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Abstract

The human body represents a striking example of ciliary diversification. Extending from the 

surface of most cells, cilia accomplish an astonishingly diverse set of tasks. Predictably, mutations 

in ciliary genes cause a wide range of human diseases such as male infertility or blindness. In C. 
elegans sensory cilia, this functional diversity appears to be traceable to the differential regulation 

of the kinesin-2-powered intraflagellar transport (IFT) machinery. Here, we reconstituted the first 

functional, multi-component IFT complex that is deployed in the sensory cilia of C. elegans. Our 

bottom-up approach revealed the molecular basis of specific motor recruitment to the IFT trains. 

We identified the key component that incorporates homodimeric kinesin-2 into its physiologically 

relevant context which in turn allosterically activates the motor for efficient transport. These 

results lay the groundwork for a molecular delineation of IFT regulation that eluded understanding 

since its ground-breaking discovery more than two decades ago.

Having been neglected for decades, the biology of cilium underwent a renaissance after the 

realization that ciliogenesis is central to development and disease 1–5 Virtually all cilia are 

built by the remarkably conserved IFT machinery with a few intriguing exceptions where the 

cilium is built in the cytoplasm in an IFT-independent manner5–8. Numerous in vivo studies 

unmasked the universal hallmarks of IFT in diverse model systems. The IFT trains display 

continuous movement either towards the ciliary tip (kinesin-2-dependent) or the ciliary base 
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(dynein-2-dependent) without apparent reversals in between5,7,9–11. Once a kinesin-2-

powered IFT train arrives at the ciliary tip, it undergoes an enigmatic remodeling that 

deactivates the kinesin-2 motor and restructures the train for dynein-2-dependent transport 

back to the base5,7,9–11. It is long known that C. elegans employs two different kinesin 

motors, a heterotrimeric kinesin-2 called kinesin-II and a homodimeric kinesin-2 called 

OSM-3, to build its functionally distinct cilia12. Loss of the homodimeric OSM-3 function 

invariably leads to the loss of the distal portion of the canonical cilium and to deficient 

osmotic avoidance in the so-called rod-shaped or “canonical” cilia while the loss of both, 

heterotrimeric and homodimeric kinesin-2 motors, leads to loss of entire axonemes12. In the 

wing-shaped AWC cilia, on the other hand, loss of the heterotrimeric kinesin-2 motor leads 

to deficient chemotaxis suggesting that the kinesin-dependent trafficking of cilia-specific 

components define the functional identity of the respective cilia13,14. In contrast to the 

heterotrimeric kinesin-2, the precise role of the homodimeric kinesin-2 in other organisms is 

much less understood7. For instance, the homodimeric kinesin-2 moves along the 

mammalian cilia, if it also functions as an IFT motor, however, has not yet been 

demonstrated15,16.

Despite its essential role in ciliogenesis and its emerging role in ciliary diversity13,14,17–

19, mechanisms of IFT train assembly, motor recruitment, and the timely activation and 

deactivation of the oppositely directed kinesin-2 and dynein-2 motors remained mysterious. 

To lay the foundation towards a comprehensive molecular understanding of IFT, here we 

employed a bottom-up approach to dissect the OSM-3-dependent IFT in C. elegans sensory 

cilia. The OSM-3 function was previously linked to the so-called IFT-B complex20. Indeed, 

the loss of function of many IFT-B subunits in corresponding mutants have been proposed to 

interfere with OSM-3 function in vivo many of which were shown to be part of the so-called 

IFT-B core complex (ref 20–24; Extended Data Fig. 1). Previous work with green algae C. 
reinhardtii was instrumental to the detailed characterisation of the IFT components. The 

entire IFT-B complex consisting of the so-called peripheral and core complexes has been 

reconstituted from 15 recombinantly expressed subunits25. Specifically, nine core 

components (IFT-74, IFT-81, IFT-27, IFT-25, IFT-22, IFT-52, IFT-46, IFT-88, IFT-70) 

formed a stable complex, several of which were capable of autonomously forming sub-

complexes in vitro26–29. Guided by these previous findings, here, we concentrated on the 

IFT-B core complex and started our bottom-up approach by first assembling the presumptive 

sub-complexes using recombinantly expressed wild-type, full-length subunits from C. 
elegans. Next, we systematically probed the interaction of the sub-complexes as well as their 

individual subunits with the OSM-3 motor using multifaceted techniques. To visualize the 

motor activity in functional transport assays, we used a previously described, constitutively 

active OSM-3G444E motor that we C-terminally Halo-tagged for fluorophore labeling (ref. 

