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sodium dodecyl sulfate; 2ME, 2-mercaptoethanol; HEPES, 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid.
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SUMMARY
We examined the effects of various metal ions on the DNA-
binding activity of the glucocorticoid receptor. Electrophoretic
mobility shift assays demonstrated that the sequence-specific
DNA binding activity of the receptor was decreased by metal
ions in a dose-dependent fashion. The most potent inhibitor
was Au(l). Cu(ll), Cd(ll), and Zn(ll) were, in that order, less potent
as inhibitors, whereas Fe(lll), Al(lll), and Mg(ll) had no apparent
effect. The inhibitory actions of metal ions were efficiently coun-
teracted by the sulfhydryl reducing reagents 2-mercaptoetha-
nol and N-acetyl-L-cysteine, indicating that metal ions interfere
with the DNA binding activity of the glucocorticoid receptor

through modification of sulfhydryl groups in the receptor mol-
ecule. Modification of sulfhydryls by metals seems to involve
neither disulfide bond formation nor permanent destruction of
the GR protein and is reversible. We also show that metal ions
inhibit glucocorticoid-inducible gene transcription in vivo, pre-

sumably by interfering with the interaction between the glu-
cocorticoid receptor and cognate DNA target sequences. In
summary, these data demonstrate that metal ions are capable
of modulating glucocorticoid receptor mediated intracellular
signalling pathways.

Inorganic substances are primary components of several
intracellular communication networks. Among them, transi-
tion metals contribute significantly to complex regulatory

circuits within cells (1). For instance, a plethora of metals
have been implicated in the regulation of expression of genes
involved in respiration, metabolism, metal-specific ho-

meostasis, and stress response systems (2). The notion that

metals are likely to be involved in the regulation of expres-

sion of broad classes of genes has attracted much attention

and provides new insights into biological, physiological, and

pharmacological properties of metals. In fact, besides the
traditional therapeutic uses of metal compounds, metal
chemistry has a continuing role in the discovery of new drugs
(3). For example, the lanthanide ions, which are suggested to

have the ability to catalyze the hydrolysis of mRNA (3), may
play a key role in developing novel antisense drugs when

conjugated to oligonucleotides.

Glucocorticoids have been widely used in the treatment of
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conditions that involve inflammation and other immunolog-

ical disorders (4). However, glucocorticoid therapy is fre-

quently limited by severe side effects, which often leads to

discontinuance of the therapy. It has not yet been possible to

separate major therapeutic effects from undesirable side ef-

fects. Because glucocorticoids exert most of their effects

through specific, ubiquitous intracellular receptors, differen-

tial regulation of GR function could contribute to reduce the

incidence and severity of glucocorticoid-related side effects.

The human GR is a member of the nuclear hormone receptor

superfamily. After ligand binding, the members of this pro-

tein family are capable of regulating target genes after inter-

acting with specific DNA sequences and thus function as

ligand-inducible transcription factors (5-8). After cloning

and functional analysis of the receptors, GR and the other
members of the family have been shown to have a modular

organization with at least three major functional domains: a

carboxyl-terminal hormone binding domain, an amino-termi-

nal domain involved in transactivation, and a central DBD.

The DBD of the GR, which is sufficient for selective interac-
tion with GREs, contains nine cysteine residues, eight of

which are suggested to form two so-called zinc finger motifs

with each finger coordinating one zinc atom. The zinc atoms

in the DBD ofthe receptors have been shown to play a critical
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role in specific DNA binding (9, 10) and correct folding of the

DBD (11). Some metals were previously reported to interact

with the GR (9, 12-14). We have described how gold can
negatively modulate the DNA binding, transactivation, and

transrepression function of the GR, and the target for the
suppressive effects of gold is postulated to be cysteine resi-

dues within the GR protein (15, 16). Metal ions may thus be
capable of posttranslational modification of GR function and
may be possible regulators of glucocorticoid action.

To extend our understanding of the mechanism of metal

action on GR-mediated signal transduction, we investigated
the effects of various metal ions on GR function in conjunc-
tion with sulfhydryl modifying reagents. In this study, we
demonstrated that some metal ions, including Au(I), Cu(II),
and Cd(II), can negatively regulate the sequence-specific
DNA binding activity of GR and that the negative effects of

those metal ions were reversed by either 2ME or NAC. More-

over, glucocorticoid-inducible gene activation was inhibited
by these metal ions, presumably through interference with

productive GR-DNA interaction.

Materials and Methods

Cell culture. The GR-expressing Chinese hamster ovary cell line

CHO-pMTGR was originally developed and kindly provided by Dr.
Stefan Nilsson, Karo Bio, Huddinge, Sweden (17). In brief, CHO-K1
cells were stably transfected with the full-length GR expression
vector under the control ofthe metallothionein gene promoter. These
cells express full-length GR in amounts of 300,000-500,000 mole-
cules per cell (17). The cells were maintained in Ham’s F-12 medium

supplemented with antibiotics and 10% FCS in the presence of

cadmium and zinc ions to a concentration of 40 �.LM. One day before
each experiment, the medium was replaced with metal-free serum-
containing Ham’s F-12 medium (GIBCO Laboratories, Grand Island,
NY). COS-1 cells were supplied by Japan Cancer Resource Bank and

were maintained in Dulbecco’s modified Eagle medium, supple-
mented with 10% heat-inactivated FCS and antibiotics. In all exper-
iments, serum steroids were stripped with dextran-coated charcoal,

and cells were cultured in a humidified atmosphere at 37#{176}with 5%
CO2.

