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ABSTRACT

The association of lead with chromatin in cells suggests that
deleterious metal effects may in part be mediated through
alterations in gene function. To elucidate if and how lead may
alter DNA binding of cysteine-rich zinc finger proteins, lead ions
were analyzed for their ability to alter the DNA binding mech-
anism of the Cys,His, zinc finger protein transcription factor IlIA
(TFIIA). As assayed by DNase | protection, the interaction of
TFIIA with the 50-bp internal control region of the 5S ribosomal
gene was partially inhibited by 5 uM lead ions and completely
inhibited by 10 to 20 uM lead ions. Preincubation of free TFIIIA
with lead resulted in DNA-binding inhibition, whereas preincu-
bation of a TFIIIA/5S RNA complex with lead did not result in
DNA-binding inhibition. Because 5S RNA binds TFIIIA zinc
fingers, this result is consistent with an inhibition mechanism

via lead binding to zinc fingers. The complete loss of DNase |
protection on the 5S gene indicates the mechanism of inhibition
minimally involves the N-terminal fingers of TFIIIA. Inhibition
was not readily reversible and occurred in the presence of an
excess of B-mercaptoethanol. Inhibition kinetics were fast, pro-
gressing to completion in ~5 min. Millimolar concentrations of
sulfhydryl-specific arsenic ions were not inhibitory for TFIIIA
binding. Micromolar concentrations of lead inhibited DNA bind-
ing by Sp1, another Cys,His, finger protein, but not by the
nonfinger protein AP2. Inhibition of Cys,His, zinc finger tran-
scription factors by lead ions at concentrations near those
known to have deleterious physiological effects points to new
molecular mechanisms for lead toxicity in promoting disease.

Xenobiotic metals such as cadmium, arsenic, and lead can
induce a variety of adverse physiological responses in rodents
and humans, including carcinogenesis, reproductive and de-
velopmental defects, nephropathies, and neuropathies
(Goyer, 1996). These effects are thought to be mediated
through metal ion-protein interactions of a variety of cellular
targets; in some cases, the metal ions are complexed with
certain proteins in detoxification mechanisms (Goyer, 1983,
1984). To aid in risk assessment and to help elucidate the
biochemical mechanisms for adverse effects of metal ions on
biological systems, it is important to identify potential pro-
tein targets for their toxic action and elucidate underlying
inhibitory mechanisms, including concentration dependence
and kinetics. Because cysteine amino acids in proteins are
highly reactive to electrophilic metal ions, proteins contain-
ing such residues are proposed to be primary targets for
metal ions, especially those in the heavy-element category
(Thomas and Wofford, 1983). An important class of cysteine-
rich proteins is the regulatory factors that contain Cys,His,
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zinc-binding domains first identified in transcription factor
IITA (TFIITA) and referred to as “zinc fingers” (Hanas et al.,
1983; Miller et al., 1985). TFIIIA binds the internal control
region (ICR) of the 5S ribosomal RNA gene and activates 5S
RNA synthesis by RNA polymerase III (Engelke et al., 1980).
Cysteine-rich zinc finger proteins are proposed to be cellular
targets for many xenobiotics, including metal ions, and are
possibly responsible for carcinogenic effects of metal ions
(Sunderman and Barber, 1988).

Mechanistic effects of arsenic and cadmium ions on zinc
finger structure were previously examined in two structur-
ally and functionally distinct proteins, the steroid hormone
receptor and transcription factor IITA (Simons et al., 1990;
Predki and Sarkar, 1992; Hanas and Gunn, 1996). Both of
these proteins are prototypes of transcription factor super-
families. Members of the hormone receptor family contain
two Cys,Cys, zinc-binding domains and members of the
TFIITA superfamily contain various numbers of Cys,His,
zinc-binding domains. Divalent metal ions such as cadmium
and arsenic ions display increased avidity for two closely
spaced thiols in a vicinal orientation (Joshi and Hughes,
1981). Arsenic(III) was found to inhibit both hormone and
DNA-binding functions of the estrogen receptor (Simons et

ABBREVIATIONS: TFIIIA, transcription factor A for RNA polymerase lll; Cys,, two cysteine amino acids; His,, two histidine amino acids; ICR,
internal control region; S, sedimentation constant; DNase |, deoxyribonuclease |; RNase A, ribonuclease A; SV40, simian virus 40; EMSA,

electrophoretic mobility shift assay; DTT, dithiothreitol.
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al., 1990). Significantly, micromolar amounts of arsenic in-
hibited hormone binding and millimolar amounts inhibited
DNA binding. The micromolar sensitivity to arsenic for hor-
mone binding is indicative of the disruption and necessity of
a vicinal thiol arrangement for this function. Cadmium ions
at micromolar amounts were found to be nondetrimental to
the DNA binding function of the steroid hormone receptor
and could replace zinc in the finger structure with no loss of
function (Predki and Sarkar, 1992). Micromolar concentra-
tions of cadmium ions were found to inhibit the DNA binding
mechanism of the prototypical Cys,His, zinc finger protein,
TFIITA (Hanas and Gunn, 1996).

