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ABSTRACT: Zinc binding to the two Cyssites 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
Co?* as a spectroscopic probe, we have characterized the metal-binding properties of the tstouClysal
zinc-binding sites found in the DBD of human estrogen recegt@ERx-DBD) and rat glucocorticoid
receptor (GR-DBD). The binding affinity of Cb to the two proteins was determined relative to the
binding affinity of C&" to the zinc finger consensus peptide, CP-1. Using the known dissociation constant
of Co*" from CP-1, the dissociation constants of cobalt from hHBBD were calculated:Ky;c° = 2.2

(£ 1.0) x 1077 M andKy;*° = 6.1 (& 1.5) x 1077 M. Similarly, the dissociation constants of €drom
GR-DBD were calculatedKg;®° = 4.1 & 0.6) x 1077 M and Kg*° = 1.7 (& 0.3) x 1077 M. Metal-
binding studies conducted in which Zndisplaces C&" from the metal-binding sites of hERDBD and
GR-DBD indicate that Z# binds to each of the Cysmetal-binding sites approximately 3 orders of
magnitude more tightly than CGodoes: the stoichiometric dissociation constantskaié® = 1 (& 1) x
101°M andKg" = 5 (£ 1) x 10 M for hERa-DBD andKg?" = 2 (£ 1) x 10 M and Kg#" =

3 (£ 1) x 10°1°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., Hedea, H., Robinson, C. V., O'Brien, R.,
Grossmann, J. G., Ladbury, J. E., and Luisi, B. (2002)lol. Biol. 319 87—106], these data suggest that
the zincs that bind to the two sites in the DBDs of kERBD and GR-DBD do not interact.

The nuclear hormone receptors constitute an importanta second transcriptional activation site; and a variable
class of transcription factors that are involved in cellular carboxy-terminal tail 1, 5, 6). The ability of each nuclear
development, differentiation, and stimulus response in higher hormone receptor protein to recognize and bind to specific
eukaryotes 1). As a result, the evolution of the nuclear sequences of DNA is conferred by the DBD. The DBD is
hormone receptors is believed to have been a pivotal eventhighly conserved among members of this protein family and
in the development of intercellular communication and the features two, four-cysteine structural zinc-binding sites (
emergence of multicellular organism®, 3). Members of 7, 8). In each zinc-binding site, two of the coordinating
the nuclear hormone receptor superfamily play an essentialcysteine residues are located inaihelix that begins at the
role in the mediation of hormonal signals by acting as third conserved cysteine and extends beyond the fourth
intracellular receptors and activating transcription of a variety
of genes 1, 4, 5). In a simplified model, a hormonal ligand 1 Abbreviations: bis-Tris, bis(2-hydroxyethyl)iminotris(hydroxymethyl)-

; i methane; BRCA1, breast and ovarian cancer susceptibility gene; CP-
bmds. to. a specific nuclear hormone recepts). _(I'he 1, zinc finger consensus peptide that has two hiStidineysgand two
protein-ligand complex then binds, usually as a dimer, t0 cysteines in the zinc-binding site (also abbreviated as CP-CCHH): Cys,
specific DNA sequences, known as hormone responsecysteine; Da, dalton; DBD, DNA-binding domain; DTNB, 5,5
e|ementsy W|th|n the promoter regions Of genes Whose dithiobis(2-nitrobenzoic acid); DTT, dithiothreitol; E64, tranS-epOXySUC-

L . cinyl-L-leucylamido(4-guanidino)butane; ERE, estrogen response ele-
expression 1S controlled by hormonal aCt'V'Q'( ment; ESI-MS, electrospray ionization mass spectrometry; EXAFS,

Nuclear hormone receptors contain five domains: the extended X-ray absorption fine structure; GR, glucocorticoid receptor;
amino-terminal domain, which features a transcriptional GR-DBD, glucocorticoid DNA-binding domain; GRE, glucocorticoid

At PR hindi ; response element; GST, glutathioB¢ransferase; hE® human es-
activation region; the DNA-binding domain (DBD)the trogen receptorn; hERo-DBD, human estrogen receptor DNA-

variable hinge domain; the ligand-binding domain, which pinding domain; His, histidine; HPLC, high-performance liquid chro-
features the hormone-binding site, a dimerization region, and matography; ICP, inductively coupled plasma; IPTG, isoprgpp-
thiogalactopyranoside; LFSE, ligand field stabilization energy; LMCT,
ligand-to-metal charge transfer; MALDI-TOF MS, matrix-assisted laser
T Supported by NIH Grant 1 RO1 GM58183-01A1 (H.A.G.). desorption and ionization time-of-flight mass spectrometry; PBS,
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Table 1: Dissociation Constants for €aand Zr#* from a Variety of Structural Zinc-Binding Domains; Values in Parentheses Are Calculated

Kq C?t (M) Kg Zr2t (M) ref
CysHis;
TFIIIA (30-amino acid peptide from transcription factor I11A) 3.80.5)x 10 2.8@x0.9)x 10°° 24
CP-1 (26-amino acid zinc finger consensus peptide) $6.2.0) x 10°8 5.7 @& 1.3)x 10712 27
CysHisCys
CP-CCHC (26-amino acid zinc finger consensus peptide) $32)x 108 3.2&1.0)x 10712 27
RMLYV (18-amino acid peptide from the nucleocapsid 1x 106 6 x 10710 29
protein of Rauscher murine leukemia virus)
CysHisCys
HIV-CCHC (18-amino acid peptide representing N-terminal 9.0x 1078 7.0x 104 48,55,56°
metal-binding domain of HIV nucleocapsid protein)
NZF-1 (120-amino acid protein featuring two CCHC 4(£2)x 107 1.4 (& 0.8)x 10710 34
domains from neural zinc finger factor 1) for each domain for each domain
Cys
CP-CCCC (26-amino acid zinc finger consensus peptide) B50Q)x 1077 1.1 & 0.3)x 10712 27
CysCysHisCys
BRCAL1 (56-amino acids from BRCAL gene) 32
ke 2.6x 1078 (2.6 x 107t
ko 45x% 107 (4.5 x 107102
ks 79x 106 (7.9x 10792
hdm2 (amino acids 425491 of hdm2 oncoprotein) 33
ke 2.2x 107 (2.2x 10710
ko 4x10°© (4 x 10792
ks 1.0x 1077 (1.0x 107102

