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Kinesin-13, a Motor Protein, is Regulated by Polo-like
Kinase in Giardia lamblia
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Abstract: Kinesin-13 (Kin-13), a depolymerizer of microtubule (MT), has been known to affect the length of Giardia. Giar-
dia Kin-13 (GIKin-13) was localized to axoneme, flagellar tips, and centrosomes, where phosphorylated forms of Giardia
polo-like kinase (GIPLK) were distributed. We observed the interaction between GIKin-13 and GIPLK via co-immunopre-
cipitation using transgenic Giardia cells expressing Myc-tagged GIKin-13, hemagglutinin-tagged GIPLK, and in vitro-syn-
thesized GIKin-13 and GIPLK proteins. In vitro-synthesized GIPLK was demonstrated to auto-phosphorylate and phos-
phorylate GIKin-13 upon incubation with [y-**P]JATP. Morpholino-mediated depletion of both GIKin-13 and GIPLK caused
an extension of flagella and a decreased volume of median bodies in Giardia trophozoites. Our results suggest that GIPLK
plays a pertinent role in formation of flagella and median bodies by modulating MT depolymerizing activity of GIKin-13.
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INTRODUCTION

Giardia lamblia, a pathogen causing gastrointestinal diseases
in humans [1], is a unicellular organism with a polarity in
which 2 nuclei, an adhesive disc, a median body, and 4 pairs
of flagella are present in specific intracellular positions [2].
Correct positioning of these organelles is a critical step in cell
division of G. lamblia in which microtubules (MTs) play an
important role like other eukaryotic cells [3]. The growth and
shrinkage of MTs should be finely modulated according to the
phases of Giardia cell cycle.

Polymerization of MTs is mediated by MT-associated pro-
teins called plus-end tracking proteins (+TIPs) that preferen-
tially bind to the growing ends of polymerized MTs [4]. A +TIP
studied in Giardia was G. lamblia end binding 1 (GIEB1) pro-
tein, which was found in the flagellar tips, median bodies, mi-
totic spindles, and nuclear membranes [5-7]. The function of
GIEB1 in cell division was indirectly shown by the comple-
mentation assay using a microtubule-binding protein (BIM1)
mutant of Saccharomyces cerevisiae [6], and also by anti-gleb1
morpholino-mediated knockdown [7]. Through direct interac-
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tion with y-tubulin, GIEB1 affects the MT nucleation activity
of the y-tubulin small complex (y-TuSC), leading to defects in
cytokinesis and flagella formation of G. lamblia [8]. In vitro-as-
says showed that GIEB1 exhibited MT binding activity in its
dimeric form |7]. Interestingly, GIEB1 function during Giardia
cell division is regulated by phosphorylation of the threonine
#148 in GIEB1, which is mediated by G. lamblia aurora kinase
(GIAK) [9].

In mammals, the activity of +TIPs is finely modulated by
post-translational modifications; i.e., especially phosphoryla-
tion by aurora kinase (AK), polo-like kinase (PLK), and cyclin-
dependent kinase (CDK). AK-mediated phosphorylation of
highly expressed in cancer protein 1 (Hecl), a member of Nu-
clear division cycle 80 (Ndc80) complex at kinetochores, re-
sults in changes in affinity toward MTs [10]. Phosphorylation
of cytoplasmic linker protein (CLIP)-170 and CLIP-associating
proteins 2 by CDK1 recruits PLK1 to kinetochore, and PLK1-
mediated phosphorylation of these +TIPs enhances CDK1 ac-
tivity resulting in more stable kinetochore-MT attachment [11].
Phosphorylation of mitotic centromere-associated kinesin
(MCAK) by AK causes in negative regulation of MT plus-end
dynamic [12,13].

