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Abstract

Zn2* and Cd2* ion exchange between transcription factor 11IA (TFIIIA) and apo-metallothionein
(MT) were studied using a combination of methods including chromatography, ultrafiltration and
UV spectroscopy. Under near stoichiometric conditions, apoMT was able to remove most if not all
of the zinc ions from TFIIIA, whether or not the TFIIIA was bound to the 5S DNA internal control
region (ICR), and concomitantly inhibit its DNA-binding activity as indicated by an
electrophoretic mobility shift assay. The kinetics of the two processes were similar. The rate of the
metal exchange reaction increased with the concentrations of both reactants. A second-order rate
constant of 30 + 10 M1 s~ was calculated. Similar observations were made for the reaction
between apoMT and Cd-substituted TFIIIA, which proceeded without observable intermediates
according to a spectrophotometric analysis. A very slow metal ion exchange occurred between
Cd-TFIIIA and Zn-MT, but not between Cd-MT and Zn-TFIlIA. Comparative studies on the
reaction of TFIIIA with a small competing ligand, ethylenedinitrilo-tetraacetic acid (EDTA), were
also conducted. Although EDTA reacts with free Zn-TFIIIA, under similar conditions it failed to
compete for Zn?* bound as Zn-TFIIIA-ICR.
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1. Introduction

DNA-binding zinc-finger proteins such as transcription factor 1A from Xenopus laevis
represent one of the most common type of eucaryotic transcription factor [1]. All are
characterized by a common domain conformation that includes two lengths of antiparallel g
structure and an a helix, Zn?* bound to a set of two cysteinyl sulfhydryl and histidiny!
imidazole nitrogen ligands (C,H>), and a mini-hydrophobic core of three non-polar side
chains [2-12]. Zinc-binding is required to achieve stable, folded fingers and specific
protein~-DNA-binding [1,3,12-16]. Three-dimensional structures of the first three and six Zn
fingers of TFIIIA associated with their DNA-binding sites have been published, showing
helical folding of finger domains 1-3 around the major groove of its DNA-binding site, and
stretching of fingers 4-6 along the length of the DNA oligomer [9,12].

It has been hypothesized that under different cellular conditions, the availability of ZnZ* for
Zn-finger proteins might change, leading to alterations in their functionality [17,18]. This
proposal receives support from the observation that TFIIIA does not bind Zn2* tightly, thus,
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potentially making its DNA-binding conformation sensitive to alterations in intracellular
Zn2* concentration through the following generalized equilibrium, in which Zn2* is bound
to cellular ligands (L) [19]:

Zn-L+Finger & Zn—finger+L (1)

A physiologically relevant example of this equilibrium may constitute the basis for the
induction of apo-metallothionein synthesis. ApoMT can be induced by Zn2* through a
mechanism that involves the zinc-finger transcription factor, MTF-1 [20,21]. The in vitro
DNA-binding affinity of MTF-1 for the metal response elements (MRES) of the
metallothionein promoter is directly dependent on zinc concentration [22]. From this
experiment, it is inferred that apo-MTF-1 does not bind to these base sequences but the
folded conformation, Zn-MTF-1 does, depending on the position of the equilibrium in
reaction (1).

Reaction (1) might also work in the reverse direction such that Zn-finger structures would be
inactivated through the removal of Zn2* from Zn-finger by competing metal-binding
ligands. With its 20 sulfhydryl groups, apo-metallothionein is a potent Zn2* chelating agent
[23,24]. It is considered to be a central component in cellular zinc homeostasis and has been
suggested to play a role in gene regulation by changing Zn2* occupancy of various Zn-finger
proteins [25,26]. For example, apoMT might feedback inhibit its own synthesis through a
reaction that extracts the Zn?* out of Zn-MTF-1.

In order to demonstrate that the Zn-finger motif might be reactive with apoMT, Ké&gi and
coworkers [25,26] showed that preincubation of the zinc-finger transcription factors Zn-
TFIIA and Zn-Sp1, a three finger transcription factor, with apoMT interferes with specific
DNA-binding by the proteins according to gel shift and in vitro transcription assays. More
recently, two reports have described chemical properties of the reaction of selected Zn-
finger peptides with apoMT or the a.-domain of metallothionein [27,28]. The present
experiments were undertaken to gain insight into the chemical properties of the reaction of
Zn-TFIIA with apoMT. In order to examine possible, physiologically significant reactions,
it was important to compare the properties of this reaction in the absence or presence of its
natural DNA-binding site, the internal control region of the 5S ribosomal RNA gene.

Metallothionein also plays a key detoxification role by sequestering Cd2* which has been
distributed throughout the cell [29,30]. However, little is known about the sites, such as
metalloproteins, to which Cd2* binds and the properties of the reactions of apo- or Zn-MT
with such sites. Studies of the reaction of apoMT and one of its component peptide
sequences with Cd-carbonic anhydrase showed that both were remarkably effective in
competing for protein-bound Cd?* [31,32]. There is evidence that, in vitro, Cd2* can
substitute for Zn2* in zinc-finger structures and that such substitution can change the
activities of the finger domains [22,28,33]. Therefore, this study has also examined how Cd-
TFIIA reacts with apo- or Zn;-MT. For comparison, the reactions of Zn- and Cd-TFIIIA
with a small competing ligand, EDTA, have also been included in the investigation.

