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Independent Analysis of the Flagellum Surface
and Matrix Proteomes Provides Insight into
Flagellum Signaling in Mammalian-infectious

Trypanosoma brucei*s
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The flagellum of African trypanosomes is an essential and
multifunctional organelle that functions in motility, cell
morphogenesis, and host-parasite interaction. Previous
studies of the trypanosome flagellum have been limited by
the inability to purify flagella without first removing the
flagellar membrane. This limitation is particularly relevant
in the context of studying flagellum signaling, as signaling
requires surface-exposed proteins in the flagellar mem-
brane and soluble signaling proteins in the flagellar ma-
trix. Here we employ a combination of genetic and me-
chanical approaches to purify intact flagella from the
African trypanosome, Trypanosoma brucei, in its mamma-
lian-infectious stage. We combined flagellum purification
with affinity-purification of surface-exposed proteins to
conduct independent proteomic analyses of the flagellum
surface and matrix fractions. The proteins identified en-
compass a broad range of molecular functionalities, in-
cluding many predicted to function in signaling. Immuno-
fluorescence and RNA interference studies demonstrate
flagellum localization and function for proteins identified
and provide insight into mechanisms of flagellum attach-
ment and motility. The flagellum surface proteome in-
cludes many T. brucei-specific proteins and is enriched
for proteins up-regulated in the mammalian-infectious
stage of the parasite life-cycle. The combined results in-
dicate that the flagellum surface presents a diverse and
dynamic host-parasite interface that is well-suited for host-
parasite signaling. Molecular & Cellular Proteomics 10:
10.1074/mcp.M111.010538, 1-14, 2011.

The eukaryotic flagellum (synonymous with cilium) is rec-
ognized as a major signaling center that acts as a cellular
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antenna to sense and transduce extracellular signals (1-4). A
sensory function for the flagellum is broadly conserved across
diverse taxa (5). In metazoans, receptor-guanylate cyclases,
ion channels, and G protein-coupled receptors (GPCRs)' in
the flagellar membrane perceive chemical and mechanical
cues that are necessary for normal development, physiology,
and reproduction (6-9). Important examples include wingless
(Wnt) and hedgehog signaling responses in vertebrates (1, 3,
10, 113). In protists, flagellum-localized ion channels, agglu-
tinins, and receptor-kinases control motility, mating, and re-
sponse to extracellular growth factors (11-13). Flagella are
prominent among pathogenic protozoa, which cause tremen-
dous human suffering worldwide and present a barrier to
economic development in some of the poorest regions of the
world (14-17). These include the etiological agents of African
sleeping sickness, leishmaniasis, malaria, epidemic diarrhea,
and trichomoniasis (14-16,18). In most cases these patho-
gens are obligate parasitic organisms whose survival depends
upon their ability to sense and respond to extracellular cues in
diverse host environments. The flagellum’s motility function in
protozoan parasites is self-evident, but its capacity for sens-
ing and responding to external signals is largely unexplored.

African trypanosomes, e.g. Trypanosoma brucei, are uni-
flagellate protozoan parasites that cause African sleeping
sickness in humans and related diseases in wild and domestic
animals (19). T. brucei is transmitted to the bloodstream of a
mammalian host through the bite of a tsetse fly vector. To be
successful, T. brucei must integrate environmental signals
that direct parasite movements and developmental transfor-
mations within specific host compartments (20-22). For ex-
ample, entry into the mammalian bloodstream promotes cel-

" The abbreviations used are: PFR, paraflagellar rod; MudPIT, mul-
tidimensional protein identification technology; RNAi, RNA interfer-
ence; VSG, variable surface glycoprotein; FS, flagellum surface; TM,
transmembrane; RSU, protein kinase A regulatory subunit; IFT, intra-
flagellar transport; HA, hemagglutinin; PBS, phosphate-buffered sa-
line; GRCR, G protein coupled receptor; BIP, intracellular binding
protein.
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Fic. 1. Flagellum architecture of T.
brucei. Schematic diagrams showing
the T. brucei cell and flagellum (A), to-
gether with cross sectional (B), and cut-
away (C) views corresponding to the re-
gions indicated by boxes in panel A.
Relevant structural features are labeled,
including the flagellum membrane, ma-
trix, axoneme, and paraflagellar rod
(PFR), as well as the flagellum attach-
ment zone (FAZ), flagellar pocket (FP),
and basal body. See text for details. Fig-
ure adapted from reference (110), with
permission.

lular adaptations that define the bloodstream-form life cycle
stage, including changes in metabolism, morphology, and
surface protein composition (23). Prominent among these is
differentiation of proliferative, “long-slender” forms into cell
cycle-arrested, “short-stumpy” forms that are adapted for
survival in the tsetse (23, 24). Parasite-host signaling is also
reported to contribute to invasion of the central nervous sys-
tem (25). In the tsetse, bloodstream-forms differentiate into
procyclic-forms, which re-enter the cell cycle and establish an
infection in the fly midgut. Procyclic-form parasites undergo a
defined series of directional migrations and tissue-specific
developmental transformations, culminating in flagellum at-
tachment to epithelial cells in the tsetse salivary gland and
differentiation into human-infectious forms (26, 27). Except for
surface-exposed carboxylate transporters that participate in
stumpy-to-procyclic differentiation (24), proteins that perceive
signals for directing parasite navigation and tissue-specific
development are mostly unknown.

The paradigm of the flagellum as a sensory organelle in
other eukaryotes, together with the observation that the
trypanosome flagellum interacts directly with host tissues (26,
28), has fueled the hypothesis that the parasite flagellum
functions as a signaling organelle for integrating host-derived
and parasite-derived signals (20, 22). In T. brucei, this idea is
supported by the finding that specific proteins from cyclic
nucleotide and Ca®* signaling pathways are present in the
flagellum (29-34). The T. brucei flagellum (Fig. 1) is built
around a microtubule-based axoneme plus an extra-axon-

Membrane

b

emal filament, termed the paraflagellar rod (PFR), which runs
alongside and is attached to the axoneme (15, 35). The ax-
oneme and PFR are ensheathed by a flagellar membrane
whose protein and lipid composition are distinct from the cell
surface membrane (36, 37). The lumen of the flagellum,
termed the flagellar matrix, is contiguous with the cytoplasm,
but selective filters at the base of the flagellum restrict access
to the matrix, such that protein composition of the matrix is
distinct from that of the cytoplasm (38). The flagellum
emerges from the cytoplasm at the cell posterior and is lat-
erally connected to the cell body by cytoskeletal filaments that
connect the axoneme and PFR to subpellicular microtubules
in the cell body and maintain tight apposition of the flagellar
and cell surface membranes (39, 40). These connections form
a “flagellum attachment zone” (FAZ) that runs along most of
the length of the flagellum, with a small distal portion of the
flagellum extending free of the cell body. A specialized mem-
brane domain, termed the flagellar pocket, surrounds the
flagellum at the site where it emerges from the cytoplasm at
the cell posterior (39, 41, 42). As the sole site of surface
protein turnover and macromolecular uptake in trypano-
somes, the flagellar pocket is a key portal for host-parasite
interaction (41, 42), yet little is known about its protein and
lipid compositions.

