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ABSTRACT: Metallothioneins are a family of small, cysteine rich proteins that have
been implicated in a range of roles including toxic metal detoxification, protection
against oxidative stress, and as metallochaperones involved in the homeostasis of
both essential zinc and copper. We report that human metallothionein 1la, well-
known to coordinate 7 Zn*" or Cd** ions with 20 cysteinyl thiols, will bind 8
structurally significant Cd** ions, leading to the formation of the supermetalated Cdg-
Po-thMT 1a species, for which the structure is a novel single domain. ESI—mass
spectrometry was used to determine the exact metalation status of the fa-thMT. The
derivative-shaped CD envelope of Cd,-fa-thMT [peak extrema (+) 260 and (—)
239 nm] changed drastically upon formation of the Cdg-fa-thMT with the
appearance of a sharp monophasic CD band centered on 252 nm, a feature indicative
of the loss of cluster symmetry. The structural significance of the eighth Cd** ion was
determined from a combination of direct and indirect '>Cd nuclear magnetic

resonance (NMR) spectra. In the case of Cdg-fa-thMT, only four peaks were observed in the direct ''*Cd NMR spectrum.
Significantly, while both of the isolated domains can be supermetalated forming Cd,-f-rhMT and Cds-a-thMT, Cdg-fa-thMT
and not Cdy-fa-thMT was observed following addition of excess Cd*". We propose that both domains act in concert to
coordinate the eighth Cd>* atom, and furthermore that this interaction results in a coalescence of the two domains leading to
collapse of the two-domain structure. This is the first report of a possible single-“superdomain” metallothionein structure for Zn**
and Cd*" binding mammalian proteins. A computational model of a possible single-domain structure of Cdg-fa-thMT is

described.

B INTRODUCTION

Metallothioneins (MTs), first isolated by Margoshes and Vallee
in 1957," are a family of small metalloproteins characterized by
their high cysteine content, absence of disulfide bonds, and a
lack of aromatic amino acids.” MT is ubiquitous to living
organisms and since its discovery, members of the MT family
have been isolated from a wide range of sources including all
animal phyla, fungi, plants, as well as cyanobacteria.3_6 Owing
to the significant number of cysteine residues in the sequence
(~30% of all amino acids),” the function(s) of MT have been
postulated to include toxic metal detoxification, protection
against oxidative stress and as a metallochaperone involved in
the metal ion homeostasis of essential Zn** and Cu*.¥ However,
despite more than 60 years of intense research, the exact in vivo
roles of MT are still largely unknown.

Mammalian MTs are the most well-studied members of the
MT family and consist of 20 cysteine residues that act to
encapsulate two metal—thiolate cores. Figure 1A shows a space
filling model of human MT 1a coordinated to 7 Cd** ions, Cd,-
Pa-rhMT 1a (mammalian isoforms other than 1a will be noted
specifically). In the X-ray structure of rat liver MT 2 (Zn,Cds-
MT 2),” and NMR studies from other variants,'”'! the metal
ions exists with two independent domains: an N-terminal f-
domain and a C-terminal @-domain. The -domain is capable of
binding 3 Zn*" or Cd** ions through 9 cysteine residues, while
the a-domain is capable of binding 4 Zn** or Cd** ions through
11 cysteine residues (Figure 1B). Significantly, the structural
data has only been reported from metal-saturated proteins. It is
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important to note that both Zn®>* and Cd** bind to
metallothionein in an isostructural manner, and that the overall
molecular architecture of the protein, when coordinated to
either Zn?* or Cd*, is identical."" The sequence of the cleaved
recombinant fa-thMT coordinated to seven divalent metal
ions is shown in Figure 1C, with the metal ions colored green
and cysteine residues yellow. The numbering of the cadmium-
thiolate core is cross referenced to the original naming
conventions based on the order of the NMR bands in the
mammalian Cd,-MT 2a spectra,'® while the numbering of the
cysteine residues has been adjusted to accommodate both the
additional amino acids from thrombin cleavage (residues 1 and
2) and a series of amino acids meant to aid in protein
expression (residues 3—9).

Mammalian MT can be subdivided into 4 distinct subfamilies
(MT-1, -2, -3 and -4), each of which contain 20 cysteine
residues coordinating 7 divalent metals. However, different
patterns of expression suggest specific in vivo roles for each
subfamily. For example, both MT-1 and -2, found in abundance
in the liver and kidneys, are induced by a number of stimuli,
including metal ions, glucocorticoids, cytokines and oxidative
stress,”'~'® while MT-3, found primarily in the central nervous
system,'* and MT-4, found in stratified squamous epithelial
tissues, are more tightly controlled."”” These differences in
expression, both causal and spatial, of the MT subfamilies are
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Figure 1. (A) Space filling structure of Cd,-fa-rthMT 1la. The N-terminal f-domain is located on the left-hand side, while the C-terminal a-domain is
located on the right-hand side. (B) Cadmium-cysteinyl-thiolate clusters of Cd,-fa-thMT 1a presented as a ball and stick model: f-domain (left) and
a-domain (right). (C) Connectivity diagram of MT 1la, which shows that each of the seven traditional cadmium atoms is connected to exactly four
cysteine amino acids. The connectivity diagram has been renumbered to accommodate the amino acids glycine and serine, both of which are a
product of S-tag cleavage VVlth Thrombm, located on the N-terminal of the -domain. Numbering of the Cd-thiolate centers is based on the NMR

assignment by Messerle et al.'®

Molecular modeling data from Chan et al. 22

likely the result of the unique biological functions of each
member. In fact, it has been shown that disruption of the
natural expression of MT-3, through ectopic expression in mice,
has led to the development of pancreatic acinar cell necrosis
and death.'® These results highlight the fact that a dysregulation
in the expression of MT can lead to a diseased state and
eventual death. However, little is known regarding the
structural differences of these MT subfamilies that must
underlie their functional differences.

