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CMEF22 Is a Broadly Conserved Axonemal Protein and Is Required for
Propulsive Motility in Trypanosoma brucei
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The eukaryotic flagellum (or cilium) is a broadly conserved organelle that provides motility for many pathogenic protozoa and is
critical for normal development and physiology in humans. Therefore, defining core components of motile axonemes enhances
understanding of eukaryotic biology and provides insight into mechanisms of inherited and infectious diseases in humans. In
this study, we show that component of motile flagella 22 (CMF22) is tightly associated with the flagellar axoneme and is likely to
have been present in the last eukaryotic common ancestor. The CMF22 amino acid sequence contains predicted IQ and ATPase
associated with a variety of cellular activities (AAA) motifs that are conserved among CMF22 orthologues in diverse organisms,
hinting at the importance of these domains in CMF22 function. Knockdown by RNA interference (RNAi) and rescue with an
RNAi-immune mRNA demonstrated that CMF22 is required for propulsive cell motility in Trypanosoma brucei. Loss of propul-
sive motility in CMF22-knockdown cells was due to altered flagellar beating patterns, rather than flagellar paralysis, indicating
that CMF22 is essential for motility regulation and likely functions as a fundamental regulatory component of motile axonemes.
CMF22 association with the axoneme is weakened in mutants that disrupt the nexin-dynein regulatory complex, suggesting po-

tential interaction with this complex. Our results provide insight into the core machinery required for motility of eukaryotic

flagella.

he flagellum (also called cilium) is a prominent eukaryotic

organelle that functions in motility, environmental sensing,
adhesion, and mating (1, 2). In humans, flagellar motility is
essential for normal development and physiology (3). Defec-
tive motility, due to flagellar paralysis or dysregulated beating,
results in a variety of diseases, including primary ciliary dyski-
nesia, situs inversus, hydrocephalus, respiratory malfunction,
and male factor infertility (4). In addition, motile flagella pro-
vide the primary mode of locomotion for many pathogenic
protozoa, including Trypanosoma spp., Leishmania spp., Giar-
dia lamblia, and Trichomonas vaginalis, which cause immense
morbidity throughout the developing world (5-7). For example,
Trypanosoma brucei strains depend on a motile flagellum to com-
plete their life cycle, enabling infections of humans and livestock
that result in a significant loss of life and economic hardship in
sub-Saharan Africa (8, 9). Therefore, the motile flagellum is a
critical component in a range of heritable and infectious diseases.

Flagella are present in all major eukaryotic groups and are built
upon a microtubule axoneme that may be motile or nonmotile
(10-12). Motile flagella exhibit structural elaborations that are not
seen in immotile flagella and in most organisms share a canonical
9 + 2 axoneme structure, which consists of nine outer doublet
microtubules arranged symmetrically around a pair of singlet mi-
crotubules. Outer doublets provide a scaffold for assembly of dy-
nein motors and regulatory complexes, with adjacent doublets
connected via nexin links. Projections extending outward from
each of the central pair microtubules form a sheath-like structure
that envelopes the central pair (13). Radial spokes extend inward
from each outer doublet microtubule and terminate adjacent to
the sheath of the central pair microtubules. Recent cryoelectron
tomography studies have defined additional axonemal substruc-
tures, such as microtubule inner proteins (14) and novel inter-
doublet linkages (15). Structural variations are present in some
organisms, but the general architecture of the 9 + 2 axoneme
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described above is conserved across broad evolutionary distances,
consistent with the idea that the last eukaryotic common ancestor
had a motile axoneme (16).

Because of the importance of flagellum motility to human
health and disease, there is great interest in identifying essential
functional and structural components of these organelles, as these
represent candidate disease genes and/or therapeutic targets.
Moreover, such efforts offer insight into flagellum biology and
motility mechanisms by defining fundamental building blocks
needed for assembly and operation of motile axonemes. The deep
evolutionary origins of the eukaryotic axoneme, together with the
availability of complete genome sequences from many divergent
eukaryotes, have made it possible to identify candidate motility
genes based on phylogenetic distribution (17-20). These ap-
proaches take advantage of the fact that proteins crucial for axon-
eme motility are conserved in most organisms with motile flagella
butare absent in organisms that lack motile flagella. Proteins iden-
tified may be conserved across diverse taxa or may represent lin-
eage-specific elaborations, depending upon how the analysis is
developed (21). As with any genomic approach, direct analyses of
resultant candidates must then be conducted to interrogate the
predicted role in axoneme motility.

Previously, we performed an in silico screen to identify genes
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that are broadly conserved in organisms with motile flagella and
absent in organisms that lack a motile flagellum (19). We identi-
fied a cohort of 50 genes postulated to serve as core components of
motile flagella (CMF), i.e., having axonemal motility functions
conserved across diverse taxa. Several CMF genes encode proteins
determined to have known or implicated functions in axoneme
motility through independent studies. These include subunits of
the nexin-dynein regulatory complex (NDRC; trypanin, CMF44,
CMF46, CMF70) (22-26), protofilament ribbon proteins (CMF2,
CMF3, CMF4, CMF19) (27-29), dynein subunits (CMF39,
CMF73) (30, 31), and the trypanosome orthologue of the move
backwards only 2 (MBO2) gene product (CMF8) (32, 33). How-
ever, a large number of CMF proteins have not yet been subjected
to direct, in-depth analysis. Among the cohort of CMF proteins,
CMF22 piqued our interest because its amino acid sequence con-
tains IQ and ATPase associated with a variety of cellular activities
(AAA) sequence motifs, which have potential to confer regulatory
roles via Ca®" and nucleotide signaling, respectively (34, 35). Each
of these is of interest in the context of flagellum function, because
calcium ions and nucleotides both function in regulation of fla-
gellum beating (36, 37). Here we report an in-depth analysis of
CMF22 in the African trypanosome T. brucei, which has emerged
as a powerful experimental system for functional analysis of fla-
gellar proteins (38). We employ expanded phylogenetic analysis,
together with biochemical and gene-knockdown approaches, to
demonstrate that CMF22 is an axonemal protein required for reg-
ulation of flagellar beating.

