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Abstract: There is a need for a rapid, accurate serodiagnostic test useful for both women and 

men infected by Trichomonas vaginalis, which causes the number one sexually transmitted 

infection (STI). Women and men exposed to T. vaginalis make serum antibody to fructose-

1,6-bisphosphate aldolase (ALD), α-enolase (ENO), and glyceraldehyde-3-phosphate dehy-

drogenase (GAP). We identified, by epitope mapping, the common and distinct epitopes of 

each protein detected by the sera of women patients with trichomonosis and by the sera of 

men highly seropositive to the immunogenic protein α-actinin (positive control sera). We 

analyzed the amino acid sequences to determine the extent of identity of the epitopes of each 

protein with other proteins in the databanks. This approach identified epitopes unique to T. 

vaginalis, indicating these peptide-epitopes as possible targets for a serodiagnostic test. Indi-

vidual or combinations of 15-mer peptide epitopes with low to no identity with other proteins 

were reactive with positive control sera from both women and men but were unreactive with 

negative control sera. These analyses permitted the synthesis of a recombinant His
6
 fusion 

protein of 111 amino acids with an M
r
 of ∼13.4 kDa, which consisted of 15-mer peptides of 

two distinct epitopes each for ALD, ENO, and GAP. This recombinant protein was purified 

by affinity chromatography. This composite protein was detected by enzyme-linked immuno-

sorbent assay (ELISA), dot blots, and immunoblots, using positive control sera from women 

and men. These data indicate that it is possible to identify epitopes and that either singly, in 

combination, or as a composite protein represent targets for a point-of-care serodiagnostic 

test for T. vaginalis.
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Introduction
The literature is replete with the negative health outcomes to women that result from 

trichomonosis, the sexually transmitted infection (STI) caused by Trichomonas 

 vaginalis.1 Although published reports frequently state that men clear this STI, there 

have been no rigorous clinical studies to support this contention. A remarkable feature 

of this STI among women and men is persistence,1 where in men, the parasite has 

been detected in the prostate and where recently T. vaginalis DNA was detected in 

hyperplastic prostate tissue.2,3 Indeed, this hallmark for T. vaginalis may relate to the 

fact that in recent population studies, most women are asymptomatic4,5 despite high 

prevalence rates of infection in women.4,6 That the host−parasite interrelationship is 

exceedingly complex is now appreciated, as evidenced by the role of environmental 

factors regulating the expression of virulence attributes7−10 and the identification of 

preparatory factors for colonization and pathogenesis.11−19
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Epidemiological studies indicating the relation between 

seropositivity and prostate cancer20−22 and the recent report 

showing T. vaginalis DNA at high rates in prostatic  tissue3 

have made evident the need for a better point-of-care 

(POC) serodiagnostic test that is applicable to men with 

trichomonosis and that would be also useful for women 

patients with trichomonosis. There is currently a commer-

cially available POC diagnostic test for trichomonosis23−25 

(OSOM® Trichomonas Rapid Test, Sekisui Diagnostics, 

Lexington, MA, USA), but this test is useful only for women 

patients with trichomonosis. Nucleic acid amplification tests 

(NAATs) have proven useful and effective in the detection of 

T. vaginalis infections in both women and men.26−29 However, 

these tests require trained personnel, expensive equipment, 

and shipment of possibly labile samples to special facilities 

for processing. Thus, an inexpensive, rapid, sensitive, non-

invasive POC serodiagnostic test for women and men may 

provide a platform for screening large at-risk cohorts. Such 

a test would be especially suitable for examining men if the 

connection between trichomonosis and prostate cancer is 

validated. Recently, the highly immunogenic trichomonad 

protein α-actinin30 (ACT) was analyzed and found to have 

potential as a serodiagnostic target.31 However, we hypoth-

esize that surface protein immunogens of T. vaginalis have 

equal if not more utility to form the basis of POC antibody-

based serological tests for women and men.

We present data on the characterization of three meta-

bolic enzyme immunogens, fructose-1,6-bisphosphate 

aldolase (ALD), α-enolase (ENO),32 and glyceraldehyde-3- 

phosphate dehydrogenase (GAP).19 The sera from women 

patients with trichomonosis and the sera from men, which 

are both highly seropositive for ACT20−22,31 (the target protein 

for screening men for seropositivity), are immunoreactive 

with these proteins (positive control sera). Therefore, we 

identified the epitopes detected by positive control sera from 

women and men, and sequence identity analysis permitted 

identification of epitopes unique to T. vaginalis, based on 

minimal or absent identity to amino acid sequences of other 

proteins in databanks. Synthesis of 15-mer peptides contain-

ing the epitope sequences were screened individually or in 

combination and found to be immunoreactive with seroposi-

tive sera. Lastly, a plasmid was constructed that contained 

a synthesized DNA that encoded for a recombinant protein 

consisting of six sequential 15-mer peptides referred to 

as series of epitopes (SOE), within which were epitopes 

for ALD, ENO, and GAP. This recombinant SOE (rSOE) 

was detected by the positive control sera from women and 

men, indicating its potential as a composite target for the 

serodiagnosis of trichomonosis.

Materials and methods
SPOTs membrane synthesis for ALD,  
ENO, and GAP proteins
Oligopeptides (Custom Peptide Arrays) that have been 

immobilized on membranes (SPOTs system; Sigma-Aldrich 

Corp, St Louis, MO, USA) are routinely used for epitope 

identification, and this technology was used recently on a 

trichomonad immunogenic protein.31 Thereby, oligopeptides 

derived from the sequences of T. vaginalis ALD (GenBank® 

accession number AAW78351), ENO31 (GenBank accession 

number AAK73099), and GAP19 (GenBank accession num-

ber AAA30325) were synthesized on activated membranes. 