One reason for the difficulty in determining structure—
function relationships for MT is that it is notoriously difficult to
crystallize. To date, only two X-ray structures have been
reported: the first from rat,” CdsZn,-MT 2, and the second
from yeast,17 Cug-MT. In the first case, both cadmium and zinc
metal centers were tetrahedrally coordinated by four thiolate
groups into two distinct binding domains, while in the second
case a combination of both trigonal and diagonal coordination
was observed for a single domain Cu-thiolate cluster. Much of
the structural information known for mammalian MT is a result
of the many NMR-based studies.'®'®"*' While NMR studies
can provide the solution structure of MT, analysis has been
limited to the spin 1/2 nuclei, namely Heg and 1Bcd.
Unfortunately, because of an absence of interdomain NOEs,
NMR studies can only provide the absolute connectivities of
atoms in a specific domain and their spatial relationship within
that domain’s metal—thiolate core. While the X-ray structure of
the rat liver Zn,Cds-MT 2 did provide the alignment of the
interdomain linkage, the lack of interdomain NOEs has led to
the assumption that both domains essentially act independently
of each other. Further, subsequent studies have also generally
assumed that the metal-based chemistry of each domain must
also be independent and significantly that MT will adopt a two-
domain structure at all metal loading levels.

The assumption of domain independence has significant
consequences for the metal exchange properties of metal-
lothionein. Specifically, the p-domain of MT has been
associated with a preference for Cu® coordination, while the
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a-domain has been associated with a preference for Zn*" or
Cd** coordination.”*™® The question remains, however, if the
domains do not interact with one another, then how does the
metal binding reaction reach equilibrium? This problem is
further complicated by the fact that MT is capable of binding a
very wide range of metals, with differing geometries that are
dependent on the stoichiometries of the associated metal, for
example As¢-MT, Cd,- or Zn,-MT, Cuy,- or Ag,-MT, and
Hgs-MT. 26729 A recent study with As-MT has shown that As**
distribution between the full protein and the domain fragments
occurred by protein—protein interactions, and not by a
dissociative-associative mechanism.>° While not conclusive,
these results support the existence of domain—domain
interactions as the driving force behind metal—ion equilibra-
tion.

Another reason for the difficulty in determining the function
of MT is that until recently, MT was thought to coordinate
metals in a cooperative fashion, where the blndmg of one metal
facilitates the binding of subsequent metals.>’ However, recent
studies have shown that metalation of MT by Cd**, Zn**, As™,
and Bi** occurs in a noncooperative fashion.?%**73¢ A
noncooperative mechanism allows for partially metalated, as
well as metal exchange intermediates, to be stable and able to
take part in cellular chemistry. Significantly, Krezel and Maret
have shown from their competition experiments that there exist
at least three classes of Zn** binding site, with log K values of
11.8, ~10 and 7.7 corresponding to the binding of four, two
and one metal ion, respectively.”’ This range of binding
affinities shows that MT can act as a dynamic metal-
lochaperone, capable of donating and accepting metal ions
over a range of cellular concentrations.

Finally, MT has been shown to bind metals in excess of
traditional levels. These supermetalated states have been
reported for both of the 1solated a— and f-domains forming
Cds-a-thMT?® and Cd,-f-thMT,* respectively. This level of
metalation has also been reported in human MT-3, Cds-fa-
hMT 3.% In the case of MT-1 and MT-2, Cd*" ions are known
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to isomorphously replace Zn** ions,*' which suggests the
involvement of these supermetalated structures in the metal-
exchange reactions that must occur for the binding of incoming
metals with binding affinities greater than that of the resident
zing, for example, the essential Cu* and the toxic Cd**. Indeed,
metal transfer reactions in MT have been well documented, for
example the Zn*" transfer of fully metalated Zn-fa-MT to m-
aconitase,” carbonic anhydrase,”'3 and the prototypical tran-
scription factor Gal4.** Interestingly, a recent study involving
the incubation of Af;_,-Cu®’, a producer of reactive oxygen
critical to Alzheimer’s disease, with Zn,-fa-MT 3 demonstrated
that MT readily exchanged Zn>* for Cu®, with subsequent
reduction to Cu® and coordination to the remaining reduced
thiols, thereby deactivating the Af,_,-peptide.* While these
studies highlight the importance of protein—protein inter-
actions, no exchange intermediates have been characterized that
provide insight into the actual mechanism of metal transfer.

In this paper, we present evidence that human metal-
lothionein, Cd,-fa-rhMT, is capable of binding an additional
cadmium atom to form the structurally unique Cdg-fa-rhMT.
Exact metal speciation was monitored using ESI-mass
spectrometry (ESI-MS), which allowed for a direct correlation
between the number of cadmium atoms bound to the protein
and observed changes in the UV absorption and CD spectra.
Direct and indirect '*Cd NMR spectroscopies were used to
ensure that the incoming metal was structurally significant and
involved direct interaction with the metal—thiolate cluster.
Possible implications of these results with respect to metal ion
homeostasis and metal ion domain selectivity are discussed
both of which have significant consequences for the in vivo
function of MT in an organism.

B EXPERIMENTAL METHODS

Chemicals. Chemicals used included cadmium sulfate (Fisher
Scientific); cadmium(113) chloride (Trace Sciences International
Inc.); deuterium oxide (Cambridge Isotopes Laboratories, Inc.); tris(2-
carboxyethyl)phosphine (PIERCE); ThrombinCleanCleave Kit
(Sigma) Tris buffer, tris(hydroxymethyl)aminomethane (EMD
Chemicals/VWR); ammonium formate buffer (JT Baker); ammonium
hydroxide (Caledon Laboratory Chemicals); formic acid (Caledon
Laboratory Chemicals); and hydrochloric acid (Caledon Laboratory
Chemicals). All solutions were made with >16 M Q cm™ deionized
water (Barnstead Nanopure Infinity). HiTrap SP HP ion exchange
columns (Amersham Biosciences/GE Healthcare), superfine G-25
Sephadex (Amersham Biosciences/GE Healthcare), stirred ultra-
filtration cell Model 8010 and 8200 (Amicon Bioseparations/
Millipore) with YM-3 membrane (3000 MWCQO) were used in the
protein purification steps.