30; OSM-3G444EHalo hereafter).

Building the first IFT-kinesin-2 complex

To monitor complex formation, we made use of size-exclusion chromatography (SEC) that 

was coupled to multiple-angle light scattering (MALS) analysis to gauge the molecular 

weight of the presumptive complexes. We first assessed whether the Tripartite IFT-74/

IFT-81/IFT-22(IFTA-2) Core Complex (TCC hereafter, blue subunits in Extended Data Fig.
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1), and the Quadripartite IFT-52(OSM-6)/IFT-46(DYF-6)/IFT-88(OSM-5)/IFT-70(DYF-1) 

Core Complex (QCC hereafter, magenta subunits in Extended Data Fig. 1) are formed stably 

or if additional factors were necessary (i.e. IFT-27 and IFT-25 subunits that are present in the 

IFT-B core complex in C. reinhardtii but not in C. elegans; ref. 29). Whereas both complexes 

were formed, only the QCC incorporated the motor protein (Fig. 1 and Extended Data Fig. 

2a) but not the TCC (Extended Data Fig. 2b and c). Importantly, removal of the 

IFT-70(DYF-1) subunit from the QCC (QCC w/o DYF-1 hereafter), disrupted the complex 

formation between the motor and its IFT-B complex suggesting a IFT-70(DYF-1)-specific 

recruitment of the motor (Fig. 1, middle vs. right panels). Consistent with this notion, the 

motor was found under the elution peak with QCC and was absent under QCC w/o DYF-1 

when IFT-70(DYF-1) subunit was removed (Extended Data Fig. 2a, middle vs. right panels).

To provide independent biochemical evidence for the IFT-70(DYF-1)-mediated interaction 

of the motor with the QCC, we turned to in-solution protein-binding assays. By MicroScale 

Thermophoresis (MST), we observed robust, sub-micromolar binding of the motor protein 

to the QCC, whereas removal of the IFT-70(DYF-1) subunit abolished this interaction (Fig. 

2). Taken together, our solution-based SEC-MALS and MST analyses both argued for a 

specific, IFT-70(DYF-1)-mediated recruitment of the OSM-3 motor to the IFT-B complex.

To further corroborate the key role of the IFT-70(DYF-1) subunit in OSM-3 recruitment, we 

next turned to fluorescence-based microscopy assays. To this end, we functionalised the 

respective IFT-B subunits with different fluorescent tags and photobleaching assays 

demonstrated that we detected non-aggregated, single subunits after functionalisation 

(Extended Data Fig. 3). Next, we determined the pairwise colocalisation efficiencies by 

differentially labeling the respective subunits. This exclusion process demonstrated that the 

functionalised subunits retained their capability to incorporate into a stable complex under 

assay conditions (Extended Data Fig. 4). To probe which of these sub-complexes displays 

efficient colocalisation with the motor, we differentially labeled the OSM-3G444EHalo and 

the respective sub-complexes. Consistent with our previous assays that argued for a 

IFT-70(DYF-1)-dependent interaction between the motor and its IFT-B complex (Figs. 1 and 

2), OSM-3G444EHalo failed to colocalise efficiently with both, the TCC and QCC that 

lacked the IFT-70(DYF-1), but displayed significant colocalisation with the QCC which 

contained the IFT-70(DYF-1) subunit (Fig. 3a). Finally, the efficient colocalisation of the 

IFT-70(DYF-1) subunit with the OSM-3G444EHalo, but not with IFT-52(OSM-6), 

IFT-88(OSM-5) or IFT-46(DYF-6) subunits provided direct evidence for the IFT-70(DYF-1) 

to be the key subunit to mediate the interaction between the motor and the IFT-B core 

complex (Fig. 3b). In contrast, the heterotrimeric KLP11/20/KAP motor which cooperates 

with OSM-3 to build the rod-shaped sensory cilium in C. elegans, failed to colocalise with 

the IFT-B complex (Extended Data Fig. 5). Previous in vivo experiments in fact suggested 

the KLP11/20/KAP motor to associate with the IFT-A complex20.

