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Intraflagellar transport (IFT), a bidirectional intracellular transport
mechanism in cilia, relies on the cooperation of kinesin-2 and IFT-
dynein motors. In Caenorhabditis elegans chemosensory cilia,
motors undergo rapid turnarounds to effectively work together in
driving IFT. Here, we push the envelope of fluorescence imaging to
obtain insight into the underlying mechanism of motor turnarounds.
We developed an alternating dual-color imaging system that allows
simultaneous single-molecule imaging of kinesin-Il turnarounds and
ensemble imaging of IFT trains. This approach allowed direct visuali-
zation of motor detachment and reattachment during turnarounds
and accordingly demonstrated that the turnarounds are actually
single-motor switching between opposite-direction IFT trains rather
than the behaviors of motors moving independently of IFT trains.
We further improved the time resolution of single-motor imaging
up to 30 ms to zoom into motor turnarounds, revealing diffusion
during motor turnarounds, which unveils the mechanism of motor
switching trains: detach-diffuse-attach. The subsequent single-
molecule analysis of turnarounds unveiled location-dependent
diffusion coefficients and diffusion times for both kinesin-2 and IFT-
dynein motors. From correlating the diffusion times with IFT train
frequencies, we estimated that kinesins tend to attach to the next
train passing in the opposite direction. IFT-dynein, however, diffuses
longer and lets one or two trains pass before attaching. This might
be a direct consequence of the lower diffusion coefficient of the
larger IFT-dynein. Our results provide important insights into how
motors can cooperate to drive intracellular transport.
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Imost all eukaryotic cells contain one or multiple cilia,
organelles that play crucial roles in sensory perception and
signaling (1). The assembly and maintenance of cilia rely on
bidirectional intraflagellar transport (IFT) along the cilium,
which is mediated by kinesin-2 and IFT-dynein motors (2-8). In
Chlamydomonas, a single motor, heterotrimeric kinesin-2 (9,
10), drives the anterograde transport of IFT trains, consisting
of IFT-particle complexes and IFT motors to the ciliary tip.
From the tip, kinesin-2 is passively recycled back to the ciliary
base by diffusion, independent of retrograde IFT driven by
IFT-dynein (11-15). In Caenorhabditis elegans chemosensory
cilia, however, two different kinesin-2 motors cooperate to
drive anterograde IFT, and they are actively recycled back to
the base by IFT-dynein—driven retrograde IFT (5, 9, 16, 17).
This marked difference in mode of kinesin returning from tip
to base raises the question whether kinesin-2 motors in C. ele-
gans are always associated to IFT trains or whether some
motors are freely moving around in the cilia. If kinesin-2
motors are always associated with IFT trains, how can they rap-
idly jump between anterograde and retrograde trains, as
inferred in previous studies (18, 19)?
C. elegans chemosensory cilia consist of a cylindrical,
microtubule-based axoneme surrounded by a specialized
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membrane (20). The axoneme emanates from the ciliary base
and transition zone to a bipartite structure consisting of the
proximal segment and the distal segment made of nine doublet
and nine singlet microtubules, respectively (6, 21). IFT is
required for proper ciliary biogenesis and maintenance, and
IFT requires the cooperation of anterograde kinesin-2 motor
proteins (5, 22) and retrograde IFT-dynein motors (8). The
core machinery of IFT trains includes kinesin-2 and IFT-dynein
motors and a stable IFT-train backbone composed of IFT-A
and IFT-B complexes (11) linked by the BBSome (23) to which
motors and cargoes can dock and undock (3, 24). IFT trains
are assembled in the ciliary base and transported to the ciliary
tip by the cooperative action between two types of kinesin-2
motors, heterotrimeric kinesin-II and homodimeric OSM-3 (5,
9, 16, 17). Kinesin-1II acts as the “import” motor to drive IFT
trains through the base and transition zone toward the proximal
segment, possibly avoiding obstacles on the microtubules by
sidestepping (25). There, kinesin-1I gradually hands over anter-
ograde IFT trains to OSM-3, which drives the long-range trans-
port toward the ciliary tip (18). At the tip, IFT trains are
rapidly disassembled and reassembled (14, 26) and transported
back to the ciliary base solely by IFT-dynein (8, 15, 27).

Significance

Primary cilia are important organelles that exist in almost all
eukaryotic cells. Intraflagellar transport (IFT) is a motor-
protein-driven bidirectional intracellular transport mecha-
nism in cilia. Previous studies have shown that motors in
Caenorhabditis elegans chemosensory cilia undergo rapid
turnarounds to effectively work together in driving orderly
IFT. The mechanism of motor turnarounds has, however,
remained unclear. Here, using a combination of advanced
fluorescence imaging and single-molecule analysis, we
directly show that the individual turnarounds are due to
motors switching between opposite-direction IFT trains. Fur-
thermore, we show that switching events consist of motors
detaching from a train, diffusing to another one followed by
attachment. This directly demonstrates that motors switch
trains by diffusion, which clarifies the mechanism of motor
turnarounds.
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Single-molecule imaging of kinesin-2 and IFT-dynein motors
has revealed that motors undergo rapid turnarounds (direc-
tional switches) to achieve efficient motor cooperation (18, 19).
The anterograde-to-retrograde (a-to-r) turnarounds of kinesin-
II and r-to-a turnarounds of OSM-3 in the handover zone
(located between 1 and 4 pm from the base) have been inter-
preted as kinesin-II switching from drivers of anterograde
trains to passengers of retrograde trains and OSM-3 switching
from passengers of retrograde trains to active drivers of antero-
grade trains, respectively (18). This handover mechanism is the
origin of the efficiency of the cooperation between kinesin-1I
and OSM-3 because kinesin-II immediately starts to detach
from anterograde trains after finishing their function as the
import motor while OSM-3 starts to bind to anterograde trains
to take over the long-range transport to the tip. Similarly,
single-molecule imaging of IFT-dynein has revealed that IFT-
dynein can undergo a-to-r turnarounds at all locations along
the cilium (19), which has been interpreted as IFT-dynein
switching from the deactivated passenger of anterograde trains
to the active driver of retrograde trains. Taken together, these
single-motor turnarounds are consistent with an overall picture
of IFT, in which the IFT-train backbone provides a stable plat-
form, moving from base to tip or back, to which individual
motors can rapidly attach and detach during transport, driving
effective and regular IFT (3, 18).

