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ABSTRACT: Zinc binding to the two Cys4 sites present in the DNA-binding domain (DBD) of nuclear
hormone receptor proteins is required for proper folding of the domain and for protein activity. By utilizing
Co2+ as a spectroscopic probe, we have characterized the metal-binding properties of the two Cys4 structural
zinc-binding sites found in the DBD of human estrogen receptorR (hERR-DBD) and rat glucocorticoid
receptor (GR-DBD). The binding affinity of Co2+ to the two proteins was determined relative to the
binding affinity of Co2+ to the zinc finger consensus peptide, CP-1. Using the known dissociation constant
of Co2+ from CP-1, the dissociation constants of cobalt from hERR-DBD were calculated:Kd1

Co ) 2.2
(( 1.0)× 10-7 M andKd2

Co ) 6.1 (( 1.5)× 10-7 M. Similarly, the dissociation constants of Co2+ from
GR-DBD were calculated:Kd1

Co ) 4.1 (( 0.6) × 10-7 M and Kd2
Co ) 1.7 (( 0.3) × 10-7 M. Metal-

binding studies conducted in which Zn2+ displaces Co2+ from the metal-binding sites of hERR-DBD and
GR-DBD indicate that Zn2+ binds to each of the Cys4 metal-binding sites approximately 3 orders of
magnitude more tightly than Co2+ does: the stoichiometric dissociation constants areKd1

Zn ) 1 (( 1) ×
10-10 M and Kd2

Zn ) 5 (( 1) × 10-10 M for hERR-DBD andKd1
Zn ) 2 (( 1) × 10-10 M and Kd2

Zn )
3 (( 1) × 10-10 M for GR-DBD. These affinities are comparable to those observed for most other naturally
occurring structural zinc-binding sites. In contrast to the recent prediction by Low et. al. that zinc binding
in these systems should be cooperative [Low, L. Y., Herna´ndez, H., Robinson, C. V., O’Brien, R.,
Grossmann, J. G., Ladbury, J. E., and Luisi, B. (2002)J. Mol. Biol. 319, 87-106], these data suggest that
the zincs that bind to the two sites in the DBDs of hERR-DBD and GR-DBD do not interact.

The nuclear hormone receptors constitute an important
class of transcription factors that are involved in cellular
development, differentiation, and stimulus response in higher
eukaryotes (1). As a result, the evolution of the nuclear
hormone receptors is believed to have been a pivotal event
in the development of intercellular communication and the
emergence of multicellular organisms (2, 3). Members of
the nuclear hormone receptor superfamily play an essential
role in the mediation of hormonal signals by acting as
intracellular receptors and activating transcription of a variety
of genes (1, 4, 5). In a simplified model, a hormonal ligand
binds to a specific nuclear hormone receptor (5). The
protein-ligand complex then binds, usually as a dimer, to
specific DNA sequences, known as hormone response
elements, within the promoter regions of genes whose
expression is controlled by hormonal activity (5).

Nuclear hormone receptors contain five domains: the
amino-terminal domain, which features a transcriptional
activation region; the DNA-binding domain (DBD);1 the
variable hinge domain; the ligand-binding domain, which
features the hormone-binding site, a dimerization region, and

a second transcriptional activation site; and a variable
carboxy-terminal tail (1, 5, 6). The ability of each nuclear
hormone receptor protein to recognize and bind to specific
sequences of DNA is conferred by the DBD. The DBD is
highly conserved among members of this protein family and
features two, four-cysteine structural zinc-binding sites (1,
7, 8). In each zinc-binding site, two of the coordinating
cysteine residues are located in anR-helix that begins at the
third conserved cysteine and extends beyond the fourth
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conserved cysteine (1). Both the ER and the GR bind to
specific palindromic sites within the DNA as dimers (1), and
the binding occurs through the helix from the amino terminal
structural zinc-binding site (7-10). Zinc binding to the four-
cysteine motifs of the nuclear hormone receptors and to the
structural zinc-binding sites found in other proteins is
required to stabilize the active conformation of the domain
and enables the protein to interact with DNA (11-13).
Members of the nuclear steroid receptor superfamily also
contain a ninth conserved cysteine residue in the DBD.
However, previous work has suggested that this residue does
not participate in metal binding and most likely serves to
stabilize the structure of the DBD (14).

Despite the fact that the DNA-binding activity of the
nuclear hormone receptor proteins is dependent on zinc (1,
11, 15), little quantitative information is available about the
metal-binding properties of these proteins. We are particu-
larly interested in hERR and GR due to the critical roles
these proteins play in cellular development and function. For
example, the hERR is important to normal reproductive
development (16, 17), and the GR is needed for central
nervous system, cardiovascular, and metabolic homeostasis
(16-18). Furthermore, the hERR protein has been linked to
the onset and progression of breast and ovarian cancers (19).

Because of the fact that Zn2+ has a d10 electron configu-
ration, Zn2+ is considered to be spectroscopically silent.
However, Co2+ (d7) has proven to be an excellent spectro-
scopic probe for zinc-binding sites in metalloproteins (20).
Co2+ is an excellent probe for zinc-binding sites because the
coordination geometries adopted by Co2+ are similar to those
adopted by Zn2+. Moreover, the absorption spectrum exhib-
ited by Co2+ is very sensitive to its coordination environment,
and Co2+ substitution for Zn2+ often does not disrupt the
protein structure or function (21-23). Thus, the chro-
mophoric properties of Co2+ can be used to determine the
binding affinity of Zn2+ to metal-binding sites found in

metalloproteins. The binding affinity of Zn2+ for a metal-
binding site can be determined by monitoring the declining
intensity of the Co2+ d f d electronic transitions as Co2+ is
displaced from the metal-binding site by Zn2+ (24). The
binding affinities of Co2+ to structural zinc-binding sites are
typically 3-4 orders of magnitude lower than for Zn2+

(Table 1).
Co2+ has been utilized in the characterization of structural

zinc-binding domains in a variety of proteins including zinc
finger proteins (24-28), retroviral nucleocapsid proteins
(29-31), RING finger proteins (32, 33), and a member of
the NZF/MyT1 family of neural-specific transcription factors
(34, 35) (Table 1). Metal-binding studies conducted with the
RING finger domain from the breast and ovarian cancer
susceptibility gene (BRCA1) product (32) and the RING
finger domain of the oncoprotein hdm2 (human form of
mdm2, murine double minute chromosome clone number
2) (33) demonstrated that metal binding occurs in a ther-
modynamically sequential fashion in which one metal-
binding site within each protein molecule is almost com-
pletely saturated before a metal ion binds at the other site.
Here, we report the stoichiometric dissociation constants (Kds,
Figure 1) for both Co2+ and Zn2+ to the two Cys4 metal-
binding sites in hERR-DBD and GR-DBD.

