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Abstract:

Intraflagellar transport (IFT) is essential for the elongation and maintenance of eukaryotic cilia
and flagella. Due to the traffic jam of multiple trains at the ciliary tip, how IFT trains are
remodeled in these turnaround zones cannot be determined by conventional imaging. Using
Photogate, we visualized the full range of movement of single IFT trains and motors
in Chlamydomonas flagella. Anterograde trains split apart and IFT complexes mix with each
other at the tip to assemble retrograde trains. Dynein-1b is carried to the tip by kinesin-1l as
inactive cargo on anterograde trains. Unlike dynein-1b, kinesin-11 detaches from IFT trains at the
tip and diffusesin flagella. As the flagellum grows longer, diffusion delays return of kinesin-I1 to
the basal body, depleting kinesin-11 available for anterograde transport. Our results suggest that
dissociation of kinesin-ll from IFT trains serves as a negative feedback mechanism that

facilitates flagellar length control in Chlamydomonas.
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I ntroduction

Cilia (or eukaryotic flagella, terms essentially referring to the same organelle) are hair-like
organelles that extend from the plasma membrane of nearly all mammalian cells. The core
structural component of a cilium is the axoneme, a ring of nine unipolar doublet microtubules
surrounding a central pair of singlet microtubules. Cilia play essential roles in cell moatility,
generate the movement of fluids over multiciliated surfaces, and sense extracellular signals (Satir
et al., 2010). To assemble and maintain functional cilia, the IFT machinery (Kozminski et al.,
1993) transports axonemal precursors and sensory proteins bidirectionally between the cell body
and theciliary tip. Defectsin IFT are linked to a wide range of human diseases including Bardet-

Biedl syndrome, retinal degeneration, and polycystic kidney disease (Brown and Witman, 2014).

Intraflagellar cargoes interact with multiprotein complexes known as IFT particles that are
organized into larger IFT trains as they enter the flagellum (Cole et al., 1998; Lechtreck et al.,
2017; Pigino et al., 2009). In most species, the IFT trains are transported anterogradely from the
base to the tip of a flagellum by heterotrimeric kinesin-Il (Kozminski et al., 1995), but some
species also use a second homodimeric kinesin to build more specialized sensory cilia (Snow et
al., 2004). Once the trains reach the tip, they are reorganized and transported retrogradely to the
ciliary base by dynein-1b (Pazour et a., 1999; Porter et al., 1999; Signor et al., 1999). Along the
length of a cilium, the activities of kinesin and dynein motors are reciprocally coordinated, such
that only one type of a motor is active at a time (Shih et al., 2013). As a result, trains move
between the tip and base of the cilium without significant pauses or back-and-forth motion
(Dentler, 2005; Engd et al., 2009) and switch directions at the turnaround zones (Ishikawa and
Marshall, 2011; Laib et al., 2009; Shih et a., 2013). Dynein-1b requires kinesin-Il activity to

reach the ciliary tip, suggesting that it travels as an inactive passenger on anterograde trains
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(lomini et al., 2001; Pedersen et al., 2006; Rompolas et al., 2007). Because anterograde and
retrograde IFT trains have different sizes and depart at different frequencies (Dentler, 2005;

lomini et al., 2001), IFT trains must be remodeled at the distal tip and the flagellar base.

The mechanism underlying the remodeling of IFT complexes at the ciliary tip and base cannot be
directly observed by conventional microscopy methods because multiple trains coexist in these
turnaround zones (Buisson et al., 2013; lomini et al., 2001; Wren et al., 2013). In this work, we
adapted PhotoGate (Belyy et a., 2017) to control the number of fluorescent IFT trains entering
the flagellum of the unicelular algae Chlamydomonas reinhardtii. Using this approach, we
monitored the turnaround behavior and remodeling of single IFT trains at the flagellar tip. We
also ducidated the mechanisms by which the kinesin and dynein motors are recycled in this
process and IFT trains reverse their direction of motion. The dynamics of IFT motor turnover at
the tip suggest a new mechanism for how Chlamydomonas controls the length of its flagella at

steady state.
Results
IFT trains split apart and mix with each other at theflagellar tip

To monitor IFT movement, we tracked the dynamic behavior of IFT27, a core component of the
IFT complex B, in apfl8 IFT27-GFP strain (Engel et al., 2009; Qin et a., 2007). This strain has
paralyzed flagella (pf) that readily adhere to the glass surface, enabling us to monitor IFT under
total internal reflection (TIR) illumination (Engd et al., 2009). Consistent with previous studies
(Dentler, 2005; Engd et al., 2009; lomini et al., 2001; Kozminski et al., 1993; Qin et al., 2007,
Shih et al., 2013), IFT trains moved processively aong the length of flagella, reversing direction
at the flagellar tip and base (Figure 1a, Video 1). Pausing and reversals of anterograde trains

before reaching the tip were very rare. The velocity of IFT27-GFP was 2.1 + 0.4 pm s® in the
4
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anterograde direction and 3.0 + 0.7 pum s* in the retrograde direction (Figure 1-figure
supplement 1, mean + s.d., N = 80 trains in each direction). Because a large number of GFP-
labeled trains accumulated at the tip, the dwell and departure of individual trains at the tip could

not be resolved by conventional TIR imaging (Figure 14).

To monitor the turnaround behavior of individual IFT trains at the flagellar tip, we developed the
one-dimensional PhotoGate assay (Belyy et al., 2017) to track single fluorescent complexes at
the flagellar tip. In this assay, fluorescent trains located at distal parts of a flagellum were
initially photobleached by moving a focused laser beam from the tip of the flagellum to near its
base. We next opened the “gate’ by turning off the focused beam until a single fluorescent train
entered the flagellum. The gate beam was repeatedly turned on for 0.2 s at 1 Hz to photobleach
any additional anterograde trains entering the flagellum (Figure 1b, Video 2). Under these
conditions, less than 1% of anterograde IFT trains were able to pass the gate unbleached. This
approach revealed the full range of movement of single fluorescent IFT trains within the
flagellum. IFT movement can be divided into three stages. anterograde movement toward thetip,

pausing at the tip, and returning to the base by retrograde transport.

We directly observed that a single anterograde train splitsinto multiple retrograde trains at the tip
(Figure 1c-e, Figure 1-figure supplement 2a). On average, 2.4 retrograde trains were detected
departing from the tip after the arrival of a single fluorescent anterograde train (Figure 1f, N =
97), consistent with higher frequencies of retrograde IFT trains than anterograde IFT trains
(Dentler, 2005; lomini et a., 2001; Qin et a., 2007). However, the number of retrograde trains
per fluorescent anterograde train in PhotoGate assays (2.4, Figure 1c) was significantly higher
(Welch's t-test, p = 10%°) than the ratios of retrograde to anterograde train frequencies (1.15,

Figure 1a) (Dentler, 2005; lomini et al., 2001; Reck et a., 2016). These observations suggested
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91 that IFT complexes from different anterograde trains recombine with each other to form
92 retrograde trains at the tip. To test this possibility, we closed the gate after two or three
93 fluorescent anterograde trains entered the flagellum (Figure 1d,e, Videos 3 and 4) and measured
94  the number and return frequency of retrograde trains departing from the tip. If individual trains
95 gplit and return without mixing with each other, the number and frequency of fluorescent
96 retrograde trains would be proportional to the number of fluorescent anterograde trains. In
97  contrast, we observed 2.4, 3.6, and 4.2 returning trains on average for one, two, and three
98 incoming trains, respectively (N = 97, 60, 42, Figure 1f). The return frequencies for one, two,
99  and three incoming fluorescent trains were 0.57, 0.71, and 0.76 s*, respectively. Because the
100 increase was sub-proportional with the number of anterograde trains, we concluded that the
101 fluorescent complexes in the anterograde trains disassemble and mix with a pool of “dark”
102  complexes from the other photobleached trains at the tip before they reorganize into retrograde
103 trains (Figure 1f). Monte Carlo simulations revealed that our conclusions are not markedly
104  affected by the limited number of IFT27-GFPs per anterograde train (~6) or GFP photobleaching
105 under TIR illumination (0.07 s*, Figure 1g, Figure 1-figure supplement 3, see Materials and

106  Methods).
107  IFT tip turnaround isregulated by dynein activity and extracellular Ca**

108 To understand processing of IFT trains at the tip, we analyzed the time between the arrival of an
109 anterograde train and the departure of fluorescent retrograde trains (referred to as tip resting
110 time) at thetip (Figure 2a). When only a single fluorescent anterograde IFT27-GFP train was left
111  unbleached near the base of the flagellum, the tip resting time of the 1% retrograde train was 3.1 +
112 0.3 s(mean = sem., N = 97, Figure 2b), comparable to that of IFT cargos (Craft et al., 2015;

113 Reck et a., 2016; Wren et a., 2013). Tip resting time was independent of flagellar length (Figure
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114 2-figure supplement 1). If IFT tip turnaround was rate-limited by a single process, we would
115 expect a single exponential distribution of tip resting times. However, the tip resting time
116  histogram of 1% retrograde trains fit well to a Gamma distribution with a shape parameter of 3
117  and arate constant of ~1 s*, indicating that tip turnaround of IFT trains occurs rapidly through a
118  multistep process (Figure 2b). We also observed that the tip resting time of 1%, 2™ 3" and 4"
119 fluorescent retrograde trains increases linearly (Figure 2c). Because the average time between
120  successive retrograde trains (At = 1.7 ) is the same, we concluded that the tip departure is a
121  purely stochastic process. The linear fit to the tip resting times has a y-intercept of 1.3 s (Figure
122 2c), revealing that the departure of the 1% train takes longer than At. Therefore, the complexes

123  dwell at the tip through another rate limiting process before they can depart from the tip.

124 When two or three fluorescent anterograde trains were allowed to pass through the gate, At
125 became shorter (1.4 and 1.3 s, Welch's t-test, p = 0.03 and 0.02 for two and three trains,
126  respectively; Figure 2c). This is because providing a higher number of fluorescent GFPs
127 available at the tip increases the likelihood of retrograde trains to have at least one fluorescent
128 GFP. Remarkably, the y-intercept remained constant when we allowed one to three more
129 fluorescent anterograde trains to enter the flagellum (Figure 2c¢), suggesting that this duration
130 corresponds to processing and breakdown of anterograde trains at the tip (referred to as tip
131 remodeling time). The time between tip remodeling and departure of IFT trainsis defined as the

132  tip departure time (Figure 2a).