Lateral attachment of the flagellum to the cell body poses
significant challenges for isolating intact flagella from T. bru-
cei. Existing procedures employ detergent-extraction and
salt-extraction to isolate the insoluble flagellum skeleton,
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which contains the axoneme and PFR, but lacks the mem-
brane and matrix (43-45). Thus, although several hundred
axonemal and PFR proteins have been identified (31, 43, 46),
the protein compositions of the flagellar membrane and matrix
in T. brucei are largely unknown. This poses a particular
limitation for studying flagellum signaling, because signaling
capacity is dictated by surface-exposed membrane proteins
coupled to soluble components of signaling cascades in the
matrix (2).

Here we employ a combined genetic and mechanical ap-
proach to isolate intact, membrane-enclosed flagella from T.
brucei in its mammalian-infectious stage. We used flagellum
purification, combined with affinity purification of surface-
exposed proteins and multidimensional protein identification
technology (MudPIT) to define the flagellum surface and fla-
gellum matrix proteomes. Immunofluorescence and RNA in-
terference (RNAI) studies demonstrate flagellum localization
and function for proteins identified and provide insight into
mechanisms of flagellum attachment and motility. Our com-
bined studies indicate that the trypanosome flagellum pres-
ents a diverse and dynamic signaling platform adapted for
host-pathogen interaction.

EXPERIMENTAL PROCEDURES

Cell Lines—Bloodstream-form trypanosomes, 221 single marker
cell line (47), were used for all experiments and were cultivated in
HMI-9 medium supplemented with 10-15% fetal bovine serum (In-
vitrogen) as described previously (48). The fla7 cell line was generated
by transfection with the p2T7-Fla1l plasmid (49) using standard pro-
cedures (48). Selection for transformants was done using 5 pg/ml
Phleomycin (InvivoGen, San Diego, CA).

Surface Biotinylation—Cells were washed twice in ice-cold phos-
phate-buffered saline (PBS) and resuspended in ice-cold PBS + 0.5
mg/ml  sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate
(Sulfo-NHS-SS-biotin; Thermo Scientific). After incubation on ice for
10-30 min with gentle agitation, unreacted Sulfo-NHS-SS-biotin was
blocked by addition of Tris to 100 mm final concentration. Biotinylated
cells were washed three times in ice-cold PBS + 100 mm Tris.

Purification of Flagella and Flagellar Surface Proteins—Cells har-
boring the fla7 tet-inducible RNAI cassette (density 5 X 10° cells/ml)
were induced for 18 h with 1 ug/ml tetracycline. From this step
onward all procedures were performed at 4 °C unless otherwise
stated and all solutions were cooled on ice. Induced cells were
surface biotinylated as described above. Flagella were removed from
the cell bodies by repeated passage (five times) through a 28-G
needle. Some (<1%) of the isolated flagella remained motile. The
resulting flagella plus cell body mixture was loaded on a 30% sucrose
bed and centrifuged for 10 min at 770 X g. The supernatant and
interface containing isolated flagella were collected and sucrose sed-
imentation was repeated. Purified flagella were collected by a high-
speed spin (15,000 X g, 1h) and resuspended in 200 ul PBS, con-
taining 2.5 ug/ml Leupeptin and 0.5 ug/ml Pepstatin. Purified,
biotinylated flagella were lysed by addition of Nonidet P-40 to 0.5%
final concentration and incubation on ice for 10 min. Soluble proteins
(flagellum matrix and membrane) were separated from insoluble pro-
teins (flagellum skeleton) by centrifugation (15,000 X g, 30 min). The
resulting soluble flagellar proteins (200 wl) were incubated with 50 pl
streptavidin beads (Streptavidin Sepharose High Performance, GE
Healthcare) for 30 min with agitation. Proteins bound to streptavidin
beads were separated from the unbound fraction by centrifugation

and washed at room temperature once in buffer A (8 m Urea, 200 mm
NaCl, 2% SDS, 100 mwm Tris, pH 8), once in buffer B (8 m Urea, 1.2 m
NaCl, 0.2% SDS, 100 mm Tris, 10% Ethanol, 10% Isopropanol, pH 8),
once in buffer C (8 M Urea, 200 mm NaCl, 0.2% SDS, 100 mm Tris, 10%
Ethanol, 10% Isopropanol, pH 8), and twice in buffer D (8 m Urea, 100
mm Tris, pH 8). All fractions were analyzed by Western blotting using
standard protocols (see Fig. 3). Antibodies used were anti-BiP 1:10,000
(50), anti-PFR 1:1,000 (45), anti-variable surface glycoprotein VSG 221
1:10,000 (51), anti-biotin 1:2,000 (Jackson Immunoresearch, West
Grove, PA). Secondary antibodies were donkey anti-mouse or donkey
anti-rabbit HRP coupled 1:2,500 (Bio-Rad, Hercules, CA).

MudPIT Analysis— Streptavidin-bound proteins were digested di-
rectly on beads by the sequential addition of lys-C and trypsin pro-
teases (52, 53). Peptide samples were fractionated online using
multidimensional chromatography followed by tandem mass spectro-
metric analysis on a LTQ-Orbitrap mass spectrometer (ThermoFisher)
as previously described (53, 54). RawXtract (version 1.8) was used to
extract peaklist information from Xcalibur-generated RAW files. Da-
tabase searching of the MS/MS spectra was performed using the
ProLuCID algorithm (version 1.0) and a user assembled database
consisting of all protein entries from the TriTrypDB for T. brucei strain
927 (version 2.3, 10533 entries) and seven sequences from T. brucei
strain 427: 453391 (Tb-1.7g), 458439 (Tb-24), 18413545 (ESAG4.a
from 221 expression site), 18413551 (ESAG4.b from 221 expression
site), 189094632 (VSG-221), 18413541 (ESAG7 from 221 expression
site), 18413542 (ESAG6 from 221 expression site) (55). Other data-
base search parameters included: (1) precursor ion mass tolerance
of = 20 ppm, (2) fragment ion mass tolerance of = 400 ppm, (3) only
peptides with fully tryptic ends were considered candidate peptides in
the search with no consideration for missed cleavages, and (4) static
modification of +57.02156 on cysteine residues. Peptide identifica-
tions were organized and filtered using the DTASelect algorithm
which uses a linear discriminant analysis to identify peptide scoring
thresholds that yield a peptide-level false discovery rate of less than
5% as estimated using a decoy database approach. Proteins were
considered present in the analysis if they were identified by two or
more peptides using the 5% peptide-level false discovery rate
(56-58). Details from mass spectrometric analysis are given in
supplemental table S10.

