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Core-binding factor a2 (CBFa2; otherwise known as AML1 or PEBP2aB) is a DNA-binding subunit in the
family of core-binding factors (CBFs), heterodimeric transcription factors that play pivotal roles in multiple
developmental processes in mammals, including hematopoiesis and bone development. The Runt domain in
CBFa2 (amino acids 51 to 178) mediates DNA binding and heterodimerization with the non-DNA-binding
CBFb subunit. Both the CBFb subunit and the DNA-binding protein Ets-1 stimulate DNA binding by the
CBFa2 protein. Here we quantify and compare the extent of cooperativity between CBFa2, CBFb, and Ets-1.
We also identify auto-inhibitory sequences within CBFa2 and sequences that modulate its interactions with
CBFb and Ets-1. We show that sequences in the CBFa2 Runt domain and sequences C terminal to amino acid
214 inhibit DNA binding. Sequences C terminal to amino acid 214 also inhibit heterodimerization with the
non-DNA-binding CBFb subunit, particularly heterodimerization off DNA. CBFb rescinds the intramolecular
inhibition of CBFa2, stimulating DNA binding approximately 40-fold. In comparison, Ets-1 stimulates CBFa2
DNA binding 7- to 10-fold. Although the Runt domain alone is sufficient for heterodimerization with CBFb,
sequences N terminal to amino acid 41 and between amino acids 190 and 214 are required for cooperative DNA
binding with Ets-1. Cooperative DNA binding with Ets-1 is less pronounced with the CBFa2-CBFb het-
erodimer than with CBFa2 alone. These analyses demonstrate that CBFa2 is subject to both negative
regulation by intramolecular interactions, and positive regulation by two alternative partnerships.

The complex interplay between transcription factors bound
to DNA provides enormous opportunity for regulation of gene
expression. Not surprisingly, combinatorial control that utilizes
multiple transcription factors is the rule for most eukaryotic
enhancers. Recent findings implicate auto-regulation as an in-
tegral feature of these protein partnerships. There are regions
within proteins that negatively regulate DNA binding or pro-
tein-protein interactions, presumably through intramolecular
interactions (24). Positive regulation, as mediated by the cre-
ation of multiprotein complexes, can inactivate auto-inhibition.
The molecular pathways for assembling these multiprotein
complexes are beginning to emerge from systems in which both
biochemical and structural approaches are aggressively under-
taken.

The DNA-binding a subunits of the core-binding factors
(CBFs) represent a model system of combinatorial control, as
they display auto-inhibition that is rescinded through interac-
tions with two different partner proteins. One partner is CBFb,
a subunit that binds CBFa subunits and stimulates DNA-bind-
ing activity without itself binding DNA (56, 85). CBFa subunits
also interact with members of the ets family of DNA-binding
proteins to form ternary complexes on DNA (19, 33, 41, 78,
86). These different classes of partnerships provide an oppor-
tunity to develop a mechanistic model for regulating DNA
binding by both intra- and intermolecular interactions.

The CBFs comprise a small family of proteins involved in
multiple developmental pathways in vertebrates and inverte-
brates (75). DNA-binding CBFa subunits in mammals are
encoded by three genes (CBFA1, CBFA2 (AML1), and
CBFA3), and the non-DNA-binding CBFb subunit is encoded

by the CBFB gene (4, 5, 36, 39, 48, 56, 57, 85). CBFA1 is
required for bone development in mammals (34, 60). CBFA2
(AML1) and CBFB are essential for the emergence of defini-
tive hematopoietic progenitors and stem cells in the mamma-
lian embryo (52, 53, 58, 68, 82, 83). The Drosophila CBFA
homolog runt functions in three developmental pathways: sex
determination, segmentation, and neurogenesis (16, 17, 28,
67). The Drosophila gene lozenge, which also encodes a DNA-
binding a subunit, plays a role in developmental pathways
involving the eye, antenna, and tarsal claws and in the devel-
opment of crystal cells, a blood cell lineage (13, 64, 77).

The ets proteins constitute a larger family of transcription
factors that share a common DNA-binding domain, termed the
ETS domain (25, 71). There are over 50 ets genes identified
throughout metazoa, including over 20 paralogs in the human
genome. Studies of vertebrate, Caenorhabditis elegans, and
Drosophila ets proteins demonstrate roles in cell growth, dif-
ferentiation, and transformation. For example PointedP2
(PntP2), a proposed ortholog of mammalian Ets-1 and Ets-2, is
essential for R7 photoreceptor development in Drosophila and
is the nuclear target of phosphorylation in the signal transduc-
tion pathway originating from the Sevenless receptor (2, 11,
59). In hematopoiesis, the ets protein PU.1 is required for
B-cell and macrophage development (42, 70). Ets-1 is required
for natural killer cell development (6), while both Ets-1 and
Fli-1 are required for maintaining normal numbers of T cells
(9, 44, 50). Both ets and CBF genes (FLI1, ERG, TEL, CBFA2,
and CBFB) are frequent targets of chromosomal translocations
in human leukemias (63); thus, dysregulation of ets or CBF
function appears to be an underlying cause of hematopoietic
transformation. One translocation, t(12;21), the most frequent
chromosomal rearrangement in pediatric acute lymphocytic
leukemia (43, 66, 72), actually fuses the ets gene TEL to
CBFA2 (23, 65). Other ets and CBF genes (FLI-1, Pu.1,
CBFA1, and ets-1) are preferential proviral insertion sites in
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leukemias and lymphomas induced by retroviruses (7, 49, 76)
or oncogenes captured by acutely transforming retroviruses
that cause leukemia (35, 54).

Many cell types in vertebrates express multiple ets genes,
leading to a requirement for regulatory pathways that can
dictate specificity of action of a particular ets protein. A com-
mon pathway to such specificity is partnerships with other
transcription factors. Two well-characterized examples are the
requisite interaction between serum response factor and one of
the ets proteins Elk-1 and SAP-1 (14, 38) and the partnership
between the ets protein PU.1 and the insulin response factor-
related protein Pip (10). Biochemical and genetic analyses
suggest that certain ets and CBF proteins also form partner-
ships. In Drosophila, both PntP2 and Lozenge are required for
R7 cell development; PntP2 receives the signal from the Sev-
enless receptor, while Lozenge is required for the competency
of R7 precursor cells to respond to the Sevenless signal (11, 13,
59). In vertebrates, Ets-1, Ets-2, PU.1, and GABP have been
implicated as putative partners for the CBF proteins in regu-
lating transcription of genes expressed in T, B, and myeloid
cells (18, 19, 33, 41, 62, 78, 86). Ets-1 and CBFa proteins were
shown to bind cooperatively to the T-cell receptor a- and
b-chain enhancers, and synergistically activate transcription
from the T-cell receptor a-chain enhancer in vivo and in vitro
(19, 33, 41, 78, 86). The minimal B-cell-specific enhancer from
the immunoglobulin m-chain gene consists of binding sites for
PU.1, CBF, and Ets-1 (or a related ets protein) (18). PU.1 and
CBFa2 cooperatively activate transcription from the macro-
phage colony-stimulating factor promoter in myeloid cells (62).
The osteopontin gene, which encodes a major noncollagenous
bone matrix protein, contains a promoter responsive to both
the CBFa1 protein and Ets-1 (69).

