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Proteins of the FGR1 oncogene partner (or FOP) family are found at micro-
tubule organizing centres (MTOCs) including, in flagellate eukaryotes, the
centriole or flagellar basal body from which the axoneme extends. We report
conservation of FOP family proteins, TWFOPL and ThOFD1, in the evolutio-
narily divergent sleeping sickness parasite Trypanosoma brucei, showing (in
contrast with mammalian cells, where FOP is essential for flagellum assembly)
depletion of a trypanosome FOP homologue, ThFOPL, affects neither axoneme
nor flagellum elongation. Instead, TbFOPL depletion causes catastrophic
failure in assembly of a lineage-specific, extra-axonemal structure, the parafla-
gellar rod (PFR). That depletion of centriolar ThFOPL causes failure in PFR
assembly is surprising because PFR nucleation commences approximately
2 um distal from the basal body. When over-expressed with a C-terminal
myc-epitope, TWFOPL was also observed at mitotic spindle poles. Little is
known about bi-polar spindle assembly during closed trypanosome mitosis,
but indication of a possible additional MTOC function for ThFOPL parallels
MTOC localization of FOP-like protein TONNEAUI in acentriolar plants.
More generally, our functional analysis of ThFOPL emphasizes significant
differences in evolutionary cell biology trajectories of FOP-family proteins.
We discuss how at the molecular level FOP homologues may contribute to
flagellum assembly and function in diverse flagellates.

1. Introduction

Coupled, N-terminally located TOF-LisH motifs define a small family of eukary-
otic proteins—the FOP family—members of which are required for ciliogenesis in
flagellate eukaryotes, and cortical cytoskeleton organization in plant cells. Family
members conserved among flagellate eukaryotes are FOP (standing for FGFR1
oncogene partner), OFD1 (mutated in orofaciodigital syndrome 1) and FOR20
(or FOP-related protein of 20 kDa) [1-8]. With regard to localization, in animal
cells, OFD1, FOR20 and FOP are all found at the base of cilia associated with
basal bodies (or centrioles), either at the level of the triplet microtubule barrel
or the transition zone. The microtubule axoneme (the defining structure of all
eukaryotic flagella or cilia) extends from the basal body; the transition zone
defines the most proximal region of the flagellum and exhibits its own particular
architecture, where Y-shaped projections link axoneme outer-doublet micro-
tubules to the flagellar membrane [9]. FOP, OFD1 and FOR20 are all required
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for the formation of a primary cilium, assembled by many
types of animal cell in response to appropriate environmental
cues [10]. Roles for FOR20 and OFD1 in cilia assembly have
been described in the ciliates Paramecium tetraurelia and
Tetrahymena thermophila [5,11,12], but we are not aware of any
reports regarding functional studies of candidate OFD1 and
FOP orthologues in other flagellate protists or fungi.

One member of the FOP protein family is also conserved in
at least one group of aflagellate eukaryotes, land-plants. The
protein TONNEAU1 (or TON1), which is most similar to
FOP, interacts with at least one classic protein found at micro-
tubule organizing centres (MTOCs), centrin, and is required
for organization of cortical microtubules during cell elonga-
tion and division [13]. The absence of TONNEAU1 from
Arabidopsis, an aflagellate angiosperm, or the evolutionarily
more basal bryophyte moss Physcomitrella patens, which
deploys flagellate motile sperm for reproduction, results in
organelle mis-positioning and defective development [13,14].
Another group of organisms in which a cortical-based microtu-
bule cytoskeleton exerts an overarching and relatively well
understood effect on cell morphogenesis and division are the
flagellate trypanosomatids [15-17]. Long known as the aetio-
logical agents of a variety of serious tropical diseases (e.g.
African sleeping sickness, Chagas disease, leishmaniasis), the
parasitic trypanosomatid family belong to the excavate group
of protists, which is widely recognized as evolutionarily diver-
gent in comparison with other eukaryotic groups [18,19].

Flagellum assembly and function has been widely studied
in trypanosomatids; many facets of this biology are conser-
ved with other flagellate eukaryotes, but there are also
notable differences. Visually, the most notable difference is
the presence of a complex paraflagellar rod (PFR). Within the
flagellar compartment, trypanosomatids and their nearest
relatives build an elaborate extra-axonemal PFR structure,
consisting of a trilaminar lattice composed of proximal, inter-
mediate and distal domains [20]. The PFR is attached to
outer-doublet microtubules 4-7 of a canonical ‘9 + 2" micro-
tubule axoneme and runs alongside the axoneme for much
of the length of the flagellum. The PFR is essential for flagellar
beating and thus cell motility [21], and in Trypanosoma species,
PER assembly is required for attachment of the flagellum to the
cell body, which in turn is required for normal cell morphogen-
esis [22,23]. In T. brucei, the PFR is present and attached to the
axoneme from the point where the flagellum exits the cell body
(approx. 2 um distant from the basal body); however, struc-
tural and/or molecular cues that define assembly and
asymmetric PFR attachment are not understood.

Atamolecularlevel, in addition to obvious proteomic differ-
ences relating to PFR assembly, there are examples of conserved
proteins which have an essential flagellum assembly role that
are somewhat different in trypanosomatids; for instance, the
tubulin cofactor C (TBCC) domain-containing protein RP2
[24,25]. Here, the catalytic TBCC domain of the trypanosome
RP2 protein uniquely lies downstream of twinned TOF-LisH
motifs essential for centriolar targeting of FOP family proteins
[24], whereas human RP2 is targeted to the basal body by a
post-translation N-acyl modification [26]. As part of our
ongoing studies looking at the role of TbRP2 in T. brucei flagel-
lum assembly, we turned our attention to the function of other
trypanosomatid proteins that encode N-terminal TOF-LisH
motifs. We report here the conservation of OFD1 and FOP-like
proteins in trypanosomatid protists, and our unexpected obser-
vation that a T. brucei FOP-like protein is essential for assembly

of the extra-axonemal PFR, but not the axoneme itself. Our data n

illustrate unexpected functional and evolutionary diversity in
the role of conserved centriole-targeted proteins in eukaryotic
flagellum assembly and function.

2. Material and methods

2.1. Cell culture and transfection

Procyclic T. brucei (927Smox [27] and S427) were cultured in
SDM-79 medium supplemented with 10% v/v fetal bovine
serum and haemin [28]. Constitutive expression of YFP- or
GFP-tagged proteins and RNAi experiments were performed
in 927Smox cells, whereas myc epitope-tagged protein was con-
stitutively expressed in a 427 genetic background. Logarithmic
phase cells were transfected and stable transformants selected
using 10 pgml™' blasticidin (following transfection with
pPENT6B-derived endogenous tagging plasmids), 50 pg ml™*
hygromycin (following transfection with pPOT endogenous
tagging DNA or pDEX377-derived expression plasmids) or
3 pgml™" phleomycin (following transfection with p2T7,,,-
derived RNAi plasmids) [29,30]. For the routine culture of
927Smox, 2 pg ml~' of puromycin was used. Transgenic cul-
tures were kept free of selectable markers for at least 48 h
prior to the start of experiments. RNAi was induced by the
addition of doxycycline to a final concentration of 1 pg ml ™"

2.2. Plasmid constructs

Fusion proteins were expressed using pEnT or pDEX-based
vector systems [30] or the PCR only tagging approach (pPOT
[29]). For constitutive expression of N-terminal YFP tagged
TbFOPL, TbOFD1 and THFLAMS3 [31] from endogenous
chromosomal loci, DNA sequences corresponding to open
reading frames (orf) and 3’ intergentic regions (igr) were ampli-
fied by PCR. Resultant amplicons were digested by Xbal/Xhol
(orf) and Xhol/BamHI (igr) prior to three-way ligation into
Xbal/BamHI digested pEnT6B-Y. Plasmids were linearized
with Xhol prior to transfection. For constitutive expression of
C-terminal GFP-tagged ThFOPL from endogenous chromoso-
mal loci, pPOTv2 plasmid DNA was PCR amplified [29] and
the resultant amplicon used directly for transfection.