So far, however, direct observations of this interpretation
that IFT motors switch between opposite-direction trains to
turn around have not been made, which leaves a possible alter-
native explanation, namely that turnarounds are partly due to
freely moving motors not associated with IFT trains. To further
zoom into the mechanism of IFT motor turnarounds, here we
push the envelope of our single-molecule fluorescence imaging
capabilities in living C. elegans. By applying alternating dual-
color imaging, we directly show that during a turnaround,
motors switch from one IFT train to another. By increasing our
imaging time resolution (up to 30 ms per frame), we show that
during the directional switch, motors use diffusion to hop from
one train to another.

Results

Simultaneous Imaging of IFT Trains and Motor Turnarounds. To
unravel the behavior of single IFT motor proteins switching
direction in the context of IFT trains, we implemented a dual-
color imaging approach that allows concomitant imaging of
individual IFT motor proteins and IFT trains (Fig. 14). We rea-
soned that using such an approach, the overlay of a single-
motor turnaround trajectory with the trajectories of IFT trains
would directly reveal whether individual motors are always con-
nected to IFT trains or whether motors can move indepen-
dently of trains (Fig. 1 B, Left). The latter case, to the extreme,
is the case for kinesin-II in Chlamydomonas: here, kinesin-II is
not attached to retrograde trains but diffuses back to the base
(14, 15). Furthermore, this dual-color approach could also
directly show how a motor protein hops from one train to
another one moving in the opposite direction: by the direct
handover between trains or by a diffusive hop of the motor
(Fig. 1 B, Right).

For dual-color imaging, we here use one strain, XBX-
1::eGFP KAP-1::mCherry [expressing enhanced green fluores-
cent protein (eGFP)-labeled IFT-dynein and mCherry-labeled
kinesin-II (19, 28, 29)], with the idea to track one of the labeled
motors at the single-molecule level (after reducing the number
of active fluorophores by photobleaching) and the other at the
train level (limiting photobleaching of this fluorophore as much
as possible). We first tried to achieve single-molecule imaging
of the eGFP-labeled motor and train imaging using the
mCherry-labeled one to make use of the fact that eGFP is
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more resistant to photobleaching than mCherry (30, 31), which
we hoped would result in longer single-molecule trajectories of
higher quality. This did not work, however, because the pro-
longed excitation with 491-nm laser light required to photo-
bleach eGFP to the single-molecule level also excited mCherry
(SI Appendix, Fig. S1 A and B), resulting in almost complete
photobleaching of mCherry. We then switched to mCherry
single-molecule imaging and eGFP train imaging, which
resulted in a strong fluorescence background signal in the
mCherry channel, caused by the vibronic red tail of the eGFP
fluorophore, that overwhelmed the single-molecule mCherry
signals (SI Appendix, Fig. S1C). We succeeded in overcoming
this background issue by applying alternating 491/561-nm exci-
tation (see Materials and Methods for the implementation),
switching laser light every 75 ms using an acousto-optic tunable
filter (AOTF) and synchronized imaging with an integration
time of 75 ms. In Fig. 1C and Movie S1, we show that using this
approach, trains (using IFT-dynein as a marker) and
single-kinesin-II motors can be tracked simultaneously in living
C. elegans, clearly revealing a-to-r turnarounds of kinesin-II. A
total of 109 of these kinesin-II a-to-r turnarounds were col-
lected in the handover zone together with the motion of IFT
trains. The locations of the turnarounds are shown in a histo-
gram in Fig. 1D and are consistent with our previous, single-
color observation (18).

Colocalization of Individual Kinesin-1l Turnarounds with IFT-Train
Trajectories. To overlay single—kinesin-II trajectories with the
motion of IFT trains, we applied single-molecule tracking (32)
on the raw timelapse kinesin-II images to obtain the accurate
superresolution trajectories of kinesin-II, from which we recal-
culated kymographs. These single-motor kymographs were
overlaid with kymographs of IFT trains (Fig. 24 and B). Kymo-
graphs were Fourier filtered in order to separate anterograde
and retrograde IFT-train motion (33). From these overlaid
single-motor and train kymographs, we calculated the Manders’
coefficient M1 (34) to quantify the colocalization coefficient of
the trajectories of individual kinesin-II motors with those of
IFT trains (Fig. 2C). Before, we have applied this correlation
approach to quantify the colocalization of IFT-dynein and
kinesin-2, both at the train level (19). M1 for anterograde and
retrograde motions are both close to 1 (anterograde: M1 =
0.982 = 0.029, retrograde: M1 = 0.975 = 0.033, n = 109), indi-
cating that single—kinesin-II trajectories almost always overlay
with those of IFT trains (with IFT-dynein as marker). This anal-
ysis directly shows that individual kinesin-II motors move
together with anterograde IFT trains, most likely as the driver
of transport, from base to handover zone, where they fall off
the anterograde train and quickly hop on a retrograde train to
be transported back to the base as cargo.

