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Abstract: GATA proteins are transcription factors that bind GATA DNA elements through Cys, structural
zinc-binding domains and play critical regulatory roles in neurological and urogenital development and the
development of cardiac disease. To evaluate GATA proteins as potential targets for lead, spectroscopically
monitored metal-binding titrations were used to measure the affinity of Pb?* for the C-terminal zinc-binding
domain from chicken GATA-1 (CF) and the double-finger domain from human GATA-1 (DF). Using this
method, Pb?* coordinating to CF and DF was directly observed through the appearance of intense bands
in the near-ultraviolet region of the spectrum (250—380 nm). Absorption data collected from these
experiments were best fit to a 1:1 Pb?>"—CF model and a 2:1 Pb?*—DF model. Competition experiments
using Zn?* were used to determine the absolute affinities of Pb?* for these proteins. These studies reveal
that Pb?* forms tight complexes with cysteine residues in the zinc-binding sites in GATA proteins, 5:"° =
6.4 (£2.0) x 10° M~*for CF and 3, = 6.3 (£6.3) x 10 M~2 for Pb?",—DF, and within an order of magnitude
of the affinity of Zn?* for these proteins. Furthermore, Pb?* was able to displace bound Zn?* from CF and
DF. Upon addition of Pb?*t, GATA shows a decreased ability to bind to DNA and subsequently activate
transcription. Therefore, the DNA binding and transcriptional activity of GATA proteins are most likely to
be targeted by Pb?* in cells and tissues that sequester Pb?* in vivo, which include the brain and the heart.

Introduction

Lead poisoning is the most common disease of environmental
origin in the United Statek:3 Although lead’s extensive use

as a paint additive and as an anti-knock agent in gasoline haéLCt

with significant neurological damage occurring over thel®
ugldL (0.25-0.5uM) range’8In addition, girls exhibit delayed
onset of puberty at a BLL of gg/dL.® At high BLLs (=40
g/dL), adults experience fertility problems (lowered sperm
ount and abnormal sperm for men; infertility and miscarriage

been discontinued, lead from both past and current industrial ¢ women), as well as neurological dysfunction and ane-

uses persists in the environment and remains a significant public

health threat.In the United States alone, some 434 000 children

exhibit elevated blood lead levels each year due to exposure to

PB*™ through oral ingestion of contaminated soil and house
dust>8 These children begin to exhibit permanent neurological
and behavioral dysfunctions at low blood lead levels (BLLS),
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with greatly increased circulatory and cardiovascular mortality domains using zinc finger consensus peptides with,iigs
(39% increase compared to control group) in adififEo date, (CP), CysHisCys (CP-CCHC), and CyqCP-CCCC) metal-
no molecular explanation for this effect has been provided. binding residue$®24These experiments established that while
Similarly, no molecular targets have been reported that could Pl?" binds tightly to CysHis; sites, PB" has the highest affinity
account for the observation that hypertension correlates with for Cys, structural zinc-binding sites. In the synthetic peptide
both moderate BLLs (1620 ug/dL) andbonelead levels:-14 system, PB" bound to the Cyssite more tightly than Z3r.1°
An understanding of the molecular mechanism of lead poisoning These results pointed to the need for detailed studies on the
is needed to develop treatments for those individuals that haveinteraction between Pb and naturally occurring proteins that
already been exposed to lead and to guide health policies incontain cysteine-rich zinc-binding sites.
the prevention of lead poisonirdg13 One important class of transcription factors that contain
PB*+ mediates its deleterious effects in part by acting &zn  Cysteine-rich structural zinc-binding domains is the SyATA
binding sites in vivo and thereby altering the activity of2Zn proteins, named eponymously for the GATA DNA base
dependent proteins. Pbhas been shown to inhibit the Zn recognition sequence to which it binds. The vertebrate GATA
dependent enzyme 5-aminolevulinate dehydratase (ALAD, the famlly currently totals six members that perform vital functions
second enzyme in the heme biosynthesis pathway) at femtomoladn & variety of tissued>3° GATA proteins play significant roles
concentrations in vitroK; = 0.07 pM)5 Correspondingly, in several tissues affected by lead poisoning, including the
ALAD activity in vivo decreases linearly with increasing hematopoietic, nervous, urogenital, and cardiovascular systems.
BLLs.16 X-ray crystallography confirmed that Pbsubstitutes  In the hematopoietic system, GATAs-1, -2, and -3 have been
at the active site of ALAD, which contains an atypical gys shown to be absolutely required for the development of blood
catalytic zinc sité? Both in vivo and in vitro evidence indicate  Cells?”3743 GATA-2 and GATA-3 play roles in the develop-
that PB* can also act directly on proteins that contain structural ment of the nervous systetfr.¢ Multiple GATA proteins are
zinc-binding domains, and that this may contribute t¢*Pb  implicated in the genitourinary syster&?including develop-

induced alterations of gene expressi8re® Zawia and co- ~ ment of the female urogenital systtmand sexual di-
workers demonstrated that the timing of DNA binding to the Morphism’®-*® GATA-4 and GATA-6 are also implicated in
transcription factor Sp1, which contains three @¥is, zinc reproductive processes in the ovafié%?In the heart, GATA-4

fingers, is altered in P3-exposed cultured PC-12 cells and rat  regulates many structural and regulatory protéfnand thus
pupsZ This sh|ft_|n Spl1 DNA binding to an earlier time period (24) Krizek, B. A.; Merkle, D. L.; Berg, J. Minorg. Chem.1993 32, 937—
was accompanied by altered expression patterns for Spl 940 o _ o _ o
regulated genes. Evidence indicating that the effect 8fRn (2 15 5 P+ Martn, D1 2o g, - DAndrea. A. D Wong, G. G.; Orkn,
Spl is due to its interactions with the structural zinc-binding (26) Evans, T.; Felsenfeld, Gell 1989 58, 877-885.

domain is prowded by the fact that neither the DNA- blndlng 27) Tsai, F. Y.; Keller, G.; Kuo, F. C.; Weiss, M.; Chen, J.; Rosenblatt, M.;
)

Alt, F. W.; Orkin, S. H.Nature 1994 371, 221—226.

activity nor the accompanying gene-regulation activity of (28 !i?bfssstai?—"lwéog; Catala, M.; Gregoire, J. M.; PeaultkRiney Int.1995
transcription factors that lack zinc-dependent structural domains 29y pebacker, C.; Catala, M.; Labastie, M. Rlech. De. 1999 85, 183—

23 187.
eg. NRB). were affected by P, Adqlltlonal support f_or (30) Nardelli, J.; Thiesson, D.; Fujiwara, Y.; Tsai, F. Y.; Orkin, S. Bfv.
the conclusion that Pt can alter the function of structural zinc- Biol. 1999 210, 305-321.

