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Abstract

The copper( I) and silver( I) binding properties of the ß fragment of recombinant mouse metallothionein 1 have been studied by electronic
absorption and circular dichroism spectroscopy When possible, the stoichiometry of the species formed was confirmed by electrospray mass
spectrometry The behaviour observed differs from that reported for the native protein Titration of either Zn3-ßMT at pH 7 or apo ßMT at
pH 3 with Cu+ leads to the formation of species having the same stoichiometry and structure Cus-ßMT, Cu7-ßMT and Cu10-ßMT In the
first stage of the titration of Zn3-ßMT with Cu+ at pH 7 one additional species of formula Cu4Zn|-ßMT was detected In contrast, the titration
of Zn3-ßMT at pH 7 5 and of apo-ßMT at pH 2 5 with Ag + proceeds through different reaction pathways, affording ZUrAgj-ßMT, Ag6-ßMT
and Agg-ßMT or Ag3-ßMT, Ag6-ßMT and Ag9-ßMT, respectively The CD envelope corresponding to species with the same stoichiometnc
ratio, Agj-ßMT and Ag9-ßMT, indicates that they have a different structure at each pH value On the basis of the differences observed, the
postulated similarity between copper and silver binding to metallothionein may be questioned © 1999 Elsevier Science Inc All rights
reserved

Keywords Recombmant ß metallothionein, Metallothionein, Copper(I) binding, Silver(I) binding, ß Fragment

1. Introduction

Metallothionems (MT) constitute a well-defined group of
low-molecular-weight cysteme-nch metal-binding proteins,
widely distributed in nature and generally considered respon-
sible for metal homeostasis and detoxification [1,2] To date
most spectroscopic and chemical studies on the metal-binding
properties of MT have been earned out with proteins isolated
from mammalian organs Relatively few studies have been
undertaken with synthetic MT, and even fewer with the pro-
tein obtained by genetic engineering With the aim of laying
the groundwork for primary structural modifications of MT
[3], we used the recombinant DNA approach to synthesize
mouse Zn7-MT and the corresponding a (Zn4-aMT) and ß
(Zn3-ßMT) domains Synthesis m E coli rendered prepa-
rations of high purity and allowed us to report the bioprod-
uction of the ß domain for the first time [4] In addition,
cadmium titrations of recombinant mouse Zn7-MT and Zn4-
aMT, followed by absorption and CD spectroscopy, showed
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that they reproduce the behaviour observed for the native
proteins [4,5] Titration of Zn3-ßMT with CdCl2 afforded
Cd3-ßMT, Cd4-ßMT and Cd9-ßMT species, which we
reported for the first time [4,6]

The synthesis of well-defined, separate a and ß domains,
particularly the latter, seems to be very promising Recent
studies suggest that the two domains of mammalian MT have
evolved to perform different functional roles and that they
have distinctive kinetic features It has been proposed that the
kinetically labile ß domain may function in metal exchange
processes, whereas the kinetically more stable a domain may
be important in detoxification [7] Detailed knowledge of
the behaviour of the isolated domains should contribute sig-
nificantly to our understanding of the entire MT and corrob-
orate the proposed independent behaviour of the a and ß
domains [8] In addition, it has recently been reported that
the structure of the ß domain in mammalian MT bears close
resemblance to the 3D structure in solution of the same
domain m crab MT 1 [7] Accordingly, our understanding
of the main functions of crustacean MT is likely to be
enhanced by the study of the mammalian ß fragment behav-
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resin with 2 M HNO3 were analysed Total sulfur, zinc and
copper contents were measured by inductively coupled
plasma atomic emission spectrometry (ICP-AES) [16]
using a Thermo Jarrell Ash, Poly scan 61E at 182 040 nm
(S), 213 856 nm (Zn) and 324 754 nm (Cu) For Ag(I)-
contaming samples, analogous elemental analyses were per-
formed by inductively coupled plasma mass spectrometry
(ICP-MS) on a Perkm-Elmer, Elan-6000 at 33 9679 uma
(S) and 106 905 and 108 905 uma (Ag)

2 5 Molécula} mass detei mmation

The molecular mass of the Cu-ßMT species contained in
aliquots withdrawn from the titration experiments was deter-
mined by electrospray lomzation mass spectrometry (ESI-
MS) on a Fisons Platform II Instrument (VG Biotech)
equipped with the Mass Lynx software provided by the man-
ufacturer, calibrated using horse heart myoglobin (0 1 mg/
ml) Two sets of conditions were required depending on the
sample For the Cu-ßMT samples at pH 7 10 (il of the ßMT
solution was injected at 25 p-l/min, source temperature,
180°C, capillary counter electrode voltage, 4500 V, lens
counter electrode voltage, 1000 V, cone potential, 30 V, m/z
range, 1000 to 1800, scanning rate, 4 s/scan, InterScan delay,
0 2 s The liquid earner was a 5 95 mixture of methanol and
3 mM ammonium formiate/ammonia at pH 7 For samples
at pH 3 10 H.1 of the ßMT solution was injected at 30 \ul
mm, source temperature, 100°C, capillary counter electrode
voltage, 4000 V, lens counter electrode voltage, 500 V, cone
potential, 70 V, m/z range, 1000 to 1800, scanning rate, 3 s/
scan, interscan delay, 0 4 s The liquid carrier was a 50 50
mixture of acetomtnle and formic acid at pH 3 The ease of
oxidation of Cu+ in acidic media was avoided by adding
mercaptoethanol (001%)

Unfortunately, the high concentrations of buffer required
by the silver solutions to maintain the pH hampered the char-
acterization of Ag-ßMT species by ESI-MS Studies to over-
come this problem are now being performed

Throughout this paper we refer to the mol equivalents of
metal added in terms of 'x M + ' to stand for 'x mol equivalents
of M + ' 01 'a molar ratio M + protein of x'

3. Results and discussion

The present study dims to determine the binding abilities
of the recombinant ßMT fragment in the presence of differing
concentrations of Cu+ and Ag+ The M'-ßMT species,
M' = Ag(l), Cu(I ) , have been identified from saturation of
the chiral intensity, changes in the UV-Vis absorption spectra
and mass determination as increasing amounts of metal ions
are added to the protein The analysis of the behavioui of
iccombmant Zn-, ßMT at pH 7 towaids M1 leqiiues knowl
edge ot the tole played by the Zn atom In othci words, the
mtei pretation of the spectral changes accompanying the addi-
tion of M1 to Zn, ßMT must take into account the spectral

signals due to the SCys-»Zn2 + LMCT bands, which can
overlap with the new bands related to copper- or silver-thiol-
ate interactions By using apo-ßMT, we ensure that the bind-
ing site structure depends only on the incoming metal Thus,
titrations at two different pH values were carried out These
have allowed not only the evaluation of the masking effect
of the Zn-SCys coordination but also determination of the
stoichiometry of mixed-metal Zn(M\-ßMT species

3 l Apo-ßMT fragment

Parts (a)-(c) of Fig 1 show the CD, electronic absorption
spectra and the difference spectra of the latter recorded during
the titration of the recombinant apo-ßMT fragment with
Cu(I), while parts (a)-(c) of Fig 2 show those recorded
during the titration with Ag(I) As expected, the apo-ßMT
fragment does not have a pronounced CD spectrum (Figs
1 (a) and 2(a), line 0) with no signal above 250 nm

311 Reaction of i ecombmant mouse apo ßMT with Cu +

Upon the addition of Cu(I) to apo-ßMT, a derivative-like
envelope, 303( + ) nm and 326( — ) nm, and a very intense
band at 263( + ) nm develop isodichroically (311 nm) (see
Fig l ( a ) ) and the absorption at 255 nm increases linearly
(Fig l (b ) ) The CD bands reach their maxima at 6 Cu and
the linearity in absorbance is kept until the same number of
equivalents of copper are added Also, the difference spectra
(Fig l (c ) ) show that every Cu(I) added between 1 and 6
contributes equally to the formation of a species with a Cu6S9

unit that probably contains a unique type of cooidmation
geometry about Cu Moreover, the molecular weight obtained
by ESI-MS of 3532 93 is consistent with the expected molec-
ular weight for a Cu6-ßMT species of 353382 ( apo-
ßMT + 6CU-6H)

The addition of increments of Cu(I) to Cu5-ßMT up to
one Cu(I) reveals an extensive rearrangement of the Cu6-
ßMT aggregate with the incorporation of the seventh Cu(I)
(Fig 1 (a) ) Thus, there is a development of new bands at
237( + ),336( + ),368( + ) and400( - ) nm and the intense
band centred at 263 ( + ) nm decreases in intensity, while it
shifts to 259( + ) nm The absorption spectra and the differ-
ence absorption spectra (Fig l (b) and (c), respectively)
show that during this phase there are significant contributions
at wavelengths not obseived before 235, 285 and 335 nm
These aie consistent with the changes obseived in the CD
spectra and indicate foimation of new Cu-S cooidmation
environments, which give rise to a new species, of stoichi-
ometry Cu7-ßMT The presence of this species was confirmed
by ESI MS yielding a moleculai weight of 3595 86, in com-
parison with the expected value for Cu7-ßMT species of
3596 36 ( apo-ßMT+ 7CU-7H)

Ovei 7 Cu + added, the absorption spectia, with an isos-
bestiL point at 320 nm and then diffeience spectia aie
mdicativcol coppei binding to Cu7 ßMT until lOCu ' added
( sec Fig 1 ( b ) and ( c. ) ) These show the contribution of the
Cu-S bonds in the high energy region and also a loss of
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iour. However, until recently, the study of the ß domain was
hindered by the difficulties associated with its synthesis by
means of the solid-phase or solution fragment-condensation
techniques, or with its recovery and purification from living
organisms.

Despite the high level of similarity found between the
behaviour of native versus recombinant MT towards Cd(II)
[4,5], the results obtained with Hg(II) [9] were different
from those reported for the native proteins [ 10]. This finding
prompted us to extend our studies to monovalent metal ions
such as Cu( I) and Ag( I). Copper metallothioneins have been
most extensively studied, mainly in vitro, yielding a variety
of results on the Cu-binding stoichiometry [ 11-13]. More-
over, the spectral data for silver binding are claimed to be of
interest, as they are believed to provide information on copper
binding to MT. According to the literature, the close similar-
ities displayed by Cu(I) and Ag(I) in their interaction with
MT support the use of Ag+ as an NMR-active analogue of
Cu + in structural studies [ 13 ]. In this paper, we examine and
compare the Cu(I) andAg(I) binding abilities of the recom-
binant mouse ß fragment at different pH values through the
pattern of the CD and UV-Vis absorption spectra recorded
during the corresponding titrations. Although little informa-
tion is available on M'-ßMT (M' = Cu, Ag) species, there
appear to be differences in the behaviour of recombinant
protein and native protein in their presence.

2. Experimental

2.1. Protein preparation and characterization

Expression assays, fermentator-scale cultures, purification
of the fusion protein and recovery and analysis of the recom-
binant mouse Zn3-ßMT l fragment were performed as pre-
viously described [4]. Accordingly, the Zn3-ßMT species
was obtained in a Tris-HCl buffer (50 mM, pH = 7) except
for those samples to be used in the Ag(I) titrations, which
were obtained in Tris-HClO4 (50 mM, pH = 7), to avoid
precipitation of AgCl. All protein solutions had a final con-
centration of about 300 n-M. These were diluted and titrated
with freshly prepared solutions of [Cu(CH3CN)4] + in
CH3CN/H2O or Ag+ in Milli-Q purified water at 25°C.

The apo-ßMT proteins were prepared by acidification of
the recombinant material with 10~2 M HC1 until the pH was
3 for the Cu(I) titrations and with C1CH2COOH/
CICH2COONa buffer at pH 2.5 for the Ag(I) titrations. At
pH lower than 3.5 the Zn3-ßMT is entirely demetalled,
according to the CD spectrum. In contrast, Cu(I) and Ag(I)
can bind to S-Cys at low pH down to 1.5.

2.2. Metal solutions

Glassware, solutions and Chelex-100 used in metal-ion-
binding studies were prepared as described [4]. Due to the
known sensitivity of Cu(I) to both oxidation and dispropor-

tionation, the solutions of Cu+ were prepared from
[Cu(CH3CN)4]ClO4 [14], in 30% (v/v) CH3CN/H2O.
The concentration of copper was quantified by AAS using a
Perkin-Elmer 2100 atomic absorption spectrometer. The
absence of detectable Cu2+ in the freshly prepared Cu(I)
solution, and after use as a titrating agent, was confirmed by
the lack of EPR signal ( Bruker ESP 300E; at 77 K). To avoid
hydrolysis, Ag+ solutions were prepared by dissolving
AgClO4 in aqueous HC1O4 of pH 0.5 and standardized by
potentiometric titrations agai nst standard NaCl solution [15].
The concentration of the Cu+ or Ag+ solution used as titrat-
ing agent was in the range 10~2-10~"3 M.