For expression of a myc epitope-tagged TVFOPL, the coding
sequence minus stop codon was amplified using a two-step
PCR reaction (in order to remove an internal Xhol site in the
TbFOPL coding sequence), where the product of the first reac-
tion was used as template for the second. The resultant PCR
amplicon was digested with HindIII and Xhol prior to being
cloned into a HindIll/Xhol-digested pDEX377-myc vector
[24]. For TbFOP and TbOFD1, RNAi orf sequences were
amplified and the resultant amplicon cloned between opposing
head-to-head T7 RNA polymerase promoters in p2T7-177
vector, pre-digested with BamHI and Xhol. Both pDEX- and
p2T7-derived plasmids were linearized with NotI prior to trans-
fection. Molecular masses for YFP- and myc-tagged proteins
were confirmed by immunoblotting (see Results); correct geno-
mic integration of DNA conferring expression of ThFOPL::GFP
was confirmed by southern blotting (not shown).

2.3. Microscopy and immunoblotting

Cells were settled onto coverslips and either fixed directly with
3.7% paraformaldehyde or detergent extracted for 30 s with 1%
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Nonidet P40 in 0.1 M PIPES, 2mM EGTA, 1 mM MgSO,,
0.1 mM EDTA, pH 6.9 prior to fixation. Fixed cells were
placed in methanol for 10 min prior to rehydration in PBS.
Indirect immunofluorescence using polyclonal antiserum
raised against recombinant TbRP2 [24] and monoclonal
antibodies L8C4 and L3B2 (recognizing PFR and FAZ, respect-
ively [32]), YL1/2 [33] and anti-myc was performed as
described previously or as stated in the manufacturer’s instruc-
tions (myc; AbCam). Images were captured using an Applied
Precision DeltaVision microscope with a Roper Scientific
Photometrics Cool SNAP HQ camera at 60x magnification
and processed using associated SOFTWORX software and
Adobe ProtosHoP. Nuclei and kinetoplast counts of L8C4
and DAPI labelled cells were determined using a Leica DM
RXA2 microscope and associated FW4000 software.

Protein samples were separated by SDS-PAGE and immu-
noblotted onto Hybond P membrane (Amersham Biosciences)
using standard protocols. Membranes were probed with
monoclonal antibodies BB2 [34] to detect YFP::ThbFOPL
or KMX1 [35] for the detection of B-tubulin as previously
described. HRP-conjugated secondary antibodies were
detected using Immobilon Western Chemiluminescent HRP
substrate (Millipore) and BioRad XRS Imaging System.

2.4. Electron microscopy

Fixation was by addition of glutaraldehyde (2.5% final concen-
tration, 5 min) to cultures. Cell pellets were re-suspended in
0.1 M PBS (pH 7.4) for 10 min, followed by 2.5% glutaralde-
hyde, 2% paraformaldehyde and 0.1% tannic acid in 0.1 M
phosphate buffer (pH 7.0) for 2 h at room temperature. Pellets
were washed with 0.1 M phosphate buffer (pH 7.0) and post-
fixed in 1% osmium tetroxide in 0.1 M phosphate buffer (pH
7.0) for 1h at room temperature. Samples were rinsed and
stained en bloc for 40 min in 2% uranyl acetate, dehydrated in
an ascending acetone series and embedded in Agar 100 resin
(Agar Scientific). Thin sections were examined by electron
microscopy using a Hitachi H-7650, operated at 120 kV.

2.5. Bioinformatics

Protein sequences were aligned by CLustaL OMEGA [36], and the
STRING database [37] was used to identify known and
predicted interactions between human FOP and other proteins.

3. Results

3.1. Divergent FGRT oncogene partner family proteins
in trypanosomatids

Additional to TbRP2, three further genes in T. brucei encode
proteins with coupled N-terminal TOF-LisH motifs:
Tb927.11.3090, Tb927.5.4090 and Tb927.10.3000. Syntenic
orthologues of all three genes are present in all trypanosomatid
species for which genome sequences are available at EuPathDB
[38]. Tb927.11.3090 encodes an FOR20 orthologue and localizes
to both pro- and basal bodies [4]. By contrast, the predicted
proteins encoded by Tb927.5.4090 and Tb927.10.3000 are not
immediately recognizable as orthologous to any particular
FOP family protein. In that context, we also note failure to
correctly predict a trypanosome FOP orthologue in both a pub-
lished bioinformatics survey of centriole/basal body evolution,

and within the phylogenomic co-occurrence survey that is a [ 3 |

part of the ‘STRING’ programme [37,39]. Given the importance
of a microtubule corset in defining trypanosome cell mor-
phology, and involvement of an FOP-related protein to
organizing the cortical cytoskeleton in acentriolar plant cells,
we made no assumption regarding the localization of proteins
encoded by Tb927.54090 and Tb927.10.3000. Thus, we
expressed both as N-terminal fusions with YFP from their
endogenous chromosomal loci (and thus under the regulatory
control of the endogenous 3’ intergenic sequence; in trypanoso-
matids, 3’ intergenic sequences are accepted as exerting the
dominant influence on gene expression). In these experiments,
YFP fluorescence was compared to the indirect immunofluores-
cence signal obtained using polyclonal affinity-purified
anti-TbRP2 antibody [24]. As shown in figure 1 and electronic
supplementary material, figure S1, proteins encoded by
Tb927.5.4090 (figure 1) and Tb927.10.3000 (electronic sup-
plementary material, figure S1), and tagged at the N-terminus
with YFP, each co-localized with the mature basal body
marker TbRP2 but were not detectable at other MTOCs or
other cellular locales at any point during the cell cycle.

Returning to the interrogation of T. brucei FOP family candi-
dature, BLAST analyses revealed human OFD1 identified
Tb927.10.3000 as the top hit, albeit with an e-value below an
e ' threshold and requiring the insertion of numerous gaps
to produce an alignment with moderate identity and similarity.
These trypanosome and human proteins also differ in length by
over 200 amino acids (electronic supplementary material, figure
S2a,b). Nevertheless, gene-specific RNAi provided further
evidence for the TWOFD1 candidature of Tb927.10.3000 (elec-
tronic supplementary material, figure S2c—m). By contrast,
HsFOP and divergent FOP-like proteins from Tetrahymena
(TTHERM_00537420, or TtFopl [40]; TTHERM_00305510;
TTHERM_00689980) failed to identify candidate orthologues
from trypanosomatids with expectancy values above even an
e % threshold; here, both differences in size and an overall
shorter protein length influence analysis outcomes. However,
with the acceptance of three insertions, HsFOP and the
Tb927.5.4090 gene product align with reasonable identity and
similarity along their length (figure 24). Based on our analyses,
we believe Tb927.5.4090 encodes an FOP-related protein, but
following published reports of HsSFOP and TtFOP1 [1,40], we
conservatively refer to the trypanosome gene as FOP-like
(or TbFOPL). We also prefer the designation FOP-like because
of the surprising RNAi phenotype described below.

3.2. TbFOPL protein is required for paraflagellar rod
assembly but not axoneme formation

Following TbFOPL RNAi induction, levels of YFP:TbFOPL
declined (figure 2b) and abnormal cells appeared within 24 h.
By 48 h, cell growth had slowed and very few cells presented
with a normal morphology (figures 2b,c, 3 and 4; electronic
supplementary material, figure S3); cells at this stage varied
in size and distinct intra-flagellar swelling was frequently
observed (figure 3). Swelling was typically observed either at
the very distal end of the flagellum (figure 3d; arrow) or
within the flagellum (figure 3e—g; arrows). Cells decorated for
immunofluorescence microscopy with the monoclonal anti-
body L8C4 (which detects PFR2; one of the two major
proteins that form the PFR) indicated the variable width of
the flagellum noted in the SEM images was the result of
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Figure 1. Localization of Th927.5.4090 gene product (TbFOPL) in procyclic T. brucei. (a,b) Localization of YFP::TbFOPL at the mature basal body in 1KIN (a) and 2 K
mitotic (b) cells. Images show detection of YFP::TbFOPL relative to TbRP2 in whole cells (a—c); insets show the same localizations at higher magnification.
6-Diamidino-2-phenylindole (DAPI) was used to detect nuclear DNA (N) and the mitochondrial genome (or kinetoplast, K). (c) TbFOPL:GFP localization at the
mature basal body in a TKIN procyclic T. brucei cell; inset shows TbFOPL::GFP and TbRP2 localization at higher magnification. (d,e) Retention of YFP:TbFOPL
(d) and THFOPL::GFP (e) in detergent extracted cytoskeletons. Scale bars in all main panels indicate 5 um and in the inset panels 1 pm.

