellar background.  Fig. S3: the complete data set, corrected for 

camera noise).  By contrast, the speed and frequency of IFT were similar in both 

flagella, regardless of the difference in lengths (Figs. 3D and 3E).  Based on the 

pH shock experiment, we expected long flagella to have slightly faster IFT than 

short flagella, but surprisingly the speeds in long flagella were often reduced 

(below 2m/s).  This could be a unique feature of long-zeros, or more generally, 

a feature of all rapidly shortening flagella. 

We also found that, with the exception of long-zeros with one very short 

flagellum (length ratio >4), both flagella contained roughly the same amount of 
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total integrated fluorescence (intensity ratio ~1, Fig. S3A).  This supports the 

claim that short and long flagella contain the same quantity of IFT protein 

(Marshall et al., 2005), and along with the constant frequency of IFT and the 

linear relationship between train size and flagellar length, suggests a 

“conservation of mass” in the IFT system.  As flagella regenerate, a fixed length-

independent quantity of IFT protein is redistributed from fewer large trains to a 

greater number of small trains (Fig. 4A).  Though the mechanism is different than 

what was originally proposed in the balance-point model, the model’s central 

dogma remains unchanged.  Lengthening of the flagellum results in a lower local 

concentration of IFT material and axonemal precursors at the flagellar tip, and 

thus, a lower assembly rate.    

It will be of great interest to see if all IFT proteins scale stoichiometrically 

with KAP and IFT27, or if certain proteins demonstrate a fixed quantity per train, 

regardless of length.  Initial studies of IFT20-GFP (from K. Lechtreck and G. 

Witman), a peripheral IFT complex B subunit believed to link kinesin with 

complex B (Baker et al., 2003), indicate that IFT20 train content also scales 

inversely with flagellar length (data not shown).  Our current balance-point model 

makes the key assumption that all IFT trains carry a proportionate quantity of 

cargo.  This is hard to test directly because the GFP signal of a labeled cargo 

would be lost in the signal from cargo that has already been incorporated into the 

axoneme.  Nevertheless, a “regulated cargo loading” model has been proposed, 

where some IFT trains are incapable of binding cargo (Snell et al., 2004).  

Another assumption in the balance-point model is that IFT train speed is length-
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independent.  Our data shows that this is not strictly true, as short flagella in the 

pH shock experiment have reduced IFT speeds (Fig. 1H).  However, a modified 

mathematical model that incorporates this speed variation shows that the 

measured speeds do not affect the ability of the balance-point system to maintain 

a defined length (data not shown). 

The mechanisms that cause train size to scale inversely with flagellar 

length remain to be determined.  Two distinct models could theoretically explain 

this behavior: a closed self-rectifying system, or an open system with a length-

sensor (Fig. 4B).  In a self-rectifying system, flagellar length control is 

independent of an additional signaling mechanism.  Under this regime, the 

amount of IFT protein available for anterograde train assembly is dependent on 

the amount of material returned to the base of the flagellum by retrograde 

transport.  As the flagellum lengthens, less IFT components are available at the 

base of the flagellum and anterograde train size decreases.  This model relies on 

the flagellum being a relatively closed system (no cytoplasmic exchange) for at 

least one key component of the IFT machinery.  In a completely open system, 

the flagellum would require a length-senor to modulate the input size of IFT 

trains.  Length-sensors could detect a signal from the flagellar tip, react to 

changes in ion concentration from channels in the flagellar membrane 

(Rosenbaum, 2003), or act via a “time of flight” mechanism that would translate 

the transport time of a trafficking signaling protein (such as a GTPase or kinase) 

into length measurements (Sloboda and Rosenbaum, 2007).  Though several 

proteins have been shown to play a role in length regulation, including the 
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flagellar-localized kinases GSK3, LF4p, and Cnk2p (Wilson and Lefebvre, 2004; 

Berman et al., 2003; Bradley and Quarmby, 2005), a specific length-sensing 

mechanism has yet to be demonstrated.  Differentiating between open and 

closed flagellar systems would benefit greatly from a Chlamydomonas codon-

optimized photoactivatable GFP (Patterson and Lippincott-Schwartz, 2002). 

 An interesting observation that deserves additional investigation is the 

apparent lack of KAP-GFP retrograde transport.  While kymographs of IFT27-

GFP (Fig. 1F) and IFT20-GFP (data not shown) have a low background signal 

and frequent bright retrograde traces, KAP-GFP kymographs have higher 

background and retrograde traces that are infrequent and far less intense than 

anterograde traces (Fig. 1E).  The lack of bright retrograde KAP-GFP traces is 

consistent with the observation in fla11 (IFT172) mutants that kinesin can exit 

flagella independent of IFT (Pedersen et al., 2006).  Without photoactivation, we 

cannot currently distinguish whether retrograde KAP is undergoing diffusion or 

whether it is transported back to the base as single molecules, obscured from 

detection by the flagellar noise.  If kinesin does detach from IFT trains at the 

flagellar tip, this suggests a model for the turnaround of IFT trains where kinesin 

inhibits dynein during anterograde transport, either through pulling forces alone 

(Müller et al., 2008) or through protein interactions (Deacon et al., 2003).  At the 

tip, kinesin is removed from IFT trains, immediately licensing dynein for 

retrograde transport.  Such a model would predict a rapid turnaround of trains at 

the flagellar tip, a premise that can also be tested with photoactivation. 

            17



 In summary, we have observed in that the size of IFT trains in 

regenerating Chlamydomonas flagella scales inversely and linearly as a function 

of flagellar length.  This provides a plausible mechanism to support the balance-

point model of flagellar length control.  Based on our observations, we propose 

that the redistribution of a fixed quantity of IFT protein into IFT trains of variable 

size drives the length-dependent assembly rate, and thus the kinetics of flagellar 

regeneration and the steady-state flagellar length.  It will be of great interest to 

see whether IFT is altered in the extensive catalogue of Chlamydomonas 

mutants that exhibit abnormally long (lf) or short (shf) flagellar lengths (Asleson 

and Lefebvre, 1998; Kuchka and Jarvik, 1987).  It will also be informative to 

determine how IFT scales with flagellar length in other model systems such as 

Trypanosoma, Tetrahymena, C. elegans, and vertebrates, all of which have 

established GFP-reporter systems for observing IFT in live cells (Absalon et al., 

2008; Tsao and Gorovsky, 2008; Orozco et al., 1999; Follit et al., 2006).  While 

perhaps not as perfectly suited to studying flagellar regeneration, each of these 

organisms presents unique characteristics (two flagella of unequal length and 

age in Trypanosoma, for example) that may provide additional insights into the 

relationship between IFT and flagellar length.
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Materials and Methods 

Strains and Culture Conditions 

Vegetative Chlamydomonas cells were grown in Tris-acetate-phosphate 

(TAP) media (Gorman and Levine, 1965) at 21°C with constant aeration.  

Wildtype mt+ (cc125), pf18 mt+ (cc1036), and pf18 mt- (cc1297) strains were 

obtained from the Chlamydomonas Genetics Center (Duke University, Durham, 

NC).  KAP-GFP fla3 mt- (Mueller et al., 2005), IFT27-GFP mt+ (Qin et al., 2007), 

and IFT20-GFP IFT20 (K. Lechtreck, unpublished) strains were provided by M. 

Porter (University of Minnesota, Minneapolis, MN), J. Rosenbaum (Yale 

University, New Haven, CT), and G. Witman (University of Massachusetts 

Medical School, Worcester, MA), respectively.  KAP-GFP fla3 pf18, IFT27-GFP 

pf18, and KAP-GFP (wildtype fla3 allele) strains were generated through 

crosses. All constructs used Chlamydomonas codon-optimized GFP (Fuhrmann 

et al., 1999). 

pH shock was performed by transiently lowering the pH of 

Chlamydomonas cultures, as previously described (Lefebvre, 1995). Long-zero 

regeneration was induced by passing cells through a 28-gauge insulin needle 

(BD Micro-Fine, #328410), which sheared off only one of the two flagella in a 

small percentage of the cells. 

 

Live-Cell Microscopy and Image Analysis 

For TIRF microscopy, 15L of cells in TAP media were applied to #1.5 

(Corning, 22mm x 22mm) coverglass and then inverted onto slides (Gold Seal, 
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#3010) with a square petroleum jelly spacer.   Images were acquired at room 

temperature with NIS-Elements v2.3 on a Nikon TE2000-E inverted scope 

equipped with a through-the-objective TIRF system, Nikon Perfect Focus, Nikon 

100x/1.49NA and 60x/1.45NA Apo TIRF oil immersion objectives, and a cooled 

Photometrics QuantEM:512SC EMCCD camera with quantitative gain.  Cells 

were imaged at ~30 frames per second with adjusted TIRF, where the angle of 

incident light is slightly decreased from the supercritical range toward the critical 

angle, allowing a deeper range of observation in the area near the coverglass.  

The depth of illumination was measured to be roughly 250-350nm, using 6m 

fluorescent beads as described by Mattheyses and Axelrod (2006).  All images in 

each imaging session were acquired using the same angle of incidence and 

efforts were taken to replicate incidence angles between imaging sessions 

(though some variability occurred, see Fig. S1D for example).  GFP was imaged 

with 488nm excitation and a 525/50 emission filter. 

For DIC imaging, 10L of wildtype cells were immobilized between a 

0.25% agarose/TAP pad and the coverglass.  The coverglass was then sealed to 

the slide with VALAP (equal parts petroleum jelly, lanolin, and paraffin) to prevent 

dehydration.  Images were acquired at room temperature with NIS-Elements v2.3 

on a TE2000-E inverted scope with a .85NA dry condenser, Nikon 100x/1.4NA oil 

objective, and a cooled Photometrics CoolSNAP HQ2 interline CCD camera. 

Kymographs of both the TIRF and DIC imaging were generated with Metamorph 

v7.5.1.0 by drawing a box along the length of the flagella, with a width slightly 

greater than that of the flagella.  The maximum intensity value (for TIRF) or 
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average intensity (for DIC) for each point along the length of the box was plotted 

for each frame in the movie, yielding kymographs with spatial information along 

the x-axis and time along the y-axis.  Using NIS-Elements v2.3, kymographs 

were analyzed for average IFT train intensity, speed, frequency, and integrated 

flagellar intensity (see Fig. S1B).  Intensity measurements were normalized for 

either camera noise or flagellar background signal.  Camera noise was measured 

as the mean value of an ROI on the kymographs outside of the flagellar region.  

Flagellar background was measured as the average minimum value of several 

ROIs placed within the center of each flagellar region.   

For the regeneration kinetics in Fig. 1A, cells were fixed every five minutes 

following pH shock and immediately imaged with an upright Zeiss Axioscop, 

40x/.75NA air objective, and Digital Instruments SPOT CCD camera (model 

1.4.0).  Flagellar lengths at each timepoint were measured using NIS-Elements 

v3.0. 

 

Fixed-Cell Photobleaching and Step Analysis 

At various timepoints following pH shock, 100L of cells were plated onto 

coverglass and fixed with formaldehyde (4% final concentration) for 10 minutes, 

shielded from the light.  Cells were fixed after plating in order to preserve flagellar 

adhesion to the coverglass.  The coverglass was then dipped in PBS to remove 

unadhered cells, mounted onto slides with 10L PBS and a petroleum jelly 

spacer, and sealed with VALAP. Flagella were bleached with the same adjusted 

TIRF illumination that was used for live-cell imaging.  Timeseries (~20 frames per 
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second) were acquired immediately after locating cells to ensure that the 

maximal number of bleaching events were recorded. 

Mean intensity plots for individual trains were generated in NIS-Elements 

v2.3 from square ROIs (0.416m x 0.416m) corresponding to points of peak 

intensity along the flagella.  Steps were enhanced by filtering the raw data with 

an edge-preserving Chung-Kennedy algorithm, which passes two adjacent 

sliding windows of adjustable width (20-60 frames/window) over the dataset and 

outputs the mean of the window with the lower variance (Leake et al., 2006).  

Though every step was not always clear, each intensity plot contained numerous 

steps of roughly the same size, from which the rest of the steps could be 

estimated.  The number of bleaching events counted by eye was rechecked for 

each plot by dividing the total change in intensity by the average step size.  The 

geometry of the axoneme in relation to the TIRF field did increase step-size 

variability, as GFP proteins further from the coverglass were less intense and 

less likely to photobleach, yielding smaller steps towards the end of the bleach 

(see Fig. 2B).  Importantly, when the whole dataset was plotted together, the total 

change in intensity of the ROIs was tightly correlated with the number of GFP 

steps counted, validating the accuracy of the step quantification (Fig. S1D).   

However, the estimated number of KAP-GFP proteins per train may have been 

slightly inflated because train bleaching events were inseparable from the 

flagellar background.   
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Isolation of Flagella and Western Blotting 

Flagella were isolated by pH shock and centrifugation onto a 25% sucrose 

cushion, as described in Cole et al. (1998).  Western blots were probed with rat 

anti-KAP antibody (obtained from M. Porter; Mueller et al., 2005) at 1:5000, and 

goat anti-rat HRP secondary antibody (Jackson ImmunoResearch) at 1:20000. 

 

Online Supplemental Material 

Fig. S1 shows imaging and photobleaching controls.  Fig. S2 shows IFT 

speed, frequency, and intensity correlations from the pH shock experiment (Fig. 

1).  Fig. S3 shows the complete raw and normalized data sets from the long-zero 

experiment (Fig. 3), corrected for camera noise instead of flagellar background.  

Videos 1-6 show KAP-GFP and IFT27-GFP cells from the pH shock and long 

zero experiments.
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Figure Legends 

Figure 1.  During flagellar regeneration, there is an inverse relationship 

between IFT train size and flagellar length.  (A) The kinetics of regeneration 

following pH shock.  N for all timepoints combined: 2026 flagella.  (B) The growth 

rate of regenerating flagella decreases as a function of length.  (C) The balance-

point model predicts that equilibrium will be reached between a length-

independent disassembly rate and an assembly rate that decreases as a function 

of length.  (D) The setup for imaging Chlamydomonas flagella via TIRF.  

Kymographs of (E) KAP-GFP and (F) IFT27-GFP cells undergoing regeneration 

after pH shock, generated from Videos 1 and 2.  Horizontal bars: 5m, vertical 

bars: 1 sec.  The (G) frequency, (H) speed, and (I) average intensity of IFT trains 

during pH shock regeneration, binned by flagellar length.  The intensities of IFT 

traces were normalized by either camera noise (dark blue and red bars) or 

background flagellar intensity (light blue bar).  N for all timepoints in panels G,H, 

and I: 113 KAP-GFP flagella, 97 IFT27-GFP flagella, 97 wildtype flagella imaged 

by DIC.  Error bars for all graphs indicate standard deviation.   

 

Figure 2. Quantitative photobleaching confirms that IFT trains in short 

flagella contain more KAP protein.  (A) At different timepoints following pH 

shock, KAP-GFP cells were for fixed and photobleached under constant TIRF 

illumination.  The mean intensity was measured from 0.4m x 0.4m ROIs (red 

squares) centered on IFT trains.  Bar: 2m.  (B) Three examples of intensity plots 

of ROIs from flagella of different lengths.  The raw data was filtered with a 
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Chung-Kennedy edge-preserving algorithm to enhance the detection of stepwise 

GFP bleaching events.  (C) Histograms of the number of KAP-GFP proteins 

measured in ROIs from long, mid-length, and short flagella (yellow vertical bars 

denote the mean, yellow horizontal bars show the standard deviation).  N: 230 

ROIs from 90 flagella. 

 

Figure 3.  During long-zero regeneration, there is a linear correlation 

between IFT train size and flagellar length.  (A) Three examples of KAP-GFP 

cells undergoing long-zero regeneration, showing brighter IFT trains in the 

shorter of the two flagella (cell dimensions are diagramed above the 

kymographs).  As the length disparity between the long and short flagella 

increases (kymographs left to right), the difference in average train intensity also 

increases.  Kymographs generated from Videos 3-5.  S: short flagella, L: long 

flagella, C: corrected for camera noise, F: corrected for flagellar background.  (B) 

Example of an IFT27-GFP long-zero cell.  Kymograph generated from Video 6.  

In panels A and B, horizontal bars: 5m, vertical bars: 1 sec.  (C) Plotting data 

from all the KAP-GFP and IFT27-GFP long-zero cells together reveals a linear 

relationship (r2= 0.86) between the ratio of flagellar lengths and the ratio of IFT 

train intensities.  Train intensities were corrected for the flagellar background and 

normalized by the ratio of integrated flagellar intensities (see Figure S3B) to 

control for variability in total IFT content.  Despite this correlation between length 

and train intensity, the (D) speed and (E) frequency of IFT is the same in both the 

long and short flagella.  Data in panels C, D, and E is plotted on a ratio scale. 
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Figure 4.  The original and revised balance-point models of flagellar length 

control, and possible mechanisms of IFT train size modulation.  (A) The 

original balance-point model predicted that flagella contain a fixed number of IFT 

trains.  Thus, as flagella regenerate, the length-dependent assembly rate would 

be driven by the decreasing frequency of train arrival at the flagellar tip.  This 

model was refuted by the DIC observation that IFT frequency is constant 

(Dentler, 2005).  In the revised model, the length-dependent assembly rate is 

mediated by IFT train size that scales inversely with flagellar length.  While the 

total amount of kinesin-2 and IFT protein in a flagellum is length-independent, 

these proteins are redistributed into a greater number of smaller trains as the 

flagellum regenerates, reducing the rate of flagellar assembly.  (B)  Two possible 

models of train size control.  In a closed system, at least one essential 

component of the IFT machinery does not exchange freely with the cytoplasmic 

pool.  As the flagellum lengthens, lower concentrations of this key protein arrive 

at the flagellar base via retrograde transport, which results in the production of 

smaller anterograde IFT trains.  In an open system, there is always a high 

availability of IFT material at the flagellar base, as proteins freely exchange with 

the large cytoplasmic pool.  Thus, an additional length-sensor mechanism is 

required to modulate the size of trains that enter the flagellum.  Blue arrows 

indicate high IFT protein concentration, while red arrows indicate low 

concentration. 
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Figure S1.  Imaging and photobleaching controls.  (A) Analysis of two cells 

with overlapping flagella confirms that adjusted TIRF microscopy can image 

through flagella completely.  In kymographs of both flagella (bottom center and 

right images, made from the arrow trajectories in top images), intensity from the 

other flagellum is visible at the point of intersection (asterisks), demonstrating 

that the field of illumination is deeper than the width of one flagellum.  Bar: 5m.  

(B) The methods of kymograph analysis used in this study.  IFT frequency was 

determined by dividing the number of visible traces by the time period of the 

kymograph, while the transport speed was calculated from the slope of these 

traces.   Train intensity was measured by taking the mean intensity of single-

pixel-wide lines that were drawn along each visible trace in the kymograph.  The 

intensities of all the traces were then averaged, yielding the average train 

intensity for each flagellum.  For flagella that were too short to observe train 

traffic (<2m), intensity was measured as the mean of a line drawn on the 

flagellum along the time axis.  The integrated flagellar intensity was measured as 

the summed intensity of every pixel in a ROI encompassing the entire flagellar 

region.  Both train and flagella intensities were corrected for camera noise, and 

train intensities were additionally normalized by the flagellar background signal.  

(C) Isolated flagella from wildtype cells, KAP-GFP expressing cells with the 

endogenous fla3 KAP point mutation, and two wildtype back-crosses that 

express KAP-GFP.  While the back-crosses contain a mix of endogenous and 

GFP-labeled KAP in their flagella, the fla3 cells are enriched nearly exclusively 

for KAP-GFP, allowing superior quantification.  (D) There is a tight linear 
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correlation (see r2 values) between the number of GFP steps counted from each 

ROI photobleaching plot and the total intensity change of the bleach.  The slope 

of this correlation (diagonal lines), and thus the unitary GFP step size, varies 

slightly by imaging session, but is consistent within each session. 

 

Figure S2.  Speed, frequency, and intensity correlations from the live-cell 

pH shock experiment (Fig. 1).  (A) In the complete dataset, there is a 

correlation between fast trains and trains with low GFP intensity.  However, this 

is a result of the fact that long flagella consistently have fast, dim trains.  When 

the data is binned into 4-6m and 2-4m flagellar lengths, the dynamic range 

where there is the most variability in both speed and intensity, the parameters 

are uncorrelated.   (B) IFT frequency shows no correlation with train intensity, 

both in the full data set and when binned by short flagella of the same length.  (C)  

Train speed and frequency are moderately correlated, both in the complete data 

set and when binned into 4-6m and 2-4m flagellar lengths.  In panels A,B, and 

C, linear-fit r2 values were calculated using the KAP-GFP dataset.  

 

Figure S3.  Complete raw and normalized data sets from the long-zero 

experiment (Fig. 3), corrected for camera noise.  (A) The complete raw long-

zero dataset, showing the ratio of the average train intensity and corresponding 

ratio of total integrated flagellar intensity for each long-zero.  Most long-zeros, 

particularly those with smaller length ratios, had integrated intensity ratios that 

were close to 1, indicating that both flagella contained similar quantities of GFP.  
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Flagella with integrated flagellar intensity ratios significantly greater or less than 1 

also had average train intensity ratios that were shifted in the same direction 

(compare blue with yellow and red with green).  This could either reflect transient 

differences in total protein content between the short and long flagella or could 

be due to imaging inconsistencies.  In particular, the short flagella of long-zeros 

with high length ratios are so short (<2m) that they do not remain consistently 

adhered to the coverglass, which may decrease the amount of measured 

intensity.  Unlike Fig. 3, where train intensities were corrected for the flagellar 

background, here train intensities were corrected for camera noise.  This allows 

display of the complete dataset, as flagellar background cannot be measured for 

very short flagella.  (B) Normalizing the train intensity ratios by the ratios of total 

flagellar intensity yielded a tighter linear correlation between train intensity and 

flagellar length.  Shown here is the complete normalized long-zero dataset, 

including long-zeros with length ratios greater than 4, which were excluded from 

Fig. 3 because the short flagella are so small that individual trains cannot be 

identified, making IFT speeds and frequencies immeasurable.  The data is 

plotted on a ratio scale.
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Supplementary Videos 

Video 1.  C. reinhardtii cell expressing KAP-GFP regenerating flagella 

following pH shock (from Fig. 1D).  Imaged by TIRF microscopy, real-time, 9 

seconds, 30 frames per second. 

 

Video 2.  C. reinhardtii cell expressing IFT27-GFP regenerating flagella 

following pH shock (from Fig. 1E).  Imaged by TIRF microscopy, real-time, 7 

seconds, 30 frames per second. 

 

Video 3.  C. reinhardtii cell expressing KAP-GFP undergoing long-zero 

flagellar regeneration (from Fig. 3A, left panel).  One flagellum is 1.67 times 

longer than the other flagellum.  Notice the difference in flagellar intensities 

between the short and long flagella.  Several seconds in the middle of the video 

were omitted, where the cell temporarily lost close contact with the coverglass.  

Imaged by TIRF microscopy, real-time, 11 seconds, 27 frames per second. 

 

Video 4.  C. reinhardtii cell expressing KAP-GFP undergoing long-zero 

flagellar regeneration (from Fig. 3A, center panel).  One flagellum is 2.47 times 

longer than the other flagellum.  Notice the difference in flagellar intensities 

between the short and long flagella.  Imaged by TIRF microscopy, real-time, 23 

seconds, 30 frames per second. 
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Video 5.  C. reinhardtii cell expressing KAP-GFP undergoing long-zero 

flagellar regeneration (from Fig. 3A, right panel).  One flagellum is 8.25 times 

longer than the other flagellum.  Notice the difference in flagellar intensities 

between the short and long flagella.  The long flagellum appears to have low 

intensity due to scaling with the exceptionally bright short flagellum.  Imaged by 

TIRF microscopy, real-time, 18 seconds, 30 frames per second. 

 

Video 6.  C. reinhardtii cell expressing IFT27-GFP undergoing long-zero 

flagellar regeneration (from Fig. 3B).  One flagellum is 2.39 times longer than 

the other flagellum.  Notice the difference in flagellar intensities between the 

short and long flagella.  Imaged by TIRF microscopy, real-time, 14 seconds, 30 

frames per second. 
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Abstract 

The eukaryotic flagellum is host to a variety of dynamic behaviors, 

including flagellar beating, the motility of glycoproteins in the flagellar membrane, 

and intraflagellar transport (IFT), the bidirectional traffic of protein particles 

between the flagellar base and tip.  IFT is of particular interest, as it plays integral 

roles in flagellar length control, cell signaling, development, and human disease.  

However, our ability to understand dynamic flagellar processes such as IFT is 

limited in large part by the fidelity with which we can image these behaviors in 

living cells.  This chapter introduces the application of total internal reflection 

fluorescence (TIRF) microscopy to visualizing the flagella of Chlamydomonas 

reinhardtii.  The advantages and challenges of TIRF are discussed in comparison 

to confocal and differential interference contrast (DIC) techniques.  This chapter 

also reviews current IFT insights gleaned from TIRF microscopy of 

Chlamydomonas and provides an outlook on the future of the technique, with 

particular emphasis on combining TIRF with other emerging imaging 

technologies. 
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I.  Introduction 

Nearly every cell in the human body projects a primary cilium from its 

apical surface into the extracellular environment.  Once thought to be a vestigial 

remnant from our days as single-celled organisms, the primary cilium is now 

appreciated both as a mechanosensory organelle and as a specialized 

compartment for signaling pathways such as Hedgehog and PDGFR 

(Huangfu et al., 2003; Schneider et al., 2005; Singla and Reiter, 2006).  

Meanwhile, ciliary defects have been implicated in a wide array of human 

disorders, from polycystic kidney disease to retinal degeneration and 

hydrocephalus (Pazour and Rosenbaum, 2002; Bisgrove and Yost, 2006; 

Lechtreck et al., 2008).   

For over 40 years, the humble green alga Chlamydomonas reinhardtii has 

carried the banner of flagellar biology.  Chlamydomonas possesses a wealth of 

flagellar mutants, which have greatly informed our understanding of these 

organelles.  The cell’s two flagella (identical to cilia in every way but their name) 

are readily purified for biochemical studies (King, 1995) and are amenable to 

numerous experimental perturbations, including regeneration after amputation 

(Rosenbaum et al., 1969; Lefebvre, 1995).  However, one of this little alga’s 

greatest contributions to flagellar biology was the discovery and characterization 

of intraflagellar transport (IFT). 

IFT is indispensable for the assembly and maintenance of eukaryotic 

flagella.  The only way for axonemal precursors to reach the site of flagellar 

assembly at the flagellar tip is to be carried there by large IFT particles, powered 
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by the anterograde motor heterotrimeric kinesin-2.  At the tip, IFT particles are 

remodeled and loaded with axonemal turnover products for their return trip to the 

cell body, driven by the retrograde motor cytoplasmic dynein-1b.  The IFT 

machinery is highly evolutionarily conserved and many Chlamydomonas genes 

that encode IFT proteins are homologous to human disease genes (Pazour et al., 

2000). 

