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ABSTRACT In the protist parasite Trypanosoma brucei, the single Polo-like kinase (TbPLK) 
controls the inheritance of a suite of organelles that help position the parasite’s single fla-
gellum. These include the basal bodies, the bilobe, and the flagellar attachment zone (FAZ). 
TbCentrin2 was previously shown to be a target for TbPLK in vitro, and this is extended in 
this study to in vivo studies, highlighting a crucial role for serine 54 in the N-terminal do-
main. Duplication of the bilobe correlates with the presence of TbPLK and phospho-TbCen-
trin2, identified using phosphospecific antiserum. Mutation of S54 leads to slow growth 
(S54A) or no growth (S54D), the latter suggesting that dephosphorylation is needed to 
complete bilobe duplication and subsequent downstream events necessary for flagellum 
inheritance.

INTRODUCTION
Trypanosoma brucei is a flagellated protist parasite that causes 
African sleeping sickness in humans and nagana in cattle. T. brucei 
is an obligate extracellular pathogen that relies on its motility for 
immune evasion and dissemination in mammals and for transit 
from the midgut to the salivary glands of its insect host (Hill, 2010). 
The parasite’s motility is generated by a single flagellum that is 
nucleated at the posterior of the cell by the basal body and 
emerges from an invagination of the cell surface known as the 
flagellar pocket (Field and Carrington, 2009; Lacomble et al., 
2009). Once outside the cell, the flagellum adheres along the 
length of the cell body and extends approximately 2 µm beyond 
the end of the cell. The placement of the flagellum within the 

flagellar pocket and its adherence to the cell body are essential 
for the motility of T. brucei (LaCount et al., 2002; Bonhivers et al., 
2008; Vaughan et al., 2008). This positional information must be 
duplicated and inherited along with the flagellum during cell 
division.

Several cytoskeletal organelles are responsible for positioning 
and adhering the flagellum to the cell surface. Near the top of the 
flagellar pocket, an electron-dense annulus known as the flagellar 
pocket collar forms a seal between the flagellar membrane and the 
cell surface (Sherwin and Gull, 1989; Bonhivers et al., 2008). A struc-
ture known as the bilobe is present at the top of the flagellar pocket 
and extends toward the anterior of the cell (Esson et al., 2012; 
Gheiratmand et al., 2013). The bilobe was originally implicated in 
Golgi duplication and is composed of two distinct arms marked by 
TbCentrin4 and TbMORN1 (He et al., 2005; Selvapandiyan et al., 
2007; Shi et al., 2008; Morriswood et al., 2009). A bead-like filament 
known as the flagellum attachment zone (FAZ) begins between the 
two arms of the bilobe and extends toward the anterior end of the 
cell (Vickerman, 1969; Gull, 1999). The FAZ traverses the plasma 
membrane and contacts the flagellum, keeping it tightly held to the 
cell surface along the whole length of the cell. A set of four microtu-
bules, known as the microtubule quartet, nucleate at the basal body, 
wrap around the flagellar pocket, and then run beside the FAZ fila-
ment. These cytoskeletal elements are depicted in Supplemental 

Monitoring Editor
Francis A. Barr
University of Oxford

Received: Dec 31, 2012
Revised: Mar 26, 2013
Accepted: Apr 16, 2013

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E12-12-0911) on April 24, 2013.
Address correspondence to: Christopher L. de Graffenried (Christopher 
_degraffenried@brown.edu)

© 2013 de Graffenried et al. This article is distributed by The American Society for 
Cell Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society of Cell Biology.

Abbreviations used: CIP, calf intestinal alkaline phosphatase; DIC, differential 
interference contrast; FAZ, flagellum attachment zone.



1948 | C. L. de Graffenried et al. Molecular Biology of the Cell

an important event in the cell cycle that plays a role in the assembly 
of a new bilobe and FAZ.

RESULTS
A monoclonal antibody specific for TbCentrin2 labels 
the basal body, flagellum, and bilobe structure
In trypanosomes, TbCentrin2 has been shown to localize predomi-
nantly to the bilobe and basal bodies, with some labeling also pres-
ent on the flagellum (He et al., 2005; Morriswood et al., 2009). How-
ever, the localization of TbCentrin2 has relied on the monoclonal 
antibody 20H5 and a rabbit polyclonal antibody raised against 
whole TbCentrin2 for detection (Wang et al., 2012). Originally raised 
against Chlamydomonas centrin, 20H5 detects a host of centrins in 
different organisms (Sanders and Salisbury, 1994; Klotz et al., 1997; 
He et al., 2005). We therefore sought to generate a specific mono-
clonal antibody that exclusively detects TbCentrin2. During a screen 
of hybridomas generated from mice injected with recombinant 
TbCentrin2, we identified a monoclonal that we termed 2B2H1, 
which appeared selective for this centrin. To determine the basis for 
this specificity, we identified the binding epitope of the antibody by 
truncating TbCentrin2 and testing the fragments for 2B2H1 reactiv-
ity using Western blotting (Figure S2). The TbCentrin2 truncations 
were appended to the maltose-binding protein tagged with a His10 
tag, expressed in Escherichia coli, and purified by nickel chromatog-
raphy under denaturing conditions. By continuously shortening the 
2B2H1-reactive fragments, we were able to show that the antibody 
epitope falls within a 10–amino acid sequence in the N-terminus of 
TbCentrin2. The N-terminus is one of the few places where centrins 
vary, with some containing unique extensions prior to the first EF 
hand (Friedberg, 2006). The sequence that 2B2H1 recognizes 
(PVAQSVNRSI) is part of the N-terminal extension unique to 
TbCentrin2. To confirm the specificity of the antibody in vivo, we 
deleted the N-terminal extension (amino acids 2–33) of TbCentrin2 in 
cells, using a complemented conditional knockout system (described 
fully later in the text). Cells lacking the N-terminal extension had no 
detectable 2B2H1 immunofluorescent signal (Figure S3).

Once the specificity of 2B2H1 had been established, the local-
ization of TbCentrin2 was evaluated at different cell cycle stages. 
Cells were fixed using methanol and labeled with 2B2H1 and anti-
bodies against Leishmania donovani Centrin4, which cross-reacts 
with TbCentrin4 and is present on the bilobe structure and basal 
bodies (Figure 1A; Selvapandiyan et al., 2001, 2007). In an asyn-
chronous culture, ∼80% of cells have one nucleus and one kineto-
plast (1N1K), which contains the mitochondrial DNA in trypano-
somes and is attached to the basal body (Robinson and Gull, 1991). 
The kinetoplast duplicates first, producing cells with one nucleus 
and two kinetoplasts (1N2K); this is followed by karyokinesis, yield-
ing a cell with two nuclei and two kinetoplasts (2N2K). In cells di-
rectly fixed in methanol, TbCentrin2 localized predominantly to the 
basal body (including the probasal body) and the flagellum at all 
cell cycle stages, with some cytoplasmic labeling. This cytoplasmic 
labeling could obscure other weak labeling patterns, so to limit this 
possibility and to increase antigen accessibility, we extracted cells 
with detergent prior to methanol fixation to expose the cytoskele-
ton (Figure 1B). In these preparations, TbCentrin2 clearly appeared 
on the bilobe, suggesting that the protein is present on the struc-
ture. The bilobe is made up of two distinct arms, only one of which 
contains high levels of TbCentrin4. The lack of total colocalization 
between TbCentrin2 and TbCentrin4 suggests that TbCentrin2 
may also be present on the MORN1-arm of the bilobe or one of the 
other recently defined subdomains of the structure (Morriswood 
et al., 2013).

Figure S1. Depletion of the molecular components of these struc-
tures causes defects in flagellar pocket duplication and flagellar ad-
herence (LaCount et al., 2002; Selvapandiyan et al., 2007; Bonhivers 
et al., 2008; Vaughan et al., 2008).

During cell division, the flagellum must be duplicated and posi-
tioned within the daughter cell. This process begins with the matu-
ration of the probasal body, which nucleates a new flagellum that 
inserts into the flagellar pocket (Sherwin and Gull, 1989; Lacomble 
et al., 2010). The new flagellum extends until it emerges at the cell 
surface, at which point it has been incorporated into its own flagellar 
pocket (Gadelha et al., 2009; Lacomble et al., 2010). The assembly 
of a new FAZ then begins; its construction trails slightly behind the 
elongation of the flagellum, adhering it to the cell surface (Kohl 
et al., 1999). The assembly of the new bilobe and FAZ must occur at 
specific points during the extension of the new flagellum to ensure 
that it incorporates into its own flagellar pocket and is attached to 
the cell surface, indicating that the assembly of the new flagellum 
and the organelles that position it is coordinated.