In G. lamblia, the role of GIAK in cytokinesis and flagella for-
mation has been demonstrated using AK-specific inhibitors
[9,14]. Of the G. lamblia CDKs [GICDK1 (Accession no. XP_00
1704058.1; GL50803_8037) and GICDK2 (Accession no. XP_00
1709931.1; GL50803_16802)], GICDK1 forms a complex with
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G. lamblia cyclin 3977 (Accession no. KWX12927.1; GL50803_
3977), which shows kinase activity toward histone H1 [15]. On
the other hand, GICDK2 phosphorylates G. lamblia Myb2, a
master transcription factor of encystation in G. lamblia [16]. A
single GIPLK (Accession no. ESU43708.1; GL50803_104150)
was demonstrated to play a role in cytokinesis and flagella
biogenesis in studies using PLK inhibitors and morpholino-
mediated knockdown [17]. The phosphorylated form of Gl-
PLK was found in the basal bodies, cytoplasmic portion of an-
terior flagella, median bodies, and flagella tips in interphase
cells whereas it was present at the mitotic spindles in dividing
cells.

A major protein responsible for MT depolymerization is Ki-
nesin-13, a non-progressive kinesin motor protein exists at
both plus and minus ends of MTs [18]. A group of kinesin-13
proteins has an important role in specific events during mito-
sis, such as kinetochore-MT attachment. The other group func-
tions in non-mitotic processes including flagella formation. A
single GIKin-13 (Accession no. DQ395239; GL50803_16945)
is present in Giardia database, which is co-localized with
GIEB1 in Giardia trophozoites [5]. Ectopic expression of domi-
nant-negative mutant GIKin-13 resulted in extension of flagel-
la and decreased volume of median bodies at interphase, and
defective mitotic spindles during cell division. Knockdown of
glkin-13 via CRISPR interference in Giardia cells confirmed the
role of GIKin-13 as a MT depolymerase [19]. GIKin-13 is pres-
ent at the same positions with phosphorylated form of GIPLK
during interphase, which included flagella tips, median bod-
ies, and cytoplasmic anterior axoneme [5,17]. In this study, we
constructed transgenic Giardia trophozoites expressing hemag-
glutinin (HA)-tagged GIPLK and Myc-tagged GlKin-13. Inter-
action between GIPLK and GlKin-13 during flagella and medi-
an body formation was investigated to uncover the linking re-
lationship between these 2 proteins in G. lamblia.

MATERIALS AND METHODS

Giardia lamblia cultivation

G. lamblia trophozoites (Strain WB, ATCC30957) (American
Type Culture Collection, Manassas, Virgina, USA) were main-
tained in modified TYI-S33 medium (2% casein digest, 1%
yeast extract, 1% glucose, 0.2% NaCl, 0.2% L-cysteine, 0.02%
ascorbic acid, 0.2% K,HPO,, and 0.06% KH,PO,, pH 7.1)
supplemented with 10% heat-inactivated calf serum (Sigma-
Aldrich, St. Louis, Missouri, USA) and 0.5 mg/ml bovine bile

at 37°C [20]. The Giardia transfectants were grown in TYI-S-33
medium containing appropriate antibiotics at the following
concentrations (50 pg/ml puromycin and 600 pig/ml G418).

Antibody production

A 2,142 bp-long glkin-13 DNA fragment was amplified by
PCR using the primers, 1Kin-13-F and rKin-13-R (Supplementary
Table S1), then cloned into the EcoRI/Notl sites of pET21b (No-
vagen, Madison, Wisconsin, USA) to produce pET-GIKin-13.
Histidine-tagged GIKin-13 was induced in Escherichia coli BL21
(DE3) by adding 1 mM isopropyl-B-D-thioglactopyranoside at
37°C. The resulting recombinant proteins were excised from the
SDS-PAGE gels and used to immunize Sprague-Dawley rats (2
weeks old, female, as previously described) [21]. All animal ex-
periments were approved by the institutional guidelines and the
legal requirements (IACUC 2017-0015; approval number: 2012-
0264-1).

