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Trichomonas vaginalis is the protist parasite that causes the most common, non-viral sexually transmitted in-
fection called trichomonosis. Enolase is a moonlighting protein that apart from its canonical function as a
glycolytic enzyme, serves as a plasminogen receptor on the cell surface of T. vaginalis and, in consequence, it has
been stablished as a virulence factor in this parasite. In the Trichomonas vaginalis sequence database there are
nine genes annotated as enolase. In this work, we analyzed these genes as well as their products. We found that
seven out of nine genes might indeed perform enolase activity, whereas two genes might have been equivocally
identified, or they might be pseudogenes. Furthermore, a combination of QRT-PCR and proteomic approaches
was used to assess, for the first time, the expression of these genes in the highly virulent mexican isolate of T.
vaginalis CNCD-147 at different iron concentrations. We could find peptides corresponding to enolases encoded
by genes TVAG_464170, TVAG_043500 and TVAG_329460. Moreover, we identified two distinctive character-
istics within enolases from Trichomonas vaginalis. One of them corresponds to three key substitutions within one
of the loops of the active site, compared to host enolase. The other, is a unique N-terminal motif, composed of 15
to 18 residues, on all the potentially active enolases, whose function still has to be stablished. Both differential
features merit further studies as potential drug and vaccine targets as well as diagnosis markers. These findings

offer new possibilities to fight trichomonosis.

1. Introduction

Trichomonosis is the most-common non-viral sexually transmitted
infection caused by the parasitic protozoan Trichomonas vaginalis,
with > 300 million cases annually worldwide [1]. A distinctive char-
acteristic of T. vaginalis is that its genome harbors multiple paralogous
copies for a wide majority of genes [2,3]. It is thought, that this genetic
multiplicity provides to the parasite the ability to respond to drastic
environmental changes (e.g., temperature, microflora, pH, iron con-
centration, polyamines, zinc, host immune responses, and other un-
known factors), by modulating the expression of multiple genes [2,4].
Particularly, since T. vaginalis relies on fermentative carbohydrate cat-
abolism, several copies of genes encoding for glycolytic enzymes have
been retained during the evolution of this parasite. That is the case of
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enolase, whose canonical function is the reversible dehydration of 2-
phosphoglycerate to phosphoenolpyruvate, the ninth and penultimate
step of glycolysis [5]. In addition, this enzyme has been described as a
moonlighting protein, in T. vaginalis serving as a plasminogen receptor
on the cell surface of the parasite [6]. Due to this novel function and
location within T. vaginalis, enolase has been stablished as a new sur-
face-associated virulence factor. The overall scaffold of this enzyme is
very similar among several organisms [7], but its sequence is moder-
ately conserved [8] and it is possible to find important differences be-
tween pathogenic and host enzymes. In consequence, enolase has been
proposed as an attractive target for drug discovery and vaccine devel-
opment in several pathogens like Toxoplasma gondii, Leptospira spp., and
Trypanosomatid parasites, among others [9-12]. Furthermore, novel
strategies to treat physiopathologies like cancer and type 2 diabetes
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mellitus (and comorbidities) have targeted the moonlighting (non-gly-
colytic) functions of enolase [13,14]. In TrichDB database (www.
trichdb.org) there are 9 gene-sequences explicitly annotated as en-
olase [15,16], but they have not been fully characterized. Here we used
a combination of bioinformatics, molecular and proteomic approaches
to characterize the sequence and expression of enolase genes in Tri-
chomonas vaginalis genome. This information contributes in identifying
novel drug and vaccine strategies to combat trichomonosis.

2. Materials and methods

2.1. Database mining and genome analysis of expressed sequence tags
(EST)

An alignment of protein enolases from T. vaginalis sequences found
of TrichDB (www.trichdb.org) were made in order to identify non re-
dundant sequences. Furthermore, in the alignment enolase sequences
from other organisms were included. The alignment was made with
CLUSTALW  (http://www.ebi.ac.uk/Tools/msa/clustalw2/). In this
manuscript, we indicate the position of each residue in the sequence of
each enolase and also, to have a common reference, the position of that
same residue (in parenthesis and bold) according to the sequence of S.
cerevisiae enolase, indicated at the top of this alignment [5]. The se-
quences were qualified with SeaView [17], and sequences were aligned
with Muscle [18]. Manual corrections and phylogenetic reconstruction
were performed with PhyML [19] using GTR (Generalized time re-
versible) as a substitution model and a Bootstrap of 1000. Clustering
was performed with a 97% threshold using Mothur [20].

2.2. Parasite growth

Parasites of T. vaginalis clinical isolate CNCD-147 [21] were cul-
tured in trypticase—yeast extract-maltose (TYM) medium supplemented
with 10% heat inactivated horse serum and incubated at 37 °C for 24 h.
The parasites were maintained in in vitro cultures for up to 2 weeks. To
obtain iron depleted conditions, TYM medium was complemented with
100 uM of 2-2” dipyridyl (Sigma). To get normal or high iron con-
centration, TYM medium was supplemented with ammonium ferrous
sulfate 20 pM or 250 uM (JT Baker) respectively, 24 h before parasite
culture started.