Immunofluorescence Microscopy—Cells or isolated flagella were
washed once in PBS and fixed by addition of paraformaldehyde to
0.1% for 5 min on ice. Fixed cells were washed once in PBS and
air-dried onto coverslips. The coverslips were incubated for 10 min in
—20 °C methanol and 10 min in —20 °C acetone. After a re-hydration
step (10-30 min in PBS) the slides were blocked for 1.5 h in blocking
solution (PBS + 5% bovine serum albumin (BSA) + 5% Normal
donkey serum (Invitrogen)). Coverslips were incubated with primary
antibodies diluted in blocking solution for 1.5 h. Antibodies used
were anti-biotin  1:2000 (Jackson ImmunoResearch), anti-BiP
1:10,000 (50), anti-hemagglutinin HA.11 1:200-1:1,000 (Covance,
Princeton, NJ), anti-PFR 1:500 (45), anti-tyrosinated tubulin YL1/2
1:500 (Chemicon International, Temecula, CA). After three washes in
PBS + 0.05% Tween-20 for 10 min each, samples were stained with
secondary antibodies diluted in blocking solution for 1.5 h (donkey
anti-mouse Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 594, goat
anti-rat Alexa Fluor 594 1:500 (Molecular Probes, Eugene, OR)). Cells
were washed three times in PBS + 0.05% Tween-20, once in PBS
and mounted with Vectashield containing DAPI (Vector Laboratories).
Flagellar pocket staining with biotinylated tomato lectin was performed
as described (59). Biotinylated tomato lectin was visualized using
streptavidin Alexa Fluor 594 (Molecular Probes). Images were taken
using a 100x objective on a Zeiss Axioskop |l compound microscope
and processed using Axiovision (Zeiss, Inc., Jena, Germany) and Adobe
Photoshop (Adobe Systems, Inc., Mountain View, CA).
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Nonidet P-40 Fractionation of Whole Cells—Cells were washed
once in PBS and lysed in ice-cold PBS + 0.5% Nonidet P-40 +
protease inhibitors (complete mini, Roche) for 10 min on ice. Lysates
were centrifuged for 30 min at 15,000 X g at 4 °C and supernatant
and pellet fractions were analyzed by Western blotting using standard
procedures. Primary antibodies used were anti-HA.11, anti-BiP (as
described above) and anti-trypanin 1:1000 (60). Secondary antibodies
were donkey anti-mouse or donkey anti-rabbit HRP coupled 1:2500
(Bio-Rad).

In situ Tagging—In situ tagging was carried out as previously
described (61) to introduce epitope-tagged copies of each gene
analyzed into the corresponding endogenous chromosomal locus. In
brief, 500-800 bp DNA fragments homologous to the target gene
open reading frame or 3 UTR were PCR-amplified from genomic
DNA and cloned upstream of the 3xHA or downstream of the puro-
mycin resistance marker in pMOTag2H. pMOTag2H is an in situ
tagging plasmid containing a 3xHA epitope tag and a puromycin
resistance marker, adapted from (61). All sequences were verified by
DNA sequencing at the UCLA Sequencing and Genotyping Core
center. The tagging cassettes were excised from the pMOTag2H
vector backbone by restriction digestion, then purified and trans-
fected into 221 bloodstream-form T. brucei using standard methods
(48). Stable transformants were selected using 0.1 ug/ml puromycin.

RNAi—The targets for RNAi against FS179 and RSU (FM458) were
identified by the Trypanofan RNAit algorithm (62), then PCR-amplified
from genomic DNA using primers listed below: (restriction enzyme
cleavage sites are underlined):

FS179-RNAi-f: 5° CATAAGCTTTCATTGCGTCATTTTGCCTA 3’

FS179-RNAi-r: 5 CATCTAGAAAGGCTGACGAGATCTTGGA 3’

RSU-RNAI-f: 5 TGTGAAGCAACCCAACACAT 3’

RSU-RNAI-r: 5 GTAATGCGAGAGCGGAGTTC 3’

The resulting DNA fragments for RNAi were ligated into the p2T7-
Ti/B-RNAi vector, which is a tetracycline-controlled expression vector
with opposing T7 promoters (49). Inserts were verified by sequencing
at the UCLA genomics center. The p2T7-Ti/B-RNAi vector containing
the FS179 or FM458 target sequence was linearized with Notl, etha-
nol precipitated and transfected into 221 bloodstream form T. brucei
as described above. Transformants were selected using 5 ug/ml
phleomycin.

Imaging and Motility Traces—FS179 RNAi imaging (see Fig. 7A-C):
Cells were induced for 48 h with 1 ng/ml tetracycline, fixed using 4%
PFA and mounted with Vectashield containing DAPI (Vector Labora-
tories). Images were taken and processed as described above.
FM458 RNAIi motility traces (see Fig. 7D, 7E): Cells were induced for
48h with 1 pug/ml tetracycline and motility traces were obtained for
induced and uninduced control cells as described previously (48). The
movie of the isolated flagellum was recorded and played at 30 frames
per second as described previously (48).

Bioinformatic and Protein Comparisons—Protein domains were
assessed using the SMART database (63). For homology searches,
we employed eight ciliated (Leishmania major, Trypanasoma cruzi,
Plasmodium falciparum, Chlamydomonas reinhardltii, Monosiga brevi-
collis, Caenorhabditis elegans, Drosophila melanogaster, and Homo
sapiens) and four nonciliated (Dictyostelium discoideum, Saccharo-
myces cerevisiae, Cyanidioschyzon merolae, and Arabidopsis thali-
ana) eukaryotic species, including both unicellular and multicellular
representatives. Homology searches were performed using NCBI
BLAST with default parameters. Proteins with an expect-value of
=1 X 107 "% were considered as homologs and identical criteria were
applied across all data sets and comparisons. For T. brucei flagellum
skeleton proteomes, we used the combined, nonoverlapping set of
proteins identified in three proteomic analyses of extracted flagellum
skeletons from procyclic-form parasites (31, 43, 46). Comparison to
the C. reinhardtii flagellum proteome was done locally with proteins

downloaded from (64). For analysis of molecular function (see Table I),
the DAVID Bioinformatics Resource, version 6.7 (65, 66) was used for
functional annotation of proteins in ToFSP and TbFMP. Proteins were
categorized using annotated Gene Ontology (GO) terms for molecular
function (67), using the GOTERM_MF_2 category with a threshold
count of 2 and an EASE of 0.1. Expression analysis (see Fig.10) was
done using RNA sequencing data from (68).

