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The Centriole Cartwheel Protein SAS-6 in Trypanosoma brucei Is
Required for Probasal Body Biogenesis and Flagellum Assembly

Huiqing Hu, Yi Liu, Qing Zhou, Sara Siegel, Ziyin Li

Department of Microbiology and Molecular Genetics, University of Texas Medical School at Houston, Houston, Texas, USA

The centriole in eukaryotes functions as the cell’s microtubule-organizing center (MTOC) to nucleate spindle assembly, and its
biogenesis requires an evolutionarily conserved protein, SAS-6, which assembles the centriole cartwheel. Trypanosoma brucei,
an early branching protozoan, possesses the basal body as its MTOC to nucleate flagellum biogenesis. However, little is known
about the components of the basal body and their roles in basal body biogenesis and flagellum assembly. Here, we report that the
T. brucei SAS-6 homolog, TbSAS-6, is localized to the mature basal body and the probasal body throughout the cell cycle. RNA
interference (RNAi) of TbSAS-6 inhibited probasal body biogenesis, compromised flagellum assembly, and caused cytokinesis
arrest. Surprisingly, overexpression of TbSAS-6 in T. brucei also impaired probasal body duplication and flagellum assembly,
contrary to SAS-6 overexpression in humans, which produces supernumerary centrioles. Furthermore, we showed that deple-
tion of T. brucei Polo-like kinase, TbPLK, or inhibition of TbPLK activity did not abolish TbSAS-6 localization to the basal body,
in contrast to the essential role of Polo-like kinase in recruiting SAS-6 to centrioles in animals. Altogether, these results identi-
fied the essential role of TbSAS-6 in probasal body biogenesis and flagellum assembly and suggest the presence of a TbPLK-inde-

pendent pathway governing basal body duplication in T. brucei.

Typanosoma brucei is an early branching microbial eukaryote
and the causative agent of sleeping sickness in humans and
nagana in cattle in sub-Saharan Africa. A trypanosome cell pos-
sesses a motile flagellum that is nucleated by the basal body, the
cell’s microtubule organizing center (MTOC), exits the cell body
through the flagellar pocket, and is attached to the cell body along
most of its length via a specialized cytoskeletal structure termed
the flagellum attachment zone (FAZ). The flagellum is composed
of a canonical 9 + 2 microtubule axoneme and an extra-axoneme
structure termed the paraflagellar rod (PFR), and it is required for
cell morphogenesis, cell motility, and cytokinesis (1, 2). Early in
the cell cycle, a trypanosome cell possesses a basal body, which
nucleates the flagellum axoneme, and an associated probasal
body. The probasal body matures to a basal body when the cell
proceeds to S phase of the cell cycle; subsequently, two probasal
bodies are formed, each of which associates with each of the two
mature basal bodies (3,4). A new flagellum then is assembled from
the newly matured basal body, which then undergoes a rotation
toward the posterior of the old basal body. Following the elonga-
tion of the new flagellum, the new basal body/probasal body pair
moves toward the posterior portion of the cell, which constitutes
one of the first cytoskeletal events in the cell cycle of T. brucei (3,
4). Movement of the basal body is required for cell morphogenesis
(4) and for segregation of the kinetoplast, the cell’s mitochondrial
genome that is attached to the basal body through a structure
termed the tripartite attachment complex (5, 6).

The basal body adopts the same structure as the centriole,
which is characterized by a 9-fold symmetrical array of microtu-
bule triplets that emanates from the cartwheel located in the very
proximal region of the centriole. The cartwheel has been well vi-
sualized by electron microscopy in some unicellular organisms,
including Paramecium tetraurelia, Tetrahymena thermophila, and
Chlamydomonas reinhardtii, and is composed of a central hub
from which nine spokes emanate, radiate outwards, and connect
with the A-microtubules of the microtubule triplets via a structure
termed the pinhead (7-10). Previous work using Caenorhabditis
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elegans, Drosophila, and humans as the model systems has identi-
fied several key centriole components, including SPD-2/CEP192,
ZYG-1/PLK4, SAS-5/Ana2/STIL, SAS-6, and SAS-4/CPAP, and
delineated a conserved ZYG-1/PLK4-mediated regulatory path-
way governing centriole assembly (11). In C. elegans, SPD-2 is
required for centriole localization of ZYG-1, which in turn re-
cruits the SAS-5-SAS-6 pair to centrioles, followed by the recruit-
ment of SAS-4. In humans, PLK4 is required to recruit STIL and
SAS-6 to centrioles, and the latter are needed for CPAP recruit-
ment (11). Homologs of SAS-6 and SAS-4/CPAP are present in
the majority of centriole-containing organisms, whereas ho-
mologs of SPD-2/CEP192, ZYG-1/PLK4, and SAS-5/Ana2/STIL
appear to have been lost in many taxa (11-13). Although many
additional components of centrioles have been identified in di-
verse organisms, a systematic bioinformatics analysis of 45 organ-
isms discovered 14 ancestral centriole core components (13), and
another study suggests that SAS-4/CPAP, SAS-6, and BLD10/
CEP135 constitute the core ancestral module involved in centriole
assembly (12). SAS-6 and BLD10/CEP135 form the cartwheel,
with the former forming the cartwheel core (14, 15) and the latter
forming the pinhead structure connecting the cartwheel spokes to
the A-microtubules of the microtubule triplets (16, 17), whereas
SAS-4/CPAP is involved in centriole microtubule elongation and
stabilization (18-21).

