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ABSTRACT: Vertebrate GATA proteins regulate processes that are vital to development, and each possesses
two tandem GATA finger domains: an N-terminal GATA finger and a C-terminal GATA finger. These
GATA fingers require Zn2+ to fold, to bind DNA recognition elements, and to regulate transcription.
While the GATA-1 C-terminal finger is necessary and sufficient to bind to single GATA DNA sites, the
N-terminal finger interacts with DNA such that the double finger unit (DF domain) has a binding and
transactivation profile that is tuned by the DNA-binding site. Co2+ was used as a spectroscopic probe in
a series of competition titrations to determine the affinity of Co2+ and Zn2+ for the C-terminal finger
from chicken GATA-1 and the double finger from human GATA-1 (referred to in this report as CF and
DF). For CF, these experiments yieldedKb

Co ) 1.0 ((1.3) × 107 M-1 and Kb
Zn ) 2.0 ((1.3) × 1010

M-1. For DF, these experiments yielded equilibrium constants for the process of two M2+ binding to
form M2+

2-DF of â2
Co ) 2.5 ((1.6)× 1014 M-2 andâ2

Zn ) 6.3 ((2.5)× 1020 M-2. The ZnS4 coordination
environment of Zn2+-bound CF was confirmed with X-ray absorption spectroscopy. A detailed analysis
of these data suggests that the N-terminal and C-terminal fingers of DF act as independent and identical
Zn2+-binding sites and each finger binds Zn2+ with an affinity equivalent to that of CF.

Structural zinc-binding domains are a family of small
domains within proteins that require bound Zn2+ to form
well-defined tertiary structures which are used to mediate
interactions with other biomolecules. Subtypes are character-
ized by the number of zinc sites and the combination and
spacing of chelating cysteine and histidine residues (1, 2).
Examples of well-known structural zinc-binding domains
include several that require a single Zn2+ ion to fold into
discrete structures, such as the classical Cys2His2 zinc finger
found in TFIIIA,1 the Cys2HisCys “Gag knuckle” found in
the HIV nucleocapsid protein, the Cys4 “treble clef” finger
found in GATA family proteins, and the Cys(His/Cys)Cys2

“zinc ribbon” domains found in eukaryotic and archaeal
transcription factors and RNA polymerase subunits (2). Well-

known zinc-binding motifs that require two Zn2+ ions to form
a single interactive unit include the CysHisCys6 or “RING
finger” domains found in the BRCA1 gene and the Cys8

steroid hormone receptor type found in the estrogen and
glucocorticoid receptors (1). Proteins utilize these structural
zinc-binding domains to perform functions characteristic for
each subtype. Classical zinc fingers and steroid hormone
receptors bind to DNA and regulate transcription (1).
Retroviral Gag knuckle domains interact with single-stranded
nucleic acids (1, 3-5). A recent structure of replication
protein A (RPA) (6), studies on the interactions between
Escherichia coliRNA polymerase and topoisomerase (7),
and studies on the interactions between TFIIB and Pol II
(8) suggest that the zinc ribbon motif may be important for
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interactions with single-stranded DNA and/or for protein-
protein interactions. Likewise, RING finger proteins have
various functions, one of which is mediating protein-protein
interactions (1, 9), and GATA fingers bind DNA and protein
partners to regulate transcription (1, 10, 11).

A large number of structural zinc-binding domains are
found in many higher eukaryotic genomes. For example, an
analysis of the human genome found>2500 sequences that
coded for Cys2His2 zinc finger-containing proteins (12-14).
Furthermore, analysis of theCaenorhabditis elegansand
Saccharomyces cereVisiaegenomes reveals that the majority
of zinc finger proteins in eukaryotes contain more than one
zinc-binding site (12). Despite the prevalence and importance
of proteins that contain multiple zinc-binding sites, most
studies have characterized metal binding to isolated domains
that bind a single zinc ion (15-21). There are few detailed
studies that have characterized metal binding to proteins that
contain multiple zinc sites and the effects of metal binding
on the interaction between zinc-binding sites. Proteins that
bind multiple zinc ions exhibit a range of degrees of associa-
tion between the zinc-binding sites. These sites may be tightly
associated as with the two interwoven zinc sites in the RING
fingers, loosely associated as with the two Cys4 sites in the
steroid hormone receptors, or independent. In contrast to
RING fingers and the steroid hormone receptors, the two
adjacent GATA fingers are assumed to be independent, since
isolated NF and CF domains are stable and properly folded
(22, 23).