2. Materials and methods
2.1. Preparation of TFIIIA and MT

TFIA has nine tandem zinc fingers of the CoH; type (—Y/F-X-C—Xj3 4 5-C-X3—F-X5-L-
Xo—H-X3 4~H-X7_¢-) within its 38.5 kDa structure [34]. Methods for preparation of
recombinant X. /aevis TFIIIA from Escherichia coli and for the isolation of MT-2 from
rabbit liver have been described in detail elsewhere [35,36]. Zns- or Cd7-MT-2 (Ac-
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MDPNCSCAADGSCTCATSCKCKECKCTSCKKSCCSCCPSGCAKCAQGCICKGASDK
CSCCA) have molecular masses between 6 and 7 kDa and migrate on Sephadex G-75 like a
globular 10-kDa protein [37].

The purity of the TFIIIA protein was shown to be routinely 80-90% according to
densitometric analysis of silver-stained 12% SDS-PAGE of various protein preparations
[35]. The metal-binding stoichiometry of TFI1IA was found to vary between less than 1-9
for both Zn- and Cd-forms, depending on the details of the preparation procedure and
buffering conditions [35]. Zn,TFIIA (n=7 % 2) is active in DNA-binding in buffers
containing 5-20 wM of excess Zn?* [35]. Since TFIIA with less than 9 bound metals may
be relevant in vivo, protein samples of various metal stoichiometries were used in the
present study and the results compared.

Metallothionein was characterized by metal (atomic absorption spectrophotometry) and
sulfhydryl analysis using Ellman’s reagent, DTNB [38]. Typically, the metal ion to
sulfhydryl ratio was 2.7-3.0, very close to the theoretical value of 2.86.

2.2. Apo-metallothionein preparation and use

Apo-MT was prepared by acidifying Zn;-MT to pH 2 and chromatographing the product
over Sephadex G-50 at pH 2 in order to separate the protein from dissociated metal ions.
Under the conditions of the experiments at pH 7, no significant oxidation of apo-MT
occurred over a 60-min period. In order to minimize adventitious oxidation of thiols prior to
its ligand-substitution reactions with Zn- or Cd-TFIIIA, the metal-free protein was prepared
fresh before each experiment and maintained at pH 2 until its use. In addition, DTT was
included in most of the reactions to maintain reducing conditions. Finally, the
spectrophotometric analysis of the reaction of apo-MT with Cd-TFI1IA was conducted under
anaerobic conditions to minimize the possibility of apo-MT oxidation. The stoichiometric
transfer of Zn from TFIIIA to apoMT under conditions of equal concentration of Zn and
apoMT Zn-binding sites confirmed the prolonged stability of apoMT’s sulfhydryl groups
during the reactions.

2.3. Protein determination

The TFIHIA protein concentration was determined by using the Bradford assay with bovine
serum albumin as the standard [39]. A coefficient of 0.62+ 0.06 was applied in order to
correct for the differential staining behavior of albumin and TFIIIA, based on comparative
staining of known amounts of these proteins. The relative error of this measurement was
typically 20%. The MT protein concentration was determined by employing the DTNB
assay for thiol concentration and then dividing this value by 20, the number of cysteine
residues in each MT molecule. The relative error of the determination was 10% based on the
reproducibility of the DTNB measurement.

2.4. Metal determination

Zn and Cd concentrations were determined using flame atomic absorption
spectrophotometry. The relative error of these determinations was generally less than 5%.

2.5. Ultrafiltration study of metal exchange reactions

A Centricon-30 centrifugal concentrator (Amicon) was used to separate TFIIIA, 39 kDa,
from MT, 6 kDa, or other smaller ligands. In Kkinetic studies, reactants with a total volume of
0.5-1 mL were mixed, sealed in the reaction vessel with parafilm to prevent evaporation and
contamination, incubated for the appropriate length of time and then centrifuged in the
Centricon-30 concentrator at 6000 rpm for 30—-60 min at 4 °C in an SS-34 rotor in a Sorvall
RC-5B+ centrifuge. Control experiments showed that about 90% of the filtration was
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complete in 15 min and that at the end of the centrifugation 80-90% of the solution was
filtered through the membrane. Retentate, containing the larger TFIIIA protein and some
MT, and filtrate, containing the smaller molecular weight molecules and MT, were analyzed
directly or after appropriate dilution. Controls with TFIIIA and MT, respectively, showed
that, typically, less than 10% of the metals bound in TFI1IA and 90-100% of the metals
bound in MT were found in the filtrate. In experiments where free Zn2* was present in the
buffer, sufficient apoMT was added to compete both for the unbound Zn?* and Zn?* in
TFIHIA. The former binds to apoMT within the time of mixing, thereby, distinguishing it
from TFIl1A-associated Zn2*,

2.6. Sephadex G-75 gel filtration separation of proteins

To follow the Zn?* transfer between TFIIIA and MT, a 1x70 cm Sephadex G-75
(Pharmacia) gel filtration chromatographic column was used. The relative migration of the
two metalloproteins was determined by chromatographing the individual proteins prior to
the reaction. Their elution peak maxima are indicated on Fig. 1. Care was taken to assure the
system was metal-free by pretreating the column with the metal chelator, EDTA, and all
buffers were pretreated with Chelex-100 (BioRad), a resin with iminodiacetic acid moieties
attached. The fractions were analyzed for metal content by atomic absorption
spectrophotometry and the results presented in pg/mL (ppm).

