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ABSTRACT Trypanosoma brucei is the protozoan parasite responsible for sleeping
sickness, a lethal vector-borne disease. T. brucei has a single flagellum (cilium) that
plays critical roles in transmission and pathogenesis. An emerging concept is that
the flagellum is organized into subdomains, each having specialized composition
and function. The overall flagellum proteome has been well studied, but a critical
knowledge gap is the protein composition of individual subdomains. We have tested
whether APEX-based proximity proteomics could be used to examine the protein
composition of T. brucei flagellum subdomains. As APEX-based labeling has not pre-
viously been described in T. brucei, we first fused APEX2 to the DRC1 subunit of the
nexin-dynein regulatory complex, a well-characterized axonemal complex. We found
that DRC1-APEX2 directs flagellum-specific biotinylation, and purification of biotinyl-
ated proteins yields a DRC1 “proximity proteome” having good overlap with pub-
lished proteomes obtained from purified axonemes. Having validated the use of
APEX2 in T. brucei, we next attempted to distinguish flagellar subdomains by fusing
APEX2 to a flagellar membrane protein that is restricted to the flagellum tip, AC1,
and another one that is excluded from the tip, FS179. Fluorescence microscopy dem-
onstrated subdomain-specific biotinylation, and principal-component analysis showed
distinct profiles between AC1-APEX2 and FS179-APEX2. Comparing these two profiles
allowed us to identify an AC1 proximity proteome that is enriched for tip proteins,
including proteins involved in signaling. Our results demonstrate that APEX2-based
proximity proteomics is effective in T. brucei and can be used to resolve the proteome
composition of flagellum subdomains that cannot themselves be readily purified.

IMPORTANCE Sleeping sickness is a neglected tropical disease caused by the proto-
zoan parasite Trypanosoma brucei. The disease disrupts the sleep-wake cycle, leading
to coma and death if left untreated. T. brucei motility, transmission, and virulence
depend on its flagellum (cilium), which consists of several different specialized sub-
domains. Given the essential and multifunctional role of the T. brucei flagellum, there
is need for approaches that enable proteomic analysis of individual subdomains. Our
work establishes that APEX2 proximity labeling can, indeed, be implemented in the
biochemical environment of T. brucei and has allowed identification of proximity pro-
teomes for different flagellar subdomains that cannot be purified. This capacity
opens the possibility to study the composition and function of other compartments.
We expect this approach may be extended to other eukaryotic pathogens and will
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enhance the utility of T. brucei as a model organism to study ciliopathies, heritable
human diseases in which cilium function is impaired.

KEYWORDS Trypanosoma, cell signaling, flagella

rypanosoma brucei is a flagellated parasite that is transmitted between mammalian

hosts by a hematophagous vector, the tsetse fly, and is of medical relevance as the
causative agent of sleeping sickness in humans (1). T. brucei also presents a substantial
economic burden in regions of endemicity due to infection of livestock, causing an
estimated loss of more than $1 billion/year (2). As such, T. brucei is considered both
cause and consequence of poverty in some of the poorest regions in the world. T. bru-
cei also provides an excellent model system for understanding the cell and molecular
biology of related flagellates T. cruzi and Leishmania spp., which together present a tre-
mendous health burden across the globe.

T. brucei has a single flagellum (cilium), which is essential for parasite viability, infec-
tion, and transmission (3-5). The flagellum drives parasite motility, which is necessary
for infection of the mammalian host (4) and for transmission by the tsetse fly (5). In
addition to its canonical function in motility, the flagellum plays important roles in cell
division and morphogenesis (6-8) and mediates direct interaction with host tissues (9).
Moreover, recent work has demonstrated that the trypanosome flagellum is the site of
signaling pathways that control the parasite’s response to external signals and are
required for transmission and virulence (4, 10-15). Human cilia are likewise used for
motility and sensory functions, and defects in these functions underlie a broad spec-
trum of inherited diseases termed ciliopathies (16). The ease of forward and reverse
genetic manipulation of T. brucei makes this parasite an ideal model organism to study
ciliopathies (17).

The trypanosome flagellum (Fig. 1) is built on a canonical “9+2" axoneme that orig-
inates at the basal body in the cytoplasm near the posterior end of the cell (3). Triplet
microtubules of the basal body extend to become doublets in the transition zone,
which marks the boundary between the basal body and the 9+2 axoneme (18). The
axoneme exits the cytoplasm through a specialized invagination of the plasma mem-
brane, termed the flagellar pocket (FP) (19). As it emerges from the flagellar pocket,
the axoneme is attached to an additional filament, termed the paraflagellar rod (PFR)
(20), that extends alongside the axoneme to the anterior end of the cell. The axoneme
and PFR remain surrounded by flagellar membrane that is distinct from but contiguous
with the cell and flagellar pocket membrane. The flagellum is laterally attached to the
cell body along its length, except for a small region at the distal tip that extends
beyond the cell’s anterior end (21). Lateral flagellum attachment is mediated by pro-
teins in the flagellum and cell body that hold the flagellum and plasma membranes in
tight apposition, constituting a specialized flagellar attachment zone (FAZ) that extends
from the flagellar pocket to the anterior end of the cell (21, 22).

As in other flagellated eukaryotes, the trypanosome flagellar apparatus (Fig. 1) can
be subdivided into multiple subdomains, each having specialized function and protein
composition. The FP, for example, demarcates the boundary between the flagellar
membrane and cell membrane, which have distinct protein and lipid compositions (19,
23). In T. brucei, the FP is the sole site for endocytosis and secretion, thus presenting a
critical portal for host-parasite interaction (19). The basal body functions in flagellum
duplication, segregation, and axoneme assembly (24). The region encompassing the
transition zone lies between the cytoplasm and flagellar compartment and includes
proteins that control access into and out of the flagellum (13, 18). The 9+2 axoneme is
the engine of motility (7), while the PFR in trypanosomes is considered to physically
influence flagellum beating and to serve as a scaffold for assembly of signaling and
regulatory proteins (25-28). The FAZ is a trypanosome-specific structure and is critical
for parasite motility and cell morphogenesis (29). The anterior flagellum mediates
attachment to the tsetse fly salivary gland epithelium, which is crucial for development
into human infectious parasites (30). The flagellum tip marks the site of cleavage
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FIG 1 Schematic diagram of major flagellum substructures in T. brucei. Schematic depicts emergence of the flagellum
from the basal body near the cell’s posterior end (left), extending to the cell’s anterior end (right). Major substructures

are labeled.

furrow initiation during cytokinesis (31), and it is the site of signaling proteins that
function in social motility (11, 32).