In most cases (68 out of 109: 62%; including the one
depicted in Fig. 2B), a-to-r turnarounds appeared instanta-
neous. In the rest of the turnarounds (Fig. 2 D and F and
Movie S2) a clear pause could be discerned, lasting longer than
three frames (of 150 ms each). Overall, this observation is con-
sistent with our previous observation that directional switches
of IFT motors are fast [i.e., on average on the order of the 150-
ms integration time (18)]. In 17% of a-to-r turnarounds (18 out
of 109), a displacement could be observed in the direction per-
pendicular to the cilium between anterograde run before the
turnaround and retrograde run after (Fig. 2 E and F). We inter-
pret this offset as a hop of a single kinesin-II from a train mov-
ing along a microtubule on one side of the axoneme to another
train moving on the other side (perpendicular to the long axis).
These perpendicular displacements and pauses observed in
part of the kinesin-II turnaround trajectories raise the question:
what is the exact mechanism by which individual motors switch
from one IFT train to another?
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Fig. 1. Alternating dual-color excitation enables simultaneous single-molecule imaging of single-motor turnarounds and IFT-train trajectories.
(A) Cartoon kymographs depicting the idea of direct visualization of single-molecule motor turnarounds, together with IFT-train trajectories, using simul-
taneous single-molecule and ensemble imaging. (B) Cartoon diagrams depicting kinesin-Il a-to-r turnarounds and the models tested in this study. Left: are
motors (almost) always connected to IFT trains (Top), or is there a subset of motors moving independently of trains (Bottom), as is the case for kinesin-II
in Chlamydomonas (which diffuses back from tip to base, disconnected from the IFT machinery)? Right: what is the mechanism of motors switching from
one train to another? Are motors directly handed over from one train to another (Top) without free motion of the motors, or do motors move from train
to train in a diffusive hop (Bottom)? Red arrow: anterograde train; green arrow: retrograde train; blue arrow: turnaround; red scribble line: diffusion.
(C) Fluorescence images and kymographs of kinesin-ll (KAP-1::mCherry) and IFT-dynein (XBX-1::eGFP) obtained from simultaneous single-molecule imag-
ing of kinesin-Il a-to-r turnarounds in the handover zone (between the two red dashed lines) and ensemble imaging of IFT trains represented by IFT-
dynein. See Movie S1 for the turnaround event indicated by the red arrow (horizontal scale bar, 10 s; vertical scale bar: 1 pm). (D) Histogram of the
locations of kinesin-Il a-to-r turnarounds (n = 109 single motors pooled from 51 worms, 59 cilia).

Fast Single-Molecule Imaging Reveals How Individual Motors
Switch Trains: Detach-Diffuse-Attach. To get a deeper insight in
the mechanism by which IFT motors switch between opposite-
direction trains, we performed single-molecule imaging in
living C. elegans on strains expressing KAP-1::eGFP or OSM-
3::paGFP (photoactivatable green fluorescent protein) with a
higher time resolution. To this end, we decreased the camera
frame integration time from 150 to 30 ms for eGFP-tagged
motors (Fig. 3 A-C) and 50 ms for paGFP-tagged motors (Fig.
3D), resulting in surprisingly more-detailed single-molecule
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trajectories. In kymographs of kinesin-II (KAP-1::eGFP) a-to-r
(Fig. 34, Movie S3, and SI Appendix, Fig. S24) and r-to-a turn-
arounds (Fig. 3B, Movie S4, and SI Appendix, Fig. S24), we
observed jagged, fluctuating kymograph tracks sandwiched
between straight tracks of opposite direction, indicating that indi-
vidual kinesin-II motors diffuse through the cilium after detaching
from a moving IFT train until reattaching to another, opposite-
direction—-moving one. We also observed this diffusion behavior
between subsequent bouts of same-direction motion (r-to-r, Fig.
3B and Movie S4; a-to-a, Fig. 3C and Movie S5), indicating that

PNAS | 3o0f9
https://doi.org/10.1073/pnas.2115089118

COMPUTATIONAL BIOLOGY

BIOPHYSICS AND


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115089118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115089118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115089118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115089118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115089118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115089118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115089118/-/DCSupplemental

A Overlay

1.00

0.95

0.90

0.85 °

0.80

Antero Retro
grade grade

B Zoom overlay Anterograde

Retrograde Turnaround

Delay Delay & 1 displ.
no L displ.

Instantaneous
& L displ.  Instantaneous
1 2 no L displ.