a Calculated using reporteg;©° assuming thak#"/K“° = 1 x 1072 (48). ® 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 pitide (

conserved cysteinel). Both the ER and the GR bind to
specific palindromic sites within the DNA as dimefs,(and

metalloproteins. The binding affinity of 2n for a metal-
binding site can be determined by monitoring the declining

the binding occurs through the helix from the amino terminal intensity of the C&" d — d electronic transitions as €ois

structural zinc-binding site/7(-10). Zinc binding to the four-

displaced from the metal-binding site by Zn(24). The

cysteine motifs of the nuclear hormone receptors and to thebinding affinities of C8" to structural zinc-binding sites are
structural zinc-binding sites found in other proteins is typically 3—4 orders of magnitude lower than for Zn
required to stabilize the active conformation of the domain (Table 1).

and enables the protein to interact with DNA1¢13).
Members of the nuclear steroid receptor superfamily als

Cc?* has been utilized in the characterization of structural
0 zinc-binding domains in a variety of proteins including zinc

contain a ninth conserved cysteine residue in the DBD. finger proteins 24—28), retroviral nucleocapsid proteins
However, previous work has suggested that this residue doe€29—31), RING finger proteins 2, 33), and a member of
not participate in metal binding and most likely serves to the NZF/MyT1 family of neural-specific transcription factors

stabilize the structure of the DBL4).
Despite the fact that the DNA-binding activity of the

(34, 35) (Table 1). Metal-binding studies conducted with the
RING finger domain from the breast and ovarian cancer

nuclear hormone receptor proteins is dependent on 4inc ( susceptibility gene (BRCA1) producB?) and the RING

11, 15), little quantitative information is available about the

finger domain of the oncoprotein hdm2 (human form of

metal-binding properties of these proteins. We are particu- mdm2, murine double minute chromosome clone number

larly interested in hER and GR due to the critical roles

2) (33) demonstrated that metal binding occurs in a ther-

these proteins play in cellular development and function. For modynamically sequential fashion in which one metal-

example, the hER is important to normal reproductive
development 16, 17), and the GR is needed for central

binding site within each protein molecule is almost com-
pletely saturated before a metal ion binds at the other site.

nervous system, cardiovascular, and metabolic homeostasi¢iere, we report the stoichiometric dissociation constaqs (

(16—18). Furthermore, the hERprotein has been linked to
the onset and progression of breast and ovarian cart®rs (
Because of the fact that Zhhas a & electron configu-

ration, Zrf" is considered to be spectroscopically silent.
However, C&" (d”) has proven to be an excellent spectro-

scopic probe for zinc-binding sites in metalloprotei@§)(

Figure 1) for both C& and Zrif" to the two Cys metal-
binding sites in hER-DBD and GR-DBD.

MATERIALS AND METHODS

Preparation of the pGE»KT/hERx-DBD Expression
Vector The cDNA for hERx was obtained in the form of

Co?' is an excellent probe for zinc-binding sites because the the pSG5/HEG036) eukaryotic expression vector from Dr.

coordination geometries adopted by?Care similar to those
adopted by Z#i". Moreover, the absorption spectrum exhib-
ited by C@* is very sensitive to its coordination environment,
and Cé" substitution for ZA" often does not disrupt the
protein structure or function2(—23). Thus, the chro-
mophoric properties of Co can be used to determine the
binding affinity of Zr** to metal-binding sites found in

Barry Gehm (Northwestern University Medical School) and
Prof. Pierre Chambon (Institut de Genetique et de Biologie
Moleculaire et Cellulaire). The cDNA encoding the hieR
DBD (residues 124280 of the hER gene) 87) was isolated
from the pSG5/HEGO plasmid with the oligonucleotide
primers EST-121a&8@) and EST-280a&30) by performing
PCR on a PTC-100 thermal cycler developed by MJ
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Ficure 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{s), stoichiometric binding
constants Ky, andKpy), and stoichiometric stability constanis,
andp,) identified. A refers to apo (metal free) sites, and M refers
to metal bound to the site. The subscripts for the individual site
affinities (ks) and site occupancy markersy(A,, M1, M,) refer
to the site number; the subscripts in the stoichiometric binding
constantsk; andK3) and stoichiometric stability constani; @nd
o) refer to the metal stoichiometry. The following definitions were
used 62): S = overall stability constart= [ML ,"]/[M "][L] % B1

= [ML"™)/[M"][L]; B2 = [ML SHIM L] % ete. Ky = blndlng
constant= [ML " /ML ™][L]; Koy = [ML™/[M™[L]; Ko =
[ML ")/[ML "*][L]; etc. K4 = dissociation constant 1/K, where
B1= Ko, f2 = Kp1 x Kpy, etc.

Payne et al.

7H,0, 1.4 mM KH,PO, + 0.05% (v/v) Tween-20) supple-
mented with 0.1% (v/v) 2-mercaptoethanol, 5 mM dithio-
threitol (DTT), 5 mM MgC}, 0.3 mM phenylmethylsulfonyl
fluoride (PMSF), 0.5:g/mL leupeptin, 0.7%g/mL pepstatin,

2 ug/mL trans-epoxysuccinyl-leucylamido(4-guanidino)-
butane (E-64), and 10g/mL aprotinin. The cells were lysed
by passing them through an Emulsiflex-C5 High-Pressure
Homogenizer (Avestin, Inc.). Sodium deoxycholate and
deoxyribonuclease | were added to the cell lysate to
concentrations of 0.05% (w/v) and//mL, respectively.
The cell lysate was incubated at°€@ for 30 min and then
centrifuged at 39 2@fat 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 20@ at 4 °C for 30 min. The supernatant was filtered
through a 0.22«um disposable syringe filter and incubated
overnight on a glutathione sepharose column (Amersham
Pharmacia Biotech, Inc.) at 4.