Given the essential and multifunctional roles of the trypanosome flagellum, much
effort has been made to define the protein composition of the organelle. However,
although we know a lot about the protein composition of the flagellum as a whole, a
critical knowledge gap is the protein composition of individual flagellum subdomains.
Classical proteomics approaches typically require purification of the flagellum or sub-
fractions of the flagellum (18, 33-37). This approach is useful and has been used to
determine proteomes of the detergent-insoluble transition zone (18) and flagellar con-
nector (34), but it can be cumbersome, is dependent on quality of the purified fraction,
and cannot resolve subdomains that are not part of a specific structure that can be
purified.

To overcome limitations of conventional flagellum proteomics approaches, we
applied APEX2 proximity labeling (38) in T. brucei. APEX2 is an engineered monomeric
ascorbate peroxidase that converts biotin-phenol into a short-lived biotin radical that
is highly reactive. The biotin-phenol radical interacts with nearby proteins, resulting in
covalent attachment of a biotin tag. Biotinylated proteins can be affinity purified with
streptavidin and identified by shotgun proteomics, allowing for facile identification of
proteins within a specific subcellular location from a complex and largely unfractio-
nated sample (38, 39). Here, we report successful implementation of APEX2 proximity
labeling in T. brucei to define the proximity proteome of flagellar proteins that are ei-
ther distributed along the axoneme or restricted to the tip of the flagellum membrane.
Our results establish APEX-based proximity proteomics as a powerful tool for T. brucei,
demonstrate that the approach can resolve flagellum subdomains that are not sepa-
rated by a physical boundary, and support the idea that the flagellum tip subdomain
functions in cell signaling.

(This article was submitted to an online preprint archive [40].)

RESULTS

To evaluate APEX2 labeling in T. brucei, we selected an axonemal protein as bait,
because the axoneme is a well-defined cellular component whose protein composition
in T. brucei has been examined in prior studies (18, 33, 34, 37). We selected the DRC1
subunit of the nexin-dynein regulatory complex (N-DRC) (41), because this protein has
a defined localization along the axoneme (K. L. Hill and G. Langousis, unpublished
data) and its position relative to major axonemal substructures, e.g., microtubule dou-
blets, radial spokes, and dynein arms, is known (42). Having selected DRC1 as bait, we
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FIG 2 APEX2 directs organelle-specific biotinylation in T. brucei. (A) Western blot of whole-cell lysate (W), NP-40-extracted
supernatant (S), and pellet (P) samples from 29-13 and DRC1-APEX2-expressing cells. Samples were probed with anti-HA antibody.
(B) Samples in panel A were stained with SYPRO Ruby to assess loading. (C) 29-23 and DRC1-APEX2 cells were examined by
immunofluorescence with anti-PFR antibody (Alexa 488, green), streptavidin (Alexa 594, red) and DAPI (blue). Boxes show
zoomed-in versions of the cells. Brackets point out that streptavidin (Alexa 594, red) extends up to the kinetoplast. Scale bar,

5um.

used in situ gene tagging (43) to generate cell lines expressing DRC1 fused to a C-ter-
minal APEX2 tag that includes APEX2 followed by 3x hemagglutinin (3xHA), referred
to as DRC1-APEX2. Expression of DRC1-APEX2 was demonstrated in Western blots of
whole-cell lysates (Fig. 2A). Extraction with nonionic detergent leaves the axoneme
intact in a detergent-insoluble cytoskeleton fraction (see Fig. S1A in the supplemental
material) that can be isolated from detergent-soluble proteins by centrifugation
(Fig. S1B) (44). We found that DRC1-APEX2 fractionates almost completely with the de-
tergent-insoluble cytoskeleton, as expected for an N-DRC protein (Fig. 2A). Growth
curves demonstrated that expression of DRC1-APEX2 does not affect growth of T. bru-
cei in vitro (see Fig. S2).

We next asked if APEX2 is functional within the biochemical environment of the T.
brucei cell. Cells expressing DRC1-APEX2 were incubated with biotin-phenol, which was
then activated with brief H,0, treatment followed by quenching with Trolox (a water-
soluble vitamin E analog), and L-ascorbate. To assess if APEX2 labeling conditions
affected parasite viability, we performed trypan blue exclusion assays. After the biotin-
phenol incubation, 99.3% of cells were viable, and after the consecutive H,0, treatment,
98.9% were viable.

To assess biotinylation, cells were probed with streptavidin-Alexa 594 and subjected
to fluorescence microscopy. As shown in Fig. 2C, we observed APEX2-dependent bioti-
nylation, and this was highly enriched in the flagellum. There was some background
staining in the cytoplasm, as revealed by parallel analysis of parental cells lacking the
APEX2-tagged protein (Fig. 2C), but flagellum staining was only observed in cells
expressing DRC1-APEX2. In the proximal region of the flagellum, the streptavidin signal
extended further than the PFR (Fig. 2C), indicating streptavidin labeling is on the axo-
neme. Therefore, DRC1-APEX2 directs specific biotinylation in the flagellum.