Fig. 2. Colocalization of single-molecule kinesin-Il turnarounds with IFT-train motion provides direct evidence of motors switching from one train to
another in the handover zone (horizontal scale bar, 5 s; vertical scale bar, 1 pm). (A and B) Overlaid and expanded kymographs of a single-molecule kine-
sin-Il turnaround and the IFT-train trajectories (color-coded for direction), showing that kinesin-Il switches from an anterograde train to a retrograde
train, without time delay. (C) Manders’ colocalization analysis shows a high degree of colocalization of kinesin-Il anterograde and retrograde motion
with IFT-train trajectories. (D and E) Example of a single-molecule kinesin-II turnaround that shows delayed docking to a retrograde train (D and Movie
S2) and anterograde (red, E) and retrograde (green, E) trajectories that are not overlapping in space because of a displacement in the perpendicular direc-
tion during the turnaround (blue, E). (F) Quantification of all turnarounds identified (n = 109 single motors pooled from 51 worms, 59 cilia): 47.7% (n =
52) turnarounds were instantaneous without perpendicular displacement (blue), 14.7% (n = 16) were instantaneous turnarounds with perpendicular dis-
placement (gray), 35.8% (n = 39) were turnarounds with a delay without perpendicular displacement (orange), and 1.8% (n = 2) were turnarounds with
a delay showing perpendicular displacement (yellow). L displ., perpendicular displacement.

an individual kinesin-II motor can reattach to IFT trains moving
in the same direction as the one it has just detached from. Similar
observations were made for OSM-3 (OSM-3::paGFP; Fig. 3D,
Movie S6, and SI Appendix, Fig. S2B). The locations in the cilia
where kinesin-II undergoes a-to-r and OSM-3 undergoes r-to-a
turnarounds are consistent with earlier observations recorded
with a frame integration time of 150 ms (18) (Fig. 3 E and F). We
next looked into the turnaround behavior of IFT-dynein. In an
earlier study (19), we have shown that IFT-dynein can undergo a-
to-r turnarounds at all locations along the cilium, switching from
being a cargo on a kinesin-2—driven anterograde train to an active
driver of a retrograde train. Fast single-molecule imaging of IFT-
dynein (XBX-1::eGFP) revealed that this motor also diffuses dur-
ing a-to-r (Fig. 3G and Movie S7) and other train switches (S
Appendix, Fig. S2C). The locations of a-to-r turnarounds (Fig.
3H) were consistent with the previous (lower time resolution)
study (19), but here we managed to image the cilia in focus over a
longer extent of their length, from base to far into the distal seg-
ment (although the tip was not always perfectly in focus). This
revealed an expected a-to-r turnaround “hotspot” close to the dis-
tal tip that was not discerned in our previous study. The locations
of a-to-r turnarounds of OSM-3 (SI Appendix, Fig. S2D) were
similar and consistent with our earlier study (18). Taken together,
these fast single-motor measurements indicate that all three IFT
motors in C. elegans chemosensory cilia diffuse after detachment
from one IFT train before reattaching to another.

Analysis of Single-Molecule Trajectories Reveals Location-Dependent
Diffusion Behavior. To further characterize and quantify the diffu-
sion behavior, we extracted single-molecule trajectories from
the original image sequences of all three IFT motors with
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single-particle tracking using the Fiji/ImageJ (35) plugin Track-
mate (32). A spline was drawn along the cilium to define a local
coordinate system with the x-coordinate reflecting position
along the cilium and the y-coordinate perpendicular to the cil-
ium. In Fig. 44, an example trajectory of the position along the
cilium of a kinesin-II motor making an a-to-r turnaround is
shown. We next characterized the trajectories with mean-
square displacement (MSD) analysis (36-39). To this end, we
calculated the MSDs within a moving time window (40 frames
[1.2 s in total] for kinesin-II and IFT-dynein and 30 frames [1.5
s in total] for OSM-3) along the trajectory and determined, for
each time window, the generalized transport coefficient y and
the exponent o using the formula MSD(t) = yt® (with t the
time lag) (40) (Fig. 44). a values usually range between 0 and
2, where a = 0 signifies static particles, 0 < o < 1, subdiffusion,
which can be caused by confinement, « = 1 normal, free diffu-
sion, and o =2 directed motion, driven by active transport. y
values represent the amplitude of the underlying motion and
can be used to calculate velocity in case of directed motion or
diffusion constant in case of diffusive motion. We used thresh-
olds in the a and y trajectories to identify bouts of active trans-
port (threshold a>1+o0, o=-0.05,0, 0.1 for kinesin-II,
OSM-3, and IFT-dynein, respectively), free diffusion (threshold
a<1+0 and y> 0.1 um?s~*), and subdiffusion (threshold a <
140 and y <0.1 ym?.s~%) within trajectories (Fig. 4 A and B).
We performed this analysis on single-molecule trajectories show-
ing turnarounds of kinesin-II, OSM-3, and IFT-dynein (see SI
Appendix, Fig. S3 for examples of the latter two motors) and
found that the MSD approach identified bouts of diffusion dur-
ing turnarounds in 30% of kinesin-II (61 out of 201), 44%
of OSM-3 (50 out of 113), and 64% of IFT-dynein trajectories
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Fig. 3. Fast single-molecule imaging of kinesin-2 and IFT-dynein reveals that “detach-diffuse-attach” is the mechanism by which individual motors
switch trains. Red dashed lines indicate the time intervals at which a single motor diffuses from one IFT train to another (horizontal scale bar, 2 s; vertical
scale bar, 1 pm). (A-C) Representative kymographs of kinesin-Il a-to-r, r-to-a, r-to-r, and a-to-a train switches, with frame integration time 30 ms, showing
clear signs of diffusion during the switch. (D) Representative kymograph of OSM-3 r-to-a turnarounds, with frame integration time 50 ms, showing clear
signs of diffusion during the turnaround. (E) The locations of kinesin-Il a-to-r turnarounds (n = 201 single molecules pooled from 36 worms, 51 phasmid
cilia). (F) The locations of OSM-3 r-to-a turnarounds (n = 113 single molecules pooled from 40 worms, 49 phasmid cilia). (G) Representative kymograph of
IFT-dynein a-to-r turnarounds, showing diffusion during turnarounds with frame integration time 30 ms. (H) Locations of IFT-dynein a-to-r turnarounds

(n = 193 single molecules pooled from 35 worms, 48 phasmid cilia).

