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IFT54 directly interacts with kinesin-Il and
IFT dynein to regulate anterograde

intraflagellar transport

Xin Zhu**7, Jieling Wang™', Shufen Li*, Karl Lechtreck® & Junmin Pan*?*’

Abstract

The intraflagellar transport (IFT) machinery consists of the antero-
grade motor kinesin-Il, the retrograde motor IFT dynein, and the
IFT-A and -B complexes. However, the interaction among IFT
motors and IFT complexes during IFT remains elusive. Here, we
show that the IFT-B protein IFT54 interacts with both kinesin-II
and IFT dynein and regulates anterograde IFT. Deletion of residues
342-356 of Chlamydomonas IFT54 resulted in diminished antero-
grade traffic of IFT and accumulation of IFT motors and complexes
in the proximal region of cilia. IFT54 directly interacted with
kinesin-11 and this interaction was strengthened for the IFT544342-3%
mutant in vitro and in vivo. The deletion of residues 261-275 of
IFT54 reduced ciliary entry and anterograde traffic of IFT dynein
with accumulation of IFT complexes near the ciliary tip. IFT54
directly interacted with IFT dynein subunit D1bLIC, and deletion of
residues 261-275 reduced this interaction. The interactions
between IFT54 and the IFT motors were also observed in mamma-
lian cells. Our data indicate a central role for IFT54 in binding the
IFT motors during anterograde IFT.
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Introduction

Cilia are microtubule-based organelles that function cellular motility
and signaling (Roy, 2009; Bangs & Anderson, 2017; Reiter & Leroux,
2017). The assembly, maintenance and disassembly of cilia require
intraflagellar transport (IFT), the bi-directional movement of large
protein complexes between the ciliary membrane and the axonemal
microtubules (Rosenbaum & Witman, 2002; Scholey, 2003; Liang
et al, 2016; Taschner & Lorentzen, 2016). IFT was first observed in

Chlamydomonas, a unicellular green alga using video-enhanced dif-
ferential contrast microscopy (DIC) (Kozminski et al, 1993). Subse-
quently, most of the components of the IFT machinery have been
identified (Morris & Scholey, 1997; Piperno & Mead, 1997; Cole
et al, 1998; Pazour et al, 1999; Porter et al, 1999; Signor et al, 1999;
Taschner & Lorentzen, 2016). In Chlamydomonas and mammalian
cells, anterograde IFT employs heterotrimeric kinesin-2 (kinesin-II)
while in Caenorhabditis elegans a homodimeric kinesin-2 is also
involved (Kozminski et al, 1995; Scholey, 2013; Engelke et al,
2019); retrograde IFT is powered by cytoplasmic dynein 2/1b (also
termed IFT dynein) (Pazour et al, 1999; Porter et al, 1999; Signor
et al, 1999; Lechtreck, 2019). The IFT protein complex that is associ-
ated with the motors—the IFT complex consists of 22 proteins, orga-
nized into IFT-A and IFT-B subcomplexes (Cole et al, 1998; Ou et al,
2005; Behal et al, 2012; Taschner & Lorentzen, 2016). IFT-B can be
further separated into the IFT-B1 core complex consisting of 10
proteins and the IFT-B2 peripheral complex encompassing six
proteins (Lucker et al, 2010; Taschner et al, 2014; Katoh et al, 2016;
Taschner et al, 2016).

During anterograde transport, kinesin-II carries the IFT complex
and inactive dynein to the ciliary tip. During remodeling at the
ciliary tip, inactive dynein becomes active and mediates retrograde
IFT to return IFT complexes to the cell body while kinesin-II returns
either by diffusion in Chlamydomonas or by association with the
IFT trains in worm and mammals (Signor et al, 1999; Pedersen et al,
2006; Engel et al, 2012; Prevo et al, 2015; Chien et al, 2017; Jordan
et al, 2018). Because mutations in IFT-A proteins often induce accu-
mulation of IFT-A and IFT-B complexes at the ciliary tip (Piperno
et al, 1998; Iomini et al, 2001; Iomini et al, 2009; Liem et al, 2012;
Zhu et al, 2017a; Picariello et al, 2019), IFT dynein is thought to
bind to IFT-A during retrograde transport, carrying the IFT-B
complex along as a cargo.

How does the IFT complex interact with the IFT motors during
anterograde IFT? Analysis of anterograde IFT trains by cryo-electron
tomography (Cryo-ET) indicates that kinesin-II interacts with IFT-B
(Jordan et al, 2018), which is supported by genetic data where
mutations in IFT-B often abolish anterograde IFT (Pedersen &
Rosenbaum, 2008) and biochemical studies that show possible
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associations of kinesin-II with IFT-B (Baker et al, 2003; Krock &
Perkins, 2008; Liang et al, 2018). Recently, in vitro binding studies
showed that kinesin-II strongly interacts with IFT-B1 and IFT-B2
connecting tetramer consisting of IFTS52, IFT88, IFT38, and IFT57
and may also bind to other IFT-B2 peripheral subunits including
IFT20, IFTS54, IFT80, and IFT172 (Funabashi et al, 2018). However,
which subunit of this peripheral IFT-B2 module directly interacts
with kinesin-II and the physiological consequence for IFT and ciliary
assembly entailed by an alteration of the kinesin-II/IFT-B2 interac-
tion are unknown.

For the interaction of IFT dynein with IFT complex during
anterograde IFT, Cryo-ET of anterograde IFT trains revealed that
IFT-A and IFT dynein bind independently of each other to IFT-B
(Jordan et al, 2018). The large IFT dynein complex bridges above
several IFT-B complexes indicating that its transport involves
heterogenous interactions with the IFT-B complex (Jordan et al,
2018; Toropova et al, 2019). One such interaction likely involves
the IFT-B subunit IFT172, which co-immunoprecipitated specifically
with IFT dynein (Pedersen et al, 2006). Furthermore, the amount of
IFT dynein in cilia was decreased at restrictive temperature in a
temperature-sensitive mutant ift172-flall (Pedersen et al, 2006;
Williamson et al, 2012). However, it is unknown whether IFT172
directly interacts with IFT dynein. Thus, how IFT-B interacts with
IFT dynein remains elusive. Also, it remains unknown which parts
or subunits of the IFT dynein complex bind to IFT-B.

In this work, we show that Chlamydomonas IFT54 directly binds
to IFT dynein via its DIbLIC subunit; further, IFT54 also directly
interacts with kinesin-II. Targeted disruption of these interactions
impairs anterograde IFT and ciliogenesis, indicating a central role of
IFT54 in organizing the IFT motors during anterograde IFT.

