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disulphide bonds between cysteines in the α-domain
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Upon storage under aerobic conditions metallothioneins (MTs)

form a new species, which is characterized by a molecular mass

approximately twice the size of monomeric MT and shifted
""$/"""Cd- and "H-NMR resonances. The investigation of this

oxidative dimerization process by NMR spectroscopy allowed us

to structurally characterize this MT species that has been

described to occur in �i�o and might be synthesized under

conditions of oxidative stress. The oxidative dimer was charac-

terized by the formation of an intermolecular cysteine disulphide

bond involving the α-domain, and a detailed analysis of chemical

shift changes and intermolecular nuclear Overhauser effects

points towards a disulphide bond involving Cys$'. In contrast to

the metal-bridged (non-oxidative) dimerization, the metal–

cysteine cluster structures in both MT domains remain intact and

INTRODUCTION

Metallothioneins (MTs) are a class of small (6–7 kDa) intra-

cellular cysteine-rich (30%) proteins with the highest known

metal content after ferritins. MTs bind both essential (Cu+ and

Zn#+) and non-essential (Cd#+ and Hg#+) metals. Metal binding

in MTs has a high thermodynamic, but low kinetic stability.

Thus metal binding is very tight, but there is facile metal

exchange with other proteins. The binding of divalent

metals such as Cd#+ occurs in two separate domains in mam-

malian MTs. The N-terminal β-domain, residues 1–30, binds

three metals in a Cd
$
S
*
cluster, whereas a 4-metal cluster, Cd

%
S
""

,

is formed in the C-terminal α-domain (residues 31–61). The

structures of the MT isoforms MT2 and MT1 from various

mammalian sources, as obtained by NMR spectroscopy and

X-ray crystal structure analysis, have been reported [1–4].

MTs are ubiquitous proteins, found in animals, higher plants,

eukaryotic organisms and some prokaryotes. In mammals, the

two major MT isoforms, MT1 and MT2, are most abundant in

parenchymatous tissues, i.e. liver, kidney, pancreas and intestines,

but their occurrence and biosynthesis have been documented in

many tissues and cell types [5,6]. MTs are thought to function

biologically as intracellular distributors and mediators of the

metals they bind, and they seem to also play a fundamental role

in heavy metal detoxification [5,6]. However, despite the fact that

MTs have been investigated for over 40 years, no clear physio-

logical role has been unambiguously assigned to this protein

family [7], and the question remains as to the functional

significance associated with the two distinct mammalian metal

clusters contained in the separate protein domains. A series of

studies by Vallee, Maret and co-workers [8–12] on the redox state

dependence of the amount of zinc bound to MT has attracted

much attention. They have shown that an oxidoreductive mech-
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no conformational exchange or metal–metal exchange was

observed.Also in contrast to themany recently reported oxidative

processes which involve the β-domain cysteine groups and result

in the increased dynamics of the bound metal ions in this

N-terminal domain, we found no evidence for any increased

dynamics in the α-domain metals following this oxidation.

Therefore these findings provide additional corroboration that

metal binding in the C-terminal α-domain is rather tight, even

under conditions of a changing cellular oxidation potential,

compared with the more labile}dynamic nature of the metals in

the N-terminal β-domain cluster under similar conditions.

Key words: """Cd NMR, ""$Cd NMR, metallothionein, NMR,

oxidative dimerization.

anism modulates the affinity of zinc for the cysteine thiolate

ligands and the key players are GSH, GSSG and other oxidizing

agents [10]. In this way, the cysteines of the metal thiolate clusters

confer redox sensitivity to an otherwise redox-inert metal ligand

(e.g. Zn#+), and facilitate the potential for MT to participate in

intracellular signal-transduction pathways [12]. Another redox-

sensitive process, which leads to the formation of disulphide

bonds, is the oxidation brought about by NO to form nitroso-

thiols, –SNO [13], which are subsequently converted to intra-

molecular Cys-S–S-Cys disulphides apparently specific to

within the β-domain of mammalian MT1 [14]. In this latter case,

the concomitant complete release of zinc from the β-domain has

been postulated to be the basis for an anti-inflammatory role of

MTs [14].

