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Giardia lamblia differentiates into resistant walled cysts for
survival outside the host and transmission. During encystation,
synthesis of cyst wall proteins is coordinately induced. The E2F
family of transcription factors in higher eukaryotes is involved
in cell cycle progression and cell differentiation. We asked
whetherGiardia has E2F-like genes and whether they influence
gene expression during Giardia encystation. Blast searches of
the Giardia genome database identified one gene (e2f1) encod-
ing a putative E2F protein with two putative DNA-binding
domains. We found that the e2f1 gene expression levels in-
creased significantly during encystation. Epitope-tagged E2F1
was found to localize to nuclei. Recombinant E2F1 specifically
bound to the thymidine kinase and cwp1–3 gene promoters.
E2F1 contains several key residues for DNA binding, andmuta-
tion analysis revealed that its binding sequence is similar to
those of the known E2F family proteins. The E2F1-binding
sequences were positive cis-acting elements of the thymidine
kinase and cwp1 promoters. We also found that E2F1 transacti-
vated the thymidine kinase and cwp1 promoters through its
binding sequences in vivo. Interestingly, E2F1 overexpression
resulted in a significant increase of the levels of CWP1 protein,
cwp1–3 gene mRNA, and cyst formation. We also found E2F1
can interact with Myb2, a transcription factor that coordinate
up-regulates the cwp1–3 genes during encystation. Our results
suggest that E2F family has been conserved during evolution
and that E2F1 is an important transcription factor in regulation
of the Giardia cwp genes, which are key to Giardia differentia-
tion into cysts.

Giardia lamblia is an intestinal pathogen that causes water-
borne diarrheal disease worldwide (1–3). Its infection contrib-
utes greatly to malnutrition and malabsorption leading to
delayed child development (4). Parasitic trophozoites attach to
the small intestine mucosa and differentiate into infective cysts
when carried downstream to the lower intestine (5, 6). Trans-
mission of giardiasis occurs through ingestion of infective cysts
from contaminated water or food (2). G. lamblia is a valuable

model for basic studies as its life cycle can be reproduced in
vitro by mimicking the intestinal environment (5, 6).
In addition to its important role as a pathogen, G. lamblia

also raises great biological interest for understanding the pro-
gress of eukaryotic evolution.G. lamblia lives independently as
a single-celled eukaryote, and it is classified as a protist. Phylo-
genetic trees obtained from the small subunit ribosomal RNA
and translation elongation factors revealed G. lamblia as an
early diverging eukaryote (7–9), but some phylogenetic trees
support G. lamblia as a position that diverged nearly simulta-
neously with the opisthokonts and plants (10). G. lamblia has
many special features that are biologically different from those
of higher eukaryotes (2, 11). It lacks clear homologs to many
cellular components of DNA synthesis, transcription, and RNA
processing, supporting the idea that the missing components
are too different to be recognized or they are nonessential (11).
Many aspects of giardial transcription are unusual. Known giar-
dial transcription factors have diverged at a higher rate than
those of crown group eukaryotes (12). Only four of the 12 gen-
eral transcription initiation factors have giardial homologs (11,
12). Giardial TATA-binding protein is highly divergent with
respect to archaeal and higher eukaryotic TATA-binding pro-
teins (12). Giardial RNA polymerase II has no regular heptad
repeats in the C-terminal domain, and transcription by RNA
polymerase II is highly resistant to �-amanitin (12, 13). The
giardial promoter regulatory mechanism may be unusual
because very short 5�-flanking regions (�65 bp) with no con-
sensus TATA boxes or typical cis-acting elements are sufficient
for expression of many genes (14–20). Interestingly, AT-rich
sequences have been found around the transcription start sites
ofmany genes (14–23). They are essential for promoter activity
and play a predominant role in determining the positions of the
transcription start sites, functionally similar to the initiator
(Inr)2 elements in higher eukaryotes (18–20, 24).

G. lamblia cysts can survive in hostile environments, such as
fresh water and gastric acid, during infection as they have a
protective wall composed of proteins and polysaccharides (5,
6). Three known cyst wall proteins are highly synthesized in a
concerted manner during differentiation into cysts (encysta-
tion) (15, 16, 23). However, little is known of the detailedmech-
anisms governing their synthesis. During encystation, three
cwp genes are coordinately induced (15, 16, 23), suggesting the
importance of gene regulation at transcriptional and/or post-
transcriptional level.
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Few transcription factors regulating cwp gene expression
have been identified (21, 24, 25). A Myb family transcription
factor (Myb2) is encystation-induced and is involved in coordi-
nate up-regulation of cwp1–3 genes and its own gene by bind-
ing to specific sequences (21, 26). Two GARP family proteins
are involved in transcriptional regulation of many different
genes, including the encystation-induced cwp1 gene by binding
to specific sequences (25). AnAT-rich interaction domain fam-
ily transcription factor can bind to specific AT-rich Inr
sequences and function as an important transactivator in the
regulation of the cwp1 gene (24). WRKY can bind to specific
sequences in the cwp1, cwp2, andmyb2 promoters and up-reg-
ulate expression of these genes (27). It has also been suggested
that the cwpmRNAstability is regulated by factors of an incom-
plete nonsense-mediated mRNA decay pathway (28, 29).
E2Fwas named because it is an adenovirus E2 gene promoter

binding factor (30). E2F proteins play important roles in regu-
lating cell cycle progression, cell proliferation, and differentia-
tion (31–36). They may help enter S phase by activating genes
required for DNA synthesis and S phase entry, including thy-
midine kinase, DNA polymerase, and histones (31–33, 35).
E2Fs are regulated by retinoblastoma family proteins, including
pRB, p107, and p130 (37–41). These proteins may bind E2F
transactivation domain to inhibit the transactivation function
of E2Fs (37–42).
E2F proteins contain one or two�70-amino acidDNA-bind-

ing domains with an RRXYD motif (43). Eight E2Fs have been
found in humans to date (44). Human E2F1–6 have one DNA-
binding domain. DP is another family of transcription factors
that can bind DNA and activate transcription (44). The DNA-
binding domain of DP has significant similarity to that of E2F
(44). E2F can form a heterodimer with DP to recognize a
sequence TTT(c/g)GCGC(c/g) or TTTCCCGCC and to trans-
activate (E2F1–3) or repress (E2F4–6) the target gene promot-
ers (42, 45–52). Human E2F7 and -8 have two DNA-binding
domains. They can bind the consensus E2F-binding sequence
in a DP-independent manner, but they function as transcrip-
tional repressors to regulate target genes (43, 53, 54). Members
of the E2F and DP family have been found in flies, worms,
plants, and mammals (42). E2Fs and DPs with one DNA-bind-
ing domain have been identified in plants with similar function
and similar binding sequence. E2Fs with two DNA-binding
domains have also been found in plants with similar binding
sequence, but they function as transcriptional repressors
(E2L1–3) (55).
Because E2F proteins play critical roles in cell cycle progres-

sion and cell differentiation of many eukaryotes, we asked
whether Giardia has E2F family proteins and whether they
influence gene expression during Giardia differentiation into
dormant cysts. We searched the Giardia genome database for
genes encoding E2F-like proteins and identified one giardial
E2F homolog (E2F1). We found that E2F1 bound to specific
sequences and functioned as a transactivator of the thymidine
kinase gene. We also found that E2F1 can function as a tran-
scriptional activator of the cwp genes and interact with an
important encystation-specific Myb2 transcription factor. Our
results suggest that E2F1 may be an important transcription

factor regulating differentiation in the primitive eukaryote G.
lamblia.

EXPERIMENTAL PROCEDURES

G. lamblia Culture—Trophozoites ofG. lambliaWB (ATCC
30957), clone C6, were cultured in modified TYI-S33 medium
(56). Encystation was performed as described previously (23).
Briefly, trophozoites that were grown to late log phase in
growth medium were harvested and encysted for 24 h in TYI-
S-33 medium containing 12.5 mg/ml bovine bile at pH 7.8 at a
beginning density of 5 � 105 cells/ml.
Cyst Count—Cyst count was performed on stationary phase

cultures (�2 � 106 cells/ml) during vegetative growth as
described previously (57), and the data are shown in Fig. 8D.
Cells were subcultured in growthmediumwith a suitable selec-
tion of drugs at an initial density of 1 � 106 cells/ml. Cells
seeded at this density became confluent within 24 h. Confluent
cultures were maintained for an additional 8 h to ensure that
the cultures were in stationary phase (at a density of �2 � 106
cells/ml). Cyst count was performed on these stationary phase
cultures. Cultures were chilled, and cells were washed twice in
double-distilled water at 4 °C, and trophozoites were lysed by
incubation in double-distilled water overnight at 4 °C. Cysts
were washed three times in double-distilled water at 4 °C.
Water-resistant cysts were counted in a hemocytometer cham-
ber. Cyst count was also performed on 24-h encysting cultures.
Isolation and Analysis of the e2f1 Gene—The G. lamblia

genome database (11, 58) was searched with the amino acid
sequences of the human E2F1 (GenBankTM accession numbers
U47675 and U47646) using the BLAST program (59). This
search detected one putative homolog for E2F, which was
named as E2F1 (GenBankTM accession number XM_
001705535, open reading frame 23756 in the G. lamblia
genome database). The E2F1 coding region with 350 nucleo-
tides of 5�- flanking regions was cloned, and the nucleotide
sequence was determined. The e2f1 gene sequence in the data-
base was correct. To isolate the cDNA of the e2f1 gene, we
performed RT-PCRwith e2f1-specific primers using total RNA
fromG. lamblia. For RT-PCR, 5�g ofDNase-treated total RNA
from vegetative and 24-h encysting cells was mixed with
oligo(dT)12–18 and random hexamers and Superscript II RNase
H-reverse transcriptase (Invitrogen). Synthesized cDNA was
used as a template in subsequent PCR with primers E2F1F
(CACCATGCAGCTCGCAGGCCAA) and E2F1R (GTGT-
GCTCCGTTTGCGTG). Genomic and RT-PCRproducts were
cloned into pGEM-T easy vector (Promega) and sequenced
(Applied Biosystems).
RNA Extraction, RT-PCR, and Quantitative Real Time PCR

Analysis—Total RNAwas extracted fromG. lamblia cell line at
the differentiation stages indicated in the legends to Figs. 2 and
8 using TRIzol reagent (Invitrogen). For RT-PCR, 5 �g of
DNase-treated total RNA was mixed with oligo(dT)12–18 and
random hexamers and Superscript II RNase H� reverse tran-
scriptase (Invitrogen). Synthesized cDNA was used as a tem-
plate in subsequent PCR. Semi-quantitative RT-PCR analysis of
e2f1 (XM_001705535, open reading frame 23756), e2f1-ha,
cwp1 (U09330, open reading frame 5638), cwp2 (U28965, open
reading frame 5435), cwp3 (AY061927, open reading frame
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2421),myb2 (AY082882, open reading frame 8722), thymidine
kinase (XP_001705197.1, open reading frame 8364), ran
(U02589, open reading frame 15869), and 18 S ribosomal RNA
(M54878, open reading frame r0019) gene expression was
performed using the following primers: E2F1F and E2F1R,
E2F1HAF (TCCCACCCCCTCCATCAC) and HAR (AGCGT-
AATCTGGAACATCGTATGGGTA); cwp1F (ATGATGCT-
CGCTCTCCTT) and cwp1R (TCAAGGCGGGGTGAGGCA);
cwp2F (ATGATCGCAGCCCTTGTTCTA) and cwp2R (CCT-
TCTGCGGACAATAGGCTT); cwp3F (ATGTTTTCTCTG-
CTTCTTCT) and cwp3R (TCTGTAGTAGGGCGGCTGTA);
myb2F (ATGTTACCGGTACCTTCTCAGC) and myb2R
(GGGTAGCTTCTCACGGGGAAG); tkF (ATGAACTCCCT-
TACGCTC) and tkR (CAGGTCTTCGTTGATCCC); ranF
(ATGTCTGACCCAATCAGC) and ranR (TCAATCATCGT-
CGGGAAG); 18SrealF (AAGACCGCCTCTGTCAATCAA)
and 18SrealR (GTTTACGGCCGGGAATACG), respectively.
For quantitative real time PCR, SYBR Green PCR master mix-
ture was used (Kapa Biosystems). PCR was performed using an
Applied Biosystems PRISMTM 7900 sequence detection system
(Applied Biosystems). Specific primers were designed for
detection of the e2f1, e2f1-ha, cwp1, cwp2, cwp3, myb2,
thymidine kinase, ran, and 18S ribosomal RNA genes as fol-
lows: E2F1realF (TCCCACCCCCTCCATCA) and E2F1realR
(TCCACGCATCCCTTGCA); E2F1HAF and HAR; cwp1realF
(AACGCTCTCACAGGCTCCAT) and cwp1realR (AGGTG-
GAGCTCCTTGAGAAATTG); cwp2realF (TAGGCTGCTT-
CCCACTTTTGAG) and cwp2realR (CGGGCCCGCAA-
GGT); cwp3realF (GCAAATTGGATGCCAAACAA) and
cwp3realR (GACTCCGATCCAGTCGCAGTA); myb2realF
(TCCCTAATGACGCCAAACG) and myb2realR (AGCACG-
CAGAGGCCAAGT); tkrealF (CCCCTGCGCCGTTCTC)
and tkrealR (CCCACCGATAACAATCTCTTCTG); ranrealF
(TCGTCCTCGTCGGAAACAA) and ranrealR (AACTGTCT-
GGGTGCGGATCT); 18SrealF and 18SrealR. Two indepen-
dently generated stably transfected lines were made from each
construct, and each of these cell lines was assayed three sepa-
rate times. The results are expressed as relative expression level
over control. Student’s t tests were used to determine statistical
significance of differences between samples.
Plasmid Construction—All constructs were verified by DNA