Protein Preparation. The expression and purification of
recombinant Sa-thMT has been previously reported.”> The fa-
rthMT wused in this study was based on the 72-residue sequence
MGKAAAACSC ATGGSCTCTG SCKCKECKCN SCKKAAAACC
SCCPMSCAKC AQGCVCKGAS EKCSCCKKAA AA with no
disulfide bonds present in the system. The expression system included,
for stability purposes, an N-terminal S-tag (MKETAAAKFE
RQHMDSPDLG TLVPRGS). Recombinant fa-thMT la was ex-
pressed in BL21(DE3) Escherichia coli transformed using the pET29a
plasmid. Removal of the S-tag was performed using a Thrombin
CleanCleave Kit. To impede oxidation of the cysteine residues to
disulfide bonds, all protein samples were rigorously evacuated and
then argon saturated.

CD, UV Absorption Spectroscopic and ESI-MS Spectro-
metric Measurements. All protein concentrations were confirmed
by UV absorption spectroscopy using the absorbance at 250 nm, which
corresponds to the ligand-to-metal charge transfer transition generated
by the metal—thiolate bond (£,5, = 89000 M~'em™).
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CD spectra were recorded on a Jasco J810 spectropolarimeter in a 1
cm  quartz cuvette at room temperature (22 °C) using Spectra
Manager version 1.52.01 (Jasco). The wavelength range of 200—350
nm was scanned continuously at a rate of 50 nm/min with a
bandwidth of 2 nm. The spectral data were organized and plotted
using Origin version 7.0383. The CD spectra are expressed in units of
AA. For the CD titration a solution of Cd,-fa-rhMT was prepared in
S mM ammonium formate (pH 8.1) to a concentration of 7.8 uM.
This solution was then titrated in a stepwise manner with increasing
amounts of Cd** using both 0.17 mM and 1.02 mM CdSO, to
produce a solution of Cdg-fa-rhMT 1la.

UV absorption spectra were recorded on a Cary SG UV—vis—NIR
spectrophotometer (Varian) in a 1 mm quartz cuvette at room
temperature (22 °C) using the Cary Win UV Scan software
application. The wavelength range of 200—350 nm was scanned
continuously. All spectra were baseline-corrected. The spectral data
were organized and plotted using Origin version 7.0383. The sample
was measured in a S mM ammonium formate buffer at pH 8.1 with a
protein concentration of 28 yM. This same sample was used in the
ESI-MS titration. The extinction coefficient used for Cdg-fa-thMT 1a
was 89000 M~'em™".

ESI-MS spectra were recorded on a micrOTOF II MS (Bruker).
The operating parameters were as follows: End plate offset —500 V;
Capillary 4200 V; Nebulizer 2.0 bar; Dry gas 8 L/min; Dry
temperature 80 °C; Capillary exit 180 V; Hexapole RF 600 Vpp;
Mass range 500—3000 m/z. Spectra were acquired as a rolling average
of 2 X 0.5 Hz. A solution of Cd,-fa-rhMT was prepared in 5 mM
ammonium formate (pH 8.1) to a concentration of 27.0 uM for MS
measurements of Cd,-fa-thMT and Cdg-fa-rhMT.

NMR Spectroscopic Measurements. Samples of Cd-bound fa-
thMT for NMR analysis were prepared by pooling protein product
from five 4 L recombinant preparations following thrombin-cleavage
of the S-tag. The '*Cd,-fa-ThMT used for acquisition of all NMR
spectra was prepared by addition of concentrated formic acid to
demetallate the protein, followed by desalting on a G-25 Sephadex
column at which point tris(2-carboxyethyl)phosphine (TCEP) was
added to the solution to impede oxidation. Isotopically pure (>95%)
cadmium(113) chloride was added to the solution followed by
neutralization using ammonium hydroxide. The solution was then
concentrated to 10 mL and desalted into 10 mM ammonium formate
buffer using a G-25 Sephadex column at pH 7.5 in order to remove
any excess cadmium(113). Concentration, and D,O exchange to 30%
total volume, was performed using Amicon stirred ultrafiltration cell
models 8200 and 8010, respectively. The final protein concentration
was determined to be 5.3 mM based on UV absorption spectroscopy
using the 250-nm peak (&,50 = 89000 M~'cm™). The buffer used for
this sample was S mM ammonium formate (pH 8.3). The sample was
Ar-saturated and sealed in a S mm NMR tube for analysis. Following
acquisition of '*Cd, /s-fa-ThMT excess cadmium(113) was added to
produce '3Cdg-fa-thMT, which was used for both the 1D and 2D
NMR spectra.

All NMR spectra were acquired on a Varian Inova 600 NMR
spectrometer (11 ("H) = 599.44 MHz, v, (**Cd) = 132.99 MHz) using
Varian’s VNMR]J 2.2D software with Chempack 3.0 add-on. The '*Cd
chemical shifts were referenced with respect to an external 1.0 M
solution of CdSO, in D,O (§(**Cd) = 0.0 ppm), while 'H chemical
shifts were internally referenced to TMS (§('H) = 0.0 ppm) based on
the 2H frequency of the deuterated solvent.

Direct-detect 1D '"*Cd{'H} NMR spectra were acquired using a
Varian broad-band 5.0 mm HX probe, a spectral range from 540 to
720 ppm, and WALTZ-16 'H decoupling during acquisition only. For
Cd;/g-pa-thMT 1a, a total of 39000 transients were accumulated,
while Cdg-fa-thMT 1a had a total of 30176 transients accumulated.
Both used a 7 s relaxation delay and a 5.33 us 60-degree pulse width
with a 0.684 s acquisition time at room temperature. The data were
processed using a line-broadening of 10 Hz.