In this study, we used rigorous quantitative analyses to ap-
proach the issues of building multiprotein complexes. This
methodology provides a framework for mechanistic investiga-
tions of both intra- and intermolecular regulation, including
key insights for analyzing the structural basis of cooperativity
between CBFa2 and two of its partners, CBFb and Ets-1. The
CBFa proteins share a 128-amino-acid region of homology,
named the Runt domain after the founding member of the
CBFa family (31). The Runt domain constitutes the DNA-
binding domain of the CBFa proteins and the heterodimeriza-
tion domain for CBFb (31, 45, 57). Here we show that the
full-length CBFa2 protein exhibits auto-inhibition, and we
identify sequences C terminal to the Runt domain of CBFa2
that inhibit both DNA binding and heterodimerization with
the CBFb subunit. The C-terminal inhibitory sequences in
CBFa2, however, do not repress binding of the a-b het-
erodimer to DNA. The second partnership that we character-
ize is that between CBFa2 and Ets-1. The sequences within
CBFa2 that modulate its interaction with Ets-1 map to the
N-terminal 214 amino acids, whereas the C-terminal auto-
inhibitory sequences in CBFa2 are not required. Finally, we
demonstrate that cooperative binding of CBFa2 with Ets-1 is
not augmented by the CBFb subunit. A model that integrates
these phenomena is presented.

MATERIALS AND METHODS

Expression of CBFa2(451) and truncated derivatives. We created a modified
pVL1392 baculovirus transfer vector containing a Kozak sequence followed by
sequences encoding a hexahistidine (H6) tag, two FLAG epitopes [(FLAG)2],
and coding sequences for full-length CBFa2 [CBFa2(451)] (75) or its truncated
derivatives. A PCR primer complementary to the H6 codons in the bacterial
expression plasmid pQE30 (Qiagen), with a Kozak sequence and a BglII site at
the 59 end (59-TTAGATCTCCGCCATGGGAGGATCGCATCACCATC-39
was used in conjunction with a reverse primer (59-CATTACTGGATCTATCA
ACAGG-39) to amplify the H6 tag from pQE30. The PCR product was digested

with BglII and BamHI and subcloned into the pBK-CMV vector (Stratagene)
between the BglII (converted from a SpeI site) and BamHI sites. Complementary
DNA encoding full-length CBFa2(451) (with an in-frame BamHI site preceding
the ATG start codon) was subcloned in frame with the H6 tag, between the
BamHI site and a KpnI site in the pBK-CMV polylinker. The resulting plasmid
was partially digested with BamHI, and complementary oligonucleotides encod-
ing the FLAG epitope (59-GATCTATGGACTACAAAGACGATGACGATA
AGG-39 and 39-ATACCTGATGTTTCTGCTACTGCTATTCCCTAG-59) were
subcloned into the BamHI site.

A plasmid containing two consecutive FLAG epitopes in the correct reading
frame was identified by DNA sequence analysis. A BglII-KpnI fragment contain-
ing the H6(FLAG2-CBFa2(451) coding region was isolated from the pBK-CMV
plasmid and subcloned into the corresponding sites in the polylinker of pVL1392.
C-terminal truncations in CBFa2(451) were generated by PCR and used to
replace C-terminal sequences of H6(FLAG)2-CBFa2(451) in the same pVL1392
plasmid. Subcloning details for the various C-terminal truncations will be pro-
vided upon request.

C-terminal H6 tags were introduced onto the truncated CBFa2(1-312) and
CBFa2(41-312) proteins by PCR, using an antisense primer complementary to
sequences encoding amino acids 306 to 312, preceded by six histidine codons, two
stop codons, and a BamHI site, in conjunction with a sense primer complemen-
tary to sequences 59 to a PstI site in CBFa2(451). The PCR product was digested
with PstI and BamHI and subcloned into the corresponding sites in pVL1392.
Complementary DNA encoding the 59 end of CBFa2(451) (including 60 bp of 59
untranslated sequence) was then subcloned into this vector as a NotI (from the
polylinker of pBluescript SK1)-PstI fragment. Subcloning details for CBFa2(41-
312)-H6 will be provided upon request.

Recombinant baculoviruses (Autographa californica) were produced with a
BaculoGold transfection kit (Pharmingen) according to the manufacturer’s pro-
tocol. Recombinant viruses were used to infect Sf9 cells (600 ml in 1-liter spinner
flasks) that were grown to a density of 1.5 3 106 to 2.0 3 106 cells/ml. Cells were
collected by centrifugation at 1,000 3 g and then resuspended in 50 to 75 ml of
serum-free complete medium (EX-400; JRH) supplemented with recombinant
virus at a multiplicity of infection of 10. After incubation for 1 h at 27°C, Grace’s
complete medium (Gibco) was added to bring the final cell density to 1.5 3 106

cells/ml, and the infected cells were cultured at 27°C in spinner flasks for 48 h.
Partial purification of CBFa2(451). All purification steps were performed at

4°C. Sf9 cells were harvested by centrifugation at 1,000 3 g, and crude nuclei
were prepared by hypotonic lysis (15). Nuclei were resuspended in 5 packed cell
volumes of 6 M guanidine HCl–10 mM sodium phosphate (pH 8.0)–0.1% Triton
X-100–10% glycerol (buffer A) and stirred for 1 h. The nuclear debris was
pelleted (25,000 3 g, 15 min), and the supernatant from 1.5 3 109 Sf9 cells was
incubated with 2 to 3 ml of Ni-nitrilotriacetic acid (NTA) resin (Qiagen) for 1 h
with continuous agitation. The protein was renatured on the Ni-NTA column by
the following batch washes (5 min each, followed by centrifugation at 200 3 g for
5 min): two washes with 30 ml of buffer A; three washes with 50 ml of 8 M
urea–10 mM sodium phosphate (pH 8.0)–150 mM NaCl–0.1% Triton X-100–
10% glycerol (buffer B); three washes with 50 ml of 8 M urea– 10 mM sodium
phosphate (pH 7.4)–150 mM NaCl–0.1% Triton X-100–10% glycerol (buffer C);
three washes with 50 ml of 1 M urea–10 mM sodium phosphate (pH 7.4)–300
mM NaCl–0.1% Triton X-100–10% glycerol (buffer D); and three washes with 50
ml of 10 mM sodium phosphate (pH 7.4)–300 mM NaCl–0.1% Triton X-100–
10% glycerol (buffer E). The resin was then resuspended in 10 ml of 10 mM
sodium phosphate (pH 7.4)–150 mM NaCl–0.1% Triton X-100–10% glycerol
(buffer F) and poured into a column (5 ml). H6(FLAG)2-CBFa2(451) was eluted
from the Ni-NTA resin with 20 ml of buffer F containing 200 mM imidazole.
Protein fractions were frozen and stored at 270°C.