Results

Identification of two conserved regions of IFT54 that are critical
for ciliogenesis

Sequencing of genomic DNA and cDNA showed that Chlamy-
domonas IFT54 is a protein of 509 residues (Appendix Fig S1). It
has two well-established domains: a tubulin-binding calponin
homology domain (CH domain) at the N terminus and a coiled-coil
domain at the C terminus (Taschner et al, 2016) (Fig 1A). However,
deletion of the N-terminal sequences up to 250 residues does not
affect ciliogenesis (Zhu et al, 2017b), indicating that the CH domain
is not essential for ciliogenesis. In contrast, the coiled-coil domain
binds and stabilizes IFT20 and is required for ciliogenesis (Kunit-
omo & lino, 2008; Taschner et al, 2016; Zhu et al, 2017b). The
expression of the IFT54 coiled-coil domain in an ift54 null mutant
rescues the stability of IFT20 but not ciliogenesis (Zhu et al, 2017b),
suggesting that additional portions of IFT54 located between the N-
terminal 250 residues and the C-terminal coiled-coil domain are crit-
ical for ciliogenesis independent of stabilizing IFT20. Within this
region, an alignment of IFT54 sequences from various species
revealed three highly conserved short sequences corresponding
to residues 261-275, 309-330, and 342-356 of Chlamydomonas
IFT54 (Fig 1A).

To determine whether these regions are crucial for the function
of IFT54 in ciliogenesis, we expressed the HA-tagged deletion
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constructs IFT544261-275 [FT544399-330 " qnd TFT544342735¢ respec-
tively, in the ift54 null mutant; HA-tagged full-length (FL) IFT54
was used as a control (Fig 1B). Expression of full-length and the
IFT5443%933% deletion construct restored normal ciliogenesis. In
contrast, the IFT54%2617275 and IFT5423%273% when expressed in
ift54 at similar levels as the wild-type proteins, resulted in cells with
shorter than normal cilia or lacking cilia entirely (Fig 1C and D).
Closer examination of ciliary morphology of these two mutants by
DIC revealed the formation of ciliary bulges along the ciliary length:
the IFT54%2°127> mutant developed bulges, mostly near the ciliary
tips, in 73.4% of the cells analyzed while 86.4% of the cells of the
IFT54%3%273%¢ mutant showed bulges in the proximal region of the
cilium near its base (Fig 1D). Taken together, we identified two
conserved regions of IFT54 that are critical for ciliogenesis but likely
affect ciliogenesis by distinct mechanisms as evident by the different
positions of the ciliary bulges.

Accumulation of IFT motors and IFT complex at ciliary bulges in
IFT54261-275 and IFT54342-3%¢ mutants

Ciliary bulges often result from an abnormal accumulation of IFT
proteins between the ciliary membrane and the axoneme (Piperno
et al, 1998; Tam et al, 2007; lomini et al, 2009; Meng & Pan, 2016;
Zhu et al, 2017a; Picariello et al, 2019). We used immunostaining to
examine whether the mutated IFT54 proteins were enriched abnor-
mally in cilia. As expected, IFT544%%33%.HA which fully restores
ciliogenesis in ift54 (Fig 1C) showed a distribution of IFT proteins
typical for wild-type cells with enrichment at the ciliary base and
spotted presence along the cilium (Fig 2A). Both [FT54%%°1"275.HA
and IFT5423*23%©.HA, which were present in apparently normal
amounts at the ciliary base, were highly enriched in stumpy cilia
(Fig 2A). In mutant cells with longer cilia, IFT54%%'27>.HA was
enriched near the ciliary tip whereas IFT543423%°.HA was enriched
in the proximal part of cilia, indicating that both mutant proteins
are present in the ciliary bulges.

To determine whether other IFT complex proteins were similarly
enriched, we examined the ciliary distribution of IFT43, a compo-
nent of IFT-A, and IFT38, a component of IFT-B (Fig 2B and C). In
the IFT54421275 mutant, both IFT43 and IFT38 were enriched in
bulges located near the ciliary tips. In contrast, IFT43 and IFT38
were enriched in bulges near the proximal end of cilia in the
IFT54%34273% mutant. Next, we examined the distribution of IFT
motors in the cilia of the deletion mutants by immunostaining. In
the IFT54%%°'"27 mutant, the kinesin-II subunit FLA10 was slightly
enriched in bulges near the ciliary tip while the IFT dynein subunit
DI1bLIC was not enriched (Fig 3A and B). In the [FT544342-356
mutant, however, both FLA10 and D1bLIC were enriched in the
proximal ciliary bulges (Fig 3A and B).

We used immunoblotting analyses with antibodies against repre-
sentative IFT complex proteins and motor proteins to provide a
quantitative view of IFT protein presence in the mutants. In whole
cell samples, the IFT-A protein IFT121, the IFT-B protein IFT38, the
kinesin-II subunit FLA8, and the IFT dynein subunit D1bLIC were
present in wild-type amounts revealing that the changes to IFT54
did not affect the expression or stability of these proteins (Fig 3C).
In isolated cilia of the IFT543%°7330 mutant, the levels of these IFT
proteins were similar to those in the control cilia, as expected
considering that ciliogenesis is normal in this strain (Fig 3D). In
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Figure 1. Two previously undefined and conserved regions of IFT54 are required for proper ciliogenesis.

A IFT54 has three previously undefined and conserved regions. Schematic representation of the primary structure of Chlamydomonas 1FT54 is shown on the top. Three
conserved regions are shown on the bottom. Abbreviations for the species and protein entries: Cr, Chlamydomonas reinhardtii (Cre11.g467739); Hs, Homo sapiens
(NP_056465.2); Mm, Mus musculus (NP_082994.1); Ce, Caenorhabditis (NP_508149.1); Dr, Danio rerio (ABW96885); Dm, Drosophila melanogaster (NP_650353); Tt,

Tetrahymena thermophila (XP_001026831.1).

B Immunoblot analysis of whole cell samples of the HA-tagged full-length (FL) IFT54, and its deletion mutants as indicated, each expressed in the ift54 null mutant;
wild-type (WT) and ift54 mutant cells were used as control. Anti-HA was use to visualize the transgenic proteins, and antibodies to FLA8/KIF3B were used as a

loading control.

C Histogram showing ciliary length distribution in populations of ift54 mutant cells transformed with the deletion mutant constructs as indicated. Wild-type (WT) cells

were used as a control.

D Representative DIC images of wild-type (WT), ift54, and ift54 cells transformed with the deletion constructs as indicated. Arrows indicate cilia bulges. Scale bar, 5 um.

contrast, the levels of IFT121, IFT38, and FLA8 were relatively
increased in the cilia of IFT5442°127% and IFT54434273% mutants. In
contrast, the level of DIbLIC was greatly reduced in the cilia of
IFT54%%°'2° mutant but strongly increased in those of the
IFT54%%%273% mutant, indicating that the two mutations differen-
tially affect the behavior of IFT dynein.

