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ABSTRACT: Metallothionein has been implicated in a number of functions, including toxic metal detoxifica-
tion, as a metal chaperone and in metal ion homeostasis. In this paper, we demonstrate that the β domain of
human metallothionein 1a, well-known to bind three Zn2þ or Cd2þ ions with nine cysteinyl sulfurs, is also
capable of binding an additional Cd2þ ion, leading to the formation of the supermetalated Cd4-β-rhMT 1a.
This intermediate, either by itself or in concert with the R domain of human metallothionein, is a likely
model for metal exchange with the apoenzyme, which is one of the key roles of metallothionein. Through
electrospray ionization (ESI) mass spectrometry and circular dichroism (CD) and ultraviolet (UV)
spectroscopy, we show that the addition of 4.4 molar equiv of CdSO4 to a solution of Cd3-β-rhMT 1a leads
to the complete conversion to Cd4-β-rhMT 1a. ESI mass spectrometry was used to determine the exact
speciation of β-rhMT 1a. While the UV absorption spectrum increased slightly, the CD spectrum of Cd4-
β-rhMT 1a showed significant changes with the appearance of a sharpmonophasic peak at 252 nm in contrast
to the derivative-shaped envelope of the Cd3-β-rhMT 1a species [peak extrema at (þ)262 and (-)236 nm],
indicating disruption of the exciton coupling in the metal-thiolate cluster. Additionally, both direct and
indirect 113Cd nuclear magnetic resonance (NMR) spectra of the Cd3-β-rhMT 1a and Cd4-β-rhMT 1a species
were recorded. The 113CdNMRspectrumofCd4-β-rhMT1a contained four cadmiumpeaks in the tetrahedral
thiolate region at 688.8, 650.3, 635.9, and 602.5 ppm. This represents the first report of both NMR data for
isolated Cd3-β-rhMT 1a and supermetalated Cd4-β-rhMT 1a.

Metallothionein (MT),1 first characterized in 1957 (1), is a
cysteine-rich protein implicated in heavy metal detoxifica-
tion, metal ion homeostasis, and protection against oxidative
stress (2, 3).However, despite half a century of intensive research,
specific roles for MT in living organisms are still largely un-
known. One of the reasons for the uncertainty is the fact that
until very recently the mechanism of metalation of metallothio-
nein was thought to proceed in a cooperative manner (4, 5), in
which the binding of one metal acts to facilitate the binding of
subsequentmetals. In thismodel, the only structures of biological
significance would be the fully metalated or completely demeta-
lated species, and any partially metalated species would likely be
too unstable to have a specific role. However, new studies have
shown the mechanism of metalation to be in fact noncooperative
for Cd2þ and Zn2þ (6-8), as well as As3þ (9, 10); significantly, a
noncooperative mechanism allows for partially metalated and
metal-exchange intermediates to be stable and, therefore, to be
able to take part in cellular chemistry.

To further complicate matters, recent papers have proposed
the existence of supermetalated forms of metallothionein, that is
proteins where the level of metalation is in excess of normal

maximum levels, calling into question the so-called “magic
numbers” of metal binding (11). Supermetalated forms have been
reported for a single additional cadmium ion binding to both the
isolated R domain of human MT-1a (Cd5-R-rhMT 1a) (12) and
humanMT-3 (Cd8-βR-hMT3) (13). Because the cadmium ions in
MT-1 and -2 isomorphously replace zinc ions, these results
suggest that this additional metal site may be involved with
metal ion homeostasis and may be considered as a model for
metal-exchange intermediates. In addition, the supermetalated
site may also be connected with the mechanism for binding of
incoming metals with binding affinities greater than that for the
resident zinc, for example, the essential copper(I) and the toxic
cadmium(II). To account for the supermetalation of hMT-3,
Meloni et al. (13) proposed the involvement of both the R and β
domains in the stabilization of the additional metal ion. How-
ever, previous studies involving the oxidation of hMT-3 with
nitric oxide (14), as well as the lack of long-range interdomain
NOEs in the solution structure of hMT-3 (15), in fact suggest that
little domain interaction is involved. Taken together, these
metalation properties emphasize the need for precise information
about the specific properties of the individual domains in defining
the function of MT as a whole.

