241

New 1nsights on the Golgi complex of Tritrichomonas foetus

IVONE De ANDRADE ROSA!"?? MARJOLLY BRIGIDO CARUSO*,

SILAS PESSINI RODRIGUES*, REINALDO BARROS GERALDO*,
LUIZA WILGES KIST?, MAURICIO REIS BOGO®, LUIZ GONZAGA?®,
ANA TEREZA R DE VASCONCELOS®, JOSE ANDRES MORGADO-DIAZ’,
RUSSOLINA BENEDETA ZINGALI* and MARLENE BENCHIMOL"*

' Universidade Santa Ursula, Rio de Faneiro, Brazil

2 Programa de Ciéncias Morfoldgicas — Universidade Federal do Rio de Janeiro, Brazil

3 Instituto de Biofisica Carlos Chagas Filho — Universidade Federal do Rio de ¥aneiro, Brazil

* Instituto de Bioquimica Medica (Unidade de Espectrometria de Massa e Protedmica) — Universidade Federal do Rio de
Faneirvo e Instituto Nacional de Biologia Estrutural e Bioimagem — INBEB, Brazil

> Laboratério de Biologia Gendémica e Molecular, Pontificia Universidade Catélica do Rio Grande do Sul, Porto Alegre,
RS, Brazil

6 Laboratério Nacional de Computacio Cientifica (LNCC/MCT ), Petrépolis, Rio de Janeiro, Brazil

7"INCA - Grupo de Biologia Estrutural, Divisdo de Biologia Celular, Instituto Nacional de Cancer, Rio de Faneiro, Brazil

(Received 7 December 2012; revised 31 March and 18 June 2013, accepted 23 Fune 2013; first published online 18 October 2013)

SUMMARY

Tritrichomonas foetus is a protist that causes bovine trichomoniasis and presents a well-developed Golgi. There are very few
studies concerning the Golgi in trichomonads. In this work, monoclonal antibodies were raised against Golgi of T'. foetus
and used as a tool on morphologic and biochemical studies of this organelle. Among the antibodies produced, one was
named mAb anti-Golgi 20.3, which recognized specifically the Golgi complex by fluorescence and electron microscopy.
By immunoblotting this antibody recognized two proteins with 60 and 66 kDa that were identified as putative beta-tubulin
and adenosine triphosphatase, respectively. The mAb 20.3 also recognized the Golgi complex of the Trichomonas vaginalis,
a human parasite. In addition, the nucleotide coding sequences of these proteins were identified and included in the 7. foetus
database, and the 3D structure of the proteins was predicted. In conclusion, this study indicated: (1) adenosine tripho-
sphatase is present in the Golgi, (2) ATPase is conserved between T'. foetus and T'. vaginalis, (3) there is new information
concerning the nucleic acid sequences and protein structures of adenosine triphosphatase and beta-tubulin from 7. foetus
and (4) the mAb anti-Golgi 20.3 is a good Golgi marker and can be used in future studies.
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INTRODUCTION Trichomonads are characterized by the presence
of a well-developed Golgi complex (Fig. 1) that
corresponds to the parabasal apparatus, which is
formed by both the Golgi cisternae and the parabasal
filaments (Honigberg et al. 1971; Honigberg and
Brugerolle, 1990; Benchimol et al. 2001). The large
size of the Golgi in trichomonads likely indicates a
significant role; however, little isknown aboutits func-
tion in this parasite. Indeed, there are few cellular and
biochemical studies regarding this organelle (Diaz
et al. 1996; Diaz and De Souza, 1998; Almeida et al.
2003). The absence of reliable commercial antibodies
to the Golgi complex of trichomonads and the lack of
a fully sequenced T. foetus genome are factors that
complicate the process of understanding and map-
ping of trichomonad proteins. To gain a deeper
knowledge of the biochemical and molecular charac-
teristics of the T. foetus Golgi complex, a panel of
monoclonal antibodies was raised against the Golgi
complex of 7. foetus with the aim of obtaining an

Tritrichomonas foetus causes bovine trichomoniasis,
which is one of the most widespread sexually trans-
mitted diseases in cattle and causes infertility and
abortion, leading to considerable economic losses
in beef-producing areas of the world (Rae and Crews,
2006). Furthermore, T'. foetus is able to infect and
colonize the colon of domestic cats, resulting in
chronic, large-bowel diarrhoea (Gookin et al. 2004;
Yaeger and Gookin, 2005; Stockdale et al. 2008).

Tritrichomonas foetus is studied not only for its
veterinary importance, but also because of its par-
ticular cell structure. This parasite has several un-
usual characteristics, including cellular components
called hydrogenosomes, which are an anaerobic form
of modified mitochondria that generate hydrogen and
ATP, a microtubular pelta-axostylar system and the
costa, which is a large striated fibre (Lindmark and
Miiller, 1973; Benchimol, 2004).
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antibody against a Golgi-resident protein that could
be used to study this organelle. In addition, com-
plementary techniques, such as immunolabelling,
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Fig. 1. A general view of 7. foetus in a routine
longitudinal thin section. Note the well-developed Golgi
(G) with several budding vesicles, the hydrogenosomes
(H) and the nucleus (N) with its nucleolus (Nu).

immunoblotting, mass spectrometry analysis and
database searches, were used to identify the proteins
that were recognized by this antibody. The new infor-
mation about nucleic acid sequences and the 3D struc-
ture of the proteins obtained in this work were added
to the T. foetus database.