Despite the essentiality of the basal body in T. brucei cell mor-
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phogenesis and cell division, our knowledge about its molecular
composition and the regulatory pathway(s) governing its biogen-
esis still is limited. A few proteins have been localized to the basal
body in T. brucei, including y-tubulin (22, 23), TBBC (24), three
centrins (23, 25, 26), T. brucei LRTP (TbLRTP) (27), and T. brucei
NRKC (TbNRKC) (28). Previous bioinformatics analysis has
identified the homologs of several conserved centriole compo-
nents, including SAS-4/CPAP, SAS-6, and BLD10/CEP135, and
also suggested the lack of homologs of SPD2/CEP192 and ZYG-1/
PLK4 in T. brucei (12). Instead, T. brucei possesses a PLK1 ho-
molog, TbPLK, which is localized to the basal body during early
cell cycle stages (29, 30). However, whether TbPLK plays a role in
basal body duplication is still controversial. One report suggested
that TbPLK is required for basal body duplication (31), whereas
other studies showed that TbPLK is required for segregation/ro-
tation, but not duplication, of the basal body (30, 32).

We recently sought to identify the components of the basal
body and to dissect the regulatory pathway(s) governing basal
body duplication in T. brucei, and, as the first effort toward this
goal, we characterized the T. brucei SAS-6 homolog, TbSAS-6, due
to the fundamental role of its homologs from other organisms in
establishing the cartwheel of centrioles. Our results identified an
essential role of TbSAS-6 in probasal body biogenesis and
flagellum formation and suggested the presence of a Polo-like
kinase-independent pathway governing basal body biogenesis in
T. brucei.

MATERIALS AND METHODS

Trypanosome cell culture and RNA interference (RNAi). The procyclic
29-13 cell line was grown in SDM-79 medium supplemented with 10%
fetal bovine serum (Atlanta Biologicals, Inc.), 15 pg/ml G418, and 50
pg/ml hygromycin. The procyclic 427 cell line was cultured at 27°C in
SDM-79 medium supplemented with 10% fetal bovine serum. Cells were
diluted once the cell density reaches 5 X 10° cells/ml.

For RNAI of TbSAS-6, a 500-bp DNA fragment from the coding re-
gion of TbSAS-6 was cloned into the pZJM vector (33). The resulting
plasmid was electroporated into the 29-13 cell line according to our pub-
lished procedures (34). Successful transfectants were selected under 2.5
pg/ml phleomycin and cloned by limiting dilution in a 96-well plate in
SDM79 medium containing 15% fetal bovine serum and 2.5 p.g/ml phleo-
mycin. At least three clonal cell lines were selected for further analysis. To
induce RNAI, the clonal cell lines each were induced by incubation with
1.0 pg/ml tetracycline, and cell growth was monitored daily by counting
the cells with a hemacytometer.

Purification of recombinant TbSAS-6 and antibody production. A
1,002-bp fragment corresponding to the N-terminal coding region
(amino acids [aa] 1 to 334) of TbSAS-6 was PCR amplified from the
genomic DNA and cloned into the pET26 vector for expressing a hexahis-
tidine-fused TbSAS-6 truncation protein in Escherichia coli. The construct
was transformed into E. coli BL21 cells, and recombinant His-tagged
TbSAS-6 truncation protein was induced with isopropyl-B-p-thiogalac-
topyranoside (IPTG), purified through a nickel column, and used for
immunizing rabbit to produce anti-TbSAS-6 antibody at Cocalico Bio-
logicals, Inc. (Reamstown, PA). Crude antiserum was used directly for
immunofluorescence microscopy and Western blotting.

Overexpression of TbSAS-6. The full-length coding sequence of
TbSAS-6 was PCR amplified from genomic DNA and cloned into
pLew100-3HA and pLew100 vectors for expressing triple hemagglutinin
(3HA) epitope-tagged TbSAS-6 or nontagged TbSAS-6. The constructs
then were linearized with Notl and transfected into the 29-13 cell line, and
successful transfectants were selected under 2.5 pg/ml phleomycin. Cells
then were cloned by limiting dilution in 96-well plates. To induce
TbSAS-6 overexpression, cells were incubated with 0.1 pwg/ml, 0.5 pg/ml,
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and 1.0 pg/ml tetracycline, and cell growth was monitored by daily count-
ing the cell number with a hemacytometer.

