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The flagellum is attached along the length of the cell body in the protozoan parasite Trypanosoma
brucei and is a defining morphological feature of this parasite. The flagellum attachment zone (FAZ) is
a complex structure and has been characterised morphologically as comprising a FAZ filament
structure and the specialised microtubule quartet (MtQ) plus the specialised areas of flagellum:
plasma membrane attachment. Unfortunately, we have no information as to the molecular identity of
the FAZ filament components. Here, by screening an expression library with the monoclonal antibody
L3B2 which identifies the FAZ filament we identify a novel repeat containing protein FAZ1. It is
kinetoplastid-specific and provides the first molecular component of the FAZ filament. Knockdown of
FAZ1 by RNA interference (RNAi) results in the assembly of a compromised FAZ and defects in
flagellum attachment and cytokinesis in procyclic trypanosomes. The complexity of FAZ structure and
assembly is revealed by the use of other monoclonal antibody markers illustrating that FAZ1 is only
one protein of a complex structure. The cytokinesis defects provide further evidence for the role of an
attached flagellum in cellular morphogenesis in these trypanosomes.
& 2007 Elsevier GmbH. All rights reserved.
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Introduction

The protozoan parasite Trypanosoma brucei
causes African sleeping sickness in humans and
Nagana in cattle. The parasite is widespread in
sub-Saharan Africa, accounting for �50,000
human deaths annually and there is a high
economic cost with the loss of domestic cattle.
The parasite undergoes a complex life cycle;
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alternating between insect vector (the tsetse fly)
and mammalian host. A distinguishing morpholo-
gical feature of this parasite is the single flagellum
which is attached along the length of the cell body
with a small overhang that protrudes from the
anterior end of the cell (Fig. 1A) (for review see Gull
1999). This feature is unusual as the flagella/cilia of
most eukaryotic cells extend out freely into the
surrounding medium. The importance of the
flagellum in many aspects of this parasite’s
cellular morphogenesis, organelle positioning
and pathogenicity, in addition to motility have
become clear from recent studies (Baron et al.
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Figure 1. RNAi of FAZ1 affects growth in procyclic T. brucei; A: Scanning electron micrograph of a procyclic
T. brucei cell. The single flagellum exits the flagellar pocket (arrow) at the posterior end of the cell and is
attached along the length of the cell body (scale bar ¼ 1 mm); B: Sequence logos illustrate the similarity of the
14aa repeats within the FAZ1 protein in T. brucei and L. major; C: Knockdown of FAZ1 by RNAi results in a
growth effect after 24 h induction compared to the uninduced cells or the parental cell line; D: Western
blotting with L3B2 antibody detects two bands 4200 kDa in parental and non-induced, but at 72 h post-
induction the level of protein detected is greatly reduced.
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2007; Broadhead et al. 2006; Davidge et al. 2006;
Kohl et al. 2003; Moreira-Leite et al. 2001;
Robinson et al. 1995).

In contrast to other kinetoplastids, the trypano-
somatids are characterised by their possession of
this attached flagellum. The flagellum of T. brucei
is composed of a classical 9+2 axoneme plus
the paraflagellar rod (PFR), which is attached to
the axoneme and is essential for motility of the
parasite (Bastin et al. 1998). The flagellum attach-
ment zone (FAZ) defines a complex structure that
connects the flagellum to the long axis of the cell
body via the FAZ filament and the microtubule
quartet (MtQ) with associated membranous ele-
ments. The FAZ filament is located in a gap
between sub-pellicular microtubules of the micro-
tubule corset which underlies the plasma mem-
brane. The MtQ is located immediately to the left
of the FAZ filament when viewed from the poster-
ior end of the cell and is associated with smooth
endoplasmic reticulum (Sherwin and Gull 1989a).
The MtQ is nucleated close to the basal body (at
the proximal end of the flagellum) within the
cytoplasm and has distinct biochemical charac-
teristics such as resistance to salt (Robinson et al.
1995). A similar ultrastructure has also been well
characterised in T. cruzi (Rocha et al. 2006) and,
although epimastigote flagella are only partially
attached, FAZ filament-like structures have been
reported in the flagellar pocket areas of Leishma-
nia mexicana (Weise et al. 2000) and Crithidia
fasciculata (Brooks 1978).

