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The paraflagellar rod (PFR) of the African trypanosome Trypanosoma brucei represents an excellent model
to study flagellum assembly. The PFR is an intraflagellar structure present alongside the axoneme and is
composed of two major proteins, PFRA and PFRC. By inducible expression of a functional epitope-tagged
PFRA protein, we have been able to monitor PFR assembly in vivo. As T. brucei cells progress through their
cell cycle, they possess both an old and a new flagellum. The induction of expression of tagged PFRA in
trypanosomes growing a new flagellum provided an excellent marker of newly synthesized subunits. This
procedure showed two different sites of addition: a major, polar site at the distal tip of the flagellum and a
minor, nonpolar site along the length of the partially assembled PFR. Moreover, we have observed turnover of
epitope-tagged PFRA in old flagella that takes place throughout the length of the PFR structure. Expression
of truncated PFRA mutant proteins identified a sequence necessary for flagellum localization by import or
binding. This sequence was not sufficient to confer full flagellum localization to a green fluorescent protein
reporter. A second sequence, necessary for the addition of PFRA protein to the distal tip, was also identified.
In the absence of this sequence, the mutant PFRA proteins were localized both in the cytosol and in the
flagellum where they could still be added along the length of the PFR. This seven-amino-acid sequence is
conserved in all PFRA and PFRC proteins and shows homology to a sequence in the flagellar dynein heavy

chain of Chlamydomonas reinhardtii.

Flagella and cilia are found in diverse eukaryotic cells, rang-
ing from protists to mammals, and the axoneme is remarkably
conserved throughout evolution. This cylindrical structure is
composed of nine peripheral microtubule doublets surround-
ing a central pair of single microtubules. Simple flagella con-
tain only an axoneme, whereas others exhibit additional extra-
axonemal structures (1, 15). These structures vary from outer
fibers, whose symmetry reflects the axonemal ninefold symme-
try, to components such as the paraflagellar rod (PFR) of
kinetoplastid protozoans, which is as large as the axoneme and
runs along it in a particular plane (2).

Axonemal assembly has been examined in the green alga
Chlamydomonas reinhardtii by mutational analysis and by ex-
ploiting the flagellum regeneration characteristics of this or-
ganism (20, 26). To assemble a flagellum, particular conditions
must be fulfilled: a large number of protein precursors is re-
quired concurrently (at least 250 different peptides for the
axoneme [33]); these peptides must be imported, as there are
no ribosomes in the flagellum; and they must be assembled
correctly. In Chlamydomonas, deflagellation induces a rapid
increase of the transcription of axonemal genes and of the
half-life of their mRNAs (20). The proteins are then trans-
ported to the distal tip of the flagellum, where assembly occurs
(19, 34, 39, 56). This transport step has been extensively char-
acterized over recent years. The bidirectional intraflagellar
transport of granules underneath the flagellar membrane was
first demonstrated by Kozminski and coworkers (23). These
granules can be seen as electron-dense units present between
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the B tubule of the outer doublet and the flagellar membrane
(24, 36). Complexes of 13 to 15 proteins present in such struc-
tures have been identified (9, 32, 33), and partial amino acid
sequencing of two of them revealed homologies with proteins
in nematode and in mouse (9). These complexes are moved
towards the tip of the flagellum by the action of at least one
motor protein, the kinesin-like protein FLA10 (24, 34), and are
brought back to the base of the flagellum by at least one other
motor protein, the dynein DHCI1b (32, 32a). FLA-10 is found
in low concentrations along the length of the flagellum but is
localized mostly around the basal body area (9). Homologues
of FLA10 are expressed in other organisms, and alteration of
their function leads to defects in assembly of cilia in sea urchin
(29), assembly of sensory neurons in nematodes (45, 51), and
assembly of mouse embryonic cilia (31), suggesting that a con-
served mechanism could exist for construction of these struc-
tures.

The flagellum of Trypanosoma brucei represents another
interesting system that has the particular advantage of forming
a new flagellum whilst retaining the old one. The trypanosome
cell is actively motile and possesses a single flagellum, with its
basal body close to the posterior end. It is attached to the cell
body, throughout most of its length, via the flagellum attach-
ment zone (FAZ). This complex network of filaments under-
lies the plasma membrane and the flagellum membrane that
are adpressed at this point (21, 47). The PFR lies parallel to
the conventional axoneme and exhibits approximately the
same diameter (47, 53). It is present along the whole length of
the flagellum with the exception of the flagellar pocket, the
area where the flagellum emerges from the cell body. Electron
microscopic analysis showed that the lattice-like structure of
the PFR is composed of filaments crossing each other at de-
fined angles (11, 13, 41). Three domains are recognized and
are defined by their position relative to the axoneme as prox-
imal, intermediate, and distal (2). The proximal domain is
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connected via some V- or Y-shaped fibers to doublets 4 to 7 of
the axoneme and to the FAZ via another set of filaments (13,
16, 17, 47). In Leishmania mexicana (42) and in T. brucei (4),
ablation of a major PFR protein leads to the disappearance of
the distal and intermediate domains of the PFR with only a
rudimentary structure remaining, resembling the proximal do-
main. As a consequence, the mutant cells exhibited a dramatic
reduction in their velocity, showing that the PFR plays a major
role in flagellar and cellular motility (4a).