(31) Yamamoto, M.; Ko, L. J.; Leonard, M. W.; Beug, H.; Orkin, S. H.; Engel,
binding domains comes from in vitro experiments demonstrating 3.D. Genes De. 1990 4 1650-1662.

that PB* alters the DNA-binding activity of a synthetic Spl  (32) Patient, R. K.; McGhee, J. [Curr. Opin. Genet. De. 2002 12, 416-
peptide, recombinant human Sp1, and TFIH&L 3 422.

) ) ) - ) 3) Molkentin, J. D.J. Biol. Chem200Q 275 38949-38952.
Likewise, studies on a peptide from the HIV nucleocapsid (34) McBride, K.; Nemer, MCan. J. Physiol. Pharmacok001, 79, 673-681.
. i . . . . 35) Durocher, D.; Nemer, MDev. Genet.1998 22, 250-262.
protein, which contains a CydisCys zinc site (HIV-CCHC), (36 Charron, F.; Nemer, Msemin. Cell De. Biol. 1999 10, 85-91.
revealed that Pb not induce the Znh-stabiliz tructur (37) Weiss, M. J.; Yu, C.; Orkin, S. HMol. Cell. Biol. 1997, 17, 1642-1651.
K do.es . 0 u e. . stabilized s LIC': ure 38) Weiss, M. J.; Orkin, S. HProc. Natl. Acad. Sci. U.S.A995 92, 9623~
required for RNA binding, thus providing an explanation for 9627.

i i inc-hindi in’ i (39) Pevny, L.; Simon, M. C.; Robertson, E.; Klein, W. H.; Tsai, S. F.; D’Agati,
the dls;rlig)tlon of_the structurgl zinc-binding domain’s a_c_t|V|ty Ve Oin S T Costanting, ENture 1601 349, 357260
by PZ+.1° In addition to showing that Pb does not stabilize (40) Tsai, F. Y.; Orkin, S. HBlood 1997, 89, 3636-3643.
; ~ (41) Kumano, K.; Chiba, S.; Shimizu, K.; Yamagata, T.; Hosoya, N.; Saito, T.;
the same Str”Cthe as Zn Godwin and co-workers measured Takahashi, T.; Hamada, Y.; Hirai, HBlood 2001, 98, 3283-3289.
the affinity of P for different types of structural zinc-binding  (42) Zhang, D. H.; Cohn, L.: Ray, P.; Bottomly, K.; Ray, A. Biol. Chem.
1997, 272, 21597-21603.

43) Zheng, W.; Flavell, R. ACell 1997, 89, 587-596.
(13) Lustberg, M.; Silbergeld, EArch. Intern. Med.2002 162 2443-2449. (44) Karis, A.; Pata, |.; van Doorninck, J. H.; Grosveld, F.; de Zeeuw, C. I.; de
(14) Cheng, Y.; Schwartz, J.; Sparrow, D.; Aro, A.; Weiss, S. T.; HuARh. Caprona, D.; Fritzsch, Bl. Comput. Neurol2001, 429, 615-630.

J. Epidemiol.2001, 153 164-171. (45) Pandolfi, P. P.; Roth, M. E.; Karis, A.; Leonard, M. W.; Dzierzak, E.;
(15) Simons, T. JEur. J. Biochem1995 234, 178-183. Grosveld, F. G.; Engel, J. D.; Lindenbaum, M. Nat. Genet1995 11,
(16) Millar, J. A,; Battistini, V.; Cumming, R. L.; Carswell, F.; Goldberg, A. 40—-44.

Lancet197Q 2, 695-698. (46) Dasen, J. S.; O'Connell, S. M.; Flynn, S. E.; Treier, M.; Gleiberman, A.
(17) Erskine, P. T.; Senior, N.; Awan, S.; Lambert, R.; Lewis, G.; Tickle, I. J.; S.; Szeto, D. P.; Hooshmand, F.; Aggarwal, A. K.; Rosenfeld, MC&l

Sarwar, M.; Spencer, P.; Thomas, P.; Warren, M. J.; Shoolingin-Jordan, 1999 97, 587-598.

P. M.; Wood, S. P.; Cooper, J. Blat. Struct. Biol.1997, 4, 1025-1031. (47) Molkentin, J. D.; Tymitz, K. M.; Richardson, J. A.; Olson, E. Mol.
(18) Hanas, J. S.; Rodgers, J. S.; Bantle, J. A.; Chengyid. Pharmacol. Cell. Biol. 200Q 20, 5256-5260.
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Figure 1. Amino acid sequences of human GATA-1-DF (DF) and chicken GATA-1-CF (CF) are presented as schematics. The human GATA-1-NF (NF)
is represented by the labeled solid line underneath its corresponding finger in the DF schematic. The human GATA-1-CF finger is representedebly the lab

solid line underneath its corresponding finger in the DF scheme. The CF fingers from the chicken and human species are 86.4% Rigriitald from

ref 76.

plays critical roles in healthy cardiac developm&in addition
to regulating development of a healthy heart, GATA-4 plays
vital roles in the development of cardiac hypertrophy, the

has a Cys-%—Cys-X;7—Cys-X,—Cys amino acid sequence.
Zn?* coordinates in a tetrahedral geometry to the four cysteines
and induces the domain to fold into the GATA structure of an

development of a diseased heart, and stress response in thl-terminal base of irregulaf sheets followed by an helix

heart>3-63 |nterference with these activities by lead could

and an extended loof:"* NMR studies of the C-terminal

account for many of the symptoms associated with lead domain from chicken GATA-1 revealed that zinc’'s ability to

poisoning and would explain recent evidence that moderate Pb

bind in a tetrahedral fashion is essential to GATA secondary

exposure is associated with a greatly increased rate of cardio-structure’® This structure shows that the first two cysteines are

vascular diseas®.

located in the N-terminal base of the domain, and the second

Each of the six vertebrate GATA proteins features two tandem two cysteines are in the helix such that when Zf binds to

GATA domains, termed the N-terminal GATA finger (NF
domain) and the C-terminal GATA finger (CF domain) and
collectively known as the double GATA finger (DF), that bind
to DNA (Figure 1)?526:316469 Each of the two GATA fingers

(53) Tan, F. L.; Moravec, C. S.; Li, J.; Apperson-Hansen, C.; McCarthy, P. M;
Young, J. B.; Bond, MProc. Natl. Acad. Sci. U.S.£2002 99, 11387
11392.

