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The flagellum of Trypanosoma brucei is a multifunctional organelle with critical roles in motility and other
aspects of the trypanosome life cycle. Trypanin is a flagellar protein required for directional cell motility, but
its molecular function is unknown. Recently, a trypanin homologue in Chlamydomonas reinhardtii was reported
to be part of a dynein regulatory complex (DRC) that transmits regulatory signals from central pair micro-
tubules and radial spokes to axonemal dynein. DRC genes were identified as extragenic suppressors of central
pair and/or radial spoke mutations. We used RNA interference to ablate expression of radial spoke (RSP3) and
central pair (PF16) components individually or in combination with trypanin. Both rsp3 and pf16 single
knockdown mutants are immotile, with severely defective flagellar beat. In the case of rsp3, this loss of motility
is correlated with the loss of radial spokes, while in the case of pf16 the loss of motility correlates with an
aberrant orientation of the central pair microtubules within the axoneme. Genetic interaction between trypanin
and PF16 is demonstrated by the finding that loss of trypanin suppresses the pf16 beat defect, indicating that
the DRC represents an evolutionarily conserved strategy for dynein regulation. Surprisingly, we discovered
that four independent mutants with an impaired flagellar beat all fail in the final stage of cytokinesis,
indicating that flagellar motility is necessary for normal cell division in T. brucei. These findings present the
first evidence that flagellar beating is important for cell division and open the opportunity to exploit enzymatic
activities that drive flagellar beat as drug targets for the treatment of African sleeping sickness.

African trypanosomes are parasitic protozoa that are infec-
tious to humans and a broad range of animals. Trypanosoma
brucei is transmitted by the tsetse fly and is the causative agent
of African trypanosomiasis in humans, also known as “African
sleeping sickness.” Since T. brucei is an extracellular pathogen,
the parasite relies on its own cell motility throughout its life
cycle in both insect and mammalian hosts (18). In the insect
vector, the parasite makes an ordered series of migrations
through specific compartments to complete the developmental
changes necessary for survival in a mammalian host (66, 68). In
mammalian hosts, T. brucei initially replicates in the blood-
stream but eventually penetrates the blood vessel endothelium
and invades the connective tissues and central nervous system,
where it initiates events that are ultimately lethal (42, 45). If
untreated, African sleeping sickness is 100% fatal, and the
lethal course of the disease is directly linked to the presence of
parasites in the central nervous system (42, 45). Thus, parasite
migration to specific host tissues correlates directly with patho-
genesis.

The driving force for cell motility in T. brucei is a single
flagellum, which extends from the basal body, through the
flagellar pocket and along the length of the cell body to which
it is attached (17, 67). The T. brucei flagellar apparatus includes

a canonical eukaryotic 9�2 axoneme and additional structures,
such as the paraflagellar rod (PFR) and flagellum attachment
zone (FAZ), which are unique to trypanosomes and a few
closely related protozoa (9, 17). Within the eukaryotic axo-
neme, it is well established that ATP-dependent dynein motors
drive the sliding of adjacent outer doublet microtubules, pro-
viding the force for flagellar movement (11, 57). To generate
complex flagellar waveforms, the activity of these dynein mo-
tors must be precisely coordinated both temporally and spa-
tially, since simultaneous activation of all dynein arms would
lead to a rigor-like state (11, 57). Dynein activity must also be
coordinated with environmental sensory perception, since
changes in the flagellar beat form, such as wave reversal and
hyperactivated motility, are often associated with physiological
responses to environmental cues (32, 36, 64). The identifica-
tion of proteins and mechanisms underlying dynein regulation
is one of the major challenges in cell biology.

In T. brucei, beating of the flagellum initiates at the distal tip
and is propagated toward the base, pulling the cell forward in
an auger-like spiraling motion with the flagellar tip leading
(see video S1 in the supplemental material) (18, 69, 70). This
implies the need for specialized dynein regulatory inputs be-
cause in most other organisms the flagellar beat propagates
from the base to the tip (22). In some trypanosomatids, the
flagellar beat direction is reversible and is modulated in re-
sponse to extracellular cues (23, 64). In addition to its role in
cell motility, the trypanosome flagellum is required for attach-
ment to epithelial cells in the tsetse fly salivary gland (68) and
plays structural roles in organelle inheritance, the establish-
ment of cell polarity, and cleavage furrow formation (28, 37,
38, 52, 53). Thus, the trypanosome flagellum is a complex and
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dynamic organelle with critical roles throughout the parasite
life cycle. Unfortunately, our current understanding of the T.
brucei flagellum is primarily restricted to a few major structural
proteins, and very little is known about proteins that regulate
flagellar beat. Given the importance of motility and the flagel-
lar apparatus in T. brucei development and disease pathogen-
esis, this represents a critical gap in our understanding of these
deadly pathogens.

One protein that may play a role in regulating flagellar
motility in T. brucei is trypanin, a 54-kDa coiled-coil protein
that is tightly associated with the flagellar cytoskeleton and is
required for normal flagellar motility (19, 26). Trypanin knock-
down mutants have actively beating flagella but are unable to
coordinate flagellar beat to drive productive directional motion
and are thus only able to spin and tumble in place (26). Try-
panin homologues are found in most if not all organisms, ranging
from Giardia lamblia to humans, that contain a motile flagellum
but are absent in organisms that lack motile cilia or flagella, such
as Caenorhabditis elegans, which contains only nonmotile sensory
cilia (9a, 19; K. L. Hill, unpublished observation).

We previously reported that Chlamydomonas reinhardtii
contains a trypanin homolog (19). Rupp and Porter recently
identified the C. reinhardtii trypanin homolog, PF2, in a screen
for mutants that affect a dynein regulatory complex (DRC)
that transmits signals from central pair (CP) and radial spoke
(RS) complexes to axonemal dynein (55). PF2 has been sug-
gested to provide a scaffold for DRC assembly on the axoneme
(55), and consistent with this, the human homologue binds
microtubules directly (J. M. Bekker, J. R. Colantonio, A. D.
Stephens, W. T. Clarke, S. J. King, K. L. Hill, and R. H.
Crosbie, submitted for publication). DRC genes were origi-
nally identified through the isolation of extragenic suppressors
that restore flagellar beat to CP/RS mutants without restoring
the missing structures (24). Isolation of these suppressors re-
vealed the presence of a regulatory system that controls dynein
activity on at least two levels (24). One group of suppressor
mutations (suppf3, suppf4, suppf5, pf2, and pf3) are required for
assembly of the DRC, which is localized adjacent to inner arm
dynein I1 at the base of the second radial spoke in the 96-nm
repeating unit of the axoneme (16, 24, 34, 43, 44). A second
group of suppressors correspond to mutations in outer and
inner arm dynein heavy chains (46, 47, 54). The presence of
this axonemal dynein regulatory system is further supported by
a variety of biochemical and ultrastructural studies (41, 61, 72).
Together, these data have led to a model in which the DRC
acts as a reversible inhibitor of axonemal dynein that is regu-
lated by signals delivered via the central pair and radial spokes
(48). In many organisms, the CP rotates within the axoneme,
and this is thought to provide a means for distributing regula-
tory signals to dyneins arranged around the outer doublets (40,
71, 72). In the absence of CP/RS, the DRC constitutively
inhibits dynein, leading to flagellar paralysis or erratic twitch-
ing (24, 43). Loss of the DRC releases dynein inhibition, thus
partially suppressing CP/RS beat defects, although suppressed
mutants do not regain wild-type motility (24, 43, 44, 48). Partial
suppression reflects the fact that the DRC represents only one
level of dynein regulation provided by the CP/RS system (24).