Trypanosomes represent an excellent model in which to
study the targeting of flagellar proteins and their assembly into
axonemal and nonaxonemal structures such as the PFR. The
two major protein constituents, termed PFRA and PFRC, as
well as their corresponding genes, have been identified (10,
43). PFRA and PFRC are abundant, and their localization is
restricted to the flagellum. During progression through the cell
cycle, trypanosomes grow a new flagellum, always originating
at the posterior end of the cell, but the old flagellum is not
disassembled and remains present in a more anterior position
(47). Therefore, this system provides us the opportunity to
compare growing and nongrowing flagella in the same cell.

To study assembly of the PFR, we have introduced the
sequence of the Ty-1 epitope tag within the PFRA gene (3) and
cloned the tagged gene in an inducible expression vector (7,
55). This construct was transformed (12, 25, 52) into trypano-
somes expressing the tetracycline repressor such that expres-
sion of the tagged PFRA gene was tightly dependent on the
presence of tetracycline. Expression of the tagged PFRA pro-
tein whilst a trypanosome was growing its new flagellum pro-
vided the opportunity to study PFR protein targeting and as-
sembly sites. We show that new PFR subunits are added at two
different sites: a major site at the distal tip of the flagellum and
a minor site along the length of the structure. Moreover, we
demonstrate that, in such experiments, a small incorporation
of PFRA protein takes place in the old flagellum, a structure
that was assembled before the tagged protein was expressed
and available, suggesting the existence of a system for turnover
of flagellar components. Truncated epitope-tagged PFRA pro-
teins were expressed, and their localization fell into three
groups. A first series of truncations behaved as the full-length
protein. A second group localized to the cytosol and the fla-
gellum but were added only along the length of the PFR. The
last group of truncated proteins was exclusively cytosolic and
was not detected in the flagellum. Analysis of the deleted
sequences in PFRA identified regions that are necessary for
flagellum localization.

MATERIALS AND METHODS

Trypanosomes and transfection. Procyclic T. brucei brucei 427 was used
throughout this study. Trypanosomes were grown at 27°C in semidefined me-
dium 79 containing 10% fetal calf serum. For transfection, 7. brucei was grown
to a density of 4 X 10° to 8 X 10° cells per ml, and 3 X 107 ice-cold cells were
electroporated with 20 pg of linearized DNA (6) and were put back in 10 ml of
warm medium. The next day, appropriate amounts of antibiotics (25 g of
hygromycin and 2.5 pg of phleomycin per ml) were added, and the cells were
dispensed in 24-well plates and were incubated at 27°C. After 7 to 21 days, all the
transformants were screened by immunofluorescence with anti-PFR or anti-
epitope tag antibodies, and the interesting ones were subcloned by limiting
dilution. A tetracycline-repressor-expressing cell line (PTH) was obtained after
transformation of 7. brucei brucei 427 with the pHD360 vector as described (55).
For control of expression, plasmids were transformed in PTH trypanosomes and
were inserted by homologous recombination into a transcriptionally silent site in
the inverted rDNA spacer (55). For time course induction, cells were grown in
normal medium containing 1 pg of tetracycline per ml, and, for long incubations,
induced and noninduced populations were diluted to and maintained at a density
of 1 X 10° to 8 X 10° cells per ml.

