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3.1. Introduccio

mb l'objectiu principal d’esbrinar la

similitud de comportament de Ag(I) i
Cu(I) en coordinar-se a les MT, primerament
s’han valorat amb Ag(l) les formes Zn-MT i les
apo-formes corresponents, tant de la MT
sencera com dels seus dominis o i B per
separat. Un cop coneguts els tres sistemes Ag-
MT, s’ha comparat el comportament de Ag(l) i
Cu(I) envers aquestes proteines considerant les
dades publicades sobre la coordinacié de Cu(l)
a MT recombinant [14].

Aquest capitol consta de dos treballs. El
primer és un article, ja publicat, en el qual
l'autor d’aquesta tesi doctoral tinicament va
participar en la part corresponent als estudis
amb Ag(I). En aquest treball es va realitzar un
primer estudi comparatiu Ag-Cu enfront el
fragment B de MT utilitzant tnicament les
dades obtingudes mitjancant espectroscopia

optica. Cal destacar que en el moment de la

realitzacié del treball esmentat, 1'estudi de la
coordinacié metal-lica al fragment B de MT era
practicament inexistent degut als
inconvenients associats amb la seva obtenci6 ja
sigui per sintesi quimica o a partir de la
digesti6 parcial de la proteina nativa. Aixd va
provocar que aquest treball es publiqués
separadament i constituis aixi el primer article
dedicat a I'estudi de la coordinacié de metalls
monovalents al fragment § de MT recombinant
de mamifer. El segon treball que s’inclou en
aquest capitol és un manuscrit en vies de
publicaci6, en el qual s’ha estudiat en
profunditat la coordinacié de la Ag(l) tant a la
MT com als seus fragments o i B. Aquest
treball, on shan emprat tant dades
d’espectroscopia Optica com d’espectrometria
de masses, ha permes comparar amb detall els

sistemes Ag-MT i Cu-MT.
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Abstract

The copper(1) and silver(I) binding properties of the B 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 Zn;-8MT at pH 7 or apo-BMT at
pH 3 with Cu™ leads to the formation of species having the same stoichiometry and structure: Cug-BMT, Cu,-BMT and Cu,y-BMT. In the
first stage of the titration of Zn;-BMT with Cu™ at pH 7 one additional species of formula Cu,Zn -BMT was detected. In contrast, the titration
of Zn,-BMT at pH 7.5 and of apo-BMT at pH 2.5 with Ag™ proceeds through different reaction pathways, affording Zn Ags-BMT, Age-BMT
and Agg-BMT or Ag;-BMT, Ag,-BMT and Ago-BMT, respectively. The CD envelope corresponding to species with the same stoichiometric
ratio, Ag,-PMT and Ag,-BMT, 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.

reserved.

© 1999 Elsevier Science Inc. All rights
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1. Introduction

Metallothioneins (MT) constitute a well-defined group of
low-molecular-weight cysteine-rich 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 carried 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 Zn,-MT and the corresponding o (Zn,-«MT) and 3
(Zny-BMT) domains. Synthesis in E. coli rendered prepa-
rations of high purity and allowed us to report the bioprod-
uction of the B domain for the first time [4]. In addition,
cadmium titrations of recombinant mouse Zn,-MT and Zn,-
aMT, followed by absorption and CD spectroscopy, showed

* Corresponding author. Fax: +34-93-581-3101; E-mail: iqipilar@
cc.uab.es

that they reproduce the behaviour observed for the native
proteins [4,5]. Titration of Zn;-BMT with CdCl, afforded
Cd;-BMT, Cd,;-BMT and Cdy-BMT species, which we
reported for the first time [4,6].

The synthesis of well-defined, separate o and $ 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 3 domain may function in metal-exchange
processes, whereas the kinetically more stable o 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 o and 3
domains [8]. In addition, it has recently been reported that
the structure of the 3 domain in mammalian MT bears close
resemblance to the 3D structure in solution of the same
domain in 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 (3 fragment behav-

0162-0134/99/$ - see fronl matter © 1999 Elsevier Science Inc. All rights reserved.
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iour. However, until recently, the study of the B 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(1l) [9] were different
from those reported for the native proteins [ 10]. This finding
prompted us to extend our studies to monovalent metal ions
suchas Cu(l) and Ag(1). 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(1) 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) and Ag(1) binding abilities of the recom-
binant mouse B fragment at differcnt 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'-BMT (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 Zn;-BMT 1 fragment were performed as pre-
viously described [4]. Accordingly, the Zn,-BMT species
was obtained in a Tris—HCI buffer (50 mM, pH=7) except
for those samples to be used in the Ag(1) titrations, which
were obtained in Tris—HCIO, (50 mM, pH=7), to avoid
precipitation of AgClL. All protein solutions had a final con-
centration of about 300 wM. These were diluted and titrated
with freshly prepared solutions of [Cu(CH;CN),]* in
CH,CN/H,O or Ag™ in Milli-Q purified water at 25°C.

The apo-BMT proteins were prepared by acidification of
the recombinant material with 10~? M HCI until the pH was
3 for the Cu(l) titrations and with CICH,COOH/
CICH,COONa buffer at pH 2.5 for the Ag(l) titrations. At
pH lower than 3.5 the Zn;-BMT is entirely demetalled,
according to the CD spectrum. In contrast, Cu(l) and Ag(T)
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(l) to both oxidation and dispropor-

tionation, the solutions of Cu™ were prepared from
[Cu(CH,CN),|CIO, [14], in 30% (v/v) CH;CN/H,O.
The concentration of copper was quantified by AAS using a
Perkin-Elmer 2100 atomic absorption spectrometer. The
absence of detectable Cu®" in the freshly prepared Cu(l)
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
AgClO, in aqueous HCIO, of pH 0.5 and standardized by
potentiometric titrations against standard NaCl solution [ 15].
The concentration of the Cu™ or Ag " solution used as titrat-
ing agent was in the range 10 2-107° M.

2.3. Metul-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 Zn;-BMT or apo-BMT.
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 ul 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(l) or Ag(1)
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(l) solution required the addition of
appropriate buffer solutions of Tris=HCIO, (250 mM, pH
7.5) or CICH,COOH/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(1I) was bound to the protein in the
M'-BMT species (M'=Cu or Ag) formed in the titrations of
Zn;-BMT at pH=7 was considered. In order to determine
the zinc content in the Zn M, '-BMT 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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resin with 2 M HNOj; 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, Polyscan 61E at 182.040 nm
(S), 213.856 nm (Zn) and 324.754 nm (Cu). For Ag(l)-
containing samples, analogous clemental analyses were per-
formed by inductively coupled plasma mass spectrometry
(ICP-MS) on a Perkin-Elmer, Elan-6000 at 33.9679 uma
(S) and 106.905 and 108.905 uma (Ag).

2.5. Molecular mass determination

The molecular mass of the Cu-BMT species contained in
aliquots withdrawn trom the titration experiments was deter-
mined by electrospray ionization 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-BMT samples at pH 7: 10 pl of the BMT
solution was injected at 25 pl/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,
(.2 s. The liquid carrier was a 5:95 mixture of methanol and
3 mM ammonium formiate/ammonia at pH 7. For samples
at pH 3: 10 pl of the BMT solution was injected at 30 pl/
min; 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 acetonitrile and formic acid at pH 3. The ease of
oxidation of Cu' in acidic media was avoided by adding
mercaptoethanol (0.01%).

Unfortunately, the high concentrations of buffer required
by the silver solutions to maintain the pH hampered the char-
acterization of Ag-BMT 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~ or *a molar ratio M " :protein of x’.

3. Results and discussion

The present study aims to determine the binding abilities
of the recombinant BMT fragment in the presence of differing
concentrations of Cu®™ and Ag*. The M'-BMT species,
M'= Ag(I). Cu(l), 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 behaviour of
recombinant Zn;-BMT at pH 7 towards M! requires know!-
edge of the role played by the Zn atom. In other words, the
interpretation of the spectral changes accompanying the addi-
tion of M' to Zn;-BMT must take into account the spectral

signals due to the SCys - Zn® " LMCT bands, which can
overlap with the new bands related to copper- or silver-thiol-
ate interactions. By using apo-BMT, 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',-BMT species.

3.1, Apo-BMT fragment

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

3.1.1. Reaction of recombinant mouse apo-BMT with Cu'

Upon the addition of Cu(I) to apo-BMT, a derivative-like
envelope, 303( + ) nm and 326( —) nm, and a very intense
band at 263( + ) nm develop isodichroically (311 nm) (sec
Fig. 1(a)) and the absorption at 255 nm increases linearly
(Fig. 1(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 arc added. Also, the difference spectra
(Fig. 1(¢)) show that every Cu(l) added between | and 6
contributes equally to the formation of a species with a Cu,S,
unit that probably contains a unique type of coordination
geometry about Cu. Moreover, the molecular weight obtained
by ESI-MS of 3532.93 is consistent with the expected molee-
ular weight for a Cu,-BMT species of 3533.82 (apo-
BMT +6Cu—6H).

The addition of increments of Cu(l) to Cu,-BMT up to
one Cu(l) reveals an extensive rearrangement of the Cu,-
BMT aggregate with the incorporation of the seventh Cu(l)
(Fig. 1(a)). Thus, there is a development of new bands at
237( +),336(+),368( + ) and 400( — ) nm and the intense
band centred at 263( 4 ) nm decreases in intensity, while it
shifts to 259( + ) nm. The absorption spectra and the ditfer-
ence absorption spectra (Fig. 1(b) and (c). respectively)
show that during this phase there are significantcontributions
at wavelengths not observed before: 235, 285 and 335 nm.
These are consistent with the changes observed in the CD
spectra and indicate formation of new Cu-S coordination
environments, which give rise to a new species, of stoichi-
ometry Cu;-BMT. The presence of this species was confirmed
by ESI-MS yielding a molecular weight of 3595.86, in com-
parison with the expected value for Cu,-BMT species of
3596.36 (apo-BMT +7Cu—T7H).

Over 7 Cu™ added, the absorption spectra, with an isos-
bestic point at 320 nm, and their difference spectra are
indicative ol copper binding to Cu,-BMT until 10 Cu ™ added
(see 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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Fig. 1. Cut 1) titration of a 1.98 < 10 M solution of recombinant apo-BMT at pH 3: (1) CD spectra; (h) UV-Vis absorption spectra: (¢) difference absorption
spectra obtained by subtracting the successive spectra of (b). For comparison, their intensities have been normalized with respect 10 one molar addition. The
Cu' o MT molar ratios are indicated within cach 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)).

3.1.2. Reaction of recombinant mouse apo-BMT with Ag'
The spectral data shown for the apo-BMT fragment titra-
tion with Ag " (Fig. 2) are unusually weak although the
protein concentration was doubled to enhance the signal-1o0-
noise ratio. The low intensities of these spectra contrast with
the data we obtained when Ag " binds to Zn;-BMT. 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
Ag-BMT with bands a1 250( + ) and 290( + ) nm. Ag;-BMT
is replaced by a new species, Ag,-BMT. 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 Ag,-BMT.
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(1) equivalents

up o 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(1) equiv-
alents added, similar behaviour from 3 to 6 Ag’, and a
smaller increment in absorbance due to the last equivalents.
Saturation is reached for9 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, Zn-BMT fragment

Parts (a)—(¢) of Fig. 3 show the CD. electronic absorption
spectra and the difference spectra of the latter recorded during
the titration of the recombinant Zn-BMT [ragment with
Cu(1l), while parts (a)-(c) of Fig. 4 show those recorded
during the titration with Ag(1). As expected, the Zn;-BMT
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 Zn -BMT with Cu’
Intense dichroic bands develop in the CD spectrum during
the addition of the first 4 Cu(1) equivalents to Zn-BMT. Fig.
3(a) shows that the 247( +) nm CD band characteristic of
Zn-BMT increases its intensity and red-shifts up to 258( + )
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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(¢)) indicate an isosbestic (224 nm) increase in absorbance
at about 250 nm and also a cooperative effect in the binding
of these 4 Cu(1). 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 1o 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 Zn*" ions (data not shown),
according to the method described previously [4]. Analytical
results indicated that the chelating resin sequestered 2 Zn*”
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of the three initially bound in Zn;-BMT, and that the protein
coordinated 4 Cu™ and 1 Zn” " . 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 Zn,Cu-BMT for the species that forms cooperatively
in the first stage of the titration.

Further addition of copper, from 4 10 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 for Cu,-BMT
in the titration of apo-BMT with 6 Cu* and thus indicative
of identical stoichiometries and structures for the species
present in solution after the addition of 6 Cu " 1o either apo-
BMT (pH 3) or Zn-BMT (pH 7). This coincidence is cor-
roborated by the UV=Vis and difference spectra. Moreover,
subsequent additions of Cu( 1) to Cu,-BMT 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 Cug-pMT and Cu,-pMT
species are in good agreement with the values found in the
titration of the apo-BMT fragment ( see above ). Accordingly,
titrations carried out at pH 3 and pH 7 reveal that the series
of species Cu -BMT, Cu-BMT, Cu,-BMT form in sequence
as Cu’ is added o either apo-BMT or Zn,-BMT, respec-
tively. The similarity of the CD spectral traces indicates that

not only the stoichiometry of the Cu ~-BMT species (v=06,7
and 10) but also their structures are independent of the pH
(3or7). Asthe last two stages of the titration at pH 7 coincide
with the last two of Fig. [{a)—(c¢) neither the spectra nor the
corresponding descriptions have now been included.

3.2.2. Reaction of recombinant mouse Zn -BMT 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 Zn;-BMT with Cu ', Fig. 4 shows the spectra
obtained as aliquots of Ag” were added to a solution of
recombinant Zn-BMT held at pH 7.5. Addition of Ag’
results in a steep growth in the intensity of the 247( + ) nm
CD band characteristic of Zn,-BMT up to 3 Ag", while
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 Zn*"* ions on the Ag-BMT
species formed, Chelex was added to the Zn;-BMT solution
after the addition of 3 Ag " ina 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 & band centred at 279( + ) nm (data not shown). This was
attributed to the removal not only of the displaced Zn(1I)
ions but also of those still bound to the fragment, as ICP
analyses confirmed the presence of 3 Zn(Il) ions in the resin
and 3 Ag™ in the supernatant. Therefore, on the basis of the
spectroscopic and analytic data, a stoichiometric ratio of
Zn Ag;-BMT, where | <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(11) ions coordinated to the protein in the Zn Ag;-BMT
(1 <x<3) species are removed with the aid of Chelex-100.
The same absorption can be seen in the titration of apo-BMT
with Ag(1) (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 Zn Ag,;-BMT centred at 274 nm vanishes
to give rise to a very intense band at the same wavelength.
Also, the band observed at 247( 4+ ) nm loses intensity and
disappears, indicating the loss of the coordinated Zn(1I) ions.
The new Gaussian-shaped band can be taken as the fingerprint
of the Ag,-BMT 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 1o 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 Agy-BMT
species is characterized by a spectral envelope that shows a
broad band centred at 259( + ) nm and a derivative envelope
centred at 317 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-
BMT strongly suggests that each Ag-BMT species adopts a
distinct structure at cach pH value (compare Figs. 2(a) and
4(a)).

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 BMT fragment binds Ag™* and Cu™ in several stages,
with distinct species forming at Ag, and Ag,, whose structure
depends on the pH (2.5 or 7.5), and Cuy, Cu;y and Cu, as
pH-independent structures (in the range 3 to 7). Also, two
mixed-metal species have been characterized, Zn,Cu, and
7Zn,Ag, (1 <x<3), which introduces interesting questions
about the charge compensation-based displacement of Zn*"
from MT by monovalent metal ions | 18] and about the ability
of silver to afford mixed-metal MT species [13]. These
results clearly indicate that the behaviour of copper towards

pH2.5 pH 3 pH7 pH 7.5
apo-pMT Zn,-BMT
AV cur cu Ag’
Ag,-BMT Zn,Ag,-BMT
’ nCugpmr AR
Agg-pMT Cug-MT Age-SMT
Cu,-pMT
Agg-BMT Ags-BMT
Cuo-BMT

Fig. 5. Series of proposed binding pathways followed when Cu' or Ag ™ is
added to both recombinant apo-BMT and recombinant Zn;-BMT.

