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Iron-inducible transcription of a malic enzyme gene (also reputed to be ap65-1) in Trichomonas vaginalis was
previously shown to involve a Myb1 repressor and a Myb2 activator, each of which may preferentially select two
closely spaced promoter sites, MRE-1/MRE-2r, which comprises overlapping promoter elements, and MRE-2f.
In the present study, an iron-inducible ~32-kDa Myb3 nuclear protein was demonstrated to bind only the
MRE-1 element. Changes in the iron supply, which produced antagonistic effects on the levels of Myb2 and
Myb3 expression, also resulted in temporal and alternate entries of Myb2 and Myb3 into the ap65-1 promoter.
Repression or activation of basal and iron-inducible ap65-1 transcription was detected in transfected cells
when Myb3 was, respectively, substantially knocked down or overexpressed. In the latter case, increased Myb3
promoter entry was detected with concomitant decrease in Myb2 promoter entry under specific conditions,
while Myb3 promoter entry was inhibited under all test conditions in cells overexpressing Myb2. In contrast,
concomitant promoter entries by Myb2 and Myb3 diminished in cells overexpressing Mybl1, except that Myb3
promoter entry was slightly affected under prolonged iron depletion. Together, these results suggest that Myb2
and Myb3 may coactivate basal and iron-inducible ap65-1 transcription against Myb1 through conditional and

competitive promoter entries.

Trichomonas vaginalis is one of the most prevalent sexually
transmitted human pathogens. It poses an imminent threat to
public health because the protozoan infection is a risk factor in
transmission of the human immunodeficiency virus (30). The
parasite inhabits only the human urogenital tract where it
exists as a trophozoite without an alternate life stage to escape
challenges from immune surveillance and rapid changes in the
host environment. The iron supply, which may periodically
vary to a great extent in the human vagina, is the principal
determinant in modulating expression of multiple virulence
phenotypes, such as cytoadherence, phenotypic variation, and
resistance to complement lysis, for 7. vaginalis (1-3, 10). The
roles of iron in regulating transcription, phosphorylation, and
trafficking of some of the virulence factors have been well
documented (1, 10, 32), providing a sound basis for studying
the molecular mechanisms leading to iron-activated virulence
expression.

In contrast to its simple life cycle, the parasite is reputed to
have an exceedingly large genome, carrying nearly 60,000
monocistronic genes (7). Only a few of them contain introns (7,
33), suggesting that regulation of transcription initiation prob-
ably plays a primary role in the parasite’s ability to adapt to and
survive hostile host environments. In this regard, 7. vaginalis
may use a conserved initiator-like DNA sequence as the sole
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core promoter element to initiate transcription of most of its
protein-coding genes (7, 17). This initiator element binds
IBP39, a novel initiator binding protein, which also interacts
with the C-terminal domain of RNA polymerase II (18, 28). In
contrast to the assortments of multiple core promoter ele-
ments and their complicated interactions with numerous tran-
scription factors in eukaryotic model systems (12, 21, 29), over-
simplified DNA-protein and protein-protein interactions
centered on the core initiator element imply that the parasite
may have evolved unique transcription machinery, which may
rely heavily on gene-specific transcription apparatus to control
the transcription efficiencies of myriad protein-coding genes in
a rapidly changing environment.

In T. vaginalis, several novel promoter distal elements have
been identified in two protein-coding genes, a-scs and ap65-1
(16, 32), implying that gene-specific transcription in the para-
site may also exhibit unusual features. For example, two dis-
crete Myb protein-recognition sites, MRE-1/MRE-2r and
MRE-2f, which are interspersed among several closely spaced
DNA elements in the iron-responsive promoter region (—132
to —37 nucleotides from the transcription initiation site) of a
malic enzyme gene (also reputed to be ap65-1), which encodes
a 65-kDa hydrogenosomal malic enzyme that might have an
ambiguous role in the cytoadherence of the parasite (4, 13),
were demonstrated to play crucial roles in temporal and iron-
inducible ap65-1 transcription (24-26, 32). MRE-1/MRE-2r
and MRE-2f share similar but oppositely oriented DNA se-
quences, each of which is also the target site for several distinct
Myb-like proteins (24-26). Two of these DNA-binding pro-
teins, Myb1l and Myb2, which were identified by Southwestern
library screening using a probe with concatenated MRE-2f
sequences (25), were found to pose antagonistic actions on
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TABLE 1. Sequences of oligonucleotides used in this study

Purpose Oligonucleotide Oligonucleotide sequence (5’ to 3")
RT-PCR
myb3-f TCATAATTTTTTCGTATATGGGCAAAAAC
myb3-r TTGTCAAGCGCAATGGGAGTGATC

Plasmid construction”
ha-myb3-hind3-5'

AAAGCTTTACCCATACGATGTTCCAGATTACGCTCTTATGGGCAAA

AACTGGACCGC

ha-myb3-ndel-3’
as-myb3-5'-ndel
as-myb3-3’-hind3
ap65-1-3'utr-sac2-5'
ap65-1-3'utr-nsil-3’
myb3-sall-5’
myb3-not1-3’
ap65-2.2-sac2-5’
ap65-2.2-3ha-bgl2-3’

ACATATGGCCATAGGTACCATAGATGCG
ACATATGCATAATTTTTTCGTATATGGGC
AAAGCTTGGAAAAATACAGAAAAGAGTG
ACCCCGCGGCAAGTACCTCATCGACAACG
ACCAATGCATACTAGTGATTTAAATTAAGAAAGC
AGTCGACATGGGCAAAAACTGGACCGCT
AGCGGCCGCTTAAAATTTAGCAAAAGCAAC
AACCGCGGCGAATCTATATCTTATGTACAGTTTGG
AAGATCTAAGAGCGTAATCTGGAACATCGTATGGGTAAAGAGCGT

AATCTGGAACATCGTATGGGTAAAGAGCGTAATCTGGAACATC
GTATGGGTAGACTGAAGATGTGAGCAT

“ The sequence of the restriction enzyme site as indicated in the name is underlined.

basal and iron-inducible transcription of the ap65-1 gene
through dual recognition and differential promoter selection
toward the MRE-1/MRE-2r and MRE-2f sites (24, 25).

