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Members of the GATA family of transcription factors, which are related by a high degree of amino acid
sequence identity within their zinc finger DNA-binding domains, each show distinct but overlapping patterns
of tissue-restricted expression. Although GATA-1, -2, and -3 have been shown to recognize a consensus
sequence derived from regulatory elements in erythroid cell-specific genes, WGATAR (in which W indicates
A/T and R indicates A/G), the potential for more subtle differences in the binding preferences of each factor
has not been previously addressed. By employing a binding selection and polymerase chain reaction
amplification scheme with randomized oligonucleotides, we have determined the binding-site specificities of
bacterially expressed chicken GATA-1, -2, and -3 transcription factors. Whereas all three GATA factors bind
an AGATAA erythroid consensus motif with high affinity, a second, alternative consensus DNA sequence,
AGATCTTA, is also recognized well by GATA-2 and GATA-3 but only poorly by GATA-1. These studies
suggest that all three GATA factors are capable of mediating transcriptional effects via a common erythroid
consensus DNA-binding motif. Furthermore, GATA-2 and GATA-3, because of their distinct expression
patterns and broader DNA recognition properties, may be involved in additional regulatory processes beyond
those of GATA-1. The definition of an alternative GATA-2-GATA-3 consensus sequence may facilitate the
identification of new target genes in the further elucidation of the roles that these transcription factors play
during development.

Many transcription factors have been found to be mem-
bers of highly related multifactor families, and thus their
specificity of action must be addressed in order to ascertain
their respective functions. Consequently, it is critical to
determine which factor, from an array of factors with closely
related DNA-binding motifs, acts upon a particular recogni-
tion site from a variety of sites with similar sequences.
Equally important is the elucidation of the means by which
this discrimination is achieved; a variety of mechanisms by
which related transcription factors are targeted to distinct
regulatory elements have been discovered. Differences in
DNA-binding properties direct the zinc finger estrogen and
progesterone receptors to their appropriate targets (7, 44), as
is the case with the Antennapedia-related homeodomain
proteins Ultrabithorax and Deforned (8, 9). The related
retinoic acid, thyroid hormone, and vitamin D receptors
exemplify a unique solution to the problem of differential
target recognition by discriminating between the spacing and
orientation of closely related binding sites of these obligate
dimers (27, 45). For the dimeric basic helix-loop-helix pro-
teins MyoD and E2A, the choice of dimerization partner has
been shown to dictate binding-site preference (2). Further-
more, some factor families have indistinguishable binding
specificities, and specific protein-protein interactions medi-
ated through regions outside of the DNA-binding domain are
proposed to result in promoter targeting, as exemplified by
the POU proteins Oct-1 and Oct-2 (40) and the basic helix-
loop-helix proteins myogenin and MRF4 (5).
GATA-1 was originally identified as an erythroid cell-

specific DNA-binding protein that bound to a WGATAR
consensus sequence (in which W indicates A/T and R
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indicates A/G) found in the regulatory regions of many
globin and nonglobin erythroid-specific genes (4, 13, 20, 24,
41, 46). After GATA-1 was cloned (11, 42), it was later found
to be but one member of a transcription factor family related
by their high degree of amino acid identity throughout the
two-zinc-finger DNA-binding domain (48). The expression
pattern of each of the GATA family members appears to be
highly evolutionarily conserved among vertebrates: GATA-1
is expressed only in cells of the myeloid lineage (erythroid
cells, mast cells, and megakaryocytes [25, 34, 42, 48]), with
the notable exception of an abundant testis-specific form
transcribed from an alternate promoter (18). GATA-2 is
expressed in a wide variety of tissues, and GATA-3 is most
abundantly expressed in T lymphocytes and in the develop-
ing central nervous system (21a, 48). Each of the chicken
GATA factors, cGATA-1, -2, and -3, has been shown to bind
to the GATA site found in the mouse a-globin promoter
(TGATAA), and all three factors are expressed during avian,
murine, and human erythropoiesis (22, 48). Therefore, each
factor has the potential to bind to the same sites within
downstream target gene regulatory elements. Determination
of which specific GATA factor is bound to any given
promoter or enhancer region is thus critical to understanding
the role that each of these factors plays during development
and differentiation. We therefore postulated that each factor
might have a different, distinguishable binding specificity
still encompassed within the WGATAR consensus that
could allow each member of the GATA family to fulfill
distinct functions.
When considering the further observation that the expres-

sion patterns of the various GATA family members are
sometimes overlapping but decidedly distinct, the issue of
binding specificity takes on further significance, since the
cell types of most abundant expression differ for the various
GATA proteins. Although all three GATA factors have been
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shown to bind a consensus sequence based on regulatory
elements from within erythroid cell-specific genes (the
WGATAR erythroid consensus), GATA-3, for example,
may recognize a different site in T lymphocytes, the cell type
of its highest expression (17, 19, 21, 30, 31). For this reason,
we felt that the recognition element(s) of the GATA factors
mediating transcriptional regulation in nonerythroid cells
should be examined in detail.

Utilizing a binding-site selection procedure, we show here
that the bacterially expressed chicken GATA proteins have
virtually identical binding specificity for the originally de-
fined erythroid GATA consensus site. However, cGATA-2
and -3 (but not cGATA-1) can also recognize a new alterna-
tive binding site with high affinity, consistent with the

This PCR product was digested with BamHI and inserted
into the pGEX vector containing the 3' coding sequences of
cGATA-3. The resulting clone was confirmed by DNA
sequencing.
The cGATA-1, -2, and -3 expression constructs were each

transformed by electroporation into BL21 cells (39). Expres-
sion of each of the fusion proteins was carried out according
to published procedures (38). Partially purified cGATA-1
was prepared from mature adult chicken erythrocytes (10,
15) by DNA cellulose chromatography followed by wheat
germ agglutinin-agarose affinity chromatography (50).

Binding site selection procedure. (i) Generation of probes
for gel mobility shift assay. The following synthetic oligonu-
cleotides were used for the binding site selections:

A TCCGAATTCCTACAG
NGAT TCCGAATTCCTACAGGACNNNGATNNNNACTTGTTCACATGTAGACTGCAATGGTACCOGTCT
B ACGTTACCATGGCAGA

possibility that cGATA-2 and cGATA-3 regulate a broader
constellation of target genes than cGATA-1.

