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In vivo imaging shows continued association of several IFT-A,
IFT-B and dynein complexes while IFT trains U-turn at the tip
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Gaia Pigino?3 and Karl Lechtreck™*

ABSTRACT

Flagellar assembly depends on intraflagellar transport (IFT), a
bidirectional motility of protein carriers, the IFT trains. The trains are
periodic assemblies of IFT-A and IFT-B subcomplexes and the
motors kinesin-2 and IFT dynein. At the tip, anterograde trains are
remodeled for retrograde IFT, a process that in Chlamydomonas
involves kinesin-2 release and train fragmentation. However, the
degree of train disassembly at the tip remains unknown. Here, we
performed two-color imaging of fluorescent protein-tagged IFT
components, which indicates that IFT-A and IFT-B proteins from a
given anterograde train usually return in the same set of retrograde
trains. Similarly, concurrent turnaround was typical for IFT-B proteins
and the IFT dynein subunit D1bLIC-GFP but severance was
observed as well. Our data support a simple model of IFT
turnaround, in which IFT-A, IFT-B and IFT dynein typically remain
associated at the tip and segments of the anterograde trains convert
directly into retrograde trains. Continuous association of IFT-A, IFT-B
and IFT dynein during tip remodeling could balance protein entry and
exit, preventing the build-up of IFT material in flagella.
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INTRODUCTION

Intraflagellar transport (IFT) is a motor-based protein shuttle dedicated
to the assembly and maintenance of cilia and eukaryotic flagella
(Rosenbaum and Witman, 2002). IFT trains are composed of 22 IFT
particle proteins organized into IFT-A, -B1 and -B2 subcomplexes
and the two IFT motors, the heterotrimeric kinesin-2 and IFT dynein
(Cole et al., 1998; Kozminski et al., 1995; Piperno and Mead,
1997; Taschner and Lorentzen, 2016; Taschner et al., 2016; Walther
et al.,, 1994). The trains assemble near the basal bodies, enter the
flagellum and move anterogradely to the flagellar tip in a kinesin-2-
dependent manner. The retrograde motor IFT dynein is a cargo on the
anterograde trains and transported in an autoinhibited configuration
with its microtubule-binding domain pointing away from the
axonemal tracks, ensuring highly processive transport (Dentler,
2005; Jordan et al., 2018; Kozminski et al., 1993; Pazour et al.,
1999; Porter et al., 1999; Toropova et al., 2017). In Chlamydomonas,
most kinesin-2 is released from IFT near the tip, probably due to
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its phosphorylation by a Ca?*-dependent kinase, and diffuses back to
the cell body (Chien et al., 2017; Engel etal., 2009; Liang et al., 2014).
Anterograde and retrograde trains, while distinct in size, ultrastructure
and velocity, are widely assumed to consist of the same proteins but
for the absence of kinesin-2 in the latter (Jordan et al., 2018; Stepanek
and Pigino, 2016). In Chlamydomonas, the number of retrograde
trains exceeds that of anterograde trains, suggesting that trains
disintegrate at the tip into smaller retrograde trains (Dentler, 2005;
Reck et al., 2016). Indeed, in vivo imaging of fluorescent protein-
tagged IFT-B proteins in 7. brucei has shown that an anterograde train
splits into three retrograde trains (Buisson et al., 2012). In
Chlamydomonas, trains dwell for ~2 s after arriving at the tip before
splitting into an average of 2.4 fragments (Chien et al., 2017;
Qinetal., 2007; Wren et al., 2013). Concomitantly, many IFT cargoes,
including most axonemal proteins such as tubulin, are unloaded
(Lechtreck, 2015). Then, IFT material from a given anterograde train
mixes with complexes derived from other trains to form retrograde
trains (Chien et al., 2017). However, the processes leading to the
release of kinesin-2 and the cargoes, the activation of IFT dynein and
the formation of retrograde trains at the flagellar tip are incompletely
understood.

It is widely thought that anterograde trains dissolve into individual
IFT-A, IFT-B, kinesin-2 and IFT dynein complexes at the flagellar
tip (Chien et al., 2017; Cole and Snell, 2009; Dawson and House,
2010; Ishikawa and Marshall, 2011; Liang et al., 2014; Morga
and Bastin, 2013; Nakayama and Katoh, 2018; Pedersen et al.,
2006; Soares et al., 2019; Taschner and Lorentzen, 2016). Then,
retrograde trains reassemble and IFT dynein becomes active (Chien
et al., 2017). Single protein tracking in C. elegans cilia showed
distinct dwell times for the different IFT subcomplexes, suggesting
that IFT-A and -B proteins separate at the tip (Mijalkovic et al.,
2018). Recent ultrastructural analysis revealed that anterograde
IFT trains in Chlamydomonas are not built from IFT particles
encompassing equimolar amounts of the IFT-A, -B and -motor
subcomplexes but instead are organized into IFT-A, -B and IFT
dynein layers, each with its distinct periodicity (Jordan et al., 2018).
Thus, a disassembly of anterograde trains into individual IFT
particles encompassing one each of [FT-A, -B and IFT dynein seems
unlikely and other models of IFT reorganization at the flagellar tip
need to be considered. For example, anterograde IFT trains could split
more or less perpendicular through the layers into a few, somewhat
irregular ‘carts’ consisting of multiple IFT-A, IFT-B, and probably
IFT dynein complexes, which then return together to the flagellar
base. Also, the trains could separate into oligomers of each IFT-A
and IFT-B with or without associated dynein motors, which then
recombine into a retrograde train. Finally, trains could disassemble
into mostly individual IFT subcomplexes or even IFT proteins, which
then reassemble with similar kinetics into retrograde trains.

To analyze the degree of IFT train disassembly at the tip, we
used FRAP assays of strains expressing fluorescent
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protein-tagged IFT particle and motor subunits. All IFT proteins
studied, including those of the [FT-A subcomplex, dwelled at the tip
for ~2 s, and proteins derived from one anterograde train distributed
into approximately three retrograde trains. IFT-A and IFT-B
subcomplexes derived from a given anterograde train returned in
the same set of retrograde trains. Similarly, IFT dynein and IFT-B
from a given anterograde train mostly returned in the same set of
retrograde trains but recombination with material from other
trains occurred as well. Our data indicate that IFT-A, -B, and IFT
dynein typically remain associated with each other during tip
turnaround. We propose a model in which segments of the
anterograde trains convert directly into retrograde trains without
major disassembly.

RESULTS

IFT-A and IFT-B proteins dwell at the flagellar tip

To analyze how anterograde IFT trains reorganize for retrograde
travel at the flagellar tip, we employed Chlamydomonas strains
expressing fluorescent protein (FP)-tagged versions of the IFT-A

A

unbleached photobleached B

proteins IFT43 and IFT140, the IFT-B1 proteins IFT46, IFT81 and
IFT74, the IFT-B2 protein IFT54, and the retrograde IFT motor
subunit D1bLIC (Table S1). Expression of these proteins restored
IFT and flagellar assembly in the corresponding mutants (see
Fig. SSE and Materials and Methods). For our analysis, we focused
on cells with high-frequency IFT and little stationary IFT.

In Chlamydomonas, FP-tagged versions of IFT-B proteins IFT20
and IFT27 and the motor subunit D1bLIC pause for ~2 s at the tip
between their arrival by anterograde IFT and the onset of retrograde
IFT (Chien et al., 2017; Qin et al., 2007; Reck et al., 2016; Wren
etal., 2013). To analyze whether tip dwelling is a common feature of
IFT proteins including those of the IFT-A subcomplex, we bleached
FP-tagged IFT proteins in the tip region of flagella with a focused
laser beam and analyzed the time elapsed between the arrival of the
first unbleached train and the departure of the first unbleached
retrograde train; we refer to this approach as tip-FRAP (Fig. 1A;
Movie 1). For all IFT proteins analyzed, we observed a pause
between their arrival at the tip and their departure (Fig. 1B). Pauses
of less than 1 s or more than 4 s were rarely observed (Fig. 1C;

Fig. 1. IFT-A, IFT-B and IFT dynein proteins dwell
for ~2 s at the flagellar tip. (A) Schematic of the
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Fig. S1A). For the different IFT protein analyzed, the average
length of the pause varied from ~1.3 s for IFT140—sfGFP to ~2.3 s
for mSc—IFT74 and D1bLIC-GFP (Fig. 1D). Although it provides a
measure for the time needed to assemble retrograde trains, the tip-
FRAP approach does not allow us to determine with certainty
whether proteins in the first unbleached retrograde train are indeed
derived from the first post-bleach anterograde train or from
subsequent trains or a mixture of both. To determine the time an
IFT protein dwells at the tip more directly, we expressed 2xDendra—
IFT54 in the ift54-2 background (Fig. S1B). A small portion of the
inactive green-emitting Dendra was autoactivated into the red-
emitting form. The behavior of these IFT54-DendraREP speckles
deviated considerably from that of the bulk flow of IFT54—
Dendra®REEN supporting the notion that we imaged small clusters of
IFT54-DendraREP or individual proteins (Fig. S1Ba—c, Movie 2).
The average dwell time of the IFT54-Dendra®EP speckles was 2.2 s
(s.d. 1.2, n=32, Fig. S1C). This value is similar to that observed for
IFT54-mNG using tip-FRAP (Fig. 1C,D) and those previously
reported for the IFT-B protein IFT27 based on the analysis of
individual IFT trains (Chien et al., 2017). To summarize, IFT
proteins including those of the IFT-A subcomplex pause at the tip
and require ~1.5 s or longer to transition from anterograde into
retrograde trains.