(54) Levin, E. R.; Gardner, D. G.; Samson, W.I{. Engl. J. Med1998 339,
321-328.

(55) Kitta, K.; Clement, S. A.; Remeika, J.; Blumberg, J. B.; Suzuki, Y. J.
Biochem. J2001, 359, 375-380.

(56) Yanazume, T.; Hasegawa, K.; Wada, H.; Morimoto, T.; Abe, M.;
Kawamura, T.; Sasayama, $.Biol. Chem2002 277, 8618-8625.

(57) Kerkela, R.; Pikkarainen, S.; Majalahti-Palviainen, T.; Tokola, H.; Rusko-
aho, H.J. Biol. Chem2002 277, 13752-13760.

(58) Liang, Q.; De Windt, L. J.; Witt, S. A.; Kimball, T. R.; Markham, B. E;
Molkentin, J. D.J. Biol. Chem2001, 276, 30245-30253.

(59) Morisco, C.; Seta, K.; Hardt, S. E.; Lee, Y.; Vatner, S. F.; Sadoshima, J.

J. Biol. Chem2001, 276, 28586-28597.

(60) Pikkarainen, S.; Tokola, H.; Majalahti-Palviainen, T.; Kerkela, R.; Hautala,
N.; Bhalla, S. S.; Charron, F.; Nemer, M.; Vuolteenaho, O.; Ruskoaho, H.
J. Biol. Chem2003 278 23807-23816.

(61) Kitta, K.; Day, R. M.; Kim, Y.; Torregroza, |.; Evans, T.; Suzuki, Y.JJ.
Biol. Chem.2003 278 4705-4712.

(62) Kim, Y.; Ma, A. G.; Kitta, K.; Fitch, S. N.; Ikeda, T.; lhara, Y.; Simon, A.
R.; Evans, T.; Suzuki, Y. Mol. Pharmacol.2003 63, 368—377.

(63) Aries, A.; Paradis, P.; Lefebvre, C.; Schwartz, R. J.; NemeRidc. Natl.
Acad. Sci. U.S.A2004 101, 6975-6980.

(64) Arceci, R. J.; King, A. A.; Simon, M. C.; Orkin, S. H.; Wilson, D. Blol.
Cell. Biol. 1993 13, 2235-2246.

(65) Kelley, C.; Blumberg, H.; Zon, L. I.; Evans, Developmentl993 118
817-827.

(66) Laverriere, A. C.; MacNeill, C.; Mueller, C.; Poelmann, R. E.; Burch, J.
B.; Evans, T.J. Biol. Chem.1994 269 23177-23184.

(67) Suzuki, E.; Evans, T.; Lowry, J.; Truong, L.; Bell, D. W.; Testa, J. R.;
Walsh, K.Genomics1996 38, 283-290.

these residues in tetrahedral geometry, it controls the orientation
of the a helix with respect to th@ sheets? CD spectroscopy
revealed that Cd can replicate the Zi—stabilized structure
of the N-terminal domain of murine GATA-1, and DNA-binding
studies reveal that Cb can also replicate the DNA-binding
activity of GATA-1-CF7273 Fe* and Cd™ both stabilize the
binding of GATA-1-CF to DNA, while MA™ does nof3

No studies have been reported to date between GATA and
the toxic metal lead (P1). Here, we report the affinity of Pb
for the C-terminal domain of chicken GATA-1 and the double-
finger domain of human GATA-1 (henceforth referred to as CF
and DF; see Figures 1 and 2) measured through spectroscopi-
cally monitored metal-binding and metal-competition experi-
ments. CF and DF were chosen for this study because there
exists a body of structural, DNA-binding, and metal-binding
data that will facilitate determination of the relevance of GATA
proteins to lead poisoning. For CF, the structure was previously

(68) Morrisey, E. E.; Ip, H. S.; Tang, Z.; Lu, M. M.; Parmacek, M. [¥v.
Biol. 1997, 183 21-36.

(69) Morrisey, E. E.; Ip, H. S.; Lu, M. M.; Parmacek, M. Bev. Biol. 1996
177, 309-322.

(70) Omichinski, J. G.; Clore, G. M.; Schaad, O.; Felsenfeld, G.; Trainor, C.;
Appella, E.; Stahl, S. J.; Gronenborn, A. Bciencel993 261, 438-446.

(71) Kowalski, K.; Czolij, R.; King, G. F.; Crossley, M.; Mackay, J.J°?Biomol.
NMR 1999 13, 249-262.

(72) Mackay, J. P.; Kowalski, K.; Fox, A. H.; Czolij, R.; King, G. F.; Crossley,
M. J. Biol. Chem1998 273 30560-30567.

(73) Omichinski, J. G.; Trainor, C.; Evans, T.; Gronenborn, A. M.; Clore, G.
M.; Felsenfeld, GProc. Natl. Acad. Sci. U.S.A993 90, 1676-1680.
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Figure 2. Scheme depicts the thermodynamic possibilities for two metal
ions binding to a protein with two metal-binding sites with stoichiometric
stability constants; and,) identified. “A” refers to apo (metal-free) sites,
and “M” refers to metal bound to the site. A similar diagram pertains to
the situation where one metal is replacing a second metal, but A would be
replaced with M. The subscripts for the site occupancy markerg @y,

M1, My) refer to the site number; the subscripts in the stoichiometric stability
constants f1 and f3,) refer to the metal stoichiometry. The following
definitons are use#® 8 = overall stability constant= ([MLY")/
[MM™IILP); B2 = (IMLMVIMMILD); B2 = (ML [M™][LT?); ete.

determined by NMR? while for CF and DF, the DNA-binding

Materials And Methods

GATA Proteins. The sequences of recombinant chicken GATA-1-
CF protein (residues 15823, CF) and recombinant human GATA-
1-DF protein (residues 19817, DF) are provided in Figure "¢.CF
and DF were expressed and purified as previously descfigédfter
purification, the recombinant proteins are in their reduced apo-forms
and are>95% pure (single HPLC peak characterized by amino acid
analysis and N-terminal sequencing).