The Myb family of transcription factors in vertebrates com-
prises three members, c-Myb, A-Myb, and B-Myb, with three
conserved and repetitive DNA-binding domains reputed to be
R1R2R3. They display similar DNA-biding specificities but
regulate transcription of different subsets of genes in distinct
cell types (9, 15, 22, 27). In contrast, the Myb family in 7.
vaginalis, like that in Arabidopsis thaliana (31), is composed of
over 100 members, with the consensus DNA-binding domains
divided mainly into the R1R2R3, R2R3, and single-repeat
subfamilies (H. W. Liu and J. H. Tai, unpublished data). It is
intriguing why and how this simple protozoan that does not
normally undergo differentiation uses so many distinct Myb
proteins for transcription.

In the present study, a myb3 gene was identified by South-
western library screening using a probe with concatenated
MRE-1/MRE-2r sequences. Myb3 was demonstrated to bind
DNA in a context confined primarily to the MRE-1 moiety of
the MRE-1/MRE-2r overlap. Myb3 was found to activate basal
and iron-inducible ap65-1 transcription while also exhibiting
temporal and differential promoter entry in a manner different
from that of Myb2. A conditional competition for promoter
entry between Myb2 and overexpressed Myb3, or vice versa,
was observed, whereas concurrent entries of Myb2 and Myb3
diminished under most situations when Mybl was overex-
pressed, suggesting that Myb2 and Myb3 may coordinate to
activate ap65-1 transcription in competition with Mybl for
promoter entry.

MATERIALS AND METHODS

Cultures. T. vaginalis T1 cells were maintained as previously described (32).
Tron repletion or depletion was achieved with the respective addition of 250 uM
of ferrous ammonium sulfate or 50 uM of 2,2'-dipyridyl, an iron-chelator, in
normal growth medium. A Myb2-overexpressing cell line was obtained as de-
scribed in a previous study (24).

DNA transfection and selection of stable transfectants. Plasmids were elec-
troporated into 7. vaginalis for paromomycin selection of stable transfectants,
and cloned cell lines were established as previously described (26).

Oligonucleotides. Sequences of the oligonucleotides used in the present study
are listed in Table 1 unless they were reported previously elsewhere (24, 25).

Screening of DNA-binding proteins. A concatenated ?P-labeled double-
stranded DNA probe, mre-1/2r, which is derived from the sequence spanning the
MRE-1/MRE-2r region (see Fig. 3 for the iron-responsive [IR] sequence), was
used for Southwestern library screening as described previously (25, 34).

Cloning of the genomic myb3 gene. The sequence flanking 5 of the myb3 gene
was amplified from a T. vaginalis T1 genomic DNA library (25) by PCR analysis
using the primer pair T3 and myb3-3’-2. The amplified DNA was then cloned
into pGEM_T Easy to produce a recombinant plasmid, pTAmyb3, as described
by the supplier (Promega).

Construction of T. vaginalis expression plasmids. For myb3 expression knock-
down, an antisense DNA fragment spanning the myb3 coding region was ampli-
fied from genomic DNA using the primer pair as-myb3-5'sac2 and as-myb3-
3’hind3 and was cloned into pGEM_T Easy to produce pTAas-myb3. A DNA
fragment spanning the 3’ untranslated region of the ap65-1 gene was amplified
from genomic DNA using the primer pair ap65-1-3"utr-sac2 and ap65-1-3'utr-
nsil. The DNA was then cloned into pGEM_T Easy to generate pTA-AP65-1-
1-3"utr. The HinDIII/Sacll insert from pTAas-myb3 and the SacII/Nsil insert
from pTA-AP65-1-1-3'utr were ligated with the HinDIII/Nsil predigested
PAP65-2.1-ha-myb2/TUBneo (24) to generate pAP65-2.1-as-myb3/TUBneo (see
Fig. 4A).

For expression of a hemagglutinin (HA)-tagged Myb3, a DNA fragment span-
ning the myb3 coding region was amplified from genomic DNA by PCR using the
primer pair ha-myb3-hind3-5" and myb3-sac2-3’ and was cloned into pGEM_T
Easy to produce pTA-ha-Myb3. The HinDIII/Sacll fragment from pTA-ha-
Myb3 and the SaclI/Nsil fragment from pTA-AP65-1-3'utr were cloned into
HinDIII/Nsil-restricted pAPm(MRE-1) (24), which harbors a mutated ap65-1
promoter with disruption of the Myb3-binding MRE-1 site to generate pAPm-
(MRE-1)-ha-myb3 (see Fig. 5A).

For stable HA-Myb1 overexpression in 7. vaginalis, a shorter version (—160/
+22) of the ap65-2.1 promoter was amplified from pTA-AP65-2.1 (24) using the
primer pair ap65-2.2-sac2-5' and ap65-2.2-3ha-bgl2-3’ and was cloned into
pGEM_T Easy to generate pTA-AP65-2.2. The Sacll/BgIII fragment from pTA-
AP65-2.2 and the BglII/Nsil fragment from pFLPha-myb1 (25) were ligated with
a Sacll/Nsil-restricted pAP65-1luc+/TUBneo (26) vector backbone to produce
PAP65-2.2.ha-myb1/TUBneo (see Fig. 7A).

Northern hybridization. Cellular RNA was extracted from 7. vaginalis by
TRIzol (Invitrogen), and mRNA was further purified by oligo(dT) cellulose
column chromatography. Probe labeling and Northern hybridization were per-
formed as previously described (25). The [a-**P]dCTP-labeled myb3 DNA probe
was synthesized from a pTA-myb3 template.