During the pause, the IFT54-Dendra®FP speckles remained
mostly stationary but particles undergoing a slow diffusion
were observed as well (Fig. S1Bd—i). Thus, we wondered whether
IFT proteins are confined to the tip region during turnaround. First,
we analyzed the behavior of BBS4, a subunit of the BBSome
(Nachury et al., 2007). This octameric complex cycles via
anterograde and retrograde IFT through flagella but also detaches
from the IFT machinery along the length of the flagella and near the
tip (Lechtreck et al., 2009; Liew et al., 2014). In Chlamydomonas,
BBS proteins are substoichiometric to IFT proteins and FP-tagged
versions of BBS4 are typically expressed at even lower levels
(Lechtreck et al., 2009). Here, we used a mNG-tagged BBS4
expressed at low levels, so that only one or two tagged BBSomes are
present on a subset of [FT trains allowing us to study the behavior of
single BBSomes at the tip (Fig. S1D). BBS4-mNG dwelled for an
average of 2.65 s (s.d. 2's, n=31) and, in comparison to the IFT
proteins, its behavior was more variable, ranging from remaining
almost stationary at the tip to escaping from the tip region by
diffusion, often for later pick-up by retrograde trains (Fig. S1D,E).
Similarly, KAP-GFP (a subunit of kinesin-2) and IFT cargoes
diffuse into the flagellar shaft after being released from IFT at the tip
(Chien et al., 2017; Wren et al., 2013). In contrast, tagged IFT
particle and dynein subunits largely remained sequestered within
the tip region during turnaround and exit from this region by
diffusion was uncommon.

The velocity of train conversion at the tip is temperature
dependent

The variability in the length of the pause recorded for the different
FP-tagged IFT proteins could indicate distinct behaviors at the tip.
Alternatively, it could reflect differences between the various rescue
strains and/or differences in the experimental conditions. Indeed,
when cells were imaged at 16, 21 and 27°C, we observed that both
velocity and dwell time at the tip of the FP-tagged proteins were
temperature dependent (Fig. S2A-D). Generally, a temperature
increase of 10°C increased anterograde velocity by a factor of ~1.6
whereas the velocity of retrograde IFT and the pace of retrograde
train departure from the tip increased by up to 2.7-fold. Thus,
Chlamydomonas TFT shows a pronounced temperature sensitivity,

similar to previous observations on IFT velocity and frequency in
Trypanosoma brucei (Buisson et al., 2012). These observations
were expected since the temperature dependency of motor protein
activity and cellular transports is well documented (Yadav and
Kunwar, 2021). In double-mutant double-rescue strains expressing
combinations of two IFT proteins, the variation of the dwell times
reported above for the single-tagged strains were not observed (see
below). In conclusion, the dwell time variations observed in the
single strains likely result from temperature fluctuations during
imaging rather than presenting characteristic features of the IFT
proteins analyzed.

Anterograde IFT trains typically fragment into several
retrograde trains
Previous studies revealed that IFT27 and D1bLIC derived from a
single anterograde train return to the flagellar base in several
retrograde trains indicating that anterograde trains fragment at the tip
(Chien et al., 2017). IFT27-GFP was expressed in wild-type
Chlamydomonas cells also expressing endogenous IFT27.
Furthermore, it has been proposed that IFT27 dissociates from the
IFT-B complex at the tip of mammalian primary cilia (Liew et al.,
2014). Thus, it is unclear whether the behavior of IFT27-GFP is
representative of that of the other IFT proteins (Chien et al., 2017).
To answer this question, we used the photogate approach to
analyze the behavior of individual fluorescent IFT trains at the tip
(Chien et al., 2017). In brief, a focused laser beam was used to
bleach the flagellum from the tip down (Fig. 2A). Once near the
flagellar base, the bleaching laser is transiently blocked to allow one
or a few unbleached IFT trains to enter the flagellum and continue
their journey toward the tip. Then, the photogate is closed again, that
is, the beam blinks on and off with a ratio, diameter and strength
ensuring that subsequent IFT trains passing through the beam are
bleached but allowing for the recording of the total internal
reflection fluorescence (TIRF) signals while the laser is off. Upon
reaching the tip, anterograde trains typically split into several
retrograde trains for all IFT proteins studied (Fig. 2B; Movie 3).
However, trains returning without fragmentation (Fig. S3A), trains
splitting along the length of the flagellum (Fig. S3B) and/or trains
returning prior to reaching the tip (Fig. S3C) were observed as well,
testifying to the flexibility of IFT (Chien et al., 2017; Dentler, 2005;
Reck et al., 2016). A single fluorescent anterograde train resulted
in an average of 3.2 retrograde trains for IFT140—sfGFP (s.d. 1.1,
n=11) and mNG-IFT54 (s.d. 1.2, »=10), 4 retrograde trains
for mNG-IFT81 (n=1), 2 for DIbLIC-GFP (n=4) and 1.1 for
IFT43-YFP (n=28) (Fig. 2B,D). The low number of retrograde
trains observed for IFT43—YFP could result in part from the lower
photostability of YFP, causing a loss of the signal at the tip. In
addition, IFT43 has been reported to be a substoichiometric
component of the IFT-A complex (Mukhopadhyay et al., 2010).
In experiments where two or three fluorescent trains passed the
gate into the cilium, the number of departing retrograde trains
increased to an average of ~4.0 and ~4.7, respectively; the outlying
data for IFT43—YFP were not considered for this analysis
(Fig. 2C,D). The sub-proportional increase in the number of
departing trains compared to that of arriving anterograde trains
could indicate that several anterograde train fragments combine into
a single retrograde train (Chien et al., 2017). While such fusion
events have not yet been directly observed, they are supported by the
widely observed ratio of ~1.3 between anterograde and retrograde
trains (Chien et al.,, 2017; Dentler, 2005; Reck et al., 2016).
However, it should be noted that the photogate approach likely
introduces a bias by analyzing mostly larger and brighter trains,
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Fig. 2. Fragmentation of IFT trains at the tip
involves all IFT subcomplexes. (A) Schematic
of the photogate technique (after Chien et al.,
2017). (a) Tagged IFT proteins in the flagellum are
photobleached by moving a focused laser beam
from the tip and toward the base. (b) Once near
the proximal end, the laser blinked, typically with a
0.9 s offand 0.1 s on pattern. (c) The photogate is
opened by blocking the laser beam to allow one or
a few unbleached trains to enter the distal
flagellum. (d) The photogate is closed again and
subsequent trains are bleached. (e) The
unbleached train reaches the tip. (f) The first
unbleached retrograde train departs from the tip.
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which could lead to an overestimation of the average number of
fragments formed per anterograde train.

We noticed that the return of retrograde trains originating from large
anterograde trains as assessed by signal strength and the number of
resulting retrograde trains, was spread over a longer time compared to
retrograde trains derived from apparently smaller anterograde trains
(Fig. 2B,C; Fig. S3D). For mNG-IFT54, for example, we observed
the formation of up to eight retrograde trains from one anterograde
train (Movie 3). Thus, the size of the incoming anterograde trains,
which ranges from ~100 nm to ~700 nm (Jordan et al., 2018),
appears to impact the kinetics of tip turnaround.

The size of the IFT protein pool at the tip is equivalent to
approximately four anterograde trains

IFT proteins dwell for ~1.6 s or longer at the flagellar tip and,
during this time, additional anterograde trains arrive, indicating
the presence of an IFT pool at the tip. To determine the size of this
pool, we used the tip-FRAP assay and analyzed the time and the
number of anterograde trains required to restore the fluorescent
signal at the tip (Fig. 3A,B). For this analysis, we focused on
the IFT-A protein IFT140—sfGFP and IFT-B protein mNG-IFT54.
Often, the signal at the tip reached or approached pre-bleach
intensity indicating a near complete exchange of the bleached
IFT proteins with unbleached ones derived from the arriving
anterograde trains (Fig. 3A). However, in other experiments, the
recovery after the first bleaching step remained incomplete in
comparison to the pre-bleach signal, indicating the presence of a
stationary or slow-exchanging pool of IFT protein at the tip

# of anterograde trains arriving at tip

(Fig. 3B). Regardless of whether the recovery after the initial
bleaching step was partial or near complete, a similar extent of
signal recovery was observed after each of several subsequent
bleaching steps, but for a slow progressive loss of signal caused by
the prolonged observation (Fig. 3A,B). This suggests the presence
of an active IFT pool and, occasionally, a slowly exchanging or
standing IFT pool at the flagellar tip.

After the bleaching step, the signal at the tip recovered in
3.8+1.8 s and 3.5+1.8 s for IFT-A and IFT-B, respectively (n=10,
mean+s.d.; Fig. 3C). During this time an average of 4.2+1.7 and 4.1
+1.5 unbleached trains arrived for IFT 140—sfGFP and mSc—IFT54,
respectively (n=10; Fig. 3D). After a brief pause, retrograde trains
continuously left the pool causing a transient decrease of the signal
at the tip by an average of ~12% with departing large trains causing
a decay of up to 35% (Fig. 3E—G). Based on these data, we estimate
that the IFT pool at the tip is equivalent to approximately three to
four anterograde trains.