The many members of the metallothionein family have each
developed uniquemetal binding sites and domain structures, with
different metal binding properties. Mammalian metallothionein
consists of a total of 20 cysteine residues (nine in theN-terminal β
domain capable of binding three Zn2þ or Cd2þ ions and 11 in the
C-terminal R domain capable of binding four Zn2þ or Cd2þ

ions) (16). The seaweed Fucus vesiculosus form contains a total
of 16 cysteine residues (seven in an as yet uncharacterized
N-terminal γ domain and nine in the C-terminal β domain, both
able to bind three Zn2þ or Cd2þ ions) (17). Each of these proteins
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uses the thiolate sulfur of cysteine residues to coordinate the
bound metals. Other coordinating amino acids have also been
identified, with bacterial metallothionein SmtA binding four
Zn2þ atoms through nine cysteine and two histidine residues (18).
Furthermore, the Zn2þ atom coordinated to the two histidine
residues was inert to metal exchange, and it was postulated that
this stable metal allowed the maintenance of the structure during
metal depletion. Recently, the C-terminal βE domain of Tricium
aestivum, a common wheat consisting of two metal-thiolate
domains with 17 cysteine residues (six in the N-terminal domain
capable of binding two Zn2þ or Cd2þ ions and 11 in the
βE domain capable of binding four Zn2þ or Cd2þ ions), was
found to have both a traditional β-like domain and a fourth zinc
coordinated to two cysteine and two histidine residues in close
proximity (19). Of significant interest is humanmetallothionein 3
(hMT-3), with approximately 70% sequence homology with
hMT-2; hMT-3 is expressed predominantly in the central nervous
system and inhibits neuronal growth (20). The addition of a single
threonine (Thr5) in a TCPCP motif (21) and a glutamate-rich
hexapeptide (22) near the C-terminus have been shown to be
critical to the function and labilization of Zn2þ atoms, respec-
tively. Interestingly, Romero-Isart et al. were able to engineer
neuronal activity of hMT-3 into hMT-1 by addition of the
TCPCP inset, which suggests the two isoforms may differ in
only the slight cluster arrangements caused by three distinct
mutations (21). Analysis of the isolated domains demonstrated
that the ability to inhibit neuronal growth resides in the β domain
alone, and that this ability results from its unique sequence,
suggesting preferential interaction with target proteins (23).
These β domain-centered protein-protein interactions have
not been well characterized because of a general lack of informa-
tion available about this domain for all metallothionein isoforms.

Human metallothionein 1a (Figure 1A) consists of two
independent domains each encapsulating a metal-thiolate core
(Figure 1B). The sequence of the cleaved recombinant β domain
of human metallothionein 1a (β-rhMT 1a), shown in Figure 1C,
with cadmium atoms colored green and cysteine residues yellow,
contains both a glycine and serine residue from the thrombin
cleavage reaction. This fragment encompasses residues from
Cys5 to Lys31 of human metallothionein 1a. The numbering of

the cadmium-thiolate core is cross referenced to the original
naming conventions based on the order of theNMRbands in the
mammalian MT-2a spectra (24), 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). The β-MTpolypeptide backbone wrapping of the
metal-thiolate core proceeds in a right-handed manner, as
opposed to the left-handed wrapping of R-MT. While proper-
ties of the R metal binding site, Cd4-R-rhMT, have been well
documented through structural studies of both the isolated
domain (12, 25) and the domain as part of the whole protein (16),
far less structural information has been reported for the isolated
βmetal binding site, Cd3-β-rhMT. Analysis of the NMRdata for
β-rhMT in human metallothionein suggested that fluxionality
causes a decrease in the intensity of the one-dimensional (1D)
113Cd signals. Further compounding this problem is the inability
ofmetallothionein to readily crystallize. To date, only two crystal
structures have been reported, including rat Cd5Zn2-MT-2 and
much later a Cu8-yeast metallothionein (16, 26). To determine
such basic in vivo data as protein binding partners and metala-
tion status, the complete metalation properties of β-MT must
be fully characterized, particularly when one considers the
β-centered reactions in hMT-3.

The metal transfer function in MT has been well documented,
with Zn(II) transfer taking place from the fully metalated
Zn7-βR-MT to m-aconitase (29), carbonic anhydrase (30), and
the prototypical transcription factor,Gal4 (31). These studies have
shown the importance of protein-protein interactions. However,
no zinc-exchange intermediate that provides insight into the actual
mechanism of metal transfer has been characterized.

In this study, we present evidence that the isolated β domain of
human metallothionein 1a, Cd3-β-rhMT 1a, is capable of binding
anadditional cadmiumatom, formingCd4-β-rhMT1a.Exactmetal
speciation was monitored using ESI mass spectrometry (ESI-MS),
which allowed for a direct correlation between the number of
cadmiumatoms bound to the protein and changes observed viaUV
and CD spectroscopy. To ensure that the metal was interacting
directly with the metal-thiolate cluster, both direct and indirect
113Cd NMR spectroscopy were used. Addition of excess Cd2þ, in

