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Summary

Eukaryotic cilia and flagella are highly conserved
structures composed of a canonical 9+2 microtubule
axoneme. Comparative genomics of flagellated and non-
flagellated eukaryotes provides one way to identify new
putative flagellar proteins. We identified the Parkin co-
regulated gene, or PACRG, from such a screen. Male mice
deficient in PACRG are sterile, but its function has been
little explored. The flagellated protozoan parasite
Trypanosoma brucei possesses two homologues of PACRG.
We performed RNA interference knockdown experiments
of the two genes independently and both together.
Simultaneous ablation of both proteins produced slow
growth and paralysis of the flagellum with consequent
effects on organelle segregation. Moreover, using
transmission electron microscopy, structural defects were
seen in the axoneme, with microtubule doublets missing

from the canonical 9+2 formation. The occurrence of
missing doublets increased toward the distal end of the
flagellum and sequential loss of doublets was observed
along individual axonemes. GFP fusion proteins of both
PACRG homologues localised along the full length of the
axoneme. Our results provide the first evidence for PACRG
function within the axoneme, where we suggest that
PACRG acts to maintain functional stability of the
axonemal outer doublets of both motile and sensory cilia
and flagella.

Supplementary material available online at
http:/jcs.biologists.org/cgi/content/full/118/23/5421/DC1

Key words: Pacrg, Axoneme, Outer-doublet microtubule, Outer-
doublet linkages

Introduction

Cilia and flagella are highly conserved structures that are found
on a wide range of cell types and expressed in many different
organisms. Cilia and flagella are adapted to perform a large
number of functions (El Zein et al., 2003) from motility to
mechanosensation. They are typically composed of a
microtubule axoneme made up of nine outer-doublet
microtubules. In addition to this, motile cilia and flagella
usually contain inner- and outer-dynein arms on these doublet
microtubules and a central pair of two singlet microtubules.
Comparative bioinformatics demonstrates conservation
between known flagellar proteins. Comparison of the genomes
of flagellated organisms with those of non-flagellated
organisms such as plants, red algae and yeast (e.g. Arabidopsis
thaliana, Cyanidioschyzon merolae and Schizosaccharomyces
pombe) allows for the identification of novel putative flagellar
proteins. We analysed the published human ciliary proteome
(Ostrowski et al., 2002) for evolutionarily conserved proteins
of unknown function. One of these, annotated only as a
hypothetical in the original publication, was revealed by our
bioinformatics analyses to be PACRG, a protein that was
identified subsequent to the proteomic investigation.

PACRG was originally identified (West et al., 2003) as a
gene lying upstream of, and sharing a common promoter with
Parkin, the gene implicated in juvenile Parkinson’s disease.
The quaking mouse (Sidman et al., 1964) is a spontaneous
mutation with a large deletion in chromosome 17 that results
in the loss of expression of both Parkin and PACRG (Lockhart
et al., 2004). Mice have tremors characteristic of Parkinson’s
disease and in addition, male homozygotes are sterile. PACRG
loss has been recently identified as the cause of the male
sterility component of this phenotype (Lorenzetti et al., 2004).
However, its function remains unknown. We hypothesised that
PACRG might play a role in the flagellum. This idea is
supported by two further analyses using a comparative
bioinformatics approach to search for putative flagellar
proteins (Avidor-Reiss et al., 2004; Li et al., 2004), in which
PACRG is found.

The protozoan parasite Trypanosoma brucei is an excellent
model organism in which to study cilia and flagella because of
its well-characterised cytoskeleton (for a review, see Gull,
1999) and its genetic tractability. It possesses a single
flagellum, which exits at the posterior end of the cell from the
flagellar pocket and is attached to the cell body along its length,



(O]
O
C
ks
O
(d)]
5
O
-
(@]
T
C
S
>
(@]
3

5422 Journal of Cell Science 118 (23)

proceeding to the anterior tip of the cell. As well as the
axoneme, the flagellum contains an additional structure, the
paraflagellar rod (PFR). This lattice-like structure runs
alongside the axoneme, to which it is attached. At cell division,
the cell maintains the old flagellum and assembles a new
flagellum.

Here we show that T. brucei contains two PACRG
paralogues. Using RNA interference (RNAi) in 7. brucei to
address the function of PACRG, we show that simultaneous
knockdown of both paralogues produces paralysed flagella. At
the ultrastructural level we observe loss of specific outer-
doublet microtubules. We show that occurrence of missing
outer doublets increases along the length of the flagellum.
GFP-PACRG fusion proteins localise along the full length of
the axoneme. We propose that PACRG performs a novel
function within eukaryotic flagella in maintaining interdoublet
linkages and thus preserves axoneme integrity.