RESULTS

Purification of Intact, Membrane-enclosed Flagella from T.
brucei in its Mammalian-infectious Form—The T. brucei fla-
gellum is laterally connected to the cell body along most of its
length by filamentous connectors and tightly apposed mem-
brane-membrane contacts (40). These connections present
significant challenges for isolating intact flagella. Current ap-
proaches employ detergents to remove membranes, together
with salt-extraction to disrupt filamentous connectors, fol-
lowed by centrifugation to isolate flagellum skeletons from
solubilized material (43-45). Resultant preparations contain
the axoneme and PFR, but are stripped of flagellar membrane
and soluble matrix proteins. To obviate the need for detergent
and salt-extraction, and thus retain the flagellar membrane,
we employed tetracycline-inducible RNAi against fla7 to dis-
rupt lateral flagellum attachment to the cell body (49). This
allowed intact flagella to be separated from cell bodies by
shearing, without using detergent (Fig. 2). Importantly, some
isolated flagella remained motile without addition of exoge-
nous ATP (Fig. 2B, supplemental Movie S1), indicating that
they retained an intact flagellum membrane, as well as internal
proteins and small molecules necessary for motility. Flagella
were purified from cell bodies by sucrose density sedimenta-
tion (Fig. 2). To enable purification of surface-exposed pro-
teins, cells were surface biotinylated before flagellum purifi-
cation (Fig. 2D, supplemental Fig. S1). Surface-biotinylation
was retained in purified flagella (Fig. 2E). The bulbous enlarge-
ment at one end of purified flagella contains material from the
basal body, kinetoplast, and flagellar pocket (Fig. 2E). Thus,
purified flagella retain an intact membrane that includes fla-
gellar pocket membrane.

Purified, surface-biotinylated flagella were lysed with non-
ionic detergent (Nonidet P-40) and lysates were centrifuged to
separate the insoluble fraction, containing flagellum skeleton
proteins, from the soluble fraction, containing matrix plus
membrane proteins. Biotinylated proteins in the soluble frac-
tion were purified by adsorption to streptavidin beads and
fractions from the purification were analyzed for total protein,
biotin, and specific marker proteins (Fig. 3). Purified flagella
were enriched for flagellum markers (PFR) relative to intracel-
lular markers (BiP). Streptavidin-binding quantitatively purified
biotinylated proteins and SYPRO-Ruby staining revealed
unique protein profiles for the streptavidin-bound and un-
bound fractions. The bound fraction contained surface pro-
teins (variable surface glycoprotein, VSG (69)), but not abun-
dant intracellular proteins (Binding Protein, BiP (50)), or
intraflagellar proteins (PFR (45)) (Fig. 3). These results support
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Unbound (U)  Bound (B)

MudPIT
(TbFSP)

MudPIT
(TbFMP)

FiG. 2. Purification of flagellum surface and matrix proteins from bloodstream-form T. brucei. A, Schematic diagram illustrating the
strategy for flagellum purification and separation of flagellum surface and matrix proteins. Lateral connections between the flagellum and cell
body were removed by tetracycline-induced (+Tet) RNAi against Fla1 (49). Induced fla1 cells were surface biotinylated (fla7-induced, surface
biotinylated cells) and flagella were removed from the cell body by mechanical shearing, then purified by sucrose sedimentation (purified
flagella). Purified, surface-biotinylated flagella were lysed with nonionic detergent (Nonidet P-40) and soluble proteins (S) were separated from
insoluble flagellar skeletons (P) by centrifugation. Soluble proteins were applied to streptavidin beads (avidin chromatography). Proteins in the
streptavidin-bound (B) and streptavidin-unbound (U) fractions were identified using multidimensional protein identification technology
(MudPIT). B, Time-lapsed image sequence (from supplemental movie 1, recorded and played at 30 fps), showing that some flagella continued
to beat after detachment from cell bodies (timestamps are given in ms). C, Phase contrast image of purified flagella (Scale bar 5 um). D,
Antibiotin immunofluorescence (green) of surface-biotinylated RNAi-induced fla7 cells showing detached flagella (arrows, scale bar 25 um). E,
Anti-biotin immunofluorescence (green) of purified flagella shows surface labeling (inset, bottom left). The bulbous structure at one end of the
flagellum (inset, upper right) includes material from the flagellar pocket (tomato lectin staining, red), the basal body (tyrosinated tubulin staining,

green) and kinetoplast DNA (DAPI staining, blue). (scale bar 0.5 um)

immunofluorescence data (Fig. 2D and 2E, supplemen-
tal Fig. S1) indicating that biotinylation was specific for sur-
face proteins.

Identification of Flagellum Surface and Matrix Proteins by
Mass Spectrometry—Proteins in the streptavidin-bound and
unbound fractions were identified by MudPIT proteomic anal-
ysis. In some cases peptide coverage allowed unambiguous
identification of proteins. In other cases, peptides did not
distinguish between proteins with very similar sequences. As
such, each proteomic data set represents a maximum number
and minimum number of total proteins, with the minimum
number reflecting groups of proteins whose sequences could
not be unambiguously distinguished. From here on, we refer
to the minimum number of proteins identified in each fraction.
This analysis identified 158 proteins in the bound fraction,
termed the T. brucei flagellum surface proteome (“TbFSP,”
supplemental Table S1) and 666 proteins in the unbound
fraction, termed the T. brucei flagellum matrix proteome
(“TbFMP,” supplemental Table S3). Proteins in the two data
sets encompassed a broad range of predicted functionalities
and both data sets included a large number of proteins with
no annotated molecular function (Table 1). We next employed
several independent analyses to validate the proteomic data
sets. Each dataset included suspected contaminants, e.g.
ribosomal proteins. However, to avoid user bias, no subjective

filters were applied to remove these suspected contaminants
and analyses were performed on the unfiltered datasets, i.e.
158 proteins in TbFSP and 666 proteins in TOFMP. We fo-
cused on the flagellum surface proteome because the primary
interest was surface-exposed proteins.

