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The transcription efficiency of an adhesion protein gene, ap65-1, in Trichomonas vaginalis varies with changes
in the iron supply and with the growth stage. In the present study, two Myb recognition elements, MRE-1/
MRE-2r and MRE-2f, were found to play antagonistic roles in regulating the iron-inducible activity of an
ap65-1 reporter gene. Intriguingly, either of these elements was shown to be sufficient to repress basal activity,
but together they were also shown to activate growth-related activity of the reporter gene in iron-depleted cells.
A mybl gene which encodes a 24-kDa protein containing a Myb-like R2ZR3 DNA binding domain was identified
from Southwestern screening of MRE-2f-binding proteins. The Myb1 protein was detected as a major 35-kDa
protein which exhibited variations in nuclear concentration with changes in the iron supply. A recombinant
Myb1 protein was shown to differentially interact with MRE-1/MRE-2r and MRE-2f in vitro. Overexpression
of hemagglutinin-tagged Mybl in T. vaginalis resulted in repression or activation of ap65-1 transcription in
iron-depleted cells at an early and a late stage of cell growth, respectively, while iron-inducible ap65-1
transcription was constitutively repressed. The hemagglutinin-tagged Mybl protein was found to constantly
occupy the chromosomal ap65-1 promoter at a proximal site, but it also selected two more distal sites only at
the late growth stage. Together, these observations suggest that Mybl1 critically regulates multifarious ap65-1

transcription, possibly via differential selection of multiple promoter sites upon environmental changes.

As the most common sexually transmitted disease of non-
viral origin in humans, trichomoniasis caused by infection with
the protozoan parasite Trichomonas vaginalis is an important
risk factor for the transmission of human immunodeficiency
virus (33). Along with increasing numbers of drug-resistant
clinical T. vaginalis isolates (7, 9), trichomoniasis is emerging as
a major threat to public health.

Iron availability, which periodically varies in the human va-
gina, where the parasite colonizes, regulates the cytoadherence
of T. vaginalis, possibly through controlling the expression of
several adhesion proteins in transcription initiation and pro-
tein trafficking steps (2, 11, 18, 35). Although only a few T.
vaginalis genes have been characterized in detail, the most
common example seems to suggest that 7. vaginalis uses a
conserved initiator (Inr) sequence as the sole core promoter
element to regulate the basal transcription of protein-coding
genes via interaction of the Inr with a unique Inr-binding
protein, IBP39, to recruit a-ammanitin-resistant RNA poly-
merase II (17, 20, 22, 30). This basal transcription machinery
significantly differs from that of higher eukaryotic systems, in
which the a-ammanitin-sensitive RNA polymerase II machin-
ery exhibits considerable diversity both in the core promoter
context and in the components of the promoter-recognition
TFIID complex (15, 24, 31). Thus, the transcription efficiency
of a particular type II promoter in 7. vaginalis may primarily be
determined in cis by gene-specific distal promoter elements,
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such as those identified in the promoters of the a-scs and
ap65-1 genes (21, 35).

The ap65-1 gene belongs to the ap65 (adhesion protein 65)
multigene family encoding multiple homologous 65-kDa pro-
teins (1, 25) whose protein sequences are identical to those of
the hydrogenosomal malic enzymes (16). In addition to hydro-
genosomal localization (4), these proteins have also been de-
tected on plasma membranes as part of adhesion complexes
during host-parasite encounters as well as when exposed to an
ample iron supply (2, 11, 18). The transcription efficiency of the
ap65-1 gene in T. vaginalis varies with changes in the iron
supply as well as with the growth stage (27, 35). Multiple Myb
recognition elements, namely, MRE-1/MRE-2r (which over-
lap) and MRE-2f, were found to regulate multifarious ap65-1
expression in cis (27, 35), implying the involvement of Myb-like
transcription factors in the iron-inducible transcription ma-
chinery of the parasite.

Myb proteins that regulate myriad gene-specific transcrip-
tion activities in a wide range of eukaryotic systems only share
a consensus DNA binding domain. Vertebrates have three
cellular Myb proteins, A-Myb, B-Myb, and c-Myb (38), each of
which has a highly conserved N-terminal DNA binding domain
(with ~90% identity) consisting of three repeats (R1R2R3).
They all recognize specific DNA contexts with a core pen-
tanucleotide sequence, CNGTT, through three key base-con-
tacting amino acid residues, i.e., K'*® in the R2 domain and
K'™2 and N'®* in the R3 domain (26). In plants such as
Arabidopsis thaliana, the Myb protein family is expanded and
contains >100 distinct members, most of which contain an
R2R3 DNA binding domain with only 40 to ~80% identity
(34). Although the key base-contacting amino acid residues are
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TABLE 1. Sequences of oligonucleotides used for this study

Primer name and purpose

Sequence (5 to 3")

RT-PCR
APO5-1-5 v AATGGCAAGGCCCTCTGCGCTAC
APO5-1-3 o TAAATTAAGAAAGCTAAGTGTTTAAAAATCGCGC
TUD-5" oo AAATCGTTCACATCCAAGCTGG
tub-3" ..... .TTGTATGGCTCGACGACTGTATCAG
ha-myb1-5’ .GATTACGCTCTTATGATGTTTG
myb1-5' .TGCCTTTAATCGCATGATGTTTG