Western blot analysis

Cell extracts prepared from each experimental Giardia (cells
without any plasmid, and cells carrying the HA-tagged GIPLK
expression plasmid and Myc-tagged GIKin-13 expression plas-
mid) were separated by 6% SDS-PAGE under reducing condi-
tion and transferred to a polyvinylidene fluoride membrane
(Millipore, Burlington, Massachusetts, USA). The blots were
incubated with rat anti-GlKin-13 (1:1,000 dilution), mouse
monoclonal anti-HA (1:1,000 dilution; Sigma-Aldrich), or
mouse monoclonal anti-Myc (1:1,000 dilution; Santa Cruz
Biotechnology, Dallas, Texas, USA) antibodies in Tris-buffered
saline (TBST; 50 mM Tris-HCI) supplemented with 5% skim
milk and 0.05% Tween 20) at 4°C overnight. The membranes
were further incubated with horseradish peroxidase-conjugat-
ed host-specific antibodies. The immunoreactive bands were
visualized with an enhanced chemiluminescence system
(Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Membranes probed with polyclonal rat antibodies against pro-
tein disulfide isomerase 1 (PDI1; Accession no. U64730.2;
GL50803_29487) of G. lamblia (1:10,000 dilution) were used
as loading controls [22].

Immunocytochemistry

Giardia cells were applied to the poly-L-lysine coated glass
slides for 10 min, fixed in ice-cold methanol at -20°C for 10
min, and permeabilized with phosphate buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM
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KH,PO4, pH 7.4) with 0.5% Triton X-100 for 10 min. After
blocking for 1 h in PBS/5% goat serum/3% bovine serum al-
bumin, the cells were incubated with 1:100 diluted anti-
GIKin-13 antibodies or anti-phosphorylated PLK (ab39068;
Abcam, Cambridge, Massachusetts, USA) overnight at 4°C, and
subsequently incubated with 1:200 diluted Alexa Fluor 555-
conjugated goat anti-rat IgG (Thermo Fisher Scientific). The
slides were counterstained with diamidino-2-phenylindole
(DAPT) and observed using an inverted confocal laser scan-
ning microscope (LSM700; Carl Zeiss, Oberkochen, Germa-

ny).

Construction of G. lamblia expressing HA epitope-tagged
GIPLK and Myc epitope-tagged GIKin-13 proteins

A 2,184 bp-long DNA fragment encompassing the promot-
er region (150 bp) and open reading frame of the glplk gene
was amplified from Giardia genomic DNA by PCR using Pplk-
F and PLK-R (Supplementary Table S1). The resulting DNA
fragment was cloned into the Notl and Xhol sites of pKS-3HA.
neo [23] to obtain pGIPLK-HA.neo. A 2,292 bp-long DNA
fragment encoding glkin-13 was amplified using the primers
Pkin-13-F and Kin-13-R and cloned into the Notl and Clal
sites of pKS-3Myc.pac [23] to generate pGlKin-13-Myc.pac. Ex-
pression fidelity of these constructs was verified by DNA se-
quencing,

Transfection

Twenty micrograms of pGIPLK-HA.neo were transfected
into 1x 107 Giardia trophozoites by electroporation under the
following conditions: 350 V, 1,000 pE and 700 Q (Bio-Rad,
Hercules, California, USA). Transfectants were initially selected
in TYI-S-33 medium containing G418 at 150 pg/ml, after
which G418 concentrations were increased to 600 ug/ml. The
expression of HA-tagged GIPLK was examined by Western
blotting. Giardia trophozoites carrying pKS-3HA.neo were in-
cluded as a control. Fach of 5 sets of transfections were per-
formed and 3 of which were examined for the expression of
HA-tagged GIPLK.

A plasmid expressing Myc-epitope tagged GIKin-13 was also
transfected into Giardia trophozoites, as described above.
Transfectants were selected in TYI-S-33 medium containing 10
pg/ml puromycin, and the concentrations were increased to
50 pg/ml. Expression of Myc-tagged GIKin-13 was examined
by Western blotting probed with anti-Myc antibodies.

