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Abreviatures i acronims

A
AB Proteina beta amiloide
AC Cromatografia d'afinitat
ADP Difosfat d'adenosina o adenosinadifosfat
AGP Alfa 1-acid glicoproteina
Ala-Met [Ala]-Met-encefalina
ALB Ovoalbumina
ALS Esclerosi lateral amiotrofica
Aminoacids Aminoacid Codi (3 lletres) Codi (1 lletra)
Acid aspartic Asp D
Acid glutamic Glu E
Alanina Ala A
Arginina Arg R
Asparagina Asn N
Cisteina Cys C
Fenilalanina Phe F
Glicina Gly G
Glutamina Gln Q
Histidina His H
Isoleucina lle I
Leucina Leu L
Lisina Lys K
Metionina Met M
Prolina Pro P
Serina Ser S
Tirosina Tyr Y
Treonina Thr T
Triptofan Trp w
Valina Val Vv
Apo-SOD-1 Superoxid dismutasa 1 desmetal-lada
B
BGE Electrolit de separacié (background electrolyte)
BPE Electroferograma del pic base
BSA Albumina de serum bovi
BSE Encefalopatia espongiforme bovina

Xix



Tesi doctoral

C

CA Anhidrasa carbonica

CCS Seccio transversal de col-lisié

CDG Defectes congenits de glicosilacié

CE Electroforesi capil-lar

CEC Electrocromatografia capil-lar

CE-ESI-MS CE acoblada en linia a I'ESI-MS

CE-IT-MS CE-ESI-MS amb analitzador d'IT

CE-MS CE acoblada en linia a la MS (en general, CE-ESI-MS)
CE-0a-TOF-MS CE-ESI-MS amb un analitzador d'oa-TOF

CE-TOF-MS CE-ESI-MS amb un analitzador de TOF

CE-Uv CE amb deteccié per UV

CGE CE en gel

CIEF Isoelectroenfocament capil-lar

CJ Malaltia de Creutzfeldt-Jakob

Cu,Zn-50D-1 Superoxid dismutasa 1 parcialment metal-lada (monomer)

CUz,an-SOD-l
CZE

Superoxid dismutasa 1 totalment metal-lada (dimer)

CE de zona (en general, CE)

D

Da Dalton

Des-Tyr des-Tyr-Leu-encefalina

DHB Acid 2,5-dihidroxibenzoic

DNA Acid desoxirribonucleic

2D-PAGE PAGE en 2 dimensions

DTIMS Espectrometria de mobilitat ionica de temps de deriva
(Drift-Time ion mobility spectrometry)

Dyn Dinorfina A (1-7)

E

EDTA Acid etilendiamintetraacétic

EIE Electroferograma de I'ié extret

EIM Mobilitat idnica extreta

ELISA Assaig d'immunoabsorcidé enzimatica

Endo Endomorfina 1

EOF Flux electroosmotic

EPO Eritropoetina

ESI lonitzacio per electrosprai

ESI-MS Espectrometria de masses amb font d'ESI
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F

FA Acid formic

FAD Dinucleotid de flavina i adenina

fALS Esclerosi lateral amiotrofica familiar

FFI Insomni fatal familiar

FMN Mononucleotid de flavina

FT-ICR Analitzador de ressonancia ciclotronica d'ions amb
transformada de fourier

FWHM Amplada de pic a mitja alcada (full width at half maximum)

G

GE Electroforesi en gel

GSH Glutatid

GSS Malaltia de Gerstmann-Straussler-Scheinker

H

HAC Acid acétic

Hb Hemoglobina

HbA Hemoglobina subunitat A

HbB Hemoglobina subunitat B

HILIC Cromatografia de liquids d'interaccié hidrofilica

HPLC Cromatografia de liquids d'alta resolucid

HPLC-MS HPLC acoblada en linia a la MS (en general, HPLC-ESI-MS)

HTT Huntingtina

HUB Hospital Universitari de Bellvitge

|

IAC Cromatografia d'immunoafinitat

IDA Acid iminodiacétic

IEC Cromatografia de bescanvi ionic

IEF Isoelectroenfocament

IM Mobilitat ionica

IMAC Cromatografia d'afinitat a metall immobilitzat

IM-MS Espectrometria de masses de mobilitat ionica

iPrOH Isopropanol

IT Analitzador de trampa d'ions

L

LC Cromatografia de liquids (en general, HPLC)

LC-ESI-MS LC acoblada en linia a I'ESI-MS

LC-MS LC acoblada en linia a la MS (en general, LC-ESI-MS)
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LOD Limit de deteccio

M

M Massa molecular (estrictament massa molecular relativa siné
s’indica el contrari)

m/z Relacié massa carrega

MALDI lonitzacid per desorcié amb laser assistida per una matriu

MALDI-TOF-MS Espectrometria de masses amb font de MALDI i analitzador de
TOF

Me (Me) Mobilitat electroforética

Met Met-encefalina

Met-NH, Met-encefalinamida

m-HPLC (u-HPLC)

Micro-HPLC

MS Espectrometria de masses

MS/MS Espectrometria de masses en tandem
Ms" n etapes d’MS/MS

MWCO Tall per pes molecular (molecular weight cut off)
N

n-ESI Nano ESI

n-ESI-IM-MS IM-MS amb font de n-ESI

n-HPLC Nano-HPLC

(0)

oa Acceleracié ortogonal

O-GIcNAc N-acetilglucosamina unida per enllag o-glicosidic
P

PAGE Electroforesi en gel de poliacrilamida
PCR Reaccié en cadena de la polimerasa
pl Punt isoelectric

PrP Proteina prionica o prid

Prp° Pri6 cel-lular

Prp> Prié patologic

PSA Antigen prostatic especific

PTM Modificacié post-transduccional

Q

Q Analitzador de quadrupol senzill
QqQ Analitzador de triple quadrupol

XXii



Abreviatures i acronims

R

RNA Acid ribonucleic

RNase A Ribonucleasa A de pancrees bovi

RPLC LC de fase inversa (en general, HPLC de fase inversa)

rPrP Prié recombinant

Rs Resolucié

S

S/N Relacié senyal-soroll

SA Acid sinapinic

Sc Scrapie (de I'anglés, scraping)

SDS Dodecil sulfat de sodi

SDS-PAGE Electroforesi en gel de poliacrilamida amb dodecil sulfat de
sodi

SEC Cromatografia d'exclusié molecular o filtracié en gel

SOD-1 Superoxid dismutasa 1

SRM/MRM Monitoritzacio de reaccié multiple/seleccionada

T

Tf Transferrina

TFA Acid trifluoroacétic

TOF Analitzador de temps de vol

Tris Tris(hidroximetil)Jaminometa

TSE Encefalopatia espongiforme transmissible

TTR Transtiretina

U

uv Espectrofotometria ultraviolada

W

WB Western blot

Z

z Carrega eléctrica
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Objectiu

L'objectiu principal d’aquesta tesi doctoral ha estat |'establiment de metodologia
analitica per a la purificacid, separacid i caracteritzaci6 de peptids i proteines
relacionats amb malalties neurodegeneratives fent servir tecniques de purificacio i
analisi tradicionals, aixi com també tecniques de separacidé i caracteritzacié d’alta
resolucid, especialment |’electroforesi capil-lar (CE) i I'espectrometria de masses (MS).