It has been noted for many years in our laboratories that

samples of Cd
(
-MT are not stable during long-term storage in

aerobic conditions as seen from the appearance of additional

signals in the ""$/"""Cd-NMR spectra [15], as well as an ad-

ditional peak indicative of dimerization in gel-filtration analysis.

Although the nature of the reaction leading to the production of

this dimeric species was not investigated in detail, it was found to

be partially, but not completely, reversed by the addition of thiol

reagents. On this basis, it was suggested to be oxidative in nature

and to involve the formation of intermolecular disulphide cross-

links between one or more cysteine residues [16]. Dimerization

could also be brought about by the addition of excess Cd#+ to a

concentrated Cd-MT solution in the presence of phosphate

[17–20]. This observation led to the description of a non-oxidative

dimerization process, characterized by metal bridging of MT

monomers.

The physiological significance of oxidative dimerization of

MTs is unclear. Nevertheless, several studies have detected in

�i�o oxidative MT dimers after animals were exposed to high
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levels of Cd [21,22]. Other studies have shown that Cd, especially

in the presence of MT, may play a role in production of reactive

oxygen species resulting in oxidative stress [23–25]. Moreover,

there is evidence for the involvement of MTs in the response to

oxidative stress [26,27]. Therefore, oxidative dimerization of

MTs is likely to occur in �i�o under stress conditions such as

exposure to high levels of toxic metals or reactive oxygen species,

and in a number of neurological disorders, including Alzheimer’s

disease, Parkinson’s disease and amyotrophic lateral sclerosis,

that have all been associated with oxidative stress [28]. In

addition, the oxidative dimerization of MT might well play an

important role in the newly discovered role of MTs as oxido-

reductive mediators in signal-transduction pathways [10,12]. In

this paper, we have structurally characterized the oxidized

mammalian MT dimer.

EXPERIMENTAL

Mouse Cd
(
-MT1 was prepared as described previously [4]. Zn-

MTs were isolated from rabbit livers subjected to daily injections

of 0.15 M ZnSO
%
for 6 days to give a total dose of 0.4 mmol of

Zn#+}kg of body mass. 6 h after the final injection, the animals

were killed, and the livers removed and immediately frozen at

®70 °C. To isolate Zn-MT, a single liver (approx. 100 g) was

thawed and homogenized in a 1 litre blender with 150 ml of

5 mM Tris}HCl, pH 8.6, containing 0.25 M sucrose and 0.04%

β-mercaptoethanol. The homogenate was then centrifuged at

95000 g at 4 °C for 90 min. The supernatant was subsequently

loaded on to a Sephadex G-75 column (120 cm¬10 cm) and

eluted at a flow rate of 4 ml}min with 5 mM Tris}HCl, pH 8.6,

and 0.02% NaN
$
. The MT-containing fractions were monitored

for their Zn content with a Perkin–Elmer 3100 atomic

absorption spectrometer. The MT-containing fractions were

pooled and further purified on an anion exchange column

(Whatman DE-32) equilibrated with 5 mM Tris}HCl, pH 8.6. A

linear Tris}HCl gradient (5–200 mM, pH 8.6) was used for

elution at a flow rate of 1.5 ml}min. Under these conditions, two

peaks corresponding to Zn-MT1 and Zn-MT2 were separated.

The pooled fractions for each isoform were concentrated in an

Amicon apparatus using a YM2 membrane to a final concen-

tration of approx. 0.3 mM. Dimers were obtained by storing

a sample of 1.1 mM mouse Cd
(
-MT1 in 10 mM Tris}HCl,

pH 8.6, at 4 °C under aerobic conditions for 2 months.

To convert dimers back to monomers, a 40-fold molar excess

of dithiothreitol (DTT) in the same buffer was added to the

dimer sample and stored overnight at 4 °C. The sample was then

loaded on to a Sephadex G-75 column (100 cm¬2.5 cm) and run

at a flow rate of 0.4 ml}min. Approx. 90–95% of the dimerized

protein was converted back to the monomeric state using this

procedure.

To quantify MT concentrations, the UV absorbance at 220 nm

and pH 2, where the metals are completely removed, was used.

