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architecture In kinetoplastids
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A key morphological feature of kinetoplastid parasites is the position and length
of flagellum attachment to the cell body. This lateral attachment is mediated by
the flagellum attachment zone (FAZ), a large complex cytoskeletal structure,
which is essential for parasite morphogenesis and pathogenicity. Despite the
complexity of the FAZ only two transmembrane proteins, FLA1 and FLA1BP,
are known to interact and connect the flagellum to the cell body. Across the
different kinetoplastid species, each only has a single FLA/FLABP pair, except
in Trypanosoma brucei and Trypanosoma congolense where there has been
an expansion of these genes. Here, we focus on the selection pressure behind
the evolution of the FLA/FLABP proteins and the likely impact this will have on
host-parasite interactions.

FLA and FLABP proteins mediate the lateral attachment of the flagellum to the
cell body

Kinetoplastid parasites have a single flagellum laterally attached to the cell body with the connection
mediated by a large cytoskeletal structure called the flagellum attachment zone (FAZ) (see
Glossary) [1,2] (Figure 1A). FAZ length varies between the different parasite species; however, in
all of them the FAZ connects the cell body cytoskeleton to the cytoskeletal structures in the flagellum
through the cell body and flagellum membranes [3,4] (Figure 1B,C). These linkages are essential,
and disruption to the FAZ leads to defects in cell morphogenesis and a reduction in parasite
pathogenicity [2,4,5]. Flagellum attachment occurs within the context of the surface coat of
these parasites, variations in which underpin their interaction with respective hosts and
vectors. Despite the complexity of the FAZ, with ~100 FAZ proteins identified, the only FAZ pro-
teins with large extracellular domains required for connection are FLA1 and its binding partner
FLA1BP [6-8] (Figure 1D). Although FLA1-FLA1BP interaction has been confirmed experimen-
tally, their binding mechanism is unknown [6]. Here, we consider the functional implications of
the duplication and diversification of these proteins in Trypanosoma brucei and Trypanosoma
congolense and the implications for vaccine development for African trypanosomes.

FLA and FLABP gene family in T. brucei

FLA1 was identified in T. brucei due to its identity to GP72, a glycoprotein required for Trypanosoma
cruzi flagellum attachment [7,9,10]. Depleting FLA1 by RNAi in T. brucei procyclic form (PCF)
resulted in flagellum detachment from the cell body [11]. When RNAi was used to deplete FLA1 in
bloodstream forms (BSFs) the flagellum also became detached. However, when the amount of
FLAT mRNA was analysed by northern blot, a second higher-molecular-weight band was observed
in BSFs in addition to the expected FLAT band. The higher-molecular-weight band corresponded to
the transcript for FLA2, which is highly similar to FLA1 over the first 100 amino acids. This demon-
strated the stage-specific expression of the FLA proteins, and later transcriptomic and proteomic
work confirmed that FLA2 is enriched in BSFs and that FLAT is enriched in PCFs [12—15]. FLA1
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Lateral attachment of the flagellum to
the cell body is mediated by the flagellum
attachment zone (FAZ) and defines
kinetoplastid cell morphogenesis and
pathogenicity.

Two interacting proteins, FLA1 and
FLA1BP, dominate the attachment in
the FAZ extracellular domain and we
propose that FLA1 and FLA1BP struc-
ture has evolved as a consequence of
surface protein coat architecture.

The FLA and FLABP gene family have
duplicated and expanded in the African
trypanosomes, Trypanosoma brucei
and Trypanosoma congolense but not
in Trypanosoma vivax.

A recent T. vivax vaccine candidate
generated antibodies that bound to the
cell adjacent to the FAZ and we suggest
that accessibility to an invariant antigen
results from T. vivax expressing only a
single FLA1/FLA1BP pair, which needs
to maintain flagellum attachment
throughout its life cycle across different
surface architectures.
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RNAI in BSFs reduced both FLA7 and FLA2 mRNA, so the relative importance of FLA1/FLA2 for
BSF flagellum attachment is still unclear [8]. Subsequently, an additional gene, FLA3, was identified
that was 97 % identical to FLA2 at the amino acid level and followed the same expression pattern,
enriched in BSFs versus PCFs [6,13,14].