MATERIALS AND METHODS
Bacterial expression of the cGATA-1, -2, and -3 proteins.

cGATA-1, -2, and -3 proteins were prepared by introducing
the relevant portions of the cGATA cDNAs (48) into the
bacterial expression vector pGEX-2T (Pharmacia). The
cGATA-1 cDNA clone was digested to completion with
EcoRI (which cleaves at the 3' end of the cDNA) and then
partially digested with NcoI (which cleaves in two positions,
25 and 562, in the cGATA-1 cDNA sequence [48]). The
CCATGG NcoI recognition sequence at the 5' end of this
fragment contains the initiation methionine for the cGATA-1
protein. The resulting 1.0-kb fragment corresponding to the
entire coding region plus the 3' untranslated region was
isolated, and the protruding ends were filled with the Klenow
fragment of DNA polymerase I (Promega), then ligated to
the pGEX-2T vector digested with SmaI, and treated with
calf intestinal alkaline phosphatase (Boehringer Mannheim).
The resulting construct was confirmed by DNA sequencing.
The cGATA-2 cDNA was digested with Ncol at positions
408 to 1800, thereby excising almost the complete coding
region (410 to 1810). The CCATGG at the 5' end of the
fragment corresponds to the initiation methionine of the
cGATA-2 protein. The ends were filled with the Kienow
fragment of DNA polymerase I and ligated into SmaI-
digested pGEX-2T vector (described above). The cGATA-3
bacterial expression construct was made in two steps: first,
the 3' end of the cGATA-3 cDNA from the BamHI site at
nucleotide 675 to the SmaI site in the downstream polylinker
of the original vector (pGEM 7; Promega) was cloned into
the corresponding sites of pGEX-2T. Second, a 522-bp
region at the 5' end of the cDNA was amplified by the
polymerase chain reaction (PCR) using a downstream primer
corresponding to nucleotides 692 to 672 (48) and an upstream
primer corresponding to nucleotides 171 to 123 that intro-
duced a BamHI site (underlined) and an NcoI site (boldface)
not present in the original cDNA:

GOCAGCGAGCGaQATfSATGGAG primer
GOCAGCGAGCOGCGGAAGATGGAG cDNA

Direct sequencing of the NGAT oligonucleotide with prim-
ers A and B confirmed that the starting material contained an
equal representation of all four bases at each of the random-
ized positions; equal-intensity bands were detected in se-
quencing lanes for each of the four bases (data not shown).
Results from the first binding-site selection experiment indi-
cated that the original pool of NGAT was a mixture of
63-mers due to a deletion in the N region and full-length
64-mers. The latter were gel isolated and used for the second
experiment.

(ii) Individual selection reactions. For each round of selec-
tion, the starting oligonucleotides were amplified for 30
cycles and then radiolabeled in a subsequent step. Because
of the sensitivity of PCR when many cycles are performed,
special attention was given to ensure the absence of contam-
ination in these reactions. For each set of amplifications, a
parallel control with no added template was included and
duplicate reactions were performed. To one reaction 10 ,uCi
of 32P-labeled dCTP was added, and 10 ,ul of labeled product
was electrophoresed on a 10% denaturing gel to verify that
the major species recovered was the predicted 64-bp oligo-
nucleotide and that it was detected only in a template-
dependent fashion. After confirmation of a lack of contami-
nation, the unlabeled amplification products were
fractionated on a Sephadex G-25 column. Of 100 ,ul of
selection reaction mixture, 10 ,ul was then used as a template
for extending 500 ng (each) of primers A and B in the
presence of 10 ,uCi of a-32P-labeled dCTP. The products of
these reactions were again passed over Sephadex G-25
columns and then used directly as probes in gel mobility shift
assays.
As a mobility standard for the first round of selection, the

30-bp double-stranded MaP GATA site from the mouse
a-globin promoter MaP30 (29) was cloned into the BamHI
site of pGEM4 and a 63-bp EcoRI-SalI fragment was ex-
cised, end labeled with [y- 2P]ATP by using T4 polynucle-
otide kinase, and used as a probe, MaP63, to determine the
mobility of the 64-bp NGAT complexed with each of the
GATA factors.

(iii) Gel mobility shift assays. Probes prepared as described
above were used in 20-,ul binding reaction mixtures contain-
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ing 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid) (pH 7.9), 80 mM NaCl, 5 mM MgCI2,
0.1 mg of bovine serum albumin per ml 10 mM dithiothreitol,
and 2.5% Ficoll. Each reaction mixture was incubated for 30
min at 0°C before electrophoresis as described previously
(48). Bands corresponding to the GATA protein-DNA com-
plex (the mobility of which was determined by comparison
with the binding reactions with the MctP63 probe; see above)
were excised from the dried gel and placed in 200 ,ul of 10
mM Tris, pH 7.5. The DNA was allowed to elute from the
gel slice during a 3-h incubation at 37°C. Ten microliters of
the eluted DNA was then used directly in a PCR to amplify
the selected sites.
The same process was repeated for a total of four rounds

of selection. While the initial rounds of selection were
performed at lower salt concentrations, in the subsequent
rounds salt concentrations were raised. The first selection
experiment with cGATA-1 was performed by one round of
selection at 80 mM NaCl followed by three rounds at 200
mM NaCl. All other experiments were performed using two
rounds of selection at 80 mM NaCl followed by two rounds
at 200 mM NaCl.

(iv) Cloning and sequencing of selected sites. After four
rounds, the pools of oligonucleotides selected by each
GATA factor were PCR amplified a final time before being
cleaved by KjpnI and EcoRI (recognition sites in oligonucle-
otides A and B, above) and cloned into a KpnI-EcoRI-
cleaved, phosphatase-treated pBSIIKS vector (Stratagene).
Denatured double-stranded templates containing individual
sites were sequenced from the T7 promoter by dideoxy chain
termination (6, 35).

Gel mobility shift assays with individual binding sites.
Oligonucleotides generated from the cloned, selected sites
were PCR amplified for 12 cycles starting with 200 ng of
plasmid containing the single sites to generate probes for gel
mobility shift assays. The amplification products were sep-
arated from the larger plasmid templates by electrophoresis
of the samples on a 4% low-melting-point agarose gel
(NuSieve GTG agarose; FMC) and isolation of the 64-bp
PCR products. The fragments were resuspended in 10 mM
Tris (pH 7.5)-i mM EDTA, and 4% of the reaction mixture
was labeled with Klenow fragment plus [a-32P]dCTP as
described above.
As a standard for gel shifts with selected cloned sites, the

30-bp MaP site (42) was kinase labeled and used to deter-
mine the amount of each protein required to give a shifted
band of comparable intensity. This same quantity of protein
was then used in binding reactions with individual sites. Gel
mobility shifts used to determine equilibrium binding char-
acteristics were performed in buffer containing 200 mM
NaCl.

Dissociation rate analysis. Thirty-nucleotide double-stranded
DNAs corresponding to the selected sequences B20 and
CC21 (see Fig. 2A and 3B) were synthesized, and the
dissociation rates for the three GATA factors from these two
representative binding sites were determined as follows. For
each off rate, a master binding reaction equivalent to four
reactions as described above was used, with the following
exceptions: the NaCl concentration was lowered to 40 mM
in order to retard the off-rate kinetics, and the probe used
was 1 ng of kinase-labeled, double-stranded B20 or CC21.
Reactions were allowed to come to equilibrium for 30 min at
0°C before the addition of a 100-fold excess of synthetic,
unlabeled double-stranded MaP competitor oligonucleotide
at time zero. Aliquots (10 ,ul) were removed at the times
indicated in Fig. 6 and loaded onto a gel running at 50 V. A

separate, single reaction including a 100-fold excess of
competitor was allowed to come to equilibrium to determine
the end point of dissociation. After loading of all of the time
points, the gel was run at 175 V for the remainder of the run.
Complex formation at each time point was determined by
densitometric scanning on a Molecular Dynamics Phosphor-
Imager. For quantitative evaluation of the kinetic and equi-
librium binding experiments, the amount of complexed DNA
and protein from the coelectrophoresed final equilibrium
value sample was subtracted from intermediate time point
values. The Kd was determined by plotting the equation
ln(fraction bound) = -Kdt by utilizing the Cricket Graph
software program to determine the best fit.