Existing reports of equilibrium constants for Co2+ and Zn2+

binding to two-site structural zinc-binding domains are
limited to (A) two studies on the tightly associated type for
the RING fingers BRCA1 (breast and ovarian cancer
susceptibility gene) (24) and hdm2 (human homologue of
murinedoubleminute chromosome clone 2, a p53 inhibitor)
(25), (B) one study on the loosely associated type for the
steroid hormone receptors human estrogen receptorR DNA-
binding domain (hERR-DBD) and glucocorticoid DNA-
binding domain (GR-DBD) (26, 27), (C) one study on a
protein for which the degree of association has not been
definitively established, the neural zinc finger factor 1 (NZF-
1) (28), which includes two Cys2HisCys sites, and (D) one
study estimating the lower limit of Co2+ binding to the double
site of Nup475, which contains two Cys3His sites of which
the N-terminal site is capable of independent and stable RNA
binding (29, 30). Detailed metal-binding studies to determine
equilibrium constants for structural zinc-binding domains that
bind more than one zinc, for which the sites areindependent,
have not been reported to date. For this reason, the affinities
of Co2+ and Zn2+ for the double finger domain of human
GATA-1 that is reported herein are of particular interest.
(See Figure 1 for a thermodynamic description of metal
binding to proteins with two metal-binding sites and defini-
tions of the constants discussed herein.)

The DNA-binding activity of the two tandem fingers in
GATA proteins has been well characterized, and the GATA
domains of these proteins have demonstrated the ability to
independently interact with DNA (23, 31-38). Thus GATA
proteins constitute a simple example of independent multiple
zinc-binding sites. GATA proteins are a family of transcrip-
tion factors that are named for the DNA consensus elements
(GATA) to which they bind through Cys-X2-Cys-X17-Cys-

X2-Cys zinc-binding domains. Although GATA proteins
from less complex organisms such as fungi and worms may
possess only a single GATA finger (39, 40), each of the six
vertebrate GATAs that have been identified to date contain
two tandem GATA fingers termed the N-terminal GATA
finger or NF domain and C-terminal GATA finger or CF
domain (41-45). GATA family members are further sub-
divided into two expression pattern-based subfamilies: (1)
GATAs 1-3 are expressed predominantly in hematopoietic
cells with GATA-2 and -3 additionally expressed in the
central nervous and urogenital systems (41, 42, 45-49), and
(2) GATAs 4-6 are expressed in the heart, gut, urogenital,
and additional tissues of mesodermal and endodermal origin
(43, 44, 50-53). Each GATA family member has been
demonstrated to be required for normal development (46,
54-58).

Initial experiments with GATA-1 demonstrated that the
CF domain alone was sufficient to bind to and stimulate
transcription from GATA DNA elements (23, 31-33).
Further experiments demonstrated that the CF domain folds
in the presence of Zn2+ into a discrete GATA finger structure
that allows high-affinity binding to single GATA DNA sites
and revealed that the minimal DNA-binding unit of GATA-1
was the CF domain plus an associated C-terminal basic tail
(23, 32). Although initial experiments suggested a somewhat
passive role for the NF domain, limited to interacting with
protein partners and stabilizing GATA-1 binding at certain
DNA sites (31, 33, 34), subsequent experiments have
revealed that the GATA-1-NF can assume a far more crucial
role in directing GATA-1 activity (35-37, 59). The isolated
NF domain of murine GATA-1 has been shown to bind to

FIGURE 1: Scheme depicting the thermodynamic possibilities for
two metal ions binding to a protein with two metal-binding sites
with individual site affinities (ki’s), stoichiometric binding constants
(K1 and K2), and stoichiometric stability constants (â1 and â2)
identified. “A” refers to apo (metal-free) sites, and “M” refers to
metal bound to the site. The subscripts for the individual site
affinities (ki’s) and site occupancy markers (A1, A2, M1, M2) refer
to the site number; the subscripts in the stoichiometric binding
constants (K1 andK2) and stoichiometric stability constants (â1 and
â2) refer to the metal stoichiometry. The following definitions were
used (77-79): â ) overall stability constant) [M nL]/[M] n[L]; â1
) [ML]/[M][L]; â2 ) [M2L]/[M] 2[L]; etc. Kb ) binding constant
) [MnL]/[M][M n-1L]; Kb1 ) [ML]/[M][L]; Kb2 ) [M2L]/[M][ML];
etc. whereâ1 ) Kb1; â2 ) Kb1 × Kb2, etc.
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the GATC DNA sequence (35). In addition, certain GATA-
binding sites, such as the GATApal site in the GATA-1
promoter, require the DF domain of human GATA-1 for
high-affinity binding (36). Furthermore, the DF domain of
human GATA-1 has been shown to assume different
conformations and bind to double DNA recognition sites that
vary in spacing and composition because the NF and CF
domains are flexible with regard to each other and have the
ability to interact with DNA independently (36, 37, 59). As
a result of this ability to bind DNA tightly in different binding
modes, the DF domain of hGATA-1 exhibits a varied ability
to stimulate transcription (37). In this way, the double finger
domain of GATA-1 allows for exquisite tuning in GATA
activity at each DNA-binding site.