General Methods and Reagents Used in Metal-Binding Titra-
tions. To determine accurately the concentrations of CF and DF proteins
prior to binding ZA™ or P¥*, absorbance-monitored metal-binding
titrations and C#&" concentration analyses were performed as described
earlier® under an inert atmosphere in Teflon-stoppered quartz cuvettes
and recorded using a Cary 500 YVis—NIR spectrometer. All
nonmetal solutions used in the titrations were prepared with metal-
free reagents and water (milliQ water passed over Sigma chelex resin)
and were purged with Ar prior to being transferred into a Coy inert
atmosphere chamber (glovebox, 95% BP6 Hy). The following stock
metal solutions were stored in the glovebox and diluted for use as
titrants: PB* atomic absorption standard (Aldrich, 4.85 mM?Pln
1% HNG); Zn?* atomic absorption standard (Aldrich, 15.25 mMPZn
in 1% HCI). All titrations were performed under an inert atmosphere
in 100 mM bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane (bis-
Tris), pH 7.0. Reduced apo-GATA (CF or DF) was dissolved in
chelexed water immediately prior to titration without further reduction
and/or purification. The concentration of the GATA proteins used in
the titrations was calculated based on the absorption at 740 nm of an
aliquot of GATA solution in the presence of excess*C(ralculated
€742 nm= 944 Mt cm™* for Co**—CF, calculated74o nm= 2408 Mt
cm ! for Co?*,—DF).’6

constants have been measured for a number of DNA recognition Direct Pb?" Titrations and Pb2*/Zn?" Competition Titrations.

elementg3-75 Metal-binding constants have also been reported
for the interactions of Cd and Z#" with these construct¥.
The DNA-binding domains of GATA family members exhibit

high sequence similarity and functional experiments have shown

that the activities of the individual GATA-4 domains are similar
to those of GATA-1313366.77 As a result, the PH-binding
affinities for CF and DF reported herein can be used as the
basis for understanding the susceptibility of GATA proteins to
disruption by PB". We have determined that Phbinds to these
domains with high affinity and within an order of magnitude
of the affinity of Zr?* for these constructs. Moreover, Plis
able to displace Zt from CF and DF under physiologically
relevant conditions.

The biological significance of the ability of Pbto bind to
GATA would likely be brought about by modulation of the
GATA/DNA interaction in the presence of Ph as the metal-
binding site anchors the folding of the DNA-binding domain.
We have found that, in addition to the ability of Phto bind
to apo-GATA nearly as tightly as 2h, Pl is also able to
diminish GATA function. We have observed a decrease in DNA
binding by GATA when PB' is titrated into an in vitro gel
mobility shift assay for GATA-binding activity and an inhibition
of GATA-mediated transcription activation in a model yeast
system when P& is added to growing cell cultures.

(74) Trainor, C. D.; Omichinski, J. G.; Vandergon, T. L.; Gronenborn, A. M.;
Clore, G. M.; Felsenfeld, GMol. Cell. Biol. 1996 16, 2238-2247.

(75) Trainor, C. D.; Ghirlando, R.; Simpson, M. A. Biol. Chem200Q 275,
28157-28166.

(76) Ghering, A. B.; Shokes, J. E.; Scott, R. A.; Omichinski, J. G.; Godwin, H.
A. Biochemistry2004 43, 8346-8355.

(77) Morrisey, E. E.; Ip, H. S.; Tang, Z.; Parmacek, MJSBiol. Chem1997,
272 8515-8524.

3754 J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005

Reduced, apo-GATA~10—20 uM) was placed in a sealed cuvette,
and PB" atomic absorption standard was added{@.6nM, 0.1 molar
aliquots per CF and 0.2 molar aliquots per DF). An absorption spectrum
was collected after each addition of#Pluntil 2.5 molar equiv of PH

was added for CF or 5.0 molar equiv®hwas added for DF. A final
data point was obtained at saturation (8 molar equiv 8f Bbr GATA
metal-binding site). Z#t atomic absorption standard was then added
to the cuvette in 0.1 molar aliquots per CF or in 0.2 molar aliquots per
DF. To ensure that equilibrium had been reached, the cuvette was
incubated for 10 min at 37C after each addition (until the absorption
spectrum ceased to change). After addition of lead, aliquots &f Zn
were added for purposes of competition until approximately 5 molar
equiv of Zri*™ was added per CF or 10 molar equiv was added per DF,
and the intensity of the charge-transfer bands was monitored by UV
vis spectroscopy after each addition.

Zn?t/Pb?" Competition Titrations. Reduced, apo-GATA protein
(~10-20 uM) was placed in a sealed cuvette, and?Zmatomic
absorption standard (0.01525 M) was added to the apo-GATA solution
in approximately 1.1 molar ratio per CF or in approximately 2.2 molar
ratio per DF. Initial additions of P titrant were in 0.1 molar aliquots
per CF or in 0.2 molar aliquots per DF, and?Pladditions continued
until 20—40 molar equiv of P was added per CF or DF or until the
solution pH dropped below 6.5. An absorption spectrum was collected
after each addition of Ph. To ensure that equilibrium had been reached
with each addition, the cuvette was incubated at°87 until the
absorption spectrum ceased to change (approximately 10 min).

Analysis of Absorption Data using Specfit/32 The metal-binding
data that were obtained from the titrations were analyzed using the
program Specfit/328 Specfit/32 calculates binding constants using a
binding model analyzed by factor analysis method in which all colored
species are included in the model. The affinities of*Mor bisTris

(78) SPECFIT is a product of Spectrum Software Associates and is owned solely
by the authors, Robert Binstead and Andreas Zuberbuhler.
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(P** log B1 = 4.3; Zr** log 81 = 2.4) were also included as known
values in the modeP

Gel Mobility Shift Assay. CF (25 nm) in a 1:1 complex with 2h
was incubated with 25 nm of' 52P-labeled DNA (Integrated DNA
Technologies, Inc., IA) in 50 mm Tris pH 7.0.6n sodium phosphate
pH 7.0, 0.125% NP-40, 2 mm EDTA, 2@y/mL poly(dl-dC), and 10%
glycerol. The DNA was 5end-labeled withy-(32P)ATP using T4
polynucleotide kinase (New England Biolabs, MA) according to the
manufacturer’s instructions. The sequence of the DNA used Was 5
AGCTTCGGTTGCAGATAAACATTGAATTCA-3. PI?" was added
in increasing concentrations {@.5 um) and incubated with Zrfi—

CF at 25°C for ~5 min prior to addition of the DNA, the entire mixture
(PE?T, Zn?*™—CF, plus DNA) was incubated at 2% for a total of
~30 min.

The CF/DNA complexes were analyzed by 8% native gel electro-
phoresis in 10 mM Tris/10 mM HEPES pH 7.5 and 1 mM EDTA. The
gel electrophoresis was conducted in 10 mM Tris/10 mM HEPES pH
7.5 and 1 mM EDTA at 150 V, 4C. The 3-32P-labeled DNA was

detected using a Storm Phosphorimager (Amersham Biosciences, NJ).

