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Trichomonas vaginalis elF-5A-like protein (TvelF-5A) belongs to the highly conserved elF-5A family of proteins
that contains a unique polyamine-derived amino acid, hypusine. Recently, we determined that the polyamine
putrescine is required for tveif-5a mRNA stability, and it is necessary for stability and maturation of the TvelF-
5A protein. Eukaryotic elF-5A is known to be involved in mRNA turnover and is capable of sequence-specific
RNA binding to elF-5A response elements (EREs). These ERE sequences are present in diverse mammalian
mRNAs, including human cyclooxygenase-2 (cox-2). Here, we cloned the complete coding sequence of TvelF-
5A and overexpressed it in a eukaryotic system. The recombinant protein (rTvelF-5A) was purified in soluble
form using size-exclusion chromatography. Because of the polyamine-dependent regulation of TvCP39 (a prote-
ase of T. vaginalis) at the protein and RNA messenger (mRNA) levels, we looked for an ERE-like structure in the 3’
region of tvcp39 mRNA. In RNA gel-shift assays, rTvelF-5A bound to transcripts at the EREs of cox-2 or tvcp39

mRNASs. This work shows the elF-5A/ERE-like interaction in T. vaginalis.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Regulation of gene expression is of major importance for all living or-
ganisms. However, the regulatory mechanisms involved are considerably
more complex and tightly controlled in eukaryotes. In eukaryotes, several
of these mechanisms require polyamines or their diamine precursor, pu-
trescine [1]. At the global level, polyamines may regulate translation via
hypusination, a posttranslational modification unique to the eukaryotic
translation initiation factor elF-5A [2].

Recently, many studies have shown that elF-5A is involved in other
functions including RNA transport and mRNA stability. The viral protein
Rev, required for human immunodeficiency virus-1 (HIV-1) gene expres-
sion, was one of the first reports of RNA that is processed via an elF-5A-de-
pendent mechanism [3]. It has been shown that active functional elF-5A
protein binds specifically to certain mRNAs, including the cox-2 mRNA,
via conserved motifs UAACCA and AAAUGU within the 3’-untranslated
region (UTR), which are denominated elF-5A response elements (EREs)
[4,5,6]. These results suggest that the hypusinated form of elF-5A
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participates in polyamine-dependent posttranscriptional regulation of
gene expression.

In addition to higher eukaryotes, el[F-5A homologues have been found
in invertebrates such as Caenorhabditis elegans, Drosophila melanogaster
and leaf-feeding (Spodoptera) insects [7,8], in yeast [9], and even in ar-
chaea [10]. We have previously demonstrated that Trichomonas vaginalis
has two tveif-5a genes and that putrescine is required for tveif-5a mRNA
stability as well as for the expression, stability and maturation of the
TvelF-5A protein [11,12]. Additionally, putrescine affected the expression,
protein concentration, proteolytic activity, and cellular localization of
TvCP39, a cysteine proteinase involved in T. vaginalis cytotoxicity [13].

Here, we report the expression of recombinant TvelF-5A (rTvelF-5A)
in an active form. We also present evidence that rTvelF-5A binds
specifically to a mammalian ERE and to a putative ERE within the
3'UTR of the tvcp39 gene, suggesting a role of TvelF-5A in mRNA
expression and stability.

2. Materials and methods
2.1. Parasites and HeLa cell culture

T. vaginalis isolate CNCD 147 was used in this study [14]. Parasites
were grown to three weeks by daily passage in Diamond's trypticase-
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yeast extract-maltose (TYM) medium [15] supplemented with 10%
heat-inactivated horse serum (TYM-serum) for 24 h at 37 °C. Hela
cells were grown in Dulbecco's modified Eagle's medium (DMEM)
(Gibco®, USA) supplemented with 10% heat-inactivated horse serum
at 37 °C for 48 h at 5% CO-, until confluent cell monolayers were formed
[14].

2.2. Analysis of the 3'UTR tvcp39 sequence

The genomic clone Race 3N-C1-M13F [16] with a 94 bp (GenBank
Accession No. XM_001316379) insert was sequenced. The sequence
was analyzed by BLAST and EXPASY search, and predicted RNA second-
ary structures were analyzed using the Mfold program (http://bioinfo.
rpi.edu/applications/mfold/).