Although extensive DNA-binding studies have been
reported for both CF and DF domains of GATA-1, no zinc-
binding constants are known for these domains despite the
fact that CD spectroscopy and NMR reveal that GATA
domains require Zn2+ for proper folding and that DNA-
binding and transcriptional activation studies have also
demonstrated the requirement of Zn2+ for GATA activity
(23, 31, 32, 38). Here, we report detailed metal-binding
studies for GATA-1, in which Co2+ was used as a spectro-
scopic probe in absorbance-monitored metal-binding titra-
tions to determine the affinity of Co2+ and Zn2+ for the CF
domain from chicken GATA-1 and the DF domain from
human GATA-1 (shown in Figure 2 and referred to hence-
forth as CF and DF), the two most well characterized
examples of these domains. The structure of CF was
previously determined by NMR (23); here, we have con-
firmed the ZnS4 coordination of CF using XAS. The DNA-
binding constants of CF in the presence of a variety of metals
have been reported (23, 32). For both CF and DF, DNA-
binding constants to several DNA sites have also been
reported (36, 37, 59). Furthermore, due to the high homology
between the DNA-binding domains of different GATA
family members, activity differences for different family
members have been shown to be subtle, and the metal-

binding constants measured here can be considered predictive
for the entire GATA family (60-62). These metal-binding
experiments were designed to answer the following ques-
tions: (1) What are the equilibrium constants for Co2+ and
Zn2+ binding to the CF and DF domains? (2) Do interactions
between the NF and CF domains affect Co2+ and Zn2+

binding to hGATA-1-DF domains? This characterization of
the metal-binding properties of the double finger domain of
GATA-1 allows a more complete understanding of how Zn2+

binding regulates the function of these proteins that are so
critical to human development.

MATERIALS AND METHODS

GATA Proteins. Recombinant chicken GATA-1-CF pro-
tein (residues 158-223, CF) and recombinant human GATA-
1-DF protein (residues 199-317, DF) were used in metal-
binding titrations. CF and DF were expressed and purified
as previously described (23, 36). The recombinant proteins
are produced in their reduced apo forms and are>95% pure
(single HPLC peak characterized by amino acid analysis and
N-terminal sequencing).

General Methods and Reagents Used in Metal-Binding
Titrations. Metal-binding titrations were performed in Teflon-
stoppered quartz cuvettes and recorded with a Cary 500 UV-
vis-NIR spectrophotometer; 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB) analyses were performed using a HP-8453
UV-vis absorption spectrometer. All nonmetal solutions
used in the titrations were prepared with metal-free reagents
and water (water was purified using a MilliQ purification
system and then passed over Sigma chelex resin) and were
purged with Ar prior to being transferred into a Coy inert
atmosphere chamber (95% N2, 5% H2). The following stock
metal solutions were stored in the glovebox and diluted for
use as titrants: CoCl2 (Aldrich 99.999% CoCl2 dissolved in
purified metal-free water, concentration determined byA512nm

usingε512nm) 4.8 M-1 cm-1) (63) and zinc atomic absorption
standard (Aldrich, 15.25 mM Zn2+ in 1% HCl). All titrations

FIGURE 2: Amino acid sequences of human GATA-1-DF (DF) and chicken GATA-1-CF (CF) presented as schematics. The human GATA-
1-NF (NF) is represented by the labeled solid line underneath its corresponding finger in the DF schematic. The human GATA-1-CF finger
is represented by the labeled solid line underneath its corresponding finger in the DF scheme. The CF fingers from the chicken and human
species are 86.4% identical (80). Adapted from ref37.
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were performed under an inert atmosphere in 100 mM [bis-
(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (bis-
Tris), pH 7.0. Apopeptides and GATA constructs were
dissolved in chelexed water immediately prior to use in
titrations. The concentration of GATA proteins was deter-
mined from the absorption of the protein solution at 276 nm
(calculatedε276nm ) 8590 M-1 cm-1 for CF and calculated
ε276nm) 17180 M-1 cm-1 for DF); the concentration of zinc
finger consensus peptide, CP (18), was determined by DTNB
analysis.

HPLC Purification of CP Peptide. Zinc finger consensus
peptide, CP (18) (purchased from Biosynthesis, Inc., Lewis-
ville, TX) (64), was reduced by incubation with dithiothreitol
(DTT, 8 molar equivalents DTT per CP) at 55°C for 2 h.
After incubation, CP was filtered (0.22µm) and purified by
reverse-phase HPLC (water/acetonitrile, 0.1% trifluoroacetic
acid) on a Rainin C18 column. The reduced, metal-free CP
peptide was transferred to the glovebox and concentrated
under vacuum.

DTNB Analysis To Determine CP Concentration. The
concentration of CP that was used in the titrations was
estimated using a modified version of the DTNB analysis
reported by Riddles and co-workers that measures the
concentration of reduced cysteines in solution (65). DTNB
analyses were conducted in 100 mM bisTris, pH 7.0, using
a 2 µL aliquot of protein solution. Each reduced, free thiol
group in the peptide (2 Cys per CP) reacts with DTNB to
release 1 equiv of TNB2- (ε412nm ) 14150 M-1 cm-1) (65).

