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ABSTRACT: Human metallothionein-3 (Zn;MT-3), an intra- and extracellularly occurring metalloprotein, is
highly expressed in the brain, where it plays an important role in the homeostasis of the essential metal ions
Cu" and Zn>". Like other mammalian metallothioneins (MT-1 and -2), the protein contains a M3 (CysS)s
and a M}'(CysS),, cluster localized in two independent protein domains linked by a flexible hinge region.
However, there is a substantially increased number of acidic residues in MT-3 (11 residues) compared with
MT-2 (four residues) which may act as binding ligands for additional metal ions. In this study, the binding of
Zn*", Ca’", and Mg”>" to human Zn;MT-3 and its mutant lacking an acidic hexapeptide insert, Zn,MT-
3433760 was investigated and compared with the binding of Zn,MT-2. By using spectroscopic and spectro-
metric techniques, we demonstrate that one additional Zn** binds with an apparent binding constant (Kapp)
of ~100 uM to Zn;MT-3 and Zn,MT-3%7% but not to Zn;MT-2. The changes in spectroscopic features of
metal—thiolate clusters and gel filtration behavior reveal that the formation of ZngMT-3 is immediate and is
accompanied by a decrease in the Stokes radius (R;). The changes in the R suggest a mutual approach of both
protein domains. The fast binding of Zn>" is followed by a slow time-dependent protein dimerization. The
binding of Zn?>" to Zn,MT-3 is specific as in the presence of Ca®>* and Mg>" only an alteration of the R, of
Zn;MT-3 at substantially higher concentrations was observed. The significance of these findings for the

biological role of MT-3 is discussed.

The brain has the highest content of zinc of all organs with an
average total zinc concentration estimated to be approximately
150 uM (7). This trace element plays structural, catalytic, or
regulatory roles in numerous enzymes and other proteins (2).
Apart from its importance in protein complexes, the zinc ion is
closely involved in intracellular signaling and neurotransmission.
In the mammalian brain, 10—15% of the total Zn>" is localized
in presynaptic vesicles of zinc-enriched neurons (ZEN),' a
subclass of glutamatergic neurons (3). ZEN are present in many
regions of the central nervous system (CNS) and are especially
abundant in the hippocampus. The best established function for
released Zn®>" into the synaptic cleft is the modulation of
the glutamate and GABA receptors on postsynaptic cells (4).
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Cellular zinc uptake is controlled by a family of membranous zinc
transporter proteins called ZIPs, whereas the zinc transporters
ZnTs, which belong to the cation diffusion facilitator family
(CDF), mediate zinc efflux (5). While in the synaptic vesicles of
ZEN an approximately millimolar concentration of chelatable
Zn*" was found, that in the cytosol is in the subnanomolar range.
Low intracellular free Zn’" concentrations in neurons are
maintained by the action of cytosolic metal binding proteins,
the most abundant of which is metallothionein-3 (MT-3). This
metalloprotein reversibly binds seven Zn>* ions with high
affinity through an array of 20 Cys residues. Zn,MT-3, also
termed the neuronal growth inhibitory factor (GIF), occurs intra-
and extracellularly and shows neuroinhibitory activity in vitro
that distinguishes it from the widely expressed MT-1 and MT-2
isoforms (6, 7). Thus, MT-3, but not MT-1 or -2, antagonizes the
ability of Alzheimer’s disease (AD) brain extract to stimulate
survival and neuritic sprouting of cultured neurons (6, §). This
extracellular bioactivity led to the hypothesis that Zn,MT-3 may
be involved in pathogenic processes leading to AD. The observa-
tion that Zn;MT-3 protects the neuronal cells from the toxic
effect of amyloid-f3 (Ap), by abolishing the production of reactive
oxygen species (ROS) and related cellular toxicity caused by the
redox cycling of AS-Cu(Il), strongly supports its protective role
in AD (9, 10).
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Table 1: Spectroscopic and Hydrodynamic Properties of Zn,MT-3, Zn,MT-3**>"% and Zn;MT-2 in the Presence of Zn>*

circular dichroism (CD) experiments

size exclusion chromatography (SEC) experiments

protein Alblis7 (%) Kapp (x107° M) Rs (A) RS min (A) AR" (%) Kapp” (x107° M)
Zn,MT-3 14.4+0.5 0.13+0.03 23.7 21.8 8.040.7 0.13+0.04
Zn,MT-34%760 10.9+3.0 0.1540.09 22.4 20.9 7.940.6 0.09 £ 0.02
Zn;MT-2 - - 20.5 20.1 (1.8£0.8) -

“Errors from nonlinear regression analysis using a one-site binding model.

