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eTOC Synopsis
Tubulin entry into the cilia and flagella is essential for their growth. The article by Girotra et al., suggests that the tail
domains of heterotrimeric Kinesin-2 motor subunits can selectively bind certain a-tubulin1 isotypes and regulate the entry

of tubulin into cilia. The conjecture is supported by extensive binding studies in vitro and tissue-cultured cells using
recombinant tail fragments of both Drosophila and mouse orthologues, as well as genetic analysis in Drosophila.
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Abstract

The assembly of microtubule-based cytoskeleton
propels the cilia and flagella growth. Previous
studies have indicated that the kinesin-2 family
motors transport tubulin into the cilia through
intraflagellar transport. Here, we report a direct
interaction between the C-terminal tail fragments
of heterotrimeric kinesin-2 and a-tubulin1
isoforms in vitro. Blot overlay screen, affinity
purification from tissue extracts,
cosedimentation with subtilisin-treated
microtubule and LC-ESI-MS/MS characterization
of the tail-fragment-associated tubulin identified
an association between the tail domains and a-
tubulin1A/D isotype. The interaction was
confirmed by FRET assay in tissue cultured cells.
The overexpression of the recombinant tails in
NIH3T3 cells affected the primary cilia growth
which was rescued by coexpression of a a-
tubulin-1 transgene. Furthermore, FRAP analysis
in the olfactory cilia of Drosophila indicated that
tubulin is transported in a non-particulate form
requiring Kinesin-2. These results provide
additional new insight into the mechanisms
underlying selective tubulin isoform enrichment
in the cilia.

Introduction

Primary cilia and flagella are the most widely
expressed cellular appendages that act as a
signaling center of a eukaryotic cell '. Specialized
microtubule-based cytoskeleton, called axoneme,
supports the cilia and flagella 2. The sensory cilia,
further diversified for the reception of various kind of
stimuli, mostly contains a bipartite structure  The
bipartite sensory cilium, such as the olfactory cilia, is
supported by two distinct types of microtubule
cytoskeleton — the 9+0 doublet microtubule-bearing
axoneme at the proximal end and the singlet
microtubule bearing outer segment * °. Distinct
tubulin isotypes are shown to localize in the flagella 6
and ‘at different parts of a sensory cilium’.

Microtubule grows at the plus-end. Amongst many
other components, it depends on the local availability
of dissociated tubulin ®. The tubulin transport plays a
critical role defining the rate of microtubule growth
inside the narrow appendages, such as the cilia and
flagella. Therefore, it is evident that an active and
selective tubulin transport assembles the cilia and
flagella.

Kinesin-2 represents two conserved subfamilies of
heterotrimeric and homodimeric motors found in
organisms ranging from Chlamydomonas to humans
° It is essential for the ciliary and flagellar assembly

The anterograde transport into the flagella
involving the intraflagellar transport (IFT) complex
requires kinesin-2 ' "2 Also, mutations in the
kinesin-2 motor subunit genes, as well as the IFT
subunits disrupts the cilia and flagella assembly * **
'® In Chlamydomonas flagella, tubulin is transported
by a combination of IFT and free diffusion "’. In the
sensory cilia of C. elegans, tubulin moves in a
particulate form requiring the cooperative action of
heterotrimeric and homodimeric kinesin-2 motors .
Also, tubulin is shown to bind to the IFT 74/81
complex through cooperative interaction
Altogether these results indicated that tubulin could
be transported into the cilia/flagella through a
combination of active transport and diffusion. These
reports, however, do not explain how particular
tubulin isotypes are enriched into the cilia and
flagella.

The C-terminal tail domains of kinesin-1 and 14 were
reported to bind microtubule directly 221 These
interactions are suggested to regulate the motor
function and microtubule bundling in vivo.
Interestingly, a significant amount of heterotrimeric
kinesin-2 were also found to associate with
microtubule in an ATP-independent manner %%
Hence, it raised a possibility that kinesin-2 could bind
microtubule through a second site.

The molecular basis of cargo-motor interactions
involving kinesin-2 is still poorly defined. The motor
binds to cargoes through its stalk-tail domain and a
variety of different adaptors ***’. Besides binding to
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choline acetyltransferase 2 and Syne-1 2 little is

known about the kinesin-2 tail-interacting proteome.
Here, we provide evidence to suggest that the motor
subunits of heterotrimeric kinesin-2 could directly
bind to dissociated tubulin in vitro through the
respective C-terminal tail domains. LC- ESI-MS/MS
analysis of the tubulin pool, co-purified with kinesin-2
tail fragments, indicated a preferential association
with the a-Tubulin1 isotype. Moreover,
overexpression of recombinant kinesin-2 tails
disrupted primary cilia assembly in NIH3T3 cells. The
phenotype was reversed due to coexpression of a a-
Tubulin1 isoform. Moreover, tubulin was found to be
transported-in a non-particulate form into the outer
segment of the cilia on Drosophila olfactory neurons.
Altogether, these results suggest that both the
kinesin-2 tails are capable of binding to free tubulin
dimer, which may facilitate selective tubulin entry into
the sensory cilia during growth phases.

Results:

Recombinant kinesin-2 tail fragments associated
with tubulin in cellular extracts

Affinity purification from the Drosophila head extracts
expressing the poly-histidine tagged, full-length
KLP64D pulled down tubulin along with other
kinesin-2 subunits (Figure 1B). Tubulin was also
immunoprecipitated from mouse brain extracts using
anti-Kif3A (Figure S1) in ATP-devoid conditions.
Together, these two results indicated that
heterotrimeric kinesin-2 could bind to tubulin in
dissociated form. There are two possible sites for
tubulin binding in a motor complex — the head and
the tail domains. A blot overlay assay using GST-
KLP64DT (KLP64D Tail) and GST-KLP68DT
(KLP68D Tail), respectively, highlighted multiple
bands in both the Drosophila and mouse brain
extracts (Figure 1B, Figure S1). Amongst them, the
52kDa band (arrow, Figure 1B) was the most
prominent one. Subsequent affinity copurifications of
tubulin® with the GST-KLP64DT and GST-KLP68DT
from tissue extracts (Figure 1D) and co-
sedimentation of the tail fragments with microtubule
(Figure 1Eand F), further indicated a possible direct
interaction between tubulin and the tail domains.