sequencing with a BigDye Terminator 3.1 DNA sequencing kit
and a 3100 DNA Analyzer (Applied Biosystems). Plasmid
5��5N-Pac was a gift fromDr. Steven Singer and Dr. Theodore
Nash (60). Plasmid pNW1L has been described previously
(57). For constructing pPE2F1, a PCR with oligonucleotides
TU5NhF (GGCGGCTAGCCGCAGACGCATGAACGC-
ATG) and TU5BaR (GGCGGGATCCTTTTATTTCCGCCC-
GTCCAG) generated a 0.3-kb product that was digested with
NheI and BamHI. Another PCR with primers E2F1BF (GGCG-
GGATCCATGCAGCTCGCAGGCCAAAG) and E2F1MR
(GGCGACGCGTGTGTGCTCCGTTTGCGTG) generated a
1.3-kb PCR product that was digested with BamHI and MluI
and cloned into NheI/MluI-digested pPop2NHA (28) with the
0.3-kb NheI/BamHI fragment. The resulting pPE2F1 contains
an e2f1 gene controlled by the�2-tubulin promoter with anHA
tag fused at itsC terminus. Tomake the pPE2F1m1plasmid, the
e2f1 gene was amplified using two primers E2F1m1F (GGCG-

GGATCCATGCAGCTCGCAGGCCAAAGTCCTCAAGTA-
atgCAAggcAACCCGtgtGTTaGttgtCTCGTCGATCTC, mu-
tated nucleotides are shown in lowercase type) and E2F1MR.
The product was digested with BamHI and MluI and cloned
into the BamHI/MluI-digested pPE2F1 vector to generate plas-
mid pPE2F1m1. Tomake the pPE2F1m2 plasmid, the e2f1 gene
was amplified using two primer pairs E2F1BF and E2F1m2R
(CCTATAAAAAGCacaactcatacagccAGGCGGATAGCA) and
E2F1m2F (TGCTATCCGCCTggctgtatgagttgtGCTTTTTAT-
AGG) and E2F1MR. The two PCR products were purified and
used as templates for a second PCR. The second PCR also
included primers E2F1BF and E2F1MR, and the product was
digested with BamHI and MluI and cloned into the BamHI/
MluI-digested pPE2F1 vector to generate plasmid pPE2F1m2.
To make the pPE2F1dd plasmid, the e2f1 gene was ampli-
fied using two primer pairs E2F1BF and E2F1dd1R (TGATGA-
TAATACCGAGTATCAGATCGTAGAGC) and E2F1dd1F
(GCTCTACGATCTGATACTCGGTATTATCATCA) and
E2F1MR. The two PCR products were purified and used as
templates for a second PCR. The second PCR also included
primers E2F1BF and E2F1MR, and the product was digested
with BamHI and MluI and cloned into the BamHI/MluI-di-
gested pPE2F1 vector to generate plasmid pPE2F1d1. The e2f1
gene was amplified from pPE2F1d1 template using two primer
pairs E2F1BF and E2F1dd2R (TGGTAATAAGGTGCATGG-
TAATGTCATACAGT) and E2F1dd2F (ACTGTATGACAT-
TACCATGCACCTTATTACCA) and E2F1MR. The two PCR
products were purified and used as templates for a second PCR.
The second PCR also included primers E2F1BF and E2F1MR,
and the product was digested with BamHI andMluI and cloned
into the BamHI/MluI-digested pPE2F1 vector to generate plas-
mid pPE2F1dd. To make the pPE2F1DB1m (or pPE2F1DB2m)
plasmid, the e2f1 gene was amplified using two primer pairs
E2F1BF and E2F1DB1mR (TATCAGATCGTAGAGCGCT
CTACTTTCAATAGC) (or E2F1DB2mR, GGTAATGTC
ATACAGTGCACGCACCTGACTCGA) and E2F1DB1mF
(GCTATTGAAAGTAGAgcGCTCTACGATCTGATA) (or
E2F1DB2mF, TCGAGTCAGGTGCGTgcACTGTATGACA-
TTACC) and E2F1MR. The two PCR products were purified
and used as templates for a second PCR. The second PCR also
included primers E2F1BF and E2F1MR, and the product was
cloned into the BamHI/MluI-digested pPE2F1 vector to gener-
ate plasmid pPE2F1DB1m (or pPE2F1DB2m). The 287-bp
5�-flanking region of the thymidine kinase gene was amplified
with primers TKNhe5F (GGCGGCTAGCATGGCATTTTC-
TATAACCTGA) and TKNco5R (GGCGCCATGGCCAATT-
TTTTTTCGCGGAAAA), digested with NheI and NcoI, and
ligated in place of the NheI/NcoI-excised �2-tubulin promoter
sequence in pNT5 (21). The resulting plasmid, pNTK5, con-
tained the luciferase gene under the control of the thymidine
kinase promoter. The 287-bp 5�-flanking region of the
thymidine kinase gene was amplified with primers TKNhe5F
(GGCGGCTAGCATGGCATTTTCTATAACCTGA) and
TKNco5m1R (GGCGCCATGGCCAATTTTTTTTatattgggA-
TGCTG) or TKNco5m2R (GGCGCCATGGCCAATTTTTT-
TTCGCGGgggATGCTGGG), digested with NheI and NcoI,
and ligated in place of the NheI/NcoI-excised �2-tubulin pro-
moter sequence in pNT5 (21). The resulting plasmid,
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pNTK5m1 or pNTK5m2, contained the luciferase gene under
the control of the thymidine kinase promoter with a mutation
on the E2F1-binding site. Tomake the pNW1Lm1 plasmid, the
402-bp 5�-flanking region of the cwp1 gene was amplified using
two primer pairs cwp15NF and w1m1R (GACTGTAGACTG-
TTAtaactcccAAATGCAGAC) and w1m1F (GTCTGCATTT-
gggagttaTAACAGTCTACAGTC) and cwp15NR (GGCGGC-
CATGGCCCTGATATTTTATTTCTGTGTTT). The two
PCR products were purified and used as templates for a sec-
ond PCR. The second PCR also included primers cwp15NF
and cwp15NR, and the product was digested with NheI and
NcoI and ligated in place of the NheI/NcoI-excised �2-tubu-
lin promoter sequence in pNT5 (21). The resulting plasmid,
pNW1Lm1, contained the luciferase gene under the control
of the cwp1 promoter with a mutation on the putative E2F1-
binding site. The 402-bp 5�-flanking region of the cwp1
gene was amplified from pPW1m4 (24) template using two
primers cwp15NF (Ggcggctagcttcgcttgcttttgccgttagaagag) and
w1m2NR (GGCGCCATGGCCCTGGcgccccgccccTGTGTT-
TCTTGATCTGAGAG), digested with NheI and NcoI, and
ligated in place of the NheI/NcoI-excised �2-tubulin promoter
sequence in pNT5 (21). The resulting plasmid, pNW1Lm2,
contained the luciferase gene under the control of the cwp1
promoter with a mutation on the AT-rich Inr element.
5�-RACE Analysis—5�-RACE for determination of the tran-

scription start sites of the thymidine kinase genewas performed
using the 5�-RACE system (Invitrogen). Oligonucleotides
TKGSPR1 (TCGCCAAACTCTGTTGCAAGT) and TKG-
SPR2 (TCGCCAAGAAGTACCGCTCTC) were used as first-
strand primer and nested primer respectively.
Transfection, Luciferase Assay, and Western Blot Analysis—

Cells transfected with the pP series plasmid containing the pac
gene were selected and maintained with 54 �g/ml puromycin.
The luciferase activity was determined as described previously
(17). After stable transfection with specific constructs, lucifer-
ase activity was determined in vegetative cells at late log/sta-
tionary phase (1.5 � 106 cells/ml) as described previously (17)
and was measured with an Optocomp I luminometer (MGM
Instruments). Two independently generated stably transfected
lines were made from each construct, and each of these lines
was assayed three separate times. Western blots were probed
with anti-V5 horseradish peroxidase (HRP) (Invitrogen) or
anti-HAmonoclonal antibody (Covance, Princeton, NJ; 1:5000
in blocking buffer), anti-CWP1 (1:10,000 in blocking buffer)
(26), anti-E2F1 (1:10,000 in blocking buffer) (see below), or pre-
immune serum (1:5000 in blocking buffer), and detected with
peroxidase-conjugated goat anti-mouse IgG (Pierce, 1:5000) or
peroxidase-conjugated goat anti-rabbit IgG (Pierce, 1:5000)
and enhanced chemiluminescence (GE Healthcare).
Expression and Purification of Recombinant E2F1 Protein—

The genomic e2f1 gene was amplified using oligonucleotides
E2F1F and E2F1R. The product was cloned into the expression
vector pET101/D-TOPO (Invitrogen) in-frame with the C-ter-
minal His and V5 tag to generate plasmid pE2F1. To make the
pE2F1m1, pE2F1m2, pE2F1dd, pE2F1DB1m, or pE2F1DB2m
expression vector, the e2f1 gene was amplified using primers
E2F1F and E2F1R and specific template, including pPE2F1m1,
pPE2F1m2, pPE2F1dd, pPE2F1DB1m, or pPE2F1DB2m. The

product was cloned into the expression vector to
generate plasmid pE2F1m1, pE2F1m2, pE2F1dd, pE2F1DB1m,
or pE2F1DB2m. The pE2F1, pE2F1m1, pE2F1m2, pE2F1dd,
pE2F1DB1m, or pE2F1DB2m plasmid was freshly transformed
into Escherichia coli BL21 StarTM(DE3) (Invitrogen). An over-
night pre-culture was used to start a 250-ml culture. E. coli cells
were grown to an A600 of 0.5 and then induced with 1 mM

isopropyl thiogalactopyranoside (Promega) for 4 h. Bacteria
were harvested by centrifugation and sonicated in 10 ml of
buffer A (50 mM sodium phosphate, pH 8.0, 300 mM NaCl)
containing 10 mM imidazole and protease inhibitor mixture
(Sigma). The samples were centrifuged, and the supernatant
wasmixed with 1ml of 50% slurry of nickel-nitrilotriacetic acid
Superflow (Qiagen). The resin was washed with buffer A con-
taining 20 mM imidazole and eluted with buffer A containing
250 mM imidazole. Fractions containing E2F1, E2F1m1,
E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2mwere pooled, dia-
lyzed in 25 mM HEPES, pH 7.9, 20 mM KCl, and 15% glycerol,
and stored at �70 °C. Protein purity and concentration were
estimated byCoomassie Blue and silver staining comparedwith
serum albumin. E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m,
or E2F1DB2m was purified to apparent homogeneity (�95%).
Generation of Anti-E2F1 Antibody—Purified E2F1 protein

was used to generate rabbit polyclonal antibodies through a
commercial vendor (Angene, Taipei, Taiwan).
Generation of Anti-Myb2 Antibody—The genomic myb2