2.7. Spectroscopic study of metal exchange reactions

UV-Vis spectroscopic studies of ligand-substitution reactions of Cd-TFIII1A were performed
using a Beckman DU-70 spectrophotometer. The anaerobic reactants were mixed rapidly
and observation began within about 10 s. Stock solutions of the competing ligands were
made in the same buffer as that used for the protein, usually 20 mM Hepes, pH 7.4.

2.8. Kinetic analysis

For second-order reactions between reactants with the same concentration in the absence of
an initial product concentration, the following equation applies:

y=a+bt/(c+1), (2)

where yrepresents the absorbance or concentration of metal ion transferred, frepresents
reaction time, ais the initial product concentration, 4 is the initial absorbance or
concentration of the reactants and ¢ = 1/kb. Then, &, representing the rate constant, is equal
to 1/bc. For the kinetic analyses Zn,-TFIIIA is represented by Zn2* concentration (nx [Zn,-
TFIIA]) and apo-MT by metal ion-binding site concentration (7 x{apo-MT]). The data were
curve-fitted using least-squares regression with TableCurve 2D (v2.0, Jandel Scientific). For
second-order reactions of two reactants with different initial concentrations,

In(a—y)/(b—y)=In(a/b)+(a-b)kt, (3)

in which aand b are the initial concentrations of the two reactants, yis the product
concentration at time £ and ks the rate constant. The data were subjected to a linear
regression analysis.

2.9. Electrophoretic mobility shift assay

The electrophoretic mobility shift assay (EMSA) as well as the method for the preparation
and radio-labeling of the 146 bp ICR-containing DNA probe have been described elsewhere
[35]. After electrophoresis for 2 h, the gel was dried and placed in contact with X-ray film
(Fuji) at =80 °C to reveal the location and concentration of free and bound ICR. Exposures
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of various time lengths were made in order find the linear response range for the radioactive
probe. Then, defining the intensity of the free ICR as 100%, the percentage reaction of Zn-
TFIIA-DNA with apoMT was scaled to this value after measuring the intensity of the free
ICR that separated during electrophoresis.

3.1. Zn?* transfer from TFIIIA to apoMT

Zeng et al. [25] showed that preincubation of apoMT with Zn-TFIIIA prevented subsequent
binding of TFIIIA in the reaction mixture to the internal control region of the 5S rRNA gene
and activation of transcription of this gene. It was inferred that apoMT successfully
competed with the Zn-finger sites in TFIIIA to remove Zn2* and unfold the protein. In order
to explore the properties of the reaction, we used both gel filtration and ultrafiltration to
physically separate the two proteins from each other during or after the reaction and then
measured the zinc distribution between them (Figs. 1 and 2). The former provides clear
proof of the metal ion transfer from Zn-TFII1A to apoMT. The latter method has the
advantage of more accurate control over reaction time and, thus, was used to follow the time
course of metal transfer.

Fig. 1 shows a Sephadex G-75 gel filtration chromatographic profile of the ligand-
substitution reaction mixture described in reaction (3). The presence of Zn2* in the MT band
indicates that about 50% of the Zn2* initially bound to TFIIIA shifted to apoMT within
minutes of mixing

Zn—TFITIA+apoMT & apoTFIIIA+Zn-MT. (4

In Fig. 2(a), the time course of the reaction was followed by ultrafiltration and the EMSA. It
demonstrates that under stoichiometric conditions for Zn2*-binding sites in apoMT and
TFIIA-bound Zn2* plus free Zn2*, Zn2* transfer from TFIIIA to apoMT goes
approximately to completion (70-90%) within the error of these measurements. From these
data, the ultrafiltration data alone yielded a constant of 43 M~1 s™1. In these rate constants,
molarity refers to metal ion-binding site concentration in apoMT. A plot of the rate data for
the non-stoichiometric reaction of Zns-TFIIA with apoMT in Fig. 2(b) revealed a rate
constant of 27 M1 s71, Both sets of data are consistent with a simple second-order reaction
as portrayed in reaction (4). The second-order nature of the reaction was confirmed by
examining the approximate initial rate of reaction as a function of Zns-TFIIIA or apoMT
concentration. The amount of Zn2* transferred in the first 15 min of the reaction, which was
assumed to provide a measure of initial reaction rate, was proportional to the concentrations
of both reactants (Fig. 2(c)). Indeed, using the 15-min data to approximate initial rates and
the the initial concentrations of apoMT and Zn-TFIIIA, the calculated second-order rate
constants were 21 and 32 M1 s71 for reactions with apoMT or Zn-TFIIIA constant,
respectively. Based on all these results, the reaction was considered as a simple, irreversible
second-order reaction in which TFIIIA and MT denote binding sites in the two proteins.
Within the sensitivity of the assays of metal ion transfer, the kinetics support the assumption
that the 7-Zn fingers of Zn,~-TFIIIA represent a set of homogeneous Zn-binding sites and
that MT binds Zn in a concerted fashion such that it, too, contains a homogeneous set of
binding sites. Averaging all of the results, the rate constant for ligand substitution was 30+0
M1l