The long slender cell shape of the parasite is
maintained by the corset of sub-pellicular micro-
tubules underlying the plasma membrane. Impor-
tantly, the MtQ is nucleated close to the basal
bodies and therefore these microtubules are
antiparallel (plus end at the anterior of the cell) to
the main set of cortical microtubules (minus end at
the anterior end of the cell). This sub-pellicular
corset remains intact during the cell division cycle
necessitating a very precise coordination between
its duplication and the duplication and segregation
of the many single copy organelles (Sherwin and
Gull 1989b). The flagellar attachment zone is
central to these processes. As the new flagellum
extends out of the flagellar pocket at the posterior
end of the cell, FAZ filament assembly lags slightly
behind, so attaching the newly synthesised
flagellum to the cell body as it follows a left-
handed helical path (Kohl et al. 1999), guided by
the flagella connector (Moreira-Leite et al. 2001).
The flagella connector extends to a distance of
�0.6 of the old flagellum length and whilst the
connector is effectively stationary, the new flagel-
lum continues to extend in length and separation
of the basal bodies (with attached mitochondrial
DNA, termed the kinetoplast) of the old and new
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flagella occurs. Mitosis initiates during basal body
and kinetoplast segregation and cytokinesis initi-
ates from the anterior end of the cell, separating
both the old and new flagella and the precisely
separated kinetoplasts and nuclei (Davidge et al.
2006). Due to the position of the FAZ between the
two flagella in dividing cells we have developed
arguments and evidence that the FAZ defines the
position and polarity of the cleavage plane
(Davidge et al. 2006; Robinson et al. 1995).

Despite the importance of an attached flagellum
in cell morphogenesis, to date no molecular
characterisation has been made of the FAZ
filament components. Our previous studies in
T. brucei and other studies in both T. brucei and
T. cruzi have identified antibodies that recognise
the FAZ and detect high molecular weight proteins
by Western blotting (Kohl and Gull 1998; Ruiz-
Moreno et al. 1995; Souto-Padron et al. 1989;
Woods et al. 1989; Woodward et al. 1995). One of
our monoclonal antibodies L3B2 recognises the
FAZ filament on the cell body side by immunogold
labelling of detergent-extracted whole mount
cytoskeletons (Kohl and Gull 1998) and in this
present study we have screened an expression
library with the L3B2 antibody and identified a
large repeat-containing protein named FAZ1.
Following knock down of FAZ1 expression using
an inducible RNAi approach we find that flagellum
attachment is compromised following induction
with an accumulation of cells exhibiting partially or
fully detached flagella. Assembly and probably
progression of FAZ assembly is compromised, but
intriguingly, knockdown of FAZ1 does not prevent
localisation of certain other components of the
FAZ. However, cytokinesis defects are also evi-
dent when FAZ1 is depleted demonstrating the
importance of flagellum attachment and the FAZ
filament in cell morphogenesis.
Results

FAZ1 is a Novel Repeat-Containing Protein

Monoclonal antibody L3B2 labels the FAZ filament
structure in the cell body side by immunogold
labelling (Kohl et al. 1999). A procyclic T. brucei
expression library was probed (Birkett et al. 1992)
with the L3B2 antibody and three clones were
identified and sequenced. Database mining of the
T. brucei genome project (Hertz-Fowler et al. 2004)
with these sequences identified one open reading
frame (ORF) Tb927.4.3740 on chromosome IV. We
have named this protein FAZ1. This ORF is
predicted to be 5079 bp long with a pre-
dicted mass of 192.5 kDa and pI 4.3. The
ORF is conserved in T. cruzi (contigs
Tc00.1047053506201.140, .170) and, intriguingly,
in L. major there are two orthologues next to each
other on chromosome 34 (LmjF34.0690 and
LmjF34.0680).