Also, to demonstrate that the tail domains of
heterotrimeric kinesin-2 could bind to tubulin, we
expressed either KLP64D-Tev-His or tail-less
KLP64DAT-Tev-His along with KLPG68DAT-YFP in
Drosophila and affinity purified the recombinant
motors using Ni-NTA in presence and absence of 20
MM colchicine. The presence of colchicine visibly
reduced the level of tubulin pulled down with
KLP64D-Tev-His (Figure 1G), and disrupted tubulin
copurification with the KLP64DAT-Tev-His, indicating
that the tail domains of heterotrimeric kinesin-2 could
bind to tubulin under physiological conditions.

Previous in vitro studies reported that the C-terminal
tail fragments of kinesin-1 and 14 could bind to
microtubule with a submicromolar affinity 031 we
found that the GST-Kif3A tail could cosediment with
microtubule filaments with an affinity of 3.6+1.8 uyM
(Figure S1), indicating that kinesin-2 tails have a
comparatively much weaker affinity to the
microtubule.  Kinesin-2 tails contain  several
conserved, positively charged islands flanked by
proline, and they are predicted to be unfolded
(Supplementary  Data). Similar amino acid
organizations are found in tubulin bindin% regions of
tau, MAP2C, kinesin-1 *° and kinesin-14  tails.

C-terminal region of a-tubulin is required for
microtubule decoration by the kinesin-2 tail
fragments

The specificity of tail-tubulin interaction was further
verified using microtubule decoration assay on
coverslips (Figure 2A). The recombinant GST-
KLP64DT and GST-KLP68DT tail polypeptides
(concentrations, 1 uM) decorated taxol-stabilized
microtubule in a flow cell (Figure 2A). We noticed
that the GST-tail labeling was patchy and excluded
the antibody stained regions (Inset, Figure 2A). Also,
preincubation with the a-tubulin antibody (12G10, dil.
1:1000), blocked the tail decoration of microtubule
(Figure 2B), indicating that the tails bind on the
solvent-exposed sites of tubulin subunits on a
microtubule. The kinesin-1 tail competes with the tau
binding sites on microtubule and interacts with the [3-
tubulin subunit at a site distinct from that of the motor
domain ', whereas the kinesin-14 tail binds to both
the a- and B-tubulin *2.
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Although both a- and B-tubulin are highly
homologous, the short (10-15 aa), C-terminal E-hook
sequences provide distinct subunit and isoform
identity to tubulins. Subtilisin is known to clip the C-
terminal region of B-tubulin subunits preferentially at
specified conditions *°. Using these conditions, we
generated microtubule preparations devoid of C-
terminal regions of either the B-subunit (aB®) or both
the B- and a-subunits (a°B®, Figure 2C). The affinity
purified 6xHis-sYFP-KLP64DT, as well as 6xHis-
sYFP-KLP68DT, cosedimented with the of®
microtubule at a level visually comparable to that of
the control (Figure 2D). The levels of tails
cosedimented with the a°B° microtubule were,
however, visibly reduced (Figure 2D). The C-terminal
regions are essential for binding with both kinesin-1
% and kinesin-14 *' tails. For kinesin-14 tail, which
binds to four independent sites on tubulin subunits,
including the E-hooks of a- and B-subunits ** ** the
interactions with the ap® and o®B°® microtubule are
only partly reduced 2 In contrast, the interaction
between. the kinesin-1 tail and o®B® was reported to
be reduced earlier *. Thus, we found a distinctly
different pattern of interactions between the of°® and
o°B° microtubule and kinesin-2 tail fragments. It
indicated that the tubulin C-terminus, in particular,
the E-hook region of a-tubulin is essential for the
binding.

Kinesin-2 tail fragments selectively associate
with tubulin in the brain and kidney extracts

Next, to test the interactions between the kinesin-2
tails and cellular microtubule, we expressed sYFP-
KLP64DT and sYFP-KLP68DT in NIH3T3 cells
(Figure 3A). Consistent with a previous report % the
sYFP-tagged tail fragments colocalized with the
endoplasmic reticulum (Figure S2). There was no
detectable decoration of the cellular microtubule
(inset, Figure 3A). It was further confirmed by loading
HelLa cells with purified GST-KLP64DT and GST-
KLP68DT using the glass bead loading technique.
Once again, the majority of GST-KLP64DT and GST-
KLP68DT were localized in the cytoplasm (Figure
3B). A similar overexpression of kinesin-1 tail
fragment decorated the cellular microtubule in
specific cell types ***. Thus, our observation raised
an intriguing possibility that the kinesin-2 tail-tubulin
interaction could be limited to certain tissue or
subcellular . domain-specific forms of a-tubulin.

Therefore, we estimated tubulin pull down from
different  tissue  preparations using  affinity
chromatography. The recombinant kinesin-2 tails
pulled down tubulin from the mouse brain extracts in
proportionately higher levels, and GST-KLP68DT
also pulled down a relatively higher amount from the
kidney extract (Figure 3C). In comparison, a majority
of the tubulin from sciatic nerve (SN), liver (L) and
muscle (M), failed to bind the GST-tail fragments
(Figure 3C), indicating a preferential association
between the tails and brain tubulin.

The neuronal microtubule is extensively modified. It
contains high levels of acetylated, detyrosinated and
A2 a-tubulin *, as well as polyaminated B-tubulin “°.
The C-terminal E-hook region of tubulin subunits is
also extensively glutamylated and glycylated *°.
These alterations increase local negative charge
density that makes the microtubule stable and
insoluble. Our data suggested that kinesin-2 tails are
likely to bind soluble tubulin through a combination of
charge based and non-ionic interactions. In addition,
a significant amount of acetylated a-tubulin was
pulled down by the recombinant tails from the goat
brain tubulin preparations (Figure S3), indicating that
tubulin acetylation may not alter the binding to the
recombinant tails. Therefore, we reasoned that post-
translational modifications are unlikely to reduce the
pull-down efficiency selectively from the soluble
extract of the sciatic nerve. The kidney, on the other
hand, contains a large number of long ciliated cells,
and kinesin-2 is known to transport distinct tubulin
isotypes into the cilia through IFT '® We found that
the kidney tubulin had a relatively higher affinity to
the KLP68DT. Hence, we conjectured that kinesin-2
tails could selectively bind to the a-tubulin isotypes
present in the neuronal cell body and dendrites of the
brain tissue, as well as in the kidney.

