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ABREUJAMENTS i ACRONIMS
3D: tridimensional

AHisCeMT2: Peptid mutant derivat de CeMT2 corresponent a la delecié de la seva

His terminal
g: Coeficient d’extincié molar
C18: Péeptid mutant derivat de QsMT corresponent al domini C-terminal
CeMT1: Metal-lotioneina MT1 del nematode Caenorhabditis elegans
CeMT2: Metal-lotioneina MT2 del nematode Caenorhabditis elegans
Ct-CeMT1: Peptid mutant derivat de CeMT1 corresponent al domini C-terminal
Ct-CeMT2: Peptid mutant derivat de CeMT2 corresponent al domini C-terminal
Cup1: Metal-lotioneina del llevat Saccharomyces cerevisiae
Cys: Cisteina
DC: Dicroisme Circular
DEPC: Pirocarbonat de dietil
DNA: Acid desoxiribonucleic
€44 . Electro aquos o electro solvatat
Eq: Equivalent molar
ESI-MS: Espectroscopia de masses amb ionitzacio per electrosprai
FPLC: Fast protein liquid chromatography (cromatografia liquida d’alta resolucid)
GC-FPD: Cromatografia de gasos amb detector fotometric de flama
GSH: Glutatié reduit
GSSG: Glutatié oxidat
H°: Radical hidrogen
His: Histidina
ICP-AES: Espectroscopia d’emissié atdmica de plasma acoblat per induccié
KO: genoanul-lat (knockoul)
L: Lligand

Lys: Lisina



M: Metall

MeMT: Metal-lotioneina MT-10-1V del mol-lusc Mytilus edulis

Met: Metionina

MT/ MTs: Metal-lotioneina / metal-lotioneines

n1-Cd-Cup1: Metal-lotioneina nativa Cup1 purificada mitjangant columnes
d’intercanvi idnic i d’exclusié per mida

n2-Cd-Cupi1: Metal-lotioneina nativa Cup1 purificada Unicament mitjangant
columnes d’exclusio per mida.

N25: Péptid mutant derivat de QsMT corresponent al domini N-terminal

N25-C18: Peptid mutant derivat de QsMT corresponent a la substitucio del seu

espaiador per quatre glicines
NHis: Nitrogen histidinic
Nt-CeMT1: Péptid mutant derivat de CeMT1 corresponent al domini N-terminal
Nt-CeMT2: Peptid mutant derivat de CeMT2 corresponent al domini N-terminal
OH": Radical hidroxil
PDB: Base de dades de proteines amb estructura tridimensional coneguda
POPC: 1-palmitoil-2-oleilfosfatidilcolina
QsMT: Metal-lotioneina de I'alzina surera Quercus Suber
RMN: Ressonancia Magnetica Nuclear
SCys: Sofre cisteinic
Tris: Tris(hidroximetillaminometa
Tyr: Tirosina

UV-Vis: Espectres d’absorcié UV-visible
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1. INTRODUCCIO

1.1 Caracteristiques generals de les metal-lotioneines

Les metal-lotioneines, MTs, sén unes metal-loproteines molt particulars que es
caracteritzen per la seva elevada capacitat per coordinar i bescanviar ions metal-lics.
Oficialment van ser descobertes I’'any 1957 per Margoshes i Vallee a partir de cortex
renal de cavall com a proteines associades a zinc i cadmi.' En aquell moment aquests
autors les van anomenar metal-lotioneines degut al seu elevat contingut en metall i en
residus de cisteina. Les MTs constitueixen una gran familia de proteines, presents en
una amplia gamma d’organismes vius -s’han trobat tant en organismes unicel-lulars
(cianobacteris, llevats, protozous i recentment micobacteris®) com en pluricel-lulars

(vertebrats, invertebrats i plantes).

Totes les MTs presenten les seglients caracteristiques comunes:

» Baix pes molecular (2-12 kDa).

» Elevat contingut en cisteina (aproximadament el 30% dels aminoacids).

» Elevada capacitat per coordinar i bescanviar ions metal-lics.

» Baix contingut en residus hidrofobics.

» Abseéncia, en general, de residus aromatics.

» Motius cisteinics caracteristics: Cys-X-Cys, Cys-Cys o Cys-Cys-Cys (essent

X un aminoacid diferent a la cisteina).

L’alt contingut en residus de cisteina és el que més caracteritza aquestes
proteines, ja que les Cys soén les responsables principals de la coordinacié metal-lica,
si bé de vegades els residus de His també poden coordinar metalls. El caracteristic
grup tiolat de les Cys actua com una base tova, de manera que té tendéncia a
coordinar acids de Lewis tous com el Cd(ll) o el Cu(l) i acids intermedis com el Zn(ll).
En els organismes vius, les MTs natives es troben enllacades a metalls essencials
com el Zn(ll) i el Cu(l), aixi com també a metalls toxics com Cd(ll), Hg(ll), Ag(l) o Pb(ll).?
Addicionalment, estudis realitzats /n vifro demostren que les MTs també poden

enllacar-se a altres ions metal-lics com Au(lll), Bi(lll), Fe(ll), Ni(ll), Pt(ll) i Te(IV).*
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1.2 Métodes d’obtencio de les metal-lotioneines

El procediment tradicional d’obtencioé de MTs, i el més utilitzat fins a la década
dels 90, es basa en la induccié de la seva sintesi en éssers vius per diferents vies i el
seu posterior aillament i purificacié a partir dels teixits on més s’expressa la proteina.
Les MTs es veuen induides per un gran nombre de factors, com per exemple la
presencia d’ions metal-lics, agents radicals oxidants, exposicié a radiaci6 UV o
determinades hormones. Aquest méetode permet obtenir les MTs en forma nativa
presents en els diferents teixits d’animals o plantes; ara bé, aquest métode comporta
dos grans inconvenients: a) el llarg i dificil procediment de purificacié i b) la baixa
concentracié i puresa de les MTs natives obtingudes.®

Un metode alternatiu per pal-liar els inconvenients de I’anterior perd forca
menys utilitzat és la sintesi quimica de cadenes peptidiques sobre suport solid per
produir apo-MT, és a dir, la seqlieéncia de la proteina sense enllacar cap ié metal-lic.
Aquesta metodologia ha permeés caracteritzar MTs de fongs®’ i els dominis per
separat d’algunes MTs de mamifer."" Aquesta metodologia, perd, també presenta les
seves limitacions, com sén la dificultat de sintetitzar cadenes peptidiques llargues o la
necessitat de protegir els residus cisteinics per evitar la seva oxidacio.

Una alternativa optima i més actual son les técniques d’enginyeria genetica,
més conegudes com a técniques de ’ADN recombinant.” Es tracta d’aprofitar els
mecanismes cel-lulars propis de sintesi de proteines en bacteris per a obtenir
quantitats elevades d’un producte que normalment no es sintetitzaria en aquestes
cél-lules (producte heterdleg). Per aconseguir-ho s’ha d’introduir al bacteri un ADN
que contingui tota la informacié per a la sintesi de MT, els senyals de transcripcid i
traduccioé adequats i també la informacié genética addicional que garanteixi que la
molécula de I’ADN que conté tots aquests elements es mantingui estable dins la
cel-lula i es transmeti als descendents (Figura 1). L’ADN que porta aquesta informacio
es denomina vecfor, la cél-lula emprada per a la sintesi de la molécula heterdloga
hoste i la proteina aixi obtinguda profeina recombinant. Aquesta técnica permet
obtenir quantitats elevades de MTs recombinants d’'una puresa molt elevada i de
propietats idéntiques a les MTs natives. '* D’altra banda, I’enginyeria genética també
permet modificar les seqliencies d’ADN per a obtenir proteines modificades a nivell
d’estructura primaria en les posicions desitjades (mutagénesi dirigida). Aquesta

técnica permet introduir mutacions puntuals d’aminoacids en els punts d’interes, fet
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que no és possible mitjangcant el metode d’obtencié tradicional a partir de teixits
d’animals o plantes.

El conjunt d’avantatges exposats ha fet que actualment el métode de I’ADN
recombinant sigui el métode més utilitzat per a la obtencié de MTs i el que s’ha

emprat per a obtenir les MTs estudiades en aquesta Tesi Doctoral.

Vector 1.- CLONATGE
d’expressio | + sequeéncia codificant >

2.- TRANSFORMACIC’)\

3.-INDUCCIO l

Figura 1.- Esquema general d’obtencié i purificacié d’una proteina recombinant.
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1.3 Estructura de les metal-lotioneines

Es ben conegut que les MTs només adopten un plegament tridimensional
estable i ben definit quan coordinen ions metal-lics, majoritariament via enllagcos
metall-SCys (0 bé metall-NHis). Aixi doncs, la coordinacié dels ions metal-lics és el
que determina com sera el plegament de les MTs, ja que gracies a la gran flexibilitat
de la cadena peptidica aquesta pot disposar espacialment els tiolats cisteinics de
manera que puguin satisfer els diferents entorns de coordinacié preferits dels
diferents ions metal-lics, fins i tot encara que difereixin forca en el seu radi atomic.* En
canvi, les metal-lotioneines en la seva forma demetal-lada, que es coneixen amb el
nom d’apometal-lotioneines (apo-MT), presenten una estructura desordenada (random
CO/ .14,15

Degut a la flexibilitat de la cadena polipeptidica i a la fluctuacié dinamica dels
ions metal-lics coordinats a aquesta, fins al moment només s’han resolt unes poques
estructures tridimensionals de MTs amb técniques de ressonancia magnética

multinuclear (RMN) o per difraccié de raigs X (Taula 1).

Organisme Metal-lotioneina Téecnica
Mamifer (huma, rata i conill) Cd,-MT2 RMN'e-18
Mamifer (rata) Zn,Cds-MT2 Difraccio de raigs X'
Mamifer (ratoli) Cd,-MT1 RMN?°
Mamifer (ratoli i huma) Cd,-aMT-3 RMN?"22
Peix (N.coriiceps) Cd,- ncMT RMN?
Crustaci (C.sapidus) Cde-MT1 RMN?
Crustaci (H.americanus) Cdg-MT1 RMN#
Equinoderm (S.Purpuratus) Cd,-MTA RMN?
Llevat (S.cerevisiae) Cu,-MT, Ag,-MT RMN?728
Llevat (S.cerevisiae) Cug-MT Difraccio de raigs X*
Bacteri (Synechococcus) Cd,-SmtA RMN®*
Fong (N.crassa) Cdg-NcMT RMN?®'

Taula 1.- MTs amb I'estructura tridimensional inclosa en el Protein Data Bank (PDB).
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Tret de la MT SmtA de cianobacteri, que només presenta un sol domini,* totes
les estructures tridimensionals resoltes de MTs amb metalls divalents -Zn(ll) i Cd(ll)-
presenten una estructura dividida en dos dominis separats, cadascun amb un cluster

1622 o] seu domini N-terminal

metall-tiolat. Aixi, per exemple, en la MT de mamifer,
(domini B) esta format per 3 ions divalents enllagats tetraédricament a 9 tiolats
cisteinics (M4(SCys)) i el seu domini C-terminal (domini o) forma un cluster amb 4 ions
divalents també coordinats tetraédricament a 11 residus de cisteina (M,(SCys),,)
(Figura 2.a).

L’any 2001 el grup dirigit pel Prof. Sadler va descriure per primera vegada una
metal-lotioneina de cianobacteri formada per un sol cluster metall-MT, similar al que
presenta el domini o de mamifer, perd en el que el lloc ocupat per dues cisteines
correspon ara a dues histidines, formant un cluster [M,(SCys)ys(NHis),] (Figura 2.b).
Quan aquesta MT s’obté unida a ions Zn(ll) un d’aquests és inert enfront a la
substitucié per ions Cd(ll), de manera que s’ha associat SmtA a les proteines

conegudes com a dits de zinc (zinc fingers).*

Figura 2.- Estructures tridimensionals, resoltes per RMN, de MTs enllagades a ions divalents: a)
Zn,Cds-MT2 de mamifer (rata) resolta per difraccié de raigs X i els seus dominis B i a
formats pels agregats Cd,Zn,-(SCys), i Cd,-(SCys),;, respectivament i b) Zn,-SmtA
de cianobacteri (MT de Synechococcus) i I'agregat Zn,-(SCys)s(NHis), que forma.
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Pel que fa als metalls monovalents, quan les MTs coordinen Cu(l) ho fan mitjangant
dos o tres lligands cisteinics, amb geometria lineal o trigonal-plana.*'** En tots els
casos el coure enllagat es troba en estat d’oxidacido +1, ja que el Cu(ll) és capag¢
d’oxidar la cisteina formant cistina® (un pont disulfur entre dues cisteines) tot reduint-
se a Cu(l).

La informacié estructural dels agregats que formen les MTs amb el Cu(l) és
molt escassa principalment degut a la manca d’activitat en la RMN (moment
quadrupolar del Cu(l)=5/2) i a la dificultat d’obtenir monocristalls d’aquests complexos
aptes per a la difraccié de raigs X.2 Tot i aixi, s’ha aconseguit resoldre I'estructura de
la MT de llevat Saccharomyces cerevisiae (Cup1) tant per difraccié de raigs X*° com
per RMN?"2® (Figura 3) i la de la MT del fong Neurospora crassa (Nc-MT) per RMN.*'
En ambdoés casos la proteina forma un Unic cluster metal-lic donant lloc a les formes

Cug-Cup1 i Cug-NcMT, respectivament.

Figura 3.- Estructura tridimensional de Cug-Cup1 de llevat (Saccharomyces cerevisiae) resolta
per difraccié de raigs X i agregat Cug-(SCys),, que forma.

1.4 Classificacio de les metal-lotioneines

Normalment les proteines es classifiquen segons la seva funcionalitat
(oroteases, oxigenases, reductases, etc). En el cas de les MTs, no s’ha pogut fer
d’aquesta manera ja que avui dia encara es discuteix quina pot ser la seva funcio
fisioldgica principal. Per aquest motiu s’han fet diverses propostes de classificacié en
funcio de les seves homologies de seqliencia i caracteristiques estructurals.

La primera classificacié es va proposar I'any 1985 durant el Segon Congrés
Internacional de Metal-lotioneines, on es va establir una subdivisié de les mateixes en

tres grans grups en funcié de la seva estructura primaria:**
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» Classe I, MTs amb una alta homologia de seqliiéncia amb la isoforma MT1 de
ronyd de cavall i estructurades en dos dominis. Contenen entre 59 i 63
aminoacids, dels quals al voltant de 20 s6n Cys. Aquests tipus de MTs es

troben en la majoria de vertebrats i en alguns invertebrats.

» Classe Il, MTs que presenten una gran heterogeneitat de seqiéncies i sén no
alineables ni entre si ni amb la isoforma MT1 de cavall. Aquestes MTs es
troben en plantes, fongs, invertebrats i alguns bacteris. La majoria estan

constituides per un Unic domini.

» Classe lll, les anomenades cadistines, fitoquelatines (PCs) i altres polipéptids
de férmula general (y-Glu-Cys),Gly, de sintesi enzimatica, que es troben
principalment en vegetals i organismes unicel-lulars. Les PCs coordinen ions
metal-lics divalents mitjancant cisteines i anions sulfur, formant estructures en
les que el recobriment proteic embolcalla un microcristall de sulfur metal-lic

(Figura 4), que rep el nom de crystallite.®®

Figura 4.- En els agregats metall-MT de les PCs la proteina recobreix els microcristalls de CdS
(crystallites), els quals s’uneixen a la PC mitjancant enllagos Cd-SCys (extret de
Winge et al®).

L’any 1999 els investigadors Binz i K&gi van proposar un nou sistema
d’ordenacié en base a similituds de seqliéncia globals. Aquesta classificacidé, molt
més detallada, divideix les MTs en families, subfamilies, subgrups, isoformes i
subisoformes, practicament donant lloc a tants tipus de MTs com grups taxondmics
es coneixen.*%’

Un exemple particular d’aquesta classificacio és el cas de les MTs de planta.
Aquesta familia de MTs es caracteritza per la preséncia de com a minim un domini
sense cisteines (espaiador) entre dos dominis rics en aquest aminoacid. Cobbet i

Goldsbrought van completar la classificacié general proposada per Binz i Kagi
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classificant les MTs de planta en 4 tipus diferents (Taula 2) en funcié del nombre de

cisteines que conté cada domini. *

Espaiador

Tipus 2 NG >

Espaiador

Tipus 3 ! !!

Espaiador

N T T

Espaiador Espaiador

Taula 2.- Representacié esquematica dels diferents tipus de MTs de planta (adaptada de
Cobbet i Goldsbrough®).

En qualsevol cas, cap de les dues classificacions esmentades proporciona
informacié funcional o evolutiva de les MTs, ja que Unicament es basen en la similitud
de seqléncia. Per aquest motiu I’any 2001 el grup de recerca on s’ha realitzat aquesta
Tesi va proposar un nou model de classificacié de les MTs, basat tant en la seva
segliencia aminoacidica com en la seva preferencia envers els ions metallics
essencials Zn(ll) i Cu(l).*® Si els ions metal-lics coordinats a les MTs determinen la seva
estructura, sembla probable que Zn(ll) i Cu(l), amb caracteristiques coordinants
propies, donin lloc a agregats metall-MT diferents. En conseqiiéncia, i en base a les
relacions estructura/funcié, cal esperar que estructures diferents també determinin
funcions diferents per a aquestes metal-loproteines. Aixi, per a classificar-les, cal
avaluar la seva capacitat coordinant envers aquests dos metalls essencials, cosa que
es fa mitjancant la seva produccié recombinant en medis de cultiu enriquits amb
aquests ions metal-lics, I'estudi de la substituciéo Zn"/Cd" i Zn"/Cu' in vitro del Zn(ll)
inicialment coordinat /n vivo i I'analisi qualitativa i quantitativa de la composici6 i
estructura dels agregats metal-lics formats. D’aquesta manera les MTs es poden

classificar com a:
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» Zn-tioneina: Aquella MT que en medis rics en Cu(ll) déna lloc a espécies
heterometal-liqgues Zn,Cu-MT i que per tant requereix Zn(ll) per a

estructurar-se /n vivo en preséncia de Cu(l).

» Cu-tioneina: Aquella MT que en medis rics en Cu(ll) déna lloc a espécies
homometal-liques Cu-MT i que per tant no requereix Zn(ll) per a

estructurar-se in vivo en preséncia de Cu(l).

1.5 Lligand’s no proteics en metal-lotioneines

A part dels aminoacids cisteina i histidina, en la bibliografia es troben exemples
de lligands inorganics formant part dels complexos metall-MT. D’entre aquests, els
més importants son els anions clorur i els anions sulfur, ambdds descrits pel grup de

recerca on s’emmarca aquesta Tesi Doctoral.***'

1.5.7 Anions clorur

La participacio de lligands clorur en MTs va ser proposada per primera vegada
I’any 2002 per part del grup de recerca del Dr. Vallee quan estudiava la interaccié de
les metal-lotioneines amb I’ATP.*? En aquest estudi es va observar que els anions
clorur actuaven com a lligands en les MTs, enllagant-se als residus de lisina.
Posteriorment, el grup de recerca en el qual s’ha emmarcat aquesta Tesi Doctoral va
proposar també la participacié d’anions clorur en els agregats metall-MT.*" Tot i que
la preséncia d’aquest ani6 ha estat demostrada mitjancant estudis espectroscopics
(DC, UV, Raman) avui en dia encara no s’ha aconseguit caracteritzar

espectromeétricament cap complex metall-MT amb anions clorur coordinats.

1.5.2 Anions sulfur

La presencia d’ions sulfur (S*) va ser inicialment descrita en els agregats
metal-lics d’uns péptids molt propers a les MTs *®~* anomenats fitoquelatines
(inicialment considerades com a metal-lotioneines de tipus 3, vegi’s apartat 1.3).
Aquests polipéptids de sintesi enzimatica coordinen metalls mitjangant cisteines i

anions sulfur acid-labils.®® L’any 2005 el grup de recerca en el qual he treballat durant
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aquesta Tesi Doctoral va descriure per primera vegada la preséncia d’aquests lligands
en MTs recombinants produides en E.co/i*® Fins al moment s’han detectat anions
sulfur acid-labils en els complexos Zn-MT i Cd-MT, essent en aquests ultims molt
més abundants.*****” En les MTs estudiades, els resultats indiquen la coexisténcia en
una mateixa mostra d’agregats metall-MT amb ions sulfur i sense, encara que la
preséncia d’aquests no sembla incrementar la capacitat coordinant dels péptids. En la
Figura 5 es mostren els espectres representatius de DC de diverses formes Cd-MT

obtingudes recombinantment que contenen en els seus complexos lligands sulfur

acid-labils.
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Figura 5.- Espectres de DC representatius d’algunes Cd-MTs que contenen ions sulfur. Tots
els espectres mostren les absorcions de DC caracteristiques dels cromodfors Cd-
(SCys), a 250 nm ja sigui en forma de gaussiana (d) com en forma de derivada
(a,b,c). En tots quatre espectres s’observen absorcions en la zona de 280 nm
atribuibles a la preséncia d’enllacos Cd-S? (adaptacié de Capdevila et al. *°).

La preséncia d’aquests anions en les MTs ha suscitat una gran controversia
entre els diferents especialistes en el camp.*® Per exemple, alguns autors suggereixen
que la presencia de sulfur en MTs recombinants és deguda al propi metabolisme dels
bacteris. En aquest sentit, en la bibliografia es troben estudis on es descriu la
produccié de nanoparticules de CdS per part d’ £.co/i només afegint al medi de cultiu
CdCl, i Na,S.*

Aixi doncs, un dels objectius d’aquesta Tesi Doctoral sera determinar si les
MTs natives provinents d’altres organismes que no siguin £.coli també presenten en
els seus agregats lligands sulfur acid-labils, demostrant aixi que aquests lligands

sulfur no sén artefactes provinents del metabolisme dels bacteris.
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1.6 Funcions de les metal-lotioneines

Després de més de mig segle d’enca del seu descobriment i amb uns 20000
articles cientifics relacionats, la comunitat cientifica encara debat quines soén les
funcions de les MTs.

La funcié més acceptada entre els investigadors és la capacitat destoxicadora
de les MTs davant de metalls pesants basant-se en: a) 'augment de la sensibilitat
enfront de la contaminaci6 amb cadmi dels organismes i cél-lules que han estat
modificades genéticament i que no poden sintetitzar MT*°*?i en b) I'efecte inductor
que tenen els metalls toxics com Ag(l), Cd(ll) i Hg(ll) sobre els gens que codifiquen per
a aquestes proteines.***° Ara bé, donat que la contaminacié per Cd(ll) és un fenomen
recent en la nostra societat i que I'estructura primaria de les MTs esta altament
conservada entre els diferents organismes, és molt probable que la destoxicacié de
metalls pesants com el Cd(ll) no correspongui a cap funcié evolutiva de les MTs. Per
tant, aquestes propietats destoxicadores semblarien ser més una conseqlieéncia
indirecta del seu elevat contingut en residus coordinants que no pas conseqléncia
directa del seu procés evolutiu.

Una altra funcio atribuida a les MTs és I’'homeostasi d’ions Zn(ll) i Cu(l).*"*® Per
exemple, en mamifers el zinc és I’element de transicié més abundant després del ferro,
i el coure és un oligoelement indispensable per a la vida, ja que forma part de molts
centres actius en diferents metal-loproteines. Actualment no es té gaire informacio
sobre els transportadors d’aquests metalls i les interaccions amb els diferents
components intracel-lulars, perd alguns estudis suggereixen que les MTs podrien
estar relacionades en la regulacié de I'absorcioé de Zn(ll) i Cu(l), la seva distribucié i
emmagatzematge i el seu alliberament.***

S’ha proposat també que les MTs podrien actuar com a carrabines moleculars
(chaperones) per a la sintesi de metal-loproteines i de factors de transcripcio
dependents de metall, actuant com a reservori de zinc i transferint-lo a aquestes.*
Aquesta funcié seria duta a terme pels grups tiol de les MTs, els quals s’oxidarien
davant el glutatié oxidat (GS-SG), formant ponts disulfur (cistina) i glutatio reduit (GSH),
amb el conseglent alliberament de metall. En definitiva, les MTs es veurien implicades

en un cicle redox, tal i com es mostra en la Figura 6.%°
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MT
Zn %S 0 GSSN Zn —— Metal-loproteines

MT reduida MT oxidada
(apo-tioneina) (apo-tionina)
sintesi Se Degradacié
GSSG GSH

Figura 6.- Representacio esquematica del cicle redox proposat per a les MTs. El Zn(ll) unit a la
MT s’alliberaria quan la cisteina és oxidada. Aquesta MT oxidada podria ser
degradada o bé reduida en preséncia de glutatié (GSH) amb I'ajut de catalitzadors
de seleni (glutatié peroxidasa). En preséncia de Zn(ll), la MT reduida seria
rapidament reconstituida, tancant-se d’aquesta manera el cicle (adaptacié de
Kang®).

El paper de les MTs com a agents antioxidants també ha estat ampliament
estudiat.®’ La preséncia d’espécies reactives d’oxigen (ROS) a la cél-lula és una de les
causes principals de I'apoptosi (mort cel-lular autoprogramada)®®® i s’ha comprovat
que aquesta augmenta en les cél-lules on no es sintetitza MT. Aixi doncs, s’ha
proposat que les MTs podrien participar en el procés d’eliminacié dels radicals lliures
hidroxil, peroxid o superoxid,®®54 reaccionant-hi directament i oxidant-se, formant
ponts disulfur o bé cedint ions zinc o coure a enzims antioxidants, com per exemple la
superoxid dismutasa (SOD).%%%’

D’altra banda, els estudis amb organismes on s’ha suprimit I'expressié génica
de les MTs (MT Anockout o MT KO) també han permés aprofundir en el coneixement
que es té sobre les MTs.%% Aixi, s’ha vist com els ratolins MT-KO tenen tendéncia a
patir obesitat, de manera que les MTs podrien estar implicades en la regulacié del

balang energétic cel-lular.”

Aixi doncs, les funcions més importants atribuides a les MTs serien:
> paper destoxicador de metalls toxics.
» homeostasi de Zn(ll) i Cu(l).
» Actuar de carrabines moleculars per a la sintesi de metal-loproteines.
» propietats antioxidants i antiapoptotiques.

» control metabolic de la produccié d’energia.
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1.7 Les metal-lotioneines en els organismes vius

Les MTs es troben presents en la practica totalitat dels éssers vius i avui dia es
coneixen més de 250 metal-lotioneines procedents del regne animal, vegetal i
procariota.’’ D’aquestes, les més conegudes i estudiades han estat les MTs de
mamifer i fong i darrerament les de planta. En la bibliografia es poden trobar una gran
varietat de treballs tant a nivell biologic (purificacio, patrons d’expressio, estudis
genetics...) com quimic (reactivitat, estructuracio, estudis espectroscopics...).

En mamifer s’han aillat fins a quatre gens codificants de MT (isoformes MT1,
MT2, MT3 i MT4) i on alguna isoforma pot presentar subisoformes (MT1a, MT1b...),
com és el cas de l'isoforma MT1 de I'esser huma, de la que se’n coneixen 13
subisoformes. Aquestes quatre isoformes presenten similitud de seqténcia i 20
cisteines en posicions totalment conservades, encara que existeixen diferencies en el
seu patré d’expressio. Aixi, mentre que MT1 i MT2 es sintetitzen constitutivament i
ubiqua, MT3 només es sintetitzada en el sistema nervids central i MT4 en ['epiteli
escamos estratificat.””"?

Al contrari, les MTs d’invertebrats constitueixen una familia molt heterogeénia i
en general menys estudiada des del punt de vista quimic o estructural.” Es coneixen

517 equinoderms,?® mol-luscos, ™ i

estudis en sistemes MT en insectes,”* crustacis,
nematodes. ®'% D’altra banda, la majoria del treballs realitzats sobre invertebrats
aquatics, tant mol-luscs com crustacis o anel-lids, han consistit en analitzar el paper
fisiologic de les MTs i el seu potencial us com a biomarcadors de la contaminacio
d’una regi6.>*

Pel que fa a les MTs de planta, la primera indicacié de la seva existéncia es
dona 'any 1987, quan Kennedy i col-laboradors®' van aillar i seqiienciar parcialment
una proteina de la llavor de blat que contenia grans quantitats de Zn(ll) i que van
anomenar EC protein (Early Cysteine-labelled protein). Des d’aleshores s’han descrit
un gran nombre de gens de MTs en diferents espécies i s’han efectuat estudis
d’expressi6 que els relacionen principalment amb [I'homedstasi del coure,
especialment en processos de senescéncia d’organs i teixits vegetals.?® En general,
perd, aquestes proteines han estat tant des del punt de vista estructural com
funcional molt poc estudiades.

Donat que en aquesta Tesi Doctoral s’aprofundira en el coneixement de
metal-lotioneines d’invertebrats (el molllusc Mytilus edulis i el nematode

Caenorhabditis elegans), planta (Quercus suber) i llevat (Saccharomyces cerevisiae), a
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continuacio es presenta, amb més detall un resum dels coneixements actuals dels

sistemes MT en aquests organismes.

1.7.1 El sistema MT en Mytilus edulis

M. edulis és el nom cientific del musclo atlantic o musclo comdu. En
aquest organisme s’han identificat fins al moment 10 isoformes de
MT dividides en dues grans families, MT10 i MT20* (Figura 7.a). La

sintesi de les isoformes MT10 s’indueix per la preséncia de zinc o per

baixes concentracions de cadmi, en canvi la sintesi de les isoformes
MT20 només és induida a altes concentracions de cadmi. Aixod ha fet que fins ara
s’hagi atribuit un paper homeostatic a les primeres i un paper destoxicador a les
darreres.®® Gracies a aquestes propietats, des de fa uns anys la sintesi de MT en
M.edulis (i en altres invertebrats aquatics com I'ostra Crassostrea gigas™ o la cloissa
Ruditapes decussatus™) s’ha fet servir com a biomarcador de la preséncia de metalls

toxics en ecosistemes aquatics.>
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Figura 7.- Alineament en base a similituds de seqtiéncia mitjangant I’aplicacié ClustalW de: a)
totes les isoformes de MT de M.edulis i b) la isoforma MT10-IV de M.edulis i la
isoforma MT10-IV de M.galloprovincialis. En negre s’observen els residus de
cisteina.

Respecte I'estructura primaria d’aquestes MTs, les isoformes MT10 estan
formades per 73 aminoacids, dels quals 21 sén Cys, mentre que les isoformes MT20

contenen 23 Cys d’entre un total de 71 o 72 aminoacids. Degut a la semblanca amb
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les MTs de vertebrat, les MTs de mol-lusc es consideren com de tipus | o de la familia
3 segons Binz i K&gi.

Malgrat tots els estudis realitzats en I'ambit de I'ecotoxicologia, en la bibliografia
no existeixen estudis de caracteritzacié dels agregats metal-MT de les
metal-lotioneines de M.edulis. Els uUnics estudis estructurals realitzats es centren en
les isoformes MT10 i MT20 de Mytilus galloprovincialis, molt similars a les de
M.edulis, tal i com s’observa en la Figura 7.b. En aquests estudis, mitjancant la
reconstitucio d’apo-MT i en base a mesures d’absorcié atomica, es proposen les
espécies Cd,-MT10 i Cd,-MT20.%**' Segons la resolucié parcial de I’estructura tri-
dimensional de la isoforma Cd,-MT10 s’ha determinat que aquesta adopta un
plegament en dos dominis independents, amb els clusters metall-MT invertits

respecte la MT de mamifer, tal i com s’indica en la Figura 8.%

cd v cd IV cd 1 cd 111 cd I1 cd VI Cd VII
X

GPLGSPAPC NCIESNVCIC GTGCEGEGCR CGDACKCSGA DCECSGCEVV CECSGSCACE AGCTGPSTCR CAPGCSCK
1 10 20 a0 40 50 &0 70

| alpha domain | | beta demain |

Figura 8.- Estructura primaria de Cd,-MT10 de M.galloprovincialis amb la connectivitat dels
clusters metall-MT determinats per RMN de 'H i '"®Cd (extret de Digilio et al. %).
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1.7.2 El sistema MT en Quercus suber

La metal-lotioneina d’alzina surera (Quercus suber MT) va
poder ser aillada per primer cop a partir d’'una cerca en una
llibreria de ¢cDNA de fel-lema® gracies a una col-laboraci6 del
nostre grup de recerca amb el grup de la Dra. Marisa
Molinas, investigadora del Departament de Biologia de la

Universitat de Girona. Aixi, es va determinar que el gen que

codifica per a QsMT s’indueix sota condicions d’estres
oxidatiu i que participa en el metabolisme del coure. El fet que la seva estructura
primaria contingui 8 residus de Cys en el domini N-terminal i 6 en el domini C-terminal,
i que ambdds dominis estiguin separats entre si per un espaiador, ha permes
classificar-la com a MT de planta de tipus 2 segons la classificaci6 de Cobbet i
Goldsbrought® (Taula 2).

En aquesta col-laboracié amb el grup de la Dra. Molinas, es va descriure
I’aillament i caracteritzacié de QsMT en ser obtinguda en medis rics en Cu(ll), Zn(ll) i
Cd(ll), que van permetre classificar-la com a Cu-tioneina a causa de la seva
preferencia envers el Cu(l). Sorprenentment, quan QsMT es biosintetitzava en
preséncia de Zn(ll) s’obtenien uns complexos amb unes estequiometries inferiors que
qguan s’obtenia en medis rics en amb Cd(ll) (4 ions de Zn(ll) vs. 6 ions de Cd(ll)).*®
Aquestes diferéncies en I'estequiometria eren degudes a la preséncia de lligands
acid-labils presents en els complexos Cd-QsMT que es podien eliminar en acidificar la
mostra. La deteccié d’aquests lligands acid-labils és el que va propiciar que un any
després es descrigués per primera vegada la preséncia de lligands sulfur en les
metal-lotioneines recombinants.*

Amb posterioritat, i amb I’objectiu d’estudiar el possible model de plegament
de QsMT en coordinar els ions essencials Cu(l) i Zn(ll), es van biosintetitzar els
dominis per separat d’aquesta MT, juntament amb un péptid mutant on I’espaiador
era substituit per 4 residus de glicina.*” Es important destacar que encara no existeix
cap estructura tridimensional resolta d’'una MT de planta, si bé en la bibliografia s’han
proposat dos models de plegament de MT de planta diferents: per una banda, un
model on els dos dominis rics en cisteina formarien dos clusters independents,
formant una estructura anomenada en forma de pesa®® (Figura 9.a), i per altra banda,
un model on ambdds dominis interactuarien formant un unic cluster (Figura 9.b),

generant una estructura en forma de pinga.** En el cas de QsMT, I'estudi dels seus
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dominis per separat va permetre proposar un model de plegament en forma de pinca

en coordinar els ions Zn(ll) i Cu(l).*’

Figura 9.- Models estructurals proposats per a les MTs de planta: a) model en forma de pesa
d’acord amb les dades publicades per a 7.durum.? i b) model en forma de pinca,
proposat per a la MT de P.sativurr® Les zones corresponents a |'espaiador es
mostren encerclades.

1.7.3 El sistema MT en Caenorhabditis elegans

C.elegans és un nematode composat de 959 cél-lules i, gracies a la
sequenciacié del seu genoma® I'any 1998, actualment és emprat
com un organisme model per a [I'estudi dels aspectes de

desenvolupament d’organismes eucariotes i dels fendmens de

toxicitat envers els metalls de transici6.”
C.elegans conté dos gens que codifiquen respectivament per dues isoformes de MT,
anomenades CeMT1 i CeMT2, els quals s’expressen de manera independent i no
mitjangcant factors de transcripcié. El gen de la isoforma 1 (CeMT1) s’expressa
constitutivament en la faringe, mentre que ambdds gens s’expressen en presencia de
cadmi a I'intesti.®® Crida I’atencié que la sintesi de CeMT1 i de CeMT2 no s’indueix en
preséncia ni de zinc ni de coure, reafirmant el paper proposat per a algunes MTs com
a agents destoxicadors de metalls xenobiotics.

Pel que fa a I’estructura primaria de CeMT1 i CeMT2 (Figura 10), la isoforma 1
conté 75 aminoacids, dels quals 19 sén Cys, 4 His i 1 és un residu aromatic (tirosina).

En canvi CeMT2 és més curta degut a la deleci6 de 15 aminoacids en I’extrem
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C-terminal. També presenta una Cys de menys (18 Cys en total) i només una His

terminal.

10 . 20 . a0 . 40 . 50 60 . 70 .
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Figura 10.- Alineament en base a similitud de sequéncia de les isoformes CeMT1 i CeMT2 del
nematode C.elegans mitjancant I'aplicacié ClustalW. En negre s’observen els
residus de cisteina i en vermell els d’histidina.

Ambdds péptids presenten una seqiéncia molt diferent a les de les altres MTs

d’invertebrats'®

aixi com algunes altres caracteristiques inusuals. Per exemple, la
divergéncia entre les dues isoformes és molt superior a la que hi ha entre isoformes
de vertebrat i la seva estructura primaria conté aminoacids atipics, com Tyr i His.
Degut a aquestes peculiaritats, tradicionalment s’han classificat com a
metal-lotioneines de tipus Il o del grup 6 segons Binz i Kagi.

Les dades que es tenen actualment respecte la coordinacié metal-lica de les
MTs de C.elegans es centren principalment en la isoforma CeMT2. Concretament es
sap que CeMT2 coordina /n vivo 6 atoms de cadmi, tant en ser induida per cadmi en
I'organisme com quan es produeix heterologament.”®' En canvi, les Gniques dades
que existeixen en la bibliografia per a la isoforma CeMT1 en forma nativa indiquen que
aquesta conté un 20% de zinc quan és purificada.®

Pel que fa als estudis amb organismes MT-KO, aquests mostren una major
sensibilitat davant la intoxicacié per cadmi, perd també deficiéncies en parametres
biologics com per exemple el volum del cos o el nimero de descendents. Aquestes
deficiencies és veuen més accentuades en mutants ACeMT1 que en els ACeMT2,
suggerint la possibilitat que la isoforma 1 tingui alguna funcié important en el
metabolisme a part de la destoxicaci6 de metalls pesants. '® Tot i aixi, llur
comportament coordinant envers metalls fisiologics com el Zn(ll) i el Cu(l) o metalls

toxics com el Cd(ll) no ha estat estudiat.
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1.7.4 El sistema MT en Saccharomyces Cerevisiae

Saccharomyces cerevisiae és un llevat unicel-lular i un dels
organismes model d’eucariota més intensament estudiat en
biologia molecular i cel-lular. Conté dos gens que codifiquen
per a dues MTs diferents, Cup1 i Crsb, relacionades amb la

destoxicaci6 de coure, ja que so6n regulades

transcripcionalment per aquest i6. De fet, Cup1 ha estat
tradicionalment considerada la Cu-tioneina de referéncia. Des que va ser aillada i

caracteritzada, '®

el seu estudi ha donat lloc a un gran nombre de treballs. Cal
destacar que Cu-Cupi1 ha estat la primera i Unica Cu-MT de la qual s’ha resolt
I'estructura tant per RMN'* com per difraccié de raigs X.?° Aquest extens estudi ha
permes conéixer amb detall aquesta MT, que /in vivo enllaga entre 7 i 8 ions Cu(l)
mitjancant 10 de les seves 12 Cys.?” Experiments amb agents quelatants especifics
de Cu(l) van demostrar la preséncia de dos ions coure molt labils,'® cosa que explica
les diferents relacions Cu/MT trobades. Aquesta labilitat diferencial dels Cu(l) enllagats
a Cup1 s’ha atribuit als diferents entorns de coordinacié (6 Cu trigonals i 2 de digonals)
que presenta el Cu(l) en la proteina. Estudis /n vitro de reconstitucié des de la forma
apo-MT han demostrat que aquesta proteina també pot enllagar Cd(ll) i Zn(ll) en una

relacio de 4 metalls per MT."%

El gen que codifica per Crs5 no es va descobrir fins I'any 1994, quan
s’intentaven identificar factors addicionals en MT de llevat que contribuissin a
I’'homeostasi i destoxicacid del Cu. ' Curiosament, aquesta proteina presenta
similituds de seqiiencia amb nombroses MTs de mamifer i d’invertebrats, mentre que
comparteix poques homologies amb Cup1 (Figura 11). La diferencia en el nombre de
Cys entre les dues MTs de S.cerevisiae comporta també diferents capacitats de
coordinacié metal-lica, les quals sén majors en el cas de Crs5, que enllaca entre 10 i
12 ions Cu(l) i entre 6 i 7 ions Cd(ll).** Aquest alt contingut metal-lic juntament amb la
presencia d’un segment dins la seqiiéncia de Crs5 de 8 residus aminoacidics deficient
en Cys, suggereix |'organitzacié de la proteina en dos dominis, tal i com es descriu

per les MTs de mamifer, mentre que Cup1 mostra una disposicié monodominal.?’
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Figura 11.- Alineament en base a similituds de seqliéncia mitjancant I’aplicacié ClustalW de les
isoformes del llevat S.cerevisiae Crs5 i Cup1. En negre s’observen els residus de
cisteina i en vermell els d’histidina.

Pel que fa a la funcionalitat d’ambdues isoformes, Crs5 ha estat relacionada
amb els processos d’homeostasi i destoxicacié del coure, si bé es creu que Cupi
seria la responsable principal de la tolerancia envers aquest i6 en S.cerevisiae, ja que
els ions coure enllacats a aquesta proteina soén cinéticament més inerts i,
probablement, termodinamica més estables que els units a Crs5. Per altra part, Crs5
podria tenir una funcié tamponadora de Cu(l), degut a la seva labilitat d’enllag a
aquest metall.'® Addicionalment, s’ha arribat a relacionar Crs5 amb I’lhomeodstasi del
zinc, tal i com suggereixen els estudis realitzats amb aquesta proteina per part del

nostre grup de recerca.®
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2. OBJECTIUS

Aquesta Tesi Doctoral t¢ com a objectiu principal I'aprofundiment en la relacié
estructura/funcié de les metal-lotioneines. Per tal de poder assolir-lo es proposa

seguir els punts seguents:

1. Ampliar els escassos coneixements actuals sobre el comportament
coordinant d’algunes MTs, com sén les del nematode Caenorhabditis
elegans, la del mol-lusc Mytilus edulis i la de I'arbre Quercus suber, tot
estudiant el possible paper coordinant dels residus d’histidina d’aquelles

isoformes que en continguin.

2. Provar que les MTs natives també contenen lligands sulfur acid-labils,
demostrant aixi que aquests lligands no sén artefactes provinents del
metabolisme d’E.colj, i estudiar la participacié dels lligands sulfur en les
metal-lotioneines tant recombinats com natives.

3. Estudiar la reaccid de les MTs envers els radicals lliures.

4, Per Uultim, refinar la classificaci® de les metal-lotioneines en Zn- i

Cu-tioneines.
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3. RESULTATS I DISCUSSIO

En aquest apartat es déna una visié global del treball, exposant de manera
resumida els resultats obtinguts i fent-ne una discussié general. Els resultats s’han
dividit en 6 blocs. En els 3 primers, es discutiran les propietats coordinants d’algunes
MTs d’organismes que no han estat estudiats anteriorment des d’un punt de vista
espectroscopic i espectrométric; com soén: la metal-lotioneina MT-10-1V del mol-lusc
Mytilus edulis (Apartat 3.1, Article 1), la metal-lotioneina QsMT de I'alzina surera
Quercus suber (Apartat 3.2, Article 2) i les metal-lotioneines CeMT1 i CeMT2 del
nematode Caenorhabditis elegans (Apartat 3.3, Article 3). Aquests treballs han donat
lloc a dos articles cientifics publicats i un altre actualment en revisio. Tots tres, s’han
inclos en I'annex d’aquesta Tesi Doctoral.

En I'apartat 3.4, i amb I'objectiu de demostrar la preséncia d’anions sulfur
acid-labils en les metal-lotioneines natives, es descriu la purificacio i caracteritzacié de
la metal-lotioneina nativa Cup1, obtinguda a partir de cultius del llevat Saccharomyces
Cerevisiae que s’han fet créixer en medis enriquits en Cd(ll). Addicionalment, s’ha
caracteritzat aquesta mateixa metal-lotioneina Cup1 obtinguda recombinantment a
partir de cultius d’£.coli. L’article corresponent a aquests estudis actualment es troba
en procés de redaccié i s’ha inclos en I’'annex d’aquesta Tesi Doctoral en format
d’article (Article 4).

En el cinque bloc (Apartat 3.5) s’ha utilitzat la metal-lotioneina QsMT per tal
d’estudiar la reactivitat de les MTs envers les espécies radicalaries reactives. Aquest
treball ha donat lloc a una publicacié que també s’ha inclos en I'annex (Article 5).

Per Ultim, en I'apartat 3.6 es proposa un refinament de la classificacié de les

MTs en Zn- i Cu-tioneines presentada fa uns anys pel nostre grup de recerca.

En tots els casos les proteines recombinants estudiades han estat
sintetitzades pel grup de recerca dirigit per la Dra. Silvia Atrian, Catedratica del
Departament de Geneética de la Facultat de Biologia de la Universitat de Barcelona

(vegi’s apartat 5.1).
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3.1 Estudi de la capacitat coordinant de la metal-lotioneina MeMT del mol-lusc Myftilus
eadulis

Es un fet d’amplia actualitat avui en dia I's de MTs d’organismes aquatics
invertebrats com a biomarcadors de la contaminacié per metalls pesants, encara que
gairebé no existeixen estudis sobre les seves propietats coordinants. Com ja s’ha
comentat en l'apartat 1.7.1, el mol-lusc M.edulis presenta diferents isoformes de MT
probablement especialitzades en I'homeodstasi de Zn(ll) i en la destoxicacié de
Cd(I1).3*® Per aquest motiu, s’ha considerat interessant estudiar la isoforma MT-10-IV
(MeMT) del mol-lusc M.edulis, la qual ha estat relacionada amb I’homeostasi de Zn(ll)
per diversos autors. Aixi, aquest treball constitueix el primer estudi sobre el
comportament coordinant de la isoforma MT-10-IV del mol-lusc M.edulis envers els
ions metal-lics Zn(ll), Cd(ll) i Cu(l).

El procediment utilitzat per a I'estudi de la capacitat coordinant /7 vivo de
MeMT envers Zn(ll), Cd(ll) i Cu(l) ha consistit en una primera etapa de sintesi
recombinant per dos sistemes d’expressio diferents —perd completament analegs- en
medis enriquits en Zn(ll), Cd(ll) o Cu(ll). Els complexos metall-MT obtinguts s’han
caracteritzat mitjancant les técniques espectroscopiques i espectrométriques
habituals (ICP-AES, DC, UV-Vis i ESI-MS).

L’estudi del comportament /n vitro de MeMT s’ha efectuat seguint tres
estratégies diferents: a) mitjancant processos de desplagament Zn/Cd i Zn/Cu de
I’espécie Zn,-MeMT, b) mitjancant la reconstitucié amb Cd(ll) des de la forma apo-MT,
i ¢) mitjangant acidificacions-reneutralitzacions de I'espéecie Cd-MT obtinguda /n vivo.
Tots els complexos metal-lics formats al llarg dels estudis /n vitro s’han caracteritzat,
tot determinant el seu grau d’estructuracio i el seu contingut metal-lic, mitjangant les
técniques de DC, UV-Vis i ESI-MS, i posteriorment s’han comparat les espécies

obtingudes /n vitroi in vivo .
Els estudis de caracteritzacid de la metal-lotioneina MeMT s’han realitzat en

col-laboracié amb el grup del Dr. Jeremias H. R. K&gi, del Biochemisches Institut de la

Universitat de Zirich. A continuacio es presenten i comenten els resultats obtinguts.
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3.1.7 Comportament de MeMT envers Zn(ll) i Calll)

En la biosintesi de MeMT en medis enriquits en Zn(ll) i Cd(ll) s’han obtingut
espécies amb I'estequiometria esperada per a una metal-lotioneina amb 21 residus de
Cys, i.e., M;-MeMT (on M= Zn o Cd, Taula 3). Les dades d’ESI-MS i de DC mostren
que aquestes MTs s’obtenen /in vivo com a espécies homometal-liques, amb un alt

grau d’estructuracié (Figures 2.A i 2.B, Article 1).

Proteina Zn-MeMT Cd-MeMT
[conc.] 1-10* M 1-10* M
ICP-AES | 7.0 Zn/prot | 7.3 Cd/prot
ESI-MS Zn,-MeMT | Cd,-MeMT

Taula 3.- Resultats de la caracteritzacié dels complexos metall-MeMT obtinguts per enginyeria
genética mitjangant la seva biosintesi en medis rics en Zn(ll) i Cd(ll).

Precisament, el grup de recerca del Dr. Viarengo ha resolt parcialment
I’estructura de la metal-lotioneina Cd,-MT10 del musclo M.galloprovincialis, la qual es
plega en dos dominis independents.” Donat que aquesta MT presenta una alta
similitud de seqiiéncia amb MeMT (Figura 7.b) i ambdues, en expressar-se com a Cd-
MTs, donen lloc a complexos de la mateixa estequiometria i amb propietats
espectroscopiques gairebé identiques (Figura 12), es pot assumir que MeMT adopta
un plegament bidominial analeg al de M. galloprovincialis, coordinant 4 metalls

divalents en el domini N-terminal i 3 metalls en el domini C-terminal.