The GST affinity tag was cleaved from the GST-hER
fusion protein by incubating the glutathione sepharose
column overnight at 2C with 50 U of thrombin protease
(ICN Biomedicals, Inc.) in 10 mL of thrombin cleavage
buffer (TCB: 50 mM TrisHCI, pH 8; 150 mM NaCl; 2.5
mM CaCl; 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 ‘H@Gl,

100 mM NaCl, 5 mM DTT, pH 7.2 buffer.
The FPLC fractions containing the hBEFDBD were

Research, Inc. The gel-purified PCR product was subclonedconcentrated and dialyzed against a buffer consisting of 6 M

into the BanHI and EcadRl restriction sites of the pGEX
PKT prokaryotic expression vectot®. The DNA sequence
of the resultant pGEXKT/hERx-DBD construct was
confirmed by automated sequencing using an ABI PRISM

urea, 10 mM 1,10-phenanthrolineM 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 af@ for 3 h. The water used

310 Genetic Analyzer (Perkin-Elmer), and the construct was in this final dialysis was purified with a MilliQ purification

transformed intdescherichia colBL21-CodonPlus-RP cells
(Stratagene).

Preparation of the pGEXPKT/GR-DBD Expression Vec-
tor. The cDNA for GR was obtained in the form of the p2A/
GRGZ eukaryotic expression vectetlj from Dr. Richard
Gaber (Department of Biochemistry, Molecular Biology, and
Cell Biology at Northwestern University). The cDNA
encoding the GR-DBD (residues 42515 of the GR gene)
(42) was isolated from the p2A/GRGZ plasmid with the
oligonucleotide primers GR-425a43) and GR-515aa4{4)
by performing PCR on a PTC-100 thermal cycler developed
by MJ Research, Inc. The gel-purified PCR product was
subcloned into th&anH| and EcaRl restriction sites of the
pPGEX-PKT prokaryotic expression vecto4@. The DNA
sequence of the resultant pGEPKT/GR-DBD construct was
confirmed by automated sequencing using an ABI PRISM

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%, 8% H,) chamber.
Less than 0.1 molar equiv of Zh was present in the
purified hERx-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 REBBD
protein (observed 18 421 daltons (Da); calculated 18 420 Da)
was confirmed by ESI-MS. The ability of the heRDBD
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 ProteiBxpres-

310 Genetic Analyzer (Perkin-Elmer), and the construct was sion of the GST-GR-DBD protein i&. coli BL21-Codon-

transformed intcE. coli BL21-CodonPlus-RIL cells (Strat-
agene).

Expression and Purification of hERDBD Protein. Ex-
pression of the GST-hERDBD fusion protein inE. coli
BL21-CodonPlus-RP was induced by adding isoprgpyl-
D-thiogalactopyranoside (IPTG) to the cell culture (§P
= 0.5) to a final concentration of 0.1 mM. The cell culture
was shaken vigorously at 3T for 3 h. The isolated cell

Plus-RIL cells (Stratagene) was induced by adding isopropyl-
p-p-thiogalactopyranoside (IPTG) to the cell culture (§D

= 0.5) to a final concentration of 0.1 mM. The cell culture
was shaken vigorously at 3T for 3 h. The isolated cell
pellets were resuspended in phosphate-buffered saline
(PBS: 137 mM NacCl, 2.7 mM KCI, 4.3 mM NEPO,:
7H,O, 1.4 mM KHPQ,) supplemented with 0.1% (v/v)
2-mercaptoethanol, 5 mM DTT, 5 mM Mg£10.3 mM

pellets were resuspended in phosphate-buffered salinePMSF, and 1.Qug/mL aprotinin. The cells were lysed by

(PBST: 137 mM NaCl, 2.7 mM KCI, 4.3 mM NEPO,:

passing them through an Emulsiflex-C5 High-Pressure
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Homogenizer (Avestin, Inc.). Deoxyribonuclease | was added water that was purified with a MilliQ purification system
to the cell lysate to a concentration ofi/mL. The cell and passed through a column containing Chelex media
lysate was incubated at>€ for 30 min and then centrifuged  (Sigma) to remove trace metals. A Ce6lock solution was
at 39 20@ at 4 °C for 45 min. Polyethylenimine was added prepared by dissolving Cog(Aldrich, 99.999%) in purified,
to the cell lysate to final concentration of approximately 0.2% metal-free water, and the concentration of the solution was
(w/v). The solution was then centrifuged at 39 3@@ 4°C determined by measuring the absorption intensity of the
for 30 min. The supernatant was filtered through a Q.@2 solution at 512 nmes;, = 4.8 Mt cm™) (21). A Zn?*
disposable syringe filter and incubated overnight on a atomic absorption standard (Aldrich, 15.25 mMPZin 1.0%
glutathione sepharose column (Amersham Pharmacia Bio-HCI) was utilized in the metal competition experiments. Each
tech, Inc.) at 4°C. metal-binding titration was performed in 100 mM bis-Tris,
The GR-DBD protein was cleaved from its GST affinity pH 7.4. All solutions were purged with helium prior to being
tag by incubating the glutathione sepharose column overnightintroduced into the inert atmosphere chamber where they
at 4°C with 50 U of thrombin protease (ICN Biomedicals, were stored and handled at all times.
Inc.) in 10 mL of TCB. The protein was eluted from the Concentration Determination of hiBRDBD. The con-
glutathione sepharose column and purified by gel-filtration centration of hER-DBD present in each sample was
chromatography on a Superdex-75 column (Amersham determined by measuring the absorption intensity of the
Pharmacia Biotech, Inc.) using a 50 mM FHKCI, 200 mM protein sample at 280 nnedgo = 20 900 Mt cm™1) using
NaCl, 5 mM DTT, pH 7.2 buffer. a Cary 300 Bio UV~vis spectrophotometer or a Cary 500
The FPLC fractions containing the GR-DBD protein were UV —vis—NIR spectrophotometer. The extinction coefficient
concentrated and dialyzed against a buffer consisting of 6 of hERx-DBD (at 280 nm= 20900 M cm™) was
M urea, 10 mM 1,10-phenanthroling M acetic acid, and 5  determined by amino acid analysis conducted by the Keck
mM DTT, pH 3.0 at 4°C for 4 h. The apo-protein solution  Biophysics Facility at Yale University.
was then dialyzed against purified, metal-free water in an  Concentration Determination of GR-DBD'he approxi-
acid-washed, metal-free beaker at@ for 3 h. The water mate concentration of reduced GR-DBD was determined by
used in this final dialysis was purified with a MilliQ performing a 5,5dithiobis(2-nitrobenzoic acid) (DTNB)
purification system, passed through a column containing colorimetric assay46). A GR-DBD protein solution was
Chelex media (Sigma) to remove any trace metals, and thenprepared by dissolving the pure protein in 1800f metal-
purged with argon. The apo-protein solution was concen- free water. A total of 2L of this solution was added to a
trated under vacuum in an inert atmosphere (95% 9% cuvette containing 100QL of 100 mM, pH 7.4, bis-Tris
H,) chamber. buffer and 10Q«L of a 5 mM DTNB solution. The DTNB
Less than 0.1 molar equiv of Zh was present in the  was allowed to react with the GR-DBD for 30 min in an
purified GR-DBD protein sample based on the inductively anaerobic environment. Each free thiol group present in the
coupled plasma spectrometric analysis that was performedGR-DBD protein yields 1 equiv of TNB (e41TNB?") =
on a Thermo Jarrell Ash Atomscan Model 25 Sequential ICP 14 150 Mt cm™%). This method did not provide reliable
Spectrometer. The molecular weight of the GR-DBD protein results when used with the hieRDBD.
(9962 Da; calculated 9954 Da) was confirmed by MALDI- Concentration Determination of CP-The concentration
TOF MS. The ability of the GR-DBD to fold and function of the reduced CP-1 zinc finger consensus peptide was
properly upon the introduction of metal was demonstrated determined by saturating a portion of the peptide sample with
by performing circular dichroism (Supporting Information Cc?*. The absorption intensity of the @@P-1 solution was
Figure 5B) and electrophoretic mobility shift assays (Sup- measured at 640 nm on a Hewlett-Packard 8453 diode array
porting Information Figure 6B). spectrophotometer, and the concentration of the reduced
Purification of CP-1 by HPLC The CP-1 zinc finger  peptide stock solution was calculated utilizing the molar
consensus peptid2&, 45) was purchased from Biosynthesis, extinction coefficient of the CG&P-1 complex g0 = 900
Inc. (Lewisville, TX). The peptide was greater than 70% pure M~* cm™?) (47).
as purchased, and the molecular weight of the peptide had Metal-Binding Titrations of hER-DBD and GR-DBD.
been confirmed by mass spectrometry (2972.0 Da; calculatedAbsorption spectra collected during the course of the metal-
2962.4 Da). Prior to conducting the metal-binding studies, binding experiments were recorded from 250 to 900 nm on
the peptide was reduced and further purified by reverse phasea Cary 300 Bio U\+vis spectrophotometer or a Cary 500
HPLC. Five milligrams of the peptide was dissolved in 500 UV —vis—NIR spectrophotometer at 3T. To characterize
uL of metal-free water, which was purified with a MilliQ  the metal-binding properties of hieRDBD and GR-DBD,
purification system and passed through a column containingaliquots containing 0.2 molar equiv of €o(relative to the
Chelex media (Sigma) to remove any trace metals. Ten molaramount of protein present, approximately:/) were added
equiv of DTT was added to the peptide solution, and the to the protein solution, and an absorption spectrum was
peptide solution was incubated at 85 for 2 h. The peptide  collected after each addition. This process was repeated until
solution was filtered through a 0.22n disposable syringe the ligand-field absorption bands no longer increased in
filter and injected onto a Rainin Dynamax C18 column. The intensity, indicating that the protein was saturated witB'Co
homogeneous peptide fraction was collected from the C18 (approximately 2.4 molar equiv of €. Two more aliquots
column and taken into an inert atmosphere chamber whereof the C&" solution, each containing 0.4 molar equiv of
it was concentrated under vacuum. Co**, were added to the protein solution to ensure that the
Reagents Used in Metal-Binding Titrations of ERBD sample was completely saturated.
and GR-DBD.The solutions used in the metal-binding For the studies in which the binding constants of Cm
experiments were prepared with metal-free reagents andthe two Cyg metal-binding sites of hE® DBD and GR-
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DBD were determined, the CP-1 zinc finger consensus 0.07

peptide was mixed with the protein in an approximately 2:1 ]

ratio so that the peptide could serve as a competing ligand 0.06 Additi%n ofI

for each of the Cysgsites. Aliquots containing 0.25 molar ] Co

equiv of Ca" (relative to the amount of protein present) 0.05 1

were sequentially added to protein/CP-1 mixture. The metal g ]

peptide-protein solution was incubated at 3 following § 00

the addition of each aliquot of €b until there were no 8 0.03 ]

noticeable changes in the absorption spectrum (approximately <

10—-15 min), indicating that equilibrium had been reached. 0.02 ]

The intensity of the ligand-field absorption bands stopped ]

increasing after approximately 4.6@.25 molar equiv of 0.01 ]

Co*" had been added, but a total of 6.00 molar equiv of ]

Co?* was added to ensure that the peptide/protein mixture o0 F———— =

was saturated with metal. 550 600 650 700 750 800
The ability of Zr** to compete with C& for the Cys Wavelength (nm)

metal-blndm_g s!tes OT hE®DBD and GR'DBD Was as- pgure 2: Absorption spectra collected during a®Cditration of
sessed by titrating aliquots of the Znatomic absorption  hERw-DBD (46.3uM) in 100 mM bis-Tris, pH 7.4 at 37C. The
solution into a cuvette containing the €eprotein complex absorption spectrum of the apo-protein was subtracted from each
along with a 200-fold molar excess of €orelative to the spectrum collected during the course of the metal-binding titration.
amount of protein present. Excess?Covas added to the Similar data for GR-DBD are available in the Supporting Informa-
solution to increase the competition betweeRdZand Cé* tion.

for the two metal-binding sites in each prote#8). The
excess C8 was accounted for quantitatively using the fitting
program SPECFIT/32. An absorption spectrum was collected
after the addition of each aliquot of the Zrstandard solution

to monitor the displacement of €oby Zr#* 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-105 min), indicating