MATERIALS AND METHODS
Preparation of the pGEX‚PKT/hERR-DBD Expression

Vector. The cDNA for hERR was obtained in the form of
the pSG5/HEG0 (36) eukaryotic expression vector from Dr.
Barry Gehm (Northwestern University Medical School) and
Prof. Pierre Chambon (Institut de Genetique et de Biologie
Moleculaire et Cellulaire). The cDNA encoding the hERR-
DBD (residues 121-280 of the hERR gene) (37) was isolated
from the pSG5/HEG0 plasmid with the oligonucleotide
primers EST-121aa (38) and EST-280aa (39) by performing
PCR on a PTC-100 thermal cycler developed by MJ

Table 1: Dissociation Constants for Co2+ and Zn2+ from a Variety of Structural Zinc-Binding Domains; Values in Parentheses Are Calculateda

Kd Co2+ (M) Kd Zn2+ (M) ref

Cys2His2

TFIIIA (30-amino acid peptide from transcription factor IIIA) 3.8 (( 0.5)× 10-6 2.8 (( 0.9)× 10-9 24
CP-1 (26-amino acid zinc finger consensus peptide) 6.3 (( 2.2)× 10-8 5.7 (( 1.3)× 10-12 27

Cys2HisCys
CP-CCHC (26-amino acid zinc finger consensus peptide) 6.3 (( 2.2)× 10-8 3.2 (( 1.0)× 10-12 27
RMLV (18-amino acid peptide from the nucleocapsid

protein of Rauscher murine leukemia virus)
1 × 10-6 6 × 10-10 29

Cys2HisCys
HIV-CCHC (18-amino acid peptide representing N-terminal

metal-binding domain of HIV nucleocapsid protein)
9.0× 10-8 7.0× 10-11 48, 55, 56 b

NZF-1 (120-amino acid protein featuring two CCHC
domains from neural zinc finger factor 1)

4 (( 2) × 10-7

for each domain
1.4 (( 0.8)× 10-10

for each domain
34

Cys4

CP-CCCC (26-amino acid zinc finger consensus peptide) 3.5 (( 1.0)× 10-7 1.1 (( 0.3)× 10-12 27

Cys4‚CysHisCys2
BRCA1 (56-amino acids from BRCA1 gene) 32

k1 2.6× 10-8 (2.6× 10-11)a

k2 4.5× 10-7 (4.5× 10-10)a

k3 7.9× 10-6 (7.9× 10-9)a

hdm2 (amino acids 425-491 of hdm2 oncoprotein) 33
k1 2.2× 10-7 (2.2× 10-10)a

k2 4 × 10-6 (4 × 10-9)a

k3 1.0× 10-7 (1.0× 10-10)a

a Calculated using reportedKd
Co assuming thatKd

Zn/Kd
Co ) 1 × 10-3 (48). b The values reported here are lower than previously reported values

due to the formation of a ternary complex, which is a result of the small, unstructured nature of the HIV-CCHC peptide (48).
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Research, Inc. The gel-purified PCR product was subcloned
into the BamHI and EcoRI restriction sites of the pGEX‚
PKT prokaryotic expression vector (40). The DNA sequence
of the resultant pGEX‚PKT/hERR-DBD construct was
confirmed by automated sequencing using an ABI PRISM
310 Genetic Analyzer (Perkin-Elmer), and the construct was
transformed intoEscherichia coliBL21-CodonPlus-RP cells
(Stratagene).

Preparation of the pGEX‚PKT/GR-DBD Expression Vec-
tor. The cDNA for GR was obtained in the form of the p2A/
GRGZ eukaryotic expression vector (41) from Dr. Richard
Gaber (Department of Biochemistry, Molecular Biology, and
Cell Biology at Northwestern University). The cDNA
encoding the GR-DBD (residues 425-515 of the GR gene)
(42) was isolated from the p2A/GRGZ plasmid with the
oligonucleotide primers GR-425aa (43) and GR-515aa (44)
by performing PCR on a PTC-100 thermal cycler developed
by MJ Research, Inc. The gel-purified PCR product was
subcloned into theBamHI andEcoRI restriction sites of the
pGEX‚PKT prokaryotic expression vector (40). The DNA
sequence of the resultant pGEX‚PKT/GR-DBD construct was
confirmed by automated sequencing using an ABI PRISM
310 Genetic Analyzer (Perkin-Elmer), and the construct was
transformed intoE. coli BL21-CodonPlus-RIL cells (Strat-
agene).

Expression and Purification of hERR-DBD Protein.Ex-
pression of the GST-hERR-DBD fusion protein inE. coli
BL21-CodonPlus-RP was induced by adding isopropyl-â-
D-thiogalactopyranoside (IPTG) to the cell culture (OD600

) 0.5) to a final concentration of 0.1 mM. The cell culture
was shaken vigorously at 37°C for 3 h. The isolated cell
pellets were resuspended in phosphate-buffered saline
(PBST: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4‚

7H2O, 1.4 mM KH2PO4 + 0.05% (v/v) Tween-20) supple-
mented with 0.1% (v/v) 2-mercaptoethanol, 5 mM dithio-
threitol (DTT), 5 mM MgCl2, 0.3 mM phenylmethylsulfonyl
fluoride (PMSF), 0.5µg/mL leupeptin, 0.7µg/mL pepstatin,
2 µg/mL trans-epoxysuccinyl-L-leucylamido(4-guanidino)-
butane (E-64), and 1.0µg/mL aprotinin. The cells were lysed
by passing them through an Emulsiflex-C5 High-Pressure
Homogenizer (Avestin, Inc.). Sodium deoxycholate and
deoxyribonuclease I were added to the cell lysate to
concentrations of 0.05% (w/v) and 5µg/mL, respectively.
The cell lysate was incubated at 4°C for 30 min and then
centrifuged at 39 200g at 4°C for 45 min. Polyethylenimine
was added to the cell lysate to final concentration of
approximately 0.2% (w/v). The solution was clarified at
39 200g at 4 °C for 30 min. The supernatant was filtered
through a 0.22µm disposable syringe filter and incubated
overnight on a glutathione sepharose column (Amersham
Pharmacia Biotech, Inc.) at 4°C.