Materials and Methods

Bioinformatics

Sequences for TODPACRG A and TbPACRG B were obtained from
GeneDB (http://www.genedb.org/) and used to perform BLAST
searches (Altschul et al., 1997) on publicly available databases
(http://genome.jgi-psf.org/chlre2/chlre2.info.links.html and
http://www.ncbi.nlm.nih.gov/BLAST/). Homologues were identified
by reciprocal BLAST searches and alignments created using ClustalX
(Thompson et al., 1997).

Constructs and trypanosome transfection

For individual TbPACRG A or TbDPACRG B RNAIi, 600 bp fragments
of the relevant gene were amplified by PCR with TbPACRG A or B
specific primers (TDPACRG A forward, ATGAGTTACGAGATAC;
TbPACRG A reverse, CGTTGCGCAAAT; TbPACRG B forward,
ATGGCGTTCTCACGAA; TbPACRG B reverse, GACGTTA-
ATGAT) incorporating Xbal and HindIll restriction sites into the
forward and reverse primers, respectively. For TOPACRG AB RNA|,
the same 600 bp fragment of each gene was amplified using the same
primer sequences. For TODPACRG A an Xbal site was added to the
forward primer and EcoRI to the reverse primer; for TbDPACRG B, an
EcoRI site was added to the forward primer and HindlII to the reverse
primer. Fragments were cloned into the p2T7-177-inducible RNAi
vector (Wickstead et al., 2002) using the Xbal and HindlIll sites.
Procyclic T. brucei 29-13 cells (Wirtz et al., 1999) were transfected
using standard protocols, selected using 5 wg/ml phleomycin, and
subsequently cloned by limiting dilution.

To make cell lines expressing endogenously tagged GFP-
TbPACRG fusion protein, 150-200 bp fragments of the 5’ end of each
TbPACRG gene, and within the 5" untranslated region (UTR) were
amplified with TbPACRG A or B specific primers incorporating
suitable restriction sites and ligated into a vector for GFP expression
(S. Kelly and K.G., unpublished). Trypanosomes were transfected,
and selected using 50 pg/ml hygromycin.

Culture of trypanosomes

Cell lines were cultured in SDM 79 medium supplemented with 10%
foetal calf serum and appropriate antibiotics at 28°C. For RNA, cells
were induced using 1 pwg/ml doxycycline.

Analysis of motility

Non-induced cells and induced cells after 72 hours were grown to a
density of 2X 109 cells/ml. The motility of these cells was analysed as
described by (Gadelha et al., 2005). Cells were tracked for 20 frames,

taken over 40 seconds. Movie 1 in supplementary material shows the
normal motility of the trypanosome flagellum and the phenotype of
cells 72 hours after induction in tissue culture flasks. Cells were
examined using a Zeiss Axiovert 35M inverted microscope with a 32X
lens and video was captured using a COHU High Performance CCD
camera onto a DMR-E85H DVD video recorder (Panasonic).

Immunolocalisation studies and antibodies

For DNA staining, cells were settled onto glass slides, fixed in 3.6%
formaldehyde (TAAB) in phosphate-buffered saline (PBS) and
embedded in Vectashield (Vector Laboratories) with 4,6-diamidino-2-
phenylindole (DAPI). For co-immunofluorescence, trypanosomes
were settled onto glass slides, cytoskeletons prepared by extraction
with 1% NP-40 in 100 mM PIPES, pH 6.9, 2 mM EGTA, 1 mM
MgSOy, 0.1 mM EDTA and fixed in 1.8% formaldehyde in PBS for
10 minutes. Cells were double-labelled with anti-GFP (rabbit
polyclonal A11122, Invitrogen) and either anti-PFR (L8C4) (Kohl et
al., 1999) or anti-basal body (BBA4) (Woods et al., 1989). Secondary
antibodies were Alexa-488-conjugated anti-rabbit (A-11034,
Molecular Probes) and Alexa-546-conjugated anti-mouse (A-11030,
Molecular Probes). Cells were embedded in Vectashield with DAPI.
Slides were examined on a Zeiss Axioplan 2 microscope using a
100X, 1.4 NA oil-immersion lens, captured on a CCD camera
controlled by Metamorph software (Universal Imaging) and processed
in Metamorph and Adobe Photoshop (Adobe).

