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Abstract

Nowadays, even in light of all the massive advances in cell biology, we still find some cellular structures that are not entirely
understood. Among those, we highlight the costa, a structure from the mastigont system existent only in some members
of the orders Trichomonadida and Tritrichomonadida, including the pathogens of venereal diseases in humans and cattle,
Trichomonas vaginalis (T. vaginalis) and Tritrichomonas foetus (T. foetus), respectively. The costa is a prominent striated fiber
and, although part of the cytoskeleton, differs from its classical components, and its molecular composition is still not fully
characterized. Using proteomics of 7. foetus’s costa fraction, we previously identified hypothetic proteins, and among these,
the protein ARM19800.1 positively localized in the costa and named costain-1. In this study, two other protein candidates
were analyzed. To achieve the specific localization of 11810 and 32137 proteins in T. foetus’s cells, it was used expansion
microscopy and immunocytochemistry. The immunofluorescence revealed the presence of both proteins throughout the
whole costa but with different intensities. Immunocytochemistry using negative staining, LR-White, and Epon embedding
revealed further analyses of the protein’s localization. All techniques confirmed the distinct and distributed localization of
both proteins: costain-2 (11810) and costain-3 (32137). Also, AlfaFold3 was used to generate 3D models of the three identi-
fied proteins, showing a major prevalence of a-helical spans. Nonetheless, the identification and further characterization of
these unique proteins can help understand their functional role in the assembled costa and, therefore, better understand the
organization and function of this structure in these organisms.
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Introduction

Trichomonads are a group of unicellular eukaryotic organ-
isms, including free-living, symbiotic, and parasitic spe-
cies. Trichomonads that act as parasites or opportunistic
pathogens can cause diseases such as trichomoniasis, lead-
ing to widespread dissemination and significant economic

Section Editor: Luiz Claudio Miletti

00 Paula Terra Bandeira and social impacts, which remain underappreciated (Bassey
paulaterrabandeira@ gmail.com et al. 2022; Beatty et al. 2022; Eslahi et al. 2021; Matthew
1 . et al. 2023; Meites 2013; Muzny 2018; Secor et al. 2014).
Laboratério de Ultraestrutura Celular Hertha Meyer, Centro Therefore, further investigation of these unicellular eukary-

de Pesquisa Em Medicina de Precisdo, Instituto de Biofisica

Carlos Chagas Filho, Universidade Federal Do Rio de otes is essential for a deeper understanding of their biology

Janeiro, Rio de Janeiro, Brazil and life cycle. Such findings can reveal potential new drug
2 Laboratério de Modelagem E Dinamica Molecular, Instituto targets and antigens that can be used to treat these diseases

de Biofisica Carlos Chagas Filho, Universidade Federal Do or elaborate new vaccines to prevent these infections.

Rio de Janeiro, Rio de Janeiro, Brazil Furthermore, due to its early localization in the eukary-
3 Instituto Nacional de Ciéncia E Tecnologia Em Biologia otic branch of evolution, these cells can be used as an inter-

Estrutural E Bioimagens, and Centro Nacional de Biologia esting model for studying general and specific eukaryotic

Estrutural E Bioimagens, Universidade Federal Do Rio de features (Archibald 2015). Among these features, we can

Janeiro, Rio de Janeiro, Brazil

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00436-025-08466-4&domain=pdf

30 Page2of11

Parasitology Research (2025) 124:30

highlight the absence of mitochondria and the presence
of hydrogenosomes, which have different mechanisms for
anaerobic ATP synthesis, and also the presence of a masti-
gont system, which comprises some common cytoskeleton
structures along with some unique arrangements or ele-
ments, like the parabasal and sigmoid filaments, the pelta-
axostyle system, and the costa (Benchimol 2010).

The costa is a part of the cytoskeleton of the trichomon-
ads that possess an undulating membrane. It is a large cell
structure that displays an intricate birefringent pattern like a
striated root in a rod-shaped format. It may reach a length of
14.38 + 1.3 um and a width of 36.5 + 3.4 nm. It is also stri-
ated, having alternating electron-lucent and electron-dense
bands of 13.8+1.25 nm and 241.3 +13.9 nm in length,
respectively. Through electron microscopy tomography anal-
ysis, it was possible to note that the electron-lucent bands
are not uniform and display a small amorphous region in the
inner portion of the costa; on the other hand, the dense bands
were homogeneous (Benchimol 2010).