CD spectra of MT-10 a) b)
1.00E+02 504

g 250 260 270 280 —

5.00E+01 +

D.00E+00

1
5.00E+01 | Cd7-MeMT

1.00E+02 | apo-MeMT
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2506402 ., | -150
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Figura 12.- Espectres de DC de les formes demetal-lades (apo) i de les espécies obtingudes en
preséncia de Cd(ll) de a) MT10 de M.galloprovincialis (extret de Viarengo et al®') i
b) MT-10-IV de M.edulis.
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Els estudis /n vitro dels complexos Cd-MeMT han posat de manifest la
dificultat de reproduir tant espectroscopicament com espectrométrica I'espécie
Cd,-MeMT obtinguda /n vivo. Aixi, els estudis de desplagament Zn/Cd realitzats a
partir de I'espécie Zn,-MeMT han revelat que es necessita un gran excés de metall,
entre 11 i 15 equivalents, per desplacar totalment el Zn inicialment enllacat a la
metal-lotioneina i obtenir una especie majoritaria homometal-lica Cd,-MeMT (Taula 3,
article 1). Encara que aquesta observacié podria semblar indicar la preséncia d’algun
Zn(ll) estructural en el cluster metal-lic, 'obtencié d’una espécie homometal-lica
altament estructurada en la biosintesi de MeMT en medis enriquits en Cd(ll) descarta
aquesta hipotesi. Aixi, la reticencia a l'intercanvi complet de Zn(ll) per Cd(ll) molt
probablement és deguda al plegament de la proteina al voltant del cluster metal-lic, fet
que dificultaria I'accés dels ions Cd(ll) als tiolats cisteinics més interns. A més, la
impossibilitat d’obtenir /n vitro espécies Cd,-MeMT isoestequiomeétriques a les
obtingudes /n vivo amb propietats espectropolarimétriques identiques a les de les
espécies biosintetitzades indica que la metal-lotioneina MeMT pot adoptar un
plegament diferent al voltant dels agregats metal-lics depenent de si s’obté en
condicions /n vivo o in vitro.

Pel que fa als experiments d’acidificacio-reneutralitzacié, un fet a destacar és
que I'acidificaci6 de Cd,-MeMT provoca la precipitacié del 75% de la proteina.
Malgrat aquest fet, s’ha pogut observar que la reneutralitzacié de la mostra dona lloc
a espécies Cd-MeMT de propietats espectroscopiques analogues a les de les
espécies obtingudes tant per desplacament Zn/Cd (Figura 5, Article 1) com a les de
les especies resultants després de reconstituir la forma apo-MeMT amb Cd(ll) (Figura
3, Article 1). Aquestes dades indiquen que totes les espécies Cd-MeMT obtingudes /n
vitro s’estructuren igual pero de diferent manera a com ho fa la proteina in vivo.

Aixi mateix, la precipitacié observada podria estar relacionada amb un procés
de biomineralitzacié que s’ha descrit que té lloc en alguns organismes invertebrats
com cucs i mol-luscos.'®""° Durant aquest procés el Cd(ll) s’enllaca a uns granuls rics
en sulfur i queda emmagatzemat en uns organuls similars als lisosomes anomenats
cadmosomes, per a ser excretats amb posterioritat. Els estudis indiquen que aquest
granuls rics en sulfur provenen de la hidrolisi acida de proteines riques en Cys, com

sén les metal-lotioneines.'""
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3.1.2 Comportament de MeMT envers Cu(l)

A diferéncia del que succeeix en el cas de les sintesis en preséncia de Cd(ll) i
de Zn(ll), la similitud de pes atdmic entre el Zn (65.38 uma) i el Cu (63.55 uma) i
I'interval de confianga obtingut en les mesures d’ESI-MS fan que mitjangant aquesta
técnica no sigui possible determinar la relacié Zn:Cu:MT de les espécies obtingudes /in
vivo i/o in vitro en preséncia de Cu a pH neutre. Aixi, en tots els casos, les espécies
detectades per ESI-MS es denoten com a M,-MT on M pot ser indistintament Cu(l) o
Zn(ll). Per resoldre aquest problema les mostres sén analitzades a pH 2.5, per tal de
determinar-ne el contingut en Cu, ja que en aquest pH els enllacos Cu-tiolat encara

soén estables, a diferéncia del que succeeix amb els enllagos Zn-tiolat.

La metal-lotioneina MeMT s’ha sintetitzat diverses vegades en medis rics en
Cu(ll). Aguestes sintesis recombinants han donat lloc a dos tipus de produccions
diferents, les anomenades produccions de Tipus 1 i les de Tipus 2 (Taula 4). Les
sintesis de Tipus 1 han donat lloc a una mescla d’espécies heterometal-liques Zn,Cu-
MT amb un contingut en Zn(ll) significatiu i on Mg-MeMT és I'espécie majoritaria. Per
la seva part, les sintesis de Tipus 2 donen lloc a una barreja d’especies
heterometal-liques on M,,-MeMT és I'espécie majoritaria i en les que el contingut en

Cu(l) és major que en les especies de Tipus 1.

Proteina | Cu-MeMT tipus1 | Cu-MeMT tipus 2
[conc.] 0.9-10* M 0.5-10*M
3.3 Zn/prot 1.4 Zn/prot
ICP-AES
4.6 Cu/prot 9.2 Cu/prot
Ms-MeMT (M) M,,-MeMT (M)
ESI-MS My-MeMT M,;-MeMT
M10'MeMT (m) M13-MGMT (m)

Taula 4.- Resultats de la caracteritzacioé dels complexos metall-MeMT obtinguts per enginyeria
genetica mitjancant la seva biosintesi en medis rics en Cu(ll). Les espécies estan
ordenades segons la seva abundancia en solucié. (M) representa |'espécie
majoritaria i (m) la minoritaria.

Aquestes diferéncies en les produccions es poden explicar per la major/menor

preséncia d’oxigen durant la biosintesi, tal i com aquest grup ja havia descrit en
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treballs anteriors.*® En aquests, es va observar que la quantitat de Zn(ll) en el bacteri
productor de la MT és independent del grau d’oxigenacié, mentre que la concentracié
de Cu total disminueix significativament quan s’ha oxigenat el medi de cultiu. Aixi
doncs, molt probablement durant la biosintesi de les produccions de Tipus 1 la
quantitat d’oxigen en el medi de cultiu de £.coli va ser més elevada que durant la
biosintesi de les produccions de Tipus 2.

Tal com ja s’ha descrit en les valoracions amb Cd(ll), en els estudis de
desplagcament Zn/Cu duts a terme /in vitro amb Zn,-MeMT també és necessari un gran
excés de Cu(l) per tal de desplacar totalment els ions Zn(ll) inicialment enllacats a
MeMT. En aquest cas, a més, la reticencia a I'intercanvi Zn/Cu és fins i tot més
elevada que en el cas del Cd(ll). Aixi, per exemple, per tal de generar espécies
analogues a les de les produccions biosintetitzades en medis enriquits en Cu fa falta
I’addicié respectiva al medi de 14 i 26 equivalents de Cu(l) per tal de reproduir les
produccions de Tipus 1 0 2, i no és fins que s’han afegit 30 equivalents de Cu(l) que
es generen especies homometal-liques Cu,,-MeMT. Tal i com succeia en el cas del
Cd(ll), la dificultat per a un intercanvi total de Zn/Cu ha d’estar relacionat amb el
plegament que adopta la proteina en coordinar Zn(l) més que no pas amb
I’especificitat envers els diferent ions metal-lics, ja que I'ordre d’afinitat metal-lica de
les MTs s’ha descrit que segueix el mateix ordre proposat per als tiolats inorganics: "2
Hg* > Ag*= Cu*> Cd?* > Zn*.

Resumint, la isoforma aqui estudiada, MT-10-1V, es sintetitza en I'organisme viu
basalment i la seva sintesi augmenta en resposta a la preséncia de Zn(ll) o a baixes
concentracions de Cd(ll). En aquest sentit, els estudis realitzats posen de manifest
(@) lelevada capacitat d’aquesta metal-lotioneina per coordinar ions metallics
divalents. A més, (b) els complexos Zn,-MeMT mostren una elevada reticéncia a
intercanviar els ions Zn(ll) per Cd(ll) o Cu(l), probablement a causa del plegament que
adopta la cadena peptidica en coordinar el Zn(ll). Aixi mateix, (c) els complexos
Cd,-MT son molt estables i no es descarta que puguin participar en la formacié dels
anomenats cadmosomes. Per altra banda, el coure, que no és un metall inductor de la
sintesi de MeMT en I'organisme viu, (d) provoca la formacié de complexos
heterometal-lics Zn/Cu-MT /n vivo. Aixi doncs, aquest conjunt de resultats ha portat a
(e) classificar MeMT com a Zn-tioneina, ja que s’ha trobat una bona correlacié entre

les diferents funcions proposades per a aquesta MT i les seves habilitats coordinants.
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3.2. Estudi de la capacitat coordinat de la metal-lotioneina QsMT de /'alzina surera

Quercus suber

Els estudis de la metal-lotioneina d’alzina surera van ser iniciats fa uns anys en
aquest grup de recerca i van donar lloc a dues publicacions.*”* En aquells treballs es
va descriure I'aillament i caracteritzacio de QsMT quan s’obté en medis rics en Cu(ll),
Zn(ll) i Cd(ll), es va proposar un model de plegament en forma de pinga per a
Cu-QsMT i Zn-QsMT on I'espaiador no participava en la coordinacié metal-lica i es va
classificar QsMT com a Cu-tioneina. Addicionalment, es van descriure diferéncies
estequiomeétriques entre les formes Zn-QsMT i Cd-QsMT obtingudes /n vivo, aixi com
la preséncia d’un alt contingut en anions sulfur acid-labils en Cd-QsMT.

En vistes a aquests resultats, s’ha considerat adient aprofundir en el
coneixement de QsMT envers Cd(ll), estudiar el paper dels anions sulfur com a
ligands en aquests complexos i proposar un model de plegament per a Cd-QsMT.
Per tal d’assolir aquests objectius, s’han biosintetitzat en preséncia de Zn(ll) i Cd(ll)
QsMT i tres péptids mutants de QsMT: el domini N-terminal (N25, amb 8 Cys), el
domini C-terminal (C18, amb 6 Cys) i un péptid identic a QsMT pero on I’espaiador ha
estat substituit per 4 residus de glicina (N25-C18) - vegi’s Figura 13. Aixi mateix,
també s’han estudiat els processos de desplagament Zn/Cd in vitro dels 4 péptids
seguint el procediment descrit en I'apartat 3.1. L’interés de I'estudi del péeptid truncat
N25-C18 rau en el fet que de la seva comparacié amb el péptid QsMT sencer es
podra deduir el paper de I’espaiador en la coordinacié i en la destoxicacio de Cd(ll).

Aquest treball s’ha efectuat en col-laboracié amb el grup de recerca dirigit per

la Dra. Marisa Molinas, del Departament de Biologia de la Universitat de Girona.

Domini N-terminal (N25) Domini C-terminal (C18)
1 |

I 1 I 1
QsMT GSMSCCGGNCGCGTGCKCGSGCGGCKMFPDISSEKTTTETLIVGVAPQKTHFEGSEMGVGAENGCKCGSNCTCDPCNCK

Espaiador

Figura 13.- Seqliencia d’aminoacids de QsMT i dels seus fragments constitutius. El peptid N25
correspon al domini N-terminal, el péptid C18 correspon al domini C-terminal i
N25-C18 a un peptid que conté els dos dominis i on I'espaiador ha estat substituit
per 4 residus de glicina. Els residus de Cys estan marcats en vermell i la His de
I’espaiador en blau.
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3.2.1 Comportament de QsMT envers Zn(ll) i Call])

Les produccions in vivo dels 4 péptids en preséncia de Zn(ll) *** han donat
lloc a les mateixes estequiometries Zn:.proteina que les obtingudes en treballs
anteriors. Addicionalment, perd, a diferéncia dels treballs anteriors, s’han detectat
especies sulfurades minoritaries en Zn-QsMT, Zn-N25-C18 i Zn-N25, mentre que C18
ha estat I'tnic peptid en el que no s’ha detectat sofre inorganic, ni per GC-FPD ni per
ESI-MS (Taula 5).

Proteina Zn-QsMT Zn-N25-C18 Zn-N25 Zn-C18
[conc] 0.9-10* M 1.3-10* M 3.2:10*M 3.3:10*M
ICP-AES 3.5 Zn/prot 3.6 Zn/prot 2.2 Zn/prot 1.8 Zn/prot

GC-FPD 1.3 S?/prot 1.0 S*/prot 0.3 S*/prot N.D.
Zn,-QsMT (M) Zn,-N25-C18 (M) Zn,-N25 (M) Zn,-C18 (M)
ESI-MS Zns;-QsMT Zn,S;-N25-C18 Zns-N25 Zn,-C18
Zn,S,-QsMT (m) | ZnzS;-N25-C18 (m) | Zn,S;-(N25),(m) | Zns-(C18),(m)

Taula 5.- Resultats de la caracteritzacio dels complexos metall-QsMT i dels seus fragments
constitutius obtinguts per enginyeria genética mitjangant la seva biosintesi en medis
rics en Zn(ll). Les especies estan ordenades segons la seva abundancia en solucio.
(M) representa I’espécie majoritaria i (m) la minoritaria. N.D. indica contingut en S*
no detectable.

La biosintesi de QsMT en medis enriquits en Cd(ll) ha donat lloc a tres tipus de

@ i @O

respectivament, les quals difereixen espectroscopicament, (Figura 1A, Article 2),

preparacions homometal-liques de Cd(ll) diferents, anomenades (1),

encara que mostren una especiaciéo comparable segons les dades d’ESI-MS (Taula 6).

Proteina Cd-QsMT (1) Cd-QsMT (2) Cd-QsMT (3) Cd-N25-C18
[conc ] 0.8:10%* M 0.6:10* M 1.310% M 1.0-10“ M
ICP-AES 6.7 Cd/prot 6.3 Cd/prot 5.3 Cd/prot 5.9 Cd/prot
GC-FPD 2.9 S*/prot 2.4 S*/prot 2.2 S*/prot 2.4 S*/prot
CdS,-QsMT (M) | CdgS,-QsMT (M)
Cd;-QsMT (M) CdsS,-N25-C18 (M)
ESI-MS Cd,S,-QsMT Cd,S,-QsMT
CdsS,-QsMT (m) Cds;-N25-C18 (m)
Cds-QsMT (m) Cds-QsMT (m)
Taula 6.- Resultats de la caracteritzacidé dels complexos metall-QsMT i metall-N25-C18

obtinguts per enginyeria genética mitjangcant la seva biosintesi en medis rics en
Cd(ll). Les especies estan ordenades segons la seva abundancia en solucid. (M)
representa I’especie majoritaria i (m) la minoritaria.
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Pel que fa al peptid Cd-N25-C18, i tal i com succeeix en la biosintesi amb Zn(ll)
(Taula 5), la seva biosintesi en medis rics en Cd(ll) déna lloc a complexos
espectromeétricament analegs als de les produccions de la proteina sencera, encara

que amb propietats espectropolarimétriques diferents (Figura 14).

T T T T
220 240 260 280 300 320
Wyavelength (nm)

Figura 14.- Comparacié entre els espectres de DC de Cd-N25-C18 (linia continua) i les 3
produccions de Cd-QsMT (linies discontinues).

Aquesta dada ens indica que encara que el paper de I’espaiador en la
coordinacié metal-lica sigui menyspreable, si que pot influir en I'estructura i per tant
tenir algun paper funcional. Aquest fet queda també de manifest en experiments
efectuats amb soques de llevat on s’ha induit la sintesi dels diferents peptids per
separat en medis enriquits en Cd(ll). Les soques que presenten una major resisténcia
a la intoxicacié per Cd(ll) sén aquelles que sintetitzen QsMT sencera, fet que implica
que la capacitat de destoxicar d’aquesta proteina esta intimament relacionada amb la
presencia de I'espaiador i la forma com aquesta MT es replega al voltant del cluster
metal-lic (Figura 15).

cup1®

cup14

]
Cd2.5uM Cd3.5uM

Figura 15.- Experiment d’induccié dels 4 péptids d’aquest treball en soques de llevat. Cada
primera columna correspon al cultiu inicial i les columnes seglients corresponen a
dilucions 1:10 de I’anterior. CUP 1° correspon a una soca de llevat amb la seva
propia MT. p424 és el nom del plasmid emprat per a la insercié dels diversos
péptids en les soques i correspon, doncs, a soques que no sintetitzen cap MT. Es
mostra el creixement de les diferents soques en medis amb 3 concentracions
diferents de Cd(ll).
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Addicionalment, i amb I'objectiu d’estudiar les diferéncies entre els 3 tipus
diferents de preparacions Cd-QsMT, s’ha procedit a llur acidificacié controlada (Figura
16). Aixi en el cas concret de la produccié Cd-QsMT (1), s’observa que I'espectre de
DC es manté constant entre pH 7.0 i aproximadament pH 4.5, mentre que I'espectre
de DC de la produccio6 (3) perd la banda gaussiana centrada a ca. 255 nm i evoluciona
cap a un espectre analeg al de la produccié Cd-QsMT (2) a pH 7.0, per acabar
generant a pH 4.5 un espectre de DC practicament idéentic al de les preparacions
Cd-QsMT (1). En la bibliografia hi ha estudis que suggereixen que absorcions de DC a
uns 250 nm poden ser atribuibles a la coordinacié Cd-His.""® Consequientment, una
participacid diferent en la coordinaci6 metalllica de la His en les diferents
preparacions Cd-QsMT seria consistent amb el fet que totes presentessin inicialment
un espectre de DC diferent a pH 7.0 (Figura 1A, Article 2) i acabessin generant un
mateix espectre a pH 4.5 després de la protonacié del nitrogen imidazolic de la His
(Figura 16.c). Aixi doncs, els resultats indiquen que Cd-QsMT (3), amb un contingut en
sofre inorganic menor que les altres produccions (Taula 6), estaria majoritariament
composada per una espécie Cd;-QsMT de baixa nuclearitat on la histidina participa
en la coordinacié a Cd(ll). En canvi, les produccions Cd-QsMT (1), més riques en
ligands sulfur, contenen espécies de major estequiometria (Cd; i Cd,-QsMT) de
manera que la His ja no participaria en la coordinacié metal-lica. Per altra banda, la
produccié Cd-QsMT (2) no seria més que una mescla de les preparacions de tipus (1)
i (3). Aixi doncs, quan Cd-QsMT es sintetitza /7 vivo el residu de His de I'espaiador
participaria o0 no en la coordinacié al Cd(ll) en funcié del contingut en sulfur de la
proteina, determinant alhora [I'estequiometria, I'estructura i probablement Ila

funcionalitat dels agregats metal-lics finals que es formaran.

a| PR b)| c)
E 10 pH 7 = = 104
- R -

cm

e (b cm

=20 T T T =30

3 G0 ] N
1o pH4.5 .
a0 pH4.5 Cd-QsMT (1) pH 4.5
Cd-QsMT (3) pH 4.5

220 240 260 230 300 32 230 240 260 250 300 230 220 240 260 280 300
Wavelength (nm) Wavelength (nm) Wawelength (nm)

Figura 16.- Acidificacié de les diferents produccions de Cd-QsMT. a) Espectres de DC des de
pH 7.0 fins a pH 4.5 de Cd-QsMT (1). b) Espectres de DC des de pH 7.0 fins a pH
4.5 de Cd-QsMT (3). c) Comparacié dels espectres de DC de Cd-QsMT (1) i (3) a
pH 4.5.
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Pel que fa als fragments de QsMT, tant N25 com C18 es sintetitzen com a
espécies dimeriques homometal-liques en medis enriquits en Cd(ll) (Taula 7). Per un
costat, N25 ddna lloc a I’espécie dimérica majoritaria Cd,S,-(N25),, fet que estaria
d’acord amb I'alt contingut en sulfur detectat per GC-FPD, mentre que els complexos
de Cd-C18 s’obtenen com una mescla de les espécies dimeriques Cd,-(C18),
(majoritaria) i Cds-(C18), (minoritaria). En qualsevol cas, és important destacar que els
fragments constitutius de QsMT sempre formen dimers quan coordinen Cd(ll) en
condicions /n vivo. La tendéncia que presenten els fragments aillats a dimeritzar per
donar lloc a estequiometries Cd/prot similars a les de QsMT, indica que és
precisament la proteina sencera la que presenta major capacitat destoxicadora de
Cd(ll), d’acord amb els resultats d’induccié d’aquests péptids en soques de llevat
(Figura 15).

Proteina Cd-N25 Cd-C18
[conc] 1.2:10* M 2.810*M
ICP-AES 3.8 Cd/prot 2.3 Cd/prot
GC-FPD 2.8 S*/prot 0.5 S*/prot
Cd,S,-(N25), M Cd,-(C18), (M
ESI-MS 754-(N25), (M) +~(C18), (M)
Cds-(N25), (m) Cd;-(C18), (m)

Taula 7.- Resultats de la caracteritzacié dels fragments constitutius N25 i C18 de QsMT
obtinguts per enginyeria genética mitjancant la seva biosintesi en medis rics en
Cd(ll). Les espéecies estan ordenades segons la seva abundancia en solucié. (M)
representa I’especie majoritaria i (m) la minoritaria

Pel que fa als estudis de desplagcament Zn/Cd realitzats /n vitro a partir de les
formes Zn-MT, s’ha revelat que, d’acord amb el contingut en sulfur de tots els péptids
excepte en el cas del mutant C18, la substitucié del Zn(ll) per Cd(ll) no permet generar
in vitro especies Cd-MTs analogues a les biosintetitzades /n vivo (Taules S1-S4,
Article 2), sin6é que les espécies que s’obtenen sense afegir sulfur al medi sébn sempre
d’una estequiometria inferior. Aixi, per a QsMT i N25-C18 s’obtenen els complexos
Cd,- i Cds-, mentre que per al peptid N25 sempre s’obté I’especie monomerica Cds-
N25. Amb la posterior addicié de Na,S a aquestes espécies, els sulfurs s’incorporen
com a lligands als diferents complexos, tal i com es pot observar en els espectres de
DC i UV (Figura 2, Article 2). Es important destacar el cas del péptid N25, on la
capacitat de dimeritzar esta estretament relacionada amb la disponibilitat d’anions

sulfur en el medi, ja que si aquests lligands sén absents o es troben en baixes
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concentracions, les espécies dimériques no es poden formar. Pel que fa al péptid C18,
el fet que I'espéecie Zn-C18 de partida no contingui anions sulfur ha permes reproduir
perfectament a partir dels estudis de desplacament Zn/Cd /n vitro 'espécie Cd-C18
obtinguda /n vivo (Figura S5, Article 2).

Per altra banda, el major contingut metal-lic de Cd-QsMT vs el de Zn-QsMT ha
estat relacionat amb el major contingut en sulfur del primer. Aquest fet fa que QsMT
constitueixi I’Gnic cas conegut d’'una MT amb diferents capacitats coordinants enfront
dels metalls divalents Zn(ll) i Cd(ll).

Respecte al model de plegament de QsMT en preséncia de Cd(ll), es proposa
un model en forma de pinga en base als segients fets. Per un costat, els espectres de
DC del final de la covaloracio (valoracié conjunta dels péptids Zn-N25 i Zn-C18 amb
Cd(ll), Figura 9, Article 2) no reprodueixen cap dels espectres de DC de les 3
preparacions Cd-QsMT mentre que, en la covaloracié si que podem reproduir la suma
dels espectres de les valoracions amb Cd(ll) dels péptids N25 i C18 per separat.
Aquests fets indiquen que en la covaloraci®é aquests péptids es comporten
independentment, al contrari del que passa en Cd-QsMT, on els dominis estarien
interactuant. Per un altre costat, si /7 vivo la tendencia dels péptids N25 i C18 és la
de dimeritzar quan coordinen Cd(ll), el més plausible és que QsMT es plegui en forma

de pinga per a complir aquest requeriment.
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3.3 Estudi de la capacitat coordinat de les metal-lotioneines CeMT1 i CeMT2 del

nematode Caenorhabditis elegans

Una part del treball aqui presentat s’ha dedicat a I'estudi de les dues isoformes
CeMT1 i CeMT2 del nematode C.elegans. Com ja s’ha comentat en I'apartat 1.7.3,
aquestes dues proteines semblen tenir basicament una funcié destoxicadora en
I'organisme, encara que hi ha indicis que la isoforma CeMT1 també podria estar
implicada en processos metabolics.'*

La dissimilitud entre aquestes dues isoformes (Figura 17), la preséncia de
residus atipics (His i Tyr) en la seva seqiiéncia i la manca d’una caracteritzacio
acurada dels complexos als que donen lloc amb Zn(ll), Cd(ll) i Cu(l) ens ha portat a
estudiar les seves propietats de coordinacié metal-lica per tal de determinar-ne les
similituds i diferéncies. Aixi doncs, en aquest apartat es recullen els resultats de la
caracteritzacioé dels complexos metal:-lics de CeMT1 i CeMT2, aixi com de la dels seus
dominis putatius, mitjancant metodologies analogues a les descrites per la
metal-lotioneina MeMT. Addicionalment, s’ha comparat el diferent comportament
coordinant de les dues isoformes i s’ha estudiat el possible paper dels residus de His

en la coordinacié metal-lica.

Domini N-terminal (Nt-CeMT1) Domini C-terminal (Ct-CeMT1)

T 11 1
CeMT1 GSMACKCDCKNKQCKCGDKCECSGDRCCEKYCCEEASEKKCCPAGCKGDCKCANCHCAEQKQCGDKTHQHQGTAAAH

AHis-CeMT2

I 1
CeMT?2 GSMVCKCDCKNQNCSCNTGTKDCDCSDAKCCEQYCCPTASEKKCCKSGCAGGCKCANCECAQAAH
L 1L ]

Domini N-terminal (Nt-CeMT2) Domini C-terminal (Ct-CeMT2)

Figura 17.- Seqiéncia d’aminoacids de CeMT1 i CeMT2 aixi com dels seus fragments
constitutius. Els péptids Nt-CeMT1 i Nt-CeMT2 corresponen als dominis N-
terminals, els péptids Ct-CeMT1 i Ct-CeMT2 corresponen als dominis C-
terminals i AHis-CeMT2 correspon a un péptid mutant derivat de CeMT2 on s’ha
suprimit la His terminal. Els residus de Cys estan marcats en vermell i les His en
blau. Noteu la gran similitud de seqtieéncia d’ambdds dominis N-terminal, amb 9
Cys cadascun, mentre que els dominis C-terminal difereixen significativament:
mentre que la isoforma 2 conté 9 Cys i 1 His terminal, la isoforma 1, més llarga,
conté 1 Cys i 3 His més que la isoforma 2.
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3.3.1 Comportament de CeMTT envers Zn(ll) i Ca(ll)

La isoforma CeMT1 s’expressa en medis enriquits en Zn(ll) com a una Unica
espécie homometal-lica Zn,-CeMT1. En canvi, la biosintesi dels seus dominis per
separat dona lloc a una mescla d’espécies homometal-liques per al domini N-terminal,
on les especies majoritaries son Zns- i Zn,-NtCeMT1, i un complex Zn,-CtCeMT1
majoritari per al domini C-terminal (Taula 8.a). La suma dels espectres de DC dels dos
fragments aillats no permet reproduir I’espectre original de Zn,-CeMT1. Aquestes
dades, juntament amb els resultats d’ESI-MS, suggereixen que els dos dominis
interaccionen en el péptid sencer en coordinar Zn(ll). Per altra banda, quan CeMT1 i el
seu fragment C-terminal sén biosintetitzats en presencia de Cd(ll), s’obtenen espécies
heterometal-liques: CdgZn,-CeMT1 i Cd;Zn,-CtCeMT1. En canvi, en aquestes
condicions, el domini N-terminal déna lloc a una espécie majoritaria homometal-lica
Cd,;-NtCeMT1 (Taula 8.b). A partir d’aquestes dades es pot concloure que el Zn(ll)
present en CeMT1 en ser sintetitzada en medis rics en Cd(ll) esta situat en el seu

fragment C-terminal.

Proteina Zn-CeMT1 Zn-NtCeMT1 Zn-CtCeMT1
[conc.] 1.5-10* M 2.1-10* M 1.0-10* M
a) ICP-AES 6.5 Zn/prot 1.8 Zn/prot 2.1 Zn/prot
Zn,-CtCeMT1 (M)
Zn;-NtCeMT1
ESI-MS Zn,-CeMT1 Zn,-CtCeMT1
Zn,-NtCeMT1

Zn,;-CtCeMT1 (m)

Proteina Cd-CeMTH1 Cd-NtCeMT1 Cd-CtCeMT1
[conc.] 0.6-10* M 0.4-10* M 0.2:10* M
b) 6.5 Cd/prot 2.9 Cd/prot 2.9 Cd/brot
ICP-AES
0.9 Zn/prot 0.1 Zn/prot 0.6 Zn/prot
Cd,;-NtCeMT1 (M)
ESI-MS CdgZn,-CeMTH1 Cd,;Zn,-CtCeMT1
CdsZn,-NtCeMT1 (m)

Taula 8.- Resultats de la caracteritzacio dels complexos metall-CeMT1 i dels seus fragments
obtinguts per enginyeria genética mitjancant la seva biosintesi en medis rics a) en
Zn(ll) i b) en Cd(ll). Les espécies estan ordenades segons la seva abundancia en
solucié. (M) representa I’espécie majoritaria i (m) la minoritaria.

44



Resultats i discussio

L’estudi del comportament /in vitro de CeMT1 i dels seus fragments envers
Cd(ll) s’ha efectuat de manera analoga a com ja s’ha descrit per al péptid MeMT
(apartat 3.1). Els estudis de desplacament Zn/Cd realitzats /in vitro amb I'espécie
Zn,-CeMT1 han revelat que I'addicié de 6 equivalents de Cd(ll) permet reproduir a la
perfeccio, tant espectroscopicament com espectrometrica, I'espécie CdgZn,-CeMT1
obtinguda /n vivo (Figura 4, Article 3). Aquesta especie heterometal-lica continua
essent I'espécie majoritaria fins i tot després d’addicionar al medi un excés de Cd(ll)
(12-14 equivalents). Els mateixos estudis de desplagament s’han efectuat per als
peptids N-terminal i C-terminal i en ambdds casos I'addicié de 3 equivalents de Cd(ll)
permet reproduir les espécies obtingudes /n vivo (Cd;-NtCeMT1 i Cd;Zn,-CtCeMT1).
Addicionalment, per tal d’estudiar amb més profunditat el paper d’aquest i Zn(ll)
present en el domini C-terminal, s’ha intentat substituir afegint diferents equivalents
de Cd(ll) als péptids Zn,Cd-CeMT1 i Zn,Cd-CtCeMT1 obtinguts /n vivo. Els resultats
d’ESI-MS obtinguts després de diversos equivalents afegits indiquen que les espécies
majoritaries continuen essent heterometal-liques. Aixi doncs, tal i com succeeix en el
cas de la metal-lotioneina de bacteri SmtA,*® I'ié de Zn(ll) situat al domini C-terminal
de CeMT1 tindria un paper estructural i no es descarta la possibilitat que algun o tots
els residus de His de I'estructura primaria de CeMT1 participin en la coordinacio

metal-lica, donada la seva major preferéncia envers el Zn(ll) que envers el Cd(ll).

3.3.2 Comportament de CeMT2 envers Zn(ll) i Calll)

La isoforma CeMT2 i els seus dominis N-terminal (9 Cys) i C-terminal (9 Cys i 1
His) s’han biosintetitzat i caracteritzat de forma analoga a CeMT1. Addicionalment,
amb I'objectiu d’estudiar el possible paper coordinant de la His terminal present tant
en el péptid CeMT1 com en CeMT2, s’ha produit un peptid mutant que presenta la
delecioé del residu de la His terminal de CeMT2 (AHisCeMT2). La caracteritzacio i
comparacioé d’aquest peptid mutant amb la forma silvestre CeMT2 es discutira amb
més profunditat en I'apartat 3.3.5.

A diferencia del que succeeix amb CeMT1, la biosintesi de CeMT2 en medis
enriquits en Zn(ll) déna lloc a una mescla d’espécies homometal-liques, on la
majoritaria és Zns,-CeMT2 (Figura 1, Article 3). Els seus fragments constitutius també
s’expressen com a una mescla d’espécies homometal-liques on la majoritaria conté 3
Zn(ll) (Taula 9.a).
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En aquest cas, i tal com succeeix amb Zn-CeMT1, la suma dels espectres de
DC dels dominis per separat no reprodueixen I’espectre de DC de la proteina sencera,

fet que indicaria que els dominis N-terminal i C-terminal de CeMT2 també interac-

cionen en coordinar Zn(ll).

Proteina Zn-CeMT2 Zn-NtCeMT2 Zn-CtCeMT2
[conc] 1.5-10% M 1.9-10* M 0.34-10* M
a) ICP-AES 5.0 Zn/prot 2.6 Zn/prot 2.2 Zn/prot
Zng-CeMT2 (M)
Zn,-NtCeMT2 (M) | Zn,-CtCeMT2 (M)
ESI-MS Zn;-CeMT2
Zn,-NtCeMT2 (m) | Zn,-CtCeMT2 (m)
Zn,-CeMT2 (m)
Proteina Cd-CeMT2 Cd-NtCeMT2 Cd-CtCeMT2
[conc ] 0.3-10*M 0.2:10* M 2.7-10* M
2.3 Cd/prot
ICP-AES 5.7 Cd/prot 2.9 Cd/prot
0.1 Zn/prot
Cd,;-NtCeMT2 (M)
ESI-MS Cds-CeMT2 Cd,-CtCeMT2
Cd;Zn,-NtCeMT2 (m)

Taula 9.- Resultats de la caracteritzacié dels complexos metall-CeMT2 i dels seus fragments
obtinguts per enginyeria genetica mitjancant la seva biosintesi en medis rics a) en
Zn(ll) i b) en Cd(ll). Les espécies estan ordenades segons la seva abundancia en
solucié. (M) representa I’espécie majoritaria i (m) la minoritaria.

En la biosintesi de CeMT2 en preséencia de Cd(ll) s’obté una unica espeécie
homometal-lica d’estequiometria Cds-CeMT2 i tant NtCeMT2 com CtCeMT2 es
sintetitzen com una mescla d’espeécies on la majoritaria conté 3 ions Cd(ll) (Taula 9.b).

L’estudi del comportament de CeMT2 i dels seus fragments envers Cd(ll)
mitjancant estudis de desplacament Zn/Cd /n vitro posen de manifest la facilitat de
reproduir les espécies Cd-MT obtingudes /n vivo. Aixi, I'addicié de 6 equivalents de
Cd(ll) a I'especie Zng-CeMT2 i de 3 equivalents als complexos Zn-NtCeMT2 i Zn-
CtCeMT2 permeten generar les especies Cdg-CeMT2, Cd;-NtCeMT2 i Cd;-CtCeMT2
respectivament, amb les mateixes propietats espectroscopiques i espectrométriques

que les especies Cd-MTs obtingudes /in vivo (Figura 4, Article 3).
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En resum, els resultats indiqguen que les diferéncies entre les capacitats
coordinants de les isoformes CeMT1 i CeMT2 s6n degudes a les diferencies entre els
respectius fragments C-terminals, ja que els dominis N-terminal d’ambdés péptids
presenten gairebé la mateixa seqliéncia primaria i es comporten de la mateixa manera
quan coordinen ions divalents. Per tant, el més probable és que la preséncia del Zn(ll)
estructural present en el domini C-terminal de CeMT1 estigui relacionat amb la
preséncia de 1 Cys extra i/o als 3 residus addicionals de His que presenta aquesta
isoforma, fet que justificaria la preséncia del Zn(ll) extra en les espécies Zn,- i Cd;Zn,-
CtCeMT1 respecte les especies Zn,- i Cd;-CtCeMT2.

3.3.3 Comportament CeMTT envers Cu(l)

Independentment del grau d’oxigenacié dels cultius, la biosintesi de CeMT1 en
medis enriquits en Cu ddéna sempre lloc a la mateixa mescla d’especies
heterometal-liques Zn,Cu-MT. Aixi, I'espécie majoritaria obtinguda és Mg-CeMT1 a pH
7.0 i Cu,-CeMT1 a pH 2.4 (Taula 10). Cal destacar que les estequiometries obtingudes
sén menors de les esperades per a una MT amb 19 residus de Cys (CeMT1 té la
capacitat de coordinar 7 metalls divalents). Aquest fet estaria d’acord amb
I'especificitat d’aquesta isoforma per als ions divalents. El mateix fenomen té lloc per
el fragment
C-terminal, que doéna lloc a una especie heterometal-lica, tal i com mostren els
resultats d’ESI-MS realitzats a diferents pHs (Ms-MT a pH 7 i Cu,-MT a pH acid) (Taula
10). En canvi, el fragment NtCeMT1 mostraria clarament un caracter de Cu-tioneina, ja
que quan és produit en medis enriquits en Cu el seu contingut en Zn(ll) es
menyspreable. Analogament al que té lloc per a la proteina sencera, per ambdoés
fragments el grau d’oxigenacié dels cultius no afecta les especies obtingudes durant
la biosintesi en preséncia de Cu(ll). El fet que el fragment C-terminal presenti major
caracter de Zn-tioneina que el N-terminal i per tant major preferéncia envers els
metalls divalents precisament permetria explicar per que el fragment NtCeMT1 forma
especies amb estequiometria superior al C-terminal (Cus-NtCeMT1 vs Cu,-CtCeMT1)
tot i el seu menor nombre de residus potencials coordinants (9 Cys per al N-terminal

vs. 10 Cys i 4 His per al C-terminal).
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Proteina Cu-CeMT1 Cu-NtCeMT1 Cu-CtCeMT1
[conc] 0.6:10%“M 0.4-10“ M 0.6:10“M
2.2 Zn/prot 0.8 Zn/prot
ICP-AES 4.4 Cu/prot
4.6 Cu/prot 3.7 Cu/prot
Mg-CeMT1 (M)
My-CeMT1 (M) ) M,-CtCeMT1 (M)
PH7.0 | \-CeMT1 (m) | CUsNECEMTT 1y GiceMT (m)
ESI-MS M,-CeMT1 (m)
Cu,-CeMT1 (M) ] ]
PH24 | ¥ ComT (m) | CusNtCeMTi Cu,-CtCeMT1

Taula 10.- Resultats de la caracteritzacié dels complexos metall-CeMT1 i dels seus fragments
obtinguts per enginyeria genética mitjancant la seva biosintesi en medis rics en
Cu(ll). Les espécies estan ordenades segons la seva abundancia en solucié. (M)
representa I’espécie majoritaria i (m) la minoritaria.

3.3.4 Comportament de CeMT2 envers Cu(l)

La isoforma CeMT2 quan es sintetitzada en medis enriquits en Cu(ll) en
condicions d’oxigenacié normals déna lloc a la mateixa mescla d’espécies
heterometal-liques Zn,Cu-MT que les obtingudes per CeMT1, on I’espécie majoritaria
és Mg-CeMT2 (Taula 11). En canvi, quan es sintetitzada en condicions de baixa
oxigenacid s’obtenen espécies practicament homometal-liques de Cu(l). Pel que fa als
fragments constitutius de CeMT2, en la biosintesi en qualsevol condicié d’oxigenacio
s’obté I'espécie homometal-lica Cus-NtCeMT2 i I’heterometal-lica M,-CtCeMT2 (Taula
11). Aixi doncs, el domini N-terminal es comportaria de la mateixa manera en
ambdues isoformes (CeMT1 i CeMT2), presentant un fort caracter de Cu-tioneina,
mentre que els respectius dominis C-terminal d’ambdues isoformes presentarien tan
sols lleus diferéncies pel que fa a la coordinacié del Cu(l).

En conclusid, tant el contingut metal-lic com les estequiometries obtingudes en
la biosintesi de CeMT2, CeMT1 i els seus fragments en preséncia de Cu sén molt
similars. L’Unica diferéncia rau en que la isoforma CeMT2 és comportaria millor en
preséncia de Cu(l) en condicions de baixa oxigenacio, el que és indicatiu que la
isoforma CeMT1 tindria un caracter més elevat de Zn-tioneina que no pas la isoforma

2, possiblement degut al major niumero de residus de His. No obstant, les diferéncies
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apreciades en coordinar metalls divalents no sén tan accentuades quan aquestes
MTs coordinen ions monovalents com Cu(l) ja que totes dues isoformes es sintetitzen
en medis enriquits en Cu(ll) com a espécies amb estequiometries del tipus Mg-MT. Per
aquest motiu, podem suposar que els possibles residus coordinants addicionals
presents en el fragment CtCeMT1 (1 Cys i 3 His), encara que no incrementen la
capacitat coordinant d’aquesta isoforma envers el Cu(l), sobn determinants a I’hora

d’establir I'especificitat metal-lica de la isoforma CeMT1 per als ions divalents.

Proteina Cu-CeMT2 () ® | Cu-CeMT2 () ® | Cu-NtCeMT2 Cu-CtCeMT2
[conc ] 0.7-10*M 0.1-10* M 1.0-10* M 0.6:10* M
2.5 Zn/prot 0.5 Zn/prot 0.5 Zn/prot
ICP-AES 4.2 Cu/prot
4.3 Cu/prot 6.6 Cu/prot 3.5 Cu/prot
Mg-CeMT2 (M) M,-CtCeMT2 (M)
) Mz-CeMT2 (M) ]
pH7.0 | MeCeMT2(M) 1 " comto m) | CusNtCemT2 | MsCtCeMT2 (M)
Ms-CeMT2 (m) M,-CeMT2 (m) Mg-CtCeMT2 (m)
ESI-MS M;-CeMT2 (m) 4 M,-CtCeMT2 (m)
Cu,-CeMT2 (M) | Cug-CeMT2 (M) } Cu,-CtCeMT2 (M)
PH25 | Gu-CeMT2 (m) | Cu~-CemT2 (M) | CUsNtCeMT2 1 5 " GiceMT2 (m)

Taula 11.- Resultats de la caracteritzacié dels complexos metall-CeMT2 i dels seus fragments
obtinguts per enginyeria genética mitjancant la seva biosintesi en medis rics en
Cu(ll). [a] (=) indica condicions d’oxigenacié normals i () condicions de baixa
oxigenacio. Les espécies estan ordenades segons la seva abundancia en solucié.
Les espécies estan ordenades segons la seva abundancia en solucié. (M)
representa I'espécie majoritaria i (m) la minoritaria.

3.3.5 Estudi del paper de les His en la coordinacio metal-lica en CeMT71 i CeMT2

Com s’ha comentat anteriorment, les majors diferéncies entre les isoformes
CeMT1 i CeMT2 es troben en el fragment C-terminal. EI domini C-terminal de CeMT1
presenta una insercié de 15 aminoacids respecte a CeMT2, que inclou 3 residus de
His i una Cys addicionals (Figura 18). En la bibliografia s’han descrit MTs que
contenen residus de His participant en la coordinacié metal-lica, com per exemple la
MT de bacteri Zn,-SmtA* (Figura 2.b). Aixi, a causa de I'alt contingut en residus de

His de la isoforma 1 s’ha volgut determinar si aquestes poden participar en la
coordinacié metal-lica.
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Ct-CeMT1 GSKYCCEEASEKKCCPAGCKGDCKCANCHCAEQKQCGDKTHQHQGTAAAH
Ct-CeMT2 GSQYCCPTASEKKCCKSGCAGGCKCANCECAQ------- AAH

Figura 18.- Comparacio de sequéncies dels fragments C-terminal de les metal-lotioneines
CeMT1 i CeMT2. Els residus de Cys estan marcats en vermell, les His en blau i la
Tyr en verd.

Per tal d’efectuar aquest estudi s’han seguit dues estratégies diferents. Per
una banda, s’ha biosintetitzat per enginyeria genética un peptid mutant de CeMT2 on
s’ha suprimit el residu de His terminal (AHisCeMT2) i s’han estudiat les diferencies
espectroscopiques i espectrometriques envers la coordinacié metal-lica de Zn(ll), Cd(ll)
i Cu(l) entre aquest peptid i la forma silvestre CeMT2. Per altra banda, degut a la
complexitat de realitzar peptids mutants de CeMT1 deficients en His en alguna de les
seves posicions, s’ha optat per a fer reaccionar ambdues isoformes amb un reactiu

que presenta una alta especificitat per a les His lliures i accessibles™ (

pirocarbonat
de dietil, DEPC) i determinar per ESI-MS el nimero de carboxietilacions formades

(Figura 19).

Histidina DEPC Histidina mono-carboxietilada

(increment de pes de la His en 72.06 Da)

NH

e
N\ o

)

Figura 19.- Reaccié entre el DEPC i un residu de His accessible per a formar His mono-
carboxietilada.
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3.3.5.1 Estudi del paper coordinant de la His terminal de CeMT2

La biosintesi de AHisCeMT2 en medis enriquits en Zn(ll) i Cd(ll) ha donat lloc a
uns complexos amb unes propietats espectrométriques idéntiques a les de CeMT2
(Taula 12). Aixi doncs, la delecié de la His terminal present en CeMT2 no sembla
afectar les seves habilitats coordinants ni en condicions /i vivo ni in vitro. En canvi, els
espectres de DC d’ambdds péptids presenten lleugeres diferéncies (Figura 2, Article
3), fet que podria indicar algun tipus d’interaccié entre la His terminal i els metalls.
Amb tot, aquesta His terminal no incrementa la capacitat coordinant de CeMT2 aixi

com probablement tampoc la de CeMT1, donada la identitat de seqliéncies
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d’ambdues isoformes en la part final del domini C-terminal (aminoacids AAH, Figura
18).

Proteina Zn-CeMT2 Zn-AHisCeMT2 Cd-CeMT2 Cd-AHisCeMT2
[conc.] 1.510* M 0.7-10* M 0.3:10* M 0.2:10* M
ICP-AES 5.0 Zn/prot 4.7 Zn/prot 5.7 Cd/prot 5.5 Cd/prot
Zng-CeMT2 (M) | Zng-AHisCeMT2 (M)
ESI-MS Zns;-CeMT2 Zng-AHisCeMT2 Cdg-CeMT2 Cds-AHisCeMT2
Zn,-CeMT2 (m) | Zn,-AHisCeMT2 (m)

Taula 12.- Resultats de la caracteritzacié dels complexos metall-CeMT2 i metall-AHisCeMT2
mitjangant la seva biosintesi en medis rics en Zn(ll) i Cd(ll). Les especies estan
ordenades segons la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

En canvi, el péptid mutant AHisCeMT2 s’ha sintetitzat diverses vegades en
medis enriquits en Cu(ll), tant en condicions de baixa oxigenacié com en condicions
normals, i en tots els casos s’han obtingut sempre espécies homometal-liques Cus-
AHisCeMT2 (Taula 13), tant a pH 7.0 com a pH acid, mentre que la isoforma CeMT2
ddéna lloc, en aquestes condicions, a especies heterometal-liques. Aixi doncs, la
preséncia de His en els péptids estudiats és la que determina la formacié d’especies
homometal-liques de Cu o heterometal-liques Zn,Cu, i per tant les responsables de
conferir un determinat caracter de Zn-tioneina o de Cu-tioneina, encara que no

augmenten la capacitat coordinant d’aquests péptids.

Proteina Cu-CeMT2 (=) @ | Cu-CeMT2 ({) B | Cu-AHisCeMT2(x)
[conc.] 0.7-10* M 0.1-10* M 0.4-10* M
2.5 Zn/prot 0.5 Zn/prot
ICP-AES 8.7 Cu/prot
4.3 Cu/prot 6.6 Cu/prot
Mg-CeMT2 (M)
Mg-CeMT2 (M
My-CeMT2 (M) ° (M) Cug-AHisCeMT2 (M)
PH7.0 Mg-CeMT2 (m) Ms-CeMT2 (m) Cug-AHisCeMT2 (m)
ESI-MS M,-CeMT2 (m) | M«CeMT2(m) | =%
Hos | CurCeMT2(M) | Cug-CeMT2 (M) | Cug-AHisCeMT2 (M)
PR 25 Cu,-CeMT2 (m) | Cu,-CeMT2 (M) | Cug-AHisCeMT2 (M)

Taula 13.- Resultats de la caracteritzacié dels complexos metall-CeMT2 i metall-AHisCeMT2
mitjancant la seva biosintesi en medis rics en Cu(ll). [a] () indica condicions
d’oxigenacié normals i ({) condicions de baixa oxigenacié Les espécies estan
ordenades segons la seva abundancia en solucié. (M) representa I'especie
majoritaria i (m) la minoritaria.
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3.3.5.2 Estudi de la reactivitat de les His de CeMT71 i CeMT2 envers el DEPC

El reactiu DEPC no és util a I'hora de quantificar el nombre de His que
participen en la coordinacidé metallica, sind que més aviat serveix per congixer el
nombre de His que no hi participen, ja que aquelles His que, degut al plegament de la
proteina, son inaccessibles al reactiu no sén modificades per aquest. A més a més, el
DEPC no només pot reaccionar amb les His lliures, sindé que també ho pot fer (amb
menys afinitat) amb d’altres aminoacids com sén per exemple les Cys, Tyr o I’extrem
amino-terminal de les proteines.™ Aixi doncs, per tal de poder determinar el nombre
real de His modificades en els péptids CeMT1 i CeMT2, cal almenys fer servir com a
blanc altres péptids que no continguin residus de Tyr ni de His, ja que tant en CeMT1
com en CeMT2, a part dels residus de His, contenen un residu de Tyr. En la Taula 14
es mostren tots els resultats obtinguts en els experiments d’incubacié amb DEPC. Aixi,
el mutant AHisCeMT2 només presenta 1 modificacioé i per tal de determinar si aquesta
és deguda a la Tyr o a I’extrem amino-terminal, s’ha utilitzat el péptid NtCeMT1 com a
blanc, ja que aquest no conté en la seva seqléncia cap residu de Tyr ni de His. Els
resultats indiquen que NtCeMT1 també presenta una sola modificacio, i que per tant
aquesta només pot ser atribuible a I'extrem amino-terminal en ambdds casos, de
manera que la Tyr en CeMT2 no és carboxietilada pel DEPC.