(124 out of 193), confirming that all three motors, after detaching
from one train, diffuse to another one, to which they reattach.

We next determined the instantaneous diffusion coefficients
(41) as a function of location in the cilium (Fig. 4C). We did
this instead of using the y-based generalized diffusion coeffi-
cients in order to fix the units of the diffusion coefficients to
um? /s (Materials and Methods). The diffusion coefficient along
the ciliary long axis mostly increased for all three motors going
from base and transition zone to the proximal segment, reach-
ing a maximum in the middle of the proximal segment, after
which it decreased again (Fig. 4C). The lower diffusion coeffi-
cient in base and transition zone might be due to the dense
structures there [e.g., the transition fibers and the so-called cili-
ary necklace at the base and the Y-shaped linker proteins in
the transition zone (42, 43)]. Furthermore, electron-microscopy
and superresolution fluorescence microscopy studies have
revealed that the cilium is widest (~300 nm) roughly halfway
the proximal segment (44, 45), which might provide the motors
more space to diffuse freely, while it is narrowest (~100 nm) in
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the distal segment. In addition, we found that the diffusion
coefficient of OSM-3 (maximum value 0.30 um?/s) was slightly
higher than that of kinesin-II (maximum value 0.22 um?/s).
At this point, we cannot exclude that this small difference is
caused by the different integration times used for the two
motors. The diffusion coefficient of IFT-dynein we obtained
(maximum value 0.10 um?/s) was substantially lower than those
of the kinesin-2 motors, which is consistent with the molecular
mass of IFT-dynein being almost five times larger than those of
the kinesin-2 motors (~1.4 versus ~0.3 MDa) (11, 16, 46, 47).
The diffusion coefficient in the direction perpendicular to the
ciliary long axis was much smaller than parallel (1:10), which is
most likely limited by the localization accuracy.

The Location-Dependent Diffusion Time. We next used the MSD
analysis to determine the diffusion times of kinesin-II a-to-r,
OSM-3 r-to-a, and IFT-dynein a-to-r turnarounds. We define
diffusion times as the times taken for individual motors to dif-
fuse between opposite-direction IFT trains (Fig. 4 A4 and B).
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Fig. 4. Single-molecule tracking and analysis with MSD. (A) Representative single-molecule trajectory obtained from single-molecule tracking (same data
as shown in Fig. 3A) and the MSD analysis yielding a and y values. The red arrows in the trajectory indicate a diffusion interval as identified by a human
observer. The black dashed lines indicate a diffusion interval as revealed by MSD analysis, using a threshold of « = 0.95. The red dashed line indicates fur-
ther distinction between subdiffusion and free diffusion by applying an additional threshold of y = 0.1 um?.s~®. (B) Identification of intervals of subdiffu-
sion, free diffusion, and active transport in the trajectory of A, identified by MSD classification using the thresholds o =0.95 and y = 0.1 pm?.s~®. (C) The
location-dependent instantaneous diffusion coefficient (DC) of the three motors. Solid lines indicate the averaged DC over ~15 points, and dashed lines
represent mean * SEM. B, base; TZ, transition zone; PS, proximal segment; DS, distal segment. (D) The location-dependent diffusion times of the three
motors, excluding direct turnarounds. Solid lines indicate the averaged diffusion time over five points, and dashed lines represent mean * SEM.

Diffusion times of kinesin-II and OSM-3 in the handover zone
(located between 1 and 4 um from the base) were similar, 1.3 +
0.1 and 1.7 = 0.1 s, respectively (Fig. 4D). Taking also into
account the direct turnaround events (setting their diffusion
times to 0 s) resulted in average diffusion times of 0.3 and 0.5 s
for kinesin-II and OSM-3, respectively (SI Appendix, Fig. S4).
These rather short diffusion times explain why we did not
observe clear evidence for diffusion in our previous study with a
frame integration time of 150 ms (18). For both kinesins, the dif-
fusion time was relatively longer in transition zone and base, ~2.
5 s (excluding direct turnarounds), most likely due to the lower
diffusion coefficient and the confining effect of the structural
proteins here, which can keep diffusing motors longer away
from moving trains. We identified too few kinesin turnaround
events in the distal segment to reliably determine the diffusion
time there. The diffusion time of IFT-dynein in the proximal seg-
ment [~2.6 £ 0.3 s excluding direct turnarounds (Fig. 4D) and 1.
8 s including direct turnarounds (SI Appendix, Fig. S4)] was
about double that of the kinesins and decreased slightly toward
the distal segment. The lower diffusion time in the distal seg-
ment might be due to the smaller diameter of the cilium here,
keeping IFT-dynein closer to the microtubule track and the IFT
trains moving along the microtubules, potentially enhancing the
probability of an IFT-dynein reattaching to an IFT train.

