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Abstract
The flagellar pocket (FP) of the pathogen Trypanosoma brucei is an important single copy

structure that is formed by the invagination of the pellicular membrane. It is the unique site

of endo- and exocytosis and is required for parasite pathogenicity. The FP consists of dis-

tinct structural sub-domains with the least explored being the annulus/horseshoe shaped

flagellar pocket collar (FPC). To date the only known component of the FPC is the protein

BILBO1, a cytoskeleton protein that has a N-terminus that contains an ubiquitin-like fold,

two EF-hand domains, plus a large C-terminal coiled-coil domain. BILBO1 has been shown

to bind calcium, but in this work we demonstrate that mutating either or both calcium-binding

domains prevents calcium binding. The expression of deletion or mutated forms of BILBO1

in trypanosomes and mammalian cells demonstrate that the coiled-coil domain is necessary

and sufficient for the formation of BILBO1 polymers. This is supported by Yeast two-hybrid

analysis. Expression of full-length BILBO1 in mammalian cells induces the formation of line-

ar polymers with comma and globular shaped termini, whereas mutation of the canonical

calcium-binding domain resulted in the formation of helical polymers and mutation in both

EF-hand domains prevented the formation of linear polymers. We also demonstrate that in

T. brucei the coiled-coil domain is able to target BILBO1 to the FPC and to form polymers

whilst the EF-hand domains influence polymers shape. This data indicates that BILBO1 has

intrinsic polymer forming properties and that binding calcium can modulate the form of

these polymers. We discuss whether these properties can influence the formation of the

FPC.
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Author Summary

Trypanosoma brucei avoids destruction by, in part, changing its surface glycoprotein coat,
which is trafficked onto the cell surface via an invagination of the cell surface called the fla-
gellar pocket. The pocket is essential for pathogenicity. The distal membrane of the pocket
is anchored to a cytoskeleton structure called the flagellar pocket collar (FPC). The FPC is
a ring/horseshoe shaped structure, which itself is attached to the single copy flagellum of
the parasite. How the “ring” shape of the collar is formed is not understood. Moreover, the
only known protein component of the FPC is the protein BILBO1. BILBO1 is modular
and has a distinct N-terminal domain, two EF-hand calcium-binding domains and a large
C-terminal coiled-coil domain. Here we demonstrate that mutating the EF hand domains
prevent calcium binding and that the coiled-coil domain is not only sufficient to target to
the collar, but can also form polymers in mammalian cells. Mutating either or both calci-
um-binding domains of BILBO1 influences polymer formation and type when expressed
in mammalian and trypanosome cells. Our premise is that BILBO1 has intrinsic polymer
forming properties that are essential for the flagellar pocket collar making the pocket a tar-
get for intervention.

Introduction
Trypanosoma brucei is an important parasitic protozoan that is the etiological agent of sleeping
sickness in sub-Saharan Africa. Related parasites are responsible for Chagas disease and Leish-
maniasis in South America and many tropical countries [1,2,3]. At the G1 stage of the T. brucei
cell cycle a single flagellum exits the cell through the flagellar pocket (FP), a structure that is lo-
cated in the posterior end of the cell. The FP functions as the exclusive site for endo- and exocy-
tosis, and has been shown to be an essential component of membrane trafficking and recycling
[4,5,6]. In these roles the FP is essential for parasite virulence, because T. bruceimust survive
within both the gut and salivary glands of the tsetse fly as well as in the bloodstream of the
mammalian host. Thus the FP is also most likely a functional design to sequester important
parasite surface receptors away from detection by the host’s innate immune system [5,7].

The tight coupling between the FP, the flagellum, and the cytoplasmic membranes has been
well established in recent studies where work on the T. brucei FP and associated cytoskeleton
suggest that new FP biogenesis is precisely timed to coordinate with flagellum duplication and
segregation [6,8]. Electron microscopic imaging and tomography clearly illustrate that a cyto-
skeletal structure called the flagellar pocket collar (FPC), a horse-shoe/annular structure, of ap-
proximately 500–800 nm in diameter, in T. brucei, is present at the exit point of the flagellum
[4,6,9]. The FPC surrounds the flagellum and is also attached to the sub-pellicular microtubule
cytoskeleton [6,8], but it is not known how it is attached, nor is it apparent how the FPC always
forms its characteristic shape around a newly formed flagellum. Recently, an important struc-
ture called the bilobe has been identified as being closely associated with the FPC. The bilobe is
considered to be a Golgi-linked structure that contains Centrin 2, and numerous other proteins
[9,10,11]. The intimate relationship between the FP-flagellum, the bilobe and Golgi [12] sug-
gests that at least some of these structures are physically linked [11].

As we demonstrated previously, BILBO1 is syntenic and essential for biogenesis of the FPC
[8]. RNAi knockdown of BILBO1 in T. brucei disrupts the formation of the FPC, inhibits the
biogenesis of important cytoskeleton structures, induces severe perturbation of the endo-mem-
brane system, cell cycle arrest, and is ultimately lethal. BILBO1 is the first, and to date the only,
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FPC molecular component identified that is required for FPC and FP biogenesis, which makes
it a potentially important target for intervention against kinetoplastids [8].

Recently, the three-dimensional structure of BILBO1 N-terminal domain was solved and re-
vealed that it contains an unexpected ubiquitin-like fold with a conserved surface patch
[13,14]. Mutation of the patch was lethal when expressed in T. brucei procyclic forms suggest-
ing that there are important interactions between the patch and other BILBO1 protein partners
[13,14]. Using electron microscopy Vidilaseris et al., demonstrated that the EF-hand domains
of BILBO1 change their conformation upon calcium binding, and the coiled-coil domain can
form anti-parallel dimers, which can then form linear polymers via the C-terminal leucine zip-
per. Further, they demonstrated that these filaments can condense into fibers through lateral
interactions [15].

In this study, we turn to an analysis of BILBO1 protein as an essential candidate of the FPC
scaffold. Our overall objective was to identify the molecular role of BILBO1 in FPC formation.
The primary and secondary structures of BILBO1 do not predict a specific function, and the
protein does not appear to have any obvious membrane-targeting domains, but it does possess
two predicted EF-hand calcium-binding domains (aa 185–213 and aa 221–249). It also has a
large coiled-coil (CC) domain (aa 263–566), which is involved in protein-protein interactions
[15]. Based on our hypothesis that BILBO1 is the FPC scaffold, we decided to determine 1) if
BILBO1 can form polymers in vivo, 2) what domain(s) of the protein is(are) involved in poly-
mer formation. We approached these questions with the following experiments; 1) Identifica-
tion of functional domains involved in BILBO1-BILBO1 interaction by yeast-two hybrid
analysis 2), test for intrinsic polymer formation properties of BILBO1 using a heterologous
mammalian expression system and 3), characterization of these properties in the parasite.

We demonstrate in this work that BILBO1 can form polymers in vivo and propose that
these may have important implications for the formation of the annulus/horseshoe of the FPC.
The results we report here point to a substantial role for BILBO1 in forming the structural scaf-
fold for FPC biogenesis and maintenance.

Results

BILBO1-BILBO1 interaction is via the coiled-coil domain
Yeast-Two-Hybrid (Y2H) analysis has been used to test interactions between soluble proteins,
but also between polymer forming proteins [16,17,18]. We used this technique to test if
BILBO1 could form homo-polymers and, if yes, identify the domains that are involved in this
interaction. For this study several BILBO1 truncations were constructed and were named as
follows; T1 for the N-terminal domain (aa 1–170), T2 for the N-terminal domain including
both EF-hand calcium-binding domains (aa 1–250), T3 for the CC domain including the two
EF-hand domains up to the C-terminus (aa 171–587), and T4 for the CC domain up to the C-
terminus (aa 251–587) (Fig. 1A). BILBO1 and its truncations tested negative for toxicity and
auto-activation in these Y2H experiments.

Interactions were visualised using two auxotrophic assays with similar results (minus Ade-
nine is shown in Fig. 1B). As yeast growth was observed when full-length BILBO1 construct
was tested (Fig. 1B), our assays show that there is a BILBO1 x BILBO1 interaction (full-length x
full-length). Further, they show that the coiled-coil domain is required for the interaction (full-
length x T3, or full-length x T4), and that neither the N-terminal domain (T1 and T2) nor the
EF-hand domains 1 and 2 are required in this interaction per se (Fig. 1B).
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Both BILBO1 EF-hand domains bind calcium
BILBO1 has two putative calcium-binding EF-hand domains that are located between the N-
terminus and the coiled-coil domain. In silico analysis of these EF-hand domains indicate that
domain1 is non-canonical (12-residue loop—aa 194–205, but contains a lysine at position +Y,
whereas this is typically aspartic acid or asparagine), but domain 2 is canonical (12-residue
loop—aa 230–241) [19,20,21]. The 3D structure of the N-terminus of BILBO1 has been solved,
but the domain analyzed does not contain the EF-hands [14].

Fig 1. Schematic diagram of BILBO1 primary structure and yeast two-hybrid identification of its interaction domains. (A) BILBO1 has two predicted
EF-hand calcium-binding domain EFH1 and EFH2, from amino acids Lysine 185 to Tyrosine 249, and a long domain predicted as coiled-coil. Serine 163 is
phosphorylated in vivo. The main truncations used in this study are shown schematically and labelled as T1-T4. The mutations in the EF-hand calcium
binding domains are indicated below the wild-type amino acid sequence. (B) Bait (BILBO1 full-length) and prey interactions were tested by drop tests on
adenine-free selective medium. Full-length BILBO1 interacts with full-length BILBO1, whilst truncations T1 and T2 do not interact with full-length BILBO1. T3
and T4 truncations interactions were positive, demonstrating that the coiled-coil domain is required for BILBO1-BILBO1 interaction.

doi:10.1371/journal.ppat.1004654.g001
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To characterize further the EF-hand domains, we tested the wild-type and mutated forms
for calcium binding properties using isothermal calorimetry (ITC) [22]. The DNA sequence
encoding the EF-hand domains (amino acid residues 177–250) of wild-type BILBO1 were
cloned to incorporate a N-terminal maltose-binding tag plus a 10 × histidine tag (MBP-His10).
This construct was used as a template to make the mutated forms of the EF-hand domains. For
the mutant forms the following amino acid substitutions were created: Mutated EF-hand 1
(mEFH1: D194A, N198A, D202A, and D205A), and mutated EF-hand 2 (mEFH2: D230A,
N232A, and E241A), or both mutated EF-hands (mEFH1+2). The amino acids selected for mu-
tation were based on published analysis of EF-hand function by Gifford et al.,[19].

A schematic of BILBO1 is shown in Fig. 2A, whilst Fig. 2B shows the purified proteins on an
SDS-PAGE with Coomassie blue staining. The minor bands present under the 50kDa main
bands are degradation products. Fig. 2C illustrates a superimposition of BILBO1-EF-hand do-
mains onto the modeling template of the human calmodulin-like protein hCLP (1ggz.pdb) [23].
The two proteins share 30% identity and 47% similarity in their primary sequences, which gave
rise a very similar conformation with a root-mean-square deviation (r.m.s.d) of 0.82 Å over 70
aligned residues of the two structures. A ribbon diagram of the BILBO1-EF-hand domains de-
rived from homology-based modeling, together with the two bound calcium ions from the tem-
plate structure (1ggz.pdb), is shown in Fig. 2D. ITC demonstrated that the wild-type BILBO1
EF-hand domains do bind 2 calcium ions (Fig. 2E, N = 2.11, Kd = 3.46 μM), whereas mutation
of either or both EF-hand domains caused loss of calcium binding (Fig. 2F-H). As a negative con-
trol, no calcium binding was observed for the MBP fusion tag alone (Fig. 2 I).

BILBO1 has polymers forming properties in vivo
To explore the possibility that BILBO1 can form polymers, it was expressed in an in vivo heterol-
ogous system in the absence of any other parasite-specific proteins. Since BILBO1 has no known
mammalian orthologues, we can investigate the polymers formed in U-2 OS cells in detail albeit
out of context of the FPC. By transient transfection of U-2 OS cells, we expressed full-length, un-
tagged BILBO1 protein or BILBO1:GFP and analyzed the polymers formed. We acknowledge
that there may be other proteins interacting with BILBO1 when expressed in these cells and these
can contribute to polymer formation. Nevertheless, direct GFP fluorescence, immuno-labelling
of untagged BILBO1 with the anti-BILBO1monoclonal antibody 5F2B3 or electron microscopy
illustrated that expression from six to 24 hours resulted in the formation of long fibrous polymers
(Fig. 3A—D also refer to S1 Fig.). Thus, confirming our hypothesis that BILBO1 can indeed form
polymers in vivo. We noticed the formation of numerous isolated annular structures when
BILBO1:GFP was expressed in U-2 OS cells, but since this appears to be a GFP-tag induced arte-
fact, these structures were not analyzed further (Fig. 3A and 3G, and S2 Fig.).