Plasmids. Plasmids pHD360 and pHD430 have been described (55). The
full-length, epitope-tagged PFRA gene was extracted from the pPFRATAG-SK
(3) after digestion with HindIIl and Bg/II and were ligated in matching sites
HindIII and BamHI of pHD430. Truncations were generated by PCR using the
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common forward primer 5'-AAGCTTATGAGTGGAAAGGAA-3’ (the HindIII
site is underlined and the start codon is in bold) and the following specific reverse
primers: 5'-GAGATCTCTAGCGATCCATGTTGCC-3" (full length, bp 1 to
1800 encoding amino acids (aa) 1 to 600), GAGATCTCTATTCGTTCGCCTTC
(truncation T1, bp 1 to 651 encoding aa 1 to 217), GAGATCTCTAATGGCGT
GACTT (truncation T2, bp 1 to 1275 encoding aa 1 to 425), GAGATCTCTAC
ATCTCCAACTC (truncation T3, bp 1 to 1539 encoding aa 1 to 513), AGATC
TCTAGTGTGCACGGTACTCCAC (truncation T10, bp 1 to 1584 encoding aa
110 528), GAGATCTCTAGCGATCCATGTTGCC (truncation TS, bp 1 to 1662
encoding aa 1 to 554), AGATCTCTAAGTAGGTCCAAACATCTCC (trunca-
tion T11, bp 1 to 1689 encoding aa 1 to 563), GAGATCTCTACACCTCCTCC
TGCTTC (truncation T9, bp 1 to 1710 encoding aa 1 to 570), or GAGATCTC
TACAGGAGCATCTTAGATCG (truncation T6, bp 1 to 1758 encoding aa 1 to
586) (Bgl1I sites are underlined, and in-frame stop codons are in boldface), using
the pPFRATAG-SK as template. The PCR products were cloned in a pBlue-
script T vector, were cut out with HindIIl and Bg/Il, and were inserted into the
matching sites of pHD430. For GFP-PFRA fusion constructs, the green fluores-
cent protein (GFP) gene was amplified by PCR by using the forward primer
5'-GGACTAGTATGAGTAAAGGAGAAG-3' (the Spel site is underlined, and
the start codon is in boldface) and the reverse primer 5'-GGAAGCTTTTTGT
ATAGTTCATCC-3' (the HindIII site is underlined and the GFP 3’ end without
its stop codon is italicized) to delete the stop codon and cloned in a pBluescript
T vector. To clone the fusion genes, we generated the p430L, a modified version
of pHD430 in which the luciferase gene was removed after digestion with HindIIT
and BamHI to introduce a new linker composed of an Xbal site, a HindIlI site,
and a BamHI site. First, the GFP gene (without a stop codon) was digested with
Spel and HindIII and was ligated in the compatible sites Xbal and HindIII to
generate the plasmid pGFPNS430. Then, the full-length, epitope-tagged PFRA
gene or the truncated 77-PFRA gene was removed from its respective vector
after digestion with HindIII and Bg/II and was inserted in the matching sites of
pGFPNS430 to create pGFPPFRATAG430 and pGFPT1TAG430, respectively.
The linking HindIIT site adds the amino acids Lys and Leu. The putative flagellar
localization sequence (bp 1540 to 1710, encoding aa 514 to 570) was amplified by
PCR by using the 5'-TTCGAAGAAGCTTCCTACTGAGGATGCGCTGAA
C-3' sequence as forward primer (HindIII site underlined) and 5'-GAGATCT
CTACACCTCCTCCTGCTTC-3" as reverse primer (Bg/II site underlined and
in-frame stop codon in boldface) and was cloned into the matching sites of
pGFPNS430L, creating the same Lys-Leu linker. For transfections, DNA was
purified from cesium chloride gradients or Qiagen resins.

Flagellum extraction. Trypanosomes were harvested by centrifugation and
were washed once in PEM {100 mM PIPES [piperazine-N,N'-bis(2-ethanesul-
fonic acid)], pH 6.9, 2 mM EGTA, and 1 mM MgSO,}. Cells were resuspended
in PEM containing 1% Nonidet P-40 to extract the cytoskeleton. After 2 min, the
mixture was spun down, and the pellet, containing the cytoskeleton, was resus-
pended in 1 M NaCl. The solution was spread on poly-L-lysine-coated slides and
was allowed to settle for 15 to 30 min in a humid atmosphere. Samples were fixed
in —20°C methanol for at least 15 min and were processed for immunofluores-
cence. Regular microscope examination throughout the process confirmed
proper extraction.

Antibodies, immunofluorescence, and immunoblotting. Two different anti-
PFR monoclonal antibodies (22), L13D6 (recognizing PFRA and PFRC) and
L8C4 (recognizing exclusively PFRA), and the monoclonal antibody BB2 against
the Ty epitope tag (3) were used as hybridoma supernatants. For immunofluo-
rescence, trypanosomes were spread on poly-L-lysine-coated slides, were fixed in
methanol, and were processed as described (46). Slides were examined with a
Zeiss Axioskop or a Leica DMRXA microscope. Images were captured with a
cooled, slow-scan charge-coupled device camera and were processed by using
Adobe Photoshop. For immunoblotting, 107 trypanosomes were washed twice in
phosphate-buffered saline, were resuspended in Laemmli buffer in the presence
of protease inhibitors, and were boiled before loading. Proteins (equivalent to
10° cells or 10 pg of protein per lane) were transferred to nitrocellulose mem-
branes and were stained with India ink before processing. The following dilutions
of primary antibodies were used: L13D6, 1:20; L8C4, 1:20; and BB2, 1:50. Final
detection was carried out by using an ECL kit according to manufacturer’s
instructions (Amersham).

RESULTS

Rapid and efficient induction of epitope-tagged PFRA pro-
tein. An epitope-tagged full-length copy of the PFRA gene (3)
was cloned in the inducible expression vector pHD430 (kindly
donated by C. Clayton, Heidelberg, Germany) to generate the
plasmid pPFRATAG430 (Fig. 1A) and was transformed into
trypanosomes expressing the tetracycline repressor. The result-
ing transformants were cloned by limiting dilution, and the cell
line named PFRAtag was selected for further experiments.
When these cells were grown in the absence of tetracycline, the
epitope-tagged PFRA protein could not be detected by immu-
noblotting nor by immunofluorescence with the antitag anti-
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FIG. 1. Expression of full-length, epitope-tagged PFRA in PFRAtag trypanosomes. (A) Construct used for inducible expression of full-length, epitope-tagged
PFRA. Large boxes represent coding sequences, small boxes represent promoters, 5’ or 3’ untranslated regions, and targeting sequences. Thin lines represent the
pGEM bacterial sequence. The EcoRV restriction site used for linearization and insertion into the trypanosome genome (12, 25, 52) is indicated by a vertical arrow.
(B) Immunoblot of PFRAtag trypanosome total protein samples grown with or without tetracycline. Membranes were probed with either the anti-PFRA L8C4
monoclonal antibody (left) or with the antitag BB2 monoclonal antibody (right). (C) Immunofluorescence of PFRAtag trypanosomes grown with or without
tetracycline. Left, DAPI images (white), merged to phase contrast images; right, immunofluorescence signal. (D) Detergent and salt-extracted flagellum from PFRAtag
trypanosomes grown with tetracycline and stained with the BB2 monoclonal antibody. Left, DAPI image (white), merged to phase contrast image, showing the presence
of the kinetoplast (arrowhead) that remains tightly connected to the basal body (37); right, immunofluorescence signal.