Plasmid construction”
flp-5'-sac2
flp-3'-ncol
flp-3’-bamh1-ha-hind3 .
ha-myb1-5'-bgl2

e ATTATAATCAGTATCGACAGAGGCG

......................................................... CAGAGCTGTATCGTCTAGCTGTATCGTCTAGCTGTATCGTCTAGC
........................................................ GCTAGACGATACAGCTAGACGATACAGCTAGACGATACAGCT

.................................................... TCCGCGGCTACTATAGGGCACGCGTGGTC
ACCATGGATCCCATCATAAAAGTGATATGAA
AGGATCCAAGAGCGTAATCTGGAACATCGTATGGGTAGGAAAGCTTCTCTTCTGTCGCC
.CAGATCTTACCCATACGATGTTCCAGATTACGCTCTTATGATGTTTGACGGCCTTTCCG

myb1-5'-ndel ...... .TTCATATGATGTTTGACGGCCTTTCCG

myb1-3"-8all ..ol TTGTCGACGGAAGCAACACTTAACTTAAAACG

AN(103)myb1-5"-ndel ....ccoocvueurivirininnas TTCATATGAAAGTCAAGTTCACGGAAGAGG
ChIP

1f .. .GGGCGAAATCACGGAAATCG

Ir.. .CCTTGCGGGAGAGTTCACGTGCTGG

2f .. TTCCAATCAACATTTATCTATACTATCGG
2L et TGCCATTGCGATGATTATGGTTG

B e GCATTCAGTTTTGATCCAGGTTTCC

. .GATAGTATAGATAAATGTTGATTGGAAGC
.................................................................. GTTCTTATTCAGATGTTCCTGATTTG
.................................................................. GCCCTAGTATAGCATTCAAATGATCC

“ The DNA sequence of MRE-2f is indicated in bold.
b Sequences of restriction enzyme sites, as indicated in the names, are underlined.

also conserved, the sequence contexts of the Myb recognition
elements in plants are not limited to those with a CNGTT core
(32). In T. vaginalis, neither MRE-1/MRE-2r (TAACGATA,;
MRE-1 sequence is in italics, and MRE-2r sequence is under-
lined) nor MRE-2f (TATCGT) conforms to the sequence con-
text of the CNGTT core.

In the present study, MRE-1/MRE-2r and MRE-2f were
further found to play multiple roles in controlling different
phases of multifarious ap65-1 transcription. Through South-
western screening and an in vitro DNA binding assay, an
R2R3-type Mybl1 protein encoded by a mybI gene was found
to bind MRE-1/MRE-2r and MRE-2f with differential activi-
ties. Further analyses showed that Myb1 plays distinct roles
during different growth phases of ap65-1 transcription, possibly
via differential selection of promoter entry sites. To the best of
our knowledge, Mybl is the first gene-specific transcription
factor with defined roles in transcriptional regulation to be
reported for T. vaginalis.

MATERIALS AND METHODS

Cultures. T. vaginalis T1 cells were maintained as previously described (35),
and the iron concentration in the growth medium was adjusted as previously
described (18). The WT-13, m(MRE-1/MRE-2r), and m(MRE-2f) cell lines were
obtained from a previous study (27).

Stable promoter assay. Plasmid DNA was electroporated into 7. vaginalis T1
cells, and transfectants were selected with paromomycin as previously described
(35). Relative amounts of respective reporter plasmids in cells from individual
cell lines were determined by a dot hybridization assay as previously described
(27), and their promoter activities were normalized accordingly.

Oligonucleotides. The sequences of the oligonucleotides used for the present
study are listed in Table 1, unless otherwise specified in the text.

Nucleic acid extraction. RNAs were extracted from 7. vaginalis T1 cells by use
of the TRIZOL reagent (Invitrogen), and DNAs were extracted as previously
described (5).

Construction and Southwestern screening of a cDNA library. A T. vaginalis T1
cDNA library was constructed in a N phage by using the OrientExpress cDNA
system following the instructions of the supplier (Novagen). A 3?P-labeled dou-
ble-stranded DNA, mre-2, derived from annealing 20 pmol of a y-*?P-labeled
antisense oligonucleotide, mre-2as, and 60 pmol of the sense oligonucleotide
mre-2s, was ligated to produce a concatenated probe for screening of the ex-
pression library as previously described (37).

Cloning of genomic mybl gene. A T. vaginalis T1 genomic DNA library was
constructed at the EcoRlI site of pBluescript II SK (Stratagene). The 5" sequence
flanking the mybl gene derived from a Ac22 cDNA clone was amplified from
the genomic DNA library by a PCR using the primer pair T3 and myb1-3'-2. The
amplified DNA was then subcloned into pGEM-T Easy as described by the
supplier (Promega).

Construction of plasmids. The plasmids pAP65luc+ and pAP65-1iuc+/TUBneo
and the mutant plasmids pm(—95/—81) (with mutation of MRE-1/MRE-2r) and
pm(—44/—39) (with mutation of MRE-2f) were obtained from a previous study
(35). A DNA fragment from pm(—95/—81) was amplified by a PCR using the
primer pair T7 and m(—44/—39)-3" (35) and subcloned into pGEM-T Easy to
generate pTA(—95/—81;—44/—39). A double mutant plasmid, pm(MRE-1/
MRE-2r+MRE-2f), was obtained by replacing the Sacll/BamHI fragment in
PAPO65-1luc+/TUBneo with the Sacll/BamHI fragment from pTA(—95/—81;
—44/-39).