The costa emerges from the region of the R kinetosome
and Basal Body 1 and 3, and it goes throughout the cell
continuously underneath the undulating membrane and the
recurrent flagellum (de Andrade Rosa et al. 2017). Because
of this, it is hypothesized that it has the function to dis-
sipate the mechanical stress from the beating of the recur-
rent flagellum. Initial studies on the chemical composition
of the costa suggested that it was mainly composed of car-
bohydrates (Sledge et al. 1978). However, electron micros-
copy cytochemical studies showed that the costa is mainly
composed of proteins, especially basic ones (Amos et al.
1979; Benchimol et al. 1982; de Andrade Rosa et al. 2017).
Subsequent isolation of the structure confirmed the pres-
ence of proteins (Amos et al. 1979; de Andrade Rosa et al.
2017; Monteiro-Leal et al. 1993; Viscogliosi and Brugerolle
1994, 1993).

In previous studies from our group, using proteomic
analysis of enriched costa fractions, we identified 44 hypo-
thetical proteins without conserved domains (de Andrade
Rosa et al. 2017). The protein that was present at the high-
est concentration in the proteomic analysis, protein 8327
(PubMed: ARM19800.1), was selected for the production
of specific polyclonal antibodies to proceed with its immu-
nolocalization in isolated costa. After confirmation as the
first identified protein from the costa of T. foetus, it was
named costain-1 (Bandeira and de Souza 2022). Using
immunofluorescence and transmission electron microscopy
of an enriched costa fraction, it was possible to confirm the
distribution of the costain-1 throughout the whole costa. The
use of expansion microscopy made it possible to obtain a
more detailed view of the costain-1 localization in whole T.
foetus cells (Bandeira et al. 2023).

In the present study, we continue to identify and char-
acterize costa proteins. Thus, we selected two of the most
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concentrated ones in the proteomic analyses, protein 11810
and protein 32137, for further analysis. Here, we report the
localization and identification of two new costa proteins
through immune assays using fluorescence and electron
microscopy, and also a comparative modeling methodology
was used to generate 3D models of the three identified costa
proteins in search of a deeper understanding of them.

Materials and methods
Protozoan maintenance

We used the K strain of 7. foetus isolated from the urogeni-
tal tract of a bull (Embrapa, Rio de Janeiro, Brazil). The
parasite was cultivated in Diamond’s trypticase yeast-extract
maltose medium (TYM; Diamond 1957) supplemented with
10% fetal bovine serum, and the cells were grown for 24 h
at 37 °C.

Antibodies

We used a monoclonal anti-a tubulin antibody (Sigma-
Aldrich, Clone B512) at a 1:400 dilution for tubulin labe-
ling. For the costa labeling, it was used the already tested
anti-costain-1 (Bandeira and de Souza 2022) and the two
new antibodies, designed based on protein candidates previ-
ously selected due to the proteomic analysis of the costa. The
first candidate was the 11810 protein (EKVKLQSKAQL-
DAIYDQLEK peptide from the sequence ARM19816.1—
accession in GenBank), and the other was the 32137 protein
(DKARETITKLSKSDLAIRR peptide from the sequence
ARM19912.1—accession in GenBank). These peptides were
selected among the most antigenic ones after the LifeTein
antigenic analysis, chemically synthesized, and used for
rabbit immunization (LifeTein, South Plainfield, NJ 07080,
USA). For the Western blot analysis, we used 1:1000 dilu-
tion; for the immunostaining, various dilutions were tested
and the 1:100 dilution was the chosen one. The secondary
antibodies were Alexa Fluor 488-conjugated anti-rabbit IgG
antibody and Alexa Fluor 546-conjugated anti-mouse IgG
antibody (Life Technologies) for the immunofluorescence
assays and goat anti-rabbit conjugated to 5 or 10 nm gold
particles (Ted Pella; Redding, CA) for transmission electron
microscopy (TEM) assays.