Under these conditions the molar absorption coefficient is 47300

M−"[cm−" [29]. HPLC separations were performed using either a

Bio-Rad 700 HPLC instrument or an Isco HPLC system

(Lincoln, NE, U.S.A.) consisting of a pump (model 2350), a

gradient programmer (model 2360) and an UV-Vis detector

(model V4). Size-exclusion HPLC was performed with a semi-

preparative GPC-60 column (300 mm¬7.8 mm; SynChrom,

Darien, IL, U.S.A.) using 25 mM potassium phosphate buffer

containing 100 mM KCl, pH 6.8, at a flow rate of 1 ml}min, or

with an analytical GPC-100 column (250 mm¬4.6 mm;

SynChrom) using 10 mM potassium phosphate buffer, pH 8.6, at

a flow rate of 0.5 ml}min. Samples (10 µl) were applied and the

eluate was monitored at a wavelength of 229 nm.

"""Cd-NMR spectra were acquired on a General Electric GN-

500 MHz spectrometer using a 10 mm broad band probe, and all

other NMR experiments were performed on a Varian Unity

INOVA 600 MHz NMR spectrometer using either a 5 mm triple

resonance probe for homonuclear proton spectra or a 5 mm

inverse HCX probe tuned to the frequency of ""$Cd (133 MHz)

for two-dimensional "H–""$Cd heteronuclear multiple quantum

correlation (HMQC) experiments [30]. The ""$Cd-NMR spectra

were referenced relative to an external 0.1 M solution of

Cd(ClO
%
)
#
, and the proton spectra were referenced relative to the

temperature corrected chemical shift of the residual solvent line

[31]. All data processing was carried out with Vnmr 6.1a. Details

of the processing schemes are given in the Figure legends.

RESULTS AND DISCUSSION

A solution of MT at millimolar concentrations stored under

aerobic conditions at room temperature (25 °C) gradually

produces a new species that elutes on a gel-filtration column with

a retention time characteristic of a molecule approximately twice

the molecular mass of freshly isolated MT. The proportion of the

protein that elutes as the dimeric species increases with time in

storage, from approx. 10% after 11 days to approx. 50% after

23 days. Evidence that the dimeric species represents covalently

aggregated MT that is not reversible by dilution was provided by

diluting the 23 day sample to 5 µM followed by storage overnight.

Re-analysis by size-exclusion chromatography gave the same

profile as seen before dilution. Even upon further dilution down

to 0.2 µM, no difference in retention time was observed. In

Figure 1 111Cd-NMR spectra (106 MHz) of monomeric and dimeric 111Cd-
MT2

111Cd-MT2 (2.5 mM) was stored aerobically in 10 mM Tris/HCl, pH 8.6, at 4 °C for 10 days

before acquiring spectrum (a). After an additional 11 days, the monomeric and dimeric species

were separated by semi-preparative GPC-60 size-exclusion HPLC and then ultrafiltered to a

concentration of approx. 1 mM. The spectrum in (b) is that of the isolated monomer fraction

and (c) of the isolated dimer. Peaks in (c) are identified as originating from oxidative dimer (OD),

or non-oxidative dimer (ND). Signals belonging to the N-terminal β-domain are indicated.
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Table 1 Metal/protein and sulphydryl/protein ratios

M2+, metal ; SH, sulphydryl.

MT state [M2+]/[MT] [SH]/[MT]

Monomer 7.0³0.2 20.1³0.3

Oxidative dimer 6.3³0.2 18.6³0.3

Non-oxidative dimer 10.0³0.2 19.8³0.3

contrast, a monomeric sample of 5 µM MT exhibited no ob-

servable dimerization even after 35 days of storage under aerobic

conditions. These results provide clear evidence that, as would be

expected for a reaction involving bimolecular association,

dimerization is promoted at higher protein concentrations.