Polymers that started or terminated with globular, or annular/comma, shaped structures,
were observed when untagged BILBO1 was expressed (Fig. 3B-F). When viewed by transmis-
sion electron microscopy these polymers had transversal striations that were observed after
negative staining to have a mean periodicity of 46.9 nm (n = 1067, SE± 0.4nm) indicating the
formation of highly ordered polymers, (Fig. 3C-F). Interestingly, this is similar to the inter
N-termini distance of anti-parallel BILBO1 proteins (40–45nm) observed by Vidilaseris et al.,
2014 [15], suggesting a similar assembly arrangement of polymers. A similar periodicity was
also observed with the BILBO:GFP construct, but since GFP induces artefacts these striations
were not analyzed in detail (Fig. 3G). We have categorized the linear polymers observed by
immunofluorescence as “simple”’ or “complex”. Simple polymers have no distinguishable fea-
tures at their ends, whereas complex polymers have comma or globular structures at one or
both ends. To facilitate nomenclature, these structures, from here onwards, will be referred to
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collectively as “termini”. Fig. 3C-F illustrates termini when visualised by electron microscopy
and show that the shapes of these termini are varied. Termini that looked like “spheres” using
immunofluorescence are actually dense globular structures when viewed by electron microsco-
py (Fig. 3E). Formation of these globules maybe due to non-specific aggregation but it is not
apparent how comma/annuli are formed, but they appear to be shaped when termini curl back
upon themselves.

Fig 2. The conserved residues in the loops of the EF-hand domains are required for calcium binding. (A) Schematic depicting the TbBILBO1-EFh
(residues 177–250) expression construct used in the in vitro calcium-binding experiments. The protein was expressed with an N-terminal tag containing
maltose-binding protein (MBP) together with a 10 × histine linker. (B) Purified proteins of wild-type (WT) and three mutants of MBP-His10-TbBILBO1-EFh
were analyzed by SDS-PAGE and stained using Coomassie blue. The minor bands are degradation products. The last lane shows purified MBP-His10 alone.
(C) Superimposition of the TbBILBO1-EFh model onto the modeling template 1ggz.pdb, (a human epithelial cell calmodulin-like protein). The two proteins
share 30% identities and 47% similarities in their primary sequences. (D) Ribbon diagram of the TbBILBO1-EFh derived from homology-based modeling
shown in (C). The structure is color-ramped from blue at the N-terminus to red at the C-terminus. Conserved D/E/N residues in the loops, which are predicted
to coordinate calcium binding, are shown as sticks. The two calcium sites from the modeling template (1ggz.pdb) are shown as semi-transparent magenta
spheres. (E) ITC titration and fit curve for the wild-type TbBILBO1-EF-hand domains. N, which represents the molar ratio between Ca2+ and the protein, was
determined to be approximately 2, suggesting that both EF-hand domains of TbBILBO1 bind calcium. (F-H) ITC titration results for mEFH1, mEFH2, and
mEFH1+2. None of the three mutants were able to bind calcium. (I) ITC titration result for the MBP-His10 tag. The fusion tag by itself did not bind calcium.

doi:10.1371/journal.ppat.1004654.g002
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Polymers could be observed by immunofluorescence microscopy whereas the cell extraction
procedure required for electron microscopy removed most of the polymers making them difficult
to observe, despite numerous attempts to do so. We therefore measured the width of the BILBO1
fibres and the diameter of the termini using immunofluorescence microscopy. Globules and
commas were sometimes difficult to distinguish by immunofluorescence and were therefore
grouped together and counted as termini. We also counted the number and type of polymers

Fig 3. BILBO1 forms polymers in a heterologous system and the coiled-coil domain is required for polymerization. Heterologous expression of
BILBO1:GFP (A), or un-tagged BILBO1 (B) in mammalian U-2 OS cells demonstrate that BILBO1 has self-polymerizing properties. After 6 hours post-
transfection of BILBO1:GFP the polymers formed were observed by direct GFP fluorescence. After 6 hours post-transfection of un-tagged BILBO1, extracted
cells were immuno-labelled with anti-BILBO1 monoclonal antibody. (C-F) Electron micrograph of extracted and negative stained U-2 OS cells after six hours
of BILBO1 expression. (G) Electron micrograph of extracted and negative stained U-2 OS cells after six hours of BILBO1:GFP expression. (H)
Measurements of fibre width and diameter of termini in U-2 OS cells expressing BILBO1 after six or 24 hours post-transfection and immunolabelled with anti-
NTD. (I) Measurements of total fluorescence emitted per cell, as arbitrary units, after a fixed time of acquisition on anti-NTD immunolabelled BILBO1
expressing U-2 OS cells, and number of complex or simple termini in each corresponding cell. The red line indicates the 50% of maximum fluorescence
intensity limit. (J) Determination of the percentage of complex polymers with termini at one end (left) or at both ends (right) in BILBO1 U-2 OS expressing cells
after six or 24 hours transfection. Scale bars represent 10 μm in A and B, 1 μm in insets, 500 nm in C, E, F, and 250nm in D, G.

doi:10.1371/journal.ppat.1004654.g003

BILBO1 a Cytoskeletal Ring Scaffold in T. brucei

PLOS Pathogens | DOI:10.1371/journal.ppat.1004654 March 30, 2015 7 / 28



with complex termini per cell after six and 24 hours of untagged BILBO1 post transfection,
(please refer to Table 1 and Fig 3H and 3J).

Measurements of BILBO1 fibre width and termini diameter was done using immunofluo-
rescence microscopy. Measurements were made after six and 12 hours, whereas complex ter-
mini were measured after six and 24 hours. Fibre width and the number of fibres with termini
at both ends increased over time.

From this data and the electron microscopy results we conclude that BILBO1 has the intrin-
sic capacity to polymerize into organized high order polymers in mammalian cells (in the ab-
sence of any other parasite-specific proteins) and these polymers have a tendency to form
complex termini at their extremities. Reiterating the results from Fig. 3I this data suggests that
the polymerization state of BILBO1 is likely to be highly dependent on the expression level of
the protein or local protein concentration.

In addition to these measurements we measured the total fluorescence emitted per cell, as
arbitrary units, after a fixed time of acquisition. We used the fluorescence intensity produced
by each cell as a marker for protein concentration per cell. We then divided the population into
two groups—cells producing less than 50% of the maximum fluorescence recorded, and cells
producing more than 50% of the maximum fluorescence recorded.

After six hours of expression of untagged BILBO1 81% of cells produced 50% or less of the
maximum fluorescence recorded/cell, and 37.2% of these cells contained polymers with only
simple termini, whilst 11.6% contained polymers with complex termini and 51.2% contained
both types of polymer. 19% of cells producedmore than 50% of the maximum fluorescence re-
corded/cell, and 20% of these cells contained polymers with simple termini, whilst 30% con-
tained complex polymers and 50% contained both types of polymer (Fig. 3I).

After 24 hours of expression of untagged BILBO1, 81.7% of cells produced 50% or less of
the maximum fluorescence recorded/cell and 70% these cells contained polymers with simple
termini, whilst 10% contained polymers with complex termini and 20% contained both types
of polymer. 18.3% of cells producedmore than 50% of the maximum fluorescence recorded/
cell and 11.1% these cells contained polymers with only simple termini, whilst 44.4% contained
polymers with only complex termini and 44.5% contained both types of polymer (Fig. 3I, 24
hours post-transfection). Taken together this data reiterates the hypothesis that the polymeri-
zation state of BILBO is likely to be highly dependent on the expression level of the protein.

To investigate whether the BILBO1 polymers were associated with pre-existing or newly
formed cytoskeleton structures, U-2 OS cells expressing BILBO1:GFP were additionally la-
belled for F-actin (phalloidin), intermediate filaments (anti-vimentin), microtubules (anti-tu-
bulin), endoplasmic reticulum Golgi (anti-giantin) and (anti-calnexin). The results presented
in S2 Fig. demonstrate that BILBO1:GFP does not co-localize with any of these structures. We

Table 1. Mean termini diameter, fibre width, and termini formation of untagged BILBO1 after expression in U-2 OS cells.

Post transfection time Fibre width Termini diameter Polymers with complex termini / cell

6h 360 nm (SE± 10) n = 100 720 nm (SE± 30) n = 110 61.1% termini at one end (SE± 5.3) n = 23
38.9% Termini at both ends (SE± 5.3) n = 23

12h 470 nm (SE± 20) n = 94 840 nm (SE± 50) n = 109 -

24h - - 48.9% termini at one end (SE± 4.7) n = 61
51.1% Termini at both ends (SE± 4.7) n = 61

- indicates not done.

doi:10.1371/journal.ppat.1004654.t001
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conclude that the polymers formed by BILBO1 are not promoted by the interaction with the
ER, Golgi or the cytoskeletal structures tested.

The coiled-coil domain is required for polymer formation in vivo
Phosphorylation or dephosphorylation can induce conformational or interaction changes in
proteins. Our LC-MS/MS analysis on procyclic form (PCF) whole cell extracts identified one
phosphorylated residue (S163) as already described in T. cruzi bloodstream forms and T. brucei
procyclic forms BILBO1 [24,25]. We postulated that phosphorylation and/or dephosphoryla-
tion of serine 163 could induce a conformational change leading to polymer shape changes.
Mutation of BILBO1 serine 163 to non-phosphorylatable alanine, or to phosphomimetic aspar-
tic acid, did not influence the type of polymers formed when expressed in U-2 OS cells suggest-
ing that the phosphorylation of serine 163 is not regulating the conformation of BILBO1 or at
least polymer formation.

Since phosphorylation of serine 163 did not influence polymer formation we interrogated
BILBO1 in detail to identify the domain(s) that permit polymer formation. Thus, we expressed
truncated forms of untagged BILBO1 in U-2 OS cells and localized the truncations using
immunofluorescence with the monoclonal antibody specific to the CC domain (anti-BILBO1,
5F2B3) [8], or a polyclonal antibody specific to the N-terminal domain of BILBO1 (amino
acids 1–110, anti-NTD) [9].

The truncation T1 did not produce polymers, and was uniformly distributed throughout the
cytoplasm (Fig. 4A). Additionally, T1 labelling could be extracted by mild detergent treatment
and is found in the soluble fraction (S) by western-blot (WB) whilst full-length BILBO1 is found
in the insoluble fraction (P) (Fig. 4E). T2 was also extracted with detergent treatment, and

Fig 4. BILBO1 has self-polymerizing properties via its coiled-coil domain. (A-D) Immunofluorescence panels. Heterologous expression of T1 (A),
T2 (B), T3 (C), and T4 truncations (D) in U-2 OS cells demonstrate that BILBO1 has self-polymerizing properties via its coiled-coil domain. After 6 hours post-
transfection, cells expressing the different constructs were immunolabelled using anti-NTD (T1, T2) or 5F2B3 (T3, T4). The inserts in the bottom left of panels
represent higher magnifications of structures observed in these panels. Scale bars represent 10 μm, and 1 μm inmagnified insets. (E) Western blots probed with
anti-NTD (BILBO1, T1, T2) or 5F2B3 (T3, T4) against proteins samples collected fromU-2 OS cells after six hours of expression. Samples were collected from
pellet and supernatant of detergent extracted cells. BILBO1, T3 and T4 are insoluble. T1 is primarily soluble and T2 is partially soluble. Predicted relative
molecular masses (using ExPASy compute pI/Mw) of truncations are T1 = 19kDa, T2 = 25.25kDa, T3 = 48.3kDa, T4 = 39kDa. (F) Measurements of structure
width in polymers formed by T3 and T4 truncation at six and 24 hr post-transfection.

doi:10.1371/journal.ppat.1004654.g004
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indicates that T2 is soluble, but can form small, insoluble, punctate aggregates (Fig. 4B, and 4E).
The data also suggests that aggregation is likely to be highly dependent on expression level of
the protein.

Confirming the Y2H interaction results described earlier, T3 and T4 formed linear polymers
(T3) and spindle shaped polymers (T4), but no termini were observed on these fibres (Fig. 4C-D).
Similar to full-length BILBO1 these polymers are insoluble and were only found in the pellet frac-
tion byWB (Fig. 4E). Taken together, these results demonstrate that neither the N-terminal do-
main (corresponding to T1 and T2) nor the EF-hands form linear polymers, but they can
influence the type of polymer formed by the CC domain.

We then turned to T3 and T4 and measured the width of induced polymers after six and 24
hours post transfection, (please refer to Table 2 and Fig. 4F). From these measurements we
noted an increase in T3 polymer width over time compared to T4, which suggests easier lateral
binding of T4 to polymers, and/or may reflect differences in protein expression levels.

The EF-hand domains influence BILBO1 polymer formation in vivo
Since we have established that both BILBO1 EF-hand domains bind calcium and that BILBO1
can form polymers in vivo, we wanted to test the potential role of the EF-hand domains in mod-
ulating polymers formed in U-2 OS cells. We therefore expressed mutated forms of EF-hand do-
main 1 (mEFH1), EF-hand domain 2 (mEFH2), or both mutated EF-hand domains (mEFH1+2)
in U-2 OS cells (Fig. 5). Mutation of EF-hand domain 1 had a substantial effect on polymeriza-
tion because the formation of long polymers was abolished, and only small insoluble punctate
aggregates were observed (Fig. 5A). Similar aggregates were observed when both EF-hand do-
mains 1 and 2 were mutated (mEFH1+2) (Fig. 5C).