defective PFR assembly (figure 4). Instead of the uniform PFR2
signal seen along the length of the flagellum, from the point
of cell body exit in normal cells (figure 4a), we typically
observed cells where PFR2 signal was absent, except for the
accumulation of PFR2 protein at a point coincident with the
end of the cell body and/or the distal tip of the flagellum
(figure 4b—h). We also observed cells where sometimes a faint
PFR2 signal was present in the proximal region of the flagellum
but the signal was then lost, indicating an initiation of PFR
assembly but subsequent failure of PFR assembly within the
same flagellum (figure 4b,fh). In cells where the PER of a pre-
existing flagellum was fully formed, we saw no evidence for
subsequent PFR loss, although assembly of PFR in new elonga-
ting flagella was perturbed (figure 4c). In such cells, an
accumulation of PFR?2 at the end of the cell body and /or flagel-
lar tip was often evident; in some of these cells, detachment of
the flagellum from the cell body was also evident in the regions
lacking PFR2 (figure 4d—g). The representative images shown
in electronic supplementary material, figure S3 illustrate how
PFR formation was compromised in virtually all (more than

95%) cells 48 h post-RNAi induction. We reported previously
that for calmodulin (CaM) RNAi mutants, where PFR
formation also fails completely, the default status is for flagel-
lum—cell body attachment and that flagellum detachment
occurs some time later [22]. Examples of cells with attached fla-
gella that lacked PFR were observed in RNAi-induced TbFOPL
mutants (figure 4c)1). However, by 48h post-induction of
TbFOPL RNA|, considerable heterogeneity in cell morphology
was evident (figure 4; electronic supplementary material,
figure S3). Included in this heterogeneity were ‘cells’ or, per-
haps more accurately, cell ‘slivers” apparently lacking flagella
and of varying size. These were the likely consequence of asym-
metric cell division; the higher resolution afforded by SEM
emphasized the irregularities in cell morphogenesis that
could occur following TPFOPL depletion (figure 3d—g).
Depletion of centriolar FOP in cultured mammalian cells
results in loss of ciliogenesis [6,7]. By contrast, flagellum assem-
bly was maintained post-TbFOPL RNAi induction, albeit with
flagella that were often detached from the cell body. Indication
that an intact axoneme was assembled within these flagella
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Figure 2. RNAi knockdown of THbFOPL results in severe morphological defects.
(a) Cartoon representation of human FOP and T. brucei FOPL, showing insertions
necessary to achieve maximal alignment of amino acid sequences, and amino
acid alignment of Homo sapiens FOP (accession number CAA77020.1) and
T brucei FOPL. (b) Effect of ThFOPL RNAi induction on trypanosome growth
(diamonds) compared to RNAi non-induced controls (triangles); immunoblot-
ting with monoclonal antibody BB2 (detecting an N-terminal Ty-epitope)
confirmed depletion of YFP::TbFOPL post-RNAi induction. Anti-(3-tubulin anti-
body KMX1 was used as a loading control. (c) Effect of ThFOPL RNAi induction
on cell morphology with regard to normal kinetoplast-nuclei number and
positioning and/or normal PFR assembly.

came first from comparison with T. brucei intraflagellar trans-
port (IFT) RNAi mutants [41,42], and TbOFD1 RNAi
mutants (electronic supplementary material, figure S2). In
these mutants, elongation of a ‘flagellar sleeve” of particularly
narrow diameter (approx. 70nm, cf. axoneme diameter
approx. 180-200 nm) is seen. It reflects flagellar membrane
elongation in the absence of axonemal microtubule extension,
and it is conceivably a consequence of the IFT-independent
movement of the trypanosome ‘flagellar connector’ [41],
which guides flagellum elongation, cytotactic inheritance of

organelles and overall cell morphogenesis in T. brucei [16]. “

The diameter of flagella seen from SEM analysis of TOFOPL
RNAi mutants was indicative of IFT-dependent axoneme
elongation, rather than sleeve formation. Nonetheless, mindful
of the importance of FOP for axoneme formation in ciliated
mammalian cells [6,7], we looked at axoneme ultrastructure
in our ThFOPL RNAi mutants. In 50 transverse sections (out
of a total of 51 analysed), axoneme structure looked normal,
irrespective of whether PFR was absent, or the axoneme
partially surrounded by an accumulation of PFR protein(s)
(figure 5b,c). This contrasts with the loss of outer-doublet
and/or central pair microtubule integrity associated with
T. brucei flagellum RNAi mutants depleted for radial spoke,
central pair or nexin-dynein regulatory complex components,
and selected, cultured, fixed and prepared for electron
microscopy using the same protocols as the current study
[43-45]. This further emphasizes ThFOPL is not required for
axoneme formation per se. Transmission electron microscopy
(TEM) analysis revealed that PFR protein accumulated and
assembled as an amorphous structure rather than the elaborate
ordered lattice observed in normal cells (compare figure 5a
with b—d). In the one section where a defect in axoneme struc-
ture was evident, displacement of an outer doublet
microtubule (figure 5d) was conceivably the consequence of
excessive accumulation of PFR proteins.

To interrogate further the observation of flagellum detach-
ment from the cell body, we queried the localization of
flagellum attachment zone (FAZ) components following
TbFOPL RNAi induction. On the cell body side of the FAZ,
we observed a normal localization of FAZ1, a component of
the fibres radiating from membrane junctional complexes
[46], even in the absence of flagellum attachment (figure 6a).
This was consistent with initial flagellum—-cell body attach-
ment in cells where no PFR is built [22]. On the intraflagellar
side of the FAZ, we queried the localization of the high molecu-
lar weight protein TVFLAM3 [4748]. Here, the normal
localization was lost following RNAI induction, with YFP:
FLAM3 co-localizing with the aberrant intraflagellar accumu-
lation of PFR2 at the distal end of the cell body (figure 6b). In
these experiments, detergent-extracted cytoskeletons, rather
than intact cells, were examined; the retention of L8C4 signal
and YFP fluorescence indicated a stable association of bulky,
amorphous ‘PFR’ components with the cytoskeleton rather
than the more labile accumulation of PFR components seen
in some flagellar RNAi mutants [49].

3.3. Localization and flagellum exclusion of
THbFOPL::myc

With the TONNEAUT connection to acentriolar plant MTOCs
and the microtubule-dominant organization of cell form in try-
panosomes in mind, we questioned further the localization of
TbFOPL by expression of protein tagged at the C-terminus
with GFP (TbFOPL::GFP) and myc-tagged (TbFOPL::myc)
protein. TBFOPL::GFP expressed from an endogenous locus,
albeit under the regulation of a PFR2 3’ intergenic region,
gave the same localization pattern as YFP:TbFOPL. For
TbFOPL::myc, expression was driven from a strong RNA Poly-
merase I promoter. Over-expression of ThFOPL:myc was
evident from the accumulation of epitope-tagged protein in
the cell body of whole cells, in addition to mature basal
bodies (figure 7a). We included an over-expression of
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pre-RNAi induction

post-RNAi induction

Figure 3. Induction of ThFOPL RNAi results in flagellum assembly and cell morphology defects. (a—c) Scanning electron micrographs of ThFOPL RNAi non-induced
cells showing procyclic cells at different stages of the cell division cycle. (d—g) Scanning electron micrographs of ThFOPL RNAi-induced cells showing distended
regions within flagella (arrows), flagellar detachment and (f) two flagella aberrantly emerging from the same flagellar pocket, thereby illustrating one extreme of
morphogenetic abnormality present. Scale bars in all main panels indicate 10 wm and in the inset panel 1 m.