Aquest objectiu principal engloba d’altres més concrets que es detallen a continuacio:

e Desenvolupar un procés d’extraccié i purificacié de prié cel-lular (PrP%) a partir de
cervell bovi amb la finalitat d’aillar una quantitat suficient per a la seva futura
separacid i caracteritzacié mitjancant electroforesi capil-lar acoblada en linia a
I'espectrometria de masses (CE-MS). Després de I'extraccié del PrPS, s’avaluaran
diferents tecniques no immunoquimiques per a la seva purificacid, concretament
la cromatografia d’exclusié molecular o filtraciéo en gel (SEC), la diafiltracid i la

cromatografia d’afinitat a metall immobilitzat (IMAC).

e Establir metodologia analitica per a la separacié i caracteritzacid de proteines
especialment labils en certes condicions d’analisi com ara medis acids o
parametres instrumentals que dificulten o impossibiliten la deteccid de la seva
forma nativa. Es el cas d’alguns peéptids, metal-loproteines i proteines
oligomeériques. S'utilitzara la superoxid dismutasa 1 (SOD-1) com a proteina model

per a la realitzacié dels seglients estudis:.

- Estudi de diverses matrius per a la ionitzacié per desorciéd amb laser assistida
per una matriu (MALDI), aixi com de les condicions de preparacié de la SOD-1

bovina.

- Desenvolupament de meétodes de separacié d’electroforesi capil-lar amb
deteccid per espectrofotometria ultraviolada (CE-UV), compatibles amb la
deteccid en linia per espectrometria de masses amb font d’ionitzacid

d’electrosprai (ESI-MS) emprant SOD-1 bovina.
- Purificacié de SOD-1 a partir de sang humana.

- Separacio i caracteritzacié de neuropeptids i SOD-1 mitjangant CE-MS amb un
analitzador de trampa d’ions o un analitzador de temps de vol (CE-IT-MS i
CE-TOF-MS, respectivament). Comparacié dels resultats obtinguts amb els dos

analitzadors.
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- Caracteritzaci6 de SOD-1 bovina i humana mitjangcant espectrometria de
masses de mobilitat idonica amb font d’ionitzacié de nano-electrosprai
(n-ESI-IM-MS).

- Aplicacid de les metodologies analitiques desenvolupades a l'analisi de

mostres de pacients d’esclerosi lateral amiotrofica (ALS).
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L’“Omica” o les “Ciéncies Omiques” sén un conjunt de técniques dedicades a I'estudi
integral del funcionament, 'evolucio i I'origen dels éssers vius. Inicialment es va
dedicar a la investigaci6 del DNA, és el que coneixem com a genomica, pero
rapidament es va expandir cap a un nivell molt més funcional, I'estudi del perfil
expressiu i el rol tant dels gens com de les proteines, passant per 'analisi de I'acid
ribonucleic (RNA) [1]. La informacid que ens proporciona la protedmica [2], que inclou
la peptidomica, és fonamental per explicar el funcionament dels organismes, pero el
repte no és senzill, perqué a diferencia del genoma, les proteines i els péeptids estan
canviant continuament i interaccionen amb altres molécules mitjangant una
complicada xarxa bioquimica [3, 4]. Aixi, 'expressié proteica ve condicionada, entre
d’altres factors, per la resposta cel-lular a les condicions ambientals i a la salut [5]. El
gran nombre de peptids i proteines expressats en un organisme, la seva complexitat,
les seves interaccions i els seus nivells de concentracid, de vegades extremadament

baixos, exigeixen el desenvolupament continu de noves metodologies analitiques.



Introduccié

1.1. GENOMA, TRANSCRIPTOMA, PROTEOMA |
METABOLOMA

Els peptids i les proteines sdn peces fonamentals en el trencaclosques biologic de les
xarxes moleculars interconnectades que constitueixen el cos huma i contenen moltes
de les respostes als misteris de la vida [6-7]. El terme proteoma es refereix a
I’estructura, funcid i interaccions del conjunt de péptids i proteines que s’expressen
en un moment determinat i sota unes condicions definides en una unitat subcel-lular,
cel-lula, teixit, organ o organisme viu complet. Atenent a aquesta definicid, part del
conjunt de compostos de baix pes molecular que configura el metaboloma també
formaria part del proteoma perque esta constituit per substancies de natura peptidica
producte del metabolisme cel-lular [8]. Els 20 ai-aminoacids naturals son els blocs amb
els quals es construeixen les sequéncies d’aquests peptids i proteines [9]. Aquestes
sequliencies i les seves modificacions post-transduccionals (PTMs) [10] s’especifiquen
al genoma, el material genetic d’un organisme, constituit pel DNA en la majoria dels
casos [1]. Finalment, el transcriptoma esta constituit per 'RNA i de la mateixa forma
que el proteoma, és molt variable perque determina els gens que s’expressen en un

moment determinat.

La genomica, la transcriptomica, la protedmica i la metabolomica sén les disciplines
que estudien el genoma, el transcriptoma, el proteoma i el metaboloma,

respectivament [1, 6-9].

1.2. BIOMARCADORS

L’institut nacional de la salut dels EUA (National Institute of Health, NIH, Bethesda,
Maryland, USA) defineix biomarcador com una caracteristica que es pot mesurar
objectivament i avaluar com a indicador d’un procés bioldgic normal, d’'un procés
patoldgic o com a resposta farmacologica a una intervencié terapéutica [11]. Els
biomarcadors es poden dividir en dos grups: marcadors per al diagnostic o per a la
informacio de I'estat fisiologic no lligat a una resposta farmacologica i marcadors per

a determinar 'efecte o la resposta fisiologica d’un farmac.

