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Abstract The zinc fingers proteins (ZNF) are the

largest family of DNA binding proteins and can act as

transcriptional factors in eukaryotes. ZNF are impli-

cated in activation in response to environmental

stimulus by biometals such as Zn2?. Many of these

proteins have the classical C2H2 zinc finger motifs

(C2H2-ZNFm) of approximately 30 amino acids,

where a Zn2? ion is coordinated by two cysteine and

two histidine residues. Trichomonas vaginalis is a

protozoan parasite than responds to environmental

changes including Zn2?. Until now has not been

described any ZNF that could be involved in the

regulation of genic expression of T. vaginalis. Here,

we characterized in silico and experimentally an

annoted ZNF (TvZNF1) from T. vaginalis and isolated

the gene, tvznf1 encoding it. TvZNF1 have eight C2H2-

ZNFm with residues that maybe involved in the

structural stability of DNA binding motifs. In this

work we confirmed the Zn2? upregulation expression

of tvznf1 gene. Recombinant TvZNF1 was able to bind

to specific DNA sequences according to EMSA assay.

Additionally, we demonstrated that recombinant

TvZNF1 bind to MRE signature in vitro, which

strongly suggests its role in transcriptional regulation,

similar to the one observed for mammalian MTF-1.

This result suggested a conserved mechanism of genic

regulation mediated by ZNFs in T. vaginalis.
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Introduction

The family of transcription factors called zinc finger

proteins (ZNF) are found in the most eukaryote

genomes (Ding et al. 2008). The class of zinc finger

motifs (ZNFm) named C2H2-ZNFm consist in 20–30

amino acid residues coordinating an ion zinc with two

cysteine and two histidine residues. C2H2-ZNFm is

considered the classic ZNF domain. It contain the

signature CX2-4CX12HX2-6H C2H2 which is involved

in the structural stability and function of ZNF and

could be present in tandem repeats (Krishna et al.

2003). The super secondary structure of a C2H2-ZNFm

has two b strands in the N-terminal and one a-helix in
the C-terminal sequence (Iuchi 2001). Around the 0.7

and 0.8% of Arabidopsis thaliana and Saccharomyces

cerevisiae proteins have C2H2-ZNFm, respectively

(Böhm et al. 1997; Englbrecht et al. 2004). Mean-

while, in the human genome more than 3% of total

genes encodes for ZNF (Klug 2010). In contrast,

proteins with C2H2-ZNFm have been annotated but

not yet characterized as zinc finger putative in the

genome of some protozoan parasites including api-

complexans, Entamoeba histolytica, Trichomonas

vaginalis, phytophthora and ciliates (Harb and Roos

2015). Different functions have been described for the

C2H2-ZNFm proteins, for instance, Ros, a ZNF from

bacteria Agrobacterium tumefaciens, is a transcrip-

tional regulator of virulence genes (Esposito et al.

2006).

On the other hand, the metal regulatory transcrip-

tion factor 1 (MTF-1) and the zinc-responsive tran-

scriptional regulator (Zap1) are transcriptional C2H2-

ZNFm proteins factors able to sense and maintain the

homeostasis of metals as Zn2? in several organisms

(Hardyman et al. 2016; Rutherford and Bird 2004).

The first role described for the C2H2-ZNFm proteins

was DNA binding in transcriptional process in

response to environmental stimulus such as free

radical, temperature and high concentrations of metals

such as Zn2?, Cd2? and Cu2?. These proteins also

interact with RNA or proteins and may act as splicing

factors (Iuchi 2001; Laity et al. 2001). Mostly, C2H2-

ZNFm proteins are related to transcriptional, splicing

factors or DNA damage repair proteins and bind DNA

using their ZNFm domains. The first C2H2-ZNFm

protein domain discovered was in the transcriptional

factor III A (TFIIIA) from Xenopus laevis and is the

most common structural domain found in eukaryotes

(Theunissen et al. 1992).

T. vaginalis, the causal agent of trichomoniasis in

humans, is adapted to microenvironmental conditions

in male and female urogenital tract (Figueroa-Angulo

et al. 2012). Meanwhile the basal transcriptional

process is mediated by the transcription factor IBP39

(Lau et al. 2006; Liston et al. 2001) the genes encoding

the Myb family proteins are modulated by Fe2?

concentrations (Horváthová et al. 2012; Lau et al.

2006; Schumacher et al. 2003). In addition, T.

vaginalis is also able to survive in high Zn2?

concentrations by proteomic regulation (Quintas-

Granados et al. 2013; Vazquez Carrillo et al. 2011)

and may be the response is achieved mediated by ZNF.

