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Summary

In ciliated cells, two types of microtubules can be categorized: cytoplasmic and axonemal. It has been shown that axonemal tubulins
come from a ‘cytoplasmic pool’ during cilia regeneration. However, the identity and regulation of this ‘pool’ is not understood.
Previously, we have shown that Chlamydomonas kinesin-13 (CrKin13) is phosphorylated during flagellar regeneration, and required for
proper flagellar assembly. In the present study, we show that CrKinl3 regulates depolymerization of cytoplasmic microtubules to
control flagellar regeneration. After flagellar loss and before flagellar regeneration, cytoplasmic microtubules were quickly
depolymerized, which was evidenced by the appearance of sparse and shorter microtubule arrays and increased free tubulins in the cell
body. Knockdown of CrKinl3 expression by RNA interference inhibited depolymerization of cytoplasmic microtubules and impaired
flagellar regeneration. In vitro assay showed that CrKinl3 possessed microtubule depolymerization activity. CrKinl3 underwent
phosphorylation during microtubule depolymerization, and phosphorylation induced targeting of CrKinl3 to microtubules. The
phosphorylation of CrKinl3 occurred at residues S100, T469 and S522 as determined by mass spectrometry. Abrogation of CrKinl3
phosphorylation at S100 but not at other residues by inducing point mutation prevented CrKinl3 targeting to microtubules. We propose

that CrKinl3 depolymerizes cytoplasmic microtubules to provide tubulin precursors for flagellar regeneration.
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Introduction

Cilia and flagella (interchangeable terms) are evolutionarily
conserved structures with presence from protists to human
(Carvalho-Santos et al., 2011; Satir et al., 2008). Motile cilia
and flagella provide cell motility as manifested in ciliates and
sperm. In contrast, immotile cilia may harbor receptors or ion
channels to control development and cell physiology
(Christensen et al., 2007; Goetz and Anderson, 2010; Ishikawa
and Marshall, 2011; Pazour and Witman, 2003). Cilia and
flagella can be regenerated after amputation and, thus providing
an excellent system to study cilia assembly (Lefebvre and
Rosenbaum, 1986; Rosenbaum et al., 1969). Immediately after
cilia amputation, cilia are rapidly assembled accompanying with
instant synthesis of mRNA and proteins of the ciliary
components, as has been shown in sea urchin embryo
(Stephens, 1977), Tetrahymena (Guttman and Gorovsky, 1979)
and Chlamydomonas (Baker et al., 1984; Lefebvre et al., 1980).
During cilia assembly, ciliary components including tubulin
dimmers are transported by Intraflagellar transport (IFT) from the
cell body into cilia and incorporated into ciliary axoneme (Hao
et al., 2011; Qin et al., 2004; Rosenbaum and Witman, 2002).
Using pulse and/or pulse—chase experiments and inhibitor of
protein synthesis, it has been concluded that there is a
cytoplasmic pool of ciliary precursors including tubulins for
cilia assembly (Guttman and Gorovsky, 1979; Remillard and

Witman, 1982; Rosenbaum et al., 1969; Stephens, 1977).
However, the identity and the regulation of this ‘pool’ of
ciliary precursors are not known.

Tubulin is one of the major components of cilia. Changing
microtubule dynamics has been shown to affect ciliogenesis and
cilia length. In mammalian cells, modulating actin dynamics by
pharmacological agents and protein kinase A activity results in
increase of free tubulins and subsequent cilia elongation, though
the mechanisms for the increase of free tubulins are unknown
(Kim et al., 2010; Sharma et al., 2011). In Tetrahymena, katanin,
a microtubule-severing protein (McNally and Vale, 1993), is
required for cytoplasmic microtubule dynamics and cilia
assembly (Sharma et al., 2007). Kinesin-13s are a class of
microtubule depolymerizers and function in spindle dynamics to
control chromosome segregation during mitosis as well as
interphase microtubule dynamics (Ems-McClung and Walczak,
2010; Mennella et al., 2005). They have also been implicated in
flagellar assembly and length control. Overexpression of a
kinesin-13 homologue in Leishmania, which is localized along
the length of the flagellum, results in shorter flagella whereas its
depletion by RNA interference (RNAi) in Trypanosome leads to
longer flagella (Blaineau et al., 2007). In Giardia, overexpression
of a kinesin-13 rigor mutant S280N causes longer flagella and
disrupts cytoplasmic microtubule dynamics (Dawson et al.,
2007).
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Chlamydomonas is a bi-flagellate eukaryote, widely used for
studying cilia assembly and disassembly. In the absence of
protein synthesis, flagella after amputation can be re-assembled
to approximately half length (Rosenbaum et al., 1969; Weeks and
Collis, 1976). How ciliary precursors including tubulins are
‘activated’ and become available for cilia assembly is not clear.
Studies in Ochromonas show that cytoplasmic microtubules may
play a role in flagellar regeneration (Brown and Bouck, 1973).
Previously, we have shown that kinesin-13 in Chlamydomonas
(CrKin13) undergoes protein phosphorylation and is involved in
proper flagellar assembly (Piao et al., 2009). In this report, we
characterized dynamic changes of cytoplasmic microtubules
during flagellar regeneration and found that cytoplasmic
microtubules were quickly depolymerized to provide tubulin
precursors for flagellar assembly, which required CrKinl3.
CrKinl3 is regulated by phosphorylation for its targeting to
cytoplasmic microtubules. We hypothesized that cytoplasmic
microtubules serve as a pool of tubulins for flagellar assembly
and CrKinl3 plays a key role in releasing this ‘pool’.

Results

Inhibition of flagellar regeneration by taxol stabilization of
microtubules and by reduction of CrKin13 expression
The assembly of axonemal microtubules requires not only
microtubule dynamics per se but also cytoplasmic free tubulins.
It is expected that tampering of microtubule dynamics would
affect cilia assembly and elongation. In mammalian cells,
treatment with taxol reduces cilia length whereas nocodazole
treatment results in longer cilia, and changes of cilia length
correlate with increase of cytoplasmic free tubulins (Sharma et al.,
2011). In contrast, opposite phenotypes of flagella in Giardia are
observed with these treatments (Dawson et al., 2007). To learn
whether these drugs affect flagellar length in Chlamydomonas,
steady state cells were treated for 4 h with taxol or nocodazole.
No significant effects on flagellar length, however, were found
(Fig. 1A). These data may reflect species or cell type specific
response to these reagents.