Per als complexos de CeMT1 i CeMT2 obtinguts en preséncia de Zn(ll) i Cd(ll)
aixi com pels seus respectius fragments Cd-Cterminals, s’obtenen sempre 2
modificacions amb el DEPC, que forcosament només poden ser degudes a la His
terminal i I'extrem amino-terminal. Per tant, la His terminal de CeMT2, i probablement
també la de CeMT1, no participarien de manera important en la coordinacié metal-lica
ni de Zn(ll) ni de Cd(ll) i les 3 His extres de CeMT1 o bé podrien estar participant en la
coordinacié metal-lica o bé no sén accessibles al DEPC, donat que només 1 de les

seves 4 His sén modificades.

Per resumir, en aquest treball s’han caracteritzat les metal-lotioneines CeMT1 i
CeMT2 d’un nematode. S’ha comprovat que les dues tenen una elevada afinitat per
coordinar metalls divalents i que la isoforma CeMT1 és la que presenta major
especificitat per al Zn(ll), tal i com mostren les diferents espécies obtingudes en la
biosintesi d’aquests peptids en medis enriquits en Zn(ll): mescla d’especies per a Zn-
CeMT2 en contraposicié a una unica espéecie Zn,-CeMT1 molt estable i que conté un

Zn(ll) estructural en el domini C-terminal de dificil substitucié per Cd(ll). Paral-lelament,
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s’ha estudiat el paper de les His en la coordinacié metal-lica i s’ha observat que en
CeMT2 i CeMT1 la His terminal no incrementa la capacitat coordinant envers el Zn(ll) i
el Cd(ll) i que en CeMT1 podrien haver-hi 3 His participant en la coordinacié de Zn(ll) i
Cd(ll). Precisament, l'increment en el nombre de residus coordinants en CeMT1
explicaria I’elevada preferéncia d’aquesta isoforma envers el Zn(ll). Aixd suggereix que
aquesta MT podria presentar alguna diferéncia funcional en I'organisme a part de
destoxicar Cd(ll) que potser explicaria les variacions detectades en el volum corporal i
en el nombre de descendents citades en la introduccié.'® Per Ultim, gracies als
estudis efectuats amb el péptid mutant AHisCeMT2, s’ha comprovat que els residus
de His sbén els que determinen el caracter de Zn-tioneina en els péeptids CeMT1 i
CeMT2.

Proteina DEPC/MT @ | N° de modificacions ® | N° His modificades

Cd-NtCeMT1 5 1 0
Zn-AHisCeMT2 5 1 0
Zn-CeMT2 5 2 1
Cd-CeMT2 5 2 1
Cd-CtCeMT2 1.5 2 1
Zn-CeMT1 8 2 1
Cd-CeMT1 8 2 1
Cd-CtCeMT1 6 2 1

Taula 14.- Dades analitiques obtingudes en els experiments d’incubacié de diverses MTs amb
DEPC. a) Relacié entre el ndmero d’equivalents de DEPC/MT, b) nombre de
carboxietilacions detectades per ESI-MS, c¢) nombre probable de His
carboxietilades.
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3.4 Estudi de la capacitat coordinant de la metal-lotioneina Cupi del Illevat

Saccharomyces cerevisiae

Aquest grup de recerca va descriure per primera vegada la preséncia de
lligands sulfur en els complexos metal-lics de metal-lotioneines recombinants I'any
2005.° D’enca, aquests lligands inorganics s’han trobat en moltes de les
metal-lotioneines recombinants estudiades.*®**” Com a norma general, els lligands
sulfur es troben en quantitats més elevades quan la MT es sintetitza en medis rics en
Cd(ll) que no pas en Zn(ll) o Cu(ll), i sén especialment abundants en aquelles MTs
amb un elevat caracter de Cu-tioneina (com per exemple en Cd-QsMT). Cal tenir en
compte, perd, que fins aquest moment I’Unica metodologia emprada per a la sintesi
de MTs per part del nostre grup de recerca ha estat la de ’ADN recombinant, és a dir,
que les MTs han estat obtingudes a partir de cel-lules d’E.co/i . Ara bé, com s’havia
descrit que els bacteris poden sintetitzar nanoparticules de CdS dintre de les seves

% varem creure

cél-lules només afegint una sal de Cd(ll) i Na,S al medi de cultiu,*
necessari descartar la hipotesi que els lligands sulfur dels complexos metal-lics de les
metal-lotioneines recombinants fossin deguts al propi metabolisme del bacteri. Per
aixo, es va decidir purificar i caracteritzar els complexos de Cd(ll) d’'una Cu-tioneina
nativa (és a dir, no recombinant) per esbrinar si aquests contenien anions sulfur que
actuessin com a lligands i, en cas que els tinguessin, poder quantificar-los. Amb
aquest objectiu, s’ha obtingut la metal-lotioneina nativa Cup1 a partir del llevat
S.cerevisiae. AQuesta MT només es sintetitza en presencia d’excés de Cu de manera
que per tal de poder obtenir els complexos Cd-Cupi1 s’ha treballat amb una soca
mutant d’aquest llevat (anomenada N301). Aquesta presenta una mutacié en el factor
de transcripcié que regula la sintesi de la proteina i que a més confereix a les cél-lules
una elevada resisténcia al Cd(ll), fets que permeten que Cup1 es pugui sintetitzar en

llevats crescuts en medis rics en Cd(ll).

Paral-lelament a aquest treball, s’ha caracteritzat espectroscopicament i
espectrométrica, mitjangcant les técniques habituals (DC, UV-Vis, ESI-MS, ICP-AES,
GC-FPD), la metal-lotioneina recombinant Cup1 obtinguda a partir de cultius d’E.col/
enriquits en medis enriquits en Zn(ll), Cd(ll) i Cu(ll). D’aquesta manera, s’han estudiat
les similituds i diferéncies existents entre la metallotioneina Cup1 nativa i la

recombinant.

54



Resultats i discussio

3.4.1 Comportament de Cup1 recombinant envers Zn(ll) i Ca(ll)

Quan la metal-lotioneina recombinant Cup1 és biosintetitzada en medis
enriquits en Zn(ll) s’obté una mescla d’espécies on Zn,-Cup1 és I’espécie majoritaria
(Taula 15). Per altra banda, en la biosintesi en medis enriquits en Cd(ll), s’obté una
mescla d’agregats homometal-lics, amb un contingut en metall superior al de la
produccié Zn-Cup1 (5.9 ions Cd(ll) vs. 2.8 Zn(ll)), i on I’espécie majoritaria inicialment
presenta I'estequiometria Cds;-Cup1, acompanyada d’altres espécies que presenten
ligands sulfur acid-labils amb relacions Cd:MT superiors, ie. CdgS;- i Cd,S,-Cup1
(Taula 15).

Proteina Zn-Cupi Cd-Cup1i
[conc] 1.9-10* M 1.1-10* M
ICP-AES 2.8 Zn/prot 5.9 Cd/prot
GC-FPD N.D 1.7 S*/prot
Zn,-Cup1 (M) Cds-Cup1 (M)
ESI-MS Zns-Cup1 CdgS;-Cupi
Zn;-Cup1 (m) CdgS,-Cup1 (m)

Taula 15.- Resultats de la caracteritzacioé dels complexos metall-Cup1 obtinguts per enginyeria
genetica mitjangant la seva biosintesi en medis rics en Zn(ll) i Cd(ll). Les espécies
estan ordenades segons la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria. N.D. indica contingut en S* no detectable.

De manera molt interessant, i sense precedents en la bibliografia fins al
moment, en aquest treball s’ha constatat que les espécies inicialment presents en les
preparacions Cd-Cupl no sén termodinamicament estables, de manera que
evolucionen amb el temps cap a un estat més favorable. Aixd0 provoca una
modificacié de la distribucié molecular i conseqientment de I'abundancia de les
espécies presents en solucid. Aixi, en la Figura 20.c es pot observar com I'espécie
inicialment majoritaria, Cds-Cup1, esdevé minoritaria fins gairebé desapareixer al cap
d’'un temps mentre que I'abundancia de les espécies riques en sulfur, i inicialment
minoritaries, va augmentant amb el temps. Evidentment, aquesta evolucié comporta
una reestructuracié de I'estructura proteica, la generacié de nous enllagos Cd-S% i la
perdua d’enllagcos Cd-SCys, observables per les espectroscopies de DC i UV-Vis
(Figura 20.ai 20.b).

Per altra banda, en els estudis de desplagament Zn/Cd realitzats /n vitro, i tal

com succeeix en el cas de QsMT, no és possible generar les espécies sulfurades
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inicialment obtingudes en la biosintesi de Cd-Cup1 ni tan sols afegint diversos
equivalents de Na,S al final de les valoracions. Aquesta dificultat per a reproduir les
especies biosintetitzades també queda manifesta en els experiments d’acidificacio-
reneutralitzacié. Després d’acidificar i reneutralitzar les preparacions Cd-Cupi,
’espécie majoritaria en solucié és Cds-Cup1, la qual presenta unes propietats
espectropolarimetriqgues molt similars a les de les espécies obtingudes durant els
estudis de desplagament Zn/Cd realitzats /n vitro a partir de I'espécie Zn,-Cup1. Amb
tot, I’addicié de Na,S després de I’acidificacié-reneutralitzacié de I'espécie Cds-Cupt
permet formar especies sulfurades, detectables per ESI-MS, pero en cap cas no es

poden reproduir les espécies obtingudes inicialment en la biosintesi de Cd-Cup1.
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Figura 20.- Canvis espectroscopics i espectrometrics de la preparaciéo Cd-Cup1 obtinguda /n
vivo amb el temps. a) Canvis produits en els espectres de DC des de t= 0 h fins a
t= 15 dies, b) Espectres de UV-Vis mesurats a t= 0 h (linia negra) i a t= 15 dies (linia
gris), ¢) Evolucié de la distribucié molecular d’espeécies presents en solucié en
diferents dies (des de t= 0 h fins a t=15 dies) mesurada per ESI-MS.
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3.4.2 Comportament de Cup1 recombinant envers Cu(l)

La biosintesi de la metal-lotioneina recombinant Cup1 en medis enriquits en
Cu(ll) en condicions de baixa oxigenacié doéna lloc a practicament una Unica espécie
homometal-lica Cug-Cup1 acompanyada d’una espécie dimeérica molt minoritaria,
Cuy-(Cup1), (Taula 16). La presencia d’aquestes espécies dimériques ja ha estat
proposada en la bibliografia en estudis que suggereixen que Cupi1 podria dimeritzar
fent servir dues de les seves Cys que no participen en la coordinacié metal-lica."® En
canvi, quan Cup1 és obtinguda en condicions d’oxigenacié normals també s’obté una
espécie majoritaria homometal-lica Cug-Cup1, perd en aquest cas acompanyada

d’altres especies molt minoritaries d’estequiometries inferiors.

Proteina Cu-Cup1 (}) @ Cu-Cup1 (») @
[conc.] 0.6:10*M 1.8-10% M
ICP-AES 8.0 Cu/prot 7.0 Cu/prot
Cug-Cup1 (M)
Cug-Cup1 (M Cu,-Cupi
pH 7.0 s-Cup1 (M) 4,-Lup

Cu;6-(Cup1),(m) Cus-Cup

Cug-Cup1(m)
Cug-Cup1 (M) Cug-Cup1 (M)

Cu,s-(Cup1), (m) | Cu,-Cup1 (m)

ESI-MS

pH 2.5

Taula 16.- Resultats de la caracteritzacié dels complexos metall-Cup1 obtinguts per enginyeria
genetica mitjancant la seva biosintesi en medis rics en Cu(ll). [a] (=) indica
condicions d’oxigenacié normals i ({) condicions de baixa oxigenacié. Les espécies
estan ordenades segons la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

Pel que fa als estudis de desplacament Zn/Cu realitzats /in vitro a partir de
'espéecie Zn,-Cup1, l'addici6 de 7-8 equivalents de Cu(l) permet reproduir tant
espectroscopicament com espectrométrica la preparacié Cu-Cupi obtinguda /n vivo
en condicions d’oxigenacié normals. A més, s’observa per DC i per ESI-MS, i tal i com

esta descrit en la bibliografia, '’

que el procés per a la formacié de I'espécie
Cug-MT és cooperatiu. Aixi, quan només s’han addicionat 4 equivalents de Cu(l) a

I’espécie Zn,-Cup1, I'’espécie Cug-Cup1 ja es troba present en solucié.
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3.4.3 Purificacio i caracteritzacio de la metal-lotioneina nativa Cupl en preséncia
de Cd(ll)

Una part d’aquest treball ha consistit en la purificacié i caracteritzacié de la
metal-lotioneina nativa (Cupi1) obtinguda a partir d’'una soca mutant del llevat
Saccharomyces cerevisiae (N301) que s’ha fet créixer en un medi de cultiu ric en Cd(ll).
L’objectiu era comprovar si aquesta doéna lloc a la formacié de complexos metall-
Cup1 que incorporin anions sulfur acid-labils com a lligands, tal i com succeeix en el
cas de les metal-lotioneines recombinants.

Tradicionalment, en el procés de purificacié de metal-lotioneines natives a
partir de teixits s’utilitza un gran nombre de columnes cromatografiques, tant
d’exclusié per mida com d’intercanvi ionic.'”® En el nostre cas, la purificacié de la
metal-lotioneina nativa Cup1 s’ha realitzat seguint dues metodologies diferents que

s’han dut a terme en paral-lel (Figura 21).

Soca del llevat
S.cerevisiae (N301)
crescuda en medis

enriquits en Cd(ll)

v

Primer pas de la
purificacié mitjangant
una columna d’exclusié
per mida
(Sephadex G-75)

a) \E)

Segon pas de la purificacio Segon pas de la purificacio
mitjangant una columna mitjangant una columna
d’intercanvi anionic FPLC d’exclusié molecular
(DEAE-Sepharose A-50) (Superdex G-75)

! !

n1-Cd-Cup1 nativa , / n2-Cd-Cup1 nativa
et 20 260 280 300 320 220 240 260 280 300 320
Wavelenglh (nm) Wavelenoth (nm)

Figura 21.- Esquema general de la purificacido de la metal-lotioneina nativa Cup1 mitjancant
dues metodologies diferents. a) Utilitzant columnes de bescanvi idnic b) Sense
utilitzar columnes d’intercanvi ionic.
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En el primer métode, s’ha repetit el protocol universalment utilitzat de purificacié de
MTs natives consistent en una primera purificacié amb una columna cromatografica
d’exclusié per mida, seguida d’una columna d’intercanvi anionic. Mitjangant aquest
procés de purificacidé de la Cupl1 nativa, la metal-lotioneina recuperada no conté
anions sulfur detectables per ESI-MS, DC, o GC-FPD. Aquesta preparacié nativa
(@anomenada n1-Cd-Cupi1) conté Cds-Cupl com a espécie majoritaria i d’altres
especies hetero- (Zn,Cd-) i homometal-liques (Cd-Cup1) minoritaries (Taula 17), la
qual mostra unes propietats espectroscopiques i una especiacié per ESI-MS molt
similars a les obtingudes durant els estudis de desplacament Zn/Cd realitzats /in vitro
amb l'espécie Zn,-Cup1 recombinant (Figura 22.a). Aquestes semblances entre les
dades /n vivo i in vitro no sén d’estranyar donat que en cap dels dos casos les
mostres de partida (n1-Cd-Cup1 i Zn-Cup1 recombinant) no contenen lligands sulfur
acid-labils. La hipotesi que permetria explicar els resultats de n1-Cd-Cup1 és que
amb la utilitzacié de columnes d’intercanvi ionic probablement els lligands sulfur
interaccionarien i quedarien retinguts pels grups cationics de la columna (en aquest
cas dietilaminoetil) de tal manera que les espécies finalment eluides no contindrien

aquest tipus de lligand (Taula 17).

Proteina n1-Cd-Cup1 n2-Cd-Cup1
[conc.] 0.810* M 0.9-10*M
ICP-AES 4.2 Cd/prot 4.4 Cd/prot
GC-FPD N.D 2.3 S*/prot

Cds-Cup1 (M
Cds-Cup1 (M) s-cupt (M)
. CdGS1'Cup1
ESI-MS Cd,Zn,-Cup1
CdgS,-Cup1

Cdg-Cup1 (m
-CupT (m) Cd,Zn,-Cup1(m)

Taula 17.- Resultats de la caracteritzacio dels complexos natius metall-Cup1 obtinguts en
medis rics en Cd. Les espécies estan ordenades segons la seva abundancia en
solucié. (M) representa I’especie majoritaria i (m) la minoritaria.

Per aquest motiu, en el segon métode emprat per a purificar la metal-lotioneina
nativa Cup1, s’ha suprimit I’Us de les columnes d’intercanvi ionic i tan sols s’han
emprat columnes cromatografiques d’exclusié per mida. En aquest cas la proteina
purificada també s’obté com una mescla de complexos heterometal-lics (Zn,Cd-),
perd ara també es troben presents tant espécies sulfurades minoritaries (detectades
per ESI-MS, DC i GC-FPC), com espécies homometal-liques i heterometal-liques no

sulfurades (Taula 17). Aixi, la Cd-Cup1 nativa purificada mitjangcant aquest métode
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(anomenada n2-Cd-Cupi1) doéna lloc a una espécie majoritaria Cds-Cupi
acompanyada d’altres espécies minoritaries, Cd,Zn,- i CdsS;-Cup1. Aquesta
preparacié presenta propietats espectropolarimetriques molt similars a les especies

Cd-Cup1 recombinants (Figura 22.b).

Aixi doncs, es pot concloure que: a) la forma nativa Cd-Cup1 conté anions
sulfur acid-labils que actuen com a lligands en els seus agregats; b) la presencia
d’aquests lligands no és un artefacte generat pel metabolisme d’E.coli ; c) la
preparacié nativa Cd-Cup1 conté especies minoritaries heterometal-liques Zn,Cd-
Cup1, fet que no té lloc quan aquesta MT es produeix de forma recombinant i d)
només s’aillen espécies sulfurades quan es suprimeix I'Us de columnes
cromatografiques de bescanvi anionic. Aquest ultim fet pot explicar facilment per quée
fins al moment no s’havia detectat la preséncia d’aquest lligands en els complexos
metall-MT natius purificats a partir d’organismes vius.

Aixi doncs, hem desenvolupat un meétode de purificacié que ha permeés
demostrar la preséncia de lligands S* en preparacions Cd-MT natives. Aquest métode,
a més, podria ser emprat per a purificar altres proteines que continguin aquests

anions.

a) .
s | /\\\\ £
F"Ev 0 PE &
4 4

0 -
. n1-Cd-Cup1 nativa n2-Cd-Cup1 nativa
Zn-Cup1 + 3 eq Cd(ll) | 2 Cd-Cup1 recombinant
’ N
-10

T T T T
220 240 260 280 300 320 220 240 260 220 300 320
Wavelength (nm) Wavelength (nm)

Figura 22.- Comparacié entre els espectres de DC de: a) n1-Cd-Cup1 i I’espectre obtingut
després d’afegir 3 equivalents de Cd(ll) a I'espécie Zn,-Cup1 recombinant i de b)
Cd-Cup1 recombinant a temps 0 i n2-Cd-Cup1.
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3.5 Estudi del comportament de les metal-lotioneines envers I'estrés reductor

Com ja s’ha comentat en I'apartat 1.6, una de les funcions atribuides a les MTs
és la de proteccid contra les espécies reactives d’oxigen (ROS). Donada la
importancia de I'estrés oxidatiu sobre els organismes vius, en la bibliografia es troben
una gran quantitat de treballs adrecats a aquest tema i actualment es coneix que les
especies reactives d’oxigen reaccionen amb les cisteines de les MTs, donant lloc a
ponts disulfur i alliberant el metall coordinat.®' En canvi, I’efecte de I'estrés reductor en
les MTs no ha estat tant estudiat. Entre les espécies causants d’estrés reductor, les
mes habituals sén el radical H" i els electrons solvatats (e,,). Aquestes espécies
poden produir danys en biomolécules mitjancant la desulfuritzacié dels grups tiol dels
aminoacids Cys i Met.""®'?° Durant agquests processos de desulfuritzacié el residu de
Met es transforma en acid a-aminobutiric (Aba) i I'aminoacid Cys en alanina (Ala),
generant-se els radicals metanotiil (CH,S") i sulfidril (S*), respectivament (Figura 23).
Els radicals tiil tenen la capacitat de migrar a les membranes cel-lulars, on transformen
la disposicié cis del doble enllagc dels seus acids grassos a disposicié frans (Figura
24.b). Aquesta frans-isomeritzacié comporta un increment de la rigidesa de les
membranes que en fa variar les seves propietats fisiques, com la viscositat o la
permeabilitat, i, per tant, les seves propietats fisioldogiques.'?' A causa del contingut en
residus de Cys i Met i en anions sulfur acid-labils de les MTs, s’ha considerat adient
efectuar un estudi sobre I'efecte de I’estrés reductor en aquestes proteines. Aquest
treball s’ha efectuat en colllaboraci6 amb el grup de recerca dirigit pel Dr.
Chryssostomos Chatgilialoglu del ISOF, Consiglio Nazionale delle Ricerche (Bolonya),
i en el marc de I’'acci6 CM0603 del COST.

Figura 23.- Esquema general dels danys produits en lipids i proteines per radicals reductors.
Els aminoacids Met i Cys es converteixen en acid a-aminobutiric (Aba) i alanina
(Ala), respectivament, generant-se radicals CH,S* i S capagos de migrar a la
bicapa lipidica i induir la #rans-isomeritzacié dels acids grassos insaturats (extret
de Atrian et al'??).
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3.5.1. Reactivitat de QsMT envers els radicals lliures

En el treball que es presenta aqui s’ha estudiat tant la reactivitat dels
complexos Zn(ll)- i Cd(Il)-QsMT envers especies radicalaries reactives com els canvis
estructurals que pateixen les MTs com a conseqliéncia de I’exposicié a aquests
radicals. La generacio de les espeécies reactives s’ha dut a terme mitjancant la radiolisi
de I'H,O amb radiaci6 gamma (Figura 24.a), i el percentatge de frans-isomeritzacio
produit pels radicals s’ha mesurat fent servir uns models biomimetics de membranes
cel-lulars (el POPC), aprofitant la capacitat dels radicals tiil generats en els processos

de desulfuritzacio per a frans-isomeritzar els acids grassos que les formen.

a) H,0 — e, (0.27), HO" (0.28), H" (0.062)

X' =CH3S or S~

Figura 24.- a) Reaccié corresponent a la radiolisi de I'H,O. Entre paréntesi es mostra el
rendiment de radiacio quimica en unitats de uM-J™'. b) Mecanisme de reacci6 de la
trans-isomeritzacio catalitzada per radicals CH,S" o S™.

L'estudi de I'efecte de les espeécies reactives en les MTs s’ha efectuat en
quatre condicions diferents, variant el tipus i les concentracions de les diferents
especies reactives en solucié (metodes A1, A2, B1 i B2, Figura 25). Per una banda,
s’ha estudiat la reactivitat de les MTs envers els radicals quan en el medi hi ha
presents tant espécies radicalaries reactives d’oxigen (OH®) com especies reactives
reductores (e,, i H") (metodes A1 i A2). En el metode A2, la concentracié de radical
hidroxil és superior a la del metode A1 gracies a I’addicié de N,O, que transforma els
e,, en radicals hidroxil (Equacio 4, Article 5). En els métodes B1 i B2 s’ha estudiat la
reactivitat de les MTs Unicament davant les espécies reductores. Mitjangant I’addicio
de BuOH al medi, es neutralitzen els radicals hidroxil i Unicament queden presents en
solucié els radicals H i els electrons solvatats (Equacié 5, Article 5). En el métode B2,
i tal i com té lloc en el metode A2, I'addicié de N,O transforma els e,,; en radicals
hidroxil, que a la seva vegada sén neutralitzats pel BuOH, deixant en solucio

Unicament els radicals H".
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H +e, H’

Métode B1 Ar | BuOH BuOH| N,O Métode B2

M-QsMT + POPC + H,PO,"

Métode A1l Ar N,O Métode A2

30% H' +70% HO' + e, 10% H™ +90% HO’

Figura 25.- Esquema general dels quatre tipus diferents d’experiments realitzats variant el tipus
i la concentracio de les espécies reactives en el medi.

D’aquest conjunt d’experiments realitzats cal destacar dos aspectes importants:

» per una banda, que la formacié de radicals tiil és molt més elevada en el

metode B, quan no hi ha radicals hidroxil en el medi (Figura 26).

» per altra banda, la major capacitat de Cd-QsMT respecte de Zn-QsMT per a
induir la frans-isomeritzacié dels acids grassos, tant en el métode A com en

el metode B (Figura 26).

Pel que fa a les diferéncies observades entre els metodes A i el B, la generacié
d’espeécies radicalaries tiil €s molt més abundant en el métode B, quan només hi ha
presents en solucié els radicals H* i els electrons solvatats. Aquest fet és facil
d’explicar, ja que és ben conegut que els radicals OH" (presents en el métode A) tenen
la capacitat de reaccionar amb els grups tiol de les Cys de les MTs, oxidant-los i
formant ponts disulfur,?® competint d’aquesta manera amb la generaci6 de radicals tiil.
A més, també s’observa que quan en el medi hi ha presents tant radicals H* com e,
(métode B1), la formacid d’isdbmers frans en les membranes és superior que quan
només hi ha radicals H° (métode B2). Aquest fet és indicatiu de la capacitat dels
electrons aquosos per a generar especies radicalaries tiil capaces d’arribar a les

membranes.
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a) 304 . b) ?51
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Figura 26.- Estudi del percentatge de trans-isomeritzacié del POPC produit per Zn-QsMT i
Cd-QsMT en funcié de la quantitat d’irradiacié aplicada. a) metodes A1 (linia
continua) i A2 (linia discontinua) i b) métodes B1 (linia continua) i B2 (linia
discontinua).

Pel tal d’explicar les diferents capacitats dels péptids Zn-QsMT i Cd-QsMT per
a induir la frans-isomeritzacié en les membranes cel-lulars, s’ha de tenir en compte
que, encara que tant la forma Zn-QsMT com Cd-QsMT contenen en la seva estructura
primaria 14 Cys i 3 Met susceptibles de patir una desulfuritzacié, aquestes contenen
diferents quantitats de lligands sulfur acid-labils en els seus agregats, essent aquesta
més elevada en la forma Cd-QsMT (Taula S1, Article 5). En estudis anteriors,' s’ha
descrit com els anions sulfur poden formar també radicals tiil de la forma HS*/S®". Aixi
doncs, les especies H" i e,; no solament atacarien les Met i Cys, sind que també
serien capaces de generar altres radicals tiil a partir de I’atac als lligands sulfur. Per tal
de demostrar la capacitat d’aquests lligands sulfur que formen part dels agregats
metall-MT per a produir radicals tiil, s’ha mesurat la reactivitat dels compostos CdS i
ZnS envers les diferents espécies reactives i s’ha observat com aquests també
generen aquest tipus de radicals capacos d’isomeritzar els acids grassos de les
membranes (Figures S1 i S2, Article 5). Aixi doncs, és obvi que
Cd-QsMT, amb un contingut en sofre inorganic més elevat que Zn-QsMT, tingui una

capacitat superior per a frans-isomeritzar els acids grassos de les membranes.

Per tal d’estudiar 'efecte causat per les espécies H' i e,,” en I'estructura de Zn-
i Cd-QsMT, s’ha analitzat espectroscopicament i espectrometrica (DC, Raman i ESI-
MS) l'efecte de la irradiacié sobre aquests péptids. Les dades obtingudes per
espectroscopia Raman indiquen que mentre que en el péptid Cd-QsMT els residus
més afectats per la radiacié soén els residus de Met i els lligands sulfur, en Zn-QsMT
ho sén els tiolats cisteinics. Aquestes diferencies en la reactivitat possiblement sén

degudes al diferent plegament que adopten els dos péptids en preséncia d’aquests
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metalls. Encara que tots dos adopten un plegament en forma de pinga, en el cas de
Cd-QsMT I’espaiador té un paper fonamental en el plegament. Aixi doncs, I’espaiador
és possiblement qui determina la diferent reactivitat dels peptids, ja que les dades
d’ESI-MS del péptid Cd-QsMT indiquen que 'atac de les espécies radicalaries té lloc
principalment en I'espaiador, causant la seva fragmentacié (Figura 7, Article 5). A més,
també s’ha observat que el nombre de fragmentacions de la cadena peptidica és
directament proporcional a la intensitat de la radiaci6 aplicada.

Paradoxalment, en els estudis d’espectroscopia Raman s’observa que el residu
d’His present en ambdds peptids participa en la coordinacié metal-lica després de la
irradiacio d’aquests. En canvi, els espectres de DC de Cd-QsMT abans i després
d’irradiar suggereixen justament el contrari, la pérdua de la capacitat de coordinacio
metal-lica de la His (Figura 6, Article 5). L’explicacié d’aquest fet podria ser deguda al
tractament agressiu aplicat a les mostres abans de fer les analisis d’espectroscopia
Raman. Durant aquestes preparacions, la mostra és dialitzada i liofilitzada, de manera
que el plegament del peptid podria variar, i per tant es podrien obtenir resultats
diferents dels obtinguts en solucié, fet que explicaria els diferents resultats obtinguts

mitjancant les dues técniques.

En resum, en aquest estudi s’ha demostrat que les MTs no protegeixen contra
’estrés reductor, ja que les d’espécies radicalaries reductores poden produir la
desulfuritzacié dels aminoacids Met i Cys en les metal-lotioneines i generar radicals tiil
amb capacitat de migrar cap a les membranes i causar danys dintre de la cél-lula. A
més, els estudis realitzats demostren que els lligands sulfur acid-labils també poden
causar processos de frans-isomeritzacié en les membranes, fet molt important ja que
en I’entorn intracel-lular existeixen altres proteines que contenen lligands sulfur acid-

labils, com per exemple les proteines ferro-sofre.'?*
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3.6 Vers una nova proposta de classificacio de les MTs

D’acord amb el comentat en I'apartat 1.4, fins al moment s’han proposat tres
tipus de classificacions per a les MTs. La classificaci6 més recent, proposada per
aquest grup de recerca, divideix les MTs en Zn-tioneines i Cu-tioneines. Les Zn-
tioneines sén aquelles MTs que en medis rics en Cu(ll) donen lloc a espécies
heterometal-liques Zn,Cu-MT. En canvi, les Cu-tioneines son aquelles MTs que en
medis rics en Cu(ll) donen lloc a especies homometal-liques Cu-MT. Darrerament, i en
treballs del nostre grup de recerca, s’ha pogut observar que la major o0 menor
oxigenacié dels cultius d’E.cofii productors de les MTs recombinants, poden
determinar la naturalesa homo- o heteronuclear dels complexos metall-MT finals.*®
Aquest fet, sumat al fet que els lligands sulfur acid-labils es troben basicament en les

447 ens ha portat a revisar i

MTs tradicionalment classificades com a Cu-tioneines,
actualitzar la nostra proposta de classificacié de les MTs en Cu-tioneines i Zn-
tioneines. Aixi doncs, revisant totes les MTs estudiades per aquest grup de recerca en
els darrers 15 anys, s’ha pogut demostrar que existeix una gradacié en les propietats
de les MTs que permet ordenar-les entre les que hem anomenat Cu-tioneines
genuines i Zn-tioneines genuines. Aquests dos extrems de MTs convergeixen en una
classe central de MTs que presenta unes caracteristiques intermédies (Taula 18). Per

tal d’establir aquesta gradacié s’han considerat els seglents factors:

» La preséncia o abséncia de Zn(ll) en els complexos metall-MT biosintetitzats
en medis enriquits en Cu(ll) (sota diferents graus d’oxigenacié dels cultius
d’E.col).

» La preséencia o abséncia de lligands sulfur en les formes Cd-MT obtingudes

in vivo.

» La preséncia o abséncia de Zn(ll) en les formes Cd-MT biosintetitzades.

» El grau de reticéncia a I'intercanvi Zn/Cd /n vitro de les Zn-MTs obtingudes

in vivo.

» La relacié entre el nombre de Cys i el nombre d’equivalents de Cu(l)
necessaris per tal de reproduir /in vitro les espécies Cu-MT obtingudes /in

vivo.
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Aixi, s’ha observat que les Zn-tioneines genuines sempre s’obtenen com a
especies heterometal-liques en ser biosintetitzades en medis enriquits en Cu(ll), sigui
quin sigui el grau d’oxigenacié dels cultius. Aquest fet és indicatiu de I’essencialitat
del Zn(ll) per al correcte plegament de la proteina en coordinar /n vivo ions Cu(l). Per
altra banda, les Cu-tioneines genuines donen lloc a espécies homometal-liques de
Cu(l) sota qualsevol grau d’oxigenacié dels cultius. Per contra, les MTs amb
propietats intermédies poden donar lloc a espécies homometalliques o
heterometal-liques depenent del grau d’oxigenacié dels cultius d’ £.col.

Un punt important a I’hora d’efectuar aquesta nova proposta de classificacio
ha estat la preséncia o abséncia de lligands sulfur en els complexos Cd-MT obtinguts
/n vivo. S’ha comprovat que la quantitat de lligands sulfur és proporcional al caracter
de Cu-tioneina d’una determinada MT i que aquests es troben totalment absents en
els complexos formats per les Zn-tioneines genuines. Aquests lligands sulfur (tret dels
casos de QsMT i Cup1) semblen no incrementar la capacitat coordinant de les MTs
estudiades, ja que les espécies sulfurades obtingudes sén sempre espécies
minoritaries o presenten la mateixa estequiometria metall-MT que les especies
majoritaries. Aquestes observacions indiquen que les MTs amb un elevat caracter de
Zn-tioneina no requeririen lligands addicionals per a coordinar ions divalents, mentre
que les Cu-tioneines, especialment dissenyades per a coordinar ions monovalents,
quan son obligades a coordinar metalls divalents, i especialment Cd(ll), fan Us dels
anions sulfur. Per altra banda, les Zn-tioneines genuines, en ser biosintetitzades en
medis enriquits en Cd(ll) donen lloc a especies heterometal-liques Zn,Cd-MT, com és
el cas de CeMT1, MT1 o HpCdMT (Taula 18), i precisament aquestes MTs son les que
presenten una major reticencia /n vitro a intercanviar completament el Zn(ll) per Cd(ll).

Un altre factor determinant per elaborar aquesta classificacié ha estat la relacié
entre els equivalents de Cu(l) necessaris per reproduir les especies Cu-MT
biosintetitzades en condicions normals d’oxigenacio, i el total de residus cisteinics de
cadascuna de les MTs considerades ( n° Cys/eq Cu(l) ). Aixi, encara que en tots els
casos estudiats es poden reproduir les espécies sintetitzades /i vivo per addicié de
diversos eq de Cu(l) a les corresponents formes Zn-MT, en les Cu-tioneines genuines
la ratio Cys/Cu(l) és menor que en les Zn-tioneines genuines. Aquest fet estaria
d’acord amb la hipdtesi que inicialment dintre de les cél-lules les metal-lotioneines es
produirien com a Zn-MTs i, posteriorment, aquest metall seria substituit per Cu(l)
depenent de les necessitats de la cél-lula. En el cas de les Cu-tioneines, en que tot el
Zn(ll) és substituit per Cu(l), la quantitat de Cu(l) necessaria per a efectuar aquesta

substitucid sera més gran que en el cas de les Zn-tioneines, en qué la substitucio
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només és parcial, fet que justificaria la disminucié del valor Cys/Cu(l) al llarg de la
Taula 18.

En base a aquesta gradacid, les proteines estudiades en aquesta Tesi Doctoral
abastarien tot I'’espectre, des de les isoformes CeMT1 i MeMT (Zn-tioneines genuines)
fins a Cup1 (Cu-tioneina genuina), passant per CeMT2 i QsMT, ambdues amb

caracteristiques intermedies (Taules 18 i 19).

Zn-tioneines genuines

Cu-tioneines genuines

Es sintetitzen com a una Unica espécie quan
sén bioproduides en medis enriquits en
Zn(ll) i com a mescla d’espécies en medis

enriquits en Cu(ll)

Es sintetitzen com a mescla d’espécies quan
sén bioproduides en medis enriquits en Zn(ll) i
com a una Unica espécie en medis enriquits en
Cu(ll)

Contenen Zn(ll) en ser bioproduides en

medis enriquits en Cd(ll)

Contenen lligands S* en ser produides en

medis enriquits en Cd(ll)

Reticéncia a I'intercanvi Zn/Cd in vitro

No mostren cap reticencia a lintercanvi de
Zn/Cd in vitro

S’obtenen com a espeécies heterometal-li-
ques en ser bioproduides en medis enriquits
en Cu(ll), del

d’oxigenacio del cultiu

independentment grau

S’obtenen com a espécies homometal-liques en
ser bioproduides en medis enriquits en Cu(ll),
independentment del grau d’oxigenacié del

cultiu

Taula 19.- Comparacié de els propietats de les Zn-tioneines i les Cu-tioneines genuines.

Aquesta gradacié, a més, posa de manifest la relacié existent entre les
diferents capacitats de coordinaci6 metal-lica de les MTs i les seves funcions
fisiologiques. Per exemple, Cup1, que forma espécies homometal-liques de Cu amb
una elevada especificitat per aquest metall, Unicament es sintetitza en llevat com a
resposta a un excés de Cu o Ag. En canvi, les isoformes CeMT1 i MeMT, que en els
organismes vius es sintetitzen basalment, sén les que presenten la major especificitat
per al Zn(ll). Per contra, les MTs on s’ha proposat que podrien participar tant en el
metabolisme del Cu(l) com en el del Zn(ll), com és el cas CKMT'?® o Crs5,* es troben
situades al mig de la taula de gradaci6, mostrant unes propietats intermédies entre les
Zn- i les Cu-tioneines genuines. Aquesta especificitat de les MTs envers un metall en
particular t¢ el seu maxim exponent en les isoformes del cargol Helix pomatia.
Ambdues, amb el mateix nombre de residus aminoacidics i amb el mateix nombre de

Cys i situades en les mateixes posicions (Figura 27), mostren una preferencia d’enllag
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metal-lic completament diferent.'®'® Aquest fet indica que I'especificitat metal-lica de
les MTs no només ve determinada pels seus residus cisteinics, sind que la resta
d’aminoacids també participen a I’hora de fer que una determinada MT tingui caracter

de Zn- o Cu-tioneina.

JI.EI 20
SRR E
HpCdMT GEEMTS G Em

Figura 27.- Alineament en base a similitud de seqiéncia de les isoformes HpCuMT i HpCdMT
del cargol Helix pomatia mitjangant I'aplicacié ClustalW. En negre s’observen els
residus de cisteina.
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4. CONCLUSIONS

El treball realitzat en el marc d’aquesta Tesi Doctoral ha permés arribar a un

conjunt de conclusions, les quals s’exposen a continuaci6é agrupades d’acord amb

els diferents objectius proposats.

>

>

Comportament coordinant de la isoforma MeMT del mol-lusc M.edulis

® MeMT es classifica com una Zn-tioneina genuina. Aquests resultats estan

d’acord amb el seu possible paper en ’lhomeostasi de Zn(ll), tal i com
suggereixen els diferents patrons d’induccié dels gens MT en el musclo.
MeMT presenta una elevada capacitat coordinant envers els ions divalents,
especialment per al Zn(ll). A més, el plegament que adopta aquesta MT en
coordinar Zn(ll) fa que alguns d’aquests ions siguin dificilment substituibles
per Cd(ll) o Cu(l).

MeMT pot adoptar un plegament diferent quan coordina Cd(ll) depenent de

si el complex Cd-MeMT s’obté /n vivo o in vitro.

Comportament coordinant de la isoforma QsMT de l'alzina Q.suber

e |a sintesi de QsMT en medis rics en Zn(ll) i Cd(ll) déna lloc a complexos

metall-MT no isoestequiometrics i conseqiientment no isoestructurals.

Els lligands sulfur en les especies Cd-QsMT aixi com en els péptids mutants
Cd-N25-C18 i Cd-N25 sén imprescindibles per assolir el plegament
correcte dels peptids. A més, aquests lligands addicionals incrementen la
capacitat coordinant d’aquests proteines.

QsMT adopta un plegament en forma de pinga en coordinar Cd(ll), en el
qual I’espaiador probablement desenvolupa un rol indispensable per a
I’estructuracié correcta de I'agregat, tot i no participar directament en la
coordinacié metal-lica. Addicionalment, s’ha comprovat la importancia de

I’espaiador a I’hora de conferir propietats destoxicadores a la proteina.
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» Comportament coordinant de les isoformes CeMTT i CeMT2 del nematode

C.elegans

e CeMT1 es classifica com a Zn-tioneina genuina i presenta un major caracter
de Zn-tioneina que CeMT2, fet que suggereix I'existéncia d’una funcié
biologica per a CeMT1 addicional a la de destoxicacio.

e CeMT1 presenta un Zn(ll) estructural situat en el domini C-terminal, el qual
probablement esta coordinat per algun residu d’histidina. Addicionalment,
s’ha comprovat que la histidina terminal en el peptid CeMT2 no participa de
manera important en la coordinacié a metalls divalents.

e CeMT1 i CeMT2 es comporten de manera analoga quan coordinen Cu(l), i
encara que les histidines extres presents en CeMT1 no participen en la
coordinacié metal-lica d’aquest i6, sén les que determinen el caracter de

Zn-tioneina d’aquest péeptid.

»  Estudi del paper dels lligands sulfur en les metal-lotioneines

e Excepte casos puntuals, els lligands sulfur no incrementen la capacitat
coordinant de les metal-lotioneines.

e Els lligands sulfur acid-labils son més abundants quan les MTs s’obtenen
com a Cd-MTs i la seva abundancia és proporcional al caracter de Cu-
tioneina del polipéptid.

e S’ha demostrat que les metal-lotioneines natives contenen lligands sulfur
acid-labils en els seus complexos (cas de Cd-Cup1), fet que indica que
I’'obtencié de MTs recombinants riques en lligands sulfur no és un artefacte
provocat pel metabolisme dels bacteris. Aquest resultat obre noves
perspectives, tant estructurals com funcionals, en el camp de les MTs i de
les bionanoparticules.

® | ’obtencié de complexos metall-MT natius rics en sulfur només és possible
quan no s’empren columnes d’intercanvi idnic, donat que aquestes

provoquen la pérdua dels lligands sulfur dels complexos Cd-MT.
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»  Estudi de /a reactivitat de les metal-lotioneines envers els radicals lliures

e A diferéncia del que succeeix amb els radicals oxidants, les MTs no

semblen protegir els organismes envers els radicals reductors, sind més
aviat al contrari, ja que la desulfuritzacié dels aminoacids metionina i
cisteina pot causar danys en I'entorn cel-lular via la frans-isomeritzacié dels
acids grassos que constitueixen les membranes cel-lulars. A més, la
presencia de lligands sulfur addicionals en les MTs incrementa els
processos de desulfuritzacio i conseqiientment la generacié de radicals tiil

danyosos.

» Nova proposta de classificacio de les metal-lotioneines

e S’ha demostrat que existeix una gradacié entre les que hem anomenat Cu-

tioneines genuines i les Zn-tioneines genuines, convergint en una classe
central de MTs amb caracteristiques intermedies.

L’especificitat de les MTs envers els diferents ions metal-lics no només pot
ser atribuida als tiolats cisteinics, sind que la resta d’aminoacids també
desenvolupen un paper fonamental a I'hora de determinar les preferéncies

metal-liques d’'una determinada MT.
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5. PROCEDIMENT EXPERIMENTAL | TECNIQUES UTILITZADES

En aquest apartat es fa un recull de les técniques i dels procediments utilitzats
per dur a terme l'obtencié i caracteritzaci6 de totes les proteines emprades en
aquesta Tesi Doctoral.

Tot el material de vidre utilitzat ha estat rentat inicialment amb HNO; 20% (v/v)
i després amb aigua mili-Q abundant. La finalitat d’aquest procediment de rentat ha
estat la d’eliminar els possibles ions metal-lics presents en el material de vidre. En tots
els experiments portats a terme s’ha utilitzat aigua mili-Q i les solucions emprades
han estat de qualitat espectroscopica. El material de plastic utilitzat ha estat d’un sol

us.

5.1 Obtencio i caracteritzacio de la proteina

La sintesi i purificacidé de totes les metal-lotioneines recombinants estudiades
en aquesta Tesi Doctoral ha estat duta a terme pel grup de recerca dirigit per la Dra.
Silvia Atrian, Catedratica de Genética de la Universitat de Barcelona. Les MTs han
estat produides mitjancant la técnica de I’ADN recombinant a través de la introduccio
del gen que les codifica en cél-lules del bacteri E.coli. Totes han estat produides en
preséncia de Zn(ll), Cd(ll) i Cu(ll) i posteriorment han estat purificades i eluides en
tampé Tris-HCI 50 mM a pH 7.0. En tots els casos les proteines han estat obtingudes
amb una puresa superior al 95% i unes concentracions elevades (= 10 M)."*'?” Cal
esmentar que el coure que es troba present en les MTs presenta Unicament I'estat
d’oxidacié +1, tot i que la sal que s’introdueix en el medi de cultiu és CuSQO,, ja que
les cél-lules d’ E.colinomés permeten I’entrada de Cu(ll) i no de Cu(l) en el seu interior.
Ara bé, un cop dins la cél-lula existeixen diversos mecanismes de reduccié de Cu(ll)
gue asseguren la formacio correcta dels complexos Cu'-MT. Pel que fa a la Cd-Cup1
nativa aillada del llevat S.cerevisiae, la seva sintesi i purificacid, descrites en I'apartat
3.4.3 d’aquest treball, han estat dutes a terme personalment pel present candidat al
titol de Doctor conjuntament amb el senyor Fredy Monteiro, doctorant del
Departament de Genética de la UB.

El primer pas a I’hora de caracteritzar les MTs obtingudes és comprovar la
integritat de la cadena peptidica. L’analisi per espectrometria de masses a pH acid

(forma apo) permet la determinacié del seu pes molecular i per tant la confirmacié de
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la integritat de la mateixa. Els passos que es duen a terme a continuacié son: la
determinacié, mitjangcant ESI-MS a pH 7.0, del nombre i estequiometria de les
diferents espécies metal-lades, la mesura de la concentracié de la proteina i de la
relacié global metall/proteina, via la determinacié del sofre total, zinc, cadmi i coure
per ICP-AES, l'estudi del plegament de la proteina per dicroisme circular, la
determinacié de les absorcions en I'UV-Vis, i en el cas on es detecten per ESI-MS
especies que contenen lligands sulfur acid-labils o si existeix divergéncia entre els
resultats de I'lCP-AES convencional i acid, la quantificacié de sulfur per GC-FPD. A
continuacio es resumeixen els principis basics relatius a les tecniques utilitzades per a

la caracteritzacié de les proteines.

5.2 Espectrometria de masses (ESI-MS-TOF)

L’espectrometria de masses (MS), amb ionitzacié per electrosprai (ESI) i
analitzador de temps de vol (TOF) és una tecnica ideal per a poder determinar
I’estequiometria i massa de les especies metall-MT realment presents en solucid. Per
un costat el metode d’ionitzacidé és molt suau i no provoca la péerdua dels ions
metal-lics dels complexos metall-MT. Per I'altre, I'analitzador TOF d’alta resolucio
permet determinar relacions massa/carrega (/m/2 de manera molt acurada. A més a
més, el fet de tenir acoblada una bomba de HPLC permet treballar amb diferents
solucions tampd. En el nostre cas s’ha treballat a dos valors de pH diferents: pH 7.0,
on les espécies metall-MT es mantenen inalterades, i a pH 2.0-2.5, condicions en les
quals tot el Zn(ll) i/o Cd(ll) es desenllaca de les MTs, observant-se aixi Unicament les
espécies apo-MT (provinents de les formes Zn- i/o Cd-MT) i les espécies Cu-MT
(provinents de els formes Zn,Cu-MT).

Els espectres de masses s’han enregistrat en I'espectrometre Micro Tof-Q de
Brucker, del Servei d’Analisi Quimica de la UAB, calibrat amb una solucié de Nal (200
ppm Nal en H,O/isopropanol 1:1). Les condicions experimentals per analitzar MTs
contenint metalls divalents (Zn, Cd) han estat: 20 pL de proteina injectada; voltatge del
capil-lar de 5000 V; temperatura zona d’assecament (dry temp.) 90-110 °C; gas
d’assecament (dry gas) 6 L/min; rang de m/z 800-2000. La fase mobil consisteix en
una mescla 95:5 d’acetat amonic/amoniac 15 mM : acetonitril a pH 7.0.

Les mostres que contenen coure han estat analitzades injectant 20 pyL de
proteina; voltatge del capil-lar de 4000 V; temperatura zona d’assecament (dry temp.)

80 °C; gas d’assecament (dry gas) 6 L/min; rang de m/z 800-2000. La fase mobil
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consisteix en una mescla 90:10 d’acetat amonic/amoniac 15 mM : acetonitril a pH 7.0.
Per a I'analisi a pH acid, les condicions utilitzades han estat les mateixes que les
emprades en el cas de metalls divalents, excepte en la composicié de la fase mobil,
que en aquest cas és una mescla 95:5 d’acid formic : acetonitril a pH 2.0-2.4. Totes
les mostres han estat injectades com a minim per duplicat per tal d’assegurar la

reproductibilitat.