Direct Co2+ and Zn2+ Competition Metal-Binding Titra-
tions. For a typical Co2+ titration, reduced, apo-GATA solu-
tions were approximately 20-40 µM, and Co2+ titrant was
added in aliquots of 0.1 molar equivalents (relative to protein)
for CF and in aliquots of 0.2 molar equivalents (relative to
protein) for DF. An absorption spectrum was collected after
each addition of Co2+, until 2.5 molar equivalents of Co2+

was added to CF and 4 molar equivalents of Co2+ was added
to DF. Concentrated Co2+ stock was then added (100 molar
equivalents of Co2+ per CF and 200 molar equivalents of
Co2+ per DF). Zn2+ titrant was added to the cuvette in
aliquots of 0.1 molar equivalents (relative to protein) for CF
and in aliquots of 0.2 molar equivalents (relative to protein)
for DF. To ensure that equilibrium had been reached, the
cuvette was incubated at 37°C until the absorption spectrum
ceased to change (approximately 10 min). Aliquots of Zn2+

were added until approximately 5 molar equivalents of Zn2+

was added for the CF and until approximately 10 molar
equivalents of Zn2+ was added to the DF. The decrease in
the intensity of the Co2+ absorption bands was monitored
by UV-vis spectroscopy after each addition.

GATA-CP Co2+ Competition Titrations. Ligand competi-
tion experiments were conducted using a modified version
of the procedure reported by Krizek, Berg, and co-workers
(19). Approximately an equimolar amount of CP (per GATA
metal-binding site) was added to apo-GATA solution (20-
40 µM). Then Co2+ titrant was added in aliquots of 0.125
molar equivalents (relative to protein) to the CF and in
aliquots of 0.25 molar equivalents (relative to protein) to
the DF. To ensure that equilibrium had been reached, the
cuvette was incubated at 37°C until the absorption spectrum
ceased to change (approximately 10 min). An absorption
spectrum was obtained after each addition of Co2+, until 5.0

molar equivalents of Co2+ had been added per CF and 10-
15 molar equivalents of Co2+ had been added per DF.

Analysis of Absorption Data. The metal-binding data that
were obtained from the titrations were analyzed using the
program Specfit/32 (66). Specfit/32 calculates binding
constants for a given set of equilibria by creating a binding
model which is subsequently analyzed by a factor analysis
method in which all colored species are included in the
model. The affinities of Co2+ and Zn2+ for bisTris (Co2+

log â1 ) 1.8; Zn2+ log â1 ) 2.4) were also included as known
values in the model (67).

X-ray Absorption Spectroscopy. The CF GATA-1 sample
contained approximately 0.8 mM protein, to which 1 mol
equiv (per monomer CF) of Zn(II) was added in 40 mM
sodium phosphate pH 7.0 and 10% glycerol. The sample was
loaded into a 24× 3 × 2 mm polycarbonate cuvette (with
one 24× 3 mm wall consisting of 0.001 in. Mylar tape)
and immediately frozen in liquid nitrogen. X-ray absorption
spectra were collected at the Stanford Synchrotron Radiation
Laboratory (SSRL) on beamline 7-3 with the SPEAR ring
operating at 3.0 GeV, 60-100 mA. Fluorescence excitation
spectra were recorded with the sample at 10 K using 1 mm
vertically apertured beam incident on a Si[220] double-crystal
monochromator that was detuned to 50% maximum reflec-
tivity for harmonic rejection. The averaged XAS data
represent eight scans, each of 21 min duration. EXAFSPAK
software (www-ssrl.slac.stanford.edu/exafspak.html) was used
for data reduction and analysis, according to standard
procedures (68). The Fourier transforms (FTs) of the
extended X-ray absorption fine structure (EXAFS) data were
generated using sulfur-based phase correction. The bond
valence sum analysis (69-73) was used to indicate the
chemical viability of a given model’s coordination sphere
and bond distances. We also used a comparative analysis
method developed by Penner-Hahn and co-workers (74) to
better definex in a model ZnN4-xSx coordination sphere.
Details of our use of this analysis method are described
elsewhere (75).

RESULTS

Direct Co2+ Titrations. The d7 Co2+ ion, an established
spectroscopic probe for the spectroscopically silent d10 Zn2+

ion (17), was used to examine metal binding to CF and DF
through direct titrations. Representative absorption spectra
that result from Co2+ titration of DF are shown in Figure
3A, and the molar absorptivity spectra of Co2+-CF and DF
are shown in Figure 3B. The spectra of the Co2+-CF and
DF complexes shown in Figure 3B exhibit peak maxima
(742, 707, and 622 nm for CF and 740, 707, and 618 nm
for DF) that arise from Co2+ electronic transitions from the
4A2 to 4T1(P) states and are consistent with Co2+ coordinated
to four cysteines of a structural zinc-binding domain in a
tetrahedral geometry (19). These data suggest that Co2+ is
coordinated by CF and DF in a manner similar to that
predicted for Zn2+ from the NMR structures for the CF and
N-terminal finger of murine GATA-1 (22, 23). Zn EXAFS
was used to verify the ZnS4 coordination environment in
Zn2+-CF (Figures S1 and S2).