El descobriment, caracteritzacié, determinacid, i validaci6 de biomarcadors

constitueix un objectiu fonamental per al diagnostic, seguiment, pronostic i prevencio
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de nombroses patologies. Els fluids i altres materials biologics contenen un gran
nombre de substancies, entre elles péeptids i proteines, que poden o podrien emprar-
se com a biomarcadors especifics de certes malalties. No obstant, donada la
complexitat que presenten aquestes mostres biologiques i la baixa concentracié dels
components més interessants en la majoria de les ocasions, és d’especial importancia
I’establiment de nous metodes analitics per a la purificacid, preconcentracio,
separacid i caracteritzacié. A la taula 1.1 es descriuen algunes proteines d’interes
biomedic que estan relacionades amb diferents malalties. Algunes d’elles es fan servir
com a biomarcadors en I'actualitat, com és el cas de I'antigen prostatic especific (PSA)

amb el cancer de prostata.

1.3. PEPTIDS | PROTEINES

Les proteines son molecules extremadament complexes que poden desenvolupar una
enorme varietat de funcions: transport i emmagatzematge com la transferrina [12];
organitzacido estructural com el collagen [13]; enzimatica com la superoxid
dismutasa 1 (SOD-1) [14]; o bé hormonal com I'eritropoetina (EPO) [15, 16].

Els peptids i les proteines estan formats per la unié covalent de diferents aminoacids
mitjangant enllag peptidic (amida) entre el grup o—carboxil d’'un aminoacid i el grup
o—amino d’un altre [17]. Cada proteina té una seqliencia definida de residus
d’aminoacids, i de vegades, unes PTMs caracteristiques, que tenen lloc després de la
sintesi de la sequéencia peptidica (estructura primaria). L'estructura secundaria als
polipéptids i proteines es forma en plegar-se els diferents segments de la cadena
peptidica per originar estructures regulars com les hélix o i les lamines 3. Aquestes
estructures es poden plegar de nou i compactar-se. Aquest nivell superior de
plegament, que confereix la forma tridimensional, es denomina estructura terciaria i
només la presenten les proteines. L'organitzacié pot arribar a un ultim nivell,
I’estructura quaternaria, que s’origina per la interaccid entre les diferents subunitats
qgue formen la proteina. Els nivells estructurals superiors d’'una proteina s’estabilitzen
mitjancant ponts disulfur entre els residus de cisteina, ponts d’hidrogen, interaccions

electrostatiques, forces de Van der Waals o interaccions hidrofiliques [17].
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1.3.1. Hormones peptidiques

Les hormones sdn substancies que se sintetitzen en cel-lules especialitzades i que es
transporten pel torrent sanguini fins a les cél-lules diana on interactuen amb
receptors especifics donant lloc a canvis metabolics concrets [17]. Hi ha dos tipus de
resposta metabolica: i) la produida per les hormones esteroides, com |'adrenalina,
qgue comporta modificacions de I'expressid génica per a la regulacié de les
concentracions intracel-lulars de péptids i proteines i ii) la produida per la resta
d’hormones, com el glucagd, que s’uneixen a un receptor de la membrana de la
cel-lula diana per desencadenar tot un seguit de reaccions intracel-lulars concretes
[17, 58]. La majoria de les hormones peptidiques actuen d’aquesta ultima forma i,
tant les naturals com els seus analegs obtinguts artificialment, sén en I'actualitat les

biomolecules amb un us farmacologic més ampli [17, 59].

Les hormones peptidiques poden ser de baix pes molecular, com els neuropeptids o
I’oxitocina o d’elevat pes molecular com I'hormona del creixement i I'eritropoetina
(EPO). En aquestes Ultimes, les PTMs i la preséncia de diferents isoformes' o

glicoformes” juguen un paper molt important [16, 60].

1.3.2. Enzims. Metal-loproteines

Les proteines també poden funcionar com enzims catalitzant selectivament un gran
ventall de reaccions quimiques [61]. Alguns enzims requereixen de certs components
no peptidics, de tipus organic o inorganic anomenats cofactors, per assolir plena
funcionalitat [61]. Entre els cofactors inorganics destaquen els metalls, que també

juguen un paper molt important en I'estructura i funcié d’altres proteines [45].

Aproximadament una tercera part de totes les proteines del cos huma contenen
metalls [62-63]. Els elements metal-lics poden tenir també altres funcions: transport i
reservori [64-65]; transferencia i emmagatzematge d’electrons [66]; enllag d’O, o
catalitica [67].

Formes d’una mateixa proteina que difereixen en la seqliéncia aminoacidica o en les seves PTMs. Per a alguns autors el terme

isoforma solament es pot utilitzar per a referir-se a proteines que presenten exclusivament diferéncies en la seva sequéncia
aminoacidica. Amb aquesta definicid, les glicoformes no serien isoformes.

Formes d’una mateixa proteina que difereixen exclusivament en la seva glicosilacié

11
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Els principals ions metal-lics presents a les metal-loproteines sén el Fe (als citocroms,
I’hemoglobina (Hb), la transferrina (Tf) i molts enzims), el Zn (a la insulina, I'anhidrasa
carbonica (CA) i la superoxid dismutasa (SOD-1)), el Cu (a les oxidoreductases i la
SOD-1) i el Mn (als enzims glicolitics i les proteases). A la taula 1.1 es mostren els
metalls que es troben relacionats amb algunes proteines d’interés biomedic. La
SOD-1, que s’estudia en aquesta tesi doctoral, és un metal-loenzim homodimeric, amb
dues subunitats identiques que contenen un atom de Cu i un de Zn per cadascuna

d’elles. El Cu té funcio catalitica mentre que el Zn és estructural [45] (figura 1.1).
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Figura 1.1. Estructura de la SOD-1.

1.3.3. Modificacions post-transduccionals (PTMs)

Algunes proteines son funcionals en acabar de sintetitzar-se, mentre que d’altres han
d’experimentar amb posterioritat alguna modificacié per poder exercir la seva funcid
[10, 68-69]. La diversitat del proteoma supera ampliament el nombre de proteines
que prediu la capacitat codificadora del DNA i esta directament relacionada amb les
PTMs [4, 68]. Les PTMs alteren I'estructura i les propietats de les proteines mitjancant
I’enllag covalent o I'eliminacié de diferents grups quimics. S’han descrit moltes PTMs
tal i com es pot observar al petit recull de la taula 1.2, on s’han destacat les PTMs
presents a les proteines estudiades en aquest treball, a excepcid de la glicosilacié que

es tracta tot seguit.