Surprisingly, six-hour expression of mEFH2 resulted in the formation of insoluble helical-
like, comma and annular polymers (Fig. 5B, D). Attempts to visualize these by electron micros-
copy failed due possibly to loss of sample upon cell extraction and/or poor visualization because
of the presence of cell debris. Nevertheless, using immunofluorescence we classified them and
measured their dimensions six hours post transfection, (please refer to Table 3 and Fig. 5E). The
results of these data suggest that EF-hand 2 can radically influence the type of polymer formed,
but it also illustrates that these structures have similar diameters even though they can be a helix,
comma or annulus in shape (Fig. 5E). Interestingly, the FPC diameter in wild-type T. brucei cells
is 842 nm, which is a diameter comparable to those of the mEFH2-induced structures (please
refer to Table 3).

Western blots of untagged and mutated BILBO1 proteins, that were expressed in U-2 OS
cells, were probed with anti-NTD, and show that all proteins were present in the pellet fraction
of extracted cells (*70 kDa band) and that anti-NTD recognises the full-length proteins
(Fig. 5F upper panel). The mouse monoclonal 5F2B3 recognizes the C-terminus of the CC
domain of these proteins and also recognises the full-length proteins, whereas anti-NTD
recognises full-length proteins and the N-terminus. 5F2B3 labelling also revealed a lower band

Table 2. Mean T3 and T4 width after expression in U-2 OS cells.

Post transfection time T3 mean width T4 mean width

6h 391 nm (SE± 13) n = 193 519 nm (SE± 16) n = 102

24h 463 nm (SE± 18) n = 155 498 nm (SE± 15) n = 119

Measurements of the mean T3 and T4 width was done at six and 24 hours of expression in U-2 OS cells.

Mean T3 width increased over time whereas T4 did not.

doi:10.1371/journal.ppat.1004654.t002
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of* 60kDa indicating probable N-terminal degradation (Fig. 5F lower panel). This data led us
to question the stability of mEFH1+2 and we therefore analyzed cells after 24 hours expression
followed by a six-hour treatment with the proteosome inhibitor MG132 [26]. Cells were then
probed with anti-NTD (S3A Fig.) and counted for positive mEFH1+2 signal (S3B Fig.). We
also tested mEFH1+2 levels by western blotting using 5F2B3 (S3C Fig.).

The counts illustrated that 3.9% (n = 633, SE± 0.29%) of the population were positive for
mEFH1+2 signal in the absence of MG132 treatment, whereas 23.3% (n = 559, SE± 3.5%) were
positive after MG132 treatment (S3A, B Fig.). Quantification of western blots of mEFH1+2
probed with 5F2B3, and normalization with anti-tubulin loading control, indicate that there is
1.5 x fold more mEFH1+2 protein in cells after MG132 treatment (S3C Fig.). Oddly, we did

Table 3. Mean mEFH2-induced helix, coma and annuli diameter after expression in U-2 OS cells and mean FPC diameter.

Post transfection time mEFH2 T. brucei Wild-type FPC diameter

Helix diameter Comma diameter Annuli diameter

6h 730 nm (SE± 10) n = 95 787 nm (SE± 20) n = 60 771 nm (SE± 40) n = 20 842 nm (SE± 20) n = 71

The mEFH2 helix diameter, comma diameter and annuli diameter were measured after six hours post-transfection. Helix, comma, annuli and FPC

diameters all have similar diameters. FPC diameter was measured on wild-type T. brucei procyclic cells.

doi:10.1371/journal.ppat.1004654.t003

Fig 5. The EF-hand domainsmodulate themorphology of polymers formed by BILBO1. (A-D) Immunofluorescence panels. EH-Handmotif 1, EF-hand
motif 2 and both motifs weremutated by site-directed mutagenesis (see Fig. 1). The resulting mutant proteins mEFH1 (A), mEFH2 (B), and mEFH1+2 (C) were
expressed for six hours in U-2 OS cells, and the resulting polymers were immuno-localized using the anti-NTD antibody. The inserts in the bottom left of panels
represent higher magnifications of structures observed in these panels. Scale bars represent 10 μm, and scale bars in magnified insets represent 1 μm. (D)
Enlarged views of the helix, comma and annulus shaped polymers formed bymEFH2 in U-2 OS cells 24 hours post-transfection. Scale bar represents 500 nm.
(E) Helix, comma and annulus shaped polymers have comparable dimensions as shown by themeasurements of their respective diameters. (F). A western blot
probed with anti-NTD (upper panel) against protein samples collected fromU-2 OS cells after six hours of expression of BILBO1, mEFH1, mEFH2 or mEFH1+2
proteins. Samples were collected from pellets and supernatants of detergent extracted cells. BILBO1, mEFH1, mEFH2 and mEFH1+2 were insoluble and
subject to degradation as shown with the anti-BILBO1 5F2B3monoclonal antibody labelling (lower panel) that recognizes the coiled-coil domain.

doi:10.1371/journal.ppat.1004654.g005
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not observe the* 60kDa band noted previously in Fig. 5F in these untreated cells and are un-
certain why, but it may signify that degradation of mEFH1+2 is not consistent and that degra-
dation rates and origin on mEFH1+2 can vary.

Importantly, this data indicates that there is up to 40% degradation of mEFH1+2 when ex-
pressed in U-2OS cells, but more significantly no linear, helical or annular polymers were de-
tected in cells in the absence or presence of MG132 treatment.

BILBO1 truncations form polymers in trypanosomes
Our previous work has shown that a brief ectopic expression of a full-length tagged version of
BILBO1 protein (GFP-BILBO1) in trypanosomes results in targeting and assembly into the
FPC [8]. We accept the caveat that the expression of truncated, mutated or full-length forms of
BILBO1 in trypanosomes will clearly involve the binding and/or interaction of other FPC pro-
teins, which may influence the structures produced. However, we wanted to observe whether
ectopic expression of these proteins would indeed form polymers in a trypanosome context. To
avoid potential steric hindrance due to GFP and to discriminate between the endogenous
BILBO1, we created C-terminus myc-tagged forms of the protein that are identical to those ex-
pressed in U-2 OS cells (for clarity, described here as T1:myc—T4:myc) and expressed them in
procyclic T. brucei cells (Fig. 6), using the previously described tetracycline inducible

Fig 6. The coiled-domain is required for polymer formation in T. brucei. (A) Immunofluorescence labelling of cytoskeletons from cells expressing
BILBO1:myc, T1:myc, T2:myc, T3:myc and T4:myc using anti-NTD (green) and anti-myc (red) after six hours of induction. (B) Immunofluorescence labelling
of cytoskeletons expressing BILBO1:myc, T1:myc, T2:myc, T3:myc and T4:myc using anti-NTD (green) and anti-myc (red) after 24 hours of induction. (C)
Western-blot of corresponding cells. 2.106 non-induced (-) or induced (+) for six hours from whole cells (WC) or cytoskeletons (CK) were loaded on a 12%
SDS-PAGE, transferred and immuno-probed with anti-myc, or anti-tubulin (tubulin is a loading control). WT is the non-transfected parental cell line. (D)
Growth curves of the parental cell line (WT, black circles) compared to the cell lines non-induced (NI, red open squares) or induced (I, red closed squares) for
the expression of BILBO1, T1, T2, T3, T4 myc-tagged truncations. Scale bars in A and B represent 5μm.

doi:10.1371/journal.ppat.1004654.g006
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expression system [8,27]. T. brucei cells expressing different truncations were detergent ex-
tracted to make cytoskeletons (CK) and simultaneously probed with the following antibodies
anti-NTD (which labels the endogenous BILBO1 and BILBO1:myc, T1:myc, T2:myc, but not
T3:myc or T4:myc truncations, in which case 5F2B3 was used), and anti-myc, which labels
only myc tagged ectopic proteins.

After six hours of induction we observed BILBO1:myc at the FPC thus demonstrating that the
myc tag does not affect the localization of the protein (Fig. 6A a). By western blotting we noted
an additional band present under the main band (Fig. 6C) after six or 24 hours of expression and
suggest that this is a degradation product. It is weaker after 24 hour expression compared to six
hours suggesting more complete degradation to small peptides, much less degradation or degra-
dation during or after sample preparation (for example when making cytoskeletons) (Fig. 6C).

T1:myc or T2:myc truncations were observed in the cytoplasm by WB (Fig. 6C), but no sig-
nal was present in detergent extracted cytoskeletons by immunofluorescence or WB (Fig. 6A
b-c, 6B b-c, 6C). The solubility of T1:myc and T2:myc truncations is in agreement with the sol-
uble forms observed when expressed in U-2 OS cells and, with respect to trypanosomes, it indi-
cates that neither the N-terminus nor the EF-hand domains are sufficient for targeting or
binding to the FPC. Extensive expression of T1:myc or T2:myc truncations (>24 hours) did
not dramatically affect cell morphology or cell growth (Fig. 6B, and D) indicating that neither
of these domains induce dominant negative effects. When probed with anti-NTD antibody
endogenous BILBO1 localization at the FPC was not impaired or modified during T1:myc or
T2:myc expression because the NTD-labelling was unmodified. By probing the samples with
NTD, and an anti-tubulin loading control, on western blots we were able to measure the
native levels of BILBO1 expression in cells expressing T1:myc or T2:myc truncations for six or
24hours and these were both shown to be 1.4 x higher than wild-type levels. After 24 hours in-
duction these levels remained at 1.4 x higher than wild-type levels (S4 A Fig).

Immunofluorescence on procyclic trypanosome cytoskeletons and western blot analysis of
whole cells (WC) or cytoskeletons (CK) demonstrated that T3:myc truncation is insoluble and
is associated with the cytoskeleton (Fig. 6A d and 6B d). T3:myc targets primarily to the FPC,
but also forms a subset of short fibres that below the FPC (Fig. 6A d). Surprisingly, these fibres
were myc positive, but NTD negative, implying that they were formed predominately by T3:
myc truncation. In contrast to T1:myc and T2:myc, longer expression of the T3:myc truncation
resulted in targeting and binding to the FPC with deleterious effects; endogenous BILBO1 (la-
belled with anti-NTD) and T3:myc co-localized to a single FPC structure from which both fla-
gella (old and new) emerged (Fig. 6B d).

Moreover, in these T3:myc induced cells, the new flagella were detached from the length of
the cell body. This phenotype was characterised by flagellum attachment at the basal body re-
gion, but detachment along the length of the cell. For simplicity we have called this a “detached
flagellum” phenotype. These cells died within 24 hours of T3:myc induction (Fig. 6D). Interest-
ingly, detached flagella and cell death are phenotypes observed in the induced BILBO1 RNAi
cell line [8].

Expression of T4:myc for six hours produced long fibre-like polymers that were observed
within the cytoplasm (Fig. 6A, e). This implies that the CC domain, in the absence of the N-ter-
minal domain or the EF-hand domains, is able to form polymers in T. brucei as well as in U-2
OS cells. Similarly to T3:myc, expression of>24 hours of T4:myc produced polymer structures
that did not contain endogenous BILBO1 signal (Fig. 6B, e). Notably, cells expressing T4:myc
died within 24 hours of induction (Fig. 6D) and, as with T3:myc expression, these cells had a
detached new flagella phenotype (Fig. 6B e).

As with T1:myc and T2:myc, we probed the T3:myc and T4:myc protein samples by western
blot with NTD, anti-myc and anti-tubulin and measured the native levels of BILBO1
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expression. After 6 hours of induction, endogenous level of BILBO1 appeared to be 6.6 x fold
and 5.1 x fold higher in T3:myc and T4:myc truncation expressing cells respectively. After 24
hours of expression these levels were shown to be 6.3 x and 4.2 x fold higher respectively com-
pared to wild-type levels, (S4 B Fig.).

Given that the expression of T3:myc or T4:myc truncations in trypanosomes is lethal and
induced detached flagellum phenotypes we counted the percentage of cells exhibited this phe-
notype after six or 24 hours of expression and compared this to T1:myc, T2:myc and BILBO1:
myc expression. Fig. 7E shows that wild-type cells do not have a detached flagella phenotype,
and cells expressing T1:myc and T2:myc truncations produced less than 2% detachment.

Fig 7. The EF-hand domainsmodulate the morphology of polymers formed by BILBO1. (A) Immunofluorescence labelling of cytoskeletons from cells
expressing mEFH1:myc, mEFH2:myc, mEFH1+2:myc using anti-NTD (green) and anti-myc (red) after six hours of induction. Scale bar in the magnified inset
represent 1 μm. Scale bar for all other images represents 5μm. (B) Immunofluorescence labelling of cytoskeleton extracted cells expressing mEFH1:myc,
mEFH2:myc, mEFH1+2:myc using anti-NTD (green) and anti-myc (red) after 24 hours of induction. The asterisks indicate a dot in the new detached
flagellum. (C) Western-blot of corresponding cells. 2.106 cells (WC) or cytoskeletons (CK) non-induced (-) and induced (+) for six hours, were loaded on a
10% SDS-PAGE, transferred and immuno-probed with anti-myc and anti-tubulin as loading control. WT is the non-transfected parental cell line. All
expressed proteins except mEFH1+2:myc are insoluble. (D) Growth curves of the parental cell line (WT, black) compared to the cell lines non-induced (NI,
red open squares) or induced (I, red closed square) for the expression of mEFH1, mEFH2, mEFH1+2 myc-tagged proteins. (E) Overexpression of BILBO1
coiled-coil truncations or EF-hand domain mutations induces detached flagellum phenotypes. The percentage of cells with a detached flagellum was
determined using phase contrast microscopy after six or 24 hours of protein expression. (F) WT cells or cells expressing recombinant proteins (induced for
six hours), were fixed and immunolabelled with anti-myc and anti-NTD. The graph represents the measurements of the FPC diameter in WT cells, in BILBO1:
myc, mEFH1:myc, mEFH2:myc and mEFH1+2:myc expressing cell lines. The graph also shows the diameter of the helix and comma/annulus shaped
polymers formed by mEFH1:myc.

doi:10.1371/journal.ppat.1004654.g007
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However, after a 24 hour induction T3 cells showed a 36 x fold increase in detached flagella
phenotypes, T4 cells showed 15.2 x fold increase and BILBO1:myc showed a 6.3 x fold increase
(please refer to Table 4).