5.3 Espectroscopia d’emissio atomica amb plasma acoblat per induccié (ICP-AES)

L’analisi per ICP-AES d’una MT permet determinar-ne simultaniament el
contingut total de metalls (Zn, Cd, Cu) i de sofre. Aquest es realitza com a minim per
duplicat per a cada mostra. Totes les mesures es preparen prenent entre 100 i 500 uL
de proteina i s’enrasa amb HNO; al 2% en matrassos aforats de 2 o 5 mL. Les rectes
de calibrat dels 4 elements es realitzen mitjangant la preparacié de patrons de diferent
concentracio a partir de patrons estandaritzats de 1000 ppm. Cal dir que el contingut
en sofre en aquest cas inclou tant el sofre de les cisteines i metionines com el
provinent dels ions sulfur acid-labils. Aquesta metodologia s’ha anomenat en aquesta
Tesi Doctoral “ICP-AES convencional”. Ara bé, precisament a causa de la possible
preséncia de lligands sulfur acid-labils en alguns dels agregats metal-lics de les MTs,
els resultats obtinguts per ICP-AES convencional s’han confrontat amb els obtinguts
mitjangant la variant anomenada “ICP-AES acid”, en la qual la mostra és incubada a
65°C amb HCIO, concentrat abans de la mesura per ICP-AES. D’aquesta manera la
concentracid de sofre mesurada dependra Unicament de la quantitat de cisteina i
metionina, ja que els possibles ions sulfur presents en solucié s’hauran alliberat en
forma d’acid sulfhidric gasés. La mesura del contingut en sofre total permet calcular la
concentracié de proteina en solucié en base a la seva seqliencia. Per a efectuar
aquestes mesures s’ha utilitzat ’equip Thermo Jarrell Ash Polyscan 611, dels Serveis
Cientificotécnics de la UB, treballant en les longituds d’ona 182.04 nm, 213.85 nm,

324.75 nm i 228.80 nm per a mesurar S, Zn, Cu i Cd, respectivament.
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5.4 Espectroscopia d’absorcio ultraviolat-visible (UV-Vis)

A diferéncia d’altres proteines, la gran majoria de les MTs no contenen
aminoacids aromatics en la seva seqléncia. Per aixd la seva forma demetal-lada és
totalment incolora i, en conseqiiéncia, transparent a longituds d’ona superiors a 220
nm. D’altra banda, quan la proteina es coordina a centres metal-lics ho fa, en general,
mitjangant residus de Cys, de manera que totes les absorcions presents a longituds
d’ona superiors a 220 nm seran degudes a la coordinacié del metall a les Cys. Ara bé,
tot i que I'espectroscopia d’absorcié UV-Vis permet determinar la naturalesa dels
atoms donadors i I’estereoquimica de coordinacié en els complexos de metalls de
transicid, aixd no és possible en el cas dels metalls amb configuracié electronica d™.
Tot i aixi, en abséncia de bandes d-d és possible que depenent de la naturalesa del
lligand puguin apareixer bandes de transferencia de carrega (TC), com és el cas dels
lligands tiolat. La relacié de les bandes TC, forca amples i d’elevada energia, amb
I’estereoquimica de coordinacié esdeve, pero, forca més complexa. Aixi, els agregats
metall(d')-MT s6n comparables a complexos polinuclears [M,(SR),] i son capagos de
presentar bandes de TC lligand - metall, o TCLM, les quals poden proporcionar
informacid sobre la naturalesa del cromofor, tot i que sovint es requereix informacié
addicional per poder extreure’n conclusions significatives. Per aquest motiu, ens
interessa més observar I’evolucié del conjunt d’espectres que s’obtenen al llarg d’una
valoracid en la qual es van substituint progressivament els metalls inicialment
enllacats a la proteina per part de l'altre i6 metal-lic (agent valorant). D’aquesta
manera, e€s generen posteriorment els espectres de diferéncia corresponents a
addicions consecutives (p.ex.: 6-5 equivalents de Cd(ll) afegits, que s’expressa com a
6-5, es mesura I'efecte provocat unicament per aquest sise i6 Cd(ll) afegit). Els
espectres de diferéncia ens informaran de la formacié o desaparicié de determinats
cromofors provocats Unicament per I’addicié de I’equivalent considerat.

Els espectres d’absorci6 UV-Vis s’han enregistrat en I'espectrofotometre
HP8452A de diode array del Servei d’Analisi Quimica de la UAB, amb 15 segons de
temps d’integracié i emprant una cubeta de quars amb d’1 cm de pas de llum. Com a
blanc s’ha emprat una solucié de la mateixa concentracié de tampd que les mostres.

Tots els espectres s’han tractat amb el programa informatic GRAMS/32.
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5.5 Espectroscopia de dicroisme circular (DC)

L’espectroscopia de DC es basa en l'absorcié per part d’'un cromofor
opticament actiu d’una llum incident polaritzada en un pla. Es pot considerar que una
llum polaritzada linealment esta formada per dos feixos de llum polaritzats
circularment en sentits oposats. L’absorcié desigual dels dos feixos de llum per part
d’'un cromofor Opticament actiu es tradueix en I'existéncia de dos coeficients
d’extincido molar, ¢, i g4, és a dir, la llum polaritzada circularment en el sentit esquerre
(e) és absorbida amb diferent intensitat que la del sentit dret (d). La variacié dels
coeficients d’extincié molar, As = | ¢, - g4/, en funcié de la longitud d’ona de la radiacio
incident constitueix la base dels espectres de dicroisme circular. Les bandes dels
espectres de DC poden ser de dos tipus diferents: gaussianes i en forma de derivada.
Una banda gaussiana indica I'existéncia de cromofors idéntics pero independents. En
canvi, quan dos o més cromofors identics, connectats per enllacos o, s’orienten
adequadament per establir interaccions mutues, apareix un acoblament anomenat
exciton coupling, que transforma la banda gaussiana en una altra banda en forma de
primera derivada.

En el cas de les MTs, els cromofors [M(SR),] esdevenen opticament actius
gracies a la transferencia de la quiralitat propia de la cadena peptidica (L-aminoacids)
als centres metal-lics. D’aquesta manera el senyal de DC déna informacié directa de
I’entorn de coordinacié del metall, essent la intensitat de les bandes dicroiques una
mesura del grau de plegament o d’estructuracié de la proteina. Malgrat aixo, la
preséncia de diferents entorns de coordinacié en una mateixa especie metall-MT, la
possible coexisténcia de diferents graus de metal-lacié per una mateixa proteina i la
presencia de més d’un metall son factors limitants en aquesta técnica.

Els espectres DC de les mostres s’han enregistrat en I’espectropolarimetre
Jasco-715, del Servei d’Analisi Quimica de la UAB, a 50 nm/min, 0.5 nm de resolucid i
utilitzant una cubeta de quars segellada d’1 cm de pas de llum. Com a blanc s’ha
emprat una soluci6 de la mateixa concentraci6 de Tris-HCI que les mostres

enregistrades. Tots els espectres s’han tractat amb el programa informatic GRAMS/32.
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5.6 Cromatografia de gasos amb deteccio fotométrica de flama (GC-FPD)

Aquest tipus de cromatografia esta especialment indicada per a la detecci6
d’anions sulfur acid-labils a baixes concentracions i permet la quantificacié del
nombre de S* per molécula de MT en aquelles preparacions en les quals els resultats
d’ICP-AES convencional i acid presentin resultats diferents o s’hagin detectat
especies sulfurades per ESI-MS. En aquesta tecnica s’acidifica préviament la mostra,
la qual allibera H,S, que queda retingut en un head-space i que posteriorment és
cromatografiat i detectat per un detector fotomeétric de flama (FPD).

Per a aquestes mesures s’ha utilitzat el cromatograf HP5890 série |l acoblat a
un detector FPD80 CE (Thermo Finningan), dels Serveis Cientificotécnics de la UB. Els
patrons requerits s’han preparat a partir de solucions de Na,S-9H,0 estandarditzades

iodométricament.*°

8.7 Valoracions de les formes Zn-MT amb solucions de Cd(ll) i Cu(l)

Les formes Zn-MT obtingudes per enginyeria genética han estat valorades
amb solucions aquoses de Cd(ll) i Cu(l) (vegeu a continuaci6). Aquestes valoracions
s’han dut a terme a 25 °C sota atmosfera d’argé dins d’una cel-la de quars d’1 cm de
pas de llum amb tap i han estat seguides mitjancant les técniques de DC i UV-Vis.
Tant la solucié proteica com l'agent valorant han estat bombollejats amb argd
després de cada equivalent de metall valorant afegit per tal d’evitar la preséncia
d’oxigen. Addicionalment, aliquotes escollides en punts destacats de les valoracions

han estat analitzades també per ESI-MS.

5.7.1 Agent valorant de Cd(ll)

L’agent valorant de Cd(ll) s’ha preparat per dilucié en aigua mili-Q d’una
solucié estandard de 1000 ppm de CdCl,. La concentracié de la solucié final s’ha
determinat en I’espectrofotometre d’absorcié atomica de flama Perkin Elmer 2100, del
Servei d’Analisi Quimica de la UAB. Els patrons de calibracié han estat preparats per

dilucié en HNO; al 2% d’una solucié estandard de CdCl..
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5.7.2 Agent valorant de Cu(l)

L’agent valorant de Cu(l) que s’ha utilitzat ha estat una solucié del complex
[Cu(CH,CN),JCIO, en 30% de CH,CN. S’ha escollit aquest compost atenent al fet que
€s una sal molt resistent a I'oxidacié a I'aire i que I'anié CIO, no interfereix en els
estudis /n vitro de les MTs ja que és molt poc coordinant.

La sintesi del complex de Cu(l) es duu a terme sota una atmosfera de nitrogen i
es basa en la publicada per Kubas, Monzyc i Crumbliss.' Sobre una suspensié de
4.0 g de Cu,0 en 80 mL de CH;CN s’hi addicionen lentament 24.6 mL de HCIO, 4.6 M.
La barreja resultant es deixa refluir a 100°C sota agitacié magnetica. El solid blanc
que havia comencgat a precipitar es redissol rapidament i la solucié adquireix una
tonalitat blau pal-lid que correspon a la preséncia de traces de Cu(ll). Un cop no
s’observa gens de solid blanc es filtra la solucié en calent. El filtrat es deixa refredar a
temperatura ambient, després a la nevera i per Ultim al congelador tota la nit. Passat
aquest temps es recullen els cristalls blancs de [Cu(CH;CN),]CIO,. Es renten amb 3
porcions de 5-10 mL de Et,0, s’assequen al buit i es guarden sota atmosfera d’argé al
dessecador. Finalment, la solucié utilitzada de Cu(l) que s’emprara per a valorar es
prepara en atmosfera d’argd per dilucié de la sal en una solucié aquosa al 30% en
volum de CH;CN. La concentraci6 de Cu de la soluci6 es determina en
I’espectrofotometre d’absorcié atomica de flama Perkin Elmer 2100, del Servei
d’Analisi Quimica de la UAB. Els patrons de calibracié es preparen per dilucié en
HNO; al 2% d’una solucié estandard de CuCl,. Cal afegir també que abans de poder
emprar aquest agent valorant cal verificar I'abséncia d’ions Cu(ll) en solucio
mitjancant mesures d’EPR. Aquestes mesures s’han dut a terme amb I'espectrometre
de ressonancia paramagnetica electronica Brucker ESP 300 E amb sistema criogénic
de nitrogen liquid, de 'lCMAB-CSIC.

5.8 Acidificacio-reneutralitzacio de les formes Cad-MT

Les formes Cd-MT obtingudes per enginyeria genética han estat acidificades des de
pH 7.0 fins a pH 1.0 amb solucions aquoses d’acid clorhidric de concentracié variable
(1-1-10"*M). Un cop a pH 1.0, la solucié proteica es bombollejada amb argé durant 20
minuts. Acte seguit, la solucié es reneutralitza fins a pH 7 mitjangant una solucio
aquosa de NaOH de concentraci6 variable (1-1-10°M). En el cas on els complexos de

partida Cd-MT continguin lligands sulfur, s’addicionen diversos equivalents d’una
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soluci6 Na,S estandarditzada iodometricament. Els processos d’acidificacio-
reneutralitzacié s’han dut a terme a temperatura ambient sota atmosfera d’argd dins
d’una cel-la de quars d’1 cm de pas de llum amb tap i han estat seguides mitjancant
les tecniques de DC i UV-Vis. Sempre que ha estat possible, aliquotes de I'inici i del

final dels experiments s’han analitzat per ESI-MS.
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Abstract In contrast with the paradigmatic mammalian
metallothioneins (MTs), mollusc MT systems consist at least
of a high-cadmium induced form, possibly involved in
detoxification, and another isoform either constitutive or
regulated by essential metals and probably associated with
housekeeping metabolism. With the aim of providing a
deeper characterization of the coordination features of a
molluscan MT peptide of the latter kind, we have analyzed
here the metal-binding abilities of the recombinant MeMT-
10-1V isoform of Mytilus edulis (MeMT). Also, comparison
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with other MTs of this type has been undertaken. A synthetic
complementary DNA was constructed, cloned and expres-
sed into two Escherichia coli systems. Upon zinc
coordination, MeMT folds in vivo into highly chiral and
stable Zn; complexes, with an exceptional reluctance to fully
substitute cadmium(II) and/or copper(I) for zinc(II). In vivo
cadmium binding leads to homometallic Cd; complexes that
structurally differ from any of the in vitro prepared Cd,
complexes. Homometallic Cu-MeMT can only be obtained
in vitro from Zn,—MeMT after a great molar excess of
copper(I) has been added. In vivo, two different heterome-
tallic Zn,Cu—MeMT complexes are recovered, which nicely
correspond to two distinct stages of the in vitro zinc/copper
replacement. These MeMT metal-binding features are con-
sistent with a physiological role related to basal/
housekeeping metal, mainly zinc, metabolism, and confirm
the correspondence between the MeMT gene response pat-
tern and the functional properties of the encoded protein.

Keywords Bivalve - Mollusca - Metal metabolism -
MT-10-1V - Zinc, cadmium and copper binding

Introduction

Metallothioneins (MTs) are metal-chelating proteins
reported in all animals, most plants and certain prokaryotes
analyzed to date [1]. They do not constitute a monophyletic
protein family, but rather a superfamily of heterogeneous
low molecular weight Cys-rich peptides, for which definite
homology relations can be only established inside broad
taxonomic groups (cf. the Binz & Kigi classification cri-
teria at http://www.expasy.ch/cgi-bin/lists?/metallo.txt).
Most current MT knowledge comes from vertebrate MTs,
mainly from the paradigmatic mammalian MT1 and MT2
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forms, which are composed of approximately 60 amino
acids, including 20 Cys, and fold into two independent
domains when coordinating divalent metal ions, as
revealed by NMR [2] and X-ray crystallographic [3]
analyses. The N-terminal segment, with nine Cys in Cys-X-
Cys arrays, forms a § domain binding three M(II) ions, and
the C-terminal segment, with 11 Cys, some of which in
Cys-Cys tandems form an o domain, including four M(II)
ions. This bidomain architecture is also exhibited by the
Cd(II) complexes of MTs belonging to two groups of
invertebrates: Echinodermata (sea urchin, Strongylocen-
trotus purpuratus MTA [4]) and Crustacea (blue crab,
Callinectes sapidus [5], and American lobster, Homarus
americanus [6]). Unfortunately, besides these two cases
and the Arthropoda Drosophila MT system [7], few com-
prehensive metal-MT coordination studies have been
carried out on invertebrates. Such studies are absolutely
essential, bearing in mind that a lack of homology among
invertebrates, and also with vertebrate MTs, precludes any
homology-driven inference regarding their structural and
functional properties.

In relation to their biological roles, invertebrate MTs
provide numerous examples of the existence of two func-
tion-specific types: isoforms related to the homeostasis and
handling of essential metal ions [Zn(II) and Cu(I)] and
those involved in the detoxification of xenobiotic metals,
such as Cd(II). This MT differentiation, which significantly
differs from the scenario found in the paradigmatic mam-
malian MT system, has been identified and studied both at
protein (metal-binding preferences) and at gene (induction-
response) levels. Hence, following the denomination pro-
posed in [8], the so-called Zn thioneins (or divalent metal
MTs) share properties optimized for the coordination of
divalent metal ions, especially Cd(II), and the corre-
sponding genes respond to this stimulus. In contrast, the
so-called Cu thioneins yield a pattern of optimized Cu(I)
binding, which also correlates well with metal house-
keeping functions, including basic Zn metabolism. The
metal-binding abilities of the multiple MT isoforms have
been well studied in Arthropoda (Crustacea [8, 9] and
Diptera [7, 10, 11]) and additionally in terrestrial Mollusca
(snail, Helix pomatia [12]). Paradoxically, little is known
about the metal-binding properties of aquatic mollusc MTs,
when considering the broadly accepted use of these
organisms as biomonitors for water metal contamination,
and the wealth of literature consequently accumulated on
toxicological and environmental areas (for a recent review,
see [13]).

Among aquatic molluscs (particularly marine), species
of Mytilus can be considered model organisms. In this
genus, two families of MT polypeptides have been descri-
bed according to their amino acid sequence characteristics:
the MT-10 type, 73-residue-long peptides including 21 Cys
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distributed mainly in Cys-X-Cys motives, and the MT-20
type, including 72-residue-long peptides, with two of their
23 Cys arranged in Cys-Cys doublets. The MT system is
overrepresented in the Mytilus edulis species, with up to
eight reported isoforms, six of the MT-10 type and two as
MT-20 variants. The MT forms identified in other Mytilidae
[14, 15] can also be classified in one of these two categories,
which, according to DNA sequence comparisons, are con-
sidered homologous and to result from prespeciation
duplication events conserving the intron/exon gene orga-
nization [16]. Gene expression and transcript distribution
studies revealed that Zn and low concentrations of Cd
mainly induce the synthesis of MT-10 isoforms, whereas
the MT-20 isoforms respond to high Cd concentrations
[17-20]. These different expression patterns strongly
suggest that the MT-10 and MT-20 types would have
evolved under specialization pressure to provide different
physiological functions, namely, metal homeostasis and
detoxification, respectively. Substantiation of this hypoth-
esis requires a functional analysis of the mussel MT system
at the protein level. Unfortunately, and contrasting with the
far deeper understanding of the corresponding gene system
on the one hand, and of the physiological and detoxification
traits on the other, there is a considerable gap concerning
the link between them, i.e., the functional properties of the
M. edulis MT proteins in relation to metal coordination.

To shed light on this subject, we present in this study a
thorough characterization of the Zn-, Cd- and Cu-binding
abilities of the M. edulis MeMT-10-IV (MeMT) isoform,
which has been related to metal housekeeping roles
according its transcriptional behavior. The comparative
analysis of the MeMT metal-coordination features has
revealed that MeMT has an unprecedented preference for
Zn(Il). This is consistent with its hypothesized role in
mussel metal physiological function from gene-induction
criteria [19, 21]. Furthermore, a comparison of the MeMT
features with those of other MTs is provided.

Materials and methods

Complementary DNA and expression plasmid
construction

A complementary DNA (cDNA) coding for the MeMT
isoform (MeMT-cDNA) was synthetically constructed on
the basis of the reverse translation of its amino acid
sequence [22] (Fig. 1) following the Escherichia coli
codon usage bias. The eight oligonucleotides shown in
Fig. S1 (four corresponding to the sense strand and four to
the antisense strand) were synthesized using an Applied
Biosystems DNA synthesizer, purified by high-perfor-
mance liquid chromatography according to manufacturer’s

104



J Biol Inorg Chem (2008) 13:801-812

803

Me-10-IV MPAPCNCIETNV---CICDTG-CSGEGCRCGDACKCSGAD--CKCSGCKVVCKCSGSCACEGGCTGPST-CKCAPGCSCK
Me-20-I MPGPCNCIETNV---CICGTG-CSGKCCRCGDACKCASG---CGCSGCKVVCKCSGTCKCGCDCTGPTN-CKCESGCSCK
MTH MPGPC-CKDK----- CECAEGGCK-TGCKC-TSCRCA------ PCEKCTSGCKCPSKDECAKTCSKP---CKCCP
MT1 MDPNCSCSTGGS---CTCTSS-CACKNCKC-TSCKKS-----— CCSCCPVGCS---KCAQGCVCKGAADKCTCCA
Crs5 MTVKICDCEGECCKDSCHCGST-CL-PSCSGGEKCKCDHSTGSPQCKSCGEKCK----CETTCTCEK-S-KCNCEKC
QsMT MSCCGGNCGCGTGCKCGSGCGGCKMFPDISSEKTTTETLIVGVAPQKTHFEGSEMGVGAENGCKCGSNCTCDPCNCK

Fig. 1 Amino acid sequence of the MT10-IV isoform of Mytilus
edulis (MeMT) aligned, using ClustalW, with those metallothionein
(MT) peptides with which it is compared in this work, except for the
plant QsMT form, since its interfering Cys-devoid segment disrupts
any comparison. Definitions and the UniProtKB/Swiss-Prot data bank
accession numbers for these sequences are the following: Me-10-1V
(P80249); MT-20-1 (P80251), one of the M. edulis isoforms belonging

instructions, assembled and annealed to yield the complete
double-stranded cDNA. A number of restriction enzyme
sites, not affecting the cDNA coding meaning, were
introduced in this sequence to allow for construction,
mapping (Fokl, Mbol, Apal, Apll, Maelll, Dralll, BgIIl and
Banl) and subcloning requirements (Clal and EcoRI).

The synthetic MeMT-cDNA, previously digested with
Clal/EcoRI, was first subcloned into the expression vector
pPWSu [23], which yielded the recombinant construct
MeMT-pPWSu for production of MeMT as an independent
protein under a heat-inducible promoter. For synthesis of
MeMT as a GST-fusion protein, the same coding sequence
was subcloned into the BamHI/Sall sites of the pGEX-4T2
plasmid (Amersham GE-HC) [24]. These two restriction
sites were respectively added to the 5’ and 3’ ends of the
previously described cDNA by PCR amplification, using
the MeMT—-pPWSu plasmid as a template and the following
oligonucleotides as primers: 5-CGGGGATCCATGCCTG
CACCG-3' (upstream) and 5-ACGCGTCGACTTATTT
GCAACT-3 (downstream). The 30-cycle amplification
reaction was performed with the thermoresistant DNA
polymerase Immolase (Bioline) under the following con-
ditions: 45 s at 95 °C (denaturation), 30 s at 58 °C
(hybridization) and 45 s at 72 °C (elongation). The final
product was analyzed by agarose gel electrophoresis/ethi-
dium bromide staining; the band with the expected size was
excised and subcloned into the pGEX-4T2 plasmid.

The recombinant plasmids were transformed into E. coli
JM105 for integrity and identity analysis, and into prote-
ase-deficient strains (MeMT-pPWSu in 1B392LonAl and
MeMT-pGEX in BL21) for protein synthesis. DNA
sequence was determined using the ABI PRISM dye ter-
minator-cycle sequencing ready reaction kit (PerkinElmer)
in an Applied Biosystems ABI PRISM 310 automatic
sequencer.

In vivo synthesis and purification of the recombinant
metal-MeMT complexes

Recombinant MeMT was obtained from the MeMT-
pPWSu construct essentially as described in [23]. Protein
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to the subfamily of MT-20-like mollusc MTs; MTH (P29499),
crustacean MT of the American lobster Homarus americanus; MT1
(P02802), isoform 1 of the mouse Mus musculus; Crs5 (P41902), the
second MT of baker’s yeast Saccharomyces cerevisiae; QsMT
(EMBL accession AJ277599.2), a plant MT isoform, isolated from
the cork oak Quercus suber

synthesis was induced by a temperature shift from 30 to
42 °C. Cultures of 6-8 L of the transformed 1B392 LonA1l
cells were supplemented with 300 uM CdCl, in order to
stabilize the nascent protein; thus, MeMT was recovered
complexed to Cd(II) from this expression system. Total
bacterial protein extracts were sonicated in the presence of
1 mM phenylmethylsulfonyl fluoride and fractionated by
ethanol/chloroform precipitation. Two chromatography
steps were applied: first, gel filtration through a Sephadex
G-50 column (2.5 cm x 180 cm) equilibrated with 20 mM
tristhydroxymethyl)aminomethane hydrochloride (Tris—
HCI), 0.15 M NaCl (pH 8.6); and second, anion exchange
(Bio-gelA DEAE in a 5PW, 1.7 cm x 12.5 cm high-per-
formance liquid chromatography column equilibrated with
20 mM Tris—HCI, pH 8.0) and eluted with a gradient of
10 mM Tris—HCI containing from 25 mM to 50 mM NaCl.
Selected fractions were confirmed by 15% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and kept at
—80 °C until further use.

The MeMT-GST fusion polypeptides were biosynthe-
sized in 3-L cultures of transformed BL21 cells. Expression
was induced with isopropyl f-p-thiogalactopyranoside and
cultures were supplemented with 500 pM CuSOQy, 300 uM
ZnCl, or 300 uM CdCl, and grown further for 3 h. Total
protein extract was prepared from these cells as previously
described in [24]. The MeMT-GST fusions were purified
by glutathione—Sepharose 4B (Amersham Pharmacia)
affinity. Metal complexes were recovered from the fusion
constructs by thrombin cleavage and batch-affinity chro-
matography. After concentration wusing Centriprep
Microcon 3 (Amicon), the metallopeptides were finally
purified by fast protein liquid chromatography in a
Superdex75 column (Pharmacia) equilibrated with 50 mM
Tris—HCI, pH 7.0. Selected fractions were confirmed by
15% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and kept at —80 °C until further use. All
procedures were performed using Ar (pure grade 5.6) sat-
urated buffers, and all syntheses were performed at least
twice to ensure reproducibility. As a consequence of the
cloning requirements, two additional glutathione residues
were present at the N-terminus of the MeMT polypeptides
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obtained by this method; however, these had previously
been shown not to alter the MT metal-binding capacities
[25].

Analysis and characterization of the recombinant
metal-MeMT complexes

Apo-MeMT samples of the MeMT preparations synthe-
sized from MeMT—pPWRSu were obtained by acidification
through a G-25 Sephadex column equilibrated with 10 mM
HCI or 0.1% trifluoroacetic acid [26], and analyzed by
reverse-phase chromatography on a C18, 22 cm x 4.6 mm
column. The mercapto-group content of this material was
assessed with 2,2'-dithiopyridine at pH 4.0, using a molar
absorbance value of 7,000 M~ cm™" for thiopyridine [23].
The Cd content of the Cd—-MeMT complexes formed after
reconstitution with Cd(II) of this apo-MeMT was deter-
mined by atomic absorption spectrometry using a VIDEO
12 aa/ae spectrophotometer. Electronic absorption and
circular dichroism (CD) measurements in these samples
were, respectively, performed with a Cary 3 UV-vis and a
JASCO model J-715 spectrophotometer equipped with a
Compaq 633 computer.

The S, Zn, Cd and Cu content of the Zn-MeMT,
Cd-MeMT and Cu-MeMT preparations obtained from the
pGEX system was analyzed by means of inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES)
using a Polyscan 61E (Thermo Jarrell Ash) spectrometer,
measuring S at 182.040 nm, Zn at 213.856 nm, Cd at
228.802 nm and Cu at 324.803 nm. Samples were treated
as in [27], but were alternatively incubated in 1 M HCI at
65 °C for 5 min prior to measurements in order to elimi-
nate possible traces of labile sulfide ions, as otherwise
described in [28]. Protein concentrations were calculated
from the acid ICP-AES S measure, assuming that all S
atoms were contributed by the MeMT peptide, that is,
22 S/mol MeMT (1 Met and 21 Cys residues). A JASCO
spectropolarimeter (model J-715) interfaced to a computer
(J700 software) was used for CD measurements at a con-
stant temperature of 25 °C maintained by a Peltier PTC-
351S apparatus. Electronic absorption measurements were
performed with an HP-8453 diode-array UV-vis spectro-
photometer. All spectra were recorded with 1-cm capped
quartz cuvettes, corrected for the dilution effects and pro-
cessed using the GRAMS 32 program.

In vitro Zn-, Cd- and Cu-binding studies of MeMT

The apo-MeMT, prepared as described already, was used to
reconstitute the Cd complexes by addition of Cd(II) ions, as
reported in [23] with sea urchin MT. The independent
titrations of Zn-MeMT with Cd(II) or Cu(I) at pH 7 were
carried out following the procedures described elsewhere
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[24, 29]. Additionally, in vitro acidification/reneutraliza-
tion experiments were performed by adapting a previously
reported procedure [30]. Essentially, 10 pM Cd-MeMT
preparations were acidified from neutral (7.0) to acid (2.0)
pH with 107°-1 M HCI depending on the stage of the
titration. CD and UV-vis spectra were recorded at pH 7.0,
4.5, 4.0, 3.0 and 2.0 both immediately after acid addition
and 10 min later, always with identical results. Finally, the
samples were kept at pH 2.0 for 20 min and then they were
reneutralized to pH 7.0 with 107321 M NaOH, also
depending on the stage of the titration. CD and UV-vis
spectra were recorded at pH 2.0, 2.5 and 7.0. All the
changes experienced by the sample during these experi-
ments were corrected for dilution effects. During all
experiments strict oxygen-free conditions were kept by
saturation of the solution with Ar.

Electrospray ionization mass spectrometry analyses

Molecular masses of the proteins synthesized by the
pPWRtSu system were analyzed with a SCIEX APIII
instrument. For the Cd-MeMT complexes, the sample was
injected in 5 mM ammonium acetate pH 6.5 at a concen-
tration of 2 pmol/ml in 50% acetonitrile. For the
corresponding apo forms, samples were injected in the
same buffer, but containing 30% methanol and 1.1% (v/v)
acetic acid.

Time-of-flight electrospray ionization mass spectrome-
try (ESI-MS) analyses of the metallopeptides recovered
from the pGEX system were performed using an Ultima
Micromass quadrupole time-of-flight instrument, con-
trolled by MassLynx software and calibrated with Nal
(0.2 g of Nal dissolved in 100 ml of a 1:1 H,O/2-propanol
mixture). Twenty microliters of the sample was injected at
40 pl/min under the following conditions: source temper-
ature, 150 °C; desolvation temperature, 250 °C; capillary
counter electrode voltage, 3.0 kV; cone potential, 80 V.
Spectra were collected throughout an m/z range from 950
to 2,150 at a rate of 2 s per scan with an interscan delay of
0.1 s. The liquid carrier was a 10:90 mixture of acetonitrile
and 5 mM ammonium acetate, pH 7. For the analysis of
apo-MeMT obtained from recombinant Zn-MeMT, and of
heterometallic Zn,Cu—MeMT species, 10 pl of the sample
at pH 7 was injected under the same conditions described
for the holo forms, with the following exceptions in order
to release Zn(Il) ions but not Cu(I) ions from the com-
plexes: the liquid carrier was a 50:50 mixture of
acetonitrile and ammonium formate/ammonia at pH 2.5;
the source temperature was decreased to 100 °C and the
desolvation temperature to 150 °C. In all cases, molecular
masses were calculated in accordance with [31, 32]. All
samples were injected at least twice in order to ensure
reproducibility.
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Results and discussion

Identity and integrity of the recombinant MeMT
polypeptides

The construction of an artificial DNA sequence encoding
the MeMT protein was successfully achieved using eight
overlapping oligonucleotides that spanned the entire length
of its coding region. This cDNA was cloned into two
E. coli expression vectors (pPWRt and pGEX) and the
results obtained when the recombinant constructs were
expressed in Cd-enriched bacterial cultures were totally
comparable, which validates the results achieved here with
other metal ions.

From the pPWRt expression system, three subforms of
MeMT were recovered and identified through ESI-MS by
the molecular masses shown in Table 1. They corre-
sponded to (1) the mature, methionine-less gene product,
(2) the precursor form with the expected molecular mass
for the encoded polypeptide and (3) the precursor form
initiated by an N-formyl methionine residue. Recombinant
synthesis from the pGEX expression system yielded an MT
polypeptide whose identity, purity and integrity were also
confirmed by ESI-MS, using the apo form obtained at pH
2.5 from the Zn-MeMT complexes. This analysis indicated
the presence of a single polypeptide of the expected
molecular mass (in this case, 7,254.40 Da, corresponding
to the sequence shown in Fig. 1 with additional N-terminal
Gly and Ser residues, due to its synthesis as a GST fusion
construct). The MT portion was recovered at an approxi-
mate concentration of 1 x 107*-2 x 10™* M for Zn- and
Cd-MeMT productions, and of 0.5 x 107421 x 107* M
for Cu—-MeMT syntheses, this meaning an average of 1 mg
of pure metal-MT complex per liter of bacterial culture.

Table 1 Molecular masses of the apo-MeMT obtained from both
Escherichia coli expression systems

Expression system Mexp” m®

pPWRt 6,979.0° 6,979.2¢
7,110.6° 7,110.4¢
7,138.6° 7,138.5°

pGEX 7,254.9 7,254.4

MeMT MeMT-10-1V isoform of Mytilus edulis

* Experimental molecular masses. Measurements were always per-
formed in duplicate. All corresponding standard deviations were
always less than 0.1%

® Theoretical molecular mass of the corresponding species. In the
case of Cu,Zn species, the molecular masses indicated correspond to
the homometallic Cu, and Zn, species, respectively

¢ Processed methionine-less MeMT; data reported in [33]
9 MeMT polypeptide with an initial methionine residue
¢ MeMT polypeptide with an initial N-formyl methionine residue

Characterization of the in vivo synthesized Zn-MeMT
and Cd—-MeMT species

Recombinant (i.e., in vivo folded) Zn—-MeMT complexes
were obtained from the pGEX expression system. This
yielded a predominant Zn,—MeMT together with some
very minor species (Zng—MeMT, Zn,;S;-MeMT and Zng—
MeMT), as shown by the ESI-MS results at pH 7.0
(Table 2, Fig. S2a), and consistently with an average
content of 7.0 Zn(Il) per MT, as measured by acid ICP-
AES.

In vivo folded Cd-MeMT samples were available from
the two expression systems, exhibiting totally equivalent
stoichiometric and spectropolarimetric features. The
molecular masses of the Cd species obtained from pPWRt
(shown in Table 2) exactly corresponded to a load of seven
Cd(I) ions to each of the three apo forms described above
(Table 1) [33]. This stoichiometry was coincident with the
7.3 Cd(II) per MT ratio obtained from acid ICP-AES and
with the detection of an almost unique ESI-MS peak cor-
responding to Cd;,—MeMT in the preparations from the
pGEX system (Table 2, Fig. S2b). In this case, minor
species were CdgS,~MeMT, Cd;S;-MeMT and Cdg—
MeMT. Therefore, as expected on the basis of the similar
number of Cys residues in MeMT and mammalian MTs
(21 compared with 20), this protein gives rise to major Zn,
and Cd; species when expressed in Zn- and Cd-rich media
respectively, these data being in good concordance with
those reported for MT-10 [34] and MT-20 Mytilus gallo-
provincialis isoforms [20].

Remarkably, the CD spectra of both recombinant Zn,—
MeMT and Cd;—MeMT are highly dissimilar to those of
homometallic forms of other MTs, showing that no typical
CD spectra can be assumed to exist for all the MT com-
plexes of a certain metal ion [28]. Hence, Zn—-MeMT
exhibited a wide, intense and asymmetric CD spectrum
(Fig. 2a) centered at approximately 235 nm (positive),
indicative of the presence of at least two different absorp-
tions, one attributable to the well-defined Zn-thiolate
chromophores (at approximately 240 nm) and the other to
the putative participation of chloride ligands (at approxi-
mately 230 nm) in the Zn-thiolate clusters. The CD spectra
of the Cd-MeMT preparations recovered from both
expression plasmids (that of the pGEX preparation included
in Fig. 2b) and showing an asymmetric and intense finger-
print were practically coincident, and highly similar to that
recently reported for recombinant M. galloprovincialis
Cd;—MT-10 [35]. They could be interpreted as an exciton
coupling centered at approximately 250 nm (Cd-thiolate
chromophores) with the positive maximum at 266 nm and a
faint contribution at approximately 280 nm (Cd-sulfide
chromophores), and probably another exciton-coupling
component centered at approximately 240 nm, which may
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Table 2 Metal-to-protein ratios and molecular masses of the recombinant Zn(I)-MeMT, Cd(II)-MeMT and Cu(I)-MeMT complexes obtained

from the pGEX expression system, unless indicated

Metal supplemented M/MeMT (ICP-AES) M-MeMT speciesf (ESI-MS) mexpa mlhb
Zn(II) 7.0 Zn;-MeMT 7,698.0 7,698.0
Cd(n) 7.3 Cd;-MeMT 8,030.8 8,027.2
Cd(Il) (pPWRt) - Cd;—MeMT 7,752.0° 7,752.0°
Cd;-MeMT 7,885.0¢ 7,883.2¢
Cd;—MeMT 7,912.0° 7,911.3°
Cu(l) type 1 3.3 (Zn) Mg-MeMT 7,760.1 7,154.7-1,761.4
4.6 (Cu) Mo-MeMT 7,814.8 7,817.3-7,824.8
M;o-MeMT 7,878.8 7,879.8-7,888.2
Cu(l) type 2 1.4 (Zn) pH 7 M;,-MeMT 8,002.0 8,004.9-8,014.9
9.2 (Cu) M;;-MeMT 7,938.4 7,942.3-7,951.5
M;3-MeMT 8,066.1 8,067.4-8,078.3
pH 2.5 Cug-MeMT 7,749.0 7,754.7
Cug—-MeMT 7,812.0 7,817.3
Cu;g-MeMT 7,875.5 7,879.7

ICP-AES inductively coupled plasma atomic emission spectroscopy, ESI-MS electrospray ionization mass spectrometry

4 Experimental molecular masses. Measurements were always performed in duplicate. All corresponding standard deviations were always less

than 0.1%

" Theoretical molecular mass of the corresponding species. In the case of Cu,Zn species, the molecular masses indicated correspond to the

homometallic Cu, and Zn, species, respectively

¢ Processed methionine-less MeMT; data reported in [33]

4 MeMT polypeptide with an initial methionine residue

¢ MeMT polypeptide with an initial N-formyl methionine residue

f Species proposed according to the mass difference between holoprotein and apoprotein. Species in bold are the major components of
the preparation. In the case of Zn,Cu mixed-metal species, the metal-to-protein stoichiometries deduced at pH 7.0 are indicated as M, (M is Zn

or Cu)

reflect chloride participation in the Cd;—MeMT clusters.
Assignment of the 235 nm (Zn) and 240 nm (Cd) CD
absorptions to chloride ligand contributions is supported by
previous works by our group [11, 36], as well as by Raman
spectroscopy results on the Zn;,—MeMT species (unpub-
lished results). Their presence is not detectable by ESI-MS,
as previously reported for the mammalian Cd-MT com-
plexes [36]. Alternatively, these CD features could also be
interpreted by the contribution of a second exciton-coupled
metal—thiolate ligand to metal charge transfer band.

The literature provides other examples of CD envelopes
similar to those of MeMT [i.e., the Zn complexes of the
MT of American lobster (H. americanus) and the second
MT of Saccharomyces cerevisiae (Crs5), Fig. 2a; and the
Cd complexes of the MT from cork oak (Quercus suber)
and Crs5, Fig. 2b; cf. origin and sequence information of
these MTs in Fig. 1), all of these clearly different from the
paradigmatic mammalian MT corresponding complexes
(also included in Fig. 2a, b). This confirms that diverse MT
isoforms, owing to their dissimilar amino acid sequences,
give rise to different metal-thiolate clusters (i.e., unequal
structures) that produce patently different CD spectra and
that could be related to their distinct functionalities.
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Characterization of the in vitro prepared Cd—-MeMT
species

Cd;—MeMT clusters were obtained in vitro by three distinct
procedures: (1) reconstitution of the apo form with Cd(II)
ions, (2) CddI) titration of the recombinant Zn,—MeMT
preparations and (3) acidification and subsequent reneu-
tralization of the recombinant Cd,—MeMT preparations.

In vitro Cd—-MeMT reconstitution from the apo form

The set of CD and UV-vis absorption spectra recorded
during the addition of Cd(Il) to apo-MeMT (Fig. 3) illus-
trate the progressive absorption increase associated with
the incorporation of the Cd(II) ions to the apo form, with a
linear rise in amplitude up to about 7.6 equiv of Cd(II)
added. The subsequent CD spectra show the re-emergence
of the ellipticity maxima near 266 nm observed in the
recombinant preparations. However, CD features below
260 nm clearly differ from those of the in vivo prepara-
tions, this indicating that the in vivo folded Cd-MeMT
clusters cannot be obtained by direct binding of Cd(II) to
the MeMT peptide.
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Fig. 2 Comparison of the
circular dichroism (CD) spectra
of in vivo synthesized

a Zn—-MeMT (solid black line),
Zn-MTH [8] (solid gray line),
Zn—Crs5 [32] (dashed line) and
Zn—MT1 [25] (dotted line);

b Cd-MeMT (solid black line),
Cd-QsMT [30] (solid gray

feM lem™)

T T T

line), Cd—Crs5 [32] (dashed 230 240 250 260
line) and Cd;—MT1 [47] (dotted

line); and ¢ Cu—-MeMT type 1

220

270

Wavelength (nm)

807
40
20
‘g ~—
'_U
= -20
4 :
-40 4 ¢
T T -ED T T T T T L T T
280 200 300 210 220 230 240 250 260 270 280 290 300

VWavelength (nm)

(solid line) and type 2 (dashed

line) 20 AL
AN

-~ 0 N =

5 N

s 204 /]

3 /

4 40444/

0
-60

Ag MH-cm)

240

260 280

Wi 3w| th (¢ 3'?‘;
avelength (nm
-150 !

260
Wavelength (nm)

280 300

Fig. 3 Reconstitution of Cd-MeMT by addition of Cd(Il) to the
corresponding apo form followed by CD and UV-vis (inset)
absorption spectroscopies. The successive spectra, from bottom to
top, resulted from the addition of 0, 2.5, 4.2, 5.9, 6.7, 7.6, 8.4, 9.2 and
10.1 equiv of Cd(Il) to a 2.5 pM solution of apo-MeMT in 20 mM
2-morpholinoethanesulfonic acid, pH 6.5

In vitro Cd(II) titration of Zn—-MeMT

The spectroscopic (Fig. 4) and spectrometric (Table 3)
data recorded during the titration of Zn,—MeMT with
Cd(II) are indicative of an initial, noncooperative
replacement of Zn(Il) by Cd(I) up to the seventh Cd(II)
equivalent added. At this point, the sample, mainly con-
sisting of CdgZn,;—MeMT, shows an intense CD spectrum,
analogous to that of the initial Zn,—MeMT but redshifted,

T T T T T T T T T
220 240 260 280 300 320 340 360 380 400
Wavelength (nm)
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indicating a similar folding of both complexes. This
spectrum remains practically invariant between 7 and 9
equiv of Cd(I) added. For 9 equiv of Cd(Il) added, the
ESI-MS data reveal the coexistence of heterometallic
Zn,Cds and Zn;Cdg species with Cd;,—MeMT, which,
significantly, is not yet the major species. After this
titration point, the CD spectrum dramatically evolves to a
new CD envelope, and consequently the initial
Zn;—MeMT and final Cd;—MeMT species will definitely
be nonisostructural. It is the addition of 11 equiv of Cd(II)
that renders Cd,—MeMT as the major species, but 15 equiv
of Cd(I) is needed to fully avoid the presence of Zn,Cd
heterometallic species, these data suggesting a certain
reluctance of MeMT in the exchange of the last Zn(Il)
ions. At this stage a Cdg—MeMT species, which represents
the maximum Cd(II) load of MeMT, is also detected.
Remarkably, the molecular distribution of the metal—
MeMT species at this point of the titration nicely matched
that of the in vivo Cd-MeMT preparations. However, both
preparations exhibited definitely dissimilar CD spectra,
with differences mainly in the 220-260 nm region
(Fig. 5), due to the approximately 240 nm centered exci-
ton-coupling band, developed with the addition of
9-15 equiv of Cd(II). According to the ESI-MS data, this
band cannot be attributed to the presence of Zn in the
Cd-MeMT complexes. Possible explanations could be
related, as hypothesized for the in vivo preparations, to the
participation of chloride counterions from the titrating
agent (CdCl,) in the Cd-MeMT complexes or to a second
Cd—thiolate transition also giving rise to exciton coupling,
as supported for the very large biphasic signal with
crossover near 240 nm when Zn;—MeMT has been
exposed to 15 equiv of Cd(Il) (Fig. 5, dotted line).
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Fig. 4 a CD, b UV-vis and ¢ UV-vis difference spectra corresponding to the titration of a 10 pM solution of Zn;—MeMT with Cd(II) at pH 7

Table 3 Metal-MeMT species detected by ESI-MS during the
titration of a 10 uM solution of Zn;,—MeMT with Cd(Il) at pH 7

Cd(II) equivalents added to Zn;—MeMT

2 3 4 6 7 9 11 15

Zn;Cd;-MeMT
ZngCd;-MeMT
ZngCdr,—MeMT
ZnsCd,~MeMT
Zns;Cd;-MeMT
Zn,Cd;-MeMT
Zn3Cdy;—MeMT X
Zn;Cds—MeMT
Zn,Cds—MeMT
Zn,Cdg-MeMT
Cd,—MeMT X X

Cdg—MeMT X

RN & X X

X & & o

-
X Q & X *
-
X

v/ denotes major species, X denotes intermediate species, ¢ denotes
minor species

In vitro acidification/reneutralization
of in vivo Cd-MeMT

Acidification of the recombinant Cd-MeMT preparations
unexpectedly led to a precipitation process in the samples
despite the use of previously validated procedures [30].
Specifically, between pH 4 and 3 the solution becomes
significantly turbid, in concordance with a massive pre-
cipitation of protein. In fact, reneutralization of the sample
to pH 7 allowed recovery of only a quarter of the initial CD
intensity, which indicates a loss of approximately 75% of
the original protein (Fig. S3). Precipitation at acid pH
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Fig. 5 Comparison of the CD spectrum of: the in vivo Cd-MeMT
preparation (solid black line), the final solution obtained after adding
11 equiv (solid gray line) and 15 equiv (dotted line) of Cd(II) to
Zn,—MeMT; and the solution recovered after an acidification/
reneutralization process of recombinant Cd-MeMT (dashed line).
The intensities of the CD spectra were normalized for the sake of
comparability

would be on the basis of the generation of the corpuscles
called cadmosomes as further commented on in “Con-
cluding remarks.” Despite the drawback of protein
precipitation, normalization of the final CD spectrum allows
its comparison with the fingerprint of the initial in vivo Cd—
MeMT (Fig. 5), which is once again clearly different in the
220-260 nm region (see earlier). Therefore, the acidificat-
ion/reneutralization of recombinant Cd,—MeMT is not a
fully reversible process, as the chromophores absorbing at
approximately 240 nm seem at least to be inverting their
chirality at some of the stages of the process.

Overall, the three in vitro strategies assayed for
Cd;—MeMT preparation [i.e., Cd(II) reconstitution of
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apo-MeMT, Cd(II) titration of Zn;,—MeMT or direct acid-
ification/reconstitution of Cd;,—MeMT] led to samples of
the same speciation and that were spectroscopically (i.e.,
structurally) equivalent. Interestingly, none of these three
procedures give rise to a sample with the spectroscopic
features of the in vivo Cd;—MeMT preparations. Conse-
quently, it is clear that two different types of Cd;,—MeMT
complexes are obtained depending on their in vitro or in
vivo origin, and regardless of the E. coli expression system
used. The failure to reproduce the recombinant in vivo
forms documents that, in contrast to the situation with
mammalian MTs, no pathway for suitable folding pre-
vails under in vitro conditions. Since purification and
characterization of Cd-MeMT complexes from mussel
organisms has never been attained, at this stage of
knowledge it is impossible to assess which of the two folds
reported in this work would more closely reproduce that of
the native form.

MeMT provides a clear example to disregard the early
hypothesis that invertebrate MTs bind six divalent metal
ions in contrast to vertebrate MTs binding seven divalent
metal ions. In fact, the coordination capacity (in terms of
the number of metal ions) in a metal-MT complex appears
significantly related to the number of coordinating residues,
i.e., mainly its Cys content. Thus, among invertebrates, H.
pomatia (Gastropoda/Mollusca; 18 Cys [12]), C. sapidus,
H. americanus, Cancer pagurus, and Scylla serrata
(Crustacea; 18 Cys [5, 6, 37, 38]) and Caenorhabditis
elegans (Nematoda; 19 Cys [39]) are known to harbor six
divalent metal ions, whereas S. purpuratus (Echinoder-
mata; 20 Cys [4]), Lumbricus rubellus (Annelida; 20 Cys
[40]) and M. edulis (Bivalva/Mollusca; 21 Cys, this work)
appear above the threshold allowing the coordination of
seven divalent metal ions.

Characterization of the in vivo synthesized Cu—-MeMT
species

Cu-MeMT preparations were recovered from Cu-enriched
cultures of E. coli transformants of the pGEX expression
constructs. This invariably yielded two kinds of heterome-
tallic MeMT productions containing different Zn(II) to
Cu(I) ratios and denominated types 1 and 2 (Table 1). The
composition of these preparations was analyzed by ESI-MS
at two pH values, 7.0 and 2.5, since Cu(I)-thiolate but not
Zn(II)-thiolate bonds persist at pH 2.5, while at pH 7.0 both
metal ions are indiscernible owing to their close atomic
masses. Hence, metal complexes identified in type 2
productions are of higher nuclearity and show higher Cu(I)
and lower Zn(II) contents than those of type 1 (Table 1).
The different CD features (Fig. 2c) of both types of syn-
theses were consistent with their distinct Zn(II) and Cu(I)
content, since a higher CD intensity at approximately
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240 nm—probably related to Zn—thiolate chromophores—
is observed for the high Zn-containing productions (type 1).