gene was amplified using oligonucleotides Myb2F and Myb2R,
and the product was cloned into the expression vector pCRT7/
CT-TOPO (Invitrogen) in-frame with the C-terminal His and
V5 tags to generate plasmid pMyb. The pMyb plasmid was
freshly transformed into E. coli BL21(DE3)pLysS (QIAexpres-
sionist, Qiagen). An overnight pre-culture was used to start a
250-ml culture. E. coli cells were grown to an A600 of 0.5, and
then induced with 1 mM isopropyl thiogalactopyranoside (Pro-
mega) for 2 h. Bacteria were harvested by centrifugation and
sonicated in 10 ml of buffer A (100 mM sodium phosphate, 10
mM Tris-Cl, 6 M guanidine hydrochloride, pH 8.0) containing
10 mM imidazole and complete protease inhibitor mixture
(Roche Applied Science). The samples were centrifuged, and
the supernatant was mixed with 1 ml of a 50% slurry of nickel-
nitrilotriacetic acid superflow (Qiagen). The resin was washed
with buffer B (100 mM sodium phosphate, 10 mM Tris-Cl, 8 M

urea, pH 8.0) and buffer C (100 mM sodium phosphate, 10 mM

Tris-Cl, 8 M urea, pH 6.3) and eluted with buffer E (100 mM

sodium phosphate, 10 mM Tris-Cl, 8 M urea, pH 4.5). Fractions
containing Myb2 were pooled, dialyzed in 25 mM HEPES, pH
7.9, 40 mM KCl, 0.1 mM EDTA, and 15% glycerol, and stored at
�70 °C. Protein purity and concentration were estimated by
Coomassie Blue and silver staining compared with bovine
serum albumin. Myb2 was purified to apparent homogeneity
(�95%). Purified Myb2 protein was used to generate rabbit
polyclonal antibodies through a commercial vendor (Angene,
Taipei, Taiwan).
GST Pulldown Assay—To clone pGSTMyb2, a PCR product

generated by oligonucleotides GMEF (GGCGGAATTCATG-
TTACCGGTACCTTCTCA) and GMSR (GGCGGTCGACT-
CAGGGTAGCTTCTCACGGG) on genomic DNA template
was digested with EcoRI and SalI and cloned into EcoRI/SalI-
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digested pGEX-6P-1 (Amersham Biosciences). The pGEX6p-1
or pGSTMyb2 plasmid was transformed into E. coli
BL21(DE3)pLysS. Expression was induced by addition of iso-
propyl thiogalactopyranoside to a final concentration of 1 mM

and continued culture growth for 2 h. GST or GSTMyb2 fusion
proteins expressed in E. coli were affinity-purified with the
Microspin GST purificationmodule according to themanufac-
turer’s instructions (GE Healthcare).
To confirm the presence of GST andGSTMyb2 in the beads,

the beads were subjected to SDS-PAGE. GST and GSTMyb2
were visualized by Coomassie Blue staining. For GST pull-
down assay, 5–10 �g of GST or GSTMyb2 was incubated
with 50 ng of purified recombinant E2F1 protein with a
C-terminal V5 tag in a pulldown buffer (25 mM Tris phos-
phate, pH 7.8, 2 mM DTT, 10% glycerol, 1% Triton X-100, 1%
Nonidet P-40, 300 mM KCl). After incubation for 1 h at room
temperature, the beads were washed five times in the pulldown
buffer. Finally the beads were resuspended in SDS-PAGE sam-
ple buffer and analyzed by Western blot and probed with anti-
V5-HRP antibody (Invitrogen).
Co-immunoprecipitation Assay—The 5��5N-Pac and

pPE2F1 stable transfectants were inoculated into encystation
medium (5 � 107 cells in 45 ml of medium) and harvested after
24 h in encystationmediumunder drug selection andwashed in
phosphate-buffered saline. Cells were lysed in luciferase lysis
buffer (Promega) and protease inhibitor (Sigma) and then vor-
texed with glass beads. The cell lysates were collected by cen-
trifugation and then incubated with anti-HA antibody conju-
gated to beads (Bethyl Laboratories Inc.). The beads were
washed three times with luciferase lysis buffer (Promega).
Finally, the beads were then resuspended in sample buffer and
analyzed by Western blot and probed with anti-HA monoclo-
nal antibody (1:5000 in blocking buffer; Sigma) and anti-Myb2
(1:10,000 in blocking buffer) and detectedwith peroxidase-con-
jugated goat anti-mouse IgG (Pierce, 1:5000) or peroxidase-
conjugated goat anti-rabbit IgG (Pierce, 1:5000) and enhanced
chemiluminescence (GE Healthcare).
Immunofluorescence Assay—The pPE2F1, pPE2F1m1,

pPE2F1m2, pPE2F1dd, pPE2F1DB1m, or pPE2F1DB2m stable
transfectants were cultured in growth medium under puromy-
cin selection. Cells cultured in growth medium or encystation
medium for 24hwere harvested,washed in phosphate-buffered
saline (PBS), attached to glass coverslips (2 � 106 cells/cover-
slip), and then fixed and stained (17). Cells were reacted with
anti-HAmonoclonal antibody (1:300 in blocking buffer;Molec-
ular Probes) and anti-mouse Alexa 488 (1:500 in blocking
buffer, Molecular Probes) as the detector. For staining cysts,
cysts were reacted with anti-CWP1 (1:300 in blocking buffer)
and anti-rabbit Alexa 488 (Molecular Probes, 1:500 in blocking
buffer) was used as the detector. ProLong antifade kit with 4�,6-
diamidino-2-phenylindole (Invitrogen) was used formounting.
E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m
was visualized using a Leica TCS SP5 spectral confocal system.
Electrophoretic Mobility Shift Assay—Double-stranded oli-

gonucleotides specified throughout were 5�-end-labeled as
described previously (18). Binding reactionmixtures contained
the components described previously (24). Labeled probe (0.02
pmol) was incubated for 15 min at room temperature with 5

ng of purified E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m,
or E2F1DB2m protein in a 20-�l volume supplemented with
0.5 �g of poly(dI-dC) (Sigma). Competition reactions con-
tained 200-fold molar excess of cold oligonucleotides. In an
antibody supershift assay, 0.8 �g of an anti-V5-HRP antibody
(Bethyl Laboratories) was added to the binding reaction mix-
ture. The mixture was separated on a 6% acrylamide gel by
electrophoresis.
ChIP Assays—The WB clone C6 cells were inoculated into

encystation medium (5 � 107 cells in 45 ml medium) and har-
vested after 24 h in encystation medium under drug selection
and washed in phosphate-buffered saline. ChIP was per-
formed as described previously (26) with some modifica-
tions. Formaldehyde was then added to the cells in phos-
phate-buffered saline at a final concentration of 1%. Cells
were incubated at room temperature for 15 min, and reac-
tions were stopped by incubation in 125 mM glycine for 5
min. After phosphate-buffered saline washes, cells were
lysed in luciferase lysis buffer (Promega) and protease inhib-
itor (Sigma) and then vortexed with glass beads. The cell
lysate was sonicated on ice and then centrifuged. Chromatin
extract was incubated with protein G plus/protein A-agarose
(Merck) for 1 h. After removal of protein G plus/protein
A-agarose, the precleared lysates were incubated with 2 �g
of anti-E2F1 antibody or preimmune serum for 2 h and then
incubated with protein G plus/protein A-agarose (Merck)
for 1 h. The beads were washed twice with low salt buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl,
pH 8.0, 150mMNaCl), once with high salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, 500 mM

NaCl), once with LiCl buffer (0.25 M LiCl, 1% Nonidet P-40, 1%
sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0),
and twice with TE buffer (20 mM Tris-HCl, 1 mM EDTA, pH
8.0). The beads were resuspended in elution buffer containing
50mMTris-HCl, pH 8.0, 1% SDS, and 10mM EDTA at 65 °C for
4 h. To prepare DNA representing input DNA, 2.5% of pre-
cleared chromatin extract without incubation with anti-E2F1
was combined with elution buffer. Eluted DNAwas purified by
the QIAquick� PCR purification kit (Qiagen). Purified DNA
was subjected to PCR followed by agarose gel electrophoresis.
Primers 18S5F (CCAAAAAAGTGTGGTGCAGG) and 18S5R
(GCCGGGCGCGGGCGCCGCGG) were used to amplify the
18S ribosomal RNA gene promoter as a control for our ChIP
analysis. Primers E2F15F (GAAAGTTTAATCAGGCACAT)
and E2F15R (TAAAAAATGAATTGCGGGAA), cwp15F (CAA-
CGGCTTACTAAATCATTCTCTTG) and cwp15R (TTCTG-
TGTTTCTTGATCTGAGAGTTGT), cwp25F (GAGCATG-
GGTTCTGACAAATAGTG) and cwp25R (CATCAGTCTA-
CTGTTTCTTTTTAGTTCATATCT), cwp35F (TTCGGGA-
GGGTCTGGGGGAG) and cwp35R (ATCAGTAGTAACTT-
ATTTTT), myb25F (TGCACTGTAGCGTTTCCATTTG)
and myb25R (ACTTACCCGTAATGGCGTTGAC), tk5F
(AGCAAGACATTAGTAATGCT) and tk5R (CCAATTTTT-
TTTCGCGGAAAA), and ran5F (GCCGCTTCAATGACAG-
ATGC) and ran5R (GCTACTCTCGGTTCCTGGGT) were
used to amplify e2f1, cwp1, cwp2, cwp3, myb2, thymidine
kinase, and ran gene promoters within the �200 to �1 region.
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Microarray Analysis—RNAwas quantified by A260 nm by an
ND-1000 spectrophotometer (Nanodrop Technology) and
qualitated by a Bioanalyzer 2100 (Agilent Technology) with an
RNA 6000 Nano LabChip kit. RNA from the pPE2F1 cell line
was labeled by Cy5 and RNA from the 5��5N-Pac cell line was
labeled byCy3. 0.5�g of total RNAwas amplified by a LowRNA
Input Fluor Linear Amp kit (Agilent Technologies) and labeled
with Cy3 or Cy5 (CyDye, PerkinElmer Life Sciences) during the
in vitro transcription process. 0.825�g of Cy-labeled cRNAwas
fragmented to an average size of about 50–100 nucleotides by
incubation with fragmentation buffer at 60 °C for 30 min. Cor-
respondingly fragmented labeled cRNA was then pooled and
hybridized to aG. lamblia oligonucleotide microarray (Agilent
Technologies) at 60 °C for 17 h. After washing and drying by
nitrogen gun blowing, microarrays were scanned with an Agi-
lent microarray scanner (Agilent Technologies,) at 535 nm for
Cy3 and 625 nm for Cy5. Scanned images were analyzed by
Feature Extraction version 9.1 software (Agilent Technologies),
and image analysis and normalization software was used to
quantify signal and background intensity for each feature; data
were substantially normalized by the rank consistency filtering
LOWESS method.