In situ epitope tagging of TbSAS-6. For endogenous epitope tagging
of TbSAS-6, a 978-bp DNA fragment corresponding to the C-terminal
coding region of ThbSAS-6 was cloned into the pC-3HA-NEO vector. The
resulting construct was linearized by digestion within the gene fragment
with Ncol, electroporated into the 427 cell line, and selected with 40
pg/ml G418. A stable cell line was not obtained, because the transfectants
all died 5 to 7 days after electroporation. Therefore, immunostaining was
carried out with cells after transfection for 2 days, and localization of
TbSAS-6::3HA to the mature basal body and the probasal body was ob-
served.

TbPLK RNAI and inhibition by GW843682X. RNAi of TbPLK was
carried out as described previously (35), and knockdown of TbPLK was
confirmed by Western blotting with anti-TbPLK antibody, which
was raised by immunizing rabbits with purified recombinant His-tagged
Polo-box domain of TbPLK at Cocalico Biologicals, Inc. (Reamstown,
PA). The procyclic 427 cell line was treated with 5 uM GW843682X (Toc-
ris Bioscience), which has been show to inhibit TbPLK activity in vitro and
phenocopies TbPLK RNAi (36). TbPLK RNAi cells (24 h) and
GW843682X-treated cells (24 h), as well as the noninduced and non-
treated cells, then were coimmunostained with anti-TbSAS-6 polyclonal
antibody and YL 1/2.

Immunofluorescence microscopy. Cells were washed once with
phosphate-buffered saline (PBS), settled onto glass coverslips for 20 min,
fixed with cold methanol (—20°C) for 30 min, and rehydrated with PBS
for 10 min. After blocking with 3% bovine serum albumin (BSA) in PBS
for 1 h, coverslips were incubated with primary antibodies for 1 h. The
following primary antibodies were used: fluorescein isothiocyanate
(FITC)-conjugated anti-hemagglutinin (HA) monoclonal antibody
(MAD) (1:400, Sigma-Aldrich), L8C4 (anti-PFR2 MAb; 1:50 dilution)
(37),20H5 (anti-centrin MAb; 1:400; Millipore) (38), anti-TbSAS-6 poly-
clonal antibody (1:400 dilution), and YL 1/2 (1:1,000 dilution). After
washing three times, coverslips were incubated with FITC- or Alexa Flu-
or594-conjugated secondary antibody for 1 h. The coverslips then were
washed three times and mounted with DAPI-containing VectaShield mount-
ing medium (Vector Laboratories). Slides were examined under an inverted
fluorescence microscope (Olympus IX71) equipped with a cooled charge-
coupled-device (CCD) camera (model Orca-ER; Hamamatsu) and a Pla-
nApo N 60X, 1.42-numeric-aperture differential inference contrast (DIC)
objective. Images were acquired using Slidebook5 software (Intelligent
Imaging Innovations).

RESULTS

The trypanosome SAS-6 homolog and its subcellular localiza-
tion. A comprehensive analysis of centriole components con-
served across eukaryotic organisms (12, 13) showed that the T.
brucei genome encodes a conserved SAS-6 homolog, which we
named TbSAS-6 (Tb927.9.10550), in addition to a SAS-6-like
protein (39). Despite a slightly larger size than its human ho-
molog, TbSAS-6 contains two conserved motifs, a PISA (present
in SAS-6) domain and a SAS-6 conserved domain 2, in its N ter-
minus and four coiled-coil structures in the middle portion of the
protein (Fig. 1A and B). The structure of the SAS-6 homolog in
Leishmania major (LmSAS-6), another kinetoplastid parasite, has
been determined, and it suggests that LmSAS-6 can form a 9-fold
symmetric cartwheel hub-like structure (40). Given the high se-
quence similarity between TbSAS-6 and LmSAS-6, TbSAS-6 po-
tentially also can form the cartwheel of the centriole/basal body,
although this remains to be experimentally verified.

To determine the subcellular localization of TbSAS-6, we gen-
erated a rabbit polyclonal antibody against recombinant TbSAS-6.
Immunofluorescence microscopy showed that anti-TbSAS-6 de-
tected two fluorescence spots in G, cells, one of which partly over-

ecasm.org 899


http://ec.asm.org

Hu et al.