. > X :
that equilibrium had been reached.?Zrwas titrated into Zr?* to the bis-Tris buffer (C8 log 1 = 1.8; Zi#+ log B

the protein solution until the intensity of the ligand-field — ) . .
absorption bands had decreased to baseline levels (ap-_ r2n4l) (fozlv?]?dha Ignomn l\jvaSI?(ISF;ﬁitf:ur?/i Oi];)tlh(er 6'?’:;”3\/ ;
proximately 11.0 molar equiv of 2n). .COI F:jed,' thC b"’.l 3.0 S 3a| y In the viSible region, were
Analysis of Metal-Binding Studieghe resulting absorption included in the binding Models.
spectra were analyzed using the fitting program SPECFIT/ ResuLTS
32 (49). SPECFIT/32 determines the number of colored
species that contribute to the absorption spectra using a factor Titration of the hER-DBD (Figure 2) and GR-DBD with
analysis procedure. SPECFIT/32 fits all wavelengths simul- Co?" (Supporting Information Figure 2) resulted in the
taneously to obtain a best fit, although the comparison of absorption spectra shown in Figure 3A,B, respectively. The
the fit to the data is only shown for one wavelength (739 intensity € ~1000 M™* cm™, Figure 2) and the position of
nm). For the titrations reported herein, fits were obtained the C&* d — d electronic transitions observed between 550
from the region of the spectrum corresponding to th&*Co and 800 nm indicate that €ois coordinated by the protein
d— d transitions (556-800 nm). These features are excellent in a tetrahedral environment. €ebinding studies conducted
markers for the Co-protein because no apo-protein absorp-with other tetrahedral, structural zinc-binding domains have
tions are observed in this region. For each titration, the fitting yielded similar absorption spectra3, 21, 22, 24, 32). It is
results at different wavelengths were also checked to makealso apparent from the absorption spectra th&t ®mds to
certain that the fit qualitatively matched the experimental hERo-DBD and GR-DBD in a 2:1 ratio as Zhdoes. The
data. SPECFIT/32 calculates model-dependent binding con-intensity of the Cé" d — d electronic transitions stopped
stants for each species present in solution. The model createdncreasing once approximately two molar equiv ofCbad
to fit the Cc* titrations of the hER-DBD/CP-1 solution been added to the protein solutions.
accounts for the formation of the @oP-1, CehERa-DBD, As Co*" is titrated into a solution containing hiERDBD,
Co*hERa-DBD, and Cobis-Tris complexes. Similarly, the  the shape of the ligand-field absorption bands changes
model created to fit the Co titrations of the GR-DBD/CP-1  (Figure 2). Initially, the middle ligand-field absorption band
mixture accounts for the formation of the @P-1, COGR- (699 nm) has a weaker absorption intensity than the lowest
DBD, Co,GR-DBD, and Cebis-Tris complexes. In each  energy absorption band (739 nm). However, as thé"Co
analysis, the apo-protein absorbance spectrum (absorbancBERo-DBD ratio approaches two, the middle absorption
band at 280 nm) was subtracted from all spectra obtainedband shifts to a higher energy position (692 nm), and it
during the course of the titration. The subtraction was becomes more intense than the lowest energy absorption band
normalized with respect to the decreasing apo-protein (739 nm). The highest energy ligand-field absorption band
concentration. Furthermore, the exact concentrations ofalso shifts to a higher energy position, from 626 to 618 nm,
reduced hER-DBD and GR-DBD used in the titrations were  as the Cé"/hERx-DBD ratio approaches two.

adjusted based on the €atitration data curves produced
by SPECFIT/32.

The model created to analyze the?@@n®" competition
studies assumes that the £tRo-DBD (or Co*GR-DBD)
and the Cebis-Tris complexes are initially present, and the
CoZn-hERo-DBD and Zn+hERo-DBD (or CoZn-GR-
DBD and Zn-GR-DBD) complexes are formed during the
course of the experiment. The binding affinities oPCand
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— 1400
GR-DBD and Ce'GR-DBD complexes (Figure 3B). When
; . the experimental spectrum obtained halfway through the
1000 ; titration (i.e., when Co/ER-DBD or Co/GR-DBD is 1:1) is
L : 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
(CorhERa-DBD or CoGR-DBD) is present in these titra-
tions and that the two Cy®inding sites in hER-DBD and
o - GR-DBD bind C&* with different affinities.
550 600 650 700 750 800 The spectra obtained during the Cditrations of hER-
Wavelength (nm) DBD and GR-DBD were fit using the program SPECFIT/

Ficure 3: Ligand-field absorption bands exhibited by the (A)-Co 32 (Figure 4). Because of the strpng bln_dlng Interaction
hERx-DBD (black solid line) and CehER-DBD (gray solid line) ~ Petween C&" and two Cys metal-binding sites of hE®-
complexes and (B) G&R-DBD (black solid line) and GeGR- DBD and GR-DBD, only an upper limit for the dissociation
DBD (gray solid line) complexes, which were deconvoluted by the constant £10°7 M) can be obtained from the direct &o

fitting program, SPECFIT/32, from the absorption spectra collected tjtrations of the proteins. However, by conducting a competi-

during Ca™ titrations of the hER-DBD and GR-DBD proteins. : : ; : - ! .
Note that the shapes of the absorption bands change during thetlon gxperlment n Whlqh co is tltrated. Into a SOIUtlc.m .
course of the titration. The GMERx-DBD and Co-GR-DBD containing the apo-protein and a second ligand whose binding

1200

800

600

Molar Absorptivity (M'cm

400

200

spectra differ significantly from two times the 1:1 G&Rx-DBD affinity for Co?* is known, the dissociation constants for’Co

and 1:1 CeGR-DBD complexes (dotted lines;) that are observed to the Cys metal-binding sites of hE&®DBD and GR-DBD

experimentally. can be calculated relative to the known value of the
Similarly, the positions of the ligand-field absorption bands competitor ligand 27, 51).

change as C¢ is titrated into a solution containing GR- The zinc finger consensus peptide, CP-1, which features