The aim of this work was to analyze and characterize

the structural and functional properties of annotated

ZNF in T. vaginalis and provide evidences about their

possible function as a DNA-binding protein by

bioinformatic and experimental methods.

Materials and methods

Database searching for zinc finger protein in

T. vaginalis

A gene and protein sequences of T. vaginalis G3

(taxid: 412133) annotated as a putative ‘‘zinc finger

protein’’ with accession number TVAG_458980 was

found in TrichDB database (Aurrecoechea et al.

2008). The amino acids sequences of zinc finger

proteins MTF-1 (UNIPROT: Q14872) and SP-1

(UNIPROT: P08047) from Homo sapiens, Zap1

(UNIPROT: P47043) from S. cerevisiae and Zif268

(UNIPROT: P08046) from Mus musculus, were used

as query for searching sequence homology in ‘‘Non-

redundant protein sequences (nr)’’ database of T.

vaginalis G3 with an expected threshold parameter of

0.001 and using BLASTp with algorithm Psi-BLAST

from NCBI online service server and an expected

threshold value of 0.001 (Altschul et al. 1997).

Analysis of the TvZNF1 identified zinc finger protein

TvZNF1.

TvZNF1 protein sequence was used as query for

BLASTp with Psi-BLAST algorithm in NCBI against

Protein Data Bank database (Bernstein et al. 1977).

The Conserved Domains database coupled to Psi-

BLAST from NCBI server (Altschul et al. 1997) was
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used to identify the class or family C2H2-ZNFm in

TvZNF1 sequence (Marchler-Bauer et al. 2014). The

super secondary structural motifs predictions were

performed using the integrated InterPro Domains

database from the TrichBD database after BLAST of

TvZNF1 (Mulder et al. 2005).

Secondary structure prediction and structure

modeling of TvZNF1

The prediction of secondary structure of TvZNF1 was

done using the programs PCOILS (Alva et al. 2016),

HHPRED (Hildebrand et al. 2009), GOR4 (Combet

et al. 2000), CFSSP (Chou and Fasman 1974) and

APSSP (http://imtech.res.in/raghava/apssp/). For pro-

tein structure modeling and function prediction

I-TASSER program server was used (Lau et al. 2006).

The prediction of protein structure of TvZNF1 was

done dividing the protein sequence in three blocks

named A, B and C. The block A was built from resi-

dues 1 to 101 corresponding to ZNFm1 to ZNFm3

using the multidomain ZNF PRDM9 (PRD1-BF1-

RIZ1 homologous domain-containing 9) a protein

structure (PDB: 5EGB. PRDM9 having four ZNFm in

complex with DNA as template; the block B was built

from residues 80 to 166 corresponding to ZNFm3 to

ZNFm5 using Gfi-1 ZNF complexed with DNA by

three ZNFm (30–50 orientation) (PDB: 2KMK); and

block C from residues 140 to 276 corresponding to

ZNFm5 to ZNFm8 using as template RADR, a Zif-268

variant structure with three ZNFm in complex with

GCAC DNA sequence (PDB 1A1I) as templates. The

models of TvZNF1 were built without Zn2? and DNA

to determine the secondary structures stability of each

ZNFm. The secondary structure predictions of each

block were done with Stride program (Frishman and

Argos 1995) and the best secondary structure predic-

tion respect to each model was selected.

Alignments of TvZNF1 and MTF-1

T. vaginalis TvZNF1 and humanMTF-1 proteins were

manually aligned following the next considerations:

(1) TvZNF1 and human MTF-1 bind to MRE (Metal

Response Element) 50-TGCrCnC-30 core DNA

sequences (Langmade et al. 2000) and to consensus

signature with a length of seven to nine nucleotides

(nt) 50-TGCRCNC[G/C][G/C]-30 (Lichtlen et al.

2001). We selected the MRE signature sequence with

a length of 10 nucleotides (50-TGCRCNC[G/C][G/
C]C-30) based on the triple zinc fingers model of DNA

binding previously described (Iuchi 2001). In this

model, each ZNFm bind to 3–4 nucleotides; (2) Three

ZNFm domains from C- to N-terminal orientation

bind to DNA signature in 50 to 30 orientation because

the second and third ZNFm bind to the MRE core

sequence 50-TGCRCNC-30; (3) HumanMTF-1 protein

binds to MRE signature through the ZNFm 2, 3 and 4

that constitute the core of DNA-binding domain,

whereas ZNFm 5 and 6 are apparently not necessary

for the binding to DNA signature in vitro (Bittel et al.