MATERIALS AND METHODS
Cell culture

The K strain of T'. foetus was isolated by Dr H. Guida
(Embrapa, Rio de Janeiro, Brazil) from the uro-
genital tract of a bull. The JT strain of Trichomonas
vaginalis was isolated at the Hospital Universitario,
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Universidade Federal do Rio de Janeiro, Brazil and
has been maintained in culture for several years.
Microorganisms of both cell lines were cultivated in
TYM Diamond’s medium (Diamond, 1957) sup-
plemented with 10% fetal calf serum (FCS). The cells
(1 x10° cells mL ') were grown for 24 h at 36'5°C,
washed in PBS to remove the medium and used in the
experiments described below.

Isolation of the Golgi-rich fraction

The Golgi was isolated as previously described (Diaz
et al. 1996). Briefly, rinsed 7. foetus cells were
resuspended in 10 mL of 10 mMTris—HCI buffer
(pH 7-4), containing 0-25 M sucrose and 2 mm MgCl,
(G buffer). A cocktail of proteases inhibitors (Sigma,
USA) was added to this G buffer to prevent protein
degradation before the cells were disrupted with 300
strokes of a Potter-type homogenizer. The homogen-
ate was centrifuged at 2500 g for 10 min, and the
pellet of unbroken cells, nuclei and hydrogenosomes
was discarded. The resultant PNS was harvested,
and an equal volume of 2-3 M sucrose was added to
achieve a final concentration close to 1-4 M sucrose.
This suspension was loaded into the bottoms of
ultracentrifuge tubes (Beckman SW 28) and success-
ively overlaid with (10 mL. of each concentration)
1:2 M sucrose, 1:0 M sucrose and 0-8 M sucrose. This
gradient was then centrifuged at 95000 g for 2:5h
(Beckman SW 28 rotor). Two bands, representing
the 0-8/1-:0m (GF1) and 1:0/1-:2 m (GF2) interfaces,
were carefully removed from the top, diluted with G
buffer without sucrose, collected by centrifugation
at 80000 g for 30 min (Beckman Type 65 rotor),
and used for experiments. All steps were performed
at 4 °C or on ice.

Monoclonal antibody production

To generate the monoclonal antibodies (mAbs), ap-
proximately 50 ug of purified Golgi complex (GF1
and GF2) was used to immunize female BALB/c
mice. The mice were injected intraperitoneally on
days 0, 7, 14, 21 and 30. The antigen was emulsified
in Freund’s complete adjuvant for the first injection.
The subsequent immunizations were performed with
incomplete adjuvant followed by antigen preparation
in PBS. Two mice were euthanased, the spleens were
removed, and fusion with myeloma cells was per-
formed. The hybridoma supernatants were screened
using immunofluorescence. The positive clones were
subcloned by limiting dilution. The antibody anti-
Golgi 20.3 was purified by chromatography using
protein G.

Immunofluorescence microscopy

Cells were fixed with 1% paraformaldehyde in phos-
phate buffer, pH 7-2, overnight at room temperature.
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The fixed parasites were washed in PBS and allowed
to adhere to poly-L-lysine-coated (mol wt 300000)
glass coverslips. The cells were washed in PBS, per-
meabilized with 0-1% Triton X-100 and blocked
with 50 mM ammonium chloride and 1 and 3% BSA
for 15 min each step. The hybridoma supernatants
(without dilution) and the mAb anti-Golgi 20.3 (1/10
in PBS/BSA1%) were used as the primary antibodies
and were detected with an anti-mouse IgG Alexa-488
or Alexa-546 conjugated secondary antibody (1/100
in PBS/BSA1%, Molecular Probes, USA). The lectin
Helix pomatia (HPA-Alexa 488) diluted 1/50 in PBS/
BSA 1% is known to recognize carbohydrates of
the T. foetus Golgi complex (Benchimol et al. 2001;
Benchimol and Bernadino, 2002) and it was used
for co-localization with mAb anti-Golgi to confirm
the specificity of our antibody. To stain the nuclei,
the cells were incubated with 5ug mL™" DAPI for
5 min in the dark. The samples were observed using
an Axiophot Il Zeiss microscope, and the images
were acquired using a chilled C5985 CCD camera
(Hamamatsu, Japan). Programs such as KS300
and AdobePhotoshop CS2 were used to create the
pseudo-coloured images.

C6-NBD-ceramide labelling

Living cells were incubated in a solution containing
S5um C6-NBD-ceramide (MolecularProbes, USA)
in TYM medium supplemented with 10% FCS,
pH 6-2, for 5min at 37 °C in the dark. C6-NBD-
Ceramide (C6-NBD-Cer) is a selective stain for the
Golgi complex (Pagano et al. 1989). When it is
incubated in living cells at 37 °C, the fluorescent
analogue of ceramide is metabolized into fluorescent
sphingolipid and glucosylceramide and, concomi-
tantly, the Golgi apparatus becomes intensely fluor-
escent (Simons and van Meer, 1988; de Melo and de
Souza, 1996). Subsequently, the cells were washed in
warmed PBS and fixed in freshly prepared 1%
paraformaldehyde for 1 h at room temperature. The
samples were observed using an Axiophot II Zeiss
microscope, and the images were acquired using a
chilled C5985 CCD camera (Hamamatsu, Japan).
Programs such as KS300 and Adobe Photoshop CS2

were used to create the pseudo-coloured images.