Since approximately one-third of the amino acid residues in

MTs are cysteines, the most obvious mechanism for dimerization

would be the formation of intermolecular disulphide bond(s) as

a result of oxidation of the protein. To investigate the role of

oxygen in MT oligomerization, a 2 mM Zn-MT2 sample was

prepared and one half of this sample was stored aerobically and

the other half anaerobically for 6 days before being analysed by

size-exclusion HPLC. The results showed that approx. 40% of

the MT dimerized during aerobic incubation, and less than 10%

during anaerobic storage. Thus the presence of oxygen signifi-

cantly influences the rate and}or extent of the dimerization

reaction, and supports the hypothesis that MT molecules are

cross-linked by cysteine disulphide bond(s). If dimerization were

caused by cysteine oxidation, one would expect that this reaction

could be reversed by the addition of thiol-reducing reagents. To

Figure 2 1H–113Cd HMQCs of mouse 113Cd7-MT1 of monomeric protein (a) and a sample stored under aerobic conditions for 2 months (b)

Both spectra were optimized for Cd–H coupling constants of 40 Hz and 32 scans of 2048 data points were acquired for each of the 128 increments. Prior to Fourier transformation, the data were

multiplied by a 60°-phase-shifted squared sine-bell window function in both dimensions and zero filled to a final matrix of 2048¬1024 complex points. Cd signals attributed to oxidative dimers

are labelled as CdI«, CdII«, CdIII«, CdIV«, CdV«, CdVI« and CdVII«.

test this prediction, the 2 mM Zn-MT2 sample that had been

stored aerobically for 6 days was first diluted to 50 µM with

10 mM Tris}HCl, pH 8.6. To one half of this sample, DTT was

added to give a 40-fold molar excess (2 mM). No DTT additions

were made to the other half of the sample. Both aliquots were

stored overnight at 4 °C and then analysed by size-exclusion

HPLC. The results showed that approx. 90–95% of the dimer

could be converted back into the monomeric protein by in-

cubation with DTT. Use of a greater excess of DTT and}or

longer incubation times gave similar results. Since the percentage

of dimers converted back to monomers is higher than the

amount of oxidative dimers, the treatment with reducing thiols

obviously also partly reverses the dimerization of the metal-

bridged MT. Whereas the metal-bridged dimerization is only

partially reversed by the DTT treatment, the oxidative dimers

can be quantitatively converted to monomer as shown by the

observable differences in NMR spectra (see below).

It should be noted that the use of different MT isoforms (MT1

and MT2) from different mammalian sources (mouse and rabbit)

leads to the formation of the same dimeric species as shown by

the experimental procedures described below. In addition, a

variation in temperature only influenced the time course of the

dimerization reaction, but not the chemical nature of the product

formed.

To gain further insight into the mechanism and structure of

the oxidative dimer, we used """/""$Cd- and "H-NMR spectro-

scopy. A number of changes were observed in the """/""$Cd-

NMR spectra of MT upon the formation of dimers under

aerobic conditions. As first described by Otvos et al. [15], three

additional peaks appear in the """Cd-NMR spectrum (Figure 1)

together with a decrease in the intensity of the Cd signals
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Figure 3 Fingerprint region of the 800 MHz TOCSY spectra of monomeric mouse Cd7-MT1 (displayed as multiple contour levels) and a sample containing
oxidative dimers in addition to non-oxidative dimers and monomers (with only 2 contour levels)

Peaks attributed to the oxidative dimer are indicated with an apostrophe ( ’ ).