2.3. Metal-ion-binding reactions

Metal-binding experiments were carried out by sequen-
tially adding molar ratio aliquots of concentrated Cu+ or Ag+

solution to a single solution of either Zn3-ßMT or apo-ßMT.
For each addition, the protein sample was allowed to react
with the metal ion until the CD features became stable. Thus,
the CD spectra were recorded every 10 min until subsequent
CD spectra were fully coincident. Absorption studies were
conducted in parallel with CD studies. At some points during
the titrations, a 10 p,l aliquot was withdrawn and saved for
mass determination.

All manipulations involving the metal and protein solu-
tions were performed in argon atmosphere and titrations were
carried out at least in duplicate to ensure the reproducibility
of each single point.

The pH for all experiments remained constant throughout.
This was achieved differently in the case of Cu(I) or Ag(I)
titrations. In Cu+ titrations no buffers were needed to main-
tain the initial pH of the protein solution, 7 or 3. In contrast,
the acidity of the Ag(I) solution required the addition of
appropriate buffer solutions of Tris-HClO4 (250 mM, pH
7.5) orClCH2COOH/NaOH (20 mM, pH 2.5).

The electronic absorption measurements were performed
in 1 cm capped quartz cuvettes on an HP-8452A diode array
UV-Vis spectrophotometer. A Jasco spectropolarimeter
(model J-715) interfaced to a computer was used for CD
measurements. A Peltier PTC-351 S was used to maintain the
temperature constant at 25°C in all the experiments. Both
types of spectrum were corrected for the dilution effects and
processed using the program GRAMS 32.

2.4. Chelex-100 experiments

The possibility that Zn(II) was bound to the protein in the
M'-ßMT species (M1 = Cu or Ag) formed in the titrations of
Zn3-ßMT at pH = 7 was considered. In order to determine
the zinc content in the ZnxMy'-ßMT species, a second titration
was carried out until the suspected mixed-metal species was
formed. Then, a small quantity of Chelex-100 was added to
the solution following a procedure described elsewhere [4]
and the sulfur, zinc and copper or silver contents of the super-
natant and of the solutions obtained after treatment of the
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220 240 260 2SO 300 320 340 360 380 400 420 440

(a) (b) (c)
Fig. l.Cu(I) titration ofa 1.98X lCT5Msolution of recombinant apo-ßMT at pH3: (a) CD spectra; (b) UV-Vis absorption spectra; (c) difference absorption
spectra obtained by subtracting the successive spectra of (b). For comparison, their intensities have been normalized with respect to one molar addition. The
Cu+ to MT molar ratios are indicated within each frame. The inset in (b) shows the variation of the absorbance at 255 nm between 0 and 7 equivalents of
Cu* added.

absorbance centred at 340 nm, which could indicate the loss
of a particular type of copper coordination constituted in the
anterior phase. The CD spectra during this phase show that
the bands at 297( + ), 336( + ), 368( + ) and 400( - ) col-
lapse, while the two bands at 237 ( + ) and 259 ( + ) nm give
rise to a unique band centred at 245( + ) nm (Fig. 1 (a) ).

5.7.2. Reaction of recombinant mouse apo-ßMTwith Ag+

The spectral data shown for the apo-ßMT fragment titra-
tion with Ag+ (Fig. 2) are unusually weak although the
protein concentration was doubled to enhance the signal-to-
noise ratio. The low intensities of these spectra contrast with
the data we obtained when Ag+ binds to Zn3-ßMT, but are
consistent with those reported for the titration of the apo form
of native fragments with silver [ 17]. Moreover, CD and UV-
Vis data obtained in this work do not resemble those recorded
for Cu+ either in the shape of the spectral envelopes or in
their intensities. The CD data (Fig. 2(a) ) show formation of
Ag3-ßMT with bands at 250( + ) and290( + ) nm. AgrßMT
is replaced by a new species, Ag6-ßMT, which is character-
ized by a CD spectrum with maxima at 246( + ), 270( + )
and 295 ( + ) nm. Finally, we can associate the broad bands
at 276( + ) and 350( - ) with formation of Ag9-ßMT.

UV-Vis absorption spectra show a broad envelope that
starts at about 380 nm and extends into the far-UV (Fig.
2(b)). The intensity of the absorption in the 250-290 nm
region increases linearly with increasing Ag(I) equivalents

up to 6 Ag+. The slope of the absorbance intensity clearly
changes with the addition of the seventh equivalent. This
finding is corroborated by the difference spectra (Fig. 2(c) )
which indicate a cooperative effect for the first 3 Ag ( I) equiv-
alents added, similar behaviour from 3 to 6 Ag+, and a
smaller increment in absorbance due to the last equivalents.
Saturation is reached for 9 Ag+. Unfortunately, the difference
spectra are not well resolved and they only reveal a general-
ized absorption between 230 and 400 nm, with a maximum
centred at 230 nm, which could indicate the same type of Ag-
S coordination environment in all the species formed.

3.2. Zn3-ßMTfragment

Parts (a)-(c) of Fig. 3 show the CD, electronic absorption
spectra and the difference spectra of the latter recorded during
the titration of the recombinant Zn3-ßMT fragment with
Cu(I), while parts (a)-(c) of Fig. 4 show those recorded
during the titration with Ag(I). As expected, the Zn3-ßMT
species shows the characteristic CD feature (Figs. 3(a) and
4(a), line 0), already described elsewhere [4].

3.2.1. Reaction of recombinant mouse Zn3-ßMT with Cu+

Intense dichroic bands develop in the CD spectrum during
the addition of the first 4 Cu(I) equivalents to Zn3-ßMT. Fig.
3(a) shows that the 247( + ) nm CD band characteristic of
Zn3-ßMT increases its intensity and red-shifts up to 258( + )
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um an nu

(a) (b) (c)
Fig. 2. Ag(I) titration of a 4.00X 10 5 M solution of recombinant apo-ßMT at pH 2.5: (a) CD spectra; (b) UV-Vis absorption spectra; (c) difference
absorption spectra obtained by subtracting the successive spectra of (b). The Ag+ to MT molar ratios are indicated within each frame. The inset in (b) shows
the variation of the absorbance at 250 nm between 0 and 8 equivalents of Ag* added.

220 240 260 280 100 120 340 3<0 180 400 420 220 240 260 280 300 320 140 KO 380 220 240 260 280 100 320 340 360 380

220 240 260 280 300 320 140 ISO 380 400 420 220 240 260 280 100 320 340 KO 180 220 240 260 280 100 120 340 360 180nin n ru am

(a) (b) (c)
Fig. 3. Cu(I) titration of a 1.95 X 10~5 M solution of recombinant Zn3-ßMT at pH 7: (a) CD spectra; (b) UV-Vis absorption spectra; (c) difference absorption
spectra obtained by subtracting the successive spectra of (b). The Cu+ to MT molar ratios are indicated within each frame. The spectra corresponding to the
last phases of the titration have been omitted as they coincide with the last two of Fig. l(a)-(c).

maintaining a shoulder at about 240 nm, while two bands at
297 ( + ) and 327 ( - ) nm gradually intensify through iso-
dichroic points at 248,282 and 315 nm. The absorption UV-
Vis spectra (Fig. 3(b)) and their difference spectra (Fig.
3(c)) indicate an isosbestic( 224 nm) increase in absorbance
at about 250 nm and also a cooperative effect in the binding
of these 4 Cu(I). The negative increase in absorbance below

230 nm can be attributed to the superposition of the loss of
Zn-S chromophores (240 nm) over the gain due to the newly
formed Cu-S chromophores. In a parallel titration, Chelex-
100 was added after incorporation of the first four Cu+ in
order to bind the displaced Zn2+ ions (data not shown),
according to the method described previously [4]. Analytical
results indicated that the chelating resin sequestered 2 Zn2+
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240 260 280 300 120 340 360 180mn

(a)
240 2(0 280 300 320 340 3<0

(b)

240 260 210 300 320 340 MO 310

(c)
Fig. 4. Ag(I) titration of a 1.99 X 1CT5 M solution of recombinant Zn3-ßMT at pH 7.5: (a) CD spectra; (b) UV-Vis absorption spectra; (c) difference
absorption spectra obtained by subtracting the successive spectra of (b). The Ag+ to MT molar ratios are indicated within each frame. The inset in (b) shows
the variation of the absorbance at 263 nm between 0 and 4 equivalents of Ag * added.

of the three initially bound in Zn3-ßMT, and that the protein
coordinated 4 Cu+ and 1 Zn2"1". In addition, the CD and UV-
Vis absorption spectra remained unchanged after this treat-
ment. All these data allow us to postulate a stoichiometric
ratio of ZniCu4-ßMT for the species that forms cooperatively
in the first stage of the titration.

Further addition of copper, from 4 to 6 Cu+, results in the
isodichroical (346 nm) formation of a new species, which is
characterized by an increase in intensity of the bands at
258( + ) and 297( + ) nm, and the disappearance of the
shoulder at about 240 nm (Fig. 3(a)). Interestingly, this
spectrum is practically identical to that recorded forCu6-ßMT
in the titration of apo-ßMT with 6 Cu + and thus indicative
of identical stoichiometries and structures for the species
present in solution after the addition of 6 Cu+ to either apo-
ßMT (pH 3) or Zn3-ßMT (pH 7). This coincidence is cor-
roborated by the UV-Vis and difference spectra. Moreover,
subsequent additions of Cu(I) to Cus-ßMT give rise to nearly
identical spectral patterns (CD, UV-Vis absorption and dif-
ference spectra) regardless of the pH (7 or 3) of the titration.
Molecular weight measurements for Cu6-ßMT and Cu7-ßMT
species are in good agreement with the values found in the
titration of the apo-ßMT fragment ( see above). Accordingly,
titrations carried out at pH 3 and pH 7 reveal that the series
of species Cu6-ßMT, Cu7-ßMT, Cu,0-ßMT form in sequence
as Cu+ is added to either apo-ßMT or Zn3-ßMT, respec-
tively. The similarity of the CD spectral traces indicates that

not only the stoichiometry of the Cu^-ßMT species (* = 6,7
and 10) but also their structures are independent of the pH
( 3 or 7). As the last two stages of the titration atpH 7 coincide
with the last two of Fig. l(a)-(c) neither the spectra nor the
corresponding descriptions have now been included.

5.2.2. Reaction of recombinant mouse Zn3-ßMT with Ag+

Again, as found with the apo form of this fragment, the
spectral data with Ag+ differ from those recorded in the
titration of Zn3-ßMT with Cu+. Fig. 4 shows the spectra
obtained as aliquots of Ag+ were added to a solution of
recombinant Zn3-ßMT held at pH 7.5. Addition of Ag+

results in a steep growth in the intensity of the 247 ( + ) nm
CD band characteristic of Zn3-ßMT up to 3 Ag+, while a
derivative-like envelope (263( — ) and 288 ( + ) nm) centred
at 274 nm develops isodichroically (253, 273 nm). Concur-
rently, the UV-Vis absorbance at 263 nm increases linearly
up to 3 Ag+ (Fig. 4(b)) and the corresponding difference
spectra (Fig. 4( c ) ) are coincident. All these data show a high
cooperativity at this stage of the titration.

To analyse the influence of Zn2"1" ions on the Ag-ßMT
species formed, Chelex was added to the ZnrßMT solution
after the addition of 3 Ag + in a parallel titration. Surprisingly,
unlike the behaviour observed in the Cu+ titration, the UV-
Vis absorption and CD spectra changed considerably after
addition of the resin: the 247 ( + ) CD band decreased in
intensity while the exciton coupling disappeared to give rise
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to a band centred at 279 ( + ) nm (data not shown) . This was
attributed to the removal not only of the displaced Zn(II)
ions but also of those still bound to the fragment, as ICP
analyses confirmed the presence of 3 Zn(II) ions in the resin
and 3 Ag+ in the supernatant. Therefore, on the basis of the
spectroscopic and analytic data, a stoichiometric ratio of
ZnvAg3-ßMT, where 1 <x<3, can be proposed for the first
species cooperatively formed in the titration. In addition, the
absorption at 247 nm, which has traditionally been assigned
exclusively to Zn-S chromophores, remains when all the
Zn(II) ions coordinated to the protein in the ZnrAg3-ßMT
( 1 <*<3) species are removed with the aid of CheIex-100.
The same absorption can be seen in the titration of apo-ßMT
with Ag ( I ) ( Fig. 2 ) . Accordingly, it can be deduced that the
spectral data recorded at pH 7.5 in the 247 nm region are a
superposition of at least two bands: the first is from the Zn-
S chromophore and the second reflects the absorption of a
particular type of Ag-S coordination.

On addition from 3 to 6 Ag+, the characteristic exciton
coupling signal of ZnvAgrßMT centred at 274 nm vanishes
to give rise to a very intense band at the same wavelength.
Also, the band observed at 247 ( + ) nm loses intensity and
disappears, indicating the loss of the coordinated Zn(II) ions.
The new Gaussian-shaped band can be taken as the fingerprint
of the Ag6-ßMT species. Although the UV-Vis spectra are
not conclusive in this phase of the titration, their difference
spectra show a very intense and clearly defined absorption at
276 nm.

