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1. INTRODUCCIO

1.1 Qué sdén les metal-lotioneines?

L'any 1957, Margoshes i Vallee descobreixen i caracteritzen una proteina
associada a zinc i cadmi a partir de cortex de ronyé de cavall, que van anomenar
metal-lotioneina degut al seu elevat contingut en sofre i ions metal-lics.* Des d’aquest
descobriment, el nombre de treballs dedicats a aquestes proteines ha crescut
exponencialment, de tal manera que avui en dia es poden trobar en la literatura prop
de 17.000 articles cientifics que cobreixen els resultats obtinguts tant pel que fa
referéncia als seus aspectes quimics, biologics i bioquimics com a d’altres de caire
mediambiental, toxicologic, patoldgic o nutricional.?

Les metal-lotioneines (MTs) s6n unes proteines molt particulars, no només per
la seva ubiquitat (presents en la majoria d’organismes vius, apartat 1.5), sin6 perque, a
més a més, es caracteritzen per tenir un baix pes molecular (3-10 kD) i un elevat
nombre de cisteines (30% dels seus aminoacids). Aquest alt contingut en Cys els
confereix una elevada capacitat per enllacar ions metal-lics aixi com una considerable
reactivitat. Cal destacar també el baix nombre de residus hidrofobics (0-3%), histidina i
arginina i 'abséncia, en la majoria de MTs, de residus aromatics, la qual cosa facilita el
seu estudi per técniques espectroscopiques. Les MTs natives enllacen metalls
essencials, basicament zZn(ll) i/o Cu(l), perd també poden coordinar metalls toxics,
com Cd(lIl), Hg(l), Ag(l) o Pb(ll). A més, amb independéncia de la seva composicié
metal-lica inicial, les MTs poden enllacar-se in vitro a una gran varietat d’ions
metal-lics, com Ag(l), Au(l), Bi(lll), Cd(ll), Co(ll), Cu(l), Fe(ll), Hg(ll), Ni(ll), Pb(ll), Pt(ll),
Te(IV) i zn(ll).2

1.2 Metodes d’obtencié

El procediment tradicional d’obtencié de MTs, i fins fa uns anys el més emprat,
es basa en la induccio de la seva sintesi en éssers vius i el seu posterior aillament i
purificacio a partir dels 0rgans on més es sintetitza la proteina. La produccié de MTs
pot ser induida per un gran nombre de factors, com per exemple la presencia de
metalls, agents radicals oxidants, exposicié a radiaci6 UV, determinades hormones,
etc. Agquest metode, pero, presenta diversos inconvenients ja que comporta un
procediment de purificacié llarg i dificil que sovint déna lloc a proteines de baixa
concentracid i puresa limitada.* Addicionalment, no és aplicable a tots els organismes i

la composicié metallica de les proteines que se’n recuperen és funcié del métode
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d’induccié emprat.

Una possibilitat emprada per tal de pal-liar els inconvenients de la metodologia
anterior, pero menys utilitzada que la primera, és la sintesi quimica de les cadenes
peptidiques sobre suport solid. Si bé aquesta metodologia ha permés caracteritzar
MTs de fongs® i els dominis per separat d’algunes MTs de crustaci® i de mamifer’®
també presenta les seves limitacions, com és la longitud de la cadena peptidica o el fet
que s'obté la proteina desmetal-lada i, per tant, té el requeriment d’haver de protegir
els residus cisteinics per evitar la seva oxidacié.

Una altra alternativa, molt més actual i ampliament utilitzada avui en dia,
consisteix en la biosintesi de MTs mitjancant la técnica de '’ADN recombinant. Aquesta
es basa en la utilitzacié de cél-lules bacterianes o de llevat per sintetitzar productes
heterodlegs, és a dir, propis d’'una altra espécie. Aixi, I'aprofitament dels mecanismes
cel-lulars de sintesi de proteines en bacteri o llevat permet obtenir quantitats elevades
d'un producte que normalment no es sintetitza en aquestes cél-lules. D’aguesta
manera es poden obtenir MTs d’'una gran puresa en elevades concentracions i en
forma metal-lada, evitant aixi els inconvenients dels métodes anteriors.?

Entre d'altres, el grup de recerca de la Universitat de Barcelona actualment
dirigit per la Dra. Silvia Atrian va posar a punt, cap a l'inici de la década dels 90, un
metode d’expressié de metal-lotioneines en E.coli. Des de llavors, s’han obtingut MTs
d’'una amplia varietat d’organismes i fins i tot s’han pogut sintetitzar per separat els
dominis constituents d’algunes MTs que s’estructuren en més d’'un domini.®*° Aixi
mateix, i en funcié del metall amb que s’enriqueix el medi de cultiu, s’han obtingut MTs
enllacades a diferents ions metallics, tot cercant aquells agregats metall-MT de

rellevancia fisiologica.

1.3 Caracteristiques estructurals

La majoria de MTs presenten un baix grau d’estructura secundaria i manca
d’estructura terciaria,'* de manera que en abséncia de metall (forma apo) les MTs
presenten una estructura desordenada (random coil).*? Aixi, actualment és ben
conegut que l'estructura tridimensional de les MTs ve determinada pel nombre i
naturalesa dels ions metal-lics coordinats, els quals donen lloc a complexos
metall-tiolat polinuclears. Per tant, sén les Cys de la cadena polipeptidica de les MTs
les que coordinen els ions metal-lics i és aquesta coordinacié la que determina el
replegament de la proteina. No obstant aix0, la formacié de complexos metall-MT

estables només pot ser aconseguida si la cadena polipeptidica es plega de manera
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que els atoms de Scys quedin disposats en una situacié espacial acceptable per a
satisfer les geometries de coordinacié especifiques dels ions metal-lics enllagats i
sense produir tensions excessives en la conformaci6 de la proteina.® Afortunadament,
la gran plasticitat de [l'estructura primaria d’aquestes proteines els confereix la
sorprenent propietat d’adaptar-se a metalls que difereixen for¢ca en el seu radi atomic i
preferencies coordinatives sense provocar distorsions importants en la geometria de
coordinacié d’aquests ni en la conformacio global de la proteina.

Aquesta mateixa flexibilitat de la cadena polipeptidica, juntament amb la
fluctuacido dinamica dels ions metal-lics entre els dominis de les MTs, ha dificultat
durant molt de temps l'estudi de l'estructura d’aquestes proteines mitjancant les
técniques convencionals. No obstant aixo, les técniques de RMN de **'Cd, ***Cd i/o *H
i de difraccié de raigs X han permeés disposar d'informaci6 precisa sobre I'estructura

tridimensional d’algunes MTs. Aixi, per RMN s’ha pogut resoldre I'estructura d’algunes

13,14,15,16,17 19,20

MTs de mamifer, i daltres organismes com peixos,18 crustacis,
equinoderms® o cianobacteris®® enllagades a metalls divalents (Zn i/o Cd). Amb
aquests estudis s’ha pogut determinar que en les MTs de mamifer la cadena
polipeptidica es replega donant lloc a dos dominis globulars d’aproximadament la
mateixa mida, amb quiralitat oposada, i essencialment no interactius i en els que els
residus hidrofilics estan orientats cap a l'exterior de la molecula (Figura 1.1). El
fragment N-terminal forma l'agregat MsSe, domini 3, amb 3 Scy,s pontals i 6 de
terminals, i el fragment C-terminal dona lloc a I'agregat M;S;;, domini a, amb 5 Scys
pontals i 6 de terminals. En ambdds dominis, els metalls presenten coordinacio
tetraédrica. En les altres espécies esmentades, amb I'excepcié de la MT de bacteri,
també s’observa Il'ordenaci6 dels
polipéptids en dos dominis, propers als
de mamifer, perd que tant el numero

com la posicié dels residus de Cys és

diferent, generant diferéncies
estructurals i de reactivitat importants. domini a :Om'n'ﬁ
0 9
Contrariament, la MT de cianobacteri, N A a’_ °
| ¥ 8- ),
més curta que les anteriors, presenta un V é °'~'£.ﬁ_:g--—o
o o

anic  agregat  Znu(Scys)o(Nwis)2  de
Figura 1.1.- Estructura de la CdsZn,-MT2 de

conformacié similar al domini a de les fetge de rata i dels seus fragments o. i B

MTs de mamifer.
Les dificultats en l'obtenci6 de mostres cristalitzades, juntament amb la
inexisténcia d'isdtops de Cu actius en RMN,* han fet que I'estructura de les MTs que

contenen Cu sigui forca menys coneguda. Tot i aixi, s’han determinat les estructures
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tridimensionals de certes Cu-MTs, com la de Cupl de Saccharomyces cerevisiae?*?®

(Figura 1.2.A) o la de NcMT de Neurospora crassa'’ (Figura 1.2.B). Encara que la
primera conté 12 Cys, 10 de les quals enllacen entre 7 i 8 Cu(l), i NcMT conté 7 Cys

enllacades a 6 Cu(l),?® ambdues s’estructuren en un Gnic domini (Figura 1.2).

e C
A B

Figura 1.2.- Estructura 3D de: (A) Cu,-MT de Saccharomyces cerevisiae, i (B) Cus-MT de
Neurospora crassa.

La difraccio de raigs X i la RMN sdén les técniques d’elucidacié estructural per
excel-léncia, perd cal remarcar que les espectroscopies de DC i d'emissié han
proporcionat una informacid considerable sobre la coordinacié d’alguns metalls a les
MTs. Aixi, a partir d’estudis realitzats amb Zn(ll), Cd(Il), Hg(ll), Cu(l) o Ag(l),® s’han
identificat diversos motius estructurals i s’ha determinat que la MT nativa de fetge de
conill déna lloc a agregats Zn,-MT, Cd;-MT, Cu;>-MT, Ag1>-MT, Agi1s-MT 0 Hglg-MT.2

1.4 Classificacio de les metal-lotioneines

Normalment les proteines es classifiguen segons la seva funcionalitat
(proteases, oxigenases, reductases, etc). Aquest no és el cas de les MTs, la funcié o
funcions fisiologiques de les quals avui en dia encara no estan totalment definides
(apartat 1.6). Per aquest motiu s’han fet diverses propostes de classificacié en funcio
de les homologies de sequéncia i caracteristiques estructurals de les MTs conegudes.

La primera classificacié, proposada I'any 1985, comporta tres grans grups de
MTs en funcié de les caracteristiques de la seva estructura primaria.*’

e Classe |, MTs d’entre 59 i 63 aminoacids, dels quals uns 20 sén Cys. Aquest
tipus de MTs es troba en la majoria de vertebrats i en alguns invertebrats.
S6n homologues a MT1 de ronyé de cavall i s’estructuren en dos dominis.

e Classe Il, MTs que tot i conservar els residus de Cys, presenten una gran
heterogeneitat de sequéncies, totes no alineables amb MT1 de cavall.
Aquestes MTs es troben en plantes, fongs, invertebrats i alguns bacteris. La

majoria es constitueixen en un unic domini.
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e Classe lll, cadistines, fitoquelatines i altres polipéptids de formula general
(y-Glu-Cys),Gly, de sintesi enzimatica, que es troben principalment en

vegetals i organismes unicel-lulars.

Posteriorment es va proposar una altra classificacié que considera similituds de
sequéncia globals a més a més de la de les cisteines. Aquesta classificacid, molt més
detallada, divideix les MTs en families, subfamilies, subgrups, isoformes i
subisoformes.?®# Aixo0, perd, ha donat lloc a tants grups de MTs com grups
taxonomics hi ha en el regne animal i vegetal.

En qualsevol cas, cap de les dues classificacions esmentades proporciona
informacié funcional o evolutiva de les MTs, ja que ambdues es basen Unicament en
similituds de sequéncia. Per aquest motiu, el grup de recerca en el qual s’ha realitzat
aquesta tesi doctoral va proposar un nou model de classificacié que es basa tant en la
seqiiéncia aminoacidica com en la preferencia de les MTs envers els metalls
essencials Zn i Cu. Si els ions metal-lics coordinats a MT determinen la seva estructura
(apartat 1.3), sembla probable que Zn(ll) i Cu(l), amb caracteristiques coordinatives
propies, donin lloc a estructures metall-MT diferents. En consequeéncia, en base a les
relacions estructura/funcié, cal esperar que estructures diferents dels seus agregats
metal-lics també determinin funcions diferents per a aguestes metal-loproteines.

D’acord amb la metodologia emprada per aquest grup, la preferéncia metal-lica
i la capacitat coordinant de les MTs s’avalua mitjancant la produccio in vivo de cada
MT recombinant en medis de cultiu enriquits amb diferents ions metal-lics, I'estudi de la
substitucié in vitro dels ions metal-lics inicialment coordinats i I'analisi qualitativa i
gquantitativa de la composicio i estructura dels agregats metal-lics formats tant in vivo
com in vitro. D’aquesta manera les MT es classificarien en:

e Zn-tioneines: MTs que en medis enriquits en Cu S’expressen com a
espécies heterometal-liques Zn,Cu-MT i que, per tant, requereixen Zn(ll) per
estructurar-se. Aixi, MT1 de ratoli*® i MTH de llamantol*® sén Zn-tioneines.

e Cu-tioneines: MTs que en medis rics en Cu S’expressen com a especies
homometal-liques Cu-MT i que, per tant, no requereixen Zn(ll) per replegar-
se. Totes les MTs de Drosophila melanogaster***23 j el fragment p de MT1*°

son Cu-tioneines.

L'interés a continuar validant la nostra proposta de classificacié i a esbrinar les
relacions entre Zn- i Cu-MTs i la funcionalitat fisiologica d’aquestes sén alguns dels

motius que han propiciat aquesta tesi.
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15 Les metal-lotioneines en els organismes vius

Les MTs es troben presents en la totalitat dels organismes del regne animal i
també en vegetals i procariotes.® Actualment es coneixen unes 200 MTs procedents
d’'unes 100 espeécies diferents. D’entre aquestes, les més estudiades han estat les de
mamifer, seguides de les de crustaci i llevat, perd també hi ha estudis de
caracteritzacio, a diferents nivells, de MTs de peixos, aus, insectes, equinoderms,
mol-luscs, anél-lids, nematodes, fongs, protozous i bacteris. En la Taula 1.1 es donen
detalls de la sequéncia primaria d'aquelles MTs de les quals es disposa d’alguna
informacié respecte els seus complexos metal-lics des d'un punt de vista quimic o
estructural. Donat que per motius d’extensié no és possible descriure aqui tot el
coneixement que es té actualment sobre aquestes MTs, Unicament es comenten a
continuacié les dades més rellevats de les MTs estrictament relacionades amb

aquesta tesi.

I/—Prncar'mles » Cianol

L

Tetrahymena pyriformis, MT1 and MT2

Lumbricus rubelius, wiT-1
Lumbricus rubelius, wiT-2

(105/104 aa; 31 Cys)
(79 aa; 20 Cys)

» Synechococcus PCC 7942 (56 aa; 9 Cys; 3 His)
("—Fongs Neurospora crassa, NeMT (25 aa; 7 Cys)
Agaricus bisporus ) (25aa; 7 Cys)
Saccharomyces cersvisias, CUPT (23 aa; 12 Cys, 1 His)
Sacchammyces cerevisiae, CRSS (B9 aa; 19 Cys; 2 His)
. Llevats ch Y pombe Zymf (EEI aa; 12 Cys; 1 Hls)
Essers Candrda glabrata, MTI (62 aa; 18 Cys; 3 His)
vius Candida glabrata, MTHI (51 aa; 16 Cys: 1 His)
Pisum sativum (Pésol), PsMTA (75 aa; 12 Cys)
Plantes Fucus vesiculosus (Alga) . {67 aa; 16 Cys)
Quercus suber (Alzina surera), QsMT (77 aa; 14 Cys; 1 His)
Tetrahymena pigmentosa, MT1 & MT2 (105/104 aa; 31 Cys)
ﬁ’rotomus Tetrahymena pigmentosa, Cu-MT {96 aa; 28 Cys)
Eucariotes
—_—

(77 aa; 20 Cys)
E:sema fostida (40 aa; 12 Cys)
norhabditis elegans, CeMT-Il (62 aa; 18 Cys; 1 His)
Equinoderms > .S‘trongy}bcsnrmtus purpuratus, SpMTA (64 aa; 20 Cys)
. (Erigé de mar)
\_Animals Helix pomatia, Cd-MT {66 aa; 18 Cys)
Hslix pomatia, Cu-MT (64 aa; 18 Cys; 1 His)
Mytilus edulis, MT-10-1V (72 aa; 21 Cys)
Mol-luscs Mywus galloprovincialis, MT 2 ; (71 aa; 23 Cys)
Lt — gigas, CgMT1 (75 aa; 21 Cys)
Crassostrea  gigas, CghT2 {107 aa; 30 Cys)
- Crassostrea wrgmrca CdBF"r & CdBP:? {69 aa; 20 Cys)
Drosoph.rla me!anugas.[er Mind (MTN'} T {40 aa; 10 Cys) .
Drosophila melanogaster, MinB (MTO) (43 aa; 12 Cys)
Insectes —* | Drosophila melanogaster, MtnC ) (43 aa; 12 Cys)
Drosophila melanogaster, MinD ; (44 aa; 12 Cys)
Homarus americanus (lamantol), MTH (58aa; 18 Cys)
Amﬂmdes Callinectes sapidus, MT/ (59 aa; 18 Cys)
Metazous Callinectes sapidus, MTIl ' (56 aa; 18 Cys)
Crustacis —®% Callinectes sapidus, MTIl (63 aa; 21 Cys)
Cancer pagurus (55 aa; 19 Cys)
Scilla serrata, MTI (58 aa; 1B Cys)
Scilla serrata, MTII (57 aa; 18 Cys)
Carcinus maenas, MTla (58 aa; 19 Cys)
Peixos —» Notothenia coriiceps, MTA . (60 aa; 20 Cys)
Vertebrats |Aus ~———————» Gallus gallus (Pollastre) ckMT (63 a3, 20 Cys)
amifers ———% s \T{, MT2, MT3, MT4,....... "(61-68 aa; 20 Cys)

Taula 1.1.- MTs de diferents organismes i les corresponents subfamilies i families a les quals
pertanyen.
*** per motius d’extensio, les dades de mamifer no s'inclouen en la taula pero es comenten en
el text.
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1.5.1 MTs de mamifer

Les MTs de mamifer han estat llargament estudiades, de manera que avui en
dia es té un ampli coneixement d’aquestes proteines. Aixi, en la literatura es troba una
gran varietat de treballs tant a nivell biologic (purificacid, patrons d'expressio, estudis
genetics, clonatge heterdleg, etc) com quimic (capacitat coordinant envers diferents
metalls, caracteritzacié dels agregats metal-lics formats, reactivitat, estructuracio, etc)
referents a MTs de mamifer.?

En aquests organismes s’han aillat fins a quatre gens codificants de MT (MT1,
MT2, MT3 i MT4) i si bé en I'espécie humana la isoforma MT1 presenta encara un
major grau de multiplicitat amb diferents subisoformes (MTla, MT1lb,...), en altres
espécies de mamifer, com el ratoli, només es coneix un representant per a cadascuna
de les quatre isoformes principals.

Les 4 isoformes de MT de mamifer presenten les 20 Cys en posicions totalment
conservades (Figura 1.3) i una elevada similitud en la resta d’aminoacids, pero en
canvi hi ha divergencies importants pel que fa als seus patrons d’expressio. Mentre
que MT1 i MT2 es sintetitzen ubiquament, MT3 i MT4 presenten expressions
especifiques, trobant-se Unicament en el sistema nerviés i en I'epiteli escamos

estratificat, respectivament.®>3°

MT 1  MDP NCSCSTGGSCTCTSSCACKNCKCTSCKKSCCSCCPVGCSKCAQGCVCK GAADKCTCCA (61 aa)
MT 2  MDP NCSCASDGSCSCAGACKCKQCKCTSCKKSCCSCCPVGCAKCSQGCICK EASDKCSCCA (61 aa)
MT 3  MDPETCPCPTGGSCTCSDKCKCKGCKCTNCKKSCCSCCPAGCEKCAKDCVCKGEEGAKAEAEKCSCCQ (68 aa)
MT 4  MDPGECTCMSGGICICGDNCKCTTCSCKTCRKSCCPCCPPGCAKCARGCICK GGSDKCSCCP (62 aa)

Figura 1.3.- Comparacié de la sequéncia aminoacidica de les 4 MTs de ratoli. S’han
assenyalat en groc les Cys conservades en les diferents isoformes.

La MT1 de mamifer és, molt probablement, la MT més estudiada i, per tant, la
més coneguda, i degut a la similitud de sequéncies entre MT2 i MT1 el comportament
descrit per MT1 pot fer-se extensiu a MT2 (apartat 1.3). En canvi, mentre que la

17,37,38

isoforma MT3 esta essent objecte d’estudis intensius per la seva possible funcié

en el sistema nerviés central,*® la informacié de la qual es disposa actualment sobre la
isoforma MT4 és molt reduida.?3°

De totes les MTs de mamifer, MT4 és la que presenta diferencies
aminoacidiques més importants (dels seus 62 aa, entre 24 i 27 difereixen de la resta
d’'isoformes, mentre que per a MT3 només hi ha 15 diferéncies) pero alhora és la més
conservada entre especies diferents. Aixo fa que en els arbres filogenétics construits a
partir de sequéncies codificants d'/ADN, MT4 aparegui en una posicié separada de la
resta de MTs de mamifer i més propera a les MTs d'aus (Figura 1.4), cosa que

suggereix que MT4 podria ser la MT primitiva de mamifer.
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Figura 1.4.- Arbre filogenétic obtingut a partir de les seqiiéncies dels exons de MTs de
vertebrats. Extret de: http://www.unizh.ch/~mtpage/poster/postree.GIF

D’acord amb resultats d’aquest grup de recerca, MT1 recombinant de ratoli és
una Zn-tioneina,'® formada per un domini o, també amb caracter de Zn-tioneina, i un
domini B que es comporta ailladament com una Cu-tioneina.”® D’acord amb dades
bibliografiques anteriors obtingudes per a proteines natives,? quan la MT1 s’expressa
en medis rics en Zn s'obté Zn,-MT1, on els ions Zn(ll) poden ser substituits per Cd(ll)
per a donar I'agregat isoestructural Cd,-MT1.>** Per altra part, en medis rics en Cu la
proteina s’expressa com a Cu;Znz-MT1, amb una distribucié entre dominis d’acord
amb CusZn,-aMT1 i Cu,Zn,-pMT1.%°

1.5.2 MTs d'altres vertebrats

Contrastant amb I'ampli coneixement que es té de les MTs de mamifer, la
informaci6 disponible sobre altres MTs és molt més limitada i bastant més dispersa.?
Pel que fa a la resta de vertebrats, cal destacar que els treballs de caracteritzacié
quimica i/o estructural de MTs de peixos, amfibis, réptils i aus (Taula 1.1) so6n
practicament inexistents.

Estudis evolutius en vertebrats han posat de manifest un alt grau de proximitat
entre les MTs d'aus i de mamifer (Figura 1.4), dos tipus d'organismes que han

evolucionat paral-lelament durant practicament 310 milions d’anys,*?

cosa que ha
portat a proposar que ambdds organismes contenen MTs originades per un ancestre
comi.® El pollastre (Gallus gallus) és I'organisme model per a I'estudi de les aus i la
seva MT, ckMT, ha estat considerada funcionalment equivalent a les MTs de mamifer.
La metal-loproteina ckMT consta de 63 aminoacids, dels quals 20 s6n Cys i 1

His, i presenta un 68% de similitud de seqiéncia i dues insercions aminoacidiques en
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relacié a MT1 de ratoli.** Addicionalment, I'expressié del gen de ckMT és regulada pels
mateixos agents que MT1 (metalls, estrés oxidatiu, glucocorticoides, etc).” Tot i
aquestes similituds, ckMT i MT1 presenten algunes diferéncies que cal comentar. Per
una banda, ckMT té un residu d’His al final de la seva sequencia (C-terminal) que MT1
no té i que d’acord amb la bibliografia pot contribuir a la coordinacié metal-lica.*®*’ Per
altra part, en pollastre només s’ha descrit un Gnic gen que codifica per MT,***® mentre
que en mamifer s’han detectat fins a 4 isoformes de MT, les quals poden presentar
diferents funcionalitats (apartat 1.5.1).

Pel que fa al coneixement que es té dels agregats metal-lics als quals déna lloc
ckMT, cal esmentar que els Unics treballs existents en la literatura proposen una
relacié de 7-9 M/proteina (M = Zn i Cd) pels agregats Cd,Zn-MT obtinguts a partir
d’organs de pollastres alimentats amb Cd.***° Aixi mateix, aquests autors també
descriuen que Il'addicié in vitro de 15 equivalents de Cu(l) als complexos anteriors
provoca la substitucié total del Zn i Cd inicialment coordinats per a generar una

espécie Cu;s-ckMT.>°

1.5.3 MTs de llevat

Llevat és el nom comu emprat per a denominar certs fongs unicel-lulars
(eucariotes). Un dels llevats més coneguts és Saccharomyces cerevisiae, que té la
facultat de créixer de forma anaerobica, realitzant la fermentacio alcoholica.

Al contrari del que s’ha comentat en I'apartat anterior (ckMT, una sola MT
descrita), s’ha identificat duplicitat dels gens que codifiquen per MT en dos llevats,
Saccharomyces cerevisiae i Candida glabrata. D’acord amb les dades de la Taula 1.2,
les isoformes MTI i MTII de C.glabrata, regulades transcripcionalment pel Cu i que no
presenten homologia de sequiéncia, donen lloc, respectivament, a agregats Cui; 1o-MTI
i Cuyo-MTI.> Si bé ambdues isoformes s’han relacionat amb la destoxificacié enfront
del coure, es creu que MTII presentaria un paper dominant en la resistencia cel-lular al

coure, mentre que MTI probablement podria presentar altres funcions.>*>?

Saccharomyces cerevisiae, CUP1 (53 aa; 12 Cys; 1 His)  Curs-CUP1 Ms-CUP1
Saccharomyces cerevisiae, CRS5 (69 aa; 19 Cys; 2 His) Cui112-CRSS  Mg-CRS5

Llevats ————»~ Schizosaccharomyces pombe, Zym1 (50 aa; 12 Cys; 1 His) - Zns-Zym1
Candida glabrata, MT/ (62 aa; 18 Cys; 3 His)  Cus1.92-MTI -
Candida glabrata, MTI! (51 aa; 16 Cys; 1 His) Cup-MTII -

Taula 1.2.- Caracteristiques de I'estructura primaria i dels complexos amb metalls divalents i/o
monovalents de diverses MTs de llevat.

Addicionalment, en preséencia de Cd(ll), C.glabrata expressa un péptid (y-Glu-
Cys),Gly de la familia de les fitoquelatines i cadistines que seria el responsable de la

destoxificacié envers el Cd.>® Per S.pombe Unicament s’havien descrit fitoquelatines,
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pero recentment s’ha caracteritzat una MT, Zyml1, la qual no presenta les propietats de
les altres MTs de llevats, que s’'indueixen i segresten Cu.>*

Els gens que codifiquen les MTs de Saccharomyces cerevisiae, Cupl i Crs5,
també es troben regulats transcripcionalment per Cu, la qual cosa va portar,
inicialment, a relacionar-les amb la destoxificacié d’aguest metall. De fet, Cupl ha
estat tradicionalment considerada la Cu-tioneina de referéncia. Des que va ser aillada i
caracteritzada I'any 1975,> el seu estudi ha donat lloc a un nombre important de
treballs. Cal destacar que Cu-Cupl ha estat la primera i Unica MT de Cu de la qual
s’ha resolt I'estructura i que aixo s’ha fet tant per RMN®® com per difraccié de raigs X,?
(Figura 1.2.A). Aquest extens estudi ha permés conéixer amb detall aguesta MT, que
in vivo enllaca entre 7°° i 8% jons Cu(l) mitjancant 10 de les seves 12 Cys (Taula 1.2).
Experiments amb agents quelatants especifics de Cu(l) van demostrar la preséncia de
dos ions molt labils,>" cosa que explica les diferents relacions Cu/MT trobades.
Aquesta labilitat diferencial dels ions Cu(l) enllagats a Cupl s’ha atribuit als diferents
entorns de coordinacié (6 Cu trigonals i 2 de digonals) que presenta el Cu(l) en la
proteina.?® Estudis in vitro han demostrat que aquesta proteina també pot enllacar Cd i

Zn en una relacié de 4 metalls per MT.>®

Crs5 MTVKICDCEGECCKDSCHCGSTCLPSCSGGEKCKCDHSTGSPQ CKSCGEKCKCETTCTCEKSKCN CEKC
CgMTI MAND CKCPNGCSCPNCANGG CQCGDKCECKK QSCHGCGEQCKCGSHGSSCHGSCG CGDKCECK
zZzyml MEHTTQ CKSKQGKPCDCQSKCGCQD CKESCGCKSSAVDN CKCS SCKCASK
Cupl MFSELINFQNEGHECQCQCG SCKNNEQCQKSCSCPTGCNSD DKCPCGNKSEETKKSC CSGK
mMT1 MDPN CSCATGGSC TCTGSCKC KECKCN SCKKSCCSC CPMSCAKCAQGCICKGASEKCSCCA
MtnB MVCKGC GTNCQCS AQKCGDNCACNKD CQCVCKN  GPKDQC CSNK

Figura 1.5.- Comparacié de la seqiiéncia aminoacidica de diverses MTs entre les quals
s’inclouen les de S.cerevisiae, Cupl i Crs5. S’han assenyalat en groc les Cys

conservades en les diferents isoformes. (CgMTI = MTI de C.glabrata, mMT1 =
MT1 de ratoli, MtnB = MTO de D.melanogaster)

El gen que codifica per Crs5 no es va descobrir fins I'any 1994,>° intentant
identificar sistemes addicionals de llevat que contribuissin a I'homeostasi i
destoxificaci6 del Cu. Curiosament, aquesta proteina presenta similituds amb
nombroses MTs de mamifer i d’invertebrats, mentre que comparteix poca semblanca
(28%) amb l'altra MT de S.cerevisiae (Cupl). Aixi, tant la llargada de la cadena
polipeptidica com el nimero de residus de Cys de Crs5 s’assemblen més a les de les
MTs de mamifer que no pas a les de Cupl (Taula 1.1 i Figura 1.5).*° La diferéncia en
el nimero de Cys entre les dues MTs de S.cerevisiae comporta també diferents
capacitats de coordinacié metal-lica, major en el cas de Crs5 que enllaca entre 11 i 12
ions Cu(l) i 6 ions Cd(ll) (Taula 1.2).%° Aquest alt contingut metal-lic juntament amb la
preséncia d'un segment dins la sequéncia de Crs5 de 8 residus aminoacidics
deficients en Cys, suggereix I'organitzacié de la proteina en dos dominis,® tal i com es

descriu per a les MTs de mamifer, mentre que Cupl mostra una disposicié

-12 -



-Introduccio-

monodominal.®® Cal destacar també les grans similituds entre les dues MTs de
S.cerevisiae i les dues de C.glabrata (Taula 1.2 i Figura 1.5), tant per la llargada dels
polipeptids com pel numero de residus de Cys i His i, fins i tot, per les possibles
funcions en llevat.

Com ja s’ha dit, el gen CRS5 es veu regulat positivament per la preséncia de
Cu en el medi i, per tant, la funcioé de Crs5 també ha estat inicialment relacionada amb
els processos d’homeostasi i destoxificacié del Cu.>® Posteriorment, i donat que els
ions Cu(l) enllacats a Cupl soén cinéticament i, probablement, termodinamica més
estables que els units a Crsb, s’ha proposat que el principal responsable de la
tolerancia envers el Cu(l) en S.cerevisiae seria Cupl. Aixi doncs, Crs5 semblaria més
aviat tenir una funcié tamponadora de Cu(l) degut a la seva labilitat d’enllag. Cal afegir,
no obstant, que també s’ha relacionat Crs5 amb I'homeostasi del Zn.%°

Un altre fet a destacar és la regulacié negativa tant de Crs5 com de Cupl per
I'oxigen.®! La repressi6é aerobica dels gens d’aquestes dues MTs de llevat és rapida i
involucra l'accié dels ions coure sobre I'expressié genica de Crs5 i Cupl. Aixi doncs,
s’ha vist que els cultius anaerobics acumulen nivells de Cu majors que els aerobics i
gue aquest Cu es perd rapidament quan les cél-lules s6n exposades a laire.
Consequentment, sembla que serien els nivells de Cu(l) en llevat (modulats per
I'aerobiosi/anaerobiosi del sistema) els que regularien I'expressié dels gens CRS5 i
CUP1.

1.5.4 Altres MTs

No es pot acabar aquesta descripcié de les MTs sense comentar alguns dels
resultats obtinguts per aquest grup de recerca en I'estudi de MTs d’altres organismes.
S’ha considerat oportu incloure aqui aquesta informacié ja que algunes dades sobre
altres MTs, aparentment no relacionades amb aquest treball, seran forca utils a I’hora
de considerar els resultats de I'estudi que aqui es presenta.

El grup d'investigacié en el si del qual s’ha realitzat aquesta Tesi ha estudiat
algunes MTs de la familia dels artropodes (invertebrats). Més concretament, s’ha
treballat amb MTH d’Homarus americanus (llamantol) i els seus dominis constitutius, i
les quatre isoformes (MtnA, MtnB, MtnC i MtnD, Taula 1.1) de Drosophila
melanogaster (mosca del vinagre). Aixi, s’ha determinat que la MT de llamantol
presenta preferéncia per als metalls divalents, Zn(ll) i Cd(ll), enllacant fins a 6 metalls
per MT, mentre que quan s’expressa en preséencia de Cu doéna lloc a una barreja
d’espécies heterometal-liques Zn,Cu-MTH, la qual cosa ha portat a classificar MTH

com una Zn-tioneina.'® De les quatre isoformes de MT de mosca, les més conegudes
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sén MtnA (MTN)3 i MtnB (MTO)* i, contrariament al descrit per MTH, totes presenten
major preferencia per al Cu(l) que per al Zn(ll), generant in vivo i en presencia de Cu
les espécies Cug-MtnA, Cug-MtnB, Cus-MtnC i Cus-MtnD.*® Aixo, juntament amb les
dades obtingudes in vitro, ha portat a classificar aquestes quatre MTs com a
Cu-tioneines.

Curiosament, han estat aquestes MTs de mosca les primeres per a les quals
s’ha proposat la presencia de lligands addicionals no proteics en els seus complexos
metal-lics. Aixi, per MtnB s’ha descrit la participacié de lligands clorur en les especies
Zn- i Cd-MtnB,* i per MtnA s’ha suggerit la preséncia de lligands sulfur (S%) en els
complexos Cd-MtnA.** Aquesta darrera assignacié6 es va fer en base a unes
absorcions de DC que apareixien al voltant de 280 nm en afegir ions Cd(ll) a I'espécie
Zn-MtnA. Absorcions analogues a aquestes havien estat descrites préviament®%°3%
per als complexos de Cd dels polipeptids (y-Glu-Cys),Gly de sintesi enzimatica
anomenats fitoquelatines i cadistines (apartat 1.4). Aquests polipéptids, en preséncia
de Cd(Il), generen oligomers amb un numero variable d'unitats (y-Glu-Cys),Gly que
incorporen sulfur inorganic (S*) com a lligands addicionals donant lloc a particules
anomenades crystallites,®® mitjancant un procés de biomineralitzacié (Figura 1.6).
Aquests crystallites generen absorcions entre 270 i 320 nm, tot depenent de la mida de
la particula, de tal manera que com més gran és la relacié S*:M (M = Zn o Cd) de

I'agregat més gran és la longitud d’ona d’absorci6.%®

~ CdSgs core
204

Figura 1.6.- Model hipotétic dels crystallites mostrant els péptids (y-Glu-Cys),Gly embolcallant
la superficie de la xarxa cristal-lina, que aqui s’ha representat com una blenda de
zinc perod que en les particules natives sembla ser molt més policristal-lina.

Pel que fa a MtnB, els espectres de DC de la proteina recombinant expressada
en medis rics en Zn mostren, juntament amb la banda en forma d’exciton coupling
centrada a 240 nm caracteristica dels cromofors Zn-tiolat, una banda en forma de
gaussiana centrada a 230(+) nm que es desplaca i es fa més estreta en eliminar els
clorurs del medi. Per altra banda, els complexos Cd-MtnB obtinguts in vitro i en

presencia d'ions clorur presenten absorcions a 240(+) nm en els espectres de
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diferéencia d’'UV-Vis les quals desapareixen quan s’eliminen els clorurs del medi.
Aquest fet va portar a proposar la participacio dels anions clorur com a lligands en els
complexos Zn- i Cd-MtnB.** En la literatura es troben altres treballs que també
postulen la participacié dels lligands clorur en l'estructura i estabilitat del agregats

metall-MT.%’

1.6 Reactivitat i funcio fisiologica

La diversitat de metalls que poden coordinar les MTs, la ubiquitat d’aquestes
proteines i l'elevat grau de conservaci6 que presenten les seves sequéncies
aminoacidiques, especialment els residus de Cys, en organismes diferents del mateix
ordre fa creure que les MTs so6n proteines d'una gran importancia biologica.
Tanmateix, gairebé 50 anys després del seu descobriment, la funci6 o funcions
fisioldgiques de les MTs resten encara per determinar, de manera que bona part dels
treballs actuals apunten cap a 'estudi d’aquets darrer aspecte.

Una de les caracteristiques més rellevants de les MTs, que estableix una clara
diferenciacié amb la resta de proteines, és la seva capacitat per a formar complexos
metal-lics d’elevada nuclearitat. Aquests presenten una gran estabilitat termodinamica,
pero I'elevada plasticitat i flexibilitat de I'estructura proteica provoca que presentin
alhora una elevada labilitat cinética, fet que facilita, tant in vivo com in vitro, el bescanvi
relativament rapid dels ions metal-lics que contenen quan les condicions del medi ho
forcen. Aixi mateix, el fet que la sintesi de moltes MTs es vegi induida per metalls
suggereix que aquestes proteines tenen un paper important en la regulacio i
destoxificacié de metalls en els éssers vius.®® Aixi, se’ls han atribuit diverses funcions
estretament relacionades les unes amb les altres com a consequéncia de les
caracteristiques fisicoquimiques dels seus agregats metallics.? Aquestes funcions

s’han relacionat amb:
a) 'homedstasi de Zn i Cu
b) el segrestament de metalls toxics
€) un paper antioxidant i antiapoptotic

d) el control metabdlic de produccié d’energia
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1.7 Objectius

Aquesta Tesi Doctoral té com a objectiu principal I'aprofundiment en la relacio
estructura/funcié de les metal-lotioneines. Per a poder assolir aquesta fita s’han

plantejat tres objectius més concrets, que es descriuen a continuacio:

1. Ampliar els coneixements sobre el comportament coordinant de les MTs
de mamifer mitjancant I'estudi d’'una nova isoforma, MT4. Amb aquesta
finalitat, s’ha realitzat un estudi de la capacitat enllacant de MT4 i dels seus
dominis per separat en preséncia de metalls divalents (Zn i Cd) i monovalents
(Cu), i els resultats s’han comparat amb els obtinguts, per aquest mateix grup

de recerca, amb MT1 de mamifer.

2. Determinar la participacié de lligands no proteics en els agregats M-MT i
precisar com afecten en I'estructura d’aquests complexos. En la literatura
es poden trobar treballs on es descriu la participacio de certs lligands
no-proteics en la coordinacié6 metal-lica de les MTs. Aquesta participacié no
només pot afectar I'estructura del complex M-MT sin6 que pot determinar
funcions especifiques per a aquestes proteines. Aixi, s’ha plantejat estudiar la
possible implicacié dels lligands clorur (CI) i sulfur (S*) en els complexos

metall-MT formats quan la proteina enllaga Zn(ll), Cd(Il) i/o Cu(l).

3. Estudiar les MTs de diferents organismes amb la intencié de validar la
proposta de classificacié presentada per aquest grup de recerca i, a més,
aprofundir en els diferents patrons de diferenciacid i especialitzacié de
les MTs. Aixi, s’ha analitzat el comportament coordinant de les MTs de dos
organismes diferents. Per una banda s’ha caracteritzat una MT d’ocell, més
concretament de pollastre, organisme evolutivament molt proper als mamifers i
que també es troba dins del grup dels vertebrats. D’altra banda, s’ha estudiat la

MT d'un organisme menys evolucionat com és el llevat, fong unicel-lular.
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2. RESULTATS I DISCUSSIO

En aquest capitol es dbna una visié global del treball exposant de manera
resumida els resultats obtinguts i fent-ne una discussié general.