2000; Chen et al. 1999); (4) We considered for the

alignment the determinants residues for specific DNA

binding determined by the position in the a-helix
(residues positions -1, 2, 3 and 6) of each ZNFm (Iuchi

2001). This region includes four residues in the

N-terminal of the a-helix and three residues in the

C-terminal of the a-helix and next loop of the motif

when short loops are present between two ZNFm

(Iuchi 2001; Razin et al. 2012) and finally, (5) with

these considerations, the ZNFm 2, 3 and 4 of MTF-1

were aligned with six combinations of three ZNFm

from TvZNF1 to identify conserved residues involved

in the recognition of the MRE signature.

Parasites culture

T. vaginalis isolate HGMN01 were grown until mid-

logarithmic phase in Diamond’s trypticase-yeast

extract-maltose (TYM) medium pH 6.2 supplemented

with 10% (v/v) of heat-inactivated horse serum (Gibco

BRL, Grand Island, NY, USA). The culture medium

was supplemented with 1.6 mM of ZnCl2 (Sigma-

Aldrich, Co., St. Louis, MO, USA).

RT-PCR assays

Total RNA from 2 9 107 parasites was extracted by

TRIzol method following the manufacturer’s recom-

mendations (Invitrogen, Life Technologies, Carlsbad,

CA, USA) To obtain cDNA, 5 lg of total RNA was

treated with superscript II reverse transcriptase kit and

oligo dT (dT18) primer (10 pmol/ll) (Invitrogen). The
tvznf1 gene was amplified using specific internal

primers 50-TGTGGTGCCGAATTTGACCT-30 (for-

ward), and 50-TTCCACAACCTTCCACAGGG-30

(reverse) by semi-quantitative RT-PCR assay. A

112 bp fragment of b-tubulin of T. vaginalis was
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amplified as control (León-Sicairos et al. 2004). Two

independent assays were performed by triplicate.

Expression and purification of recombinant

TvZNF1

The tvznf1 ORF was amplified from genomic DNA

using the primers 50-CCGGATCCATGGGAGACA-
CAGAAGAG-30 (forward) and 50-CCAAGCTTT-
TATTTATTTTGCAAATCCTTCTG-30 (reverse)

with the restriction sites BamHI and HindIII (under-

lined) respectively, using the following PCR condi-

tions: 94 �C for 5 min, 94 �C for 1 min, 52 �C for

1 min, 72 �C for 1 min by 30 cycles and a final stage

of 72 �C for 7 min. The 831 pb amplicon was cloned

into pJET1.2/blunt with CloneJET PCR cloning Kit

(Thermo Fisher Scientific, Waltham, MA, USA),

subcloned into pQE-80L vector (Qiagen, Hilden,

Germany) and transformed into E. coli M15 compe-

tent cells. Positive clones were sequenced in 3130

Applied Biosystems Genetic Analyzer (PCG-UACM,

Mexico) and analyzed using Bioedit software (http://

www.mbio.ncsu.edu/BioEdit/bioedit.html). TvZNF1

recombinant (rTvZNF1) expression with a histidine

tag was induced with 1 mM IPTG (Sigma) for 16 h at

37 �C. The protein purification was performed with

Ni–NTA, IEX and HIC chromatography according to

the manufacturer’s instructions under native condi-

tions. The sample separation and degree of purification

was evaluated by electrophoresis in 10% tricine-SDS-

PAGE staining with Coomassie brilliant blue and

corroborated by anti-histidine WB recognition.

Electrophoretic mobility shift assay (EMSA)

EMSA assay was performed with the probes MRE2

(MRE2f 50-CGAGACACACATGCACACGCACA-
CAGG-30) and MRE2r (50-TCGACCTGTGTGCGT
GTGCATGTGTGTCTCGAGCT-30) which are speci-
fic for the humanmetal response element as previously

reported (Lichtlen et al. 2001). The non-related

element probe NRE (NREf 50-TCTAGAAA-
TAAAGTTATT-30, NREr 50-TCTAGAAATAACTT-
TATT-30) was used as negative control. The DNA

probes were radiolabeled at 50 end with a-32 P using

DNA Polymerase I, Large (Klenow) fragment (New

England Biolabs) and purified with QIAquick Nucleo-

tide Removal Kit (Qiagen) according to the manufac-

turer’s instructions. The EMSA binding reaction was

done mixing binding buffer 1 9 (12 mM Hepes–

KOH (pH 7.9), 0.5 mM EDTA,10 lM ZnCl2, 4 mM

MgCl2, 4 mM spermidine, 1 mM KCl, 1 mM DTT

and 10% glycerol) with 44 lM of rTvZNF1 and 1 lg
of polydI-dC (Invitrogen) and incubated for 20 min to

4 �C. The radiolabeled probe (20,000 c.p.m) was

added and incubated for 25 min at 4 �C. The DNA–

protein complexes formation was checked running the

reaction in 6% polyacrylamide gel at 100 V for 6 h.