To determine whether a DRC-like regulatory system oper-
ates as a conduit for transmission of regulatory signals between
the CP/RS apparatus and axonemal dynein in T. brucei, we

used RNA interference (RNAi) to knock down the expression
of radial spoke (RSP3) and central pair (PF16) components
individually or in combination with trypanin. Our results dem-
onstrate that radial spoke and central pair components are
required for motility in T. brucei. We also report that CP
microtubules exhibit a fixed orientation relative to outer dou-
blet microtubules in wild-type trypanosomes, whereas in pf16
and pf20 mutants the CP orientation is highly variable. Impor-
tantly, trypanin behaves as a DRC component since the loss of
trypanin suppresses the flagellar beat defect of a central pair
mutant. Therefore, the DRC is an evolutionarily conserved
dynein regulatory system, and trypanin is a component of this
system in T. brucei. Surprisingly, we also discovered that flagel-
lar motility is required for cytokinesis in T. brucei, since mo-
tility mutants defective in three distinct flagellar substructures
all have difficulty completing cytokinesis.

MATERIALS AND METHODS

Cell culture and transfection. Procyclic culture form (PCF) 29-13 cells,
which stably express T7 RNA polymerase and tetracycline (Tet) repressor
(74), were used to generate all RNAi knockdown mutants. Trypanosomes
were cultivated and stably transfected as described previously (20, 26). Clonal
cell lines were obtained by limiting dilution. Clonal lines harboring the RNAi
constructs p2T7-Ti-B/RSP3, p2T7-Ti-B/PF16, p2T7-Ti-B/PF20, p2T7-Ti-B/PFR2-1,
p2T7-Ti-B/PFR2-2, p2T7-Ti-B/TPN, p2T7-Ti-B/RSP3-TPN, or p2T7-Ti-B/PF16-TPN
(see section on DNA constructs, below) are referred to as TbRSP3, TbPF16,
TbPF20, TbPFR2-1, TbPFR2-2, TbTPN, TbRSP3/TPN, and TbPF16/TPN, respec-
tively. For tetracycline induction, cells were split into two flasks and cultured with or
without 1 �g of tetracycline/ml and diluted as necessary to maintain exponential
growth. For growth curves, cell densities were measured by using a hemacytometer,
and the averages of two independent counts are reported. For knockdown mutants,
clusters of up to four distinguishable cell bodies were counted. To culture cells with
physical shaking, TbRSP3 cells were split into flasks with or without tetracycline and
placed on an orbital shaker set at 80 rpm.

Database searches and multiple sequence alignments. C. reinhardtii protein
sequences for RSP3 (accession number P12759) (73), PF16 (accession number
AAC49169.1) (59), and PF20 (accession number AAB41727.1) (60) were used to
identify homologues in the T. brucei genome database (http://www.sanger.ac.uk
/cgi-bin/BLAST/submitblast/t_brucei/omni) by using WU-BLAST (Washington
University, St. Louis, MI). Sequencing of the T. brucei genome was accomplished
as part of the Trypanosoma Genome Network with support by The Wellcome
Trust. We identified single-copy genes for RSP3 (GeneDB ID Tb11.47.0034),
PF16 (GeneDB ID Tb927.1.2670), and PF20 (GeneDB ID Tb10.61.2920). The
percent similarity of each T. brucei protein to its C. reinhardtii homologue is as
follows: RSP3 (41.5% identity and 52.5% similarity), PF16 (55.9% identity and
69.2% similarity), and PF20 (37.3% identity and 50.6% similarity).

Multiple sequence alignments were performed with the CLUSTAL W algo-
rithm (65) by using Vector NTI software (Vector NTI Advance Suite 8; Infor-
Max, Inc., Bethesda, MD). For RSP3, the following proteins were aligned: Homo
sapiens (accession number AAK26432), C. reinhardtii (accession number
P12759), T. brucei (GeneDB ID Tb11.47.0034), T. cruzi (GeneDB ID
Tc00.1047053506721.20), and Leishmania major (GeneDB ID LmjF27.0520).
For PF16, the following proteins were aligned: H. sapiens (accession number
CAH72210), C. reinhardtii (accession number AAC49169.1), T. brucei (GeneDB
ID Tb927.1.2670), T. cruzi (GeneDB ID Tc00.1047053510955.40), and L. major
(GeneDB ID LmjF20.1400). For PF20, the following proteins were aligned: H.
sapiens (accession number AAM63956), C. reinhardtii (accession number
AAB41727.1), T. brucei (GeneDB ID Tb10.61.2920), T. cruzi (GeneDB
Tc00.1047053511277.340), and L. major (GeneDB ID LmjF18.0470).

DNA constructs. All RNAi plasmids were constructed in p2T7-Ti-B, which
contains opposing, tetracycline-inducible T7 promoters such that tetracycline-
induced transcription generates an intermolecular double-stranded RNA
(dsRNA) (30). To create p2T7-Ti-B/RSP3, a 375-bp fragment corresponding to
nucleotides (nt) 566 to 940 of the T. brucei RSP3 open reading frame (ORF) was
PCR amplified from 29-13 genomic DNA and cloned in the forward orientation
into the HindIII and SacII sites in p2T7-Ti-B. To create p2T7-Ti-B/PF16, a 247-bp
fragment corresponding to nt 1288 to 1534 of the T. brucei PF16 ORF was PCR
amplified from 29-13 genomic DNA and cloned in the forward orientation into
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the SacII and XbaI sites in p2T7-Ti-B. To create p2T7-Ti-B/PF20, a 407-bp frag-
ment corresponding to nt 291 to 697 of the T. brucei PF20 ORF was PCR
amplified from 29-13 genomic DNA and cloned in the forward orientation into
the SacII and XbaI sites in p2T7-Ti-B. To create p2T7-Ti-B/PFR2-1, a 448-bp
fragment corresponding to nt 642 to 1089 of the T. brucei PFR2 ORF (GeneDB

ID Tb08.5H5920) was PCR amplified from 29-13 genomic DNA and cloned in
the forward orientation into the HindIII and BamHI sites in p2T7-Ti-B. Note that
this fragment of PFR2 was selected by RNAit (49) and is not expected to target
PFR1 (GeneDB ID Tb03.26J7510) mRNA, since it does not contain any regions
of identity to PFR1 longer than 12 nt. To create p2T7-Ti-B/PFR2-2, a 1,723-bp

FIG. 1. RSP3, PF16, and PF20 protein alignments. Alignments of full-length RSP3 (A), PF16 (B), and PF20 (C) proteins from Homo sapiens
(Hs), C. reinhardtii (Cr), T. brucei (Tb), T. cruzi (Tc), and L. major (Lm) are shown. Residues that are conserved in all four proteins are shaded
yellow, while residues that are conserved in three or more proteins are shaded blue, and conservative substitutions are shaded green.
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fragment corresponding to nt 78 to 1800 of the T. brucei PFR2 ORF was PCR
amplified from 29-13 genomic DNA and cloned in the forward orientation into
the HindIII and BamHI sites in p2T7-Ti-B. This fragment of PFR2 is identical to
the fragment used to create the snl-2 cell line (4) and is similar to the fragments
used to create snl-1 (nt 78 to 1758) (7) and PFRAi (nt 78 to 1779) (14). To create
p2T7-Ti-B/TPN, a 252-bp fragment corresponding to nt 1103 to 1354 of the T.
brucei trypanin ORF (26) was PCR amplified from 29-13 genomic DNA and
cloned in the forward orientation into the BamHI and HindIII sites in p2T7-Ti-B.
All RNAi constructs were verified by restriction digestion and direct sequencing.
Plasmids were linearized at the unique EcoRV or NotI site for transfection.