body BB2 (Fig. 1B and C). However, after incubation with
tetracycline for a week (more than 20 doubling times), a pro-
tein corresponding to the expected mass of the epitope-tagged
PFRA was detected by immunoblotting with both the antitag
BB2 and the anti-PFRA antibody L8C4 (Fig. 1B). As expected,
the tagged protein was slightly larger than the endogenous one.
Immunofluorescence analysis showed a bright signal restricted
to the PFR within the flagella of all induced cells (Fig. 1C).
Double immunofluorescence with antitag and anti-PFR anti-
bodies revealed perfect colocalization of both proteins (data
not shown). Flagella from such trypanosomes were isolated by
treatment of detergent-extracted cytoskeletons with 1 M NaCl
(44). Immunofluorescence revealed the presence of the
epitope-tagged PFRA protein (Fig. 1D). The proximal end of
the flagellum can be easily identified by the presence of the
kinetoplast, the mitochondrial genome of the trypanosome
cell, that remains connected to the basal body in these prepa-
rations (37). The short, unstained region at the proximal end
corresponds to the region normally present inside the flagellar
pocket where PFR is absent (2). The doubling times of induced
and noninduced PFRAtag trypanosomes were identical to that
of wild-type untransformed trypanosomes, indicating no dele-
terious effects of the tagged PFRA protein. Finally, expression

of the epitope-tagged PFRA protein in the sn/-1 trypanosome
mutant lacking endogenous PFRA was able to complement the
paralysis phenotype and to reconstitute the PFR structure,
demonstrating that the tagged PFRA protein was functionally
equivalent to the wild type (4b). We then analyzed the kinetics
of expression of the tagged PFRA protein and its location (Fig.
2). At the population level on a Western blot (Fig. 2A), the
tagged PFRA band was detected as early as 1 h after the
addition of tetracycline, and its concentration increased rapidly
to reach a plateau after 10 to 12 h. During the same experi-
ment, samples were fixed and processed for immunofluores-
cence by using the antitag antibody. Cells exhibiting a positive
signal were scored and plotted versus the period of induction
(Fig. 2B). After 1 h, 35% of the trypanosomes were already
positive, a value that rose to 70% after 2 h before quickly
approaching 100%. These kinetic parameters are perfectly
suited for studies of PFR growth, which normally takes about
4.5 h for completion within an 8.5-h cell cycle (47).

New PFRA subunits are added at two different sites in the
new flagellum. To determine the location of the PFR assembly
site, PFRAtag trypanosomes were induced for 2 h with tetra-
cycline and were analyzed by immunofluorescence with the
BB2 antitag monoclonal antibody. When tagged PFRA expres-
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FIG. 2. Induction kinetics of expression of tagged PFRA. PFRAtag trypanosomes were grown for the indicated periods in the presence of tetracycline. (A)
Immunoblotting analysis with the antitag BB2 monoclonal antibody, showing the presence of the epitope-tagged PFRA protein at the expected molecular weight as
early as 1 h after addition of the inducer. (B) Immunofluorescence analysis with the antitag BB2. Positive cells were scored and plotted versus time of induction (at

least 1,000 cells for each time point).

sion was induced in exponentially growing cultures, trypano-
somes were found at every stage of the cell cycle. This offers
the opportunity to study construction of the PFR within the
new flagellum, which always originates at the posterior end of
the trypanosome (47). Trypanosomes that are early in the cell
cycle and have a short flagellum, which will have formed en-
tirely in the presence of tagged PFRA protein, show homoge-
neous staining of this new PFR (Fig. 3A). However, in cells

A new

old

B| new

where the new flagellum had elongated to more than half of
the old flagellum length (Fig. 3B), the distal end was brightly
labelled, whereas the proximal part only showed a weak signal.
A discrete breakpoint between the two regions could be iden-
tified. This bipartite staining pattern was extremely reproduc-
ible and was observed in all such cells from at least five sepa-
rate experiments. The bipartite signal remained after isolation
of flagella by treatment of detergent-extracted cytoskeletons