The studies of MT-3 and zinc transporter 3 (ZnT3) knockout
mice revealed that ZnT3, which concentrates Zn** in presynaptic
vesicles, and MT-3 function in the same pathway (/7). From
these studies, an important role for intracellular Zn;MT-3 in the
recycling of Zn>" has been suggested (/2). The in vitro demon-
stration of the direct interaction of Zn;MT-3 with Rab3A, a
small GTPase involved in the regulation of the synaptic vesicle
cycle, further supports this role (13, 14). Zn>" is released from
presynaptic neurons in a Ca>" - and impulse-dependent fashion,
reaching a concentration in the synaptic cleft of up to
~300 uM (15). Whether the extracellularly occurring Zn;MT-3
plays a role in controlling zinc concentrations and zinc-dependent
processes in the extracellular space is currently not known.

Structural studies conducted on well-defined MT-3 metallo-
forms containing 7 molar equiv of either Zn>* or Cd** ions have
revealed that MYMT-3, like other mammalian metallothioneins,
contains two metal—thiolate clusters localized in two indepen-
dent protein domains: a three-metal cluster [M5(CysS)o] in the
N-terminal f-domain and a four-metal cluster [M}/(CysS),,] in
the C-terminal a-domain (/6—18). ESI-MS studies have shown
that in contrast to MT-1 and -2, the formation of both metal—
thiolate clusters in MT-3 is noncooperative (/9). However,
compared to MT-1 and -2 isoforms, the primary structure of
MT-3 contains a substantially increased number of acidic
residues, i.e., 11in MT-3 vs 4 in MT-2, which may act as binding
ligands for additional metal ions.

In this work, the metal binding capacity of MT-3 and
structural features developing upon binding of more than
7 molar equiv of divalent metal ions have been studied. The
binding of Zn>*, Ca®*, and Mg?* to human Zn;MT-3 and its
mutant lacking the acidic hexapetide insert Zn;MT-3%%" was
investigated and compared with that of the well-chracterized
isoform Zn;MT-2. We demonstrate that in contrast to Zn;MT-2,
both Zn;MT-3 forms bind specifically one additional Zn>",
forming ZngMT-3. Zinc binding induces marked and immediate
structural changes in the monomeric ZngMT-3 form, which are
followed by a slow time-dependent dimerization process. While
the presence of Ca>" and Mg*" resulted in the alteration of
Zn;MT-3 structure, no evidence of a specific binding site for both
metal ions was obtained. The implications of this study for the
function of MT-3 are discussed.

EXPERIMENTAL PROCEDURES

Reagents. Media for protein expression were purchased from
BD (Becton, Dickinson and Co., Sparks, MD). All standard
reagents were of the highest purity available from common
commercial sources. All solutions were rendered metal-free by
being treated with Chelex 100 (Bio-Rad) to prevent metal
contamination.

Protein Expression and Purification. A deletion mutant
of human MT-3, human MT-3*"% lacking amino acids

SEAAEAE® was generated by Primm (Milan, Italy). For
recombinant protein expression, a pET-3d (Novagen) plasmid
encoding human MT-3, human MT-34%7 or the human MT-2
sequence was used. The expression in Escherichia coli strain BL21
(DE3) pLys and the purification were performed as previously
described (/6). The metal-free protein (apoprotein) was gener-
ated according to the method of Vasak (20). The purity and
correctness of the masses of the expressed proteins were con-
firmed by SDS—PAGE and ESI-MS analysis, respectively (21).
Fully Zn?>*- and Cd**-loaded protein forms were prepared by
metal reconstitution as described previously (20). The metal-to-
protein ratios were determined by measuring the absorbance
of the metal-free protein (thionein) at 220 nm in 0.1 M HCl
using the extinction coefficients for human MT-3 (exg =
53000 M~" em™!), human MT-3%7 (g5, = 49000 M~
em™ "), and human MT-2 (e = 48200 M~' cm™") and the
metal content determined by flame atomic absorption spectro-
scopy (SpectrAA-110, Varian Inc.). Cysteine-to-protein ratios
were determined via photometric quantification of the sulfhydryl
groups (CysSH) upon their reaction with 2,2'-dithiopyridine
(DTP)in 0.2 M sodium acetate and 1 mM EDTA (pH 4.0) using
an e33 of 7600 M~ em™' (22). In all cases, a metal-to-protein
ratio of 7.0 £ 0.3 and a CysSH-to-protein ratio of 20 &+ 2 were
obtained.

UV—Vis and Circular Dichroism (CD) Spectroscopy.
The UV—Vis absorption measurements of Zn;MT-3 (6 uM) in
the presence of 0—500 uM ZnCl, were performed on a Cary 3
(Varian) spectrophotometer. A Jasco spectropolarimeter (model
J-810) was used for CD measurements. The concentrations of
Zn;MT-3, ZnsMT-34376 7n.MT-2, and Cd;MT-3 were be-
tween 45 and 65 uM in 25 mM Tris-HCI and 50 mM NaCl
(pH 8.0). The CD spectra were recorded in the range between
260 and 195 nm in the presence of 0, 0.1, 0.25, 0.5, and 1 mM
ZnCl, and are expressed as molar ellipticity [6], in units of deg
dmol™" em®. The final spectra were smoothed using the FFT
algorithm of Origin version 7.5 (OriginLab Corp., Northampton,
MA). Zinc-induced changes in the molar ellipticity at 197 nm
(A[0]107) were plotted versus the Zn>* concentration and ana-
lyzed by nonlinear regression analysis using a one-site binding
model (Origin version 7.5). From the fit, the apparent binding
constant (K,pp) and the maximal changes in the molar ellipticity
under saturating conditions were obtained (Table 1).