2.3. Cloning, overexpression and purification of TVAG_329460

The ORF of gene identified as TVAG_329460 was amplified from
genomic DNA of T. vaginalis. The PCR primers were 5’ aac ggg aat cat
atg aac gcc gag cac gac - 3’ (forward) and 5’ gag gac gga tcc tta ttc ctc
agc gag cat gtc -3’ (reverse). The PCR product was cloned into the Ndel
and BamHI restriction sites (underlined) of a modified pET19 vector
(Courtesy of Professor Tom Ellenberger, Washington University School
of Medicine). Positive clones of TVAG_329460 were confirmed by au-
tomated DNA sequencing. The plasmid pET19:TVAG_329460 was used
to transform E. coli Rosetta II, and plated onto an agar plate supple-
mented with 100 pg/mL ampicillin and 34 pg/mL chloramphenicol. A
single colony was used to grow a 100 mL overnight LB culture com-
plemented with the same antibiotics, which was used to inoculate a 2 L
culture in 2 X YT medium. This culture was grown at 37 °C, until ODggq
reached a value of 0.6. Recombinant protein expression was induced by
adding 1 mM IPTG and cultures were incubated for five hours. Cells
were harvested by centrifugation and frozen at —80°C, until used.
Pellet was re-suspended in lysis buffer (20 mM Imidazole, 50 mM Tris-
HCl, 300 mM KCl, 0.02 2-mercaptoethanol, 20% glycerol, 0.01 M PMSF
and 0.1 mg lysozyme, pH 8.0), and bacteria were lysed by sonication.
Cell debris was removed by centrifugation at 10000g for 30 min at 4 °C.
Enolase was purified using Ni-Sepharose High performance (GE
Healthcare). This column was equilibrated with buffer A (20 mM
Imidazole, 50 mM Tris-HCl and 300 mM KCl, pH 8.0). The contaminant
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proteins were eliminated by washing with 10 column-volumes of buffer
A. Enolase was eluted with three column-volumes of buffer B (500 mM
Imidazole, 50 mM Tris-base and 300 mM KCl, pH 8.0). Purified protein
was extensively dialyzed against cleavage buffer (20mM Tris-HCI,
50 mM NaCl, 1 mM DTT, 2mM EDTA, pH 8.0). The histidine tag was
cleaved by the addition of 0.1 mg PreScission Protease (GE Healthcare)
per 10 mg of purified protein. Enolase was further purified by ion ex-
change chromatography on a Hitrap Q HP column (GE Healthcare). In
this case, the equilibration buffer was, (50 mM Tris-HCl, 1 mM EDTA,
2mM DTT, pH8.0) and the elution was carried out using a gradient
from 0 to 1M NaCl. The enzymatic activity of purified enolase was
confirmed by the coupling reaction to pyruvate kinase and lactate de-
hydrogenase and following the decrease of NADH absorbance at
340 nm, as described early [22].

2.4. Polyclonal antibodies

Female New Zealand white rabbits weighting 3.0kg were in-
tramuscularly immunized twice with 300 pg affinity-purified enolase
TVAG_329460 protein in a 1:1 ratio with TiterMax Gold (Sigma) ad-
juvant, as recommended by the manufacturer. The animals were bled
weekly, and their sera were tested by WB assays against recombinant
protein. Before rabbit immunization, the preimmune serum was ob-
tained from each rabbit and used as a negative control for all experi-
ments with antibodies.

2.5. Total protein extracts

Logarithmic-phase parasites growth either at low, normal and high
iron conditions (0, 20 and 250 pM) were washed three times with cold
PBS pH 7.0. Afterwards, 2 x 107 parasites were resuspended in 0.9 mL
of cold PBS pH 7.0 and 0.1 mL of 100% TCA, mixed well and incubated
for 18h at 4 °C. Subsequently, cells were centrifuged at 12,000 x g for
3 min at 4 °C. The pellet was washed five times with cold PBS pH?7.0,
centrifuged at 12,000 X g for 5min at 4 °C and washed once more with
cold acetone, followed by centrifugation. The pellet was resuspended in
400 pL of 1 x sample buffer (BM 1 x) with 5% B-mercaptoethanol and
boiled for 3 min, centrifuged at 12,000 x g for 3 min and loaded from
100 to 200 pL of the sample in preparative gels of polyacrylamide for
2DE and 15 pL for SDS-PAGE.

2.6. SDS PAGE and western blot analysis

SDS-PAGE were performed using total protein extracts from 20
million of T. vaginalis parasites at acrylamide gels SDS-PAGE at 8%
which was stained with Coomassie blue G250. For Western Blot ana-
lysis, proteins were transferred from gels to polyvinyldifluoride (PVDF)
membranes that were blocked using Blot-Quickblocker solution
(Millipore) in PBS buffer complemented with 0.05% of Tween 20 (PBS-
T) for 18h at 4 °C. The membranes were washed five times with PBS-T
at 25°C and incubated for 2h at 4 °C with polyclonal antibody anti-
enolase TVAG_329460. The antibody was diluted in PBS-T at a 1:5000
ratio. The membrane was washed five times with PBS-T at 25 °C, in-
cubated with secondary antibody (a-rabbit immunoglobulin G [IgG]
coupled to peroxidase) (Bio-Rad) at a 1:3000 dilution in PBS-T for 2 h at
25°C, washed five times with PBS-T, and developed with 3,3-
Diaminobenzidine (Sigma). All experiments were done by triplicate.