An immunoprecipitation approach identified FLA1BP as the interacting partner of FLA1 (Figure 1),
and as with FLA1, FLA1BP mRNA and protein is enriched in PCFs [6,15]. FLA1BP is encoded by
two identical genes, with one copy directly upstream of FLA2 and the other upstream of FLAS. In
the kinetoplastids, genes do not have their own promoters, and gene duplication is often a
strategy to increase protein expression [16]. The stoichiometry of the FLA1-FLA1BP interaction
is unknown. The duplicated copies of FLATBP suggest that more FLA1BP is required, and
therefore the FLA1-FLA1BP interaction may not have a 1:1 stoichiometry.

FLA1BP RNAI caused the detachment of the flagellum from the cell body [6]. Importantly, through a
combination of FLA1/FLA1BP RNAi and eYFP-tagging, FLA1 was shown to localise to the cell body
membrane of the FAZ and FLA1BP to the flagellum membrane [6]. Around the same time, two FAZ
proteins, expressed only in BSFs, were identified and both also named FLA3 (Th927.5.4570,
Tb927.5.4580) [15,17]. These FLASs identified by Woods localised to the FAZ, and their depletion
resulted in flagellum detachment [17]. They are encoded by two genes on chromosome 5, and
although similar, are not identical (91% identity) and are related to the FLA1BP [6,17].

Given the expression patterns and relationships between these proteins, we conjecture, as did
Sun and colleagues [6], that the FLA3s (Th927.5.4570, Tb927.5.4580) identified by Woods are
the BSF equivalent of FLA1BP and will localise to the flagellum membrane in BSF cells and
bind to FLA2 and FLA3 (Tb927.8.4110) on the cell body membrane and potentially FLA1, as
this gene is expressed at the transcript level in BSFs. There are currently three different proteins
called FLA3. We suggest re-naming the FLAS (Tb927.8.4110) identified by Sun to FLA2 and the
FLA3s (Th927.5.4570, Th927.5.4580) identified by Woods to FLA2BP (Figure 1E,F) [17]. The
interaction between FLA2 and FLA2BP is a reasonable conjecture, yet we lack direct evidence
for this; however, Nolan and colleagues have recently been able to demonstrate the binding of
FLA2BP to FLA2 (D. Nolan, personal communication). While this new nomenclature simplifies
matters, it must be noted that there are two copies of FLA2 and FLA2BP with differences
between the copies, which may impact their function and specificity of interaction.

Structural organisation of FLA and FLABP

All the FLA/FLABP proteins identified in T. brucei have the same domain structure, with a large
extracellular domain that contains a predicted NHL repeat domain and a transmembrane domain
close to the C terminus with a short intracellular region (Figure 1). FLA1 and FLA2 are predicted to
have a signal peptide and hence have a type | topology. However, the situation for the FLABPs is
more complex — FLA1BP does not have a predicted signal peptide, with a transmembrane do-
main close to its N terminus instead. The FLA2BPs are predicted to have a signal peptide but
with a low probability. When the FLABPs from a range of species are aligned, the T. brucei se-
quences have a short N-terminal extension (see Figure S1 in the supplemental information online).
However, just downstream of the predicted start codon for FLA1BP and FLA2BP, there are
in-frame methionine residues, and if these are used as the start of a shorter protein, then a
signal peptide is more strongly predicted. There is no proteomic evidence for the N-terminal
region of the FLABPs, therefore we cannot be sure which is the true start codon [18]. Given
the conserved type | topology of the FLAs and FLABPs from other species, we predict that
the FLABPs also have a single transmembrane domain located towards their C terminus,
with an N-terminal signal peptide (Figure 1D,F).
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Glossary

BARP: initially called bloodstream
alanine-rich proteins, BARPs are the
surface coat proteins found on the
epimastigote form of T. brucei.
Bloodstream forms (BSFs): life-cycle
stage of the African trypanosomes found
in the blood of mammals, with a VSG
coat.

Epimastigote: a type of trypanosome
morphology defined by the positioning
of the kinetoplast (mitochondrial DNA) to
the anterior of the nucleus with a long-
attached flagellum. This morphology is
often found during the insect stages of
the parasite life cycle.

Flagellum attachment zone (FAZ):
large cytoskeletal structure that connects
the cell body cytoskeleton to the flagellum
through the cell body and flagellum
membranes.

N-linked: linkage of a glycan to a
protein via its N-acetylglucosamine to an
asparagine.

P-linked: glycans bound to proteins via
a phosphodiester linkage.