Evidence for continued association of IFT-A and IFT-B during
train remodeling

At the flagellar tip, IFT trains fragment but the level of
fragmentation remains unclear. To test whether IFT-A and -B
proteins separate or remain associated during train remodeling, we
generated a double-tagged ifi/40-1 IFT140—sfGFP ifi54-2 mSc—
IFT54 strain (Fig. 4A). Both fluorescent proteins were present in all
anterograde and retrograde trains identified and the ratio between
the two proteins in trains was similar; for example, bright IFT140-
sfGFP trains were also bright for mSc—IFT54 (Fig. 4B). The
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and mNG-IFT54 (B, top panel) and the corresponding quantification of fluorescence intensities (A.U., arbitrary units) at the tip (bottom panels). Red bars,

photobleaching steps; white brackets, time required for the signal to plateau. Scale bars: 5 um (vertical) and 5 s (horizontal). (C,D) Time in seconds (C) and the
number of anterograde trains (D) required for the recovery of the IFT140—sfGFP or mNG—IFT54 tip signals. Results are meants.d. (n=10). (E,F) Kymograms of
sfGFP—IFT 140 (E) and mNG-IFT54 (F) and the corresponding quantification of the intensity decline at the tip induced by the departure of retrograde trains. Scale
bars: 1 ym (vertical) and 1 s (horizontal). (G) Meants.d. loss of tip signal resulting from the departure of a retrograde train. The number of events analyzed is

indicated. n.s., not significant (paired two-tailed t-test).

strength of the fluorescent pool at the tip for both proteins fluctuated
similarly as trains arrived and departed resulting in a Pearson’s
correlation coefficient of 0.834 (s.d. 0.08, n=5; Fig. S4A-C).
During tip-FRAP, the tip signals of mSc—IFT54 and IFT140—sfGFP
recovered concurrently, and proteins arriving by anterograde IFT
dwelled for the same time (~2.5 s; Fig. 4C; Fig. S4D—F, Movie 4).
The first and ensuing post-bleach retrograde trains generally
displayed the signals of both proteins (Fig. 4C). Of 121 such
post-bleach retrograde trains, 93% showed both sfGFP and mSc
signals and 6% displayed only a sfGFP signal; the latter is probably
due to the lower photostability of mSc.

To analyze remodeling of individual trains, we used a two-color
photogate approach (Fig. 4D; Movie 5). In 54 photogate
experiments, we observed the formation of 148 retrograde trains
of which 108 trains (71%) contained both proteins, 31 trains (21%)
showed only an sfGFP signal and 12 trains (8%) were only visible in
the mSc channel (Fig. 4E). Similarly, 74% of the first post-bleach
retrograde trains contained both proteins, whereas 23% and 4% only
showed an sfGFP or mSc signal (n=54, Fig. 4E). The photogate
approach uses a strong 488-nm gating beam in addition to the light
used for two-color TIRF imaging. Occasionally, some of the mSc
signal survived in anterograde trains hit by the gating laser. This,
together with the progressive loss of emitting fluorophores,
especially of mSc, could explain the infrequent occurrence of

retrograde trains showing only an IFT140—-sfGFP or mSc-IFT54
signal. However, it is also possible that mSc—IFT54 and IFT140-
sfGFP derived from the same anterograde train occasionally
separate and end up in different retrograde trains.

We also generated a strain expressing the IFT-B1 protein
mNG-IFT81 and the IFT-B2 protein mSc—IFT54 in the
corresponding double mutant (Fig. S5). Typically, we observed a
near perfect match of mNG-IFT81 and mSc—IFT54 presence in the
trains during standard TIRF and in tip-FRAP; in the latter, the signal
of the less photostable mSc was often diminished (Fig. S5B,C). This
suggests similar kinetics and probably persistent association of these
two IFT-B proteins during train remodeling at the tip. To summarize,
an IFT-Bl and -B2 protein (i.e. mNG-IFT81 and mSc-IFT54)
and an IFT-A and an IFT-B2 protein (i.e. IFT140-sfGFP and
mSc—IFT54) from given anterograde trains typically returned to the
cell body in the same set of retrograde trains and displayed matching
intensity fluctuations at the tip. A simple explanation is that [FT-A
and IFT-B proteins remain associated during train remodeling,
suggesting that trains fragment into ‘carts’ composed of several IFT-
A and -B complexes, which then commence retrograde movement.

Expression of mSc-IFT54 reduces IFT dynein entry into cilia
IFT dynein is a cargo during anterograde IFT before it is activated

during train remodeling at the tip (Jordan et al., 2018). To explore
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Fig. 4. IFT140-sfGFP and mSc-IFT54 from one anterograde train return in the same set of retrograde trains. (A) Western blot of flagella isolated from the
control (g1) and the ift140-1 IFT140—sfGFP ift54-2 mSc—IFT54 strains probed with the antibodies as indicated. Anti-IFT54 stained endogenous IFT54 in wild type;
in the experimental strain, this antibody stained mSc—IFT54, the unprocessed BLE-mSc—IFT54, a likely mSc—IFT54 degradation product (?), which could have
formed during boiling of the samples (Gross et al., 2000), and IFT54, the non-functional truncated product of the ift54-2 mutant. Blot shown is representative of two
biological replicates. (B) Kymograms showing IFT in an unbleached flagellum of the ift140-1 IFT140—sfGFP ift54-2 mSc—IFT54 strain. The two individual
kymograms of sfGFP and mSc and the merged kymogram are shown. Scale bars: 2 um (vertical) and 2 s (horizontal). (C) Kymogram from a tip-FRAP experiment
using the ift140-1 IFT140-sfGFP ift54-2 mSc—IFT54 strain. The brackets indicate minimum tip dwell time. Scale bars: 2 um (vertical) and 2 s (horizontal). (D)
Kymograms from two photogate experiments showing the presence of both IFT140-sfGFP and mSc-IFT54 in the retrograde trains. Red open arrows, anterograde
trains; arrowheads, retrograde trains. Scale bars: 2 ym (vertical) and 2 s (horizontal). (E) Distribution of the presence of only IFT14—sfGFP, only mSc-IFT54 or
both unbleached proteins in all retrograde trains (top) and in only first departing trains (bottom) formed in photogate experiments. Because mSc bleached faster
than sfGFP, we only considered those retrograde trains for this analysis that were formed while a signal of both proteins was visible at the tip. Kymograms shown

are representative of three or more experiments, and results in E are for n=148 and 54 trains in the top and bottom graphs, respectively.

the question of whether IFT dynein is released from the IFT particle
backbone at the tip, we generated a d/blic DIbLIC-GFP ift54-2
mSc—IFT54 strain (Fig. SA). Western blot analyses showed reduced
levels of D1IbLIC—-GFP as well as of the untagged IFT dynein heavy
chain DHC1b (also known as DHC2 in mammals) in flagella
isolated from the double-mutant double-rescue strain (Fig. 5SA,B).
Despite the reduction of IFT dynein, flagellar length and the
velocity and frequency of anterograde and retrograde IFT were
essentially normal in the d/blic D1bLIC-GFP ift54-2 mSc—-IFT54
strain, indicating a robustness of the IFT system despite reduced IFT
dynein levels in the flagella (Fig. SSE and data not shown). In
whole-cell samples of the d1blic DIbLIC-GFP ift54-2 mSc-IFT54
strain, the levels of D1bLIC and D1bLIC-GFP were similar to those
in controls (Fig. 5B). Previous analysis of the d/hLIC D1bLIC—
GFP single rescue strain revealed near wild-type levels of the tagged

protein in both the cell bodies and flagella (Reck et al., 2016). Thus,
FP-tagging of IFT54 interferes with the flagellar levels of IFT
dynein, in particular when combined with GFP-tagged D1bLIC.

In agreement with the reduction of IFT dynein in flagella revealed
by western blotting, we observed anterograde trains with reduced
levels of fluorescent DIbLIC-GFP or lacking the signal entirely
(Fig. 5C,D). In detail, of 393 anterograde trains analyzed from tip-
FRAP experiments, 31 (~8%) lacked an D1bLIC-GFP signal and ten
showed a strongly reduced signal. We also observed seven trains
(<2%) lacking an mSc—IFT54 signal and six trains (<2%) with a
reduced mSc signal; however, these trains typically appeared after
prolonged illumination, suggesting that the mSc—IFT54 signal could
have been lost by photobleaching. The data suggest that co-expression
of DIbLIC-GFP and mSc—IFT54 interferes with the binding of IFT
dynein to anterograde trains and its import into flagella.