2.3. RNA isolation and RT-PCR assays

Total RNA from 1 x 107 parasites was extracted using TRIzol® Re-
agent (InvitrogenUSA) as recommended by the manufacturer. Using
semi-quantitative reverse transcription-polymerase chain reaction
(RT-PCR), total RNA (1 pg) was reverse-transcribed with the Superscript
Il reverse transcriptase kit (Invitrogen, USA) and an oligo (dT'®) primer,
and 1 pg cDNA was used to amplified a 504 bp fragment corresponding
to the tveif-5a complete ORF using the sense primer elF5A1-S (5’-
CCGGATCCATGTCTTCAGCTGAAGAAGA-3') and the antisense primer
elF5A1-AS (5-CCAAGCTTTTAGTTTGTGGACTTCTTGC-3) [11].

2.4. Cytoplasmic extracts from HelLa cells and trichomonad parasites

Hela cells were washed with cold phosphate buffered saline (PBS)
and centrifuged (2500 xg for 5 min at 4 °C). The cell pellet was
suspended in lysis buffer A (10 mM HEPES-NaOH, pH 7.9, 15 mM
MgCI2, 10 mM KCl), homogenized in a Dounce homogenizer (45
strokes), and centrifuged at 10,000 x g for 30 min at 4 °C. Supernatants
were diluted to a final protein concentration of 10 mg/ml and kept at
— 70 °C until use. Trichomonad cytoplasmic extracts were prepared
from 1 x 10® trophozoites grown in the presence or absence of poly-
amines [17]. Parasites were lysed by vortexing in binding buffer
(10 mM HEPES, pH 7.6, 3 mM MgCl,, 40 mM KCl, 5% glycerol and 0.3%
NP-40) containing 7.5 mM TLCK and 1.6 mM leupeptin, homogenized
in a Dounce homogenizer (45 strokes), and centrifuged at 13,000 xg
for 5 min at 4 °C. Then, the supernatant was recovered, the protein con-
centration was determined by Bradford assays, and aliquots were kept
at70 °C.

2.5. Cloning of tveif-5a

The tveif-5a sequence was digested from the pGEX6P1 (GE
Healthcare, USA) vector using BamHI and Xhol (New England Biolabs,
USA), and the sequence was cloned into the pYES2 vector (Invitrogen,
USA) followed by transformation into E. coli DH5« cells. Positive clones
were analyzed by restriction digest as previously described. Insertion of
the open reading frame in the correct orientation was confirmed by
sequencing.

6 Poly A

C. tvep39

T A

loop

T G | loop

~ =
> > >

stem
stem

TO@F X A
o444 »>»>»

e 0->>
44 ®P» -

ERE Pre-SELEX RNA

(Parker and Gerner, 2002)
(Xu and Chen, 2000)

(Xu and Chen, 2000)

A. stop
codon ERE
ACTATATAAAAGATTCGGAATTTTTAGAATTTCCAATAAAAAAAAAAA
-1 -26
tvep39
B.
;,-"'\(_ §
Fo G
& <_<,<—-<- LR 8 }‘j_':“’*
et o
P \fif;}
e 3 e
;J \( &
2 b
% i
Tk i
o by
% o, -(-c’
o =
‘-q‘o e _q-"q,x
D.
ERE sequences
AAATGTCACAC
CCTAACCACGCGCT
CTAAATGTCACAC
AGAATTTCCAA

(in this work)

Fig. 1. Analysis of tvcp39 mRNA 3'UTR. A. tvcp39 3'UTR sequence. The box shows the translation stop codon, the black line shows the ERE-like sequence of tvcp39 and underlined
nucleotides represents the polyadenylation site. B. Modeling of the mRNA 3'UTR with the “RNA fold.” C. Comparison of stem-loop of ERE-like tvcp39 with stem-loop of IRE tvcp4. D.