Both the kinesin-1 and 14 tails bind to B-tubulin
subunit and stabilizes microtubule assembly in vitro

A quantitative co-sedimentation analysis
showed that the interactions between kinesin-2 tails
and tubulin did not cross-link (Figure 3D) or stabilize
(Figure 3E) the microtubule. The recombinant tails
also pulled down dissociated tubulin from GTP
depleted preparations (Figure S3). Thus, it further
suggested that kinesin-2 tails could directly bind to
tubulin dimers in solution. Together with the above
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results it also suggested that kinesin-2 tails might
help the motor transport soluble tubulin in brain and
kidney cells.

Kinesin-2 tails preferentially bind to the a-
tubulin1 isoforms in vitro

a-Tubulin 1, 2 and 4 isotypes are expressed in
mammalian- brain ‘" % and mouse brain
predominantly contains a1A, a1B and a1C isoforms
*_To identify the candidate tubulin isoform that binds
to kinesin-2 tails, we analyzed the composition of
tubulin, . copurified with the recombinant tail
fragments using LC-ESI-MS/MS (Figure 4A-B). We
reasoned that if the tails indeed bind to particular
isotypes, then those will be the dominant component
in the pulled down content. Therefore, we set a
relatively high cut-off for the M/Z counts and selected
the most. dominant entities for each M/Z value zone.

As expected, the analysis of input tubulin did not
identify any dominant a- or B-tubulin isoforms. The
LC peaks were highly degenerate, and the M/Z
counts were also significantly low as compared to the
tubulin samples collected through the copurification.
In contrast, peptides obtained from tubulin copurified
with kinesin-2 tails were mainly eluted in few
overlapping LC fractions (Figure 4B). Furthermore,
the M/Z counts for these peptides were significantly
higher, with highly correlated occurrence patterns. A
database search with the M/Z values of the pulled
down peptides matched to the a-tubulin1A
sequences with the maximum confidence scores
(Table S1 and S2). Furthermore, two of the peptides
pulled down by the KLP68D tail also matched to a-
tubulin1D, although it did not rule out the possibility
of a-Tubulin1A-C binding to KLP68DT. The
assignments were made on the high probability
score. In contrast, immunostaining the western blots
of the kinesin-2 tail pull-down products with the B-
tubulin isotype-specific antibodies identified all five
(BI-V) isoforms in proportions similar to the input
(Figure S4). These data suggested that recombinant
kinesin-2 tails bind to the a-tubulin1 isotype with a
relatively higher affinity. Aspergillus kinesin-3 (UncA)
is also shown to bind a-tubulin subunit in vivo
through~a bimolecular fluorescence assay
However, it is unclear whether it also recognized a
particular isotype.

To validate the kinesin-2 tail-tubulin interaction in the
cellular environment, we used the Forster's
Resonance Energy Transfer (FRET) assay to
estimate binding between a recombinant tubulin
isoform and kinesin-2 tail fragments in tissue-
cultured cells. A similar assay was utilized to test the
interaction between kinesin-1 and microtubule earlier
. Drosophila Tubulin84B, primarily enriched in the
outer segments of the sensory cilia Y% s
homologous to the o-tubuliniC/D and 3A
(Supplemental Data 1V). An N-terminal fusion
construct of this protein with mTurquoise (TQ, Ex
434 nm, Em 473 nm) was expressed in NIH3T3 cells
along with yellow fluorescent protein (sYFP, Ex 514
nm and Em 540 nm) conjugated kinesin-2 tails,
sYFP-KLP64DT and sYFP-KLP68DT, respectively
(Figure 4D). The majority of TQ-Tub84B did not
incorporate in the cellular microtubule. Also, the
FRET emission from the sYFP, conjugated to
kinesin-2 tails, were mostly distributed in the
cytoplasm (Figure 4D), indicating that the tails are
likely to bind unpolymerized tubulin within a cell.

FRET analysis also revealed that recombinant TQ-
Tub84B could associate with both KLP64DT and
KLP68DT, respectively (Figure 4D). The FRET
efficiency, estimated using the sensitized-FRET
protocol ¥/, suggested that the interaction between
TQ-Tub84B and sYFP-KLP64DT was high and
comparable to the values obtained from the TQ-6aa-
sYFP conjoined protein (Table S3). The interaction
with sYFP-KLP68DT was comparatively less efficient
than the sYFP-KLP64DT. The sYFP-KLP68DT could
bind to a wider number of proteins in the cell, and
this could affect the interaction with the recombinant
tubulin. Alternatively, the results may indicate that
the interaction is indeed the strongest with KLP64DT.

Although the recombinant tails pulled down o-
Tubulin1 isotypes from the brain preparation, they
failed to decorate stable microtubule in HelLa cells
which predominantly contains a-Tubulin1B isoform
. This result was intriguing because the pull-down
analysis suggested that the tails bind to dissociated
tubulin, and we found that the principal amount of
FRET between the recombinant TUB84B and tail
fragments occurred in the cytoplasm of live NIHT3T
cells. We reasoned that the paraformaldehyde
fixation protocol used for the earlier experiments
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would mostly retain stable microtubules and a
significant fraction of the recombinant tail-tubulin
complex would be washed off during fixation.

Kinesin-2 tails are essential for primary cilia
growth in tissue-cultured cells

Primary cilia are unique cellular appendages entirely
supported by a microtubule-based cytoskeleton and
IFT by heterotrimeric kinesin-2. Although it is unclear
how the IFT complex associates with the kinesin-2,
the IFT20 subunit is shown to bind to the stalk
domain. of KIF3B (Kinesin-2B subunit) in vitro %.
Therefore, we decided to test the effect of the tail
overexpression on the cilia growth in NIH3T3 cells. It
was not expected to block IFT-mediated transport
into the cilia. Overexpression of sYFP-KLP64DT and
sYFP-KLP68DT, respectively, reduced cilia growth
after serum starvation in NIH3T3 cells significantly
(Figure 5A and C). The tail overexpression, however,
did not disrupt the basal body and cellular
microtubule, suggesting that the intervention
selectively targeted cilia growth.