FIGURE 1: (A) Space filling structure of Cd7-βR-rhMT 1a calculated using molecular modeling. The N-terminal β domain is located on the left-
hand side, while theC-terminalR domain is located on the right-hand side. (B) The cadmium-cysteinyl-thiolate clusters ofCd7-βR-rhMT1a are
presented as a ball-and-stickmodel:βdomain (left) andRdomain (right). (C)Connectivitydiagramof theβdomainofhumanmetallothionein 1a,
which shows that each of the three traditional cadmium atoms is connected to exactly four cysteine amino acids. The connectivity diagram has
been renumbered to allow for both the amino acids glycine and serine, a product of S-tag cleavagewith thrombin, located on theN-terminusof the
domain. The numbering of the cadmium-thiolate centers is based on theNMRassignment byMesserle et al. (27).Molecularmodeling data from
Chan et al. (28).
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the form of solid 113CdCl2, produced four cadmium signals in the
range of 600-700 ppm, which corresponds to the chemical shift
region expected for cadmium bound to the thiolates. When con-
sidering these results in the context of the supermetalated Cd5-
R-rhMT 1a (12) and Cd8-βR-hMT 3 (13), two possible scenarios
arise. (1) Both domains, when present, work in concert to accept an
additional cadmium atom, or (2) both domains are individually
capable of supermetalation. In either case, supermetalationmust be
fully characterized to understand its chemical implications that will
have consequences at a cellular level.

EXPERIMENTAL PROCEDURES

Chemicals. The following chemicals were used: cadmium
sulfate (Fisher Scientific), cadmium(113) chloride (Trace Sciences
International Inc.), deuterium oxide (Cambridge Isotopes Labo-
ratories, Inc.), tris(2-carboxyethyl)phosphine (Pierce), Thrombin-
CleanCleave Kit (Sigma) Tris buffer and tris(hydroxymethyl)-
aminomethane (EMD Chemicals/VWR), ammonium formate
buffer (J. T. Baker), ammonium hydroxide (Caledon Laboratory
Chemicals), formic acid (Caledon Laboratory Chemicals), and
hydrochloric acid (Caledon Laboratory Chemicals). All solu-
tions were made with >16 MΩ cm deionized water (Barnstead
Nanopure Infinity). HiTrap SP HP ion-exchange columns
(Amersham Biosciences/GE Healthcare), superfine G-25 Sepha-
dex (Amersham Biosciences/GE Healthcare), and stirred ultra-
filtration cell models 8010 and 8200 (Amicon Bioseparations/
Millipore) with a YM-3 membrane (3000 molecular weight
cutoff) were used in the protein purification steps.
Protein Preparation. The expression and purification meth-

ods have been previously reported (28). The β-rhMT 1a used in
this study was based on the 38-residue sequence MGKAAAA-
CSC ATGGSCTCTG SCKCKECKCN SCKKAAAA with no
disulfide bonds present in the system. The expression system
included, for the purpose of stability, an N-terminal S-tag
(MKETAAAKFE RQHMDSPDLG TLVPRGS). Recombi-
nant β-rhMT 1a was expressed in Escherichia coli BL21(DE3)
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 saturated with argon and rigorously evacuated.
CD and UV Spectroscopic and ESI-MSMeasurements.

A solution of Cd3-β-rhMT 1a was prepared in 5 mM ammonium
formate (pH 9.0) to a concentration of 24.4 μM for CD and UV
spectroscopic and ESI-MS studies, and all measurements were
performed on the same sample for a given excess of molar
equivalents. The protein concentrations was 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 (ε250= 36000M-1 cm-1).
Cadmium sulfate was prepared in H2O, to a final concentration
of 11.4 mM. Both the cadmium sulfate concentration and all
molar equivalents were determined through calibration of the
Cd2þ content in solution using atomic absorption spectroscopy
(AAS).

Spectra were recorded for the Cd3-β-rhMT 1a solution
(24.4 μM) in 5 mM ammonium formate buffer (pH 9.0) and
for the same solution of Cd3-β-rhMT 1a to which 4.4 excess
molar equivalents of Cd2þ had been added, forming (as we show
in the ESI-MS data) Cd4-β-rhMT 1a. CD spectra were recorded
on a Jasco J810 spectropolarimeter in a 1 cm quartz cuvette at
room temperature (22 �C) using SpectraManager version 1.52.01

(Jasco). The wavelength range of 200-350 nm was scanned
continuously at a rate of 60 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 ΔA.
UV spectra were recorded on a Cary 5G UV-vis-NIR spectro-
photometer (Varian Canada, Mississauga, ON) in a 1 cm quartz
cuvette at room temperature (22 �C) using theCaryWinUVScan
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.