Lead is the most common metal in the environment that
has known adverse effects on biological systems. Normal
blood lead levels in children and adults measure in the 0.1 to
0.2 uM range (Pirkle et al., 1994). Although this level is still
high, it has decreased ~5-fold from the mid-1970s. Children
and neonates are especially sensitive to lead effects because
they absorb significantly more of ingested metal than adults.
Blood lead levels in the 0.5 to 5 uM range are known to have
deleterious effects on nervous, renal, and reproductive tissue
and the metal is a known carcinogen in rodents (Goyer,
1996). At the cellular level, lead accumulates in cell nuclei
and associates with nuclear proteins and chromatin (Hitzfeld
and Taylor, 1989). The presence of lead in the nucleus could
result in adverse effects on gene function if lead ions at low
concentrations are capable of having deleterious effects on
gene regulatory proteins. Alterations in gene expression
could be manifested in developmental, reproductive, and car-
cinogenic effects of the metal, which are known to occur in
animals (Johnson, 1998). It is therefore important to mech-
anistically determine if lead ions can have deleterious effects
on gene expression in general and on gene regulatory pro-
teins in particular and at what concentrations. In the present
study, mechanistic effects of metal ions on zinc finger pro-
teins are extended by investigating lead interactions with
TFIIIA and transcription factor Sp1, another Cys,His,, finger
protein that binds GC-rich regions in RNA polymerase II
promoters (Kadonaga et al., 1987).

Materials and Methods

Isolation of TFIIIA. Immature ovarian tissue was removed from
anesthetized 4- to 5-cm female Xenopus laevis frogs (Nasco Biologi-
cals, Fort Atkinson, WI) and homogenized briefly in buffer A (50 mM
Tris-HCL, pH 7.6, 50 mM KCI, 5 mM MgCl,, 0.5 mM dithiothreitol
(DTT), 0.2 mM phenylmethylsulfonyl fluoride). This homogenate
was centrifuged for 20 min at 10,000g and aliquots were layered onto
15 to 30% v/v glycerol gradients in the buffer A. These gradients were
centrifuged for 24 h at 34,000 rpm in a Beckman SW41 rotor; all
manipulations were performed at 0-4°C. The 7S particle complex
containing TFIITA and 5S ribosomal RNA sedimented slightly faster
than the 5S hemoglobin molecule and was identified by UV absorp-
tion. The ribonucleoprotein particles were further purified to 90%
homogeneity by diethylaminoethyl cellulose ion exchange chroma-
tography as described previously (Hanas et al., 1983) 5S RNA was
removed from TFIIIA by digestion of the 7S particle (20 ug/ml) with
RNase A (10 pg/ml) in buffer B (20 mM Tris-HCI, pH 7.6, 320 mM
KCI, 2 mM MgCl,, 0.4 mM DTT, 0.1% v/v Nonidet P-40 detergent
(Sigma Chemical Company, St. Louis, MO) for 30 min at room
temperature and then placed on ice. Protein concentration was de-
termined by the method of Bradford with bovine serum albumin as a
standard (Bradford, 1976).
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Transcription Factor-DNA-Binding Reactions. A 303-bp
DNA insert containing the 120-bp Xenopus borealis somatic 5S ribo-
somal RNA gene was 2P end-labeled on the coding strand by digest-
ing a pT7 plasmid containing the insert with BamHI followed by
alkaline phosphatase removal of the 5’ phosphates. After removal of
alkaline phosphatase by phenol-chloroform extraction, the 5’ ends
were rephosphorylated with polynucleotide kinase and [y->2P]ATP.
The end-labeled plasmid was then ethanol precipitated, digested
with EcoRI to excise the insert, and the 303-bp end-labeled fragment
was purified on a 6% w/v polyacrylamide gel. The specific activity of
the DNA insert was determined by absorbency at 260 nm and Cer-
enkov counting. To study the effects of xenobiotic metal ions on
TFIIIA function, TFIIIA in buffer B is diluted 5-fold in buffer C (20
mM Tris-HCI, pH. 7.6, 70 mM NH,Cl, 7 mM MgCL,, 0.2 mM B-mer-
captoethanol, 0.1% v/v nonionic detergent Nonidet P-40) and incu-
bated at room temperature with lead chloride (Aldrich Chemical Co.
Wilwaukee, WI), sodium arsenate, or sodium arsenite (both pur-
chased from Sigma Chemical Co., St. Louis, MO) at the concentra-
tions and times indicated in the figure legends. TFIIIA was then
diluted (20-fold) to 10 mM in the same buffer minus the lead, end-
labeled 5S gene was added to a final concentration of 1 nM (~10*
cpm), and the binding reaction (20 ul) took place for 15 min. DNA-
binding reactions with transcription factors Spl and AP2 (obtained
from Promega Life Sciences, Madison, WI) were performed in similar
fashion with the template simian virus 40 (SV40) promoter DNA
end-labeled according to the vendor’s instructions.

DNase I Protection Assays. DNase footprint analyses to iden-
tify specific DNA-protein interactions were performed in accordance
with a previously described procedure (Galas and Schmitz, 1978).
Briefly, DNase I was added to the binding reactions to a final con-
centration of 1 to 2 ug/ml and incubated for an additional minute at
room temperature. The digestion was terminated by addition of 100
wul of stop buffer (20 mM Tris-HCI, pH 7.6, 1 mM EDTA, 0.1% SDS,
30-png sonicated salmon sperm DNA/ml). The DNA was ethanol-
precipitated and resuspended in 4 ul of formamide solution (20 mM
Tris-HCI, pH 7.6, 95% deionized formamide, 1 mM EDTA, 0.01%
xylene cyanol and bromphenol blue), heated at 95°C for 5 min, and
then electrophoresed through a 7 M urea-7% w/v polyacrylamide gel
until the xylene cyanol marker migrated two-thirds down the gel.
The gel was then transferred to blotting paper, dried, and subjected
to autoradiography overnight at —70°C exposed to Kodak XAR-5
film.