Next, we examined whether perturbation of microtubule
dynamics affected flagellar assembly during flagellar
regeneration and flagellar elongation. LiCl treatment induces
flagellar elongation in Chlamydomonas and in mammalian cells
(Nakamura et al., 1987; Ou et al., 2009; Wilson and Lefebvre,
2004) and protein synthesis is not required (Wilson and Lefebvre,
2004). Indeed, 25 mM LiCl treatment induced flagellar
elongation (Fig. 1B). Taxol treatment inhibited flagellar
elongation induced by LiCl, indicating destabilizing
cytoplasmic microtubules contributes to flagellar assembly,
which is consistent with the observation in mammalian cells
(Sharma et al., 2011).

We further examined the effect of taxol on flagellar
regeneration. Chlamydomonas cells were deflagellated by pH
shock, and allowed for flagellar regeneration. Cells assembled
full length flagella around 2 h after deflagellation as shown
previously (Rosenbaum et al., 1969) (Fig. 1C). When protein
synthesis was inhibited by adding 10 pg/ml cycloheximide,
flagella could be assembled but only to around half length, which
was consistent with the view that protein synthesis and a
cytoplasmic pool of flagellar precursors both contributed to the
assembly of full length flagella in Chlamydomonas (Rosenbaum
et al., 1969). When 40 uM taxol was present during flagellar
regeneration, the initial rapid phase of flagellar assembly was
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Fig. 1. Microtubule dynamics is required for flagellar assembly.

(A) Effects of taxol and nocodazole on flagellar length of steady state cells.
Steady cell cultures were treated for 4 h at the concentrations indicated
followed by flagellar length measurement. Values in this and the subsequent
figures are means*s.d. Con, control. (B) Inhibition of flagellar elongation by
taxol. Steady state cells were induced for flagellar elongation by LiCl

(25 mM) in the presence or absence of taxol (40 uM). (C) Inhibition of
flagellar regeneration by taxol. Cells after deflagellation were allowed to
regenerate flagella in the presence of taxol (40 uM) and/or cycloheximide
(CHX) (10 pg/ml). (D) Block of flagellar regeneration by CrKinl3 RNAI.
Flagellar regeneration of control and CrKinl3 RNAI strains (numbers 92 and
93) was carried out in the presence or absence of CHX (10 pg/ml).

greatly attenuated (Fig. 1C). Interestingly, taxol almost
completely inhibited flagellar assembly in the absence of
protein synthesis. The inhibitory effect of taxol on flagellar
assembly can not be solely explained by its effects on axonemal
microtubule dynamics since taxol alone still allowed assembly
of almost full length flagella. It is likely that stabilization of
cytoplasmic microtubules by taxol restricts the availability of
tubulin precursors for flagellar assembly in the absence of protein
synthesis.

CrKinl13, a microtubule depolymerizer, is involved in flagellar
assembly (Piao et al., 2009). We reasoned that CrKinl3 might
depolymerize cytoplasmic microtubules to contribute free
tubulins for flagellar assembly. Interestingly, we found that
depletion of CrKinl3 by RNAi mimicked the effect of taxol.
Depletion of CrKinl3 by RNAI inhibited flagellar assembly
(Fig. 1D) (Piao et al., 2009). In the absence of protein synthesis,
however, RNAI strains failed to assemble flagella (Fig. 1C,D).
Thus, it indicates that flagellar assembly may involve
depolymerization of cytoplasmic microtubules and CrKinl3 is
an active effector in this process.

Cytoplasmic microtubules depolymerize during flagellar
regeneration

To determine that cytoplasmic microtubules are indeed
depolymerized during flagellar regeneration, first, we assayed
free tubulin changes during flagellar regeneration. Before and
after flagellar amputation by pH shock and during flagellar
assembly, cell samples were taken at the indicated times and
extracted with detergent. The images of cells treated with
detergent are shown in supplementary material Fig. S1. Cell
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extracts were fractionated into soluble fractions containing free
tubulins (S) and insoluble fractions containing microtubules (P)
and assayed by SDS-PAGE and immunoblotting with anti-o-
tubulin antibody. SksC, a soluble protein, was used as loading
control (Kurvari et al., 1996). Immediately after flagellar loss,
free tubulins increased as compared to those of pre-deflagellated
(pdf) cells (Fig. 2A). During flagellar assembly, free tubulins
gradually decreased, and were finally recovered when flagella
were assembled to full length, suggesting depletion of
cytoplasmic pools of free tubulins for assembly of axonemal
microtubules (Fig. 2A).

We further used immunostaining assay to confirm
depolymerization of cytoplasmic microtubules at the beginning
of flagellar assembly. In control cells, long and dense
microtubule fibers emanating from basal bodies were enriched
in the cell body (Fig. 2B). In contrast, after flagellar loss, only
sparse and shorter microtubules were observed. During the
cellular process towards completion of flagellar assembly,
cytoplasmic microtubules were gradually recovered (Fig. 4A).

Immediately after deflagellation, new tubulin synthesis starts
(Baker et al., 1984; Lefebvre et al., 1980). To determine that the
initial increase of free tubulins during flagellar regeneration is not
due to new protein synthesis, protein synthesis was blocked by
adding 10 pg/ml cycloheximide during flagellar assembly.
Microtubule networks and free tubulins were examined by
immunostaining and immunoblotting, respectively. In the
absence of protein synthesis, increase of free tubulins was
observed at 5 min after deflagellation, which was comparable to
that of control cells (Fig. 2C). When control cells regenerated full
length flagella at 2 h after deflagellation, free tubulins were
recovered (Fig. 2C, left panel). As expected, cells treated with
cycloheximide did not recover free tubulins (Fig. 2C, right
panel). Immunostaining data was consistent with the biochemical
assay. Compared with control cells, the cycloheximide treated
cells possessed shorter flagella and sparse microtubule arrays
even at 2 h after deflagellation (Fig. 2D). These data confirm
previous observation that new protein synthesis as well as
cytoplasmic pool of flagellar precursors is required for assembly
of full length flagella (Rosenbaum et al., 1969).