2.7. 2-DE and Western blot analysis

2-DE assays were performed using total protein extracts from 20
million of T. vaginalis parasites using low, normal and high iron con-
ditions (0, 20 and 250 uM) as indicated before. For the first dimension,
total protein extracts in rehydration solution (BioRad) were loaded onto
a 7 cm ready-immobilized pH gradient (IPG) strips (linear pH gradient
3-10; BioRad). IPG strips were actively rehydrated for 16 h at 4 °C.
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Isoelectric focusing (IEF) of proteins was performed in three steps:
250V for 20 min, 4000V for 3h, and a gradual increase to reach
10,000V in one hour. For reduction and alkylation, strips were equi-
librated in Buffers I and II (BioRad) for 10 min at room temperature
each. Subsequently, the proteins were transferred to acrylamide gels
SDS-PAGE at 12% which were stained either with silver stain or
Coomassie Blue G-250. After 2-DE, proteins were transferred onto ni-
trocellulose membranes and blocked using 10% fat-free milk in PBS-T
buffer for 18 h at 4°C; afterwards they were washed five times with
PBS-T at 25 °C and incubated for 18 h at 4 °C with polyclonal antibody
anti-enolase TVAG_329460. The nitrocellulose membranes were wa-
shed five times with PBS-T at 25 °C, incubated with secondary antibody
(a-rabbit IgG coupled to peroxidase) for 2 h at 25 °C, washed five times
with PBS-T, and developed with 4-chloro-1-naphthol (Bio-Rad). The
corresponding pre-immune rabbit serum was used as negative control.
Gels and nitrocellulose membranes were analyzed using the Quantity
One software (BioRad) and PDQuest software (BioRad). The western
blot, allowed us to identify the spots corresponding to enolase for fur-
ther analysis. All experiments were independently performed at least
three times, using independent parasite cultures and yielded similar
results.

2.8. Identification of proteins

Protein spots of interest that were previously excised from
Coomassie Blue G-250 stained gels, were treated to allow tryptic di-
gestion and analyzed by Matrix assisted lasser desorption/ionization
(MALDI)- time of Flight (ToF) Mass spectrometry as previously de-
scribed [23,24] (Department of Biotechnology and Biochemistry, CIN-
VESTAV, Unidad Irapuato). Protein identification was performed by
searching the NCBInr database and the draft of the T. vaginalis genome
sequence from the TrichDB web page (http://trichdb.org/trichdb/).

2.9. Real -time PCR

RNA was extracted by TRIzol method following manufacturer's re-
commendations from parasites grown as described above. RNA purity
and concentration were tested by the ratio of absorbances at 260/
280 nm using a Thermo Scientific NanoDrop 1000 Spectrophotometer.
The primer sets were 20 nucleotides-length and were designed to am-
plify fragments from 200 to 300 bp using TrichDB sequences for eight
out of nine enolase genes (the gene TVAG_148010, was not considered
for this analysis, since it has not any EST reports) and tested by
OligoAnalizer 3.1-Integrated DNA Technologies (https://www.idtdna.
com/calc/analyzer). Sequences and Tm for each pair of primers used
are described (Table 1). qRT-PCR was performed using specific primers
for each gene and KAPA SYBR FAST Universal One-Step qRT-PCR Kkit.
The reactions were carried out in an Applied Biosystems Step One ™
Real-Time PCR System. B-Tubulin was used as internal control. All
genes were amplified using 30 cycles of three steps; denaturation (94 °C
for 30s), annealing (Tm of each primer pair for 30s) and elongation

Table 1
Primers for PCR amplification were designed using mRNA sequence for each
gene annotated as enolase from T. vaginalis.

Gene ID Primers sequences

Forward

Reverse

TVAG_329,460
TVAG_043500
TVAG_464170
TVAG_358110
TVAG_263740
TVAG_487600
TVAG_170370
TVAG_282090

5’-gcgaactcgactacgagaac-3’
5’-ttaaccagatcggtacaatc-3”
5’-atgagtgttcagcaagtatt-3’
5’-gaattaaacgaagagccact-3’
5’-atgtcagctgataaggttge-3’
5’-taacccagccaagtaccaat-3”
5’-aaaaatccgcaattctttcg-3”
5’-ggggcagctattagacatga-3’

5’-taataataaatcaggaaaga-3’
5’-tcatagaagtttactcctca-3’
5’-cgcggcecaacaacctteteg-3*
5’-tgttgagtaatggtgcaaaa-3’
5’-agcaagatcttctggettet-3”
5’-cttcgtacatgtttggaatg-3”
5’agaaccgataattccaccte-3’
5’-tgctcaggaaagctgatatc-3’
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(72°C for 30s). Quantitative analysis of the genes in different in-
dependent triplicates were done by comparative Ct method (224,
ACt = Ctyyp — Cteno, AACt = ACtsample — ACteoneror) [25]. Fold changes
in mRNA levels (mean SD) are expressed relative to enolase gene
TVAG_464170 at normal iron conditions.

3. Results

In this work, all genes are named according to their identification in
TrichDB. It is worth to mention that all nine enolases are also reported
in NCBI protein database. In Table S1, we show, the nomenclature used
in NCBI. Nevertheless, in this manuscript these identification numbers
or names are not used, to avoid any confusion.

3.1. Genomic organization of genes annotated as enolase in T. vaginalis
genome

Before 2014, in TrichDB (http://trichdb.org/trichdb/) there were
19 non-redundant sequences related to enolase. However, in 2014 the
data base was refined and now, only nine sequences are annotated as
enolase. An in silico analysis revealed that these nine sequences are
independent genes, because they belong to different contigs. Some
characteristics of each of these genes like contig, position, number of bp
of the genomic and coding sequences, polarity, number of aminoacid
residues and nucleotides, isoelectric point, and adjacent genes, both up
and downstream are shown in Table S1.

In TrichDB some sequences of genes encoding for enolases have
annotated their 5’or 3’'UTR sequences, or both, but not all of them.
Therefore, we examined 50 bp upstream (panel a) and downstream
(panel b) from initiation (ATG) and stop (TAA) codons for all enolase
genes.