Electrophoretic Mobility Shift Assays (EMSAs). For EMSAs
(Yoshinaga et al., 1989), TFIIIA treated with RNase A in buffer B
was diluted 5-fold in buffer D (10 mM Tris-HCI, pH 7.6, 75 mM KCl,
2.5 mM MgCl,, 0.5 mM EDTA, 0.5 mM DTT, 0.1% v/v Nonidet P-40,
5% glycerol), and incubated at room temperature with lead chloride
or zinc chloride at the concentrations indicated in the figure legend.
The TFIITA was then diluted to 10 mM in the same buffer minus the
metals, end-labeled 5S gene and poly dI-dC (Sigma Chemical Co.)
were added to a final concentration of 1 nM and 1 ug/ml, respec-
tively, and the binding reaction (20 ul) took place for 15 min. The
samples were then electrophoresed for 1 h at 250 V on a preelectro-
phoresed 6% w/v polyacrylamide gel (60:1 w/w acrylamide/bis-acryl-
amide) in buffer E (90 mM Tris-HCl, 90 mM boric acid, pH 7.9). The
gel was transferred to blotting paper and subjected to autoradiogra-
phy overnight at —70°C exposed to Kodak XAR-5 film.

Results

Inhibition of TFIIIA-DNA Interactions by Lead Ions.
In a protein-dependent DNA EMSA, exposing TFIIIA to in-
creasing concentrations of lead ions (10-30 uM PbZ™) inhib-
ited the ability of the protein to bind to and retard the
mobility of the 2P end-labeled 5S gene fragment as evi-
denced by the autoradiogram in Fig. 1A. The faster mobility
of the unbound DNA bands in lanes 3 to 5 is evident com-
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pared with that in lane 2 (the positive control) where TFIITA
binding to the 5S gene has slowed the electrophoretic mobil-
ity of the end-labeled DNA; the negative control reaction
containing end-labeled DNA but no TFIIIA was electropho-
resed in lane 1. Significantly, inhibition of the TFIITA-depen-
dent mobility shift was not observed with treatment of the
factor with the same concentrations of zinc ions (Zn®*, lanes
3-5, Fig. 1B). To examine the concentration dependence of
the lead inhibition more closely, the DNase I protection assay
was used, which allows a “visualization” of the specificity and
location of the TFIIIA binding event on the 5S gene (Fig. 2).
TFIIIA in this assay binds to and protects from DNase diges-
tion a large surface on the 5S gene, from nucleotides +43 to
+96, relative to the +1 start site of transcription (lane 2); in
the absence of TFIIIA binding, DNase 1 readily nicks this
area of the gene as evidenced by the large number of
[**P]DNA fragments in this region (lane 1). Exposing TFIIIA
to concentrations of lead ions <10 uM results in significant
loss of DNase I protection (lane 4, 5 uM); lower concentra-
tions of lead ions result in slight inhibition (lane 3, 2.5 uM).
The inhibition of TFIIIA-dependent DNase I protection oc-
curs over the entire factor-binding region, from +43 to +96
on the 5S gene where all nine zinc fingers of TFIITA interact.
It is noted that the DNase I protection and EMSA DNA-
binding reactions contain 0.2 mM B-mercaptoethanol and 0.5
mM DTT respectively; these reagents are necessary for
TFIIIA activity. These excess thiol groups may bind lead
ions, thus increasing the lead concentration necessary for
TFIIIA inhibition. We have observed that it takes higher lead
concentrations to see complete TFIITA inhibition in the
EMSA than in the DNase I protection assay. This may be due
in part to the use of 0.5 mM DTT in the EMSA.

Time Course of Lead Inhibition of TFIITA Binding.
The inhibition of TFIIIA function by lead ions is taking place
before the DNA binding assay as TFIIIA is first exposed to