Cal destacar que la recent demostracioé d’aquest grup de recerca (article 3) de
la preséncia d’un tercer component fins ara desconegut, els lligands sulfur (S%), en les
espécies metall-MT obtingudes mitjancant enginyeria genética té implicacions
importants en l'analisi de les habilitats coordinants de totes les MTs conegudes fins
ara. Degut a aquest descobriment i amb I'anim de facilitar I'exposicio i discussio dels
resultats d’aquest treball, aquest capitol s’inicia amb l'estudi de les caracteristiques
coordinants de la isoforma MT4 de mamifer (apartat 2.1; article 1). Quan es van
publicar els resultats de MT4 el grup desconeixia encara la preséncia d’aquest tercer
component en els agregats metall-MT4, per la qual cosa no se'n fa cap esment en
l'article 1. Posteriorment, I'elucidacié de les implicacions de la presencia de lligands
sulfur i/o clorur en aquests agregats (apartat 2.2; articles 2 i 3) ha permés fer una nova
interpretacio d’alguna de les dades de l'article 1 i altres articles anteriors d’aquest grup
de recerca, que no es troben publicades i que es recullen en l'apartat 2.2.3. Finalment,
els estudis de les habilitats coordinants de ckMT1 (apartat 2.3; article 4) i Crs5 (apartat
2.4; article 5) ja tenen en compte la presencia d’aquests lligands addicionals i, com a
consequéncia, la seva publicacié s’ha vist retardada en espera de la publicacié de

I'article 3.

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

Genetica de la Facultat de Biologia de la Universitat de Barcelona.
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2.1 Capacitat coordinant de la isoforma MT4 de mamifer

El coneixement detallat del comportament de MT1 enfront de metalls divalents i

monovalents,9'30‘40’41‘69’70’71

juntament amb la manca absoluta de dades sobre la
capacitat coordinant de MT4, per a la qual s’ha postulat una funcié diferent a la de les
altres MTs de mamifer (vegi's apartat 1.5.1), ha incitat que es considerés interessant
estudiar la isoforma MT4 de mamifer enfront dels ions Zn(ll), Cd(ll) i Cu(l). D’aquesta
forma aquest treball constitueix el primer estudi sobre el comportament coordinant de
MT4 envers diferents ions metal-lics.

El procediment seguit per a I'estudi de la capacitat coordinant de MT4 envers
Zn(ll), Cd(lIl) i Cu(l) ha consistit en una primera etapa de sintesi de la MT4 recombinant
de ratoli sencera i dels seus fragments constitutius en medis rics en Zn, Cd o Cu.
Aquestes sintesis han portat a I'obtenci6 de complexos metall-MT4 que s’han
caracteritzat mitjancant les técniques espectroscopiques i espetrometriques habituals
(Métode d’Ellman, ICP-AES, DC, UV-Vis i ESI-MS). Un cop analitzades les espécies
Zn-MT4, s’ha procedit a valorar-les amb Cd(ll) i Cu(l) a pH 7 i a temperatura ambient
(estudis in vitro). Els complexos metal-lics formats al llarg de les valoracions s’han
caracteritzat, tot determinant el seu grau d’estructuracio i el seu contingut metal-lic
mitjangant les tecniques de DC, UV-Vis i ESI-MS. Posteriorment, s’han comparat les
espécies obtingudes in vivo i in vitro i s’ha pogut establir el caracter de Cu-tioneina de
la MT4 sencera aixi com dels seus dominis aMT4 i BMT4. Finalment, i per a completar
l'estudi de la capacitat coordinant d'aquesta proteina, s’ha comparat el seu
comportament amb el de MT1. A diferéncia del fragment BMT1,*° ni MT1 ni aMT1 no
s’havien expressat amb anterioritat en medis rics en Cd i, per tant, es desconeixien les
caracteristiques de les espécies Cd-MT que podien formar aquestes dues proteines en
aquestes condicions. Per tant, per tal de poder comparar els resultats obtinguts per
MT4 amb els de MT1, part d’aquest treball ha consistit en la biosintesi i caracteritzacié
dels complexos Cd-MT1 i Cd-aMT1 de mamifer.

A continuacio es donen i comenten els resultats obtinguts.
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2.1.1 Propietats coordinants de MT4 envers Zn(ll)

La capacitat coordinant de MT4 envers Zn s’apropa bastant a la descrita per a
MT1 ja que totes dues proteines generen espéecies Uniques en solucié
d’estequiometria idéntica, Zn,-MT, Zng-aMT i Zn;-BMT (Taula 2.1), que presenten
espectres de DC propers (Figura 2.1), si bé en el cas de MT4 els tres péptids estudiats
mostren en solucié una menor quiralitat que els de MT1. Aixi doncs, es proposa que la

coordinacié del Zn confereix un menor grau de replegament a MT4 que a MT1.

ZNn Zn-MT4 Zn-aMT4 Zn-pMT4
[proteina] (M) 0.63x10™ 2.70x10™ 2.10x10™
ICP-AES 6.7 Zn 3.6Zn 2.57Zn

p T
% Oxidacio 5 % 11 % 15 %
(Ellman)
ESI-MS Zn,-MT4 Zng;-oMT4 Zn3-pMT4
Ae Ae Ae
0 i} [}
20
10 -0
ol
Espectre DC ol » "
B0~ <30 -
m o w0 ¥ ma s 2% "M 0 2w o 30 0 2 20 2w AM W om0 M) B w0 o om0 e M

Taula 2.1.- Resultats de la caracteritzacié dels complexos de MT4 sencera i dels seus
fragments constitutius obtinguts per enginyeria genetica mitjancant la seva
expressio en medis rics en Zn.

A

220 2% 240 250 260 270 280 AmM 20 230 M0 250 60 270

B

250 M

220 230 240 250 260 270 250 Nm

Figura 2.1.- Comparacié dels espectres de DC de les espécies Zn,-MT (A), Zng-aMT (B), i
Zn3-BMT (C) de MT1 (gris) i de MT4 (negre).
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2.1.2 Propietats coordinants de MT4 envers Cd(ll)

Quan la MT4 es sintetitza en medis rics en Cd Unicament el fragment aMT4
s’expressa com una Unica espécie d’estequiometria Cds,-aMT4, mentre que la proteina
sencera i fMT4 s’expressen com una barreja d’espécies entre les quals es troben els
complexos homometal-lics de Cd esperats, Cd,-MT4 i Cdz-pMT4, juntament amb

diversos complexos heterometal-lics Zn,Cd-MT (Taula 2.2).

Cd Cd-MT4 Cd-aMT4 Cd-BMT4
[proteina] (M) 5.0x10° 2.08x10™ 2.13x10™
3.6 Zn
ICP-AES >0 Cd 3.5Cd 2.0Cd
. .
% Oxidacio 36 % 13 % 34 %
(Ellman)
Zn,Cds-MT4 (M)
Zn5Cd2' = Zn3Cd4-MT4 Cdg-BMT4 (M)
ESI-MS’ Zn,Cds- = ZngCd;-MT4 Cd,-aMT4 Zn,Cd,-pMT4
Zn,Cde-MT4 Zn,Cd;-pMT4 (m)

Zn7' = Cd7'MT4 (m)

Az 1| As
10 /\ 204
o 204 0
10~
0 [

Espectre DC

g 2 k &8 &
]
& a8

2 20 240 230 w0 270 280 29 MM 20 D0 20 D0 0 2w e MM

20 20 M0 250 260 270 250 gep UM
Cd Cd-MT1 Cd-aMT1
[proteina] (M) 0.60x10™ 1.10x10™

* Les espécies estan
ICP-AES 6.2 Cd 4.2 Cd ordenades d’acord amb
la seva abundancia en
solucid. (M) representa
ESI-MS Cd;-MT1 Cdy-aMT1 I'espécie majoritaria i (m)

la minoritaria.

A A

Espectre DC o '

10 A0

20 230 240 250 260 270 280 zep MM 200 2% 30 250 40 370 k0 AW

Taula 2.2.- Resultats de la caracteritzacio dels complexos de MT4 i MT1 senceres i dels seus fragments
constitutius obtinguts per enginyeria genética mitjangant la seva expressié en medis rics en
Cd. Ii’oexpressié de BMT1 en medis rics en Cd va ser objecte de treballs previs d’aquest
grup.
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En el cas de pMT4, Cds-BMT4 és I'especie majoritaria en solucié; en canvi, el
complex Cd,-MT4 esperat en la sintesi de la proteina sencera és minoritari, essent
Zn,Cds-MT4 l'espécie majoritaria. Aquest fet, juntament amb la baixa afinitat de la
proteina sencera envers el Cd en comparacié amb la dels seus fragments, denota que
aMT4 i BMT4 es comporten de manera diferent quan es troben aillats que quan es
troben formant part de la proteina sencera. Per tant, es proposa que els dominis aMT4
i BMT4 presenten un comportament dependent enfront de I'ié Cd(ll).

Els estudis realitzats in vitro sobre la capacitat coordinant de MT4 envers Cd(ll)
corroboren aquesta baixa afinitat de MT4 envers aquest metall divalent. Aixi, en
valorar les espécies Zn;-MT4, Zns-aMT4 i Znz-BMT4 amb Cd(ll) s’observa que, tot i
arribar a obtenir les corresponents espécies homometal-liques Cd-MT, és necessari un
excés considerable de Cd(ll) per a obtenir-les com a espécies Uniques en solucié. Les
dificultats de MT4 i BMT4 per a donar complexos homometal-lics de Cd també es fan
patents in vitro, ja que a 15 i 7 equivalents de Cd(ll) afegits, respectivament, sobre les
corresponents espécies Zn-MT encara es detecten en solucié petites quantitats de les
especies heterometal-liques Zn;Cde-MT4 i Zn;Cd,-BMT4. Aix0 ha portat a plantejar un
possible paper estructural del Zn(ll) en MT4 i BMT4. La necessitat de la preséncia
d’'ions Zn(ll) per tal que la proteina pugui replegar-se en solucio ja havia estat descrita
amb anterioritat per a MT1.3%%°

Contrariament, MT1 mostra una major afinitat per al Cd(Il). Aixi ho demostra el
fet que en expressar la proteina i els seus fragments constitutius en medis rics en Cd,
s’obtinguin Unicament les espécies homometal-liques esperades, Cds-aMT1, Cd;,-MT1
(Taula 2.2) i Cds-pMT1.%°

Els agregats Cds-aMT4 (obtinguts tant in vivo com in vitro) i Cd,-MT4 (obtingut
Unicament in vitro) s’estructuren de manera propera a com ho fan els corresponents
agregats de MT1, mentre que l'estructuraci6 de I'especie Cds;-pMT4 (obtinguda
Unicament in vitro) en soluci6 és forca diferent a la de Cds-BMTL1 (Figura 4.B, article 1).

Aixi doncs, segons les capacitats coordinants de MT4 i dels seus fragments
constitutius i les caracteristiques estructurals abans esmentades, es proposa que la
diferéncia observada entre MT4 i MT1 respecte la coordinacio a Cd(ll) s’origina en els
respectius fragments BMT, ja que els fragments aMT4 i oMT1l presenten

comportaments paral-lels.
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2.1.3 Propietats coordinants de MT4 envers Cu(l)

A diferencia del que succeeix en el cas del Cd(ll), la similitud de pes atomic
entre el Zn (65.38 uma) i el Cu (63.55 uma) i I'amplitud relativa de l'interval de
confianca obtingut en les mesures de ESI-MS fan que, mitjancant aquesta tecnica, no
sigui possible determinar la relacié Zn:Cu:MT de les espécies obtingudes in vivo i/o in
vitro en preséncia de Cu. Aixi, en tots els casos, les espécies detectades per ESI-MS
es denoten com a M,-MT4 on M pot ser Unicament Cu(l), Unicament Zn(ll) o una
barreja d’'ambdos ions metal-lics.

La MT4 s’ha sintetitzat diverses vegades en medis rics en Cu. Aquestes
sintesis recombinants han donat lloc a dos tipus de resultats: les anomenades
produccions de Tipus 1 i les de Tipus 2 (Taula 2.3). La sintesi de Tipus 1 ha donat lloc
a una barreja d'espécies homometal-ligues Cu-MT on Cu;,;-MT4 és I'espécie
majoritaria, la qual cosa es correspon amb la relaci6 metal/MT mesurada per
ICP-AES. Altrament, la sintesi de Tipus 2 dona lloc a una barreja d’especies
heterometal-liques Zn,Cu-MT, on d’acord amb les dades d’ICP, I'especie Zn;Cu,-MT4
és la majoritaria (Taula 2.3). Malgrat aquestes diferéncies, ambdues sintesis es troben
relacionades ja que es pot passar de les especies obtingudes en la sintesi de Tipus 2

a les de la de Tipus 1 afegint tnicament 2 equivalents de Cu(l) (Figura S7.A, article 1).

Cu-MT4 Cu-MT4
Cu (Tipus 1) (Tipus 2)
[proteina] (M) 0.63x10™ 0.17x10™
0.0 Zn 2.77Zn
ICP-AES 9.4 Cu 7.3 Cu
] Cuio-MT4 (M) Mo MT4 (M)
ESI-MS Cuy3-MT4 Mg-MT4 (m)
Cu15-MT4 (m) 8
Abc. Az .
4
4 \ +
Espectre DC | | / \\/\/M“ Al
M0 260 B0 M0 30 M0 360 30 400 MM =0 00 o sopnim

Taula 2.3.- Resultats de la caracteritzacié dels complexos de les dues produccions de MT4
obtinguts per enginyeria genética mitjangant la seva expressié en medis rics en Cu.

* Les espécies estan ordenades d’acord amb la seva abundancia en soluci6. (M) representa I'espécie
majoritaria i (m) la minoritaria.

En la produccié de Tipus 2 la MT4 mostra una capacitat coordinant comparable
a la de MT1 (ZnsCu,-MT1) i una estructuracio propera (Figura S7.C, article 1), mentre

que en la de Tipus 1 la MT4 té un comportament envers Cu(l) que s’allunya bastant del
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de MT1 (Figura S7.B, article 1). Cal afegir, a més, que és possible reproduir in vitro
aquests dos comportaments de MT tot valorant Zn,-MT4 amb Cu(l).

Contrariament al que fa la proteina sencera, els dos fragments s’han sintetitzat
diferents vegades i sempre han donat lloc a una barreja d’espécies homometal-liques
Cu-MT, essent Cus-aMT4 i Cu;-BMT4 les espécies majoritaries (Taula 2.4). Aixi, pMT4
presenta una capacitat coordinant envers Cu(l) molt propera a BMT1 (especie
majoritaria Cu;-pMT1)*® mentre que el comportament de aMT4 (Cu-tioneina) envers
Cu(l) és bastant diferent al de aMT1 (Zn-tioneina),*® la qual s’expressa com una
barreja d’espécies heterometal-liques Zn,Cu-aMT1. Per tant, sembla que la diferéncia

de comportaments entre MT4 i MT1 envers Cu(l) radica en els seus fragments aMT.

Cu Cu-aMT4 Cu-pMT4
[proteina] (M) 0.20x10° 1.46x10™
0.0 Zn 0.0 Zn
ICP-AES 3.6 Cu 5.8 Cu
Cusalt s (V) Cur-BMT4 (M)
ESI-MS o Cug-BMT4
Cus-aMT4 Cua-BMT4 (m)
Cuz-aMT4 (m) 4
Ae] Il Ae

150+ 10-
100+ } .
5

VAN "N
1%

Espectre DC

,! \\/xw

240 260 260 300 320 340 30 g0 NM 20 ;0 20 W0 320 Mo e MM

Taula 2.4.- Resultats de la caracteritzacié de aMT4 i BMT4 obtingudes per enginyeria genética
mitjancant la seva expressié en medis rics en Cu.

* Les espécies estan ordenades d'acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

En valorar Zns-aMT4 i Zngs-aMT1 amb Cu(l) s'observen evolucions molt
properes mentre hi ha Zn(ll) enllacat a les proteines. En canvi, quan el Cu(l) ha
substituit tot el Zn comencen a fer-se paleses les diferéncies entre aquestes dues
proteines. Contrariament, BMT4 i MT1 mostren comportaments in vitro molt propers,
amb una major afinitat envers el Cu per part de pMT4, de manera que només amb 4
equivalents de Cu(l) afegits sobre Zn;-pMT4 I'espécie majoritaria és ja Cug-BMT4. Per
a 6 equivalents de Cu(l) afegits, I'espécie que predomina en l'espectre de DC és
Cu;-pMT4.
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Les diferencies detectades en els comportaments in vitro de Zn,-MT4 i Zn,-MT1
en ser valorades amb Cu(l) radiquen per una part en els diferents espectres de DC de
partida, pero també en les petites contribucions vora 350(+) nm, caracteristiques del
domini BMT4, i en I'abséncia de processos cooperatius. Tal i com passava per a
aMT4, les diferéncies més importants en les evolucions de les valoracions amb Cu(l)
de Zn,-MT4 i Zn,-MT1 s’observen quan s’han substituit tots els Zn enllacats a la
proteina. Al llarg de tota la valoracié de Zn,-MT4 es detecten unes absorcions
caracteristiques a ca. 350(+) nm, no observades en el cas de MT1, que s’intensifiquen
amb la formacié de Cu-MT4, que revelen que MT4 és capag¢ d’enllacar el Cu(l)

mitjancant un entorn de coordinacié que MT1 probablement no pot oferir.

Aquest conjunt de resultats ha portat a classificar MT4 i els seus dominis com a
Cu-tioneines, mentre MT1 s’ha classificat com una Zn-tioneina amb un domini aMT1
amb caracter de Zn-tioneina i un domini BMT1 amb caracter de Cu-tioneina. Aixi
doncs, MT1 presenta una major afinitat per als metalls divalents (Zn i Cd) mentre que
MT4 mostra una clara preferéncia per a enllagar metalls monovalents (Cu). Aixi, la
millor capacitat coordinant de MT4 respecte a MT1 envers Cu(l) radica en els seus
fragments o, ja que aMT1 és una Zn-tioneina i per tant necessita Zn per a replegar-se,
mentre que aMT4 és una Cu-tioneina. Contrariament, la resistencia de MT4 respecte
de MT1 a enllacar Cd(ll) s’ha d’atribuir a les dificultats de pMT4, respecte de BMTL1,

per a formar complexos Cd-MT.

Estudis in silico, duts a terme mitjancant el programa ClustalW (versié 1.75),
corroboren aquests resultats, de manera que 'analisi comparativa de sequiéncies de
diferents organismes mostren que MT4 es trobaria dins del grup de les Cu-tioneines

mentre que MT1 es trobaria més propera al grup de les Zn-tioneines.

Aquesta diferent capacitat coordinant de MT4 respecte MT1 i el fet que MT4 es
sintetitzi Gnicament en el teixit estratificat escamés ha portat a concloure que
probablement MT4 desenvolupa funcions diferents a les que desenvolupa MT1 i que
aquestes funcions poden estar relacionades amb el rol fisiologic concret del Cu dins

d’aquest tipus cel-lular.
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2.2 Influencia dels lligands no proteics en l'estructura de les especies
metall-MT.

Habitualment, i tret de casos especials com el de SmtA de cianobacteri, on els
nitrdgens histidinics participen en la coordinacié metal-lica,? I'habilitat coordinant de
les MTs envers els ions metal-lics ha estat exclusivament atribuida als residus de Cys.
Tot i aixi, aquest mateix grup de recerca va postular fa uns anys®' I'existéncia de
lligands sulfur (S*) en els complexos Cd-MtnA de Drosophila melanogaster i ha descrit
recentment® la preséncia de lligands clorur (Cl') en les espécies Zn- i Cd-MtnB del
mateix organisme (apartat 1.5.4). Consequientment, en la bibliografia es poden trobar
referéncies sobre la participacié de lligands no proteics en I'estructura i estabilitat dels
complexos metall-MT. Cal destacar, perd, que mentre altres autors també descriuen la
participacio dels ions clorur en les espécies metall-MT,%’ els lligands sulfur Gnicament
s’han relacionat amb les fitoquelatines i no es troben treballs que considerin la

participacié d’aquests darrers lligands en la coordinacio metal-lica en MTs.

A Tlinici d’aquesta tesi doctoral ja es van detectar indicis de la participacié
d’altres lligands no proteics en la constitucié de les espécies metall-MT, de tal manera
gue es va fer necessari estudiar la influéncia dels ions clorur i sulfur en els complexos
metal-lics formats per diferents MTs per tal d’avancar en el seu coneixement. Amb la
finalitat de detallar els resultats d’aquest estudi, aquest apartat es divideix en dos. En
el primer (apartat 2.2.1) s’exposen els resultats obtinguts en la caracteritzacié dels
agregats metall-MT de MT4 i MT1 en presencia i en abséncia d’ions clorur. En el
segon (apartat 2.2.2) es recullen les dades que evidencien la participacio dels ions
sulfur en la practica totalitat dels complexos Zn-MT i Cd-MT dels diversos organismes

considerats.

El descobriment de la participacié dels lligands clorur i sulfur en els complexos
metall-MT ens ha obligat a revisar i reconsiderar tots aquells resultats publicats amb
anterioritat sobre les MTs. Si bé aixd no és 'objecte d’aquest estudi, en I'apartat 2.2.3
es recullen totes aquelles consideracions que afecten directament els resultats
presentats en aquesta memaria o que han de ser tinguts en compte a I'hora d’analitzar

els resultats que aqui es presenten.

2.2.1 Participacio dels ions clorur (CI") en els complexos metall-MT

L'analisi dels espectres de diferéencia d’UV-Vis enregistrats al llarg de les
valoracions de Zns,-aMT4 i Zn,-MT4 de mamifer amb Cd(ll), corresponents a I'estudi
de la capacitat coordinant in vitro d’aquestes proteines envers Cd(ll) (apartat 2.1.2) ha

revelat I'aparici6 d'unes absorcions al voltant de 240 nm quan a les Zn-MT
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esmentades se’ls havien afegit 4 i 7 equivalents de Cd(ll), respectivament (Figures
S1.Ai S3.A, article 1). Paral-lelament, la revisio de les dades ja publicades de MT1 ha
portat a detectar aquestes mateixes absorcions en els mateixos punts de les
valoracions de Zn,-aMT1 i Zn,-MT1. Donat que absorcions analogues a aquestes
s’havien relacionat préviament amb la participacié d’ions clorur en la constitucié dels
complexos Cd-MtnB de D.melanogaster,* s’ha considerat adient analitzar la possible
participacié dels lligands clorur en les espécies metall-MT de MT1 i MT4 i dels seus
fragments o. En cap moment s’ha contemplat la realitzacié d’'un estudi analeg per als
seus fragments (3 ja que aquests no donen lloc a les esmentades absorcions.

Aquests estudis s’han dut a terme mitjancant una metodologia similar a
'emprada per a MtnB de D.melanogaster. Aixi, MT1, MT4, aMT1l i aMT4 s’han
sintetitzat en medis rics en Zn i les especies Zn-MT obtingudes s’han eluit per
cromatografia de FPLC en tampd6 Tris-HCIl o Tris-HCIO,4. Posteriorment, aquestes
solucions de Zn-MT dels 4 polipeptids s’han valorat amb CdCl, o Cd(CIO,),,
respectivament. Aguestes valoracions s’han seguit per técniques espectroscopiques
(DC i UV-Vis) i les espécies obtingudes in vivo i en alguns punts de les valoracions in
vitro s’han analitzat per espectrometria de masses (ESI-MS).

La comparacié de les dades analitiques i espectroscopiques de les espécies
Zng-aMT i Zn;-MT de MT1 i de MT4 obtingudes bé en Tris-HCI bé en Tris-HCIO, ha
demostrat que la presencia d’ions clorur no afecta I'estequiometria, I'estructura ni la
quiralitat d’aquestes espécies. Addicionalment, s’ha comprovat que les diferencies
estructurals existents entre les espécies Zn-MT1 i Zn-MT4 es mantenen
independentment dels ions presents en solucié. Consequentment, s’estableix que el
major grau de replegament de les especies Zns-aMT1 i Zn,-MT1 respecte les especies
isoestequiometriques Zng-aMT4 i Zn,-MT4 no pot atribuir-se a la contribucié dels
ligands clorur en la formacid/estabilitzacié dels complexos Zn-MT.

Un cop determinat que la preséncia/abséncia d'ions clorur no té cap influéncia
en la naturalesa dels complexos Zn-MT de MTL1 i MT4, aquests s’han valorat amb
Cd(ll), en preséncia i en abséncia dions clorur. Segons les dades d’ESI-MS
enregistrades, la preséncia de clorurs no afecta la distribucié molecular de les diferents
especies presents al llarg de les valoracions d’aquests quatre polipéptids.
Addicionalment, les dades de DC mostren que no hi ha cap diferéncia significativa en
les evolucions de les valoracions de Zn-aMT4 ni de Zn-MT4 en preséncia o abséncia
d’'ions clorur. Contrariament, els espectres de DC de les valoracions de Zn-aMTL1 i
Zn-MT1 mostren lleugeres diferéncies en les seves etapes finals en funcié de la

preséncia/abséncia de clorurs en soluci6é. En concret, Gnicament els espectres de DC
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dels complexos Cd,-MT1 mostren lleugeres diferéncies si aquests es generen en
solucions riques en clorurs o en perclorats, mentre que Cd;-aMT1l, Cds-aMT4 i
Cd;-MT4 presenten espectres de DC practicament identics sigui quin sigui el contraiod
utilitzat. Aixi, s'estableix que la participacié dels anions clorur provoca petits canvis
estructurals en les espécies Cd-MT1, molt més rellevants en la proteina sencera que

no pas en el seu fragment a.

Una altra contribucié important d’aquest estudi radica en haver determinat que
la millor indicaci6 de la participacio de lligands clorur en els complexos Cd-MT s’obté
dels espectres de diferencia d’'UV-Vis. En aquest i a diferéncia del que s’ha proposat
per Cd-MtnB,* la preséncia de clorurs provoca un desplacament global de I'espectre
cap a longituds d’ona menors, i no precisament un colze a 240 nm també observable

en el cas de MT4 i aMT4 en abséncia de clorurs en el medi.

2.2.2 Participaci6 dels ions sulfur (S%) en els complexos metall-MT

El grup de recerca en el qual s’ha desenvolupat aquesta tesi doctoral va iniciar
els seus estudis de MTs a principis dels anys 90 i des de llavors s’han estudiat i
caracteritzat diverses MTs de diferents organismes. Inicialment, els esforgos es van
centrar en MTs de mamifer (MT1 i MT4) i artropodes (crustaci, MTH, i D.melanogaster,
MtnA-MtnD) pero més endavant s’han anat diversificant i en I'actualitat s’esta estudiant
un gran ventall de proteines que inclouen MTs d’aus, plantes, nematodes, mol-luscs,
equinoderms, llevats i fins i tot protozous.

Mentre es va treballar amb MTs de Classe | (apartat 1.4) les dades de la
literatura obtingudes per a MTs natives concordaven amb les obtingudes en el grup
per a les proteines recombinants, pero tan aviat com es van iniciar els estudis de MTs
menys conegudes des del punt de vista bibliografic, varen comencar a obtenir-se
resultats inesperats i que en molts casos mostraven incoheréncies (Taula 1, article 3).
En primer lloc, molt sovint les estequiometries dels complexos Cd-MT eren massa
baixes per a les relacions Zn:MT obtingudes per a la mateixa proteina i el nimero de
residus de Cys disponibles per a la coordinacié metal-lica. Aquestes relacions
metall:MT es calculen a partir dels continguts totals en sofre i metalls determinats per
ICP-AES, assumint que el sofre total de la mostra prové exclusivament dels residus de
Cys i Met dels polipéptids. Aixi, les baixes relacions Cd:MT feien pensar en I'oxidacié
dels grups tiol de les MTs i per tant en la pérdua de les seves capacitats coordinants.
Malauradament, la quantificacié del grau d’oxidacio d’aquests grups tiol mitjangant la
reacci6é d‘Ellman’? no sols no corroborava aquesta prediccié sind que en alguns casos

fins i tot proporcionava graus d’oxidaci0 negatius. Addicionalment, els resultats
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d’ESI-MS obtinguts en I'analisi de la gran majoria de complexos Cd-MT revelaven la
coexisténcia de les espécies metall-MT esperades juntament amb espécies la massa
de les quals no s’ajustava a cap complex Cd-MT possible. El fet que, en aquests
casos, el Cd fos I'inic metall detectat per ICP-AES feia descartar la participacio
d’'altres metalls en aquestes espécies desconegudes. Finalment, els espectres de DC
d’aquestes mostres presentaven, a més a més de les absorcions caracteristiques dels
cromofors Cd(Scys)4 a ca. 250 nm, unes altres absorcions entre 260 i 280 nm de dificil
assignacio (Figura 1, article 3).

Totes aquestes observacions suggerien la presencia de lligands no proteics
addicionals en aquests complexos metall-MT i la informaci6 de que disposavem
(apartat 2.2.1) indicava que aquest cop no es tractava de lligands clorur. Per altra part,
les dades espectroscopiques suggerien que podia tractar-se de lligands sulfur (S%) ja
que és conegut que els anions sulfur presents en les Cd-fitoquelatines donen lloc a
absorcions entre 260 i 300 nm.®*® Aquesta suposici6 era en certa manera atractiva ja
gue la possible preséncia de lligands sulfur en els complexos Zn- i Cd-MT donava
explicacid a tots els resultats anomals obtinguts amb anterioritat: la desviacié de les
relacions metall:MT, els graus d’oxidacio negatius,63 i fins i tot la massa de les
especies desconegudes que incloien multiples de la massa atomica del sofre.

Mitjangant una analisi qualitativa de presencia de sulfurs labils en medi acid
(Figura 2.2) es va determinar la seva presencia en la majoria de les mostres Zn- i

Cd-MT estudiades, pero en canvi no en les Cu-MT corresponents.

Paper de filtre

humitejat amb
g‘AgNoa

mostra + HCI

Figura 2.2.- Analisi qualitativa de preséncia de ions S* labils en les mostres metall-MT per
precipitacio de sulfur de plata.

La determinacié qualitativa de la preséncia d'anions sulfur va portar a la
modificaci6 del métode d’ICP-AES convencional emprat,”® ja que amb ions sulfur
presents ja no es podia continuar considerant que el contingut en sofre de la mostra
era exclusivament degut als residus de Cys i Met de les MTs. Aixi, a partir d'aquell

moment per a la quantificacié de la concentracié de proteina es va utilitzar I'analisi
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d’aminoacids i el valor obtingut es va corroborar amb un ICP-AES acid que, a més a
més, proporcionava relacions metall:MT molt més acurades (Taula 1, article 3).

Per a la determinacié quantitativa de la preséncia d’anions sulfur, Figura 2.3,
s’ha utilitzat el métode del Blau de Metilé,”* tal i com esta descrit en la bibliografia per a
les Cd-fitoquelatines.®> Aquest métode presenta, perd, dos inconvenients: a)
interferéncies per cadmi,” i b) la insolubilitat del sulfur de coure el fa inadequat per a
mesurar sulfur en mostres que contenen aquest metall. Per aquesta rao, també es va
adaptar un altre métode ja descrit en la bibliografia (GC-FPD)’® a les caracteristiques
de les nostres mostres. Ambdés métodes han donat resultats coincidents i han permés

mesurar el contingut de S* de totes les MTs considerades (Taula 1, article 3).

* Meétode del Blau de Metilé

@ f\ Deteccio colorimétrica
UV-vis

FeCly a 648-746 nm

@ —) mE

N(CH,),

mestra Elau de Matila

* Cromatografia de Gasos amb Deteccio Fotomeétrica de Flama
(CG-FPD)

Cromatografia de Gasos
Deteccidé Fotométrica de Flama

mostra + HCI

Figura 2.3.- Representacié esquematica de la quantificacié del S* present en les mostres
metall-MT segons el métode del Blau de Metilé o per GC-FPD.

La confirmacié que la participacié dels anions sulfur en la coordinacié al Cd(ll)
provoca absorcions en la regié 260-300 nm s’ha aconseguit mitjancant un experiment
d’'acidificacié-reneutralitzacié d’una mostra de Cd-MtnA de D.melanogaster (Figura S1,
article 3) per comparacio dels espectres d’UV-Vis de la mostra abans i després del
tractament, Figura 2.4.

/18
10-]

T T T T T
220 230 240 250 260 270 280 2950 300nm

Figura 2.4.- Superposici6 dels espectres d’'UV-Vis de I'espécie Cd-MtnA abans (tra¢ negre) i
després (trag discontinu) del tractament d’acidificacié-reneutralitzacio.
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El conjunt de resultats obtinguts en aquesta part del treball no sols ha
demostrat la preséncia de lligands sulfur en la gran majoria de mostres de MTs
recombinants que contenen Zn i/o Cd (cap de les Cu-MT considerades ha donat
evidencies de preséncia de sulfur en els seus complexos), siné que també ha posat de
manifest que en una mateixa mostra hi ha un equilibri entre espécies de la mateixa
estequiometria metall:MT que contenen sulfur i que no en contenen (Figura 2, article
3). Resta ara continuar treballant en aquesta linia per tal de demostrar si les mostres
metall:MT natives també contenen lligands sulfur i si és aixi esbrinar quines
implicacions té aquest descobriment en l'estructura i funcié d’aquestes particulars

metal-loproteines.

2.2.3 Revisio dels resultats publicats sobre MT4 i MT1

En lapartat 2.1 d'aquesta memoria s’han descrit els resultats publicats
respecte la capacitat coordinant de MT4 de mamifer i la seva comparaci6 amb els
resultats obtinguts préviament per a MT1. No obstant aix0, el recent descobriment
descrit en I'apartat anterior sobre la preséncia d’ions sulfur (S%) en la majoria de les
espécies recombinants Zn- i Cd-MT analitzades exigeix la reconsideraci6 de les dades
de MT1 i MT4 publicades amb anterioritat. Aixi, en aquest apartat, es reconsideren
aquestes dades tenint en compte la possible participacié dels lligands sulfur en la
coordinacié metal-lica de les MTs.

Malauradament, la sintesi i caracteritzacid6 dels complexos recombinants
Zn-MT1, Zn-aMT1 i Zn-BMTL1 es va dur a terme en el si d’aquest grup de recerca fa ja
uns 10 anys. Des de llavors, tant les tecniques com la metodologia emprada pel grup
han anat millorant i ara és dificil accedir i tornar a analitzar els resultats obtinguts en
aquells moments. Per aix0, ha estat necessari tornar a sintetitzar i caracteritzar alguns
d’aquests complexos. En tots els casos s’ha determinat la preséncia d’ions sulfur com
a lligands dels agregats de Zn (Taula 1, article 3), perd el contingut mitja de S*/MT és
en tots els casos relativament baix (al voltant de 1 S*/MT), de manera que els seus
espectres de DC no reflecteixen aquesta contribucio.

Aquest no és el cas, pero, de les expressions d’'aquestes mateixes proteines
en medis rics en Cd(ll) per a obtenir les corresponents espécies Cd-MT1, Cd-aMT1 i
Cd-BMTL1. En primer lloc cal esmentar que Unicament la sintesi de Cd-BMT1 correspon
a un treball previ d’aquest grup.*® En aquest treball es va observar clarament que la
sintesi a petita escala (0.5 litres) donava lloc a espécies Cd-MT de naturalesa diferent
de les que s’obtenien en sintesis a gran escala (30 litres) en base als espectres de DC
d’ambdoés tipus de produccions (Figura 2.5), les quals en ambdds casos donaven
relacions Cd/MT de 1.4.
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{l

2000 2200 230 200 2500 a0 2700 2800 2900 300 30
nm
Figura 2.5.- Comparacio dels espectres de DC de les solucions de Cdz-BMT1 obtinguda in vitro
(trac negre), Cd-BMT1 produida a petita escala (— — —) i Cd-BpMT1 produida a
gran escala (- - — - — ). Figura extreta de la referéncia bibliografica nimero 40.

Amb el coneixement de la possible preséncia de sulfurs en els agregats

metall-MT, ara podem fer una analisi alternativa d'aquests resultats. Donat que

I'especie Zns-BMT1 conté sulfurs en els seus agregats metal-lics, en valorar-la amb

Cd(ll) aquests persisteixen donant lloc a espécies Cds;-BMT1 que també contenen

sulfurs, pero pocs, i que per tant donen lloc a espectres de DC del tipus A (Figura 1,

article 3). Aquest mateix tipus d’'espécies, i per tant d’espectres de DC, s’obtenen en

les produccions a petita escala, mentre que les fetes a gran escala provoquen una

major participacié dels sulfurs en la constitucio dels agregats metal-lics dels complexos

Cd-BMTL1. Aixo afavoreix que siguin forca més importants les absorcions entre 280 i

300 nm i que les de 250 nm, caracteristiques dels cromofors Cd(Scys)s, €sdevinguin

cada cop proporcionalment menys intenses. En aquest cas el que s'observa és un

espectre de DC del tipus C (Figura 1, article 3), en el qual s’evidencia clarament un

canvi en la quiralitat dels cromofors Cd(Scys)s, generant un exciton coupling de signe
contrari al de les produccions a petita escala.

La sintesi i caracteritzacio de Cds-aMT1 i de Cd,-MT1 s’ha descrit en 'apartat

2.1.2 d'aquest treball (Taula 2.2) i només resta per afegir que, d'acord amb les

mesures de GC-FPD (Taula 1, article 3), ambd6s complexos contenen uns 3 S? per

MT, si bé aixd no modifica substancialment els seus espectres de DC, que també sén

del tipus A.

Pel que fa als complexos Zn- i Cd-MT4, ja caracteritzats en l'apartat 2.1
d’aquesta memodria, cal afegir que les mesures d'ICP acid dels complexos de Zn han
permés millorar les relacions Zn/MT publicades, ara més properes a les
estequiometries detectades per ESI-MS. Aixi mateix, la GC-FPD ha confirmat la

preséncia d'entre 1 i 3 S* per proteina, els quals no sén observables per DC.

-33-



-Resultats i Discussio-

Respecte els complexos de Cd, les mesures d’'ICP acid també han permés millorar les
relacions M/MT publicades per als tres polipeptids MT4, aMT4 i BMT4. En tots tres
casos s’ha detectat preséncia d’ions S%, tot i que tant per a MT4 com per a aMT4
aquests no afecten significativament els espectres de DC de les corresponents
Cd-proteines, obtenint-se en ambdos casos espectres del tipus A. Pel que fa a pMT4,
la consideracié de la presencia de sulfurs en els seus complexos de Cd permet
explicar els resultats publicats, ja que per ICP només es va detectar Cd enllacat a la
proteina (2.0 Cd, 0.0 Zn, Taula 1, article 1) tot i que s’havia proposat que la mescla
obtinguda en la bioproduccié contenia les espéecies Cds-BMT4, Cd,Zni-pMT4 i
CdiZn,-pMT4 (Taula 1, article 1). Aixi, les mesures de GC-FPD, que indiquen uns 4.6
S%IMT, suggereixen que realment la mescla correspon a una barreja Cds-pMT4,
Cd,S,-pMT4 i Cd;S4-pMT4. Aquesta important presencia de lligands sulfur en
Cd-BMT4 també explica el seu espectre de DC “atipic” que presenta una gaussiana a
250(-) nm (Taula 2.2) i que de fet no correspon a cap dels espectres de DC proposats

en l'article 3 d’aquesta memoria.
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2.3 Capacitat coordinant de la MT de pollastre, ckMT1

Una part del treball que aqui es presenta s’ha dedicat a I'estudi de ckMT1,
I'dnica MT coneguda de pollastre, que és I'organisme model en el grup de les aus. Tal
com s’ha comentat en la introduccié (apartat 1.5.2), la proximitat evolutiva de les MTs
d’aus i mamifers fan suposar que ambdues provenen d'un ancestre comd. Tenint en
compte el coneixement que actualment té el nostre grup de recerca sobre les
propietats coordinants de les isoformes MT1 i MT4 de mamifer, sera de gran interés
estudiar el comportament coordinant de ckMT1 i comparar-lo amb el de les primeres.
D’aquesta manera es pretenen determinar les similituds i diferéncies de coordinacié
metal-lica entre agquestes proteines. Aixd ha de contribuir a ampliar el coneixement de
les caracteristiques funcionals que aparentment van determinar els diferents camins
evolutius seguits per les MTs d’aus i mamifers en la branca superior de I'evoluci6 dels
vertebrats. Per tal de fer possible la comparacié entre ckMT1, MT1 i MT4, I'analisi del
comportament de ckMT1 enfront de Zn(ll), Cd(ll) i Cu(l) s’ha dut a terme mitjangant
metodologies analogues a les descrites per a MT4 (apartat 2.1) pero incorporant les
tecniques necessaries per tal d’estudiar la preséncia de lligands sulfur en els seus
agregats.