Preparation of cells for thin-section TEM

Cells were fixed at 72 hours after induction of RNAi in 2.5%
gluteraldehyde, 2% paraformaldehyde and 0.1% picric acid in 100
mM phosphate (pH 6.5) for 2 hours at 4°C followed by post-fixation
in 1% osmium tetraoxide in 100 mM phosphate buffer (pH 6.5) for 1
hour at 4°C. The fixed material was stained en bloc with 2% aqueous
uranyl acetate for 2 hours at 4°C. Following dehydration through a
graded series of acetone and propylene oxide, the material was
embedded in epon resin for sectioning and analysis by transmission
electron microscopy.

Statistical analysis

Chi-squared and Student’s t-tests were carried out using Excel
(Microsoft).

Real-time quantitative PCR

Total RNA samples were collected from the 29-13 parental cell line,
non-induced cells and induced cells 24 hours and 48 hours after
induction. RNA samples were purified using silica gel-based
purification methods (High Pure RNA Isolation Kit, Roche) and
stored at —80°C. Synthesis of cDNA from 1 g RNA was carried out
using the Omniscript Reverse Transcription Kit (Qiagen), with
oligo(dT) primers at a final concentration of 1 wM. Three reverse
transcription reactions were carried out from each RNA sample.
Single stranded cDNA products were then analysed by Q-PCR using
TagMan probes against PACRG A, PACRG B and QM, a 60S
ribosomal protein used as a reference gene. A no RT control was used
to measure DNA contamination. For each gene, primers were
designed using Oligo4 (DNAStar) to amplify a 100-130 bp region.
(PACRG A forward, GATGTCGGCGATTTGGTTAT; PACRG A
reverse, TCTCATACGTCGGCACCATA; PACRG B forward,
AAATACACGACACCCAACTG; PACRG B reverse, GTAGAGATT-
GAACACCGGAA; QM forward, GCGTGCCAACAAGGAATGT;
QM reverse, GCGAAGTACGTGGAACGGA). Products were
detected using TagMan probes (PACRG A, TCATGGTGGCG-
ACGATGCGT; PACRG B, AACTTGTGGAGAGCGCCGAC; QM,
CCACATGCGTATCCGCGCCC) with 6-FAM on the 5’ end and
BHQ-1 on the 3’ end. Concentrations of primers, probes and MgCl,
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for each primer set were optimised prior to the experiment. In each
PCR cycle the fluorescence was recorded at the end of the annealing
phase. The Ct value for each reaction was measured, and the absolute
DNA amount calculated. For each sample this was normalised against
the reference gene, QM, and then expressed as a percentage of the
level in 29-13 cells.

Results
Two PACRG family members in Trypanosoma brucei

To determine the genome occurrence pattern of PACRG, we
interrogated publicly available databases with the mouse Pacrg
protein sequence. PACRG homologues were found to be
widely conserved among flagellated organisms, including
Caenorhabditis elegans (Fig. 1). Sequences showed most
homology in the C-terminal region as shown by the large
blocks of dark blue indicating identical residues in Fig. 1.
Homologues were not found in the genomes of non-flagellated
organisms including Arabidopsis thaliana, Cyanidioschyzon
merolae and Schizosaccharomyces pombe. In the protozoan
parasite 7. brucei, we found two paralogues with a high degree
of conservation. These are equally divergent from mouse
Pacrg, and therefore we named them TbPACRG A and
TbPACRG B. TbPACRG A and B are conserved within the
kinetoplastids Leishmania major and Trypanosoma cruzi in
addition to T. brucei.

M musculus Pacrg
T bruce1 A

T bruce: B

C. reinhardhi

D. melanogaster 1

D. melanogaster 2

C. elegans
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Ablation of both TOPACRG mRNAs produces slow
growth and paralysis

To understand the function of PACRG in T. brucei, we used
RNAI to ablate protein expression of the two PACRG family
members both independently and together. Ablation of
TbPACRG A or TbPACRG B alone produced no effect on cell
growth rate (Fig. 2B,D respectively) or cell division (data not
shown), although the RNA levels fell to 9% (Fig. 2A) and 8%
(Fig. 2C) of the parental (29-13 cell line) level respectively. A
no-RT control showed minimal DNA contamination. However,
simultaneous ablation of TDPACRG A and B, with a reduction
of TbPACRG A to 10% and TbPACRG B to 20% (Fig. 2E),
produced a slow growth phenotype first apparent at 72 hours
post-induction  (Fig. 2F). Induced cells appeared
morphologically normal by phase-contrast microscopy (Fig. 3,
compare A,B to CD), however in 27% cells undergoing
cytokinesis (n=200) we observed incorrect positioning of the
kinetoplast (Fig. 3). In some cells the kinetoplast was closer than
normal to the nucleus (Fig. 3, compare distance between nucleus
and kinetoplast in A to that in E), whereas in others it was
positioned almost anterior to the most posterior daughter nucleus
(Fig. 3F, arrow indicates posterior kinetoplast). In each case of
mispositioning, the kinetoplast that is most affected tends to be
that associated with the new flagellum, located at the posterior
end of the cell. We also observed a small increase in the number