THFOPL to question why a basal body-localized protein was so
critical for specifying correct assembly of an extra-axonemal
structure approximately 2 um distal to the basal body. Specifi-
cally, we considered whether there was a pool of intraflagellar
TbFOPL not seen when analysing the localization of fluor-
escent-tagged FOPL protein. There is indication that the
transition zone limits protein access into the flagellum com-
partment on the basis of size (where only small proteins, less
than 4.5 nm Stokes radii or 40 kDa, enter the flagellum by
diffusion [50]). TbFOPL:myc (predicted molecular mass
approx. 30 kDa) fell comfortably beneath this threshold limit
(cf. YFP-tagged TDFOPL, molecular mass greater than
50 kDa). Notably, ThFOPL::myc was excluded from the flagel-
lum and the nucleus in whole cells (figure 7a). This leaves open
the question of how a basal body-localized protein, ThFOPL,
critically influences the asymmetric assembly of the extra-axo-
nemal PFR, which is built only after the flagellum exits its
flagellar pocket, a distance of approximately 2 pm from the
point where the axoneme initially extends from its basal
body. Curiously, careful examination of detergent-extracted
cytoskeletons revealed TOFOPL::myc localization at the poles
of the mitotic spindle in early mitotic cells (figure 7c(iii,iv)).

This was in addition to basal body localization throughout
the cell cycle. However, the nuclear signal was absent from
cells fixed later in mitosis (figure 7c(v)). Re-examination of
YFP:TbFOPL localization did not reveal any indication of
nuclear localization. The severe morphological abnormalities
of TWFOPL RNAi-induced cells meant it was not realistic to sen-
sibly ascertain whether spindle formation was also
compromised by an absence of THFOPL protein.

4. Discussion

The combination of N-terminal localized TOF-LisH motifs is a
seldom used but highly effective means of localizing proteins
to MTOCs: FOP family proteins including FOR20 and OFD1
are centriolar proteins conserved in diverse eukaryotes,
and in humans, chromosomal translocation results in TOF-
LisH-dependent retargeting of the tyrosine kinase domain
of the FGFR1 receptor to the centrosome, and an atypical
myeloproliferative disorder [1,2].

In trypanosomatids, and their free-living relative Bodo
saltans, the presence of N-terminal TOF-LisH motifs in the
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Figure 4. (Opposite.) Effect of ThFOPL RNAi on PFR assembly. (a) Immuno-
labelling of PFR in a ThFOPL RNAi non-induced cell. (b—h) Immunolabelling
of PFR in ThFOPL RNAi-induced cells highlighting different failures in PFR
assembly. The PFR-specific antibody L8C4 was used in all images to detect
PFR2 protein. DAPI was used to detect nuclear DNA (N) and the mitochon-
drial genome (or kinetoplast, K). Grey arrows in (b,¢,h) indicate the position of
the anterior cell end; grey arrowheads indicate the distal tip of flagella,
including ‘new’ elongating flagella of cells in (b,d). Purple arrows and arrow-
heads also denote positions of old and new flagella, respectively. Red
asterisks indicate flagella where PFR assembly has apparently commenced
prior to a subsequent failure. Cells in (b—£,h) are from 24 h post-RNAi induc-
tion; cells in (g) are from 48 h post-RNAi induction. Scale bars indicate
10 m.

DIC

(@)

(b)

GTPase activating protein RP2 provides a lineage-specific
elaboration within the FOP family, and ensures basal body
localization of the protein (in animals, basal body localization
of RP2 is dependent on N-terminal acylation [26]). Curiously,
although the evolutionary context is for N-terminal TOF-
LisH motifs in eukaryotes, the single exception that we
found in our bioinformatics analysis was of a gene model
) encoding a 688 amino acid protein with a candidate C-term-
inal TOF-LisH motif combination in the centric diatom
Thalassiosira pseudonana (accession no. XP_002286300.1). In
all four trypanosome proteins that use a TOF-LisH motif
combination, N-terminal fusion to YFP does not compromise
localization to mature basal bodies, or in the case of TWFOR20
localization to mature and associated pro-basal bodies [4].

()

Here, the more significant and unanticipated characteristic

e Y

of the trypanosome FOP protein family is that ThFOPL is
not required for axoneme elongation but is essential for the
assembly of extra-axonemal PFR. This contrasts strikingly
with the essentiality of the mammalian FOP homologue at

the earliest stages of ciliogenesis [6,7].

Similar to the T. brucei calmodulin (CaM) RNAi mutant,
where PFR assembly is also totally compromised [22], a fail-
ure of PFR assembly in the ThFOPL-depleted cells leads to
flagellum—cell body detachment and abnormalities in cell

(f)

morphogenesis. However, TbCaM is present in both the
PFR lattice and struts linking the PFR and outer doublet
microtubules of the axoneme. Thus, the ThCaM PFR assem-
bly defect can be readily explained. By contrast, TOFOPL
(€3] appears not to be present within the flagellum compartment,
even when expressed from a strong transcription promoter,
thus raising the question as to how a basal body located
protein is essential for PFR assembly.

We found no indication of problems in axonemal assembly
within TbFOPL-depleted trypanosomes—flagellum length
was normal and only seldom was there a discernible defect
in axoneme ultrastructure. This indicated that IFT was not
lost, but rather that TbFOPL deficiency caused a specific
defect in PFR assembly. PFR assembly apparently initiates in
some TbFOPL RNAi-induced cells but then subsequently
fails: PFR material accumulates as large unstructured deposits
within or at the end of the flagellum in a majority of cells
(approx. 96% of flagella 48 h post-RNAi induction in which
PFR2 could be detected by immunofluorescence using
monoclonal antibody L8C4; at 24 h post-RNAi induction,
approximately 60% of flagella showed abnormal accumulation
of PFR2). Basal body-localized ThFOPL could play a critical,
Figure 4. (Caption opposite.) direct role in the import of PFR-specific cargo into the flagellum

(h)
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Figure 5. TEM of flagella following induction of ThFOPL RNAi. (a) Transverse thin section through the flagellum of a TbFOPL RNAi non-induced cell shows normal
arrangement of axoneme and PFR. (b) The absence of PFR assembly following ThFOPL RNAi; dynein ATPases, radial spokes and central pair (CP) projections are all
present. () Massive accumulation of unstructured PFR material in association with an axoneme where dynein ATPases, radial spokes and CP projections are present.
(d) A rare example of loss of axoneme integrity following ThFOPL RNAi. Scale bars indicate 100 nm.

(i.e. although major components such as PFR1, PFR2 and
FLAM3 are imported into the flagellum, it is possible that
not all PFR components are imported thereby compromising
intraflagellar assembly of the PFR lattice). In this context,
there is precedent for selective transport of axonemal subcom-
plexes and/or roles for cytoplasmic chaperones or other
accessory assembly proteins in pre-assembly of a variety of
proteins associated with distinct axonemal substructures
(e.g. dynein arms) prior to subcomplex import into the
flagellum [51-54]. Indeed, in immunofluorescence exper-
iments using monoclonal antibody ROD1, which recognizes
an antigen from the outer or most distal region of the PFR
lattice, signal intensity was severely reduced on some cells or
non-existent in others (data not shown); this was reminiscent
of similar immunofluorescence experiments in PFR-deficient
snl-mutants [49].

Alternatively, the domain architecture of ThFOPL is not
typically reflective of either an enzyme or a chaperone.
Rather, its architecture and available experimental evidence
are more consistent with roles in scaffolding or mediation of
protein—protein interaction. For instance, in mammalian
cells, FOP recruits the centrosomal protein CEP19, which in
turn interacts with the GTPase RABL2, and it is RABL2 that
regulates IFT-B function and thereby cilium assembly [55].
Similarly, centrosome-localized FOP is required for anchoring
microtubules to subcellular structures and localization of the
centrosomal protein EB1, a plus-end microtubule-binding

protein that has critical functions in regulating + end microtu-
bule dynamics [56]. Notwithstanding the possibility that the
filament-like PFR lattice could be self-assembling rather than
chaperone- or accessory protein-dependent, TWFOPL could fea-
sibly play a role in recruiting another protein or proteins that
act in PFR assembly and/or intraflagellar PFR attachment. At
this point, our data are consistent with a direct or an indirect
role for TIFOPL in PFR assembly.

Presently, a final possibility to consider regarding how
TbFOPL influences PFR assembly is a possible dependency
and/or interaction between ThbFOPL and TbKIF9B, a trypano-
somatid-specific, basal body- and axoneme-localized kinesin
required for normal PFR construction [57]. Although there is
similarity between the RNAi phenotypes of TbFOPL and
TbKIFIB, the KIF9B phenotype is unique in that in a majority
of cells, a PFR forms in patches along the length of the flagel-
lum; in other cells, a PFR is either absent or accumulates in a
single patch. Whether it is basal body- and/or axoneme-
localized KIF9B that is required for normal PFR construction
is not known [57]. Probing for potential interaction between
these proteins represents one avenue with which to move for-
wards to understand the mechanism by which TbFOPL
defines PFR formation.