Si bé l'analisi del genoma de pollastre no ha estat objecte d’aquest treball, cal
destacar que membres d’aquest grup de recerca han identificat un segon gen en
pollastre que codifica per MT, ckMT2, trencant aixi un dels principis basics acceptats
fins al moment que establia que en pollastre només existia una Unica MT (apartat
1.5.2).

2.3.1 Propietats coordinants de ckMT1 envers zZn(ll) i Cd(Il)

Les espécies majoritaries obtingudes en la biosintesi de la proteina sencera,
ckMT1, i dels seus fragments, ackMT1 i BckMT1, en medis rics en Zn(ll) o Cd(ll)
presenten [I'estequiometria dels agregats canodnics esperats, i.e. Ms-ckMTL1,
Ms-ackMT1 i Ms-BckMT1 (M = Zn o Cd) (Taules 2.5 i 2.6), evidenciant un
19,40,41

comportament de ckMT1 més proper al de MT

2.1.2). Tot i aix0, 'ESI-MS mostra com les espécies M;-ckMT1, M;-BckMTL i

gue al de MT4 (seccions 2.1.1 i

Cd;-ackMT1 (M = Zn o Cd) coexisteixen amb especies minoritaries que contenen ions
sulfur (Taules 2.5 i 2.6). La biosintesi de Zn,-ackMT1 és I'nica que ha donat lloc a
una Unica espécie en solucié.

Pel que fa a la informaci6 estructural que s’obté a partir dels espectres de DC,
cal dir que tant M;-ckMT1 com M4-ackMT1 presenten I'empremta caracteristica dels
agregats Zn-MT i Cd-MT descrits fins ara (Figures 2.6.A i 2.6.B, i Figura 3.B, article 4).
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D’altra banda, s’observa que les espécies Zn-ckMT1 presenten un grau d’estructuracio

més proper al de les de MT1 que al de les de MT4 (Figures 2.6.Ai 2.6.B).
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Figura 2.6.- Comparacio dels espectres de DC de les solucions recombinants de: (A)
Zns-ackMT1 (trac negre), Zng-aMT4 (trac gris) i Zn,-aMT1 (trac discontinu); (B)
Zn-ckMT1 (tra¢ negre), Zn,-MT4 (tra¢ gris) i Zn,-MT1(tra¢ discontinu) i (C)
Zn-BckMT1 (tra¢ negre), Znz-BMT4 (trag gris) i Zn;-PMTL (trag discontinu).

ZNn Zn-ckMT1 Zn-ackMT1 Zn-BckMT1
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Taula 2.5.- Resultats de la caracteritzacié dels complexos de ckMT1 sencera i dels seus
fragments constitutius obtinguts per enginyeria genética mitjancant la seva
expressio en medis rics en Zn.

* Les espécies estan ordenades d'acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

Contrariament, les especies Mz-BckMT1 (M = Zn o Cd) presenten espectres de
DC que difereixen forca dels de M;-BMT de mamifer (Figura 2.6.C, i Figura 3.D, article
4). Amb la intencié de determinar quins cromofors provoquen aquestes inesperades
empremtes de DC, s’han dut a terme un seguit d'experiments. Aixi, s’han realitzat en
paral-lel dues sintesis recombinants de Zn-fckMT1, una s’ha eluit en presencia d’ions
clorur (Tris-HCI com a tamp0) i l'altra en abséncia d’aquests ions (Tris-HCIO,; com a
tampd), d'acord amb la metodologia descrita en l'apartat 2.2.1 (article 2). Aquestes

solucions de proteina s’han valorat respectivament amb CdCl, o bé Cd(ClO,), i les
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espécies M"-BckMT1 generades al llarg de les valoracions shan caracteritzat
mitjancant les técniques espectroscopiques i espectrometriques habituals. L'analisi
dels resultats obtinguts permet afirmar que les solucions que contenen Zns-BckMT1 o
Cds-BckMT1 mostren, en preséncia i abséncia de clorurs, els mateixos espectres de
DC i que, per tant, els inesperats espectres de DC obtinguts en la biosintesi
d’aquestes espécies no poden ser atribuits a cromofors en qué hi intervinguin els

lligands clorur.

Cd Cd-ckMT1 Cd-ackMT1 Cd-BckMT1
ICP- [p(?\%'] 2.29x10™ 0.89x10™ 1.75x10%
AES

M/MT 3.7Cd 3.4 Cd 1.6 Cd
ICP- | [prot] 0.63x10 0.62x10™ 0. 57x10™
AES |_(M)
acid | M/MT 8.8 Cd 4.4 Cd 43 Cd
SZIMT 4.70 2.90 5.60

Cd;-ckMT1 (M)
ESI-MS’ CdeS,-ckMT1
Cd5S4'CkMT1 (m)

¥ ' “/\ &

NN

Espectre DC / \\/ ' \/ o \
a5 :: .-;Irfl

<20 >

Cda-ackMT1 (M) Cda-BekMTL (M)
Cd3S,-ackMT1 (m) Cszz-BCkMTl (m)
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Taula 2.6.- Resultats de la caracteritzacio dels complexos de ckMT1 sencera i dels seus
fragments constitutius obtinguts per enginyeria genética mitjancant la seva
expressio en medis rics en Cd.

* Les espécies estan ordenades d'acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

Un cop descartats els ions clorur com a responsables dels espectres de DC de
les espécies M-BckMT1, i tenint en compte els resultats d’ESI-MS, ICP-AES i GC-FPD
gue revelen la preséncia d'ions sulfur tant per M = Zn com per M = Cd, s’ha procedit a
I'acidificacié d’ambdues solucions des de pH 7.2 fins a pH 1.5 amb HCI 0.05 M, tot
esperant provocar l'alliberament dels sulfurs en forma de H,S gas. La Figura 2.7
mostra els espectres de DC i d’UV-Vis enregistrats al llarg de l'acidificacié d’'una
mostra de Zn-BckMT1. Un cop desmetal-lada la proteina (Figura 2.7.A), el pH de la
solucié s’ha portat de nou a pH 7.6 per addici6 de NaOH 0.05M (Figura 2.7.B). Aixi,
s'observa que I'acidificacio provoca una disminucié generalitzada de I'absorcié, d’'acord
amb la pérdua de metalls per part de la proteina, mentre que amb la reneutralitzacié la

forma apo-MT torna a enllacar els ions metal-lics, recuperant les absorcions inicials
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(Figura 2.7.C). Aixi, es pot concloure que tampoc els ions sulfur semblen presentar
contribucions espectroscopiques facilment observables per DC en el cas de les
espécies Zn-pckMT1 i Cd-BckMT1. Consequientment, les absorcions dels espectres de
DC obtinguts per a les mostres de Zn-pckMT1 i Cd-BckMT1 s’atribueixen
exclusivament als respectius cromofors Zn(Scys)s (ca. 240 nm) i Cd(Scys)a (ca. 250 nm)

amb contribucions a baixes longituds d'ona (ca. 225 nm) de la conformacié de la
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Figura 2.7.- A una solucié 25x10° M de Zns-BckMT1: (A) s’afegeix HCI 0.05M i s’enregistren els
canvis produits per la baixada de pH en els espectres de DC i UV-Vis i (B)
seguidament s’afegeix NaOH 0.05M fins a pH 7.6. (C) Comparaci6 dels espectres
de DC i UV-Vis de la solucid inicial (tra¢ negre) i la soluci6 després de ser
acidificada i reneutralitzada (trag gris).

Tot i els particulars espectres de DC de les espécies M-ckMT1 (M= Zn o Cd),
I'analisi comparativa dels resultats obtinguts en la caracteritzacié espectroscopica de
les espécies My-ackMT1, M-BckMT1 i M-ckMT1 biosintetitzades permet deduir que en
medis rics en Zn(ll) i Cd(ll) els fragments de ckMTL1 aillats s’estructuren de manera
analoga a com ho fan quan formen part de la MT sencera. Per tant, es proposa que
ambdds dominis es comporten de manera independent ja que la suma dels seus
espectres de DC practicament reprodueix el de la proteina sencera en preséncia de
metalls divalents (Figura 3.A i 3.B, article 4).

Els experiments realitzats in vitro han permés reproduir I'espectre de DC de la
mostra Cd-fckMT1 obtinguda in vivo. Aixi, els resultats obtinguts en afegir 3
equivalents de Cd(lIl) a una soluci6 de Znz-BckMT1 a pH 7 evidencien, tant per ESI-MS
com per DC, que la mostra aixi aconseguida presenta unes caracteristiques molt
properes a les de la Cd-BfckMTL1 biosintetitzada. Tot i aixi, no és fins a 7 eq de Cd(ll)

afegits que s'obté I'espectre representatiu de I'espécie Cds-fckMT1 (amb una petita
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contribucié del complex CdsS,-fckMT1), el qual és més proper al de Cds-BMT1 que al
de Cd;-pMT4 (Figura 4.D, article 4).

Les valoracions amb Cd(ll) de les espécies Zng-ackMT1l i Zn;-ckMT1
biosintetitzades han donat lloc a resultats molt interessants. Fins a 4 i 7 equivalents de
Cd(ll) afegits, respectivament, les evolucions espectroscopiqgues han estat
comparables a les dels corresponents péptids de MT1%*! i MT4 (apartat 2.1.2 i article
1). Pero és a partir d’aquests punts de les valoracions que en afegir més equivalents
de Cd(ll) comenca a fer-se visible una absorci6 positiva a 250 nm en els espectres de
DC. En un estudi anterior d'aguest mateix grup fet amb mutants de MT1 que
intercanviaven un residu de Cys per His*’ ja s’havia observat una absorcié analoga, la
qual es va relacionar amb la participacié de la His en I'enllag metal-lic. En base a
aquests resultats i per corroborar aquesta participacio en el cas de I'enlla¢ de ckMT1 a
Cd(ll), s’ha procedit a acidificar amb HCI 0.011 M les solucions finals de les
valoracions de Zng-ackMT1 i Zn;-ckMT1 amb Cd(ll) des de pH 7 fins a pH 4. Els
espectres de DC enregistrats al llarg d’aquests experiments mostren com a mesura
que el pH disminueix desapareixen les absorcions a 250 nm, mentre que la resta de
senyals del DC es mantenen constants. Aquests resultats indiquen que les diferéncies
entre els espectres de DC a pH 7 i 4 es deuen, molt probablement, a la coordinacié del
nitrogen imidazélic de la His al Cd(ll) donat que es protona a un pH entre 4-5, mentre
que per sota d’aquest pH comenca a protonar-se el grup tiolat de la Cys.

En els espectres de DC, s’ha observat juntament amb I'aparicié de I'absorcié
vora 250 nm, una baixada gradual en la intensitat de totes les bandes, més evident en
el cas d'ackMT1. En la bibliografia aquesta variaci6 en els espectres de DC s’ha
relacionat amb processos de dimeritzaci6.”® Aixi mateix, un estudi exhaustiu dels
resultats d’'ESI-MS mostra la preséncia del dimer Cdg-2ackMT1 el qual es detecta des
de practicament els primers punts de la valoracié de Zns-ackMT1 i I'abundancia del
qual augmenta amb el nombre d’equivalents de Cd(ll) afegits. Tot i que en la valoracio
de ckMT1 I'evoluci6é espectroscopica (DC i UV-Vis) és comparable a la de ackMT1, la
tecnica d’ESI-MS no ha permes proposar la formacié de dimers en el cas de la
proteina sencera. En la bibliografia es descriuen dos tipus de dimers en MT, els que es

formen per oxidaci6 dels grups -SH, generant aixi ponts disulfur entre dos

9 |80

monomers,” i els que es formen via metall.?> Amb les condicions de treball aqui
utilitzades (baixes concentracions de proteina i atmosfera d’argd) no sembla probable
la formacié d'un dimer per oxidaci6. D’altra banda, el fet que els espectres de
diferéncia d’'UV-Vis d’ambdues valoracions no mostrin la formacié de nous cromofors a

partir de 4 i de 7 eq de Cd(ll) respectivament afegits a Zn,-ackMT1 i Zn;-ckMT1 i que
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per ESI-MS es detecti la coexisténcia de Cd;- i Cdg-2ackMT1, porta a suposar que la
formacioé de dimers tampoc no té lloc via la interaccié de dos monomers que s’enllacen
mitjancant un metall que fa de pont. En conseqliéncia, es proposa un tercer procés de
dimeritzacié en MTs en qué intervindrien els dos nitrogens dels residus d’His (article
4).

El conjunt de resultats recollits i discutits en aquest apartat han permes
concloure que ckMT1 presenta un comportament coordinant enfront dels metalls
divalents més proper al de MT1 que al de MT4, i que probablement I'afinitat d’aquesta

proteina per aquests ions metal-lics es troba entremig de la de MT1 i MTA4.

2.3.2 Propietats coordinants de ckMT1 envers Cu(l)

En medis rics en Cu el fragment BckMT1 s’expressa com a barreja d’espécies
homometal-liques Cu-pckMT1 amb una composicio similar pero diferent abundancia a
les presentades per BMT1 i BMT4. Aixi, es detecta Cus-fckMT1 com a espécie
majoritaria enfront de Cu,-fMT1 i Cu,-fMT4 (Taula 2.7). D’acord amb les dades de DC
les estructures de les tres proteines en solucié s6n comparables, tot i que només
BckMT1 i BMT4 presenten absorcions en el rang 340-380 nm (Figura 6.C, article 4), la
qual cosa suggereix que aquests péptids sdn capacos de proporcionar un tipus de
coordinacié per al Cu(l) que BMT1 no pot oferir. Aixi doncs, segons aquests resultats,

BckMT1 es comporta com una Cu-tioneina de manera equivalent a com ho fan MT1 i

BMTA4.
Cu Cu-ckMT1 Cu-ackMT1 Cu-BckMT1
[prot ] 0.39x10* 0.26x10* 1.66x10™
IcCP- | (M)
AES 2.527n 0.5 Zn 0.0 Zn
M/MT 7.4 Cu 5.7 Cu 6.0 Cu
Myo-ckMT1 (M) Mg-ackMT1 (M) Cug-BckMT1 (M)
ESI-MS’ My,-ckMT1 M7-ackMT1 Cu7-BckMT1

Mll-CkMTl (m)

Ms-ackMT1 (m)

Cus-BckMT1 (m)

Espectre DC

.

240 260 250 M0 30 M0 360 360 MM

—

|
v~

20 240 260 280 M0 X0 0 30 350 UM

240 260 280 30 320 M0 380 380 lW“m

Taula 2.7.- Resultats de la caracteritzacié de ckMT1 sencera i dels seus fragments constitutius
obtinguts per enginyeria genética mitjangant la seva expressié en medis rics en Cu.

* Les espécies estan ordenades d’acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.
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Contrariament, ckMT1 i ackMT1 es consideren Zn-tioneines ja que en medis
rics en Cu donen lloc a barreges d'espécies heterometal-liques Zn,Cu-MT (Taula 2.7),
analogament a com ho feien MT1 i el seu fragment aMT1. Per a la proteina sencera,
les similituds amb MT1 sén forca significatives ja que Mi-ckMT1 és I'espécie
majoritaria (on M = Zn i/o Cu), amb una estequiometria Zn;Cu;-ckMT1 (segons dades
d’ICP-AES) i un espectre de DC comparable als proposats per a MT1 i MT4 (Tipus 2)
(Figura 6.A, article 4), tot i que les absorcions entre 340-380 nm caracteristiques dels
fragments BckMT1 i BMT4 en aquests cas nomeés es detecten en l'espectre de
Zn3Cu,-MT4. Per altra banda, ackMT1 presenta com a espécie majoritaria Mg-a.ckMT1,
que contrasta amb la biosintetitzada Ms-aMT1 i, si comparem els resultats obtinguts
per ICP-AES (0.5 Zn i 5.7 Cu per ackMT1 enfront de 0.5 Zn i 4.5 Cu per aMT1),
sembla evident que la diferéncia en la relaci6 M/IMT entre aquests dos polipéptids és
deguda a un Cu(l) addicional en ackMT1. La comparacio dels espectres de DC revela
que tot i la seva diferent naturalesa, Zn-tioneina vs. Cu-tioneina, ackMT1 es replega
en solucié de manera més propera a aMT4 que a aMT1 (Figura 6.B, article 4), la qual
cosa fa pensar que la presencia de Zn(ll) en ackMT1 no té rellevancia estructural.

Per aprofundir més en el coneixement de les propietats coordinants de ckMT1
envers Cu(l) s’han dut a terme experiments de substituci6 Zn/Cu per als tres
polipeptids. Tal i com es descriu en el cas de les espéecies Cu-ckMT1, Cu-MTL i
Cu-BMT4 biosintetitzades, les tres Zn-proteines mostren in vitro comportaments molt
propers envers Cu(l). Aixi, tot i les diferéncies estructurals de les especies de partida
(Znz-BckMTL, Zns-BMTL1 i Zns-BMT4), els tres péptids donen lloc a reaccions de
substitucié Zn/Cu analogues, amb I'excepcié del numero d'equivalents de Cu(l)
necessaris per assolir determinades etapes de les valoracions. Utilitzant la
metodologia definida per aquest grup d'investigacié per a identificar empremtes de DC
de les espécies metall-MT formades al llarg de les valoracions®® (article 1, apartat
2.1.3), s’ha observat que amb 5 eq de Cu(l) afegits a Znz-BckMT1 ja s’obté I'espectre
del complex Cu;-BckMT1, mentre que per a formar els agregats Cu,-fMT1% i Cus-
BMT4 (article 1 i apartat 2.1.3), d’estructures comparables a Cu;-BckMT1, cal afegir 7 i
6 eq de Cu(l), respectivament. El conjunt d’aquestes dades suggereix que BckMT1
presenta in vitro una major afinitat per al Cu(l) que pMT1 i BMT4.

Pel que fa al fragment ackMT1, la reacci6 de substitucié Zn/Cu en Zns-ackMT1
€s més similar a la de Zns;-aMT1 que no pas a la de Zns,-aMT4, tot i que les tres
valoracions presenten evolucions molt paral-leles fins 5 eq de Cu(l) afegits. L'addicié

del 6¢ equivalent de Cu(l) a Zns-aMT4 provoca un canvi en la quiralitat de la proteina
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el qual s’observa també en els casos de ackMT1 i aMT1 perd després de 'addicié de
7 i 8 eq de Cu(l), respectivament. Aquests resultats permeten proposar que la
capacitat coordinant de ackMT1 envers el Cu(l) es troba entre les de aMT1 i aMT4.

Les tres proteines senceres, Zn-ckMT1, Zn-MT1 i Zn-MT4, evolucionen de
manera similar fins a 7 eq de Cu(l) afegits, punt on es detecta la formacié d’especies
analogues d'estequiometria ZnsCu;,-MT, equivalents a les obtingudes en la sintesi
recombinant de les tres proteines en medis rics en Cu. Les diferéncies observades en
aquest primer estadi de les valoracions s’han d’atribuir a les diferéncies en els
espectres de DC de partida i en el cas de MT4 a una contribucié en la zona de 350 nm
relacionada amb la coordinacié de Cu(l) per part del domini BMT4 (article 1 i apartat
2.1.3). Aquesta absorcio present en MT4, que s’intensifica amb la formacié de Cujo-
MT4, no apareix mai en el cas de la valoracié de MT1, mentre que en el cas Zn-ckMT1
es detecta en afegir 12 eq de Cu(l), la qual cosa denota que aquesta Ultima proteina
presenta la capacitat, tal i com ho feia MT4 (article 1 i apartat 2.1.3), d’enllacar Cu(l)
mitjancant un entorn de coordinacié especial quan s’han afegit quantitats importants de
Cu(D.

Contrariament a la independéncia de comportament de ackMT1 i BckMT1
envers Zn(ll) i Cd(ll), els dos dominis de ckMT1 interaccionen in vivo amb Cu(l) de
manera diferent quan es troben lliures o quan formen part de la proteina sencera, és a
dir, mostren un comportament dependent. Aquest fet s’evidencia clarament per les
estequiometries de les espécies biosintetitzades en medis rics en Cu. Aixi, per a la
proteina sencera s'obté com a complex majoritari Myo-ckMT1, en contraposicid a
I'espécie Mg,Cus-ckMT1 que caldria esperar tenint en compte les estequiometries dels
agregats majoritaris obtinguts en les biosintesis dels fragments, Mg-ackMT1 i Cus-
BckMT1. Aquests resultats denoten, tal i com es va observar en el cas de MT1 i de
MT4, una major capacitat coordinant in vivo envers Cu(l) dels fragments per separat
que de la proteina sencera. L'elevat nombre d'espécies que coexisteixen en les
diferents etapes de les valoracions in vitro dificulta la determinacié del comportament

dependent/independent dels dominis de ckMT1 in vitro.

El conjunt de resultats recollits en aquest apartat porta a concloure que,
analogament a com s’ha proposat en el cas dels metalls divalents, les habilitats
coordinants dels péptids de ckMT1 enfront del Cu(l) es situarien entre les de MT1 i les
de MT4, de manera que I'esquema d’afinitat d'aquestes proteines envers el Cu(l) seria:
MT4 > ckMT1 > MT1.
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2.4 Capacitat coordinant d'una MT de llevat, Crs5

Tal i com s’ha comentat en l'apartat 1.5.3, s’han descrit dues MTs en el llevat
S.cerevisiae, Cupl i Crsb, molt diferents entre si. La primera, ampliament estudiada,
ha estat relacionada amb la destoxificacié i homeodstasi del Cu no només perque
I'expressidé del seu gen és induida per la preséncia de Cu, siné també perqué en
purificar-la s’obté com una especie homometal-lica de Cu. Per altra banda, Crs5, amb
una estructura primaria que la fa més propera a les MTs de mamifer que a Cupl,
també es veu regulada positivament per la preséncia de Cu en el medi perd a uns
nivells molt més baixos que Cupl. Tot i aixd, s’ha proposat que aquesta MT podria
tenir un paper en la destoxificacié i homeostasi del Zn.*® Amb la intencié d’aprofundir
en I'estudi de Crs5 i de les seves possibles funcions, i establir el seu caracter de Zn- o
Cu-tioneina, s’ha estudiat el comportament coordinant d’aquesta MT de llevat. En
aquest apartat es recullen els resultats i la discussié de I'estudi de caracteritzacio
d’aquesta MT obtinguts mitjancant la metodologia habitual emprada per aquest grup

de recerca.

Cal esmentar que, en el procés de clonacié del gen de Crs5 (equip del
Departament de Genética), s’han obtingut dues metal-lotioneines lleugerament
diferents, Crs5 i Crs5*, que difereixen Gnicament en un aminoacid (una Lys de Crs5
que és un Glu a Crs5*). La seva caracteritzacié s’ha dut a terme en paral-lel i ha
revelat que la mutaci6 no té practicament cap influéncia en les propietats de
coordinacié metallica de Crs5 (en la Taula 2.8 es mostren els resultats de la
caracteritzacio de Zn-Crs5 i Zn-Crs5*). Per tant, a continuacié es comenten Unicament

els resultats obtinguts per a Crs5.

24.1 Propietats coordinants de Crs5 envers Zn(ll) i Cd(Il)

Crs5 s’expressa en medis rics en Zn(ll) com una barreja d’espécies
homometal-liques amb Zns- i Zn,-Crsb com a espécies majoritaries (Taula 2.8).
L'espectre de DC de Zn-Crs5 presenta una absorcié en forma de gaussiana a ca. 240
nm, representativa dels cromofors Zn(Scy)s. Cal destacar que la intensitat dels
espectres de DC d’aquesta mostra hi denoten un alt grau de quiralitat en comparacio
amb el d’altres Zn-MTs.

Analogament a les altres MTs estudiades en aquest treball, els complexos
Zn-Crs5 contenen lligands sulfur en els seus agregats, si bé en aquest cas el nombre
de S* per molécula de MT és relativament baix (0.4 - 0.7 S*/MT), cosa que fa que
practicament no hi hagi discrepancies entre les mesures d'ICP-AES convencional i

acid i en les relacions Zn/proteina calculades a partir d’aguestes.
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ZNn Zn-Crsb Zn-Crsb5*
icp- | [Prot] 1.72x10°* 4.30x10"
AES (M)

M/MT 5.87n 5.6 Zn
ICP- [prot.] -4 4
AES (M) 1.67x10 4.09x10
acid M/MT 5.7 Zn 5.7 Zn
Blau de Metilé 0.35 S/prot. 0.58 S/prot.
GC-FPD 0.44 S/prot. 0.77 Slprot:
Zn;- ~ Zne-Crs5 (M) ane;]CrCS:fS(SM)
- * - 7"
ESI-MS Zns-Crsb ZNns-Crs5

Zn;S,- = Zny-Crs5 (m) Zn4- = Zns-Crs5 (m)

Espectre DC 1

R S ._/

220 230 240 250 260 270 280 290 M 200 230 240 250 260 270 280 299 DM

Taula 2.8.- Resultats de la caracteritzacié dels complexos de Crs5 i Crs5* obtinguts per
enginyeria genética mitjancant la seva expressio en medis rics en Zn.

* Les especies estan ordenades d’acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

L’expressié de Crs5 en medis rics en Cd(Il) ha donat lloc a preparacions de
més dificil caracteritzacio ja que la FPLC dels ultims estadis del procés de purificacié
de les mostres dona lloc a dos pics, els quals s’han separat i analitzat
independentment. Ambdues mostres contenen complexos Cd-Crs5 de composicio i,
per tant, també de caracteristiques diferents. Tanmateix, els seus espectres de DC i
les seves dades analitiques presenten algunes caracteristiques comunes (Taula 2.9),
que son:

- absorci6 de DC al voltant de 250 nm, atribuible als cromofors Cd(Scys)4
- absorcié de DC entre 280 i 300 nm, atribuible a la presencia de lligands sulfur

en els complexos Cd-Crs5

La intensitat relativa de les absorcions de DC a 250 i 280-300 nm esta d’acord amb
el contingut en lligands sulfur de cadascuna de les mostres (Figura 4 A, article 5)
detectat per ESI-MS i CG-FPD. D’aquesta forma, el primer pic que es separa per
FPLC (Pic 1) conté complexos Cd-Crs5 amb un major contingut en S* que aquells
presents en el Pic 2, cosa que esta d'acord amb les respectives caracteristiques

espectroscopiques i analitiques. Cal destacar també que si es recullen els dos pics
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conjuntament (Pic 1+2) es pot veure que els complexos amb elevat contingut en sulfur

no sén majoritaris en la bioproduccio de Cd-Crs5.

Cd-Crsh5 Cd-Crsbh
Cd 12 sintesi 22 sintesi
Pic 1+2 Pic 1 Pic 2
[prot.] 4 4 -4
2.25x10 0.47x10 1.04x10
ICP-AES | (M) X X X
M/MT 0.1Zn, 3.2 Cd 0.0 Zn, 1.8 Cd 0.0 Zn, 3.1 Cd
ICP-AES ["H\‘A);'] 0.1x10™ 0.38x10™
acid Pt 9.0 Cd 0.12Zn, 7.4 Cd
GC-FPD 2.03 1.81
— o en
ES|-MS* CdgS,-Crs5 Cd;S,-Crs5 (M) cé _2Cr55
Cds- = Cd,S,-Crs5 Cdg-Crs5 (m) 8
Cd- = CdsS,-Crs5 (m) CdeS,-CrsS
8 ° CdsS,-Crs5 (m)
Espectre DC 5 II|| I: 04//\
"
..‘.22_{ ". 2; \. \é k2 150 M :‘n‘_‘ﬂ 240 260 2580 300 120 HD 60 N -um 240 2"0 280 100 0 M0 &0 M

Taula 2.9.- Resultats de la caracteritzacié dels complexos de Crs5 obtinguts per enginyeria
geneética mitjancant la seva expressié en medis rics en Cd.

* Les especies estan ordenades d’'acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

La valoracio de la forma Zn-Crs5 amb Cd(ll) (Figures 5i S1, article 5) ha revelat
que, d’'acord amb el baix contingut en lligands sulfur de Zn-Crs5, la substitucié del
Zn(ll) pel Cd(ll) permet generar in vitro mescles d'espécies Cd-Crs5 analogues a les
obtingudes in vivo i eluides per FPLC en I'anomenat Pic 2 (Figura 4C, article 5). En
canvi, en cap moment de les valoracions es detecten absorcions analogues a les
enregistrades per a les mostres Cd-Crs5 del Pic 1.

Cal destacar que, a diferéncia del cas descrit per a ckMT1 (apartat 2.3.1), en
Crs5 (que conté 2 residus d’His) no s’ha observat cap evidéncia de la participacié dels
residus d’His en la coordinaci6 a Zn(ll) o a Cd(ll).

2.4.2 Propietats coordinants de Crs5 envers Cu(l)

Tal com és habitual, Crs5 s’ha expressat multiples vegades en medis rics en
Cu i s’han fet cultius tant a petita com a gran escala. Aixi, en les produccions a petita

escala s'utilitzen erlenmeyers de 2 litres amb 1.5 litres de cultiu que s’agiten a 250
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rpm, mentre que els cultius a gran escala es fan en fermentadors de 10 litres amb
agitacié important i oxigenacio constant (més d’'un 70-80% de saturacio). A diferencia
del que s’havia observat fins ara, la caracteritzacio de les preparacions fetes a petita i
a gran escala ha revelat que la naturalesa dels complexos Cu-Crs5 depén de com s’ha
dut a terme la seva biosintesi. Aixi mateix, i a diferéncia de quan la proteina es produia
en presencia de Cd(ll), en aquest cas els pics de MT separats per FPLC mostren
composicions analogues, de manera que s’han caracteritzat conjuntament.

Els resultats obtinguts en les diferents produccions de Cu-Crs5 (Taula 2.10)
mostren que en les de petita escala s'obtenen espécies homometal-ligues de Cu,

mentre que les de gran escala donen lloc a espécies heterometal-liques Zn,Cu-Crsb.

Cu Cu-Crsbh Cu-Crsbh
(gran escala) (petita escala)
[proteina] 1.72x10" 3.22x10™
(M)
ICP-AES Relacié 1.7 Zn 0.2 Zn
M/MT 0.0 Cd 0.0Cd
5.0 Cu 11.0Cu
CUlO'CrSS
Mg-Crs5 ~ Mg-Crs5 (M) Cug-Crsb
Mio-Crs5 Cu;:-Crs5
_ *
ESI-MS M11-Crs5 =~ M1,-Crsb Cuq»-Crsb
Me-Crs5 = M7-Crs5 (m) Cuy3-Crs5
Cug-Crsb
Ac| | Ag
15
10
Espectre DC 5

Taula 2.10.- Resultats de la caracteritzacid dels complexos Cu-Crs5 obtinguts mitjangant
I'expressio recombinant del gen CRS5 en cultius en medis rics en Cu.

* Les especies estan ordenades d'acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

Les mesures de preséncia d'anions sulfur com a lligands en els complexos
Cu-Crs5 (article 3) han indicat, una vegada més, la seva abséncia en ambdos tipus de
produccions. Aixi, a petita escala trobem com a espécie majoritaria Cujo-Crs5, que
estaria bastant d’acord amb les dades d’'ICP que mostren un contingut d’11 Cu, mentre
gue a gran escala les espécies majoritaries sén Mg- i Mo-Crs5, quan els valors d’'ICP

sumen 7 com a molt. Els espectres de DC d’'una i altra produccions son també
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caracteristics. Els de gran escala (Zn,Cu-Crs5) son forca més intensos que els de
petita escala (Cu-Crs5) pero ni els primers s’assemblen gaire als de les espécies
heteronuclears de les MTs de mamifer (Zn;Cu,-MT1 o Zn3;Cu,-MT4) (Figura 6.C, article
5) ni els segons als de les homonuclears de Cu de MT4 (Cu,o-MT4) (Figura 6.A, article
5).

Els resultats aqui exposats suggereixen que la major/menor preséncia d’oxigen
en les biosintesis de Crs5 en E.coli fetes a gran/petita escala és la que determina la
naturalesa homo o heteronuclear dels complexos metall-MT que s’obtenen. Per tal de
demostrar la relaci6 entre la preséncia/abséncia d'oxigen i la naturalesa
hetero/homonuclear dels complexos metall-Crs5 obtinguts es varen fer dues noves
produccions de proteina a petita escala perd en condicions de major oxigenacid. La
primera es va dur a terme emprant dos erlenmeyers de 2 litres amb 0.75 litres de cultiu
cadascun, als quals s’hi van adaptar uns bombollejadors d'aire domestics. La segona
biosintesi es va realitzar de manera analoga a la primera perdo en el moment de la
induccié per IPTG es van ajuntar els dos volums en un sol erlenmeyer i es va retirar el
bombollejador, igualant aixi el volum (1.5 L) i condicions habituals de sintesi a petita
escala. En totes dues produccions la velocitat d’agitacié va ser lleugerament superior a
I'habitual (260-270 rpm). Les dades obtingudes en ambdues produccions, que es
recullen a la Taula 2.11, mostren que en tots dos casos s'obtenen especies
heteronuclears Zn,Cu-Crs5 i que, per tant, és efectivament I'oxigenacié elevada la que
determina que no es formin complexos homonuclears de Cu.

Addicionalment, els resultats obtinguts permeten aprofundir una mica més en
I'efecte de I'oxigen en les produccions de Cu-Crs5 a partir de I'analisi dels espectres
de DC i de les dades analitiques d'aquestes dues darreres produccions respecte als
de les primeres. De fet, els continguts de Zn i Cu de les espécies bioproduides a gran
escala, la seva estequiometria i els seus espectres de DC s6n més semblants als de la
produccié en la qual s’ha forcat la preséncia d’'un excés d'oxigen només abans de la
induccié que als d'aquella en qué l'oxigenacié s’ha mantingut al llarg de tota la
produccié (Figura 7, article 5). Pel que fa a I'espectre de DC dels complexos metall-
Crs5 obtinguts quan es déna la maxima oxigenacié al medi, cal dir que aquest difereix
de l'enregistrat per a les espécies heterometal-liques obtingudes a gran escala perd
que és forca proper als obtinguts in vitro en els primers estadis de les valoracions amb
Cu(l) de Zn-Crs5. De fet, ambdos espectres de DC d’aquestes darreres sintesis poden

ser reproduits in vitro valorant Zn-Crs5 amb Cu(l) (vegi’'s més avall).
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Cu-Crs5 Cu-Crs5
Cu (oxigenacié important al llarg de | (oxigenacié important abans de
tota la produccid) la induccid)
[prot.] -4 -4
0.35x10 2.05x10
(M)
ICP-AES 26 7n 1.7 7n
M/MT 0.0 Cd 0.0Cd
2.8 Cu 5.5Cu
Mg-Crs5 ~ My-Crs5 (M) Mg-Crs5 ~ Mo-Crs5 (M)
Ms-Crsb Mio-Crs5
ESI-MS* Ms-Crs5 ~ Mg-Crsb M;11-Crs5
M--Crsb M1s- = Ms- = M;-Crsb
M1o-Crs5 (m) Me-Crs5 (m)
?: Az
Espectre DC

Taula 2.11.- Resultats de la caracteritzacio dels complexos Cu-Crs5 obtinguts mitjancant
I'expressid recombinant del gen CRS5 en cultius a petita escala en medis rics
en Cu.

* Les especies estan ordenades d’'acord amb la seva abundancia en solucié. (M) representa I'espécie
majoritaria i (m) la minoritaria.

Aquests experiments s’han completat amb proves de quantificacié de metall
total (Cu i Zn) en la cél-lula en medis aerdbics i anaerobics, de manera que s’ha pogut
observar que la quantitat de Zn(ll) en la cél-lula és independent del grau d’oxigenacio
mentre que la del Cu total disminueix significativament quan s’ha oxigenat el medi. Aixi
doncs, i d’'acord amb les dades de la bibliografia, una possible explicacio als fets
observats podria ser que Crs5 es sintetitzés com una Zn-Crs5 i que posteriorment
intercanviés els ions Zn(ll) per ions Cu(l). Donat que una major oxigenacio del medi
(cultius a gran escala) implica una menor quantitat de Cu en la céllula, és més
probable I'obtencié d’espécies heteronuclears Zn,Cu-Crs5. En canvi, si no es forca
I'oxigenacié del medi (cultius a petita escala), hi ha més Cu a la céllula i més
efectivament pot ser substituit el Zn inicialment coordinat, donant lloc a espécies
homonuclears de Cu.

La comprovacido del fet que les espécies heterometal-liques Zn,Cu-Crs5
obtingudes en medis forca oxigenats podien donar lloc a les homometal-liques
Cu-Crs5 es va aconseguir in vitro tot addicionant Cu(l) a les primeres, per tal de
generar les segones. En aquest experiment es va poder veure clarament que el Cu(l)

afegit a una de les Zn,Cu-Crs5 bioproduides a gran escala s’enllagava lentament a la
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proteina, ja que va ser necessari addicionar 1 eq de Cu(l) cada 24 h per tal de poder
enregistrar espectres que no fluctuessin amb el temps. Aixi, els espectres de DC
(Figura 9.A i 9.B, article 5) mostren que cada addicié provoca una lleugera variacio
dels espectres, fins que per al 6é equivalent ja s’observa 'empremta caracteristica de
les espécies homonuclears Cu-Crs5 (Figura 9.C, article 5).

També s’ha valorat amb Cu(l) la Zn-Crs5 bioproduida per tal de comparar les
espécies formades in vitro per desplacament del Zn inicialment coordinat amb les
sintetitzades in vivo en medis enriquits en Cu. Aixi, s’ha pogut determinar que, en els
primers estadis de la valoracio, el Zn(ll) és facilment substituit pel Cu(l) (Figura S2,
article 5) per tal de donar lloc, per a 7 eq de Cu(l) afegits, a una mescla d’espécies de
caracteristiques espectropolarimetriques molt properes a les de les especies
heterometal-liques Zn,Cu-Crs5 obtingudes in vivo en les produccions a gran escala
(fermentador). Un detall interessant és que abans d’'arribar a aquest estadi de la
valoracio, per a 6 eq de Cu(l) afegits, quan Crs5 encara té molt zZn(ll) i poc Cu(l)
enllagats, I'espectre de DC de la mescla és molt semblant al de la producci6 feta a
petita escala en la que s’ha mantingut una oxigenacié important durant tota la
produccio (Figura 8, article 5). De 7 a 11 eq de Cu(l) els espectres de DC practicament
no canvien, perd és en aquest rang d'equivalents de Cu(l) afegits quan es
reprodueixen els espectres de DC d’aquelles mostres Zn,Cu-Crs5 biosintetitzades amb
una oxigenacié parcial. A partir d'11 eq de Cu(l) es comencen a obtenir espectres de
DC semblants als de les espécies homonuclears Cu-Crs5 obtingudes in vivo si bé no

és fins a 13 eq de Cu(l) afegits que es reprodueixen del tot aquests espectres.

Els resultats presentats aqui suggereixen que Crs5 podria comportar-se bé
com una Zn-tioneina bé com una Cu-tioneina, tot depenent de les concentracions
intracel-lulars de Cu que a la vegada estan relacionades amb I'estat d’oxigenacio
cel-lular. Aixi, en preséncia d’elevades concentracions de Cu podria col-laborar amb
Cupl en 'homeostasi del Cu, mentre que per a concentracions de Cu convencionals
seria Cupl la que desenvoluparia aquesta funcié i Crs5 es comportaria com una
Zn-tioneina, realitzant hipotéticament altres funcions. Aquests resultats concorden amb
els obtinguts in silico (Figura 1, article 5), on Crs5 presenta una situacio intermédia
entre aquelles MTs considerades tipicament Cu-tioneines i les considerades
Zn-tioneines, si bé amb una proximitat lleugerament superior a les tioneines de Zn que

ales de Cu.
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3. CONCLUSIONS

El treball realitzat en el marc d’aquesta tesi doctoral ha permés arribar a un

conjunt de conclusions que s’exposen a continuacid agrupades d'acord amb els

diferents objectius proposats.