Fig. 1. Two PACRG paralogues in T. brucei. Protein sequence alignment of two 7. brucei PACRG-like proteins (Tb03.4808.210 and
Tb09.210.1470) with gene products from M. musculus (XP_128418), C. reinhardtii (C_20334), D. melanogaster (CG179349 and CG15120)
and C. elegans (NP_495496). Orthology was determined by examination of candidate sequences including reciprocal BLAST. Identical

residues are shown in dark blue; similar residues are shown in light blue.
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Fig. 2. Ablation of PACRG AB
produces a slow-growth phenotype.
Q-PCR data (A,C,E) and
representative growth curves
(B,D,F) of cells undergoing RNAi of
TbPACRG A (A,B), ToPACRG B
(C,D) or TbPACRG AB (E,F). A
reduction of mRNA signal of
TbPACRG A (black bars) was seen
in RNAi TbPACRG A-treated cells
(A). However, there was no
alteration in growth Kinetics in
TbPACRG A RNAi-treated cells (B,
triangles) compared to non-induced
controls (B, squares). A reduction of
mRNA signal of TbPACRG B (grey
bars) was observed in RNAI
TbPACRG B-induced cells (C), but
again, no alteration in growth
kinetics was observed compared to
the control (D). A reduction of
mRNA signal of TbPACRG A
(black bars) and TbPACRG B (grey
bars) was observed in TbPACRG
AB RNAi-treated cells (E) with the
representative growth curve (F)
showing a growth defect starting 72
hours after induction (triangles)
compared to non-induced controls
(squares). For the growth curves
(B,D,F), cells were maintained in
log phase by diluting the culture
every 48 hours. Q-PCR values are
percentages (meanzs.e.m.) of the
control cell signal (A,C,E).
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of cells with two nuclei and two kinetoplasts (17% of the
population in PACRG AB RNAi-induced cells compared to 12%
in non-induced controls), suggesting that RNAi-induced cells
have difficulties in late phases of the cell cycle.

We observed that TbPACRG AB RNAi-induced cells
possessed flagella of normal length (20.3+0.6 pm in non-
induced cells; n=100, compared with 20.3+0.6 pm in induced
cells; n=100) and continued to build a new flagellum each cell
cycle. However, cell motility was strongly affected. At 24
hours after induction, 20% of cells had a paralysed flagellum
(n=108 cells) and did not move. By 48 hours, this had increased
to 48% (n=102 cells), and at 72 hours after induction, 73% of
flagella (n=48 cells) were paralysed (see also supplementary
material Movie 1, compare the induced cells to the non-
induced cells). By tracking locomotion of a cohort of
individual cells in the population over the course of 40 seconds
we were able to measure their speed. Highly significant
differences (P<0.001) were observed between RNAi-induced

(n=53) and non-induced cells (n=38) in terms of minimum,
mean and maximum speeds (Table 1).

TbPACRG AB RNAI induction causes loss of outer-
doublet microtubules

To understand the paralysis of the flagellum, we prepared
TbPACRG AB RNAi-induced and non-induced cells for

Table 1. Induction of TOPACRG AB RNAI causes a severe
loss in motility

Non-induced (n=38)

Population motility parameter Induced (n=53)

Minimum speed (pm/second) 1.1+0.2 0.1+0.1
Mean speed (pnm/second) 3.0+0.2 0.8+0.1
Maximum speed (pm/second) 4.8+0.3 1.6+0.2

Speeds shown are the average minimum, mean and maximum speeds for a
population of TODPACRG AB RNAi-induced and non-induced cells.
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ultrastructural analysis by thin-section transmission electron
microscopy. We observed a significant difference in the 9+2
architecture of the trypanosome flagellum. In non-induced
control cell profiles, 98% (n=922) possessed a canonical 942
axonemal arrangement (Fig. 4A, a). In contrast, 53% (n=953,
P<0.001) of axonemal profiles in induced TbPACRG AB
RNAI cells exhibited loss of at least one of the nine outer-
doublet microtubules (Fig. 4A, b-d). A minority of flagella
profiles in ThOPACRG AB RNAi-induced cells (4%) contained

Fig. 4. PACRG AB RNAIi
induction causes loss of outer-
doublet microtubules.