Native purification of truncated CBFa2 proteins. Crude nuclei from infected
Sf9 cells were prepared by hypotonic lysis and extracted with 20 ml of 10 mM
sodium phosphate (pH 7.8)–500 mM NaCl–10% glycerol (buffer G) for 30 min
at 4°C. The nuclei were pelleted (25,000 3 g, 20 min), and the supernatant was
collected and incubated with 2 ml of Ni-NTA resin for 1 h with continuous
agitation. The resin was washed once with 20 ml of 10 mM sodium phosphate
(pH 7.8)–500 mM NaCl–0.1% Triton X-100–10% glycerol (buffer H), poured
into a column (5 ml), and washed with 20 ml of buffer H plus 15 mM imidazole.
H6(FLAG)2-CBFa2 proteins were eluted with 10 ml of 10 mM sodium phos-
phate–150 mM NaCl–0.1% Triton X-100–10% glycerol (buffer I) plus 200 mM
imidazole. Peak fractions from the Ni-NTA column were loaded directly onto an
anti-FLAG M2 monoclonal antibody column (1 ml; Sigma), and the flowthrough
fraction was readsorbed three times. The column was washed with 50 ml of buffer
I, and the H6(FLAG)2-CBFa2 proteins were eluted from the anti-FLAG column
with 0.33 mM FLAG peptide in 6 ml of buffer I as instructed by the manufac-
turer. Protein fractions were frozen and stored at 270°C. The concentrations of
CBFa2 active for DNA binding were determined as described previously (12,
29).

CBFb(187) was purified from bacteria as described previously (26). The ac-
tivity of the CBFb(187) protein was assumed to be 100%, based on the consistent
quality of nuclear magnetic resonance spectra obtained with 15N-labeled protein
(26). The fragment spanning amino acids 41 to 214 of CBFa2, which contains the
DNA-binding Runt domain, was purified from bacteria as described elsewhere
(B. E. Crute, Y.-Y. Tang, J. J. Kelley III, X. Huang, J. Yan, J. Shi, K. L. Hartman,
T. M. Laue, N. A. Speck, and J. H. Bushweller. Submitted for publication).
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Expression and purification of full-length Ets-1 and Ets-1DN280 and determina-
tion of their active concentrations were performed as described previously (29,
61).

Synthetic oligonucleotides. A high-affinity site (81, 84) was used to measure
the binding affinity of CBF to DNA. An ets/CBF composite oligonucleotide
(SC1/core) derived from the murine leukemia virus (MLV) enhancer was used to
measure cooperative DNA binding. SC1/core contains a high-affinity ets site (55)
juxtaposed to a core-binding site:

59-GGCCAAGCCGGAAGTGTGTGGTAAACACTTT-39

39-CCGGTTCGGCCTTCACACACCATTTGTGAAA-59

The spacing of the native MLV enhancer is retained in SC1/core. The higher
affinity of the SC1 site facilitated more accurate quantification.

EMSA. Equilibrium constants of CBFa2 and Ets-1 were determined by elec-
trophoretic mobility shift assays (EMSA) using conditions described previously
(12, 29). When protein titrations were used, the concentrations were in a range
that resulted in approximately 0 to 100% binding. For proteins that were added
in saturating amounts, the concentrations were at least 10-fold above the KD
(equilibrium dissociation constant) of the protein for its specific site (CBFa2 and
Ets-1; 2 3 1028 M), ensuring .90% DNA occupancy. In all assays, the DNA
concentrations were at least 10-fold below the estimated KD of either CBFa2 or
Ets-1 (10211 M), ensuring that the total protein [Pt] was an accurate estimate of
free protein [P]. For most of the binding reactions, the protein(s) and DNA were
added simultaneously and incubated on ice for 20 min. To measure the apparent
affinity of CBFa2 in the presence of Ets-1, CBFa2 and DNA were preincubated
for 20 min on ice. Saturating amounts of Ets-1 were added following the incu-
bation, and all of the reactions were incubated for an additional 20 min. In most
cases, DNA and protein-DNA complexes were resolved on 6% native polyacryl-
amide gels. Eight percent acrylamide gels were used for measuring cooperative
DNA binding with CBFa2 fragments smaller than CBFa2(1-331) and for mea-
suring the KD of CBFb for CBFa2-DNA complexes. Following electrophoresis,
the gels were dried and the radioactivity was quantified by the volume integration
of individual bands by phosphorimaging (Molecular Dynamics ImageQuant).

Measurement of KD. For assays containing only a single binding species,
CBFa2 or Ets-1, KDs were measured as described previously (29). In brief, the
fraction of free DNA, [D]/[Dt], was determined by measuring the ratio of the free
DNA signal analyzed at each protein concentration to the DNA signal in a
control lane containing no protein. The fraction of DNA in complex with protein,
[PD]/[Dt], was derived from the relationship [PD]/[Dt] 5 1 2 [D]/[Dt]. Multiple
experiments were performed with the same range of protein concentrations to
provide a mean and standard error of each data point. Data were fit to the
rearranged mass action equation, [PD]/[Dt] 5 1/(1 1 KD/[P]), using nonlinear

least squares analyses (Kaleidagraph; Synergy Software) to derive KD values with
standard error.

To measure the affinity of CBFa2-CBFb heterodimers for DNA, CBFa2 was
titrated onto a fixed amount of DNA (10213 M) in the presence of 1.3 3 1025 M
CBFb(187) (.10-fold above the KD of CBFb for CBFa2 in solution). To deter-
mine the fraction of DNA bound as described above, the concentration of the
a-b heterodimer as defined by the concentration of CBFa2 was substituted as [P]
in the rearranged mass action equation. The KD of CBFb(187) for CBFa2-DNA
complexes was measured as described previously (26, 83).

To measure cooperative DNA binding, the apparent DNA binding affinity of
the first protein, P1 was determined in the presence of a second protein, P2. The
concentration of P2 was $10-fold above the KD of P2 for the DNA site. Com-
petitive binding curves were generated from the equation [PD]/[Dt] 5 1/(1 1
KD/[P]) with the following assumptions. (i) Disappearance of the binary complex
(DNA 1 P2) was measured; therefore, [Dt] was defined as the binary complex
signal in a control lane that contained DNA and only P2. (ii) The binary complex
signal (DNA 1 P2) was used as [D] for reaction mixtures with DNA 1 P1 1 P2.
(iii) The fraction of DNA in the ternary complex (DNA 1 P1 1P2) was defined
as [PD]/[Dt], which was derived from 1 2 [D]/[Dt].

The effect of CBFb on cooperative DNA binding between CBFa2 and Ets-1
was determined by a similar approach. The CBFb concentration was 2 3 1025

M, $10-fold above its KD for CBFa2. All EMSAs containing either one or two
proteins were quantified as described above. To measure the KD of Ets-1 in the
presence of CBFa2-CBFb heterodimer, the disappearance of the DNA signal
from the CBFa2-CBFb-DNA complex was determined and used as [D] to gen-
erate binding curves as described above.

RESULTS

Purification of CBFa2 proteins. The CBFa2 proteins were
produced by using a baculovirus expression system and par-
tially purified by His and FLAG tag affinity chromatography
(Fig. 1). Full-length CBFa2(451), due to its tight association to
the nuclear matrix (32, 87), was obtained from insect cell ex-
tracts under denaturing conditions and refolded on the Ni-
NTA column (Fig. 1A). Limited quantities of partially purified
material were obtained by this method, and no further purifi-
cation was possible without loss of activity. A series of C-
terminal truncations in CBFa2(451) starting at amino acid 331
were engineered (Fig. 2B). These truncated proteins were pu-
rified to homogeneity from soluble nuclear extracts by sequen-

FIG. 1. Expression and purification of CBFa2. (A) Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel displaying fractions from each step of the
purification for CBFa2(451) and two truncated derivatives, CBFa2(1-331) and CBFa2(1-214). Lanes: M, molecular weight markers; NE, unfractionated nuclear extract;
Ni-NTA, eluate from the Ni-NTA column; aFLAG, eluate from the anti-FLAG monoclonal antibody column. Arrows indicate expected position of the CBFa2 bands.
(B) Activities of CBFa2 proteins quantified by DNA titration in an EMSA. Concentrations (molar) of protein-DNA complex [PD] versus total input DNA [Dt] are
plotted.
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tial affinity chromatography on Ni-NTA and anti-FLAG anti-
body columns (Fig. 1A). The concentrations of active full-
length and truncated CBFa2 proteins were determined by
DNA titrations. Representative examples of the purification
and activity determination are shown in Fig. 1.