We have recently shown that the duplication of the bilobe and 
FAZ require the single Polo-like kinase homologue in T. brucei, 
known as TbPLK (de Graffenried et al., 2008; Ikeda and de Graffenried, 
2012). The kinase migrates from the posterior to the anterior of the 
cell during the cell cycle and is present on the basal body, bilobe, 
and FAZ as the structures are duplicating. Depleting TbPLK causes 
defects in the inheritance of these three structures, leading to cells 
that have basal body segregation defects, deformed bilobes, and 
FAZ defects; these cells cannot undergo cytokinesis (Ikeda and de 
Graffenried, 2012). While new flagellar assembly is not impaired, 
TbPLK depletion makes it impossible for cells to place flagella in the 
necessary context to function properly. The substrates that TbPLK 
phosphorylates are currently unknown; most of the established PLK 
substrates present in mammalian cells, such as cdc25 and Bub1, 
appear to be absent in T. brucei (Li et al., 2010; Szöör, 2010).

Recently the centrin homologue TbCentrin2 was identified as an 
in vitro TbPLK substrate (de Graffenried et al., 2008; Yu et al., 2012). 
Centrins are highly conserved calcium-binding proteins that are com-
ponents of microtubule-organizing centers and the contractile fibers 
associated with them (Salisbury, 1995). Centrins are usually composed 
of two pairs of calcium-binding EF-hand domains separated by an 
alpha helix, giving the protein a barbell-like shape (Sheehan et al., 
2006; Thompson et al., 2006). While centrins appear to be involved 
in many cellular processes, their precise function is not well under-
stood. They are rapidly phosphorylated in response to environmental 
cues, such as pH shock in green algae and light in mammalian photo-
receptor cells (Salisbury et al., 1984; Martindale and Salisbury, 1990; 
Trojan et al., 2008). Centrins are also phosphorylated during cell divi-
sion, and this modification plays a role in centriole duplication and 
separation (Lutz et al., 2001; Araki et al., 2010; Yang et al., 2010).

TbCentrin2 localizes to the basal body, bilobe, and flagellum in 
T. brucei, making it possible that TbCentrin2 encounters TbPLK dur-
ing the cell cycle (He et al., 2005; Wang et al., 2012; Bangs, 2011). 
In this article, we have mapped the phosphosites present on 
TbCentrin2 in vivo and those generated by TbPLK in vitro using 
mass spectrometry. We identified Ser-54, which is phosphorylated 
in vitro and in vivo, and generated a phosphospecific antiserum that 
detects this site. Immunofluorescence showed that the TbCentrin2 
present on the bilobe is phosphorylated at Ser-54 as the bilobe du-
plicates, which also correlates with the presence of TbPLK on this 
structure. Using a complemented conditional knockout system, we 
show that mutation of Ser-54 causes defects in the assembly of the 
bilobe and FAZ, which leads to detached flagella and defects in 
cytokinesis. Phosphorylation of TbCentrin2 at Ser-54 by TbPLK is 
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FIGURE 1: TbCentrin2 localizes to the basal body, flagellum, and bilobe. (A) Methanol-fixed cells were stained with 
anti-LdCentrin4 antibodies (LdC4; red), anti-TbCentrin2, (TbC2; green), and DAPI (DNA; blue) and imaged by 
fluorescence and DIC microscopy. (B) Cytoskeletons from extracted cells were stained and imaged as in (A). For (A) and 
(B) the bilobe structure is marked with an arrow and the basal body with an arrowhead; the boxed areas represent 2× 
magnifications of the bilobe region of each cell. (C) Methanol-fixed cells were stained with anti-TbPLK (TbPLK; red), 
anti-TbCentrin2 (TbC2; green), and DAPI (DNA; blue) and imaged as in (A). The asterisks mark points where TbPLK and 
TbCentrin2 partially colocalize. xNyK refers to the number of nuclei (x) and number of kinetoplasts (y) in each cell. Scale 
bars: 5 µm.
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tion pattern as the wild-type protein and the tagged cell line grew 
at the same rate as the parental line (unpublished data). TAP-
TbCentrin2 was purified by two-step TAP purification and subjected 
to mass spectrometry analysis to identify phosphorylation sites 
(Figure 2B). Tryptic digests of TbCentrin2 yielded greater than 80% 
coverage. It is likely that phosphosites generated by TbPLK would 
be present at low levels, because they are present only during cer-
tain points of the cell cycle. To increase yields, we used titanium 
oxide to enrich the phosphopeptides present in the TAP-TbCentrin2 
purifications prior to mass spectrometry (Thingholm et al., 2006). 
The combined methods identified 12 total phosphosites on TbCen-
trin2, seven of which were present on the N-terminal extension. 
Phosphorylation at Ser-10 has previously been identified in a phos-
phoproteomic screen of bloodstream-form trypanosomes (Nett 
et al., 2009b). EF hands 1, 2, and 3 all contained a phosphosite.

Once the in vivo phosphosites present on TbCentrin2 were iden-
tified, the sites that could be generated by TbPLK in vitro were iden-
tified by conducting kinase assays and mapping the phosphorylated 
products. TbPLK and its kinase-dead mutant were produced in bac-
ulovirus-infected insect cells, while TbCentrin2 was expressed in 
E. coli. Kinase assays were conducted using both the wild-type and 

Cells were fixed in methanol and stained with antibodies against 
TbPLK and 2B2H1 to identify the points during the cell cycle when 
the two proteins were on the same structure (Figure 1C). At early 
stages of the cell cycle, TbPLK is present on the basal bodies and 
the bilobe structure. Partial colocalization of TbCentrin2 with TbPLK 
was seen at these stages (Figure 1C, a and b, asterisks), but not later, 
once the kinase had migrated onto the tip of the new FAZ.

TbCentrin2 is phosphorylated on multiple residues in vivo 
and a subset of the phosphosites can be generated by 
TbPLK in vitro
We have previously shown that TbCentrin2 is an in vitro substrate of 
TbPLK (de Graffenried et al., 2008). To expand upon this work, we 
sought to identify the phosphosites present on TbCentrin2 in vivo 
and to catalogue the sites that could be generated on TbCentrin2 
by in vitro kinase assays conducted with recombinant TbPLK. The 
sites present both in vivo and in vitro would be potential TbPLK 
phosphosites to be investigated further. We endogenously tagged 
TbCentrin2 with a tandem affinity purification (TAP)-tag at its N-ter-
minus and removed the other allele to show that the tagged copy 
was functional (Figure 2A). TAP-TbCentrin2 had the same localiza-

FIGURE 2: TbCentrin2 is phosphorylated at multiple sites in vivo and vitro. (A) Lysates from the parental cell line (427) 
and the TAP-TbCentrin2 cell line (TAP-TbC2) were probed with anti-TbCentrin2. (B) The TbCentrin2 phosphorylation 
sites identified in vivo and in vitro. Phosphorylated residues identified exclusively in vivo are shown in blue, and those 
seen exclusively in vitro are shown yellow, while the sites identified both in vivo and in vitro are shown in red. The 
N-terminal extension and the EF hands are shaded. The gray text shows the portions of the protein that were not 
covered by our LC-MS/MS analysis. (C) MS/MS spectrum of an S54 phosphopeptide isolated from purified TAP-
TbCentrin2 after TiO2 enrichment. Identified fragmentations are depicted by lines between amino acids, and S54 is 
marked in red and with a number symbol.
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Cdc31p, the yeast centrin homologue, has shown that its N-termi-
nus can be removed without any deleterious effects on growth (Li 
et al., 2006). We therefore chose to focus initially on phosphosites 
present in more conserved portions of the protein. We attempted to 
identify when and where the S54 phosphosite is generated during 
the cell cycle by employing phosphospecific antiserum raised 
against the sequence surrounding S54. The phosphopeptide 
FDTDG(S)GTIDVKELC was conjugated to keyhole limpet hemocya-
nin and used to immunize rabbits, whose serum was then affinity-
purified using the phosphopeptide and absorbed against the un-
phosphorylated peptide to generate a phosphospecific antiserum 
that we termed PS54. When used at low dilutions (0.1 µg/ml or 
lower), the antiserum showed a remarkable specificity for a bar-like 
structure positioned between the nucleus and kinetoplast in a sub-
set of 1N1K cells (Figure 3A). This signal could be eliminated by 

the kinase-dead mutant of TbPLK. The TbCentrin2 from these as-
says was subjected to mass spectrometry analysis. No phosphoryla-
tion was evident on TbCentrin2 when the kinase-dead mutant of 
TbPLK was used, while six sites were identified with the wild-type 
kinase (Figure 2B). All of the sites, except for T142, were present in 
the in vivo TAP-TbCentrin2 sample, making S10, S15, S19, S54, and 
S84 potential in vivo TbPLK phosphosites. The MS/MS spectra for 
S54 is shown in Figure 2C, while the rest of the in vivo sites are 
shown in Figure S4.