The last phase of the titration corresponds to subsequent
additions up to 11 Ag+. The spectra are indicative of the
complexity of the changes that take place in solution and
show that saturation is achieved for 9 Ag+. The Ag9-ßMT
species is characterized by a spectral envelope that shows a
broad band centred at 259 ( + ) nm and a derivative envelope
centred at 3 1 7 nm. The difference spectra indicate the loss of
the Ag-S chromophores formed in the previous phases and
the appearance of a third Ag-S environment characterized by
an absorption centred at 319 nm. Comparison of the CD
envelopes corresponding to species with the same stoichio-
metric ratio with those obtained in the titration of the apo-
ßMT strongly suggests that each Ag-ßMT species adopts a
distinct structure at each pH value (compare Figs. 2(a) and

pH2.5 pH3 pH7 pH7.5

In summary, on the basis of the spectroscopic data and
their comparison at neutral and acidic pH, we propose the
reaction pathways given in Fig. 5. These show that the recom-
binant ßMT fragment binds Ag+ and Cu+ in several stages,
with distinct species forming at Ag6 and Agi,, whose structure
depends on the pH (2.5 or 7.5), and Cuft, Cu7 and Cu,(, as
pH-independent structures (in the range 3 to 7). Also, two
•mixed-metal species have been characterized, Zn,Cu,, and
Zn(Ag, (1 <A '<3) , which introduces interesting questions
about the charge compensation-bused displacement of'/.ir '
from MT by monovalent metal ions [ 1 8 1 and about the ability
of silver to afford mixed-metal MT species [ 13 1. These
results clearly indicate that the behaviour of copper towards

Ag9-pMT Agg-ßMT

Cu,„-ßMT

Fig. 5. Series of proposed binding pathways followed when Cu+ orAg+ is
added to both recombinant apo-ßMT and recombinant Zn3-ßMT.

MT cannot necessarily be inferred from that of silver. The
spectral data we report here show the development of maxima
at molar ratios (3, 6 and 9) that appear to be reasonable for
Ag-ßMT complexes, differing from those values determined
for Cu+ binding to the ß fragment (6,7 and 10).

Up to now literature data on the copper-binding stoichio-
metry in mammalian MT are not conclusive. Thus, the titra-
tion of the chemically synthesized ß domain of rat liver MT
2 with Cu(I) at pH 2.5 allowed characterization of a single
species, Cu6-ßMT. This was detected by emission spectros-
copy; but CD maxima intensities were reached with only
three to four coppers. The two to three coppers added after
reaching the maxima appeared to be CD-silent [ 12]. On the
other hand, the stoichiometries we have found for the species
with more than 6 Cu +, Cu7-ßMT and Cu,0-ßMT, are consis-
tent with the early work of Nielson and Winge [8], where
similar ratios of copper to protein in the ß domain obtained
by partial enzymic digestion were determined using metal-
dependent proteolysis. In addition, recent results have shown
that the recombinant expression of the ßMT domain in Cu-
supplemented media affords mixtures of Cu6-ßMT (25%)
andCurßMT (75%) [ 19]. With respect to Ag(I), CD spec-
tral data recorded during the titration with Ag+ of apo-ßMT
1 and Zn,-ßMT l, both obtained by partial digestion of the
native protein, allowed characterization of the Ag3-ßMT and
Ag,,-ßMT, and Agf,-ßMT species, respectively [17,18].
However, the number of species, their stoichiometry and cor-
responding spectral envelopes do not coincide with those
found with the recombinant protein. We have observed that
the pH plays a significant role in the metallothionein metal-
binding pathways. Moreover, reactions of recombinant MT
fragments with Cu+ and Ag + , like the reaction of recombi-
riant MT with Hg2 ' [9 |, arc not as instantaneous as those
reported for Cd21 [4,5 |. Thus, provision of the required
stabilization time for the formation of complex species and
constancy of pH during the titration arc fundamental to
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achieve a precise indication of the stoichiometric ratios of the
Ag- and Cu-MT species.

Due to the differences observed in the abilities of Cu(I)
and Ag(I) to bind to recombinant ßMT, the aMT and the
entire MT have also been studied. Again, the results differ
from those reported in the literature for the native proteins
and show that the recombinant proteins bind copper and silver
differently. A detailed report on these findings is in
preparation.

The CD, UV and, above all, difference absorption spectra
have allowed us to identify precise UV-Vis absorptions dur-
ing the titrations of the recombinant ßMT fragment with
monovalent metal ions In the case of silver, absorptions at
three distinct wavelengths have been recorded: 248 ( forma-
tion of Zn^gj-ßMT), 276 (formation of Ag6-ßMT) and
319 nm (formation of Ag9-ßMT), the positions of which
clearly parallel the features observed in the CD spectrum
(Fig. 4). Interestingly, the appearance of each of these
absorptions implies the disappearance of the previous one.
Thus, it is tempting to speculate that each energy corresponds
to a different geometry of coordination about silver, which
in turn may be related to the metal-to-SCys molar ratio. As a
general pattern, with increasing M(I)/ßMT stoichiometry
the stereochemistry around the metal might change from tet-
rahedral to diagonal through trigonal-planar coordination.
Conversely, the addition of copper to recombinant ßMT gives
rise to a more complex pattern of difference spectra: a broad
absorption centred at 235 (formation of Cu6-ßMT), three
simultaneous absorptions at 235, 285 and 335 (formation of
Cu7-ßMT) and weak absorptions at 265 and 295 nm (for-
mation of Cu,0-ßMT) (Fig. 1) Traditionally, in the Cu(I)-
containing mammalian metallothionems it has been proposed
that the Cu(I) is trigonally coordinated by the SCys ligands
[20,21]. However, the structural diversity of copper and
silver thiolates [22], the lack of established correlations
between their structure and physical properties [23] and the
few conclusive assignments of the different absorption ener-
gies associated with the manifold coordination numbers of
these metal ions in protein environments [11] do not give us
enough evidence to support a specific type of coordination
for the M'-ßMT species reported in this study.

4. Abbreviations

EPR electron paiamagnetic resonance
ESI-MS electrospray lomzation mass spectiometry
ICP-AES inductively coupled plasma atomic

emission spectiometry
1CP-MS inductively coupled plasma mass

spectiometiy
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The ß domain of mouse metallothionein l (ßMT) was
synthesized in Escherichia coli cells grown in the presence of
copper or cadmium. Homogenous preparations of Cu-ßMT
and Cd-ßMT were used to characterize the corresponding
in viVo-conformed metal-clusters, and to compare them
with the species obtained in vitro by metal replacement to
a canonical Zn3-ßMT structure. The copper-containing
ßMT clusters formed inside the cells were very stable.
In contrast, the nascent ß peptide, although it showed
cadmium binding ability, produced a highly unstable
species, whose stoichiometry depended upon culture condi-
tions. The absence of ßMT protein in E.coli protease-
proficient hosts grown in cadmium-supplemented medium
pointed to drastic proteolysis of a poorly folded ß peptide,
somehow enhanced by the presence of cadmium. Possible
functional and evolutionary implications of the bioactivity
of mammalian ßMT in the presence of monovalent and
divalent metal ions are discussed.
Keywords ß domain/in vivo copper bindmg/m vivo cadmium
bmdmg/metallothionein/recornbinant expression

Introduction
Non-enzymatic metalloprotems are both storage/transport
agents for essential metals inside organisms and defence
mechanisms against xenobiotic elements Among them,
metallothionems (MT) show the highest and most general
metal coordinating capacity They are small (60-65 residues),
cysteme-nch (up to 30% in mammals) proteins notably abund-
ant in animals, although also reported in other phyla The
observation that in response to metal exposure, the physio-
logical levels of MT increase dramatically has led to the
assignment of a protective and detoxifying function for MT
Besides, a house-keeping role on metal homeostasis has also
recently been claimed (Kagi, 1993)

Mammalian MT, the most evolved form, folds over
metal atoms constituting two domains ß, the N-terminal half,
and a, the C-termmal half The ß domain includes nine Cys
residues, mostly in an alternate pattern, -NCNCN-
or -NCNNCN-, and binds three divalent ions (Zn or Cd),
giving rise to a M3(SCys)9 aggregate where each metal ion is
tetrahedrally coordinated The a domain comprises 11 Cys, m
an -NCNCN- or -NCCNCC- array, and it is able to bind four
divalent ions tetrahedrally, affording a M4(SCys)n aggregate
(Otvos and Armitage, 1980, Furey et al, 1986) These features
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are generally used to classify non-mammalian MT as a domain-
like or ß domain like peptides (Nemer et al, 1985) According
to this criterion, yeast and fungal MT, the most primitive
eukaryotic forms, are constituted by single ß domains (Peterson
et al, 1996), crustacean MT has two (ß-ß) domains (Narula
et al, 1995), eqinodermal MT is made of two (cc-ß) domains
(Wang et al, 1995) and vertebrate MT shows two (ß-oc)
domains From these data, it seems plausible that duplication
and divergence of an ancestral ß unit may have led to the
present situation in crustacean, eqinodermal and vertebrates.
If we consider their metal-chelating properties, fungal MT
appears optimized for Cu-bmdmg (Winge et al, 1985), whereas
divalent ions, especially cadmium, are preferentially bound by
the mammalian forms Not only has the high stability of the
Cd4-oMT mammalian cluster been assessed m vitro (Bernhard
et al, 1986, Capdevila et al, 1997), but dramatic decreases
in cadmium resistance in transformed cells has also been
reported for mutants where the a domain is nonfunctional
(Chernaik and Huang, 1991) A housekeeping metal-regulatory
role for MT m lower organisms is supported by the affinity
of native ßMT forms for physiological metals (Cu, Zn) This
function may have been extended to a detoxifying capacity,
mainly acquired by the new a domain Coordination studies
have shown the differential chelatmg behaviour of both MT
portions towards these metals in vitro (Nielson and Winge,
1984, Nielson et al, 1985, Okada et al, 1985, 1986, Li
and Otvos, 1996), but genetic engineering strategies allow
characterization of the metal binding ability in vivo We have
previously shown that both mammalian recombinant domains
and the entire MT are able to coordinate Zn, leading to Zn3~
ßMT, Zii4-aMT and ZnHvlT respectively (Capdevila et al,
1997, Cols et al, 1997), and time-coincident studies have also
been reported for the same species (Xiong and Ru, 1997) The
corresponding MT aggregates were recovered from a GST-
MT fusion construct rendered by a bacterial heterologous
expression system, previously described for plant and cyano-
bactenal MT (Tommey et al ,1991, Shi et al, 1992) Although
the recombinant Cd4-aMT complex has been described,
attempts to synthesize heterologous ßMT in Cd-supplemented
media were reported unsuccessful (Sewell et al, 1995,
Kurasaki et al, 1996, Kurasaki et al, 1997) Furthermore, no
data about in vivo mammalian a 01 ßMT copper binding have
been reported up to now Here we describe the synthesis of
mouse ßMT in E coli cells grown in the presence of Cu and
Cd, and provide data on the corresponding metal clusters The
factors inhibiting expression when cadmium is present m the
culture medium have also been addressed

Materials and methods
Recombinant expression and punfication of MT ß domain as
different metal complexes
In order to express the ßMT domain as a Cu- and Cd-
complex, E coli strains JM105 (protease proficient) and BL21
(Ion and ompT protease deficient) were transformed with the
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plasmid pGEX-4T-ßMT (Capdevila étal, 1997). To synthesize
Cu-ßMT or Cd-ßMT, E.coli cultures were supplemented with
CuSO4 or CdCl2, to final concentrations of 300 and 500 U.M
Cu2+, or 100 and 300 nM Cd2+, respectively. To verify
whether ßMT production was possible in non-metal-
supplemented media, cultures without added metals were
performed. As a control, the oMT domain was also assayed
for expression in cadmium-supplemented media. Basic
procedures for the expression and purification of the ßMT-
metal complexes were as reported (Capdevila et al, 1997).
Aliquots of the protein-containing FPLC fractions were separ-
ated by 15% SDS-PAGE, which were stained with Coomassie
blue. Positive samples were pooled, and aliquots were stored
at -70°C for further analysis.

Analysis of the binding properties of in vivo synthesized
Cu-ßMT and Cd-ßMT
Inductively coupled plasma-atomic emission spectrometry
(ICP-AES), in a Thermo Jarrell Ash, Polyscan 61E (measuring
S at 182.0 nm, Zn at 231.8 nm, Cd at 228.8 nm and Cu at
324.7 nm) was used to assess S, Zn, Cd and Cu contents, to
calculate the amount of protein present in the preparation and
the metal-to-protein ratios. Additionally, the reaction with
DTNB [5,5'-dithiobis(nitrobenzoic acid)], as described else-
where (Birchmeier and Christen, 1971), allowed us to deter-
mine the percentage of thiol groups over total sulfur in our
samples except for those containing Cu, as it is widely accepted
that the presence of this metal in MT prevents determination
of SH content by Ellman's method (Winge, 1991).