Metal reagents. We used these reagents as sources ofmetal ions:

Au(I), sodium aurothiomalate (Aldrich, Milwaukee, WI); Cu(II),

CuCl2; Cd(II), CdCl2; Zn(II), ZnSO4; Fe(III), FeCl3; Al(III), Al2(S04)3;
Mg(II), MgCl2 (Wako Pure Chemical, Tokyo, Japan). Note that nei-

ther sodium thiomalate nor malate influences GR DNA binding and
GR-mediated gene expression (15, 16).

Plasmids. The reporter constructs MTV-CAT and z�MTV-CAT
(18), and the various expression plasmids coding human GR deny-
atives have been described elsewhere (18-20) and were kindly pro-

vided by Dr. R. M. Evans (Salk Institute, La Jolla, CA). GREtkCAT
(21), which was originally named PRE-PBL7 and contains two ne-

peats of a 23-base pair GRE/progesterone response element ofthe nat
TAT gene, was obtained from Dr. B. O’Malley (Baylor College of

Medicine, Houston, TX) through Dr. H. Oshima (National Institutes

ofHealth, Bethesda, MD). mGREtkCAT, in which wild-type GREs in
GREtkCAT were exchanged with mutant GREg, was also obtained
from Dr. H. Oshima (22). The pCAT-Contnol vector was obtained
from Promega (Madison, WI). The �-galactosidase expression plas-

mid pCH11O (Pharmacia LKB Biotechnology, Uppsala, Sweden) was
used as an internal control for transfection efficiency.

Preparation of whole cell extract and partial purification
ofGR. CHO-pMTGR cells were homogenized in buffer containing 10
mM TrisHCl, pH 7.8, 1 mM EDTA, 10% glycerol, and 0.4 M NaC1. The

homogenates were centrifuged at 100,000 X g for 1 hr at 4#{176},and the
resulting supernatants were used as crude whole-cell extracts (23).

ppGR was prepared from CHO-pMTGR whole-cell extract essentially

as described by Cairns et al. (24). Briefly, whole-cell extract was
prepared in the presence of molybdate and chnomatognaphed
through a phosphocellulose column. The flow-through material was

then applied th a DEAE-sepharose column and the absorbed mate-
nial was eluted with 200 mist NaC1. Salt and molybdate were removed

from the pooled, eluted material by chromatography on Sephadex

G-25. After transformation at 25#{176}for 60 mm, the receptor fraction
was further purified by fast protein liquid anion-exchange Mono Q
chromatography(Pharmacia LKB Biotechnology). Fractions contain-
ing receptor were identified by ligand binding and specific DNA

binding assays. These fractions contained 10-20% pure receptor and

were used for protein-DNA interaction experiments.
Purification of a recombinant DNA DBD of the GIL The GR

DBD, spanning Lys-419 to Gln-501 of the human GR (25), was
overexpressed using the plasmid pT7-7 in the E. coli strain

BL21[DE3]/pLysS. Bacteria were grown at 37#{176}in Luria broth me-

dium containing 1% casamino acids, 1% glucose, 100 j.tg/ml ampicil-
lin, and 30 �.tg/ml chloramphenicol to an A600 = 0.6. Expression of

the recombinant protein was induced with 0.2 mM isopropyl f3-D-

thiogalactopyranoside for 2 hr. The cells were resuspended in lysis

buffer (50 mM TrisHCl, pH 7.5, 1 mM EDTA, 0.5 M NaCl, 10%
glycerol, 1 mM DTT, 1 mM PMSF, 1 pg/ml leupeptin, and 10 �tg/ml

trypsin inhibitor), and deoxycholic acid was added to a final concen-

tration ofO.05%. The lysate was centrifuged at 39,000 x g for 30 mm.

Polyethylenimine was added to the clarified lysate to a final concen-

tration of 0.2%, and the nucleic acid precipitate was removed by

centnifugation at 39,000 x g for 30 mm. The lysate was then treated
with ammonium sulfate to 70% saturation. The precipitate was

collected by centrifugation, and resuspended in 50 mr�t TrisHC1, pH

8.0, 50 mM NaCl, 1 mM EDTA, 5 mM DTT, 1 mM ZnSO4, 1 mM PMSF,

1 �.tg/ml leupeptm, and 10 p.g/ml trypsin inhibitor; it was then dia-
lyzed against the same buffer. The dialyzed lysate was loaded onto a

CM-sepharose column (Pharmacia LKB Biotechnology) and eluted
with a linear NaC1 gradient in 20 mM phosphate buffer, pH 7.6 with
150 mM to 1 M NaCl and 1 mM DTT. The eluted protein was loaded

onto a Hiload Superdex 75 prep-grade fast protein liquid chromatog-
raphy column (Pharmacia LKB Biotechnology) and eluted with 20

mM phosphate buffer at pH 7.6 with 150 mM NaCl and 1 mivt DTT.