MATERIALS AND METHODS

Trypanosome transfection and cell maintenance. Procyclic 29-13 cells
(39) were used for all experiments. Cultures were maintained in Cunning-
ham’s semidefined medium (SM) supplemented with 10% heat-inacti-
vated fetal calf serum, 15 mg/ml G418, and 50 mg/ml hygromycin (23).
Transfection and selection were done as previously described (23). Clonal
lines were established through limiting dilution. RNA interference
(RNAI) was induced by adding 1 pg/ml tetracycline (Tet).

Database searches. T. brucei CMF22 (GenBank accession number
XP_828418.1) orthologues were identified in genome databases as recip-
rocal best BLAST hits using the NCBI BLAST portal as well as species-
specific portals when necessary and the T. brucei sequence as the original
query. Hits were confirmed by individual alignments where there was
ambiguity. An organism was listed as having an orthologue if it had a hit
and returned T. brucei CMF22 as the top hit in a BLAST search against T.
brucei. Domain identification was done using the SMART database (40)
and individual alignments where there was ambiguity. A summary of the
organisms used and the corresponding accession numbers of the CMF22
orthologues is provided in Table S1 in the supplemental material.

In situ tagging and RNAi knockdown. I situ tagging of CMF22 was
performed using the pMOTag2H vector (41) for direct integration of a
tagging cassette at the C terminus of endogenous CMF22. The final 515 bp
of the CMF22 open reading frame (ORF) was amplified from 29-13 pro-
cyclic genomic DNA with forward (5'-ATGGTACCTGAAGAAAGAGG
TACTTAAGGGC-3') and reverse (5'-ATCTCGAGTTCCTTCTTCTTG
GGTCTCTTCTTAG-3") primers containing a KpnI site (underlined) and
an Xhol site (underlined), respectively. This fragment was ligated into the
corresponding sites of pMOTag2H directly upstream of the 3X hemag-
glutinin (HA) cassette. Subsequently, 655 bp of the 3" untranslated region
(UTR) immediately downstream of the CMF22 stop codon was amplified
with forward (5'-ATGGATCCAGCCCGGAATGTTCCTCAC-3') and
reverse (5'-ATACTAGTGACGCCGGTCGACCTCGAAG-3') primers
containing a BamHI site (underlined) and a Spel site (underlined), re-
spectively. This fragment was then cloned into the corresponding sites
directly downstream of the puromycin resistance (PuroR) cassette. The
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entire tagging cassette (CMF220RF-3 X HA-igr-PuroR-CMF22 3" UTR)
was excised from the resulting plasmid and stably transfected into 29-13
cells.

RNAi plasmids were constructed in the p2T7"'B plasmid (42). A
405-bp fragment of the CMF22 3" UTR was selected using parameters
described previously (43, 44) and designed using the RNAit algorithm
(45) as described previously (44, 46). This region was amplified with for-
ward (5'-ATGGATCCAGCCCGGAATGTTCCTCAC-3") and reverse
(5'-ATAAGCTTGCTTCGCACCTGTACAACG-3") primers containing
a BamHI site (underlined) and a HindIII site (underlined), respectively.
The resulting amplicon was cloned into the corresponding sites of
p2T7"B between opposing, tetracycline-inducible T7 promoters. Follow-
ing linearization with Notl, this plasmid was stably transfected into 29-13
cells to generate a CMF22 3" UTR-knockdown (CMF22-UKD) line. All
DNA constructs were verified by direct sequencing. The rescue UTR-
knockdown RNAi-immune (UKD-Ri) cell line was generated by stably
transfecting the CMF22 C-terminal in situ tagging cassette (see above)
into the CMF22-UKD line. The same CMF22 C-terminal in situ tagging
cassette (see above) was stably transfected into the trypanin-UKD (46)
and CKF70-knockdown (CMF70-KD) (25) cell lines to generate trypanin
and CMF70 knockdowns that express tagged CMF22. These cell lines were
grown in medium without puromycin for a week prior to tetracycline
induction.

Cytoskeletal fractionation, Western blotting, and immunofluores-
cence and electron microscopy. Procyclic 29-13 cells were subjected to
detergent fractionation using a two-step fractionation method as previ-
ously described (25, 38). Nonionic 1% Nonidet P-40 (NP-40) was used to
solubilize the cell, and the pellet fraction was subsequently extracted in 0.5
M and 1 M NaCl PMN (10 mM NaPO,, pH 7.4, 1 mM MgCl,, 150 mM
NaCl) buffer. Cell lysates and detergent fractionations were analyzed by
Western blotting as previously described (23). Primary antibody dilutions
were as follows: monoclonal anti-HA antibody (HA11.1; Covance),
1:1,000; and monoclonal antitrypanin antibody (monoclonal antibody
37.2), 1:5,000 (23); monoclonal antitubulin antibody E7 supernatant,
1:2,500. Monoclonal antibody E7, directed against beta-tubulin, was de-
veloped previously (47) and was obtained from the Developmental Stud-
ies Hybridoma Bank maintained by the University of lowa Department of
Biological Sciences.

For immunofluorescence, cells were extracted in PEME buffer [100
mM piperazine-N,N’-bis(2-ethanesulfonic acid), pH 6.9, 2 mM EGTA,
0.1 mM EDTA, 1 mM MgSO,, 25 pg/ml aprotinin, 25 wg/ml leupeptin]
containing 1% NP-40 (48). Cell cytoskeletons were fixed in 2% parafor-
maldehyde, quenched in 0.1 M glycine, and subjected to indirect immu-
nofluorescence microscopy as previously described (38). Procyclic 2913
cytoskeletons were used as a negative control and showed no staining
(data not shown). The following primary antibody dilutions were used:
monoclonal anti-HA antibody (HA11.1; Covance), 1:200; monoclonal
anti-PFR antibody (rat anti-PFR2; a gift from Thomas Seebeck), 1:2,500;
mouse monoclonal antitrypanin antibody (9C7), 1:50; rat anti-HA anti-
body clone 3F10 (Roche Applied Science), 1:100; and monoclonal antitu-
bulin clone YL 1/2 (Millipore), 1:2,500. Cytoskeletons were mounted after
staining with Vectashield containing DAPI (4',6-diamidino-2-phenylin-
dole).