()
Y
C
ey
()
(V]
ko]
O
Y=
(®)
‘©
c
—
>
(®)
-



https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.259010

RESEARCH ARTICLE

Journal of Cell Science (2021) 134, jcs259010. doi:10.1242/jcs.259010

A

o
flagella @ R &
X O 8}
AN o
SN =
d\.‘o ’(\6&’% \0\\0 Pt
kDa ¢ N E-
100— - «mSCIFTS4 |5y T
—H 3 5
75— S k=3 »n
- < IFT54 & 3
o= “ <Dp1bLIC-GFP|D » g.
g2 &
50— w— <D1bLIC 5 E
— <DHC1b o
- >
250— W 5= D bleach
150— W @B < anti-IFT139 _ +
loading o
75T - W <anti-IC2 controls ©)
©
B whole cells ﬂagella e
- —
(\v}* é"“ «° [a)
:0 & 600\0
kDa o°°\ @N&»\\ & @w&b\\ 3
'_
- f— < DIBLICGFP| o L
g2 o)
50 — S o= < DibLIC s} UE'J
25 — <antNABT | g &
EXS o
50— Mt W e b < anti-IFT130 | €3 )
@
€
E .
6 i
L_I) F 100 All trains 4
el (photogate)
= ! 80 A )
i @ c3
" ©
© pae
B £60 1 i
= [ 02
L [S) N
%) 5 40 1 2
2 2 E
€ 2 | 21
c
o
2 !' 0 :
@ " o
1S / 'J A ‘Ld}o \0’0(( )\é@‘
d ” é £ RN &

In tip-FRAP experiments, we occasionally observed a clear
separation of the GFP and mSc signals in the post-bleach retrograde
trains (Fig. 5D). Of 183 retrograde trains analyzed, 12 (~7%)
displayed only an mSc—IFT54 signal suggesting that mSc—IFT54
associates with bleached D1bLIC—GFP. Furthermore, nine (~5%)
of the retrograde trains only showed an D1bLIC—GFP signal. Such
DIbLIC—GFP-only trains mostly departed the tip briefly after a
bleaching step (Fig. 5D). Thus, during the assembly of retrograde
trains, DIbLIC-GFP appears to occasionally associate with
bleached mSc—IFT54 derived from earlier anterograde trains.
However, in 43 two-color photogate experiments with one or a
few unbleached anterograde trains arriving at the tip, the majority of
the retrograde trains possessed both fluorescent IFT proteins
(Fig. 5E,F). Both signals were detected in 31 of the 43 of the
first-departing trains and in 93 of all 129 retrograde trains analyzed
(Fig. S5F). As described above, differences in the photostability of
the two employed fluorescent proteins could explain the occurrence
of some single-color retrograde trains. Alternatively, IFT dynein
could occasionally return together with IFT-B complexes derived
from earlier trains. To summarize, the data suggest that D1bLIC—
GFP and mSc—IFT54 from a given anterograde train typically end
up in the same set of retrograde IFT trains, similar to our
observations on IFT140-sfGFP and mSc-IFT54. However, an

o

o

Fig. 5. Concomitant and separated return of
D1bLIC-GFP and mSc-IFT54 during IFT
U-turns. (A) Western blot of flagella isolated from
control (g1) and the d71blic D1bLIC-GFP ift54-2
mSc—IFT54 strain. Note reduced levels of
D1bLIC-GFP and DHC1b in the double mutant
double rescue strain. ?, putative degradation
product of mSc-IFT54. (B) Western blot
comparing whole-cell and flagella samples of
control and d7blic D1bLIC-GFP ift54-2 mSc-
IFT54. Antibodies to IFT139 and the cell body
protein nucleic acid binding protein 1 (NAB1)
were used as loading controls. Blots

shown are representative of two biological
replicates. (C,D) Kymograms of tip-FRAP
experiments using the d71blic D1bLIC-GFP ift54-
2 mSc-IFT54 strain. Red and green arrowheads,
train trajectories composed mostly of mSc—IFT54
and D1bLIC—-GFP, respectively; white
arrowheads, position of such trains in the
corresponding kymograms lacking clear
trajectories. In Dd—f, the return of D1bLIC-GFP-
positive trains (green arrowheads) precedes that
of the first mSc—IFT54 trains. Scale bars: 2 ym
(vertical) and 2 s (horizontal). (E) Kymograms
from a photogate experiment show similar
fragmentation patterns for D1bLIC-GFP and
mSc—IFT54 derived from the two gated trains.
Red arrows, anterograde trains; arrowheads,
retrograde trains; gray arrowhead in mSc-IFT54
panel, train lacking a D1bLIC-GFP signal. Scale
bars: 2 uym (vertical) and 2 s (horizontal). (F) Left-
hand panel, distribution of the presence of only
g D1bLIC-GFP, only mSc-IFT54 or both

i unbleached proteins in the retrograde trains
formed in photogate experiments. Right-hand
panel, presence of the unbleached proteins in the
first departing trains in photogate experiments.

7 Kymograms shown are representative of nine

- sets of experiments, and results in F are for

i n=129 and 43 trains in the left- and right-hand
graphs, respectively.

an

oseq

base

1st post-bleach trains
4 (photogate)

occasional separation of D1bLIC-GFP and mSc—IFT54 during the
formation of retrograde trains was also apparent, suggesting some
flexibility during train remodeling. Indeed, IFT dyneins apparently
unconnected to IFT trains have been observed near the tip by cryo-
ET (Jordan et al., 2018).

Expression of FP-tagged IFT74 destabilizes IFT dynein on
anterograde trains

Recently, the coiled-coil domain of IFT54 was identified as a
putative binding side for IFT dynein during anterograde traffic (Zhu
et al., 2021). To test whether the expression of mSc—IFT54, an
IFT-B2 protein, uniquely interferes with IFT dynein import into
cilia, we generated a strain co-expressing D1bLIC-GFP and the
IFT-B1 protein IFT74 fused at its N-terminus with mSc in the d/blic
ift74-2 double mutant. Similar to our observations in the mSc—
IFT54 D1bLIC—GFP strain, the level of D1bLIC-GFP was strongly
reduced in flagella isolated from the diblic DIbLIC-GFP ift74-2
mSc—IFT74 strain (Fig. 6A). We noticed that some cells of
this strain had shorter than normal flagella and accumulated
IFT material at the tip; for TIRF analysis, we focused on cells
with near normal IFT and flagellar length. Anterograde trains as
visualized by mSc—IFT74 occasionally lacked an D1bLIC-GFP
signal (Fig. 6B,C). Such mSc-IFT74 trains often entered the
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flagella in conjunction with D1bLIC—GFP and then lost the protein
while moving to the flagellar tip, indicating that mSc-IFT74
destabilizes IFT dynein binding to anterograde trains (Fig. 6B; Fig.
S6Ba—c, Movie 6). In detail, 15% of all anterograde trains analyzed
(n=472) lacked, showed a reduced presence or lost DIbLIC-GFP
whereas only ~4% of the trains lacked or showed a reduced
presence of mSc—IFT74 (Fig. 6C). D1bLIC-GFP dissociating from
the mSc—IFT74 trains diffused in the flagella as discrete particles
(Fig. S6B). Occasionally, such fragments joined passing retrograde
trains, similar to what was seen in single-molecule observations on
XBX-1::EGFP, the DIbLIC homologue in C. elegans (Fig. S6Bd—f;
Mijalkovic et al., 2017). In tip-FRAP experiments, a dissociation of
the two proteins was observed more frequently in cells with low
frequency IFT and sluggish conversion into retrograde trains,
suggesting that separation of the two could be linked to low-fidelity
IFT (Fig. 6D versus E; Fig. S6A,B). In cells with high frequency IFT,
however, the two proteins mostly remained associated (Fig. 6D);
80% of the first retrograde trains in tip-FRAP experiments
encompassed both fluorescent proteins and ~18% showed only the
more stable D1bLIC-GFP signal (Fig. 6F). In conclusion, D1bLIC—
GFP and mSc-IFT74 from a given anterograde train typically return
on the same set of retrograde trains but numerous exceptions were
observed. A separation of the two markers was probably promoted

Fig. 6. Co-expression of mSc—-IFT74 and
D1bLIC-GFP weakens IFT-B and IFT dynein
binding. (A) Western blot analysis comparing
control and the ift74-2 mSc—IFT74 d1blic
D1bLIC-GFP flagella. Anti-IFT74 stained IFT74
in control and mSc—IFT74, uncleaved BLE-mSc—
IFT74 and a putative degradation product (?) in
the tagged strain. Blot shown is representative of
two biological replicates. (B) Kymogram of IFT in
the d71bLIC D1bLIC-GFP ift74-2 mSc—IFT74
strain. Open arrowheads and white circles mark
events of D1bLIC-GFP dissociation from mSc—
IFT74 trains. The filled red and green arrowheads
indicate trains composed mostly of mSc—IFT74 or
D1bLIC-GFP, respectively. Scale bars: 2 ym
(vertical) and 2 s (horizontal). (C) Distribution of
anterograde IFT trains carrying D1bLIC-GFP and
mSc—IFT74, only mSc—IFT74 or only D1bLIC—
GFP. The data were collected from the control
and experimental flagella from tip-FRAP
experiments. (D,E) Kymograms from tip-FRAP
experiments. White brackets indicate the time
between the unbleached first anterograde and
first retrograde train. Solid green arrowheads,
D1bLIC—-GFP train lacking a clear mSc—-IFT74
signal (white arrowheads). Green and red open
arrowheads, first postbleach train with GFP and
mSc signals. Scale bars: 2 um (vertical) and 2 s
(horizontal). See Fig. S6 for additional examples
of tip-FRAP experiments. (F) Analysis of the
presence of D1bLIC-GFP, mSc—IFT54 or both
unbleached proteins in the first postbleach
retrograde trains during tip-FRAP. Kymograms
shown are representative of four experiments and
results in C,F are for n=472 and 35 trains,
respectively.

aseq

by the reduced interaction between IFT-B and IFT dynein in the
d1blic DIbLIC-GFP ift74-2 mSc—IFT74 strain.