The eluted protein was dialyzed against 50 mM TnisHCl, pH 7.4, 50

mM NaC1, and 1 m�t DTT for storage. The protein was characterized

by Western blot analysis using the anti-human GR DBD antibody
and electrophoretic mobility shift assays using a 32P-labeled oligo-

nucleotide that encompassed a GRE.

SDS-PAGE and Western immunoblot analysis. 1.5 p.g of pro-

tein was mixed 1:1 with nonreducing 2 x sample buffer (20% v/v
glycerol, 4.6% w/v SDS, 0.125 M TnisHCl, pH 6.8) or reducing 2 x
sample buffer (+ 20 mrvt DTT). Samples were then heated to 100#{176}for

2 mm and subjected to electrophoresis through 15% polyacrylamide

gels according to the method of Laemmli (26) at 150-200 V, followed

by Coomassie blue staining. Prestained molecular weight markers
(Bio-Rad laboratories, Hercules, CA) were used as standards. For
immunoblotting, ppGR and GR DBD were separated by 8% and 15%

SDS-polyacrylamide gels, respectively. They were then electrically

transferred to a nitrocellulose filter and probed with anti-human GR
antibody PA1-512, a polyclonal rabbit antiserum raised against a

synthetic peptide spanning human GR amino acids 346-367 (Affinity
Bioreagents, Neshanic Station, NJ), or anti-human GR DBD anti-
body, a monoclonal antibody raised against a peptide fragment en-

compassing amino acids 393-500 of the human GR (27) (kindly
provided by Dr. Ann-Charlotte WikstrOm, Department of Medical

Nutrition, Karolinska Institute, Sweden), respectively. Antigen-an-
tibody complexes were detected by the Prot Blot system (Promega)
according to the manufacturer’s instructions.

EMSA. EMSA was carried out as previously described (15).
Briefly, double-stranded oligonucleotide probes were end-labeled

with [a-32P]dCTP (Amersham, Buckinghamshire, UK) using the Kie-
now fragment of DNA polymerase I (TaKa.Ra, Kyoto, Japan), and

unincorporated nucleotides were chromatographically removed by a
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Nick column (Pharmacia LKB Biotechnology). ppGR (usually 10 ng
ofprotein per reaction) was incubated with 0.2 ng of32P-labeled GRE

oligonucleotide probe (approximately 20,000 cpm) in a 20-pi reaction
mixture containing 5 mM HEPES, pH 7.9, 60 mM KC1, 2.5 mM EDTA,

2.5 mrvi MgCl2, 10 mM spermidine, 0.25 mM DTT, 10% glycerol, and

100 ng poly(dI-dC) (Pharmacia LKB Biotechnology) for 15 mm on ice.

Radioinert competitor DNA was included when indicated. The reac-

tion mixture was loaded onto a 4% nondenaturing polyacrylamide

gel containing 0.25 x Tris/boratefEDTA solution (1 x = 89 m�i
Tris-borate, 89 mM boric acid and 2 mM EDTA). The gels were run at

350 V for 2 hr and were then dried. Results were visualized by
autoradiography. The sequence of the oligonucleotide encompassing

GRE is: 5’-CGAGTAGCTAGAACAGACTGTTCTGAGG-3’. For

quantitation, the radioactivity of appropriate bands was counted

using a BAS2000 phosphorimage analyzer (Fuji Film, Minamiashi-
gara, Japan).

Transfection and CAT assays. Transient transfections were

performed as previously described (28). Briefly, cells were plated in

plastic culture dishes (10-cm diameter; IWAKI Glass, Funabashi,

Japan) to 30-50% confluency, washed with phosphate-buffered sa-
line three times; the medium was then replaced with OPTI-MEM
medium (GIBCO Laboratories). Plasmid cocktail was mixed with 30

pJ of Lipofectin reagent (GIBCO Laboratories) and added to the
culture. After 12 hr of incubation, the medium was replaced with

fresh medium supplemented with 2% dextran-coated, charcoal-

stripped FCS, and the cells were further cultured in the presence or

absence of various ligands for 24 hr. After normalization of transfec-

tion efficiency from determination of �-galactosidase expression,

CAT enzyme activity was determined essentially as previously de-
scribed (28). For quantitation, the radioactivity ofrelevant spots was

counted using a BAS2000 phosphorimage analyzer (Fuji Film).

Results

Metal ions inhibit the sequence-specific DNA bind-

ing activity of ppGR. To investigate the effect ofmetal ions

on GR DNA binding we prepared ppGR from CHO-pMTGR

cells (see Materials and Methods). EMSA using this ppGR

showed a single class of DNA-protein complex (Fig. 1). This

complex was shown to be GRE-specific, because the forma-

tion of the complex was competed with by addition of a molar
excess of radioinert GRE oligonucleotide but not by an oligo-

nucleotide containing an unrelated DNA sequence motif (Fig.