3.1

3.2

3.3

Comportament coordinant d’'una nova isoforma de MT de mamifer, MT4

* MT4 és la primera Cu-tioneina descrita en organismes superiors (MT1 havia
estat préviament classificada com una Zn-tioneina). Aquest fet, i donada la
conservacié dels residus de cisteina d’ambdues proteines, demostra la
influencia dels residus no cisteinics en la preferéncia metal-lica.

* Les diferéncies entre MT1 i MT4 en la coordinacié a Cd(ll) han d'atribuir-se als
respectius fragments B (BMT1 i BMT4), mentre que les seves diferéncies a
I'enllagar Cu(l) es deuen als seus fragments o («cMT1 i aMT4)

* MT4 és capac de formar agregats homometal-lics de Cu(l) estables en medis
fisioldogics en els quals la proteina proporciona un entorn de coordinacio
“particular” per al Cu(l). Cap d'aquestes dues caracteristiques es troba en la
isoforma MT1.

» Les caracteristiques de MT4 suggereixen una possible funcié biologica per
aquesta MT diferent a la/les de MT1.

Estudi de la participacio de lligands no proteics en els complexos M-MT

* Els ions clorur tenen una petita participacié en I'estabilitzacié de I'estructura
dels complexos Cd-MT1 pero no en la dels complexos Cd-MT4.

» Totes les especies recombinants Zn- i Cd-MT estudiades, pertanyents a una
amplia varietat d’organismes, contenen lligands sulfur (S%). Aixd obre noves

perspectives, tant estructurals com funcionals, en el camp de les MTs.

Capacitat coordinant de la MT de pollastre, ckMT1

» CkMT1 es classifica com una Zn-tioneina, si bé sembla que pot haver-hi una
gradacié entre el caracter de Zn- o Cu-tioneina de les MTs.

» CKMT1 presenta una capacitat coordinant envers Zn(lIl), Cd(ll) i Cu(l) intermédia
entre les descrites per a MT1 i MT4, amb un comportament envers metalls

divalents més proper al de MT1, perd més similar al de MT4 quan enllaca Cu(l).
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 La preséncia d’'una His en I'extrem C-terminal del fragment ackMT1 confereix a

la proteina certes capacitats coordinants especials enfront de Cd(ll) que la
diferencien de MT1 i MT4. Aquesta His no només coordina Cd(ll) sind que és la
responsable de la formacié de dimers mitjan¢cant un proceés, fins ara no descrit,

de dimeritzacié de MTs.

Capacitat coordinant d’'una MT de llevat, Crs5

En la sintesi recombinant de Crs5 el grau d’'oxigenacié dels medis de cultiu
enriquits en Cu afecta la naturalesa homo- o heteronuclear dels agregats
M-Crs5, M = Zn(ll) i/lo Cu(l), que se'n recuperen, obtenint-se espécies
homometal-liques Cu-Crs5 si no s’oxigena el medi i complexos heterometal-lics
Zn,Cu-Crs5 en preséncia d’'una oxigenacio elevada.

Crs5 presenta un comportament intermedi entre una Zn-tioneina i una
Cu-tioneina, de manera que podria comportar-se com una Zn-tioneina en
situacions de baixa concentracié de Cu intracel-lular, mentre que actuaria com

una Cu-tioneina en presencia de concentracions de Cu significatives.

-54 -



4. Bibliografia



-Bibliografia-

4. BIBLIOGRAFIA

1.- M. Margoshes, B. Vallee, J. Am. Chem. Soc. (1957) 79, 4813
2.- P. Gonzalez-Duarte, “Metallothioneins”. Dins: J.A. McCleverty and T.J. Meyer, (eds.).
Comprehensive Coordination Chemistry Il. Oxford: Elsevier (2003) Secci6 8.9, pag. 213
3.- M.J. Stillman, Coordination Chemistry Reviews (1995) 144, 461
4.- J.F. Riordan, B.L. Vallee, eds. Methods Enzymol., 205, Academic Press, San Diego, (1991)
5.- F.J. Kull, M.F. Reed, T.E. Elgren, T.L. Ciardelli, D.E. Wilcox, J. Am. Chem. Soc. (1990) 112,
2291
6.- A. Mufioz, D.H. Petering, C.F. Shaw lll, Inorg. Chem. (2000) 39, 6114
7.- Y. Nishiyama, S. Nakayama, Y. Okada, K.S. Min, S. Onosaka, K. Tanaka. Chem. Pharm.
Bull. (1990) 38, 2112
8.- a) Y. Okada, N. Ohta, S. Iguchi, Y. Tsuda, H. Sasaki, T. Kitagawa, M. Yagyu, K.S. Min, S.
Onosaka, K. Tanaka, Chem. Pharm. Bull. (1986) 34, 986. b) H.J. Hartmann, Y.J. Li, U.
Weser, Biometals (1992) 5, 187. c¢) Y.J. Li, U. Weser, Inorg. Chem. (1992) 31, 5526. d) A.K.
Sewell, L.T. Jensen, J.C. Erikson, R.D. Palmiter, D.R. Winge, Biochemistry (1995) 34, 4740
9.- M. Capdevila, N. Cols, N. Romero-Isart, R. Gonzéalez-Duarte, S. Atrian, P. Gonzales-Duarte,
Cell. Mol. Life Sci. (1997) 53, 681
10.- M. Valls, R. Bofill, R. Gonzalez-Duarte, P. Gonzalez-Duarte, M. Capdevila, S. Atrian, J.
Biol. Chem.(2001) 276, 32835
11.- P.A. Cobine, R.T. McKay, K. Zangger, C.T. Dameron, .M. Armitage, Eur. J. Biochem.
(2004) 271, 4213
12.- N. Romero-Isart, M. Vasak, J. Inorg. Biochem. (2002) 88, 388
13.- P. Schultze, E. Worgotter, W. Braun, G. Wagner, M. Vaséak, J.H.R. Kagi, K. Withrich, J.
Mol. Biol. (1988) 203, 251
14.- A. Aseniev, P. Schultze, E. Worgotter, W. Braun, G. Wagner, M. Vasak, J.H.R. Kéagi, K.
Waiithrich, J. Mol. Biol. (1988) 201, 637
15.- B.A. Messerle, A. Schaffer, M. Vasak, J.H.R. K&gi, K. Withrich, J. Mol. Biol. (1990) 214,
765
16.- K. Zangger, G. Oz, J.D. Otvos, |.M. Armitage, Protein Sci. (1999) 8, 2630
17.- G. Oz, K. Zangger, .M. Armitage, Biochemistry (2001) 40, 11433
18.- C. Capasso, V. Carginale, O. Crescenzi, D. Di Maro, E. Parisi, R. Spadaccini, P.A.
Temussi, Structure (2003) 11, 435
19.- S.S. Narula, M. Brouwer, Y. Hua, .M. Armitage, Biochemistry (1995) 34, 620
20.- A. Mufioz, F.H. Forsterling, C.F. Shaw I, D.H. Petering, J. Biol. Inorg. Chem. (2002) 7, 713
21.- R. Riek, B. Précheur, Y. Wang, E.A. Mackay, G. Wider, P. Glntert, A. Liu, J.H.R. K&gi, K.
Waithrich, J. Mol. Biol. (1999) 291, 417
22.- C.A. Blindauer, M.D. Harrison, J.A. Parkinson, A.K. Robinson, J.S. Cavet, N.J. Robinson,
P.J. Sadler, Proc. Natl. Acad. Sci. USA (2001) 98, 9593
23.- Y.L. Li, U. Weser, Inorg. Chem. (1992) 31, 5526
24.- 1. Bertini, H. -J. Hartmann, T. Klein, G. Liu, C. Luchinat, U. Weser, Eur. J. Biochem. (2000)
267, 1008
25.- V. Calderone, B. Dolderer, H.J. Hartmann, H. Echner, C. Luchinat, C. Del Bianco, S.
Mangani, U. Weser, Proc. Natl. Acad. Sci. USA (2005) 102, 51
26.- T.A. Smith, K. Lerch, K.O. Hodgson, Inorg. Chem. (1986) 25, 4677
27.- B.A. Fowler, C.E. Hildebrand, Y. Kojima, M. Webb, Nomenclature of Metallothionein. A:
Metallothionein Il. J.H.R. K&gi, Y. Kojima, Eds., Birkhduser Verlag, Basel (1987) 52, 19
28.- P.A. Binz, J.H.R. K&gi, In: Metallothionein 1V, Birkh&duser Verlag, Basel (1999) 7
29.- http://www.unizh.ch/~mtpage/classif.html
30.- R. Bofill, M. Capdevila, N. Cols, S. Atrian, P. Gonzalez-Duarte, J. Biol. Inorg. Chem. (2001)
6, 408
31.- M. Valls, R. Bofill, N. Romero-Isart, R. Gonzalez-Duarte, J. Abidn, M. Carrascal, P.
Gonzéalez-Duarte, M. Capdevila, S. Atrian, FEBS Lett. (2000) 467, 189
32.- J. Domenech, O. Palacios, L. Villarreal, P. Gonzalez-Duarte, M. Capdevila, S. Atrian, FEBS
Lett. (2003) 533, 72
33.- D. Egli, J. Domenech, K. Balamurugan, H. Hua, A. Selvaraj, H. Yepiskoposyan, A.
Vardanyan, M. Capdevila, S. Atrian, O. Georgiev, W. Schaffner, J. Biol. Chem. (2005), 000
34.- http:/lwww.expasy.org/cgi-bin/lists?/metallo.txt
35.- C.J. Quaife, S.D. Findley, J.C. Erikson, G.J. Froelick, E.J. Kelly, B.P. Zambrowicz, R.D.
Palmiter, Biochemistry (1994) 33, 7250

-57 -



-Bibliografia-

36.- L. Liang, K. Fu, D.K. Lee, R.J. Sobieski, T. Dalton, G.K. Andrews, Molecular Reproduction
and Development (1996) 43, 25

37.- M. VaSak, D.W. Hasler, Curr. Opin. Chem. Biol. (2000) 4, 177

38.- B. Roschitzki, M. Vasak, J. Biol. Inorg. Chem. (2002) 7, 611

39.- J. Hidalgo, M. Aschner, P. Zatta, M. VaSak, Brain Res. Bull. (2001) 55, 133

40.- N. Cols, N. Romero-lsart, R. Bofill, M. Capdevila, P. Gonzélez-Duarte, R. Gonzéalez-Duarte,
S. Atrian, Protein Eng. (1999) 12, 265

41.- N. Cols, N. Romero-Isart, M. Capdevila, B. Oliva, P. Gonzalez-Duarte, R. Gonzalez-Duarte,
S. Atrian, J. Inorg. Biochem. (1997) 68, 157

42.- International Chicken Genome Sequencing Consortion, Nature (2004) 432, 695

43.- http://www.biochem.unizh.ch/mtpage/poster/posterevol.html

44.- C.C. McCormick, C.S. Fullmer, J.S. Garvey, Proc. Natl. Acad. Sci. USA (1988) 85, 309

45.- D. Wei, G.K. Andrews, Med. Cent., Univ. Kansas City, KS, USA, Nuc. Acids Res. (1988)
16, 537

46.- M.J. Daniels, J.S. Turner-Cavet, R. Selkirk, H. Sun, J.A. Parkinson, P.J. Sadler, N.J.
Robinson, J. Biol. Chem. (1998) 273, 22957

47.- N. Romero-Isart, N. Cols, M.K. Termansen, J.L. Gelpi, R. Gonzalez-Duarte, S. Atrian, M.
Capdevila, P. Gonzéalez-Duarte, Eur. J. Biochem. (1999) 259, 519

48.- D. Wei, G.K. Andrews, Nuc. Acids Res. (1988) 16, 537

49.- U. Weser, F. Donay, H. Rupp, FEBS Lett. (1973) 32, 171

50.- H. Rupp, W. Voelter, U. Weser, Hoppe-Seyler’s Z. Physiol. Chem. (1975) 356, 755

51.- R.K. Mehra, J.R. Garey, T.R. Butt, W.R. Gray, D.R. Winge, J. Biol. Chem. (1989) 264,
19747

52.- J.L. Thorvaldsen, R.K. Mehra, W. Yu, A.K. Sewell, D. R. Winge, Yeast (1995) 11, 1501

53.- R.K. Mehra, E.B. Tarbet, W.R. Gray, D.R. Winge, Proc. Natl. Acad. Sci. USA (1988) 85,
8815

54.- G.P.M. Borrelly, M.D. Harrison, A.K. Robinson, S.G. Cox, N.J. Robinson, S.K. Whitehall, J.
Biol. Chem. (2002) 277, 30394

55.- R. Prinz and U. Weser, Hoppe-Seyler's Z. Physiol. Chem. (1975) 356, 767

56.- C. Luchinat, B. Dolderer, C. Del Bianco, H. Echner, H.J. Hartmann, W. Voelter, U. Weser,
J. Biol. Inorg. Chem. (2003) 8, 353

57.- U. Weser, H.J. Hartmann, Biochim. Biophys. Acta (1988) 953, 1

58.- D.R. Winge, K.B. Nielson, W.R. Gray, D.H. Hamer, J. Biol. Chem. (1985) 260, 14464

59.- V.C. Culotta, W.R. Howard, X.F. Liu, J. Biol. Chem. (1994) 269, 25295

60.- L.T. Jensen, W.R. Howards, J.J. Strain, D.R. Winge, V.C. Culotta, J. Biol. Chem. (1996)
271, 18514

61.- J. Strain, V.C. Culotta, Mol. Gen. Genet. (1996) 251, 139

62.- R.N. Reese, D.R. Winge, J. Biol. Chem. (1988) 263, 12832

63.- D.N. Weber, F. Shaw Ill, D.H. Petering, J. Biol. Chem. (1987) 262, 6962

64.- R.N. Reese, R.M Mehra, E.B. Tarbet, D.R. Winge, J. Biol. Chem. (1988) 263, 4186

65.- D. Winge, C.T. Dameron, R.K. Mehra in Metallothioneins (Eds. M.J. Stillman, F.C. Shaw lll,
K.T. Suzuki), VCH Publishers Inc., New York (1992) ch 11, 257

66.- C.T. Dameron, D.R. Winge, Inorg. Chem. (1990) 29, 1343

67.- W. Maret, G. Heffron, H.A. Hill, D. Djuricic, L.J. Jiang, B.L. Vallee, Biochemistry (2002) 41,
1689

68.- D. H. Hamer, Ann. Rev. Biochem. (1986) 55, 913

69.- K. Polec, O. Palacios, M. Capdevila, P. Gonzalez-Duarte, R. Lobinski, Talanta (2002)
57(5), 1011

70.- R. Bofill, O. Palacios, M. Capdevila, N. Cols, R. Gonzalez-Duarte, S. Atrian, P. Gonzalez-
Duarte, J. Inorg. Biochem. (1999) 73, 57

71.- K. Polec, J. Szpunar, O. Palacios, P. Gonzalez-Duarte, S. Atrian, R. Lobinski, J. Anal. At.
Spectrom. (2001) 16, 567

72.- W. Birchmeier, P. Christen, FEBS Lett. (1971) 18, 209

73.- J. Bongers, C.D. Walton, D.E. Richardson, J.U. Bell, Anal. Chem. (1988) 60, 2683

74.- In Standard Methods for the Examination of Water and Wastewater (Eds. L.S. Clesceri,
A.E. Greenberg, A.D. Eaton), American Public Health Association, Washington D.C.,
(1998)

75.- T.E. King, R.O. Morris, Methods Enzymol. (1967) 10, 634

76.- A. Marcd, R. Compafio, R. Rubio, I. Casals, L. Krotz, L. Ragaglia, G. Giazzi, Analyst (2001)
126, 1820

- 58 -



-Bibliografia-

77.- H. Rupp, U. Weser, Biochim. Biophys Acta (1978) 533, 209

78.- P. Palumaa, E.A. Mackay, M. Vasak, Biochemistry (1992) 31, 2181

79.- Y. Hathout, K.J. Reynolds, Z. Szilagyi, C. Fenselau, J. Inorg. Biochem. (2002) 88, 119

80.- K. Zangger, .M Armitage, J. Inorg. Biochem. (2002) 88, 135

81.- O. Palacios, K. Polec-Pawlak, R. Lobinski, M. Capdevila, P. Gonzalez-Duarte, J. Biol.
Inorg. Chem. (2003) 8, 831

-59 -



5. Articles publicats

Acceptats per la Comissié de Doctorat a 15 de Juny del 2005

-61 -



Article 1

Functional Differentiation in the Mammalian Metallothionein Gene Family
Metal binding features of mouse MT4 and comparison with its paralog MT1

Journal of Biological Chemistry, 2004, 279, 24403-24413

-63-



-Articles publicats (Article 1)-

THE JoURNAL OF BloLogical CHEMISTRY
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 279, No. 23, Issue of June 4, pp. 24403-24413, 2004
Printed in [1.S.A,

Functional Differentiation in the Mammalian Metallothionein

Gene Family

METAL BINDING FEATURES OF MOUSE MT4 AND COMPARISON WITH ITS PARALOG MT1*[5]

Received for publication, February 6, 2004, and in revised form, March 17, 2004
Published, JBC Papers in Press, March 19, 2004, DOI 10.1074/jhc.M401346200

Laura Tiof$1, Laura Villarreal|**, Silvia Atriani i}, and Merce Capdevilal

From the tDepartament de Genetica, Facultat de Biologia, Universitat de Barcelona, Avd. Diagonal 645,
08028 Barcelona, Spain and |Departament de Quimica, Facultat de Ciencies, Universitat Autonoma de Barcelona,

08193 Bellaterra, Barcelona, Spain

This paper reports on the characterization of the
metal binding abilities of mammalian MT4 and their
comparison with those of the well known MT1. Heterol-
ogous Escherichia coli expression in cultures supple-
mented with zinc, cadmium, or copper was achieved for
MT4 and for its separate aMT4 and gMT4 domains as
well as for MT1 and its «aMT1 domain in cadmium-en-
riched medium. The ir vivo conformed metal complexes
and the ir vifro substituted zinc/cadmium and zinc/cop-
per MT4 aggregates were characterized. Biosynthesis of
MT4 and SMT4 in Cd(Il)-supplemented medium re-
vealed that these peptides failed to form the same ho-
mometallic species as MT1, thus appearing less effective
for cadmium coordination. Conversely, the entire MT4
and both of its domains showed better Cu(l) binding
properties than MT1, affording Cu,,-MT4, Cu;-aMT4 and
Cu,-pMT4, stoichiometries that make the domain de-
pendence toward Cu(l) clear. Overall results allow con-
sideration of MT4 as a novel copper-thionein, made up of
two copper-thionein domains, the first of this class re-
ported in mammals, and by extension in vertebrates.
Furthermore, the in silico protein sequence analyses
corroborated the copper-thionein nature of the MT4
peptides. As a consequence, there is the suggestion of a
possible physiological role played by MT4 related with
copper requirements in epithelial differentiating tis-
sues, where MT4 is expressed.

Postgenomic molecular biology is facing up to the quest for
function as its major challenge and possibly the most important
bottleneck for its current progression. For some decades, data
on new genes/proteins have slowly been accumulated, as a
product of classical molecular genetics approaches. Nowadays,
the massive outburst of genome projects is dramatically pro-
viding long registers of putative gene products without a con-
ecomitant development of biochemical and/or physiological role
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assignment. In particular, function differentiation within gene
families deserves special attention 1) because gene duplication
plus function differentiation is commonly accepted as the
source/driving force of molecular evolution, from the unicellu-
lar eukaryota and first metazoa (1, 2) to the chordate/verte-
brate (3) world, and 2) because in this case the widely applied
homology-based function prediction is worthless unless paralo-
gous members have achieved large differentiation. Wet in vivo
and in vitro approaches thus remain the only alternative, not
only in ascertaining the function profile for each protein but
also in tracing the evolutionary pattern of function acquisition
associated with gene duplication.

Mammalian metallothioneins (MTs)* clearly illustrate the
state of the art in incomplete knowledge of functional differen-
tiation within gene families, even nearly 50 years after the
isolation of the first member, MT1, as the kidney response to
Cd intoxication in horses (4). MT are metal-chelating peptides
reported in all animals, most plants, and some prokaryotes but
only related among different taxonomical groups through their
high cysteine content and low molecular weight (classifications
available on the World Wide Web at http//www.unizh.ch/~
mtpagefclassif html). In vertebrates, MT constitute a family of
homology, with gene multiplicity present in birds and mam-
mals. In the latter, tandem duplications originated four MT
isoforms, MTI-MT4 (Fig. 1}, and in humans MT1 was further
amplified up to 13-fold, a situation not described in rodents or
sheep.

Mammalian MT1 and MT2 ability to form stable aggregates
either with physiological or xencbiotic metals, as well as the
ubiquitous, metal-induced expression of their genes, led to the
proposal of homeostasis, trangport, and detoxification of metals
as main biological roles, although this is still a matter of in-
tense debate and may have a nonunique answer (6, 7). Isolation
of the third family member, MT3, and its identification as a
neuronal growth-inhibitory factor (8), synthesized in neural
tissues and down-regulated in patients of Alzheimer’s disease
(9), immediately brought about a high commitment to biomed-
ical research. M'T3 exclusive function was attributed to its most
dissimilar amino acid sequence (V0% identity versus MT1/MT2)
(Fig. 1). Unexpectedly, in 1994, MT4 was identified in human
and mouse DNA (10) as a fourth, transcriptionally active, fam-
ily member. Although MT4 is more similar to MT1T/MT2 than
MT3, hints of a differential biological function were readily
contributed by its unique tissular and developmental specific
expression pattern (10). Mouse MT4 transcription seemed re-

! The abhreviations used are: MT, metallothionein(s); ESI-MS, elec-
trospray ionization mass spectrometry; ICP-AES, induetively coupled
plasma-atomic emission spectroscopy.
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MT 4 MDPGECTCMSGGICICGDNCKCTTCSCKTCRKSCCPCCPPGCAKCARGCICK GGSDKICSCCP
MT 1 MDP NCSCSTGGSCTCTSSCACKNCKCTSCKKSCCSCCPVGCSKCAQGCVCK GAADKCTCCA
MT 2 MDP NCSCASDGSCSCAGACKCKQCKCTSCKKSCCSCCPVGCAKCSQGCICK EASDKCSCCA
MT 3

b domain

MDPETCPCPTGGSCTCSDKCKCKGC KCTNCKK/SCCSCC PAGCEKCAKDCVCKGEEGAKAEAEKCSCCQ

o domain

Fia. 1. Amino acid sequences of the four mouse MT isoforms, shown according to their ClustalW alignment and with the
conserved Cys residues highlighted. Limits of the g and o domains, as reported for MT1, are indicated,

stricted to the stratified squamous epithelia of the upper diges-
tive tract, tail, footpads, and vagina, all in cornified layers
acting as protective surfaces, plus the maternal deciduum and
neonatal skin (10, 11). Furthermore, claggic MT1 inducers such
as divalent metal ions or bacterial endotoxing (lipopolysaccha-
ride) had a reduced effect on MTY (11). Evolutionary studies
locate MT4 as the most ancient mammalian form in the max-
imum parsimony tree calculated with the 55 available verte-
brate MT ¢cDINA sequences (available on the World Wide Web
at http/www.unizh.ch/~ mtpage/trees.html), whereas MTI
would have emerged late in evolution. Paradoxically, although
older, MT4 peptides are most similar among themselves (93.4%
identity for mouse MT4 versus human MT4) rather than in
comparison with the different isoforms within the same orga-
nism (55. 7% identity for mouse MT4 vzrsus mouse MT1), indi-
cating a stronger functional constraint for MT4 than for MT1.
Unfortunately, at this point, the lack of isolation and functional
characterization of any MT4 protein precluded any further
understanding of mammalian MT differentiation and evolu-
tion. When congidering the huge amount of molecular, struc-
tural, and functional information accumulated for MT1/MT2
and MT3, and the large number of cellular and phy=iological
events (normal and/or pathologicall to which they have been
related, there iz a dire lack of information available for MT4.

Since first described (4), MT1 has been the paradigm for MT.
Studies with either synthetic peptides or in vifro reconstituted
native metal aggregates provided insights into the structure/
function relationsghip in MT1, which culminated with the report
of the three-dimensional structure of Zn,Cd--MT1 (13, 14).
Overall data revealed that this 81-residue peptide, which in-
cludes 20 cysteines, folds into two domains when coordinating
divalent metal ions, the N-terminal segment (3 domain) giving
rise to an M (S-Cys), complex and the C-terminal segment (o
domain) giving rise to an MU (S-Cys),, aggregate. Subsequent
analyses of the in vifro affinity of the MT1 fragments to phys-
iological ions (zince and copper) showed that monovalent metal
ions preferentially bind to the SM'T1 domain, whereas divalent
ions prefer to occupy the oMT1 counterpart (15-19). Further
characterization of the metal aggregates obtained by recombi-
nant synthesis of several MTs provided knowledge on their in
vivo metal binding preferences, which allowed us to set up a
new comprehensive frame for MT classification and evolution
(20). Thus, on the bagis of structure/function relationships, we
identified MT1 and «MT1 as Zn-thioneins (21-23) and the
independent SMT1 as a Cu-thionein (24, 25). Currently known
Cu-thioneing belong to arthropoda (Drosophila (28, 27) and
crustacea (28)) and unicellular eukaryota (yeasts (29) and cil-
iate protozoa (30)).

This work aims at evaluating the character of Zn- or Cu-
thionein of MT4 through the spectroscopic and spectrometric
characterization of the zine, cadmium, and copper aggregates
rendered by full-length recombinant mouse MT4 and its sepa-
rate 5 and « domains as well as of the metal species obtained by
Zn/Cd or ZnfCu in vitro Teplacement. Comparizon of these data
with those of the paralogous metal-MT1 clusters (this work)
(21-25) will shed light on the functional differentiation of MT4
versus MT1 and on the possible MT4 biological roles. Both
ingights will significantly contribute to the understanding of

the duplication and differentiation evolutionary pattern of
metallothioneins.

EXPERIMENTAL FROCEDURES

Cloning of the Mouse MT4 Coding Region and Iis Independent o and
B8 Domains in an B coli Expression Sysfem—The murine MT4 coding
sequence was amplified by PCR, using as a template the MT4 ¢cDINA
inserted in a pEP64 plasmid, kindly provided by Dr. Palmiter of the
University of Washington. The following oligonuclectides were used as
PCR primera: MT4-BamHI (5 -GCOGEATCCATACGACC CTGGGGA-S,
upatream) and MT4-3all (B -GCGOGLGTCGACTCAGGGACAGTA B,
downstrearm). Through this reaction, a BamHI restriction site was
introduced before the ATG initiation codon and a Sall site immediately
after the stop codon, A 35-cyele PCR amplification (30 5 at 94 °C (de-
naturing), 30 s at §5 °C (annealing), and 30 s at 72 °C {extension)) was
carried out in a total reaction volurne of 100 pl, comprising 2 pl of 25 o
ANTPE mixture, 2 pl of 30 pm primer golution, 1 unit of DeepVent (New
England Biolabs) thermoresistent DINA polymerase, and 100 ng of the
ternplate DNA, The DNA fragments encoding the independent MT4
dornains were obtained by mutagenic PCR on the p3P64 ternplate. To
amplify the oM T4 fragment, which extends from the 32nd MT4 residue
(Lys) to the C terminus (Fig. 1), a PCR was performed with the alMT4-
BamHI primer (&-CCCGEATCCATGAAAAGCTGCTGTCC-3, up-
strearm) and the MT4-3all primer (downstream), The SMT4 fragment
extends from the ATG initiation codon to the 31at residue (Arg) (Fig. 1.
The primers used for its PCR synthesis were MT4-BamHI (upstrearm)
and fMT4-3all (5" CCGUGUETCGACC TAACGACAGGTTTTACAC G-
5, downstream). The conditions for both PCEs were the same as for the
entire WMT4 ¢cDNA The conatruction of MT1 expression vectors has
previously been described (21, 22),

In all cases, the PCH products were isolated from 9% agarose gels,
digested with BamHI-Sall and subsequently cloned into the corre-
sponding gites of the pGEX-4AT-1 expression wector (Amersham Blo-
sciences). Previous to protein synthesis assays, all of the DNA con-
structs were confirmed by automatic DNA sequencing (ABI 370;
PerkinRElmer Life Sciences), using the Amersham Dye Terminator Cy-
cle Kit. JM105 was the E. coli recipient strain for cloning and sequenc-
ing purposes, and thereafter, the expression plasmids were transformed
into the E. coli protesse-deficient strain EL21 for recombinant
overexpression,

Recombinant Synithesis and Purification of the Zn-MT4 Cd-MT4,
and Cu-MT4 Agoregafes—For the characterization of M{ID-IT4 agore-
gates, recombinant bacteria were grown according to two kinds of
conditions, Small seale cultures (1.6 liters, performed in Erlenmeyer
flasks) were used for analytical purposes, whereas large scale volumes
(at least 10 liters, grown in a Microferm fermentor (New Brunswich),
coupled to a Westfalia CBA-1-06-475 centrifuge and controlled by a
TWVE-DF 78/ programrner (Braun Blotech)) were uszed for preparative
purposes. In both cases, the transformed E. coli cells were grown as
degeribed in Refl 20, supplementing the medium either with ZnCl; or
CdCl, to a final concentration of 300 pw. In order to characterize the
T4 copper coordination behavior, and due to the special significance of
these data, synthesis of MT4 and itz independent domains in copper-
supplemented medinm were azzaved in different culture conditions. In
short, induction times assayed were 3 h for «IMT4 and pIT4 and % and
3 h for the entire MT4; isopropyl-1-thio-g-D-galactopyrancside final
concentration assayed was 100 M for FMT4 and 100 and 200 m for
alMT4 and the entire MT4; culture volurmes were 1.6 and & liters for
alMT4 and GMT4 and 1, 1.5, and & liters for the entire MT4, Only the
5-liter assays were performed in the fermentor, the smaller volumes
corresponding to Erlenmever flask cultures. Purification of all of the
recovered metal-MT complexes was performed as described for MT1
(21, 98). Aliquots of the MT-containing fast performance liquid chroma-
tography fractions in 80 i Tris-HC1 buffer, pH 7.0, were analyzed in
18% SDS-PAGE Coomassie Blue-stained mels. Samples were pooled,
aliquoted, and kept at —80°C under argon atmosphere until further
analysizs,
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TapLE I
Moleculor masses and zine- or cadmivm-to-protein rafios found for the in vivo synthesized MT4, MT1, oMT4, pMT4, and
aM T metel aggregates

MT mﬁ“rﬂc&ﬁﬁ:]ﬁg&%ﬁmenmd in Protein Mo® M0 M/MT® M/MTE Oxidation degree*
Da Du
1MT4 M = Zn) MT4 £364.2 £ 0.9 688420  Zn,MT 6.7 Zn 5
oMT4 35986 + 1.3 359856  ZngoMT 36 %Zn 11
EMT4 35586 + 0.5 856908  ZnggMT 25 7Zn 15
MT4 M = Cdy MT4 70042 + 1.8 TO05.85  Zngldy MT (8 367Zn 904 36
7052.9 + 1.5 TOEL.87  Zn,Cd,MT (&)
89550 + 0.5 695888  ZnCdo-MT (e)
7099.8 + 1.3 7099.89  ZngCd T (es)
69149+ 00 691151  ZnCd,-MT (ee)
63636+ 1.1 6364320  Zn,MT(se)
T194.0 £ 0.7 710545  CdMT (s,e)
aMT4 37870+ 06 878664  CdgeaMT 0Zn, 85 Cd 18
BMT4 ST000 £ 15 870010  Cd,-BMT (8 0%Zn, 2.0 Cd 34
36540+ 04 888307  Zn,Cdy gMT
G6066 & 16 860605  ZngCd,-AMT ()
MT1 M = Cd) MT1 6987.8 £ 1.6 698698  CdMT 0Zn, 6.9 Cd
aMT1 37882+ 11 873854 CdoMT 0%Zn, 4.9 Cd
EMT 125 3480.7+ 1.1 878974  CdEMT

# Experimental molecular masses for the Zn- and Cd-MT complexes,

® Caleulated molecular mass for neutral species with loss of two protonafzine or cadmium bound (34).
e Zinec or cadrmium per MT molar ratio caleulated from the mass difference between holo- and apoprotein, S, major species; s, minor apacies; e and

ee, equirnolarity,

#Zine or cadminm per MT molar ratio calenlated from the zine, cadminm, and sulfur content (ICP-ARS).
¢ Percentage of thiol groups (Ellman’s method) over total sulfur (ICP-ARS),

Inductively coupled plasma-atomic emizsion spectroscopy (ICP-ARS)
was used to determine the amount of protein present in the different
preparations and the metalprotein ratios, as described in Ref, 31,
meaguring sulfur at 182 04 nm, zine at 913.85 nrm, cadminm at 228 80
ntr, and copper at 324,76 nm. Additionally, Ellman’s method (32) facil-
itated determining the percentage of thiol groups over total sulfur in the
samples by reaction with &,6°-dithiobis(nitrobenzoic acid), except for
those aggregates containing copper, since the presence of this metal in
MT prevents the applicability of the procedure (33),

Spectroscopic Characterization of the Metalated MT4 and MTI Spe-
cies—Spectroscopic (UV-wizible electronic absorption) and spectropola-
rimetric (CD) analysis of the metal-MT4 clusters and of the species
formed in vifro during the zinccadmium and zincfcopper dizsplacernent
studies at pH 7.0waa cartied out and processed as deacribed in Refs, 21,
23, and 24, Electronic absorption measurements were performed on an
HFP-8458 diode array TVwisible electronic absorption spectrophotome-
ter. & Jasco spectropolarimeter (model J-T18) interfaced to a computer
(GRAME 32 Software) was used for CD determinations, All agsays were
performed under argon atmosphere, and titrations were carried out at
least in duplicate to assure reproducibility, The pH for all experiments
remained constant throughout, without the addition of buffers, and the
ternperature was kept at %5 °C by means of a Peltier PTC-3518
apparatus.

Spectrometric Characlerization of the Mefalafed MT4 and MTI Spe-
cies—The melecular mass of the Zn-, Cd-, and Cu-IT species obtained
in wivo and in wifro was determined by electrospray lonization mass
spectrometry (ESI-LS) on a Fisons Platform II instrument, equipped
with MassLynx software and calibrated with horse heart myoglobin (0.1
mefml). The azsay conditions for the zine- and cadminmecontaining
species were as follows: 20 pl of protein selution injected at 40 plimin;
the use of a high performance liquid chromatography Uptisphere C, 33
mm ¥ 2 mm * & prnocolumn to separate analvtes; capillary counter-
electrode voltage, 4.5 V) lens counterelectrode woltage, 1.0 'V, cone
potential, 80 V; source temperature, 120°C; mfé range, 850-1950;
scanning rate, 8§ sfscan; interscan delay, 0.8 5. The assay conditions for
the copper-containing species were as follows: 20 wl of protein solution
injected at 30 plfmin; capillary counterelectrode woltage, 3.5 KV, lens
connterelectrode voltage, 1.0 KV, cone potential, 35 V; source tempera-
ture, 160 °C; mfz range, 850-1950; gcanning rate, 3 alcan, interscan
delay, 0.3 2 Inall cazes, the running buffer wag an appropriate mixture
of acetonitrile and & M arrnonium acetatefaramonia, pH 75, The
molecular mass of the apo-forms was determined as for the copper-
containing species, except that the carrier was a 111 mixture of aceto-
nitrile and trifluoroacetic acid, pH 1.6, Masses for the holo-species were
calculated ag deseribed in Bef 34,

In Silico Anclysis of DNA rned Profein Sequences—Protein sequences
were aligned by ClustalW (version 1.78), using the Blosum6é2 az a

; : . " . :
230 240 250 260 270 280 nm

Fiz. 2. Comparison of the ecircular dichroism spectra of
Zn;-MT4 (solid gray Iine), Zn ,-aMT4 (dotied line) and Zn-fMT4
(dashed lire), The apectra depicted as a solid black line represents the
sum of the circular dichroism spectra of Zn,-olMT4 and Zn,-gMT4.

T
220

distance matrix, and a gap penalty of 10/100, a gap extension value of
0.08/100, and a 40% delay between divergent sequences (35). The
ClustalW alignments were the input for calculating protein distances
and constructing the corresponding bootatrap neighborgoining trees,
through the Fitch-Margoliazh tree-building algorithm (38). In this caze,
1000 unrooted trees were examined for each bootstrap trial with a
random generator seed of 11171000, The protein distance and tree-
building applications are included in the Phylip software package (37).
The protein sequence similarity analvses were performed using the
clusters of zine-thionein and copper-thionein MT zequences praviously
characterized (20, 270,

EESULTS AND DISCUSSION

Cloning and KExpression of the MT4- aMT4, and
BMT4-c DNA Constructs—DNA sequencing confirmed that the
three amplified PCR products corresponded to the entire MT4,
«MT4, and SfMT4 coding regions, without the introduction of
any undesired nucleotide substitution. The SDS-PAGE analy-
gig of the M-MT4, M-oMT4, and M-SMT4 aggregates (where M
represents Zn(ID, CA(ID), or Cu(D)) synthesized in the corre-
sponding metal supplemented cultures as well as of the Cd-
MT1 and Cd-oMT1 species recovered from Cd-supplemented
medium revealed homogeneous preparations at a concentra-
tion range of 0.5—7.0 > 107* 1. The identity and integrity of all
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aMT4: ZIngqoeMT — ZnCd-aMT — ZnyCdy-aMT — Zn,Cdy-oMT — Cdy-0 MT
PMT4:  Zng-fMT — ZnCd-fMT — ZnCdp-PMT — Cdy-fMT
MT4: Zn-MT — ZnCd,-MT — Zn,Cd,-MT — ZnCd,-MT — ZnCde-MT — ZnCd,-MT — Zn,Cd.-MT — Cd,-MT

Fi1a. 3. Circular dichroism spectra corresponding to the titrations of Zn -oMT4 (4), Zn,-SMT4 (B), and Zn, -MT4 (C) with CA(II) at
pH 7. The arrows show the evolution of the spectra when the indicated nurmber of CA(IT) equivalents was added. Corresponding reaction pathwrays

are showmn,

recombinant peptides were confirmed by the molecular masses
of their apo-forms obtained by acidification (pH 1.5} of the
corresponding zine aggregates. ESI-MS measurements yielded
the following values: 6419.66 = 0.6 Da (calculated molecular
mags, 6420.58 Da) for MT4; 3344.52 = (.8 Da {calculated
molecular mags, 3345.00 Da) for «MT4; and 3369.45 = 0.8 Da
(caleulated molecular mass, 3368.89 Da) for pMT4.

Metal Binding Abilities of MT4—Analysis of the monovalent
and divalent metal binding capabilities of MT4 was attained
through a two-step strategy. First, the in vivo synthesized
M-MT4, M-oMT4, and M-SMT4 (where M represents zine, cad-
mium, and copper) aggregates and the recombinant Cd-MT1
and Cd-«MT1 species, not previously studied, were character-
ized. Second, the reaction pathways of the in vifro zincfead-
mium and zin¢/copper replacement processes undergone by the
three Zn-MT4 peptides at pH 7 were determined using the
rationale previously applied for MT1 (21-24). Detailed analysis

of the spectroscopic (CD and UV-vigible electronic abzsorption)
sets of data recorded during these titrations provided informa-
tion on the number of metal MT species generated, their stoi-
chiometry, and their degree of folding. Additionally, the spec-
trometric (ESI-MS) measurements revealed the molecular
distribution (38, 39 of the various complex species present at
each point of the titrations, and the absence of cooperativeness
during the zine/metal replacements in the three MT4 peptides.
However, although it was possible to determine the zinc/cad-
mium/MT ratios in the heterometallic species formed in the
zinc/eadmium replacements, the proximity between the atomic
weights of zinc and copper, together with the ESI-MS experi-
mental error range, prevented determination of the zind/cop-
per/MT ratios for the zinc/copper reactions. When the addition
of Chelex-100 did not alter the optical spectra of the solutions,
the exact stoichiometry of the heterometallic Cu,Zn-MT species
wag determined through chelation experiments (23). Other-
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TapLe II
Distribution of the melal aggregates present in solution, according to ESI-MS daila, during the titration of Zn,aMT4 (top left), Zn,-fMT4 (top
right), and Zn-MT4 (hottom) with CdCl, @i pH 7 as a funciion of the number of Cd{I} equivalents added

v, the major species; x, species of intermediate abundance; ¥, the minor species present in solution.