Taken together, we conclude that IFT54“%°"%”* and the
IFT54%34273% deletion mutants interfere with IFT and induce an

© 2020 The Authors

abnormal accumulation of IFT particle proteins. The accumulation
of IFT material at the ciliary tip is reminiscent of retrograde IFT
mutants indicating a possible defect in retrograde IFT in the
[FT54%%017275 strain; this notion is supported by the reduced levels
of D1bLIC in the IFT544%%1~27% cilia. In contrast, an accumulation of
IFT proteins and subunits of both motors in the proximal region of
cilia, as observed in the IFT542342735 strain, could result from a fail-
ure of IFT to travel toward the ciliary tip.
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IFT-A and IFT-B proteins accumulate at ciliary tip in the IFT54*252275 mutant while at proximal end of cilia in IFT54*342-35¢ mytant.
Immunostaining of IFT54 mutated proteins in various deletion mutants as indicated; wild-type (WT) cells were used as control. Specimens were stained with anti-

HA and anti-a-tubulin antibodies followed by imaging using an epifluorescence microscope. Arrows indicate protein accumulation at ciliary tip (left) or proximal

end of cilia (right). Scale bars, 5 um.
B, C

Immunostaining analysis of IFT43 and IFT38 in the deletion mutants as indicated. Cells were fixed and stained with antibodies against IFT43 (an IFT-A subunit) (B)

or against IFT38 (an IFT-B subunit) (C) followed by imaging using both DIC and epifluorescence microscopy. IFT43 and IFT38 accumulated at the ciliary tip in
IFT544%61-275 mutant but at proximal end of cilia in IFT54%*23% mutant. Arrows indicate ciliary bulges. WT, wild-type cells. Scale bars, 5 pm.

IFT54 interacts with kinesin-II to facilitate anterograde IFT

To further understand how IFT54 regulates IFT, we performed live
imaging of IFT and analyzed how the mutations affected IFT54’s
interactions with other IFT components, starting with the I[FT544342-3%
mutant. In comparison with an ift43::IFT43-YFP rescue strain (as a
control), both the anterograde velocity and frequency of IFT43-YFP
were relatively decreased in the ift54:IFT54434235 strain, indicat-
ing defects in anterograde IFT (Fig 4A-C, Movie EV1). We also
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noticed that the velocity and frequency of retrograde IFT were
reduced in the IFT54234235¢ mutant compared to controls. A defect
in retrograde IFT frequency could result from the reduced number
of active IFT trains that reach the ciliary tip. The observed decrease
in retrograde velocity could suggest a role of IFT54 during retro-
grade IFT.

The defects in anterograde IFT in the IFT54%%*23% mutant are
consistent with the formation of bulges at the proximal end of cilia
containing IFT proteins and both IFT motors (Fig 3). As anterograde

© 2020 The Authors
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Figure 3. Analysis of ciliary accumulation of IFT motors and IFT complex proteins in IFT54 deletion mutants.

A Immunostaining of cells with antibody against IFT dynein subunit D1bLIC. D1bLIC is absent in the cilia bulges at the ciliary tip in IFT5

44261275 mytant while

enriched at the cilia bulges at proximal end of cilia in IFT5443423% mytant. WT, wild-type cells. Arrows indicate ciliary bulges. Scale bar, 5 um.

B Immunostaining of cells with antibody against kinesin-II subunit FLA10. FLA10 is enriched in cilia bulges at the ciliary tip in IFT544%°%27> mutant or at proximal
end of cilia in IFT54434273% mutant. WT, wild-type cells. The insets show enhanced and/or enlarged images. Arrows indicate ciliary bulges. Scale bar, 5 pm.

C, D Immunoblot analysis of whole cells (C) and isolated cilia (D) of wild-type and the three IFT54 deletion mutants. The membranes were probed with antibodies
against IFT complex and motor proteins as indicated. Wild-type levels of the various IFT components were detected in the whole cell samples of the deletion
strains (C). IFT121, IFT38, and FLA8 accumulated in cilia of both IFT5442% %% and IFT5443423% mutants. D1bLIC was relatively reduced in IFT5422°%%° mutant cilia
but was substantially increased in IFT5443423%¢ mutant cilia (D). Ratios of protein amounts from one representative experiment are in parentheses.

Source data are available online for this figure.

IFT is powered by kinesin-Il, we wondered if the IFT54434273%
mutation interferes with the movement of kinesin-II, leading to a
frequent cessation of IFT once the trains enter the cilia. We
performed immunoprecipitation assays to determine whether the
A342-356 mutation of IFT54 affects its interaction with kinesin-II.
HA-tagged full-length and IFT5423%273% respectively, expressed in
ift54 were immunoprecipitated with anti-HA antibodies and analyzed
by immunoblotting with the indicated antibodies; wild-type cells
were used as a control. Interestingly, the A342-356 mutation of IFT54
increased rather than reduced its interaction with kinesin-II motor
subunits FLA8 and FLA10 relative to the control (Fig 4D). This result
suggests a tighter binding of the mutant with kinesin-II, which could
restrain kinesin-II movement. To further confirm this result, we
included ATP in our immunoprecipitation assay, which is known to
facilitate the dissociation of kinesin-II from IFT complex (Baker et al,
2003; Krock & Perkins, 2008). In agreement with these data, treat-
ment with 0.1 mM ATP induced the dissociation of IFT54 from

© 2020 The Authors

kinesin-II motor (Fig 4E). In contrast, this treatment barely affected
the interaction of the IFT543#235¢ mutant with kinesin-II, supporting
the notion that this mutation strengthens the interaction between
kinesin-II and the IFT-B complex.

To determine whether IFT54 directly interacted with kinesin-II,
we performed an in vitro pull-down assay. Bacterial expressed GST-
IFT54, GST-IFT54%3%%73% or, as a control, GST alone were mixed,
respectively, with purified recombinant kinesin-II followed by pull-
down with glutathione agarose beads. Both GST-IFT54 and GST-
[FT54434273%¢ pulled down kinesin-Il whereas GST alone did not
(Fig 4F). Importantly, the addition of ATP decreased the binding of
the wild-type IFT54 to kinesin-II but not that of the GST-IFT54434%~
356 mutant, suggesting that this mutation alters the ATP-regulated
binding of kinesin-II to IFT54.