FP-tagged IFT54 alters anterograde train structure causing
reduced binding of IFT dynein

As the precise position of the individual IFT proteins in the
trains remains unknown, we attempted to localize the FP tags in
anterograde trains of an ift/40-1 IFT140-mC (mCherry) ifi54-2
mNG-IFT54 strain using cryo-electron microscopy. While this
endeavor was not successful, we noticed an increased number of
anterograde trains lacking IFT dynein (Fig. 7; Fig. S7). In detail,
28% (n=98) of anterograde trains of ift/40-1 IFT140—mC ifi54-2
mNG-IFT54 did not carry any dynein, in contrast to the 6% (n=245)
of such trains observed in wild-type cilia (Jordan et al., 2018).
Interestingly, the dynein coverage of the dynein-carrying trains
of the double-mutant double-rescue strain showed an IFT-B:IFT
dynein ratio of 1:0.20 (n=70), which is close to the ratio of 1:0.25
(n=58) observed in wild type. This agrees with the live imaging data
showing both IFT dynein-carrying and IFT dynein-devoid
anterograde trains in the d1blic DIbLIC-GFP ift54-2 mSc-IFT54
flagella. Western blot analysis of a similar ift/40-1 IFT140-GFP
ift54-2 mSc—IFT54 strain showed moderately reduced amounts of
D1bLIC and DHC1b, supporting the conclusion that the presence of
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Fig. 7. Reduction of IFT dynein in strains expressing tagged IFT particle
proteins. (A) Comparison of IFT-B particles in control and tagged strains by
cryo-EM. The top panels show cross sections and the orange and yellow lines
indicate the position for sections shown in the lower panels. In the yellow
sections, the IFT-B particles share overall similarity. Close to the IFT dynein
binding side, the connection between neighboring particles is weakened in the
mutant (green arrow). M, membrane; MT, microtubule; +, direction of the tip.
Images are based on one experiment, analyzing 4508 mutant particles (from
98 IFT trains from 33 tomograms) and 2172 wild-type particles (from 57 IFT
trains from 16 tomograms). (B) 3D lllustration of the missing connection
(arrows) between IFT-B particles in the mutant compared to wild type (green,
IFT-B from the mutant; gray, IFT-B from wild-type; blue, IFT dynein from wild-
type). The density that connects neighboring IFT-B particles is also a contact
side to IFT dynein (arrowhead), which could explain the reduced binding of IFT
dynein. Left panel, view from the membrane towards the axoneme; upper right
panel, longitudinal view as in A (orange); lower right panel, close up view of IFT
dynein and IFT-B interaction, view as on the left; IFT-A is not shown.

these tags interferes with dynein loading onto anterograde
trains (Fig. S5D). Analysis of the contact sites between IFT-B
and dynein in subtomogram averages of ift/40-1 IFT140-mC
ift54-2 mNG-IFT54 trains showed a reduced connection between
neighboring [FT-B particles compared to that seen in the wild-type
structure (Fig. 7A,B). The missing connecting density between
IFT-B particles of the ift140-1 IFT140-mC ifi54-2 mNG-IFT54
strain also corresponds to one of the contact points between IFT-B
and IFT dynein in wild-type trains (Fig. 7B). Generally, the [FT-B
average obtained from the tagged strain was not as well resolved
as in wild type, indicating distortions introduced by the FP tags.
Thus, the tags alter the structure of the IFT-B polymer in the

ift140-1 TFT140—mC ift54-2 mNG-IFT54 strain affecting the
binding of IFT dynein to anterograde trains and its import into
flagella.

DISCUSSION
FP-tagging of IFT proteins often causes subtle changes
in IFT
To study the conversion of IFT trains at the flagellar tip, we
employed live imaging of FP-tagged IFT proteins in
Chlamydomonas. Expression of these tagged proteins restored
IFT and flagellar assembly in corresponding loss-of-function
mutants, indicating the principal functionality of the fusion
proteins (Brown et al., 2015; Picariello et al., 2019; Reck et al.,
2016; Wingfield etal., 2017; Zhu et al., 2017). However, expression
of the N-terminally FP-tagged IFT54 and IFT74 resulted in the loss
of IFT dynein from a subset of anterograde trains, reducing the
amount of IFT dynein in flagella. In anterograde trains, IFT dynein
is tightly attached as a cargo to the layer of IFT-B particles with the
large IFT dynein complexes stretching over seven to eight IFT-B
complexes forming numerous heterogenous IFT-B-IFT dynein
contacts (Jordan et al., 2018; Toropova et al., 2019). The FP tags
could sterically interfere with IFT dynein binding to IFT-B,
reducing its presence on the trains. Indeed, IFT dynein import
into flagella was particularly affected when FP tags on IFT54 or
IFT74 were combined with a tag on DIbLIC, perhaps indicating
that these proteins neighbor each other. Notably, our data are in line
with a recent study showing that IFT54 directly interacts with
IFT dynein and that small deletions in the coiled-coil domain of
IFT54 reduce IFT dynein entry into flagella (Zhu et al., 2021).
Furthermore, our cryo-EM analysis indicates that the FP tags cause a
more general distortion of the IFT-B layer, probably weakening
IFT-B-IFT dynein interaction. Reck et al. previously noted a
reduced frequency of retrograde IFT as visualized by DIC imaging
in the d1blic D1bLIC-GFP rescue strain compared to wild-type,
also suggesting that FP tagging can cause subtle changes in IFT
(Reck et al., 2016). Considering the dense construction of the
IFT trains (Jordan et al., 2018), the positions that allow for the
addition of large tags without interfering with train architecture
could be limited, putting a cautionary tale on the use of multiple such
tags to study the interactions between IFT proteins and complexes
(Katoh et al., 2015). Placement of fluorescent protein tags informed
by protein and train structure, longer linkers between the fluorescent
tag and the target protein, and smaller tags such as the cysteine-tag in
combination with a fluorescent payload or the split GFP technique
are alternatives approaches, which could reduce tag-induced IFT
anomalies (Backer et al., 2007; Kamiyama et al., 2016).
Anterograde trains lacking IFT dynein have also been observed in
wild-type cells (Jordan et al., 2018) and, in C. elegans, IFT dynein
frequently dissociates from moving anterograde trains (Mijalkovic
et al.,, 2017). Thus, the expression of FP-tagged IFT-B proteins
might merely reinforce a phenomenon already occurring in wild-
type cells. Interestingly, FP tagging of IFT54 increased the share of
trains lacking IFT dynein entirely whereas the other trains retained a
near normal complement of motors. This suggests both interference
of FP-IFT54 with the initiation of the IFT dynein layer during train
assembly and cooperativity of IFT dynein binding to the IFT-B
backbone (Toropova et al., 2019).

Persisting association of IFT-A, -B and IFT dynein during

tip turnaround could balance IFT

IFT dynein needs to be activated at the flagellar tip while the
large, highly structured anterograde trains morph into the smaller,
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less conspicuous retrograde trains (Stepanek and Pigino, 2016).
Previous studies have established that kinesin-2, or at least its KAP
subunit, is released from IFT at the tip, a process possibly involving
phosphorylation of the KIF3B (also known as FLAS) subunit
(Engel et al., 2009; Liang et al., 2014). It has also been shown that
IFT-B1 and IFT dynein subunits dwell for several seconds at the tip,
before distributing onto several retrograde trains, which
consecutively return to the cell body (Chien et al., 2017; Engel
etal., 2009; Qin et al., 2007; Wren et al., 2013). Here, similar dwell
periods and fragmentation patterns were observed for IFT-A and
IFT-B2 proteins revealing that in Chlamydomonas, the IFT-B, -A
and IFT dynein complexes behave alike during tip turnaround. In C.
elegans, IFT dynein, the anterograde motor OSM-3 and IFT-A U-
turn almost instantaneously after arriving at the tip whereas the IFT-
B protein OSM-6 pauses considerably longer, tentatively indicating
that IFT-B dissociates from the other IFT complexes and mixes with
material derived from later arriving trains during the formation of
retrograde trains (Mijalkovic et al., 2017). This observation adds to
the already known differences in IFT between C. elegans and
Chlamydomonas; in the former, anterograde IFT uses two distinct
anterograde motors, the BBSome participates in IFT train assembly,
stabilization and tip turnaround, and the kinesin-2 motors move by
retrograde IFT. Retrograde IFT of kinesin-2 and, in Bbs4~~ mutants,
asynchronous movements of IFT-A and IFT-B have also been
observed in mammalian cilia (Ou et al., 2005; Uytingco et al., 2019;
Wei et al., 2012; Williams et al., 2014).