IFT is a live-cell microscopy-defined phenomenon.  Though IFT particles 

(originally dubbed “rafts”) had been observed in electron micrographs for 

decades, their function was not understood until IFT was visualized by DIC 

microscopy (Kozminski et al., 1993).  Subsequent biochemistry studies have 

revealed much about the composition (Piperno and Mead, 1997; Cole et al., 

1998) of IFT particles, as well as their interactions with specific axonemal 

precursors (Qin et al., 2004; Hou et al., 2007).  In addition, cryo-electron 

tomography studies have produced insights into the modular 3D architecture of 

IFT particles (Pigino et al., 2007).  However, since IFT is a description of the 

movement of proteins, live-cell microscopy remains an invaluable technique for 

understanding this important cellular behavior.   In this paper, we briefly review 

the history of transmitted light and fluorescence microscopy in Chlamydomonas 

and then detail the promising new application of TIRF microscopy to studying IFT 

and other dynamic flagellar processes. 
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II.  Rationale: A History of Flagellar Microscopy in 

Chlamydomonas 

A.  Phase Contrast and Dark Field: Early Insights into Flagellar Motilities 

 Each new advance in imaging technology has yielded fresh perspectives 

on the numerous dynamic processes of Chlamydomonas flagella.  Phase 

contrast microscopy was central to many of the early descriptions of 

Chlamydomonas flagellar behaviors, including the kinetics of flagellar 

regeneration and shortening under a variety of conditions (Rosenbaum et al., 

1969).  Decades later, these careful measurements still provide the foundation 

for investigations into flagellar length control.  Phase contrast was also utilized to 

observe the dynamic bidirectional movements of polystyrene microspheres along 

the surface of the flagellar membrane (Bloodgood, 1977).  This motility was later 

associated with the movements of flagellar glycoproteins and Chlamydomonas 

gliding motility, which occurs when the cell’s flagella adhere to a solid surface 

(Bloodgood, 1995).  Dark field microscopy, which provides enough contrast to 

visualize the dynamic instability of individual microtubules, was used to elegantly 

observe the rotation of the central pair microtubules in detergent-treated 

Chlamydomonas flagella (Kamiya, 1982).  However, little was known about the 

traffic of proteins within eukaryotic flagella until researchers began examining 

Chlamydomonas with differential interference contrast (DIC) microscopy. 
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B.  DIC: The Discovery and Initial Characterization of IFT 

IFT was first described by video-enhanced DIC microscopy in 1993 

(Kozminski et al., 1993), and for the following decade, this was the only 

technique available for visualizing IFT in living Chlamydomonas cells.  While the 

molecular identities of the IFT proteins were elucidated by biochemistry, these 

experiments were guided by DIC microscopy of temperature-sensitive mutants.  

Following identification of the fla10 mutant as a “kinesin-like protein” (Walther et 

al., 1994; later shown to be part of heterotrimeric kinesin-2 by Cole et al., 1998), 

DIC microscopy of fla10 at the restrictive temperature revealed that kinesin-2 

was required for IFT (Kozminski et al., 1995a).   Two groups took advantage of 

this observation to identify at least 15 IFT proteins that were depleted from fla10 

flagella at the restrictive temperature (Piperno and Mead, 1997; Cole et al., 

1998).  Thus, microscopy steered the biochemical isolation of the IFT proteins, 

and throughout the subsequent years, DIC mutant analysis continued to shed 

light on the mechanisms of IFT.  For instance, the loss of only retrograde 

trafficking events in fla15, fla16, and fla17 mutants correlated with the specific 

depletion of IFT complex A proteins from flagella, implying that complex A is 

exclusively required for retrograde transport (Piperno et al., 1998).  While the 

wild-type speeds of anterograde and retrograde transport were reported with the 

initial description of IFT, detailed DIC kymograph analysis of speeds and 

frequencies enabled numerous fla mutants to be classified as defective in one or 

more stages of IFT: particle loading at the base, anterograde transport, particle 

turnaround at the tip, and retrograde transport (Iomini et al., 2001).  DIC 
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kymograph analysis has also revealed that the frequency of IFT is relatively 

constant in shortening, lengthening, and steady-state flagella (Dentler, 2005).   

Although DIC microscopy was invaluable for the discovery and initial 

characterization of IFT, the technique suffers from a few major limitations.  The 

quality of IFT visualization is highly contingent on how flagella are oriented in 

relation to the axis of shear (parallel provides the greatest contrast).   DIC quality 

also varies depending on how flagella are immobilized (certain paralyzed strains 

work better than others and mounting cells on agarose pads decreases 

resolution; Kozminski, 1995b).  However, the greatest drawback of DIC is the 

inability to distinguish the traffic of specific proteins.  Although combining DIC 

with temperature-sensitive mutants enabled the correlation of different IFT 

proteins with distinct IFT behaviors (Piperno et al., 1998; Iomini et al., 2001), 

these observations are indirect.  In order to further tease apart the intricacies of 

IFT, it is necessary to examine the dynamics of specific IFT proteins and cargos 

through fluorescence microscopy. 

 

C.  Fluorescence: Algae Meet GFP 

The first fluorescence imaging of IFT was achieved in C. elegans in 1999 

(Orozco et al., 1999).  In the last decade, tremendous work has gone into 

characterizing IFT in worms and nearly 20 IFT proteins have now been tagged 

with green fluorescent protein (GFP) (Snow et al., 2004; Blacque et al., 2006; 

Mukhopadhyay et al., 2007; Ou et al., 2007).  By quantifying IFT speeds in 

several mutants, these worm studies provided insights into the coordination of 
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different IFT proteins and anterograde motors (Ou et al., 2005).  Efforts to 

visualize IFT with GFP in other organisms, including Chlamydomonas (Mueller et 

al., 2005; Qin et al., 2007) Trypanosoma (Absalon et al., 2008) and mammalian 

cells (Follit et al., 2006), lagged behind for several years but are currently all 

areas of active research.  Due to its GC-codon bias, Chlamydomonas does not 

easily express many foreign proteins (Heitzer et al., 2007).  At the same time that 

the first fluorescent IFT proteins were being put into worms, Chlamydomonas 

received a codon-optimized EGFP that fortuitously eliminated a cryptic splice site 

from the original sequence (Fuhrmann et al., 1999).  Six years later, KAP 

(kinesin-associated protein, the non-motor subunit of heterotrimeric kinesin-2) 

became the first GFP-labeled IFT protein in Chlamydomonas (Fig. 2E; Mueller et 

al., 2005).  Since then, additional IFT proteins have been tagged, including IFT27 

(Fig. 2D; Qin et al., 2007), IFT20 (Fig. 2B, 2C and Fig. 4; Lechtreck et al., 

2009a), and BBS4 (Fig. 4; Lechtreck et al., 2009a).  The signaling protein 

CrPKD2 has also been labeled with GFP, revealing that ~10% of flagellar 

CrPKD2 undergoes anterograde transport, likely as an IFT cargo (Huang et al., 

2007). 

While fluorescence imaging of IFT in Chlamydomonas has its share of 

hurdles (difficulties with protein expression, no homologous recombination, cells 

are autofluorescent and highly motile), there are significant advantages as well.  

At ~12m, wild-type Chlamydomonas flagella are twice as long as C. elegans 

sensory cilia and most mammalian primary cilia, enabling a more detailed 

analysis of protein traffic.  Furthermore, Chlamydomonas flagella extend away 
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from the cell body, which greatly enhances the signal-to-noise ratio by allowing 

the flagella to be imaged upon a dark background.  In contrast, mammalian 

primary cilia must contend with the backdrop of a GFP-expressing cell.  Finally, 

Chlamydomonas is endowed with a rich catalogue of flagellar mutants, such as 

the kinesin-2 mutant fla10 (Huang et al., 1977; Walther et al., 1994), which can 

be mated to GFP-tagged strains to observe altered IFT dynamics. 

 

D.  TIRF Microscopy: A Perfect Match for Chlamydomonas 

The imaging advantages of examining GFP-labeled flagellar proteins in 

Chlamydomonas become significantly pronounced with the addition of TIRF 

microscopy.  While spinning disk confocal microscopy is superior to 

epifluorescence (less rapid GFP bleaching and better signal-to-noise by omitting 

out-of-focus light), TIRF provides even greater imaging fidelity at video rate 

speeds (compare Figs. 2B and 2C).  Instead of passing the excitation laser 

through the sample like confocal microscopy, with TIRF the angle of incident light 

is increased until a critical angle is reached where all the light is reflected from 

the interface between the higher refractive index glass (n=1.518) and lower 

refractive index aqueous medium (n=1.33-1.38).  Although no incident light 

penetrates the sample, it generates an electromagnetic field in the lower 

refractive index medium, known as the evanescent wave.  This TIRF field has the 

same wavelength as the incident light and decays exponentially as it propagates 

from the interface, illuminating only the bottom few hundred nanometers of the 

sample (Axelrod, 2001). 
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Chlamydomonas is an ideal specimen for TIRF microscopy due to its 

natural gliding behavior.  When Chlamydomonas encounters a solid substrate 

such as the coverglass, it tightly adheres both flagella to the glass, orienting them 

180 degrees from each other (Bloodgood, 1977; 1995).  Since the flagella are 

roughly 200nm thick, they fit perfectly within the evanescent field, while the large 

autofluorescent cell body is excluded from the field of illumination (Fig. 1A).  

Multiple through-the-objective TIRF systems are commercially available, each 

equipped with high NA objectives that are capable of producing the increased 

angles of incident illumination required for TIRF (for the images in Fig. 2, we 

used a Nikon TE2000-E inverted scope equipped with a 100x/1.49NA TIRF 

objective, the exceptionally useful Nikon Perfect Focus System, and a cooled 

Photometrics QuantEM:512SC EMCCD camera with quantitative gain). 

By eliminating light pollution from the rest of the sample, TIRF achieves 

exceptional signal-to-noise, enabling the clear visualization of low abundance 

proteins, such as BBS4-GFP, that would otherwise be difficult to detect (Fig. 4).  

We utilized this improved image fidelity to assay the protein content of IFT 

particles in regenerating Chlamydomonas flagella.  With TIRF, we managed to 

quantify not only the speed and frequency of IFT events, but also the GFP 

intensity of these trafficking IFT particles (Engel et al., 2009).   We found that the 

KAP-GFP and IFT27-GFP intensities of particles in short flagella were several 

times brighter than particles in long flagella, suggesting that particles in short 

flagella are assembled from more IFT proteins.  We confirmed this disparity in 

protein content by counting the stepwise GFP bleaching events of particles in 
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formaldehyde-fixed flagella exposed to TIRF illumination.  Because TIRF has 

exceptional signal detection and slower photobleaching kinetics, many distinct 

GFP steps can be identified, especially when the bleach intensity plots are 

enhanced with an edge-preserving filter (Chung and Kennedy, 1991; Leake et 

al., 2006).  Thus, by simply applying TIRF techniques to existing GFP-labeled 

Chlamydomonas strains, we were able to revise the balance-point model of 

flagellar length control (proposed in Marshall et al., 2001, 2005), concluding that 

IFT particle size scales inversely with flagellar length. 

 A clear advantage of fluorescence microscopy (and TIRF in particular) is 

the ability to follow the traffic of specific GFP-tagged flagellar proteins.  While DIC 

primarily visualizes large, processive anterograde and retrograde particles (Fig. 

2A; Kozminski et al., 1993; Iomini et al., 2001; Dentler, 2005), TIRF microscopy 

of Chlamydomonas flagella has revealed different classes of IFT behavior.  KAP-

GFP, IFT27-GFP, and IFT20-GFP all have large anterograde particles that move 

with the same frequency and speed as the anterograde particles seen in DIC 

(Fig. 2A-E).  However, while IFT27-GFP has processive retrograde transport 

similar to particles imaged by DIC (Fig. 2D), IFT20-GFP has slow, thick 

retrograde traces that frequently pause or change speeds (Figs. 2B and 2C).  

KAP-GFP, meanwhile, shows very few retrograde traces at all and has much 

higher background flagellar fluorescence than IFT27-GFP and IFT20-GFP, 

particularly toward the flagellar tip (Fig. 2E).   Thus, the observation of only three 

GFP-labeled proteins has already begun to reveal several new intricacies of IFT.  

All three proteins likely travel out to the flagellar tip together at ~2um/s, in large 
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processive anterograde particles that are clearly visible by DIC (Figs. 2F and 

2G).    At the tip, it is possible that some proteins, including the kinesin-2 

anterograde motor and IFT20, which helps link kinesin-2 to IFT complex B, 

detach from these large particles.  While the core of IFT complex B (including 

IFT27) undergoes processive retrograde transport in a protein complex large 

enough to be seen by DIC, IFT20 (perhaps bound to neighboring peripheral 

proteins such as IFT57) appears to undergo slower and less processive transport 

in complexes that may be too small for DIC visualization.  Meanwhile, it is 

possible that many kinesin-2 proteins do not partake in retrograde transport at all, 

but rather remain diffuse in the flagellum.   This observation potentially conflicts 

with the model that kinesin-2 is transported out of flagella on retrograde IFT 

particles powered by cytoplasmic dynein (Signor et al., 1999).  It should be noted 

that the divergent retrograde behaviors of IFT20-GFP and KAP-GFP could be the 

result of interference from the GFP tags.  However, IFT20-GFP and KAP-GFP 

both fully rescue endogenous protein mutations and both have anterograde 

transport that is identical to IFT27-GFP and IFT observed by DIC, suggesting 

that the GFP-labeled proteins function normally.  In addition, all three GFP-

tagged proteins have reduced retrograde frequencies compared to frequencies 

that have been reported by DIC (Iomini et al., 2001; Dentler, 2005).  This may be 

due to detection limits of the TIRF technique, or it may present additional 

evidence that there are several different species of retrograde particles that 

cannot be distinguished by DIC.  Of course, it is of great interest to label other 
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IFT proteins with GFP to compile a complete description of which proteins share 

different IFT behaviors. 

 

III.  Materials and Methods: Technical Considerations of 

Chlamydomonas TIRF 

A.  Slide Preparation and Cell Immobilization 

Preparing GFP-labeled Chlamydomonas cells for observation by TIRF 

microscopy is straightforward.  After growing cells in liquid media, simply plate a 

small volume (~15L) on untreated coverglass (we use #1.5).  Though specially 

conditioned coverglass may also work, Chlamydomonas cells readily adhere to 

untreated glass.  It is necessary to place a spacer between the slide and 

coverglass (we use a square ring of petroleum jelly) to prevent cells from being 

crushed.  Focusing on the interface between the coverglass and the media 

should reveal numerous adherent cells whose flagella are perfectly positioned for 

TIRF microscopy. 

While the unique gliding motility of Chlamydomonas cells makes TIRF 

imaging possible, it also poses one of the greatest obstacles to the technique.  

Although cells often remain in a stationary gliding position for up to a minute, 

which is ample time to analyze IFT, cells are quite mobile and will either glide out 

of the field of view or detach from the coverglass altogether.  This is further 

complicated by the phototactic and photophobic behaviors of Chlamydomonas.  

The mere act of observing the cells with TIRF illumination is enough to either 

encourage cells to flee the field of view or cluster tightly together on the 
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coverglass, depending on the strain.  Mounting cells on an agarose pad is an 

effective tool for immobilizing Chlamydomonas cells for DIC or confocal 

microscopy.  However, agarose pads rarely immobilize cells in a gliding position.  

Instead, the autofluorescent cell bodies are pressed against the coverglass (and 

into the TIRF field), while the flagella do not evenly adhere to the glass.  Coating 

the coverglass with poly-lysine has also proved problematic for immobilizing 

gliding cells.  At 0.1 mg/mL, poly-lysine slightly decreases cell motility.  At 

increased concentrations (up to 10 mg/mL), gliding motility nearly stops, but the 

tips of adherent flagella begin to curl up and cells deflagellate, leaving their 

flagella behind on the coverglass (Kozminski, 1995b).  Additionally, because 

poly-lysine has a higher refractive index than aqueous media, it can interfere with 

the propagation of the evanescent wave and cause light scattering and increased 

background signal (George, 2008).  When considering coverglass coatings, it is 

also important to ensure that the layers are thin so they will not occupy a 

significant portion of the TIRF field.  It is possible that a more specific coating, 

such as antibodies to the flagellar membrane glycoprotein FMG1 (Bloodgood et 

al., 1986), might prove more effective.  However, even if we could completely 

immobilize the flagella to a substrate, Chlamydomonas may simply shed their 

flagella as seen with poly-lysine.   

We have had greater success by crossing GFP strains to mutants with 

paralyzed flagella (such as the central-pair mutant pf18).  While these cells tend 

to remain adhered to one spot for significantly longer time periods than wild-type 

cells, ultimately they too glide away or detach.  There are additional 
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Chlamydomonas mutants that may prove useful for immobilizing cells in the 

gliding position.  ptx mutants are defective in phototaxis, and thus may not react 

to the excitation light (Horst and Witman, 1993).  Concanavalin A has been 

reported to interfere with gliding motility in the L-23 pf18 mutant (Bloodgood and 

Salomonsky, 1989).  There are also a large number of gli mutants that were 

isolated by screening for gliding defects (Kozminski, 1995c), though the identities 

of these genes remain unknown, which complicates potential crosses to GFP 

strains.  It is also important to note that mutant backgrounds may introduce 

unexpected variables (for example, pf18 cells regenerate their flagella with 

slowed kinetics), and thus should always be compared to wild-type cells.  Finally, 

gliding motility is reportedly inhibited by lowering the free calcium concentration 

with EGTA and adding 100mM NaCl (Kozminski et al., 1993; Bloodgood, 1995).  

However, these conditions also induce flagellar resorption through unknown 

mechanisms (Lefebvre et al., 1978), and consequently are less useful for 

observing flagella under steady-state length conditions. The immobilization of 

adherent Chlamydomonas cells during TIRF microscopy remains an unresolved 

issue, and until a solution is found, confocal and DIC microscopy will maintain an 

advantage for the prolonged observation of single cells. 

 

B.  The Angle of Incidence and Depth of the TIRF Field 

The depth of the evanescent field varies greatly as a function of the 

excitation laser’s angle of incidence. Greater angles create shallower fields 

(Mattheyes and Axelrod, 2006), so for most flagellar imaging applications, the 
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incident angle should be reduced to near the critical angle to ensure the deepest 

possible TIRF field.  By adjusting the angle of incidence very close to the critical 

angle, we have measured TIRF fields on our microscope that are 250nm-300nm 

deep (Engel et al., 2009).  Even though this is enough to image completely 

through Chlamydomonas flagella, it is very important to note that TIRF 

illumination is not constant, but rather falls off exponentially as a function of 

distance from the coverglass (Axelrod, 2001).  This property of the evanescent 

field should always be considered when interpreting results.  For example, when 

comparing IFT particles within a flagellum, it is impossible to distinguish whether 

differences in intensity are due to unequal protein content or different positions of 

the particles on the axoneme (Fig. 1B).  However, it is legitimate to compare the 

average intensity of IFT particles between different flagella (as shown in Engel et 

al., 2009).  The relationship between axoneme geometry and the TIRF field also 

increases the variability of GFP step sizes during quantitative photobleaching of 

fixed cells.  GFP molecules that are further from the coverglass produce less 

intensity and are also less likely to bleach (Fig. 1B).  Thus, although many GFP 

step sizes are similar, it is not uncommon to see a few smaller steps towards the 

end of the bleach.  Since even slight variations in the incident angle significantly 

impact GFP intensity and the depth of the evanescent field, motorized control of 

the laser trajectory is quite useful, especially when trying to be consistent 

between imaging sessions.  Other parameters, such as laser power and camera 

settings should also be kept constant when attempting to compare intensities 

between images.  Many new EMCCD cameras are equipped with linear gain, 
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which increases the reliability of comparing intensities between images.  

However, gain decreases as EMCCD cameras age (Ingley et al., 2008), so 

imaging sessions should be performed as close together as possible. 

 

C.  GFP Labeling of Chlamydomonas Flagellar Proteins  

Fluorescence detection is greatly increased if every copy of a specific 

flagellar protein is labeled with GFP.  Furthermore, complete labeling enables 

quantification of protein abundance via intensity measurements and quantitative 

photobleaching (Engel et al., 2009).  However, since targeted gene deletion and 

homologous recombination are not simple feats in Chlamydomonas, the best 

candidates for GFP-labeling are IFT genes that already have identified 

Chlamydomonas mutations.  These mutants can then be rescued with genes 

encoding GFP-tagged versions of the proteins.  Rescuing IFT mutants provides 

the additional advantage of demonstrating that the exogenous GFP-labeled 

protein is functioning correctly.  Moreover, when tagged proteins are expressed 

in the presence of the untagged endogenous protein, the latter may out-compete 

the former for interaction with a limited number of binding partners (Lechtreck et 

al., 2009b).  The existing GFP-tagged IFT20 and BBS4 strains are in null mutant 

backgrounds, where all endogenous flagellar protein has been replaced with the 

labeled version (Fig. 3, Lechtreck et al., 2009a).  KAP-GFP was expressed in the 

temperature-sensitive KAP mutant, fla3 (Mueller et al., 2005).  However, at all 

temperatures, the flagellar KAP population is almost completely labeled with GFP 

(minute levels of the endogenous mutant protein may remain, see Fig. 3).  IFT27-
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GFP, on the other hand, was expressed in wild-type cells.  As a result, only half 

of the flagellar IFT27 protein is GFP-labeled, yielding a much weaker fluorescent 

signal (compare Fig. 2D with 2C and 2E; Qin et al., 2007).   

 Two distinct cloning strategies have been successfully employed for GFP-

labeling in Chlamydomonas: 1) Insertion of the tag sequence into an exon near 

the 3’ end of the target gene (KAP-GFP) and 2) fusion of fluorescent proteins to 

the C-terminus of the target proteins (IFT27-GFP, CrPKD2-GFP, IFT20-GFP, 

IFT20-mCherry, BBS4-GFP).  Proteins can be expressed either from vectors 

containing genomic sequences including the endogenous promoters (KAP-GFP, 

IFT27-GFP, CrPKD2-GFP) or from vectors using the HSP70B/rbcS or FLA14 

promoters, the latter of which was used to express cDNAs of IFT20 and BBS4.  

Because the FLA14 gene does not contain introns, its promoter efficiently 

expresses intronless cDNA.  Furthermore, since FLA14 encodes the flagellar 

dynein light chain LC8 (Pazour et al., 1998), tagged flagellar proteins (such as 

IFT20-GFP) are expressed by the FLA14 promoter at relatively wild-type levels 

and have equal flagellar abundance to endogenous protein in wild-type cells (Fig. 

3). 

Chlamydomonas cells can be transformed with linearized plasmids using 

the glass-bead method (Kindle, 1990) or electroporation (Shimogawara et al., 

1998).  Screening transformants for rescue of a selectable phenotype enables 

thousands of transformants to be screened and strains expressing fusion 

proteins to be easily identified.  IFT20-GFP, for example, was expressed in an 

ift20 deletion mutant, which is immotile due to the lack of flagella.  Transformants 
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were selected for restoration of motility, and expression of the GFP-fusion protein 

was then verified.  If phenotypic selection of cells is not possible, cells expressing 

the fusion protein may be identified by fluorescence microscopy and western 

blotting.  In our experience, FACS identification of GFP-expressing cells is 

difficult because the strong autofluorescence of the cell body masks GFP 

emission, but it may be possible to apply this approach to “white” 

Chlamydomonas mutants (McCarthy et al., 2004). 

 

IV.  Discussion: Future Prospects for Chlamydomonas TIRF 

A.  Simultaneous Multi-Color TIRF 

Simultaneously observing two or more proteins tagged with different color 

fluorophores holds great promise for understanding the co-localization of multiple 

IFT proteins and cargos as they transit through the flagellum.  Considering that 

our initial observations appear to have revealed different classes of retrograde 

behaviors (Fig. 2), it will be of great interest to visualize which proteins traffic 

together.   

In principle, there are few limitations to labeling numerous flagellar 

proteins with different fluorophores.  Initially, Chlamydomonas IFT proteins had 

only been tagged with codon-optimized GFP because of concerns about protein 

expression.  However, IFT20 fused to a synthetic mCherry sequence optimized 

for human codon bias was successfully expressed (Fig. 4; Lechtreck et al., 

2009a), opening the door to two-color experiments.  IFT20-mCherry was 

observed to be less photostable and half as bright as IFT20-GFP.  Initial 
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observations of cells expressing both IFT20-mCherry and BBS4-GFP revealed 

that BBS4 is carried by only a subset of anterograde particles (Fig. 4).  YFP and 

CFP variants of codon-optimized GFP have also been expressed in 

Chlamydomonas (Feldman, 2008), providing additional avenues for multi-color 

imaging.   

Simultaneous multi-color TIRF presents several unique hurdles compared 

to single-channel imaging.  In order to cleanly image two colors simultaneously, 

several specialized pieces of equipment are required, including a multiline laser 

launch, a multipass dichroic mirror that directs both excitation wavelengths to the 

sample, and an emission splitter (such as Photometrics Dual-View or Cairn 

OptoSplit) that separates each emission wavelength to opposite halves of a 

single camera or two different cameras.  (The movie in Fig. 4 was acquired with 

an Olympus IX71 Inverted Microscope equipped with an Olympus 60x/1.4NA 

PlanApo objective, a Semrock FF498/581 multipass beam splitter with laser-line 

filters to clean the two colors of excitation light, a custom-built emission splitter 

system with a Semrock FF562-Di01 dichroic mirror and Semrock 525/50nm and 

630/69nm emission filters that block both excitation wavelengths, and an Andor 

iXon DV860 back-illuminated EMCCD camera). 

Most commercially available TIRF systems use a single fiber-optic cable 

to deliver multiple laser wavelengths to the sample.  These systems can only 

introduce light at one incident angle and at one focus setting, which creates two 

complications for multi-color imaging.  The first issue to consider is the effect of 

excitation color on laser focusing.  Because different wavelengths of light are 
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refracted at different angles when passing through the objective, they do not 

share the same focal point.  Unless each laser is independently focused, the 

beam will be slightly less collimated, leading to increased light scattering and 

background signal (George, 2008).  The second issue to consider is the effect of 

laser color on the depth of the evanescent field.  The depth of field penetration 

depends on the refractive indices of the coverglass (n=1.518) and the aqueous 

medium (n=1.33-1.38), in addition to both the angle and wavelength of the 

incident illumination (Axelrod, 2001; George, 2008).  Since the refractive indices 

of the imaging setup are relatively fixed, the angle of incidence must be adjusted 

for different excitation wavelengths to maintain the same depth and intensity of 

TIRF illumination.   Even with motorized control of laser trajectory, tuning the 

incident angle when switching between excitation colors introduces too great a 

lag for the simultaneous imaging of fast-moving IFT particles.   While neither of 

these wavelength-related effects is severe, simultaneous multi-color TIRF would 

benefit from an imaging setup with separate light paths for each laser, each with 

its own independent angle and focus adjustments.  