Cd(II) equivalents added Cd(II) equivalents added
1 3 I 4 | 5 ‘ 9 1 2 3 | 4 I 5 ‘ 7
Zn,-aMT4 4 Zn;-pMT4 v | .
Zn;Cdj-oMT4 | v | » ZnpCdi-BMT4 | x | x | ¢
Zn,Cdy-oMT4 | x | x InCd-pMTa | v | v | x | . .
ZniCdz-oMT4 | ¢ | v | » Cd;-BMT4 * x| YV Y
Cdy-aMT4 x v | Y|V
Cd(II) equivalents added
1 4|5|6|7i8l11r15
Zn;-MT4 v
ZngCd;-MT4 X X
ZnsCd,-MT4 X X *
ZngCdy-MT4 | x | v | x | *
ZnCdy-MT4 | x | x | v | x | *
Zn,Cds-MT4 s b x | V[ Y| x|+
Zn,Cdg-MT4 X x | v | x * * hd
Cd,-MT4 sl x| x| YIV v

wise, it was either inferred from the remaining spectroscopic
data or denoted as undetermined (Zn_,Cu, -MT).

In Vivo Zn(II} Binding Abilities of Mouse MT4 and MTI—
The biosynthesis of Zn,-MT4, Zn,-aMT4, and Zng,-fFMT4 as
unique metal aggregates in zinc-supplemented cultures (Table
I} confirmed the same binding capacity for each MT4 fragment
either alone or when linked together. This independent hehav-
ior could be extended to the folding of each domain in Zn,-MT,
since comparison of the CD fingerprint of Zn ,-MT4 with that of
the sum of Zn,-aMT4 and Zng-BMT4 revealed only minor dif-
ferences (Fig. 2), even less significant than those reported for
MT1 (21) or Homarus americanus metallothionein (20). Thus
far, MT4 Zn(IT) binding behavior fully mimics that of MT1,
although comparison of the CD spectra revealed lower chirali-
ties for the Zn-MT4 peptides with respect to the paralogous
Zn-MT1 forms. This suggests that Zn{Il) coordination induces a
poorer degree of MT4 folding than for that of MT1 and consti-
tutes an initial result for calling into question the Zn-thionein
nature of MT4.

In Vivo Cd(I) Binding Abilities of Mouse MT4 and MTI—
The results of the protein syntheses in cadmium-enriched cul-
tures enhanced the above mentioned hypothesis that MT4 was
not optimal for divalent metal chelation. Of the three MT4
forms, only the aMT4 fragment was synthesized as a unique
species, Cdg-aMT4, whereas MT4 and SMT4 rendered mix-
tures of the expected homometallic complexes with several
heterometallic Zn,Cd-MT aggregates {(Table I). Furthermore,
whereas homometallic Cdy-BMT4 aggregate was the major
product recovered, the entire MT4 afforded a mixture of species
in which Zn,Cdsz-MT was the major form, and Cd;-MT, to-
gether with Zn,-MT, were the minor products. These results
show not only the low MT4 ability for Cd(IT) coordination in
vivo but also the highly dissimilar behavior of its domains. The
paralogous MT1 form exhibited a distinct cadmium binding
behavior, since all MT1 peptides were synthesized as unique,

homometallic cadmium aggregates (i.e. Cd;-MT1, Cdg-aMT1
{Table I), and Cdg,-BMT1) (25). According to the composition of
the recombinant samples reported here, only the CD spectra of
the Cd,-oMT4, Cd,-MT1, and Cd,-aMT1 selutions can be con-
sidered representative of the CD fingerprints of these species
{data included in Fig. 4), all showing the characteristic deriv-
ative-shaped band at ~250 nm of the Cd-MT aggregates (21,
22). In contrast, the CD spectra of the recombinant Cd-MT4
and Cd-gMT4 samples (data included in Fig. 4) only provided
an average of the optical features of the coexisting species.
Interestingly, recombinant Cd-MT4 and Cd-SMT4 were the
samples with the highest oxidation degrees found among all
the biosynthesized proteins (Table I).

In Vitro Cd(II) Binding Abilities of Mouse MT4 and MTI—
For the sake of brevity, only the CD spectra of the titrations of
Zn,-MT4, Zn,-aMT4, and Zn,-FMT4 at pH 7 with CdCl,, (Fig. 3)
and the corresponding ESI-MS results (Table II) are shown,
whereas the full set of spectroscopic data and some represent-
ative MS spectra are provided as supplementary material
(Figs. 51-56). Analysis of the overall results led to the proposal
of the zinc/cadmium replacement pathways shown in Fig. 3.

The ir vitro data provide further evidence of the Cd binding
reluctance of the Zn-MT4 peptides. First, although the three
expected fully cadmium-loaded species could indeed be gener-
ated by zinc¢/cadmium replacement, this only occurred after the
addition of a number of Cd(ll) equivalents higher than those
stoichiometrically required (Table II). The ESI-MS analysis
also showed that for 4, 3, and 7 eq of Cd(I]) added to Zn,-«MT4,
Zng-fMT4, and Zn,-MT4, respectively, there was a coexistence
of Cd4-aMT4, Cdg-fMT4, and Cd;-MT4 with cadmium-under-
loaded Zin,Cd-MT4 species. As a consequence, the CD finger-
prints of the canonical Cd-MT4 forms are only available upon
saturation of the spectral signals (i.e. after the addition of 5, 6,
and 11 eq of Cd(ID) to the respective zinc aggregates). Second,
only the Zn,-«MT4 titration ended with a unique species, Cdy-
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Fiz. 4. Comparison of the circular dichroism spectra of the recombinant mouse Cd,-aMT4 and Cd,-aMT1 (4), Cd-gMT4 and
Cd,-BMT1 (B), and Cd-MT4 and Cd,-MT1 (C) with those of the species of the same stoichiometry obtained ir vifre by zine/cadmium
replacement studies on the corresponding zinc aggregates. Data corresponding to MT1 are from Refs, 21, 22, and 98,
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TapLE ITT
Molecular mosses and Zn- or Cu-fo-profein ratios found for fhe in vivo synihesized MT4 and ifs ofT4 and gMTY domains
Metal supplemented in culture media Protein Ma® M0 M/MITS BT
F Da
M ="Cu T4 (Type 1) TO39.T £ 6.5 T046.06 Cuy o IMT (3) 0Zn, 24 Cn

7920.1 +18.0 T983.71 Gy, -IT ()
TAE3T £ 7.7 736881 Cu,-MT (9

T4 (Type 22 TO43. 7T+ 4.2 TO46.06 Wy p-ILT (3 274, 73 Cu
B8920.2 + 0.0 6990.96 M -MT ()

bl T4 6659 + 0.0 A857.50 Cy-oldT (3) 0Zn, 3.6 Cn
AE24.7 + 0.4 A595.00 Cuy-oMT
471786+ 1.0 720,00 Cug-alT
47796 £ 0.0 3782.50 Cu-0ldT (=)

BIMT4 88072 +1.9 5806.89 Cu1,-pMT (3) 0%n, 58 Cu
4748.7T + 0.8 3743.89 Cu,-pMT
AB194 + 338 A618.89 Cuy-BMT (=)

* Experimental molecular masses for the Cu-ldT complexes.

® Caleulated molecular mass for neutral species with loss of one protonfcopper bound (34),
¢ Zine or copper per MT molar ratio calenlated from the mass difference between holo- and apoprotein. S, major species; s, minor species.
2 Zinc or copper per MT molar ratio caleulated from the zine, copper, and sulfur content (ICP-AES),

aMT4, whereas in the other cases, the Cd;-SMT4 and Cd,-MT4
aggregates coexisted with cadmium-underloaded zinc-contain-
ing species, Zn,Cd,-SMT4 and Zn,Cd,-MT4, even for an impor-
tant excess of Cd(II) (Table II, top right and bottom). In light of
these results, it makes sense to locate the Zn(Il) ion remaining
in Zn,Cd,-MT4 within the SMT4 domain. Although reluctance
in exchanging the last Zn(Il}ion in the M3 position of the SMT1
aggregate has already been described (40, 41), the need for an
excess of Cd(II) to generate the canonical Cd-MT1 species was
never observed (21, 22),

Comparable Cd(ID) binding abilities for «MT4 and «MT1 can
be proposed on the basis of gimilar zind/ecadmium replacement
pathways (Fig. 81) and on the match between the CD spectra of
the in vifro and in vivo generated Cd,-oMT species (Fig. 44),
which shows the isostructurality of the four metal aggregates.
Izoforms uniquely differ in the higher number of CA(ID) ions

required to gencrate Cd,-o«MT4 than to generate Cd,-oMT1.
This scenario cannot be extended to SMT4. On the one hand,
the CD spectrum of the in vivo Cd-8MT4 sample (Fig. 4B) was
reproduced by the addition of 3 eq of Cd(lD) to Zn,-SFMT4 (Fig.
3E), confirming a comparable mixture of species in both situa-
tions (Table I and Table II, top right). On the other, the CD
fingerprint of Cd,-3MT4 did not resemble those of the isostruc-
tural Zn,-SMT4, Zn,-SMT1 and Cd,-SMTI1 (Figs. 48 and S2),
indicating that Cd;-SMT4 represents a novel complex. More-
over, this species, unlike Cd,-3MT1 that renders Cd, and Cd,
aggregates (22), does not give rise to any overmetalated spe-
cies. Finally, when analyzing the entire MT4 folding, the re-
semblance between the CD spectra of Cd,-MT4, Cd.-MT1 (Fig.
4700, Zn,-MT4, and Zn,-MT1 and the closeness of the Cd(ID)
titrations of Zn,-MT4 and Zn,-MT1 (Fig. 33, Table II) (38), led
us to propose that both Cd,-MT species present similar three-
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F1a. 6. Circular dichroism spectra corresponding to the titrations of Zn,-aMT4 (A), Zn,-BMT4 (B), and Zn,-MT4 (C) with Cu(I) at
pH 7. The arrows show the evolution of the spectra when the indicated number of Cu(l) equivalents were added, Corresponding reaction pathways

are shown.

dimensional structures and are formed through isostructural
zind/cadmium replacement reactions that only differ in their
gaturation points.

Unlike MT1 (21) (this work), the MT4 fragments do not
interact with Cd(ID in the same way when alone or linked
together, neither in vivo nor in vitro. Whereas Cd,-SMT4 and
Cdy-oMT4 were the major species synthesized, Cd;-MT4 was
almost absent when the MT4 wag expressed in Cd-rich me-
dium. The dependent behavior of both MT4 fragments iz also
patent in vitro, since the sum of the CD fingerprints of Cd,-
BMT4 and Cd,-eMT4 did not compare well with that of Cd,-

MT4 (Fig. 54). However, CD data (Fig. 5E) revealed an inde-
pendent behavior of both MT4 fragments up to Zn,-MT4 plus 8
eq of Cd(ID), since at this point the CD spectrum nicely matches
the sum of the CD spectra of Cd,-«MT4 and of Zn,-SMT4 + 3
eq of Cd(II) (equivalent to the in vivo Cd-fMT4). Thus, depend-
ence between domains appeared after the Sth eq of Cd(ID
added to Zn;-MT4, when the o domain had already achieved a
Cdy-oMT4 compogition, and the 3 domain was expected to
evolve to Cd,-SMT4 by replacing the last Zn(Il) bound. This
suggests that linkage of the 5 domain to its o counterpart
hinders the polypeptide rearrangement needed to achieve the
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Fia. 7. Comparison of the circular dichroism fingerprints of the ir vifro obtained Cug-BMT4 (Zn,-BMT4 + 4 eq of Cu(D)) (solid black
lire) with that of Cug-BMT1 (Zn,-BMT1 + 6 eq of Cu(l)) (solid gray lire) (A) and of the ir vifro obtained Cu,-MT4 (Zn,-gMT4 + 6
Cuily eq) (solid blaek lire) with that of the ir vive synthesized Cu-gMT4 species (solid gray lire) and that of ir vifro Cu,-FMT1
(Zn-BMT1 + 7 Cull) eq) (dasked line) (B). Data regarding the Cu-MT1 forms are from Refs. 24 and 95,

novel Cd,-FMT4 folding. This SMT4 restriction on structurally
behaving as it would if alone could aceount for the poor capacity
of the full-length MT4 to form :»n vivo-stable Cd-MT4
aggregates.

In Vivo Cu(l) Binding Abilities of Mouse MT4 and MT1—
Multiple recombinant syntheses of the entire MT4 in copper-
supplemented medium vielded two kinds of results, Type 1 and
Type 2, with no evident relationship to any of the assayed
culture parameters. Type 1 was a mixture of homometallic
copper aggregates, Cu,,-MT4 being the major species, whereas
Type 2 was a mixture of heterometallic M, ,-MT4 (major) and
M;-MT4 (minor) aggregates {(where M represents zinc and cop-
per), with Zn,Cu,-MT4 as the most abundant species (Table
III). The CD spectrum of the Type 1 sample could be readily
reproduced by the in vifro addition of 2 eq of Cu(I) to Type 2
(Fig. 874), providing evidence for the close relationship be-
tween both Cu-MT4 preparations. Thus, an M,/MT4 ratio
appears the most favored stoichiometry in copper-rich biologi-
cal medium, M, , being either Cu,, or Zn,Cu,, in an equilib-
rium depending on biological parameters that, unfortunately,
could not be determined. It iz worth recalling that MT1 biosyn-
thesis in Cu-rich medium yielded only the Zn;Cu,-MT1 species
(23).

Contrary to the full-length MT4, several syntheses of recom-
binant Cu-oMT4 and Cu-SMT4 invariantly vielded mixtures of
homometallic copper aggregates, Cus-oMT4 and Cu,-SMT4 be-
ing the major respective forms (Table I}, with minor species
corresponding to aggregates of lower and exceptionally higher
(Cu;-oMT4) stoichiometry. Unfortunately, the CD fingerprints
of the biosynthesized Cuz-oMT4 and Cu,-3MT4 species are not
available due to the significant abundance of the other coexist-
ing species. SMT4 and SMT1 show comparable in vive copper
binding behaviors, since they are both produced as mixtures of
homometallic, isostoichiometric Cu-fMT species: Cu,- and
Cu,-AMT (Table IIT) (25). Conversely, the biosynthesis of ho-
mometallic Cu-oMT4 aggregates constitutes an important dif-
ference with its oMT1 counterpart (23), suggesting that differ-
ences in Cu(l) ecoordination between MT4 and MT1 can be
attributed to their «-domains.

In Vitro Cu(l) Binding Abilities of Mouse MT4 and MT1—
The CD spectra of the Zn,-oMT4, Zn.-SMT4, and Zn,-MT4
titrations with [Cu(CH,CN),]C10, at pH 7 are shown in Fig. 6,
whereas the full set of optical and spectrometric data is given
as supplementary material (Figs. 88—510 and Table S1). Over-
all results allowed the proposal of the zinc/copper replacement
reaction pathways of the three Zn-MT species, alzo shown in
Fig. 6.

Degpite slight initial structural dissimilarities, Zn,-«MT4
and Zn,-oMT1 endeavored parallel zine/copper replacement

reactions while there were Zn{ID) ions bound. Their behavior
diverged after the addition of the 5th or 6th eq of Cu(I}, which
caused the formation of metal aggregates of different stoichi-
ometry and probably of distinet three-dimensional structure.
Finally, the saturation of both peptides rendered species of
comparable threedimensional arrangement (Fig. S8), al
though of different copper contents {Cu,-«MT4 and Cu.-
aMT1). SMT4 and SMT1 exhibit a similar in vitro copper-
binding behavior, since both in vitro zine/copper replacements
proceeded analogously (Fig. 89), but with SMT4 showing a
higher Cu(l) affinity than SMT1; only 4 eq of Cu(l) added to
Zn,-SMT4 were needed to form a Cu,-SMT4 species, practically
unique in solution (Table S1), and the addition of up to 6 Cu(D
eq gave rise to a very characteristic CD spectra that could be
assigned to the fingerprint of the Cu,-BMT4 aggregate (Fig.
6B). Species of the same Cu({I¥MT ratio and close three-dimen-
gional structure (Fig. 7) are formed by Cu(I} addition to Zn,-
BMT1, but only after 6 and 7 eq of Cu(l), respectively (24).
Furthermore, the unraveling associated with the transition of
Cu,-BMT to species of higher stoichiometry is faster for SMT4
than for SMT1 (i.e it requires fewer Cu(D) ions, as suggested by
the evolution of the respective CD spectra) (Fig. 89).
Although a first glance at the optical data of the Cu(I) titra-
tions of Zn.-MT4 and Zn,-MT1 {Fig. S10) suggests marked
differences, both isoforms evolved similarly until 7 eq of Cu(D)
were added, rendering equivalent Zn,Cu,-MT aggregates, also
analogous to the biosynthesized complexes (Fig. S7C). The
apparent dissimilarities in this first stage of the titrations are
attributable to the different CD spectra of the starting species;
to a small contribution at ~350(+) nm characteristic of the
BMT4 domain (Fig. 68) and to the lack of cooperative processes
in Cu(I) binding to Zn,-MT4. As described for the & domain, the
main isoform differences appeared concomitantly with the dis-
placement of the last zinc ions bound, now between 6 and 10 eq
of Cu(D) added. Then Zn,Cu,-MT4 gave rige to Cu,,-MT4, both
gpecies clearly different in three-dimensional structure,
whereas Zn,Cu,-MT1 evolved to Zn,Cu,,-MT1, both species
sharing a similar three-dimensional structure. According to the
CD data, the structures of the in vive and in vitro Cuy, MT4
forms are very close and clearly different from that of Cu, 7Zn,-
MT1 (Fig. STE). Only after displacing the last Zn(II) bound to
MT1 do both proteins once more show comparable behavior.
Nevertheless, the characteristic ~350+) nm absorption, which
intensifies with the formation of Cu,,-MT4, remained absent in
MT1, thus revealing that Cu(D) is bound by MT4 through a
coordination environment that MT1 cannot offer and which
provides enough stability to the Cu,,-MT4 aggregates tolastin
physiological medium. It is algo worth noting that for «MT4
and the entire MT4, the differences with MT1 are only found in
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potamios; Cupl, Saccharomyces cerevisiae Cupl; MTN, Drosophila melanogaster MtA; MTO, Drosophila melanogaster MtB.

those zinc/copper displacement reaction stages that yield in
vitro formation of biologically relevant species, which can be
identified by consideration of the in vivo results.

aMT4 and SMT4 do not exhibit an in vive independent
copper binding behavior. As described for MT1 (23), the in vivo
Cu(l) binding capacity is higher for the MT4 separate frag-
ments (Cug-aMT4 and Cu,-SMT4 as major species) than for the
entire protein, since neither Type 1 nor, obviously, Type 2
biogyntheses rendered Cu,,-MT4 aggregates, as would corre-
spond to the sum of domains, but instead yielded Cuyy-MT4.
Unfortunately, the elucidation of the in vitro dependent/inde-
pendent behavior of aMT4 and gMT4 and the proposal of a
detailed metal distribution between domains, comparable with
that reported for MT1 (23), are prevented, since the coexistence
of species in almost all of the titration points hampers the
identification of the CD fingerprints for each species proposed
in the reaction pathways of Fig. 6.

MT4 Structure/Function Relationship—The thorough analy-
sis of the in vive and in vitro metal binding features of MT4 and
MT1 revealed significant differences between isoforms, which

can be summarized as improved copper binding and hindered
cadmium hinding abilities for the MT4 isoform. This, together
with the following observations, led us to propose MT4 as a
Cu-thionein composed of two Cu-thionein domains, whereas
MT1 was previously classified as a Zn-thionein formed by a
Cu-thionein (BMT1) and a Zn-thicnein (oMT1) domain (20).
First, recombinant syntheses in copper-enriched medium af-
forded homometallic Cu-MT4 species, in contrast to heterome-
tallic ZngCu,-MT1 and Zn;Cuy-«MT1 (23). Second, the three
zinc-MT4 complexes showed a patent low chirality. Third, the
biosynthesis in cadmium-enriched medium revealed MT4 in-
ability for Cd(IT) binding, given that a mixture of cadmium-zine
aggregates was the major product instead of the expected Cd -
MT4. Further consideration of the in vitro results corroborated
the Cu-thionein character of MT4 and allowed us to ascertain
fuller details of its metal binding features. In summary, it was
concluded that the better MT4 versus MT1 copper binding
ability relies on a different behavior of their «MT domains,
whereas SMT4 exhibits a behavior parallel to, but faster than,
EMT1. In contrast to this, MT4 cadmium binding reluctance
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can be attributed to the extreme difficulty of SMT4 in forming
cadmium-fully loaded aggregates, whereas aMT4 shows a cad-
mium binding behavior analogous to, but slower than, «MT1.
Thus, to summarize, the differences in Cd(Il) coordination be-
tween MT4 and MT1 should be assigned to their 2 domains, the
a domains only contributing to these, whereas the opposite
situation is found for Cu{l) coordination, the « domains being
responsible for the differences, with the g domain harboring an
enhancing effect.

Protein sequence distance trees proved powerful enough to
diseriminate the different metal preferences experimentally
determined for MT4 and MT1, thus validating the methodology
previously applied for Arthropoda MTs (20, 27). The full-length
MT4 and MT1 and their corresponding fragments were consid-
ered separately to avoid distortions caused by the artifactual
alignment between an entire polypeptide and one of its halves.
MT4 and MT1 shared the closest sequence similarity, as oth-
erwise expected for the comparison between Arthropoda and
mammalian sequences, with a branch emerging closer to Cu-
thioneins than to Zn-thioneins (Fig. 84). The results of the
study repeated individually for each isoform agreed with their
experimental characterization; whereas the MT1 position al-
most coincided with that of the MT4/MT1 couple, MT4 alone
branched from an internal point to the Cu-thionein family (Fig.
8B). When the MT domains were analyzed, the results re-
mained in close agreement with the wet science data. The tree
including the four domains (Fig. 8C) showed association of both
BMT, clearly inside the Cu-thionein cluster, with both «MT in
an intermediate position between Zn- and Cu-thioneins, as was
the case for the entire MTs. However, both 2 peptides were
situated far apart when individually analyzed (Fig. 8D), since
BMT4, but not BMT1, moved inside the Cu-thionein group.

Sequence similarity between MT4 and MT1 is almost en-
tirely due to their fully conserved cysteines, since intercalating
residues are highly dissimilar. Therefore, these should be made
responsible for the differential MT4 and MT1 metal binding
behavior. Furthermore, the residue replacement ratios differ
substantially between domains. The £ domains have consider-
ably diverged during evolution, with up to 62% of their non-Cys
residues nonconserved, which is almost twice the ratio in the «
domain (35%). FMT4 has a —2 charge with respect to fMT1
and contains considerably bulkier amino acids, as shown by a
volume increment of +252 (BMT4 versus SMT1) as opposed to
+21.2 (aMT4 versus «MT1), calculated according to Ref. 42.
This could entail a severe steric hindrance for the allocation of
Cd(II), imposing the particular fold described here for Cdg-
AMT4 with respect to Cdg-BMT1 and even to Zng-gMT4. The
diminished CA(IT) binding ability of aMT4 versus «MT1 could
be attributed to its high Pro content, interestingly in Cye-Pro
doublets, in agreement with the association of these motifs to
structural perturbations interfering with the geometrical re-
quirements of Cd-S clusters recently suggested for MT3 (43).
Non-Cys residues seem to be less determinant for copper inter-
action, and the SMT4 enhanced Cu(l) binding ability may be
related to its more negative charge and also to the previously
mentioned Pro content, assuming that the turns imposed by
the prolyl bonds would yield a polypeptide chain architecture,
somehow favoring Cu(T) coordination.

Considerations on MT4 Biological Function—Hypotheses
about the MT4 biological function should comhbine its Cu-thio-
nein character (reported here) and its developmentally con-
trolled, tissue-specific expression pattern (10). Recent DNA
microarray analyses of genes involved in mouse-epidermis dif-
ferentiation identified MT4 as a target of the transcriptional
activator Whn, detecting its expression not only in the squa-
mous epidermis but in all epithelial developing tissues, includ-

Metal Binding Features of the MT4 Mammalian Metallothionein

ing hair follicles and the back skin (44). Therefore, functional
genomics not only corroborates but also extends the physiolog-
ical role of MT4 in mammalian epithelia differentiation. Since
the MT1/MT4 transcriptional switch has been reported as co-
incident with that of k4/k13 keratin subtypes associated to the
generation of the outermost epidermic structures (10), it is
tempting to suggest that MT4 would better suit the keratino-
cyte specific requirements in this specific stage than would
MT1. Although an MT4 physiological role involving zinc trans-
port or exchange had been postulated (44), consideration of the
copper requirement of several enzymes involved in the S-S
bond formation during keratin biosynthesis would be consist-
ent with MT4 being more optimal in this context due to its
Cu-thionein character. Metal analyses of copper smelter work-
ers have also shown that hair and nails are the sites of maxi-
mum copper accumulation (12). This distinctive copper metab-
olism and avidity in epithelial structures would require the
presence of a apecific MT form, MT4, whereas essential copper
homeostasis and detoxification roles in the organisms would
still be carried out by MT1 and MT2 (5).

In an enlightening review (6), it was stated that “the evolu-
tionary forces that led to the initial appearance, gene duplica-
tions, and nearly ubiquitous expression of MTs remain enig-
matic.” In this work, we are confident of providing evidence
that supports a significant functional divergence between the
MT4 and MT1 paralogs. Thiz may contribute to the unveiling of
further structure/function molecular bases underlying the du-
plication events that generated the MT family in mammalian
genomes.
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SUPPLEMENTARY MATERIAL
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Fig. S1.-Comparison of the behavior of Zny-oMT4 (A) and Zng-oMT1 (B) towards Cd{II} through the
circular dichroism and UV-vis difference spectra recorded during their titration with CdCl; at pH 7 and
the corresponding reaction pathways. Data regarding Zns-oMT]1 are from (22).
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Fig. 82.-Comparison of the behavior of Zn;-pMT4 (A) and Zn;-BMT 1 (B) towards Cd{(Il) through the
circular dichroism and UV-vis difference spectra recorded durning their titration with CdCl, at pH 7 and

the corresponding reaction pathways. Data regarding Zn;-BMT1 are from (22).
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Fig. S4.- ESI-MS mass spectra recorded for the addition of (A) 4 and (B) 5 Cd(II) equivalents, dunng the
Cd(II) titration of Zny-aMT4.
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Fig. S5.- ESI-MS mass spectra recorded for the addition of (A) 3 and (B) 5 Cd(II) equivalents. during the
Cd(II) titration of Znz-fMT4.
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Fig. S6.- ESI-MS mass spectra of the in vivo synthesized Cd-MT4 species.
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Type 2 Zn3Cu7-MT4 (solid gray line). The spectrum depicted as a dotted line corresponds to that recorded
after the addition of 2 Cu(l) equivalents to Type 2 ZnzCu;-M'14; (B) in vivo Cujo-MT4 (solid black line),
Zn7-MT4 + 10 Cu(I) (solid grey line) and Zn;Cu;(-MT1 (dashed line); and (C) in vivo ZnaCu;-MT4 (solid
black line), Zn;-MT4 + 7 Cu(l) (solid grey line), and in vivo (dashed line) and in vitro (dotted line)
7Zn;Cus;-MT]1. Data regarding the Cu-MT1 protems are from (23).
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TABLE S§1

Distribution of the metal aggregates* present in solution, according to ESI-MS data, during the
titration of Zng-aMT4 (A), Zns-PMT4 (B) and Zn-MT4 (C) with [Cu(CH3;CN)JClOs at pH 7 as a
Sfunction of the number of Cufl) equivalents added

A Cu(l) equivalents added B Cu(I) equivalents added
1 31416 |10 11314 ‘ 6 ‘ 7 ‘ 10
My-cMT4 Vv e M;-BMT4 v e
M;-aMT4 X X | X | X My-BMT 4 X | x . .
Ms-cMT4 x| eV M;s-BMT4 x| V| e | x| ¢
My-cMT4 ¢ |+ | x Ms-pMT 4 sl x|V |V |V |V
Mg-cMT4 x | v M,-BMT4 x | vV |V
C Cu(l) equivalents added
314 ‘ 6 ‘ 7 ‘ 8 ‘ 9 ‘ 10
Mz-MT4 X
Mg-MT4 vV x|+ | * +
My-MT4 X | v | x| x| x| x| x
M;o-MT4 'S v | v | v v Y x
Mu-MT4 * X X v v v
M;-MT4 X | x| x| x|V
Mlg—MT4 * X X
M;4-MT4 ¢ |-

v, denotes the major species; x, species of intermediate abundance and +, the minor species present in solution.

* The species detected by ESI-MS spectrometry during the three titrations are denoted as M,-MT4
(M= solely Cu(I), exclusively Zn(II) or a mixture of both metal ions) due to the ESI-MS experimental
error range and the proximity between the atomic weights of Zn (65.38) and Cu (63.55).
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Abstract

It is now commonly accepted that non-proteic ligands contribute to the structure and stability of metal-metallothionein (M-MT)
species, although this contribution may differ substantially depending on the MT and the metal ions involved. Conversely, literature
data are unconnected, lacking correlation studies between the contribution of inorganic ligands to the M—MT complexes and the
corresponding CD and UV-vis fingerprints. To contribute towards filling this gap, we have analyzed the influence of chloride anions
in the Zn— and Cd-MT complexes of mammalian MT1 and MT4 isoforms. Starting from the initial hypothesis that the shoulders
appearing at 240nm in the UV—vis difference spectra during the Cd(II) titrations of Zn—-MTs would be indicative of chloride partici-
pation in these metal-MT complexes, we can now propose that, while their absence definitely rules out these ligands being involved
in metal coordination, their presence should not necessarily be attributed to the formation of metal-Cl bonds. Instead, we identified
a global blue shift for the UV-vis difference spectral envelope as the most liable indication of chloride participation in the binding
sites of the M—MT species. Following this criterion, we determined that chloride anions are bound to the Cd—MT1 and Cd,—aMT1

complexes but not in the isostoichiometric Zn complexes, nor in the Zn- or Cd-complexes of the homologous MT4 peptides.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Cd-metallothionein; Zn—metallothionein; Chloride ligands; Zn-MT; Cd-MT

The metallothionein (MTs)? superfamily comprises a
wide range of low molecular weight and high cysteine
content polypeptides present in almost all living organ-
isms (q.v. http:/www.unizh ch/~mtpage/classif.html).
Although MTs’ ability to coordinate heavy metal ions
has related these peptides to metal homeostasis and
detoxification processes, their definite physiological
function, or functions, is still a matter of debate and
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E-mail address: merce capdevila@uab.es (M. Capdevila).

! Both authors contributed equally to this work.

2 Abbreviations used: AAS, atomic absorption spectrometry; CD,
circular dichroism; ESI-MS, electrospray ionization mass spectrome-
try; ICP-AES, inductively coupled plasma-atomic emission spectros-
copy; GST, glutathione-S-transferase; MT, metallothionein; MTO,
Drosophila melano gaster metallothionein; UV-vis, ultraviolet—visible
electronic absorption.

0003-9861/8 - see front matter @ 2004 Elsevier Inc. All rights reserved.
doi:10.10164.abb.2004.12.024

prompts most of the research within this field. One of the
goals of our research work is to contribute to the eluci-
dation of MT function through the determination of
those structural features that could provide information
on their physiological role and behavior. In contrast
with the number of MT sequences reported up to date,
knowledge on 3D structures comes down to a small
number of metal-MT complexes. These include mam-
malian, invertebrate, and bacterial forms exclusively
containing Zn(II) and/or Cd(II) ions, while only limited
structural data is available for copper-containing MTs
[1]. Vertebrate MTs are composed of two domains, the
o-domain (C-terminal) enfolding a MJ(I1),(SCys);
aggregate and the B-domain (N-terminal) harboring a
M(II},(SCys), cluster. Differing from the bacterial SmtA
MT, whose His residues contribute to metal coordina-
tion [2], all structurally known metal-MT species
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contain divalent metal ions tetrahedrally coordinated
only to Cys residues, which can act either as terminal or
bridging ligands. This notwithstanding, participation of
non-proteic ligands in metal-MT complexes has been
extensively postulated in the literature. Thus, while
Vaher et al. [3] suggested the participation of non-sulfur
ligands in rabbit Cds, Cus—MT2 metal coordination on
the basis of 1'*Cd NMR measurements, Maret et al. [4]
identified chloride as a ligand in Cd,—MT2 by employing
1 and '"H NMR spectroscopy and associated this fea-
ture to putative ATP binding regulation, which implies a
great biological significance. The observation of a char-
acteristic UV—vis difference fingerprint, with an unprece-
dented absorption at ca. 240nm, led us to propose the
possible binding of chloride anions also in certain metal-
Drosophila MTO species [5]. Interestingly, our recent
studies on the metal binding features of the mammalian
MT4 isoform [6] revealed the presence of shoulders at
240nm, equivalent to those reported for MTQ, in the
UV-vis difference absorption spectra of the Cd(II) titra-
tions of Zn—MT4 and Zn~aMT4, but not in those of
the Zn,—PMT4 fragment. In view of the interest of
determining variations in the contribution of chloride in
different metal-MT complexes, and taking into account
the lack of information about which electronic
absorption features the non-proteic metal-MT ligands
are associated with, this work aims at determining the
influence of the chloride anions in the structure of mam-
malian metal-MT complexes. To this end, Zn,—MT4,
Zn,~oMT4, and the paradigmatic Zn—MT1 and Zn,—
oMT1 forms have been obtained from recombinant syn-
thesis and eluted both in the presence and absence of
chloride ions. Subsequently, the eight Zn-MT prepara-
tions have been, respectively, titrated with either Cd(II)
chloride or Cd(IT) perchlorate solutions, and the M-MT
species formed have been characterized by means of
spectroscopic and spectrometric techniques. Our data
are consistent with the presence of chloride ligands in the
Cd-MT1 species, but not in the homologous Cd-MT4
forms. Furthermore, we identified a definite global blue
shift associated to chloride involvement in the metal-
MT complexes in the CD and UV-vis difference spectra
of the corresponding species.

Materials and methods
Protein preparation and characterization

As previously described [6-8], fermentator-scale cul-
tures, recovery of the GST-MT fusion constructs and
purification of the metal-MT species led to preparations
of recombinant mouse Zn,~MT4, Zn,MTI, Zn,
aMTI1, and Zn,~aMT4 in 50mM Tris-HCI buffer (pH
7). Alternatively, these Zn-peptides were purified using
30mM Tris-HCIO, buffer (pH 7) in the final HPLC

elution step [3]. In all eight cases, the identity and integ-
rity of the Zn-peptides was established by measurement
of their molecular mass and metal-to-protein ratio by
electrospray ionization mass spectrometry (ESI-MS) on
a Fisons Platform IT Instrument (VG Biotech) calibrated
using horse heart myoglobin (0.1 mg/ml) [6-8]. Induc-
tively coupled plasma-atomic emission spectrometry
(ICP-AES) [9] was used to determine the total sulfur
content of the different preparations and to corroborate
their zinc/protein ratios, using a Thermo Jarrell Ash,
Polyscan 61F and measuring at 182.0nm (S) or 213.9nm
(Zn). Additionally, Ellman’s method [10] was used to
measure the thiol groups over total sulfur, that means
the oxidation degrees of the different preparations, by
using the reagent DTNB (5,5'-dithiobis(nitrobenzoic
acid)). The protein solutions obtained from the purifica-
tion processes were diluted to a final concentration of ca.
10 uM (entire MT) or 20 uM (o fragments) with Milli Q-
purified and Ar-degassed water before being titrated
with the corresponding Cd?* solution at 25°C,

Metal solutions and metal ion binding reactions

All solutions used in Cd>* titrations were prepared
with Milli-Q purified water and were either argon satu-
rated or vacuum degassed prior to use. Glassware was
cleaned with 10% (v/v) nitric acid and repeatedly rinsed
with ultrapure water. The in vitro cadmium binding abil-
ity of the four Zn-MT peptides was tested in cither Tris—
HCl or Tris-HCIO, buffer, using either CdCl, or
Cd(ClO,), as titrating agent, respectively. The CdCl,
solution was a Merck AAS Cd?* standard of 1000 ppm,
while preparation of that of Cd(ClO,), required determi-
nation of the Cd?" concentration by AAS, using a Per-
kin-FElmer 2100 apparatus.

Zinc/cadmium displacement studies at pH 7.0 were
carried out and processed as previously described [6-8].
Electronic absorption measurements were performed on
an HP-8453 diode array UV-visible electronic absorp-
tion spectrophotometer and a Jasco spectropolarimeter
(Model J-715) interfaced to a computer (GRAMS 32
Software) was used for CD determinations. All assays
were performed under argon atmosphere, and titrations
were carried out at least in duplicate to assure their
reproducibility. The pH for all experiments remained
constant throughout, without the addition of buffers,
and temperature was maintained at 25 °C by means of a
Peltier PTC-3518 equipment.

Results and discussion

Characterization of the initial recombinant Zn-peptides

The purification of Zn,MTI1, Zn,-MT4, Zn,aMTI1,
and ZnaMT4 as unique complexes of identical stoichi-
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Table 1
Molecular masses of the Zn- and apo-forms and zinc-to-protein ratios of the in vivo synthesized MT1, MTd, «MT1, and «MT4 metal complexes
Protein Elution buffer Molecular mass (Da) Zn/MT* Zn/MT® Oxid®
Apo form Zn form
Expected Observed Expected Observed
MT1 Tris—HCl 6162.13 6163.0 6605.90 6605.5 7 7.3 0
Tris-HCIO, 6162.13 6157.2 6605.90 6603.6 7 57 23
MT4 Tris—HCl 6420.56 64208 6864.29 6864.2 7 6.7 5
Tris-HCIO, 6420.56 64198 6364.29 6362.9 7 6.8 9
aMT1 Tris—HCl 3296.94 3297.0 3550.80 35508 4 4.1 0
Tris-HCIO, 3296.94 32055 3550.80 35495 4 38 1
aMT4 Tris—HCl 3345.00 33445 3598.56 3598.6 4 3.6 11
Tris-HCIO, 3345.00 33448 3598.56 3597.1 4 4.0 4
# Zinc per MT molar ratio calculated from the mass difference between holo- and apo-protein.
® Zinc per MT molar ratio caleulated from the zinc and sulfur content (ICP-AES).
¢ Percentage of thiol groups (Ellman’s method) over total sulfur (ICP-AES).
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Fig. 1. Circular dichroism spectra of recombinant (A) Zn,—MT4 eluted in Tris—HCI (solid black line) and in Tris-HCIOQ, (dashed black line) and
Zn,~MT1 eluted in Tris-HCI (solid gray line) and in Tris-HCIO, (dashed gray line) and (B) Zn,~«MT4 eluted in Tris—HCI (solid black line) and in
Tris-HClO, (dashed black line) and Zn,~aMT]1 eluted in Tris-HCI (solid gray line) and in Tris-HCIO, (dashed gray line).

ometry using either chloride- or perchlorate-equilibrated
buffers confirmed that the availability of additional ¢chlo-
ride ligands does not alter the binding capacity of these
MT forms (Table 1). Furthermore, the comparison of
the CD fingerprints of the Zny-MT and ZngoMT spe-
cies eluted either in Tris~HCl or in Tris-HCIO, (Fig. 1)
reveals that, at the concentrations assayed (ca. 50mM),
the presence of chloride anions has no spectroscopically
detectable influence either on their structure or on their
chirality. It is worth noting that the reported differences
between the 3D structures of Zn-MT1 and Zn-MT4 [6]
are maintained independently of the anions present in
the solution. This leads to the immediate conclusion that
the higher folding degree of Zn~MT1 and Zn,o«MT1
vs. the isostoichiometric Zn,—MT4 and Zn,~aMT4 spe-
cies is not ascribable to the contribution of chloride
ligands to Zn binding.