FIG. 3. The pattern of PFR assembly. PFRAtag trypanosomes were grown for 2 h in the presence of tetracycline and were analyzed by immunofluorescence with
the antitag BB2 monoclonal antibody. The left panels of A and B show drawings of the trypanosome cell indicating the new and old flagella and the separated
kinetoplasts (47). Note that the PFR is only present inside the flagellum from the point where the axoneme exits the cell body (2). The central panels show the DAPI
images (white) merged to phase contrast images, and the right panels show the immunofluorescence signal. (A) Trypanosome with a short new flagellum whose assembly
was initiated during the period of induction of tagged PFRA protein. This exhibits homogeneous PFR staining along the length of the PFR. (B) Trypanosome whose
growth of the new flagellum was initiated before the induction show bipartite staining. The distal end is brightly labelled, but the proximal end is not. (C) Detergent
and salt-extracted flagellum from a PFRAtag trypanosome induced for 2 h with tetracycline. The proximal end of the flagellum can be identified by the attached
mitochondrial DNA (37). The bipartite staining is still present, with more intense labelling at the distal end. The arrowhead indicates the break point between the bright

distal and the less intense proximal staining.
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FIG. 4. Pattern and timing of PFR assembly. PFRAtag trypanosomes were grown for 1 (A), 2 (B), 3 (C) or 4 h (D) in the presence of tetracycline and were analyzed
by immunofluorescence with the antitag BB2 monoclonal antibody. The top panels show the DAPI images (white) merged to the phase contrast images, and the bottom
panels show the immunofluorescence signal. The arrowhead indicates the break point between the bright distal and the less intense proximal staining.

with high concentrations of salt (Fig. 3C), demonstrating that
the epitope-tagged protein was stably incorporated in the PFR.
This indicates that the minor proximal label was not merely
PFR proteins in the process of being transported to the distal
tip. Our interpretation of these results is that there are two
addition sites for PFRA during PFR construction: a major one
at the distal tip and a minor one along the whole length of the
PFR structure, adding subunits to the partially completed
structure.

PFR growth appears to be linear. To assess the rate of
construction of the PFR, PFRAtag trypanosomes were in-
duced to express the epitope-tagged PFRA protein for 1, 2, 3
or 4 h and were analyzed by immunofluorescence (Fig. 4A to
D). In the new flagella of biflagellated cells, the antitag anti-
body produced bright staining of the distal tip and a weak
signal along the length of the PFR, as observed before. How-
ever, the length of the brightly labelled segment increased with
the induction time (Fig. 4). When cells were induced for 5 h or
longer, the PFR in the new flagellum was brightly stained with
the antitag antibody throughout its length and did not show the
bipartite signal. To estimate the growth rate of the PFR, we
measured the length of the bright segment of flagella exhibit-
ing bipartite staining in PFRAtag trypanosomes induced for 1
(34 £0.8 um), 2 (7.2 = 0.9 pm) or 3 h (10.6 = 1.5 um) (at
least 100 cells for each time point). Determination of the
breakpoint was not easy for cells induced for 4 h, and these
data were, therefore, not included. These results suggested a
linear growth rate for at least the first 3 h, calculated at 3.6 pm
per h.

PFRA protein is incorporated in the old flagellum. When
PFRAtag trypanosomes were induced to express the tagged
PFRA for 1 to 4 h, many dividing cells exhibited weak signals
with the antitag in the old flagellum in addition to the bright

staining of the new flagellum (Fig. 5A). This was observed in
about 60% of dividing cells and was resistant to detergent
extraction (data not shown). This was somewhat surprising,
since the PFR present in this flagellum was assembled in the
previous cell cycle, before the tagged PFRA protein was avail-
able. To assess whether or not this incorporation of the tagged
PFRA protein was due to slight leakiness of the tetracycline
repressor system, the plasmid pKMPFRATAG (3), expressing
the tagged PFRA protein, was transiently transfected in wild-
type trypanosomes. Samples were fixed 2 h after electropora-
tion, and immunofluorescence analysis with the antitag anti-
body showed that cells growing a new flagellum exhibited the
weak signal along the length of their old flagellum, in addition
to the bright staining in the new flagellum (Fig. 5B). Thus,
tagged PFRA protein could be incorporated into the PFR of
the old flagellum, even though this was constructed prior to
transient transfection and, hence, in the absence of the tagged
PFRA protein.

The carboxy-terminal end of the PFRA protein is necessary
for flagellar localization. Various truncated, epitope-tagged,
PFRA genes were generated and cloned in trypanosome ex-
pression vectors for transfection into wild-type trypanosomes.
Therefore, the truncated proteins were expressed in presence
of the wild-type, endogenous, PFRA. Immunolocalization was
carried out by fluorescence microscopy, and the truncated pro-
teins were classified in three groups according to their local-
ization (Fig. 6). In the first series [PFRAA(587-600) and
-A(571-600)], truncated PFRA proteins behaved exactly the
same as the full-length protein and exhibited the classic flagel-
lar localization (Fig. 6). In a second group [PFRAA(564-600),
-A(554-600), and -A(529-600)], the recombinant proteins
showed dual localization in both the flagellum and the cytosol
(Fig. 6). Finally, the last group of truncated proteins [PFRAA
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FIG. 5. PFRA incorporation into the old flagellum of PFRAtag trypanosomes. (A) PFRAtag trypanosomes were grown for 2 h in the presence of tetracycline and
were analyzed by immunofluorescence with the antitag BB2 monoclonal antibody. The left panel shows the DAPI image (white) merged to the phase contrast image,
and the right panel shows the immunofluorescence signal. The tagged PFRA protein is present mostly in the new flagellum as expected but also in the old flagellum
(indicated by the arrow). (B) Wild-type trypanosomes were transiently transfected with the plasmid pKMPFRATAG (3) to express the tagged PFRA protein and were
then fixed 2 h after electroporation. Positive cells show the presence of the tagged PFRA protein in the new flagellum but also in the old flagellum (arrow). Transient
transfection often leads to considerable overexpression, explaining the difference in signal intensity between the two experiments.