Indirect 2D 'H—""*Cd HSQC NMR spectra were acquired using a
Varian indirect-detection 5.0 mm HCX probe, a ''*Cd spectral range
from 540 to 720 ppm, a 'H spectral range from —0.5 to 10 ppm, a
0.291 s acquisition time, and a 2 s relaxation delay. Water suppression
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Figure 2. ESI-MS spectra of (A) Cd,-fa-thMT and (B) Cdg-fa-thMT with 0.0 and 2.8 excess molar equivalents of CdSO,, respectively. The charge
states marked with an asterisk(*) are the result of a small fraction of truncated protein. (C) UV absorption spectra of Cd,-fa-thMT and Cdg-fa-
thMT with 0.0 and 2.8 excess molar equivalents of CdSO,, respectively. (D) CD spectral changes observed during the incremental titration of Cd,-
Pa-thMT with CdSOy, to form Cdg-fa-rhMT. Aliquots of CdSO, were added to solution in mole equivalents (based on the whole protein) of 0.00,
0.03, 0.06, 0.13, 0.19, 0.44, 0.62, 0.80, 0.99, and 1.35. The inset in (D) shows the change in absorbance at 252 nm as a function of Cd** added to
solution. Past the addition of one molar equivalent Cd?*, there is no change in the CD spectrum.

was achieved using a selective 2 s presaturation pulse at a power of 13
dB. In the indirect *Cd dimension the data was zero-filled to 1024
total points, and a Gaussian weighting function was applied. In the
direct 'H dimension, the data were zero-filled to 1024 points and a
Gaussian weighting function was applied. For both Cd,/s-fa-rhMT 1a
and Cdg-pa-rhMT 1a, a total of 80 transients were accumulated for
each of the 128 increments, a forward linear prediction of 128 points
in "3Cd dimension, and the 3J(*'*Cd,'H) value was set to 67 Hz at
room temperature.

Molecular Model. MM3/MD calculations parametrized using the
modified force field described by Chan et al*® and the dielectric
constant for water (78.4) were carried out to obtain the minimum-
energy structure of Cdg-fa-ThMT la. Al MM3/MD calculations and
model-structure rendering were carried out using CAChe WorkSystem
Pro 6.1.1 Software (Fujitsu America). The original Cd,-fa-thMT 1la
was modified using CAChe to produce molecular models for Cdg-fa-
thMT 1a.?? The structure was energy-minimized as follows: (1) the
structure was energy minimized using the MM3 calculation followed
by the MD simulation at 500 K for 1000 ps and (2) the lowest
structure was taken and again minimized at 300 K for 5000 ps.

B RESULTS

Supermetalation of fa-rhMT with Cd?>* Monitored by
ESI-Mass Spectrometry and CD and UV Absorption
Spectroscopies. To determine the effect of the eighth metal
on the overall fold of the protein, analysis with both CD and
UV absorption spectroscopy, coupled with metal speciation
provided by ESI-MS, were used. These techniques correlate the
number of metals bound to the observed spectroscopic changes
in solution. The protein used in these experiments was taken
directly after purification and desalted into an ESI-MS
compatible buffer. This was carried out to avoid structural
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changes that may occur upon acid induced demetalation and to
demonstrate that the additional low affinity site for Cd** is not
the result of high concentrations found in the NMR
experiment.47

A solution of Cd,fa-rhMT (Figure 2A) was initially
measured. Addition of 2.8 excess molar equivalents of Cd**
quantitatively converted Cd,-fa-rhMT to Cdg-fa-rhMT
(Figure 2B). In the MS spectra, two sets of truncated fa-
rthMT were detected: one in which the N-terminal G residue
and C-terminal AA residues were truncated, and a second in
which the N-terminal GSMGK as well as A from either the N-
terminal or C-terminal were truncated. None of the metal-
binding cysteine residues were affected. This truncation has
been previously reported, and it does not affect the metal
binding properties of the protein.*” The former truncation is of
greater intensity and was used for all metal binding analyses.
The theoretical m/z values of Cd,-fa-thMT are 1275.5 m/z for
+6, 15304 m/z for +5 and 1912.7 m/z for +4, while the
theoretical mass is 7647 Da. These theoretical data are
essentially identical to the experimental results of 1275.8 m/z
for +6, 1530.6 m/z for +5 and 1913.2 m/z for +4 and a mass of
7649 Da. The theoretical m/z values of Cdg-fa-thMT are
1293.9 m/z for +6, 1552.5 m/z for +5 and 1940.4 m/z for +4,
while the theoretical mass is 7,757 Da. These theoretical values
also compare well with the experimental results of 1294.5 m/z
for +6, 1552.8 m/z for +5 and 1940.7 m/z for +4 and a mass of
7759 Da. Of significance, is that the conversion of Cd,-fa-
rthMT into Cdg-fa-rhMT leads to an increase in the relative
intensity of the +6 charge state from 38% to 55% and a
decrease in the absolute intensity of the +5 charge state. These
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changes in intensity may be attributed to an increase in the
overall volume of the protein necessary to accommodate the
binding the eighth Cd** ion.***’

The effect of the addition of the eighth cadmium ion was also
analyzed using both UV absorption and CD spectroscopy to
determine the effects of this additional ion on the metal—
thiolate cores. The UV absorption spectrum did not change
significantly upon formation of Cdg-fa-thMT (Figure 2C).
This was observed previously for the formation of the
supermetalated Cd,-f-rthMT and Cds-a-thMT.>*** The lack
of change in the UV absorption profile with the addition of an
eighth Cd*" ion is likely related to the necessity for the
formation of only bridging interactions, and no new terminal
interactions.

Addition of 1 mol equiv Cd*" led to significant changes in the
CD spectrum (Figure 2D). The original maxima and minima of
260 and 239 nm observed for Cd,-fa-thMT were replaced by
maxima and minima of 252 and 238 nm, respectively.
Significant reduction in the intensity of the maxima located at
225 nm was also observed. Two isodichroic points are observed
throughout the titration at 260 and 241 nm and provide
evidence for the direct conversion of Cd,-ffa-thMT to Cdg-pa-
rhMT. For Cd,-fa-rhMT the maximum at 260 nm was broad
suggesting that the traditional structure is flexible and exists as a
mixture of conformations. However, upon supermetalation of
Cd,-fa-rhMT to form Cdg-fa-thMT the maximum blue-
shifted to 252 nm and the intensity increased by 50%. The
increase in intensity may be attributed to a decrease in the
conformational flexibility of the protein, while the blue shift can
be associated with the metal ion directly interacting with the
metal—thiolate core. These changes to the CD envelope
provide strong evidence that the eighth Cd** atom coordinates
to both the - and a-domain.