Reverse transcriptase qQPCR (RT-qPCR). Expression of the ap65-1, mybl,
myb2, myb3, and B-tubulin genes was examined by reverse transcription of total
RNA followed by PCR as previously described (24, 25), except that the relative
level of a cDNA species versus B-tubulin cDNA was determined by real-time
quantitative PCR (qPCR) using a SYBR Green I Master kit and LightCycler 480



364 HSU ET AL.

EUKARYOT. CELL

1
* * b
c-Myb DBDGK TR|ZER ESE KK KFRYE O N G T DD K NAFYN v P NESD vielc 0 HEG O VIINEEL
Myb3 MGKN TV EMMRERYR - K Y GRQUNNAENS H MK DESYA S[ov L AU F I CD}g
Mybl === r= smmmsm s mnmins = = MMFDGLSESGFAAAIGAGSLLPCDGVTKKKNNVIKVK
Myb2 ----- MTGYEKGPVIPPHDMQNNMEPINTLPGIPEYPMEYNPQSVQVNLKAAKKQK

JgF - - - - - - - - - - - -

WMKEDTP TDV)RPAPFSES - -TLL§- - PSR
WRP---LENIRPISLTVQESSFAFVDTDY

Myb3 LNSPAPPI PGN STPGAFGGLITPIALDNSPVANLQCVAFAKF

Mybl NQFDLWNDFS

Myb2 = sismm= & & Sisem S & 5 5 S

FIG. 1. Myb3 sequence conservation. The protein sequences of Myb3 (EU(094478), Myb1 (AY948338), and Myb2 (AY948337) in the T.
vaginalis T1 isolate were aligned with the RIR2R3 DNA-binding domains (DBD) of the human c-Myb (CAF04477). Conserved amino acids
are highlighted. A putative nuclear localization signal in Myb3 sequence is boxed. The conserved tryptophan (W) residues interspersed in
R1R2R3 are indicated with asterisks. The reputed strong (circles) and weak (inverted triangles) base-contacting amino acids in c-Myb (23)

are indicated.

as described by the supplier (Roche). myb3 cDNA was amplified using the primer
pair myb3-f and myb3-r (Table 1), annealed at 55°C. Primer pairs and annealing
temperatures used for the amplifications of other cDNA species were reported
previously elsewhere (24, 25).

Expression of rMyb3. To produce His-tagged recombinant Myb3 (rMyb3), the
myb3 coding region was amplified from genomic DNA by PCR using the primer
pair myb3-sall-5' and myb3-notl-3’ and was cloned into pGEM_T Easy to
produce pTAmyb3. The Sall/NotlI fragment from pTAmyb3 was cloned into
pET28b (Novagen) predigested with Sall and NotI to produce pET28/Myb3.
Escherichia coli strain BL21-CodonPlus(DE3)-RIL (Stratagene) was trans-
formed with pET28b/Myb3 for the production and purification of rMyb3 as
described by the supplier (Novagen).

Antibody production. Purified soluble rMyb3 was used for rabbit immuniza-
tion using a standard protocol (11). The antiserum was purified by protein A
affinity chromatography as described by the supplier (Sigma).

Western blotting. The cytoplasmic and nuclear fractions of T. vaginalis lysate
were prepared using a cellular fractionation kit, NE-PER, as described by the
supplier (Pierce). The Western blot assay was performed as previously described
(25). The reaction conditions for the primary antibodies from commercial
sources, including the mouse monoclonal anti-a-tubulin antibody (5,000X;
DM1A, Sigma), rabbit monoclonal anti-acetyl-histone H3(Lys9) (3,000%; Up-
state), rat monoclonal anti-HA antibody (2,000X; 3F10, Roche), and His, mono-
clonal antibody (10,000x; Clontech), were as described by the supplier. The
Mybl, Myb2, Myb3, and AP65 proteins were detected by rabbit anti-Mybl
(1,000x), anti-Myb2 (2,000x) and anti-Myb3 (2,000X) and mouse monoclonal
anti-malic enzyme antibody 15D7 (10,000X) (6), respectively. The enhanced
chemiluminescence system was used for signal detection as instructed by the
supplier (Pierce), and relative signal intensities were analyzed by MetaMorph
Offline, version 6.2r6 (Universal Imaging).

IFA. Subcellular localization of HA-Myb3 or the neomycin (NEO)-selective
marker was performed by an immunofluorescence assay (IFA) using the mouse
anti-HA monoclonal antibody (100X; HA-7, Sigma) or rabbit anti-NPT II anti-
body (800%; Upstate), respectively, as previously described (25).

Electrophoretic mobility shift assay (EMSA). Probe labeling and EMSA were
performed as previously described (24, 32). The signal intensity of the 3?P isotope
was measured using a Typhoon 9410 variable mode imager (Pharmacia).

ChIP. A chromatin immunoprecipitation (ChIP) assay was performed using
the anti-HA, anti-Myb2, and anti-Myb3 antibodies to pull down promoter
DNA as previously described (19, 24, 25), except that relative levels of
antibody-pulled-down DNA versus input DNA were determined by qPCR as
described above. Primer pairs and annealing temperatures used for the am-
plifications of different regions of the ap65-1 promoter were reported previ-
ously elsewhere (25).