1.3.3.1. Glicosilacio

La glicosilacié proteica és una de les PTMs més comunes [10] i potser la més
complexa. Consisteix en la unid covalent al nucli peptidic, mitjangcant enllagos

glicosidics, de cadenes de carbohidrats de diferent mida i estructura [71].
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pm | AMmians pm | AMmiiana

(Da) (Da)
Pyruvic acid (Cys) -33,10 Bromination 78,90
3-oxoalanine (Cys) -18,08 Phosphorylation 79,98
2,3-didehydroalanine (Ser) -18,02 Sulfation 80,06
2,3-didehydrobutyrine -18,02 Hypusine 87,12
Pyrrolidone carboxylic acid (Glu) -18,02 Pyrrolysine 109,13
2-oxobutanoic acid -17,03 n-Octanoate 126,20
Pyruvic acid (Ser) -17,03 Diphthamide 143,21
Pyrrolidone carboxylic acid -17,03 C-Mannosylation 162,14
(2)-2,3-didehydrotyrosine -2,02 Glucosylation (Glycation) 162,14
3-oxoalanine (Ser) -2,02 Lipoyl 188,30
Disulphide bond formation (Cysteine) -2,02 O-GIcNAc 203,20
Allysine -1,03 S-farnesyl cysteine 204,36
Amidation -0,98 Myristoylation 210,36
3-phenyllactic acid 0,98 S-12-hydroxyfarnesyl cysteine 220,35
Citrullination 0,98 Biotin 226,30
Deamidation 0,98 Pyridoxal phosphate 229,13
Methylation 14,03 S-palmitoleyl cysteine 236,39
Deamidation followed by a methylation 15,01 Palmitoylation 238,41
Cysteine sulfenic acid (-SOH) 16,00 n-Decanoate 241,33
Hydroxylation 16,00 Geranyl-geranylation 272,47
1-thioglycine 16,06 | Cis-14-hydroxy-10,13-dioxo-7-heptadecenoic 294,39
Formylation 28,01 Glutathionylation 305,31
Dimethylation 28,05 Phosphopantetheine 339,32
S-Nitrosylation 29,00 Cholesterol 368,64
Dimethylation of proline 29,06 N6-poly(methylaminopropyl)lysine 426,73
2'4' 5"-topaquinone 29,98 FMN conjugation (Ser/Thr) 438,33
Methionine sulfone 31,99 FMN conjugation (His) 454,33
Cysteine sulfinic acid (-SO2H) 32,00 FMN conjugation (Cys) 456,34
Dihydroxylation 32,00 Triiodothyronine 469,78
Cysteine persulfide 32,06 ADP-ribosylation 541,30
Acetylation 42,04 S-diacylglycerol cysteine 576,94
Trimethylation 42,08 Thyroxine 595,68
Gamma-carboxyglutamic acid 44,01 S-archaeol 635,14
Beta-methylthiolation 46,09 | Phosphatidylethanolamine amidated glycine 699,98
N6,N6,N6-trimethyl-5-hydroxylysine 59,09 Omega-hydroxyceramide glutamate ester 761,30
N6-1-carboxyethyl lysine 72,06 FAD 783,54

Taula 1.2. Variacions de M mitjana degudes a les PTMs més comunes [21, 70].
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Les proteines que, com el prié cel-lular (PrPS), presenten aquestes modificacions
reben el nom de glicoproteines. Una caracteristica destacada de les glicoproteines és
I’elevada heterogeneitat dels glicans, que contrasta amb la uniformitat de la cadena
polipeptidica on es troben enllagats. Les espécies quimiques de glicoproteines, que
posseeixen la mateixa cadena polipeptidica pero que difereixen en el conjunt de
glicans, reben el nom de glicoformes. S’ha de destacar que el contingut i composicid
de les glicoformes d’una glicoproteina sol ser relativament constant entre individus

d’una mateixa especie.

1.3.4. Oligomers i agregats

Les proteines oligomeriques, que comprenen dues o més cadenes aminoacidiques
associades, representen un dels nivells més complexos d’organitzacié estructural en
les molecules biologique . Les cadenes polipeptidiques de les diferents subunitats
d’aquestes proteines, no solament s’han de plegar per formar les estructures
secundaria i terciaria, sind que han de formar les interficies necessaries per a
permetre les interaccions apropiades entre les diferents subunitats. L'oligomeritzacio
pot ser considerada una caracteristica molt avantatjosa per un gran nombre de raons,
entre les que es destaquen la regulacié de I'expressio genica i 'activitat enzimatica.
D’altra banda, la transicié entre diferents estats oligomerics s’ha demostrat que pot

ser molt important en la formacié de tumors i d’altres malalties greus [72-74].

Estudis recents suggereixen que el 35% de les proteines presents a les cel-lules sén
tetramers [73]. No obstant aix0, les bases de dades actuals no ho reflecteixen. Es creu
qgue les limitacions de les tecniques analitiques emprades en la seva caracteritzacio
afavoreixen el trencament i la deteccid dels oligomers més petits. Si les subunitats
que formen la proteina oligomerica sén identiques, es denominen proteines
homo-oligomeriques i si son diferents proteines hetero-oligomeriques. La formacié
d’oligdmers d’ordre superior, sovint per la desnaturalitzacid proteica, pot acabar
provocant I'aparicid d’agregats insolubles, com els relacionats amb diverses malalties

neurodegeneratives.
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1.3.4.1. Agregacio de proteines. Malalties neurodegeneratives

L’agregacio de les proteines és un problema complex que té implicacions importants a
la biologia, biotecnologia, medicina i a la industria farmaceéutica. Generalment s’ha
suposat que l'agregacid de les proteines involucra tant el seu estat natiu com
desplegat. Es pensa que alguns agregats es formen durant el procés de plegament de
les proteines mentre que d’altres, com les fibres amiloides, s’originen a partir
d’intermedis parcialment desplegats quan totes les condicions que afavoreixen
aquests intermedis son propicies [75]. En proteines oligomeériques com la SOD-1,
alguns autors suggereixen mecanismes basats en la dissociacié dels oligomers fins a
monomers abans de |'agregacié [76-78]. També s’ha arribat a plantejar la contribucié
dels metalls o les PTMs [79].

Existeix un elevat nombre de malalties que es caracteritzen per la formacié d’agregats
insolubles de proteines especifiques, encara que, com s’apuntava anteriorment, es
desconeixen els factors que inicien i modulen les interaccions anormals que
condueixen a la seva formacid [79]. Les més conegudes sén les malalties
neurodegeneratives amiloides com per exemple la malaltia d’Alzheimer [76-80] i les
encefalopaties espongiformes transmissibles (TSE) (p. e. I'encefalopatia espongiforme
bovina o de les vaques boges (BSE) i la malaltia de Creutzfeldt-Jakob (CJ) en humans)
[79-80]. D’altres malalties impliquen altres tipus de diposits com per exemple les
cataractes (que en aquest cas no és una malaltia neurodegenerativa), el Parkinson, el
Huntington i I'esclerosi lateral amiotrofica (ALS) [76, 80]. Milers de persones moren
cada any per alguna d’aquestes malalties, el que fa que siguin de gran interes per a la

poblacio.