Electrospray ionization mass spectrometry (ESI-MS) was
performed on a Platform II (Micromass) equipped with
Max Lynx software, calibrated using horse heart myoglobin
(0.1 mg/ml). Different sets of assay conditions were required
depending on the sample. For apo-ßMT: source temperature,
60°C; capillary-counterelectrode voltage, 3.5 kV; lens-
counterelectrode voltage, 0.5 kV; cone potential, 40 V; m/z
range, 600 to 1700; scan rate, 4 s/scan; interscan delay, 0.2 s;
and the carrier, a 1:1 mixture of acetonitrile and a 0.05%
trifluoroacetic acid solution, at pH 2.5. For Cu-ßMT:
source temperature, 120°C; capillary-counterelectrode voltage,
4.5 kV; lens-counterelectrode voltage, 1 kV; cone potential,
35 V; m/z range, 700 to 2000; scan rate, 4 s/scan; interscan
delay, 0.2 s; and the carrier, a 5:95 solution of methanol and
3 mM ammonium formate/ammonia, at pH 7.O. To avoid the
masking effect of Tris over Cu-ßMT, samples were dialyzed
for 90 min against 2.5 mM Tris-HCl, pH 7.0, using Pierce
Slide-A-Lyzer membranes (cut-off: 2000) prior to injection.
For Cd-ßMT: source temperature, 120°C; capillary-counter-
electrode voltage, 4.5 kV; lens-counterelectrode voltage, 1 kV;
cone potential, 35 V; m/z range, 1000 to 1800; scan rate, 5 s/
scan; interscan delay, 0.5 s; and the carrier, a 5:95 solution of
methanol and 3 mM ammonium formate/ammonia at pH 7.5.

Electronic absorption measurements were performed on a
HP-8452A Diode array UV-visible spectrophotometer. A Jasco
Spectropolarimeter (J-715) interfaced to a computer (GRAMS/
32 Software) was used for circular dichroism determinations.

Results
Expression of the ßMT domain in the presence of different
metals
We had previously shown that successful biosynthesis of the
ßMT domain, as well as that of aMT, was achieved in Zn-
supplemented media using both JM105 and BL21 E.coli
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Fig. 1. SDS-PAGE, in 12.5% gels stained with Coomassie blue, of purified
fusion GST-ßMT domain synthesized by E.COÜ JM105 cells grown in
lane 2, non-metal supplemented medium; lane 3, 300 uM Zn2+

supplemented medium; lane 4, 300 uM Cd2+ supplemented medium; lane 5,
300 (iM Cu2+ supplemented medium. Lane 1, molecular weight markers of
97.4, 66.2, 55.0, 42.7, 40.0, 31.0 and 21.5 kDa.

strains, and as expected the latter always rendered higher
protein yield (Capdevila et al, 1997). In the present study,
however, markedly different results were obtained for the
synthesis of ßMT in the presence of other metals. When the
pGEX-4T-ßMT construct was expressed in E.coli JM105, the
GST-ßMT fusion protein was recovered at comparable yields
in both non-metal and Zn2+-supplemented media (Figure 1,
lanes 2 and 3); showed significant levels of synthesis when
the medium was Cu2+-supplemented (lane 5); and was almost
negligible in the assays of Cd2+-supplemented media (lane 4).
Unlike Zn-MT and Cd-MT, the yield of Cu(I)-MT synthesis
is affected by the required reduction of the Cu(II) available to
the E.coli cell prior to the formation of the corresponding
clusters. To further test the behaviour of the recombinant
ßMT in the presence of cadmium, the same construct was
transformed and tested for expression in BL21 cells. Figure 2
shows the PAGE results for GST-ßMT, and GST-ccMT as a
control, for the two E.coli strains in Cd-supplemented media.
It is well reported that pure, homogenous, metal-loaded MT
migrates heterogeneously on SDS-PAGE, often rendering
diffuse bands, and shows an electrophoretic mobility much
lower (apparent 14 kDa) than that corresponding to the
molecular mass of the apo-form (3.5 kDa), due to the fact that
the SDS sample and gel conditions are not able to cause full
denaturation of the metal-protein clusters, and thus the protein
migrates as a metal aggregate along the gel (McCormick et al,
1991). The behaviour of the aMT fusion protein was similar
to that in Zn medium, with significant production from both
strains (lanes 1-4), but higher amounts in BL21 (lanes 3 and
4), and a slight reduction at higher cadmium concentrations.
However, while the ßMT fusion protein was again practically
absent from the homogenates of JM105 cells grown in cadmium
(lanes 5 and 6), amounts comparable to those obtained for
GST-aMT were recovered from the BL21 host (lanes 7 and
8). These results clearly indicate that recombinant synthesis

58



Recombinant Cu-ßMT and Cd-ßMT forms

A) B)

1 2 3 4 5 6 7 8

1 2 3
Fig. 2. (A) SDS-PAGE, in 12.5% gels stained with Coomassie blue, of purified fusion GST-MT proteins, synthesized by different E.coli strains, grown in
cadmium media: lane 1, GST-aMT, E.coli JM105, 100 nM Cd2+; lane 2, GST-aMT, E.coli JM105, 300 uM Cd2*; lane 3, GST-ocMT, E.coli BL21, 100 uM
Cd2*; lane 4, GST-aMT, E.coli BL21, 300 uM Cd2+; lane 5, GST-ßMT, E.coli JM105, 100 uM Cd2*; lane 6, GST-ßMT, E.coli JM105, 300 uM Cd2+;
lane 7, GST-ßMT, E.coli BL21, 100 uM Cd2+; lane 8, GST-ßMT, E.COÜ BL21, 300 uM Cd2+. (B) SDS-PAGE, in 15% gels stained with Coomassie blue,
of Cd-ßMT recovered after thrombin cleavage and FPLC chromatography from the fusion GST-ßMT of two independent preparations (lanes 2 and 3).
Molecular weight markers correspond to 97.4, 66 2, 55.0, 42.7, 40.0, 31.0, 21.5 and 14 4 kDa.

220 240 260 280 300 320 340 360 380 400

Fig. 3. Comparison of the circular dichroism spectra of the in vlvo-
synthesized Cu-ßMT species ( -- ) with those corresponding to the
Cu6-ßMT ( --- ) and Cu7-ßMT ( --- ) species generated in vitro by Zn/
Cu replacement (Bofill et al. 1999). A computer generated spectrum
corresponding to the sum of the CD spectral traces of Cu6-ßMT (25%) and
OiT-ßMT (75%) has also been included ( - ).

of the ßMT domain in cadmium-supplemented media was
essentially dependent upon the E.coli host strain.
Characterization of the binding abilities of the ßMT domain
synthesized in the presence of Cu
Cu-ßMT was obtained by thrombin digestion of the GST-
ßMT protein recovered from E.coli JM105 cells grown in the
presence of 500 ^M Cu2+. The metal content of the samples,
determined by ICP-AES, was 6.3 to 6.8 Cu atoms per total
sulfur content, which is consistent with the stoichiometry
reported for the native mammalian ßMT (Nielson and Winge,
1985). Thus, our results showed that when the ßMT domain
was recombinantly synthesized in the presence of copper, it
was recovered as a fully loaded Cu-ßMT species. Comparison
of the CD spectrum with those of the Cu-ßMT species
generated in vitro by Zn/Cu replacement (Figure 3) (Bofill étal.,
1999) showed that the sample recovered from biosynthesis of
the ß domain in Cu-supplemented media contained Cu6-ßMT
and Cu7-ßMT. Specifically, the CD spectral trace of the in vivo

Cu-ßMT species precisely matched the computer-generated
spectrum corresponding to 75% of Cu-?-ßMT plus 25% of
Cu6-ßMT. This explains the Cu/protein ratios of 6.3 and 6.8
found by ICP-AES. The molecular mass of the single peak
detected by ESI-MS of the Cu-ßMT sample was 3599.27
(data not shown), which is consistent with the expected
value of 3596.36 for the Cuy-ßMT species (apo-ßMT +
7 Cu-7H). The peak corresponding to Cu6-ßMT probably
remains undetectable due to the low contribution of this species
(25%) and to the excessive background produced by the Tris
buffer in the sample, which cannot be exhaustively dialyzed
if integrity of the Cu(I) aggregates is to be preserved. Thus,
our data pointed towards a major formation of a Cu-7-ßMT
cluster inside the cell.

Characterization of the binding abilities of the ßMT domain
synthesized in the presence of Cd
In order to analyze the features of the in vivo-structured Cd-
cluster, and compare it with the Cd3-ßMT generated in vitro
from Zn3-ßMT by Zn/Cd replacement, fusion GST-ßMT was
purified from total protein extracts of BL21 cells grown in
300 H.M cadmium medium, and used to recover the ßMT
portion. Two types of culture were set up: small-scale 0.5 1
cultures in Erlenmeyer flasks, grown in a New Brunswick
Orbital Incubator, and large-scale 301 cultures grown in a
Biostat U (Braun Biotech) Fermenter. In both cases approxi-
mately 0.5-0.9 mg of the ß peptide were recovered per litre
of culture after thrombin digestion and FPLC purification.
ICP-AES measurements of the cadmium versus total sulfur
content invariably yielded a ratio of 1.35-1.40, in contrast to
the stoichiometric relationship of 3 reported for the Cd3-ßMT
species generated in vitro. Neither Zn nor Cu was detected in
the sample. Cadmium content was consistent with a 60-63%
oxidation rate indicated by the DTNB reaction for samples
purified from both types of culture. So far, the results point to
the presence of undermetaled cadmium species, due to partial
oxidation of the thiol groups. Surprisingly, further characteriza-
tion revealed a different composition of the ßMT preparations
obtained from the different culture conditions.

The CD spectrum of the Cd-ßMT species obtained from
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210 220 230 240 250 260 270 280 290 300 310
um

Fig. 4. Circular dichroism spectra of the in v/vo-synthesized Cd-ßMT
species obtained from a 0.5 1, small-scale ( ) or a 30 1, large-scale
culture ( ). The Cd3-ßMT species generated in vitro by Zn/Cd
replacement (Capdevila et ai, 1997) has also been included for comparison
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Fig. 5. ESI-MS mass spectra of the in v/vo-synthesized Cd-ßMT species.
(A) The spectrum at pH 7 of the sample obtained from a small-scale culture
(0.5 1) indicates the presence of Cd3-ßMT. (B) The spectrum at pH 3 of the
sample obtained from a large-scale culture (30 1) shows the presence of
apo-ßMT. The molecular mass found in each case is given in the upper
right-hand corner.

small-scale cultures paralleled that of the Cd3-ßMT species
generated in vitro from Zn3-ßMT (Figure 4), which indicated
the presence of some well-structured Cd3-ßMT clusters. The
mass of these molecules was 3489.74 at pH 7.0, which
coincides with the expected value of 3489.74 for Cd3-ßMT
(apo-ßMT + 3 Cd - 6 H) (Figure 5A). Acidification of this
sample yielded an apo-form with a molecular mass of 3159.69,
which agrees well with the calculated value of 3158.54 (data
not shown).

In contrast, the CD features observed for the Cd-ßMT
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species obtained from the large-scale cultures closely resembled
those shown by aged Cd3-ßMT samples obtained in vitro and
kept for several days at 4°C, indicating the absence of
any Cd3-ßMT cluster in the preparation (Figure 4). Mass
spectrometry at pH 7.0 did not detect either Cd3-ßMT or any
definite Cd species, but acidification of the sample yielded an
apo-form of molecular mass 3159.45, in agreement with the
presence of whole ßMT molecules in the preparation (Figure
5B), and thus indicating that the lack of well-defined metal
species could not be attributed to the degradation of the
ß peptide.

Discussion
To date, the widely accepted preference of the ßMT domain
for Cu(I) over divalent ions had been inferred from in vitro
data, and direct evidence of the ability of this fragment to
form Cu or Cd aggregates in vivo has not been reported. Here,
we describe the successful synthesis of recombinant mouse
Cu-ßMT and Cd-ßMT, the latter only attainable in a protease-
deficient E.coli strain, and the study of their metal-binding
capacity.

In vivo, recombinant ßMT binds copper to form aggregates
comparable with those obtained in vitro by Zn/Cu replacement
from Zn3-ßMT (Bofill.R., Capdevila.M., Gonzalez-Duarte.R,
Palacios,O., Cols.N., Gonzalez-Duarte.R. and Atrian.S., manu-
script submitted). The coexistence of Cuy-ßMT (75%) and
Cu6-ßMT (25%) species in the samples recovered from the
transformed E.coli cells could be due to several factors:
(i) equilibrium between the two species inside the cell; (ii) a
partial loss of the seventh copper ion during sample manipula-
tion; or (iii) the restrictive source of Cu(I) ions. The formation
of the Cu7-ßMT cluster in vivo, as revealed by ESI-MS and
CD spectroscopy, is consistent with previous in vitro copper-
coordination data (Nielson and Winge, 1985), and reinforces
the hypothesis of the primeval copper affinity of the ß domain.