Relative equilibrium affinities. Synthetic oligonucleotides
corresponding to the GATA sites within selected sites B20
and CC21 (see Results) were quantitated with a spectropho-
tometer, diluted to appropriate concentrations, and used for
titration as competitors in binding reactions with the MaP30
site probe. Quantitation of relative affinities was determined
by densitometry using a Molecular Dynamics Phosphor-
Imager.

RESULTS

Bacterial expression of the cGATA factors. In order to
obtain pure and abundant quantities of the GATA proteins to
study their relative binding characteristics, each of the
chicken GATA factors was expressed in bacteria as a
glutathione S-transferase (GST) fusion protein. Purified
GST-cGATA fusion proteins were shown to specifically bind
to a high-affinity site from the mouse a-globin promoter
(MaP30; see Materials and Methods and Fig. 3), while the
full-length GST protein alone did not (data not shown). The
fusion proteins were used in all of the following studies
unless noted otherwise.

Binding-site selection. We initially postulated that the
GATA factors might exert differential effects dictated by
similar yet unique binding specificities. A number of GATA
factor-regulated genes have been identified by the presence
of a consensus recognition sequence (4, 13, 20, 24, 41, 46),
but which GATA factor regulates any particular sequence in
vivo is not yet resolved. Therefore, we initiated these
experiments by fixing the most critical sequence determinant
for GATA factor recognition and then determined the bind-
ing specificities of the three factors at adjacent nucleotide
residues in an attempt to correlate the site recognition
properties of each of the factors with the known cis regula-
tory elements.
The initial erythroid consensus binding site contained a

GATA core by one analysis (13) and a GAT by another (46),
each flanked by other nucleotides with some degree of
degeneracy. Confirmation of the necessity of the first three
nucleotides was demonstrated by methylation interference
experiments with human GATA-1, suggesting that the most
critical contact point identified in the recognition sequence
was the G (46); subsequent studies with cGATA-1 confirmed
this conclusion (36). Other experiments showed that muta-
tion of the first A or T resulted in an 80- or 60-fold-lower
affinity of factor binding, respectively, while mutation of the
second A led to only a 20-fold decrease in affinity (29),
consistent with the GAT consensus derivation. On the basis
of these observations, we chose to undertake the binding-
site selection experiment utilizing an oligonucleotide with a
central GAT core DNA sequence bordered by random
nucleotides (NGAT; see Materials and Methods). Random-
ized positions are designated -3 to -1 (5' of the GAT core),
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1 GGAC A
3 GGAC GAC
5 GGAC ACA
9 GGAC TCT
10 GGAC GTT
.3 GGAC GAA
14 GGAC CA
16 GGAC CGT
17 GGAC ACC
Ls GGAC GAT
19 GGAT AAA
22 GGAC GCA
24 GGAC GCA

- 3 - 2 - 1

GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAM

AAAC ACTT
AAGG ACTT
AAC ACTT
AACA TCTT
AAGT ACTT
AATC ACTT
AAC ACTT
AAAC ACTT
AACA ACTT
AACA ACTT
AACA ACTT
AACA ACTT
ATCA ACTT

1 2 3 4

B
AA1
AA3
AA4
AA7
AA8
AA9
AA10
AAl1
AA12
AA13
AA14
AAl5
AA1 6
AA1 7
AA18
AA19
AA20
AA2 1
AA2 2
AA25
AA2 7
AA29
AA30
AA32
AA3 4
AA3 5
AA36
AA3 7
AA38
AA3 9
AA41
AA42
AA43
AA44

D

N N N GAT N N N N

GGAC CCA
GGAC CTA
GGAC GCA
GGAC CTA
GGAC GAA
GGAC GCT
GGAC CGA
GGAC CTT
GCAC GCA
GGAC CCT
GGAC ACA
GGAC CT
GGAC AAA
GGAC CGA
GGAC ACA
GGAC ACC
GGAC GAT
GGAC CCA
GGAC AAA
GGAC CTA
GGAC CTT
GGAC ATA
GGAC CTT
GGAC AGC
GGAT ATA
GGAC GAG
GGAC GA
GGAC ATA
GGAC ACA
GGAC CTA
GGAC GCT
GGAC CAT
GGAC TAA
GGAC GAA

,GAT
,GAT
,GAT
,GAT
IGAT
GAT
IGAT
GAT
IGAT
GAT
,GAT
GAT
IGAT
IGAT
IGAT
GAT
GAT
IGAT
IGAT
IGAT
GAT
IGAT
GAT
GAT

IGAT
GAT
IGAT
IGAT
IGAT
IGAT
GAT
GAT

IGAT
, GAT

A
AAAG ACTT
CTTA TCTT
ATC ACTT
AATG ACTT
AATC ACTT
AACA TCTT
AAGA TCTT
AACA ACTT
AAGA TCTT
GTTA TCTT
CTTA TCTT
AAGA TCTT
TTTA TCTT
AAAA TCTT
CTTA TCTT
AAGA ACTT
TATC ACTT
AAGA TCTT
AACG ACTT
CAAG ACTT
CTTA TCTT
AAGA ACTT
GTTA TCTT
AAGA ACTT
AAGG ACTT
TATC ACTT
AACA ACTT
AAGC ACTT
AAGA ACTT
CTTA TCTT
CTAA TCTT
TAGA TCTT
AAGA ACTT
AATC ACTT

-3-2-1 1 2 3 4

N N N GAT N N N N

- - 2 1 G 1 3 - 7 5

A 3 2 4 10 10 2 6 A 7 2 11 14 15 3 9

T I 1 4

C 2 6 2

- - - 1 T 1 6 2

- - 6 2 C 6 4 2

1010 10 10 10 10 10

N N q GAT A A N N

1 - 4 1

B1
52
B3
24-1
B4-2
B4-3
B5
B6
B7
59
Bll-l
B11-2
B11-3
B14
B15
B16
B20
B21
B22
B23-1
B23-2
B23-3
B24
B25-1
B25-2
B25-3
529
B31
B33-1
B33-2
B33-3
B35
B36
537
B38
B39
540-1
B40-2
B40-3
B41-1
B41-2
B4 1-3
B42-1
B42-2
B42-3
B47

C

15 15 15 15 15 15 15

N N A GAT A A N N

FIG. 1. Binding-site selection of cGATA-1. (A and B) Sequences
of cloned sites after four rounds of selection for cGATA-1 binding in
the first (A) and second (B) experiments. The sites identified in
boldface are the single sites used for the analysis shown in panels C
and D. (See Results for a description of the basis for exclusion from
single-site analysis). The central GAT core encoded in NGAT (see
Materials and Methods) is indicated by the boxes. Deletions are

represented by gaps in the sequence. (C and D) Frequency of
recovery of each nucleotide at each selected position and the
derived consensus recognition sequence in the first (C) and second
(D) experiments. To be considered part of the consensus, the
threshold level of representation of a nucleotide at a given position
was arbitrarily set at >60%. In the case of deletions, the adjacent
fixed nucleotides next in sequence were considered the selected
nucleotide. -, no single sites were recovered with that nucleotide at
that position.