Western blot

The total protein extract from 7. foetus cells, the enriched
costa fraction (ECF), and a partial purification between both
samples were all individually (20 pg each) mixed with the
sample buffer, boiled, and applied in three SDS-PAGE 8%
gradient gels (Laemmli 1970) along with the Kaleidoscope
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Prestained Standard (Bio-Rad, Brazil) as a protein standard.
One gel was stained with Coomassie Brilliant Blue G-250,
and the other two were used for testing the new antibodies.
The proteins were transferred from the gel to a nitrocellu-
lose membrane (ECL-Hybond, Amersham) using the semi-
dry method (Trans-blot SD, BioRad) and then blocked in
a 5% non-fat milk in TBST (20 mmol/L Tris base, pH 8.0,
150 mM NacCl, 0.5% Tween-20). Next, they were incubated
overnight on a shaker with each primary antibody (anti-
32137 or anti-11810 at 1:1000 dilution) in its respective
membrane. The membranes were washed and incubated
with a secondary antibody (HRP goat anti-rabbit Ig), and the
chemiluminescent signal was acquired using Clarity West-
ern ECL Substrate (BioRad) and ImageQuant LAS500 (GE
Healthcare).

Immunolocalization

For the immunolocalization of the two new costa protein
candidates, whole cell lysates or the ECF was used, as previ-
ously described (Bandeira and de Souza 2022; de Andrade
Rosa et al. 2017). Then, we tried different microscope tech-
niques to localize each protein, as described below.

Expansion microscopy and immunofluorescence

Since our previous work showed that using expansion
microscopy (ExM) intensified and allowed the best
immunolabeling of the costa inside the cell, we also used
the same approach for this study (Bandeira et al. 2023).
Briefly, the cells were adhered to glass coverslips previ-
ously coated with poly-p-lysine for 10 min at room tem-
perature (RT). Next, the coverslips were submersed in a
2%0.7% AA/1% FA mix at 37 °C for 5 h using 12 wells
plates. For the gelation step, it was used APS and Temed
along with the monomer solution (19% sodium acrylate;
10% AA; 0.1% BIS-AA in PBS 10X) at 37 °C for 1 h for
polymerization of the gels containing the samples. Then,
the proteins were denatured by incubation at 95 °C for
1:30 h. Afterwards, the gels were incubated in water 3
times and then overnight. The next day, for the immu-
nostaining, the gels were allowed to shrinkage in PBS (3
times, 10 min each). Then, the gels were incubated with
each one of the three antibodies individually: anti-cos-
tain-1, anti-32137, or anti-11810 at 1:100 dilution each.
Whole cells were also labeled with anti-a-tubulin (1:400)
for 3 h at 37 °C. After rinsing in PBS-Tween 0.1% (3
times), the samples were incubated sequentially with the
respective secondary antibodies, anti-rabbit Alexa Fluor
488 and anti-mouse Alexa Fluor 546 (1:500 in PBS) in the
same conditions. Finally, the gels were washed again in
PBS-Tween 0.1% (3 times) and proceeded with the second
round of expansion in water (3 times for 30 min and then

overnight) (Bandeira et al. 2023; Dos Santos Pacheco and
Soldati-Favre 2021). The next day, the gels were observed
in an inverted microscope, both in the Axio Observer or
the Elyra PS.1 microscope (Carl Zeiss Meditec AG, Jena,
Germany) equipped with ZEN 2012 software (version
9.1.1.5), and the images were processed using ZEN soft-
ware (Carl Zeiss Meditec AG, Jena, Germany).

Transmission electron microscopy

Negative staining The ECF was allowed to adhere to glow-
discharged and formvar-coated grids for negative stain-
ing. The grids were then rinsed in PEME buffer (100 mM
PIPES, 1 mM MgSO4, 0.1 mM EDTA, and 2 mM EGTA,
pH 6.9) for 5 min and fixed in 4% freshly prepared formal-
dehyde plus 0.1% glutaraldehyde in PEME for 10 min. Next,
the grids were incubated on droplets of diluent (PBS-1%
BSA) for 30 min and then transferred to droplets of the
primary antibody (costain-1, anti-32137 or anti-11810 or
PBS + 1%BSA as negative control). Several dilutions were
tested (1:100, 1:1000, and 1:10.000) at 1-h incubation. The
grids were then rinsed 3 times for 5 min each and transferred
to droplets of species-specific secondary antibodies: goat
anti-rabbit conjugated to 5 or 10 nm gold (Ted Pella; Red-
ding, CA) diluted 1:50 and incubated for 1 h. The grids were
then rinsed 3 times in PBS for 5 min each and finally with
distilled water. The grids were then fixed in 2.5% (v/v) gluta-
raldehyde in PEME for 10 min and subsequently negatively
stained with 1% (v/v) aurothioglucose in water (adapted
from Vidal et al. 2016).