FAZ1 protein is characterised by a short variable
N-terminus domain, a conserved second domain,
then a large repeat-containing domain and a
conserved C-terminus domain. The repeat domain
consists of 36� 14aa repeats in T. brucei and
T. cruzi, which are identical and in the L. major
LmjF34.0690 orthologue there are 70� 14aa
repeats that are similar to the repeats in the
T. brucei and T. cruzi orthologues. Sequence logos
illustrate the similarity between them (Fig. 1B).
However, these 70 repeats are degenerate, such
that there is other sequence between some of the
repeats. The second orthologue LmjF34.0680
contains 3� 222nt repeats, but dot blot compar-
ison between L. major sequences suggests some
homology with the 14aa sequence repeats (data
not shown). FAZ1 is not predicted to contain a
transmembrane domain and searching motif
databases did not reveal any further information.
New Flagellum Growth Continues under
FAZ1 Ablation

In order to address the function of FAZ1 we made
an inducible RNAi cell line. Induction of RNAi led
to a growth effect after 24 h induction (Fig. 1C) and
knockdown of protein expression was confirmed
by Western blotting with L3B2 at 72 h post-
induction (Fig. 1D). Depletion of FAZ1 at earlier
time points was analysed by labelling cells with
L3B2. Observing the position and number of
kinetoplasts, nuclei and flagella in T. brucei cells
is a well-established method to identify the
position in the cell division cycle. Early in the cell
cycle cells possess a single kinetoplast, nucleus
and flagellum (termed 1K1N). As the cell cycle
progresses the new flagellum grows posterior to
the old flagellum and the kinetoplast segregates to
produce a 2K1N cell. Following mitosis the
resulting 2K2N cell has two full length flagella.
Cytokinesis occurs to cleave the cell between the
two flagella resulting in two 1K1N siblings. 1K1N
cells were scored for the presence, absence or
reduction of labelling of L3B2 following induction
as these cells are either the start or end of the cell
division cycle (Fig. 2A). The cell cycle of pro-
cyclic T. brucei cells is �8.5 h and even by 15 h
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Figure 2. Presence of a flagellum in the absence of FAZ1; A: Reduction in the labelling of L3B2 in 1K1N cells
between 15 and 36 h post-induction. Cells were scored as strong, weak or negative for L3B2 labelling. Even
by 15 h post-induction �40% of cells have weak labelling and by 36 h 480% of cells are negative for L3B2
(n ¼ 100 cells/time point); B: In 2K2N cells there is an old and new flagellum with accompanying FAZ in
normal cells. Cells were scored as strong, weak or negative for L3B2 labelling of the old and new FAZ filament
post-induction (arrows mark the new flagellum). By 36 h post-induction 480% of the old and new FAZ are
negative for L3B2 labelling (n ¼ 100 cells/time point). Scale bar ¼ 5mm.
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post-induction many 1K1N cells have reduced
L3B2 labelling, demonstrating that knockdown of
FAZ1 by RNAi is fast acting. By 36 h post-
induction more than 80% of 1K1N cells were
negative for L3B2 (Fig. 2A). Significantly, all of
these cells possessed a flagellum.

The old flagellum remains intact and a new
flagellum grows posterior to the old flagellum
during the cell division cycle, which allows us to
make comparisons between them and check if a
new flagellum is able to be built in the induced
cells. At the start of induction both the old and
new flagella could be labelled with L3B2 (Fig. 2B),
but as induction progressed labelling of the new
FAZ filament of the new flagellum was found to be
reduced or absent, but a new flagellum was still
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assembled. By 36 h post-induction more than
80% of these cells possessed two flagella without
FAZ1 labelling (Fig. 2B), confirming that FAZ1 is
not essential for new flagellum growth.
An Aberrant FAZ is Assembled in the
Absence of FAZ1

Although growth of a new flagellum is not affected
by knockdown of FAZ1, an obvious question is
whether FAZ1 is essential for flagellum attach-
ment. Previous studies have shown that flagellar
detachment is lethal in procyclic T. brucei (Mor-
eira-Leite et al. 2001; Nozaki et al. 1996). 1K1N
cells with a single flagellum were analysed and
attachment errors were present at 24 h post-
induction and by 48 h post-induction �30% of
cells have attachment errors, which correlates
with the reduction in growth rate (Fig. 3A). The
most common form of attachment errors (�50%)
are cells with a partially detached flagellum that
have a ‘loop’ of detachment usually in the central
Figure 3. Compromised flagellar attachment in FAZ1 R
1K1N cells with an attached or unattached flagellum. By
fully detached flagellum (n ¼ 200 cells/time point); B: Th
flagella attachment or detachment at 72 h post-induction
the old flagellum in these cells (n ¼ 200 cells) (arrows h
portion of the cell, but the flagellum is attached
either side of the loop. A further 33% are fully
detached and 17% are detached at the anterior
end of the cell body. Furthermore, an increase in
new flagella with detachment phenotypes in 2K2N
cells was found at 72 h post-induction (Fig. 3B),
demonstrating that defects in flagellum attach-
ment occur during assembly.