RESULTS

Identification and Characterization of e2f1 Gene—To iden-
tify genes encoding novel E2F1 proteins from G. lamblia, we

performed BLAST searches (59) against theG. lamblia genome
database (11, 58) using the amino acid sequences of the human
E2F1 (GenBankTM accession numbers U47675 and U47646) as
a query sequence. This search detected one putative homolog,
E2F1 (GenBankTM accession number XM_001705535, open
reading frame 23756 in theG. lamblia genome database). Com-
parison of genomic and cDNA sequences showed that the e2f1
gene contained no introns. The deduced giardial E2F1 protein
contains 422 amino acids with a predicted molecular mass of
�46.22 kDa and a pI of 8.22. It has two putative E2F/DP family
winged-helix DNA-binding domains as predicted by Pfam (61).
Like the human E2F family (30), the DNA-binding domains of
which are near the N-terminal region, the two DNA-binding
domains of the giardial E2F1 are near the N-terminal region
(residues 14–81 and 106–179) (Fig. 1A). The similarity
between E2F1 and other E2F proteins is limited to their DNA-
binding domains (data not shown).
The structure of the DNA-binding domain of E2F includes

four �-helices and three �-sheets, which form a hydrophobic
core (Fig. 1B) (49). Structural studies of the DNA-binding
domain of human E2F4 show that the �3 helix binds in the
major groove and the two Args of RRXYD (arrowheads in Fig.
1B) are the key residues contacting the base G of the binding
sequence (TTTCGCGCG) on opposite strands (49). The Tyr
residue of RRXYD (arrowhead in Fig. 1B) contacts a base C of

FIGURE 1. Domain architecture of E2F1 protein and alignment of the DNA-binding domains of E2Fs. A, schematic representation of the giardial E2F1
protein. The gray boxes indicate the two DNA-binding domains (DB1 and DB2). B, alignment of the DNA-binding domains. The DNA-binding domains from
members of the E2F family are analyzed by ClustalW 1.83 (86), including human E2F1, E2F2, E2F3, E2F4, E2F5, E2F6, E2F7, and E2F8 (accession numbers are
AAC50719, NP_004082, NP_001940, NP_001941, Q15329, O75461, NP_976328, and EAW68354, respectively); Arabidopsis E2F3, E2L1, E2L2, and E2L3 (acces-
sion numbers are NP_973611, BAB91412, BAB91413, and BAB91414, respectively); and putative E2F1 from G. lamblia (GenBankTM accession numbers
XP_001705587, open reading frames 23756 in the G. lamblia genome database). These E2Fs contain either one or two DNA-binding domains (DB1 and DB2).
Letters in black boxes, letters in gray boxes, and hyphens indicate identical amino acids, similar amino acids, and gaps in the respective proteins, respectively.
Residues in human E2F4 (49) making heterodimerization contact, DNA base contact, and DNA backbone contact are indicated by circles, arrowheads, and
asterisks, respectively. C, alignment of the pRB-binding domains of E2Fs. The C-terminal pRB-binding domains of the human E2F proteins and the C-terminal
end of putative E2F1 from G. lamblia are analyzed by ClustalW 1.83 (67, 86).
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the binding sequence (49). TheAsp residue of theRRXYDmotif
helps stabilize the twoArgs bymaking hydrogen bonds to them
(49). Several amino acids of the �-helices and �-sheets contact
theDNAbackbone (asterisks in Fig. 1B) (49). TheArg of the�N
helix (arrowhead in Fig. 1B) contacts the DNA minor groove
near the T-rich region of the binding sequence. The �1 and �3
helices make dimerization contact by forming a hydrophobic
interface (circles in Fig. 1B). Sequence alignment of the two
DNA-binding domains of the giardial E2F1 shows that some
residues making DNA base contact, including the RRXYD
motifs of the �3 helix, are conserved; the Arg of the �N helix
making DNA base contact is not conserved (arrowhead in Fig.
1B); some residues making DNA backbone contact or
dimerization contact are conserved (asterisks or circles in Fig.
1B). The full-length of giardial E2F1 has 13% identity and 28%

similarity to that of human E2F4, but it has lower identity (10%)
and similarity (24%) to that of human DP1. The DNA-binding
domain 1 (2) of giardial E2F1 has 34% (30%) identity and 46%
(54%) similarity to the DNA-binding domain of the human
E2F4. The C-terminal 69 amino acids of the human E2F1 have
been reported to be a transactivation domain and pRB-binding
domain (42, 62). The C-terminal half of the giardial E2F1 (res-
idues 180–422), which does not contain the DNA-binding
domains, has no apparent functionalmotif. TheC-terminal end
of the giardial E2F1 is not highly similar to the pRB-binding
domain of the human E2Fs (Fig. 1C).
Expression of the e2f1 Gene—RT-PCR and quantitative real

time PCR analysis of total RNA showed that the e2f1 transcript
was present in vegetative cells and increased significantly in
24-h encysting cells (Fig. 2A). As controls, we found that the

FIGURE 2. Analysis of e2f1 gene expression. A, RT-PCR and quantitative real time PCR analysis of e2f1 gene expression. RNA samples were prepared from G.
lamblia wild type nontransfected WB cells cultured in growth (Veg, vegetative growth) or encystation medium and harvested at 24 h (Enc, encystation). RT-PCR
was performed using primers specific for e2f1, thymidine kinase, cwp1, ran, and 18 S ribosomal RNA genes. Ribosomal RNA quality and loading controls are
shown in the bottom panel. Representative results are shown on left. Real time PCR was preformed using primers specific for e2f1, thymidine kinase, cwp1, ran,
and 18 S ribosomal RNA genes. Transcript levels were normalized to 18 S ribosomal RNA levels. Fold changes in mRNA expression are shown as the ratio of
transcript levels in encysting cells relative to vegetative cells. Results are expressed as the means � S.E. of at least three separate experiments (right panel).
B, E2F1 protein levels in different stages. The wild type nontransfected WB cells were cultured in growth (Veg, vegetative growth) or encystation medium for
24 h (Enc, encystation) and then subjected to SDS-PAGE and Western blot. The blot was probed by anti-E2F1 antibody or preimmune serum. Representative
results are shown. Equal amounts of protein loading were confirmed by SDS-PAGE and Coomassie Blue staining. C, diagrams of the 5��5N-Pac and pPE2F1
plasmid. The pac gene (open box) is under the control of the 5�- and 3�-flanking regions of the gdh gene (striated box). In construct pPE2F1, the e2f1 gene is under
the control of the 5�-flanking region of the constitutively expressed �2-tubulin promoter (open box) and the 3�-flanking region of the ran gene (dotted box). The
filled black box indicates the coding sequence of the HA epitope tag. D, nuclear localization of E2F1. The pPE2F1 stable transfectants were cultured in growth
(Veg, vegetative growth, left panels) or encystation medium for 24 h (Enc, encystation, right panels) and then subjected to immunofluorescence analysis using
anti-HA antibody for detection. The product of pPE2F1 localizes to the nuclei in both vegetative and encysting trophozoites.
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mRNA levels of the cwp1 and ran genes increased and de-
creased significantly during encystation, respectively (Fig. 2A).
The products of the cwp1 and ran genes are the component of
the cyst wall and the ras-related nuclear protein (15, 18). To
determine the expression of E2F1 protein, we generated an
antibody specific to the full-length E2F1. Western blot analysis
confirmed that this antibody recognized E2F1 at a size of �55
kDa (Fig. 2B), which was almost matched to the predicted
molecular mass of E2F1 (�46.2 kDa). E2F1 was expressed in
vegetative cells, and its levels increased significantly during
encystation (Fig. 2B). The preimmune serum did not detect any
bands at a size of �55 kDa (Fig. 2B).
Localization of the E2F1 Protein—To determine the role of

E2F1 protein in G. lamblia, we expressed e2f1 gene constitu-
tively under the control of the �2-tubulin gene promoter with
an HA epitope tag at its C terminus (Fig. 2C) and observed its
expression inGiardia. TheHA-taggedE2F1was detected in the
nuclei during vegetative growth and encystation (Fig. 2D and
supplemental Fig. S1), indicating that E2F1 is a nuclear protein
inGiardia.We also tried to express the ef21 gene under its own
promoter with an HA epitope tag at its C terminus (data not
shown). The expression of the HA-tagged E2F1 protein can be
detected by Western blot analysis and immunofluorescence

assays, but the signal was too weak to be shown (data not
shown). E2F1 protein was also detected in the nuclei using an
anti-E2F1 antibody for immunofluorescence assays (data not
shown).
Binding of E2F1 toThymidineKinase Promoter—Thenuclear

localization of E2F1 suggested that it might also function as a
transcription factor in G. lamblia. To test its DNA binding
activity, we expressed E2F1 with a C-terminal V5 tag in E. coli
and purified it to �95% homogeneity (data not shown). An
anti-V5-HRP antibody specifically recognized the recombinant
V5-tagged E2F1 (�55 kDa) in Western blot (Fig. 3A). A minor
band (�40 kDa) that may be a degraded formwas also detected
(Fig. 3A).
Electrophoretic mobility shift assays were performed with

the purified E2F1 and double-stranded DNA sequences from
the 5�-flanking region of thymidine kinase gene, an S phase-
specific gene (63). Incubation of a labeled double-stranded
DNA probe tk�30/�1 with E2F1 resulted in the formation of
retarded bands (Fig. 3B, lane 3). tk�30/�1 is the region from
�30 to �1 bp relative to the translation start site of the thymi-
dine kinase gene. E2F1 did not bind to either single strand of the
tk�30/�1 probe (data not shown). Incubation of the labeled
probe tk�60/�31 with E2F1 did not form any retarded bands

FIGURE 3. DNA binding ability of E2F1 revealed by electrophoretic mobility shift assays. A, Western blot analysis of recombinant E2F1 protein with a V5
tag at its C terminus purified by affinity chromatography. The purified E2F1 protein is detected by anti-V5-HRP antibody. The lower molecular weight band was
a degraded form. B, detection of E2F1-binding sites. Electrophoretic mobility shift assays were performed using purified E2F1 and 32P-end-labeled oligonu-
cleotide probes tk�30/�1, tk�60/�31, or other probes as described. Numbers of the 5�-flanking region of the thymidine kinase (tk) and cwp genes are relative
to the translation start site (	1). Components in the binding reaction mixtures are indicated above the lanes. The E2F1 binding specificity for tk�30/�1 probe
was confirmed by competition and supershift assays. Some reaction mixtures contained 200-fold molar excess of cold oligonucleotides tk�30/�1 or
tk�60/�1 or 0.8 �g of anti-V5-HRP antibody, as indicated above the lanes. The transcription start sites of the thymidine kinase gene determined from
vegetative cells are indicated by asterisks. The transcription start sites of the cwp2 and cwp3 gene determined from 24-h encysting cells (15, 23) are indicated
by asterisks. The AT-rich Inr element spanning the transcription start sites is underlined. The putative E2F1-binding sequence of the thymidine kinase gene is
framed. The putative E2F1-binding sequence of the e2f1, cwp1, cwp2, or cwp3 promoter is underlined. 			, 	, and � represent strong binding, weak binding,
and no binding, respectively. C, effect of distamycin A on the binding of E2F1 to DNA. 32P-End-labeled tk�30/�1 probe was incubated with E2F1 in the absence
(lane 1) or presence of distamycin A (lanes 3– 6). The arrowheads indicate the shifted complexes. DistamycinA was dissolved in Me2SO. Adding Me2SO to the
reaction mixture did not decrease the E2F1 binding activity (lane 2).
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(Fig. 3B, lane 1). The binding specificity was confirmed by com-
petition and supershift assays (Fig. 3B, lanes 4–6). The forma-
tion of the shifted tk�30/�1 bands was almost totally com-
peted by a 200-fold molar excess of unlabeled tk�30/�1 but
not by the same excess of a nonspecific competitor, tk�60/�31
(Fig. 3B, lanes 4 and 5). Addition of the anti-V5-HRP antibody
that recognized the purified E2F1 decreased the levels of the
normal mobility shift complex (Fig. 3B, lane 6). The results
suggest that Giardia E2F1 can bind the thymidine kinase pro-
moter (�30/�1 region) and that it can bind DNA indepen-
dently of DP, like other E2Fs with two DNA-binding domains
(43, 53, 55). Interestingly, the tk�30/�1 probe contains a
TTTCCGCG sequence that is similar to the consensus human
E2F-binding sites TTT(c/g)GCGC(c/g) or TTTCCCGCC (42,
45–52).
E2F1 was also shown to bind to its own promoter

(e2f1�35/�1 probe) (Fig. 3B, lane 7). We also tested whether
E2F1 binds to the promoter of encystation-induced genes. We
found that E2F1 also bound to encystation-specific cwp1, cwp2,
and cwp3 promoter (cwp1�104/�70, cwp2�30/	8, and
cwp3�30/�1 probes) (Fig. 3B, lanes 8–10). The results suggest
that these specific promoters may contain putative E2F1-bind-
ing sequences (Fig. 3B, underlined letters). E2F1 did not bind to
the�30 to�1 and�60 to�31 region of the 5�-flanking region
of the 18 S ribosomal RNAgene, which donot contain the puta-
tive E2F1-binding sequences (data not shown).
Studies suggest that human E2F4 can bind to both DNA

major and minor grooves (arrowheads in Fig. 1B) (49). To
investigate how E2F1 binds DNA, we used distamycin A, which
binds to the DNA minor groove, as a competitive inhibitor of
E2F1 binding (64). As shown in Fig. 3C, the binding of E2F1 to
DNA decreased with increasing concentrations of distamycin
A. However, the binding was not completely inhibited at con-
centrations �5 mM, suggesting that E2F1 may bind to both
major and minor grooves.
Scanning mutagenesis of the tk�30/�1 probe showed that

substitutions within the TTTCCGCG sequence significantly
decreased the DNA-protein interaction (tk�30/�1m1–3 and
tk�30/�1–1m5; Fig. 4A, lanes 2–4 and 6), butmutations of the
other regions caused a minor decrease in binding (tk�30/�1-
1m7–9 and tk�30/�1-1m11–12; Fig. 4A, lanes 9–11, 13, and
14). Mutation of the AT-rich Inr sequence located downstream
of the TTTCCGCG sequence also caused a decrease in binding
(tk�30/�1-1m4, -6 and -10; Fig. 4A, lanes 5, 7, and 12). Scan-
ning mutagenesis of the TTTCCGCG sequence in the
tk�30/�1 probe showed that any single substitutionwithin the
sequence decreased the binding significantly (tk�30/
�1m13–17 and tk�30/�1m20–23; Fig. 4A, lanes 16–20 and
24–27) and mutation of the fifth G and sixth C of the TTTC-
CGCG sequence completely eliminated the binding (tk�30/
�1-30/�1m18 and tk�30/�1m19; Fig. 4A, lanes 21 and 23).
The results suggest that the giardial E2F1-binding site may be
TTTCCGCG, which is similar to the binding site of the known
E2F1 family proteins (TTT(c/g)GCGC(c/g)) or TTTCCCGCC
(42, 45–52).
Recruitment of E2F1 to the e2f1, cwp1–3, andmyb2Promoters—

We further used ChIP assays to study the association of E2F1
with specific promoters in the E2F1-overexpressing cell line.