Having established that DRC1-APEX2 directs flagellum-specific biotinylation, we
used shotgun proteomics to identify biotinylated proteins. Samples were extracted
with nonionic detergent and separated into detergent-soluble supernatant and deter-
gent-insoluble pellet fractions. Biotinylated proteins in each fraction were then isolated
using streptavidin purification and subjected to shotgun proteomics for protein
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FIG 3 DRC1-APEX2 proximity proteome is enriched for flagellar proteins. (A) Scheme used to identify biotinylated proteins from 29-13 and DRC1-APEX2-
expressing T. brucei cells. (B) Principal-component analysis of proteins identified in pellet fractions from 29-13 (29-13p) and DRC1-APEX2 cells (DRC1p). The
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proximity proteome. Size and shading of text reflects the P value according to the scale shown.

identification. DRC1-APEX2 cells were processed in parallel with the parental cell line
(29-13) (45) as a control (Fig. 3A). Our focus was the detergent-insoluble pellet because
this fraction includes the axoneme and PFR, and the protein composition of these
structures has been characterized (21, 28, 33, 37, 46). The pellet fraction also includes
nonaxonemal structures such as the basal body, tripartite attachment complex, FAZ fil-
ament, and subpellicular cytoskeleton, thus enabling us to test for enrichment of axo-
nemal proteins. The analysis was performed using three independent biological repli-
cates. In one case, the sample was split into two aliquots, and shotgun proteomics was
performed on both in parallel, giving a total of four replicates each for DRC1-APEX2
and 29-13 (control) pellet samples.

Principal-component analysis demonstrated that the biotinylated protein profile of the
DRC1-APEX2 pellet samples (DRC1p) was distinct from that of 29-13 pellet samples (29-
13p) processed in parallel (Fig. 3B). We detected bona fide axonemal proteins, including
DRC1 and axonemal dynein subunits in some 29-13 replicates, but these were enriched in
DRC1-APEX2 samples relative to that in 29-13 samples. We therefore assembled a “DRC1p
proximity proteome” that included only proteins meeting the following three criteria: (i)
detected in all four replicates of the DRC1p sample, (ii) had a normalized spectrum count
of two or more, and (iii) were enriched in the DRC1p versus 29-13p sample. This yielded a
DRC1p proximity proteome of 697 proteins (Supplemental Table S1). The DRC1p proximity
proteome included all known DRC subunits, except DRC6, for which there is no clear T.
brucei homologue. Human homologues were identified for 372 proteins in the DRC1p
proximity proteome, and among these, 38 are linked to human diseases that have been
connected to cilium defects (Table S2). This exemplifies that the T. brucei flagellum could
be used as a model system for cilia in other organisms.
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To evaluate whether APEX proximity labeling was effective in identifying flagellar
proteins, we used Gene Ontology (GO) analysis (47), comparison to prior T. brucei flag-
ellar proteomes (33, 35, 37), and independent tests of localization (48). GO analysis
demonstrated significant enrichment of flagellar proteins in the DRC1p proximity pro-
teome compared to those encoded in the genome as a whole (Fig. 3C and D). As dis-
cussed above, our efforts were focused on the pellet fraction. We did, however, com-
plete GO analysis on the detergent-soluble “DRC1s proximity proteome,” which also
showed significant enrichment of flagellar proteins as well as signaling proteins (see
Fig. S3).

Compared with prior proteomic analyses of T. brucei flagella, the detergent-insolu-
ble DRC1p proximity proteome encompassed a larger fraction (45%) of the flagellum
skeleton proteome (33) than of the intact flagellum proteome (36%) (37), perhaps due
to the fact that the latter includes detergent-soluble proteins, which are not expected
in the DRC1p proximity proteome. As anticipated, minimal overlap was observed with
the flagellum surface plus matrix proteome (35), which includes only detergent-soluble
proteins.

TrypTag localization data (48) were available for 677 proteins in the DRC1p proxim-
ity proteome, and 509 of these (75%) are annotated as having TrypTag localization that
includes one or more flagellum structures. The DRC1p proximity proteome includes 346
proteins that were not identified in prior proteomic analyses of the T. brucei flagellum or
axoneme fragments (18, 28, 33-35, 37) (Table S1A). TrypTag localization data were avail-
able for 333 of these, and 241 (72%) are annotated as having a TrypTag localization to
one or more flagellum structures. In some cases, localization was specific to flagellum
structures, while in others, the protein showed multiple locations. This finding supports
the idea that many of these 346 proteins are bona fide flagellar proteins despite going
undetected in earlier flagellum proteome studies. The combined results demonstrate
that APEX2 proximity labeling is functional in T. brucei and enables identification of flag-
ellar proteins without the need to purify the flagellum. The data also indicate the protein
composition of the T. brucei flagellum is more complex than indicated by earlier studies
alone.

APEX labeling readily distinguishes proteins in close proximity but separated by a
membrane (39), and this is evidenced in our data when considering protein compo-
nents of the FAZ (21). Proteins on the flagellar side of the FAZ are substantially
enriched in the DRC1-APEX2 sample, whereas proteins on the cell body side of the FAZ
are not (see Fig. S5). Furthermore, the short half-life of the biotin-phenol radical (38)
means that APEX labeling can resolve proteins separated by distance even in the ab-
sence of a membrane boundary. As discussed above and shown previously (49), APEX
resolves flagellar versus cytoplasmic proteins despite these two compartments being
contiguous. Within the DRC1p proximity proteome, we noted that proteins distributed
similarly to DRC1, i.e., along the entire axoneme, were well represented, while proteins
restricted to the distal or proximal end of the flagellum were less represented (Fig. 4
and see Table S3). While total abundance may contribute to this result, it nonetheless
suggested, though did not prove, that beyond flagellum versus cytoplasm, APEX label-
ing might also be able to resolve proteins from different subdomains within the flagel-
lum. We therefore set out to test this idea. We were particularly interested in the flagel-
lum tip because of its importance in trypanosomes and other organisms for signal
transduction (10, 11, 50, 51), flagellum length regulation (52-56), and interaction with
host tissues (9, 57).