(A) Transmission electron
microscopy images of
TbPACRG AB non-induced
cells (a) and RNAi-induced
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Fig. 3. Induced cells build a flagellum, however daughter kinetoplast
position is impaired. Phase-contrast images of control cells (A,B)
and TbPACRG AB RNAi-induced cells at 72 hours (C-F) with
nuclear and kinetoplast DNA overlaid in blue. (A) A non-induced
cell with one kinetoplast and one nucleus (1K1N). (B) A non-
induced cell with duplicated nucleus and kinetoplast (2K2N cell)
showing correct positioning of both kinetoplasts. (C) A TbPACRG
AB RNAi-induced cell with correct positioning of the kinetoplast.
(D) A TbPACRG AB RNAi-induced cell undergoing division where
the distance between the daughter kinetoplast (arrow) and the
daughter nucleus is reduced compared to that of the parent cell. Note
the formation of the new flagellum (NF). (E) A ThPACRG AB
RNAi-induced 1K1N cell where the kinetoplast is mislocalised.

(F) A TbPACRG AB RNAi-induced cell undergoing cytokinesis
where the daughter kinetoplast (arrow) is mispositioned, anterior to
the daughter nucleus. Bar, 5 pm.

one or more displaced doublets outside the partial axoneme
(data not shown). The number of missing doublets varied;
approximately equal numbers of 8+2, 7+2, 6+2 and 5+2
axonemes were observed. The central pair microtubules
generally remained present until more than four outer-doublet
microtubules had been lost (Fig. 4A, b and c). Axonemes
containing four or fewer outer-doublet microtubules lacked the
central pair in 88% of cases (Fig. 4Ad). We observed cells that
were in division (n=50) and had two adjacent flagella profiles
(the old flagellum and the newly built flagellum). At cell
division the cell maintains the old flagellum and assembles a
new flagellum; late in the cell cycle it is possible to distinguish
between the two (Sherwin and Gull, 1989). Of the cell profiles

outer doublet

: microtubule
central pair

singlet
microtubule

axoncme

nexin link

paraflagellar e 5
rod = .

cells 72 hours after induction c

(b-d). Note the loss of variable o 100
numbers of outer-doublet =
microtubules in b-d. g 807
(B) Drawing of relevant =
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flagellum. Numbers refer to the 2
convention of numbering outer S 407
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position relative to the central :’.; 20 7
pair and PFR. (C) Graph of &
frequency of loss of specific (U
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Bar, 200 nm.
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Doublet position in axoneme
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examined, 51% had two affected flagella, with at least one
outer doublet missing from each; 18% of cell profiles exhibited
one unaffected old flagellum and one affected new flagellum;
the remainder had two unaffected flagella.

We investigated  whether particular  outer-doublet
microtubules were more susceptible to loss. In 7. brucei, outer
doublets are numbered according to their position relative to
the central pair and the PFR (Fig. 4B), with the doublet directly
opposed to the central pair being numbered as 1 and stable
connections to the PFR on doublets 4 and 7. Where multiple
doublets had been lost, it was nearly always adjacent doublets
that were absent (see Fig. 4Ab for an example). We found that
the doublets furthest from the PFR, doublets 9 and 1, were most
likely to be lost, followed by doublets 2 and 8 (Fig. 4C). The
doublets adjacent to the PFR were rarely missing; doublets 4
and 7, which are most obviously attached to the PFR (Fig. 4B)
were missing in only 4.7% of axonemes, whereas doublets 5

and 6 were absent in only 2.6% and 2.1% of axonemes,
respectively (Fig. 4C).

Outer-doublet microtubule number decreases towards
the distal tip of the flagellum

Variability in the number of missing doublets raised the
possibility that there could be a variation in the number of
missing doublets along the length of an individual axoneme
in TODPACRG AB RNAi-induced cells. To determine if fewer
outer doublets were present at either the distal end of the
flagellum or the proximal end, we quantified the number of
outer doublets present at various positions along the axoneme
(Fig. 5). As the flagellum of T. brucei is attached to the cell
body, which has different widths and morphology along its
length, it is possible to position an axonemal profile in any
given electron micrograph to a particular region of the
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flagellum. We characterised flagellar profiles into five subsets
according to the adjacent cellular structures: transition zone,
flagellum pocket, exit point of flagellum from cell, mid-cell
region and anterior tip of cell. The basal bodies (data not
shown) and transition zones (Fig. 5A) of RNAi-induced
flagella appeared normal. Over 90% of axonemes found
within, or just exiting the flagellar pocket had nine outer
doublets, with only a minority having up to three doublets
missing (Fig. 5B,C, respectively). However, the number of
outer doublets decreased significantly from then on along the
length of the cell body (Fig. 5D), such that at the distal tip of
the flagellum only 32% of axonemes exhibited a 9+2
configuration, with 55% composed of six or fewer outer
doublets (Fig. 5E).