133  We also tested whether extracellular calcium and the dynein inhibitor ciliobrevin D (Firestone et
134  al., 2012) affect the duration of IFT tip turnaround. Calcium regulates pausing of IFT trainsalong
135 the flagellum (Collingridge et al., 2013; Shih et al., 2013), and disrupting calcium-dependent

136  kinesin-Il phosphorylation causes abnormal accumulations of IFT proteins at the ciliary tip
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137 (Liang et a., 2014). When extracellular calcium in media (0.34 mM) was chelated using 0.5 mM
138 EGTA, thetip departure time increased to 2.8 s (Welch's t-test, p = 0.01), whereas tip remodeling
139 time (1.4 s) remained unaltered (Figure 2d,e). Therefore, calcium has minimal effect on the
140 breakdown of anterograde trains, but may have a regulatory role in the assembly or departure of
141  retrograde trains. Addition of 0.1 mM ciliobrevin D to media results in 50% reduction in the
142  frequency of retrograde and anterograde trains, and 50% and 28% reduction in retrograde and
143  anterograde train velocities, respectively (Shih et al., 2013). In this case, the tip resting time of
144  IFT27 increased over two-fold (Figure 2e, p <10™), suggesting that rapid turnover of IFT trains

145  depends on dynein activity.
146  Kinesin-l1 dissociatesfrom IFT trainsat thetip

147  We next turned our attention to the movement of the IFT motors and their exchange at the
148 flagellar tip. Dynein-1b was tagged with GFP at its light intermediate chain (D1bLIC), which
149  assemblesinto the dynein-1b complex and rescues d1blic mutant phenotypes (Reck et al., 2016).
150 In the diblic::D1bLIC-GFP dsrain, D1bLIC moved continuously in the anterograde and
151 retrograde directions at velocities similar to that of the IFT trains (Reck et al., 2016) (Figure 3a,
152  Figure 1-figure supplement 1). Kinesin-ll was tagged with GFP at its non-motor subunit KAP
153 that localizes kinesin-1l to the flagellar base (Mueller et al., 2005). In the fla3::KAP-GFP strain,
154 KAP moved primarily in the anterograde direction to the flagellar tip at a smilar speed to
155 anterograde IFT27 (Figure 3b, Figure 1-figure supplement 1). Unlike D1bLIC, retrograde traces
156 of KAP were not frequently observed (Engel et al., 2009; Wingfield et al., 2017), suggesting that

157  kinesin-1l dissociates from IFT trains at thetip (Engel et al., 2009, 2012).

158 PhotoGate assays revealed that D1bLIC-GFP has similar tip turnaround dynamics to IFT27-GFP

159 (Figure 3c, figure 1-figure supplement 2b, Video 5). After arrival of a single anterograde

8
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160 D1bLIC-GFP train at the tip, we detected on average 2.5 retrograde D1bLIC trains. The average
161 tip resting time until the departure of the first retrograde train was 1.8 £ 0.2 s (mean = sem., N =
162 60, Figure 3d), with additional ~1.1 + 0.1 s between subsequent departure events (Figure 3e).
163  PhotoGate imaging of KAP-GFP cells showed that single KAP-GFP trains moved anterogradely
164 to thetip and rested at the tip for 2.2 £ 0.2 s (N = 95). Unlike D1bLIC, individua KAP-GFP
165 particles moved away from the tip by rapid saltatory motion (Figure 3f,g, Figure 1-figure
166 supplement 2c, Video 6). Mean sguare displacement (MSD) analysis showed that KAP
167  undergoes one-dimensional diffusion at 1.68 + 0.04 um? s* (mean = s.em., N = 27 traces) within
168 the flagellum after it departs from the tip (Figure 3h), consistent with the values measured for
169 tubulin and EB1 that undergo diffusion within the ciliary space (Craft et a., 2015; Harris et al.,
170  2016). The tip resting time of KAP remained nearly constant at different steady-state flagellar
171  lengths (Figure 2-figure supplement 1) and was shorter than that of IFT27, indicating that
172  departure of kinesin from the tip is independent of flagellar length and departure of retrograde

173  trains (Figure 2-figure supplement 1).

174 Unlike IFT trains, the mgority (89%, N = 95) of KAP-GFPs simultaneoudy departed from the
175 tip in a single step (Figure 3-figure supplement 1). Because each anterograde train contains
176  multiple (6) KAP-GFPs on average (Engel et al., 2009), this observation indicates that kinesin-11
177  departs from the tip in the same oligomeric state as it arrives. 34% of kymographs clearly
178 showed a single diffusing fluorescent spot after departure (Figure 3f), suggesting that KAPs are
179  held together in a single complex. In 30% of kymographs, the KAP signal spread quickly along
180 the length of a flagellum after departure, suggesting that kinesin-lls can also diffuse aone
181 (Figure 3-figure supplement 2, Video 7). The rest of the kymographs were ambiguous. Similar to

182 IFT27, the tip resting time of KAP increased ~50% when the cells were treated with ciliobrevin
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183 D (p = 0.0016), but EGTA had no significant effect on tip resting time of KAP (Figure 3-figure

184  supplement 1).

185 We next investigated whether KAP dlides linearly along the microtubule track, similar to the
186  non-processive, microtubule-depolymerizing kinesin MCAK (Helenius et al., 2006). In this case,
187 KAP clusters are expected to move aong the microtubule long axis, so the fluctuation in KAP
188 position in the perpendicular axis would be similar to the error of single particle tracking. The
189 KAP-GFP particles had lateral fluctuations of 19 £ 2 nm (mean £ s.d.) when moving in the
190 anterograde direction. After departing from the tip, lateral fluctuations of diffusing spots
191 increased to 65 £ 7 nm (Figure 3i,j), comparable to the radius of the axoneme. The intensity of
192 fluorescent spots stayed relatively constant during anterograde transport and diffusion,
193  suggesting that the measured lateral fluctuations are due to diffusive motion rather than
194  decreased tracking precision. We concluded that after KAP detaches from the flagellar tip, it
195 freely explores the space between the flagellar membrane and the axonemal surface rather than

196 diding along microtubules.
197 Kinesin-ll carriesdynein-1b asan inactive passenger during anterograde |FT

198 To investigate how kinesin-Il and dynein-1b motors interact with anterograde and retrograde
199 trains and how they are recycled back to the basal body, we transformed a dlblic mutant with
200  both D1bLIC-crCherry and KAP-GFP congtructs and simultaneously tracked the movement of
201 KAP and D1bLIC subunits in the rescued cells (Figure 4-figure supplement 1, Video 8). The
202 DI1bLIC-crCherry transgene rescued the flagellar assembly defects in the dlblic mutant,
203 increasing the flagellar length to 12.2 = 1.6 um (mean + s.d., N = 100 flagella). Both tagged
204  motors were expressed at near wild-type levels (Figure 4-figure supplement 1). The velocities of

205 anterograde and retrograde D1bLIC-crCherry trains were similar to those observed with IFT27-

10
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206  GFP (Figure 4a, Figure 1-figure supplement 1). We observed strong co-localization of D1bLIC-
207  crCherry and KAP-GFP on anterograde trajectories (Figure 4a), demonstrating that dynein-1b is
208 carried to the flagellar tip by kinesin-1I. Only D1bLIC-crCherry trains showed robust retrograde
209 trangport, while retrograde traces of KAP-GFP were rarely observed, consistent with dissociation

210  of kinesin-1l from IFT trains at the tip.

211  To determine which motor first departs from the tip after the arrival of an anterograde train, we
212 peformed two-color Photogate experiments to smultaneously track KAP-GFP and D1bLIC-
213  crCherry from individual anterograde trains (Figure 4b). Out of 21 cells, KAP began diffusive
214  motion before the retrograde movement of D1bLIC in 10 cells (Figure 4b), D1bLIC left the tip
215 before KAP in 8 céls (Figure 4-figure supplement 2), and both appeared to exit the tip
216  simultaneoudly (within 0.24 s) in 3 cells. These results suggest that kinesin-I1 and dynein-1b exit

217  theflagellar tip independently from each other.
218 Kinesn-lI returnsfrom theciliary tip to the cell body by diffusion

219 Dissociation of KAPfrom IFT trains at thetip is consistent with the recycling of kinesin-1l to the
220 cel body in the absence of active retrograde IFT (Engel et al., 2012; Pedersen et a., 2006; Reck
221 et d., 2016). However, it remained unclear how kinesin-Il achieves this long-range movement
222  without active transport. To test whether diffusion from the tip effectively recycles KAP to the
223  cel body, we performed fluorescence recovery after photobleaching (FRAP) assays in the
224  middle sections of full-length flagella of fla3::KAP-GFP cdlls (~12 um, Figure 5a, Video 9).
225  Directional movements of KAP-GFP labeled trains into the photobleached area were seen from
226  the anterograde direction, whereas recovery of GFP fluorescence from the retrograde direction
227  was primarily due to diffuson of KAP-GFP from the tip. These results suggest that the high

228 levels of background observed in KAP-GFP flagella were caused by kinesin-Il motors

11
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229 dissociated from IFT trains at the tip. The diffusion constant calculated from the fluorescence
230  recovery (1.8 + 0.1 um?s™, Figure 5b) was similar to the result of the MSD analysis (Figure 3h).
231  The fluorescent background in KAP-GFP flagella increased towards the tip, suggesting a net
232  efflux of diffusng KAP-GFP towards the cell body (Figure 5c¢,d). During flagellar regrowth, the
233 KAP-GFP gradient was maintained for all flagellar lengths (Figure 5-figure supplement 1a, see
234 Materials and Methods). The influx of KAP-GFP fluorescence to the flagellum through
235 anterograde IFT was statistically indistinguishable from the efflux of KAP-GFP to the base
236  through one-dimensional diffusion in flagella (Welch's t-test, p = 0.80, N = 57, Figure 5-figure
237  supplement 2, see Materials and Methods). These results strongly indicate that KAP-GFP returns

238 tothecdl body by diffusing from the flagellar tip.