Functional transport assays arguably provide the most direct evidence for the specific 

recruitment and activation of the OSM-3 motor by the IFT-70(DYF-1) subunit. To this end, 

we tracked the differentially fluorophore labeled OSM-3G444EHalo motor and its IFT-B 

complex in a TIRF microscope to assess if our reconstituted OSM-3/IFT-B complex is 

capable of directional movement in vitro. Indeed, most of the respective fluorophore signals 
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from the motor and its complex were colocalised and moved directionally on surface-

attached microtubules (Fig. 4a and Supplementary Video 1). Again consistent with our 

previous assays, removal of IFT-70(DYF-1) terminated the interaction of the motor with 

QCC and the OSM-3G444EHalo motor moved alone along microtubules (Supplementary 

Video 1). Intriguingly, incorporation of the motor into the QCC significantly enhanced the 

velocity of the OSM-3G444EHalo, whereas the velocities of the motor alone or in the 

presence of the IFT-70(DYF-1) subunit were indistinguishable (Fig. 4a). The processivity of 

the respective motors, in contrast, was independent of the IFT-70(DYF-1) subunit or the 

QCC (Extended Data Fig. 6a).

The point mutation in the stalk of the OSM-3G444EHalo construct hampers the auto-

inhibitory folding which in turn results in an activated motor in vitro30. We thus next asked 

if the IFT-70(DYF-1) subunit can also activate the auto-inhibited OSM-3 motor in our 

reconstitution assays. To this end, we designed a motor with a wild type stalk that lacked the 

G444E mutation. We introduced an N-terminal Flag and a SNAP-tag for affinity purification 

and fluorophore labeling of the motor (OSM-3SNAP hereafter), respectively. In this construct 

the entire C-terminus that followed the catalytic heads remained unmodified. As 

demonstrated with the OSM-3G444EHalo (Fig. 3), the OSM-3SNAP motor with unmodified 

C-terminus displayed efficient colocalisation with the QCC in an IFT-70(DYF-1)-dependent 

manner but not with TCC (Extended Data Fig. 7a) and interacted with the IFT-70(DYF-1) 

subunit but not with IFT-52(OSM-6), IFT-88(OSM-5), IFT-46(DYF-6) subunits (Extended 

Data Fig. 7b).

However, the auto-regulation in kinesin motors is achieved by folding of the distal tail 

domain at the C-terminus onto the N-terminal head domains30. To ensure that the N-

terminal SNAP-tag does not impede the auto-inhibitory folding of the motor per se, we 

additionally designed a construct that was solely Flag-tagged at its C-terminus for affinity 

purification (OSM-3Flag hereafter). Due to the lack of fluorescence information, this motor 

cannot be followed directly in the functional transport assays, however, it represents the wild 

type OSM-3 as close as possible. Both motors containing the wild type stalk were recruited 

and activated in an IFT-70(DYF-1)-specific manner (Figs. 4b and c, Supplementary Videos 2 

and 3). In fact, the IFT-70(DYF-1)-dependent activation was much more obvious with the 

OSM-3SNAP motor that lacked the G444E mutation. As expected from an auto-inhibited 

kinesin, and in stark contrast to the OSM-3G444EHalo motor, OSM-3SNAP with its wild type 

stalk was barely capable of directional movement and displayed two-dimensional diffusion 

instead (compare Supplementary Video 1, top left to Supplementary Video 2, top left). The 

presence of IFT-70(DYF-1) or the QCC initiated robust directional movement of the auto-

inhibited OSM-3SNAP motor (Supplementary Video 2). Lastly, as seen with the 

OSM-3G444EHalo motor (Extended Data Fig. 6a), the processivity of OSM-3SNAP and 

OSM-3Flag motors remained unmodified by the presence of IFT-70(DYF-1) (Extended Data 

Fig. 6b and c).