We next examined serial thin-section micrographs to
establish whether the missing doublets resulted from doublet
termination. We focussed on the region close to the distal tip
of the flagellum, where little or no cell body was visible, as
this was where most doublets appeared to be lost (Fig. 5E).
Serial sectioning through the distal tip region revealed that both
the A and B tubules of a doublet terminated simultaneously
(Fig. 6, black arrows show the doublet that is lost). An electron-
dense lumen was observed only in the A tubule (Fig. 6, red
arrow) immediately prior to the loss of that doublet, similar to
that observed in capped Chlamydomonas flagella (Dentler,
1980), suggesting that the doublet may be capped prior to
termination.

GFP-TbPACRG fusion proteins localise to the axoneme

To localise each of the two TbPACRG proteins within T
brucei, one copy of the two endogenous genes (1. brucei is
diploid) was replaced with a GFP-TbPACRG fusion. Strains
were constructed individually expressing GFP-TbPACRG A or
GFP-TbPACRG B. In both instances, live cells exhibited a
fluorescent flagellum. We performed immunofluorescence on
detergent-extracted cytoskeletons using anti-GFP polyclonal
antibody (Invitrogen) and antibodies against the paraflagellar
rod (L8C4) (Kohl et al., 1999) or against the distal end of the
basal body (BBA4) (Woods et al., 1989). The anti-GFP
staining ran along the entire length of the flagellum in cells
expressing either TOPACRG A, (Fig. 7A,B) or TbPACRG B
(Fig. 7C,D). We investigated to which subcompartment of the
flagellum TbPACRG A was localised using dual labelling with
antibodies to both the basal body and the PFR. The anti-GFP
signal (Fig. 7F, green, arrow) extended beyond that of the PFR
(Fig. 7F, red), suggesting that GFP-PACRG is localised to the
axoneme and not the PFR. No staining was apparent in the
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Fig. 6. The A and B tubules
terminate simultaneously.
Serial electron micrographs
(left to right) showing loss of
an outer doublet along a single
axoneme. The black arrows
indicate the position of the
doublet that will be lost. Note
the electron-dense lumen in
the A tubule (red arrow)
immediately prior to doublet
loss. Bar, 200 nm.

basal body (Fig. 7H, red staining marks the distal end of the
basal body), suggesting that TbPACRG appears in the
flagellum distal to this structure. These localisation
experiments were performed independently for both
TbPACRG A and TbPACRG B, with identical results.
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Fig. 7. GFP-TbPACRG fusion proteins localise to the axoneme.
Phase-contrast microscopy (A,C,E,G) and fluorescence (B,D,F,H)
images of detergent-extracted trypanosome cytoskeletons. DNA is
labelled with DAPI (blue), and GFP is identified by anti-GFP
polyclonal antibody (green). (A,B) Cells expressing GFP-TbPACRG
A. (C,D) Cells expressing GFP-TbPACRG B. (E.F) Cells expressing
GFP-TbPACRG A where the PFR is identified by the L8C4, anti-
PFR, monoclonal antibody (red). Note the GFP signal extends
proximal to the PFR staining (F, arrow). (G,H) Cells expressing
GFP-TbPACRG A where the distal end of the basal body is identified
by the BBA4 monoclonal antibody (red). Bar, 5 pm.
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Discussion

Our aim in this work was to characterise the location and
function of the evolutionarily conserved protein PACRG. We
have shown that Tb)PACRG A and TbPACRG B localise to the
axoneme of the eukaryotic flagellum and that simultaneous
ablation of TDPACRG A and B expression produces a dramatic
motility phenotype caused by loss of outer-doublet
microtubules. Taken together, our results identify a novel
axonemal protein that we suggest plays a role in outer-doublet
microtubule stability.

‘We have shown using bioinformatics that 7. brucei possesses
two closely related PACRG paralogues. Both are equally
similar to mammalian PACRG and are most conserved in the
C-terminal region. Two other kinetoplastid protozoa, T. cruzi
and L. major, also possess two PACRG paralogues, indicating
the situation in 7. brucei is not the result of a recent gene
duplication. To date we have no evidence to suggest functional
differences between the two proteins. Although very similar at
the protein level and therefore likely to have the same function,
they are different enough at the nucleic acid level for us to
select between them with RNAi. We find no obvious evidence
of PACRG splice variants in the mammalian EST databases
(data not shown); this cannot therefore explain the expansion
of PACRG genes in kinetoplastids. Our data point to functional
redundancy within the PACRG family in these organisms.