1). In the experiments, to achieve maximum DNA binding

activity of ppGR, 0.25 m�i DTT was included in the binding

buffer (data not shown). Preincubation of ppGR with various
metal ions resulted in a concentration-dependent inhibition

of GR-GRE complex formation (Fig. 2A). Quantitative anal-
ysis of the effects of these metal ions on GR-GRE complex

formation demonstrates a possible correlation between the
inhibitory effect and the affinity for thiols (29): Au(I) showed

the most potent inhibitory effect, followed by Cu(II), Cd(II),

Zn(II), and Fe(III) (Fig. 2B). Al(III) and Mg(II) had no appar-

ent effects (Fig. 2B). The effect ofmetals on GR DNA binding

was unaltered in the presence of Fenton reagents (FeCl2, 10

,.tM; EDTA, 10 p.M; H2O2, 1 mM) (30), which indicates that an

oxidative or free radical reaction is not likely to be involved
(data not shown). The kinetics of the inhibitory action of
Au(I) is shown in Fig. 3. Simultaneous addition ofboth Au(I)

and probe DNA to ppGR (preincubation time: 0 mm) resulted
in a significant reduction in the amounts of protein-DNA

complexes; this inhibition effect nearly reached plateau at
15-30 mm preincubation of GR protein (Fig. 3). Notably, the

DNA binding activity of ppGR remained suppressed even

after dialysis of metal-treated ppGR to remove metals before

1 2 3 4 5 6 789101112

Fig. 1. Sequence-specific DNA binding activity of ppGR. Increasing
amounts of ppGR (2.5, 5, 10 ng of protein per lane, respectively) were
incubated with 32P-labeled GRE-oligonucleotide probe in the absence
(lanes 2-4) or the presence (lanes 5-9) of a molar excess of radioinert
competitor DNA (1-, 1 .25-, 2.5-, 5-, 10-, and 20-fold molar excess,
respectively), and specific protein-DNA complex formation was ana-
lyzed by EMSA. A 20-fold molar excess of nonspecific competitor DNA
(AP-1 or Spl) was included as indicated. AP-1 or Spl represent syn-
thetic oligonucleotides encompassing the binding sites for the tran-
scription factor AP-1 or Spl , respectively (lanes 1 1 and 12). Filled
arrowhead, position of specific protein-DNA complexes; open arrow-
head, position of free probe.

A
(-) Au (I) Cu (II) Cd (II) Zn (U) Fe (III) Al (Ill) Mg (II)

� � � � � �

IN�
B

1 2 3 4 5 6 7 8 9 1011121314151617181920212223242526272829

Fig. 2. Metal ions repress the sequence-specific DNA-binding activity
of GR. A, 10 ng of ppGR were incubated with 1 , 1 0, 100, and 1000 �M

metal ions (indicated) for 30 mm on ice and mixed with the 32P-Iabeled
GRE oligonucleotide probe. Formation of protein-DNA complexes was
monitored by EMSA and visualized by autoradiography. Lane 1, control
radioactivity. Experiments were repeated three times with almost iden-
tical results; a representative experiment is shown. B, Quantitative
analysis of the results from A. The radioactivity of the corresponding
bands was quantified by a BAS 2000 phosphorimage analyzer. All
results are shown as means of percentages of the control values.

incubating with probe DNA (data not shown), which suggests

that metals act directly on the GR protein rather than on the

DNA. Western blot analysis of metal-treated ppGR demon-
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Fig. 4. ppGR protein levels are not affected by treatment with metal
ions. The ppGR was incubated with 100 p.M of the indicated metal ions
for 60 mm on ice, and ppGR immunoreactivities were determined by
Westem immunoblotting using anti-human GR antibodies. Arrowhead,
position of GR.
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Fig. 3. Time-course of the inhibitory effect of Au(l) on GR-GRE com-
plex formation. ppGR was incubated with 100 �.tM Au(l) on ice and
aliquots were transferred to tubes containing 32P-labeled GRE probe at
the indicated time. After an additional incubation for 15 mm on ice,
formation of protein-DNA complexes was analyzed by EMSA. Radio-
activity was quantified by a BAS 2000 phosphorimage analyzer. The
results are given relative to the radioactivity of the complex formed
before addition of Au(l) and shown as percent of the control.

strated that these metal ions do not induce apparent alter-
ations either in the molecular weight or in the amount of the

GR protein (Fig. 4), which suggests that GR degradation is

not responsible for the decreased DNA binding activity. Im-

portantly, neither malate nor thiomalate significantly af-
fected GR DNA binding activity (data not shown) (15, 16).