1.4. ANALISI DE PEPTIDS | PROTEINES

La major part de les investigacions bioquimiques demanen I'extraccid i purificacio de
les substancies objecte d’estudi a partir de teixits i d’altres mostres biologiques. Aixo
suposa un gran esfor¢ ja que les mostres a analitzar solen contenir milers de
substancies i les proteines d’interes es poden trobar a concentracions molt baixes o
ser inestables. Existeixen nombroses tecniques per abordar el problema, a

continuaciod se’n fa una breu recopilacio.
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1.4.1. Tecniques de lisi cel-lular i extraccio de proteines

Tradicionalment, el primer pas en l'aillament d’una proteina d’'una mostra biologica
consisteix en la lisi cel-lular. El métode a escollir depen de les caracteristiques fisiques
de la mostra o el tipus de cel-lules de les qué es vol aillar la proteina, aixi com de la

seva localitzacid. Entre les diverses tecniques destaquen:

- Xoc o estres osmotic. Consisteix en afegir a la suspensid de cel-lules aigua

destil-lada o un altre medi extremadament hipotonic. La diferéncia osmotica fa
que l'aigua es difongui cap a linterior de la cél-lula, provocant que s’infli i es

trenqui si la paret no és rigida.

- Destruccié _mecanica. Entre aquests metodes es troba I’homogeneitzacié per

compressid i fricci6 emprant sistemes de tipus batedor o triturador (p. e.
Polytron™); moldre en morters (amb sorra o alimina) o en molins amb perles de
vidre; utilitzar la premsa de French (que fa passar les cel-lules a gran velocitat a

traves d’un petit orifici) o la sonicacié.

- Congelacid-descongelacio. La lisi es produeix al sotmetre a les cel-lules a un canvi

brusc de temperatura, congelant primer a =196 °C (amb nitrogen liquid) i

incrementant rapidament fins a temperatura ambient (25 °C).

El resultat de la lisi cel-lular és un homogeneitzat que conté una suspensid on es
barregen enzims, membranes i d’altres fragments cel-lulars. Tot seguit, s’ha de
separar la proteina d’interes tant dels residus cel-lulars com de la resta de
components solubles. Les proteines ancorades a les membranes s’han de solubilitzar
mitjancant un tractament addicional, en general, amb detergents. L’eleccié dels
detergents s’ha de fer amb molta cura ja que poden desnaturalitzar les proteines [48].
Entre els detergents més emprats destaca |'octylglucoside, un detergent no idnic
suau, que manté I'estructura nativa i I'activitat de les proteines en una gran varietat
de condicions [81]. Una possible alternativa per alliberar la proteina és fer servir

enzims com les fosfolipases [82].

Durant I'extraccié i un cop la proteina s’ha aillat del seu entorn natiu, esta exposada a
molts agents que poden fer-la malbé. Els canvis de pH o temperatura i I'accid de les
proteases, que hidrolitzen els enllagos peptidics, sén els principals factors a tenir en

compte. Per a evitar o minimitzar aquests factors es fan servir dissolucions
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amortidores, temperatures baixes (4 °C) i es procura minimitzar la durada del procés.
En alguns casos, 'addicié d’inhibidors de les proteases com la leupeptina i la

pepstatina és aconsellable [81-84].

Després de I'extraccid, la proteina d’interés s’ha de purificar emprant les técniques i

metodologies més apropiades abans de ser convenientment caracteritzada.

1.4.2. Tecniques de purificacid i analisi tradicionals

Per arribar a tenir un material de puresa suficient s’acostumen a combinar

sequencialment varies de les técniques que s’indiquen tot seguit.

1.4.2.1. Solubilitat

Una de les formes més antigues, simple i forca efica¢ per dur a terme la separacio
d’'una mescla de proteines és realitzar una precipitacid fraccionada, aprofitant les
diferéncies de solubilitat que presenten en certes condicions (dissolvents organics, pH
baixos, solucions salines concentrades, etc.). Moltes proteines sén insolubles en
presencia de sals a concentracions elevades, especialment les més basiques quan
estan totalment carregades [17, 85]. El sulfat d’amoni és una de les sals més

emprades en aquests procediments de “salting out”.

1.4.2.2. Centrifugacio

La centrifugacid és una tecnica per a separar substancies de diferent densitat
mitjancant una forca rotatoria superior a la de la gravetat. S'utilitza per a la
sedimentacié de precipitats, preparacid de cél-lules i organs subcel-lulars, purificacio
de DNA, separacié de proteines i estimacid de la seva massa molecular (M), el seu
coeficient de sedimentacié o la seva densitat. També s’utilitza en I'estudi de

I’estabilitat d’oligdmers proteics [78].

La modalitat de centrifugaci6 més emprada en la purificacié de proteines és la
ultracentrifugacid que permet estudiar la sedimentacié d'estructures subcel-lulars
(lisosomes, ribosomes i microsomes) i biomolécules. Es necessiten velocitats de
centrifugacid molt més elevades que requereixen I'Us de centrifugues amb rotors

especials i sistema de buit, per treballar a baixa pressio.
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1.4.2.3. Dialisi i diafiltracio

La dialisi permet separar les molécules d’una solucid a través de membranes

semipermeables amb diametres de porus apropiats.

Existeixen comercialment membranes semipermeables, en general de cel-lulosa, per a
la dessalinitzacié i purificacid de solucions de proteines i altres biopolimers. Quan el
volum és gran, la dialisi s'implementa introduint la mostra en unes bosses especials
gue contenen les membranes i es col-loca el conjunt en un recipient amb aigua o una
solucid hipotonica (figura 1.2-A). Es un procés passiu, llarg i que, per a que sigui

efectiu, en general, provoca la dilucié de la mostra.

La diafiltracid és una dialisi forcada on s’utilitzen membranes semipermeables de
cel-lulosa amb diametre de porus d’una determinada mida molecular (filtres de tall
per pes molecular (MWCQO)) que permeten la filtraci6 emprant centrifugues.
D’aquesta forma s’aconsegueix dessalar i concentrar les proteines d’interes més

rapidament (figura 1.2-B).

A) i, iii) g
e
B) i) @ i) ? i)

Figura 1.2. A) Dialisi: i) Estadi inicial; ii) Estadi final; iii) Bossa de dialisi comercial. B) Diafiltracio:

i) Estadi inicial; ii) Estadi final; iii) Filtre de tall per pes molecular (MWCO) comercial.