Co2+ saturates CF at 1 molar equiv (see Figure 3C), thus
providing direct evidence for metal binding to CF in a 1:1
ratio as predicted by the NMR structure of CF (23). Co2+

Thermodynamics of Co and Zn Binding to GATA Proteins Biochemistry, Vol. 43, No. 26, 20048349



binds too tightly to these GATA domains to obtain the
binding constant from direct titration with Co2+. Hence, only
the lower limit of the binding constant can be obtained
through these experiments. A 1:1 binding model was used
to fit the absorption data collected from the Co2+ titrations
of CF, which yieldedKb

Co g 7.9 × 106 M-1. Figure 3C

provides a comparison of the calculated fit to observed data
for representative Co2+-CF and Co2+-DF titrations. Co2+

saturated DF at approximately 1.4 molar equiv of total
protein, suggesting that only 70% of DF used in this
investigation was competent to bind metal, presumably due
to partial oxidation of metal-binding cysteines. Using this
revised estimation of protein concentration, a 2:1 binding
model was used to fit the absorption data collected from
Co2+-DF titrations, which yielded a lower limit for the Co2+

2-
DF affinity of â2 g 1.3 × 1013 M-2. A comparison of the
calculated fit to observed data for a representative Co2+-DF
titration is shown in Figure 3C. Direct Co2+ titrations of DF
did not provide evidence for the presence of a significant
amount of a 1:1 Co2+-DF species, because there was no
change in shape of the absorption spectra as Co2+ was titrated
into DF, as demonstrated by the collected absorption spectra
shown in Figure 3A. Furthermore, the spectrum of half of
the Co2+

2-DF species (Co2DF/2) cannot be distinguished
from the spectrum of the Co2+-DF species at the halfway
saturation point of the titration (shown in Figure 3B). As a
result, the stability for the 1:1 Co2+-DF species (â1; see
Figure 1) cannot be determined from the direct Co2+ titration
of DF alone.

GATA-CP Co2+ Competition Experiments. To determine
the affinity of Zn2+ for CF and DF through competition
experiments in which Co2+ is used as a spectroscopic probe,
the affinity of Co2+ for CF and DF must first be known.
However, Co2+ binds to structural zinc-binding domains with
an affinity that is too high to be precisely and accurately
determined by direct absorbance-monitored Co2+ titrations
at the protein concentrations that are necessary for spectro-
scopic detection. To overcome this difficulty, competition
experiments were performed in which each GATA domain
was titrated with Co2+ in the presence of CP, a Cys2His2

zinc finger consensus peptide for which the Co2+ absorption
spectrum and absolute affinity for Co2+ are accurately known
(peak maxima at 573 and 642 nm as shown in Figure 3B
andKb

Co ) 1.6 × 107 M-1) (18, 19). The Co2+ absorption
spectra for Co2+-CP is distinct from those of Co2+-CF and
Co2+

2-DF (see Figure 3B); therefore, it is possible to
deconvolute the ligand field bands that appear as Co2+ is
added to a mixture of CF and CP or DF and CP. The relative
order in which the Co2+-CP ligand field bands and the Co2+-
GATA species ligand field bands appear allows the relative
binding constants of the species to be determined (i.e.,Kb

Co

GATA/Kb
Co CP; see Table 1). Representative data collected

from a competition experiment between DF and CP is
provided in Figure 4A. The peaks of the Co2+-GATA
complexes increase in intensity roughly simultaneously to
the peaks for Co2+-CP, which indicates that the affinities of
CF and DF for Co2+ are comparable to the affinity of CP
for Co2+. Quantitative analysis of these experiments was
performed using Specfit/32, which incorporates the Co2+

basis spectra for Co2+-CP, Co2+-CF, and Co2+
2-DF species

FIGURE 3: (A) Absorption spectra collected during a Co2+ titration
of DF (19 µM) in 94 mM bisTris, pH 7.0, showing Co2+ ligand
field absorption bands that increase in intensity as Co2+ binds to
thiolates in the DF metal-binding sites. Similar data for CF are
available in the Supporting Information. (B) Molar absorptivity
spectra of Co2+

2-DF (black line), half of Co2+
2-DF (blue dashed

line), Co2+-DF at the halfway saturation point of the titration (orange
line), Co2+-CF (green line), and Co2+-CP (red line). Co2+-DF at
the halfway saturation point and half of Co2+

2-DF are not
spectroscopically distinct. These spectra were used as basis spectra
to deconvolute and fit data from the GATA/CP Co2+ competition
experiments. (C) Comparison of calculated fits (lines) to observed
data (circles/squares) at 740 nm for Co2+ titrations of DF (19µM)
(b) and CF (49µM) (9).