The inset in the CD titration (Figure 2D) shows that no
change in the absorbance at 252 nm is observed after a single
molar equivalent of Cd** has been added to solution of Cd.-fa-
rhMT. We interpret the maxima at 252 nm to be exclusively the
result of the Cdg-fa-rhMT species. Cd,-fo-thMT binds the
additional Cd** ion with a significantly greater affinity than
either Cd;-f-rhMT or Cd,-a-thMT bind the additional Cd** to
form their respective supermetalated species.>*>’

One dimensional '3Cd NMR spectroscopy of both
Cd;-Ba-rhMT and Cdg-fa-rhMT. Direct 1D '*Cd['H] NMR
spectra were measured for a mixture of Cd,/s-fa-rhMT, a result
of a slight excess of Cd?* to increase resistance to oxidation, and
a pure sample of Cdg-fa-thMT in order to determine the
relative speciation of the individual metal binding sites as well
as the type of coordinating ligands through chemical shift data.
In the Cd,js-fa-rhMT spectrum, peaks 1, 5, §, 6 and 7
correspond to the a-domain, while peaks 2, 3, and 4 correspond
to the p-domain.>® Signals observed for Cd,-Ba-rhMT
(Figure 3A) include resonances at 673, 668, 650, 647, 631,
629, and 621 ppm, where the resonances at 673, 631, 629, and
621 ppm result from the a-domain and 668, 650, and 647 ppm
result from the f-domain. An additional peak labeled(*)
located at 680 ppm has been previously observed and is likely
the result of the presence of some metal-based heterogeneity in
the Cd,-fa-rhMT sample. This assignment is based, in part, on
previous NMR work of human liver Cd-MT 1 by Boulanger
and Armitage.50 The observed signals for the pure Cdg-fBa-
thMT (Figure 3B) are 690, 647, 637, and 595 ppm. The
chemical shift range of all the peaks is between 590 and 700
ppm, which overlaps significantly with the region expected for
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(A) Cd,/s-Ba-rhMT 1a

Cd,
595 ppm

7/S

660 640
13¢d /ppm

Figure 3. Direct 1D '*Cd['H] NMR spectrum (133 MHz) of (A) a
mixture of Cd,-fa-rhMT and Cdg-fa-thMT and (B) Cdg-fa-thMT
formed by addition of excess ''*CdCl,. The Cd,/s-fa-thMT was
prepared in S mM ammonium formate pH 8.3 and buffer exchanged
into 30% D,0. Because of the slight excess of ''*Cd**, a portion of the
sample has been converted to Cdg-far-rhMT leading to the formation
of additional peaks at 692 and 595 ppm. Subsequent addition of
crystalline '3CdCl, to Cd,g-fa-thMT led to the formation of Cdg-fa-
thMT, which greatly simplifies the spectra reducing it to 4 peaks.
Spectra of Cdy/g-f-thMT and Cdg-f-rhMT were acquired at room
temperature.

tetrahedral cadmium-thiolate clusters.>’ A region commonly
found for the NMR spectra of Cd-metallothioneins, as well as
both trigonal cadmium thiolate and tetrahedral cadmium-
thiolate clusters where a single sulfur has been replaced by
water, or opportunistic chloride ion.>*> No signals in the range
of 200—250 nm were observed, which had been previously
observed for supermetalated Cds-a-rhMT.>®

Direct detection of '*Cd in the binding site allows one to
infer the fluctionality of the individual metal sites. Analysis of
the spectrum in Figure 3A shows that resonances attributed to
the f-cluster are significantly less intense than those attributed
to the a-cluster. Previous NMR studies involving both domains
have shown the a-domain is less fluctional than the f# domain
leading to sharper peaks of greater intensity for the a-domain.>
Addition of excess '*Cd** eliminates the spectral complexity
associated with the two isolated domains. The loss of all seven
unique Cd** signals associated with the Cd,-MT and the
formation of four unique peaks strongly suggests that the
addition of the singular Cd** to Cd,-fa-ThMT leads to the loss
of the isolated clusters in favor of a coalesced, single domain of
a “super cluster”. While all four peaks are of similar size and
intensity, the signal located at 647 ppm is slightly broader and
less intense. This suggests that the metal-ion associated with
this binding site is more solvent exposed and fluctional.
Consequently, it is likely that this smaller broader peak is the
most likely candidate for the site of metal loss in the metal-
exchange intermediate, allowing both the solvent and acceptor/
donor proteins access to the metal-ion. The sharpness of the
spectral lines further supports the interpretation of CD
spectroscopic data that the maxima blue shift between Cd,-
po-thMT and Cdg-fa-rhMT, with an increase in intensity of
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50%, is the result of a reduction in the fluctionality of the
protein.

Two Dimensional 'H[''3*Cd] HSQC NMR Spectroscopy
of Both Cd,-fa-rhMT and Cdg-fa-rhMT. Indirect 'H-
['3Cd] HSQC NMR spectra were measured for both Cd.-fa-
thMT and Cdg-fa-thMT (Figure 4). Analysis of the f protons
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Figure 4. Indirect 2D "H[""*Cd] HSQC NMR of (A) Cd,-fa-thMT
la and (B) Cdg-fa-rhMT 1la formed by addition of excess ''*CdCl,.
While a total of eight peaks exist for Cd,-fa-rhMT, it can be clearly
seen that S and 5’ have similar proton profiles. This heterogeneity has
been previously reported by Boulanger and Armitage™ and is
attributed to a slight difference in two structural conformers of the
protein. The signals in (B) are the labeled based upon the assignments
of the isolated Cd,-B-rthMT and Cds-a-thMT.**® The peak labeled 7/
S is what we consider to be the site of supermetalation and we believe
that this may represent a tetrahedral geometry coordinating either four
thiolates or three thiolates and a single water molecule/chloride ion.