The GST affinity tag was cleaved from the GST-hERR
fusion protein by incubating the glutathione sepharose
column overnight at 4°C with 50 U of thrombin protease
(ICN Biomedicals, Inc.) in 10 mL of thrombin cleavage
buffer (TCB: 50 mM Tris‚HCl, pH 8; 150 mM NaCl; 2.5
mM CaCl2; 0.1% 2-mercaptoethanol). The protein was eluted
from the glutathione sepharose column and purified by gel-
filtration chromatography on a Superdex-75 column (Am-
ersham Pharmacia Biotech, Inc.) using a 50 mM Tris‚HCl,
100 mM NaCl, 5 mM DTT, pH 7.2 buffer.

The FPLC fractions containing the hERR-DBD were
concentrated and dialyzed against a buffer consisting of 6 M
urea, 10 mM 1,10-phenanthroline, 1 M acetic acid, and 5 mM
DTT, pH 3.0 at 4°C for 4 h. The apo-protein solution was
then dialyzed against purified, metal-free water in an acid-
washed, metal-free beaker at 4°C for 3 h. The water used
in this final dialysis was purified with a MilliQ purification
system, passed through a column containing Chelex media
(Sigma) to remove any trace metals, and then purged with
argon. The apo-protein solution was concentrated under
vacuum in an inert atmosphere (95% N2, 5% H2) chamber.

Less than 0.1 molar equiv of Zn2+ was present in the
purified hERR-DBD protein sample based on the inductively
coupled plasma spectrometric analysis that was performed
on a Thermo Jarrell Ash Atomscan Model 25 Sequential ICP
Spectrometer. The molecular weight of the hERR-DBD
protein (observed 18 421 daltons (Da); calculated 18 420 Da)
was confirmed by ESI-MS. The ability of the hERR-DBD
to fold and function properly upon the introduction of metal
was demonstrated by performing circular dichroism (Sup-
porting Information Figure 5A) and electrophoretic mobility
shift assays (Supporting Information Figure 6A).

Expression and Purification of GR-DBD Protein.Expres-
sion of the GST-GR-DBD protein inE. coli BL21-Codon-
Plus-RIL cells (Stratagene) was induced by adding isopropyl-
â-D-thiogalactopyranoside (IPTG) to the cell culture (OD600

) 0.5) to a final concentration of 0.1 mM. The cell culture
was shaken vigorously at 37°C for 3 h. The isolated cell
pellets were resuspended in phosphate-buffered saline
(PBS: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4‚
7H2O, 1.4 mM KH2PO4) supplemented with 0.1% (v/v)
2-mercaptoethanol, 5 mM DTT, 5 mM MgCl2, 0.3 mM
PMSF, and 1.0µg/mL aprotinin. The cells were lysed by
passing them through an Emulsiflex-C5 High-Pressure

FIGURE 1: General thermodynamic scheme for metal binding to a
two-site protein. This scheme depicts the thermodynamic possibili-
ties for two metal ions binding to a protein with two metal binding
sites with individual site affinities (kis), stoichiometric binding
constants (Kb1 andKb2), and stoichiometric stability constants (â1
andâ2) identified. A refers to apo (metal free) sites, and M refers
to metal bound to the site. The subscripts for the individual site
affinities (kis) 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 (52): â ) overall stability constant) [ML x

n+]/[M n+][L] x; â1
) [ML n+]/[M n+ ][L]; â2 ) [ML 2

n+]/[M n+][L] 2; etc.Kb ) binding
constant) [ML x

n+]/[ML x-1
n+][L]; Kb1 ) [ML n+]/[M n+][L]; Kb2 )

[ML 2
n+]/[ML n+][L]; etc. Kd ) dissociation constant) 1/Kb where

â1 ) Kb1, â2 ) Kb1 × Kb2, etc.
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Homogenizer (Avestin, Inc.). Deoxyribonuclease I was added
to the cell lysate to a concentration of 5µg/mL. The cell
lysate was incubated at 4°C for 30 min and then centrifuged
at 39 200g at 4°C for 45 min. Polyethylenimine was added
to the cell lysate to final concentration of approximately 0.2%
(w/v). The solution was then centrifuged at 39 200g at 4°C
for 30 min. The supernatant was filtered through a 0.22µm
disposable syringe filter and incubated overnight on a
glutathione sepharose column (Amersham Pharmacia Bio-
tech, Inc.) at 4°C.

The GR-DBD protein was cleaved from its GST affinity
tag by incubating the glutathione sepharose column overnight
at 4 °C with 50 U of thrombin protease (ICN Biomedicals,
Inc.) in 10 mL of TCB. The protein was eluted from the
glutathione sepharose column and purified by gel-filtration
chromatography on a Superdex-75 column (Amersham
Pharmacia Biotech, Inc.) using a 50 mM Tris‚HCl, 100 mM
NaCl, 5 mM DTT, pH 7.2 buffer.

The FPLC fractions containing the GR-DBD protein were
concentrated and dialyzed against a buffer consisting of 6
M urea, 10 mM 1,10-phenanthroline, 1 M acetic acid, and 5
mM DTT, pH 3.0 at 4°C for 4 h. The apo-protein solution
was then dialyzed against purified, metal-free water in an
acid-washed, metal-free beaker at 4°C for 3 h. The water
used in this final dialysis was purified with a MilliQ
purification system, passed through a column containing
Chelex media (Sigma) to remove any trace metals, and then
purged with argon. The apo-protein solution was concen-
trated under vacuum in an inert atmosphere (95% N2, 5%
H2) chamber.

Less than 0.1 molar equiv of Zn2+ was present in the
purified GR-DBD protein sample based on the inductively
coupled plasma spectrometric analysis that was performed
on a Thermo Jarrell Ash Atomscan Model 25 Sequential ICP
Spectrometer. The molecular weight of the GR-DBD protein
(9962 Da; calculated 9954 Da) was confirmed by MALDI-
TOF MS. The ability of the GR-DBD to fold and function
properly upon the introduction of metal was demonstrated
by performing circular dichroism (Supporting Information
Figure 5B) and electrophoretic mobility shift assays (Sup-
porting Information Figure 6B).

Purification of CP-1 by HPLC. The CP-1 zinc finger
consensus peptide (26, 45) was purchased from Biosynthesis,
Inc. (Lewisville, TX). The peptide was greater than 70% pure
as purchased, and the molecular weight of the peptide had
been confirmed by mass spectrometry (2972.0 Da; calculated
2962.4 Da). Prior to conducting the metal-binding studies,
the peptide was reduced and further purified by reverse phase
HPLC. Five milligrams of the peptide was dissolved in 500
µL of metal-free water, which was purified with a MilliQ
purification system and passed through a column containing
Chelex media (Sigma) to remove any trace metals. Ten molar
equiv of DTT was added to the peptide solution, and the
peptide solution was incubated at 55°C for 2 h. The peptide
solution was filtered through a 0.22µm disposable syringe
filter and injected onto a Rainin Dynamax C18 column. The
homogeneous peptide fraction was collected from the C18
column and taken into an inert atmosphere chamber where
it was concentrated under vacuum.