A TbSAS-6  ==(=f= — 726 aa B
TCSAS-6 === — 741 aa
LMSAS-6 sl m— 816 aa
HSSAS-6 === — 657 aa
CrSAS-6 = =@= — 728 aa

‘ PISA domain @ SAS-6 conserved region 2 ¢ Coiled coil |

DAPI

ThSAS-6 YL 1/2 Merge

G1 phase

S phase

G2 phase

Mitotic phase

C. reinhardtii

PISA (present in SAS-6)

(86-129) VCMRLTDPGDPFFLFELDLLEDDYGVFKQKLELLVDFSGFPKYL
(106-149) VCVRLTDPADPFFLFELELLEDDYGSFKQRLELLVDFSGFPRYL
(173-216) VLVRLTDPTDPFFLFELELLEDDYSAFKQHLELLVDFHGFPRYL

(44-87) LVIRLTDDTDPFFLYNLVISEEDFQSLKFQQGLLVDFLAFPQKF
(63-106) LRIHISSDSDLFFLHTLEVSEEDFQSTLKNDQGILVDFASFPGKT

. brucei
s Cruzi
. major
H. sapiens

IS ]

SAS-6 conserved region 2
LRVLERTEFRTVEHISLILLRQGDSGQKRYLAERF
LRVLERTEFRTVEHVSLLLLRQGDAGQKRYLAERF
LRVLEATDFKTVEHISLVLLRQGDAGLKRYLAERF
LNVVETNPFKHLTHLSLKLLPGNDVEIKKFLAGCL
FKIVEINDFKQLPHITLAFRPGNDSVVKQFLAFRL

(159-193
(179-213

T. brucei )
)
(249-283)
)
)

T. cruzi

L. major

H. sapiens

C. reinhardtii

(123-157
(137=171

DAPI TbSAS-6 20H5 (centrin) Merge

G2 phase G1 phase

Mitotic phase

Trypanosoma cruzi, Leishmania major, H. sapiens, and Chlamydomonas reinhardtii. (B) Alignment of the PISA (present in SAS-6) motif and the SAS-6 conserved
region 2 among T. brucei, T. cruzi (TcSAS-6), L. major (LmSAS-6), H. sapiens (HsSAS-6), and C. reinhardtii (CrSAS-6). Identical residues are highlighted in red,
and homologous residues are in green. (C) Subcellular localization of TbSAS-6 in procyclic trypanosomes. Cells were coimmunostained with anti-TbSAS-6
polyclonal antibody and YL 1/2, which labels the transition fibers in the mature basal body. Cells were counterstained with DAPI for nucleus and kinetoplast
DNA. Scale bar, 5 pm. (D) Coimmunostaining of procyclic trypanosomes with anti-TbSAS-6 and 20H5, which detects centrins in both the mature basal body

and the probasal body in T. brucei. Scale bar, 5 pm.

lapped the fluorescence spot of YL 1/2 antibody (Fig. 1C), which
stains TbRP2 in the transition fibers radiating from the mature
basal body (41) and has served as a marker for the mature basal
body since its first use in trypanosomes (42). During S, G,, and
mitotic phases, anti-TbSAS-6 labeled two pairs of fluorescence
spots, with one spot in each pair partly overlapping YL 1/2 (Fig.
1C). In all of the cells examined, TbSAS-6 was found to be proxi-
mal to the YL 1/2 signal (Fig. 1C). These results suggest that
TbSAS-6 localizes to both the mature basal body and the probasal
body. To further confirm this observation, we coimmunostained
the cells with anti-TbSAS-6 and 20H5, which was raised against
Chlamydomonas centrin (38, 43) and labels both the mature basal
body and the probasal body as well as the bilobe structure and the
flagellum in trypanosomes (23). The results showed that TbSAS-6
colocalizes with 20H5 in both the mature and probasal bodies in
all (n > 1,000) of the cells examined (Fig. 1D). Moreover, we also
tagged TbSAS-6 with a triple HA epitope at one of its endogenous
loci, and immunostaining with anti-HA antibody showed a local-
ization pattern identical to that of anti-TbSAS-6 (data not shown).
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Therefore, TbSAS-6 islocalized to both the mature basal body and
the probasal body throughout the cell cycle.