To assess whether APEX2 could be used to distinguish between flagellum subdo-
mains, we generated APEX2-tagged versions of a flagellar membrane protein that is tip
specific, AC1 (32), and a FAZ protein that is tip excluded, FS179 (35). Expression of ei-
ther AC1-APEX2 or FS179-APEX2 did not affect T. brucei doubling time (Fig. S2), and
both tagged proteins fractionated in the detergent-soluble fraction as expected (see
Fig. S4). To assess biotinylation, AC1-APEX2- and FS179-APEX2-expressing cells were
incubated with biotin-phenol, activated with H,0,, and then quenched, probed with
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streptavidin-Alexa 594, and examined by fluorescence microscopy (Fig. 5A to D). The
signal in ACT-APEX2 expressors was enriched at the flagellum tip, while the signal in
FS179-APEX2 expressors was distributed along the flagellum but lacking or diminished
at the flagellum tip (Fig. 5A to D). These biotinylation patterns match with the previ-
ously published localizations for ACT (32) and FS179 (35). Samples were solubilized
with detergent and centrifuged to remove insoluble material. Biotinylated proteins
were isolated from the soluble fraction by streptavidin affinity purification and then
identified by shotgun proteomics. Negative-control samples were processed in parallel
(Fig. 5E) from parental cells (29-13) without an APEX2 tag and cells expressing
AC1A45-APEX2, an ACT truncation that lacks the C-terminal 45 amino acids (aa) and is
localized to the cytoplasm instead of the flagellum (32).

Principal-component analysis demonstrated that the biotinylated protein profile of
AC1-APEX2 detergent-soluble (AC1s) samples was readily distinguished from that of
FS179-APEX2 (FS179s) and 29-13 (29-13s) control samples (Fig. 6A). Therefore, APEX2
proximity proteomics was able to distinguish protein compositions of the tip versus
FAZ subdomains within the flagellum, even though they have no physical barrier
between them.

To define an “AC1s proximity proteome,” we compared the biotinylated protein
profile of the AC1 detergent-soluble sample (AC1s) to that of 29-13 (29-13s) and
AC1A45s samples processed in parallel. We used known flagellum tip proteins
(Table 1) to set thresholds for ACTs versus 29-13s and ACTs versus AC1A45s enrich-
ment; only proteins exceeding these enrichment thresholds were included in the AC1s
proximity proteome. Additionally, we included only those proteins that were enriched
in AC1s versus FS179s and DRC1s. This yielded a final AC1s proximity proteome of 48
proteins, including 27 adenylate cyclases and 21 additional proteins (Table 2).
Extensive sequence identity among adenylate cyclases poses challenges for distin-
guishing between some isoforms, and so the number of 27 might be an overestimate.
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FIG 5 APEX2 labeling resolves flagellum subdomains. (A and B) AC1-APEX2 cells were fixed and examined by fluorescence microscopy
after staining with anti-PFR antibody (Alexa 488, green), streptavidin (Alexa 594, red), and DAPI (blue). Boxes show zoomed in version of
the cells. Brackets point out streptavidin (Alexa 594, red) at the flagellum tip. (C and D) FS179-APEX2 cells were examined by
immunofluorescence with anti-PFR antibody (Alexa 488, green), streptavidin (Alexa 594, red) and DAPI (blue). White brackets indicate
the distal region of the flagellum that is not labeled by streptavidin. Boxes show zoomed in versions of the cells. Brackets indicate that
streptavidin (Alexa 594, red) is excluded from the flagellum tip. Scale bar, 5um. (E) Scheme used to identify biotinylated proteins from
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Nonetheless, there is evidence of nonredundant function (11), N-terminal sequence dif-
ferences (32), and differential expression patterns (36, 58, 59). We performed a parallel
analysis to define an “FS179s proximity proteome.” in this case comparing FS179s to
29-13s and AC1A45s samples as negative controls, and using (14) intraflagellar trans-
port (IFT) proteins (60) to set the enrichment thresholds for inclusion (Table 3). The rea-
soning behind using IFT proteins is that they are known flagellar proteins that are
found along the flagellum and not enriched at the tip (35). GO analysis showed enrich-
ment of flagellar proteins in both AC1s and FS179s proximity proteomes; however, the
AC1s proximity proteome was also enriched with signaling proteins, while the FS179s
proximity proteome was not (Fig. 6B and C).

Prevalence of adenylate cyclases within the AC1s proximity proteome supports the
idea that the data set is enriched for tip proteins, because all T. brucei adenylate
cyclases studied to date are flagellar and, in procyclics, many are enriched at the flagel-
lum tip (32). AC2 is localized all along the flagellum (32), yet it is found in the ACls
proximity proteome, perhaps due to the fact that AC2 and AC1 dimerize and share
~90% amino acid sequence identity (32).

Among the 21 non-AC proteins in the ACTs proximity proteome, 20 have independ-
ent data on localization (48). Four of these have previously been published as being
flagellum tip specific (FLAM8 and CALP1.3), flagellum specific and tip enriched (KIN-E),
or located throughout the cell but also found in the flagellum tip (CALP7.2) (37, 61, 62).
For the remaining 16 proteins, we assessed localization by referencing the TrypTag
database (48) and/or epitope tagging directly. We find that half of these 16 proteins
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FIG 6 APEX2 proximity proteomics differentiates protein compositions of flagellum subdomains. (A) Principal-component analysis of proteins identified in
supernatant fractions from 29-13 (29-13s), AC1-APEX2 (AC1s), and FS179-APEX2 (FS179s) cells. For parental cell line controls (29-13), three independent
experiments are shown (0410, 0629-A, and 0629-B), and for one experiment, the sample was split into two aliquots (0410-A1 and 0410-A2) that were
subjected to shotgun proteomics in parallel. For FS179s, two independent experiments are shown (0629-A and 0629-B). For AC1s, one sample was split into
two aliquots that were subjected to shotgun proteomics in parallel (0410-A1 and 0410-A2). (B) Word cloud representing GO analysis for cellular components
and biological processes of the proteins identified in the ACTs proximity proteome. (C) Word cloud representing GO analysis for cellular components and

biological processes of the proteins identified in the FS179s proximity proteome.

are either tip specific or enriched at the flagellum tip while also being located else-
where in the cell (Fig. 7 and Table 2). Notably, most of the proteins that did not exhibit
tip localization were among the least enriched in the AC1s samples versus those in
FS179s samples (Table 2). Among 11 proteins enriched >2-fold in AC1s versus FS179s
and having localization data, 9 are enriched in the flagellum tip. Therefore, the AC1s
proximity proteome is enriched for flagellum tip proteins.