Fig. 3(a) is an electrophoretic mobility shift assay that shows the effect of apoMT on the

DNA-binding activity of Zn-TFIIIA. Lanes 1 and 2 are negative and positive controls. After
incubation of Zn-TFIIIA with a stoichiometric concentration of Zn2*-binding sites from
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apoMT, it can be seen in lanes 3-8 that with increasing reaction time, declining amounts of
Zn-TFIIA-ICR complex were detected, until, at the longest reaction time, only a small
amount of the complex was observed. For reactions shown in lanes 6-8, since apoMT and
TFIHIA were mixed before the 30-min DNA-binding reaction, the actual contact time for
TFIHIA and apoMT should be considered to be 30, 40 and 60 min, respectively. It is
apparent that apoMT largely abolished the DNA-binding capacity of TFIIIA whether or not
the protein~-DNA complex had been preformed. When the time course of this reaction was
plotted in Fig. 2(a) in order to compare it with the kinetics of Zn2* transfer from unbound
Zn-TFIA to apoMT, the two profiles were similar. Data from lanes 6-8 were not plotted,
since the reactants’ concentrations were different from those in the other data. This
coincidence between inhibition of DNA-binding and exchange of Zn?* strongly supports the
view that the loss of DNA binding activity is, indeed, due to the removal of Zn2* from
TFIA by apoMT.

In order to investigate whether preformation of the protein~-DNA complex has an effect on
the reaction of Zn-TFI1IA with apoMT, parallel reactions were carried out in which all the
reactant concentrations and the overall contact time (30 min) between Zn-TFI1IA and
apoMT were identical. One involved preformed Zn-TFII1A-ICR complex, produced by a 30-
min co-incubation, while the other proceeded during the 30-min DNA-binding reaction. As
shown in Fig. 3(b), slightly more Zn-TFI1IA-ICR adduct was detected when apoMT was
added after the formation of the Zn-TFII1A-ICR complex rather than before it. This suggests
that Zn2* in TFIIIA was somewnhat less reactive with apoMT after the protein was bound to
ICR. However, as shown in Fig. 2(a) and in calculations based on these data, within error,
the same second-order rate constant was determined under both conditions.

3.2. Cd?* transfer from TFIIIA to apoMT

Cd2* reacts with Zn-TFI1IA-ICR and causes the dissociation of the protein-DNA adduct
[35]. Thus, it was of interest to determine whether apo- or Zn-MT might compete
successfully for Cd2* bound to TFIIIA and, thereby, provide the possibility to restore its
DNA-binding capacity (reaction (4)):

Cd-TFIlIA+apoMT & apoTFIIIA+CdAMT  (5)

Fig. 4 shows a Sephadex G-75 gel filtration chromatographic profile of this ligand-
substitution reaction. As in the case with Zn-TFIIIA, apoMT abstracts almost all of the Cd%*
in TFIIA under near stoichiometric conditions.

Since the charge transfer bands for Cd%*-thiolate bonds are more red-shifted than those for
Zn2* and, thus, easier to detect, a spectroscopic method was also employed to follow this
reaction. Fig. 5 shows the spectroscopic profile of the reaction at different reaction times. A
maximum at 242 nm was found for the spectral changes during the reaction between Cd-
TFIHIA and apoMT. This spectral feature was caused by the changes in the apparent
intensity of the charge transfer bands when Cd%* was removed from the binding sites in
TFIHA with thiolate and imidazole ligands and bound to the binding sites in MT where all
the ligands are thiolates. The small decrease around 280 nm may be caused by the variations
of the apparent extinction co-efficients of the aromatic residues in TFIIIA in a changing
molecular environment as a consequence of ligand-substitution reaction. The isosbestic
point at 265 nm implies a simple conversion of UV absorbing reactants to products and the
absence of appreciable amounts of reaction intermediates.

The progress of the reaction was followed by monitoring the absorption changes at 242 nm.
Fig. 5 (inset) depicts a typical reaction profile. Absorbance at the beginning of the reaction (¢
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= 0 min) coincided well with that calculated from the absorbances of the two reactants,
indicating that there was no significant reaction during mixing. The Kkinetics of the reaction
followed at 242 nm were consistent with a second-order process, first order in Cd%* ion and
Cd2*-binding sites in apoMT, with a rate constant of 40+10 M~ s~ which was identical
with that for Zn2* transfer in reaction (2).