(514-600), -A(426-600), and -A(218-600)] were localized only
in the cytosol and were excluded from the flagellum. When
cytosolic accumulation occurred, the truncated proteins were
excluded from the nucleus. In all cases, these transformants
behaved normally (in terms of motility, cell cycle timings, and
growth rate), and no obvious modifications of the PFR struc-
ture were detected. These data suggested that the sequence
between aa 514 [after PFRAA(514-600)] and 570 [before

A

PFRAA(571-600)] contains a motif necessary for localization
to the flagellum.

PFRA aa 514 to 570 are not sufficient for localization of a
reporter protein to the flagellum. To assess the importance of
the domain between aa 514 and 570 for protein localization, we
fused its coding DNA sequence to the 3’ end of the GFP gene
and cloned the fusion gene into a trypanosome expression
vector. As controls, the GFP gene was fused to the full-length,

B

PFRA ]

PFRA A(587-600) [J

PFRA A(571-600) []

PFRA A(564-600) [

PFRA A(554-600) [

PFRA A(529-600) []

PFRA A(514-600) [

PFRA A(426-600) []

PFRA A(218-600) [ |

FIG. 6. Immunolocalization of truncated PFRA proteins. A series of epitope-tagged truncated PFRA proteins were expressed in wild-type trypanosomes. (A) Map
of the different PFRA truncations. The deleted segment is shown by the numbering of amino acids in the PFRA sequence (43). White boxes represent PFRA sequences,
and the small black box indicates the sequence of the epitope tag. (B) Immunofluorescence localization of the epitope-tagged truncated proteins revealed by the antitag

BB2 monoclonal antibody. Only one representative image is shown for each group.
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FIG. 7. The truncated PFRAA(554-600) shows dual localization and is only added along the length of the growing PFR. (A) Trypanosomes were induced to express
the truncated and epitope-tagged PFRAA(554-600) for 2 days and were processed for immunofluorescence with the anti-tag BB2. The left panel illustrates DAPI
staining (white) merged to the phase contrast image, and the central panel shows the immunofluorescence signal. There is a concentration of truncated protein around
the basal body and kinetoplast area of both growing and old flagella (areas enlarged on the right panel). (B) Time course induction of PFRAA(554-600) expression.
Cells were grown for 2 h in the presence of tetracycline. The truncated protein is localized in both the new and the old flagellum but without any polarity. (C) Sequence
comparison of the PFRA region required for addition at the distal tip of the flagellum. The arrows indicate the carboxy-terminal end of the truncated PFRA that is
not added at the distal tip [PFRAA(564-600)] and of the PFRAA(571-600) that behaves normally. Indicated numbers correspond to the T. brucei PFRA sequence (43).
Conserved residues are boxed. A high degree of conservation is observed in PFRA homologues in 7. cruzi (PAR2 [5]), L. mexicana (PFR2 [28]), E. gracilis (PR-40 [30]),
and PFRC (10), but homology is also found with the Chlamydomonas heavy chain of axonemal B-dynein (27).

epitope-tagged, PFRA gene or to the truncated PFRA gene
encoding PFRAA(218-600). The constructs were transfected
into wild-type trypanosomes, and the transformants were an-
alyzed by direct fluorescence microscopy on live cells. As ex-
pected, GFP::PFRATAG localized to the flagellum and
GFP::PFRAA(218-600) localized to the cytosol only, excluding
the nucleus and the flagellum (data not shown). These local-
izations are identical to these of tagged full-length PFRA or
tagged PFRAA(218-600) without GFP (Fig. 6). Both results
were confirmed with anti-epitope tag antibodies (data not
shown). When GFP was fused to aa 514 to 570 of PFRA, the
sequence necessary for flagellum localization, it was found
everywhere inside the cell, including the nucleus and the fla-
gellum. Hence, the presence of this sequence alone was not
sufficient to confer exclusive flagellum localization.

PFRA aa 563 to 570 are necessary for incorporation at the
major assembly site. To understand the dual localization (fla-
gellum and cytosol) of some truncated PFRA mutant proteins,
we cloned a representative, the truncated PFRA gene encoding
PFRAA(554-600), into the inducible expression vector pHD430.