239  Weran Monte Carlo ssmulations to estimate the accumulation of KAP in aflagellum at a steady-
240  state using the measured values of IFT train loading (Engd et al., 2009), diffuson coefficient,
241  flagellar length, and IFT train frequency. The mode assumes that KAP is released from
242  anterograde IFT trains at the tip, diffuses within a flagellum, and is taken up by the basal body.
243  Under these conditions, ssimulations confirmed the build-up of a linear concentration gradient of
244  KAPinthe flagellum (Figure 5-figure supplement 1b). In fully-grown flagella, the return of KAP
245  to the flagellar base takes 42 s on average, an order of magnitude longer than the travel of
246  retrograde trains (4 s) to the base. This delay leads to a ~4-fold higher amount of KAP inside the
247  flagellum compared to a case in which KAP returns to the base with retrograde trains (Figure 5-
248  figure supplement 1c). Unlike KAP, IFT27-GFP cells have a low fluorescence background
249  without an obvious concentration gradient along the length of the flagellum (Figure 5d) due to

250 activetransport of the IFT trains in both directions.

251 Kinesn-ll isdepleted from the basal body during flagellar regrowth

12
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252  KAP-GFP loading on IFT particles has been shown to decrease with increasing flagellar length
253  (Engd et al., 2009), but the underlying mechanism remained unclear. Because a larger amount of
254  KAP builds up in the flagellum as the flagella elongate (Figure 5-figure supplement 1), loading
255  of KAP onto the subsequent IFT trains may be reduced by depletion of KAP at the flagellar base.
256  To test this model, we deflagellated fla3:: KAP-GFP cells and measured the GFP fluorescence at
257  the basal body and in the flagellum during flagellar regrowth using confocal microscopy (Figure
258 6a). We estimated that the total amount of KAP localized to the base and flagellum increased by
259 two-fold with flagellar length, indicating the upregulation of IFT components during flagellar
260 growth. The fluorescence intensity at the flagellar base was highest for short flagella (1-4 pum)
261  and decreased ~4-fold as cells grew full-length flagella (~10 um, Figure 6b), significantly larger
262  than ~1.6-fold reduction reported previously (Ludington et al., 2015). We also observed that the
263  KAP fluorescence in the flagellum was low in short flagella and increased ~10-fold as the

264  flagellar length reached the steady-state (Figure 6b).

265 Changes in the amount of IFT complexes were markedly different from that of KAP during
266 flagellar regrowth (Figure 6a). Unlike KAP-GFP, basal body fluorescence of IFT20-GFP
267 remained nearly constant across all flagellar lengths in IFT20::IFT20-GFP cells (Figure 6c¢),
268 presumably because they are rapidly returned to the base through active transport. We also
269  observed an increase of the GFP signal in the flagellum with elongation (Figure 6¢), in contrast
270 to the previous observation that the total amount of IFT components remains constant during
271 flagellar regeneration (Marshall and Rosenbaum, 2001). This discrepancy may be related to

272  differencesin methods for quantifying IFT componentsin flagella.

273  We next determined the localization of KAP-GFP to the basal body and flagellum in cells that

274  grow abnormally long and short flagella. Chlamydomonas grows ~1.5X longer flagella in the

13
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275 presence of Li* (Nakamura et al., 1987) by recruiting flagellar proteins from the cell body pool
276 into the flagella (Nakamura et al., 1987) rather than requiring new protein synthesis (Wilson and
277 Lefebvre, 2004). Consistent with previous observations, the KAP-GFP strain grew longer
278 flagella in 50 mM Li*. After reaching the steady state length, we calculated the total KAP
279  fluorescence at the basal body and the flagellum (Figure 6d, Figure 6-figure supplement 1). In
280 agreement with our model, we observed that KAP gets depleted at the basal body at equilibrium.
281 The KAP fluorescence localized to a flagellum correlated strongly with flagellar length
282  (Pearson’'s R = 0.86), smilar to untreated cells. The total KAP fluorescence in the flagellum was

283  50% higher than untreated cells.

284  In the absence of new protein synthesis, Chlamydomonas can grow half-length flagella after
285  deflagellation, suggesting that the cytoplasmic pool of flagellar proteins is at least one half of
286 that localized to the flagellar compartment (Rosenbaum et al., 1969). We deflagellated KAP-GFP
287  cdls with pH shock and regrew their flagella in the presence of the protein synthesis inhibitor
288  cycloheximide. In agreement with untreated and Li* treated cells, we observed that the KAP
289  fluorescence at the flagellum correlates strongly with the flagellar length (Pearson’s R = 0.86),
290 whereasthe KAPintensity was depleted at the basal body (Figure 6d, Figure 6-figure supplement
291 1). Tota KAP fluorescence was one half of untreated cells, consistent with the fact that a large
292  amount of KAPislost during deflagellation. Therefore, over a wide range of flagellar lengths (2

293 —22pum), KAP gets depleted at the basal body when the flagella reach their equilibrium length.
294
295 Discussion

296 Remodeling of IFT complexes and motors at theflagellar tip in Chlamydomonas
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297 Using PhotoGate, we have visualized the turnaround behavior of individual components of the
298 IFT machinery at the flagellar tip. We present evidence that when IFT trains arrive at thetip, the
299 complexes split apart and mix with complexes from other trains at the flagellar tip before
300 initiating retrograde transport (Figure 4c). This dynamic disassembly and reassembly process
301 may lead to differences in size, shape, and structure of anterograde and retrograde trains, as
302 previously suggested by transmission electron microscopy (Dentler, 2005; Stepanek and Pigino,
303 2016). Remarkably, remodeling of IFT trains is completed within 1.3 s, with a 1.7 s average
304  waiting time between the departures of successive trains, consistent with previously measured
305 valuesfor IFT complex subunits, dynein-1b, and other axonemal cargoes (Craft et al., 2015; Qin
306 etal., 2007; Reck et a., 2016; Wren et a., 2013). Kinetic analysis of thetip resting time revealed
307 that disassembly of anterograde trains and reassembly of the retrograde trains is a multistep

308 process regulated by extracellular calcium and the concentration of active dynein motors.

309  Simultaneous tracking of the anterograde motor kinesin-Il (with KAP-GFP) and the retrograde
310 motor dynein-1b (with D1bLIC-Cherry) has further revealed significant differencesin how these
311 motors are recycled back and forth within a flagellum. Kinesin-1I drives anterograde trainsin a
312  highly processive fashion and then dissociates from the IFT trains when they reach at the
313 flagellar tip. KAP-GFP then returns to the flagellar base by diffusing within the flagellum,
314  similar to the diffusion of kinesin-1 in mammalian neurons (Blasius et al., 2013) and in contrast
315 to the retrograde transport of kinesin-11 observed in other cilia (Signor et al., 1999; Broekhuis et
316 al., 2014; Williams et al., 2014; Prevo et al., 2015, see below). We propose that the diffusion of
317 KAP-GFP represents the movement of the entire heterotrimeric kinesin-11 complex because KAP
318 and the kinesin-1I motor subunits co-sediment in sucrose density gradients of purified flagella

319 extracts (Cole et al., 1998; Mueller et a., 2005) and neither KAP nor FLA10 accumulate in
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320 flagella during inactivation of retrograde transport (Engel et al., 2012; Pedersen et a., 2006;
321 Reck et a., 2016). In certain cases, KAP-GFP appears to diffuse in an oligomeric form. It
322  remains to be studied what holds KAPs together and whether other components of the IFT trains

323  diffuse with KAP clusters after splitting and mixing at the tip.

324  The retrograde motor dynein-1b is transported to the flagellar tip on anterograde trains (Reck et
325 d., 2016). Because kinesin and dynein motors do not compete against each other in a tug-of-war
326  on anterograde trains (Shih et al., 2013), we concluded that dynein-1b is carried as an inactive
327 motor complex (Toropova et a., 2017; Zhang et al., 2017) and it actively engages with
328 microtubules only when it reaches the flagellar tip (Figure 4c). The average tip resting time of
329 dynein-1b is similar to kinesin-Il (Welch’s t test, p = 0.05), but the initiation of retrograde
330 transport by dynein-1b does not require departure of kinesin-1I motors from the tip, suggesting

331 that these processes are independent from each other.

332 The dynamic behavior of the IFT motors in Chlamydomonas flagella differs from that in

333 other cilia

334  Severa studies have revealed differences in IFT in the cilia and flagella of different organisms
335 (Prevoet a., 2017). First, the microtubule tracks can vary considerably. In Chlamydomonas, the
336 axoneme contains nine doublet microtubules, each composed of a complete A-tubule (with 13
337  protofilaments) and an incomplete B-tubule (with 10 protofilaments). The B-tubule terminates
338 Dbefore the A-tubule less than 1 um from the flagellar tip (Ringo, 1967; Satish Tammana et al.,
339 2013). Recent electron microscopy studies have revealed that anterograde IFT trains are
340 trangported primarily on the B-tubule, whereas retrograde IFT trains are transported on the A-
341  tubule (Stepanek and Pigino, 2016). The pausing of IFT particles observed at the flagellar tip in

342  Chlamydomonas may therefore reflect not only the time involved in the re-organization of the
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343 IFT particles, but also the time required for switching between microtubule tracks.

344  In other cilia, such as C. elegans sensory and mammalian olfactory cilia, the proximal doublet
345  microtubule segment is shorter, and the distal singlet MTs can vary significantly in length (~2.5
346 umin C. elegans to >100 um in mouse olfactory cilia). These cilia also employ two different
347  kinesin-1l motors for anterograde IFT (Prevo et al., 2015; Snow et al., 2004; Williams et al.,
348 2014). In C. elegans, heterotrimeric kinesin-Il is concentrated near the basal body region and
349 trangports anterograde IFT particles into the proximal doublet segment, where they are gradually
350 handed over to a homodimeric kinesin-Il, OSM-3, for transport into the distal singlet segment
351 (Prevo et a., 2015; Snow et al., 2004). Unlike Chlamydomonas, both the heterotrimeric and
352 homodimeric kinesin-Il motors are recycled to the ciliary base by retrograde IFT, not by
353 diffusion, in these and other metazoan cilia studied to date (Broekhuis et a., 2014; Mijalkovic et

354  a., 2017; Prevo et al., 2015; Signor et al., 1999; Williams et al., 2014).