For transmission electron microscopy (TEM), log-phase CMF22-
UKD cells were uninduced or induced with tetracycline for 72 h, washed
twice with phosphate-buffered saline (PBS), resuspended in 1 ml fixative
(3% paraformaldehyde and 3% glutaraldehyde in 0.1 M Na cacodylate
containing 1% filtered tannic acid), and incubated for 1 h. For detergent-
extracted cytoskeletons, cells were washed twice in PBS and resuspended
in PEME buffer plus 1% NP-40 for 10 min. Cells were then pelleted at 4°C
and resuspended in 1 ml fixative for 1 h (as described above). Fixed cells
were pelleted and resuspended in fixative without tannic acid, treated with
1% osmium tetroxide, dehydrated in ethanol, washed three times in
Eponate resin, and embedded in Eponate 182 resin. After polymerization,
cells were sectioned into 80-nm-thick sections and analyzed using a JEOL
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1230 transmission electron microscope at the University of lowa Central
Microscopy Research Facility (49).

Northern blotting. Total RNA was extracted from cells using a Qiagen
RNeasy miniprep kit. Northern blotting was performed on RNA samples
(5 pg/lane) from each cell line as previously described (50), with the
exception that digoxigenin (DIG)-labeled probes (DIG nucleic acid de-
tection kit [Roche]) were used in place of **P-labeled probes to detect
RNA levels. A unique 523-bp probe corresponding to nucleotides 1398 to
1920 of the CMF22 ORF was used in accordance with the manufacturer’s
instructions. rRNA was cross-linked and visualized under UV light.

Growth curves and motility assays/videos. Cell growth was moni-
tored using a Z1 Coulter particle counter (Beckman Coulter), with curves
plotted as cumulative growth, and data points are reported as the averages
obtained in three independent experiments with duplicate samples taken
at each time point. Error bars indicate the standard deviation of the three
independent experiments. For motility assays, cells at a density of 3 X 10°
cells/ml were pipetted into polyglutamate-coated motility chambers (51)
at room temperature and imaged on a Zeiss Axioskop II microscope
within 10 min after removal from the incubator. For motility traces, vid-
eos were collected using dark-field optics with a X20 objective as de-
scribed previously (51). For tetracycline-inducible conditions, 1 pg/ml
tetracycline was added to cultures for 72 h before video capture. Motility
traces were performed as described previously (51), and average curvilin-
ear velocity was determined using Metamorph software (Molecular Dy-
namics). A Student’s unpaired ¢ test was also used to determine signifi-
cance. To quantify parasite propulsive motility, traces were used to
calculate the mean squared displacement (MSD) of individual cells in the
x and y dimensions according to the formula (r,(£)*) = {[p;,(t) — p,(0)]*),
where r,(t) is the distance traveled by the parasite over time interval , p,(t)
is the position of the parasite at any given time t, and p;(0) is the position
of the parasite at the start of time interval . The time scale of t ranged from
1 to 30 s in increments of 1 s. MSD is calculated for each instance i of a
given time interval. Several cell MSDs were then averaged to obtain an
ensemble average. Error bars indicate the standard deviation. For CMF22-
UKD, 20 uninduced parasites were compared to 20 parasites that were
induced with tetracycline for 72 h. For CMF22-UKD-Ri, 20 uninduced
parasites were compared to 20 parasites that were tetracycline induced for
72 h. For the tetracycline removal experiment, CMF22-UKD cells were
induced with tetracycline for 72 h and tetracycline was removed by dilut-
ing cells to 1 X 10° cells/ml in fresh medium without tetracycline, with
continuous dilution to maintain log-phase growth for 5 days. After 5 days
of tetracycline removal, motility traces were performed and MSD was
determined as described above. For single-cell motility videos, cells were
imaged using differential interference contrast optics with a X100 oil
objective. Videos were either captured at 30 frames per second with a
COHU charge-coupled-device camera and imported using Adobe Pre-
miere Elements software as described previously (51) or captured at 1,000
frames/second using an X-PRI mono 2s high-speed camera (AOS Tech-
nologies AG) and the AOS Imaging Studio Light (v2) software from the
manufacturer.

RESULTS

The original identification of CMF genes surveyed 10 organisms,
and these represented a limited number of eukaryotic clades (19).
We therefore expanded our analysis with CMF22 to include 115
organisms and incorporate representatives from each of the five
major clades that encompass most eukaryotic diversity (52, 53).
Within this set, we included members of the chromalveolate and
rhizaria clades that were not represented previously. Using recip-
rocal best BLAST, we identified CMF22 orthologues in 85 out of
86 organisms with motile flagella, 0 out of 4 with only immotile
flagella, and 3 out of 25 with no flagella (see Table S1 in the sup-
plemental material). Notably, a CMF22 orthologue was identified
in representatives from all five clades for which there is a complete
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genome sequence of a ciliated organism available (Fig. 1A). To-
gether, these results indicate that CMF22 was likely present in the
last eukaryotic common ancestor and are consistent with a central
role for CMF22 in axonemal motility.

Analysis of the CMF22 primary amino acid sequence revealed
the presence of sequence motifs with the potential for regulatory
input/output, namely, an IQ motif near the N terminus and an
AAA motif near the C terminus (Fig. 1B). The presence and posi-
tion of the IQ and AAA domains are conserved in CMF22 ortho-
logues from diverse organisms (Fig. 1B), supporting a require-
ment for these sequence motifs for CMF22 function. Although the
SMART predicting algorithm detected a weak hit for the IQ motif
in the Bigelowiella natans orthologue, individual alignment
showed that all the conserved residues (IQXXXRGXXXR) are
present (data not shown). The combined phylogenetic distribu-
tion and domain structure of CMF22 support a role in axonemal
motility, with potential for regulatory function. We therefore in-
vestigated this idea directly through biochemical and functional
analysis of the CMF22 protein in T. brucei.