Dried gel was exposed to X-ray film (Fujifilm) to

document the results. Three independent assays were

performed.

Results

Identification of a ZNF in T. vaginalis

A putative sequence annotated as ‘‘zinc finger pro-

tein’’ was identified in T. vaginalis G3 isolate with an

ORF of 831 bp was found in TrichDB with the access

number TVAG_458980 (Gene Bank Accession:

XP_001324049; UNIPROT: A2E6A3). It encodes a

protein of 276 amino acids which has a theoretical

molecular weight of 32.199 kDa and a pI of 8.06. The

gene and encoded protein were named here tvznf1 and

TvZNF1, respectively. The location of tvznf1 was

mapped in T. vaginalis G3 in the position

98138-98968 (?) genomic scaffold. It is flanked by

TVAG_458970 and TVAG_458990 genes, which

encodes a conserved hypothetical protein and a golgi

IMH1 putative protein, respectively (Fig. 1a). To

identify homologous ZNF, the protein sequences of

MTF-1 and SP1 of H. sapiens (Q14872 and P08047,

respectively), Zap1 of S. cerevisiae (P47043) and Zif

268 ofM. musculus (P08046), were used for searching

by BLAST in TrichDB database. The sequence with

the access number TVAG_458980 corresponding to

TvZNF1 of T. vaginalis was the only found in the

database.

The TvZNF1 sequences searching in databases did

not revealed any possible orthologous or paralogous

protein sequences. However, a further BLASTp

analysis identified two possible orthologous proteins

to TvZNF1; they had identities of 38–41%, respec-

tively and significant E-values with hypothetical

peptides of a protein of Tritrichomonas foetus (Gene

Bank accession: OHT14463.1) and other correspond-

ing to a protein of Takifugu rubripes (GB accession:
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XP_011617401.1). Additional, others proteins with

identities of around 30% with TvZNF1 were found,

they have eight or more ZNFm and belong to a family

predicted as gastrula ZNF (data not show).

Predictions of the motifs, domains and the general

organization of TvZNF1

TvZNF1 amino acid sequence was analyzed to predict

its domains using InterPro domains database and

Conserved Domains program. These analyses pre-

dicted eight C2H2-ZNFm in TvZNF1 residues at

positions 11–34 (ZNFm1), 40–62 (ZNFm2), 78–101

(ZNFm3), 107–130 (ZNFm4), 138–161 (ZNFm5),

165–187 (ZNFm6), 197–222 (ZNFm7) and 228–252

(ZNFm8). All C2H2-ZNFm presented the canonical

signature motif X2-C-X2-4-C-X12-H-X2-5-H for ZNF

(Krishna et al. 2003) and four short loops as linkers of

3–5 residues between them and three loops with length

of 7–15 residues (Fig. 1b).

Secondary structure prediction of TvZNF1

The initial peptide sequence analysis of TvZNF1

produced a non-optimal prediction of the C2H2-ZNFm

secondary structure. For this reason, the secondary

structure prediction of TvZNFm(s) was performed

analyzing the conformation of 11 structured individ-

uals models generated in three blocks. As a result, the

canonical C2H2-ZNFm and the b-harping-b-a-helix
secondary structures were predicted with stable sec-

ondary structures except for the TvZNFm3 and

TvZNFm6 models where the b-strand conformations

were lost. The 11 structured individuals models had a

marginal variation in the a-helix length, with an

average of 12 residues (Fig. 1b, grey boxes). The

disulphide bridges between Cys in TvZNF1 sequence

were not identified, and a relaxation in the His residues

involved in Zn2? interaction were identified in all

structures of the motifs. This result was expected due

to cation absence in the generated models.

Fig. 1 Identification of TvZNF1 in T. vaginalis. a The T.

vaginalis genome sequence TVAG_458980 is present in the

contig ?98,138-98,908 (grey arrow). hp and gimh1p genes

codify the hypothetical protein and Golgin IMH1 putative,

respectively. Bar represents 100 bp. b TvZNF1 sequence and

prediction of C2H2-ZNFm. b-strands are represented as arrows

and a-helix as rectangles and the loops containing Cys are

represented as dashed lines between the b-strands. c Predicted

structural topology of the eight ZNFmotifs (ZNFm) in TvZNF1.