Hydrophilic resinimmunostaining (LR-White) The T. foetus
cells were initially fixed in a solution containing 4% freshly
prepared formaldehyde and 0.1% glutaraldehyde solution
for 1 h at 4 °C, dehydrated with ethanol, and infiltrated in
LR-White resin. Afterwards, the grids were incubated as
described above in the “Negative staining” section for the
immunostaining, dried, and observed in transmission elec-
tron microscope.

Epon immunostaining The T. foetus cells were fixed with
2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2,
washed in PBS, and postfixed in 1% OsO4 containing 0.8%
potassium ferrocyanide in 0.1 M cacodylate buffer, pH 7.2.
Then, it was washed in PBS, dehydrated in acetone, and
embedded in Epon. Then, the sections were exposed to a
pre-treatment with 0.3% hydrogen peroxide to help increase
immunoreactivity by reducing osmification of the target
molecules. Immunolabeling was made as described in the
“Negative staining” section. Ultrathin sections were stained
with uranyl acetate and lead citrate and observed in trans-
mission electron microscope.
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Imaging Observations of each technique were made in a
Hitachi HT 7800 or FEI Tecnai T20 transmission electron
microscopes, operating at 100 kV or 200 kV, respectively,
and images were acquired.

Sequence and structure characterization

Sequences were retrieved from GenBank accessions
ARM19800.1 (costain-1), ARM19816.1 (costain-2), and
ARM19912.1 (costain-3). All sequences were subject to a
multiple sequence alignment using Kalign (Lassmann 2020)
through Ugene software (Okonechnikov et al. 2012), which
was also used to generate an identity matrix. Sequences were
submitted to SMART server (Letunic et al. 2021), InterPro
(Paysan-Lafosse et al. 2023), and CD-Search (Wang et al.
2023) for domain identification. Subsequently, all proteins
were modeled with AlphaFold3 Server (Abramson et al.
2024) in order to generate a representative 3D structure,
and the quality of the models is estimated through the pTM
scores (Xu and Zhang 2010; Zhang and Skolnick 2004).

Results and discussion
Western blot

Western blot analysis was carried out for each of the anti-
bodies using the protein content of whole cells, an interme-
diate fraction, and an enriched costa fraction (EFC) (Fig. 1).
The results confirmed the size of the proteins (116.9 kDa
for the 11810 protein and 117.44 kDa for the 32137 pro-
tein) and, more importantly, showed increasing intensity of
the labeling of the protein from the whole cell towards the
EFC. The labeling became more intense as the fraction was

Fig. 1 Western blot analysis 11810
of the presence of proteins 1
11810 (116.9 kDa) and

gradually more concentrated with the costa proteins, show-
ing that these two proteins, like costain-1, are more promi-
nent in the costa fraction. Another common aspect among
the three proteins is their size, which is curiously similar, as
costain-1 has 121.6 kDa, in agreement with previous find-
ings that described the costal proteins as being mainly in
the 100-150 kDa range (Viscogliosi and Brugerolle 1993).
However, the 11810-labeling in the partial cell fraction and
in the ECF showed another fainter band close to the stronger
band. These two close bands can represent perhaps a protein
isoform or, maybe, it can bind and drag in another costa
protein, as they share some similar amino acid sequences;
however, further analysis should be made to understand that.
Still, one of the bands is more prominent than the other, and
it presents, in the whole cell sample, as a target preference.
For the unedited version of the Western blot images, check
Supplementary material (Supplementary Fig. 1 and 2).

One of the first attempts to try to identify the costa pro-
teins was made by Viscogliosi and Brugerolle (1993, 1994),
when they utilized an SDS-PAGE approach. They obtained
several protein bands associated with the costa, with molecu-
lar weights ranging from 100 to 145 kDa. These findings
were later confirmed through additional SDS-PAGE analy-
sis and proteomic studies (de Andrade Rosa et al. 2017).
These molecular weights are in accordance with the size of
costain-1 (Bandeira and de Souza 2022) and the 11810 and
32137 proteins.