Additional to understanding how a trilaminar PFR lattice
assembles, there is also the specification of attachment of the
PFR proximal region to outer doublets 4-7 of the axoneme.
Cues that define the asymmetric attachment of PFR to axoneme
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Figure 6. FAZ integrity following ToFOPL RNAI. (a) Upper panel, normal FAZ1 localization on the intracellular face of the flagellum attachment zone (FAZ) in
detergent-extracted cytoskeletons; lower panel, retention of FAZ1 localization following ThFOPL RNAi and flagellum detachment. (b) Upper panel, normal YFP::Tb-
FLAM3 localization on the intraflagellar face of the FAZ in detergent-extracted cytoskeletons; lower panel, mis-localization of YFP::ToFLAM3 following ThFOPL RNAi.
FAZ1 detected by monoclonal antibody L3B2, PFR was detected using monoclonal antibody L8C4. Scale bars in all main panels indicate 10 wm and in the inset

panel 1 m.

at a position several microns distant from the basal body
are unknown. Although structural asymmetries exist within
basal/probasal bodies (e.g. [40,58,59]), it is difficult to under-
stand how a centriolar-located protein such as TWFOPL could
influence the asymmetric attachment of the PFR to the axo-
neme. We note, however, that in the ciliate Tetrahymena, an
FOP1-like protein (and polyglutamylated tubulin) is asym-
metrically distributed around the basal body; it is proposed
asymmetric distribution of the FOP1-like protein and poly-
glutamylated tubulin may stabilize basal bodies against
mechanical forces generated during ciliary beating [40]. From
our current DeltaVision imaging, we have been unable to
detect asymmetric localization of TWFOPL or polyglutamylated

tubulin (using the anti-polyglutamylation monoclonal anti-
body GT335) at the T. brucei basal body, but nevertheless, the
Tetrahymena example raises the possibility that asymmetric
distribution of basal body-localized proteins, such as FOP,
could, either directly or via post-translational modification of
axonemal microtubules, affect PFR attachment.

We find the possible nuclear localization of TWFOPL::myc in
early mitotic cells intriguing. Promoter-driven expression of
THFOPL:myc occurs throughout the cell cycle but nuclear
acquisition of ThPFOPL:myc is cell cycle dependent. We are
therefore inclined to believe recruitment to the nucleus (and
potentially to the MTOCs nucleating the mitotic spindle) is gen-
uine. Although no discrete structures, such as centrosomes or
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Figure 7. Localization of TbFOPL::myc in procyclic T. brucei. (a) Basal body localization and cell body accumulation of T6FOPL::myc in whole cells. The immunoblot
confirms the expected molecular mass of THFOPL:myc; 5 x 10° cell equivalents were loaded for SDS-PAGE. (b) Mature basal body localization of THFOPL::myc is
retained in detergent-extracted cytoskeletons. (c) Additional localization of TOFOPL::myc at spindle poles during early mitosis (arrows in cells (iii) and (iv)); images

shown are detergent-extracted cytoskeletons. Scale bars in all main panels indicate

spindle pole bodies (seen in yeast cells), have been observed in
T. brucei, distinct ring-like structures, that appear to nucleate
spindle microtubules, can be visualized by electron microscopy
(reviewed in [60]). Our observation of nuclear recruitment of
TbFOPL indicates that in addition to a critical basal body-
related function, the protein may also be required to establish
the acentriolar MTOCs responsible for spindle microtubule
nucleation. This observation potentially provides a parallel
with the acentriolar MTOC localization of another FOP
family protein, TONNEAUI, in plants [13]. We have not
observed nuclear recruitment of FOR20 and TbRP2 (i.e. other
trypanosome TOF-LisH proteins) even after over-expression
(data not shown), and so recruitment of TbFOPL to a nuclear
MTOC does not appear to be a general feature of TOF-LisH tar-
geting in trypanosomatids. In common with many unicellular

5 wm and in the inset panel 1 pm.

eukaryotes, T. brucei undergoes a closed mitosis [61] and pro-
teins involved in mitosis must be transported across the
nuclear envelope. However, any possibility TWFOPL is involved
in MTOC function other than at basal bodies should be
balanced with the observation that, like other known trypano-
somatid basal body proteins, a TOFOPL orthologue is absent
from Perkinsela, an acentriolar, aflagellate basal kinetoplastid
that is an endosymbiont within Paramoeba isolates [62]. This
could imply that ThFOPL is either not essential for spindle
assembly and/or function in trypanosomes or that mitosis in
Perkinsela occurs independently of FOPL.

In this, and previous work [4,24], we have investigated
all four TOF-LisH motif-containing proteins expressed in
T. brucei. All four proteins localize to the mature basal
body. ThbFOR20 additionally locates to the probasal body
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and TbFOPL potentially to mitotic spindle poles. ThFOPL,
TbOFD1 and TbRP2 have distinct flagellum assembly-related
functions, but no apparent phenotype is detected in FOR20-
depleted cells. We have previously shown that RN Ai-mediated
knockdown of TbRP2 affects flagellum assembly and it is
proposed that TbRP2 acts as a GTPase activating protein with
a role in protein trafficking; human RP2 acts as a GAP for
the small GTPase ARL3 [63]. In T. brucei cells depleted for
OFD1, the short flagellum phenotype generated suggests that
IFT-mediated transport may be compromised in these cells,
consistent with a proposed IFT-related role for mammalian
OFD1. By contrast, the protein we have identified as being
most similar to mammalian FOP appears to have a distinc-
tive phenotype relating to PFR assembly, but without
affecting axoneme assembly. Studying FOP-like function in
trypanosomes affords a unique opportunity to study assembly
of extra-axonemal structures. Finally, although the PFR is
unique to trypanosomes and evolutionary close relatives,
extra-axonemal structures are observed in flagella in a diversity
of flagellated eukaryotes, including Giardia intestinalis,
Gymnodinium aureolum and other dinoflagellates. There are
also unusual MTOCs, some of which are thought to have a fla-
gellar origin (e.g. the apical polar ring of apicomplexans and
their near relatives [64—67]). Determination of whether FOP-
related or other FOP family proteins play roles in the assembly
or function of these cytoskeletal structures offers intriguing
possibilities for future research.

References

5. Notes added in revision

Reference to TrypTag.org, the genome-wide project to localize
every protein-coding gene-product in T. brucei [68], gives an
indication of basal body localization for N-terminally mNeon-
Green-tagged TbFOPL, but there are currently no localization
data available for ThOFD1. mNeonGreen: TbKIF9B localiz-
ation does not mirror precisely the published localization: an
additional, cell-cycle-stage-specific flagellar tip signal is
reported alongside localization to pro- and mature basal
bodies. This potentially adds further complexity to under-
standing the mechanistic basis for KIF9B-dependent PFR
assembly [57] or any hypothetical interaction or dependency
between KIF9B and FOPL.

Data accessibility. Datasets supporting this article are provided in the
electronic supplementary material.

Authors” contributions. P.G.M. and M.L.G. designed research. J.H. gener-
ated mutants and performed light microscopy, with M.A. providing
additional contribution. K.T. and S.V. analysed mutant cells by SEM
and TEM. J.H., M.L.G. and P.G.M. wrote the manuscript.

Competing interests. We declare we have no competing interests.
Funding. This work was supported by grants from the Biotechnology
and Biological Sciences Research Council (BBSRC) (grant nos.
BBG0210581, BBF0109311 to P.G.M. and M.L.G. and BB/100402/1
to S.V).

Acknowledgements. We thank Keith Gull (University of Oxford) for the
kind gift of antibodies BBA4, KMX1, ROD1, L3B2 and L8C4.