DBD (Supporting Information Figure 2). At the beginning one CysHis, metal-binding site, was used as the competing

of the titration, the lowest energy and highest energy ligand at a 2:1 molar ratio relative to the amount of protein

absorption bands are located at 739 and 640 nm, respectivelypresent so that the zinc finger consensus peptide could

However, as the Co/GR-DBD ratio approaches two, the compete with each of the Cymetal-binding sites of hEf

highest energy absorption band shifts to a higher energyDBD or GR-DBD. CP-1 was chosen as the competing ligand

position (630 nm), and the lowest energy absorption band because the peptide’s binding affinity for&das previously

shifts to a lower energy position (749 nm). Such differences been determinedk = 6.3 x 1078 M) (27). In addition, the

in the C@" absorbance spectra between GR-DBD anddER  absorption spectrum exhibited by the-C®-1 complex27)

DBD are not unexpected because?Ca — d electronic is quite distinct from the absorption spectra exhibited by the

transitions are extremely sensitive to the exact environmentCo-hERo-DBD and Ce-hERo-DBD complexes (Figure 5A)

of the Ca+. and the CeGR-DBD and Ce'GR-DBD complexes (Sup-
Two basis spectra, which were assigned to thehERa.- porting Information Figure 3). Spectra of the €#-1, Co

DBD and Ce-hERa-DBD complexes, were imported into  hERo. DBD, and Ce-hERa-DBD complexes (Figure 5A)

SPECFIT/32 from the absorption spectra collected during were imported into SPECFIT/32 and used as basis spectra

the Ca titrations of hER-DBD (Figure 3A). Similarly, to deconvolute the collected absorption spectra for the

two basis spectra were imported into SPECFIT/32 from the competition experiment with CP-1 and used to determine

Ce?t titrations of GR-DBD and were assigned to the-Co the relative binding constants of €oto hERx-DBD. The
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Table 2: Relative Stability Constants for €cand Zr#* Binding to
hERo-DBD and GR-DBDB®

BLCouP)  B2CoxP)  PLZmuP) P2 Zno(P)/

B1Co(CP1) B1Co(CP1) BiCoP) f2CoxP)
hERx-DBD 0.32 50x 1°  13x 10° 1.7x 10°
GR-DBD 0.15 1.0x 1P 63x 1% 1.5x 10°

a By = [MP)/[M][P], where M + P = MP. ® 8, = [M,P}/[M]?P],
where 2M+ P = M,P.

shape of the ligand-field absorption bands that emerged after
a few aliquots of the C0 solution were added to the peptide/
protein solution indicate that €bbinds more tightly to CP-1
than to hER-DBD (Figure 5B). Consistent with this
observation, a quantitative analysis of these competition
studies yielded the ratio of the dissociation constants éf Co
from hERx-DBD (K¢:°, Kg2°°) to the CoCP-1 dissociation
constant K7 1): Kgi®YKCP 1 = 3.5 (& 1.6); KgL¥K P

= 10 (& 2) (Table 2). These values were calculated from
the relative stability constants in Table 2 from the following
relationships: Kg1 = [M][PJ/[MP] = 1/Kp = 1/51 andKg,

= [M]IMP)/[M 2P] = (1/2)(IMPI/[M][P]) = B> = Kpi/

32, where

Zn,(P
B.Zn(P)= f,Co(CP)x ([% |

_ B2C0,(P)
$,Co(P)=B1CO(CP)x (ﬂ—lcq(P)).
Zn,(P
B,Z0(P) = B,CoP) (M)

B2Co,(P),

andB;Co(CP)= 1.58 x 10’ M (27). The absolute values of
the dissociation constants of €ofrom hERx-DBD were
then calculated using the known dissociation constant for
CoCP-1 Kt = 6.3 x 108 M) (27) and the ratios
determined from the competition experiment&;;*° = 2.2
(£1.0)x 10" M andKy*°= 6.1 @ 1.5) x 107" 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 sB8p (

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 C& from GR-DBD (Ky:®°, Ky42°9) to the Co
CP-1 dissociation constar{c"1): KqCYK P 1 =6.5 &

0.9) andKg*YK4P 1 = 3 (£ 1) (Table 2). The absolute
values of the dissociation constants o?Cérom GR-DBD
were then calculated using the known dissociation constant
for CooCP-1 K1 = 6.3 x 1078 M) (27) and the ratios
determined from the competition experiment&;;*° = 4.1
(£0.6)x 10" M andKy*°= 1.7 & 0.3) x 107" M (Table

3). A comparison of the fit calculated by SPECFIT/32 to
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Ficure 5: (A) Ligand-field absorption bands exhibited by the-Co
hERo-DBD complex (black solid line), GehERo-DBD complex
(gray solid line), and the GE&€P-1 complex (dashed line; — —).
(B) Absorption spectra collected during a®Cditration of a peptide/

the original data obtained for this competition study is protein solution containing hERDBD (37.94M) and a zinc finger
provided in Figure 5C. The higher molar absorbance consensus peptide, CP-1 (7%8l), in 100 mM bis-Tris, pH 7.1 at

observed at saturation in the titration of GR-DBD versus ER- 37 °C. The absorption spectrum of the apo-protein was subtracted

DBD is a result of a larger concentration of CP-1 in the GR-
DBD competition experiments. To determine the binding
affinity of Zn?* relative to C8" for the Cys metal-binding
sites of hER-DBD and GR-DBD, ZA" was titrated in 0.2

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 the2Co
titration of the hER-DBD /CP-1 mixture ®) and for the Cé"
titration of the GR-DBD/CP-1 mixturea().
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Ficure 6: Absorption spectra collected during a?Zritration of

hERu-DBD (45.64M) in the presence of approximately 200 molar Equivalents of Zn*" Added

equiv of C&* relative to the amount of protein present. The titration Ficure 7: Comparison of the observed data to the best fit (line)

was conducted in 100 mM bis-Tris, pH 7.1 at&7. The absorption obtained from SPECFIT/32 for a €dZn?" competition experi-

spectrum of the apo-protein was subtracted from each spectrumment: @) hERo-DBD and &) GR-DBD.

collected during the course of the metal-binding titrations.