TbSAS-6 is essential for cell viability. To investigate the func-
tion of TbSAS-6 in trypanosomes, RNAi was carried out in the
procyclic form of T. brucei. Western blotting with anti-TbSAS-6
antibody showed that upon RNAi induction with tetracycline, the
TbSAS-6 level was significantly decreased, although it was not
completely depleted from the cell (Fig. 2A). Knockdown of
TbSAS-6 resulted in significant growth inhibition and eventual
cell death after 4 days of RNAi induction (Fig. 2B), suggesting that
TbSAS-6 is essential for cell viability. At least three clonal cell lines
were examined, and all of the three cell lines showed similar
growth defects (data not shown). Flow cytometry analysis showed
that after TbSAS-6 RNAI for 2 days, there was an accumulation of
cells with 8C DNA content (Fig. 2C). To further characterize the
defects, we stained the noninduced control cells and RNAi-in-
duced cells with DAPI and counted the cells with different num-
bers of nuclei and kinetoplasts. There was an initial accumulation
of cells with two nuclei and one kinetoplast (2N1K) after 1 day of
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FIG 2 RNAI of TbSAS-6 inhibits kinetoplast segregation and cell division. (A) TbSAS-6 level in control and RNAi cell line detected by Western blotting with
anti-TbSAS-6 antibody. The level of the proteasome a6 subunit, detected with anti-TbPSA6 polyclonal antibody (48), was included as the loading control. Tet,
tetracycline. (B) RNAi of TbSAS-6 inhibited cell proliferation. (C) Flow cytometry analysis of TbSAS-6 RNAI cells. (D) RNAi of TbSAS-6 inhibited kinetoplast
duplication/segregation. About 300 cells were counted for the numbers of nuclei and kinetoplasts for each time point, and error bars represented standard
deviations (SD) calculated from three independent experiments. (E) Morphology of TbSAS-6 RNAI cells induced for 1 day. Shown are the 2N1K and XN1K cells
that accumulated after RNAi induction. Nucleus (N) and kinetoplast (K) are indicated. Scale bar, 5 pm.

RNAIi and a subsequent accumulation of cells with multiple (>2)
nuclei and one kinetoplast (XN1K) after 2 to 3 days of RNAi (Fig.
2D). The XN1K cells were likely to be derived from the 2N1K cells.
These results suggest that depletion of TbSAS-6 inhibited kineto-
plast segregation and cell division.

TbSAS-6 is required for probasal body biogenesis. The fact
that TbSAS-6 RNAI inhibited kinetoplast segregation and that
TbSAS-6 is localized to basal bodies suggests that basal body du-
plication/segregation was affected. To test whether RNAi of Tb-
SAS-6 affected basal body duplication or segregation, we coim-
munostained the cells with the YL 1/2 antibody, which serves as
the marker of the mature basal body, and the 20H5 antibody,
which serves as the marker for the mature basal body and the
probasal body. In noninduced control 2N2K cells, two YL 1/2
spots and four 20H5 spots were clearly detected (Fig. 3A), indicat-
ing that the 2N2K cells contain two mature basal bodies, each of
which is accompanied by a probasal body. For TbSAS-6 RNAi
cells, we focused on the 2N1K cells at the early time point (day 1)
of RNAI induction, since these cells emerged first upon RNAi
induction, which most likely represented the direct effect of Tb-
SAS-6 depletion. This 2N 1K population consists of cells contain-
ing one YL 1/2 spot and two 20H5 spots (Fig. 3A and B), indicating
that they possess a mature basal body and an associated probasal
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body (1ImBB2BB; ~80% of the population), cells containing two
YL 1/2 spots and two 20H5 spots, indicating two mature basal
bodies lacking new probasal bodies (2mBB2BB; ~18% of the pop-
ulation), and cells containing two YL 1/2 spots and four 20H5
spots, indicating two mature basal bodies, each with an associated
probasal body (2mBB4BB; ~2% of the population). These results
suggest that biogenesis of the new probasal bodies was inhibited,
but it is unclear whether maturation of the old probasal body also
was affected. Therefore, we examined the basal bodies in the 2N1K
cells collected from day 2 of TbSAS-6 RNAi. Compared to the
2NIK cells from day 1 of RNAI, the 2N1K cells containing one
mature basal body and one probasal body (1mBB2BB) decreased
to about 62%, whereas the 2N1K cells containing two mature
basal bodies and two basal bodies (2mBB2BB) increased to ~34%
of the total 2N1K population (Fig. 3B). It appeared that the old
probasal body continued to mature in these cells, but biogenesis of
new probasal bodies still was inhibited. Taken together, these re-
sults suggest that TbSAS-6 is required for the biogenesis of new
probasal bodies in procyclic trypanosomes.

TbSAS-6 is required for new flagellum biogenesis. The basal
body in trypanosomes is known to nucleate flagellum microtu-
bule assembly, and biogenesis of the new flagellum is initiated
from the newly matured basal body (3, 4). Since TbSAS-6 is not
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noninduced control and 2N1K cells from TbSAS-6 RNAi induced for 1 and 2 days. About 200 cells were counted for each time point, and error bars represented
SD calculated from three independent experiments.