355  Another important difference between IFT in Chlamydomonas and metazoan ciliais the dynamic
356 behavior of the motors themselves. IFT particles and motors move processively in the
357 Chlamydomonas flagellum (Dentler, 2005), with little or no evidence for the frequent pausing
358 and reversal aong the axoneme previously described in C. elegans or mouse olfactory sensory
359 cilia (Mijakovic et al., 2017; Prevo et al., 2015). We also did not observe acceleration and
360 deceleration of IFT motors near turnaround zones, nor the instantaneous (<600 ms) reversal of
361 dynein-1b at the ciliary tip described in C. elegans (Mijakovic et a., 2017; Prevo et al., 2015).
362 The reasons for these differences in IFT dynamics and turnover remain unknown, but they may
363 be related to the variations in ciliary structure and organization described above, differential
364 phosphorylation of kinesin-1I motors (Liang et al., 2014), posttranslational modification of the

365 microtubule tracks (Stepanek and Pigino, 2016), and other unidentified factors. In addition, both
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366 the frequency and speed of IFT is higher in Chlamydomonas (Dentler, 2005; Engel et al., 2009,
367 2012; lomini et al., 2001; Reck et a., 2016; Snow et al., 2004; Williams et a., 2014; Wingfield
368 et al., 2017) than that measured thus far in metazoan cilia (Li et al., 2015; Yi et a., 2017). This
369 may alow Chlamydomonas to rapidly adjust the length of its flagella in response to internal or
370 externa stimuli, whereas most cilia in C. elegans sensory neurons or mammalian cells do not

371 undergo extensive structural rearrangements once formed.
372 A mode for flagellar length control in Chlamydomonas

373 Cilia and flagella serve as a model system to study how cells precisely control organelle size
374  because they elongate only in one direction. According to the balance point model, flagellar
375 length is set when flagellar assembly and disassembly rates reach equilibrium (Marshall et al.,
376  2005). While the disassembly rate is independent of flagellar length (Kozminski et al., 1995), the
377  assembly rate is determined by the injection of IFT trains (Marshall et al., 2005). The amount of
378 material being transported by these trains to the tip is correlated strongly with the amount of
379 materia localized to the flagellar base (Ludington et al., 2013, 2015; Wren et al., 2013), which
380 serves as aloading dock. Previous studies showed that IFT train size and the number of ciliary
381 cargos per train scales inversely with flagellar length (Craft et al., 2015; Engel et al., 2009),
382 consistent with the reduction of the assembly rate as flagella elongate (Marshall et al., 2005).
383 However, it remained unclear which essential component of the IFT machinery limits the

384  assembly of IFT trains at the basal body during elongation.

385 We propose that dissociation of kinesin-Il from IFT trains serves as a negative feedback
386 mechanism to control the assembly rate in Chlamydomonas (Ludington et a., 2015). Our results
387  show that the mgjority of kinesin-11 dissociates from IFT trains at the flagellar tip and diffuses

388  within the flagellum. Diffusion leads to a large accumulation of kinesin-Il in the flagellum as the
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389 flagellum grows longer, while the amount of kinesin-1l at the base decreases several-fold. As a
390 result, lower amounts of kinesin-ll are available to bring new anterograde IFT trains to the
391 flagellar tip. This may lead to areduction in the IFT train size and the rate of flagellar assembly
392 as the flagella elongate (Figure 6ef). Indeed, a recent theoretica study demonstrated that
393 increased diffusion time of kinesin-Il in longer flagella can explain the inverse relationship

394  between length and IFT motor recruitment rate (Hendel et al., 2017).

395 Consistent with this mode, previous studies showed that KAP intensity at the basal body
396 correlates with KAP loading on IFT trains and the assembly rate during flagellar regeneration
397 (Ludington et a., 2013). In the temperature-sensitive mutant strain flal0® inactivation of
398 kinesin-Il motility ceases IFT and leads to resorption of the flagellum at a constant rate
399 (Kozminski et al., 1995; Marshall et al., 2005). At intermediate temperatures, flagellar length
400 correlates strongly with the estimated fraction of active kinesin-1l motors in flal0® cells
401 (Marshall and Rosenbaum, 2001), indicating that the amount of active kinesin-I1 limits flagellar
402  growth. The experiments performed under Li* and cycloheximide treatments (Figure 6d) also
403 support the idea that atering the amount of KAP available for the flagellar compartment
404  positively correlates with the flagellar length and that the equilibrium length is set when KAP
405  gets depleted below a certain threshold at the basal body. We note that the KAP intensity at the
406 flagellar base was lower (34-40%) in Li* and cycloheximide treated cells than in control cells at
407  equilibrium (p <0.0001, Figure 6d, |€eft). Although the reason for this difference remains unclear,
408 it could be due to a reduction of KAP concentration in the cytoplasm or changes in the flagellar

409  disassembly rate under treatment (Wilson and Lefebvre, 2004).

410  Unlike kinesin-1I, IFT components are rapidly recycled to the cell body by dynein-1b and the

411 amount of these components at the flagellar base remains nearly constant as the flagella elongate.
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412  Therefore, the abundance of IFT components and dynein-1b at the flagellar base is not limiting
413 to maintain the length, consistent with previous observations that a small amount of IFT
414  complexes and dynein-1b is sufficient to maintain fully grown flagella (Reck et al., 2016; Wang

415 et dl., 2009).

416 Diffusion is aso proposed to play arole in setting the length of bacterial flagella (Renault et al.,
417  2017), long polymers made from a single protein flagellin. Similar to the flagellar length control
418 mode originaly proposed for Chlamydomonas (Levy, 1974), flagellins are injected into the
419 channd of the filament and they diffuse to reach the assembly site at the filament tip, generating
420 a concentration gradient decreasing towards the tip. As the filament elongates, it grows more
421  dowly because it takes longer for the components to reach the tip. In contrast to bacterial
422  flagellin, structura components are carried to the tip by IFT in eukaryotic flagella. In
423  Chlamydomonas, we showed that diffuson of kinesin-1l from the tip sets a concentration
424  gradient decreasing towards the basal body, and its return to the flagellar base is delayed as the

425 flagellaelongate. Thisdelay limits the amount of kinesin-I1 available for building longer flagella.

426  Our modd is challenged by studies showing that the kinesin-Il mutant strains fla10" and fla3
427 maintain nearly full-length flagella at permissive temperatures although they accumulate
428  significantly lower amounts of kinesin-1l in the flagellar compartment (Kozminski et al., 1995;
429 Mudler et al., 2005; Pedersen et al., 2006). Remarkably, fla3 cells exhibit slower flagellar
430 regeneration (Mueller et a., 2005), consistent with our prediction that the lower amount of
431  kinesin-Il negatively affects the assembly rate. However, a more recent study showed that fla10®
432 flagella contain wild-type levels of kinesin-Il at permissive temperatures (Wang et al., 2009).
433  Given these apparent discrepancies, more gquantitative approaches will be required to address

434  whether the amount of kinesin-I1 correlates with flagellar length.
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435  According to the balance-point model, flagella that contain lower amounts of kinesin-11 can still
436 maintain nearly full-length if they also have a lower disassembly rate. The studies that reported a
437  reduction in kinesin-1l expression in flal0® and fla3 cells also noted significantly reduced
438 anterograde IFT frequency and IFT particle subunitsin flagella (Mueller et al., 2005; Pedersen et
439 a., 2006). This could negatively affect the disassembly rate because IFT is required for
440  efficiently removing certain axonemal precursors (Qin et al., 2004) and resorbing the flagellum
441  prior to mitosis. Indeed, flagellar resorption before mitosis occurs at a faster rate than flagellar

442  disassembly after inactivation of IFT (Marshall et al., 2005; Pan and Snell, 2005).

443  The mechanisms that control the expression of IFT components after deflagellation, regulate the
444  exchange of material between the basal body and cytoplasm, and load material onto IFT trains
445  must also play a mgor role in determining the length of flagella. Several studies have shown that
446  IFT components are upregulated and accumulate in large numbers at the flagellar base after
447  deflagellation (Albee et al., 2013; Lefebvre and Rosenbaum, 1986; Stolc et al., 2005).
448  Additionally, a large pool of IFT components in the cytoplasm partially exchanges with the
449  flagellar pool (Buisson et al., 2013; Engel et al., 2009; Wingfield et al., 2017) because cells can
450 grow haf-length flagella after deflagellation under complete inhibition of protein synthesis
451  (Rosenbaum et al., 1969). However, molecular cues that govern these processes remain poorly
452  understood and further studies in mutant cell lines that have abnormally long (Nguyen et al.,
453  2005; Tam et al., 2007) or short flagella may provide new insight for the mechanism of flagellar

454  length control.
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455 Materialsand Methods
456  Strainsand cdl culture

457  The pf18 IFT27-GFP strain was obtained from the Marshall laboratory (University of California
458  San Francisco) after crossing the IFT27-GFP transgene into the pf18 background as previously
459  described (Engel et al., 2009; Qin et al., 2007). The ift20::IFT20-GFP strain (Lechtreck et a.,
460 2009) was obtained from the Lechtreck laboratory (University of Georgia). The fla3::KAP-GFP
461 (Mudler et al., 2005) and diblic::D1bLIC-GFP (Reck et a., 2016) strains are available from
462  Chlamydomonas Resource Center at the University of Minnesota (RRID: SCR_014960). The
463  dilblic::D1bLIC-crCherry KAP-GFP strain was generated as described below. These strains were
464  not authenticated or tested for mycoplasma contamination. Strains were maintained on plates of
465 TAP mediacontaining 1% agar. For light microscopy, vegetative cells were resuspended in liquid
466 TAP mediaat 22 °C for 24-48 hours and passaged to fresh liquid TAP before introduction into a

467  flow chamber.
468 Isolation and characterization of the dlblic::D1bL1C-crCherry KAP-GFP strain.