Analysis of the Stokes Radius. The Stokes radius for MTs
in the presence of increasing concentrations of Zn’" was
determined using analytical size exclusion chromatography
(SEC) experiments at room temperature. A Superdex 75, 10/
300 GL column (GE Healthcare) was equilibrated with 25 mM
Tris-HCland 50 mM NaCl (pH 8.0) and eluted with a flow rate of
1 mL/min. The column was calibrated using cytochrome
¢ (12400 Da), carbonic anhydrase (29000 Da), and bovine serum
albumin (66000 Da) as molecular mass markers (MW-GF-70,
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FIGURE 1: Sequence alignment of human MT-2, human MT-3, and the mutant MT-32%"% generated using CLUSTALW. The conserved
cysteines are shown in bold. The numbering is that of the human MT-3 sequence.

Sigma). The distribution coefficient (K,,) for each protein sample
was calculated according to the relationship K,, = V. — Vo/V, —
Vo, where V7, is the elution volume of the protein, V7 is the total
column volume, and ¥ is the void volume. The Stokes radius
(Rs) was calculated form a linear plot of (—log K,,)"/* versus the
Rs of the marker proteins (bovine serum albumin, Rg = 37.0 A;
carbonic anhydrase, Ry = 24.0 A; and cytochrome ¢, Ry =
19.0 A) according to Laurent and Killander (23). The changes in
Rg were plotted versus the Zn>* concentration and analyzed by a
nonlinear regression analysis using a one-site binding model.
From the fit, the apparent binding constants (K,p,) were
obtained (Table 1).

ESI-MS Analysis. For nano-ESI-MS measurements, 300 uL
of 60 uM Zn,MT-3 and Cd;MT-3 in 25 mM Tris-HCI and
50 mM NacCl (pH 8.0) were incubated with 200 uM ZnCl, and
60 uM CdCl,, respectively. Prior to MS, the buffer was ex-
changed using a Microcon YM3 ultrafiltration device (Millipore
Corp.) by three washing cycles (3 x 500 uL) with 10 mM
4-ethylmorpholine (pH 7.2) to remove NaCl and the sample
concentrated to a final concentration of ~200 uM. For ESI-MS
analysis, protein samples were diluted into a 5 mM ammo-
nium acetate/acetonitrile/methanol/water mixture (10:12.5:37.5:
50, pH 7.5-8.0) and infused through a fused silica capillary
(inside diameter of 75 um) at a flow rate of 0.5 4L/min into a
nano-ESI-MS Q-TOF Ultima API mass sprectrometer (Micro-
mass). Electrospray PicoTIPS (inside diameter of 30 um) were
obtained from New Objective (Woburn, MA). MS spectra were
recorded in a positive mode at a capillary exit voltage of 2.1 kV, a
cone voltage of 50 V, and an RF lens energy of 50 V. Mass spectra
were deconvoluted using MaxEnt-1 (Micromass).

"3Cd NMR Measurements. Protein samples were prepared
in 25 mM Tris-HCl and 50 mM NaCl (pH 8.0) and concentrated
to 3 mM using a polyether sulfone membrane (cutoff of 5 kDa)
(Millipore Corp.) prior to NMR measurements. The ''*Cd NMR
spectra of ''*Cd;MT-3 were recorded on a Bruker DRX-500
spectrometer using inverse-gated broadband proton decoupling
to account for possible negative ''*Cd—"H NOE. '*Cd spectra
were acquired over a 30000 Hz spectral width using an acquisi-
tion time of 0.8 s and a relaxation delay of 0.3 s (16). All NMR
samples contained 10% “H,O for the field-frequency lock and
were measured in 5 mm NMR tubes at 323 K. The '“Cd
chemical shifts are reported in parts per million relative to the
113¢Cd resonance of 0.1 M Cd(ClO,), in *H,O0.

RESULTS

Circular Dichroism and Electronic Absorption Studies of
the Interaction of Zn’" with Zn;MT-3, ZnMT-3""%,
and Zn;MT-2. To explore the effect of additional metal ions
bound to Zn;MT-3 on the protein structure and to learn more
about the specificity of metal binding, we have performed circular
dichroism (CD) experiments in the presence of increasing con-
centrations of Zn*", Ca**, and Mg®". Since MT-3 is the only

0.5 1.0
[2n*] (mM)
1 "

05 1.0
[Zn”] (mM)

[6] x 10 (deg dmol™" cm?)
&

I " | L 1 L
200 220 240 260
Wavelength (nm)

FIGURE 2: Effect of Zn>" on the circular dichroism gCD spectra of
ZnsMT isoforms: (A) Zn,MT-3, (B) Zn;MT-323"% and (C)
Zn;MT-2. The proteins were titrated with 0, 0.1, 0.25, 0.5, and 1
mM ZnCl, in 25 mM Tris-HCI and 50 mM NaCl (pH 8.0). Arrows
indicate the effect of increasing Zn>" concentrations. Insets show
changes in the molar ellipticity [6] at 197 nm plotted vs Zn>"
concentration. The data were fitted by a nonlinear regression analysis
using a one-site binding model.