and +1 to +4 (3' of the GAT core). This initial assumption
for the necessity of the GAT motif for the binding of the
GATA factors was further borne out by the results (detailed
below) in which selected oligonucleotides displaying muta-
tions in the GAT core were found to contain a GAT motif
elsewhere in the randomized portions of the oligonucleotide.
To determine the binding-site specificity of the various

GATA factors, a selection and amplification procedure was
employed (1, 2). Radiolabeled, double-stranded NGAT was
synthesized and used as a probe in gel mobility shift assays
with GST fusion proteins of each cGATA-1, -2, and -3.
GATA factor-binding sites were selected by isolating the
lower-mobility band of the protein-DNA complex separated
by gel electrophoresis, followed by amplification by PCR
using primers A and B corresponding to the ends of NGAT
(Materials and Methods). The process was repeated for four

GGAC CCA
GGAC TTA
GGAC CAT
GGAC GCT
GGAC AGA
GGAC CAC
GGAC AGA
GGAT GAC
GGAC AAC
GGAC GAA
GGAC ACT
GGAC GTG
GGAC AGT
GGAC CGC
GGAC TAA
GGAC GTA
GGAC CAA
GGAC GCA
GGAC TTA
GGAC AAA
GGAC AGA
GGAC GCT
GGAC ACA
GGAC ACA
GGAC CCA
GGAC AGC
GGAC TGT
GGAC ATA
GGAC ATA
GGAC CTT
GGAC AGT
GGAC CAT
GGAC ACC
GGAC GCC
GGAC AAC
GGAC AGA
GGAC ACA
GGAC ACC
GGAC AGC
GGAC C
GGAC GGT
GGAC ATT
GGAC CCA
GGAC AGC
GGAC GAG
GGAC ACA

GAT
GAT
GAT
GAT
GAT
CAT
GAM
GAT
GAT
GAT
GAT
GAT
GAM
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
CAT
GAT
GAT
GAT
GAT
CAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
TAM

ATCT ACTT
CAAA ACTT
AAGT ACTT
AAGA ACTT
AAGT ACTT
TATC GCTT
AACT ACTT
AACA ACTT
TATC ACTT
ATTT ACTT
AATC ACTT
ATCA CCTT
AAAG ACTT
TATC ACTT
AACA ACTT
AACA ACTT
AAGA ACTT
ATC ACTT
AAGA ACTT
AAC ACTT
AACA ACTT
AAGA ACTT
AAGG ACTT
AAGC GCTT
ATCG ACTT
AAGA ACTT
AACG ACTT
AAGA ACTT
ATAC ACTT
AAGA ACTT
AACG ACTT
AAGA ACTT
TATC ACTT
AAGG ACTT
TATC ACTT
AAAG ACTT
AAGC ACTT
TATC ACTT
AAGA ACTT
ATC ACT
AAGG ACTT
ATCA ACTT
AACA ACTT
AAGA ACTT
TATC ACTT
AATA ACTT

- 3 - 2 - 1 1 2 3 4

N N N GAT N N N N

G 7 11 -

B
BB2
BB3
BB4
BB5
BB6
BB8
BB9
BB10
BB11
BB12
BB13
BB14
BB15
BB16
BB17
BB18
BB19
BB2 0
BB21
BB23
BB24
BB25
BB2 6
BB28
B52 9
BB3 0
5531
BB33
BB34
BB35
BB36
BB37
BB38
BB39
BB40
BB411
BB4 12
BB413
BB42
BB43

D

GGAC GCA
GGAC CCA
GGAC GAT
GGAC AGC
GGAT ATA
GGAC TGA
GGAC AAT
GGAC TAA
GGAC ACC
GCAC GAT
GGAC GAA
GGAC GCA
GGAC TGT
GGAC ACT
GGAC AAC
GGAC AGA
GGAC AGA
GGAC GCA
GGAC GA
GGAC AGC
GGAC GCC
GGAC GAA
GGAC CA
GGAC GCA
GGAC ACT
GGAC AGC
GGAC AGA
GGAC ACA
GGAT AAA
GGAC AGA
GGAC CCA
GGAC AAA
GGAC GCA
GGAC CAT
GGAC ATA
GGCC GAT
GGAC GCA
GGAC ACT
GGAC CGA
GGAC GCA

GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT

ATC ACTT
AAGA ACTT
TATC ACTT
AACA TCTT
GTTA ACTT
AAGA ACTT
CTTA TCTT
CTTA ACTT
ATCA TCTT
ATCT ACTT
AAGA TCTT
ATC ACTT
AAGA ACTT
AGTA ACTT
TATC ACTT
ATCA TCTT
CTTA ACTT
ATC ACTT
AACA ACTT
AACA TCTT
AAGA ACTT
AAGA ACTT
AAAA ACTT
ATC ACTT
AAGA ACTT
CTTA TCTT
AGCA TCTT
CTAA TCTT
CTTA ACTT
AAGA ACTT
ATC TCTT
CTTA ACTT
ATC ACTT
AATC ACTT
CTTA TCTT
ATCT ACTT
ATC ACTT
CTTA TCTT
AAGA ACTT
ATC ACTT

- 3 - 2 - 1 1 2 3 4

N N N GAT N N N N

- - 177 G 2 9 - - 2 8 -

A 15 7 17 30 29 4 17 A 9 3 12 14 12 2 18

T 4 6 9 - 2 1 4 T 3 - 3 - 4 4 -

C 5 7 5 1 - 9 3 C 4 6 3 4 - 4 -

31 31 31 31 331 31

N N 4 GAT A A N N

18 18 18 18 18 18 18

N N A GAT A A N A

FIG. 2. Binding-site selection of cGATA-2. (A and B) Sequences
of cloned sites after selection for cGATA-2 binding in the first (A)
and second (B) experiments. The sites identified in boldface are the
single sites used for the analysis shown in panels C and D. Sites
identified as, e.g., B4-3 indicate that in clone B4, there was an
insertion of three independent 64-bp oligonucleotides as a result of
the cloning procedure (see Materials and Methods). (C and D)
Frequency of recovery of each nucleotide at each selected position
and the derived consensus recognition sequence in the first (C) and
second (D) experiments. See the legend to Fig. 1 for details of the
analysis.

consecutive rounds of selection, the pools of selected oligo-
nucleotides were then cloned, and individual sites were
sequenced.
The sites selected by GST-cGATA-1, -2, and -3, in two

independent experiments, are shown in Fig. 1A and B, 2A
and B, and 3A and B, respectively. Because of the cloning
strategy employed (incorporating different restriction sites at
either end of the selected sites in the A and B primers; see
Materials and Methods), trimer or pentamer ligations in the
cloning step were recovered in some cases; each sequence
thus identified was analyzed as an independent site (Fig. 2B
and 3B).