Sulfhydryl modifying reagents reverse metal-medi-

ated inhibition of GR DNA binding. Because metal ions
with thiol affinity inhibited the sequence-specific DNA bind-

ing activity of the GR, we next investigated how sulfhydryl-

modifying reagents influence this inhibitory effect of metal
ions. After preincubation of ppGR with relevant metal ions

for 30 mm, various concentrations of the sulthydryl reducing
reagent 2ME or the cysteine derivative NAC was added and

the DNA binding activity of ppGR was assayed by EMSA.
2ME (Fig. 5A) and NAC (Fig. 5B) reversed the metal-medi-

ated inhibition of DNA binding activity of the GR in a dose-

dependent fashion. Neither 2ME alone nor NAC alone
seemed to have an effect on GR-GRE complex formation
(data not shown). In summary, the data indicate that metal
ions exert their inhibitory action via a reversible modification

of suithydryls in the GR protein.
The GR DBD is a target for negative modulation by

metal ions. The DBD of the GR is sufficient for specific
interaction with GREs (20, 31) and it has been shown to be
one of the targets for repression of DNA binding activity by

(-)

suithydryl oxidizing reagents (32-34). To investigate

whether metal-mediated inhibition of DNA binding involves

the DBD, we performed EMSA using a minimal DBD of the

receptor, GR DBD. GRE-specific DNA binding by GR DBD
was, as in the case of ppGR, negatively effected by preincu-
bation with metal ions (Fig. 6). Inhibition ofthe DNA binding

activity of the GR DBD by metal ions was restored by 2ME
and/or NAC (data not shown). These results indicate that

negative modulation of GR function by metal ions, is medi-
ated, at least in part, via reversible modification of DBD.

Metal-mediated repression of GR DNA binding does

not involve disulfide bond formation. Disulfide bond

formation in GR DBD by sulfhydryl-oxidizing reagents has
been suggested to cause a significant decrease in the DNA

binding activity (34). We therefore examined by SDS-PAGE
whether disulfide bonds are formed in metal-treated GR
DBD. As shown in Fig. 7, SDS-PAGE analysis of GR DBD

followed by Coomassie staining revealed two bands. The

slower migrating band was identified as GR DBD by im-

mune-clearance experiments using anti-human GR DBD an-

tibody-conjugated protein A sepharose beads (Fig. 7A). Non-
specific human IgG-conjugated beads precipitated neither

the slower nor the faster migrating band (lane 2). In addition,
the anti-GR DBD antibody exclusively recognized the slower

migrating band with a molecular mass of 13 kDa (Fig 7A),

thus the slower migrating band is GR DBD and the faster

migrating band is a GR-unrelated product derived from E.

coli. The difference in migration pattern of proteins on dena-
turing polyacrylamide gels under reducing (+DTT) and non-

reducing (-DTT) conditions is considered to be diagnostic of

the formation of disulfide bonds (35, 36). Treatment of GR

DBD with 0. 1-5 mrs� diamide, which is a potent inducer of

disulfide bond formation, altered the migration pattern when

resolved on nonreducing SDS-PAGE (Fig. 7B); the bands

representing monomeric form of GR DBD became diffuse,

and the formation of polymeric GR DBD became apparent
with increasing concentrations of diamide. These changes in

migration pattern were not seen in reduced SDS-PAGE anal-

ysis (Fig. 7B). In contrast, the faster migrating GR-unrelated

bands were not affected by treatment with diamide. Thus, it

is suggested that diamide did not induce the aggregation of
proteins but intra- and/or intermolecular disulfide bond for-

mation in GR DBD. In contrast with diamide, pretreatment

with 100 �M Au(I), the most potent metal in inhibiting GR

DNA binding, caused no remarkable change in the migration

pattern of GR DBD under reducing or nonreducing condi-
tions (Fig. 7B). This suggests that Au(I)- or metal-mediated

inhibition of DNA binding by GR DBD does not involve

disulfide bond formation, which affects protein migration

pattern in the gel.
Metal ions suppress glucocorticoid-inducible gene

expression through the interference with GR-GRE in-

teractions. Possible effects of metal ions on glucocorticoid

hormone action in vivo were investigated in transient trans-
fection experiments. COS-1 cells were transfected with the

wild type GR expression vector pRShGRa and various glu-

cocorticoid-inducible reporter constructs, and incubated in

the presence or absence of dexamethasone and metal ions as
indicated (Table 1). The reporter construct MTV-CAT is a

hybrid gene in which the well-known glucocorticoid inducible

promoter from the MMTV is inserted in front ofthe CAT gene

(18). Incubation with 100 nr�t dexamethasone produced a
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Fig. 6. Metal ions repress the sequence-specific DNA-binding activity
of the recombinant DBD of GR. 50 ng of GR DBD was incubated with
1 , 1 0, and 100 pM metal ions (indicated) for 30 mm on ice, and mixed
with 32P-labeled GRE probe. Formation of protein-DNA complexes was
monitored by EMSA and visualized by autoradiography. Experiments
were repeated three times with almost identical results; a representa-
tive result is shown. Open arrowhead, free probe; filled arrowhead,
protein-DNA complex.

17.4-fold induction of cellular CAT activity, indicating that

the expressed GR is functional. Au(I) (100 j.tM) significantly

decreased the dexamethasone-induced activation of the

MMTV promoter by 42% (17.4- to 7.3-fold). In parallel with

the results of the DNA binding experiments, Cu(II) showed

weaker reduction of hormone induction. Cd(II) seemed to

cause cell toxicity and was excluded from the study. Zn(II)

and other metal ions showed only marginal effects even at

100 jtM.