CMF22 is an axonemal protein. To determine the location of
CMF22, we utilized in situ tagging (41) to place a 3X HA epitope
at the protein’s C terminus. Anti-HA antibodies specifically rec-
ognized a single protein of approximately 110 kDa in total cell
lysates from the CMF22-HA-tagged cell line (Fig. 2A and B). This
size is consistent with the size predicted for the CMF22 protein
(102 kDa). To determine if CMF22-HA is associated with the fla-
gellum, cells were extracted with detergent to separate detergent-
soluble proteins (S1) from insoluble cytoskeletons (P1). Cytoskel-
etons were further extracted with 0.5 M NaCl to solubilize the
subpellicular cytoskeleton (S2), leaving an insoluble flagellum
skeleton (P2) that includes the axoneme, paraflagellar rod (PFR),
basal body, and flagellum attachment zone (FAZ) (48). The entire
cellular pool of CMF22 fractionated with the axonemal marker
trypanin in the flagellum skeleton fraction, even when using high-
salt (1 M NaCl) extraction (Fig. 2B). Notably, these high-salt-
extraction conditions solubilize most outer arm dyneins as well as
much of the central pair apparatus and portions of the PFR (38).

The biochemical fractionation pattern observed for CMF22 is
consistent with an axonemal protein but would also be observed
for protein components of the basal body, PFR, or FAZ. To dis-
tinguish between these possibilities, we used immunofluorescence
to examine the distribution of CMF22 in the cell. CMF22-HA was
found to be distributed along the entire length of the flagellum
(Fig. 3) and clearly distinct from the basal body (see Fig. S1 in the
supplemental material). CMF22-HA staining was adjacent to, but
not coincident with, PFR staining along most of the flagellum (Fig.
3A to D and I). Moreover, at the proximal end of the flagellum,
where the flagellum emerges from the cell body, CMF22-HA
staining extended beyond the end of the PFR and nearly all the way
to the kinetoplast (Fig. 3], open arrowheads). Thus, CMF22 is not
part of the PFR. At the distal end of the flagellum, CMF22-HA
extended all the way to the flagellum tip, beyond the cell body (Fig.
3A to D, white arrowheads, and I), demonstrating that CMF22 is
not part of the FAZ, which stops at the end of the cell body (54).
Finally, CMF22-HA overlapped and was interspersed with the ax-
onemal marker trypanin along the entire length of the flagellum,
including the proximal end of the axoneme (Fig. 3H, K, and L and
4). This staining pattern differs from the side-by-side staining pat-
tern observed for CMF22 and PFR. A similar pattern was also
observed in dividing cells, where the newly forming flagellum is
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A Eukaryotic Cladas Organism Cilia/Flagella Type CMF22
Unikents Fungi Allomyecas macrogynus Malile OVW Yes
Spanges Amphimedon queensiandica tatils @V Yos
Mammals Hamo sapions Malile M Yes
Inseats Dvosophila malancqasior Malile ’J\N Yes
Platyhelmnihas Senistasoms mansoni watle @V Yes
Namatodes Casnamaboilis slepans Immatile @ -
Fungi Nourespora crassa Na Cilia @
Amocbas Dictyostolim dizcaidoum Na Cilia @
Flantaa Grasn algae Champaomanas ranharadty Matile o Yos
Mosses Fryscamilrolla patens Malile "’W Yes
Angiosperms Arabidspsis thalana MNa Cilia @ -
A2d algas Cyamtloschyzon meras No Cilla @
Chromalyealatas Cryptophytes Guiaris thets matle @Y Yos
Cillates Faramecium tolraureia wotle @V Yes
Qamycetes FPhytophthara infestans Matile @V Yes
Apicompiaxa Flasmedum falipanim Motle @V
Diatams Thalessiosia psoudsnana Malile O‘NV Yes
Apicomploxa Cryplsspanidium parvum Na Cilia @
Oigroms FRasadacyiim rmsomutim Ne Gila @
Excavates Diplomonads Giardia lamblia Malile wN Yoz
Heterclobosea Naeglaria grobon Malile OVW Yes
Hinezoplastios Tpanosams druce! Matile o\f‘N Yes
Rhizaria Chi hnicphytes g narans Malile '/W Yes
B Q AAA
Toucet [ TON  ]909aa
H.sapiens (M NS 1781 aa
C.reinharatit M I ) 836 aa

P. tetraurelia
B. natans

(N — S— TP
[ S S— k]

FIG 1 CMF22 is broadly conserved among organisms with motile flagella. (A) Representative organisms from each of the indicated eukaryotic clades are shown along
with a depiction indicating whether these organisms have a motile flagellum, an immotile flagellum, or no flagellum. The presence or absence of CMF22 orthologues is
noted in the right-most column. Only organisms for which the complete genome sequence is available were considered. Groups are based on the work of Keeling et al.
(53). (B) The CMF22 domain architecture is conserved in diverse organisms. The schematic shows the predicted domain architecture for CMF22 orthologues from the
indicated organisms. The IQ and AAA motifs were identified using SMART (black and gray boxes) or individual alignments (hash-marked box). The organisms (with
their GenBank accession numbers in parentheses) used were as follows: Trypanosoma brucei (XP_828418.1), Homo sapiens (NP_001257513.1), Chlamydomonas
reinhardtii (XP_001690665.1), Paramecium tetraurelia (XP_001429179.1), and Bigelowiella natans (jgilBignal1142761). aa, amino acids.