In contrast, Cd-ßMT aggregates were recovered only in
special conditions: in a protease-deficient E.coli strain, BL21,
and expressed as a fusion protein, GST-tailed. The almost
complete absence of Cd-ßMT-GST fusion protein in JM105
cells (Figures 1 and 2) fully agrees with reported results
(Sewell etal, 1995; Kurasaki et al, 1996, 1997). In addition,
the stability of the Cd-ßMT aggregates was found to be
dependent upon culture conditions. On the one hand, prepara-
tions obtained from small-scale cultures were a mixture of
approximately one third Cd3-ßMT, with identical structure to
that generated in vitro through Zn/Cd replacement (Capdevila
et al, 1997), and two thirds of fully oxidized protein, devoid
of Cd(II) ions. On the other, large-scale cultures did not
produce the Cd3-ßMT species, but probably less structured
and partially oxidized Cd-ßMT aggregates. Our data are also
in accordance with several in vitro ßMT cadmium-binding
studies, showing that the apo-ßMT peptide is not prone to
form de novo stable Cd3 clusters (Nielson and Winge, 1985;
Kull et al, 1985; Stillman et al, 1987).

It is tempting to speculate on the lack of ßMT recovery
from cadmium cultures. The finding that a protease-deficient
host could yield high amounts of the ß domain argues in
favour of a post-translational proteolytic degradation of ßMT.
Indeed, the evidence that ßMT mRNA is present in transformed
E.coli JM105 cells, which never accumulates the recombinant
peptide, was reported by Kurasaki et al. (1996). Furthermore,
the low affinity of the ß peptide towards cadmium would
impair correct folding or lead to «informational changes and
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so favour its vulnerability to proteolysis Finally, it had been
shown that hydrolysis of thioamide peptides by carboxy-
peptidase A increases 240-970% m the cadmium-substituted
enzyme (Bond et al, 1986) This is consistent with the
hypothesis that cadmium, a thiophihc metal, increases the
positive character of the carbonyl carbon and facilitates
the nucleophihc attack of substrates by the proteolytic métallo-
enzymes

From the present data, functional and evolutionary implica-
tions could also be drawn If primeval ßMT forms were
selected on the basis of their contribution to homeostasis of
physiological metals, mainly Cu and Zn, this particular feature
would have been retained by the present mammalian ß domain,
although probably blurred by its interaction with the a counter-
part This has previously been shown for Zn (Capdevila et al,
1997), and is now confirmed for Cu As a further evolutionary
step, the duplication of the ßMT domain may have led to a
derived aMT peptide, which conferred upon the organisms
the capacity to respond to newly encountered toxic metals,
such as cadmium This would account for the poor m vivo
reactivity of ßMT towards cadmium, as also described in this
work, mainly if compared with its affinity for metals associated
with life processes, such as Cu or Zn Further in-depth
investigation of the interaction mechanisms between different
metal ions and the ßMT thiol groups should be now facilitated
by the availability of functional recombinant ßMT peptide
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Abstract We postulate that Zn(II) is a keystone in the structure of

physiological mouse Cu-MT 1. Only when Zn(II) is co-ordinated does the structure of

the in vivo- and in víïro-conformed Cu-MT species consist of two additive domains.

Therefore, the functionally active forms of the mammalian Cu-MT may rely upon a

two-domain structure. The in vitro behaviour of the whole protein is deduced from the

Cu titration of the apo and Zn-containing forms and compared with that of the

independent fragments using CD, UV-Vis, ESI-MS and ICP-AES. We propose the

formation of the following Cu,Zn-MT species during Zn/Cu replacement in Zn7-MT:

(Z^nCXZn.y-MT, (Cu3Zn2)
a(Cu4Zn,)p-MT and (Cu4Zn,)a(Cu6)

p-MT. The

cooperative formation of (Cu,Zn2)
ct(Cu4Znl)

|i-MT from (Zn4)
a(Cu4Zn,)p-MT indicates

that the preference of Cu(I) for binding to the ß domain is only partial and not absolute,

as otherwise accepted. Homometallic Cu-MT species have been obtained either from the

apoform of MT or from Zn7-MT after total replacement of zinc. In these species copper

distribution cannot be inferred from the sum of the independent a and ß fragments. The

in vivo synthesis of the entire MT in Cu-supplemented media has afforded Cu7Zn3-MT

[(Cu,Zn2)
a(Cu4Zn,)p-MT], while that of aMT has rendered a mixture of Cu4Zn,-otMT

(40%), Cu5Zn,-aMT (20%) and Cu7-aMT (40%). In the case of ßMT a mixture of

Cu6-ßMT (25%) and Cu7-ßMT (75%) was recovered [1]. These species correspond to

some of those conformed in vitro and confirm that Zn(II) is essential for the in vivo

folding of Cu-MT in a Cu-rich environment. A final significant issue is that common

procedures used to obtain mammalian Cu6-ßMT from native sources may not be

adequate.

Key words Copper-metallothionein • Copper and zinc-metallothionein

Recombinant metallothionein • Copper-a domain •

In vivo Cu-metallothionein

66



Introduction

Metallothioneins (MT) are ubiquitous, low-molecular-weight, cysteine-rich

proteins characterised by an exceptional heavy metal binding capacity. They are thought

to be involved in Cu and Zn homeostasis and in the protection against damage from

toxic metal ions, free radicals and other electrophilic agents [2, 3]. Mammalian MT

consist in two domains, a and ß, which contain 11 and 9 co-ordinating Cys, respectively

[4]. Copper mammalian MT have been extensively studied, mainly in vitro, yielding a

variety of results on the Cu-binding stoichiometry of the a [5, 6, 7, 8, 9] and ß domains

[5-8, 10, 11] or the entire MT [8, 12, 13, 14, 15, 16, 17, 18, 19]. Up to the present, it has

been widely accepted that both domains behave independently [11] and that Cu(I) binds

preferentially to the ß domain [5, 10-12].

Synthesis of the individual domains of MT and comparison of their behaviour

with that of the whole protein may increase the present, still enigmatic, understanding of

the role of MT in living organisms [20]. For this purpose we have used the recombinant

DNA approach, which allowed us to obtain Zn7-MT as well as its two constitutive

Zn4-aMT and Zn3-ßMT fragments [21, 22], the latter for the first time. This synthetic

procedure, which renders high purity preparations, has enabled us to extend previous

knowledge on the coordinative features of these proteins both under in vitro [21, 22, 23,

24] and in vivo [I] conditions.

One main feature observed in native MT synthesised by mammals fed or

injected with metals such as Cu or Cd is that the corresponding metal clusters also

contain Zn(II) ions [4, 8, 25, 26, 27, 28, 29, 30]. Zinc is a key structural or catalytic

component of a large number of proteins [31], including MTF-1, the transcription factor

regulating the mammalian MT gene expression, whose DNA binding ability is

dependent on Zn-activation [32]. The relation between the zinc clusters of MT and its

functional potential, as well as the possible domain interactions has been the object of

intensive studies [33]. Thus, the presence of Zn(II) in Cu-MT species should be also

analysed from the perspective of its significance in physiological-stable MT forms.
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In this article we report our results on the Cu(I) binding abilities of recombinant

mouse MT and its a fragment. These, together with those corresponding to the ß

fragment [1, 24], illustrate the role of Zn(II) as a keystone in the structure of MT and its

significance in the dependence/independence between domains. Furthermore, the

stoichiometry of the species formed along the titration of Zn7-MT with Cu(I) shows that

this ion has an unclear preferential binding for the ß domain. In order to corroborate the

structural significance of Zn(II) in Cu-MT species in physiological conditions, we

undertook the recombinant expression of mouse MT 1 and its a fragment in

copper-supplemented media. Data for the ß fragment have already been reported [1]. All

the results obtained in vivo are in good concordance with those obtained in vitro. The

former show that the entire MT, even in Cu-saturation conditions, does not form fully

Cu-loaded aggregates and, conversely, the unique MT species recovered contains Zn(II)

ions in both a and ß domains.
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Materials and methods

Protein Preparation and Characterisation. Fermentator-scale cultures, purification of

the GST-MT fusion proteins and recovery and analysis of the recombinant mouse

Zn7-MT and the Zn4-aMT 1 domain were performed as previously described [21, 22].

Accordingly, the Zn7-MT and Zn4-aMT species were obtained in Tris-HCl 50 mM

buffer, pH 7. Protein solutions had a final concentration of 127 uM (a fragment) and

54.8 nM (MT). These were diluted to a final concentration of 20 uM (a fragment) or 10

uM (MT) with Milli Q-purified and Ar-degased water, and were titrated with freshly

prepared solutions of [Cu(CH,CN)4]
+ in CH3CN/H2O at 25 °C.

The apoproteins were prepared by acidification of the recombinant material with

HC1 10"2 M until pH 3. At pH values lower than 3.5 the Zn4-ocMT and Zn7-MT species

are entirely demetalated, according to their respective CD spectra. In contrast, Cu(I)

remains bound to S-Cys at pH down to 1.5.

Recombinant expression, purification and metal content analysis of aMT and the

entire MT as Cu-complexes were carried out as previously described for ßMT [l], using

the same expression vectors as for the Zn-complexes [21, 22].

Metal Solutions. Glassware and solutions used in metal ion binding studies were prepared

as described [22]. Due to the known sensitivity of Cu(I) to both oxidation and

disproportionation, the solutions of Cu(I) were prepared from the stable

[Cu(CH,CN)4]ClO4 complex [34], in 30% (v/v) CH,CN/H2O. Concentration of Cu stock

solutions were quantified and the absence of detectable Cu2+ in these solutions, before and

after use as a titrating agent, was confirmed as already described [24]. The concentration

of the Cu(I) solutions used for titration was in the range 10"2 - 10° M.

Metal Ion Binding Reactions. Metal binding experiments were carried out by

sequentially adding molar-ratio aliquots of concentrated Cu(I) stock solutions to a single

solution of either Zn4-ocMT, apo-aMT, Zn7-MT or apo-MT. For each addition, the

69



protein sample was allowed to react with the metal ion under thermodynamic conditions

[24]. In the case of the titration of Zn4-aMT with Cu(I) at pH 7 each molar-ratio aliquot

of Cu(I) was added to the Ar-saturated solution every 24 hours because of the slow

stabilisation of the species formed. Absorption studies were conducted in parallel with

CD studies.

All manipulations involving the metal and protein solutions were performed in

Ar atmosphere, and titrations were carried out at least in duplicate to assure the

reproducibility of each single point.

The pH (7 or 3) for all experiments remained constant throughout without

addition of buffers and the temperature was kept constant at 25 °C. The electronic

absorption and CD measurements were performed and corrected as already described

[24].

Chelex-100 experiments. The possibility that Zn(II) remained bound to the protein in the

Cu(I)-aMT and Cu(I)-MT species formed in the respective titrations of Zn4-aMT and

Zn7-MT at pH 7 was considered. In order to determine the zinc content in the Cu,Zn

species, a second titration was carried out until the formation of the suspected

mixed-metal species. Following this, a small quantity of Chelex-100 was added to the

solution as already described [22]. The sulfur, zinc and copper contents of the

supernatant and of the solutions obtained after treatment of the resin with 2 M HNO3

were analysed. Total sulfur, zinc and copper contents were measured by inductively

coupled plasma-atomic emission spectroscopy (ICP-AES) [35] using a Thermo Jarrell

Ash, Polyscan 61E measuring at 182.040 nm (S), 213.856 nm (Zn) and 324.754 nm

(Cu). In all cases, it was verified that the CD and UV-Vis spectra corresponding to the

mixed-metal species remained unchanged after the treatment with Chelex-100.

Molecular mass determination. The molecular masses of all the Cu and

Cu,Zn-containing species obtained in vitro and in vivo were determined by electrospray

ionisation mass spectrometry (ESI-MS) on a Fisons Platform II Instrument (VG
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Biothech) equipped with the Mass Lynx software provided by the manufacturer,

calibrated using horse heart myoglobin (0.1 mg/ml). Different sets of conditions were

required depending on the sample. For the Cu-MT species obtained in vitro at pH 7, 10

ul of protein solution were injected through a PEEK (polyether heteroketone) column

(1m x 0.007 inch i.d.) at 30 ul/min; source temperature, 180 °C; capillary counter

electrode voltage, 4500 V; lens counter electrode voltage, 500 V; cone potential, 50 V;

m/z range, 750-1900; scanning rate, 2.5 s/scan; interscan delay, 0.3 s. The liquid carrier

was a mixture of 3mM ammonium formate / ammonia (pH 7), 1 jaM mercaptoethanol

(eluent A) and methanol (eluent B) at the following A:B ratios: 95:5 (0-1 min), 50:50

(min 5), 95:5 (min 6). The molecular masses of the Cu-aMT species obtained in vitro at

pH 7, as well as those of the in v/vo-synthesised Cu-MT and Cu-aMT species, were

determined as described above except for the following conditions: lens counter

electrode voltage, 1000V; A:B ratios of the liquid carrier, 95:5 (0-3 min), 50:50 (min 6),

95:5 (min 7). For the Cu-MT and Cu-aMT samples at pH 3, 10 ul of protein solution

were injected through a PEEK column (1m x 0.007 inch i.d.) at 20 ul/min; source

temperature, 60 °C; capillary counter electrode voltage, 3500 V; lens counter electrode

voltage, 500 V; cone potential, 60 V; m/z range, 750-1900; scanning rate, 2.5 s/scan;

interscan delay, 0.3 s. The liquid carrier was a 50:50 mixture of acetonitrile and formic

acid (pH 3), 1 nM mercaptoethanol. The PEEK column was used to avoid the masking

effect of the Tris buffer, while mercaptoethanol was added to avoid the oxidation of

Cu(I) ions. Masses for the holo-species were calculated according to the literature [36].