Discussion

Previous studies have reported that IFT motors undergo rapid
turnarounds in C. elegans chemosensory cilia to hand over
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cargo to other motors in order to achieve efficient motor coop-
eration (18, 19). It had, however, not been possible to directly
visualize how motor proteins turn around. It thus has remained
unclear what the underlying mechanism is by which individual
motors switch direction without affecting the directionality of
IFT in C. elegans cilia. Here, we improved our fluorescence
imaging capabilities to provide insights into motor turnarounds.
We find that 1) the turnarounds are actually single motors
switching between IFT trains moving in the opposite direction;
2) the process of switching trains can be dissected into three
consecutive steps: detach, diffuse, and attach; 3) when motors
are not associated to IFT trains, they are free to diffuse, and
the diffusion coefficient is dependent on the ciliary location
and structure; and 4) the diffusion time, or the time needed for
individual motors to switch trains, is also location dependent.
We have directly shown, using dual-color imaging, that the
turnarounds are indeed motors switching between opposite-
direction IFT trains rather than the behaviors of motors moving
independently of IFT trains. The trajectories obtained show
that the switching process can be dissected into detachment
and attachment and provide accurate information on where
and when detachment and attachment take place. Moreover,
the observation of turnarounds with a delay between detach-
ment and attachment or perpendicular displacements triggered
us to subsequently study how motors can switch between IFT
trains moving in opposite direction. For this, however, a much-
higher time resolution was needed, which was not possible with
single-molecule imaging of mCherry in the dual-color scheme
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because of its limited photostability. To obtain a higher time
resolution, we performed fast single-molecule imaging using
only the more stable eGFP or paGFP, and we obtained a three
to fivefold improvement of the time resolution compared to
previous studies. In the future, the time resolution might be
pushed further by using brighter fluorescent reporters such as
mNeonGreen (48) or using other imaging methods such as
Hessian structured illumination microscopy (25) with multiple
copies of fluorescent proteins tagged to one motor. The three
to fivefold improvement of the time resolution we obtained
here is, however, sufficient to reveal that individual motors
switch between IFT trains via a detach—diffuse—attach
mechanism, directly exposing that diffusion is an intrinsic part
of the motor turnaround process.

In C. elegans cilia, motors were thought to be associated with
IFT trains most of the time (3, 18). Our study has refined this
picture, revealing that motors are detached from IFT trains for
a short while when switching from one train to another. In
these intervals, they are free to diffuse with diffusion coeffi-
cients of ~0.2 um? /s for kinesin-II, ~0.3 um? /s for OSM-3, and
~0.1 ym?/s for IFT-dynein in the proximal segment. In the pri-
mary cilia of cultured mammalian cells, similar diffusion coeffi-
cients have been reported for transmembrane proteins: ~0.25
um? /s for SSTR3 (49), ~0.26 um? /s for Smoothened (50), and
~0.1 um* /s for PTCH1 (51). Diffusion coefficients reported for
nonmembrane-associated proteins in cilia are substantially
higher: 1.68 um? /s for kinesin-11 in Chlamydomonas reinhardtii
flagella (14), and 3.6 and 0.69 um? /s, respectively, for GFP and
FKBP (YFP-FKBP-AN p-Gal,) in the primary cilia of NIH3T3
cells (52, 53). These comparisons indicate that diffusion coeffi-
cients of ciliary proteins vary substantially between organisms
and ciliary substructure. In line with this, we have found in
C. elegans that the diffusion coefficients of motor proteins are
dependent on the location within the cilium, potentially reflect-
ing local ciliary structure and diameter. For example, kinesin-2
motors show a ~5 times lower diffusion coefficient at the ciliary
base than in the proximal segment, which is in line with previ-
ous studies that have shown that the base and transition zone
act as a diffusion barrier for proteins above 60 kDa (42). In
Chlamydomonas, it has been shown that the diffusion coeffi-
cient of kinesin-II plays an important role in ciliary length
control (54). Our data suggest that in C. elegans, the diffusion
coefficients of free motor proteins affect the efficiency of the
motors’ switching between trains. Namely, in the proximal seg-
ment we observed higher diffusion coefficients for the kinesins,
correlated with substantially shorter diffusion times compared
to base and transition zone. We note, however, that such a cor-
relation is less evident in our data for IFT-dynein, which has a
diffusion coefficient in the proximal segment that is about twice
that in the distal segment, while the diffusion time is also
higher. A key difference between Chlamydomonas and C. ele-
gans IFT is that in Chlamydomonas, kinesins-2 diffuses back
from tip to base, while in C. elegans the kinesin motors are
actively transported by IFT-dynein (3). It could thus very well
be that in both organisms, kinesin diffusion coefficients play
a key role in IFT regulation: in Chlamydomonas directly, by
governing the time it takes the kinesins to diffuse back to the
base, in C. elegans a bit more indirectly, by governing the
time it takes the kinesins to connect to an opposite-direction
IFT train.

We have shown that motors detach from a moving IFT train,
diffuse for a while, and then reattach to another train with “free
seats” either moving in the opposite or the same directions. This
suggests that the diffusion time depends on the time that a
motor encounters another train, which is governed by the diffu-
sion coefficient of the free motors and the frequency of antero-
grade and retrograde trains. This could explain why the diffusion
time of IFT-dynein in the distal segment is shorter than in the
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proximal segment, while the diffusion constant is also lower,
namely because the frequency of retrograde trains in the distal
segment is ~20% higher than in the proximal segment [as esti-
mated from IFT-dynein flux (19)]. To get insight into the effi-
ciency of motors reattaching to trains, we compare the diffusion
times we obtained (0.3 s for kinesin-II, 0.5 s for OSM-3, and 1.8
s for IFT-dynein in the proximal segment, taking into account all
turnarounds including direct ones) to IFT-train frequencies
obtained before [0.8 anterograde trains/s and 1.3 retrograde
trains/s (19)]. These comparisons indicate that, on average, the
kinesins let less than one opposite-direction train pass before
reattaching, while IFT-dynein lets more than two trains pass.
This difference could be the consequence of the higher diffusion
coefficients of the kinesins compared to IFT-dynein. In addition,
the kinesins could have a higher affinity for IFT trains than IFT-
dynein. Taken together, this reveals that the diffusive hops of in
particular the kinesins are remarkably efficient, which enables
the tight regulation of motor handover in the proximal segment.
This motor handover is a key aspect of IFT in C. elegans chemo-
sensory cilia, which requires the finely orchestrated cooperation
of kinesin-II and OSM-3 to be efficient (18).