of the cysteine residues allowed determination of peak
relatedness. Peaks were interpreted as related based on
similarity in both the 'H and 'Cd chemical shifts. In the
case of Cd,-fa-thMT (Figure 4A), both signals 1 and 2 have
the same overall profile as those of the isolated domains, and
are attributed to the a- and p-domain, respectively. Signals 3
and 4 result from the remaining two cadmium ions found in the
p-domain and are significantly downfield compared to their
counterparts found in the isolated domains (isolated -domain
630 and 616 ppm compared with the full protein 650 and 647
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ppm).*® We interpret this difference as the result of the effect of
the a-domain on the chemical shifts of the $-domain. Signals 5
and §’ are both attributed to the same cadmium atom found in
the a-domain and have a similar cysteine f proton profile.
Signals 6 and 7 both correspond to @-domain and have similar
chemical shifts to those of the isolated @-domain (isolated a-
domain 626 and 611 ppm compared with the full protein 629
and 621 ppm).*®

The loss of cluster identity when Cd,- is converted into Cdg-
Pa-thMT (Figure 4B) significantly simplifies the spectra and
the addition of the eighth metal ion results in dramatic changes
to the /3 proton profile of all peaks. These changes indicate that
there are significant structural rearrangements taking place to
accommodate all metal ions. Interestingly, no signal was
observed in the 245—215 ppm region that had previously been
assigned to the supermetalated Cd(RS),(OH,), of the a-
domain. This suggests that the supermetalated cadmium ion
found in Cdg-pa-thMT is directly coordinated to at least 3
cysteine residues. With the exception of the previously
mentioned Cd(RS),(OH,),, the previously reported '*Cd
NMR data for the supermetalated isolated domains, have
exactly four '*Cd?*" signals located between 700 and 600 ppm.
and the tentative assignment of peak identity for the Cdg-rhMT
1 was based upon this similarity.*>>

Note that supermetalation of the f-domain leads to an
inversion of the location of the 3 and 4 peak, such that 4 is
found further downfield than 3. The # proton profile of Cd,-
Po-thMT is somewhat more complex than either isolated
domain, indicating overlap of the profiles of both domains. It
should be noted at this time that there are two reasons why we
have not assigned a specific cysteine residue to each 2-D signal:
the first is that signals associated with the f-domain are
significantly less intense than those associated with the a-
domain and their overlap further complicates the spectra, the
second reason is that in order to conclusively assign the identity
of the peaks, one would require a complete backbone
assignment. This type of assignment has been not been carried
out yet for human MT-1a.

Figure S provides a graphical comparison of the NMR data
for MT isoforms 1—3, as well as the supermetalated data for
both Cd-MT and its isolated domains. The value of this Figure
is that it shows the NMR range where MT-cadmium-thiolate
clusters are found. The presence of the eighth cadmium atom
causes both the #- and a-domains to adopt supermetalated
character. This is strong evidence that this eighth cadmium
atom is coordinated to Cys previously in both domains. Also
important to this Figure is the observation that all NMR peaks,
with the exception of supermetalated Cds-a-rhMT, fall between
700 and 590 ppm. It can be clearly seen that Cdg-fa-rhMT,
Cd;-a-thMT and Cd,-B-rhMT all exhibit nearly identical ***Cd
signals in the 700—590 ppm range. This was a surprising result
since it had been previously thought that supermetalation of the
full protein would lead to either 9 unique signals, indicative of
Cdy-po-rhMT 1a, or alternatively would only alter the metal
binding sites of one of the two domains. We interpret this
overlap to mean that supermetalation of the isolated domains is
in fact the result of residual metal binding capacity. This is
supported by CD titrations of all three, where the isolated -
and a-domains require an excess of Cd** to supermetalate and
the full protein is completely supermetalated at exactly 1
equivalent (Figure 2). Consequently, we propose based on
these experimental results, that Cdg-fa-rthMT la adopts a new
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Figure 5. Comparison of the >*Cd NMR resonances for the human
MTs: Cd-fa-MT 3, Cd-fa-MT 2,°° Cd,-fa-MT 1a,° super-
metalated Cdg-fa-thMT 1a (this work), Cdy-f-rhMT 1a,* super-
metalated Cd,-f-ThMT 1a,>° Cd,-a-thMT 1a** and supermetalated
Cds-a-thMT 1a® Note the significant overlap in the location of
signals associated with both isolated domains of MT and the full
protein. The sole exception to this similarity is the presence of a single
peak at 224 ppm associated with supermetalated Cds-a-thMT, which
is both absent from supermetalated Cd,-f-rhMT and supermetalated
Cdg-pa-rhMT.

MT structural motif that requires the coalescence of both
domains to a single binding domain.

B DISCUSSION

For the last sixty years, MT has been proposed to be involved
in metal homeostasis, toxic metal detoxification and in the
protection of organisms against oxidative stress.® And while it is
likely that MT is involved in all three of these processes, the
exact cellular function(s) have never been determined. Critical
to these roles are MT’s ability to act as a metallochaperone
capable of coordinating incoming metal ions and exchanging
them with the cellular environment. Indeed several studies have
demonstrated the importance of MT in both donating to and
accepting metal ions from other metalloproteins.**~** These
studies have highlighted the importance of protein—protein
interactions, but a metal-exchange intermediate has not been
observed. Several studies have documented the preference of
the B-domain for Cu* ions and the a-domain for Zn>*/ Cd*
ons.”**%% Since Zn®* coordination dominates mammalian
MT,>* an incoming metal of higher binding affinity (Cd** or
Cu") must either (1) coordinate in a domain specific manner or
(2) coordinate through either domain with a subsequent
redistribution of metals leading to the observed metal-domain
preferences. Copper luminescent studies of MT have provided
evidence for a fluctional model of the protein, in which initial
metalation occurs in a distributed manner, statistically across
both domains, followed by a rearrangement of both clusters to
their lowest energy conformers.>>*® However, this model
would require an intraprotein intermediate, in which both
domains exchange metals with each other. To date both the -
and a-domains of fully metalated MT are considered isolated,
because of both a lack of interdomain NOEs and the
independence of their respective '*Cd signals in NMR
studies.?