Linkers amino acids are represented as dotted lines; loops 1, 2

and 3 (L1-3) as dotted loops. Linkers and loops without Arg and

Lys are marked with asterisks. The amino (N) terminal is

marked with an arrow and the carboxyl (C)-terminal subdomain

(black box) and the L1 with hypothetical protein–protein

interaction region is marked with black triangles. Bar represents

10 aa
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Additionally, in the 25 residues of C-terminal

region a potential b-harping-b-a-helix-like motif with

two b-strands in the positions 256-EEI-258, 263-EEF-
265 and one short a-helix with eight residues in the

positions 268–275 with the sequence SIQKDLQN

were also predicted. Therefore, this potential motif did

not has the canonical C2H2-ZNFm, because the

positions of Cys residues were replaced by Asp

(260) and Glu (263). This region also might have a

coiled-coil type subdomain. However, if this C-termi-

nal region sequence of TvZNF1 is a real functional

motif is not known yet.

Prediction of residues in TvZNF1 involved

in DNA binding

The transcriptional factor MTF-1 has six ZNFm

(Uniprot access number: Q14872) and is able to bind

to metal response element (MRE) signature 50-
TGCRCNC-30 of target gene (Langmade et al. 2000)

with the ZNFm 2, 3 and 4. These motifs constitute the

amino acidic core of DNA-binding domain.

To identify similar residues with the binding

capacity to DNA in TvZNF1 sequence, the ZNFm of

TvZNF1 were aligned and analyzed with MTF-1

guided by the mentioned characteristics ofMTF-1.We

found that TvZNF1 and MTF-1 are able to bind to the

same DNA signature. We selected the sequences of

ZNFm 2 to 4 of MTF-1 for comparisons with the

equivalent segments of TvZNFm1 to 3, TvZNFm2 to

4, TvZNFm3 to 5, TvZNFm4 to 6, TvZNFm5 to 7 and

TvZNFm6 to 8 of TvZNF1 (Fig. 2). TvZNF1 and

MTF-1 proteins conserved residues in all the ZNFm

analyzed, which correspond to the canonical class

C2H2-ZNFm. We also found additional conserved

positions related to structural functions (Fig. 2, black

rhombuses) of the specific type of canonical C2H2-

ZNFm (Fig. 2, plus symbols).

The predicted structural function signature for

C2H2-ZNFm was [F/Y/H]-X-C-X2-4-C-X3-[F/Y]-X5-

L-X2-H-X2-5-H, where the residues in bold have

structural functions in the correct folding on the C2H2-

ZNFm. The positions of determinant residues consid-

ered as relevant in the MRE signature recognition in

DNA were -1, 2, 3 and 6 (Fig. 2, putative DNA

binding residues) but these particular residues between

each ZNFm had low or no conservation.

A second strategy to elucidate which of the triple

ZNFm of TvZNF1 was responsible for the binding to

MRE was the searching of the sequence pattern in the

ZNFm2, 3 and 4 of MTF-1. We found that the first and

the second motif of MTF-1 shared similar residues

able to bind to DNA, but the third motif showed

differences in this function. TvZNF1 had a similar

pattern in the domain of the ZNFm6, 7 and 8, but

without a high conservation of residues in relation to

Fig. 2 Comparison between MTF-1 and TvZNF1 sequences.

DNA-binding core C2H2- ZNFm (ZNFm2 to ZNFm4) ofMTF-1

was compared with all possible combinations of three TvZNFm

from TvZNF1. The numeration represents the relevant positions

of the determinant residues for the specific binding to DNA (-1,

2, 3, 6). The additional position (8 to 27) are cover residues from

the first His to posterior linkers or loops that could be interacting

with the phosphate backbone of DNA. The conserved structural

residues are marked with filled diamond and the Cys and His

residues that coordinate the Zn2? ion are represented by plus
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MTF-1. The ZNFm4 of MTF-1 and the ZNFm8 of

TVZNF1 only showed a 50% of identity in the

conserved positions 2 (S) and 6 (L) (Fig. 2, MTF-1

DNA binding residues). Probably these are the binding

residues of the subsite MRE2 s in the 50-TGC-30

region. The ZNFm2 and 3 of MTF-1 apparently have

their own signature of residues for DNA binding, as

well as TvZNFm6 and 7 of TvZNF1 that apparently

have also their own signature due to the possible

recognition and bind to 30- region of the MRE2s

(50-ACACGC-30).
The comparison between ZNFm(s) of TvZNF1 and

MTF-1 suggested that TvZNF1 could bind to MRE

signature recognizing DNA subsites in different ways

to respect toMTF-1. It should be note theMRE2 probe

analysis shown different combination of possible

subsites in the sequence (Lichtlen et al. 2001)

(Table 1).