TFIIA+ TFA+
2+ 2+
Tema 'e2d (Pb™") TFmA 2iNC (Zn<™)
-+ _] -+

A B

Fig. 1. Gel shift analysis of lead and zinc ion effects on TFIIIA-DNA
interaction. TFIIIA isolation from immature X. laevis ovarian tissue, 2P
end-labeling of the X. borealis somatic 5S RNA gene, metal incubations,
DNA-binding reactions, polyacrylamide gel electrophoresis, and autora-
diography were performed as described in Materials and Methods. Reac-
tions electrophoresed in lanes 1 and 2 were performed with 1 nM end-
labeled 5S gene incubated in the absence or presence of 10 nM TFIIIA,
respectively. TFIIIA samples (200 nM) were preincubated 20 min with
10, 20, or 30 uM lead ions (Pb**) (A) or 10, 20, or 30 uM zinc ions (Zn?")
(B); the final TFIITA and DNA concentrations used in the 5S gene-binding
reactions electrophoresed in lanes 3 to 5 were 10 and 1 nM, respectively.
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the lead ions and then diluted ~20-fold into the DNA binding
assay. In addition, the inhibition is taking place in the pres-
ence of an excess of thiol reagent. These results indicate that
the inhibitory effect of the lead ions on TFIIIA structure is
not readily reversible. In the experiments depicted in Figs. 1
and 2, TFIITA was exposed to the various concentrations of
lead ions for 20 min at room temperature before assaying for
DNA binding, which takes place in an additional 15-min
incubation. To elucidate the time course of this inhibition, a
kinetic analysis of lead exposure was performed to gain ad-
ditional information about the inhibition mechanism; a rapid
inhibition would suggest a direct and specific interaction
with lead on TFIIIA. TFIITA was pretreated with lead ions
for various times before addition to the DNA binding reac-
tion, which was shortened to 1 min. Figure 3 is an autora-
diogram that illustrates this kinetic analysis of the DNA-
binding inhibition as assayed by DNase I protection. Very
slight lead inhibition of TFIIIA-dependent DNase I protec-
tion is observed at the 1-min lead exposure time point (lane
4) and substantial inhibition is observed at the 2.5-min and
5-min time points (lanes 5 and 6). The loss of DNase I pro-
tection at 5 min is about the same as at 20 min (lane 8). This
rapid inhibition is consistent with a direct binding mecha-
nism between lead ions and TFIIIA.

Lead Ions Inhibit TFIIIA Zinc Finger Structure. Al-
though zinc fingers comprise three fourths of the TFIIIA
structure (30 kDa out of 40-kDa total mass), nonfinger re-
gions could possibly be involved in this lead inhibition.
TFIIIA zinc fingers bind 5S RNA in a mechanism competitive
with 5S gene DNA (Hanas et al., 1984). The TFIIIA-5S RNA
complex is referred to as the 7S ribonucleoprotein particle.
Previously, cadmium ions were shown to inhibit TFIIIA only
upon direct exposure to the free protein but not when the
protein was bound to 5S RNA in the 7S particle. This result
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Fig. 2. DNase I protection autoradiogram of lead inhibition of TFIIIA
binding to the 5S RNA gene. TFIIIA isolation, 5S gene end-labeling,
metal incubations, DNA binding, DNase I protection reactions, polyacryl-
amide gel electrophoresis, and autoradiography were described in Mate-
rials and Methods. The nucleotide positions marked on the left margin
(+43 and +96) are on the coding strand of the 5S gene and are relative to
the +1 transcription start site. The locations of the transcriptional pro-
moter C-box, intermediate element (M), and A-box on the 5S gene ICR are
indicated on the right margin. TFIIIA-DNA binding and DNase protec-
tion reactions electrophoresed in lanes 1 and 2 were performed with 1 nM
end-labeled 5S gene in the absence or presence of 10 nM TFIIIA. TFIIIA
(200 nM) used in the reactions electrophoresed in lanes 3 to 7 was
preincubated with 2.5, 5, 10, 20, or 30 uM lead ions (Pb%*).



is consistent with an inhibitory mechanism in which the
cadmium ions were directly binding the TFIIIA zinc fingers
(Hanas and Gunn, 1996). A similar experiment was per-
formed with lead ion inhibition of TFIIIA in the present
study, which is exhibited in the autoradiogram in Fig. 4.
Lanes 4 and 5 are control TFIITA-dependent DNase I protec-
tion patterns in the presence and absence of 7S particle-
specific 5S RNA, respectively; note the lack of TFIIIA binding
is observed in the presence of 5S RNA (no DNase I protection
from nucleotides +43 to +96, lane 4) but not in the absence
of 5S RNA (lane 5). This result indicates the 5S RNA is
preventing the TFIIIA zinc fingers from binding the 5S gene.
Lanes 6 and 7 exhibit the same experiment although with
initial exposure of the 7S particle to 30 uM lead ions; the
same result is observed as in lanes 4 and 5. This demon-
strates that the 7S particle-specific 5S RNA was able to
protect the TFIIIA from lead ion inhibition as evidenced by
DNA binding after removal of the 5S RNA by RNase diges-
tion (lane 7). The positive controls for TFIIIA binding and
lead inhibition of binding are in lanes 2 and 3, respectively.