Sequences C terminal to the Runt domain in CBFa2(451)
inhibit DNA binding. Quantitative DNA binding assays de-
tected a significant difference between the affinity of full-length
CBFa2(451) and the isolated DNA-binding Runt domain,
CBFa2(41-214). Figure 2A presents protein titrations per-
formed on a high-affinity core site. Full-length CBFa2(451)
displays a 69-fold-lower affinity for DNA than CBFa2(41-214).
Sequences in CBFa2(451) that inhibit DNA binding were
mapped by analyzing the affinity of sequentially truncated pro-
teins (Fig. 2B). A C-terminal truncation to amino acid 214
[CBFa2(1-214)] derepressed DNA binding significantly (34-
fold). Further truncation from amino acid 214 to 190 had no
added effect. All truncated CBFa2 proteins containing addi-
tional C-terminal sequences between amino acids 214 and 451
exhibited lower DNA-binding affinity than CBFa2(1-214).

However, none of the truncated proteins bound DNA as
poorly as CBFa2(451). These results map the C-terminal in-
hibitory sequences over a large region between amino acids
214 and 451, and they suggest that there are multiple inhibitory
elements distributed throughout this large region. Alterna-
tively, the inhibitory sequences are distant from each other in
the primary structure but located on a single surface of the
folded protein.

Sequences N terminal to the Runt domain modestly affect
DNA binding. The affinities of CBFa2(1-312) and CBFa2(41-
312) were essentially identical (Fig. 2C), and CBFa2(1-214)
and CBFa2(41-214) displayed only a twofold difference in af-
finity (Fig. 2B). Thus, inhibitory sequences that affect DNA
binding appear to be located primarily in the C terminus of the
protein, between amino acids 214 and 451.

C-terminal sequences in CBFa2 modulate heterodimeriza-
tion with CBFb. CBFb increases the affinity of the CBFa
subunits for DNA. In quantitative analyses, a sixfold increase
in DNA-binding affinity of a Runt domain fragment,
CBFa2(41-214), was observed in the presence of the CBFb

FIG. 2. Modulation of CBFa2 DNA binding by C-terminal sequences. (A) Equilibrium DNA binding studies of full-length CBFa2(451) and CBFa2(41-214) were
performed by EMSA and used to generate DNA binding curves. Data from at least three experiments provide mean and standard error for each data point. KD values
were obtained by curve fitting as described in Materials and Methods. (B) Summary of equilibrium dissociation constants for truncated CBFa2. The black rectangle
in the schematic diagram of CBFa2 represents the DNA-binding Runt domain. The gray and stippled boxes represent the H6 and FLAG tags, respectively. Relative
affinity was calculated as the ratio of mutant affinity to the affinity of CBFa2(451). (C) Summary of equilibrium dissociation constants for CBFa2 proteins tagged at
amino acid 312 with H6 (gray box).
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subunit (Crute et al., submitted). The auto-inhibition phenom-
enon raises the question of whether the inhibitory sequences
that affect DNA binding also influence binding of the CBFa2-
CBFb heterodimer to DNA or modulate heterodimerization
of the CBFa2 and CBFb subunits. To address these questions,
we analyzed DNA binding of inhibited and activated forms of
CBFa2 in the presence and absence of CBFb. CBFa2(1-331)
was chosen as the inhibited species, as it is the largest CBFa2
protein fragment that we could purify to homogeneity. The
binding properties of CBFa2(1-331) were compared to those

of the isolated Runt domain CBFa2(41-214), which represents
the uninhibited species. CBFa2(1-214), another uninhibited
species, was also analyzed to assess the impact of sequences N
terminal to the Runt domain on interactions with CBFb on
and off the DNA.

To facilitate the presentation of these results, we illustrate a
simple network of potential interactions between CBFa2,
CBFb, and the DNA as described by four equilibria, with
equilibrium dissociation constants K1, K2, K3, and K4 (Fig. 3A).
K2 describes CBFa2 binding to DNA in a binary complex. The

FIG. 3. Thermodynamic box describing interactions between CBFa2, CBFb, and DNA. (A) Schematic diagram of the potential interactions between CBFa2 (a),
CBFb (b), and DNA. The modeled bend in DNA induced by the Runt domain is suggested by both circular permutation analysis and circular dichroism spectroscopy
(22; Crute et al., submitted). (B) Equilibrium dissociation constants (K2) of CBFa2(41-214), CBFa2(1-214), and CBFa2(1-331) for DNA. Data from at least three
experiments are presented. Standard errors are 1.1 3 10212 M, 2.1 3 10212 M, and 7.1 3 10212 M, respectively. (C) Equilibrium dissociation constants (K4) of
CBFa2-CBFb heterodimers for DNA. Standard errors are 3.9 3 10213 M for CBFa2(1-214) and 1.8 3 10213 M for CBFa2(1-331). (D) Equilibrium dissociation
constants (K3) of CBFb for CBFa2-DNA complexes. Data represent at least three experiments. Standard errors are 3.2 3 1029 M, 1.5 3 1029 M, and 3.5 3 1029 M
for CBFa2(41-214), CBFa2(1-214), and CBFa2(1-331), respectively. (E) Summary of equilibrium dissociation constants K1, K2, K3, and K4. K4 for CBFa2(41-214) was
not determined directly but calculated from K2K3 5 K1K4. K1 for CBFa2(41-214) was determined independently (Crute et al., submitted).
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difference in K2 between the isolated runt domain, CBFa2(41-
214), and the C-terminally truncated protein CBFa2(1-214) is
twofold, and the K2 values for CBFa2(41-214) and CBFa2(1-
331) differ eightfold (Fig. 3B and E). These differences illus-
trate the autoinhibitory phenomenon of CBFa2 that is medi-
ated primarily by sequences C terminal to amino acid 214.

The other three equilibria were tested for sensitivity to these
same auto-inhibitory sequences. The equilibrium dissociation
constant K4 characterizes binding of the CBFa2-CBFb het-
erodimer to DNA. This binding affinity was measured by ti-
trating CBFa2 onto a constant, limited amount of DNA (10213

M) in the presence of a constant, excess amount of CBFb
(1.3 3 1025 M). These conditions ensured that all the available
CBFa2 was in the heterodimeric form. The DNA-binding af-
finities of all three heterodimeric complexes were approxi-
mately equal (Fig. 3C and E), suggesting that neither se-
quences N terminal to the Runt domain nor the C-terminal
inhibitory sequences interfere with binding of the CBFa2-
CBFb heterodimer to DNA.