Characterization of the in vitro prepared Cu—MeMT
species

Cu-MeMT complexes were prepared in vitro by Cu(l)
titration of recombinant Zn,—MeMT under thermodynamic
conditions. This reaction was followed by CD and UV-vis
spectroscopies (Fig. 6) as well as by ESI-MS at pH 7.0 and
2.5 (Table 4). From the initial steps of the titration, two
main features become apparent. First, the progressive
additions of Cu(I) to Zn;,—MeMT provoke the coexistence
of multiple species, which allows cooperativeness
throughout the titration to be discarded. Second, Zn;,—
MeMT exhibits an ever-higher reluctance in the Zn/Cu
than in the Zn/Cd replacement, if the number of Cu(I)
equivalents required for Zn(II) displacement is taken into
account. It should be recalled that (1) despite spectroscopic
data suggesting Cu(I) binding during the first 6 equiv of
Cu(I) added, ESI-MS results reveal that at this point Zn,—
MeMT is still the major species, and (2) formation of ho-
mometallic Cu;,—MeMT is not observed until 30 equiv of
Cu(I) has been added to Zn,—MeMT.

Comprehensive consideration of all the spectroscopic
and spectrometric data recorded during this titration allows
the proposal of three stages, which although almost isod-
ichroic, lead to the coexistence of numerous heterometallic
Zn,Cu-MeMT species. However, some kind of coopera-
tiveness can be envisaged in light of the ESI-MS data at
pH 2.5. Respectively, these show generation from Zn;,—
MeMT of major complexes containing four Cu(l), direct
conversion of the latter to complexes containing eight
Cu(I) and, finally, production of a continuum of species
extending up to 12 Cu(l); during the first [from O to 18
equiv of Cu(I) added], second [from 18 to 28 equiv of Cu(I)
added] and third stages. It is worth noting that these ho-
mometallic or heterometallic Cuj,-containing species are
only achievable under high excess Cu(l) (i.e., 30 equiv) in
vitro conditions. The stepwise incorporation of Cu(I) into
recombinant human apo-MT3 has already revealed coop-
erative formation of Cuy and Cug clusters [41, 42] and
addition of this metal ion to Zn—-MT1 also rendered for-
mation of Cuy clusters in the  domain [43, 44].

Interestingly, the scenarios attained at the end of the first
and the second stages perfectly reproduced the features of
the in vivo type 1 and type 2 preparations. Hence, for 14
equiv of Cu(l) added there is a coexistence of major Mg
and My species showing a CD fingerprint (Fig. 7a) equiv-
alent to that of the recombinant type 1 samples.
Subsequently, for 26-28 equiv of Cu(I) added, the Zn/Cu
replacement reaction reaches another stage that yields
speciation and CD features comparable to those of
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Fig. 6 a CD, b UV-vis and ¢ UV-vis difference spectra obtained during the titration of a 10 uM solution of Zn,-MeMT with Cu(l) at pH 7

Table 4 Metal-MeMT species detected by ESI-MS at pH 7 and at pH 2.5 during the titration of a 10 uM solution of Zn,—MeMT with Cu(I) at
pH 7 (M is Zn or Cu)

Species Cu(I) equivalents added to Zn,—MeMT (pH 7) Species Cu(I) equivalents added to Zn,~MeMT (pH 2.5)

2 6 14 21 23 28 30 2 6 14 21 23 28 30
M;-MeMT ¢ X . Apo-MeMT v 4 X
Mg-MeMT ¢ v v X X X Cuy—MeMT . v ¢
Mo—MeMT . (4 X X (%4 v Cug—-MeMT X (%4 X .
M;o-MeMT X v v X X Cug-MeMT X X v v
M, -MeMT 3 X . * X Cu;g—MeMT 4 v
M|>-MeMT 4 . * X Cu;-MeMT % v
M3-MeMT X Cu;,—-MeMT X v

v denotes major species, x denotes intermediate species, ¢ denotes minor species

recombinant type 2 Cu-MeMT (Fig. 7b). At this point,
probably most of the species are still heterometallic
Zn,Cu-MeMT complexes together with species of up to
M;; mainly containing eight and nine Cu(I) ions (Tables 1,
4); however, the presence of certain Cu—-MeMT homome-
tallic species cannot be discarded. These results may
perhaps reflect the existence of two thermodynamically
stable steps in the Zn/Cu replacement reaction that are
alternatively reached, depending on the conditions of the
physiological environment in which the Cu complexes are
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synthesized. This was clearly demonstrated for yeast Crs5,
with the culture degree of oxygenation determining the step
of the Zn/Cu displacement reaction reproduced in vivo
[32].

Concluding remarks

The results of the comparative physicochemical study of
the in vivo Zn(I)-, Cu(I)- and Cd(II)-binding abilities of
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Fig. 7 Comparison of the normalized CD spectra of a the Cu-MeMT
species obtained under in vitro [after 14 equiv of Cu(I) had been
added, dashed line] and in vivo (type 1, solid line) conditions, and of

the mussel MeMT reported here are consistent with the role
of this isoform in the mussel basal/housekeeping metal
metabolism suggested by the response of its encoding gene
to metal induction, rather than with Cd(II) detoxication
events. Mytilus sp. MT-10 genes are -constitutively
expressed, yielding significant amounts of the encoded
proteins (that of M. edulis here called MeMT) at basal
level, which only increase in response to Zn and to low
amounts of Cd, unlike the MT-20 genes, which remain
practically silent unless a high amount of Cd is present
[19, 21]. Hence, MeMT is able to fold into highly chiral
and stable complexes upon Zn coordination, precisely the
optimal gene inducer, and what is more, these Zn com-
plexes exhibit an uncommon high reluctance to in vitro
fully substitute Cd and/or Cu for this metal ion. These Zn-
binding features of MeMT depict a significantly different
behavior in relation to its mammalian counterparts. In vivo
Cd coordination leads to homometallic Cd,—MeMT com-
plexes, a stoichiometry that cannot be achieved in vitro by
Zn/Cd displacement unless excess Cd(II) is used in a
process that notably leads to nonisostructural complexes.
Finally, when expressed in Cu-enriched media, two types
of heterometallic Zn,Cu complexes are recovered, each of
these exhibiting a different Cu load, which corresponds to
two steps in the in vitro Zn/Cu replacement. Homometallic
Cu complexes are only obtained in vitro after a great molar
excess of Cu(I) has been added. In this scenario, the MT-20
system would probably provide more suitable means of
excess metal detoxification; in relation to this idea, certain
differences between the Cd complexes formed by both M.
galloprovincialis isoforms have already been reported [35].
It is worth noting that our results showed unprecedented
precipitation of the Cd-MeMT complexes at acid pH. This
could be the basis for the formation of the characteristic
Cd-containing granules called cadmosomes [45] detected
in some organs (kidneys) of Cd-intoxicated mussels [46],
since Cd—-MT aggregates are usually targeted in the highly
acidic lysosomal environments.

o f/ Ve

_20 f T T T T T T T T
220 240 260 280 300 320 340 360 380 400

Wavelength (nm)

b the Cu—-MeMT species obtained under in vitro [after 26 equiv of
Cu(I) had been added, dashed line] and in vivo (type 2, solid line)
conditions

From a comparative evolutionary overview, most
MeMT features are coincident with those of yeast CrsS MT
[32] and of mammalian MT4 [47], MT forms which are
clearly associated with basal metal metabolism instead of
metal detoxification processes. Coincidently, all these MTs
are at the base of the trees constructed from multialignment
comparisons [32, 47], and seem to have given rise to the
Cd-handling isoforms by duplication/differentiation events
in taxonomic groups as distant as mammals or bivalve and
gastropod molluscs (cf. H. pomatia [12]). This evolution-
ary strategy contrasts with that observed in Arthropoda,
where two clearly defined forms have been described:
Cu-thioneins and divalent metal-inducible thioneins [5, 8].

In summary, the best gene inducer (Zn) is the metal
yielding the best fold and homogeneous Zn-MeMT com-
plexes. Then, the second-best inducer (Cd, at low
concentration) yields also homometallic Cd-MeMT com-
plexes, but in vitro Zn/Cd replacement hardly removes the
last Zn(II) ion from Zn—MeMT. Finally, Cu, which is not a
MeMT gene inducer, renders mixed Zn,Cu-MeMT com-
plexes, with an even higher reluctance towards Zn/Cu
exchange. Interaction of MeMT with Cu should therefore
rely on heterometallic species conformed by constitutively
synthesized proteins.
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Figures

Fig. S1 Synthetic gene coding for mussel MeMT constructed from the eight oligonucleotides indicated.

The protein translation is shown under the cDNA sequence, with the Cys residues underlined.

Fig. S2 QTOF ESI-MS spectra corresponding to a in vivo Zn-MeMT and b in vivo Cd-MeMT

preparations, both synthesized from the pGEX expression system.

Fig. S3. a CD, b UV-vis, and ¢ UV-vis difference spectra corresponding to the acidification (first row)

and reneutralitzation (second row) of a 10 uM solution of Cd;-MeMT.
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1

ICGATATATATATGCCTGCACCGTGTAACTGTATTGAGACTARTGTGTGCATTTGCGACACA
ITATATATATACGGACGTGGCACATTGACATAACTCTGATTACACACGTAAACGC%GTGT

5
MetProdlaProCysAsnCysIleGluThrisnvalCysIleCysi=spThr

2
]
IGGGTGTTCGGGCGAGGGTTGCCGTTGTGGCGATGCGTGCAAGTGTTCTGGTGCCGATTGC
CCCACAAGCCCGCTCCCAACGGCAACACCGCTACGCACGTTCACAAGACCACGGC?AACG

]
ElyCyslerzlyvEluElvCysArglyesGlvaspal aCyvsLvsCysBerGlvAl adspCys

3
IAAGTGTTCTGGATGCAAAGTGGTTTGCAAATGTTCCGGATCTTGTGCGTGTGAGGGCGGf
TTCACAAGACCTACGTTTCACCAAACGTTTACAAGGCCTAGAACACGCACACT CCCGOCA

T
Ly=sCyslerGlyCyslysvValValCyslysCyslerGlySercysAlacyscluclyGly

4
| |
TECACGESCCCATCTACT TGCAALTST GCACCEEETTECAST TECAAATAAG
ACGTGCCCGGGTAGATGAACGTTTACACGTGGCCCAACGTCAACGTTTATTCTTA%

3
CysThrzlyProferThriyslysCyshl aProGlyvCysBerCysLy=End

Fig. S1 Synthetic gene coding for mussel MeMT constructed from the eight oligonucleotides indicated.

The protein translation is shown under the cDNA sequence, with the Cys residues underlined.
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Fig. S2 QTOF ESI-MS spectra corresponding to a in vivo Zn-MeMT and b in vivo Cd-MeMT

preparations, both synthesized from the pGEX expression system.
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and reneutralitzation (second row) of a 10 uM solution of Cd7-MeMT.
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Abstract In this work, we have analyzed both at stoi-
chiometric and at conformational level the Cd"-binding
features of a type 2 plant metallothionein (MT) (the cork
oak, Quercus suber, QsMT). To this end four peptides, the
wild-type QsMT and three constructs previously engi-
neered to characterize its Zn'- and CuI-binding behaviour,
were heterologously produced in Escherichia coli cultures
supplemented with Cd", and the corresponding complexes
were purified up to homogeneity. The Cd"-binding ability
of these recombinant peptides was determined through the
chemical, spectroscopic and spectrometric characterization
of the recovered clusters. Recombinant synthesis of the
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four QsMT peptides in cadmium-rich media rendered
complexes with a higher metal content than those obtained
from zinc-supplemented cultures and, consequently, the
recovered Cd" species are nonisostructural to those of Zn".
Also of interest is the fact that three out of the four peptides
yielded recombinant preparations that included S*-con-
taining Cd" complexes as major species. Subsequently, the
in vitro Zn"/Cd" replacement reactions were studied, as
well as the in vitro acid denaturation and S*~ renaturation
reactions. Finally, the capacity of the four peptides for
preventing cadmium deleterious effects in yeast cells was
tested through complementation assays. Consideration of
all the results enables us to suggest a hairpin folding model
for this typical type 2 plant Cd"-MT complex, as well as a
nonnegligible role of the spacer in the detoxification
function of QsMT towards cadmium.

Keywords Cadmium-His binding - Phytochelatins -
Plant metallothionein - Sulfide ligands - Yeast
complementation

Introduction

Cadmium is a metal that is well known for being toxic to
organisms, in general, and to plants, in particular, where it
causes severe metabolic malfunctions leading to intense
chlorosis and growth impairment. Consequently, plants
have developed efficient defence systems against cadmium
toxicity, which mainly consist of chelating polypeptides
that immobilize metal ions inside the cell. Two types of
plant (including algae) metal-chelating peptides have been
reported, enzymatically synthesized phytochelatins (PCs)
and gene-encoded metallothioneins (MTs) [1]. Plant PCs,
such as yeast cadystins, are polymers of glutamic acid—Cys
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y-dipeptide linked to a terminal glycine residue, the num-
ber of units in the polymer ranging from 5 to 17 [2]. They
bind Cd" through metal—thiolate bonds, forming Cd" PC
complexes of variable size [3]. These complexes typically
include acid-labile sulfide ligands, also in a variable metal
to sulfide to peptide ratio, which contribute to the forma-
tion of semicrystal particles known as crystallites, analo-
gous to those extensively studied in yeasts [4]. Arabidopsis
mutants lacking PC synthase have a definite cadmium-
sensitive phenotype [5], and cadmium tolerance has been
related to Cd"™ PC accumulation in tobacco [6], tomatoes
[7] and maize [8].

PCs were considered the only metal-defence mechanism
in plants until 1980, when an MT-like peptide was first
isolated in copper-treated Agrostis (redtop bent) roots [9],
more than 20 years after the discovery of MT in animals.
MTs are ubiquitous, small, Cys-rich proteins that chelate
heavy-metal ions through metal—thiolate bonds. Currently,
MTs have been extensively identified as a multigenic family
in angiosperms (A. thaliana as a model [1]), in gymno-
sperms [10] and in algae (Fucus) [11], constituting family
15 of the global MT Kigi classification [12]. Plant MTs are
considerably longer than their animal counterparts owing to
the exclusive presence of a 30-50-residue-long, Cys-devoid
region, between the N- and C-terminal Cys-rich domains
(four to eight Cys each). Specifically, the distribution of the
Cys residues and the length of the spacer region have been
used to further classify plant MTs into four subtypes [1, 13].
Although plant MTs have been extensively related to
housekeeping functions in physiological zinc and copper
metabolism [14, 15] and in reactive oxygen species scav-
enging [1, 16, 17], early studies report that plant MT syn-
thesis also responds to cadmium induction [17, 18].
Confirmation of the putative cadmium detoxification role of
plant MTs was primarily achieved by yeast complementa-
tion studies [19]. More recently, it has been directly shown
in plant cells that MTs mediate resistance and tolerance to
cadmium [20, 21]. Strikingly, very little is known about the
Cd"-MT complexes that are formed upon plant MT syn-
thesis in response to cadmium, mainly owing to the high
level of proteolysis associated with native protein purifi-
cation. Consequently and in comparison with the structural
knowledge of animal MT complexes [22], there is an
appalling lack of data about the interaction between heavy-
metal ions and plant MTs. Unfortunately, many initial ef-
forts in recombinant (Escherichia coli) plant MT synthesis
did not make it possible to overcome this drawback [23, 24],
and MT complexes were directly characterized as fusion
proteins [25], which is of dubious biological relevance.
Fortunately, this scenario is beginning to change, and the
characterization of recombinant Triticum aestivum (wheat,
[26]) and Musa acuminata (banana, [27]) MT complexes
was recently reported.
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Some time ago, we adapted our glutathione S-trans-
ferase based MT expression system in E. coli, which we
have fully validated for animal MTs [28, 29], to obtain
highly homogeneous preparations of undigested, full-
length metal complexes from a typical dicot angiosperm
MT (Quercus suber MT, QsMT) [30]. QsMT is a type 2
plant MT isolated in our laboratory from a cork oak
(Q. suber) phellem complementary DNA (cDNA) library
of oxidative stress induced genes. Protein expression and
purification from E. coli cells grown in the presence of
zinc, cadmium or copper enabled us to determine the
Zn"-, Cd"- and Cu'-binding properties of the full-size
peptide. Our results showed that when expressed in the
presence of cadmium, recombinant QsMT (rQsMT) binds
a surprisingly high content of Cd" in comparison with
Zn", confirming that this protein could play an important
role in the heavy-metal detoxification of plants [30].
Interestingly, our results also suggested the presence of
acid-labile sulfide ligands in the Cd"-rQsMT complexes,
concordantly with the sulfide anions mediating the for-
mation of the Cd" PC crystallites. This was the first time
that the participation of sulfide ligands was suspected in
any MT preparation, and led to the significant discovery
that, although at different ratio, all MT recombinant
complexes with divalent metal ions may contain these
nonproteic ligands [31]. To gain some insight into the
metal cluster structure and protein folding of plant MTs
we then engineered three QsMT-derived peptides: the N-
terminal Cys-rich domain (N25), the C-terminal Cys-rich
domain (C18) and a chimera where both Cys-rich do-
mains were linked by a four-Gly bridge (N25-C18) in-
stead of the original linker region of 39 amino acids
(Scheme 1). Expression of these constructs in the pres-
ence of copper or zinc allowed us to analyse the binding
properties for these metal ions, and to propose a protein
folding model in a single metal cluster formed by the
interaction of both Cys-rich domains where the linker
domain, though not participating in metal coordination, is
important for the stability and function of the protein [32].

In the current study, we applied the same rationale to
analyse the Cd"-binding features of rQsMT at stoichiom-
etric and conformational levels. This is especially
interesting owing to the participation of sulfide ions in
Cd"-rQsMT. Thus, the four QsMT peptides (wild-type
rQsMT, N25-C18, N25 and C18) were purified from E. coli
cells grown in the presence of cadmium, and their in vivo
Cd"-binding ability was determined through the chemical,
spectroscopic and spectrometric characterization of the
corresponding clusters. Then, the in vitro Zn"/Cd"
replacement reactions were studied, as well as the in vitro
acid denaturation and sulfide renaturation reactions.
Finally, to test the capacity of the four peptides for pre-
venting cadmium deleterious effects in yeast cells, a
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rQsMT GSMSCCGGNCGCGTGCKCGSGCGGCKMFPDISSEKTTTETLIVGVAPQKTHFEGSEMGVGAENGCKCGSNCTCDPCNCK

N25 GSMSCCGGNCGCGTGCKCGSGCGGCKM
Cc18
N25-C18

Scheme 1 Amino acid sequences of the wild-type recombinant
Quercus suber metallothionein (rQsMT) and of the three deletion
mutants as constructed in [32]: N25, the rQsMT N-terminal region,
containing the first eight Cys; CI8, the QsMT C-terminal region,

functional approximation was performed through yeast
complementation assays. All the results enable us to sug-
gest, for the first time, a metal-binding and folding model
for a typical plant Cd"-MT complex.

Materials and methods

Recombinant synthesis and purification of the Zn"
and Cd" complexes of wild-type QsMT, N25-C18,
N25 and C18

Isolation of the QsMT cDNA, construction of the N25, C18
and N25-C18 coding sequences, and cloning into the
pGEX expression vector have been previously described
[30, 32]. E. coli BL21 cells transformed with the respective
recombinant plasmids pGEX-QsMT, pGEX-N25, pGEX-
C18 and pGEX-N25-C18 were grown in the presence of
300 uM ZnCl, or CdCl, and hence used for recombinant
syntheses. Expression and purification were performed as
reported in [31], so all MT complexes were recovered in
50 mM tris(hydroxymethyl)aminomethane hydrochloride
pH 7.0 solution, and were kept at =70 °C until used.

Chemical, spectroscopic and spectrometric
characterization of the metal peptide complexes

Following the procedures already described by our group
[31, 32], acid inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and amino acid analysis were
used to determine the protein concentration of the different
Zn"- or Cd"-containing preparations. Their metal-to-pro-
tein ratios were also deduced from the acid ICP-AES
measurements and their mean sulfide-to-protein contents
were estimated by gas chromatography—flame photometric
detection (GC-FPD) [31]. The use of Na,SO, as an ICP-
AES standard for the Cys- and Met-derived sulfur quanti-
fication in MTs was validated by Bongers et al. [33].
However, as we reported in [31], Na,SO,4 cannot be used as
a standard for sulfide sulfur determinations as both types of
sulfur enter into the plasma phase differently. Conse-
quently, the S®-to-protein ratios cannot be obtained by
direct subtraction of the acid from the conventional
ICP-AES values, although both types of data are included
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GSMSCCGGNCGCGTGCKCGSGCGGC

GSMNGCKCGSNCTCDPCNCK

Eeee:

GCKCGSNCTCDPCNCK

containing six Cys; and N25-C18, the fusion of N25 and C18 through
a flexible bridge of four Gly (box), thus devoid of the spacer region of
QsMT. Additional Gly and Ser are present in the N-terminus of the
four peptides owing to the recombinant synthesis strategy [28]

in Tables 1 and 2. A Polyscan 61 E (Thermo Jarrell Ash)
spectropolarimeter and an Alpha Plus amino acid auto-
analyser (Pharmacia LKB Biotechnology) were respec-
tively used for the ICP-AES measurements and amino acid
analysis. An HP 5890 series II gas chromatograph coupled
to an FPD80 CE detector (Thermo Finnigan) was employed
for the GC-FPD sulfide quantifications.

The in vitro Cd"-binding analyses were performed by
Cd" titration of the Zn" peptides as described elsewhere
[28], and were monitored spectroscopically and spectro-
polarimetrically. Electronic absorption measurements were
performed using an HP-8453 diode array UV-vis spectro-
photometer. A JASCO spectropolarimeter (J-715) inter-
faced to a computer (GRAMS/AI 7.02 software) was used
for circular dichroism (CD) determinations. All manipu-
lations involving metal ion and protein solutions were
performed under an argon atmosphere, and titrations were
carried out at least in duplicate to ensure reproducibility.
The pH for all experiments remained constant throughout,
without further addition of buffers, and the temperature
was kept constant at 25 °C by means of a Peltier PTC-351S
apparatus.

The molecular mass of the metal peptide species was
determined by electrospray ionization (ESI) mass spec-
trometry (MS) performed either with a Fisons Platform II
instrument (VG Biotech) controlled by MassLynx soft-
ware following the same conditions previously described
[32] or with an Ultima Micromass quadrupole time of
flight (QTOF) instrument (ESI-QTOF), also controlled by
MassLynx software and calibrated with Nal (0.2 g Nal
dissolved in 100 ml of a 1:1 H,O/2-propanol mixture). In
the ESI-TOF analysis of the metallopeptides, 5 pl of the
sample was injected at 40 pl/min under the following
conditions: source temperature, 150 °C; desolvation tem-
perature, 250 °C; capillary counter electrode voltage,
3.0 kV; cone potential, 80 V. Spectra were collected
throughout an m/z range from 950 to 2,150 at a rate of 2 s
per scan with an interscan delay of 0.1 s. The liquid car-
rier was a 10:90 mixture of acetonitrile and 5 mM
ammonium acetate, pH 7. For analysis of the apo form, the
samples were demetalated by acidification with HCI at pH
1.5 and MS measurements were carried out as explained
for the holo forms, except that the liquid carrier was a
10:90 mixture of methanol and ammonium formate/
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Table 1 Analytical characterization of the recombinant Zn" complexes of Quercus suber metallothionein (QsMT) and the three QsMT-derived
peptides (N25-C18, N25 and C18)

Peptide  Peptide concentration (x10~*) Zn"-to-peptide molar ratio S>7/peptide® ESI-MS!

ICP? Acid ICP® Amino acid analysis Major species Minor species  M; expeciea My found
QsMT 1.3 +£0.10 0.9 £ 0.05 0.9 +0.10 1.3 +£040 Zny-QsMT 8,070.4 8,070.0 + 0.6
2.7 £ 0.04 3.5 £ 0.06 Zn3-QsMT 8,007.1 8,007.4 + 1.2
Zn4S,-QsMT 8,138.6 8,1382 + 1.4
N25-C18 1.5 +0.08 1.3 £ 0.07 1.3 +£0.11 1.0 £ 0.30 Zny-N25-C18 4,622.6 4,620.0 £ 0.6
3.6 £ 0.05 3.6 £ 0.08 Zn4S1-N25-C18 4,656.7 4,660.2 £ 0.8
Zn3S1-N25-C18 4,593.3 4,592.7 £ 0.6
N25 3.8+0.12 3.2 £0.08 32+0.23 0.3 +£0.10 Zn,-N25 2,535.6 2,534.0 £ 0.5
2.0 £ 0.09 2.2 +0.10 Zn3-N25 2,599.0 2,600.5 + 0.7
Zn;S1-(N25), 52954 5,295.5 £ 0.7
C18 35+0.11 3.4 +0.09 33 +0.38 0.0 £0.00 Zn,-Cl18 2,152.1 2,150.0 £ 0.7
1.9 £0.10 1.8 £ 0.08 Zn;-C18 2,088.7 2,086.4 + 0.8
Zns-(C18), 4,367.6 43678 £ 1.9

ICP inductively coupled plasma, ESI-MS electrospray ionization mass spectrometry

? Peptide concentration and ZnHto—peptide ratio calculated from conventional ICP atomic emission spectroscopy (AES) results
® Peptide concentration and Zn"-to-peptide ratio calculated from acid ICP-AES results

¢ S*-to-peptide ratio measured by gas chromatography—flame photometric detection (GC-FPD)

¢ Experimental and theoretical molecular weights corresponding to the Zn" peptides. Zn" contents were calculated from the mass difference
between holo and apo proteins

Table 2 Analytical characterization of the recombinant Cd™ complexes of QsMT and the three QsMT-derived peptides (N25-C18, N25 and
C18)

Peptide  Peptide concentration (x10~* M) Cd"-to-peptide molar ~ $*7/peptide® ESI-MS*

ratio
ICP* Acid ICP® Amino acid analysis Major species ~ Minor species M, expecied  Mr found
QsMT(1) 1.5+ 0.20 0.8 +0.03 0.8 £0.11 29 +0.80 CdgS4-QsMT 8,615.5 8,617.2 +0.3
2.9 £+ 0.07 6.7 £ 0.05 Cd;S4-QsMT  8,725.9 8,723.7 + 1.1
QsMT(2) 1.5+0.22 0.6 = 0.05 0.6 = 0.09 24 +£0.60 CdgS4-QsMT 8,615.5 8,619.1 + 0.8
2.5+0.08 6.3 £ 0.08 Cd;S4-QsMT  8,725.9 8,726.0 + 0.7
QsMT@3) 2.3 +0.31 1.3 £ 0.07 1.3 £0.18 22 +0.70 Cds-QsMT 8,368.8 8,370.1 + 0.6
3.7 +0.10 5.3 +0.08 CdeS4-QsMT  8,615.5 8,618.2 + 1.2
N25-C18 2.4 +0.26 1.0 £ 0.04 1.0 £ 0.20 24 +0.60 CdgS4-N25-C18 5,167.7 5,169.6 £ 0.5
2.4 +0.09 5.9 +0.07 Cds-N25-C18 4,921.1 4,922.1 £0.2
N25 3.0+0.35 1.2 +£0.04 1.2 £0.21 2.8 £0.60 Cd;S4-(N25), 5,726.8 5,730.5 £ 1.9
1.4 +0.13 3.8 £0.09 Cdg-(N25), 5,480.1 54787 £ 2.0
C18 29 +0.12 2.8 £0.10 2.7 +0.30 0.5+ 040 Cdy(C18), 4,492.3 44909 + 0.6
2.1 £0.12 2.3 +0.10 Cds-(C18), 4,602.7 4,6009 £ 1.2

Peptide concentration and Cd"-to-peptide ratio calculated from conventional ICP-AES results
® Peptide concentration and Cd"-to-peptide ratio calculated from acid ICP-AES results
© $>~-to-peptide ratio measured by GC-FPD

Experimental and theoretical molecular weights corresponding to the cd" peptides. Cd" contents were calculated from the mass difference
between holo and apo proteins

d
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ammonia at pH 1.5. In all cases, the theoretical molecular
masses were calculated according to [32] except for the
sulfide-containing species, where two additional protons
were added per sulfide anion.

Demetalation and reconstitution of the Cd" complexes
of rQsMT and the three derived peptides

Two different strategies were used for the demetalation of
the MT complexes in this work: acidification and EDTA
treatment. For acidification, and according to equivalent
experiments with Cd" PC complexes [34], the four Cd"
peptide preparations were acidified from neutral pH to a
pH lower than 1 with 1-10° M HCI depending on the
stage of the titration, and were reneutralized afterwards to
pH 7.0 with 1-10~° M NaOH, also depending on the stage
of the titration. After reneutralization, several molar
equivalents of a standard solution of Na,S prepared as
described in [31] were added. All the CD and UV-vis
changes experienced by the samples during these pH
variations and sulfide additions were recorded and cor-
rected for dilution effects. When possible, ESI-MS anal-
yses of the intermediate and resulting final solutions were
also performed.

According to procedures reported in the literature [35], a
16 uM solution of Cd"-rQsMT at pH 7.5 was treated with
10-50 mM EDTA, depending on the stage of the titration,
and the spectropolarimetric changes were recorded.

Yeast functional complementation assays

Following the details reported in [32], two MT-deficient,
copper-sensitive Saccharomyces cerevisiae strains were
used, cupl®: DTY3 (MATa, leu2-3, 112his3*1, trpl-1,
ura3-50, gall CUPI®), harbouring only one copy of the
CUPI MT gene; and cupl®: DTY4 (same with cu-
pl::URA3), thus with no copy of CUPI [36]. The growth
of yeast cells transformed with the plasmids p424-QsMT,
p424-N25-C18, p424-N25 or p424-C18, constructed as
previously described [30, 32, 37], was assayed in culture
media supplemented with or without CdCl, (1.5, 2.5 or
3.5 uM for the plate).

Results and discussion

The metal complexes rendered by the three QsMT-derived
peptides (N25-C18, N25 and C18) when biosynthesized in
zinc- or cadmium-enriched media were analysed and
characterized by spectroscopic and spectrometric methods,
and the data were compared with those of the full-length
rQsMT [30, 32]. Independently of the metal ions supple-
mented in the media, acidification to pH 1.0 of each
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recombinant peptide yielded single apo forms whose
molecular masses were in accordance with the values
calculated from their amino acid composition [32], this
confirming their identity and integrity. None of the CD
spectra of the four demetalated peptides exhibited absorp-
tions in the 220-400-nm range, which is especially sig-
nificant in the case of apo-QsMT, as this indicates that the
aromatic residues of the spacer region are CD-silent.
However, the UV-vis spectrum of apo-QsMT showed
absorptions in the range 260-280 nm (Fig. 3j) attributable
to the two Phe residues of the spacer.

The Zn"-binding features of rQsMT and derived
peptides: a deeper insight

The in vitro Zn"/Cd" replacement studies of the four
recombinant peptides required biosynthesis and analytical
characterization of the corresponding Zn" complexes,
previously characterized in [32]. However, our current
knowledge of the presence of sulfide ligands in the
recombinant MT species [31] together with the use of
ESI-QTOF allowed refining of our previous data [32],
particularly their metal and S*~ contents (Table 1). The
present results revealed that Zn"-C18 was the only case
where S*~ ligands were not detected by GC-FPD. In
contrast, rQsMT, N25-C18 and N25 gave rise to minor
S* -containing species. It should be noted that, as already
reported in [31], we have found that GC-FPD always
overestimates the S~ content of the MT samples. Con-
sequently, there is a discordance between the S*7/protein
quantification achieved by GC-FPD and the stoichiome-
tries and relative abundances of the MT species detected
by ESI-MS.

Analysis of the Cd"-binding features of rQsMT

Multiple recombinant syntheses of the full-length QsMT in
cadmium-rich medium yielded three kinds of in vivo
preparations, namely rQsMT types 1, 2 and 3, which could
not be related to specific culture conditions. According to
the MS data shown in Table 2, Cd"-rQsMT(1) and Cd"-
rQsMT(2) showed identical speciation: CdeS4 and Cd;S, as
the most abundant species, while Cd"-rQsMT(3) yielded
major Cds and minor CdeS; complexes. Therefore, the
unknown ligand of [30] could be readily identified as four
S* anions. In any case, none of the Cd"-rQsMT complexes
were either isostoichiometric or isostructural to their Zn'-
rQsMT counterpart. Although all Cd"-rQsMT types con-
sisted of Cd" homometallic samples of close speciation,
their CD fingerprints were markedly dissimilar (Fig. 1a).
Interestingly, these CD features were exchangeable by
in vitro acidification or demetalation treatments, as ex-
plained further below.
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Fig. 1 Comparison of the normalized circular dichroism (CD)
spectra of the following recombinant metallothionein (MT) prepara-
tions: a Cd"-rQsMT(1) (dotted line), Cd"-rQsMT(2) (dashed line),

Overall analysis of the in vitro Zn"/Cd" replacement in
Zn"-rQsMT led us to propose Cd4-QsMT (major), Cds-
QsMT, and several minor S*-containing complexes of
close metal stoichiometry, as the final products of this
reaction, even in the presence of excess Cd" (whole
spectroscopic and spectrometric data included in Fig. 2,
Table S1). These species were similar to those of the Cd"-
rQsMT(3) preparation, but were absent in CdH-rQsMT(l)
and CdH-rQsMT(Z) samples (Table 2). Notably, none of
the CD fingerprints of the three Cd"-rQsMT types were
reproduced during the Cd" titration (Figs. 1a, 2a, b). As the
main difference between the in vivo and in vitro Cd"-
binding abilities of QsMT was the presence of S*-rich
CdgS4-1QsMT complexes (in the in vivo samples), we
extended the Cd" titration by gradually adding Na,S after
7 equiv Cd" had been added to Zn"-rQsMT. This gave rise
to an absorption increase in the 260-320-nm region
(Fig. 2¢, d, g, h, k, 1), in accordance with the S~ anions
being incorporated into the Cd" complexes [34]. The final
CD fingerprints (Fig. 2d) clearly evolved towards the
envelopes recorded for Cd"-rQsMT (Fig. 1a). Despite the
drawbacks associated with generation of Na* adducts, ESI-
MS analysis of the final samples revealed the presence of
S*-containing species with higher nuclearity than those
present before Na,S addition (i.e. Cd;So-QsMT and CdeSe-
QsMT, Table S1). All these data reinforce the hypothesis
of S*~ as a determinant of (1) the nuclearity of CdH—rQsMT
complexes and (2) the differences between the biosynthe-
sized Cd"-rQsMT samples and the in vitro constituted Cd"-
QsMT complexes.

Finally, acidification/reneutralization of the three
Cd"-rQsMT preparation types shed light on their different
nature. Acidification of Cd"-rQsMT(3) from pH 7 to 4.5
caused a decrease in the intensity of the CD shoulder at
approximately 250 nm, to give rise to a CD profile very
similar to that of CdH-rQsMT(l) (whose CD spectrum
remains invariable between pH 7.0 and 4.3, Fig. S1), with
one intermediate step corresponding to the CD of
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Cd"-rQsMT(2) (Fig. 3a). Thus, at pH 4.5 any of the three
Cd"-rQsMT types exhibited the same CD spectrum [i.e.
that of Cd"-rQsMT(1)], which remained unaltered between
pH 4.5 and 3.5 (Fig. 3b), to render at pH 1 the typical CD
and UV spectra of an apo-MT with aromatic amino acids
(Fig. 3c, d, i, j). The H,S odour was perceptible during the
three acidifications, confirming the acid-labile character of
the S*~ ligands of the original complexes. Reneutralization
up to pH 7 of the resulting S*-devoid samples (Fig. 3e, k,
q) gave rise to Cdy-QsMT (major) and Cds-QsMT (minor)
species (ESI-MS data not shown) whose CD envelopes
evidently did not reproduce those of any of the Cd"-rQsMT
preparations. As before, addition of Na,S to these solutions
caused dramatic changes to their spectroscopic features
(Fig. 3f, 1, r) and rendered S® -containing complexes
(CdgSe and Cd;S,) whose CD fingerprint resembled that of
CdH-rQsMT(3) (Fig. 4a). Interestingly, during the de-
metalation of Cd"-rQsMT(1) by EDTA (Fig. 4b, c), the
addition of the first EDTA equivalent (Fig. 4b) increased
chirality at approximately 280 nm, while not altering that
at approximately 250 nm. Afterwards, increasing molar
ratios of EDTA led to samples showing CD spectra similar
to that of Cd"-rQsMT(3) (Fig. 4c).

The comprehensive consideration of all these data
suggests that the heterogeneity of the Cd"-rQsMT sam-
ples (types 1-3) was due to two main factors: (1) the
already mentioned relative abundance of S* -containing
complexes in the sample and (2) the putative participa-
tion of the His of the spacer in cadmium coordination, as
suggested by the following hints. First, preliminary Ra-
man data revealed the presence of metal-His bonds in
the Cd"-rQsMT complexes, and their absence in Zn'-
rQsMT [38]. Second, literature data suggest that CD
shoulders at approximately 250 nm can be attributed to
Cd"-His coordination [39, 40], which we have corrobo-
rated with studies in mammalian MT1 mutants [41] and
chicken MT [42]. And third, a differential His partici-
pation in Cd" binding would be consistent with the
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Fig. 2 CD (a-d), UV-vis (e-h) and UV-vis difference (i-1) spectra
corresponding to the titration of a 20 pM solution of Zn-rQsMT with
Cd(I) at pH 7.0 followed by the addition of several equivalents of

initially different CD spectra of the three types of Cd"-
rQsMT converging to an identical CD fingerprint at pH
4.5, after His protonation. Finally, the EDTA-induced
Cd" displacement from the rQsMT complexes could
cause conformational rearrangements allowing His par-
ticipation in Cd" coordination. This hypothesis is highly
consistent with the fact that the lower the Cd" content,
the higher the chirality at approximately 250 nm [cf.
rQsMT(3), Table 2, Fig. 1a].

Thus, all our data are in concordance with rQsMT(3)
being mainly composed of S?-devoid Cds complexes
where His may participate in cadmium coordination;
rQsMT(1) containing S* -rich Cdg and Cd; complexes with
no His participation; and rQsMT(2) being a mixture of
rQsMT(1) and rQsMT(3). Therefore, when Cd"-rQsMT is
synthesized in E. coli, and depending on the folding that
the protein adopts when binding the Cd" ions, the His
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Na,S. Arrows show the evolution of the spectra when the indicated
number of Cd(II) or s* equivalents were added

residue of the spacer may or may not participate in Cd"
binding, with this determining the stoichiometry and the
conformation of the final complexes.

Analysis of the Cd"-binding features of N25-C18

N25-C18 synthesized in cadmium-rich medium yielded
homometallic Cd" complexes, among which CdgS4-N25-
C18 and Cds-N25-C18 were the most abundant species
(Table 2). Thus, the Cd"-N25-C18 complexes were neither
isostoichiometric nor isostructural to their Zn"-N25-C18
counterparts, as neither were the rQsMT species. Cd-N25-
C18 showed a characteristic CD spectrum composed of two
Gaussian bands centred at approximately 250 (Cd" thio-
late) and 280 nm (Cd" sulfide) chromophores (Fig. 1b),
which was clearly different from those of the diverse Cd"-
rQsMT types (Fig. 1).
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Arrows show the evolution of the spectra during acidification and
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Fig. 4 a Comparison of the CD spectra of Cd™-rQsMT(3) (solid
black line), the acidified/reneutralized Cd"-QsMT sample (solid grey
line) and with addition of 1 equiv (dashed line) and 4 equiv (dotted
line) S~ to the previous sample. b, ¢ CD spectra corresponding to the
addition of the first EDTA equivalent and of 1, 1.5, 2, 3, 9 and
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Fig. 5 a Comparison between the CD spectra of Cd"™-rQsMT(1)
(solid line) and those recorded after the addition of 1, 2, 5, 7 and
10 equiv Na,S at the end of the titration of Zn'-N25-C18 with Cd(II),
i.e. after 10 equiv Cd"™. b UV-vis spectra recorded during the addition
of 1-10 equiv Cd" to Zn,-N25-C18, leading to the formation of Cds-

Titration of Zns-N25-C18 with Cd" (full data in Fig. S2,
Table S2) rendered Cds-N25-C18 as the major species
even for an excess of Cd" and resulted in a different CD
spectrum from that of the in vivo sample. Surprisingly,
although blueshifted it resembled that of Cd"-rQsMT(1)
(Fig. 5a). Addition of Na,S after the final titration step
further increased this resemblance, with a clear indication
of §*~ Cd" coordination (Fig. 5). These results are fully
consistent with the previous hypothesis about the Cd"-
coordinating behaviour of His in rQsMT. Hence, N25-C18
that is devoid of this residue can reproduce the features of
Cd”—rQsMT(l), where we presume no Cd"-His contribu-
tions, and never those of rQsMT(3).

It is especially worth noting that titration of Zn"-N25-
C18 with Cd" and S*" yielded complexes more similar to
Cd"-rQsMT than to Cd"-N25-C18. However, a process of
acidification/reneutralization/S®~ addition of the biosyn-
thesized Cd"-N25-C18 ended up with a CD fingerprint
very similar to the initial one (Fig. S3). The interpretation
of the spectroscopic data of these reactions was more
straightforward than for Cd"-rQsMT owing to the absence
of His and Phe in the N25-C18 polypeptide. Thus, it could

129

30 equiv EDTA to a 16 uM Cd"-rQsMT(1) sample. The dorted line
in ¢ corresponds to the CD spectrum of the Cdu-rQsMT(3)
preparation. Arrows show the evolution of the spectra during the
demetalation process
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N25-C18, followed by the addition of 1, 2, 5, 7 and 10 equiv Na,S.
The difference in CD intensities between Cd"-rQsMT(1) and the final
Cd"-N25-C18 sample and the deviations of the baseline of the UV—
vis spectra are due to the turbulence of the final stages of Na,S
additions, caused by precipitation of the excess Cd™ as CdS

be deduced that acidification of CdgS4-N25-C18 from pH 7
to 4.5 promoted an important structural rearrangement. The
250-nm Gaussian band became a derivative-shaped band at
the same wavelength, so some Ccd" thiolate chromophores
could be lost, while S? would remain bound to the Cd"
ions. We cannot discard the migration of some thiolate-
bound Cd" to S*"-rich environments, as suggested by the
UV-vis difference spectra in Fig. S3c. It was not until pH
between 4 and 2 that CD absorptions at approximately
280 nm—together with those remaining at approximately
250 nm—disappeared, to generate a characteristic apo-MT
spectrum. At this point, a strong H,S odour was perceptible
and the Cd" ions released to the solution visibly precipi-
tated as CdS. In spite of the turbidity of the sample, it was
reneutralized to pH 7. Reincorporation of the Cd" ions to
N25-C18 gave rise to an intense and very wide CD signal
centred at approximately 260 nm and that was very dif-
ferent from that of the initial in vivo Cd"-N25-C18
(Fig. 6a), as expected from the loss of most of the S*
ligands. This new CD fingerprint could be interpreted as
being composed of one absorption centred at about
250 nm—attributable to CdH(SCys)4— and other absorp-
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Fig. 6 a Comparison between the normalized CD spectra of
recombinant Cd"-N25-C18 (solid line), Zn"-N25-C18 after the
addition of 3 equiv Cd" (dotted line) and the reneutralized Cd™-
N25-C18 sample (dashed line). b Comparison between the CD

tions in the 270-320-nm range—due to Cd"-S*" if it is
assumed that some CdS particles became trapped by some
Cys residues. Although this may appear speculative, it is
consistent with the observations that (1) the envelope of the
CD spectrum of the reneutralized sample perfectly matched
that recorded for the addition of 3 equiv Cd" to Zn,-N25-
C18 (Fig. 6a), a preparation that contained one S*~ per MT
(Table 1), and (2) that the tail of the CD absorptions
extending until 300 nm could only be attributed to Cd"-8*~
chromophores. Subsequent Na,S addition to the reneu-
tralized sample caused dramatic changes in the CD spectra
already from the first step (Fig. 6b) to practically repro-
duce, for 3—4 equiv s> added, the spectrum of the initial
in vivo Cd"-N25-C18. This final CD profile was not too
different from that achieved by Cd"-rQsMT(1) after a
similar acidification/reneutralization/S?~ addition process
(Fig. 6b), which indicates that both polypeptides can,
depending on the conditions, show similar Cd"-binding
behaviour when His does not contribute to Cd" coordina-
tion.

Analysis of the Cd"-binding features of the separate
N25 and C18 peptides

The syntheses of the separate N25 and C18 peptides in
cadmium-rich media yielded dimeric Cd" homometallic
complexes (Table 2). Cd;S4-(N25), and Cde-(N25), were
the main species of a Cd"-N25 preparation exhibiting high
sulfide content (2.8 S*~ per peptide). Conversely, Cd"-C18
was mainly composed of major Cd4-(C18), and minor Cds-
(C18), complexes (Fig. 7), in concordance with the very
low S*~ content detected by GC-FPD (0.5 S*~ per peptide).
The CD spectra of these samples (Fig. 1b) also reflected
their differential S>~ content, since Cd"-N25, unlike Cd"-
C18, gave rise to CD absorptions at approximately 280 nm.

The in vitro Zn"/Cd" replacement followed by S*~
addition, and the acidification/reneutralization/S?~ addition
studies were also undertaken for the separate N25 and C18
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spectra of recombinant Cd"-N25-C18 (solid line), the reneutralized
Cd"-N25-C18 sample after the addition of 4 equiv S*~ (dashed line)
and the reneutralized Cd"™-QsMT sample after the addition of 1 equiv
S*" (dotted line)

peptides (results summarized in Fig. 8, and full data in-
cluded in Figs. S4-S7, Tables S3, S4). In vivo Cd"-N25
aggregates could not be reproduced in vitro by any of the
methods assayed. Starting from major monomeric Zn,-N25
species with a very low S*~ content, the dimeric Cd;S,-
(N25), complexes could hardly be obtained, considering
that species with a maximum of three Cd" ions were ob-
tained at the end of the titration. Remarkably, acidification
and reneutralization of in vivo Cd;S4-(N25), did not lead to
the original complexes. However, the addition of Na,S
either at the end of the Cd" titration or after reneutraliza-
tion gave rise to CD envelopes that practically coincided
with that obtained for the acidification at pH 4 of in vivo
Cd"-N25 (Fig. 8a). This suggests that N25 is unable to
achieve in vitro the same folding as in in vivo conditions,
which basically implies dimerization and participation of
$*" ligands.

In a completely different scenario, the monomeric Zn,-
C18 complexes, where S*~ was not detected by GC-FPD,
easily rendered, after addition of 2 equiv cdy, Cd4-(C18),
dimers that exactly reproduced the CD fingerprint of the
in vivo Cd"-C18 preparation (Fig. 8b). As acidification and
reneutralization of the in vivo Cd"-C18 sample required
just a small amount of Na,S to regenerate the initial CD
envelope, it is sensible to assume the presence of minute
amounts of S*~ in Zn"-C18, enough to yield in vitro the
S*"-containing Cd"™-C18 complexes.

Finally, the Cd" titration of an equimolar mixture of
Zn"-N25 and CdH-CIS, hereafter referred to as cotitration,
was performed to analyse possible interactions between the
separate N25 and C18 peptides (Fig. 9, Table S5). The CD
spectrum of the initial mixture perfectly matched the sum
of the spectra of both separated Zn" complexes (Fig. 10a),
which suggests that they do not interact in solution. As this
CD fingerprint was clearly different from that of Zn"-N25-
C18, a dumbbell fold for this chimeric Zn" peptide could
already be ruled out. The Zn"-N25 plus Zn"-C18 mixture
(Fig. 9) saturated for 7 equiv Cd(I) added, yielding a CD
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Fig. 7 Electrospray ionization (ESI) mass spectrometry (MS) spec-
trum of the recombinant Cd"-C18 preparation with indication of the
theoretical molecular weights of the Cd"-C18 species and the MS
peaks expected for each charge state. The assessment of the presence
of C18 dimers was made on the basis of a deconvolution method [32]
allowing us to identify two types of ESI-MS peaks corresponding to
dimeric forms: (1) peaks that match the m/z charge states of a (Cd,-
MT), form (z being an odd value); (2) peaks that only match the
molecular weight of two peptide chains binding an odd number of
Cd" ions. Furthermore, some peaks could be either interpreted as
corresponding to a monomer of m/z or to a dimer of 2m/2z ratio

fingerprint (Fig. 10b) practically coincident with the sum
of the final spectra of the separate Cd" titrations of Zn'-
N25 and Zn"-C18. In these reactions, major Cds;-N25 and
Cd,4-(C18), complexes were respectively formed; the same

Wavelenght (nm)

Fig. 8 a Comparison between the normalized CD spectra of
recombinant Cd"-N25 (solid black line), Zn"-N25 after the addition
of 9 equiv Cd™ (solid grey line), Zn"-N25 after the addition of
10 equiv Cd" and 4 equiv S*~ (dotted grey line), the Cd"-N25 sample
acidified to pH 4 (dashed black line) and the reneutralized Cd"-N25
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species that were detected as major products of the coti-
tration (ESI-MS analysis in Table S5). Thus, both separate
peptides behaved equally when titrated alone or in each
other’s presence: N25 evolving from monomeric Zn, to
monomeric Cdjy species, and C18 from monomeric Zn; to
dimeric Cd, complexes. The difference between the final
CD fingerprint of the cotitration and those of the in vivo
Cd"-N25-C18 (Fig. 10b) or those reached at the end of the
Zn"-N25-C18 titration with Cd" (Fig. S2) implies a
dependent behaviour of both regions in the N25-CI18
polypeptide when coordinating Cd™. It is worth noting that
heterodimers (N25/C18) were also detected at the end of
the cotitration, although as minor species (Table S5),
which is highly significant in order to support a hairpin
model for Cd"-N25-C18 (discussed later). The small
amount of heterodimers is consistent with the low peptide
concentration at which the cotitration was performed to
allow monitoring by CD, and with the fact that N25 seems
not to require interaction with other peptides (same N25 or
C18) to form Cd" complexes in solution.