MT cannot necessarily be inferred trom 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-BMT complexes, differing from those values determined
for Cu™ binding to the B 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 3 domain ol rat liver MT
2 with Cu(1) at pH 2.5 allowed characterization of a single
species, Cu-BMT. This was detected by emission spectros-
copy: but CD maxima intensities were recached 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 ™, Cu,-BMT and Cu,,-BMT, are consis-
tent with the early work of Nielson and Winge | 8], where
similar ratios of copper to protein in the B domain obtained
by partial enzymic digestion were determined using metal-
dependent proteolysis. In addition, recent results have shown
that the recombinant expression of the BMT domain in Cu-
supplemented media affords mixtures of Cuy,-BMT (25%)
and Cus-BMT (75%) [19]. With respect to Ag(I), CD spec-
tra! data recorded during the titration with Ag™ of apo-BMT
| and Zny-BMT 1, both obtained by partial digestion of the
native protein, allowed characterization of the Agy-BMT and
Ago-BMT, and Ag,-BMT 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-
nant MT with Hg®* [9], are not as instantaneous as those
reported for Cd** [4.5]. Thus, provision of the required
stabilization time for the formation of complex species and
constancy of pH during the titration are 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(l)
and Ag(l) to bind to recombinant BMT, 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 BMT fragment with
monovalent metal ions. In the case of silver, absorptions at
three distinct wavelengths have been recorded: 248 (forma-
tion of Zn, Ag,-BMT). 276 (formation of Ag,-BMT) and
319 nm (formation of Ag,-BMT), 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, itis 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(1)/BMT stoichiometry
the stereochemistry around the metal might change from tet-
rahedral to diagonal through trigonal-planar coordination.
Conversely, the addition of copper to recombinant BMT gives
rise to a more complex pattern of difference spectra: a broad
absorption centred at 235 (formation of Cu,-BMT), three
simultaneous absorptions at 235, 285 and 335 (formation of
Cu,-BMT) and weak absorptions at 265 and 295 nm (for-
mation of Cu,-BMT) (Fig. 1). Traditionally, in the Cu(I)-
containing mammalian metallothioneins it has been proposed
that the Cu(1) 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-BMT species reported in this study.

4. Abbreviations

EPR electron paramagnetic resonance
ESI-MS electrospray ionization mass spectrometry

ICP-AES inductively coupled plasma atomic
emission spectrometry
ICP-MS inductively coupled plasma mass

spectrometry
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Abstract

The binding abilities of silver(I) to mammalian MT 1
have been studied and compared with those of copper(l),
recently reported [1], with the aim of analyzing the
suitability of Ag(I) as a probe of Cu(l) in Cu-MT studies.
The Zn/Ag replacement in recombinant mouse Zn,-MT 1
and corresponding Zn,-oMT 1 and Zn;-BMT 1 fragments,
as well as the stepwise incorporation of Ag(I) to the
corresponding apo-MTs, have been followed in parallel by
various spectroscopic techniques including electronic
absorption (UV-vis), circular dichroism (CD) and
electrospray mass spectrometry coupled to capillary zone
electrophoresis (CZE-ESI-MS). A comparative analysis of
the sets of data obtained in the titrations of the three
proteins with AgClO4 at pH 7.5 and 2.5 has led to the
corresponding reaction pathways and given evidence of
unprecedented stoichiometries and structural features for
the species formed during the above processes. Thus, the
Zn/Ag replacement in Zn;-MT 1 at pH 7.5 has revealed the
subsequent formation of the following MT species:
AgyZns—MT, Ag;Zn;—MT, AggZn;—MT, Ag,¢Zn,—MT,
Ag,Zn—-MT, Ag,-MT, x = 14-19, whose structure consists
of two additive domains only if Zn(II) remains coordinated
to the protein. A second structural role for Zn(II) has been
deduced from the different folding found for the Ag,-MT
species of the same stoichiometry formed at pH 7.5 or 2.5.
Comparison of the binding features of Cu(I) and Ag(l) to
the entire MT at pH 7.5 shows that among all the M,Zn,-
MT (0 < y < 7) species found only M'Zns-MT
[(Zn)*(MyZn))’] and M'Zng-MT  [(MsZno)*(MaZny)'],
which form during the first stages of the Zn(II)/M(I) metal
replacement, show comparable 3D structures and thus they
are the only species where Ag(I) ions can be predicted to be
an adequate probe for Cu().

Keywords: Silver metallothionein -
ESI-MS - Silver as probe of copper

oMT - BMT - CZE-

Introduction

Metallothioneins (MTs) are ubiquitous low
molecular weight cysteine-rich metalloproteins that
exist naturally with zinc and/or copper bound to
them. While the search for the precise function of
these unconventional proteins prompts most of the
present research on this field, full knowledge of their
3D structure is only available for a small number of
MTs containing Zn and/or Cd ions. Concerning
mammalian  MTs, all actually structurally-
characterized MT 1 and MT 2 consist of a C-terminal
(o) and a N-terminal () domains, which enfold the
M,4(SCys)1; and M;(SCys)o aggregates,
respectively[2]. Conversely, the failure to obtain
single crystals and the unsuitability of the ®*Cu and
%Cu isotopes for NMR studies [3] account for the

scarcity of structural information on copper-
containing MTs. Thus, S.cerevisae CUP]1, is the only
reported structure of a copper metallothionein, also
unique for an Ag-substituted derivative. The NMR
solution structure of both forms allowed conclusion
that yeast binds seven Cu(I) or Ag(I) ions in a single
cluster [2, 4]. However, a recent NMR reinvestigation
of yeast Cu;-MT has shown that a number of
different arrangements of the seven copper ions is
consistent with the highly refined structure of the
polypeptide fold [5]. This, together with the unequal
coordination preferences of Cu(I) and Ag(I) with
thiolate sulfur ligands [2], casts doubts on the Cu/Ag
isomorphous replacement in MTs and thus on the
suitability of the '“’Ag isotope as a probe for the
study of Cu-containing MTs [5, 6].

The study of the binding features of Ag(I) to MT
has attracted much less attention than that of Cu(l).
With the exception of those aiming at the structural
determination of yeast Cu-MT by using Ag(I) as a
probe [4, 7, 8], and one devoted to the binding of
Ag(I) to phytochelatins [9], or «class III
metallothioneins, most of the publications refer to
mammalian MTs [10, 11, 12, 13]. These, which
include native and chemically synthesized proteins in
their M;-MT (M= Zn, Cd) or apo-MT forms, led to
the following commonly accepted features: a) Ag(I)
binding to MT gives rise to a small number of
metallated species, none of them containing
heterometallic Ag,M, aggregates within the o or 8
domains; b) Ag(I) binds preferentially to the [
domain, which yields Agg-BMT; from this point the
Ag(I) cations start binding to the o domain, which
also reaches saturation for 6 Ag(I) equivalents; c) the
Ag,-MT species with a (Age)*(Age)” occupancy is of
special relevance; d) saturation of the protein is
accomplished for 17-18 Ag(I) eq, both Ag;,-MT and
Ag7.5-MT containing digonally coordinated Ag(I)
cations. However, some of these features were
apparently too distant to the results we obtained in
the Cu(I)-MT 1 system [1].

The analysis of the Ag(I) binding abilities of MTs
by the standard titration procedures is more complex
not only than that of Zn(Il) or Cd(II) but also than
Cu(I). On the one hand, the acidity of the Ag(I)
solutions used as titrating agents require high buffer
concentrations in the protein sample to maintain its
pH invariable, but the presence of such
concentrations hinders the use of spectrometric
techniques [14]. Besides, only certain counterions
accompanying the Ag(I) cations assure the solubility
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of the silver salt while allowing spectrophotometric
measurements in the wavelength range usually
studied. On the other hand, monitoring of the titration
only by optical spectroscopy provides limited
information mainly due to the lack of well established
correlations between the observed absorption
wavelengths and the possible tetrahedral, trigonal or
digonal coordination environments of Ag(I) to SCys
thiolate ligands in MTs. In addition, on the basis of
the diversity and complexity found in silver thiolates
[2], the coexistence of different coordination
geometries about silver in polynuclear MT species
should be considered.

The detailed knowledge on the Cu(I) binding
abilities to recombinant mouse MT 1 [1] and the use
of spectrometric techniques coupled to -efficient
separation methods such as CZE, as applied to the
Cd-MT system [15], have been recently reported.
Both studies provide an adequate base to extend our
previous work with Cu(l) to the Ag(I)-MT system
with the final purpose of comparing the behavior of
both monovalent metal ions towards the same
protein. In the present work the Ag(I) binding to
recombinant mouse MT 1 and corresponding a and 3
fragments has been monitored in parallel by
electronic absorption and mass spectroscopies. A
comparative analysis of the results obtained for the
three proteins at both pH 7.5 and 2.5 gives a new
insight on the binding features of Ag(I) to this
isoform of mammalian MT. Also, comparison of
these features with those previously reported for
Cu(I) binding to the same MT shows that Ag(I) ions
can be taken as a probe of Cu(I) binding only for a
limited number of heterometallic Cu,Zn,-MT species.
Spectroscopic data for all homometallic M,-MT
species observed with the same stoichiometry are
consistent with different 3D structures for M = Cu
and Ag.

Materials and Methods
Protein  Preparation and  Characterization.
Expression assays, fermentator-scale cultures,

purification of the fusion protein and recovery and
analysis of the recombinant mouse Zn,-MT, Zny-
oMT and Zn;-BMT fragments were performed as
previously described [16,17], and obtained in a Tris-
HCIO4 pH= 7 buffer [14]. The apoproteins were
prepared by acidification of the recombinant material
with CICH,COOH/CICH,COONa buffer until pH
2.5. All protein solutions had a final concentration of
about 300 uM, which were appropriately diluted to
20 puM with Milli-Q-purified and Ar-degased water
before being titrated at 25°C with freshly prepared
and standardized solutions of AgClO,4 [14].

Metal Ion Binding Reactions. Metal binding
experiments were carried out by sequentially adding
molar ratio aliquots of concentrated Ag" solutions to
a single solution of either Zn,-MT, Zny-aMT or Zn;-
BMT. Several counterions accompanying the Ag(I)
cation were tested as titrating agents (NO5’, BF,, PF¢

and ClO4). Among them, AgClO4 was chosen as it
afforded less interferences in the optical
measurements. Three different techniques were used
to monitor the binding reaction of Ag(I) to the
corresponding protein: UV-vis absorption, CD
spectroscopy and mass spectrometry, through the
CZE-ESI-MS coupling. For each addition of Ag(l),
the protein sample was allowed to react with the
metal ion until the CD features became stable, as
already indicated [14]. The mean stabilization time
required for each addition ranged between 1.5 to 2
hours. Absorption and spectrometric studies were
conducted in parallel with CD studies.

All manipulations involving the metal and protein
solutions were performed in an argon atmosphere,
and titrations were carried out at least in duplicate to
assure the reproducibility of each single point.

The pH for all experiments remained constant
throughout. The acidity of Ag(I) solution required the
buffering of the protein containing solutions with
either Tris/HCIO,4 at pH 7.5 or CICH,COOH/NaOH
atpH 2.5 [14].

Instrumentation. The electronic absorption and
CD measurements were performed, corrected and
processed as already described [14]. Mass data were
recorded with a PE-SCIEX API 300 Ion-spray triple-
quadrupole mass spectrometer (Thornhill, ON,
Canada). A BioToolBox software was used of the
interpretation of CID (collision induced dissociation)
MS spectra. The CZE separations were carried out
with a Beckmann P/ACE 2200 (Beckmann, Fullerton,
CA). For the CZE-ESI-MS coupling the design
described by Corr and Anacleto was used [18]. The
capillary threaded through the ion-spray needle to
end 1 mm back its orifice. A sheathflow was supplied
coaxially to merge with the electrophoretic capillary
flow just before the orifice. The makeup flow of 2 ul
min-1 (5 mM ammonium acetate buffer in 50%
methanol) was supplied by means of a Harvard
Apparatus Model 22 syringe pump. The potential
applied to the ionspray needle was 4.2 kV. The
resulting potential difference across the separation
capillary was 12-20 kV, depending on the Ag(I)
concentration, in order to allow a current between 12
and 25 pA and the running buffer concentration
ranged between 30-45 mM of ammonium acetate at
pH 7, depending on the Ag:MT ratio, higher amount
of buffer required for higher Ag(I) concentration. The
ionspray nebulizer gas flow was 1.00 L min-1.

Results and Discussion
Coupling of spectroscopic and spectrometric
techniques for the study of the silver-binding abilities
of recombinant mouse MT 1 and corresponding o
and p fragments

Optical spectroscopies (CD and UV-vis) provide
information on the number of metal-MT species
formed during the titration of the MT protein with a
specific metal ion, their corresponding stoichiometry
and degree of folding. However, the accuracy of the
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data retrieved is inversely related to the number of
species simultaneously present in the sample. On the
basis of the successive equilibria involved in the
formation of a specific aggregate it should not be
exceptional the coexistence of several species in
solution. Accordingly, knowledge of the metal
binding features of MTs can be greatly improved if
complementary techniques to optical spectroscopies
are used. In recent years, ESI-MS has shown to be an
adequate choice as it affords knowledge on the
molecular distribution of the various complex species
coexisting within the sample [15]. While earlier
studies on recombinant mouse Zn;-BMT showed that
silver and copper bind to this protein differently, they
also evidenced that ESI-MS measurements required
previous separation of the high buffer concentration
in the Ag(I)-MT samples [14]. A recently reported
method based on the coupling of CZE separation with
ESI-MS detection has shown the possibility of the
on-line removal of significant amounts of buffer that
would otherwise mask the electrospray signals of the
protein [15].

With the aim of extending the actual
understanding of the Ag-MT system, and establishing
a detailed comparison with Cu-MT, we have
combined CZE-ESI-MS with optical techniques in
order to study the Ag(I) binding abilities of
recombinant mouse Zn;-BMT, Znys-aMT and Zn;,-MT
at two pH values, 7.5 and 2.5. The final results for
each protein arise from a comparative analysis of
three sets of data: CD, UV-vis and CZE-ESI-MS. For
the sake of brevity, only CD data corresponding to
the titration of Zn;-MT (Fig. 1) and Zns-oMT (Fig. 2)
with AgClO, are shown, while the remaining optical
data recorded in these titrations are given as
supplementary material in Fig. S1-S4; those of Zn;-
BMT have already been reported [14]. Following a
comparable methodology to that applied in our
previous studies [1, 14, 16, 17], the analysis o f the
optical data has led to the reaction pathways shown in
Scheme 1. On the other hand, although the difference
in migration of the silver-containing MT complexes
is too small to allow their separation by CZE, the
CZE-ESI-MS coupling has allowed a satisfactory
separation of the metal-MT species from the Tris
buffer at pH 7.5, revealing the exact nature of the
aggregates present in solution at each point of the
titrations, as given in Table 1. Representative MS
spectra are shown in Fig. S5-S7. The CZE-ESI-MS
electropherograms are similar in the three titrations
and consist of a major peak followed by a back
shoulder. Unfortunately, at pH 2.5 it has not been
possible to record comparable data.

Comparison of optical (Scheme 1) and mass
(Table 1) sets of data allows conclusion that CZE-
ESI-MS not only confirms but also extends the
information obtained from CD and UV-vis
spectroscopies about the number of species and
corresponding  stoichiometries. In  summary,
consideration of the mass data allows: a)
determination of the Zn(Il) content in all the
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Figure 1. CD spectra recorded during the Ag(l) titration of a 20.21
uM solution of recombinant Zn;-MT at pH 7.5. The Ag" to MT
molar ratios are indicated within each frame.

heterometallic species found, b) completion of the
reaction pathways with totally unpredictable species
(denoted with * in Scheme 2) if only the optical data
had been taken into account, and c) verification of the
absence of cooperative processes during the Zn/Ag
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Figure 2. CD spectra recorded during the Ag(]) titration of a 20.08 uM solution of mammalian Zns-oMT at pH 7.5 (A) and of a 19.96 uM
solution of mammalian apo-aMT at pH 2.5 (B). The Ag" to MT molar ratios are indicated within each frame.

replacements in both domains of MT and of its
presence in the two first steps of the titration of the
entire protein. The overall results, which have
allowed us to propose the reaction pathways
accompanying the Zn/Ag replacement in the three
Zn-MT species, Scheme 2, or the stepwise
incorporation of Ag(I) to the corresponding apo-MTs,
are discussed below.