Determination of the exact stoichiometry of CuxZn species from ESI-MS data is

hindered by the closeness of the atomic weights of Cu(I) and Zn(II). In such cases, a

combined evidence based on complementary data (Chelex-100 experiments, UV-Vis

and CD, as well as ESI-MS for related species) facilitates a final decision.

Throughout this paper we refer to the mol equivalents of Cu(I) added in terms of

"x Cu(I)" to stand for "x mol equivalents of Cu(I)" or "a molar ratio Cu(I) : protein of

x".
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Results

Cu-MT and Cu-aMT species have been identified from saturation of the chiral

intensity and changes in the CD and UV-Vis spectra as increasing amounts of Cu(I) are

added to the protein solution. In most cases the stoichiometry of the species formed has

been confirmed by ESI-MS. Determination of the stoichiometry of Cu,Zn mixed-metal

species has required additional Chelex-100 experiments coupled to ICP-AES data.

The analysis of the behaviour of the recombinant proteins at pH 7 towards Cu(I)

requires knowledge of the role played by the Zn atoms. Thus, the interpretation of the

spectral changes accompanying the addition of Cu(I) to the Zn-metalated proteins must

take into account the spectral signals due to the SCys-»Zn2+ LMCT bands, which can

overlap with the new bands related to copper-thiolate interactions. Titration of the

apoproteins with Cu(I) provides information on the signals corresponding to the

Cu-SCys chromophores and allows evaluation of the masking effects due to the

Zn-SCys co-ordination at pH 7.

Figures 1, 2, 4 and 5 show the CD spectra recorded during the titration of

recombinant apo-aMT (pH 3), Zn4-aMT (pH 7), apo-MT (pH 3) and Zn7-MT (pH 7)

with Cu(I), respectively. The corresponding electronic absorption spectra and difference

spectra of the latter are provided as Supplementary Material. As expected, the CD

spectra of the apo-aMT (Fig. 1, line 0) and apo-MT species (Fig. 4, line 0) have no

significant signals above 250 nm, while those of Zn4-aMT (Fig. 2, line 0) and Zn7-MT

(Fig. 5, line 0) show their characteristic biphasic CD features [21,22].

Binding abilities of the recombinant mouse aMT fragment in the presence of Cu(I)

ions

Cu(I) binding abilities of apo-aMT al pH 3

From 0 to 3 mol equivalents of Cu(I) added to apo-aMT at pH 3, CD spectra

develop isodichroically to form two derivative-like envelopes with positive bands at
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260.5 and 310 nm and a negative superimposed band at 288.5 nm. Moreover, a positive

band appears at 354 nm, Fig. 1. The absorption spectra show a linear increase of a band

centred at 260-270 nm, while the difference spectra are coincidental and present three

contributions at 235, 260-270 and 300 nm approx. All these spectral data are indicative

of the cooperative formation of a Cu^-aMT species from apo-aMT. While the CD

spectra do not change significantly from 3 to 5 mol equivalents, the addition of two

more Cu(I) equivalents, from 5 to 7, provokes a blue shift of the 260(+) nm band. The

UV-Vis difference spectra also show a blue shift of the contribution at 265 nm from 3 to

7 Cu(I) added while two new contributions appear at 283 and 335 nm at more than 6

Cu(I) added. All these features indicate that Cu3-ocMT evolves to a Cu5-aMT species

without significant alteration of the structure, and that Cu5-aMT converts to a Cu7-ocMT

species with different Cu(I)-SCys co-ordination geometries from the former. The profile

of the CD spectra smoothes from 7 to 9 Cu(I) added, and at more than 9 Cu(I) added the

CD and absorption spectra do not change significantly, while the UV-Vis difference

spectra only show the contributions due to the titrating agent. This suggests that Cu(I)

does not bind to the a fragment at more than 9 mol equivalents added.

Unfortunately, no species of the Cu-aMT samples have been detected by

ESI-MS at pH 3, in agreement with the common difficulties associated with the

artefactual clustering and oxidation either of Cu(I) to Cu(II) ions or of thiolate to

difulfide bonds in homometallic Cu-containing MT species [37].

Cu(I) binding abilities ofZn4-aMTatpH 7

The CD spectra recorded during the addition of the first 3 Cu(I) to Zn4-ccMT at

pH 7, Fig. 2, show a red shift of the characteristic band of Zn4-ccMT, indicating a partial

Zn/Cu replacement. The isodichroicity observed together with the coincidental UV-Vis

difference spectra account for a cooperative formation of a Cu,Znx-oiMT species (x < 4).

As a means of determining x, a parallel titration was carried out with addition of

Chelex-100 after incorporation of the first three Cu(I) ions in order to bind the displaced

Zn(ll) ions [22] (data not shown). Analytical results indicated that the chelating resin
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sequestered 2 Zn and that the protein maintained 3 Cu and 2 Zn atoms co-ordinated.

Furthermore, ESI-MS measurements performed on aliquots of a parallel titration

showed the unique presence of Zn4-aMT and Cu3Zn2-aMT after 2 Cu(I) added and a

predominant Cu^Z^-aMT species after 3 Cu(I) added (Table 1). Therefore, a

stoichiometric ratio of Cu,Zn2-aMT for the species formed cooperatively in the first

stage of the titration is postulated. The next two Cu(I) equivalents, from 3 to 5, provoke

a red shift of the derivative-like envelope; the shift also being observed in the UV-Vis

difference spectra. These data indicate the partial replacement of Zn by Cu atoms, which

accounts for the non-cooperative conversion of Cu3Zn2-aMT into Cu5Zn,-aMT passing

through a Cu4Znx-aMT (x = 1, 2) intermediate. The formation of Cu5Zn,-aMT can be

postulated on the basis of the Zn/Cu replacement observed during the next stage of the

titration and its detection by ESI-MS in a parallel titration after 5 Cu(I) added (Table 1).

In order to determine whether x is 1 or 2 in Cu4Znx-aMT, ESI-MS measurements were

performed, and the presence of a predominant Cu4Zn,-aMT species after 4 Cu(I) added

was determined (Table 1). From 5 to 7 Cu(I) equivalents the CD and UV-Vis difference

bands red shift. This can be explained in terms of a further replacement of Zn by Cu

atoms, which causes Cu5Zii!-aMT to turn into Cu7-aMT. Addition of copper from 7 to

9 equivalents results again in a red shift of the CD bands with a concomitant decrease in

intensity of the positive band, which causes the disappearance of the derivative-like

envelope. The absorption spectra decrease in intensity, indicating the loss of specific

Cu-S cromophores formed during the previous stages. All these spectral data account

for the formation of a Ciiq-aMT species with different Cu-S co-ordination environments

and lower degree of folding than those in Cu7-aMT. Unfortunately, it has not been

possible to detect the Cu7-aMT or the Cu9-aMT species in solution by ESI-MS. At

more than 9 Cu(I) added the CD spectra do not change significantly and the UV-Vis

difference spectra only show the contributions due to the titrating agent. These data

suggest that at pH 7 Cu(I) does not bind to the a fragment at more than 9 Cu(I) added,

exactly as it occurred at pH 3.
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Overall, the stoichiometry of the species formed along the titration of either

apo-aMT at pH 3 or Zn4-ocMT at pH 7 with Cu(I) and the corresponding reaction

pathways are given in Fig. 3. As expected, these are highly dependable on the nature of

the initial species. Thus, in the first stages of the titrations CuraMT and Cu5-aMT, with

closely related structures, are formed de novo from the apoform of aMT, while

Cu,Zn,-aMT, Cu4Zn,-aMT and Cu5Zn,-aMT are obtained during Zn/Cu replacement

from Zn4-ccMT. From this point homometallic species of the same stoichiometry,

Cu7-aMT and Cu9-otMT, are formed in both titrations. However, according to their CD

features, in each case the two species with the same stoichiometry have different

structures, which should be regarded as a consequence of the different reaction

pathways followed for their formation.

Binding abilities of the recombinant entire mouse MT in the presence of Cu(I) ions

Cu(I) binding abilities of apo-MT at pH 3

From 0 to 6 mol equivalents of Cu(I) added to apo-MT at pH 3, four dichroic

bands develop, Fig. 4, and the UV-Vis absorption centred at approx. 265 nm increases

linearly. The UV-Vis difference spectra show the cooperative formation of a Cu6-MT

species. Furthermore, ESI-MS measurements of aliquots from a parallel titration

showed the only presence of apo-MT and Cu6-MT in a similar concentration ratio after

3 Cu(I) added and a predominant Cu6-MT species after 6 Cu(I) added (Table 1). In the

second stage of the titration, from 6 to 9 Cu(I) equivalents, the CD bands remain almost

invariant. The UV-Vis difference spectra indicate that the Cu6-MT species evolves

cooperatively to form Cu,-MT, which according to CD data has a similar structure to

that of the former species. CD bands evolve isodichroically from 9 to 12 Cu(I)

equivalents and the UV-Vis difference spectra show a decrease in the absorbance below

280 nm from 9 to 11 Cu(I) equivalents added. The twelfth Cu(I) causes a different

effect. All these spectral data indicate that Cu,-MT evolves first to a CuM-MT species

and then to a Cu,2-MT species. Addition from 12 to 15 Cu(I) results in a blue shift of the
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main CD band, indicating that Cu,2-MT evolves to a Cul5-MT species. At more than 15

Cu(I) added spectral data indicate that at pH 3 Cu(I) does not bind to MT. As already

noted, despite many attempts, it has not been possible to detect the homometallic

Cu9-MT, Cun-MT, Cul2-MT and Cu,5-MT species in solution by ESI-MS.

Cu(I) binding abilities of ZnrMT at pH 7

The addition of Cu(I) to Zn7-MT (Fig. 5) causes an increase of its characteristic

CD fingerprint and the appearance of a shoulder at ca. 260 nm. Besides, two weaker

bands with a derivative-like envelope gradually intensify through two isodichroic

points. The UV-Vis difference spectra indicate a cooperative effect in the binding of the

first 4 Cu(I) ions, which give rise to a Cu4Znx-MT species. As already indicated,

addition of Chelex-100 [22] in a parallel titration after incorporation of the first four

Cu(I) ions allowed determination of x (data not shown). ICP-AES showed that at this

point 2 Zn were in the solution while the protein maintained 4 Cu and 5 Zn

co-ordinated. The presence of a Cu4Zn5-MT species after the addition of 4 Cu(I)

equivalents to Zn7-MT at pH 7 has also been confirmed by ESI-MS (Table 1 ). The next

three Cu(I) equivalents, from 4 to 7, cause an isodichroical red shift of the main CD

band. These CD data together with the UV-Vis data indicate that Cu4Zn5-MT turns

cooperatively into a Cu7Znx-MT species (x < 5). ESI-MS measurements indicated the

presence of a predominant Cu7Zn3-MT species (Table 1). Moreover, the cooperativity of

this stage has also been confirmed by ESI-MS, as an aliquot withdrawn after 6 Cu(I)

added showed the presence of a mixture of the Cu7Zn.,-MT and Cu4Zn5-MT species, the

former being predominant (Table 1). From 7 to 10 Cu(I) equivalents, the dichroic

intensities increase and reach their maximum value for 10 Cu(I) added, while new and

weak bands appear, through isodichroic points. The UV-Vis difference absorption

spectra evolve identically as in the previous stages. Hence, this third stage of the

titration consists of the cooperative formation of a Cu:oZnx-MT species (x < 3).

According to ESI-MS data, x = 1. This technique also confirmed the cooperative

formation of Cu,0Zn,-MT, as an aliquot withdrawn after 9 Cu(I) added showed the
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major presence of Cu7Zn;,-MT and Cui0Zn,-MT (Table 1). The addition of the next two

Cu(I) equivalents, from 10 to 12, causes a decrease in the intensities of the two principal

positive dichroic bands together with a red shift of the first one, through isodichroic

points. The UV-Vis difference spectra evidence a red shift of the initial absorption band

and the appearance of a new absorption. These spectral data account for the

transformation of CU|0Zn|-MT into Cu,2-MT, whose formation has been corroborated by

ESI-MS (Table 1). During the next stage, from 12 to 15 Cu(I) added, the main CD band

decreases in intensity and blue shifts while a new positive band appears. The UV-Vis

difference spectra show a decrease in intensity and a red shift of the absorptions. These

spectral data account for the evolution from Cu,2-MT to a Cu^-MT species, which

includes different copper co-ordination environments than those present in Cu,2-MT.