469 The DI1bLIC-crCherry congtruct was generated by subcloning a Chlamydomonas codon-
470  optimized version of the Cherry tag into a genomic copy of the D1bLIC gene (Reck et al., 2016).
471  The Cherry tag was amplified by PCR from the plasmid pBR9 mCherryCr (Rasala et al., 2013)
472  and inserted into a unique Ascl site located in the last exon of D1bLIC. The D1bLIC-crCherry
473  construct was linearized with BamHI and co-transformed into dlblic (CC-4487) with the
474  selectable marker pSI103 and plated on TAP medium plus 10 ug/ml paromomycin. 960
475  transformants were picked into TAP media and screened for changes in colony morphology. 84
476  colonies were further examined by both phase contrast and fluorescence microscopy for rescue

477  of flagellar assembly and expression of Cherry. Isolated flagella from four colonies were
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478  anayzed by Western blot for the presence of full-length D1bLIC-Cherry. A single colony was
479  sdected for a second round of transformation using the KAP-GFP construct (Mueller et al.,
480  2005) and the plasmid pHyg3 (Berthold et al., 2002) and selection on 10 ug/ml of hygromycin B.
481  Two out of 96 transformants were identified as positive for both GFP and Cherry by fluorescence
482  microscopy, and Western blots of isolated flagella confirmed the presence of both D1bLIC-
483 Cherry and KAP-GFP in the rescued strains. Antibodies used included a rat antibody against
484  Chlamydomonas KAP (Mueller et al., 2005), a mouse antibody against GFP (Covance, Inc.), a
485  rabbit antibody against Chlamydomonas D1bLIC (Perrone et al., 2003), and a rabbit antibody

486  against mCherry (Rockland Immunochemicals).
487  Drug treatment

488 0.34 mM Ca®* in TAP media was depleted by adding 0.5 mM EGTA, which resulted in a free
489  Ca’* concentration of 1.5 pM. The concentration of free Ca’* in the assay buffer as a function of
490 added EGTA was calculated from the Chelator program (http://maxchelator.stanford.edu). For
491 drug treatment assays, a final concentration of 100 uM ciliobrevin D was added to the TAP

492 media, and the data was collected 5-10 minutes after the treatment.

493  For cycloheximide treatment, cells were deflagellated by pH shock and cycloheximide was
494  added to a final concentration of 1.5 pg/ml immediately afterwards. Cells were allowed to
495  regrow flagella for 2 hours before fixation and imaging. For Li* treatment, 50 mM LiCl was
496 added to liquid cell suspensions, and cells were incubated for 2 hours before fixation and

497  imaging.
498 Deflagellation and flagellar regrowth

499  For imaging the diffusion gradient in live fla3::KAP-GFP cdlls, we deflagellated cells in TAP
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500 media using shear force by rapidly pushing them through a 20G1 %2 syringe. Cells regenerating
501 flagella were imaged in the following hour. For imaging the accumulation of GFP signal at the
502 basal body region and in regenerating flagella, fla3::KAP-GFP and IFT20::IFT20-GFP cells
503 were deflagellated with pH shock by adding 60 ul 0.5 N acetic acid to 1 ml of cells in TAP
504 media, waiting 45 seconds, and adding 60 pl 0.5 N KOH. Cells were fixed 15, 30, 45, 60, and 75
505 minutes after pH shock. Fixation was done by pipetting 200 ul of liquid TAP cdll culture onto a
506 poly-lysine treated coverdip for 1 minute, then gently treating the coversip with 4%
507 paraformaldehyde in water for 10 min. Afterwards, the coverslip was treated twice with 100%
508 methanol chilled to -20 °C for 5 minutes. Coverdlips were dipped in water to remove methanol,

509  mounted in aflow chamber with TAP media, and then imaged immediately.
510 TIR microscopy

511 A custom-built objective-type TIR fluorescence microscope was set up using a Nikon TiE
512 inverted microscope equipped with a perfect focusing unit, bright-field illumination, and a 100X
513 1.49 NA PlanApo oil immersion objective (Nikon). 488 nm and 561 nm solid state lasers
514  (Coherent) were used for GFP and crCherry excitation, respectively. The angle of incident light
515 was adjusted lower than the critical angle to illuminate a deeper field (=300 nm) near the
516 coverdip surface. The fluorescent signal was recorded by an Andor iXon 512 x 512 electron-
517 multiplied charge-coupled device (EM-CCD) camera. 1.5x extra magnification was used to
518 obtain an effective pixel size of 106 nm. Data was collected at 10 Hz. Excitation laser beams
519 were controlled by shutters (Uniblitz). Because the CCD image saturates under intense laser
520 illumination of the focused gate beam, shutter timing was synchronized with the camera
521 acquisition by a data acquisition card (NI, USB-6221) to minimize the number of saturated

522  frames in recorded movies. For two-color imaging, GFP and crCherry fluorescence were
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523  separated into two channels on a CCD camera using Optosplit Il (Cairn). To avoid bleed-through
524  between channels, movies were acquired using time-sharing between the 488 nm and 561 nm
525  laser beams, synchronized with camera acquisition at 60 ms frame time. The effective pixel size

526  was 160 nm.
527 PhotoGate assays

528 The PhotoGate system was assembled as previously described (Belyy et al., 2017). Briefly, a
529  488-nm laser beam was split into two paths using a half-wave plate and a polarizer beamsplitter
530 cube. The first path was used for objective-type TIRF imaging. The second path was focused (2
531 MW cm? to the image plane and steered with a fast piezo-driven mirror (S-330.8SL, Physik
532 Instrumente). The piezo-driven mirror was mounted at a position conjugate to the back-focal
533 plane of the objective to ensure that the tilting of the mirror resulted in pure translation of the
534  focused beam in the image plane. The mirror provided a usable travel range of 30 um x 30 pum
535 area at the image plane. The mirror’s angle was updated via analog output channels of a data

536 acquisition card (NI, USB-6221) and controlled by software custom-written in LabVIEW.

537 Flagellar orientation of surface adhered cells was visualized by TIRF imaging. Initialy, the gate
538 beam was placed at the tip of flagellum and moved along the flagellar orientation to prebleach
539 the distal half of the flagellum. The gate beam was turned off when it was positioned near the
540 base of the flagellum to allow a single fluorescent anterograde train to enter the flagellum.
541 Occasonaly (<5%), two anterograde trains overlapped and entered the flagelum
542  simultaneously. The gate beam was then turned on for 0.2 s of every 1 s to bleach other
543  anterograde trains. Under these conditions, less than 1% of anterograde IFT trains moved faster
544  than the cutoff speed (3.0 pm s™) and were able to escape the gate. Based on the size of the gate

545  beam in the image plane, gating frequency was adjusted for each experiment to keep the escape

25


https://doi.org/10.1101/156844

bioRxiv preprint doi: https://doi.org/10.1101/156844; this version posted September 15, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

546  probability under 0.01. The trgectories of these trains can be distinguished from each other as
547  they move at different speeds along the flagellum. The locations of flagellar tips were determined
548 by brightfield imaging (data not shown). In two-color photogate experiments, the focused 438-
549 nm laser beam was used to bleach both GFP and crCherry, and 488 and 561 beams were used in

550 atime-sharing mode for TIR excitation.
551 FRAPassays

552  FRAP assays on the fla3::KAP-GFP strain were performed by photobleaching the center part of
553 the flagellum (5 um in length) for 200 ms at 25 kW cm in the epifluorescence mode. The
554  recovery of fluorescence signal in the bleached area was simultaneously monitored by imaging
555 with a 100 W cm? TIRF excitation. The analysis was performed by measuring the total
556  fluorescence intensity within the bleached area. Fluorescent signal of anterograde transport was
557 manually excluded from the analysis. 13 different recovery traces were used in the MSD

558 analysis. Theintensity of each trace was normalized according to the initial and final intengity.
559  Confocal microscopy

560 fla3::KAP-GFP and IFT20::IFT20-GFP cells were fixed with paraformaldehyde at 15, 30, 45,
561 60, and 75 min intervals after deflagellation, as described above. The sample was imaged on a
562  Zeiss confocal microscope using 488 nm laser excitation. Images were recorded with 560 nm z
563  step, 63 nm pixel size, and 1.58 us photon collection per pixel. Fluorescence in basal body and
564 flagellum was quantified using Imagel. The ratio of flagellar to basal-body KAP-GFP
565  fluorescence in confocal images was similar to that of images recorded with TIR excitation,
566 indicating that the fixation protocol did not result in the loss of diffusing KAP-GFP signal from

567 the flagella. We confirmed that fixation did not alter the relative amount of KAP-GFP in the
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568 flagellum and the base by comparing the flagellum to base fluorescence ratio in live and fixed

569 fla3::KAP-GFPcdlls.
570 Dataanalysis

571 Anterograde and retrograde trgjectories were manually assigned from kymographs. After the
572 arrival of a dngle anterograde particle at the tip, the departure of fluorescent retrograde trains
573 wasdetermined at single pixel and frame resolution. Thetip resting time for each retrograde train
574  was defined as the duration between the arrival of the fluorescent anterograde train and the
575 departure of the retrograde train from the tip. Tip resting time histograms were constructed and
576 fitted to a Gamma function using MATLAB. The Gamma function was defined as I'(t) = t*e™,

577 where o and A are shape and rate parameters, respectively.

578  For single particle tracking analysis, the positions of fluorescent spots were determined by fitting
579 the PSFsto a 2D Gaussian. The positions were fitted throughout the movie except at the frames
580 when the gate beam was on or the frames in which the tracked particle overlapped with other
581 fluorophores. The intensity of the fluorescent spots was estimated by the volume of the 2D
582  Gaussian peak. In a typical assay, we adjusted excitation power to achieve 20-nm localization
583 accuracy at 10 Hz image acquisition rate. Individual GFP particles were tracked for 5 s on
584 average before photobleaching and the diffusion constant was obtained by MSD analysis of
585 individual spots. In certain kymographs, diffusion of individua KAPs within a flagellum could

586 not beresolved dueto the diffraction limit.

587  To determine the distribution of the KAP-GFP background in flagella, anterograde trajectoriesin
588  kymographs of fla3::KAP-GFP cells were manually removed using custom ImagelJ plugins. The
589 remaining pixels were averaged over the kymograph's time axis, giving a time-averaged plot of

500 the KAP-GFP background over the flagellum length. The cells were grouped by flagellar length.
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591 The background intensity and flagellum length of each cell were normalized. The average

592  background intensity along the length of the flagellum was calculated for each group of cells.