 

B.  FRAP, Photoactivation, and Photoconversion 

Several advanced photobleaching and photoactivation techniques can be 

combined with TIRF to shed light on additional aspects of IFT.  Measuring the 

kinetics of FRAP (fluorescence recovery after photobleaching) may yield insights 

into how readily different IFT proteins in the flagella exchange with the 

cytoplasm.  Tagging IFT proteins with photoactivatable or photoconvertable 
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fluorophores would provide a reciprocal approach to this question.  

Photoactivation in the cytoplasm would facilitate the observation of protein 

exchange into the flagella.  Because Chlamydomonas is biflagellate, 

photoactivating within one flagellum would also be highly informative.  Protein 

exchange could be judged not only by loss of fluorescent IFT particles within the 

photoactivated flagellum, but also by the appearance of fluorescence in the dark 

flagellum.  Finally, photoactivation and photoconversion would provide useful 

tools for understanding the dynamics of IFT turnaround at the flagellar tip.  By 

only activating a small subset of the IFT particles in a flagellum, it would become 

clear whether particles immediately undergo retrograde transport when they 

reach the tip, and whether retrograde KAP (Fig. 2E) truly is diffuse or whether it 

undergoes an active transport mechanism that is undetectable in fully-labeled 

KAP-GFP flagella. 

One potential obstacle to these promising experiments is the expression 

of photoactivatible and photoconvertible proteins in Chlamydomonas.  The 

design of photoactivatible GFP (PA-GFP) should only require the straight-forward 

task of making a few simple base pair changes to the codon-optimized GFP 

sequence (following the scheme outlined by Patterson and Lippincott-Schwartz, 

2002).  The expression of more exotic fluorophores, such as the green-to-red 

photoconvertable proteins Kaede (Ando et al., 2002), EosFP (Wiedenmann et al., 

2004), and Dendra2 (Labas et al., 2002; Adam et al., 2009), and the reversibly 

photoswitchable Dronpa (Habuchi et al., 2005) may require codon optimization.  
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However, it is possible that, like mCherry, these proteins will express without 

alterations to their sequence.    

The greatest challenge to performing FRAP or photoactivation in TIRF will 

probably be the immobilization of Chlamydomonas cells.  As previously 

discussed, even paralyzed strains glide out of the field of view or detach from the 

coverglass within minutes.  It is likely that Chlamydomonas will have a strong 

photophobic response to the intense laser energy required for FRAP.   

Furthermore, the phototropin blue-light receptors localized in Chlamydomonas 

flagella (Huang et al., 2004) will certainly be stimulated by the 405nm light used 

to activate PA-GFP, though the function of these photoreceptors is unknown.  It 

is possible that a combination of the strategies discussed in section IIIA (such as 

ptx mutants and calcium depletion) will immobilize adherent cells long enough to 

facilitate these powerful protein tracking techniques.  For some questions, such 

as protein exchange between the flagellar and cytoplasmic pools, confocal 

microscopy should suffice, allowing immobilization on agarose pads. 

 

C.  Applications Beyond IFT 

 TIRF should prove equally beneficial to imaging other Chlamydomonas 

flagellar proteins that are not continuously trafficked by IFT.  This includes 

monitoring the dynamics of membrane-bound signaling proteins, such as 

CrPKD2-GFP (Huang et al., 2007) and tracking changes in flagellar membrane 

glycoprotein distribution (Bloodgood et al., 1986).  FRAP is not limited to studying 

the exchange of IFT particles, but can also be used to examine the turnover of 
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membrane proteins and integrated axonemal proteins, such as dynein arms 

(Watanabe et al., 2004).  Based on the incorporation of HA-tubulin in 

quadraflagellates, it had been concluded that axonemal tubulin does not treadmill 

(Marshall et al., 2001).  However, this hypothesis could be tested more elegantly 

in live cells by either speckling axonemal tubulin with GFP (Waterman-Storer and 

Danuser, 2002) or by bleaching a fiducial mark on a fluorescent axoneme and 

monitoring this mark for movement.  In another novel use of the technique, TIRF 

was recently combined with calcium-responsive dyes to measure transient spikes 

in flagellar calcium concentration.  These transient calcium spikes rapidly 

increased in frequency prior to deflagellation (Wheeler et al., 2008).  Clearly, 

TIRF microscopy of Chlamydomonas flagella holds great promise for a range of 

applications beyond the study of IFT. 

 

V.  Summary 

TIRF microscopy is a versatile new method for observing fluorescence in 

Chlamydomonas flagella.  While there are still a few technical hurdles, such as 

protein expression and cell immobilization, TIRF provides greatly improved 

fidelity for imaging flagellar proteins in live cells.  It has already provided some 

glimpses of new IFT behaviors (Fig. 2), but a wealth of untapped potential 

remains.  Substantial inquiries into the mechanisms of IFT, as well as a full 

gamut of other flagellar biology questions, are waiting to be explored through 

additional protein labeling and the incorporation of multi-color, FRAP, and 

photoactivation techniques.  Perhaps in the more distant future, it may even be 
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possible to combine TIRF of Chlamydomonas flagella with super resolution 

technologies such as PALM/STORM (Betzig et al., 2006; Rust et al., 2006) and 

Structured Illumination (Gustafsson, 2000).
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Figure Legends 

Figure 1.  Chlamy TIRF Imaging Setup and the Effect of Axoneme Geometry 

on GFP Fluorescence.  (A)  Imaging of Chlamydomonas via through-the-

objective TIRF.  Excitation light comes out of the objective at an incident angle 

that is greater than the critical angle.  The light is totally internally reflected, 

creating an evanescent field on the other side of the interface.  Both flagella 

adhere to the coverglass and are readily imaged, while the cell body remains 

outside of the TIRF field.  (B)  Due to the ~200nm diameter of the axoneme, GFP 

molecules near the glass interface will be brighter and more likely to 

photobleach, while GFP proteins on the far side of the axoneme will produce a 

weaker signal, but are also less likely to bleach.  This effect of the flagellar 

geometry should be considered during both live-cell imaging and fixed-cell 

quantitative photobleaching experiments. 

 

Figure 2.  Comparison of DIC, Spinning Disk Confocal, and TIRF 

Microscopy and Summary of Current IFT Observations via TIRF.  For all 

kymographs, the X-axis represents distance (base of flagellum on the left, tip on 

the right), while the Y-axis is time.  Vertical scale bars: 2 sec; horizontal scale 

bars: 2 m.  (A) DIC kymograph of KAP-GFP fla3. Anterograde and retrograde 

traces are processive.  Acquired at intermediate resolution with an .85NA dry 

condenser.  For higher quality DIC kymographs of IFT (taken with 1.4NA oil 

condensers), see Iomini et al., 2001 and Dentler, 2005.  (B)  Spinning disk 

kymograph of IFT20-GFP ift20.  Compare fidelity with the TIRF kymograph of 
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IFT20-GFP ift20 in (C).  Anterograde is processive, but retrograde has broad, 

slow traces that pause and change speed.  (D)  TIRF kymograph of IFT27-GFP 

in a wild-type background.  Anterograde and retrograde traces are processive, 

similar to DIC.  (E)  TIRF kymograph of KAP-GFP fla3.  Anterograde is 

processive but there are very few retrograde traces and the flagellar background 

is higher than IFT20-GFP or IFT27-GFP, especially towards the flagellar tip.  

Compare to the processive retrograde in the DIC kymograph in part A.  (F) A 

hypothetical anterograde particle.  The three GFP-labeled IFT proteins are color-

coded to match part G. (G) An illustrated kymograph that summarizes the 

behaviors of all three proteins seen in parts C, D, and E.  

 

Figure 3.  Protein Abundance in the Flagella of Wild-type and GFP-tagged 

Strains.  Top panel: KAP-GFP fla3 flagella almost exclusively contain KAP-GFP 

protein (though a small amount of endogenous protein remains).  KAP-GFP 

levels are similar to endogenous KAP levels in wild-type and IFT20-GFP flagella.  

Middle panel:  IFT20-GFP flagella only contain exogenous protein because the 

fusion protein was expressed in a null ift20 background.  IFT20-GFP levels are 

similar to endogenous IFT20 levels in wild-type and KAP-GFP flagella.  Bottom 

panel: the expression of exogenous KAP-GFP and IFT20-GFP does not interfere 

with the flagellar levels of IFT172 (part of IFT complex B), IFT139 (part of IFT 

complex A), or IC69 (an intermediate chain of axonemal outer arm dynein).  The 

top panel was probed with anti-KAP, the middle panel was probed with anti-
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IFT20, and the bottom panel was probed with anti-IFT172, anti-IFT139 and anti-

IC69 antibodies. 

 

Figure 4.  Simultaneous Two-Color TIRF of IFT20-mCherry and BBS4-GFP.  

For all kymographs, the X-axis represents distance (base of flagellum on the left, 

tip on the right), while the Y-axis is time.  Vertical scale bar: 2 sec; horizontal 

scale bar: 2 m.  BBS4-GFP is much lower in abundance than IFT20-mCherry, 

and is only localized to a subset of the IFT20-mCherry particles.  In the merged 

image, BBS4-GFP is green and IFT20-mCherry is red.  Please see the color 

version of this kymograph online. 
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Supplementary Videos 

Video 1.  TIRF microscopy of IFT20-GFP in Chlamydomonas flagellum.  

Bright anterograde and retrograde particles are clearly visible (from Fig. 2C).  29 

seconds, 24fps. 

 

Video 2.  TIRF microscopy of IFT27-GFP in Chlamydomonas flagellum.  

Anterograde and retrograde particles are clearly visible.  Notice that the signal is 

greatly reduced compared to IFT20-GFP because only half the flagellar IFT27 is 

tagged with GFP (from Fig. 2D).  23 seconds, 30fps. 

 

Video 3.  TIRF microscopy of KAP-GFP in Chlamydomonas flagellum.  

Flagellar background fluorescence is higher than IFT20-GFP and IFT27-GFP 

and only anterograde particles are clearly visible (from Fig 2E).  29 seconds, 

26fps. 

 

Video 4.  Simultaneous Two-Color TIRF microscopy of IFT20-mCherry and 

BBS4-GFP in Chlamydomonas flagellum.  IFT20-mCherry (red) and BBS4-

GFP (green) traffic together on IFT particles (from Fig. 4).  5 seconds, 30fps. 
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Abstract 

Cilia are motile and sensory organelles with critical roles in physiology.   

Ciliary defects can cause numerous human disease symptoms including 

polycystic kidneys, hydrocephalus, and retinal degeneration.  Despite the 

importance of these organelles, their assembly and function is not fully 

understood.  The unicellular green alga Chlamydomonas reinhardtii has many 

advantages as a model system for studies of ciliary assembly and function.  Here 

we describe our initial efforts to build a chemical-biology toolkit to augment the 

genetic tools available for studying cilia in this organism, with the goal of being 

able to reversibly perturb ciliary function on a rapid time-scale compared to that 

available with traditional genetic methods.  We screened a set of 5520 

compounds from which we identified four candidate compounds with 

reproducible effects on flagella at non-toxic doses.  Three of these compounds 

resulted in flagellar paralysis and one induced flagellar shortening in a reversible 

and dose-dependent fashion, accompanied by a reduction in the speed of 

intraflagellar transport.  This latter compound also reduced the length of cilia in 

mammalian cells, hence we named the compound “ciliabrevin” due to its ability to 

shorten cilia.  This compound also robustly and reversibly inhibited microtubule 

movement and retrograde actin flow in Drosophila S2 cells.  Ciliabrevin may 

prove especially useful for the study of retrograde actin flow at the leading edge 

of cells, as it slows the retrograde flow in a tunable dose-dependent fashion until 

flow completely stops at high concentrations, and these effects are quickly 

reversed upon washout of the drug.   
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Introduction 

Cilia and flagella are motile and sensory organelles found in most cells of 

the body (Sloboda and Rosenbaum 2007; Satir et al., 2010).  Defects in cilia 

underlie a diverse set of human diseases known collectively as the ciliopathies, 

including Polycystic Kidney Disease, Immotile Cilia Syndrome, Joubert 

Syndrome, Meckel Syndrome, and Bardet-Biedl syndrome  (Afzelius, 2004; 

Badano et al., 2006; Fliegauf et al., 2007; Marshall 2008).  There is currently an 

outstanding need for pharmacological treatments for these diseases.  Cilia and 

flagella, names that can be used interchangeably, are composed of nine 

microtubule doublets surrounded by a specialized membrane.  Although the 

protein components of cilia have been enumerated in recent years (Pazour et al., 

2005; Inglis et al., 2006; Gherman et al., 2006), the molecular pathways that 

coordinate the assembly and function of this complex organelle remain poorly 

understood and are currently a topic of intense investigation (Pedersen et al., 

2008; Santos and Reiter, 2008).  Most analyses of cilia thus far have relied on 

genetics, imaging, or biochemical approaches.  A chemical biology approach, 

using small molecule modulators of ciliary assembly or function, would provide 

an orthogonal set of tools for probing ciliary biology.  As the use of small 

molecule inhibitors is a well established strategy for studying the cytoskeleton 

(Peterson and Mitchison, 2002), we decided to extend this strategy to cilia.  One 

major advantage of a chemical approach compared to genetics is that a much 

higher degree of temporal control can be attained than with conditional 

mutations.  Such an approach, however, requires a toolbox of small molecules 
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affecting cilia.  While a few such compounds have been found in tests of 

functionally pre-selected molecules (Nakamura et al., 1987; Tuxhorn et al., 1998; 

Wilson and Lefebvre, 2004; Ou et al., 2009; Besschetnova et al., 2010), and in 

an assay for modulators of hedgehog signaling (Hyman, 2009), a systematic 

search for compounds targeting cilia using direct assays for ciliary assembly or 

function has not been reported.  

Molecules targeting cilia would not only provide useful tools for basic 

studies of ciliary biology, but could also serve as starting points for 

pharmacological treatments of cilia-related diseases (Afzelius, 2004).  Moreover, 

several types of tumors rely on hedgehog signaling and can be treated by 

hedgehog signaling inhibitors (Low and de Sauvage, 2010).  Since cilia are 

required for hedgehog signaling (Huangfu and Anderson, 2005), inhibitors of 

ciliogenesis may be useful as chemotherapeutic agents for hedgehog-dependent 

tumors.   We expect that cilia would make good drug targets, since they protrude 

into the extracellular environment where they are directly exposed to dissolved 

compounds, they lack export pumps and detoxifying enzymes found in the cell 

body (Pazour et al., 2005), and they contain numerous druggable targets 

including kinases and channels (Beck and Uhl, 1994; Berman et al., 2003; Pan 

and Snell, 2004; Qin et al., 2005; Wang et al., 2006; Qin et al., 2007).  Moreover, 

many ciliated tissues in the human body are physically accessible to direct forms 

of drug delivery, for example via injection into the retina (Gaudana et al., 2010) or 

aerosol-mediated delivery to the airway (Kleinstreuer et al., 2008).  Hence, the 

pharmacodyamic barriers to treatment of ciliopathies affecting these tissues may 
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be lower than many other human diseases that involve deep internal tissues or 

organs.  In order to begin exploring chemical strategies, we need to implement 

high throughput screens for compounds targeting cilia.  One approach is to use 

mammalian culture cells and employ imaging-based screening to directly 

measure cilia.  However, this approach may be complicated by the high 

sensitivity of the degree of ciliation of tissue culture cells to variation in 

proliferation state, confluence, and metabolic conditions.  An alternative 

approach is to take advantage of the highly consistent levels of ciliation typically 

seen in free-living unicellular model organisms. 

We have previously reported a simple cell-based assay for ciliary function 

suitable for small molecule screening in a 96 well plate format (Marshall, 2009).  

This assay exploits the unicellular green alga Chlamydomonas reinhardtii 

(Merchant et al., 2007), which swims through liquid media at a speed of 100-200 

m/sec using its two flagella, which are structurally and molecularly equivalent to 

the cilia of animal cells.  Much of our present molecular understanding of ciliary 

assembly and motility has come from experiments first performed in 

Chlamydomonas.  Examples include the discovery of intraflagellar transport 

(Kozminski et al., 1993; Cole et al., 1998) and the identification of the radial 

spoke complex (Yang et al., 2006).  Although Chlamydomonas is routinely used 

for genetic screens (Silflow and Lefebvre, 2001), chemical screens for flagella-

affecting compounds in this organism have not been reported.    Although the 

Chlamydomonas cell is surrounded by a strong cell wall that might impede drug 

entry into the cytoplasm, the flagella themselves protrude from the cell wall and 
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should therefore be fully accessible to any membrane-permeable small 

molecules in the growth media. 

Our plate imaging-based motility assay exploits the tendency of certain 

wild-type strains of Chlamydomonas to dive rapidly to the bottom of a container.  

This movement requires active cell motility (Marshall, 2009).  It is not currently 

known if this active diving to the bottom of the container is a form of gravitaxis 

driven by downward directed swimming, a form of negative phototaxis away from 

light that is more intense above versus below the plate, or some type of 

bioconvection (Pedley et al., 1988).  For the purposes of our assay, we are less 

concerned with the mechanism of diving than with the fact that it is highly robust 

and reproducible.  This is a strain-dependent behavior such that some wild-type 

strains will dive to the bottom of a container while other strains do not.   Cells 

from diving strains grown in liquid culture will dive to the center of a U-bottom 

well, which is the well’s lowest point.  Importantly, cells that cannot swim are not 

able to move to the bottom and remain dispersed throughout the entire well 

(Marshall, 2009).  Cellular distribution in the wells is easily visualized thanks to 

the green color produced by chlorophyll in the chloroplasts.  Motile cells produce 

a dark green spot in the center of the well, while non-motile cells form a larger, 

light green circle with diameter equal to the well diameter (Figure 1A). 

In this report, we employed this high throughput motility assay to screen a 

diverse set of drug-like small molecules and identified four that affect 

Chlamydomonas flagella.   We named one of these compounds “ciliabrevin” 

because it also shortens the length of cilia in mammalian cells.  In addition to 
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modulating ciliary length and intraflagellar transport speed and frequency, 

ciliabrevin also inhibits retrograde actin flow in Drosophila S2 cells, hinting at a 

possible link between actin dynamics and ciliogenesis. 

 

 

Results 

Screening collection of diverse compounds yields candidate hits 

Prior to screening compounds, we conducted control experiments using 

mutant cells, comparing assay scores for wild-type cells versus bld1 mutant cells 

(Brazelton et al., 2001) that lack flagella. We found that the coefficients of 

variation of the assay scores were in the range 6-8% for wild-type cells and 2-4% 

for mutant cells.  We characterized assay selectivity using the Z’-factor (Zhang et 

al., 1999), a measure of the ability of the assay to discriminate positive from 

negative controls.  The Z'-factor ranges from 0 to 1, with 1 being a perfect assay, 

0 being a completely uninformative assay.  A score over 0.5 is considered an 

"excellent assay" for cell-based high throughput screening (An and Tolliday, 

2010) on the grounds that the assay is sufficiently selective to yield a high 

fraction of true hits without the assay becoming swamped with false positives.  

For our assay, we found that Z' was 0.72, using wild-type and bld1 mutants as 

the two control groups.   This score falls into the "excellent" range of Z' especially 

for cell-based assays, which tend naturally to have higher variability than assays 

with purified enzymes, and indicates the assay should be effective at 

discriminating motile from non-motile cells. 
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We screened a diverse set of 5520 compounds (results shown in Figure 

1C).   The average assay scores (“M” values, see materials and methods) were 

4.5 ± 0.7, 17.6 ± 0.8, and 4.6 ± 0.8 for the negative control wells, positive control 

wells, and the 5520 unknown sample wells, respectively.  To evaluate the 

efficacy of the screen, we calculated the Z-factor, another indicator of assay 

performance (Zhang et al., 1999), which differs from the Z'-factor in that rather 

than comparing a positive control set to a negative control set, it compares a 

positive control set to the results of a set of diverse compounds.  Assays that are 

overly sensitive to perturbation by small molecules would give a low Z-factor, 

indicating that the false hit rate is unacceptably high for use in a screen.  Like Z’, 

Z factors range from 0 to 1, with 0 meaning the screen cannot work and 1 

indicating an ideal screen.  We calculated a Z-factor of 0.63, demonstrating that 

our assay is not overly sensitive to random small molecules.   We also evaluated 

plate to plate variability by screening the first 2000 compounds in duplicate.  The 

correlation coefficient for corresponding wells between the two sets of plates was 

0.98, indicating a low plate to plate variability.    

Out of the 5520 compounds screened, a total of 20 compounds were 

selected as potential hits because they gave high assay scores and also gave 

high scores for cell density, indicating a lack of toxicity (see Materials and 

Methods).  In all cases, the original well images were visually inspected and it 

was confirmed that each of these candidate compounds caused cells to uniformly 

fill the wells, mimicking the pattern seen in motility-defective mutants (for 

example, see well E2 of the plate image in Figure 1A).  All twenty compounds 
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continued to yield positive scores when re-assayed in fresh plates, confirming the 

reproducibility of the screening assay.  Of these twenty compounds, sixteen were 

available for resupply from the vendor, and all of these continued to produce a 

positive assay score when the re-supplied compounds were re-tested using the 

same assay. 

 

Secondary screening for effects on flagella 

In principle there are many reasons why a Chlamydomonas cell might not 

undergo the diving behavior characteristic of the cc-124 strain, some of which 

might be unrelated to flagella, such as changes in cell density, viability, or 

membrane excitability (Yoshimura et al., 2003).  We therefore tested the sixteen 

candidate compounds in a set of simple secondary assays.  In our initial screen 

we had excluded overtly toxic compounds where cells failed to grow within one 

day.  To test more carefully for subtler toxic effects, we grew lower density 

cultures in the presence of the compounds for four days, providing a more 

sensitive assay for effects on growth.  Based on visual inspection of these 

cultures, we ruled out five compounds as having a noticeable effect on growth 

rates.    

Next, we grew cultures for three days in the presence of each compound 

at doses sufficient to completely block diving behavior, mounted live cells under 

coverslips, and checked for presence of flagella using differential interference 

contrast (DIC) microscopy.  Live imaging allowed us to determine if the cells 

were motile or not.  From these rough visual analyses, we found that eight of the 
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sixteen compounds showed a clear-cut effect on flagella as judged by a majority 

of cells in the culture either lacking flagella or having paralyzed flagella that failed 

to beat at concentrations that produced no visually observable toxicity.   

One potential non-specific effect that posed a possible concern is the pH 

shock response.  Following a sudden drop in pH from neutral down to pH 4-5, 

Chlamydomonas cells undergo "flagellar autotomy", in which cilia are severed at 

the base and released into the media (Quarmby, 2004).  To rule out the 

possibility that some of our compounds were sufficiently acidic that they triggered 

the pH shock response and therefore induced cilia loss for a trivial reason, we 

measured the pH of solutions of each compound diluted in cell growth media.  

We found that none of the compounds resulted in a detectable reduction in pH, 

with all cultures including untreated controls having pH 7.3, the usual pH of the 

TAP media used to grow the cells. 

We next examined the homogeneity of the effect on a population of cells 

by microscopy-based examination of flagellar length and motility at a range of 

doses.  We found that four of the eight compounds had non-homogenous effects, 

that is, at any non-toxic dose assayed, only a sub-set of cells showed a defect in 

the length or motility of the flagella, with others looking normal.  Such 

compounds, which only affected a fraction of the total cell population, were 

deemed undesirable for follow-up because the heterogeneous response would 

not only greatly complicate further efforts to understand the nature of the effect, it 

would also limit the utility of the compounds as experimental tools for studying 

flagella.  These four compounds were thus excluded from further consideration.   
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Such inhomogeneous effects had not been noticed during the initial screen, 

apparently because the non-motile cells were sufficiently numerous to provide a 

uniform green pattern filling the well, thus leading to a high assay score. 

These secondary screening assays thus narrowed the potential hits to four 

compounds that showed homogenous effects on flagella at non-toxic doses 

(Figure 2).  Of these four, our preliminary visual survey indicated that one 

(compound B) affected the length of the flagella, while the other three 

(compounds E, F, and P) produced paralysis of flagellar motility.  We named 

compound B "ciliabrevin", reflecting its ability to shorten cilia and flagella. 

The four candidate compounds were tested over a range of concentrations and 

scored for the fraction of cells that had motile flagella, paralyzed flagella, or no 

flagella after four hours of growth in the presence of compound.  As indicated in 

Table 1, all four compounds showed activity in the micromolar range of 

concentrations.   

 

Ciliabrevin induces flagellar shortening and loss 

We noted that treatment with 30 M ciliabrevin (compound B) 

predominantly caused loss of flagella in the original assay, which involved 1-4 

days of growth in the presence of the compound.  If ciliabrevin really required 

multiple days to act, it would be far less useful as a tool for studies of flagellar 

dynamics than if its speed of action were relatively fast compared to cellular 

processes such as the cell cycle.  Therefore, we monitored the flagellar 

phenotype as a function of time.  We added ciliabrevin at a range of 
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concentrations and examined cells by DIC microscopy at regular intervals (Figure 

3A).  No immediate effect was seen after adding the compound, but by 30-60 

minutes all cells that retained flagella had shortened their flagella depending on 

the dose of ciliabrevin added.  These shorter steady-state flagellar lengths were 

then stably maintained for 12 hours when cells were left in the presence of the 

compound.  While 25 M ciliabrevin produced cells with half-length flagella, 

higher concentrations of the compound did not shorten flagella further, but rather 

lead to flagellar loss and visible signs of toxicity, including cell lysis.  In separate 

experiments, flagella returned to normal length within 2 hours following ciliabrevin 

wash out (data not shown).  The time-scale of ciliabrevin action (~1 hour) is thus 

substantially shorter than the time scale of the Chlamydomonas cell division 

cycle (~8 hours).  The fact that the flagella eventually stop shortening and remain 

constant at approximately half-length and no shorter could indicate a difference 

between the proximal and distal halves of the flagellum.  Dentler reported that 

colchicine induces shortening of the distal but not proximal portions of the 

flagellum (Dentler and Adams, 1992), while Piperno has shown that the inner 

dynein arm protein composition of the proximal and distal halves of the flagellum 

are distinct (Piperno and Ramanis, 1991), and Yagi demonstrated that the 

proximal portion of the flagellum possesses novel low-abundance dynein heavy 

chains (Yagi et al., 2009).  It is thus possible that whatever the target of 

ciliabrevin is, it has a more direct influence of dynamics of the distal half of the 

flagellum. 
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Ciliabrevin also affected the kinetics of flagellar regeneration following 

flagellar excision by pH shock (Lefebvre, 1995).   We found that 25 µM ciliabrevin 

caused flagella to grow more slowly and reach a shorter steady-state length of ~8 

m (Figure 3B, red line), similar to the stable length that flagella shorten to when 

treated with the same concentration of the compound (Figure 3A, red line).   This 

effect on the initial growth rate is distinct from the effect of protein synthesis 

inhibitors, which cause flagella to regenerate to a shorter length but have no 

effect on the initial growth rate (Rosenbaum et al., 1969).     