QsMT cadmium detoxification capacity in yeast

To test whether the QsMT-derived peptides provided pro-
tection against cadmium toxicity, and to what extent, N25,
C18 or N25-C18 were expressed in CUPI-deficient yeast
cells (cup]A). Cells transformed with the nonrecombinant
plasmid or cells synthesizing the full-length QsMT were
used as negative and positive controls, respectively. In the
absence of supplemented cadmium, all the strains yielded
colonies of similar size (Fig. 11a), this showing that the
presence of the QsMT peptides had no inherent effect on
growth. Phenotype recovery was then evaluated in terms of
capacity for growing in the presence of cadmium. Control
p424 cupl® cells were sensitive to Cd" concentrations as
low as 1.5 uM, whereas the same cells synthesizing QsMT
were able to grow at a similar rate as cupl® at 1.5 uM Cd",

peM'em™)
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sample after the addition of 1 equiv S* (dotted black line). b
Comparison between the CD spectra of recombinant Cd"-C18 (solid
black line), the reneutralized cd'c1s sample after the addition of
2 equiv >~ (dashed line) and the Zn"-C18 sample after the addition
of 2 equiv Cd" (dotted line)
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Fig. 9 CD (a-c), UV-vis (d-f) and UV-vis difference (g-i) spectra
corresponding to the titration of a solution of 20 pM Zn"-N25 and
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Fig. 10 a Comparison between the CD spectra of the mixture of
equimolar amounts of Zn"-N25 and Zn"-C18 (solid black line) with
the sum of the CD spectra of Zn"-N25 and Zn"-C18 (solid grey line).
The CD spectra of Zn"-N25 (dotted line), Zn"-C18 (dashed grey line)
and Zn"-N25-C18 (dashed black line) are also included. b
Comparison between the CD spectra of the mixture obtained in the

which is definitely better than the parental strain at 2.5 and
3.5 uM Cd" (Fig. 11b). This is highly consistent with the
copper thionein character of the endogenous yeast MT,
since we have shown that the single copy of CUPI present
in the cupl® strain is able to exhibit fairly normal growth
under copper stress [32]. Cells synthesizing the QsMT-
derived peptides exhibited a markedly reduced growth rate
in relation to cells synthesizing QsMT. The higher the cd"
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Wavelenght (nm)

2 equiv Na,S. Arrows show the evolution of the spectra when the
indicated number of Cd" or $?~ equivalents were added
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Wavelenght (nm)

220 320

cotitration of Zn"-N25 and Zn"-C18 after the addition of 7 equiv Cd"
(solid black line) and the sum of the final CD spectra of the separate
titrations of Zn"-N25 and Zn"-C18 with Cd" (solid grey line). The
CD spectrum of recombinant Cd"-N25-C18 (dotted line) is also
included

concentration, the greater the disparity in growth rate be-
tween the pQsMT-transformed strain and the other three
strains. This result is especially significant for N25-C18,
which has the same number of Cys as QsMT and which
yields aggregates of equivalent Cd" and S* content (Ta-
ble 2), with the only difference being the lack of the spacer
region. This finding fully corroborates the same behaviour
we previously reported for copper stress [32]. The obser-
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cup1

Fig. 11 Yeast functional complementation assays. The cupl® strain
presents only one copy of the CUPI gene, coding for an MT, while
the cup]A strain includes no copy of this gene. cup]A cells have been
transformed with the plasmid p424 without insertion, or with the
constructions p424-QsMT, p424-N25-C18, p424-N25 or p424-C18.
For the metal tolerance tests, transformed cup]A cells were initially
grown in selective SC-Trp-Ura medium and cup]s strain in SC
medium, both at 30 °C and 220 rpm to an optical density at 600 nm
of 0.5-0.7. Cultures were then tenfold serially diluted three times, and

vation that the plant MT spacer is crucial for its in vivo
metal detoxification function was already reported in [19]
after comparison of the cadmium tolerance exhibited by
yeast cells expressing different Arabidopsis MTs: MT1, an
isoform naturally devoid of a spacer region, and MT2, an
isoform with the typical plant MT sequence. The differ-
ences were then attributed either to the presence of the
central domain or to the different arrangement of the Cys
residues between both Arabidopsis MTs, but this second
possibility can be now fully ruled out.

Conclusion

A comprehensive evaluation of all the data gathered pro-
vides a first approach to the structure/function relationship
in a typical type 2 plant MT (QsMT) when coordinating
Cd", which completes our previous studies of the Zn"- and
CuI-binding abilities of this same MT [30, 32]. For the sake
of clarity, a synopsis of the stoichiometric and spectro-
scopic results is included (Scheme 2) with indication of the
precise figure and/or table where they are shown.

All our current results are in full concordance with our
previous assumption of rQsMT folding into a hairpin
structure upon Zn'"" coordination, enclosing four Zn" ions
and a low number of S$*~ ligands, with no hint of partici-
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Cd2s5 M Cd35 M

3 ml of each final sample was spotted on SC medium plates,
supplemented or not supplemented with cadmium. Plates were
incubated for 3 days at 30 °C and photographed. a Control SC
medium without cadmium, to asses the viability of all the
transformants. b The same medium supplemented with 1.5, 2.5 or
3.5 mM CdCl,. The first column of each assay corresponds to the
original culture, and each of the subsequent columns to its sequential
tenfold dilution, as explained before

pation of either the spacer region or, consequently, its His
residue [32]. A hairpin model can now be also proposed for
the in vivo folded Cd"-rQsMT complexes. The ready dis-
similarity between the rQsMT Cd"-binding capacity and
that deduced from the addition of those of N25 and CI8
clearly rules out domain independence, thus discarding a
dumbbell-like fold. Furthermore, the major species in the
Cd"-N25 and Cd"-C18 preparations were dimeric Cd"
complexes, which further supports a hairpin model for
Cd"-rQsMT, as a dumbbell fold would rely on the ability
of each Cys-rich region to fold into a monomeric metal
complex. Consistently with the stoichiometric data, the CD
analyses clearly reveal that the sum of Cd"-N25 and Cd"-
C18 spectra is far from reproducing the CD fingerprint of
any of the Cd"-rQsMT types.

The unexpected recovery of distinct Cd"-rQsMT types
(Table 2) can be fully explained by assuming two alter-
native global conformations for the same hairpin fold.
Hence, Cd"-rQsMT(1) would be mainly composed of
complexes containing six Cd(Il) ions, with participation of
four $%~ ligands but with no indication of the spacer His
residue contribution. Conversely, Cd"-rQsMT(3) would
mainly consist of complexes of lower Cd" content, (five
Cd"™) and devoid of S*~ ligands, in which there are indi-
cations of Cd"-His coordination, and therefore of the
contribution of the spacer to the cluster architecture. This
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Scheme 2 The proposed

composition and fold of the Zn" A
and Cd" complexes of

recombinant a QsMT and N25-

C18 and b N25 and C18. In vivo

indicates a complex directly

purified from recombinant

synthesis, and in vitro refers to

complexes obtained by the

in vitro reaction indicated. For

the sake of clarity the sulfide

anions are shown reduced.

When possible, the

interrelationship between

species has also been shown, as

well as all the figures and tables

from which the results have

been drawn. The symbols used

are detailed in the inset to b. H*

sample acidification, OH

sample reneutralization, 5§

sulfide addition, grey species of

uncertain metal-to-protein

stoichiometry, dashed arrows B_
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hypothesis is fully supported by the in vitro interconvert-
ibility between both Cd"-rQsMT types, inducible by slight
acidification or demetalation treatments (Scheme 2a).
Furthermore, it is also consistent with the facts that (1)
complexes with at most five Cd", analogous to those of
Cd"-rQsMT(3), are obtained from the low—Sz_—containing
Zn4-rQsMT species by in vitro Zn"/Cd" replacement and
(2) the subsequent addition of S* to the end of this titration
renders species similar to those of Cd"-rQsMT(1).
Following a similar reasoning to that used for rQsMT,
our current data also suggest a hairpin model when N25-
C18 binds Zn" or Cd" in vivo, although we rated this
possibility as second best for Zn"-N25-C18 in previous
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studies [32]. Cd"-N25-C18 shares metal and sulfide con-
tent with Cd"-rQsMT, but exhibits chirooptical properties
different from those of all Cd"-rQsMT types, which sug-
gests that even if the spacer does not contribute to metal
coordination, its presence determines some structural fea-
tures that lead to different CD fingerprints for Cd"-
rQsMT(1) and Cd"-N25-C18. This is exactly the same
situation we observed for the Zn"-binding features of these
two polypeptides [32]. The lack of S*~ anions in the Zn'"-
N25-C18 preparations also caused the Cd"-N25-C18
complexes obtained from in vitro replacement to clearly
differ from the in vivo recovered species, but again the
spectroscopic features of both Cd"-N25-C18 samples could
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be mutually reproduced after the Acidification/reneutral-
ization/sulfide-addition processes, this highlighting their
close relationship (Scheme 2a).

Finally, the analysis of the separate N25 and CI18
peptides provided further evidence for a hairpin folding
model of CdH-rQsMT (Scheme 2b). C18, the smallest,
six-Cys domain, yielded in vivo major monomeric com-
plexes containing two Zn", but Cd" coordination induced
its dimerization both in vivo and in vitro, rendering Cdy-
(C18), dimers. This tendency was already observed in
Zn"" coordination by the presence of minor Zns-(C18),
forms, containing small amounts of S* (Table 1).
Therefore, and probably owing to the cadmium ionic ra-
dius, formation of dimeric Cd"-C18 complexes is fa-
voured. The behaviour of N25 was more complex than
that of C18, most likely because its greater length and
higher Cys content enable it to alternate between mono-
mers and dimers when binding Cd". In vivo, N25 basi-
cally folds into Zn, and Zn; monomers, although as for
C18, the presence of minor S*-containing species already
evidences a dimerization tendency. But, unlike C18, N25
gives completely different results for in vivo and in vitro
cd" binding. Hence, in vivo, Sz_-containing Cd;S4-(N25),
or S*>-devoid Cdg-(N25), dimers were recovered. This
was in major concordance with the results for rQsMT and
N25-C18, the two additional Cys in the N25 dimer easily
accounting for the extra Cd" bound (Cd;S; and Cdg for
dimeric N25, compared with CdgS, and Cds for rQsMT
and N25-C18). But in vitro, the Zn'"“N25 monomers
evolve to Cd;-N25 monomers, with once again sub-
sequent S*~ addition at the end of this titration bringing
the CD features of the sample close to those of the
in vivo complexes. Therefore, the overall results of N25
analysis pointed to the tendency for dimerization being
directly related to the availability of S*~ ligands, both
conditions concomitantly enhancing the metal content of
the clusters. If S* is absent or scarce, the dimeric Cd"
complexes are always a minor species. The result of the
cotitration experiment further corroborates this hypothe-
sis, both peptides behaving independently in low-sulfide
conditions. In conclusion, if the tendency of both peptides
is to dimerize when binding Cd" in vivo, the most likely
scenario is that N25-C18 and rQsMT fold into hairpin
structures, to fully accomplish this requirement.

In summary, to our knowledge, this is the first charac-
terization of type 2 plant MT Cd"-binding behaviour,
including a molecular dissection of its functional regions.
Other studies were carried out with undigested fusion
constructs and/or with other types of plant/algae MTs [23—
27, 43]. We have shown that Cd"-rQsMT most probably
adopts a hairpin structure that increases its metal-binding
capacity with the aid of S  ligands. The S®-devoid
complexes always exhibit a lower Cd" content and the data
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suggest that in this case the His residue from the spacer
region most likely contributes to Cd" coordination. The
major participation of S$*~ ligands in Cd"-rQsMT com-
plexes accounts for two uncommon features among MTs:
the recovery of nonisostoichiometric Zn" and Cd" com-
plexes, and the tendency for dimerization of the separate
Cys-rich domains to enhance Cd" coordination. Globally,
all these attributes recall those of the well-known plant
PCs, revealing similar molecular strategies of both Cys-
rich polypeptides for Cd" coordination.
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Table S2 Distribution of the metal complexes present in solution, according to ESI-MS data, during the titration of
Zn"-N25-C18 with CdCl, at pH 7 as a function of the number of Cd" eq added.

Table S3 Distribution of the metal complexes present in solution, according to ESI-MS data, during the titration of
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Fig. S1 CD spectra corresponding to the acidification of a 20 uM solution of Cd"-rQsMT(1) from pH 7.0 to pH 1.0.

Fig. S2 CD (A), UV-vis (B) and UV-vis difference (C) spectra corresponding to the titration of a 20 M solution of
Zn"-N25-C18 with Cd" at pH 7.0 followed by the addition of several Na,S eq.

Fig. S3 CD (A), UV-vis (B) and UV-vis difference (C) spectra corresponding to the acidification (first two rows),
reneutralization (third row) and addition of several Na,S eq (fourth row) of a 20 uM solution of Cd'"-N25-C18.

Fig. S4 CD (A), UV-vis (B) and UV-vis difference (C) spectra corresponding to the titration of a 20 uM solution of
Zn"-N25 with Cd" at pH 7.0 followed of the addition of several Na,S eq.

Fig. S5 CD (A), UV-vis (B) and UV-vis difference (C) spectra corresponding to the titration of a 20 uM solution of
Zn"-C18 with Cd" at pH 7.0 followed by the addition of several Na,S eq.

Fig. S6 CD (A), UV-vis (B) and UV-vis difference (C) spectra corresponding to the acidification (first two rows),
reneutralization (third and fourth row) and addition of several Na,S eq (fifth row) of a 20 uM solution of
Cd"-N25.

Fig. S7 CD (A), UV-vis (B) and UV-vis difference (C) spectra corresponding to the acidification (first three rows),
reneutralization (fourth row) and addition of several Na,S eq (fifth row) of a 20 uM solution of Cd"-C18.
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cd" and/or S* eq added to Zn"-rQsMT
4 cd" 7cd" |7cd"+3S*"|7Cd"+45%"

Zn1Cd3-QSMT . .
Zn1Cd4‘QSMT . ¢
Zn1Cd5-QSMT *

Cds-QsMT . .
Cngz-QSMT *

Cd,-QsMT v v

Cds-QsMT v X X

Cds-QsMT X ¢
Cd685-QSMT X
Cd7S3'QSMT X
Cd;Se-QsMT v

Table S1 Distribution of the metal complexes present in solution, according to ESI-MS data, during the titration of

Zn"-rQsMT with CdCl, at pH 7 as a function of the number of Cd" or S* eq added.

(Code: v denotes the major species; x species of intermediate abundance and *, the minor species)
* The high signal-to-noise ratio due to the numerous Na-adducts formed hampers a more detailed
interpretation of the MS data.

Cd" eq added to Zn"-N25-C18
5 Cd" 6 Cd" 10 Cd"
Cds-N25-C18 v v v
Cd,-N25-C18 X X X
Cds-N25-C18 . X X
CdsS;-N25-C18 X

Table S2 Distribution of the metal complexes present in solution, according to ESI-MS data, during the titration of

Zn"-N25-C18 with CdCl, at pH 7 as a function of the number of Cd" eq added.

(Code: v" denotes the major species; x species of intermediate abundance and ¢, the minor species)

Note: ESI-MS data corresponding to the addition of sulfide anions are not included due to the difficulties
encountered when interpreting the spectra because of the Na-adducts detected.

Cd" eq added to Zn"-N25

2cd" | 4cd" | 8cd" | 10cd"
Zn1Cd2'N25 X
Zn;Cds-N25 . B
Cd,-N25 ¢ v . *
Cds;-N25 v 4 v v
Cd3Sz-N25 . X
Cd,-N25 .

Table S3 Distribution of the metal complexes present in solution, according to ESI-MS data, during the titration of

Zn"-N25 with CdCl, at pH 7 as a function of the number of Cd" eq added.

(Code: v" denotes the major species; x species of intermediate abundance and *, the minor species)

Note: ESI-MS data corresponding to the addition of sulfide anions are not included due to the difficulties
encountered when interpreting the spectra because of the Na-adducts detected.
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Cd" eq added to Zn"-C18

1cd" | 2¢cd" | 3cd”
Zn2Cd2-(C18)2 / Zn1Cd1-C18 4 X
Cd,-(C18),/ Cd,-C18 X v v
Cdz'(ClS)g X
Zn1Cd2-(C18)2 .
Cd481-(C18)2 *
Cdgzng-(C18)2

Table S4 Distribution of the metal complexes present in solution, according to ESI-MS data, during the titration of Zn'-
C18 with CdCl, at pH 7 as a function of the number of Cd" eq added.
(Code: v* denotes the major species; x species of intermediate abundance and *, the minor species)
Note: ESI-MS data corresponding to the addition of sulfide anions are not included due to the difficulties
encountered when interpreting the spectra because of the Na-adducts detected.

Cd" eq added to Zn"-N25 + Zn"-C18
2 cd" 4 cd" 6 Cd"

Zn1Cd1-C18 / Zn2Cd2-(C18)2 v X
Cd,-C18 / Cdb-(C18), X v
Cd,-(C18), * X v
Cd,-C18
ancds-(NZS)g / Cd551-(N25)2 v v
Cda-(N25) v v
Cd4Sl'(N25)2 X
Cds-(N25-C18) .

Table S5 Distribution of the metal complexes present in solution, according to ESI-MS data, during the co-titration of
Zn"-C18 and Zn"-N25 with CdCl, at pH 7 as a function of the number of Cd" eq added.
(Code: v* denotes the major species; x species of intermediate abundance and *, the minor species
Note: ESI-MS data corresponding to the addition of sulfide anions are not included due to the difficulties
encountered when interpreting the spectra because of the Na-adducts detected.
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Fig. S1 CD spectra corresponding to the acidification of a 20 uM solution of Cd"-rQsMT(1) from pH 7.0 to pH 1.0.
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Fig. S2 CD (A), UV-vis (B) and UV-vis difference (C) spectra corresponding to the titration of a 20 uM solution of
Zn"-N25-C18 with Cd" at pH 7.0 followed by the addition of several Na,S eq. The Cd" or S* to MT molar ratio
are indicated within each frame.
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Abstract

Two metallothionein (MT) isoforms have been identified in the model nematode Caenorhabditis elegans,
CeMT1 and CeMT?2, two 75- and 63-residues long polypeptides, respectively. Both isoforms encompass a
conserved cysteine pattern (19 in CeMT]1 and 18 in CeMT2) and, most significantly, due to their coordinative
potential, CeMT1 includes four histidines, while CeMT2 only one. We here present a comprehensive and
comparative analysis of the metal (Zn(Il), Cd(Il) and Cu(I)) binding abilities of CeMT1 and CeMT?2,
performed through spectroscopic and spectrometric characterization of the recombinant metal-MT complexes
synthesized for wild-type isoforms (CeMT1 and CeMT2), their separate N- and C-terminal moieties
(NtCeMT1, CtCeMT1, NtCeMT2 and CtCeMT2), and a AHisCeMT2 mutant. The corresponding in vitro
Zn/Cd- and Zn/Cu-replacement and acidification/renaturalization processes have also been studied, as well as
protein modification strategies that allow to identify and quantify the contribution of His residues to metal
coordination. Overall, our data indicate that both isoforms exhibit a clear preference for divalent metal ion
binding, rather than for copper coordination, but this preference is more pronounced towards cadmium for
CeMT2, while it is markedly clearer towards zinc for CeMT1. The presence of histidines in these MTs is
revealed as decisive for their coordination performance: in CeMT]1, they contribute to the binding of a 7™
Zn(1II) ion in relation to the M(II)s-CeMT2 complexes, both when synthesized in the presence of supplemented
Zn(Il) or Cd(Il); and in CeMT2, the unique C-terminal histidine abolishes the Cu-thionein character that
otherwise would exhibit this isoform.

Abbreviations

DEPC, diethyl pyrocarbonate; MT, metallothionein
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INTRODUCTION

C. elegans is one of the foremost model organisms
in molecular and development biology studies and
consequently, their Metallothionein (MT) system
has also been object of special attention [1]. MTs
are a large superfamily of cysteine-rich, small
metal-binding  polypeptides, present in all
Eukaryota [ 2] and recently reported also in
Eubacteria [3]. They probably evolved through a
tangle of duplication, functional differentiation and
convergence events that yielded the existing
scenario, particularly complicated in terms of
molecular evolution and physiological function
assignment [4], beyond the universally accepted
role in metal detoxification. Their putative basic
function, globally assumed as related to metal
homeostasis and/or metal-redox metabolism, may
have been in the root of the appearance of MTs in
life [5], and also one of the factors driving MT
differentiation and specialization events through
evolution. In an attempt to relate MT functional
performance at molecular level (metal-binding
abilities) and MT roles at physiological level
(metabolic role), we proposed consideration of two
groups of MTs: Zn-thioneins (or divalent-metal-
thioneins) vs. Cu-thioneins [6], a classification we
recently extended to a stepwise gradation between
these two extreme types [7]. The sorting criteria are
based in the stoichiometric and spectroscopic
features of the Zn-, Cd- and Cu-MT complexes
rendered by MT recombinant synthesis, which
result indicative of the ability to coordinate one
specific type of metal ion. Most significantly, this
classification is fully coincident with the particular
induction pattern (type of metal-inducer) of each
MT gene, highlighting that MT functional
specialization was most probably achieved both
through promoter responsiveness and MT function
properties towards a given metal. The most
interesting examples of MT specialization are
found among Invertebrates and unicellular
Eukaryota, and so far, we have defined the MT
metal binding features of Arthropoda (crustacea [6]
and diptera [8]), Mollusc (bivalve [9]), Protozoa
(ciliates [10]) and yeast (S. cerevisiae [11]) MTs
following this approach.

In C. elegans, two distinct MT peptides were
isolated after cadmium exposure, CeMTI and
CeMT?2 [12], and recently the C. elegans genome
project confirmed that no further MTs were
encoded in this organism [13]. The CeMT1 (mtl-1)
and CeMT2 (mtl-2) genes appear to share a
common origin if considering the equivalent
position of their small intron [14]. The correspond-
ding cDNAs were shown to code for the CeMT1
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and CeMT?2 polypeptides, 75 and 63-residues long
respectively [15,16], this dissimilarity being mainly
due to 15 additional amino acids in the C-terminal
region of CeMT]1 (Table 1). Both peptides exhibit
extremely conserved cysteines (19 in CeMT1 and
18 in CeMT2), contain one tyrosine, a rather
uncommon trait in MTs, and most worth noting in
view of their coordinative potential, CeMT]I
includes four histidines, while CeMT2 has only a
terminal one. In the absence of a comprehensive
analysis of CeMT1 and CeMT2 metal-binding
abilities, the information currently available is
provided by three lines of evidence: the expression
pattern of the CeMT genes, some scattered data on
metal-CeMT complexes, and the analysis of the
phenotypes exhibited by CeMT-devoid knockouts.
Hence, both CeMT genes are strongly induced by
cadmium in intestinal cells [17], which already
points to a preference for divalent metal binding
(Zn-thionein character), but detailed analyses of the
regulation patterns of the two genes yielded
interesting differential behavior hints [15]. On the
one hand, CeMT1 is also transcribed constitutively,
from a TATA-less promoter, in pharyngeal cells.
On the other hand, a strictly cadmium-inducible
promoter controls CeMT2 expression, restricted to
intestinal cells. Significantly, CeMT promoters
show almost no response in front of zinc or copper
[18]. Regarding the purified CeMT polypeptides,
stable, native Cd-CeMT1l and Cd-CeMT2
complexes were recovered upon cadmium feeding,
although significantly the former contained a 20%
of Zn(Il) [12], somehow suggesting some metal
coordination differential trends between isoforms.
For CeMT?2, the native homometallic species were
identified as Cdg-CeMT2 complexes [15] and their
recombinant  synthesis  yielded complexes
spectroscopically and stoichiometrycally equivalent
to the native species, exhibiting the common
spectroscopic  features of Cd-MT complexes
[19,20]. Additionally, Zng-CeMT?2 species were
identified as resulting from in vitro reconstitution of
the corresponding CeMT2 apo-form. Finally, the
construction of single and double MT-knockout C.
elegans strains revealed that the MT-null organisms
showed an unexpected decrease in biological
fitness, with reduced body volume and litter size,
even in the absence of any metal surplus [21]. Fur-
thermore, the alteration of these phenotypical
effects, even more acute than the increased
cadmium sensitivity, was more marked in ACeMT1
than in ACeMT2. Thus, overall available
information suggests that (i) C. elegans MTs are
probably involved in basic biological processes,
and (ii) the role of CeMT]1 in global metabolism is
more critical than that of CeMT2. Noteworthy,



Peptide Sequence Cwa | His | Tyr
HiCeldT1 GEMACKCDCENKQCEC--GDE-CECSGDEKCCE a a a
CtCeldTL GEEYCCEEASERKCCPAGCKGDCECANCHCAEQRQCGDETHOHOG TAAAHAAH | 10 4 1

CelIT1 GEMAC K D KN K- D K- CEC G D KO CER Y C CEEAS ERKCCPAGCK G DO ECANCHCAEQKQC CD ETHOHOG TAAAHAAH | 1P 4 1

CelIT2 GEMV RO NN N TGTRD C D S D AKCCE QY C CP TAS E KK CC 3G CAGEC KO ANCECA Q- —— - -~ -~~~ — = ———— AAH | 1B 1 1

AHis-CelT2 | GEMVCECDCKNOQNCSCNTGTKD CDCSDAKCCE O¥CCP TAS EKECCKSGLAGGCECANCECAQ-—————-———————————— AAL- | LB 0 1
HtCelITZ GEMVCKCDCENQNCSCHNTGTEDCDESDAKCCE 9 0 0
CHCelITZ GEOYCCP TASERECCESGCAGGLECANCECAQ-———————— -~~~ ————— ARH | 9 1 1

Table 1.- Amino acid sequences of the wild type and mutant forms of CeMT1 and CeMT2 studied in this work. The coordinating, or
putative coordinating residues have been highlighted (Cys in grey shadow, His and Tyr in bold), and the total content in each peptide
indicated. The initial GlySer dipeptide derives from the expression system used for recombinant synthesis and has been shown not to

influence the MT binding properties.

MTs seem to be only one of the three strategies
developed by C. elegans to prevent cadmium
intoxication, additionally to phytochelatins [22],
and to the selective pumping of Cd(II) ions to
lysosomes that generate the deposit granules known
as cadmosomes [23].

In this scenario, we considered the study of the
C. elegans MT system at protein function level of
the up most interest, in order to shed light on the
possible physiological functions of MTs in this
organism and to progress in the understanding of
the forces driving MT isoform differentiation, both
aspects recently claimed to await analysis [1].
Consequently, we here present a thorough
characterization of the metal binding abilities of the
two CeMT isoforms according to our rationale,
which includes the comparative spectroscopic and
spectrometric analysis of the Zn-, Cd- and Cu-
complexes recombinantly synthesized in E. coli, for
wild-type isoforms (CeMT1 and CeMT?2), their
separate N- and C-terminal moieties (NtCeMT1,
CtCeMT1, NtCeMT2 and CtCeMT2), and a
AHisCeMT?2 mutant. Additionally, we also present
the analysis of the in vitro Zn/Cd- and Zn/Cu-
replacement  processes undergone by the
corresponding Zn-peptides, as well as the study of
the putative contribution of their His residues to
metal coordination. Overall, all our data indicate
that both isoforms exhibit a clear preference for

divalent metal ion binding, rather than for copper(]).

Nevertheless, this preference is more pronounced
towards cadmium for CeMT2, while it is markedly
clearer towards zinc for CeMT1. These metal-
binding features are in full concordance with an
involvement of CeMTT1 in the global metabolism of
physiological zinc, and a contribution of CeMT?2 to
ingested cadmium detoxification.
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RESULTS AND DISCUSSION

Identity and integrity of the recombinant
CeMT1 and CeMT?2 polypeptides

Recombinant synthesis from the pGEX expression
constructs yielded CeMT1 and CeMT2 whose
identity, purity and integrity was confirmed by ESI-
MS of the respective apo-forms obtained by
acidification at pH 2.4 of the Zn-MT complexes. In
all cases, a single polypeptide, of the expected
molecular mass was detected: 3108.6 for NtCeMT]1,
5287.9 for CtCeMTI1, 8262.4 for CeMT1, 3397.0
for NtCeMT2, 3502.0 for CtCeMT2, 6737.7 for
CeMT2 and 6600.6 for AHisCeMT2. The
boundaries between two putative metal binding
domains were defined according to the alignment
with mammalian MT1, considering that the two
moieties kept an equivalent number of cysteines (cf.
sequences in Table 1). None of the CD spectra of
the seven apo-peptides exhibited absorptions in the
220-400 nm range, which is especially significant
since it indicates that the CeMT1 and CeMT2 Tyr
residue is CD silent. Equally, and as reported in the
literature [19], the Tyr presence caused an
absorption maximum at ca. 280 nm in the
corresponding UV-vis spectra of both isoforms
(data not shown). The metal-CeMT complexes
were recovered at a concentration range of 0.5 to 2
x10* M for Zn- and Cd-CeMT, and 0.5 to 1 x10™
M for Cu-CeMT, this meaning an average of 1 mg
of pure metal-MT complex per liter of E. coli
culture.

Zn(II) binding abilities of CeMT1 and CeMT2
Recombinant synthesis of CeMT]1 yielded a unique

Zn;-CeMT1 species. Conversely, at the same
conditions, CeMT2 and AHisCeMT2 gave rise to
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Figure 1.- ESI-TOF-MS spectra recorded at pH 7.0 of the recombinant CeMT1 (A) and CeMT2 (C) synthesized in Zn,
Cd and Cu- supplemented E. coli cultures. Spectra recorded after incubation with DEPC are shown for Zn- and Cd-
CeMTI1 (B) and Zn- and Cd-CeMT2 (D). In the last column of panels (B) and (D), the spectra of the Cu-CeMT

preparations recorded at pH 2.8 are shown.

mixtures of homonuclear Zn(II)-complexes with
Zng- as the major species -in concordance with the
results of in vitro-reconstitution of apo-CeMT2
[19]- but also with significant contribution of Zns-
and Zns,-CeMT2 (cf. Table 2, Fig. 1). The three
preparations showed similar, although atypical, CD
profiles since the exciton coupling centered at ca.
240 nm associated to the Zn-Cys chromophores
exhibited an inverse chirality in relation to
conventional Zn-MTs [ 24 ] (Fig. 2). To our
knowledge, Zn(II)-MTO is the only case with a

similar CD fingerprint [25]. As both Zn(II)-CeMT2
and Zn(I[)-AHisCeMT2 preparations rendered
identical stoichiometries, it is clear that the C-
terminal CeMT2 histidine does not enhance its
metal binding ability. However, as small
differences in their CD spectra (Fig. 2), together
with Raman results [26] suggest that this residue
participates in Zn(Il)-binding, it is sensible to
conclude that this would only apply to a subset of
the Zn(I)-CeMT2 complexes present in the
preparation.
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Table 2.- Analytical characterization of the recombinant preparations of the Zn-complexes yielded by CeMT1, CeMT2,

their N-term and C-term moieties and the AHisCeMT?2 mutant.

. . ESI-MS*

Peptide Zn-peptide molar ratio Major species
(ICP'AES) Minor species MW theoretical MW experimental
CeMT1 6.57Zn Zn,-CeMT1 8706.0 8708.1 +0.4
Zng-CeMT2 7118.1 7117.2+£0.8
CeMT2 5.0”Zn Zns-CeMT?2 7054.7 70512+ 1.4
Zny-CeMT2 6991.3 6986.4 £ 0.2
Zn-CtCeMT1 5541.4 55414 +£0.6
CtCeMT1 2.1Zn Zn,-CtCeMT1 5414.7 5411.2+0.5
Zn;-CtCeMT1 5351.3 5344.4 £0.3
Zn;-NtCeMT1 3298.7 3298.0 £0.1
NtCeMT1 1.8Zn Zn;-NtCeMT1 3172.0 3166.2+0.2
Zn;-CtCeMT2 3692.2 3691.8 £ 0.4
CtCeMT2 2.27Zn Zn-CiCeMT2 | 36288 | 3626.8 +0.7
Zn;-NtCeMT2 3587.2 3587.1+£0.1
NtCeMT2 2.6 Zn ZnNtCeMT2 | 35238 | 35224402
Zns-AHisCeMT?2 6981.0 6980.7 £0.3
AHisCeMT?2 4.7 Zn Zns-AHisCeMT?2 6917.6 6917.6 £0.1
Zn4-AHisCeMT?2 6854.2 6854.0+£0.1

* Theoretical and experimental molecular masses of the Zn-CeMT peptides. Zn contents were calculated from the mass

difference between holo- and apo-proteins.

The higher Zn(II) binding capacity of CeMT]1 vs.

CeMT2 correlates very well with the results
obtained for their separate putative metal-binding
domains. The highly similar N-terminal moieties
(NtCeMT1 and NtCeMT2) rendered equivalent
mixtures of species, with major Zn;-complexes.
Conversely, the C-terminal peptides (CtCeMT1 and

CtCeMT?2) yielded mixtures with different major
species: Zny,-CtCeMT1 vs. Zn;-CtCeMT2 (Table 1).
The CD fingerprints of the Zn(II)-complexes of
NtCeMT1 and NtCeMT2 (Fig. 3) were highly
atypical and difficult to interpret, specially the
absence of a CD signal at ca. 240 nm for Zn(II)-
NtCeMT2, while those of CtCeMT1 and CtCeMT2
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Figure 2.- Comparison between the CD and UV-vis spectra of recombinant CeMT1 (black), CeMT2 (red) and
AHisCeMT?2 (green) synthesized in Zn and Cd supplemented media.
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Figure. 3.- Comparison between the CD spectra of recombinant CeMT1 and CeMT2 (black), NtCeMT1 and NtCeMT2
(red), and CtCeMT1 and CtCeMT2 (green) synthesized in Zn and Cd supplemented media.

displayed a Gaussian band centered at ca. 240(-)
nm, resembling more those of the respective entire
MTs. Finally, it is worth noting that despite the
apparent additivity of the stoichiometries of the
complexes rendered by the separate moieties of
CeMT1 and CeMT2, summation of their CD
spectra did not give rise in any case to spectra close
to those of the entire Zn(II)-CeMT preparations,
which is indicative, for both CeMTs, of a strong
moiety interaction when binding Zn(II) ions.

Overall, the differences between Zn(I1)-CeMT1
and -CeMT2 put forward a higher zinc binding
capacity of the former, reflected both in the
stoichiometry and the homogeneity of their
preparations. These differences are due to the
different coordination capacity of the respective C-
terminal moieties and attributable to the total of
four additional putative coordinating residues (1
Cys and 3 His) of CtCeMT1 in relation to
CtCeMT?2. These results strongly suggest partici-
pation of the histidine residues of CeMT1 in Zn(II)
coordination, allowing a MT peptide with only 19
Cys to stably coordinate up to 7 Zn(Il). But,
unfortunately, the similarities between the CD spec-
tra of Zn(I[)-CeMT1 and Zn(II)-CeMT2 preclude
the assignment of the putative His-Zn(Il) chro-
mophores to defined CD absorptions, which would
have resulted highly informative about the presence
of Zn-His bonds.

In vivo and in vitro Cd(IT) binding abilities of
CeMT1 and CeMT2

Differing from the results for Zn(Il) coordination,
the biosynthesis in Cd supplemented cultures of the
two wild type CeMT1 and CeMT2 forms, as well
as of AHisCeMT?2, gave invariably rise to single
species, although of different stoichiometry, for
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each isoform (Table 3, Fig. 1). Most interestingly,
CeMT1 rendered an heterometallic Cd¢Zn;-CeMT1
species, in contrast to the homometallic Cds-
CeMT2 and Cds-AHisCeMT2 complexes. ESI-MS
results for the separate CeMT moieties were here
highly informative, since they revealed formation
of a unique Cd;Zn;-complex for CtCeMT1, while a
major Cd;-NtCeMT1 species (Table 3), which nice-
y suggest that the Zn(Il) ion of Cde¢Zn,;-CeMT1 is
ocated within its C-terminal domain. In contrast,
ynthesis of NtCeMT2 and CtCeMT2 gave rise to
yractically pure Cds-species, also fully concordant
vith the entire Cds-CeMT2 complex.The CD and
JV-vis fingerprints of the Cd(II)-CeMT1, Cd(I)-
CeMT2 and Cd(II)-AHisCeMT2 preparations (Fig.
2) were highly similar, showing the typical
absorptions at ca. 250 nm of conventional Cd-SCys
chromophores, which additionally discarded the
presence of sulfide-containing aggregates. Our data
were coincident with the UV-vis absorption spectra
previously reported for the native and recombinant
Cd(II)-CeMT2 isoform [15,19]. The slight blue-
shift of the spectrum of Cd¢Zn;-CeMT1 in relation
to that of Cdg-CeMT2 is attributable to the
influence of the Zn(Il) ion present in the complex.
The four CeMT moiety peptides showed atypical
CD envelopes (Fig. 3), whose summation in no
case reproduced that of the corresponding full-
length proteins, in spite of the additivity of their
metal contents (Table 3), suggesting, as for Zn(II),
clear interactions between domains when binding
Cd(Il). The two N-terminal segments, of similar
sequence and comparable speciation, gave also rise
to nearly equivalent CD fingerprints although of
different intensity, which could be interpreted by
assuming the characteristic Cd-SCys signals at 250
nm, plus the possible contribution of weak
absorptions of minor sulfide-containing species at
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Table 3.- Analytical characterization of the recombinant preparations of the Cd-complexes yielded by CeMT1, CeMT2,
their N-term and C-term moieties and the AHisCeMT2 mutant.

Peptide Metal-peptide molar ratio Major species ESI-MS
(ICP-AES) Minor species MW theoretical MW experimental
0.9 Zn
CeMT1 6.5 Cd Cd¢Zn;-CeMT1 8988.2 8989.1 £0.5
CeMT2 5.7Cd Cdg-CeMT2 7400.2 7399.0 £0.5
0.6 Zn
CtCeMT1 29Cd Cd;Zn,-CtCeMT1 5682.5 5683.2+0.9
0.1 Zn Cd;-NtCeMT1 3439.8 34389+ 0.6
NtCeMTI 29Cd Cd;Zn;-NtCeMT1 3503.2 35024 +£0.5
CtCeMT?2 29Cd Cd;-CtCeMT2 3833.2 3833.1 £0.1
0.1 Zn Cd;-NtCeMT2 3728.2 3729.0 £ 0.1
NtCeMT2 23Cd Cd;Zn;-NtCeMT2 3791.6 3790.8 £ 0.1
AHisCeMT2 55Cd Cdg-AHisCeMT2 7263.0 7262.5£0.1

? Theoretical and experimental molecular masses of the Cd-peptides. Zn and Cd contents were calculated from the mass

difference between holo- and apo-proteins.

ca. 280 nm. Oppositely, the CD envelopes of the C-
terminal moieties are difficult to rationalize,
especially in the case of Cd;Zn;-CtCeMT1, where
we expected the influence of Zn(Il) to be similar
than in the full-length CeMT1. Although the CD
profiles of these two Cd(II) complexes coincide in
the 240-250 nm region (Fig. 3), Cd;Zn;-CtCeMT1
shows absorptions at 260(-) nm that is absent in the
full length protein spectrum. One possible
explanation for this, as well as for the faint shoulder
observed at ca. 270(+) for CeMT1, would be the
contribution of the multiple histidines to metal
binding (see below). Finally, the comparison of the
CD spectra of the in vivo Zn(IT)-CeMT1 and Zn(IT)-
CeMT2 complexes with the respective Cd(Il)-
complexes show their inverse chirality, which
allows to postulate that they do not share the same
3D  architecture, albeit their equivalent
stoichiometry (M;-CeMT1 and M4-CeMT2; M= Zn
or Cd) (Fig. 2).

Besides recombinantly, Cd(II)-complexes of all
the studied CeMT peptides were obtained in vitro
by two different procedures: (a) Cd(Il) titration of
the recombinant Zn(II)-MT forms and (b)
acidification plus subsequent reneutralization of the
recombinant Cd(II)-MT preparations. The key
results of these experiments show that in all cases,
the titration of the Zn(Il)-CeMT preparations with
Cd(II) allowed reproduction of the spectrometric
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and  spectropolarimetric ~ features  of  the
biosynthesized Cd(II)-MT forms, after the addition
of the expected number of Cd(IT) equivalents, i.e. 6
Cd(I) eq for the full length proteins (Fig. 4) and 3
Cd(II) eq for the fragments (data not shown). Most
interestingly, the Zn/Cd replacement process on
CeMT1 yielded Cd¢Zn;-CeMT1, even after the
addition of a significant excess of Cd(Il). Also, the
in vivo heteronuclear CdsZn;-CeMT1 complex did
not exchange the Zn(Il) ion upon excess Cd(II)
addition.  Acidification/reneutralization of all
biosynthesized Cd(II)-CeMT complexes revealed
that the initial species were recovered after this
process. For CeMTI1, these experiments also
supported the participation of His residues in metal
coordination since acidification of Cdg¢Zn;-CeMT1,
as well as of Cd;Zn;-CtCeMT]1, (from pH 7.0 to pH
1.0) did not induce important variations in the
respective CD envelopes precisely until ca. pH 4.5,
this coinciding with the pK, value for this amino
acid. Furthermore, after this acidification stage,
UV-vis difference spectra revealed a loss of
absorbance at wavelengths ca. 240 nm (Fig. 9),
while ESI-MS data indicated that at pH 4.2 most of
the complexes lost their Zn(Il) ion, as the major
species present in the sample were Cdg-CeMT1 and
Cd;-CtCeMT1, respectively. Consequently, it is
sensible to deduce that the coordination of the Zn(II)
ion bound at the C-terminal moiety of CeMT1 is
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contributed by histidines, the number of them
involved in metal binding being analyzed in the
next section.

Thus, overall results reveal that equivalent Cd-
complexes of CeMT1 and CeMT2, as well as those
of their putative domains, are obtained in vivo (by
recombinant synthesis) and in vitro (by Zn/Cd
replacement or acidification/reneutralization). Our
data also demonstrates that CeMT1 forms
heteronuclear Cd¢Zn;-complexes when folding in
the presence of high cadmium, and that this Zn(II)
ion is bound into its C-terminal moiety, in a
coordination  environment most  probably
contributed by His residues. On the contrary
CeMT?2 folds into homonuclear, canonical Cde-
complexes, of equivalent features whatever their
origin, recombinant synthesis, or in vitro Zn/Cd
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replacement, acidification/reneutralization or Cd(II)
reconstitution of apo-forms (this last, J. H. R. Kégi,
personal communication). Therefore, a marked
preference for Zn(Il) binding (Zn-thionein character)
is put forward for CeMT]1 in contrast to the more
optimal performance of CeMT2 for Cd(II) binding
[7], which also accounts for the presence of Zn(II)
in the metal-CeMT1 complexes purified from
cadmium intoxicated organisms [12].

Quantification of the His residues involved in
metal coordination in the Zn- and Cd- CeMT1
and CeMT?2 complexes

Diethyl pyrocarbonate (DEPC) modification allows
identification and quantification of the His residues
of proteins that are not someway protected [27]. In
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the case of reaction with His, DEPC produces a
72.06-Da carboxyethyl adduct at the imidazole (y)-
NH position [28] and although DEPC also reacts
with other nucleophilic residues (Cys, Lys, Tyr, Ser,
Thr, Arg) and oa-amino groups, this reaction
proceeds with a marked lower efficiency [29,30].
Therefore, to evaluate the number of CeMT1 and
CeMT?2 histidines contributing to divalent metal ion
coordination, the Zn- and Cd-preparations of both
C.elegans CeMTIl and CeMT2, and the Cd-
complexes of CtCeMT1 and CtCeMT2 were
incubated with DEPC and the respective results
evaluated by ESI-TOF-MS (Fig. 1), using the
Zn(I1)-AHisCeMT2 and Cd(II)-NtCeMT1 peptides
as negative controls, since they do not encompass
any histidine.

The results indicated that both Zn(II)-
AHisCeMT2 and Cd(II)-NtCeMT1 were mono-
carboxyethylated. Consequently, at the conditions
assayed the reaction of their free terminal o-NH,
groups with DEPC should be assumed since these
two peptides highly differ in the number of other
potentially modifiable residues (Cys, Lys, Tyr, Ser
and Thr), this highlighting that their N-terminal
group are the most effectively DEPC reactants. For
the His-containing peptides (Zn- and Cd-complexes
of CeMTI1, CeMT2 and respective CtCeMT
moieties), ESI-MS revealed two carboxyethylations.
One of them should be assigned to their terminal
amino group, and for the CeMT2 and CtCeMT?2
complexes, the second modification is then
attributable to their unique, C-terminal histidine.
The formation of the second adduct for the metal
complexes of CeMT1 and CtCeMT1 indicates that
one of their four histidines remains free to react
with DEPC. Consequently, and by analogy to
CeMT2, it is sensible to assume the reaction of
DEPC with their C-terminal His residue. In any
case, these results demonstrate that three of the four
histidines of M(II)-CeMT1 are unreachable to
DEPC, the most sensible explanation being their
involvement in metal coordination, in view of the
results reported in the last section.

In vivo and in vitro Cu(I) binding abilities of
CeMT1 and CeMT2

The synthesis of CeMT1 and CeMT2 in copper-
supplemented cultures rendered equivalent results:
a mixture of heteronuclear Zn,Cu-complexes, with
major Mg- and My-species, which were identified as
Cus- and Cug-containing complexes by ESI-MS at
pH 2.4, in full concordance with the mean Cu(I)
and Zn(Il) content per MT measured by ICP-AES
(Table 4, Fig. 1). Conversely, AHisCeMT2
synthesized at the same conditions yielded
homometallic Cu-complexes with a major Cug-
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AHisCeMT?2 species. Both NtCeMT moieties also
gave rise to homonuclear Cus- preparations. Under
these conditions, low zinc contents where detected
in the preparations of the copper complexes of the
CtCeMT segments, which rendered major My-
(Cuy- for CtCeMT2) and additional minor Ms-
(CuyZn;- for CtCeMTI1). To further extend the
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Figure 6.- Comparison between the CD spectra of
recombinant CeMT1 (black), CeMT2 under normal
oxygenation conditions (red), CeMT2 under low
oxygenation conditions (green), AHisCeMT2 (kaki) (A);
CeMT1 (black), NtCeMT]1 (red), and CtCeMT1 (green)
(B); and CeMT2 (black), NtCeMT2 (red), and
CtCeMT2 (green) (C) synthesized in Cu supplemented
media.

copper binding preference analyses of the two
isoforms, their synthesis were repeated in copper
supplemented media but at low aeration conditions.
Interestingly, while the results for CeMT2 were
fully comparable to those obtained for AHisCeMT2
at regular oxygenation (i.e. homonuclear Cu-
complexes), the resulting Cu-CeMT]1 preparations
showed extremely poor spectroscopic and
spectrometric data revealing indiscernible mixtures
of Cu-species. This data were consistent with a
more pronounced character of Zn-thionein for
CeMT1 and partial Cu-thionein for CeMT2, which



Table 4- Analytical characterization of the recombinant preparations of the Cu-complexes yielded by CeMT1, CeMT2,
their N-term and C-term moieties and the AHisCeMT2 mutant, obtained under normal aeration conditions.

Metal-peptide ESI-MS*

Peptide molar ratio Major species
(ICP'AES) Minor SpeCieS MW theoretical MW experimental
M;-CeMT1 8762.7-8769.4 | 8761.6+ 1.4
H70 M,-CeMT1 8825.3-8832.8 8823.2 +0.7
CeMT1 2.27n P M,-CeMT]1 8637.7-8642.7 | 8635.0 +4.4
© 4.6 Cu M;-CeMT1 8575.1-8579.3 | 8573.4+93
Ha4 Cu,-CeMT1 8512.6 8506.4 + 1.1
pH 2. Cug-CeMT]1 8762.7 8758.2+0.3
M;-CeMT?2 7238.1-7245.0 | 7237.5+1.5
H70 M,-CeMT?2 7300.7-7308.4 | 73004 +5.5
CeMT2 2.57n pE. M;-CeMT2 7113.0-7118.2 | 7107.6 + 1.8
¢ 4.3 Cu M;-CeMT2 7050.4-7054.8 | 7046.0 + 2.0
Ha4 Cu,-CeMT2 6987.9 6976.2 + 0.1
pt 2. Cug-CeMT?2 7238.1 7232.4 + 4.0
M,-CtCeMT1 5538.1-5541.4 | 5534.4+0.4
CtCeMT]1 g;g éﬁ PHT.0 |\ ciceMTI 5600.7-5604.8 | 5598.0 % 0.5
‘ pH2.4 | Cus~CtCeMT1 5538.1 5534.5+0.5
N(CeMT1 0.0 Zn pH7.0 | Cus-NtCeMT1 34213 3419.3+0.5
4.4 Cu pH2.4 | Cus-NtCeMT1 34213 3418.4+0.5
CLCeMTD 0.5 Zn pH7.0 | M,-CtCeMT?2 3752237557 | 3753.0+2.0
3.5Cu pH24 | Cu,-CtCeMT2 3752.2 37532 +1.5
NCeMT2 0.0 Zn pH7.0 | Cus-NtCeMT2 3709.8 3706.5 + 0.1
4.4 Cu pH24 | Cus-NtCeMT2 3709.8 3707.5+ 0.6
170 | Cus-AHisCeMT2 7101.0 7096.8 + 0.3
. 0.0 Zn PELUA T Cug-AHIsCeMT2 7163.5 7160.8 + 0.4

AHisCeMT2 -

8.7 Cu o4 | Cus-AHisCeMT2 7101.0 7099.6 + 0.3
PH2% 1 Cuo-AHISCeMT2 7163.5 7163.8+1.2

* Theoretical and experimental molecular masses corresponding to the Cu-peptides. In the case of Zn,Cu mixed-metal
species, the theoretical molecular masses correspond to the homometallic Cu, and Zn, species, respectively, and the
metal-to-protein stoichiometries deduced at pH 7.0 are indicated as My (M is Zn or Cu). Cu contents at pH 2.4 were

calculated from the mass difference between holo- and apo-proteins.

would behave as a proper Cu-thionein but for its C-
terminal His. The CD fingerprints of all these
preparations (Fig. 6) showed the characteristic
signals associated to the Cu-MT species although
the complexity of their envelopes is difficult to
rationalize in view of the mixtures of complexes
obtained and the distinct coordination environments
that Cu(I) ions can show.