Validation of the Flagellum Surface Proteome—As a first
step in assessing the quality of the proteomic data sets, we
probed each dataset for proteins known to localize to specific
flagellum compartments (Fig. 4). The flagellum surface pro-
teome contained most known flagellum membrane proteins
and was generally devoid of intraflagellar proteins, i.e. flagel-
lum matrix and skeleton proteins (Fig. 4A, supplemental
Tables S2, S5, and S8). By comparison, the flagellum matrix
proteome contained seven of 21 known matrix proteins, nine
of 10 known membrane proteins and 62 of 532 flagellum
skeleton proteins (Fig. 4B, supplemental Tables S4, S8). We
also examined each data set for predicted transmembrane
(TM) domains, as these are expected to be enriched in the
surface proteome. As expected, proteins with predicted TM
domains were enriched in the surface proteome (51%) com-
pared with the genome as a whole (19%) (70, 71), the flagel-
lum matrix (20%) or the flagellum skeleton (2%) (Fig. 5). Pro-
teins with a predicted signal peptide were also enriched in the
flagellum surface proteome (38%) versus the genome (24%)
and the matrix (20%) (supplemental Tables S2, S4). By using
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PFR
64kDa— BiP
115kDa—
VSG
64kDa—
115kDa—
biotin

64kDa—

Fic. 3. Analysis of flagellum purification fractions. Proteins from
the indicated fractions of the purification were analyzed by SDS-
PAGE and SYPRO-Ruby staining (top) or Western blotting (bottom)
with antibodies against intracellular (BiP), flagellar skeleton (PFR) and
cell surface (VSG) markers. Biotinylated proteins were detected with
anti-biotin antibody. Whole cells (WC), purified flagella (F), detergent-
insoluble flagellum pellets (P), and the streptavidin-unbound (U) and
bound (B) fractions are as indicated in Fig. 2A. Flagellum enrichment
is indicated by the increased ratio of the flagellar marker PFR to the
intracellular marker BiP in the purified flagellum fraction (F) versus
whole cells (WC). Both PFR and BiP are largely absent from the
streptavidin bound fraction (B).

the minimal number of proteins identified, our analysis is
suspected to underestimate the enrichment of TM domains
and signal peptides in the flagellum surface proteome, be-
cause the genome numbers include redundant and closely
related sequences.

We next used epitope-tagging and immunofluorescence
microscopy to determine the subcellular location of ten pro-
teins from the flagellum surface proteome. All tagged proteins
were detergent-soluble (supplemental Fig. S2 and not shown),
consistent with membrane association. Eight of ten tagged
proteins localized to one or more subdomains of the flagellum
membrane, e.g. along the entire length of the flagellum, the
flagellar pocket or the flagellum attachment zone (Fig. 6,
supplemental Fig. S3 and data not shown). Four of these eight
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Fic. 4. The flagellum surface proteome contains known flagel-
lum surface proteins but is generally devoid of intraflagellar pro-
teins. Chart shows the percentage of known flagellum membrane,
matrix, and skeleton proteins that were identified in the flagellum
surface proteome (TbFSP) and flagellum matrix proteome (TbFMP).
Flagellum skeleton proteins are from (31, 43, 46). Known flagellum
membrane and matrix proteins are given in supplemental
Tables S5 and table S8, respectively. TOFSP included 9 of 10 (90%)
membrane, none of 21 (0%) matrix and 14 of 532 (2.6%) skeleton
proteins. TbFMP included 9 of 10 (90%) membrane, 7 of 21 (33%)
matrix and 62 of 532 (11.6%) skeleton proteins.

100 -

75 4

25

0 [

T T T T
o \4 a3 3
(0? «.OQ“\ «‘OQ 0@(\0“\

Fic. 5. The flagellum surface proteome is enriched for trans-
membrane proteins. Chart shows the percentage of proteins in the
flagellum surface (TbFSP), matrix (TbFMP), and skeleton (TbFP) (31,
43, 46) proteomes that are predicted to contain transmembrane do-
mains. For comparison, the relative number of predicted transmem-
brane-containing proteins in the T. brucei genome (71) is shown.
Numbers are 80/158, 118/666, 12/532, and 2133/11425 for TbFSP,
TbFMP, TbFP, and genome, respectively.

proteins were exclusively located in the flagellum and/or fla-
gellar pocket, one was distributed throughout the whole cell
surface and three were also observed in intracellular compart-
ments (summarized in supplemental Table S6). In sum, the
flagellum surface proteome includes most experimentally
characterized flagellum membrane proteins, is largely devoid
of intraflagellar proteins and immunolocalization demon-
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Fic. 6. Immunofluorescence shows flagellum localization for
proteins identified in the flagellum surface proteome. (A-D) Im-
munofluorescence analysis of bloodstream-form trypanosomes ex-
pressing the indicated HA-tagged flagellum surface proteins (FS133,
FS179, FS33, or FS60). Cells were co-stained for the HA epitope
(green), the paraflagellar rod (PFR, red) or the flagellar pocket marker
tomato lectin (TL, red) as indicated. DNA was visualized with DAPI. A,
FS133 localizes along the flagellum and in the flagellar pocket (inset,
arrows). B, FS179 localizes along the flagellum, but does not extend
to the flagellum distal tip, as evidenced by the extension of PFR
staining (arrowhead) beyond the end of FS179 staining (arrow). See
inset for merged images. C, D, FS33 and FS60 localize along the
entire length of the flagellum. FS60 was also observed in cytoplasmic
puncta (not shown).

strates flagellar location for several proteins identified. Thus,
the results indicate that the flagellum surface proteome is
enriched for flagellum membrane proteins.

RNAI Knockdown Reveals Flagellar Functions for Proteins
Identified—We used tetracycline-inducible RNAI to determine
whether loss of a particular protein impacted flagellum func-
tion. In most cases, RNAI directed against proteins in the
flagellum surface proteome did not reveal an obvious pheno-
type in culture (not shown). One notable exception was
FS179, which encodes a putative calcium channel. Immuno-
fluorescence showed that FS179 was localized to the flagel-
lum attachment zone (Fig. 6B), suggesting a potential role in
flagellum attachment. RNAi knockdown of FS179 caused the
flagellum to become detached from the cell body and the
daughter flagellum was preferentially affected (Fig. 7A-C).
This result supports FS179 localization to the flagellum at-
tachment zone and is consistent with previous studies sug-
gesting a requirement for Ca®* in flagellum attachment (40).
The flagellar matrix protein FM458 corresponds to the protein
kinase A regulatory subunit (RSU) (72) and was of interest
based on the importance of protein kinase A and cyclic nu-
cleotide signaling to flagellum function in other organisms (13,
73, 74). RNAi knockdown of FM458 inhibited forward motility,
consistent with a role in flagellum function (Fig. 7D,7E). Inter-
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induced

Fic. 7. RNAi knockdown indicates flagellum function for FS179
and FM458. A-C, Phase contrast images of tetracycline-inducible
FS179 RNAI cells grown in the absence (A) or presence (B and C) of
tetracycline to induce RNAIi. FS179 knockdown causes the daughter
flagellum to become detached (arrows in B and C), while the parental
flagellum remains connected to the cell body (arrowheads in b and c).
DNA is visualized with DAPI. (d and e) Motility trace analysis of FM458
RNAI cells grown in the absence (D) or presence (E) of tetracycline to
induce RNAI. Each line traces the path of a single cell for 2 min (Scale
bar 50 um).

estingly, despite motility defects, bloodstream-form FM458
knockdowns were viable, which contrasts to the lethal phe-
notype caused by knockdown of flagellum skeleton proteins
(29, 43, 60).