ALD is comprised of 328 amino acids (36.3 kDa), ENO 

is comprised of 472 amino acids (51.3 kDa), and GAP is 

comprised of 350 amino acids (38.1 kDa). Five to 10 nmol of 

each peptide was covalently bound to a Whatman 50 cellulose 

support (Whatman International Ltd, Maidstone, UK) by the 

C-terminus, using  Fmoc-L amino acid chemistry, and had an 

acetylated N-terminus. The oligopeptides, which spanned the 

entire sequence of the protein, were 11-mer amino acids in 

length and had a sequential overlap of eight amino acids.

Probing the ALD, ENO, and GAP SPOTs 
membrane with sera from women and 
men and monoclonal antibodies (Mabs)
During the course of our research on T. vaginalis, we have 

examined, for reactivity to the trichomonad immunogenic 

protein ACT, hundreds of sera samples of women patients with 

trichomonosis as well as thousands of sera samples of men, 

in studies determining the relation between serostatus and 

prostate cancer.19−22,31−36 Unreactive sera (negative control sera) 

and highly reactive sera (positive control sera) with ACT were 

recently used to identify the ACT epitopes.31 Importantly, indi-

vidual ACT-seropositive sera of women and men gave similar 

reactivity to trichomonad proteins and ACT, and this permit-

ted us to pool sera, to have sufficient amounts for conducting 

epitope mapping experiments, as outlined below.

Each ALD, ENO, and GAP membrane was washed with a 

small volume of 100% MeOH for 5 minutes to avoid precipita-

tion of hydrophobic peptides during the following procedure. 

After a 10-minute wash performed three times (3×) in 25 mL 

of tris(hydroxymethyl)aminomethane (Tris)-buffered saline 

(TBS; 50 mM Tris-HCl, pH 8.0, 137 mM NaCl, and 2.7 mM 

KCl), the SPOTs membrane was incubated in blocking buf-

fer (TBS-5% bovine serum albumin [BSA]) for 2 hours. All 

reactions with the SPOTs membrane were  conducted at room 

temperature (RT), with gentle agitation on a shaker platform. 

The membrane was first incubated with a 1:10 dilution of 
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negative control sera from women or men. No spots were 

detected for each protein membrane. Next, the membranes 

were incubated similarly with a hybridoma supernatant con-

taining monoclonal antibody (MAb) B4432 and MAb B4319 

reactive with epitopes to each of the ENO and GAP proteins, 

respectively, in addition to MAbs newly generated to the 

proteins (Tables 1−3). This was done to determine whether 

the reactions of these MAbs were identical to those seen 

using positive control sera from women and men. Finally, the 

membranes were incubated with positive control sera from 

women or men. All incubations with sera and MAbs were for 

3 hours prior to washing and processing (described below). 

Importantly, the sera from women and men were categorized 

as either unreactive (negative control sera) or highly reac-

tive (positive control sera) with ACT, a highly immunogenic 

trichomonad protein,30,31 as before.20−22

After washing the SPOTs membranes 3× for 5 minutes 

in TBS, the membrane was processed for color develop-

ment and SPOTs analysis, as detailed recently.31 Images 

of the membranes were obtained with an Apple iPhone 4 

(Apple Inc, Cupertino, CA, USA) and for assessment of the 

extent of reactivity and determination of the epitope amino 

acid sequences (Tables 1−3). The epitope sequences were 

compared with other proteins by using the protein-protein 

basic local alignment search tool (BLAST [http://www.ncbi.

nlm.nih.gov/BLAST]). Amino acid sequence alignments of 

the proteins were performed with CLC Protein Workbench, 

Version 6.5, (Aarhus, Denmark). Hydrophobicity plots37 

and antigenicity plots38 were constructed using Lasergene® 

MegAlign® (DNASTAR Inc, Madison, WI, USA). Finally, the 

membranes were regenerated through a series of washings, 

also as previously described.31

synthesis of individual 15-mer epitopes
Peptide epitopes from each protein were selected, based on low 

percent identity of the amino acid protein sequence and solu-

bility in aqueous solutions, for handling of the  oligopeptides. 

The 15-mer amino acid sequences (Table 4) were sent to 

Sigma-Aldrich Corp and synthesized using their PEPscreen® 

Custom Peptide service. Each individual 15-mer peptide 

was acetylated at the amino terminus and was amidylated at 

the carboxy terminus. The 15-mer peptide was screened by 

mass spectrometry to determine the yield and purity of each 

product. Peptide epitopes were received with a pass/fail des-

ignation and the amount of peptide was provided. Three ACT 

15-mer peptides, as described recently,31 were used as positive 

controls in dot blots (below). These peptides were designated 

ACT1, ACT2, and ACT3 and corresponded to the amino acid 

sequences AQPLYDEAIAFKEEV,  FKDTFKYFDKDKSNS, 

and  SVNRHHSQLITYIKH, respectively. The under-

lined amino acids represent the epitopes, as characterized 

before.31

Dot-blot detection of individual  
and combined 15-mer epitopes  
with women and men sera
Approximately 1 µg of individual and/or a combination of 

synthetic peptides were dot-blotted onto a nitrocellulose 

membrane (Bio-Rad Laboratories, Hercules, CA) diluted 

and allowed to air dry for 30 minutes at 37°C. These dot 

blots were fit into individual wells of a 96-well microtiter 

enzyme-linked immunosorbent assay (ELISA) plate. Then, 

100 µL of 2% ELISA-grade BSA (Sigma-Aldrich Corp) in 

phosphate-buffered saline (PBS) (eBSA-PBS), pH 7.4, was 

Table 1 epitopesa,b of Trichomonas vaginalis fructose-1,6-bisphosphate aldolase are reactive with MAbs and human sera