A ¥ B
Qq‘,ib NaCl :

- 0.5M 1M
¢ S

kDa L S1P1S2P2S2p2

115
82

HA 64

181
115

CMF22-HA

82

Trypanin

Beta-tubulin

64 - Beta-tubulin

FIG 2 CMF22 is associated with the flagellum skeleton. (A) Western blot of
total cell lysates from control (2913) or CMF22-HA-tagged (CMF22-HA)
cells. Blots were probed with antibodies against the HA epitope or loading
control (tubulin). (B) Western blot of whole-cell lysates (lane L) and the indi-
cated subcellular fractions from CMF22-HA cells. Blots were probed with
antibodies against the indicated proteins. Fractions correspond to nonionic
detergent-soluble (lane S1) and insoluble (lane P1) fractions, as well as soluble
(lane S2) and insoluble (lane P2) fractions obtained by extraction of P1 with
NaCl at the concentrations indicated at the top. The lower band in the trypanin
blot is likely a degradation product.
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seen posterior to the old flagellum (Fig. 4). Therefore, the com-
bined biochemical, immunofluorescence, and phylogenetic data
demonstrate that CMF22 is an axonemal protein.

CMF22 is required for propulsive motility. To investigate the
CMF22 function, we used Tet-inducible RNAi to target the
CMF22 3" UTR, so as to allow subsequent rescue experiments (see
below) (44, 46). Northern blotting using RNA from CMF22-
UTR-knockdown (CMF22-UKD) parasites showed a single
CMF22 mRNA of approximately 3.7 kb that was dramatically re-
duced within 72 h of Tet induction (Fig. 5A). Knockdown of
CMF22 resulted in a modest growth defect (Fig. 5B), with a dou-
bling time of 14.6 h for the knockdown in comparison to a dou-
bling time of 10.1 h for control cells. This is consistent with prior
preliminary analysis of a CMF22 open reading frame knockdown
(19). We did not observe any obvious morphological or flagellum
defects in the knockdown, based on light microscopy, nor did we
observe any obvious ultrastructural defect in the flagellum, based
on transmission electron microscopy (see Fig. S2 in the supple-
mental material). To test the requirement of CMF22 for cell mo-
tility, CMF22-UKD parasites were analyzed using high-resolu-
tion, single-cell video microscopy, as well as automated particle
tracking and motility trace analysis (46). A motility defect was
immediately evident in CMF22-UKD cells when analyzed using
automated particle tracking (Fig. 5C and D) and high-resolution
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FIG 3 CMF22 is localized to the axoneme. Indirect immunofluorescence was performed on detergent-extracted cytoskeletons from CMF22-HA cells.
Samples were stained with anti-HA antibodies to detect CMF22-HA and costained with antibodies against markers for the PFR (PFR2) (A to D, I, and J)
or axoneme (trypanin) (E to H, K, and L), as indicated. DNA was visualized with DAPI (blue). Phase-contrast, individual fluorescence, and merged
fluorescence images are shown. Regions boxed in red and blue in panel D are enlarged in panels I and J, respectively. Regions boxed in red and blue in panel

H are enlarged in panels K and L, respectively. The white arrowheads in panels A to D mark the end of the cell body. Red and green arrowheads in panel
J mark the proximal end of PFR and CMF22 staining, respectively. Red and green arrowheads in panel L mark the proximal end of trypanin and CMF22

staining, respectively.

FIG 4 CMF22 localizes to the axoneme in nascent flagella. Indirect immuno-
fluorescence was performed on detergent-extracted cytoskeletons from divid-
ing CMF22-HA cells. Samples were stained with anti-HA (green) and antit-
rypanin (red) antibodies. The newly emergent daughter flagellum (arrows) is
posterior to the old flagellum (arrowheads). Phase-contrast, individual fluo-
rescence, and merged fluorescence images are shown.

1206 ec.asm.org

video microscopy (see Movies S1 and S2 in the supplemental ma-
terial). Knockdown cells retained a vigorously beating flagellum,
but beating was unproductive, as the cells were incapable of trans-
location, while uninduced controls were motile and readily
moved in and out of the field of view (see Movies S1 and S2 in the
supplemental material).

To determine the penetrance of the motility phenotype and
quantify the impact on cell movement, we employed motility trace
analysis and automated particle tracking (46, 51). CMF22-UKD
parasites were significantly slower than the uninduced controls
(2.15 pm/s for the knockdown versus 4.48 pm/s for the controls;
P < 0.0001). Cell speed provides a reasonable assessment of cell
motility but has limitations because it does not filter out Brownian
motion, which contributes to the speed calculation. We therefore
measured mean squared displacement as a function of the time
interval to assess the impact of CMF22 knockdown on propulsive
cell movement. Using this approach, we found propulsive cell
movement to be essentially absent in the CMF22 knockdown (Fig.
8, top). Thus, CMF22 knockdown resulted in a defective flagellar
beat that was incapable of driving propulsive motility. The defect
was reversed following removal of tetracycline (see Fig. S3 in the
supplemental material).

Despite the block in propulsive motility, the flagellum of
CMF22-knockdown cells continued to beat. Close examination of
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FIG 5 CMF22 knockdown disrupts motility. (A) Northern blot of RNA pre-
pared from CMF22-UKD cells grown in the absence (—) or presence (+) of
Tet, as indicated. (Top) Probe with a DNA fragment unique to the CMF22
OREF; (bottom) rRNA as a loading control. (B) Growth curve of CMF22-UKD
grown in the absence or presence of Tet for 2 weeks, as indicated. Data are
averages of three independent experiments. (C and D) Motility traces of
CMF22-UKD grown in the absence or presence of Tet for 72 h, as indicated.
Each line traces the movement of an individual trypanosome over a 30-s time
interval.

CMF22-UKD +Tet (72 h)

flagellum beating using high-speed video microscopy revealed de-
fective coordination of axonemal beating along the length of the
flagellum. Beating was erratic and variable in any given cell and
from cell to cell, making it difficult to assign a uniform descrip-
tion, but prominent features included erratic movement of the
flagellum tip, coupled with sharp bending in the cell’s anterior end
(see Movies S2 and S4 in the supplemental material). Base-to-tip

CMF22-UKD

-Tet ..