A phosphospecific antiserum against TbCentrin2 S54 labels 
the bilobe structure during its duplication
On further examination of the TbPLK phosphosites, we chose to 
focus on S54 (Figure 2C). While there are several phosphosites pres-
ent in the N-terminal extension of TbCentrin2, previous work on 

FIGURE 3: PS54 antiserum labels a bar-like structure between the kinetoplast and nucleus in a subset of cells. Cells 
were fixed in methanol and stained with PS54 (PS54; green) and DAPI (DNA; blue). (A) Note the bar-like structure 
labeled by PS54. (B) Methanol-fixed cells were incubated overnight in CIP buffer (Control) or CIP buffer containing calf 
intestinal alkaline phosphatase (CIP treatment) and then stained as in (A). (C) TbPLK RNAi cells were treated for 24 h 
with vehicle control (Control) or doxycycline to induce RNAi against TbPLK (TbPLK RNAi) before methanol fixation and 
staining as in (A). Arrowheads in (B) and (C) identify PS54-positive cells. Scale bars: 5 µm (A); 10 µm (B and C).
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single FAZ, appearing just above the posterior tip of the filament. 
This arrangement is similar to what is seen in cells simultaneously 
labeled for bilobe and FAZ components (Morriswood et al., 2009; 
Portman and Gull, 2012). A second PS54 positive structure, consis-
tent with the new bilobe, appeared next to the old structure in cells 
in which the new FAZ filament had begun to form. The PS54 label-
ing declined on both the old and new structures after kinetoplast 
duplication and further extension of the new FAZ.

Cells were labeled with a rat monoclonal antibody against TbPLK 
and PS54 to ascertain how closely expression of the kinase corre-
lated with the appearance of S54 phosphorylation (Figure 5). TbPLK 
is first seen on the new microtubule quartet, then migrates to the 
basal body and bilobe as they begin to duplicate (Ikeda and de 
Graffenried, 2012). PS54 labeling occurred only in TbPLK-express-
ing cells and was strongest when the kinase was present on the bi-
lobe. The PS54 signal began to diminish after TbPLK had migrated 
further toward the anterior of the cell along the new FAZ, which 
occurs as the duplicated bilobes begin to separate.

Mutation of TbCentrin2 S54 causes growth defects
We used complemented conditional knockouts to test the effect of 
mutating S54 in procyclic cells (Figure S5; Estévez et al., 1999). 
Briefly, a doxycycline-inducible, Ty1-tagged copy of TbCentrin2 
was integrated into cells; this was followed by removal of one 

incubating the cells with calf intestinal alkaline phosphatase (CIP) 
prior to labeling with PS54, indicating the antiserum is phosphospe-
cific (Figure 3B). Depletion of TbPLK by RNA interference (RNAi) 
substantially reduced the PS54 signal (Figure 3C). The PS54 antise-
rum did not, unfortunately, give any signal by Western blotting when 
used in the range in which it appears to be phosphospecific.

The position of the PS54-positive structure is very similar to the 
location of the bilobe structure. For confirmation of this localization, 
extracted cytoskeletons were labeled with PS54 and the TbCentrin2 
monoclonal antibody (Figure 4A). The PS54 antiserum strongly la-
beled a subset of 1N1K cells with one bilobe or with duplicated bi-
lobes that were still close together. The PS54 signal dropped signifi-
cantly once basal body segregation began, which appears to drive 
the separation of the bilobes. Weak labeling could occasionally be 
seen in 1N2K cells, and essentially no labeling was seen in 2N2K 
cells. This pattern is consistent with S54 phosphorylation taking 
place during bilobe duplication, which occurs in 1N1K cells, and 
being followed by removal of the signal once the duplicated struc-
tures begin to separate after kinetoplast separation (Sherwin and 
Gull, 1989; Ikeda and de Graffenried, 2012).

Cells were stained with PS54 and an antibody against FAZ1, a 
component of the FAZ filament, to determine the relationship be-
tween PS54 phosphorylation and FAZ formation (Figure 4B; Vaughan 
et al., 2008). The PS54-positive structure appeared in cells with a 

FIGURE 4: The PS54 antiserum labels the bilobe as the structure is duplicating. (A) Cytoskeletons from extracted cells 
were labeled with anti-TbCentrin2 (TbC2; red), PS54 (PS54; green), and DAPI (DNA; blue) and imaged by fluorescence 
and DIC microscopy. The inserts show a twofold magnification of the bilobe region of each cell. Most 1N cells are not 
labeled by PS54 (a), but shortly after basal body duplication (b, arrowheads), PS54 labeling of the bilobe structure 
became apparent. This labeling persisted during bilobe duplication (c, arrows), but quickly disappeared once the basal 
bodies began to segregate (d and e, arrowheads). (B) The cytoskeleton was labeled with anti-FAZ1 (FAZ1; red), PS54 
(PS54; green), and DAPI (DNA; blue). Initially, the posterior tip of the old FAZ became PS54-positive (b, arrowhead); this 
was followed by the appearance of a new PS54-positive structure slightly to the posterior of the cell (c, arrowheads), 
which marks the posterior tip of the new FAZ (c, d, and e, arrow). The PS54 signal rapidly declined once the new FAZ 
began to elongate (d and e, arrowheads). Scale bars: 5 µm.
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that the recoded allele was capable of sup-
porting growth at the endogenous locus.

Once the complemented conditional 
knockout approach was validated, we re-
placed the second allele of TbCentrin2 with 
a recoded copy containing S54 mutations. 
The residue was mutated to either alanine 
to block phosphorylation or to aspartate to 
mimic constitutive modification of the site. 
Doxycycline was removed from the com-
plemented conditional knockout cells and 
their ability to grow with only the mutated 
TbCentrin2 was evaluated (Figure 6A). 
The S54A mutation caused a slow growth 
defect of ∼30% after 6 d, while the S54D 
mutant ceased to divide after 5 d.

Western blotting of cell lysates from the 
S54A and S54D complemented conditional 
knockouts taken up to 8 d after removal of 
doxycycline showed rapid down-regulation 
of the wild-type Ty1-TbCentrin2, which 
could not be detected within 24 h of wash-
out (Figure 6B). Immunofluorescence with 
an anti-Ty1 antibody showed small quanti-
ties of wild-type protein present on the basal 
bodies and flagellum until day 3 (unpub-
lished data). The HA-tagged, recoded allele 
that contains the mutations was up-regu-
lated in cells lacking doxycycline, slightly in 
the S54A cells and substantially in the S54D 
cells. Additional HA-reactive bands ap-
peared in the washout cells at slightly higher 
molecular weights, which may reflect addi-
tional phosphorylation or other posttransla-
tional modifications.

The DNA state of the cells expressing the 
S54A and S54D mutants was assessed to de-
termine whether there were any cell cycle 
defects that could explain the growth pheno-
types (Figure 6C). Both cell lines showed a 
normal DNA distribution when grown in the 
presence of doxycycline, with ∼80% of cells 
in the 1N1K state, and ∼20% split between 
the 1N2K and 2N2K states. When expression 
of the wild-type protein was turned off by re-
moval of doxycycline, both mutants showed 
significant defects. In cells expressing only 
the S54A mutant for 6 d, the number of 1N1K 
cells dropped from 78 to 60% and the num-

ber of 2N2K cells doubled. Cells with aberrant DNA content, such as 
2N1K and anucleate 0N1K cells, began to appear. Multinucleate cells 
were also seen, suggesting that cells were having difficulty undergo-
ing cytokinesis. Cells expressing only the S54D mutant for 3.5 d had 
a more severe phenotype. The number of 1N1K cells dropped from 
78 to 53%, the number of 1N2K cells decreased, and the number of 
2N2K cells doubled. Aberrant DNA states were more common, 
including 2N1K cells, which comprised ∼15% of the total population. 
Anucleate and multinucleate cells were also evident.