CrKin13 is required for depolymerization of cytoplasmic
microtubules

The inhibition of flagellar assembly by taxol is likely due to
stabilization of cytoplasmic microtubules because taxol treated
cells did not undergo dramatic depolymerization of cytoplasmic
microtubules after flagellar loss (supplementary material Fig.
S2). The CrKinl3 RNAi data shown in Fig. 1D indicates that
CrKinl3 is involved in depolymerization of cytoplasmic
microtubules. Those RNAIi strains were generated by using
hairpin DNA sequences to suppress expression of CrKinl3 (Piao
et al., 2009). Since long hairpin structure might cause non-
specific targeting (Schroda, 2006), we have employed artificial
microRNA-based strategy to suppress expression of CrKinl3
(Molnar et al., 2009). Several strains exhibiting downregulation
of expression of CrKinl3 were obtained and two of them were
analyzed further. Strains mi-32 and mi-25 showed more than
70% decrease of CrKinl3 as examined by immunoblot analysis
(Fig. 3A) and flagellar assembly of these strains was impaired
(Fig. 3B), which is consistent with the results from RNAI strains
generated by hairpin DNA sequences though the phenotype was
less server (Piao et al., 2009). Next, we analyzed free tubulin
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Fig. 2. Depolymerization of cytoplasmic microtubules during flagellar
regeneration. (A) Immunoblot analysis of free tubulins and polymerized
microtubules of cells during flagellar regeneration. Samples taken at the
indicated times during flagellar regeneration were fractionated into soluble
(S) (containing free tubulins) and insoluble (P) (containing microtubules)
fractions followed by immunoblot analysis with antibodies against o-tubulin
and SksC. Relative ratios of free tubulins to microtubules were calculated
based on densitometry analysis. pdf, pre-deflagellation.

(B) Immunofluorescence analysis showing depolymerization of cytoplasmic
microtubules after flagellar loss. Control cells and cells at 5 min after
deflagellation by pH shock were stained with anti-a-tubulin antibody to
visualize microtubules. Scale bars: 10 um. (C) Immunoblot analysis of free
tubulins and polymerized microtubules of cells during flagellar regeneration
in the presence or absence of CHX. Samples taken at the indicated times were
fractionated into soluble (S) and insoluble (P) fractions followed by
immunoblot analysis with anti-o-tubulin and anti-SksC antibodies.

(D) Immunofluorescence analysis of cytoplasmic microtubules after flagellar
regeneration in the presence or absence of CHX. Samples taken at 2 h after
pH shock were stained with anti-o-tubulin antibody to visualize cytoplasmic
microtubules. Scale bars: 10 pm.

changes during flagellar assembly of these RNAI strains. RNAi
strains mi-25 and mi-32 were deflagellated and allowed to
regenerate flagella. As shown in Fig. 3C, both RNAI strains did
not show increase of free tubulins after flagellar loss. By
immunostaining analysis, RNAi cells after flagellar loss
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Fig. 3. Cytoplasmic microtubules are not depolymerized in RNAI strains after
flagellar loss. (A) Knockdown of CrKin13 expression by RNAI. Cell samples were
analyzed by immunoblotting with antibodies against anti-CrKin13 and anti-CDPK4,
which was used as a loading control. (B) Flagellar regeneration in wild type (21gr)
and RNAI strains after deflagellation by pH shock. (C) Immunoblot analysis of free
tubulins and polymerized microtubules of RNAI strains before and after flagellar
loss. Cell samples before and after flagellar loss were fractionated and analyzed by
immunoblotting as above. (D) Immunofluorescence analysis of cytoplasmic
microtubules of RNAI strains before (control) and 5 min after flagellar loss induced
by pH shock. Samples were stained with anti-o-tubulin. Scale bar: 10 um.
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possessed long and dense microtubule arrays similar to control
cells (data from mi-32 is shown) (Fig. 3D). Thus, biochemical
and cell biological data support the view that CrKinl3 is the
effector that mediates depolymerization of cytoplasmic
microtubules during flagellar assembly.

Enrichment of CrKin13 in the flagella during rapid phase of
flagellar assembly

Our data above show that cytoplasmic microtubule dynamics
mediated by CrKinl3 provides free tubulins for flagellar
assembly. However, flagella themselves are dynamic structures
and axonemal microtubules also undergo dynamic changes
(Marshall and Rosenbaum, 2001; Song and Dentler, 2001).
During rapid phase of flagellar assembly, axonemal microtubule
dynamics must be coordinately regulated. In Tetrahymena,
katanin regulates microtubule dynamics both in the cytoplasm
and cilia, and cells lacking katanin assemble short cilia (Sharma
et al, 2007). Previously, we have shown that Crkinl3 is
predominantly localized in the cell body and barely detectable
in the flagella of steady state cells (Piao et al., 2009). Thus, we
examined possible dynamic association of CrKinl3 with the
flagella during flagellar assembly. Chlamydomonas cells were
deflagellated by pH shock and allowed to regenerate flagella.
Immunostaining analysis shows that cytoplasmic microtubules
were depolymerized during earlier stages of flagellar assembly,
and gradually recovered when flagellar assembly was complete
(Fig. 4A). CrKinl13 was barely detectable in the flagella of steady
state cells, as shown previously (Piao et al., 2009). However,
during rigorous phase of flagellar assembly at 15 and 30 min
after deflagellation, CrKinl3 was found to be enriched in the
flagella and decreased to normal level in fully assembled flagella
(Fig. 4A). Immunoblotting of isolated flagella with anti-CrKin13
and anti-o-tubulin antibodies confirmed this observation
(Fig. 4B). The enrichment of CrKinl3 in rapidly assembling

Fig. 4. Enrichment of CrKinl3 in the flagella during rapid
phase of flagellar assembly. (A) Cell samples were taken at the
indicated times during flagellar regeneration for immunostaining
with antibodies against a-tubulin (red) and CrKinl3 (green). Scale
bar: 10 um. (B) Flagella from cells regenerating flagella and steady
state cells were isolated and subjected to immunoblot analysis with
anti-CrKin13 and o-tubulin antibodies, respectively.
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flagella may mediate axonemal microtubule dynamics during
flagellar assembly.