+Tet
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beats were common (Fig. 6, +Tet; see Movie S4 in the supplemen-
tal material), which is in contrast to the findings for control cells,
where the dominant beat was tip to base (55, 56) (Fig. 6, —Tet; see
Movies S1 and S3 in the supplemental material). Tip-to-base beats
could be observed in knockdown cells (see Fig. S4 in the supple-
mental material), although not as clearly or as consistently as in
control cells, and generally did not appear to propagate along the
whole cell (see Movies S5 and S8 in the supplemental material).
Thus, it appears that erratic and reverse flagellar beating combine
to block propulsive cell movement.

Maintaining CMF22 expression in the knockdown restores
motility. We next asked whether the motility defect in the knock-
down was specific to loss of CMF22 expression. For this, we took
advantage of the fact that RNAIi targets the 3’ UTR of CMF22,
allowing us to express CMF22 under inducing conditions by
changing the 3" UTR (44, 46). We used in situ tagging (41) to
replace the CMF22 3" UTR with the alpha-tubulin 3" UTR, while
simultaneously incorporating an HA tag at one CMF22 allele in
the knockdown. With this method, an HA-tagged copy of the gene
that is immune to RNAi and that is expressed from the endoge-
nous CMF22 locus is generated (46). We refer to this cell line as
UTR-knockdown RNAi immune (UKD-Ri). Immunoblotting
with anti-HA antibodies showed a single band in lysates from
UKD-Ri cells (Fig. 7A). The alpha-tubulin 3’ UTR is smaller than
the CMF22 3’ UTR; therefore, CMF22-HA mRNA is smaller than
endogenous CMF22 mRNA, and this size difference enabled us to
distinguish between the endogenous and RNAi-immune CMF22
mRNA in Northern blots. A probe specific for the CMF22 ORF
hybridized to a single mRNA in the UKD parental line and two
mRNAs in the UKD-Ri cell line, corresponding to endogenous
and HA-tagged mRNAs (Fig. 7B). The abundance of the endoge-
nous mRNA (Fig. 7B, open arrowhead) was dramatically reduced
upon RNAi induction, while the HA-tagged mRNA (Fig. 7B, filled
arrowhead) was unaffected. Thus, CMF22-UKD-Ri cells retain
CMF22 expression even under RNAi induction, and this cell line
was used to test for rescue of the motility phenotype.

RNAi knockdown of endogenous CMF22 had a minimal effect
on the growth of CMF22-UKD-Ri cells (Fig. 7C), with a doubling

FIG 6 Time-lapse series showing the reverse beatin CMF22-UKD following tetracycline induction. (Top) Control cells (CMF22-UKD cells in the absence of Tet)
retain a wild-type tip-to-base beat; time-lapse image series taken from frames at 100 to 300 ms of Movie S3 in the supplemental material are shown. (Bottom)
After Tet induction for 72 h, CMF22-UKD cells display a flagellar beat that originates at the base of the flagellum and propagates toward the flagellum tip (reverse
beat); frames at 150 to 350 ms of Movie S4 in the supplemental material are shown. White arrows, first waveform; black arrows, second waveform; filled arrows,
position of the waveform at each time point; unfilled arrows; approximate position where the waveform originates; P, posterior end of the cell; A anterior end of

the cell.
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FIG 7 HA-tagged CMF22 rescues the motility defect of CMF22-knockdown cells. (A) Western blot of total protein prepared from CMF22-UKD cells or
CMF22-UKD-Ri cells probed with anti-HA or antitubulin antibody, as indicated. UKD-RIi cells contain an RNAi-immune HA-tagged CMF22 gene; see the text
for details. (B) Northern blot of total RNA prepared from CMF22-UKD or CMF22-UKD-RIi cells grown in the absence or presence of Tet, as indicated. Open
arrowhead, endogenous CMF22 mRNA; filled arrowhead, HA-tagged mRNA. Membranes were probed with a DNA fragment specific to the CMF22 ORF (top),
and rRNA is shown as a loading control (bottom). (C) Growth curve of CMF22-UKD-Ri cells grown in the absence or presence of Tet, as indicated. (D and E)
Motility traces of CMF22-UKD-Ri cells grown in the absence or presence of Tet, as indicated.

time of 11.5 h compared to a doubling time of 10.5 h for the
controls without tetracycline (—Tet). Importantly, UKD-Ri cells
retained propulsive motility even upon knockdown of endoge-
nous CMF22, as demonstrated by motility trace (Fig. 7D and E),
movies of individual cells (see Movies S6 and S7 in the supplemen-
tal material), and mean squared displacement analyses (Fig. 8,
bottom). The slope of the MSD curve was slightly less under in-

duced conditions, but propulsive motility was clearly restored.
Therefore, the motility defect in CMF22-KD cells is attributed
specifically to the loss of CMF22. Moreover, the ability of HA-
tagged CMF22 to support propulsive motility demonstrates that
the localization of the HA-tagged protein reflects the location of
the endogenous protein.

The stability of the CMF22-HA interaction with the axoneme

- Tet + Tet
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CMF22-UKD 5 6000 £ 6000
° °
g 4000 g 4000
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3 7 11 15 19 23 27 3 7 11 15 19 23 27
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FIG 8 CMF22 is required for propulsive motility. MSD is plotted as a function of the time interval (delta time) for CMF22-UKD cells and for CMF22-UKD-Ri

cells grown in the absence or presence of Tet, as indicated.
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CMF22-HA
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FIG 9 CMF22-HA is less stably associated with the axoneme in NDRC mutants. (A) Western blot of the indicated subcellular fractions from trypanin-UTR-
knockdown, CMF70-knockdown, or CMF22-ORF-knockdown cells probed with anti-HA, antitrypanin, or antitubulin antibody, as indicated. Fractions corre-
spond to whole-cell lysate (lanes L), nonionic detergent-soluble (lanes S1) and insoluble (lanes P1) fractions, as well as soluble (lanes S2) and insoluble (lanes P2)
fractions obtained by extraction of P1 with 1 M NaCl. The lower-molecular-mass bands in the anti-HA and antitrypanin blots are likely degradation products.