RESULTS

Identification of an MRE-1/MRE-2r-binding protein. The
MRE-1/MRE-2r overlap in the ap65-1 promoter was previ-
ously demonstrated to be composed of multiple DNA ele-
ments crucial for iron-inducible ap65-1 transcription (24-26).
To identify the transcription factors targeting this site, a 7.
vaginalis cDNA expression library was screened using mre-1/
2r, a **P-labeled DNA probe, which contains multiple copies of
a concatenated MRE-1/MRE-2r sequence (IR sequence).
Screening of nearly 2 X 10° plaques resulted in three partial
cDNA clones, \c45, \c57, and \c73, that overlap within the
gene referred to as myb3. The 5’ and 3’ sequences of Ac73
cDNA were extended by the PCR amplifications of respective
DNA fragments from a genomic DNA library. The sequence
analysis revealed the full-length myb3 gene, which carries an
open reading frame encoding 250 amino acid residues (Fig. 1),
with a size estimated to be 28 kDa and a pl value of 9.66. The
protein sequence comprises N-terminal-conserved R1R2R3
DNA-binding domains of the Myb protein family and a unique
C-terminal sequence, which contains a small motif rich in basic
amino acid residues (168RSKKRK173) resembling the classi-
cal nuclear localization signals (5, 14). The R1R2R3 domains
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FIG. 2. Expression of the myb3 gene in T. vaginalis. (A) Ten mi-
crograms of mRNA purified from 7. vaginalis was examined by North-
ern hybridization using an [«-**P]dCTP-labeled DNA probe derived
from pTAha-myb3. A low-molecular-weight RNA ladder was used as
the size marker (Invitrogen). (B) Relative levels of myb3 versus
B-tubulin mRNA in 10 g of cellular RNA from T. vaginalis with iron
depletion (open bars) and iron repletion (closed bars) for 8 and 18 h
were assayed by RT-qPCR. (C to E) Lysate from 7. vaginalis in normal
growth medium (C) or medium with iron depletion (—) or repletion
(+) (D and E) was examined by Western blotting. Myb3 (C) or relative
levels of Myb3 versus a-tubulin (a-Tub) (D and E) in samples from
total lysates (T), nuclear fractions (N), or cytoplasmic fractions (Cp) of
T. vaginalis exposed to iron depletion (D, lanes 1 to 4, and E, lanes 1
to 3) and iron repletion (D, lanes 5 to 8, and E, lanes 4 to 6) for
different time periods (D) and for 16 h (E) were examined by Western
blotting (top) using the antibodies against Myb3, cytosolic malic en-
zyme (cME), acetyl-histone H3 (AcH3K9), and a-Tub. The levels of
Myb3 in the cytoplasmic fractions were relative to the levels of cME.
The results depicted in bar graphs are the averages * the standard
error from three separate experiments.

in Myb3 reveal ~50% sequence identity to those in the human
c-Myb, with complete conservation of all base-contacting
amino acid residues (23), but its R2ZR3 domains reveal ~42%
identity to those of T. vaginalis Mybl or Myb2, with less con-
servation in the base-contacting amino acid residues. Other-
wise, Myb3 shows little sequence homology to Myb1 and Myb2
outside of the R2R3 domains.

Temporal and iron-inducible myb3 expression. The myb3
gene was expressed as a 1.3-kb mRNA species in 7. vaginalis as
revealed by Northern hybridization (Fig. 2A). The expression
level of myb3 mRNA in cells as examined by RT-qPCR was
approximately threefold higher in samples that had iron de-
pletion for 18 h than in samples that had iron depletion for 8 h
and was approximately three- or twofold higher under iron-
replete conditions than under iron-depleted conditions for 8 or
18 h, respectively (Fig. 2B). A major ~32-kDa band was de-
tected in cell lysate from 7. vaginalis by Western blotting using
the anti-Myb3 antibody (Fig. 2C). The Myb3 signal intensity
increased from an initial low level at 8 h to a fivefold-higher
level at 16 h and gradually declined to the original low level
toward the stationary phase. In this time period, an approxi-
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mately twofold-higher intensity in iron-replete than in iron-
depleted samples was detected, except at the final stage of cell
growth (Fig. 2D). On a duplicate blot, the intensity of a-tubu-
lin showed little variation. None of these protein bands was
detected using the preimmune serum (data not shown). The
subcellular distribution of Myb3 in samples from 16-h cultures
was studied by Western blotting. Myb3 was detected as doublet
bands upon prolonged electrophoresis. The faster-migrating
band was detected mainly in the cytoplasmic fractions, more in
iron-depleted than in iron-replete samples, and the slower-
migrating one was detected mainly in the nuclear fractions
(Fig. 2E). The purity of the cellular fractions was validated by
the presence of a 50-kDa cytosolic malic enzyme (8) only in the
cytoplasmic fractions and an 18-kDa acetyl histone H3 and a
55-kDa «a-tubulin only in the nuclear fractions.

Myb3 DNA-binding specificity. Using EMSA, as little as 5 ng
of purified rMyb3 (Fig. 3A) was sufficient to form multiple
complexes with a *’P-IR probe, which contains the MRE-1/
MRE-2r sequence, but not for **P-IR3’ with the MRE-2f se-
quence (Fig. 3B). The DNA-binding specificity was tested in
competition assays using a 250X molar excess of IR or a series
of mutated sequences as previously described (24) (Fig. 3C).
IR completely competed for the complexes, but they were
removed only partially by some of the mutant competitors. The
signal intensities of the complexes in individual reaction mix-
tures were measured, revealing that rMyb3 interacts with the
core DNA sequence, TAACGA, which resembles the target
site of the reputed MRE-1-binding proteins (26). Sequences
flanking the core may also contribute to optimizing interac-
tions between Myb3 and MRE-1.

The DNA-binding activity of Myb3 in nuclear lysate was
examined using a **P-mIR probe, which has mutations in IR to
disrupt the binding of MRE-2r-binding proteins (32). A major
DNA-protein complex and two minor, more slowly migrating
ones were detected in the binding reaction mixtures including
10 wg of nuclear lysate and **P-mIR (Fig. 3D, top). A 250X
molar excess of mIR fully competed for the complexes, and
they were proportionally removed with an increasing amount
of the anti-Myb3 antibody but not of normal rabbit serum. In
contrast, the complexes formed in the reactions including 10
pg of nuclear lysate and **P-IR were not affected by the anti-
Myb3 antibody (Fig. 3D, bottom), but the more slowly migrat-
ing one was removed by the anti-Myb2 antibody, suggesting
that Myb2 and other MRE-2r-binding proteins, which interact
with 3?P-IR (24), may outcompete Myb3 in binding to the
MRE-1/MRE-2r overlap.