To further investigate the mechanism ofthe negative effect

of metal ions on hormone responsive gene transcription, we

performed transfection assays using wild-type and mutant

glucocorticoid-inducible reporter constructs and the most po-

tent negative modulator Au(I) (Table 2). The expression of

�MTV-CAT, a reporter plasmid lacking the hormone re-

sponse unit of MTV-CAT (18), was not activated by dexa-

methasone and no repressive effect ofAu(I) was observed. On
the other hand, treatment with dexamethasone markedly

induced expression of GREtkCAT, in which two tandem re-

peats of a palindromic GRE are linked to the thymidine

kinase promoter driving the CAT gene (22) (26.0-fold), and

moreover, Au(I) repressed hormone induction of CAT expres-

sion (26.0- to 9. 1-fold). Mutations in both of the GREs in

GREtkCAT to give the construct mGREtkCAT (22) com-
pletely abolished both the hormone induction response and

the Au(I)-mediated repression. These results strongly sug-

gest that Au(I) negatively modulates the productive interac-

tion between GR and its cognate DNA sequences. Notably,

Fig. 5. 2ME and NAC counteract the repression
of GR DNA binding activity by metal ions. 10 ng of
ppGR were incubated with 100 �M metal ions (in-
dicated) for 30 mm on ice and was further incu-
bated with increasing amounts of 2ME (A) or NAC

_______ (B) for 30 mm, after which 32P-labeled GRE probe
was added. After an additional incubation for 15
mm on ice, formation of protein-DNA complexes
was analyzed by EMSA. For quantitative analysis,_______the radioactivity of the bands was quantified by a
phosphorimage analyzer. The bands that repre-
sent the formation of complex between untreated
ppGR and GRE probe served as control; all results
are shown as means of percentages of the control
values.

Au(I) did not affect the expression of the pCAT-Control Vec-

tor, which constitutively expresses CAT under the control of

the SV4O promoter and enhancer sequences (data not

shown), indicating that Au(I) has no effect on the basal ac-

tivity ofthis promoter. In summary, the antagonistic effect of

Au(I) on glucocorticoid inducible gene expression was specific

for GR-GRE interactions both in vitro and in vivo.

Au(I)-mediated repression of glucocorticoid-induc-

ible gene expression occurs independent of ligand-

inducible activation of GR. To investigate the effect of

Au(I) on the ligand-inducible function of GR, we studied the
influence ofAu(I) on the transactivation function ofwild type

GR and a GR-deletion mutant lacking the hormone binding

domain. When the expression vector encoding wild-type GR,

pRShGRcr, was cotransfected with GREtkCAT, dexametha-

sone dramatically activated CAT expression and Au(I) mark-

edly repressed the hormone induction response (Fig. 8). As

expected, cotransfection of the constitutively active GR mu-

tant 1550*, which has a deletion ofthe ligand binding domain

of GR (18-20), showed hormone-independent activation of

transcription of the reporter genes. Au(I) also inhibited this

ligand-independent activation of gene expression, which in-

dicates that negative regulation by Au(I) occurs indepen-

dently of the presence of ligand.

Discussion

Glucocorticoid hormones are known to modulate gene ex-

pression after binding to their receptor, the GR, which there-

fore acts as a hormone-dependent transcription factor. Here

we show that metal ions, possibly through a modification of

sulfhydryls in the GR, reversibly inhibit the specific DNA

binding activity ofthe GR, resulting in negative regulation of

the hormone responsiveness of target genes.

In addition to genetic alterations ofthe GR protein (13, 37,

38), posttranslational modification of the GR protein may

constitute an important mechanism for regulation of glu-

cocorticoid responsiveness in vivo. The majority of previous

reports focused on the effects of posttranslational modifica-

tion on GR function with regard to ligand binding activity

and/or nonspecific binding to DNA-cellulose, using nonphysi-

ological inorganic chemicals as effectors (32-34, 39-42). The

metals that we used in this study exist endogenously as trace

elements, are frequently taken as drugs, and/or occur in the

environment as pollutants. We showed that metal ions in-

cluding Au(I), Cu(II), and Cd(II) inhibit the specific binding

of the GR to GRE target sequences. In the first series of

experiments, the GR was partially purified from CHO-

pMTGR cell extracts. Because purified GR is known to be a
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Fig. 7. Au(l) causes neither intra- nor intermolecular disulfide bond formation in the GR DBD (DBD). A, SDS-PAGE and Westem blot analysis of
GR DBD. Lanes 1 and 2, 1 .5 �.tg of GR DBD was pretreated with anti-human GR DBD antibody- (lane 1) or nonspecific human lgG- (lane 2)
conjugated protein A sepharose beads. After centrifugation of the mixture, the supernatant was analyzed by SDS-PAGE, followed by Coomassie
blue staining. Lane 3, Western blot analysis of the GR DBD using the anti-human GR DBD antibody. Arrow, position of the GR DBD. The numbers
refer to the sizes of the reference proteins in daltons. B, 3.0 �.tg of GR DBD was incubated without (lane 1) or with increasing amounts of Au(l) (lane
2, 1 �M; lane 3, 10 �.tM; and lane 4, 1 00 ,.�M) or diamide (lane 5, 0.1 mM; lane 6, 1 mM; and lane 7, 5 mM) for 30 mm on ice. Half of each sample
was mixed 1 :1 with nonreducing sample buffer and half with reducing sample buffer containing 200 mM DII. The samples were analyzed by
SDS-PAGE (1 5%) followed by Coomassie blue staining. Numbers on the left, sizes of reference proteins in daltons; open arrowheads, positions
of polymeric protein forms.