ERE sequence comparisons.
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Fig. 2. Expression, and purification of mature TvelF-5A. A. SDS-PAGE analysis of mature expression TvelF-5A (20 kDa) in yeast strain INVSC1. Lane 1, molecular marker (kDa); lane 2, yeast
strain INVSCT cell extracts; lane 3, cell extracts after induction with a band of 20 kDa, indicated by the arrow; lane 4, cell extracts before induction. B. Western blot analysis with anti-TvelF-
5A (1:60,000) using the samples described in A. Lane 3, the 20 kDa band corresponding to mature TvelF-5Ar in cell extracts after galactose induction, indicated by the arrow. C.
Chromatography purification of mature TvelF-5Ar from the soluble fraction (lane 2), indicated by the arrow; lane 1, molecular markers. D. SDS-PAGE analysis of the expression of the
46 kDa precursor rTvelF-5A in E. coli. Lane 1, soluble fraction of cell extracts after IPTG induction and insoluble fraction (lane 2). The prominent band of 46 kDa is indicated with the
arrow; lane 3, GST-tagged precursor rTvelF-5A after induction; lane 4, western blot analysis using anti-rTvelF-5A antibody for the recognition of purified precursor and mature TvelF-

5A; lane 5, preimmune normal mouse serum (SPI) was used as a negative control.

2.6. Expression and purification of precursor and mature recombinant
TvelF-5A (rTvelF5A)

The precursor recombinant protein was obtained using the same
protocol has been described [17]. Briefly, the recombinant TvelF-5A
precursor (rTvelF-5A) protein in the pGEX6-P1 vector was expressed
using the BL21 E. coli strain by adding 1 mM IPTG. Protein
purification was performed according to the manufacturer's
instructions using a 1 ml GST precast column (GE Healthcare, USA)
under native conditions and a Biological HR Workstation (BioRad,
USA) chromatographer. The rTvelF-5A precursor protein was eluted
in elution buffer (50 mM Tris-HCI,10 mM reduced glutathione,
pH 8.0).

The mature recombinant TvelF-5 A was obtained using pYES Sys-
tem: pYES2-tveif-5a construct was transformed into the yeast strain
INVSC1 for expression. Recombinant TvelF-5A expression was induced
for 4 h at 33 °C with 1 M galactose, and the protein was purified from
supernatant by ionic chromatography according to the manufacturer's
instructions, using a Biological HR Workstation (Bio-Rad, USA). The sol-
uble fraction was filtered (0.22 um Millipore filter) and applied to a

Mono S Bio-Scale Mini Macro-Prep High S precast column of 5 ml
(Bio-Rad, USA) equilibrated in buffer A (0.05 M Tris-acetate, pH 6.6,
0.1 mM EDTA, 1 mM dithiothreitol), followed by washing with 50 ml
of this buffer (500 pl/min). The proteins was eluted with a linear gradi-
ent of 0-50 M KCl in the same buffer (500 pl/min), and 500 pl fractions
were collected and analyzed by 12% sodium dodecyl sulphate-PAGE
(SDS-PAGE), western blot and mass spectrometer (MS/MS) using
3200 Q TRAP hybrid tandem mass spectrometer (Applied Biosystems/
MDS Sciex, Concord, ON, Canada) with a nanoelectrospray ion source
(NanoSpray II) to identify the hypusine residue in mTvelF5A fraction,
the results were similar as we have reported [17].

2.7. Western blot analysis of mature TvelF-5A

Total protein extract of induced and uninduced cells was obtained
after 4 h of culture or total trichomonad proteins from 2 x 10 parasites
[18]. Solubilized proteins were boiled in sample buffer [19] before anal-
ysis with 12% SDS-PAGE. After electrophoresis, proteins were trans-
ferred onto nitrocellulose membranes, blocked with 5% skim milk in
PBS-0.1% Tween 20 (PBST) for 18 h at 4 °C, and the membranes were
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Fig. 3. Hypusine is required for TvelF-5A-ERE cox-2 and ERE tvcp39 binding. Lane 1, free probe ERE cox-2; lane 2, ERE-cox-2 incubated with cytoplasmic proteins of HeLa cells; lane 3, ERE-
cox-2 incubated with cytoplasmic protein of T. vaginalis; lane 4, ERE-cox-2 incubated with precursor rTvelF-5A; lane 5, ERE-cox-2 incubated with mature rTvelF-5A. Complexes observed
between native elF-5A from cytoplasmic protein of T. vaginalis and HeLa cells with ERE-cox-2 are indicated with arrows (Il to V). The complex observed between mature rTvelF-5A with

ERE-cox-2 is indicated with the arrow (I).

probed with an anti-peptide antibody (anti-TvelF-5A) (1:60,000 dilu-
tion) for 18 h at 4 °C. Then, membranes were washed five times with
PBST, incubated with peroxidase-conjugated secondary antibody
(1:3000 dilution) (Amersham, USA) for 2 h at 25 °C, and visualized by
enhanced chemiluminescence using the ECL Plus Western Blotting De-
tection System (GE Healthcare, USA) according to the manufacturer's
instructions.