ESI-MS measurements were taken after the UV absorption
and CD spectroscopic experiments had been completed. Mass
spectra were recorded on a Micromass LCT electrospray ioniza-
tion time-of-flight (ESI-TOF)mass spectrometer (WatersMicro-
mass) at room temperature (22 �C) using Mass Lynx version 4.0.
The ESI-TOF instrument was calibrated with a solution of NaI.
The scan conditions for the spectrometer were as follows: capil-
lary, 3000.0 V; sample cone, 15.0 V; extraction cone, 10.0 V;
RF lens, 450.0 V; desolvation temperature, 20.0 �C; source
temperature, 80.0 �C; nebulizer gas flow, 53 L/h; and desolvation
gas flow, 548L/h. Them/z rangewas 500.0-3000.0; the scanmode
was continuum, and the interscan delay was 0.10 s. Max Ent 1
from theMass Lynx version 4.0 (WatersMicromass,Mississauga,
ON) was used for the spectral reconstruction program.
NMR Spectroscopic Measurements. We prepared β-rhMT

1a NMR samples by pooling the protein product from five 4 L
recombinant preparations following thrombin cleavage of the
S-tag. The 113Cd3-β-rhMT 1a used for acquisition of all NMR
spectra was prepared by addition of concentrated formic acid
to demetallate the protein, followed by desalting on aG-25 Sephadex
column at which point tris(2-carboxyethyl)phosphine (TCEP)
was added to the solution to impede oxidation. 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 to remove any excess
cadmium(113). Concentration and D2O exchange were per-
formed using stirred ultrafiltration cell models 8200 and 8010,
respectively. The final protein concentration was determined
to be 7-8 mM based on UV absorption spectroscopy using
the 250 nm peak (ε250 = 36000 M-1 cm-1). The buffer used
to determine the sample concentration in the NMR tube
was 10 mM Tris-HCl (pH 7.4). The sample was saturated with
argon and sealed in a 5 mm NMR tube for analysis. Follow-
ing acquisition of 113Cd3-β-rhMT and 113Cd4-β-rhMT, excess
cadmium(113) was added to produce 113Cd4-β-rhMT 1a used for
both the 1D and two-dimensional (2D) NMR spectra.

All NMR spectra were acquired on a Varian Inova 600 NMR
spectrometer [νL(

1H)=599.44MHz, andνL(
113Cd)=132.99MHz]

using Varian’s VNMRJ 2.2D with the Chempack 3.0 add-on.
The 113Cd chemical shifts were referenced with respect to an
external 1.0 M solution of CdSO4 in D2O [δ(113Cd) = 0.0 ppm],
while 1H chemical shifts were internally referenced to TMS
[δ(1H) = 0.0 ppm] on the basis of the 2H frequency of the
deuterated solvent.

Direct-detect 1D 113Cd{1H} NMR spectra were recorded
using a Varian broad-band 5.0 mm HX probe, a spectral range
from 540 to 740 ppm, and WALTZ-16 1H decoupling during
acquisition only. For the mixture of Cd3-β-rhMT 1a and Cd4-β-
rhMT 1a, a total of 93000 transients accumulated using a
relaxation delay of 1 s and a 90� pulse width of 16.2 μs with an
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acquisition time of 1.234 s at 10 �C. The data were processed
using a line broadening of 10 Hz. For Cd4-β-rhMT 1a, a total of
84000 transients accumulated using a relaxation delay of 2 s and
a 60� pulse width of 10.8 μs with an acquisition time of 0.587 s at
25 �C. The data were processed using a line broadening of 20 Hz.

Indirect 2D 1H-113Cd HSQC NMR spectra were recorded
using a Varian indirect-detection 5.0 mm HCX probe, a 113Cd
spectral range from 540 to 740 ppm, a 1H spectral range from
-0.4 to 4.8 ppm, an acquisition time of 0.15 s, and a relaxation
delay of 1 s. Water suppression was achieved using a selective 1 s
presaturation pulse at a power of 4 dB. In the indirect 113Cd
dimension, the data were zero-filled to 1024 total points, and a
Gaussian weighting function was applied. In the direct 1H dimen-
sion, the data were zero-filled to 1024 points and a Gaussian
weighting function was applied. For the mixture of Cd3-β-rhMT
1a and Cd4-β-rhMT 1a, a total of 84 transients accumulated for
eachof the 128 increments, a forward linear predictionof 128points
in the 113Cd dimension, and the 3J(113Cd,1H) valuewas set to 60Hz
at 30 �C. For Cd4-β-rhMT, a total of 44 transients accumulated for
eachof the 256 increments, a forward linear predictionof 256points
in the 113Cd dimension, and the 3J(113Cd,1H) valuewas set to 67Hz
at 25 �C.

RESULTS

Supermetalation of β-rhMT 1a Studied by ESI-MS and
CD and UV Absorption Spectroscopy. To determine the

effect of the fourth metal on the overall fold of the isolated β
domain, analysis with both CD and UV absorption spectro-
scopy, coupled with metal speciation provided by ESI-MS, was
conducted. These techniques allowed us to directly correlate the
number of metals bound and observed spectroscopic changes in
solution. The protein used in this set of experiments was taken
directly after purification and desalted into an ESI-MS compa-
tible buffer. This was done to avoid structural changes that may
occur upon acid-induced demetalation and to demonstrate that
the additional low-affinity site for Cd2þ is not the result of high
concentrations found in the NMR experiment (32).