Reagents Used in Metal-Binding Titrations of hERR-DBD
and GR-DBD. The solutions used in the metal-binding
experiments were prepared with metal-free reagents and

water that was purified with a MilliQ purification system
and passed through a column containing Chelex media
(Sigma) to remove trace metals. A CoCl2 stock solution was
prepared by dissolving CoCl2 (Aldrich, 99.999%) in purified,
metal-free water, and the concentration of the solution was
determined by measuring the absorption intensity of the
solution at 512 nm (ε512 ) 4.8 M-1 cm-1) (21). A Zn2+

atomic absorption standard (Aldrich, 15.25 mM Zn2+ in 1.0%
HCl) was utilized in the metal competition experiments. Each
metal-binding titration was performed in 100 mM bis-Tris,
pH 7.4. All solutions were purged with helium prior to being
introduced into the inert atmosphere chamber where they
were stored and handled at all times.

Concentration Determination of hERR-DBD. The con-
centration of hERR-DBD present in each sample was
determined by measuring the absorption intensity of the
protein sample at 280 nm (ε280 ) 20 900 M-1 cm-1) using
a Cary 300 Bio UV-vis spectrophotometer or a Cary 500
UV-vis-NIR spectrophotometer. The extinction coefficient
of hERR-DBD (at 280 nm ) 20 900 M-1 cm-1) was
determined by amino acid analysis conducted by the Keck
Biophysics Facility at Yale University.

Concentration Determination of GR-DBD. The approxi-
mate concentration of reduced GR-DBD was determined by
performing a 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB)
colorimetric assay (46). A GR-DBD protein solution was
prepared by dissolving the pure protein in 150µL of metal-
free water. A total of 2µL of this solution was added to a
cuvette containing 1000µL of 100 mM, pH 7.4, bis-Tris
buffer and 100µL of a 5 mM DTNB solution. The DTNB
was allowed to react with the GR-DBD for 30 min in an
anaerobic environment. Each free thiol group present in the
GR-DBD protein yields 1 equiv of TNB2- (ε412(TNB2-) )
14 150 M-1 cm-1). This method did not provide reliable
results when used with the hERR-DBD.

Concentration Determination of CP-1.The concentration
of the reduced CP-1 zinc finger consensus peptide was
determined by saturating a portion of the peptide sample with
Co2+. The absorption intensity of the Co‚CP-1 solution was
measured at 640 nm on a Hewlett-Packard 8453 diode array
spectrophotometer, and the concentration of the reduced
peptide stock solution was calculated utilizing the molar
extinction coefficient of the Co‚CP-1 complex (ε640 ) 900
M-1 cm-1) (47).

Metal-Binding Titrations of hERR-DBD and GR-DBD.
Absorption spectra collected during the course of the metal-
binding experiments were recorded from 250 to 900 nm on
a Cary 300 Bio UV-vis spectrophotometer or a Cary 500
UV-vis-NIR spectrophotometer at 37°C. To characterize
the metal-binding properties of hERR-DBD and GR-DBD,
aliquots containing 0.2 molar equiv of Co2+ (relative to the
amount of protein present, approximately 40µM) were added
to the protein solution, and an absorption spectrum was
collected after each addition. This process was repeated until
the ligand-field absorption bands no longer increased in
intensity, indicating that the protein was saturated with Co2+

(approximately 2.4 molar equiv of Co2+). Two more aliquots
of the Co2+ solution, each containing 0.4 molar equiv of
Co2+, were added to the protein solution to ensure that the
sample was completely saturated.

For the studies in which the binding constants of Co2+ to
the two Cys4 metal-binding sites of hERR-DBD and GR-
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DBD were determined, the CP-1 zinc finger consensus
peptide was mixed with the protein in an approximately 2:1
ratio so that the peptide could serve as a competing ligand
for each of the Cys4 sites. Aliquots containing 0.25 molar
equiv of Co2+ (relative to the amount of protein present)
were sequentially added to protein/CP-1 mixture. The metal-
peptide-protein solution was incubated at 37°C following
the addition of each aliquot of Co2+ until there were no
noticeable changes in the absorption spectrum (approximately
10-15 min), indicating that equilibrium had been reached.
The intensity of the ligand-field absorption bands stopped
increasing after approximately 4.00-4.25 molar equiv of
Co2+ had been added, but a total of 6.00 molar equiv of
Co2+ was added to ensure that the peptide/protein mixture
was saturated with metal.

The ability of Zn2+ to compete with Co2+ for the Cys4
metal-binding sites of hERR-DBD and GR-DBD was as-
sessed by titrating aliquots of the Zn2+ atomic absorption
solution into a cuvette containing the Co2+-protein complex
along with a 200-fold molar excess of Co2+ relative to the
amount of protein present. Excess Co2+ was added to the
solution to increase the competition between Zn2+ and Co2+

for the two metal-binding sites in each protein (48). The
excess Co2+ was accounted for quantitatively using the fitting
program SPECFIT/32. An absorption spectrum was collected
after the addition of each aliquot of the Zn2+ standard solution
to monitor the displacement of Co2+ by Zn2+ from the metal-
binding sites. The metal-protein solution was incubated at
37 °C until there were no noticeable changes in the
absorption spectrum (approximately 10-15 min), indicating
that equilibrium had been reached. Zn2+ was titrated into
the protein solution until the intensity of the ligand-field
absorption bands had decreased to baseline levels (ap-
proximately 11.0 molar equiv of Zn2+).

Analysis of Metal-Binding Studies. The resulting absorption
spectra were analyzed using the fitting program SPECFIT/
32 (49). SPECFIT/32 determines the number of colored
species that contribute to the absorption spectra using a factor
analysis procedure. SPECFIT/32 fits all wavelengths simul-
taneously to obtain a best fit, although the comparison of
the fit to the data is only shown for one wavelength (739
nm). For the titrations reported herein, fits were obtained
from the region of the spectrum corresponding to the Co2+

d f d transitions (550-800 nm). These features are excellent
markers for the Co-protein because no apo-protein absorp-
tions are observed in this region. For each titration, the fitting
results at different wavelengths were also checked to make
certain that the fit qualitatively matched the experimental
data. SPECFIT/32 calculates model-dependent binding con-
stants for each species present in solution. The model created
to fit the Co2+ titrations of the hERR-DBD/CP-1 solution
accounts for the formation of the Co‚CP-1, Co‚hERR-DBD,
Co2‚hERR-DBD, and Co‚bis-Tris complexes. Similarly, the
model created to fit the Co2+ titrations of the GR-DBD/CP-1
mixture accounts for the formation of the Co‚CP-1, Co‚GR-
DBD, Co2‚GR-DBD, and Co‚bis-Tris complexes. In each
analysis, the apo-protein absorbance spectrum (absorbance
band at 280 nm) was subtracted from all spectra obtained
during the course of the titration. The subtraction was
normalized with respect to the decreasing apo-protein
concentration. Furthermore, the exact concentrations of
reduced hERR-DBD and GR-DBD used in the titrations were

adjusted based on the Co2+ titration data curves produced
by SPECFIT/32.