These results show that ciliabrevin induces a dynamic dose-dependent 

shortening of flagella, which is accompanied by flagellar loss in a fraction of cells 

(see Table 1).   Furthermore, flagellar regeneration in the presence of ciliabrevin 

proceeds more slowly and yields shorter flagella.  Based on these observations, 

the balance-point model of flagellar length control (Marshall et al., 2005; Engel et 

al., 2009) predicts that ciliabrevin either deceases the assembly rate or increases 

the disassembly rate at the flagellar tip, as both shortening and regenerating 

flagella approach the same shorter steady-state length. 

 

Effect of ciliabrevin on intraflagellar transport  

The combined shortening and loss of flagella upon treatment with 

ciliabrevin is reminiscent of the phenotype observed in a specific class of 

Chlamydomonas mutants.   These mutants are defective in the process of 

anterograde intraflagellar transport (IFT), the kinesin-powered transport of 

flagellar proteins from the cell body to the site of assembly at the flagellar tip 
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(Cole 2003; Scholey 2003; Pedersen and Rosenbaum, 2008).  Anterograde IFT 

is also required to maintain flagella after assembly, and when conditional mutants 

in this process are shifted to the restrictive temperature, their flagella undergo 

shortening (Kozminski et al., 1995).  The reported shortening rates seen in IFT 

conditional mutants following shift to restrictive temperature (Kozminski et al., 

1995) are similar to the shortening rates that we observed here. 

When conditional mutants in IFT are shifted to restrictive temperature, not 

only do the flagella shorten they also begin to detach from the cell (Adams et al., 

1982; Parker and Quarmby, 2003).  This flagellar detachment utilizes the same 

flagellar autotomy mechanism that causes flagellar detachment in response to 

pH shock (Parker and Quarmby, 2003), which is mediated by a physical severing 

of the flagella away from the cell at the base of the flagellum.  The fa1 mutation 

inhibits flagellar autotomy (Finst et al., 1998) and prevents conditional IFT 

mutants from detaching their flagella when IFT is turned off (Parker and 

Quarmby, 2003).  We therefore asked whether the shedding of flagella induced 

by ciliabrevin would likewise require the flagellar autotomy system.   We treated 

fa1 mutant cells with 30 M ciliabrevin for 24 hours.  While this concentration was 

sufficient to cause complete flagellar loss in wild-type cells, 82% of fa1 mutant 

retained flagella after 24 hours of treatment.  In this experiment we did not 

measure flagellar lengths, but only scored their presence or absence.  We also 

tested adf1 mutants (Finst et al., 1998), which block flagellar autotomy at an 

upstream signaling point but, unlike fa1, do not inhibit flagellar detachment 

following cessation of IFT (Jeremy Parker and Lynne Quarmby, personal 
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communication).  Unlike the rescue seen with fa1, 97% of adf1 mutant cells still 

lost their flagella following treatment with 30 M ciliabrevin.  Thus, in terms of the 

induced flagellar shortening rate, the shedding of flagella, and interactions with 

the fa1 and adf1 mutants, ciliabrevin treatment appears to mimic the inhibition of 

IFT. 

Based on the apparent similarities between ciliabrevin treatment and IFT 

loss, we imaged and quantified IFT in the flagella of living cells expressing a 

GFP-tagged subunit of the kinesin-2 anterograde motor using total internal 

reflection fluorescence (TIRF) microscopy (Figure 3C; Movie S1; method 

described in Engel et al., 2009 a,b).  As plotted in Figures 3D-E, we found that 

IFT was not blocked in cells treated with 34 M ciliabrevin.  However, the 

frequency and speed of anterograde IFT experienced a moderate decrease in 

full-length flagella that had begun to shorten following drug addition.  Considering 

just full-length flagella, the average frequency of IFT particles passing any given 

point of the flagellum dropped from 1.26  0.18 per second (N=16 flagella) to 

1.08  0.20 per second (N=28 flagella), and the speed of the particles dropped 

from 2.36  0.18 m/sec to 1.87  0.23 m/sec ( denotes standard deviation).  

These differences are statistically significant (P<0.003 , t=3.14  and P<0.0001, 

t=8.55), indicating that ciliabrevin changes both the frequency and speed of 

intraflagellar transport in full-length flagella.  Because we used the KAP subunit 

as the marker for IFT, which does not clearly reveal retrograde IFT traces (Engel 

et al., 2009 b), we were not able to determine whether or not ciliabrevin affects 

retrograde IFT or only anterograde.  We have previously shown that anterograde 

            96



IFT speed and frequency vary moderately as a function of flagellar length in 

regenerating untreated cells (Engel et al., 2009 b), so one possible explanation is 

that the reduction in IFT speed and frequency are not a direct effect of ciliabrevin 

but rather an indirect effect of the flagellar shortening induced by the compound.  

However this observed correlation between IFT and flagellar length would not 

explain the fact that IFT speed and frequency were reduced in full-length 

ciliabrevin-treated flagella before they had undergone shortening.  

It is interesting to note that the anterograde IFT speed in full-length 

ciliabrevin-treated flagella was reduced to exactly the speed that would normally 

be seen in regenerating flagella that are 6-8 m in length (Figure 3D).  This 

corresponds to the length that flagella would ultimately attain following ciliabrevin 

treatment, suggesting that the compound may alter the molecular regulatory 

pathways that control IFT as a function of flagellar length, adjusting the system to 

a new length set-point.  However, because the exact role of IFT in the 

maintenance of flagellar length is still not fully understood (Marshall et al., 2005; 

Wemmer and Marshall, 2007), at this point we are not able to conclude whether 

the shortening and loss of flagella caused by ciliabrevin can be accounted for 

solely by the observed reduction in IFT speed and frequency.  

 

Characterization of flagella-paralyzing compounds 

In contrast to ciliabrevin, the other three remaining compounds obtained 

from our screen do not affect flagellar length, but rather seem to act by 

paralyzing flagellar motility.  To quantify this effect, we treated cells for one hour 
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with compounds E and F at a range of concentrations listed in Table 2 and 

measured swimming speeds as described in the Materials and Methods.   As 

shown in Table 2, both compounds show a dose-dependent reduction in 

swimming speed in the micromolar to sub-micromolar concentration range, 

confirming that these compounds do indeed result in paralysis of flagella-driven 

motility.   

 

Effects of compounds in other cell types 

We next tested whether any of the four compounds that we characterized 

in Chlamydomonas would have efficacy in cell types from other species.  The 

ciliate Paramecium aurelia is a unicellular protozoan that swims using hundreds 

of cilia on its cell surface.  We added the compounds at a concentration of 34 M 

to cultures of Paramecium and examined the cells by microscopy after 1 hour 

and after 1 day.  After 1 hour, ciliabrevin induced lysis of all cells in the culture.   

Compounds E, F, and P had no effect after 1 hour, nor did a DMSO control.   In 

contrast, after 1 day of incubation with the compounds, the fraction of cells that 

were swimming dropped from 96% in controls to 37% in cells treated with 

compound E and 30% in cultures treated with compound F.  In contrast, the 

fraction of swimming cells was 95% in cultures treated with compound P.   We 

conclude that compounds E and F paralyze cilia-driven swimming in Paramecium 

while ciliabrevin causes rapid cell lysis and compound P produces no discernable 

effect. 
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We next tested the compounds on cultured mammalian cells.  We added 

ciliabrevin to cultured mouse IMCD3 cells at a concentration of 14 M for three 

days and then visualized cilia by immunofluorescence (Figure 4).  We found that 

ciliabrevin caused cilia to become roughly 25% shorter, comparable to the effect 

seen in Chlamydomonas with a similar concentration of the compound.   

Because the cilia of IMCD3 cells are normally non-motile we did not test the 

other compounds in this cell type.   As an alternative cell culture system with 

motile cilia, we tested effect of the compounds on cultured mouse tracheal 

epithelial cells (MTECs), which are covered with arrays of beating cilia.  

Ciliabrevin reduced the fraction of cells with motile cilia from 45% down to 22% 

after 16 hours of treatment, while compounds E, F, and P had comparatively less 

effect, with fraction of cells with motile cilia after 16 hours measured as 28%, 

29%, and 46%, respectively.  After 40 hours of treatment, the fraction of cells 

with motile cilia dropped from 54% down to 20% after ciliabrevin treatment, while 

the fraction only dropped to 45% after 40 hours treatment with compound E, and 

in cells treated with compounds F, or P, the fraction of cells with motile cilia 

actually increased slightly.   We conclude that ciliabrevin inhibits cilia formation in 

cultured mammalian cells, but that compounds E, F, and P have only minor 

effects, if any. 

In order to determine if any of these compounds could be used to study 

cilia function in animal development, we treated zebrafish embryos by adding the 

compounds at a final concentration of 34 M to the embryo media.   We found 

that ciliabrevin as well as compounds  E and F caused embryos to die before 
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hatching, while compound P had no effect on development (data not shown). No 

obvious phenotypes attributable to cilia defects (e.g. kidney cysts) were detected 

in ciliabrevin treated fish other than an overall body curvature sometimes 

associated with ciliary defects (data not shown). At higher dosage, ciliabrevin 

treatment led to shortened body axis and embryonic lethality yet direct 

examination of embryos treated with ciliabrevin at various stages of development 

showed that cilia were still present in the embryos.  We conclude that ciliabrevin 

has a broader impact on zebrafish development than affecting cilia alone, 

although we did not directly measure ciliary motility, leaving open the possibility 

that motility could have been affected. 

 

Ciliabrevin reversibly arrests cytoskeletal dynamics in cultured cells 

Because ciliabrevin shortens cilia, which are microtubule-based 

organelles, we decided to examine whether the compound affects the dynamics 

of cytoplasmic microtubules by direct microscopic observation of live Drosophila 

S2 cells expressing tubulin-GFP.  Treatment with 34 M ciliabrevin caused a 

dramatic cessation of microtubule movements, abrogating both microtubule 

bending in the cell interior and the normal centripetal motion of free microtubule 

plus ends away from the cell periphery (Figure 5A; MovieS2).   Microtubules 

lengthened for several minutes immediately after drug addition, then shortened to 

stable lengths (Figure 5A kymograph).  The effects of ciliabrevin were reversible, 

as microtubule movements were restored within 10 minutes following washout 

with fresh media (data not shown). 
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In contrast, 1 M taxol caused free tubulin to form small aggregates and 

microtubules to stiffen and break as they were pushed towards the center of the 

cell by inwardly-directed forces (Figure 5B; Movie S3).  Pretreatment of cells with 

increasing concentrations of ciliabrevin slowed the centripetal movement of 

microtubules and tubulin aggregates following taxol addition (Figures 5C-E; 

Movies S4-S6; quantified in Figure 5G).  When 34 M ciliabrevin was added 

before taxol, microtubules were not pushed inwards at all, and instead appeared 

to thicken and acquire bulbous ends (Figure 5E; Movie S6).  The retrograde 

motion of microtubules in these cells was restored following washout with one 

change of fresh media (Figure 5F; Movie S7), albeit at slower speeds due either 

to incomplete restoration of inwardly-directed forces or to strengthening of the 

thick bulbous microtubules.  When 1 M taxol was added before 34 M 

ciliabrevin had stopped microtubule motion, the velocity of the inward movement 

of microtubule plus-ends from the cell periphery decayed over time as a simple 

exponential (Figure 5H; Movie S8), suggesting that ciliabrevin may reduce 

microtubule speed in a series of random independent events that irreversibly 

inactivate individual force-generating units in a stochastic manner.  

One of the primary mechanical forces that moves microtubules in S2 cells 

is the retrograde flow of cortical actin from the cell periphery (Rodriguez et al., 

2003).  To address whether ciliabrevin affects actin dynamics, we imaged S2 

cells expressing actin-GFP and Arp2-mCherry while adding increasing 

concentrations of the drug (Figure 6).  Even at lower 7 M and 17 M 

concentrations, ciliabrevin arrested retrograde actin flow (Figure 6A-B; Movies 
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S9-S10).  At 34 M, ciliabrevin not only inhibited retrograde flow, but also caused 

round actin-GFP aggregates to accumulate at the center of the cell (Figure 6C; 

Movie S11).  Ciliabrevin began to act immediately after addition and partially or 

completely inhibited retrograde actin flow in a dose-dependent fashion, reaching 

full effect within 5-10 minutes (Figure 5E).  These effects were reversible, as 10 

minutes following washout of 34 M ciliabrevin with one change of fresh media, 

actin-GFP aggregates disappeared and retrograde flow was restored (Figure 6D; 

Movie S12).   Like the cessation of microtubule movements in Figure 5H, the 

retrograde flow of Actin-GFP also slowed exponentially after drug addition, 

suggesting a mechanism of ciliabrevin action involving multiple independent 

random events (Figure 6F; Movie S11).  Since retrograde actin flow involves a 

complex interplay between myosin motors and pathways regulating actin 

polymerization and depolymerization (reviewed in Welch et al., 1997), it is not 

possible to guess from these results what molecular element of the retrograde 

flow machinery might be affected by ciliabrevin. 

The phenotype of ciliabrevin treatment shared some similarities with the 

actin-interfering drugs phalloidin, latrunculin B, and jasplakinolide, yet had unique 

characteristics of its own (Figure S1).  Like ciliabrevin, phalloidin removed actin-

GFP from the cell periphery and produced actin-GFP aggregates within the 

cytoplasm (Figure S1A, Movie S14).  However, the phalloidin actin-GFP 

aggregates were more filamentous and less centrally located compared to 

ciliabrevin actin-GFP aggregates.  Furthermore, phalloidin did not stop retrograde 

flux, as small particles were still seen moving inward from the cell periphery.  The 
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effects of latrunculin B and jasplakinolide were even more distinct from 

ciliabrevin.  Latrunculin B did stop retrograde actin flow, but left small actin-GFP 

aggregates throughout the cytoplasm and around the cell periphery (Figure S1C, 

Movie S16).   Jasplakinolide produced a rapid increase in Actin-GFP 

fluorescence throughout the cytoplasm, which was pushed towards the cell 

center, where much of the fluorescence disappeared and the rest remained as 

bright Actin-GFP aggregates (Figure S1E, Movie S18).  Drug washout with one 

change of fresh media produced a transient increase of cytoplasmic Arp2-

mCherry followed by the restoration of actin-GFP dynamics in cells treated with 

ciliabrevin (Figure 6D, Movie S12, S13), phalloidin (Figure S1B, Movie S15), and 

latrunculin B (Figure S1D, Movie S17), but had no restorative effect on 

jasplakinolide-treated cells (Figure S1F, Movie S19).  Ciliabrevin and phalloidin 

only robustly impaired actin dynamics at concentrations over 10 M, while 

latrunculin B and jasplakinolide were both potent at sub-micromolar 

concentrations.  Considering the similarities in phenotypes, working 

concentrations, and washout, ciliabrevin most closely resembles phalloidin, 

though it differs in the cessation of retrograde flow and the production of round 

actin aggregates at the center of the cell. 

 

Discussion 

Efficacy of Chlamydomonas plate-well imaging based screen 

This study demonstrates that our plate-well imaging based screen is able 

to identify compounds that affect the assembly and motility of cilia.  This 
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suggests that if we continue this screen on a much larger scale it could be a 

productive source of new chemical tools for perturbing cilia.    

The screen and secondary assays reported above were all performed in 

the unicellular green alga Chlamydomonas reinhardtii.  This is one of the major 

model systems currently in use for studying cilia and flagella, and we expect that 

these compounds will provide useful tools to augment current genetic 

approaches in this organism.  Ciliabrevin in particular, with its ability to reduce 

IFT speed and stably shorten flagella to specific lengths, may be applicable to 

studies of flagellar length regulation.  

Our preliminary studies in different cell types suggest that of the four 

compounds we identified, only ciliabrevin has efficacy in vertebrate cells.   

However, this was a limited screen using a small number of compounds, and the 

fact that one out of four hits showed efficacy in vertebrate cells is actually 

encouraging for future prospects.  If a greater number of compounds were 

screened in Chlamydomonas, it should be possible to obtain additional 

compounds that are applicable to vertebrate studies. 

 

Joint inhibitor of ciliogenesis and retrograde actin flow 

There are several conceivable explanations for the shared activity of 

ciliabrevin on both cilia and retrograde actin flow.  One possibility is that there are 

simply two different targets hit by this compound, one affecting cilia and one 

affecting actin flow.  We have no data at present to rule out this possibility.   

However, we note that components of the actin cytoskeleton, as well as 
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regulators of actin dynamics, are known to play important roles in various 

different aspects of ciliogenesis (Tamm and Tamm 1988; Boisvieux-Ulrich et al., 

1990; Pan et al., 2007; Dawe et al., 2009; Bershteyn et al., 2010; Kim et al., 

2010).  Thus one possibility is that the compound hits one target molecule that is 

involved in both actin flow and ciliogenesis.  A third, more interesting possibility is 

that the compound primarily targets actin and the effect on cilia reflects the role 

of actin itself in ciliogenesis.   One published study indicates that cytochalasin 

treatment can result in flagellar shortening in Chlamydomonas (Dentler and 

Adams, 1992).  A recent investigation combining inhibitors of actin regulation with 

micropatterned substrates to modulate cell stretching has further implicated actin 

networks in the regulation of ciliogenesis (Pitaval et al., 2010).  It is also worth 

noting that actin is known to interact with cytoplasmic microtubules (Rodriguez et 

al., 2003), so that if the primary target of the drug is involved in the actin 

cytoskeleton, this could affect cytoplasmic microtubules which then might alter 

trafficking to the cilium or other aspects of ciliogenesis.  Overall, our studies 

support the idea that actin perturbations might lead to effects on cilia, but further 

work will be required to test the role of actin perturbation on the cilia-related 

effects of ciliabrevin.  In the meantime, ciliabrevin will provide a potentially useful 

tool to explore two important fundamental cell biological processes – ciliogenesis 

and actin flow. 
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Prospects for target identification 

Identification of candidate compounds that affect cilia is clearly just the 

first step, and the more difficult task of identifying molecular targets still lies 

ahead.   Indeed, identification of the relevant target is currently the major 

challenge in cell-based high throughput screening (An and Tolliday, 2010).  Actin 

and components of the actin regulatory system are obvious candidate targets for 

ciliabrevin, however the chemical structure of ciliabrevin does not bear any 

obvious similarity to that of the standard natural product inhibitors of actin 

(latrunculin and cytochalasin).    

The fact that our screen was performed in a genetically tractable 

unicellular model system means that resistance screens can in principle be used 

to identify potential molecular targets.  Resistance screens have been conducted 

in Chlamydomonas using a number of microtubule-targeting herbicides and 

successfully identified mutations in alpha tubulin (James et al., 1993) confirming 

the feasibility of such an approach in this organism.     

In the case of the paralyzing compounds E, F, and P, we performed a 

proof of concept suppression study using a series of mutants (sup-pf-1, sup-pf-2, 

and sup-pf-3) that are known to suppress mutations in the central pair of the 

flagella, restoring limited motility to mutants that are otherwise completely 

paralyzed (Porter et al., 1994).   We treated each of these three suppressor 

strains with our compounds and found that the sup-pf-1 mutation conferred 

partial resistance to compound P (data not shown).  Since the sup-pf-1 gene 
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encodes a component of the dynein regulatory complex, this result suggests that 

this complex, or an upstream regulatory factor, may be the target of compound P.      

In the case of ciliabrevin, we note that this same compound was reported 

in a screen for inhibitors of calcium activated potassium channels (Sorensen et 

al., 2008).   We do not know how this activity might relate to the effects of this 

compound on ciliogenesis, IFT, or actin flow, but this result does at least provide 

one possible starting point for target identification. 
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Materials and Methods 

Plate-well image analysis assay 

We used wild-type strain cc-124 obtained from the Chlamydomonas 

Genetic Center (www.chlamy.org), which we chose because it shows robust 

diving.   Another wild-type strain of the opposite mating type, cc-125, does not 

exhibit this diving behavior, so in setting up this screen it is critical to make sure 

the starting strain reliably dives.    

In our screen, cells were grown in TAP media to an OD600 of 1.0 under 

continuous illumination in 200 ml flasks on a floor shaker, and then diluted to an 

OD600 of 0.03 with fresh TAP media.   190 l of diluted cells were dispensed into 

wells of Corning Costar 96-well U-bottom clear polystyrene plates using a 

Wellmate dispenser system.  Prior to adding cells, wells were pre-loaded with 

compounds from a diverse collection of small molecules whose structures predict 

drug-like properties (ChemDiv, San Diego, CA), to yield a final concentration of 5 

M in 0.5% DMSO after addition of the cell media.  Cell-based chemical screens 

are typically performed in the 1-10 M range.  We chose a concentration in the 

middle of this range to balance the desire to obtain compounds with low effective 

doses with potential concerns that the hit rate might become too low if the 

screening concentration was further reduced.  We did not perform any systematic 

tests to determine whether this particular concentration is optical.   The first and 

last columns of each plate were used for controls, the first column being a 

DMSO-only control and the last column being loaded with a culture of a non-

motile mutant, bld1, that lacks flagella (Brazelton et al., 2001). Plates were 
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allowed to grow under continuous light for one day and then scanned with a flat-

bed scanner (HP Scanjet 4070). 

Custom software was used to analyze the plate images in a fully 

automated image processing pipeline, similar to that previously described 

(Marshall, 2009). Scanned RGB images of each plate were processed to extract 

a series of 96 sub-images corresponding to each well based on position within 

the image.  The green channel was converted to black and white and the 

contrast inverted, so that darker pixels, indicating high density of green cells, 

were assigned larger numerical values.  The software then estimated the 

distribution of cells as an intensity weighted first moment: 
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Where x and y are the coordinates of each pixel, “I” is the intensity at each pixel, 

and summations are taken over all pixels in the well sub-image.  The resulting 

first moment serves as the assay score for that well, as depicted in the heat map 

of Figure 1B.  Potential hits can be detected as wells with a high value of “M”.    

Because the calculation of the assay score “M” involves normalization by 

the total intensity over the whole well, toxic compounds can yield high assay 

scores since cell death can lead to a low uniform greenish-yellow coloration 

throughout the well.  Hence, we implemented a built-in counter screen for toxicity 

by measuring the average cell density in each well based on the average 

intensity of the well images.  Outliers with average density more than three 
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standard deviations below that measured in control wells were scored as toxic 

and discarded from further analysis. 

 

Secondary assays in Chlamydomonas 

For secondary assays, resupplied compounds were stored as stock 

compounds in 100% DMSO at a concentration of 1 mg/ml, and then used at 

dilutions indicated in the text and tables. 

Visual assessment of the presence or absence of flagella (Table 1) was 

performed by mounting 10 l of live cell culture under a coverslip with a Vaseline 

ring and imaging on a Zeiss Axioskop using a 40x air lens and DIC optics (Carl 

Zeiss MicroImaging, LLC, Thornwood, NY).  Swimming speeds (Table 2) were 

calculated by adjusting the condenser on a Zeiss Axioskop to give a dark-field 

like image, then acquiring 0.5 second exposures with a SPOT camera 

(Diagnostic Instruments, Sterling Heights, MI).  This produced streak-like images 

for swimming cells, and speed was estimated by tracing the length of each streak 

using the SPOT analysis software and dividing length by the exposure time.  

Flagellar regeneration (Figure 3B) was performed by transiently lowering the pH 

of liquid cultures as previously described (Lefebvre, 1995).  Detailed flagellar 

length measurements in fixed Chlamydomonas cells (Figures 3A, 3B) were 

attained by capturing images on a Zeiss Axioskop equipped with a SPOT camera 

and measuring flagellar lengths with NIS-Elements AR software (version 3.2, 

Nikon). 
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For TIRF measurement of IFT, cells expressing GFP-tagged kinesin-2 

motor subunit KAP (Mueller et al., 2005) were grown in TAP media under 

continuous illumination in test tubes on a roller drum.  Cells were mounted and 

imaged as previously described (Engel et al., 2009 a), and IFT speeds were 

measured by kymograph analysis as detailed previously (Engel et al., 2009 b). 

 

Mouse IMCD3 and MTEC cell culture methods 

Mouse IMCD3 cells were cultured in Dulbecco’s modified Eagle’s medium 

and Ham’s F-12 medium mixture containing 10% heat-inactivated fetal bovine 

serum (FBS) at 37°C in 5% CO2.  Cells were cultured on acid-washed coverslips, 

fixed with methanol for 5 min at −20°C, and washed three times with phosphate-

buffered saline (PBS).  Cells were blocked in 1% bovine serum albumin in PBS 

for 10 min at room temperature and incubated with primary antibodies for 1 hour 

in a humid chamber.  Cells were then washed with PBS and incubated with FITC, 

TRITC and Cy5 conjugated secondary antibodies (Jackson ImmunoResearch 

laboratories, West Grove, PA) for 30 min.  Samples were washed with PBS and 

mounted with Vectashield (Vector laboratory, Burlingame, CA), then observed 

using a DeltaVision microscope (Applied Precision, Issaquah, WA) with a 60x 

objective (Olympus, Tokyo, Japan).  Z-stack images were obtained at 0.2-m 

intervals, then deconvolved and projected with DeltaVision software (Applied 

Precision). 

MTECs were derived and cultured essentially as described (You et al, 

2002). Briefly, tracheae were excised from adult mice, cleaned of surrounding 
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tissue, and digested with 1.5 mg/ml Pronase (Roche) overnight at 4˚C.  The next 

day, FBS (Cellgro) was added to neutralize the enzyme, and the suspended 

tracheae were inverted to release cells.  The supernatant was centrifuged at 200 

x g and the cell pellet was resuspended in MTEC/Basic (You et al, 2002) media 

and plated for 4 hours at 37˚C to remove contaminating fibroblasts.  The 

supernatant was again removed, spun, and resuspended in MTEC/Plus (You et 

al, 2002) media.  2.5 x 104 MTECs were plated on 0.4 m collagen I (Roche) 

coated Transwell inserts (Corning) and media was added to the upper and lower 

chambers.  After confluence was reached, media was removed from the upper 

chamber, and MTEC/NS (You et al, 2002) was added to the lower chamber to 

create an air-liquid interface (ALI) and induce the ciliary differentiation program. 