Several of the sites selected by either of the GATA
proteins contained the sequence AGATCTTAIC1 (e.g.,

4014
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GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
GAT
AAT
GAT
GAT
GAT
GAT
GAT
AAT
GAT
GAT
GAT
GAT
GAT
GAT
CAT
GAT
GAT
GAT
GAT
GAT
TAT
GAT
GAT
GAT
GAT
GGT
GAT
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FIG. 3. Binding-site selection of cGATA-3. (A and B) Sequences
of cloned sites after selection for cGATA-3 binding in the first (A)
and second (B) experiments. The sites identified in boldface are
those utilized in panels C and D. Sites identified as, e.g., C3-3
indicate that in clone C3, there was an insertion of three independent
oligomers as a result of the cloning procedure. (C and D) Frequency
of recovery of each nucleotide at each selected position and the
derived consensus recognition sequence in the first (C) and second
(D) experiments. See the legend to Fig. 1 for details of the analysis.

AA14, BB33, and CC3-3), in which a second GATA site was
present on the bottom strand (TATC). Several other selected
sites were found to have similar patterns of a GATA se-
quence in the inverse orientation on the bottom strand:

TABLE 1. Recovery frequency of erythroid consensus and other
binding sites from GATA factor-selected oligonucleotides

% of sites with sequence (no.
Factor Sequence with sequence/no. of sites) in:

Expt 1 Expt 2

cGATA-1 GAT AA 100 (10/10) 93 (14/15)
cGATA-2 GAT AA 94 (29/31) 67 (12/18)

GAT CT 0 22 (4/18)
cGATA-3 GAT AA 71 (29/41) 27 (7/26)

GAT CT 10 (4/41) 50 (13/26)
GAT TA 7 (2/41) 12 (3/26)

T GATAIC (e.g., AA4, BB2, and C26-2) or GATTAIC (e.g.,
T AA20, B14, and C8-1). Because of the possibility that each
T GAT sequence (one on the top and one on the bottom strand)
T serves as a separate recognition site, these particular prod-
T ucts might be considered double sites with inverted orienta-
T tion and are considered separately below. Other oligonucle-

otides (recovered less frequently) contained two GATA
sequences in a direct repeat orientation (e.g., AA34). The
recovery rate of double sites was very frequent and is not
surprising given that double sites would be theoretically
predicted to be of twofold-higher affinity than single sites.
However, to address the specificity of each factor for a
single binding site, data from recovered (potential) multiple
sites were excluded from the analyses described immedi-
ately below.

Sites with mutations in the GAT core were also excluded
from the analysis. During several rounds of amplification,
the intrinsic incorporation error frequency of Taq poly-
merase occasionally mutated the GAT core, yet these oligo-
nucleotides were still selected by GATA factor binding (e.g.,
B4-3 and C9-3). Of a total of 15 oligonucleotides in this
category, 11 were found to contain a GAT sequence else-
where in the oligonucleotide (generally on the bottom strand,
within the +1 to +4 randomized positions). This observation
further supports the initial assumption that the GAT core
sequence would be critical for GATA factor binding.
To identify the relative contributions of specific nucleotides

at defined positions in determining the ability of a site to be
recognized, the single binding-site sequences recovered were
compiled and analyzed for the frequency of encountering any
nucleotide at each randomized nucleotide position, and a

consensus was derived for each of the factors based on the
most highly favored nucleotide at each position and the
frequency at which it was recovered (Fig. 1C and D, 2C and
D, and 3C and D). The nucleotides immediately 3' to the GAT
core were the most highly selected, with each of the factors
selecting GATAA at a very high frequency (Fig. 1C and D, 2C
and D, and 3C and D), consistent with the canonical WGA-
TAR erythroid consensus. In two independent experiments,
GATA-1 very specifically selected GATAA, while GATA-2,
in comparison, had a lower specificity for those same nucle-
otide positions, and GATA-3 selected this same site with the
lowest frequency. In the first experiment, 100, 94, and 71% of
the single sites selected by GATA-1, -2, and -3, respectively,
contained a GATAA motif. A similar trend was apparent with
the single sites in the second experiment, in which 93, 67, and
27% of the sites selected by GATA-1, -2, and -3, respectively,
displayed the identical sequence (Table 1). Thus, all three
cGATA factors selected an erythroid consensus GATAA site
at a relatively high frequency.

Inspection of the recovered sites also revealed that other,
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non-WGATAR consensus sites were also selected at a
significant frequency by the GATA-2 and -3 factors. Sites
containing a GATCT motif accounted for 22% of the single
sites selected by GATA-2 in the second experiment and 10
and 50% of GATA-3-selected sites in the first and second
experiments, respectively (Table 1). Another site, GATTA,
was recovered at a much lower but reproducible frequency
by GATA-3. These three types of sites, GATAA, GATCT,
and GATTA, accounted for the majority of single sites
recovered in the selection assay (Table 1) and further show
that the nucleotide identity at a given position is not inde-
pendent of one selected at a neighboring position. By chi-
square analysis, the dependence of the identity of the +2
position upon the +1 identity exceeds the 0.005 level of
significance for the GATAA sites selected by all three factors
in the first experiment and for the GATCT sites selected by
GATA-3 in the second experiment. Although the total num-
ber of sites selected with the GATTA motif is too low to
effectly employ statistical analysis, inspection of the se-
quences recovered suggests a dependence between the +1
and +2 identities for this motif as well.
The fact that there exist numerical differences in the

representation of GATAA and GATCT sites in the first and
second experiments may indicate that early selection events
limited the population of oligonucleotides carried through
subsequent rounds of amplification and selection. However,
the general conclusions derived from the two independent
experiments are internally consistent: all three GATA fac-
tors select canonical GATAA sites, but in addition, GATA-2
and GATA-3 have a broader specificity, also selecting novel,
alternative consensus sites.
The previously derived GATA consensus, WGATAR (13,

46), defined the -1 position as A or T, and indeed, for each
GATA factor, an adenine was recovered at the highest
frequency at this position and thymine was the base selected
next most often. Surprisingly, binding sites with a C at this
position were also recovered, but at an even lower frequency
(Fig. 1C and D, 2C and D, and 3C and D). An unanticipated
result found was that not only are certain nucleotides se-
lected, but clearly some nucleotides also appear to be
prohibited. For all three GATA factors, there is a virtual
absence of guanine at positions -1 and +1; of 143 single
sites sequenced, only 2 contained a G at position -1 (C8-2
and C7-3; Fig. 3A) and only 1 contained a G at +1 (C12-3;
Fig. 3A). Not surprisingly, they were selected by GATA-3,
the factor with the greatest apparent latitude in binding-site
preference. Finally, although the +2 position is defined by
the erythroid consensus as an obligate purine (WGATAR),
the binding-site data indicate an almost exclusive selection
for an A or T at this position, not G or C (Fig. 1C and D, 2C
and D, 3C and D).