Phosphorylation of CrKin13 partially inhibits its
microtubule depolymerization activity in vitro

CrKinl3 was phosphorylated during flagellar regeneration (Piao
et al., 2009). It has been shown that protein phosphorylation could
positively or negatively regulate activity of kinesin-13s (Ems-
McClung and Walczak, 2010; Jang et al., 2009). We next asked
whether phosphorylation of CrKinl3 regulated its activity. By
using rhodamine-labeled and taxol-stabilized microtubules and
visualization by immunofluorescence, it showed that CrKinl3
expressed from insect cells was an active enzyme and
depolymerized microtubules in concentration dependent manner
(supplementary material Fig. S3A). To determine the effects of
phosphorylation on CrKinl3 activity, we generated phosphorylated
CrKin13 by incubation with Chlamydomonas cell lysate because the
protein kinase(s) that are responsible for CrKinl13 phosphorylation
has not been identified (supplementary material Fig. S3B; Fig. 5A).
The molecular weight shift indicated phosphorylation of CrKinl3,
which was confirmed previously (Piao et al., 2009). Rhodamine-
labeled taxol-stabilized microtubules were incubated with equal
amount of pCrKinl13 (phosphorylated CrKin13) and CrKinl13, and
visualized by immunofluorescence (Lan et al., 2004) (Fig. 5B). The
degree of microtubule depolymerization was quantified by counting
the number of microtubules per microscope field (Fig. 5C). While
buffer alone had no apparent effect, CrKinl3 regardless of
phosphorylation depolymerized microtubules (Fig. 5B). However,
we observed phosphorylated CrKin13 possessed weaker activity as
evidenced by less microtubule numbers (Fig. SC). These data
suggest that phosphorylation partially inhibits microtubule
depolymerizing activity of CrKin13.

Phosphorylation of CrKin13 regulates its targeting to
microtubules

To learn more about the property of CrKinl13 regulated by protein
phosphorylation, we examined cellular locations of CrKinl3.
Phosphorylation of MCAK, a member of kinesin-13 family,
has been shown to regulate its targeting (Lan et al., 2004). We
tested whether phosphorylation of CrKinl3 might target it to
microtubules. After deflagellation, though most of the cytoplasmic
microtubules were depolymerized, sparse and shorter microtubules
still existed (Fig. 2B). We set out a cell fractionation assay to test
this hypothesis. To do this, control cells and deflagellated cells
were lysed and fractionated into soluble fractions (S) and insoluble
microtubule containing fractions (P). The samples were then
analyzed by SDS-PAGE and immunoblotting. Control protein
SksC was localized to the soluble fractions from control and
deflagellated cells (Fig. 6A). CrKinl3 was not phosphorylated in
control cells and localized to the soluble fraction. In contrast,
Crkin13 was phosphorylated in deflagellated cells and was solely
present in the insoluble fraction (Fig. 6A). Analysis of cell samples
taken at different stages of flagellar assembly when CrKinl3
underwent phosphorylation changes also showed that pCrKinl3
was localized to the insoluble fraction while CrKinl3 to the
soluble fraction (Fig. 6B).

We have used phosphorylation and dephosphorylation assay to
further show that phosphorylation was a key factor in targeting
CrKin13 to cytoplasmic microtubules. Control cells were lysed in
the presence of ATP to induce CrKinl3 phosphorylation. Cell
fractionation and immunoblotting showed that CrKinl3 was

A -+ ATP

+ ==y -« PCrKin13
B -~ «CiKin13

B Buffer CrKin13 pCrKin13

0 min

30 min

15 min

Number of MTs (per field)

Fig. 5. Phosphorylation inhibits CrKin13 activity in vitro.

(A) Immunoblotting showing that CrKinl3 expressed in insect cells was
induced to be phosphorylated by incubation with deflagellated cell lysate in
the presence of ATP. (B) Visualization of microtubule depolymerization by
CrKin13. Rhodamine-labeled, taxol-stabilized microtubules were incubated
with 1 uM phosphorylated or non-phosphorylated CrKinl13 for the indicated
times. Scale bar: 10 um. (C) Quantification of in vitro CrKinl3 activity. The
graph shows the number of microtubules per field for the 30 min time point in
B. Error bars: *s.d.

localized to the microtubule fractions when it became
phosphorylated (Fig. 6C). Reversely, when pCrKinl3 from the
deflagellated cell lysate became dephosphorylated by
phosphatase treatment, it changed its location from free soluble
fraction to insoluble fraction (Fig. 6D).

To further confirm that the localization of pCrKinl3 to the
insoluble fraction was due to association with microtubules,
cells were lysed under cold condition, which supposedly
depolymerizes most cytoplasmic microtubules except acetylated
rootlet microtubules (Holmes and Dutcher, 1989; LeDizet and
Piperno, 1986). Indeed, pCrKinl13 was localized in the soluble
fraction after microtubule depolymerization (Fig. 6E).