The BLASTp analyses in PDB databases also

revealed a large collection of ZNF structures but any

of them were useful for predicting the binding domain

of DNA signature in TvZNF1 because these structures

had not identity in the determinant residues of the

specific binding of DNA region. Then, they should not

be associated with the binding to a DNA signature

sequence. Only, TvZNFm2, 6 and 7 showed identity

with PDB structures with a significant E-value, the

others ZNFm appeared to have not significant E-val-

ues and had fragmented or small regions with any

identity and similarity (Fig. 3).

Expression of tvznf1 in high Zn2? concentrations

In order, to analyze the expression profile of tvznf1

under normal and high Zn2? concentrations several

RT-PCR assays of the gene in T. vaginalis HGMN01

isolate were performed. They showed an increase in

the expression of tvznf1 gene as the response to the

stimulation with ZnCl2 (Fig. 4a). We demonstrated

that in presence of Zn2? in the culture medium the

Table 1 Possible different set of determinant residues of MTF-1 and TvZNF1 to bind to DNA subsites

First Model of binding to MRE signature
ZNFm………………………………………………..8..7..6
…………………………………………………………….1234567890
MRE consensus ..........TGCrCnC**               Core signature
AFP MRE2s 5-cgagacacaca-TGCACACGCacacagg-3      Used EMSA Probe
Subsite 1a .............TGC..........
Subsite 2a ................ACA.......
Subsite 3a ...................CGC....

Second Model of binding to MRE signature
ZNFm………………………………………………..8...7...6
…………………………………………………………….1234567890123
Subsite 2a .............TGCn......... 
Subsite 2b .................CACn.....
Subsite 2c .....................CAC..

Third Model of binding to MRE signature 
ZNFm………………………………………………..8..7.....6
…………………………………………………………….1234567890123
Subsite 3a .............TGC..........
Subsite 3b ................ACAnnn....
Subsite 3c ......................ACA.

Fourth Model of binding to MRE signature 
ZNFm………………………………………………..8...7....6
…………………………………………………………….1234567890123
Subsite 3a .............TGC..........
Subsite 3b ................nCACnn....
Subsite 3c ......................ACA.
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amount of PCR product after the amplification of

tvznf1 was 1.4 higher than the one obtained from

parasites cultured in the absence of the cation

(Fig. 4b).

Recombinant TvZNF1 (rTvZNF1) recognizes

MRE DNA sequence

For demostrating, that rTvZNF1 is capable to bind to

DNA, first, the recombinant protein was purified by

affinity chromatography (* 33 kDa, 90% purity)

(Fig.S1) and used for EMSA assay with the DNA

probes MRE2 and NRE as negative control. MRE2 is

recognized by MTF-1, a transcription factor regulated

by Zn2? in H. sapiens (Hardyman et al. 2016) and

NRE is a non-related element corresponding to a

fragment of the promoter of EHI_169240 gene of

E. histolytica. The EMSA assay showed a strong band

by the formation of an rTvZNF1-MRE2 complex

under Zn2? presence (Fig. 5, lane 1). It confirmed the

binding to a specific DNA signature associated with

the formation of a stable TvZNFm where the Zn2? is

coordinated by Cys and His residues. However,

rTvZNF1 in presence of NRE did not produce the

formation of any complex (Fig. 5, lane 2). MRE2 in

presence of unrelated protein (rGST) or NRE did not

promote the formation of a DNA–protein complex

(Fig. 5 lane 3 and lane 4, respectively). This result

demonstrated the specificity of the protein towards

MRE signature.

Discussion

T. vaginalis have one of the biggest genome with

160 Mb and contains a large number of genes. Around

of T. vaginalis 60, 000 genes are predicted as protein-

coding genes. Some of them codify Zn2?-dependent

proteins which have been widely found in the parasite

including a putative ATP-dependent Zn2? protease

(TVAG_ 212500), and ZNF (Carlton et al. 2007). In

this work, we characterized a previously annoted ZNF

from T. vaginalis, which was named here as TvZNF1.

The general organization of TvZNF1 deduced by

sequence analysis evidenced a probable cluster of 4

paired C2H2-ZNFm or a kind of a multiple-adjacent

C2H2-ZNFm. The C2H2-ZNFm proteins are known to

bind to DNA/RNA signatures and have several

rearrangements determinate by the number of con-

served ZNFm able to interact with DNA (Garton et al.