We report here, for the first time, conclusive evidence for the
presence of domain—domain interactions in fully metalated MT
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from experimental observation of a species in which one Cd*" is
proposed to bridge both domains. Formation of Cdg-MT
species results in the loss of specific @ and # domain character
and the formation of a single, CdgCys,, domain. This
supermetalated species provides evidence for the type of
intermediate that is critically important in the metal exchange
pathway necessary for the observed domain selectivity of metal
ions. Implicit in this structure is the existence of a “super
domain”, where both domains contribute cysteine residues to
produce a single CdgCys,, cluster in MT la. This super-
metalated structure has been effectively “frozen” by the higher
binding constant of Cd**, compared with Zn**, and is likely
critical in the metal exchange reactions necessary for MT's role
as a metallochaperone.

Initial ESI-MS studies of the apoprotein of MT provided the
first evidence that the Cd,-fa-thMT species was able to
supermetalate to form Cdg-Ba-thMT.>* However, prior to this
report it was unclear whether this additional metal was bound
to either metal—thiolate core found in the protein, or if the
eighth Cd** was somehow bound to other ligands. The
coupling of both spectroscopic and spectrometric analyses
(Figure 2) demonstrates that the addition of only a single
equivalent of Cd** to the fully metalated Cd,-rhMT protein
causes structural changes, which lead to a significant change in
the symmetry of the eight Cd** ions bound in the cluster. This
rearrangement breaks the symmetry of both original clusters,
observed from the simultaneous loss of exciton coupling in the
CD spectrum, but with little change in the ligand-to-metal
charge transfer profile. ESI-MS spectral data also show that only
a single Cd** ion is found to coordinate to the protein, and
further that this additional metal ion causes an increase in the
relative intensity of the +6 charge state compared with the +5
charge state. This suggests that the protein must adopt a
significantly larger structure to accommodate the additional
metal jon. The observation of two simultaneous isodichroic
points during the CD titration of Cd,-fa-thMT with Cd*" is
evidence for the direct conversion of Cd,-fa-thMT to Cdg-fa-
thMT with no intermediate structures (Figure 2D). The
location of the 'Cd-NMR chemical shifts demonstrate
conclusively that the additional metal directly interacts with
the metal—thiolate core and that this metal ion greatly
simplifies the seven unique Cd** sites to four unique Cd**
sites. Taken together these results demonstrate that super-
metalation of MT la with Cd** leads solely to the formation a
bridged CdgCys,, structure as the final product of metalation.

Based on the previous stoichiometric data for the isolated
supermetalated domains of Cd,-#-MT and Cds-a-MT it would
be reasonable to predict that the supermetalated full protein
would involve 9 Cd*" ions. However, only Cdg-MT was actually
formed. This now allows us to propose that the two-domain
structure does not exist generally for all metal loadings, rather
only for specific metal loadings. For Zn** and Cd** this would
occur at 7 metals per MT protein.

In addition to Cd-hMT-1la, Cd-hMT-3 has also been
confirmed to supermetalate by 1-D ''*Cd NMR spectroscopy.*’
Cd-hMT-3 is primarily found in the central nervous system
and, unlike MT-la and -2, its expression is strictly
controlled." In the central nervous system MT-3 is thought
to control metal ion homeostasis and has been shown to be
down-regulated in some Alzheimer’s patients.'* Unlike Cd-
hMT-1a, the supermetalated NMR spectra of Cd-hMT-3 does
not simplify to four peaks. Moreover, the CD spectrum of MT-
3 does not exhibit a loss of exciton coupling found in the
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supermetalation of MT-la. However, the formation of
supermetalated Cd-hMT-3 does result in a decrease in the
Stoke’s radius of this protein, which suggests the mutual
approach of the two domains. We should note, that neither
Meloni et al. studying Zn,-MT-2 using both spectroscopic and
spectrometric techniques,™ nor Stillman et al. studying rabbit
liver Cd,MT 2a by CD spectroscopy*® found that MT-2 was
capable of supermetalation. These differences between isoforms
may be critical to the cellular role of each MT isoform. It is
probable that supermetalated structures of Cd-hMT-1s and -3
are different. On the basis of these observations, we postulate
that the ability of a particular MT isoform to supermetalate and
the subsequent structure formed from this process are factors
that lead to the differentiation of each isoform (MT-1a,-2,-3
and -4) into specific functions in cellular chemistry.

This metal exchange structure could have significant
consequences for both the metal ion homeostasis and toxic
metal detoxification properties of an organism. Previous studies,
using CD, UV and NMR spectroscopies have shown that Cd**
binding to both apo-MT or Zn,-MT leads to the formation of
Cd,-MT with almost identical absorption and CD proper-
ties.”>**%” These experiments suggest that regardless of initial
status of the MT, it is capable of assuming the same
conformation when fully metalated. When the protein is fully
metalated, such as Zn,-MT, the incoming metal ion must be
able to coordinate and expel a previously bound Zn?*. In the
case of Zn,-MT, the formation of a transient M,Zn,-fa-thMT
la can be envisioned as an exogenous Cd*, or Cu', ion
coordinating to Zn,-fa-rhMT 1a, bridging both domains with
subsequent rearrangement and expulsion of a previously bound
Zn** ion. The net effect would be (1) metal ion selectivity (for
example, Cu* in the f-domain and Zn**/Cd*" in the @-domain)
and (2) up-regulation of metallothionein allowing an organism
to effectively combat toxic metal exposure. A regulator of
metallothionein transcription, the metal-responsive-element-
binding transcription factor-1 (MTF-1), has been shown to up-
regulate metallothionein upon binding to Zn** ions.’*** MTF-
1 has been implicated in cellular responses including toxic metal
detoxification and oxidative stress, both of which are implicated
functions of metallothionein. The metal binding site of this
transcription factor includes six Cys,His, zinc fingers, making it
exceptionally sensitive to an organism’s zinc load. Cell free
transcription experiments have shown a number of stresses,
including exposure to Cd**, Cu' and H,0, function by
displacing naturally bound Zn*" from MT.% These free Zn>*
ions bind to MTF-1 leading to a translocation of MTF-1 from
the cytoplasm to the nucleus where the Zn-MTF-1 interacts
with metal response elements (MREs) leading to up-regulation
of MT. In this way, MT is capable of countering and
deactivating a wide range of insults to return an organism to
homeostatic balance.