This was transformed in trypanosomes expressing the tetracy-
cline repressor to confer controllable expression. In cells in-
duced for 24 h, the truncated protein showed dual localization
in the flagellum and the cytosol but was more abundant in the
basal body and flagellar pocket area of both the new and the
old flagella (areas enlarged on Fig. 7A). The assembly of the
PFRAA(554-600) was followed in time course experiments
similar to those described above for the full-length PFRA
protein. After 1 to 2 h of incubation with tetracycline,
PFRAA(554-600) localized along the length of the new flagel-
lum, from its exit from the flagellar pocket to its distal tip. The
staining did not show the bipartite pattern that was seen for the
full-length protein (Fig. 7B). Therefore, this truncated
PFRAA(554-600) protein was still incorporated at the minor
site of PFR assembly along the length of the flagellum but did
not appear to be intensively incorporated at the distal tip. The
same result was obtained for truncation PFRAA(564-600),
whereas truncations PFRAA(571-600) and PFRAA(587-600)
(Fig. 6) were found at the distal tip of the new flagellum (data
not shown). The short critical sequence separating PFRAA
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(564-600) from PFRAA(571-600) was compared to other pro-
teins using database searches, and an interesting homology to
the dynein B heavy chain of the outer arm of the flagellum of
Chlamydomonas (27) was detected. This sequence (Fig. 7C) is
also conserved in PFRA and PFRC proteins of 7. bruceli,
Trypanosoma cruzi, L. mexicana, and Euglena gracilis.

DISCUSSION

When considering the ontogeny and subsequent possible
remodelling of the major flagellar components such as the
axoneme and the PFR, one can envisage seven critical steps.
These would encompass (i) synthesis of flagellar proteins in the
cytosol, (ii) transfer to the base of the flagellum, (iii) entry into
the flagellum compartment, (iv) anterograde transport to the
assembly site(s), (v) assembly in a structure, (vi) retrograde
transport for recycling, and (vii) maintenance or turnover. Our
study provides evidence for the existence of at least some of
these steps in the construction of the 7. brucei PFR.

Transfer and import of PFRA proteins into the flagellum.
Given their restricted localization to the flagellum, the PFR
proteins represent an excellent model to study flagellum tar-
geting. No ribosomes are present in the flagellum, and all
proteins must, therefore, be imported from the cytoplasm (40).
Different truncations of the PFRA protein were epitope
tagged and expressed in wild-type trypanosomes in the pres-
ence of wild-type PFRA proteins. Truncation of the last 30 aa
(aa 571 to 600) did not affect the fully flagellar location of the
recombinant protein that was also transported to the distal tip.
However, when 87 aa (or more) were deleted from the carboxy
terminus, the truncated proteins were present exclusively in
the cytosol. Therefore, the region from aa 514 to 570 contains
a sequence that is necessary for flagellum localization. When
this sequence was fused to the carboxy-terminal end of GFP as
a reporter, the fusion protein localized to the flagellum but also
everywhere else in the cell, including the nucleus. Thus, this
sequence is necessary but not sufficient to confer specific fla-
gellum localization. This sequence could act as a flagellum-
targeting signal, maybe functioning as part of a more complex
system involving different regions of the protein or a particular
conformation to endow full flagellar targeting. However, at
present, we cannot distinguish other mechanisms from this
form of directed targeting of proteins to the flagellum. One
such mechanism could involve relatively free access to the
flagellum with the assembly process being the driving force for
differential localization of only flagellar proteins. If this mech-
anism was operative, the region from aa 514 to 570 may con-
tain a domain necessary for PFRA to bind to the PFR. One
would then suggest that progressive deletions of this domain
first reduced the binding capacity of the tip and then reduced
the side binding capacity of the truncated PFRA protein to the
PFR structure. A consequence would then be a progressive
shift of the truncated PFRA proteins to the free cytosolic form.
This would appear to be localized solely in the cell body be-
cause of the low cytosolic volume of the flagellum.

Truncation of the region from aa 514 to 570 produces mu-
tant PFRA proteins that are localized to both the flagellum
and the cytosol, where they show higher concentration around
the basal body area. This would suggest that a proportion of
these mutant proteins is still transferred to the base of the
flagellum. Interestingly, in Chlamydomonas, proteins involved
in intraflagellar transport (see below) are also localized around
the basal body (9).

Transport of PFRA proteins to their assembly sites. Time
course induction of expression of an epitope-tagged PFRA
protein allowed us to visualize recently synthesized subunits
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during the assembly of the PFR in vivo. Two different sites of
addition were identified: a major polar site at the distal end of
the PFR and a minor, nonpolar site present along the length of
the PFR. A group of PFRA mutant proteins were only added
along the length of the flagellum and not specifically at the
distal tip. Since these mutant proteins were expressed in the
presence of the wild-type PFRA, they provide insight into how
these proteins are incorporated into the PFR.

Distal addition of subunits of the trypanosome axoneme has
been illustrated by the use of a monoclonal antibody recogniz-
ing tyrosinated a-tubulin, a marker of newly assembled micro-
tubules. This revealed a discrete gradient along the growing
new flagellum, with the highest concentration at the distal tip
(48). Incorporation of newly labelled proteins occurs mostly at
the distal tip of the growing flagellum (39, 56), and similar
patterns have been directly demonstrated for several individual
components of the axoneme in Chlamydomonas, including
a-tubulin, the radial spoke protein 3 (19), and the inner dynein
arm protein p28 (34). These data imply that newly synthesized
flagellum proteins have to be transported to this distal site
before incorporation into their respective structures. This pro-
cess has been directly visualized in Chlamydomonas flagella,
where bidirectional intraflagellar transport of granules (also
called rafts) can be observed by light microscopy (23, 40).