The model created to analyze the Co2+/Zn2+ competition
studies assumes that the Co2‚hERR-DBD (or Co2‚GR-DBD)
and the Co‚bis-Tris complexes are initially present, and the
Co‚Zn‚hERR-DBD and Zn2‚hERR-DBD (or Co‚Zn‚GR-
DBD and Zn2‚GR-DBD) complexes are formed during the
course of the experiment. The binding affinities of Co2+ and
Zn2+ to the bis-Tris buffer (Co2+ log â1 ) 1.8; Zn2+ log â1

) 2.4) (50) and a known basis spectrum of the Co‚bis-Tris
complex, which absorbs weakly in the visible region, were
included in the binding models.

RESULTS

Titration of the hERR-DBD (Figure 2) and GR-DBD with
Co2+ (Supporting Information Figure 2) resulted in the
absorption spectra shown in Figure 3A,B, respectively. The
intensity (ε ∼1000 M-1 cm-1, Figure 2) and the position of
the Co2+ d f d electronic transitions observed between 550
and 800 nm indicate that Co2+ is coordinated by the protein
in a tetrahedral environment. Co2+-binding studies conducted
with other tetrahedral, structural zinc-binding domains have
yielded similar absorption spectra (13, 21, 22, 24, 32). It is
also apparent from the absorption spectra that Co2+ binds to
hERR-DBD and GR-DBD in a 2:1 ratio as Zn2+ does. The
intensity of the Co2+ d f d electronic transitions stopped
increasing once approximately two molar equiv of Co2+ had
been added to the protein solutions.

As Co2+ is titrated into a solution containing hERR-DBD,
the shape of the ligand-field absorption bands changes
(Figure 2). Initially, the middle ligand-field absorption band
(699 nm) has a weaker absorption intensity than the lowest
energy absorption band (739 nm). However, as the Co2+/
hERR-DBD ratio approaches two, the middle absorption
band shifts to a higher energy position (692 nm), and it
becomes more intense than the lowest energy absorption band
(739 nm). The highest energy ligand-field absorption band
also shifts to a higher energy position, from 626 to 618 nm,
as the Co2+/hERR-DBD ratio approaches two.

FIGURE 2: Absorption spectra collected during a Co2+ titration of
hERR-DBD (46.3µM) in 100 mM bis-Tris, pH 7.4 at 37°C. The
absorption spectrum of the apo-protein was subtracted from each
spectrum collected during the course of the metal-binding titration.
Similar data for GR-DBD are available in the Supporting Informa-
tion.
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Similarly, the positions of the ligand-field absorption bands
change as Co2+ is titrated into a solution containing GR-
DBD (Supporting Information Figure 2). At the beginning
of the titration, the lowest energy and highest energy
absorption bands are located at 739 and 640 nm, respectively
However, as the Co2+/GR-DBD ratio approaches two, the
highest energy absorption band shifts to a higher energy
position (630 nm), and the lowest energy absorption band
shifts to a lower energy position (749 nm). Such differences
in the Co2+ absorbance spectra between GR-DBD and hERR-
DBD are not unexpected because Co2+ d f d electronic
transitions are extremely sensitive to the exact environment
of the Co2+.

Two basis spectra, which were assigned to the Co‚hERR-
DBD and Co2‚hERR-DBD complexes, were imported into
SPECFIT/32 from the absorption spectra collected during
the Co2+ titrations of hERR-DBD (Figure 3A). Similarly,
two basis spectra were imported into SPECFIT/32 from the
Co2+ titrations of GR-DBD and were assigned to the Co‚

GR-DBD and Co2‚GR-DBD complexes (Figure 3B). When
the experimental spectrum obtained halfway through the
titration (i.e., when Co/ER-DBD or Co/GR-DBD is 1:1) is
compared to the final experimental spectrum (i.e., when Co/
ER-DBD or Co/GR-DBD is 2:1), differences in the shape-
(s) of the ligand-field absorption bands are readily apparent
(Figure 3). This suggests both that a spectral intermediate
(Co‚hERR-DBD or Co‚GR-DBD) is present in these titra-
tions and that the two Cys4 binding sites in hERR-DBD and
GR-DBD bind Co2+ with different affinities.

The spectra obtained during the Co2+ titrations of hERR-
DBD and GR-DBD were fit using the program SPECFIT/
32 (Figure 4). Because of the strong binding interaction
between Co2+ and two Cys4 metal-binding sites of hERR-
DBD and GR-DBD, only an upper limit for the dissociation
constant (∼10-7 M) can be obtained from the direct Co2+

titrations of the proteins. However, by conducting a competi-
tion experiment in which Co2+ is titrated into a solution
containing the apo-protein and a second ligand whose binding
affinity for Co2+ is known, the dissociation constants for Co2+

to the Cys4 metal-binding sites of hERR-DBD and GR-DBD
can be calculated relative to the known value of the
competitor ligand (27, 51).

The zinc finger consensus peptide, CP-1, which features
one Cys2His2 metal-binding site, was used as the competing
ligand at a 2:1 molar ratio relative to the amount of protein
present so that the zinc finger consensus peptide could
compete with each of the Cys4 metal-binding sites of hERR-
DBD or GR-DBD. CP-1 was chosen as the competing ligand
because the peptide’s binding affinity for Co2+ has previously
been determined (Kd ) 6.3× 10-8 M) (27). In addition, the
absorption spectrum exhibited by the Co‚CP-1 complex (27)
is quite distinct from the absorption spectra exhibited by the
Co‚hERR-DBD and Co2‚hERR-DBD complexes (Figure 5A)
and the Co‚GR-DBD and Co2‚GR-DBD complexes (Sup-
porting Information Figure 3). Spectra of the Co‚CP-1, Co‚
hERR DBD, and Co2‚hERR-DBD complexes (Figure 5A)
were imported into SPECFIT/32 and used as basis spectra
to deconvolute the collected absorption spectra for the
competition experiment with CP-1 and used to determine
the relative binding constants of Co2+ to hERR-DBD. The

FIGURE 3: Ligand-field absorption bands exhibited by the (A) Co‚
hERR-DBD (black solid line) and Co2‚hERR-DBD (gray solid line)
complexes and (B) Co‚GR-DBD (black solid line) and Co2‚GR-
DBD (gray solid line) complexes, which were deconvoluted by the
fitting program, SPECFIT/32, from the absorption spectra collected
during Co2+ titrations of the hERR-DBD and GR-DBD proteins.
Note that the shapes of the absorption bands change during the
course of the titration. The Co2‚hERR-DBD and Co2‚GR-DBD
spectra differ significantly from two times the 1:1 Co‚hERR-DBD
and 1:1 Co‚GR-DBD complexes (dotted lines;‚‚‚) that are observed
experimentally.