This data suggest that the high number of detached flagella phenotypes induced by BILBO1:
myc, T3:myc and T4:myc expression is likely to be a dominant negative effect and the second-
ary effects of this have influenced the formation or function of the flagella attachment zone
(FAZ) [6] resulting in detached flagella. The results obtained by Y2H analysis for T1-T4 corre-
spond with the results obtained using the same truncations expressed in U-2 OS cells and in
trypanosomes. Essentially, For T1 and T2 there is no BILBO1 interaction by Y2H, also no poly-
mer formation was observed when these truncations were expressed, but positive protein-pro-
tein interaction and polymer formation was observed with expression of full-length BILBO1 or
T3 or T4 truncations. These data indicate that the CC domain is required for polymerization
and targeting/binding to the FPC. It also illustrates that over-expression (24 hours) of the CC
domain alone (T4:myc) is sufficient to induce the detached flagellum phenotypes.

EF-hand 1 domain influences BILBO1 polymer shape in T. brucei
To analyse in detail the role of the BILBO1 EF-hand domains in trypanosomes we expressed
mEFH1:myc, mEFH2:myc, and mEFH1+2:myc in T. brucei procyclic cells (Fig. 7). Expression
of mEFH1:myc for six hours demonstrated targeting to the FPC, but in addition we observed
the formation of several helical structures independent of the FPC (Fig. 7A a). The diameter of
the helices and comma/annuli structures after six hours of expression was 747 nm (n = 67, SE±
20nm) and 883 nm (n = 39, SE± 27nm) respectively (Fig. 7F).

As with T1—T4 experiments, we probed the proteins from cells expressing BILBO1:myc
and mutated EF-hand:myc by western blot and compared them to the native levels of BILBO1.
Notably, we observed degradation bands at* 60kDa, which is probably due to the same degra-
dation related reasons we have specified earlier for the expression of BILBO1:myc (Fig. 6A a).
Nevertheless, after six hours of expressing BILBO1:myc, mEFH1:myc, mEFH2:myc, or
mEFH1+2:myc, wild-type BILBO1 protein levels were shown to be 1.1 x, 0.9 x 1.3 x and 0.9 x
fold higher or lower respectively than the expressed myc tagged levels, (S4, C Fig.). After 24
hours of expression these levels were 2.5 x, 1.3 x, 2.9 x, and 1.0 x higher respectively than myc
tagged protein levels.

Because mEFH1:myc formed helices when expressed in trypanosomes, we wanted to com-
pare helix dimensions with that of the FPC. We therefore measured the diameter of the FPC
(major axis diameter) in wild-type (endogenous BILBO1), BILBO1:myc and mEFH1-myc ex-
pressing cells (Fig. 7F). We measured the FPC diameter of wild type G1 procyclic cells after
immunolabelling with anti-NTD antibody and the FPC of BILBO1:myc and mEFH1-Myc

Table 4. T1:myc—T4:myc and BILBO1:myc detached flagellum phenotypes after expression T. brucei cells.

Time of
induction

T1:myc detached
flagella

T2:myc detached
flagella

T3:myc detached
flagella

T4:myc detached
flagella

BILBO1:myc detached
flagella

6h 0.43% (SE±, 043)
n = 183

1.77% (SE± 1.25)
n = 111

1.35% (SE± 0.72)
n = 412

2.41% (SE± 0.65)
n = 556

2.8% (SE± 0.87)
n = 529

24h 1.74% (SE± 1.23)
n = 125

1.14% (SE± 1.14)
n = 97

49.17% (SE± 2.84)
n = 228

36.79% (SE± 3.57)
n = 406

17.66% (SE ±2.15)
n = 495

Quantification of the percentage of cells exhibiting detached flagella phenotypes after six and 24 hours expression of T1:myc—T4:myc tagged proteins or

BILBO1:myc tagged protein in procyclic T. brucei cells. T3:myc, T4:myc and BILBO1:myc induced detached flagella phenotypes whereas T1:myc and T2:

myc did not.

doi:10.1371/journal.ppat.1004654.t004
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expressing cells, for six hours, using anti-myc antibody. The diameter of wild-type FPC was
842 nm (as noted in Table 3) whilst in the BILBO1:myc expressing cells the diameter was mea-
sured as 866 nm (n = 48, SE± 20nm) and was 923 nm (n = 88, SE± 20nm) in mEFH1:myc ex-
pressing cells (Fig. 7F).

The fact that mEFH1:myc structures were helical indicates that mutation of EF-hand do-
main 1 influences the type of polymer formed, in the context of the trypanosome (Fig. 7A a).
Expression of mEFH1:myc (>24 hours) induced the formation of myc and NTD positive, glob-
ular, insoluble structures followed by cell death occurring between 24–48 hours of induction
(Fig. 7B, D). Noticeably, as previously observed in T3 and T4 expressing cells, and in BILBO1
RNAi knockdown cells [4,8], expression of mEFH1:myc induced detached flagella phenotypes
(Fig. 7B a) (see below for quantification). We observed the formation of a single insoluble
BILBO1 positive structure within the length of the new detached flagellum. The presence of
this structure along the flagellum suggests the mis-targeting of this mEFH1:myc form of
BILBO1 (Fig. 7B a, asterisk).

Similar to observations made with BILBO1:myc, the mEFH2:myc targets to the FPC after a
six hour induction, suggesting that EF-hand domain 2 function is not required for targeting to
the FPC (Fig. 7A b). Expression>24 hours resulted in cells with new flagella detached pheno-
types (see below for counts) and the formation of large insoluble structures that were not asso-
ciated with the old or new flagella. Cell death occurred between 24 and 48 hours (Fig. 7B b and
7 D).

The majority of mEFH1+2:myc protein when expressed in trypanosomes for six hours was
soluble, as observed by WB (Fig. 7C). As in the expression of mEFH1+2 in U-2 OS cells we
cannot rule out the possibility of rapid degradation since degradation bands were observed
after six hours, and to a much lesser extent 24 hours, of expression. Indeed mEFH1+2:myc ex-
pressing cells treated with MG132 had 2.2 x fold higher protein levels when compared to non-
treated cells suggesting mEFH1+2:myc degradation via the proteasome (S4D Fig.). A weak
mEFH1+2:myc signal could be detected on cytoskeletons probed by immunofluorescence and
western-blot (Fig. 7A, B, C) and extensive expression of mEFH1+2:myc (>24 hours) resulted
in a very weak mEFH1+2:myc immunofluorescence signal close to both old and new FPC
structures. When probed by WB a weak signal was also observed in cytoskeleton samples that
had been expressing mEFH1+2:myc for 24 hours (Fig. 7 C). Cells died after>24 hours expres-
sion of mEFH1+2:myc (Fig. 7B, D). Long induction also induced the production detached fla-
gella phenotypes (see Table 5 for quantification). In all cases where mutated mEF-hand
proteins were expressed we noticed that after 24 hours of expression little or no anti-BILBO1
signal (endogenous or myc-tagged) was detected at the base of the new flagellum suggesting se-
questration or degradation of wild-type BILBO1 (Fig. 7B a-c).

Since the expression of mEFH1:myc, mEFH2:myc or mEFH1+2:myc in trypanosomes in-
duced detached flagella phenotypes, we investigated the extent of their appearance. We ob-
served a significant difference between a six hour expression and 24h expression of mEFH1:

Table 5. mEFH:myc induced detached flagellum phenotypes after expression in T. brucei cells.

Time of induction mEFH1:myc detached flagella mEFH2:myc detached flagella mEFH1+2:myc detached flagella

6h 1.83% (SE± 0.49) n = 852 1.7% (SE± 0.71 n = 489 1.29% (SE± 0.74) n = 181

24h 31.7% (SE± 1.76) n = 502 11.37% (SE± 2.02 n = 338 26.14% (SE± 3.98) n = 148

Quantification of the percentage of cells exhibiting detached flagella phenotypes after six and 24 h expression of mEFH1:myc, mEFH2:myc and

mEFH1+2:myc tagged proteins in procyclic T. brucei cells. Expression of all EF-hand mutations induced detached flagella phenotypes.

doi:10.1371/journal.ppat.1004654.t005
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myc because the number of detached flagella phenotypes increased by 17 x fold. For mEFH2:
myc expression we observed a 6 x fold increase in detached flagella and for mEFH1+2:myc
there was a 20 x fold increase in detached flagella phenotypes, (please refer to Table 5 and
Fig. 7E).

Discussion
The results in this study support the concept that BILBO1 has self-assembly properties that are
dependent on the CC region of the protein, and that can be influenced by the EF-hand domains
at its N-terminus. We hypothesize that BILBO1 is well suited to play a role in the formation of
the FPC annulus. The results reported here establish that BILBO1 can, autonomously, support
the formation of various polymers including helical polymers. We suggest that these polymer-
forming properties are important in building a FPC.

We demonstrate here that the two tandem EF-hand domains of BILBO1 bind calcium in
vitro and that mutation of these domains either together or independently prevented calcium
binding. The observation that mutation of one EF-hand domain prevented the second from
binding calcium is not unprecedented. In fact, the basic unit for a functional EF-hand protein
is a pair of EF-hand domains that stably form a four-helix bundle [28,29,30]. Previous studies
have also shown that the four-helix bundle should be treated as a single global structure be-
cause the two EF-hand domains bind calcium cooperatively [30]. Indeed, our ITC titration fit
curve for wild-type TbBILBO1-EF-hand domains indicate that the molar ratio between Ca2+

and the protein was approximately 2 (Fig. 2E), suggesting that both EF-hand domains bind cal-
cium. The expression in mammalian cells or trypanosomes of full-length BILBO1 with muta-
tions on either or both EF-hand domains produced different types of polymers (see below),
which would also suggest that both hands bind calcium.

The data obtained from Y2H analysis, U-2 OS and trypanosome studies strongly indicate
that BILBO1 x BILBO1 interactions exist, and in many cases, are targeted to the FPC of try-
panosomes. We have shown that long-term over-expression of full-length BILBO1:myc in T.
brucei procyclic cells is lethal.

When expressed in T. brucei procyclic cells the T1 and T2 truncated forms of BILBO1 are
soluble, but neither can interact with full-length BILBO1 nor with the CC domain, and do not
form polymers. We can thus consider that the N-terminal domain of BILBO1 is not directly in-
volved in BILBO1 polymerization. On the other hand, the N-terminal domain can regulate the
shape of the polymer.

Expression of mutated EF-hand proteins in trypanosomes did not prevent targeting to the
FPC indicating that they bind to native BILBO1. mEF-hand 1+2 location to the FPC was very
weak when detected by immunofluorescence, but it was also mostly degraded under these con-
ditions. Further, we carried out yeast two-hybrid analysis to test whether full-length BILBO1
interacts with full-length BILBO1, or deltaEF-H1+2 (a deleted EF-hand form of BILBO1 where
the N-terminal domain is retained) and full-length BILBO1 versus mEF-hand1+2. We also
tested mEF-hand1+2 versus T4 truncation, or mEF-hand1+2 versus T3 truncation. In all cases
BILBO1 interacted with these modified proteins indicating that the EF-hand domains are not
required for this interaction. Interestingly, the double EF-hand mutant mEF-hand1+2 also
bound to BILBO1 indicating that neither lack of calcium binding nor the conformational
change induced by calcium binding prevents BILBO1-BILBO1 interactions (S5 A Fig.).

Recently, nuclear magnetic resonance (NMR) and X-ray crystallographic techniques were
used to solve the 3D structure of the N-terminal domain of BILBO1. That work involved exper-
iments demonstrating that the N-terminal domain has an exposed surface patch within an ubi-
quitin-like fold. Expression in trypanosomes of full-length-BILBO1 mutated on this patch is
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lethal suggesting that this region has important functional roles which may include interaction
with other FPC proteins [14]. Additionally, the authors also showed that EF-hand domains of
BILBO1 changes its conformation upon calcium binding, and the CC domain forms anti-paral-
lel dimers and linear polymers and these filaments can condense into fibres through lateral in-
teractions [15].

When expressed in T. brucei procyclic cells, T3:myc and T4:myc fragments localised to the
FPC, and produced lethal effects. It is also possible that they induced dominant negative effects
because detached flagella phenotypes were observed after expression of these proteins, indicat-
ing a probable interruption of flagellum attachment zone (FAZ) function or biogenesis.