3.3. Metal exchange reaction between Cd-TFIIIA and Zn-MT

Having established that apoMT was able to abstract Cd2* out of Cd-substituted TFIIIA, the
possibility of metal exchange between Zn,-MT and Cds-TFIIIA was considered:

Cd-TFHIA+ZnMT S Zn—-TFIIA+CdMT (6)

According to the binding constants of the two metal ions to MT and to TFIIIA or its zinc-
finger peptide, this reaction should be thermodynamically favorable [19,23,37,40]. Indeed,
some metal exchange between Zn-MT and Cd-TFIIIA was detected by chromatographic,
ultrafiltration and spectrophotometric methods, but the Cd2*-Zn2* exchange reaction was
quite slow.

In the reverse direction, reaction (5) should be thermodynamically unfavorable. Consistent
with this, no metal exchange between Cd,-MT and Zn7-TFIHA was detected. Nor was Cd-
MT able to inactivate binding by Zn,-TFIIIA to ICR in the gel shift assay.

3.4. Reaction of Zn- or Cd-TFIIIA with EDTA

In Fig. 6, the time course of the reaction between near stoichiometric concentrations of Zn-
TFIA and EDTA was followed by ultrafiltration and simulated as a second-order reaction,
first order in Zn* and EDTA concentrations, with a rate constant of 160 M1 s71,
Interestingly, a 200-fold excess of EDTA with respect to Cd2* in Cds-TFIIIA did not
completely remove Cd from the protein during a 29-h incubation.

Fig. 7 illustrates the effects of EDTA on the binding activity of TFIIIA in a gel shift assay.
According to Fig. 7, preincubation of Zn-TFIIIA with 1.7-3.4 times the concentration of
EDTA needed to stoichiometrically bind Zn?* completely abolished the DNA-binding (lanes
3-4). This was expected since EDTA had been shown to extract all the Zn?* in TFIIIA
under similar conditions (Fig. 6). In contrast, the same concentration of EDTA had no effect
on the preformed Zn-TFII1A-ICR complex (lanes 5-6). Indeed, following 30 min incubation
to form the Zn-TFIIA-ICR adduct, addition of 25 mM EDTA (4x10* molar excess Zn2*-
binding capacity) did not completely dissociate the complex after a 30-min period of
reaction (data not shown). The depression of the reactivity of DNA-bound Zn-TFITIA must
be due to additional thermodynamic and/or kinetic barriers created by DNA binding. It did
not result from the presence in the binding buffer of 5 mM Mg?*, which has a much lower
binding affinity for EDTA [41].

EDTA has been reported to inhibit DNA-binding by zf123, the first three fingers of TFIIIA,
which associate with the ICR with high affinity (Ky = 5.6 nM) [42]. However, 50%
inhibition occurred at 25 mM EDTA and complete inhibition at 50 mM, which was more
than 10% times the concentration of Zn2* in zf123 and orders of magnitude larger than the
concentrations used in the present experiment.

4. Discussion

Metallothionein, discovered 40 years ago as a Cd-binding protein in horse kidney, remains a
singular metalloprotein structure that appears to have multiple functions in protecting cells
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from toxic insults including heavy metals and oxidants [40,43,44]. Although its
concentration is up-regulated by these agents, metallothionein, including apoMT, also exists
at basal levels in cells in the absence of exposure to such deleterious substances [45-47].
This and other findings have encouraged the hypothesis that metallothionein plays a role in
zinc metabolism. Nevertheless, the initial reports that MT gene knock-out mice apparently
suffer no problems during fetal and neonatal development and into adulthood has brought
into question the essentiality of MT for the normal metabolism of Zn [48].

The lack of participation of MT in normal Zn metabolism is not clear-cut. A recent study by
Andrews et al. [49] demonstrated that mild zinc deficiency during the pregnancy of MT null
mice led to almost a three fold increase in birth defects in comparison with controls fed the
same diet. They also showed that fetal development in MT transgenic mice resulted in lower
than control rates of defects under Zn-deficient conditions. These results strongly support
the function of MT in the acquisition of Zn by the fetus under mild conditions of Zn
insufficiency. Furthermore, neonatal MT-null mice suckling on Zn-deficient dams rapidly
developed kidney damage [50]. Thus, MT seems to play a key role in cellular Zn acquisition
in rapidly developing organisms subjected to environmentally relevant conditions of nutrient
Zn supply.

Considering its chemical properties, Zn7-MT is unusually reactive in ligand substitution and
in metal exchange reactions in comparison with typical Zn-metalloenzymes [23]. Based on
this information and a few in vitro and cellular studies, it has been proposed that MT may
serve as an intracellular Zn-transfer protein that participates in the organized movement of
Zn2* from its point of entry in cells to final binding sites in Zn-proteins, either by donating
or accepting Zn?* as in reaction (7) [51-56],

Zn—MT+apoprotein = Zn—protein+apoMT (7)

The recognition that apoMT must form initially during protein synthesis and that steady-
state concentrations of apoMT are found in a variety of cells suggests that the reverse of
reaction (7) needs to be considered and that MT induction might be able to perturb
intracellular ZnZ* distribution [46,47]. The attractiveness of this idea increased with the
discovery of Zn-finger transcription factors. At least some of these appear to bind Zn2*
relatively weakly at kinetically reactive sites. For example, the stability constants for Zn2*-
binding to TFIIA fingers are in the range of 107 [35]. Zn-TFIIIA also readily reacts with
EDTA, establishing the reactivity of its metal-binding sites [57].