Co-immunoprecipitation

Giardia cells carrying pGIPLK-HA.neo and pGlKin-13-Myc.
pac were harvested, washed 3 times with ice-cold PBS, and
lysed with lysis buffer (10 mM Tris-Cl, 5 mM EDTA, 130 mM
NaCl, and 1% Triton X-100, pH 7.4) containing protease in-
hibitor cocktail (GenDEPOT, Katy, Taxas, USA). Lysates pre-
cleared using Protein A/G Agarose (Thermo Fisher Scientific)
for 1 h at 4°C were incubated with monoclonal mouse anti-
HA agarose beads (Sigma-Aldrich) or monoclonal mouse anti-
Myc antibodies (Clontech, Mountain View, California, USA)
at 4°C overnight. Beads were washed with immunoprecipita-
tion washing buffer (50 mM Tris-Cl, 150 mM NaCl, and 1%
Triton X-100, pH 7.4) and resuspended in 2 x SDS sample buf-
fer. The samples were analyzed by Western blotting using anti-
HA or anti-Myc antibodies.

In vitro-transcription/translation of GIPLK and GIKin-13
proteins

A 2,037 bp-long DNA fragment of the glplk gene was ampli-
fied from Giardia genomic DNA by PCR using 2 primers, PLK-
GBK-F and PLK-GBK-R (Supplementary Table S1) and cloned
into the EcoRI and Notl sites of pGBK (Clontech) to obtain
pGBK-PLK. A 2,142 bp-long DNA fragment encoding
GIKin-13 was amplified using the primers, Kin13-GAD-F and
Kin13-GAD-R, subsequently cloned into the EcoRI and Xhol
sites of pGAD (Clontech) to generate pGAD-GIKin-13. The
nucleotide sequences of these constructs were verified by DNA.

The TNT T7 Coupled Reticulocyte Lysate System (Promega,
Madison, WI, USA) was used for the in vitro-synthesis of Myc-
tagged GIPLK and HA-tagged GIKin-13. The DNA templates
(0.5 pg each) were incubated with the transcription/transla-
tion mixture in 50 pl volume at 30°C for 90 min. The synthe-
sized protein products were analyzed by 6% SDS-PAGE and
visualized by Western blotting probed with anti-HA or anti-
Myc antibodies.

Kinase assay

GIPLK and GIKin-13 were resuspended in 20 pl kinase buf-
fer (50 mM Tris-HCI, 10% glycerol, 5 mM MgCl,, 150 mM
NaCl, 50 mM KCl, and 1 mM DTT, pH 8.0). The kinase assays
were performed in the presence of 2.5 pCi [y-**P] ATP (3,000
Ci/mmol; BMS, Lawrence, New Jersey, USA). The kinase reac-
tions were processed for 30 min at 30°C, after which by the ad-
dition of SDS loading buffer. Samples were then subjected to
6% SDS-PAGE, dried, and autoradiographed.
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Morpholino-mediated knockdown

The expression of GIPLK and GIKin-13 was knocked down
using morpholinos [24]. Specific morpholinos for GIPLK and
GIKin-13 were designed from Gene Tools (Philomath, Ore-
gon, USA) and their sequences are listed in Supplementary Ta-
ble S1. Nonspecific oligomers were used as control morpholi-
no. Cells (5x 10 in 0.3 ml medium) were treated with the ly-
ophilized morpholino at a final concentration of 100 nM. Af-
ter electroporation, the cells were grown for various time-
points up to 15 h and analyzed for GIPLK or GIKin-13 inhibi-
tion by Western blotting using anti-HA or anti-Myc antibodies.
The cells at 15 h post-transfection were analyzed for flagella
length and median body volume. Transfection was performed
at least 5 times, and the data presented were derived from 3
independent experiments.

Determination of flagella length

Giardia trophozoites (1x 10° cells/ml) treated with control
or anti-glplk/anti-glkin-13 morpholinos were stained with Gi-
emsa. The cells were attached to slides, air-dried, and fixed in
ice-cold 100% methanol for 10 min at 4°C. They were then
stained with 10% Giemsa solution for 40 min and washed
with distilled water. The cells were observed under an Axiovert
200 microscope, and their differential interference contrast im-
ages were analyzed using FIJI [25]. The membrane-bound re-
gions of the 4 types of flagella were measured using the line
freehand tracing mode in Image]J software (http://imagej.nih.
gov/ij/). The flagella length was analyzed with 40 cells per ex-
periment. Data are presented as the mean + standard deviation
(SD) of 3 independent experiments.