When expressed in U-2 OS cells, T1 and T2 truncation were soluble, and T3 and T4 trunca-
tions formed polymers. Interestingly, expression of the T4 truncation formed exclusively linear
spindle-like polymers in these cells. From these results we conclude that the CC domain of
BILBO1 can spontaneously form homo-polymers in vivo and these are linear due to the ab-
sence of the N-terminus, which functions to modulate the type of polymer formed. It is not
clear how BILBO1 polymers are formed in U-2 OS cells and although trypanosome FPC pro-
teins are absent there may be other proteins interacting with BILBO1 contributing to the for-
mation of polymers.

Since the FPC has been established in earlier published studies to be an annulus/horseshoe
in vivo we suggest that, in the parasite, BILBO1 could form the template for the FPC, which
then associates with other FPC proteins perhaps under the modulation of calcium to form the
final annulus/horseshoe [4,8]. Further evidence for BILBO1 calcium binding and polymer
forming properties was provided by Vidilaseris et al., 2014 [15]. Using in vitro structural dis-
sections of BILBO1 they showed that the EF-hand domains change conformation upon calci-
um binding, and the central CC can form anti-parallel dimers. They demonstrated that a C-
terminal leucine zipper is present and appears to contain targeting information so that inter-
dimer interactions can form between adjacent leucine zippers of the CC domain, which allow
BILBO1 to form extended filaments. Finally, they showed that these filaments could condense
into fibers through lateral interactions [15]. From these observations it is suggested that two
BILBO1 molecules can form an anti-parallel dimer via their CC domains, which assemble into
a filament through the interactions between the C-terminal leucine zippers. BILBO1 forms
polymers spontaneously in vitro with no apparent need for nucleotide hydrolysis [15], but
spontaneous polymerization is not unprecedented for cytoskeleton proteins and has been ob-
served for intermediate filaments and bacterial flagellins [31,32,33,34].

Within the parasite BILBO1 is unlikely to function alone and must interact with other pro-
teins to form the scaffold of the FPC. Based on Y2H analysis we have identified numerous
BILBO1 binding proteins, two of which bind to the N-terminus of BILBO1. One of these pro-
teins, FPC5, is kinetoplastid specific, but it is feasible that other BILBO1 binders are structural
and may influence BILBO1 conformation in vivo. Indeed it is also possible there is interplay be-
tween calcium and protein binding to BILBO1 and this may regulate how BILBO1 functions or
perhaps even form polymers. Data to support this in presented in S5B Fig. where we use Y2H
assays to illustrate that the BILBO1 binding domain of FPC5 interacts with full-length BILBO1
as bait or prey, but does not interact with BILBO1 if the EF-hand domains have been deleted or
mutated to prevent calcium binding.

In order to test the effects of calcium chelation on polymers we treated U-2 OS cells, which
have expressed untagged BILBO1 for six or 24 hours, with the membrane permeable calcium
chelator BAPTA-AM. We did not observe any difference between treated and untreated cells
(S6A Fig.) suggesting that once polymerization occurs the protein is somewhat stable to calci-
um chelation. We also treated cytoskeletons derived from cells that had expressed BILBO1myc
or the EF-hand mutants, with 50mM EGTA, but the chelation treatment did not disrupt the
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FPC nor solubilize the polymers formed by mEF-hand 1 domains under these conditions
(S6B Fig.). The former results suggests that these polymers may have very strong and/or irre-
versible inter-molecule interactions, and the latter result is probably due to both strong interac-
tions and the stabilizing properties of other FPC proteins that prevent depolymerisation. Such
stabilization is not unprecedented and a good example of this is alphaB-crystallin, which has
been demonstrated to stabilize microtubules against calcium depolymerization [35,36].

The results observed from the ITC studies and the effects of the mutation of the EF-hand
domains in BILBO1 on polymer assembly in vivo demonstrates that BILBO1 does binds calci-
um. The expression of mEFH1 in U-2 OS cells produced small aggregates, whereas expression
of mEFH2 in these cells induced the formation of helical polymers. When expressed in try-
panosomes mEFH1 formed helical polymers whereas mEFH2 did not. We do not have a clear
explanation for this difference between mammalian cells and trypanosomes, but one can spec-
ulate that it may reflect a change in three-dimensional structure when the protein in question
interacts with, or binds to, parasite specific proteins. It is apparent from our studies and con-
firmed by other work that mutating calcium-binding domains can also influence BILBO1
structure and this may influence if and how polymers are formed [15]. The fact that BILBO1
can form different shapes such a linear or annular/comma shaped polymers is especially inter-
esting when we consider the helices formed when either EF-hand domain was mutated. There-
fore it is possible that these mutations prevent calcium binding and could stop the domain
folding correctly, which could result in alternative BILBO1 polymerization.

In trypanosome procyclic cells mEFH1:myc targeted to the FPC, but also within the new de-
tached flagellum of these cells. It is unclear why these mis-targeted mEFH1 “spots” are present
within the length of the flagellum, but it may be due to the limited ability to bind to partners
for FPC retention or may be due to modified access to the intraflagellar transport system. Mu-
tated EFH1+2:myc was apparently predominantly soluble when expressed in trypanosomes,
but in this context it is not unusual, because the mutation of a single amino acid has been
noted in some cases to modify protein solubility such as maltose binding protein and haemo-
globin [37,38,39]. We also show that EFH1+2:myc is mostly soluble, but can form some small
punctate or aggregates in U-2 OS cells and is predominantly degraded when expressed. Longer
expression of EFH1+2:myc in trypanosomes induced flagella detachment phenoptypes sug-
gesting perturbation of the FAZ. Low levels appear to be very toxic to cells perhaps by recruit-
ing inappropriate proteins or preventing the correct binding of partner proteins such as FPC5.

In the trypanosome expression experiments the mutant mEF-hand 1 and 2 proteins are
only recognized by the anti-myc antibody and show that they do target to the FPC. This pro-
vides some evidence to suggest that in a six-hour induction they do not sequester all native
BILBO1 from targeting to the collar. After 24 hours of expression this is not the case and native
BILBO1 does appear to be degraded, not targeted to, and/or sequestered from the FPC as seen
in Fig. 7, B a and b. The sequestering of wild-type BILBO1 may also be the cause of flagella de-
tachment and cell death.

The diameter of mEFH2-induced helices in U-2 OS cells was 730 nm and comma diameter
was 787 nm whilst annuli diameter was 771 nm. The diameter of the helices formed by procyclic
cells expressing mEFH1:myc is 750nm, whilst the diameter of the wild-type FPC was 842 nm.
The similarity between the diameters of these polymers compared to the FPC is probably not
coincidental and could be envisaged to be associated with the intrinsic properties of BILBO1.
Based on our observations, we propose a model in which BILBO1 is a structural scaffold of the
FPC and assembles into polymers via the CC domain and leucine zipper as proposed by Vidila-
seris, et al., 2014 [15]. This polymer forms an elliptical or annular structure, the exact state de-
pending on the calcium-binding functionality of the EF-hand domain and the presence or
absence of partner proteins. In this model the role of the EF-hand domain is vital and is involved
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in the plasticity of the structure, but clearly in the trypanosome there must be other proteins that
bind to or regulate the structure of the FPC. If we consider a hypothesis where the FPC changes
dimensions to accommodate a new flagellum during the cell cycle then one hypothetical inter-
pretation could be that the interplay with binding partners is important during the parasite cell
cycle, wherein an annular/horseshoe shaped FPC is required in early cell cycle stages, whilst a
more elliptical FPC is required during emergence of the new flagellum during S/G2 or later. Nev-
ertheless, it is unclear how precisely a new FPC is formed. If a new FPC is formed de novo then
we would expect much less need for dramatic changes in its shape and this interpretation pro-
vides a role for BILBO1 whereby it forms a FPC as the new flagellum exits the FP.

The primary and motile cilia and the flagella of differentiating spermatids have a ciliary
pocket (CP) [40,41,42], which is physically associated with clathrin-coated endocytotic vesicles
[40,41] and shares a conspicuously similar structure to the FP. Surprisingly, it is not known if
the equivalent of the FPC, the CP collar (CPC) actually exists. Therefore it is unknown if the
CP indeed requires a BILBO1-like protein or if the CP is constructed differently to the FP.

The importance of a precisely constructed primary cilia cytoskeleton is revealed by studies
on ciliopathies; defective primary cilia in humans lead to polycystic kidney disease and a variety
of other illnesses [43,44,45,46,47]. Clearly, a thorough understanding of how the FP and/or the
CP are formed will provide important insights into both parasite biology and human ciliopa-
thies. The data we have reported here have elucidated in vivo, and in a tractable system, some
interesting properties of BILBO1 and these have advanced our understanding of how the FP is
constructed. The ongoing search for the identification and characterization of additional FPC
proteins will add to our understanding of the ways in which the FPC is organized and main-
tained. We anticipate that this data will be useful to obtain a more general understanding of the
assembly of kinetoplastid FPC complexes and provide important clues on how to inhibit
FPC biogenesis.

Materials and Methods

Cell lines, cell culture and cell transfection
U-2 OS cells (human bone osteosarcoma epithelial cells, ATCC Number: HTB-96 [48] were
grown in D-MEM Glutamax (Gibco) supplemented with final concentrations of 10% fetal calf
serum (Invitrogen), 100 units.mL-1 of Penicillin (Invitrogen), and 100 μg.mL-1 of Streptomycin
(Invitrogen) at 37°C plus 5% CO2. Exponentially growing U-2 OS cells in 24 well plate with
glass coverslips were lipotransfected as in Dacheux et al., [49] with 0.5–2 μg DNA using Lipo-
fectamine 2000 in OPTIMEM (Invitrogen) according to the manufacturer’s instructions and
processed for IF six to 24 hours post-transfection.

The BILBO1 ORF and truncations were amplified by PCR from T. brucei TREU927/4
GUTat10.1 genomic DNA [50]. The work described in this study uses the parental procyclic
form (PCF) T. brucei 427 29–13 cell-line, co-expressing the T7 RNA polymerase and tetracy-
cline repressor, named for the purposes of this study as wild-type (WT) [51]. WT cells were
transfected with NotI linearized plasmids as in [52] and cloned. Expression of recombinant
proteins was induced with 1 μg.mL-1 tetracycline. Growth curves were done by using a mallas-
sez cell counter every 24 hours and by diluting the cells back to 3.106 cells/ml. Growth curves
in Figs. 6 and 7 represent the cumulative cell number.

Vectors
Mammalian expression vectors. The BILBO1 ORF and truncations were cloned into the
pcDNA3 between HindIII-XbaI sites for BILBO1 full length and EcoRI-XhoI for the trunca-
tions or into pcDNA3.1 CT-GFP TOPO (Invitrogen). Mutations of the EF-hand domain 1
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(D194A (GAT/GcT); N198A (AAC/gcC); D202A (GAC/GcC); D205A (GAC/GcC), the EF-
hand domain 2 (D230A (GAC/GcC); N232A (AAC/gcC); E241A (GAA/GcA), and the serine
163 mutations (S163D (TCG/gat) and S163A (TCG/gCG) were done by site-directed mutagen-
esis following the instructions from the Agilent QuickChange Site-directed Mutagenesis kit.

Trypanosome expression vector. The pLew100X-3myc has been modified in the laboratory
from pLew100 [49]. BILBO1 and truncations 1, 2, 3, 4, and mutated EF-hands versions of
BILBO1 were cloned into pLew100X-3myc between the HindIII-XbaI sites.

Yeast two-hybrid vectors. Open reading frames were amplified by PCR from T. brucei PCF
genomic DNA and cloned in the prey (pGADT7-AD, Clontech) and bait (pGBKT7, Clontech)
vectors between the EcoRI-BamHI sites.

Immunofluorescence
In trypanosomes. For cytoskeleton preparations, cells were washed in PBS, loaded on poly-l-
lysine coated glass slides, and extracted with 1% or 0.25% NP40 in Pipes buffer (100 mM Pipes
pH6.9, 1 mMMgCl2) for 5 minutes then washed twice in Pipes buffer. Cytoskeletons were
fixed in -20°C methanol or 3% paraformaldehyde (PFA) in PBS. After PFA fixation, cells were
neutralized 10 min in glycine (100 mM in PBS). After 3 washes in PBS, samples were incubated
with the primary antibodies for 1 hour at room temperature in a moist chamber: anti-BILBO1
(mouse monoclonal 5F2B3, which recognizes the CC domain [8], 1:10 dilution) or rabbit anti-
NTD (which recognises the first 110 aa of BILBO1, [9]) diluted 1:50 in PBS. After two PBS
washes, cells were incubated for 1 hour with the secondary antibodies anti-mouse-IgG (H+L)
conjugated to Alexa 594 (Molecular Probes A21201, 1:400 dilution) or FITC (Sigma F-2012,
1:100 dilution), or anti-rabbit IgG (H+L) from goat conjugated to FITC (Sigma #F-9887, 1:100
dilution). The nuclei and kinetoplasts were labeled with DAPI (10 μg.mL-1 in PBS for 5 min-
utes), washed twice in PBS for 5 minutes. Slides were mounted with Slowfade Gold (Molecular
Probes S-36936).