Concerning 5'UTR, it has been reported that about 75% of the up-
stream sequences of protein coding genes within Trichomonas vaginalis
contain a metazoan initiator-like element (Inr) [26]; described as motif
I and with ~80% being located at positions —6 to — 20 relative to the
start codon, whose highly conserved sequence is TCA + 1Py(T/A).
Motif I is found in all enolase genes and highlighted in Fig. 1 panel a.
Some genes (TVAG_ 464170, TVAG_263740, TVAG_487600 and
TVAG_282090) show two putative Inr (motif I) elements. In addition to
motif I, four other sequences (motifs II-V) have also been identified in
the 5’-upstream region of T. vaginalis genes [26,27]. Some of these
motifs could be identified in the upstream regions of initiation codons
(Fig. 1 panel a). It has been reported that motif II, is frequently en-
countered 20-40 bp upstream of the start codon and around 15 bp
upstream of motif I [26]. In enolase genes, all sequences show the
presence of motif II. It is to note that, genes TVAG_464170,
TVAG_282090 and TVAG_148010 show motif II downstream from motif
I. Regarding motif III, it has been found commonly at —40 to —80 bp
relative to the start codon. In the case of enolase genes, the sequences
corresponding to TVAG_464170, TVAG_263740 and TVAG_487600 also
show motif III. Only TVAG_464170 displays this motif downstream
motif I. In the case of Motif IV it could be found in enolase genes
TVAG_043500, TVAG_263740, TVAG_282090 and TVAG_170370. Motif
V was not found in none of the enolase genes.

In addition, the sequence analysis, allowed us to notice that
TVAG_464170 might have a different initiation codon, 63 bp down-
stream to that annotated in TrichDB (Fig. S1). This putative initiation
codon, also shows its own Inr element containing putative TSS 14 bp
upstream from the putative start codon. If that would be the case,
Motifs IT and III would be upstream from Motif I, as commonly observed
in Trichomonas vaginalis genome. The putative initiation codon, matches
exactly with the Inr, and initiation codons of the most closely related
genes TVAG_043500 and TVAG_329,460. Further work is needed to
confirm this new putative position of Inr and start codon of
TVAG_464170.

Regarding the 3’UTR sequences (Fig. 1 panel b), we found the
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TVAG_464170at tttctacccgt caaaaaat tttccaaaaagaattgtgtgggtttcctcaaatttttgagatagcggttttttgagggatc

TVAG_043500aaaataaagtgaatcgctcctctcaaat tt gcacagaagatggtcaaatcacttt taaaaacasTs

TVAG_329460aaggagaatgttctttctcctcagaaattatgaatagggatggtcgtatcacttttaataacasic

TVAG_358110t cagaaataatcgttttcgcatgaaccttattgaaaaagtct ggt cgatcacacactaats

TVAG_263740t caataagaagtgatgaaggcagggctgacaaaaatgagcggttatggccactttataaTs

TVAG_487600t aacttttattgaatcacatgtattcaaattttcaaataacggtcatatcacataaaatc

TVAG_282090aatctaacttttcacgtgttatacaaacaaaatatgatcggcaaacat

TVAG_148010

tcaaatcctgatcggtaagtagaatttttttgaaaaatacgttataaasic

cgttgagcatatcgtaattatagtgcttcagtcattttcacattccaaaaaatt gcttgaaaaaaaatcgttttttttttTaaaaa

TVAG_170370catattttttataggaat ataaaaataacgtiataattagatttttatatcacarc

b) 1 10 20
TVAG_464170 t aagcatttttcgtaaaaattaacgatt
TVAG_043500t aaacttctatgacaatttattcttget
TVAG_329460 t aaacatctttcctgatttattattatt
TVAG_ 358110 t aaaaatatactttatattttttacctece
TVAG_263740 t aaaataattattgaattcaattatttt
TVAG_487600 t aaaaacttttttttcgattttctatat
TVAG_282090 t aaaataaatgattgaatttgttatttt
TVAG_148010 taaagaattgttttgatattttatgaataa
TVAG_170370 taatttttttatataattttttttattt
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Fig. 1. 5’ (panel a) and 3’ (panel b) non-coding sequences of enolase genes from T. vaginalis. In panel a, the nucleotides are aligned by the sequence TCA (underlined)
as the putative TSS (A is numbered as + 1). The start codons are shown in red capital letters. Core promoter elements are marked as indicated; motif I (green); motif II
(purple); motif III (blue) and motif IV (orange). In panel b, sequences are aligned by the stop codon (marked with red letters). The polyadenylation signals are marked
in yellow boxes, while the cleavage sites are highlighted in pink. The conserved minimal motif downstream from and adjacent to the cleavage site is shown
underlined (AATT). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

highly conserved tetranucleotide with sequence UAAA, as the poly-
adenylation signal [28,29]. Almost all enolases show UAAA motif
overlapping the stop codon, except for TVAG 464170 and
TVAG_170370, whereas TVAG_282090 shows two polyadenylation
signal motifs. Also, we observed the presence of (U/C/G)|(A).sUU as
the cleavage site. All enolase genes show the cleavage site downstream
from polyadenylation signals, the only exception is TVAG_170370. The
3’ poly(A) tail of mRNA is involved in regulatory mechanisms such as
mRNA stability, export of mRNA from the nucleus to the cytoplasm, and
initiation of translation [27].

3.2. Sequence analysis of enolases from Trichomonas vaginalis and other
organisms

The aminoacid residues alignment of the nine T. vaginalis enolase
sequences are shown in Fig. 2. In the same image we also show the
sequences corresponding to enolase from Saccharomyces cerevisiae,
Human (isoform alpha), Entamoeba histolytica and Streptococcus pneu-
moniae, each of these organisms belong to different phylogenetic order
and crystallographic structure reported with PDB ID: 3B97, 3ENL, 3QTP
and 1W6T respectively (http://www.rcsb.org).