In vitro Cd(I1) binding studies

Once it had been established that, at our experimental
conditions, the features of the Zn-MT species remained
unaltered by the presence/absence of chloride ligands,
the eight Zn-MT preparations were titrated with

increasing amounts of either cadmium chloride or cad-
mium perchlorate, and the corresponding CD and UV
spectra recorded for all Cd(Il) addition steps. ESI-MS
spectrometry measurements allowed determination of
the number and stoichiometry of the coexisting species
from aliquots withdrawn at some titration points.
Detailed analysis of these spectroscopic and spectromet-
ric data, provided as Supplementary data (Figs. 81-84
and Tables 81-S4) for the sake of brevity, gave rise to
interesting results, which we now discuss.

According to ESI-MS results, the molecular distribu-
tions at each point of the Cd(IT) titrations are not
affected by the presence of chloride anions, as analogous
results are found for each MT form independently of the
counterion accompanying the Cd(1T) cations (Tables S1-
S4). However, comparison of the evolution of the CD
data shows slight but definite differences at the end of
the titrations of both MT1 and «MT1, depending on the
presence of chloride or perchlorate in the solution (Figs.
82 and 84), while divergences for the MT4 peptides are
negligible (Figs. S1 and S3). These results lead to the
conclusion that, although not detected by ESI-MS,
chloride anions participate in the last stages of the for-
mation of the Cd;—MT1 and Cd ~aMT1 species and not
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in those of the homologous MT4 cadmium complexes.
Interestingly, only Cd—MT1 shows slightly different CD
spectra if generated in a chloride or perchlorate rich
solution, the other three canonical Cd-MT species basi-
cally showing the same CD spectra regardless of the
counterion used (Fig. 2). As a consequence, it could be
deduced that only minor structural changes are intro-
duced by the participation of chloride anions in the
Cd-MT1 species, those of the entire protein being more
relevant than those of its o fragment.

The clearest evidence of chloride binding in Cd-MT1
complexes comes from the UV-vis difference spectra
where, though in opposition to what was previously pro-
posed for the Cd-MTO species [5], the chloride signal
appears to be related to a blue shift of the global spectral
envelope instead of being related to a 240 nm shoulder.
As shown in Fig. 3, these shoulders, which are observed
in the UV-vis difference spectra for 7-6 and 4-3 Cd(II)
equivalents added, respectively, to Zn—MT4 or Zn,
oMT4 in the presence of chloride ions [6], are surpris-
ingly also detected when these anions are not in solution

(Figs. 81 and S3). Thus, the contribution of other chro-
mophores to the final spectral envelope probably gives
rise to these particular fingerprints, which we had ini-
tially associated with chloride binding. An opposite situ-
ation arises when considering the UV-vis difference
spectra corresponding to the same Cd(IT) equivalents
added to the homologous MT1 peptides. Thus, both
Zn.—MT1 (Fig. S2) and Zn,—aMT]1 (Fig. 84) give rise to
the expected absorptions at 240nm in the presence of
chloride anions but not when perchlorate ions are in
solution, in accordance with the proposed participation
of the former in both Cd-MT1 complexes. Furthermore,
a clear blue shift of the whole UV—vis difference spectral
pattern (absorption maxima from 258 to 252nm) is
observed in Fig. 3 in those cases where the chloride ions
contribute to the final Cd-MT species (i.e, Cd;—MT1
and Cd,—aMT1). The fact that the spectral signals asso-
ciated in this work to chloride ligands in the Cd-MT1
complexes differ from those previously published for
Drosophila MTO should therefore be attributed to the
high amino acid divergence between the non-homolo-

A Ag B Ag

20 /

20
Y, ——

o =
0

20+
20

407 40|

T T T T T T T T T T T T T T T
220 230 240 250 260 270 280 290 him 220 230 240 250 260 270 280 290 m

Fig. 2. Superimposition of the CD spectra of (A) Cd,—~MT4 in Tris—-HCI (solid black line) and in Tris—HCIOQ, (dashed black line) and of Cd,~MT1 in
Tris—HCI (solid gray line) and in Tris-HCIO, (dashed gray line) and of (B) Cd,—aMT4 in Tris-HClI (solid black line) and in Tris—HCIO, (dashed
black line) and of Cd~a¢MT1 in Tris-HClI (solid gray line) and in Tris-HCIO, (dashed gray line). The CD» spectra corresponding to a major presence
of the Cd,~MT and Cdy—«MT species in chloride and perchlorate media have been chosen taking into account the information retrieved from ESI-
MS data [6,8,11].
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Fig. 3. Superimposition of the UV-vis difference spectra recorded during the Cd{1I) titrations of {A) Zn,~MT4 in Tris-HCI (solid black line) and in
Tris-HCIO, (dashed black line) and of Zn,~MT 1 in Tris—-HCl (solid gray line) and in Tris—~HCIO, (dashed gray line) for 7-6 Cd(II) eq added and (B)
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(dashed gray line) for 4-3 Cd(II) eq added.
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gous mammalian and diptera MT polypeptides [5], the
latter showing far more pronounced 240nm shoulders
than the former.

In our opinion, these results highlight two relevant
conclusions to be considered when undertaking new
metal-MT structural characterization studies. First, the
contribution of inorganic ligands to conformational fea-
tures may be particularly dependent on a given MT
polypeptide, as we have shown that two paralogous
mammalian MTs (MT1 and MT4) behave differently in
this respect. Since chloride, especially, has been related to
ATP-MT1 interaction [4], the capacity of an MT to
establish this association, or not, may be of crucial bio-
logical relevance. Second, the conformational features of
certain M-MT complexes are indeed dissimilar if chlo-
ride anions are or are not present when they are assem-
bled, and thus consideration of the physiological
environments in which this assembly takes place may be
of great significance,
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Figure S1.- Comparison of the behavior of (A) Zn;-MT4/Tris-HCI and (B) Zn;-MT4/Tris-HCIO, toward
Cd(II) through the CD, UV-vis, and UV-vis difference spectra recorded during their respective

titrations with CdCl, or Cd(ClOy,), at pH 7. Data regarding Zn,-MT4/Tris-HCl are from [6].
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Figure S2.- Comparison of the behavior of (A) Zn;-MT1/Tris-HCI and (B) Zn;-MT1/Tris-HCIO, toward
Cd(II) through the CD, UV-vis, and UV-vis difference spectra recorded during their respective

titrations with CdCl, or Cd(ClOy,), at pH 7. Data regarding Zn;-MT1/Tris-HCI are from [7,11].
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Cd(II) through the CD, UV-vis, and UV-vis difference spectra recorded during their respective

titrations with CdCl, or Cd(CIQOy,), at pH 7. Data regarding Zn,-oMT4/Tris-HCl are from [6].
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cl |clo, | o | clo, | o | clo, | cr |c1o4' cr \0104' cl' |clo, | o |clo, | o |clo, | o |cloy
Zn,-MT4 Vi o] e
ZngCd,-MT4 X - X
ZnsCd,-MT4 X - X - .
Zn,Cds-MT4 | x - v -- X - .
Zn;Cdy,-MT4 | x -- X -- v - X - . .
Zn,Cds-MT4 | - X -- v - v - X X . . . .
7Zn,Cde-MT4 X - X - v X X X . X . X . .
Cd-MT4 . — X — x| v | v ]| V¥ v v

Table $1.- Distribution of the metal aggregates present in solution, according to ESI-MS data, during the titration of

Zn7-MT4/Tris-HCl and Zns-MT4/Tris-HCIO4 toward Cd{I) with CdCl, or Cd(ClO4)s, respectively, at pH 7 as

a function of the number of Cd(IT) equivalents added. Data regarding Zn;-MT4/Tris-HC1 + CdCl, are from

[6]. ¥ denotes the major species, x, species of intermediate abundance and ¢, the minor species present in

solution

Table $2.- Distribution of the metal aggregates present in solution, according to ESI-MS data, during the titration of

Cd(II) equivalents added

| co, | |clo, | o | clo, | ar | co, | o | oy
70,-MT1
ZnsCd;-MT1 X .
ZnsCdy-MT1 X X X
ZnCds-MT1 | v v X X
Zn;Cd,-MT1 X X v v
Zn,Cds-MT1 X v v . . . .
Zn;Cde-MT1 . X X + X X X X .
Cd-MT1 . . 'd 'd v v
Znp;Cds-MT1 X X
Zn;Cd;-MT1 * X . X X
Cde-MT1 X . X *

Zn7-MT1/Tris-HCl and Zns-MT 1/ Tris-HCLO, toward Cd(I) with CdCl; or Cd(ClO4)s, respectively, at pH 7 as

a function of the number of Cd(II) equivalents added. Data regarding Zn;-MT1/T1is-HC1 + CdCl; are from

[11]. ¥ denotes the major species; x, species of intermediate abundance and +, the minor species present in

solution

-94 -



-Articles publicats (Article 2)-

Cd(II) equivalents added
1 3 4 5 o
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Zn;Cdy-oMT4 | v | -- .
Zn,Cdy-aMT4 X - X *
ZnyCds-oMT4 | + -- v ¥ . .
Cds-aMT4 Sl x x vl vl ]v] -

Table S3.- Distribution of the metal aggregates present in solution, according to ESI-MS data,
during the titration of Zns,-oMT4/Tris-HCI and Zn,-cMT4/Tris-HCIO, toward Cd(I) with
CdCls or Cd(ClOy),, respectively, at pH 7 as a function of the number of Cd(II) equivalents
added. Data regarding Zn4-oMT4/Tris-HC1 + CdCl; are from [6]. v denotes the major

species; X, species of intermediate abundance and ¢, the minor species present in solution

Cd(IT) equivalents added
2 3 4 ..... 7

cl | clo, | ar \c1o4' cl | ae, | ar | o,
Zny-0MT1 .
Zn;Cdy-aMT1 X X X
ZmCdp-0MT1 | ¥ | v | X
ZnCds-oMT1 | X X v | v . + + +
Cdy-aMT1 * X . v v 's v v

Table S4.- Distribution of the metal aggregates present in solution, according to ESI-MS data, during the titration of
Zny-oMT1/Tris-HCl and Zn,-«MT1/Tris-HCIO, toward Cd(I) with CdCl, or Cd{ClQy),, respectively, at pH
7 as a function of the number of Cd(IT) equivalents added. Data regarding Zny,-aMT1/Tris-HCl + CdCl; are

from [8]. ¥ denotes the major species; X, species of intermediate abundance and *, the minor species present

in solution
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Zn- and Cd-Metallothionein Recombinant
Species from the Most Diverse Phyla May Contain
Sulfide (S§*) Ligands**

Mercé Capdevila,* Jordi Domeénech, Ayelén Pagani,
Laura Tio, Laura Villarreal, and Silvia Atrian

After much multidisciplinary research into metallothioneins
{MTs), the ubiquitous metal-binding proteins first described
by Vallee and Margoshest in 1957, there is still little
information on the structures and functions® of the biolog-
ical metal-MT complexes. There are two main obstacles to
studying the physiological features of MTs. First, although
MTs are present in all living organisms except Eubacteria,
most of the existing data refers to mammalian MTs, which
precludes any homology-driven structural, functional, or
evolutionary inference because of the extreme sequence
heterogeneity of this family of metalloproteins (see http:/
www.biochem.unizh.ch/mtpage/MT.html). Second, the diffi-
culties encountered when trying to obtain homogeneous
native preparations have led to the common utilization of
in vitro reconstituted metal-MT complexes, based on the
assumption that they represent genuine structural and func-
tional native MT species. Thus, most of the data available to
date, especially referring to MT structure, comes from
nonbiological characterization of metal-MT complexes.!]
Following the MT discovery, another class of eukaryote
metal-coordinating molecules was reported in plants and
fungi: the enzymatically synthesized y-glutamyl (y-EC)
peptides, also called phytochelatins and cadystins, which
have always been considered as providing a very different
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mechanism of metal detoxification compared to the gene-
encoded MTs, sharing few, if any, structural and functional
features with them. From the chemical point of view, MTs
bind a variety of metal ions giving rise to individual
polynuclear clusters that are linked exclusively to cysteine
residues through thiolate bonds. In contrast, y-EC peptides
create oligomeric clusters with a variable number of units
that, most significantly, include acid-labile sulfide ($* )ions as
additional ligands which induce the clusters to evelve to
peptide-coated particles, so-called crystallites.!

Herein, we report the first definite evidence that sulfide
ions are also present in nearly all the recovered Zn"-MT and
Cd"-MT complexes, but never in the Cu'-MT species of a
wide range of recombinant metal-MT aggregates, thus sulfide
ions are found in species formed invivo, that is, in a
physiclogical, although heterologous, environment. We have
determined the presence of the acid-labile $* ligands both
qualitatively and quantitatively by analytical, spectroscopic,
and spectrometric techniques, and it is clear that the features
of the recovered Zn"-MT and Cd"™-MT complexes correlate
well with those reported for plant and yeast Zn— or Cd-y-
glutamyl peptides,”] therefore bridging the behavior gap
between both types of metal-binding molecules.

Recombinant expression in FE. coli has permitted the
routine synthesis of a large number of proteins that are
difficult or even impossible to obtain in their native forms.
MTs stand out among them because of their extreme
complexity and heterogeneity. Nearly ten years ago we
developed an F. coli expression system that allows the
biosynthesis of intact Zn'— Cd"—, and Cu'-MT complexes,
isolated domains, and mutant variants, in sufficient quantity
and purity for analytical, spectrometric, and spectroscopic
characterization. As a first characterization on the mouse Zn—
MT1 system®7 fully validated the correspondence between
native and recombinant complexes, research was expanded to
mammalian MT isoforms (MT15% and MT4M), the crusta-
cean MTH,' Drosophila MTs (MTNP! and MTO!)), and
the plant Quercits suber QsMT.["]

We are now focused on studying MT species from the
most diverse taxa (Table 1) and in the course of this work we
found that many experimental results from analyzing Zn—MT,
and particularly Cd-MT complexes, made little sense, as
shown in Table 1. First, the stoichiometry of the Cd-MT
complexes determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was unusually low in
comparison with the values expected from the correspending
Zn-MT complexes and the number of cysteine residues
available for metal coordination. The metal-binding steichio-
metries are assessed directly from the total sulfur and metal
content of the sample provided by ICP-AES ") assuming that
the total sulfur in the preparation arises from the summation
of cysteine and methionine residues within the polypeptide.
The unusually low stoichiometries calculated first suggested a
partial oxidation of thiol groups and consequent loss of MT
metal-binding capacity, but the Ellman reaction!™ quantifi-
cation of the thiol groups in the samples did not support this
prediction. Furthermore, ESI-MS analyses of most of the Cd-
MT isolates revealed, besides the expected species, the
presence of complexes whose mass did not match any
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Table 1: Analytical characterization of several purified metal-MT aggregates, corresponding to organisms of the most diverse taxa.!

Metal-MT MT]™ [MT]? Metal /M T Metal/MT® AgNO, S M ESI-MS major species
(X107 m] (%107 M] test {(GC-FPD)
Zn-QsMT 2.62 218 2.3 39 + 1.90 Zn,-QsMT
Cd-QsMT 1.49 0.58 2.5 65 + 3.44 CdgS-QsMTM™
Cu-QsMT 0.29 0.26 5.8l 7.8 - n.d. M,-QsMT
Zn-CRS5 1.72 1.67 5.7 538 - 0.44 Zng-CRS5M
Cd-CRS5 5.01 0.92 3.4 85 + 1.85 Cd,-CRS5M
Cu-CRS5 3.22 316 113 11.4 - n.d. Cuyy-CRS5M
Zn-MTN 0.40 3.5 Zn,-MTN
Cd-MTN 1.80 0.80 1.7 g + 2.34 Cd,-MTNM
Cu-MTN 0.42 7.0 - Cug-MTNM
Zn-MTO 0.78 0.63 3.2 3.7 0.90 Zn,-MTOM
Cd-MTO 0.50 0.30 3.2 4.1 + 2.63 cd,-MTOM
Cu-MTO 0.37 2.9 - Cug-MTOM
Zn-SpMTA 1.40 1.22 52 56 + 2.33 Zng/Zn,S,-SpMTAY
Cd-SpMTA 0.81 0.62 6.3 7.2 + 3.62 Cd,-SpMTAM
Cu-SpMTA 0.41 039 7.1 7.8 - n.d. Mj;-SpMTAM
Zn-ckMT 1.51 1.09 55 75 3.75 Zn-ckMTH
Cd-ckMT 229 0.63 3.7 238 + 4.70 Cd-ckM T
Cu-ckMT 0.39 9.9fel - n.d. M g-ckMTH
Zn-MTI1 1.38 1.13 6.0 73 1.50 Zn-MT17
Cd-MT1 1.90 113 3.7 64 + 117 Cdy-MT1M
Cu-MT1 0.13 9.6 - n.d. M, -MT10
Zn-MT4 2.18 1.18 6.7 7.0 35 Zr-MT40
Cd-MT4 0.19 0.11 550l 698 + 14 M-MT4M
Cu-MT4 0.35 9.4 - n.d. Cupp-MT4M

[a] QsMT = Quercus suber MT; CRS5=a S. cerevisine MT; MTN and MTO are Drosophila MT forms; SpMTA=S. purpuratus type A MT; clkMT = chiclken
MT; MT1=mammalian isoform1 MT; MT4 =mammalian isoform4 MT. Equivalent analyses with T. pyrifermis MT1, C. elegans MT2, and M. edulis
MT10IV yielded comparable results with regard to the presence of sulfide in their metal-MT complexes (data not shown). [b] Protein concentration
calculated from conventional ICP-AES results. [c] Protein concentration calculated from acid ICP-AES results. Amino acid analysis led to identical
values £0.01. [d] Metal/MT ratio deduced from the metal content measured by conventional ICP-AES and results in (b). [e] Metal /MT ratic deduced
from the metal content measured by ICP-AES and the acid |CP-AES and the results in (c). [f] n.d.=not detectable. [g] In this case, the metal /MT ratio
represents the mean metal content per MT of preparations which had heterometallic composition (Zn and Cu or Zn and Cd). [h] This work. The
corresponding manuscripts including the full MT characterization are in preparation.

possible Cd" metallated complexes. These unknown mass
peaks did not arise from the presence of other metal ions in
putative heterometallic MT species, as Cd was the only metal
detected by ICP-AES. Finally, circular dichroism (CD)
spectroscopy of the Cd-MT samples showed features in the
260-280 nm range that clearly were not attributable to the
known tetrahedral Cd(SCys),; chromophores that absorb at
approximately 250 nm, which were also present in the spectra
(Figure 1).

At this stage, the most likely explanation for our
observations was the presence of an additional ligand in the
purified Zn-MT and Cd-MT species, but none of the reported
possibilities  (chloride participation,'® phosphate-driven
dimerization™) were consistent with the analytical and
spectral features of the samples. However, transitions
between 260 and 300 nm have been reported in the CD
spectra of Cd-phytochelatins containing sulfide anions®
and we have already suggested that these ligands could be
present in Drosophila Cd-MTN species.™ The presence of

Angew. Chem. Int. Ed. 2008, 44, 4618 —4622
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extra sulfur in our samples as sulfide ligands would provide a
sound explanation for all the bizarre results mentioned above
as well as the negative oxidation degrees measured by
reactions with the 3,3-dithiobis(6-nitrobenzoic  acid)
(DTNB).PY Therefore, we performed a quick test®™ to
assess the presence of $* ions in our panel of recombinant
metal-MTs by determining hydrogen sulfide gas generation
after acidification of the samples with HCI. Blackening of a
filter paper moistened with a solution of AgNO,; which was
capping the sample tube, as a consequence of silver sulfide
precipitation, unequivocally identified the presence of sulfide
in all the Cd-MT and some Zn—MT samples, but not from the
control (sample without MT) or any Cu-MT preparations.
Zn—, Cd-, and Cu-MT species from different taxa were
analyzed more thoroughly to determine whether sulfide ion
binding was common in the diverse metal-MT complexes. If
sulfide ions were present, then the ICP-AES approach for
global metal-MT ratio calculation was not valid, as the sulfur
quantization would not report exclusively on Cys and Met

© zoos Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Representative CD spectra of several Cd-MT species from
the most diverse taxa. Spectra have been grouped as a) type A (con-
ventional spectra expected for Cd—MT species): Cd-MT1 (solid black
ling), Cd-SpMTA (solid gray line), and Cd—ckMT (dashed black line);
b) type B: Cd—QsMT; ¢) type C: Cd-MTN; d) type D: Cd-CRS5; e) type
E: Cd-MTO. All spectra show the characteristic absorption features of
the Cd(SCys), chromophores at approximately 256 nm (vertical dotted
line) either as derivative shaped signals of different signs (A and B
versus ), Gaussian bands (D) or more complex absorptions mixed
with chloride participation in Cd binding (E). The most (B, C, D and
E) and least (A) intense absorptions at approximately 280 nm could be
attributed to the presence of Cd—5*" bonds.
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concentrations. Protein concentrations were then redeter-
mined simultaneously by two methods: acid ICP-AES and
amino acid analysis. Acid ICP-AES involves acidification of
the sample with 1s HCl prior to the conventional method™*]
to favor the loss of the acid-labile ligands such as H,S and thus
ensure that all the sulfur remaining in the sample corre-
sponded to Cys and Met. Acid ICP-AES results gave new
metal-MT ratios that were now highly consistent with the
expected stoichiometries (Table 1). The amino acid analysis
was used to quantify protein levels, and these data nicely
matched those obtained by acid ICP-AES. Finally, consider-
ing singla ar multipla 3?7 Daltan  (anlfur atomie weight)
additions to the value of the mass of the canonical metal-
MT species yielded values that were coincident with the
unassigned ESI-MS peaks of the sample.

We attempted quantification of the sulfide content in all
the samples, initially using a methylene blue method™! similar
to that applied for Cd—phytochelatin analyses” However,
this method has serious drawbacks, as some degree of
interference with cadmium ions has been reported®? and it
is not suitable for samples containing copper owing to the
insolubility of copper sulfide. As a consequence, we adapted a
GC-FPD (flame photometric detector) approach initially
reported for solid samples.”™ Both methods gave consistent
results and permitted the mean $* ion content per MT to be
determined (Table 1). These data demonstrated that acid-
labile sulfide was present in all the recombinant Cd-MT
samples and in many Zn-MT isolates, although always at
lower ratios than in the corresponding Cd-MT samples.
Furthermore, ESI-MS analyses of the Zn— and Cd-MT
preparations not only accounted for the presence of §* ions
as additional ligands but also showed coexistence of §° -
containing and $§* -devoid metal-MT species (Figure 2),
indicating an equilibrium between the two forms in the
original preparations. None of the MT proteins synthesized in
Cu-supplemented media gave any evidence of sulfide ligands
in their complexes. All of these findings are consistent with
the features reported for the presence/absence of sulfide in
Zn— or Cd-, and Cu-phytochelatins, respectively>*! As for
the spectroscopic analyses, evidence that sulfide in the Cd-
MT complexes is associated with absorptions in the 260-
280 nm range came from acidification/reneutralization exper-
iments(see Supporting Information).

The data presented herein support the hypothesis that
recombinant synthesis in £. coli of diverse MTs results in the
recovery of sulfide-containing complexes in addition to the
expected non-sulfide-containing canonical species. This is the
first demonstration that Zn—-MT and Cd-MT species have the
capacity to form Zn- and Cd-thiolate complexes in which
labile sulfide ligands contribute to the Zn" and Cd" binding.

This situation has major practical and theoretical impli-
cations. From a practical point of view, it is important that the
ever-growing community of MT researchers using recombi-
nant strategies to produce metal-MT complexes evaluates the
presence of $* in their preparations to attain a true
interpretation of their analytical, spectroscopic, and spectro-
metric data. From a theoretical angle, the presence of $* ions
in metal-MT aggregates raises significant questions. Because
of the observed metal and protein dependency and the
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Figure 2. ESI-MS spectrum of the recombinant Cd-MTQC preparation. The two sets of peaks corresponding to two charge states (+4 and +3) are
shown, to illustrate the coexistence of sulfide-loaded and sulfide-devoid Cd-MTO forms. The table gives the corresponding molecular weights of

the species as calculated from the MS data and predicted.

equilibrium between S? -containing and $? -devoid forms, it
is unlikely that $* binding is a mere artifact, thus it is
pertinent to ask if sulfide incorporation also occurs in
endogenous metal-MT complexes, that is, in native forms.
Should this be the case, it is intriguing why it has not been
previously detected. A likely explanation is that for nearly
half a century most of the MT research has been carried out
using invitro reconstituted metal-MT species, which are
prepared by adding the corresponding metal ions to apo-MT
(metal-devoid MT) polypeptides. These species are obtained
after heavy acidification of the purified metal-MT forms and
thus, any sulfide ions involved in the initial Zn" or Cd"
complexation would be lost. Furthermore, the native isolates
of MT complexes from many species contain significant
heterogeneity of isoforms and metal compositions P>
Therefore a lot of effort has been devoted to obtaining pure
chromatographic fractions, which may involve discarding
other minor metal-MT species originally present in the
sample and that are assumed to be impurities, mixed-metal
species, or simply, non-MT metal-containing aggregates.

The 8 ion is a species not restricted to E. coli, but rather
a universal cell component. At present, evidence is being
gathered that relates the presence of $? ions with physio-
logical events, which have also been proposed for MT
function candidates (redox equilibrium,”” neurotransmission,
and neuromodulation®). Consequently, evaluation of the
sulfide-binding MT capability in endogenous MT forms is
worth considering in further studies of native MT forms,
especially Zn-MT, as new data could shed light into the
physiclogical significance of this poorly understood protein in
view of the recently revised relationship between the
biclogical and inorganic zinc clusters in nature.* But, in
any case, knowledge of the capability of divalent metal-MTs
to include S ions in their aggregates, or in other words, to
build metal-MT aggregates that include §° ions would be
highly significant for structural, nanobiological, biotechno-
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logical, and biomedical applications in which MTs are
involved. In conclusion, a new attribute must be added to
the already long list of peculiar features of these versatile
proteins.

Experimental Section
Zn—, Cd—, and Cu-MT complexes were synthesized according to a
recombinant fusion-protein strategy (GST-MT) fully reported in
references [6,7]. This method is based on cultures of E. coli cells
transformed with the corresponding expression constructs in LB
(Luria Bertini) medium supplemented with Zn", Cd™, or Cu” (300 pm,
300 unv, and 500 pm, respective final concentrations). After cell
sonication, all the steps were performed under argon atmosphere.
The total protein extract was only submitted to Glutathione-
Sepharose affinity chromatography, thrombin digestion, and FPLC
{fast performance liquid chromatography) in 50 mm Tris-HCI (Tris=
2-amino-2-(hydroxymethyl)-1,3-propanediol), pH 7.5 buffer. All MT
complexes were synthesized and purified under identical conditions.

The molecular mass of the metal-MT species was determined by
electrospray ionization mass spectrometry (ESI-MS) on a Fisons
Platform IT Instrument, equipped with MassLynx software and
calibrated with horse-heart myoglobin (0.1 mgmL~Y). The assay
conditions for the Zn- and Cd-containing species were as follows:
20 uL of protein solution injected at 40 uLmin™; the use of an HPLC
Uptisphere C; 33 mm x2 mm x5 pm column to separate analytes;
capillary counterelectrode voltage, 4.5kV; lens counterelectrode
voltage, 1.0kV; cone potential, 60 V; source temperature, 120°C;
mifz range, 850-1950; scanning rate, 3 sscan™'; interscan delay, 0.3 s.
The assay conditions for the Cu-containing species were: 20 ul. of
protein solution injected at 30 pl.min~%; capillary counterelectrode
voltage, 3.5 kV; lens counterelectrode voltage, 1.0 k'V; cone potential,
35 V; source temperature, 160°C; m/z range, 850-1950; scanning rate,
3 sscan”; interscan delay, 0.3 s. In all cases, the running buffer was an
appropriate mixture of acetonitrile and 5mmM ammonium acetate/
ammonia, pH 7.5.

Electronic absorption measurements were performed on an HP-
8453 Diode array UV/Vis spectrophotometer. A Jasco spectropo-
larimeter (J-715) interfaced to a computer (GRAMS 32 Software)
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was used for CD determinations. The temperature for all measure-
ments was kept at 25°C by means of a Peltier PTC-3518 apparatus.

ICP-AES, using a Polyscan 61E (Thermo Jarrell Ash) spectro-
polarimeter, allowed determination of § (182.040 am), Zn
{213.856 nm), Cd (228.802 nm), and Cu (324.803 nm) sample con-
tents. Two alternative methods were used: conventional ICP implied
no previous sample treatment™ while acid ICP included acid
incubation of the sample (Im HCI, 65°C, Smin) prior to ICP
measurements. In both cases, protein concentration was calculated
from the S content, assuming it was only contributed to by the Cys and
Met residues of the peptides. In addition, protein concentration was
assessed by amino acid analysis (hydrolysis in 6 HCI at 110°C for
22 h) on an Alpha Plus Amine Acid Autoanalyzer (Pharmacia LKB).
Ser, Lys, and Gly contents were used to extrapolate MT concen-
trations.

GC-FPDP was used as the most suitable methodology for direct
(i.e. without sample derivatization) $*~ detection at low concentra-
tions, since it presents a quadratic response to compounds including
one unique § atom.”¥ IS was generated by strong acidification
{H,SO,, pH 0.0) of the sample to ensure disruption of the metal-MT
complex and to avoid precipitation of insoluble ZnS and CdS. The
calibration curve was determined with dilute standards of $* at 0,
0.25,0.5,1,1.5,2.5, and 3 ppm prepared from a stock solution of §% at
1000 ppm which was obtained by dissolving a single crystal of
Na,8-9H,O in oxygen-free water and standardized by iodine titration
using Nal0,.?J Sample aliquots, as well as the standard solutions,
were transferred to airtight 2-mL vials, acidified to a final volume of
0.5 mL, and immediately sealed. Vials were then incubated at 40°C
for 2 h with agitation (250 rpm) to accelerate the evolution of H,S
from the aqueous phase and equilibration of gas phase in the head-
space. 500 pL of the head-space gas were subjected to gas chroma-
tography (HP5890 Serie II coupled to a FPDSGCE Instruments
{Thermo Finnigan) detector). The gaseous mixture was carried by a
6.6mLmin~ flux of He through the GC glass column {SPB 608
30m x0:25 mm i.d. with 0.5 pm particle size). Both the injection and
the detection port were kept at 110°C while the column was operated
at a constant temperature of 35°C. The H,S peak generated from MT
samples was readily identified by a retention time coincident with that
of the standard solutions. All determinations were performed in
duplicate with independent samples.
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Zn- and Cd-Metallothionein Recombinant Species from the Most Diverse Phyla
May Contain Sulfide (SZ') Ligands**

x . * . . # . . # , # . #
Merceé Capdevila, Jordi Doménech,” Avelén Pagani,” Laura Tio,” Laura Villarreal,

& Silvia Atvian

Experimental Procedures.

Expression and purification of the recombinant MT domains: To overexpress MT the
recombinant constructs were introduced into the protease deficient strain E.coli BL21. Overnight
cultures of the transformed host strains in LB supplemented with 100 mg It ampicillin at 37 °C
were inoculated to a x10 fresh medium volume. After growth at 37 °C to an A600 value of 1.0, the
bacteria were induced with 0.1 mM isopropyl-p-D-thiogalactopyranoside (IPTG, final
concentration and bacteria growth was allowed for 30 min. The culture was then supplemented with
and the corresponding salt metal solution, as mentioned in the main text. After 2.5 h, the cell
biomass was harvested, washed in phosphate-buffered saline 1.4 M NaCl, 27 mM KCI, 101 mM
Na,HPQ,, 18 mM KH;PO, (PBS) and pelleted by centrifugation at 7700 x g for 10 min. For protein
purification, cells were resuspended in 5% of the original volume of ice-cold PBS-0.5% v:v [3-
mercaptoethanol. To prevent oxidation of the metal-free cysteines. pure grade 5.6 argon was
bubbled through all the steps of the purification procedure. Suspended cells were sonicated at 4 °C
with 20 s pulses for 5 min, and centrifuged at 12000 x g for 15 min. The supernatant was recovered
and used to purify the GST-MT and fusion protein by batch affinity chromatography with
Gluthatione-Sepharose-4B (Pharmacia) at a volume ratio 1:10 matrix:sample. The mixture was
incubated with gentle agitation for 30 min at room temperature. After three washes in PBS, the
matrix was packed in a column (15 em x 3 em) for subscquent purification steps. The polylinker of
the pGEX vector used included a thrombin recognition site, which allowed cleavage of the fusion
protein. To that end, a thrombin-PBS solution (10 units of thrombin (Pharmacia)/mg of fusion
protein) was poured into the matrix bed. and digestion was carried out overnight at 23-25 °C. The
GST portion of the expressed fusion protein remained bound to the gel matrix, whereas the MT
portion was eluted together with thrombin. The eluate was then five-fold concentrated using
Centriprep Concentrators (Amicon) with a cutoff’ of 3 kD, and subsequently fractionated using
FPL.C. A Superdex-75 (Pharmacia) exclusion column was equilibrated with 50 mM Tris-HCI, pH
7.0 and run at 1 ml min™. 1 ml fractions were collected and analysed for protein content by their
absorbance at 254 nm. Aliquots of the protein-containing Superdex-75 fractions were analysed by
SDS-PAGE on 15% gels and stained with Coomassie Blue. Positive samples were pooled, and

aliquots were stored at -70 °C for further use.

- 105 -



-Articles publicats (Article 3)-

Figure S1. CD and UV-vis spectra associated with the acidification and reneutralization of Cd-
MTN. The Cd-MTN preparation (type C CD spectra, Fig 1) was acidified with HCI 0.05M from pH
7.2 to 1.4 and afterwards reneutralized to pH 7.5 with NaOH 0.05M in an Ar atmosphere and the
CD (a. b and d) and UV-vis (¢ and ¢) spectra recorded and corrected for dilution effects.
Interestingly, acidification of the initial sample (major species: Cdy-MTN; minor species Cds- and
Cd,;S,-MTN) provokes an increase in quirality that reaches its maximum at pH 3.6 (major species:
Cdy- and Cd3-MTN; minor species Cdy- and CdyS,-MTN). Both ESI-MS and UV-vis data indicate
the loss of both Cd*" and S§% ions, while CD data suggest a higher degree of folding for Cds- than
for Cd-MTN. As expected. acidification until pH 1.4 results in all CD and UV absorptions being
lost (b and ¢). Reneutralization from pH 1.4 to 7.5 (d and e) allows Cd*" binding (major species:
Cd,- and Cd3;-MTN: no sulfide-containing species detected by ESI-MS) although a lesser degree of
folding and a distinct 3D structure (type D CD spectra, Fig 1) is achieved (d). Comparison of the
UV-vis spectra (g) of the initial (solid line) and final (dashed line) samples clearly reveals that s*
ligands have been lost during the process. Plate f shows the superimposition of the normalized CD
spectra of the initial sample, at pH 7.2, (solid black line); the intermediate sample. at pH 3.6, (solid
gray line); and the reneutralized sample, at pH 7.5 (dashed line).
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Figure S1.
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Introduction

Chicken metallothionein (MT) is the paradigm for the study of these metal-
binding proteins in avian vertebrate radiation. The available literature data
depicted the ckMT gene/protein system as highly similar to mammalian
MT1. The functional differentiation known for the four mammalian MT
isoforms suggested it would be interesting to revisit avian MT. In this work,
the ckMT metal binding abilities towards Zn(II), Cd(1I) and Cu(I) have been
determined and compared with those of mammalian MT1 and MT4
isoforms. Furthermore, an exhaustive in silico search for MT-like proteins
in the chicken genome has enabled a comparative evolutionary study. The
joint consideration of functional and genomic data reported here contradicts
with the two main dogmas that until now have defined avian MTs. First, the
singularity of an MT gene copy is contradicted by the identification of a
chicken MT2 sequence showing all the features to be considered an active
gene. Second, in vive and in vitro metal-binding studies have revealed that
the Zn(IT), Cd(II) and Cu(l) binding abilities of ckMT1 lay between those of
mammalian MT1 and MT4, being closer to those of MT1 for the divalent
metal ions but more similar to those of MT4 for Cu(I). This is in agreement
with the strong functional constraint of low copy genes having to cope with
differentiating functional abilities. Finally, a new mechanism of MT
dimerization is proposed, on the basis of the His C-terminal composition of
the ckMT1 polypeptide.

Metallothioneins (MTs), the ubiquitous metal-
binding proteins first described by Vallee in 1957
[1] constitute a large superfamily of small,
cysteine-rich peptides present in some prokaryotes
and in all eukaryotes (protista and fungi, plants and
anmimals) examined SO far
(http://'www.expasy.org/cgi-bin/lists ?/metallo. txt).
The current limited knowledge of their origin and
differentiation patterns can mainly be attributed to
the lack of detailed, comparative studies involving
MTs other than mammalian isoforms. Besides, it
must be stressed that any homology-driven
structural, biochemical or functional inference
using mammalian MT data makes little sense, due
to the extreme sequence heterogeneity among MT
family members. Since no definite physiological
roles have been assigned to MTs, functional
constraints or adaptative trends modulating their
evolutionary history are also difficult to envisage.
In this scenario, some attempts at evolutionary
characterization have been carried out for
Vertebrate MTs, an unquestionable family of
homology, through the analysis of the maximum
parsimony trees constructed with protein and

c¢cDNA MT sequences (http://www.biochem.unizh.
ch/mtpage/poster/posterevol.html). These studies
not only located fish, amphibian and avian MTs in
increasing order of proximity to mammalian MT
radiation, but also proposed that all vertebrate MTs
originated from a single ancestor. Unfortunately, the
level of gene and protein understanding of MTs m
all non-mammalian groups is still too scarce to
experimentally support this hypothesis. Avian MTs
gather patent interest, as they represent a class of
warm-blooded vertebrates that evolved in parallel to
mammals for nearly 310 million years, after the late
Palaeozoic divergence of the Reptilia/Aves and
Mammalia lineages [2]. Chicken (Gallus gallus) is
the model organism for avian molecular studies, and
chicken MT (ckMT) has also been the paradigm for
the characterization of avian MTs [reviewed in 3].
CKMT was isolated and roughly characterized in the
early 70°s as not significantly different from the
mammalian (mouse) MTI1-MT2 system [4,5].
CKMT protein and gene features enhanced the
picture of high similarity between bird and
mammalian forms, maybe dispiriting a deeper
interest in avian MTs. CKMT is a 63-residue long
polypeptide, with 68 % sequence similarity and two

1

-113-



-Annex (Article 4)-

amino acid insertions in relation to mouse MT1
[6]. Chicken MT cDNA [7] and gene |[8]
characterization, again suggested great structural
and functional similarity with the mammalian MT
system. Indeed, the ckMT gene showed the same
exon/intron distribution and was apparently
regulated by the same kind of cis elements,
responding to the same stimuli: metal overdose,
oxidative stress, glucocorticoids and
lipopolysaccharides [9,10]. Only two differences
were considered worthy of mention, the ontogenic
expression pattern of liver ckMT, which acutely
increases after hatching [11] and the apparently
solid evidence that MT was a one-copy gene in
birds [6,7]. Studies of other avian genera
(Meleagris  gallopavo  (twkey),  Phasianus
colchicus (pheasant), Colinus virginianus (new
world quail) [11]; Cairina moschata and Anas
platyrlyncos (ducks) [12]; and Coturnix coturnix
(quail) [13]) not only unanimously supported the
mexistence of an MT gene family in birds, but also
confirmed an exceptional conservation rate for the
unique MT form: no amino acid substitution and
97 % identity at cDNA level, which was readily
justified by the functional constraint imposed on a
single copy gene. Description in Columba livia
(pigeon) of two MT isoforms, none which were
coincident with the previously reported avian MT
sequence [14], was the sole evidence of MT
multiplicity in an avian genome, and also of
sequence diversity among avian MTs. The
assumed simplicity of the avian MT system
contrasts with the complexity of mammalian MT
radiation, in which duplication events originated a
four-gene cluster (MT'1-MT4), identified in sheep,
rodents, primates and humans, the MT1 further 13-
fold amplified in the latter. Functional
differentiation has been shown for these four
isoproteins: the MT1-MT2 ubiquitous, metal-
induced forms have been related to homeostasis,
transport and detoxification of metals in
organisms; MT3, only synthesized in neural
tissues, has been related to neuronal growth; and a
role for MT4 in the differentiation of stratified
squamous epithelia, the only tissue in which 1t is
expressed, has been suggested. Furthermore, and
regarding their metal coordination abilities, while
MT1 has been characterized as optimum for
divalent metals (Zn-thionein behaviour [15]), MT4
exhibits a copper-binding preference that correlates
well with a copper-thionein character [16].
Paradoxically, and although older in evolution,
mammalian MT4 peptides are most similar among
themselves (93.4% identity for mouse MT4 vs.
human MT4) than in comparison to the MT1
isoform within the same organism (55.7% identity
for mouse MT4 vs. mouse MT1), thus indicating a

stronger functional constraint for MT4 than for
MT1, albeit its apparently reduced expression
pattern.