TbSAS-6 RNAI (1 d)

required for maturation of the existing probasal body (Fig. 3), we
asked whether RNAi of TbSAS-6 affected new flagellum biogene-
sis. We coimmunostained the cells with L8C4, which recognizes
the paraflagellar rod protein PFR2 in the flagellum (37), and YL
1/2 to label the mature basal body. We then tabulated the cells with
different numbers of flagella and mature basal bodies in TbSAS-
6-depleted 2N1K cells and the noninduced control 2N2K cells.
While the noninduced 2N2K cells all contained two mature basal
bodies and two full-length flagella (2mBB2F) (Fig. 4A), the 2N1K
cells from TbSAS-6 RNAI contained various numbers of mature
basal bodies and flagella (Fig. 4A and B). After RNAi induction for
1 day, ~98% of the 2N1K cells contained only one flagellum and
either one mature basal body (ImBBI1F; ~80%) or two mature
basal bodies (2mBBI1F; ~18%). The rest (~2%) of the 2N1K cells
contained two flagella and two mature basal bodies (2mBB2F),
but the new flagellum appeared to be shorter than that in the
noninduced control 2N2K cells (Fig. 4A, arrow). After RNAi for 2
days, about 14% of the 2N1K cells contained one mature basal
body but no flagellum (1mBBOF) (Fig. 4A and B). Itis unclear how
these cells were produced. Presumably they could be derived from
the IN1K cells lacking flagella (1mBBOF), which were detected 1
day after TbSAS-6 RNAi and accumulated to about 20% of the
total IN1K population after 2 days (Fig. 4C to E). In addition,
there was an accumulation of 1N1K cells with a short flagellum
(ImBB1sF; ~27%) (Fig. 4C to E). Both types of these IN1K cells
were smaller in size (Fig. 4C and E), likely due to premature cyto-
kinesis.

In the XN1K cell, ~81% of them possessed only one flagellum
and either one mature basal body (1mBB1F; ~61%), two mature
basal bodies (2mBB1F; ~14%), or multiple (>2) mature basal
bodies (XmBB1F; ~6%) (Fig. 4B). Altogether, given that the ma-
jority of the 2N1K and XN1K cells contained only one flagellum,
these results suggest that TbSAS-6 RNAi impaired the formation
of the new flagellum.

Overexpression of TbSAS-6 impairs biogenesis of probasal
body and flagellum. During the course of work of overexpressing
TbSAS-6::3HA fusion protein in the procyclic form, we found that
this overexpression appeared to result in defects similar to that
caused by TbSAS-6 RNAj, i.e., formation of 2N1K and XN1K cells
and growth inhibition (see below). To rule out the possibility that
epitope tagging affects TbSAS-6 function, we overexpressed
TbSAS-6 without an epitope tag and observed similar defects.
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Therefore, we further characterized the defects caused by TbSAS-6
overexpression. Overexpression of TbSAS-6 was induced with dif-
ferent concentrations (0.1 pg/ml, 0.5 wg/ml, and 1.0 pg/ml) of
tetracycline and was confirmed by Western blotting with anti-
TbSAS-6 antibody (Fig. 5A). Interestingly, immunofluorescence
with anti-TbSAS-6 antibody detected multiple TbSAS-6 foci,
some of which overlapped with the basal bodies stained by YL 1/2
(Fig. 5B). However, it was unclear whether the basal body-local-
izing TbSAS-6 was native TbSAS-6 or overexpressed TbSAS-6. To
clarify this, we examined the cells overexpressing TbSAS-6::3HA
and performed immunofluorescence microscopy with anti-HA
antibody and YL 1/2. The results showed that multiple TbSAS-6::
3HA foci were detected, some of which overlapped with the YL
1/2-labeled mature basal bodies (Fig. 5C). These results suggest
that overexpressed TbSAS-6::3HA was able to be recruited to the
basal body and additionally was able to form extrabasal body
structures. The extrabasal body structures appeared to vary in
number in the TbSAS-6 overexpressed cells, with the majority of
the cells containing more than 2 extrabasal body foci regardless of
the cell cycle stages (Fig. 5D). Moreover, coimmunostaining with
TbSAS-6 and 20H5 showed that the extrabasal body structure was
not able to recruit centrins (Fig. 5E), suggesting that these TbSAS-
6-containing structures are not functional basal bodies.

Induction of TbSAS-6 overexpression with all three concentra-
tions of tetracycline resulted in growth inhibition and eventual cell
death (Fig. 5F). Flow cytometry showed that after induction for 1
day, there was an accumulation of cells with 4C DNA content, and
after induction for 2 days, cells with 8C DNA content started to
emerge (Fig. 5G). This notion was further confirmed by tabulating
the cells with different numbers of nuclei and kinetoplasts, which
showed that 2N1K cells emerged to about 43% of the total popu-
lation after induction for 1 day and XN1K cells accumulated to
about 65% after induction for 2 days (Fig. 5H). Together, these
results suggest that overexpression of TbSAS-6 inhibited kineto-
plast segregation and cell division.