The results in Fig. 4 indicate lead ions are inhibiting the
zinc finger-DNA binding function of TFIIIA. To see if zinc
ions in solution can competitively block this finger inhibition,
increasing concentrations of zinc ions were added with con-
stant amounts of lead ions in a TFIITA incubation reaction.
The TFIITA was then assayed for DNA binding and the
results are exhibited in the autoradiogram in Fig. 5. The lead
ions are still able to inhibit TFIIIA zinc fingers in the pres-
ence of increasing amounts of zinc ions as evidenced by the
loss of TFIITA-dependent DNase I protection on the 5S gene
ICR (lanes 4-6). This result suggests that the lead ions are
not simply competing with and replacing the zinc ions in the
finger metal coordination sphere but rather inhibiting finger
structure by another mechanism.
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Fig. 3. Time dependence of lead inhibition of TFIIIA interaction with the
5S gene. Experimental components, TFIIIA reactions, analyses, and 5S
gene structural designations are described in Materials and Methods and
in the Fig. 1 legend. TFIIIA (200 nM) used in reactions electrophoresed in
lanes 3 to 8 was preincubated with 30 uM lead ions (Pb?™) for 0.5, 1, 2.5,
5, 10, or 20 min, respectively. The DNase I protection reactions electro-
phoresed in lanes 3 to 8 took place with 1 nM end-labeled 5S gene and 10
nM lead-treated TFIITA. The reactions electrophoresed in lanes 1 and 2
were performed with 1 nM end-labeled 5S gene in the absence or presence
of 10 nM TFIIIA. All TFIIIA-DNA-binding reactions took place for 1 min
before DNase I addition.
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Millimolar Concentrations of Arsenic Do Not Inhibit
TFIIIA Binding to 5S Gene. Arsenic, mercury, and zinc
also exhibit specificity for binding thiols in proteins. Specific
DNA binding by TFIIIA is inhibited by micromolar concen-
trations of cadmium (Hanas and Gunn, 1996) and lead but
not by zinc (Fig. 1B). Micromolar amounts of mercury were
previously found not to be inhibitory for TFIIIA (Hanas and
Gunn, 1996). Because arsenite is highly selective for binding
to protein vicinal thiols and was found to inhibit the estrogen
receptor transcription factor (Simons et al., 1990), this com-
pound was tested for inhibition of TFIIIA. Figure 6 exhibits
the DNase I protection patterns in the presence of TFIIIA
exposed to increasing concentrations of arsenate (A) or ar-
senite (B). In both cases, no inhibition of TFIIIA binding is
observed even at very high arsenic concentrations (2 mM,
lane 5). It is noted that these arsenic concentrations inhibit
the DNase I enzyme as evidenced by the reduction in 2P
banding intensities in lanes 4 and 5 compared with the
negative and positive controls (lanes 1 and 2). Although zinc
ions in the 10- to 30-uM range do not inhibit TFIITA-depen-
dent gel shift ability (Fig. 1), zinc ions in the concentration
range used in this arsenic analysis do inhibit TFIIIA-depen-
dent DNase I protection (data not shown).

Micromolar Concentrations of Lead Ions Inhibit
DNA Binding by Transcription Factor Spl But Not

|
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Fig. 4. Lead ion inhibition mechanism involves interaction with TFIIIA
zince finger structure. Isolation of TFIIIA, 2P end-labeling of 5S gene,
DNase I digestions, gel electrophoresis, autoradiography, and 5S gene
structure designations are described in Materials and Methods and in the
Fig. 1legend. Lanes 2 and 3 exhibit DNase I digestion protection patterns
for TFIIIA (200 nM) incubated in the absence or presence of 30 uM lead
ions (Pb%*) for 20 min before 20-fold dilution into the DNA-binding
reactions; lane 1 is the DNase I digestion pattern of the end-labeled 5S
gene. DNase I protection patterns electrophoresed in lanes 4 and 5 are of
the TFIIIA (10 nM) interaction with the 5S gene (1 nM) when the factor
is bound (lane 4) or unbound (lane 5) to 5S RNA; the RNA is removed in
the DNA-binding reaction in lane 5 by addition of RNase A (10 ug/ml).
DNase I patterns in lanes 6 and 7 are from binding reactions where the
TFIITIA/5S RNA complex (200 nM) was initially incubated in 30 uM lead
ions (Pb**) for 20 min before 20-fold dilution into the DNA-binding
reaction; 5S RNA was removed in the DNA-binding reaction electropho-
resed in lane 7 but not lane 6.
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AP2. DNA binding by the Cys,His, zinc finger transcription
factor Spl in a crude cell extract was previously shown to be
inhibited by millimolar levels of lead ions (Zawia et al., 1998).
It was necessary therefore to determine what lead concen-
tration range may inhibit a purified recombinant form of this
protein. Figure 7A is an autoradiogram of the effects of in-
creasing micromolar lead ion concentrations on the ability of
the zinc finger protein Spl to bind the SV40 viral DNA
promoter region as assayed by DNase I protection. Inhibition
of Sp1 DNA binding (loss of DNase I protection) is observed

zinc = - - 4 4+
lead - - 4+ 4+ 4+ +
TFHIA - 4+ + + + +

e —

e =

-“

-— . — -
-

1 2 3 4 5 &6

Fig. 5. Added zinc ions do not block lead inhibition of TFIIIA binding to
the 5S RNA gene. Isolation of TFIIIA, 2P end-labeling of the 5S gene,
DNA-binding reactions, DNase I digestions, gel electrophoresis, autora-
diography, and 5S gene structure designations are described in Materials
and Methods and in the Fig. 1 legend. DNase I digestions electrophoresed
in lanes 1 and 2 were of TFIIIA-DNA-binding reactions containing 1 nM
end-labeled 5S gene in the absence or presence of 10 nM TFIITIA. TFIIIA
(200 nM) used in the reactions electrophoresed in lanes 3 to 6 was
preincubated 20 min with 20 uM lead chloride before 20-fold dilution into
the DNA-binding reactions; TFIITA used in lanes 4 to 6 also was prein-
cubated with 20, 40, or 60 uM zinc chloride, respectively.
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at 10 and 25 uM lead ion (lanes 4 and 5) but not at 5 uM (lane
3). Significant lead inhibition of TFIIIA binding was observed
at 5 uM (Fig. 2A). As a control, the ability of lead ions to
inhibit the DNA binding ability of a nonzinc finger protein,
AP2, is exhibited in Fig. 7B. AP2 is an RNA polymerase 11
enhancer binding protein that regulates differential gene
expression (Williams et al., 1988). No inhibition of AP2 bind-
ing to either demarcated binding site on the SV40 promoter
region is observed at the 5 to 25 uM lead ion level in Fig. 7B
(lanes 3-5) or at higher lead concentrations in the 50- to
100-uM range (not shown).