The density of the bands was determined with the ImageQuant program
(Molecular Dynamics). The percent free DNA was calculatedds

(Dy + D), whereDsx is the measured density of the free DNA dbg

is the measured density of the bound DNA.

In vivo Binding of GATA to DNA in the Presence of P?t. A
“one-hybrid” assay for binding of the CF to DNA was constructed using
a commercial system (Clonetech “Matchmaker”) by integrating four
repeats of a GATA-binding site into the promoter of a LacZ reporter
gene on a yeast integrating plasmid (pLacZi). This construct was
integrated intoSaccharomyces cersiae according to the supplier's
protocol. The CF cDNA was fused in-frame with the yeast Gal4
activation domain in the expression plasmid pGAD424. When this
expression plasmid is introduced into yeast carrying the GATA-LacZ

reporter gene, it activates expression of LacZ as assayed by standard

B-galactosidase assdy$n a GATA site-specific manner. To test the
effect of PB* on GATA-mediated LacZ expression, yeast bearing the
GATA-LacZ reporter and the CF/GAL4 activation domain vector were
grown to saturation in small overnight cultures. One milliliter of this
starter culture was added to 50 mL of minimal yeast growth media
containing increasing amounts of #band grown to prelog phase
culture conditions (8 h to overnight) until the culture density gave an
absorbance at 600 nm of 6-8.0. At this point, cells were harvested
and assayed fgf-galactosidase activity by monitoring hydrolysis of
the colorigenic substrate-nitrophenylgalactoside (ONPG). Activities
reported are absorbance at 420 nm per minute of assay time, normalize
to the initial cell culture density. For comparison, yeast bearing the
expression pGAD53m, a control plasmid which expresses the GAL4
activation domain fused to the mouse p53 protein, along with a p53/
LacZ reporter (control plasmids supplied by Clonetech), were also
grown and treated in the same manner by addition éf Bhd assayed

for f-galactosidase activity.

Results
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Figure 3. (A) Absorption spectra collected during a®Hitration of DF
(11 M) in 94 mM bisTris, pH 7.0, show leagthiolate bands that increase
in intensity as PB" coordinates to cysteines in the DF metal-binding sites.

&imilar data for CF are provided in the Supporting Information. (B) Molar

absorptivity spectra of Pth,—DF (thick dark line), half of P ,—DF (thin
gray line), and P —CF (dashed line) are shown. (C) Comparison of
calculated fits (lines) to observed data (circles/squares) at 335 nm%or Pb
titrations of DF (11uM) (®) and CF (18.7«M) (m). For the DF titration,
the fit obtained using the 2:1 PYDF model (solid linePF3,Pb > 5.0 x
107 M~?) is quantitatively and qualitatively superior to that obtained using
a 3:1 PBY/DF model (dashed lindFB:Pb > 9.2 x 10?7 M~3).

263 and 336 nm for DF. Representative data from &"Pb

Direct Pb*" Titrations. PE** coordination to CF and DF titration of DF are shown in Figure 3A. The spectra of CF and
can be monitored directly through intense ultraviolet bands that pr saturated with Pg are shown in Figure 3B. These direct
emerge as P coordinates to cysteines in the Zrinding  p+ titrations were used to determine the stoichiometric ratio
§|te, which arise from a comblngtlon of charge-transfer tranS|- of PI?* complexes with CF and DF. Pb saturates CF at 1
tions (between mlxe_d s and p_orbltals_ \_N'th both metal a_md ligand molar equivalent. Lead binds too tightly to the cysteines in these
cha+racter) a_nd F:P |ntraatfm|c_tran3|t|_o ns (F.ib 6s orbital to sites to obtain a binding constant from the direct titration of
;fseBiFr)\tggttaagéngs ;Fi)e:r gf[rggaf ;2? 3e?it5h$1rmcf|;rog:FD ';n d an2+; only a lower limit for the binding constant can be obtained

*rom this experiment. Using a 1:1 model to fit the absorption
data from PB" titrations of CF yielded the lower limit for Pbh—
CF affinity of CF8FPb > 2.5 x 10° M~1. A comparison of the fit
to data for a representative Phtitration of CF is shown in
Figure 3C. PB" saturates DF between 2.0 and 2.4 molar equiv.
To determine whether Pbis binding to DF in a 2:1 stoichio-

(79) Scheller, K. H.; Abel, T. H. J.; Polanyi, P. E.; Wenk, P. K.; Fischer, B. E.;
Sigel, H.Eur. J. Biochem198Q 107, 455-466.

(80) Rose, M. D.; Winston, F.; Heiter, Methods in Yeast Genetics: A
Laboratory Course ManualCold Spring Harbor Laboratory Press: Cold
Spring Harbor, NY, 1990.

(81) Claudio, E. S.; Magyar, J. S.; Godwin, H. Rrog. Inorg. Chem2003
51, 1-144.
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(A) 25000 fit using a model in which a Pth—DF-Zré+ species is explicitly
included. Given that the NF and CF can bind metal indepen-
20000 7n dently/¢ both the spectrum of Pb—CF and one-half of the
8 spectrum of Pb,—DF (PPF/,) were used as the basis spectra
£ 15000 for PP"—DF-Zr?t in this model. These two different basis
] spectra were used in order to test the possibility that Znight
% 10000 preferentially displace Pb from either the NF or CF sites, in
2 which case the Pb—CF basis spectra would differ in fit from
% 5000 that of PRPF/,) if there were a spectroscopically detectable
distinction between sites. Although both basis spectra yielded
0 good fits to data and produced the same values of the

290 310 330 350 370 390
Wavelength (nm)

equilibrium constants, plots of model error versusfdgr each
basis spectra revealed that only thé'PbCF basis spectra were

(B) 14000 able to fit _th_e collected data to a u_nique determined val_ue.
_ 16000 However, it is not clear whether this is due to preferential
E 12000 - displacement of P& from the NF site or if the Z#1" ion in
£ 10000 IR P?*—DF/Zr?* alters the absorption spectrum of 2PbDF/
> 4000 Zn2* from that of PB*™—DF. A comparison of the calculated
g 8000 000 fit to observed data for this model is depicted in Figure 4B.
T 6000 4000 This model yields relative binding ratios for the following#®b
2 4000 - and Zr#* DF species:PF3,PP3PF3,20 = 0.10 ancPFB,PbZ 3,22
5 = 0.40. Using the previously determined affinity of Znfor
S 2000 DF (PFB,2"2 = 6.3 x 10?° M~2),76 these binding ratios were

0 converted to the following stability constant8F3,°°2 = 6.3

0 5 10 15 20 (:|:63) x 10 M—2 and DFﬁZszn =25 (:|:13) x 1020 M2,
Molar Equivalents Zn?* per [GATA] Zn?t/P?* Competition Experiments. To determine whether
o+ . ) : .