We next immunostained the cells with YL 1/2 and 20H5 to
label the mature basal body and both the mature basal body and
probasal body, respectively. We found that ~95% of the 2N1K
cells contained either one mature basal body with an accompany-
ing probasal body (1mBB2BB; ~63%) or two mature basal bodies
without accompanying probasal bodies (2mBB2BB; ~32%) (Fig.
6A and B), suggesting that probasal body biogenesis was compro-
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mised in TbSAS-6 overexpression cells. Moreover, in these 2N1K  early cell cycle stages (29, 30). Intriguingly, like TbSAS-6 RNAi

cells, ~94% of them contained either one mature basal body and
one flagellum (ImBB1F; ~61%) or two mature basal bodies and
one flagellum (2mBB1F; ~33%) (Fig. 6C and D). These results
suggest that new flagellum biogenesis also was inhibited when
TbSAS-6 was overexpressed.

TbPLK is not required for TbSAS-6 localization to the basal
body. In C. elegans, a Polo-like kinase-related kinase, ZYG-1, in-
teracts with SAS-6 and recruits the latter to centrioles, but the
kinase activity of ZYG-1 appears to be nonessential for SAS-6
recruitment (44). In another report, however, ZYG-1 is found to
phosphorylate SAS-6, and this phosphorylation is required to
maintain SAS-6 at centrioles (45). T. brucei expresses an essential
Polo-like kinase, TbPLK, that is localized to the basal body during
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and overexpression, RNAi of TbPLK and overexpression of
TbPLK also caused similar defects in inhibiting basal body dupli-
cation/segregation (31), raising the question of whether TbPLK
regulates TbSAS-6. To investigate whether TbPLK is required for
TbSAS-6 localization to the basal body, we first treated the cells
with GW843682X, which inhibits TbPLK activity in vitro and phe-
nocopies TbPLK RNAi (36). Similar to the previous report (36),
we also found that GW843682X treatment of procyclic trypano-
somes resulted in an initial accumulation of 2N1K cells with a
detached flagellum after 1 day and subsequent accumulation of
XNIK cells after 2 days (data not shown). We focused on the
2N1K cells with a detached new flagellum, because these cells are
typical of TbPLK-deficient cells (30, 31). In all of the 2N1K cells
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independent experiments.

examined, TbSAS-6 was still detected at the four basal bodies that
were not well segregated (Fig. 7A), suggesting that TbPLK activity
is not required for TbSAS-6 localization to the basal body.

We further tested whether depletion of TbPLK interferes with
TbSAS-6 localization. Depletion of TbPLK by RNAi in the procy-
clic form, confirmed by Western blotting with anti-TbPLK anti-
body, also resulted in an initial accumulation of 2N1K cells with a
detached flagellum and subsequent accumulation of XN1K cells
after longer RNAI (data not shown), similar to previous reports
(30,31). When TbPLK was depleted, TbSAS-6 was still localized to
the basal bodies in all of the 2N1K cells examined (Fig. 7B), similar
to GW843682X treatment (Fig. 7A). These results suggest that,
unlike in animals, the Polo-like kinase in T. brucei is not required
for TbSAS-6 recruitment to the basal body. Thus, a distinct regu-
latory pathway controlling SAS-6 recruitment to the basal body
might be operating in T. brucei, which remains to be explored.
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DISCUSSION

Basal body duplication represents the first cytoskeletal event in the
cell division cycle of T. brucei and is crucial for segregation of other
single-copy organelles and for morphogenesis of the daughter cell
(4), but our knowledge about the molecules and the signaling
pathway controlling its biogenesis remains very limited. In this
paper, we reported the functional characterization of the SAS-6
homolog in the procyclic form of T. brucei and demonstrated that
TbSAS-6 is required for probasal body biogenesis (Fig. 3). Our
results also suggest that TbSAS-6 is not needed for maturation of
the existing probasal body, although there appeared to be a delay
in the maturation process, resulting in the accumulation of a large
proportion of 2N1K cells with one mature basal body and one
probasal body, which then became mature, as evidenced by the
gradual increase of the 2N1K cells with two mature basal bodies
after RNAi for longer times (Fig. 3). The requirement of TbSAS-6
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for probasal body biogenesis in T. brucei is analogous to the func-
tion of SAS-6 in regulating procentriole formation in animals
(11), suggesting a conserved role of SAS-6 in this early branching
protozoan.