DISCUSSION

The protein composition of flagellum subdomains in T. brucei is a knowledge gap in
understanding the biology of these pathogens. To overcome this, we implemented
APEX2 proximity proteomics. Our results demonstrate that APEX-based proximity
labeling is effective in T. brucei and is capable of resolving flagellum subdomains, even
if they are not separated by physical barriers. Use of the APEX system has allowed us to
define a soluble flagellum tip proteome that includes signaling proteins and supports
the idea that the tip participates in cAMP signaling (10, 11). While this tip proteome is
likely incomplete, our work represents an important step in defining the protein
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TABLE 2 ACTs proximity proteome?

Reference and/or source AC1s/FS179s
TriTryp GenelD TriTryp annotation Localization® for location data avg ratio®
Tb927.2.5860 Hypothetical Tip TrypTag (48) 15.88
Tb927.2.5870 Hypothetical Tip TrypTag (48, and this work) ~ 10.71
Tb927.4.1500 RNA editing associated helicase 2 Not flagellar TrypTag (48) 7.45
Tb927.4.4400 Hypothetical Flagellum, distal points plus endocytic TrypTag (48) 5.18
Tb927.2.5760 Flagellar member 8 Tip 37 5.03
Tb927.11.14410 Ankyrin repeats Not flagellar TrypTag (48) 3.89
Tb927.1.2120 Calpain-like protein CALP1.3 Tip 62 3.60
Tb927.11.17040 AC1¢ Tip 32 3.37
Tb927.7.4060 Cysteine peptidase, clan CA, family C2  Flagellum, tip enriched plus cytoplasm TrypTag (48, 62) 3.02
Tb927.9.7540 Cysteine peptidase, clan CA, family Flagellum, tip enriched TrypTag (48, and this work) ~ 2.98
C2, putative
Tb927.7.4070 Cysteine peptidase, clan CA, family C2  Tip plus cytoplasm 62 2.86
Tb927.7.5340 cAMP response protein 3 Flagellum, tip enriched plus cytoplasm TrypTag (48, and this 241
work)
Tb927.10.15700 Hypothetical Tip 2.11
Tb927.4.4220 Small GTP-binding rab protein Flagellar pocket TrypTag (48) 2.11
Tb927.10.9380 SEP domain/UBX domain containing New flagellum-distal points TrypTag (48) 1.86
protein
Tb927.5.2090 Kinesin (KIN2A) Flagellum, tip (weak) plus cytoplasm TrypTag (48) 1.74
Tb927.6.4710 Calmodulin Flagellum TrypTag (48) 1.68
Tb927.3.4640 VIT family Not flagellar TrypTag (48) 1.50
Tb927.7.7260 Kinesin (KIF9B) Flagellum puncta, basal and probasal 92 1.32
body
Tb927.9.9690 Hypothetical Flagellum, tip enriched TrypTag (48) 1.22
Tb927.7.3090 Galactose oxidase, central domain Not flagellar TrypTag (48) 117
containing protein, putative
Tb927.5.2410 (Tip) kinesin (KIN-E) Flagellum, tip enriched TrypTag (48, 61) 1.16

aProteins in boldface font have a known role in cell signaling.

bTip, the prominent or sole location is flagellum tip; flagellum, tip enriched, in the flagellum and enriched at tip; tip enriched, enriched at the flagellum tip, but also present
outside the flagellum.

“Normalized spectral count average of all experiments and replicates of AC1s over normalized spectral count average of all experiments and replicates of FS179s. Only
proteins with AC1/FS179 ratio of >1 are included in the AC1s proteome.

dACT represents a total of 27 ACs identified in the AC1s proximity proteome (see Table S4 in the supplemental material).

composition of flagellum subdomains and other trypanosome cellular compartments
that cannot themselves be purified.

One major advantage of proximity labeling-based proteomics versus other proteo-
mic approaches to define organelle protein composition is that it allows for isolation of
proteins of interest from crude cell lysates in a simple one-step purification, without
the need to purify the organelle. Prior proteomic analyses of the T. brucei flagellum
have required purification of the flagellum away from the cell body (33, 35, 37). This is
problematic, because the flagellum in T. brucei is laterally connected to the cell body
along most of its length. Therefore, purification approaches have employed genetic
manipulation to remove lateral connections followed by sonication or shearing to
detach the flagellum at its base (35, 37) or have employed detergent extraction fol-
lowed by selective depolymerization of subpellicular microtubules while leaving axo-
neme microtubules intact (33). The latter approach does not allow for identification of
flagellum matrix or membrane proteins that are detergent soluble. In both cases, flag-
ellum detachment is followed by centrifugation to separate flagellum fractions from
cell bodies and solubilized material and then electron microscopy to evaluate sample
quality. The proximity labeling-based proteomics eliminates the need for subcellular
fractionation and evaluation of the purified flagellum sample, although it can be
coupled with fractionation to distinguish detergent-soluble from -insoluble proteins,
as in our case. Such approaches also enable easy detection of detergent-soluble and
-insoluble proteins from the same cells. A disadvantage of proximity labeling-based
proteomics is that, owing to the requirement for proteins to be close to the APEX-
tagged bait, one might miss proteins that are part of the organelle in question but
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FIG 7 AC1s proximity proteome identifies tip proteins. Fluorescence microscopy of trypanosomes expressing the
indicated protein tagged with mNeonGreen (green). Samples are stained with Hoechst 33342 (blue). Top panel shows
fluorescence plus phase contrast merged images. Bottom panel shows fluorescence image. Scale bar, 5um.

distant from the bait protein. For this reason, efforts to define a comprehensive whole-or-
ganelle proteome should employ multiple independent and complementary approaches.