Transmission electron microscopy

Cells were fixed overnight at room temperature
in 2-5% glutaraldehyde in 0-1 M cacodylate buffer.
Afterwards, the cells were washed in PBS and post-
fixed for 15 min in 1% OsO4 in 0-1 M cacodylate buffer
containing 5 mm CaCl, and 0-8% potassium ferricya-
nide. The cells were dehydrated in ethanol and
embedded in Epon. Ultra-thin sections were har-
vested on 300 mesh copper grids, stained with 5%
uranyl acetate and 1% lead citrate and observed with a
JEOL 1210 transmission electron microscope.
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Immunocytochemistry

Cells were fixed overnight in 2-5% glutaraldehyde in
0-1 M cacodylate buffer, pH 7-2, and dehydrated in
ethanol. Whole cells and Golgi fractions were em-
bedded in Epon. For immunolabelling, thin sections
were quenched in 50 mm NH4CI for 30 min and
incubated with mAb anti-Golgi 20.3. After several
washes in PBS-1% BSA, the sections were incubated
with 10 nm gold-labelled goat anti-mouse IgG (BB
International, UK).The samples were washed and
observed with a JEOL 1210 electron microscope.
The controls included samples that did not receive
the primary antibody.

Quantitative evaluation of immunogold
labelling specificity

The quantitative evaluation of labelling specificity
was performed according to a previous study (LLucocq
and Gawden-Bone, 2010). For this procedure, 10
micrographs were taken at random locations. The raw
number of gold particles, Au(+), was counted in any
one labelled section when the target component was
present at normal expression levels. The Au(+) is
composed of specific, Au(s), and non-specific, Au
(ns), labelling. Thus, Au(+) = Au(s) + Au(ns), and an
estimative of Au(s) = Au(+) — Au(—). The fraction of
specific labelling, f(s), is given by f(s) = Au(s)/Au(+).

Immunoprecipitation

After cell fractionation, the PNS, 0-8/1-0 m (GF1)
and 1:0/1-2m (GF2) (1 mgmL™") fractions were
incubated in 10 uL. of mAD anti-Golgi 20.3 overnight
at 4°C. Afterwards, the samples were incubated
overnight at 4 °C with 50 4L of Protein A-Sepharose
CL-4B (Sigma, USA), and the samples were gently
shaken. For identification of the proteins by mass
spectrometry an immunoprecipitation of a combined
sample (GF1+ GF2) was performed. The immuno-
precipitated complexes were collected by centrifu-
gation at 3000 g for 2 min at 4 °C. The supernatants
were discarded, and the pellets were extensively
washed with 20mwm PBS, pH 7-4. The samples
were heated at 95 °C for 5 min and centrifuged for
30sat 12000 g at room temperature. Next, the super-
natants (IP samples) were separated by 12% SDS—
PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes. The proteins were then probed
with mAb anti-Golgi 20.3.

SDS-PAGE analysis

The subcellular fractions of T. foetus were analysed
by SDS-PAGE using 12% gradient gels (LLaemmli,
1970). The same amount of protein (50 ug) from all
of the samples was boiled and applied to the gel.
Kaleidoscope Prestained Standards (Bio-Rad, Brazil)
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were used as standard proteins to evaluate the mol-
ecular mass of the protein bands in each sample. The
gels were stained with silver or Coomassie brilliant

blue G (CBB-G-250).

Detection of Golgi protein using Western blot analysis

The Golgi proteins were separated by 12% SDS—
PAGE and transferred to a PVDF membrane
(Millipore Corporation, USA). The PVDF mem-
brane was blocked with 5% non-fat dried milk
and washed once in TBS containing 0:-1% Tween-
20 at 4°C for 1h. Afterwards, the membrane was
incubated with the mAb anti-Golgi 20.3 primary
antibody, diluted 1:1000 in the same blocking sol-
ution. The specifically bound primary antibody was
detected using a horseradish peroxidase labelled goat
anti-mouse IgG antibody diluted 1:2000 in the block-
ing solution. The membrane was incubated, washed
in TBS-Tween and developed using the ECL Plus
Western blotting detection system (GE Healthcare,
Sweden).

Protein digestion and peptide extraction

SDS-PAGE gels were stained with CBB-G-250
and all five bands were manually cut from the gel
and subjected to digestion. T'o remove the stain, each
of the five bands were cut and treated with 50%
acetonitrile and 25mwm NH,HCO; overnight at
4°C. The gel pieces were then reduced at 56 °C for
1h using a D'TT solution (10 mMm DTT in 25 mm
NH4HCO3). The samples were briefly washed with
25 mMm NH/HCOj;. The free -SH groups in the pro-
tein molecules were alkylated at room temperature
for 45 min in the dark with 55 mMm iodoacetamide
in 25mmMm NHHCO;. Afterwards, the gel pieces
were dehydrated with 100% acetonitrile and rehy-
drated with trypsin solution (0-01 gguL. ™" in 25 mMm
NH HCO3) at 37°C for 20h. The peptides were
extracted with 5% trifluoroacetic acid (TFA) dis-
solved in 50% acetonitrile. ZipTip C18 pipette tips
were utilized to condense the peptides and remove
the inorganic compounds. The peptides were eluted
with 5 uL. of 50% acetonitrile and 0-1% formic acid.