Examination of the ultrastructure of the flagel-
lum and FAZ by transmission electron microscopy
(TEM) highlighted a number of abnormalities.
Cross sections of uninduced appeared as wild-
type (n ¼ 93) (Fig. 4A) with the FAZ filament being
of appropriate size and position next to the MtQ.
However, in 35% of cross sections (n ¼ 98) at 72 h
post-induction the gap where the FAZ filament is
situated between two sub-pellicular microtubules
was found to be unusually wide (compare Fig. 4A
arrow with Fig. 4B brackets) with more electron
dense material juxtaposed to the cell body
membrane (Fig. 4B). In the remaining 65%
of cross sections, 17% have abnormalities in
positioning or absence of the endomembrane
NAi cell line. A: Counts were made of the number of
48 h post-induction �30% of cells had a partially or

e old and new flagella of 2K2N cells were scored for
. The new flagellum is always positioned posterior to
ighlight detached flagella). Scale bar ¼ 5 mm.
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Figure 4. Aberrant FAZ assembly following knockdown of FAZ1; A: TEM cross section of the flagellum and
FAZ area in uninduced cells are as wild-type. MtQ is marked with arrows. FAZ filament area is marked with a
bracket; B: TEM cross section of FAZ1 RNAi 72 h post-induction. The FAZ filament area (bracket) is unusually
wide compared to uninduced cross sections and there is considerably more electron dense material; C: TEM
cross section of FAZ1 RNAi 72 h post-induction showing errors in the positioning of endomembrane on either
side of the gap (white arrows) where the FAZ filament is situated. The endomembrane is usually located
across the MtQ (compare with A, B and D); D: TEM cross section of FAZ1 RNAi 72 h post-induction with a
normal FAZ structure; E: DOT1 in non-induced cells labels the FAZ filament; F and G: Labelling of DOT1 is
patchy in induced cells by 72 h post-induction following knockdown of FAZ1. G is a multinucleated cell;
H: A detergent-extracted whole mount cytoskeleton at 72 h post-induction with a partially detached
flagellum. Ultrastructure resembling the FAZ can be seen in the cell body in the area of detachment, but
further along the flagellum attachment appears normal (A—D scale bars ¼ 100 nm; E—G scale bars ¼ 5mm).
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associated with the MtQ (Fig. 4C) with the
remainder of the cross sections as per non-
induced (Fig. 4D).

These results suggest that a FAZ structure
(albeit aberrant) is formed in the induced cells,
so we investigated the labelling pattern of two
other monoclonal antibodies that recognise the
FAZ filament — DOT1 and CD10 (whose antigens
are unknown) (Woods et al. 1989). Interestingly,
DOT1 labelling is present along the length of the
cell body at 96 h post-induction, but unlike
the even labelling of non-induced cells (Fig. 4E);
the distribution of labelling is patchy (Figs 4F, G).
Labelling with CD10 is severely reduced by 96 h
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post-induction, but does not completely disap-
pear in all cells (data not shown). These results
suggest that at least some components of the FAZ
filament structure are still localising relatively
correctly following induction and the patchy
DOT1 labelling likely represents compromised
assembly. Notably, in cells with a partially
detached flagellum, we did not find a direct
correlation between flagellar detachment and
absence of DOT1 and L3B2 labelling in the area
where the flagellum is detached. This suggests a
Figure 5. Cytokinesis defects in the FAZ1 RNAi cell
line; A: The number of nuclei and kinetoplasts were
counted for each cell in populations of uninduced,
24, 48, 72 and 96 h post-induction (500 cells/time
point). The expected configurations are 1K1N, 2K1N
and 2K2N cell types. In the induced population there
is the appearance of 1K0N cells (zoids), 1K2N cells
and cells 42K2N); B: 1K0N zoids were scored as
strong, weak or negative for labelling of L3B2
antibody. By 36 h post-induction 480% of these
cells were negative for L3B2, but still possess a
flagellum. Scale bar ¼ 5mm.
complex disorganisation of the FAZ filament at this
point, rather than its wholesale absence. Ultra-
structural features resembling the FAZ filament
can be observed in areas of flagellar detachment
of detergent-extracted whole mount cytoskele-
tons (Fig. 4H).