Regarding, enolases from T vaginalis, the identity percentage of
aminoacid residues conservation oscillate between 24.15 and 96.19%.
In Fig. 3, the phylogenetic tree shows the evolutionary relationships
based on the alignment. We observed that seven (TVAG_464170,
TVAG_043500, TVAG_329460, TVAG_358110, TVAG_263740,
TVAG_487600 and TVAG_282090) out of nine enolase genes could be
clustered together, and among them, TVAG_464170, TVAG_043500 are
more closely related, followed by 329460. The other four enolases,
evolved differently, from the first group. Sequences TVAG_170370 and
TVAG_148010, show low relationship from the rest of the enolase
genes, since they are the most divergent sequences.

When T. vaginalis sequences are compared to enolases from other
organisms, we obtained that the products of the seven more similar T.
vaginalis enolases show identities around 40 to 46%. The other two T.
vaginalis enolases are less conserved, showing percentages close to 28 of
identity.

An outstanding feature of all enolases from T. vaginalis is the unique
N-terminal extension of 35 to 63 aminoacids residues that is absent in
enolases from other organisms. To further explore whether these N-
terminal extensions, were conserved in any other organism, we

performed local alignment searches for each of the sequences, using
several protein databases and algorithms like Blast and HHBIits
[30,31]. We found that, the region corresponding to ®~>*MSVQQVL-
KVGLKSGLITLFVAMNAENDAI®*(= 2% of the product of TVAG_464170
shows 55 and 79% of identity and homology, respectively to chitin
synthase from Tetrahymena thermophila SB210 (Sequence ID:
XP_001019671.2, [32]). We could not find any similarity with proteins
from mammals. Due to the low identity and similarity between enolases
from T. vaginalis and from human, and more particularly, considering
the uniqueness of N-terminal extensions observed in T. vaginalis en-
olases, these regions deserve further attention as potential target for
drug and vaccine design.

3.3. Functional domains of enolases from T. vaginalis

3.3.1. Analysis of the catalytic and metal binding sites

The catalytic site of enolase from different organisms has been de-
scribed [7,33-36]. Nevertheless, for mechanism, the enolase from yeast
is the best studied, with multiple X-ray structures, mutagenesis and
mechanistic studies [37]. From them, seven residues have been im-
plicated in binding substrate and/or participating in catalysis (H160
(160), E169 (169), E212 (212), K346 (346), R375 (375), S376 (376)
and K397 (397)) [33]. In addition, the active site of a-human enolase
(hENO1) has been described to involve also some loops; L1
(P7G7NSGASTGIY*¢4), L2 (IS7U5NGHAGNKL®3(1%))  and L3
(263260gpDDPSRYIZ71274) [7]. Apart from the catalytic residues, en-
olase requires to bind a divalent cation (commonly Mg“) as a cofactor
to perform the catalytic event. The residues involved in Mg?* binding
reported for hENO1 and other species are E293 (296), D245 (247),
D318 (321) and S40 (40) [38-40].

We found that seven sequences (encoded by TVAG_464170,
TVAG_043500, TVAG_329460, TVAG_358110, TVAG_263740,
TVAG_487600 and TVAG_282090; coincidently the most evolutionary
related enolases) contain all seven catalytic residues, all Mg?* binding
residues as well as complete L1. Regarding the L2 region we found that
the same seven enolases, as well as the product of TVAG_170370, kept
four out of seven conserved residues with three non-conservative sub-
stitutions K157(159)S, G161(163)N and N162(164)K, when compared
with a-human enolase. These key differences on L2 region, might be
exploited for searching specific inhibitors of the active site of T. vagi-
nalis enolases, and in consequence for the development of new drugs; as
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Fig. 2. Protein sequence alignment corresponding to genes annotated as enolases in T. vaginalis sequence data base TrichDB and other organisms using CLUSTALW
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Blue indicates conserved regions and white indicates non-conserved regions. Loops of active-site regions are in-
dicated by green arrows and cyan triangles indicate Mg ™" binding residues. Catalytic residues are indicated by pink stars. Red bars indicate the plasminogen binding
residues, yellow bar indicates the enolase signature, orange bar indicates the RNA binding sites, purple bar indicates the hydrophobic domain and black dotted bar
indicates the immunogenic conserved regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

it has been proposed for enolase from trypanosomatid parasites [12].
For the product of gene TVAG_148010 we did not find any conserved
residues within this loop. Finally, for the region L3, we observed that
the loop is non-conserved in enolases from T. vaginalis when compared

with hENO1; and it is only partially conserved in enolases from other
organisms (E. histolytica, S. cerevisiae and S. pneumoniae). Respect to
metal binding residues, the product of gene TVAG_170370 has only two
out of four conserved residues, with two no conservative substitutions
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Fig. 3. Phylogenomic reconstruction of enolases from T. vaginalis. Reconstruction was performed as described in Materials and Methods section. Maximum likelihood

bootstrap percentage support values are indicated.

with respect to S. cerevisiae enolase (N/E 293(296) and G/D 318(321).
For TVAG_148010 we found only one residue out of four conserved
with three non-conservative substitutions with respect to S. cerevisiae
enolase (N/S 40 (40), A/D 245(247) and G/D 318 (321)) [36].

Therefore, according to the conservation of active sites and divalent
cation binding site, enolases corresponding to TVAG_170370 and
TVAG_148010, although they might show the enolase signature, and in
consequence, they have been annotated as putative enolases, they
might not be capable of performing the canonical catalytic reaction of
enolase.