Discussion

The amino acid sequence of Xenopus TFIIIA revealed a
structure of nine repetitive domains beginning near the
amino terminus of the protein, each of ~30 amino acids with
two cysteines and two histidines for zinc binding; these do-
mains were termed “zinc fingers” (Ginsberg et al., 1984;
Miller et al., 1985). Significantly, human TFIITIA has an
identical overall zinc finger structure and function to frog
TFIIIA (Drew et al., 1995; Ogilvie and Hanas, 1997). Mam-
malian genomes are estimated to contain at least 1000 dis-
tinct genes coding for TFIITA-type Cys,His, zinc finger pro-
teins (Berg and Shi, 1996). The role of zinc in TFIIIA-type
proteins is to hold the finger in the proper conformation for
DNA interactions because removal of zinc by chelation, as
was first demonstrated for TFIIIA, results in a protein con-
formational change and loss of specific DNA binding (Hanas
et al., 1988). In addition, single amino-acid changes via site-
directed mutagenesis in the zinc coordination sphere of
TFIIIA fingers also led to loss of specific DNA binding (Smith
et al., 1991). These two results demonstrated that structural
alterations in the zinc coordination spheres of TFIIIA-type
zinc fingers can significantly disrupt the DNA binding mech-
anism. Chemical agents such as electrophilic xenobiotics that
interact with cysteine residues are potential disrupters of
zinc finger structure and function. Previous work demon-

TFIIA+
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Arsenic (As3%)
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Fig. 6. Arsenic compounds do not inhibit
TFIIIA binding to the 5S RNA gene. Isola-
tion of TFIIIA, ?P end-labeling of the 5S
gene, DNA-binding reactions, DNase I di-
gestions, gel electrophoresis, autoradiogra-
phy, and 5S gene structure designations are
described in Materials and Methods and in
the Fig. 1 legend. DNase I digestions elec-
trophoresed in lanes 1 and 2 were of TFIIIA-
DNA-binding reactions containing 1 nM
end-labeled 5S gene in the absence or pres-
ence of 10 nM TFIIITA. TFIIIA (200 nM) used
in the reactions electrophoresed in lanes 3 to
5 was preincubated 20 min with 0.5, 1, or 2
mM arsenate ions (A) or arsenite ions (B)
before DNA-binding reaction (15 min, 10 nM
TFIIIA and 1 nM 5S gene) and DNase I
digestion.
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strated that micromolar amounts of cadmium were able to
disrupt zinc finger function in TFIIIA (Hanas and Gunn,
1996).

Cadmium and arsenic ions have selective affinity for
closely spaced thiol groups where they can bind one metal ion
(Simons et al., 1990). This mechanism may exist for lead as
well because at 5 to 10 uM, these ions were found to inhibit
TFIIIA zinc finger structure (Fig. 2). The sensitivity and the
speed of that inhibition (5 min, Fig. 3) may result from direct
interaction with a vicinal orientation of thiols in the zinc
finger structure. Such an orientation is known to exist in the
crystallographic structure of TFIIIA-type zinc fingers (Pav-
letich and Pabo, 1993). However, excess exogenous zinc ions
do not reverse the lead inhibition (Fig. 5) so a simple com-
petitive inhibition model does not appear to hold. It is of
interest that even millimolar concentrations of arsenite do
not inhibit TFIITA zinc fingers (Fig. 6). This surprising result
suggests that the overall finger structure may determine
which metal ions can gain access to its zinc coordination
sphere. This differential access is likely to be true when
comparing zinc finger proteins from different structural fam-
ilies such as TFIITA and the steroid hormone receptors that
have Cys,Cys, metal coordination spheres. For example, ar-
senite inhibits steroid hormone receptor DNA binding (Si-
mons et al., 1990) but not TFIITA binding (Fig. 6). Within
members of the TFIITA superfamily, sensitivities to xenobi-
otic metals may be similar because lead ions were shown to
inhibit the Cys,His, transcription factor Spl in a similar
although slightly higher micromolar concentration range
(Fig. 7A). DNA binding by Sp1 also is sensitive to micromolar
amounts of cadmium ions (data not shown). An important
control experiment in these xenobiotic metal experiments is
the observed lack of lead inhibition of the transcription factor
AP2 (Fig. 7B). The amino acid sequence of this protein re-
veals no cysteine-rich finger motifs (Williams et al., 1988). In
addition, AP2 DNA binding is not sensitive to cadmium ion
inhibition at micromolar concentrations (data not shown).