Myb3 knockdown. To knock down Myb3 expression, 7. vagi-
nalis was transfected with pAP65-2.1-as-myb3 (Fig. 4A), with
greater than 90% of transfected cells expressing the NEO-
selective marker as detected by IFA using an anti-NPTII an-
tibody (data not shown). Protein expression in 7. vaginalis was
then assayed by Western blotting (Fig. 4B). The level of Myb3
as detected by the anti-Myb3 antibody was much lower in
samples from transfected than nontransfected cells, with a
nearly complete knockout or 90% knockdown observed in
samples from 8 or 18 h, respectively, while expression of Mybl1,
Myb2, or a-tubulin was not affected. Basal expression levels of
AP65, as defined by the expression level of the ap65-1 gene
under iron depletion for 8 h (25), were similar in samples from
transfected cells and nontransfected cells. Threefold increases
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FIG. 3. Myb3 DNA-binding specificity. (A) Soluble (lanes 1 and 3) and insoluble (lanes 2 and 4) fractions of lysates from rMyb3-expressing E. coli and
purified rMyb3 (lane 5) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a 12% gel and stained with Coomassie blue (lanes 1,
2, and 5) or Western blotting using an anti-His, antibody (lanes 3 and 4). (B) One nanogram (lanes 1 and 4), 5 ng (lanes 2 and 5), or 25 ng (lanes 3 and 6) of
rMyb3 was incubated with y**P-IR (lanes 1 to 3), which spans MRE-1/MRE-2r, or y**P-IR3’ (lanes 4 to 6), which spans MRE-2f. Free and bound probes are
indicated by an arrow and arrowheads, respectively. (C and D) Five nanograms of rMyb3 (C, lanes 2 to 15) or 10 pg of nuclear extract (NE; D, lanes 2 to 9,
top, and lanes 2 to 12, bottom) was incubated with y**P-IR (C, lanes 1 to 15; D, bottom panel, lanes 1 to 12) or y**P-mIR (D, top panel, lanes 1 to 9). A 250x
molar excess of the IR competitor (Comp.) or a series of mutant competitors (C, lanes 4 to 15, and D, lane 3), each with a single point mutation as indicated
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average signal intensities of the complexes in each reaction mixture from three experiments are depicted below. (D) Normal rabbit serum (NRS) (lanes 4 to 6),
an anti-Myb3 (a«-Myb3) (lanes 7 to 9), or an anti-Myb2 («-Myb2) antibody (bottom, lanes 10 to 12) with increasing amounts (1, 2, and 4 pl for NRS and a-Myb3,
1/32, 1/16, and 1/8 wl for a-Myb2) was included in the reaction mixture. The y**P-mIR-protein complexes in the top panel are indicated by arrowheads. The
complex of y**P-IR-Myb2 in the bottom panel is indicated by a closed triangle. The sequence of the mIR probe is listed, with the mutated residues boxed. The
reaction mixtures were separated on 10% polyacrylamide gels by electrophoresis.
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FIG. 4. Myb3 knockdown in T. vaginalis. (A) In pAP65-2.1as-myb3,
the ap65-2 proximal promoter (AP65-2.1) drives an antisense myb3
gene, and the B-tubulin (TUB) proximal promoter drives the neo gene,
a selective marker. (B and C) T. vaginalis T1 (lanes 1, 2, 5, and 6) and
transfected cells (lanes 3, 4, 7, and 8) were cultured under iron-de-
pleted (open bars; lanes 1, 3, 5, and 7) and iron-replete (closed bars;
lanes 2, 4, 6, and 8) conditions for 8 h (lanes 1 to 4) and 18 h (lanes 5
to 8). (B) Total cell lysates were analyzed by Western blotting using the
antibodies against Myb1, Myb2, Myb3, AP65, and a-tubulin (a-Tub).
Relative levels of Myb3 or AP 65 versus a-Tub are depicted in the
bottom panel. (C) Relative levels of ap65-1 versus B-tubulin mRNA in
10 wg RNA from myb3 knockdown (as-myb3) or nontransfected 7.
vaginalis with iron depletion (open bars) or iron repletion (closed bars)
for 8 or 18 h were analyzed by RT-qPCR. The results depicted in bar
graphs are the averages = the standard error from three separate
experiments.
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in growth-related expression, as defined by relative expressions
levels under iron depletion for 18 versus 8 h, remained similar
for transfected and nontransfected cells. Iron-inducible expres-
sion, as defined by relative levels of AP65 under iron repletion
versus iron depletion for 8 and 18 h that were three- and
twofold, respectively, in nontransfected cells, was abolished in
transfected cells.

Since the ap65 gene family is composed of multiple mem-
bers with homologous coding regions but divergent promot-
ers (25), transcription of the ap65-1 gene in the knockdown
parasite was examined by RT-qPCR (Fig. 4C). Basal expres-
sion of ap65-1 mRNA in transfected cells was approximately
twofold lower than that in nontransfected cells. Growth-
related expression that was threefold in nontransfected cells
changed slightly in transfected cells. Iron-inducible ap65-1
transcription at 8 h that was 3.5-fold in nontransfected cells
was slightly repressed to an approximately twofold level in
transfected cells. The repression was more severe by 18 h
from an approximately twofold increase in nontransfected
cells to only a ~20% increase in transfected cells. The levels
of mybl and myb2 mRNA remained similar in the knock-
down parasite and nontransfected cells (data not shown).
No signal was detected if RT was omitted from RT-qPCR
(data not shown). Together, these observations suggest that
Myb3 is a transcription activator, which plays a significant
role in basal and iron-inducible transcription of the ap65-1
gene at 8 and 18 h, respectively.

Myb3 overexpression. 7. vaginalis was transfected with a
plasmid, pAPm(MRE-1)-ha-myb3, to overexpress HA-Myb3
(Fig. 5A), with greater than 80% of transfected cells expressing
detectable NEO as examined by IFA using the anti-NPTII
antibody (data not shown). Due to a very low expression level,
a weak HA-Myb3 signal was detected only in the nuclei of
a small fraction of transfected cells by IFA using a mouse
anti-HA monoclonal antibody (Fig. 5B).

A ~33-kDa band was detected by Western blotting in samples
only from transfected cells, using a rat anti-HA antibody when
protein samples were overloaded (Fig. 5C, left). This band, along
with a ~32-kDa band, was detected by the anti-Myb3 antibody,
which detected only endogenous Myb3 in samples from nontrans-
fected cells (Fig. 5C, right), suggesting that the addition of the HA
tag changes the mobility of overexpressed Myb3 in sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis. The signal intensity
of HA-Myb3 as detected by the anti-Myb3 antibody in samples
from transfected cells was threefold higher than that of endoge-
nous Myb3 in samples from nontransfected cells as normalized by
the expression levels of a-tubulin in these samples (Fig. 5C, right).
Expression of endogenous Myb3 in transfected cells was substan-
tially diminished compared to that in nontransfected cells (Fig.
5D; see 7D).