A DNA fragment spanning the coding region of the mybl gene was amplified
by a PCR using the forward primer ha-myb1-5'-bgl2 or myb1-5'-ndel along with
the reverse primer myb1-3'-sall and was then subcloned into pGEM-T Easy to
generate pTA-ha-mybl and pTAmybl, respectively.

A DNA fragment spanning the 5’ untranslated region of the flp-1 gene (6) was
amplified by a PCR using the primer pair flp-5'-sac2 and flp-3’-bamh1-ha-hind3
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and was then subcloned into pGEM-T Easy to generate pTA-FLP-ha. The
Sacll/BamHI fragment from pTA-FLP-ha and the BglII/Sall fragment from
pTA-ha-mybl were subsequently cloned into a plasmid backbone derived from
pAP65-1luc+/TUBneo predigested with Sacll and Sall to generate pFLP-
ha-mybl/TUBneo.

The Mybl expression plasmid, pET28/Myb1, was generated by subcloning of
the Ndel/Sall fragment from pTAmyb1 into pET28a predigested with Ndel/Sall.

Northern hybridization. An [a->?P]dCTP-labeled mybl DNA probe was syn-
thesized from the pTAmyb! template by a random priming method using Redi-
prime II, as described by the supplier (Amersham Biosciences). Ten micrograms
of mRNA purified by oligo(dT) cellulose column chromatography was denatured
in glyoxal prior to fractionation in a 1% agarose gel and then was blotted onto
a Nytran membrane (Schleicher & Schuell) for Northern hybridization, using an
ExpressHyb solution as suggested by the supplier (Clontech).

Reverse transcriptase PCR (RT-PCR). Cellular RNAs were first treated with
RNase-free DNase as described by the supplier (Promega). Ten micrograms of
DNase-free RNA was then primed by oligo(dT) in a reaction to synthesize
first-strand cDNA by the reverse transcriptase Superscript III (Invitrogen). The
ap65-1 gene in the first-strand cDNA was amplified by a PCR using the primer
pair ap65-1-5" and ap65-1-3', with an annealing temperature of 60°C. The B-
tubulin gene was amplified by using the primer pair tub-5" and tub-3’, with an
annealing temperature of 56°C. The ha-mybl or mybl gene was amplified by
using the forward primer ha-myb1-5’ or mybl-5’, respectively, along with the
reverse primer myb1-3’, with an annealing temperature of 60°C. Multiple PCR
amplifications were performed for each primer pair, using 1 pl of serially diluted
(1%, 2X, 4X, or 8X dilution) first-strand cDNA as a template. PCR products
were separated in 2% agarose gels by electrophoresis and stained with ethidium
bromide. The intensity of each PCR product was analyzed by Meta Morp Offline,
version 6.2r6 (Universal Imaging). Linear amplification of the mRNA signals was
achieved by 24 to 26 PCR cycles for the B-tubulin gene signal, 28 to 30 cycles for
the ha-mybl and mybl signals, and 21 to 23 cycles for the ap65-1 signal.

Expression of recombinant Myb1 protein. pET28/Myb1 was transformed into
Escherichia coli BL21-Codon Plus DE3-RIL (Stratagene) for recombinant Myb1
(rMyb1) production. E. coli transformed with pET28/Myb1 in shaking cultures
was incubated at 30°C until the optical density at 600 nm reached 0.5. Induction
was performed by the addition of 0.4 mM isopropyl-B-p-thiogalactopyranoside
for 2 h. Under these conditions, the majority of rMyb1 was in inclusion bodies
(see Fig. 4A). Inclusion bodies from 100 ml of E. coli culture were dissolved in
1 ml of 8 M urea and immediately refolded by the direct addition of 14 ml
binding buffer (5 mM imidazole, 500 mM sodium chloride, and 20 mM Tris-HCI
[pH 7.9]). After removal of the insoluble materials, rMyb1 in the supernatant was
purified using a His-binding nickel column in the presence of 0.5 M urea as
described by the supplier (Novagen).

Antiserum production. Soluble rMyb1 purified from inclusion bodies as de-
scribed above was used for rabbit immunization by a standard protocol (14), and
the antiserum was purified by protein A affinity chromatography as described by
the supplier (Sigma).

Western blot assay. Protein samples were fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis in 12% gels, and the proteins were
transferred to an Immobilon-P polyvinylidene difluoride membrane (Millipore)
by use of a semidry electroblotter. Sequential immunoreactions were performed,
and an ECL system was used for signal detection as instructed by the supplier
(Pierce). Reaction conditions for antibodies from commercial sources, including
a mouse monoclonal anti-a-tubulin antibody (DM1A; Sigma) (10,000X), a rat
monoclonal anti-hemagglutinin (anti-HA) antibody (3F10; Roche), and a six-His
monoclonal antibody (Clontech) (10,000Xx), were as described by the supplier.
The expression of Mybl and AP65 was assayed using a rabbit anti-Myb]1 anti-
serum (1,000X) and a mouse monoclonal anti-malic enzyme antibody (15D7;
10,000X) (4), respectively. Serially diluted protein samples (1X, 2X, 4X, or 8X
dilution) were assayed by Western blotting for semiquantification of protein
expression levels in 7. vaginalis. The signal intensities of individual bands were
analyzed by Meta Morp Offline, version 6.2r6 (Universal Imaging), and the signal
intensities of a particular protein from multiple samples were normalized to the
signal intensity of a-tubulin in the same samples.