Procyclic form (PCF): life-cycle stage
of T. brucei and T. congolense found in
the midgut of the tsetse fly, with a
procyclin coat.

Procyclin: major surface coat protein of
procyclic forms. There are two classes of
procyclins, EP and GPEET, composed
of repeating units of EP or GPEET,
respectively. Initially both forms are
expressed and, 7-9 days after tsetse
infection, only EP procyclin covers the
parasite surface.

Trypomastigote: a type of
trypanosome morphology defined by
the positioning of the kinetoplast
(mitochondrial DNA) to the posterior of
the nucleus with a long-attached
flagellum. This morphology is often
found during the mammalian stages of
the parasite life cycle.

Variant surface glycoprotein (VSG):
surface coat protein of the African
trypanosomes’ bloodstream and
metacyclic stages. The process of
antigenic variation through VSG
monoallelic expression, with the
stochastic switching to a new VSG
subtype, enables a persistent infection of
the mammalian host.
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Figure 1. Flagellar adhesion glycoproteins laterally attach the flagellum to the cell body in Trypanosoma brucei. (A) Cartoon of a procyclic form (PCF), with
FLA1 (green) and FLA1BP (yellow) localised to the cell and flagellum membranes, respectively, interacting through their extracellular region based on Sun et al. [6].
(B) Cartoon of the transverse section of flagellum attachment zone (FAZ), in which FLA1 and FLA1BP connect the flagellum and cell body FAZ domains. While FLA1
and FLA1BP interact through their extracellular domains, their intracellular domains connect into the cell body and flagellum FAZ domains, respectively. (C) Enlarged
view from (B), highlighting FLA1 and FLA1BP. NHL protein domain is represented in purple. The specific binding mechanism of FLA1 and FLA1BP is unknown
(question mark). (D) Cartoon of PCF FLA1 and FLA1BP highlighting NHL protein domain (NHL), transmembrane (T) and signal peptide (S) regions. (E) Cartoon of a
bloodstream form (BSF) of T. brucei, with FLA2 (green) and FLA2BP (yellow) localised to the cell and flagellum membranes, respectively, interacting through their
extracellular region. (F) Cartoon of BSF FLA2 and FLA2BP. (G) Logo of the intracellular protein sequence from FLAs, created with SkyLign tool. (H) Logo of the
intracellular protein sequence from FLABPs showing the conserved motif (red box). The logo was created with SkyLign tool. See also Figure S1.

NHL repeats form a six-bladed [3-propeller structure and are found in teneurins, adhesion
receptors involved in vertebrate cell-cell interaction [19,20]. In addition to being important for
metazoan multicellularity, teneurins are widely distributed in bacteria and are considered to be
an ancient structure important for cell-cell interaction [19]. The teneurin NHL repeats mediate
homophilic interactions; therefore, it is likely that the NHL domains of the FLAs and FLABPs
enable their interaction.

While the extracellular region of FLA and FLABP is required for the FLA1-FLA1BP interaction, the
intracellular domain is likely important for directing and/or anchoring the proteins into the FAZ [6].
The intracellular domain of the FLAs across different species is only ~15 amino acids long, while
the FLABPs are longer at 31-48 amino acids. In the FLA intracellular domain, there is a significant
sequence conservation of residues, with serine, proline, and asparagine at specific positions from
the transmembrane domain (Figure 1G). For FLABP, there is a 13 amino acid region adjacent to
the transmembrane domain with a highly conserved sequence, including the positively charged
motif KRRR (Figure 1H). This conservation of positive residues likely occurs to maintain FLABP
topology, as described by the positive-inside rule [21]. However, intriguingly, lysine residues
were necessary for the localisation of calflagelin to the T. cruzi flagellum, and the intracellular
domain of T. brucei FLA1BP is sufficient to direct eYFP to the flagellum [22]. Finally, all the
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described FLAs and FLABPs are glycosylated and earlier work highlighted that the FAZ in
both PCF and BSF was able to bind lectins (Box 1) [6,7,17,23,24]. However, the role of the
FLA/FLABP glycans needs to be clarified. In sponges, glyconectin-mediated cell adhesion,
essential for multicellularity, depends on glycans [25].