We found that E2F1 was associated with its own promoter and
the cwp1, cwp2, cwp3, myb2, thymidine kinase, and ran pro-
moters during vegetative growth or during encystation (Fig. 4C
and data not shown). However, E2F1 was not associated with
the 18 S ribosomal RNA gene promoter that has no E2F1-bind-
ing site in the �200-bp 5�-flanking region (Fig. 4C).
Transactivation of Thymidine Kinase Promoter Activity by

E2F1—Identification of the E2F1-binding sequence in the thy-
midine kinase promoter allowed us to examine whether the
E2F1 protein actually activates transcription of this promoter.
Transactivation was examined by stably transfecting a reporter
plasmid containing a luciferase gene intoGiardia together with
an effector plasmid pPE2F1 in which expression of the full-
length E2F1 was driven by the �2-tubulin promoter. Co-trans-
fection of the pNTK5 reporter construct that expressed the
luciferase gene under the control of the thymidine kinase pro-
moter (Fig. 5A) with pPE2F1 resulted in an �20-fold increase
(Fig. 5B) in luciferase activity during normal growth compared
with the activity in the pNTK5 	 5��5N-Pac co-transfectants
(5��5N-Pac is the construct expressing only the puromycin
selection marker) (60). To understand whether the increase in
luciferase activity was due to increased mRNA levels, we mea-
sured the luciferase mRNA levels from different transfectants.
Co-transfection of pPE2F1 into the pNTK5 transfectants
resulted in an �18-fold increase in the levels of the luciferase
mRNA compared with the levels in the pNTK5 	 5��5N-Pac
co-transfectants (Fig. 5B), indicating that E2F1 can transacti-
vate the thymidine kinase promoter.
We further askedwhether E2F1 transactivates the thymidine

kinase promoter through its binding site. The E2F1-binding
sequence of the thymidine kinase promoter was mutated to
construct the plasmid pNTK5m1 or pNTK5m2, and the effect
of E2F1 was tested by co-transfection.We found that mutation
of the E2F1-binding sequence of the thymidine kinase pro-
moter resulted in a significant decrease of the promoter activity
to �60–80% of the wild type activity during vegetative growth
(Fig. 5A). In addition, the transactivation levels in the
pNTK5m1	 pPE2F1 or pNTK5m2	 pPE2F1 co-transfectants
decreased significantly (from �20- to �5–10-fold) compared
with the pNTK5	 5��5N-Pac cell line (Fig. 5,B–D). Therefore,
mutation of the E2F1 target sequence in the thymidine
kinase promoter decreased the transactivation effect by E2F1.
The results suggest that E2F1 can transactivate the thymidine
kinase promoter in vivo through its binding sequence.
Transactivation of cwp1 Promoter Activity by E2F1—We also

tried to understand the effect of E2F1 on the cwp1 promoter
that is required for encystation. E2F1 can bind to the cwp1
promoter in vitro (Fig. 3B). The effect of E2F1 on the cwp1
promoter was examined by stably transfecting a reporter plas-
mid containing a luciferase gene into Giardia together with an
effector plasmid pPE2F1 (Fig. 2C). Co-transfection of the
pNW1L reporter construct that expressed the luciferase gene
under the control of the cwp1 promoter (Fig. 6A) with pPE2F1
resulted in an �5-fold increase (Fig. 6B) in luciferase activity
during normal growth compared with the activity in the
pNW1L 	 5��5N-Pac co-transfectants. To understand
whether the increase in luciferase activity was due to increased
mRNA levels, we measured the luciferase mRNA levels from
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different transfectants. Co-transfection of pPE2F1 into the
pNW1L transfectants resulted in an �4.8-fold increase in
the levels of the luciferase mRNA compared with the levels in
the pNW1L	 5��5N-Pac co-transfectants (Fig. 6B), indicating
that E2F1 can transactivate the cwp1 promoter.
We further asked whether E2F1 transactivates the cwp1 pro-

moter through its binding site. The putative E2F1-binding
sequence of the cwp1 promoter was mutated to construct the
plasmid pNW1Lm1, and the effect of E2F1 was tested by co-
transfection. We found that mutation of the putative E2F1-
binding sequence of the cwp1 promoter resulted in a significant

decrease of the promoter activity to �30% of the wild type
activity during vegetative growth (Fig. 6A). In addition, the
transactivation levels in the pNW1Lm1 	 pPE2F1 co-transfec-
tants decreased significantly (from �5- to �2-fold) compared
with the pNW1L	 5��5N-Pac cell line (Fig. 6,B andC). There-
fore, mutation of the putative E2F1-binding sequence in the
cwp1 promoter decreased the transactivation effect by E2F1.
The results suggest that E2F1 can transactivate the cwp1 pro-
moter in vivo through its binding site.
The AT-rich Inr element is required for the promoter activ-

ity and transcription start site selection (18, 22, 24). Because the

FIGURE 4. Mutation analysis of the tk�30/�1 probe sequence containing the putative E2F1-binding site. A and B, electrophoretic mobility shift assays
were performed using purified E2F1 and various 32P-end-labeled tk�30/�1 mutant probes as described in B. Base changes in the mutants are shown in
underlined lowercase type. Components in the binding reaction mixtures are indicated above the lanes. The arrowheads indicate the shifted complexes. The
transcription start sites of the thymidine kinase gene determined from vegetative cells are indicated by asterisks. The AT-rich Inr element spanning the
transcription start sites is underlined. 	, 	/�, and � represent moderate binding, weak binding, and no binding, respectively. 			 and 		 represent strong
binding. C, recruitment of E2F1 to the cwp1–3, myb2, and thymidine kinase promoters. The nontransfected WB cells were cultured in growth medium for 24 h
and then subjected to ChIP assays. Anti-E2F1 was used to assess binding of E2F1 to endogenous gene promoters. Preimmune serum was used as a negative
control. Immunoprecipitated chromatin was analyzed by PCR using primers that amplify the 5�-flanking region of specific genes. At least three independent
experiments were performed. Representative results are shown. Immunoprecipitated products of E2F1 yielded more PCR products of e2f1, cwp1–3, myb2,
thymidine kinase, and ran promoters, indicating that E2F1 was bound to these promoters. The 18 S ribosomal RNA gene promoter was used as a negative
control for our ChIP analysis.
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E2F1-binding site is closed to the AT-rich Inr element, it is
more likely that there is an interaction between E2F1 and other
transcription factors binding to the AT-rich Inr element, such
as ARID1 and Pax1 (24, 65). We further asked whether muta-
tion of the AT-rich Inr element affects transactivation function
of E2F1. The AT-rich Inr element of the cwp1 promoter was
mutated to construct the plasmid pNW1Lm2, and the effect of
E2F1 was tested by co-transfection.We found that mutation of
the AT-rich Inr element of the cwp1 promoter resulted in a
significant decrease of the promoter activity to�1% of the wild
type activity during vegetative growth (Fig. 6A). In addition, the
transactivation levels in the pNW1Lm2 	 pPE2F1 co-transfec-
tants decreased significantly (from �5- to �3-fold) compared
with the pNW1L	 5��5N-Pac cell line (Fig. 6,B andD). There-
fore,mutation of theAT-rich Inr element in the cwp1 promoter
decreased the transactivation effect by E2F1. The results sug-

gest that AT-rich Inr element is important for transactivation
by E2F1.
Analysis of E2F1Mutants—We further identified the portion

of E2F1 that is sufficient to interact with DNA or to direct the
protein to the nuclei. Two typical nuclear localization signals
were predicted in the 11–21 and 230–234 residues of E2F1
using the PSORT program (Fig. 7A) (66). The former nuclear
localization signal is located inside the DNA-binding domain 1,
and the latter one is located downstream of the twoDNA-bind-
ing domains (Fig. 7A). We found that mutation of the basic
amino acids between residues 11 and 21 (E2F1m1) (Fig. 7A) did
not affect nuclear localization in both vegetative and encysting
cells (Fig. 7B and supplemental Fig. S1). Mutation of the basic
amino acids between residues 230 and 234 (E2F1m2) (Fig. 7A)
resulted in a significant decrease of nuclear localization (Fig. 7B
and supplemental Fig. S1). The staining was distributed in both

FIGURE 5. Effect of E2F1 on thymidine kinase promoter activity. A, diagrams of the pNTK5, pNTK5m1, and pNTK5m2 plasmids. The firefly luciferase gene
(luc	, open box) is flanked by the 5�-flanking region of the thymidine kinase gene and 3�-flanking region of the ran gene (dotted boxes). The neo gene is under
the control of the 5�- and 3�-flanking regions of the ran gene (dotted box). Numbers of the 5�-flanking region of the thymidine kinase gene are relative to the
translation start site (	1). Two CC nucleotides inserted upstream of the ATG start codon for plasmid construction are shown in lowercase italics. The putative
E2F1 binding sequence is in boldface. The mutated sequence in the construct pNTK5m1 or pNTK5m2 is shown in boldface lowercase type. The transcription start
sites determined by 5�-RACE from RNA extracted from vegetative cells are indicated by arrowheads. Diagrams of the 5��5N-Pac and pPE2F1 effector plasmid
are the same as in Fig. 2C. Specific cell lines were produced by the stable transfection of reporter construct (pNTK5, pNTK5m1, or pNTK5m2). Luciferase activity
was measured in vegetative cells as described under “Experimental Procedures.” Fold changes in luciferase expression are shown as the relative expression
ratio (experiment/control). Results are expressed as the means � S.E. of at least three separate experiments (right panel). B–D, transactivation of the thymidine
kinase promoter by E2F1 in the co-transfection system. Specific cell lines were produced by the stable co-transfection of reporter construct (pNTK5, pNTK5m1,
or pNTK5m2) and the effector construct pPE2F1 or the control construct 5��5N-Pac, which expresses only the puromycin selection marker. Luciferase activity
was measured in vegetative cells as described under “Experimental Procedures.” Real time PCR was preformed using primers specific for the luciferase gene
and 18 S ribosomal RNA. Transcript levels were normalized to 18 S ribosomal RNA levels. Fold changes in luciferase or mRNA expression are shown as the
relative expression ratio (experiment/control). Results are expressed as the means � S.E. of at least three separate experiments (right panel).
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the nuclei and cytosol of both vegetative and encysting cells
(Fig. 7B and supplemental Fig. S1), suggesting that these basic
residues may play an important role in the exclusively nuclear
localization. Studies suggest that deletion of the residues mak-
ing dimerization contact may result in a decrease in the inter-
action of the human E2F7 and E2F8 and a loss of promoter
regulation activity (54). Deletion of the corresponding residues
for dimerization contact in giardial E2F1 (residues NVLEA and
NILEG) (E2F1dd) (Fig. 7A) resulted in a significant decrease of
nuclear localization (Fig. 7B and supplemental Fig. S1). The
staining was distributed to both nuclei and some small vesicles
in the cytosol (Fig. 7B and supplemental Fig. S1), suggesting
that these residuesmay play an important role in the exclusively
nuclear localization. We also determined the role of the con-
served RRXYD motif in nuclear localization. Mutation of the
secondArg residue in the RRXYDmotif of either DNA-binding
domain (E2F1DB1m or E2F1DB2m) (Fig. 7A) did not affect

nuclear localization in both vegetative and encysting cells (Fig.
7B and supplemental Fig. S1).
To understand whether the regions we tested for nuclear

localization are important for DNA binding, specific E2F1
mutants were expressed in E. coli, purified, and tested for their
DNAbinding activity. Similar levels of wild type E2F1, E2F1m1,
E2F1m2, E2F1dd, E2F1DB1m, and E2F1DB2m were added to
the binding reaction mixture (Fig. 7, C and D). We found that
mutation of the basic amino acids between residues 11 and 21
(E2F1m1) (Fig. 7A) resulted in a complete loss of binding activ-
ity to the tk�30/�1 probe (Fig. 7E). Mutation of the basic
amino acids between residues 230 and 234 (E2F1m2) (Fig. 7A)
did not change the binding activity to the tk�30/�1 probe (Fig.
7F). We also found that deletion of the corresponding residues
for dimerization contact in giardial E2F1 (residues NVLEA and
NILEG) (E2F1dd) (Fig. 7A) resulted in a complete loss of bind-
ing activity to the tk�30/�1 probe (Fig. 7E). The results suggest