CBFb can assemble onto a preformed CBFa2-DNA com-
plex, as represented by K3. To measure K3, a protein titration
of CBFb was performed under conditions in which all CBFa2
was bound to DNA (Fig. 3D). The affinities of CBFb for the
CBFa2(41-214)–DNA and CBFa2(1-214)–DNA complexes
are essentially equal, demonstrating that sequences N-terminal
to the Runt domain do not affect heterodimerization on DNA,
at least in the context of CBFa2 proteins truncated at amino
acid 214. In contrast, the affinity of CBFb for the CBFa2(1-
331)–DNA complex is 5.3-fold lower than for the uninhibited
CBFa2 proteins. These data suggest that sequences C-terminal
to the Runt domain hinder the interaction of CBFb with
CBFa2 when bound to DNA.

Finally, CBFa2 and CBFb can form heterodimers in the
absence of DNA with an equilibrium dissociation constant
represented as K1. K1 cannot be directly measured by EMSA;
however, the equation K2K3 5 K1K4 allows K1 to be calculated.
K1 for the uninhibited species, CBFa2(41-214) and CBFa2(1-
214), differ from K1 for the inhibited protein CBFa2(1-331)
21-fold, indicating that sequences between amino acids 214
and 331 inhibit CBFa2-CBFb heterodimerization (Fig. 3E).

In summary, sequences in CBFa2 C terminal to the Runt
domain inhibit DNA binding (K2) and heterodimerization with
the CBFb subunit (K1 and K3). Heterodimerization is inhibited
both in solution (K1) and on the DNA (K3), but less so on
DNA. Finally, DNA binding of the preassembled heterodimer
(K4) is not significantly affected by C-terminal inhibitory se-
quences.

Ets-1 enhances CBFa2 DNA binding. CBFa2 also functions
in association with Ets-1 (33, 86). To compare this partnership
to that of the CBFa2-CBFb heterodimer, quantitative EMSAs
were used to investigate DNA binding cooperativity. We chose
a composite binding site that contains a high-affinity ets binding
site (SC1) (55) juxtaposed to a CBF binding site similar to that
found in the Moloney MLV enhancer (74). The spacing be-
tween the two sites retains the configuration within the Molo-
ney MLV enhancer. The binding affinity of each protein alone
on this engineered composite site, termed SC1/core, was de-
termined by protein titrations with a constant, limited amount
of DNA (10212 M). The KD of CBFa2(1-331) for the SC1/core
site was 3.0 3 1029 M, and the KD of Ets-1 was 8.5 3 10210 M
(Fig. 4A and B).

We next determined the extent to which Ets-1 enhances
CBFa2 DNA binding by measuring the apparent affinity of
CBFa2 for the composite element in the presence of Ets-1.
The CBFa2 titration was repeated under conditions that pre-
dict 90% occupancy of DNA by Ets-1. The apparent DNA-

binding affinity of CBFa2(1-331) increased sevenfold in the
presence of Ets-1 (Fig. 4A and B). Interestingly, this enhance-
ment was observed only under conditions in which CBFa2
binding was allowed to reach equilibrium prior to addition of
Ets-1. The molecular basis of this order-of-addition effect is
considered in Discussion.

Thermodynamics dictates that cooperative binding between
CBFa2 and Ets-1 will be reciprocal under ideal equilibrium
conditions. To test this prediction, a protein titration of Ets-1
was performed under conditions that predict 90% occupancy
by CBFa2(1-331). As expected, the presence of CBFa2(1-331)
enhanced the apparent DNA-binding affinity of Ets-1 approx-
imately 10-fold (Fig. 4A and B).

Figure 4C illustrates the thermodynamic equilibria describ-
ing the reciprocal cooperativity between CBFa2(1-331) and
Ets-1. K1, which represents the binding of Ets-1 alone to DNA,
is 10-fold higher than K3, the equilibrium dissociation constant
for Ets-1 binding to a CBFa2(1-331)–DNA complex. Recipro-
cally, K2, which describes binding of CBFa2(1-331) to DNA, is
sevenfold higher than K4, which represents binding of
CBFa2(1-331) to DNA occupied by Ets-1. Note as expected
from thermodynamics that K2K3 ' K1K4.

The scheme presented in Figure 4C does not include the
potential interaction between Ets-1 and CBFa2(1-331) in the
absence of DNA. A direct interaction may be excluded under
the conditions of our assay only if the binding of Ets-1 to
CBFa2(1-331) in solution has a KD at least 10-fold higher than
the concentrations of Ets-1 and CBFa2 used to saturate the
SC1/core site (2 3 1028 M). Increasing the concentration of
CBFa2(1-331) had no effect on K3 (data not shown), support-
ing the hypothesis that interactions off DNA do not occur to an
appreciable extent at the protein concentrations tested. In ad-
dition, no direct interactions between Ets-1 and CBFa2(1-331)
could be detected by surface plasmon resonance spectroscopy
with a CBFa2 surface and Ets-1 concentrations as high as 1028

M (see accompanying report [20]). Therefore, we predict that
any interaction between Ets-1 and CBFa2(1-331) in solution
will have a KD greater than 1027 M.

Specific regions of CBFa2 are involved in cooperative DNA
binding with Ets-1. Sequences required for cooperative inter-
actions with Ets-1 were mapped by testing deletion mutants of
CBFa2. Protein titrations of CBFa2 were performed under
saturating conditions for Ets-1 (Fig. 5). Removal of CBFa2
sequences C terminal to amino acid 214 did not affect coop-
erative binding with Ets-1 (Fig. 5B). Thus, the intramolecular
inhibitory sequences in the C terminus of CBFa2(1-331) do
not appear to be required for cooperative binding. No coop-
erative binding was observed between Ets-1 and the isolated
CBFa2 Runt domain, CBFa2(41-214) (Fig. 5C). Removal of
amino acids 190–214 to create CBFa2(1-190) also disrupted
cooperative DNA binding with Ets-1 (Fig. 5D). Again, recip-
rocal cooperativity was obtained when Ets-1 was titrated onto
DNA saturated with the truncated proteins CBFa2(1-331) and
CBFa2(1-214) but not with CBFa2(41-214) and CBFa2(1-
190) (data not shown). Thus, sequences N terminal to amino
acid 41 and between amino acids 190 and 214 in CBFa2 con-
tribute to cooperative binding with Ets-1.