Since the region presented by 342-356 residues of Chlamy-
domonas IFT54 is well conserved across ciliated organisms (Fig 1A),
we determined whether this region is functionally preserved in

The EMBO journal 40: 1057812021 5 of 14
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mammalian cells. Full-length TRAF3IP1, the mammalian homologue
of IFT54, and the corresponding deletion mutant TRAF3IP14535754%,
each tagged with eGFP, were expressed in HEK293T cells; eGFP alone
was expressed as a control. The KIF3A subunit of kinesin-II co-
immunoprecipitated with anti-GFP antibody from the eGFP-TRAF3IP1
cells but not those expressing eGFP alone (Fig 4G). Similar to our
observations with the Chlamydomonas proteins, the eGFP-
TRAF3IP14%°5* mutant co-immunoprecipitated more KIF3A than
the full-length eGFP-TRAF3IP1. The data suggest that the interaction
of IFT54 with kinesin-II is conserved in mammalian cells.

Taken together, we have shown that IFT54 directly interacts with
kinesin-II and that the A342-356 mutation of Chlamydomonas IFT54
or its corresponding mutation A535-549 of mammalian IFT54

Xin Zhu et al

results in tighter binding of IFT54 with kinesin-II. The accumulation
of IFT particle and motor proteins near the ciliary base, the reduc-
tion in anterograde IFT, and the defects in ciliogenesis in the
IFT54434273%¢ mutant suggest that the increased stability of kinesin-
II/IFT54-binding interferes with kinesin-II motor activity.

IFT54 interacts with D1bLIC to mediate anterograde transport of
IFT dynein

IFT dynein is required for retrograde transport (Pazour et al, 1999;
Porter et al, 1999; Signor et al, 1999; Blisnick et al, 2014). The accu-
mulation of IFT proteins near the tip of IFT54%%°1275 mutant cilia
could result from the decreased ciliary level of IFT dynein (Fig 3B).
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Figure 4. IFT54 interacts with kinesin-Il and deletion of residues 342-356 of IFT54 strengthens its interaction with kinesin-1l and impairs anterograde IFT.

A Kymograms showing the trajectories of IFT trains inside cilia as visualized with IFT43-YFP. An ift43 rescue strain expressing IFT43-YFP (as a control) and the
IFT544%4273% muytant expressing IFT43-YFP were analyzed by live imaging via TIRF microscopy.

B, C Velocities (B) and frequencies (C) of anterograde and retrograde IFT of IFT43-YFP in control and the IFT5443%23% mutant. n represents the number of cilia assayed
from three independent experiments. Values show the mean + SD. Unpaired two-tailed Student’s t-test analysis, ***P < 0.0001.

D Deletion of residues 342-356 of IFT54 increases its interaction with kinesin-II. Cell extracts from wild-type (WT), ift54 expressing HA-tagged full-length (FL) IFT54 or
IFT54434273% mytant were subjected to immunoprecipitation with anti-HA antibody followed by immunoblotting with the indicated antibodies. The normalized
ratios of FLA8 and FLA10 in the immunoprecipitates (IFT54 versus the mutant) are 1:3.90 and 1:3.13, respectively.

E  ATP treatment induces dissociation of IFT54 but not IFT54%*2-3% muytant from kinesin-Il. Immunoprecipitation experiments were performed as shown in (D) in the
presence or absence of ATP. The normalized ratios of FLAS and FLA10 in the immunoprecipitates (IFT54 without ATP/with ATP/mutant without ATP/with ATP) are

1:0.37:1.70:1.38 and 1:0.35:1.47:1.45, respectively.

F Analysis of the interaction of IFT54 and IFT54%3423% mutant with kinesin-Il by GST pull-down assay. Bacterial expressed GST, GST-tagged IFT54, or IFT544342-3%
mutant was mixed, respectively, with recombinant kinesin-II purified from insect cells in the presence or absence of ATP followed by GST pull-down and
immunoblotting. The normalized ratios of KAP, FLA10, and FLA8 in the pull-down samples (GST-IFT54 without ATP/with ATP/mutant without ATP/with ATP) are

1:0.51:1.31:1.44, 1:0.55:1.29:1.19, and 1:0.50:1.31:1.29, respectively.

G Interaction of IFT54 with kinesin-1I is conserved in mammalian cells. Cell extracts from HEK293T cells expressing eGFP, eGFP-tagged TRAF3IP1, or TRAF3IP:

A535-549
1

(corresponding deletion mutant of IFT54%%42-3%) were analyzed by immunoprecipitation with GFP antibody followed by immunoblotting with anti-GFP and KIF3A
antibodies, respectively. Please note that the deletion mutant had an increased interaction with kinesin-Il subunit KIF3A relative to the control. The normalized

ratio of KIF3A in the immunoprecipitates (TRAF3IP1 versus mutant) is 1:1.76.

Source data are available online for this figure.

Since IFT dynein is an inactive cargo of anterograde IFT (Jordan et al,
2018), we hypothesize that deletion of the residues 261-275 of IFT54
could interrupt the binding of IFT dynein to IFT complex during
anterograde IFT leading to a decreased entry of IFT dynein into the
mutant cilia. To test this hypothesis, we analyzed the transport of IFT
dynein as visualized by the expression of D1bLIC-YFP in wild-type
and ift54::IFT54%%°'%7> mutant cells using TIRF microscopy (Fig 5A,
Movie EV2). While the anterograde velocity of D1bLIC-YFP in the
A261-275 mutant was similar to that in the control, the frequency of
its transport by anterograde IFT was relatively reduced (Fig 5B and
C), indicating that this IFT54 deletion mutation indeed affects ciliary
entry of IFT dynein. Similarly, the frequency of D1bLIC-YFP retro-
grade IFT was reduced, as expected because of the decreased levels
of D1bLIC in the mutant cilia (Fig 3B). However, the reduced ciliary
entry of dynein could also be caused by the reduction in the numbers
of anterograde IFT trains. To exclude this possibility, we measured
IFT of IFT43-YFP in the mutant and control cells (Fig 5D, Movie
EV3). Both the anterograde velocity and frequency of IFT43-YFP were
comparable to those in the control cells (Fig SE and F). Thus, we
could reasonably conclude that dynein binding to IFT is disrupted in
the IFT54%2°'*7> mutant.