BiolD (39, 63-65) is an alternative proximity-labeling method that employs a pro-
miscuous biotin ligase, BirA*, and has been used widely, including several applications
in T. brucei (66-69) and other parasites (70). BirA* and APEX-based proximity labeling
methods are complementary, achieving similar aims with overlapping but also distinct
mechanistic features (71). BiolD offers the advantage of using easily deliverable biotin,
while APEX offers the capacity for doing short-time-scale time course analyses owing
to the short (30s to 1min) activation period required to initiate labeling (38).
Traditional BiolD requires several hours of incubation with biotin to achieve labeling
(65). A modified version, termed TurbolD, allows for a shorter (10 min) incubation pe-
riod, enabling time course studies (72), although TurbolD has not yet been validated in
trypanosomes. Beyond proximity proteomics, APEX catalyzes oxidation of 3,3’-diami-
nobenzidine (DAB), which polymerizes and can be visualized by light microscopy or
electron microscopy to determine precise subcellular location of the APEX-tagged pro-
tein (73).

Our ability to distinguish protein profiles of AC1s and FS179s samples (Fig. 6A) illus-
trates the capacity of APEX to distinguish between subcellular regions that are not sep-
arated by a physical barrier. Although this capacity was shown previously in mamma-
lian cells for the cilium compartment versus the cytoplasm (49) and for distinct
locations in the cytoplasm (74), our studies now demonstrate this is also possible
within the spatially restricted volume of the flagellum. The eukaryotic flagellum is com-
posed of specific subdomains, each with specialized functions and protein composi-
tions (32). The distal tip of the flagellum in many organisms, for example, is important
for the transduction of extracellular signals, flagellum length regulation, and cell-cell
adhesion (10, 11, 50-56). The transition zone at the flagellum’s proximal end has speci-
alized functions, controlling access into and out of the flagellar compartment (18, 75).
Even dyneins are distributed differentially from proximal to distal ends of the axoneme
(76). APEX labeling has previously been used to identify proteins throughout the cilium
in mammalian cells (49). To our knowledge, however, our studies are the first to extend
this system to distinguish protein compositions of specific flagellum subdomains, thus
providing a powerful addition to tools available for dissecting flagellum function and
mechanisms of ciliary compartmentation.

Prior work has provided important advances by determining the protein composi-
tions of two specific subdomains within the T. brucei flagellum, the transition zone (18)
and tip (34) of the detergent-insoluble axoneme, the latter including an axonemal cap-
ping structure (ACS) and the T. brucei-specific flagellar connector (FC) (34). Those stud-
ies developed a novel method termed structure immunoprecipitation (SIP), in which
detergent-insoluble axonemes are prepared and then fragmented into small pieces
and immunoprecipitated using an antibody to a marker protein localized to the
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domain of interest. Independent localization, biochemical, and functional analyses
were then used to define the corresponding transition zone, ACS, and FC proteomes.
Given that the FC and ACS are at the tip of the flagellum, we compared their pro-
teomes to the AC1s proximity proteome. We did not find any overlap, as might be
expected because the FC and ACS analyses were restricted to detergent-insoluble
components, while the AC1s proximity proteome uniquely identifies detergent-soluble
proteins. Our work therefore complements and extends earlier proteome analyses of T.
brucei flagellum subdomains and expands our knowledge of proteins that mediate
flagellum tip-specific functions.

The ACTs proximity proteome is enriched with known and previously unknown
flagellum tip proteins (Fig. 7 and Table 2). Function for many of these proteins remains
to be determined, but for some, there is existing information to suggest a role in signal
transduction. One, previously identified as cAMP response protein 3 (CARP3), is a can-
didate cAMP effector (77), and more than half of the proteins are adenylate cyclases. A
role for the flagellum tip in cAMP signaling was previously demonstrated (10, 11), and
flagellar cAMP signaling is required for the T. brucei transmission cycle in the tsetse fly
(12). Another protein group well represented is calpain-like proteins. Calpains function
in Ca2* signal transduction, although the calpain-like proteins in the AC1s proximity
proteome possess only a subset of the domains typically seen in more classical cal-
pains. Interestingly, the flagellar tip kinesin KIN-E (61) contains a domain lll-like domain
typically found in calpains and thought to function in lipid binding (78).

Beyond signaling functions, the AC1s proximity proteome offers insight into other
aspects of flagellum tip biology. It includes four proteins annotated as having homol-
ogy to a serine-rich adhesin protein from bacteria (79). Whether these function as
adhesins in the flagellum is unknown, but adhesion functions could contribute to
attachment of the axoneme to the flagellar membrane or in attachment functions of
the FC (80). KIF9B was previously detected at the flagellum tip in IFT knockdowns (81)
and, its presence in the ACTs proximity proteome (Table 2) suggests it might be transi-
ently present at the flagellum tip under normal conditions. The mechanism by which
IFT kinesins return to the flagellum base after remodeling at the tip is an important
and debated topic, which may differ between different organisms (53). Presence of the
IFT kinesin KIN2A (82), but not other IFT components, in the AC1s proximity proteome
and its distribution along the flagellum with slight enrichment at the flagellum tip
(Table 2) might indicate that KIN2A diffuses back to the base, similar to what has been
observed in Chlamydomonas reinhardtii (83) but different from the retrograde transport
observed in Caenorhabditis elegans (84).

The DRC1p proximity proteome showed substantial overlap with earlier proteome
analyses of purified flagellum skeletons (18, 33, 34, 37) while also including 346 pro-
teins not found in those prior studies. Independent data on 241 of these 346 proteins
support flagellum association for 72%, indicating the protein composition of the T. bru-
cei flagellum is more complex than suggested from earlier studies. Many proteins
uncovered in prior flagellum proteome analyses were not found in the DRC1p proxim-
ity proteome. There are several potential explanations for this. First, some earlier stud-
ies included detergent-soluble matrix and membrane proteins (35, 37), which are not
expected in the DRC1p proximity proteome. Second, the threshold for inclusion in the
DRC1p data set is high, as proteins must be present in all four DRC1p replicates and
enriched over that of negative controls, while some of the earlier studies examined a
limited number of replicates (33) or lacked extensive negative controls (35). Third, each
approach will contain false positives and false negatives. For example, flagellar proteins
that are far away from DRC1 might not be biotinylated in our analysis. We recognize
that several bona fide axonemal proteins were identified in 29-13 control samples
processed in parallel to DRC1p samples. We do not presently know the reason for this,
but the problem was less evident in the analysis of detergent-soluble AC1s samples
and so may relate to residual insolubility of the axoneme or high abundance of axo-
neme proteins, which may be present at thousands of copies per axoneme.
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Among proteins identified here, but not in prior flagellum proteomes, the DRC1p
proximity proteome includes several kinesins with unspecified functions, suggesting
flagellum roles. Several nucleoporins were also identified, which may inform the
debate regarding a flagellum role for these proteins (85). The relatively high represen-
tation of IFT proteins is interesting, considering that, with the exception of the IFT
dynein complex (86), few IFT cargoes have been identified in T. brucei. In C. reinhardtii,
DRC4 is transported as an IFT cargo (87). Thus, if DRC1 in T. brucei is transported as an
IFT cargo, this could explain the prevalence of IFT proteins.