The early FAZ descriptions noted that the flagellum-to-cell body connection is not continuous but
consists of discrete junctional complexes spaced along the FAZ and are seen in both longitudinal
and transverse sections [3,26]. Later freeze-fracture and cryo-electron tomography showed that
these complexes are comprised of a conglomerate of proteins in the membrane called staples
[26,27]. The staples appear to act as a series of ‘press-studs’ connecting the flagellum to the
cell body and are likely formed from FLAs and FLABPs. Understanding how these proteins are
corralled into discrete microdomains along the FAZ is critical to dissecting FAZ assembly and
function. The presence of these discrete staples raises the question of whether this arrangement
of proteins provides a more resilient attachment between the cell body and flagellum than a
narrower array of particles distributed along the length of the FAZ.

Why might cell-type-specific FLA-FLABP pairings evolve?

The trypanosomatid FLAs and FLABPs mediate the connection between the flagellum and cell
body in the context of other cell-surface proteins, both variant and invariant. The T. brucei life
cycle is characterised by different forms and different major coat proteins as it cycles between
the tsetse fly vector and the mammalian host. In the mammalian host, the parasite is covered
by variant surface glycoproteins (VSGs) [28] (Figure 2A), which are replaced by procyclins
in the midgut and proventricular forms in the tsetse fly [29] (Figure 2). In the salivary glands, the
epimastigotes express BARP [30], with the infective metacyclic forms expressing VSGs [31].
Other cell-surface proteins are present in these different life-cycle stages, but we focus on the
dominant surface proteins for simplicity. If we map the expression of the FLA/FLABP variants,
we see that FLA1/FLA1BP is associated with the insect stages and procyclin and BARP expres-
sion, while FLA2 and FLA2BP are associated with the mammalian stages and VSGs [12-15].
Thus, an appealing hypothesis is that the evolution of multiple FLA-FLABP combinations is
related to ensuring a strong cell body-to-flagellum connection across a range of different surface
environments.

In T. brucei, both the flagellum and cell body membranes are covered with surface proteins, and
this leads to four simple scenarios through which FLA-FLABP pairings might interact so enabling
the attachment of the flagellum to the cell body across the cell coat architecture (Figure 2A-C):

(i) FLA and FLABP must extend beyond the surface proteins;
(i) Surface proteins interdigitate;
(i) Surface proteins are excluded from the FAZ;
(iv) Surface proteins deform, enabling the membranes to be brought together for FLA-FLABP
binding.

Box 1. Glycosylation of FLA and FLABP

FLA1 and FLA2BP have N-linked glycans, whereas FLA2 in BSF T. brucei has N-linked and potentially the rarer P-linked
glycans [6,7]. Only the carbohydrate structure P-linked via a phosphodiester linkage to GP72 (FLA ortholog) in T. cruzi
epimastigote forms has been characterized in detail [56]. The sugar composition of the T. brucei FLAs and FLABPs
glycans is unknown but is likely distinct from T. cruzi GP72 as T. brucei cannot synthesize xylose, rhamnose, or
galactofuranose [57]. In T. brucei PCFs, the depletion of GDP-mannose dehydratase (TbGMD), the first enzyme in the
fucose synthesis pathway, caused flagellum detachment [58]. Moreover, the presence of fucose on T. cruzi GP72
suggests that this sugar is potentially important for FLA function in T. brucei [58].
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Figure 2. Surface coat architecture and FLA/FLABP evolution and expression. (A) Transverse section of a bloodstream form (BSF) from Trypanosoma brucei
rhodesiense from Vickerman [3]. There is a uniform variant surface glycoprotein (VSG) coat covering the flagellum and cell body, even within the flagellum attachment
zone (FAZ) region (small black arrowheads). (B) Cartoon of the intermembrane space between the flagellum and cell body of BSF from T. brucei, showing the presence
of VSG in the FAZ region. (C) Representation of the space between the flagellum and cell body of procyclic form (PCF) T. brucei, representing the three possible
models of interaction between FLAs/FLABPs and major surface coat proteins: interdigitation, exclusion, and bending. (D) Cartoon of the surface coat changes and
FLA/FLABP pairings in T. brucei cell during its differentiation from BSFs to PCFs and its first cell division post-differentiation.