FIGURE 4: Comparison of the calculated fit (line) to the observed
absorption intensity at 739 nm from Co2+ titrations of hERR-DBD
(46.3 µM) (b) and GR-DBD (35.0µM) (2).
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shape of the ligand-field absorption bands that emerged after
a few aliquots of the Co2+ solution were added to the peptide/
protein solution indicate that Co2+ binds more tightly to CP-1
than to hERR-DBD (Figure 5B). Consistent with this
observation, a quantitative analysis of these competition
studies yielded the ratio of the dissociation constants of Co2+

from hERR-DBD (Kd1
Co, Kd2

Co) to the Co‚CP-1 dissociation
constant (Kd

CP-1): Kd1
Co/Kd

CP-1 ) 3.5 (( 1.6);Kd2
Co/Kd

CP-1

) 10 (( 2) (Table 2). These values were calculated from
the relative stability constants in Table 2 from the following
relationships:Kd1 ) [M][P]/[MP] ) 1/Kb1 ) 1/â1 andKd2

) [M][MP]/[M 2P] ) (1/â2)([MP]/[M][P]) ) â1/â2 ) Kb1/
â2, where

andâ1Co(CP)) 1.58× 107 M (27). The absolute values of
the dissociation constants of Co2+ from hERR-DBD were
then calculated using the known dissociation constant for
Co‚CP-1 (Kd

CP-1 ) 6.3 × 10-8 M) (27) and the ratios
determined from the competition experiments:Kd1

Co ) 2.2
(( 1.0)× 10-7 M andKd2

Co ) 6.1 (( 1.5)× 10-7 M (Table
3). Note that these constants are stoichiometric constants,
not site specific constants (Figure 1), because studies were
performed on intact protein and not on the isolated sites (52).
A comparison of the fit calculated by SPECFIT/32 to the
experimental data for the competition experiment with CP-1
is provided in Figure 5C. Similarly, analysis of the competi-
tion studies between GR-DBD and CP-1 (Supporting Infor-
mation Figure 3) yielded the ratio of the dissociation
constants of Co2+ from GR-DBD (Kd1

Co, Kd2
Co) to the Co‚

CP-1 dissociation constant (Kd
CP-1): Kd1

Co/Kd
CP-1 ) 6.5 ((

0.9) andKd2
Co/Kd

CP-1 ) 3 (( 1) (Table 2). The absolute
values of the dissociation constants of Co2+ from GR-DBD
were then calculated using the known dissociation constant
for Co‚CP-1 (Kd

CP-1 ) 6.3 × 10-8 M) (27) and the ratios
determined from the competition experiments:Kd1

Co ) 4.1
(( 0.6)× 10-7 M andKd2

Co ) 1.7 (( 0.3)× 10-7 M (Table
3). A comparison of the fit calculated by SPECFIT/32 to
the original data obtained for this competition study is
provided in Figure 5C. The higher molar absorbance
observed at saturation in the titration of GR-DBD versus ER-
DBD is a result of a larger concentration of CP-1 in the GR-
DBD competition experiments. To determine the binding
affinity of Zn2+ relative to Co2+ for the Cys4 metal-binding
sites of hERR-DBD and GR-DBD, Zn2+ was titrated in 0.2-

Table 2: Relative Stability Constants for Co2+ and Zn2+ Binding to
hERR-DBD and GR-DBDa,b

â1 Co1(P)/
â1 Co(CP1)

â2 Co2(P)/
â1 Co(CP1)

â1 Zn1(P)/
â1 Co1(P)

â2 Zn2(P)/
â2 Co2(P)

hERR-DBD 0.32 5.0× 105 1.3× 103 1.7× 106

GR-DBD 0.15 1.0× 106 6.3× 102 1.5× 106

a â1 ) [MP]/[M][P], where M + P / MP. b â2 ) [M2P]/[M]2[P],
where 2M+ P / M2P.

â1Zn(P)) â1Co(CP)× (â1Zn1(P)

â1Co1(P)),
â2Co(P)) â1Co(CP)× (â2Co2(P)

â1Co1(P)),
â2Zn2(P) ) â2Co2(P)× (â2Zn2(P)

â2Co2(P))

FIGURE 5: (A) Ligand-field absorption bands exhibited by the Co‚
hERR-DBD complex (black solid line), Co2‚hERR-DBD complex
(gray solid line), and the Co‚CP-1 complex (dashed line;- - -).
(B) Absorption spectra collected during a Co2+ titration of a peptide/
protein solution containing hERR-DBD (37.9µM) and a zinc finger
consensus peptide, CP-1 (75.8µM), in 100 mM bis-Tris, pH 7.1 at
37 °C. The absorption spectrum of the apo-protein was subtracted
from each spectrum collected during the course of the metal-binding
titration. (C) Comparison of the observed data (circles/triangles)
to the best fit (lines) obtained from SPECFIT/32 for the Co2+

titration of the hERR-DBD /CP-1 mixture (b) and for the Co2+

titration of the GR-DBD/CP-1 mixture (2).
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2.0 equiv aliquots into a solution containing either hERR-
DBD (Figure 6) or GR-DBD (Supporting Figure 4) protein
saturated with 200 molar equiv of Co2+. Even with such a
large excess of Co2+ present, the intensity of the absorption
bands attributable to the Co‚hERR-DBD or Co‚GR-DBD
complexes gradually declined as Zn2+ was added to the
protein solution, indicating that the Cys4 metal-binding sites
of hERR-DBD and GR-DBD possess a larger binding affinity
for Zn2+ than for Co2+.