In Chlamydomonas, pairwise two-color imaging of subunits of
the IFT-B1 and -B2 complex, the IFT-A and -B complex and IFT
dynein and IFT-B1 or -B2 proteins revealed that tagged proteins
from a given anterograde train typically return on the same set of
retrograde trains. The most parsimonious explanation for this
observation is that these IFT subcomplexes remain associated
during tip turnaround. A similar pattern, however, could also result
from the different complexes separating and mixing with the pool
after arrival at the tip followed by reassociation with similar kinetics
during the formation of retrograde trains (Chien et al., 2017). Based
on the following observations, we favor a model of persistent
association between multiple IFT complexes during remodeling at the
tip. First, in photogate experiments, retrograde trains with stronger

a b C d

{

and weaker signals appear to emerge in apparently random order and,
in two-color experiments, the strength of the IFT-A and IFT-B protein
signals in the emerging retrograde trains often correlated (e.g.
Fig. 4D). In photogate experiments, unbleached proteins entering the
pool of bleached IFT material at the tip will be gradually diluted by
the arrival of subsequent bleached trains as well as departing trains.
If bleached and unbleached IFT complexes freely mingle in the
pool, the signal strength of the emerging retrograde trains should
progressively decline, which was not observed. Second, the mobility
of'the tagged IFT particle proteins and D1bLIC during tip remodeling
was limited. This sets them apart from the kinesin-2 motor, which
quickly diffuses into the flagellar shaft after its release from IFT
(Chien et al., 2017; Engel et al., 2009). Also, IFT proteins dwelling
at the tip were less mobile than the BBSome, a large protein
complex, which is known to dissociate from and re-associate to IFT
(Lechtreck et al., 2009; Liew et al., 2014). Finally, IFT dynein
released from trains along the length of flagella quickly spreads by
diffusion (Fig. S6), but remains near stationary during the tip U-turn.
The diffusional escape of kinesin-2, the BBSome and IFT cargoes
from the tip reveals that the tip is not an enclosed compartment in
which the IFT proteins are restrained. Rather, the largely immobilized
behavior of the IFT proteins at the tip suggests that the proteins remain
associated in large fragments, likely encompassing several of each
IFT-A, -B, and perhaps IFT dynein complexes and probably that such
fragments remain attached to the axoneme or the flagellar membrane.
Third, a subset of trains turned around at the tip without
fragmentation, indicating that anterograde trains can morph directly
into retrograde trains and that fragmentation is not an absolute
prerequisite for conversion and turnaround. To summarize, our
observations support a model in which anterograde trains convert
directly into retrograde trains without major disassembly but that
there is fragmentation into large train fragments encompassing all
subcomplexes but kinesin-2 (Fig. 8). However, our observation that
D1bLIC-GFP and IFT dynein occasionally separates from the IFT-A
and -B backbone, especially in the presence of GFP-tagged IFT-B
proteins, indicates some flexibility of the conversion process. A
persistent association of the three IFT complexes would provide a
simple mechanism of how cells maintain a balance of IFT material in
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Fig. 8. A model for IFT turnaround at the flagellar tip. This simple model suggests that (a) the compact configuration of the anterograde trains is mediated by
the IFT-B backbone and requires kinesin-2 to be active and engaged with axonemal microtubules, (b) kinesin-2 is inactivated as the trains stall and/or run of the
microtubular tracks. This allows the IFT-B backbone to assume a more expanded configuration. (c) The expanded configuration of the IFT-B backbone reduces
inhibitory contacts with IFT dynein and/or rotates IFT dynein initiating its activation. Inactive kinesin-2 is released from the trains. (d,e) Additional portions of the IFT
train expand and activated dynein engages with the A-tubule tracks. The expanded configuration could facilitate fragmentation of IFT trains. (f) Retrograde IFT

commences.
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A stop-and-turn model for IFT train conversion

Our data support a simple model in which IFT-A, IFT-B and,
typically, IFT dynein remain mostly associated during the
turnaround of IFT trains. How then is the conversion of
anterograde into retrograde trains triggered and regulated? In an
elegant recent study, Nievergelt and co-workers used a micro-
mechanical device to compress flagella at some point along their
length interrupting IFT (Nievergelt et al, 2021 preprint).
Remarkably, anterograde trains reaching the site of compression
paused briefly and ectopically converted into retrograde trains. This
suggests that the specific structural and biochemical environment of
the flagellar tip region is not essential for train conversion (Chaya
and Furukawa, 2021; Louka et al., 2018). A common feature of the
flagellar tip and a compression site along the flagellar shaft is that
IFT trains will stall. Stalled IFT trains, often derived from
anterograde trains, are commonly present in standard
Chlamydomonas  flagella (Stepanek and Pigino, 2016).
Interestingly, such pausing trains assume an extended zigzag
configuration resembling the structure of retrograde trains (Jordan
et al., 2018; Stepanek and Pigino, 2016). Thus, stalling of
anterograde trains at the tip or a compression site could initiate
conversion into retrograde trains. Furthermore, conversion could be
triggered by the trains running partially or completely off their
microtubular tracks (Nievergelt et al., 2021 preprint). Such trains
have been described by standard transmission electron microscopy
(TEM) (Dentler, 2005; Pedersen et al., 2006) and, in tomographic
analyses, such trains appear to lose the highly defined structure of
anterograde trains in their distal regions, which have lost contact to
the underlying doublet microtubules (Jordan et al., 2018; Nievergelt
etal., 2021 preprint). Both stalling and losing contact with the track
will prevent kinesin-2 from stepping and, in a hypothetical scenario,
kinesin-2 activity could ensure a compressed configuration of the
anterograde trains. Without kinesin-2 activity, trains will relax and
assume the extended configuration of retrograde trains (Fig. 8).
Perhaps, the more expanded zigzag configuration reduces the
number of inhibitory IFT-B-IFT dynein contacts present in
anterograde trains contributing to IFT dynein activation
(Toropova et al., 2019). As the leading part of the trains will
‘derail’ first, it might convert earlier than the rest of the train, and
then break off potentially explaining the observed staggered return
of train fragments and the drawn-out return of fragments derived
from large anterograde trains.

MATERIALS AND METHODS

Strains and culture conditions

The Chlamydomonas reinhardtii Dangeard rescue strains expressing
IFT140-superfolderGFP (sfGFP), IFT43-YFP, IFT46-YFP,
mNeonGreen (mNG)-IFT54, BBS4-GFP and D1bLIC-GFP (CC-4488)
were previously described; the corresponding strain numbers of the
Chlamydomonas Resource Center (http:/www.chlamycollection.org/;
RRID:SCR_014960) are added in parenthesis, when available (Lechtreck
et al.,, 2009; Lv et al., 2017; Picariello et al., 2019; Reck et al., 2016;
Wingfield et al., 2017; Zhu et al., 2017). The bald (i.e. lacking flagella)
ift140-1 (CC-5490) and ifi46-1 (CC-4375), have been previously described
and were rescued by expressing IFT140—sfGFP or IFT46—YFP, respectively
(Hou et al., 2007; Picariello et al., 2019; Zhu et al., 2017). The short flagella
phenotype of ift43 and d1blic (CC-4053) mutants have also been described
previously and were rescued by expressing IFT43—YFP or D1bLIC-GFP,
respectively (Reck et al., 2016; Zhu et al.,, 2017). The bbs4-1 non-
phototactic mutant was previously described and was rescued with BBS4—
GFP or BBS4-mNG (Lechtreck et al., 2009; Liu and Lechtreck, 2018). The
bald ift81-1 and ifi74-2 mutants have been previously described (Brown
et al., 2015; Kubo et al., 2016). ift81-1 was rescued as assessed by the

restoration of flagellar assembly and IFT using a bicistronic construct
consisting of the aphVIII selectable marker gene, conferring resistance to
zeocin, and the genomic region of /F78/ fused at its N-terminus to an mNG
that was codon-adapted for Chlamydomonas (Rasala et al., 2013). ift74-2
was rescued using a similar construct consisting of the aphVIII selectable
marker gene and the genomic region of /F774 fused at its N-terminus to an
mScarlet-I (mSc) that was codon-adapted for mammals. As previously
reported, the if#54-2 mutant lacked flagella and was obtained by insertional
mutagenesis using the aph7” cassette; it was rescued using a bicistronic
construct consisting of the aph VIII selectable marker gene and the genomic
region of /FT54 fused at its N-terminus to either mNG (Chlamydomonas
codon usage), mSc or 2xDendra with mammalian codon usage (Wingfield
etal., 2017). For expression of FP-tagged IFT54, IFT71 and IFT81, we used
a previously described expression vector in which the aphVIII selectable
marker gene is separated from the transgenes by a cleavable 2A sequence
(Rasala et al., 2013). As previously described, cleavage of the 2A sequence
is not always complete, resulting in two or more bands of the tagged protein
in western blots (Lechtreck et al., 2018). Furthermore, boiling of red
fluorescence protein SDS-samples can lead to fragmentation and formation
of additional bands (Gross et al., 2000). The ift/40-1 IFT140—sfGFP ifi54-2
mSc—IFT54 strain was obtained by mating the ift/40-1 IFT140—sfGFP and
the ift54-2 mSc—IFT54 strains. Motile progeny was analyzed by TIRF
microscopy and the strains expressing IFT140—sfGFP and mSc-1FT54 were
analyzed by western blotting using antibodies to C. reinhardtii IFT140
(Picariello etal., 2019) and IFT54 (Wingfield et al., 2017). The ifi74-2 mSc—
IFT74 ifi81-1 mNG-IFT81 strain was obtained by mating the ifi74-2 mSc-
IFT74 and the ift81-1 mNG-IFT81 strain. Motile progeny was analyzed by
TIRF microscopy and the strains expressing mSc—IFT74 and mNG-IFT81
were analyzed by western blotting using antibodies to C. reinhardtii IFT74
(Qin et al., 2004) and IFT81 (Cole et al., 1998). The ifi54-2 mSc-IFT54
ift81-1 mNG-IFT81 strain was generated by mating the if#54-2 mSc-IFT54
and the ifi81-1 mNG-IFT81 strain. Motile progeny was analyzed by TIRF
microscopy and the strains expressing mSc—IFT54 and mNG-IFT81 were
analyzed by western blotting using antibodies to C. reinhardtii IFT54 and
IFT81. The d1blic D1IbLIC-GFP ifi54-2 mSc-IFT54 strain was obtained by
mating the d/blic D1IbLIC-GFP and the ift54-2 mSc—IFT54 strains. Motile
progeny were analyzed by TIRF microscopy and strains expressing
DI1bLIC-GFP and mSc-IFT54 were analyzed by western blotting using
antibodies to C. reinhardtii D1bLIC (Perrone et al., 2003) and IFT54. For
antibody dilutions, see section on western blotting.