Table 1: Relative Stability Constants for GATA-CP (Kb
P1/Kb

P2) and
Co2+-Zn2+ Competition Experiments (Kb

M1/Kb
M2)

P1 P2 M1 M2 Kb
P1/Kb

P2 Kb
M1/Kb

M2

CF CP-CCHH Co2+ 0.62
CF Zn2+ Co2+ 2.0× 103

DF CP-CCHH Co2+ 1.6× 107

DF Zn2+ Co2+ 2.5× 106
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in the model used to fit the data (Figure 4B). The CF
experiments were fit using a model in which only 1:1 Co2+-
protein species for both CF and CP were allowed. The fit
using this model yieldedKb

Co CF/Kb
Co CP) 0.62. This ratio

was converted to an absolute binding constant ofKb
Co )

1.0 ((1.3) × 107 M-1 for Co2+-CF based on the reported
binding constant ofKb

Co ) 1.6× 107 M-1 for Co2+-CP (18,
19). Since it was unclear from direct Co2+ titrations whether
a 1:1 Co2+-DF species was formed during Co2+ titrations of
DF, two different models were used to fit the spectral data
from the DF competition experiments: one in which a 1:1
Co2+-DF is explicitly included and one in which no 1:1
intermediate is included. Both models fit the data, and there
is no significant difference in overall quality of the fits
obtained with the two models (see Figure 4B). Both models
yieldedâ2

Co2DF/â1
CoCP) 1.6× 107 M-1, which was converted

to â2
Co2DF ) 2.5 ((1.6) × 1014 M-2 as described above. In

addition, the model which includes the 1:1 Co2+-DF species
allows the calculation of stoichiometric binding constants
(K1 andK2 in Figure 1)K1

CoDF ) 2.0× 107 M-1 andK2
CoDF

) 1.3 × 107 M-1.
Co2+-Zn2+ Competition Experiments. The affinity of Zn2+

for the CF and DF domains was determined using competi-
tion experiments, in which Zn2+ was titrated into CF or DF
in the presence of a 100-fold molar excess Co2+ per GATA

metal-binding site. As Zn2+ displaced Co2+, the resulting
decrease in the Co2+-protein ligand field bands was moni-
tored in order to determine the relative affinities of Co2+

and Zn2+ for CF and DF. The CF experiments were fit using
a model that included the Co2+-CF and the spectroscopically
silent Zn2+-CF species (Figure 5). This model yieldedKb

Zn/
Kb

Co ) 2.0 × 103 for CF. This ratio was converted to an
absolute binding constant ofKb

Zn ) 2.0 ((1.3)× 1010 M-1

for CF based on the Co2+-CF absolute binding constant of
Kb

Co ) 1.0× 107 M-1 determined from the CP and CF Co2+

competition experiment. The data collected from the Zn2+

titrations of DF in the presence of Co2+ were best fit using
a model in which a 1:1:1 Co2+-DF-Zn2+ species was
explicitly included, suggesting that NF and CF domains of
human GATA-1 can interact independently with Co2+ and
Zn2+. A plot of the calculated fit to observed data for a
representative example is shown in Figure 5. This model
yieldsâ2

Zn2DF/â2
Co2DF ) 2.5 × 106, which was converted to

â2
Zn2DF ) 6.3 ((2.5)× 1020 M-2 usingâ2

Co2DF) 2.5× 1014

M-2 that was determined in the CP and DF Co2+ competition
experiment.

DISCUSSION

Despite the abundance of proteins that contain multiple
zinc-binding domains in eukaryotes (12-14), there are few
rigorous studies characterizing metal-binding proteins with
more than one zinc site (24-26). The vertebrate GATA
proteins contain two tandem zinc-binding domains that are
capable of independent DNA-binding activity. Metal-binding
studies were undertaken to determine the affinity of Co2+

and Zn2+ for the CF and DF domains and also to determine
how any potential interactions between the NF and CF
domains of the DF might affect metal binding.

Direct Co2+ titrations were monitored through ligand field
absorption bands that increased in intensity as Co2+ bound
to metal-binding cysteines in the GATA proteins (see Figure
3). These bands correspond to Co2+ electronic transitions
from the 4A2 to 4T1(P) states and are consistent with Co2+

coordinated to four cysteines of a structural zinc-binding
domain in a tetrahedral geometry (19). The spectra for these
Co2+-GATA complexes are in agreement with spectra
previously published for Co2+ bound to a zinc finger
consensus peptide containing a Cys4-binding site, CP-CCCC,
and Co2+ bound to the N-terminal domain of murine

FIGURE 4: (A) Absorption spectra collected during a Co2+ titration
of a solution of DF (25.5µM) and CP (69.0µM) in 92 mM bisTris,
pH 7.0 at 37°C. Peaks from Co2+-CP and Co2+-GATA appear
roughly simultaneously, which suggests that the two proteins have
comparable affinities for Co2+. Similar data for CF are available
in the Supporting Information. (B) Comparison of calculated fits
(lines) to observed data (circles/squares) at 740 nm for Co2+

titrations of the DF/CP mixture (b) and CF/CP mixture (9). For
the DF, calculated fits (lines) for both a model that explicitly
includes a 1:1 Co2+-DF species and a model with no explicit
intermediate are shown.