Several years ago, K&gi and colleagues [25,26] demonstrated that incubation of apoMT with
either Zn-TFIIIA or Zn-Sp1l prevented these transcription factors from associating with their
specific DNA-binding sites. Then, Wilcox and coworkers [27] showed directly that a single
Zn-finger from Sp1 reacted with the a-domain of metallothionein through a ligand-
substitution process. Similarly, Roesijadi and coworkers [28] recently observed that apoMT
reacted with another C,H, Zn-finger peptide, Tramtrack, resulting in the inactivation of its
capacity to bind to DNA. In that study, the authors favored the following mechanism in
which there is no direct interaction between apoMT and Zn,-Tramtrack:

Zn,—Tramtrack = 27n”" +Tramtrack (8)

Zn** +apoMT = Zn-MT  (9)
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In the present work, the reactions of Zn-TFIIIA with apoMT or EDTA were characterized in
the absence or presence of the native DNA-binding site for Zn-TFII1A. From such
experiments, one can assess the plausibility that apoMT might react with Zn-finger proteins
at their native-binding sites in cells, where the DNA partner might provide a major steric or
electrostatic barrier to reaction. The reactions between near stoichiometric amounts of Zn- or
Cd-substituted TFIIIA and apoMT demonstrated that direct metal exchanges do occur
relatively rapidly. The reaction between apoMT and ZnTFIIA (n= 4 and 9) is second
order (Fig. 2) and proceeds with a rate constant of 3010 M~1 s71, independent of the Zn2*
to TFIIA stoichiometry. Using this result, at a cellular concentration of 10 uM apoMT, a
pseudo-first-order rate constant of 3x10~* s~ and a half-time of 40 min are calculated for
this reaction. Thus, with this plausible cellular concentration of apoMT, the reaction appears
to be physiologically accessible. The reaction between Cds-TFIIIA and apoMT occurred
with similar kinetics (Fig. 5).

The observation of simple kinetics indicates that all of the Zn-associated fingers in each
ZnTFIHIA (n=4-9) sample react similarly with apoMT and that in the process apoMT
reacts in a concerted manner to form holo-Zn- or Cd-thiolate clusters. The former is
consistent with Zn,-TFIIIA structures in which Zn2* is bound either to specific fingers or is
distributed among all of the fingers for all values of nand all of the fingers are comparably
reactive with apo-MT. The concerted formation of the holo-clusters and domains is both
thermodynamically and kinetically favored [58,59].

The results of the present study suggest that direct bimolecular reactions do occur between
apoMT and the Zn-finger sites and that such reactions are not rate limited by first-order
dissociation of Zn?* from the fingers. In addition, it appears that all of the zinc or cadmium
finger sites are independently and similarly reactive with apoMT. The apparent lack of
heterogeneity of rate constants characterizing these ligand-substitution reactions differs from
a previous report as well as our observations on the reaction of several chelating agents with
Zn-TFIIA, in which two classes of reacting Zn-finger sites were observed [35,60].

Induction of MT synthesis by Cd2* leads to the formation of Cd,;,Zn,~MT. It is known that
the final mixed metal species results from interprotein metal ion exchange [61]:

mCd;—=MT+nZn7;-MT = (m+n)Cd,, Zn,—MT, p=Tm/(m+n); g=Tn/(m+n) (10)

This remarkable reaction signals the possibility that Zn,-MT, itself, might be able to
exchange metals (M) with other sites as well:

Zn-MT+M-L = M-MT+Zn-L (11)

Supporting this contention, metal ion exchange was observed in the reaction of Zn;-MT
with Cd,-Tramtrack [28]. Although some reaction was also detected between Zn;-MT and
Cds-TFIIIA, it was very slow and probably does not have physiological significance. In each
case, it appears that interprotein metal ion exchange can occur between Zn-MT and other
metalloprotein structures.

A comparison of the reactions of Zn- or Cd-TFIIIA with apoMT or EDTA shows that the
second-order rate constant for the apoMT reaction was only a factor of 4 slower than that for
EDTA (Fig. 6). A faster rate of reaction for EDTA in comparison with apoMT might be
anticipated for two reasons. First, it is much smaller and, therefore, less sterically hindered
in its encounters with Zn-TFIIIA. Second, since Zn-TFIIIA is a positively charged molecule,
the negative charge on EDTA may facilitate their reaction, whereas, the positive charge on
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apoMT might electrostatically retard its interaction with the Zn-finger sites. Considering
these factors, the difference in rate constant for the two reactions was surprisingly small. In
another study it was shown that apoMT was actually a much more effective competing
ligand than EDTA for Cd2* bound to carbonic anhydrase [31]. The two results underscore
that apoMT is a kinetically competent metal-binding ligand even when Zn2* or Cd2* are
bound to other structures that present large steric obstructions.