Expansion microscopy and immunofluorescence

In the immunolocalization assays, we initially used con-
ventional immunofluorescence microscopy to localize the
proteins using the antibodies produced against the protein
candidates in both the whole cells and the EFC samples.

32137
A

32137 (117.44 kDa) in the [
protein content of whole cells, Cell
an intermediate cell fraction,
and an enriched costa fraction
(EFC) showing the gradual
enrichment of both proteins

in the ECF. Protein ladder is
shown in the last lane with the
respective kilodaltons (kDa)
molecular weights. The results
were representative of three
biologically independent experi-
ments

Fraction
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However, it was already of our knowledge that the tradi-
tional immunofluorescence techniques did not work well
for costa staining inside the cell, probably due to the dif-
ficulty of reaching the target epitopes. In recent work, our
group noted that using expansion microscopy (ExM), it
was possible to label the costain-1 in the whole cell, allow-
ing for a better visualization of the costa inside the cell
(Supplementary Fig. 5). So, in the present study, we also
used the ExM, due to the hypothesis that along with the
expansion process, the antigens to which the antibodies
bind are more exposed and accessible, making the staining
much more effective (Bandeira et al. 2023).

Using the polyclonal antibody made against the protein
11810 in an ExM of T. foetus (Fig. 2a, c, d), it is possible
to notice a strong positive labeling in green throughout the
whole costa, making the 11810 the second confirmed protein
of the costa of T. foetus. Figure 2b shows a fainter labeling
in green, by using the antibody anti-32137. Although the
signal is weaker, it is still possible to see the labeling of the
costa, confirming the 32137 as the third protein component
of the T foetus’s costa. Since both proteins seem to be pre-
sent in an array of different cell cycles, as shown in Fig. 2a
and b, with a variable number of costa per cell, it is also
possible to assume that the presence of these proteins is not
cell cycle-dependent.

Fig.2 Expansion microscopy images from T. foetus; a, ¢, d the
anti-11810 antibody showed positive labeling in the costa (green).
c It is possible to see in a more detailed way the cell indicated with
a square, showing seven costa in one cell. d The anti-a-tubulin anti-
body (red) was also used, labeling the duplicated axostyle and the fla-

gella in a dividing cell. b The anti-32137 antibody was used and also
showed positive labeling in the T. foetus costa, although in a fainter
way than the 11810 labeling. Images obtained in confocal mode on
Elyra PS.1 microscope. The results were representative of at least
three biologically independent experiments
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Interestingly, especially while using a lower amplification
scale of the ExM and the labeling of the costa (Fig. 2a, b),
it is possible to observe the costa in a much more complex
scenario while they are still inside the cells, displaying a
variety of shapes, showing how flexible and versatile the
costa can be inside the cell. When using only the EFC, this
great diversity of shapes is lost, and outside the cell, almost
all costa presents the same “smiley-shaped” format. Fur-
thermore, as seen in Fig. 2, when observing the costa in the
whole cell, it is possible to notice that many cells display
more than one costa. A lot of these cells seem to be in the
process of division, especially when the a-tubulin (red) is
also labeled, revealing the duplication of the costa (green)
and the axostyle (red) (Fig. 2d). Also, in Fig. 2d, it is possi-
ble to note that the two costa seem to have different lengths,
maybe because of the angle of the image or maybe because
the new costa is still in a growing process, and until now,
this process is not fully clarified.

Notwithstanding, some cells present more than two costa,
displaying even three or four costa, and one cell even dis-
plays seven costa, which can be seen in a more detailed way
in Fig. 2¢, making this cell probably a pseudocyst, a form
that T. foetus cells assume in certain conditions, where it
internalizes the flagella and have multiple nuclei. The pseu-
docysts are understood as a resistant form to adverse condi-
tions, and it is reversible (Benchimol 2004). However, one
recent study showed that multinuclearity is very common in
different T. foetus and T. vaginalis strains in the lab culture
(Iriarte et al. 2023).