In U-2 OS cells. For observation of whole cells, transfected U-2 OS cells were fixed in 3%
PFA in PBS for 15 minutes (at RT or at 37°C). When indicated, transfected cells were incubated
with the membrane permeable calcium chelator BAPTA-AM (Sigma A1076, 25μg/ml final con-
centration) for three hours or with the proteasome inhibitor MG132 (Sigma C2211, 20–50 μM
final concentration) for six hours before fixation. To remove soluble proteins, cells were briefly
extracted for 2 min with 30 μl of EMT, TX-100 0.5%, glycerol 10% then fixed in PFA 3% (at 37°
C, 15 min). After fixation, cells were neutralized 10 min in glycine (100 mM in PBS). After two
washes in PBS, cells were incubated in permeabilization buffer PB (PBS, 10% foetal calf serum,
0.1% saponin) for 10–30 minutes. Primary antibodies anti-BILBO1 (mouse monoclonal 5F2B3),
[8] 1:10 dilution, anti-NTD BILBO1 (which binds to aa 1–110, rabbit polyclonal, 1:50 dilution,
[9]), anti-alpha-tubulin DM1A (Sigma T9026, 1:500 dilution) or TAT1 (1:100 dilution, [53]),
anti-calnexin (rabbit polyclonal, 1:500 dilution), anti-giantin (rabbit polyclonal, 1:750 dilution),
anti-Vimentin V9 (Interchim NB200-622, 1:250 dilution) were added and the slides were incu-
bated for 1 hour in a dark, moist chamber. After two PBS washes, cells were incubated for 1 hour
with the secondary antibodies anti-mouse-IgG (H+L) conjugated to Alexa-594 (Molecular
Probes A21201, 1:400 dilution), or to FITC (Sigma F-2012, 1:100–1:400 dilution), or to anti-rab-
bit Texas-Red-conjugated (Molecular Probes T-6391, 1:400 dilution), or to anti-rabbit FITC-
conjugated (Sigma F-9887, 1:100–1:400 dilution). For the F-actin labelling, Texas-red-conjugat-
ed phalloidin (Molecular Probes A12380, 1:160 dilution) was incubated with the secondary anti-
body. The nuclei were stained with DAPI (0.25 μg.mL-1 in PBS for 5 minutes) and cells were
washed and mounted with Prolong (Molecular Probes S-36930).
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Images were acquired on a Zeiss Axioplan2 or a Zeiss Imager Z1 microscope, using a Photo-
metrics Coolsnap HQ2 camera, with Zeiss 100x or 63x objectives (NA 1.4) using Metamorph
software (Molecular Devices), and processed with ImageJ. Polymer dimensions were measured
using ImageJ. Total fluorescence intensities in U-2 OS cells were quantified from Z-stack acqui-
sitions and using ImageJ on SUM intensity Z project, after background subtraction, and selec-
tion of each cell as region of interest. The measurement of polymers was done using
fluorescence or immunofluorescence based images. The dimensions were measured from at
least three separate experiments and were measured by hand using Image J software.

Protein expression and purification. TbBILBO1 wild-type and mutated EF-hands proteins
(residues 177–250; WT, mEFH1, mEFH2, and mEFH1+2), were cloned into the custom vector
MalpET as described previously [15]. All recombinant proteins, each carrying an N-terminal
MBP-His10 tag, were expressed in E. coli BL21 (DE3). Bacteria transformed with the cloned
constructs were grown at 37°C to an A600 of*0.6–0.8 and then subjected to cold shock (ice,
30 min). Protein expression was induced by addition of 0.25 mM isopropylthio-β-D-galacto-
side, and protein production was continued for 20–22 hours at 16°C.

Cells were harvested by centrifugation (4,000×g, 20 min) and resuspended in cold lysis buff-
er (20 mM Tris-HCl pH 8.0, 300 mMNaCl, 20 mM imidazole, 5% (v/v) glycerol). The cells
were broken open with an EmulsiFlex-C3 homogenizer (Avestin) and the lysate was cleared by
centrifugation (16,000×g, 45 min; 4°C) to remove cell debris. The supernatant was filtered
(0.45-μm pore size) and loaded onto a Ni-HiTrap column (GE Healthcare) pre-equilibrated
with the same lysis buffer in order to capture the expressed proteins. The column was washed
with 5 × column volume of lysis buffer, and bound protein was eluted by a linear gradient con-
centration of imidazole (20–600 mM, 10× column volume) in the lysis buffer. Target proteins
were further purified on a Superdex S-200 16/60 column (GE Healthcare) pre-equilibrated
with 20 mM Tris-HCl pH 8.0, 100 mMNaCl, 5mM DTT and 5% (v/v) glycerol. Fractions con-
taining target proteins were pooled and concentrated according to requirements for
subsequent experiments.

Isothermal titration calorimetry (ITC). For all ITC experiments, ultrapure water (milli-Q
apparatus, Millipore) was used. All plastic materials were washed with 1 mM EDTA (pH 8.0)
and then rinsed with milli-Q water to minimize Ca2+ contamination. ITC measurements were
carried out using an iTC200 microcalorimeter (MicroCal) at 25°C in ITC buffer (20 mM Tris-
HCl pH 8.0, 100 mMNaCl). Potentially pre-bound calcium was removed from the TbBILBO1-
EFh by incubating the protein with 50 mM EDTA (pH 8.0) for 1 hour at RT. EDTA was subse-
quently removed by dialyzing the protein sample against 3L of ITC buffer 5 times over 36
hours at 4°C. Before each ITC experiment, the sample cell of the microcalorimeter was washed
several times with 1 mM EDTA (pH 8.0) and then rinsed with milli-Q water.

The sample cell was loaded with 200 μl of 30μM protein in ITC buffer. The reference cell
contained only milli-Q water. Titration was carried out using a 40-μl syringe filled with 600μM
CaCl2 prepared in ITC buffer under continuous stirring at 1,000 × rpm. Injections were started
after baseline stabilization. Each titration experiment consisted of an initial 0.4-μl injection fol-
lowed by 19 consecutive injections of 2 μl each with duration of 0.8 s. The interval between
each two injections was 150 seconds. The heat of dilution was measured by injecting CaCl2
into the sample buffer without protein. The enthalpy change for each injection was calculated
by integrating the area under the peaks for the recorded time course of power change, and then
subtracting the control titration. Data were analyzed using the MicroCal Origin software and
fitted to obtain thermodynamic parameters of calcium binding to the protein using a model
with one set of sites.

Electron microscopy. Transfected U-2OS cells were harvested by scraping and then pel-
leted at 800 x g for 10 min at room temperature. They were then resuspended in 250μL PBS
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(plus protease inhibitors), for 30 min at 4°C to depolymerize the sub-pellicular microtubules.
10μL of cell suspension was placed on freshly charged formvar/carbon coated G200 nickel elec-
tron EM grids at (4°C). After the cells had adhered the grids were inverted onto extraction buff-
er (500μL PBS, 1% Nonidet P40 plus benzonase and protease inhibitors) and extracted for 15
minutes in at R/T. Grids were then washed (1 x 5 minutes) by floating on 500μL PBS and fixed
5 minutes in 500μL of 2.5% glutaraldehyde in PBS. Grids were then washed in 500μL water, 1 x
5 minutes and negatively stained with a 10μL drop/grid of 50:50 mix of NanoVan:NanoW. For
striation measurements, digital images were taken from grids of at least three different experi-
ments. Filaments were measured and striations were counted by hand on all filaments identi-
fied using Image J software.

Yeast two-hybrid interaction assays
The pGADT7-AD (prey) and pGBKT7 (bait) based plasmid constructs were transformed in
the yeast cell lines Y187 and Y2HGold respectively. After production of diploids cells, interac-
tion tests were done using the drop test technique according to the manufacturer’s instructions
(Matchmaker Gold Yeast Two-Hybrid System, Clontech). Haploid and diploid strains were
grown in SCmedium (YNB (w/o ammonium sulfate 1.7 g.L-1 (BD, #233520), Ammonium sul-
fate 5 g.L-1 (Euromedex, #2019), CSM (-Leu, -His, -Trp, -Ade, -Ura) 0.59 g.L-1 (MP, #4550–122),
Dextrose (D+Glucose) 0.59 g.L-1 (Euromedex, #UG3050), Uracil (0.02 g.L-1) and complemented
with Leucine (1 g.L-1), Tryptophan (0.05 g.L-1), Histidine (0.02 g.L-1), or Adenine (0.04 g.L-1) as
required. Absence of auto-activation for each pGBKT7 bait construct was tested on SC-Trypto-
phan-Histidine medium. Absence of toxicity for each pGADT7-AD and pGBKT7 construct was
tested on SC-Leucine and SC-Tryptophan respectively. Diploid yeasts were selected on SC-Leu-
cine-Tryptophan medium (SC-L-W). Interaction tests were done on SC-L-W-Histidine media.
All interactions were tested in both prey and bait configuration. Interaction using T2 as bait
could not be tested because of auto-activation on SC-W-Hmedium.

Bioinformatics
The two EF-hand domains were predicted by InterProScan [54] and Smart [55] software, and
the CC domain by the Coils software [56].

Sample preparation and western blots
Trypanosome cells. 2.5.107 non-induced and induced cells (six or 24 hours) PCF were split in
two flasks for whole cells (WC) and cytoskeleton (CK) samples. For WC samples, cells were
spun at 1,000 x g for 10 minutes, washed once and resuspended at 1.106 cells/μL-1 in PBS. An
equivalent volume of 2x sample buffer and 25U of benzonase (Sigma, E1014) was added before
boiling 3 minutes. For CK samples, cells were spun at 1,000 g for 10 minutes and washed once
in PBS, EDTA 10mM and resuspended at 1.106 cells/μL-1 in 100 mM PIPES pH6.8, 2 mM
MgCl2, 0.25% NP-40, Protease inhibitor (Calbiochem, 1:10,000 dilution) and 25U of benzo-
nase. After 10 minutes incubation on ice, cytoskeletons were pelleted at 1,000 x g for 30 min-
utes then washed in 1 mL 100 mM PIPES pH6.8, 2 mMMgCl2 and resuspended in the same
buffer (1.106 cells/μL-1 final). An equivalent volume of 2x sample buffer was added before boil-
ing for 3 minutes. 2.106 cells (or cytoskeleton) were loaded on 10 or 12% SDS-PAGE, semi-dry
transferred on PVDF membrane or nitrocellulose membrane.

U-2 OS cells. Exponentially growing U-2 OS cells in T-25 flask were lipotransfected with
12.5 μg DNA using Lipofectamine 2000 in OPTIMEM (Invitrogen) according to the manufac-
turer’s instructions and processed for western-blot for 6 hours post-transfection (or 24 hours
post-transfection for the mEFH1+2 sample). Cells were collected by; scraping the bottom of
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the respective culture flasks and transferring the detached cells into ice cold PBS. Cells were
then centrifuged 5 min, 1,000 x g and resuspended in 125μL of buffer (PIPES 60 mM, HEPES
25 mM, EGTA 10 mM, MgCl2 10 mM adjusted to pH6.9 with KOH, glycerol 10%, protease in-
hibitors (Calbiochem Cocktail set III, 1:10,000 dilution and 1mM PMSF) then lysed by adding
125μL of buffer supplemented with 0.2% TX-100. The supernatant was collected after a 5 min-
ute centrifugation at 1,500 x g and 62.5μL of sample buffer 4x was added. Boiling 5 for minutes
denatured the sample and then benzonase (5U) was added. The pellet was resuspended in
250 μL of buffer with 0.1% TX-100, 62.5μL sample buffer 4x was added and the sample was de-
natured by boiling for 5 minute before adding 7.5U of benzonase. Protein concentrations were
assayed using the Pierce 660 nm Protein Assay (#22660) with the ionic detergent compatibility
reagent (#22663) kit according to the manufacturer’s instructions. 13–20μg of protein from su-
pernatant samples, and a corresponding volume of pellet samples, were separated by SDS-
PAGE (10%) and semi-dry transferred onto PVDF membrane. Membranes were blocked in
Tris-buffered saline (TBS), 0.2% Tween-20, 5% skimmed milk powder for 1 hour then incubat-
ed overnight at 4°C with the primary antibodies diluted in blocking solution: rabbit polyclonal
anti-NTD diluted at 1:200, mouse monoclonal 5F2B3 undiluted, anti-myc monoclonal 9E10
(A kind gift from K. Ersfeld, University of Bayreuth, Germany) at 1:200, anti-alpha-Tubulin
TAT1 monoclonal antibody (a kind gift from K. Gull, Sir William Dunn School of Pathology,
University of Oxford, England, U.K) at 1:500. After 3 washes (10 min) in TBS, 0.2% Tween-20,
1M NaCl, the membranes were incubated for 1 hour at room temperature with secondary anti-
bodies diluted in blocking solution: anti-mouse HRP conjugated antibody (Jackson 115-055-
068, 1:10,000), ECL Plex anti-mouse Cy3 conjugated (GE Healthcare #PA43009V, 1:2,500),
ECL Plex anti-rabbit Cy5 conjugated (GE Healthcare #PA45011V, 1:2,500). After washes in
blocking solution, in TBS, 0.2% Tween-20 then TBS, membranes were revealed by ECL (Clarity
Biorad chemiluminescence kit # 170–5061) according to the manufacturer’s instructions) or
direct fluorescence detection on a LAS4010 (GE Healthcare #28-9558-11) with R670 Cy5 filter,
575DF20 Cy3 filter, according to the manufacturer’s instructions.