Phosphorylation at S100 of CrKin13 regulates its targeting
to microtubules

To learn the phosphorylation mechanisms of CrKinl3, we
determined the phosphorylated residues in pCrKinl3 by mass
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Fig. 6. Phosphorylation of CrKin13 regulates its targeting to cytoplasmic
microtubules in vivo. (A) Control (con) and deflagellated cells induced by
pH shock (pH) were fractionated into soluble (S) and insoluble (P) fractions
followed by immunoblot analysis with antibodies against CrKin13 and SksC.
(B) Cells during flagellar regeneration at the indicated time from flagellar loss
induced by pH shock were fractionated into soluble (S) and insoluble

(P) fractions followed by immunoblot analysis. (C) Control cells were lysed
in buffer and incubated for 30 min at room temperature in the presence or
absence of 1 mM ATP. Cell lysates were then fractionated into soluble

(S) and insoluble (P) fractions followed by immunoblot analysis. (D) Cell
lysates from deflagellated cells induced by pH shock were treated with or
without alkaline phosphatase and then fractionated into soluble (S) and
insoluble (P) fractions, which were subjected to immunoblot analysis.

(E) Control and deflagellated cells were first treated with cold to allow
microtubule depolymerization and then fractionated into soluble (S) and
insoluble (P) fractions followed by immunoblot analysis.
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spectrometry. Anti-MPM?2 antibody has been shown to recognize
and be able to immunoprecipitate pCrKinl3 (Piao et al., 2009).
pCrKinl3 was immunoprecipitated using anti-MPM2 antibody
conjugated beads from deflagellated cells. Immunoprecipitation
from control cells was used as control. The immunoprecipitates
from anti-MPM2 beads were analyzed on SDS-PAGE and
Coomassie Blue staining (Fig. 7A). The pCrKinl3 band
(arrow) was excised and digested by trypsin followed by mass
spectrometry analysis. Residues S100 and S522 were identified
to be phosphorylated while T469 was potentially phosphorylated
(supplementary material Fig. S4 and data not shown). S100 was
localized in the N-terminal domain while S522 in the C-terminal
domain (Fig. 7B).

We focused on whether phosphorylation would affect CrKin13
targeting to microtubules because phosphorylation was absolutely
required. First, we examined the role of S522 and T469
phosphorylations by making point mutations. HA-tagged CrKinl3
constructs with double mutation or not were expressed in
Chlamydomonas wild type cells, respectively. After deflagellation
induced by pH shock, double mutants CrKin13—-HA-T469A-S522A
still underwent gel-shift as control CrKin13—HA in an immunoblot
assay (Fig. 7C). Analysis by cell fractionation followed by
immunoblotting showed that these mutations did not affect its
association with microtubules either (Fig. 7D). SksC was used as
control. Thus, S522 and T469 phosphorylation was not responsible
for gel-shift associated phosphorylation of CrKin13 and not required
for CrKinl13 targeting as well.
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Fig. 7. Phosphorylation at S100 of CrKin13 is required for its targeting to cytoplasmic microtubules. (A) Immunoprecipitation of phosphorylated CrKin13
for mass spectrometry. Immunoprecipitates obtained by using anti-MPM?2 antibody from control and deflagellated cells were analyzed by SDS PAGE and
Coomassie Blue staining. The indicated band (arrowhead) was excised for identification of phosphorylation sites by mass spectrometry. (B) Diagram showing
domains and phosphorylation residues of CrKinl3 determined by mass spectrometry. N-, N-terminal domain; motor, motor domain; C-, C-terminal domain.
(C) Strains expressing CrKin13—HA and CrKin13-HA-T469A-S522A were deflagellated by pH shock (pH) or not (Con) followed by immunoblotting with anti-
HA antibody. (D) Control (Con) and pH-shock-treated cells expressing CrKin13-HA-T469A-S522A were fractionated into soluble (S) and insoluble (P) fractions
followed by immunoblot analysis with anti-HA and anti-SksC antibodies, respectively. (E) Immunoblot analysis of control (Con) and pH-shock-treated cells (pH)
expressing CrKinl3—-GFP or CrKinl13-GFP-S100A. Upper panels: analysis of GFP-tagged CrKinl3s with anti-GFP, anti-CrKin13, and anti-MPM2 antibodies.
Lower panels: analysis of endogenous CrKinl3 with anti-CrKin13 and anti-MPM2 antibodies. (F) Control (Con) and pH-shock-treated cells (pH) expressing
CrKin13-GFP or CrKin13—-GFP-S100A were fractionated into soluble (S) and insoluble (P) fractions followed by immunoblot analysis with anti-GFP and anti-

SksC antibodies, respectively.
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Next, we examined whether S100 phosphorylation was
responsible for gel-shift associated phosphorylation of CrKinl3
and required for targeting to microtubules. GFP-tagged CrKinl3
or CrKin13-S100A was expressed in Chlamydomonas. In strains
expressing CrKinl3—GFP, after deflagellation by pH shock,
endogenous CrKinl3 as well as CrKinl3—-GFP exhibited
phosphorylation rendered gel-shift as demonstrated by anti-GFP
and anti-CrKinl3 antibodies in immunoblot analysis (Fig. 7E).
Anti-MPM2 antibody identified the gel-shifted CrKinl3 and
CrKin13—-GFP as being phosphorylated. In strains expressing
CrKin13—-GFP-S100A, endogenous CrKinl3 as expected showed
gel-shift and was phosphorylated after flagellar loss as detected
by anti-CrKinl3 and anti-MPM2 antibodies. In contrast,
CrKin13-GFP-S100A did not undergo gel-shift and was not
recognized by anti-MPM2 antibody (Fig. 7E). These data suggest
that S100 is phosphorylated during deflagellation, and is also the
phosphorylated site recognized by anti-MPM2 antibody.

To determine whether S100 phosphorylation is required for
microtubule targeting of CrKinl3, Strains expressing CrKinl3—
GFP and CrKin13—-GFP-S100A were lysed, fractionated and the
location of tagged forms of CrKin13 was analyzed by SDS-PAGE
and immunoblotting. CrKin13—GFP became phosphorylated after
deflagellation, and localized to the insoluble fraction, whereas
CrKin13-GFP of control cells was not phosphorylated and
localized to the soluble fraction (Fig. 7F). In contrast, CrKin13—
GFP-S100A was not phosphorylated after deflagellation. As
expected, it was localized to the soluble fraction (Fig. 7F). Thus,
phosphorylation at S100 is essential for gel-shift associated
phosphorylation of CrKinl3 and required for microtubule
targeting of CrKinl13 during flagellar assembly.