Remarkably, the analysis of the spectrometric
data (Table 1) along the three titrations provides
valuable information concerning the CD fingerprint
of the existing metal-MT species. Thus, on the basis
of the ESI-MS data, only very few additions of Ag(I)
to the Zn-MT proteins give rise to a unique species in

solution. In these cases, the CD fingerprint of the
species formed is readily available as it corresponds
to the CD spectrum of the solution (Table 2A).
Conversely, most of the additions of Ag(I) lead to
mixtures of Ag,Zn-MT and/or Ag-MT species and
thus the electronic absorption spectra represent an
average of the optical features of the different species
coexisting in solution. Fortunately, in some titration
points the high predominance of a particular species
allows the assumption that its CD fingerprint should
be similar to the CD spectrum obtained from the
mixture. This occurs most frequently in the entire
protein, where the silver stoichiometry in the
predominant species usually matches the number of

Scheme 1. Reaction pathways proposed on the basis of the optical spectroscopic data retrieved from the titrations of Zn;-BMT [14], Zny-

oMT and Zn,-MT with AgClO, at pH 7.5 and 2.5, respectively.

pdomain:

Zn3-BMT — AgsZn,-BMT — Age-BMT — Ago-BMT

apo-BMT — Ag;-BMT — Age-BMT — Ago-BMT

a domain:

Zn;-oMT — AgiZn,-oMT — AgeZn,-oaMT — Ago-aMT — Ag;-oMT

apo-oMT — Ags-aMT — Ags-oMT — Ago-oMT — Agjo-aMT — Ag;-aMT

entire MT:

Zn;-MT %5 Ag,Zn,-MT %5 Ag,Zn,-MT —> AgioZn,MT — Ag;;-MT — Ag;c-MT — Ag;s-MT

apo-MT - Ag@'MT —> Aglo-MT —> Aglg-MT 4 Ag]é'MT
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Ag(l) eq added (Table 2B). This is not a common
scenario for the aMT and BMT fragments. However,
in these cases, the distribution of species obtained
from ESI-MS data allows identification of the
titration point whose CD spectrum should resemble
the CD fingerprint of a particular metal-MT species.
Thus, the CD features of Ag,Zn;-BMT, Age-BMT and
AgzZn,-oMT, should be close to the CD spectra
recorded after the addition of 3 or 4 Ag(I) eq to Zn;-
BMT, and 4 Ag(l) eq to Zng-aMT, respectively.
Finally, due to its minor presence in solution, it is not
possible to assign a CD spectrum and thus to know
the CD features of some of the species formed during
the Zn/Ag replacement in Zn,-MT (Table 2C).

The silver-binding abilities of recombinant mouse MT
1 and corresponding a and f3 fragments

The combined evidence from the optical (Fig. 1,
2A, S1 and S3) and mass data (Table 1) obtained
during the titrations of the recombinant mouse Zn;-
MT, Zng-aMT and Zn;-fMT [14] at pH 7.5 with
AgClO, leads to the reaction pathways given in
Scheme 2. A deeper insight into these data provides
significant information on the Ag(I)-MT system, the
more relevant issues being discussed immediately
after.

One main conclusion refers to the coexistence of
several Ag,Zn-MT and/or Ag-MT species in the vast
majority of the titration points (Table 1). The
exceptions (Table 2A) are found either in the last
stages of the titrations of the three proteins, as they
achieve saturation, or in the titration points
corresponding to the cooperative formation of
AgyZns-MT and Ag,Zn;-MT. While this coexistence

Table 1. Distribution of the metal aggregates present in solution,
according to ESI-MS data, during the titration of Zn;-BMT (A),
Zns-aMT (B) and Zn;,-MT (C) with Ag(I) at pH 7.5 as a function
of the number of Ag(I) equivalents added

A Ag(I) equivalents added*
o[1]2[3]4[5]7[8]9]10

ZnBMT_|X[X|X

Ag3ZH1-BMT X|X

AgiZn-BMT| [x[X[X
Ags-BMT X|X[x|X|x
Ags-BMT x| X|[x|x|x
Agr-BMT X[X[x
Ags-BMT x| [x
Ago-BMT X[x

*Several attempts to record the ESI-MS spectrum after the addition of 6
Ag(I) eq were unsuccessful

Scheme 2. Reaction pathways corresponding to the subsequent
replacement of Zn(II) by Ag(I) at pH 7.5 in (A) Zns-aMT, (B) Zn;-
BMT and (C) Zn;-MT, on the basis of both optical and mass data.
The existence of the species highlighted by * would not have been
deduced if only optical data had been considered

A B C
ZH4-(1MT ZH3-BMT ZH7-MT
Y N 1 coop.
AgiZnz-oMT* AgiZn;-BMT AgiZns-MT
J 1 coop.
AgzZHr(lMT* Ag4Zn|—BMT* Ag7Zn3-MT
\ { {
Ag;an-(xMT* Ags-BMT* Agan3-MT*
{ 4
Ag4Zn2-0LMT Ag(,-ﬁMT Angnz—MT
\
AgeZn;-oMT Ag;-BMT* AgZn;-MT*
) {
Agg-(XMT Agg-BMT* Ag14-MT
{ { {
Ag-aMT Ago-BMT Ags-MT*
{
Agie-MT
Agi-MT*
Agis-MT
Aglo-MT*

B Ag(I) equivalents added
o[1]2]3]4]5]6]7]8]9]10[11
Zni-oMT  [[X[X]X]X
AgZn;-oMT|| [X]X
AgrZn;-oMT X|X
Ag3Zn,-aMT X|X]X]x]x]x]
AgiZn,-oMT X[X[X[X]X
AgeZn;-aMT x| X]X]|x
Agy-oMT [ XXX X
Agll-(lMT X
C Ag(I) equivalents added
o[ 1]2]3]4]s5]e[7]s]ol1o]11]12]13]14]15]16]17] 18] 19]20]22
Zn;-MT  [|X]X]X]x
Ag,Zns-MT x| X[X]X|X]X
AgyZns-MT x| X|X
AgsZny-MT X
AgyZn,-MT) x| X| X[ X] x
AgpZn-MT x| x [ X|X]|X] x
Agi-MT X| x| x
Agis-MT X|X
Agie-MT x | x x| x
Ag;-MT x| X|X
Agis-MT x| x
Agio-MT X|X|X

X: major species  X: minor species

is unprecedented according to earlier Ag(I) binding
studies to MT, the combination of mass and optical
data has disclosed a similar situation in Cd-MT
systems [15, 19]. To this novelty, otherwise
unexceptional on the basis of the successive
formation constants of complex species, the
predominance of certain species in solution is also
remarkable. This is the case for Ag,Zn,-BMT, Ag,-
BMT, Ag,Zn,-oMT, Ag.Zn;-aMT, and Ag,-oMT,
the latter being an outstanding example. Thus, Ag,-
oMT appears in solution after the addition of 2 Ag(I)
eq to Zn,~aMT, it becomes the predominant species
for 7 Ag(I) eq, it exists as a unique species between 8
and 10 Ag(I) eq and evolves to Ag,,;-oaMT after the
addition of the 11™ Ag(I) eq. Regarding the Zn/Ag
replacement in Zn,-MT, it proceeds according to the
stepwise formation of Ag,Zn-MT and Ag-MT species
with no experimental evidence showing a higher
stability of some species over the others.

Other relevant features deserve special
consideration. First, the entire protein and also the

-61 -



- El cati6 Ag* com a model en I'estudi de Cu-MT -

Agy Zns-MT 20 AgsZny-MT . Ag 70 -MT
154 Zng-oMT + Ag,Zn,- FMT| 15 AgaZny-aMT + AgyZn;- FMT - Aggin-aMT + Agg-FMI
<10 Zng-aMT T AgaZny - aMT AggZny-aMT
% AgyZn ) fMT %, Ag,In, pMT . Agg BMT
e g4 = P -
i . / . =
= — e / - ]
0 s ) |~/
1 A o C
T T T T T T T T T T T T T T { | P—— LA VA P 1
20 260 280 300 320 MO 360 3|0 400 40 2RO B0 300 30 340 360 3RO 400 0 260 280 300 320 340 360 380 400
wawelength (nm) wirvelength (nrm) wavelength (nen)
20
- AgypZn o MT
AgyZny aMT + Ag; BMT|
~. 104 ~—
H f P AgyZn,-aMT
B J 2 Ags-BMT
= i 7 =L
e <) Ag)Zng-MT Y
Aggin, aMT + AggZny- (M1 A
104/ . -
AgeZn-all 10
AggZny-FMT
0= T T T T T T 1 T T T T T 1 v
240 260 280 300 320 30 360 30 400 40 260 280 300 M0 360 3 400
wavelength (ran) weavelength (e
T Agys-MT . AgygMT " Ag)>MT
Agg aMT + Agg BMT 4 Agg-aMT + Agy BMT Ag aMT + Agg- pMT
<7 Agg-aMT 3 Agg-aMT a0 Ag)-aMT
% 1ol Agg BMT Ag; pMT - Agg-pMT
b=} . 2104 -
Q - -
= ~— _ -
= 0 i
1 F ; H
g 04 7
; T T T T T { ! | | ' . : { T T T T T T 1
240 260 380 300 320 M0 360 380 400 240 260 280 300 320 30 360 320 400 240 260 B0 300 320 M0 360 380 400

wieelength (nnm)

wavelength (o)

wavelengih (ran)

Figure 3. Comparison of the CD spectra of the heterometallic AgsZns-MT (A); Ag:Zn;-MT (B); Agi»Zn;-MT (C); Agi9Zns-MT (D and E),
and homometallic Ag;s-MT (F), Agi¢-MT (G) and Ag,,-MT (H) species formed during the Ag(l) titration of Zn;-MT at pH 7.5 with the sum
of the CD spectra of some of the species obtained in the Ag(I) titrations of the aMT and the BMT fragments at the same pH value (Table 3)

separate oo and B fragments produce a significant
number of heterometallic Ag,Zn-MT species. Prior to
these results it was accepted that AgeZn,~MT was the
only heterometallic species formed, which consisted
of homometallic (Zn,)* and (Age)® aggregates [20]. A
second unprecedented issue refers to the formation of
species such as Ag,Zn;-aMT, Ag,Zn,-aMT, Ag,Zn,-
BMT or Ag,Zn,;-MT, whose stoichiometry is not
consistent with the 1:2 replacement rule of Zn(Il) by
Ag(l) established on a charge compensation basis
[21]. Significantly, some of the previous species are
more relevant -regarding predominance and
maintenance in solution- than others that follow the
1:2 substitution pattern. Once saturation of the
proteins is achieved, only homometallic Ag-MT
species are found with Ag:S ratios close to 1 (19:20
MT, 11:11 oMT and 9:9 BMT), the 19Ag(1)/MT
occupancy not being consistent with the 17.3 ratio
proposed for the estimation of the concentration of
MT in tissue samples by the silver-saturation method
[22].

Unfortunately, comparison of the results obtained
at both pH values, 7.5 and 2.5, is restricted to the
optical data owing to the unsuccessful attempts to
record ESI-MS spectra at pH 2.5, as already noted.
The different metal-MT species proposed along the
six titrations (Scheme 1) have been identified from
saturation of the chiral intensity (Fig. 1, 2 and S4)
and changes in the UV-vis absorption spectra
(Figures S1-S4), as described for the Ag(I) titration
of Zn;-BMT [14]. A further insight into these data
reveals different CD envelopes for species with the
same Ag(I):MT ratio at pH 7.5 and 2.5 (Ag,-aMT,

Ag,-aMT, Ag.-BMT, Ag,-BMT and Ag,-MT)
strongly suggesting that their structure is pH-
dependent. This would be consistent with a template
effect of the Zn(Il) ions as already proposed for the
related Cu(I)-MT system [1]. Thus, the final folding
of the Ag-MT aggregates is probably determined by
the Zn(II) ions initially bound to the proteins at pH
7.5 but not at 2.5.

Main features of the difference UV-vis absorption
spectra recorded during the titrations of Zn;-MT, Zny-
oMT and Zn;-BMT at pH 7.5 (Fig. S1, S3 and [14])
can be generalized as follows: a) the binding of the
first Ag(I) eq to the three proteins causes the
appearance of an absorption band at ca. 250 nm

Table 2. Classification of the metal aggregates formed during the
titration of Zn;-BMT, Zns-aMT and Zn,-MT with Ag(I) at pH 7.5
according to their CD fingerprints. Species whose CD fingerprint:
A) can be definitely known, B) can be only approximately known,
and C) is unavailable. The CD fingerprint of species in italics have
been obtained from solutions where the total Ag(I) content does
not match the silver stoichiometry in the corresponding formula
(See text).

MT oMT BMT
. AgyZns-MT Ago-aMT Ago-BMT
Definite CD
A y AgyZny-MT Agi-oMT
fingerprint Ag1o-MT
AggZn;-MT AgsZny,-oMT | AguZn;-BMT
AgioZnyMT | AgeZn;-aMT Ags-BMT
B Approximate CD Ag,Zn;-MT Ags-BMT
fingerprint Agis-MT
Agi¢-MT
Ag-MT
. Agis-MT AgZny-aMT | AgiZn;-BMT
c U“gzaiab:fmCD AgisMT | AgZny-oMT | Ags-BMT
£CTP AgZny-oMT | AggBMT
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Table 3. Possible metal distributions between domains in the Ag,Zn,-MT (0 <y < 7) species found in the Ag(I) titration of Zn;-MT at pH
7.5. Species with definite CD fingerprint are highlighted in bold, with approximate CD fingerprint in black, and with unavailable CD
fingerprint in gray. Metal distributions whose CD features nicely match those of the corresponding MT species are enclosed within a solid
line, those distributions that can only be assumed to describe the entire MT (see text) are enclosed within a thin line, while the CD features
of those enclosed within a dotted line do not have a good fit and thus they should be disregarded.

| @ny*Agzny’ |

(AgiZns)* (Age)’

AgZns-MT = (AgyZno)* (Zng)?
AgZnyMT = (AgZn)* (AzZn)® | _(AgiZny)* (Agizn)® | (AgZns)* (Ags)?
AgZny-MT = | (AgiZn)” (AgaZn)’ (AgaZns)” (Age) (AgiZns)* (Agy)’
AgZnyMT =1 (AgZn)*(AgiZn)’ i | (AoZn)*(Age)® | (AgsZno)* (Agy)
AgnZnMT = | (AgZn)* (Agd)’ (Ago)* (Ag:Zn )P

Ag-MT = (Ago)* (Ags)?

AgisMT =1 (Agy) (Agy)’

AgieMT =1 (Agy)” (Ag)’ (Agi)* (Ags)

Ag;,-MT = (Agy)* (Ags) (Agi)* (Age)’

Agis-MT = (Agy)”* (Ago)’ (Agi)* (Ag)’

AgrMT = (Agu)* (Ag)

sometimes accompanied by a less intense
contribution at ca. 300 nm, b) further additions of
Ag(I) provoke absorptions at ca. 275 and 320 nm for
the entire protein and its o fragment, but only at 275
nm for the  fragment, and c) the final additions of
Ag(I) give rise to a very broad absorption in the range
300-380 nm in the case of the entire MT and its
fragment, which differs from the unique envelope of
the o fragment. Remarkably, the difference
absorption data obtained for the Ag(I) binding to apo-
MT, apo-aMT and apo-BMT [14] at acidic pH only
reveal a generalized absorption between 230 and 400
nm with a maximum centered at ca. 240 nm, thus
indicating that the coordination environments about
Ag(]) in all the species formed should be comparable.
Unfortunately, all the patterns observed through the
analysis of the optical data cannot be extended to
assigning a specific type of coordination environment
for the silver centers, owing to the scarcity of well
established correlations between the stereochemistry
around Ag(I) in silver thiolates and the corresponding
absorption energies.

One further issue concerning the CD features of
Ag(I) binding to MT deserves consideration.
Remarkably, while most of the CD spectra recorded
during the Ag(]) titration of the Zn,-aMT fragment
either at pH 7.5 (Fig. 2A) or 2.5 (Fig. 2B) show an
unprecedented absorption at ca. 360 nm, this is
absent in the titrations of Zn;-BMT and Zn,-MT. The
exceptional stability and maintenance in solution of
the Ago-aMT species and the low-energy region of
the band suggest the assignment of the previous
absorption to metal -cluster-centered transitions
brought about by Ag(I)-Ag(l) interactions, which
could be indicative of an specific Ag(I) polyhedron in
Ago-aMT [23].

Metal distribution between the o and B domains of
MT

Knowledge of the Ag,Zn,-MT stoichiometries
and CD features of the observed species in the entire
protein allows determination of the silver and/or zinc

content in its corresponding o and [ fragments
provided the same information is available for the
two separate o and f domains. The procedure used
entails the addition of the CD fingerprints of the
individual fragments and comparison with that of the
particular species of the entire protein [1].
Consequently, it will provide information on the
metal distribution as long as the constituting o and 3
domains in this species maintain an independent
behavior. Conversely, a non additive behavior will
give evidence of their mutual dependence.