2.8. In vitro transcription of ERE sequences

The ERE-like tvcp39 sequence was in vitro transcribed in the pres-
ence of biotin-14-uridine triphosphate (UTP) (Invitrogen, USA) to pro-
duce labeled ERE-like structures containing the consensus sequence
AGAATTTCCAA. Briefly, amplicons were obtained by PCR using sense
5'TAATACGACTCACTATAGGGGTTTAGAATTTCCAATAA-3’ and antisense
5'’ATTATGCTGAGTGATATCCCCAAATCTTAAAGGTTATT-3’ primers. The
PCR sense primer contained a bacteriophage T7 promoter sequence
and an additional GG sequence for enhancing transcription. PCR prod-
ucts were used as templates for RNA synthesis using an in vitro tran-
scription MEGA short script kit (Ambion, USA). DNA templates and
unincorporated nucleotides were removed by DNase RQ1 (Promega,
USA) treatment in the presence of RNase inhibitors (Promega, USA).

2.9. Electrophoretic mobility-shift assay

Three hundred nanograms of mRNA ERE-like structures were incu-
bated with precursor or mature TvelF-5A protein for 25 min on ice in
binding buffer. The transfer RNA (tRNA) (sequence) and heparin were
added as nonspecific competitors. The mixture was separated on a

1.25% agarose gel. Complex formation between TvelF-5A and ERE-like
structures was visualized using SYBR® green (Invitrogen, USA) staining
[17].

2.10. Production of anti-TvelF-5A

A four-week-old male New Zealand rabbit was immunized subcuta-
neously with 150 pg of purified rTvelF-5A using Freund's adjuvant
(Sigma, USA) according to the manufacturer's instructions. Immune
serum was assayed by western blot against total protein extract from T.
vaginalis obtained by trichloroacetic acid (TCA)-precipitation [14,18].

3. Results
3.1. Analysis of the ERE sequence in the 3'UTR of tvcp39

Recent reports showed that the cathepsin L-like TVCP39 is encoded by
the tvcp39 gene with an ORF of 915 bp in T. vaginalis. Analysis of the geno-
mic clone Race3N-C1-M13F showed that tvcp39 contains a TAA stop
codon and non-coding regions downstream with the putative
polyadenylation regulatory sequences (Fig. 1A). The non-coding regions
downstream had the AATTTCCAA putative ERE sequence. Analysis of
the 57 nt downstream of the TAA codon by RNAfold revealed a sequence
with a possible stem-loop RNA secondary structure with a AG
—2.39 kcal/mol, and the 9 nt hairpin contained the AAATTCTAA sequence
(Fig. 1B). This structure was similar to the hairpin loop of mRNA from
HelLa cells, mRNA cox-2 and the iron-responsive element (IRE) of tvcp4
that binds IRP proteins in a post-transcriptional regulatory mechanism
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mediated by iron in T. vaginalis (Fig. 1C). The ERE-like tvcp39 sequence
was compared with previously reported sequences (Fig. 1D) [4,5,6].

3.2. Expression of mature TvelF-5A in a eukaryotic system

To characterize the function of the TvelF-5A, we cloned the ma-
ture protein of tveif-5a using a yeast system (mTvelF-5A) (Fig. 2A,
lane 3), expressed the recombinant protein, which was in the soluble
fraction, and purified the protein by chromatography (Fig. 2B, lane
3). TvelF-5A was confirmed by western blot assays using an anti-
TvelF-5A peptide antibody (Fig. 2C, lane 2), and a band the expected
size of 20 kDa was observed.

3.3. Recombinant mature TvelF-5A interacts with tvcp39 ERE hairpin
structures

The interaction of TvelF-5A and the RNA hairpin structure of ERE
of the cox-2 gene and the TvCP39 gene tvcp39 was evaluated with in
vitro transcription [16] and electrophoretic mobility shift assays
(EMSA). We used the mature and the precursor TvelF-5A prepared
from yeast and E. coli, respectively, as described in the methods.
The results showed the RNA-protein complex formed between the
ERE-cox 2 and mature TvelF-5A (Fig. 3 lane 4). In contrast, no
complex formation was observed with precursor TvelF-5A (Fig. 3
lane 5).