In this work, we focused our interest on chicken
MT, in an attempt to determine its metal binding
behaviour, and compare it with the mammalian
MTT1 and MT4 isoforms, previously characterized in
our group by parallel methodological approaches.
This was accomplished by determination of the
spectroscopic and spectrometric features of the Zn-,
Cd- and Cu-complexes rendered by the recombinant
full-length ckMT1 and its separate B and o domains,
as well as of the metal species obtained by Zn/Cd or
Zn/Cu in vitro replacement. Fortunately, in the
course of this research, the annotation of the
complete chicken genome was released [2],
allowing us to perform an exhaustive i silico scarch
for MT-like sequences, as well as the determination
of synteny relationships between the MT gene
containing regions in the human, rat and mouse
genomes. Thus, evaluation of the avian vs.
mammalian MT functional differentiation trends
was completed by comparative genomics analyses.
The joint consideration of function and genomic
data presented here basically contradicts the two
main dogma statements that have defined avian
MTs until now: the singularity of gene copies and
the full equivalence with mammalian MT1. In
summary, these results will significantly contribute
to the knowledge of the functional features that
apparently  determined  distinct  evolutionary
pathways for birds and mammals MTs, the
uppermost level of Vertebrate evolution.

Results and Discussion

Chicken genome search, Comparative Genomics
and Protein Sequence Analysis

At the beginning of this study, a unique chicken MT
gene, herein named ckMT1 and whose cDNA [7]
was that cloned and heterologously expressed in this
work, was known. It encodes an amino acid
sequence that is absolutely conserved in all avian
MTs, except for the two Columba forms, as shown
in Fig. 1A, The most significant feature of this
sequence 18 the presence at the C-terminal end of an
His residue, absent in the mammalian forms, and
highly interesting because this amino acid is a well-
known metal ligand. Unexpectedly, when we
searched the chicken genome (v.29.1) using this
cDNA as a query, homology was detected in two
different regions (Fig. 2). Onec of them
(chromosome 11, contig 100.32) contained the
ckMT1 gene. Although the sequence included in the
Data Bank clones is discontinuous, its exon 3
sequence perfectly match those of the ckMTI1
cDNA, and the size of the contiguous non-

2
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A)
mMT1 - MDP-NCSCSTGGESCTCTSSCACKNCKETSCKRSCCSCC PVGCSKOAQGCVOKG -ARDKOTCCE
nMT4 - MDPGECTCMSGGICICEDNCKOTTCS CKTCRKSCCPOC PPGCAKCARGCTICKG -GS DKESCCE
avMTa - MDPQDCTCAAGDSCSCAGSCKCKNCRCRSCREKSCCSCCPAGCNNCAKGCVCKEPASSKCSCCH
avMTb - Q s 8 3
avMTc - s P GT T GDN KT K G AK Q G P K
B)

Gallus?

Rutilus

Danio

Barbatulz

Columbat

Gallusz

mMT2

510

Meleagris

Cairina

Cofumix

Anas

ColumbaZ

Ambystorna
miT1

Fig. 1. A) Clustal W alignment of the known avian MT sequences, and the MT1 and MT4 mammalian forms. The shaded boxes
indicate the cysteine residues. The avMTa sequence corresponds to the MT of Gallus gallus 1, Cawina moschata,
Meleagris gallopavo, Anas platvriynchos and Coturnix japornica. The avMTb is the Columba livia 2 isoform. The avMTe
sequence is found in the Cofumba livia 1 and Gallus gallus 2 isoforms. For avMTb and avMTc¢ only the residues differing
from avMTa are shown. B) Protein distance tree constructed with the amino acid sequences of the avian MT isoforms, the
mammalian MT1, MT2 and MT4 isoforms, the fish MTs of genera Rutifus, Danio and Barbatula, and the amphibian
Ambystoma MT. The bootstrap values of the branching points are indicated.

sequenced fragments is sufficient to contain the
remaining gene regions, due to their small size [3],
so that misidentification was ruled out. The other
sequence includes a second MT ORF, that we
denominate ckMT2, and whose translation fully
matches the Columba livia form1 MT.

Analysis of the relationships between the
ckMT1 and ckMT2 containing regions and the
human and mouse genomes clearly identified
synteny between the 50-kb ckMT1 genomic
environment and the mammalian MT clusters (111
kb in mouse and 200 kb in humans), bordered in
both cases by the Bbs2 and Nup93 genes, which we
used as flanking markers (Fig. 2). Thus, the imtial
idea of a unique chicken MT gene instead of an
MT gene cluster remains valid only if considering
the corresponding syntenic region, but not for the
whole genome, as further MT genes are found

the 537 ckMT2 gene region of putative regulatory
clements, including three metal-response-clements
(MREs) at positions -269, -130 and -96. A low
and/or time- and tissue-restricted ckMT2 expression
pattern would plausibly be the reason why its cDNA
has never been detected and thus the corresponding
gene has gone unnoticed. In fact, the expression
levels of the ortologous Columba MT1 are reported
five-fold lower than those of the main avian MT
form [14].

The features of the three currently known avian
MT protein sequences (Fig. 1A) were analysed and
compared, on the one hand to those of mammalian
MT1 and MT4, and on the other hand, to the
representatives of lower Vertebrates. From the

protein distance relationships, (Fig. 1B) it is
Chicken-1 (]

o L corlig 100,32
(135204 M)

outside this location. Whether this only applies to Human ‘IIiiiiiiIII.
X oS
the chicken genome or can be extended to other =77
avian forms remains to be elucidated. Although at
present there is no experimental data to guarantee  &&5%w
that ckMT?2 is a real gene, indirect evidence highly Chicken-2
i

favours this possibility: the sequence identity that
the putative ckMT2 protein would share with the
reported Columnba MT1 form [14], the integrity of
the ckMT?2 gene structural elements, the scarcity of
retrogenes in the chicken genome [2], the
identification of this region as a chicken EST in the
corresponding database, and the identification in

enliq 9892.1

Fig. 2. Structure and synteny of the chicken, mouse and human
genomic regions containing the MT genes. The chromo-
some number and bands enclosing the MT cluster are
indicated for the mammalian genomes. For the chicken
genome, the name of the corresponding contig is shown, as
well as of the known chromosome. Two genes external to
the MT cluster have been used as flanking synteny markers.
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reasonable to consider Columba MT2 (avMTb in
Fig. 1A) to be a slight variant of the predominant
avMTa avian MT form. Then, an carly duplication
would have arisen in the avian lineage, generating
one MT form (~ ckMT1) closer to the amphibian
and mammalian MT1-MT?2 system, with a syntenic
chromosomal localization for the latter; and
another MT form (~ ¢kMT?2), more similar to the
supposedly primeval mammalian MT4, in a non-
related chromosomal localization. What can no
longer be assumed is the general rule of the alleged
single-copy composition for the avian MT system,
although, and in reflection of the general avian vs.
mammalian genomic features, the MT gene family
has been largely expanded in mammals if
compared with birds [2].

Analysis of the monovalent and divalent metal
binding ability of ckMT1, ackMT1
BekMT1

Analysis of the metal binding capabilities of
ckMT1 was performed through a two-step strategy.
First, the in vivo synthesized M-ckMT1, M-
ackMT1, and M-BckMT1 (M= Zn", Cd" and Cu')
complexes were characterized. Second, the

and

reaction pathways of the i vitro 7Zn/Cd and Zn/Cu
replacement processes of the three Zn-ckMT1
peptides at pH 7 were determined using the rationale
previously followed for MT1 and MT4 [16-20].
Detailed analysis of the spectroscopic (CD and UV-
visible electronic absorption) sets of data provided
information on the number of metal-MT i vivo and
in vitro generated species, their stoichiometry, and
their degree of folding. Additionally, the
spectrometric (ESI-MS) measurements revealed the
composition of the recombinant preparations and the
molecular distribution [21,22] of the wvarious
complex species present at each point of the
titrations. Although it was possible to determine the
Zn:Cd:MT ratio in the heterometallic Zn,Cd-ckMT1
species, the proximity between the atomic weights
of zinc and copper, together with the ESI-MS
experimental error range, prevented determination
of the ratio of these metal ions in the heterometallic
Zn,Cu-ckMT1 species.

Zn(ll) and Cd(1D) binding abilities of ckMTI1 and
their separate domains—Analytical data (Table 1)
provides evidence that the synthesis of ckMTI,
ockMT1 and PekMT1 either in Zn- or in Cd-

Table 1. Molecular masses and metal (Zn, Cd or Cu) to protein ratios found for the in vivo synthesized ckMT1, acckMT1 and pekMT

aggregates
Metal
supplemented in Protein MW, ® MW’ M/MT® M/MT?  M/MT®  S*/MT
culture media
Da Da
7050.9 + 0.8 7049.20 Zn-ckMT1 (S
ckMTL 7083.5+ 1.4 7081.26 Zn77sl-ckMT1( (2) 62zn  70in 23
M=Zn ockMTL 3744507 3744.63 Z1.-0.ckMT1 397n  407n 11
35977+ 08 3507.98 Zns-PpekMT1 (S)
BokMTL  Sor 6117 3694.16 ZnSs-pokMT] (s) o0 Fm 337 3
73789 + 2.4 737834 Cdy-ckMT1 (S)
ckMT1 73324+ 2.5 7332.13 CdeSyckMT1 g '2 gﬁ gg g‘é 47
72844455 7285.92 CdsS4-ckMT1 (s) ' '
M=Cd wekMTL | 39325400 303271 Cd-0ckMT1 (S) 007Zn  007Zn )
3884.7 + 0.0 3885.60 OdSo-ockMTI(s)  34Cd  44Cd :
BkMT1 37386 + 0.3 3739.00 Cds-BekMT1 (S) 00Zn  0.0Zn s
3692.7 + 0.6 3692.40 Od,S-pekMT1 (5)  1.6Cd  43Cd
72317+ 2.1 7231.04 Mip-ckMT1 (S) -
ckMT1 72020 +3.5 7203 59 M,5-ckMT1 Tlon DS N/D
73583+ 1.7 7356.14 M,:-ckMT1 :
3862.7+ 2.6 3866.37 Ma-ockMT1 (8)
M= Cu ackMT1 30252400 3028.02 M, -ccckMT1 g; gﬂ N/D N/D
3807.4+ 0.0 3803.82 M-0tckMT1 (s) '
37836+ 1.0 3783.11 Cu-PekMTI (S) 0070
pckMT1 38453+ 0.9 3845.66 Cu-PokMT1 60 cn N/D N/D
37199+ 1.0 3720.56 Cus-BekMT1 '

“Experimental molecular masses for the Zn-, Cd- and Cu-MT complexes.
® Calculated molecular weight for neutral species with loss of two protons/zinc or cadmium bound and one proton/copper bound [8].
¢ Metal per MT molar ratio calculated from the mass difference between holo- and apo-protein. () denotes a major species; (s) denotes a minor

species.

4 Metal to MT ratio deduced from the metal content measured by conventional ICP-AES.
¢ Metal to MT molar ratio deduced from the Zn, Cd, Cu and S content measured by acid [CP-AES.

/8% to MT ratio measured by GC-FPD.
&N/D means non detectable.
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Fig. 3. Comparison of the CD specira of the biosynthesised (A) Zn-ckMTI (solid grey line), Zny-cockMT1 (dotted line) and Zn-
BckMT1 (dashed line); (B) Cd-ckMT1 (zolid grey line), Cd-cckMT1 (dotted line) and Cd-BckMTL (dashed line). The
spectra depicted in a solid black line in {A) and (B) represent the sum of the CD spectra of M-otckMT1 and M-BckMT1; (C)
Zn-BckMT1 (solid black line), Zn-BMT4 (solid grey line), Zns-BMT1 (dashed line) and Zn-BckMT1 reneutralized (dotted
line); (D) Cd-BckMT1 (solid black line), Cd-BMT4 (zolid grey line) and Cds-BMT1 {dashed line).

supplemented media yields the expected canonical
complexes as major species, fe. M;-ckMTI1, M.-
ackMTL and M;-pckMTL (M = Zn or Cd). This
behaviour coincides with that of mammalian MT1.
However, ESI-MS data also shows the presence of
minor sulfide-containing species in all preparations
except that of Zn,-ockMT1. As previously shown
[23], the presence of these acid-labile ligands
partially invalidates the conventional ICP analyses,
and therefore acid ICP measurements were
performed, obtaining more consistent M/MT

stoichiometric results (Table 1). Finally, the GC-
FPD data for evaluation of the S°/MT content
stggests a more significant role of the S ligands
in the Cd- than in the Zn-complexes, in agreement

290 M 200 WM 290 20 0 I 280

Fig. 4. (A) and (B) CD spectra corresponding to the titration of Zn-

BekMTI with CA(IT) at pH 7. The arrows show the evolution of
the spectra when the indicated number of Cd(II) equivalents
were added. (C) Superimposition of the spectra recorded after 3
Cd(I) eq added to Zn-BekMTI (solid grey line) and the spectra
of the biosynthesized Cd-BckMT1 (solid black line). (D)
Comparizon of the in vitro constituted Cds;-BMT complexes of
BckMTI (solid black line), BMT4 (dashed line, [16]) and BMT1
(dotted line [18] and note 2 in supplementary material).

290 0o

with the ESI-MS detected species and with the
differences between the conventional and acid ICP-
AES results.

The CD specira of the biosynthesised M-ckMT]1
and M-ockMT1 (M=7Zn, Fig. 3A; M=Cd, Fig. 3B)
closely resemble those of the corresponding MT1
complexes [17,18] and provide evidence that the
degree of folding of ckMT1 when coordinating
Zn(IT) is more similar to that of MT1 than to that of
MT4 [16]. In spite of the experimental evidence of
the presence of $* ligands in the Zn-ckMT1, Cd-
ckMT1 and Cd-ockMT1 samples (Table 1), the
absorptions of the corresponding metal-sulfide
chromophores are of such a low intensity that the in
vivo preparations show Type A CD spectra, in
accordance to the classification proposed in [23].
Conversely, the CD spectra of the in vive M-
fckMT1 samples differ significantly from those
expected afier the resulis obtained for mammalian
BMT1 and PMT4 (M=Zn, Fig. 3C; M=Cd, Fig. 3D).
To determine the chromophores that may contribute
to these interesting mnew CD fingerprints,
recombinant Zn-fckMT1 was purified both in the
presence or absence of chloride ions [24]
Subsequently, the two Zn-pckMT1 preparations
were titrated with either Cd(II) chloride or Cd(II)
perchlorate, respectively, and all the M"-BckMT1
(M" = Zn or/and Cd) species formed characterized.
From the comparison of the CD fingerprints of the
Zn-pckMT1 and Cd-pckMT1 species either in Tris-
HCl or in Tris-HC1O, (data not shown) we
concluded that, at the assayed concentrations, the
presence of chloride anions has no spectroscopically
detectable contribution either to the metal-cluster
structure or to its chirality. Once the participation of
chloride anions in the CD fingerprints had been
discarded, and taking into account the fact that the
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ESI-MS, ICP-AES and GC-FPD data suggested
the participation of sulfide ligands in the Zn-
BekMT1 and Cd-pekMT1 in vivo samples, both
preparations were acidified to pH 1.5 and
rencutralized to pH 7.5. As there was no significant
difference between the initial and the final CD
spectra (shown in Fig. 3C for Zn-BckMT1) we
assumed that there was no detectable contribution
of the ™ ligands to the spectroscopic features of
the samples. Consequently, the characteristic CD
fingerprint of Zn- and Cd-pckMT1 should only be
attributed to the peculiarities of the M(SCys),
chromophores, with perhaps some contributions of
protein conformation at the lowest wavelengths
[25]. Full comparison of the spectroscopic Cd-
BMT1, Cd-BMT4 and Cd-BekMT1 features is
provided m Fig. 3D and in note 1 of the
supplementary material. A further corroboration of
the CD fingerprint of in vivo Cd-BekMT1 was
achieved by titration of Zn-BekMT1 with CdCl, at
pH 7 (Fig. 4A and 4B, Table 2). The results
obtained indicate that the addition of 3 Cd(Il) eq to
Zn-pckMT1 renders a mixture of the same
composition (Table 2B) and accordingly
equivalent CD spectra (Fig. 4C) to that of the
biosynthesized Cd-pPckMT1, showing that the Cd-
BekMT1 sample is generated at that stage of the in
vitro zinc/cadmium replacement reaction. Addition

of further Cd(II) to this solution causes a red shift
and a decrease in the intensity of the main CD
signals (Fig. 4B), giving rise to a CD spectrum that
could be considered characteristic of the Cds-
BeckMT1 species (with a contribution of the Cd;S,-
BekMT'1 complex, Table 2B) and that is clearly
related to that of the Cds-pMT1 and Cd;-BMT4
species (Fig. 4D).

Finally, and in spite of the unusual CD
fingerprint obtained for the in vivo preparations of
Zn- and Cd-BckMT1, summation of the CD gpectra
of in vivo M-BckMT1 and M-cckMT1 affords
spectra that closely resemble those of the full length
M-ckMT1 (M = Zn, Cd) (Fig. 3A and 3B),
suggesting that both ckMT1 fragments behave
independently when binding Zn(Il) and Cd(II), as
was the case for MT1 [18]. This independent
behaviour can be extended to the binding capacity
of each domain not only for the major (Zn;- or Cds-
BckMT1 + Zng- or Cdy-ceckMT1= Zn+ or Cds-
ckMT1) but also for the minor species (i.e. Cd,S,-
PckMT 1+ Cd;S,-ackMT1= Cd;sS,-ckMT1) (Table
1).

Titration of Zn-ckMT1 and Zns-ccckMT1 with
Cd(II) produced some remarkably unexpected
results. Until 7 and 4 Cd(II) eq were added,
respectively, the evolutions of the CD spectra (Fig.
5A) were comparable to those observed for the

Table 2. Distnbution of the metal aggregates present in solution, according to ESI-MS data, during the
titration of Zny-ackMT1 (A), Znz-PekMT1 (B) and Zn;-ckMT1 (C) with CdCl, at pH 7 as a function

of the number of Cd(Il) equivalents added

A) Cd(II) equivalents added
3[af7]13] 15
Zn,Cdy-oickMT1 | x
ZmCds-ockMT1 | v | x
Cdy-ockMT1

Cdy-20.ckMT1 . . . . .

B) Cd(IIy equivalents added
1 3[4
Zns-fckMT1 X .
Zn,Cdy-PekMT1 | v | x .
Zn;Cdo-PckMT1 | x | ¢ X X

CAdfckMTL | » | x | v | v | ¥

[a=]

CdaS,-PekMT1 x | o | s
Q) Cd(11) equivalents added

3 s 7)o ]2 ] 6] 18] 2
ZnsCd-ckMT1 .
Zn5Cdo-ckMT1 X
Zn,Cds-ckMT1 X .
Zn;Cdy-ckMT1 v X
Zn,Cds-ckMT1 X X X
Zn;Cdg-ckMT1 X v X X X .
Cd;-ckMT1 . x| ¥ |V v v v v
Cd;S;-¢ckMT1 X X X X X . .
Cdg-ckMT1 X . . .

v, denotes the major species; x, species of intermediate abundance and +, the minor species present in solution
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Fig. 5 (A) CD and UV-vis difference spectra corresponding to the titrations of Zn-ckMTI1 and Zn,-ockMT1 with Cd(IT) at
pH 7. Arrows show the evolution of the spectra when the indicated number of Cd(Il) eq was added. (B) CD spectrum of the
acidification of the final solution of the Cd(II) titration of Zn-ckMTI, the arrow shows the evolution from pH 7 to 4. (C)
ESI-MS spectra of an aliquot of the solution obtained after adding 7 Cd{IT) eq to Zng-cckMTL.

corresponding MT1 [17,18] and MT4 peptides
[16]. However in both cases, the addition of further
Cd(Il) eq led to a marked increase in the intensity
of a positive shoulder at ca. 250 nm. Previous
studies of this group with Cys-to-His site-directed
MT1 mutants [26] related this absorption to NHis
coordination to Cd(II), and it was therefore
reasonable to hypothesize that there 1s participation
of the terminal ckMT1 His residue of the entire
protemn and its o fragment in metal coordination.
To comroborate this, the final solutions of the
Cd(IT) titrations of Zn,-ockMT1 and Zi,-ckMT1
were acidified from pH 7 to 4 (Fig. 5B), and mn
both cases, this implied the disappearance of the
CD signals at 250 nm, while all other were
maintained. This result is consistent with Cd-His
coordination being responsible for the 250 nm

shoulder, since this amino acid protonates at a 4-5
pH range, while the lower pK, of the cysteine
thiolates still allows for maintenance of the Cd-
SCys bonds at this pH. Interestingly, the appearance
of this 250 nm absorption in the final stages of the
titrations is accompanied by a gradual decrease in
the intensity of all CD envelopes, more sigmificant
for the full length ckMT]1 than for the cwckMT]1.
This variation has been related to MT dimerization
events [27], and a detailed study of the ESI-MS data
of these samples (Table 2A, Fig. 5C) revealed the
presence of dimeric Cdg-{ackMT1), species, even at
the imtial points of the titration, whose abundance
increased as more Cd(II) was added to Zm-
ockMT1. Unfortunately, dimers corresponding to
the full-length protein could not be detected in our
ESI-MS conditions (Table 2C). Literature data

7
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refers to two types of dimerization processes in
MTs: oxidative dimerization, mediated by disulfide
bridge formation [28] and metal-mediated [29]
dimer formation, but neither is consistent with our
analytical and spectroscopic data. On the other
hand, ESI-MS data for the final steps of the Cd(IT)
titration of Zny-ceckMT1 showed disappearance of
the Cdz-(cckMT1); species after acidification, this
suggesting that a third type of MT dimerization,
mediated by the terminal His residues can occur.
As shown in the CD and UV-vis difference specira
(Fig. 5A), once the dimerization starts being
gpectroscopically detectable, the formation of new
chromophores stops and consequently, we propose
a dimerization mechanism that involves a
simultaneous intermolecular formation (Ng;-Cdgs
and N,;-Cd,;) and intramolecular loss (N, -Cd,,
and N, ;-Cd,s) of two Cd-NHis bonds, via the
second nitrogen donor atom of two His residues
(Scheme 1). Therefore, in the dimeric species, two
His residues would bridge two o fragments in a
gimilar way to that described for the active centre
of the superoxide dismutase {SOD) protein [30].

HOOE HOOG g

b N--. s

ed%

_ a | N=
| . | o | | "
J r —) |
s—cd =N | s—ca.. N |
S5 COOH S COOH
(1) (2)
Seheme 1. Possible mechanism of dimerization, The Cd-NHis dashed bonds in (1) are broken

when those of (2) are formed

Cu(l) binding abilities of ckMTI and their
separate domains— Table 1 shows the analytical
data obtained in the characterization of ckMTI1
proteing  biosynthesized in Cu-supplemented
media. As expected [23], none of the Cu-ckMT1
preparations show evidence of sulfide ligands in
their complexes. In copper-supplemented media,
BckMTI1 renders a mixture of homometallic Cu-
gpecies analogous to that obtained for [MT1
[20,31] and BMT4 [16] and therefore should be
considered Cu-thionein. However, in this case Cugs-
[fckMT1 is the major species, contrasting with the
Cuy-BMT major stoichiometry reported for BMT1
and fMT4. Consequently, the CD spectra of these
three preparations are comparable but non-
identical (Fig. 6C). fckMT1 and not PMT1 shows
absorptions at the 330-100 nm range, which
suggests that only the former would be capable of
offering the previously reported particular binding
gite for Cu(T) in for BMT4 [16].

Conversely, the recombinant syntheses of
ckMT1 and cckMT1 in Cu(l)-supplemented media
vield mixtures of heterometallic Zn,Cu-ckMT1

gpecies, as typical Zn-thioneins. This behaviour is
coincident with that of the MT1 peptides [20], but
differs from the Cu-thionein character of the MT4
counterparts [16]. The entire ckMT1 yields a major
Mig-ckMT1 cluster (M= Zn andfor Cu) with a
Zn;Cuy-ckMT1  stoichiometry according to ICP-
AES results (Table 1), as reported for the MT1 [20]
and Type 2 MT4 [16]. Coincidently, the three Cu-
biogynthesized proteing afford comparable CD
gpectra (Fig. 6A). The ockMT]1 peptide renders M;-
otckMT1 as the most abundant species, conirasting
with the biosynthesized major Ms-oMT1 complex
[20]. On the basis of the ICP-AES data (0.5 Zn and
5.7 Cu for ockMTI1 towards 0.5 Zn and 4.5 Cu for
oMT1) this different M/oMT stoichiometric ratio
could be interpreted by the presence of one
additional Cu(I)ion in ackMT1. Comparison of CD
spectra (Fig. 6B) reveals that the folding of cickMT1
in the presence of Cu(l) is closer to that of cMT4
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Fig. 6.- CD spectra of the recombinant (A) Zn;Cu;-
ckMT1 (black solid line), Zn;Cu;-MT4 (dashed
line) and Zn;Cu;-MT1 (dotted line); (B) Cu-
ockMTL (black szolid line), Cu-oMT4 (dashed
line) and Cu-oMT1 (dotted line); and (C) Cu-
BckMT1 (black solid line), Cu-BMT4 (dashed line)
and Cu-BMTI (dotted line).
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than to that of aMT]I, in spite of their hetero- vs.
homometallic nature. This suggests that the
presence of Zn(Il) in wckMT1 would not have a
relevant structural role.

To allow for further insight into the ckMTI1
Cu(l) coordination properties and how they
compare with those of mammalian MT1 and MT4,
the three Zn-ckMT1 preparations were titrated with
Cu(T) solutions and the corresponding in vitro
Zn/Cu displacement reactions analyzed (full set of
spectroscopic data shown in Fig. 7; spectrometric
data recorded for some aliquots of the three
titrations included in Table S1). In spite of the
structural dissimilarities between Zn-fckMT1, Zn-
BMT1 and Zn-fMT4 (Fig. 3C) and as otherwise
expected from their similar ir vive Cu(I) binding
behaviour, all three peptides give rise to analogous
Zn/Cu replacement reactions, with only a slight
difference in the number of Cu(l) eq needed to
achieve some particular titration stages. The
experimental data recorded during the Cu(l)
titration of Zn-pckMT1 indicates that the Cus-
BckMT1 species is formed after the addition of

Oeg

only 5 Cu(I) eq. Species of the same Cu(I):MT ratio
and near 3D structure (Fig. 7B) are obtained in vitro
by the addition of 6 or 7 Cu(l) eq to Zn;-fMT4 [16]
and Zn;-pMTL [20], respectively. All this data
suggests a higher in vitro affinity of fckMT1 for
Cu(Il) than PMTL or PMT4. Contrasted with the
behaviour of the fMT peptides, Zn/Cu replacement
on Zn-oickM T1 shares more similarities with that on
Zn-oMT1 than with that on Zn-oMT4, although
parallel evolutions uniil 5 Cu(I) eq are observed in
the three cases. For 6 Cu(l) eq added, Zn-oMT4
suffers a change in chirality that ockMT1 and
oMT1 also show but after the addition of 7 or 8
Cu(1) eq, respectively. This data led us to postulate a
Cu(l) binding ability of cckMT1 lying between
oMT1 and oM T4. Full length Zn-ckMT1, Zn-MT]1
and Zn-MT4 alzo evolve similarly until 7 Cu(l) eq
added, a step that leads in all cases to the formation
of Zn;Cu-MT complexes, which are also equivalent
to the corresponding in vive-conformed ZnsCu;-MT
species (Fig. 6A). The differences observed at this
stage of the three titrations should be attributed to
the dissimilarity of the starting species CD spectra,
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and in the case of MT4, to the minor contribution
at ca. 350(+) nm assigned to the binding of Cu(I)
to the PMT4 domam [16]. This particular MT4
absorption, which intensifies with the formation of
Cuyo-MT4, remains absent during the entire Cu(l)
titration of Zn-MT1, but develops after the addition
of 12 Cu(l) eq to Zn-ckMT1, thus revealing that
ckMT1 can also provide this special coordination
environment when large amounts of Cu(I) are
present in the solution.

Differing from the independent behaviour of
ockMT1 and BekMT1 towards divalent metal ions,
both independent domains do not interact with
Cu(l) in the same way as they do when linked
together, therefore exhibiting a dependent Cu-
binding behaviour. This observation becomes
obvious from the results of the biosynthesis of
ckMT1, ackMTI1 and PckMT1 in Cu-rich media,
as instead of the expected M;;-ckMT1 complex
that would result from the addition of the major
Mg-ackMT1 and Cug-BckMT1 species, Cu-ckMT1
biosynthesis renders M,-ckMT1 complexes. Thus,
as in MT1 [20] and MT4 [16], the ckMT1 separate
domains are characterized by a higher in vivo Cu(I)
binding capacity than the entire protein.
Unfortunately, the coexistence of several
complexes both in the expressions and in almost all
the Cu(I) titration points of the three Zn-ckMT1
peptides, hampers the assignation of the CD
fingerprints of the species formed in the titrations
and, as a consequence, the elucidation of the in
vitro  dependent/independent  behaviour  of
ockMT1 and BekMTL.

Conclusive Remarks

Overall results presented here allowed for
decper insight into the metal binding abilities of
MTs and their evolutive relationships in higher
vertebrates. For ckMT1, it can be established that
its Zn(Il), Cd(II) and Cu(l) binding abilities lic
between those of MT1 and MT4, with a behaviour
towards divalent metal ions closer to that of MT1,
but more similar to that of MT4 when binding
monovalent ions.

» Cu(l)
MT1 ckMT1 MT4

Zn(ID), Cd(IT) <

According to protein sequence distances,
ckMT1 should share more metal binding abilities
with mammalian MT1 than with MT4. This is true
for Zn(Il) and Cd(II), but not for Cu(l) binding.
The intermediate functional behaviour we have
shown for ckMT1 could be well understood if
considering a strong functional constraint on the
chicken form, that preserving the monovalent

coordination features of a MT4-like ancestor, has
been able to evolve to a MT peptide that is more
optimized for divalent metal binding, somehow
emulating MT1 functionalities. The lack of
multiplicity in the avian gene families fully agrees
with these features, although the implications of the
existence of the newly identified ¢kMT2 form has
yet to be elucidated.

Experimental procedures

In silico analysis of the chicken genome and
avian MT protein sequences: Databank searches,
sequence comparison and evolu tionary analysis.
The last annotated chicken Genome version (29.1¢,
the Wellcome Trust  Sanger  Institute,
http://www.ensembl.org/Gallus_gallus/) was used
for an in siico search of MT-like sequences,
through the Blast facility accessible from the same
WEB site. The sequence of the chicken MT cDNA
cloned for recombinant expression in this work was
used as a query. A 3500-bp region upstream the
putative transcription initiation site of the identified
MT genes was analyzed using the MatInspector
application in the Genomatix WEB interface
(Genomatix v.3.4.1) to search for MRE boxes [32].

MT protein sequences were aligned with
Clustal W (v1.81), using the Gonnet series as a
distance matrix, and a gap-penalty of 10/100, a gap-
extension vahie of 0.2/100 and a 30% delay between
divergent sequences [33]. The ClustalW alignments
were the input for protein distance calculations and
construction of the corresponding Neighbor-Joining
tree. A bootstrap test was run and 1000 replica trees
were examined for each bootstrap. The nodes with a
bootstrap number below 500 were collapsed. The
protein-distance and tree-building applications are
included in the Mega 3 software [34].

Bacterial strains and plasmids

The E. coli strains DH5¢ [35] and IM105 [36] were
used for DNA manipulation and sequencing, and E.
coli BL21 [37] for recombinant protein synthesis.
The expression plasmid used was pGEX-4T-1 (GE-
Amersham Biosciences), for GST-fusion
production. Recombinant E. coli strains were grown
at 37 °C in Luria-Bertani media supplemented with
ampicillin - (final concentration 100 ug.mL™).
Induction of protein synthesis was achieved by the
addition of 10 mM IPTG (isopropyl-1-thio-B-D-
galactopyranoside) (final concentration) to the
corresponding cultures, and metal ions were added
as ZnCl,, CdCl, or CusSO, salts to final
concentrations of 300 puM, 300 pM and 500 pM,
respectively.
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Cloning of the chicken MT ¢DNA and its
independent o and § domains for recombinant
expression

The ckMT1 coding sequence, kindly provided by
Dr. GK. Andrews of the University of Kansas
Medical Center [7] as a pSP6 clone, was amplified
by PCR using oligonucleotides with the following
sequences: upstream primer, ckMT1-BamHI (5’
GCCGGATCCATGGACCCTCAGGA 37) and
downstream primer, ckMT1-Sedl (5’
GCGCGCGTCGACTCAGTGGCAGCA 37).
Through this reaction, a BamHI restriction site
(underlined) was introduced before the ATG
mitiation codon and a Sa/l site (underlined)
immediately after the stop codon. A 35-cycle PCR
profile -30 s at 94 °C (denaturing), 30 s at 60 °C
(annealing) and 30 s at 72 °C (extension)- was
carried out in a total reaction volume of 100 ul,
comprising 2 pl of 25 mM dNTP mixture, 2 pl of
20 uM primer solution, 1 v of DeepVent DNA
polymerase (New England Biolabs) and 100 ng of
the template DNA. The c¢DNAs encoding the
independent ckMT1 domains were obtained by
mutagenic PCR on the initial Bluescript clone. To
amplify the ckMT o fragment, which extends from
the thirty-second MT residue (Lys) to the C-
terminus, a PCR reaction was performed with the
ackMT-BamHI  primer (5’CGCGGATCCATG
AAGAGCTGCTGCTC 37, upstream) and the
ckMT1-Sa/l primer (downstream). The ckMTIpB
fragment extends from the ATG initiation codon to
the thirty-first residue (Arg). The primers used for
its PCR synthesis were: ckMT1-BamHI (upstream)
and BckMT-Sall (5°CCGCGCGTCGACCTAGCG
GCAGCTCCCG GCAGCGG 3°, downstream).
The conditions for bath PCR reactions were the
same as for the entire ckMT'1 cDNA.

In all cases, the PCR products were isolated
from 2% agarose gels using the Gel Band
Purification kit (GE-Amersham Biosciences),
digested with BamHI and Sall (Takara) and
subsequently ligated into the same sites in pGEX-
4T-1 (GE-Amersham Biosciences). Before protein
synthesis, all the DNA constructs were confirmed
by automatic DNA sequencing (ABI 370, Perkin
Elmer), using the Dye Terminator Cycle Kit (GE-
Amersham Biosciences), to ensure correct PCR
amplification of the desired coding regions and to
rule out the presence of PCR induced substitutions.

Svnthesis and purification of the ckMTI,
ackMT1 and BckMT1 metal com plexes

Recombinant bacteria were grown both in small-
scale cultures (1.5 1, performed in Erlenmever
flasks) and large-scale cultures (at least 10 1 in a
Microferm Fermentor New Brunswich, coupled to
a  Westfalia CSA-1-06-475 centrifuge and

controlled by a TVE-OP 76/0 programmer, Braun
Biotech). In both cases, the transformed E. coli cells
were grown as described in [16], supplementing the
medium either with ZnCl,, CdCl, or CuSO, as
explained above. Purification of all the metal-MT
complexes, starting from the recovered GST-MT
fusion peptides, was performed as described for
mammalian MT1 [17,18]. Aliquots of the thrombin-
digested MT-containing fractions eluted from a
FPLC Superdex™75 column (GE-Amersham
Biosciences) in 50 mM Tris-HCI buffer, pH 7.0,
were analyzed in 15% SDS-PAGE gels. Samples
were pooled, aliquoted and kept at -80 °C under
argon until required.

Analysis of the ckMT1, ackMT1 and fckMT1
metal content

Inductively  coupled plasma-atomic  emission
spectroscopy (ICP-AES) was used to determine the
amount of protein present in the different
preparations and the global metal-to-protein ratios,
measuring sulphur at 182.04 nm, zinc at 213.85 nm,
cadmium at 228.80 nm and copper at 324.75 nm.
Acid ICP-AES included a sample acidification
(incubation in 1 M HCI at 65 °C for 5 min) before
the conventional ICP procedure [23].

Spectroscopic characterization of the ckMT1,
ackMT1 and BckMT1 metal complexes
Spectroscopic (UV-Vis) and spectropolarimetric
(CD) analysis of the metal-ckMT1 clusters and of
the species formed in vitro during the Zn/Cd and
Zn/Cu displacement studies at pH 7.0 were camried
out and processed as described in [16]. Electronic
absorption measurements were performed on an HP-
8453 Diode array UV-visible spectrophoto meter. A
Jasco spectropolarimeter (Model J-715) interfaced
to a computer (GRAMS 32 Software) was used for
CD determinations. All assays were performed
under Ar atmosphere, and titrations were carried out
at least in duplicate to assure reproducibility. The
pH for all experiments remained constant
throughout, without the addition of buffers, and the
temperature was kept at 25 °C by means of a Peltier
PTC-3518S apparatus.

Spectrometric characterization (ESI-MS) of the
¢kMT1, ackMT1 and AckMT1 metal complexes

The molecular mass of the Zn-, Cd-, and Cu-MT
species obtained in vivo and in vitro was determined
by electrospray ionization mass spectrometry (ESI-
MS) on a Fisons Platform II Instrument, equipped
with MassLynx software and calibrated with horse-
heart myoglobin (0.1 mg/ml). The assay conditions
for the Zn- and Cd-containing species were as
follows: 20 ul of protein solution mjected at 60
pl/min; the use of an HPLC Kromasil-100 C; (3.5
pum, 5 x 0.21 cm) column to separate analytes;
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capillary counter-electrode voltage, 4.5 kV; lens
counter-electrode voltage, 1.0 kV; cone potential,
60 V; source temperature, 120 °C; m/z range, 850-
1950; scanning rate, 3 s/scan; interscan delay, 0.3
s. The assay conditions for the Cu-containing
species were: 20 ul of protein solution injected at
30 wl/min; capillary counter-electrode voltage, 3.5
kV; lens counter-electrode voltage, 1.0 kV; cone
potential, 35 V; source temperature, 160 °C; m/z
range, 850-1950; scanning rate, 3 s/scan; interscan
delay, 0.3 s. In all cases, the running buffer was an
appropriate mixture of acetonitrile and 5 mM
ammonium acetate/ammonia, pH 7.5. The
molecular mass of the apo-forms was determined
as for the Cu-containing species, except that the
carrier was a 1:1 mixture of acetonitrile and
trifluoroacetic acid, pH 1.5. Masses for the holo-
species were calculated as described in [38].

Gas chromatography determination of the
sulfide content in the ckMT1, ackMT1 and
ckMT1 metal complexes

The sulfide presence in the ckMT1, ackMT1 and
BekMT1 metal complexes was quantified by heavy
acidification of the MT preparation, followed by
gas chromatography and detection of the volatile
S generated through a flame photometric
detector-GC coupled system (FPD-GC). Analysis
conditions arc detailed in [23].
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Note S1. Comparison of the CD fingerprints of the
three in vivo Cd-BMT samples: Cd-pckMT1, Cd;-
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Note S2. Assignement of the CD spectrum of the
Cd;-BMT1 species.