Figure 4. (A) Absorption spectra collected during aZrtitration of DF PE* could dls_p_lace Ztr from these Slte_S unde'_' phys_lologlcally
(11.0 «M) in 94 mM bisTris, pH 7.0 at 37°C and the presence of  relevant conditions, the reverse experiments in which Rias
approximately 16 molar equiv of Pbrelative to the amount of DF present.  ysed to displace 2 from CF and DF were also performed. A
(B) Comparison of calculated fits (lines) to observed data (circles/squares) ot ; ;
at 335 nm for PEH/Zn?* titrations of DF (11xM) (@) and CF (16.5:M) calculatfd titration +usmg parameters obtained fror%i*;n’frward
(m). Inset: curves calculated assuming each™Riinds five times more (th? .PB —CF., PB*>—DF ba_5'§ spectra) and P#Zn* com-
tightly than best fit values (dashed line above best fit line) and five times petition experiments (the affinity constants forPPICF and DF

less tightly than best fit values (dashed line below best fit line) are shown Species) reasonab'y reproduced the observed titration data. (See
at low equivalents of PB. These curves do not reproduce the data as well

as the best fit (solid line) for each set of data and suggest th# #%8;,"° Supportlng Informatlon.) Furthermore, the;e parameters pro-
and B2"p27° ratios (3.1 and 10, respectively) obtained from the best fits Vided a good estimate of the amount ofZulisplaced by P&
are robust. (~17% of Zr*T-GATA finger replaced by PI-GATA finger

. . . o for the total concentration of GATA fingers in solution, 1 GATA

metric ratio or Whet_her_a third weakly bOL_deF’hJon is present, finger for CF and 2 GATA fingers for%F at 2 301 Pz
the data from P¥ titrations of DF were fit to both 2:1 and 3:1 ; : higher Pbc - 3'940 |
models. Comparison of fits to data for the two models provided con(_:er}tratlog{?tlo) at Ilg errt oln cent][a(taloAr_llisA( motar
in Figure 3C shows that the collected spectra are best fit by the equivalents 2+per mo gr equivalent o o constru.ct).
2:1 P#*—DF model. This fit yielded the lower limit for Pty,— Effect of Pb®* on In vitro GATA/DNA Binding. Having
DF affinity of PF3,Pb > 5.0 x 1017 M2, established the ability of Pb to bind to CF and to displace

Pb?*/Zn2+ Competition Experiments. The absolute affinities Zn?* as the bound cofactor when present in sufficient concen-
of P+ for CF and DF were determined through metal- trations, we asked whether lead binding might have implications

competition experiments in which the displacement cFrty for the GATA/DNA interaction. This was assessed by chal-
Zn?* was monitored by the resulting decrease in thé*Pb  lenging the ZA"—CF/DNA complex by addition of excess
derived absorption bands. TheseHEn2+ competition experi- amounts of PH" and assaying for DNA binding in a standard

ments yielded relative binding ratios for the two metals that g€l mobility shift assay. Consistent with the results described
were converted to the absolute affinity of2or the CF and ~ above that a large excess of?Plis able to invade a Z1—CF

DF using the ZA* affinities for each domaif® Representative  holoprotein and displace Zh from a fraction of the available
data collected from the competition experiment are provided Zn*"—CF protein, addition of a large (between 25- and 100-
for DF in Figure 4A. The data from CF competition experiments fold) excess of Pt partially prevents formation of a CF/DNA
fit well to a model that included a colored 1:1%b-CF species ~ complex (Figure 5). This effect on DNA binding suggests a
and the noncolored 2A—CF species. A comparison of Possible mode of biological and toxicological action ofPb
calculated fit to observed data for a representative titration fit that by being able to displace bound?ZnPt?* subsequently
using this model is included in Figure 4B. This model yielded inhibits the ability of the protein to bind to DNA.

CFBPEICFRZN of 0.32 for CF, which was converted to an absolute  Effect of Pb?" on Transcriptional Activation in Yeast. To
PB** affinity of CFAPP = 6.4 x 10° M1 using the previously  further probe the effects of Pbon the GATA/DNA interaction
reported affinity for Z&™ (°F4Z" = 2.0 x 101°M~1).76 The data in a cellular context, a yeast system was exploited in which
obtained from DF PH/Zn?" competition experiments were best GATA binding to DNA promotes transcription of the LacZ gene,
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Figure 5. Gel mobility shift assay of GATA incubated with lead. (A)
Change in mobility of AGATA DNA when incubated with 2h—CF treated

with a varying concentration of lead. Lane 1, ssDNA; 2, dsDNA;+3,
Zn?*—CF, 0 nM PB*; 4, + Zn?*—CF, 25 nM PB*; 5, + Zn?*—CF, 625

nM PI?*; 6, + Zn?*—CF, 1.25uM Pk?*; 7, + Zn?"—CF, 2.5uM PB?*. In

all experiments$?P-labeled AGATA DNA and ZA"—CF were both at 25

nM. Positions of the free probe and CF/DNA complex are shown. (B) Plot
of percentage-free DNA over the range of lead concentrations. Densities

2500

of the free and complexed signals in A were measured using ImageQuant.

which can be monitored conveniently using an assay for
f-galactosidase activity. Transcriptional activation in this system
is dependent on a functional CF domain fused to the yeast GAL4
transcription activation domain and on the presence of consensu
GATA-binding sites in the promoter driving LacZ expression.
Addition of PI#*" in growing cultures of these cells results in
inhibition of 5-galactosidase activity, as judged by measurement
of formation of yellow o-nitrophenol by hydrolysis ofo-
nitrophenylgalactoside substrate. Wheri'Plvas added to 100
uM in the liquid culture medium in the GATA-activated system,
f-galactosidase activity was reduced to about 50% of that
observed in the absence ofPI§Figure 6). In contrast, addition

of PB?* to control yeast bearing the p53/GAD activator protein
and p53-drive LacZ reporter gene resulted in minimal loss of
activity over the range of Pb added. The p53 DNA binding
activity provides a useful comparison as p53 possessesa Cys
His Zr"™ site that is also essential for DNA bindifgs3

However, lead-binding studies on model systems predicted that

the CysHis site of p53 should be less sensitive to?Pthan
the Cys site in GATA proteins'® The results observed for this
system (that the p53-mediated transcription is not altered at

(82) Cho, Y.; Gorina, S.; Jeffrey, P. D.; Pavletich, N. P.; CellularSBience
1994 265 346—355.