1.4.2.4. Cromatografia de liquids (LC)

La LC en columna és una de les técniques més emprades per a la purificacid de
proteines en grans quantitats. Tot i que l'eficacia i la resolucié sén limitades al
treballar a pressions baixes o moderades, es poden obtenir separacions apropiades.
Sovint es combina amb la utilitzacié de recol-lectors de fraccions per a treballar de

forma automatitzada, emprant, en general, deteccid per espectrofotometria
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ultraviolada (UV). S’acostuma a treballar seleccionant una longitud d’ona entre 220 i
280nm per l'absorcié de l'enllag peptidic o de les cadenes laterals dels residus
d’aminoacids. En funcié de la fase estacionaria utilitzada podem diferenciar diferents

tipus:

Cromatografia de bescanvi ionic (IEC)

S'utilitza per a separar les proteines segons la seva carrega. La fase estacionaria és
una resina de bescanvi ionic (cationic o anionic) on les proteines que tenen la carrega
apropiada sén retingudes per interaccions electrostatiques. La separacio
s’aconsegueix amb un gradient sali, normalment de clorur de sodi, a la fase mobil

aquosa [83].

Cromatografia hidrofobica
La fase estacionaria és apolar. La proteina és retinguda per la interaccié dels residus

apolars dels aminoacids. Per a I’elucié s’"augmenta la polaritat de la fase mobil.

Cromatografia d’afinitat (AC)

Moltes proteines tenen la capacitat d’interaccionar selectivament amb moléecules que
actuen com a lligands especifics i que es poden immobilitzar en un suport adequat per
utilitzar-se com a fase estacionaria [86-88]. Normalment, les interaccions son fortes
perd reversibles quan s’utilitzen les fases mobils adequades. L'elucié s’aconsegueix,
en la majoria dels casos, disminuint el pH, augmentant la forga idnica, introduint

additius desnaturalitzants o competidors especifics a la fase mobil.

Generalment s'utilitza per a preconcentrar la proteina d’interés o eliminar les
impureses (p. e. les proteines més abundants en el serum). Un cas particular de I’AC
és la cromatografia d’'immunoafinitat (IAC) on es fan servir anticossos o fragments

d’anticossos especifics contra la proteina d’interes, la fase estacionaria.

Cromatografia d’afinitat a metall immobilitzat (IMAC)
L'IMAC és un altre tipus d’AC, que per la seva rellevancia en aquesta tesi doctoral,

mereix una especial atencio.

Aquesta tecnica es va desenvolupar originalment pel fraccionament de proteines a
partir de mostres biologiques [89]. Des d’aleshores, el métode ha guanyat popularitat

i ha estat ampliament utilitzat per a la purificacié de péptids i proteines que tenen
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afinitat per alguns dels metalls de transicid [81-82, 90-91]. La interaccid reversible
amb els ions metal-lics immobilitzats a la fase estacionaria té lloc a través de les
cadenes laterals de certs aminoacids quan es troben a la superficie peptidica
(majoritariament His i en menor extensid Cys i Trp) [89]. La magnitud de la interaccid
depen del tipus, el nombre i la distribucié espacial d’aquests aminoacids, juntament
amb el metall implicat. Les condicions cromatografiques (pH, forca ionica, additius

adequats, etc.) també influeixen decisivament en la retencid.

Es troben disponibles comercialment diverses columnes d’'IMAC. Normalment
contenen un suport solid amb un agent quelatant, com ara I'acid iminodiacetic (IDA),
que permet immobilitzar el metall apropiat. A la figura 1.3 es mostra
esquematicament el procediment emprat per a treballar amb una columna de
Cu**-IMAC, on tedricament, només es retindran les proteines que interaccionin amb
el Cu*. Durant I'equilibracié i la introduccié de la mostra, s'aconsella treballar amb
solucions tampd de pH neutre o lleugerament basic. La forma més utilitzada per a
I'elucid de les proteines retingudes és la que es basa en el seu desplacament
competitiu emprant imidazol (50-100mM, tampé 2, figura 1.3). Altres alternatives
consisteixen en la disminucié del pH o en I'Us d'agents quelatants més forts com

I’'EDTA que elimina també el metall immobilitzat del suport solid [89].

P:zr::::’ Equilibracié6  Introduccié Rentat Elucié
0.1M CuSO, Tampd 1 Mostra Tampd 1 Tampd 2 ) )
’ Tampod 1: 20mM Tris
. 4 L L < ! 0.5MKd
1mM imidazol
pH7.5

(
(
(-
(
(

Tampd 2: 20mM Tris

0.5MKd
500mM imidazol
pH 7.5
I 2 8 4 2
Eliminaci6 Cu?* Eliminaci6  Recol-leccié
en excés proteinesno de fraccions
retingudes

Figura 1.3. Cu”*-IMAC. Metodologia de treball.

Cromatografia d’exclusié molecular o filtracié en gel (SEC)

Aquesta tecnica de separacié s’ha utilitzat ampliament, tant a escala preparativa com
semipreparativa, per a la separacid i purificacié de proteines, ja que és un metode de
facil accés, simple, robust i que permet separacions i recuperacions adequades
[10, 92]. Les molecules se separen en funcid de la seva mida al passar a través d’una

fase estacionaria polimérica amb una determinada mida de porus. En general, la
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composicié de la fase mobil és compatible amb la conservacié de I'estructura nativa
de les proteines i, per la forma d’operar, és una alternativa més suau a la
centrifugacid. Els seus principals inconvenients sén el limitat rang dinamic de treball,
la baixa eficacia i capacitat de carrega, la possibilitat d’adsorcié de les proteines a la
columna i la dificultat de I'acoblament amb I'espectrometria de masses (MS) [10]. En
I’actualitat és una de les técniques més emprades per a la separacié d’oligomers
proteics [93].

A la figura 1.4 es mostra esquematicament la metodologia de treball en SEC. Les
proteines petites penetren dins dels porus de la fase estacionaria mentre travessen la
columna a mesura que va circulant fase mobil. En canvi, les més grans romanen a
I'espai intersticial, si s’ha seleccionat adequadament la porositat de la fase
estacionaria. Aquest mecanisme produeix la separacié. Si s’utilitzen patrons de pesos
moleculars adients per calibrar, també es pot obtenir una estimacié del pes molecular
de les substancies separades [94-96]. No obstant aix0, els resultats obtinguts sén
sovint poc acurats, perque el temps de retencid d’'una proteina en SEC no només
depen del seu pes molecular sind també de la seva forma, la seva tendéncia a les
interaccions electrostatiques i hidrofobiques amb la fase estacionaria i de les

variacions del cabal de fase mobil [96].
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Figura 1.4. SEC. Metodologia de treball.