Popovici C et al. 1999 The t(6;8)(q27;p11)
translocation in a stem cell myeloproliferative
disorder fuses a novel gene, FOP, to fibroblast

cooperates with FOP and CEP350 to drive early steps
in the ciliogenesis programme. Open Biol. 7,
170114. (d0i:10.1098/rs0b.170114)

are essential for preprophase band formation and
interact with centrin. Plant Cell 20, 2146—2159.
(doi:10.1105/tpc.107.056812)

growth factor receptor 1. Blood 93, 1381-1389. 8. Singla V, Romaguera-Ros M, Garcia-Verdugo JM, 14. Spinner L, Pastuglia M, Belcram K, Pegoraro M,
Romio L, Fry AM, Winyard PJ, Malcolm S, Woolf AS, Reiter JF. 2010 0fd1, a human disease gene, Goussot M, Bouchez D, Schaefer DG. 2010 The
Feather SA. 2004 OFD1 is a centrosomal/basal body regulates the length and distal structure of function of TONNEAUT in moss reveals ancient
protein expressed during mesenchymal—epithelial centrioles. Dev. Cell 18, 410—424. (doi:10.1016/j. mechanisms of division plane specification and
transition in human nephrogenesis. J. Am. Soc. devcel.2009.21.022) cell elongation in land plants. Development 137,
Nephrol. 15, 2556—2568. (d0i:10.1097/01.ASN. 9. (raige B, Tsao CC, Diener DR, Hou Y, Lechtreck KF, 2733-2742. (doi:10.1242/dev.043810)
0000140220.46477.5C) Rosenbaum JL, Witman GB. 2010 CEP290 tethers 15. Hayes P, Varga V, Olego-Fernandez S, Sunter J,
Sedjai F et al. 2010 Control of ciliogenesis by FOR20, flagellar transition zone microtubules to the Ginger ML, Gull K. 2014 Modulation of a

a novel centrosome and pericentriolar satellite membrane and requlates flagellar protein content. cytoskeletal calpain-like protein induces major
protein. J. Cell Sci. 123, 2391-2401. (doi:10.1242/ J. Cell Biol. 190, 927 —940. (doi:10.1083/jch. transitions in trypanosome morphology. J. Cell Biol.
jcs.065045) 201006105) 206, 377—384. (doi:10.1083/jcb.201312067)
Harmer J, Qi X, Toniolo G, Patel A, Shaw H, Benson 10. Mahjoub MR, Stearns T. 2012 Supernumerary 16. Moreira-Leite FF, Sherwin T, Kohl L, Gull K. 2001 A
F, Ginger ML, Mckean PG. 2017 Variation in basal centrosomes nucleate extra cilia and compromise trypanosome structure involved in transmitting
body localisation and targeting of trypanosome RP2 primary cilium signaling. Curr. Biol. 22, cytoplasmic information during cell division. Science
and FOR20 proteins. Protist 168, 452 —466. (doi:10. 1628 —1634. (doi:10.1016/j.cub.2012.06.057) 294, 610—612. (doi:10.1126/science.1063775)
1016/j.protis.2017.07.002) 1. Bengueddach H, Lemullois M, Aubusson-Fleury A, 17. Sherwin T, Gull K. 1989 The cell division cycle of
Aubusson-Fleury A, Lemullois M, de Loubresse NG, Koll F. 2017 Basal body positioning and anchoring Trypanosoma brucei brucei: timing of event markers
Laligne C, Cohen J, Rosnet 0, Jerka-Dziadosz M, in the multiciliated cell Paramecium tetraurelia: and cytoskeletal modulations. Phil. Trans. R. Soc.
Beisson J, Koll F. 2012 The conserved centrosomal roles of OFD1 and VFL3. Cilia 6, 6. (doi:10.1186/ Lond. B 323, 573—588. (doi:10.1098/rsth.

protein FOR20 is required for assembly of the $13630-017-0050-z) 1989.0037)

transition zone and basal body docking at the cell 12. Kilburn CL, Pearson (G, Romijn EP, Meehl JB, 18. Derelle R, Torruella G, Klimes V, Brinkmann H, Kim
surface. J. Cell Sci. 125, 4395—4404. (doi:10.1242/ Giddings Jr TH, Culver BP, Yates JR, Winey M. 2007 E, Vlcek C, Lang BF. 2015 Bacterial proteins pinpoint
jc5.108639) New Tetrahymena basal body protein components a single eukaryotic root. Proc. Natl Acad. Sci. USA
Lee JY, Stearns T. 2013 FOP is a centriolar satellite identify basal body domain structure. J. Cell Biol. 112, E693—E699. (doi:10.1073/pnas.1420657112)
protein involved in ciliogenesis. PLoS ONE 8, 178, 905-912. (doi:10.1083/jcb.200703109) 19. He D, Fiz-Palacios 0, Fu CJ, Fehling J, Tsai CC,
€58589. (doi:10.1371/journal.pone.0058589) 13.  Azimzadeh J, Nacry P, Christodoulidou A, Drevensek Baldauf SL. 2014 An alternative root for the

Mojarad BA, Gupta GD, Hasegan M, Goudiam 0,
Basto R, Gingras AC, Pelletier L. 2017 CEP19

S, Camilleri C, Amiour N, Parcy F, Pastuglia M,
Bouchez D. 2008 Arabidopsis TONNEAUT proteins

eukaryote tree of life. Curr. Biol. 24, 465—470.
(doi:10.1016/j.cub.2014.01.036)

8170/L ‘8 ‘Joig uadp  baorbuiysygndAyanosiekorqosi E


http://dx.doi.org/10.1097/01.ASN.0000140220.46477.5C
http://dx.doi.org/10.1097/01.ASN.0000140220.46477.5C
http://dx.doi.org/10.1242/jcs.065045
http://dx.doi.org/10.1242/jcs.065045
http://dx.doi.org/10.1016/j.protis.2017.07.002
http://dx.doi.org/10.1016/j.protis.2017.07.002
http://dx.doi.org/10.1242/jcs.108639
http://dx.doi.org/10.1242/jcs.108639
http://dx.doi.org/10.1371/journal.pone.0058589
http://dx.doi.org/10.1098/rsob.170114
http://dx.doi.org/10.1016/j.devcel.2009.21.022
http://dx.doi.org/10.1016/j.devcel.2009.21.022
http://dx.doi.org/10.1083/jcb.201006105
http://dx.doi.org/10.1083/jcb.201006105
http://dx.doi.org/10.1016/j.cub.2012.06.057
http://dx.doi.org/10.1186/s13630-017-0050-z
http://dx.doi.org/10.1186/s13630-017-0050-z
http://dx.doi.org/10.1083/jcb.200703109
http://dx.doi.org/10.1105/tpc.107.056812
http://dx.doi.org/10.1242/dev.043810
http://dx.doi.org/10.1083/jcb.201312067
http://dx.doi.org/10.1126/science.1063775
http://dx.doi.org/10.1098/rstb.1989.0037
http://dx.doi.org/10.1098/rstb.1989.0037
http://dx.doi.org/10.1073/pnas.1420657112
http://dx.doi.org/10.1016/j.cub.2014.01.036
http://rsob.royalsocietypublishing.org/

20.

21.

22.

23.

24,

25.

26.

2.

28.

29.

30.

31

32.

33.

Downloaded from http://rsob.royalsocietypublishing.org/ on October 17, 2018

Portman N, Gull K. 2010 The paraflagellar rod of
kinetoplastid parasites: from structure to
components and function. Int. J. Parasitol. 40,
135—148. (doi:10.1016/j.ijpara.2009.10.005)

Bastin P, Sherwin T, Gull K. 1998 Paraflagellar rod is
vital for trypanosome motility. Nature 391, 548.
(doi:10.1038/35300)

Ginger ML, Collingridge PW, Brown RW, Sproat R,
Shaw MK, Gull K. 2013 Calmodulin is required for
paraflagellar rod assembly and flagellum-cell body
attachment in trypanosomes. Protist 164, 528 —540.
(doi:10.1016/j.protis.2013.05.002)

Lander N, Li ZH, Niyogi S, Docampo R. 2015
CRISPR/Cas9-induced disruption of paraflagellar rod
protein 1 and 2 genes in Trypanosoma cruzi reveals
their role in flagellar attachment. MBio 6, €01012.
(doi:10.1128/mBi0.01012-15)

André J, Kerry L, Qi X, Hawkins E, Drizyte K, Ginger
ML, Mckean PG. 2014 An alternative model for the
role of RP2 protein in flagellum assembly in the
African trypanosome. J. Biol. Chem. 289, 464—475.
(doi:10.1074/jbc.M113.509521)

Stephan A, Vaughan S, Shaw MK, Gull K, McKean
PG. 2007 An essential quality control mechanism at
the eukaryotic basal body prior to intraflagellar
transport. Traffic 8, 1323 -1330. (doi:10.1111/j.
1600-0854.2007.00611.x)

Chapple JP, Hardcastle AJ, Grayson C, Spackman LA,
Willison KR, Cheetham ME. 2000 Mutations in the
N-terminus of the X-linked retinitis pigmentosa
protein RP2 interfere with the normal targeting of
the protein to the plasma membrane. Hum. Mol.
Genet. 9, 1919—1926. (doi:10.1093/hmg/9.13.1919)
Poon SK, Peacock L, Gibson W, Gull K, Kelly S. 2012
A modular and optimized single marker system for
generating Trypanosoma brucei cell lines expressing
T7 RNA polymerase and the tetracycline repressor.
Open Biol. 2, 110037. (doi:10.1098/rs0b.110037)
Brun R, Schonenberger M. 1979 Cultivation and in
vitro cloning or procydlic culture forms of
Trypanosoma brucei in a semi-defined medium.
Acta. Trop. 36, 289—292.