CBFb and Ets-1 do not synergistically stimulate CBFa2
DNA binding. Our findings implicate both CBFb and Ets-1 as
partners for CBFa2. A remaining question is whether these
two proteins can work together to enhance CBFa2 DNA bind-
ing. To facilitate the visualization of complexes containing all
three proteins on DNA, we used an Ets-1 deletion mutant,
Ets-1DN280, that has a molecular mass of 18 kDa. The accom-
panying report (20) demonstrates that Ets-1DN280 retains all
sequences required for cooperative binding with CBFa2(1-
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FIG. 4. Ets-1 and CBFa2 bind DNA cooperatively. (A) EMSA of equilibrium DNA binding studies of CBFa2(1-331) titrated onto DNA alone or in the presence
of Ets-1 (left) or Ets-1 titrated onto DNA alone and in the presence of CBFa2(1-331) (right). (B) Equilibrium DNA binding curves for CBFa2(1-331) (left) and Ets-1
(right); data from panel A. Symbols: E, binary protein 5 DNA complexes; F, ternary complexes. Equilibrium DNA binding curves display [PD/[Dt] as the mean
(6standard error) of at least two independent experiments. (C) Thermodynamic box depicting potential interactions between Ets-1, CBFa2, and DNA. Equilibrium
dissociation constants were obtained from panels A and B. KD values and standard error were obtained from the curve fit of means as described in Materials and Methods.
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331). Protein-DNA complexes containing Ets-1DN280 alone,
CBFa2 alone, CBFa2-CBFb, CBFa2–Ets-1DN280, and
CBFa2–CBFb–Ets-1DN280 can be clearly distinguished by
EMSA (Fig. 6A). We titrated the CBFa2(1-331)–CBFb het-
erodimer onto DNA alone and onto DNA saturated with
Ets-1DN280 (Fig. 6A and B). Ets1DN280 did not further augment
binding of CBFa2-CBFb to DNA (Fig. 6B and C). In a recip-
rocal experiment, we titrated Ets-1DN280 onto DNA saturated
with CBFa2(1-331) in the presence or absence of CBFb (Fig.
6). The presence of CBFb did not further augment cooperative
DNA binding between CBFa2 and Ets-1DN280. In other words,
no synergistic activation was observed in the presence of both
CBFa2 partner proteins. In an important control, comparable
levels of CBFb (in the absence of CBFa2) did not affect the
affinity of Ets-1DN280 for DNA (data not shown). We conclude
that Ets-1DN280 and CBFb cannot stimulate DNA binding by
CBFa2(1-331) in a synergistic or even an additive fashion on
this composite site.

DISCUSSION
CBFa2-CBFb partnership. We quantitatively analyzed

DNA binding by CBFa2 and modulation of this activity by
intramolecular inhibitory sequences and by two protein part-
ners, CBFb and Ets-1. CBFa2 DNA binding is inhibited by at
least two independent domains. The first domain is the DNA-
binding Runt domain itself. The CBFb subunit stimulates
DNA binding by the Runt domain sixfold. We have proposed
that the Runt domain assumes an inhibited conformation that
is alleviated by association with the CBFb subunit (Crute et al.,
submitted). Indeed, circular dichroism spectroscopy reveals
that association of the Runt domain and CBFb, either in so-
lution or on the DNA, is accompanied by a conformational
change in one or both proteins (Crute et al., submitted). Our
working hypothesis is that CBFb “locks in” a high-affinity
DNA-binding conformation of the Runt domain (Fig. 7A and
B). The structural basis for this phenomenon awaits determi-
nation of the Runt domain and CBFb structures, which are
under way (8, 21, 27, 51).

Sequences C terminal to the Runt domain in CBFa2 contain
a second intramolecular inhibitory domain that dampens DNA
binding (Fig. 7C and 8). Our analysis mapped inhibitory se-
quences starting between amino acids 214 to 242 and ending
somewhere between amino acids 331 and 451. Kanno and
colleagues, using less quantitative approaches, also mapped
C-terminal inhibitory sequences that affect DNA binding; how-
ever, their proposed boundaries lie between amino acids 183
and 291 (32). CBFb overcomes the effect of the C-terminal
inhibitory sequences, causing CBFa2 to bind DNA with the
same affinity as truncated proteins lacking C-terminal inhibi-
tory sequences (Fig. 7D). The C-terminal sequences also in-
hibit heterodimerization with CBFb both on and, more signif-
icantly, off the DNA. A simple model to explain these
phenomena is that the inhibitory sequences contact the surface
of the Runt domain and both repress DNA binding and mask
the heterodimerization surface for CBFb (Fig. 7C). The asso-
ciation of CBFa2 with DNA may induce a conformational

FIG. 5. Sequences in CBFa2 required for cooperative DNA binding with
Ets-1. Equilibrium DNA binding studies were performed by EMSA with trun-
cated CBFa2 proteins in the absence (open circles) or presence (closed circles)
of Ets-1 (A to D). Equilibrium DNA binding curves display [PD]/[Dt] as the
mean (6standard error) of at least two independent experiments. (E) Summary
of equilibrium dissociation constants derived from binding curves in panels A to
D. KD values and standard error were obtained from the curve fit of means as
described in Materials and Methods.
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change that partially unmasks the heterodimerization surface
for CBFb on the Runt domain. This would account for the
observation that heterodimerization is inhibited to a lesser
extent in the presence of DNA. However, the altered confor-
mation of the Runt domain would equilibrate rapidly with the
inhibited conformation, causing rapid dissociation from DNA.
Once CBFb heterodimerizes with the Runt domain, the opti-
mal DNA-binding conformation of the Runt domain is stabi-
lized and inhibition by the C-terminal domain is rescinded

(Fig. 7D). We speculate that CBFb counteracts repression
mediated by the C-terminal inhibitory sequences in CBFa2 by
maintaining an altered conformation of the Runt domain and
by occupying the site on the Runt domain to which the C-
terminal inhibitory domain associates, preventing its reassocia-
tion.

CBFa2 and CBFb heterodimerization may provide a key
regulatory step for controlling activity in vivo. CBFb is essen-
tial for the embryonic function of CBFa2 in hematopoiesis, as

FIG. 6. DNA-binding enhancement by Ets-1 and CBFb is neither additive nor synergistic. (A) EMSA of equilibrium DNA binding studies of CBFa2(1-331) titrated
onto DNA saturated with Ets-1DN280 in the presence of CBFb protein (left) and of Ets-1DN280 titrated onto DNA saturated with the CBFa2-CBFb heterodimer (right).
Control lanes to the left of each panel document the position of each of the protein-DNA complexes. (B) Equilibrium DNA binding curves for CBFa2(1-331) (left)
and Ets-1DN280 (right). The identity of each curve is indicated in panel C. (C) Summary of equilibrium dissociation constants. Relative binding affinities (fold
enhancement) compare KD values for multiprotein-DNA complexes to those obtained from DNA binding studies of Ets-1 and CBFa2 in isolation. KD values are
presented as the mean (6standard error) of at least two independent experiments.
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demonstrated by gene disruption experiments (52, 68, 83).
Overexpression studies suggest that CBFb lacks an intrinsic
ability to translocate to the nucleus and does so only as an a-b
heterodimer (1, 32, 40). Thus, the concentration of active

CBFa2-CBFb heterodimers in the nucleus will be determined,
at least in part, by the cytoplasmic concentration of each sub-
unit and by other mechanisms that may affect the affinity of
CBFa2 for CBFb in solution. For example, transcripts from
the CBFA2 gene are alternatively spliced (3, 46, 47), yielding
multiple CBFa2 isoforms that may have different affinities for
CBFb in solution. C-terminal sequences in the related CBFa1
protein are sensitive to proteolysis in vivo (40), which could
also affect affinity for the CBFb subunit. Chromosomal trans-
locations that create CBFa2 and CBFb fusion proteins could
remove and/or introduce sequences that impact on het-
erodimerization with the partner protein. For example, the
CBFa2 chimeric oncoproteins AML1/ETO and AML1/Evi-1,
products of the t(8;21) and t(3;21), respectively, cause CBFb to
accumulate in the nucleus more efficiently than it does in the
presence of the wild-type CBFa2 protein (79). Both AML1/
ETO and AML1/Evi-1 chimeric proteins lack the intramolec-
ular C-terminal inhibitory sequences in CBFa2. The affinity of
CBFa and b subunits in solution could also determine which
CBFa subunits are active in cells in which multiple CBFa
genes are expressed. For example, recent evidence suggests
that the CBFa1 protein has a lower affinity for CBFb than
CBFa2 (80). Concentrations of cytoplasmic CBFb at or above
the KD for CBFa2, but below the KD for CBFa1, will favor the
formation of the active CBFa2-CBFb heterodimer in cells in
which both CBFA1 and CBFA2 genes are expressed.