TABLE 1 TABLE 2
Repression of hormone responsiveness of the MW-CAT by
metal ions

Mw-cAT plasmid (5 gig) was cotransfected into COS-1 cells with 5 ng of the
wild-type GA expression vector pAShGAa. The cells were cultured in the pres-
ence of dexamethasone (100 nM) and/or 100 jiM of the indicated metal ions for
24 hr; cell extracts were then prepared for CAT enzyme assay. Transfection
efficiency was monitored by the (3-glaactosidase activity of the reference plasmid.
For quantitation, radioactivity of each spot was quantitated using a phosphorim-
age analyzer; results expressed as percent are conversion of chloramphenicol
into its acetylated forms. Experiments were repeated twice with almost identical
results; mean values are presented.

Effect of Au(l) on glucocorticoid-inducible reportor gene
expression

The indicated reporter constructs (5 jig each) were cotransfected into COS-1
cells with 5 ng of wild-type GA expression plasmid pAShGA a, and the cells were
cultured in the absence or presence of dexamethasone (1 00 nM) and 100 jiM of
Au(l) as indicated for 24 hr and cellular CAT activity was determined. For quan-
titation, radioactivity of each spot was counted using a phosphorimage analyzer;
the results are expressed as percent conversion of chloramphenicol into its
acetylated forms. Experiments were repeated twice with almost identical results;
mean values are presented.
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A B
Nonreducing

Conversion t0 acety lated forms
Induction

-dexamethasone +dexamethasone

% fold
Control 2.2 38.3 17.4
Au(I) 2.1 15.5 7.3
Cu(ll) 2.2 27.6 12.3
Zn(ll) 2.1 38.8 16.9
Fe(lll) 2.1 37.9 17.9
Al(lll) 2.1 38.0 18.1
Mg(Il) 1.8 35.2 18.5

ligand-independent regulator (43), it is not likely that metal
ions inhibited the process of activation or promoted reasso-

ciation with factors inhibiting activation, e.g., hsp90. The

purified DNA binding form of the GR is recovered as a ho-

modimer (43; data not shown); thus, inhibition of receptor
dimerization is not likely to be involved in the mechanism of

action of metal ions. In addition, dialysis of metal-treated
ppGR to remove free metals did not affect the metal-medi-

ated repression of DNA binding activity of the GR, which
indicate that metals do not affect the DNA. Therefore, the
most plausible model is that metal ions act directly on the GR

protein to interfere with its interaction with the GRE. More-

I 2 3 4 5 6 7

Converison t 0 acetylated forms
Induction

- dexamethasone + dexamethasone

% fold
Au(I)

MN-CAT -

+

2.2
2.1

38.3
15.5

17.4
7.3

�MW-CAT -

+

2.0
1.9

2.4
2.5

1.2
1.3

GREtkCAT -

+

1.9
1.8

49.4
16.4

26.0
9.1

mGREtkCAT -

+

2.0
2.1

2.2
2.4

1.1
1.1

over, the inhibitory effect of metal ions on the GR DNA

binding activity did not appear to be due to destruction of the
GR protein, as assessed by Western blot analysis or the

reversibility ofthe inhibitory action. Thus, metal ions seemed

to affect functional properties of the GR.
Au(I), Cu(II) and Cd(II) have a high affinity for sulfhydryl

groups (29). Based on their thiolate coordinating chemistry

(44), it is suggested that these metals may interact with

sulihydryls in the GR as thiolate ligands. The observation

that the repressive effects of these metal ions were efficiently

antagonized by the sulfhydryl reducing reagents 2ME and
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Fig. 8. The ligand-binding domain is not required for Au(l)-mediated
repression of GA transactivation function. Glucocorticoid-inducible
GREtkCAT reporter construct (5 p�g) was transfected into COS-1 cells,
without (columns 1-4) or with (columns 5-8) wild-type GA expression
vector pAShGRa, or with the ligand binding domain-deleted GA ox-
pression vector 1550* (columns 9-12). Cells were incubated with 100 n�i

dexamethasone (DEX) and 100 �.tM Au(I) as indicated for 24 hr; cellular
CAT activities were determined. For quantification, the radioactivity of
each spot was counted using a phosphorimage analyzer; results are
expressed as percent conversion of chloramphenicol into its acetylated
forms for each reporter. Experiments were repeated twice with similar
results; mean values are presented.

NAC suggest a competition between 2ME or NAC and thiols

in GR for binding to these metals. To determine whether
these metals directly bind to the protein, in analogy with the
case for inhibition ofAP-1 DNA binding activity by Au(I) and

selenium (30), requires biophysical studies, i.e., atomic ab-
sorption analysis, nuclear magnetic resonance spectroscopy,

or X-ray crystallography, and biochemical identification of
responsible amino acids by mutational analysis, which are

now ongoing. Alternatively, metal ions may cause displace-
ment or removal of zinc atoms in the DBD and thereby alter

the function of this domain. However, zinc ions themselves
abolish the DNA binding activity of the GR when present in

excess, which shows that the mechanism for the inhibitory
action of metal ions can not simply be explained by displace-
ment or removal of zinc.