MALDI-TOF/TOF mass spectrometry

Approximately 0-3 L. of the extracted peptide sol-
ution was mixed with an equal volume of a saturated
matrix solution (10 mgmL™' a-cyano-4-hydroxy-
cinnamic acid (Aldrich, Milwaukee, WI, USA) in
50% acetonitrile/0-1% TFA) on the target plate and
allowed to dry at room temperature. The raw data for
protein identification were obtained using a 4700
Proteomics Analyzer (Applied Biosystems, Foster
City, CA, USA). Both MS and MS/MS data were ac-

quired with a neodymium-doped yttrium aluminium
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garnet (Nd:YAG) laser with a 200-Hz repetition rate.
Typically, 1600 shots were accumulated for the
spectra in MS mode, whereas 2400 shots were ac-
cumulated for the spectra in MS/MS mode. The
MS and MS/MS mass spectra were acquired in
reflector mode and internally calibrated with trypsin
autolysis peptides. Up to eight of the most intense
ion signals with signal-to-noise ratios above 30
were selected as precursors for MS/MS acquisition.
External calibration in MS mode was performed us-
ing a mixture of four peptides: des-Argl-Bradykinin
(m/z=904-468), angiotensin I (m/z=1296-685),
Glul -fibrinopeptide B (m/z =1570:677), and ACTH
(18=39) (m/z =2465-199). The MS/MS spectra were
externally calibrated using known fragment ion
masses observed in the MS/MS spectrum of angio-
tensin I.

Liquid chromatography—tandem mass spectrometry

(LC-MS/MS ) analysis

Trypsin-digested peptides were solubilized in 30 uLL
of 2% acetonitrile and 0-1% formic acid (mobile
phase A), and 5 ul. was injected onto a trap column
(C18, 0-25 uL., OPTI222PAK). The separations were
performed using a reverse-phase capillary column
(Acclaim, 3um C18, 75 um*X20 cm, LC Packings,
Dionex) connected to a nano-HPLC system (nano-
LC 1D plus, Eksigent). For elution, mobile phases
A and B (80% acetonitrile, 0-1% formic acid) were
used. The eluting peptides were directly introduced
into a linear ion trap-mass spectrometer equipped
with a nanospray source (L'TQ XL, Thermo-Fisher
Scientific). The MS spectra were collected in cen-
troid mode over a range of 400-1700 m/z, and the five
most abundant ions were subjected to collision-
induced dissociation (35% normalized collision en-
ergy) twice before being dynamically excluded for
120s. All of the MIS/MS spectra were from peptides
of 600—4000 Da, and at least 15 fragments were con-
verted into D'TA files using Bioworks version 3.3.1
(Thermo-Fisher Scientific).

Database search and peptide identification/validation

The D'TA files were submitted for database searching
using Turbo Sequest (Eng et al. 1994; Lundgren
et al. 2005) (available in Bioworks version 3.3.1).
The protein database contained sequences from
T. vaginalis (n=119913, April 05, 2010), keratin
(n=1091) and trypsin (n=1), which are available
from the National Center for Biotechnology
Information (NCBI). All of the sequences (total of
n=242008) were used in the forward and reverse
orientations to calculate the False Discovery rate
(FDR). The database search parameters were the
same as described in Rodrigues et al. (2011). To
ensure the quality of protein identification, the false
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positive rate (FPR) was estimated using the following
formula: FPR =number of proteins matching the
reverse sequences/total number of proteins. The FPR
was calculated after applying the following filters in
Bioworks (for Sequest analysis): DCn = 0-85; pro-
tein probability <1 X10—3; and Xcorr >1-5,
2:0 and 2-5, for singly, doubly and triply charged
peptides, respectively. Using these parameters, we
validated all of the sequences with an FPR <1%.

Isolation of genomic DN A from 'T. foetus

Genomic DNA was purified with Wizard Genomic
DNA Purification Kit (Promega, USA) according to
the manufacturer’s instructions.

Sequencing analysis

To confirm the presence of the adenosine triphos-
phatase and beta-tubulin genes in T. foetus DNA, the
total assembly was performed using Newbler 2.6.
Afterwards, T. foetus genes and target proteins were
aligned using the tBLASTN 2.2.24 software. The
Consed 20.0 software was used to align and select the
contigs. The existence of the gene was then confirmed
using the ORF Finder software (http://www.ncbi.
nlm.nih.gov/gorf/gorf.html) and BLASTp 2.2.24

software.