Determination of median body volume of tubulin-labeled
cells

Giardia cells treated with control or anti-glkin-13/anti-glplk
morpholino were attached onto the glass slides, air-dried, and
fixed with 100% methanol for 10 min. To measure the volume
of the median bodies, the morpholino-treated cells were la-
beled with the monoclonal antibodies against a-tubulin (1:
600 dilution; Sigma-Aldrich), followed by a reaction with Al-
exaFlour 488-conjugated ant-mouse IgG (1:200 dilution; Mo-
lecular Probes, Eugene, Oregon, USA). The immunofluores-
cence procedure was same as described above. Samples were
observed with an LSM710 laser scanning confocal microscope
(Carl Zeiss), and serial sections were acquired at 0.3 pm inter-
vals. For the measurement of median body volume, image

analysis was performed using Imaris (Bitplane, South Wind-
sor, Colorado, USA).

Statistical analysis

Data are presented as the meane + SD of 3 independent experi-
ments. Statistical analyses for pairwise comparisons were per-
formed using Student’s t-test. Differences with P-values >0.05
were considered statistically significant. *P>0.05; **P>0.01.

RESULTS

Localization of GIKin-13 in Giardia trophozoite cytoskeletal
structures

To define the structures of G. lamblia localized by GlKin-13,
antibodies targeted to recombinant GIKin-13 were generated.
When Giardia extract was probed with these antibodies, a 78
kDa band of GIKin-13 protein was specifically recognized (Fig.
1A).

[FAs of Giardia trophozoites using these antibodies demon-
strated labeling of basal bodies, and MT-containing structures
such as axonemes and median body (Fig. 1B). In addition, red
fluorescent spots were present at the ends of all 8 flagella tips.

Localization of phosphorylated GIPLK in Giardia
trophozoites

To determine localization of phosphorylated form of GI-
PLK, Giardia trophozoites were incubated with antibodies spe-
cific to phosphorylated PLK. As shown in Fig. 1C, IFA of inter-
phase cells showed strong fluorescence at cytoplasmic axo-
nemes of anterior flagella, flagellar tips, and median bodies.
Basal bodies were also positively stained.

Interaction between GIKin-13 and GIPLK

The activity of Kin-13 orthologues is known to be modulat-
ed according to its phosphorylation status by kinases [26]. The
similar localization pattern of GIPLK and GIKin-13 led us to
examine a possibility that GIPLK is responsible for modula-
tion of GIKin-13 activity. Most of all, the plasmid expressing
GIPLK was transfected into Giardia trophozoites, after which
the cells were double transfected with another plasmid ex-
pressing GIKin-13. Expression of these 2 proteins was evi-
denced by Western blotting, while Giardia cells carrying empty
vectors did not demonstrate any immunoreactive signal (Fig.
2A).

Extracts were prepared from the Giardia cells expressing co-
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GIKin-13
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Fig. 1. Expression and localization of GIKin-13 and GIPLK in G.
lambilia. (A) Western blotting to examine the specifficity of anti-
GIKin-13 antibodies. Extracts prepared from G. lamblia trophozo-
ites, were incubated with rat anti-GIKin-13 antibodies. (B) An im-
munofluorescence assay showing localization of GIKin-13 in Giar-
dia trophozoites. The cells were reacted with rat anti-GIKin-13
antibodies, and then Alexa Fluor 555-conjugated anti-rat IgG. (C)
An immunofluorescence assay showing localization of phosphor-
ylated GIPLK in Giardia trophozoites. The cells were reacted with
rat anti-phosphorylated PLK antibodies, and then Alexa Fluor
555-conjugated anti-rat IgG. Slides were mounted with Gold An-
tifade Mountant with DAPI, and then examined with a Zeiss
LSM700 inverted confocal laser scanning microscope. A differen-
tial interference contrast image was acquired to show cell mor-
phology. Scale bars: 2 um.

transfected HA-tagged GIPLK with Myc-tagged GIKin-13. The
GlKin-13 protein was present in the immunoprecipitates pre-
pared using anti-HA and was absent in those prepared using
control IgG (Fig. 2B). Additionally, we performed a reciprocal
immunoprecipitation using the anti-Myc antibody to immu-
noprecipitate GlKin-13 and then used Western blotting to de-
termine if GIPLK co-precipitates. Fig. 2C shows that GIPLK is
present in the anti-Myc immunoprecipitations, confirming the

interaction (Fig. 2C).