After 7-10 days of culture, MTECs were treated with compounds for 24 h, and 

were then imaged using established procedures (Wilson et al, 2009). 

 

Analysis of cytoskeletal dynamics in Drosophila S2 cells 

Cells were grown at room temperature in Schneider’s Drosophila medium 

supplemented with 10% fetal bovine serum.  Before imaging, cells were plated 

on 14 mm glass bottom microwell dishes (P35G-1.5-14-C, MatTek, Ashland, MA) 

coated with 10% Conconavilin A, and allowed to adhere for 1-2 hours.  The time 

allowed for cell adhesion was important to ensure that cells were well spread but 

still had roughly uniform circular morphology.  Drug addition was performed 

without interrupting movie acquisition by carefully adding 10 l of a 10x dilution of 

drug in cell media to 90 l cell media already covering the cells.  Washout was 
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also performed without interrupting movie acquisition by carefully pipetting out 

the drugged media and replacing it with 150 l fresh media without touching the 

cell chamber.  Towards the end of each movie, signal intensity decreased due to 

GFP photobleaching.  Cells were imaged on a Nikon Eclipse Ti-E motorized 

inverted spinning disc confocal microscope (Nikon, Tokyo, Japan), equipped with 

an integrated Nikon Perfect Focus System, a 100x/1.40na oil Plan Apo VC 

objective, and a Photometrics Evolve EMCCD camera (Photometrics, Tucson, 

AZ).   

Four kymographs were generated from each movie (vertical, horizontal, 

and two diagonal cross-sections) using a custom-made ImageJ plugin (version 

1.42g, National Institutes of Health) that plotted the maximum intensity along 

each point of a straight 50-pixel wide line for each movie frame.  The speed of 

retrograde microtubule and actin flux was calculated from the angle of traces 

moving inward from the cell periphery (measured with ImageJ) and average 

speeds for each movie were plotted in Figures 5G and 6E.  The plots of 

microtubule and actin position in Figures 5H and 6F were generated with a 

custom-made Matlab script (version R2007a, Mathworks), which plotted peak 

pixel intensities from a single kymograph trace and fitted this distribution with a 

simple exponential decay trend line. 

 

  

            113



Acknowledgements 

We thank Ethan Scott and Herwig Baier for providing Paramecium 

cultures; Elena Ingerman, Lauren Goins, and Dyche Mullins for providing 

Drosophila S2 cells expressing actin-GFP and ARP2-mCherry; Sarah Goodwin 

and Ron Vale for providing S2 cells expressing tubulin-GFP; and Prachee Crofts 

for careful reading of the manuscript.  We are grateful to Kurt Thorn for 

microscopy assistance and the Nikon Imaging Center at UCSF for access to the 

confocal and TIRF microscopes used in the study.  Susanne Rafelski designed 

the ImageJ kymograph plugin.  This work was funded by the Sandler Program in 

Basic Science and the W.M. Keck Foundation.

            114



Table 1.  Dose response for candidate compounds.  Cells were grown for four 

hours with the indicated dose of compound and then examined by DIC 

microscopy and scored for percent of cells having normal beating flagella, 

paralyzed flagella, or lacking flagella. 

 

Compound Concentration  Normal Paralyzed Lacking  

       (M)   (%)  (%)  (%) 

B   3   83  17  0 

   6   75  25  0 

   15   80  5  15 

   30   24  15  61 

 

E   0.6   0  100  0 

   1.5   0  100  0 

   3   0  76  24 

   6   0  51  49 

   15   3  20  77 

   30   0  7  93 

 

F   0.6   38  57  5 

   1.5   11  86  1 

   3   1  98  1 

   6   1  75  24 
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P   0.6   65  35  0 

   1.5   15  85  0 

   3   4  96  0 

 

 

 

Table 2.  Swimming speed versus concentration of compounds E and F 

 

Compound Concentration  Swimming Speed 

  (M)    (m/sec) 

E  0.15    83.3  21.3 

  0.3    56.2  29.7 

  0.6    23.2   26.3 

  1.5    11.9  5.2 

F  0.15    108.2  14.3 

  0.3    106.3  12.7 

  0.6    90.2  25.3 

  1.5    46.7  32.7
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Figure Legends 

Figure 1.  Screen characterization and results.  (A) Image of a plate from the 

assay.  In all plates, untreated wild-type cells were loaded on the left column of 8 

wells in media containing 0.5% DMSO as a negative control and bld1 mutant 

cells lacking flagella were loaded on the right column of 8 wells as a positive 

control.  (B) Heat-map scoring of a typical plate.  Color scale shown on inset 

color-bar, ranging from 4 (dark blue, indicating a small assay score characteristic 

of untreated cells) to 18 (red, indicating a high assay score characteristic of non-

motile cells).  (C) Screening statistics.  Red and green marks signify positive 

(bld1 mutants) and negative (untreated wild-type cells) controls, respectively.   

Gray circles signify unknown compounds.  Red and green lines indicate three 

standard deviations above and below the mean assay scores for positive and 

negative controls, respectively. 

 

Figure 2.  Structures of candidate compounds obtained in the initial screen and 

validated in secondary assays to confirm homogenous effects at non-toxic doses.   

 

Figure 3. Effects of ciliabrevin (compound B) on Chlamydomonas flagellar length 

and intraflagellar transport.  (A) Flagellar length versus time after addition of 

ciliabrevin to wild-type cc-125 cells at a variety of concentrations.  N= 3698 

flagella for all concentrations and timepoints combined.  (B) Regeneration 

kinetics of wild-type cc-125 flagella following pH shock in the presence (red) or 

absence (blue, adapted from Engel et al., 2009 b) of 25 M ciliabrevin.  N= 2464 

            117



flagella with ciliabrevin and 2178 flagella without drug. (C) Kymograph of a KAP-

GFP cell imaged by TIRF microscopy, showing anterograde IFT traces 1 hour 

after addition of 34 M ciliabrevin.  Horizontal scale bar= 2 µm, vertical scale 

bar= 2 seconds. (D) Speed and (E) frequency of anterograde KAP-GFP traffic 

during pH shock regeneration (blue, adapted from Engel et al., 2009 b) and 34 

M ciliabrevin-induced shortening (red), binned by flagellar length.  Error bars in 

all panels indicate 99% confidence intervals. N= 94 flagella with ciliabrevin and 

101 flagella without drug.  

 

Figure 4.  Effect of ciliabrevin (compound B) on mammalian cell ciliary 

length.  (A) Control mouse IMCD3 cells and (B) IMCD3 cells treated with 14 M 

ciliabrevin, showing reduced cilia length.  Cells were stained for the cilia marker 

acetylated tubulin (green), the cell junction marker ZO-1 (red), and the 

centrosome marker pericentrin (magenta).  Scale bar= 10 µm.  (C) Average 

length of cilia in treated and control IMCD3 cells.  Error bars indicate 99% 

confidence intervals. (D) Ciliary length distribution in treated (red) and control 

(blue) cells.   N= 931 control cilia and 562 cilia in presence of drug. 

 

Figure 5.  Effects of ciliabrevin (compound B) on tubulin dynamics in Drosophila 

S2 cells.  (A-F) Cells expressing tubulin-GFP were treated with ciliabrevin, taxol, 

both drugs sequentially, or cells treated with both drugs and then washed with 

fresh media as indicated.  Frames from movies are shown in left panels, 

kymographs generated from cross-sections of movies are shown in right panels.  
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The time following drug addition or washout is indicated on the movie frame 

panels, Pre= before treatment.  On kymographs, black arrowheads= ciliabrevin 

addition, white arrowheads= taxol addition, asterisks= drug washout.  Horizontal 

scale bar= 10 minutes, vertical scale bar= 10 µm.  (G) Quantification of the mean 

microtubule retrograde flux speed for the experiments in panels B-F, before 

(blue) and after (red) drug addition or washout.  Error bars indicate 99% 

confidence intervals.  (H) Plot of the maximum pixel intensity position vs. time 

(blue line) and exponential decay fit (red line) of a kymograph trace from a cell 

where 1 M taxol was added before 34 M ciliabrevin had stopped the 

retrograde flux of microtubule plus ends. 

 

Figure 6.  Effects of ciliabrevin (compound B) on actin dynamics in Drosophila 

S2 cells.   (A-D) Cells expressing actin-GFP (green) and Arp2-mCherry (red) 

were treated with increasing concentrations of ciliabrevin or washed with fresh 

media as indicated.  Two-color frames from movies are shown in left panels, 

Actin-GFP kymographs generated from cross-sections of movies are shown in 

right panels.  The time following drug addition or washout is indicated on the 

movie frame panels, Pre= before treatment.  On kymographs, black arrowheads= 

ciliabrevin addition, asterisks= drug washout.  Horizontal scale bar= 10 minutes, 

vertical scale bar= 10 µm.  (E) Measurement of the mean actin retrograde flow 

speed over time following ciliabrevin addition for the experiments in panels A-D.   

Error bars indicate 99% confidence intervals.   (F) Plot of the maximum pixel 

intensity position vs. time (blue line) and exponential decay fit (red line) of a 
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kymograph trace from a cell where actin flow was stopped by adding 34 M 

ciliabrevin. 

 

Figure S1.  Effects of known actin-inhibiting drugs on actin dynamics in 

Drosophila S2 cells expressing actin-GFP (green) and Arp2-mCherry (red).  (A) 

Addition of 20 M phalloidin and (B) washout with one change of fresh media.  

(C) Addition of 1 M latrunculin B and (D) washout.  (E) Addition of 1 M 

jasplakinolide and (D) washout.  The time following drug addition or washout is 

indicated on the movie frame panels, Pre= before treatment.  Vertical scale bar= 

10 µm.
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Supplementary Videos  

Video S1.  TIRF microscopy of a Chlamydomonas cell expressing KAP-GFP and 

treated with 34 M ciliabrevin for one hour.  This movie was used to generate the 

kymograph displayed in Figure 3C.  Acquired at ~30 frames per second, movie 

play speed is real-time. 

 

Video S2.  Confocal microscopy of Drosophila S2 cells expressing tubulin-GFP.  

Treated with 34 M ciliabrevin, corresponds to data in Figure 5A.  Acquired at 1 

frame every 3 seconds, movie play speed is 60x real-time (1 second = 1 minute).  

Ciliabrevin addition occurs 4 seconds into the movie.  Reduction in image 

intensity at the end of the movie is due to GFP photobleaching. 

 

Video S3.  Confocal microscopy of Drosophila S2 cells expressing tubulin-GFP.  

Treated with 1 M taxol, corresponds to data in Figure 5B.  Acquired at 1 frame 

every 3 seconds, movie play speed is 60x real-time (1 second = 1 minute).  Taxol 

addition occurs 9 seconds into the movie.   

 

Video S4.  Confocal microscopy of Drosophila S2 cells expressing tubulin-GFP.  

Treated with 7 M ciliabrevin followed by 1 M taxol, corresponds to data in 

Figure 5C.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-

time (1 second = 1 minute).  Ciliabrevin addition occurs 4 seconds into the movie, 

followed by taxol addition at 6 seconds.   
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Video S5.  Confocal microscopy of Drosophila S2 cells expressing tubulin-GFP.  

Treated with 17 M ciliabrevin followed by 1 M taxol, corresponds to data in 

Figure 5D.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-

time (1 second = 1 minute).  Ciliabrevin addition occurs 4 seconds into the movie, 

followed by taxol addition at 7 seconds.   

 

Video S6.  Confocal microscopy of Drosophila S2 cells expressing tubulin-GFP.  

Treated with 34 M ciliabrevin followed by 1 M taxol, corresponds to data in 

Figure 5E.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-

time (1 second = 1 minute).  Ciliabrevin addition occurs 3 seconds into the movie, 

followed by taxol addition at 5 seconds.   

 

Video S7.  Confocal microscopy of Drosophila S2 cells expressing tubulin-GFP.  

Washout of 34 M ciliabrevin and 1 M taxol with one change of fresh media, 

corresponds to data in Figure 5F.  Acquired at 1 frame every 3 seconds, movie 

play speed is 60x real-time (1 second = 1 minute).  Washout occurs 2 seconds 

into the movie, 

 

Video S8.  Confocal microscopy of Drosophila S2 cells expressing tubulin-GFP.  

Treated with 34 M ciliabrevin followed by 1 M taxol before microtubule 

movements had stopped, corresponds to data in Figure 5H.  Acquired at 1 frame 

every 3 seconds, movie play speed is 60x real-time (1 second = 1 minute).  
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Ciliabrevin addition occurs 4 seconds into the movie, followed by taxol addition at 

5 seconds.   

 

Video S9.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Treated with 7 M ciliabrevin, corresponds to data in Figure 

6A.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-time (1 

second = 1 minute).  Ciliabrevin addition occurs 2 seconds into the movie.   

 

Video S10.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Treated with 17 M ciliabrevin, corresponds to data in Figure 

6B.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-time (1 

second = 1 minute).  Ciliabrevin addition occurs 2 seconds into the movie.   

 

Video S11.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Treated with 34 M ciliabrevin, corresponds to data in 

Figures 6C,F.  Acquired at 1 frame every 3 seconds, movie play speed is 60x 

real-time (1 second = 1 minute).  Ciliabrevin addition occurs 2 seconds into the 

movie.   

 

Video S12.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Washout of 34 M ciliabrevin with one change of fresh 

media, corresponds to data in Figure 6D.  Acquired at 1 frame every 3 seconds, 
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movie play speed is 60x real-time (1 second = 1 minute).  Washout occurs 2 

seconds into the movie.   

 

Video S13.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Washout of 17 M ciliabrevin with one change of fresh 

media.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-time 

(1 second = 1 minute).  Washout occurs 2 seconds into the movie.   

 

Video S14.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Treated with 20 M phalloidin, corresponds to data in Figure 

S1A.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-time (1 

second = 1 minute).  Phalloidin addition occurs 2 seconds into the movie. 

 

Video S15.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Washout of 20 M phalloidin with one change of fresh 

media, corresponds to data in Figure S1B.  Acquired at 1 frame every 3 seconds, 

movie play speed is 60x real-time (1 second = 1 minute).  Washout occurs 2 

seconds into the movie.   

 

Video S16.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Treated with 1 M latrunculin B, corresponds to data in 

Figure S1C.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-
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time (1 second = 1 minute).  Latrunculin B addition occurs 2 seconds into the 

movie. 

 

Video S17.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Washout of 1 M latrunculin B with one change of fresh 

media, corresponds to data in Figure S1D.  Acquired at 1 frame every 3 seconds, 

movie play speed is 60x real-time (1 second = 1 minute).  Washout occurs 2 

seconds into the movie. 

 

Video S18.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Treated with 1 M jasplakinolide, corresponds to data in 

Figure S1E.  Acquired at 1 frame every 3 seconds, movie play speed is 60x real-

time (1 second = 1 minute).  Jasplakinolide addition occurs 2 seconds into the 

movie. 

 

Video S19.  Confocal microscopy of Drosophila S2 cells expressing actin-GFP 

and Arp2-mCherry.  Washout of 1 M jasplakinolide with one change of fresh 

media, corresponds to data in Figure S1F.  Acquired at 1 frame every 3 seconds, 

movie play speed is 60x real-time (1 second = 1 minute).  Washout occurs 1 

second into the movie. 
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Introduction 

This final chapter is distinct from the preceding sections in that it 

summarizes work in progress.  In fact, this study includes both the oldest and 

newest data that I collected during my time in the Marshall lab.  For my rotation 

project, I performed a genetic screen that yielded a single temperature-sensitive 

(ts) mutant with defects in flagellar assembly (Figure 1).  While I was occupied by 

the studies outlined in the previous chapters of this thesis, the mutant waited 

patiently on my desk for years.  Upon finally returning to the mutant, I was 

pleased to discover that it offered unique opportunities to delve further into the 

connection between IFT and flagellar length control. 

In chapter 1, we explored the reliance of flagellar assembly and 

maintenance on anterograde IFT, which carries axonemal precursors such as 

tubulin from the cell body to their site of assembly at the flagellar tip.  Retrograde 

IFT, which returns proteins to the flagellar base, is generally thought to also be 

required for assembly and maintenance of flagellar length.  This conclusion is 

primarily based on observations of Chlamydomonas mutant strains with null 

deletions in Dhc1b (dhc1b-1, Pazour et. al, 1999;  stf-1, stf-2, Porter et al., 1999), 

the heavy chain of the dynein motor that powers retrograde IFT.  These mutants 

have a typical “retrograde IFT defect”, stubby flagella swollen with IFT and 

axonemal proteins that have been stranded at the tip in the absence of return 

transport.  Based on this phenotype, it was concluded that some part of the IFT 

system (kinesin? IFT complex A or B?) must be brought back to the flagellar 

base by retrograde transport in order to continue IFT-mediated flagellar assembly 
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and maintenance.  The intrinsically coupled processes of retrograde and 

anterograde IFT (anterograde IFT brings retrograde proteins to the tip, retrograde 

IFT brings anterograde proteins to the base) must both be required for the 

assembly and maintenance of flagella. 

However, unlike the ts fla10 kinesin mutant that demonstrated the 

requirement of anterograde IFT for flagellar maintenance by dynamically 

shortening its flagella when the mutant was shifted to the non-permissive 

temperature (Kozminski et al., 2005), the swollen stubby flagella of the null 

Dhc1b mutants have reached an end state.  It is still logical to conclude from 

these mutants that Dhc1b is necessary for flagellar assembly, but testing 

dynein’s impact on flagellar maintenance would require a system where 

retrograde IFT could be dynamically shut off in full length flagella (a dynein 

version of fla10).  As luck would have it, this is exactly the mutant that I had 

isolated from my screen years before (Figures 2 and 3).  This mutant, which we 

have dubbed dhc1b-3, enables the inducible decoupling of retrograde IFT from 

anterograde transport.   Surprisingly, even though anterograde IFT is strongly 

decreased upon temperature-shifting the dhc1b-3 mutant (Figure 6), flagellar 

length is maintained for many hours until cell division, when new flagella are 

unable to assemble (Figure 4).  This result is very different from the immediate 

flagellar shortening seen in fla10, and suggests that retrograde IFT may only be 

necessary for flagellar assembly but not maintenance.  It will be a challenge to 

equate these observations with the current incarnation of the balance-point 
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model, which predicts that the decrease in anterograde IFT seen in the dhc1b-3 

mutant should result in flagellar shortening. 

In keeping with “under construction” nature of this chapter, I will provide 

informal commentary on were the data needs to be improved and what additional 

results will be required in order to carry this story through to publication.  

Comments on additional necessary work are identified by [brackets] and are 

included in both the results the figure legend sections.  

 

Results and Discussion 

We performed UV mutagenesis followed by a phenotypic screen for 

temperature-sensitive defective cell motility in Chlamydomonas (Figure 1A).   

Of the122 punctate colonies isolated for further screening, 68 were bald, 13 had 

jerky swimming, 6 were paralyzed, 17 were sick, and 18 swam normally (assay 

false hits).  Only 3 isolates had ts-motility defects.  Two strains exhibited ts-

paralysis and were not further studied, while a single strain showed a robust and 

reversible defect in flagellar assembly.   At 21C, this mutant strain had full-length 

flagella containing a regular distribution of IFT proteins (Figure 1B) and appeared 

to have and no defects in axoneme or basal body ultrastructure (Figure 1E).  

However, after a day at 34C, IFT proteins accumulated in flagella (Figures 1C 

and 1F) and eventually flagella became stumpy and swollen with IFT material 

(Figures 1D and G).  These stumpy flagella persisted until cells were shifted back 

to 21C, at which temperature flagella regrew after several hours.   The 

accumulation of IFT proteins in our mutant flagella at the non-permissive 
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temperature was typical of a retrograde IFT defect and was highly reminiscent of 

null mutants in Dhc1b, the heavy chain of the retrograde dynein motor (dhc1b-1, 

Pazour et. al, 1999;  stf-1, stf-2, Porter et al., 1999), which have stumpy swollen 

flagella. 

 We analyzed the flagellar accumulation and depletion of IFT proteins by 

immunofluorescence (Figures 2A and 2B) and western blots of isolated flagella 

(Figure 2C).  Immunofluorescence showed a depletion of Dhc1b within the 

mutant flagella at both 21C and 34C, while the dynein light-intermediate chain 

D1blic was only severely depleted in the mutant at 34C.  IFT complex B protein 

IFT81 was depleted in mutant flagella at 21C but accumulated at 34C, while IFT 

complex A protein IFT139 only showed accumulation in the mutant at 34C.  

Levels of KAP, a component of the anterograde kinesin motor, were not greatly 

changed in the mutant.  Many of these immunofluorescence observations were 

confirmed in the western blots (Figure 2C).  Most strikingly, Dhc1b was strongly 

depleted in mutant flagella at 21C and nearly absent at 34C.  D1blic showed 

similar depletion to Dhc1b, although the reductions were slightly less severe.  

Taking into account the uneven tubulin loading (gels were loaded with equal 

protein, which did not equate to an equal number of flagella due to protein 

accumulation), IFT81, IFT140, and IFT122 show moderate accumulation upon 

temperature shifting the mutant, while KAP and BBS4 may not change.  [This 

experiment must be repeated with equal tubulin loading instead of equal protein 

loading to enable quantification of moderate IFT changes.  Additional IFT 

antibodies including IFT139 and IFT27 should also be used].  Interestingly, the 
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mutant also experienced a cytoplasmic accumulation of IFT140 and axonemal 

protein IC69 that was not present in wild-type cell bodies (Figure S1). 

 We monitored the expression of the corresponding IFT and axonemal 

protein genes by quantitative PCR (qPCR, Figure 2D).  While the expression of 

many genes was unchanged, the mutant had increased levels of Dhc1b, D1blic, 

and IFT81 transcripts, particularly once cells were shifted to 34C.  One 

compelling hypothesis is that the up-regulation of Dhc1b and D1blic transcription 

is a feedback loop attempting to compensate for loss of these proteins (seen in 

Figure 2A-2C), while the increase in IFT81 mRNA has been triggered by the 

sequestration of IFT81 protein in flagella due to defective retrograde transport. 

[This qPCR experiment requires two additional replicates to be considered 

reliable.  Materials have been paid for the Marshall lab to use the Yamamoto lab 

qPCR machines.  I have additional validated primers for more genes of interest 

(see Table S1).  The link between IFT defects and transcription could be a 

compelling research project, but it will not be covered much in this story]. 

 We were immediately aided in linkage mapping of the mutation by the 

observation that the mutant phenotype is tightly linked to the mating-type locus 

on linkage group VI.  To perform higher resolution mapping, we crossed the 

mutant to the S1D2 polymorphic strain and performed PCR of the tetrad progeny 

to check for recombination between the mutation and several genetic markers 

(Figure 3A).  This analysis tracked the mutation to a small region at the end of 

linkage group VI.  Among the 6 potential flagellar genes in this region was 

Dhc1b, our leading candidate based on depletion of the protein, accumulation of 
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the mRNA, and phenotypic similarities to the null dhc1b-1 strain.  Sequencing 

Dhc1b cDNA from the mutant revealed a single base-pair mutation at 12313bp in 

the coding sequence (Figure 3B).  This A to T substitution results in a single 

amino acid switch from Isoleucine to Phenylalanine at position 4105 of the amino 

acid sequence.  The mutation occurs in the middle of a conserved hydrophobic 

motif and presumably impedes protein folding, especially considering the 

depletion of dhc1b protein (Figure 2A-C) and accumulation of mRNA transcript 

(Figure 2D), both of which are exasperated by the temperature shift.  In order to 

genetically track this mutation, which we named dhc1b-3,  we developed an 

assay using PCR and restriction digestion (Figure S2). 

 Although several characterized mutants strains, such as fla10, have 

temperature-sensitive defects in flagellar assembly, the kinetics of flagellar loss 

in dhc1b-3 are strikingly different.  While fla10 flagella begin shortening 

immediately at 34C and are lost within 5 hours (Figure 4E), dhc1b-3 cells 

maintain full-length flagella for over a day at 34C before finally losing them 

(Figure 4A).  Flagellar loss in dhc1b-3 appears to be timed with cell division, both 

in synchronized cell cultures (Figures 4B and 4C) and in cells induced to undergo 

gametogenesis (Figure 4D).  Thus, we concluded that while dynein-powered 

retrograde IFT is needed for flagellar assembly, if differs from anterograde IFT in 

that it is not required for the maintenance of flagellar length.   fla10/dhc1b-3 cells 

show the same kinetics of flagellar loss as fla10 single mutants (Figure 4E), 

demonstrating that anterograde IFT defects are epistatic to retrograde IFT 
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defects.  [The synchronized division experiment should be repeated with 

measured flagellar lengths to match the rest of this figure]. 

 Interestingly, at 21C dhc1b-3 flagella have the same regeneration kinetics 

following pH shock as wild-type flagella (Figures 5A and 5B), despite containing 

significantly less dynein protein (Figure 2C).  In light of this observation, it is 

puzzling what function the extra IFT dynein serves in flagella, as it is not 

necessary for flagellar assembly.  One conjecture is that it aids in signal 

transmission from the flagellum to the cell body.  On the other hand, this protein 

may simply be surplus.  When dhc1b-3 are incubated at 34C following pH shock, 

they do not regenerate flagella (Figure 5C).  This result is consistent with the lack 

of flagellar assembly following dhc1b-3 cell division at 34C (Figure 4).  It also 

implies that dhc1b-3  flagellar assembly requires production of new Dhc1b 

protein.  To investigate this hypothesis, we allowed mutant cells to regenerate 

flagella at 21C after increasing periods of pre-shock incubation at 34C (Figure 

S3).  Regeneration after 6hrs and 12hrs at 34C was only delayed by 10 minutes 

and proceeded at a slightly slower rate.  Presumably, this delay is the time it 

takes for mutant cells to produce new functional Dhc1b protein at 21C.  After 

18hrs at 34C, the regeneration delay became longer and the growth kinetics 

were substantially slowed.   In summary, mutant dhc1b-3 cells can only 

assemble new flagella at 21C, but they do so at a rate equal to wild-type cells 

despite reduced flagellar Dhc1b levels.  [These experiments should be repeated 

with flagellar length measurements. The effects of dhc1b-3 on IMBX-induced 
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flagellar shortening and LiCl-induced lengthening would also be interesting 

additions to this figure]. 