Overall, it does not appear that any particular nucleotide is
favored at position -3 or -2, 5' to the GAT core. In
contrast, the nucleotides 3' to the core appear to contribute
significantly to the ability of a binding site to be recognized
by a particular GATA factor. As discussed above, the +1
and +2 positions are highly selected, and while other nucle-
otides are tolerated, a preference for an A at position +4 is
also apparent for all three factors (Fig. 1C and D, 2C and D,
and 3D). Although from the compiled analysis of the selected
sites there does not appear to be any overall preference
either for or against any particular nucleotide at position +3,
some sequence motifs are more frequently observed among
the selected sites (e.g., GATAAGA or GATCTTA), suggest-
ing that the selection for 3' nucleotides in creating a GATA

factor-binding site is not independent of the identities at
other nearby positions.
Because of the concern that the binding specificities of the

bacterially overexpressed fusion protein might not necessar-
ily reflect the specificities of the native, endogenous pro-
teins, selections were also performed in parallel with par-
tially purified cGATA-1 isolated from mature adult chicken
erythrocytes (see Materials and Methods). The identical
consensus was derived (NNAGATAANN), and selected
sites from this procedure are denoted with the prefix W in
Fig. 4 and Table 2.

In summary, GATA-1 selected the most highly defined
binding site, NNAGATAANN, while GATA-2 and -3 se-
lected a broader range of sites. That GATA-1 recognizes
only a subset of potential sites for GATA-2 and -3 was also
confirmed by using each of the third-round-selected oligonu-
cleotide pools from the second experiment in gel mobility
shift assays with all three factors. The pool of sites selected
by GATA-1 were bound equally well by all three transcrip-
tion factors, while pools of sites selected by GATA-2 and
GATA-3 gave a strong shifted band with the reciprocal
factor but only a weak one with GATA-1 (data not shown).

Analysis of individual selected GATA factor-binding sites.
Although one may derive significant information from com-
piled results, the function of these transcription factors ulti-
mately involves their interaction with single, specific sites.
Therefore, several of the selected single sites were analyzed
for the ability to be recognized by the three GATA factor
family members. Individual sites were amplified from sub-
clones by PCR, radiolabeled, and used in gel mobility shift
assays with the bacterially expressed GATA fusion proteins.
The amount of each protein to be used in each gel mobility

shift assay was arbitrarily defined as the quantity required to
yield comparable intensities of lower-mobility bands indicat-
ing protein-DNA complex formation by using the MaP30
probe (see Materials and Methods). The relative concentra-
tions of all three proteins used in these binding reactions,
when visualized by a Coomassie-stained gel, yielded roughly
comparable amounts of proteins (data not shown). While
affinities of the three proteins for the MaP30 site have not
been rigorously proven by determination of the amount of
specific DNA-binding activity in each of the three different
bacterially expressed extracts, the similar dissociation rates
of GATA-1, -2, and -3 from a WGATAR consensus site (see
below) suggest that the affinities of all three are comparable.
As would be predicted from the selection analysis, different

DNA sequences are recognized with different affinities by
GATA-1, -2, and -3. All three factors bind equally well to an

AGATAAGiA site, but alterations of positions +1 to +3 (to
AGATCJhA) result in sites that can be recognized by
GATA-2 and GATA-3 but not by GATA-1 (Fig. 4 and Table
2; compare B20 and CC21 or W5 and CC24). In both exam-
ples, the binding of GATA-2 and -3 to the AGATAAGA site
was of greater affinity than that to the AGATCTTA site.
Similarly, the sequence AGATJA is bound weakly by
GATA-2 and -3 but only minimally by GATA-1 (CC2 and
CC31).
Changes at position -1 can affect recognition by the

factors even when the site conforms to the GATAAGA
consensus derived from the selections; thus, CAIGAT
AAGA (B35) is recognized by each of the GATA factors
with higher affinity than either CACGATAAGA (W19) or

CAAGATAAGA (B20), even though the latter also conforms
to the originally defined erythroid consensus sequence (Fig.
4 and Table 2). The sequence GCAGATAAGA (W5) was

recognized by all three GATA factors strongly, and compar-
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FIG. 4. Binding of the GATA factors to individual selected sites. Cloned GATA-binding sites identified by the selection procedure (Fig.
1 to 3) were amplified by PCR, radiolabeled, and used as probes in gel mobility shift assays with GATA-1, -2, and -3. The amount of protein
was normalized to give an equivalent intensity of a shifted band by the MaP30 probe and used in binding reactions with equal numbers of
counts of each probe. Individual sites are identified by name (e.g., B35; Fig. 1, 2, and 3), and the sequence of each is also shown above each
set of lanes. The GAT core is shown in boldface, bordered by selected nucleotides. Flanking fixed regions are shown if mutations in the region
created new binding sites. The migration of the free MaP30 probe is indicated by the arrowhead, and that of the individual site probes is
indicated by the arrow. Markers 1, 2, and 3 show the GATA factor-DNA complexes of GATA-1, -2, and -3, respectively, with each probe.
Gels represent two independent experiments; comparisons can be made about relative affinities of binding within an experiment but not
between experiments. (A) cGATA-1 (lanes 1, 4, 7, 10, 13, 16, 19, 22, 25, 28, 31, and 34), cGATA-2 (lanes 2, 5, 8, 11, 14, 17, 20, 23, 26, 29,
32, and 35), and cGATA-3 (lanes 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, and 36); (B) cGATA-1 (lanes 1, 4, 7, 10, 13, 16, 19, 22, 25, and 28),
cGATA-2 (lanes 2, 5, 8, 11, 14, 17, 20, 23, 26, and 29), and cGATA-3 (lanes 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30).

ison of the binding results between B20 and W5 indicates
that although there was no overall preference for nucleotide
identity at -3 and -2 in the analysis of compiled data, at a
specific site changes at these positions can affect the affinity
with which it will be recognized by GATA-binding proteins.
Similarly, changes in positions +3 and +4 can also alter
binding affinity, as demonstrated in the comparison between

BB37 (AAAGATCTTA) and CC27 (AAAGATCTAQ) (Fig.
4B and Table 2). Consistent with the selection results,
although positions +1 and +2 are critically important in
determining whether a GATA factor will bind to a particular
sequence, flanking positions also significantly contribute to
the equilibrium affinity of the factor for the site.

Several of the sites recovered from the selection were
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TABLE 2. Summary of binding to individual selected sites

Relative binding" to:
Site Sequencea

GATA-1 GATA-2 GATA-3

MaP + + +
W19 GGAC CAC GAT AAGA ACTT + + +
B35 GGAC CAT GAT AAGA ACTT +++ +++ +++
B20 GGAC CAA GAT AAGA ACTT + + +
CC21 GCAC CAA GAT CTTA ACTT + +
AA27 GGAC CTT GAT CTT C..ITT ++++ ++++ ++++
AA14 GGAC ACA GAT CTTATCTT ++++ ++++ ++++
CC4 GGAC ACA GAT CTAA ACTT ++ ++ ++
CC24 GGAC GCA GAT CTTA ACTT + +
W5 OGAC GCA GAT AAGA ACTT + + +
C44 GGAC CAT GAT MTC ACTT +++ +++ +++
CC2 GGAC ACA GAT TAAA ACTT -4+ +