The DNA binding mechanism of TFIIIA was previously
shown to involve three groups of three fingers each, with the
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N-terminal group binding the C-box at the 3’ end of the ICR,
the middle group binding the M-box or intermediate element
in the middle of the ICR, and the C-terminal group binding
the A box at the 5’ end of the ICR. (Hanas et al., 1989). In
vitro mutagenesis experiments demonstrated that disruption
of the zinc coordination spheres either by changing individ-
ual amino acids or by amino acid deletions caused differences
in DNA-binding inhibition, depending upon which group of
fingers was mutated (Hanas et al., 1989; Smith et al., 1991).
Mutation of the middle or C-terminal finger groups still
allowed the N-terminal group to afford DNase I protection of
the C-box region. However, mutation of the N-terminal group
resulted in complete inhibition of DNase I protection over the
entire ICR (+43 to +96) by the middle and C-terminal groups
as well as by the N-terminal group. Therefore, the complete
inhibition of TFIIIA-dependent DNase I protection by lead
ions along the entire ICR (Fig. 2) indicates that the lead ions
are minimally altering the structure of the N-terminal group
of fingers. If just the middle or C-terminal fingers were
affected, DNase I protection of the C-box region should have
been observed and was not. With respect to lead inhibition of
Sp1 binding, this protein has three Cys,His, zinc fingers and
all appear to be inhibited because no partial DNase I foot-
print is apparent (Fig. 7A).

The family of Cys,His, zinc finger factors is the largest
known protein superfamily in living systems (Henikoff et al.,
1997). Different TFIIIA-type Cysy,His, zinc finger proteins
vary in their finger number, structure, and DNA binding
specificity (Berg and Shi, 1996). This family of proteins is
only found in eukaryotes and their number and complexity
have increased during evolution. Although the precise func-
tions of most of these proteins are not known, their nucleic
acid binding potential suggests they have roles in regulating
gene expression, signal transduction, cell growth and differ-
entiation, and/or chromosome structure. Lead ions are
known to accumulate in cell nuclei where they interact with
chromatin and other nuclear proteins (Hitzfeld and Taylor,
1989). The micromolar sensitivity to lead, the rapid inhibi-
tion kinetics, and other molecular information obtained from

AP2+
lead (Pb 2+)

Fig. 7. Lead ion inhibition of Cys,His, zinc
finger protein Spl. DNase I protection ex-
periments with transcription factors Spl,
AP2, and the SV40 viral DNA promoter
were performed as described in Materials
and Methods. Binding sites for Sp1 and AP2
on the SV40 early promoter are designated
in the figure margins. Electrophoresed in
lane 1 is the DNase I digestion pattern of
the SV40 32P end-labeled promoter DNA.
Electrophoresed in lanes 2 to 5 (A) are the
DNase I digestion patterns from Sp1-DNA-
binding reactions in which two footprinting
units of Spl (Promega Life Sciences) were
incubated 20 min with 0, 5, 10, or 25 uM
lead ions (Pb?"), respectively, before DNA
addition (10,000 cpm); binding reactions
with SV40 DNA were incubated 15 min fol-
lowed by DNase I digestion. Lanes 2 to 5 (B)
are identical reactions except with the AP2
transcription factor.
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this present work on TFIITA and Spl increase the likelihood
that members of the Cys,His, family of cellular zinc finger
proteins are at risk for lead toxicity in cell nuclei in vivo.
Higher organisms have evolved cysteine-rich metallothionein
proteins to act as xenobiotic cellular “mops,” possibly to pro-
tect critical cysteines in Cys,His, regulatory factors as well
as in other proteins. However, as the environmental load of
such xenobiotics is increased above levels found in nature,
cellular defense mechanisms may become limiting. This sce-
nario could result in increased incidence of lead-related ge-
netic diseases (Johnson, 1998). Our results with TFIITIA and
Spl suggest that these as well as related cysteine- and his-
tidine-rich regulatory proteins involved in transcription and
signal transduction are potentially at risk in vivo, especially
at low concentrations of lead that can be further concentrated
in the cell nucleus. If such factors are involved in regulating
transcription responsible for normal cell growth or differen-
tiation for example, their inhibition by lead could result in
abnormal cell growth. Lead is known to induce cancers in
animal models (Goyer, 1996). Therefore, in these models,
lead may be acting as an epigenetic tumor promoter inducing
cell proliferation as opposed to acting simply as a DNA mu-
tagen. Zinc fingers should be included as targets in possible
mechanisms of lead-induced disease processes.

Acknowledgments

We thank M. Tillman and T. Pugh for the excellent technical
assistance and R. J. Hanas for critically reading the manuscript.

References

Berg JM and Shi Y (1996) The galvanization of biology: A growing appreciation for
the roles of zinc. Science (Wash DC) 271:1081-1085.

Bradford MM (1976) A rapid and sensitive method for the quantification of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem 72:248-254.

Drew PD, Nagle JW, Canning RD, Ozato K, Biddison WE and Becker KG (1995)
Cloning and expression analysis of a human ¢cDNA homologous to Xenopus TFIIIA.
Gene 159:215-218.

Engelke DR, Ng S-Y, Shastry BS and Roeder RG (1980) Specific interaction of a
purified transcription factor with an internal control region of 5S RNA genes. Cell
19:717-728.

Galas DJ and Schmitz A (1978) DNAse footprinting: A simple method for the
detection of protein-DNA binding specificity. Nucleic Acids Res 5:3157-3170.

Ginsberg AM, King BO and Roeder RG (1984) Xenopus 5S gene transcription factor
TFIITA: Characterization of a ¢cDNA clone and measurements of RNA levels
throughout development. Cell 39:479—489.