belonging to the β-domain. Monomers and dimers were

separated on a GPC-60 column and the Cd spectra of the pooled

fractions belonging to monomer and dimer are shown in Figures

1(b) and 1(c) respectively. The """Cd-NMR spectrum of the

monomer fraction contains the expected seven resonances with

approximately equal intensities for the signals from the α-domain

and slightly lower intensities for the Cd peaks from the β-

domain. However, the spectrum of the dimer shows more than

seven peaks with widely varying intensities, but with all the peaks

assigned to the 4-metal cluster showing a similar intensity. Since

the possibility of contamination with a significant amount of

monomer can be excluded, based upon the chromatographic

evidence and the lower intensities of signals from the 3-metal

cluster, the observed pattern can only be explained by the

presence of two different types of dimeric species. The species

that gave rise to shifted resonances at 678, 626 and 588 p.p.m. is

derived from cysteine oxidation due to its reversibility in the

presence of DTT. Metal-bridged (non-oxidative) dimers are

characterized by unaltered signals from the α-domain and missing

signals for the β-domain [15–18]. The variations in signal

intensities can be explained by different amounts of oxidative

and metal-bridged dimers with the latter lacking signals from the

N-terminal β-domain. In Figure 1(c), peaks corresponding to

the non-oxidative dimer are labelled ND and those originating

from the oxidative dimer are labelled OD. These assignments are

further corroborated by the fact that under anaerobic conditions

only the peaks labelled ND (non-oxidative dimer) are found in

the dimer fractions.

In an attempt to further characterize the chemical properties

of these two dimeric forms, a careful analysis of the metal and

thiol contents was carried out. The results of this analysis are

shown in Table 1. The sample of oxidative dimer was prepared

by storing a solution of 2 mM Zn-MT2 aerobically for 6 days

and purification of the resulting dimer by HPLC. Some of this

sample was presumably the non-oxidative dimer, judged by the

failure to convert all of it back to monomer and the impossibility

of separating non-oxidative and oxidative dimers. The non-

oxidative dimer was prepared using the same procedure under

anaerobic conditions. The monomeric sample was prepared from

freshly isolated Zn-MT2. As expected, the monomeric sample

showed the full complement of seven metal ions and 20 thiol

groups. The lower number of thiol groups in the oxidative dimer

is consistent with the proposal that it is formed by the oxidation

of one cysteine thiolate group to form disulphide-bridged com-

plexes. The role of excessive metals in the non-oxidative

dimerization has been reported previously [17–20,32].

To further characterize the interaction between the subunits of

the oxidative dimer, we acquired a "H–""$Cd-HMQC spectrum

of partly dimerized mouse Cd
(
-MT1, which is shown in Figure 2,

together with the "H–""$Cd HMQC of a monomer sample. In

addition to the degenerate ""$Cd α-domain signals known to arise

from the monomer and non-oxidative dimer, the shifted ""$Cd

# 2001 Biochemical Society



357Oxidative dimerization in metallothionein

resonances for the α-domain oxidative dimer could be assigned

on the basis of their correlations to sequentially assigned cysteine

β-protons which show only minor shifts upon dimerization.

Surprisingly, all of the proton–Cd connectivities in the monomer

can also be found in the spectrum of the oxidative dimer with

only minor reductions in the relative cross-peak intensities which

precludes any significant release of bound Cd ions. The ob-

servation of all the expected Cd–Cys cross peaks from the two

clusters in the oxidative dimer, therefore, implies that the

metal–cysteine clusters remain intact as fast (k" CdHJ) Cd–Cd

exchange would prohibit the evolution of anti-phase

magnetization during a heteronuclear single-quantum correlation

or HMQC experiment [33]. This is in contrast to the fast metal

exchange and absence of ""$Cd resonances for the β-domain in

metal-bridged dimers. The slightly reduced metal content of the

oxidative dimer found by atomic absorption spectroscopy analy-

sis (Table 1), therefore, might possibly be explained by the

slightly increased metal exchange in the dimer β-domain.

What is most obvious in the ""$Cd-NMR spectrum of the

oxidative dimer is the shift to a low frequency of Cd(VII). A low-

frequency shift is indicative of a more shielded Cd nucleus, which

could be achieved with fewer terminal and more bridging

cysteines co-ordinating the metal [34,35]. Cd(VII) is bonded to

just one terminal cysteine (Cys$') in the monomer and the

formation of a disulphide bond between this cysteine and another

sulphur would convert the only terminal thiolate ligand at

Cd(VII) to a bridging one which could be the cause for the

observed shift to low frequency. Another, although less

significant, shift to low frequency is observed for Cd(V) which

could be caused by the involvement of either Cys$$ or Cys%) in a

disulphide bond, because both of these cysteines are connected to

Cd(V) terminally and would offer the possibility for disulphide-

bond formation. On the contrary, the shift to high frequency of

Cd(VI) is indicative of a deshielding around this nucleus, which

could be caused by converting bridging thiol ligands to terminal

ones. Cd(VI) has three bridging ligands (Cys$(, Cys%% and Cys'!),

however, the conversion of any of these to a terminal cysteine

would break a Cd–Cys bond and all ""$Cd–"H-HMQC cross

peaks observed in the monomer are also found in the dimer.