Unfortunately, the EXM method rarely allows for the
acquisition of brightfield images, and we only have the
immunofluorescence labeling to guide us. In this case, for a
better understanding of the images C and D showing whole
cells containing costa (and not an EFC), we added in the
supplementary material an image at the same magnifica-
tion that also includes labeling for tubulin (axostyle) and the
nucleus (Supplementary Fig. 6). Additionally, we included
an image showing the EFC after expansion labeled with anti-
32137 (Supplementary Fig. 7) and another image of the EFC
without the expansion in a brightfield view (Supplementary
Fig. 8). This way, it is possible to compare how the costa
behaves both inside and outside the cell.

Electron microscopy immunolocalization
Different TEM techniques

Electron microscopy confirmed the protein localization and
revealed greater detail (Fig. 3). The first technique used was
to embed the cells in a hydrophilic resin (LR-White), which
can facilitate antibody penetration in the sample compared
to non-hydrophilic resins. As shown in Fig. 3a, the nega-
tive control (incubated only with the secondary antibody)
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was without any labeling in the costa, as opposed to the
specific immunolabeling in the images representing, respec-
tively, 32137 (j), 11810 (g), and costain-1 (d) labeling. The
labeling between the different proteins in LR-White did not
show much difference, so we tried the immunostaining in
Epon-embedded cells after a wash with hydrogen peroxide
3% for 5 min. The negative control (b) was without labeling
as expected. Still, the immunolabeling for 11810 (h) and
32137 (k) was less intense although specific to the costa, and
curiously, the costain-1 had the more intensive labeling in
this method, but also with some nonspecific labeling in other
places of the cell, although showing a clear preference for
the costa. In a third assay, a negative staining of the whole
cell was made after using detergent to expose the cytoskel-
eton. In this experiment, the control was also negative (c),
and the 11810 protein (i) showed moderate labeling, consist-
ent with what was observed in the LR-White experiment and
the fluorescence images. In the 32137 (1) labeling, there was
again a diminished immunolabeling in comparison with the
LR-White sample but increased labeling compared to the
Epon experiment, and this was consistent with the fainter
immunolabeling in the fluorescence in Fig. 2b in comparison
with the 11810 in Fig. 2a. The costain-1 still had the more
intense immunolabeling, which is expected since it appears
to be the most prominent protein in the costa’s proteome (de
Andrade Rosa et al. 2017).

Light microscopy allows for rapid investigation of cells,
particularly when combined with molecular biology tools
to manipulate gene expression (such as gene overexpres-
sion or knockout) or when using antibodies to specific target
proteins. It was through light microscopy that the so-called
“paracostal granules” were first identified, now known as
hydrogenosomes in trichomonadids. Similarly, metachro-
matic granules, initially observed in trypanosomatids, were
also first identified using light microscopy (de Souza 2024).
Despite its lower resolution compared to electron micros-
copy (EM), the faster and simpler sample preparation and
easier accessibility of light microscopy make it an indispen-
sable tool. Particularly with the advent of super-resolution
microscopy and the expansion microscopy (ExM) technique,
both of which offer improved resolution, light microscopy
enables innovative observations of proteins in cells, allowing
for dynamic analysis that still is not possible by EM.

However, the resolution provided by EM remains
unmatched, offering highly detailed ultrastructural
insights, albeit at the cost of a more expensive, complex,
and time-consuming approach. Furthermore, EM gener-
ates different types of images, presenting only sections
of the cell at a time. For now, both light and electron
microscopy remain complementary tools in the study of
cell organization as exemplified by the costa analysis.
When making images of the costa by electron micros-
copy (EM), it is possible to obtain unparalleled detail for
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LR-White

11810 |

32137

Fig. 3 Immunolabeling using TEM: a, d, g, j LR-White embedded T.
foetus cells. a Negative control, g anti-11810 antibody, j anti-32137
antibody, and d anti-costain-1. b, e, h, k Have the same labeling order
but in Epon treated with 3% hydrogen peroxide. ¢, f, i-1 Also have

ultrastructural studies. However, when analyzing antibody
staining to locate proteins, immunofluorescence offers a
more comprehensive view of the costa within the cell. In
addition to labeling the whole costa, we can now observe
a variety of shapes that the costa can adopt inside the cell.
It was also possible to clearly identify that a few cells
display more than two costa, which is not usual. These
diverse shapes highlight the costa as a stable yet highly
flexible structure, likely due to its unique protein compo-
sition, including the costains. The quantity of costa per
cell suggests that further investigation is needed, poten-
tially through synchronized cultures, to better understand
the duplication process of the costa, particularly in cells
with more than two costa. Future studies using ExM may
provide deeper insights into the interactions between the
protein components of the trichomonads and other cel-
lular structures and organelles.