Immunofluorescence assay. Cells were fixed on glass slides with cold methanol
at —20°C for 5 min and sequentially stained using a mouse monoclonal anti-HA
antibody (800x) (HA-7; Sigma) and a fluorescein isothiocyanate (FITC)-conju-
gated goat anti-mouse immunoglobulin G antibody (500x) (Jackson). The fluo-
rescent signal was recorded by confocal microscopy.

Electrophoretic mobility shift assay. Probe labeling and an electrophoretic
mobility shift assay were performed as previously described (35). The signal
intensities of individual bands were analyzed by Meta Morp Offline, version 6.2r6
(Universal Imaging).
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ChIP assay. A chromatin immunoprecipitation (ChIP) assay was performed as
previously described (23), except that 200 wg ml~' of the protease inhibitor
Na-p-tosyl-L-lysine chloromethyl ketone was added to the reaction buffers used
after the recovery of cells from formaldehyde cross-linking and before the elution
of immunoprecipitated DNA. A detailed protocol is available upon request. About
6 % 107 cells were cross-linked by formaldehyde for each condition tested (see Fig.
7). The supernatant recovered from the DNA shearing step was divided into three
parts: one was used as the input DNA control, another was incubated with 3 ul of
anti-tubulin antibody plus 30 .l of protein A-agarose, and the other was incubated
with 30 wl of anti-HA-agarose conjugate (Sigma). Purified DNASs were examined by
PCR amplifications using the specific primer pairs shown in Fig. 7A. DNA spanning
region I, II, or III of the ap65-1 promoter was amplified at an annealing temperature
at 60°C, and DNA spanning region IV was amplified at an annealing temperature
of 53°C.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this paper have been deposited in the GenBank database under accession
number AY948337 for the myb2 gene and AY948338 for the mybI gene.

RESULTS

Roles of two distinct Myb recognition elements in ap65-1
transcription. A stable reporter gene (pAPluc+/TUBneo)-
based promoter assay was employed to define the roles of
MRE-1/MRE-2r and MRE-2f in ap65-1 transcription (Fig. 1).
Under iron depletion conditions, the lowest relative luciferase
activity (referred to as basal activity) of pAPluc+/TUBneo-
harboring WT-13 cells was detected at 6 h. This activity in-
creased until 30 h, when the activity reached the highest level,
which was 15-fold higher than the basal activity. At 6 h, the
relative luciferase activity in cells with iron repletion was two-
fold higher than that in cells with iron depletion, and this
difference increased to sixfold at 30 h. For the convenience of
discussion in this paper, the ratio of the highest to the lowest
activity in iron-depleted cells is referred to as growth-related
activity, and the ratio of activity in iron-replete cells to that in
iron-depleted cells at 30 h is referred to as iron-inducible
activity.

The luciferase activity of iron-depleted m(MRE-1/MRE-2r)
cells decreased for 24 h, when the lowest activity was compa-
rable to that of WT-13 cells. The activity only increased slightly
at 30 h. In contrast, the luciferase activity of iron-replete
m(MRE-1/MRE-2r) cells increased for 30 h, when iron-induc-
ible activity reached a 24-fold higher level. Basal activity of
m(MRE-2f) cells was also detected at 6 h, at a level similar to
that in WT-13 cells, whereas their growth-related and iron-
inducible activities were repressed fivefold and twofold, re-
spectively, at 30 h. Surprisingly, the basal activity of m(MRE-1/
MRE-2r+MRE-2f) cells at 6 h was 80-fold higher than that of
WT-13 cells. At 30 h, their growth-related activity was re-
pressed to a twofold level, but these cells displayed a twofold
iron-repressive activity.

Together, these results suggest that either MRE-1/MRE-2r
or MRE-2f is sufficient to repress the basal activity of the
ap65-1 promoter, whereas both are required for optimal
growth-related activity in iron-depleted cells. In contrast, these
DNA elements play antagonistic roles in iron-replete cells, as
MRE-1/MRE-2r represses but MRE-2r activates iron-induc-
ible ap65-1 transcription.

Molecular cloning of myb-like genes. A T. vaginalis T1
cDNA expression library was screened using a >?P-labeled
DNA probe, mre-2, which contains multiple copies of a con-
catenated MRE-2f sequence. Screening of nearly 8 X 10°
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FIG. 1. Monitoring of iron-independent and -dependent transcrip-
tional activities of ap65-1 promoter. Relative locations of MRE-1/
MRE-2r and MRE-2f (see symbols in the box) in the reporter cassette,
pAPluc+/TUBneo (27), are shown in panel A. In this plasmid, the
ap65-1 promoter (AP) drives a luciferase gene (luc™), and the B-tubu-
lin (TUB) promoter drives a selective marker, the neo gene. (B) Cell
lines (as indicated at the top of each panel) harboring pAPluc+/
TUBneo or one of the related mutant plasmids (open symbols indicate
a wild-type MRE, and closed symbols indicate a mutant MRE in the
plasmid) were established. Relative luciferase activities (relative light
units [RLU] cell™!) of iron-depleted cells (open triangles) or iron-
replete cells (closed triangles) were monitored 6 h, 24 h, and 30 h after
treatment. The results are averages = standard errors of duplicate
samples from at least three separate experiments. (C) The basal ac-
tivity (open bars) detected at 6 h in iron-depleted WT-13 cells was
2.3 = 0.4 RLU per cell, and this value was taken as 1 for comparison.
The ratio of the highest to the lowest activity in iron-depleted cells is
defined as growth-related activity (stippled bars), and that of the high-
est activity detected at 30 h in iron-replete cells to that detected in
iron-depleted cells is defined as iron-inducible activity (hatched bars).