To our knowledge, this is the first work to demonstrate APEX2 proximity proteomics
in a eukaryotic human pathogen. This is an important point, because systems for
removing reactive oxygen species in any given organism may limit suitability of APEX-
based labeling (39). For example, erythrocytic Plasmodium spp. rely on a series of
redundant glutathione- and thioredoxin-dependent reactions to remove H,O, and
maintain redox equilibrium (88). Therefore, our studies expand the capacity in T. brucei
for proximity labeling, which is an increasingly important tool in postgenomic efforts
to define protein location and function in pathogenic organisms (71).

MATERIALS AND METHODS

Trypanosoma brucei culture. Procyclic Trypanosoma brucei brucei (strain 29-13) (45) was used as a
control and to generate all the APEX2-tagged cell lines. Cells were cultivated in SM medium supple-
mented with 10% heat-inactivated fetal bovine serum and incubated at 28°C with 5% CO,. Cell viability
was assessed using trypan blue exclusion (0.4% solution; Lonza), according to the manufacturer’s
protocol.

In situ tagging. APEX2-tagged cell lines were generated by in situ tagging (89). In each case, cells
were transfected with a cassette containing the APEX2-NES tag (38) followed by a puromycin resistance
marker and flanked on the 5’ end by the 3’ end of the target gene open reading frame (ORF) and on the
3’ end by the target gene 3’ untranslated region (UTR). For AC1 (Tb927.11.17040) and FS179
(Tb927.10.2880), the ACT-HA (35) and FS179-HA (32) in situ tagging vectors in pMOTag2H (89) were
modified by inserting the APEX2-NES tag in-frame between the target gene ORF and 3xHA tag to gen-
erate the final APEX2 tagging cassettes. For DRC1 (Tb927.10.7880), the last 592 bp of the ORF were PCR
amplified from genomic DNA and cloned upstream of the 3xHA tag in the pMOTag2H (89) vector back-
bone. Similarly, the first 404 bp of the DRC1 3’ UTR were PCR amplified from genomic DNA and cloned
downstream of the puromycin resistance marker. The APEX2-NES tag was then inserted between the tar-
get gene ORF and 3xHA tag as described above. All sequences were verified by DNA sequencing.
Tagging cassettes were excised from the pMOTag2H backbone (89) and gel purified. Trypanosome cells
were transfected by electroporation and selected with 1 wg/ml puromycin as described previously (43).

Biotinylation. Biotinylation was performed using a modified version of the method in reference 39.
Briefly, cells were harvested by centrifugation for 10 min at 1,200 x g and then resuspended at 2 x 107
cells/ml in growth medium supplemented with 5mM biotin-phenol (biotin tyramide; Acros Organics).
After a 1-h incubation, cells were treated with 1 mM H,O, for 1 min. To quench unreacted hydrogen per-
oxide, an equal volume of 2x quenching buffer (10 MM Trolox and 20 mM L-ascorbic acid sodium salt in
phosphate-buffered saline [PBS], pH 7.2) was added, cells were harvested by centrifugation, and two
additional washes were performed with 1x quenching buffer.

Immunofluorescence. Cells 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 followed by 10 min in —20°C acetone and then air dried.
Cells were rehydrated for 15 min in PBS and blocked overnight in blocking solution (PBS plus 5% bovine
serum albumin [BSA] plus 5% normal donkey serum). Coverslips were incubated with streptavidin
coupled to Alexa 594 (Life Technologies) and anti-PFR antibody (32) diluted in blocking solution for 1.5
h. After three washes in PBS plus 0.05% Tween 20 for 10 min each, coverslips were incubated with don-
key anti-rabbit IgG coupled to Alexa 488 (Invitrogen) in blocking solution for 1.5 h. After three washes in
PBS plus 0.05% Tween 20 for 10 min each, cells were fixed with 4% paraformaldehyde for 5min.
Coverslips were washed three times in PBS plus 0.05% Tween 20 and one time in PBS for 10 min each.
Cells were mounted with Vectashield containing 4’,6-diamidino-2-phenylindole (DAPI; Vector). Images
were acquired using a Zeiss Axioskop Il compound microscope and processed using AxioVision (Zeiss,
Inc., Jena, Germany) and Adobe Photoshop (Adobe Systems, Inc., Mountain View, CA).

Fractionation of whole cells and purification of biotinylated proteins. For purification of biotinyl-
ated proteins, 6 x 108 cells were washed once in PBS and lysed in PEME lysis buffer (100 mM PIPES, 1.5
mM Na, 2mM EGTA, 1 mM MgSO,:7H,0, and 0.1 mM EDTA-Na,-2H,0) plus 0.5% Nonidet P-40 (NP-40)
plus EDTA-free protease inhibitors (Sigma) for 10 min on ice. Lysates were centrifuged for 8 min at
2,500 x g at room temperature (RT) to separate the NP-40-soluble supernatant and the insoluble pellet.
The pellet was boiled for 5min in lysis buffer plus 1% SDS and centrifuged for 3 min at 21,000 x g at RT
to remove insoluble debris, and the SDS supernatant was collected.