MT isoform containing a glutamate-rich hexapeptide insert in the
C-terminal a-domain (Figure 1), the CD features of Zn;MT-3
were compared with those of the mutant Zn,MT-3%*>"%, Jacking
the hexapeptide insert, and the structurally well-characterized
human Zn;MT-2 (24).

The presented CD spectra of Zn;MTs in Figure 2A—C are
characterized by a biphasic CD profile with bands at (+)247 and
(—)228 nm and a crossover point at 239 nm, originating from an
excitonic splitting of the first CysS—Zn(Il) ligand-to-metal
charge transfer (LMCT) band at 235 nm (/6). A strong CD
band at (—)200 nm is dominated by the peptide backbone
transitions. The CD titration of Zn;MT-3 and Zn,MT-32%"%
with increasing Zn*>* concentrations (0—1 mM) revealed, besides
an intensity decrease of the (—)200 nm CD band, significant
changes also between 210 and 260 nm consistent with a perturba-
tion of the metal—thiolate cluster structure. Specifically, while the
(—)223 nm shoulder experienced an increase in intensity, the
intensity of the (+)245 nm CD band in the low-energy region
decreased and underwent a gradual 5 nm red shift paralleled by a
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FIGURE 3: Effect of Zn>" on the electronic absorption spectrum of
Zn;MT-3. The protein was titrated with 0, 30, 50, 70, 100, 150, 200,
250, 300, 350, and 400 uM ZnCl, in 25 mM Tris-HCI and 50 mM
NaCl (pH 8.0). The arrow indicates the effect of increasing concen-
trations of Zn> * . The inset shows changes in the extinction coefficient
(Ag)at 235 nm plotted vs Zn>* concentration. The data were fitted by
a nonlinear regression analysis using the one-site binding model.

4 nm red shift of the crossover point from 238 to 242 nm. The
occurrence of an isodichroic point at ~205 nm with an increasing
Zn’" concentration suggests that two structurally different
ZnMT-3 forms are concomitantly present in solution. In con-
trast, only minor changes were observed in the CD spectrum of
ZnsMT-2 upon Zn** addition (Figure 2C). To assess the
maximal changes in the secondary structure of Zn;MT-3 and
ZnMT-32"% under saturating conditions, the changes
in molar ellipticity at 197 nm (A[6];97) were plotted versus the
Zn’" concentration (insets in Figure 2A,B). From a nonlinear
regression analysis using a one-site binding model (see below), an
apparent dissociation constant (K,p,p,) of (0.13 £ 0.03) x 10°M
was calculated for Zn>* binding to Zn;MT-3 and a value of
(0.1540.09) x 10~ M for binding to Zn;MT-3*>"% (Table 1).
The similarity between both values indicates that the acidic
hex2a+peptide insert is not essential for the binding of additional
Zn"".

The effect of addition of Zn>* on the absorption spectrum of
ZnsMT-3 was also examined (Figure 3). Because of the absence
of aromatic residues and histidine in M Ts, the absorption spectra
of all Zn,MTs are characterized by a metal-induced shoulder
around 235 nm, originating from CysS—Zn(II) LMCT transi-
tions. With increasing Zn’" concentrations, the absorption
shoulder of Zn;MT-3 decreased in intensity. This effect most
likely originates from the perturbation of excitonic interactions
within the clusters seen in the CD spectra. A similar effect has
been observed upon the perturbation of excitonic interactions in
o-helical proteins and model peptides (25). The curve analysis of
the changes in absorbance at 235 nm (A[e]»ss) versus the Zn>*
concentration revealed a K,p, of (0.12 £ 0.02) x 10° M
(Figure 3, inset). Analogous analysis of the corresponding
changes in molar ellipticity of Zn;MT-3 at 235 nm resulted in a
closely similar K, of (0.11 £ 0.01) x 107 M (Figure 2A).
Overall, the effect of Zn>" addition on the LMCT bands in the
absorption and CD spectra of Zn;MT-3 is paralleled by that
observed on peptide backbone transitions in the corresponding
CD spectrum. The close correspondence of the determined K,
indicates that both effects relate to Zn>" binding to Zn;MT-3
(Figure 2A). Moreover, while a similar behavior was also seen
with Zn;MT-3%"%, the spectrum of Zn;MT-2 was unaffected
by Zn>" addition (Figure 2C).
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FiGURE 4: Changes in the Stokes radius (ARs) of Zn;MT-3 (M),
Zn;MT-32%7% (@), and Zn;MT-2 (A) determined by size exclusion
chromatography in the absence and presence of 10, 100, 250, and
500 uM ZnCl, in elution buffer [25 mM Tris-HCl and 50 mM NaCl
(pH 8.0)].