Free probe

ERE-like tvep39

Cytoplasmic protein extract of T. vaginalis
Cytoplasmic protein extract of Hela cells
Mature TvelF-5Ar

Precursor TvelF-5Ar

Anti-TvelF-5Ar antibody

Non-related antibody Anti-tubuline
Non-related GST protein

1

629
3.4. The ERE-like tvcp39 sequence interacts with TvelF-5A

To determine whether the mature TvelF-5A bound to the RNA
hairpin of tvcp39 ERE-like sequence due to the ability of this protein
to interact with the ERE structure of cox-2, we analyzed the RNA
tvep39 ERE-like structure by EMSA. We observed a slight decrease
in the mobility of mature TvelF-5A and ERE-tvcp39 due to the RNA-
protein complex formation between the two (Fig. 4, lane 5). In
contrast, no complex formation was observed with precursor
TvelF-5A (Fig. 4 lane 4). The electrophoretic profile showed three
RNA-protein complexes (11, III, IV) formed between the ERE-tvcp39
and Hela cell extracts (Fig. 4 lane 2) containing the elF-5A protein
(used as a positive control). The profile using T. vaginalis with native
TvelF-5A showed five RNA-protein complexes (Fig. 4, lane 3). The
interaction of ERE-tvcp39 and TvelF-5A was diminished with the
antibody anti-rTvelF-5A (Fig. 4 lane 6), which inhibited the complex
formation. The interaction of the tvcp39 ERE-like sequence with the
precursor TvelF-5A and the anti-rTvelF-5A antibody did not show
any complex formation (Fig. 4, lane 7). With the ERE-tvcp39 and an
unrelated glutathione-S-transferase (GST) protein, no complex
formation was observed (Fig. 4, lane 8). The unrelated antibody
anti-tubulin and the unrelated GST protein interactions with the
cytoplasmic protein extract of T. vaginalis were used as negative
controls (Fig. 4, lane 9 and 10, respectively). These results showed
that only mature TvelF-5A binds the ERE-like sequence of tvcp39,
suggesting that the mature TvelF-5A may participate in mRNA
stability by specifically binding to ERE-like sequences.

2 3 45

6 7 8 9 10

Fig. 4. Mature rTvelF-5A interacts with the ERE-like sequence of tvcp39. RNA-binding activity of TvelF-5A was assessed by electrophoretic mobility shift assays (EMSA). Lane 1, free probe
ERE-tvcp39; lane 2, ERE-tvep39 incubated with cytoplasmic proteins of HeLa cells; lane 3, ERE-tvcp39 incubated with cytoplasmic proteins of T. vaginalis; lane 4, ERE-tvcp39 incubated with
precursor rTvelF-5A; lane 5, ERE-tvcp39 incubated with mature rTvelF-5A; lane 6, ERE-tvcp39 incubated with mature rTvelF-5A and anti-TvelF-5A antibody.; lane 7, ERE-tvcp39 incubated
with precursor rTvelF-5A and anti-TvelF-5A antibody; lane 8, ERE-tvcp39 incubated with unrelated GST protein; lane 9, ERE-tvcp39 incubated with cytoplasmic proteins of T. vaginalis and
unrelated antibody anti-tubulin. Complexes observed between native TvelF-5A from cytoplasmic proteins of T. vaginalis and HeLa cells with ERE-tvcp39 are indicated with arrows (1 to V).
The complex observed between mature TvelF-5Ar with ERE-tvcp39 is indicated with the arrow (I).
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As a negative interaction, control-loop probes (that do not contain
the ERE sequence) were used, which showed no interaction with
TvelF-5A (data not shown).