LCMS/MS and phosphorylation analysis
T. brucei brucei PCF 427 29–13 whole cell extracts was run on a 12% SDS-PAGE and stained
with colloidal blue. After several H2O washes, a 60–80KDa band was excised and trypsin di-
gested before LC-MS/MS analysis. Using Discoverer 1.3 (PhosphoRS module), one phosphory-
lation was identified on serine 163 (HAsFHGSTSNALVPR).

Supporting Information
S1 Fig. BILBO1 forms helical polymers when expressed in a heterologous system.Heterolo-
gous expression of un-tagged BILBO1 in mammalian U-2 OS cells demonstrates that BILBO1
has self-polymerizing properties. Un-tagged full-length BILBO1 protein was immuno-labelled
with anti-BILBO1 monoclonal antibody 24 hours after transfection. In this image long helical
polymers are formed within the cell. (A) DAPI (blue) and immunofluorescence (red) merged
image of full-length BILBO1 polymers. (B) Enlarged immunofluorescence image of full-length
BILBO1 polymers. (C) Phase contrast image of the same polymers observed in B. (D). Phase
contrast and fluorescence-merged images B and C. Scale bars represent 10 μm in A and 1 μm
in B.
(TIF)

S2 Fig. BILBO1 polymers are formed independently of the Golgi, ER, or the cytoskeleton
when expressed in U-2 OS cells. U-2 OS cells expressing BILBO1-GFP for six hours were

BILBO1 a Cytoskeletal Ring Scaffold in T. brucei

PLOS Pathogens | DOI:10.1371/journal.ppat.1004654 March 30, 2015 24 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004654.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004654.s002


probed or immuno-labelled with cellular markers. F-Actin was probed with Texas red-coupled
phalloidin (A-C), intermediate filaments were labelled with anti-vimentin (D-F), microtubules
were labelled with anti-tubulin (G-I), the Golgi apparatus was labelled with anti-giantin (J-L),
and the endoplasmic reticulum was labelled with anti-calnexin (M-O). Scale bar represents 10
μm. No apparent co-localization of BILBO1-GFP with any of these structures was observed.
(TIF)

S3 Fig. mEFH1+2 protein is degraded in U-2 OS cells. (A) U-2 OS cells expressing mEFH1+2
for six hours were treated with 50μM of the proteasome inhibitor MG132 for six hours, then ex-
tracted, fixed and processed for immunofluorescence using anti-NTD. (B) The graph shows the
percentage of cells in the MG132 experiment that retained anti-NTD signal. (C) U-2 OS whole
cells (WC) that were expressing mEFH1+2 were MG132 treated (+) or mock treated (-) and sub-
ject to western blotting using anti-BILBO1 5F3B3. Quantification of the western-blot and tubulin
normalization indicates and increase in protein level in MG132 treated cells.
(TIF)

S4 Fig. Impact on the overexpression of myc tagged recombinant forms of BILBO1 on en-
dogenous BILBO1 levels in T. brucei, and effect of the proteasome inhibitor on mEFH1+2:
myc protein levels.Western blot analysis of overexpression of myc tagged recombinant forms
of BILBO1 on endogenous BILBO1 levels in T. brucei. Endogenous BILBO1 levels was quanti-
fied in T. brucei cytoskeletons derived from cell lines expressing recombinant T1:myc, T2:myc
(A), T3:myc, T4:myc (B), BILBO1:myc, mEFH1:myc, mEFH2:myc, and mEFH1+2:myc (C).
All samples were tested for six or 24 hours. In (C) the NTD antibody was able to define the dif-
ference between wild-type and myc tagged protein due to the higher molecular mass of the
myc tagged form. Therefore in the upper panel of (C) wild-type protein is present as the lower
band and myc tagged protein is the upper band. (D) T. bruceimEFH1+2:myc expressing cells
were mock treated (-) or treated with 42 μMMG132 (+). Quantification analyses were done
using tubulin as loading control (probed with TAT1). Anti-NTD labels endogenous BILBO1,
BILBO1:myc, T1:my, T2:myc, mEFH1:myc, mEFH2:myc, and mEFH1+2:myc.
(TIF)

S5 Fig. Yeast two-hybrid analysis of FPC5-BILBO1 EF-hand mediated interaction. (A)
Yeast two-hybrid analysis indicates that full-length BILBO1 interacts with full-length BILBO1,
and a deleted EF-hand form of BILBO1 where the N-terminal domain is retained ΔEFH1+2).
We also tested mutant forms of both EF-hands (mEFhand1+2) versus the coiled-coil domain
of BILBO1 (T4), or the N-terminal deleted form of BILBO1 (T3). (B) Full-length BILBO1 inter-
acts with the binding domain of FPC5 (FPC5binding domain), whilst deletion of both EF-Hands
(ΔEFH1+2) or mutation of both EF-Hands (mEHH1+2) prevents this interaction. BILBO1 and
FPC5binding domain, were tested both as bait (AD) or prey (BD) and demonstrate that EF-hands
are required for BILBO1-FPC5binding domain. Yeast transformants expressing the combinations
of constructs indicated in the figure were spotted onto plates without or with histidine (-His
and +His, respectively). Bait and prey interactions were tested by drop test (105cells) and incu-
bated at 30°C for 3 days before analysis.
(TIF)

S6 Fig. (A) Determination of the percentage of simple or complex fibres in BILBO1 U-2
OS cells after six or 24 hours post-transfection with or without BAPTA-AM treatment
(25ug/ml, for three hours).No significant difference was observed between treated and un-
treated cells. (B) Immunofluorescence labelling of cytoskeletons from cells expressing mEFH1:
myc for six hours and then treated with 5mM EGTA for 10 minutes before fixation and pro-
cessing. Cytoskeletons were probed using anti-myc (red) and anti-NTD (green) antibodies and
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show that the polymers were not extracted by EGTA treatment. Scale bars represent 5 μm.
(TIF)

Acknowledgments
We thank K. Gull for the anti-tubulin TAT1 antibody, K. Ersfeld fotr the anti-myc antibody,
E. Chevet (INSERM 1053, France) for the anti-Giantin and anti-Calnexin antibodies, F. Soulet
(INSERM U1029, France) for the anti-Vimentin antibody, G. Cross (The Rockefeller Universi-
ty, U.S.A.) for the T. brucei parental cell lines and pLew100 vector, Ms N. Chalard, J. Marcos
and G. Cougnet-Houlery (UMR5234) for the continued lab infrastructure.

Author Contributions
Conceived and designed the experiments: NL DD AA DRRMB EHB. Performed the experi-
ments: CF AS KV GD NL DD AA EHBMB DRR. Analyzed the data: CF AS KV GD NL DD
AA EHBMB DRR. Contributed reagents/materials/analysis tools: CF AS KV GD NL DD AA
EHBMB DRR. Wrote the paper: CF EHB AS NL DDMB DRR.

References
1. Malvy D, Chappuis F (2011) Sleeping sickness. Clin Microbiol Infect 17: 986–995. doi: 10.1111/j.1469-

0691.2011.03536.x PMID: 21722252

2. Rassi A, Rezende JM, Rassi A Jr (2012) Advanced megaesophagus (Group III) secondary to vector-
borne Chagas disease in a 20-month-old infant. Rev Soc Bras Med Trop 45: 266–268. PMID:
22535006

3. Kedzierski L (2011) Leishmaniasis. Hum Vaccin 7: 1204–1214. doi: 10.4161/hv.7.11.17752 PMID:
22048116

4. Sherwin T, Gull K (1989) The cell division cycle of Trypanosoma brucei brucei: timing of event markers
and cytoskeletal modulations. Philos Trans R Soc Lond B Biol Sci 323: 573–588. PMID: 2568647

5. Field MC, Carrington M (2009) The trypanosome flagellar pocket. Nat Rev Microbiol 7: 775–786. doi:
10.1038/nrmicro2221 PMID: 19806154

6. Lacomble S, Vaughan S, Gadelha C, MorphewMK, Shaw MK, et al. (2009) Three-dimensional cellular
architecture of the flagellar pocket and associated cytoskeleton in trypanosomes revealed by electron
microscope tomography. J Cell Sci 122: 1081–1090. doi: 10.1242/jcs.045740 PMID: 19299460

7. Gadelha C, Rothery S, MorphewM, McIntosh JR, Severs NJ, et al. (2009) Membrane domains and fla-
gellar pocket boundaries are influenced by the cytoskeleton in African trypanosomes. Proc Natl Acad
Sci U S A 106: 17425–17430. doi: 10.1073/pnas.0909289106 PMID: 19805090

8. Bonhivers M, Nowacki S, Landrein N, Robinson DR (2008) Biogenesis of the trypanosome endo-exo-
cytotic organelle is cytoskeleton mediated. PLoS Biol 6: e105. doi: 10.1371/journal.pbio.0060105
PMID: 18462016

9. Esson HJ, Morriswood B, Yavuz S, Vidilaseris K, Dong G, et al. (2012) Morphology of the trypanosome
bilobe, a novel cytoskeletal structure. Eukaryot Cell 11: 761–772. doi: 10.1128/EC.05287-11 PMID:
22327007

10. Morriswood B, He CY, Sealey-Cardona M, Yelinek J, Pypaert M, et al. (2009) The bilobe structure of
Trypanosoma brucei contains a MORN-repeat protein. Mol Biochem Parasitol 167: 95–103. doi: 10.
1016/j.molbiopara.2009.05.001 PMID: 19445968

11. Morriswood B, Havlicek K, Demmel L, Yavuz S, Sealey-Cardona M, et al. (2013) Novel bilobe compo-
nents in Trypanosoma brucei identified using proximity-dependent biotinylation. Eukaryot Cell 12:
356–367. doi: 10.1128/EC.00326-12 PMID: 23264645

12. Bangs JD (2011) Replication of the ERES:Golgi junction in bloodstream-form African trypanosomes.
Mol Microbiol 82: 1433–1443. doi: 10.1111/j.1365-2958.2011.07900.x PMID: 22026408

13. Vidilaseris K, Dong G (2014) Expression, purification and preliminary crystallographic analysis of the N-
terminal domain of Trypanosoma brucei BILBO1. Acta Crystallogr F Struct Biol Commun 70: 628–631.
doi: 10.1107/S2053230X14005743 PMID: 24817725

14. Vidilaseris K, Morriswood B, Kontaxis G, Dong G (2013) Structure of the TbBILBO1 N-terminal domain
from Trypanosoma brucei reveals an essential requirement for a conserved surface patch. J Biol Chem
289: 3724–3735. doi: 10.1074/jbc.M113.529032 PMID: 24362019

BILBO1 a Cytoskeletal Ring Scaffold in T. brucei

PLOS Pathogens | DOI:10.1371/journal.ppat.1004654 March 30, 2015 26 / 28

http://dx.doi.org/10.1111/j.1469-0691.2011.03536.x
http://dx.doi.org/10.1111/j.1469-0691.2011.03536.x
http://www.ncbi.nlm.nih.gov/pubmed/21722252
http://www.ncbi.nlm.nih.gov/pubmed/22535006
http://dx.doi.org/10.4161/hv.7.11.17752
http://www.ncbi.nlm.nih.gov/pubmed/22048116
http://www.ncbi.nlm.nih.gov/pubmed/2568647
http://dx.doi.org/10.1038/nrmicro2221
http://www.ncbi.nlm.nih.gov/pubmed/19806154
http://dx.doi.org/10.1242/jcs.045740
http://www.ncbi.nlm.nih.gov/pubmed/19299460
http://dx.doi.org/10.1073/pnas.0909289106
http://www.ncbi.nlm.nih.gov/pubmed/19805090
http://dx.doi.org/10.1371/journal.pbio.0060105
http://www.ncbi.nlm.nih.gov/pubmed/18462016
http://dx.doi.org/10.1128/EC.05287-11
http://www.ncbi.nlm.nih.gov/pubmed/22327007
http://dx.doi.org/10.1016/j.molbiopara.2009.05.001
http://dx.doi.org/10.1016/j.molbiopara.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19445968
http://dx.doi.org/10.1128/EC.00326-12
http://www.ncbi.nlm.nih.gov/pubmed/23264645
http://dx.doi.org/10.1111/j.1365-2958.2011.07900.x
http://www.ncbi.nlm.nih.gov/pubmed/22026408
http://dx.doi.org/10.1107/S2053230X14005743
http://www.ncbi.nlm.nih.gov/pubmed/24817725
http://dx.doi.org/10.1074/jbc.M113.529032
http://www.ncbi.nlm.nih.gov/pubmed/24362019


15. Vidilaseris K, Shimanovskaya E, Esson HJ, Morriswood B, Dong G (2014) Assembly mechanism of
Trypanosoma brucei BILBO1, a multidomain cytoskeletal protein. J Biol Chem 289: 23870–23881. doi:
10.1074/jbc.M114.554659 PMID: 25031322

16. Lacomble S, Portman N, Gull K (2009) A protein-protein interaction map of the Trypanosoma brucei
paraflagellar rod. PLoS One 4: e7685. doi: 10.1371/journal.pone.0007685 PMID: 19888464

17. del Castillo FJ, Cohen-Salmon M, Charollais A, Caille D, Lampe PD, et al. (2010) Consortin, a trans-
Golgi network cargo receptor for the plasmamembrane targeting and recycling of connexins. HumMol
Genet 19: 262–275. doi: 10.1093/hmg/ddp490 PMID: 19864490