A solution of Cd3-β-rhMT 1a (Figure 2A) was initially
measured. Addition of 4.4 excess molar equivalents of Cd2þ

produced a solutionwith a composition of 10%Cd3-β-rhMTand
90% Cd4-β-rhMT (Figure 2B). The mass of apo-β-rhMT 1a
is 3754 Da (spectra not shown), giving theoretical masses for
Cd3-β-rhMT 1a and Cd4-β-rhMT 1a of 4085 and 4195 Da,
respectively, which compare well with the experimental masses of
4085 and 4197Da, respectively. Because of the weaker binding of
the fourth Cd2þ atom to the protein, we attribute this residual
10% Cd3-β-rhMT 1a to MS-induced dissociation of the metal.
An approximate equilibrium binding constant of (6.0 ( 0.8) �
104 M-1 was determined, using the Cd3/Cd4 ratio based on an
ESI-MS titration of apo-β-rhMT for the low-affinity site by
ESI-MS, a value that is several orders of magnitude lower than
previously reported binding constants for normal binding of both

FIGURE 2: ESI-MSdeconvoluted spectra,UVabsorption spectra, andCDspectra ofCd3-β-rhMT1aand supermetalatedCd4-β-rhMT1a. (A) ESI-MS
deconvoluted spectrum of Cd3-β-rhMT 1a, showing the mass equal to the apoprotein with three Cd2þ ions. (B) ESI-MS deconvoluted spectrum of
supermetalated Cd4-β-rhMT 1a formed following the addition of 4.4 molar equiv of CdSO4 to Cd3-β-rhMT 1a, showing the additional mass from one
extra Cd2þ. (C) UV absorption and (D) CD spectral changes observed for Cd3-β-rhMT 1a and supermetalated Cd4-β-rhMT 1a formed following
the addition of 4.4 molar equiv of CdSO4 to Cd3-β-rhMT 1a. To ensure accurate speciation, the same samples of Cd3-β-rhMT 1a and Cd4-β-rhMT 1a
were used in all experiments. All experiments were conducted in 5 mM ammonium formate buffer (pH 9.0) at 22 �C.
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Cd2þ [6.0 � 1021-1025.6 M-1 (33, 34)] and Zn2þ [5.0 � 107 to
6.3 � 1011 M-1 (35)].

To determine the location of the fourth cadmium ion, whether
it was either attached to the cluster or existed as an adduct to
other opportunistic amino acids, we recorded the UV absorption
and CD spectra for both Cd3-β-rhMT 1a and Cd4-β-rhMT 1a.
While the UV spectra did not change significantly (Figure 2C),
the CD spectra measured for these species (Figure 2D) showed
drastic changes in the extrema. Maxima and minima at 262 and
236 nm, respectively, were observed for Cd3-β-rhMT 1a, while
Cd4-β-rhMT 1a exhibited maxima and minima of 252 and
231 nm, respectively. For Cd3-β-rhMT 1a, the maximum at
262 nm was broad, suggesting that the traditional structure is
flexible and exists as a mixture of conformations.

Upon addition of excess Cd2þ to solution, the maximum
blue-shifted to 252 nm and the intensity increased by 60%.
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 a breaking of the exciton coupling between the

three Cd2þ ions of the system as observed when Cd5-R-rhMT 1a
is formed (12). The breaking of exciton coupling strongly suggests
that the fourth Cd2þ atom is involved in the metal-thiolate
cluster. A previous analysis of the β domain using mouse MT-1
demonstrated CD spectral changes between 3 and 12 equiv of
Cd2þ (36), which the author arguedwas the result of a Cd9-β-rhMT
1, but which we postulate to be supermetalated Cd4-β-rhMT 1.
1D 113Cd NMR Spectroscopy of Cd3-β-rhMT 1a and

Cd4-β-rhMT 1a.Direct 1D 113Cd{1H} NMR spectroscopy was
used for a mixture of Cd3-β-rhMT 1a and Cd4-β-rhMT 1a, a
result of a slight excess of Cd2þ to increase resistance to oxida-
tion, and a pure sample of Cd4-β-rhMT 1a to determine the
relative speciation of the individual metal binding sites as well as
the type of coordinating ligands through chemical shift data.
Samples were isotopically enriched with 113CdCl2 in 10 mM
ammonium formate (pH 7.4), following demetalation with formic
acid, to enhance the NMR signal. Signals observed for Cd3-
β-rhMT 1a and Cd4-β-rhMT 1a (Figure 3A) include those at
687.9, 674.0, 644.7, 634.5, 629.9, 616.7, and 601.3 ppm, while the