3.5. Specific interaction between the mature TvelF-5A and ERE-like se-
quence of tvcp39

To confirm the interaction of mature TvelF-5A with ERE-tvcp39,
super shift assays were-performed using the recombinant antibody
anti-rTvelF-5A at different concentrations (1 M, 2.5 M, 5 M or 10 M).
The results showed that the antibodies super shifted the complex of ma-
ture TvelF-5A with the tvcp39 ERE-like sequences (Fig. 5, lanes 2-5).
Higher concentrations of anti-TvelF-5A decreased the amount of the
complex TvelF-5A-ERE-tvcp39 that was observed (Fig. 5, lane 4 and 5).
These results suggest that the interaction of ERE-tvcp39 and mature
TvelF-5A is-specific.-As-a control experiment, we assessed the tvcp39
ERE-like interaction with precursor-TvelF-5A and the anti-TvelF-5A at
the same molar concentrations, and complex formation was not found
(Fig. 6 lanes 6-10).

4. Discussion

Trichomonas vaginalis has several cysteine proteases CPs that are vir-
ulence factors, such as TvCP39 and TvCP65, which are involved in cyto-
toxicity toward host cells [14,16,18,20,21]. The expression of both of
these proteins is dependent on a mechanism mediated by polyamines,
possibly at the posttranscriptional level [22]. Recently, we reported

Free probe + -

ERE-like tvcp39 + o+
Mature TvelF-5Ar -+
Precursor TvelF-5Ar = =
Anti-TvelF-5A antibody -+
Non-related probe tRNA -+

two genes encoding TvelF-5A, and western blot assays using an anti-
TvelF-5A antibody immunodetected two proteins of 19 and 20 kDa,
which could correspond to the TvelF-5A precursor and mature forms,
respectively [11,23]. e[F-5A undergoes a specific posttranslational mod-
ification called hypusination, which gives the protein biological activity
[24]; this modification is irreversible and is carried out in seconds [7].
The first step in the two-step hypusination reaction involved the en-
zyme deoxyhypusine synthase (DHS), which is expressed in T. vaginalis
[17,24] and may be responsible for the TvelF-5A precursor protein
hypusination in vivo. The second step is carried out by the
deoxyhypusine hydroxylase (DOHH) enzyme, which hydroxylates a 4-
aminobutyl of lysine, although this step is not essential for hypusination
in some organisms such as yeast. For example, S. cerevisiae with dohh
gene mutations is viable and has a growth rate similar to wild type S.
cerevisiae, suggesting that DHS is sufficient to carry out the hypusination
[25,26] Mature elF-5A has multiple functions [5,6,24] and binds to spe-
cific sequences called elF-5A response elements (ERE) located in the
3'UTR of the mRNA [4,6]. The cox-2 mRNA is regulated through elF-5A
polyamine-dependent binding to the ERE structure [6]. In this study
we analyzed the 3'UTR tvcp39 structure, which showed an atypical
ERE sequence that forms a stem-loop structure (Fig. 1) and has two nu-
cleotide changes compared to the consensus sequence reported in the
3'UTR of cox-2 [4,6]. These results are consistent with the data that sug-
gest that there may be up to three nucleotide changes in the ERE se-
quence. Through systematic evolution of ligands by exponential
enrichment (SELEX), EREs sequences in ~800 mRNA and genes have
been implicated in important cellular functions [5]. eIF-5A in eukaryotes

<« |||

+ 0+ o+ o+ o+ o+ o+
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Fig. 5. RNA binding specificity of mature TvelF-5A and ERE-tvcp39. Super shift in agarose gel of mature rTvelF-5A interacting with ERE- tvcp39. Molar concentrations of anti-TvelF-5A, lanes:
2 and 6, anti-rTvelF-5A (1x); 3 and 7, anti-rTvelF-5A (2.5x); 4 and 8, anti-rTvelF-5A (5x); 5 and 9, anti-rTvelF-5A (10x).
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is essential for cell survival and proliferation; it may be involved in the
translation of a specific subset of mRNAs involved in the cycle cell
[24]. The depletion of elF-5A in Saccharomyces cerevisiae has been
shown to decrease protein synthesis by ~30%, resulting in the changes
in several mRNAs that encode proteins involved in DNA replication
and cell cycle progression from G1 to S phase [7]. Other studies have
suggested that e[F-5A may serve as a carrier of proteins for the nuclear
export of Rev or Rex, an HIV-I cofactor [3,27].

5. Conclusions

Our results suggest a possible posttranscriptional regulation mecha-
nism in T. vaginalis through the stem-loop ERE-like structure in the
3'UTR of tvep39 mRNA which interacts with mature TvelF-5A.
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