The binding model constructed for the analysis of the
Co2+/Zn2+ competition experiments allowed for the presence
of the three colored species present in the metal-protein
solutions during the course of the experiment: the Co‚bis-
Tris species; the Co2‚protein complex, which is present at
the beginning of the competition study; and a mixed-metal
complex, Co‚Zn‚protein, which is formed as Zn2+ initially
displaces Co2+ from the hERR-DBD and GR-DBD proteins.
The Zn2‚protein complex, which does not exhibit ligand-
field transitions, was also included in the binding model. The
dissociation constants of Zn2+ from each Cys4 site of hERR-
DBD and GR-DBD were calculated from the binding model
created, and this model provided the best fit to the data
(Figure 7). Analysis of the metal competition studies yielded
the ratio of the dissociation constants of Zn2+ to Co2+. The
absolute values of the dissociation constants of Zn2+ from
hERR-DBD and GR-DBD were calculated from the ratios,
and the dissociation constants for the Co-protein complexes
were determined from the CP-1 competition binding studies
(Table 3). For hERR-DBD, Kd1

Zn ) 1 (( 1) × 10-10 M and
Kd2

Zn ) 5 (( 1) × 10-10 M; for GR-DBD, Kd1
Zn ) 2 (( 1)

× 10-10 M and Kd2
Zn ) 3 (( 1) × 10-10 M.

DISCUSSION

Co2+ was utilized as a spectroscopic probe for the Cys4

metal-binding sites of hERR-DBD and GR-DBD to deter-
mine the affinity of both Co2+ and Zn2+ for these proteins.
Circular dichroism experiments (Supporting Information
Figure 5) and electrophoretic mobility shift assays (Support-
ing Information Figure 6) using Co2‚hERR-DBD and Co2‚

GR-DBD demonstrate that Co2+ is a functional substitution
for Zn2+ in these proteins. When Co2+ is titrated into a
solution containing hERR-DBD or GR-DBD, the absorption
spectra exhibited by the metal-protein solution (Figure 2)
demonstrate that Co2+ is a suitable spectroscopic probe for
the domain. The position of the three ligand-field absorption
bands (618, 692, and 739 nm), which correspond to Co2+

electron transitions from the4A2 to 4T1(P) state, suggests that
each Co2+ ion is coordinated by four cysteine residues (21,
27). The ligand-field absorption envelope is red-shifted
relative to the transitions observed in studies of complexes
formed between Co2+ and peptides that feature Cys2His2 (573
and 642 nm, e.g., CP-1) (27) or Cys2HisCys (599, 649, and
725 nm) (27) metal-binding sites. The observed shift in the
energies of the df d electronic transitions is attributable to
the fact that a thiolate ligand is a weaker field ligand than
an imidazole (27, 53, 54). As cysteine residues are substituted
for histidine residues at the metal coordination site,∆t, the
splitting between thee and thet2 sets of d orbitals in a
tetrahedral Co2+ complex, decreases, and the energies of the
ligand-field transitions decrease (27, 53, 54).

Furthermore, the visible absorption spectra exhibited by
the Co-hERR-DBD and Co-GR-DBD complexes are similar
to the visible absorption spectra exhibited by other Co‚Cys4

complexes that have been previously characterized (22). The
intense absorption band (310 nm) in the near-UV region of
the electromagnetic spectrum resembles absorption bands that
have been assigned as Cys S- f Co2+ ligand-to-metal
charge-transfer (LMCT) bands in other complexes formed
between cobalt and zinc-binding sites that feature cysteine
residues (22, 31). In conclusion, our experimental observa-
tions indicate that Co2+ is a suitable spectroscopic probe to
qualitatively and quantitatively assess the metal-binding
characteristics of hERR-DBD and GR-DBD.

Figure 1 represents the thermodynamic scheme for metal
binding to hERR-DBD and GR-DBD. In this scheme, four
distinct thermodynamic mechanisms are possible: (1) M2+

may bind in a cooperative fashion (k2 > k3 or k4 > k1); (2)
M2+ may bind in an anticooperative fashion (k2 < k3 or k4

FIGURE 6: Absorption spectra collected during a Zn2+ titration of
hERR-DBD (45.6µM) in the presence of approximately 200 molar
equiv of Co2+ relative to the amount of protein present. The titration
was conducted in 100 mM bis-Tris, pH 7.1 at 37°C. The absorption
spectrum of the apo-protein was subtracted from each spectrum
collected during the course of the metal-binding titrations.

FIGURE 7: Comparison of the observed data to the best fit (line)
obtained from SPECFIT/32 for a Co2+/Zn2+ competition experi-
ment: (b) hERR-DBD and (2) GR-DBD.
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< k1); (3) if M2+ binds and the sites do not interact, then it
is possible that the two sites are independent and have
nonidentical binding affinities (k2 ) k, k1 ) k4, and k1 *
k2); (4) alternatively, it is possible that the sites do not interact
but have identical binding affinities (k1 ) k2 ) k3 ) k4).
This scheme highlights the significance of experimentally
detecting a distinct Co-protein intermediate species. If a Co-
protein spectral intermediate (M1A2 or M2A1 in Figure 1) is
observed during the course of the titration, then M1A2 *
M2A1 * M1M2/2 and bothâ1 (K1 in Figure 1) andâ2 (K2 in
Figure 1) can be determined. However, the presence of a
spectral intermediate does not necessarily provide a full
description of the thermodynamics of metal-binding to the
protein (i.e., cooperative vs anticooperative). To fully
describe the thermodynamics of metal-binding to a two-site
protein, the affinity constants of the isolated sites need to
be measured.

If metal binding occurred at the Cys4 sites of hERR-DBD
and GR-DBD in an all or none fashion, then the ligand-
field absorption bands attributable to each site would emerge
simultaneously, and both sets of absorption bands would
gradually increase in intensity as Co2+ was titrated into the
protein solution. Since one Cys4 metal-binding site would
be occupied at the same rate as the other Cys4 metal-binding
site, the shape of the observed absorption spectra would not
change during the course of the titration. The presence of a
spectral intermediate during the Co2+ titrations of hERR-
DBD and GR-DBD indicates that the two Cys4 metal-binding
sites found in the DBDs of these proteins have different metal
affinities.