To create dual RNAi knockdown plasmids, tandem fragments of the targeted
genes were cloned into p2T7-Ti-B. To construct p2T7-Ti-B/RSP3-TPN, the precise
375-bp RSP3 fragment that was used to create p2T7-Ti-B/RSP3 was cloned in the
forward orientation into the XbaI and BamHI sites, upstream of the TPN
fragment in p2T7-Ti-B/TPN. To create p2T7-Ti-B/PF16-TPN, the precise 247-bp
PF16 fragment that was used to create p2T7-Ti-B/PF16 was cloned in the forward
orientation into the XbaI and BamHI sites, upstream of the TPN fragment in
p2T7-Ti-B/TPN.

RNA preparation and Northern blotting. Total RNA samples were prepared
by using an RNeasy kit (QIAGEN) according to the manufacturer’s instructions.
RNA samples (5 �g) were analyzed by Northern blotting as described previously
(21). 32P-labeled probes corresponding to nt 198 to 546 of the RSP3 ORF (RSP3
probe), nt 1288 to 1534 of the PF16 ORF (PF16 probe), nt 291 to 697 of the PF20
ORF (PF20 probe), nt 642 to 1089 of the PFR2 ORF (PFR2 probe), nt 1 to 775
of the TPN ORF (TPN probe), or the entire TRP ORF (TRP probe) were used.
The TRP gene (GeneDB ID Tb09.244.2800) encodes a “trypanin-related pro-
tein” with 28% identity and 43% similarity to trypanin and will be described
elsewhere (K. L. Hill, unpublished observation).

Sedimentation assays. Sedimentation assays were performed as described
previously (6). Briefly, cells were incubated with or without tetracycline for 24 h
and then resuspended to 5 � 106 cells/ml in fresh medium. Each culture was
divided into aliquots to four cuvettes (1 ml per cuvette) and incubated under
standard growth conditions. The optical density at 600 nm (OD600) was mea-
sured every 2 h. At each time point, two cuvettes from each culture were left

undisturbed to monitor sedimentation, while the other two cuvettes were resus-
pended to monitor growth. The �OD600 for each sample was calculated by
subtracting the OD600 of the resuspended samples from that of the undisturbed
samples.

Protein preparation and Western blotting. Protein extracts were prepared and
analyzed by Western blotting (20). Trypanin was detected with a monoclonal
antibody directed against a synthetic peptide corresponding to the last 13 amino
acids of trypanin and was generated by an outside vendor (Cell Essentials,
Cambridge, MA). PFR2 was detected with the monoclonal antibody L8C4 (29).
The monoclonal antibody E7, directed against �-tubulin, was used as a control
for protein loading. This antibody was developed (10) and obtained from the
Developmental Studies Hybridoma Bank maintained by the University of Iowa
Department of Biological Sciences.

Cell imaging. Live cells were imaged by using a Zeiss Axiovert 200 M inverted
microscope with a 63� Achroplan LD or 63� Plan-Neofluor oil-immersion
objective. Video images were captured as described below. For fluorescence
microscopy, cells were imaged on a Zeiss Axioskop II compound microscope
with a 63� Plan-Neofluor oil immersion objective, and images were captured by
using a Zeiss Axiocam digital camera and Zeiss Axiovision 3.0 software.

Electron microscopy. TbRSP3, TbPF16, and TbPF20 cells were grown in the
presence or absence of 1 �g of tetracycline/ml (96 h for TbRSP3 or 60 h for
TbPF16 and TbPF20). Cytoskeletons or whole cells were prepared (19, 51) and
then fixed for 60 min as described previously (26) with the addition of 1%
(wt/vol) tannic acid. Samples were then washed in fixative without tannic acid
and shipped overnight to Yale University, where processing was completed as
described previously (58), except that staining en bloc was done in 2% uranyl
acetate for 2 h.

Cytoskeletons were used for radial spoke analysis. Since a full complement of
nine radial spokes was not always visible in all control sections, we established a
blind assay to compare tetracycline-induced rsp3 mutants to uninduced controls.
Random silver sections from control (�Tet, n � 32) and tetracycline-induced
(�Tet, n � 31) samples were scanned for axonemes in which the central pair
microtubules were cut in cross section. These axonemes were photographed, and
the images were coded and then mixed and scored blindly to determine the

FIG. 1—Continued.
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number of spokes present per axoneme. After scoring, samples were decoded,
and divided into control and tetracycline-induced groups, and the data are
reported as the number of sections in each group having zero to nine spokes per
section.

Whole-cell samples were used to measure the orientation of central pair
microtubules in control cells and pf16 and pf20 mutants. Samples were selected
randomly in which at least four outer doublet microtubules were clearly resolved.
To measure central pair orientation, a reference line was drawn from the center
point of outer doublet one to the center point of the outer doublet seven. The
outer doublet seven can be readily identified by its attachment to the PFR (5). A
line was then drawn that bisects the C1 and C2 central pair microtubules, and the
angle of intersection of this line with the reference line was measured, moving
clockwise from the reference line. The median angle in 45 control cells was 72°.
For reference, this angle (72°) was set to zero, and the data were plotted as
degrees deflection from zero.

Cell viability assay. TbRSP3 cells were incubated with or without tetracycline
for 26 h and then subjected to a dye exclusion assay for cell viability (Molecular
Probes Live/Dead Assay #L-3224) according to the manufacturer’s instructions.
Briefly, cells were washed once and resuspended to 2 � 107 cells/ml in 1�
phosphate-buffered saline, and a 50-�l portion of the cells was then added to
uncoated glass coverslips and incubated in 5 �M ethidium homodimer-1 in 1�
phosphate-buffered saline for 30 min. Coverslips were inverted onto glass slides,
sealed with nail polish, and imaged.

Immunofluorescence assays. To monitor cell cycle progression, cytoskeletons
were prepared by detergent extraction (51) and subjected to immunofluores-
cence as described previously (26) with the �-PFR2 monoclonal antibody L8C4
(29). Anti-mouse secondary antibodies conjugated to Alexa-Fluor 488 (Molec-
ular Probes) were used at a 1:400 dilution. Samples were mounted in Vectashield
H-1200 (Vector Labs) containing 1.5 �g of DAPI (4	,6	-diamidino-2-phenylin-
dole)/ml to visualize kinetoplast and nuclear DNA and then imaged. Cell cycle
analysis was performed as described previously (58). Cells were distinguished as
having one or two flagella (1F/2F), one or two kinetoplasts (1K/2K), and one
nucleus or two discrete nuclei (1N/2N). A separate category (1mN) was used to
distinguish cells with mitotic nuclei that contained a visible spindle. To minimize
the influence of downstream defects, cells were examined 30 to 48 h postinduc-
tion, which corresponded to the onset of the cytokinesis defect.

Quantitation of cytokinesis in live cells. Live TbRSP3 cells, grown in the
presence (�Tet, n � 792) or absence (�Tet, n � 676) of 1 �g of tetracycline/ml
for 48 h were analyzed at the same cell densities in logarithmic growth, and two
separate samples were quantified for each culture (�Tet, n � 393 and n � 399;
�Tet, n � 334 and n � 342), with the standard deviation indicated by error bars.
Note that the number of cells in cytokinesis was much higher in live cultures than
in cells processed for immunofluorescence or harvested for routine cell counting.
This indicated that cells undergoing cytokinesis were easily separated by physical
manipulation. To account for this, live cultures were directly examined in culture
flasks with minimal physical manipulation. Cells were categorized as having a
single cell body or multiple physically attached cell bodies. Cells in which two cell
bodies remain attached to one another (“double” in Fig. 4B) were further
subdivided into three categories. “Double-1” corresponded to cells that had two
full-length flagella but had not visibly begun cytokinesis (stages VI to VIII, as defined
in Fig. 31 of reference 58). “Double-2” corresponded to cells that were in the
middle-to-late stages of cytokinesis (stage IX in reference 58), while “double-3”
corresponded to cells in the final stage of cytokinesis that were attached only by their
extreme posterior ends (stage X in reference 58). Note that cells in each of these
stages were also present in wild-type cultures (Fig. 4B) (58) and are therefore normal
events in the T. brucei cell division cycle. The data shown are representative of three
independent experiments.