How does the A261-275 mutation of IFT54 affect ciliary entry of
IFT dynein? The mutation could interrupt a direct interaction between
IFT54 and IFT dynein, reduce IFT dynein binding by distorting the
IFT-B complex or a combination of the two. To examine whether
IFT54 directly interacts with IFT dynein, we used a yeast two-hybrid
assay. The IFT dynein complex encompasses the DHC1b heavy chain,
the intermediate chains FAP163 and FAP133, the light intermediate
chain D1bLIC, and the light chains Tctex1, Tctex2b, LC8, and LC7b
(Asante et al, 2014; Hou & Witman, 2015; Toropova et al, 2019). We
analyzed pair-wise interaction of IFT54 with these subunits except
that the tail domain of DHC1b was used rather than the full-length
protein. Based on colony growth, FAP133 and Tctex1 appeared to be
the candidates for interacting with IFT54 (Fig 5G); however, GST
pull-down assays did not support this (Appendix Fig S2A-D). The
apparent interaction of D1bLIC with IFT54 as observed was likely
due to self-activation of D1bLIC (Fig 5G). However, we reasoned that
this did not exclude the possibility that they indeed interact. To test
this possibility, GST pull-down assays were performed. His-D1bLIC

© 2020 The Authors

was pulled down with GST-IFT54 but not GST (Fig 5H). In the
reciprocal experiment, His-IFT54 was also pulled down with GST-
DI1bLIC but not GST (Appendix Fig S2E). These data suggest that
IFT54 and D1bLIC indeed could interact with each other. To deter-
mine whether deletion of residues of 261-275 of IFT54 could
impair this interaction, similar pull-down assays were performed.
Indeed, this deletion weakened this interaction (Fig SH and
Appendix Fig S2E). Taken together, the data indicate that IFT54
directly binds D1bLIC and that this interaction is reduced by the
deletion of residues 261-275 of IFT54.

To examine whether this interaction also occurred in vivo, HA-
tagged full-length IFT54 and A261-275 mutant were expressed in
ift54 null mutant. Immunoprecipitation with anti-HA was performed
with cell extracts of these cells and wild-type cells as a control. Both
IFT172 and D1bLIC were immunoprecipitated in cells expressing
HA-tagged full-length IFT54 whereas the deletion of residues 261-
275 of IFT54-HA substantially decreased the amount of co-immuno-
precipitated DI1bLIC relative to the control cells (Fig 5I). The
amount of co-immunoprecipitated IFT172 was not affected by this
deletion arguing against a large-scale defect in the IFT-B complex in
the IFT54%2°'"27° strain.

To determine the conservation of this interaction, eGFP-tagged
full-length IFT54 human homologue TRAF3IP1 and the correspond-
ing deletion mutant TRAF3IP144®*"* and, as a negative control,
eGFP alone were expressed respectively in HEK293T cells. Using
antibodies against GFP, DYNC2LI1/LIC3, the human homologue of
D1bLIC, was co-immunoprecipitated with wild-type eGFP-TRAF3IP1;
the quantity of precipitated DYNC2LI1/LIC3 was relatively decreased
when the eGFP-TRAF3IP144%0 47 deletion mutant was used (Fig 5J).
Taken together, we conclude that IFT54 directly binds DI1bLIC to
link IFT dynein to IFT complex during anterograde IFT and this
interaction is also conserved in mammalian cells.

Discussion

The IFT protein complex is the primary cargo of the IFT motors and
also functions as a platform to move other proteins in and out of
cilia. Thus, many IFT proteins are likely to possess multiple role in
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IFT54 interacts with IFT dynein subunit D1bLIC and deletion of residues 261-275 of IFT54 disrupts this interaction and impairs anterograde IFT

of D1bLIC.

A

B,C

Kymograms showing the trajectories of IFT trains inside cilia as visualized with D1bLIC-YFP. Wild-type (WT) and IFT544%*27> mutant cells expressing D1bLIC-YFP
were analyzed by live imaging via TIRF microscopy.

Velocities (B) and frequencies (C) of anterograde and retrograde IFT of D1bLIC-YFP. n represents the number of cilia assayed from four independent experiments.
Values show the mean + SD. Unpaired two-tailed Student’s t-test analysis, n.s.: no significance; ***P < 0.0001.

Kymograms of IFT43-YFP of WT and mutant cilia.

Velocities (E) and frequencies (F) of anterograde and retrograde IFT of IFT43-YFP. n represents the number of cilia assayed from three independent experiments.
Values show the mean + SD. Unpaired two-tailed Student’s t-test analysis, n.s.: no significance; ***P < 0.0001.

Yeast two-hybrid assay for interaction between IFT54 and IFT dynein subunits. Yeast cells that were transformed with each pair of constructs as indicated were
grown under selection media lacking leucine, tryptophan, histidine, and adenine (—4) or lacking leucine and tryptophan (—2). DHC1bT, DHC1b tail domain; Empty
AD or BD vectors were used as control.

Interaction of IFT54 and IFT544%2-27> with D1bLIC by GST pull-down assay. Bacterial expressed GST, GST-IFT54, or GST-IFT544%%%27> were mixed, respectively, with
His-D1bLIC followed by GST pull-down and immunoblotting with anti-GST and anti-His antibodies. The normalized ratio of His-D1bLIC in the pull-down samples
(GST-IFT54 versus mutant) is 1:0.32.

Co-immunoprecipitation of IFT54 and IFT544%62-27> with D1bLIC. Cell extracts from wild-type (WT), ift54 expressing HA-tagged full-length (FL) IFT54 or IFT544261-275
mutant were subjected to immunoprecipitation with anti-HA antibody followed by immunoblotting with the indicated antibodies. Please note that IFT54426%-275
mutant exhibited weaker interaction with D1bLIC relative to the control. The normalized ratio of D1bLIC in the immunoprecipitates (IFT54-HA versus mutant) is
1:0.37.

Interaction of IFT54 with D1bLIC is conserved in mammalian cells. Cell extracts from HEK293T cells expressing eGFP, eGFP-tagged TRAF3IP1, or TRAF3|P1A460-474
(corresponding deletion mutant of IFT542262-27) were analyzed by immunoprecipitation with GFP antibody followed by immunoblotting with anti-GFP and
DYNC2LI1, human homologue of D1bLIC, antibodies, respectively. Please note that the deletion mutant weakened the interaction with IFT dynein subunit

DYNC2LI1 relative to the control. The normalized ratio of DYNC2LI1 in the immunoprecipitates (TRAF3IP1 versus mutant) is 1:0.49.