MaP _ ++
CC31 GGAC AAA GAT TAAA ACTT + + +
BB34 G=_AA GAT CTTA ACTT + ++++ ++++
BB37 GGAC AAA GAT CTTA ACTT + ++++ ++++
CC28 GGAC AAA GAT CTAG ACTT ++ ++
AA41 GGAC GCT GAT CTAAMTCTT ++++ ++++ ++++
BB2 OGAC GCA GAT XC ACTT ++++ ++++ ++++
BB17 GGAC AAC GAT TATC ACTT ++++ ++++ ++++
AA20 GGAC GAT GAT TATC ACTT ++++ ++++ ++++
AA14 GGAC ACA GAT CTTATCTT ++++ ++++ ++++

a Underlined nucleotides represent an additional binding site other than the one found centered at the GAT core. The MaP sequence is GATCTCCGGGCAAC
TGATAAGGATTCCCrG.

b Assignment of relative binding affinities (on a scale from + [weak] to + + + + [strong]; -, no binding) was determined by visual estimation. Primary data are
presented in Fig. 4.

potentially double GATA-binding sites. Although it is diffi-
cult, in the absence of examining defined mutations within
these selected sites, to assess the relative contribution of
each site to the overall affinity of the double-site oligonucle-
otides, their frequent recovery in the selection analysis
strongly suggests that these double sites are recognized with
a higher affinity than either individual site. In support of this
claim, the double sites that were found at a high frequency in
the selections, GATATC, GATTATC, and GATC1`TATC,
were all found to bind GATA-1, -2, and -3 all equally well,
with affinities as high as or higher than those of any oligo-
nucleotide containing only a single site (Fig. 4 and Table 2,
AA41, BB2, BB17, AA20, and AA14).

In summary, gel mobility shift assays examining the
relative affinities of each GATA factor for individual selected
sites generally confirmed the original selection results: as a
rule, the affinity of each type of site was roughly proportional
to its representation in the pool of selected sites. GATA-1
bound well to GATAAGA sites but very poorly to sites with
the motif GATC1TA or GATTA, consistent with the lack of
representation of the last two types of sites in those selected
by GATA-1 (Fig. 1 and 4). However, GATA-2 and GATA-3
have considerably broader recognition abilities in that they
can bind with high affinities to both the canonical erythroid
consensus sites and the newly defined, alternative consensus
sites (Fig. 2 through 4).

Determination of GATA factor-DNA dissociation rates. To
investigate the biochemical basis for the differences in equi-
librium binding affinities described above, association and
dissociation rates were analyzed for each of the GATA
factors for two binding sites representative of the erythroid
and alternative consensus sites recovered from selection,
B20 (CAAGATAAGA) and CC21 (CAAGATCTTA), respec-

tively. The on rates were all higher than the limit of detect-
ability (i.e., the forward binding reaction appeared to be
complete within 20 s [data not shown]). To retard the
kinetics of dissociation, the NaCl concentration in the bind-
ing reaction mixture was lowered to 40 mM. Under these
conditions, the Kds of the GATA factors for the B20 site
were all comparable (0.106 + 0.014, 0.099 ± 0.001, and 0.111
± 0.003 min-' for GATA-1, -2, and -3, respectively, as
averages from two independent experiments ± the standard
error of the mean; Fig. 5D, E, and F). However, the
dissociation rate from the CC21 site was too high to be
measured for any of the GATA factors, with complete
dissociation occurring within 20 s of the addition of compet-
itor (Fig. 5A, B, and C and data not shown).

Equilibrium affinity of the GATA factors for an erythroid
consensus versus an alternative consensus GATA-binding site.
Because we sought to quantitate the relative affinity of
cGATA-1, -2, and -3 for a pair of matched sites representing
the two types of sequences identified during the selection
process, B20 and CC21 sites were used as specific compet-
itors in gel mobility shift assays as representative of the
erythroid and alternative consensus sites, respectively. As
indicated in Fig. 6A, cGATA-1 had a 16-fold-higher affinity
for the B20 site than the CC21 site, whereas for both
cGATA-2 and cGATA-3, the B20 site displayed only a
2-fold-higher affinity for binding than did the CC21 site (Fig.
6B and C). These results are consistent with the binding-site
selection data, in which the dramatic difference in affinity of
GATA-1 resulted in recovery of only erythroid consensus
sites. With cGATA-2 and -3, however, a more comparable
affinity between the two types of sites allowed the selection
of the alternative recognition sequence for these GATA
factors. Given the similar relative affinities defined here by
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FIG. 5. Dissociation rate constant determination for the B20 and CC21 sites. Four nanograms of probe was used in binding reactions with
cGATA-1 (A), cGATA-2 (B), and cGATA-3 (C). First, the radiolabeled binding sites plus factor were allowed to come to binding equilibrium.
A 100-fold excess of unlabeled MaP30 was then added to the reaction, and at the timnes indicated (in minutes) above each lane, aliquots of the
reaction mixture were loaded onto a native polyacrylamide gel during electrophoresis. The migration of the free probe is indicated by the
arrow, and markers 1, 2, and 3 show the GATA factor-DNA complexes of GATA-1, -2, and -3, respectively, with each probe. Lanes Eq, the
endpoint of the competitions in binding reactions with competitor after each was allowed to reach equilibrium. (D), E, and F) Quantitative
evaluation of the results of GATA-1 (D), GATA-2 (E), and GATA-3 (F) dissociation from B20. The Kd shown is the average of two
independent determinations ± the standard error of the mean. See Materials and Methods for details of the kinetic analysis.

GATA-2 and -3, why would cGATA-2 not select the alter-
native (GATCT) sites as frequently as cGATA-3 (Table 1)?
One possibility is that the analysis of only the B20 and CC21
sites is too limited and that these results are not be easily
extrapolated to sites with differing identities at the -1 to -3

positions. Thus, GATA-2 could recognize the erythroid
consensus site at a much higher relative affinity compared
with that of the alternative site if both binding sites contained
residues different from those within the two selected sites
examined here.

B20 CC21

25 50 100 200 50 100 200 400 1600

B B20 CC21

25 50 100 200 400 50 100 200 400 800

C B20 CC21

25 50 100 200 400 50 100 200 400 800

4i' .& 2- N40# 3- *

~~t 1",~~~

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

FIG. 6. Relative affinities of cGATA-1, -2, and -3 for sites B20 and CC21. Binding reactions were performed with GATA-1 (A), -2 (B), and

-3 (C); the MaLP3 probe; and increasing amounts (indicated in nanograms above each lane) of either B20 or CC21 binding-site competitor. The

migration of the free MocP3 probe is indicated by the arrow, and markers 1, 2, and 3 show the GATA factor-DNA complexes of GATA-1,

-2, and -3, respectively.