Theoretical study

To verify the possibility of antibodies cross-reacting
with adenosine triphosphatase and beta-tubulin, 20
antigenic peptides were constructed for these pro-
teins using the web server MHC-I Antigenic Peptide
Processing Prediction (http://www.mpiib267berlin.
mpg.de/MAPPP). Afterwards, the alignment of
adenosine triphosphatase with antigenic peptides
predicted for beta-tubulin was performed using the
program CLUSTALW2 (http:/www.ebi.ac.uk/
Tools/msa/clustalw2/). The same strategy was used
to verify the peptides predicted for adenosine tripho-
sphatase. T'o observe the exposure of these antigenic
peptides in their tertiary structures, the homology
models of adenosine triphosphatase and beta-tubulin
were constructed as described by Abreu et al. (2006),
using the Swiss Model and Swiss-PDB viewer
programs available at http://swissmodel.expasy.org/
and http://www.expasy.org/spdbv/, respectively.
The crystal structures of the beta subunits of the
alpha-beta tubulin dimer (PDB = 1TUB) and A-type
ATPase (PDB =2C61) were used as templates due
to their high degree of homology with the proteins
studied. Blocks of structurally conserved regions
were identified, and the structural alignment of the
protein sequences was generated. Coordinates for all
residues were transferred to both adenosine tripho-
sphatase and beta-tubulin sequences and loops were
constructed in a single round. Several cycles of
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constrained energy minimization were used to nor-
malize the structures and their geometrical par-
ameters. In subsequent runs, the peptides were
constructed according to the template by searching
for steric hindrance. The models were minimized
using the Gromos parameter set, available in Swiss-
PDB viewer. The energy minimization of the models
was performed in a vacuum without a reaction field.
The Gromos forcefield allows the energy of a
structure to be evaluated, as well as the repair of
distorted geometries via energy minimization. The
models were validated as previously described by
Castro et al. (2001).

RESULTS
Isolation of the Golgi complex

The homogenization procedure lysed approximately
90% of the cells. The fractionation methodology
was controlled by phase-contrast and transmission
electron microscopy. A typical PNS was produced
after the first centrifugation step at 2500g, in
which it was possible to observe the Golgi cisternae
(Fig. 2a and b). To remove possible contaminating
structures such as membranous endoplasmic reticu-
lum (ER) vesicles, plasma membrane and/or hydro-
genosomes, the PNS was further purified using
discontinuous sucrose gradient centrifugation. T'wo
fractions were recovered by flotation, corresponding
to the 0-8/1-0 and 1:0/1-2 M interfaces (designated
GF1 and GF2, respectively), which were enriched in
Golgi complexes, as determined by electron micro-
scopy (Fig. 2¢ and d). Electron microscopy analyses
of either of the two fractions, GF1 or GF2, showed
that they were highly enriched for elements of the
Golgi complex. No cytoskeletal, flagellar, nuclear
or hydrogenosomal contamination was found, de-
monstrating that the homogenization, followed by
differential and discontinuous sucrose gradient cen-
trifugation, was efficient. However, light contami-
nation was occasionally found with profiles of the
ER and plasma membrane. Therefore, extra care was
taken during the antibody screening to choose
one antibody that was specific to the Golgi complex
in 7. foetus.

Characterization of Golgi complex proteins in 'T. foetus

Mice were immunized with the Golgi complex
fractions (GF1 and GF?2) isolated from 7. foetus
and used to generate monoclonal antibodies (mAbs).
The fusion of splenocytes and myeloma cells gener-
ated 405 hybridomas, of which 116 were selected to
be cloned. In the cloning step, 20 hybridomas of the
112 hybridomas that remained viable and secreting
antibodies presented positive labelling in the Golgi
and were recloned. In two hybridomas the secretion
stopped, 10 hybridomas’ secretion presented label-
ling on ER, vesicles and Golgi complex, whereas 4


http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.mpiib267berlin.mpg.de/MAPPP
http://www.mpiib267berlin.mpg.de/MAPPP
http://www.mpiib267berlin.mpg.de/MAPPP
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://swissmodel.expasy.org/
http://swissmodel.expasy.org/
http://www.expasy.org/spdbv/
http://www.expasy.org/spdbv/
https://doi.org/10.1017/S0031182013001455

ITvone De Andrade Rosa and others

246

Fig. 2. (a) TEM of the post-nuclear supernatant fraction, showing several of the Golgi cisternae fractions (arrows).
(b) A nearly-intact Golgi complex is found in the PNS (G). (¢, d) The general appearance of fractions obtained from the

0-8-1-0 M (GF1) (c) and 1-0-1-2 (GF2) interfaces (d).

hybridomas’ secretion labelled the ER and Golgi
complex and 4 hybridomas’ secretion labelled exclu-
sively the Golgi complex. Four hybridomas (2 to
Golgi complex, 2 to ER and Golgi complex) were
selected to grow in large scale. One of these hybri-
domas died and the supernatants of the other three
were purified and originated the antibodies 69-1 and
69-2 (which labelled both ER and Golgi complex)
and 20.3 (Golgi complex). In total, 545 hybridomas
were produced and all supernatants of the hybrido-
mas cultures were tested by immunofluorescence
using T foetus. Positive reaction was defined in the
form of crosses (from zero to five crosses, where
zero was no observed labelling and five crosses, a very
strong labelling). We have selected only the five
crosses labelling. The hybridomas that strongly
labelled the Golgi complex were cloned, which led
to the final selection of three monoclonal antibodies.
One of these mAbs, anti-Golgi 20.3, demonstrated
satisfactory labelling of the Golgi complex (Figs 3
and 4) and was used to characterize proteins in the
T. foetus Golgi complex. The fluorescent marker C6-
NBD-ceramide was used to specifically visualize the
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T. foetus Golgi complex (Benchimol et al. 2001). The
localization of the Golgi complex in cells treated with
C6-NBD-ceramide (Fig. 3a and b) was similar to the
labelling of anti-Golgi 20.3 found in the anterior and
perinuclear regions. Moreover, the co-localization of
the mADb 20.3 with the lectin HPA-Alexa 488 by
fluorescence demonstrated the specificity of the
antibody to the Golgi complex in T. foetus (Figs 3d,
fand 4) and electron microscopy (Fig. 5). In addition,
anti-Golgi 20.3 labelled both Golgi complexes in
cells with duplicated Golgi (Fig. 3f). The quantitat-
ive analysis of immunogold labelling revealed that the
mADb anti-Golgi 20.3 is highly specific to the Golgi
complex. The specific fraction was represented by
f(s) = Au(s)/Au(+) = 368/448 = 0-82. To characterize
the molecule(s) recognized by the monoclonal anti-
body, immunoprecipitation was performed and
detected proteins with molecular masses of 60 kDa
and 66 kDa in the PNS (Fig. 6, lane 1), GF1 (Fig. 6,
lane 2) and GF2 (Fig. 6, lane 3). In addition, other
proteins of 25, 50 and 73 kDa were detected and may
correspond to the light chain and heavy chains of
immunoglobulin.
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Fig. 3. (a, b) Tritrichomonas foetus stained with C6-NBD-ceramide and DAPI. (a) DIC. (b) Note the fluorescent
labelling in the Golgi (G) and nucleus (N). (c—f) DIC (¢, €) and immunofluorescence (d, f) labelling of the 7. foetus
Golgi complex with mAb anti-Golgi 20.3 and DAPI. Note that in (f), the cell is in the process of division because two