FIGURE 3: Direct 1D 113Cd{1H} NMR spectrum (133 MHz) of (A) a mixture of Cd3-β-rhMT 1a and Cd4-β-rhMT 1a and (B) Cd4-β-rhMT 1a
formed by addition of excess 113CdCl2. Slight shifts in the values of Cd4-β-rhMT 1a were observed between the mixture and the pure
supermetalated sample. This shift is attributed to the addition of chloride ions from 113CdCl2 to the solution and is most pronounced in the least
intense Cd4-β-rhMT 1a signal at 644.7 ppm, with a total downfield shift of 5.6 ppm. The mixture of Cd3-β-rhMT and Cd4-β-rhMTwas prepared
in 10 mM ammonium formate (pH 7.4) and buffer exchanged into 90% D2O. Subsequent addition of solid 113CdCl2 to the Cd3-β-rhMT 1a/
Cd4-β-rhMT1amixture led to the formationofCd4-β-rhMT1a. Spectraof theCd3-β-rhMT1a/Cd4-β-rhMT1amixture andCd4-β-rhMT1awere
recorded at 10 and 25 �C, respectively.
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observed signals for pure Cd4-β-rhMT 1a (Figure 3B) are at
688.8, 650.3, 635.9, and 602.5 ppm.The chemical shift range of all
the peaks is between 600 and 700 ppm, which overlaps signifi-
cantly with the region expected for tetrahedral cadmium-thio-
late clusters (37), traditional of metallothioneins, as well as both
trigonal and tetrahedral cadmium-thiolate clusters in which a
single sulfur has been replaced with water (38). By comparison of
the signals from both sets of data, the peaks for Cd3-β-rhMT 1a
can be identified as 674.0, 629.9, and 616.7 ppm. Previous NMR
work on human liver MT-1 has shown chemical shifts of 670.5,
652.0, and 645.8 ppm for the β domain (24); the differences in the
chemical shifts are most likely due to the lack of the R domain as
well as differences in sample conditions.

Direct detection of 113Cd in the binding site allows one to infer
the fluxionality of the individual metal ions. Analysis of the
spectrum in Figure 3A shows that peaks attributed to Cd3-β-
rhMT 1a species, with the exception of 674.0 ppm, are signifi-
cantly less intense than those we attribute to Cd4-β-rhMT 1a.
Previous NMR studies involving both domains have suggested
that the R domain is less fluxional than the β domain, leading to
sharper peaks of greater intensity (24). Upon addition of excess
113Cd2þ to solution, the observed chemical shifts of Cd3-β-rhMT
1a almost completely disappear with an increase in intensity of
the peaks assigned to Cd4-β-rhMT 1a, suggesting an overall
reduction in the fluxionality ofCd4-β-rhMT 1a compared toCd3-
β-rhMT 1a. There is a slight chemical shift in each of the four

FIGURE 4: Indirect 2D 1H{113Cd} HSQCNMR spectra of (A) amixture of Cd3-β-rhMT 1a and Cd4-β-rhMT 1a and (B) Cd4-β-rhMT 1a formed
by addition of excess 113CdCl2. The spectra were recorded in the

1H chemical shift range of-0.4 to 4.8 ppm and the 113Cd chemical shift range of
540-740 ppm (3J= 60 and 67 Hz) for Cd3-β-rhMT and Cd4-β-rhMT, respectively. Spectrum A was recorded at 30 �C, while spectrum B was
recordedat 25 �C.Both spectrawere acquiredusing an inverse single-axis z-gradientHCXprobewithX tuned to 113Cd.These spectrawere used to
aid in correlating Cd3-β-rhMT peaks with Cd4-β-rhMT peaks.
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peaks, with the most significant shift being a total of 5.6 ppm
involving the movement from 644.7 to 650.3 ppm, attributed to
the increase in the number of chloride ions from 113CdCl2 (39).
This peak is also noticeably broader and less intense than the
other three, which are of comparable size, suggesting that this
binding site is more solvent-exposed and fluxional. The increase
in fluxionality and the level of solvent exposure of just this site
wouldmake thisCd2þ site themost likely candidate for themetal-
exchange intermediate, allowing both the solvent and acceptor
and donor proteins access to the metal. The sharpness of the
spectral lines further supports the interpretation of CD spectro-
scopic data that themaximum blue shift betweenCd3-β-rhMT 1a
and Cd4-β-rhMT 1a, with an increase in intensity of 60%, is the
result of a reduction in the fluxionality of the domain overall.
2D 1H{113Cd} HSQC NMR Spectroscopy of both Cd3-