For this reason, supermetalation, in the context of toxic
metals, may be a critical transient species in the regulation of
transcription of the protein. An incoming toxic metal, such as
Cd*, could coordinate in a supermetalated position allowing
both sequestration of the toxic metal and release of a Zn>* ion.
This Zn** ion would consequently lead to the up-regulation of
MT, through the Zn* binding motifs of MTF-1, allowing an
organism to effectively combat toxic metals. Through this
mechanism, supermetalation of metallothionein, the organism
would be able to control the cellular metal load.

Surprisingly, we did not observe any evidence for the
existence of a Cdy-fa-thMT species, which had previously been
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suggested to exist based on the summation of the metalation
status of the individual supermetalated f- and a@-domains.
These observed supermetalated states, Cd,-f-rhMT and Cd;s-a-
thMT, are likely the result of the residual metal binding
capacity necessary for both domains to work in concert to form
Cdg-fa-rhMT. Unlike other metalation studies, which reported
the collapse of the two domain structure, for example Hg- and
Ag-MT, supermetalation to Cdg-fa-rhMT does not require a
change in coordination number of the metal ion, 276162

We have calculated a tentative model based on all eight Cd**
ions being tetrahedrally coordinated to four cysteine residues,
which leads to a complete collapse of the two-domain structure
(Figure 6A). While qualitative in nature, the structure
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Figure 6. Molecular model of a possible structure for the
supermetalated Cdg-fa-thMT 1a structure. (A) Ribbon structure of
the backbone of Cd;-fa-thMT and Cdg-fa-thMT with the cadmium
atoms represented as spheres calculated using a locally modified force-
field with MM3/MD methods for molecular modeling.*® The N-
terminal f domain is located on the left-hand side, while the C-
terminal & domain is located on the right-hand side. (B) Cadmium-
cysteinyl-thiolate clusters of Cdg-fa-rhMT la are presented as a ball-
and-stick model: # domain (left) and a domain (right). The structure
was created by inserting an additional Cd>" ion between the two
domains, and minimizing the structure in two steps: (1) 1000 ps at
500 K and (2) S000 ps at 300 K. The conformer with the lowest
energy is presented above. The initial structure of the Cd,-fa-rhMT
la was provided by Chan et al.*

e

a

presented shows how the addition of the eighth Cd** ion
leads to the complete loss of cluster identity (Figure 6B).
Through supermetalation, the bridging of both domains
provides the intraprotein interactions necessary for metal ion
selectivity. The coordination of the eighth Cd*" ion in this
model accounts for the absorption, CD and NMR spectral data
of Cdg-fa-thMT. In the case of the CD titration, super-
metalation of MT essentially locks the two domains in place
resulting in a loss of conformational freedom and explains
increased sharpness of the Cdg-MT spectra. In the case of the
NMR spectra, the complete collapse of the Cd,-MT spectra is
the result of loss of cluster identity upon binding of the eighth
Cd** ion.

Much current research on MT include its interaction with
metal based anticancer drugs, such as cisplatin.63 In these cases,
MT has been implicated as a cause for the development of

dx.doi.org/10.1021/ja211767m | J. Am. Chem. Soc. 2012, 134, 3290—3299



Journal of the American Chemical Society

cisplatin resistant cancers.**"® Karotki and Vasak have found
that the binding of Pt** to MT occurs via a two step reaction
and further that the pJ-domain is the preferred site of
coordination. In the context of supermetalation, initial
coordination likely leads to a coalescence of both domains
with subsequent ejection of one of the previously bound metals
of the f-domain.®” These researchers have also characterized a
previously unknown DNA-cis-Pt-MT ternary structure, where
coordination of the DNA bound cisplatin does not lead to the
release of significant Zn>* in Zn,-MT. These results suggest that
coordination occurs in a site specific manner through two sets
of solvent exposed cysteine residues found in the f- and a-
domain.®® The role of supermetalation in the initial
coordination of metal-based chemotherapeutics may be of
significant importance for the development of future chemo-
therapeutics.

It is now becoming evident that MT has a significant role in
the body’s response to neuroinflammation.”” Recently, a report
by Manso et al. has demonstrated that the full MT-1 was able
to improve the performance of MT knockout mice whose
cortex had been damaged through cryoinjury.”® Most
interestingly, the authors report that exposure of the mice to
the isolated MT fragments, § and @, result in markedly different
recovery rates compared to the full fa-protein. While the exact
mechanism of action is not known, it could be postulated that
supermetalation of the full protein, which has significantly
greater affinity than either of the two isolated domains, is the
causative agent in recovery. Thus full MT acts as a superior
metallochaperone when compared to the isolated domains.

B CONCLUSION

In summary, the collapse in the number of unique '*Cd-NMR
peaks from seven to four, the significant changes in the CD
spectral envelope and the quantitative formation of Cdg-fa-
thMT and not Cdy-fa-rhMT are paradigm shifting with respect
to the structural motifs in metallothioneins. The spectroscopic
evidence reported in this paper indicate that the f- and a-
clusters act in isolation under only very specific metalation
conditions. The supermetalated Cdg-rhMT 1la protein adopts a
novel single domain structure suggesting that the well-known
two-domain structure might be the special case in the metal-
dependent structural landscape of MTs. Further, with these
results we are now able to account for both the ability of MT to
exchange metals with the solution and the observed metal ion
selectivity of the individual domains.
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