plaques resulted in five partial cDNA clones, of which \cl,
Ac22, and Ac24 overlap within a gene referred to as mybl
herein and Ac20 and Ac29 overlap within another gene, re-
ferred to as myb2. The protein sequences encoded by myb2 and
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mybl share the consensus Myb R2R3 DNA binding domains,
but with only 43% identity (Fig. 2). The recombinant protein
derived from Ac22 was found to specifically bind to MRE-2f in
vitro (data not shown). The 5’ and 3’ ends of the A\c22 cDNA
were then extended by PCR from amplifications of respective
DNA fragments from a genomic DNA library, and sequence
analysis revealed a full-length mybl gene which encodes an
open reading frame of 206 amino acid residues, with a size
estimated to be ~24 kDa and a plI value of 8.84. It is notable
that two of the key base-contacting amino acid residues, K'?®
and K'82, of the vertebrate Myb proteins (26) are both re-
placed by R residues in 7. vaginalis Mybl (Fig. 2).

Expression profile of mybl gene. The mybl gene in T. vagi-
nalis T1 cells was expressed as a single 0.7-kilobase mRNA
species, as revealed by Northern hybridization (Fig. 3A). Ex-
pression levels of mybl mRNA in T. vaginalis T1 cells, as
detected by RT-PCR, varied little in different growth phases as
well as with a variable iron supply (data not shown).

From a Western blot assay using anti-Mybl antiserum, a
major 35-kDa band and additional minor bands estimated to
be 30-kDa and 25-kDa doublet bands were consistently de-
tected in total lysates from iron-depleted or iron-replete cells
(Fig. 3B). None of these protein bands was detected on a
duplicate blot using preimmune serum (data not shown). The
35-kDa band was found to be more abundant in the cytoplas-
mic fractions than the nuclear fractions of cell lysates, but the
minor and faster migrating bands were only detected in the
cytoplasmic fractions. The purity of these cellular fractions was
examined with an anti-cytosolic malic enzyme antibody (8),
which detected a 50-kDa band in only the cytosolic fractions. In
contrast, a constitutively expressed 55-kDa band was detected
by anti-a-tubulin antibody in only the nuclear fractions. The
results from three separate experiments revealed that the sig-
nal intensity of Mybl in total cell lysates remained constant
with changes in the iron supply; however, the signal intensity of
the nuclear 35-kDa Myb1 protein was about threefold higher
in samples from cells replete with iron than in those depleted
of iron.

DNA binding specificity of recombinant Mybl protein. A
recombinant His-tagged Mybl protein, rMybl (Fig. 4A), was
purified for use in an electrophoretic mobility shift assay. Ten
nanograms of rMybl was sufficient to form two major com-
plexes with a **P-labeled IR double-stranded DNA probe (Fig.
4B, left panel) which contains the MRE-1/MRE-2r overlap
(27). Although two major complexes were also formed in bind-
ing of rMyb1 to a *?P-labeled IR3’ double-stranded DNA
probe (Fig. 4B, right panel) which contains the MRE-2f se-
quence (27), 100 ng of the protein was required to detect the
signal. The DNA binding specificity of rtMyb1 for **P-labeled
IR (Fig. 4C) or **P-labeled IR3’ (Fig. 4D) was tested in com-
petition assays using a 1,000X molar excess of mutated se-
quences of the mIR series or mIR3’ series, respectively, as
previously described (27). The DNA-protein complexes were
incompletely competed to various degrees by different mutant
competitors, indicating that some nucleic acid residues are
more important than others in the binding activities of these
two DNA elements. The signal intensities of the DNA-protein
complexes in individual reactions were measured, and the re-
sults from three separate competition assays indicated that
ANAACGAT (or ATCGTTNT in reverse orientation), span-
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FIG. 2. Identification of two myb-like genes in T. vaginalis. An alignhment of protein sequences within the R2R3 domain of 7. vaginalis Myb1
(GenBank accession no. AY948338) and Myb2 (AY948337) and human A-Myb (S03423), B-Myb (P10244), and c-Myb (CAF04477) is shown. The
equally spaced tryptophan (W) residues, a signature of the Myb DNA binding domain, are indicated by upright arrows. Conserved amino acid
residues are highlighted. The amino acid residues that provide strong base contacting for DNA recognition of vertebrate Mybs (26) are indicated
by dots, and a redox-sensitive cysteine residue that needs to be reduced for DNA binding and transcriptional activity (3, 12, 13) is indicated by an

asterisk.

ning MRE-1/MRE-2r, and ATCG,within MRE-2f, are the
high-affinity and low-affinity binding sites of rMybl, respec-
tively.

Overexpression of HA-tagged Mybl in T. vaginalis. A DNA
vector, pFLPha-myb1/TUBneo (Fig. 5A), was constructed to
stably overexpress HA-tagged Mybl in T. vaginalis T1 cells.
The transfected cells were selected with 150 wg ml~* of paro-
momycin. Freshly thawed transfected cells were used for the
individual experiments described below. Higher concentra-
tions of the drug or prolonged passages of transfected cells
over a few weeks resulted in diminished Myb1 expression.