β-rhMT 1a and Cd4-β-rhMT 1a. Indirect 1H{113Cd} HSQC
NMR spectroscopy was used for both the Cd3-β-rhMT 1a/
Cd4-β-rhMT1amixture andCd4-β-rhMT1a (Figure 4). Analysis
of the β protons of the cysteine residues allowed determination
of peak relatedness as well as a tentative assignment of the
metal-thiolate connectivity. Peaks were interpreted as related on
the basis of the similarity in both the 1H and 113Cd chemical
shifts. Changes in the chemical shifts of the β protons were
observed for allmetal sites existing in bothCd3-β-rhMT andCd4-
β-rhMT, and it is likely these are the result of the structural
changes necessary for the accommodation of a fourth cadmium
atom in the β metal-thiolate cluster. In Figure 4, peak 2*
possessed intense signals that could be observed at both 2.3
and 2.8 ppm in the 1H dimension; both signals overlapped
well with peaks assigned to peak 2. The similarity of both the
1H profile and the 113Cd chemical shift range suggests that they
are related. Peaks 3 and 3*, from Cd3-β-rhMT 1a and Cd4-
β-rhMT 1a, respectively, were interpreted as related with both
similar peak shape and profile from 2.4 to 3.5 ppm. A slight
downfield shift can be seen in signals, in the 3.2-3.4 ppm 1H
range, from the β protons associated with peak 3*, Cd4-β-rhMT
1a, relative to peak 3, Cd3-β-rhMT 1a. Assignment of the
cadmium center associated with peaks 4 and 4* was based on
the significant similarity in the β proton region. Additionally,
these peaks are equally broad and have comparable intensities in
the 1D 113Cd{1H} NMR spectrum (Figure 3A). The new signal, S,
is attributed to the supermetalated site and is significantly upfield
from all other cadmium peaks. At 602.5 ppm, this peak may
represent a tetrahedral geometry coordinating either four thiolates
or three thiolates and a single water molecule or chloride ion.

Assignment of the HSQC spectrum for Cd3-β-rhMT 1a shows
three bridging cysteine residues (Figure 4A), as one would expect
from the connectivity (Figure 1). Upon addition of excess
cadmium, two additional bridging interactions are observed.
Interestingly, the new metal appears to coordinate with all other
metal centers at the expense of bridging interactions within the
original cluster. It is this loss of original bridging interactions that
may explain the loss of exciton coupling in CD spectroscopy
without any significant change in the ligand-to-metal charge
transfer band observed in UV spectroscopy (Figure 2).

DISCUSSION

It has been proposed over the past 50 years that various
different metallothioneins perform many critical functions re-
lated to metal homeostasis, metal exchange, and recently cellular
redox status. In this study, analysis of the spectroscopic data

from metalation of the β domain of human metallothionein 1a
has shown that a supermetalated form of the domain exists (the
extra metal ion is located in the metal thiolate cluster), and we
propose that this supermetalated form, with a distorted cluster,
may be a model of the metal-exchange intermediate.

Prior to this report, it was unclear whether an additional metal
was bound to the protein metal-thiolate core or if the protein
was somehow bound to other ligands. However, the coupling of
both spectroscopic and spectrometric analyses demonstrates that
addition of an excess of Cd2þ to the fully metalated peptide
causes significant rearrangement of the cluster. This rearrange-
ment leads to a breaking of the symmetry of the cluster, through a
loss of exciton coupling, but with little change in the ligand-to-
metal charge transfer profile (Figure 2).

Both direct and indirect 113Cd NMR spectroscopy provided
tentative connectivities. An increase in the number of bridging
interactions, from 3 to 5, was observed. The newly coordinated
metal bridges with all three of the original metals at the cost of
cluster symmetry, explaining the change in the CD spectrum.We
propose an increase in the number of bridging interactions, as the
protein cluster expands, may be critical for the functions of metal
ion homeostasis and toxic metal detoxification because forma-
tion of these new bonds may be the first step in metal insertion,
followed by expulsion of one of the originally coordinatedmetals.