These models are not mutually exclusive, with a combination potentially occurring. Recently, it
has been suggested that the gap between the flagellum and cell body membranes in a BSF
cell from published micrographs is narrow and similar between BSF and PCF cells [32]. However,
while acknowledging the caveats associated with electron microscopy sample preparation and
imaging, our measurements of the gap in a BSF cell from electron micrographs is ~35 nm
[3,38], (Figure 2A) and, given that the height of an individual VSG is ~16 nm [34], interdigitation
of the VSG proteins is unlikely to occur (Figure 2A,B) [3]. Furthermore, the high density of the
VSG coat means that there is little scope for an exclusion zone around the FAZ [3], and at the
resolution of electron microscopy there is no visible disruption to the VSG coat (Figure 2A). This
suggests that VSG is not excluded from the FAZ, and that FLA2 and FLA2BP likely extend
beyond the VSG to bind [3,23].

Conversely, the gap between the flagellum and cell body membrane in PCFs is ~26 nm [26,27]
and procyclins are modelled to have an elongated linear form up to 23 nm long [35]. This

suggests that procyclin is either excluded from the FAZ, interdigitates, or deforms to enable
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FLA1-FLA1BP binding (Figure 2C). Procyclin was not detected between the flagellum and cell
body when live PCFs were labelled with anti-procyclin antibodies [36], which hints at the exclusion
of procyclin; however, simply might be due to lack of antibody access.

In the above context, we note a difference between FLA1 and FLA2, and FLA1BP and FLA2BP in
their overall length. FLA2s have a ~40 amino acid proline-rich insertion just after the NHL domain,
and there are ~70 additional amino acids in FLA2BPs within the extracellular portion, close to the
transmembrane domain. The AlphaFold model of these additional residues shows that they are
flexible and unstructured, suggesting that the FLA2-FLA2BP could span a larger gap than
FLA1-FLA1BP (Figure 3A,B). This correlates with the larger gap between the membranes seen
in BSFs by electron microscopy [3]. Hence, evolution of the FLA/FLABP protein structures
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looks to have been influenced by the need to maintain attachment in different cell-surface coat
architectures.

In addition to life-cycle changes in FLA and FLABP expression, there is evidence that the glyco-
sylation patterns are also different, with N-linked glycans on FLA1 in PCFs and N/P-linked glycans
on FLA2 in BSFs [7]. This will influence their interactions not only with the surrounding environ-
ment but also with their cognate-binding partner. The composition of sugars linked to T. cruzi
GP72 also varies between life-cycle forms characterised by different surface coats [37,38]. In
T. cruzi, these glycans are important for differentiation, and incubating epimastigotes with a
monoclonal specific to the GP72 glycan blocked their differentiation to trypomastigotes [39].

However, this concept of a specific FLA-FLABP pairing for specific surface proteins needs to be
more sophisticated to deal with life-cycle transitions. The FAZ is a stable structure, and during the
cell cycle, a new FAZ is assembled alongside the new flagellum, with one daughter cell inheriting
the old flagellum/FAZ and the other inheriting the new flagellum/FAZ [40]. This means in the con-
text of differentiation, for example from BSF to PCF, after the first division post differentiation, one
daughter cell will inherit a FLA1-FLA1BP-positive FAZ and the other a FLA2-FLA2BP-
positive FAZ (Figure 2D). This highlights two important aspects of the FLA-FLABP connection.
Firstly, the connections between the different FLA-FLABP pairs can operate in the mixed coat
environment of an intermediate cell as VSG is replaced by procyclin [36]. Secondly, the FLA2—
FLA2BP connection is likely maintained in a procyclin coat context until these proteins are turned
over, or the cell dies.

Evolution of FLA and FLABP

The evolution of FLA and FLABP provides insights into their function, as flagellum attachment to the
cell body and the switching of surface coats during the life-cycle transitions are common features of
the kinetoplastid parasites. All analysed kinetoplastids except Bodo saltans have at least one FLA and
FLABP ortholog present as a syntenic pair (Table 1, Figure 4, Table S1). Orthologs to both ThFLA1
and TbFLA1BP are present in B. saltans, but these genes are not on the same contig, and there is
no conservation of synteny with the adjacent genes. Two strains of T. cruzi (TCC and CL) have addi-
tional FLA and FLABP genes; however, these are hybrid strains, and their genomes are a combination
of two haplotypes, with each gene belonging to one haplotype [41,42].