Cilia loss may occur due to general sequestration of
ciliary proteins transported by kinesin-2 in the
cytosol. It could be reverted by saturating the cytosol
with a proportional amount of a ‘tail-interacting’
protein. Consistent with this hypothesis we found that
the expression of TQ-Tub84B along with the sYFP-
tails rescued the defects (Figure 5B and C), whereas
that of the Arl13b, a membrane-associated protein
selectively enriched in the cilia 8 did not alter the
defect (Figure 5D and E). Both IFT-dependent *° *°
and independent °' processes are implicated in the
transport of the transmembrane proteins into the
cilia. The small GTPase, Rab23, plays an important
rile in these transports *®. Therefore, it is unlikely that
Arl13b could directly interact with kinesin-2. Hence,
these results further indicated that kinesin-2 tails
directly bind to tubulin in a cellular environment. It
also indicated that tubulin could compete with other
essential cargoes for binding to the Kinesin-2 tails,
and such aninteraction is critical for ciliary growth.

Kinesin-2 is required for the olfactory cilia
growth-and tubulin entry into the olfactory cilia in
Drosophila antenna

Previous reports showed that the heterotrimeric
kinesin-2 is_sufficient for the assembly of all types of

sensory cilia in Drosophila * and Zebrafish ™. The
ciliary outer segments are marked by Tubulin84B,
which is homologous to a-tubulin1A/C. In addition,
we found that the human orthologue, mRFP-aTub1A
%2 |ocalized at the outer segments of all sensory cilia,
including the cilia inside sensilla basiconica
(basiconic cilia) (Figure 6A), when expressed using
the chaGal4. Therefore, we quantified the entry of
RFP-aTub1A into the basiconic cilia in wild-type and
homozygous Kip64D"" mutant backgrounds. In the
latter case, the cilia appeared comparatively smaller,
and there was an unusual accumulation of mRFP-
Tub1A in the cell body (arrow, Figure 6A). Estimation
of the ciliary growth, volume, and total mRFP
intensity revealed that both the mRFP-Tub1A entry
and ciliary growth was blocked in the mutant
background (Figure 6B and C). Thus, it further
suggested that heterotrimeric kinesin-2 is necessary
for the cilia growth and tubulin entry into the cilia,
which is consistent with the previous report 4

Further, to test the role of kinesin-2 in tubulin
transport inside the cilia, we measured the
Fluorescent Recovery After Photobleach (FRAP)
profiles of mMRFP-Tub1A in the outer segment of the
adult basiconic cilia (Figure 6D). We achieved a
maximum recovery of 16.9% (+3.9) for mRFP-Tub1A
and 39.1% (+4.2) for KLP64D-GFP after 500
seconds. A comparison of mRFP-Tub1A recovery at
250 seconds indicated significant reduction (9.4%
+2.4) in the mutant background, whereas the GFP
recovery reached ~90% within 150 seconds in both
wild-type and mutant backgrounds. The mRFP-
Tub1A recovery was comparable to the maximum
recovery of tubulin found in C. elegans before '
However, a scrutiny of the FRAP kymographs,
collected at higher frame rates, revealed that neither
the KLP64D-GFP nor the mRFP-Tub1A moved in a
particulate form inside the ciliary outer segment.
Hence, the data further suggested that the tubulin
could be transported inside the cilia outer segment in
dissociated form requiring kinesin-2.

Discussion:
IFT and the Bardet Biedl Syndrome complex are the

major carriers of cargo into cilia/flagella assembly %,
Genetic studies in C. elegans showed that particular
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tubulin isoforms could be transported by two different
types of kinesin-2 motors as part of the IFT in the
sensory cilia ¥ A separate report also suggested
that tubulin blnds to the IFT74 and IFT81
heterodimer in vitro '°. These data provided a
generalized molecular mechanism of tubulin
transport into the cilia and flagella. In this context, it
would be important to note that direct observation in
Chlamydomonas flagella using total internal
reflection fluorescence microscopy indicated the
existence of both IFT-dependent and diffusive forms
of tubulin transport inside flagella ®. In all these
studies, the particulate form of tubulin movement
inside the cilia is considered as the definitive
indicator of IFT-mediated transport.

The outer segment of basiconic cilia grows in two
distinct ~phases during pupal development
Consistent with the previous observation we found
that a mutation in the Kilp64D locus significantly
affects the tubulin entry and growth during the
second phase. The tubulin recovery partly depended
on the KLP64D, which is an essential component of
the heterotrimeric kinesin-2. FRAP kymographs
indicate that both Kinesin-2 and tubulin are
transported in the ciliary outer segment in a non-
particulate form. A similar recovery pattern was
observed for the choline acetyltransferase in axon
The latter directly binds to the C-terminal tails of the
Kinesin-2a subunit. The non-particulate recovery
suggests that tubulin could be transported in
dissociated form, independent of IFT, in the
basiconic cilia. Similarly, Kinesin-2 appeared to play
an active role in managing this mode of transport
inside sensory cilia. Altogether, these observations
suggest that tubulin entry into the cilia could be
assisted by a direct interaction between dissociated
tubulin and kinesin-2 during the second growth
phase.

Recent studies suggested several IFT and BBSome
mdependent movements of cytoplasmic Dynein into
the cilia *°. Direct observations also revealed an IFT-
mdependent movement of tubulin ¥ and EB1 **
inside Chlamydomonas flagella. Similarly, the ciliary
entry of Phospholipase D (PLD), an AMP-dependent
protein kinase, does not require the IFT and
BBSome *. A diffusion-based model was suggested
to faC|||tate the entry and propagation of these

proteins into the cilia and along the axoneme. On the
other hand, direct interactions between the K|f17 tail
and Cyclic Nucleotide- Gated Channel B1b °', as well
as between KAP3 and Gli %/, are suggested to move
them into primary cilia. Relatlvely little is known
about the IFT-independent transport inside the
bipartite axoneme-bearing sensory cilia. The results
described here suggests the possibility of an IFT-
independent entry of tubulin into the olfactory cilia in
Drosophila.