Neg. Staining

the same labeling order, using negative staining with aurothioglucose
after the exposition of the cells with 1% NP-40. The results were rep-
resentative of at least three biologically independent experiments

Estimated localization of each protein in the costa

In the attempt to estimate a more precise location of each of
the three proteins in the costa, the position of gold-labeled
particles was determined in 16 TEM images of each pro-
tein, taking into consideration their presence in the differ-
ent bands of the costa. As seen in the graphic in Fig. 4, the
costain-2 (11810) was more present in the electron-lucent
bands but was also present in the electron-dense ones, with a
proportion 1.4:1. There was also some labeling in the inter-
mediary limit between both bands and also some labeling
in the outer end of the costa. The labeling for the 32137
protein, in turn, was approximately two times more present
in the electron-dense bands in comparison with the elec-
tron-lucent ones, with the proportion of electron-lucent to
electron-dense being 1:2.09. The labeling also was present,
in a less prominent way, in the region between the bands
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Fig.4 Graphic showing the
different distributions of the

Costa proteins estimated location

labeling of each protein in the 100%
costa according to the different
striated patterns of the costa,
subdivided into electron-lucent 80%
bands, electron-dense bands,
between those two bands, and
the outer corner of the costa. 60%
The results represent the total
sum of labeling found at each
analyzed location of the costa 40%
for each protein (costain-1
11810 and 32137) in EM
images representative of three 20%
biologically independent experi-
ments for each methodology
used 0%
11810 32317 costain-1
E. Lucent mE. Dense mInbetween m Outer margin

Table 1 Identity matrix of the three costa proteins (Table 1). This indicates that the studied proteins are very
— o Cosad o3 similar and likely homologous.

rotein ostain- ostain- ostain- We then submitted all proteins to three different domain-
Costain-1 100% 36% 36% identification servers, namely, SMART, InterPro, and CD-
Costain-2 36% 100% 58% Search. The SMART server identified several coiled-coil
Costain-3 36% 58% 100% domains for all three proteins, occasionally interspersed with

and also in the outer end of the costa. Finally, the labeling
of the costain-1 showed great similarity with the 11810 labe-
ling pattern, being more extensively present in the electron-
lucent bands than the electron-dense bands (1.6:1). However,
it also showed overall two times more labeling in the costa
than the two other proteins, with an extensive presence also
in the limits between bands and also at the outer end limits
around the costa.

Sequence analysis and 3D protein modeling

The three costa proteins analyzed by this study were sub-
jected to multiple sequence analysis, revealing that cos-
tain-1 shares an identity score of 36% with costains-2 and
3, while these share an identity score of 58% with each other

predicted disordered domains or internal repeats (Fig. 5).
InterPro also identified several coil domains and Centroso-
mal Protein 2 (Panther entry PTHR23159) as a domain hit
for costains-1 and 2, while for costain-3, the domain iden-
tified was for Myosin Heavy Chain, Non-Muscle (Panther
entry PTHR45615) (Supplementary Fig. 3). CD-Search
identified the domain chromosome segregation protein SMC
(structural maintenance of chromosomes) which is known
to bind DNA and act in organizing and segregating chromo-
somes for partition (Supplementary Fig. 4).

Although there was no consensus between all three soft-
ware, the common ground among all predictions was the
highly helical content of the three proteins. Furthermore, all
predicted domains are highly indicative of a cytoskeleton-
related structural scaffold.