Both for CeMT1 and CeMT2, the different
behavior of the separate fragments with respect to
the full length peptides is in accordance with the
non additivity of their respective CD fingerprints
(Fig. 6), which suggests the existence of coo-
perativity between moieties when binding Cu(l), as
described both for Zn(Il) and for Cd(II) binding.
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But significantly, this dependence entails here a
striking consequence, as the clear Cu-binding
preference of the N-terminal moieties is turned into
a definite Zn-thionein character for the full-length
proteins.

Concerning the in vitro studies, it is noteworthy
to highlight that the addition of Cu(I) to either Zn;-
CeMT1, Zng-CeMT2 or Zng-AHisCeMT2 gave rise
to a continued increase in absorbance at the studied
wavelength range until 8-9 Cu(I) eq added, when
the spectra (Fig. 7) become invariable indicating
saturation and in nice concordance with the Cu(I)
contents observed in the in vivo preparations. It is
difficult to correlate the variations in the CD
envelopes observed during the titrations with the
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Figure 7- CD (A), UV-vis (B) ad UV-Vis difference (C) spectra corresponding to te titration of a 10 pM solution of Zn(II)-

CeMT1 and Zn(I1)-CeMT2 with Cu(I) at pH 7.0.

corresponding ESI-MS data, since the later revealed
the coexistence of multiple metal-MT species at all
stages of the titrations, with the presence of major
Mg- and My-CeMT already from the beginning,
which resulted in Cus- and Cug-CeMT species
when acidified at pH 2.4, and which probably
retained Zn(Il) ions even after addition of an excess
of Cu(l).

CONCLUDING REMARKS

All the data reported in this work are indicative of a
differential metal binding behavior for the two C.
elegans MT isoforms. Although they exhibit a clear
preference for divalent-metal binding rather a
copper-thionein character, CeMT1 shows an
optimal behavior when binding Zn(Il), while
CeMT?2 is highly proficient for Cd(II) coordination.
In fact, CeMT1 occupies the more extreme position
in our recent proposal of a step gradation from Zn-
to Cu-thioneins [7]. These results are in full
concordance with CeMT1 being constitutively
expressed in pharyngeal cells, where it would
develop some background role related to
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physiological metal -mainly zinc- metabolism,
while CeMT2 unique synthesis after cadmium
induction confers to this isoform a basic
detoxification role. This hypothesis is also
concordant with the effects observed in the fitness
of C. elegans MT-knockout organisms, where the
lack of CeMT1 is more deleterious in the absence
of metals than that of CeMT2. No response has
been described for the CeMT promoters in front of
copper overload, neither seem that MTs are a major
system for copper tolerance in this organism [31],
and this is also in agreement with the fact that
according to our classification, none of the CeMT
isoforms display proper Cu-thionein features,
although certainly Cu(I)-CeMT2 complexes are
more stable than Cu(I)-CeMT1 species.

In relation to the metal complex architecture,
our results are compatible with a two-domain
folding when coordinating Zn(II), Cd(II), or Cu(I)
ions, defining N-terminal and C-terminal segments
with additive metal binding capacity but not
additive structural features, in relation to the full-
length polypeptides. It is worth noting that, the
precise differences in metal binding abilities
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between isoforms arise from their highly dissimilar
C-terminal moieties, in concordance with their
amino acid sequence differences and peculiarities,
i.e. a longer CtCeMT1 with one Cys and three His
extra residues in relation to CtCeMT2. Hence,
CeMT1 is able to bind seven divalent metal ions,
while CeMT2 only yields M(Il)s-species. In the
case of zinc, this implies Zn;-CeMT1 vs. major
Zng-CeMT2 complexes, but significantly, for
cadmium this entails Cd¢Zn;-CeMT1 vs. Cdg-
CeMT?2 species. This Zn(II) ion in Cde¢Zn,;-CeMT1
probably plays a structural role, because even a
clear excess of Cd(II) is unable to remove it from
the complex. A step further of our results allows
proposing that CeMT1 and CeMT2 histidine
residues not only participate in metal coordination,
but are the main responsible of their metal binding
behavior. In CeMTI1, all data points to the
contribution of three out of four histidines,

A)

probably excluding the C-terminal His, in the
coordination of the seventh M(II) ion, precisely the
Zn(Il) of Cd¢Zn;-CeMT1. Unfortunately, this Zn-
NHis coordination is not detectable by
spectropolarimetric methods. In the case of CeMT2,
the unique C-terminal histidine seems to have no
major role for divalent metal coordination, although
some hints suggest a partial participation in a subset
of the metal complexes present in our preparations.
Discussion of the Cu(I) coordination behavior
becomes more complex in view of the difficulties
to calculate the exact Zn(ll) and Cu(l)
stoichiometry of the corresponding species by ESI-
MS. However, and in spite of this drawback, the
sole analysis of the presence/absence of Zn(II) ions
in the recombinant complexes synthesized in
copper supplemented cultures provides enough
information to confirm that histidines are
determinants of the presence of Zn(Il), and

B)

astfl
homapacitastacus

Figure 8- Protein distance trees of CeMT1, CeMT2 and N-terminal and C-terminal separate moieties. Neighbor-Joining
trees constructed with the entire CeMT1 (Cel) and CeMT2 (Ce2) polypeptides (A) and with their N-terminal and C-
terminal separate moieties (NtMT1, NtMT2, CtMT1 and CtMT2) (B). Protein sequences were aligned by ClustalW, and
the alignments were used as inputs to construct Neighbor-Joining trees, by the Fitch-Margoliash algorithm (Phylip
package), as described in [33]. MT abbreviations are: Calll, Call2 and CalliCu, Callinectes sapidus, 1, 2 and copper
isoforms, respectively; Scyl and Scy2, Scylla serrata isoforms 1 and 2; Carci, Carcinus maenas; Astfl, Astacus astacus;
Pacifastacus, Pacifastacus leniusculus; Homa, Homarus americanus; Potpo, Potamon potamios; Cupl, Saccharomyces
cerevisiae Cupl; Mtn, Drosophila melanogaster MtnA; and Mto, Drosophila melanogaster MtnB.
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therefore of the Zn- or Cu-thionein character of the
polypeptides. Hence, the two full-length peptides,
CeMT1 and CeMT2 give rise to mixtures of
complexes, with major species of relative low
nuclearity (Mg- and Mg-CeMT). The behavior of
the respective N-terminal moieties is clear and
similar, yielding homonuclear Cus-complexes, and
thus the N-terminal peptides constitute typical Cu-
thioneins although of low Cu(I):MT ratio (5:1 for a
9-Cys MT). Contrarily, the His-containing CtCeMT
moieties  both  render  Zn,Cu-heteronuclear
complexes, even of lower Cu(I):MT ratio than the
N-terminal segments (4:1 for 14 or 10 coordinating
residues in CtCeMT1 and CtCeMT2, respectively),
therefore tending to a Zn-thionein behavior. The
presence of Zn(Il) in CtCeMT1 was clearly
evidenced after detection of a CusZn;-CtCeMT1
species. This is a new case, comparable to the
mammalian MT1 isoform, where the combination
of a Cu-thionein domain (BMTI1) with a Zn-
thionein fragment (aMT1) renders a full-length MT
with Zn-thionein character [32]. Furthermore, the
character of Zn-thionein of CeMT2 could be neatly
attributable to its C-terminal histidine, since the
corresponding AHisCeMT2 mutant was capable of
folding into homonuclear Cu(I) complexes in the
presence of supplemented copper, which the wild
type form was not. In conclusion, the presence of
their His residues precludes these MTs of behaving
as Cu-thioneins, as would otherwise correspond to
them according to their global protein sequence
similarities. Precisely these analyses (Fig. 8), which
we have shown to yield consistent results with the
metal binding preferences of other MTs [6,33]
position both entire CeMT1 and CeMT2 peptides,
as well as their moieties, in the subset of Cu(l)-
thioneins. According to our metal binding
preference analysis, this is true for the N-terminal
fragments and AHisCeMT?2, nearly true for the C-
terminal moieties, but is obviously not the case for
the entire CeMTs. Definitely, the CeMT system
analysis has revealed noteworthy metal-
coordination peculiarities, mainly derived from the
unusual presence of histidines in their protein
sequences, which enlarges the list of MTs where
this amino acid plays a decisive role [34,35]. There-
fore, the ultimate details will be undoubtedly
revealed when the 3D structures of the
corresponding metal complexes are available.

MATERIALS & METHODS

Construction of the expression vectors for the C.
elegans MT1 (CeMT1) and MT2 (CeMT2) wild
type and mutant forms

All the metal-MT complexes studied in this work
were recombinantly synthesized in E. coli through
cloning of their cDNAs into the pGEX-4T2 plasmid
(GE Healthcare), to yield primary GST-MT fusions
from which the corresponding metal-MT com-
plexes were subsequently purified [24].

Three AZAPII phage clones (yk120h8, yk364c6
and yk656b35), including ¢cDNAs for C. elegans
MT]1, were kindly provided by Dr. Y. Kohara, from
the Genome Biology unit of the National Institute
of Genetics, Mishima, Japan. For the expression of
the whole length CeMT1 peptide, the corres-
ponding ORF was amplified by a PCR reaction that
respectively added a BamHI and a Sall site to the 5°
and 3’ ends of the coding sequence, using purified
CeMTI1-AZAPII DNA as template and the
following primers: 5’-GGCGGATCCATGGCTTG-
CAAGTGT-3’ (upstream) and 5’-GTTTTCGTCG-
ACTT AATGAGCCGCAGCAGT-3 (downs-
tream). cDNAs encoding for the independent
CeMTI1 moieties were obtained by PCR ampli-
fication with the following primers: for the N-
terminal fragment (residues 1 to 27), 5’-CGTG-
GATCCATGGCTTGCAAGTGT-3’ (upstream)
and 5’-GCTCGAGTCGACTTACTCACAACA-
CTTGTC-3’ (downstream); and for the C-terminal
fragment (residues 28 to 75), 5’-CCGCGT-
GGATCCAAGTACTGCTGT-3" (upstream) and
5’-CGACTCGAGTTAATGAGCCGCAGC-3’
(downstream). Note that the C-terminal fragment
was inserted in pGEX by a 3’-introduced Xhol site
instead of Sall due to repeated cloning problems
when using the latter.

The synthetically constructed CeMT2 ¢cDNA [19]
was kindly provided by Prof. J. H. R. Kégi, from
the Institute of Biochemistry of the University of
Ziirich, Switzerland, and used also as a template for
the construction of regions coding for the deletion
mutant CeAHis and the independent N-terminal and
C-terminal CeMT2 domains. All the PCR reactions
were designed to introduce 5’ BamHI and 3’ Sall
restriction sites for subcloning purposes. The wild
type CeMT2 cDNA was amplified using as
upstream primer: 5'-CGGGGATCCATGGTCTGC-
AAG-3' and as downstream primer: 5-ACGCG-
TCGACC TAATGAGCAGC-3'. The region coding
for the N-terminal CeMT2 segment, encompassing
from Metl to Glu30, was amplified using as
upstream primer 5'-CGGGGATCCATGGTCTGC-
AAG-3" and as downstream primer 5'-ACGCGTC-
GACCTACTCACAGCACTTG-3". The region co-
ding for the C-terminal CeMT2, which comprises
from the GIn31 to the His63 CeMT?2 residues, was
amplified with the upstream primer 5'-
CGGGGATCCCAGTACTGCTGC-3" and the
downstream primer 5'-ACGCGTCGACCTAATG-



AGCAGC-3". For the construction of a cDNA
encoding the CeMT2 peptide lacking its C-terminal
His residue, the wild type cDNA was amplified
using the same upstream primer than for the entire
cDNA (5-CGGGGATCCATGGTCTGCAAG-3")
but 5'-ACGCGTCGACCTAAGCAGCCTG-3' as
downstream primer.

All the PCR reactions consisted in 30-cycle
amplifications, performed with 1 U of thermo
resistant Vent DNA polymerase (New England
Biolabs), 0.2 mM dNTPs and 100 pmols of the
required primers at 2 mM MgCl, (final
concentration), in a final 100 pl volume, under the
following conditions: 45 s at 95 °C (denaturation),
30 s at 55-60 °C (hybridization) and 45 s at 72 °C
(elongation). Elongation conditions were main-
tained during 5 minutes after the 30 cycles. The
final products were analyzed by agarose gel
electrophoresis/ethidium bromide staining; the band
with the expected size was excised and subcloned
into the pGEX-4T2 vector. Before recombinant
protein synthesis, all coding sequences were
confirmed by automated DNA sequencing. To this
end, the pGEX-derived -constructions were
transformed in E. coli DH5a cells, and sequenced
using the ABIPRISM Dye Terminator-Cycle
Sequencing Ready reaction kit (Perkin Elmer) in an
Applied Biosystems ABIPRISM 310 Automatic
Sequencer. In all cases the expected sequence was
corroborated, but for the position 26 of CeMT]I
peptide, which corresponded to an AGG (Arg)
instead of the reported AAG (Lys) codon. All the
CeMT1 clones sequenced showed the same
alteration, this suggesting that a polymorphism, in
relation to the published sequence is the most likely
explanation. Taking into account the conservative
nature of this change and the fact that we had
recently established that an opposite charge
substitution (Lys for Glu, position 34) had no effect
at all in the binding abilities of the Crs5 MT of S.
cerevisiae [11], we decided to continue our studies
with the obtained clones.

Recombinant synthesis and purification of the C.
elegans MT1 (CeMT1) and MT2 (CeMT2) wild
type and mutant forms

The obtained pGEX constructs were transformed
into E.coli BL21 cells for the expression of the
cloned cDNAs as fusions with Glutathione-S-
Transferase (GST). The recombinant peptides were
biosynthesized in 3 I-LB cultures, inoculated with
300 ml of overnight pre-cultures. Induction with
isopropyl B-D-thiogalactopyranoside (IPTG) was
performed at ODgo= 0.8, and cultures were further
grown for 3 h in the presence of 500 uM CuSQ,,
300uM ZnCl,, or 300uM CdCl,, in order to recover
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the corresponding Cu-, Zn- or Cd-MT complexes,
respectively. Copper-supplemented cultures were
grown in two different conditions (normal and low
aeration), in view of the reported influence of
oxygenation in the recovered final complexes (see
[11] for details). Cells were harvested by
centrifugation (Sorvall RC5C, 15 min at 9600 x g),
resuspended in PBS x1 and lysed by sonication
(Branson Sonifier 250, 0.6Hz) in the presence of
0.5% B-mercaptoethanol, to avoid protein oxidation.
From this step on, all procedures were carried out
using Ar (pure grade 5.6)-saturated buffers. After
sonication, cellular debris was pelleted by
centrifugation (20 min at 20000 x g) and the GST-
MT fusions isolated from the supernatant by
Glutathione-Sepharose 4B (GE Healthcare) affinity
chromatography. Metal-MT complexes were
excised from the fusion constructs by thrombin
cleavage and batch affinity chromatography.
Sample concentration was attained by several
rounds of centrifugation in Centriprep Microcon 3
(Amicon). The metal-MT complexes were finally
purified through FPLC in a Superdex75 (GE
Healthcare) column equilibrated with 50 mM Tris-
HCI, pH 7.0. Selected fractions were kept at -70 °C
until further use.

of

Analysis and  characterization the

recombinant metal peptide complexes

The S, Zn, Cd and Cu content of the Zn-, Cd- and
Cu-CeMT preparations was analyzed by means of
Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) in a Polyscan 61E
(Thermo Jarrell Ash) spectrometer, measuring S at
182.040 nm, Zn at 213.856 nm, Cd at 228.802 and
Cu at 324803 nm. Samples were prepared
following the method described elsewhere [36], and
in parallel were also incubated in 1 M HCl at 65 °C
for 5 min prior to measurements in order to
eliminate possible traces of labile sulfide ions [37].
In all cases, protein concentration was calculated
from the acid ICP-AES sulfur measure, assuming
that the sulfur content of the sample was
contributed by the MT peptides, that is, 20 S/mol
for CeMT1 (1 Met, 19 Cys), 19 S/mol for CeMT2
or AHisCeMT2 (1 Met, 18 Cys), 10 S/mol for
NtCeMT1 and NtCeMT2 (1 Met, 9 Cys), 10 S/mol
for CtCeMT1 (10 Cys) and 9 S/mol for CtCeMT2
(9 Cys).

In vitro Zn-, Cd- and Cu-binding studies of
CeMT1 and CeMT2

The titration of all Zn-CeMT complexes with Cd(II)
or Cu(l) at pH 7 were carried out following the
procedures previously described [38,39]. The in



vitro  acidification/reneutralization ~ experiments
were also performed adapting a previously reported
procedure [40]. Essentially, 10 pM preparations of
the Cd-peptides were acidified from neutral pH (7.0)
to acid pH (2.0) with 1-10~ M HCI depending on
the stage of the titration. CD and UV-vis spectra
were recorded at pH 7.0, 4.5, 4.0, 3.0 and 2.0 both
immediately after acid addition and 10 min later,
always with identical results. Finally, the samples
were kept at pH 2.0 for 20 min and then they were
reneutralized to pH 7.0 with 1-10° M NaOH, also
depending on the stage of the titration. CD and
UV-vis spectra were recorded at pH 2.0, 2.5 and
7.0. All the results were corrected for dilution
effects. During all experiments strict oxygen-free
conditions were kept by saturation of the solution
with Ar.

Spectroscopic measurements

A Jasco spectropolarimeter (Model J-715)
interfaced to a computer (J700 software) was used
for CD measurements at a constant temperature of
25 °C maintained by a Peltier PTC-351S apparatus.
Electronic  absorption = measurements  were
performed on an HP-8453 Diode array UV-visible
spectrophotometer. All spectra were recorded with
1 cm capped quartz cuvettes, corrected for the
dilution effects and processed using the GRAMS 32
programme.

ElectroSpray Ionization Time-Of-Flight Mass
Spectrometry (ESI-TOF-MS) analyses

Molecular mass determinations were performed by
ESI-TOF-MS in a MicroTof-Q instrument (Bruker).
Calibration was attained with Nal (0.2 g Nal in 100
mL of a 1:1 H,O/isopropanol mixture). Divalent
metal-protein samples were analyzed under the
following conditions: 20 plL of the sample were
injected through a PEEK (polyether heteroketone)
column (1.5 m x 0.18 mm i.d.) at 40 ul/min at the
following conditions: capillary counterelectrode
voltage, 5000 V; dry temperature, 90-110 °C; dry
gas, 6 L/min; m/z range, 800-2000. The running
buffer was a mixture of 5:95 mixture of acetonitrile
and 15 mM ammonium acetate/ammonia, pH 7.
The monovalent metal-protein samples were
analyzed as follows: 20 uL. of sample were sample
were injected at 30 pL/min at the following
conditions: capillary counterelectrode voltage, 4000
V; dry temperature, 80 °C; dry gas, 6 L/min; m/z,
range 800-2000. The running buffer was a mixture
of 10:90 mixture of acetonitrile and 15mM
ammonium acetate/ammonia, pH 7. It is worth
noting that while it is possible to determine the
Zn:Cd:MT ratio in the heterometallic Zn,Cd-CeMT
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species, the proximity between the atomic weights
of zinc and copper and the ESI-MS experimental
error range prevents the determination of the Zn:Cu
ratio in the heterometallic Zn,Cu-CeMT species,
although ESI-MS analysis of the samples at acid
pH allows to delimit the Cu-species present in the
sample. For the analysis of the apo-MT forms,
obtained from recombinant Zn-MT forms, and of
the heterometallic Zn,Cu-MT species, 20 pL of the
sample at pH 7 were injected under the same
conditions described for the holo-forms, with the
following exceptions in order to release Zn(Il) ions
but not Cu(l) ions from the complexes: the liquid
carrier was a 5:95 mixture of acetonitrile and
ammonium formate/ammonia at pH 2.4. All
samples were injected at least twice in order to
ensure reproducibility. In all cases, molecular
masses were calculated in accordance with [11,41].

Diethyl pyrocarbonate protein modification
assays

Covalent modification experiments with DEPC
were performed for 30-120 min at pH 7 under a
molar excess of DEPC in order to avoid both the
hydrolysis of DEPC (half time of 9 min at 25 °C
and pH 7) and/or additional carboxyethylation of
His at (3)-N position, following [42]. Therefore, a
fresh DEPC solution in absolute ethanol
(DEPC:ethanol 1:200) was allowed to react with a
100 pl solution of the tested metal-CeMT
complexes (ranging from 0.2x to 2.1x10™* M) in 50
mM Tris-HCI buffer, pH 7.0, for 20 min at room
temperature. The resulting DEPC:protein ratios
used were 8:1 for Zn(I[)-CeMT1 and Cd(I)-
CeMTI1 and 5:1 for Zn(ll)-and Cd(II)-CeMT2,
Zn(Il)- and Cd(II)-CtCeMT1 and Zn(Il)- and
Cd(II)-CtCeMT2. Additionally, Zn(II)-AHisCeMT2
and Cd(IT)-NtCeMT1 were also incubated with 5
molar equivalents of DEPC under the same
conditions and used as negative controls, due to the
lack of His in their sequence. After incubation, all
samples were immediately analyzed by ESI-TOF
MS, as described above.

Note: Any further information about the
spectroscopic and/or spectrometric data recorded on
the study of the CeMT peptides and not included in
the manuscript, are available upon e-mail request to
the authors.
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Metallothioneins (MTs) are ubiquitous, small,
cysteine-rich metal-binding proteins, (1) which
can be differentiated in two types according to
their metal preferences: Zn-thioneins
(extensively, divalent-metal ion-thioneins) and
Cu-thioneins (2). The expression of their genes is
also differently regulated, in accordance with the
function that the encoded product will have to
deal with: the former being commonly cadmium-
inducible and the latter either constitutive or
copper-inducible. In a previous work we
demonstrated that acid-labile sulfide ligands (S*)
are present in divalent-metal-MT complexes
when recombinantly constituted in E.coli (3).
From these studies it was clear that S* ligands
were only detected in the complexes formed with
divalent metals and not with monovalent metal
ions (Cu) and that the amount of S* was always
much higher in the Cd- that in the Zn-complexes.
Also, and in concordance with data gathered
when studying distinct MTs, the higher the Cu-
thionein character of an MT, the richer in S*
ligands will be their complexes with divalent
metals, which could be interpreted as that the
sequence is optimized for Cu(l) binding and it
needs of additional ligands to fulfill the
requirements of tetrahedral coordination (4 ).
About the effects of the presence of sulfide, there
are some possibilities to be considered; either it
is beneficial and has a metabolic function, for
example homeostasis and/or transport of S* in
the organisms that would be carried out by zinc-
containing  complexes of  Cu-thioneins
synthesized in basal conditions; or it could be
harmful and, for this reason, the synthesis of Cu-
thioneins is strictly regulated and they are not
synthesized upon cadmium induction (cf. yeast,
snail, others...). In this sense, we have published
a recent work showing that S*-containing Cd-
MT complexes under reductive stress could
cause damage to the cell membrane (5).

The significance of this finding remained



questionable, due to the possibility that the
sulfide ligands could be merely due to the

synthesis in heterologous prokaryotic
environments. For this reason it should be
investigated whether MTs exhibited this

behavior also when synthesized in their native
organisms. Thus, and in relation of the above
exposed statements, a case of an extreme copper-
thionein should be the ideal system to
demonstrate if S* ligands are also present in
native metal-MT complexes. The yeast S.
cerevisiae Cupl peptide, isolated in the seventies
(6,7), has been accepted, by general assent, as the
paradigmatic Cu-thionein. It was sequenced in
the eighties, their copper-binding abilities deeply
characterized (8,9) and the 3D structure of the
Cu-Cupl complexes finally solved few years ago,
settling what the authors qualified as a long
lasting enigma (10). Since wild-type yeasts only
synthesize Cupl under Cu excess, we used a
yeast mutant strain (301N), where a transcription
factor mutation enables a high Cupl expression
in cells grown in excess of cadmium (11,12).
Hence, we undertook the global goal of studying
the Zn(II), Cd(II) and Cu(I) binding abilities of
Cupl through the characterization of the Zn-,
Cd- and Cu-complexes formed both in vivo
(recombinantly in E. coli) and in vitro (by metal
replacement), and the comparison with the native
Cd-Cupl complexes also purified in this work
(from N301 S. cerevisiae). Therefore, this study
allowed us also to answer the long-standing
question about the universality of S* ligands in
metal-MT complexes: is it a mere consequence
of recombinant E. coli synthesis, or is it also a
native trait, unnoticed before?

EXPERIMENTAL PROCEDURES

Recombinant Synthesis and Purification of
Metal-Cupl Complexes in E. coli- The CUP1
coding region was amplified by direct PCR on
genomic  Saccharomyces cerevisiae DNA
extracted from the VC-sp6 strain (MATa trpl-1
ura3-52 ade- his- CAN® gall leu2-3,112 cupl®)
(13), using the following primers: upstream 5’
ATTGGATCCCAAAATGAAGGT 3 and
downstream 5° AGACTAGTCGACTCATTTC
CCAGA 3’. The former introduced a BamHI site
immediately before the CAA codon (Gln), while
the later created a Sall site immediately after the
translation stop codon. Thus, the amplified
c¢DNA coded for a polypeptide equivalent to the
mature, N-term processed form of Cupl. The 35-
cycle PCR amplification -30 s at 94 °C

(denaturing), 30 s at 58 °C (annealing) and 30 s
72 °C (extension) was carried out in a total
volume of 100 pl, comprising 2 pL of 25 mM
dNTP mixture, 2 pl of 20 pM primer solution, 1
u of GoTaq Flexi DNA polymerase (Promega)
and 100 ng of the template DNA. The PCR
product was isolated from a 2% agarose gel,
digested with BamHI-Sall (New England
Biolabs), and directionally inserted in the pGEX-
4T-1 (Amersham GE Healthcare) expression
vector for the synthesis of a glutathione-S-
transferase fusion protein (GST-Cupl). Ligations
were performed with the TAKARA DNA
ligation kit (v2.1), and the ligation mixture was
used to transform first E. coli DHSa cells. The
GST-CUPL1 construct was prepared from these
transformants in order to be automatically
sequenced (Applied Biosystems ABIPRISM 310;
PerkinElmer), using the BigDye terminator v3.1
kit (ABI Biosystems). Hereafter, the expression
plasmid was transformed into the E. coli BL21
protease-deficient strain for recombinant over
expression. Cultures for preparative purposes
were grown in 1.5-L Erlenmeyer flasks. To this
end, overnight, saturated cultures of transformed
BL21 cells served to inoculate (at 10% v/v) 3-
liter or 5-liter of fresh LB medium (0.5% Bacto
yeast extract, 1% Bacto tryptone (Becton,
Dickinson and Co.), 1% NaCl (Merck), pH 7.3)
supplemented with 100 mg/l ampicillin (Roche).
Induction with isopropyl B-D-thiogalacto-
pyranoside (IPTG) (Promega) at 200 uM final
concentration was performed at OD600=0.6, and
cultures were grown for 30 min before the
addition of either 300 uM ZnCl,, 300 uM CdCl,
or 500 uM CuSO, (Merck). After 3 h of
incubation at 37 °C, cells were harvested by 7-
min centrifugation at 9644 xg (Sorvall RC5C).
For protein purification, cells were resuspended
in 5% of the original volume of ice-cold PBS
buffer (1.4 M NaCl, 27 mM KCIl, 101 mM
Na,HPO4 and 18 mM KH,PO4) and 0.5% (v/v)
B-mercaptoethanol (Sigma) was added to avoid
protein oxidation. Cells were lysed by sonication
(Branson Sonifier 250, 0.6 Hz) at 4 °C with 0.6 s-
pulses for 8 min. From this step onwards, all
procedures were carried out on Argon (pure
grade 5.6) saturated buffers. After sonication,
cell debris was pelleted by centrifugation (45
min at 17212 xg) and the supernatant was
recovered to purify the GST-Cupl fusion by
batch affinity chromatography, with Glutathione-
Sepharose 4B (GE Healthcare Bio-Sciences) at a
1:10 matrix/sample volume ratio. The mixture
was gently agitated at room temperature for 1 h
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and washed three times in PBS. A 10 u/ml
solution of thrombin in PBS was added to the
matrix bed to separate the Cupl portion from the
fusion protein, and digestion was allowed to
occur overnight at 22-25 °C. Since the GST
portion of the fusion protein remained bound to
the matrix, the supernatant contained the metal-
Cupl complexes and thrombin. This solution
was concentrated with Centriprep Concentrators
(Amicon) with a 3-kDa cut-off and the Cupl
complexes were finally purified to homogeneity
by Fast Performance Liquid Chromatography
(FPLC) using a Superdex75 10/300 GL column
(Pharmacia), equilibrated with 50 mM Tris-HCI
pH 7.0, and run at 0.7 ml/min. The eluate
absorbance was followed at 254 nm, protein-
containing fractions were pooled, and aliquots of
200 pL. were kept at -80 °C until further use.
More details on recombinant Cupl synthesis can
be found in our previous manuscript reporting
the characterization of Crs5, the other yeast MT
(14).

Purification of native Cd(lI)-Cupl complexes-
The cadmium-resistant 301N Saccharomyces
cerevisiae strain (MATa, ural, CUP1") (15),
kindly provided by Dr. Dennis Winge (Utah
University, USA), was used to obtain natively
conformed Cd(II)-Cupl complexes, suitable to
undergo  spectroscopic and  spectrometric
characterization. In this strain, CUP1 expression
is not restricted to copper induction, and
therefore high-Cd(Il) cultures yield native
Cd(II)-complexes synthesis that accumulate in
yeast cytoplasm. Hence, 301N was streaked on
YPD plates (1% Bacto yeast extract, 2% Bacto
tryptone, 2% Bacto Agar, 5% Glucose (Panreac),
pH 5.7) supplemented with 500 pM CdSO,
(Merck), and one of the grown colonies was used
to inoculate 100-ml liquid YPD that, after 48 h
growth at 30 °C was added to 10-liter fresh YPD
medium supplemented with 500 uM CdSOy,. This
culture was grown also for 48 h in a Microferm
Fermentor (New Brunswich) coupled to a
Westfalia CSA-1-06-475 centrifuge controlled
by a TVE-OP 76/0 programmer (Braun Biotech),
at constant temperature (30 °C), pH (5.7) and O,
saturation (76-87%). Approximately 100 g of
cells (wet weight) were obtained after
centrifugation, which were subsequently
submitted 3 cycles of washing in mili-Q water,
plus centrifugation (Sorvall RC5C) at 10000 xg
for 5 min, at 4 °C. Aliquots of 20 g and 40 g were
stored at -20 °C until use. For protein purification,
20 g of cell mass were resuspended in 60 ml of
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20 mM TrisHCL, 0.5mM B-mercaptoethanol, pH
8.0, Argon saturated buffer, and disrupted by 10
rounds of 1-min vortexing in glass beads,
followed by 1 min on ice. Complete cell lysis
was corroborated under the microscope. Total
protein cell extract was cleared by centrifugation
at 47800 xg for 1 h at 4 °C, and the recovered
final volume was approximately of 50 ml. All
further steps were performed at 4 °C and in
Argon saturated buffers. 10 ml of the initial
homogenate were first fractionated by size
exclusion chromatography in a Sephadex G75
(Amersham GE Healthcare) column (2.5x40 cm,
equilibrated with 20 mM Tris-HCI, 5 mM -
mercaptoethanol, 100 mM NaCl buffer, pH 8.0).
The column was eluted at 0.6 ml/min with
continuous monitoring of absorbance at 254 nm,
and collection of 6-ml fractions, which were
submitted ICP-AES in order to measure their
cadmium content (see details below). Two
alternative strategies were followed from this
step on. The first option was a second
fractionation of the G75 fraction pool exhibiting
the main cadmium content (G3 peak) by means
of ion exchange chromatography. To this end,
the G3 pool was concentrated with Centriprep
concentrators to a final volume of 5 ml, and
loaded into a DEAE-Sepharose (Amersham GE
Healthcare) column (1.5 x 13 cm, equilibrated
with 20 mM Tris-HCL, 5 mM B-mercaptoethanol
buffer, pH 8.0) with a flow rate of 0.6 ml/min.
After 2 void volumes washing, elution was
performed with a linear gradient of 20-to-500
mM NaCl in the same buffer, and 3-ml fractions
were collected and analyzed. The second option
of purification was designed to avoid the use of
ion exchange chromatography. Consequently, the
G3 fraction pool was subdivided in three parts
(F1, F2, F3), according to their cadmium content,
and each of them was further fractionated by
subsequent FPLC. For this, 15 ml of each F pool
were concentrated to a final volume of 0.5 ml to
be loaded into a Superdex75 (Pharmacia) column
integrated in an Akta equipment (GE Healthcare)
controlled by a computer running Unicorn v5.1,
equilibrated with 20 mM Tris-HCI, 5 mM B-
mercaptoethanol buffer, pH 8.0. Fractionation
was run at a flow rate of 0.8 ml/min, at 20 °C and
fractions were pooled according to their 254 nm
absorbance and their Cd(II) content, measured by
ICP-AES analysis.

Preparation by metal replacement of “in vitro-
folded™ Cd(11)-Cupl and Cu(l)-Cupl complexes-
The so-called “in vitro complexes” were



prepared by titration at pH 7.0 of the
recombinant Zn(II)-Cupl complexes with Cd(II)
(CdCl, in mili-Q purified water) or Cu(l)
([Cu(MeCN)4]ClIO4 complex in 30% (v/v)

MeCN/H,0) solutions, at equivalent molar ratios.

Detailed description of this procedure has been
previously reported (16, 17). The in vitro
complexes  were spectroscopically and
spectrometrically characterized, following the
same methodology explained below for in vivo-
conformed complexes. All the titrations were
carried out in Ar atmosphere and, for the all
experiments, the pH remained constant
throughout, without the addition of any extra
buffers.

Acidification/reneutralization experiments- 20 pl
aliquots of Cd-Cupl preparations were acidified
from neutral (7.0) to acid (2.0) pH with 10°-1 M
HCI. CD and UV-vis spectra were recorded at
pH 7.0, 4.5, 4.0, 3.0 and 2.0, both immediately
after acidification and at different incubation
times at pH 2.0. For reneutralization, the pH was
restored to 7.0 with 10°-1 M NaOH. CD and
UV-vis spectra were recorded at several pH
intervals during reneutralization. Once the
solution had reached a neutral pH, different
equivalents of Na,S-9H,0 were added stepwise,
in order to test if sulfide was incorporated into
the reconstituted Cd-Cupl complexes. All
experiments were performed under strict oxygen-

free conditions by saturation of solutions with Ar.

Analytical characterization of metalated-Cupl
preparations- When required, the S, Zn, Cd and
Cu content of the samples was analyzed by
Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) on a Polyscan 61E
(Thermo Jarrell Ash, Franklin, MA, USA)
spectropolarimeter at suitable wavelengths (S,
182.040 nm; Zn, 213.856 nm; Cd, 228.802 nm;
Cu, 324.803 nm). Routinely, samples were
prepared as described in (18), thus treated with
2% (v/v) HNOs. Alternatively, a pre-incubation
in IM HCI at 65°C for 5 min prior to ICP
measurements guaranteed the elimination of the
acid-labile sulfide ligands putatively present in
the sample, as shown in (19). This strategy
guaranteed that all the sulfur remaining in the
sample corresponded to Cys and Met residues,
and therefore the ICP-AES measures of sulfur
content could be used to quantify the Cupl
concentration in the preparations. Additionally,
average metal-to-Cupl ratios were calculated
from these ICP-AES measurements.
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When necessary, the mean S*-to-protein content
was quantified by Gas Chromatography-Flame
Photometric Detection (GC-FPD) using an HP-
5890 series II gas chromatograph coupled to an
FPD80 CE detector (Thermo Finnigan). The
calibration curve was determined with diluted
standards of S* from 0.25 to 3 ppm. Sample
aliquots were transferred to airtight vials and
after strong acidification with H,SOy, pH 0.0, the
generated H,S was allowed to evolve to the
gaseous phase for 2 h. Equilibrated head-space
gas was subjected to chromatography as reported
before (19).

Electronic  absorption measurements were
performed on a HP-8453A Diode array UV-
visible spectrometer, and the temperature was
kept at 25 °C by means of a Peltier PTC-351S
apparatus. For Circular Dichroism (CD) spectra
determinations, a Jasco spectropolarimeter
(Model J-715) interfaced to a computer
(GRAMS 32 Software) was used. All the spectra
were recorded in 1 cm-capped quartz cuvettes
and they were finally corrected for dilution
effects.

Mass Spectrometry analysis of metal-Cupl
species- Molecular mass determinations were
performed by electrospray ionization time-of-
flight mass spectrometry (ESI-TOF MS) on a
Micro Tof-Q instrument (Bruker) interfaced with
a Series 1100 HPLC Agilent pump, equipped
with an autosampler both controlled by the
Compass Software. Calibration was attained with
0.2 g Nal dissolved in 100 mL of a 1:1
H,0:isopropanol mixture. Samples containing
divalent metal ion-Cupl complexes were
analyzed under the following conditions: 20 pl of
protein solution injected through a PEEK
(polyether heteroketone) column (1.5 m x 0.18
mm id.), at 40 pl/min; capillary counter-
electrode voltage 5 kV; desolvation temperature
90-110 °C; dry gas 6 l/min; spectra collection
range 800-2000 m/z. The carrier buffer was a
5:95 mixture of  acetonitrile:ammonium
acetate/ammonia (15 mM, pH 7.0). Alternatively,
the Cu(I)-Cupl samples were analyzed as
follows: 20 pl of protein solution injected at 30
pl/min; capillary counter-electrode voltage 3.5
kV; lens counter-electrode voltage 4 kV; dry
temperature 80 °C; dry gas 6 1/min. Here, the
carrier was a 10:90 mixture of acetonitri-
le:ammonium acetate/ammonia, 15 mM, pH 7.0.
For the corroboration of the apo-Cupl expected
molecular mass, 20 pl of the recombinant Zn(II)-
Cupl preparation was injected under the same



Table 1. Analytical characterization of the recombinant and native Cupl complexes

Metal-MT

Metal/MT
(ICP-AES)

SEIMTH
(GC-FPD)

ESI-MS™!

rCu-Cup1® 8.0 Cu

rCu-Cup1 7.0Cu

rZn-Cupl 2.82Zn

rCd-Cupl 5.9 Cd

niCd-Cup1® 42cd

n2Cd-Cup1™ 4.4 Cd

nd Cug-Cupl
o Culs-(cupl)z
Cug-Cupl
Cus-Cupl
Cus-Cupl
Cue-Cupl

n.d

Zny-Cu pl
n.d. Znz-Cupl
Zns-Cupl

Cds-Cupl
1.7 CdsS;:-Cupl
CdeS4-CUp1

n.d. Cds-Cupl
CdyZn;-Cupl
Cds-Cupl

Cds-Cupl
2.3 CdeSrCUpl

CdsSs-Cupl

CdyZn;-Cupl

[a] n.d.= not detectable. [b] Species shown in bold correspond to the major components of the preparation. M
represents Zn(Il) or Cu(l) ions. [c] Recombinant Cu-Cupl synthesized in normally aerated cultures. [d] Recombinant
Cu-Cupl synthesized in at low aerated cultures. [e] Native Cd-Cup1l purified using anionic exchange chromatography.
[f] Native Cd-Cupl purified avoiding anionic exchange chromatography.

conditions described before, but using a 5:95
mixture of acetonitrile:formic acid pH 2.5, as
liquid carrier, which caused the complete
demetalation of the Cup1 peptide.

RESULTS & DISCUSSION
Metal Binding Abilities of Cupl

Analysis of the monovalent and divalent metal
binding capabilities of recombinant Cupl was
attained through a three-step strategy. First, the
in vivo synthesized M-Cupl (where M represents
zinc, cadmium and copper) complexes were
characterized by spectroscopic and spectrometric
means. Second, the reaction pathways of the in
vitro Zn/Cd and Zn/Cu replacement processes
undergone by the Zn-Cupl peptide at pH 7 were
determined.  Detailed  analysis of  the
spectroscopic  (CD and UV-vis electronic
absorption) and spectrometric (ESI-MS-TOF)
sets of data recorded during these titrations
provided information on the number of metal-
MT species generated at each point of the
titration, their stoichiometry and their degree of
folding. And third, the recombinant Cd-Cupl
complexes were acidified/reneutralized and,

afterwards, several Na,S equivalents were added.
Finally, the native Cd-Cup1 preparations purified
from the S. cerevisiae mutant strain 301N, grown
in excess cadmium, were characterized and
compared to the in vivo and in vitro generated
recombinant Cd-Cupl complexes.

10
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Figure 1. Comparison of the UV-vis spectra of the initial
recombinant Cd-Cupl preparation just after purification (solid
black line), the recombinant Cd-Cupl complex after 15 days
(solid grey line), and the Cd-Cup1l reneutralized (dotted line).

In vivo Zn(Il) and Cd(Il) Binding Abilities of
Recombinant Cupl

Despite its Cu-thionein character, Cupl is
perfectly capable of binding zinc or cadmium
ions (8). Although some data on Zn- and Cd-
Cupl in vitro folded species are available, until
now, none had been reported for complexes
assembled intracellularly.
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Cupl is biosynthesized in zinc-supplemented
cultures as a mixture of homometallic species,
being Zny-Cupl the most abundant (Table 1) and
with a very low chiral CD (data not shown). This
suggest that Zn(Il) coordination induces a poor
degree of folding, according with the Cu-
thionein character of Cupl. On the other hand,
the Cd-Cupl preparation, constituted a mixture
of species of variable Cd(II) stoichiometries,
mainly Cds-Cupl, together with several minor
sulfide-containing complexes (i.e. Cdg¢S;-, CdsSs-
or Cd;S4-Cupl) detected by ESI-MS (Table 1).
GC-FPD data were totally consistent with the
sulfide presence. Unlike for Zn-Cupl, Cd-Cupl
spectra is mainly composed of two Gaussian
bands, one centered ca. 250 nm related with the
Cd-SCys chromophores and another at ca. 280
nm in concordance with the Cd-S* absorptions
(Fig. 4). Curiously, we have observed that the
CD spectra and the relative abundance of the
initial species varies with time, the more time
elapsed, the more rich in sulfide species became,
as it can be observed both spectroscopically (DC
and UV-vis) and spectrometrically (ESI-MS).
Possibly this fact is due to the aggregation of the
Cd-S particles contained in the sample as a red-
shift displacement can be observed in the UV
spectra (Fig. 1).

DC

In vitro Cd(Il) Binding Abilities of Recombinant
Cupl

The Cd(II) titration of Zn-Cupl (Fig. 2) and the
acidification/reneutralization of the recombinant
Cd-Cupl complexes provided a further insight
into the Cd-binding abilities of Cupl. As a
consequence of the absence of sulfide in the Zn-
Cup]1 preparation, the final species obtained from
the Zn/Cd replacement reaction are also sulfide-
devoid complexes, and consequently the
preparations showed spectropolarimetric features
different to those of Cd-Cupl obtained in vivo.
When an excess of cadmium has been added to
Zn-Cupl, the major complex obtained is Cds-
Cupl, and, in any case, the addition of several
sulfide equivalents at the end of the titration,
leads to their incorporation in the final
complexes as it can be observed in the UV
spectra (Fig. 2).

The same Cds-Cupl species is obtained after the
acidification/reneutralitzation of the recombinant
Cd-Cupl complexes (data not shown). During
the acidification, the acid-labile sulfide present in
the sample is lost, as it can be observed in the
decrease of the absorption at 280 nm in the UV-
vis spectra (Fig. 1.). Just as described for the
Zn/Cd replacement studies, the addition of
sulfide after the reneutralitzation of Cd-Cupl,
leads to the formation of sulfide-rich species
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Figure 2. CD, UV-vis and difference UV spectra corresponding to the titration of a 20 uM solution of Zn-Cupl with Cd(ll).
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Figure 3. CD, UV-vis and difference UV spectra corresponding to the titration of a 20 puM solution of Zn-Cup1 with Cu(l).

detected by ESI-MS.

In vivo Cu(l) Binding Abilities of Recombinant
Cupl

The recombinant synthesis of Cupl in copper
enriched cultures at low oxygenation rendered a
major  homometallic =~ Cug-Cupl  complex
accompanied of very minor Cuy¢- dimeric forms.
The presence of these dimeric Cupl complexes
has been already proposed in the literature for
native preparations ( 20 ). Although in the
biosynthesis of Cupl in normal aeration cultures
the major species is also an homometallic Cug-
Cupl complex, in these conditions some other
minor Cu-Cupl complexes have been detected.
Both productions showed similar CD fingerprints
but those from the low aeration synthesis
exhibited a higher intensity. It is worth noting
that our recombinant Cu-Cup1 spectra are totally
coincident with those Cu-Cupl spectra shown in
other reports for native preparations (21).

In vitro Cu(l) Binding Abilities of Recombinant
Cupl

The titration of Zn-Cupl with Cu(l) (Fig. 3)
allowed the reproduction of the CD fingerprint of
the recombinant preparations but, although Cusg-

Cupl was the major species, in no step a single
species was obtained. However it is remarkable
that the Zn/Cu displacement shows certain
cooperative character, as described in the
literature (22), since the 4™ Cu(I) equivalent
added already forms the highly stable Cus-Cupl
complex. The titrations of Zn-Cupl with Cu(l)
suggest the impossibility of this isoform to yield
an unique Cug-Cupl species starting from a Zn-
loaded polypeptide. Consequently, and as
happens for another extreme Cu-thioneins, such
is the Cu-MT isoform of the roman snail H.
pomatia, it is sensible to propose that the Cug-
Cupl is directly produced de novo, instead of
being product of a Zn/Cu replacement.

Purification and Characterization of Native Cd-
Cupl Complexes

Traditionally, the native MT purification
schemes include chromatography fractionations
both through gel filtration and ion exchange
column (23). We hypothesized that, if present in
native preparations, S*-metal-MT complexes
could be probably retained in the anionic
exchange matrix. For this reason, we applied two

different  purification strategies for the
purification of the native Cd-Cupl complexes,
using and avoiding anion  exchange
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chromatography. In the first case, when gel
filtration (Superdex) and anion exchange
columns (DEAE) were wused, the final
preparation (called here n1Cd-Cupl) contained a
major Cds-Cupl complex accompanied by other
minor species, some of them being Zn,Cd-Cupl
heterometallic species (Fig. 5). These samples
were sulfide-devoid, and their CD features very
similar to those resulting from the Zn/Cd
replacement carried out with recombinant Zn-
Cupl (Fig. 4). Conversely, when only gel
filtration (size exclusion) was used, the results
from recombinants syntheses and native
purifications (called here n2Cd-Cupl) were
spectroscopically and spectrometrically
equivalent (Figs. 4 & 5), this including a major
Cds-Cupl complex and another minor S*
containing Cd-Cupl complexes (i.e. CdgSi-,
Cd¢S4-) in  addition of the same minor
heterometalic Zn,Cd-complexes detected after
the first purification strategy.

T T T
260 230 200 320
Wavelanght (nm)

Figure 4. CD spectra of recombinant and native Cd-Cupl
preparations. Spectra have been grouped as: recombinant
Cd-Cupl (solid black line), native Cd-Cupl avoiding the use
of anionic exchange columns (solid grey line), native Cd-
Cupl using anionic exchange columns (dashed line) and CD
spectra of Zn-Cupl after the addition of 3 Cd" equivalents
(dotted line). Intense absorptions at 280 nm could be
attributed to the presence of Cd-S* bonds.

CONCLUDING REMARKS

The data presented herein support the hypothesis
that native metal-MT preparations can include
sulfide-containing complexes, in addition to the
expected  canonical  non-sulfide-containing
species. This is the first demonstration that native
MTs have the capacity to form Cd-thiolate
complexes in which labile sulfide contribute to
the Cd(II) binding when folded in native,
intracellular environments Thus, this answers the
question about sulfide ligands in metal-MT

complexes being a native trait rather than a mere
artifact of E. coli recombinant synthesis.