C B20 CC21
0 1 2 5 10 20 Eq 0 1 2 5 10 20 Eq
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DISCUSSION

Utilizing a gel mobility shift selection and PCR amplifica-
tion strategy with randomized oligonucleotides and bacteri-
ally expressed proteins, we have determined the preferred
DNA-binding sites for the chicken GATA-1, -2, and -3
proteins. While all three factors bind to double sites (espe-
cially in particular arrangements of inverted orientations)
with the highest affinity, determination of the relative affinity
for preferred single sites was also possible. All three factors
selected an erythroid consensus NNAGATAANN binding
site, in accord with the canonical recognition site of WGA-
TAR (13). Surprisingly, there is no selection for, and more
likely is a selection against, a G at the +2 position as would
have been predicted by the previously defined consensus
(WGATAR). We have identified sequences that can discrim-
inate between GATA-1 and GATA-2 or -3 binding; se-
quences containing an AGATCTTA motif are bound by
GATA-2 and -3 with high affinity, while GATA-1 binding is
very weak. Although the positions bordering the GAT core
were most critical to determining the ability of a site to be
recognized, the positions beyond these central nucleotides
showed preferences for specific nucleotides as well.
The results presented here are consistent with those of

Plumb et al. (29) in which various synthetic oligonucleotides
with mutations in the mouse a-globin promoter GATA site,
MaP, were assessed for their ability to compete for binding
with a wild-type MaP site. Mutation of the two adenines at
positions +1 and +2 were shown to dramatically reduce
competition of binding (20- and 4-fold, respectively), but the
+3 site could be altered with no difference in ability to
compete with the wild type, consistent with the presence of
an N at this position in the consensus derived here. Further-
more, competition with an MacP site mutated to a GATAG
and the GATAG site from the chicken p3H-globin promoter
was shown to compete four- to sixfold less well than the
wild-type GATAA MaP site.

Previously identified GATAG sites have been found in the
chicken a-globin enhancer, the chicken pH-globin promoter,
the human 3-globin enhancer and A-y-globin promoter, and
the chicken P-globin enhancer (12, 13, 20, 24, 29, 33, 46); the
last two sites have also been shown to be required for full
erythroid transcriptional activity of these elements (23, 32).
If GATAG is a relatively low-affinity binding site, why is it
found in functionally identified GATA factor-regulated cis-
regulatory elements? One possible explanation is that there
exist other cofactors which allow GATA factor binding to
these sites in vivo that are not present in the bacterially
expressed purified proteins used here. Alternatively, these
sites may have evolved so that the site may be more easily
regulated, for example, by concentration changes in GATA
factors which have been shown to occur during erythroid
cell differentiation and development (22, 47) and as have
been proposed in the mechanism for regulation of the
chicken p-globin gene (26). The observation that nature has
evolved less than optimal pairings of transcription factors
and their cognate sites has been made for other transcription
factors (e.g., for CACC and c-myc [14, 16]).

In addition to showing that all three factor family members
have similar preferences for an erythroid consensus GATA-
binding site, we have also defined new recognition consen-
sus sequences for GATA-2 and GATA-3. The sequence
AGATCTTA is a high-affinity site while AGATTA is a
relatively low-affinity site for both GATA-2 and GATA-3;
GATA-1 does not bind to either type of site well. Although
the precise nucleotide identities of positions -1, + 1, and +2

were the most critical determinants of recognition specificity
and affinity, specific changes of nucleotides at the other
positions could modulate binding by all three proteins, and
all to similar degrees (Fig. 4). In vivo footprinting data of an
mGATA-1 promoter consensus site revealed strong protec-
tion of the G of the GAT core and weaker, but clearly
detectable, protection of the G at position +3 (43). That the
nucleotides several positions away from the central GAT can
affect GATA factor function through that site is evidenced
by recent studies of the cGATA-1 promoter region. A
deletion of the nucleotide at the -3 position of the GATA
site at -139 of the promoter results in an increased dissoci-
ation rate of DNA-protein complex formation and a 30%
diminution of promoter activity (36).

While it remains a formal possibility that there are GATA
factor-binding sites totally unrelated to any identified here
(i.e., without a GAT sequence), these would be predicted to
be generally of lower affinity than the GAT-containing sites.
In the majority (11 of 15) of selected oligonucleotides in
which the GAT core was disrupted by mutation generated as
a PCR artifact, a GAT sequence was found elsewhere (see
Results), strongly suggesting that the highest-affinity binding
sites for all the GATA factors include this GAT motif.
The similar binding specificities of cGATA-2 and -3 dis-

tinct from that of their highly related family member,
cGATA-1, was not unanticipated; in the 107 amino acids of
homology in the fingers and adjacent basic region (which is
required for cGATA-1 DNA binding [49]) of all three factors,
there are only three residues which differ between cGATA-2
and -3, but there are 18 differences in the cGATA-1 sequence
compared with the cGATA-2 sequence (11, 48). In an
analysis of the function of the two zinc fingers in mouse and
chicken GATA-1, the C-terminal finger has been identified as
containing the critical DNA-binding function, while the
N-terminal finger plays a role in stabilizing protein-DNA
complex formation (23, 49). Five of the amino acid differ-
ences between cGATA-1 and cGATA-2 are found in the
C-terminal finger, and notably, one of the differences is
found between the first pair of cysteines in the C-terminal
finger (at position 165 in cGATA-1 [11]). Significantly, a
single amino acid change in this "knuckle" region between
the conserved cysteines in the steroid hormone receptors
has been shown to be sufficient to alter DNA-binding spec-
ificity (7, 44).
The highest-affinity sites defined in this study were double

sites in inverted orientation, to which all three factors
strongly bind as monomeric proteins. Although the gel
mobility shift assays with individual sites did not reveal any
differences between the ability of the three factors to recog-
nize the three types of inverted binding sites, the fact that
certain types of double sites appeared to be selected by each
GATA factor implies that there may be some preference for
a defined spacing between overlapping inverted sites. For
example, GATA-1 more frequently selected GATC1`TATC
(Fig. 1B), GATA-2 reproducibly selected GATATC (Fig. 2A
and B), and GATA-3 often selected GATIATC (Fig. 3A).
The existence of multiple GATA factors in the erythroid

cell environment (22, 48) poses an interesting question as to
the functional roles of cGATA-1, -2, and -3. The necessity of
mouse GATA-1 expression for development of the erythroid
lineage has been previously demonstrated (28, 37), and
GATA-1 in chickens is presumed to be analogously required.
It is interesting to note that cGATA-3 expression seems to
correlate with later stages of differentiation in erythrocytes
and nervous system tissues (1Sa, 22, 48). Given the broader
recognition ability of GATA-3, it is conceivable that upon its
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induction during late erythroid differentiation, GATA-3
could replace GATA-1 at some erythroid consensus binding
sites, maintaining GATA factor function at those target
genes but additionally recognizing another battery of alter-
native sites which regulate genes expressed later in differen-
tiation. The identification in this study of a high-affinity,
noncanonical binding site for GATA-2 and GATA-3, AGAT
CTTA, may facilitate the identification of downstream target
genes for these factors in erythroid as well as nonerythroid
cells (3).
The determination of which GATA factor acts at a given

consensus site appears to be dictated by some aspect of
factor function beyond simple differences in site recognition
properties. The octamer binding proteins Oct-1 and Oct-2,
which also have identical binding specificities, have been
proposed to display promoter selectivity by interactions of
their activation domains with other proteins at the transcrip-
tional initiation complexes (40). A similar model, in which
specificity is localized to regions outside the DNA-binding
domain, has also been explored for the differential activation
abilities of MRF4 and myogenin on the muscle creatinine
kinase enhancer (5). A mechanism imparting differential
specificity may also be operative in this case as well;
experiments are currently under way to test this hypothesis.
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