Video microscopy of live cells. Videos are accessible in the supplemental
material. pf16 single and pf16/tpn double mutants (TbPF16 and TbPF16/TPN
cells, respectively) were examined 48 h postinduction by using differential inter-
ference contrast (DIC) optics. Cells were visualized on standard glass slides, with
double-sided tape between the slides and coverslips creating a chambered space
to allow freedom of movement. Slides were inverted and examined through the
coverslip. Videos were imaged by using a COHU charge-coupled device analog
video camera and converted to digital format with a HandyCam (Sony, Inc.).
Digital clips were captured at 30 frames per s and converted to AVI movies with
Adobe Premiere Elements software (Adobe Systems). Representative examples
are shown in in the supplemental material to illustrate the major phenotypes of
each mutant. In Fig. 4A, images shown are single frames from videos S6 to S7 in
the supplemental material. In Fig. 5C, the images shown are single frames from
videos S9 and S10 in the supplemental material. Figure 8A and B are frames
from videos S3 and S11 in the supplemental material, respectively. The frames
were rotated to orient posterior end of the cell body upward.

Flagellar beat analysis. DIC video of live pf16 single and pf16/tpn double
mutants (TbPF16 and TbPF16/TPN cells, respectively) was captured 48 h postin-
duction as described above. For each cell line, footage of 100 random cells was
recorded and analyzed. Since the flagellar beat in T. brucei is three-dimensional
and bending can occur independently in the distal and proximal portions of the
flagellum, it is difficult to reliably measure the frequency and amplitude of a
single waveform along the length of the entire flagellum. Therefore, we mea-
sured the number of beats in each mutant over a 10-s period, focusing on the
flagellar tip, where single mutants are most active. Beats of the flagellar tip were
quantified over a 10-s time period for each cell. Where cells exhibited more than
12 beats in 10 s, individual flagellar movements could not be quantified, and
these cells were categorized as “
12” beats/10 s, which is essentially continuous
movement. An example of a pf16 mutant that had 
12 movements in this assay
is shown in video S4 in the supplemental material to illustrate the qualitative
differences between pf16 and pf16/tpn mutants in the 
12 category (see Fig. 8C).

RESULTS

RSP3, PF16, and PF20 are required for flagellar motility.
We used RNAi to target radial spokes and the central pair
apparatus of T. brucei. To target radial spokes, we chose
RSP3, which is required for attachment of the spoke to the
axoneme in C. reinhardtii (12). The major components of the
central pair apparatus are two singlet microtubules, C1 and
C2, together with their specific projections and intermicro-
tubule bridges (62). To target the central pair apparatus, we
chose PF16 and PF20, which are localized to the C1 and C2
microtubule structures, respectively (59, 60) and are re-
quired for stability of central pair microtubules in C. rein-
hardtii (1, 15) and mice (56, 76).

BLAST searches of the T. brucei genome database iden-
tified single-copy RSP3, PF16 and PF20 homologues (see
Materials and Methods). Protein alignments demonstrated
that these proteins are highly conserved, with PF20 exhib-
iting the most divergence (Fig. 1). In the region of overlap,
the percent identity among RSP3, PF16, and PF20 homo-
logues are 27.9, 42.4, and 16.7%, respectively. The C. rein-
hardtii and human RSP3 proteins have unique C-terminal
extensions of 201 and 90 amino acids, respectively, whereas
the C. reinhardtii PF16 protein has a unique C-terminal
extension of 52 amino acids, suggesting some aspects of
their function may be organism specific. Notably, a shorter C
terminus is also observed in RSP3 and PF16 from other
kinetoplastids (Fig. 1A and B), and deletion studies in C.
reinhardtii indicate that the C-terminal 140 amino acids of
RSP3 are not required for motility (13).

Separate plasmids for tetracycline-inducible RNAi knock-
down of RSP3, PF16, and PF20 were constructed, and stably
transfected clonal cell lines were obtained by limiting dilution.
These cell lines will be henceforth referred to as TbRSP3,
TbPF16, and TbPF20 cells or interchangeably as rsp3, pf16,
and pf20 knockdown mutants. Northern blot analysis demon-
strates that the targeted transcripts are dramatically reduced
within 24 h of tetracycline induction (Fig. 2A). Likewise, visual
inspection of rsp3, pf16, and pf20 knockdown mutants revealed
a severe motility defect within 24 h of induction (see below).
To quantitate this defect, we performed sedimentation assays
(Fig. 2B). All three mutants sedimented at a linear rate of
approximately �0.03 OD600 units/hour, whereas uninduced
cells remained suspended. A dye-based viability assay demon-
strated that there was no difference in viability at the time of
the assay (see Materials and Methods).
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Close examination revealed that rsp3, pf16, and pf20 knock-
down mutants were immotile in the sense that they exhibited
no net movement in any direction, nor did they rotate or
tumble as observed for trypanin knockdown mutants (26).
However, a rudimentary flagellar beat or twitching was ob-
served in all three mutants, so these cells should be considered
“immotile” but not “paralyzed.” This was particularly evident
in rsp3 mutants, where a few cells were completely paralyzed
but most were able to sustain a rudimentary flagellar beat
(video S2 in the supplemental material). Nonetheless, flagellar
movement was generally confined to the distal portion of the
flagellum, was mostly planar, and did not drive rotation of the
cell body. Electron microscopy demonstrated that the number
of spokes was reduced in axonemes of rsp3 mutants compared
to controls (Fig. 2C and D). In control cells, six or more spokes
were clearly visible in 74% of sections (n � 32) compared to
only 25% of sections from rsp3 mutants (n � 31). The average
number of spokes per section was reduced to 4.2 in rsp3 mu-
tants compared to 6.6 in controls.

pf16 and pf20 mutants were also immotile and incapable of
cellular rotation (videos S3 and S5 in the supplemental mate-

rial). However, the beat defect was more severe than in rsp3
mutants (compare videos S3 and S5 with video S2 in the sup-
plemental material). Whereas rsp3 mutants were able to sus-
tain a modest flagellar beat, the pf16 and pf20 mutants only
twitched erratically, and this irregular twitching was confined
to the distal region of the flagellum. An additional feature
shared by pf16 and pf20 mutants, but not rsp3 mutants, was an
exaggerated curvature in the cell body such that the flagellum
tip and the anterior end of the cell were bent in an “S” shape
toward the side of the cell opposite the flagellum (videos S3
and S5 in the supplemental material and Fig. 8A). In these
cells, the flagellum was situated along the outer edge of the
bend, such that flagellar movement decreased the degree of
bending but was not powerful enough to fully straighten the
cell body.