The localization of the S54 mutants was established to deter-
mine whether changes in TbCentrin2 positioning could explain the 
growth defects. It is possible that phosphorylation of S54 is neces-
sary for proper recruitment of TbCentrin2. Alternatively, the S54A 

TbCentrin2 allele. A copy of the TbCentrin2 gene was synthesized 
wherein all the codons were recoded to facilitate the introduction of 
the mutations (Figure S6). The recoded TbCentrin2 was also tagged 
with a hemagglutinin (HA) tag so that it could be distinguished from 
the doxycycline-inducible copy of the gene. The recoded gene was 
used to replace the remaining TbCentrin2 allele in the presence of 
doxycycline, such that the cells had a supply of normal protein. 
Doxycycline was then removed from the medium to shut off expres-
sion of the normal protein, leaving the recoded allele as the only 
source of TbCentrin2 in the cell. The viability of the system was 
tested by introducing nonmutated, recoded TbCentrin2 into cells 
and removing doxycycline (Figure 6A). These cells grew in a manner 
identical to that of the cells supplemented with doxycycline, showing 

FIGURE 5: PS54 labeling occurs when TbPLK is present on the bilobe. Methanol-fixed cells were 
stained with PS54 (PS54; red), anti-TbPLK (TbPLK; green), and DAPI (DNA; blue) and imaged by 
fluorescence and DIC microscopy. The inserts show a twofold magnification of the bilobe region 
of each cell. TbPLK is first seen as a single punctate structure that marks the appearance of the 
new microtubule quartet (a, arrow). Cells with this labeling are not PS54 positive. Once PS54 
labeling is apparent (b), TbPLK colocalizes with this labeling. Once the new PS54 structure 
appears (c, arrowheads), the TbPLK signal has migrated toward the anterior of the cell. Once 
kinetoplast duplication occurs (d), TbPLK has moved further away and the PS54 signal begins to 
decrease. PS54 labeling is not seen in 2N2K cells (e). Scale bar: 5 µm.
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to problems with replicating this structure. The complemented con-
ditional knockout cells were grown with or without doxycycline for 
3.5 d for S54D and 6 d for S54A, then fixed and stained for the 
bilobe and basal body component TbCentrin4 (Figure 8). In control 
cells expressing normal TbCentrin2, bilobe duplication occurred in 
1N1K cells and was followed by separation of the duplicated struc-
tures during the 1N2K and 2N2K states (Figure 8, A, a–d, and B). 
Bilobe duplication does not occur properly in cells expressing the 
S54 mutants. The number of 1N1K cells with two bilobes decreased 
from 9 to 3% in the S54D mutant, although many cells still displayed 
elongated bilobes that appeared similar to duplication intermedi-
ates (Figure 8B). The number of cells with two bilobes also declined 
slightly in the S54A mutant. The 1N2K cells with single bilobes, 
which never appeared in the control sample, became evident (Figure 
8, A, e, and B), along with cells in which the bilobe morphology was 
perturbed, which we referred to as malformed (Figure 8B). In 2N2K 
cells, 11% of S54A and S54D cells had single bilobes, although 
TbCentrin4 labeling near both kinetoplasts occurred frequently, 

or S54D mutants might disrupt the protein so that it can no longer 
fold and localize properly. The HA-tagged wild-type and S54 
mutants at the endogenous loci showed basal body and flagellum 
labeling, but due to low expression levels, it was difficult to identify 
the bilobe pool of the protein (unpublished data). To ensure that the 
TbCentrin2 mutants were still capable of targeting correctly, we 
transiently overexpressed the proteins as green fluorescent protein 
(GFP) fusions and generated extracted cytoskeletons. Wild-type 
TbCentrin2 and the two S54 mutants localized to the basal body, 
bilobe, and flagellum, emphasizing that the mutation had no effect 
on localization (Figure 7, A–C).

Mutations of TbCentrin2 S54 cause defects in bilobe 
and FAZ duplication
The status of the bilobe was evaluated in S54A and S54D comple-
mented conditional knockout cells. Considering that S54 phospho-
rylation, as marked by PS54, occurs on the bilobe, it seemed possi-
ble that the growth defects observed in the S54 mutants were due 

FIGURE 6: Mutation of Ser-54 in TbCentrin2 causes defects in cell division. (A) Complemented conditional knockout 
cells complemented with nonmutated recoded TbCentrin2 (Non-mutated Recoded; blue), S54 mutated to alanine 
(S54A; red), or S54 mutated to aspartate (S54D; green). The cell lines were grown in the presence (black line) or absence 
(colored line) of doxycycline, and the growth of the cultures was monitored by cell counting. (B) Complemented 
conditional knockout cell lines carrying the TbCentrin2 S54A and S54D mutations were grown over the course of 8 d 
with and without doxycycline. Cells from each culture were harvested daily and subjected to Western blot analysis. T0 
represents the culture at the start of each experiment. The top blots show the levels of the wild-type Ty1-TbCentrin2, 
the middle blots show the levels of the recoded HA-TbCentrin2, and the bottom blots show the levels of tubulin. 
(C) Complemented conditional knockout cell lines that carry the TbCentrin2 S54A and S54D mutations were grown with 
or without doxycycline for 6 d in the case of S54A (red) and 2.5 d in the case of S54D (green). The cells were fixed and 
stained with DAPI to establish their DNA state, which was analyzed by DIC and fluorescence microscopy.
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new flagella were visible, indicating new FAZ formation was 
impeded, although the number of cells with new FAZ was not 
decreased in the S54 mutants (Figure 9A, e, arrowhead). The 
1N2K cells that had only one FAZ comprised 16% of the S54A 
and 20% of the S54D populations. We also observed 1N2K cells 
that contained punctate new FAZ, which we termed short new 
FAZ (snFAZ), and had detached new flagella (Figure 9, A, f, 
arrowhead, and B). In the 2N2K state, 21% of S54A and 56% of 
S54D cells contained snFAZ shorter than 5 µm, which was the 
shortest length for a new FAZ observed in cells expressing non-
mutated TbCentrin2 (Figure 9, A, g, arrowhead, and B). Some 
2N2K cells totally lacked new FAZ (Figure 9B). In the aberrant 
2N1K cells, 69% of S54A and 59% of S54D cells had a single FAZ, 
while the remaining cells had an snFAZ (Figure 9, A, h, and B). 
Most cells with FAZ defects also had detached new flagella 
(Figure 9A, e–g, arrows). We also observed 1N1K cells in which 
the only FAZ was abnormally short, which we termed short old 
FAZ (soFAZ; Figure 9, A, i, and B). These cells frequently had fully 
or partially detached flagella.

suggesting that basal body duplication had proceeded normally 
(Figure 8, A, f, open arrowhead, and B). The 2N2K cells with mal-
formed bilobes also comprised 26% of the S54A and 52% of the 
S54D populations (Figure 8, A, g, arrow and B). The 2N1K cells had 
severe defects in bilobe duplication, with 70% of the S54A and 80% 
of the S54D populations having a single bilobe (Figure 8, A, h, and 
B). We occasionally observed 1N1K cells that appeared to lack any 
organized bilobe staining (Figure 8, A, i, and B). The severity of the 
phenotypes tended to be higher in the S54D cells, which is consis-
tent with the strength of the growth defect.