Taken together, our functional transport assays consistently showed that the presence of 

IFT-70(DYF-1) is essential to recruit the OSM-3 motor to the IFT-B complex. Our results 

further revealed that the presence of the IFT-70(DYF-1) subunit alone is not sufficient to 

fully unleash the motor’s activity. Instead, it is the IFT-70(DYF-1)-mediated incorporation of 
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the OSM-3 into the IFT-B complex that allosterically activates the motor. Importantly, the 

transport rates extracted from our in vitro reconstitution assays were consistent with rates 

extracted from in vivo studies12,20,31. The physiological relevance of our reconstitution is 

underscored in particular by previous in vivo findings in the C. elegans sensory cilium. In 

the absence of dyf-1 function, OSM-3 not only appeared to detach from the IFT trains, it 

also failed to move directionally but diffused along the cilium instead (see Supplementary 

Video 2, top left; ref. 20), which now can be understood by the direct role of the 

IFT-70(DYF-1) subunit in specific motor recruitment and activation as unmasked in this 

study. In fact, these results now represent a functional reciprocity which is particularly 

remarkable given the daunting complexity of the IFT machinery. Collectively, our work 

directly unmasked for the first time the molecular mechanism of how an IFT motor is 

recruited to its IFT train and demonstrated the power of bottom-up approaches to delineate 

the underlying mechanisms of highly convoluted processes such as the ciliogenesis.

Methods

DNA and protein constructs

All DNA constructs used in this study were commercially synthesized (GenScript) based on 

the available sequence information from the WormBase (http://www.wormbase.org) and 

cloned into the pFastBac1 vector according to the manufacturer’s instructions (Thermo 

Fisher). In addition, the pFastBac1 vector was functionalised with Halo, SNAP, or GFP 

genes for C-terminal tagging of several constructs as described in the manuscript. Three 

different OSM-3 constructs were designed for this study (see SI for detailed information 

about DNA and protein sequences).

Protein expression, purification, and fluorescent labeling

The Baculovirus Expression System (Thermo Fisher) was used to express all proteins in the 

insect cells (Sf9) according to the manufacturer’s instructions.

For protein purification Sf9 cells at concentration of 2 x 106 cells/ml were infected with the 

respective viruses. After 65h of incubation at 28°C, the cells were harvested by 

centrifugation for 15 min at 2,600 g. Cell pellets were lysed in PIPES buffer (50 mM PIPES, 

pH 6.9, 300 mM potassium acetate, 1 mM MgCl2, 1mM DTT, 0.5% Triton X-100, 10% 

glycerine, 0.1mM ATP, Complete Protease Inhibitor Cocktail (Roche). Lysed cells were 

pelleted by centrifugation for 10 min at 40,000 g. The supernatant was incubated with 60 µl 

of ANTI-Flag M2 Affinity Gel (Sigma) for 90 min. The Flag-resin was washed three times 

with 1 ml of wash buffer 1 (80 mM PIPES, pH 6.9, 500 mM potassium acetate, 1mM 

MgCl2, 1 mM DTT, 5 µM ATP, 10% glycerine, 0.1% Tween-20, 1 mM EGTA) and three 

times with 1 ml of wash buffer 2 (80 mM PIPES, pH 6.9, 200 mM potassium acetate, 1mM 

MgCl2, 1 mM DTT, 0.1 mM ATP, 10% glycerine, 0.1% Tween-20, 1 mM EGTA). The Flag-

resin was incubated in a rotator for 30 min at room temperature with 150 µl wash buffer 2 

containing either 1 mM HaloTag® Alexa Fluor®660 ligand (for labeling OSM-3G444EHalo) 

or 1 mM SNAP-Surface® Alexa Fluor® 647 or 488 (for labeling OSM-3SNAP and the 

corresponding IFT-B subunits). The Flag-resin was washed three times with 1 ml of wash 
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buffer 2 and eluted with 70µl of elution buffer (wash buffer 2 containing 0.5 mg/ml of 1× 

Flag Peptide (Sigma)) for 60 min at 4°C32,33.