FIGURE 5: Comparison of calculated fits (lines) to observed data
(circles/squares) at 740 nm for Co2+/Zn2+ titrations of DF (19µM)
(b) and CF (49µM) (9).
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GATA-1 (peak maxima at 742, 707, and 622 nm for CF,
740, 707, and 618 nm for DF, and 740, 700, and 610 nm for
Co2+-NF) (19, 38). By monitoring the appearance of these
bands, the lower limit of the Co2+ affinity was determined:
Kb

Co g 7.9 × 106 M-1 for CF andâ2
Co g 1.3 × 1013 M-2

for DF.
The affinity of Co2+ for CF and DF was determined

relative to CP, a Cys2Hys2 zinc finger consensus peptide for
which the affinity constant is known, to provide the absolute
affinity of Co2+ for these domains. In turn, a competition
experiment with Zn2+ and the absolute Co2+ affinity for CF
and DF was used to calculate the Zn2+ affinity for these pro-
teins. In this manner, the affinity of Co2+ for CF was meas-
ured and yielded association constants ofKb

Co ) 1.0 ((1.3)
× 107 M-1; the affinity of Zn2+ for this domain was approx-
imately 3 orders of magnitude greater,Kb

Zn ) 2.0 ((1.3)×
1010 M-1. For DF, the stability constant for the 2:1 Co2+-
DF complex isâ2

Co ) 2.5 ((1.6)× 1014 M-2, and the stabil-
ity constant for the 2:1 Zn2+-DF complex isâ2

Zn ) 6.3
((2.5)× 1020 M-2. These affinities of the Co2+ and Zn2+ for
the CF and DF reported here are within the range of previ-
ously measured dissociation constants of these metals for
other eukayotic structural zinc-binding domains, as shown
in Table 2.

In addition to providing the affinities of metals for proteins,
metal-binding titrations provide insights into whether there

are interactions between the two metal sites in the GATA
DF construct. When a metal such as Co2+ is titrated into a
two-site apoprotein such as DF, there are four thermodynamic
mechanisms that describe the filling of metal sites: (1) M2+

may fill the two sites in a cooperative fashion [k2 > k3 or
k4> k1; see Figure 1 for definitions of individual site affinities
(ki’s)]; (2) M2+ may fill the sites in an anticooperative fashion
(k2 < k3 or k4 < k1); (3) if M2+ binds and the sites do not
interact, it is possible that the two sites have nonidentical
binding affinities, termed the independent nonidentical case
(k2 ) k3 andk1 ) k4 andk1 * k3); and (4) if M2+ binding to
one site does not alter the affinity of the second site and
M2+ has identical affinity for both sites, then the sites are
independent and identical metal-binding sites (k1 ) k2 ) k3

) k4). Metal-binding titrations measure equilibrium constants
for the reactions of M2+ with protein. For a protein with a
single binding site, the equilibrium constant is equivalent to
the binding affinity of M2+ for the protein (ki’s in Figure 1).
In the case of two binding sites, if a distinct Co2+-P
intermediate species (M1A2 or A1M2 in Figure 1) is experi-
mentally detected, then M1A2 * A1M2 * (M1M2/2) and both
â1 and â2 in Figure 1 can be measured (although further
experiments may still be necessary to fully characterize the
thermodynamic mechanism of metal binding). If no spec-
troscopic intermediate can be found, then any differences in
the M1A2, A1M2, and (M1M2/2) species are not detected.

Table 2: Cobalt- and Zinc-Binding Constants for Structural Zinc-Binding Domains

single Zn2+ sites Kb
Co Kb

Zn ref

Cys2His2

TFIIIA (30 amino acid peptide from transcription factor IIIA) 2.6 ((2.0)× 105 M-1 3.5 ((1.1)× 108 M-1 17
CP (26 amino acid zinc finger consensus peptide) 1.6 ((0.4)× 107 M-1 1.7 ((0.8)× 1011M-1 19

Cys2HisCys
CP-CCHC (26 amino acid zinc finger consensus peptide) 1.6 ((0.4)× 107 M-1 3.1 ((0.1)× 1011M-1 19
HIV-CCHC (18 amino acid peptide of N-terminal domain of HIV

nucleocapsid protein)
107 e Kb

Co e 108 M-1 1010 e Kb
Zn e 1011M-1 76

Cys3His
Nup475 (amino acids 93-123 of Nup475) 5.0× 105 M-1 5.0× 109 M-1 29

Cys4

CP-CCCC (26 amino acid zinc finger consensus peptide) 2.9 ((0.1)× 106 M-1 9.1 ((3.3)× 1011M-1 19
cGATA-1-CF 1.0 ((1.3)× 107 M-1 2.0 ((1.3)× 1010M-1 this study

double Zn2+ sites Co Zn ref

Cys4CysHisCys2 (RING)
BRCA1 (56 amino acid peptide from BRCA1 gene)