Based solely on the observed ""$Cd-NMR shifts of the oxidative

dimer, the most likely intermolecular disulphide bond would

involve Cys$', which is the only terminal thiol ligand of Cd(VII),

although the formation of disulphide bonds involving Cys$$or

Cys%) cannot be excluded from the ""$Cd-NMR chemical-shift

results.

Since there is just one signal observed for each Cd attributed

to the oxidative dimer, it has to be symmetric. Anti-symmetric

dimerization would be expected to lead to two shifted positions

for each Cd signal. In addition, anti-symmetric dimerization

offers the possibility of forming higher aggregates, by extending

the process of intermolecular disulphide bond formation in a

chain-like fashion. However, only a small amount of a higher

molecular mass compound was found upon separation by gel

filtration.

Further hints about the interaction interface come from the

inspection of the proton chemical shifts in the monomer and

dimer. The two-dimensional TOCSY [36] spectrum of the mixture

of monomer and dimer (oxidative and metal bridged) overlaid

with a spectrum of only the monomer is shown in Figure 3. The
""$Cd spectrum from the metal-bridged dimers of MT showed no

changes for the resonances from the α-domain, but significantly

reduced peak intensities for the β-domain ""$Cd resonances

[17–20,32,37]. Therefore, the doubling of the "H cross peaks

from the α-domain in Figure 3 must be correlated with the shift-

ing of the α-domain ""$Cd-NMR resonances arising from the

Table 2 Changes in 113Cd- and 1H-NMR chemical shifts upon the formation
of oxidative dimers

Signal ∆(δmonomer®δdimer) (p.p.m.)

Cd

Cd(I) ®0.7

Cd(V) 5.1

Cd(VI) ®4.0

Cd(VII) 12.9

NH

Cys34 0.39

Ser35 ®0.12

Cys36 ®0.03

Val39 0.04

Gly40 0.04

Lys43 ®0.03

Cys44 ®0.04

Ala45 ®0.03

Cys50 ®0.05

Cys60 0.04

Ala61 ®0.03

Others

Cys34-α 0.02

Ser35-α ®0.12

Cys36-α ®0.04

Cys36-βs 0/®0.03

Val39-γs ®0.07/®0.1

Cys50-α ®0.02

oxidative dimer. The most obvious differences in chemical shifts

are reported in Table 2. Perhaps surprisingly, the cysteine

β-protons are shifted less significantly than some of the cor-

responding cysteine amide signals. The shifting of the backbone

NH signals, however, is most sensitive to changes in the

H-bonding pattern or solvent accessibility [38] and much less to

changes in the co-ordination involving side-chain atoms of that

amino acid. A spatial arrangement of the atoms, protons and Cd

ions, exhibiting changes in chemical shifts is shown in Figure 4,

where the size of the spheres correspond to the absolute mag-

nitude of the change in chemical shift. The largest shifts in the

cysteine side-chain protons occurs for Cys$' and a general

clustering of proton shifts is found around Cd(VII), which also

shows the largest ""$Cd chemical shift. Both Cys$$ and Cys%),

which might be implicated in the oxidative dimerization process

based on the observed change in Cd(V), show no changes in "H

chemical shifts.

Unambiguous identification of the dimer interface would be

provided by intermolecular nuclear Overhauser effects (NOEs).

However, the interpretation of nuclear Overhauser enhancement

spectra from the dimer is complicated both by the broader lines

and the presence of metal-bridged dimers, which cannot be

separated from the oxidative dimers. Therefore Cys$(-

NHIAsp&&-NH, Gly%!-NHIAsp&&-NH, Lys%$-γHIVal%*-γH,

Lys%$-NHILys&'-γH, Lys%$-NHICys&*-αH are the only NOEs

involving shifted resonances which appear upon the formation of

dimers under aerobic conditions that could be unambiguously

assigned to the oxidative dimer. These NOEs involve residues

near the C-terminal end of MT and are spatially close to Cys$'.