FAZ1 Knockdown Results in Defects in
Cytokinesis

Counts made of the number of kinetoplast and
nuclei in cells following induction revealed an
abundance of 1K0N cells (zoids) (Robinson et al.
1995) (Fig. 5A). This was clearly evident by 48 h
post-induction with zoids representing 12% of the
population, rising to 22% by 96 h post induction.
There is a concomitant rise in 1K2N cells indicat-
ing that cells have completed nuclear S-phase
and mitosis, but that the cleavage plane has not
positioned correctly between the two nuclei
resulting in a 1K0N and a 1K2N. The rise in
1K2N cells does not match the number of zoids,
which could be explained by the increase in
multinucleated cells (42K2N) by 72 h post-induc-
tion suggesting that early cells can divide but this
ability is reduced with time. The reduction in
labelling of L3B2 of zoids (Fig. 5B) was also
observed and all possessed a flagellum.
Discussion

In this paper we identify the first FAZ filament
protein, called FAZ1. As outlined in the introduc-
tion, our previous monoclonal antibody studies
have shown that the FAZ filament structure is
complex and FAZ1 most likely represents just one
protein within this structure. We previously
showed that L3B2 is localised to the cytoplasmic
side of the FAZ filament by immunogold labelling
of detergent-extracted whole mount cytoskele-
tons (Kohl et al. 1999) and the FAZ1 sequence is
not predicted to contain a transmembrane
domain. Coupled with the knowledge that FAZ1
is a large repeat-containing protein, we can
envisage FAZ1 as a cytoskeletal structural protein
on the cell body side of the FAZ filament. We
should add that two high molecular weight bands
are recognised by Western blotting with L3B2
(Kohl et al. 1999) and this could represent allelic
variation due to heterogeneity in the number of
repeats or the two bands could represent different
post-translational modifications of the protein.

In this study we have demonstrated that
growth of a new flagellum is independent of
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Figure 6. A model depicting a stable versus an
unstable FAZ following knockdown of FAZ1. In the
unstable FAZ model, assembly of the new FAZ
filament structure is compromised resulting in inter-
mittent FAZ assembly and detached flagella. Poster-
ior and anterior ends of the cell are marked. The new
flagellum is always positioned posterior to the old
flagellum.
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FAZ1. This was also the case with T. brucei FLA1,
which is a membrane glycoprotein that localises
along the flagellum/cell body area by immuno-
fluoresence. This protein is more likely to be a
membrane protein associated with the cytoskele-
ton, rather than an actual component of the FAZ
filament structure since it contains two predicted
transmembrane domains (LaCount et al. 2002;
Moreira-Leite et al. 2001; Nozaki et al. 1996).
Interestingly, knockdown of FLA1 by RNAi caused
complete flagellar detachment in T. brucei and
raises some interesting points with regard to
assembly of the FAZ filament and its connection
to the flagellum. Ultrastructural material resem-
bling the FAZ filament was observed in FLA1 RNAi
cells (our unpublished observations), suggesting
that FAZ filament assembly of the cell body side is
not completely blocked when connections to the
flagellum are affected.