This insertion-expulsion mechanism would allow Cd2þ,
which binds several orders of magnitude more tightly than
Zn2þ, to exchange with Zn2þ-bound metallothionein simulta-
neously acting to sequester toxic Cd2þ and releasing Zn2þ. The
net effect would be upregulation of metallothionein, allowing an
organism to effectively combat toxic metal exposure. A regulator
ofmetallothionein transcription,metal-responsive-element-bind-
ing transcription factor-1 (MTF-1), has been shown to upregu-
late metallothionein upon binding to Zn2þ (40). MTF-1 has been
implicated in cellular responses, including toxic metal detoxifica-
tion and oxidative stress, both of which are implicated functions
of metallothionein. The metal binding site of this transcription
factor includes six Cys2His2 zinc fingers, making it exceptionally
sensitive to an organism’s zinc load. We describe this property of
supermetalation in the context of metal transfer whereby metals
bound to MT are transferred to metal-free apoproteins, so that
these structures represent the intermediates of these transfer
reactions. Of course, as intermediates they have virtually zero
population.However, in the case of Cd-containingMT-1, we find
the supermetalated form to be stable, in essence frozen between
the two states. A second scenario is that of the influx of a metal
with a greater binding affinity than the resident metal. In the case
of Cd2þ displacing a resident Zn2þ, these structures may repre-
sent the intermediate as the Cd2þ enters the clusters prior to the
Zn2þ being displaced. This would be a critically important
transient species in the regulation of transcription of the protein.
An incoming metal, such as cadmium(II) or copper(I), could
coordinate in a supermetalated position, allowing both seques-
tration of the metal and release of a zinc ion. This zinc ion would
consequently lead to the upregulation of MT, through MTF-1,
allowing an organism to effectively bind a greater number of
incoming metals. For a toxic metal such as Cd2þ, the mechanism
allows for a fast response to the influx of a potentially damaging
metal. Indeed, we believe that these supermetalated structures
may also be involved in the redistribution of Zn2þ between
domains, but we have no experimental evidence to support this
model. Overall, through supermetalation, the organism may be
able to control the cellular levels of free metals.
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Supermetalation has now been reported in the R domain,
Cd5-R-rhMT 1a, β domain, Cd4-β-rhMT 1a, and full protein,
Cd8-βR-rhMT 1a, of human metallothionein 1a (7, 28). In the
case of the R domain of human MT-1, analysis of 113Cd NMR
spectra provided data suggesting that the supermetalated form,
Cd5-R-rhMT 1a, included two bridging interactions through a
crevice located on the R domain. ESI-MS titrations have also
provided evidence that a supermetalated Cd8-βR-rhMT 1a may
exist in a dynamic equilibrium with Cd7-βR-rhMT. Chan et al.
attributed supermetalation of the full protein to supermetalation
of the R domain, with the β domain remaining intact (28).
Currently, no competition experiments between the two isolated
domains have been performed that would allow the determination
of the relative affinity of Cd2þ in forming supermetalated species
for either of the two domains; however, the NMR chemical shifts
would suggest that supermetalation first occurs in the β domain.
By comparison, supermetalation of the R domain produces a peak
at 224 ppm, while supermetalation of the β domain produces a
peak at 602 ppm. The dramatic difference in peak locations
suggests that there are more cysteine residues coordinating the
Cd2þ involved in the supermetalated β domain than there are in
the R domain. These cysteine residues would act to stabilize the
supermetalated structure, leading to an increase in the affinity of
the β domain for Cd2þ and Zn2þ metal ions.

Supermetalation of the brain specific MT-3 to produce
Cd8-βR-hMT 3 has also been observed (13). Unlike supermetala-
tion of MT-1, Meloni et al. have suggested that both domains
bridge together to accommodate the eighth cadmium atom.
Interestingly, comparison of metallothionein isoforms MT-2 and
MT-3 demonstrated that while MT-3 was capable of accepting an
additional metal ion, MT-2 was not. However, both MT-1 and
MT-2 are more closely related than MT-3, the former having
diverged before distinction of the mammalian orders and the
latter, more structurally distinct, having evolvedmuch earlier (41).
Surprisingly, Romero-Isart et al. demonstrated the ability to
confer neuroinhibitory MT-3 activity onto MT-1 (21), through a
series of mutations of the β domain. We postulate that super-
metalation, a property observed only in distantly related MT-1
andMT-3, may be a factor that leads to the differentiation of each
isoform into specific functions in cellular chemistry.

One important aspect that must be examined further is the
exact location of the low-affinity binding site(s) on the Cd8-βR-
hMT (1 or 3) protein. Figure 5 compares the NMR spectral data
for human Cd7-βR-MT 1, 2, and 3, the two isolated fragments of
Cd3-β-rhMT 1a and Cd4-R-rhMT 1a, and the supermetalated
species, Cd4-β-rhMT 1a and Cd5-R-rhMT 1a. The value of this
figure is to show how the extra metal for the β domain described
here exhibits a typical 113Cd NMR spectral signature that falls
within the range of MT data. Indeed, it is possible that the Cd7-
βR-hMT 1 spectrummay contain a small fraction of Cd4-β-hMT
as indicated by an overlap of theNMR signals of Cd4-β-rhMT1a
with those ofCd7-βR-hMT1.On the other hand, the fifth Cd2þ in
Cd5-R-rhMT 1a results in a resonance in the region well away
from the tetrahedral thiolates. Two possibilities exist for the
location of the low-affinity sites on Cd8-βR-hMT: (1) each
domain is independently capable of binding an additional metal
ion, as supported by supermetalation of the isolated β and R
domains ofMT-1, or (2) the two domains work in concert to bind
this additional metal, as supported by the decrease in the Stokes
radius of MT-3 upon supermetalation, which is consistent with
the close approach of both clusters. It is probable that super-
metalation of metallothionein is isoform specific, related to

cellular function, and mechanisms of metalation must be deter-
mined on a case-by-case basis. Answers to these questions in the
future will have consequences for metal ion homeostasis, as well as
toxicmetal detoxification, and could possibly lead to an assignment
of a specific function for each of the metallothionein isoforms.
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