We note that during turnarounds, individual motors switch
between three different states: 1) connected to IFT particles
and active in driving transport (“drivers”); 2) disconnected
from IFT particles and microtubules, inactive, and diffusing
around; and 3) connected to IFT particles and inactive cargo
(“passengers”). Recent in vitro reconstitution studies have indi-
cated that OSM-3 binding to IFT-B complexes is mediated by
IFT70 (DYF-1), which fully activates the motor (55). This
might be equivalent to state 1. Earlier experiments have been
shown that OSM-3 is autoinhibited and does not bind to micro-
tubules when no cargo is bound (56), which might be the case
in state 2. An interesting question is what the nature is of state
3. Is IFT70 (DYF-1) also involved in OSM-3 binding to retro-
grade trains and its inactivation? An alternative could be that
inactive OSM-3 interacts with retrograde trains mediated by
other IFT-particle proteins.

Previous studies mostly viewed motor detachment and
attachment as an integral step regulated by the same factors.
Male germ cell-associated kinase DYF-5 and cell cycle-related
kinase DYF-18 have been reported to regulate the undocking/
docking of kinesin-2 motors and the handover between them
(57-60) by affecting motor distribution, IFT train velocity, and/
or IFT train frequency. It is, however, not clear how these kin-
ases are involved in the process of detachment and/or attach-
ment. We have shown here that detachment and attachment
are separate steps, suggesting that they may be regulated by dif-
ferent factors and that DYF-5/DYF-18 kinases might only regu-
late the detachment. To shed further light on this, deeper
insight in the ratio between a-to-r turnarounds and a-to-a
switches might be useful (as well as between r-to-a turnarounds
and r-to-r switches). This ratio is, however, difficult to obtain in
an unbiased way because the same-direction switches are much
harder to identify (Fig. 3C). Single-molecule imaging of the
kinesin-2 motors in mutant worms lacking DYF-5 or DYF-18
function might reveal important insights in the effect of these
kinases on motor regulation.

In conclusion, we have presented major improvements in our
approaches to image single-motor proteins in living C. elegans.
Using these methods, we have revealed how IFT motor proteins
switch trains and thus provided important insights into the
mechanism by which different motor proteins cooperate to drive
intracellular transport.

Materials and Methods

C. elegans Strains. The C. elegans strains used in this study are listed in S/
Appendix, Table S1. All the strains were constructed with MosSCl (18, 61),
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carrying integrated single-copy transgenes encoding for fluorescently labeled
IFT components. Worm maintenance and genetic crosses were performed
with standard C. elegans techniques (62). Nematodes were grown at 20°C on
Nematode Growth Medium plates that were seeded with Escherichia coli
HB101 bacteria.

Fluorescence Microscopy and Alternating Dual-Color Illumination. Fluores-
cence images were generated using a custom-built episcopic-illuminated
wide-field fluorescence microscope described in detail in Prevo et al. (18) by
adding an additional alternating illumination module (S/ Appendlix, Fig. S5).
Briefly, the fluorescence microscope was operated by a Micro-Manager soft-
ware interface, built around an inverted microscope body fitted with a 100x
oil-immersion objective. Two excitation beams, provided by two diode-
pumped solid-state lasers, were combined and passed through an AOTF for
wavelength selection and intensity control. The combined beams went
through a quarter-wave plate to obtain circular polarization and through a
diffuser to obtain uniform illumination before being coupled into the objec-
tive using a dichroic mirror. The emission light was collected by the objective
and directed into a two-way image splitter. There, the light was separated
into two beams using a dichroic longpass filter, and the two beams were fil-
tered by emission filters, which were finally projected side by side onto an
electron-multiplying charge-coupled device (EMCCD) camera. One emission
light path was blocked for single-color imaging. Additional 1.5x (inside Eclipse
Ti) and 2x (inside the image splitter) intermediate magnification resulted in
one camera pixel corresponding to 53 x 53 nm in the image plane.

In the alternating dual-color imaging experiment, an additional module
was added to achieve the alternating dual-color excitation. An Arduino-
compatible board (Adafruit ItsyBitsy M4) was used as a digital-to-analog con-
verter to connect the camera to the AOTF module (AOTF plus its driver Multi
Digital Synthesizer), which enabled the communication between camera and
AOTF (S/ Appendix, Fig. S5A). The goal of using this Arduino-compatible board
was to split one camera frame with 150-ms integration time into two frames
with 75-ms integration time, one with only 491-nm excitation and the other
with only 561-nm excitation (S/ Appendix, Fig. S5B). This goal was achieved
from two observations: 1) the camera has a digital output and it generates a
digital output signal when an image scan is completed and 2) the AOTF can
switch on and off the selected laser lights at very high frequency, but it
acquires an analog signal input to achieve wavelength control and laser inten-
sity control. Based on these two observations, we set the integration time of
the camera to 75 ms, and thus the camera generated a digital signal every 75
ms. The Arduino-compatible board was used to convert the digital signal from
the camera to an analog signal which was sent to the AOTF for switching one
laser beam on and the other off. The amplitude of the analog signal can be
set in the Micro-Manager for the laser intensity control via the AOTF, and an
open-source plugin was developed in our group as a device adaptor of Micro-
Manager (https://micro-manager.org/wiki/Arduino32bitBoards). By using this
alternating illumination module, each time resolution (150 ms) of imaging
was split into two equal parts, one used for eGFP excitation and the other
used for mCherry excitation. Note that the time resolution for each channel
stayed 150 ms.