Dean S, Sunter J, Wheeler RJ, Hodkinson |, Gluenz
E, Gull K. 2015 A toolkit enabling efficient, scalable
and reproducible gene tagging in trypanosomatids.
Open Biol. 5, 140197. (doi:10.1098/rs0b.140197)
Kelly S et al. 2007 Functional genomics in
Trypanosoma brucei: a collection of vectors for the
expression of tagged proteins from endogenous and
ectopic gene loci. Mol. Biochem. Parasitol. 154,
103-109. (doi:10.1016/j.molbiopara.2007.03.012)
Sunter JD, Varga V, Dean S, Gull K. 2015 A dynamic
coordination of flagellum and cytoplasmic
cytoskeleton assembly specifies cell morphogenesis
in trypanosomes. J. Cell Sci. 128, 1580—1594.
(doi:10.1242/jcs.166447)

Kohl L, Sherwin T, Gull K. 1999 Assembly of the
paraflagellar rod and the flagellum attachment zone
complex during the Trypanosoma brucei cell cycle.
J. Eukaryot. Microbiol. 46, 105—109. (doi:10.1111/j.
1550-7408.1999.th04592.x)

Kilmartin JV, Wright B, Milstein C. 1982 Rat
monoclonal anti-tubulin antibodies derived by

34.

35.

36.

37.

38.

39.

40.

41.

4.

4.

45.

46.

47.

using a new nonsecreting rat cell line. J. Cell Biol.
93, 576-582. (doi:10.1083/jch.93.3.576)

Bastin P, Bagherzadeh Z, Matthews KR, Gull K. 1996
A novel epitope tag system to study protein
targeting and organelle biogenesis in Trypanosoma
brucei. Mol. Biochem. Parasitol. 77, 235—239.
(doiz10.1016/0166-6851(96)02598)

Birkett CR, Foster KE, Johnson L, Gull K. 1985 Use of
monoclonal-antibodies to analyze the expression of
a multi-tubulin family. FEBS Lett. 187, 211-218.
(10.1016/0014-5793(85)81244-8)

Sievers F et al. 2011 Fast, scalable generation of
high-quality protein multiple sequence alignments
using clustal omega. Mol. Syst. Biol. 7, 539. (doi:10.
1038/msh.2011.75)

Szklarczyk D et al. 2015 STRING v10: protein-protein
interaction networks, integrated over the tree of
life. Nucleic Acids Res. 43, D447 —D452. (doi:10.
1093/nar/gku1003)

Aurrecoechea C et al. 2017 EuPathDB: the eukaryotic
pathogen genomics database resource. Nucleic Acids
Res. 45, D581—-D591. (doi:10.1093/nar/gkw1105)
Hodges ME, Scheumann N, Wickstead B,

Langdale JA, Gull K. 2010 Reconstructing the
evolutionary history of the centriole from protein
components. J. Cell Sci. 123, 1407 —1413. (doi:10.
1242/j¢5.064873)

Bayless BA, Galati DF, Junker AD, Backer (B, Gaertig
J, Pearson (G. 2016 Asymmetrically localized
proteins stabilize basal bodies against ciliary
beating forces. J. Cell Biol. 215, 457—-466. (doi:10.
1083/jcb.201604135)

Davidge JA, Chambers E, Dickinson HA, Towers K,
Ginger ML, McKean PG, Gull K. 2006 Trypanosome
IFT mutants provide insight into the motor location
for mobility of the flagella connector and flagellar
membrane formation. J. Cell Sci. 119, 3935—3943.
(doi:10.1242/jcs.03203)

Absalon S, Blisnick T, Kohl L, Toutirais G, Doré G,
Julkowska D, Tavenet A, Bastin P. 2008 Intraflagellar
transport and functional analysis of genes required
for flagellum formation in trypanosomes. Mol. Biol.
Cell 19, 929—944. (doi:10.1091/mbc.E07-08-0749)
Dawe HR, Farr H, Portman N, Shaw MK, Gull K.
2005 The Parkin co-regulated gene product, PACRG,
is an evolutionarily conserved axonemal protein that
functions in outer-doublet microtubule
morphogenesis. J. Cell Sci. 118, 5421—5430.
(d0i:10.1242/jcs.02659)

Dawe HR, Shaw MK, Farr H, Gull K. 2007 The
hydrocephalus inducing gene product, Hydin,
positions axonemal central pair microtubules. BMC
Biol. 5, 33. (doi:10.1186/1741-7007-5-33)
Collingridge PW. 2009 Metabolism in
trypanosomatid flagella. DPhil thesis, University of
Oxford, Oxford, UK.

Sunter JD, Gull K. 2016 The flagellum attachment
zone: ‘the cellular ruler’ of trypanosome
morphology. Trends Parasitol. 32, 309—324.
(doi:10.1016/j.pt.2015.12.010)

Rotureau B, Blisnick T, Subota I, Julkowska D, Cayet
N, Perrot S, Bastin P. 2014 Flagellar adhesion in
Trypanosoma brucei relies on interactions between

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

different skeletal structures in the flagellum and cell m

body. J. Cell Sci. 127, 204-215. (doi:10.1242/jcs.
136424)

Sunter JD, Benz C, André J, Whipple S, McKean PG,
Gull K, Ginger ML, Lukes J. 2015 Modulation of
flagellum attachment zone protein FLAM3 and
regulation of the cell shape in Trypanosoma brucei
life cycle transitions. J. Cell Sci. 128, 3117—-3130.
(doi:10.1242/jcs.171645)

Bastin P, Pullen TJ, Sherwin T, Gull K. 1999 Protein
transport and flagellum assembly dynamics
revealed by analysis of the paralysed trypanosome
mutant sn/-1. J. Cell Sci. 112, 3769-3777.
Garcia-Gonzalo FR, Reiter JF. 2016 Open sesame:
how transition fibers and the transition zone control
cliary composition. Cold Spring Harb. Perspect. Biol.
9, a028134. (doi:10.1101/cshperspect.a028134)
Olcese C et al. 2017 X-linked primary ciliary
dyskinesia due to mutations in the cytoplasmic
axonemal dynein assembly factor PIH1D3. Nat.
Commun. 8, 14279. (doi:10.1038/ncomms14279)
Omran H et al. 2008 Ktu/PF13 is required for
cytoplasmic pre-assembly of axonemal dyneins.
Nature 456, 611—616. (doi:10.1038/nature07471)
Paff T et al. 2017 Mutations in PIH1D3 cause
X-linked primary ciliary dyskinesia with outer and
inner dynein arm defects. Am. J. Hum. Genet. 100,
160—168. (doi:10.1016/j.ajhg.2016.11.019)
Yamamoto R, Hirono M, Kamiya R. 2010 Discrete
PIH proteins function in the cytoplasmic
preassembly of different subsets of axonemal
dyneins. J. Cell Biol. 190, 65—71. (doi:10.1083/jch.
201002081)

Nishijima Y, Hagiya Y, Kubo T, Takei R, Katoh Y,
Nakayama K. 2017 RABL2 interacts with the IFT-B
complex and CEP19, and participates in ciliary
assembly. Mol. Biol. Cell 28, 1652—1666. (doi:10.
1091/mbc.E17-01-0017)