503 KAP-GFP efflux from the flagellum was calculated using Fick’s law. The slope of the KAP-GFP
594  background over the length of a flagellum was multiplied by the diffusion constant (1.7 pm? s).
595 To caculate KAP-GFP influx, the KAP-GFP background was subtracted from the kymographs.
506 Then, the average intensity of anterograde trains was multiplied by the train frequency (1.3 trains

597 s%) to calculatetheinflux.

508 GFP photobleaching rate under TIR illumination was estimated by heavily decorating the
599 coverdip surface with eGFP and calculating the rate of decrease in GFP fluorescence. To
600 estimate the live-cell GFP photobleaching rate in pfl8 IFT27-GFP cells, the fluorescent
601 intensities of 94 anterograde trains from 9 cells were quantified at each time point en route to the
602 flagellar tip. Each train’s intensity profile was normalized by the mean intensity. The normalized
603 intensity values were plotted against time and fit to a single exponential decay. The decay

604  constant was used as the photobleaching rate.
605 Monte Carlo smulations

606 Monte Carlo simulations were performed to test the effect of limited number of GFPs per train
607 and GFP photobleaching in PhotoGate experiments using the pfl8 IFT27-GFP dtrain.
608 Experimentally measured values were used for the velocity and frequency of anterograde and
609 retrograde trains. Simulations assumed that anterograde trains arrive and retrograde trains depart

610 from thetip through a purely stochastic process adding particles to a mixed flagellar tip pool.

611 We edtimated that each anterograde train contains 6 fluorescent GFPs by comparing the

612 fluorescent intensities of anterograde trains in the pfl8 IFT27-GFP strain to those of KAP-GFP
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613  gpotsin thefla3::KAP-GFP strain under the same imaging conditions and calibrating the number
614 of molecules based on previous photobleaching analysis of the fla3::KAP-GFP strain (Engel et
615 4., 2009). Each retrograde train was constructed by arandom selection of IFT particles available
616 at thetip. Tip intensity measurements revealed that the signal of the IFT complexes located at the
617 tip is approximately three times brighter than an average anterograde train. The photobleaching
618 of GFPs (0.07 s*) under TIR illumination was accounted for in simulations and trains with at

619 least one fluorescent GFP upon leaving the tip were marked detectable.

620 Simulations were aso run to estimate the distribution of diffusng KAP molecules in the
621 flagellum at a steady-state. In these smulations, previously reported values for the anterograde
622 traininjection rate (1.3 trainss*) (Mueller et al., 2005) and the average number of KAP bound to
623 asingle anterograde train for each flagellar length (Engel et al., 2009) were used to estimate the
624  number of KAP that arrives at the flagellar tip per second. KAP dissociated from the trains at the
625 tip and immediately started one dimensional diffusion in the flagellum. The resting time of KAP
626 at the tip was inggnificant, and was not accounted for. The flagellum was modeled asa 5 - 12
627  pm long linear grid with spacing defined asthe MSD of KAP diffusing at 1.7 pm? s (Figure 3h)
628 during the time-step of the simulation (5 ms). At every time point, each active molecule had its
629 grid position changed by +1 or -1. The molecules at the extreme terminus of the tip only moved
630 towards the base. The diffusing KAP molecules were perfectly absorbed to the cell body as they
631 arrived at the flagellar base (i.e. perfect Sink) and exited the simulation. The simulations were run
632  for 100,000 time points to allow molecules to reach a steady-state. The number of molecules at
633  each grid position was calculated to plot the distribution of KAP molecules diffusing along the
634 length of the flagellum. The total number of KAP was calculated by integrating the number of

635 KAP diffusing along the entire flagellum and KAP on the anterograde trains. This number was
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636 compared to a hypothetical scenario that KAP returns to the cell body with active transport. The

637 simulations were run 10 times to calculate the error.

638 Simulation codes are available on https://github.com/SingleM oleculeAC/IFT-Dynamics.
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837 Figurel. IFT trainssplit apart and mix with each other at theflagellar tip.
838 (a) Kymograph of a surface-immobilized pf18 IFT27-GFP strain shows that IFT trains move

839 Dhidirectionally along the flagellum, only reversing direction at the tip and the base. Multiple IFT
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840 trains accumulate at the flagellar tip. Representative anterograde and retrograde trajectories are
841 shown with yellow and red dashed lines, respectively. (b) Schematic representation of the
842  PhotoGate assay. 1) The distal half of the flagellum is prebleached by moving the powerful gate
843  beam from the flagellar tip to near the base of the flagellum. 2-3) The gate beam is turned off to
844  alow a single anterograde train to enter the flagellum without photobleaching. 4) The beam is
845 then repeatedly turned on to photobleach the successive trains entering the flagellum and 5)
846 turned off for 0.8 s to image the single fluorescent train within the flagellum. Photobleached
847 trains are not shown. (c-€) Kymographs of one (c), two (d) and three (e) fluorescent anterograde
848 trains entering the flagellum. Anterograde trains pause at the flagellar tip and split into multiple
849 retrograde trains that move back to the base. Arrival of fluorescent anterograde trains and
850 departure of retrograde trains at the tip are shown with red and yellow stars, respectively. Arrows
851 represent repetitive bleaching events near the base of the flagellum. (f) (Left) The number of
852 fluorescent retrograde trains was quantified as a function of one, two or three fluorescent
853  anterograde trains entering the flagellum after photobleaching. (Right) The average number of
854  retrograde trains increased sub-proportionally with the number of fluorescent anterograde trains
855 entering the flagellum. N = 97, 60, 42 train events from top to bottom, in 160 cells, from 13
856 independent experiments. (g) The number of detectable retrograde trains versus the numbers of
857 incoming anterograde trains in PhotoGate experiments and Monte Carlo simulations (PB:
858  photobleaching). Solid lines represent the fit of data to the power law (y = ax"). nislessthan 1

859  under each condition. Error bars represent s.e.m. (N = 10,000 for simulations).

39


https://doi.org/10.1101/156844

bioRxiv preprint doi: https://doi.org/10.1101/156844; this version posted September 15, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

860
d — b 30- stirai 124 . _ -
resting time . 18ttrain At=17+0.2s 1train
— ; ~104{At=1.4+£01s 2trains
. All
remodeling departure Bl 1 raie 2 |At=13%0.1s 3trains
time time At 0 20+ N =97 D 8-
—r [= E
* _d % %% 3 a=3.1 Z 5
re ‘: .; "‘ ‘\ 8 A 1.04 s g’
=1. s e
I'I' ‘\ ‘\ ‘\ ‘\ 107 3 4
s |} \ 1 A Y n:
re A SN TR YR ¥ 2.~ 1.3+03s |
123 {st 2nd 3rd  gth 0
anterograde retrograde 5 10 15 st 2 3d 4t
trains trains Resting time (s) Number of retrograde trains
X%
d 20 e 01 . ! e 1sitrain
e [Ca?*] =340 uM . . . A
4 [ ]
% 15] * [Ca*1= 15 um = 25 N S . rains
o © 2 ‘ . :
£ £ . 5
= 104 28+03s F 45l 3 . i
=4 o §
= £ ’ § :
$ 5 w 104, : :
a) L]
[ 1.7+02s o i . el
Sl [R] X N e IO 5
0 1 > 3 1 —u— IS 17 SR X " chelde
1st 2nd 3rd 40’\ 0 [
Number of retrograde trains Control EGTA Ciliobrevin D
861

862 Figure 2. Tip turnaround of IFT trainsis a multistep process regulated by dynein activity
863 and extracellular Ca*".

864 (@) The schematic describes the definition of tip resting time, remodeling time, and departure
865 time measured from the kymographs. Arrival of the first fluorescent anterograde train and the
866  departure of retrograde trains are shown with red and yellow stars, respectively. Tip resting time
867  and departure time are only shown for the first retrograde train. Tip remodeling time is assumed
868 to be the same for each train. At represents the time between the departure of successive
869 retrograde trains. (b) The resting time histogram of the first retrograde IFT27-GFP train (dark
870 grey) and all of the trains (light grey) emanating from a single anterograde train. The histogram
871 of the firgt retrograde trains was fitted to a Gamma function (red curve). a and A are shape and
872 rate parameters, respectively. (c) The linear fit to the average tip resting time reveals At between

873  successive trains. The y-intercept (black dashed line) represents the tip remodeling time. Errors
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874  represent standard error of the linear fit. (d) Average tip resting times of the 1%, 2", 3 and 4"
875  retrograde IFT27-GFP trains coming out of an anterograde train for cellsin TAP media (red, N =
876 97) and calcium-depleted media (blue, N = 44). Errors represent standard error of the linear fit.
877 (e) IFT27-GFP tip resting timesin 0.5 mM EGTA and 0.1 mM ciliobrevin D treated cells. The
878 line within the boxplot represents the mean. The outer edges of the box represent standard
879 deviation. N = 97, 44, 34, 34, 52 retrograde trains from left to right, in atotal of 22 independent
880 experiments (Welch's t-test, *p < 0.05, ***p < 0.001, as compared to no treatment for first

881 retrograde trains).
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883 Figure3. PhotoGate revealsthetip turnaround behavior of IFT motors.

884 (a) In a conventional TIR assay, anterograde and retrograde D1bLIC-GFP traces were clearly
885 visible, but thetip behavior of individual trains could not be discerned. (b) In a conventional TIR
886  assay, KAP-GFP was observed to move anterogradely, but the retrograde transport of KAP was
887 rarely observed. (¢) PhotoGate imaging of D1bLIC-GFP shows that D1bLIC trains move to the
888 tip anterogradely, split into multiple trains, and return to the base retrogradely. Red and yellow
889 dtars indicate arrival to and departure of D1bLIC-GFP from the tip, respectively. (d) The tip
890 resting time histogram of D1bLIC-GFP. Tip resting time of the first retrograde trains are fit to a
891  Gamma distribution (red curve; 95% c.i. for a is 1.30-2.52 and for A is 0.69-1.47 s%). N = 60
892  anterograde trains in 60 cells over 9 independent experiments. (€) Averaged tip resting time of
893 the 1% 2™ 3" and 4" retrograde D1bLIC-GFP particles returning from the tip (mean + s.em.).