The low number of intermolecular NOEs prohibited an analysis

of the interaction interface using molecular modelling. However,

a rough model of the oxidative dimer could be created based

upon the observed shifts (Cd and protons) and the observed

NOEs. We assumed that the oxidative dimers were formed by an

intermolecular disulphide bond between the Cys$' residues on

two MT molecules in a symmetric head–head type dimer, a
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Figure 4 Structure of the α-domain of mouse MT1 (Protein DataBank accession number 1DFS) showing the positions of the NMR signals shifted upon the
formation of oxidative dimers (see Table 2)

The relative sizes of the spheres indicate relative changes in chemical shifts for proton (black spheres) and Cd (grey spheres) resonances. A clustering of larger changes around the loop containing

Cys36 can be seen. This Figure was made using MOLMOL [35].

possible model of which is shown in Figure 5. This model was

based on the observed intermolecular NOEs (shown as black

spheres) and the chemical shift differences. The loop between

residues 51–57 appears to somehow ‘protect ’ this Cys$' residue

in mammalian MTs [1,2,4,39,40]. However, this loop is the least

well-defined region in the α-domain for the NMR-derived MT

structures [1,2,4,39,40], and it also has the highest B-factors in

the crystal structure [39]. Therefore, dimerization could be

facilitated by a slight opening of this loop. Maybe the most

interesting finding of this study is the fact that the Cd ions bound

in the C-terminal 4-metal cluster are not released upon the

formation of the intermolecular disulphide-bond. The line widths

of all seven Cd resonances do not even show any evidence for

increased mobility of the metal bound in the oxidative dimer.

This is in contrast to the increased metal mobility that is observed

for theβ-domain ""$Cd#+ ions in themetal-bridged dimers [17–20],

following the reaction with the GSH}GSSG redox couple [9,10],

or after the formation of intramolecular disulphides in this

domain following the reaction with NO [13,14]. To the best of

our knowledge, this is the only known case of an oxidative

reaction occurring in the α-domain of MTs. As the low redox

potential of MTs (®366 mV [9]) makes them a likely candidate

for oxidative reactions in �i�o, our results indicate that if such a

reaction occurs in living cells [21,22], it does not lead to

mobilization of metals bound to the α-domain. The different

metal reactivity of the two domains and the different metal

affinity associated with the two domains correlates well with the

proposal that the α-domain plays a detoxification}sequestering

role for toxic and}or excess metal ions. These findings thus

contribute to the assignment of distinct and different functional

roles to the two MT metal clusters which correlates with the

varying metal exchange in the two domains. The proposed

functional roles of the two domains in MTs are: N-terminal

β-domain, an involvement in the homoeostasis of the essential

metal ions [5,6] and, C-terminal α-domain, the tight binding}
sequestration of excess and}or toxic metal ions [41,42].

In conclusion, we have traced the oxidative dimerization of

MT to be caused by a symmetric head–head disulphide bond

formation between Cys$' in two monomers. These oxidative

dimers are formed in �itro by storage in aerobic conditions along

with metal-bridged dimers, from which they cannot be chromato-

graphically separated. However, these dimers can be distin-

guished in NMR spectra by shifts of the Cd and of some proton

signals in the α-domain. As it was not possible to separate metal-

bridged and oxidative dimers, we only used information from

chemical shifts and NOEs from those signals that could be

attributed unambiguously to the oxidative dimer to draw con-

clusions about the interface. Of note, however, is that in contrast

to other reported oxidative processes in MTs which affect the

metal stability in the β-domain, the formation of oxidative

# 2001 Biochemical Society



359Oxidative dimerization in metallothionein

Figure 5 Model of a symmetric head–head dimer showing spins involved in intermolecular NOEs as black spheres and the two Cys36 residues as grey
spheres

Two monomers of the rat MT2 X-ray structure (Protein DataBank accession number 4MT2) have been used for this model since this is the only MT for which the relative orientation of the two

domains is known. This Figure was made using MOLMOL [35].

dimers does not lead to increased mobility of metals from either

domain.
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