Effect of Zn’" on the Hydrodynamic Properties of
ZnMT-3, ZnMT-37"  and Zn,MT-2. To asses
whether the observed changes in the secondary structure also
lead to changes in the tertiary structure, the hydrodynamic
properties of Zn;MT-3, ZnMT-3237% and Zn,MT-2 in the
presence and absence of increasing Zn> " concentrations in the
elution buffer were investigated by analytical size exclusion
chromatography (SEC). In the absence of Zn>" in the elution
buffer, monomeric Zn,MT-3, Zn,MT-3*>"% and Zn;MT-2
elute from the column with apparent molecular masses (M) of
25600, 21900, and 17300 Da, respectively. The increased appar-
ent molecular masses of these 7—8 kDa proteins reflect a prolate
ellipsoid shape of mammalian MTs (26). The correspon-
ding Stokes radii (Rs) were calculated according to Laurent
and Killander’s equation (23). In the presence of Zn®" (0—
500 uM), Zn;MT-3 and Zn,MT-3237% exhibited a concentra-
tion-dependent decrease in the Rg (Figure 4) with maximal
changes of 8.0 and 7.9%, respectively (Table 1). In contrast,
only minor ( <2%) changes in Rg were observed with Zn,MT-2.
These Rg values reflect the maximal changes in AM,,;, of 5200 Da
for Zn,MT-3, 3700 Da for Zn;MT-32>"% and <1000 Da for
Zn;MT-2. Using a one-metal binding site model and assuming
that the measured changes in Stokes radii are directly propor-
tional to metal binding, the K,,, values for Zn;MT-3 and
ZnsMT-3437%06£0.13 x 107> and 0.09 x 107> M, respectively,
were determined by nonlinear regression analysis. These Ky,
values are similar to those obtained in the corresponding CD and
absorption studies, suggesting that the methods describe the same
binding process (Table 1).

ESI-MS Analysis of ZngM T-3. To further investigate the
metal binding stoichiometry of Zn;MT-3 with additional Zn**
bound, we performed ESI-MS analysis at pH 7.5. In view of the
K, pp value of ~100 uM, the sample of 60 uM Zn;MT-3 in 25 mM
Tris-HCI and 50 mM NaCl (pH 8.0) was mixed with 200 uM
ZnCl,. This was followed by three washing steps to remove NaCl,
and the sample was then concentrated to a final concentration of
~200 uM and analyzed. As depicted in Figure 5, besides the mass
peak of Zn;MT-3 (7368.6 Da), an additional mass peak with a
mass difference of 62.8 Da corresponding to one Zn** (calcu-
lated Am of 63.4 Da) was observed. This signifies that the
Zn;MT-3 form is capable of binding one additional metal ion
forming ZngMT-3. The presence of Zn;MT-3 in the MS spectra
of Zn>" derivatives reflects the instability of ZngMT-3 during the
MS analysis. Thus, in our MS experiments, we could not confirm
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FIGURE 5: Deconvoluted nano-ESI-MS spectrum of ZngMT-3 at pH
7.5. For details of sample preparation, see Experimental Procedures.
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FIGURE 6: (A) Kinetics of dimer formation of Zn;MT isoforms
monitored by size exclusion chromatography in the presence of 1
mM ZnCl, in elution buffer. The samples of ZnMT-2 (A), ZnMT-
3435760 (@), and ZnMT-3 (W), were incubated with | mM ZnCl,. (B)
The circular dichroism (CD) spectra of ZnMT-3 recorded after 0, 1, 6,
and 24 h upon addition of I mM ZnCl,. Conditions: 25 mM Tris-HCl
and 50 mM NaCl (pH 8.0). The arrow indicates the CD changes with
increasing incubation time.

the formation of MT-3 to Zn>" stoichiometries higher than 8 as
previously reported (/9). We ascribe these differences in the ESI-
MS spectra to different conditions used in sample preparations.