RNAi of TbPACRG A and B produces a major motility
phenotype. Despite the lack of cell locomotion, the flagellum
is built and at the light microscope level extends to essentially
the same length as that observed in non-induced controls.
There are, in addition, detectable cellular consequences for cell
morphogenesis. First, the adversely affected new flagellum is
associated with a mispositioning and/or malsegregation of the
replicated mitochondrial genome, the kinetoplast. Kinetoplast
position and segregation is known to be dependent upon basal
body/flagellum connections and integrity (Ogbadoyi et al.,
2003; Ploubidou et al., 1999; Robinson and Gull, 1991;
Robinson et al., 1995). The kinetoplast mispositioning effect
is likely to result from flagellum positioning/motility defects
deriving from the absence of a full axoneme structure. The
absence of this prevents effective function of motility and
interaction with the connector that interlinks the tip of the new
flagellum and the lateral aspect of the old. We have previously
shown the importance of the flagella connector in trypanosome
procyclic cell morphogenesis, and hypothesised that force
applied by the new flagellum via connector attachment to the
old is responsible for kinetoplast segregation in procyclic
trypanosomes (Briggs et al., 2004; Moreira-Leite et al., 2001).
Our present evidence shows that impairment of motility and
flagellar connector action produces an ineffective movement of
the new basal body/kinetoplast. Ultimately, such defects in
cellular morphogenesis appear to accumulate and become
compounded such that cell growth is affected.

A previous study has shown that mouse Pacrg was present
in the sperm flagellum (Lorenzetti et al., 2004) but its
localisation to a flagellar compartment or function was not
elucidated. We used GFP-PACRG fusion proteins to confirm
this general localisation in trypanosome flagella. We then
examined to which subcompartment of the flagellum
TbPACRG A and TbPACRG B localised. Our results show that
both TbPACRG A and B localise along the full length of the
axoneme but not to the basal body or PFR. Furthermore,

TbPACRG A and B are both present in a preparation of the
detergent-insoluble flagellar fraction (our unpublished
proteomic observations). One other protein is known to cause
immotile sperm because of outer-doublet loss (Sampson et al.,
2001). However, this protein, a voltage-dependent anion
channel called VDAC3, localises to the outer dense fibres of
sperm (Hinsch et al., 2004) rather than the axoneme and loss
of only a single outer-doublet microtubule has been observed
(Sampson et al., 2001). The presence of TbPACRG A and
TbPACRG B along the whole length of the axoneme suggests
that they are not required for outer-doublet initiation. Further
evidence for this comes from the apparent absence of
TbPACRG A and B from the basal body and transition zone
regions, which appear normal by electron microscopy in
TbPACRG AB RNAi-induced cells.

It is known that flagellar paralysis can result from loss of
structures such as the PFR (Bastin et al., 1998), axonemal
radial spokes and central pair (McKean et al., 2003; Smith and
Lefebvre, 1997; Warr et al., 1966; Witman et al., 1978),
however all these structures are present in TbPACRG AB
RNAi-induced cells. The central pair remains present until
more than four outer doublets have been lost, suggesting that
this is a secondary effect of loss of multiple outer doublets. The
presence of a PACRG homologue in the C. elegans genome,
and EST evidence from mouse and human tissues containing
primary (9+0) cilia (data not shown) support the idea that
TbPACRG A and B are involved in the formation of outer-
doublet microtubules but not the central pair.

In the majority of dividing cells, both the old and new
flagella exhibited outer-doublet loss. This suggests that an
affected old axoneme does not immediately stop
morphogenesis of new axonemal/cytoskeletal architecture.
This finding also demonstrates that the new axoneme starts to
show doublet abnormalities before cytokinesis has occurred,
during its late morphogenesis.

We tested whether there was variation in outer-doublet
number along the length of an individual flagellum and found
that it was normal at the proximal end of the flagellum and
varied at the distal end, suggesting that axoneme formation is
initiated normally. We do not yet know whether the outer-
doublet microtubules grow to full length or are terminated
prematurely. One possibility for PACRG function could be a
role in outer-doublet extension. Depletion of PACRG would
therefore lead to premature termination of outer-doublet
microtubules, an idea supported by the capped A tubule seen
in Fig. 6 prior to disappearance of that doublet. This
explanation would fit with the observed increase in the number
of missing microtubules along the flagellum, as observed in
Fig. 5. The lack of random doublet termination around the
axoneme would be explained by the fact that those doublets
attached to the PFR would be preferentially stabilised by this
connection. Alternatively, the microtubule outer doublets
might be extended to their full length and then undergo partial
catastrophe. Again, firmer linkages between doublets adjacent
to the PFR could lead to their preferential stabilisation.