Based on these premises, all the possible
combinations of the individually identified o and
aggregates whose total metal content matches that of
the characterized Ag,Zn,-MT species have been
considered (Table 3). The main drawback in order to
follow the above mentioned procedure comes from
the absence of an specific CD fingerprint for those
aggregates which are not either unique or clearly
predominant in solution at a certain stage of the
titration (Table 2C). This limitation accounts for
enabling consideration of only eight out of the
twenty-three possible combinations depicted in Table
3. Remarkably, the unique cases in which the

Ag,Zn,-MT
AggZn,-MT
AgpoZn -MT

T T T T T T T T 1
240 Ze0 ZBO 300 3200 340 360 380 400
wawelength (nmm)

Ag,Zng -MT
Ag)pZn, MT
AgyaZn - MT

240 260 290 300 30 M0 0 380 400
wavelength (nm)

Figure 4. Comparison of the CD spectra of AgsZn;-MT (A) and
Ag0Zns-MT (B) with those of Ag;Zn;-MT and Ag,Zn;-MT.
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Scheme 3. Proposed reaction pathways for Ag(I) and Cu(I) binding
to mammalian Zn,-MT 1. The metal distribution between domains
in the heterometallic Ag.Zn,-MT species is based on the
comparison of the separate o and B fragments with the entire
protein as discussed in the text.

Zn;-MT Zn;-MT
1 coop. } coop.
Ag4Zn5—MT CU4ZH5-MT
(Zny)*(AgiZn))’ (Zny)*(CusZny)®
coop. } coop.
Ag7Zn3—MT CU7ZH3-MT

(Agzznz)‘l(/’xg‘;Zn1)B (Cuzan)“‘(CmZm)‘3
AgsZn;-MT | coop
(AgiZm)*(AgsZn,) ‘ '
\: |2
Cll1 nZl’l1 -MT
(Cu4an)°‘(Cu6)ﬁ

Ag| ()ZIlz-MT
(AgiZny)*(Age)’
2

AgIZan-MT Culz-MT
(AgeZn)(Ag)’ \
: ;

Ag]4-MT
{ {
Agls-MT Culs-MT
\
Agl(,-MT
{

Ag]7-MT
2
Agis-MT

Agio-MT

structure of the entire MT appears to be built from the
addition of the independent fragments (Fig. 3)
correspond to three heterometallic species, AgsZns-
MT, Ag;Zn;-MT and Ag;,Zn;-MT (Table 3). A
particular case is found for the two remaining
heterometallic aggregates. The analysis of their metal
distribution is hampered either by the lack of CD
information referring to the o fragment or by the non
additive behavior of the corresponding fragments
(Table 3, Fig. 3). Notwithstanding this, the metal
disposition in AggZn;-MT and Agi¢Zn,-MT can be

proposed if taking as reference the species formed
before (Ag;Zn;-MT) and after (Ag;,Zn;-MT) them.
The similarities between the CD fingerprints of
AgsZn;-MT vs. Ag;Zn;-MT and of AgoZn,-MT vs.
Ag,Zn;-MT, Fig. 4, provide the main clues to fit all
the experimental data, which lead to the proposal of
(AgiZny)*(AgsZn))’  and  (AgiZnmy)“(Age)’ metal
distributions for AggZn;-MT and Ag;¢Zn,-MT,
respectively.

The sequence of steps accompanying the Zn/Ag
replacement in Zn,-MT that is consistent with a
comprehensive analysis of the optical and mass data
recorded in this work is given in Scheme 3. Thus, the
first four Ag(I) eq added to Zn,-MT bind to the
domain by displacing two of the three Zn(Il) ions
initially bound to it. The remaining Zn(II) ions in this
domain are not replaced by Ag(I) until four new
Ag(I) eq have entered the a domain giving thus rise
to the (Ag4Zn2)°‘(Ag4an)ﬁ distribution in the AggZn;-
MT species. While the next two Ag(l) eq give rise to
(Agé)ﬁ in the Ag;¢Zn,-MT species, the (Agé)ﬁ
aggregate remains unchanged by the subsequent
additions of silver leading to (Agéznl)“(Agé)ﬁ in the
Ag»Zn;-MT species. Further addition of Ag(l) eq
causes formation of a series of homometallic species
Ag,-MT, 14 < x £ 19, but provides no experimental
evidences in order to find out their metal distribution
between domains or to ascertain if they consist of a
unique domain. Overall, the presence of at least one
Zn(Il) ion bound to the protein seems to be a
requirement for the Ag-MT system to have a
bidominial structure, as already found in the Cu-MT
system [1].

Comparison of the Ag(l) and Cu(l) binding abilities
of recombinant mouse MT 1

Comparison of the binding features of Ag(I) and
Cu(I) [1] toward recombinant mouse Zn,-MT 1,
Scheme 3, shows that both M(I) ions follow exactly
the same pattern during the first steps of the Zn/M(I)
replacement, but from this stage their behavior

Scheme 4. Proposed reaction pathways for Ag(I) and Cu(l) binding to mammalian Zn;-BMT 1 (A) and Zns-oMT 1 (B). Species with the
same stoichiometry for Ag(I) and Cu(I) are highlighted in bold, those in italics coincide on the M(I) content but differ on that of Zn(II).

Zn;-BMT Zns-pMT
N
Ag:Zn;-PMT |
N J
Ag4Zn£-[3MT CU4ZH|1-I3MT
Ags-BMT |
N J
AgG-ﬁMT CUG-ﬁMT
N J
Ag-BMT Cu7-FMT
J
Ags-BMT |
l |
Ago-BMT J
CLI| 0-I3MT

Zng-oMT Zng-oMT
¢ |
Ag Zn;-oMT |
) |
Ag,Zn;-oMT |
\:
Ag;Zn,-oMT CuzZn,-oMT
AgiZny,-oMT CuyZn;-oMT
N
NS CusZn;-aMT
AgeZn-aMT \2
Cu;-aMT
J N
Ago-oMT Cug-oaMT
J
Agl 1 -oMT
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Scheme 5. Proposed reaction pathways for Ag(I) and Cu(l) binding to mammalian apo-aMT 1 (A) and apo-MT 1 (B). Species with the same

stoichiometry for Ag(I) and Cu(I) are highlighted in bold

apo-oMT apo-aMT
N coop.
{ Cu;-aMT
Ags-aMT
2 {
Ags-oMT Cus-oMT
{
| Cus-aMT
2 {
Agy-oMT Cuy-oMT
2
Agip-aMT
Agl 1-GMT

differentiates increasingly as more M(I) eq are bound
to the protein.

The initial parallel behavior is evidenced by the
cooperative formation of aggregates of the same
stoichiometry, M4 Zns-MT and MYZn;-MT, which
show equivalent metal distributions between domains
and comparable CD spectra, Fig. 5A and 5B, all these
data being indicative of isostructural M(I)-MT
complexes. Differences start appearing with the
addition of M(I) ions to the M';Zn;-MT species.
Thus, while Ag;Zn;-MT gives rise first to AggZns-
MT and then to Ag;oZn,-MT, both with a (AgsZn,)*
occupancy, the Cu;Zn;-MT analog cooperatively
evolves to CuyZn-MT [(CusZn,)*(Cug)®]. Further
additions cause the previous MlloZny—MT aggregates
to yield respectively Ag;,Zn;-MT [(AgeZn;)* (Age)®]
and Cu;;-MT. The differences observed in the
stoichiometries of the heterometallic aggregates
formed after MI7Zn3—MT, as well as in their
corresponding structure (Fig. 5C, 5D), evidence the
greater reluctance of Zn(Il) to be displaced by Ag(I)
than by Cu(I). Once Ag;,Zn;-MT and Cu;,-MT are
formed, the evolution of the M',-MT species shows
increasing dissimilarities until the saturation of the
protein is achieved, which occurs for Ag;o-MT and
Cu;5-MT, respectively (Scheme 3).

The differences observed in the binding of Ag(I)
and Cu(I) to recombinant Zn;-MT 1 do not hamper
extending previous findings in the Cu-MT 1 system
[1] to the silver analog. First, both monovalent metal
ions show only a partial preference for the 3 domain,
and not absolute as proposed in earlier studies [24].
Consistently, for M(I) = Ag, Cu, the first four M(I) eq
added to Zn;-MT lead to (M4Zn1)[3 occupancies, but
the evolution of this domain to the corresponding
homometallic (Me)® species requires previous binding
of four M(I) ions to the o counterpart (Scheme 3).
Second, also for both M(I) = Ag, Cu, the 3D structure
of M(I)-containing MT species follows a common
pattern. Thus, only the 3D structure of heterometallic
species -those of formula M',Zn,-MT with y # 0- can
be considered as formed by the addition of two
independent o and 3 domains, as discussed for the

apo-MT apo-MT
1 1 coop.
AgG-MT C“ﬁ-MT
| d coop.
\L CU()-MT
Aglo-MT \L
| Cuy-MT
| 4
{ Cupp-MT
Ag13-MT i/
\L CU15-MT
Ag15-MT
B
AgZn-MT species in the previous section.

Conversely, the folding observed for the
homometallic M',-MT species cannot be described on
the basis of a bi-dominial structure.

A glance over the reaction pathways
accompanying the Zn/M(I), M= Ag, Cu, replacement
in Zng-oMT and Zn;-BMT (Scheme 4) suggests more
similarities in the stoichiometry of the M(I)-
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Figure 5. Comparison of the CD spectra of several Ag,Zn,-MT
species formed during the titration of Zn,-MT 1 with Ag(I)
[Ag4Zn5-MT (A), Ag7ZH3-MT (B), Angnz-MT (C), AgIZan-MT
(D)] with the closest analogs found in the titration of the same
protein with Cu(I).
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Figure 6. Comparison of the CD spectra of Ag;Zn,-aMT (A) and
Agy-aMT (B), formed during the titration of Zns-aMT 1 with
Ag(I), with the stoichiometric analogs found in the titration of the
same protein with Cu(I).

containing species for the fMT than for the aMT
domain. However, the analysis of the optical data is
clearly indicative that the binding of Ag (Fig. 2 and
S1) or Cu [1] to Zns-aMT has closer resemblance
than that to the Zn;-BMT domain [14]. In fact, the
behavior of Zng-aMT toward Ag(I) and Cu(l)
reproduces at a smaller scale that of Zn,-MT just
described. Thus, the addition of the first three M(I) eq
causes formation of the M';Zn,-aMT species through
parallel spectral evolutions and with CD fingerprints
that suggest comparable 3D structures (Fig. 6A).
Subsequent  additions induce an increasing
differentiation until achieving saturation for Ag;-
oMT or Cuy-aMT, respectively. Remarkably, the
MY-aMT (M= Ag, Cu) species have the same
stoichiometry but different folding as evidenced in
Fig. 6B. On the other hand, the replacement
mechanism of Zn(Il) in Zn;-BMT by addition of
Ag(I) and Cu(I) had been object of previous studies
[14]. The different behavior we reported for both
metal ions is fully consistent with the present results,
which afford a more detailed picture of the reaction
pathway (Scheme 2B). The combined used of CD,
UV-vis and CZE-ESI-MS in the present work shows
that M',Zn;-pMT, M'¢<-BMT and M';-BMT have the
same stoichiometry, Scheme 4A, but a different
structure for M= Ag and Cu [14]. This finding
suggests that Ag(I) and Cu(l) bind differentially to
the PMT fragment and that the Zn(II) ions initially
bound to the protein fail to determine formation of
structurally related species even in the first stages of
the titrations. Conversely, the observed similarities in
the behavior of Zny-aMT and Zn;-MT during the first
steps of Zn/M(I) replacement are consistent with a
template effect of the Zn(II) ions, which determine
the folding of these proteins while being replaced by
M(D).

The incorporation of M(I) ions, M = Ag, Cu, to
the apo-forms of the entire MT and corresponding
oMT and PBMT fragments gives additional

information on the different binding features of Ag(I)
and Cu(l) to these proteins. The reaction pathways
followed by apo-MT and apo- aMT are given in
Scheme 5, while those corresponding to apo-fMT
can be found elsewhere [14]. On the basis of the
stoichiometries and CD features of the species
formed by the addition of Ag(I) and Cu(l) to the
apoproteins, their behavior can be summarized as
follows: a) apo-MT and apo- BPMT show a common
behavior as they both bind differently these
monovalent metal ions (Fig. 7A), b) notwithstanding
this, the first M(I) ions added to apo-MT bind to the 3
domain, and ¢) Ag(I) and Cu(I) bind similarly to the
o domain but only in the first stages of metal loading,
which lead to structurally related M's-aMT species,
Fig. 7B and 7C.

Conclusions

The results obtained in this work give a new
insight on the Zn/Ag(I) replacement mechanism in
mammalian Zn,-MT 1 and constitutive Zng-oMT and
Zn;-BMT fragments as well as on the Ag(I) loading
to the corresponding apoforms. The study of the
separate fragments has shown to be essential for the
understanding of the metal binding properties of the
entire MT protein. Also, the coupling of mass (CZE-
ESI-MS) to optical (CD and UV-vis) spectroscopies
has allowed a detailed analysis of the reaction
pathways accompanying the above processes.

Main unprecedented findings on the Ag(I)
binding to Zn;-MT at pH 7.5 refer to the high number
and structural features of the silver-containing MT
species. Thus, those of general formula Ag,Zn,-MT,
unlike the homometallic Ag,-MT, can be considered
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Cug-MT
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o
<

Ags-aMT
Cug-oMT

ae Mty
o
;

Agg-aMT
Cug-aMT

l:-;(' 2'.‘".' '.il:l(' f(I!C .".Ii(' 5‘:!\. 360 i'.IJ'J 400
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Figure 7. Comparison of the CD spectra of Age-MT (A), Ags-
oMT (B) and Agy-oaMT (C), formed during the titration of apo-
MT 1 and apo-oMT 1 with Ag(I), with the stoichiometric analogs
found in the titration of the same proteins with Cu(I).
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as formed by two independent o and 3 domains, each
having an specific metal distribution. In addition, on
the basis of the stoichiometries and folding of the
Ag,-MT species formed at pH 2.5, which differ from
those found at pH 7.5, it can be concluded that Zn(II)
ions are responsible for a template effect pre-
conditioning the structure of the protein before they
are displaced by Ag(]).

In order to address the question about the
suitability of Ag(l) as a probe in the study of Cu(I)
containing MT we have compared the binding
features of both M(I) ions (M = Ag, Cu) toward the
same Zn;-MT protein under analogous conditions.
One of the important conclusions is that the binding
of Cu(I) and Ag(I) to the entire MT at pH 7.5 is
totally comparable for a limited number of MT
species, which remarkably enfold at least one Zn(II)
ion within each of the two constituting o and f
domains.  This  occurs  for  M4Zns-MT
[(Zns)*(MsZn,)P] and M'Zns-MT
[(M3Zn,)*(M4Zn,)’], which are the only species
where Ag(I) ions can be predicted to be an adequate
probe for Cu(l). As the subsequent Zn/M(I)
replacement in M'Zn;-MT is concomitant with
increasing differentiation in the binding features of
Cu and Ag, it seems likely that the latter is not a good
model for the study of homometallic mammalian Cu-
MT 1 species.

Another conclusion is based on the observation
that the binding of M(I) ions to apo-MT at pH 2.5
leads to M(I)-MT species of different stoichiometries
and structures for M = Ag or Cu, which evidences
that they have specific coordination preferences
towards the same protein ligand. These do not show
while Zn(II) ions remain bound to the protein but
become apparent when they are being displaced and
thus cannot counterbalance the unequal preferences
of Ag(I) and Cu(I). The results here reported are fully
consistent with a further conclusion: copper has a
greater affinity than silver towards the entire
mammalian MT 1 and its separate o and 3 fragments.
Thus, on the one hand the formation of Ag,Zn,-MT
[(AgeZn,)*(Age)’] vs Cu;,-MT is one of the examples
of the greater efficiency of Cu to displace Zn from
the protein. On the other, the fact that the
stoichiometry and folding of the homometallic Cu-
BMT species, unlike the silver analogs, is not
dependent on the pH value indicates that the Zn(II)
ions initially bound in Zn;-BMT at pH 7.5 fail to play
the structural role they perform when silver binds to
the same protein. Overall, the spectroscopic data
reported in the present paper can serve as a guideline
for the design of structural studies in silver-
reconstituted copper-containing metallothioneins.
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indicated within each frame.
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4.1. Introduccioé

E

Cu i Zn. Donat que I'estructura terciaria de les

n condicions fisiologiques les MT es

troben enllacades als metalls essencials

MT ve determinada per la seva coordinacio als
ions metal-lics, ja que en forma demetal-lada
presenta una estructura aleatoria, de random
coil, i tenint en compte les relacions
estructura/funci6, sembla logic proposar que
la coordinaci6 de MT a ions metal-lics que
presenten diferents propietats coordinants ha
de donar lloc a agregats metall-MT
d’estructures diferents, i per tant, amb funcions
probablement diferents. Aixi, en base a la
preferéencia de les MT per Zn o Cu, s’ha
proposat la seva classificacié com a Zn- o Cu-
tioneines [15].