SPOTsi  
no

Amino acid  
sequence

Epitope  
sequence

Positive control  
women sera

Positive control  
men sera

MAb 
reactions

13–14 40–47 aIITasVK a-W1c

19–21 58–65 agarKYan a-M1c,d

21 61–71 rKYanQTMlrY a-W2c,d

31 91–101 PIVLHLDHGDS a-W3c,d,e

47–49 142–149 RPDYVTVE ALD12c

55–57 166–173 KHTYTRPE ALD64c,f

57 169–179 YTRPEEVQDFV A-W4c

64–65 193–203 TshgaYKF a-W5c,d,g,h

78 232–242 SIPQEYVEMVN A-W6c

93 277–287 rMVMTgTIrrl a-M2c

99–100 298–305 rQYlgear A-W7c,d,h a-M3c,d,h

101–103 304–311 arTKlTeM a-W8

Notes: aThis refers to epitopes that have $50% amino acid sequence identity with the indicated human and microbial pathogen homologues; bthere is minimal amino acid 
sequence identity of these epitopes with the human homologue; cTreponema pallidum; dNeisseria gonorrhoeae; eCandida albicans, Saccharomyces cerevisiae, Streptococcus pyogenes,  
S. pneumoniae, Staphylococcus aureus, and Escherichia coli; fC. albicans and S. cerevisiae; gC. albicans, S. aureus, and E. coli; hS. aureus; inumbers of amino acids for the immobilized 
peptides (Materials and methods).
Abbreviations: A, aldolase; M, positive control men sera; MAb, monoclonal antibody; W, positive control women sera; ALD12 and ALD64, designate MAbs to aldolase.
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Table 2 epitopesa of Trichomonas vaginalis α-enolase are reactive with Mabs and human sera

SPOTsm  
no

Amino acid  
sequence

Epitope  
sequence

Positive control  
women sera

Positive control 
men sera

MAb 
reactions

2–3 7–14 aIVKecIa ALD13
21–23 64–71 YlgrVTla e-W1 ALD55/97
23–25 70–77 LAARSSAP e-M1d

31–33 94–101 DKARYGGK e-W2b,f−l e-M2b,f−l

46–47 139–146 TVlKKnIg e-W3h e-M3h

62 184–194 VPKKFKLPSPF E-W4d E-M4d

67 199–209 nggKhaggnlK e-M5b,d−f,h,l

76 226–236 QlrMVaeVYQK E-M6
79–81 238–245 ggllVKKY e-W5d

81 241–251 lVKKYglsaKn E-M7d,e

99–100 298–305 FYDEEKKL e-M8d

110 328–338 KKHPAIVSIED E-W6c,f

114–116 343–350 LDYENWTK E-W7
117–118 352–359 narlgQrV e-M9f,i−k

121–123 364–371 DDLYTTNPb ALD11c,f

123–124 370–377 NPITIKKG e-W8d e-M10d

149–151 448–455 erIQKYTr e-W9b,i−k e-M11b,h−j B44b,i−k

154–155 463–470 LKEHDMLA ALD25

Notes: aThis refers to epitopes that have $50% amino acid sequence identity with the indicated human and microbial pathogen homologues; bhuman homologue; cmicrobial 
pathogens listed in Table 1; dCandida Albicans; eSaccharomyces cerevisiae; fChlamydia Trachomatis; gTreponema Pallidum; hNeisseria gonorrhoeae; iStreptococcus Pneumoniae; jas per 
“a” above except for Streptococcus pyogenes; kas per “a” above except for Staphylococcus aureus; las per “a” above except for Escherichia coli; mnumbers of amino acids for the 
immobilized peptides (Materials and methods).
Abbreviations: E, α-enolase; M, positive control men sera; MAb, monoclonal antibody; W, positive control women sera; ALD13, ALD55/97, ALD11, and ALD25, designate 
Mabs to enolase.

added and incubated for 2 hours at RT, after which 5 µL of a 

1:1 dilution (v/v) of sera (from T. vaginalis−negative-control 

and −positive-control women or men) in PBS, pH 7.4, was 

added and incubated for 30 minutes at RT. The remainder 

of the procedure was as detailed recently.31 Densitometric 

scans were produced using the ImageJ software (rsbweb.

nih.gov/ij).

recombinant sOe protein expression 
and purification
The SOE encoding for six 15-mer amino acid sequences, two 

each of which contained epitopes for ALD, ENO, and GAP, 

consisted of 111 amino acids for an M
r
 of 13.35 kDa. These 

epitopes were chosen because of minimal or no amino acid 

sequence identity to other proteins in databanks. The DNA 

encoding for the SOE with a His
6
 tag at the carboxy terminus 

was cloned into a pET23b expression plasmid construct con-

taining an ampicillin (amp) resistance locus obtained from Gen-

way Biotech, Inc (San Diego, CA, USA) that was transformed 

into Escherichia coli Bl21DE3. Recombinant E. coli (rE. coli) 

was stored as glycerol stocks at −70°C until used, which were 

thawed and streaked onto Luria Broth (LB) agar plates (10 g/L 

tryptone, 5 g/L yeast extract, 10 g/L NaCl, and 15 g/L agar) 

containing 25 µg amp. Isolated colonies were inoculated into 

200 mL fresh LB containing amp and incubated in a shaker 

incubator at 37°C and 220 rpm. After overnight (o/n) growth, 

rE. coli were inoculated into fresh LB medium with amp and 

incubated for 3 hours at 37°C at 220 rpm, prior to the addition of 

1 mM isopropylthiogalactoside (IPTG) (Sigma-Aldrich Corp, 

St. Louis, MO, USA) and incubation for an additional 3 hours. 