(83) Pavletich, N. P.; Chambers, K. A.; Pabo, CG&nes De. 1993 7, 2556~
2564.
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Figure 6. [-Galactosidase (LacZ) activity in yeast cells was assayed by
ONPG hydrolysis in permeablized cells. Activities were determined for yeast
expressing LacZ by GATAN) or by p53 (control;a) mediated promoter
binding. Measurements are replicates of four (GATA) or three (p53) separate
cultures for each concentration of ?bgiven as activity normalized to
culture density, relative to activity in the absence of addetf Rs 100%.
Error bars represent standard error for each set of data.

concentrations of P that result in a significant decrease in
GATA-mediated transcription) are consistent with the idea that
PE?* exhibits an inherent thermodynamic preference for,Cys
zinc sites.

Addition of PF" to a concentration of 100¢M was observed
to dramatically reduce yeast growth rate and thus appeared to
have more general effects on endogenous yeast proteins as well
as the GATA transgene (data not shown). Analysis of washed
yeast pellets from Pi-grown cultures by ICPMS reveals that
the yeast accumulate Phin a dose-dependent fashion (see
Supporting Figure 43¢ Taken together with the spectroscopic
and gel shift analyses described above, the yeast one-hybrid
experiments suggest that the ability of?Plo interfere with
normal Zri*-bound GATA is due to an equilibrium competition
between the two metal ions for the GATA metal-binding sites.

Discussion

Given recent evidence that Pbprefers cysteine-rich zinc-
binding sites in proteins and the observation that'Piffects
many processes that are regulated by GATA proteins, including
neurological development and cardiovascular disease, the Cys
Zn?* sites of GATA proteins are a logical potential target for
PB?*. Here, we have conducted rigorous metal-binding studies
on two GATA constructs, the C-terminal GATA finger from
chicken GATA-1 (CF) and the double-finger domain from
human GATA-1 (DF), to address the following questions. (1)
Does PB" form tight complexes with the cysteines in the zinc-
binding sites of GATA? (2) What is the stoichiometry of the
Pt complexes with the CF and DF constructs? (3) I1$Pb
able to displace Zt from these sites under physiologically
relevant conditions? (4) Does Pbinteract with GATA in a
biologically significant way by affecting DNA binding?

The interaction of PH" with CF and DF was monitored
spectroscopically using intense bands that emerge &5 Pb
coordinates to the cysteines in the GATA zinc-binding sité"Pb
binds to CF in a 1:1 stoichiometric ratio, the same as that
observed for C&" and Zr#+.7278 PI?* saturates DF between 2
and 2.4 molar equiv of Pb to DF. Given that P®™ has been

(84) Deo, S. Investigations into the molecular mechanisms of lead toxici§. Pb
sensors and the effects of Pbon gene expression. Ph.D. Thesis,
Northwestern University, Evanston, IL, 2002.
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Table 1. Binding Constants for Pb?* and Selectivity over Zn2* initial experiments suggested minor roles for the NF domain of
(p17117) for Several Structural Zinc-Binding Domains (pH 7.0) GATA-1, such as stabilizing binding at certain sites and
single zinc X b interacting with protein partnef8.8°subsequent work showed
" 1 Pl -1 Zn -1 Zn Pl . . . . .
sites ypeofste  ATMT) AWM A refs the NF domain is required for GATA-1DF binding at a subset
ggggﬁg gy;_l o 2163 x igi g-gx igi 291-034 113 22;1 of GATA sites known as GATApal* Additionally, the NF
- ysHisCys 1.3x A x , . 1 hi
CP-CCHH  CysHis,  50x 1° 18x 104 9 10, 24 QOmaln of G_ATA 1 binds stably to GATC DNA elements and
HIV-CCHC CysHisCys 3.3x 10° 1.4x 1010 43 19, 24 interacts with these GATC elements as part of the DF
CF Cys 6.4x 10° 2.0x10° 3.1  this paper domain?47590.91Fyrthermore, the NF domain in the GATA-
: 1-DF was shown to modulate the DNA binding and trans-
double zinc . . d hat of the CE d - | .
ites ypeofste AP SEMY) BB activation comﬂarﬁ to that o ed (.)mamf ao;e,b:n
oF Cys  63x10° 63x10° 10 this paper conjunction with the composition and spacing of a double

observed to form stable trigonal thiol complexég>86 the
possibility of a third PB" binding weakly to DF was considered.
However, the data collected from Phtitrations of DF could
not be fit well to a 3:1 model (see Figure 3C), whereas a 2:1
model provided an excellent fit to these data wWifiB,"°2 >
5.0 x 10 M2,

The absolute values of the stability of Plcomplexes with

GATA DNA site, such that the GATA-1DF domain has its
own binding and transactivation profile not characteristic of a
single CF domairf>°! Evidence that the effects of the NF
domain in modulating the CF domain in DF domain action are
physiologically relevant is provided by rescue experiments in
GATA-1 knockout mice in which the DF domain of GATA-1
was absolutely required for definitive red blood cell production
while the CF domain of GATA-1 rescued only the very earliest
stages of red blood cell developméatGiven that both the NF

CF and DF were determined through competition experiments and CF domains of GATA-1 are important for proper function,

in which Zr*t was used to displace bound #bfrom the
domains. The CF data fit well to a model that included 1:1
P*™—CF and ZAT—CF species and yielded as the absolute
affinity of ©F3,P>= 6.4 (&2.0) x 10° M~ for PI?* binding to
CF. The DF data were best fit by a model that explicitly included
both 2:1 PB*—DF and a 1:1:1 P—DF/Zr®" species and
yieldedPFB,PP2 = 6.3 (6.3) x 10 M~2 andPFB,PbZn = 2.5
(£1.3) x 10P°° M2,

These experiments show that while 2Pbdoes not form
complexes with CF or DF as tightly as Zn P?™ does bind
with high affinity to both these domain§f3,2" = 2.0 (£1.3)

x 1000 M1 ys CFB PP = 6.4 (£2.0) x 10° M1, andPFp,2" =
6.3 (£2.5) x 1020 M2 vs DFB,Pb = 6.3 (+:6.3) x 10 M~2),
The high affinity of PB* for CF, given by°F3,Pb = 6.4 (£2.0)

x 10° M~1, is within the range of values reported for other
structural zinc-binding domains by Godwin and co-workers
(see Table 1). For example, the?Pk CF affinity is on the same
order of magnitude as the affinity of Pbreported for the HIV-
CCHC nucleocapsid protein, given h{V-CCHCR.Pb = 3 0 x
1® M~L1¥The affinity of PG for both CF and the HIV-CCHC
domain is~3—4 orders of magnitude lower thgh? = 2.6 x
10' M~1 reported for the model peptide CP-CC&CThis

this further suggests that Phcould interfere with GATA action
even if only one ZA" was displaced from GATA.