Discussion

Cilia and flagella are microtubule based structures. The assembly
of cilia and flagella require not only protein synthesis but also
free flagellar precursors including tubulins in the cytoplasm. In
this study, we demonstrated that CrKinl3, a microtubule
depolymerizer, depolymerizes cytoplasmic microtubules to
provide free tubulins for flagellar assembly and protein
phosphorylation of CrKinl3 at residue S100 controls its
targeting to microtubules.

Cytoplasmic microtubules serve as a ‘cytoplasmic pool’
for tubulin precursors during flagellar regeneration

After amputation of cilia and flagella, cells quickly reassemble
them, which have been demonstrated in several model systems
including sea urchin embryo (Auclair and Siegel, 1966),
Tetrahymena (Rosenbaum and Carlson, 1969), Chlamydomonas
(Rosenbaum et al.,, 1969) and several protozoan flagellates
(Rosenbaum and Child, 1967). Subsequent studies showed that
the cells possess large quantities of flagellar precursors that can
be used for flagellar assembly (reviewed by Lefebvre and
Rosenbaum, 1986). Tubulin is the major component of cilia and
flagella. In sea urchin embryo, large quantities of tubulin along
with other flagellar precursors are present that are sufficient for
cilia assembly in the absence of protein synthesis (Raff et al.,
1971; Stephens, 1977). Studies in Tetrahymena show that
synthesis of tubulin only starts when cells regain cilia-based
motility (Guttman and Gorovsky, 1979). In Chlamydomonas,
cells reassemble half-length of flagella after flagellar amputation
in the absence of protein synthesis, indicating tubulins for
assembly of axonemal microtubules come from cytoplasmic pool

(Rosenbaum et al., 1969). We show that prior to flagellar
regeneration cytoplasmic microtubules were depolymerized as
evidenced by biochemical and cytological data, and taxol, which
stabilizes microtubules, impaired flagellar regeneration and
flagellar elongation. Furthermore, in the absence of protein
synthesis Taxol almost blocked flagellar regeneration. These data
suggest that depolymerization of cytoplasmic microtubules
provide tubulin precursors for flagellar assembly. This finding
is consistent with results from mammalian cells. Taxol treatment
reduces cilia length of ciliated cells, and inhibits assembly of new
cilia, whereas nocodazole treatment increases cilia length.
Furthermore, changes of actin dynamics by pharmacological
drugs induce cilia elongation with concomitant increase of free
tubulins (Sharma et al., 2011).

Free tubulins in the cytoplasm are delivered to the flagellar tip
for assembly (Johnson and Rosenbaum, 1992; Marshall and
Rosenbaum, 2001). In C. elegans, axoneme-specific tubulin
isotypes are transported to cilia for assembly (Hao et al., 2011).
In Chlamydomonas, two pairs of o- and B-tubulin genes exist,
and each pair produces almost identical proteins, indicating that
the same tubulin dimmer is used for both cytoplasmic and
axonemal microtubules (Silflow et al., 1985; Youngblom et al.,
1984). Flagellar length control has been explained by the balance
point model, where IFT mediated flagellar assembly by
delivering flagellar precursors to the flagellar tip balances with
disassembly (Marshall and Rosenbaum, 2001). The cytoplasmic
pool of tubulins may not be the limiting factor for flagellar length
because steady state cells possess extra tubulins that are sufficient
for assembly half-length of flagella (Rosenbaum and Carlson,
1969). Interestingly, tektin, a non-tubulin flagellar protein, has
been found to be synthesized de novo during cilia regeneration in
sea urchin, and proposed to be a limiting component of the
cytoplasmic pool for cilia regeneration and cilia length
(Norrander et al., 1995).

CrKin13 acts as an effector to regulate cytoplasmic
microtubule depolymerization during flagellar regeneration
In vitro assay shows that CrKinl3 is an active microtubule
depolymerizer. CrKinl3 RNAi strains were defective in
depolymerization of cytoplasmic microtubules. And in the
absence of protein synthesis, depletion of CrKinl3 by RNAI
blocked flagellar assembly, suggesting that depolymerization of
cytoplasmic microtubule mediated by CrKinl3 provides tubulins
for assembly of axonemal microtubules. Recent studies show that
kinesin-13s play a role in flagellar length control. In Leishmania,
overexpression of LmjKIN3-2 results in shorter flagella, whereas
its knockdown produces longer flagella (Blaineau et al., 2007).
Ectopic expression of an inactive kinesin-13 mutant in Giardia
causes longer flagella (Dawson et al., 2007). These data,
collectively with our finding, indicate that kinesin-13 plays a
conserved role in flagellar assembly and length control. However,
the fact that knockdown of CrKinl3 induces shorter flagella in
Chlamydomonas suggests that the regulation of microtubule
dynamics by kinesin-13s in flagellar control is diversified. The
distinct functions of CrKinl3 and LmjKIN3-2 may be attributed
to specific localization of these molecules. LmjKIN3-2 is
exclusively localized to the flagella in Leishmania (Blaineau
et al., 2007) whereas CrKinl3 is predominantly localized to the
cell body (Piao et al., 2009). In Giardia, treatments with taxol
and nocodazole induce flagellar length changes (Dawson et al.,
2007), however, no effects were found in Chlamydomonas.
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Regulation of CrKin13 by protein phosphorylation