Expression of HA-Myb3 in transfected cells was iron-
inducible and growth-related as was endogenous Myb3 in
nontransfected cells (Fig. 5D). Basal expression of AP65
was threefold higher in transfected cells than in nontrans-
fected cells. Growth-related expression that was detected in
nontransfected cells at a twofold level was slightly repressed
in transfected cells. Iron-inducible expression that was higher
in transfected cells than in nontransfected cells at 18 h was
repressed in transfected cells at 8 h.

The effect of HA-Myb3 overexpression on ap65-1 transcrip-
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FIG. 5. Overexpressmn of HA-Myb3 in T. vaginalis. (A) In pAPm(MRE-1)-ha-myb3, a mutated ap65-1 promoter, m(MRE-1) (22), drives
expression of an HA-tagged myb3 gene, and the B-tubulin (TUB) promoter drives the neo gene, a selective marker. (B) HA-Myb3 in T. vaginalis

T1 (top row) and transfected cells (bottom row) was detected by IFA

using a mouse anti-HA-antibody (100X dilution). The nucleus was stained

with DAPI (4',6-diamidino-2-phenylindole). (C) Total lysates of T1 (lanes 1 and 3) and transfected cells (lanes 2 and 4) of 10° (lanes 1 and 2), 2 X
10° (lanes 3 and 4, top), and 4 X 10* (lanes 3 and 4, middle) were loaded, respectively, for the detection of the HA-Myb3 (arrowhead or closed
bar), endogenous Myb3 (arrow or open bars), and a-tubulin (a-Tub) by Western blotting using respective antibodies as indicated. (D) Total lysates
from T1 (lanes 1, 2, 5, and 6) and transfected cells (lanes 3, 4, 7, and 8) with iron depletion (open bars; lanes 1, 3, 5, and 7) and iron repletion
(closed bars; lanes 2, 4, 6, and 8) for 8 h (lanes 1 to 4) and 18 h (lanes 5 to 8) were examined by Western blotting. (E) Relative levels of ap65-1
versus B-tubulin mRNA in 10 pug RNA from myb3 overexpression (ha-myb3) or nontransfected T. vaginalis with iron depletion (open bars) or iron
repletion (closed bars) for 8 or 18 h were analyzed by RT-qPCR. The results depicted in bar graphs are the average * the standard error from

three separate experiments.

tion was examined by RT-qPCR (Fig. SE). The basal ap65-1
mRNA level was 2.5-fold higher in samples from transfected
cells than from nontransfected cells. The increased basal ex-
pression has a direct impact on measuring the level of growth-
related transcription, which was reduced from a threefold level
in nontransfected cells to a 1.4-fold level in transfected cells.
Similarly, iron-inducible transcription at 8 h was reduced from
a 3.5-fold level in nontransfected cells to a 1.8-fold level in
transfected cells. In contrast, the level of inducible transcrip-
tion was slightly higher in transfected cells than in nontrans-
fected cells at 18 h. No signal was detected if RT was omitted
from RT-qPCR (data not shown).

Differential promoter entries by Myb3 and Myb2. The entire
ap65-1 promoter contains three clusters of two closely spaced
MRE-1/MRE-2r- and MRE-2f-like sequences (Fig. 6A). The
promoter selection by HA-Myb3 in transfected cells toward
these regions was examined by ChIP using the anti-HA anti-
body (Fig. 6B). HA-Myb3 was associated with region I to
similarly low levels in samples under iron repletion for 8 h and
in those under iron depletion for 18 h. A fourfold-higher entry

level was observed in samples under iron depletion for 8 h than
in those under iron depletion for 18 h, and a ~2.3-fold-lower
entry level was detected in samples under iron repletion for 8 h
than in those under iron repletion for 18 h. HA-Myb3 selected
region III with a twofold-higher level in samples under iron
depletion than in those under iron repletion for 8 h, but this
difference was not detected in samples treated for 18 h. Its
selection of region II was less affected by changes in growth
conditions. No PCR product was obtained from region IV
(data not shown). None of the DNA fragments was amplified
in samples pulled down by the normal mouse serum (data not
shown).

Concomitant promoter entries by Myb2 and Myb3 were
examined in nontransfected cells by ChIP using the anti-Myb2
and anti-Myb3 antibodies, respectively (Fig. 6C). Myb3 was
associated with region I at similarly low levels under iron re-
pletion for 8 h and iron depletion for 18 h. The entry level was
four- or ~3.5-fold higher in cells under iron depletion for 8§ h
or iron repletion for 18 h, respectively. Myb3 selected region
III with a similar preference, but with less-than-twofold differ-
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FIG. 6. Differential promoter entries by Myb2 and Myb3 in T.
vaginalis. (A) The organization of the entire ap65-1 promoter is de-
picted. The MRE-1-like (ovals), MRE-2r-like (left-pointing triangles),
and MRE-2f-like (right-pointing triangles) elements in the ap65-1 pro-
moter are depicted in the top panel. Small arrows indicate the primer
pairs used in the qPCR to amplify regions I, II, III, and IV as defined
previously (25). Samples from HA-Myb3 overexpressing cells (B) or
nontransfected cells (C) under iron-depleted (open bars) and iron-
replete (closed bars) conditions for 8 h (left) and 18 h (right) were
evaluated by ChIP using the anti-HA (B) or anti-Myb3 and anti-Myb2
antibodies (C). Relative levels of DNA pulled down by each antibody
versus input DNA were determined by qPCR. In panel B, the lowest
level of HA-Myb3 promoter entry under iron depletion for 18 h was
considered 1 to illustrate relative promoter entry levels under other
conditions. In panel C, the lowest levels of Myb3 and Myb2 promoter
entry under iron depletion for 18 and 8 h, respectively, were consid-
ered 1 to illustrate the relative promoter entry levels under other
conditions. The results are the average = the standard error from
three separate experiments.

ences, and its selection of region II was refractory to changes
in growth conditions. In contrast, Myb2’s entry into all three
regions reached similarly low levels under iron depletion for
8 h and iron repletion for 18 h but was 1.5- to threefold higher
under 8 h of iron repletion and 18 h of iron depletion. No PCR
product was obtained from region IV (data not shown). None
of the DNA fragments was amplified in samples pulled down
by normal rabbit serum (data not shown). Promoter entry by
endogenous Myb1 could not be studied due to the incompe-
tence of the anti-Myb1 antibody in ChIP.