We next tested the effect of the S54 mutations on the assem-
bly of a new FAZ. Complemented conditional knockout cells were 
grown under the same conditions as in the bilobe experiment 
and then labeled for the FAZ component, FAZ1. In cells express-
ing wild-type TbCentrin2, new FAZ formation is evident in 18% of 
1N1K cells (Figure 9, A, a–b, arrowheads, and B). The new FAZ 
continues to elongate in the 1N2K and 2N2K states (Figure 9, A, 
c–d, arrowheads, and B). In cells expressing only the S54 mutants, 
new FAZ assembly was impeded. The 1N1K cells with detached 

FIGURE 7: The TbCentrin2 S54 mutants have the same localization as the wild-type protein. Cells were transfected with 
GFP-tagged wild-type, S54A, or S54D TbCentrin2 (TbC2; green), followed by the preparation of isolated cytoskeletons, 
which were stained with anti-TbCentrin4 (TbC4; red) and DAPI (DNA; blue). The cytoskeletons were imaged by 
fluorescence and DIC microscopy. The inserts represent a twofold magnification of the bilobe region, with the basal 
body marked with an open arrowhead and the bilobe marked with a solid arrowhead. Nonmutated TbCentrin2 localized 
to the basal body, bilobe, and flagellum. The S54A and S54D mutants localized to the same structures. Scale bars: 5 µm.
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FIGURE 8: Mutation of TbCentrin2 S54 causes defects in bilobe duplication. (A) Complemented conditional knockout 
cells carrying the S54A or S54D mutation were grown in the presence or absence of doxycycline for 6 d (S54A) or 3.5 d 
(S54D). The cells were then fixed and labeled with anti-TbCentrin4 (TbC4; red), and DAPI (DNA; blue). Cells from the 
S54D data set are shown. Cells incubated with doxycycline (DOX) express nonmutated Ty1-TbCentrin2, while the cells 
without doxycycline express only the mutant HA-tagged TbCentrin2 (HA-TbCentrin2 S54D). In control conditions, 
bilobe duplication began in 1N1K cells (b, arrowhead), followed by the separation of the duplicated structures in 1N2K 
and 2N2K cells (c and d, arrowheads). In cells expressing only mutant TbCentrin2, 1N2K and 2N2K cells lacking new 
bilobes appeared (e and f, open arrowheads). Cells with malformed bilobes also appeared (g, arrow). (B) Quantification 
of the bilobe phenotype seen in (A). The results for the S54A cells are in red, the results for the S54D cells in green, and 
the results for the control cells are in black (DOX). Each graph shows the results for cells at a specific DNA state. 2N1K 
cells are only present in the cultures lacking doxycycline. Scale bar: 5 µm.
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FIGURE 9: Mutation of TbCentrin2 S54 causes defects in FAZ duplication. (A) Complemented conditional knockout 
cells carrying the S54A or S54D mutation were grown in the presence or absence of doxycycline for 6 d (S54A) or 3.5 d 
(S54D). The cells were then fixed and labeled with anti-FAZ1 (FAZ; red) and DAPI (DNA; blue). Cells incubated with 
doxycycline (DOX) express nonmutated Ty1-TbCentrin2, while the cells without doxycycline express only the mutant 
HA-tagged TbCentrin2 (HA-TbCentrin2 S54D). In the control sample, FAZ duplication occurred in 1N1K cells 
(b, arrowhead), followed by extension of the new structure in 1N2K and 2N2K states (c and d; arrowhead). In cells 
expressing the TbCentrin2 S54 mutants, new FAZ synthesis was perturbed. Cells had punctate snFAZ (e–g, arrowheads) 
or lacked new FAZ entirely (h). (B) Quantification of the FAZ phenotype seen in (A). The results for the S54A cells are in 
red, the results for the S54D cells in green, and the results for the control cells are in black (DOX). Each graph shows the 
results for cells at a specific DNA state. 2N1K cells are only present in the cultures lacking doxycycline. Scale bar: 5 µm.
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While studying the bilobe and FAZ states in the S54 comple-
mented conditional knockouts, we noted by differential interference 
contrast microscopy (DIC) that 2N2K and 2N1K cells occasionally 
appeared to lack two flagella. This differs markedly from the result 
of TbPLK depletion, in which all 2N2K and 2N1K cells contain two 
flagella (Ikeda and de Graffenried, 2012). The two possibilities are 
either that new flagellar assembly may be compromised or aberrant 
cytokinesis may lead to the production of cells that contain a flagel-
lum but lack the correct complement of DNA. If the S54 mutants 
cause defects in flagellar assembly, then cells at all cell cycle stages 
should lack new flagella. However, if the lack of new flagella is 
confined to later stages of the cell cycle, this defect is likely due to 
aberrant cytokinesis that leads to a loss of a flagellum.

For testing these two possibilities, complemented conditional 
knockout cells were grown as in the bilobe and FAZ experiments 
and stained with an antibody against the paraflagellar rod compo-
nent PFR2 (Kohl et al., 1999). The number of flagella in cells ex-
pressing nonmutated and mutant TbCentrin2 were then counted 
in all cell cycle states. In cells expressing nonmutated TbCentrin2, 
the new flagellum appeared in 17% of 1N1K cells and continued 
to elongate throughout the rest of the cell cycle (Figure 10, A, b–d, 
arrowheads, and B). Cells expressing the TbCentrin2 mutants did 
not appear to have flagellar defects early in the cell cycle. In 1N1K 
cells, the S54 mutants had a slightly elevated number of cells with 
two flagella, 20% in the S54A and 25% in the S54D mutant, which 
argues that there is no defect in assembly of new flagella (Figure 
10, A, e, arrowhead, and B). In the 1N2K state, cells lacking a new 
flagellum comprised 4% of the population in the S54A mutant and 
16% in the S54D mutant (Figure 10, A, f, and B). In 2N2K cells, the 
defect was more severe, with 7% of the S54A and 20% of the S54D 
mutants lacking new flagella (Figure 10, A, g, and B). In 2N1K cells, 
the absence of new flagella was very evident, with 66% of the 
S54A and 46% of the S54D cells containing only one flagellum 
(Figure 10, A, h, and B). In cells that lacked new flagella, the old 
flagella were almost always attached.

DISCUSSION
The original localization of TbCentrin2 was described using the 20H5 
monoclonal antibody, which was raised against Chlamydomonas 
centrin (Sanders and Salisbury, 1994).The 20H5 monoclonal antibody 
detects centrins in many organisms and appears to recognize the 
amino acid sequence EIxxAFxLFD, a motif present in many EF hands, 
explaining its generality (Klotz et al., 1997). Previous work in trypano-
somes has shown that 20H5 detects both TbCentrin1 and TbCentrin2 
(He et al., 2005). Endogenous tagging experiments showed that 
TbCentrin1 localized exclusively to the basal body, while TbCentrin2 
localized to the bilobe and the basal body. This made it likely that the 
bilobe signal produced by 20H5 was attributable to TbCentrin2.

We have produced a new monoclonal antibody that is specific 
for TbCentrin2 due to its recognition of a segment of the N-termi-
nus, which is one of the few regions in which centrins show variabil-
ity. When this antibody is used for immunofluorescence with metha-
nol fixation, it predominantly labels the basal body and flagellum, 
with modest bilobe labeling. Extraction with detergent prior to fixa-
tion enhances the bilobe pool, perhaps by exposing more antigenic 
sites. The amount of TbCentrin2 on the bilobe seems exquisitely 
sensitive to its expression level in cells; overexpression of GFP-
TbCentrin2 leads to a readily detectable bilobe pool. It is possible 
that tagging both alleles with Ty1, as was done previously, elevates 
the expression level of the protein sufficiently to increase its pres-
ence on the bilobe (He et al., 2005). It is also possible that phospho-
rylation of the N-terminus of TbCentrin2 blocks 2B2H1 binding, 

although preliminary experiments with phosphatase treatments did 
not show any additional labeling upon treatment. Based on 
our data, it is likely that, when expressed at endogenous levels, 
TbCentrin2 resides mostly on the basal body and flagellum, with a 
portion present on the bilobe.

TbCentrin2 is phosphorylated on multiple residues in T. brucei. 
Mass spectrometry analysis identified 12 different phosphosites in 
TbCentrin2 purified from cells. A previous study on the whole-cell 
phosphoproteome of bloodstream-form trypanosomes identified 
only one of these sites, S10, which appears to be abundant (Nett 
et al., 2009b). Many of the sites were only identified after TiO2 
enrichment of the purified TbCentrin2 phosphopeptides, suggest-
ing they were not heavily occupied in an asynchronous culture. This 
may be due to the fact that they are only present at certain points 
in the cell cycle. The N-terminal extension of TbCentrin2 is heavily 
phosphorylated, and these sites appear to be occupied simultane-
ously, because peptides with more than one phosphorylated resi-
due were identified. Deletion of the N-terminal extension did not 
have any effect on the localization of TbCentrin2 or cell viability 
(unpublished data), which is consistent with similar experiments 
conducted on the yeast homologue Cdc31p (Li et al., 2006).