1.4.2.5. Electroforesi en gel (GE)

El principi general d’aquesta separacido es basa en el fet que a l"aplicar un camp

eléctric a una solucid, les molécules de solut amb carrega positiva es desplacen cap el
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catode i les de carrega negativa cap a I'anode. Aquest desplacament s’anomena
electroforesi. La velocitat d’aquest desplacament depen, majoritariament, de la mida i
de la carrega neta de I'analit [17]. Encara que l'electroforesi es produeix directament
en solucid, sovint es realitza sobre un medi suport com pot ser el paper (electroforesi
en paper) o un gel (electroforesi en gel, GE). La primera esta indicada per a molécules
petites carregades mentre que la segona és ampliament utilitzada per a proteines i
acids nucleics [17]. En aquest ultim cas, es col-loca un gel (els més comuns sén els de
poliacrilamida, electroforesi en gel de poliacrilamida (PAGE)), que contingui una
soluci6 amortidora adequada, a mode de lamina entre dues plaques i els
compartiments dels eléctrodes (figura 1.5-A). A la part superior es diposita la mostra i
s’aplica una diferencia de potencial fins que es comprova que el front de I’elucié esta
proper a la base de la cubeta. Un cop finalitzada la separacié es procedeix a la tincio
de les molecules separades per a detectar-les. Els reactius per a la deteccid més
emprats son el bromur d'etidi, el blau de Coomassie, el nitrat de plata o lligands
adequats per a la deteccié fluorescent (figura 1.5-B). També sén comuns els metodes
de deteccié que utilitzen anticossos, com per exemple, el western blot (WB), del que
es parlara al seglient apartat.
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Figura 1.5. A. Esquema de la cubeta per realitzar SDS-PAGE. B. Electroferograma (gel).

La SDS-PAGE és una modalitat de PAGE a la que s’afegeix dodecil sulfat de sodi (SDS) a

la solucié amortidora. Aixi, totes les proteines presents a la mostra es desnaturalitzen
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a linteraccionar amb el detergent anionic i tenen una carrega negativa similar.
D’aquesta forma, la separacié es produeix en funcid, Unicament, de la mida de les
proteines. Una altra modalitat, l'isoelectroenfocament (IEF), permet separar les
molécules segons la seva carrega i esta especialment pensada per a separar amfoters.
En aquest cas, la separacid es realitza sobre un gel amb una mescla d’amfolits que
proporcionen un gradient de pH estable en un ampli interval de valors de pH. Els
analits es desplacen i “s’enfoquen” (acumulen) a la regié del gradient que coincideix

amb el seu punt isoelectric, amb el que es produeix la separacid.

Electroforesi en gel bidimensional (2D-PAGE)

La 2D-PAGE permet separar les proteines combinant I'lEF i la PAGE. En la primera
dimensid les proteines se separen en funcido del seu punt isoelectric mitjancant
gradients de pH immobilitzats. En la segona dimensié les proteines se separen segons
la seva mida en PAGE, pero sense utilitzar SDS (figura 1.6). Finalment, les proteines es
detecten emprant algun dels metodes més sensibles esmentats anteriorment (nitrat

de plata o lligands fluorescents).
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Figura 1.6. Electroferograma de 2D-PAGE d’una mescla complexa de proteines.

1.4.2.6. Tecniques immunoquimiques

Les técniques immunoquimiques es basen en el reconeixement d’una determinada
proteina per anticossos especifics [97-98]. Aquestes tecniques tenen una elevada
sensibilitat i selectivitat, cosa que fa que siguin molt apropiades per a analitzar

proteines minoritaries contingudes en mostres complexes. Altres avantatges
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destacables son la seva senzillesa, rapidesa i cost relativament baix. En els dltims anys,
han millorat molt els processos de produccié i purificacié d’anticossos, aixi s’ha
generalitzat la seva comercialitzacid a preus raonables. Tots aquests factors han
contribuit al desenvolupament de nombroses tecniques immunoquimiques per a la

deteccio de proteines.

A més de la cromatografia d'immunoafinitat (IAC), que es va introduir a la seccié
anterior (1.4.2.4), a continuacié es descriuen breument altres técniques

immunoquimiques destacades.

Immunoprecipitacid

L'objectiu d’aquesta tecnica és concentrar i purificar la proteina antigénica d’interes,
aprofitant la precipitacido del complex antigen-anticos. Normalment, per a que el
complex sigui més insoluble, I'anticos s'immobilitza préviament en una matriu solida.
Una vegada precipitat el complex antigen-anticos és important rentar adequadament
per eliminar la resta de proteines. Finalment, el complex es trenca emprant les

condicions més adients.

Assaig d'immunoabsorcio enzimatica (ELISA)

L’ELISA és una técnica immunoquimica basada en la mesura de I'activitat d’'un enzim
per tal de determinar I'extensié de la reaccid antigen-anticos. S’escull un enzim que
formi productes amb alguna propietat fisico-quimica mesurable, com ara absorcio de
radicacido o fluorescéncia [99]. Habitualment s’'immobilitza la mostra en un suport
solid i s’incuba amb I'anticos especific per I'antigen o anticos primari que reconeixera
I’antigen immobilitzat i es quedara unit. Posteriorment, es realitza I'incubacié amb un
anticos secundari que esta unit covalentment a un enzim. En afegir el substrat
adequat, I'enzim generara per accid catalitica un producte detectable mesurant
I’absorbancia o la intensitat de fluorescéncia. L'ELISA té nombroses aplicacions a

I’analisi clinica [45], pero també a la indUstria farmaceutica i alimentaria [100-101].

Western Blot (WB)

Es una técnica immunoenzimatica per a la separacié i deteccié de proteines. La
separacid de les proteines es realitza normalment mitjangant SDS-PAGE. Un cop
separades les proteines, es transfereixen a una membrana adsorbent, tipicament de

nitrocel-lulosa, i es fan reaccionar amb un primer anticos que reconeix la proteina
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d’interes (anticos primari). Seguidament es fa reaccionar I'anticos primari amb un
segon anticos (anticos secundari) que té alguna propietat que es pot mesurar com
podria ser I'absorbancia o la intensitat de fluorescencia. El WB s’utilitza actualment

com a técnica per confirmar el diagnostic de les TSEs bovines i humanes [102].