Electron microscopy of pf16 and pf20 mutants (Fig. 3) dem-
onstrated a striking alteration in the orientation of the central
pair microtubules. In control cells, central pair orientation
within the axoneme was found to be restricted to a very narrow
range, such that a plane bisecting the C1 and C2 microtubules
was always roughly parallel to the paraflagellar rod viewed in

FIG. 2. RSP3, PF16, and PF20 are required for flagellar motility. (A) Northern blot demonstrating efficient RNAi knockdown of each
target. TbRSP3, TbPF16, and TbPF20 cells were incubated in the presence (�) or absence (�) of tetracycline (Tet). Total RNA was
prepared 24 h after the addition of tetracycline and subjected to Northern blot analysis with RSP3, PF16, or PF20 probes as indicated. The
lower blots show loading controls. (B) Sedimentation assay demonstrating that rsp3, pf16, and pf20 mutants have abnormal motility. TbRSP3,
TbPF16, and TbPF20 cells were incubated in the presence (open symbols) or absence (filled symbols) of tetracycline for 24 h and assayed
for sedimentation as described in Materials and Methods. The sedimentation curves represent the averages of two independent experiments,
and error bars indicate the standard deviations. (C) Representative transmission electron micrographs of axonemes from TbRSP3 cells
incubated with (�Tet) or without (�Tet) tetracycline. Arrows point out an example of a spoke in the �Tet sample and the equivalent
position in the �Tet sample, where the spoke is absent. (D) Radial spokes are reduced but not completely absent in rsp3 mutant axonemes.
The number of spokes in electron microscopic sections of TbRSP3 cells incubated with or without tetracycline was determined. The
percentages of sections with zero to nine spokes are shown.
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cross-section (Fig. 3A and C). In contrast, orientation of the
central pair was highly variable in pf16 and pf20 mutants (Fig.
3B and C). Since we cannot distinguish between the two cen-
tral pair microtubules, we do not know whether this represents
random orientation through 360° or only 180°.

Flagellar motility is required for cytokinesis. RNAi knock-
down of RSP3, PF16, and PF20 resulted in a severe motility
defect that was evident within 24 h of tetracycline induction.
Surprisingly, in all three mutants the loss of motility was in-
variably followed by a cell division defect such that cells failed

FIG. 3. The orientation of the central pair is variable in pf16 and pf20 mutants. (A and B) Representative electron microscopic images of
flagella from TbPF16 cells grown in the absence (A, control) or presence (B, �Tet) of tetracycline. In the control cells (panel A), the central pair
microtubules lie in a plane that is roughly parallel to the PFR, whereas in the pf16 knockdown mutants (panel B) the central pair orientation is
variable. Bar, 100 nm. (C) The central pair orientation was measured (see Materials and Methods) in pf20 control cells (n � 19), pf20 mutants
(�Tet, n � 18), pf16 control cells (n � 26), and pf16 mutants (�Tet, n � 26). For illustration purposes, the line bisecting C1 and C2 in each sample
is depicted within a schematic diagram of the 9�2 axoneme at the top of the chart.
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to complete normal cell division and accumulated as clusters
attached at their extreme posterior ends (Fig. 4A, and videos
S6 to S7 in the supplemental material). Cleavage furrow for-
mation in T. brucei initiates at the anterior end of the cell,
between the tips of the new and old flagella, and then proceeds
toward the posterior end, and in the final stages of cytokinesis
daughter cells are only connected at their posterior ends (58).
In wild-type cells, these daughter cells eventually pull apart
before the next round of cytokinesis, while the motility mutants
do not and therefore accumulate as larger and larger clusters.
This defect was investigated more thoroughly in rsp3 mutants,
where reduced severity of flagellar paralysis allowed us to ex-
amine early aspects of the phenotype. Within 48 h postinduc-
tion, there was a decrease in the number of single cells and an
increase in cell clusters containing two, three, four, and more
than four conjoined cell bodies. Among the “double” cells (as
defined in Materials and Methods and Fig. 4), there was no
significant change in cells that had not initiated cytokinesis
(Fig. 4B, double-1), whereas there was a significant increase in
cells in the middle to late stages of cytokinesis (Fig. 4B, double-
2). There was a modest decrease in the number of double-3
cells, perhaps indicating that cells undergoing cytokinesis must
fully complete the double-2 stage before reaching the final
stage. Analysis of cell cycle progression by immunofluores-
cence (see Materials and Methods) demonstrated that, aside

from cells blocked in cytokinesis, there was no accumulation at
any other stage of the cell cycle (not shown). These data,
together with the fact that new rounds of cytokinesis can be
initiated in “double” cells to produce “triple” and “quad” clus-
ters, indicated that initiation of cytokinesis was not significantly
affected but that daughter cells were unable to complete cell
separation.

Knockdown of three different axonemal proteins resulted in
loss of cell motility and a concomitant cytokinesis defect. Since
the cytokinesis defect was unexpected, we sought to determine
whether a similar defect would be observed when we targeted
a nonaxonemal protein that is required for normal cell motility.
PFR2 is one of two major proteins that comprise the kineto-
plastid paraflagellar rod (5). Previously described PFR2 knock-
down mutants had a reduced flagellar beat and were immotile
at the cellular level (4, 7). These mutants exhibited a reduced
growth rate compared to the wild type (6), although no specific
cytokinesis defect was reported. To further investigate the con-
nection between flagellar beat and cytokinesis, we generated
two independent, tetracycline-inducible PFR2 knockdown mu-
tants. Tetracycline induction led to a rapid and dramatic loss of
PFR2 mRNA and protein in both mutants (Fig. 5A and B).
The flagella of these mutants were able to beat, but beating was
not sufficient to drive directional cell motility or significant
cellular rotation (video S8 in the supplemental material).

FIG. 4. rsp3 mutants are defective in cytokinesis. (A) DIC images of live rsp3 mutants in multicellular clusters 48 h after the addition of
tetracycline (each image is a frame taken from videos S6 and S7 in the supplemental material). Small clusters of a few cells are observed within
24 h postinduction and, by 4 to 5 days postinduction, the majority of cells are found in massive clusters (see, for example, Fig. 6B). The data are
shown for rsp3 mutants, and the same phenotype is seen in pf16 and pf20 mutants (not shown). Arrows denote the posterior ends of cell bodies
conjoined in clusters. (B) Motility mutants are blocked in the completion of cytokinesis. TbRSP3 cells incubated in the presence (�Tet, n � 792)
or absence (�Tet, n � 676) of drug were examined by phase-contrast microscopy at 48 h. Cells were classified as described in the text. The
percentage of cells in each category is indicated. In this experiment, two replicates were quantified (�Tet, n � 393 and n � 399; �Tet, n � 334
and n � 342), with the standard deviation indicated. These data are representative of three independent experiments.
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Within 24 h of tetracycline induction, pfr2 mutants began to
accumulate as small clusters of cells attached at their posterior
ends (Fig. 5C and videos S9 and S10 in the supplemental
material), and a reduction in growth rate was observed (Fig.

5E). By 4 days postinduction, the majority of cells accumulated
in massive clusters (Fig. 5D). Therefore, as was the case for
central pair and radial spoke proteins, loss of PFR2 led to
reduced flagellar beat, a loss of cell motility, and a concomitant
block in cytokinesis.