The interaction between the tail domain and tubulin
is also documented for many other kinesin-family
motors through direct or indirect binding to tubulin or
microtubule filaments '® 93031445 The interactions
with the C-terminal tail domains of kinesin-1 * and
the N-terminal tail domain of kinesin-14 *' promotes
microtubule stability 2030 "which is indicated to help
microtubule gliding in vivo. Kinesin-1 also binds to
tubulin dimer through an adapter CRMP-2, to
transport them into the axon . It would of interest to
probe whether such mteractlons are isoform-specific.
We found that the kinesin-2 tails bind to a-tubulin1
and the association does not increase microtubule
stability. The dominant-negative disruption of cilia
due to the tail overexpression in NIH3T3 cells, and
its rescue by tubulin coexpression, further suggest
that kinesin-2 tails could bind to dissociated tubulin
which may compete with other essential, cilia-
specific cargoes. It also highlights the relevance of
this interaction in a cellular context. Hence, we
suggest that such an interaction could facilitate the
entry of specific tubulin isoforms into the cilia.

The cytoplasmic tubulin is purified as a stable dimer
of two different (a, B) subunlts Each subunit has
several different isoforms *’. Often, the microtubule
in various subcellular segments and tissues are
found to contain a distinct set of a and |sotypes

5860, Isotype composition can also define the
properties of microtubule dynamics and tissue
function ° %2 Although the axoneme is made of
distinct a and B -tubulin |sotypes , a key question
regarding the isotype selectlwty remained
unanswered. Our results suggest that Kinesin-2 tails
could selectively bind to a-tubulin1A/D in dissociated
form, which could enhance the isotype selectivity in
combination with the IFT74/81 complex. It was
intriguing that we failed to detect specific B isotypes

This article is protected by copyright. All rights reserved.



enrichment in the tail-pull down fraction of brain
microtubule. It may suggest that other factors and
specific local environment could further contribute to
isoform-selective tubulin transport into the cilia and
flagella.

Materials and methods:
The essential elements are provided below. A detailed
description is provided in the supplemental methods.

DNA constructs

The Pm-sYFPC1 (super YFP), PmTQC1 (mTurquoise)
plasmids were provided by J Goedhart % PCR amplified
tail specific DNA fragments of KLP64D and KLP68D tail
sequences were inserted in the Pm-sYFPC1 between Bgl-
1I/Kpn-I sites; creating N-terminal sYFP fusion constructs of
the tail fragments. Both the plasmids were sequenced, and
expression was confirmed by immunostaining the cell
lysate of transiently transfected cells for anti-GFP on
western blots. For the bacterial expression, the sYFP-Tail
sequence was PCR amplified from CMV vector and
inserted in pETDuetT"’I vector using Hind 1lI/Kpn | sites. K
Verhey provided the Arl13b-mcherry containing plasmid
with the consent from Kenji Kotani. The aTub84B cDNA
was PCR amplified from Drosophila melanogaster total
mRNA (1 pg); extracted using the Trizol method, oligo-dT
primers, and Superscript lll First-Strand Synthesis Kit;
using 5-CCGCGAATTCGGTACTCCTCAGCGCCCTC-3
(forward) and 5-
CCGCAGATCTATGAGAGAATGTATCTCTATC-3
(reverse) primers; and inserted into the Bgl-Il/EcoR-I sites
of Pm-TQC1. TQ-6aa-sYFP construct was prepared by
attaching TQ and sYFP with the following intervening
sequence 5-CTGCAGGTCGACAAGCTT-3’. All other
constructs were reported earlier 2228 Al recombinant
proteins expressed in bacteria were purified according to
established methods described before 2.

Drosophila heads and mouse brain extracts

Prepared using the standard protocol described in the
supplemental methods. 100,000 xg supernatant was used
for the blot overlay, affinity coprification, and
cosedimentation assays.

Microtubule decoration on coverslips

Microtubules (MT) fixed on poly-lysine coated glass slides
were incubated with 100 ul of equimolar (~0.02 uM) GST-
KLP64DT or —-KLP68DT solutions for 15 min. The slides
were then immunostained using a standard protocol. For
antibody competition, the slides were either incubated with
1/10 dilution of monoclonal supernatant or 0.01 pg/ml

antibody solution; washed three times with PBS, and then
incubated with the Kinesin-2 tail fragments.

Image acquisition and analysis

Zeiss CLSM 510 was used for image acquisition. All
images were acquired using X63, NA 1.4 oil immersion
objective. Ciliated cells were counted against total number
of cells in each image field. For sFRET experiments, the
cells were excited at 405 nm and imaged at 470-500 nm
for TQ (donor fluorophore) and 530-600 nm for sYFP
emissions. The acceptors (sYFP) was independently
excited at 514 nm and imaged at 530-600 nm. To FRET
values were calculated using the sYFP (acceptor) emission
at 530-600 nm upon TQ (donor) excitation at 405 nm using
the Metamorph™ software as described previously 4 The
following formula was used for calculating sFRET:
FRET corrected = FRETraw — A * SYFP — B * TQ; A - fraction of
sYFP excitation cross-talk in the FRET image (Calculated
value 0.294); B - fraction of TQ emission cross-talk in the
FRET channel (Calculated value 0.0208). Approximately,
10 to 15 cells were assessed for each set.

Morphological analysis of Drosophila olfactory cilia

All fly stocks used in this study, the pupal staging
procedure and the morphological analysis technique were
described before *. The olfactory cilia inside the LB-type s.
basiconica shafts in an isolated antenna were imaged
using X63 NA 1.35 oil immersion objective fitted on an
Olympus FV1000SPD. The ciliary volume and total
fluorescence intensity were estimated using ImageJ®. For
the FRAP assay, the distal part (10 yum) of basiconic cilia
was photobleached upto 60% below the initial intensity
using appropriate laser power for 3 seconds, and then,
imaged using 45-60 pW excitation power at either 0.2
(512x512 pixels) or 6 (100x45 pixels) frames per second
(fps). The pixel dwell time was maintained at less than 4
usec to minimize bleaching. Fluorescence recovery was
quantified as %recovery of intensity as the following:

% Fluorescence Recovery = (Fr — Fa) x 100/(Fb - Fa)