Among the phosphosites mapped on TbCentrin2, two have 
been identified previously in other organisms. Human Centrin2 is 
phosphorylated on the S54 equivalent (S47) in vitro by the kinase 
Mps1 (Yang et al., 2010). Overexpression of S54 mutants had a mod-
est effect on centriole overproduction in S phase–arrested cells, but 
viability was not tested. T142, which is phosphorylated by TbPLK in 
vitro, is modified in the yeast centrin homologue Cdc31p (T110) and 
in human Centrin2 by Mps1 (Araki et al., 2010; Yang et al., 2010). 
While we were not able to identify T142 phosphorylation in vivo, it is 
possible that it is present at levels below our detection. It is not sur-
prising that Mps1 and PLK homologues would phosphorylate similar 
sites, as they both recognize acidic sequences and may associate in 
some organisms (Mok et al., 2010; Dou et al., 2011). No Mps1 
homologue has been identified in the trypanosome genome.

A phosphospecific antiserum raised against TbCentrin2 S54 
labels the bilobe as the structure is undergoing duplication. This 
labeling pattern coincides with the appearance of TbPLK on the 
bilobe and rapidly decreases once the kinase has migrated onto the 
tip of the new FAZ. This is consistent with the bilobe pool of 
TbCentrin2 serving as a substrate for TbPLK and indicates this event 
serves as a clear marker for the onset of bilobe duplication. The 
appearance of the PS54 signal occurs prior to the assembly of a 
new bilobe and FAZ filament. Soon after the bilobe becomes PS54-
positive, a new PS54-labeled structure appears just to the posterior 
of the old bilobe and a new FAZ can be seen. This could mean that 
a phosphorylation event on the old bilobe is necessary to assemble 
a new bilobe, perhaps by liberating or recruiting a TbCentrin2-bind-
ing protein. Recent work has shown that the TbCentrin2 levels on 
the bilobe do not change during the cell cycle, making it unlikely 
that TbPLK phosphorylation changes the localization of TbCentrin2 
(Wang et al., 2012). The TbCentrin2 S54A and S54D mutants both 
have the same localization as the wild-type protein.

The disappearance of the PS54 epitope after bilobe duplication 
suggests that one or more phosphatases are responsible for remov-
ing TbPLK phosphorylation from TbCentrin2 at a specific point in 
the cell cycle. The identity of this phosphatase is currently unknown, 
but considering the consequences of mimicking constitutive phos-
phorylation of S54, its action is a vital event in cell division in 
T. brucei. Very little is known about the phosphatases present in 
trypanosomes beyond the role of TbPTP1 in the differentiation of 
the parasite (Szöör et al., 2006; Szöör, 2010). It should also be noted 
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FIGURE 10: Mutation of TbCentrin2 S54 does not affect the assembly of new flagella. (A) Complemented conditional 
knockout cells carrying the S54A or S54D mutation were grown in the presence or absence of doxycycline for 6 d (S54A) 
or 3.5 d (S54D). The cells were then fixed and labeled with anti-PFR2 (PFR2; green) and DAPI (DNA; blue). Cells from the 
S54D data set are shown. Cells incubated with doxycycline (DOX) express nonmutated Ty1-TbCentrin2, while the cells 
without doxycycline express only the mutant HA-tagged TbCentrin2 (HA-TbCentrin2 S54D). In the control sample, new 
flagellum assembly initiated in 1N1K cells, followed by extension of the new structure in the 1N2K and 2N2K states 
(b–d, arrowheads). In cells expressing the TbCentrin2 mutants, new flagellum initiation occurred in 1N1K cells 
(e, arrowhead), but cells that had progressed further in the cell cycle occasionally lacked new flagella (f–h). 
(B) Quantification of the flagellum phenotype seen in (A). The results for the S54A cells are in red, results for the S54D 
cells are in green, and results for the control cells are in black (DOX). Each graph shows the results for cells at a specific 
DNA state. 2N1K cells are present only in the cultures lacking doxycycline. Scale bar: 5 µm.
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it must be released or relocated to allow bilobe duplication to pro-
ceed. By mimicking constitutive phosphorylation of this site, we can 
block new bilobe assembly, which leads to FAZ defects and de-
tached flagella, and blocks cytokinesis from proceeding properly.

MATERIALS AND METHODS
Cell culture
All experiments were performed using the procyclic T. brucei cells. 
The 427 strain was used to produce the TAP-TbCentrin2 cell line, 
along with all immunofluorescence conducted on wild-type cells. The 
427 cells were grown in SDM-79 supplemented with 7.5 µg/ml hemin 
and 20% fetal calf serum (FCS). The complemented conditional 
knockout strains were generated in the 29.13 cell line (Wirtz et al., 
1999). The 29.13 cells were grown in SDM-79 supplemented with 
7.5 µg/ml hemin, 20% Tet-System approved FCS (Clontech, Moun-
tain View, CA), 15 µg/ml neomycin, and 50 µg/ml hygromycin. All 
cells were cultured at 27°C, and their growth was monitored using a 
particle counter (Z2 Coulter Counter; Beckmann Coulter, Brea, CA).

Antibodies
Antibodies were obtained from the following sources: anti-FAZ1 
(L3B2) and anti-PFR2 (L8C4) from Keith Gull (Oxford University, UK), 
anti–Leishmania donovani Centrin4 from Hira L. Nakhasi (U.S. Food 
and Drug Administration), anti-Ty1 (BB2) from Cynthia He (National 
University of Singapore, Singapore), anti-GFP from Egon Ogris (Max 
F. Perutz Laboratories, Vienna, Austria). The mouse monoclonal anti-
HA (clone 16B12; Covance, Princeton, NJ), anti–α-tubulin (clone 
B-5-1-2; Sigma-Aldrich, St. Louis, MO), and anti-His6 (GE Health-
care, Waukesha, WI) were purchased from the respective compa-
nies. The monoclonal antibodies against TbCentrin2 and TbCen-
trin4 and the rabbit polyclonal against TbPLK have been described 
previously (de Graffenried et al., 2008; Ikeda and de Graffenried, 
2012). The rat monoclonal against TbPLK was generated against a 
C-terminal fragment corresponding to the polo-box domain (aa 
468–768) expressed in E. coli as a His6-fusion. The specificity of this 
antibody is shown in Figure S7. The phosphospecific rabbit antise-
rum PS54 was generated against the peptide FDTDG(S)GTIDVKELC 
fused to KLH. The resultant serum was purified against the phos-
phorylated peptide and then absorbed against the unphosphory-
lated version prior to use.

Immunofluorescence
Cells were harvested, washed once in phosphate-buffered saline 
(PBS), and then adhered to coverslips. For direct methanol fixation, 
the cells were then immersed in −20°C methanol for 20 min, air-
dried, and then rehydrated in PBS. For extracted cytoskeletons, the 
cells on coverslips were incubated in extraction buffer (0.1 PIPES, 
pH 6.9, 2 mM EGTA, 1 mM MgSO4, 0.1 M EDTA, 1% NP40) for 5 min 
at room temperature and washed in PBS three times; this was fol-
lowed by fixation in −20°C methanol for 20 min and rehydration in 
PBS. The cells were blocked overnight at 4°C in blocking buffer (PBS 
containing 3% bovine serum albumin). Primary antibodies were di-
luted in blocking buffer and incubated for 1 h at RT, and then washed 
four times in PBS and placed in blocking buffer for 20 min. Alexa 
488– or 568–conjugated secondary antibodies were diluted in block-
ing buffer and incubated for 1 h at RT. Cells were washed and 
mounted in Fluoromount G with 4′,6-diamidino-2-phenylindole 
(DAPI; Southern Biotechnology, Birmingham, AL). Coverslips were 
imaged using a custom-built epifluorescence microscope (Observer 
Z1; Zeiss, Jena, Germany) equipped with a pco. 1600 camera (pco., 
Romulus, MI) and a Plan-Apochromat 100×/1.46 oil-immersion lens 
(Zeiss). Visiview (Visitron Systems) was used to control the microscope 

that PLK homologues in other organisms are targeted by the action 
of upstream kinases, which generate phosphosites that bind the 
polo-box domain of PLK (Elia et al., 2003; Barr et al., 2004). Consid-
ering the migration of TbPLK throughout the cell cycle, it is likely 
that several kinases and phosphatases are tasked with generating 
and removing phosphosites to target TbPLK to specific cellular loca-
tions at specific moments during division.