To assess the interaction between GIKin-13 and GIPLK, the
2 separately synthesized [**S]-methionine-labeled proteins
were mixed and incubated. The mixtures were then immuno-
precipitated with anti-Myc or anti-HA antibodies and resolved
by SDS-PAGE. As shown in Fig. 2D, GIKin-13 was coprecipi-
tated with GIPLK (lane 1 and 2) and vice versa (lane 3 and 4).

In vitro-synthesized GIPLK demonstrated auto-phosphory-
lation activity in the presence of [y-*’P]ATP whereas incuba-
tion of GIKin-13 alone did not produce any radio-labeled pro-
tein (Fig. 3). Kinase assays including both GIPLK and GIKin-13
resulted in radio-labeling of both proteins, which demonstrat-
ed that GIPLK is able to undergo autophosphorylation, then
transfer phosphate to GIKin-13.

Role of GIPLK/GIKin-13 in formation of flagella and
median body in G. lamblia

To define the role of GIPLK-mediated phosphorylation of
GIKin-13 in G. lamblia, we designed anti-glkin-13 morpholino
to block the translation of glkin-13 mRNAs (Supplementary
Table S1) in addition to anti-glplk morpholino. These mor-
pholinos were transfected into Giardia cells expressing GIPLK
and GIKin-13. A control morpholino was also transfected into
the same G. lamblia trophozoites. We analyzed expression pat-
terns of cellular GIPLK and GIKin-13 15 h after transfection.
Transfected cells suppressed expression of GIPLK and GIKin-13
by up to 47.8% and 59.0% compared to control morpholino-
transfected cells (Fig. 4A).

The role of these proteins in flagella formation was further
examined in GIPLK- and GIKin-13-depleted Giardia. As shown
in Fig. 4B, GIPLK- and GIKin-13-defective cells demonstrated
extension of 3 pairs of flagella compared with control mor-
pholino-treated cells. However, the length of posterolateral fla-
gella was not statistically different between cells treated with
anti-glkin-13 and anti-glplk morpholinos and those treated
with control morpholino. The pronounced extension was ob-
served in caudal and anterior flagella than ventral flagella in
GIPLK- and GIKin-13-depleted cells.

Depletion of GIPLK and GIKin-13 also affected morphologi-
cal features of median body, a MT-containing dynamic struc-
ture uniquely present in Giardia (Fig. 4C). We immunostained
the cells against anti-a-tubulin antibodies and measured vol-
ume of median bodies. GIPLK and GlKin-13 knockdown cells
showed decreased size of median bodies compared with that
of control cells.
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Fig. 2. Co-immunoprecipitation of GIKin-13 with GIPLK in Giardia ectopically expressing GIPLK and GIKin-13. (A) Giardia cells express-
ing Myc-tagged GIKin-13 and HA-tagged GIPLK were constructed. The expression of Myc-tagged GIKin-13 and HA-tagged GIPLK in
these cells was demonstrated by Western blotting (lane 2). The cells carrying empty vectors were included as control (lane 1). (B, C)
Giardia cells expressing Myc-tagged GIKin-13 and HA-tagged GIPLK were incubated with either anti-HA IgG agarose beads (B) or anti-
Myc antibodies (C), and the resulting precipitates (lane 3) were analyzed by western blots using anti-HA or anti-Myc antibodies. As con-
trols, the same Giardia lysates were included without any treatment (lane 1) or incubated with normal mouse IgG (lane 2) (D) Co-immu-
noprecipitation of GIPLK with GIKin-13. HA-tagged GIKin-13 and Myc-tagged GIPLK were expressed in vitro as labeled forms with [*°S]-
methionine. Lane 1, Myc-tagged GIPLK precipitated with anti-Myc antibodies; lane 3, HA-tagged GIKin-13 sedimented with anti-HA an-
tibodies; lanes 2 and 4, HA-tagged GIKin-13 and Myc-tagged GIPLK were mixed and incubated with either anti-Myc or anti-HA anti-
bodies (lane 2 and 4, respectively). In vitro-synthesized GIKin-13 and GIPLK are indicated by arrows.