Fb and Fa indicate intensities before and after
photobleaching while Fr is the fluorescence intensity
recovered at time t. The sum of intensities of all pixels in
the ROI was used for calculations.
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Figure legends

Figure 1: Kinesin-2 tails bind to tubulin in vitro. A)

Schematic illustrates heterotrimeric kinesin-2
composition and the tail sequences of the motor subunits
KLP64D and KLP68D, respectively. B) Ni-NTA

copurification of tubulin with heterotrimeric kinesin-2
complex from the head extract of Drosophila expressing
KLP64D-Tev-His (bait) and either KLP68D-YFP or
DmKAP-RFP. The head extracts of the background
stocks expressing only KLP68D-YFP or DmKAP-RFP
were used for Ni-NTA bead control. C) Blot overlay
assays with the recombinant GST-tail fragments.
Western blots of soluble fly head extract were separated
on a 12% SDS-PAGE and overlaid with purified GST-
KLP64DT (@) and GST-KLP68DT (b), and
immunostained with anti-GST (a, b) and anti-a-tubulin
(c). Arrow and arrowhead indicate prominent interacting
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bands in (a) and (b), and the arrow indicates the a-
tubulin band in (c). D) Tubulin copurification with KLP64D
and KLP68D tail fragments by affinity chromatography.
E, F) Cosedimentation of KLP64DT and KLP68DT (E),
as well as the KIF3AT and KIF3BT (F) with purified goat
brain microtubule in the presence of 20 yM Taxol.
Average Kd for Kif3A tail and tubulin binding is 3.6+1.8
MM (n = 3). G) Ni-NTA copurification of tubulin in the
presence of 20 uM colchicine (chl) from the head extracts
of  Drosophila  expressing  KLP64D-Tev-His or
KLP64DAT-Tev-His and KLP68DAT-YFP, respectively.

Figure 2: C-terminal ‘tail’ domain of aTubulin is
essential for binding to the recombinant kinesin-2
tails. A) Microtubule Filaments fixed on glass coverslips
were decorated with either GST-KLP64DT or GST-
KLP68DT fragments, and then immunostained with Anti-
GST and Anti-aTubulin. B) A similar experiment
performed with 0.01 pg/ml anti-aTubulin pretreatment
before the recombinant kinesin-2 tail incubations. It
eliminated the anti-GST staining of the microtubule
filaments, indicating that the antibody binding blocked the
interaction between kinesin-2 tail and tubulin. C) Purified
Goat brain tubulin, treated with subtilisin in different
combinations as shown on the panel, was separated in
SDS-PAGE and stained using Coomassie blue. It
revealed relative shifts in the  and a tubulin-specific
bands after the treatments due to the loss of C-terminal
‘tail’ sequence. D) In vitro decoration of microtubule after
the subtilisin treatments with 6xHis-sYFP-KLP64DT and
6xHis-sYFP-KLP68DT revealed that kinesin-2 tails
interact with c-terminal residues of alpha-tubulin.

Figure 3: Kinesin-2 tails have a relatively higher affinity
to tissue-specific tubulin isoforms. A) NIH3T3 cells,
transfected with pCMV-sYFP-KLP64DT and pCMV-
sYFP-KLP68DT, respectively, were grown for 48 hours
and then immunostained with tubulin (red). Most of the
recombinant tails localized in the ER. B) HelLa cells were
separately loaded with 0.1ug/ml GST-KLP64DT and
GST-KLP68DT, respectively, using glass bead loading
technique, then fixed and immunostained with both the
anti-a-tubulin (green) and anti-GST (red). The anti-GST
staining is mostly localized in the ER and did not
colocalize with microtubule in the cells. Scale bars
indicate 10 um for all the figures and Insets show
enlarged views microtubules from a part of the cells. C)
Affinity chromatography using purified GST-KLP64D and
GST-KLP68D tail fragments with different mouse tissue
extracts (a, abbreviations: B-Brain, SN- Sciatic Nerve, L-
Liver, K-Kidney, M-Muscle). Glutathione Sepharose®
bead eluates (b, c) were separated in SDS-PAGE,
western-blotted and immunostained with anti-a-tubulin
and anti-GST antibodies. D) Sedimentation in the

This article is protected by copyright. All rights reserved.



presence of increasing molar concentrations of GST-
KLP64DT (a) and GST-KLP68DT (b) as indicated by the
tail:tubulin ratio on the top row. The pellet (p) and
supernatant (s) fractions were separated in SDS-PAGE
and stained with Coomassie blue. A similar experiment
was performed in the presence of different
concentrations of taxol (c) demonstrated a visible
increase in the tubulin yield in the pellet fractions with
increasing concentrations. E) A similar experiment
performed. using recombinant GST-KIF3AT (a), GST-
KIF3BT (b), and GST (c), respectively, and the pellet
fractions were estimated by SDS-PAGE.

Figure 4: Kinesin-2 tails pulled down a-tubulin1A/D
isoforms from the goat brain preparations. A) SDS-
PAGE separation of tubulin co-purified with recombinant
(GST) Kinesin-2 tails. B) LC profiles of the isolated gel
bands. In 8 out of 12 occasions, the ESI-MS/MS
identified tubulinA1 isoforms with a maximum confidence
score (Supplemental Table 2). C) NIH3T3 cells were co-
transfected with pCMV-SYFP-KLP68DT and pCMV-TQ-
Tubulin84B  constructs. Forster's resonance energy
transfer (FRET) efficiency between the TQ and sYFP,
measured using sensitized emission technique, is shown
on the right panel. D) Histograms depict integrated FRET
efficiency (Average + S.D., n>7, N = 3) between TQ-
Tubulin84B and sYFP-KLP64DT, as well as sYFP-
KLP68DT, and normalized for the bleed through, as well
as the expression levels of both the fluorophores,
according to the established protocol. A conjugated
sYFP-6aa-TQ recombinant protein was used as positive
control and co-expression of pCMV-sYFP and pCMV-TQ
was used as negative control (also see Table S2).