Knockdown of FAZ1 by RNAi compromises
flagellum attachment in �30% of cells and whilst
the level of knockdown by RNAi could certainly
influence the level of the phenotype, the fact that
not all cells have detached flagella most likely
highlights the complexity of FAZ filament. We
found a continued presence of FAZ filament
structure in TEM cross sections as well as the
presence of DOT1 labelling in RNAi-induced cells
strongly suggesting that knockdown of FAZ1 does
not prevent many FAZ filament proteins from
localising. However, assembly does appear to be
aberrant as in a third of TEM cross sections there
were wide gaps where the FAZ filament is located
with what looked like disorganised and multiple
FAZ filament structures. This could represent
multiple attempts at assembling the FAZ filament
components at the same position due to faltering
progression of FAZ assembly. The patchy DOT1
labelling in the induced population certainly sup-
ports the idea of intermittent assembly. Previously
we showed that FAZ filament assembly closely
follows flagellum assembly (Kohl et al. 1999) and
faltering progression could lead to areas of
detachment or a total lack of flagellum attachment
if FAZ filament assembly falls too far behind
flagellum assembly, thus explaining why the
flagellum is only partially detached in many cells.
Our model is that of an unstable FAZ filament
following knockdown of FAZ1 whereby there is a
failure to assemble all of the necessary compo-
nents correctly, leading to a weak and unstable
FAZ filament and faltering progression of assem-
bly (Fig. 6). The assembly of a correct FAZ is
clearly complex and must involve both the FAZ
filament assembly (including FAZ1 and other
unidentified filament proteins) followed by the
membrane attached maculae adherens junctions
at the plasma membrane and transmembrane
proteins including FLA1.

In T. brucei cytokinesis initiates at the anterior
end of the cell and follows a helical path up the
cell between the old and new flagella. The
presence of zoids, 1K2N cells and multinucleated
cells are indicative of defects in cytokinesis.
However, the fact that all of these cell types still
possess a flagellum suggests that correct posi-
tioning of the cleavage plane between the old and
new flagella is still occurring. We know that growth
of an attached flagellum is essential for correct
spatial segregation of organelles (Kohl et al. 2003;
LaCount et al. 2002; Moreira-Leite et al. 2001) and
it is likely that defects in flagellum attachment are
leading to the loss of spatial organisation of the
kinetoplasts and nuclei in dividing cells. Indeed it
is tempting to speculate that the FAZ zone may
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also be involved in nuclear positioning and that
FAZ filament defects and mis-alignments in the
FAZ1 induced cells may result in defective
positioning of the two nuclei during the cell cycle.

The identification of FAZ1 provides the first
insights to components of the FAZ filament. The
FLA1 proteins provide a view of the transmem-
brane connection, but it will be interesting to
ascertain the identity of the FAZ proteins which are
located on the flagellum side of the complex in
order to study how assembly and connection are
coordinated.
Methods

Cell culture: Procyclic T. brucei cells were cultured at 28 1C in
SDM-79 medium supplemented with 10% (v/v) heat-inacti-
vated foetal calf serum as described previously (Brun and
Schönenberger 1979).

RNA interference (RNAi): A 600 bp fragment of the repeat
region of ORF Tb927.4.3740 was amplified by polymerase
chain reaction (PCR) and two copies were inserted into an
inducible vector pHD430 in opposing directions to potentially
form a dsRNA in a hairpin structure (Bastin et al. 2000). This
vector was transformed into a tetracycline-repressor-expres-
sing procyclic T. brucei cell line (PTP) (Wirtz and Clayton 1995)
and positive clones were selected. RNAi was mediated by
addition of 1mg/ml doxycycline to the culture medium. For the
growth curve cells were cultured at a starting concentration of
1� 106 cells/ml. Every 24 h the growth rate was measured
using a Schärfe Systems CASY-1 cell counter and cells diluted
back to 1�106 cells/ml with fresh doxycycline added to
culture medium of the induced cells.

Immunolocalisation: Cells were settled onto glass slides
and extracted with 1% NP-40 in 100 mM PIPES, pH6.9, 2 mM
EGTA, 1 mM MgSO4, 0.1 mM EDTA. The cytoskeletons were
fixed in methanol for 30 min followed by antibody labelling
with L3B2, DOT1 or CD10. Labelling was visualised by FITC-
conjugated anti-mouse IgG (Sigma). Slides were examined
and counts made on a Zeiss Axioplan 2 microscope.

Electron microscopy: Cells were fixed in 2% paraformal-
dehyde, 2% glutaraldehyde and 0.2% picric acid in 100 mM
phosphate buffer (pH 7.2), post-fixed and processed for TEM
as described previously (Sherwin and Gull 1989a). Preparation
of negatively stained whole mount cytoskeletons for TEM was
also carried out using previously established methods
(Sherwin and Gull 1989a).

Bioinformatics: Data mining was carried out using Genedb
(Hertz-Fowler et al. 2004). Sequence logos were produced by
WebLogo version 2.8.2 http://weblogo.berkeley.edu/.
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