Failure to complete cytokinesis in four independent motility
mutants might reflect an active requirement for flagellar beat.
Alternatively, the effect might be indirect, with an impaired

FIG. 5. pfr2 mutants are defective in cytokinesis. (A) Northern blot
demonstrating efficient RNAi knockdown of PFR2 in two independent
knockdown cell lines. TbPFR2-1 (RNAi target 1) and TbPFR2-2
(RNAi target 2) cells were incubated in the presence (�) or absence
(�) of tetracycline (Tet). Total RNA was prepared 24 h after the
addition of tetracycline and subjected to Northern blot analysis with a
PFR2 probe as indicated. The lower blot shows a loading control.
(B) Western blot analysis of whole-cell lysates from TbPFR2-1 and
TbPFR2-2 cells incubated in the presence (�) or absence (�) of
tetracycline (Tet). Protein samples were prepared 24 and 48 h after the
addition of tetracycline and subjected to Western blot analysis with an
�-PFR2 monoclonal antibody (upper panel) or an �-�-tubulin mono-
clonal antibody as a loading control (lower panel). (C) DIC images of
live pfr2 mutants in multicellular clusters 48 h after the addition of
tetracycline. TbPFR2-1 cells (left panel) and TbPFR2-2 cells (right
panel) are shown. Arrows denote the posterior ends of cell bodies
conjoined in clusters (each image is a frame taken from videos S9 and
S10). (D) By 4 days postinduction, the majority of cells are found in
massive multicellular clusters. Phase-contrast images of live cultures
incubated with (�Tet) or without (�Tet) tetracycline are shown at
�20 magnification (upper panels) and �10 magnification (lower pan-
els). Images shown are from TbPFR2-1 cultures. Massive clusters are
similarly observed in TbPFR2-2 cultures. (E) Growth curves of Tb-
PFR2-1 cells grown in the presence (open symbols) or absence (filled
symbols) of tetracycline, where tetracycline was added at time � 0.
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beat causing internal structural defects that prevent the sepa-
ration of daughter cells. If flagellar beat contributes directly to
cell separation, gentle agitation of the mutant cultures may
provide compensatory forces that allow cell division. On the
other hand, if the effect is simply indirect, i.e., if flagellar
paralysis simply distorts something inside the cell and as a
result cells are inextricably intertwined, agitation is not ex-
pected to correct these defects and clusters should still form.
Growth rate and cytokinesis were examined in motility mutants
maintained normally (“unshaken”) or on a rotating platform
(“shaken”). Agitation of the culture completely rescued the
cytokinesis defect, restored the growth rate (Fig. 6A), and
prevented the formation of multicellular clusters (Fig. 6B).

Trypanin functions as part of a DRC in T. brucei. The
motivation for generating radial spoke and central pair mutants
was to determine whether a dynein regulatory system provides
communication between CP/RS and axonemal dynein in T. bru-
cei. The defining feature of DRC genes is that loss-of-function
mutations in these genes suppress flagellar beat defects of
central pair and radial spoke loss-of-function mutants (24).
Tetracycline-inducible pf16/tpn and rsp3/tpn dual RNAi knock-
down mutants were generated as described in Materials and
Methods. Northern blot (Fig. 7A and B) and Western blot
(Fig. 7C) analyses demonstrated that knockdown in double
mutants was as efficient as knockdown in the corresponding
single mutants.

The motility defect of rsp3 and pf16 single mutants in T.
brucei is defined by three shared phenotypic characteristics: (i)
sedimentation, (ii) an abnormal flagellar beat that is often
restricted to the flagellar tip, and (iii) cytokinesis failure. In
addition, flagellar beat in pf16 mutants is restricted to an er-
ratic twitching, resulting in a sharp curvature in the anterior
cell body. The ability of trypanin knockdown to suppress any or
all of these phenotypic characteristics was determined. Loss of
trypanin did not suppress overall cellular movement defects,
since the growth rate and sedimentation profiles of double

mutants were similar to single mutants (not shown). However,
the key feature of DRC suppression is improved flagellar beat,
which was therefore examined with high-resolution phase con-
trast and DIC microscopy. Although the less-severe phenotype
of rsp3 mutants made it difficult to reliably detect improved
flagellar beat, suppression of the pf16 beat defect was imme-
diately obvious in pf16/tpn double knockdown mutants (Fig. 8A
and B, and videos S11 and S12 in the supplemental material).
In contrast to the erratic flagellar twitch exhibited by pf16
single mutants, pf16/tpn double mutants produced a sustained
flagellar waveform and rarely twitched (compare videos S11
and S12 to video S3 in the supplemental material). Likewise,
the curvature of the anterior cell body and flagellum, which is
a hallmark of pf16 single mutants, was reduced or absent in
double mutants (Fig. 8A and B), most likely as a direct result
of the more regular and controlled beating of the flagellum.

To demonstrate the suppression afforded by loss of trypanin,
the phenotypic characteristics of these mutants were used to
distinguish pf16 single and pf16/tpn double mutants in a blind
assay. Fifty separate samples of pf16 and pf16/tpn mutants were
visually inspected and mutants were accurately identified as
single (pf16) or double (pf16/tpn) (Table 1). We also per-
formed a quantitative analysis of flagellar motion to distinguish
single and double mutants (Fig. 8C). A total of 100 pf16 single
mutants and 100 pf16/tpn double mutants were examined, and
this analysis showed that flagella of most double mutants beat
continuously, whereas single mutants do not (Fig. 8C). There-
fore, loss of trypanin suppresses the erratic twitching and
curved flagellum that are hallmarks of pf16 mutants.

DISCUSSION

The T. brucei flagellum is important for many aspects of
trypanosome cell biology and host-parasite interaction, yet our
knowledge of the trypanosome flagellar apparatus is limited. In
the present study, we advance understanding of this organelle

FIG. 6. Physical agitation of motility mutants rescues the cytokinesis defect. (A) Growth curves of TbRSP3 cells grown on a rotating shaker
(triangles) or grown without shaking (circles), in the presence (open symbols) or absence (filled symbols) of tetracycline, where tetracycline was
added at time � 0. (B) Phase-contrast images of live tetracycline-induced TbRSP3 cultures at 66 h postinduction. Cultures grown without shaking
are shown in the left panels, while cultures grown with shaking are shown in the right panels. Images are shown at �20 (upper panels) and �10
(lower panels) magnification. Rotating also rescued the cytokinesis defect of pf16 and pf20 mutants (not shown).
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in four important ways. First, we establish a requirement for
central pair and radial spoke components in T. brucei motility.
Second, we demonstrate for the first time that the orientation
of CP microtubules is fixed relative to outer doublet microtu-
bules and that abnormal central pair orientation is correlated
with severely defective motility. Third, our results demonstrate
that flagellar motility contributes to normal cytokinesis in T.
brucei and suggest that the flagellum has an active role in cell
division, beyond its passive role as a structural and positional
cue. Finally, we provide genetic evidence that the dynein reg-
ulatory complex, previously characterized only in algae, repre-
sents an evolutionarily conserved strategy for dynein regula-
tion and that trypanin operates together with PF16 in a DRC-
like regulatory system in T. brucei.

Trypanin is part of an evolutionarily conserved dynein reg-
ulatory system. Many cellular functions are dependent upon
correct spatial and temporal regulation of dynein motors, and
identification of the proteins and mechanisms underlying this
regulation represents a major challenge in cell biology. In C.
reinhardtii, the DRC functions as part of a mechanochemical
signal transduction pathway that regulates the axonemal dy-
nein in response to signals from central pair microtubules and

radial spokes (24, 43, 44, 55). DRC components are defined
through their genetic interaction with central pair components.
Specifically, loss-of-function DRC mutations suppress flagellar
beat defects of central pair loss-of-function mutants (24). Us-
ing dual RNAi knockdown, we show that the loss of trypanin
suppresses the flagellar beat defects of a central pair (pf16)
knockdown mutant in T. brucei, demonstrating a genetic inter-
action between trypanin and PF16. Therefore, trypanin meets
the following criteria of a DRC component: (i) trypanin loss
suppresses a central pair beat defect without restoring expres-
sion of the central pair protein, (ii) trypanin single knockdown
mutants exhibit a motility defect indicative of abnormal dynein
regulation (26), (iii) trypanin is stably associated with flagellar
axonemes (19), and (iv) is distributed along the length of the
flagellum (26). Taken together, these data show that trypanin
functions as part of a DRC-like regulatory system in African
trypanosomes. Although we did not readily detect a genetic
interaction between RSP3 and trypanin, this is probably be-
cause the less severe rsp3 phenotype makes suppression too
subtle to detect.