The rE. coli were centrifuged using a Sovall SLA-1500 rotor 

(Thermo Fisher Scientific Inc, Waltham, MA, USA) at 8,000 

rpm and 4°C for 15 minutes. The supernatant was decanted, 

and the pellet was stored at −80°C until used.

At different time intervals prior to and after the IPTG 

addition, 1 mL of rE. coli was microfuged at 10,000 rpm for 

15 minutes, and pellets were prepared for sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

(34, 35), for analysis of recombinant SOE::His
6
 fusion protein 

(12.2 kDa) expression after IPTG addition. Immunoblot anal-

ysis after SDS-PAGE confirmed the synthesis of SOE::His
6
, 

using as probe-positive control, the sera of women and men 

who were seropositive to ACT, as defined above.

For purification of recombinant SOE::His
6
 (rSOE), pelleted 

rE. coli were thawed for 15 minutes on ice and suspended in 10 

to 20 mL lysis buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 

10 mM β-mercaptoethanol (β-ME), and 0.1% Triton-X100). 

Lysates were sonicated 3× at RT for 30 seconds, with samples 

placed on ice at 30-second intervals. Sonicates were centrifuged 

using a Sorvall SS-34 rotor (Thermo Fisher Scientific Inc) at 

8,000 rpm and 4°C for 20 minutes to remove insoluble debris. 

Clarified supernatant was applied to a nickel-nitrilotriacetic 
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Table 4 List of synthetic 15-mer peptides of representative epitopes of ALD, ENO, GAP, and ACT that are reactive with positive 
control women and men sera

No Women/men  
epitope designationa

Peptide name Amino acid  
numbers

Amino acid sequenceb

1 a-W1 ALD1 36–50 eQlQaIITasVKTes
2 A-ALD12 ALD2 138–152 eahsRPDYVTVEgel
3 A-ALD64 ALD3 159–173 EDDVKAEKHTYTRPE
4 A-W4 ALD4 167–181 hTYTRPEEVODFVsK
5 A-W6 ALD5 230–244 ssSIPOEYVEMVNKY
6 a-M2 ALD6 275–289 DGrMVMTgTIrrlFV
7 a-W8 ALD7 301–315 lgearTKlTeMYMrK
8 e-W1 enO1 57–71 VKYlgrVTlaarssa
9 e-M1 enO2 70–84 VTLAARSSAPsgasT
10 E-W4, E-M4 enO3 182–196 TDGTVlKKnIggnac
11 E-M6 ENO4 224–238 DKVPKKFKLPSPFFn
12 e-W5 enO5 236–250 KlggllVKKYglsaK
13 e-M8 ENO6 295–309 sseFYDEEKKLYeVe
14 E-W7 ENO7 344–358 DYenWTKlnarlgQr
15 E-W8, E-M10 enO8 366–380 lYTTNPITIKKGleg
16 g-M1 GAP1 8–22 racrKLYPKDIQVVa
17 g-M2 GAP2 56–70 QeFTVGEGADKWVVK
18 g-W2 GAP3 67–81 WVVKsIggrlgPSQL
19 G-W4 GAP4 104–118 KDAEGKIKKDDGYDGH
20 G-M6 GAP5 224–238 ALPKVCHGLPPKSLD
21 g-M10 GAP6 332–346 eWMYsCRCADIFhrl
22 ACT-W9, M1 acT1 463–467 sVnrhhsQlITYIKh
23 ACT-W10, M2 acT2 492–506 AQPLYDEAIAFKeeV
24 ACT-W13, M5 acT3 803–817 FKDTFKYFDKDKSNS

Notes: aDesignations are those as indicated in Tables 1 through 3; bunderlined amino acids represent epitope sequences, as determined by the SPOTs assay (Materials and 
methods).
Abbreviations: A and ALD1 through ALD7, aldolase peptides; ACT and ACT1 through ACT3, alpha-actinin peptides; E and ENO1 through ENO8, alpha-enolase peptides; 
G and GAP1 through GAP6, glyceraldehyde-3-phosphate dehydrogenase peptides; M, positive control men sera; W, positive control women sera.

Table 3 epitopesa of Trichomonas vaginalis glyceraldehyde-3-phosphate dehydrogenase are reactive with Mabs and human sera

SPOTsl 
no

Amino acid  
sequence

Epitope  
sequence

Positive control  
women seral

Positive control 
men seral

MAb  
reactions

3–5 13–17 LYPKD g-M1
12 34–44 YLLKYDTAHRA g-W1e,h,i,k ALD32Ce,h,i,k

20 58–68 FTVGEGADKWV g-M2
23–24 70–77 KsIggrlg g-W2 ALD30A
25–27 79–83 SQLPW g-M3b,d−g