Golgi complexes (G) are observed.

Specificity of Golgi proteins for 'T. foetus

The mAb anti-Golgi 20.3 reacted specifically with
60-kDa and 66-kDa proteins in Western blots. In
whole organism homogenates of T. foetus (Fig. 7a)
and after immunoprecipitations were performed with
the PNS and GF2 fractions (Fig. 7b), two bands
(60-kDa and 66-kDa) were detected, whereas in the
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GF1 fraction, only a 60-kDa band was observed
(Fig. 7b).

Characterization of the Golgi complex proteins
in 'T. vaginalis

To determine whether the antigens studied in the
T. foetus Golgi were conserved in trichomonads,
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Fig. 4. (a—d) Tritrichomonas foetus labelled with mAb anti-Golgi 20.3 conjugated with Alexa 546 secondary antibody
and with the lectin HPA-Alexa 488 conjugated. (a) DIC; (b) immunofluorescence with mAb anti-Golgi 20.3-Alexa 546;
(¢) fluorescence with HPA-Alexa 488; (d) Merge. Note that the Golgi complex of T foetus is labelled with both

compounds.

Fig. 5. Immunogold electron microscopy using mAb
anti-Golgi 20.3. Positive staining is observed in the
cisternae of the Golgi complex.

immunofluorescence analysis of T'. vaginalis was per-
formed. Trichomonas vaginalis exhibited a labelling
pattern similar to that of 7. foetus (Fig. 8b).

Identification of the proteins in the Golgi of 'T. foetus
recognized by anti-Golgi 20.3

The proteins from the T. foetus Golgi fractions were
immunoprecipitated using mAb anti-Golgi 20.3.
After SDS-PAGE separation and CBB-G-250 stain-
ing, five distinct protein bands could be observed
(Fig. 6). After trypsin digestion and mass spec-
trometry analysis, the 66-kDa and 60-kDa protein
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Fig. 6. (a) Immunoprecipitation of Golgi proteins using
the PNS, GF1 and GF?2 fractions and mAb anti-Golgi
20.3. After incubating the fractions with mAb anti-Golgi
20.3, the proteins were precipitated using Protein
A-Sepharose. The proteins were then separated on 12%
SDS gels and stained with Coomassie brilliant blue
G-250. (b) Immunoprecipitation control: the anti-Golgi
antibody 20.3 was precipitated using Protein A-Sepharose
and separated on 10% SDS gel.

a b
66 kDa 3| g - -
oo | Q|| ot W
PNS GF1 GF2

TF

Fig. 7. Immunoblotting for the detection of Golgi
proteins in (a) 7. foetus lysates and (b) the PNS, GF1 and
GF?2 fractions using mAb anti-Golgi 20.3. The parasite
pellets and fractions were boiled in SDS sample buffer for
5 min.


https://doi.org/10.1017/S0031182013001455

The Golgi complex of Tritrichomonas foetus

249

Fig. 8. DIC (a) and immunofluorescence (b) using mAb anti-Golgi 20.3 in 7. vaginalis (a-b), Scale bar, 2 um.

bands were identified (P < 0-05) as adenosine tri-
phosphatase (NCBI accession no XP_001316717)
and putative beta-tubulin (NCBI accession no.
EAX71592.1) from T. wovaginalis, respectively
(‘Table 1). The 25-, 50- and 73-kDa bands observed
here by SDS-PAGE were identified by mass
spectrometry as the light chains and heavy chains of
mouse immunoglobulin (Table 1). To confirm the
presence of these proteins, the genomic DNA from
T. foetus was partially sequenced. Two sequences
were identified as adenosine triphosphatase (NCBI
accession no. JX399870 and JX399871) (Figs S1 and
S2), and one sequence was identified as beta-tubulin
(NCBI accession no. ]JX399872) (Fig. S3). The
tBLASTn alignment showed that these proteins
are conserved between 7. vaginalis and T. foetus
and are more than 80% identical (Table 1). To
evaluate the probability of the monoclonal antibody
recognized both proteins adenosine triphosphatase
and tubulin, in silico peptide analyses on the primary
sequences and tertiary structures were performed.
Our results showed that the adenosine triphosphatase
antigens

and beta-tubulin present few similar

(Fig. 9).