We have been unsuccessful at localising ThOPACRG A or
TbPACRG B at the ultrastructural level; nevertheless, aspects
of the phenotype suggest possibilities for its sub-axonemal
localisation. A likely candidate for its localisation would be the
nexin interdoublet links (Fig. 4B). The interdoublet or nexin
linkages have long been defined (Gibbons, 1965; Olson and
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Linck, 1977; Stephens, 1970; Stephens and Edds, 1976;
Warner, 1976) as an electron-dense band connecting the A
tubule of one doublet to the B tubule of the adjacent doublet.
It is proposed that these are elastic structures (Minoura et al.,
1999) that enable the sliding of the doublets, yet their
molecular identity remains unknown. It has been proposed that
nexin links are in fact the dynein regulatory complex (DRC)
(Woolley, 1997), a complex of six polypeptides (Huang et al.,
1982; Piperno et al., 1992) of which only one has been
characterised (Rupp and Porter, 2003). It is therefore possible
that PACRG is a novel part of the DRC. A second study has
localised the DRC to the junction between the radial spokes
and the inner dynein arms (Gardner et al., 1994).

Various aspects of the TbPACRG AB RNAi phenotype
support these ideas. Weakening of the nexin or other
intermicrotubule linkages would be expected to lead to
flagellar paralysis as the dynein-mediated interdoublet sliding
that results in motility would be compromised. Premature
termination of doublets could occur as a result of these
weakened interdoublet linkages. We have observed axonemes
containing nine outer-doublet microtubules where there is an
apparent break in the connection between two adjacent
doublets (e.g. inset in Fig. 5D, arrow indicates break),
suggesting the integrity of the linkages may be compromised.
One feature of the phenotype was the preferential loss of
specific outer doublets. Those furthest from the PFR (9, 1 and
2) were most frequently lost, suggesting that the PFR may play
a stabilising role. The physical connection between the PFR
and doublets 4 and 7 is expected to reduce strain on the ring
structure in this region by restricting lateral movement of the
associated doublets, and hence stabilise the axoneme at this
point. Further stabilisation here is likely to come from the
linkage between doublets 5 and 6, which previous studies in
other systems suggest are more stable than other interdoublet
linkages (reviewed by Lindemann and Kanous, 1997). Loss of
the intact ring structure of the axoneme would be expected to
promote further loss of adjacent doublets owing to increased
strain on the doublets located either side of the gap.

Although PACRG is predominantly expressed in the testis
(Lorenzetti et al., 2004), EST evidence suggests a wider tissue
distribution. Owing to the co-regulation of PACRG and Parkin
in mammals, one study examined the role of PACRG in
neurodegenerative disorders (Imai et al., 2003). In neuronal
tissue, PACRG is found in neurodegenerative inclusions, where
it is thought to form part of a complex that includes members
of the chaperonin and heat shock protein (HSP) families
including HSP70, HSP90 and various TCP1 members (Imai et
al., 2003). It remains to be seen if PACRG has similar binding
partners in the axoneme, but it is worth noting that cilia and
flagella are known to contain an HSP70 family member (Bloch
and Johnson, 1995; Stephens, 1997; Stephens and Lemieux,
1999; Williams and Nelsen, 1997), an HSP90 family member
(Stephens and Lemieux, 1999; Williams and Nelsen, 1997) and
a chaperonin of the TCP1 family (Cyrne et al., 1996; Soares et
al., 1994; Stephens and Lemieux, 1999). In addition, an HSP40
family member has recently been identified as a component of
the radial spoke complex (Satouh et al., 2005; Yang et al.,
2005).

The repertoire of putative flagellar proteins of unknown
function has recently been expanded by the application of
comparative genomics and proteomics technologies. Our work
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identifies PACRG as a novel and evolutionarily conserved
axonemal component that plays a role in axonemal stability.
The evolutionary conservation of PACRG highlights its
importance in the axoneme and suggests it plays a fundamental
role in axoneme stability in many eukaryotic organisms and
cell types exhibiting both motile and sensory flagella. Although
we have demonstrated its importance in motility in this work,
we predict that PACRG is also necessary for the functioning
of primary cilia. A challenge for the future will be to firmly
identify the axonemal compartment where PACRG is located
and to elucidate the molecular mechanisms that underlie its
function.
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