In addition to T. brucel, only T. congolense has multiple orthologs of FLA and FLABP. In both the
T. congolense L3000 reference genome [43] and the more recent 2019 genome [44], there are
three FLAT orthologs, and these are on chromosome 8, except for one gene (TclL3000_0_31510)
in the reference genome, which is on an unassigned contig. Moreover, genes adjacent to FLAT/
FLA1BP are duplicated on chromosome 8 of both T. brucei and T. congolense (Figure 4A, gene
numbers 47 and 48). This has the hallmarks of segmental duplication which occurred in the ances-
tor of T. brucei and T. congolense. However, a phylogenetic analysis of the FLA sequences shows
that the T. brucei and T. congolense FLA orthologs group separately on the tree and this is poten-
tially due to concerted evolution mediated by gene conversion after speciation (Figure 4B).

The exact number of FLATBP genes in T. congolense is unclear, with variation between the different
genome assemblies. The genome reference strain [43] has three FLA1BP orthologs, each on an
unassigned contig. One of these (TcIL3000_0_31520) is located downstream of a FLAT ortholog,
matching the syntenic organisation seen in other kinetoplastids. In the 2019 genome [44], there is
only one FLATBP ortholog, and this is located on chromosome 5 and potentially more closely related
to T. brucei FLA2BP. However, upstream of the FLAT gene on chromosome 8, a pseudogene
(TclL3000.A.H_000601100) encodes a truncated FLA7BP ortholog.
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Table 1. FLA and FLABP orthologs in Euglenozoa®

Species

Angomonas deanei

Blechomonas ayalai

Bodo saltans

Strain

Crithidia deanei Carvalho
(ATCC PRA-265)

B08-376

Lake Konstanz

TriTrypDB accession numbers

FLA
ADEAN_001018200

Baya_022_0190
BSAL_89220

FLABP
ADEAN_001018300

Baya_022_0200
BSAL_00605

Crithidlia fasciculata Cf-Cl CFAC1_040014300 CFAC1_040014200
Endotrypanum monterogeii LVv88 EMOLV88_100006800 EMOLV88_100006700
Leishmania braziliensis MHOM/BR/75/M2904 LbrM.10.0770 LbrM.10.0760
Leishmania mexicana MHOM/GT/2001/U1103 LmxM.10.0630 LmxM.10.0620
Leishmania tarentolae Parrot-Tarll LtaP10.1050 LtaP10.1040
Leptomonas pyrrhocoris H10 LpyrH10_22_0970 LpyrH10_22_0960
Paratrypanosoma confusum CUL13 PCON_0078160 PCON_0078170
Trypanosoma brucei brucei TREU927 Tb927.8.4010 Tb927.5.4570
Tb927.8.4060 Tb927.5.4580
Tb927.8.4110 Tb927.8.4050
Tb927.8.4100
Trypanosoma congolense IL3000 TclL3000_8_3780 TclL3000_0_381520

Trypanosoma cruzi
Trypanosoma theileri

Trypanosoma vivax

CL Brener Esmeraldo-like
isolate Edinburgh
Y486

TclL.3000_8_3810
TclL3000_0_31510

TcCLB.503571.10
TM35_000251760
TvY486_0803430

TclL.3000_0_35140
TclL.3000_0_17090

TcCLB.503571.19
TM35_000251750
TvY486_0803420

20rthologous genes were identified by OrthoMCL and confirmed by reciprocal best BLAST analysis.

All'the species examined except B. saltans have a single pair of FLA and FLABP that have maintained
synteny. In 7. brucei and T. congolense, this syntenic FLA7T and FLA7TBP pairing was on chromo-
some 8; therefore, the FLABP genes on chromosome 5 are likely paralogs derived from an ancestral
copy of FLATBP on chromosome 8. Overall, it appears that there has been a two-stage expansion
of the FLABP genes in T. brucei and T. congolense, with a segmental duplication occurring on
chromosome 8, with an additional duplication of FLABP onto chromosome 5. This represents a
rapid diversification of the FLABPSs, suggestive of an adaptive radiation. The phylogenetic analysis
of the FLABP gene family supports the two-stage expansion as the chromosome 8 FLABP genes
group independently from those on chromosome 5 (Figure 4C). Moreover, it is unclear if the duplica-
tion onto chromosome 5 occurred independently in T. congolense and T. brucei, or if this happened
in their common ancestor (Figure 4C). If the FLABP duplication onto chromosome 5 occurred
independently, this would support the idea that the segmental duplication on chromosome 8
occurred first as this was present in the T. brucei and T. congolense ancestor.