Moreover, the Cu,5-MT species has also been detected by ESI-MS (Table 1). At more

than 15 Cu(I) equivalents added the intensity of the low energy CD band decreases,

while the UV-Vis difference spectra indicate that at pH 7 Cu(I) does not bind to MT.

These data suggest that the structure of the Cu,5-MT species is slightly modified by the

addition of extra Cu(I) although these ions do not bind covalently to the protein.

Summarising (Fig. 6), titration of either apo-MT at pH 3 or Zn7-MT at pH 7 with

Cu(I) leads to the formation of different species in the first stages of the titrations

depending on the initial species: Cu6-MT, Cu9-MT and Cu,,-MT are obtained from

apo-MT, while Cu4Zn5-MT, Cu7ZnrMT and Cu,0ZnrMT are formed from Zn7-MT. In

the last stages, homometallic species with the same stoichiometry but a different

structure, Cu,2-MT and Cu,5-MT, are found depending on the binding pathway followed

for their formation, as occurred with the homometallic Cu species of the a fragment.
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In vivo copper binding abilities of the recombinant entire mouse MT and its a

fragment

ICP-AES and ESI-MS data show that the synthesis of recombinant entire mouse

MT in Cu-supplemented media affords a single mixed-metal species, while in the case

of the a fragment a mixture of species is obtained.

After the expression of the entire MT, a single Cu7Zn,-MT species has been

found by ESI-MS, which is in concordance with ICP-AES data (Table 2). Moreover, the

similarity between the CD spectra corresponding to the in v/vo-synthesised Cu-MT and

to the Cu7Zn3-MT species obtained in vitro (Fig. 7A) indicates that both metal

aggregates have a very close structure.

With regard to the synthesis of ocMT, ESI-MS data indicate the presence of a

major Cu4Zn|-otMT and a minor Cu5Zn,-aMT species, but these data do not agree with

the 4.5 Cu: 0.5 Zn ratio observed by ICP-AES. The average ratio found of 0.5 Zn per

molecule gave us an indication that an homometallic Cu-aMT species, undetected by

ESI-MS, could be present in the mixture. This was further confirmed as the CD features

of in v/vo-synthesised Cu-aMT resemble more those of Cu7-aMT than those of

Cu4Zn,-aMT and Cu5Zn,-aMT (Fig. 7B). The presence of Cu7-aMT in the mixture of

in v/vo-synthesised Cu-aMT is compatible with the fact that the former is not observed

by ESI-MS, as the homometallic Cu-aMT species (Fig. 3) have shown to be elusive to

ESI-MS under varied experimental conditions. Overall, the 4.5 Cu: 0.5 Zn ratio together

with the CD and ESI-MS data suggest a mixture of 40% Cu4Zn,-aMT, 20%

Cu5Zn,-aMT and 40% Cu7-aMT as a result of the folding of the a fragment in an

intracellular Cu-supplemented environment. This ratio affords the best fit to our

experimental data, as shown in Fig. 1C.
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Discussion

A thorough analysis of our CD, UV-Vis, ICP-AES and ESI-MS data has led us

to propose definite stoichiometries and reaction pathways for the species formed during

the titrations of Zn4-aMT and Zn7-MT at pH 7 and pH 3 (Fig. 3 and 6). Apparently it

could be considered that these results only contribute to enlarge the diversity in the

number and the stoichiometries already reported for mammalian copper MT species

[5-9, 12-19]. Moreover, the scarcity of established correlations between the

stereochemistry around copper in copper thiolates and the corresponding absorption

energies hinders us from assigning a specific type of co-ordination for the copper

centres in the species reported in this study. Despite these drawbacks, a deeper insight

into the results obtained, including those we reported for the titration of the ß fragment

[24], enables us to go further in the analysis of the behaviour of recombinant mouse MT

with respect to Cu(I). The analysis of the results requires a progressive approach.

First, assuming an independent domain behaviour [11], the stoichiometry of the

species found in the titrations of the a and ß fragments allows us to infer possible metal

distributions between domains for the copper and copper-zinc species obtained in the

titrations of the entire MT (Table 3). The next step consists of matching the CD spectral

data of the independent fragments with those of the entire MT. Among all the possible

sums proposed in Table 3, the unique cases in which the structure of each domain in the

entire MT is very close to that of the independent fragments are those shown in Fig. 8.

Interestingly, this occurs in only 3 out of the 11 possible combinations and they

correspond to the three consecutive species Cu4Zn5-MT, Cu7Zn,-MT and Cu,0ZnrMT

formed in the pathway which leads from Zn7-MT to Cu,2-MT. Conversely, we do not

have experimental evidence to support a specific metal distribution between domains in

any of the homometallic Cu-MT species, which form along the titrations at both pH

values. Before we deal with these observations, it is of interest to take into account

additional findings.
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On the one hand, it is widely accepted that a Cu,2-MT species in mammalian MT

consists of a (Cu6)
a(Cu6)

p-MT metal distribution [8, 18]. However, despite our many

attempts to identify a Cufl-aMT form neither spectral data nor the ESI-MS

measurements are consistent with its presence in solution at pH 3 or 7. Accordingly, on

the basis of the proposed independent behaviour of the a and ß domains [11], we cannot

support a (Cu6)"(Cu(i)
p-MT metal distribution for Cu,2-MT at these pH values. A

parallel question is raised by the Cu6-MT and Cu9-MT species at pH 3. In agreement

with the general belief, if Cu(I) had a preferential binding for the ß domain it would be

reasonable to consider the (apo)a(Cu6)
|i-MT and (Cu3)

a(Cu6)
p-MT distributions for

these species, respectively. However, our spectral data indicate that the previous metal

distributions cannot be assigned to the Cu6-MT and Cu,,-MT species. Even though the

similarity of the shapes of the CD spectra of Cu6-MT and Cu9-MT with that of Cu6-ßMT

(Fig. 9) would be in favour of the co-ordination of Cu(I) to the ß fragment, the UV-Vis

difference spectra of the first stages of the titration of apo-MT with Cu(I), which

resemble those of apo-aMT, would agree with Cu(I) also binding to the a domain in the

entire MT. All these results indicate that in the Cu6-MT, Cu,-MT and Cul2-MT species

there is no evidence for the presence of an independent Cu6-ßMT domain. Instead, in the

case of Cuf,-MT and Cuq-MT it seems that Cu(I) ions distribute between both the a and

ß domains, as previously pointed out by Li & Weser [8]. Distribution of Cu in the two

domains also happens in the mixed-metal MT species obtained at pH 7. The addition of

Cu(I) to Cu4Zn5-MT [(Zn4)
a(Cu4Zn,)|!-MT] causes a partial replacement of the Zn(II)

ions bound to the a domain without introducing changes in the stoichiometry and

structure of the ß domain, and affords a Cu7Zn,-MT [(Cu1Zn2)
a(Cu4Zn|)p-MT] species.

The remaining Zn(II) ion bound to the N-terminal ß domain is not replaced until 10

Cu(I) equivalents have been added to Zn7-MT, which renders a CumZn,-MT

[(Cu4Zn,)"(Cut,)
p-MT] species. Unlike the Cu6-MT, Cu9-MT and Cu,2-MT species, the

CU|(|Zn|-MT species is the only one in which there is evidence of the existence of a

Cu(,-ßMT cluster.
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One of the methods commonly used to obtain Cu6-ßMT from mammalian MT

consists of recovering apo-MT from the native MT, then addition of 6 Cu(I) per mol and

finally digestion with subtilisin [38]. According to our results the addition of 6 Cu(I) to

the apoform of recombinant mouse MT yields a Cu6-MT species with Cu(I) distributed

among both domains. This could explain why the previous procedure has not been

adequate for obtaining homogeneous and well-structured samples. It seems that a good

method to achieve the recovery of pure Cu6-ßMT could be the expression of the ß

fragment in zinc-supplemented media and then replacement of Zn by Cu either at acidic

or neutral pH [24].

Overall, it seems that the presence of Zn(II) in the a domain is essential to

maintain the structure of Cu-MT species in two domains. In cases where only Cu(I) but

not Zn(II) is bound to MT, which occurs all along the titration at pH 3 or by addition of

at least 12 Cu(I) ions to Zn7-MT at pH 7, the folding of the protein is probably best

described as a unique MT domain rather than the characteristic bi-dominial structure.

Furthermore, our data strongly suggest that species formed at different pH values but

with the same Cu(I)/MT ratio (CurocMT, Cu,,-aMT, Cu,2-MT, Cu,5-MT) do not have

the same structure. Thus, the final folding of the Cu-MT species seems to be determined

by the reaction pathway followed for their formation. At pH 7, but not at pH 3, Zn(II)

ions are co-ordinated to the protein and thus they are responsible for a template effect,

pre-conditioning the structure of the protein before they are replaced by Cu(I).

Nevertheless, the strong affinity of Cu(I) for cysteine thiolates explains the significant

degree of folding of Cu-MT species in the absence of Zn(II).

In order to investigate the presence of Zn(II) as a keystone also in the structure

of the in v/vo-conformed mouse Cu-MT, we undertook the recombinant synthesis of the

a fragment and the entire protein by bacteria grown in Cu-supplemented media. Using

the same conditions as those for the ß fragment, which lead to a mixture of 25%

Cu,,-ßMT and 75% Cu7-ßMT homometallic species [1], the expression of the a

fragment rendered a mixture of Cu4Zn,-aMT, Cu5Zn,-aMT and Cu,-aMT, Fig. 7B-C

and Table 2. That of the entire MT afforded a unique Cu7Zn,-MT species (Table 2),
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which according to CD data (Fig. 7A) has a (Cu3Zn2)
a(Cu4ZnI)

|J-MT metal distribution.

Overall, the stoichiometries of the metal aggregates obtained in vivo reveal that while

the expression of MT and the a fragment affords Cu,Zn mixed-metal species, the ß

fragment contains Cu(I) ions exclusively. The stoichiometry and structure of the metal

aggregates formed in all the in vivo synthesis are consistent with those obtained in the in

vitro experiments at pH 7 and are in concordance with the common belief that Zn(II)

unlike Cu(I) prefers to be bound to the a than to the ß fragment [10-12]. However these

preferences should be considered only as a general tendency and not as an absolute rule,

as during the titration of Zn,-MT with Cu(I) at neutral pH, the first 4 Cu(I) ions bind to

the ß domain, the next 3 to the a domain and the following 3 to both domains,

eventually affording a (Cu4Zn|)a(Cu6)
p-MT species (Fig. 6).

Sound evidence supports that the stable in v/vo-conformed Cu-thionein for

mouse MT is not a fully Cu-loaded MT, but a unique Cu,Zn mixed-metal species

(Cu7Zn,-MT). This includes one zinc atom in the ß domain and two in the a domain, the

latter being essential for maintaining its structure in two separate metal clusters.

Cu7ZnrMT, one of the intermediate species obtained in vitro in the Zn/Cu replacement

pathway, should represent the most stable Cu,Zn cluster in physiological conditions.

Therefore, our results agree with the hypothesis that MT is currently synthesised in the

cell as a Zn-complex, from which some zinc ions are replaced in the presence of high

concentrations of other metals, forming mixed-metal clusters stabilised by the

permanence of Zn. This agrees with the fact that the native MT obtained from Cd- [4, 8,

30] or from Cu- [25-29] treated animals is always a mixed-metal cluster including some

Zn atoms, and also with the old observation that Cu-MT produced after Cu treatment by

Zn-depleted rats exhibited a shorter biological life than the same molecules produced by

Zn-supplemented animals [26]. The reason why no homometallic mammal Cu-MT

species are formed in vivo can be related to the potential functions of the MT protein.

According to our data, the presence of Zn promotes and maintains the folding of MT

into two domains, even after partial Zn/Cu replacement. The bi-dominial structure of

MT has been claimed as being very important for its interaction with ligands and for
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control of its reactivity [33]. On the other hand, it has been shown by NMR analysis of

the yeast MT protein part that a variety of cluster arrangements are possible for the

seven Cu ions bound [39]. This, together with the inability of Cu alone to determine a

bi-dominial MT molecule under physiological conditions, would be incompatible with a

unique MT structure associated to a definite biological role. The previous considerations

allow a further extension. Thus, it is tempting to propose that the release of Zn(II)

accompanying formation of Cu7ZivMT may be related to recent findings on the

regulation of mammalian MT synthesis in front of abnormally high concentrations of

metals other than Zn. It has been reported that the DNA binding ability of MTF-1 is

only Zn-activated [32]. Then, it is likely that the ability for other metals to enhance MT

synthesis relies on Zn/metal MT replacement processes in original Zn-MT molecules,

and that the released Zn ions become the triggering mechanism for MT gene

transcription via MTF-1 activation.