Size-exclusion chromatography coupled to multi-angle light scattering (SEC-MALS)

SEC-MALS analyses were used to determine the absolute molar masses of the protein 

complexes. The TSKgel G4000SWXL (Tosoh Biosciences) and the Superose 6 Increase 

10/300 GL columns (GE Healthcare) were calibrated with at least 2 column volume of the 

gel filtration buffer (25mM PIPES, pH 7.0, 200 mM NaCl, 1mM MgCl2, 1mM EGTA, 1mM 

DTT). The columns were inline with a variable UV-absorbance detector (Agilent 1260 

Infinity series) and a DAWN8+ MALS detector (Wyatt Technology). Molar masses were 

calculated with ASTRA 6 software (Wyatt Technology) with the dn/dc value set to 0.185 

ml/g. Bovine serum albumin (BSA) was used as a calibration standard.

Microscale thermophoresis (MST) assays

OSM-3G444EHalo interaction with either the QCC or the QCC w/o DYF-1 was measured 

using MST with a Monolith NT.115 (NanoTemper Technologies GmbH). The fluorophore-

labeled OSM-3G444EHalo at 10 nM was titrated with the respective (unlabeled) binding 

partner whose concentration varied between 0.2 nM and 2 µM in the MST buffer (50 mM 

tris-HCl (pH 7.6), 150 mM NaCl, 1 mM MgCl2, 0.1% Tween 20, 1 mM EGTA, 1 mM DTT, 

10 % glycerine). Standard coated capillaries were used in all measurements. Kd values were 

determined using NanoTemper Analysis software.

Photobleaching experiments and single-molecule assays

Photobleaching experiments and single-molecule assays were conducted as described 

previously32,33. Briefly, after purifying the proteins as described above the respective motor 

was mixed with its corresponding IFT-B proteins in equimolar ratio and incubated overnight 

at 4°C in a rotator. To track the movement of the motor alone or in the presence of IFT-B 

proteins, microtubules were attached to the surface of a flow chamber (coated with 1 mg/ml 

biotinylated BSA and 1 mg/ml streptavidin (Sigma)) and the fluorescently labeled proteins 

were diluted to the desired concentration in BRB80 motility buffer (80 mM Pipes, pH 6.9, 

10 mM ATP, 0.145 mg/ml glucose oxidase (Sigma), 0.0485 mg/ml catalase (Sigma), 20% 

glucose) and flowed into the chamber. Movement of the respective fluorescent signals was 

recorded with a cycle time of 235 ms with an objective-type Leica DMI6000 B TIRF 

microscope (Leica, Germany), equipped with a plan objective lens (100×, N.A. 1.47 Oil), 

and a back-illuminated Andor U897 EMCCD camera (Andor, UK). Excitation was achieved 

with the help of solid-state laser at 488 and 635 nm wavelength, and frames were recorded 

and analysed with AF 6000 software (Leica, Germany). The velocities and run lengths were 

analysed with custom-written programs using the MATLAB software (Mathworks Inc.). 

Spots were selected automatically according to their brightness compared with the mean 

brightness in each frame. The position of the spots was determined with subpixel accuracy 

using a radial center approach. Runs were considered processive with a minimal run length 

of 1 µm. The run length data were fit to a truncated (χ0 = 1µm) single-exponential 

distribution. Parts of the distance over time data were considered for speed calculation in a 

linear fit of at least six frames resulted in a r2-value > 95%. Landing events were counted 

from the data obtained by the tracking algorithm described above. Events that started after 
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the first frame and showed a displacement from the binding position of at least 2 µm while 

associated with the microtubule were counted (n). As no processive movement was observed 

for the OSM-3Snap, runs were not selected for unidirectionality. Images of the microtubule 

positions were obtained from maximum intensity projections of the single molecule movies 

and their length (l) were measured using ImageJ. Considering the total length of a movie (t), 

the landing rate for a movie was calculated as e = n/l/t. This value was then corrected for 

dilution (c) of the motor (0.5) over the motor plus adapter (1) e_corr = e/c. The mean over 

three independent purifications of this value was calculated alongside the standard deviation 

and reported above. For the colocalised movements, runs were compared pairwise from the 

two respective channels. Weighted penalties resulted from the mean distances of tracked 

positions (pixel, factor 1/3) and the difference of the starting time (frames, factor 1). Runs 

with a penalty below 10 were considered and parameters are averages of the single runs.