31–33 94–101 sTgIFrTK g-W3c−e,j

35–37 106–113 AEGKIKKD G-W4
39–41 118–125 hlVsgaKK g-W5c−k G-M4c−k

51–53 157–161 snasc g-M5c−k

57–59 175–182 naFgIrng G-W6b−e,i−k

67–69 205–212 rraraagM G-W7h,i B43i,j

72–74 217–224 TsTgaaIa g-W8b−k

75–77 229–233 CHGLP G-M6
84 250–260 SLVDLTVNVNA g-W9c−e,j,k

97–98 292–299 VSSDIIGC G-M7b−e,h,i,k

99–100 298–305 gcQYssIV g-M8b−f

101 301–311 YSSIVDALSTK g-W10e,f,h,i

109 325–335 VLSWYDNEWMY g-W11b−k g-M9b−k

111–113 337–341 CRCAD g-M10

Notes: aThis refers to epitopes that have $50% amino acid sequence identity with the indicated human and microbial pathogen homologues; bhuman homologue; cCandida 
Albicans; dSaccharomyces Cerevisiae; eChlamydia Trachomatis; fTreponema Pallidum; gNeisseria Gonorrhoeae; hStreptococcus Pneumoniae; iStreptococcus Pyogenes; jStaphylococcus 
Aureus; kEscherichia Coli; lnumbers of amino acids for the immobilized peptides (Materials and methods).
Abbreviations: G, glyceraldehyde-3-phosphate dehydrogenase; M, positive control men sera; MAb, monoclonal antibody; W, positive control women sera; ALD32C and 
ALD30A,  designate MAbs to glyceraldehyde-3-phosphate dehydrogenase.
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acid (Ni2+-NTA) Superflow affinity column that binds the His
6
 

tag on the protein, according to the manufacturer’s instructions 

(Qiagen Inc, Venlo, The Netherlands). Pooled, purified SOE 

protein preparations were concentrated and dialyzed against 

PBS using a stirred Amicon™ Ultrafiltration Cell according 

to the manufacturer’s instructions (EMD Millipore, Billerica, 

MA, USA). The protein concentration was determined by the 

Lowry protein assay39, with BSA as a standard. Purification 

of the rSOE::His
6
 protein was confirmed by SDS-PAGE and 

immunoblot, as above. After SDS-PAGE, acrylamide gels 

were stained with Coomassie brilliant blue for visualization of 

the purified fusion protein used for immunoblotting. Positive 

efficient blotting of the recombinant protein was determined 

by staining the nitrocellulose membrane with Ponceau S solu-

tion. Both Coomassie brilliant blue and Ponceau S stains were 

from Sigma-Aldrich.

ELISA using rSOE
ELISA was performed by immobilizing purified rSOE protein 

onto 96-well, flat-bottom Nunc polystyrene plates (Thermo 

Fisher Scientific, Rochester, NY), as detailed recently.31 Briefly, 

each well was coated with 100 µL containing 1 µg of rSOE 

diluted in sodium carbonate (28.6 mM):sodium bicarbonate 

(71.4 mM) buffer, pH 9.6, prepared in PBS, and the plates 

were incubated o/n at RT with gentle agitation. Each plate was 

then washed 3× with PBS-1% Tween 20 (PBS-T). On the third 

wash, the plates were incubated in PBS-T for 5 minutes at RT 

with gentle agitation, prior to removing the PBS-T. The plates 

were then incubated upside down o/n at RT on paper towels 

before being covered with plastic wrap and stored at 4°C until 

used. For testing, plates were washed twice with PBS-T. On 

the second wash, the plates were incubated in PBS-T at RT for 

5 minutes with gentle agitation and slap dried. Each well was 

then blocked with 200 µL of eBSA for 2 hours at 37°C. Plates 

were then washed twice with PBS-T. On the second wash, the 

plates were incubated in PBS-T at RT for 5 minutes with gentle 

agitation, followed by removing the PBS-T. Next, 100 µL of 

a 1:25 dilution of the women and men sera in eBSA-PBS was 

added to each well in duplicate and incubated at RT for 5 min-

utes with gentle agitation before incubation for 4 hours at 37°C. 

The plates were washed 3× with PBS-T. On the third wash, 

the plates were incubated in PBS-T for 5 minutes at RT with 

gentle agitation. After removal of the PBS-T, 100 µL of sec-

ondary horseradish peroxidase-conjugated goat-anti-human 

immunoglobulin (Ig)G  (Fc-specific) immunoglobulin IgG 

(Fc-specific) (Bio-Rad Laboratories, Hercules, CA), diluted 

1:1,500 in eBSA-PBS, was added to each well and incubated 

at RT with gentle agitation for 5 minutes, before incubation 

for 1 hour at 37°C. The plates were washed 3× with PBS-T, 

as above, prior to addition of 100 µL of color development 

solution (phosphate-citrate buffer with sodium perborate 

and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt) prepared according to the manufacturer’s 

(Sigma-Aldrich Corp) instructions and incubated at RT with 

gentle agitation for 15 minutes. Absorbance values at 405 nm 

(A
405 mm

) were obtained using a Bio-Tek Synergy HT plate 

reader (Bio-Tek Instruments, Inc, Winooski, VT, USA).

Results
Epitope characterization of ALD, ENO, 
and GAP by reactive sera of women  
and men
Tables 1−3 list the epitopes detected for each of the three pro-

teins. There were 13, 18, and 19 epitopes detected for ALD, 

ENO, and GAP, respectively. Available MAbs also detected 

unique epitopes for each protein. Sequence identity comparisons 

with other microbial and fungal pathogens as well as human 

homologues revealed that some epitopes had .50% identity 

at the amino acid−protein sequence level, as indicated. It is 

noteworthy that some epitopes had identity to other pathogens 

causing STIs and to human homologues. Importantly, positive 

control sera from both women and men recognized the same 

epitopes. Interestingly but perhaps not surprisingly, MAbs to 

ALD and ENO, but not GAP, detected epitopes not recognized 

by the positive control sera from the women and men. These data 

suggest that it is possible to identify epitopes unique to ALD, 

ENO, and GAP and with little to no identity to other proteins. 