Host-Parasite Signaling Capacity of the Flagellum Sur-
face—Prominent within the flagellum surface proteome were
proteins known or suspected to function in host-parasite in-
teraction and/or signaling (Fig. 8). For example, VSG, MSP-A,
and GPI-PLC, are characterized surface proteins that function
in antigenic variation and VSG clearance (69, 75, 76). Like-
wise, transferrin receptor and glucose transporter function in
host nutrient uptake (77, 78), whereas adenylate cyclases and
calflagins are predicted to function in host-parasite signaling
(80, 33, 34, 79). In addition, many uncharacterized flagellum
surface (“FS”) proteins have domain architectures that indi-
cate receptor function, with a large extracellular domain suit-
able for binding host ligands connected to an intracellular
signaling module, e.g. kinase domains in FS164, FS190, and
FS201. In some cases, extracellular domains exhibit homol-
ogy to characterized ligand-binding motifs, such as the
periplasmic binding protein superfamily (receptor-type adeny-
late cyclases) or EGF-like domain superfamily involved in
protein-protein interaction (FS133) (80, 81). Also well-repre-
sented among uncharacterized proteins are several classes of
ion and metabolite transporters, including ABC-transporters
(FS166), P-type ATPase pumps (FS60, FS80, FS163, FS188,
FS193, and FS198), ion channels (FS179), amino acid trans-
porters (FS group 108 and 121), glucose transporters (FS192)
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Fic. 8. The trypanosome flagellum provides a diverse signaling platform. Diagram shows representative components of signaling
pathways identified in the flagellum surface proteome (black text) and flagellum matrix proteome (green text). These include receptors and
transporters for initiating signal transduction (black text) and downstream signaling proteins (green text). Predicted domain structures are
indicated for flagellum surface proteins (K, kinase; EGF, epidermal growth factor domain superfamily; cNMP, cyclic nucleotide binding domain;
PGK, phosphoglycerate kinase domain; PBP, periplasmic binding protein domain; AC, adenylate cyclase domain; EF, EF hand calcium-binding
domain). Predicted interactions are indicated with dashed lines. Unknown host factors (orange box) are predicted to engage signaling
pathways, which mediate downstream trypanosome processes (blue box). [star] Indicates proteins that have been demonstrated to be flagellar

by independent studies (29-33, 93, 96, 97, 111).

and a group of major facilitator proteins (FS group 126) related
to the PAD surface receptors that perceive extracellular sig-
nals for bloodstream-form to procyclic-form differentiation
(24). In sum, the data indicate a diverse flagellar surface
protein repertoire that is suitable for mediating a broad range
of host-parasite interactions.

The Flagellum Surface is Enriched for T. brucei-specific
Proteins—The flagellum surface is postulated to function in
detection of extracellular signals and is therefore anticipated
to include cell-specific proteins that accommodate environ-
ments uniquely encountered by T. brucei. The availability of
an independent flagellum surface proteome allowed us to test
this idea directly by examining the phylogenetic distribution of
proteins in the flagellum surface and matrix proteomes (Fig. 9,
supplemental table S1 and S3). As reference organisms, we
chose eight ciliated (L. major, T. cruzi, P. falciparum, C. rein-
hardtii, M. brevicollis, C. elegans, D. melanogaster, H. sapiens)

and four nonciliated (D. discoideum, S. cerevisiae, C. merolae,
A. thaliana) eukaryotic species, including both unicellular and
multicellular representatives. Among the 158 flagellum sur-
face proteins, 16% were specific to T. brucei. By comparison,
5% of matrix proteins and 1% of flagellum skeleton proteins
were T. brucei-specific.

Conserved Flagellum Surface Proteins are not Biased To-
ward Flagellated Organisms— Proteins required for flagellum
structure and motility are broadly conserved among orga-
nisms with flagella, but are generally absent in organisms that
lack flagella (82-84). To determine if the same bias applied to
flagellum surface and matrix proteins, we examined the phy-
logenetic distribution of “conserved” proteins in each data
set, i.e. proteins that were encoded in the genome of at least
one non-kinetoplastid organism (Fig. 9). As expected (82-84),
a large fraction (42%) of conserved flagellum skeleton pro-
teins were restricted to organisms with flagella. In contrast,
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Fic. 9. The flagellum surface proteome contains many T. brucei-specific proteins. (A—-C) Pie charts show phylogenetic distribution of
proteins in the flagellum surface (TbFSP), flagellum matrix (TbFPM), or flagellum skeleton (TbFP) proteomes. Percentages are shown for
proteins that are conserved in at least one nonkinetoplastid organism (gray), or are kinetoplastid-specific (black), or T. brucei-specific (red
outline). Bar charts show the percentage of conserved proteins, i.e. not kinetoplastid-specific, that are restricted to ciliated organisms.

only 3% of conserved flagellum surface proteins and 7% of
conserved flagellum matrix proteins were restricted to orga-
nisms with flagella.

DISCUSSION

Flagellum Purification—The T. brucei flagellum is an essen-
tial and multifunctional organelle that is required for cell mo-
tility and cell morphogenesis and is postulated to function in
immune evasion and host-parasite signaling (15, 20, 35, 85—
87). Previous studies of the T. brucei flagellum have been
limited by the inability to purify intact, membrane-enclosed
flagella. Here we combine genetic manipulation and mechan-
ical force to isolate intact flagella from mammalian-infectious
T. brucei. The quality of the preparation is evidenced by
motility of flagella separated from cell bodies, combined with
biochemical and microscopic analysis of purified flagella. The
flagellum preparation is further validated by independent anal-
yses showing flagellum localization and/or function for several
proteins identified in the purified sample. The availability of
intact flagellum preparations opens new opportunities for study-
ing unique and conserved features of T. brucei flagella. In other
organisms, the ability to purify intact flagella has been critical for
advancing studies of flagellum biology, including the recent
resurgence in awareness of the important roles played by fla-
gella in human health and disease (7, 64, 88). Development of a
method for flagellum isolation from T. brucei is anticipated to
advance efforts to understand flagellum biology in these patho-
gens and will expand the utility of trypanosomes as an experi-
mental system for studying flagellum biology.