 Given the dramatic reductions in dynein levels and unique kinetics of 

flagellar loss in dhc1b-3, it is of key interest to measure anterograde and 

retrograde IFT in the mutant at 21C and 34C and correlate these measurements 

with the predictions of the balance-point model.   At present, we have only 

performed preliminary experiments, but the data is intriguing.  Despite 

possessing reduced flagellar levels of dynein protein, the mutant at 21C had the 

same anterograde IFT speed and frequency as wild-type cells (Figures 6A and 

6B).  This result is consistent with the wild-type regeneration kinetics of mutant 

flagella at 21C (Figure 5) and again begs the question of what function the extra 

dynein is performing in flagella, if not powering IFT.  However, after dhc1b-3 cells 

were incubated at 34C for 14hr, they showed a dramatic reduction of 

anterograde IFT speed and frequency.  This result is potentially in conflict with 

the balance-point model, which predicts that reduced anterograde IFT will result 

in shorter flagella.  Instead, dhc1b-3 flagella are maintained at full-length at 34C, 

despite severe reductions in IFT.  [This experiment should be repeated with KAP-

GFP dhc1b-3 cells at a range of 34C timepoint, as well as a 34C wild-type KAP-

GFP control.  IFT should also be measured using DIC optics, both to confirm the 

KAP-GFP anterograde measurements and to quantify retrograde IFT.  Unlike the 

right panel in figure 6, future imaging of cells that were pre-incubated at 34C 

should be carried out at 34C and not room temperature.  Completing these 

imaging experiments is my primary focus in the summer of 2011]. 
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While retrograde IFT may not be necessary for the maintenance of 

flagellar length, it appears to be required for the maintenance of flagellar function.  

When incubated at 34C, dhc1b-3 cells swim slower (Figure 7D) and switch from 

mild negative phototaxis to strong positive phototaxis (Figures 7A-7C), while 

control cells maintain their phototactic direction and swimming speed at both 21C 

and 34C.  Furthermore, the beat frequency of mutant flagella is decreased at 

both 21C and 34C (Figure 7E), a telltale sign of an axonemal outer dynein arm 

(ODA) defect.  Because this beat frequency reduction manifests in permeabilized 

ATP-reactivated cell models in addition to live cells, it is likely caused by a 

structural defect in the axoneme (though we could not find an obvious deficiency 

in TEM cross-sections of mutant axonemes; data not shown).  Thus, it seems 

quite plausible that dynein-mediated retrograde IFT helps maintain both physical 

and signaling flagellar functions of by removing old turnover products, enabling 

flagella to be refreshed with new proteins.  [This figure would benefit from scoring 

the efficiency of mating, another flagellar signaling function, in mutant and wild-

type cells at 21C and 34C.  Also, phototaxis assays should be performed with the 

parental wt cc125 strain from which the dhc1b-3 mutant was generated]. 

 Lastly, we decided to take a non-biased proteomic approach to catalog the 

accumulation and depletion of proteins within dhc1b-3 flagella in the hopes of 

identifying new cargos and interacting partners for retrograde IFT.  We isolated 

flagella from cc125 wild-type cells at 21C, dhc1b-3 cells at 21C, and dhc1b-3 

cells at 34C.  We then employed the services of Applied Biomics (Hayward, CA) 

to perform 2D-DIGE analysis, where each sample was conjugated to a different 
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cy-dye, all three samples were separated by mass and charge on the same 2D 

gel (Figure 8, top panel), and the change in abundance of individual protein spots 

between the samples was quantified.  We picked the spots with the greatest 

changes for identification via mass spectrometry (Table 1).  While parsing this 

type of data is intrinsically complicated, several distinct trends and promising 

candidate proteins presented themselves when the identified spots were 

clustered into profiles based on accumulation or depletion between the three 

samples (Table 1 and Figure 8, bottom panel). 

FAP103 and FAP162 are repeatedly found among the top hits in the “D1” 

and “D2” profiles (proteins that are depleted from dhc1b-3 flagella at 34C and at 

both 21C and 34C, respectively).  Particularly since these two proteins are 

exclusively found in the “membrane + matrix” fraction, I would predict that 

FAP103 and FAP162 both interact with dynein in order to enter flagella.  They 

could be uncharacterized components of the dynein motor, IFT proteins, or 

obligate cargo of the retrograde machinery.  FAP55, FAP127, FAP189/FAP58, 

and FAP166 are all axonemal proteins with very similar “D1” profiles, so chances 

are that at least some of these structural proteins preassemble together into a 

larger complex before being carried into flagella by IFT.   

The “D3” profile (depleted at 21C but not 34C) is home to the IFT complex 

B proteins IFT81, IFT80, and IFT27.  The increase in IFT81 abundance when 

mutant flagella are shifted to 34C agrees with our immunofluorescence and 

western blot measurements in Figure 2.  Other proteins that group tightly into this 

profile may interact with IFT complex B as obligate cargos.  Of particular interest 
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is elongation factor 1A1 (EF1A1), a protein that interacts with the cytoskeleton to 

regulate  translation efficiency (Zhang et al., 2009).  Although EF1A1 has a 

predicted molecular weight of 50 kDa, the spot is at 100 kDa and was also 

identified as a perfect hit for alpha-tubulin (50kDa).  There is a possibility that an 

EF1A1-tubulin dimer (that is so stable that it is not separated by SDS-PAGE) 

traffics in flagella along with IFT complex B.  If this is true, one could envision 

several fanciful models where the cell could couple the abundance of EF1A1 in 

the cytoplasm, directly affected by sequestration of EF1A1-tubulin in the 

flagellum, to the translation efficiency of flagellar components such as tubulin.  In 

addition to EF1A1, CAH6 and the protofilament ribbon protein Rib43a are strong 

candidates for IFT complex B cargos in the “D3” profile. 

IFT122B (also known as IFTA-1) is a well-characterized cargo adaptor 

component of IFT complex A.  It is found in the “A1” profile, which is only 

accumulated in mutant flagella at 34C.  This is consistent with the accumulation 

of IFT complex A protein IFT139 that we measured in Figure 2, as well as the 

idea that the depletion of dynein at 34C is stranding IFT proteins and the  

turnover products that they carry in the flagellum.  IFT122B also has the opposite 

accumulation profile as calmodulin, which is found in “D1”.  This may provide 

some hint about how calmodulin is transported in flagella.  Other proteins in the 

“A1” and “A2” profiles (accumulated in dhc1b-3 flagella at 34C and at both 21C 

and 34C, respectively) are likely proteins that are ordinarily trafficked by 

retrograde IFT out of the flagella.  These proteins include axonemal components 

such as ODA1, ODA9, KLP1, FAK1, RSP16, RSP3, FAP7, FAP219, as well as 
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the “membrane + matrix” proteins CAH6 and AGG3.  The accumulation of ODA 

proteins may be indicative of defects in the outer dynein arms that could underlie 

the observed reduction in flagellar beat frequency (Figure 7E).  The accumulation 

of AGG3 is interesting as it may explain the change in phototaxis direction 

(Figure 7A-C).  AGG3 RNAi induces the same phenotype as the agg1 mutant, 

where cells swim away from light (Iomini et al., 2006).  Thus, it is logical to 

hypothesize that the flagellar accumulation of AGG3 that occurs in dhc1b-3 could 

cause a switch to positive phototaxis. 

Profile “A3” is a group of proteins that were accumulated in mutant flagella 

at 21C but not 34C.   This profile has the opposite abundance as the IFT 

complex B proteins in “D3”. Most of the “A3” proteins are uncharacterized 

(FAP12, FAP215, FAP31, FAP43, FAP203, BUG13, FAP57, FAP252/BUG10, 

FAP18) and many are in the “membrane + matrix” fraction.  One well-

characterized protein in the group is EB1, a +TIP protein that stabilizes the plus 

ends of microtubules.  More EB1 at the flagellar tips could help compensate for 

reduced IFT complex B transport by increasing axoneme stability (hence, the 

inverse accumulation from profile “D3”).  There is a poorly understood structure 

at the tip of the flagellum known as the “flagellar cap complex” that presumably 

regulates the incorporation and removal of proteins from the axoneme.  EB1 is 

one of the flagellar cap’s only identified components, so it would be of great 

interest if any of the uncharacterized proteins in the “A3” profile were also part of 

this mysterious structure.   
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The final profile, “NC”, is a group of proteins that did not change in 

abundance between the three samples.  Since sample loading was normalized 

for equal tubulin, unsurprisingly many of the “NC” proteins were axoneme 

structural components.  The two spots that changed the least were flagellar actin 

(IDA5).  As a loading control, the relative accumulation or depletion of every 

other protein spot was normalized to the average of the two IDA5 spots.  Less 

expected were the unchanging levels for IFT88 and IFT81.  While IFT88 was 

only found in the “NC” profile, additional IFT81 spots were found in the “D3” 

profile with other IFT complex B proteins.  This separation between multiple 

spots of the same protein is both a strength and challenge of 2D gel proteomics.  

While this resolution can provide the opportunity to monitor changes in modified 

sub-populations of proteins, it can be difficult to tell how the total abundance of a 

given protein changes (all the spots combined) without independent western blot 

assays requiring specific antibodies.  For example, while two different spots for 

the protofilament ribbon protein Rib43a are found in “NC”, another spot is in the 

“D3” profile along with the IFT complex B proteins.  The “NC” spots are far more 

abundant than the “D3” spot (Figure 8) and they have acidic shifts of -0.3pH and 

-0.6pH that are likely the result of phosphorylation.  I predict that the “D3” Rib43a 

spot is an unphosphorylated IFT cargo, and that once this cargo is incorporated 

into the axoneme (and becomes an “NC” spot) it acquires modifications such as 

phosphorylation.  If true, phosphorylation of Rib43a would provide a tractable 

mark for distinguishing between an axonemal cargo that is being carried to the tip 

by anterograde IFT and protein that has been already been incorporated into the 
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axoneme (similar to the difference between the intermediate 12S and mature 

20S radial spoke complexes; Qin et al., 2004).  It may in fact be a more general 

feature of the axoneme that proteins are phosphorylated after they are 

assembled into the structure.  Of course, each of the predictions proposed in this 

discussion would have to be checked with secondary experiments.   [The levels 

of protein accumulation in the 2D-DIGE need to verified by western blot.  To this 

end, we have recently acquired antibodies to ODA1, IDA5, RSP1, RSP3, Rib43a, 

AGG2, AGG3, EB1, and IFT27]. 

The burning question that remains is why dhc1b-3 flagella are maintained, 

despite severe reductions in IFT.  At first glance this result conflicts with the 

balance-point model.  Perhaps modifications can be made to full-length flagella 

that “lock down” flagellar dynamics, effectively dropping the assembly and 

disassembly rates to zero, regardless of IFT.  If this is the case, IFT 

measurements (such as those in chapter 1) are only a useful metric  to predict 

flagellar length outcomes in regenerating flagella.  This hypothesis does not 

agree with the fla10 mutant’s flagellar shortening and loss, but perhaps 

something is happening in the fla10 strain that prevents the normal stabilization 

of full-length flagella.  Another possibility that may mesh with the balance-point 

model is that in the absence of retrograde IFT, axonemal components that come 

off the flagellar tip might immediately reassemble since they are not removed, 

thus maintaining a high local concentration of axonemal precursors at the site of 

assembly.  The key to unraveling this mystery will likely be found in the 

differences between dhc1b-3 and fla10, specifically at the tips of their flagella.  
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Although both mutant strains experience reduced IFT at the non-permissive 

temperature, only fla10 loses its flagella.  Something different must be occurring 

at the tips of dhc1b-3 axonemes to enable their retention in the absence of IFT. 
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Figure Legends 

Figure 1.  Genetic screening strategy and temperature-sensitive 

“retrograde IFT” phenotype of isolated mutant strain.  (A) Genetic screen for 

temperature-sensitive motility mutants in Chlamydomonas.  Liquid cultures were 

exposed to UV light at a dose sufficient to kill 90% of cells (8 minutes using our 

tissue culture hood setup).  The cultures were then diluted into low concentration 

agar (.35%) and grown for one week in fluorescent light at 34C (the non-

permissive temperature), resulting in embedded clonal colonies.  While motile 

colonies became diffuse, colonies with motility defects remained punctate.  

Punctate colonies were picked out of the soft agar, grown in 96-well plates at 

34C, and then replica plated to additional 96-well plates at both 34C and 21C 

and examined by microscopy for temperature-sensitive motility phenotypes.  (B-

D) Immunofluorescence and (E-G) transmission electron microscopy (TEM) of 

the ts-flagellar assembly mutant.  Green= IFT139, red= IFT172, blue= DNA.  At 

21C, the mutant appeared to have a regular distribution of IFT particles along the 

flagella (B) and showed no discernable defects in axoneme or basal body 

ultrastructure (E).  After 24 hours at 34C, flagella were either long (C) or stumpy 

(D) and in both cases showed a strong accumulation of IFT protein.  This 

accumulation of IFT protein at 34C was also apparent by TEM (F, G) as a 

buildup of electron-dense material between the axoneme and the flagellar 

membrane.   
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Figure 2.  mRNA and flagellar protein accumulation and depletion in the ts-

flagellar assembly mutant.  (A) Immunofluorescence staining for Dhc1b, D1blic, 

KAP, IFT81, and IFT139 in wild-type cells at 21C and mutant cells at 21C and 

34C, as indicated in the figure.  (B) Quantification of flagellar fluorescence in the 

mutant at 21C and 34C relative to wild-type at 21C, normalized for background 

intensity of the images.  Dhc1b fluorescence was depleted in the mutant strain at 

both 21C and 34C, while D1blic was only depleted at 34C.  IFT81 was depleted 

in the mutant at 21C but accumulated at 34C.  IFT139 had wild-type intensity in 

the mutant at 21C but was greatly accumulated at 34C.  KAP fluorescence 

remained relatively unchanged between the wild-type and mutant strains. (C) 

Western blots of isolated flagella from wild-type 21C, mutant 21C, and mutant 

cells incubated for increasing time at 34C.  IC69, alpha-tubulin, and acetylated 

tubulin are axonemal proteins that serve as loading controls.  Gels were loaded 

with equal total protein, but due to protein accumulation in mutant flagella at 34C, 

the loading controls are uneven.  Dhc1b and D1blic were greatly depleted in the 

mutant, especially at 34C.  Taking in consideration the unequal axoneme 

loading, IFT81, IFT140, IFT122 appeared to show moderate accumulation upon 

temperature shifting the mutant.  [This experiment must be repeated with a wt 

34C sample, equal tubulin loading, and additional IFT antibodies].  (D) 

Quantitative PCR (qPCR) of cDNA from wild-type and mutant strains at 21C and 

34S.  The data was normalized to the rubisco housekeeping genes RbcL and 

RbcS2A and plotted as fold change relative to the wild-type 21C sample.  Dhc1b, 

D1blic, and IFT81 expression were up-regulated, while other IFT and axonemal 
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genes were not greatly changed.  [This experiment requires two additional 

rounds of qPCR to generate error bars and confirm reproducibility.  Primers for 

additional genes have been designed and validated for qPCR (see Table S1)]. 

 

Figure 3.  Linkage mapping of ts-flagellar assembly mutant and sequencing 

of a single base-pair mutation in Dhc1b.  (A) The mutant phenotype was 

mapped to the end of linkage group VI by mating the mutant to polymorphic 

strain S1D2, performing tetrad dissection, and scoring the recombination 

frequency of the progeny by PCR.  Genes listed in blue produce proteins that 

localize to flagella (Pazour et al., 2005).  This analysis also yielded a mating-type 

minus (mt-) mutant strain that can be used to produce a diploid strain with the 

dhc1b-1 null dynein mutant (Pazour et al., 1999).  (B) The entire Dhc1b cDNA 

was sequenced including parts of the 3’ and 5’ UTRs (see primers in Table S2), 

revealing a single base pair substitution at 12313bp in the coding sequence.  

This A to T mutation occurs at the first base pair in the codon, substituting a 

single amino acid (Isoleucine to Phenylalanine at residue 4105).  The mutation 

occurs in the middle of a conserved hydrophobic motif and presumably impedes 

protein folding.  We named the ts mutant “dhc1b-3”.  [Producing and phenotyping 

a dhc1b-3/dhc1b-1 diploid strain is required to show non-complementation 

between the conditional and null alleles.  This figure should also include a 

diagram of Dhc1b protein domains and a sequence alignment of exon 42 with 

important species such as c. elegans and humans and showing the Ile to Phe 
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switch at amino acid 4105 of the 4333AA sequence.  The mutation occurs 

downstream (further C-terminal) from the six AAATPase motifs]. 

 

Figure 4.  Kinetics of dhc1b-3 flagellar loss in vegetative cells, 

synchronized dividing cells, during gametogenesis, and in fla10/dhc1b-3 

double mutants.  Bar graphs depict the percentage of deflagellated cells, while 

line graphs show the average flagellar length of flagellated cells (error bars= 

standard deviation).  (A) Vegitative wild-type and dhc1b-3 cell grown for two days 

at 21C and then shifted to 34C.  Mutant cells lose flagella at 36hrs at 34C (In 

previous experiments flagellar loss was observed beginning at 24hr 34C.  This 

may depend on the growth phase of the culture).  (B-C)  Cells were synchronized 

by G1 growth arrest in M1 media in the dark for 12hr and then released into TAP 

media in the light.  (B) At 21C, both wild-type and mutant cultures went through a 

semi-synchronized cell division at 24-30hr (~50% deflagellated and clumpy cells).  

Following cell division, cells in both cultures regrew flagella.  (C) At 34C, wild-

type cells regrew flagella following cell division, but mutant cells were 

deflagellated.  This implies that the dch1b-3 mutant can maintain old flagella at 

21C and 34C, but can only assemble new flagella at 21C.  (D) Vegetative cells 

were grown in TAP media at 21C for one day, incubated for increasing periods of 

time at 34C, and then induced to divide synchronously into gametes by 

resuspending the cells in M-N media at 34C for 18hrs.  Pre-incubation for 4-8hr 

at 34C inhibited flagellar assembly in dhc1b-3 gametes, again suggesting that 

this mutant strain cannot assemble new flagella at 34C.  (E) fla10 and 
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fla10/dhc1b-3 double mutants had the same kinetics of flagellar shortening and 

loss.  Thus, inhibiting anterograde IFT is epistatic to inhibiting retrograde IFT.  

The fla10 flagellar loss kinetics were much quicker than the kinetics of dhc1b-3 in 

panel A because anterograde transport is required for the maintenance of 

flagellar length in addition to flagellar assembly.  [The cell synchronization should 

be repeated with flagellar length measurements in addition to the %bald metric.  

For efficient synchronization, keep cultures dilute and in log growth phase during 

dark arrest and after shifting to light.  The experiments in panels A, B, & C can 

also be repeated with the mt- mutant strain for robustness]. 

 

Figure 5.  Kinetics of flagellar regeneration following pH shock in wild-type 

and dhc1b-3 at 21C and 34C.  At 21C, mutant cells regenerated their flagella at 

the same rate as wild-type cells (top and middle panels).  This is particularly 

striking given the decreased abundance of Dhc1b protein in mutant flagella 

(Figure 2).  However, mutant flagella are unable to regenerate at 34C (bottom 

panel), implying that production of new Dhc1b protein is required for assembly of 

mutant flagella.  This result is consistent with mutant cells not regrowing flagella 

following cell division at 34C (Figure 4C).  In this experiment, flagellar length was 

judged and binned visually as “deflagellated”, “stumpy” (~1-3m), “short” (~3-

7m), and ”full length” (> ~7m).  [This experiment should be repeated with 

flagellar length measurements and with an additional wt 34C control.  Effects of 

the dhc1b-3 mutation on LiCl-induced lengthening and IBMX-induced shortening 

could also be added to this figure]. 
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Figure 6.  Intraflagellar transport in wild-type and dhc1b-3 at 21C and 34C.  

(A) Kymographs and (B) quantification of TIRF imaging of dhc1b-3/KAP-GFP 

cells at 21C and after 14hrs at 34C, as well as a wild-type KAP-GFP 21C control.  

Despite the low abundance of Dhc1b protein (Fig 2), the speed and frequency of 

anterograde IFT in the mutant at 21C was the same as wild-type.  However, after 

14hr at 34C, there was a significant reduction in anterograde IFT in the mutant.  

This observation is difficult to equate with the balance-point model, as flagellar 

length remains unchanged (Figure 4).   This imaging was performed at room-

temperature, so it is possible that IFT in the mutant at 34C should actually be 

further reduced and that this experiment is instead observing the restoration of 

IFT upon shifting cells back to the permissive temperature.  Note the “squiggly 

back and forth” motion of the retrograde KAP-GFP traces in the mutant 34C 

kymograph.  This is the first time such motion has been observed, as KAP-GFP 

normally has bright background fluorescence and very few retrograde traces.  

[This experiment requires a wider range of KAP-GFP mutant 34C timepoints and 

a wt 34C control.  It also requires high resolution DIC imaging at the same 

timepoints to complement the TIRF and to visualize retrograde IFT.  Unlike the 

data currently presented in this figure, future imaging of cells that have been 

incubated at 34C should also be performed at 34C to prevent the relatively rapid 

recovery of Dhc1b protein production.  However, as evidenced by the mutant 

34C kymograph in this figure, visualizing the initial events in IFT recovery could 

be quite informative, particularly in observing the retrograde motion of KAP-GFP].  
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Figure 7.  Phototaxis, swimming speed, and flagellar beat frequency in 

wild-type and dhc1b-3 at 21C and 34C. (A-C) Dish assays and single cell 

tracking of phototactic direction (sign) in response to a green light source (from 

the right).  Left panels show dish assays, where bulk phototaxis can be 

ascertained by non-uniform changes in culture density (greenness).  Right panels 

show compass plots of the percent of cells with given phototactic directions, 

measured by video microscopy and hand-tracing of single-cell trajectories.  “wt 

137c”=  positive phototaxis control, “wt cc124”= agg1 negative phototaxis control, 

“bbs4 null”= control for an IFT defect that inhibits phototaxis (Lechtreck et al., 

2009), “mutant”= dhc1b-3.  The dhc1b-3 strain shows a reversal in sign from mild 

negative to strong positive phototaxis upon incubation at 34C. Cells were 

“primed” for 15 minutes in uniform red light prior to directional green light 

illumination.  (D) Incubation of the dhc1b-3 mutant at 34C for 12hrs severely 

decreases cell swimming speed (measured by video microscopy), indicating a 

potential flagellar defect.  (E) Flagellar beat frequency is reduced dhc1b-3 at both 

21C and 34C (method, described in Kamiya and Hasegawa, 1987, involves 

measuring the fast Fourier transform of a dark-field microscopy signal).   The 

beat frequency is reduced in both live cells and ATP-reactivated permeabilized 

cells (reactivated cell models), indicating that the reduced frequency is likely due 

to a structural defect in the axoneme, perhaps in the outer dynein arms (ODAs).  

[The data in this figure was contributed by Ken-ichi Wakabayashi and may be 
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final. However, there is some concern that there is no phototaxis control for the 

wt cc125 parental background strain from which the dhc1b-3 mutant was made]. 

 

Figure 8.  2D-DIGE proteomic analysis of flagellar protein accumulation and 

depletion in wild-type 21C vs. mutant 21C vs. mutant 34C.  100-200 g of 

isolated flagella from each sample, with adjusted concentrations for equal alpha-

tubulin loading (tested by LI-COR quantification of western blots), were sent to 

Applied Biomics (Hayward, CA) for 2D-DIGE, where they were conjugated to 

different cy-dyes and separated on a 2D gel, enabling simultaneous comparison 

of protein abundance between three samples.  Spots were picked for mass 

spectrometry identification based on high relative accumulation or depletion 

between the three samples.  Images of the 2D gel, with indicated green/red 

comparisons of the samples, are shown in the top panel.  The large yellow spot 

is tubulin.  Spot numbers (blue= accumulated, red= depleted) and their 

corresponding protein IDs are overlayed on the left and middle gel pictures, 

respectively.  In the bottom panel, the spots were manually clustered by relative 

abundance of mut21C/wt21C (blue bars), mut34C/wt21C (red bars), and 

mut34C/mut21C (green bars).  The spots fit into distinct profiles of proteins that 

were depleted in dhc1b-3 flagella at 21C (D3), depleted at 34C (D1) or both (D2), 

or accumulated in dhc1b-3 flagella at 21C (A3), accumulated at 21C (A1) or both 

(A2).  Proteins that group together in the same profile may share similar functions 

(for example, IFT complex B proteins all cluster into profile D3).  Additional 

proteins not displayed on the chart showed no change (NC), including two 
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flagellar actin (IDA5) spots that were used to as a control to normalize the 

abundance of all of the other proteins on the gel.  Comprehensive information 

about each spot is listed in Table 1, grouped by accumulation/depletion profile.  

Cut-off for classification as “NC”: |mut34C / mut21C| < 0.5, or |mut21C / wt21C    

- mut34C / wt21C| < 0.5.  On the chart y-axis, 0= no change between samples, 1 

and -1= 2-fold change, 2 and -2= 3-fold change, etc. [An additional figure is 

needed using western blots to verify the accumulation profiles of several of the 

proteins identified by 2D-DIGE.  In preparation for this experiment, which will 

require new isolated flagella, we have recently acquired antibodies to ODA1, 

IDA5, RSP1, RSP3, Rib43a, AGG2, AGG3, EB1, and IFT27] 

 

Figure S1.  Accumulation of IFT and axonemal proteins in dhc1b-3 cell 

bodies.  Western blots of wild-type and mutant cell body fractions after flagella 

were removed for purification.  While IFT81 (complex B) levels are unchanged, 

IFT140 (complex A) and IC69 (cargo) show an unexpected accumulation in 

mutant cell bodies, with IC69 accumulation becoming more pronounced as 

mutant cell were incubated for greater periods of time at 34C.  [Many antibodies 

that worked for isolated flagella did not detect anything in cell body lysate, where 

the flagellar proteins are much more dilute.  Regardless, it would be interesting to 

see if other proteins show accumulation similar to IC69 and IFT140]. 
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Figure S2.  PCR scheme for rapid verification of dhc1b-3 point mutation.  

(A) The forward primer is ~100bp upstream of the mutation while the reverse 

primer starts immediately following the mutation (in red).  The reverse primer has 

a single mismatch (in green) that creates a ClaI restriction cut site in PCR 

products from wild-type (A, in blue) but not mutant (T, in red) genotypes.  

Because the reverse primer is 40bp long, cutting the 155bp PCR product 

produces a significant band shift when the samples are run on an agarose gel.  

(B) Using this scheme, raw cell lysates from progeny (in this case, from the 

dhc1b-3 x fla10 mating) are readily screened for the dhc1b-3 mutation.  The plus 

symbols indicate the presence of the dhc1b-3 temperature-sensitive flagellar 

assembly phenotype, which correlates in each progeny with an undigested PCR 

product. 