2015). One type of domain with a triple C2H2-ZNFm,

a second type of multiple-adjacent C2H2-ZNFm, and a

third type with two or three separated-paired-C2H2-

ZNFm have been reported. This type of ZNF contains

Fig. 3 The most similar

PDB structure sequences to

C2H2-ZNFm from TvZNF1.

TvZNFm7 show the higher

identity with the same three

ZNFm of ‘‘zinc finger

protein 484’’ (UNIPROT:

Q5JVG2. PDB: 2YTO,

2EMF and 2EMG). Not

conservation was observed

in the determinant residues

of the specific binding to

DNA (positions -1, 2, 3 and

6). Nomenclature: ?

positive residue,- Negative

residue, a Aromatic residue,

h hydrophobic residue,

o Ser/Thr, ! neutral residue.

E Value, identities and

similarities from BLASTp

result
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C2H2-ZNFm at similar intervals as, MTF-1, TFIIIA,

WTI and p43 (Iuchi 2001). This C2H2-ZNFm contains

Lys and Arg residues in the linkers for contacting the

backbone of DNA. Interestingly, TvZNF1 has four

linkers and three loops, but the linkers two, four and

the loop one (L1) lack of Lys and Arg. The loop L1

separates the TvZNFm2 and 3 suggesting a protein–

protein interaction subdomain. The loops L2 and L3

are also linkers but with additional residues. The

variation of these residues could condition the prop-

erties of binding by modifying the signature recogni-

tion processes. TvZNF1 has in the last 25 residues of

the C-terminal, a possible small subdomain with

unknown function, but it could be is a second protein–

protein interaction subdomain.

TvZNF1 protein conserves eight C2H2-ZNFm with

the canonical signature of consensus pattern X2CX2-

4CX12HX3-5H. C2H2-ZNFm has important cellular

functions as splicing factors, DNA-damage repair

proteins (Ohyama et al. 2013), or transcriptional factor

like the‘‘zinc finger protein 473/Zfp-10000 (PDB:

2EOX) involved in transcriptional regulation (Domin-

ski et al. 2002; Wagner and Marzluff 2006; Wagner

et al. 2006) or also in response to microenvironmental

stimulus (Hogstrand et al. 2008; Zhao et al. 1998).

Interestingly, TvZNF1 also presents these conserved

residues in their structure and we could build a

secondary signature as [F/Y/H]-X-C-X2-4-C-X3-[F/

Y]-X5-L-X2-H-X2-5-H with the aromatic residues F, Y

and H that represent a specific scaffold-subset of

classical C2H2-ZNFm as transcriptional factors. The

C2H2-ZNFm shared a high variability in their residues,

but aromatic residues (F/Y/H) and Lwere conserved in

three specific positions of the motifs. The structural–

functional conservation of these internal positions of

the C2H2-ZNFm of TvZNF1 might be associated with

the stability of the C2H2-ZNFm as it was reported for

structures with the same consensus pattern (Berg 1988;

Miller et al. 1985; Payre and Vincent 1988).

The binding of C2H2-ZNFm to DNA/RNA could

play an important role as sensing system and

Fig. 4 Expression analysis of tvznf1 in control and Zn2?

conditions. a RT-PCR assay of tvznf1 gene from T. vaginalis

HGMN01 isolate grown in control (0 mM) and high concen-

trations of Zn?2 (1. 6 mM) showed the expression of the gene

(190 bp) and its upregulation by the cation. b-tubulin gene

fragment amplification was used as control. b Densitometric

analysis of relative expression profile of tvznf1. Two indepen-

dent assays were performed by triplicate with similar results

Fig. 5 rTvZNF1 bind to DNA. EMSA assay using MRE2 from

H. sapiens as probe (lane 1) and 32P MRE2 incubated with

purified rTvZNF1 (lane 2). As negative control, we used rGST

as unrelated protein (lane 4) and as unrelated probe, we used 32P

NRE DNA probe from E. histolytica (lane 5). The only complex

formed in the assays was observed with MRE2 probe incubated

with rTvZNF1
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transcriptional modulator in multiple physiological

processes. For example, in similar manner to other

ZNFs such as the PR domain zinc finger protein 9

(PRDM9) which is involved in the localization of

recombination hotspots in mammals (Patel et al. 2016)

and growth factor independent 1 transcriptional

repressor, Gfi-1, a zinc finger protein repressor of cell

proliferation and differentiation in hematopoietic stem

cells (Lee et al. 2010). TvZNF1 conserved C2H2-

ZNFm in tandem as poly-ZNF similar to MTF-1 and

Zap-1, (Emerson and Thomas 2009), but with addi-

tional large domains on the N- or C-terminal with non-

integrated signatures. DNA-binding proteins and core

promoter elements in some genes has been also

reported in parasitic protozoan, including T. vaginalis

(Horváthová et al. 2012; Tangsombatvichit et al.