Trypanin single-knockdown mutants are incapable of direc-
tional cell motility but have an actively beating flagellum and

FIG. 7. rsp3/tpn and pf16/tpn double-knockdown mutants. (A and B) Northern blots demonstrating efficient RNAi knockdown of TPN, RSP3,
and PF16 in single- and double-knockdown mutants. RNAi targets are indicated for each cell line, TbRSP3 (RSP3), TbTPN (TPN), TbPF16
(PF16), TbRSP3/TPN (RSP3/TPN), and TbPF16/TPN (PF16/TPN). Cells were incubated in the presence (�) or absence (�) of tetracycline (Tet)
for 24 h, and total RNA was isolated and subjected to Northern blot analysis with TPN, RSP3, or PF16 probes, as indicated. The lower blots show
loading controls. (C) Western blot analysis of whole-cell lysates from TbPF16/TPN (PF16/TPN), TbRSP3/TPN (RSP3/TPN), and TbTPN (TPN)
cells incubated in the presence (�) or absence (�) of tetracycline (Tet). Protein samples were prepared 24 and 48 h after the addition of
tetracycline and subjected to Western blot analysis with an �-TPN monoclonal antibody (upper panel) or an �-�-tubulin monoclonal antibody as
a loading control (lower panel).

706 RALSTON ET AL. EUKARYOT. CELL



are able to spin and tumble in place (26). Interestingly, a
tumbling motion similar to the trypanin knockdown phenotype
is also observed transiently in wild-type cells since they alter-
nate between directional runs and random tumbles (18, 26).
Therefore, the DRC of trypanosomes may provide a clutch-
like regulatory mechanism that can be engaged for directional
movement or disengaged for random tumbling. In bacteria,
this type of behavior is exploited to drive changes in taxis in
response to environmental cues (33).

A DRC function for trypanin is also supported by the local-
ization of trypanin along the flagellum and may explain the
flagellum attachment defect of trypanin knockdown mutants.
The T. brucei flagellum is directly connected to the cell body
along its length and trypanin knockdown mutants exhibit par-
tial flagellar detachment (26). This defect is more pronounced
upon the removal of cellular membranes, suggesting that the
loss of trypanin compromises the structural integrity of flagel-
lum attachment complexes (26). Since the DRC functions in

FIG. 8. Loss of trypanin suppresses the flagellar beat defect of a central pair mutant. Images show a time-lapse series of pf16 single mutants
(A) and pf16/tpn double mutants (B), taken every 1/6 of a second over a 1-s time period. All cells are shown with their anterior ends oriented
downward, with arrows indicating the position of the flagellar tip. The hallmark of pf16 single mutants is an S-shaped curvature of the anterior
portion of the cell body and flagellar tip, accompanied by an abnormal flagellar beat (see text and video S3 in the supplemental material). pf16/tpn
double mutants do not typically exhibit this anterior curvature and sustain a more normal flagellar beat (compare videos S11 and S12 with video
S3 in the supplemental material). (C) Quantitative analysis of flagellar beating in pf16 single mutant and pf16/tpn double mutant cultures. A total
of 100 random cells from each cell line were analyzed 48 h after the addition of tetracycline. The number of beats at the flagellar tip, up to 12 or
greater than 12 (
12), during a 10-s period were quantified for each cell. Overall, cellular movements in this time period were also analyzed, and
cells that exhibited no net movement (Immotile) or net movement (Motile) are indicated. Note that while this quantitative assay clearly
demonstrates suppression of pf16 defects, it does not reflect the improved quality of beat in the double mutant. For example, although some pf16
and pf16/tpn mutants fall into the same “
12” quantitative category, there are obvious qualitative differences in flagellar motion between these
mutants (e.g., compare videos S11 and S12 with video S4 in the supplemental material).
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beat regulation, flagellum detachment in tpn knockdown mu-
tants might be an indirect consequence of the motility defect,
as previously suggested (55), rather than a direct consequence
of the loss of trypanin. These two explanations are not mutu-
ally exclusive, and a third possibility is that trypanin functions
in both capacities. The 96-nm periodicity of the DRC along the
axoneme in C. reinhardtii (16) is the same as the periodicity of
the flagellum attachment complexes in T. brucei (67). There-
fore, the DRC or an associated structure might be exploited to
serve a secondary function as an axonemal attachment site.
Distinguishing between these possibilities will require more
precise ultrastructural localization of trypanin and the DRC in
T. brucei.

Further analysis of flagellar dynein regulation in T. brucei
will be of tremendous interest, particularly since the trypano-
some genome also contains a trypanin paralogue, TRP (for
trypanin-related protein [see Materials and Methods]). TRP
mRNA is not targeted by trypanin RNAi (Fig. 7A) and the
contribution of TRP to dynein regulation remains to be deter-
mined. Interestingly, genes for both trypanin and TRP are
found in other kinetoplastids, whereas C. reinhardtii and hu-
mans have only a single trypanin homologue (K. L. Hill, un-
published observation). The presence of a paraflagellar rod in
kinetoplastids imparts structural asymmetry to the axoneme,
since outer doublets four through seven are physically linked to
the paraflagellar rod (5). This asymmetric arrangement un-
doubtedly imposes unique regulatory demands, and perhaps
this need is met with two distinct dynein regulatory systems,
one containing trypanin and the other containing TRP.

Radial spoke and central pair proteins are required for
flagellar motility in T. brucei. We identified T. brucei RSP3,
PF16, and PF20 homologues as single-copy genes in the T.
brucei genome. Knockdown of each of these genes results in
severely defective motility. Ultrastructural analysis demon-
strates loss of radial spokes in rsp3 mutants and abnormal
central pair orientation in pf16 and pf20 mutants. In vitro
studies with reactivated axonemes show that the position of the
C1 microtubule of the central pair correlates with the position
of active dyneins in C. reinhardtii (71, 72). Hence, the restricted
orientation of central pair microtubules, together with the ab-
errant central pair orientation in pf16 and pf20 mutants, sup-
ports the idea that all dyneins around the circumference of the
axoneme do not receive the same regulatory inputs in T. brucei.
It is possible that the abnormal central pair orientation in T.
brucei pf16 and pf20 mutants leads to aberrant dynein activity

and abnormal motility, but currently we do not know whether
abnormal central pair orientation is the cause or the conse-
quence of the motility defect. We did not observe a loss of
central pair microtubules in intact cells (Fig. 3) or demem-
branated flagella (not shown) from pf16 or pf20 mutants. In
contrast, pf16 and pf20 deficiency in C. reinhardtii (1, 15) and
mice (56, 77) manifests as instability of central pair microtu-
bules, although the precise function of these proteins is not
known. Interestingly, loss of central pair microtubules in C.
reinhardtii pf16 mutants is observed in demembranated axon-
emes but not in intact cells (15), indicating that something
other than the absence of the central pair is responsible for the
motility defect. By demonstrating that the presence of central
pair microtubules is not sufficient for motility in T. brucei, our
results also extend the findings of McKean et al. (35), who
demonstrated that complete ablation of the central pair appa-
ratus in T. brucei by gamma tubulin knockdown disrupts cell
motility.

A rudimentary beat is often observed in the flagellar tips of
rsp3, pf16, and pf20 mutants. Since the flagellar beat in T.
brucei initiates at the tip (69, 70), it thus appears that these
mutants are able to initiate but not propagate flagellar beat.
The pronounced curvature of pf16 and pf20 mutants likely also
results from the inability to sustain flagellar beat, since it is
reduced or absent in pf16/tpn double mutants and rsp3 single
mutants. The twitching and curved flagella seen in T. brucei
pf16 and pf20 mutants is similar to the twitching and curved
flagella of sperm from pf16 knockout mice (56) and pf20 chi-
meric mice (76). Twitching and phenotypic heterogeneity is
also observed in C. reinhardtii pf16 and pf20 loss-of-function
mutants (1, 15), suggesting that residual flagellar movement is
independent of PF16 and PF20 and is not simply due to in-
complete knockdown.