FLA/FLABP gene expansion is associated with maintaining three major surface
coat proteins

The expansion of the FLA/FLABP gene family was restricted to the T. brucei and T. congolense
ancestor, raising the question of what contributed to this expansion. A simple explanation
based on changes to the surface coat is unlikely sufficient as many trypanosomatid species
including T. cruzi and Leishmania have complex life cycles, alternating between an insect vector
and a mammalian host, with associated changes in the composition of their surface coat [45]. Yet
for both T. cruzi and Leishmania there is only a single FLA/FLABP pair, with little change in the
transcript abundance for these proteins during the life cycle [46,47]. Nor is there a major
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Figure 4. Genomic organisation of FLA and FLABP is conserved among trypanosomatids. (A) Schematic
representation of the genomic organization of FLA and FLABP genes in comparison to chromosome eight from
Trypanosoma brucei. Species are coloured according to their life cycle type [1]: pink, dixenic; blue, monoxenic. Numbers

(Figure legend continued at the bottom of the next page.)
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correlation with overall cell shape. T. cruzi has an extended FAZ similar to T. brucei along which
GP72 (T. cruzi FLA) is localised, while Leishmania has only a short region of flagellum attachment
within the flagellar pocket neck region, where FLABP has been shown to localise [4,48].

A major difference between Leishmania and T. cruzi and the African trypanosomes is that the
latter are exclusively extracellular parasites within the mammalian host, while the former both
have an intracellular amastigote form. The ability of African trypanosomes to infect a vertebrate
host as an extracellular parasite, with the associated continual exposure to the immune system,
has likely contributed to the FLA/FLABP gene expansion. However, this expansion was restricted
to the ancestor of T. brucei and T. congolense and was not seen in the related African trypanosome
Trypanosoma vivax. All the African trypanosomes have similar life cycles; however, these parasites fol-
low different routes through the fly (Box 2) [49]. In simple terms, T. brucei and T. congolense have
three major coat proteins [VSG, procyclin, and BARP/glutamic acid/alanine-rich protein (GARP)],
whereas T. vivax only has two (VSG and Fam50); the ancestral African trypanosome most likely
had a midgut stage with a procyclin coat and this has been subsequently lost by T. vivax [49]. We
suggest that the FLA-FLABP interaction can balance the pressure of operating in two different
coat environments but not three. One solution to this problem is to simplify the life cycle, reducing
the number of different coats required, as seen with T. vivax. Alternatively, the evolution of additional
FLA-FLABP pairings can maintain flagellum attachment with an additional coat environment.
However, it must not be forgotten that the surface coats of these parasites do not simply consist
of a single protein and there are multiple different proteins present. For example, the surface coat
of BSF T. vivax has ~15 protein families in addition to VSG and overall appears less dense than
the T. brucei and T. congolense coat, which will impact on the selection pressure on FLA/FLABP.

In T. brucei BSFs, flagellum attachment is maintained by FLA2 and FLA2BP, which have evolved
to operate in the VSG coat environment. The FLA/FLABP combinations expressed in the differ-
ent T. congolense life-cycle stages are unknown and even if such regulation occurs is not clear
from the available transcriptomic and proteomic datasets [50,51]. It is, therefore, not currently
possible to assess which of these proteins are present in the different surface environments. In
T. vivax, the ancestral pairing of FLA-FLABP is used, which must operate in different coat environ-
ments. Does this cause consequential compromises to the VSG organisation within the FAZ? A
recent T. vivax vaccine candidate recognised an invariant protein that localised along the interface
of the flagellum and cell body, suggesting increased accessibility to antibodies in this region [52].
Given the ~100 proteins localised to the FAZ in our recent work [8], we suggest that some of
these may present additional vaccine candidates due to exposure at the FAZ interface. Moreover,
the glycosylation patterns must not be discounted as these change during the life cycle of the
kinetoplastid parasites, influencing the binding characteristics of the FLAs and FLABPs [7].