Yan X, Habedanck R, Nigg EA. 2006 A complex of
two centrosomal proteins, CAP350 and FOP,
cooperates with EB1 in microtubule anchoring. Mol.
Biol. Cell 17, 634—644. (doi:10.1091/mbc.E05-08-
0810)

Demonchy R, Blisnick T, Deprez C, Toutirais G,
Loussert C, Marande W, Grellier P, Bastin P, Kohl L.
2009 Kinesin 9 family members perform separate
functions in the trypanosome flagellum. J. Cell Biol.
187, 615—622. (doi:10.1083/jch200903139)
Jerka-Dziadosz M, Koll F, Wloga D, Gogendeau D,
Garreau de Loubresse N, Ruiz F, Fabczak S,
Beisson J. 2013 A Centrin3-dependent, transient,
appendage of the mother basal body guides the
positioning of the daughter basal body in
Paramecium. Protist 164, 352—368. (doi:10.1016/j.
protis.2012.11.003)

Turk E, Wills AA, Kwon T, Sedzinski J, Wallingford
JB, Stearns T. 2015 Zeta-tubulin is a member of a
conserved tubulin module and is a component of
the centriolar basal foot in multiciliated cells.
Curr. Biol. 25, 2177-2183. (doi:10.1016/j.cub.2015.
06.063)

Akiyoshi B. 2016 The unconventional kinetoplastid
kinetochore: from discovery toward functional

8170/1 8 ‘Joig uadp  bio-buysigndyanosjefor-qos


http://dx.doi.org/10.1016/j.ijpara.2009.10.005
http://dx.doi.org/10.1038/35300
http://dx.doi.org/10.1016/j.protis.2013.05.002
http://dx.doi.org/10.1128/mBio.01012-15
http://dx.doi.org/10.1074/jbc.M113.509521
http://dx.doi.org/10.1111/j.1600-0854.2007.00611.x
http://dx.doi.org/10.1111/j.1600-0854.2007.00611.x
http://dx.doi.org/10.1093/hmg/9.13.1919
http://dx.doi.org/10.1098/rsob.110037
http://dx.doi.org/10.1098/rsob.140197
http://dx.doi.org/10.1016/j.molbiopara.2007.03.012
http://dx.doi.org/10.1242/jcs.166447
http://dx.doi.org/10.1111/j.1550-7408.1999.tb04592.x
http://dx.doi.org/10.1111/j.1550-7408.1999.tb04592.x
http://dx.doi.org/10.1083/jcb.93.3.576
http://dx.doi.org/10.1016/0166-6851(96)02598
http://dx.doi.org/10.1016/0014-5793(85)81244-8
http://dx.doi.org/10.1038/msb.2011.75
http://dx.doi.org/10.1038/msb.2011.75
http://dx.doi.org/10.1093/nar/gku1003
http://dx.doi.org/10.1093/nar/gku1003
http://dx.doi.org/10.1093/nar/gkw1105
http://dx.doi.org/10.1242/jcs.064873
http://dx.doi.org/10.1242/jcs.064873
http://dx.doi.org/10.1083/jcb.201604135
http://dx.doi.org/10.1083/jcb.201604135
http://dx.doi.org/10.1242/jcs.03203
http://dx.doi.org/10.1091/mbc.E07-08-0749
http://dx.doi.org/10.1242/jcs.02659
http://dx.doi.org/10.1186/1741-7007-5-33
http://dx.doi.org/10.1016/j.pt.2015.12.010
http://dx.doi.org/10.1242/jcs.136424
http://dx.doi.org/10.1242/jcs.136424
http://dx.doi.org/10.1242/jcs.171645
http://dx.doi.org/10.1101/cshperspect.a028134
http://dx.doi.org/10.1038/ncomms14279
http://dx.doi.org/10.1038/nature07471
http://dx.doi.org/10.1016/j.ajhg.2016.11.019
http://dx.doi.org/10.1083/jcb.201002081
http://dx.doi.org/10.1083/jcb.201002081
http://dx.doi.org/10.1091/mbc.E17-01-0017
http://dx.doi.org/10.1091/mbc.E17-01-0017
http://dx.doi.org/10.1091/mbc.E05-08-0810
http://dx.doi.org/10.1091/mbc.E05-08-0810
http://dx.doi.org/10.1083/jcb200903139
http://dx.doi.org/10.1016/j.protis.2012.11.003
http://dx.doi.org/10.1016/j.protis.2012.11.003
http://dx.doi.org/10.1016/j.cub.2015.06.063
http://dx.doi.org/10.1016/j.cub.2015.06.063
http://rsob.royalsocietypublishing.org/

61.

62.

63.

Downloaded from http://rsob.royalsocietypublishing.org/ on October 17, 2018

understanding. Biochem. Soc. Trans. 44,
1201-1217. (doi:10.1042/BST20160112)
Vickerman K, Preston TM. 1970 Spindle
microtubules in the dividing nuclei of
trypanosomes. J. Cell Sci. 6, 365—383.

Tanifuji G et al. 2017 Genome sequencing reveals
metabolic and cellular interdependence in an

amoeba-kinetoplastid symbiosis. Sci. Rep. 7, 11688.

(doi:10.1038/541598-017-11866-x)
Kuhnel K, Veltel S, Schlichting I, Wittinghofer A.
2006 Crystal structure of the human retinitis

pigmentosa 2 protein and its interaction with Arl3.

64.

65.

66.

Structure 14, 367—378. (doi:10.1016/j.str.2005.
11.008)

Francia ME et al. 2012 Cell division in Apicomplexan
parasites is organized by a homolog of the striated
rootlet fiber of algal flagella. PLoS Biol. 10,
€1001444. (doi:10.1371/journal.pbio.1001444)
Leadbeater B, Dodge JD. 1697 An electron
microscope study of dinoflagellate flagella. J. Gen.
Microbiol. 46, 305—314. (doi:10.1099/00221287-
46-2-305)

Maia-Brigagao C, Gadelha AP, de Souza W.

2013 New associated structures of the

67.

68.

anterior flagella of Giardia duodenalis. Microsc.
Microanal. 19, 1374—1376. (doi:10.1017/
$1431927613013275)

Hansen G. 2001 Ultrastructure of Gymnodinium
aureolum (Dinophyceae): toward a further
redefinition of Gymnodinium sensu stricto. J. Phycol.
37, 612-623. (doi:10.1046/j.1529-8817.2001.
037004612.)

Dean S, Sunter JD, Wheeler RJ. 2017 TrypTag.org:
a trypanosome genome-wide protein localisation
resource. Trends Parasitol. 33, 80—82. (doi:10.1016/
jpt.2016.10.009)

8170/1 8 ‘Joig uadp  bio-buysigndyanosjefor-qos


http://dx.doi.org/10.1042/BST20160112
http://dx.doi.org/10.1038/s41598-017-11866-x
http://dx.doi.org/10.1016/j.str.2005.11.008
http://dx.doi.org/10.1016/j.str.2005.11.008
http://dx.doi.org/10.1371/journal.pbio.1001444
http://dx.doi.org/10.1099/00221287-46-2-305
http://dx.doi.org/10.1099/00221287-46-2-305
http://dx.doi.org/10.1017/S1431927613013275
http://dx.doi.org/10.1017/S1431927613013275
http://dx.doi.org/10.1046/j.1529-8817.2001.037004612.x
http://dx.doi.org/10.1046/j.1529-8817.2001.037004612.x
http://dx.doi.org/10.1016/j.pt.2016.10.009
http://dx.doi.org/10.1016/j.pt.2016.10.009
http://rsob.royalsocietypublishing.org/

	A centriolar FGR1 oncogene partner-like protein required for paraflagellar rod assembly, but not axoneme assembly in African trypanosomes
	Introduction
	Material and methods
	Cell culture and transfection
	Plasmid constructs
	Microscopy and immunoblotting
	Electron microscopy
	Bioinformatics

	Results
	Divergent FGR1 oncogene partner family proteins in trypanosomatids
	TbFOPL protein is required for paraflagellar rod assembly but not axoneme formation
	Localization and flagellum exclusion of TbFOPL::myc

	Discussion
	Notes added in revision
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