We showed that CrKinl3 was phosphorylated during
depolymerization ~ of  cytoplasmic  microtubules.  And
phosphorylation of CrKinl3 partially inhibited its activity and
was absolutely required for its targeting to microtubules. The
regulation of activity and location by protein phosphorylation has
been shown in other members of kinesin-13 family (Ems-
McClung and Walczak, 2010). The centromeric MCAK is
required for microtubule dynamics to control chromosome
congression and segregation (Maney et al., 2001; Walczak
et al.,, 2002). Protein phosphorylation of MCAK by aurora B
inhibits its activity and targets it to centromere (Lan et al., 2004).
It has been proposed that phosphorylation induces its targeting to
centromere and dephosphorylation whereon activates its activity
to control microtubule dynamics. CrKinl3 may be regulated in
similar manner. We propose that the location control of CrKin13
prevents active CrKinl3 from depolymerizing cytoplasmic
microtubules in steady state cells. During flagellar regeneration,
CrKin13 becomes phosphorylated and targeted to microtubules to
exert its activity through unknown dephosphorylation process,
thus providing delicate control of microtubule dynamics. Protein
kinases that phosphorylate kinesin-13s include aurora A, aurora
B and Plk1 (Hood et al., 2012; Jang et al., 2009; Lan et al., 2004).
The kinase that phosphorylates CrKinl3 is unknown. One
candidate is the aurora-like kinase CALK which undergoes
protein phosphorylation during flagellar assembly (Pan et al.,
2004). We are currently exploring this possibility.

Materials and Methods

Strains and special chemicals

Chlamydomonas reinhardtii strains 21gr (mt+) (CC-1690) is available from the
Chlamydomonas Genetics Center, University of Minnesota. Cycloheximide
(CHX), taxol, nocodazole and ATP-Mg (Sigma, St. Louis, MO) were used at
concentrations indicated in the text.

Cell culture, deflagellation, flagellar regeneration, flagellar isolation and
flagellar length measurements

Growing of vegetative cells is described elsewhere (Piao et al., 2009). Briefly,
vegetative cells grown in liquid M medium were cultured at 23°C with aeration
under 14:10 h light—dark cycle. Deflagellation by pH shock, flagellar isolation,
flagellar regeneration and flagellar length measurement are essentially as described
previously (Luo et al., 2011). Briefly, cells were deflagellated by pH shock and
allowed for flagellar regeneration. Control cells and cells during flagellar
regeneration were fixed with 1% glutaraldehyde and imaged by differential
interference contrast microscopy with a 40x objective lens on a Zeiss Axio
Observer Z1 microscope (Carl Zeiss, Germany) equipped with a camera
(QuantEM 512SC, Photometrics, USA). Flagellar length was measured by using
ImageJ (NIH, USA) and calibrated with a micrometer. For each time point, flagella
from at least 50 cells were measured. Flagellar length was graphed using GraphPad
Prism 5.01 (GraphPad, USA).

Nucleic acid manipulations, RNAi design and Chlamydomonas
transformations

General molecular protocols were used for nucleic acid manipulations and all the
constructs were confirmed by sequencing. To express HA-tagged CrKinl3 and
CrKin13-T469A-S522A, and GFP-tagged CrKinl3 and CrKinl3-S100A in
Chlamydomonas, genomic DNA sequences with endogenous promoter were
used to make the constructs. HA and GFP tags were at the C terminus of CrKinl13.
For antibiotic selection of Chlamydomonas transformants, an expression cassette
of the paromomycin-resistance gene aphVIII from plasmid pIS103 (Sizova et al.,
2001) was cloned into the above constructs. An electroporation method was used
to transform the above constructs and microRNA constructs (below) into
Chlamydomonas (Shimogawara et al., 1998). Positive transformants were
selected by immunoblotting with anti-HA antibody or anti-GFP antibody,
respectively.

The RNAI strains generated by using hairpin DNA sequences were obtained
from previous work (Piao et al., 2009). To design microRNA constructs to
suppress CrKinl3 expression, the procedures from WMD3 [Web MicroRNA
Designer (Web MicroRNA Designer (http://wmd3.weigelworld.org)] were
followed. The target sequence (TTTAGCCTTGAATGTGTCCAT) at 3’ coding

sequence of CrKinl3 was selected for insertion into the Spel site of the artificial
MicroRNA vector pChlamiRNA3int. The 90 bp oligonucleotides were as follows:
amiFor_CrKin13-2 ctagtATGGACACATTCAAGGGTAAAtctcgetgatcggeaccatg-
ggggtggtggtgatcagegctaTTTAGCCTTGAATGTGTCCATg; and amiRev_CrKinl3-2
ctagc ATGGACACATTCAAGGCTAAAtagegetgatcaccaccacceecatggtgecgatcage-
2agaTTTACCCTTGAATGTGTCCATa. The microRNA construct pChlamiRNA3
int-CrKin13-2 was linearized with Dral and was transformed by electroporation
into Chlamydomonas. The transformants were screened by immunoblotting with
anti-CrKin13 antibody.

Expression of CrKin13 in insect cells

Baculovirus expression system was used for expression of CrKinl3 in Sf-9 insect
cells. CrKinl3 ¢cDNA was amplified by PCR with flanking BamHI and Sall sites.
The fragment was cloned into modified pFastBac™1 (Invitrogen, USA) vector
with 6xHis tag. His-tagged CrKinl3 was purified on a HisTrap HP column
followed by ion-exchange column HiTrap SP and gel filtration column
Superdex200 10/300 GL (GE, USA). The protein was eluted in 1x BRB80
buffer (80 mM PIPES, 1 mM MgCl,, 1 mM EGTA, pH 6.8 adjusted with KOH)
containing 1 mM DTT, 10 uM ATP-Mg. Sucrose was added to 10% and the
samples 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).

Assay of microtubule depolymerization activity

Microtubule polymerization was performed according to previously published
method (Li et al., 2011). Briefly, tubulin proteins purified from porcine brain were
clarified by ultra-centrifugation in TLA100 rotor of table-top ultracentrifuge
(Beckman, USA) at 100,000xg for 10 min at 2°C. For polymerization of
microtubules, NHS-rhodamine-labeled tubulins were first incubated at 37°C for 1—
2 min, followed by stepwise addition of taxol. The protein concentration of the
taxol-stabilized microtubules was determined by Protein Assay Dye Reagent
Concentrate (Bio-Rad, USA) and a final concentration of 20 pM was adjusted with
BRB80 containing 1 mM DTT and 20 uM taxol.