TIRF microscopy

For TIRF imaging, we used an Eclipse Ti-U microscope (Nikon) equipped
with 60x NA1.49 TIRF objective and through-the-objective TIRF
illumination provided by 40-mW 488-nm and 75-mW 561-nm diode
lasers (Spectraphysics) as previously described (Lechtreck, 2013, 2016).
The excitation lasers were cleaned up with a Nikon GFP/mCherry TIRF
filter cube, and the emission was separated using an Image Splitting Device
(Photometrics DualView2 with filter cube 11-EM). Imaging was mostly
undertaken at 10 frames per second (fps) using an iXON3 (Andor) and the
NIS-Elements Advanced Research software (Nikon).

To obtain a focused laser beam, the 488-nm laser beam was split using a
488 nm zero-order half-wave plate and a broad band polarized beam splitter;
one of the beams was used for TIRF illumination. The other beam was
expanded using a 3x beam expander, focused using 200 mm plano-convex
lens and a 35 mm plano-convex lens and recombined with the TIRF laser
beam using polarized beam splitter (all parts from Thorlabs Inc.). A
motorized mirror connected to a joystick (Newfocus) was used to move the
bleaching laser and the size of the laser spot was altered manually by moving
the 35-mm lens. For Photogate experiments, the shutter and shutter driver
(Uniblitz) for the bleaching laser were controlled via an Arduino Uno device
and a custom-written macro for p-Manager (https:/micro-manager.org/) as
described by Wingfield et al. (2017).

Observation chambers for C. reinhardtii were constructed by applying a
ring of vacuum grease or petroleum jelly to a 24x60 mm no. 1.5 coverslip;
10 ul of cell suspension were applied and allowed to settle for ~1 min. Then,
the chamber was closed by inverting a 22x22 mm no. 1.5 cover glass with
~5-10 pl of 5 mM HEPES, pH 7.3 supplemented with 3—5 mM EGTA onto
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the larger coverslip. Cells were imaged through the large cover glass at room
temperature. FIJI (National Institutes of Health) software was used to
generate kymograms using either the built-in Multi Kymogram tool or the
KymoResliceWide plugin (https:/imagej.net/KymoResliceWide). The Plot
Profile tool was used to analyze signal intensity and Microsoft Excel
was used for statistical analysis. For FRAP analysis of the IFT pool at the
tip, kymograms were generated from videos showing the cells before,
during and after the application of the laser pulse or bleaching phase.
Grayscale profiles were plotted along a line covering the tip signal, the data
were converted to Excel, and the fluorescence strength prior to the
photobleaching step was set to 100%. Adobe Photoshop was used to adjust
image contrast and brightness, and figures were prepared in Adobe Illustrator.

Flagellar isolation and western blotting

For western blot analyses, cells in 10 mM HEPES pH 7.4, 5 mM MgSO, and
4% sucrose (w/v) were deflagellated by the addition of dibucaine. After
removing the cell bodies by two differential centrifugations (1150 g for 3 min
and 1600 g for 10 min), flagella were sedimented at 40,000 g, 20 min, 4°C as
previously described (Witman, 1986). Flagella were dissolved by boiling in
Laemmli SDS sample buffer, separated on Mini-Protean TGX gradient gels
(BioRad), and transferred electrophoretically to PVDF membrane. After
blocking, the membranes were incubated overnight in the primary antibodies;
secondary antibodies were applied for 90-120 min at room temperature. A fter
addition of the substrate (Femtoglow by Michigan Diagnostics or ECL Prime
Western Blotting Detection Reagent by GE Healthcare), chemiluminescent
signals were documented using a BioRad Chemi Doc imaging system. The
following primary antibodies were used in this study. Polyclonals were rabbit
anti-GFP (1:1000, A-11122; Thermo Fisher Scientific), anti-IFT54 (1:500;
Wingfield et al., 2017), anti-IFT140 (1:1000; Picariello et al., 2019), anti-
DIbLIC (1:2000; Hou et al., 2004), anti-IFT74 (1:2000; Qin et al., 2004),
anti-DHC1b (1:2000; Pazour et al., 1999) and anti-NAB1 (1:5000; cat no.
AS08 333, Agrisera), and monoclonals were anti-IC2 (1:1000; King and
Witman, 1990), anti-IFT139 (1:200; Cole et al., 1998) and anti-IFT172
(1:100; Cole et al., 1998).

Cryo-electron tomography

Cells were applied on glow-discharged TEM grids with holey carbon
support film (Quantifoil Micro Tools GmbH, R 3.5/1). 10-nm colloidal gold
particles were added to the sample as fiducial markers during tomogram
reconstruction. The samples were blotted from the back with Whatman filter
paper, rapidly frozen in liquid ethane at —182°C using a Leica EM Grid
Plunger and stored in liquid nitrogen until image acquisition.

Data were acquired with a FEI Titan Halo transmission electron
microscope operated at 300 kV equipped with a FEG, a Gatan energy
filter using a slit width of 20 eV, and a Gatan K2 direct detector. SerialEM
software was used for the automated tomographic tilt series acquisition
(Mastronarde, 2005). Full grid montages at low magnification were acquired
to find suitable cilia, connected to the cell body. The nominal image
magnification was 30,000x, resulting in a calibrated pixel size of 2.36 A in
super-resolution mode of the camera.

Tilt series were recorded with 2° increments with a bidirectional tilt
scheme from —20° to 64° and —64° (when possible). The defocus range was
—4.5 to —6 um, and the cumulative dose was 130 to 150 /A2 per tomogram.
Images were acquired in dose fractionation mode with frame times between
0.10 and 0.25 s.

Image processing and subtomogram averaging

The frames were aligned using K2Align software, which is based on the
MotionCorr algorithm (Li et al., 2013). Tomogram reconstruction was
performed with Etomo from IMOD version 4.9.3 (Kremer et al., 1996) using
weighted back projection. CTF curves were estimated with CTFPLOTTER
and corrected by phase-flipping with the software CTFPHASEFLIP, both
implemented in IMOD (Xiong et al., 2009). The tomograms were binned six
times, resulting in a pixel size of 1.41 nm. For particle picking and
visualization of tomograms, a non-linear anisotropic diffusion filter by
IMOD (Kremer et al., 1996) was applied to enhance the contrast of
macromolecular structures.

Subtomogram averaging was performed on the unfiltered tomograms
with PEET version 1.11.0 from the IMOD package (Heumann et al., 2011).
IFT-B particles were picked with 6 nm spacing. The IFT-B complex and
inhibited IFT dynein structure EMD-4303 (Jordan et al., 2018) was used as
an initial reference for particle alignment. The references for the analysis of
wild-type and ifi/40-1 IFT140-mC ifi54-2 mNG-IFT54 structures were
refined in subsequent iterations by adding more particles. To reduce the
influence of the microtubule doublet, the membrane or the other repeating
parts of the train structure on the alignment, loose binary masks that
contained six IFT-B repeats were applied to the reference. The final averages
of the wild-type structure contained 2172 particles for IFT-B. The structure
of IFT-B of the ift/40-1 IFT140-mC ift54-2 mNG-IFT54 strain was
calculated from 4508 particles.

Visualization of tomograms and average densities was done in 3dmod
from IMOD and rendering of isosurfaces was performed with UCSF
Chimera (Pettersen et al., 2004).
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Fig. S1. Single particle analysis of IFT and BBSome tip turnaround

A) Distribution of the minimum dwell times of the IFT proteins in tip-FRAP experiments.

B) Kymograms showing the inactivated (Dendra®®fFEN) and activated (DendraREP) form of
2xDendra-IFT54 expressed in the ift54-2 mutant. a-c) Note the differences between the bulk flow
of inactivated 2xDendra-IFT54 and the activated DendraRtP speckle. d-f) Tip turnaround of

[
i)
s

©

£
=
L
£

o)

|

©
-

C

(0]

£
9

Q

Q

=]
wn

L]

(0]

()

[
Q0

(8]
(%]
o
O
G

(o}
©

c

=

35

O
=



J. Cell Sci.: doi:10.1242/jcs.259010: Supplementary information

activated 2xDendra-IFT54 speckles. g-1) Note movements of the 2xdendra-IFT54 speckle
(arrow). Bars =2 um, 2 s.