FIGURE 6. Effect of E2F1 on the cwp1 promoter activity. A, diagrams of the pNW1L, pNW1Lm1, and pNW1Lm2 plasmids. The firefly luciferase gene (luc	,
open box) is flanked by the 5�-flanking region of the cwp1 gene and 3�-flanking region of the ran gene (dotted boxes). The neo gene is under the control of the
5�- and 3�-flanking regions of the cwp1 gene (dotted box). Numbers of the 5�-flanking region of the cwp1 gene are relative to the translation start site (	1). Two
CC nucleotides inserted upstream of the ATG start codon for plasmid construction are shown in lowercase italics. The AT-rich region spanning the transcription
start site is in boldface. The mutated sequence in the construct pNW1Lm1 or pNW1Lm2 is shown in boldface lowercase type. The transcription start site is
indicated by an arrowhead (16). Specific cell lines were produced by the stable transfection of reporter construct (pNW1L, pNW1Lm1, or pNW1Lm2). Luciferase
activity was measured in vegetative cells as described under “Experimental Procedures.” Fold changes in luciferase expression are shown as the relative
expression ratio (experiment/control). Results are expressed as the means � S.E. of at least three separate experiments (right panel). B–D, activation of the cwp1
promoter by E2F1 in the co-transfection system. Specific cell lines were produced by the stable co-transfection of reporter construct (pNW1L, pNW1Lm1, or
pNW1Lm2) and the effector construct pPE2F1 or the control construct 5��5N-Pac, which expresses only the puromycin selection marker (Fig. 2C). Luciferase
activity was measured in vegetative cells as described under “Experimental Procedures.” Real time PCR was preformed using primers specific for luciferase gene
and 18 S ribosomal RNA. Transcript levels were normalized to 18 S ribosomal RNA levels. Fold changes in luciferase or mRNA expression are shown as the
relative expression ratio (experiment/control). Results are expressed as the means � S.E. of at least three separate experiments (right panel).

Regulation of cwp Genes by E2F1 in Giardia lamblia

34112 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 39 • SEPTEMBER 30, 2011

http://www.jbc.org/cgi/content/full/M111.280206/DC1
http://www.jbc.org/cgi/content/full/M111.280206/DC1
http://www.jbc.org/cgi/content/full/M111.280206/DC1
http://www.jbc.org/cgi/content/full/M111.280206/DC1


that the residues inside the DNA-binding and dimerization
domain may play an important role in DNA binding. Each
RRXYD motif is known to be important for DNA binding of

E2Fs with two DNA-binding domains (43, 55). We found that
E2F1DB1m or E2F1DB2m with a mutation of the second Arg
residue in the RRXYD motif (Fig. 7A) did not bind to the

FIGURE 7. Analysis of the DNA-binding domain of E2F1. A, diagrams of the E2F1 and mutant proteins. The gray boxes indicate the E2F1 DNA-binding domains
DB1 and DB2. E2F1m1 (or E2F1m2) contains mutation of stretches of basic amino acids between residues 11 and 23 (or between residues 230 and 234) as
shown in boldface underlined type. E2F1dd does not contain NVLEA (residues 61– 65) and NILEG (residues 155–159) sequence. In E2F1DB1m and E2F1DB2m, the
second Arg of the RRXYD DNA recognition motifs are mutated as shown in underlined type. B, localization of the E2F1 mutants. The e2f1 gene was mutated as
described (A) and subcloned to replace the wild type e2f1 gene in the backbone of pPE2F1 (Fig. 2C); the resulting plasmids pPE2F1m1, pPE2F1m2, pPE2F1dd,
pPE2F1DB1m, and pPE2F1DB2m were transfected into Giardia. The stable transfectants were cultured in growth (Veg, vegetative growth; upper panels) or
encystation medium for 24 h (Enc, encystation; lower panels) and then subjected to immunofluorescence analysis using anti-HA antibody for detection. The
products of pPE2F1m1, pPE2F1DB1m, and pPE2F1DB2m localize to the nuclei in both vegetative and encysting trophozoites. The product of pPE2F1m2 and
pPE2F1dd localize not only in nucleus, suggesting their partial loss of nuclear localization. The product of pPE2F1m2 localizes to the nuclei and cytosol in both
vegetative and encysting trophozoites. The product of pPE2F1dd localizes to the nuclei and some vesicles in cytosol in both vegetative and encysting
trophozoites. C and D, Western blot analysis of recombinant E2F1 and mutant proteins. The E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m protein
with a V5 tag at its C terminus was purified by affinity chromatography and then detected by anti-V5-HRP antibody in Western blots. E and F, reduction of DNA
binding ability of E2F1 mutants. Electrophoretic mobility shift assays were performed using purified E2F1, E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, E2F1DB2m,
and tk�30/�1 probe. The arrowheads indicate the shifted complexes. A postive control reaction was carried out using the wild type E2F1 (lane 1).
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tk�30/�1 probe (Fig. 7F), indicating that the RRXYD motif is
important for DNA binding.
Overexpression of E2F1 Induced the Expression of cwp1–3,

and myb2 Genes—To study the role of E2F1 in G. lamblia, we
expressed e2f1 by the �2-tubulin promoter (pPE2F1; Fig. 2C)
and observed its gene expression. An �55-kDa protein was
detected (Fig. 8A), which was almost matched to the predicted
molecularmass of E2F1 (�46.2 kDa) with theHA tag (�1 kDa).
Similar to the expression pattern of the endogenous E2F1 pro-
tein, the levels of the E2F1-HA protein increased significantly
during encystation (data not shown; also see Fig. 2B). Overex-
pression of E2F1 in the pPE2F1 cell line can be confirmed by the
anti-E2F1 antibody, although the endogenous E2F1 and over-
expressed E2F1-HA migrated at similar sizes (Fig. 8A). We
found that E2F1 overexpression resulted in a significant
increase of the CWP1 protein levels during vegetative growth
(Fig. 8A). RT-PCR and quantitative real time PCR analysis
showed that the mRNA levels of the endogenous e2f1 plus vec-
tor expressed e2f1 in the E2F1-overexpressing cell line
increased by�3.7-fold (p� 0.05) (Fig. 8,B andC) relative to the
control cell line, which expressed only the puromycin selection
marker (5��5N-Pac) (Fig. 2C) (60). The mRNA levels of the
endogenous cwp1, cwp2, cwp3, myb2, and thymidine kinase
genes in the E2F1-overexpressing cell line increased by �2.3–
2.6-fold (p � 0.05) relative to the control cell line (Fig. 8, B and
C, data not shown). Similar mRNA levels of the ran and 18 S
ribosomal RNA genes were detected (Fig. 8, B and C). We fur-
ther investigated the effect of giardial E2F1 on cyst formation.
In previous studies, we have found that some G. lamblia tro-
phozoites may undergo spontaneous differentiation (57). We
obtained consistent cyst counts data for vegetative G. lamblia
cultures during growth to stationary phase (�4800 cysts/ml for
5��5N-Pac cell line) (60). In this study, we found that the cyst
number in the E2F1-overexpressing cell line increased by�2.3-
fold (p � 0.05) relative to the control cell line, which expresses
only the puromycin selection marker (5��5N-Pac) (Fig. 2C),
indicating that the overexpressed E2F1 can increase the cyst
formation (Fig. 8D). Similar results were obtained during
encystation (data not shown). The results suggest that the over-
expressed E2F1 can transactivate the cwp1, cwp2, cwp3,myb2,
and thymidine kinase genes.
To further understand the function of giardial E2F1, we

observed the effect of overexpression of the E2F1m1, E2F1m2,
E2F1dd, E2F1DB1m, and E2F1DB2m (Fig. 8). E2F1m1,
E2F1DB1m, and E2F1DB2m can enter nuclei, but E2F1m2
and E2F1dd partially localized to nuclei (Fig. 7B and supple-
mental Fig. S1). We found that the levels of E2F1m1, E2F1m2,
E2F1dd, E2F1DB1m, or E2F1DB2m protein increased signifi-
cantly compared with that of wild type E2F1 during vegetative
growth in both anti-HA and anti-E2F1Western blots (Fig. 8A).
We further analyzed whether the transcript levels of the
E2F1m1, E2F1m2, E2F1dd, E2F1DB1m, or E2F1DB2m were
changed. As shown by RT-PCR and quantitative real time PCR
analysis, the levels of HA-tagged e2f1m1, e2f1m2, e2f1dd,
e2f1db1m, or e2f1db2m mRNA increased by �1.3–3.1-fold
(p � 0.05) compared with that of wild type HA-tagged e2f1
during vegetative growth (Fig. 8, B and C). We did not detect
any HA-tagged e2f1 transcripts in the 5��5N-Pac control cell

line (Fig. 8B).We also found that the levels of theCWP1protein
and the cwp1, cwp2, cwp3,myb2, and thymidine kinase mRNA
and cyst formation increased significantly in the E2F1m1-,
E2F1dd-, E2F1DB1m-, or E2F1DB2m-overexpressing cell line
relative to the wild type E2F1-overexpressing cell line (Fig. 8,
A–D). Similar results were obtained during encystation (data
not shown). The results suggest an increase of transactivation
activity of E2F1m1, E2F1dd, E2F1DB1m, and E2F1DB2m
whose expression also increased significantly. Therefore, it is
possible that these E2F1 mutants still possess transactivation
activity. However, the transactivation activity of the E2F1m2
mutant did not increase (Fig. 8, A–D), possibly because of its
partial mis-localization and its relatively lower expression as
compared with other E2F1 mutants (Figs. 7B and 8C).
Oligonulceotidemicroarrayassaysconfirmedtheup-regulation

of the cwp1, cwp2, cwp3,myb2, and thymidine kinase gene expres-
sion in the E2F1-overexpressing cell line to �2.12 to �2.7-fold of
the levels in the control cell line (Fig. 8E). Similar mRNA levels of
the ran gene were detected (Fig. 8E). We found that 31 and 42
genes were significantly up-regulated (�2-fold) and down-regu-
lated (�1/2) (p� 0.05) in the E2F1 overexpression cells relative to
the vector control, respectively (Fig. 8E and Table 1). The expres-
sion levels of the e2f1 gene in the E2F1-overexpressing cell line
increased by �3.65-fold (p � 0.05) (Fig. 8E and Table 1).
Interaction between E2F1 andMyb2—It is possible that E2F1

may regulate target genes by interacting with other transcrip-
tion factors. We further tried to understand whether E2F1 can
interact withMyb2, which is an encystation-induced transcrip-
tion factor and is involved in coordinate up-regulation of the
cwp1–3 genes during encystation (21, 26).We used glutathione
S-transferase (GST) pulldown assays to investigate the possibil-
ity that E2F1 interacts with Myb2. We performed the assays
using the GSTMyb2 fusion protein bound in the glutathione-
Sepharose beads and purified E2F1. Specific pulldown interac-
tions were observed with GSTMyb2 and E2F1, whereas no
interaction was observed with GST and E2F1 (Fig. 9, A–C).