Seguint la mateixa metodologia de treballs
anteriors per classificar les diferents MT
estudiades com a Zn- o Cu-tioneines [14, 15,
16], en el treball que aqui es presenta s’estudia
la isoforma MTO de Drosophila melanogaster.
Aixi, un cop s’ha obtingut la proteina
mitjangant la tecnica de I’ADN recombinant en
medis rics en Zn o Cu, s’ha procedit a la

caracteritzaci6 del contingut metal-lic dels

agregats biosintetitzats. Amb aquesta finalitat
cal determinar la naturalesa dels agregats
obtinguts in vitro per desplagament dels ions
Zn(Il) en Zn-MTO per Cd(Il) i per Cu(l), i
comparar-los amb els agregats obtinguts in
vivo. Aquestes dades, juntament amb 1'estudi
filogenetic de les relacions seqiiencials
d’aquesta MT amb d’altres relacionades, ha de
portar a la seva classificaci6 com a Zn o Cu-
tioneina. Aixi mateix, l'analisi de les dades
espectroscopiques i espectrometriques
obtingudes al llarg de les valoracions de Zn-
MTO amb Cd(II) i Cu(l) ha de permetre tenir
un coneixement detallat de la capacitat
coordinant d’aquesta MT envers els ions
metal-lics esmentats.

Cal destacar que a continuacié de l'article
publicat s’inclou com a material suplementari
alguns dels espectres d'ESI-MS representatius
de la valoracié de Zn-MTO amb Cd(II) (Fig. 2)
per tal de mostrar al lector dades que no han
estat incloses a la publicaci6 perd que han
esbrinar el

resultat determinants

per
comportament de la MTO in vitro en preséncia

de Cd(TI).
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Abstract Drosophila MTO metal binding features were ana-
lyzed for comparison with MTN, the paralogous Drosophila
metallothionein, and to classify MTO as either zinc- or cop-
per-thionein. This was achieved by a combination of in vivo,
in vitro and in silico methodologies. All the results unambigu-
ously classified MTO as a second Drosophila copper-thionein,
putting Drosophila forward as the only metazoan in which any
zinc-thionein has still to be reported. Interestingly, experimental
data only showed minor differences in the coordinative behavior
of both MTs, but provided a characteristic spectroscopic finger-
print, revealing the possible binding of chloride anions in certain
metal-MTO aggregates.

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.

Key words: Drosophila metallothionein; Cu(I) binding;
Cd(II) binding; Zn(II) binding; Molecular evolution;
Recombinant synthesis

1. Introduction

Metallothioneins (MT) are low molecular weight, cysteine-
rich proteins with an exceptional heavy-metal coordination
capacity [1]. They have been reported in all animal phyla
and in most fungi and plants, and are usually associated
with protection against toxic metals and with storage/trans-
port of physiological zinc and copper. Other functions, such
as free radical scavenging or oxidative stress protection, have
also been proposed [2].

Among MTs, copper-thioneins constitute an interesting ex-
ample of evolutionary convergence [3]. The yeast Saccharomy-
ces cerevisiae CUP1, a 53-amino acid peptide binding seven
Cu(I) ions within a monodominial cluster [4], can be consid-
ered the archetypical copper-thionein, together with other fun-

*Corresponding author. Fax: (34)-93-4110969.
E-mail address: satrian@ub.edu (S. Atrian).

! These authors made equal contributions to this study.

Abbreviations: CD, circular dichroism; ICP-AES, inductively coupled
plasma atomic emission spectroscopy; ESI-MS, electrospray ioniza-
tion mass spectrometry; MT, metallothionein; UV-vis, electronic ab-
sorption

gal MTs, from Neisseria crassa [5] and Agaricus bisporus [6].
Transcription of their corresponding genes is positively regu-
lated by high copper concentrations, remaining almost unin-
duced by increased zinc levels. Since fungal MTs were the
only Cu-thioneins known for a long time, MT preference
for copper was only associated with primitive eukaryotes
and was thus largely undervalued in higher organisms. Never-
theless, the Cu-thionein subfamily is at present the object of
increasing interest, as new representatives are being reported
in several animal phyla, including higher Metazoa. Two main
features are used to identify a Cu-thionein. One of these is a
gene induction criterion: MT forms recovered specifically
from Cu-treated organisms are considered Cu-thioneins, as
with Helix pomatia (Mollusca/Gastropoda) [7], Callinectes
sapidus (Arthropoda/Crustacea) [8] and Tetrahymena pigmen-
tosa (Protozoa/Ciliophora) [9]. The other is a protein charac-
terization criterion, based on the features of recombinant met-
al-MT species and on the analysis of amino acid sequences [3].
Following this approach, the mammalian B-MT domain [10]
and MTN, one of the two Drosophila (Arthropoda/Insecta)
MTs [11], have been identified as Cu-thioneins.

To date, except for Drosophila, all Metazoa whose MT
system has been studied exhibit both Zn- and Cu-thionein
forms. Therefore, the characterization of the metal preference
of MTO, the possible Zn-thionein counterpart of MTN, was
of great interest. Although very preliminary MTO sequence
analysis associated MTO with CUPI [11], MTN and MTO
are such distant paralogues (only 26% amino acid identity)
that a similar metal binding preference cannot be taken for
granted. For example, the Zn- and Cu-thioneins from C. sapi-
dus share sequence levels of up to 40% identity. Furthermore,
MTN and MTO are encoded by two genes that exhibit highly
different regulation profiles: distinct tissue and ontogenic pat-
terns of expression and distinct response to metals as expres-
sion inducer agents [12—-15], which might be related to differ-
ent metal preferences and thus to differential physiological
roles.

Mto encodes a 43-amino acid peptide including 12 Cys,
previously purified from flies [16] and from recombinant yeast
[17], but never functionally characterized. In this work, we
evaluated the character of Zn-thionein or Cu-thionein of
MTO, and we compared its metal binding abilities with those
previously reported for MTN. The significance of the Cu-thi-
onein character of both Drosophila metallothioneins is then
discussed in the context of the state of the art of the Droso-
phila MT system, as an essential clue to understanding the
possible MT physiological roles and the gene expression reg-
ulation mechanisms in this model organism.

0014-5793/02/$22.00 © 2002 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.
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2. Materials and methods

2.1. ¢DNA cloning and recombinant protein preparation

Drosophila melanogaster MTO c¢cDNA was kindly provided by Dr.
M. Wegnez. It was PCR-amplified using as primers: 5'-CCCGGATC-
CATGGTTTGCAAG-3' (upstream primer) and 5'-GCGCCCGTCG-
ACTTATTTGTTGCT-3" (downstream primer), which introduced a
BamHI site immediately before the ATG initiation codon and a Sall
site just after the stop codon. Thereafter, the PCR product was direc-
tionally inserted (BamHI-Sa/l) into the multiple cloning site of the
pGEX-4T-1 plasmid (Amersham-Pharmacia), to generate the expres-
sion vector pGEX-Mto. DNA sequencing of the Mto coding fragment
was performed with the Amersham Dye Terminator Cycle Sequencing
Kit in an ABI 370 automatic sequencer. pGEX-Mto was transformed
into BL-21 for over-expression of the recombinant protein [18]. Ex-
pression and purification of the metal-MTO complexes were per-
formed as described for MTN [11,19]. Culture media were enriched
with 300 uM ZnCl, or with 500 uM CuSOy for the synthesis of Zn- or
Cu-MTO complexes, respectively. Aliquots of the Superdex75 FPLC
fractions containing MTO in Tris—HCI buffer, or alternatively Tris—
HCIO4 buffer (50 mM, pH 7), were analyzed in 15% SDS-PAGE
Coomassie blue-stained gels. Samples were pooled, aliquoted and
stored at —80°C under argon atmosphere until further use.

2.2. Metal-MTO species characterization and spectroscopic analyses of
the Cd(II) and Cu(1) titration of Zn-MTO

The characterization of the recombinantly synthesized Zn-MTO
and Cu-MTO complexes was achieved through inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and Ellman’s meth-
od as described elsewhere [10]. The electronic absorption and circular
dichroism (CD) measurements recorded in parallel during the titra-
tions of Zn-MTO with either Cd(II) or Cu(I) salts were carried out
and corrected, as described in [3] for Cd(II) and in [20] for Cu(I). The
Zn-MTO cadmium binding ability was tested with either Tris-HCI or
Tris-HCIO4 buffer, using either CdCl, or Cd(ClO4), as titrating
agent, respectively. Exceptionally, the preparation of Cd(ClOy), re-
quired determination of the Cd>* concentration by atomic absorption
spectrometry, using a Perkin-Elmer 2100 apparatus.

2.3. Electrospray ionization mass spectrometry (ESI-MS)
measurements of MTO-metal complexes

Molecular mass measurements were performed on a Fisons Plat-
form II Instrument, equipped with MassLynx software and calibrated
with horse heart myoglobin (0.1 mg/ml). Conditions for the Zn and
Cd species were: 20 ul of protein solution injected at 30 ul/min; the
use of a HPLC Uptisphere C4 33 mmX2 mmX5 pum column to
separate analytes; capillary counterelectrode voltage, 4.5 kV; lens
counterelectrode voltage, 1.0 kV; cone potential, 60 V; source temper-
ature, 120°C; m/z range, 800-1950; scanning rate, 3 s/scan; interscan
delay, 0.3 s. The running buffer was an appropriate mixture of ace-
tonitrile and 5 mM ammonium acetate/ammonia, pH 7.5. Conditions
for the Cu species were: 20 pl of protein solution injected at 30 pl/
min; capillary counterelectrode voltage, 4.5 kV; lens counterelectrode
voltage, 0.5 kV; cone potential, 40 V; source temperature, 90°C; m/z
range, 800-1950; scanning rate, 3 s/scan; interscan delay, 0.3 s. The

Table 1

73

running buffer was a 5:95 mixture of acetonitrile and 5 mM ammo-
nium acetate/ammonia, pH 7.5. The molecular mass of the apo-forms
was determined as for the Cu species, except that for apo-MTO ob-
tained from Zn-MTO the carrier was a 5:95 mixture of acetonitrile
and ammonium formate/ammonia, pH 2.5; source temperature,
120°C; and for apo-MTO obtained from Cu-MTO, the carrier was
a 1:1 mixture of acetonitrile and trichloroacetic acid, pH 1.5. In both
cases, the capillary counterelectrode voltage was 3.5 kV, the lens
counterelectrode voltage 0.5 kV and the cone potential 40 V. Masses
for the holo-species were calculated as described in [21].

2.4. Protein sequence and evolution analyses

Protein sequence alignments were performed using the Pileup utility
enclosed in the GCG Package, v.10, [22]. Protein sequences were
aligned by ClustalW, v1.75, using Blosum62 as distance matrix [23].
The ClustalW alignments were the input for calculating protein dis-
tances through Protdist, which uses the Dayhoff-Pam matrix distance.
The corresponding phylogenetic trees were constructed using Fitch,
which uses the Fitch—-Margoliash tree-building algorithm [24]. Protdist
and Fitch are included in the Phylip software package [25].

3. Results and discussion

3.1. ¢DNA cloning and preparation of recombinant metal-MTO
aggregates

DNA sequencing of the major PCR product (156 bp) con-
firmed the mto coding region [15] and ruled out the presence
of any mutagenic nucleotide substitution. SDS-PAGE of total
protein extracts from pGEX-Mro-transformed BL-21 cells
grown in Zn- and Cu-supplemented media showed the pres-
ence of a band of the GST-MTO expected size (30.6 kDa).
Homogeneous metal-MTO preparations (final concentration
of 53x10™> M for Zn-MTO and 3.7X107> M for Cu-
MTO) were obtained from fermenter cultures. Acidification
of the Zn-MTO and Cu-MTO complexes yielded the apo-
form, with a molecular mass in accordance with the theoret-
ical value for the polypeptide (Table 1). This confirmed both
the identity and the integrity of the recombinant protein.

3.2. Characterization of the divalent metal binding abilities of
MTO

The behavior of MTO in front of divalent metal ions was
established through detailed analysis of the in vivo synthesized
Zn(I)-MTO and of the Cd(II)-MTO species obtained in vitro
by Zn/Cd replacement in Zn-MTO.

ESI-MS analysis of the Zn-MTO preparations revealed the
presence of three species: a major Zns-MTO and two minor
Zns-MTO and Zn3;-MTO forms (Table 1). The degree of Zn-
MTO oxidation ranged from 16 to 52%, depending on culture

Molecular masses and metal (Zn or Cu) to protein ratios found for in vivo synthesized Zn-MTO and Cu-MTO, eluted in Tris-HCI buffer

Metal supplemented in culture media MWy, (apo-MTO)? MWy, (M-MTO)® MWy © M/MTO¢ M/MTO®

M=Zn 4667.1£0.6 4922.2+0.4 (S) 4922.86 4 3.7
4988.511.9 (s) 4986.24 5
4858.3+0.3 (s) 4859.48 3

M=Cu 4667.6£1.0 5231.210.5 (e) 5232.29 9 7.4-8.1
5170.1+2.1 (e) 5169.74 8

M =Cuf 4667.6£1.0 5231.2%+0.5 5232.29 9 8.9

2Experimental molecular masses for the apo-proteins. MTO calculated mass is 4669.34.
YExperimental molecular masses for the Zn- and Cu-MTO complexes. (S) denotes a major species, (s) denotes a minor species and (e) denotes

equimolarity.

¢Calculated molecular masses for neutral species with loss of two protons/Zn bound and one proton/Cu bound.
dZinc or copper per MTO molar ratio calculated from the mass difference between holo- and apo-protein.
¢Zinc per MTO molar ratio calculated from the Zn content (ICP-AES) and cysteine thiolates (Ellman’s method), and Cu per MTO molar ratio

calculated from the copper and total sulfur content.
fSmall-scale cultures.
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Fig. 1. A: CD spectra of recombinant Zns-MTO eluted in Tris-HCI (solid line) and in Tris-HClO4 (dotted line). B: CD spectra of the Cds-
MTO species in Tris—-HCI buffer (solid line) and in Tris-HCIO4 (dotted line), and of the Cdg-MTO aggregate (dashed line) obtained by Zn/Cd

replacement of a 23.4 uM solution of Zn-MTO.

conditions [10]. These values agreed well with the ICP-AES
data, indicating average ratios of Zn per reduced protein of
3.70 and 2.80, respectively. The weak intensity of the Zn-
MTO CD spectrum (Fig. 1A) evidenced a low degree of chir-
ality for the biosynthesized Zn-MTO aggregates in Tris—HCI,
but still allowed identification of the Zn-thiolate chromo-
phores by detection of an exciton coupling centered at ca.
240 nm. A new Gaussian-shaped band centered at ca.
230(+) nm was observed, with an intensity inversely related
to the MTO oxidation degree. To investigate whether this
absorption could be related to a non-standard zinc peptide
chromophore, the spectroscopic features of Zn-MTO eluted
in Tris—-HCIO,4 buffer were also analyzed (Fig. 1A). Since the
absorption at 230 nm was red-shifted and narrowed, a possi-
ble role of the chloride anions in the folding of the Zn-MTO
aggregates was inferred.

The in vitro formation of fully cadmium-loaded MTO as a
result of Zn/Cd replacement in Zn-MTO proceeded in two
stages, when using both CdCl, and Cd(ClOy), as titrating
agent. The stoichiometric (ESI-MS) and spectroscopic (CD
and UV-visible) data of the intermediate species are shown
in Table 2 (detailed data are available upon request).