Competitive Myb promoter entries. Competitive entries by
overall (overexpressed plus endogenous) Myb2 and Myb3 into
region I of the ap65-1 promoter in transfected versus nontrans-
fected cells were then examined by ChIP using the anti-Myb2
and anti-Myb3 antibodies, respectively (Fig. 7).

T. vaginalis was transfected with pAP65-2.2ha-myb1 (Fig.
7A) to overexpress HA-Myb1 in replacing the original unstable
pFLPha-mybl system (25). HA-Myb1 was detected in the nu-
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FIG. 7. Competitive promoter entries by multiple Myb proteins
in T. vaginalis. (A) In pAP65-2.2ha-myb1, the ap65-2.2 promoter
(AP65-2.2) drives a mybl gene with four copies of the HA tag, and
the B-tubulin (TUB) promoter drives the neo gene, a selective
marker. (B to D) Total lysates (left panel) or cells in a 50-ml culture
(middle and right) from 7. vaginalis T1 and transfected cells over-
expressing HA-Myb1 (ha-mybl) (B), HA-Myb2 (ha-myb2) (C), and
HA-Myb3 (ha-myb3) (D) under iron-depleted (open symbols) and
iron-replete (closed symbols) conditions for 8 and 18 h were eval-
uated by Western blotting using the anti-Mybl, anti-Myb2, anti-
Myb3, and anti-a-tubulin (a-Tub) antibodies (left) and by ChIP
(middle and right). Relative levels of DNA pulled down by the
anti-Myb2 and anti-Myb3 antibodies versus input DNA were deter-
mined by qPCR. The original levels of Myb2 and Myb3 promoter
entry in wild-type cells is considered 1 or 100% to illustrate the
relative Myb promoter entry levels in transfected cells. The results
are the average = the standard error from three separate experi-
ments. The data in each set of experiments were analyzed by anal-
ysis of variance. A significant difference (P < 0.05) in promoter
entry under the same situation in transfected versus wild-type cells
is indicated by an asterisk. (E) Competitive promoter entries by
Mybl, Myb2, and Myb3 into the MRE-1 (oval), MRE-2r (left-
pointing triangle), and MRE-2f (right-pointing triangle) sites in
region I of the ap65-1 promoter are depicted. The arrow with a solid
line indicates a primary entry site for Myb1, Myb2, and Myb3, and
the arrow with a broken line indicates the secondary entry site for
a defined Myb protein under iron repletion (+) or iron depletion
(=) for 8 or 18 h as indicated. The transcription activator and
repressor are depicted by open and closed symbols, respectively.
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cleus of greater than 95% of transfected cells by IFA using the
anti-HA-antibody (data not shown). Overexpression of HA-
Mybl1 also had little impact on expression levels of Myb2 and
Myb3 (Fig. 7B, left); however, overall Myb2 promoter entry in
transfected cells decreased by 50% or more (Fig. 7B, middle).
A concurrent decrease in Myb3 promoter entry to less than
50% of the original level was detected in all cases, except under
iron depletion for 18 h (Fig. 7B, right). Likewise, HA-Myb2
overexpression had little effect on Myb1 and Myb3 expressions
(Fig. 7C, left), but a 1.5- to 3.5-fold increase in overall Myb2
promoter entry (Fig. 7C, middle) was detected in transfected
cells, accompanied by a concurrent decrease by 50% or more
in Myb3 promoter entry (Fig. 7C, right). In cells overexpress-
ing HA-Myb3, the expression of Myb1 and Myb2 showed little
variation (Fig. 7D, left). Under iron repletion for 8 h or iron
depletion for 18 h, a fourfold increase in overall Myb3 pro-
moter entry was detected in transfected cells (Fig. 7D, middle),
while the concomitant Myb2 promoter entry diminished to
25% to 40% of the original level (Fig. 7D, right). Overall Myb3
promoter entry in transfected cells under iron depletion for 8§ h
or iron repletion for 18 h increased twofold (Fig. 7D, middle),
but Myb2 promoter entry was not affected under these situa-
tions (Fig. 7D, right).

DISCUSSION

We previously demonstrated that Myb1l and Myb2 of the
R2R3 subfamily and possibly a few more Myb proteins are
involved in temporal and iron-inducible transcription of the
ap65-1 gene in T. vaginalis (24, 25). How they coordinate in
regulating transcription can just now be appreciated with the
identification of Myb3, whose expression pattern, DNA-bind-
ing specificity, promoter selection mode, and potential func-
tions are distinguishable from those of Myb1 and Myb2. These
distinctions suggest that their actions may be monitored at
multicellular checkpoints, which in ap65-1 transcription are
likely interlaced to achieve a dynamic balance in accessing the
same promoter sites.

Myb3 is expressed in T. vaginalis as ~32-kDa doublet pro-
teins with differential distributions in the cytoplasm and nu-
cleus (Fig. 2), suggesting that Myb3 likely undergoes posttrans-
lational modification(s) before its nuclear import. A similar
phenomenon was observed for Myb1l and Myb2 (24, 25). Iron
that slightly enhances the nuclear import of Mybl1 exerts little
of a similar effect on Myb2 under our test conditions, implying
that the nuclear importation of respective Myb proteins is
likely activated through different signaling pathways to control
different phases of ap65-1 transcription or transcription of dis-
tinct gene subsets. The nuclear localization signal that func-
tions in 7. vaginalis has yet to be identified. In this regard,
Myb3 is a suitable model to study how active nuclear import is
achieved in this parasite as it has a putative nuclear localization
signal in its protein sequence (Fig. 1), but one does not appear
in that of Mybl or Myb2 (24, 25). Myb3 expression in T.
vaginalis varies within a much greater range than does Myb1 or
Myb2 either under physiological conditions or in the transgenic
systems (24, 25) (Fig. 2, 4, and 5), suggesting that the levels of
Myb1 and Myb2, but not that of Myb3, in T. vaginalis must be
maintained within a rather narrow window, perhaps to regulate
some vital genes.