DISCUSSION

The Golgi complex is involved in intracellular
trafficking and contributes to several important cel-
lular events. Despite its great importance, few
publications specifically address the Golgi complex
of T. foetus. Structurally, this organism has a large
Golgi complex that has a number of membrane fenes-
trations, small vesicles associated with the lamellae
and very thin filaments in the cisternae luminal space
(Benchimol et al. 1982). In contrast to higher
eukaryotes, the Golgi of T'. foetus does not fragment
during cell division (Benchimol et al. 2001) or when
the cell is treated with drugs such as colchicine or
nocodazole (Madeiro da Costa and Benchimol, 2004).
Several enzymes, e.g. thiamino-pyrophosphatase and
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acid phosphatase, have been reported in the 7. foetus
Golgi (Queiroz et al. 1991), but the protein com-
position and the biochemical mechanisms involved
in processes of the T'. foetus Golgi complex remain
elusive.

In this study, monoclonal antibodies capable
of recognizing the Golgi complex of T. foetus and
T. vaginalis were combined with mass spectrometry
analysis to address the protein composition of the
Golgi in trichomonads. T'wo proteins, i.e. adenosine
triphosphatase and putative beta-tubulin, were de-
scribed in the Golgi complex of T. foetus. Previous
studies described acid phosphatase activity in ATP
biosynthesis in the Golgi complexes of T. vaginalis
(Sharma and Bourne, 1967; Nielsen, 1974) and
T. foetus (Muller, 1973). In addition, the presence
of Ca®* ATPase(s) in Golgi membranes isolated from
T. foetus was detected, suggesting that these proteins
play a key role in the formation and maintenance of
Ca®" pools in this protozoan (Almeida et al. 2003).
These Ca’*ATPase(s) of T. foetus are similar to
enzymes of the SERCA family (Sagara and Inesi,
1991; Lytton et al. 1992; Carafoli and Brini, 2000),
indicating that the trichomonad Golgi is equipped
with an enzyme similar to that found in the ER of
mammalian cells and the Golgi of plants (Lytton
et al. 1992; Ordenes et al. 2002).

Although putative beta-tubulin was identified by
mass spectrometry, no microtubular structure was
detected by mAb 20.3 (Figs 3d, f and 7). However,
this protein has been described in the Golgi complex
of trichomonads and microtubule (alpha- and beta-
tubulin) connections were observed between the
cisternae of the Golgi complex (Benchimol et al.
2001). In addition, in the NCBI database there
are 145 structures showing the interaction between
A'TPases and tubulins. Although antigenic peptide
analysis of the primary and tertiary structures
of adenosine triphosphatase and beta-tubulin of
T. foetus had presented common sites, the cross-
reactivity between these proteins during the immuno-
precipitation assays is remote, since these proteins
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Table 1. Peptide: Displays the peptide sequences. MH +: Displays the molecular weight of the peptides. z: Sorts the peptides based upon the charge state in
ascending order. P (pro): Displays the probability value for the protein (the probability values will be present only when a unified search file is loaded). P (pep):
Displays the probability value for the peptide only if the unified search file was loaded. Sf: Displays the final score (Sf ) that indicates how good the protein match
is (the Sf value is calculated using the XCorr, ACn, Sp, and RSp values, the peptide mass, the charge state, and the number of matched peptides for the search).

Score XC: Displays the cross-correlation value between the observed peptide fragment mass spectrum and the one theoretically predicted. ACn: Sorts the

peptides based upon the ACn value in descending order. MW: Sorts the proteins based upon the molecular weight of the protein in descending order. Sp: Sorts
the peptides based upon the Sp value in descending order