Radial spokes are composed of an estimated 23 proteins
(75), with a surprisingly large number containing predicted
regulatory domains, supporting the emerging concept that
spokes play important roles in signal transduction and are not
simply structural components of the flagellum (62). The central
pair apparatus is also composed of at least 23 proteins (1, 15).
By establishing a requirement for radial spoke and central pair
proteins in trypanosome motility, our results facilitate struc-
ture-function analyses by aiding in rational selection of key
amino acids to target with site-directed mutagenesis. The rep-
ertoire of tools available for molecular genetic manipulation in
T. brucei, including targeted gene knockouts and inducible
RNAi knockdowns, makes these parasites a powerful system
for elucidating the function of these and other (3, 31) candi-
date motility genes.

Flagellar motility is required for cytokinesis. An unanticipated
finding from our studies is that flagellar motility is required for
normal cell division. rsp3, pf16, pf20, and pfr2 knockdown mutants
are each blocked at the final stage of cell separation but can
reinitiate cytokinesis multiple times. The loss of RSP3, PF16,
PF20, or PFR2 affects distinct substructures within the flagellum,
and in all four mutants defective flagellar motility precedes the
block in cytokinesis. Therefore, flagellar motility itself, rather than
a specific flagellar substructure, is required for cytokinesis.

Other motility mutants have been described in T. brucei.
Since those that are nonviable are also defective in critical
structures such as the mitotic spindle (35) or flagellum attach-

TABLE 1. Blind assay of single and double mutantsa

Mutant No. of cultures correctly
identified/total no. tested (%)

Single (pf16) 20/22 (91)
Double (pf16/tpn) 27/28 (96)

Total 47/50 (94)

a Four independent cultures of pf16 single mutants (TbPF16) and pf16/tpn
double mutants (TbPF16/TPN) were induced with tetracycline for 48 h and
divided among 50 different culture flasks. Each of these 50 flasks were visually
examined blindly without knowledge of either the identity of the mutant (single
or double) or how many flasks of each mutant were present. Samples were scored
as single or double mutants based on the phenotypic characteristics defined in
the text.
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ment zone (28, 30), it is difficult to assess the relative contri-
bution of flagellar beat to the lethal phenotype. PFR2 knock-
down mutants, snl-1 (7) and snl-2 (4), have been described
previously that exhibit severely reduced flagellar beat. These
mutants are viable but grow more slowly than the wild type (6).
Cytokinesis was not specifically examined in the previous stud-
ies, although one report indicates that snl-2 cells divide nor-
mally (4). Reexamination of these mutants demonstrates they
form multicellular clusters, albeit not to the extent seen in the
pfr2 mutants obtained in the current study (P. Bastin, personal
communication). The reason for the difference in severity is
not entirely clear, but both snl-1 (7) and snl-2 (4) were isolated
under conditions in which PFR2 dsRNA is expressed. Hence,
there is selective pressure for compensation to allow outgrowth
of these mutants, and the difference in severity may be due to
differences in the extent of flagellar beating and/or other com-
pensating factors. Consistent with this explanation, transfec-
tion of the snl-2 plasmid into a cell line that lacks a tetracycline
repressor and therefore expresses high levels of the PFR2
dsRNA gave poor transfection efficiency, and the few trans-
fectants obtained had severe cytokinesis defects (P. Bastin,
personal communication). An independent pfr2 mutant gener-
ated utilizing an intermolecular dsRNA is viable (14) but also
forms multicellular clusters (P. Bastin, personal communica-
tion). Finally, attempts to generate a PFR2 knockout via gene
disruption in T. brucei have failed (25), a finding consistent
with the idea that the PFR2 gene is essential. Therefore, the
combined data support a requirement for flagellar motility in
cytokinesis in T. brucei.

The cytokinesis defect of motility mutants might reflect a
direct or indirect role for flagellar beat or a combination of
direct and indirect roles. Several lines of evidence suggest that
a direct role is at least partially responsible. The initial defect
is marked by an accumulation of cells connected at their ex-
treme posterior ends. Hence, cleavage furrow ingression and
progression along the flagellum attachment zone is normal,
and cell separation fails at the posterior end. Indeed, daughter
cells are sometimes connected by only a thin string of mem-
brane (data not shown). It is difficult to envision internal struc-
tural defects preventing cell separation at this stage of division.
This is very different than the phenotype observed in fla1
mutants, where disruption of flagellum attachment structures
prevents the initiation of cytokinesis (30). Flagellar motility

can influence positioning of the kinetoplast (unpublished ob-
servation), which is connected to the flagellar basal body (39),
and it is possible that indirect effects also contribute to the
cytokinesis defect, particularly several days postinduction.
However, the finding that physical forces provided by mechan-
ical rotation of cultures completely rescues the cytokinesis
defect demonstrates that no physical barrier precludes cell
separation and supports the idea that physical forces provided
by the flagellar beat contribute to cell division. Mechanical
forces also contribute to cytokinesis in animal cells (50). In
wild-type trypanosomes at the final stage of cytokinesis, daugh-
ter cells are opposing one another, with their flagella pointing
in opposite directions (video S13 in the supplemental material)
(58). Since there is no compelling evidence for an actin/myosin
II contractile ring at the cleavage furrow in T. brucei (15),
exploiting directional and rotational pulling forces imparted by
flagellar beating would be a convenient way to aid in the final
separation of dividing cells. A similar phenomenon, termed
rotokinesis, whereby ciliary driven cell motility and perhaps
cell rotation assists in the separation of daughter cells has been
described in Tetrahymena thermophila (8). Note that a univer-
sal feature of trypanosome motility mutants that fail in cyto-
kinesis is that they do not rotate. In contrast, flagellar beat
drives vigorous cellular rotation in wild-type cells and in trypa-
nin single mutants, which divide normally (Table 2 and com-
pare videos S13 and S14 in the supplemental material) (26).

Summary. Defects in ciliary motility are linked to wide va-
riety of inherited human diseases (2, 27, 63) and a better
understanding of flagellar motility is critical for the develop-
ment of new strategies to treat these diseases. Although the
structural features of the flagellum have been studied exten-
sively and are considered to be well conserved, regulatory
mechanisms that control flagellar beat are not well understood
in any organism. In the present study, we demonstrate that the
DRC is an evolutionarily conserved dynein regulatory system
and that altered orientation of central pair microtubules is
linked to cell motility defects in vivo. We also provide the first
evidence that flagellar motility is required for cell division in T.
brucei, the causative agent of African sleeping sickness. This
suggests that the numerous enzymatic activities that drive the
beating of the eukaryotic flagellum, such as ATPases, phos-
phatases, and kinases (48), represent candidate drug targets
for treatment of this fatal disease.

TABLE 2. Cell motility and cytokinesis phenotypes

Phenotypeb

Strain(s)a

Wild type tpn pf16 and pf20 pf16/tpn, rsp3, and pfr2

Flagellar beat � � � �
Forward motility � � � �
Cellular rotation � � � �
Cytokinesis � � � �

a Schematic illustration of RNAi knockdown strains used in this study (pf16, pf20, pf16/tpn, rsp3, and pfr2), as well as the tpn knockdown (26) and wild-type strains.
Flagella are shown in blue. A circular red arrow denotes cellular rotation, and a straight red arrow denotes directional motility.

b The phenotypes of each strain, as described in the text, are listed. All mutants that are incapable of cellular rotation are also defective in cytokinesis.
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