EUKARYOT. CELL

Unlike the dual recognition of both MRE-1/MRE-2r and
MRE-2f by Mybl and Myb2 (24, 25), Myb3 recognized only
MRE-1, with a core sequence context closer to that of human
c-Myb than to that of Mybl or Myb2 (Fig. 1), perhaps due to
the strict conservation between Myb3 and human c-Myb in all
reputed base-contacting amino acids in DNA-binding domains
(23). A search of the T. vaginalis genome (7) and cDNA da-
tabases (http://tvxpress.cgu.edu.tw/) revealed two myb3-like
genes (those for 84370_m00120 and 88666_m00240), the open
reading frames of which preserve all base-contacting amino
acids found in Myb3. Analogous to Myb2-related proteins (25),
which share similar base-contacting amino acids and display
almost identical DNA-binding specificities (H. M. Hsu and
J. H. Tai, unpublished data), proteins encoded by myb3-like
genes may also have similar DNA-binding specificities.
Whether such Myb proteins can select the same promoter sites
under different situations, perhaps to suit various purposes, is
one of the intriguing questions to be addressed in an effort to
unravel how or whether they must be coordinated for proper
function.

Myb3 shares little sequence homology with Myb1l or Myb2
outside of the DNA-binding domains (Fig. 1), suggesting that
they may be composed of different functional motifs in the
divergent transactivation domains in order to carry out distinct
functions like the three Myb proteins in vertebrates (15, 22). In
this regard, Myb2 is an activator for multifarious transcription
of the ap65-1 gene under all test conditions (24), whereas
Mybl is a repressor in basal as well as iron-inducible transcrip-
tion but may activate temporal transcription (25). Myb3 ap-
pears to regulate only basal and prolonged iron-inducible tran-
scription as supported by the gene knockdown assay and its
preferential promoter selections (Fig. 4 and 6). Although basal
ap65-1 transcription was substantially increased when Myb3
was overexpressed, the synergistic effect was not seen in iron-
inducible transcription (Fig. 5), suggesting that Myb3 may
need a limiting coactivator to promote iron-inducible ap65-1
transcription. The role of Myb3 in temporal transcription as
detected in transfected cells is negligible (Fig. 4 and 5), as also
reflected by a substantial reduction in Myb3 promoter entry in
cells with prolonged versus short-term iron depletion (Fig. 6).
The roles of Myb3 as defined herein do not entirely conform to
those of the cis-acting MRE-1 element, which was previously
demonstrated to downregulate basal transcription but upregu-
late temporal as well as iron-inducible ap65-1 transcription
(24). Whether this discrepancy is due to competition by other
Myb3-related proteins for the same MRE-1 site remains to be
determined.

The most crucial step in Myb-mediated transcription of the
ap65-1 gene appears to be at the level of promoter selection,
which is not solely determined by the DNA-binding specificity
or gene expression pattern of respective Myb proteins (24, 25).
For example, promoter selection by Myb2 can be up- or down-
regulated in a temporal manner by iron, which can also repress
Myb2 expression (24). Myb2 seems to surpass Myb3 in its
abilities to bind to and enter MRE-1/MRE-2r (Fig. 3 and 7),
while Myb3 must also have an edge to enter this site (Fig. 6 and
7). Intriguingly, physiological conditions favoring Myb2 pro-
moter entry are unfavorable to the concomitant entry of Myb3
into the same region and vice versa (Fig. 6). This phenomenon
is explained only partially by a conditional competition be-
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tween Myb2 and HA-Myb3 in gaining access to MRE-1/
MRE-2r (Fig. 7). In conjunction with their DNA-binding spec-
ificities and expression profiles (24) (Fig. 2 and 3), the
conditional competition suggests that Myb2 may constitutively
select MRE-2f as the entry site, but it may additionally enter
MRE-2r as depicted in Fig. 7E to block the access of the
repressive Myb1 and boost iron-inducible transcription when
the Myb3 expression level is low in the early cell growth stage
(Fig. 2D). Under prolonged iron depletion, which favors the
expression of Myb2 (24), Myb2’s selection of MRE-2r may also
be responsible for growth-related transcription when Myb3
promoter entry is minimal (Fig. 6).

Apparently, promoter selections by Myb2 and Myb3 are
compounded by Mybl, which may initially select promoter
region I, but the selection may further extend to regions II and
III (25). When overexpressed, Myb1 not only inhibited Myb2
promoter entry under all test conditions but also inhibited
Myb3 promoter entry in most situations, except after pro-
longed iron depletion (Fig. 7B). In conjunction with Mybl
DNA-binding specificities (25), this exception implies that
Mybl likely selects MRE-1/MRE-2r as the main entry site to
block the promoter entry of Myb2 or Myb3 and repress iron-
inducible transcription when cells are exposed to iron for a
short or long period, respectively, but Myb1 may preferentially
select MRE-2f as depicted in Fig. 7E to modulate temporal
transcription when cells are exposed to prolonged iron deple-
tion (26). The conditional promoter entry of Mybl and Myb2
may allow each of them to regulate transcription of different
gene subsets upon changes of environment. In human p53-
mediated transcriptional regulation, site-specific phosphoryla-
tion of p53 may determine its preferential selections between
two distinct promoters (20). Whether differential and compet-
itive promoter selections described herein involve site-specific
posttranslational modifications of respective Myb proteins re-
mains to be studied.

In summary, we demonstrate herein that temporal and iron-
inducible transcription of the ap65-1 gene in T. vaginalis is
crucially regulated by the synergistic or antagonistic actions of
at least three Myb-like transcription factors, Myb1, Myb2, and
Myb3, which differentially and competitively select MRE-1/
MRE-2r and MRE-2f as entry sites in the ap65-1 promoter
when growth conditions change.
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