Colocalisation assays

Proteins were mixed in equimolar concentrations, incubated overnight at 4°C and flowed 

into chambers as described above for single-molecule assays. Fluorescence was detected by 

TIRF illumination. The colocalised images were analysed using custom-written routines in 

MATLAB software (MathWorks).
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Extended Data

Extended Data Fig. 1. Overview of recombinant constructs and their proposed assembly in vitro.
Schematic representation of the presumptive IFT-B core complex from C. elegans 
(corresponding nomenclature of the subunits in C. elegans is shown in brackets). Subunits 

known to autonomously form sub-complexes in C. reinhardtii are colour-coded. The OSM-3 

motor is shown in green. Subunits of the IFT-B core complex that are proposed to interfere 

with OSM-3 function in vivo are highlighted with black circles.
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Extended Data Fig. 2. Interaction of OSM-3G444EHalo with QCC and TCC.
(a) Calculated molar mass of QCC subunits and the OSM-3G444EHalo motor along with 

their expected sum (left panel). The SDS-PAGE analyses of the respective elution peaks in 

Figure 1 (middle and right panels) show that OSM-3G444EHalo co-elutes with the complex 

in the presence (middle panel) but does not co-elute with the complex in the absence (right 

panel) of the IFT-70(DYF-1) subunit (TSKgelG4000SWXL column). (b) Overlay of the 

elution profiles of the TCC with and without the OSM-3G444EHalo motor and 

OSM-3G444EHalo alone (left panel). Note that the left shoulder of the (TCC + 

OSM-3G444EHalo) complex overlaps with the elution profile of the OSM-3G444E Halo 

motor, and the right shoulder with the TCC. Consistently, the molar masses determined for 

the (TCC + OSM-3G444EHalo) under peak 1 correspond to the OSM-3G444EHalo motor and 

peak 2 to the TCC, respectively (middle vs. right panels). (c) Left panel summarises the 

calculated molar mass of the TCC subunits and the OSM-3G444EHalo along with their 

expected sum. Middle and right panels show the SDS-PAGE analyses of the respective 

elution peaks shown above in (b). Consistent results obtained with three independent 
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experiments. The identities of all subunits were confirmed by LC-MS/MS analysis. *Hsp70 

protein.

Extended Data Fig. 3. Overview of the IFT-B subunits functionalised with C-terminal tags and 
their photobleaching properties.
The respective subunits were functionalised either with a GFP- or with a SNAP-tag for 

fluorescence labeling. All subunits displayed mostly single-step photobleaching consistent 

with non-aggregated, single subunits after functionalisation. N represents the number of 

events obtained from three different slides from three independent experiments.
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Extended Data Fig. 4. Pairwise colocalisation efficiency of IFT-B subunits.
Pairs of differentially labeled subunits of the IFT-B sub-complexes were incubated and 

analysed for their colocalisation efficiency. The columns (bottom panels) represent the 

percentage of colocalised spots in the corresponding colocalised images (top panels). All 

assayed combinations of the labeled subunits displayed significant colocalisation efficiencies 

demonstrating that C-terminal functionalisation of the subunits does not interfere with their 

complex formation capabilities. Values presented as means of n=3 independent experiments 
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± SD; source data are provided online. Scale bar: 3µm. C. elegans nomenclature was used in 

the figure due to space limitations.

Extended Data Fig. 5. Colocalisation of the heterotrimeric KLP11/20/KAP motor with the IFT-B 
complex.
Neither QCC (top panel) nor TCC (bottom panel) of the IFT-B complex displayed efficient 

colocalisation with the KLP11/20/KAP motor. The IFT-81 subunit of TCC was fluorescently 

labeled via SNAP-tag and the IFT-52(OSM-6) subunit of QCC was GFP-tagged, 
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respectively. Values presented as means of n=3 independent experiments ± SD; source data 

are provided online. Scale bar: 3 µm.