is reduced in NDRC knockdowns. The phylogenetic distribution,
biochemical fractionation, and localization of CMF22, together
with the phenotype of CMF22 knockdowns, demonstrate that
CMF22 plays an important role in axonemal motility. Consistent
with these findings, a recent study found that the CMF22 ortho-
logue in Chlamydomonas reinhardtii showed reduced abundance
in axonemes from NDRC mutants, suggesting that it may be as-
sociated with the NDRC (57). The fractionation and localization
of CMF22, together with the phenotype of CMF22 knockdowns,
are consistent with this idea. To test for a potential interaction of
CMF22 with the NDRC, we asked whether cofractionation of
CMF22 with axonemes was altered in trypanosomes deficient in
the NDRC subunit trypanin or CMF70. In control cells, CMF22
fractionated exclusively with 1% NP-40-extracted cytoskeleton
pellets and 1 M NaCl-extracted axoneme pellets (Fig. 2). As shown
in Fig. 9, Tet-inducible knockdown of trypanin or CMF70 re-
sulted in nearly half of the cellular pool of CMF22 being solubi-
lized with 1% NP-40 (Fig. 9). Therefore, an intact NDRC is re-
quired for the stable association of CMF22 with the axoneme. In
the reciprocal experiment, the stable association of trypanin with
1 M NaCl-extracted axonemes was not altered by CMF22 knock-
down (Fig. 9).

DISCUSSION

Axonemal motility is essential for human development and phys-
iology, as well as for the motility of pathogens that cause tremen-
dous human suffering worldwide (4, 5). Therefore, defining core
components of motile axonemes enhances understanding of eu-
karyotic biology and provides insight into mechanisms of inher-
ited and infectious diseases in humans. In this study, we used
phylogenetic, biochemical, and functional analysis to demon-
strate that CMF22 is a broadly conserved component of the motile
axoneme and is required for wild-type flagellum beating in T.
brucei. Ablation of CMF22 expression by RNAi resulted in altered
flagellar beating, including erratic and reverse beating, and com-
pletely blocked directional cell motility.

CMF22 is represented in each of the five major eukaryotic
clades for which there is a representative having a motile flagellum
and a completely sequenced genome (Fig. 1). This distribution
indicates that CMF22 arose early in eukaryotic evolution as a core
component of the machinery that drives flagellar motility. CMF22
function has not been directly studied in other organisms. How-
ever, CMF22 mRNA is among the most abundant transcripts in
human sperm (96th percentile) and exhibits 5-fold reduced ex-
pression in patients with male factor infertility, which is charac-
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terized by abnormal sperm morphology and motility (58). These
findings support the phylogenetic analyses by indicating a role for
CMEF22 in flagellar motility in organisms as diverse as trypano-
somes and humans. We did not identify a CMF22 orthologue in
Plasmodium falciparum, which elaborates a motile flagellum dur-
ing gametocytogenesis (59). P. falciparum axonemes are not well
studied but exhibit unusual features relative to the canonical
structure (60). Our analysis suggests either that P. falciparum has
dispensed with the need for CMF22 or that the gene sequence has
diverged sufficiently to preclude detection on the basis of se-
quence similarity.

Identification of CMF22 orthologues in three organisms re-
ported to lack a flagellum, Chlorella variabilis, Ostreococcus tauri,
and Aureococcus anophagefferens, at first seems contrary to its
overall restriction to organisms with motile flagella, but further
analysis indicates otherwise. Ostreococcus and Chlorella are both
green algae with no flagellated stage yet described. However, as
noted previously (20, 61), these organisms retain genes for several
flagellum proteins, including NDRC subunits trypanin and
CMF?70, the dynein subunit LC1, the dynein-NDRC assembly fac-
tor CCDC39, and MBO2. Aureococcus is in a different lineage
(Chromalveolates), and no flagellated stage is yet described.
Again, however, orthologues of flagellar genes are present, such as
centriolar Pix proteins (62), and in our own analysis, we found
LC1, IFT88, BBS5, and trypanin (data not shown). The presence
of flagellar genes in these organisms has been suggested to indicate
that they might possess a cryptic flagellated stage, for example, a
cryptic gamete stage (63), that flagellar genes have been retained
for other functions, or even that they have recently lost flagella and
there has not been enough time for genomic loss (20). In any case,
given the presence of several genes for flagellum proteins, it is not
entirely surprising to find that CMF22 is retained in these organ-
isms.

CMF22 knockdown completely blocks propulsive cell motility
but does not cause flagellar paralysis. Rather, flagella with the
CMF22 knockdown exhibit an abnormal beating pattern charac-
terized by erratic beating and frequent reversals of waveform
propagation. The organism with the knockdown does not show
any indication of defective flagellum assembly or major defects in
growth that accompany gross disruptions of axoneme structure in
T. brucei (23, 64—67). Indeed, TEM analysis did not reveal any
obvious defect in axoneme ultrastructure. These data argue for a
role of CMF22 in flagellar beat regulation, rather than a structural
role or a direct role in generating forces that power microtubule
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sliding. Two proteins previously shown to function in beat regu-
lationin T. brucei are trypanin and CMF70, which function as part
of the NDRC (26). The organism with the CMF22 knockdown
exhibits erratic flagellar beating, as observed in the CMF70-
knockdown cells, but does not exhibit the continuous cell tum-
bling that characterizes organisms with the trypanin knockdown
(23, 25). Also, despite frequent reversals of flagellar wave propa-
gation, the CMF22-knockdown cells do not exhibit significant
backward cell motility, such as that described in outer arm dynein
mutants with reverse wave propagation (51, 66). The absence of
backward cell locomotion in the CMF22-knockdown cells may be
due to reverse (base-to-tip) beats occurring simultaneously with
forward (tip-to-base) beats, which counter each other and block
propulsive motility. Thus, CMF22 appears to function in beat
regulation, but its precise role is distinct from that of previously
described flagellar mutations that lead to altered flagellum beating
in T. brucei.