We then performed co-immunoprecipitation experiments
using the E2F1-overexpressing cell line. We lysed the cells and
immunoprecipitated theHA-tagged E2F1with anti-HAantibody.
Western blots of immunoprecipitates probed with anti-HA and
anti-Myb2 indicate that E2F1 co-precipitates withMyb2 (Fig. 9,D
and E). As a control, the anti-HA antibody did not immunopre-
cipitate E2F1 and Myb2 in the control cell line, which expressed
only the puromycin selection marker (5��5N-Pac) (Fig. 2C) (60),
suggesting that Myb2 co-immunoprecipitated with anti-HA
requires theHA-tagged E2F1 protein (Fig. 9,D andE). The results
suggest an interaction between E2F1 andMyb2.

DISCUSSION

TheE2Fprotein family is a group of transcription factors that
regulate cell cycle progression and cell differentiation in a wide
variety of species, including Caenorhabditis elegans, Dictyoste-
lium discoideum, plants,Drosophila, andmammals (42, 68, 69).
It has not been identified to date in yeast, but an E2F functional
analog, SWI4, is present in yeast (70, 71). SWI4 has a different
type of DNA-binding domain as compared with the E2F DNA-
binding domain, although both SWI4 and E2F bind to similar
target sequences (70). In this study, an E2F-like transcription
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FIGURE 8. Activation of cwp1–3, myb2, and thymidine kinase gene expression in the E2F1-overexpressing cell line. A, overexpression of E2F1
increased the levels of CWP1 protein. The 5��5N-Pac, pPE2F1, pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants
were cultured in growth medium and then subjected to SDS-PAGE and Western blot. The blot was probed by anti-E2F1, anti-HA, and anti-CWP1
antibody. Equal amounts of protein loading were confirmed by SDS-PAGE and Coomassie Blue staining. Representative results are shown. B, RT-PCR
analysis of gene expression in the E2F1-overexpressing and E2F1 mutants overexpressing cell lines. The 5��5N-Pac, pPE2F1, pPE2F1m1, pPE2F1m2,
pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants were cultured in growth medium and then subjected to RT-PCR analysis. PCR was
preformed using primers specific for e2f1-ha, e2f1, cwp-3, myb2, thymidine kinase, ran, and 18 S ribosomal RNA genes. C, quantitative real time PCR
analysis of gene expression in the E2F1-overexpressing and E2F1 mutants overexpressing cell lines. The 5��5N-Pac, pPE2F1, pPE2F1m1, pPE2F1m2,
pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants were cultured in growth medium and then subjected to quantitative real time PCR
analysis. Real time PCR was performed using primers specific for e2f1-ha, e2f1, cwp1, cwp2, thymidine kinase, ran, and 18 S ribosomal RNA genes. Similar
mRNA levels of the ran and 18 S ribosomal RNA genes for these samples were detected. Transcript levels were normalized to 18 S ribosomal RNA levels.
Fold changes in mRNA expression are shown as the ratio of transcript levels in the pPE2F1, pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, or
pPE2F1DB2m cell lines relative to the 5��5N-Pac cell line. Results are expressed as the means � S.E. of at least three separate experiments. D, cyst count.
The 5��5N-Pac, pPE2F1, pPE2F1m1, pPE2F1m2, pPE2F1dd, pPE2F1DB1m, and pPE2F1DB2m stable transfectants were cultured in growth medium and
then subjected to cyst count as described under “Experimental Procedures.” The sum of total cysts is expressed as relative expression level over control.
Values are shown as means � S.E. (left panel). Cysts were subjected to immunofluorescence analysis, using anti-CWP1 antibody for detection. The CWP1
localizes to the cyst wall in a representative cyst (right panel). E, microarray analysis. Microarray data were obtained from the 5��5N-Pac and pPE2F1 cell
lines during vegetative growth. Fold change are shown as the ratio of transcript levels in the pPE2F1 cell line relative to the 5��5N-Pac cell line. Results
are expressed as the means � S.E. of at least three separate experiments.
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factor has been identified inG. lamblia, although it is divergent
in sequence. This suggests that the E2F familymay have evolved
before divergence of G. lamblia from the main eukaryotic line

of descent butmay have been lost in yeast. To date, giardial E2F
is the first E2F transcription factor identified in early diverging
protozoan parasites. We did BLAST searches for the genome

TABLE 1
Genes up or down regulated by E2F1 overexpression

No. Annotation Orf no. Fold change (pPE2F1/5��5N-Pac)

1 Hypothetical protein 112080 8.31 (p � 0.05)a
2 High cysteine membrane protein group 4 114930 7.76 (p � 0.05)
3 Hypothetical protein 117393 6.90 (p � 0.05)
4 VSP 14331 4.84 (p � 0.05)
5 High cysteine membrane protein group 1 25816 3.88 (p � 0.05)
6 E2F1 23756 3.65 (p � 0.05)
7 Hypothetical protein 32657 3.57 (p � 0.05)
8 Chorein 87358 3.48 (p � 0.05)
9 Hypothetical protein 9068 3.45 (p � 0.05)
10 Hypothetical protein 101484 3.38 (p � 0.05)
11 VSP 112113 3.32 (p � 0.05)
12 High cysteine membrane protein VSP-like 112305 3.21 (p � 0.05)
13 Hypothetical protein 112696 2.97 (p � 0.05)
14 Hypothetical protein 113433 2.96 (p � 0.05)
15 Thymidine kinase 8364 2.70 (p � 0.05)
16 High cysteine membrane protein group 4 114089 2.63 (p � 0.05)
17 DNA repair protein RAD51 13104 2.62 (p � 0.05)
18 VSP 137620 2.55 (p � 0.05)
19 Cyst wall protein 1 5638 2.54 (p � 0.05)
20 Cyst wall protein 3 2421 2.52 (p � 0.05)
21 VSP 14307 2.43 (p � 0.05)
22 VSP 26590 2.37 (p � 0.05)
23 Hypothetical protein 28388 2.37 (p � 0.05)
24 Hypothetical protein 31420 2.37 (p � 0.05)
25 VSP 40630 2.36 (p � 0.05)
26 VSP 41476 2.34 (p � 0.05)
27 Hypothetical protein 9551 2.33 (p � 0.05)
28 Hypothetical protein 97698 2.33 (p � 0.05)
29 Cyst wall protein 2 5435 2.22 (p � 0.05)
30 Myb2 8722 2.12 (p � 0.05)
31 Hypothetical protein 11148 2.12 (p � 0.05)
32 VSP 101765 0.11 (p � 0.05)
33 Clathrin heavy chain 102108 0.20 (p � 0.05)
34 High cysteine protein 102180 0.20 (p � 0.05)
35 VSP with INR 101074 0.22 (p � 0.05)
36 Variant-specific surface protein 103237 0.23 (p � 0.05)
37 High cysteine protein 112604 0.27 (p � 0.05)
38 VSP 112678 0.27 (p � 0.05)
39 VSP 113269 0.27 (p � 0.05)
40 VSP with INR 113450 0.29 (p � 0.05)
41 Proprotein convertase subtilisin/kexin type 5 precursor 114625 0.31 (p � 0.05)
42 Dynein heavy chain 101138 0.31 (p � 0.05)
43 VSP 114672 0.32 (p � 0.05)
44 Hypothetical protein 114674 0.32 (p � 0.05)
45 VSP 115796 0.32 (p � 0.05)
46 Ceramide glucosyltransferase 11642 0.33 (p � 0.05)
47 Hypothetical protein 119703 0.34 (p � 0.05)
48 VSP 122566 0.35 (p � 0.05)
49 Hypothetical protein 123336 0.35 (p � 0.05)
50 VSP AS8 13194 0.36 (p � 0.05)
51 VSP 13390 0.36 (p � 0.05)
52 VSP 137606 0.36 (p � 0.05)
53 VSP 137612 0.36 (p � 0.05)
54 VSP 137617 0.36 (p � 0.05)
55 VSP with INR 14586 0.37 (p � 0.05)
56 Hypothetical protein 14690 0.38 (p � 0.05)
57 Hypothetical protein 15419 0.39 (p � 0.05)
58 Coiled-coil protein 16199 0.39 (p � 0.05)
59 Liver stage antigen-like protein 16595 0.39 (p � 0.05)
60 Kinase, NEK 17084 0.40 (p � 0.05)
61 Hypothetical protein 17332 0.41 (p � 0.05)
62 CXC-rich protein 17476 0.41 (p � 0.05)
63 VSP 34357 0.42 (p � 0.05)
64 Hypothetical protein 36122 0.42 (p � 0.05)
65 Hypothetical protein 3731 0.42 (p � 0.05)
66 VSP 40591 0.42 (p � 0.05)
67 Hypothetical protein 5206 0.44 (p � 0.05)
68 Variant-specific surface protein 6101 0.45 (p � 0.05)
69 High cysteine membrane protein group 1 7715 0.45 (p � 0.05)
70 Hypothetical protein 93278 0.46 (p � 0.05)
71 Coiled-coil protein 9515 0.47 (p � 0.05)
72 Hypothetical protein 95908 0.49 (p � 0.05)
73 Hypothetical protein 99726 0.49 (p � 0.05)

a p values were determined for groups in which the average means changed by a factor of �2.0 or �0.5.
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databases of Entamoeba histolytica, Plasmodium falciparum,
and Trypanosoma brucei and only identified matches for
uncharacterized proteins. At least two putative e2f-like genes
were present in the Trichomonas vaginalis genome database.
Further analyses will reveal whether E2F family proteins are
shared with these eukaryotic lineages.
The key components of the giardial cyst wall, cyst wall proteins,

are synthesized duringGiardia differentiation into dormant cysts
(2). E2F proteins in higher eukaryotes are involved in cell differen-
tiation and function as transcriptional activators or repressors (42,
43, 49, 54, 55). It has been found that eukaryotic E2Fmay regulate
Sphase-specific genes, including thymidinekinase, ofwhichprod-
uct is a key enzyme of DNA synthesis (31–33, 35). To gain insight
into the function of E2F1 inGiardia, we tested the hypothesis that
E2F1 can regulate the thymidine kinase gene. Our results show
that the giardial E2F1 localizes to the cell nuclei (Fig. 2D and sup-
plemental Fig. S1). The increased levels of the E2F1protein during
encystation indicate that it may also play a role in this differentia-
tion. We also found an increase of the thymidine kinase gene
expression during encystation (Fig. 2A). This is possibly due to the
requirement of DNA replication during encystation. E2F1 can
bind to a specific sequence in the core promoter region of the
thymidinekinase gene (Fig. 3B).Mutationof theE2F1-binding site
in the thymidine kinase promoter resulted in a decrease of pro-
moter activity (Fig. 5), suggesting that E2F1 may be a transcrip-

tional activator in the regulation of the thymidine kinase gene.We
further analyzed the function of E2F1 inGiardia encystation.We
found that E2F1 can bind to specific sequences in the core pro-
moter region of the cwp1, cwp2, and cwp3 genes (Fig. 3B). Muta-
tion of the E2F1-binding site in the cwp1 promoter resulted in a
decrease of promoter activity (Fig. 6), suggesting that E2F1may be
a transcriptional activator in theregulationof the cwp1gene. Inter-
estingly, theconstitutivelyoverexpressedE2F1 increased the levels
of the cwp1–3,myb2, and thymidine kinase mRNA (Fig. 8, B and
C). The levels of the CWP1 protein and cyst formation also
increased in the E2F1-overexpressing cell line (Fig. 8, A and D).
ChIP assays also confirmed the association of E2F1 with its own
promoter and the cwp1–3,myb2, and thymidinekinasepromoters
(Fig. 4C).We also found an important role of the basic residues of
the E2F1 DNA-binding domain in the exclusive nuclear localiza-
tion (Fig. 7B and supplemental Fig. S1). The results suggest that
E2F1 may play an important role in induction of encystation-in-
duced cwp and thymidine kinase genes.