® Cd,-
100! 15920

0500 150 550 1620 vz

Figure. 5. ESI-MS spectra of Cd-Cupl: a) recombinant, b)
native preparation using anion exchange columns (n1-Cd-
Cupl), and c) native preparation recovered only using size
exclusion columns (n2-Cd-Cup1l).

It has to be noted that ion exchange
chromatography is commonly used for native
MT purification and precisely this could explain
why the S* ligands remained so long unnoticed.
In addition, the fact that for nearly half a century
most of the MT research has been carried out
using in Vvitro reconstituted metal-MT species,
obtained after heavy acidification of the purified
metal-MT forms and the effort of obtaining pure
chromatographic fractions, which may involve
discarding other minor metal-MT species present
in the initial homogenate and assumed to be
impurities, could be another explanation to this
fact.

In conclusion the presence of S* ligands in
metal-MT complexes, and the particular
properties of the corresponding crystallite-like
particles, would be highly significant for
structural, nanobiological, and biotechnological
applications, all these aspects being now under
further consideration.
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Abstract: Metallothioneins (MTs) are
sulfur-rich proteins capable of binding
metal ions to give metal clusters. The
metal-MT aggregates used in this work
were Zn— and Cd-QsMT, where QsMT
is an MT from the plant Quercus suber.
Reactions of reductive reactive species
(H" atoms and e,, ), produced by vy ir-
radiation of water, with Zn— and Cd-
QsMT were carried out in both aque-
ous solutions and vesicle suspensions,
and were characterized by different ap-
proaches. By using a biomimetic model
based on unsaturated lipid vesicle sus-
pensions, the occurrence of tandem
protein/lipid damage was shown. The

reactions of reductive reactive species
with methionine residues and/or sulfur-
containing ligands afford diffusible
sulfur-centred radicals, which migrate
from the aqueous phase to the lipid bi-
layer and transform the cis double
bond of the oleate moiety into the
trans isomer. Tailored experiments al-
lowed the reaction mechanism to be
elucidated in some detail. The forma-
tion of sulfur-centred radicals is accom-

panied by the modification of the
metal-QsMT complexes, which were
monitored by various spectroscopic
and spectrometric techniques (Raman,
CD, and ESI-MS). Attack of the H’
atom and e,,;” on the metal-QsMT ag-
gregates can induce significant structur-
al changes such as partial deconstruc-
tion and/or rearrangement of the metal
clusters and breaking of the protein
backbone. Substantial differences were
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observed in the behaviour of the Zn—
and Cd-QsMT aggregates towards the
reactive species, depending on the dif-
ferent folding of the polypeptide in
these two cases.

Introduction

Metallothioneins (MTs) are intracellular, low molecular
weight, sulfur-rich proteins, present in virtually all living or-
ganisms. Metallothioneins exhibit high capacity for binding
both biologically essential (Zn" and Cu') and xenobiotic
(Cd", Hg" and Ag'") metal ions, giving rise to metal clusters
in which the metal ions can show tetrahedral, trigonal or di-
agonal coordination environments.!! In native metal-MT
complexes, disulfide bonds are almost completely absent be-
cause all thiol groups of cysteine residues (ca. 30% of the
amino acid residues) are deprotonated and bound to metal
ions. Although metal-MT coordination is mainly achieved
by formation of metal-thiolate bonds, recently the contribu-
tion of non-proteic ligands, such as chloride and/or sulfide
anions, has been also reported.[2’3] Thus, acid-labile sulfide
ions (S*7) have been detected in nearly all recombinant
Zn"-MT and Cd"-MT complexes synthesized in E. coli, that
is, in an in vivo, physiological, but heterologous, environ-
ment. The amount of S depends on the MT and on the co-
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ordinated metal ion, but generally its presence does not in-
crease the chelating potential of the MT. This conclusion is
based on two facts: 1) the divalent metal content of the ag-
gregates remains the same although the sulfide content is
usually higher in the Cd" than in the Zn" complexes, and
2) sulfide-containing and sulfide-devoid complexes exhibit-
ing the same metal stoichiometry are usually found in the
same preparation.

Although MTs do not appear to be essential for life, there
is mounting evidence for their contribution to stress resist-
ance, including exposure to radicals and toxic metals."! Ac-
cordingly, multifunctional roles such as chelators of harmful
heavy metals and excess essential metals (detoxification and
metal-homeostasis processes) and scavengers of various rad-
icals and reactive oxygen species (ROS) have been proposed
for MTs. In support of a function of MTs in control of oxi-
dative stress, many studies have showed that MT expression
increases dramatically in response to tissue injury, inflamma-
tion and tumours, and it appears to reduce controlled cell
death (apoptosis).’®! Thus, the ability of MTs to act as anti-
oxidants may provide a survival advantage at a time of
major infection and inflammation, conditions under which a
large increase in radical-mediated tissue damage takes
place. On the other hand, the protective role of MT appears
to be reversed in other studies
whereby apoptosis is precisely

promoted after exposure of cysteine-rich region

for studying this tandem lipid damage. In particular, the
acid-labile sulfide ligands (S*7) could generate diffusible
sulfhydryl radicals and thus promote isomerisation of
double bonds in membrane lipids. Connecting MT reactivity
with membrane lipid transformation may contribute insight
into radical stress to biomolecules and their role in biologi-
cal signalling.

The metal-MT aggregates analysed in this work were de-
rived from the metallothionein of the cork oak Quercus
suber (QsMT). Like most plant MTs, it has a peculiar organ-
ization of its amino acid sequence, consisting of two short
cysteine-rich terminal domains (containing 6 and 8 Cys resi-
dues) linked by a cysteine-devoid spacer region (Figure 1),
which includes an additional putative ligand (His).”’! Previ-
ous characterization of the Zn- and Cd-binding abilities of
QsMT and its separate domains supports the dependence on
the two Cys-rich domains,**>! together with participation of
the spacer region in the in vivo folding of Zn- and Cd-
QsMT, and in overcoming Cd toxicity in yeast.”” Compara-
tive study of the Zn— and Cd-QsMT aggregates has indicat-
ed differences in their metal and sulfide contents, which sug-
gests structural differences depending on coordinated metal
ion,”?! in contrast with the isomorphism commonly as-
sumed for animal MTs.?*!

cysteine-rich region

cells to a nitric oxide (NO)
donor.”
In the context of free-radical

MSCCGGNCGCGTGCKCGSGCGGCKMFPDISSEKTTTETLIVGVAPQKTHFEGSEMGVGAENGCKCGSNCTCDPCNCK

spacer domain

Figure 1. Amino acid sequence of the type 2 plant MT from Quercus suber (QsMT). QsMT contains 77 amino

damage, the fate of radical spe-
cies derived from protein
damage has been the subject of
many investigations, although a
clear picture of the degradation paths and their influence on
the aetiology of the disease is far from being achieved.®?
Recently, tandem radical damage involving aqueous and
lipid domains was evidenced by using sulfur-containing pro-
teins in the presence of unsaturated membrane phospholi-
pids.'™ Thus, it has been shown that damage starts from
specific radical attack on sulfur moieties of proteins, leading
to release of diffusible thiyl radicals that can migrate from
the aqueous phase to the membrane bilayer. At this site,
these radicals react with the cis double bond of the phos-
pholipid fatty acids and result in its transformation into the
corresponding trans geometrical isomer.'>!® Incorporation
of trans lipid is known to affect membrane properties as
well as being correlated with health problems.!’"

It has been proved that lipid isomerisation is promoted
very efficiently by thiyl radicals originating from methionine
(Met) and cysteine/cystine (Cys) residues of proteins and,
recently, by sulfhydryl radicals (HS/S™") from hydrogen sul-
fide, an endogenously generated gas species with roles in
the nervous and cardiovascular systems and in pathological
conditions such as inflammation.”"* The presence of sulfur-
containing amino acids (Met and Cys) and sulfide ligands in
metal-MT complexes makes them a very interesting case

dues are in bold.
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acid residues including 14 cysteine (C), 3 methionine (M) and 1 histidine (H).”® Cysteine and histidine resi-

Here we present a detailed study on the behaviour of Zn-
and Cd-QsMT aggregates under conditions of reductive rad-
ical stress.?! In particular, we modelled tandem radical
damage involving protein and lipid domains by vy irradiation
of lipid vesicle suspensions containing these two types of
metal-QsMT complexes. Different experimental conditions
were considered in order to obtain some insights into the
contribution of the different primary reactive species (hy-
drated electrons, hydroxyl radicals and hydrogen atoms) to
the processes determining secondary molecular damage in
another target site such as a lipid compartment. The use of
different spectroscopic techniques allowed the changes in-
duced on the proteins by v irradiation to be determined and
underline the involvement of the sulfur-containing moieties,
most interestingly the metal-sulfur clusters.

Results and Discussion
Radiolytic production of transients:***! y Radiolysis of neu-
tral water leads to e,,, HO" and H' [Eq. (1)]. The values in
parentheses represent the radiation chemical yields G in
units of micromoles per joule. From available literature ki-

Chem. Eur. J. 2009, 15, 6015-6024
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netic data on MTs,®! all three reactive species are expected
to react very fast with the M"-QsMT complexes (M"=Zn"
or Cd"). Radical stress on M"-QsMT was stimulated by
using by two experimental procedures: 1) the three reactive
species (in different proportions) are allowed to react with
M"-QsMT (Method A); 2) the hydroxyl radicals are scav-
enged by tBuOH (Method B).

H,0 % e, (0.27) + HO" (0.28) + H' (0.062) (1)

Method Al: Oxygen-free (Ar-flushed) 10 mm H,PO,” solu-
tions containing 30 um M"-QsMT. Under these conditions,
e,, can be converted to H' [Eq. (2), k,=1.5x10"m's™'],
depending on the pH [pK,(H,PO,”)=7.21] and the reactivi-
ty of e, with the substrate. Assuming a rate constant of 1x
10"m7's™! for the reaction of e,,~ with MT [Eq. (3)], about
20% of e,,~ will be converted to H' at pH 7, giving G(H’)
~0.13 umolJ ",

e +H,PO,” — H' + HPO> 2)
€, +M"-QsMT — electron adduct (3)

Method A2: N,O-saturated 10 mm H,PO,~ solutions contain-
ing 30 um M"-QsMT. Under these conditions, e,, are effi-
ciently transformed into HO" radicals by the approximately
0.02m of N,O [Eq. (4), ks=9.1x10°m"'s7], affording G-
(HO)=0.55 pmolJ ", that is, H" and HO" accounted for 10
and 90%, respectively, of the reactive species. With this
method G(H) is approximately half that of Method A1.

e +N,0+H,0 — HO +N, + HO (4)

Method BI: Oxygen-free (Ar-flushed) aqueous solutions
containing 0.2M tBuOH and 30 pm M"-QsMT. In the pres-
ence of 0.2m tBuOH, HO" radicals are scavenged efficiently
[Eq. (5), k;=6.0x10°m 's7'], although the rate constant of
HO" with MT is 1.7 x 10°m~'s 7.8

HO' + (BuOH — (CH,),C(OH)CH," + H,0 (5)

Since H' react with tBuOH only slowly [Eq. (6), ks=1.7 x
10°m~'s7!], it is expected that H' are partitioned between
the reaction with fBuOH and M"-QsMT [Egs. (6) and (7)].

H' + tBuOH — (CH,),C(OH)CH," + H, (6)
H' + M"-QsMT — hydrogen adduct (7)

Method B2: N,O-saturated aqueous solutions containing
0.2M BuOH and 30 yv M"-QsMT. In N,O-saturated solu-

tions (ca. 0.02m), e,, are efficiently transformed into HO*
radicals [Eq. (4)]. Under these conditions, H' and HO" radi-
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cals accounted for 10 and 90 %, respectively, of the reactive
species. As described above, HO" radicals are scavenged by
Equation (4), whereas H' atoms are partitioned between the
reaction with tBuOH and MT [Egs. (6) and (7)]. Therefore,
Methods B1 and B2 should afford similar G(H") values that
are slightly smaller than that of Method A2.

y Radiolysis of M"-QsMT complexes in POPC-LUVET sus-
pensions (Method A): The biomimetic model of a cell mem-
brane consisted of 2 mm suspensions of 1-palmitoyl-2-oleoyl-
phosphatidylcholine (POPC) liposomes containing large uni-
lamellar vesicles (LUVET) of a cis monounsaturated fatty
acid, to which solutions of Zn- or Cd-QsMT (30 um) in
phosphate buffer at pH7 were added.’” The mixtures
were flushed with Ar (Method A1) or saturated with N,O
(Method A2) prior to vy irradiation. Aliquots of the suspen-
sion (100 pL) were withdrawn at different irradiation times
for lipid isolation and derivatization to the corresponding
fatty acid methyl esters,®™ and the cis/trans lipid isomer
ratio was determined by GC analysis.’”?¥ In all experi-
ments, the geometrical isomerization of the lipid chains of
the POPC vesicles occurred and the formation of elaidate
(trans isomer) increased linearly with the dose. Control ex-
periments in the absence of metal-QsMT confirmed that
under these conditions elaidate formation is less than 0.2%
after exposure to 500 Gy.

Figure 2 shows the irradiation-dose profiles for formation
of trans isomer in the Ar-flushed (Method A1) and N,O-sa-
turated (Method A2) experiments. Both sets of experiments
clearly indicate that Cd-QsMT has a higher capacity to
induce cis—trans isomerization than Zn-QsMT. For a particu-
lar aggregate, Method A1l (solid lines) is more effective than
Method A2 (dashed lines), which suggests an important con-
tribution of the reducing species in the cis—trans isomeriza-
tion process. Indeed on going from Method Al to A2,
G(H’) is almost halved and e,,~ are transformed into HO’
radicals. Under similar conditions, it is reported that HO
radicals react rapidly with MT to produce disulfide bridges
via their radical anions.?"”!

35+
30+
‘ 25+
20+

% trans
isomer 15

104

54

s S
0- - T T T T T
0 100 200 300 400 500
Dose /Gy ——

Figure 2. Dose dependence of the formation of elaidate (trans isomer)
residues from vy irradiation of POPC vesicles (2 mm) containing Zn-
QsMT or Cd-QsMT aggregates (30 pm) in Ar-flushed (solid line) or N,O-
saturated (dashed lines) 10 mm H,PO, solutions at pH 7.
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Based on our previous investigation on tandem protein—
lipid damage,"™' these findings can be explained by the oc-
currence of desulfurization processes at the level of sulfur-
containing residues of the proteins, which generate diffusible
sulfur-centred radicals X' (e.g., CH;S" from methionine resi-
dues or HS'/S™ from disulfide bridges) that can migrate
from the aqueous phase to the membrane bilayer and trans-
form the double bond of the oleate moiety by the catalytic
addition—elimination mechanism shown in Scheme 1.0>1¢]

R’ rR2 X

X . H X Rt
— / :RQ
R!

—_
R2
X"=CHyS or §°
Scheme 1. Reaction mechanism for cis—trans isomerization catalyzed by
CH;S' or S™ radicals.

y Radiolysis of M"-QsMT complexes in POPC-LUVET sus-
pensions in the presence of tBuOH (Method B): In order to
evaluate more deeply the role of each reactive species in the
above-described reactions, we reformulated the experiments
under slightly different conditions including 0.2m tBuOH as
additive. This amount of rBuOH is needed to scavenge effi-
ciently HO" radicals and thus prevent their attack on M"-
QsMT.”! The experiments involved 2 mm POPC-LUVET
suspensions to which Zn— or Cd-QsMT solutions (30 pm)
and 0.2m rBuOH were added. The mixtures were flushed
with Ar (Method B1) or saturated with N,O (Method B2)
prior to vy irradiation.

Progressive isomerization paralleling irradiation dose is
shown in Figure 3, from low doses up to 500 Gy. In both Ar-
flushed (Method B1) and N,O-saturated (Method B2) pro-
tein-lipid suspensions, cis—trans isomerization was higher in
comparison to the analogous experiments in the absence of
tBuOH (cf. Figure 2). This behaviour further indicates that
H" atoms and perhaps e,,” are indeed very specific damaging
agents for sulfur-containing residues, and that this is the pro-
cess that can cause secondary molecular damage. Again it is
found that Cd—-QsMT has a higher capacity to induce cis—
trans isomerization than Zn-QsMT. For a particular aggre-
gate, The fact that Method B1 (solid lines) was more effec-
tive than Method B2 (dashed lines) indicates a synergic con-
tribution of hydrogen and electron adducts on M"-QsMT to
the formation of diffusible species responsible for cis—trans
isomerization.

Reaction mechanism: Under similar experimental condi-
tions using other peptides and proteins, we have previously
shown that methanethiyl radicals (CH,S") are produced by
the attack of H" on methionine residues promoting isomeri-
zation in an extremely efficient way.'''*! Also, post-transla-
tional modification of methionine to a-aminobutyric acid
(Aba) in peptides and proteins has been demonstrated. Dif-
fusible sulfur-centred radicals are not limited only to those
produced by methionine desulfurization. Indeed, we have
recently shown that H' and the e,, /H* couple react with di-
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Figure 3. Dose dependence of the formation of elaidate (trans isomer)
residues from vy irradiation of POPC vesicles (2 mMm) containing Zn—
QsMT or Cd-QsMT aggregates (30 um) in Ar-flushed (—) or N,O-satu-
rated (-----) solutions containing 0.2m tBuOH.

sulfide moieties of the bovine RNAse A sequence to pro-
duce alanine and H,S as products.™ Since QsMT contains
cysteine and sulfide ligands bound to metal ions, we suggest
that H' atoms and/or the e,, /H* couple also react with M"-
QsMT to produce sulfhydryl radical (HS/S™) which are
known to be very efficient cis—trans isomerising agents.’? In
this respect, the higher isomerization yields obtained in the
presence of Cd-QsMT, an MT preparation that contains a
larger number of acid-labile sulfide ligands than Zn—-QsMT
(3 instead of 1, Table S1 in the Supporting Information),
suggests a possible major role of the S* present in the
metal clusters as a precursor of diffusible isomerising radi-
cals (HS/S™).

By comparing these results with our previous experiments
on Met-containing peptides,'” and normalising the data on
the basis of the Met content, the Cd—QsMT system shows a
strong increment of the isomerisation efficiency (>30%).
This suggests that the other sulfur-containing moieties of the
protein come into play in addition to Met residues, and can
be connected with this tandem protein-lipid damage.

In Scheme 2 the possible desulfurization mechanisms con-
nected to lipid isomerization are summarized. We suggest
that both the reaction of H® with the methionine residue, af-
fording the diffusible thiyl radical CH;S’, and the reaction of
H' (and/or e,,”) with sulfide and cysteine ligands bound to
metals ions, affording diffusible HS/S™ radicals, are opera-
tive. These sulfur-centred intermediates can migrate from

S
o 5 A g 2k
H (eaq) + '|\I,t| r\iq-‘

H(exq) + (CyshM —

Scheme 2. Methionine residues (Met) or sulfur-containing ligands bound
to metals moieties (sulfide and cysteine) are modified by attack of H’
and/or e, with formation of diffusible sulfur-centered radicals such as
CH;S or S that can migrate to the lipid bilayer and induce cis—trans iso-
merization of unsaturated fatty acid residues.
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the aqueous phase to the lipid bilayer and transform the
double bond of the oleate moiety, according to the catalytic
mechanism shown in Scheme 1.l! Even very low levels of
protein modification produced by H" and/or €,,~ can be de-
tected, since an amplification effect is given by the catalytic
cycle of the thiyl radical-based cis—trans isomerization. In
other words, amplified membrane damage is the final effect
of these reductive pathways. The smaller isomerization effi-
ciency of Method A with respect to Method B (cf. Figures 2
and 3) suggests that the reaction of HO" radicals with M"—
QsMT (Method A) leads to the formation of oxidation
products that do not influence the parallel desulfurization
processes by the action of H and e, .

To gain further confirmation of our proposal, it was im-
perative to determine whether simpler metal-sulfur com-
plexes could produce cis—trans isomerization of the lipid
vesicles under similar experimental conditions. First, we
tested zinc sulfide (ZnS) and cadmium sulfide (CdS) suspen-
sions, and Figure 4 shows four representative experiments

% trans
isomer 5

1

0

A1l A2 B1 B2

Figure 4. Formation of elaidate (¢rans isomer) residues from 100 Gy of ir-
radiation of POPC vesicles (2 mm) containing CdS (30 um) by the various
methods: Al) Ar-flushed, A2)N,O-saturated, B1) Ar-flushed and 0.2m
tBuOH, B2) N,O-saturated and 0.2m tBuOH.

performed under the various methods described above with
CdS (30 um) at a dose of 100 Gy. In all experiments, geomet-
rical isomerization of the lipid chains of the POPC vesicles
occurred with the formation of trans isomer in about 5%
yield. Control experiments showed that frans isomer is not
formed in the absence of CdS. Analogous results were ob-
tained with ZnS. These findings strongly support the contri-
bution of the reaction of H" and/or e,,~ with sulfide ligands
bound to metal ions to afford a diffusible isomerising agent
(cf. Scheme 2). Next we checked the correspondent reactivi-
ty of metal cysteine complexes in producing isomerising spe-
cies, also in comparison with an analogous experiment car-
ried out with free cysteine. The Zn—Cys complex was chosen
as representative example, because of the insolubility of the
corresponding complex with Cd. Under the conditions of
Method B1 with Zn-Cys complex or free cysteine (30 mm),
4.1 and 7.7% of trans isomer were formed, respectively,
after 100 Gy of irradiation. Interestingly, free cysteine is
more effective in the cis—trans isomerisation than the Zn-
Cys complex; the latter gave identical results to the analo-
gous experiment carried out with ZnS.
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M"-QsMT modification associated with reductive stress: To
obtain information on protein modifications on H" and e,,~
attack, we used various spectroscopic techniques (Raman,
CD, and ESI-MS) to examine the changes produced in the
metal-QsMT complexes under the above-described condi-
tions.

Argon-flushed aqueous solutions of M"-QsMT containing
0.2m BuOH were irradiated at different doses, lyophilised
and analysed by Raman spectroscopy, a technique that pro-
vides valuable information on preferential sites of radical
attack.[""133% Figure 5 shows Raman spectra in the 250-
800 cm ! region for experiments with Zn-QsMT and Cd-
QsMT at 0, 50 and 100 Gy. This region provides information
on the involvement of sulfur-containing ligands such as cys-
teine (“SCys) and sulfide (S*7) in metal binding, with several
bands attributable to metal-S stretching modes at low wave-
numbers (<500 cm™!).** Previous studies enable assign-
ment of the metal-S bridging vibrations essentially to the
highest wavenumber bands (395-430 cm™"), whereas both S-
terminal and S-bridging ligands contribute to the lowest
wavenumber modes (280-370 cm™!).>% The lack of S—H
stretching at about 2570 cm ™' (data not shown) is in accord-
ance with the absence of free SH groups, as already ob-
served for other MTs.[*¥! Before irradiation, the weak inten-
sity of the disulfide bands (510-540 cm™' region) indicated
that almost all the 14 Cys residues present in QsMT are in-
volved in metal coordination."*! Different metal cluster ar-
chitectures in the two metallated QsMTs (a binuclear ZnS
centre in Zn-QsMT and a cubane-type cluster for Cd" ions),
in addition to metal centres M"(Cys), with a probable tetra-
hedral geometry have previously been suggested.™*!!

Exposure of the metal-QsMT aggregates to a 50 Gy dose
[Figure 5, spectra b)] led to changes in the metal-S stretch-
ing bands suggesting the occurrence of radical-induced
modifications in the metal-MT clusters. The decrease in in-
tensity of some metal-S stretching bands, particularly evi-
dent in the Zn-QsMT spectrum (i.e., 310 and 330 cm™"), in-
dicates partial destructuring of tetrahedral metal coordina-
tion environments (Figure 5 A). Also, the higher intensity of
the bands in the 410-440 cm™" region indicates a higher per-
centage of metal-Sy-metal (S,: bridging sulfur) bonds in
both metal-QsMT aggregates, which could be attributed to
a larger number of bridging Cys residues than in the native
structure. On increasing the irradiation dose to 100 Gy
[Figure 5, spectra c)], further changes in the bands due to S—
metal vibrations confirmed that they are one of the prefer-
ential sites of reductive radical attack. For Zn-QsMT, a sig-
nificant increase in intensity of the band at about 520 cm™
due to the S—S stretching mode of disulfide bridges was ob-
served, as well as the appearance of a band at about
480 cm™! that could be due to the formation of polysulfides
(S,).! These spectral modifications are in accordance with
oxidation of the protein upon irradiation, which can be a
consequence of partial deconstruction of the Cys—Zn clus-
ters. Similar behaviour has been observed for rabbit Zn-MT
and Zn/Cd-MT undergoing oxidative stress.?**!
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Figure 5. Raman spectra of A) Zn-QsMT and B) Cd-QsMT in the 800-
250 cm ™! region for Ar-flushed aqueous solutions containing 0.2m BuOH
at different irradiation doses: a) 0, b) 50 and c) 100 Gy.

In the primary structure of QsMT, the Met residues,
which are not involved in metal binding, proved to be the
most sensitive residues towards y radiolysis when the pro-
tein binds Cd" ions. In fact, after a 50 Gy dose exposure the
splitting of the 727 cm™! band (730 and 717 cm ™) due to the
C—S bonds of the Met residues was visible [Figure 5B, spec-
trum b)]. On the contrary, only a very weak intensity de-
crease of the 725cm™' band was observed in Zn-QsMT
under the same conditions. It is well known that H' atoms
selectively attack Met.'"¥! Therefore, the different sensitivity
to reductive attack displayed by the Met residues of the two
metallated QsMT forms is easily rationalized by taking into
account the already proposed different folding of the pro-
tein when binding Zn" or Cd™.>*! Hence, H" atom attack
on Met could be partially limited by the polypeptide folding
in the Zn—-QsMT complexes, and then other moieties could
become the preferential sites of attack (i.e., metal-thiolate
and/or metal-sulfide bonds). Since reductive radical attack
on Met residues was recently found to yield diffusible sulfur
radicals that can induce damage in cellular membranes, this
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result can be related to the lower capability of Zn-QsMT to
induce cis—trans isomerisation than Cd-QsMT (cf. Figure 2
and 3).

Analogously to Met, Phe residues are significantly at-
tacked by reductive species only when QsMT is bound to
Cd". In fact, irradiation of the Cd-QsMT complexes in-
duced splitting of the 625 cm™ band due to Phe side chain
(ca. 630 and ca. 620 cm '), whereas no significant spectral
changes in this band were visible in the Zn-QsMT system
(Figure 5).

Distinct polypeptide folding of the Zn" and Cd" com-
plexes of QsMT™®! was also concordant with the bands af-
forded by the His residue of the QsMT spacer (cysteine-
devoid region). The two nitrogen atoms of His are potential
donors for transition metal ions, and their participation in
metal-binding can be detected by using Raman marker
bands, such as the C,=C;s stretching band. In fact, this band
appears at different wavenumbers depending on the tauto-
meric form of His and its involvement in coordina-
tion.**¥1 Eventual His participation in the metal binding
was evaluated by curve-fitting analysis of the 1630-
1565 cm™" spectral range that allows the contribution of
overlapped weak bands generated by His and Phe residues
to be distinguished (see Supporting Information). This anal-
ysis revealed that 95 and 10% of His is involved in metal
binding in the Cd-QsMT and Zn-QsMT native structures,
respectively, whereas His becomes completely involved in
both Cd"™ and Zn" coordination after 100 Gy irradiation.
Thus, the attack of reductive reactive species is able to
induce a significant structural rearrangement of the metal
aggregates, as indicated by the necessity of new metal li-
gands such as His to stabilize the overall structure of the
metal-MT complexes.

Analysis of CD spectra recorded before and after irradia-
tion can be informative if compared with the distinct CD
fingerprints that recombinant Cd-QsMT preparations show,
depending on the participation of sulfide ligands in Cd coor-
dination.”! The variations observed in the CD fingerprint of
the Cd-QsMT sample after irradiation at 50 and 100 Gy
(Figure 6) suggest a decrease in Cd—SCys chromophores and
an increase in Cd-S*~ chromophores, in agreement with
Raman data. The low intensity and chirality of the CD spec-

Ae/ M -om

-10-

-204

730 “ T T T T 1

220 240 260 280 300 320
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Figure 6. Comparison of the CD spectra of different recombinant Cd—
QsMT preparations: Cd—QsMT before irradiation (black); Cd—QsMT ir-
radiated at 50 Gy (dashed) and Cd—-QsMT irradiated at 100 Gy (dotted)
of Ar-flushed aqueous solutions containing 0.2m tBuOH.
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trum of Zn-QsMT™ precluded
a parallel analysis to that made
with Cd-QsMT. However, the
UV/Vis spectra recorded after
increasing irradiation doses also
confirmed the increased
number of Zn-S*" chromo-
phores in this case.
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On the contrary, in the case of
Zn-QsMT, the attack of reac-
tive species seems to occur
mainly on metal thiolate clus-
ters and thus induces a signifi-
cant structural rearrangement,
as also indicated by the forma-
tion of new disulfide bridges,
and by the necessity of new
metal ligands (i.e., His) to sta-
bilize the metal-MT aggregates (see above). This conclusion
was further confirmed by the radical-induced modifications
observed in the 730-800 cm™' region of the Raman spec-
trum, where the contribution from both the vibrational
modes of the C—S bonds originating from Cys-metal
bondsP” and the backbone vibrations are visible [Figure 5 A,
spectrum c¢)].P" In particular, the appearance of a strong
component at 754 cm™' in Zn-QsMT, as opposed to Cd-
QsMT, indicated a relevant increase in the f-turn content of
the Zn-containing aggregates after the highest irradiation
dose [Figure 5, spectra c)].’? Thus, the contribution of this
process to the formation of diffusible radical species could
explain the higher capacity of the Cd—-QsMT aggregates to
induce cis—trans isomerisation than the Zn-containing com-
plexes.

An ESI-MS analysis allowed us to establish that the
attack of reductive species on Cd-QsMT leads to breaking
of the protein backbone. To illustrate this, Figure 7 shows
ESI-MS spectra recorded at pH 7 (Cd" bound to QsMT)
and at pH2 (Cd" displaced from QsMT; therefore, only
apo-peptides) before and after irradiation of the Cd—-QsMT
samples at 100 Gy. Interestingly, ESI-MS data recorded at
pH 7 clearly suggest that irradiation induces two kinds of
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Figure 7. ESI-MS spectra at pH 7.0 (A, B) and deconvoluted spectra at pH 2.0 (C, D) of the recombinant Cd—
QsMT sample before (A, C) and after (B, D) irradiation of Ar-flushed aqueous solutions containing 0.2m
tBuOH at 100 Gy. In A) the major species before irradiation is Cd¢S,~QsMT (1725.7 and 1438.6 peaks with
charges of +5 and 46, respectively) together with several minor species. In B), after the irradiation of the
sample at 100 Gy the major species in solution is still CdsS,~QsMT. In the deconvoluted spectra at pH 2.0
before irradiation (C), the species with mass 7816.0 corresponds to apo-QsMT. After irradiation at 100 Gy the
deconvoluted spectrum at pH 2.0 (D) shows the resulting fragments of the protein. Letters a, b and ¢ corre-
spond to the most abundant fragments. Their sequences, identified by using FindPept (http://www.expasy.org/
tools/findpept.html), are displayed at the bottom of the figure.

changes in the Cd-QsMT preparations: 1) small variations
of their mass compatible with desulfurisation of some Cys
or Met residues to Ala or Aba, respectively, and 2) varia-
tions in the speciation, so that only the major species
(CdeS4~QsMT) is resistant at 100 Gy. Moreover, ESI-MS
data recorded at acid pH revealed that, even at the lowest
irradiation dose (50 Gy), the protein backbone is cleaved;
the stronger the irradiation, the shorter the generated pep-
tide fragments. Analysis of the detected peptide fragments
revealed that the cleavage sites can be located in the cys-
teine-devoid spacer, probably due to the greater exposure of
this part of the polypeptide to reactive species attack. In
conclusion, data at both pH 7 and pH 2 revealed that in irra-
diated Cd¢S,—QsMT, the Cd—SCys bonds are precisely what
maintains the integrity of the initial complex, even after
breaking of some peptide bonds of the spacer. This observa-
tion nicely corroborates our previous proposal that Zn— and
Cd-QsMT aggregates are folded into a hairpin rather than a
dumbbell.!

Cleavage of the polypeptide backbone may be due to the
addition of solvated electrons to the peptide carbonyl group.
In fact, in proteins the number of carbonyl groups is much
higher than that of other active sites (i.e., disulfide bridges,

— 6021

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

C. Chatgilialoglu, A. Torreggiani et al.

A EUROPEAN JOURNAL

%E{)J\NHZ + .L% -~ *Hbl‘/)-\ﬂ)‘%

Scheme 3. A possible mechanism for peptide backbone breaking caused
by e, attack.

His) and thus the probability that e,,  react with them is
higher. Electron capture by carbonyl groups can give rise to
a reaction similar to deamination, causing main-chain cleav-
age and formation of a-carbon-centred radicals
(Scheme 3).8%

Conclusions

A biomimetic model of unsaturated lipid vesicle suspensions
containing metal-MT complexes proved to be an effective
system for studying the reaction of reductive reactive spe-
cies (H and e,, ) with Met residues or sulfur-containing li-
gands. Desulfurization of these residues occurs with genera-
tion of sulfur-centred radicals, which in turn are catalysts of
the cis—trans isomerisation in liposomes. These results help
to envisage the identity of the real culprits in the endoge-
nous formation of trans lipids, and thus suggest a compre-
hensive chemical biology approach to fully evaluate the pro-
teomic and lipidomic changes associated with cellular stress.
Tandem lipid—protein damage consists of changes in the nat-
ural cis lipid geometry to the corresponding trans isomer, to-
gether with disruption of the protein backbone and/or of the
metal clusters, mutation of the protein Cys or Met amino
acid residues and formation of Ala or Aba, respectively.
These findings can be important in the puzzling biological
questions connected to radical stress and molecular signal-
ling derived therefrom, in particular the role of the metal-
sulfur clusters in the oxidoreductive biological environment
and the general antioxidant activity attributed to these ubig-
uitous metalloprotein structures.”? Other interesting rela-
tions can be found in the change in redox potential®? and in
the mechanisms of mobilization of sulfur that are adaptation
processes linked to their reactivity.**l

Experimental Section

Preparation and characterisation of recombinant M"-QsMT aggregates
(M"=Zn" or Cd"): QsMT was obtained in its Zn-, or Cd-complexed
forms by heterologous synthesis in E. coli, followed by purification by af-
finity chromatography and fast protein liquid chromatography (FPLC).
The clone containing the pGEX-QsMT plasmid was previously construct-
ed as reported.” Protein synthesis was performed in 6 L Lucia Bertani
cultures inoculated with 600 mL of an overnight culture and grown at
37°C during 1.5 h, until an ODyy, of 0.8-1.0 was reached. QsMT biosyn-
thesis was induced at this moment with 100 pum isopropyl -p-thiogalacto-
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pyranoside (IPTG; final concentration), and 300 um ZnCl, or 300 um
CdCl, was added 30 min thereafter (final concentration). Cells were
grown for 3 h and lysed by sonication. From this step on, all processes
were performed in Ar-saturated atmosphere. M"-QsMT aggregates were
purified in phosphate buffer saline (PBS x 1) by batch-affinity chromatog-
raphy (Glutathione-Sepharose 4B) followed by a digestion with throm-
bin. The resulting samples were concentrated by centrifugation with Cen-
triprep Microcon 3 (Amicon) and subsequently purified in 50 mm Tris
HCI pH7 by FPLC on a Superdex 75 column. Selected fractions were
kept at —70°C until further use. Further details of the synthesis and pu-
rification steps can be found in the literature.”>>!

Following the procedures already described for other MTs,*?¥ the pro-
tein concentrations and metal-to-protein ratio of the different M"-QsMT
preparations were determined by inductively coupled plasma atomic
emission spectroscopy (acid ICP-AES) on a Polyscan 61 E (Thermo Jar-
rell Ash) spectropolarimeter. The mean sulfide-to-protein ratios were es-
timated by GC-FPD (FDP={flame photometric detector) measurements
of the sulfide content of the samples on an HP 5890 Series II gas chroma-
tograph coupled to a FPD80 CE Instruments (Thermo Finnigan) detec-
tor, which were referred to the protein concentration measured by acid
ICP-AES.F! The metal complexes present in the Zn-QsMT and Cd-
QsMT preparations were analysed and characterised by spectroscopic
and spectrometric methods. The average contents of metal ions and acid-
labile sulfide (S*7) of the recombinant QsMT preparations proved to be
higher in Cd- than in Zn-QsMT (Table S1, Supporting Information),
consistent with the previously reported data.**!

M"S and M"-Cys complexes (M"=Zn" or Cd"): ZnS and CdS were
commercially available and used without further purification. The Zn"-
cysteine complex was obtained by mixing aqueous solutions of ZnCl, and
L-cysteine in the 1/2 metal/ligand ratio following a literature method,*
whereas the corresponding complex with Cd is reported to be water-in-
soluble.F®!

Irradiation of the M"-QsMT complexes (M"=Zn" or Cd"): M"-QsMT
(30 um) were prepared in aqueous 0.2M fBuOH or 10 mm phosphate
buffer at pH 7. Aliquots of the solutions were transferred to different
vials, flushed with N,O or Ar, and then irradiated. tBuOH concentration
was 2% (v/v). One of the vials was not irradiated and directly analysed
spectroscopically, whereas the other vial was irradiated for different
times in the range of 9-10 Gymin~!. Continuous radiolysis was per-
formed by using a “Co Gammacell (Atomic Energy of Canada Ltd.,
Canada) at a dose rate of 10-12 Gymin'. The exact absorbed radiation
dose was determined with a Fricke chemical dosimeter, by taking G-
(Fe*)=1.61 umol J~1.5

Irradiation of M"-QsMT, M"S and M"-Cys complexes (M"=Zn" or
Cd") in large unilamellar vesicles: Our biomimetic model of a cell mem-
brane consisted of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipo-
somes containing a cis monounsaturated fatty acid, in the form of large
unilamellar vesicles (LUVET) approximately 100 nm in diameter, pre-
pared by the extrusion technique.>!! LUVET were prepared as previ-
ously described™! by using POPC in aqueous solution. Water was puri-
fied with a Millipore (Milli-Q) system. POPC-LUVET suspensions were
prepared to a final concentration of 2 mm in a 4 mL vial equipped with
an open-top screw cap and a Teflon-faced septum. M"-QsMT, M"S and
M"_Cys samples were added until a final 30 um concentration. tBuOH or
phosphate buffer at pH 7 were added when necessary to respective final
concentrations of 0.2M and 10 mwm. In all cases, the total volume of the re-
action sample was 0.5 mL. The suspension was flushed with argon or
N,O prior to vy irradiation. During irradiation, aliquots of the reaction
mixture were withdrawn at various time intervals. Workup and analysis

of the irradiated reaction mixture were carried out as previously report-
ed [1112.14)

Spectroscopic and spectrometric analysis of Zn- and Cd-QsMT com-
plexes: As in previous work, a Jasco spectropolarimeter (J-715) inter-
faced to a computer (GRAMS/AI (7.02) Software) was used for circular
dichroism (CD) determinations.” Electronic absorption measurements
were performed on an HP-8453 diode-array UV/Visible spectrophotome-
ter. All spectra were recorded in 1cm capped quartz cuvettes, and all
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manipulations involving QsMT solutions were performed under argon at-
mosphere.

The molecular mass of the Cd—QsMT species was determined by electro-
spray ionisation time of flight mass spectrometry (ESI-TOF-MS) on a
MicroToF-Q Instrument (Bruker), calibrated with Nal (0.2 g of Nal dis-
solved in 100 mL of a 1:1 H,0:2-propanol mixture). In the ESI-TOF-MS
analysis of the metallopeptides, 20 pL of the sample was injected at
40 pLmin~' under the following conditions: source temperature, 150°C;
desolvation temperature, 250°C; capillary-counterelectrode voltage,
3.0 kV; cone potential, 80 V. Spectra were collected throughout the m/z
range from 950 to 2150 at a rate of 2 s per scan with an interscan delay of
0.1's. The liquid carrier was a 10/90 mixture of acetonitrile and 5 mm am-
monium acetate, pH 7. For apo-form analysis, the samples were demetal-
lated by acidification with HCI at pH 2, and mass spectrometry was car-
ried out as explained for the holo forms, except that the liquid carrier
was a 10/90 mixture of methanol and ammonium formate/ammonia at
pH 1.5. In all cases, the theoretical molecular masses were calculated ac-
cording to ref. [24], except for the sulfide-containing species, for which
two additional protons were added per sulfide anion.

For Raman analysis and to overcome the spectroscopic masking effect of
the Tris HCI buffer in Raman and IR spectroscopy, samples were subject-
ed to a dialysis and lyophilisation protocol prior to irradiation.*! 1 mL of
each Zn- or Cd-QsMT sample containing 1 mg of protein was subjected
to 6 h of dialysis against (200 mL) of 5 mm Tris HCI buffer pH 7 by using
dialysis membranes from Medicell International (¢§ 6.3 mm). The 5 mm
Tris HCI solution was changed after 2 h of dialysis. Freezing at 80°C for
1 h and lyophilisation of the samples for 6 h followed the dialysis process.
The resulting solid precipitates were redissolved in 200 pL. of deionised
water and subjected to an additional dialysis/lyophilisation cycle. The
final lyophilised product was kept frozen at —80°C until analysis. Raman
spectra were obtained on lyophilised samples with a Bruker IFS 66 spec-
trometer equipped with an FRA-106 Raman module and a cooled Ge-
diode detector. The excitation source was a Nd*T:YAG laser (1064 nm)
in backscattering configuration. The spectral resolution was 4 cm™, and
the total number of scans for each spectrum 6000. The laser power on
the sample was 100 mW. A linear correction brought the base line of the
Raman spectra to approximately zero intensity. The derivative spectra
were calculated according to the Savizky-Golay method. Curve-fitting
analysis was implemented with OPUS/IR version 2.0 program, which
uses the Levenberg-Marquardt algorithm. The Raman component pro-
files were described as a linear combination of Lorentzian and Gaussian
functions, whereas the IR components were described as Gaussian func-
tions.
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Table S1. Analytical Characterisation of the Zn- and Cd-QsMT preparations

Metal-QsMT Acid ICP-AES® GC-FPD
Mean metal content Mean sulfide content
Zn-QsMT 3.87Zn 1.3
Cd-QsMT 5.7Cd 2.8

* Metal/QsMT ratio calculated from the S, Zn, Cd concentrations from acid ICP-AES
measurements. The protein content, and thus the metal-to-protein ratio values, were
calculated assuming that all the S measured corresponded to the 14 Cys and 3 Met

residues of the QsMT polypeptide (17 mol S = 1 mol QsMT).

193



12 4

104

. N /
isomer | .

% trans

T T T T T T T T T !
0 100 200 300 400 500
Dose / Gy

Figure S1. Dose dependence of the formation of elaidate (trans isomer) residues from y irradiation
of POPC vesicles (2 mM) containing CdS (30 uM) in N,O-saturated 10 mM H,PO4" solutions at pH
7 (W) or N,O-saturated (@) solutions containing 0.2 M /BuOH.
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Figure S2. Dose dependence of the formation of elaidate (trans isomer) residues from y irradiation
of POPC vesicles (2 mM) containing CdS (30 uM) in Ar-flushed 10 mM H,PO4" solutions at pH 7
(M) or Ar-flushed (@) solutions containing 0.2 M BuOH.
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Figure S3. Raman spectra of (A) Zn-QsMT and (B) Cd-QsMT in the 1710-1550 cm’ region
before (a) and after irradiation exposure: 50 (b) and 100 Gy (c). If aromatic residues are present in a
low percentage, as in MTs, in this spectral region it is possible to identify the weak band due to the
C=C stretching vibration of His residues, whose frequency is strongly dependent by the tautomeric

form of His (tautomer I or II, also referred as N.-H or N —H) and its involvement in metal ion

chelation

195






RELACIO DE TAULES

1. Introduccié
Taula 1.- MTs amb I’estructura tridimensional inclosa en el PDB.
Taula 2.- MTs de planta 10

3. Resultats i discussio
3.1 Estudi de la capacitat coordinant de la metal-lotioneina MeMT del mol-lusc M.edulis
Taula 3.- Dades de la sintesi de MeMT en medis rics en Zn(ll) i Cd(ll) 33

Taula 4.- Dades de les sintesis de MeMT en medis rics en Cu(ll) 35

3.2 Estudi de /a capacitat coordinant de la metal-lotioneina QsMT de I'alzina surera Q.suber

Taula 5.- Dades de la sintesi de QsMT, N25-C18, N25 i C18 en medis rics en Zn(ll) 38
Taula 6.- Dades de les sintesis de QsMT i N25-C18 en medis rics en Cd(ll) 38
Taula 7.- Dades de la sintesi de N25 i C18 en medis rics en Cd(ll) 41

3.3 Estudi de la capacitat coordinant de les metal-lotioneines CeMT1 i CeMT2 del nematode

C.elegans
Taula 8.- Dades de la sintesi de CeMT1, NtCeMT1 i CtCeMT1 en medis rics en Zn(ll) i Cd(ll) 44
Taula 9.- Dades de la sintesi de CeMT2, NtCeMT2 i CtCeMT2 en medis rics en Zn(ll) i Cd(ll) 46
Taula 10.- Dades de la sintesi de CeMT1, NtCeMT1 i CtCeMT1 en medis rics en Cu(ll) 48
Taula 11.- Dades de la sintesi de CeMT2, NtCeMT2 i CtCeMT2 en medis rics en Cu(ll) 49
Taula 12.- Dades de la sintesi de CeMT2 i AHisCeMT2 en medis rics en Zn(ll) i Cd(ll) 51
Taula 13.- Dades de la sintesi de CeMT2 i AHisCeMT2 en medis rics en Cu(ll) 51
Taula 14.- Resultats dels experiments d'incubacié de MTs amb DEPC 53

3.4 Estudi de la capacitat coordinant de la metal-lotioneina Cup1 del llevat S.cerevisiae
Taula 15.- Dades de la sintesi de Cup1 en medis rics en Zn(ll) i Cd(ll). 55

Taula 16.- Dades de les sintesis de Cup1 en medis rics en Cu(ll) 57

3.6 Estudi del comportament de les metal-lotioneines envers 'estres reductor

Taula 17.- Caracteritzacié de les metal-lotioneines natives Cd-Cup1 59

3.6 Vers una nova proposta de classificacio de les MTs
Taula 18.- Esquema de la gradacio6 de les MTs 67

Taula 19.- Propietats comparades de les Zn-tioneines i les Cu-tioneines genuines 69



RELACIO DE FIGURES

1. Introduccié

Figura 1.- Esquema general d’obtencio i purificacid d’una proteina recombinant 5
Figura 2.- Estructura tridimensional de MTs enllagades a ions divalents 7
Figura 3.- Estructura tridimensional de Cug-Cup1 de llevat 8
Figura 4.- Agregats metall-proteina de les fitoquelatines 9
Figura 5.- Espectres de DC representatius de Cd-MTs amb lligands sulfur 12
Figura 6.- Representacié esquematica del cicle redox proposat per a les MT 14
Figura 7.- Alineament de les sequiiencies de les MTs de M.eaulisi M.galloprovincialis 16
Figura 8.- Connectivitat dels clusters metall-MT de Cd,-MT10 de M.galloprovincialis 17
Figura 9.- Models estructurals proposats per a les MTs de planta 19
Figura 10.- Alineament de les sequéncies de CeMT1 i CeMT2 20
Figura 11.- Alineament de les seqiiéncies de Cup1 i Crs5 22
3. Resultats i discussié

3.1 Estudi de /a capacitat coordinant de la metal-lotioneina MeMT del mol-lusc M.edulis

Figura 12.- Espectres de DC de la MT10 de M.galloprovincialisi de M.edulis 33

3.2 Estudi de /a capacitat coordinant de la metal-lotioneina QsMT de I'alzina surera Q.suber

Figura 13.- Estructura primaria de QsMT, N25iC18 37
Figura 14.- Espectres de DC de Cd-N25-C18 i Cd-QsMT 39
Figura 15.- Expressio de QsMT, N25-C18, N25 i C18 en soques de llevat 39
Figura 16.- Espectres de DC de les acidificacions de les produccions de Cd-QsMT 40

3.3 Estudi de la capacitat coordinant de les metal-lotioneines CeMT1 i CeMTZ2 del nematode

C.elegans
Figura 17.- Estructura primaria de CeMT1, CeMT2, i els seus péptids derivats 43
Figura 18.- Alineament de les sequéncies de CtCeMT1 i CtCeMT2 50
Figura 19.- Esquema de la reaccié entre el DEPC i la histidina 50

3.4 Estudi de la capacitat coordinant de la metal-lotioneina Cup1 del llevat S.cerevisiae
Figura 20.- Variacions espectroscopiques i espectrometriques de Cd-Cup1 amb el temps 56
Figura 21.- Esquema general de les purificacions de la MT Cd-Cup1 nativa 58

Figura 22.- Espectres de DC de Cd-Cup1 nativa i recombinant 60



3.5 Estudi del comportament de les metal-lotioneines envers [’estrés reductor
Figura 23.- Esquema general dels danys produits per radicals reductors
Figura 24.- Radidlisi de I’H,O i mecanisme de reaccié de la frans-isomeritzacio

Figura 25.- Esquema general dels diferents experiments realitzats amb radicals i MTs

3.6 Vers una nova proposta de classificacio de les MTs
Figura 26.- 7rans-isomeritzacio del POPC produit per Zn-QsMT i Cd-QsMT
Figura 27.- Alineament de les sequéncies de HpCuMT i HpCdMT
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