A. B.
kb
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FIG. 3. Expression profile of mybl gene in T. vaginalis. (A) Ten
micrograms of mRNA purified from 7. vaginalis T1 cells was examined
by Northern hybridization with an [«-**P]dCTP-labeled DNA probe
derived from pTAmybl. A low-molecular-weight RNA ladder was
used as the size marker (Invitrogen). (B) Total lysates (T) and nuclear
(N) and cytoplasmic (C) fractions from 7. vaginalis T1 cells with iron
depletion (—) or iron repletion (+) for 18 h were assayed by Western
blotting using anti-Myb1 (upper panel), anti-cytosolic malic enzyme
(8) (middle panel), or anti-a-tubulin (bottom panel) antibody. A
prestained protein ladder was used as the size marker (New England
Biolabs). The arrow indicates the major Myb1 band, and arrowheads
indicate minor bands. The cytosolic malic enzyme is indicated as
cytME, and «-tubulin is indicated as a-Tub.

The HA-Mybl signal was higher in the nuclei than in the
cytoplasm of transfected cells, as determined by immunofluo-
rescence microscopy using a mouse anti-HA monoclonal anti-
body (Fig. 5B, lower panels). All transfected cells exhibited
positive signals, while a small fraction (<5%) of transfected
cells exhibited stronger nuclear staining than others. No signal
was detected in nontransfected T1 cells (Fig. 5B, upper pan-
els). By Western blotting using a rat anti-HA monoclonal an-
tibody, a major 35-kDa band and two barely detectable bands,
of 30 and 25 kDa, were consistently detected in protein sam-
ples from transfected cells only (Fig. 5C). On a duplicate blot,
the 35-kDa band and the two faster migrating minor bands
were also detected by anti-Mybl antiserum in samples from
both transfected and nontransfected cells, and the signal in-
tensity of the 35-kDa Mybl protein detected in the protein
sample from transfected cells was about 2.5-fold higher than
that from nontransfected cells. In contrast, the signal intensity
of AP65, as detected by an anti-malic enzyme 15D7 monoclo-
nal antibody (4), in samples from transfected cells was only
one-third that of nontransfected cells. The signal intensity of
a-tubulin, as detected by an anti-a-tubulin monoclonal anti-
body, remained similar in these samples, implying that the expres-
sion of AP65 is repressed by overexpression of HA-Mybl1.

Multiple roles of Mybl in expression of the ap65-1 gene.
Although members of the ap65 gene family share nearly iden-
tical coding information (1, 16, 25), they display divergent 5’
intergenic regions, as revealed by a search of the database of
the T. vaginalis Genome Sequencing Project (www.tigr.org/tdb
/e2k1/tvg). To elucidate the roles of Mybl in ap65-1 transcrip-
tion, the expression profiles of several mRNA species in trans-
fected cells versus nontransfected cells were examined by a
semiquantitative RT-PCR assay in three separate experiments
with consistent results, and the results from one representative
experiment are shown. By 8 h (Fig. 6, left panel), the signal
intensity of B-fubulin or mybl mRNA detected in samples from
transfected cells was similar to that from nontransfected cells,
whereas ha-mybl mRNA was only detected in samples from
transfected cells, with a signal intensity slightly higher than that
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FIG. 4. DNA binding specificity of rMyb1. (A) Soluble (lanes 1 and 3) and insoluble (lanes 2 and 4) fractions of a lysate from rMyb1-expressing
E. coli cells and purified rMyb1 (lane 5) were separated by SDS-PAGE and stained with Coomassie blue (lanes 1, 2, and 5) or examined by Western
blotting using an anti-six-His antibody (lanes 3 and 4). A prestained broad-range protein ladder was used as the size marker (Bio-Rad). (B) Five
(lanes 1 and 4), 10 (lanes 2 and 5), 50 (lanes 3 and 6), or 100 ng (lane 7) of rMyb1 was incubated with y-**P-labeled IR (lanes 1 to 3) or y->*P-labeled
IR3’ (lanes 4 to 7). (C and D) Fifty nanograms (C, lanes 2 to 15) or 100 ng (D, lanes 2 to 12) of rMyb1 was incubated with y-**P-labeled IR (C,
lanes 2 to 15) or y->*P-labeled IR3’ (D, lanes 2 to 12). The DNA sequences of IR (C) and IR3’ (D) are shown at the top of each panel, with
MRE-1/MRE-2r (C) and MRE-2f (D) underlined. A 1,000X molar excess of cold competitor (C and D, lanes 3) or a series of mutant competitors,
each with a single point mutation, as indicated by a lowercase letter at the top of each lane, was included in the binding reactions (lanes 4 to 15
in panel C and lanes 4 to 12 in panel D). The reaction mixtures were separated in 10% polyacrylamide gels by electrophoresis. The DNA-protein
complexes (arrowheads) in reactions with IR (B, left panel; C) or IR3’ (B, right panel; D) were detected in autoradiograms with 24 or 48 h of
exposure, respectively, at room temperature. The average signal intensities in individual lanes from three separate experiments are depicted below

each panel (C and D).

of mybl mRNA in the same samples. Iron exerted little effect
on the expression levels of these mRNA species. In contrast,
the signal intensity of ap65-I mRNA in samples from trans-
fected cells was much lower than that in nontransfected cells
exposed to iron depletion. Iron-inducible ap65-1 transcription,
which was induced about twofold in nontransfected cells, was
not apparent in transfected cells. The expression profiles of
B-tubulin, mybl, and ha-mybl mRNAs in transfected cells as
well as nontransfected cells also varied little as growth pro-
gressed for 18 h (Fig. 6, right panel); however, the signal
intensity of ap65-1 mRNA in samples from transfected cells
was much higher than that in nontransfected cells exposed to
iron depletion. Again, iron-inducible ap65-1 gene expression,
which was apparent in nontransfected cells, was not observed

in transfected cells. No signal was detected in total RNA if the
reverse transcriptase was omitted from the RT-PCR amplifi-
cations described above (data not shown).