The axonemal outer dynein arm IC69 protein does not seem
to be transported by this mechanism. In dikaryon rescue ex-
periments where wild-type Chlamydomonas cells were mated
with mutants lacking 1C69, the rescue of the outer dynein arm
protein occurred throughout the length of the axoneme (34)
and did not require the activity of FLA10. This is the opposite
of what was observed for the inner dynein arm component
IDA4 mutant, which was rescued via the distal tip, but only in
presence of an active FLA10. Piperno and coworkers (34)
suggested that different modes of transfer may be used accord-
ing to protein localization within the axonemal shaft.

The addition sites of the new PFRA subunits in the growing
PFR and the modified locations of the truncated PFRA mu-
tant proteins in 7. brucei reveal intriguing parallels with the
assembly model of the axoneme in Chlamydomonas described
above. This raises questions of how the PFR precursors are
transported to their respective addition sites and of how the
two phenomena are related in space (in the different domains
of the PFR) and in time (in the order of addition site used).
Structures morphologically resembling the rafts are present in
the flagellum of T. brucei (for an example, see Fig. 7 in refer-
ence 47), suggesting that its axoneme might be assembled by a
similar process. However, it is not clear whether PFR proteins
use the same or a separate but related transport system.

Preferential incorporation of some truncated PFRA pro-
teins [PFRAA(564-600), -A(554-600), and -A(529-600)] at the
distal tip of the growing flagellum was not observed, but addi-
tion along the length of the PFR still occurred. The seven-
amino-acids sequence missing from PFRAA(564-600), com-
pared with PFRAA(571-600) which behaves normally, are
highly conserved in both PFRA and PFRC proteins in 7. bru-
cei, T. cruzi, L. mexicana, and E. gracilis. The short sequence
was compared to other proteins using database searches, and
an interesting homology to the dynein B heavy chain of the
outer arm of the flagellum of Chlamydomonas (27) was de-
tected. It is not known whether this sequence is required for
flagellar localization of dynein. This sequence did not share
any identity with the flagellar-membrane-targeting sequence of
the glucose transporter identified by Snapp and Landfear (49)
in Leishmania parasites. In that case, two different isoforms of
the glucose transporter differed only in their localization (fla-
gellum and plasma membrane, respectively) and by their ami-
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no-terminal sequence. Truncations of this sequence in the
flagellar isoform identified a short region necessary and suffi-
cient for flagellum targeting.

Assembly of PFRA proteins. Specific proteins are likely to be
required to orchestrate proper incorporation of precursors at
the major assembly sites of both the PFR and the axoneme. In
Chlamydomonas, HSP70 localizes at the distal end of the fla-
gellum (8). In T. brucei, a monoclonal antibody stains the distal
end of the axoneme in both old and growing flagella, suggest-
ing material that may be involved in capping of the axoneme
(57). There is, however, no such identification of polar struc-
tures or proteins in the PFR.

Turnover of PFRA proteins in the old flagellum. The
epitope-tagged PFRA was incorporated into the old flagellum
of biflagellated trypanosomes, even though this was assembled
at least one cell cycle prior to the tagged protein being avail-
able. This suggests that the PFR structure can be remodelled.
Electron microscopy of both negatively stained and thinly sec-
tioned old and new flagella show that the PFR is completely
constructed by the end of the cell cycle. Hence, we can exclude
the possibility that this incorporation is a late stage of con-
struction. Rosenbaum and Child (38) have observed that non-
growing, nonregenerating flagella of different protists were
able to incorporate as much as 50% of the total radiolabelled
protein of growing flagella. Turnover of tektin has been iden-
tified in the cilia of sea urchin during embryonic development
(50). The filaments that constitute the PFR are morphologi-
cally related to intermediate filaments, although no sequence
similarity has ever been detected (43). Interestingly, interme-
diate filaments such as vimentin are themselves subject to
subsequent remodelling (54).

The PFR growth rate appears linear. We have estimated the
growth rate of the PFR, and it appears to be linear at ~3.6 pm
per h. This contrasts with the flagellum regeneration in
Chlamydomonas that shows a fast initiation (12 wm per h)
before a reduction in speed, presumably because of the longer
distance required to transfer precursor proteins to the assem-
bly site (reviewed in reference 26). Our system did not allow us
to measure the growth rate for the last hour of the PFR
elongation, but measurement of the size of the PFR in post-
mitotic cells (16.8 = 0.99 uwm, n = 46) compared to the ex-
pected size from a constant linear growth rate did not hint at
any reduction in growth rate (data not shown). The PFR
growth rate is relatively low compared to that of the flagellum
of Chlamydomonas (26). This may be because of the require-
ment to assemble three physically connected structures: the
axoneme, the PFR, and the FAZ filament system (22, 47).

The tetracycline-inducible expression is a system of choice
to study the assembly of organelles. Our results showed that
the tetracycline-inducible gene expression system, combined
with epitope tagging, allowed rapid expression of proteins that
can be detected at both the population and individual cell
levels. Cell behavior and growth of the induced and nonin-
duced PFRAtag trypanosomes were identical, and the two
populations could only be discriminated by the presence of the
tagged PFRA protein. This system facilitates the study of lo-
calization of mutant proteins and will certainly be a valuable
tool for the examination of organelle assembly in trypano-
somes and other organisms.
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