Kinetics of Zn’ " -Dependent Dimerization of Zn,MT-3
and Zn;MT-3%"5?_ During the determination of the Ry in the
presence of Zn> ", we observed after a 24 h incubation with Zn**
that besides monomeric forms of ZngMT-3 and ZngMT-3435¢
dimers (M,,, ~ 38000 Da) and to a minor extent higher
oligomers ( < 3%) were also formed (data not shown). To further
investigate the kinetic properties of this dimerization process, the
50 uM samples of Zn;MT-3, Zn;MT-32"% and Zn,MT-2
were incubated in the presence of 1 mM Zn>", and at various
incubation times, aliquots were subjected to SEC and eluted with
buffer containing 1 mM Zn**. The presented time courses in
Figure 6A reveal the maximal formation of ~30% dimers for
ZngMT-3 and ~25% for ZngMT-32%" after incubation for
12 h, with a half-maximal dimer formation reached already after
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incubation for ~2 h. However, no dimer formation was observed
for Zn;MT-2. Rechromatography of the isolated dimer fractions
again yielded a monomeric and dimeric protein, indicating its
nonoxidative nature. The absence of intermolecular disulfides
was further confirmed by ESI-MS analysis of dimers at low pH
(pH 3). The generated apoproteins revealed only the mass peak of
the monomer (data not shown). As no dimers were formed after
incubation of Zn,MT-3, Zn;MT-3*"% and Zn,MT-2 for 24 h
in the absence of Zn>* or in the presence of 50 mM Mg*" (see
below), the presence of Zn>" is critical for the dimerization
process (Figure 1 of the Supporting Information). To assess the
effect of protein dimerization on the cluster structure of Zn;MT-
3, we have recorded CD spectra immediately following Zn**
addition and after sample incubation for 1, 3, 6, and 12 h. As seen
in Figure 6B, the changes in the cluster structure of Zn;MT-3 are
completed immediately after the addition of Zn*". The absence
of further CD changes with prolonged incubation times suggests
that in dimers no further major perturbation of the cluster
structure occurs. Since our attempts to characterize the dimeric
form by ESI-MS failed, the metal content of dimers is not known.
Nevertheless, the data suggest that a rapid structural rearrange-
ment leading to the formation of ZngMT-3 results in a decrease in
the Rg and that this is followed by a slow protein dimerization.
"3Cd NMR Studies of CdMT-3 Dimers. We have used the
CdMT-3 derivative to learn more about the nature of MT-3
dimers. In the past, the isostructural substitution of Zn> " ions in
MTs with Cd** provided a wealth of information regarding the
structure of these proteins (27, 28). At first, to aid our '*Cd
NMR studies, we examined whether the binding of additional
Cd** jons to Cd;MT-3 also forms CdgMT-3. The ESI-MS
spectrum of CdgMT-3, generated in a manner similar to that of
ZngMT-3, showed the predominant mass peak of 7810.5 Da,
clearly indicating that CdsMT-3 is formed (Figure 2 of the
Supporting Information). As the binding of extra Zn>" signifi-
cantly perturbed the cluster structure in Zn;MT-3, we studied the
effect of both Zn>" and Cd*>" ions on the CD spectrum of
Cd;MT-3 (Figure 3 of the Supporting Information). In Cd;MT-
3, the spectral contribution of peptide transitions to LMCT
bands is negligible, due to the red shift of the CysS—Cd** LMCT
bands of ~20 nm compared to those in the Zn;MT-3 form. The
CD spectrum of Cd;MT-3 shows, besides a strong CD band of
peptide backbone transitions at (—)200 nm, a biphasic CD profile
with extrema at (—)237 and (+)257 nm and a crossover point at
246 nm. Like those of Zn;MT-3, the low-energy CD features in
Cd;MT-3 originate from excitonic splitting of the first CysS—
Cd** LMCT band. The successive addition of Zn>* or Cd** to
Cd;MT-3 resulted in immediate changes in the cluster structure
characterized by the development of two isodichroic points at
~240 and ~257 nm observed with both metal ions. Their
presence suggests that the Me/'MT-3 and Mel!MT-3 forms are
concomitantly present in solution. These results further suggest
that the effect of both metal ions on the structure of Cd;MT-3,
leading to the formation of MelMT-3, is similar. In the case of
Cd*", the immediate saturation of the additional metal binding
site in Cd;MT-3 occurred at ~100 M, indicating a higher
affinity for Cd** than for Zn>" where a 1 mM concentration
was required. The incubation of Cd;MT-3 with Zn>* and Cd**
for 48 h gave rise to dimer formation (40% with Zn** and 80%
with Cd*>"). Next, we carried out '*Cd NMR experiments on
Cd;MT-3 monomers and CAMT-3 dimers (Figure 7). The ''*Cd
NMR spectrum of ''*Cd,MT-3 presented in Figure 7A compares
well with that published. As previously shown, the strong '*Cd
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FIGURE 7: ''3Cd NMR spectra (110.9 MHz) of human (A) Cd,MT-3
and (B) CAMT-3 dimers in 25 mM Tris-HCI and 50 mM NaCl (pH
8.0, 323 K). Labeled ''*Cd resonances I, V, VI, and VII originate
from the Cdy cluster in the a-domain, whereas resonances 11, 111, and
IV originate from the Cdj cluster in the f-domain of Cd;MT-3.

resonances (I, V, VI, and VII) originate from the Cd, cluster and
the three weak resonances (II, IT1, and I'V) originate from the Cds
cluster (16). The characteristic features of this spectrum are a
large apparent line width of all resonances (150—350 Hz), the
absence of homonuclear ''*Cd—""*Cd couplings, and a markedly
reduced and temperature-independent intensity (20%) of the
resonances of the Cd; cluster. These features have been inter-
preted in terms of dynamic processes acting on two different
NMR time scales: fast exchange processes among conforma-
tional cluster substates occurring in both clusters and additional
slow exchange processes among configurational cluster substates
in the Cdj; cluster (16). The latter exchange processes allowed only
the structure of the a-domain of ''*Cd;MT-3 to be determined by
NMR (18).