Partnership with Ets-1. Cooperative DNA binding between
CBFa2(1-331) and Ets-1 provides another example whereby
auto-inhibition is rescinded through protein-protein interac-
tions. Ets-1 increases the affinity of CBFa2(1-331) for DNA
approximately sevenfold. Enhancement of CBFa2(1-331)
DNA binding by Ets-1 required preincubating CBFa2(1-331)
with DNA prior to addition of Ets-1. This order-of-addition
effect strongly suggests a conformational change in CBFa2 or
that the DNA is necessary for cooperative DNA binding. The
accompanying report (20) demonstrates that cooperative bind-
ing between Ets-1 and CBFa2(1-331) also occurs on nicked
DNA templates, indicating that cooperativity is unlikely to be
mediated by through-DNA effects. Taken together, the data
suggest that a DNA-induced conformational change in the
CBFa2(1-331) protein is required for cooperative DNA bind-
ing with Ets-1 to occur. We hypothesize that this conforma-
tional change must precede the entry of Ets-1 into the ternary
complex to enable the most stable complex to form.

Ets-1 DNA binding is also regulated by an auto-inhibitory
mechanism. In this case, a well-developed structural model of
auto-inhibition is available (25, 29, 61, 73). Auto-inhibition
requires three inhibitory helices plus a portion of the ETS
domain that together form an inhibitory module. The mecha-
nism of inhibition involves a major structural disruption of the
inhibitory module that accompanies DNA binding. In the ac-
companying report (20), quantitative studies demonstrate that
the sequences within the inhibitory module of Ets-1 are re-
quired for cooperative DNA binding with CBFa2. Further-
more, mutants that are constitutively disrupted and display
high affinity do not display cooperativity (20, 33). These data
strongly suggest that the role of CBFa2 is to counteract the
auto-inhibition of Ets-1 DNA binding by affecting the confor-
mation of the Ets-1 inhibitory module.

Several lines of evidence indicate that Ets-1 mediates its
stimulatory effect through sequences on CBFa2 different from
those utilized by CBFb. For example, CBFb appears to rescind
auto-inhibition of CBFa2 mediated by both the Runt domain
and the C-terminal inhibitory sequences. In contrast, removal
of the C-terminal inhibitory sequences in CBFa2 has no effect
on cooperative DNA binding with Ets-1, indicating that Ets-1

FIG. 7. Models for interactions between CBFa2, CBFb, and Ets-1. (A) The
Runt domain (RD) is in equilibrium between a high- and low-affinity DNA-
binding conformation. (B) Heterodimerization with CBFb (b) locks the Runt
domain into its high-affinity DNA-binding conformation, shifting the DNA-
binding equilibrium to the right. (C) C-terminal inhibitory sequences in CBFa2
further shift the equilibrium of the Runt domain toward its low-affinity DNA-
binding conformation and mask the CBFb heterodimerization surface. Associ-
ation of the C-terminal inhibitory sequences to the Runt domain is destabilized
when CBFa2 is bound to DNA. Dissociation of the inhibitory sequences un-
masks the CBFb binding surface on the Runt domain. (D) The high-affinity
DNA-binding conformation of the Runt domain is stabilized by the CBFb
subunit. Association of the C-terminal inhibitory sequences to the Runt domain
is also directly inhibited by the CBFb subunit, which masks the interaction site.
The DNA-binding affinity of this complex is the same as that of the Runt
domain-CBFb complex in panel B. (E) Binding of CBFa2 to DNA exposes the
Ets-1 interaction surface, which includes (but is not restricted to) sequences N
terminal to the Runt domain. Tethering of Ets-1 to CBFa2 on the DNA in-
creases the likelihood of a productive binding event, resulting in increased
affinity. Ets-1 does not mask the Runt domain surface to which CBFb and the
C-terminal inhibitory domain bind. Conformational changes in the Ets-1 protein
itself are not depicted in this diagram (see the accompanying report [20]).

FIG. 8. Summary of CBFa2(451) functional domains. Shown are boundaries
of the DNA-binding and heterodimerization domains as defined by Kagoshima
et al. (30). Autoinhibition of both DNA binding and heterodimerization maps to
the C-terminal half of the protein. RD, Runt domain.
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does not counteract the C-terminal inhibitory domain. In ad-
dition, CBFb can stimulate DNA binding by Runt domain
protein fragments that include amino acids 41 to 214, or even
amino acids 59 to 190 (30), where as cooperative binding with
Ets-1 requires amino acids 1 to 41 and 190 to 214 (Fig. 8). The
sequences flanking the Runt domain that are required for
cooperative DNA binding with Ets-1 could form part of the
docking site for Ets-1. The order-of-addition experiment sug-
gests that the Ets-1 interaction surface is exposed only when
CBFa2 is bound to DNA. The mapping data suggest that the
Ets-1 and CBFb binding sites on CBFa2 are distinct and that
the Ets-1 interaction surface on CBFa2 does not overlap with
the interface for the C-terminal inhibitory sequences (Fig. 7E).

A recent independent study that also investigated CBFa2
and Ets-1 cooperative DNA binding expands the data pre-
sented here. Kim and colleagues reported that a portion of the
C-terminal inhibitory sequences in CBFa2 (between amino
acids 183 and 292) is required for cooperative DNA binding
with Ets-1 (33). Our results document that only the C-terminal
sequences between amino acids 190 and 214 are necessary for
a sevenfold enhancement of CBFa2 DNA binding by Ets-1
(Fig. 8). Kanno et al. also found that CBFa2(50-292) bound
DNA cooperatively with Ets-1 and concluded that sequences N
terminal to the Runt domain were not necessary for coopera-
tive DNA binding (33). We, on the other hand, observed co-
operative DNA binding with a CBFa2(1-214) but not a
CBFa2(41-214) fragment. Taken together, these data suggest
that proteins lacking N-terminal sequences require sequences
C terminal to amino acid 214 for cooperative binding with
Ets-1. To reconcile the data presented herein with those of
Kanno et al., we speculate that cooperative DNA binding by
Ets-1 and CBFa2 utilizes at least three segments of CBFa2,
amino acids 1 to 41, 190 to 214, and 214 to 292, but that any
two regions are sufficient.

Stimulation of CBFa2 DNA binding by CBFb and Ets-1
together is neither additive nor synergistic, although it is for-
mally possible that these two proteins act cooperatively on
other DNA sites. Cooperative DNA binding by Ets-1 and
CBFa2 may be biologically significant only in cells in which the
CBFb subunit is present in limiting amounts. A possible ex-
ample is the precursor cell for the R7 photoreceptor in the
Drosophila eye. The effects of a lozenge mutation (lozenge en-
codes a CBFa protein) are suppressed by overexpression of the
Drosophila CBFb proteins Brother and Big Brother, indicating
that the CBFb proteins are limiting in this developmental
context (37). In this situation, cooperative DNA binding by
Lozenge and PntP2, an Ets-1 homolog, may contribute to the
essential role played by both of these proteins in determining
R7 identity (11, 13, 59).