This conclusion is bolstered by comparable experiments with Zn-TFII1A prebound to its
DNA-binding site. DNA protected the Zn-fingers in the Zn-TFIIA-ICR complex from the
reaction with EDTA (Fig. 7), but did not markedly hinder the reaction of the Zn-fingers with
apoMT (Fig. 3). The difference in reactivity of these two agents supports the view that the
rate-limiting step in the reaction with apoMT involved direct attack of apoMT on the DNA-
bound Zn-fingers, not the dissociation of TFIIIA or Zn%* from the Zn-TFIIIA-ICR adduct.
Otherwise, EDTA should have been equally reactive. In addition, a significant part of the
reaction took place well before 30 min of incubation time, which is the half-life for the
dissociation of TFIIIA from ICR. This implied that dissociation of the adduct/complex is not
rate-limiting in these reactions.

Examination of the local molecular environment of the Zn2*-binding sites in the three-
dimensional structures of parts of Zn-TFIII1A bound to cognate portions of the ICR shows
that substantial steric hindrance to access to bound Zn2* is imposed by DNA [9,12].
Electrostatic repulsion between negatively charged EDTA and the protein~-DNA complex
which also bears an overall negative charge might contribute to the lack of reactivity of
EDTA. In contrast, apoMT, which has the opposite charge from Zn-TFIII1A-ICR, remained
effective as a competing ligand, despite the enhanced steric barrier to reaction of apoMT in
comparison with EDTA.

It has been hypothesized that the C-terminal end of the apoMT structure is the reactive part
of the molecule [32]. Between residues 50 and 61, there are four cysteinyl residues that
comprise the only four consecutive ones which coordinate to a single Cd2* or Zn2* in either
metal-thiolate cluster of the folded MT structure [62]. We have speculated that binding of
metal ions to these particular sulfhydryl groups may serve as a nucleation site in the
assembly of intact clusters [32]. That is, once the Cd;-MT species has formed, Cd2* would
be expected to redistribute among thiolate ligands with non-rate-limiting kinetics, resulting
in the construction of intact Cd-thiolate clusters. The location of the key thiolates at the C-
terminus of the MT peptide would minimize the steric barrier of reaction between two
macro-molecules, apo-MT and another metal-containing protein, and, thereby, facilitate the
bimolecular interaction between them. In support of this proposal, a peptide with the amino
acid sequence of 49-61 is much more reactive with Cd-carbonic anhydrase than is apoMT
[31].

The present work shows that apoMT can react with free or DNA-bound Zn-TFIIIA to
extract Zn%* from the transcription factor under physiologically reasonable conditions and at
plausible rates. Coupled with the observation that apoMT exists under some conditions in
cells, these and previous findings raise the question of the role of apoMT in the speciation or
intracellular distribution of Zn?* bound to proteins such as Zn-fingers [46,47]. In particular,
the relationship between the active form of the Zn-MTF-1 transcription factor and the
product of its transcriptional stimulus, apoMT, provides a tangible example of the
complexities of cellular Zn speciation.

Finally, the present findings expand the understanding of the chemistry that may underlie
the protective function of MT against Cd2*. In cells exposed to Cd2*, significant induction
of MT synthesis requires hours so that Cd?* distributes itself among ill-defined cellular
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ligands (L) prior to its binding to metallothionein [30]. In this circumstance, the efficient

fo

rmation of Cd-MT requires not only that MT have a large binding constant for Cd2*, but

that it be able to react relatively rapidly with these other Cd-ligand complexes. Little is
known about the rates of reaction of Cd-protein complexes with apoMT. The present results

as

well as those showing that Cd,-Tramtrack and Cd-carbonic anhydrase are reactive with

apoMT provide a chemical underpinning for the hypothesis that MT is protective against
Cd?*+ [28,31].
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5. Abbreviations
TFIIA transcription factor 1A
MT metallothionein
AAS atomic absorption spectroscopy
Abs absorbance
BSA bovine serum albumin
CoH» two cysteine and 2 histidine ligands
DTT dithiothreitol
DTNB 5,5’ -dithiobis-2-nitrobenzoic acid
EDTA ethylenedinitrilo-tetraacetic acid
EMSA electrophoretic mobility shift assay
ICR internal control region
Hepes 4-(2-hydroxylethyl) piperazine-1-sulfonic acid
PAR 4-(2-pyridylazo) resorcinol
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Fig. 1.

Sephadex G-75 gel filtration chromatographic profile of the ligand-substitution reaction:
Zny-TFII1A+apoMT (H). The reaction mixture was applied to the column immediately after
mixing. The markers refer to the peak positions for the elution of samples of Zn-TFIIIA and
Zn-MT. Representative Zng-TFIIA control sample profile scaled to the Zn-TFIIIA peak of
the reaction mixture (O). Conditions: 4.5 uM TFIIIA (18 uM Zn?*) and 2.5 wM apoMT,
respectively, in 20 mM Hepes buffer, pH 7.4, at 25 °C. The column (1x60 cm) was
equilibrated in the running buffer, 20 mM Hepes buffer, pH 7.4.
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Fig. 2.