Of interest is the fact that inclusion of other neighboring amino 

acids for each of the epitopes significantly decreased the percent 

identity to each of the homologues examined. Finally, only ALD 

had almost threefold more epitopes recognized by the women 

sera (eight epitopes) versus the men sera (three epitopes). Both 

ENO and GAP had approximately the same number of epitopes 

each. Lastly and interestingly, women and men detected both 

identical and distinct linear epitopes throughout the protein.

sequence alignment of the T. vaginalis 
ALD proteins with proteins of other 
representative organisms and Homo 
sapiens
We have previously presented amino acid sequence align-

ments for ENO and GAP.19,32 In Figure 1 we now show the 

amino acid sequence comparison of ALD with the homo-

logues indicated in Table 1. The boxed amino acids contained 
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Figure 1 sequence analyses of Trichomonas vaginalis fructose-1,6-bisphosphate aldolase.
Notes: The amino acid sequence identity of T. vaginalis enzyme was compared with the ALD proteins of Treponema pallidum, Neisseria gonorrhoeae, Streptococcus pyogenes, 
Streptococcus pneumoniae, Staphylococcus aureus, Escherichia coli, Candida albicans, Saccharomyces cerevisiae, and Homo sapiens. The percent identity was found to be 68%, 39%, 
30%, 30%, 38%, 32%, 23%, 21%, and 10%, respectively. Boxed amino acids indicate epitopes of T. vaginalis detected by women and men sera and MAbs ALD12 and ALD64 
(Table 1). Blue-colored amino acid residues represent high sequence identity ranging from 68% to 100%. Red residues are low sequence identity ranging from 0 to 33%, and 
dashed lines are gaps within the sequences of the corresponding ALD proteins of other organisms. Black lettering signifies approximately 34% to 67% identity. A-W1 through 
a-W8 are epitopes detected by women sera; a-M1 through a-M3 are epitopes detected by men sera.
Abbreviations: ALD, aldolase; Ca, Candida albicans; Ec, Escherichia coli; Hs, Homo sapiens; M, men; MAbs, monoclonal antibodies; Ng, Neisseria gonorrhoeae; Sa, Staphylococcus aureus; 
Sc, Saccharomyces cerevisiae; Spn, S. pneumoniae; Spy, Streptococcus pyogenes; Tp, Treponema pallidum; W, women; ALD12 and ALD64, designate MAbs to aldolase as per Table 1. 
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in the T. vaginalis sequence are the epitopes presented in 

Table 1. The order from top to bottom of the sequences rep-

resents the highest to lowest percent identities.

Hydrophobicity and antigenicity profiles 
of the ALD, ENO, and GAP sequences
Figure 2 presents analyses of hydrophobicity37 and antigenic-

ity38 alignments relative to the epitopes along the protein (top 

of each profile). Of interest is that with few exceptions, the 

epitopes represent hydrophilic regions contained within the 

protein (values ,0), perhaps consistent with the presentation 

of amino acids for antibody synthesis and  recognition. The 

hydrophilic domains correspond to increased antigenicity 

(values .0), as shown in the bottom profiles. Based on these 

features of the epitopes, we then selected seven epitopes for 

ALD, eight for ENO, and six for GAP for synthesis of 15-mer 
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Figure 2 Hydrophobicity and antigenicity profiles of Trichomonas vaginalis α-enolase, aldolase, and glyceraldehyde-3-phosphate dehydrogenase proteins.
Notes: The individual epitopes detected by women and men sera and the Mabs are labeled above the numbered linear protein. hydrophilicity is presented as values ,0, 
and the corresponding antigenicity is .0.
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peptides encoding the epitopes, as shown in Table 4, and the 

individual amino acid sequence encoding the epitope within 

the 15-mer peptide is shown with underlining.

reaction of 15-mer peptides  
with epitopes with women and men sera
Figure 3 presents results from representative dot-blot reac-

tions, using the positive control sera from women and men, 

of 15-mer peptides (Table 4) for ALD (Figure 3A), ENO 

(Figure 3B), and GAP (Figure 3C). Peptides derived from 

ACT (Figure 3D) were used as a positive control.31  Reactivity 

was detected for each 15-mer peptide, albeit at different 

levels of spot intensities. No peptides were detectable using 

the negative control sera for both women and men that was 

determined to be unreactive with the full-length proteins. 

These data suggest that some peptide epitopes have potential 

as serodiagnostic targets.

An important finding is that while epitope mapping 

revealed epitopes unique to women and men (Tables 1−3), 

in fact, individual 15-mer peptides with epitopes were seen 

by the positive control sera from both women and men. For 

example, ALD1 (epitope A-W1, Table 1) and ALD5 (epitope 

A-W6) were initially identified with the positive control 

women sera, but these epitopes were also positive as 15-mer 

peptides when tested with men sera. Likewise, ENO7 (epitope 

E-W7) and GAP3 (G-W2) were detected by men sera, and 

GAP (epitope G-M6) was seen by women sera. These results 

indicate that serum reactivity of epitopes requires examina-

tion under different experimental conditions.

We next wanted to perform dot blots using random combi-

nations of the 15-mer peptides (Table 4), to determine whether 

an increased extent of reactivity was seen for women and 

men sera. We further wanted combinations of peptides that 

might give equal reactivity for both sera.  Figure 4A shows, in 

duplicate, the intensity of signal for each combination with the 

positive control women and men sera (labeled 4+/5+), while 

no detection of the peptide cocktails was evident with nega-

tive control sera (labeled -0-).  Densitometric scans (bars 1−7) 

revealed overall better extent of reactions with the combination 

of peptides compared with the individual peptides for both 

women and men sera (data not shown). The combined peptides 

ACT2 and ACT3 (bars 8) served as positive controls with posi-

tive control sera from men and women reactive with ACT,31 and 

the pooled peptides GAP1, GAP6, and ENO3 (bars 9) as well 

as GAP5, ENO5, and ALD6 (bars 10) showed no reactivity 

with the negative control sera of both women and men.