Extended Data Fig. 6. The IFT-70(DYF-1)-dependent activation does not alter the processivity of 
the OSM-3 motor.
(a) OSM-3G444EHalo, (b) OSM-3Flag, and (c) OSM-3SNAP motors display similar 

processivity that is independent of the presence of the IFT-70(DYF-1) subunit or the QCC. N 

represents the number of events obtained from three different flow chambers from n=3 

independent experiments. Run length was fit to a single exponential ± confidence interval.
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Extended Data Fig. 7. OSM-3SNAP motor containing the wild type stalk colocalised with QCC in 
an IFT-70(DYF-1)-dependent manner.
(a) Neither TCC nor QCC w/o DYF-1 displayed efficient colocalisation with the 

OSM-3SNAP motor. In the presence of the IFT-70(DYF-1) subunit on the other hand, the 

QCC efficiently colocalised with OSM-3SNAP (81±8%). (b) Consistently, OSM-3SNAP 

showed robust colocalisation (82±6%) with the IFT-70(DYF-1) subunit but not with 

IFT-52(OSM-6), IFT-88(OSM-5), and IFT-46(DYF-6) subunits. IFT-81 from TCC was 

fluorescently labeled with SNAP-tag and IFT-52(OSM-6) from QCC and QCC w/o DYF-1 

were GFP-tagged, respectively. Data presented as means of n=3 independent experiments ± 
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SD; source data are provided online. Scale bar: 3 µm. C. elegans nomenclature was used in 

the figure due to space limitations.
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Figure 1. IFT-70(DYF-1) is key for the incorporation of the OSM-3 motor into the QCC.
Overlay of the elution profiles of the (QCC w/o DYF-1 + OSM-3G444EHalo) and (QCC + 

OSM-3G444EHalo) along with the OSM-3G444EHalo motor show the IFT-70(DYF-1)-

dependent shift of the respective elution peaks upon motor incorporation into the QCC (left 

panel). The MALS analyses of the respective complexes are shown in the middle and right 

panels. The molar mass determined from the MALS fit and the expected mass of the 

complexes are shown in red (the right axis and insets). Consistent results were obtained from 

three independent experiments.
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Figure 2. IFT-70(DYF-1)-mediated binding of OSM-3G444EHalo motor to the QCC measured by 
MST.
The fluorophore-labeled motor was titrated with both the QCC and QCC w/o DYF-1, 

respectively. Data points presented as means of n=3 independent experiments ± SD (error 

bars; source data is provided online).
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Figure 3. Colocalisation efficiency of the OSM-3G444EHalo motor with its IFT-B complex is 
solely dependent on the IFT-70(DYF-1) subunit.
(a) Neither TCC nor QCC w/o DYF-1 sub-complexes displayed efficient colocalisation with 

the OSM-3G444EHalo motor. In the presence of the IFT-70(DYF-1) subunit on the other 

hand, the QCC complex efficiently colocalised with OSM-3G444EHalo (85±5%). (b) 

Consistently, OSM-3G444EHalo failed to interact with the individual IFT-52(OSM-6), 

IFT-88(OSM-5), and IFT-46(DYF-6) subunits but showed robust colocalisation (80±3%) 

with the IFT-70(DYF-1) subunit. IFT-81 and IFT-52(OSM-6) were fluorescently labeled 

Mohamed et al. Page 19

Nature. Author manuscript; available in PMC 2018 November 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



with SNAP- and GFP-tags, respectively. Values presented as means of n=3 independent 

experiments ± SD; source data are provided online. Scale bar: 3 µm.
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Figure 4. IFT-70(DYF-1)-dependent incorporation into the QCC fully activates OSM-3 in vitro.
(a) In the absence (top, left panel) and presence (top, middle panel) of IFT-70(DYF-1), the 

velocity of OSM-3G444EHalo is indistinguishable but incorporation into the QCC (top, right 

panel) significantly increases the motor’s velocity. p-values (from a two-tailed t-test 

assuming unequal variances): ‡0.013; ¥2.5*10-18; #3.4*10-15. (b and c) Consistently, QCC 

fully activates the OSM-3Flag and OSM-3SNAP but not the IFT-70(DYF-1) subunit alone. p-

values: &9.6*10-25; ¶1.8*10-12. N= number of events obtained from three different flow 

chambers from n=3 independent experiments (velocities fit to a Gaussian distribution ± SD).
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