Mutation of S54 to alanine or aspartate causes defects in the as-
sembly of the bilobe and FAZ. The organelles impacted by the S54 
mutation are consistent with the location of the PS54 signal, which 
argues that the phenotypes are due to interfering with phosphoryla-
tion of this site. The alanine mutation causes a slow-growth pheno-
type, which may mean that the phosphorylation event is not essen-
tial. Mutating S54 to aspartate causes cell division to cease, which 
suggests that once the site has been occupied it must be removed 
for bilobe and FAZ assembly to continue. In the S54 mutants, 20% 
of 2N2K cells have only one flagellum, while almost half of the 2N1K 
cells have the same phenotype. The absence of a new flagellum can 
occur by two mechanisms: basal body maturation can be compro-
mised, blocking the assembly of a new flagellum, or aberrant cytoki-
nesis can produce cells that contain flagella but lack the appropriate 
DNA. If flagellum assembly is perturbed, a decrease in 1N1K cells 
with two flagella would be expected, but this is not the case in the 
S54 mutants. The loss of flagella appears to occur later in the cell 
cycle, which would be consistent with a defect in cytokinesis. This 
defect could be due to premature cytokinesis, wherein furrow in-
gression occurs prior to the correct arrangement of the kinetoplasts, 
or by misplacement of the furrow. New FAZ assembly may play an 
important role in directing the placement of the cleavage furrow, 
which could explain why the S54 mutants are producing cells with 
cytokinetic defects (Robinson et al., 1995; Kohl et al., 2003; Vaughan, 
2010). While cells expressing the TbCentrin2 S54 mutants appear to 
produce a new flagellum as detected by the paraflagellar rod 
component PFR2, it should be noted that PFR2 is not a component 
of the axoneme and does not extend along the full length of the 
flagellum. This raises the possibility that the new flagella are not 
fully functional or are shorter than in cells expressing nonmutated 
TbCentrin2.

The precise mechanism for how S54 phosphorylation affects bi-
lobe and FAZ assembly is under investigation. The S54 site is pres-
ent within the first EF hand and is positioned within the coordination 
sphere of the calcium ion. Phosphorylation of this site could cause a 
decrease in calcium binding due to the negative charge and bulk of 
the phosphate moiety. Phosphorylation of Centrin2 by CK2 in verte-
brate photoreceptor cells causes a fivefold decrease in calcium 
binding (Trojan et al., 2008). However, previous work with human 
Centrin2 has shown that the first two EF hands have millimolar affin-
ity and would not be populated at normal cellular concentrations of 
free calcium (10−7–10−5 M; Yang et al., 2006).

In calmodulin, calcium binding leads to a conformational change 
that exposes a binding surface and allows it to bind to other pro-
teins. In TbCentrin2, it is possible that the first two EF hands do not 
bind calcium, but may instead serve as protein-binding modules. 
These EF hands are found in the closed state in the crystal structure 
of human Centrin2, making it possible that phosphorylation at S54 
drives a conformational change that exposes a novel binding sur-
face (Thompson et al., 2006). If this is the case, then phosphoryla-
tion of this site by TbPLK may serve to recruit a binding partner at a 
specific point in the cell cycle. Recruitment of this binding partner 
may facilitate bilobe duplication, but it may not be absolutely es-
sential for this process, or it could be recruited by another pathway 
that does not require the kinase. If the binding partner is recruited, 
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mutant were mixed with 10 µg recombinant TbCentrin2 in kinase 
assay buffer (50 mM MOPS, pH 7.2, 20 mM MgCl2, 10 mM EGTA, 
and 2 mM dithiothreitol [DTT]); this was followed by the addition of 
20 µM ATP and incubation for 30 min at 30 °C. Thirty percent of 
each reaction was fractionated using SDS–PAGE and then stained 
with GelCode (Thermo Scientific) to visualize proteins. The band 
corresponding to TbCentrin2 at 21 kDa was excised and subjected 
to LC-MS/MS analysis.

LC-MS/MS analysis
Coomassie-stained gel bands were excised, then washed with 
50 mM NH4HCO3 (pH 8.5), and dried with acetonitrile. Disulfide 
bonds were reduced with DTT (200 µl of 10 mM DTT for 30 min at 
56°C). DTT was removed, and cysteines were alkylated by incuba-
tion with 100 µl of 54 mM iodoacetamide (IAA) for 20 min at RT in 
the dark. Gel pieces were dried with acetonitrile, then swollen in 
10 ng/µl trypsin (recombinant, proteomics grade; Roche, Indianapo-
lis, IN) in 50 mM NH4HCO3, and incubated overnight at 37°C. The 
reaction was quenched by adding formic acid to a final concentra-
tion of ∼1%, and peptides were extracted by sonication.

For phosphopeptide enrichment TbCentrin2 was digested di-
rectly from calmodulin beads used in the TAP-tag purification. The 
beads were washed five times with NH4HCO3 buffer. Disulfide 
bonds were reduced with DTT (5% wt/wt of the estimated amount 
of protein), and Cys-residues were subsequently alkylated with IAA 
(25% wt/wt of the estimated amount of protein) as described above. 
DTT (25% wt/wt of the estimated amount of protein) was added to 
consume excess IAA, and proteins were digested with trypsin (re-
combinant, proteomics grade; 5% wt/wt of the estimated amount of 
protein; Roche) at 37°C overnight. Digests were stopped by addi-
tion of trifluoroacetic acid (TFA) to approximately pH 2.5.

Phosphopeptide enrichment with TiO2 was performed as previ-
ously described (Mazanek et al., 2007). Briefly, TopTip-TiO2 from 
Glygen (TT1TIO.96) were washed with 80% acetonitrile and equili-
brated in a buffer containing 130 mg/ml 1-octanesulfonic acid, 
100 mg/ml 2,5-dihydroxybenzoic acid, and 0.2% heptafluorobutyric 
acid in 40% acetic acid. The sample was dissolved in the equilibra-
tion buffer and loaded very slowly on the tips, washed, and eluted 
very slowly with a phosphate buffer (pH 10.5).

Peptides were separated on an UltiMate 3000 HPLC system 
(Dionex, Thermo Fisher Scientific). Digests were loaded on a trap-
ping column (PepMap C18, 5 µm particle size, 300 µm i.d. × 5 mm; 
Thermo Fisher Scientific) equilibrated with 0.1% TFA and separated 
on an analytical column (PepMap C18, 3 µm, 75 µm i.d. × 150 mm; 
Thermo Fisher Scientific), applying a 30-min linear gradient from 
2.5% up to 40% acetonitrile with 0.1% formic acid, followed by a 
washing step with 80% acetonitrile and 10% trifluoroethanol. The 
HPLC was directly coupled to an LTQ-Orbitrap Velos mass spec-
trometer (Thermo Fisher Scientific) equipped with a nanoelectro-
spray ionization source (Proxeon, Thermo Fisher Scientific). The 
electrospray voltage was set to 1500 V. The mass spectrometer was 
operated in the data-dependent mode: 1 full scan (m/z: 300–1800, 
resolution 60,000) with lock mass enabled was followed by maximal 
20 MS/MS scans. If a neutral loss of 98, 49, or 32.6 was detected 
among the top three peaks, an MS3 was triggered. The lock mass 
was set at the signal of polydimethylcyclosiloxane at m/z 445.120025. 
Monoisotopic precursor selection was enabled; singly-charged 
signals were excluded from fragmentation. The collision energy 
was set at 35%, Q-value at 0.25, and the activation time at 10 ms. 
Fragmented ions were set onto an exclusion list for 30 s. In an ad-
ditional LC-MS/MS run, CID and ETD fragmentation was triggered 
alternating.

for acquisition. All images were quantified in ImageJ and assembled 
for publication using Photoshop CS5 and Illustrator CS5 (Adobe, San 
Jose, CA).

Western blotting
Cells were harvested, washed once in PBS, and then lysed in SDS–
PAGE loading buffer. Samples containing 3 × 106 cell equivalents of 
lysate per lane were fractionated using SDS–PAGE, transferred to 
nitro cellulose, and probed with primary antibodies. Detection was 
performed using secondary antibodies conjugated to horseradish 
peroxidase (Jackson ImmunoResearch, West Grove, PA) and film. In 
certain cases, the nitrocellulose membranes were stripped using 
Restore (Pierce Biotechnology, Rockford, IL) and reprobed with a 
different primary antibody.