 

Figure S3.  Kinetics of flagellar regeneration in dhc1b-3 at 21C following 

increasing pre-incubation times at 34C.  Mutant cells were incubated for 

increasing periods of time (0hr, 6hr, 12hr, 18hr, 24hr) at 34C, pH shocked, and 

then allowed to recover at 21C.  Cells that spent longer at 34C showed delayed 

onset of regeneration and slower kinetics of flagellar growth.  In this experiment, 

flagellar length was judged and binned visually as “deflagellated”, “stumpy” (~1-

3m), “short” (~3-7m), and ”full length” (~ >7m).  [All the data could be 

elegantly combined into one graph if this experiment was repeated again with 

flagellar length measurements, in the style of figure 4].  

 

            163



T
a
b

le
 1

.  P
ro

te
in

s
 id

e
n

tifie
d

 b
y
 2

D
-D

IG
E

, c
lu

s
te

re
d

 b
y
 a

c
c

u
m

u
la

tio
n

 p
ro

file
 (a

c
c

o
m

p
a
n

ie
s

 F
ig

 8
).  C

o
lo

r k
e

y
: “S

p
o
t” 

b
lu

e
=

 o
v
e

r 3
-fo

ld
 c

h
a
n
g

e
; “P

ro
te

in
” re

d
=

 u
n
id

e
n

tifie
d
 o

r lo
w

 c
o

n
fid

e
n

c
e

 h
it, o

ra
n
g

e
=

 h
ig

h
 c

o
n
fid

e
n

c
e
 h

it h
y
p

o
th

e
tic

a
l p

ro
te

in
, g

re
e
n

=
 

p
ro

te
in

 p
re

s
e
n

t in
 m

o
re

 th
a
n

 o
n

e
 p

ro
file

; “P
re

d
ic

te
d
 M

W
” a

n
d

 “P
re

d
ic

te
d
 P

I” b
lu

e
=

 g
o

o
d
 m

a
tc

h
 (<

2
0
M

W
 u

n
d

e
r, <

1
P

I), re
d
=

 b
a
d
 

m
a

tc
h
; “F

la
g

e
lla

r P
ro

te
o
m

e
?
” b

o
ld

=
 m

a
jo

r fra
c
tio

n
, g

re
e

n
=

 m
a
jo

r fra
c
tio

n
 is

 in
 th

e
 m

e
m

b
ra

n
e

+
m

a
trix

, re
d
=

 n
o
t fo

u
n

d
 in

 p
ro

te
o

m
e
 

(P
a

z
o

u
r e

t a
l.,2

0
0

5
) .  “S

p
o
t S

h
ift” is

 th
e
 d

is
ta

n
c
e

 fro
m

 a
n
 a

d
d

itio
n
a

l s
p

o
t w

ith
 th

e
 s

a
m

e
 ID

. 

Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

D
1
.1

 
C

A
M

1
, c

a
lm

o
d
u
lin 

8
 

1
8

 
4
.3

 
 

D
1
.2

 
F

A
P

1
0
3
, n

u
c
le

o
s
id

e
 d

ip
h
o
s
p
h
a
te

 k
in

a
s
e

-lik
e
 p

ro
te

in
  

3
 

1
5
.5

 
5
.9

 
-1

.9
 p

H
 

D
1
.3

 
u
n
id

e
n
tifie

d
 (U

3
) 

- 
3
3

 
6
.9

 
-0

.4
 p

H
 

D
1
.4

 
F

A
P

5
5
 o

r T
U

B
2

, b
e
ta

 tu
b
u
lin

 2 
2
2
,  1

8
 

1
1
5

 
5
.4

 
 

D
1
.5

 
F

A
P

1
2
7

 
1
1

 
7
0

 
6
.1

 
 

D
1
.6

 
F

A
P

1
8
9
  o

r  F
A

P
5

8
 

1
2
,  1

1
 

1
0
0

 
7
.8

 
 

D
1
.7

 
F

A
P

1
6
6

 
9
 

3
2

 
6
.1

 
 

D
1
.8

 
K

L
P

1
, k

in
e
s
in

-lik
e
 p

ro
te

in
 1 

2
2

 
9
0

 
7
.8

 
-0

.3
 p

H
 

D
1
.9

 
P

P
2
C

1
c
, p

ro
te

in
 p

h
o
s
p
h
a
ta

s
e
 2

C
 c

a
ta

ly
tic

 s
u
b
u
n
it is

o
fo

rm
 1 

1
5

 
3
7

 
5
.8

 
 

 
 

V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

D
1
.1

 
1
8

 
4
.3

 
Y

e
s
 (9

, M
M

, A
x
, K

C
l, T

) 
 

D
1
.2

 
1
7

 
6
.2

 
Y

e
s
 (9

, M
M

),  - 
g
lu

to
th

io
la

tio
n
 ta

rg
e
t 

D
1
.3

 
- 

- 
- 

 
D

1
.4

 
1
1
2
,  5

0
 

5
.1

,  4
.8

 
Y

e
s
 (2

7
, A

x
, T

),  Y
e
s
 (2

7
, K

C
l, M

M
, A

x
, T

) 
 

D
1
.5

 
5
1

 
5
.3

 
Y

e
s
 (1

1
, A

x, T) 
 

D
1
.6

 
1
0
2
,  1

0
1

 
6
.8

,  6
.6

 
Y

e
s
 (6

, A
x

, K
C

l),  Yes (2
6

, A
x

, T
, K

C
l) 

 
D

1
.7

 
2
4

 
5
.5

 
Y

e
s
 (7

, A
x

, T
) 

 
D

1
.8

 
8
3

 
6
.5

 
Y

e
s
 (3

1
, K

C
l, M

M
) 

 
D

1
.9

 
2
9

 
5
.6

 
Y

e
s
?
 (1

4
, T

) 
 

            164



 Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

D
2

A
.1

 
F

A
P

1
0
3
 o

r fg
e
n
e
s
h
2

_
p

g
.C

_
s
c
a
ffo

ld
_
8

1
0
0

0
0
2

1
 

5
, 3

 
1
6

 
6
.6

 
-1

.2
 p

H
, +

1
 k

D
a

 

D
2

A
.2

 
e
s
tE

x
t_

fg
e
n
e
s
h
2
_
k
g
.C

_
3

0
0
0
1
1

  (U
5
) 

5
 

3
0

 
5
.9

 
 

D
2

A
.3

 
F

A
P

1
6
2
 o

r S
K

P
1

, u
b
iq

u
itin

 lig
a
s
e 

8
,  2

 
2
3

 
4
.7

 
+

1
 k

D
a

 

D
2

A
.4

 
C

A
H

9
, c

a
rb

o
n
ic

 a
n
h
y
d
ra

s
e
 9 

2
 

2
1

 
5
.8

 
 

D
2

A
.5

 
M

S
D

1
, s

u
p
e
ro

x
id

e
 d

is
m

u
ta

s
e
 [M

n
], m

ito
c
h
o
n
d
ria

l 
8
 

3
0

 
6
.2

 
 

D
2

A
.6

 
F

A
P

1
0
2
 o

r T
U

A
2

, a
lp

h
a
 tu

b
u
lin

 2
  

5
,  1

2
 

1
4
0

 
5
.5

 
 

D
2

A
.7

 
R

S
P

1
0

 
6
 

3
2

 
5
.4

 
+

2
 k

D
a

 

D
2

A
.8

 
F

A
P

1
0
3
 o

r fg
e
n
e
s
h
2

_
p

g
.C

_
s
c
a
ffo

ld
_
8

1
0
0

0
0
2

1
 

5
 

1
5

 
6
.6

 
-1

.2
 p

H
 

D
2

A
.9

 
ID

H
3
, is

o
c
itra

te
 d

e
h
y
d
ro

g
e
n
a
s
e
, N

A
D

P
-d

e
p
e
n
d
e
n
t, m

ito
c
h
o
n
d
ria

l 
1
8

 
4
7

 
8
.2

 
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

D
2

A
.1

 
1
7
,  1

6
 

6
.2

,  6
.2

 
Y

e
s
 (9

, M
M

),  - 
g
lu

to
th

io
la

tio
n
 ta

rg
e
t 

D
2

A
.2

 
2
2

 
6
.5

 
- 

 
D

2
A

.3
 

1
9
,  1

8
 

4
.5

, 4
.6

 
Y

e
s
 (8

, M
M

) 
 

D
2

A
.4

 
1
3

 
6
.4

 
N

o
 (th

e
re

 is
 C

A
H

1
) 

 
D

2
A

.5
 

2
4

 
5
.9

 
N

o
 

c
o
n
ta

m
in

a
n
t?

  fla
g
e
lla

r re
d
o
x
?

 

D
2

A
.6

 
8
2
,  5

0
 

8
.7

,  5
.0

 
Y

e
s
 (1

3
, A

x
, K

C
l),  Y

e
s
 (3

5
, A

x
, K

C
l, T

, M
M

) 
re

d
o

x
 s

e
n
s
a
tiv

e
 

D
2

A
.7

 
2
4

 
5
.0

 
Y

e
s
 (9

, T
, A

x
) 

 
D

2
A

.8
 

1
7
,  1

6
 

6
.2

,  6
.2

 
Y

e
s
 (9

, M
M

),  - 
g
lu

to
th

io
la

tio
n
 ta

rg
e
t 

D
2

A
.9

 
5
4

 
9
.0

 
N

o
  (th

e
re

 is
 IC

L
1
) 

c
o
n
ta

m
in

a
n
t?

  fla
g
e
lla

r re
d
o
x
?

 

  
 

            165



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

D
2
B

.1
 

F
A

P
1

6
2

 
1
2

 
2
2

 
4
.7

 
 

D
2
B

.2
 

u
n
id

e
n
tifie

d
  (U

2
) 

- 
1
0

 
5
.2

 
 

D
2
B

.3
 

F
K

B
1

2
, p

e
p
tid

y
l-p

ro
ly

l c
is

-tra
n
s
 is

o
m

e
ra

s
e
, F

K
B

P
-ty

p
e   (U

2
) 

4
 

1
0

 
6
.5

 
 

D
2
B

.4
 

e
_
g

w
H

.2
.4

1
1
.1

 {C
Y

B
5

_
3
}   (U

3
) 

5
 

3
1

 
7
.9

 
 

D
2
B

.5
 

C
h
lre

2
_
k
g
.s

c
a
ffo

ld
_
1
3

0
0
0

1
2
2
  (P

1
) 

6
 

2
7

 
6
.3

 
 

D
2
B

.6
 

T
U

A
2

  o
r  T

U
B

2
  o

r S
H

M
T

2
, s

e
rin

e
 h

y
d
ro

x
y
m

e
th

y
ltra

n
fe

ra
s
e
 2 

1
0
,  1

4
,  1

0
 

5
8

 
8
.0

 
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

D
2
B

.1
 

1
9

 
4
.5

 
Y

e
s
 (8

, M
M

) 
 

D
2
B

.2
 

- 
- 

- 
 

D
2
B

.3
 

1
2

 
6
.0

 
N

o
 (th

e
re

 is
 C

y
c
lo

p
h
ilin

 1
) 

 
D

2
B

.4
 

1
2

 
9
.0

 
- 

 
D

2
B

.5
 

2
0

 
6
.0

 
- 

 
D

2
B

.6
 

5
0
,  5

0
, 5

2
  

5
.0

,  4
.8

,  6
.3

 
Y

e
s
 (3

5
, A

x
, K

C
l, T

, M
M

) 
 

 
 

            166



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

D
2
C

.1
 

u
n
id

e
n
tifie

d
  (U

1
) 

- 
1
7

 
5
.4

 
 

D
2
C

.2
 

u
n
id

e
n
tifie

d
  (U

3
) 

- 
3
3

 
7
.4

 
 

D
2
C

.3
 

T
U

B
2
, b

e
ta

 tu
b
u
lin

 2 
1
1

 
3
8

 
5
.7

 
 

D
2
C

.4
 

F
A

P
1

4
7

, s
im

ila
r to

 m
y
c
-b

in
d
in

g 
1
6

 
1
0
5

 
8
.9

 
 

D
2
C

.5
 

F
A

P
1

0
3
 o

r fg
e
n
e
s
h
2

_
p

g
.C

_
s
c
a
ffo

ld
_
8

1
0
0

0
0
2

1
 

5
 

1
5
.5

 
7
.6

 
 

D
2
C

.6
 

fg
e
n
e
s
h
2
_
k
g
.C

_
s
c
a
ffo

ld
_
4

5
0
0
0

0
2
8

, g
lu

ta
th

io
n
e
 S

-tra
n
s
fe

ra
s
e
  (P

2
) 

4
 

2
9

 
6
.7

 
 

D
2
C

.7
 

R
A

N
1

, R
a
n
-lik

e
 s

m
a

ll G
T

P
a
s
e 

3
 

3
2

 
7
.6

 
 

D
2
C

.8
 

u
n
id

e
n
tifie

d
  (U

6
) 

- 
4
8

 
6
.9

 
 

D
2
C

.9
 

P
F

1
7

, ra
d
ia

l s
p
o
k
e
 p

ro
te

in
 9 

1
0

 
3
4

 
5
.6

 
-0

.2
 p

H
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

D
2
C

.1
 

- 
- 

- 
 

D
2
C

.2
 

- 
- 

- 
 

D
2
C

.3
 

5
0

 
4
.8

 
Y

e
s
 (2

7
, K

C
l, M

M
, A

x
, T

) 
M

W
 to

o
 lo

w
 fo

r tu
b
u
lin

 

D
2
C

.4
 

9
7

 
6
.7

 
Y

e
s
 (9

, K
C

l) 
 

D
2
C

.5
 

1
7
,  1

6
 

6
.2

,  6
.2

 
Y

e
s
 (9

, M
M

),  - 
u
n
m

o
d
ifie

d
?
 

D
2
C

.6
 

2
4

 
5
.5

 
M

a
y
b

e
?

 
 

D
2
C

.7
 

2
5

 
6
.2

 
Y

e
s
 (3

, M
M

) 
G

T
P

 b
o
u
n
d
?
 

D
2
C

.8
 

- 
- 

- 
 

D
2
C

.9
 

3
0

 
5
.0

 
Y

e
s
 (1

7
, T

, A
x

, K
C

l, M
M

) 
-0

.4
 p

H
 fo

rm
 h

a
s
 n

o
 c

h
a
n
g
e
 

  
 

            167



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

D
3
.1

 
E

F
1
A

1
 a

n
d
 T

U
A

1
 

1
7
,  1

2
 

1
0
0

 
7
.0

 
 

D
3
.2

 
C

A
H

6
, c

a
rb

o
n
ic

 a
n
h
y
d
ra

s
e
 6 

1
2

 
3
0

 
7
.9

 
-0

.5
 p

H
, +

1
 k

D
a

 

D
3
.3

 
IF

T
8
1
 o

r IF
T

8
0
 (F

A
P

1
6
7
), IF

T
-B

 
1
6
,  1

1
 

8
4

 
8
.7

 
 

D
3
.4

 
R

IB
4

3
a

, p
ro

to
fila

m
e
n
t rib

b
o
n
s
 o

f fla
g
e
lla

r m
ic

ro
tu

b
u
le

s 
1
7

 
4
8

 
7
.5

 
 

D
3
.5

 
IF

T
8
1

, IF
T

-B
 

3
4

 
8
6

 
7
.9

 
 

D
3
.6

 
e
s
tE

x
t_

fg
e
n
e
s
h
2
_

p
g
.C

_
2
0

0
1
1
3

  (P
3
) 

1
5

 
5
0

 
7
.5

 
 

D
3
.7

 
IF

T
2
7

 (F
A

P
1
5
6
,  R

a
b
L
4
, s

m
a

ll R
a
b

-re
a
lte

d
 G

T
P

a
s
e
), IF

T
-C

 
5
 

3
0

 
6
.0

 
 

D
3
.8

 
IF

T
2
7

 (F
A

P
1
5
6
,  R

a
b
L
4
, s

m
a

ll R
a
b

-re
a
lte

d
 G

T
P

a
s
e
), IF

T
-C

 
8
 

3
0

 
5
.6

 
-0

.4
 p

H
 

D
3
.9

 
P

F
1
7
, ra

d
ia

l s
p
o
k
e
 p

ro
te

in
 9 

1
2

 
3
4

 
5
.8

 
 

D
3
.1

0
 

F
A

P
2

5
2

 (B
U

G
1
0
) 

1
5

 
4
2

 
6
.9

 
 

D
3
.1

1
 

F
A

P
1

4
4

 
7
 

1
5

 
8
.1

 
 

D
3
.1

2
 

F
L
A

8
, K

in
e
s
in

-2
 a

n
te

ro
g
ra

d
e
 m

o
to

r  o
r  K

L
P

1
 

5
,  8

 
9
5

 
8
.0

 
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

D
3
.1

 
5
1
,  5

0
 

8
.7

,  5
.0

 
Y

e
s
 (2

8
, M

M
, K

C
l, T

, A
x
),  Y

e
s
 (3

1
, A

x
, K

C
l, M

M
, T

) 
c
o
v
a
le

n
t d

im
e

r?
 

D
3
.2

 
2
8

 
7
.0

 
N

o
 (th

e
re

 is
 C

A
H

1
) 

 
D

3
.3

 
7
7
,  8

4
 

6
.3

,  6
.6

 
Y

e
s
 (2

6
, M

M
),  Y

e
s
 (7

, M
M

) 
 

D
3
.4

 
4
3

 
6
.0

 
Y

e
s
 (3

3
, A

x
, T

) 
 

D
3
.5

 
7
7

 
6
.3

 
Y

e
s
 (2

6
, M

M
) 

 
D

3
.6

 
4
4

 
6
.0

 
- 

n
e
w

 IF
T

 p
ro

te
in

 o
r c

a
rg

o
?
 

D
3
.7

 
2
3

 
5
.3

 
Y

e
s
 (8

, M
M

) 
G

D
P

 b
o
u
n
d
?
 

D
3
.8

 
2
3

 
5
.3

 
Y

e
s
 (8

, M
M

) 
G

T
P

 b
o
u
n
d
?
 

D
3
.9

 
3
0

 
5
.0

 
Y

e
s
 (1

7
, T

, A
x, K

C
l, M

M
) 

 
D

3
.1

0
 

3
9

 
5
.7

 
Y

e
s
 (2

9
, T

, A
x
, K

C
l, M

M
) 

 
D

3
.1

1
 

1
6

 
7
.0

 
Y

e
s
 (9

, A
x

, T
) 

 
D

3
.1

2
 

8
6
,  8

3
 

6
.6

,  6
.5

 
Y

e
s
 (1

9
, M

M
, K

C
l, T

),  Y
e
s
 (3

1
, K

C
l, M

M
) 

lik
e
le

y
 F

L
A

8
 

 
 

            168



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

A
1

.1
 

IF
T

1
2
2
B

 (IF
T

A
-1

, F
A

P
1
1
8
 / F

B
B

1
), c

a
rg

o
 a

d
a
p
ro

r, IF
T

-A
   

2
5

 
1
2
0

 
7
.2

 
 

A
1

.2
 

u
n
id

e
n
tifie

d
  (U

4
) 

- 
2
8

 
6
.8

 
 

A
1

.3
 

C
A

H
6

, c
a
rb

o
n
ic

 a
n
h
y
d
ra

s
e
 6 

9
 

2
9

 
8
.0

 
-0

.4
 p

H
 

A
1

.4
 

O
D

A
1
, fla

g
e
lla

r o
u
te

r d
y
n
e
in

 a
rm

-d
o
c
k
in

g
 c

o
m

p
le

x
 p

ro
te

in
 2

 (O
D

A
-D

C
2
) 

3
5

 
7
5

 
6
.9

 
 

A
1

.5
 

C
A

H
6

, c
a
rb

o
n
ic

 a
n
h
y
d
ra

s
e
 6 

8
 

2
9
.5

 
8
.4

 
 

A
1

.6
 

e
s
tE

x
t_

fg
e
n
e
s
h
2
_

p
g
.C

_
1
0

7
4
5

  o
r e

s
tE

x
t_

g
w

p
_
1
W

.C
_
5
1
0
0

6
4
  (P

4
) 

8
,  1

1
 

1
2
0

 
8
.2

 
 

A
1

.7
 

F
A

P
5

9
, c

o
n
s
e
rv

e
d 

1
0

 
1
0
5

 
6
.8

 
 

A
1

.8
 

O
D

A
9

, fla
g
e
lla

r o
u
te

r d
y
n
e
in

 a
rm

 in
te

m
e
d
ia

te
 c

h
a
in

 1
 (O

D
A

-IC
1
) 

6
 

2
0
0

 
7
.0

 
 

A
1

.9
 

R
S

P
1
6
, ra

d
ia

l s
p
o
k
e
 p

ro
te

in
 1

6 
1
6

 
4
4

 
8
.4

 
 

A
1

.1
0

 
F

A
P

1
9
1
, s

im
ila

r to
 q

u
in

o
n
e
 re

d
u
c
ta

s
e  o

r  A
G

G
3

 
1
,  5

 
2
6

 
8
.4

 
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

A
1

.1
 

1
3
6
,  1

3
2

 
6
.0

,  6
.3

 
Y

e
s
 (1

1
, M

M
, K

C
l) 

 
A

1
.2

 
- 

- 
- 

 
A

1
.3

 
2
8

 
7
.0

 
N

o
 (th

e
re

 is
 C

A
H

1
) 

m
o
re

 m
o
d
ifie

d
 fo

rm
 is

 D
3
.2

 

A
1

.4
 

6
2

 
5
.8

 
Y

e
s
 (1

8
, T

) 
 

A
1

.5
 

2
8

 
7
.0

 
N

o
 (th

e
re

 is
 C

A
H

1
) 

 
A

1
.6

 
8
5
,  1

3
7

 
9
.0

,  6
.6

 
- 

 
A

1
.7

 
1
0
1

 
6
.0

 
Y

e
s
 (2

6
, A

x
, T

, K
C

l) 
 

A
1

.8
 

7
6

 
5
.9

 
Y

e
s
 (1

4
, T

) 
 

A
1

.9
 

3
9

 
6
.7

 
Y

e
s
 (2

6
, T

, A
x

, K
C

l, M
M

) 
 

A
1

.1
0

 
2
8
,  2

1
 

7
.1

,  6
.3

 
Y

e
s
 (6

, M
M

),  Y
e
s
 (9

, M
M

) 
s
a
m

e
 M

W
 a

s
 A

G
G

3
,  +

1
.1

 p
H

 

 
 

            169



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

A
2

A
/B

.1
 

K
L

P
1
, k

in
e
s
in

-lik
e
 p

ro
te

in
 1 

3
5

 
9
0

 
8
.1

 
 

A
2

A
/B

.2
 

F
A

K
1

, O
D

A
5
-a

s
s
o
c
ia

te
d
 fla

g
e
lla

r a
d
e
n
y
la

te
 k

in
a
s
e   

8
 

1
4
5

 
7
.5

 
 

A
2

A
/B

.3
 

F
A

P
7

 
2
1

 
6
8

 
8
.4

 
 

A
2

A
/B

.4
 

A
G

G
3

 (F
A

P
1
4
2
),  fla

v
o
d
o
x
in

 s
im

ila
r to

 q
u
in

o
n
e
 re

d
u
c
ta

s
e 

6
 

2
6

 
7
.3

 
 

A
2

A
/B

.5
 

F
A

P
1

7
2
 o

r D
h
c
1
b

 
2
4
,  3

3
 

1
0
5

 
6
.3

 
 

A
2

A
/B

.6
 

F
A

P
1

1
5

 
8
 

3
2

 
6
.7

 
 

A
2

A
/B

.7
 

R
ib

7
2
,  p

f rib
 o

f fla
g
 M

T
, n

u
c
le

o
s
id

e
-d

ip
h
o
s
p
h
o
k
in

a
s
e
 re

g
u
la

to
ry

 s
u
b
u
n
it p

7
2 

2
2

 
7
7

 
8
.6

 
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

A
2

A
/B

.1
 

8
3

 
6
.5

 
Y

e
s
 (3

1
, K

C
l, M

M
) 

u
n
m

o
d
ifie

d
?
 