k1
a 3.3× 107 M-1 24

k2
a 1.3× 105 M-1 24

k3
a 6.7× 106 M-1 24

hdm2 (amino acids 425-491 of hdm2 oncoprotein)
k1

a 4.5× 106 M-1 25
k2

a 6.7× 104 M-1 25
k3

a 2.5× 105 M-1 25
Cys2HisCys

NZF-1 (120 amino acid peptide from neural zinc finger factor 1)
k1

a 2.5 ((0.5)× 106 M-1 7.1 ((1.3)× 109 M-1 28
k2

a 2.5 ((0.5)× 106 M-1 7.1 ((1.3)× 109 M-1 28
Cys3His

Nup475 (amino acids 91-150 of Nup475)
k1

a g107 M-1 30
Cys4

steroid hormone receptor, hERRDBD
K1 4.5 ((0.1)× 106 M-1 1.0 ((0.1)× 1010M-1 26, 27
K2 1.6 ((0.7)× 106 M-1 2.0 ((0.1)× 109 M-1 26, 27

hGATA-1-DF
â2

M2DF 2.5 ((1.6)× 1014M-2 6.3 ((2.5)× 1020M-2 this study
a See Figure 1 for definitions of individual site affinities (ki’s), stoichiometric binding constants (K1 andK2), and stoichiometric stability constants

(â1 andâ2).
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Furthermore, a Co2+-P species (M1A2, A1M2, or a mixture
of the two) may (k2 < k1 or k4< k3 or k1 ) k3 ) k2 ) k4) or
may not (k2 > k1 or k4 > k3) exist in significant concentra-
tions, in which case onlyâ2 (not â1) can be measured. The
affinity constants of the isolated sites (ki’s in Figure 1) must
be measured to distinguish between the thermodynamics of
metal binding. As Co2+ is titrated into a two-site GATA
construct (DF), the ligand field peaks do not shift in
wavelength or relative intensity. This is illustrated by the
fact that half of the absorption spectrum of Co2DF, (Co2-
DF/2), is coincident with the spectrum of the Co2+-DF
species at the halfway saturation point of the titration as
shown in Figure 3. Therefore, there is no detectable
spectroscopic intermediate and onlyâ2 can be measured for
DF. As a result, direct Co2+ titrations of DF species do not
allow us to determine whether there is significant buildup
of an intermediate in which Co2+ is only bound to a single
GATA finger (i.e., only NF or only CF).

In three previous metal-binding studies on multi-zinc-
binding domains (the BRCA1, hdm2 proteins, and hERRDBD
steroid hormone receptor), distinct spectroscopic intermedi-
ates were observed that allowed cooperativity between the
metal-binding sites to be assessed (see Figure 1) (24-26).
Of these, the hdm2 protein was characterized in a particularly
rigorous fashion (25). In addition to determining the sto-
ichiometric equilibrium constants, single binding site mutants
were constructed for both binding site 1 and binding site 2
of hdm2, and these mutants were used to determinek1 and
k3. These studies revealed that metal binding to the two sites
in hdm2 is anticooperative becausek2 < k3 (in this caseK1

. K2; therefore,K1 ≈ k1 andK2 ≈ k2) (25). For BRCA1,
similar studies with a mutant that contained only the second
binding site also indicated anticooperative behavior between
the two Zn2+-binding sites (24). In the case of the steroid
receptor domains hERRDBD and GR-DBD, only the sto-
ichiometric constants (K1 and K2) were measured, but no
evidence was observed for strong interactions between the
two sites (26, 27). Because the GATA DF protein does not
exhibit a distinct spectroscopic intermediate, the four ther-
modynamic mechanisms of metal binding (cooperative,
anticooperative, independent and nonidentical, and indepen-
dent and identical) must all be considered. Given that the
NF and CF are known to act independently and have a high
homology, the independent and identical case was considered
first, and CFKb

Zn is used as an approximation for DFk1
Zn

(C-terminal domain of chicken GATA-1 and C-terminal
domain of hGATA-1 are 86.4% identical; see Figure 2). If
the sites are independent and identical, thenk1 ) k2 ) k3 )
k4. Therefore,K1 ) 2k1 andK2 ) k1, andâ2 ) 2k1

2 or k1 )

x(â2/2). For DF,k1
Zn ) 2.0 ((1.3) × 1010 M-1 andâ2

Zn )
6.3 ((2.5) × 1020 M-2 and x(â2/2) ) 1.8 × 1010 M-1.

Therefore, for DF,k1 does equalx(â2/2) within the error
limits of these experiments, and the NF and CF sites most
likely bind Zn2+ independently and with the same affinity,
given by Kb

Zn ) 2.0 × 1010 M-1, the same as that of an
isolated GATA-CF. Any of the other possible mechanisms
would require perfect alignment of weighting factors. As a
result, the simplest interpretation of these data is that the
two binding sites in the DF domain from human GATA-1
bind Zn2+ independently, with roughly the same affinities.

CONCLUSIONS

Isolated GATA NF and CF domains have previously been
shown by NMR and CD spectroscopy to fold into the discrete
GATA structure. Likewise, DNA-binding studies previously
reported have shown that the isolated NF and CF domains
bind stably to DNA sites, albeit each with its own site
specificity. The detailed thermodynamic analysis of metal-
binding experiments reported herein indicates that the NF
and CF domains of DF can bind Zn2+ independently.
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