Figure 5: Overexpression of kinesin-2 tails disrupts
cilia growth in NIH3T3 cells. A) Recombinant sYFP,
sYFP-KLP64DT, and sYFP-KLP68DT, respectively, were
expressed in the NIH3T3 cells. Acetylated-a-Tubulin
immunostaining highlighted the cilia (arrows). B) TQ-
Tubulin84B and sYFP-KLP68DT were coexpressed in
the NIH3T3 cells, and acetylated-a-Tubulin
immunostaining marked the cilium (arrow). C)
Histograms depict the average fraction of ciliated cells (+
S.D.) estimated by anti-acetylated-a-tubulin staining. A
minimum of three cohorts containing 20-30 cells each
was used for the estimate in each case. The pairwise
significance . of differences was calculated using
Students’ T-test and the p-values (*’ <0.1, ** <0.01, and
***<0.001) are indicated by the bars. D) The cilia
expression profile in the Arl13b-mCherry coexpressed
backgrounds. E) Histograms depict the distribution of
cilia estimated in independently transfected cohorts by
either -~ Arl13b-mCherry coexpression or by anti-
acetylated-a-tubulin staining. The set stained with anti-
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acetylated-a-tubulin was not cotransfected with Arl13b-
mCherry. The data shown in C and E were acquired from
separate batches.

Figure 6: Mutation in the Kip64D gene affects tubulin

transport into the olfactory cilia in Drosophila. A)
Recombinant mRFP-Tubulin1A localizations in the
basiconic cilia (arrowheads) in wild-type (a) and
homozygous Klp64D"" (b) mutant backgrounds at 84h
after pupa formation (APF). The arrow (b) indicates the
accumulation of the recombinant tubulin the neuronal cell
body and the scale bar marks 5 um. B) The relative
mRFP-Tub1A fluorescence and the ciliary volume
estimates from individual basiconic cilia in wild-type
(cyan) and homozygous K/p64Dk1 (red) backgrounds
were plotted against each other. It indicates that both the
ciliary volume and the mRFP-Tubulin1A localization were
reduced in the mutant. C) The table shows the number of
cilia in different volume segments at three separate
stages of pupal development (hours APF), in wild-type
and homozygous K/p64Dk7 mutant backgrounds. The
cilia growth defect was rescued by transgenic expression
of UAS-KLP64D-GFP in the KIp64D*" background (4). D)
Fluorescence Recovery After Photobleaching (FRAP)
analysis of the GFP, KLP64D-GFP, and mRFP-Tubulin
flow into the basiconic cilia in freshly eclosed adult
Drosophila antennae. (a) The relative FRAP recovery
profiles suggest that mRFP-Tubulin (red) turnover was
slower as compared to that of the KLP64D-GFP (cyanl,
which was further reduced in the homozygous Kip64D !
background (green) (Movies S1-4). (b) The kymographs
generated from time-lapse acquisitions at 6 fps indicate
the absence of IFT-like particulate movements of
KLP64D-GFP and GFP-Tub84B in the cilia.

Supporting Information:

Supplemental data: Sequence homology and

structure prediction analysis of kinesin-2 and
Tubulin tails, and methods detail.

Figure S1: Kinesin-2 interacts with tubulin in the

absence of ATP. A) Coimmunoprecipitation of tubulin
with kinesin-2, and vice versa, from mouse brain
homogenate. Anti-Kif3A (rabbit) pulled down mouse brain
tubulin along with limited amount of KLC and not
GAPDH, which is a known interactor of Kinesin-1. B) Blot
overlay assays with the recombinant GST-tail fragments.
Western blots of soluble mouse brain extracts separated
on a 12% SDS-PAGE were overlaid with purified GST-
KLP64DT and GST-KLP68DT, and immunostained with
anti-GST and anti-a-tubulin. Arrows indicate prominent
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interacting bands. C) GST-KIF3A cosedimented with 20
pM, taxol-stabilized, microtubule with an average affinity
of 3.6+1.8 uM.

Figure S2: Kinesin-2 tail fragments colocalized with the
endoplasmic reticulum (ER) in tissue cultured cells.
NIH3T3 cells cotransfected with the pCMV-dsRED-KDEL
(an ER label in live cells), and pCMV-sYFP-KLP68DT (A-
A’) or pCMV-sYFP-KLP64DT (B-B’), respectively. They
were immunostained with the a-tubulin antibody.

Figure S3: Kiensin-2 tails pulled down dissociated
tubulin dimer. Purified Goat brain tubulin was incubated
in 100 mM phosphate-buffered saline (PBS) at room
temperature for 2, 6 and 10 hours before affinity
copurification with the GST-tagged kinesin-2 tail
fragments. The bead eluates and flow-through fractions
were probed with acetylated a-tubulin and B-tubulin
antisera, respectively, after western blotting.

Figure S4: Kinesin-2 tails pull down all five B-tubulin
isotypes from the goat brain preparation in similar
proportion present in the input tissue. Immune
analysis of B tubulin isoforms in the affinity pull-down
content of the recombinant kinesin-2 tails. The bead
extracts were separated by SDS-PAGE and analyzed
using B tubulin specific antibodies as shown below.

Figure S5: Quantification of blots from figure 1.

Figure S6: Quantification of blots from figure 3.
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Table S1: LC-ESI-MS/MS identification of tubulin
copurified with the recombinant kinesin-2 tails.

Table S2: LC-ESI-MS/MS identification of tubulin
isoforms in different sets of pull-down with Kinesin-2
tail fragments.

Table S3: Average Forster’'s Resonance Energy
Transfer (FRET) efficiency (+ S.D.) between the
various donor-acceptor pairs expressed in the
NIH3T3 cells.

Table S4: LC-ESI-MS/MS analysis of Kinesin-2 tail
fragments, generated by endopeptidase, and co-
sedimented with microtubule after the protease
digestion.

Movie S1: GFP FRAP in the adult basiconic cilia at 0.2
fps.

Movie S2: KLP64D-GFP FRAP in the adult basiconic
cilia at 0.2 fps.

Movie S3: mRFP-Tub1A FRAP in the adult basiconic
cilia at 0.2 fps.

Movie S4: mRFP-Tub1A FRAP in the adult basiconic
cilia from homozygous Kip64D"" at 0.2 fps

This article is protected by copyright. All rights reserved.