Kinetics of the ligand-substitution reaction: Zn - TFI1IA+apoMT, followed by ultrafiltration
and gel shift assay. (a) The time-dependent percentage of total Zn transferred was measured
by Centricon ultrafiltration (@) or by percentage of inhibition of DNA-binding activity in
the electrophoretic mobility shift assay (A) and plotted against reaction time. The curve is
the best secondorder fit for all of the data (Eg. (2)). Conditions: (@) 1 .M Zng-TFIIIA and
2.0 uM apoMT in 20 mM Hepes buffer, pH 7.4, plus 25 mM NaCl, 1% glycerol, 5 uM
ZnSOy, and 0.5 mM DTT, at 25 °C; (A) 0.75 nM ICR probe, 0.8 uM Zn7 -TFIIIA, 1.6 pM
apoMT in 20 mM Tris/Cl buffer, pH 7.4, plus 70 mM KCI, 10% glycerol, 5 oM ZnSQy, 50
pg/ml poly(dl-dC), and 1 mM DTT at 25 °C. (b) Second-order rate plot for a reaction with
different concentrations of starting materials. Conditions: () 1.4 M for both Zns-TFIHA
and apoMT, in 20 mM Hepes buffer, pH 7.4 (reaction is 90% complete at 250 min; data
analyzed with Eq. (3)). (c) Total Zn transferred between #=0 and 15 min as a function of the
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apoMT or Zng-TFIIA concentrations. Conditions: constant Zng-TFIIA (M, 1.4 M) or
apoMT (@, 1.1 pM), respectively, and 20 mM Hepes, pH 7.4 and 25 °C.
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Fig. 3.

Effect of apoMT on the DNA-binding activity of Zn-TFIIIA. (a) Lane 1: 0.75 nM free
probe; lane 2: 0.75 nM ICR preincubated with 0.8 uMZn7-TFIIIA; lanes 3-5: 1.6 pMZn7-
TFINA preincubated with 0.75 nM ICR for 30 min and then reacted with 1.6 .M apoMT for
0, 10, and 30 min, respectively, before EMSA. Lanes 6-8: 0.8 uM Zn; -TFIlIA and 1.6 pM
apoMT were mixed and reacted for 0, 10, and 30 min and then for 30 min with the 0.75 nM
ICR, respectively, before EMSA. (b) ApoMT, 315 uM Zn%*-binding capacity (lanes 1 and
2) or 630 LMZn2*-binding capacity (lanes 3 and 4), was added immediately before (lanes 1
and 3) or 30 min after (lanes 2 and 4) Zng-TFIIIA (6 tM) was mixed with the ICR (2.9 nM).
After 30-min incubation of Zn-TFIIA (ICR) with apoMT, the EMSA was carried out.
Conditions: 20 mM Tris/CI buffer, pH 7.4, plus 70 mM KCI, 10% glycerol, 30 uM ZnSOy,
50 pg/ml poly(di-dC), and 1 mM DTT at 25 °C.
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Fig. 4.

Sephadex G-75 gel filtration chromatographic profiles of the ligand-substitution reaction,
Cd3-TFIA+apoMT. The reaction mixture was applied to the column 40 min after mixing.
Conditions: concentrations of TFIIIA and apoMT, 14 and 7 M, respectively, in 20 mM
Hepes buffer, pH 7.4, at 25 °C. The column (1x60 cm) was equilibrated in the running
buffer, 20 mM Hepes buffer, pH 7.4.
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Fig. 5.

Reaction of Cds-TFIIIA with apoMT. Absorption spectra of the reaction mixture: Cds-
TFIIA+apoMT measured from 0 to 30 min. Conditions: final concentrations of TFIIIA and
apoMT, 14 and 7 M, respectively, in 20 mM Hepes buffer, pH 7.4, at 25 °C. The direction
of arrows indicates reaction time. Inset. The time course of the metal transfer reaction
between Cds-TFIIA and apoMT followed by UV spectroscopy. Conditions: final
concentrations of TFIIIA and apoMT, 14 and 6 M, respectively, in 20 mM Hepes buffer,
pH 7.4, at 25 °C.
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Fig. 6.

Time course of the ligand-substitution reaction, Zn,-TFIHIA+EDTA, followed by
ultrafiltration. Conditions: 1.4 uM TFIIIA and 4.5 (M) or 45 uM (<) EDTA, in 20 mM
Hepes buffer, pH 7.4, at 25 °C. Percentage of Zn2* transferred was plotted against reaction
time.
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Fig. 7.

Ef?‘ects of EDTA on the DNA-binding activity of Zn;-TFIIIA. Lane 1: 0.8 nM free probe;
lane 2: 0.8 nM ICR probe preincubated with 0.8 uM TFIIIA,; lanes 3 and 4: 0.8 pM Zn7-
TFIA incubated for 20 min with EDTA at a final concentration of 10 and 20 pM,
respectively, before an additional 20-min incubation with the ICR (0.8 nM)-binding mixture
prior to EMSA. Lanes 5 and 6: 0.8 uM Zn7 -TFIIIA and the ICR (0.8 nM)-binding mixture
were incubated for 20 min before EDTA was added at a final concentration of 10 and 20
KM, respectively, and this mixture incubated for another 20 min prior to EMSA.
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