C) Distribution of the tip dwell time of activated 2xDendra-IFT54 speckles at the tip.

D) Kymograms showing the tip turnaround of BBS4-mNG expressed at low levels in the
corresponding bbs4-2 mutant. Note that BBS4-mNG after reaching the tip often undergoes slow
diffusion migrating away from the tip (a, b, e) but particles remaining more stationary at the tip
were observed as well (d). Open red arrowhead, arrival at the tip; closed arrowheads, onset of
retrograde IFT. Note split of the BBS4-mNG particle depicted in b with one particle returning to
the flagellar base by IFT and the other apparently by diffusion. Bars =2 um, 2 s.

E) Distribution of the tip dwell time of BBS4-mNG at the tip.
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Fig. S2. IFT velocity and dwell time are temperature-dependent

A) Kymograms of ift46-1 IFT46-YFP taken at 16, 21, and 27 °C. White brackets indicate the
length of the pauses at the tip. Bars =2 um, 2 s.

B) The effect of temperature on the minimum tip dwell time of mSc-1FT54 and IFT40-sfGFP
imaged at 16 and 27 °C and IFT46-YFP imaged at 16, 21, and 27 °C. Error bars indicate
standard deviation and the star symbol (*) indicates a significant difference of >0.0001 (2-tailed
T-test).

C, D) The effect of temperature on anterograde (C) and retrograde (D) IFT velocities of mSc-
IFT54, and IFT40-sfGFP imaged at 16 and 27 °C and IFT46-YFP imaged at 16, 21, and 27 °C.
Error bars indicate standard deviation and the star symbol (*) indicates a significant difference of

>0.0001 (2-tailed T-test).
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Fig. S3. Turnaround of unfragmented train at the tip and along the length of flagella

A) Kymograms showing turnaround of mNG-IFT54 trains without apparent fragmentation from
photogate experiments. Bars =2 um, 2 s.

B) Kymograms showing the turnaround of IFT140-sfGFP mSc-IFT54 trains along the length of
flagella. Bars =2 um, 2 s.

C) Kymograms showing train fragmentation along the length of flagella for the proteins
indicated. Bars =2 pum, 2 s.

D) Plot of time between the arrival of a single anterograde train and the departure of the last
derived retrograde train vs. the total number of retrograde trains produced. The data are based on
mNG-IFT54 suggest that large anterograde trains as assessed by the number of resulting

retrograde fragments need more time to convert.
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inverted to allow for a better comparison of the tip signals. In C, a quantitative analysis of the
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D) Time needed for full recovery of the tip signal of IFT140-sfGFP and mSc-IFT54 in tip-FRAP
experiments.

E) Average number of anterograde trains arriving at the to reach full fluorescence recovery for
IFT140-sfGFP and mSc-1FT54.

F) Average dwell time of IFT140-sfGFP and mSc-1FT54 at the flagellar tip.
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Fig. SS. Co-migration of mNG-IFTS81 (IFT-B1) and mSc-1FT54 (IFT-B2) during anterograde
and retrograde IFT

A) Western blot of flagella isolated from wild-type and ift54-2 mSc-1FT54 ift81 mNG-IFT81
cells. The membrane was first stained with anti-IFT81 and subsequently with anti-IFT54.

B) Kymograms showing IFT of mNG-IFT81 and mSc-IFT54. Scale bars=2um, 2sec.

C) Tip-Frap experiment of the if#54-2 mSc-1FT54 ift§1 mNG-IFT81 showing the presence of
tagged I[FT54 and IFT81 in retrograde trains (arrowheads).
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D) Western blot of flagella isolated from a control and the if¢/40-1 IFT140-sfGFP ift54-2 mSC-
IFT54 strain. According to the band intensities of the loading controls, the sample of the double
mutant double rescue strain is slightly underloaded indicating a moderate reduction of IFT
dynein in its flagella.

E) Anterograde and retrograde velocity of the tagged IFT proteins in selected single and double

rescue strains.
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Fig. S6. Separation of DIbLIC-GFP and mSc-IFT74 during IFT

A) Kymograms of a tip-FRAP experiments showing unbleached D1bLIC-GFP only trains first
departing the tip (green arrowheads). Red arrowheads indicate trains predominately containing
unbleached mSc-IFT74. Red double arrowhead marks an mSc-IFT74 only retrograde train
indicating combination with be=leached D1bLIC-GFP at the tip. Bar =2 um and 2 s.
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B) Gallery of kymograms from tip-FRAP experiments showing dissociation of D1bLIC-GFP
from mSc-IFT74 trains. a-c) DIbLIC-GFP dissociating from anterograde trains moves by
diffusion in the flagellar shaft. d-f) Separation of D1bLIC-GFP from anterograde mSc-1FT74
trains and early return by IFT or diffusion. Arrowheads indicate the points of separation. Bars =

2 umand 2 s.
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Fig. S7. Absence of dynein from anterograde trains

Slices of a tomogram from the mutant, showing an example of a train with dynein-1b (a and b)
and without dynein-1b (c and d). The height of the slices is indicated in the cross sections on the
right, green cutting through IFT-A and IFT-B and blue cutting through dynein-1b (if present).
Some repeats of dynein-1b (blue), I[FT-A (yellow) and IFT-B (green) are indicated with arrows.

M: membrane, MT: microtubule, +: direction of the tip.
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Table S1. Chlamydomonas strains used in this study.

Subcomplex(es) Strain Source
IFT-A ift140-1 IFT140-sfGFP Picariello et al. (2019)
(or IFT140-mC)
ift43 IFT43-YFP Zhu et al. (2017)
IFT-B ift81-1 mNG-IFT81 this study
ift74-2 mSc-IFT74 this study
ift46 IFT46-YFP Lv et al. (2017)
ift54-2 mNG-IFT54 Wingfield et al. (2017)
(or mSc-IFT54 or 2xDendra-IFT54) and this study
BBSome bbs4-1 BBS4-mNG this study
Dynein d1blic D1bLIC-GFP Reck et al. (2016)
IFT-A/IFT-B ift140-1 IFT140-sfGFP ift54-2 mSc-IFT54 | this study
IFT-B1/IFT-B2 ift81-1 mNG-IFT81 ift54-2 mSc-IFT54 this study
IFT-B2/IFT-Dynein ift54-2 mSc-IFT54 d1blic D1bLIC-GFP this study
ift74-2 mSc-IFT74 d1blic D1bLIC-GFP this study
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it54-2 mNG-IFT54
«« Pp »

Movie 1. mNG-IFT54 dwells at the flagellar tip The distal portion of a flagellum of the if#54-2
mNG-IFT54 was repeatedly bleached. Anterograde trains reenter the bleached area and after a
pause retrograde traffic re-commences (indicated by exclamation marks). The movie was

recorded at 10 fps and the timer displays seconds.
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http://movie.biologists.com/video/10.1242/jcs.259010/video-1
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Movie 2. 2xDendra-IFT54 speckles pause at the tip

In the ift54-2 2xDendra-IFT54 a subset of the fusion protein auto-converts from the green emitting
into the red-emitting Dendra form allowing to visualizes individual IFT54 speckles during
turnaround at the tip. The star marks the time points when Dendra®*P-IFT54 speckles approach the
tip. The corresponding kymograms are shown at the bottom. The movie was

recorded at 20fps and the timer displays seconds.
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Movie 3. Photogate showing fragmentation of an mNG-IFT54 train

Single color photogate experiment showing a large anterograde mNG-IFT54 train fragmenting
into eight retrograde trains. The overexposed frames were blackened and the corresponding
kymogram is shown on the right. The movie was recorded at 10fps and the timer displays

seconds.

[
i)
i)

©

£
=
L
£
>
|
©
)

C

(0]

£
Q

Q

Q

=)
(70}

L]

(0]

O

[
2

O
(70}
o
O
G

(o]
©

c

=
=]
O
=


http://movie.biologists.com/video/10.1242/jcs.259010/video-3

J. Cell Sci.: doi:10.1242/jcs.259010: Supplementary information

Movie 4. Two-color tip-FRAP of IFT140-sgFP and mSc-IFT54

After bleaching the flagellar tip using a flash with a focused laser beam IFT140-sfGFP and mSc-
IFT54 simultaneously enter the bleached area and are both present in the resulting retrograde trains.
The corresponding kymograms are shown at the bottom. The movie was recorded at 10fps and the

timer displays seconds.
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Movie 5. IFT140-sfGFP and mSc-IFT54 largely remain associated during tip turn
around 2-color photogate experiment using the ift/40-11FT140-sfGFP ift54-2 mSc-IFT54
double-mutant-double-rescue strain. The overexposed frames were blackened. The
corresponding kymograms are shown at the bottom. The movie was recorded at 10fps and

the timer displays seconds.
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Movie 6. DIbLIC-GFP dissociates from anterograde mSc-IFT74 trains
Recording of the d/bLIC D1bLIC-GFP ift74-2 mSc-IFT74 strain showing the absence and
detachment of DIbLIC-GFP from mSc-IFT74 trains. The corresponding kymograms are

shown at the bottom. The movie was recorded at 10fps and the timer displays seconds.
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