During the first step of the titration, although the Zn/Cd
replacement increased the metal cluster organization, essen-
tially the same mixture of species was found, i.e. M(II)4-
MTO (major) and M(II)s-MTO (minor). Thus, the stoichio-
metric similarities and the parallelism of the CD spectra be-
tween the Zn- and Cd-MTO species pointed to an isomorphic
Zn/Cd replacement. Consistently, M(I[);-MTO should be
considered the physiologically stable species, which can incor-

Table 2
Analysis of the in vitro Zn/Cd replacement in Zn-MTO

porate a fifth M(II) ion without significant alteration of the
initial structure. In the second stage of the titration, the addi-
tion of Cd(II) caused an extensive rearrangement of the pre-
vious Cds- and Cds-MTO aggregates (Fig. 1B), which gener-
ated a final, unique Cdo-MTO species. No intermediates were
observed and no changes were introduced by further Cd(II)
additions. In order to analyze the role of CI™ ions in the
formation of M(II)-MTO aggregates, the UV-vis difference
spectra corresponding to the titrations of Zn-MTO with
CdCl, or Cd(ClOy), were compared (Fig. 2). In addition to
the red shift up to ca. 260 nm associated with the Zn/Cd
substitution, an unprecedented absorption at ca. 240 nm
was found for the binding of the fourth Cd(II) in the presence
of chloride anions (Fig. 2A), absent when using Cd(ClOy), as
titrating agent (Fig. 2B). Thus, the absorption at 240 nm
would be in agreement with the presence of chloride ligands
in the coordination environment of cadmium in MTO (i.e.
CdS4—.Cl,), not observable for MTN (Fig. 2C). On the other
hand, the apparent isostructural replacement of Zn by Cd in
MTO called into question the possibility of assigning the 230-
nm Gaussian band detected for Zn-MTO to ZnS,;—Cl, chro-
mophores. Unfortunately, ESI-MS of Cd- and Zn-MTO in
Tris—-HCI did not allow discrimination between the common
ammonium adducts and possible species containing M(II)-Cl
bonds. However, while the CD spectra of Zn-MTO show sig-
nificant differences in the 220-240-nm region, depending on
the elution buffer (Fig. 1A), those of Cd-MTO are very sim-
ilar and thus indicative of structurally related metal-sulfur
aggregates (Fig. 1B). Overall, the experimental results indicate
the participation of CI~ anions in both M(II)-MTO aggre-

Cd(II) eq./mol of

Metal-MTO species obtained (ESI-MS and spectroscopic

Chiroptical features (CD spectroscopy, Fig. 1)

Zn-MTO characterization)

Step 1 (1-8)

From 1 to 3 Mixture of all possible Zn,,Cd,-MTO aggregates (x+y=4), with Formation of CdsS chromophores

predominance of those with y=no. Cd(Il) eq. added+1

From 4 to 6 Mixture of species: Cds-MTO (S), Cds-MTO (s) Development of a derivative-shaped profile
(crossover point, 258 nm)

Up to 8 Equimolar mixture of species: Cds-MTO, Cds-MTO Development of a Gaussian band at 245(+)
nm

Step 2

From 8 to 16 Final Cdy-MTO, no intermediate species, no further transformation  Extensive rearrangement of the former Cd-

thiolate clusters

(S) denotes a major species, (s) denotes a minor species.
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Fig. 2. Difference UV-vis absorption spectra corresponding to the titrations of recombinant (A) Zn-MTO in Tris—HCI buffer with CdCl, from
1 to 4 Cd(ID) eq.; (B) Zn-MTO in Tris-HCIO4 buffer with Cd(ClO4), from 1 to 4 Cd(Il) eq.; (C) Zn-MTN with CdCl, from 1 to 4 Cd(II) eq.

gates, M =Zn or Cd, but with higher structural significance in
the Zn4S;, than in the Cd4S;, metal-cysteine clusters.

3.3. Characterization of the monovalent metal binding abilities
of MTO

The analysis of the behavior of MTO in front of monova-
lent metal ions was achieved by characterization of the in vivo
synthesized Cu-MTO aggregates and of the Cu-MTO species
obtained in vitro by Zn/Cu replacement.

Mto-cDNA expression in standard copper-supplemented
cultures yielded homometallic Cu-MTO species, with a total
metal-per-sulfur content of 7.4-8.1 (ICP-AES results) and an
approximate equimolar ratio of the Cug- and Cug-MTO spe-
cies (ESI-MS analyses, Table 1). Small-scale synthesis yielded
a unique Cug-MTO species according to ESI-MS, which cor-
responded well to an ICP-AES copper-to-MTO ratio of 8.9.
Zn(IT) absence in all Cu-MTO samples was systematically

confirmed by ICP-AES. The high intensity and well-defined
CD spectra of recombinant Cu-MTO (Fig. 3D) revealed a
high metal cluster organization.

Zn/Cu exchange during titration of Zn-MTO with Cu(I)
(Fig. 3) evolved in two distinct phases (Table 3), as for Zn/
Cd replacement. At the end of the first step, 9 equivalents of
Cu(l) added, Zn-MTO turned into the fully copper-loaded
species Cug-MTO and Cuyg-MTO, which exhibited maximum
chirality and was highly coincident with all the features of the
in vivo synthesized Cu-MTO (Fig. 3D). The second step led to
overloaded Cuys- and Cu;7-MTO species.

3.4. Primary structure analysis of MTO, MTN and other
Arthropoda MTs
The ClustalW-based analysis [3] of the MTO amino acid
sequence included two S. cerevisiae proteins: CUP1 and
CRS5, a MT-like peptide also associated with copper resis-

20
15
g 1 07
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4 5
0
5
: -10+
T T T
220 240 260 280 300 320 340 220 240 260 280 300 320 340
wavelength (nm)
10
15| D
7 10 %
5 g
g &l =3
] 4
0 / =
5 /
=104
T T T T T T T T T T
220 240 260 280 300 320 340 240 260 280 300 320 34I|-0 3&0
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Fig. 3. CD spectra recorded during the titration of a 14.4 pM solution of Zn-MTO with Cu(I) at pH 7, shown in three stages: (A) from 0 to
4, (B) from 4 to 9, and (C) from 9 to 17 equivalents of Cu(I) added. Arrows indicate increasing Cu(I) equivalent amounts. Traces correspond-
ing to the first and last spectrum of each stage are depicted in bold. D: Superimposition of the CD spectra of the recombinant Cu-MTO (solid
line) and the Cug-MTO species generated in vitro by Zn/Cu replacement (dotted line).
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Analysis of the in vitro Zn/Cu replacement in Zn-MTO
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Cu(I) eq./mol of Zn-MTO Metal-MTO species obtained (ESI-MS and

spectroscopic characterization)

Chiroptical features (CD spectroscopy, Fig. 3)

Step 1 (1-9)

From 1 to 4 Cuy,Zny-MTO (Chelex [26])

Upto9 Cug-MTO, Cuyg-MTO

Step 2

From 9 to 17 Overmetallated species®: Cu;s-MTO, Cu;7-MTO

Formation of CuS chromophores
Red shift of the absorption indicative of Zn/Cu
replacement

Decrease in intensity of (+) and (—) bands: loss of the
previous Cu-S chromophores

#Identified by CD results, non-detectable by ESI-MS, as repeatedly reported for homometallic Cu-MT aggregates of high nuclearity [26,27].

tance [28]. The generated alignment and the non-rooted neigh-
bor-joining tree are shown in Fig. 4. MTO unquestionably
came together with the known Cu-thionein sequences, with
a significant bootstrap value of 999/1000 separating this clus-
ter from that of the Arthropoda Zn-thioneins [3]. Strikingly,
the two Drosophila MTs did not share the closest sequence
similarity: the shortest Cu-thionein subset branch joined Dro-
sophila MTN with Callinectes Cu-MT, while MTO was asso-
ciated with both S. cerevisiae metallothioneins. This agrees

A)

e I " ! i Pt
10 Z0 30
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C.sapidusII ————= HPDP--CCHND-KCECKEG——-ECETG—-CEKCES
C.maenas ————-— HPDP--CCID-KCECKEG——-GCEAG—-CECTS

H.americanus
S.serratall
S.serratal
P.leniusculus
P.potamios
C.sapidus-Cu
Drosophila MTN
Drosophila MTO
Yeast CUPI

MVCE--GEGT-NCQCSAQ-——KCGDN
MFSEL INF Q- -NEGH-ECQCOCG—--SCKNN

B)
Drosophila MTO

Yeast CUP1

Yeast CRS5

HPGP--CCND-VCECALG——-GCETG—-CVCTS

PGP--CCKD-KCECAEG——-GCETG--CKCT3
PDP--CCND-KCDCEEG——-ECKTG--CKCTS
PGP--CCHND-KCVCEKEG——-GCEKEG—-CQCTS
HPGP--CCHND-QCECAAG——-GCETG—-CVCTS
PLP--CCAEGTCECEEG——-KCEAG--CKCTS
HPCG--CGT3——CRCGIG———KCCCGSTCNCTTCPSKQSCSCND-GACGS - - ACOCKT3CC-C-GADC-—KCSPCPME
HPCP--CG3G——CKCAS————-QATKGS-CNCGS
E--QCOQK
veast crs5 NTWEICDCEGECCED-SCHCGITCLPICIGGEKCKCDHS

with an MTN-MTO divergence preceding Drosophila differ-
entiation, so that the branches from which MTO and MTN
evolved could have split at an early stage of Arthropoda ra-
diation. The opposite conclusion had previously been drawn
[15], but only zinc-thioneins had been reported in Crustacea.

We unsuccessfully attempted to identify the sequence fea-
ture responsible for the clustering of Cu-thioneins. There are
no Cys motifs or distribution patterns in Zn-thioneins that do
not appear in one or other Cu-thionein, although it is true

B e e e
50 60 70 g0
CRCSPCDECTS --GCKCPSKEE-C-AKTCSKPCECCP ——
CRCSPCQRCTS--GCKCATKEE-C-SKTCTEPCSCCPE-
CRCPPCDECSS--ECKCTSKEE-C-SKTCSKPCSCCP——
CRCTPCEECSS--GCKCTTEED-C-CKTCTEPCSCCP ——
CRCAPCERCTS--GCKCPSKDE-C-AKTCSKPCKCCP -
CRCPPCEQCES--GCKCANKED-C-REKTCSKPCSCCP——
CRCSPCEFCSS--GCKCANKEE-C-SKTCSKACSCCPT-
CRCOPCDECTS--GCKCPSKEE-C-AKTCSKPCRCCP ——
CRCSPCEFCTS--ECECKSKEE-C-AKNCTEPCSCCP ——

DCECG--GDEKES-—-ACGCSE
CACN--KDC-—--QCVCKNGP———-KDQC——-C5NE-——
SCSCP--TGCNSDDKCPCGNESEET-KESC——-C3GK-—-—
TGIPQCESCGE--KCKCETTCT-CEKSECN--CEFKC—-——

S.serrata
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H.americanus

A.astacus
P.leniusculus

P.potamios

C.sapidus-Cu

Drosophila MTN

Fig. 4. A: ClustalW output of the multiple alignment of Arthropoda and yeast MT sequences, constructed using the Blosum62 weight matrix.

The names of the organisms are: Callinectes sapidus, Scylla serrata,

Carcinus maenas, Astacus astacus, Pacifastacus leniusculus, Homarus ameri-

canus, Potamon potamios, yeast (Saccharomyces cerevisiae) and Drosophila melanogaster. B: Consensus protein distance tree, constructed by the

neighbor-joining method from the alignment shown in A, with a
branches are shown.

bootstrap value of 999. The mean bootstrap values for the longest tree
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that no Cu-thionein shares the complete Cys arrangement
with a Zn-thionein. Non-Cys residues also failed to reveal
any regular pattern which which zinc or copper preference
could be associated. MTO and MTN polypeptides differ not
only in length (43 vs. 40 amino acids, respectively), but also in
number of cysteines (12 vs. 10) and in their distribution. In
MTN, Cys are arranged in five C-X-C motifs, while in MTO
they are more randomly distributed, only eight of 12 arranged
in C-X-C motifs. Taking the sequence similarities between
MTO and CUPI into account, it is difficult to explain the
eight/nine Cu(I) ions bound to recombinant MTO if the two
last C-terminal Cys were devoid of binding capacity, as has
been postulated for the two consecutive Cys of the C-terminal
tail of CUP1 by nuclear magnetic resonance studies [29,30].

4. Conclusions

Both the experimental and in silico results presented in this
work unambiguously classifty MTO as a second Drosophila
Cu-thionein, according to the phylogenetic analysis method
proposed in [3]. This signifies the unprecedented fact of an
animal organism for which no Zn-thionein form has yet
been reported. The in vivo and in vitro criteria used to assess
the Cu-thionein character of MTO are the following. First,
the high degree of folding and stability of Cu-MTO vs. the
weak chirality and oxidation susceptibility of Zn-MTO, indi-
cative of a low preference of MTO for Zn and of an intrinsic
instability of Zn-MTO in intracellular environments, similar
to those reported for MTN [11]. Second, the recovery of ho-
mometallic Cu-MTO species from recombinant synthesis on
Cu-supplemented media. Particularly, although in vitro Zn/Cu
replacement in Zn-MTO led to the formation of intermediate
(the heterometallic Cuy,Zn,-MTO) and overloaded (Cu;s- and
Cuy7-MTO) species, the structural and stoichiometric similar-
ities between the biosynthesized Cu-MTO aggregates and
those resulting from the addition of 9 Cu(I) to Zn-MTO
pointed to Cug-MTO as the species produced in intracellular
Cu-rich environments. It is worth noting here that the tree
clustering of copper-thioneins identified by two independent
criteria — copper gene inducibility for CUP1 [31] and Calli-
nectes Cu-MT [8], and metal coordination studies for Droso-
phila MTN [11] and MTO (this work) — validates the protein
sequence similarity approach and the coherence of the thus
defined copper-thionein subfamily.

The proposed Zn-thionein/Cu-thionein classification con-
cerns the evolutionary origin of the MTs, as well as the pri-
mordial molecular function of the chelating peptide, which, in
the case of Cu-thioneins, would imply an intrinsic ability to
form homometallic, biologically stable, copper aggregates.
However, the biological role of MTs should be considered
from a broader perspective than that of the optimal molecular
function, since, by definition, MTs are proteins which do not
exhibit specificity for metal chelation. Thus, the classification
of a given MT as Cu-thionein does not imply its inability to
react towards metals ions other than copper, especially in
metal stress conditions. The case of Drosophila MTs, and
particularly MTO, could yield a good example of the duality
of an MT’s metal binding behavior, if physiological or metal
poisoning situations are considered.

In physiological conditions, the two metal ions to be taken
into account are Cu(l) and Zn(II). From the results presented
here, the optimal reactivity of MTO towards copper vs. the
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poor behavior towards Zn is clear. Therefore, the MTO Cu-
thionein nature has to be considered when trying to under-
stand its normal biological role and its basal gene regulation
patterns. It has recently been reported that a Cu-MT complex
in the midgut copper cells could be involved in Drosophila
digestive acid secretion [32], and the putative demands im-
posed by copper-oxygen transporters (hemocyanins) in insects
are well known [33]. With respect to gene regulation, although
Mto and Mtn follow different temporal and tissue patterns, it
remains true that both genes exhibit the highest expression
levels after copper induction, while remaining poorly induced
by zinc [12-17]. In fact, the analysis of Mto and Mtn molec-
ular control mechanisms reveals a puzzling situation: a tran-
scription factor homologous to mammalian MTF-1 [34],
dMTF, has been reported, which binds upstream of Mto
and Min to several MRE boxes upon zinc coordination, while
MT synthesis in flies as a response to this metal remains very
poor [35], as would be expected when considering the copper-
thionein character of the encoded peptides.

In metal stress conditions, it is worth considering the be-
havior of MTO towards cadmium, as a paradigm of a xeno-
biotic divalent metal ion. Previous results clearly showed the
involvement of MTO in Drosophila Cd resistance [15], and
Mto inducibility by cadmium, although lower than by copper,
is far more pronounced than by zinc [12-17]. In fact, our
results are in full agreement with the hypothesis that MTO,
although a Cu-thionein by origin, plays an important role in
Cd detoxification in Drosophila. First, the degree of folding of
the canonical Cd-MTO species (Cds- and Cds-MTO) is con-
siderably higher than that of Zn-MTO, which would ensure a
good stability of the cadmium-MTO aggregates in intracellu-
lar environments. Second, under excessive Cd(II) concentra-
tions, we show that MTO can rearrange its peptide chain to
accommodate extra metal ions, yielding an equally stable,
overmetallated aggregate, namely Cdyo-MTO. And finally, it
is worth noting that MTN and MTO exhibit only a few differ-
ences in metal binding behavior, although the spectroscopic
results have provided evidence for the possible binding of
chloride anions in the My-MTO, M =Zn(II), Cd(II), aggre-
gates. However, the contribution of the chloride ions in
M-MTO complexes has been found to be less significant for
M = Cd(II) than for M = Zn(II). This would point to the MTO
polypeptide’s higher capacity for association with cadmium
than with zinc, a metal ion that would require extra ligands
to maintain the corresponding MTO aggregate.