3.3.2. Analysis of the plasminogen binding site

Enolase has been found to bind plasminogen on the cell surface
within several organisms [5,8,41-43]. In Trichomonas vaginalis, enolase
encoded by TVAG_329460 [6] has been demonstrated to perform
plasminogen binding activity, and in consequence, described as a new
virulence factor that deserves further attention.

The best characterization of the plasminogen binding site has been
reported for S. pneumoniae, by a combination of mutagenesis and
binding studies. Two sites have been located [35,43-46]. One of them is
known as the C-terminal site and is composed by two lysine residues
(43BUBDIKKA34(439)) gt the C-terminal end. In the case of enolases from
Trichomonas vaginalis, none of them show any of these two lysine re-
sidues. Even though this site, is not well conserved in enolases which
have confirmed to be capable of binding plasminogen [35,43-46]. The
other site, depicted as the internal site, is composed by a nine residue
motif (2*Z>¥FYDKERKVYZ>¢(%59) within the sequence of S. pneumo-
niae. This site was thoroughly analyzed for the sequence of Trichomonas
vaginalis enolases, as well as for other established plasminogen binding
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enolases (Table S2). This motif is commonly composed by positively
and negatively charged residues, flanked by hydrophobic residues. In-
terestingly, the seven enzymatically competent enolases, might also be
capable of binding plasminogen according to the conservation of the
motif. That is not the case of enolases encoded by TVAG_170370 and
TVAG_148010.

3.3.3. Analysis of host extracellular RNA (exRNA) binding site

Recently, extracellular enolase was identified as a novel host de-
rived exRNA-binding protein on S. pneumoniae surface, and six enolase
exRNA-binding  sites were characterized (*°RYGGLGTQK?’,
109K GKLGA!®, 188 ALKKILKSRGLETAZ%?, 312GKKVQL3'7,
4OIRTDRIAK*®® and **’LKK***) [47]. ExRNA has been detected in
bodily fluids such as urine, semen, menstrual blood, and vaginal fluid
[48,49]. Therefore, we analyzed the possible exRNA binding sites
within T. vaginalis enolases. Again, enzymatically and plasminogen-
binding competent enolases (encoded by TVAG_464170,
TVAG_043500, TVAG_329,460, TVAG_358110, TVAG_263740,
TVAG_487600, TVAG_282090), show five (out of six) of these binding
motifs highly conserved. Particularly, they harbor several positive (ly-
sine and arginine) aminoacid residues, which might be important for
interaction with exRNA. On the contrary the C-terminal site, containing
lysine 434 is not found in T. vaginalis enolase. Therefore, although it has
still to be experimentally confirmed, there is a possibility that T. vagi-
nalis enolase might be able of interacting with host derived exRNA, and
thus contributing to T. vaginalis infection, signifying that further in-
vestigation is required.
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Fig. 4. Quantitative determination of the expression of enolase genes from T.
vaginalis and its dependence on iron concentration measured by qRT-PCR. All
measurements are shown relative to the expression levels of TVAG_464170 at
normal iron concentration conditions. B-Tubulin was used as internal control.
Data were analyzed using One-way ANOVA. Values are means + SD (n = 3)
p < 0.06 versus control.
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3.4. Enolase genes have different expression levels

The expression of each enolase gene was assessed by two different
approaches; we measured RNA levels by RT-PCR experiments and we
performed SDS-PAGE and 2-DE experiments to assess the expression of
enolase on the isolate CNCD-147, which has been subject of thorough
molecular characterization by our research group.

4. 3.5 mRNA levels

A hallmark on the metabolism of Trichomonas vaginalis, is the de-
pendence of the expression of several genes on the iron concentration
within the culture-media. We analyzed the mRNA levels of enolase
genes and their dependence of iron abundance in the culture media
(Fig. 4) in CNCD-147 isolate. The gene corresponding to TVAG_487600,
was not amplified, even though a wide range of experimental condi-
tions were assayed. Therefore, this description comprehends the other
seven enolase genes from T. vaginalis. Fold changes in mRNA levels
(mean = SD) are expressed relative to enolase gene TVAG_464170,
under normal iron conditions; since the product of this gene has the
highest number of ESTs reports (Table S1).
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expression of enolases from T. vaginalis. a) SDS-PAGE and b) Western Blot, of protein total extracts from T. vaginalis; iron concentration is
c), d) and e) 2-DE and Western Blot, for c¢) low, d) normal and e) high iron concentration conditions.
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In general, we observed that the enolase gene with highest mRNA
levels was TVAG_043500, under all three iron concentration conditions.
mRNA levels for this gene are very similar in normal and iron rich
cultures (73.9 and 78.1 fold change, respectively), and higher in iron
depleted cultures (118.3 fold change). TVAG_358110 occupies the
second place of mRNA levels at normal and high concentrations of iron
(4.2 and 8.1 fold change respectively), whereas the expression is less
abundant in low iron concentration conditions (1.3 fold change). On
the opposite, Trichomonas vaginalis grown at normal and high iron
concentration contain very low levels of genes corresponding to
TVAG_263740, TVAG_170370, TVAG_282090, TVAG 464170 and
TVAG_329460.

Interestingly, several enolase genes (TVAG_043500, TVAG_329460,
TVAG_464170, TVAG_282090 and TVAG_170370) are upregulated
when parasites were grown using iron depleted cultures. Furthermore,
genes corresponding to TVAG_358110, TVAG_263740 and
TVAG_464170, show highest mRNA levels at iron rich conditions.