Source data are available online for this figure.

the assembly of the IFT complex itself, the interactions with the IFT
motors, and the binding of specific cargoes (Lechtreck, 2015;
Taschner & Lorentzen, 2016; Wingfield et al, 2018). However, loss
of function mutations in most IFT-B proteins result in a failure of
IFT and the complete loss of cilia impedes the analysis of the indi-
vidual roles of IFT proteins and their domains for IFT and cilia
assembly. Here, we continued our analysis of the essential IFT
protein IFT54, which possesses a dispensable N-terminal CH
domain and a critical C-terminal coiled-coil domain (Kunitomo &
Iino, 2008; Taschner et al, 2016; Zhu et al, 2017b). We showed that
IFTS54 directly interacts with both the IFT dynein subunit D1bLIC
and kinesin-II. We identified two novel conserved regions of IFT54
(corresponding to residues 261-275 and 342-356 of the Chlamy-
domonas protein) that are critical for proper interaction with IFT
dynein and kinesin-II, respectively. The deletion of residues 261-
275 of IFT54 reduced its interaction with D1bLIC and decreased the
import of IFT dynein into cilia, indicating that the conserved 261—
275 region directly participates in the D1bLIC binding or the deletion
affects the conformation of the IFT54 protein and indirectly
impaired its binding to DIbLIC. In contrast, deletion of the latter
IFT54 region strengthens its interaction with kinesin-II and inter-
feres with anterograde IFT, as indicated by the accumulation of IFT
proteins in the proximal region of the cilia. Similar defects in motor
binding were observed for the corresponding mutations in
TRAF3IP1 (human IFT54), indicating that the interactions of IFT54
with IFT motors are conserved in mammalian cells. Cryo-ET data
revealed that both IFT dynein and kinesin-II are in contact with
same sub-region of the IFT-B complex (Jordan et al, 2018). Our data
suggest that this region encompasses IFT54, which would position
the protein in the outskirts of the IFT-B complex (Katoh et al, 2016;
Taschner et al, 2016). As depicted in Fig 6, we propose that IFT54
interacts with both kinesin-II and IFT dynein and is important for
anterograde IFT and ciliogenesis.

During anterograde IFT, kinesin-II is bound to the IFT-B
complex and several IFT-B proteins are thought to participate in

© 2020 The Authors

this interaction (Baker et al, 2003; Krock & Perkins, 2008; Funa-
bashi et al, 2018; Liang et al, 2018). In vitro binding assays
showed that a tetramer of IFT52, IFT88, IFT38, and IFT57, which
forms the contact module between the IFT-B1 and IFT-B2
subcomplexes, also interacts strongly with kinesin-II. Kinesin-II
may also bind to any of the IFT-B2 proteins IFT20, IFT54, IFT80
and IFT172 (Funabashi et al, 2018), suggesting that the IFT-B2
subcomplex is central for IFT-kinesin-II interactions. In agreement
with these studies, we show that IFT54 of Chlamydomonas and
mammals binds to kinesin-II. Interestingly, the deletion of resi-
dues 342-356 of IFT54 enhances its interaction with kinesin-II,
leading to accumulation of both IFT motors and IFT trains at the
proximal end of cilia. We propose that this increased interaction
may inhibit kinesin-Il movement via unknown mechanisms either
by interference with kinesin-II ATPase activity or its conformation
change during ATP hydrolysis. Though we showed that IFTS54
interacts with kinesin-II, which motifs or domains of IFT54 medi-
ate this interaction remains a question to address. Intuitively,
residues 342-356 is unlikely involved in the direct interaction.
Future elucidation of the full structures of IFT54 and kinesin-II
should provide details on how IFT54 and kinesin-II interact with
each other and how deletion of the residues 342-356 of IFT54
interferes with the motor activity of kinesin-II (Taschner et al,
2016). What is the function of IFT54 in interacting with kinesin-
II? Cargo binding is one of the mechanisms for activation of kine-
sins (Verhey & Hammond, 2009). In vitro studies show that the
non-motor subunit KAP binding to the two motor subunits of
kinesin-II is sufficient for full-activation of the motor (Sonar et al,
2020). In this regard, IFT54 binding may not function in activa-
tion of kinesin-II though we could not exclude this possibility
in vivo. One possibility is that IFT54, together with the IFT-B1-B2
connecting tetramer, stabilize the interaction between IFT
complex and kinesin-II.

Auto-inhibited IFT dynein is transported as a cargo by antero-
grade IFT to the ciliary tip, where it is activated to ensure the return
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During anterograde IFT, kinesin-1I carries IFT-A, IFT-B, and inactive IFT dynein from ciliary base to tip. Inactive dynein is activated at ciliary tip and carries IFT-A and
IFT-B back for retrograde transport while kinesin-1I diffuses. IFT54 interacts with both kinesin-1l and IFT dynein during anterograde IFT. Deletion of residues 261275 of
IFT54 disrupts its interaction with IFT dynein leading to inhibition of anterograde transport of IFT dynein and accumulation of IFT complexes near the ciliary tip with
bulge formation. In contrast, deletion of residues 342-356 of IFT54 strengthens its interaction with kinesin-II, supposedly inhibiting motility of kinesin-II via unknown
mechanism leading to cessation of IFT shortly after IFT trains enter cilia. IFT complexes and motors thus accumulate at proximal end of cilia with bulge formation.
Please note that A342-356 mutant shows stronger cilia mutant type relative to A261-275 mutant.

of the IFT particles to the cell body (Jordan et al, 2018). Deletion of
residues 261-275 of IFT54 interferes with the ciliary entry and
anterograde transport of IFT dynein. Because the amount of residual
IFT dynein arriving at the ciliary tip is insufficient to ensure
complete return of IFT trains to the cell body, accumulation of IFT
proteins is provoked near the ciliary tip as previously observed in
IFT dynein mutants (Pazour et al, 1998; Pazour et al, 1999; Porter
et al, 1999; Signor et al, 1999; Lechtreck, 2019). Recent cryo-ET data
revealed that IFT dynein binds to the IFT-B complex spanning out
over seven to eight IFT-B repeats (Jordan et al, 2018; Toropova
et al, 2019). Thus, binding of IFT dynein likely depends on assem-
bled IFT trains rather than individual IFT-B complex or proteins.
Indeed, during the assembly of IFT trains, IFT dynein is loaded
briefly before the trains enter the cilia (Wingfield et al, 2017). The
structural analysis of IFT dynein further suggests that each IFT
dynein complex makes several distinct interactions with the IFT-B
complex, likely involving different IFT-B proteins or at least territo-
ries on the IFT-B complex. Here, we show that IFT54 provides one
such contact site between IFT-B and IFT dynein. The severity of the
effect of the IFT54%2°'27> deletion on IFT dynein transport argues
against the presence of numerous redundant binding sites. Rather,
IFT54 could provide a major contact site for IFT dynein or binding
of IFT dynein depends on the cooperative interaction of several
binding sites. Residual IFT dynein in the cilia of the IFT5442¢!27°
mutant is likely explained by its interactions with the remaining
sites, one of which likely involves the IFT-B subunit IFT172, which
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co-immunoprecipitates with IFT dynein and is required to maintain
normal levels of IFT dynein in cilia (Pedersen et al, 2006;
Williamson et al, 2012).