The giardial promoters defined to date, including the encys-
tation-specific cwp promoters, are notably short and contain
AT-rich Inr elements (15, 16, 18, 19–23). Deletion and muta-
tion analysis of the ran, �2-tubulin, and cwp2 promoters has
provided the evidence that the AT-rich Inr elements are posi-
tive cis-acting elements and that they are important for basal
promoter activity and transcription start site selection (18, 19,
22, 24). Previously, we have identified several transcription fac-
tors whose expression increased significantly during encysta-
tion andwhose functionmay be related to the transactivation of
the cwp genes, including Myb2, GARP-like protein 1, ARID1,
WRKY, and Pax1 (21, 24–27, 65). ARID1 and Pax1 can bind to
the AT-rich Inr elements of the cwp promoters (24, 65). Myb2,
GARP-like protein 1, and WRKY can bind to the proximal
upstream regions of the cwp promoters, and their binding
sequences are positive cis-acting elements (21, 25, 27). In this
study, we found that E2F1 can also bind to specific sequences
upstream of the AT-rich Inr elements. There may be an inter-
action of the transcription factors binding to the proximal
upstream regions and the AT-rich Inr elements. This interac-
tion may be required for promoter activity and accurate tran-
scription start site selection.
Our results also showed that E2F1 can bind weakly to the

cwp1�104/�70 probe in vitro, which contains the sequence
TTTCTGGC (Fig. 3B). This sequence is similar to the E2F1-
binding sequence TTTCCGCG in the thymidine kinase pro-
moter (Fig. 3B), suggesting that E2F1 can bind to the cwp1 pro-
moter, although weakly. We also detected the association of
E2F1 with the cwp1 promoter in vivo (Fig. 4C), suggesting that
E2F1 may activate the cwp1 promoter directly. We also found
the presence of the putative E2F1-binding site in the cwp2 and
cwp3 promoters and an association of E2F1 with the cwp2 and
cwp3 promoters in vivo (Fig. 3B), suggesting that E2F1 may
activate the cwp2 and cwp3 promoters directly. Although E2F1
can also function as a transactivator, it may still need to coop-
erate with other transcription factors that are induced during
encystation to transactivate the cwp genes. We found that
mutation of the E2F1 target sequences in the thymidine kinase
promoter might impair the binding of E2F1, leading to a signif-
icant decrease in transactivation (Figs. 4 and 5).Mutation of the

FIGURE 9. Interaction between E2F1 and Myb2. A, schematic representation
of GSTMyb2 fusion protein. Full-length Myb2 was fused to the C terminus of GST.
B, presence of bound GST and GSTMyb2 in the glutathione-Sepharose beads.
Following binding of GST and GSTMyb2 and extensive washing, the glutathione-
Sepharose beads were subjected for SDS-PAGE. GST and GSTMyb2 were visual-
ized by Coomassie Blue staining. C, interaction between E2F1 and Myb2 by GST
pulldown assay. Purified recombinant E2F1 with a C-terminal V5 tag was mixed
with GST protein, and GSTMyb2 fusion proteins in the glutathione-Sepharose
beads and the pulldown fractions were analyzed. Five percent of the input (lane
1) and 25% of the pulldown material (lanes 2 and 3) were subjected to Western
blot analysis. V5-tagged E2F1 was detected using anti-V5-HRP antibody. D, co-
immunoprecipitation assays. The 5��5N-Pac and pPE2F1 stable transfectants
were cultured in encystation medium for 24 h. Proteins from cell lysates were
immunoprecipitated (IP) using anti-HA antibody conjugated to beads. The pre-
cipitates were analyzed by Western blot (WB) with anti-HA or anti-Myb2 antibody
as indicated. E, expression of the HA-tagged E2F1 and Myb2 proteins in whole cell
extracts. The 5��5N-Pac and pPE2F1 stable transfectants were cultured in encys-
tation medium for 24 h (Enc, encystation) and then subjected to Western blot
analysis. The blot was probed by anti-HA and anti-Myb2 antibody. Equal
amounts of protein loading were confirmed by SDS-PAGE and Coomassie Blue
staining.
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E2F1 target sequences or the AT-rich Inr in the cwp1 promoter
might impair the binding of E2F1 or other Inr-binding proteins
to the Inr, leading to a significant decrease in transactivation
(Fig. 6). The results suggest that E2F1 may transactivate the
cwp1 promoter in vivo through its DNA-binding sequences,
and there may be an interaction of the E2F1 or other Inr-bind-
ing transcription factors. This interaction may be required for
transcriptional activation of the cwp1 gene during encystation.
The giardial E2F1 contains two DNA-binding domains near

the N-terminal region, similar to the human E2F7–8 and plant
E2L1–3 (30, 43, 53–55). Although divergent from human E2F
proteins, giardial E2F1 binds DNA in a sequence-specific man-
ner. Our results show that the giardial E2F1-binding site
TTTCCGCG is similar to the human E2F-binding sites TTT(c/
g)GCGC(c/g) or TTTCCCGCC (42, 45–52). This indicates that
the E2F family-binding sites may have been conserved in evo-
lution. Thismay reflect similar function of the E2F family. From
the results with the human E2F4 (49), the most important res-
idues contacting or helping contact the basesG andCof the two
strands of binding sequence (TTTCGCGCG) are twoArgs, one
Tyr, and one Asp of RRXYD motif of the �3 helix. These resi-
dues are conserved in the two DNA-binding domains of the
giardial E2F1. We also found that the second Arg of RRXYD
motif was also required for giardial E2F1 binding (see below),
indicating the importance of this residue. The Arg of the �N
helix contacting the T-rich region of the binding sequence is
not conserved in the two DNA-binding domains of the giardial
E2F1 (Fig. 1B). The giardial E2F1 has some but not all of the
conserved residues that make DNA backbone contact or
dimerization contact (Fig. 1B). These nonconservative substi-
tutions might explain why giardial E2F1 can recognize longer
target sequences, including the AT-rich Inr sequence located
downstream of the TTTCCGCG sequence.
Two putative nuclear localization signals have been found, of

which the one downstream of the DNA-binding domain (resi-
dues 230–234) but not the one inside theDNA-binding domain
(residues 11–21) is important for nuclear localization (Fig. 7B
and supplemental Fig. S1). However, the one inside the DNA-
binding domain (residues 11–21) but not the one downstream
of the DNA-binding domain (residues 230–234) is important
for DNA binding (Fig. 7C). We also found that deletion of the
corresponding residues for dimerization contact in giardial
E2F1 (residuesNVLEAandNILEGwere deleted in E2F1dd) not
only resulted in a significant decrease of nuclear localization,
but also resulted in a complete loss of DNA binding activity
(Fig. 7, B andC). The results suggest that the residues inside the
DNA-binding domain and dimerization domain may play an
important role inDNAbinding. EachRRXYDmotif is known to
be important for DNA binding of E2Fs with two DNA-binding
domains (43, 55). We found that mutation of the second Arg
residue in the RRXYD motif (E2F1DB1m or E2F1DB2m) did
not affect nuclear localization but resulted in a loss of DNA
binding activity (Fig. 7, B and D), indicating that the RRXYD
motif is important for DNA binding.
pRB family proteins bind the transactivation domain of

E2F1–3 transactivators to inhibit the transactivation function
in human (37–42). Sequences for binding to pRB family pro-
teins are also present in the E2F4 and E2F5 repressors but not

present in E2F6–8 repressors (42). The C-terminal end of the
giardial E2F1 is not highly similar to the C-terminal pRB-bind-
ing domain of the human E2Fs (Fig. 1C). We did not find con-
sensus pRB- binding sequences in the giardial E2F1 protein.We
did blast searches of the G. lamblia genome database but did
not identify matches for the pRB family proteins (data not
shown). This suggests that the pRB family proteins may be too
divergent to be recognized by sequence similarity. It is also pos-
sible that they are not present inG. lamblia, but their functional
analogs are present inG. lamblia. This awaits further studies to
explore. pRB has not been identified in yeast, although its func-
tional analog, Whi5, is present (71).
Many important transcription factors involved in develop-

mental regulation and in stress response have an autoregulation
mechanism, includingmammalian c-Myb andPax proteins and
plantWRKY (72–74).Myb2, Pax1, orWRKY has been found to
be positively or negatively autoregulated to maintain its own
protein levels inG. lamblia, and this is related to the presence of
its binding sites in its own promoter region (21, 26, 27, 65). It
has been shown that mammalian E2F1 proteins may be nega-
tively autoregulated by an E2F�DP-pRB complex in quiescent
cells and that theymay be positively autoregulated by activating
the activity of its own promoter to maintain high levels of E2F1
protein during G1/S (75). We found that some E2F1 mutants,
including E2F1m1, E2F1dd, E2F1DB1m, and E2F1DB2m, have
an increase of transactivation function on the cwp and thymi-
dine kinase gene promoters (Fig. 8, B andC). Their transactiva-
tion function was correlated with their increased levels. Their
mRNA levels increased significantly comparedwith that of wild
type E2F1, suggesting a positive autoregulation of the e2f1 gene.
Transactivation function of specific transcription factors may
require interaction with transcriptional co-activators and gen-
eral transcription factors. It is possible that the E2F1m1,
E2F1dd, E2F1DB1m, and E2F1DB2m mutants may possess
minor mutations on the DNA-binding domains. They may still
possess sufficient transactivation activity and ability to interact
with other transcriptional co-activators. However, the transac-
tivation activity of the E2F1m2 mutant did not increase, possi-
bly because of its partialmis-localization and its relatively lower
expression as compared with other E2F1 mutants. It is also
possible that the E2F1m2 mutant may possess some mutations
downstream of the DNA-binding domains, and the region of
mutations may be located in a transactivation domain. The
mutations may decrease its transactivation activity and ability
to interact with other transcriptional co-activators.
We found that E2F1 cannot bind to the 18 S ribosomal RNA

gene promoter that does not contain the putative E2F1-binding
site in the �200-bp 5�-flanking region (Fig. 4C). E2F1 can bind
to the promoters of the constitutive ran gene and the encysta-
tion-induced cwp1–3, myb2, and thymidine kinase genes in
vivo (Fig. 4C), suggesting that E2F1 may be involved in tran-
scriptional regulation of many different genes. However, over-
expressed E2F1 did not transactivate the ran gene promoter
(Fig. 8, B and C). Oligonucleotide microarray assays confirmed
the up-regulation of the cwp1, cwp2, cwp3, myb2, and thymi-
dine kinase gene expression in the E2F1-overexpressing cell
line, respectively (Fig. 8E). We also found that 31 and 42 genes
were significantly up-regulated (�2-fold) and down-regulated
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(�1/2) (p � 0.05) in the E2F1 overexpression cells relative to
the vector control (Fig. 8E and Table 1). Interestingly, DNA
repair protein RAD51 gene was up-regulated by E2F1 (Fig. 8E
and Table 1). It has been shown that the expression of human
RAD51 is induced in late S phase and G2/M phase (76). E2F
proteins can regulate DNA repair protein genes, including the
RAD51 gene to integrate cell cycle progression (77). Our results
suggest that the giardial E2F1may have a similar function in the
regulation of DNA repair protein RAD51 gene.
In late-branching eukaryotes, E2F proteins regulate specific

target genes by interacting with other classes of transcription
factors, including Sp1, P53, BRCA, NF-�B, AT-rich interaction
domain, and YY1 (78–84). Therefore, it is possible that giardial
E2F1 functions as an activator via association with some encys-
tation-specific cofactors on the promoter context of encysta-
tion-induced genes. In late-branching eukaryotes, E2Fs and
B-Myb have an important role in the control of G1/S and G2/M
genes, respectively (85). The b-myb gene is also a target for E2Fs
at G1/S (85). Interestingly, there is an interaction between E2Fs
and B-Myb, and binding of B-Myb to the G2-specific cdc2
(cdk1) gene promoter is dependent on an intact E2F-binding
site, suggesting that E2Fs may link the G1/S and G2/M tran-
scriptional regulation by interaction with B-Myb (85). We also
found an interaction between giardial E2F1 and Myb2 using in
vitroGSTpulldown assays and in vivo co-immunoprecipitation
assays. The presence of the Myb2-binding sites in the promot-
ers of key encystation-induced genes cwp1-3, g6pi-b, andmyb2
itself suggests that Myb2 may be involved in coordinating their
differential expression (21, 26). ChIP assays have been used to
confirm the binding of Myb2 and E2F1 to the cwp1, cwp2, and
myb2 gene promoters (Fig. 4C) (26). The interaction of E2F1
with Myb2 suggests that E2F1 may participate in activating
expression of the cwp genes during giardial encystation and that
E2F1 andMyb2may have a synergistic effect on activated tran-
scription of cwp genes during encystation.

Our results indicate that E2F1 can transactivate the thymi-
dine kinase and cwp genes that are involved in DNA synthesis
and differentiation in the primitive protozoan G. lamblia. Our
study provides evidence for the important role of the giardial
E2F1 in the differentiation of G. lamblia trophozoites into
cysts, leading to greater understanding of the evolution of
eukaryotic DNA-binding domain and transcriptional mecha-
nisms during cell differentiation.
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4. Celiksöz, A., Aciöz, M., Değerli, S., Cinar, Z., Elaldi, N., and Erandaç, M.
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