AMo(or Stalk Tail (T) KEYQSMINQYTHWNEDIGEWQLKCVAYTGNNMRKHISAHKTSGKE
;425KLP64D(2&)F‘:589 Y677 PDFLDLSHVYLSYNTDGVSNPMRSKSARPRTSGVPRPTTARRY

DMKAP IEVKQRLYTQAKYDEEQEEWKFSSMSLPTPPGGDGKFSSKRPVSHP
3§ QRRRPTSEYALQEAKSNSPSSLRFKSENIVNYELEMPCRTTQEYRTP
KVSASLQAVLAQAMQTGGDDIDIVDSHTNSLRSRLENIINANANG
AGAGPGAG\/A\/GSSIPNVRNIKSSRGLPSAASNLDSNRRPPT

GRLPAKKPASAYPKARGLVNK

B C a b c

P4Z23 G
' KLP68D (2B)"

H —K'-Ff“n-*i'se" Overlay: KLP64DT ~ KLP68DT  Reference
= fly head 1020 40 80 10 20 40 80 10204080 Mr (kDa)
kepesn-His I (ug/mi) 225
| 102
a-tubulin S -—— s Wb ®
. - 31
B-tubulin - -
ace-ctubulin | WD - Stain:
GST-KLP64DT | + KLP64DT| + + KIF3AT] + +
GST-KLP68DT + KLP68DT| + + KIFsBT |+ +
GST + GST + + % + +
tissue extract |+ |+ [+ | + MT L + +| +
- 52108 s2k0a
Y -
head 38108 :
mouse - — 31kDa AUES
brain
goat PICHEER = 2 2 52108
brain ® ® - > - L s Antitubuln
Anti-o-tubulin Anti-o-tubulin

KLP64DAT-His

+ - chl

-=r - antiHs
.‘ anti-GFP

Figure 1 Girotra et al 2Dec2016.tif

This article is protected by copyright. All rights reserved.



o-tubulin GST Merged C

MT:Subt 1:0 2:1 1:1
Time (min) 150 920 150

S .

YFP o~tubulin Merged

O

GST-KLP68DT GST-KLP64DT >

GST

l I
X {

KLP68DT KLP64DT KLP68DT KLP64DT KLP68DT KLP64DT

GST-KLP68DT GST-KLP64DT m

Figure 2 Girotra et al 11Nov2014a.tif

This article is protected by copyright. All rights reserved.



Tubulin

YFP-KLP64DT

GST-KLP68DT GST-KLP64DT m

Tail:Tubulin 0.5:1 |, 1:1 | 2:1 , 41 | 8:1

o
O

a i 1 I 1T T

Tubuin—~Ng  Igg - - @
B Sn L KM Ctrl e el

a ¢ 76 kDa GST-KLPB4DT — .
1 ¥ J |
BPrmem 52:0a ) f— [
Tubulln-& ' | 1 I

anti-cetubulin, 38 kDa GST-KLPGSDTT * @ 8 8
oS S
|

C TaxolTubuin_05:1 ' 101 ' 2:1
T T

s

Pull down with: 5]

b GsTKLP64D C GST-KLP68D TUDUIN g s e o e
B(Sn L KM B({Sn L KM SP'S P’SPISPISP
——ER8
> > GST-Tail@M) 0 2 4 6 8
anti-o-tubulin anti-o-tubulin E a
Sxloading & = Ll Sl - - — Gs:“ﬁ:g:r!,“

Pun o - ST e b Tubulin—;....'

GST-KIF3BT

anti-GST anti-GST |
C  Tubulin ke 1 1

Figure 3 Girotra et al 30Nov2014.tif

This article is protected by copyright. All rights reserved.



Affinity co-purification of 4 LC Profile

tubulin with: | [
BB 4 ¥
5 & 8 9 | Tubulin (inpuf) 1hi
il ¢ 2 & 3| KIF3B i
a | L u 5 5 1 1
£ ¥ ¥ k£ Xk 1 KIF3A 1
54 kDa 2| KpesD :
1| KLP84D B

@ > Protease) LCES-MS/MS 1 5 10 15 20 25 30 35
Counts vs. Acquisition Time (min)
C D FRETCNT, x10°
SYFP-64DT | Tq-Tub84B | FRETC FRETc 0.35
350 0.30
300 I *kk 025
250
0.20
200
150 0.15
100 0.10
50 0.05
0 ﬁ I 0.00

Acceptor, sYFP-TQ sYFP-64DT, sYFP-68DT, sYFP,
Donor (+Ctrl) TQ-Tub84B TQ-Tub84B Tq (-Ctrl)

Figure 4 Girotra et al 20Marchl2016.tif

This article is protected by copyright. All rights reserved.



sYFP-KLP64DT sYFP-KLP68DT] C % ciliated cells
0 10 20 30 40 50 60 70 80

SYFP
SYFP-KLP64DT

SYFP-KLP64DT,
TQ-Tub84B

SYFP-KLP68DT
SYFP-KLP68DT,

TQ-Tub84B
o 10
TQ-Tub84B il . = % ciliated cells (Arl13b-mCherry)
E % ciliated cells (anti-Ac-Tub)
SYFP-KLP64DT|  sYFP-KLP68DT 0 10 20 30 40 50 6 70 8
SYFP

%.

SYFP-KLP68DT

[ —

10 um
e SYFP-KLP64DT

Figure 5 Girotra et al 4Dec2016.tif

This article is protected by copyright. All rights reserved.



s

KLP64D-GFP (n, 13)
mRFP-Tub1A (n, 10)
mRFP-Tub1A; (n,7)
KIp64D*'

Rel. Intensity (%) O

=
1)

Rel. Intensity (x106)w Kip64D”- Control >

2;2 Control
40{ Kip64D* o
3.5 o ® o
30/ p<0.001 ot te
25 W "y
20 o=
1.5 . r; =
0s -t
00!
0 5 10 15 20

Volume (umd)

Control KIp64D™”

(g)

=& Lo - K
£: m .
s — g
8
o
=& [ | Stage (APF) SIE
I 84n 88h 90h |
H L -
] i [ 1 1] 2pm

Figure 6 Girotra et al 24 April 2016.tif

This article is protected by copyright. All rights reserved.



Tubulin (&

Kinesin-2

IFT-independent tublin transport into cilia

tra_12461_AbstractFigure.tif

This article is protected by copyright. All rights reserved.