GR-DBD demonstrate that €ois a functional substitution

for Zn?" in these proteins. When €ois titrated into a

solution containing hER-DBD or GR-DBD, the absorption

. . ) spectra exhibited by the metal-protein solution (Figure 2)

It?a:gﬁse);(t:teristfu(t);gg {oortatizn'z];EeR&r]tsggt)éff(;cg%aRb_sDogglon demonstr_ate that Gb_ i_s a suitable spe_ctroscc_;pic probe fpr
the domain. The position of the three ligand-field absorption

complexes grad_ual!y d_eclined as Znwas addeq to_the bands (618, 692, and 739 nm), which correspond t&"Co
protein solution, indicating that the Cymetal-binding sites electron transitions from thié\, to T,(P) state, suggests that

of hERx-DBD and GR-DBD possess a larger binding affinity each Cé" ion is coordinated by four cysteine residu@g,(

forTﬁgzLitr?;?] forrngg;. constructed for the analvsis of the 27). The ligand-field absorption envelope is red-shifted
Co?H/Zn2+ Cor’r?petition experiments allowed for th}é presence relative to the transitions observed in studies of complexes
f the thr lored i resent in the metal-brot informed between Co6 and peptides tha}t feature Giyés, (573

o e tree Colored Species prese e metal-protein ;4 645 nm e.q.. CP-127) or CysHisCys (599, 649, and

_SI_O.IUUOT _célurn:r?ethe C%L:(r;e é)éreleeXperr]l_rgﬁr_lt: tréef“:ﬁ ot 725 nm) @7) metal-binding sites. The observed shift in the
1S Species, Geprotein piex, WNICN 1S pres energies of the e d electronic transitions is attributable to

the b(lagmrél:ng of the pomphgtlﬂqn fstudy;dand ;‘hm".“?ﬂl'meta' the fact that a thiolate ligand is a weaker field ligand than
g?smlgcegé Cgfggp;qogﬁénhg&c[)é% grr:j]eGRalgBD Inrlg?eiﬁs an imidazole 27, 53, 54). As cysteine residues are substituted
TheF:) Zn-protein complex, which does not exhilF))it Iigand- for histidine residues at the metal coordination sitg,the

’ splitting between thee and thet, sets of d orbitals in a

field transitions, was also included in the binding model. The -
) o ’ X tetrahedral C& complex, decreases, and the energies of the
dissociation constants of Znfrom each Cyssite of hERx- ligand-field transitions decreas@ 53, 54).

DBD and GR-DBD were calculated from the binding model . ) .
created, and this model provided the best fit to the data Furthermore, the visible absorption spectra exhibited by
DBD and Co-GR-DBD complexes are similar

(Figure 7). Analysis of the metal competition studies yielded he Co-hERL- ( <0
the ratio of the dissociation constants of?Zito C&*. The to the visible absorption spectra exhibited by other@a,

absolute values of the dissociation constants of Zrom complexes that have been previously characteri2gd The

hERx-DBD and GR-DBD were calculated from the ratios, INt€Nnse absorption band (310 nmy in the near-UV region of
and the dissociation constants for the Co-protein complexesthe electromagnetic spectrum resembles absorption bands that

were determined from the CP-1 competition binding studies Nave been assigned as Cys S- Co’* ligand-to-metal
(Table 3). For hER-DBD, Kg2" = 1 (+ 1) x 10-°M and charge-transfer (LMCT) bands in other complexes formed

Ke?" =5 (£ 1) x 10°19 M; for GR-DBD, KaZ" = 2 (& 1) between cobalt and zinc-binding sites that feature cysteine

2.0 equiv aliquots into a solution containing either kER
DBD (Figure 6) or GR-DBD (Supporting Figure 4) protein
saturated with 200 molar equiv of €o Even with such a

% 1020 M and Kg2" = 3 (& 1) x 10720 M. residues 22, 31). In conclusion, our experimental observa-
tions indicate that CO is a suitable spectroscopic probe to
DISCUSSION qualitatively and quantitatively assess the metal-binding
Co*" was utilized as a spectroscopic probe for the Cys Ccharacteristics of hE&®DBD and GR-DBD.
metal-binding sites of hE®DBD and GR-DBD to deter- Figure 1 represents the thermodynamic scheme for metal

mine the affinity of both C&" and Zi#* for these proteins.  binding to hER-DBD and GR-DBD. In this scheme, four
Circular dichroism experiments (Supporting Information distinct thermodynamic mechanisms are possible: (i) M
Figure 5) and electrophoretic mobility shift assays (Support- may bind in a cooperative fashiok,(> ks or ks > k;); (2)
ing Information Figure 6) using GehERo-DBD and Ceo* M?2* may bind in an anticooperative fashioky (< ks or ks
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Table 3: Calculated Stoichiometric Dissociation Constants ofddBBD and GR-DBDR-?

Kg1 Co Kg2 Co Kg1Zn Ka2Zn
hERo-DBD 22+ 1.0)x 107 M 6.1(+15)x 107M 1(£1)x 1090M 5(+1) x 1020M
GR-DBD 4.1(0.6)x 107M 1.7 (*0.3)x 107M 2(+1) x 10°10M 3(+1) x 10°10M

aKg1 = [M][P)/[MP] = 1/Kp1 = 1/B1. ® Kgo = [M][MPJ/[M 2P] = (L/B2)([IMPJ/[M][P]) = B1/B2 = Kpi/B2, Wwherep1Zn(P)= B1Co(CP)x (B1Zm(P)/
B1Cou(P)); B2C0(P) = B1Co(CP) x (B2C0(P)[B1C0u(P)); B2ZNz(P) = B2Cou(P) x (B2ZNa(P)[B2C(P)); f1Co(CP)= 1.58 x 10’ M (27); relative
stability constants are reported in Table 2.