The dimeric sample for NMR measurements was generated by
overnight incubation of "*Cd;MT-3 (0.1 mM) with the 6-fold
excess of '*Cd** followed by the sample concentration reaching
~3 mM. The gel filtration chromatographic check of this sample,
conducted as described above for Zn>* dimers, revealed that in
the CAMT-3 sample ~80% of dimers were present. The ''*Cd
NMR spectrum of mainly dimeric "*CdMT-3 is shown in
Figure 7B. Besides the ''*Cd resonances shown, no additional
resonances were observed in the spectral range between —100 and
900 ppm. In this spectrum, the '*Cd resonances of the Cd,
cluster appear to be less affected, showing only a small high-field
shift in their chemical shift position (~6 ppm). However, the
weak '®Cd resonances occurring at different chemical shift
positions compared with the monomeric form most likely
originate from the Cdj cluster resonances in dimers. Whether a
high-field shoulder at resonance VII comes from the altered Cd;
cluster or from the perturbation of this site is not clear. We
ascribe the absence of ''*Cd resonances of the additional weakly
bound metal ion(s) to a chemical exchange.

Circular Dichroism Studies of the Interaction of Ca®*
and Mg*>™" with Zn,MT-3, Zn,MT-3*7"% and Zn,MT-
2. In view of the large number of acidic residues in MT-3, the
interaction of Zn;MT-3, Zn,MT-3%"% and, for comparison,
ZnsMT-2 with Ca?" and Mg”", which often bind specifically to
these residues, was also investigated. The studies were conducted
using Ca>* and Mg”>" concentrations between 1 and 50 mM.
However, no effect of these metal ions on the CD spectra of all
Zn;MTs was seen. The representative CD spectrum of Zn;MT-3,
showing the effect of increasing Mg”* concentrations, is pre-
sented in Figure 8A.

Biochemistry, Vol. 48, No. 24, 2009 5705

[6]x 10° (deg dmol™’ sz)

" 1 '
200 220 240 260

Wavelength (nm)

AR_(A)
)

05 |-

0.0 |-

0 10 20 30 40 50
2+,
Mg ] (mM)

FIGURE 8: (A) Effect of increasing Mg>* concentrations (between 0
and 50 mM) on the circular dichroism (CD) spectrum of Zn;MT-3.
(B) Changes in the Stokes radius (ARs) of Zn;MT-3 (M), Zn;MT-
3855760 (@), and Zn;MT-2 () as a function of increasing Mg>*
concentration in elution buffer determined by size exclusion chro-
matography.

Effect of Ca®" and Mg’ " on the Hydrodynamic Proper-
ties of Zn,MT-3, Zn,MT-3*7" and Zn,MT-2. In
marked contrast to the CD studies, the presence of Ca*>" and
Mg*" between 1 and 50 mM affected the hydrodynamic proper-
ties of the studied Zn;MTs to a different extent. Since the effect of
both metals on the Stokes radii was found to be similar and
occurred at rather high concentrations, only the effect of more
physiologically relevant Mg® " is presented (Figure 8B). Further-
more, the close similarity of the Rg values for these proteins
obtained in 50 and 100 mM NaCl indicates that the observed
effect originates mainly from the presence of these divalent metal
ions. Although the dependence of the Rg versus Mg> " concen-
tration resembles that obtained for Zn,MT-3 and Zn;MT-32%"%
upon Zn> " binding (Figure 4), the changes in the Rg with Mg**
occurred at 100-fold higher concentrations. The results show
that the presence of millimolar Mg>* concentrations induced
substantial changes in the apparent Stokes radii (Figure 8B).
Thus, whereas in the CD studies no evidence of changes in the
protein structure in the presence of Ca’" and Mg>" was
obtained, the Rg values of all Zn;MTs, including Zn,MT-2, were
affected to a different extent by both metal ions. Consequently,
the effect of Zn** on the structure of Zn,MTs differs from that of
Ca’" and Mg>". Overall, these results support a specific effect of
Zn*" on the structure of Zn;MT-3 and Zn;MT-343",