Further study is needed to reveal whether the coexistence of
MTN and MTO is maintained by differential gene expression
programs or by any of the slight differences in metal coordi-
nation highlighted in this work. Moreover, the search for new
MT forms by in silico Drosophila genome screening and the
elucidation of the MT gene transcriptional activation path-
ways ensure that the Drosophila MT system is an intriguing
model for which many questions still remain unanswered.
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Figura 2. Espectres d’"ESI-MS corresponents a la valoracié de Znyi-MTO amb Cd(Il) a pH 7.
Els pics obtinguts corresponen a les masses de les espécies amb carrega +3 i +4 (veure taula
adjunta).

M M+3)/3 | (M+4)/4 M (M+3)/3 | (M+4)/4
Zn,-MTO 4922.9 1641.97 1231.73 Cd3Zn-MTO | 5063.93 1688.98 1266.98
Zns-MTO 4986.29 1663.10 1247.57 Cds+-MTO 5110.94 1704.65 1278.74
Zn3-MTO 4859.51 1620.84 1215.88 Cds-MTO 5221.34 1741.45 1306.34
Cd1Zns-MTO | 4969.91 1657.64 1243.48 Cdo-MTO 5662.94 1888.65 1416.74
CdyZny-MTO | 5016.92 1673.31 1255.23
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n aquest capitol es déna una visi6 global
del de

E

resumida els resultats obtinguts i fent una

treball, exposant manera
discussi6 general dels mateixos.

Analogament a l'estructuraci6 que s’ha

seguit en la presentacié de les diferents parts
que conformen aquesta memoria, aquest
capitol s'ha dividit en tres apartats, relatius als
resultats dels capitols 2, 314, i que segueixen el

mateix ordre.

5.1.Aplicacié de l'espectrometria de masses a l'estudi de MT amb Cd

I a CZE, per les seves excel-lents qualitats

com a una bona alternativa a d’altres metodes

com a tecnica separativa, es presenta

de separacié convencionals per a l'estudi de
MT mitjancant espectrometria de masses en
presencia d'elevades concentracions de tampo.
Pero les dificultats técniques que presenta
l'acoblament CZE-ESI-MS recomanen, encara
avui, la participacié d’equips especialitzats en
la mateixa. Per aquest motiu s’ha col-laborat
amb el grup del Dr. Lobinski, que disposa
d’una interfase per aquest sistema, i que ha
estat interessat

particularment en poder

treballar amb MT recombinant, d’elevada
puresa. Aquests dos factors han permes iniciar
I'aplicacio del sistema CZE-ESI-MS a l'estudi
de les reaccions de substitucié metal-lica de les
MT.

L’estudi de la coordinacié del Cd(Il) a
I'especie Zn;-MT 1 recombinant de ratoli
mitjangant els acoblaments CZE-ESI-MS i CZE-
ICP-MS tenia com a objectius validar la
utilitzaci6 d'aquests sistemes analitics per a
I'estudi del bescanvi metal-lic en MT.

El grup del Dr. Lobinski ha estat el
responsable d’establir les condicions optimes
de treball pels dos acoblaments, CZE-ICP-MS i
CZE-ESI-MS, tant els parametres de la
separaci6 com els de la detecci6, amb la

finalitat d'aconseguir una resolucié separativa

comparable amb I'obtinguda mitjancant el
sistema CZE-UV.

Les condicions de separacié6 optimes pels
dos acoblaments (article 1, ] Amnal. At
Spectrom., table 1, pag. 24) sén comparables, ja
que les lleugeres diferencies (el tamp6 utilitzat
com a tampo electroforetic (running buffer) i la
seva concentracid, la quantitat de mostra
injectada, i el tipus de liquid recobridor (sheath
liquid) i el seu fluxe) han estat imposades pels
sistemes acoblats amb la CZE, o sigui, ESI-MS i
ICP-MS. Aixd implica que la separacid
realitzada mitjancant la CZE en ambdés
acoblaments es pot considerar practicament la
mateixa, la qual cosa permet comparar els
resultats obtingut mitjancant CZE-ESI-MS i
CZE-ICP-MS.

L'estudi de la substitucié del Zn pel Cd en
l'espécie Zn;-MT ha permeés observar que tant
en l'especie de partida com en les posteriors
addicions de Cd(Il), els electroferogrames
obtinguts mitjancant els acoblaments CZE-ESI-
MS i CZE-ICP-MS s6n similars, tant en el
nombre de pics com en els temps de retencié
dels mateixos. En tots els casos la separacié del
tamp6é i la proteina ha estat satisfactoria,
permetent una bona deteccié per ESI-MS de les
especies formades. Els electroferogrames s'han

caracteritzat per un pic intens, que contenia Zn

i/o Cd, precedit d'un pic menor causat per la
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presencia de Cu, tal i com mostra la deteccié
per ICP-MS. La preséncia de Cu prové molt
probablement de la contaminaci6 del sistema,
la qual és dificil d’eliminar. Els espectres d'ESI-
MS han mostrat com l'addici6é de Cd a l'especie
Zn7-MT provoca el desplacament seqiiencial i
no cooperatiu del Zn pel Cd (veure Taula 1)
amb una elevada tendeéncia a desplacar tot el
Zn, fins a obtenir-se 'especie Cd7-MT, que s'ha
presentat com a majoritaria a partir de 7
equivalents de Cd(Il) afegits, indicant la seva
elevada estabilitat. Cal destacar, d'una banda,
la presencia de l'especie Cde¢Zni-MT fins i tot
en presencia d'un gran excés de Cd. La
dificultat que presenta la substitucié total del
Zn per Cd suggereix un important paper
estructural del Zn en I'especie Cde¢Zn;-MT [14].
Aquest fet concorda amb el que s’havia
observat, mitjangant simulacions
semiempiriques, en l'estudi de les preferencies

de Zn(Il) i Cd(II) pels llocs de coordinacié de la

Eq. Cd(Il) addicionats
Espécie 0 2 4 7 9 11
Zn;-MT X
Cd1Zn6-MT X
CdzZn5-MT X X
Cd3Zns-MT X X
Cd4ZIl3-MT X X
CdsZn,-MT X X X X X
CdeZni-MT X X X X
Cd;-MT X X X X
CdeZno-MT X X
Cd7Zn-MT X X
Cds-MT X X
X: especie majoritaria  x: especie minoritaria
Taula 1. Distribucié de les especies Cd-MT detectades mitjangant
I'acoblament CZE-ESI-MS durant la valoraci6é de Zn;-MT recombinant
de ratoli a pH 7 en funcié del nombre d’equivalents de Cd(II) afegits.

MT de mamifer [48]. D'altra banda, el fet que
l'addici6 de més de 7 equivalents de Cd(Il)
provoqui el mateix efecte, la formacio
majoritaria de l'especie Cd;-MT amb presencia
de quantitats menors d’espécies amb diferent
metal-lacié (CdsZn-MT, CdeZni-MT, CdsZno-
MT, Cd;Zni-MT i Cds-MT), obtenint-se els
mateixos electroferogrames, indica que un
excés de Cd(II) en el medi no altera
significativament els senyals electroforetics.
Cal remarcar que els resultats obtinguts
mitjancant CZE-ESI-MS sén complementaris
als obtinguts mitjancant RMN [47]. Pero, si bé
I'estudi de I'enllag de Cd(Il) a I'especie Zn;-MT
mitjancant RMN de 3Cd

va aportar

informaci6  significativa referent a la
distribucié metal-lica entre els dos dominis de
MT, la complexitat dels espectres presentats no
va fer possible l'obtenci6 de informacioé
referent al nombre i estequiometria de les

espécies presents en soluci6 [47].

48. C. C. Chang, P. C. Huang. Protein Eng., 1996, 9, 1165-
1172.
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D’altra banda, donat que el Cu és un
contaminant no desitjat freqiient en els
sistemes on s’analitzen mostres biologiques, i
que la seva eliminacié és molt dificil, es va
estudiar 'addicié de Cu(l) a I'especie Cd-MT 1
recombinant de ratoli i també a dues isoformes
comercials de MT 1 i MT 2 (Sigma-Aldrich).
L'addici6 de Cu(I) de manera controlada a les
diferents mostres de Cd-MT ha provocat el
desplagament gradual del Cd(I). Els
electroferogrames obtinguts han mostrat pics
amb diferents temps de retencié que varien en
nombre i en intensitat, en funcié de la quantitat
de Cu present a la mostra i de l'especie de
partida. Els espectres d’ESI-MS obtinguts han
permeés observar la coexisténcia d'un gran
Cu-MT de

diferents

de Cu(l).

nombre d’espécies
estequiometries per cada addici6
Aquestes observacions permeten concloure
que en l'estudi de MT mitjancant CZE, la
presencia de Cu, que és un contaminant
freqiient a les mostres biologiques, provoca
'aparicié de diversos pics als
electroferogrames, i per tant, aquest fet posa en
dubte algunes de les conclusions extretes
utilitzant el sistema CZE-UV, ja que en

diverses publicacions s’ha considerat que cada

pic apareix als electroferogrames

correspon a una isoforma diferent i no a

que

possibles especies diferents de la mateixa
isoforma.
Aixi interfase utilitzada en

ha

la

CZE-ICP-MS

doncs,
l'acoblament permes
aconseguir que la resoluci6 separativa d'aquest
sigui comparable a la del sistema CZE-UV, el
qual presenta la maxima resolucidé separativa
possible mitjancant la CZE, a més a més de
disposar d'un sistema de deteccié selectiu.
Aixi,

I'acoblament CZE-ICP-MS demostren que és

aquests avantatges que ofereix
una eina d’analisi elemental a tenir en compte

per a lestudi d'intercanvis metal-lics en
metal-lotioneines.

De la mateixa manera, 'acoblament CZE-
ESI-MS ha demostrat ser un bon sistema de
separacid i deteccié per a I'estudi de sistemes
metall-MT que contenen un elevat contingut en
tampé 1 en ions metallics, permetent
determinar l'estequiometria de les especies
formades en les reaccions de substitucié
metal-lica en MT i aportant informacié
complementaria a la obtinguda mitjancant les

tecniques d’espectroscopia optica.

5.2. El catio Ag* com a model en 'estudi de Cu-MT

urant forca temps s’ha considerat que

D

substituts de Cu(l) per a I'estudi de les MT que

els ions Ag(l) podien ser uns bons

contenen Cu ates que el catié Ag(l) és estable a
l'oxidaci6, presenta isotops actius a I'RMN i
propietats coordinants properes a les de Cu(l).
Tot i aixi, darrerament s’han publicat diversos

treballs que posen en dubte la idoneitat en la

substituci6é de Cu(l) per Ag(l) per a l'estudi de
les MT esmentades [18].

El procediment seguit en el nostre estudi
sobre la idoneitat dels ions Ag(I) com a sonda
per a l'estudi de les MT que contenen Cu, ha
consistit en valorar les formes Zn-MT i apo-MT
de les tres proteines amb Ag(l) a pH 7.512.5,1
seguir valoracions

aquestes mitjangant
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I'espectroscopia optica i l'espectrometria de

masses. Posteriorment s'ha realitzat la

comparacié del comportament de Ag(l) i Cu(I)
enfront aquestes proteines.

La utilitzacié de 1'acoblament CZE-ESI-MS
ha proporcionat

primer cop dades

Ag-MT.

per
dels

espectrometriques sistemes
Aquestes no només han confirmat 1'existéncia
de les especies postulades per espectroscopia
optica, sin6é que també han permes detectar un
major nombre d'espeécies, determinar la seva
estequiometria i alhora posar de manifest una
important  coexistencia  d’espécies  en
practicament tots els punts de les valoracions.
Com a conseqiiéncia, la tecnica de I'ESI-MS
s’ha  revelat com

una  metodologia

imprescindible si es pretén assolir un
coneixement profund dels sistemes Ag-MT i
sempre que sigui possible, dels sistemes
metall-MT.

La coordinaci6é de Ag(I) a la MT sencera i
als seus fragments o i B déna lloc a la formaci6
d'un gran nombre d'espécies, entre les quals
cal destacar diverses especies
heterometal-liques Ag,Zn-MT que no havien
estat descrites amb anterioritat.

Analogament al que s’havia descrit pel
Cu(l), la comparacié entre les valoracions de
les tres proteines amb Ag(I) realitzades a pH
7.51 2.5 ha fet pales el paper estructural del Zn
quan aquestes enllacen Ag(I). Les dades de DC
indiquen les diferéncies estructurals entre les
especies Ag-MT formades a partir de les
formes apo- i les formades a partir de les Zn-
MT, tot i la coincidencia en algunes
estequiometries, i en conseqiiencia, es pot
concloure que el Zn exerceix un efecte plantilla

en els agregats Ag(I)-MT.

ZI‘W-MT Zn7-MT
{ coop. { coop.
AgyZns-MT CuyZns-MT
(Zn)(AgiZn)’  (Zng)*(CusZni)?
i/ coop. \L coop.
Ag7Zn3-MT CU7ZI’13-MT
(Aganz)‘}Ag4Zn1)B (CusZny)*(CuaZm)?
Agan3-MT
(AgsZno)“(AgsZm)’ oop
1
AngI‘lz-MT Cl,hoZI‘h-MT
(AgaZno)*(Ags)® (CwaZn)*(Cue)’
1 \
AguZI‘M-MT CU12-MT
(AgeZu)(Ags)’
\
Ag14—MT
\
Ag15—MT Cu15—MT
\
Ag1-MT
\
Ag17—MT
\
Agis-MT
\
Ago-MT

Figura 3. Esquemes de reacci6é proposats per la
coordinacié de Ag(I) i de Cu(I) a 'especie Zny-
MT 1 recombinant de ratoli a pH 7. Les dades
espectroscopiques han permeés proposar la

distribucié metal-lica entre dominis de les
especies heterometal-liques.

El conjunt de les dades optiques i

espectrometriques  obtingudes en les
valoracions dels fragments a i § ha permes
proposar la distribucié metal-lica entre dominis
d’algunes de les espeécies que es formen al llarg
de la valoracié de Zn;-MT amb Ag(I). Aquesta
distribucié revela que dnicament a l'inici de la
valoracié hi ha una preferéncia coordinativa
del cati6 Ag* pel domini B. També sha
observat que el comportament dels fragments
per separat no reprodueix exactament el que
manifesta la MT sencera, la qual cosa indica
que els dos dominis de la MT no actuen de
manera Una

completament independent.
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conclusi6 important és que l'estructura
bidominial de la MT sencera es manté mentre
hi ha Zn coordinat a la proteina. Un cop els
ions Ag(I) desplacen I'ultim Zn(II) coordinat,
I'agregat evoluciona cap a una estructura
presumiblement monodominial, com la que ja
s'havia descrit en el cas del Cu(l).

Estudis anteriors referents a la coordinacié
de Ag(I) a apo-MT [31, 34] i a Zny-MT [22, 33] a
pH 7 van proposar la formacié de Agi>-MT i
Agi71-MT en ambdues valoracions, si bé
també es formava Age-MT a partir de I'apo-MT
i M4Age-MT en valorar M7-MT (M = Zn, Cd)
[21, 22, 33]. De la mateixa manera, les
valoracions amb Ag(I) de les espécies apo-oMT
[7, 28, 31], Zns-oMT [33], apo-BMT [7, 28, 31] i
Zn3-BMT [33] van indicar la formacié de Age-
oMT i Age-BMT, mentre que a partir de les
apo-formes també s’havien format les especies
Ags-aMT i Ags-BMT. Probablement,

dades

les

diferéencies observades entre les
bibliografiques i les obtingudes en el treball
que aqui es presenta siguin degudes a diversos
factors, com pot ser el fet d'utilitzar proteines
de diferent naturalesa (natives i recombinants),
les condicions en que s’han realitzat els
diferents experiments (pH, concentracié de la
proteina, temperatura) i la possibilitat
d’avaluar el contingut en Zn de les especies
Ag-MT. Tot i aixi, les dades espectroscopiques
i espectrometriques que s’han presentat en
aquest treball referents a I’enllag de Ag(I) tant a
les apo-MT com a les Zn-MT evidencien la
necessitat d'un control rigorés del pH i la
necessitat de diverses técniques
complementaries per assolir un coneixement
profund del sistema Ag-MT.