P (pro) St Score  Coverage MW
Fraction Protein description Peptide MH + 2z P (pep) St XC DeltaCn Sp
B1 (66 kDa)  adenosinetriphosphatase [ Trichomonas vaginalis G3] VVLFLNHANDPTIER 5-28E-04 043 10-11 556686
1738-96826 2 5-28E-04 043 214 0-37 272-8
B2 beta-tubulin, putative [ Trichomonas vaginalis G3] 7-23E-13  2:80  30-20 49953-9
INVYYNEATGGKYVPR 1845-04773 2 1-07E-09 094 3-83 051 7711
(60 kDa) AILVDLEPGTM#*DSVR 1632-85654 2 723E-13 094 3-81 041 874-6
INVYYNEATGGK 1329-43994 2 1-44E-04 092 317 034 1010-9
mADb20-3 VH coding region [Mus musculus] K.LVESGGGLVQSGR.S 1258-67505 2 1-16E-08 097 10-22 13507-8
1-16E-08  0-97 440 0-30 2615-1
mu-immunoglobulin [Mus musculus) K.LVESGFTTDPVTIENK.G 1749-89050 2 6:42E-07 090 10-21 50195-5
6-42E-07  0-90 395 040 1071-9
PT0379 Ig heavy chain V region (S107/VH11 K. ANDYTTEYSASVK.G 1448-65393 2 1-07E-04 091 10-19 13374-6
group 2—-16)—-mouse (fragment) 1-07E-04  0-91 3-:80 041 1283-8
mu-immunoglobulin [Mus musculus) 3-38E-08 2-80  30-28 501955
K.LVESGFTTDPVTIENK.G 1749-89050 2 7-53E-06 098 551 042 23534
K.SILEGSDEYLVCK.I 1512-72510 2 3-38E-08 096 4-55  0-46 1667-3
K.GVASVCVEDWNNR.K 1505-68018 2 471E-04 0-87 372 036 869-3
PT0379 Ig heavy chain V region (S107/VH11 2:60E-07 1-87 20-22 13374-6
group 2-16) — mouse (fragment) K. ANDYTTEYSASVK.G 1448-65393 2 2:60E-07 095 433 035 1847-1
R.NKANDYTTEYSASVK.G 1690-79187 2 2:92E-06 092 415 013 1521-6
R.YLDGLTAER.T 1037-52625 2 419E-04 0-89 340 022 950-5
K.NVQDAIADAEQR.G 1329-63928 2 1-23E-06  0-90 324 035 13531
IgM V-region 1-87E-05 174 18:20 8618-0
- AEDTAIYYCAR.- 1332-58887 2 7-14E-05 0-89 399  0-06 1289-3
R.DTSQSILYLQM*NALR.A 1768-88981 2 1-87E-05 0-86 336 012 1418-0
R.GFSSGSAVVSGGSR.R 1254,60730 2 823E-07 097 436 044 25454
VH coding region [ Mus musculus] 1-14E-07 097 10-22 13507-8
K.LVESGGGLVQSGR.S 1258:67505 2 1-14E-07 097 446  0-32 2745-8
*oxidation
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Fig. 9. Alignments of primary and tertiary structures between proteins and immunogenic peptides. (a) Primary
structure alignment of adenosine triphosphatase with beta-tubulin immunogenic peptides. (b) Primary structure
alignment of beta-tubulin with adenosine triphosphatase immunogenic peptides. In (a) and (b), the alignment sequences
are marked with yellow, (¥) indicates positions which have a fully conserved residue, (:) indicates conservation between
groups of strongly similar properties, (.) indicates conservation between groups of weakly similar properties; (c) Tertiary
alignment of homology model of adenosine triphosphatase structure (cartoon model) and beta-tubulin (stick model)
immunogenic peptides; (d) Tertiary alignment of homology model of beta-tubulin structure (cartoon model) and
adenosine triphosphatase (stick model) immunogenic peptides. Regions marked in yellow show the alignment regions on

tertiary structure.

present less than 15% of identity and they have
different functions.

Due to absence of a fully sequenced T. foetus
genome, one strategy to identify proteins was to
use the T. vaginalis database because T. vaginalis is
phylogenetically similar and its database contains
more than 12 000 entries (Hampl et al. 2001; Carlton
et al. 2007). Choosing a database containing more
than 1000 entries prevents the generation of mis-
leading assignments and inaccurate FDR estimates
(Knudsen and Chalkley, 2011). To confirm these
data, the 7. vaginalis database was used to cross-
reference the DNA sequences of the beta-tubulin
and adenosine triphosphatase genes from 7. foetus.
The results showed that beta-tubulin and adenosine
triphosphatase are conserved between the species.
Two isoforms of the adenosine triphosphatase (ac-

cession no. A2F133_TRIVA and A2ES57_TRIVA)
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were identified on T. vaginalis draft genome using
the Uniprot database (Fig. S4a). Although these iso-
forms present the same length (496 aa), their amino
acid sequence composition differs by only one
amino acid. The alignment of these sequences de-
monstrated that the isoform A2ES57_TRIVA pre-
sents an alanine in the second position on N-terminal
region and the isoform A2F133_TRIVA possesses a
serine (Fig. S4a). The beta-tubulin gene has five iso-
forms (accession no. A2EMS81_TRIVA, A2DC16_
TRIVA, Q27116_TRIVA, A2HG75_ TRIVA and
A2FPA6_TRIVA) with different length and
molecular weight (Fig. S4b). The alignment of
these sequences showed 71588% of the identity,
where among these only 55 amino acids are similar
(Fig. S4b).
analyses on Uniprot demonstrated that the predicted
molecular weights of both adenosine triphosphatase

Furthermore, the protein sequence
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and putative beta-tubulin are lower than those found
in this study. These data suggest that these proteins
get post-translational modification. One piece of
evidence that supports the existence of adenosine
triphosphatase with a higher molecular weight
was published by another group that worked with
Scherffelia dubia, an unicellular green algae. The
paper described the isolation of highly purified
membranes isolated from the Golgi complex in this
organism and the identification of a 66-kDa protein as
a subunit A of V-ATPase isolated in this organelle
presumably associated with sorting processes at the
endocytotic/exocytotic boundary of the Golgi com-
plex (Grunow et al. 1999).

Until now, identification of the Golgi complex
proteins in trichomonads was performed using cyto-
chemical or immunocytochemical methods (Bozner,
1997, Benchimol et al. 2001; Lopes et al. 2001). This
study was the first to demonstrate the presence of
ATPase and beta-tubulin, likely forming a complex
using genomic and proteomic methodologies. In ad-
dition, the localization of these proteins using mor-
phological techniques corroborates the validity of the
approaches used in this work.
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