To prepare phosphorylated CrKinl3, purified CrKinl3 was incubated with
deflagellated cell lysate in the presence of 1 mM ATP. Deflagellated cells were
lysed in HMDEK buffer (20 mM HEPES, pH 7.2, 5 mM MgCl,, | mM DTT,
1 mM EDTA, 25 pg/ml ALLN [Roche, USA], EDTA-free protease inhibitor
cocktail [Roche]). Different amounts (0-8 pg) of clear cell lysates resulted from
centrifugation at 14,000 rpm for 5 min at 4°C were mixed with 8 pg CrKinl3 in a
final volume of 10 pl in the presence of 1 mM ATP, and incubated at 30°C for
30 min.

For the fluorescence microtubule assays, CrKinl3 or pCrKinl3 was incubated
with polymerized microtubules in BRB80 buffer containing 1 mM ATP at room
temperature. The samples above were viewed and acquired by Zeiss 510 META
Confocal Laser Microscope and images were analyzed with Photoshop (Adobe,
USA).

Cell fractionation for free tubulins and microtubules

For determination of free tubulins and intact microtubule from cells, a
modification of previously published method was used (Loktev et al., 2008).
1 ml of cells with 5x10° cells/ml was collected by centrifugation at 6000 rpm for
1 min at room temperature. The cell pellet was resuspended in 25 ul TMMET
buffer (20 mM Tris-HCI, pH 6.8, 0.14 M NaCl, 1 mM MgCl,, 2 mM EGTA,
4 ug/ml Taxol, 0.5% NP40) with pipetting for 2—-5 min, followed by centrifugation
at 14,000 rpm for 10 min at room temperature. Equal proportions of the
supernatant and the pellet were boiled in 1x SDS sample buffer followed by
SDS-PAGE and immunoblot analysis.

Immunoprecipitation

To immunoprecipitate CrKinl3 for mass-spectrometry analysis, 2x10%
deflagellated or control cells were lysed with buffer A (20 mM HEPES, pH 7.2,
5 mM MgCl,, 1 mM DTT, 1 mM EDTA, 20 mM B-glycerol phosphate, 10 mM
NaF, 0.1 mM Na3VOy,, 150 mM NaCl, 5% glycerol, EDTA-free protease inhibitor
cocktail and 25 pg/ml ALLN). The clear cell lysates after centrifugation were first
cleared by protein A beads followed by addition of 50 ul mouse anti-MPM2
conjugated beads (Upstate, USA) and incubation in ice with shaking for 2 h. After
washing four times with buffer A containing 0.1% NP40 and 0.1% Triton X-100
and one time with Tris buffer (10 mM Tris, pH 7.5), the beads were boiled in 1x
SDS sample buffer for 5 min, and analyzed by SDS-PAGE followed by Coomassie
Blue staining. The protein band was subject to mass spectrometry analysis.

SDS-PAGE and immunoblotting

SDS-PAGE and immunoblotting were essentially as described previously (Piao
et al., 2009). Cell or protein samples were dissolved in buffer A, and boiled in 1x
SDS sample buffer for 5 min and analyzed by SDS-PAGE and immunoblotting.
For phosphatase treatment of phosphorylated CrKin13, alkaline phosphatase (New
England Biolabs, USA) was used (Piao et al., 2009). The antibodies used for
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immunoblotting are as follows: rabbit anti-CrKin13 (1:3000) (Piao et al., 2009),
anti-SksC (1:2000) (kindly provided by Dr William Snell), anti-CDPK4 (1:5000),
mouse anti-MPM2 (1:3000) (Millipore, USA), anti-GFP (1:3000) (Abmart, China),
anti-o-tubulin  (1:5000) (Sigma, USA), and rat anti-HA (1:1000) (Roche,
Switzerland). Densitometry of immunoblot was analyzed with TotalLab-
Software (Nonlinear Dynamics Ltd, UK).

Immuofluorescence microscopy

Cells in M medium were collected by centrifugation, resuspended in MT buffer
(30 mM HEPES [pH 7.2], 3 mM EGTA, 1 mM MgS04, 25 mM KCl), fixed for
5 min at room temperature in MT buffer containing 4% paraformaldehyde. The
fixed cells were resuspended in MT buffer with 0.5% NP40 for 2 min at room
temperature. The samples were further extracted in 100% methanol for 5-10 min at
—20°C. The samples were then processed following previously published method
(Piao et al., 2009). Primary antibodies were anti-o-tubulin (1:100) and anti-CrKin13
(1:50) and secondary antibodies Texas Red goat anti-mouse IgG (1:400) and Alexa
Fluor 488 goat anti-rabbit IgG (1:400) (Molecular Probes). Samples were imaged on
a Zeiss710 META Observer Z1 Confocal Laser Microscope (Zeiss, Germany).
Images were acquired and processed by ZEN 2009 Light Edition software and
Photoshop, and assembled in Adobe Illustrator (Adobe, USA).

Analysis of phosphorylation sites by mass spectrometry

The immunoprecipitated pCrKinl13 was analyzed on SDS-PAGE and stained with
Coomassie Blue. The gel band was excised from the gel, reduced with 10 mM
DTT and alkylated with 55 mM iodoacetamide, and digested with trypsin
(Promega, Fitchburg, WI) in 50 mM ammonium bicarbonate at 37°C overnight.
The peptides were extracted twice with 1% trifluoroacetic acid in 50% acetonitrile
aqueous solution for 30 min. The extractions were then centrifuged in a speedvac
to reduce the volume. For LC-MS/MS analysis, the digestion product was
separated by a 65 min gradient elution at a flow rate 0.25 pl/min with the EASY-
nLCIT™ integrated nano-HPLC system (Proxeon, Denmark), which is directly
interfaced with the Thermo LTQ-Orbit trap mass spectrometer (Thermo, USA).
The MS/MS spectra from each LC-MS/MS run were searched against the selected
database using an in-house Mascot or Proteome Discovery searching algorithm.
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