Imaging Preparation and Recording. We used a modified version of Brust-
Mascher et al. (63) for the preparation of fluorescence imaging in living C. ele-
gans hermaphrodite worms. Young adult hermaphrodites were anesthetized
in 5 mM levamisole in M9 at room temperature (20 °C), and they were immo-
bilized on a 2% agarose in M9 pad, which was covered with a 22 x 22-mm
cover glass and sealed with VaLaP to prevent media evaporation. Then sam-
ples were placed on the inverted microscope and imaged at room tempera-
ture. Fluorescence images were recorded at 150 ms per frame in the
beginning to localize the phasmid cilia at the tail of C. elegans. We selected
the cilia with their base, proximal segment, and most of distal segment
(except for the ciliary tip) in focus for ensemble and single-molecule imaging.
After focusing on the cilia in the tail, the frame rate of imaging was set to 75
ms in the alternating dual-color imaging experiment and to 30/50 ms in the
fast single-molecule imaging experiment.
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Image Analysis. After imaging, kymographs were generated by the open-
source tool KymographClear that was previously developed in our laboratory
as a Fiji/lmage) plugin (33). This tool uses subpixel interpolation, resulting in a
more-detailed curve based on a user-drawn spline. Furthermore, it allows for
intensity averaging around the curve to generate clearer kymographs (S/
Appendix, Fig. $6). In addition, Fourier filtering was implemented to separate
three different motility components (forward moving, backward moving, and
static) into separate kymographs, which also slightly enhanced the visibility of
the separated motions (S/ Appendix, Fig. S7). For the single-molecule time-
lapse data, we used the Trackmate plugin in Fiji (32) to extract their Euclidean
coordinates of single-molecule trajectories and link trajectories. In a first step,
this approach makes use of a Laplacian of Gaussian filter to detect particles in
the timelapse data, greatly enhancing the visibility of fluorescent spots in the
data (S/ Appendix, Fig. S8). To convert the Euclidean coordinates into the long
and perpendicular axis coordinates of a cilium, a spline was drawn along the
cilium to define the x-axis of displacement, and y-coordinates are perpendicu-
lar to the spline. In the alternating dual-color experiment, the x-coordinates
of the single-molecule trajectories of kinesin-Il were used to replot the kymo-
graphs, which were overlaid with the kymographs of IFT trains.

The single-molecule trajectories of turnarounds, obtained from the fast
single-molecule imaging experiment (Datasets S1-53), were further analyzed
using a sliding window variant (64) of MSD analysis (40), using a window of 40
frames (1.2 s) for kinesin-Il and IFT-dynein and 30 frames (1.5 s) for OSM-3. We
used an a-value-based approach to classify the data points on the trajectories;
that is, the points with a-values less than 1+ ¢ (c = —0.05, 0, 0.1 for kinesin-II,
OSM-3, and IFT-dynein, respectively) were classified as diffusion and others as
active transport. The window width and threshold values were chosen on
basis of simulations of diffusive and directed motion with parameters (veloc-
ity, diffusion coefficient, integration time, and localization inaccuracy) equal
to the experiments. A turnaround event was classified as diffusive if a diffu-
sion event was detected by the MSD analysis during the turnaround. The turn-
around location was determined according to the maximal or minimal
displacement of a trajectory. To achieve a unified comparison of different dif-
fusion events, we selected the Holcman approach (41) to compute the instan-
taneous diffusion coefficient of a diffusion event instead of the standard y-val-
ue-based approach. The instantaneous diffusion coefficient was extracted
from the slope of the graph showing the instantaneous MSD in function of
the time lags (n.dt) — MSD(n.dt) = (x(t+ n.dt) —x(t))?, wheren =1,2,3, dt s
the time between two frames, and x(t) is the position at the time t. We have
taken into account the effect of the localization inaccuracy (~50 nm) on the
diffusion coefficients when this method was implemented. After MSD analy-
sis, the diffusion time of a diffusion event was computed from the number of
frames showing diffusion. The parameters of diffusion and active transport
obtained from MSD analysis are listed in S/ Appendix, Table S2.

Manders’ Colocalization Coefficients. In the alternating dual-color imaging
data, the eGFP and mCherry channels were aligned after imaging by aligning
the ciliary base that was clearly visible in both channels. The same spline was
used to generate the kymographs for both channels. The Manders' coefficient
M1 was generated, by using the Coloc2 plugin in Fiji (34, 35), to measure how
precise the anterograde and retrograde trajectories of individual kinesin-II
motors (the mCherry channel) were localized with those of IFT trains (the
eGFP channel) by drawing a region of interest containing the anterograde or
retrograde trajectories of kinesin-II.

Data Availability. All study data are included in the article and/or supporting
information.
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