Capture of biotinylated proteins from the NP-40-soluble and SDS supernatants on streptavidin beads
was performed essentially as described previously (35). Cell fractions were incubated with 120 ul
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streptavidin beads (GE Healthcare) overnight at 4°C with gentle agitation. Biotinylated proteins bound
to streptavidin beads were separated from the unbound molecules by centrifugation. Beads were
washed once with lysis buffer at 4°C, whereas the rest of the washes were performed at RT as follows:
once in buffer A (8 M urea, 200 mM NaCl, 2% SDS, and 100 mM Tris), once in buffer B (8 M urea, 1.2 M
NaCl, 0.2% SDS, 100 mM Tris, 10% ethanol, and 10% isopropanol), once in buffer C (8 M urea, 200 mM
NaCl, 0.2% SDS, 100 mM Tris, 10% ethanol, and 10% isopropanol), and 5 times in buffer D (8 M urea and
100 mM Tris); pH of all wash buffers was 8.

Shotgun proteomics. Shotgun proteomics was performed based on reference 35. Streptavidin-
bound proteins were digested on beads by the sequential addition of Lys-C and trypsin protease.
Peptide samples were fractionated online using reversed-phase chromatography followed by tandem
mass spectrometry (MS/MS) analysis on a Thermo Fisher Q-Exactive mass spectrometer. Data analysis
was performed using the IP2 suite of algorithms (Integrated Proteomics Applications). Briefly, RawXtract
(version 1.8) was used to extract peaklist information from Xcalibur-generated RAW files. Database
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
7.0). Other database search parameters included (i) precursor ion mass tolerance of 10 ppm, (ii) fragment
ion mass tolerance of 10 ppm, (iii) only peptides with fully tryptic ends were considered candidate pep-
tides in the search with no consideration of missed cleavages, and (iv) static modification of 57.02146 on
cysteine residues. Peptide identifications were organized and filtered using the DTASelect algorithm,
which uses a linear discriminate analysis to identify peptide scoring thresholds that yield a peptide-level
false-discovery rate of less than <1.8% 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 <1.8% pep-
tide-level false-discovery rate.

For principal-component analysis (PCA) and comparison of proteins identified in each sample, pro-
teomics data were parsed using the IP2 Integrated Proteomics Pipeline ver. 5.1.2. The output from the
Protein Identification STAT Compare tool (IDSTAT_COMPARE) in IP2 was processed using a custom R-
based web app (https://uclaproteomics.shinyapps.io/iscviewer/) to generate the PCA graphs. For pro-
teins identified in different samples, the ID_COMPARE output was exported to Excel to generate mass
spectrometry data analysis tables (see Tables S4 and S5 in the supplemental material).

For the DRC1p proximity proteome, data were from three independent experiments each for DRC1-
APEX2 and 29-13 (control) pellet samples. In one case each, the sample was split into two aliquots, and
shotgun proteomics was performed on both in parallel, giving a total of four replicates each for DRC1-
APEX2 and 29-13 samples. Ratios of average normalized spectra were used to determine inclusion in the
DRC1p proximity proteome as described in the text. Of 739 proteins identified, 42 redundant gene iden-
tifiers (GenelDs) were removed for a total proximity proteome of 697 (Tables S1 and S4). For the AC1s
and FS179s proximity proteomes, data were from four independent experiments for 29-13 samples
(0313, 0410, 0629-A, and 0629-B) and two independent experiments each for AC1 (0313 and 0410) and
FS179 (0629-A and 0629-B). For the 0313 and 0410 experiments, each sample was split into two aliquots,
and shotgun proteomics was performed in parallel on each, for a total of six replicates for 29-13, four
replicates for AC1, and two replicates for FS179. Ratios of average normalized spectra were used to
determine inclusion in the AC1s and FS179s proximity proteomes as described in the text.

Bioinformatics. To identify human homologues, we developed an algorithm to automatically return
reciprocal best blast hits from the large lists of proteins produced by shotgun proteomics. The algorithm
was implemented in python using the biopython library (90) and works as follows. Individual sequences
were parsed sequentially and used as a query for BLASTp to find a list of similar sequences with an E
value threshold of 0.1 from a database of human protein sequences retrieved from NCBI. The top three
most similar sequences were then used as query sequences for a subsequent BLASTp call against a data-
base of T. brucei protein sequences. If the original sequence was found in the top three from this call,
then the query was then returned as a homologue. The python code for performing this can be found at
the following URL: https://github.com/marcusgj13/Reciprocal-BB. Association of the identified homo-
logues with human disease was taken from the phenotype section of the NCBI entry. Comparison to
published T. brucei flagellar proteomes (33, 35, 37) was performed using the search tools in the TriTryp
Genome Database (https://tritrypdb.org/tritrypdb/) (79). Word clouds (Fig. 3, 6, and S3) were obtained
using the GO Enrichment tool of TriTrypDB, using T. brucei brucei TREU927 and a 0.05 P value cutoff.

To assess protein localization as determined by TrypTag (48), proteins in the DRC1p proximity pro-
teome data set were cross-referenced with TrypTag to look at matches versus mismatches. The GO terms
searched for were: flagellum, transition zone, flagellar cytoplasm, probasal body, basal body, flagellar
membrane, flagella connector, paraflagellar rod, flagellum attachment zone, intraflagellar transport par-
ticle, hook complex, flagellar tip, and axoneme. Among the DRC1p proximity proteome (697 entries), the
number of genes for which there is TrypTag localization data for at least one terminus was 677. The
number of TrypTag-tagged genes that matched a flagellum GO term was 509. The number of TrypTag-
tagged genes that did not match a flagellum GO term was 168. Therefore, of 677 proteins with TrypTag
localization data, 75% have a TrypTag localization that matches the query GO terms. Among DRC1p
proximity proteome proteins not found in earlier proteome analyses (346 proteins), the number of query
genes for which there is TrypTag localization data for at least one terminus was 333. The number of
query genes where TrypTag localization matches the query GO term was 241. The number of query
genes where TrypTag localization mismatches the query GO term was 96. Therefore, of 333 proteins
with TrypTag localization data, 72% have a TrypTag localization that matches the query GO terms.
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Data availability. The python code used to identify human homologues was deposited in GitHub,
and it can be found at the following URL: https://github.com/marcusgj13/Reciprocal-BB. The code, ex-
planation of it, and instructions to install and run the program can also be found there.
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