< kq); (3) if M2* binds and the sites do not interact, then it and metal binding occurs in a cooperative manner. The
is possible that the two sites are independent and haveresults presented herein suggest that while the folding of the
nonidentical binding affinitieske = k, ky = ks, andk; = hERo-DBD and GR-DBD domains may occur in a coopera-
ko); (4) alternatively, it is possible that the sites do not interact tive manner (as suggested by Low et 44)j, the binding
but have identical binding affinitiek{ = k, = ks = ky). of zinc to the two sites in one domain is not cooperative.
This scheme highlights the significance of experimentally = The competition experiments between RERBD and
detecting a distinct Co-protein intermediate species. If a Co- CP-1 or GR-DBD and CP-1 allow the affinities of €cand
protein spectral intermediate (M, or M>A; in Figure 1) is Zn?* for these proteins to be directly compared: cobalt
observed during the course of the titration, thepAM= binding is slightly weaker for each of the Cysites within
M>A;1 = M1M,/2 and both3; (K in Figure 1) angs; (Kz in GR-DBD (Kg1®YK¢P 1 = 6.5 (& 0.9) andKg LYK <Pt = 3
Figure 1) can be determined. However, the presence of a(= 1)) and hER-DBD (Kg;®YKsF* = 3.5 (£ 1.6) and
spectral intermediate does not necessarily provide a full Kg,®YK4P~1 = 10 (£ 2)) than CP-1. Similar results have
description of the thermodynamics of metal-binding to the been reported for a wide range of other naturally occurring
protein (i.e., cooperative vs anticooperative). To fully structural zinc-binding domains, including proteins with both
describe the thermodynamics of metal-binding to a two-site CysHis, (TFIIIA and CP-1) @4, 27) and CysHisCys (CP-
protein, the affinity constants of the isolated sites need to CCHC, RMLV, HIV-CCHC, and NZF-1) 27, 29, 34, 55,
be measured. 56) sites (Table 1). Because the ratio Kf*" to K4° is

If metal binding occurred at the Cysites of hER-DBD approximately equal to & 1073 (48), estimates folK#"
and GR-DBD in an all or none fashion, then the ligand- can be calculated for those proteins for which o#ly-°
field absorption bands attributable to each site would emergevalues have been reported (Table 1, values in parentheses).
simultaneously, and both sets of absorption bands would These results confirm the observation by Krizek and Berg,
gradually increase in intensity as €awas titrated into the  based on results from a series of consensus peptides in which
protein solution. Since one Cysetal-binding site would  only the metal-binding residues were varied, that varying
be occupied at the same rate as the othey @ytal-binding the number of cysteines residues in the metal-binding site
site, the shape of the observed absorption spectra would nodoes not have a significant impact on the affinity o?Cor
change during the course of the titration. The presence of azn?" for structural zinc-binding sites. ThH&ss for eukaryotic
spectral intermediate during the €atitrations of hERx- structural zinc-binding domains are surprisingly consistent
DBD and GR-DBD indicates that the two Gysetal-binding regardless of whether the binding site is @yis,, Cys-
sites found in the DBDs of these proteins have different metal HisCys, or Cys, with all of the zinc dissociation constants
affinities. reported for naturally occurring zinc sites falling in the range

However, calculation of the absolute values of the dis- of 107! to 10°° M. Taken together, these data, combined
sociation constants of Gofrom hERx-DBD and GR-DBD with the observation that metal ions exchange rapidly in these
from the competition experiments with CP-1 revealed that sites under physiologically relevant condition48,( 57),
the affinity of C&* for the two sites within a given domain  suggest that the concentration of bioavailable zinc in the

are within a order of magnitude of each oth&g,f° = 2.2 nucleus of cells cannot be lower tharl0 12 M.
(£ 1.0) x 107 M andKg*° = 6.1 (= 1.5) x 10" M for By contrast, ZA" binds much more tightly to the intra-
hERo-DBD andKg;,*° = 4.1 (= 0.6) x 1077 M andKgy;“° = cellular zinc metalloregulatory protein frof. coli, ZntR

1.7 & 0.3) x 10 " M for GR-DBD); the same was true for  (K/Z" ~ 10715 M) (58). The coordination environment of this
Zn?t K" =1 (+ 1) x 101°M andKg®™ = 5 (+ 1) x tight zinc-binding site has been characterized by?*Zn
1070 M for hERa-DBD andKg?" = 2 (= 1) x 1071°M extended X-ray absorption fine structure (EXAFS), and it
andKq#" = 3 (+ 1) x 101°M for GR-DBD). This behavior ~ features three sulfur ligands and an N/O ligas8)( The
contrasts with the marked anticooperativity observed betweenlarge difference in binding affinity exhibited by ZntR as
the two metal binding sites and the RING finger domains compared to those of other zinc-binding sites suggests that
from BRCAL and hdm2 (human homologue of the p53 protein environments can have a substantial impact on
inhibitor, mdm2 (murine double minute chromosome clone binding affinity and metal selectivity5Q). In addition, the
number 2)) 83) and suggests that, even though the DNA- higher affinity observed in this system suggests that the
binding domain from steroid receptor proteins acts as one concentration of bioavailable zinc in prokaryotes may be
functional unit that binds two metal ions7)( there is significantly lower than it is in the nuclei of eukaryotes.
relatively litle communication between the two metals as

they bind to the two structural zinc-binding sites (i.e., the CONCLUSIONS

binding of one metal does not affect the binding of the second Rigorous metal-binding studies conducted with lER
metal). This observation contrasts the report by Low et. al. DBD and GR-DBD indicate that Cb binds to both sites
(14), which states that both the folding of the ER-DBD and with roughly the same affinity (in each proteky;“° ~ Kg*°

the folding of the GR-DBD occurs via a two-state process, ~ 107 M). Additionally, Zr** binds to each of the two sites
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in the DNA-binding domains of steroid receptor proteins with
approximately the same affinity (in each proteiy,®" ~

Kg2" ~ 1071°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 C&" and Zr#" 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 CCH2#(

27) and CCHC sitesZ7, 29).
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Absorption spectra collected for the direct®ditrations
of hERa-DBD and GR-DBD showing the presence of Cys
S — Cc?" LMCT bands; a detailed view of the €od —
d electronic transitions resulting from a Cditration of GR-
DBD; absorption spectra collected during 22Coompetition
experiment between GR-DBD and CP-1;?Znitration of
GR-DBD; circular dichroism spectra of apo, Zn, and Co
forms of hERx-DBD and GR-DBD; and electrophoretic
mobility shift assays of apo, Zn, and Co forms of R
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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