Identification of Flagellum Surface and Flagellum Matrix
Proteins—We took advantage of our flagellum purification to
conduct a proteomic analysis of surface-exposed flagellum
membrane proteins and soluble flagellum matrix proteins. We
identified 158 and 666 proteins in the flagellum surface and
matrix fractions, respectively, with 87 proteins common be-
tween the two datasets. The combined surface and matrix
proteomes include 165 proteins for which homologs were
identified in a proteomic analysis of intact flagella from C.
reinhardtii (64) (supplemental Table S7). Gene ontology anno-

TABLE |
Predicted molecular function of proteins identified in TbFSP and
TbFMP. Proteins in the flagellum surface proteome (TbFSP) and
flagellum matrix proteome (TbFMP) were analyzed for predicted mo-
lecular function using the DAVID database for gene ontology and
protein domain analysis

. . TbFSP TbFMP

Predicted molecular function (158) (666)
Cyclase activity 17 0
Lyase activity 18 0
Substrate-specific transporter activity 12 0
Transmembrane transporter activity 15 0
Nucleotide binding 31 117
Hydrolase activity 0 117
Protein binding 0 54
Oxidoreductase activity 0 52
Cofactor binding 0 20
Translation factor activity, nucleic 0 12

acid binding

Carboxylic acid binding 0 5
Peroxidase activity 0 4
Carbohydrate binding 0 4
No Annotated Function 83 350
Not in DAVID 22 46

tation indicates that proteins identified in the T. brucei surface
and matrix fractions encompass a wide range of functional-
ities (Table I). A notable feature of each dataset was the large
number of proteins, 52% of the surface and 52% of the
matrix proteome, for which gene ontology analyses did not
reveal predicted functionality. Previously, pioneering pro-
teomic studies of detergent-extracted flagellum skeletons
from procyclic T. brucei provided important insights into
flagellum biology (31, 43, 46). Novelty of the membrane and
matrix proteomes identified in the current study is illustrated
by comparison with these previous analyses. There is min-
imal overlap among the proteomes, with 91% of proteins
identified in the surface and matrix proteomes being unique
to the current analysis. The combined studies make T.
brucei one of few organisms for which analysis of the entire
flagellum, i.e. membrane, matrix, and skeleton, is available
and, to our knowledge, provides the first example where an
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independent analysis of surface-exposed flagellar proteins
is available.

Analysis of the surface data set is particularly interesting, as
it shows enrichment for transmembrane proteins, including
several predicted transporters and proteins predicted to initi-
ate host-parasite signaling (see below). The number and pre-
dicted functionalities of proteins identified in the flagellum
surface fraction indicate that T. brucei surface protein diver-
sity is greater than might be inferred from the relatively few
previously characterized surface proteins (89). The surface
data set has relevance from a therapeutic standpoint because
the identified proteins are accessible to small molecules
added to live, mammalian-infectious parasites.

Signaling Capacity of the Trypanosome Flagellum—The
trypanosome flagellum has been hypothesized to participate
in host-parasite signaling, but proteins responsible for detec-
tion and transduction of extracellular signals are mostly un-
known. Previously, only a handful of flagellar membrane (in-
cluding the flagellar pocket) and matrix proteins have been
identified in T. brucei (24, 30, 33, 34, 75, 90-97). In other
organisms, flagellum-dependent signaling is dominated by
three signal transduction pathways: cyclic nucleotide signal-
ing, Ca®* signaling and phosphorylation cascades initiated by
receptor-kinases on the flagellar membrane (2, 8). The T.
brucei flagellum surface proteome is replete with proteins
capable of initiating signal transduction in each of these sig-
naling pathways (Fig. 8), including receptor kinases, receptor
adenylate cyclases (30) and proteins predicted to function in
Ca®" signaling (33, 36). The surface proteome also includes
many proteins predicted to function in transport of solutes
across the cell membrane (Table I). The combined data indi-
cate a diverse flagellar surface protein repertoire suitable for
mediating a broad range of signaling functions, thus providing
molecular support for the hypothesis that the flagellum mem-
brane is an important host-parasite signaling interface.

A role for the T. brucei flagellum as a signaling platform is
supported by previous work that identified downstream tar-
gets of cyclic nucleotide, Ca®* and phospho-signaling path-
ways anchored to the T. brucei flagellum skeleton (Fig. 8) (29,
31, 32, 43). The flagellar matrix fraction included many of
these effectors, as well as several other candidate signaling
proteins (supplemental Table S3) (Fig. 8). A major effector of
cyclic nucleotide signaling that was not identified in previous
studies of the T. brucei flagellum is the protein kinase A RSU,
which binds cyclic nucleotide (72). RSU mediates cyclic nu-
cleotide signaling in diverse organisms (98, 99), although a
function has not been defined for this protein in T. brucei. We
identified RSU in the flagellum matrix fraction (sup-
plemental Table S3). Absence of RSU from detergent-ex-
tracted flagellum preparations (31, 43, 46) indicates it is not
stably associated with the axoneme or PFR. To test for a
requirement of RSU in flagellum function, we used RNAi. RSU
knockdown inhibited motility of bloodstream-form cells (Fig.
7D,7E). The motility defect caused by RSU knockdown sup-

ports the identification of RSU in the flagellum matrix and
provides experimental evidence for cyclic nucleotide-depen-
dent signaling in regulating flagellum function.