However, calculation of the absolute values of the dis-
sociation constants of Co2+ from hERR-DBD and GR-DBD
from the competition experiments with CP-1 revealed that
the affinity of Co2+ for the two sites within a given domain
are within a order of magnitude of each other (Kd1

Co ) 2.2
(( 1.0) × 10-7 M and Kd2

Co ) 6.1 (( 1.5) × 10-7 M for
hERR-DBD andKd1

Co ) 4.1 (( 0.6)× 10-7 M andKd2
Co )

1.7 (( 0.3)× 10-7 M for GR-DBD); the same was true for
Zn2+ Kd1

Zn ) 1 (( 1) × 10-10 M and Kd2
Zn ) 5 (( 1) ×

10-10 M for hERR-DBD and Kd1
Zn ) 2 (( 1) × 10-10 M

andKd2
Zn ) 3 (( 1) × 10-10 M for GR-DBD). This behavior

contrasts with the marked anticooperativity observed between
the two metal binding sites and the RING finger domains
from BRCA1 and hdm2 (human homologue of the p53
inhibitor, mdm2 (murine double minute chromosome clone
number 2)) (33) and suggests that, even though the DNA-
binding domain from steroid receptor proteins acts as one
functional unit that binds two metal ions (7), there is
relatively little communication between the two metals as
they bind to the two structural zinc-binding sites (i.e., the
binding of one metal does not affect the binding of the second
metal). This observation contrasts the report by Low et. al.
(14), which states that both the folding of the ER-DBD and
the folding of the GR-DBD occurs via a two-state process,

and metal binding occurs in a cooperative manner. The
results presented herein suggest that while the folding of the
hERR-DBD and GR-DBD domains may occur in a coopera-
tive manner (as suggested by Low et al. (14)), the binding
of zinc to the two sites in one domain is not cooperative.

The competition experiments between hERR-DBD and
CP-1 or GR-DBD and CP-1 allow the affinities of Co2+ and
Zn2+ for these proteins to be directly compared: cobalt
binding is slightly weaker for each of the Cys4 sites within
GR-DBD (Kd1

Co/Kd
CP-1 ) 6.5 (( 0.9) andKd2

Co/Kd
CP-1 ) 3

(( 1)) and hERR-DBD (Kd1
Co/Kd

CP-1 ) 3.5 (( 1.6) and
Kd2

Co/Kd
CP-1 ) 10 (( 2)) than CP-1. Similar results have

been reported for a wide range of other naturally occurring
structural zinc-binding domains, including proteins with both
Cys2His2 (TFIIIA and CP-1) (24, 27) and Cys2HisCys (CP-
CCHC, RMLV, HIV-CCHC, and NZF-1) (27, 29, 34, 55,
56) sites (Table 1). Because the ratio ofKd

Zn to Kd
Co is

approximately equal to 1× 10-3 (48), estimates forKd
Zn

can be calculated for those proteins for which onlyKd
Co

values have been reported (Table 1, values in parentheses).
These results confirm the observation by Krizek and Berg,
based on results from a series of consensus peptides in which
only the metal-binding residues were varied, that varying
the number of cysteines residues in the metal-binding site
does not have a significant impact on the affinity of Co2+ or
Zn2+ for structural zinc-binding sites. TheKds for eukaryotic
structural zinc-binding domains are surprisingly consistent
regardless of whether the binding site is Cys2His2, Cys2-
HisCys, or Cys4, with all of the zinc dissociation constants
reported for naturally occurring zinc sites falling in the range
of 10-11 to 10-9 M. Taken together, these data, combined
with the observation that metal ions exchange rapidly in these
sites under physiologically relevant conditions (48, 57),
suggest that the concentration of bioavailable zinc in the
nucleus of cells cannot be lower than∼10-12 M.

By contrast, Zn2+ binds much more tightly to the intra-
cellular zinc metalloregulatory protein fromE. coli, ZntR
(Kd

Zn ∼ 10-15 M) (58). The coordination environment of this
tight zinc-binding site has been characterized by Zn2+

extended X-ray absorption fine structure (EXAFS), and it
features three sulfur ligands and an N/O ligand (59). The
large difference in binding affinity exhibited by ZntR as
compared to those of other zinc-binding sites suggests that
protein environments can have a substantial impact on
binding affinity and metal selectivity (59). In addition, the
higher affinity observed in this system suggests that the
concentration of bioavailable zinc in prokaryotes may be
significantly lower than it is in the nuclei of eukaryotes.

CONCLUSIONS

Rigorous metal-binding studies conducted with hERR-
DBD and GR-DBD indicate that Co2+ binds to both sites
with roughly the same affinity (in each protein,Kd1

Co ∼ Kd2
Co

∼ 10-7 M). Additionally, Zn2+ binds to each of the two sites

Table 3: Calculated Stoichiometric Dissociation Constants of hERR-DBD and GR-DBDa,b

Kd1 Co Kd2 Co Kd1 Zn Kd2 Zn

hERR-DBD 2.2 (( 1.0)× 10-7 M 6.1 (( 1.5)× 10-7 M 1 (( 1) × 10-10 M 5 (( 1) × 10-10 M
GR-DBD 4.1 (( 0.6)× 10-7 M 1.7 (( 0.3)× 10-7 M 2 (( 1) × 10-10 M 3 (( 1) × 10-10 M

a Kd1 ) [M][P]/[MP] ) 1/Kb1 ) 1/â1. b Kd2 ) [M][MP]/[M 2P] ) (1/â2)([MP]/[M][P]) ) â1/â2 ) Kb1/â2, whereâ1Zn(P)) â1Co(CP)× (â1Zn1(P)/
â1Co1(P)); â2Co(P) ) â1Co(CP)× (â2Co2(P)/â1Co1(P)); â2Zn2(P) ) â2Co2(P) × (â2Zn2(P)/â2Co2(P)); â1Co(CP)) 1.58 × 107 M (27); relative
stability constants are reported in Table 2.
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in the DNA-binding domains of steroid receptor proteins with
approximately the same affinity (in each protein,Kd1

Zn ∼
Kd2

Zn ∼ 10-10 M). These results suggest that there is relatively
little interaction between the two metal sites with respect to
metal binding, despite the fact that they are part of the same
domain. The affinity of Co2+ and Zn2+ for these sites is
slightly weaker than that to the consensus zinc-finger peptide
CP-1 but is comparable to those for most other naturally
occurring structural zinc-binding domains with CCHH (24,
27) and CCHC sites (27, 29).
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Absorption spectra collected for the direct Co2+ titrations
of hERR-DBD and GR-DBD showing the presence of Cys
S- f Co2+ LMCT bands; a detailed view of the Co2+ d f
d electronic transitions resulting from a Co2+ titration of GR-
DBD; absorption spectra collected during a Co2+ competition
experiment between GR-DBD and CP-1; Zn2+ titration of
GR-DBD; circular dichroism spectra of apo, Zn, and Co
forms of hERR-DBD and GR-DBD; and electrophoretic
mobility shift assays of apo, Zn, and Co forms of hERR-
DBD and GR-DBD with their corresponding hormone
response element DNA. This material is available free of
charge via the Internet at http://pubs.acs.org.
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