4.1. Proteomics approach

We carried out SDS-PAGE, 2-DE and Western Blot analysis of total
protein extracts to detect the enolase on T. vaginalis grown at three
different iron concentrations (rich, normal and iron depleted). Three
spots were resolved with molecular weight ranging from 51 to 53 kDa
and pI from 5.7 to 6.6, which might be attributed to enolases, as judged
from recognition with antibody anti-enolase (Fig. 5). Proteins were
identified by MaldiToF Mass spectrometry. In Table S3, we show the
peptides identified in each case. In the case of spots marked with
numbers one and two, we obtained peptides corresponding to the
products of either TVAG_043500 or TVAG_329,460, therefore, from the
sequence of peptides it is not possible to discriminate between these
proteins. Nevertheless, according to isoelectric points, it is plausible to
propose that spot marked with number one, corresponds to
TVAG_329,460, while spot number two belongs to TVAG_043500. In
the case of the spot marked with number three, some of the peptides
found are harbored exclusively in enolase encoded by TVAG_464170.
The results were similar in all iron concentration conditions.

5. Discussion

Enolase from Trichomonas vaginalis is a moonlighting protein that
apart from the canonic participation in glycolysis, also acts as a plas-
minogen receptor on the surface of the parasite, and in consequence, it
has been described as a new surface-associated virulence factor. Here
we performed a molecular characterization of each of the nine genes
encoding for this protein, as well as their expression patterns.

All nine contigs annotated as enolase in TrichDB (www.trichdb.org)
are independent form each other, since they all are in different contigs.

Seven enolases (encoded by TVAG_ 464170, TVAG_043500,
TVAG_329460, TVAG_358110, TVAG_ 263740, TVAG_ 487600 and
TVAG_282090) are competent of performing enzymatic activity, since
they harbor the majority of the aminoacid residues of the catalytic
moiety, as well as divalent cation binding site residues reported for
enolases from other organisms [7,34,36]. Interestingly the same seven
enolases are also prone to bind plasminogen. These results argue
against the hypothesis that some members of the enolase family could
bind plasminogen and others could have enzyme activity. In addition,
the same group also harbor host derived exRNA-binding motifs. To
confirm the functional plasticity of these enolases further studies are
needed.

Furthermore, phylogenetic reconstruction showed that the same set
of seven enolases, might have derived from a common ancestor, and
were grouped together, among them; the products of three genes
(TVAG_464170, TVAG_043500, TVAG_329460) are the most closely
related.

Regarding the other two enolases, (corresponding to genes
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TVAG_148010 and TVAG_170370), might either be pseudogenes or
might perform a different function within the parasite, but they are not
competent to perform neither enzymatic activity, nor plasminogen
binding; since they lack the functional moieties. In addition, they are
the most distinctly related members of the family.

Furthermore, we analyzed the expression of enolase genes within
the highly virulent mexican strain CNCD-147 at different iron con-
centration conditions using qRT-PCR and proteomics techniques.

We could detect the amplification of all enolase genes except for
TVAG_487600, although we tested several experimental conditions.
Furthermore, we observed that for most enolase genes mRNA levels
decrease with iron concentration, the highest exception is
TVAG_358110. On the contrary, other authors have reported down
regulation in iron depleted conditions (TVAG_464170, —2.65 fold
change and TVAG_043500, —14.3 fold change) [50]. In comparison,
the highest number of ESTs reports is for TVAG_464170, followed by
TVAG_043500, TVAG_358110 and TVAG_329460 in third and fourth
place, respectively. Nevertheless, all condition tested in ESTs reports
are with different strains and culture conditions to those used in this
study.

The highest levels of mRNA in all concentration conditions were
detected for TVAG_043500. The second place is occupied by
TVAG_329460 and TVAG_358110 at low or normal and high iron
concentrations, respectively. mRNA relative levels of TVAG_464170
occupy the third place in abundance, in all conditions tested. The rest of
enolases show very low mRNA levels.

Respect to the proteomics approach, three protein spots could be
resolved and identified by antibody anti-enolase. Only one enolase
could be unequivocally detected (TVAG_464170) in all iron con-
centration conditions. The other two spots provided the same peptides
which match with two enolases (TVAG_043500 and TVAG_329460),
which might be differentiated by their theoretical isoelectric points.
Although TVAG_358110 show high mRNA levels at normal and high
iron concentration conditions, it could not be detected by mass spec-
trometry analysis. Cis-regulatory elements of this gene do not show any
evident difference in comparison with those genes that could be de-
tected by the proteomics approach.

In particular, finding the product of TVAG_329460 is interesting
since it has been encountered on the cell surface of BZRC2 strain (PA
strain, ATCC 50167) [13] [51], and additionally it has been probed to
perform the moonlighting activity as plasminogen receptor on the cell
surface of TO16 strain [6], and therefore, described as a new surface-
associated virulence factor. Although, as it has been mentioned, seven
enolases are prone to perform plasminogen-binding activity, and in
other T. vaginalis strains TVAG_464170 and TVAG_358110 have been
detected in cytoadherence [15] [52] conditions, as well as in the sur-
face proteome [13].

The genes corresponding to TVAG_263740, TVAG_487600,
TVAG_282090, TVAG_170370, and TVAG_148010 seem to be the less
expressed, and undetectable by proteomics approach. In comparison, in
other T. vaginalis strains, and experimental conditions, they show very
few or null EST's reports [4].