Differential promoter selection by Mybl. A search of the
database from the 7. vaginalis Genome Sequence Project
(www.tigr.org/tdb/e2k1/tvg) revealed three Mybl high-affinity
binding sites, each of which is also adjacent to a low-affinity
binding site, in the ap65-1 promoter in regions specified as I, II,
or III (Fig. 7A). None of these DNA elements exists in distal
region IV. Selection of the entry site(s) by HA-Mybl in the
ap65-1 promoter in transfected cells was then studied by a
ChIP assay in three separate experiments with consistent re-
sults, and the results from one representative experiment are
shown (Fig. 7B and C). A specific DNA fragment (referred to
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FIG. 5. Overexpression of HA-Mybl in 7. vaginalis. An HA-
Myb1 protein expression plasmid, pFLPha-myb1/TUBneo (A), was
used to overexpress HA-Mybl in T. vaginalis T1 cells. In this plas-
mid, the flp-1 promoter (FLP) drives an HA-tagged myb1 gene, and
the B-tubulin (TUB) promoter drives a selective marker, the neo
gene. (B) Subcellular localization of HA-Myb1l in pFLPha-mybl1/
TUBneo-transfected cells was detected using a mouse monoclonal
anti-HA antibody and a FITC-conjugated secondary antibody. Im-
ages of cells labeled DAPI (4',6'-diamidino-2-phenylindole), FITC,
and phase contrast were recorded by confocal microscopy. (C) Ly-
sates from nontransfected cells (lanes 1, 3, and 5) or cells trans-
fected with pFLPha-myb1/TUBneo (lanes 2, 4, and 6) in normal
medium for 8 h were examined by Western blotting using rat mono-
clonal anti-HA (lanes 1 and 2), anti-Myb1 (lanes 3 and 4), anti-
malic enzyme (lanes 5 and 6, upper panels), or anti-a-tubulin (lanes
5 and 6, lower panels) antibody.

as DNA I to DNA 1V) was amplified from each of these
regions in samples from input DNA, but none of the fragments
was amplified from samples pulled down by protein A under all
tested conditions. A DNA fragment that spans two regions,
either regions I and II or II and III, could not be amplified
using primer pair 3f/2r or 2f/1r, respectively (data not shown).
DNA I was detected at similar levels in anti-HA pull-down
samples from both iron-depleted and iron-replete conditions
at 8 h (Fig. 7B), but no DNA II, DNA III, or DNA IV was
amplified from the same samples. In contrast, DNA I, DNAII,
and DNA III, but not DNA 1V, were detected to similar
extents in anti-HA pull-down samples from iron-depleted and
iron-replete conditions at 18 h (Fig. 7C). In conjunction with
the roles of Mybl in ap65-1 transcription, our results suggest
that Mybl may regulate multifarious transcription of the
ap65-1 gene via differential promoter selection.

DISCUSSION

The transcription efficiency of the ap65-1 gene in T. vaginalis
greatly varies with changes in the iron supply or the stage of
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FIG. 6. Effects of HA-Mybl overexpression on ap65-1 transcrip-
tion in 7. vaginalis. T. vaginalis T1 cells (lanes 1 and 2) or pFLPha-
myb1/TUBneo-transfected cells (lanes 3 and 4) were grown under
iron-replete (lanes 1 and 3) or iron-depleted (lanes 2 and 4) conditions
for 8 h (left panel) and 18 h (right panel). Expression levels of indi-
vidual mRNA species were analyzed by RT-PCR. Using 1 microliter of
2X-diluted first-strand cDNA as a template, the ap65-1 signals at 8 h
and 18 h were detected after 23 cycles and 21 cycles, respectively.
Using 1 pl of 4X-diluted first-strand cDNA as a template, the B-fubulin
signal was detected after 26 cycles, and mybI and ha-myb1 signals were
detected after 28 cycles. The PCR products were assayed by agarose
gel electrophoresis with ethidium bromide staining.

w4+ 4+

cell growth in a closed culture system (27, 35). Such a gene
expression profile is critically regulated in cis by multiple
closely spaced DNA elements (27), among which two similar
but oppositely oriented DNA sequences spanning the MRE-1/
MRE-2r overlap and MRE-2f elements are shown herein to
regulate the iron-independent activity of the ap65-1 promoter
via repression of basal activity and gradual alleviation of this
repressive activity during later growth stages. Moreover, they
may also play antagonistic roles in the iron-inducible activity of
the same promoter, implying that these two MREs act in con-
cert to control various aspects of ap65-1 transcription in cis.
Candidate genes that may regulate ap65-1 transcription in
trans via interactions with MRE-2f were identified by South-
western screening of a cDNA expression library, and a mybl
gene was found to encode a Mybl1 protein differentially target-
ing multiple MRE sites in the ap65-1 promoter to regulate
ap65-1 transcription in trans.