DISCUSSION

In these studies, we demonstrate that Zn;MT-3 can specifically
bind one additional Zn®* with an apparent binding constant
(Kapp) of ~100 uM. The immediate formation of ZngMT-3 is
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accompanied by the perturbation of the cluster structure and the
reduction of the Stokes radius (Table 1), features consistent with
the mutual approach of both protein domains which are linked
by a flexible hinge region. As both Zn,MT-3 and the Zn,MT-
3435760 mutant exhibited the same behavior, the acidic hexapep-
tide insert (E>AAEAE®) is not essential for the formation of
ZngMT-3. In marked contrast, the addition of Zn*>* ions was
without effect on the structure of well-characterized Zn;MT-2,
suggesting that the formation of ZngMT-3 is specific to this
isoform. The reductions of Stokes radii of Zn;MT-3, Zn,MT-
3835760 and Zn,MT-2 were also seen with Ca>* and Mg® ", but
at substantially higher concentrations compared with that of
Zn*" (~100 times). This and the absence of changes in the
corresponding CD spectra suggest that the effect of Zn*" is
specific and differs from that of Ca®* and Mg®". The influence
of Ca’" and Mg>" on Stokes radii of all Zn;MTs studied
appears to be complex and may include changes in protein
hydration shell as well as a weak binding of Ca>* and Mg>*
to protein carboxylates, reducing the degree of electrostatic
repulsion between both protein domains. In this context, it
should be noted that the charge difference between the a-
domains of Zn;MT-3 and Zn;MT-2 is —5.0 and that between
their f-domains is —2.0.

A prolonged incubation of MT-3 with Zn*>", but not with
Ca®" or Mg* ", results in a slow protein dimerization character-
ized by an increased apparent molecular mass and the absence of
changes in the CD spectra. The noncovalent nature of dimers was
confirmed by ESI-MS analysis of the apoprotein. The CD studies
of the dimerization process using the Cd;MT-3 form revealed
that both Zn? " and Cd** cause a similar immediate perturbation
of the cluster structure, due to the formation of MetMT-3, and
that no further CD changes occur during the slow protein
dimerization. This suggests that the initial formation of
Mel'MT-3 generates a protein surface needed for its dimeriza-
tion. Although the instability of the dimer under ESI-MS
conditions prevented the determination of its metal content,
the involvement of additional metal ions in the dimer formation
and stabilization cannot be ruled out. The '"*Cd NMR studies of
CdMT-3 dimers were conducted on the sample containing
mainly the dimeric form (~80%). The '*Cd NMR spectrum
of dimers shows, besides almost unperturbed resonances of the
Cd, cluster, additional weak resonances occurring at a different
chemical shift position compared with that of Cd;MT-3. We
assigned the latter ''*Cd resonances to the Cds cluster in dimers.
Thus, it would appear that the mutual approach of both protein
domains and the protein dimerization mainly affect the more
flexible Cdjs cluster. In view of the substantially increased number
of acidic residues in MT-3 (11 residues) compared with MT-2 (4
residues), we suggest that the carboxylate donor ligands present
on the surface of both domains in MT-3 participate in binding of
the additional Zn>" to Zn,MT-3. The absence of ''*Cd reso-
nances in the spectral range of oxygen or oxygen/nitrogen donor
ligands between —100 and 400 ppm in CAMT-3 dimers is due
most likely to chemical exchange. However, the participation of
original terminal thiolate ligand(s) of the Cd; cluster in metal
binding cannot be ruled out.

Biological implications of these studies should also be dis-
cussed. As Zn;MT-3 occurs intra- and extracellularly, the protein
is exposed to different concentrations of Zn> ", Ca®>*, and Mg* .
Zn;MT-3 is mainly expressed in ZEN (29). In the cytosol of these
neurons, the free zinc concentration is in subnanomolar range
and thus without effect on the structure of Zn,MT-3. However, in
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the extracellular space, the free zinc concentration reaches up to
300 uM during synaptic signaling (/5). Under these conditions,
the binding of Zn*" to excreted Zn;MT-3 would generate the
ZngMT-3 form. A reversible switch between the Zn;,- and Zng-
MT-3 forms, depending on the fluctuation in zinc concentrations
during synaptic neurotransmission, may be important as a zinc
buffer or for an interaction with binding partner(s). In contrast to
Zn’", the interaction of Ca’* and Mg>" with Zn,MT-3 is
unspecific and occurs at substantially higher concentrations of
these metal ions. Whereas the extracellular concentration of
Ca’" and Mg®" is ~1—2.5 mM, a total cytosolic concentration
of Ca®" is 100 «uM and the intracellular concentration of Mg * is
10—20 mM. The former metal ion, through an increase in its free
cytosolic concentration from 0.1 to 0.5 uM, acts as a second
messenger (30). Therefore, only the intracellular Mg®" concen-
tration may influence the structure of Zn;MT-3. Cell culture
studies using cultured cortical neurons showed that the major
part of intracellular Mg®" is bound to low-molecular mass
components such as ATP and that the free Mg> " concentration
upon neuronal stimulation can increase up to 10—12mM (37). In
view of these studies, Mg” " would exert a significant effect on the
structure of Zn;MT-3 under conditions of neuronal stimulation.
Thus, the structure of intra- and extracellularly occurring MT-3
will be influenced in a different way by free Mg>* and Zn**
levels. These structural changes may be important for the
function of this protein in different environments.
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