5.1. Discrepancy between mRNA levels and proteomic analysis

We studied the expression of eight enolase genes from CNCD-147
isolate of Trichomonas vaginalis, by means of measuring relative mRNA
levels and proteomic analysis, under three experimental conditions,
varying the iron concentration of culture media. We observed some
contrasting results between the two approaches. This lack of correlation
has also been reported in a wide number of cases, and has been at-
tributed to a set of post-transcriptional (including mRNA degradation),
translational (rates of protein production, protein folding) and protein
degradation (protein stability, and in vivo half-life of proteins) events
constitutively/intrinsically taking place within the cell in order to
control steady-state protein abundances, as well as noise and
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experimental error, and they are not mutually exclusive. We performed
some sequence analyses, in order to try to identify some possible con-
tributors to the lack of correlation between enolase genes mRNA levels
and detected proteins by mass-spectrometry. We studied the codon
usage of enolase genes from Trichomonas vaginalis (data not shown), but
we were not able to detect significant differences between the adapt-
ability index among enolase genes. In addition, since PEST (proline,
glutamic acid, serine and threonine) motifs reduce the half-lives of
proteins, we also analyzed enolases protein-sequences to detect the
presence of these motifs (data not shown). We obtained that all enolase
proteins  display either six (TVAG_464170, TVAG_282090,
TVAG_487600, and TVAG_043500) or seven (TVAG_170370,
TVAG_329460, TVAG_358110, and TVAG_263740) poor potential pu-
tative-PEST. Therefore, neither codon usage, nor PEST-motifs could be
associated to the lack of correlation between mRNA levels and pro-
teomics approach results. Furthermore, we also revised the instability
index (based on a statistical analysis that revealed that there are certain
dipeptides that are more frequently encountered in unstable proteins).
Curiously, the lowest instability index was calculated for the product of
gene TVAG_464170, the probably constitutively expressed enolase,
followed by the product of TVAG_043500. Even if this is a simplistic
sequence analysis, in future studies, the stability as well as other phy-
sicochemical analyses of each product of enolase genes from
Trichomonas vaginalis are interesting fields of study, to better under-
stand the structure, and function of this enzyme within the parasite.

5.2. Enolase from T. vaginalis as a drug or vaccine target

Enolase as a multifunctional protein has been involved in cellular
stress, bacterial and fungal infections, autoantigen activities, the oc-
currence and metastasis of cancer, parasitic infections, and the growth,
development and reproduction of organisms. It is also recognized as an
important virulence factor among several pathogens [5,53,54]. Conse-
quently, both glycolytic and non-glycolytic functions of enolase have
been utilized to design novel therapeutic strategies for a wide variety of
physiopathologies. One of the best examples of succes is the use of the
small molecule depicted as ENOblock, which binds enolase and mod-
ulates its non-glycolytic “moonlighting” functions [14]. ENOblock
treatment on a mammalian model of type 2 diabetes mellitus, reduced
hyperglycemia and hyperlipidemia, and produced beneficial effects on
lipid homeostasis, fibrosis, inflammatory markers, nephrotoxicity and
cardiac hypertrophy.

The active site In T. vaginalis, shows three key substitutions
(K157(159)S, G161(163)N and N162(164)K), when compared to
human enolase, these differences might be considered as potential in-
hibitor targets, and deserve further studies.

In addition, enolase has been detected on the surface of several
organisms, but the precise mechanism through enolase reaches and
stays on the cell surface is still to be fully determined, since this protein
does not have signal sequences nor membrane-anchoring motifs
[55,56,57]. Enolase has also been detected on the surface of T. vaginalis,
and its ability to bind plasminogen has been confirmed [6].

We found that the most relevant feature observed in the sequences
all enolases from Trichomonas vaginalis is that they contain unique N-
terminal regions ranging from 35 to 63 aminoacid residues that are not
encountered in enolases from other organisms, and that do not show
sequence similarity with any other reported mammal protein-sequence
as judged from blast analysis. The function of this unique region still
needs to be explored. Nevertheless, we could detect that for the seven
enzymatically and plasminogen-binding competent enolases, the un-
ique N-terminal extension displays a common motif. This motif involves
15-18 aminoacid residues, which consensus sequence is
BXEDN,N,GXLS(L/T)(L/F)(X)o_2(B)1.3AN,. Where B, corresponds to a
basic aminoacid; X could be any aminoacid, polar or non- polar; Np,
stands for a non-polar residue. The function and conformational re-
levance of this unique region within enolase from T. vaginalis needs to
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be determined. Indeed, future in-depth studies are necessary, but this
unique N-terminal region represents an attractive target for drug and
vaccine design as well as diagnostic marker to fight trichomonosis.

6. Concluding remarks

T. vaginalis is characterized by multiple gene copies. It is believed,
that this multiplicity provides to this parasite the capability of adapting
to environmental changes where trophozoites grow. In addition, T.
vaginalis strains or isolates show variable degree of virulence, adhesion
capacity and drug resistance. These phenotypes certainly might depend
on the expression of many proteins, involving enolase. We found that
seven out of nine enolase genes annotated in TrichDB, are closely re-
lated and should have been derived from a common ancestor.
Furthermore, the seven related genes contain the cis promoter elements
in 5’and 3’UTR sequences, commonly observed in expressed genes in T.
vaginalis. Furthermore, we found that the products of these seven genes
contain functional domains, for performing both enzymatic activity and
plasminogen binding. The other two genes annotated as enolase, are
neither closely related to the rest of the group, neither their products
show functional domains, so they might be either pseudogenes, or
might perform a different function on parasite cells, if they were ex-
pressed. Regarding the expression, we could detect peptides corre-
sponding only to three functional genes, at different iron concentration
conditions.

Enolases from T. vaginalis, show distinctive sequence characteristics
within one of the active site loops and a unique N-terminal region
(conserved solely in enolases from this parasite) which in conjunction
offer new perspectives for both drug discovery, vaccination and diag-
nosis against the most common non-viral sexually transmitted disease
trichomonosis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.parint.2018.04.003.
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