Unlike the ap65-1 gene, overall expression of the mybl gene
appears to be constant under our tested conditions (Fig. 3 and
6). Intriguingly, nuclear Mybl in cells varied with changes in
the iron supply (Fig. 3B), implying that nuclear translocation
may be one of the key steps by which cells modulate Myb1’s
function. Given the size of His-tagged rMybl, estimated to be
~28 kDa (Fig. 4A), the estimated 35-kDa size of Myb1 (Fig.
3B) is most likely derived from posttranslational modifications.
Since Myb1 was exclusively detected to be smaller than 35 kDa
in the cytoplasmic fractions of cell lysates, a posttranslational
modification such as protein phosphorylation, which regulates
the nuclear translocation of some transcription factors in other
eukaryotic systems (36), may play a critical role in the nuclear
translocation of Mybl.

Although the DNA sequence spanning MRE-1/MRE-2r
(ATCGTtaT) only differs from that spanning MRE-2f
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FIG. 7. Differential promoter selection of HA-Mybl in transfected 7. vaginalis cells. The high-affinity (open merged ovals and triangles) and
low-affinity (open triangles) Myb1 binding sites in the entire ap65-1 promoter are depicted in panel A, and the consensus sequences are aligned
in capital letters. Small arrows indicate primer pairs used for PCRs to amplify DNAs spanning regions I, II, III, and IV of the ap65-1 promoter.
The boundaries of each region relative to the transcription start site are indicated in parentheses. Samples from pFLPha-myb1/TUBneo-transfected
cells under iron-depleted (left panels) or iron-replete (right panels) conditions for 8 h (B) and 18 h (C) were evaluated by a ChIP assay. PCR
amplifications were performed using 1 pl of 50X-diluted DNA from input (IN) samples or 4X-diluted DNA from protein A (PA)- or anti-HA-
treated (HA) samples as a template for 30 cycles. The PCR products were assayed by agarose gel electrophoresis with ethidium bromide staining.

(ATCGTctT) by two residues (shown in lowercase), the differ-
ence in rMybl1 binding to these DNA elements was great (Fig.
4). Given the prevalence of the ATCG sequence in many
promoter sites in the genome of 7. vaginalis, secondary inter-
actions between Mybl and its low-affinity binding sites are
probably determined by sequences flanking ATCG. As sug-
gested by the DNA binding specificity assay, rMyb1 may simply
recognize a 5’ core sequence, ATCG, for initial weak binding,
and the binding affinity might be greatly enhanced in the pres-
ence of a 3" accessory sequence, TNTT, on the DNA element.
Such a DNA binding specificity is reminiscent of that of the
vertebrate c-Myb protein, which recognizes a promoter context
with a 5’ core sequence, c/tAACt/gG, for partial binding and a
downstream stretch of T’s for full activity (10). Intriguingly,
either MRE-1/MRE-2r or MRE-2f was sufficient for repres-
sion of basal activity (Fig. 1B), implying that Mybl may im-
partially target either of these MREs in vivo at the early stage
of cell growth. Alternatively, MRE-2f may be a target for
another Myb-like transcription factor which also represses
basal transcription of the ap65-1 gene. In a previous study (29),
a maize Myb protein, C1, was also found to bind two separate
sites on an al promoter with different affinities in vitro, but
either one of these sites was also sufficient for C1-mediated a/
gene activation in vivo.

The preference of Mybl in selecting a target site(s) in vivo
was further complicated by the presence of three potential
Mybl1 entry sites on the ap65-1 promoter (Fig. 7A). As re-

vealed by RNA expression analysis (Fig. 6), Myb1 may regulate
ap65-1 transcription via repression or activation of transcrip-
tion in iron-depleted cells at different growth stages (Fig. 6).
These antagonistic actions were correlated with differential
promoter selection (Fig. 7), which in turn may allow Mybl to
alter local promoter structures and/or to interact with different
transcription factors in performing distinct transcriptional reg-
ulation activities when the environment changes. This specu-
lation remains to be studied. Nonetheless, Myb1’s roles in
ap65-1 transcription, as defined herein (Fig. 6), are consistent
with the roles of its preferred targeting site, MRE-1/MRE-2r,
in regulating the transcriptional activity of the ap65-1 promoter
reporter gene (Fig. 1B). Temporary repression of basal tran-
scription by Mybl appears to be a key step by which the
parasite controls expression of the ap65-1 gene in a new host
environment or during periods of iron limitation. This activity
may be sustained until the iron supply or the amount of an-
other favorable factor(s) increases.

As predicted by our results, increased nuclear Myb1 as an
effect of the action of iron (Fig. 3B) results in diminished
iron-inducible ap65-1 transcription (Fig. 6); however, this pre-
diction is contradictory to the fact that iron enhances ap65-1
transcription (35). It is likely that additional Myb proteins that
also target MRE-1/MRE-2r or MRE-2f may counteract the
actions of Mybl to promote iron-inducible ap65-1 transcrip-
tion. The myb2 gene, which encodes a Myb2 protein targeting
the MRE-2r moiety of MRE-1/MRE-2r as well as MRE-2f
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(J. H. Tai, unpublished observation), is one of the candidates
which can be used to test this hypothesis. The notion that
multiple Myb proteins may participate in ap65-1 transcription
in coordination or in competition is in contrast to the actions of
vertebrate A-Myb, B-Myb, and c-Myb, which exhibit similar
DNA binding specificities but transactivate distinct sets of en-
dogenous genes in animal cells (19, 28).

In summary, we have identified and characterized a gene-
specific transcription factor, Mybl, in 7. vaginalis and showed
that Myb1 probably critically regulates multifarious transcrip-
tion of the ap65-1 gene. Information derived from this study
will allow us to further investigate not only the signaling path-
way leading to the activation of Myb1 but also the target genes
regulated by Mybl in this parasite.
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