894 (f) Kymograph analysis of a KAP-GFP cdl imaged by PhotoGate. KAP undergoes active
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895 trangport in the anterograde direction, pauses at the flagellar tip, and diffuses back to the flagellar
896 base. (g) Thetip resting time histogram of KAP-GFP. The red curve represents a fit of first train
897  resting times to a Gamma distribution. N = 95 anterograde trains in 47 cells over 4 independent
898  experiments (95% c.i. for o is 1.87-3.19 and for A is 0.88-1.60 s%). (h) MSD analysis of KAP-
899  GFP movement after it leaves the flagellar tip. The average diffusion constant is 1.68 + 0.04 um?
900 s*(N =27, mean + sem.). (i) High-resolution tracking of a KAP-GFP particle reveals the two-
901 dimensiond trgectory during anterograde (black) and diffusion (blue). The red curve is the
902 polynomial fit to the trace. (j) The residual plot to the trace in (i) reveals latera fluctuations

903  during anterograde transport (black) and diffusive (blue) movement.
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907 crCherry KAP-GFP flagellum. KAP-GFP and D1bLI1C-crCherry co-localize on the IFT trainsin
908 the anterograde direction. Retrograde tracks are seen in the D1bLIC-crCherry channel, but are
909 rarely visible in the KAP-GFP channel. (b) Example two-color PhotoGate trace of KAP-GFP
910 (left) and D1bLIC-crCherry (middle) in single flagella. KAP-GFP and D1bLIC-crCherry arrive
911 at thetip on the sametrain. In this example, KAP diffuses away from the tip before the departure
912 of D1bLIC trains (right). Red and yellow stars indicate arrival to and departure from the flagellar
913 tip, respectively. (c) A modd for the turnover of IFT trains and motors at the flagelar tip.
914 Kinesin-Il motors transport individua anterograde IFT trains to the flagellar tip. Dynein-1b is
915 carried with anterograde trains as an inactive passenger. At the tip, IFT complexes detach from
916  microtubules, disassemble, and mix with the tip protein pool to assemble new trains. These trains
917 aretransported retrogradely by dynein-1b. Kinesin-1I detaches from IFT trains at the flagellar tip
918  and diffuses back to the base by diffusion either as a cluster (blue dashed circle) or individualy.

919
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920
921 Figureb. Diffusion of KAPfrom the flagellar tip leadsto a concentration gradient along the
922 flagdlum.

923 (a) Kymograph of KAP-GFP movement before and after photobleaching the middle section of
924  the flagellum (blue area). While fluorescence recovery from the base is through anterograde
925 movement, the recovery from the tip region is due to diffuson. (b) (Left) The GFP signal of
926  anterograde traces (red) was manually subtracted from the rectangular area shown in (a). (Right)
927 The intendty in the photobleached area shows recovery as a function of time (blue line). The
928 average recovery signal of 13 cells (grey lines) was fitted to a one-dimensional diffusion
929 equation (black curve, = 95% c.i.). (¢) In conventional TIR imaging, anterograde trajectories of
930 KAP-GFP were manually subtracted from the kymograph. (d) The average GFP signal along the
931 length of a flagellum in KAP-GFP and IFT27-GFP cdlls after the removal of anterograde and
932 retrograde transport traces from the kymographs. Flagellar base and tip positions were
933 normalized to 0 and 1, respectively. N = 11 for both KAP-GFP and IFT27-GFP.
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934

935 Figure 6. Kinesn-1I accumulates in flagella and is depleted at the basal body during
936 flagellar growth.

937 (a) Representative confocal images show the distribution of IFT20-GFP and KAP-GFP
938 fluorescence at the basal body region and in the flagella during flagellar regrowth. (b,c)
939 Integrated KAP-GFP (b) and IFT20-GFP (c) fluorescence at the basa body (top), in the

a7
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940 flagellum (middle), and in both regions (bottom) at different flagellar lengths. Each black dot
941  represents a single flagellum and the blue line is the running average (xs.e.m.). For KAP-GFP, N
942 = 104 flagella from 70 cells over 2 independent experiments. For IFT20-GFP, N = 103 flagella
943  from 56 cells over 2 independent experiments. (d) Integrated KAP-GFP fluorescence at the basal
944  body (left), in the flagellum (middle), and in both regions (right) in control cells was compared to
945  cells treated with 50 mM Li*, and cells that regrow their flagella after cycloheximide treatment.
946 R represents Pearson’s correlation coefficient. Each dot represents a single flagellum. For control
947  cdls, N = 66 flagella from 33 cells. For lithium-treated cells, N = 74 flagella from 37 cdlls. For
948 cycloheximide-treated cells, N = 40 flagella from 20 cells. (e) A model for flagellar length
949  control. When the flagellum is short, IFT trains contain more kinesin-11 from the large basal body
950 pooal. As flagella e ongate, the number of kinesin-11 per IFT train decreases because a significant
951 fraction of the kinesin-Il unloads at the tip and undergoes diffusion in the flagellar lumen,
952  depleting the kinesin-11 pool at the flagellar base. (f) An analogy for kinesin-1l loading on IFT
953 trains. Passengers (dynein-1b) travel from the left shore (basal body) to the right shore (flagellar
954  tip) on aboat (IFT trains) with oars (kinesin-11). At the right shore, the passengers get out and
955  walk the boats back to the dock. Oars are left on the water and can only be collected when they
956 randomly float back to the left shore. If the distance between the shoresis large, oars build up on

957 thewater and are not readily available for new boats at the left shore.

48


https://doi.org/10.1101/156844

bioRxiv preprint doi: https://doi.org/10.1101/156844; this version posted September 15, 2017. The copyright holder for this preprint (which was

958

959

960

961

962

963

964

965

966

967

968

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary I nfor mation

1. Figure Supplements
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Figure 1-Figure Supplement 1. Anterograde and retrograde velocities of epitope-tagged

IFT27, KAP, and D1bLIC.

(a,b) Anterograde (a) and retrograde (b) velocities of D1bLIC-GFP in dlblic::D1bLIC-GFP
cdls. (c, d) Anterograde (c) and retrograde (d) velocities of IFT27-GFP in pfl8 IFT-27-GFP
cells. (e) Anterograde velocities of KAP-GFPin dlblic::D1bLIC-crCherry KAP-GFP cdlls. (f, g)
Anterograde (f) and retrograde (g) velocities of D1bLIC-crCherry in dlblic::D1bLIC-crCherry
KAP-GFP cdlls. (h) Anterograde velocities of KAP-GFP in fla3::KAP-GFP cdlls. All velocities

are reported as mean + s.d. N represents the number of trains measured.
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D1bLIC-GFP

969

970 Figure 1-Figure Supplement 2. Additional examples for PhotoGate imaging of IFT27,

971 D1bLIC, and KAP.

972 (a) IFT27 ismoved to the tip on anterograde trains, remodels, and returns to the flagellar base on

973 retrograde trains. (b) Dynein is moved to the tip on anterograde trains, remodels, and moves
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974  retrogradely to the cell body. (c) Kinesin moves anterograde trains to the flagellar tip, dissociates
975 from the IFT trains at the tip, and diffuses within the flagellum. Red and yellow stars indicate

976  arrival to and departure from the tip, respectively.

977
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979  Figure 1-Figure Supplement 3. Monte Carlo simulations for the dynamics of IFT trains at

980 theflagellar tip.

981 (a) A simulated kymograph with one anterograde IFT train (label A, black line) reaching the
982 flagellar tip, joining the pool at the tip (label T, red line), and returning as three retrograde IFT
983 trains (label R1-R3; blue, purple, and green lines). The anterograde train originally carries 6
984  bright fluorophores, and each fluorophore either bleaches or returns back to the flagellar base.
985 The number of fluorophores is labeled in grey color within parentheses, and each bleaching
986 event isindicated by ared cross. (b) The total number of fluorophores in the anterograde train
987 (label A, black line), at the flagellar tip (label T, red line), and the retrograde trains (label R1-R3,
988 Dblueline, purple line and green line) are shown as a function of time for the example kymograph
989 shown in (a). Step-by-step reduction in GFP numbers in anterograde and retrograde trains is due

990 to photobleaching of GFPs at 0.07 s* under TIR illumination. (c) The number of detectable
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991 retrograde trains in PhotoGate assays with one, two, and three fluorescent anterograde trains
992 arriving at the tip in experiments (Figure 1f) and Monte Carlo ssimulations (N = 10,000 for

993 simulations).
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Figure 2-Figure Supplement 1. Tip resting time isindependent of flagellar length.

14

(a,b) The average tip resting time of IFT27-GFP trains (a) and KAP-GFP particles (b) at different

lengths of steady-state flagella. Error bars in both axes represent s.em. For IFT27-GFP, N = 60

(first train) and 136 (all trains). The bin sizeis 10 particles. For KAP-GFP, N = 95 (first particle)

and 111 (all particles). The bin size is 20 particles.
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1001 Figure 3-Figure Supplement 1. Tip resting time of KAP-GFP under various drug
1002 treatments. (@) The number of fluorescent KAP particles emanating from a single fluorescent
1003  anterograde KAP particle at the tip. N = 195 trains in 106 cells over 9 independent experiments.
1004  All KAP clusters displayed diffusive movement after leaving the tip. (b) The tip resting time
1005 histogram of KAP-GFP with EGTA treatment. N = 100 trains in 59 cells over 5 independent
1006  experiments. (C) Tip resting time histogram of KAP-GFP with ciliobrevin D treatment. N = 52
1007  trainsin 37 cells over 4 independent experiments. (d) The average tip resting time for KAP-GFP
1008 under EGTA and ciliobrevin D treatments (mean = sem.; **p < 0.01 as compared to no

1009 treatment; nsisnon-significant).
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1010

1011  Figure 3-Figure Supplement 2. Example kymograph of KAP particle breaking apart after

1012  tip departure.