A
2

A
/B

.2
 

7
1

 
6
.6

 
Y

e
s
 (2

5
, T

, K
C

l, M
M

, A
x

) 
 

A
2

A
/B

.3
 

5
5

 
6
.7

 
Y

e
s
 (2

0
, A

x
, T

, K
C

l, M
M

) 
 

A
2

A
/B

.4
 

2
1

 
6
.3

 
Y

e
s
 (9

, M
M

) 
 

A
2

A
/B

.5
 

6
4
,  4

8
1

 
5
.5

,  6
.1

 
Y

e
s
 (7

, A
x

, T
),  Y

e
s
 (8

8
, M

M
, K

C
l, A

x
) 

 
A

2
A

/B
.6

 
2
7

 
5
.8

 
Y

e
s
 (1

1
, A

x
, T

, K
C

l, M
M

) 
 

A
2

A
/B

.7
 

7
2

 
7
.2

 
Y

e
s
 (4

4
, A

x
, T

, K
C

l, M
M

)) 
 

 
 

            170



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

A
2

C
.1

 
O

D
A

1
, fla

g
e
lla

r o
u
te

r d
y
n
e
in

 a
rm

-d
o
c
k
in

g
 c

o
m

p
le

x
 p

ro
te

in
 2 

2
3

 
7
5

 
6
.7

 
-0

.1
 p

H
 

A
2

C
.2

 
F

A
P

7
 

2
1

 
6
8

 
8
.1

 
-0

.3
 p

H
 

A
2

C
.3

 
F

A
P

2
1
9

 
1
1

 
3
8

 
6
.9

 
 

A
2

C
.4

 
u
n
id

e
n
tifie

d
  (U

7
) 

- 
8
0

 
7
.1

 
 

A
2

C
.5

 
P

F
1
4
, ra

d
ia

l s
p
o
k
e
 p

ro
te

in
 3 

2
0

 
8
0

 
5
.3

 
 

A
2

C
.6

 
O

D
A

1
, fla

g
e
lla

r o
u
te

r d
y
n
e
in

 a
rm

-d
o
c
k
in

g
 c

o
m

p
le

x
 p

ro
te

in
 2 

1
7

 
7
5

 
6
.6

 
-0

.3
 p

H
 

A
2

C
.7

 
fg

e
n
e
s
h
2
_

p
g
.C

_
s
c
a
ffo

ld
_
7

2
1
0
0

0
0
0

1
  (P

5
) 

1
5

 
9
0

 
6
.2

 
 

A
2

C
.8

 
O

D
A

9
 (O

D
A

-IC
1
),  o

r  C
h
lre

2
_
k
g
.s

c
a
ffo

ld
_
6
2
0
0

0
0

3
8

 
2
8

 
8
5

 
6
.8

 
 

A
2

C
.9

 
P

F
2
, c

o
m

p
o
n
e
n
t o

f d
y
n
e
in

 re
g
u
la

to
ry

 c
o
m

p
le

x
 (D

R
C

) 
9
 

6
2

 
8
.2

 
 

A
2

C
.1

0
 

F
A

P
2

5
2

 (B
U

G
1
0
) 

2
0

 
4
4

 
6
.1

 
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

A
2

C
.1

 
6
2

 
5
.8

 
Y

e
s
 (1

8
, T

) 
 

A
2

C
.2

 
5
5

 
6
.7

 
Y

e
s
 (2

0
, A

x
, T

, K
C

l, M
M

) 
 

A
2

C
.3

 
2
1

 
9
.7

 
Y

e
s
 (5

, A
x

, T
) 

 
A

2
C

.4
 

- 
- 

- 
 

A
2

C
.5

 
5
7

 
4
.9

 
Y

e
s
 (2

7
, A

x
, T

, K
C

l) 
 

A
2

C
.6

 
6
2

 
5
.8

 
Y

e
s
 (1

8
, T

) 
 

A
2

C
.7

 
7
2

 
1
1
.7

 
- 

 
A

2
C

.8
 

7
6
,  3

0
 

5
.9

,  1
0
.1

 
Y

e
s
 (1

4
, T

),  - 
 

A
2

C
.9

 
5
5

 
8
.4

 
Y

e
s
 (1

6
, A

x
, T

, K
C

l) 
 

A
2

C
.1

0
 

3
9

 
5
.7

 
Y

e
s
 (2

9
, A

x
, T

, K
C

l, M
M

) 
 

 
 

            171



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t S

h
ift 

A
3

.1
 

F
A

P
1

2
,  lip

a
s
e
 d

o
m

a
in 

7
 

3
8

 
8
.7

 
+

1
 k

D
a

 

A
3

.2
 

F
A

P
2

1
5
,  c

o
n
s
e
rv

e
d
  

8
 

7
3

 
6
.0

 
 

A
3

.3
 

u
n
id

e
n
tifie

d
  (U

8
) 

- 
2
0
0

 
5
,1

 
 

A
3

.4
 

O
D

A
6
, fla

g
e
lla

r o
u
te

r d
y
n
e
in

 a
rm

 in
te

rm
e
d
ia

te
 c

h
a
in

 2
 (O

D
A

-IC
2
) 

1
2

 
8
0

 
5
.9

 
 

A
3

.5
 

F
A

P
3

1
, c

o
n
s
e
rv

e
d
 T

P
R

 re
p
e
a
t,  o

r F
A

P
1
9
7

 
1
8
,  6

 
9
5

 
5
.4

 
 

A
3

.6
 

F
A

P
4

3
, c

o
n
s
e
rv

e
d
  

1
6

 
2
0
0

 
7
.3

 
 

A
3

.7
 

P
G

M
1

b
, p

h
o
s
p
h
o
g
ly

c
e
ra

te
 m

u
ta

s
e
,   o

r P
G

M
1
a
 o

r O
D

A
1

 
1
3
,  1

3
,  1

1
 

7
5

 
6
.3

 
 

A
3

.8
 

F
A

P
1

2
,  lip

a
s
e
 d

o
m

a
in 

5
 

3
7

 
8
.4

 
-0

.3
 p

H
 

A
3

.9
 

F
A

P
2

0
3
, w

e
a
k
ly

 s
im

ila
r to

 H
S

P
7
0 

8
 

4
8

 
8
.4

 
 

A
3

.1
0

 
B

U
G

1
3
, b

a
s
a
l b

o
d
y
 p

ro
te

in
 o

f u
n
k
n
o
w

n
 fu

n
c
tio

n 
1
0

 
3
5

 
8
.9

 
 

A
3

.1
1

 
E

B
1

 
1
2

 
3
5

 
6
.6

 
 

A
3

.1
2

 
u
n
id

e
n
tifie

d
  (U

1
) 

- 
1
8

 
4
.7

 
 

A
3

.1
3

 
e
_
g

w
W

.1
.2

4
1
.1

  (P
6
) 

1
3

 
4
9

 
5
.8

 
 

A
3

.1
4

 
F

A
P

5
7
, c

o
n
s
e
rv

e
d
  

1
0

 
1
5
0

 
5
.8

 
 

A
3

.1
5

 
ID

A
4
, fla

g
e
lla

r in
n
e
r a

rm
 d

y
n
e
in

 lig
h
t c

h
a
in

 p
2
8 

1
8

 
3
3

 
8
.0

 
 

A
3

.1
6

 
F

A
P

2
5
2

 (B
U

G
1
0
) 

1
9

 
4
4

 
5
.8

 
-0

.3
 p

H
 

A
3

.1
7

 
F

A
P

1
8
,  h

ig
h
 E

/A
/P

 c
o
n
te

n
t p

ro
te

in 
1
5

 
9
0

 
4
.7

 
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

A
3

.1
 

5
4

 
5
.7

 
Y

e
s
 (2

5
, T

, M
M

, K
C

l, A
x
) 

c
le

a
v
e
d
 F

A
P

1
2
?
 

A
3

.2
 

5
2

 
5
.0

 
Y

e
s
 (6

, M
M

) 
 

A
3

.3
 

- 
- 

- 
 

A
3

.4
 

6
3

 
5
.4

 
Y

e
s
 (9

, T
) 

 
A

3
.5

 
7
4
,  3

3
 

6
.5

,  6
.0

 
Y

e
s
 (9

, M
M

),  Y
e
s
 (6

, K
C

l) 
 

A
3

.6
 

1
7
8

 
8
.5

 
Y

e
s
 (5

4
, K

C
l, A

x
, T

) 
 

A
3

.7
 

6
1
,  6

7
,  6

2
 

5
.6

,  5
.6

,  5
.8

 
M

a
y
b

e
?

 
 

A
3

.8
 

5
4

 
5
.7

 
Y

e
s
 (2

5
, T

, M
M

, K
C

l, A
x
) 

c
le

a
v
e
d
 F

A
P

1
2
?
 

A
3

.9
 

1
9

 
7
.2

 
Y

e
s
 (6

, A
x

, K
C

l, M
M

) 
d
im

e
r?

 

            172



A
3

.1
0

 
2
8

 
8
.6

 
N

o
?

 
B

U
G

1
3
 is

 in
 fla

g
e
lla

 

A
3

.1
1

 
3
1

 
5
.7

 
Y

e
s
 (2

, M
M

) 
 

A
3

.1
2

 
- 

- 
- 

 
A

3
.1

3
 

3
1

 
5
.3

 
- 

 
A

3
.1

4
 

1
2
0

 
6
.2

 
Y

e
s
 (2

6
, A

x
, K

C
l, T) 

 
A

3
.1

5
 

2
9

 
6
.7

 
Y

e
s
 (2

1
, K

C
l, T

, A
x

, M
M

) 
 

A
3

.1
6

 
3
9

 
5
.7

 
Y

e
s
 (2

9
, A

x
, T

, K
C

l, M
M

) 
 

A
3

.1
7

 
5
5

 
4
.4

 
Y

e
s
 (1

7
, K

C
l, M

M
, T

, A
x
) 

 
 

 

            173



Id
e

n
tific

a
tio

n
 

S
p

o
t 

P
ro

te
in

 
C

o
u

n
ts

 
M

W
 

P
I 

S
p

o
t s

h
ift 

N
C

.1
 

R
S

P
1
0

 
6
 

3
0

 
5
.4

 
 

N
C

.2
 

R
IB

4
3
a

, p
ro

to
fila

m
e
n
t rib

b
o
n
s
 o

f fla
g
e
lla

r m
ic

ro
tu

b
u
le

s 
2
4

 
4
8

 
6
.9

 
-0

.6
 p

H
 

N
C

.3
 

F
A

P
1

6
4

 
1
2

 
4
7

 
6
.0

 
 

N
C

.4
 

IC
L
1
, is

o
c
itra

te
 ly

a
s
e
,  o

r R
IB

4
3
a

 
1
4
,  1

2
 

4
8

 
6
.7

 
 

N
C

.5
 

O
D

A
1
3
, fla

g
e
lla

r o
u
te

r d
y
n
e
in

 a
rm

 lig
h
t c

h
a
in

 6
 (O

D
A

-L
C

6
) 

6
 

1
4

 
6
.9

 
 

N
C

.6
 

ID
A

5
, a

c
tin

  (n
o
rm

a
liz

a
tio

n
 c

o
n
tro

l) 
2
1

 
4
8

 
5
.7

 
-0

.1
 p

H
 

N
C

.7
 

ID
A

5
, a

c
tin

  (n
o
rm

a
liz

a
tio

n
 c

o
n
tro

l) 
1
6

 
4
8

 
5
.8

 
 

N
C

.8
 

IF
T

8
1

, IF
T

-B
 

2
1

 
8
6

 
7
.3

 
-0

.6
 p

H
 

N
C

.9
 

F
A

P
1

6
1

 
1
2

 
5
4

 
6
.6

 
 

N
C

.1
0

 
R

IB
4

3
a

, p
ro

to
fila

m
e
n
t rib

b
o
n
s
 o

f fla
g
e
lla

r m
ic

ro
tu

b
u
le

s 
2
3

 
4
8

 
7
.2

 
-0

.3
 p

H
 

N
C

.1
1

 
IF

T
8
8

, IF
T

-B
  o

r M
E

T
E

 V
it B

1
2
 (c

o
b
a
la

m
in

) in
d
e
p
e
n
d
e
n
t m

e
th

io
n
in

e
 s

y
n
th

a
s
e 

2
0
,  1

6
 

9
4

 
7
.0

 
 

N
C

.1
2

 
IF

T
8
8

, IF
T

-B
 

1
5

 
9
4

 
6
.8

 
-0

.2
 p

H
 

N
C

.1
3

 
F

A
P

5
2

 
1
9

 
8
0

 
7
.0

 
 

N
C

.1
4

 
F

A
P

5
2

 
3
0

 
8
0

 
6
.7

 
-0

.3
 p

H
 

 V
a

lid
a
tio

n
 

S
p

o
t 

P
re

d
ic

te
d

 M
W

 
P

re
d

ic
te

d
 P

I 
F

la
g

e
lla

r P
ro

te
o

m
e
?

 (c
o

u
n

ts
, fra

c
tio

n
) 

N
o

te
s

 

N
C

.1
 

2
4

 
5
.0

 
Y

e
s
 (9

, T
, A

x
) 

 
N

C
.2

 
4
3

 
6
.0

 
Y

e
s
 (3

3
, A

x
, T

) 
 

N
C

.3
 

4
8

 
5
.9

 
Y

e
s
 (8

, M
M

) 
 

N
C

.4
 

4
6
,  4

3
 

5
.9

,  6
.0

 
Y

e
s
 (3

, M
M

), Y
e
s
 (3

3
, A

x
, T

) 
 

N
C

.5
 

1
4

 
6
.3

 
Y

e
s
 (6

, T
) 

 
N

C
.6

 
4
2

 
5
.3

 
Y

e
s
 (2

2
, K

C
l, A

x
, T

, M
M

) 
 

N
C

.7
 

4
2

 
5
.3

 
Y

e
s
 (2

2
, K

C
l, A

x
, T

, M
M

) 
 

N
C

.8
 

7
7

 
6
.3

 
Y

e
s
 (2

6
, M

M
) 

 
N

C
.9

 
4
3

 
5
.6

 
Y

e
s
 (8

, A
x

, K
C

l) 
 

N
C

.1
0

 
4
3

 
6
.0

 
Y

e
s
 (3

3
, A

x
, T

) 
 

N
C

.1
1

 
8
6
,  8

7
 

5
.9

,  6
.0

 
Y

e
s
 (1

4
, M

M
) 

 
N

C
.1

2
 

8
6

 
5
.9

 
Y

e
s
 (1

4
, M

M
) 

 

            174



N
C

.1
3

 
6
7

 
5
.8

 
Y

e
s
 (3

0
, A

x
, T

, K
C

l) 
 

N
C

.1
4

 
6
7

 
5
.8

 
Y

e
s
 (3

0
, A

x
, T

, K
C

l) 
 

   

 

 A
c
c
u

m
u

la
tio

n
 a

n
d

 d
e

p
le

tio
n

 o
f s

p
o

ts
 b

in
n
e

d
 in

to
 th

e
 “n

o
 c

h
a

n
g
e

” p
ro

file
. T

h
e

 tw
o

 ID
A

5
 a

c
tin

 s
p

o
ts

 (m
a

rk
e
d

 w
ith

 a
s
te

ris
k
s
) 

h
a

v
e

 th
e
 s

m
a

lle
s
t c

h
a

n
g
e

s
 b

e
tw

e
e

n
 th

e
 th

re
e
 s

a
m

p
le

s
 a

n
d

 w
e

re
 u

s
e
d

 a
s
 c

o
n

tro
ls

 to
 n

o
rm

a
liz

e
 th

e
 a

b
u

n
d
a

n
c
e

 o
f a

ll o
f th

e
 

o
th

e
r s

p
o

ts
 o

n
 th

e
 g

e
l. F

o
r q

u
a

n
tific

a
tio

n
 o

f th
e

 o
th

e
r a

c
c
u

m
u

la
tio

n
/d

e
p

le
tio

n
 p

ro
file

s
, s

e
e

 F
ig

u
re

 8
. 

            175



Table S1.  Primers used for quantitative PCR.     

 Forward Primer Reverse Primer 

Housekeeping   

RbcL TTCAATGCCAGGTGTTATGCC ACCGAACTGAAGACATGCGTC 

RbcS2A GACCTTCTCCTACCTGCC TCCGACTCAGCGAACTCC 

Alt. Housekeeping   

CBLP GGCGAGTGCAAGTACACCA GGTTCCAGACCTTGACCATC 

EEF1 TGGAGAAGCTGAAGGAGGAG GCGTCGATGATGGTGTAGTG 

CAH3 CACTACCCTGGCTCGCTTAC TGGTGGCGTATGTCTTGTTG 

Anterograde Motor   

FLA10 GACCTGTCGCAGTTTGTGTG CGATGGTGATGGTGAAGATG 

KAP1 GTTAGCACGCAGTCAGATGG CGATGGGTGAATGAGCTTG 

Retrograde Motor   

Dhc1b GCGTTCATCACCTACCTGC CCCTCAGCCTTCCACTTG 

D1blic CAAGAACCAGGACCCAGAG GACAGGTAGCACAGGAAGG 

IFT Complex B   

IFT81 CAACAACGCCATCAACCAGC GCGGTCTTCTTCTCCAGG 

IFT172 CAAGCGCAACAAGATGTACG CCTCCACAAAGTGCTTCTCC 

IFT88 CCTGGTCATGTGCAACTACG GTCGTCGTCATCGTCATCC 

IFT27 GTAGCAGTAGTCGGCGAAGC CACTCGTCATCGCATAGTCC 

IFT20 GCGGAAACGTAAACAAAAGG GCCCTTCACCTTGATCAGC 

IFT Complex A   

IFT140 CTACGACGACCGCTACAACC ACTTGGCGAAATCCAGAACC 

IFT139 GCCCTGGTCCATTACTATGC CACGCCAGAATGTGAGTACG 
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IFT122B AACCAGCAAGGATGTGAAGG AGTGGTGAGCTTCTGGAACG 

BBS4 GCCTTCGAGTACCTCACCAC AGAGCCACGTCCATGTCAG 

Axoneme 

Components 

  

TUA1 TGCATGATCTCCAACAGCAC ACCCTCCTCCATACCCTCAC 

IC69 CGACCCCATCTACGACTTTG TGTTCTCCACGCACTCATTC 

 

 

 

Table S2.  Primers used for sequencing Dhc1b cDNA, including UTRs.   

 Forward Primer Reverse Primer 

-93 – 430bp  

(5’ UTR) 

AAGCCCTGTGAACTTTGACG CCAGCAGCTCAGACAAACG 

364 – 990bp CCGCTTATCAAGTCACAGACC CCAGTCCTCCACCAGAGC 

973 – 1481bp GCTCTGGTGGAGGACTGG AGGGTCTCCTTCTCACTCTGC 

1399 – 2020bp GTGTTTGCGGAGATCAAGC GTTTCAGCACCATACCGTACC 

1866 – 2504bp GAACAGCCACGTGAAGACG CGAAACACCATCTTGACTTCC 

2405 – 3062bp GGGACTTCCAGCTGTACAAGG ATGTCCTCCACGGTGTTAGC 

2875 – 3504bp CGCATCGAGTGCTACAAGG TGGCACGTCAATCTTAAACG 

3408 – 3982bp GGCCAAGATCCAGGAGTACG TAAGCTCAGTCAGCGCCTTG 

3863 – 4520bp TCACGCTCACGCATTTCC GCTTGGCCCAGAATCTCC 

4363 – 5009bp GCTGATATCCCTGGCATCC 

 

TCCTTGGCCAGGTACTCG 

4868 – 5506bp AGCTGGTGACCGAGATGC CCACCTCCACAGTCTTGTCC 

5427 – 6031bp CCAGCAGATTCAGACCATCC GCGTCAGCTCCATCTTGC 

5893 – 6569bp CTCACCTTTGACGACAACTCC GTGGCTTGCACCTTGAGC 
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6383 – 7061bp ACCGCCTGCTGACTATGC ACACCCATGATGCGCTTG 

6924 – 7593bp GGTTACACCCGAGGTGACG GTAGTGCGGGTAGTCGTTGG 

7411 – 8095bp ATCGTCACCATGGGCTACC CCATGTTGTGCATGTACGC 

7897 – 8450bp GAGCTAGTGGCGGAAAAGC CGGAACATCTCGTTTGAGG 

8369 – 9055bp ACTCGTACGCCTTCTTCAGC TCTCAGCGATGTTATCCTTCTTG 

8934 – 9511bp CGAGGAGGTGGAGATGAAGG CCTCGCTGGTCTTCTTGC 

9398 – 10001bp AGAGCAGTCTGGAGGAGAGC TCCAGTGTGGTGGTGAAGC 

9859 – 10539bpp ATCCTCAACTCCACCTCTCG GGGTCGGTACACCTCACG 

10436 – 11057bp AGCTGAACGAGACCAAGACG AGCTGCTGGAAGGGGTTC 

10822 – 11377bp CAGTGGGCCTTCTTCCTG TCTTGAGCACCAGCCAGTC 

10822 – 11432bp CAGTGGGCCTTCTTCCTG AGCATCAGCAGCTCCTTCTC 

10829 – 11452bp CCTTCTTCCTGGGCAAGC GGAAGTTGTCGTGCTTCTGC 

11363 – 11987bp GGCTGGTGCTCAAGAACG GCCGAGATGATGGACACG 

11845 – 12699bp 

(spans mutation) 

CAAGTGCTGCTGACCTTCC CTTGAGCTTGGCGGTTTC 

12399 – 12968bp GCTGGCGGACGTTATTCC ACCCAGCCATCCATCTCC 

12835 – 13349bp  

(3’ UTR) 

TGGCTGCACAAGGACTCG TGTCAGAAATCAAACATCAGTCG 
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Results 

The nucleotide state of IFT27 may regulate IFT particle composition  

Purification of IFT27[S79L]::HA::6×His and IFT27[S30N]::HA::6×His from 

flagellar extracts revealed that the IFT-B main complex was pulled down by each 

of the IFT27 mutants. However, IFT-A was only enriched within 

IFT27[S79L]::HA::6×His-associated protein complexes (Figs. 8A and 8B), similar 

to purification from whole cell extracts (Figs. 7C and 7D). This result indicates 

that two classes of IFT particles, IFT-A-B and IFT-B, can both enter flagella. We 

next examined the movement of IFT trains in IFT25::HA::GFP, IFT27::GFP, 

IFT27[S30N]::GFP, and IFT27[S79L]::GFP strains with total internal reflection 

fluorescence (TIRF) microscopy followed by kymograph analysis (Engel et al., 

2009a; Engel et al., 2009b; Lechtreck et al., 2009). Both mutant IFT27::GFP-

fusion proteins underwent robust bi-directional IFT with similar anterograde and 

retrograde speeds as wild-type GFP-tagged IFT27 and IFT25 (Figs. 8C-8H; 

Movies S1-S4). Thus, both IFT-A-B and IFT-B are likely capable of bi-directional 

IFT.  

Close examination revealed that the movement of IFT27[S30N]::GFP 

trains appeared more jerky and stalling (Fig. 8E), while IFT27[S79L]::GFP trains 

looked more processive (Fig. 8F). While the speed distributions of wild-type 

IFT27::GFP and IFT25::HA::GFP trains had peak anterograde speeds of 2.3-2.4 

µm/sec, IFT27[S30N]::GFP trains showed a small 0.1 µm/sec peak speed 

decrease, and IFT27[S79L]::GFP trains experienced a 0.2 µm/sec increase over 

wild-type (Fig. 8G). IFT27[S79L]::GFP trains also exhibited slightly increased 
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retrograde speeds (Fig. 8H). Thus, the nucleotide state of IFT27 may regulate 

the speed and processivity of IFT trains, perhaps by modulating train 

composition, tuning the ratio of IFT-A-B to IFT-B particles within each train. As 

the mutant IFT27 proteins were expressed in wild-type backgrounds, stronger 

effects on IFT speed might have been observed in the absence of wild-type 

IFT27 protein. 

 

Discussion 

IFT particles in C. reinhardtii consist of two complexes, IFT-A and IFT-B. 

In this study, we showed that IFT25 and the small Rab-like G-protein IFT27 form 

a biochemically separable sub-complex of IFT-B, 25/27. 25/27 readily dissociates 

from the IFT-B main complex without apparent disruption of the IFT-B main 

complex, indicating that 25/27 and the IFT-B main complex are relatively 

independently structured within IFT-B. IFT25 is an obligate binding partner of 

IFT27 and its main function appears to be protecting IFT27 from aggregation. 

Two regulatory functions of 25/27 have been presented in this study: stabilizing 

both IFT-A and the IFT-B main complex from degradation, and regulating the 

binding interaction between IFT-A and IFT-B. The integration of 25/27 into the 

IFT-B main complex is not affected by the nucleotide state of IFT27, but the 

adhesion of IFT-A to IFT-B is controlled by IFT27 acting on an unknown effector 

within IFT-A. Thus, the nucleotide state of IFT27 regulates the formation of two 

classes of IFT particles, IFT-A-B and IFT-B, which both serve as building units for 

IFT train assembly. The stability of IFT-A and the IFT-B main complex are 
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independent of each other and neither complex affects the stability of 25/27. In 

contrast, 25/27 stabilizes both IFT-A and the IFT-B main complex, acting 

upstream in the assembly pathway to modulate the quantity of IFT particles 

available for flagellar entry. Thus, 25/27 plays a key role in regulating the 

hierarchical order of IFT particle assembly, controlling both IFT particle 

abundance and composition (Fig. 9).  

 

Figure Legends 

Figure 8. Two classes of IFT particles enter flagella and undergo bi-directional 

IFT. (A, B) Western blots of IFT27 mutant-associated proteins purified from 

flagellar extracts of transgenic strains expressing IFT27[S79L]::HA::6×His (A) 

and  IFT27[S30N]::HA::6×His (B) and probed with the antibodies shown. (C, D, 

E, F) Single frames and kymographs from TIRF microscopy video imaging of 

IFT25::HA::GFP, IFT27::GFP, IFT27[S30N]::GFP, and IFT27[S79L]::GFP strains 

(Movies S1-S4, ~30 fps). Trains in IFT27[S30N]::GFP experienced the most 

speed changes and pausing (jerky kymograph lines), while IFT27[S79L]::GFP 

trains traveled at a more constant velocity. (G, H) Distributions of anterograde 

(G) and retrograde (H) IFT speeds in the four strains. Anterograde 

IFT27[S30N]::GFP speed (2.20 ± 0.06 µm/sec) showed a small significant 

decrease from IFT27::GFP (2.29 ± 0.07 µm/sec) (P = 0.058),  while 

IFT27[S79L]::GFP (2.39 ± 0.06 µm/sec) experienced a small significant increase 

from IFT27::GFP (P = 0.031). IFT27[S79L]::GFP retrograde speed (3.93 ± 0.17 

µm/sec) also showed a small speed increase from IFT27::GFP (3.75 ± 0.17 
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µm/sec) (P = 0.159) and IFT27[S30N]::GFP (3.69 ± 0.16 µm/sec) (P = 0.051), 

while the difference between IFT27::GFP and IFT27[S30N]::GFP retrograde 

speeds was not statistically significant (P = 0.610). Speeds in parenthesis are 

mean values ± 95% confidence interval and P-values were calculated from a 

student’s t-test. N = 2471 anterograde trains and 2208 retrograde trains from 112 

cells (four strains combined). It should be noted that since IFT speeds were 

measured as the average slopes of traces on the kymographs, the variation in 

speeds between the strains is most likely a reflection of train processivity and not 

necessarily the top instantaneous speeds of individual trains. 

 

Figure 9. Hypothetical model of 25/27-regulated IFT particle assembly in C. 

reinhardtii. In the cell body, IFT25 binds the small G-protein IFT27, forming a 

heterodimer that stabilizes IFT27 from degradation. The association between 

IFT25 and IFT27 is not mediated by the nucleotide state of IFT27. IFT-B 

constitutively binds IFT25/27 independent of IFT27 nucleotide state, stabilizing 

IFT-B from degradation. “?” indicates that the nucleotide state of IFT27 during 

these steps in IFT particle assembly is potentially variable. When IFT27 is bound 

to GTP, IFT-A associates with IFT-B, stabilizing IFT-A from degradation. It should 

be noted that the interaction between IFT-A to IFT-B could also be subject to 

regulation by other factors including additional small GTPases (Cevik et al., 

2010; Li et al., 2010). Two distinct classes of IFT particles, IFT-A-B and IFT-B, 

bind additional components including the BBSome, the heterodimeric kinesin-2 

anterograde motor, and the cytoplasmic dynein-1b retrograde motor. The 
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mechanisms of these additional interactions remain unknown. The particles then 

stack together to form IFT trains, which propel themselves into the flagellum and 

along the axoneme.  

 

Supplementary Videos 

Video S1. TIRF imaging of IFT25::HA::GFP movement in flagella of C. 

reinhardtii. A frame from this movie and kymograph are shown in Figure 8C. Play 

speed is real-time (30 fps). 

 

Video S2. TIRF imaging of IFT27::GFP movement in flagella of C. reinhardtii. A 

frame from this movie and kymograph are shown in Figure 8D. Play speed is 

real-time (30 fps). 

 

Video S3. TIRF imaging of IFT27[S30N]::GFP movement in flagella of C. 

reinhardtii. A frame from this movie and kymograph are shown in Figure 8E. Play 

speed is real-time (30 fps). 

 

Video S4. TIRF imaging of IFT27[S79L]::GFP movement in flagella of C. 

reinhardtii. A frame from this movie and kymograph are shown in Figure 8F. Play 

speed is real-time (30 fps). 
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