Finally, we submitted all sequences to structural predic-
tion with AlphaFold3, which, expectedly, generated helical

Fig.5 Results obtained from the A) Costain-1
SMART server. Green spans are

predicted coiled-coil regions,

as detected by the COILS pro-

gram. In pink are regions of low B) Costain-2

compositional complexity, as
detected by the SEG program,
and the blue rectangles are
internal repeats, detected by the

Prospero program C) Costain-3
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bundles with higher confidence (90 > pIDDT > 70) on the
helical spans and lower confidence on the disordered inter-
vals (pIDDT < 50). Costain-1 had an overall pTM score of
0.27 compared to 0.26 of costain-2 and 3 (Fig. 6). Interest-
ingly, the pTM scores increased (to approximately 0.38)
for all proteins when sequences were submitted as dimers
(Fig. 7), but not as trimers, indicating that the functional
scaffolds may be composed of dimeric proteins forming a
parallel coiled-coil. It is important, however, to point out
that these pTM and ipTM scores are still very low, indicat-
ing that the overall structure is significantly different from
the AlphaFold3 output. We hypothesize that the scores
are thus low due to the likely extended nature of these
structural assemblies in detriment of the folded structure
outputted by AlphaFold3.

Coiled-coil domains are very versatile and are involved in
many cellular processes like membrane traffic (Gillingham
and Sean 2003), regulation of transcription (Haque et al.
2022), protein—protein interactions (Adamczyk et al. 2021),
among others. They are highly conserved in cytoskeletal and
centrosomal proteins, e.g., intermediate filaments (Eldirany
et al. 2021; Dang and Elmar 2022). Recently, it has been
proposed that the assemble and strength of pericentriolar
material is mediated by coiled-coil interactions between
scaffold proteins in C. elegans (Rios et al. 2024), indicating
its relevance in structural organization, which correlates to
the structural maintenance of chromosomes domain found
in costains by InterPro and CD-Search (Fig. 5). Interestingly,
the proteome of Tetratrichomonas gallinarum cytoskeleton
contains five proteins homologous to Trichomonas vagi-
nalis’ costa, and they also have long coiled-coil domains

Costain-1
pTM =0.27

Fig.6 AlphaFold 3 structural predictions of monomeric costain-1, 2,
and 3 along with the predicted template modeling (pTM) score which
measures the accuracy of the entire structure. A pTM score above 0.5

Fig.7 AlphaFold 3 structural
predictions of monomeric
costain-1 dimer along with the
predicted template modeling
(pTM) and interface predicted
template modeling (ipTM)
scores which measure the
accuracy of the entire structure.
A pTM score above 0.5 means
the overall predicted fold for
the complex might be similar
to the true structure. All chains
are colored from the N-terminal
(blue) to the C-terminal (red)

Costain-2
pTM = 0.26

Costain-3
pTM =0.26

means the overall predicted fold for the complex might be similar to
the true structure. All chains are colored from the N-terminal (blue)
to the C-terminal (red)

Costain-1 Dimer
pTM =0.38
ipTM =0.37
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(Preisner et al. 2016). Preisner et al. suggest in this study
that these filament-forming proteins share common struc-
tural properties with metazoan intermediate filaments, sup-
porting our hypothesis that costain-1, 2, and 3 may have
similar functions.

It is important to note that even being an early diver-
gent eukaryote, the cytoskeleton of trichomonads and other
eukaryote-like mammals still have a lot of common features,
like the 3D model of the T. vaginalis tubulin dimer that is
very similar to that of the pig brain (Noél et al. 2001), among
other conserved aspects. However, it is still poorly explored
the divergence, the common aspects, the origin, and the
exact function of the rootlet structures usually associated
with the basal bodies. These are present in a numerous type
of eukaryotic cells and can become a useful and unique way
to unravel relationships between these cells (Dingle and
Larson 1981). In the last decades, these unique features of
striated rootlets have been put to the side without answering
some pivotal questions that were not possible to answer back
then. Hopefully, it will be possible to use the new techniques
and current knowledge to understand their origin, functions,
and evolution in a better way.

Conclusions

In conclusion, we confirmed the presence of two new pro-
teins in the costa of T. foetus: costain-2 (11810) and cos-
tain-3 (32137). Comparing the three identified proteins, we
could note a slightly different localization in the striation
pattern from the costa of each protein. This work also further
characterizes these proteins as being highly a-helical and
likely to assume a coiled-coil assembly. Finally, we predict
them to have a structural role, as indicated by domains iden-
tified by the several prediction software (miosin, Centroso-
mal Protein 2, and chromosome segregation protein SMC)
and provide the Alphafold3 models indicating a predicted
template modeling of the proteins. The study of such unique
proteins is important to better understand the costa structure
and the relationship of these proteins and possibly deter-
mine a therapeutic future use as a drug target or its antigenic
properties.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00436-025-08466-4.
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