DISCUSSION

While most other kinesins use their motor domain to move
along MTs, kinesin-13 family members employ their ATP-hy-
drolyzing motor domain to destabilize MT ends. Human ma-
jor kinesin-13s, Kinesin superfamily protein 2a (Kif2a), Kif2b,
Kif2¢, and Kif24 have been studied to understand their roles
in mitosis as well as non-mitotic functions [27]. The Kif2c,
also known as mitotic centromere associate kinesin (MCAK),
has been extensively investigated [26]. Interestingly, 5 kine-

sin-13 proteins are present in Trypanosoma brucei, which have
elaborate structures such as subpellicular MTs, intranuclear
mitotic spindle, and flagella. Among them, nuclear-localized
TbKif13-1 was identified as MCAK, and inhibition of Tb-
Kif13-1 function by RNA interference depletion resulted in de-
fects in mitotic spindle formation [28]. TbKif13-2 was en-
riched in flagellar tip of T. brucei procyclic form [29] which was
consistent with the function of the orthologous protein in
Leishmania major, LmjKIN13-2 [30]. Another subset of kine-
sin-13 proteins is largely found in Chlamydomonas. These pro-
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Autoradiography
rGIPLK  + - +
rGIKin-13 - + +
YPE-ATP 4+ + +
130
95 SR | <— GIKin-13
S —— | < 1GIPLK
72 —
1 2 3

Fig. 3. Kinase activity of GIPLK against GIKin-13. Three micro-
grams of rGIPLK or rGlIKin-13 was incubated with [y-**P]ATP
(lanes 1 and 2, respectively). In lane 3, both rGIPLK and rGIKin-13
were included in the kinase reaction. The phosphorylated protein
(s) was detected by autoradiography. In vitro-synthesized GIKin-
13 and GIPLK are indicated by arrows.

teins were shown to be involved in flagella or cilia formation
[31]. In Tetrahymena thermophila, a kinesin-13 had a mitotic
function, while 2 other orthologs acted on the cell body and
cilia. Loss of these non-mitotic kinesin-13s has resulted in
overgrowth of cell body MTs and shortening of cilia. These re-
sults indicate that these kinesins may serve not only as MT de-
polymerase, but also as axoneme assemblers in a more compli-
cated ways [32]. Only a single species of kinesin-13 is present
in Giardia database, of which roles in mitosis and flagella length
control had been demonstrated [5]. In addition, GIKin-13 is in-
volved in MT equilibrium of median body, a unique structure
of G. lamblia. Among the diverse functions of GIKin-13, this
study focused on its non-mitotic roles by observing only the
interphase cells, but not the dividing cells (Figs. 1, 2, 4).

In mammals, MCAK is recruited to the + end of MT via in-
teraction with +TIP such as EB1 to act as a MT depolymerase
[33]. This interaction is finely modulated by phosphorylation
status of kinesin-13 through diverse cell cycle-related kinases.
Phosphorylation of various residues of MCAK with aurora ki-
nase A (AKA), aurora kinase B (AKB), or cyclin-dependent ki-
nase 1 (CDK1) inhibits MT depolymerase activity, otherwise
interfering with the interaction with +TIPs [12,13,34,35].
However, the action of PLK1 triggers a stimulatory effect on
MCAK activity [36]. Localization pattern of GIKin-13 was the
same as that of phosphorylated form of GIPLK, which are
present in cytoplasmic portion of anterior flagella, flagellar

tips, and median body of interphase cells (Fig. 1B, C). These
results suggest a possibility that GIKin-13 activity is regulated
by GIPLK-mediated phosphorylation. Our study also demon-
strated that GIKin-13 and GIPLK interact (Fig. 2), in which
GIKin-13 is a substrate of GIPLK (Fig. 3). The mammalian
PLK1 activated MCAK [37]. Fluorescence resonance energy
transfer-base reporter and quantitative analysis of native PLK1
substrate phosphorylation indicate that AKB phosphorylates
PLK1 on threonine #210, which then transfers phosphate to
serine #715 of MCAK, a key regulator for kinetochore-MT at-
tachment [38]. Interaction of GIEB1 and GIKin-13 was also
expected from their localization pattern at cytoplasmic anteri-
or axoneme, flagellar tips, and median body in interphase cells
and mitotic spindles in dividing cells [5]. MT depolymeriza-
tion by GIKin-13 should be reconstituted in vitro to evaluate
the functions of GIPLK and GIAK in this process.