Also, it remains largely unclear which parts of IFT dynein
provide contact with IFT-B. IFT dynein includes multiple subunits
including dynein heavy chains, intermediate chains, light intermedi-
ate chains, and light chains (Asante et al, 2014; Hou & Witman,
2015; Toropova et al, 2019). Fitting of the 3D structure of the
mammalian IFT dynein complex in the structure of anterograde
trains obtained by cryo-EM from Chlamydomonas suggests that
the IFT dynein heavy chains make most of the interactions with the
IFT-B complexes (Jordan et al, 2018; Toropova et al, 2019). The
intermediate chains and light chains that are embedded within the
two heavy chains participate in controlling IFT dynein asymmetry,
oligomerization and activity (Toropova et al, 2019). Thus, the func-
tion of the light intermediate chain D1bLIC, which is positioned on
the outer surface of the dynein heavy chain stalk domain, is not
clear. Here, we show that the D1bLIC subunit binds to IFT54 reveal-
ing that at least this non-motor subunit of IFT dynein participates
directly in its interactions with the IFT-B complex. Similar to the
IFT54%%°127% mutant, mutants lacking D1bLIC also form bulges near
the tip of shortened cilia but the overall amount of dynein is reduced
in such cells suggesting an additional role of D1bLIC in stabilization
of IFT dynein (Hou et al, 2004; Reck et al, 2016). To summarize,
our work identified IFT54 and D1bLIC as the first pair of proteins
mediating binding between the IFT-B complex and IFT dynein.

© 2020 The Authors
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Materials and Methods
Strains and culture

Chlamydomonas reinhardtii wild-type strain 21gr (mt+; CC-1690) is
available from the Chlamydomonas Resource Center (University of
Minnesota, St. Paul, MN). ift54 and ift54::IFT54-HA were from a
previous study (Zhu et al, 2017b). Cells were cultured on 1.5% agar
plates or in liquid M medium at 23°C with aeration under 14/10 h
light/dark cycle. For transformation, cells were grown in liquid Tris-
acetate-phosphate medium. HEK293T cells were cultured in six well
plates in DMEM with high glucose supplemented with 10% FBS
(Sanyo CO, Incubator, Japan).

Generation of strains expressing deletion mutants of IFT54

The full-length IFT54 expression vector was described previously
(Zhu et al, 2017b). The deletion constructs of IFT54 were made by
using overlapping PCR and conventional molecular methods and
were cloned into the original pKH-IFT54-HA vector. All constructs
were verified by sequencing. The final constructs pKH-IFT54%2¢!
275 HA, pKH-IFT54239-33%.HA | and pKH-IFT54%34273%.HA were line-
arized with Kpnl and transformed into the ift54 mutant cells by elec-
troporation (Liang & Pan, 2013). The hygromycin-resistant
transformants were screened by immunoblotting with the antibody
against HA.

Cilia isolation, length measurement, and cell imaging

A previously published protocol was followed for cilia isolation
(Craige et al, 2013). Briefly, cells were deflagellated by pH shock, and
the detached cilia were further purified by sucrose gradient centrifuga-
tion. Isolated cilia were suspended in HMDEK buffer (50 mM HEPES,
pH 7.2, 5 mM MgCl,, 0.5 mM EDTA, 1 mM DTT, 25 mM KCl)
containing protease inhibitor cocktail (mini-cOmplete EDTA-free,
Roche) and 20 uM proteasome inhibitor MG-132 (Selleck, China),
flash frozen in liquid nitrogen, and stored at 80°C until use.

For cilia length measurements or phenotype examination, cells
were fixed by 1% glutaraldehyde and imaged by DIC microscopy
using a 40x or 100x lens on a Zeiss Axio Observer Z1 microscope
(Carl Zeiss, Germany) that is equipped with a CCD camera (Quan-
tEM512SC, Photometric, USA). Cilia length was measured using
ImageJ (NIH, USA), and the data were plotted using GraphPad
Prism 5.01 (GraphPad, USA). Cell images were processes using
Photoshop and Illustrator (Adobe, USA).

Antibodies

Details of the primary antibodies used for immunofluorescence and
immunoblotting are provided in Table S1. The polyclonal anti-
IFT172 antibody was raised against the IFT172 amino acid residues
1,505-1,729 and affinity purified (ABclonal, China). Monoclonal
anti-IFT139 antibody was kindly provided by Dr Joel Rosenbaum
(Yale University, New Haven, CT).

For immunoblotting, the secondary antibodies HRP-conjugated
goat anti-mouse, goat anti-rabbit, and goat anti-rat (1:5,000,
EASYBIO, China) were used. And the second antibodies for
immunostaining were Texas red—conjugated goat anti-mouse IgG,
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Alexa Fluor 488 goat anti-rat and Alexa Fluor 488—conjugated goat
anti-rabbit IgG (1:200, Life technologies, USA).

SDS-PAGE, immunoblotting, and immunoprecipitation

SDS-PAGE and immunoblotting analysis were performed as
described previously (Pan & Snell, 2000). Briefly, cells were
lysed in Buffer A (50 mM Tris-HCl pH 7.5, 10 mM MgCl,,
1 mM EDTA, 1 mM DTT) containing protease inhibitor cocktail
and 20 uM MG-132 as described above, boiled in 1xSDS sample
buffer for 10 min, separated by SDS-PAGE, transferred to
polyvinylidene difluoride membranes, and probed with indicated
antibodies.

Immunoprecipitation (IP) using Chlamydomonas was carried out
as detailed previously (Zhu et al, 2017b). In brief, 1 x 10° cells were
lysed in 1 ml IP buffer (20 mM Hepes, pH 7.2, 5 mM MgCl,, 1 mM
DTT, 1 mM EDTA, 10 mM NaF, 0.1 mM Na3;VO,, 150 mM NaCl,
20 mM beta-glycerol phosphate, 5% glycerol, protease inhibitor
cocktail and 20 uM MG-132. The supernatants were pre-cleared by
incubating with 30 pl protein A Sepharose beads (GE, Sweden) for
30 min at 4°C followed by incubating with 30 pl pre-washed rat
anti-HA Affinity Matrix (Roche) for 3 h at 4°C. After washing four
times with IP buffer, the samples were analyzed by SDS-PAGE
followed by immunoblotting. For ATP treatment, a final 0.1 mM
ATP was added to cell lysates prior to addition of protein A
Sepharose beads.

For immunoprecipitation using mammalian cells, human
cDNA of TRAF3IP1 was amplified by PCR from a Human Lung
cDNA Library (Takara, Japan). Full-length cDNA and its deletion
constructs as indicated were cloned into the EGFP-C3 vector
followed by verification with sequencing. HEK293T cells cultured
for 24 h were transfected with the constructs using Lipofec-
tamine 3000 (Invitrogen, USA) and collected after starvation for
48 h. Approximately 1 x 107 cells were lysed in 500 pl lysis
buffer (50 mM Tris-HCl pH 8.0, 150 mM KCI, 5 mM MgCl,,
1 mM EDTA, 0.5% NP40) containing protease inhibitor cocktail.
After 30 min on ice, the lysates were clarified by centrifugation
at 20,817 g for 10 min at 4°C twice. The supernatants were
mixed with 30 pul GFP beads (Smart-life Sciences, China) followed
by rotation for 2 h at 4°C. After five times washes each with
1 ml ice-cold wash buffer (50 mM Tris—HCI, pH 8.0, 150 mM KCl,
5 mM MgCl,, 1 mM EDTA, 0.5% NP40, 0.1% Triton X-100), the
beads were resuspended in 60 ul 1 x SDS sample buffer and
boiled for 10 min followed by SDS-PAGE and immunoblotting.