Goyer RA (1996) Toxic effects of metals, in Casarett & Doull’s Toxicology: The Basic
Science of Poisons (Klassen CD, Amdur MO and Doull J eds) pp 691-736, McGraw-
Hill, New York.

Goyer RA (1983) Intracellular sites of toxic metals. Neurotoxicology 4:147-156.

Goyer RA (1984) Metal-protein complexes in detoxification process, in Clinical

Xenobiotic Metal Inhibition of Cys,His, Zinc Finger Proteins

Chemistry and Clinical Toxicology (Brown SS ed) vol 2, pp 199-209, Academic
Press, London.

Hanas JS, Bogenhagen DF and Wu C-W (1984) Binding of Xenopus transcription
factor A to 5S RNA and single-stranded DNA. Nucleic Acids Res 12:2745-2758.
Hanas JS, Duke AL and Gaskins CJ (1988) Conformational states of Xenopus

transcription factor IIIA. Biochemistry 28:4083—4088.

Hanas JS and Gunn CG (1996) Inhibition of transcription factor IITA-DNA interac-
tions by xenobiotic metal ions. Nucleic Acids Res 24:924-930.

Hanas JS, Hazuda DJ, Bogenhagen DF, Wu FY and Wu C-W (1983) Xenopus
transcription factor A requires zinc for binding to the 5 S RNA gene. J Biol Chem
258:14120-14215.

Hanas JS, Littell RM, Duke AL and Zebrowski R (1989) Internal deletion mutants of
Xenopus transcription factor IITA. Nucleic Acids Res 17:9861-9870.

Henikoff S, Greene EA, Pietrokovski S, Bork P, Attwood TK and Hood L (1997) Gene
families: The taxonomy of protein paralogs and chimeras. Science (Wash DC)
278:609-614.

Hitzfeld B and Taylor DM (1989) Characteristics of lead adaption in a rat kidney cell
line. I. Uptake and subcellular and subnuclear distribution of lead. Mol Toxicol
2:151-162.

Johnson FM (1998) The genetic effects of environmental lead. Mutation Res 410:
123-140.

Joshi S and Hughes JB (1981) Inhibition of coupling factor B activity by cadmium
ion, arsenite-2,3-dimercaptopropanol, and phenylarsine oxide, and preferential
reactivation by dithiols. o/ Biol Chem 256:11112-11116.

Kadonaga JT, Carner KR, Masiarz FR and Tjian R (1987) Isolation of cDNA encoding
transcription factor Spl and functional analysis of the DNA binding domain. Cell
51:1079-1090.

Miller J, McLachlan AD and Klug A (1985) Repetitive zinc-binding domains in the
protein transcription factor IIIA from Xenopus oocytes. EMBO J 4:1609-1614.
Ogilvie MK and Hanas JS (1997) Molecular biology of vertebrate transcription factor
IITA: Cloning and characterization of TFIIIA from channel catfish oocytes. Gene

203:103-112.

Pavletich NP and Pabo CO (1993) Zinc finger-DNA recognition: Crystal structure of
a Zif268-DNA complex at 2.1 A. Science (Wash DC) 252:809—-817.

Pirkle JL, Brody DJ, Gunter EW, Kramer RA, Paschal DC, Flegal KM and Matte TD
(1994) The decline in blood lead levels in the United States. The National Health
and Nutrition Examination Surveys. J Am Med Assoc 272:284-291.

Predki PF and Sarkar B (1992) Effect of replacement of “zinc finger” zinc on estrogen
receptor DNA interactions. J Biol Chem 267:5842-5846.

Simons SS Jr, Chakraborti PK and Cavanaugh AH (1990) Arsenite and cadmium(II)
as probes of glucocorticoid receptor structure and function. J Biol Chem 265:1938—
1945.

Smith JF, Hawkins J, Leonard RE and Hanas JS (1991) Structural elements in the
N-terminal half of transcription factor IITA required for factor binding to the 5S
RNA gene internal control region. Nucleic Acids Res 19:6871-6876.

Sunderman FW and Barber AM (1988) Finger-loops, oncogenes, and metals. Ann
Clin Lab Sci 18:267-288.

Thomas P and Wofford HW (1983) Effects of metals and organic compounds on
hepatic glutathione, cysteine, and acid-soluble thiol levels in mullet (Mugil cepha-
lus L.). Toxocol Appl Pharmacol 76:172—182.

Williams T, Admon A, Luscher B and Tjian R (1988) Cloning and expression of AP-2,
a cell type-specific transcription factor that activates inducible enhancer elements.
Genes Dev 2:1557-1569.

Yoshinaga SK, L’Etoile ND and Berk AJ (1989) Purification and characterization of
transcription factor IIIC2. J Biol Chem 264:10726-10731.

Zawia NH, Sharan R, Brydie M, Oyama T and Crumpton T (1998) Sp1 as a target for
metal-induced perturbations of transcriptional regulation of developmental brain
gene expression. Dev Brain Res 107:291-298.

Send reprint requests to: Jay S. Hanas, Ph.D., Department of Biochemistry
and Molecular Biology, University of Oklahoma College of Medicine, 800
Research Pkwy., Room 448, Oklahoma City, OK 73104. E-mail: Jay-
Hanas@ouhsc.edu