Sulfhydryl groups in the GR are included as part of cys-
teine residues. The human GR contains 20 cysteine residues,

concentrated in the central region spanning the DBD, and in
the carboxyl-terminal region spanning the hormone binding

domain (45). Numerous in vitro studies employing sulfhydryl

oxidizing reagents have shown that the conversion of free
sulfhydryls in cysteine residues to disulfides results in criti-
cal alterations in the function of each domain of the GR
(32-34, 41, 46, 47). In this study, disulfide bond formation is
shown not to be involved in metal-mediated inhibition of GR

DNA binding, and the modulation of sulfhydryls by metal
ions is suggested to be distinct from that by sulfhydryl-

oxidizing reagents. It has recently been reported that moth-

fication of critical cysteine residues in transcription factors,
for example, AP-1 (48, 49), NF-KB (49, 50), Myb (51), v-Rel

(52), BZLF1 (53), papilloma virus E2 protein (54), and p53
(55), results in alterations in their DNA binding activity in

vitro. Notably, the DNA binding activity of NF-scB (56) and
AP-1(30) are susceptible to metal ions with thiol affinity, as
is the case with our results. The other members of the nu-

clear hormone receptor superfamily may be affected by metal
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ions in a similar fashion, because the DBD of those receptors
is highly conserved (6). However, the inhibitory action of

n#{149} metal ions on transcription factors is not ubiquitous and
DEX - + � there seem to be differences in the sensitivity to metal ions

between transcription factors. In fact, DNA binding by AP-2,

TFIID, and NF-1 is less sensitive than that of AP-1(30), and

the difference in susceptibility is suggested to be caused by

the electrostatic environment of cysteine residues (30, 57).
We have also demonstrated that metal ions repress GR-

mediated gene activation in transient transfection assays

using a variety of glucocorticoid responsive reporter genes.
The rank order of the inhibitory action of metal ions in vivo
was similar to their inhibitory effect on DNA binding in vitro,

which indicates that the reduction in DNA binding activity
leads to a decrease in transactivation activity in vivo. Addi-

tionally, metal ions may inhibit ligand-dependent activation
ofthe GR, which is one ofthe key steps in signal transduction

by glucocorticoids in vivo. We have previously shown that
Au(I) partially decreases the ligand binding activity of the

GR in a whole cell assay (15). However, in the present study,
we have further demonstrated that Au(I) also interfered with

the ligand-independent transactivation function of 1550*, a
constitutively active GR mutant. Thus, it seems most un-
likely that Au(I) affects only ligand-GR interaction.

We only observed a rather modest effect of Au(I)-mediated

repression on the MMTV promoter when compared with the
inhibitory effect of Au(I) on the DNA binding activity. A

possible explanation for this discrepancy may be a difference
in the intracellular concentration of Au(I) versus the concen-

tration to which the GR is exposed under in vitro conditions.

Alternatively, as-yet-unidentified factors may be present in
the cell or the culture medium and may attenuate Au(I)

action. For example, thioredoxin has been suggested to be an
endogenous GR-activating factor (58) and also to facilitate

DNA binding by NF-�B (50); thus, still unidentified endoge-
nous factors may be involved in the metal-mediated regula-

tion of GR function in vivo.
The therapeutic concentrations of Au(I) in the sera of pa-

tients under crysotherapy are 10-50 p.M (59), and the hepatic

Cu(II) concentrations in patients with Wilson’s disease (60)
or the renal Cd(II) concentrations in intoxicated patients (61)
often exceed 100 ,.tM; thus, the concentrations of metals used
in this study may be clinically and/or pathologically attain-
able, and metal-mediated repression of cellular glucocorti-

coid responsiveness may be physiologically relevant. Exami-
nation of the hypothalmus-pituitary-adrenal axis activity in
patients under chrysotherapy or studies using GR extracted
from the liver of metal-fed animals may be helpful to verify
the physiological significance ofour observation. Intravenous

administration of NAC efficiently reversed the adverse he-
matologic reactions to gold compounds in patients with rheu-

matoid arthritis, suggesting that Au(I) is capable of modu-
lating sulfhydryls in vivo (62).

In summary, we have shown that metal ions can reduce the

DNA binding activity of the GR and inhibit receptor-medi-

ated activation of gene expression. In addition to the direct
effect on the interaction between GR and its target DNA
sequences, metal ions may also effect protein-protein inter-
actions between the receptor and other transcription factors

(63-66) or other cellular components, such as immunophilins
(67), calreticulin (68), or the RB protein (69). Moreover, it is

possible that metals may interfere with other zinc finger

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Heavy Metals and Gene Transcription 619

proteins and/or proteins in which the cysteine residues and

metals play pivotal roles for protein functions. At this mo-

ment, we have indicated a novel aspect of the roles of metal

ions in intracellular signalling pathways for glucocorticoids.

To investigate medical roles for metal-containing compounds,

it will be necessary to further investigate interactions be-

tween metal ions and cellular signal transduction cascades.
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