2015). However, there is not ZNF with DNA-binding

function or as transcriptional factor identified yet in

this parasite (Esposito et al. 2006).

The comparison of C2H2-ZNFm(s) sequences

between TvZNF1 and MTF-1 suggested that the

binding of MRE is achieved by a different DNA-

recognition mechanism of the same nucleotides

sequences by the use of a different set of determinant

residues for the specific binding to DNA. MTF-1 and

TvZNF1 could bind to different subsites in the same

DNA signature, as a convergence of functionality to

modulate the response to Zn2?. The size of the loops

between TvZNFm in TvZNF1 also suggests a different

docking over the DNA signature and different dis-

tances that could be favored to bind to the MRE

respect to MTF-1. The TvZNFm6 and 7 of TvZNF1

contained a particular combination of determinant

residues and probably also recognized different

subsites of the same MRE signature.

We found in T. vaginalis the conservation of the

DNA signature associated with a transcriptional

modulation in response to microenvironmental varia-

tions of cations in the urogenital tract of the men

(Krieger 1995; Krieger and Rein 1982; Mitteregger

et al. 2012). For example, the Zn2? regulates the

protein expression of the metalloproteinase, TvMP50

(Quintas-Granados et al. 2013) or the Fe2? regulates

the expression of Myb proteins (Horváthová et al.

2012).

MTF-1 from Danio rerio recognizing MRE

sequences in the 50-UTR of genes in response to

Zn2? (Hogstrand et al. 2008) and Zap1 of S. cerevisae

are able to bind to a conserved sequence of the zinc

response element (ZRE) and the protein increase until

90-fold their expression in low Zn2? concentrations

(Bird et al. 2000; Zhao et al. 1998).

Interestingly, TvZNF1 and MTF-1 are not orthol-

ogous, but paralogous proteins of the same family

recruited with a similar function, which suggest that

the mechanism of MRE recognition might be even

more ancestral that known proteins involved in this

mechanism (Tadepally et al. 2008). MTF-1 sequences

can be recognized easily using BLASTp in the Phylum

Chordata, but in others Phyla, the MTF-1 homologues

identification result with low significant values. It

suggests different origin of MTF-1 respect to T.

vaginalis TvZNF1 protein, which is a highly divergent

mitochondrion-related organism in the anaerobic

protozoan parasites (Makiuchi and Nozaki 2014).

The specific proteins lineage of TvZNF1 apparently is

not conserved on other taxonomical Phyla different to

Parabasalia. However, proteins with C2H2-ZNFm

could be present in others protozoans such as Cillio-

phora, Apicomplexa and Mycetozoa with similar

number of C2H2-ZNFm. This evidence strongly

suggests that TvZNF1 could be a transcriptional factor

involved in modulation of the response to microenvi-

ronmental stimulus by Zn2?.

TvZNF1 binds to MRE probe using three zinc

fingers motifs domain, equivalently as been described

for MTF-1, but with a different functional solution of

residues. TvZNF1 presented a particular combination

of residues to bind specifically to the signature MRE.

MTF-1 is involved in Zn2? intracellular homeostasis,

recognizing a core promoter element sequence,

with the nucleotides consensus core signature

50-TGCRCNC-30 (Langmade et al. 2000) conserved,

and TvZNF1 could bind to a probe sequence with

these nucleotides 50-TGCACACGC-30 (Lichtlen et al.

2001).

The RT-PCR assays demonstrated the expression of

tvznf1 gene is upregulated by Zn2? presence. The

prediction of TvZNF1 peptide sequences revealed

eight C2H2-ZNFm with DNA binding functions,

demonstrated by the rTvZNF1 recognition of the

DNA probe MRE2. It contains the core sequence

signature of MRE, which is the target of MTF-1

(Hardyman et al. 2016; Rutherford and Bird 2004).

The binding capability of these motifs was demon-

strated by the bind of rTvZNF1 to the MRE core

sequence signature of the radiolabeled probe MRE2.
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This is the first report of one ZNF protein with DNA

interaction mediated by Zn2? in T. vaginalis that may

be involved in transcriptional regulation process.
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