Function of the GIPLK-GIKin-13 interaction in flagella and
median body formation was examined in Giardia interphase
cells, in which the expression of both components was deplet-
ed (Fig. 4B, C). Depletion of these components resulted in ex-
tension of only 3 pairs of caudal, anterior, and ventral flagella.
The length of caudal and anterior flagella was especially affect-
ed compared to ventral flagella. Among the 4 pairs of Giardia
flagella, posterolateral and ventral flagella are newly synthe-
sized while caudal and anterior flagella are derived from
mother cells during cell division [39]. Thus, knockdown of the
MT-nucleating center, y-TuSC components, including y-tubulin
preferentially affected newly synthesized flagella [8]. Since
GIKin-13 functions as a MT depolymerase, its depletion may
have profound effects on pre-existing and inherited flagella.
Depletion of GIKin-13 and GIPLK caused decrease in median
body size of interphase cells (Fig. 4C) as previously observed
in GIKin-13-depleted cells [5]. Failure to recycle tubulin result-
ed in the lower depolymerase activity of GIKin-13 and that
produces Giardia cells with smaller median body due to lack
of tubulin storage.

In conclusion, the same intracellular localization of GIKin-13
with phosphorylated GIPLK in interphase Giardia cells led us
to demonstrate the interaction and kinase activity of GIPLK
against GlIKin-13. This study shows that a small portion in
complex reaction cascades of MT dynamics in G. lamblia is
comprised of GIPLK, GIKin-13, and MT dynamics during in-
terphase phenotypes, and the flagella and median body for-
mation (Fig. 5).
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Fig. 4. Effect of morpholino-mediated GIPLK and GIKin-13 deple-
tion in flagella and median body formation in G. lamblia. Giardia
trophozoites expressing HA-tagged GIPLK and Myc-tagged
GIKin-13 were collected at 15 h after electroporation with control
or mixture of anti-giplk and anti-glkin-13 morpholinos. (A) Mor-
pholino-mediated GIPLK and GIKin-13 knockdown G. lamblia
shown by Western blot analysis using anti-HA or anti-Myc anti-
bodies (upper panel). The relative expression of HA-tagged GIPLK
and Myc-tagged GIKIn-13 in extracts of cells treated with anti-g/-
plk and anti-glkin-13 morpholinos compared with those in the
control cells is presented as a bar graph (lower panel). *P<0.01.
(B) Effects of morpholino-mediated GIPLK and GIKin-13 depletion
on the flagella length of G. lamblia. The cells transfected with con-
trol (open bars) or mixture of anti-gjplk and anti-glkin-13 morpholi-
nos (closed bars) were maintained for 15 h prior to staining with
Giemsa solution. Representatives for the depleted cells and con-
trol cells are presented (upper panel). Forty cells were examined
for flagella length (lower panel). Data are presented as an average
of 3 independent experiments. *P<0.05 and **P < 0.01. (C) Effect
of morpholino-mediated knockdown of GIKin-13 and GIPLK on
the volume of the median body. To measure the volume of medi-
an body, the cells were stained with anti-a-tubulin antibodies (1:
600), followed by a reaction with AlexaFlour 488-conjugated anti-
mouse IgG (1:200). The stained cells were observed using a
Zeiss LSM710 laser scanning confocal microscope. Representa-
tives for the depleted cells and control cells are presented (upper
panel). For the measurement of median body volume, images
were measured using the Imaris software. Arrow heads indicate
the median bodies stained with a-tubulin antibody (lower panel).
The significance of differences between the experimental condi-
tions was evaluated by Student's t tests. **P<0.01.
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