The existence of domain interactions in the entire MT protein have already been

proposed for other mammalian MT species [21, 33], and is now corroborated by our

data on mammalian Cu-MT. When independently expressed, the ß domain renders a

mixture of Cufi-ßMT and Cu7-ßMT species and the a domain a mixture of Cu4Zn,-aMT,

Cu,Zn,-aMT and Cu7-ocMT. Instead, the entire MT yields a unique Cu7Zn-,-MT species,

with a (Cu4Zn,)|i(Cu1Zn2)
a-MT metal distribution. If comparing the Cu(I) content of

each domain in this species with that of the independently expressed a and ß domains, a

loss of Cu co-ordination capacity in vivo can be observed when both domains are part of

a unique protein structure. Presumably, this could be attributed to the amino acids of the

central peptide fragment involved in domain bridging, which cannot contribute to the

formation of metal clusters stable in the cellular conditions. Thus, a bi-dominial MT

structure is not concomitant with an absolute independent behaviour for each domain.

The involvement of zinc in other metalloproteins classically defined as

copper-species is being revealed nowadays by means of recombinant synthesis and

highly sensitive spectroscopic and spectrometric techniques. Particularly significant is

the case of the yeast transcription factors for MT genes, ACE1 and AMT1, whose
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Cu-responsive domain had been previously described as a 6-7 Cu cluster, and has now

been characterised as a Cu4Zn, mixed-metal cluster, which may result from metal

replacement in a pre-existent silent Zn form [40, 41]. Mammalian copper-thioneins

would be, according to our results, a striking new example of this phenomenon, and

consequently, efforts seek their biological role would be better centred upon the

Cu7ZnrMT species than on the in v/7ro-folded forms. Even more, a full examination of

the data reported in the literature for in vivo Cu-MT lead to the conjecture that in fact all

these proteins result from a Zn/Cu replacement in original Zn-containing forms. This

process of substitution would be complete in the so-called copper-thioneins while being

only partial in more evolved MT. It is worth noting that the metal analysis of the

recombinant yeast CUP1 synthesised by Cu-supplemented bacteria yielded an

unexpected content of 1 Zn/mol [42], and that the stoichiometry for the native

copper-specific Helixpomatia MT has been reported as 100:6 for Cu:Zn [43].

At this stage, evolutionary implications for the different behaviour of the ß-type

and ct-type MT domains in copper cluster formation can be drawn. All well defined

ß-type MT mainly result in homometallic Cu-containing species when expressed by

recombinant techniques: yeast CUP1 [42], Drosophila MTN [44] and the independent

mammalian ß domain [1]. On the other hand, in the bi-dominial MT which contain a

domains, evolution to optimise divalent metal chelation would have supposed a

concomitant loss of capacity to fully exchange Zn by Cu ions in vivo and, therefore,

would never render homometallic Cu-MT species when synthesised in Cu-enriched

cellular environments.
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Table 1. Molecular masses found for the Cu,Zn-MT mixed-metal species obtained

during the titrations of Zn4-aMT and Zn7-MT with Cu(I) at pH 7 and molecular masses

found for the Cu-MT species obtained during the titration of apo-MT with Cu(I) at pH

3.

Titrated species

Zn4-aMT

Apo-MT

ZnrMT

Cu(I)
equivalents

added

2

3

4

5

3

6

4

6

7

9

10

12

15

Experimental
molecular masses

3550.97 ±0.57
3609.88+1.63

3611.31 ±1.22

3609.21 ±1.30

3672.38 + 1.61

6159.35 ±2.51
6536.57 ±5.75

6532.10 ±5.95

673 1.04 ±4.50

6728.35 ±9. 15
6794.70 ±10.80

6788.50 + 8.88

6787.20 ±2.20
6854.66 ±9.53

6852.35 ±7.15

6909.06 ±10.07

7098.8 ±1.52

MT species (calculated
molecular masses)3

Zn4-aMT (3550.45)
C^Znj-aMT (361 1.33)

Cu,Zn2-aMT (361 1.33)

Cu4Zn,-aMT (3610.49)

CusZn,-aMT (3673.04)

apo-MT (6 162. 13)
Cu6-MT (6537.41)

Cu6-MT (6537.41)

Cu4Zn5-MT (6729.26)

Cu4Zn5-MT (6729.26)
Cu7ZnrMT (6790.09)

Cu7ZnrMT (6790.09)

Cu7Zn,-MT (6790.09)
CuloZn,-MT (6850.97)

Cu,0Zn,-MT (6850.97)

Cu,2-MT (69 12.68)

Cu,5-MT (7100.32)

''Calculated masses for neutral species with loss of two protons per zinc bound and one

proton per copper bound [36].
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Table 2. Molecular masses and zinc and copper per protein molar ratio found for in

v/vo-synthesized Cu-MT and Cu-aMT species.

Protein expressed in
Cu-supplemented media

MT

ccMT

m (holoprotein)"

6790.08 ±0.21

3607.85 ± 2.85 (M)
3676.47 ±1. 95 (m)

(Zn/protein)b

2.4

0.5

(Cu/protein)b

7.2

4.5

"Determined molecular masses of the Cu,Zn-protein complexes. (M) denotes major and

(m) minor species. Calculated masses for neutral species with loss of two protons per

zinc bound and one proton per copper bound [36] are 6790.09 (Cu7Zn3-MT), 3610.49

(Cu4Zn,-aMT) and 3673.04 (Cu5Zn,-aMT).

''Zinc and copper per protein molar ratio calculated from the content of zinc, copper and

total sulfur (ICP-AES) [22].
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Table 3. Possible metal distributions between domains in recombinant entire mouse

Cu-MT based on the stoichiometries found for the independent fragments. The metal

distributions that have been deduced from experimental data are depicted in bold.

Stoichiometry of
the MT species at

pH3

Possible metal
distributions

Stoichiometry of
the MT species at

pH7

Possible metal
distributions

Cuj-MT

Cu9-MT

Cu,,-MT

Cu,2-MT

Cu,5-MT

Cu4Zns-MT (Zn4)
a(Cu4Zn,)p-MT

Cu7Zn,-MT (Cu3Zn2)
a(Cu4Zn,)p-MT

Cu10Zn,-MT (Cu4Zn,)a(Cus)
|l-MT

Cu,s-MT
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220 240 260 280 300 320 340 360 380 400 420 220 240 260 210 300 32e 340 360 380 400 420 220 240 260 280 300 320 340 360 380 400 420

220 240 260 280 301 320 341 360 380 40* 420 220 240 260 280 300 320 340 361 380 400

Figure 1.- CD spectra corresponding to the Cu(I) titration of a 2.0O10~5M solution of

recombinant apo-aMT at pH 3. The Cu(I) to MT molar ratios are indicated within each frame.

22* 240 260 280 300 320 340 360 380 400 220 241 260 280 301 320 340 360 380 400

220 240 260 280 300 320 340 360 380 400 22* 240 26« 28* 300 320 341 36* 380 4M

Figure 2.- CD spectra corresponding to the Cu(I) titration of a 2.0(HO~5M solution of

recombinant Zn,,-ctMT at pH 7. The Cu(I) to MT molar ratios are indicated within each frame.
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apo-ocMT

coop.

Cu3-aMT

Cu5-aMT

Cu7-aMT

Zn4-aMT

coop.

Cu3Zn2-aMT

Cu4ZnraMT

CucZn,-aMT *

Cu7-aMT *

Cu9-aMT Cu9-aMT

B
Figure 3.- Proposed reaction pathways for Cu(I) binding to recombinant apo-aMT at

pH 3 (A) and recombinant Zn4-aMT at pH 7 (B). MT species recovered from

recombinant synthesis in Cu-supplemented media are denoted by *.
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220 240 2<0 2» MO 320 140 MO 38» 400

Figure 4.- CD spectra corresponding to the Cu(I) titration of a 1.00-10"5M solution of

recombinant apo-MT at pH 3. The Cu(I) to MT molar ratios are indicated within each frame.

220 240 260 280 MO 120 340 360 180 400

Figure 5.- CD spectra corresponding to the Cu(I) titration of a 9.99-10~6M solution of

recombinant Zn7-MT at pH 7. The Cu(I) to MT molar ratios are indicated within each frame.
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apo-MT

coop.

Cu6-MT

coop.

Cuo-MT

Cun-MT

Cu12-MT

Y

Cu15-MT

Zn7-MT

coop.

Cu4Zn5-MT
[(Zn4)

a(Cu4Zni)ß-MT]

coop.

Cu7Zn3-MT *
[(Cu3Zn2)

a (Cu4Zn^ -MT]

coop.

Cu10ZnrMT
[(Cu4Zn])

a(Cu6)ß-MT]

I
Cu12-MT

Y

Cu15-MT

B

Figure 6.- Proposed reaction pathways for Cu(I) binding to recombinant apo-MT at pH 3

(A) and recombinant Zn7-MT at pH 7 (B). The metal distribution between domains

proposed for the mixed-metal species will be discussed below. MT species recovered

from recombinant synthesis in Cu-supplemented media are denoted by *.
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in v/wCn-MT
ix vitro Cnjül-MT

220 240 260 280 300 320 340 360 3SO 400 420
nin

in vitro Cu^Zî
im vitro Cî Zî
in vitro

220 240 260 280 300 320 340 360 380 400 420

"l 1 1 1 1 1 1 1 T
220 240 260 280 300 320 340 360 380 400 420um

Figure 7.- Comparison of the circular dichroism spectra of the in vz'vo-synthesised

Cu-MT (A) and Cu-aMT (B) species with those corresponding to the in vitro

Cu7ZnrMT (A) and Cu4ZnraMT, Cu5Zn,-aMT and CurccMT species (B). In Figure

7C a computer generated spectrum (in red) corresponding to the sum of the circular

dichroism spectral traces (in dashed lines) of Cu4Zn,-aMT (40%, in green),

Cu5Zn,-aMT (20%, in blue) and Cu7-aMT (40%, in turquoise) is compared to the CD

spectra corresponding to the in v/vo-synthesised Cu-aMT species (in black).
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220 240 2(0 2SO 300 320 340 360

À6

20-

15-

10-

5-

-5-

CuZn-MT

CuZÄ-ctMT
CuZn-ßMT + CaZn-oMT

220 240 260 280 300 320 340 360
nm

CuZn-aMT
Cu -ßMT + Cn Zn -ctMT

220 240 260 280 300 320 340 360
nm

Figure 8.- Comparison of the circulai' dichroism spectra of the Cu,Zn mixed-metal

species formed during the titration of Zn,-MT at pH 7 with Cu(I) [(A) Cu4Zn5-MT, (B)

Cu7Zn3-MT, (C) CuloZn,-MT] with the sum of the circular dichroism spectra of some of

the species obtained in the titrations of the a and ß fragments of MT with Cu(I) at the

same pH value.
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220 240 260 280 300 320 340 360 380 400
mn

220 240 260 280 300 320 340 360 380 400
mn

Figure 9.- Comparison of the circular dichroism spectra of the Cu6-MT (A) and Cu9-MT

(B) species obtained at pH 3 with the sum of the circular dichroism spectra of some of

the species obtained in the titrations of the a and ß fragments of MT with Cu(I) at the

same pH value. The featureless spectrum corresponding to apo-aMT practically

coincides with the abscissa axis.



SUPPLEMENTARY MATERIAL

220 240 260 210 300 320 340 34»

Figure SI.- Cu(I) titration of a 2.00-10"5 M solution of recombinant apo-ocMT at pH 3.

(A) UV-Vis absorption spectra. (B) Difference absorption spectra obtained by

subtracting the successive spectra of (A). For the sake of comparison, their intensities

have been normalised with respect to one molar addition. The Cu(I) to MT molar ratios

are indicated within each frame.
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B

240 240 290 300 320 340 340 3(0 220 240 260 280 300 320 340 3(0

220 240 260 280 3*0 320 340 340 380 220 240 26« 2SO 300 320 340 360

22« 241 260 281 300 320 34* 360 38«

Figure S2.- Cu(I) titration of a 2.00-10"5 M solution of recombinant Zn4-aMT at pH 7.

(A) UV-Vis absorption spectra. (B) Difference absorption spectra obtained by

subtracting the successive spectra of (A). For the sake of comparison, their intensities

have been normalised with respect to one molar addition. The Cu(I) to MT molar ratios

are indicated within each frame.

100



B

220 240 2<0 2SO MO 320 540 MO

Figure S3.- Cu(I) titration of a 1.00-10° M solution of recombinant apo-MT at pH 3.

(A) UV-Vis absorption spectra. (B) Difference absorption spectra obtained by

subtracting the successive spectra of (A). For the sake of comparison, their intensities

have been normalised with respect to one molar addition. The Cu(I) to MT molar ratios

are indicated within each frame.
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CoflVMT
O.I 7.1
l.t S.8
tJt 9.»
1.» 10.0
4.0 11.0
5.1
6.« 13.0

220 240 260 280 100 120 340 360 38Ü

Figure S4.- Cu(I) titration of a 9.99-10'6 M solution of recombinant Zn7-MT at pH 7.

(A) UV-Vis absorption spectra. (B) Difference absorption spectra obtained by

subtracting the successive spectra of (A). For the sake of comparison, their intensities

have been normalised with respect to one molar addition. The Cu(I) to MT molar ratios

are indicated within each frame.
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