To confirm that tight PB" binding to CF and DF corre-
sponded to Pb having the ability to displace Zn from these
domains, the reverse of the above competition experiment was
performed in which Ph was titrated into the Zt-bound
GATA constructs. In this series of experimentsZPivas able
to displace Z&", and the resulting absorption spectrum ceased
to change within minutes at 37C. This result indicates that
metal exchange occurs on a physiologically relevant time scale.
Although Zr?t is the thermodynamically preferred metal for
both CF and DF, P still displaces a significant percentage
of Zn?* from GATA sites for both constructs~17% PB*-
GATA finger per total number of GATA sites, i.e., 1 GATA
site for CF and 2 GATA sites for DF, at a 30:1 PlZn?t
concentration ratio). These data suggest that GATA proteins
are likely targets for P& particularly in tissues in which Pb
is sequestered (e.g., the brain and the héanfy.

If GATA zinc-finger domains are indeed targets of?Pb
toxicity in vivo, it would be necessary for the interaction of
P> with the protein to perturb the biological function of normal
GATA proteins, presumably either by impeding GATA's ability

observation is consistent with the observation that the consensuso bind DNA or, once bound, by abrogating its transcription

peptides typically bind Co and Zr#+ more tightly than peptides

activation function, or both. The NMR-derived structure of the

that correspond to naturally occurring sequences with the sameC-terminal domain of chicken GATA-1 showed that the metal-
metal-binding residues, presumably this reflects the fact that binding cysteines must assume a tetrahedral coordination
the metal-binding site of the consensus peptides is, by definition, geometry to stabilize the discrete GATA secondary structure.
“optimized” 247087 Despite forming tight complexes with CF and DF,2Pks

The fact that the 1:1:1 Pb—DF/Zr?* species is required  unlikely to stabilize the same conformation of GATA domains
for a good fit indicates that metal binding can occur at the two
sites independently, which is in good agreement with the results (90) Newton, A.; Mackay, J.; Crossley, M. Biol. Chem2001, 276, 35794
from previous metal-binding studies using?Cand Zrf*.” For 91) Srando, . Trainor, C. 0, Biol Chem200q 275, 28152-28156
GATA-1, the CF domain is both necessary and sufficient for (92) Shimizu, R.; Takahashi, S.; Ohneda, K.; Engel, J. D.; YamamotENIBO
DNA binding and transactivation at GATA sité%888%Although 3. 2001 20, 5250- 5260.

(93) National Research Coundilleasuring Lead Exposure in Infants, Children,
and Other Sensite PopulationsNational Academy Press: Washington,

(85) Bridgewater, B. M.; Parkin, Gl. Am. Chem. So@00Q 122, 7140-7141. D.C., 1993.
(86) Busenlehner, L. S.; Weng, T. C.; Penner-Hahn, J. E.; Giedroc, D. P. (94) Williams, B. J.; Hejtmancik, M. R., Jr.; Abreu, NFed. Proc.1983 42,
Mol. Biol. 2002 319 685-701. 2989-2993.

(87) Krizek, B. A.; Amann, B. T.; Kilfoil, V. J.; Merkle, D. L.; Berg, J. Ml.
Am. Chem. Sod 991 113 4518-4523.

(95) Singh, N. P.; Thind, I. S.; Vitale, L. F.; Pawlow, M. Lab. Clin. Med.
1976 87, 273-280.

(96) Evis, M. J.; Dhaliwal, K.; Kane, K. A.; Moore, M. R.; Parratt, J.Rch.
Toxicol. 1987 59, 336-340.
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because PY is unlikely to assume the regular tetrahedral 10° M~ andP3,P"2= 6.3 (£6.3) x 10*° M~2) with the Cys-
coordination geometry required for GATA foldirig0.71.81.8586 rich Zré* site in GATA proteins, with one P ion binding to

In several cases that have been investigated previously, Pb each native Z#" site. In addition, we demonstrated that?Pb
has been shown to bind tightly to structural zinc-binding can displace Z# from these sites under physiologically relevant
domains, but not promote proper folding and activity of the conditions to disrupt GATA/DNA interaction. Given that#b
protein. Godwin and co-workers used NMR and CD spectros- exhibits different coordination geometries than doe¥'Zit is

copy to demonstrate that the bHIV-CCHC had a structure  |ikely that the PB" inhibits GATA function by altering the
different than that of Z#r-HIV-CCHC.!*® PI7*-based disruption  structure of the zinc-binding domains. Because of the modular
of the DNA-binding activity of the structural zinc-binding  nature of the composite GATA-DF domain, Phreplacement
domain has also been observed for recombinant human Spl angf zn2+ at a single site as observed here would be expected to
TFIIA, both of which contain a Cygis; zinc-finger do-  ajter action of full-length GATA proteins in the tissues in which
maini821P* has been found to alter the DNA-binding activity they are active. Therefore, we propose that*Plwould have

of these proteins in other ways as well; Zawia and co-workers he most deleterious effects upon the activity of GATA proteins
report that PB" can actually stimulate binding of a synthetic i those tissues that are known to accumulate significant amounts
Sp1 peptide to DNA! Here, when P was added to a solution ot pip+ jn vivo. Given the important role that GATA proteins
containing apo-CF, no shift was observed in the methyl 5y in neurological development and hematopoeisis, these data
resonances of the 1BH NMR spectrum and no increase was suggest that the effect of Pbon GATA-mediated gene
obs_erved in the chemical shift dispersion of the amide_ proton expression in developing organisms needs to be explored. In
region of the spectrurfl. The lack of these changes, which do ,jqition the accumulating evidence that GATA-4 is essential

occur upon addition of zirié and are generally considered to cardiac hypertrophy and the development of heart disease

indicative of metal binding in structural zinc-binding pep- : .
suggest that GATA-4 should be investigated as a target for Pb
tides?8-100 suggests that Ph—CF is not folded in solution. act%gn in the heart in adults g g

Taken together, these studies show th&tRiound to structural
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