Our data also suggest that TbSAS-6 RNAI caused defective as-
sembly of the new flagellum, as shown by the accumulation of
~80% of the 2N1K cells with one mature basal body and one
flagellum (1ImBBI1F) after RNAI for 1 day (Fig. 4A and B). This
conclusion is not unexpected, because it is known that the new
flagellum is assembled from the newly matured basal body (3, 4),
and these 2N1K cells did not have the new mature basal body.
However, it is surprising that almost 20% of the 2N 1K cells con-
tained two mature basal bodies but only one flagellum (2mBB1F)
(Fig. 4A and B), which suggests that in these cells, either the newly
matured basal body was unable to nucleate flagellum assembly or
biogenesis of the new flagellum was significantly delayed. The fact
that a small proportion of the 2N1K cells with two mature basal
bodies did assemble a short new flagellum (Fig. 4A and B) sug-
gested a delay in new flagellum biogenesis. However, it should be
noted that RNAi was induced using an asynchronous cell popula-
tion which contained some 1N1K-2mBB cells that have already
assembled a short new flagellum (Fig. 4D). Therefore, these
2N1K-2mBB2F cells might be derived from the IN1K-2mBB2F
cells in the absence of probasal body duplication and kinetoplast
segregation caused by TbSAS-6 RNAI.

The production of IN1K-1mBB cells without a flagellum and
IN1K-1mBB cells with a short flagellum (Fig. 4C to E) after
TbSAS-6 RNAI suggests that a premature cytokinesis occurred in
some cells. These two types of cells were very likely to be the
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daughters of 2N1K-2mBB cells without a new flagellum and
2N1K-2mBB cells with a short new flagellum, respectively. If this
was the case, then the two mature basal bodies might still be able to
separate to some extent, resulting in the segregation of the dupli-
cated kinetoplasts. However, it should be noted that aberrant cy-
tokinesis occurred in only a small proportion of the 2N1K cells,
because most of the 2N1K cells likely had become XNIK cells
(Fig. 2D).

An unexpected but intriguing observation made in this report
is the similar defects caused by overexpression of TbSAS-6 and
RNAI of TbSAS-6 (Fig. 2 to 6). Unlike in humans, overexpression
of HsSAS-6 and knockdown of HsSAS-6 exert opposite effects on
centriole duplication: overexpression results in centriole overdu-
plication, whereas knockdown inhibits centriole duplication (46,
47). The HsSAS-6 level is tightly regulated during the cell cycle,
which ensures that centriole duplication occurs only once per cell
cycle. This is achieved through degradation of HsSAS-6 after cen-
triole duplication by APC“-mediated ubiquitination of
HsSAS-6 and subsequent degradation of HsSAS-6 by the 26S pro-
teasome (47). The fact that overexpression of TbSAS-6 and RNAi
of TbSAS-6 both inhibit basal body duplication suggests that the
TbSAS-6 protein level also is tightly regulated in order to maintain
a certain level of TbSAS-6 in the cell, although the control mech-
anism remains unclear. Therefore, we envisage that after the basal
body has duplicated or when the TbSAS-6 level has exceeded a
threshold, a feedback pathway is invoked, which may directly
downregulate the TbSAS-6 level or activate a negative regulator of
TbSAS-6. Overexpression of TbSAS-6 may activate this feedback
pathway, thereby inhibiting probasal body biogenesis. Another
explanation for the defects caused by TbSAS-6 overexpression is
that overexpressed TbSAS-6 titrates some of its interacting factors
away from the basal body, which can be recruited to the extrabasal
body structures, thereby causing defects in basal body biogenesis.

Our results also suggest that the Polo-like kinase homologin T.
brucei, TbPLK, is not required for recruiting TbSAS-6 to the basal
body because depletion of TbPLK by RNAIi or inhibition of
TbPLK activity did not abolish TbSAS-6 localization to the basal
bodies (Fig. 7). This is in striking contrast to the ZYG-1/SAK/
PLK4-mediated pathway that governs centriole duplication by
regulating SAS-6 assembly/maintenance in the centriole, which
appears to be conserved in animals (11). Although TbPLK is lo-
calized to the basal body at early cell cycle stages (30), our results
confirmed that it is required for basal body segregation but not
basal body duplication (Fig. 7), which provides another line of
evidence to support that TbPLK is not required for targeting
TbSAS-6 to the basal body. Unlike ZYG-1/SAK/PLK4, which pos-
sesses one Polo-box domain (PBD) and a cryptic PBD, TbPLK
possesses two PBDs and is grouped into the PLK1 clade but not the
SAK/PLK4 clade (12, 13). It has been proposed that an ancestral
PLK triggers centriole/basal body biogenesis in the last eukaryotic
common ancestor (LECA) (12), but phylogenetic analysis of the
PLKs from 45 organisms showed that although PLK was present in
the LECA, it has been lost several times during evolution (13),
suggesting that in those organisms that have lost PLK, centriole
biogenesis either does not need PLK or is regulated by other ki-
nase(s). Our results suggest that although T. brucei possesses a
canonical PLK that localizes to the basal body, basal body dupli-
cation in T. brucei likely employs a PLK-independent pathway.
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