The complexities of the CBFa2-CBFb and CBFa2–Ets-1
partnerships provide unique insights into the basis of combi-
natorial control of transcriptional regulation. The rigorous
quantification of the phenomena is a critical step in decipher-
ing the molecular mechanisms. Additional mechanistic insights
into how Ets-1 and CBFb modulate DNA binding by CBFa2
will emerge as more structural information on all players be-
comes available.
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Jonveaux, E. A. Macintyre, R. Berger, and O. A. Bernard. 1995. High fre-
quency of t(12;21) in childhood B-lineage acute lymphoblastic leukemia.
Blood 86:4263–4269.

67. Sanchez, L., and R. Nothiger. 1983. Sex determination and dosage compen-
sation in Drosophila melanogaster: production of male clones in XX females.
EMBO J. 2:485–491.

68. Sasaki, K., H. Yagi, R. T. Bronson, K. Tominaga, T. Matsunashi, K. Degu-
chi, Y. Tani, T. Kishimoto, and T. Komori. 1996. Absence of fetal liver
hematopoiesis in transcriptional co-activator, core binding factor b (Cbfb)
deficient mice. Proc. Natl. Acad. Sci. USA 93:12359–12363.

69. Sato, M., E. Morii, T. Komori, H. Kawahata, M. Sugimoto, K. Terai, H.
Shimizu, Y. Yasui, H. Ogihara, N. Yasui, T. Ochi, Y. Kitamura, Y. Ito, and
S. Nomura. 1998. Transcriptional regulation of osteopontin gene in vivo by
PEBP2aA/CBFA1 and ETS1 in the skeletal tissues. Oncogene 17:1517–
1525.

70. Scott, E. W., M. C. Simon, J. Anastasi, and H. Singh. 1994. Requirement of

102 GU ET AL. MOL. CELL. BIOL.



transcription factor PU.1 in the development of multiple hematopoietic
lineages. Science 265:1573–1577.

71. Sharrocks, A. D., A. L. Brown, Y. Ling, and P. R. Yates. 1998. The Ets-
domain transcription factor family. Internat. J. Biochem. 29:1371–1387.

72. Shurtleff, S. A., A. Buijs, F. G. Behm, J. E. Rubnitz, S. C. Raimondi, M. L.
Hancock, G. C.-F. Chan, C.-H. Pui, G. Grosveld, and J. R. Downing. 1995.
TEL/AML1 fusion resulting from a cryptic t(12;21) is the most common
genetic lesion in pediatric ALL and defines a subgroup of patients with an
excellent prognosis. Leukemia 9:1985–1989.

73. Skalicky, J. J., L. W. Donaldson, J. M. Petersen, B. J. Graves, and L. P.
McIntosh. 1996. Structural coupling of the inhibitory regions flanking the
ETS domain of murine Ets-1. Protein Sci. 5:296–309.

74. Speck, N. A., and D. Baltimore. 1987. Six distinct nuclear factors interact
with the 75-base-pair repeat of the Moloney murine leukemia virus en-
hancer. Mol. Cell. Biol. 7:1101–1110.

75. Speck, N. A., and T. Stacy. 1995. A new transcription factor family associated
with human leukemias. Crit. Rev. Eukaryotic Gene Expr. 5:337–364.

76. Stewart, M., A. Terry, M. Hu, M. O’Hara, K. Blyth, E. Baxter, E. Cameron,
D. E. Onions, and J. C. Neil. 1997. Proviral insertions induce the expression
of bone-specific isoforms of PEBP2aA (CBFA1): evidence for a new myc
collaborating oncogene. Proc. Natl. Acad. Sci. USA 94:8646–8651.

77. Stocker, F. R., and N. Gendre. 1988. Peripheral and central nervous system
effects of lz3, a Drosophila mutant lacking basiconic antennal sensilla. Dev.
Biol. 127:12–27.

78. Sun, W., B. J. Graves, and N. A. Speck. 1995. Transactivation of the Moloney
murine leukemia virus and T-cell receptor b-chain enhancers by cbf and ets
requires intact binding sites for both proteins. J. Virol. 69:4941–4949.

79. Tanaka, K., T. Tanaka, M. Kurokawa, Y. Imai, S. Ogawa, K. Mitani, Y.
Yazaki, and H. Hirai. 1998. The AML/ETO(MTG8) and AML1/Evi-1 leu-
kemia-associated chimeric oncoproteins accumulate PEBP2b(CBFb) in the
nucleus more efficiently than wild-type AML1. Blood 91:1688–1699.

80. Thirunavukkarasu, K., M. Mahajan, K. W. McLarren, S. Stifani, and G.
Karsenty. 1998. Two domains unique to osteoblast-specific transcription
factor Osf2/Cbfa1 contribute to its transactivation function and its inability
to heterodimerize with Cbfb. Mol. Cell. Biol. 18:4197–4208.

81. Thornell, A., B. Hallberg, and T. Grundstrom. 1991. Binding of SL3-3
enhancer factor 1 transcriptional activators to viral and chromosomal en-
hancer sequences. J. Virol. 65:42–50.

82. Wang, Q., T. Stacy, M. Binder, M. Marı́n-Padilla, A. H. Sharpe, and N. A.
Speck. 1996. Disruption of the Cbfa2 gene causes necrosis and hemorrhaging
in the central nervous system and blocks definitive hematopoiesis. Proc. Natl.
Acad. Sci. USA 93:3444–3449.

83. Wang, Q., T. Stacy, J. D. Miller, A. F. Lewis, X. Huang, J.-C. Bories, J. H.
Bushweller, F. W. Alt, M. Binder, M. Marı́n-Padilla, A. Sharpe, and N. A.
Speck. 1996. The CBFb subunit is essential for CBFa2 (AML1) function in
vivo. Cell 87:697–708.

84. Wang, S., and N. A. Speck. 1992. Purification of core-binding factor, a
protein that binds the conserved core site in murine leukemia virus enhanc-
ers. Mol. Cell. Biol. 12:89–102.

85. Wang, S., Q. Wang, B. E. Crute, I. N. Melnikova, S. R. Keller, and N. A.
Speck. 1993. Cloning and characterization of subunits of the T-cell receptor
and murine leukemia virus enhancer core-binding factor. Mol. Cell. Biol.
13:3324–3339.

86. Wotton, D., J. Ghysdael, S. Wang, N. A. Speck, and M. J. Owen. 1994.
Cooperative binding of Ets-1 and core binding factor to DNA. Mol. Cell.
Biol. 14:840–850.

87. Zeng, C., A. J. Van Wignen, J. L. Stein, S. Meyers, W. Sun, L. Shopland, J. B.
Lawrence, S. Penman, J. B. Lian, G. S. Stein, and S. W. Hiebert. 1997.
Identification of a nuclear matrix targeting signal in the leukemia and bone-
related AML/CBF-a transcription factors. Proc. Natl. Acad. Sci. USA 94:
6746–6751.

VOL. 20, 2000 MODULATION OF CBFa2 DNA BINDING BY CBFb AND Ets-1 103