Table S1. Distribution of the metal aggregates
present in solution, according to ESI-MS data,
during the titration of Zns-cckMT1 (A), Zns-
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Supplementary material.

Note S1. Interestingly, the comparison of the CD fingerprints of the three in vivo Cd-BMT
samples reveals some similarities between Cd-pckMT1 and Cds-BMT1 [31], which clearly differ
from the Cd-BMT4 preparation (Fig. 3D). The revision of the analytical data obtained from the
three protein preparations in Cd-supplemented media shows that while Cd;-pMT1 was obtained as
a single species [31], PMT4 and BckMT1 gave rise to mixtures where the corresponding Cd;-pMT
complex was the major species. Qur recent findings on the presence of sulfide ligands in
recombinant Zn- and Cd-MTs [23] now enable us to propose that the composition of BMT4
synthesized in Cd-supplemented medium includes Cd;-pMT4, CdaS,-pMT4 and Cd;Ss-pMT4,
rather than heterometallic Zn,Cd-PMT4 complexes [16]. Furthermore, current results in this paper
show that the minor species of the Cd-fckMTI1 samples also contain s> ligands (Table 1).
Accordingly, BMT4 and BckMT1 preparations should exhibit similar spectroscopic features, which
is not the case, those of BMT1 being closer to BckMT, and thus corroborating the differential
conformational arrangement previously proposed for Cds-pMT4 [16].

Note S2. The spectrum depicted in Fig. 4D as representative of the Cd;-BMT1 species, was
originally attributed to Cde-BMT1 [18]. Currently, a large amount of experimental evidence enables
to revise these results. First, it should be noted that the Cds-BMT1 alleged species could never be
detected by ESI-MS. Second, we have later proved that no less than 7 Cd(II) eq have to be added to
either Zn3-BckMT1 (this paper) or Zn3-BMT4 [16] to reach the respective Cds- complexes as unique
species. Therefore, the CD spectrum recorded after 9 Cd(II) eq added to Zn3;-BMT1 should be
considered representative of the Cd;-BMT1 complex, while that recorded after 3 Cd(II) eq would
consist of a summation of the CD features of the diverse species coexisting at this stage of the
titration (probably heterometallic Zn,Cd-BMT1 complexes and sulfide-containing species).

Table S1. Distribution of the metal aggregates present in solution, according to ESI-MS data,

during the titration of Zns-ackMT1 (A), Zns-pckMT1 (B) and Zn;-¢ckMT1 (C) with
[Cu(MeCN)4]ClO4 at pH 7 as a function of the number of Cu(I) equivalents added

A) Cu(l) equivalents added B) Cull) ;gg;ja'e”ts
4 5 [ 7 [ 10 3 4 | 5
My-0.ckMT1 X M3-BckMT1 X
Ms-o.ckMT1 X X X v X Ma-BckMT1 X
Mg-c.ckMT1 X X X X X Ms-BckMT1 v v .
M7-o.ckMT1 v v v X X Mg-BckMT 1 X X v
Mg-o.ckMT1 X X . * X M+-pckMTA . . X
Mg-o.ckMT1 X . .
C) Cu(l) equivalents added
3| 4]l 5] 6] 7] 8] 10]16
Mz-ckMT
Mg-ckMT * X
Mg-ckMT v v X +
Mg-ckMT X X v v v * * X
Mq1-ckMT + X X X X X X
My2-ckMT . . X X v X X
M13-CkMT + X v v
Mq-ckMT X X
My5-ckMT ¢

v, denotes the major species; x, species of intermediate abundance and +, the minor species present in solution
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Abstract

Two important, partially related, questions
about Metallothioneins (MTs)" still remain far from
a clear answer: their intrinsic biological function
and their evolutionary history. Obviously, the main
drawback to envisage a sensible differentiation
pattern driving MT specialization and natural
selection through Evolution is the heterogeneity
among all the members of this superfamily of
proteins, which gathers under the generic
denomination of MTs, a jumbled set of low
molecular weight, high cys-content, metal chelating
peptides, almost ubiquitously present in all the
living organisms except Eubacteria (for reviews see
1 to 3). A quick glance at their sequences, through
the web page http://www.expasy.ch/cgi-
bin/lists?metallo.txt, immediately evidences a lack
of homology that points to a probable polyphyletic
origin of this protein superfamily, which would
therefore include peptides evolved from different
MT primeval forms.

* These two authors contributed equally to this work

! The abbreviations used are: CD, circular dichroism, ESI-MS,
electrospray ionization mass spectrometry; FPD, flame photometric
detector; ICP-AES, inductively coupled plasma-atomic emission
spectroscopy; MT, Metallothionein

Some time ago, and in an attempt to set up
a new comprehensive frame for the study of MTs
classification and evolution, we proposed a sorting
criterion, on the basis of their in vivo metal binding
preferences, which afforded to two main groups of
MTs: zinc-thioneins and copper-thioneins, with
more or less explicit protein sequence similarities
among their members (4). Two well-known MT's
are the paradigm for these two MT families: S.
cerevisiae Cupl for copper-thioneins (5), and the
mammalian MT1 for zinc-thioneins (6). The
crustacean MTH (MT1 from Homarus americanus)
has also been characterized as a Zn-thionein (4),
whereas the Drosophila MntA and MitnB proteins
are typical copper-thioneins (7, 8). Most
interestingly, we have identified some intermediate
MTs that exhibit a dual behavior, reflecting either a
special evolutionary constraint, as for chicken MT1
(9) or a functionally reminiscent form in case of
gene multiplicity, as for mammalian MT4 (10).

When searching for the representatives of
the primeval peptides generating each MT type, it is
sensible to turn our attention to the fungal/yeast
forms, as the most primitive eukaryotic cells. The
origin of the “copper-MT” lineage is well
identifiable in the short, one-domain Cupl peptide,
only represented among the metazoan organism
MTs in Drosophila, where it generated the 4-
member family of MtnA to MtnD peptides (11).
Conversely, the seed of the zine-MT lineage, the
longer, typically bidominial forms predominant in
most of the invertebrate and vertebrate actual
groups, is not clearly defined. Under these
premises, we turned our attention to the second S.
cerevisiae MT, Crs5, in order to analyze its
possible significance as a zinc-MT primeval form.

Crs5 (cooper-resistant suppressor 5) was
first identified in 1994 as a protein able to
reestablish copper resistance CUPI-null yeast cells,
and readily characterized as a member of the MT
superfamily (12). However, comparison of the Crs5
protein sequence and gene expression pattern with
those of Cupl early revealed a significant
structural, and possible functional, divergence. On
the one hand, the 69-amino acid long Crs5
polypeptide, containing 19 cysteines, was patently
non-homologous to Cupl, with 61 residues —54 in
its mature form- and only 12 cysteines, in fact
sharing a superior protein similarity with the well-
known MTs of higher eukaryotes rather than with
its S.cerevisiae counterpart (12). On the other hand,
although both CUPI and CRSS5 were positively
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regulated by high copper concentrations, and
through the same copper-sensing transcription
factor, Acel, a relatively important constitutive
expression level was reported for the latter, so that
copper induction only represents a few fold
increment of its normal synthesis rate (13). The
situation was the opposite for Cupl, whose levels,
insignificant in uninduced conditions, increase far
beyond those of Crs5 as a response to high copper.
The leader role of CUPI in yeast copper
detoxification was primarily attributed to this
different gene response, caused by the different
number of cis-controlling Acel-binding elements in
the CUP! and CRSS regulatory regions, as neatly
shown by a CRSS5/CUPI promoter/coding
sequences exchange experiment (13). However, it
was also been pointed out that the metal binding
abilities of both polypeptides should also be taken
into account when ftrying to understand the
secondary role of Crs3 in copper detoxification, and
consequently, when trying to find an alternative
function for this MT. Comparative copper binding
analysis revealed that the Cu(I) ions coordinated to
Crs5 are kinetically more labile and more solvent
accessible than those in Cupl (13). Therefore, and
also considering the important constitutive presence
of Crs5 in yeast cells, an alternative physiological
role was suggested more in the line of a
housekeeping metal metabolism agent involved in
bioavailability, utilization and homeostasis of
essential metals, including zinc (13). This
hypothesis results highly attractive for the
possibility of considering Crs5 as a putative
ancestor in the Zn-thionein lineage.

Another interesting yeast MT feature
caught our attention: both Cupl and Crs5 levels
depend on culture oxygenation levels: anaerobiosis
causes an accumulation of copper inside the cell
that is sensed by Acel, triggering the expression of
their target genes, among which CUP1 and CRS3;
while aerobiosis induces the loss of the cytoplasmic
copper and thus the recovery of normal intracellular
levels, and the return of MT genes to their non-
induced condition (14). This observation poses
another intriguing question upon Crs5: which is the
function of the constitutive Crs5 in the absence of
copper, and consequently, which is the ability of
Crs5 to bind zinc, which is the alternative form that
may arise from this synthesis? Finally, it should be
noted that a proper Zn-thionein, Zym1, induced by
high zinc levels, was recently identified in the
fission veast, Schizossacharomyces pombe, (15)
this discarding the hypothesis that all the fungal
MTs were copper-reactive peptides, and that in the
Mycetae kingdom divalent metals were only
handled by glutathione-derived peptides of the
phytochelatin type.

Consequently, we decided to undertake the
evaluation of the Zn- or Cu-thionein character of
Crs5, through the spectrometric and spectroscopic
characterization of the zinc, copper and cadmium
species recovered through its recombinant synthesis
in E.coli cultures grown in metal supplemented
media, an in different aeration conditions. The Crs3
in vitro metal binding abilities were evaluated by
the study of the corresponding Zn/Cu and Zn/Cd
replacement reactions. Additionally, the capacity of
Crs5 to confer some advantage to transformed yeast
cells in front of high zinc levels was evaluated.
Finally, we examined our experimental results in
the light of protein sequence similarity analysis,
including the other known yeast MTs, as well as
some paradigmatic MT forms. All our results
converge on a conditional Zn-thionein character of
Crs5, related to the aerobiosis levels of the
producing cultures, which allows the consideration
of Crs5 as representative of the primeval Zn-
thionein lineage that evolved until the well-
characterized mammalian MT family.

EXPERIMENTAL PROCEDURES

PCR Amplification, Cloning, and Sequence Analysis of
Saccharomyces cerevisiae CRSS Metallothionein Coding
Region—The CRS3 coding region (12) was amplified by
colony PCR. Briefly, 1.5-2 mm colonies of S. cerevisiae
strain VC-spé (MATa trpl-1 ura3-52 ade his CAN®
gall leu2-3112 cupl®) (12), microwaved for 1 min,
were used as a template. Previously., several attempts
using the strains YPH499. 1700, BY4741, DBY746,
AH109, 140, Y190 and CG1945 as template failed to
render a complete cDNA. All of them are derivatives of
the strain S288C (16), which harbours CRS3 sequence
displaying a nonsense mutation in its ninth codon,
instead of a Glu encoding triplet (17). In one of these
amplifications, a CRS5 cDNA without the nonsense
mutation. but with a single change in codon 34
(rendering a Lys/Glu substitution) was obtained. This
sequence was called CRS5* and it was also cloned to
pursue expression experiments. The oligonucleotides
used in PCR amplifications were: 5' GCCGGATCCAT
GACTGTAAAGATATGT 3' for the upstream primer
and 5" ACTTAAGTCGACCTAACATTTTTCACAATT
3' for the downstream primer. To facilitate the cloning in
frame of the cDNAs in the expression vector, a BamHI
and a Sall restriction sites were generated just before the
ATG start codon and after the stop signal with the
upstream and downstream primers, respectively. Thirty
five cycles of PCR amplification were performed in the
following conditions: 94 °C for 30 s (denaturation), 55
°C for 30 s (annealing) and 72 °C for 30 s (extension),
using Deep Vent (New England Biolabs) thermostable
DNA polymerase.

The PCR products were isolated from 2% agarose gels,
digested with BamHI-Sall and subsequently cloned into
the corresponding sites of the pGEX-4T-1 expression
vector (GE  Healthcare  formerly  Amersham
Biosciences), for glutathione-S-transferase (GST)-MT
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fusion protein synthesis (18). Restriction enzymes were
from Takara and New England Biolabs. Previous to
protein synthesis assays, all the DNA constructs were
confirmed by automatic DNA sequencing (ABI 370:
PerkinElmer Life Sciences), using the Amersham Dye
Terminator Cycle Kit. IM105 was the E. coli recipient
strain for cloning and sequencing purposes, and
thereafter, the expression plasmids were transformed into
the E. coli protease-deficient strain BL21 for
recombinant overexpression.

Recombinant Synthesis and Purification of the Zn-,
Cd- and Cu-CRS5 and Zn- Cd- and Cu-CRS5*
Aggregates—For the characterization of all the CRS5
and CRS5* in wvive conformed metal aggregates,
recombinant bacteria were grown according to two
kinds of conditions. Small scale cultures (1.5 1,
performed in 2 1 Erlenmeyer flasks) were used for
analytical purposes, whereas large scale volumes (10
liters, grown in a Microferm fermentor (New
Brunswich), coupled to a Westfalia CSA-1-06-475
centrifige and controlled by a TVE-OP 76/0
programmer (Braun Biotech) were used for preparative
purposes. Transformant E. coli cells were grown in LB
medium with 100 pg/ml ampicillin and one of the
following metal supplements: 300 uM ZnCl, or CdCl,
for the zinc- or cadmium-rich media, respectively, and
500 uM CuS0O, for the copper-rich medium. Cultures
were induced with isopropyl-1-thio-B-D-galactopyrano-
side at a final concentration of 100 pM 30 min before
the addition of the metal solution. After 2.5 h induction,
cells were harvested, washed in PBS buffer (1.4 M
NaCl, 27 mM KCl 101 mM Na,HPO,, 18 mM
KH,PO,), and pelleted by centrifugation at 7700 xg for
10 min. For protein purification, the cells were
resuspended in 5% of the original volume of ice-cold
PBS-0.5% v/v B-mercaptoethanol. To prevent oxidation
of the metal-MT aggregates, pure grade argon was
bubbled in all the steps of the purification procedure
following cell disruption. The suspended cells were
sonicated at 4 °C with 20-s pulses for 5 min and
centrifuged at 12,000 x g for 15 min. The supernatant
was recovered and used to purify the GST-MT
polypeptides by batch affinity chromatography with
gluthatione-Sepharose 4B at a volume ratio of 1:10
matrix/sample. The mixture was incubated with gentle
agitation for 60 min at room temperature. After three
washes in PBS, the matrix was packed in a column (15
X 3 cm) for subsequent purification steps. Because the
GST-MT fusion protein included a thrombin recognition
site, a thrombin/PBS solution (10 units per mg of fusion
protein) was poured into the matrix bed, and digestion
was carried out overnight at 23-25 °C. Subsequently, the
GST portion of the expressed fusion protein remained
bound to the gel matrix, whereas the MT segment was
eluted together with thrombin. The eluate was then 5-
fold concentrated using Centriprep Concentrators
(Amicon) with a cut-off of 3 kDa and later fractionated
using FPLC (a Superdex-75 column (GE Healthcare
formerly Amersham Pharmacia Biotech) equilibrated
with 50 mM Tris-HCL, pH 7.0, and run at 1 ml/min). 1-
ml fractions were collected and analyzed for protein
content by their absorbance at 254 nm. Aliquots of the
protein-containing FPLC fractions were analyzed by

15% SDS-PAGE and stained by Coomassie Blue. MT-
containing samples were pooled and stored at -70 °C
until further use.

In order to further characterize the CRS5 copper
binding ability, and due to the special significance of the
oxygenation of the culture in these results, synthesis of
CRS5 in copper supplemented media was assayed in
parallel in different aeration conditions. Cultures were
grown in four 2 1 erlenmeyers flasks with 0,75 1 of LB
medium and bubbled with air. Before induction, cultures
of two flasks were joined and the bubbling was stopped.
The rest of the protocol continued as described for the
joined erlenmeyer flask and with air bubbling for the
other two flasks.

In Silico Analvsis of Protein Sequences—Protein
sequences were aligned by ClustalW (version 1.4), using
Blosumé62 as a distance matrix, with a gap penalty of
10/100, a gap extension value of 0.05/100, a 40% delay
between divergent sequences (19) and finally it was
adjusted manually. The ClustalW alignment was the
input for calculating protein distances and constructing
the corresponding bootstrap trees, through the Fitch-
Margoliash tree-building algorithm (20). In this case,
1000 unrooted trees were examined for each bootstrap
trial with a random generator seed of 5/1000. The protein
distance and tree building applications are included in
the Phylip software package (20).

Yeast  functional — complementation  assays—An
endogenous MT-null strain of Saccharomyces cerevisiae
strain was used: DTY4 (MAT o, leu2-3, 112his3"1, trpl-
1, ura 3-50, gall, cupl::URA3) (22). The yeast vector
p424-CRS5 was constructed as follows: the CRSS
coding region was excised from pGEX-CRS5 by
digestion with BamHI/Sall and ligated into the yeast
vector p424 (23) under the transcriptional control of the
yeast GPD (glyceraldehyde-3-phosphate dehydrogenase)
constitutive promoter. The p424 vector also contains the
CYC1 (cytochrome ¢ oxidase) terminator, the 2p
replication origin and the TRP1 tryptophan marker.
Vector p424 and the construct p424-CRS5 were
introduced into DTY4 cells using the lithium acetate
procedure (24) and transformed cells were selected by
their capacity to grow in complete synthetic medium
(SC). lacking Trp (SC-Trp).

For the functional complementation experiments,
cultures of DTY4 cells carrying either p424 or p424-
CRS5 were grown in SC-Trp liquid medium at 30 °C
and 250 rpm, to ODg=0.5. Four 10-fold dilutions were
performed, and 3 pl of each dilution were spotted on SC
plates and on SC supplemented with 10 mM ZnCl; or 10
mM ZnCl, + 5 pl CuSO,. Plates were incubated for 3
days at 30 °C and photographed.

Metal binding studies of CRS5— The analysis of the
metal binding capabilities of CRS5 towards Zn(II).
Cd(II) and Cu(I) was attained through a two-step
strategy by following an analogous rationale to that we
used in the study of mammalian MT1 (18, 25, 26). First,
the in vivo synthesized M-CRS5 complexes (were M
represents the above mentioned metal ions) were
characterized. Second, the reaction pathways of the in
vitro Zn/Cd and Zn/Cu replacement processes undergone
by the Zn-CRSS5 peptide at pH 7 were determined. The
detailed analysis of the spectroscopic (CD and UV-
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visible electronic absorption) sets of data recorded
during these titrations provided information on the
number of metal-CRS5 species generated, their
stoichiometry, and their degree of folding. Additionally,
the spectrometric (ESI-MS) data revealed the molecular
distribution (10, 27) of the various complex species
coexisting at each point of the titrations. However,
although it was possible to determine the Zn:Cd:CRS5
ratios in the heterometallic complexes formed in the
Zn/Cd replacements, the proximity between the atomic
weights of Zn and Cu, together with the ESI-MS
experimental error range, prevented determination of the
Zn:Cu:CRS5 ratios for the Zn/Cu displacement
reactions.

Analytical, spectroscopic  and  spectrometric
charactervization of the CRS5 metal complexes—Acid
ICP-AES (Inductively coupled plasma-atomic emission
spectroscopy). which included an acidification of the
samples before the conventional ICP procedure (28), was
used to determine the amount of protein present in the
different preparations and the global metal-to-protein
ratios, measuring sulfur at 182.04 nm, zinc at 213.85 nm,
cadmium at 228.80 nm and copper at 324.75 nm.

The sulfide presence in the CRS5 metal complexes was
quantified by heavy acidification of the preparations,
followed by gas chromatography and detection of the
volatile H,S generated through a flame photometric
detector-GC  coupled system (FPD-GC). Analysis
conditions are detailed in (28).

Spectroscopic (UV-Vis) and spectropolarimetric (CD)
analysis of the metal-CRS5 clusters and of the species
formed in vitre during the Zn/Cd and Zn/Cu
displacement titrations at pH 7.0 were carried out and
processed as described in (10). Electronic absorption
measurements were performed on an HP-8453 Diode
array  UV-visible  spectrophotometer. A Jasco
spectropolarimeter (Model J-715) interfaced to a
computer (GRAMS 32 Software) was used for CD
determinations. All assays were performed under Ar
atmosphere, and titrations were carried out at least in
duplicate to assure reproducibility. The pH for all
experiments remained constant throughout, without the
addition of buffers, and the temperature was kept at 25

A

°C by means of a Peltier PTC-3518S apparatus.

The molecular mass of the Zn-, Cd-, and Cu-CRS3
species obtained in vive and in vitro was determined by
electrospray ionization mass spectrometry (ESI-MS) on
a Fisons Platform II Instrument, equipped with
MassLynx software and calibrated with horse-heart
myoglobin (0.1 mg/ml). The assay conditions for the Zn-
and Cd-containing species were as follows: 20 pl of
protein solution injected at 60 pl/min; the use of an
HPLC Kromasil-100 C; (3.5 um, 5 x 0.21 cm) column to
separate analytes; capillary counter-electrode voltage,
4.5 kV: lens counter-electrode voltage, 1.0 kV; cone
potential, 60 V; source temperature, 120 °C; m/z range,
850-1950; scanning rate, 3 s/scan; interscan delay, 0.3 s.
The assay conditions for the Cu-containing species were:
20 pl of protein solution injected at 30 pl/min; capillary
counter-electrode voltage, 3.5 kV; lens counter-electrode
voltage, 1.0 kV:; cone potential, 35 V; source
temperature, 160 °C; m/z range, 850-1950; scanning rate,
3 s/scan; interscan delay, 0.3 s. In all cases, the running
buffer was an appropriate mixture of acetonitrile and 5
mM ammonium acetate/ammonia, pH 7.5. The
molecular mass of the apo-forms was determined as for
the Cu-containing species. except that the carrier was a
1:1 mixture of acetonitrile and trifluoroacetic acid, pH
1.5. Masses for the holo-species were calculated as
described in (29).

RESULTS

After confirmation of the correctness of CRSS and
CRS5* cDNA sequences, preliminary expression
assays allowed the recovery of the respective apo-
forms by acidification (pH 1.5) of the corresponding
zinc aggregates. ESI-MS measurements rendered
the values: 7465.36 + 3.02 Da (calculated molecular
mass, 746548 Da) for Crs5 and XXX Da
(calculated molecular mass, YYY Da) for Crs5*,
which confirmed the identity and integrity of the
recombinant peptides.

All the experiments and characterization strategies
reported in this paper have been constantly carried

Cra$s KICDCEGECCRDECHE
MT=I ND-C -
2yml £ Sy T CK3K
Cupl FSELINFONEGHBCLCOO ;
MT1 DEN CSCA

MTH «=CCEKDRCECAE CK
Mtn B VCRGC NCCCH-

C.sap Cu CGCETSCRCGIGRCCE

Fig 1: Protein similarity analysis of Crs5 and some typical
MTs. (A) amino acid sequences shown according to their described
alignment (see text). Residues conserved in more than 80% of the
sequences are highlighted. (B) Fitch-Margoliash output tree of the
alignment. Protein hosts are: Crs5 and Cupl, S. cerevisiae; MtnB,
D. melanogaster; Zyml, S. pombe; MT1, H sapiens; MTH, A

americanus; MT-1, C. glabrata; C.sap Cu, C. sapidus.
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out for both the wild type, Crs5, and the mutated,
Crs5*, forms. As results were invariably equivalent
for all the parameters analyzed, from here on, they
are only referred to Crs35.

Analysis of the primary structure of Crs5—When
first reported, it was already made obvious that the
Crs5 amino acid sequence was more similar to that
of the mammalian MT forms that to its S. cerevisiae
Cupl counterpart (12). To further analyze the Crs5
protein  similarities with other MTs, and
significantly attempt its classification as Zn- or Cu-
thionein following sequence distance criteria (4),
we compared it with the following MTs: the yeast
paradigmatic Cupl, for Cu-thioneins, and Zyml, for
Zn-thioneins (ref 1577?); the Drosophila MtnB Cu-
thionein (ref 8 ??) and a representative of the
crustacean Zn-thionein family (H. americanus
MTH, (4) and of the crustacean Cu-thionein family
(C. sapidus Cu-MT, ref??); the mammalian MT1

form (Zn-thionein) (ref??) and the MT1 form of C.
glabrata (of unassigned classification, (30)). In
spite of the apparently high divergence between
these protein sequences (Fig. 1), with only some of
their cysteine residues conserved, the distance tree
still allows a clear correspondence with the metal
binding abilities of all these MTs. In other words,
the tree presented in Fig. 1 separates in two extreme
branches those MTs exhibiting an absolute Zn-
thionein and Cu-thionein behaviors: MTH, MTI,
Zyml and Cupl, MinB and Callinectes-Cu,
respectively. Then, the S. cerevisiae Crs5 and MT-I
C. glabrata peptides, both having been described as
copper-resistance proteins but with a secondary role
in front of the main copper detoxifying systems of
these organisms, are situated in an intermediate
position between Zn- and Cu-thioneins. This result
is in full concordance with the metal coordination
results presented above, and with a possible role of

TABLE T
Molecular masses and metal (Zn, Cd or Cu) to protein ratios found for the in vivo synthesized Crs5 metal aggregates

“ﬁjaiuﬁglﬂﬁfﬁfd MW MW" M/Crs5° M/Crss  M/Crs5s  S¥/CrsSt
Da Da
7911.6 + 0.4 7900.1 Zn3-C1s5 (S.2)
78466+ 1.2 7845.8 Zng-Crs5 (S.2)
M=7n 77820+ 1.7 7782.4 Zns-Crs5 587Zn  577Zn 0.4
7973.6+ 0.8 7972.5 Z1;5,-Crs5 (s.€)
7717.4£5.1 7719.0 Zn,-C1s5 (s,€)
8242.0%05 8238.4 Cd,Crs5 (S)
8193507 81913 CdgS-Crs5
_ 8134.5+0.0 8127.9 Cde-Crs5 (e 0.1Zn
M=Cd(Peaks 1+2)  g3056400 8301.7 cd;‘f;z-(jrss( (33) 320d 203
8353.7+£0.0 8348.8 Cdg-Crs5 (s.ee)
8080.8 + 0.0 8080.9 CdsS+Crs5 (s.e€)
- 8303.5+3.8 8301.7 CdrS,-Crs5 (S 00Zn  03Zn
M=Cd(Peakl)  g3570472 53523 Cdg.Crss (E) : 18¢d  9.00Cd
82404 +26 8238.4 Cd;-Crs5 (S)
8301.7+0.8 8301.7 CdyS,-Crs5
M=Cd(Peak2)  8351.8+18 8352.3 Cds Crs5 gi ég 9;?11 ‘éﬁ 1.81
8197.5+23 8191.3 CdgSy-Crs5 : :
8147.3+5.1 8145.7 CdsS4-Crs5 ()
8087.0+4.8 8090.5 Cup-Crs3 (S)
M= Cu 8024.5 £2.7 8027.9 Cuy-Crs5
(small-scale 8146.3 £ 0.0 8153.0 Ciy-Crs5 02Zn  01Zn —
; 82159+ 1.9 8215.6 Cuy,-Crs5 10.6Cu  11.1Cd
productions) 8285.7+0.0 8278.6 Cuy3-Crs5
7965.5 + 3.4 7965.4 Cug-Crs5
8026.9+ 1.1 8027.9 Mo-Crs5 (S.¢)
79632 £ 1.0 7965.4 Mg-Crs5 (S.¢)
M=Cu 8090.6 + 2.1 8090.5 Mio-Crs5 l8za  197u
(large-scale 8153.4£1.0 8153.0 M;;-Crs3 (ee) 5'1 cu 5.6 cu N/D
productions) 82109+16 8215.6 Mi-Crs3 (ee) ' '
7837054 7840.3 Mg-CrsS5 (s,ece)
7901.4+3.1 7902.8 M57-CrsS5 (s.eee)

“Experimental molecular masses for the Zn-, Cd- and Cu-Crs5 complexes.
* Calculated molecular mass for neutral species with loss of two protons/zine or cadmium bound and of one proton/copper bound (29).
“Metal:Crs35 molar ratio calculated from the mass difference between holo- and apo-protein. (S) denotes a major species; (s) denotes a minor species;

ge), (ee) and (eec) denote equimolarity.

Metal:Crs5 molar ratio deduced from the metal content measured by conventional ICP-AES.
¢ Metal:CrsS molar ratio deduced from the Zn, Cd, Cu and S content measured by acid ICP-AES.

/8% to MT ratio measured by GC-FPD.
£ N/D means non detectable.
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these forms in some cellular role involving zinc
coordination.

Zn(Il) binding abilities of Crs5—The biosynthesis
of Crs5 in Zn-supplemented cultures renders a
mixture of homometallic Zn-complexes with Zn,-
and Zn;-Crs3 as the equimolar major species (Table
I, Figure 2). The CD spectroscopic fingerprint of
this sample (Figure 3) consists of a 240 nm centred
gaussian band, characteristic of the Zn(Scy)
chromophores, with a faint contribution at ca. 260
nm (31) of the minute amount of sulfide-containing
clusters detected in this sample(Table I). Also, the
lack of absorptions at ca. 230 nm provides
spectroscopic evidence of the non participation of
the two His residues in Zn binding (31).

+5

+4

100,

Zns-Crs5

ns-Crs Zn;-Crs5 Zne-Crs5 7n,-Crs5
%

Zns-Crs5 Zn;5;-Crs5
Zn,-Crsh

Oy T T T f t T “T"NJ T T mz

1500 1600 1700 1800 1500 2000

Fig. 2. ESI-MS spectrum of the recombinant Zn-Crs5
preparation. The two sets of peaks corresponding to two
charge states (+4 and +5) illustrate the equimolarity of the Zn6-
and n7-Crs5 biosynthesized species.

Cdl) binding abilities of Crs5—All the
syntheses of Crs5 performed in Cd-supplemented
cultures gave rise to mixtures of homometallic Cd-
complexes (Table I). The analysis of these
syntheses was made difficult by the fractionation of
the MT purified forms in two FPLC peaks. The
joint characterization of peak 1 + peak 2 FPLC
fractions in a single sample (Peaks 1+2 in Table I)
affords a major Cd;-Crs5 species followed by
several under- and overloaded Cd-Crs3 species that
contain or not sulfide ligands. Analysis of the
separate FPLC peaks (Peak 1 and Peak 2 in Table I)
gave further information on the composition of the
Cd-Crs5 sample. The largest, and not wvery
abundant, Cd;S,-Crs5 and Cds-Crs5 species are
mainly eluted in peak 1, showing the conventional
vs. acid ICP-AES results and the characteristic CD

10"

5
/' AN
—t o —

spectrum (Fig. 4A) that evidences the presence of
sulfide ligands in the complexes (28). Conversely,
peak 2 contains a major Cd-Crs5 species and some
other minor S'-containing species, whose
contribution to the CD fingerprint of the sample is
quite negligible (Fig. 4A). The difference in the
sulfide ligand content between peaks 1 and 2 is also
patent in their UV-vis spectra (Fig 4B).
Consideration of the CD fingerprints of peak 1 and
peak 2 and the minor abundance of peak 1 yields a
reasonable explanation to the CD spectrum
recorded for the joint sample (Fig. 4A), which
shows only a minor contribution in the 280-300 nm

region.
Ae
20
o .‘ -
10 /
20
-30—
20 i
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Fig. 3. Circular dichroism spectrum of the in vivo

synthesized Zn-CRS5. The spectrum in gray and dashed
correspond respectively to in vivo synthesized Zn;-MT1 (18)
and Zn-MTH samples (4) and are included to highlight the
gaussian nature of Zn-Crs5 and Zn-MTH towards the
derivative shaped envelope of Zn-MT1.

The in vitro Cd(I) titration of the Zn-Crs5 sample
provided a further insight into the Cd-binding
abilities of Crs5 (Fig. 5). In spite of the inherent
difficulties of the system (initial mixture of Zns-
and Zn;-Crs5 complexes, the high number of
Zn,Cd-Crs5 species coexisting at each point of the
titration and the ESI-MS mass equivalence between
1 Zn*® and 2 S%) the spectroscopic and
spectrometric study of the Zn/Cd replacement
reaction (Figures 5 and S1) has allowed to establish
that: 1) there is an isomorphic replacement of Zn by
Cd in the Zn-Crs5 complexes; 2) His do not
contribute to Cd-binding even in an excess of
Cd(ID) ions; 3) Cd-Crs5 species are characterized by
a gaussian CD envelope centred at 250 nm; 4) the
preferred Cd:Crs5 stoichiometric ratio is of 7; and
5) as a consequence of the low sulfide content of
the Zn-Crs3 preparations, the Cd-S” chromophores
are practically inexistent. Furthermore, and in
accordance with this later observation, only the

O

220 20 260 280 300 320 M0 360 nm 220 230 260 280

300

320 30 360 MM 220 240 260 280 300 320 330 360 M

Fig. 4. Comparison of the circular dichroism (A) and UV-vis (B) spectra of the of the in vive synthesized Cd-CrsS samples
corresponding to Peaks 1+2 sample (black), Peak 1 sample (dashed) and Peak 2 sample (gray). The normalized spectra superimposed
in (C) correspond to those recorded after the addition of 6 (grav) and 7 (dashed) Cd(II) eq to the recombinant Zn-Crs5 preparation.
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Fig. 5. Circular dichroism spectra corresponding to the titration of recombinant Zn-Crs5 with Cd(II) at pH 7. The arrows
show the evolution of the spectra when the indicated number of Cd(IT) equivalents were added.

features of the peak 2 preparations can be
reproduced in vitro by Zn/Cd replacement in Zn-
Crs5 samples, Fig. 4C.

Cu(l) binding abilities of Crs3—In order to
analyze the features of the in vivo-folded Cu-Crs5
clusters, and to compare them with those generated
in vitro from Zn-Crs5 by Zn/Cu displacement, two
types of cultures were set up: small-scale 1.5-1
cultures in 2-1 Erlenmeyer flasks, and large-scale 10
1 cultures. Both production types significantly differ
in the degree of oxygenation of the cultures, being
higher those of the large-scale productions, as the
fermentator maintains a 70-80% oxygen saturation
level.

Analysis of the results obtained in both types of
syntheses revealed that the homo- or heterometallic
nature of the Crs5 metal clusters obtained was
culture-size dependent, as small-scale preparations
rendered homometallic Cu-Crs5 complexes, while
large-scale cultures yielded heterometallic Zn,Cu-
Crs5 species (Table I). Both samples exhibited
characteristic CD fingerprints (Fig. 6) that do not
match any of those known for other Zn,Cu-MT
complexes, Fig. 7. It is worth noting that sulfide
ligands, if present, were not detected in any of the
Cu-Crs5 preparations studied in correspondence
with the scenarios found in other MTs (28)..
Regarding the stoichiometry of the metal-Crs5
complexes synthesized, and contrasting with the
Cuyy.1-Crs5 metal-to-protein ratios reported in the
literature for native Cu-Crs3 preparations(13), we
have found that in small-scale cultures, Cu,o-Crs3 is
the major species of a continuum of metal-
complexes ranging form Cug-Crs5 to Cuys-Crss
(Table I). The total metal-to-protein stoichiometry
is lower in large-scale cultures, which yield an
equimolar mixture of the heterometallic Ms- and

My-Crs5 complexes together with other minor
species.

DISCUSSION

Literature data (13) has shown that apo-CRS35 can
bind in vitro up to 6 Cd(Il) ions. Our results suggest
that in vive and in Zn-rich media, CRSS exists as a
mixture of several homometallic Zn-complexes
with an average stoichiometry of 6 Zn per CRS35
protein (Table I), which includes a continuum of
species ranging from Zns- to Zn;-CRSS5 but with a
clear predominance of the equimolar Zns- and Zn;-
CRS5 complexes, which constitute the 80% of the
sample. Consequently, the 19 Cys putative
coordinating residues of CRS5 provide the protein
with a Zn(IT) binding capacity analogous to that of
mammalian MTs, the 2 His residues not
contributing to metal coordination. Interestingly,
the Zn-CRS5 sample is, together with Zn-MTH, the
only Zn-MT species described showing a CD
spectrum with a gaussian band instead of the well
known exciton coupling centred at 240 nm.
Although this could suggest a poor degree of
folding of the Zn-CRS5 clusters in comparison with
other Zn-MT forms, it is important to highlight that
the intensity of the CD spectrum, i.e. quirality of
the ZnCrs5 complexes, is the highest ever reported
for any Zn-MT (see for instance the comparison
between Zn-CRSS5, Zn-MTH and Zn;-MT1 in Fig.
3). Finally, the low content in sulfide ligands of the
Zn-CRS5 preparations (less than 1 S* per CRSS
molecule) is in accordance with the scenarios found
for other Zn-MT samples (28), and the low
oxidation degrees measured by the Ellmans method
(32) (close to 0%, data not shown) suggest a high
stability of these metal aggregates. All these data
guarantee the already proposed (13) higher ability

Ae = Az

10 ] .‘-. A =
' 1

(€

30 30 MM

20 Mo

220 240 260 280 300

T T - T T T
220 240 260 280 300 320 M0 360 350 M

220 240 260 280 300 320 M0 3e0 g0 DM

Fig. 6. Comparison of CD spectra of (A) homometallic Cu-Crs3 complexes (solid black line) with Cug-MTN (dashed) and Cug-
MTO gray); (B) homometallic Cu-Crs3 complexes (solid black line) with Cuyo-MT4 (gray) and (C) heterometallic Zn,Cu-Crs5

complexes with Zn3Cuy-MT1 (dashed) and Zn3;Cu;-MT4 (gray).

-135-



-Annex (Article 5)-

0eq

Zeq
leq

B - C

T T
2200 240 260 280 300 320 340

1.V -

.. Am 220 240 260 280 300 320 M0 360 sy M

220 240 260 280 300 320 M0 Je0  3s0 M

Fig. 9. (A.B) Circular dichroism spectra corresponding to the titration of the in vive heterometallic Zn,Cu-Crs5 sample
with Cu(I) at pH 7. Plate (C) correspond to the superimposition of the CD spectrum corresponding to the addition of 6 Cu(I) eq to
the Zn,Cu-Crs5 of (B) and the biosinthesized homometallic Cu-Crs3 sample.

of CRS5 towards CUP1 for Zn binding.

The results of CRS5 synthesis in Cd-enriched
cultures enhanced the hypothesis that CRS5 was
optimized for divalent metal complexation as
differing from MT4, the mammalian Cu-thionein
(10), only homometallic Cd-CRS35 complexes were
obtained (Table I). However, the presence of
sulfide ligands in the Cd-CRS5 complexes cannot
be underestimated. Fortunately, it has been possible
to achieve separation of the high-sulfide-content
species from those of low-sulfide-content by FPLC.
This has allowed recording the CD spectra depicted
in Figure 4A that can respectively be considered
representative of the Cd;S,-CRS5 and Cd;-CRS5
species. Consideration of these CD spectra allows
to deduce that the Cd-CRS5 samples show the
characteristic  absorptions of the Cd(Scy)s
chromophores at ca. 250 nm plus those at the 280-
300 nm assignable to the participation of sulfide
ligands to Cd(II) binding (28) and to discard the
participation of the two His residues in the metal
clusters in contrast with the situations found in
other His-containing MTs (9,33,34).

. 2;0 zén zén. il!m Jinl ﬁn .h:n m'm nm
Fig. 7. Comparison of circular dichroism spectra of the in
vivo heterometallic Zn,Cu-Crs5 .....

-
Az
20
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240 260 230 300 320 340 30 3splM

Fig. 8. ....

In respect to copper coordination to Crs5 ...
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Fig. S1. Circular dichroism (A), UV-visible absorption (B) and UV-visible difference
absorption (C) spectra corresponding to the titration of recombinant Zn-Crs5 with Cd(II) at pH 7.
The UV-visible difference absorption spectra of (C) have been obtained by subtracting the
successive spectra of (B). The Cd(II) to Crs5 molar ratios are indicated in each frame.
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Fig. S2. Circular dichroism (A), UV-visible absorption (B) and UV-visible difference
absorption (C) spectra corresponding to the titration of recombinant Zn-Crs5 with Cu(I) at pH 7.
The UV-visible difference absorption spectra of (C) have been obtained by subtracting the
successive spectra of (B). The Cu(l) to Crs5 molar ratios are indicated in each frame.
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