1013  Kinesin moves anterograde trains to the flagellar tip, dissociates from the IFT trains at the tip,
1014  and diffuses within the flagellum. In this example, the KAP particle breaks apart into smaller
1015 particles while diffusing. Red and yellow stars indicate arrival to and departure from the tip,

1016  respectively.
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1017
1018 Figure 4-Figure Supplement 1. Expresson of KAP-GFP and D1bLIC-crCherry in isolated
1019 flagellafrom a double-tagged strain.
1020 Isolated flagella from wild-type cells (WT) and a diblic::D1bLIC-crCherry KAP-GFP strain
1021  (C5) were analyzed on Western blots probed with antibodies againgt (a) KAPR, (b) GFP, (¢)
1022 D1bLIC, and (d) Cherry. The endogenous KAP subunit migrates at ~95 kD in both strains (a),
1023  and the KAP-GFP subunit migrates at ~122 kD (&, b). The D1bLIC subunit migrates at ~49 kD
1024 in WT (c) and the D1bLIC-crCherry migrates at ~75 kD in the C5 rescued strain (c, d). The
1025 lower molecular weight bands in the C5 rescued strain represent proteolytic fragments of the
1026  D1bLIC-crCherry polypeptide (black asterisks). These bands are variable in preparations of
1027 isolated flagella.
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KAP-GFP D1bLIC-crCherry

1028

1029 Figure 4-Figure Supplement 2. Example two-color PhotoGate trace of KAP-GFP (left) and
1030 D1bLIC-crCherry (right) in single flagella. KAP-GFP and D1bLIC-crCherry arrive at the tip
1031 on the same train. In this example, D1bLIC leaves the tip before KAP. Red and yellow stars

1032 indicate arrival to and departure from the flagellar tip, respectively.
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1035 Figure5-Figure Supplement 1. A gradient of KAP-GFP fluorescence along the length of the

1036 flagellum existsacross all flagellar lengths.

1037 (a) The gradient of KAP-GFP fluorescence is approximately linear over the length of the
1038 flagellum for flagella of different lengths. Cells undergoing flagellar regrowth were imaged and
1039 split into groups by their flagellar length, as a percentage of full-length flagella. IFT trains were
1040 manually removed from kymographs and remaining pixels were time-averaged to calculate the
1041  concentration gradient of the KAP-GFP. Error bars represent s.em. N = 57 kymographs over 5
1042  independent experiments. (b) Monte Carlo simulations reveal the flagellar distribution of KAP-
1043  GFP diffusing from a source at the tip (right) to a sink at the base (left). (¢) Simulations show
1044  that return of KAP to the cell body by diffusion leads to a greater accumulation of KAP in the
1045 flagellum, in comparison to a hypothetical case where KAP returns to the cell body via
1046 retrograde transport. This analysis accounts for both anterogradely moving and diffusing KAP

1047 molecules.
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1049 Figure 5-Figure Supplement 2. The influx and efflux of KAP-GFP fluorescence in fully

1050 grown flagella are equal.

1051 (a) An example kymograph of afla3::KAP-GFP flagellum imaged with TIR. The flagellar tip is
1052 on the right. (b) To calculate the intensity of the fluorescence background, anterograde
1053 trajectories of KAP were manually subtracted from the kymograph. (c) Intensities were time-
1054 averaged to calculate KAP-GFP background. Efflux was calculated from Fick’s law using the
1055 dlope of the intensity profile along the flagellar length and the measured diffusion constant (1.7
1056  um? s%). (d) Background was subtracted from original kymograph to get anterograde train
1057 intendties. (e) The kymograph was masked for anterograde trains to calculate the average
1058 fluorescent counts per train. Influx was calculated by multiplying counts per train with the
1059  measured train frequency (1.3 s%). KAP-GFP influx into the flagellum (1,130 + 70 counts s*)
1060  was similar to the efflux of KAP from the flagellum (1,170 + 160 countss*). N = 57 kymographs

1061 over 5 independent experiments (mean £ s.em.).
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1063  Figure 6-Figure Supplement 1. Length and total fluorescence distributions of lithium and

1064  cycloheximide-treated cedlls.

1065 (a) Flagdla length distributions for fla3::KAP-GFP cells cultured in TAP media, cells treated
1066  with 50 mM LiCl, and cells subjected to pH shock and allowed to regrow flagellain the presence
1067  of 1.5 ug/ml cycloheximide. For control cells, N = 66 flagella from 33 cdlls. For lithium-treated
1068 cdls, N = 74 flagella from 37 cells. For cycloheximide-treated cells, N = 40 flagella from 20
1069 cdls. (b) Histograms show the total fluorescent signal of KAP-GFP localized to the basal body

1070  and the flagellum of single célls.
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1071 2. Video Legends

1072  Video 1. Tracking of individual IFT trainsin Chlamydomonas. IFT movement was visualized
1073 by TIR imaging of a surface-adhered pfl18 IFT27-GFP cell. Green and blue arrows represent the
1074  cdl body and flagéellar tips, respectively. The size of the window is 15.5 x 27.6 um. The movie

1075 wasrecorded at 10 frames s” and is played in real time. This video corresponds to Figure 1a.

1076 Video 2. Observing the dynamics of single IFT trains at the flagellar tip using the
1077 PhotoGate. The distal half of the flagellum on the right of a surface-adhered pf18 IFT27-GFP
1078 cdl is photobleached by an intense laser beam. The gate beam is turned off to allow a single
1079 anterograde train to enter the bleached region and turned on repeatedly at the base of the
1080 flagellum to bleach the subsequent anterograde trains. Two retrograde trains emanate from a
1081 single fluorescent anterograde train at the tip. Frames with the gate beam on are removed for
1082 illustration purposes. The movie was recorded at 10 frames s* and is played in real time. Cyan
1083 and magenta arrows represent anterograde and retrograde particles, respectively. Pre-bleaching
1084 frames are marked by red borders. The position of the PhotoGate is marked by a red line. This

1085 video correspondsto Figure 1c.

1086 Video 3. Tip return dynamics of two fluorescent anterograde trains using the PhotoGate. A
1087 flagellum of a surface-adhered pfl8 IFT27-GFP cell is photobleached. Two fluorescent
1088 anterograde IFT trains are allowed pass through the gate without photobleaching and subsequent
1089 anterograde trains were photobleached by the gate beam. After the anterograde trains reach the
1090 tip, three retrograde trains return with fluorescent signal from these trains. The movie was
1091 recorded a 10 frames s* and is played in real time. Cyan and magenta arrows represent
1092 anterograde and retrograde particles, respectively. The position of the PhotoGate is marked by a

1093 redline. Thisvideo correspondsto Figure 1d.
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1094 Video 4. Tip return dynamics of three fluorescent anterograde trains using the PhotoGate.
1095 A flagellum of a surface-adhered pfl8 IFT27-GFP cell is photobleached. Three fluorescent
1096 anterograde IFT trains are allowed pass through the gate without photobleaching and subsequent
1097  anterograde trains were photobleached by the gate beam. The frames in which the gate beam was
1098 on were deeted for illustration purposes. After the anterograde trains reach the tip, four
1099 retrograde trains return with fluorescent signal from these trains. The movie was recorded at 10
1100  frames s* and is played in real time. Cyan and magenta arrows represent anterograde and
1101  retrograde particles, respectively. Pre-bleaching frames are marked by red borders. The position

1102  of the PhotoGate is marked by ared line. This video corresponds to Figure le.

1103  Video 5. Tip return dynamics of D1bLIC-GFP. In a surface-adhered dlblic::D1bLIC-GFP
1104  cdl, one D1bLIC-GFP particle is alowed to pass through the gate without photobleaching and
1105  two fluorescent retrograde particles return to the base. The movie was recorded at 10 frames s
1106 and is played in rea time. Cyan and magenta arrows represent anterograde and retrograde
1107  particles, respectively. Pre-bleaching frames are marked by red borders. The position of the

1108 PhotoGate is marked by ared line. This video correspondsto Figure 3c.

1109 Video 6. KAP-GFP dissociates from IFT trains at the tip. In the fla3::KAP-GFP strain, one
1110  fluorescent KAP-GFP particle is allowed to pass through the gate without photobleaching. The
1111  KAP-GFP particle undergoes diffusive motion after arriving at the flagellar tip. The size of the
1112  window is 26.6 x 16.6 um. The movie was recorded at 10 frames s* and is played in real time.
1113 Cyan and magenta arrows represent anterograde and diffusing particles, respectively. The

1114  position of the PhotoGate is marked by ared line. This video corresponds to Figure 3f.

1115 Video 7. Diffusng KAP-GFP particles can break apart after leaving the tip. In the

1116 fla3::KAP-GFP strain, one fluorescent KAP-GFP particle is alowed to pass through the gate
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1117  without photobleaching. The KAP-GFP particle undergoes diffusive motion after arriving at the
1118 flagellar tip. While diffusing, the particle breaks further into smaller KAP particles. The size of
1119  the window is 30.2 x 31.1 pm. The movie was recorded at 10 frames s* and is played in real
1120 time. Cyan and magenta arrows represent anterograde and diffusing particles, respectively. The
1121  position of the PhotoGate is marked by a red line. This video corresponds to Figure 3-

1122  supplementary figure 2.

1123  Video 8. Dual color imaging of KAP-GFP and D1bL |C-crCherry. The movements of KAP-
1124  GFP and D1bLIC-crChery are simultaneously tracked in a surface-adhered diblic::D1bLIC-
1125 crCherry KAP-GFP cell. KAP and D1bLIC co-localize in the anterograde direction. D1bLIC
1126  displays retrograde tracks while retrograde transport of KAP is rarely seen. KAP-GFP channdl is
1127  ontheleft and D1bLIC-crCherry channel is on the right. The movie was recorded at 8.3 frames s

1128 *andisplayed in real time. This video corresponds to Figure 4a.

1129 Video 9. Recovery of KAP-GFP after photobleaching the middle section of a flagellum. A
1130 surface-adhered fla3::KAP-GFP is imaged under TIRF illumination. The middle part of the
1131  flagellum is bleached by a 25 kW cm™ laser beam for 0.1 s and the cell is imaged under 100 W
1132  cm? TIRF excitation. The fluorescent signal recovers with different kinetics from each side of
1133 the flagellum. The data was collected at 10 frames s* and is played in real time. Green and blue
1134  arrows represent the cell body and flagellar tips, respectively. The photobleached area is marked

1135 by thinred lines. This video corresponds to Figure 5a.
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