Immunofluorescence microscopy

Immunostaining analysis was performed essentially as described
previously (Zhu et al, 2017b). The cells were viewed on a Zeiss
LSM780 META Observer Z1 Confocal Laser Microscope (Zeiss,
Germany). Images were acquired and processed by ZEN 2012
Light Edition (Zeiss) and Photoshop and assembled in Illustrator
(Adobe USA).

Yeast-based two-hybrid analysis

The c¢DNAs of IFT54 and all IFT dynein subunits were amplified
from a C. reinhardtii cDNA library (Takara, Japan) and then
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inserted into yeast expression vector pGBKT7 (BD) and pGADT?7
(AD) respectively. For DHC1b, cDNA for the tail domain (1-1,704
aa) was used. All possible pair-wise combinations of IFT54 with
the IFT dynein subunits constructs were co-transformed into yeast
strain AH109, following a standard lithium acetate/PEG-4000/
salmon sperm DNA protocol published previously (Lucker et al,
2005). The transformed yeast cells with the construct pairs as indi-
cated in the text were then cultured on selective media (-Leu/-
Trp/-His/-Ade or —-Leu/-Trp) (Clontech, USA) at 30°C for 2-3 days.

Expression and purification of recombinant proteins from
Escherichia coli and insect cells

For bacterial expression, cDNAs of full-length IFT54, IFT544%°127,
IFT5443427356 FAP133, Tctex1, and DIbLIC were cloned into vector
pGEX-6P-1 harboring N-terminal GST tag or pET-28a harboring N-
terminal 6xHis tag. The final constructs were transformed into
E. coli Rosetta (DE3) cells (CWBIO, China). The transformants were
grown in LB medium overnight at 18°C with addition of 0.5 mM
IPTG for induction of expression of the recombinant proteins. The
GST-tagged proteins were purified with Glutathione-sepharose 4B
beads (GE, Sweden) if necessary.

Expression and purification of kinesin-II was essentially as
described previously (Li et al, 2020). Baculovirus expression
system was used for expression of kinesin-II in Sf-9 insect cells.
cDNAs of full-length FLAS8, FLAIO, and KAP were amplified by
PCR from a Chlamydomonas cDNA library and subcloned into
vectors pOCC25 with RFP tag, pOCC52 with MBP tag, and pOCC8
with GFP-His tag, respectively (kindly provided by Dr. Xin Liang,
Tsinghua University) to generate pOCC25-FLA8, pOCCS52-FLA10,
and pOCC8-KAP constructs. The resulting constructs were
expressed together in Sf-9 cells using the baculovirus expression
system. Kinesin-II complex was purified first by using Ni-NTA
Agarose (Qiagen, Germany) followed by using Amylose Resin
(NEB, USA). The proteins were eluted in 1xBRB80 buffer (80 mM
PIPES, 1 mM MgCl,, 1 mM EGTA, pH 6.8) containing 100 mM
KCl and 0.1 mM ATP, and were flash frozen in liquid nitrogen
and stored at 80°C until use. The protein concentration was
determined with Protein Assay Dye Reagent Concentrate
(Bio-Rad, USA).

GST pull-down assay

A published method was followed with modifications (Taschner
et al, 2014). 50 ml E. coli cells expressing recombinant proteins
were collected and dissolved in 2 ml lysis buffer (50 mM Tris, pH
8.0, 100 mM NaCl, 1 mM DTT, and 100 mM PMSF). After sonica-
tion on ice, the lysates were centrifuged at 20,817 g for 20 min at
4°C (5417R, Eppendorf, Germany). Clear lysates containing GST-
tagged proteins and His-tagged proteins were mixed, respectively, as
indicated in the text followed by incubating with 30 pl Glutathione-
sepharose 4B beads (GE, Sweden) at 4°C for 2 h with rotation.
1 mM ATP was added in some of the experiments as indicated. The
protein bound beads were harvested by centrifugation at 3,000 g at
4°C followed by three washes with 1 ml ice-cold lysis buffer each.
The washed beads were processed for SDS-PAGE and immunoblot-
ting. For pull-down assay involving kinesin-II, 50-100 pg of GST-
tagged protein and kinesin-II complex were mixed in a total volume
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of 500 pl lysis buffer with 30 ul Glutathione-sepharose 4B beads
(GE, Sweden).

TIRF microscopy

For TIRF imaging, previous protocols were followed (Wren et al,
2013; Wingfield et al, 2017). In brief, cells were placed to a home-
made observation chamber using No.1.5 coverslips and then imaged
at room temperature on an Eclipse Ti-U microscope (Nikon, Japan)
equipped with a 60x TIRF objective (N.A. 1.49) and a cooled Andor
iXon X3 DU897 EMCCD camera. Images were captured at 10 fps and
analyzed with NIS-Elements Advanced Research software (Nikon,
Japan). Kymographs were assembled from the obtained data using
ImageJ (NIH, USA), and the velocity and frequency of the IFT train
were calculated. For the imaging data presented in Fig SE-G, images
were captured at 20 fps on an Olympus microscope (IX83) with a
100x TIRF objective and a cooled Photometrics Prime 95B camera.
The strains for analysis were expressing either D1bLIC-YFP or
IFT43-YFP as indicated. IFT43-YFP construct and the data for IFT43-
YFP in control cells (Fig 4A-C) were from our previous studies
(Wingfield et al, 2017; Zhu et al, 2017a). To generate construct for
expressing D1bLIC-YFP, IFT54 gene in a previous construct was
replaced by the genomic DNA of D1bLIC with YFP tag at the 3’ end
while the hygromycin-resistant gene was replaced by bleomycin-
resistant gene (Zhu et al, 2017b).

Quantification and statistical analysis

For all the experiments, two or more independent experiments were
performed. Data were presented as mean + SD. Statistical signifi-
cance was performed by using unpaired two-tailed Student’s t-test
analysis. P < 0.01 was considered to be statistically significant.
*P < 0.01; **P < 0.001; ***P < 0.0001.

Data availability

There are no primary datasets or computer codes associated with
the study.

Expanded View for this article is available online.
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