ALD

A B

C D
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Epitopes: Epitopes:

ALD5
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GAP

GAP3
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Men Women

Men Women Men Women

Men Women

Figure 3 representative experiment showing dot blots of individual 15-mer peptide 
epitopes.
Notes: The peptides were derived from the proteins fructose-1,6-bisphosphate 
aldolase (A), α-enolase (B), glyceraldehyde-3-phosphate dehydrogenase (C), and 
α-actinin (D). Individual 15-mer peptides were spotted onto nitrocellulose prior to 
reacting with the sera of women and men (indicated below the spots), as detailed in 
Materials and methods. The individual epitopes are those indicated in Table 4.
Abbreviations: ACT, α-actinin; ALD, fructose-1,6-bisphosphate aldolase; ENO, 
α-enolase; GAP, glyceraldehyde-3-phosphate dehydrogenase.
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Expression, purification, and 
immunodetection of recombinant sOe
We hypothesized that a novel protein, comprised of a series 

of 15-mer peptides immunoreactive with positive control 

sera from women and men, could be synthesized for analy-

sis as a serodiagnostic target. We, therefore, constructed 

a plasmid encoding for a His
6
 fusion recombinant protein 

of 111 amino acids (M
r
 13.35 kDa), within which were 

the epitopes for GAP2, GAP3, ENO6, ENO7, ALD4, and 

ALD5 (Figure 5A). Underlined amino acids indicate the 

15-mer peptides (Table 4). These 15-mer amino acids were 

chosen because of little or no identity to other proteins in 

databanks (Tables 1−3). Recombinant E. coli expressing 

the SOE (lane 1) was synthesized and found to be soluble in 

lysates (lane 2) (Materials and methods), which permitted 

purification in Ni2+-NTA affinity chromatography, as shown 

in Figure 5B (lanes 6−11). The relative mobility of the SOE 

compared with molecular weight standards showed an M
r
 

slightly greater than the calculated 13.35 kDa.

Lastly, we performed assays to assess whether this novel 

recombinant protein was detectable with positive control sera 

from women and men, as above. Figure 6A shows representa-

tive reactions by ELISA, of rSOE immobilized onto individual 

wells of 96-well microtiter plates. Negative control sera of 

women and men had little to no reactivity, as evidenced by low 

A
405 nm

 with the rSOE in comparison with the strong signals 

(high A
405 nm

) obtained with the positive control sera from 

women and men. A very strong reaction was seen with rSOE 

using the positive control MAb to hexahistidine in the fusion 

recombinant protein. As expected, the MAb HA423231 that 

was reactive with the ACT used as a negative control gave no 

reactivity with the rSOE. Further, Figure 6 demonstrates that 

the positive control sera from women and men detected the 

rSOE by dot blots (Figure 6B) and by immunoblot after SDS-

PAGE and immunoblotting onto nitrocellulose (Figure 6C). 

The Coomassie-brilliant blue stained gel is a duplicate from 

the SDS-PAGE used for immunoblotting of the rSOE, and the 

Ponceau S-stained nitrocellulose is a duplicate included to 

show the transfer of the rSOE protein onto nitrocellulose.

Discussion
In this study, we have successfully identified epitopes of 

T. vaginalis ALD, ENO,31 and GAP,19 reactive with positive 

control sera from women and men, as serodiagnostic targets. 

Indeed, ACT is a target for a serodiagnostic test that would 

be worthwhile for both women and men exposed to this STI 

compared with the currently used POC OSOM® test sold 

by Sekisui Diagnostics, Inc, which works only for women 

A 111 Amino acid sequence of 13.35-kDa recombinant SOE protein encoding epitopes
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Figure 5 The 111 amino acid sequence and expression and purification of the rSOE encoding epitopes of GAP, ENO, and ALD.
Notes: (A) The sequence of two 15-mer epitopes (underlined) for each protein, as shown in Table 4. The six H residues at the carboxy terminus represent the hexahistidine 
added for both purification using Ni2+-NTA affinity chromatography and detection using MAb. (B) The SDS-PAGE and Coomassie-brilliant blue stained gels of recombinant 
Escherichia coli expressing the rSOE (lane 1) and the lysate prepared for chromatography (lane 2), as described in Materials and methods. Flow through is the lysate obtained 
after chromatography (lane 3), followed by two representative washes of the column (lanes 4 and 5). Finally, lanes 6–11 show the rSOE eluted from the column, and the 
single band indicates specific purification of the rSOE::His6.
Abbreviations: ALD, fructose-1,6-bisphosphate aldolase; ENO, α-enolase; GAP, glyceraldehyde-3-phosphate dehydrogenase; His6, hexahistidine; MAb, monoclonal antibody; 
mw, molecular weight; Ni2+, nickel; NTA, nitrilotriacetic acid; rSOE, recombinant protein of sequences of epitopes; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel 
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Interestingly, other microbial pathogens, including 

sexually transmitted disease agents, have high amino acid 

sequence identity to some of the epitopes detected by the 

positive control sera from women and men reactive to T. 

vaginalis (Tables 1−3). Although we have no evidence that the 

sera of patients infected by these other microbial pathogens 

used for comparison of sequence identity are cross-reactive 

with the epitopes identified in our study, we feel that this 

method and analysis would select for protein sequences of T. 

vaginalis that would be specific targets for the serodiagnosis 

of this STI. The fact that increasing the number of amino 

acids surrounding the epitopes significantly decreased the 

percent sequence identity further affirms the diminished 

possibility of any immuno-cross-reactivity. Nonetheless, it 

is conceivable that in fact, during infections by these other 

pathogens, patients may have antibody to similar sequences 

of their respective proteins.