Functional Analysis of Flagellum Surface Proteins Provides
Insight into Mechanisms of Flagellum Attachment— One of the
most distinctive features of the T. brucei flagellum is lateral
attachment to the cell body, via regularly-spaced, desmo-
some-like adhesions between the flagellar and cell surface
membranes (40). Immunofluorescence revealed that some
proteins in the flagellum surface fraction, e.g. FS179 (Fig. 6B)
and FS105 (supplemental Fig. S3), are restricted to the flagel-
lum-cell body interface and do not extend to the flagellum tip,
suggesting a potential role in flagellum attachment. RNAi
knockdown of FS179, which encodes a putative Ca®* chan-
nel, caused the flagellum to become detached from the
cell body, with the daughter flagellum being preferentially
affected (Fig. 7A-7C). The phenotype was ultimately lethal
(supplemental Fig. S4). FS179 knockdown phenocopies fla-
gellum detachment caused by treatment of bloodstream
trypanosomes with Ca®™ chelators, as reported by Vickerman
forty years ago (40). These results indicate a requirement for
Ca?* in establishment of flagellum-cell body adhesion in T.
brucei (40) and suggest that FS179 is critical for maintaining
Ca?* homeostasis at the flagellum-cell body interface. In
other organisms Ca®" is required for homophilic cell-cell ad-
hesion, including fibrous linkages between the connecting
cilium and the periciliary inner segment collar of mammalian
photoreceptors (100). Defects in these periciliary attachments
cause Usher syndrome in humans (101). Previous analogies
have been drawn between mammalian Ca®*-dependent cell-
cell adhesions and trypanosome flagellum-cell body adhe-
sions (40). Our findings support this view at the molecular
level. Flagellum attachment is essential in T. brucei, suggest-
ing that Ca®* channels might be exploited as targets for
therapeutic intervention in trypanosomiases. Indeed, Ca®*
channels are major targets of the pharmaceutical industry for
treating of a variety of human diseases (102) and Ca®* chan-
nel blockers have antiprotozoal activity in vitro (103).

Matrix-Specific Proteins Include IFT Proteins and Compo-
nents of the Ubiquitin Conjugating System—Many proteins
identified in the flagellum surface fraction were also identified
in the flagellum matrix fraction. This result is expected be-
cause biotinylation and avidin purification are not 100% effi-
cient. On the other hand, the vast majority (87 %) of proteins in
the flagellum matrix were exclusive to this fraction. Matrix-
specific proteins include components of the intraflagellar
transport (IFT) system that are required for flagellum assembly
and signaling (104, 105). We identified six IFT complex B pro-
teins, and the IFT anterograde kinesin motor, KIF3A
(supplemental Table S8). Notably, none of the IFT proteins were
identified in the surface fraction, or in previous proteomic anal-
yses of the flagellum skeleton (31, 43, 46).

Another interesting group of proteins specifically identified
in the matrix fraction includes components of the ubiquitin
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conjugating system (supplemental Table S9). Ubiquitination is
a post-translational protein modification that has essential
roles in many cellular processes, including cell-cycle control,
protein quality control and signaling (106-108). A recent study
identified a functional ubiquitination system in the flagellum of
C. reinhardtii, where it is postulated to control flagellar resorp-
tion and cAMP-dependent signaling in the flagellum during
mating (109). Several ubiquitinated proteins were identified,
including the polycystin 2 cation channel (CrPKD2) and a
cyclic GMP-dependent protein kinase (CrPKG) that both par-
ticipate in flagellum signaling during mating (109). Polyubiqg-
uitin was identified in all three T. brucei flagellum fractions
(supplemental Tables S9 (31, 43, 46)), indicating ubiquitination
of T. brucei flagellar proteins. The identification of an ubiqui-
tin-activating enzyme and three ubiquitin conjugating en-
zymes in the flagellum matrix fraction suggests that ubiquiti-
nation might be carried out within the flagellum itself.
Although the function of ubiquitination in the T. brucei flagel-
lum remains to be determined, we postulate that this pathway
participates in regulation of flagellum function as described
for C. reinhardtii (109).

The Flagellum Surface Presents a Dynamic and Cell-spe-
cific Host-Parasite Interface—Phylogenetic analysis revealed
that 16% of flagellar surface proteins are T. brucei-specific.
By comparison, only 5% of proteins in the flagellar matrix and
1% in the flagellum skeleton are T. brucei-specific. These
results suggest that flagellum surface proteins must accom-
modate cell-specific functions, such as perception of signals
specific to the parasite’s extracellular environment. In con-
trast, composition of the flagellar matrix and skeleton frac-
tions reflect more broadly conserved functions, e.g. down-
stream signal transduction and motility capacity of the
organelle. Trypanosomes infect a broad range of organisms
and survival in diverse host environments necessitates spe-
cialized surface proteins for signaling, nutrient acquisition and
protection against host defenses. A cell-specific flagellum
surface proteome would provide an interface that is tailored to
meet the demands specifically imposed on T. brucei in each
host. In support of this idea, we found that 21% of flagellum
surface proteins are up-regulated by twofold or more in the
bloodstream life cycle stage (Fig. 10) (68, 71). This is higher
than seen for matrix proteins (10%), flagellum skeleton pro-
teins (3%) or for the genome as a whole (3%) (Fig. 10) (68, 71).
Thus, the flagellum surface proteome is a dynamic host-
parasite interface that is particularly subject to life cycle
stage-specific regulation.

Conserved Flagellum Surface Proteins are not Biased To-
ward Flagellated Organisms—Comparing the phylogenetic
distribution of conserved proteins, i.e. those that are not kin-
etoplastid-specific, in each flagellum sub-fraction revealed an
interesting feature of surface and matrix proteins. Namely,
conservation of surface and matrix proteins is not biased
toward flagellated organisms. This result contrasts markedly
from what is observed for conserved flagellum skeleton pro-
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Fic. 10. Flagellum surface proteins are up-regulated in blood-
stream-form cells. Chart shows the percentage of proteins in each
proteomic dataset that are up-regulated in bloodstream-form cells
(light gray bars) or procyclic-form cells (dark gray bars) by twofold or
more based on RNA sequencing analysis (68). Proteomic data sets
are for the flagellum surface (TbFSP), the flagellum matrix (TbFMP),
and the flagellum skeleton (TbFP) proteomes (31, 43, 46).

skeleton genome

teins, which are generally more restricted to flagellated orga-
nisms (Fig. 9). The bias toward flagellated organisms reflects
the requirement of flagellum skeleton proteins for axoneme
structure and motility, which are unique to organisms with
flagella (82—-84). Flagellum surface and matrix proteins on the
other hand, are predicted to be involved in perception and
transduction of extracellular signals, i.e. processes that are
not unique to flagellated organisms. An exception is the group
of IFT proteins in the matrix, which are involved in flagellum
assembly but represent a small fraction of matrix proteins.
The combined phylogenetic analyses indicate that protein
composition of the eukaryotic flagellum surface is shaped by
selective forces that are a combination of cell-specific de-
mands, imposed by unique extracellular environments, and
more broadly conserved signaling needs. This finding has
practical implications, as it means comparative genomic ap-
proaches, which are useful for identifying flagellum assembly
and motility genes (82-84), are not well-suited for identifica-
tion of genes involved in flagellum signaling.
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