18. Alaoui-Ismaili MH, Richardson CD (1998) Insect virus proteins (FALPE and p10) self-associate to form
filaments in infected cells. J Virol 72: 2213–2223. PMID: 9499079

19. Gifford JL, Walsh MP, Vogel HJ (2007) Structures and metal-ion-binding properties of the Ca2+-binding
helix-loop-helix EF-hand motifs. Biochem J 405: 199–221. PMID: 17590154

20. Zhou Y, YangW, Kirberger M, Lee HW, Ayalasomayajula G, et al. (2006) Prediction of EF-hand calci-
um-binding proteins and analysis of bacterial EF-hand proteins. Proteins 65: 643–655. PMID:
16981205

21. Grabarek Z (2006) Structural basis for diversity of the EF-hand calcium-binding proteins. J Mol Biol
359: 509–525. PMID: 16678204

22. Freyer MW, Lewis EA (2008) Isothermal titration calorimetry: experimental design, data analysis, and
probing macromolecule/ligand binding and kinetic interactions. Methods Cell Biol 84: 79–113. PMID:
17964929

23. Han BG, Han M, Sui H, Yaswen P, Walian PJ, et al. (2002) Crystal structure of human calmodulin-like
protein: insights into its functional role. FEBS Lett 521: 24–30. PMID: 12067719

24. de Godoy LM, Marchini FK, Pavoni DP, Rampazzo Rde C, Probst CM, et al. (2012) Quantitative proteo-
mics of Trypanosoma cruzi during metacyclogenesis. Proteomics 12: 2694–2703. doi: 10.1002/pmic.
201200078 PMID: 22761176

25. Marchini FK, de Godoy LM, Rampazzo RC, Pavoni DP, Probst CM, et al. (2011) Profiling the Trypano-
soma cruzi phosphoproteome. PLoS One 6: e25381. doi: 10.1371/journal.pone.0025381 PMID:
21966514

26. Rock KL, GrammC, Rothstein L, Clark K, Stein R, et al. (1994) Inhibitors of the proteasome block the
degradation of most cell proteins and the generation of peptides presented on MHC class I molecules.
Cell 78: 761–771. PMID: 8087844

27. Wirtz E, Clayton C (1995) Inducible gene expression in trypanosomes mediated by a prokaryotic re-
pressor. Science 268: 1179–1183. PMID: 7761835

28. Nelson MR, Chazin WJ (1998) Structures of EF-hand Ca(2+)-binding proteins: diversity in the organiza-
tion, packing and response to Ca2+ binding. Biometals 11: 297–318. PMID: 10191495

29. Strynadka NC, James MN (1989) Crystal structures of the helix-loop-helix calcium-binding proteins.
Annu Rev Biochem 58: 951–998. PMID: 2673026

30. Nelson MR, Thulin E, Fagan PA, Forsen S, Chazin WJ (2002) The EF-hand domain: a globally cooper-
ative structural unit. Protein Sci 11: 198–205. PMID: 11790829

31. Wilson AK, Coulombe PA, Fuchs E (1992) The roles of K5 and K14 head, tail, and R/K L L E G E do-
mains in keratin filament assembly in vitro. J Cell Biol 119: 401–414. PMID: 1383231

32. Lee CH, Coulombe PA (2009) Self-organization of keratin intermediate filaments into cross-linked net-
works. J Cell Biol 186: 409–421. doi: 10.1083/jcb.200810196 PMID: 19651890

33. Iino T (1974) Assembly of Salmonella flagellin in vitro and in vivo. J Supramol Struct 2: 372–384.
PMID: 4612254

34. Minamino T, Namba K (2004) Self-assembly and type III protein export of the bacterial flagellum. J Mol
Microbiol Biotechnol 7: 5–17. PMID: 15170399

35. Fujita Y, Ohto E, Katayama E, Atomi Y (2004) alphaB-Crystallin-coated MAPmicrotubule resists noco-
dazole and calcium-induced disassembly. J Cell Sci 117: 1719–1726. PMID: 15075233

36. BoelensWC (2014) Cell biological roles of alphaB-crystallin. Prog Biophys Mol Biol 115: 3–10. doi: 10.
1016/j.pbiomolbio.2014.02.005 PMID: 24576798

37. Izard J, Parker MW, Chartier M, Duche D, Baty D (1994) A single amino acid substitution can restore
the solubility of aggregated colicin A mutants in Escherichia coli. Protein Eng 7: 1495–1500. PMID:
7716161

38. Fox JD, Kapust RB, Waugh DS (2001) Single amino acid substitutions on the surface of Escherichia
coli maltose-binding protein can have a profound impact on the solubility of fusion proteins. Protein Sci
10: 622–630. PMID: 11344330

BILBO1 a Cytoskeletal Ring Scaffold in T. brucei

PLOS Pathogens | DOI:10.1371/journal.ppat.1004654 March 30, 2015 27 / 28

http://dx.doi.org/10.1074/jbc.M114.554659
http://www.ncbi.nlm.nih.gov/pubmed/25031322
http://dx.doi.org/10.1371/journal.pone.0007685
http://www.ncbi.nlm.nih.gov/pubmed/19888464
http://dx.doi.org/10.1093/hmg/ddp490
http://www.ncbi.nlm.nih.gov/pubmed/19864490
http://www.ncbi.nlm.nih.gov/pubmed/9499079
http://www.ncbi.nlm.nih.gov/pubmed/17590154
http://www.ncbi.nlm.nih.gov/pubmed/16981205
http://www.ncbi.nlm.nih.gov/pubmed/16678204
http://www.ncbi.nlm.nih.gov/pubmed/17964929
http://www.ncbi.nlm.nih.gov/pubmed/12067719
http://dx.doi.org/10.1002/pmic.201200078
http://dx.doi.org/10.1002/pmic.201200078
http://www.ncbi.nlm.nih.gov/pubmed/22761176
http://dx.doi.org/10.1371/journal.pone.0025381
http://www.ncbi.nlm.nih.gov/pubmed/21966514
http://www.ncbi.nlm.nih.gov/pubmed/8087844
http://www.ncbi.nlm.nih.gov/pubmed/7761835
http://www.ncbi.nlm.nih.gov/pubmed/10191495
http://www.ncbi.nlm.nih.gov/pubmed/2673026
http://www.ncbi.nlm.nih.gov/pubmed/11790829
http://www.ncbi.nlm.nih.gov/pubmed/1383231
http://dx.doi.org/10.1083/jcb.200810196
http://www.ncbi.nlm.nih.gov/pubmed/19651890
http://www.ncbi.nlm.nih.gov/pubmed/4612254
http://www.ncbi.nlm.nih.gov/pubmed/15170399
http://www.ncbi.nlm.nih.gov/pubmed/15075233
http://dx.doi.org/10.1016/j.pbiomolbio.2014.02.005
http://dx.doi.org/10.1016/j.pbiomolbio.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24576798
http://www.ncbi.nlm.nih.gov/pubmed/7716161
http://www.ncbi.nlm.nih.gov/pubmed/11344330


39. Vekilov PG (2007) Sickle-cell haemoglobin polymerization: is it the primary pathogenic event of sickle-
cell anaemia? Br J Haematol 139: 173–184. PMID: 17897293

40. Ghossoub R, Molla-Herman A, Bastin P, Benmerah A (2011) The ciliary pocket: a once-forgotten mem-
brane domain at the base of cilia. Biol Cell 103: 131–144. doi: 10.1042/BC20100128 PMID: 21275905

41. Molla-Herman A, Ghossoub R, Blisnick T, Meunier A, Serres C, et al. (2010) The ciliary pocket: an
endocytic membrane domain at the base of primary and motile cilia. J Cell Sci 123: 1785–1795. doi:
10.1242/jcs.059519 PMID: 20427320

42. Fawcett DW (1970) A comparative view of sperm ultrastructure. Biol Reprod 2: Suppl 2:90–127. PMID:
5521054

43. Veland IR, Awan A, Pedersen LB, Yoder BK, Christensen ST (2009) Primary cilia and signaling path-
ways in mammalian development, health and disease. Nephron Physiol 111: p39–53. doi: 10.1159/
000208212 PMID: 19276629

44. Pazour GJ, Dickert BL, Vucica Y, Seeley ES, Rosenbaum JL, et al. (2000) Chlamydomonas IFT88 and
its mouse homologue, polycystic kidney disease gene tg737, are required for assembly of cilia and fla-
gella. J Cell Biol 151: 709–718. PMID: 11062270

45. Hu Q, NelsonWJ (2011) Ciliary diffusion barrier: the gatekeeper for the primary cilium compartment.
Cytoskeleton (Hoboken) 68: 313–324. doi: 10.1002/cm.20514 PMID: 21634025

46. Chih B, Liu P, Chinn Y, Chalouni C, Komuves LG, et al. (2012) A ciliopathy complex at the transition
zone protects the cilia as a privileged membrane domain. Nat Cell Biol 14: 61–72. doi: 10.1038/
ncb2410 PMID: 22179047

47. Vincensini L, Blisnick T, Bastin P (2011) 1001 model organisms to study cilia and flagella. Biol Cell
103: 109–130. doi: 10.1042/BC20100104 PMID: 21275904

48. Heldin CH, Johnsson A, Wennergren S, Wernstedt C, Betsholtz C, et al. (1986) A human osteosarcoma
cell line secretes a growth factor structurally related to a homodimer of PDGF A-chains. Nature 319:
511–514. PMID: 3456080

49. Dacheux D, Landrein N, Thonnus M, Gilbert G, Sahin A, et al. (2012) A MAP6-Related Protein Is Pres-
ent in Protozoa and Is Involved in FlagellumMotility. PLoS One 7: e31344. doi: 10.1371/journal.pone.
0031344 PMID: 22355359

50. Berriman M, Ghedin E, Hertz-Fowler C, Blandin G, Renauld H, et al. (2005) The genome of the African
trypanosome Trypanosoma brucei. Science 309: 416–422. PMID: 16020726

51. Wirtz E, Leal S, Ochatt C, Cross GA (1999) A tightly regulated inducible expression system for condi-
tional gene knock-outs and dominant-negative genetics in Trypanosoma brucei. Mol Biochem Parasitol
99: 89–101. PMID: 10215027

52. Pradel LC, Bonhivers M, Landrein N, Robinson DR (2006) NIMA-related kinase TbNRKC is involved in
basal body separation in Trypanosoma brucei. J Cell Sci 119: 1852–1863. PMID: 16608878

53. Woods A, Sherwin T, Sasse R, MacRae TH, Baines AJ, et al. (1989) Definition of individual compo-
nents within the cytoskeleton of Trypanosoma brucei by a library of monoclonal antibodies. J Cell Sci
93 (Pt 3): 491–500.

54. Zdobnov EM, Apweiler R (2001) InterProScan—an integration platform for the signature-recognition
methods in InterPro. Bioinformatics 17: 847–848. PMID: 11590104

55. Schultz J, Milpetz F, Bork P, Ponting CP (1998) SMART, a simple modular architecture research tool:
identification of signaling domains. Proc Natl Acad Sci U S A 95: 5857–5864. PMID: 9600884

56. Lupas A, Van Dyke M, Stock J (1991) Predicting coiled coils from protein sequences. Science 252:
1162–1164. PMID: 2031185

BILBO1 a Cytoskeletal Ring Scaffold in T. brucei

PLOS Pathogens | DOI:10.1371/journal.ppat.1004654 March 30, 2015 28 / 28

http://www.ncbi.nlm.nih.gov/pubmed/17897293
http://dx.doi.org/10.1042/BC20100128
http://www.ncbi.nlm.nih.gov/pubmed/21275905
http://dx.doi.org/10.1242/jcs.059519
http://www.ncbi.nlm.nih.gov/pubmed/20427320
http://www.ncbi.nlm.nih.gov/pubmed/5521054
http://dx.doi.org/10.1159/000208212
http://dx.doi.org/10.1159/000208212
http://www.ncbi.nlm.nih.gov/pubmed/19276629
http://www.ncbi.nlm.nih.gov/pubmed/11062270
http://dx.doi.org/10.1002/cm.20514
http://www.ncbi.nlm.nih.gov/pubmed/21634025
http://dx.doi.org/10.1038/ncb2410
http://dx.doi.org/10.1038/ncb2410
http://www.ncbi.nlm.nih.gov/pubmed/22179047
http://dx.doi.org/10.1042/BC20100104
http://www.ncbi.nlm.nih.gov/pubmed/21275904
http://www.ncbi.nlm.nih.gov/pubmed/3456080
http://dx.doi.org/10.1371/journal.pone.0031344
http://dx.doi.org/10.1371/journal.pone.0031344
http://www.ncbi.nlm.nih.gov/pubmed/22355359
http://www.ncbi.nlm.nih.gov/pubmed/16020726
http://www.ncbi.nlm.nih.gov/pubmed/10215027
http://www.ncbi.nlm.nih.gov/pubmed/16608878
http://www.ncbi.nlm.nih.gov/pubmed/11590104
http://www.ncbi.nlm.nih.gov/pubmed/9600884
http://www.ncbi.nlm.nih.gov/pubmed/2031185


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