Given the flagellum beating defect of the CMF22-knockdown
cells, together with biochemical and immunofluorescence data,
we expect CMF22 to reside within an axonemal subcomplex that
is crucial to motility regulation. Canonical subcomplexes of mo-
tile axonemes are inner and outer arm dynein motors, radial
spokes, the NDRC, and the central pair apparatus (68). The entire
cellular pool of CMF22 remains with insoluble axonemes after
extraction with 1 M NaCl, which solubilizes outer arm dyneins
and much of the central pair apparatus (38). Thus, it is unlikely
that CMF22 is a subunit of outer arm dynein complexes or the
central pair apparatus. In support of this conclusion, CMF22 is
retained in organisms that lack outer dyneins, Physcomitrella, and
in organisms that lack the central pair apparatus, Thalasiossira
(20, 69, 70). Notably, NDRC subunits trypanin and CMF70 are
likewise conserved in Physcomitrella and Thalasiossira, the latter of
which also lacks radial spokes and inner arm dyneins (20). Alto-
gether, these data suggest that CMF22 can function independently
of the central pair apparatus, radial spokes, or any single subset of
axonemal dyneins and point to the NDRC or one of the novel
axonemal subcomplexes recently identified by cryoelectron mi-
croscopy (14) to be the site of CMF22 action. Current efforts are
aimed at distinguishing between these possibilities. During prep-
aration of the manuscript, Bower et al. (57) reported that the
CMF22 orthologue in Chlamydomonas reinhardtii is a candidate
NDRC subunit, because it shows reduced abundance in axonemes
from drc mutants. Our data support and extend the important
Chlamydomonas studies through fractionation, localization, and
functional analysis of the T. brucei CMF22 protein and are consis-
tent with an NDRC function for CMF22. As reported for C. rein-
hardtii, we observed that CMF22 is less stably associated with the
axoneme in cells deficient in other NDRC components, which is a
hallmark of NDRC subunits (71, 72). The availability of an organ-
ism with the CMF22 knockdown allowed us to also ask the recip-
rocal question, namely, whether or not NDRC subunits are im-
pacted by the loss of CMF22. We found that association of
trypanin with salt-extracted axonemes is not affected by CMF22
knockdown. Bower and colleagues (57) suggested that FAP82, the
C. reinhardtii CMF22 orthologue, may correspond to one of the
NDRC distal densities that contact the B tubule of the adjacent
outer doublet (73). The finding that CMF22 knockdown does not
alter trypanin fractionation supports this model, and structural
studies are under way to directly test this idea.

A notable feature of CMF22 is the protein’s domain architec-
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ture, which includes an N-terminal IQ motif and a C-terminal
AAA domain. IQ motifs function as binding sites for calmodulin
and other EF-hand proteins (74). AAA domains are nucleotide
binding domains that function in regulation and ATP hydrolysis
in a variety of cellular contexts (75). The presence and position of
each of these domains are conserved in CMF22 orthologues from
diverse organisms (Fig. 1B), indicating that there is selective pres-
sure to retain them and supporting the notion that they are im-
portant for protein function. The CMF22 AAA domain lacks the
glutamate residue in the Walker B motif that is critical for catalysis
(76), so it probably does not hydrolyze ATP. However, it might
still function in regulation of motility through nucleotide binding.

The CMF22 IQ motif is of particular interest because it links
CMF22 to potential functions in Ca®" regulation of flagellar mo-
tility, which is conserved across diverse phyla and likely has roots
in regulatory mechanisms that appeared early in eukaryotic evo-
lution. Chemotaxis of mammalian sperm as well as flagellated
protists is dependent upon modulation of the motility apparatus
in response to extracellular cues, using Ca®" as the second mes-
senger (12, 77-81). Targets of Ca®>" are not well understood, but
pioneering studies in Chlamydomonas recently identified three ax-
onemal protein complexes that bind calmodulin and are predicted
to function in Ca** regulation (82-84). The Chlamydomonas
CMF22 orthologue, FAP82, was identified in the flagellar pro-
teome (85) but was not identified as part of calmodulin-binding
complexes in Chlamydomonas (86). Nonetheless, Ca*" -regulated
motility is conserved in another trypanosome species, Crithidia
oncopelti, where the direction of flagellar wave propagation is reg-
ulated by the concentration of calcium. Forward (tip-to-base)
beating predominates at low Ca>* concentrations (<0.1 mM),
and reverse (base-to-tip) beating dominates at higher Ca** con-
centrations (87, 88). The Ca®" response is observed in demem-
branated flagella of C. oncopelti (36), indicating that at least some
of the targets are axonemal proteins. The axonemal location of
CMF22 and frequent reversals of flagellar beating in the organism
with the CMF22 knockdown are consistent with a role for CMF22
in flagellar beat regulation.

T. brucei and related trypanosomatids are deadly pathogens
that cause tremendous human suffering worldwide, and the fla-
gellum is central to trypanosome biology, transmission, and
pathogenesis (89). Distinctive characteristics of the T. brucei fla-
gellum structure and motility suggest specialized mechanisms for
controlling flagellar beating and parasite motility (55, 90-93). In
addition to providing insight into the fundamental biology of fla-
gella, understanding beat regulation in these organisms thus offers
opportunities for discovering novel therapeutic or transmission-
blocking strategies. Of the 50 original CMF genes identified in T.
brucei (19), 5 have now been demonstrated or implicated to func-
tion as part of the NDRC: trypanin, CMF70, CMF46, and CMF44
(22, 23, 25, 26, 64) and, as discussed above, CMF22. While CMF
proteins themselves are broadly conserved, they interact with con-
served as well as organism-specific proteins (94, 95). Continued
analysis of CMF22 and other CMF proteins therefore offers op-
portunities to enhance understanding of flagellum motility with
relevance to the pathogenesis of trypanosomes and related human
pathogens.
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