An interesting finding is that the epitopes detected by the 

MAbs were distinct from those seen by the positive control 

sera from women and men, suggesting different presenta-

tions during immunization compared with natural infections. 

Further, women and men did not react with the identical 

epitopes, and this may be the result of the uniqueness of 

host responses, due to the distinct anatomy of the urogenital 

regions and immune surveillance. Although speculative, this 

may indicate that future serodiagnostics will need to take into 

account those epitopes detected by both women and men.

It is noteworthy that the trichomonad ENO has three 

epitopes (Table 2) and GAP has six epitopes (Table 3) 

with .50% sequence identity to the human homologue. 

Recently, it has been shown that patients with Streptococcus 

pyogenes infections had serum antibody to streptococcal ENO, 

and this antibody was cross-reactive with human tissues, such 

as the liver.40,41 While the adverse consequences of this remain 

undefined, such host responses may lead to autoimmune 

manifestations. Indeed, if infections result in tissue damage, 

this may be the result of such  immuno-cross-reactivity and 

not just microbial toxins. Given this possibility, this requires 

further consideration.

As a direct result of epitope identification and character-

ization, we reasoned that it might be possible to synthesize 

a recombinant hybrid protein (rSOE) comprised of epitopes 

from the three immunogenic proteins of ALD, ENO, and GAP 

(Figure 5). Indeed, this rSOE was readily purified and served 

as an immunotarget detected by various assays  (Figure 6). We 

feel this may be a novel way to produce such an amalgam of 

epitopes unique to a particular pathogen, such as T. vaginalis, 

and recognized by both women and men, regardless of the 
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Figure 6 Immunodetection of the rsOe by elIsa (A), dot blot (B), and 
immunoblotting after SDS-PAGE (C).
Notes: (A) shows a representative ELISA for detection of rSOE immobilized onto 
individual wells of 96-well microtiter plates (Materials and methods) by sera of 
women and men highly reactive to the trichomonad protein α-actinin (34) (labeled 
4+) compared with the negative control, unreactive sera (labeled 0). HA423 is 
a Mab to α-actinin, which was unreactive to the rSOE. In contrast, the MAb to 
hexahistidine of the fusion protein readily bound to the rSOE, as evidenced by the 
very high absorbance values (a405 nm). (C) Representative immunoblot after SDS-
PAGE and blotting onto nitrocellulose, of rSOE detected by pooled sera of women 
and men reactive with α-actinin, as above in (A) (lane 1). lane 2 is a duplicate 
of the nitrocellulose blot stained with Ponceau S to show efficient transfer onto 
nitrocellulose, and lane 3 is the Coomassie-brilliant blue-stained gel of a duplicate 
sample of the rsOe used for blotting.
Abbreviations: ELISA, enzyme-linked immunosorbent assay; His6, hexahistidine; MAb, 
monoclonal antibody; mw, molecular weight; rSOE, recombinant protein of sequences 
of epitopes; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.

patients with trichomonosis.24,25 The utility of this serum anti-

body target prompted us to examine for other immunogenic 

proteins, to which women patients and ACT-seropositive 

men make serum antibody and which might serve in future 

serodiagnostics. We, therefore, felt it important to perform a 

stepwise approach that would identify epitopes of immuno-

genic proteins studied previously, such as ENO32 and GAP.19 

More recently, we determined that another immunogenic pro-

tein is ALD (Alderete, unpublished data, 2013). In this study, 

we showed that 15-mer peptides containing the epitopes were 

readily detected by the positive control sera of women and 

men but not the negative control sera. These findings reinforce 

the notion that epitopes with little sequence identity to other 

known proteins, especially those of microbial pathogens and 

humans, can be identified to serve as serodiagnostic targets.
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distinct natures of infection and protein presentations dur-

ing immune surveillance. Such an rSOE may lead to novel 

platforms for rapid and accurate POC serodiagnostics for 

infectious diseases.

An important finding is that epitope mapping initially 

detected epitopes unique to positive control sera from women 

versus men (Tables 1−3). However, when tested individually, 

15-mer peptides with epitopes were, in fact, seen by sera 

of both women and men (Figure 3). For example, ALD1 

(epitope A-W1) and ALD5 (epitope A-W6) were initially 

identified with positive control women sera (Table 4), but 

these epitopes were also positive as 15-mer peptides when 

tested with men sera (Figure 3). Likewise, ENO7 (epitope 

E-W7) and GAP3 (G-W2) were detected by men sera, and 

GAP5 (epitope G-M6) was seen by women sera. These results 

indicate that serum reactivity of epitopes requires examina-

tion under different experimental conditions. Further, these 

findings inform that 11-mer cellulose-immobilized linear 

peptides for SPOTs analysis (Tables 1−3) present epitopes 

in a way that is different from 15-mer peptides immobilized 

on alternative surfaces, like nitrocellulose or microtiter wells. 

Likewise, serum antibody appears to distinguish the epitopes 

depending on the immobilizing surface, which may permit 

certain conformations accessible to antibody.

In summary, both women and men exposed to T.  vaginalis 

make serum antibody to numerous trichomonad proteins.19,30−36 

As in an earlier recent study for the immunogenic trichomonad 

protein ACT,31 we have identified epitopes of ALD, ENO, 

and GAP that are unique to this organism and showed their 

usefulness as serodiagnostic targets. We have also established 

the ability to synthesize a novel hybrid recombinant protein 

composed of numerous epitopes of ALD, ENO, and GAP 

proteins (called SOE) that forms a platform for a future 

serodiagnostic test. We have shown that such a hybrid rSOE 

can be the basis of a test for both women and men.
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