Construction of TAP-TbCentrin2 cell line
Cells (1 × 108) were transfected with a construct containing the puro-
mycin resistance gene flanked by 500 bp of the 5’ and 3’ untrans-
lated regions (UTRs) of TbCentrin2. Resistant clones were isolated, 
and integration of the puromycin resistance gene at the TbCentrin2 
loci was confirmed by PCR. A suitable clone was selected and trans-
fected with a TbCentrin2-targeted tagging construct that introduced 
a TAP-tag at the N-terminus of the gene and a gene conferring blas-
ticidin resistance. Double integrants were cloned and screened by 
PCR. The absence of untagged TbCentrin2 was confirmed by blot-
ting the resultant clones with anti-TbCentrin2 antibody.

TAP-tag purification
Cells (5 × 109) were harvested, washed once in PBS, and then lysed 
in 5 ml of a modified RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 
2 mM EDTA, 1% NP40, 0.1% SDS, 1 tablet per 25 ml Complete 
protease inhibitor, 1 tablet PhosSTOP phosphatase inhibitors 
[Roche, Basel, Switzerland]) containing 3 M urea. The lysate was vor-
texed frequently and kept at 4°C for 30 min, and then clarified by 
centrifugation at 16,000 × g for 30 min at 4°C. The clarified lysate 
was diluted to 50 ml in modified RIPA buffer lacking urea, and incu-
bated with 100 µl bed volume of immunoglobulin G beads for 3.5 h 
at 4°C. The beads were washed in modified RIPA buffer and then 
resuspended in TEV cleavage buffer (25 mM Tris, pH 8.0, 150 mM 
NaCl, 0.1% NP40, 0.5 mM EDTA, 1 mM DTT). TEV protease was 
added, and the beads were incubated overnight at 4°C. The bed 
eluate was collected, along with two washes, and CaCl2 was added 
to bring the concentration to 2 mM. The eluate was then diluted in 
calmodulin-binding buffer (25 mM Tris, pH 8.0, 150 mM NaCl, 1 mM 
magnesium acetate, 1 mM imidazole, 2 mM CaCl2, 10 mM β-
mercaptoethanol) and incubated with 60 µl bed volume of calmodu-
lin beads for 1.5 h. The beads were washed in calmodulin-binding 
buffer with 0.1% NP40, followed by 0.02% NP40. Samples for TiO2 
enrichment were trypsinized directly from the beads, while those 
that were processed from gel slices were eluted with calmodulin 
elution buffer (25 mM Tris, pH 8.0, 150 mM NaCl, 0.2% NP40, 1 mM 
magnesium acetate, 1 mM imidazole, 20 mM EGTA, 10 mM β-
mercaptoethanol). The eluate was concentrated and then boiled in 
SDS–PAGE loading buffer. The sample was then fractionated on a 
NU-PAGE 4–12% gel and stained using SimplyBlue Coomassie stain 
(Invitrogen, Carlsbad, CA). The only band present had the correct 
MW for TbCentrin2 fused to the calmodulin-binding peptide. This 
band was excised and submitted for LC-MS/MS analysis.

Kinase assays
The kinase assay protocol was adapted from a previously published 
protocol (Hammarton et al., 2007). Purified TbPLK or its kinase-dead 
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coverslips were incubated for 16 h at 37°C and then washed with 
PBS and processed for immunofluorescence as described above.

Expression and purification of TbCentrin2 fragments for 
epitope mapping of 2B2H1
TbCentrin2 and truncations of the protein were cloned into a bacte-
rial expression vector that generated fusion protein appending the 
maltose-binding protein and a His10 tag to their N-termini. These 
vectors were transformed into BL21 cells, expressed, and purified 
on nickel-agarose beads under denaturing conditions using 8 M 
urea. The concentrations of the purified proteins were measured 
using the BCA system (Pierce Biotechnology). An equimolar con-
centration of each protein was fractionated using SDS–PAGE and 
transferred to nitrocellulose. The membrane was probed with anti-
TbCentrin2 antibody 2B2H1 and then stripped and reprobed with 
anti-His6 as a loading control.

Expression and purification of recombinant proteins
TbPLK and its kinase-dead mutant were cloned into pFastBac HT as 
N-terminal His6 fusions for transposition into baculovirus DNA as 
described by the manufacturer (Bac-to-Bac Expression system, Invit-
rogen). Sf9 cells were transfected with the baculovirus DNA contain-
ing the TbPLK fusions, and the resultant supernatant was used to 
generate high-titer virus. Hi5 cells were infected with high-titer virus 
and grown for 60 h to allow for TbPLK expression. The cells were 
lysed in Hi5 lysis buffer (20 mM HEPES, pH 7.4, 1% TritonX-100, 1% 
glycerol, 300 mM NaCl, 15 mM imidazole) and purified using TALON 
beads (Clontech) according to the manufacturer’s conditions. 
TbCentrin2 expression and purification has been described previ-
ously (de Graffenried et al., 2008).

Peptide identification was performed by the SEQUEST algorithm 
in the Proteome Discoverer 1.3.0.339 software package (Thermo 
Fisher Scientific). Spectra were searched against a small database 
containing the tagged centrin sequences plus proteases, contami-
nants, and a short list of unrelated proteins. Search parameters were 
tryptic specificity with maximum 2 missed cleavages, peptide toler-
ance of 2 ppm, and fragment ions tolerance of 0.8 Da. Carbami-
domethylation of Cys was set as static modifications and phospho-
rylation of Ser/Thr/Tyr and oxidation of Met as variable modifications. 
Results were filtered for 1% false discovery rate, and phosphory-
lated peptides were checked manually. The probability of phospho-
site localization was calculated using the phosphoRS2.0 software 
embedded in Proteome Discoverer. A phosphorylation site proba-
bility of 75% or higher was considered as confidently localized. 
Results were divided in confidently localized and nonlocalized 
(<75% probability) phosphorylation sites.

Construction of TbCentrin2 complemented conditional 
knockouts
The 29.13 cells were transfected with normal Ty1-TbCentrin2 in a 
doxycycline-inducible vector (pLEW100), and clones were se-
lected using phleomycin (Wirtz et al., 1999). Resistant clones 
were analyzed for the expression of Ty1-TbCentrin2, and a suit-
able clone was selected for further manipulation. This clone was 
transfected with a construct containing the blasticidin resistance 
gene flanked by 500 base pairs of the 5’ and 3’ UTRs of 
TbCentrin2. Resistant clones were isolated and integration of the 
blasticidin resistance gene at the TbCentrin2 loci was confirmed 
by PCR. A single clone was selected, which served as the paren-
tal cell line for all the complemented TbCentrin2 conditional 
knockouts. The parental line was transfected with recoded HA-
TbCentrin2 that was targeted to the TbCentrin2 loci using the 5’ 
and 3’ UTRs of TbCentrin2. The transfected cells were incubated 
with 300 ng/ml of doxycycline and puromycin to select for the 
integration of the recoded HA-TbCentrin2. During the selection 
process, 300 ng/ml of doxycycline was added every 10 d to main-
tain expression of the wild-type Ty1-TbCentrin2. Isolated clones 
were maintained in 50 ng/ml doxycycline and screened for inser-
tion of the recoded HA-TbCentrin2 at the correct loci by PCR. 
Western blotting with anti-TbCentrin2 confirmed the absence of 
untagged TbCentrin2. Genomic DNA from the final clones was 
isolated, and the sequence of the HA-TbCentrin2 was confirmed 
using DNA sequencing.

Induction of the complemented conditional knockouts
Complemented conditional knockout cells that were maintained 
with 50 ng/ml doxycycline were washed with SDM-79 media four 
times to remove the drug. The cells were then seeded in two flasks 
at 1 × 106/ml, and 50 ng/ml doxycycline was added back to one 
flask, while a vehicle control (70% ethanol, the solvent used to dis-
solve the doxycyline) was added to the other. Cells were reseeded 
at 1 × 106/ml every 2 d and supplemented with fresh doxycycline. 
Cell number was monitored using a Coulter Counter Z2.

Dephosphorylation of MeOH-fixed cells
The phosphospecificity of the PS54 antiserum was tested using an 
established dephosphorylation protocol (Nett et al., 2009a). Cells 
(6 × 105 per coverslip) were washed in PBS, adhered to coverslips, 
fixed in −20°C MeOH for 20 min, and then air-dried and rehydrated 
in PBS. The coverslips were washed in NEB3 buffer (50 mM Tris, pH 
7.9, 10 mM MgCl2, 100 mM NaCl, 1 mM DTT) and then incubated 
in NEB3 buffer alone or NEB3 buffer containing 50 U of CIP. The 
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