En comparar els comportaments de Ag* i

Cu* enfront les diverses proteines estudiades
s’observa una elevada similitud entre ambdoés
ions metal-lics perd restringida als primers
estadis de la substitucié del Zn(Il) per Ag(l), el
que s’evidencia en l'inici de les valoracions a
pH 7.5 de MT sencera i del seu fragment a. El
paral-lelisme observat en les empremtes
espectrals de les espécies MyZns-MT i M7Zns-

MT M Ag, Cu)

suggereix la seva
isoestructuralitat, cosa que permet anticipar la
possible  determinaci6 de  Il'estructura
tridimensionals de les espécies anteriors de
Cu(I) mitjancant la seva substitucio per Ag(I).

En les formes apo de les tres proteines i en
el fragment B a ambdoés valors de pH no s’ha
trobat cap similitud de comportament entre Ag
i Cu. El fet que el fragment Zns;-BMT enllaci
Ag(D) i Cu(l) de manera diferenciada és molt
probablement degut a que en el cas del Cu, a
diferéncia del de la Ag, no s’observa un efecte
plantilla del Zn. Pel que fa a les apo-proteines,
les diferéncies coordinatives que presenten les
tres proteines envers Ag(l) i Cu(l) podrien
justificar-se en base a les diferents afinitats i
preferéncies coordinatives d’aquests dos ions
metal-lics envers els lligands tiolat (Ag(I)
digonal, Cu(I) trigonal).

La comparacié entre Ag(l) i Cu(l) aqui
presentada indica doncs que, si bé aquests
cations poden presentar un comportament
similar en coordinar-se a les MT, tal i com
havien postulat alguns autors anteriorment
[24, 25, 26], aquesta similitud només es déna en
les primeres especies heterometal-liques
Ag,Zn-MT procedents de la substitucié Zn/Ag
de les formes Zn-MT, i en el cas de MT de
mamifers, només per la MT sencera i el
fragment o. resultats

Aquests en part
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justifiquen que alguns autors hagin qiiestionat

el possible reemplacament isomorf de Cu(l)

5.3. MTO de Drosophila melanogaster: contribucid

classificacio de MT.

I r ins a la presentaci6 d’aquest treball,

codifiquen per a la sintesi de MT en Drosophila

només s’havien descrit dos gens que

melanogaster: Min i Mto, que determinen les
proteines MTN (40 aa, 10 Cys) i MTO (43 aa, 12
Cys), respectivament. L’estudi de la capacitat
coordinant de MTN envers diferents ions
metal-lics tant in vivo com in vitro juntament
amb l'analisi de les relacions filogenetiques
amb d’altres MT evolutivament properes, va
conduir a la classificacié de la MTN com a Cu-
tioneina [16].

L’estudi de MTO de Drosophila contempla
dos objectius principals: la determinaci6 de les
seves propietats coordinants tant in vivo com in
vitro enfront de Zn i de Cu a fi de poder-la
classificar com a Zn- o Cu-tioneina; i la
comparacié del seu comportament coordinatiu
amb el de MTN per tal de trobar els motius
que justifiquen la preséencia d’ambdues
proteines en Drosophila.

L’expressié de MTO en medis enriquits en
Zn ha donat lloc a la formacié majoritaria de
I'especie Zny-MTO que, en funcié de les
condicions de sintesi, presenta uns graus
d’oxidaci6 considerables, mentre que en medis
enriquits amb Cu s’obté una barreja equimolar
de Cug- i Cus-MTO, que en cultius a petita
escala es redueix tinicament a Cuo-MTO.

Les dades presentades en aquest treball han

permes establir que en preséncia de metalls

divalents, les especies d’estequiometria My-

per Ag(I) en MT [18].

d una nova

MTO (M = Zn, Cd) s6n les més estables. També
s’ha pogut apreciar una certa capacitat dels
agregats My-MTO per coordinar un cinqué
M(II) sense alteracié significativa de la seva
estructura. Cal destacar que s’ha pogut
descriure per primer cop unes caracteristiques
espectroscopiques que indiquen la participacié
dels ions ClI- en l'estructura dels agregats M-
MTO, si bé el seu paper estructural és més
important en el cas del Zn que en el del Cd.
Aquesta participacié dels clorurs en Ia
coordinacié metal-lica s’ha revelat com un tret
diferencial entre MTN i MTO. Aixi mateix,
I'especie Cdy-MTO déna lloc a l'agregat Cdo-
MTO en presencia d’excessos importants de
Cd(II) en el medi.

La substitucié in vitro de Zn(Il) per Cu(l) en
'especie Zny-MTO ha mostrat la formacié d’un
conjunt d’especies, entre les quals cal destacar
I'especie CusZn>-MTO com a tnica espécie
heterometal-lica determinada en aquesta
valoraci6, i l'especie Cus-MTO que presenta
una empremta espectral practicament idéntica
a 'obtinguda en la sintesi in vivo en medis rics
en Cu. Aquests resultats han permes demostrar
que l'especie homometal-lica Cuo-MTO és la
que es biosintetitza en entorns cel-lulars rics en
Cu, si bé, aquesta espeécie presenta una certa
tendéncia a alliberar un catié Cu(I) per donar
lloc a lespecie Cus-MTO sense variar
practicament la seva estructura. L'addici6 de

més Cu(l) a la soluci6 proteica un cop s’ha
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Zng-MTO Zny-MTO
2 \
Cd1Zn3-MTO Cu4Zn2—MTO
\: A
CdzZI‘lz—MTO Cug—MTO
\: A
Cd3Zn;-MTO Cuo-MTO
2 2
Cd4—MTO CU15—MTO
\: A
Cds—MTO Cu17-MTO
d
Cdo-MTO
(A) (B)

Figura 4. Esquemes de reaccié proposats per a la
valoraci6 de Zni-MTO a pH 7 amb Cd(Il) (A) i
amb Cu(I) (B).

format l'especie Cus-MTO dona lloc a la
coordinacié de més cations Cu(l) fins arribar a
la saturaci6 per 17 Cu(l).

Aquest conjunt de resultats ha permes
classificar MTO com una segona Cu-tioneina

de Drosophila, cosa que implica que

D.melanogaster és 1'tnic metazou conegut que
no presenta cap Zn-tioneina.

L’analisi de I'estructura primaria de MTO i
la seva comparacié amb la d’altres MT ha

indicat que la MTO esta relacionada

seqliencialment amb les  Cu-tioneines

analitzades i clarament diferenciada de les Zn-
tioneines. Alhora, la seva seqiiéncia és més
propera a CUP 1 de S.cerevisiae que a MTN, la
qual cosa sembla indicar que la diferenciacié
entre MTO i MTN ha estat prévia a la
diferenciaci6 de Drosophila de la resta
d’artropodes.

La comparaci6 entre MTO i MTN ha
permes observar que, si bé I'analisi seqiiencial
d’ambdues proteines revela certes diferéncies,
el seu comportament envers Cu(l), Cd(Il) i
Zn(ll) és significativament proper, amb
I'excepci6 que la capacitat coordinant de
I'MTO és superior donades les seves 2 Cys
addicionals. Conseqiientment, amb les dades
de queé actualment es disposa, no és possible
justificar la preséncia de dues Cu-tioneines en
D.melanogaster, i per tant, caldran estudis més
profunds per determinar si sén els patrons
les diferencies

d’expressio, petites

coordinatives o algun altre factor, els

responsables de la presencia de dues Cu-
tioneines en aquest organisme, aixi com la

possible existéncia d’alguna Zn-tioneina.
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| treball realitzat en el marc d’aquesta

E

tesi doctoral permet arribar a un conjunt

de conclusions que s’exposen a continuacid

agrupades d’acord amb els objectius proposats.

6.1. Aplicaci6 de l'espectrometria de masses a l'estudi de MT amb Cd

e [’acoblament CZE-ESI-MS permet la
separacié del tampé present en les solucions
metall-MT i en conseqiiencia la determinaci6
acurada del nombre i de I'estequiometria de les
espécies proteiques presents en soluciob.
Aquesta metodologia amplia substancialment
la  informaci6 obtinguda habitualment
mitjancant espectroscopia optica.

e La nova interfase utilitzada en 1’acoblament
CZE-ICP-MS permet aconseguir una resolucié
separativa Optima, comparable a la del sistema
CZE-UV, la qual cosa permet disposar de les
de CZE,
combinades amb 1'especificitat de I'ICP-MS,

fan de l'acoblament CZE-ICP-MS una eina a

elevades prestacions la que

tenir en compte per a l'estudi de l'intercanvi
metal-lic en les MT.

e Els avantatges de I'acoblament CZE-ESI-MS
queden substancialment alterats quan el
sistema analitic esta contaminat per traces de

Cu, el que sovint és dificil de subsanar, ja que

provoca l'alteraci6 dels electroferogrames
obtinguts. En aquest cas, es fa necessaria la
utilitzaci6 prévia d'un sistema de deteccio
selectiu pels elements o les molécules en
estudi, com per exemple I'ICP-MS. D’aquesta
manera la determinacié per ESI-MS es pot
restringir als senyals electroforétics que
corresponen exclusivament a la mostra en
estudi.

e [’acoblament CZE-ESI-MS ha permes
ampliar les dades existents sobre la substitucié
de Zn per Cd en Zn;-MT. Aixi, en la valoracié
de Znz-MT amb Cd(Il) a pH 7 s’ha observat el
desplacament seqiiencial i no cooperatiu del
Zn pel Cd fins donar lloc a la formacié de
I'especie Cd7-MT, la qual, si bé és majoritaria,
coexisteix amb d’altres especies, entre les quals
cal destacar CdeZn;-MT. La dificultat de
substituci6 de tot el Zn inicialment coordinat a
la proteina podria ser atribuida a un paper

estructural de I'i6 Zn(II) en les especies Cd-MT.

6.2. El catio Ag* com a model en 'estudi de Cu-MT

e La coordinaci6 dels ions Ag(l) a Zn;-MT,
Zng-oMT i Zns-BMT, aixi com a apo-MT, apo-
oMT i apo-BMT, provoca la formacié d'un gran
nombre d'especies, tan homo- (Ag,-MT) com
heterometal-liques (AgxZny-MT), fins arribar al
punt de saturacié de les diferents proteines
estudiades, que és proper a una relacié Ag:Scys

de 1 (veure Fig. 5).

e La distribucié metal-lica entre dominis per a

les especies formades la substitucié

Zn(Il)/Ag(l) en l'espécie Zn;-MT ha revelat

en

que l'estructura bidominial inicial només es
manté mentre hi ha Zn coordinat a la proteina,
i un cop els ions Zn(Ill) han estat totalment

per  Ag(D),

presumiblement monodominial.

desplacats I'estructura esdevé
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e En presencia de Ag(l), tant la MT sencera
com els seus fragments per separat, donen lloc
a un conjunt d’espécies més nombrds que en
presencia de Cu(l), especialment quan es
parteix de les espécies Zn-MT, indicant una
complexitat coordinativa  superior dels
sistemes Ag-MT.

e Quan es substitueix el Zn, tant de la MT
sencera com del seu fragment a, el grau de
metal-laci6 assolit és molt superior en
presencia de Ag (Agio-MT, Agi1-oMT) que en

presencia de Cu (Cuis-MT, Cus-oMT), mentre

(A) (B) ©
Zng-oMT Zn3-BMT Zn;-MT
2 \ { coop.
Ag1Znz-oMT AgsZni-BMT AgyZns-MT
\: A { coop.
AgrZns-oMT AgaZn-BMT AgrZn3-MT
\ {
AgsZny-aMT Ags-pMT AggZns-MT
{ 1 {
AgiZny-oMT Ags-BMT Ag10Zny-MT
{ \ \
AgsZni-oMT Ag7-BMT Ag1Zn-MT
{ 1 {
Ago-aMT Ags-BMT Agi-MT
{ \ {
Agi-oMT Ago-BMT Agis-MT
{
Ag16-MT
{
Ag17-MT
\
Aglg-MT
{
Aglg-MT
(D) (E) (F)
apo-aMT apo-pMT apo-MT
{ \ {
Agy-oMT Ags-BMT Age-MT
{ 1
Ags-aMT Age-BMT Agio-MT
{ \ \
Ago-oMT Ago-BMT Agi3-MT
{ {
Agm-aMT Agle-MT
{
Agn-OLMT
Figura 5. Esquemes de reaccié proposats per a les valoracions amb Ag(I) de Zns-aMT (A), Zns-pMT
(B) i Zn;-MT (C) a pH 7.5, i de les especies apo-aMT (D), apo-BMT (E) i apo-MT (F) a pH 2.5.

que en el fragment P les diferéncies no son tan
importants (Age-BMT vs. Cuyo-fMT).

e En el cas del fragment B no hi ha cap
similitud significativa entre Ag i Cu,
probablement degut a que el Zn no realitza cap
efecte plantilla en el cas del Cu pero si ho fa en
cas dela Ag.

e El comportament de la MT sencera i el seu
fragment o enfront de Ag(I) i Cu(I) és molt
similar en les primeres fases de les valoracions.
En el cas de MT sencera s’ha observat la

formacié cooperativa de les especies MiZns-
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MT i MyZns-MT (M Ag, Cu), amb una
distribucié metal-lica entre dominis identica i
unes empremtes espectrals comparables,
indicant aixi la seva possible isoestructuralitat.
D’aquesta manera, hauria de ser possible
determinar l'estructura de Cuy;Zn3-MT, que és
la que s’expressa in vivo en un medi enriquit
amb Cu, mitjancant RMN de Ag.

¢ El comportament de Ag i Cu envers les apo-
estudiades  és

formes significativament

diferent, la qual cosa suggereix que les

similituds observades en MT i el seu fragment
o per les primeres especies M, Zn-MT (M = Ag,
Cu) formades a pH 7.5 es deuen molt
probablement a la presencia de Zn i a l'efecte
plantilla que aquest exerceix en la coordinacié
de Ag(l) a MT.

e La Ag és un bon model del Cu en MT
sencera i el seu fragment o inicament quan es
parteix de les Zn-MT corresponents i només
per a les espécies heterometal-liques Cu,Zn-MT

que es formen a l'inici de les valoracions.

6.3. MTO de Drosophila melanogaster: contribuci6 a una nova

classificacio de MT.

e Les sintesis in vivo de la isoforma MTO de
Drosophila en medis rics en Cu déna lloc a la
barreja de

homometal-liques Cus-MTO i Cus-MTO en

equimolar les  especies
condicions standard de cultiu i inicament Cuy-
MTO en cultius a petita escala sota un major
control. La sintesis in vivo de MTO en medis
enriquits en Zn déna lloc a la formacié
majoritaria de I'especie Zny-MTO,
acompanyada de petites quantitats de les
especies Znz-MTO i Zns-MTO.

e Els estudis in vitro a partir de Zn-MTO tant
amb Cd(II) com amb Cu(I) a pH 7 han permes
observar la formaci6é successiva d'un conjunt
d’especies (veure apartat 5.3, Fig. 4) entre les
quals cal destacar I'especie Cds-MTO per ser la
més estable en la valoracié amb Cd(II), mentre
que en la valoraci6 amb Cu(l) destaca la
formacié d'una especie inicial heterometal-lica
CusZn-MTO i posteriorment d’altres especies
homometal-liques Cu-MTO fins assolir un grau

maxim de 17 Cu(I) coordinats.

e Les dades experimentals (sintesis in vivo en

medis rics en Cu i substitucié in vitro de Zn(II)

per Cu() en lespecie Zne-MTO) i la
comparacié de seqiiéncies permeten classificar
MTO com wuna segona Cu-tioneina de

Drosophila melanogaster, que es biosintetitza
com a Cus-MTO en medis rics en Cu, tot i tenir
una certa tendéncia a perdre un cati6é Cu(l) per
donar lloc a I'especie Cus-MTO.

e En preséncia de metalls divalents, les
espécies My-MTO (M = Zn, Cd) sén les més
estables, si bé poden incorporar un cinque
M(I) sense una alteracié significativa de la
seva estructura.

e Per primer cop en l'estudi de les MT, s’han
obtingut evidencies experimentals (bandes
d’absorci6é en la zona de 'UV diferents de les
atribuides als enllagos M-Scys) de la
participacié dels ions Cl- en l'estructura dels
agregats metall-MT

complexos My-MTO (M = Zn, Cd).

i en concret pels
e Si bé MTO presenta una capacitat superior
per coordinar ions metal-lics, tan monovalents

com divalents, MTO i MTN es comporten de

-103 -



- Conclusions -

manera similar en preséncia d’aquests ions, el la cerca de Zn-tioneines en Drosophila.

que de d’un punt de vista biologic deixa oberta
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