The surface of African trypanosomes is protein-rich, whereas in other kinetoplastid parasites such
as T. cruzi and Leishmania spp. the surface is dominated by lipid phosphoglycans [53], creating a
very different surface environment in which FLA-FLABP binding occurs. The expression of GP72
(T. cruzi FLA1) in T. brucei PCFs had a dominant negative effect, causing new flagellum

represent genes from different ortholog groups. Each corresponding gene and its genomic localisation is listed in Table S1.
P, pseudogene; P* (orange), pseudogene with sequence similarity to FLA1BP; R, RNA coding gene. For Trypanosoma
congolense, both reference genome (ref.) [43] and 2019 [44] genome assembling were used. (B) Phylogenetic tree of FLA
proteins from trypanosomatid species. The topology was constructed using the maximum likelihood method with
Megai1. The numbers next to the branches represent the percentage of trees in which the associated taxa clustered
together. FLA1 (procyclic form, PCF) is highlighted in blue, while FLA2 (bloodstream form, BSF) is in red. (C) Phylogenetic
tree of FLABPs proteins from trypanosomatids. FLA1BPs (PCF) are in blue, while FLA2BPs (BSF) are highlighted in red.
The topology was constructed using the maximum likelihood method with Mega11.
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Box 2. Surface coat changes associated with different trypanosome life cycles Outstanding questions

After parasite ingestion, T. brucei and T. congolense differentiate into PCFs within the tsetse midgut, while T. vivax lacks
the procyclic stage and directly differentiates into epimastigotes and metacyclic forms in the tsetse fly proboscis
[59-61]. T. congolense PCFs subsequently reach the proboscis, proliferating as epimastigotes before differentiating into
metacyclic forms [62]. Conversely, T. brucei migrates to the salivary glands and proliferates as an epimastigote before dif-
ferentiating into metacyclic forms [63]. The different forms of the African trypanosomes in the tsetse fly have different sur-
face coat proteins and surface architectures that will influence the evolution of FLA and FLABP (Table I). T. brucei and How does the FAZ and attached flagel-
T. congolense PCFs have a procyclin surface coat, and as T. vivax does not have this stage, it does not encode any
procyclin genes. The epimastigotes of all three species are associated with Fam50 surface proteins — BARP in T. brucei
and GARP in T. congolense. The metacyclic forms and BSFs of all three are covered in variants of VSG.

Do FLAs and FLABPs oligomerise
with themselves, and how is the
spacing between the ‘press-studs’
determined?

lum affect the flow of VSG and recep-
tors over the surface of the parasite?

Are invariant surface proteins more

Table I. Flagellar glycoproteins and surface coat proteins in African trypanosomes® ) 268 S
accessible to antibodies within the

Host Location T. brucei T. congolense T. vivax FAZ region?
Stage Coat Stage Coat Stage Coat
Mammal Blood BSF VSG BSF VSG BSF VSG
Tsetse Midgut PCF Proc PCF Proc - -
PV Long Proc Long Proc Long ?
Tryp Tryp Tryp
SG Epi/Met BARPANSG - - - -
Proboscis - - Epi/Met GARPNSG Epi/Met Fam50/VSG

@Stage and coat surface of T. brucei, T. congolense, and T. vivax within mammals hosts and tsetse vectors. Abbreviations:
BSF, bloodstream forms; Epi, epimastigote; Long Tryp, long trypomastigote; Met, metacyclic form; PCF, procyclic forms;
Proc, procyclin; PV, proventriculus; SG, salivary glands; ?, unknown.

detachment, with the existing flagella remaining attached [11]. Importantly, overexpression of
FLA1 in PCF T. brucei had no effect on flagellum attachment [6]; therefore, we speculate that
GP72 interferes with FLA1 binding to FLA1BP at the proximal end of the FAZ during assembly.
This shows that FLA from other species appears unable to successfully interact with FLA1BP,
potentially due to the different surface architectural contexts and/or divergence of the binding
interface between GP72 and T. brucei FLAT.

Concluding remarks

Trypanosomatids that inhabit the blood invariably have a trypomastigote morphology, with a long
attached flagellum [54], and how the immune system of the host interacts with the FAZ will there-
fore be of significance for parasite survival (see Outstanding questions). The cell must balance its
ability to evade the immune response while maintaining flagellum attachment and therefore the
set of invariant proteins within the FAZ are a potential Achilles heel for the parasite. Moreover,
the FAZ forms a clear specialised membrane domain that will influence movement of proteins
and other molecules across the cell surface of the parasite. Earlier work showed a flow of anti-
body-bound VSGs towards the flagellar pocket [55], and advances in microscopy technology
will now help to determine the effect of the attached flagellum on VSG movement on the cell
surface.
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