1.4.3. Tecniques de separacid i caracteritzacio d’alta resolucié

Un analisi més acurat d’'una mescla complexa de péptids i proteines requereix la
combinacié de técniques de separacié d’alta resolucio amb meétodes de deteccio
selectius, acurats i sensibles. En I'eleccié de les tecniques a utilitzar s’han de tenir en
compte les propietats fisico-quimiques i estructurals, tant de I'analit objecte d’estudi
com de la matriu on es troba. Tampoc s’han d’oblidar, com ja apuntavem
anteriorment, els aspectes relatius a la selectivitat, sensibilitat, exactitud, resolucio,
temps d’analisi i tipus de deteccid, aixi com els criteris econdmics i de disponibilitat.
Per aquets motius la cromatografia de liquids d’alta resolucié (HPLC) i I'electroforesi
capil-lar (CE), acoblades o no a l'espectrometria de masses (MS), sén ampliament

utilitzades actualment.

1.4.3.1. Cromatografia de liquids d’alta resolucio (HPLC)

Com hem vist a la seccidé anterior (1.4.2.4), la LC ha estat la técnica tradicionalment
utilitzada per a la separacio i purificacié de mescles peptidiques complexes, en part,
per la possibilitat de treballar tant a escala analitica com a escala preparativa. A escala
analitica, 'HPLC es reconeguda com una eina indispensable per la seva velocitat
d’analisi, el seu poder de resolucid, la seva sensibilitat a més de la seva compatibilitat
amb |'espectrometria de masses [10]. A més a més, el gran desenvolupament
instrumental ha permes la seva implantacid com a tecnica de rutina als laboratoris

d’analisi moderns.

D’acord amb les propietats de la fase mobil i la fase estacionaria, existeixen cinc
modes d’"HPLC diferents per a I'analisi de peptids i proteines [10]: cromatografia de
liguids de fase inversa (RPLC), SEC, IEC, cromatografia de liquids d’interaccid
hidrofilica (HILIC) i AC. Alguns d’ells ja s’han introduit a la seccid 1.4.2.4 (SEC, IECi AC)

perque s’utilitzen fonamentalment a escala preparativa i semipreparativa.
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La RPLC és una de les variants més emprades per a I'analisi de peptids i proteines, tot i
que suposa treballar en condicions desnaturalitzants. Malgrat aix0, presenta
indiscutiblement una serie d’avantatges respecte a la resta de modalitats, ja que
ofereix una gran versatilitat, poder de resolucié i les fases mobils emprades poden ser
compatibles amb la deteccié en linia per MS [103-104]. Les separacions es realitzen
en columnes de fase estacionaria hidrofobica (octilsila, octadecilsila, polimeriques,
etc.) i normalment amb fases mobils hidroorganiques de pH acid (acid trifluoroacetic
o acid formic) [103-104]. En general, al valor de pH acid de la fase mobil, tots els grups
ionitzables d’'un péptid o una proteina es troben protonats, per la qual cosa, la
presencia d’un reactiu formador de parell ionic, com l'acid trifluoroacéetic, pot
augmentar les interaccions de les molecules peptidiques amb la fase estacionaria,
reduint els processos d’adsorcio i provocant una millora en la simetria i amplada dels
pics cromatografics [103]. L’acid formic, tot i no ser tant bon formador de parell idnic,

té I'avantatge de ser preferible per a la deteccid en linia per MS [104].

L'HILIC és una variant de la LC de fase normal, en la que la fase estacionaria és
hidrofilica (silice modificada o no amb diferents grups funcionals polars com amines,
amides, grups ciano o diol), mentre que la fase mobil consisteix en una barreja
hidroorganica, amb més d’un 70% de dissolvent organic [105]. El mecanisme de la
separacié es basa en una combinacié d’interaccions per enllagos d’hidrogen,
electrostatiques i hidrofiliques [106]. S’ha utilitzat amb frequencia per analitzar els
glicopeptids o glicans de les glicoproteines [10, 105]. Pel que fa a les proteines
intactes, encara no s’ha aplicat ampliament, degut a les condicions desnaturalitzants
de les fases mobils i a la possible adsorcid irreversible de les proteines sobre la fase

estacionaria.

En els dltims anys, s’ha generalitzat I'Us de la cromatografia de liquids acoblada en
linia a I'espectrometria de masses (LC-MS), que permet la separacid, identificacid i
caracteritzacio de les substancies presents a les mescles complexes. Quan es tracta de
fluids biologics o d’altres mostres de disponibilitat limitada, s’ha vist la necessitat de
disminuir el diametre i la longitud de les columnes emprades per a les separacions.
Aix0 permet treballar amb volums de mostra més petits i obtenir la sensibilitat
necessaria per a fer front a la baixa concentracié a la que sovint es troben els
biomarcadors més interessants. Aquesta miniaturitzacié ha donat lloc a la micro-HPLC
(m-HPLC o u-HPLC) i a la nano-HPLC (n-HPLC).
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1.4.3.2. Electroforesi capil-lar (CE)

La CE, juntament amb altres tecniques de separacié d’alta resolucié miniaturitzades
(L—HPLC, n-HPLC i els sistemes basats en microxips), juga un paper molt important en
camps d’investigacid com la protedmica, on en molts casos la quantitat de mostra
disponible és extremadament petita [6-7]. Als avantatges inherents a Ia
miniaturitzacié (consum minim de reactius, dissolvents i mostres, temps reduits
d’analisi en condicions optimes, cost raonable i automatitzacié senzilla), s’"ha d’afegir
la possibilitat del seu acoblament en linia amb la MS (CE-MS). L’acoblament en linia
no és possible amb altres tecniques emprades tradicionalment en protedmica, com la
PAGE o la 2D-PAGE, malgrat que es poden trobar sistemes que automatitzen gairebé
tot el procés. Com a contrapartida, els limits de deteccié (LODs) en unitats de
concentracié amb aquestes tecniques miniaturitzades, son més elevats, per causa de
la reduida longitud del cami Optic i de la petita quantitat de mostra injectada
[107-108]. Aixo fa necessari I’Us de sistemes de deteccido més selectius i sensibles, com

I’'MS, i técniques de purificacié i preconcentracié adequades.

La CE va ser un factor clau per a la finalitzacié en un temps record del “Projecte del
Genoma Huma” [109]. Ara bé, el repte analitic de desxifrar el proteoma és superior al
del genoma, degut al major nombre i complexitat dels compostos implicats i a que es
troben habitualment a molt baixa concentraci6 en mostres biologiques. En
I’actualitat, la CE és una de les millors alternatives per a la separacio de peptids i
proteines [3, 108, 110-113], especialment els que presenten PTMs que afecten a la
seva relaci6 m/z (glicopeptids o glicoproteines). A més, es troba disponible
comercialment a un preu raonable i no necessita dissolvents organics per a la
separacido com I'HPLC. Els quatre modes més emprats per a la separacié de péptids i

proteines son:

- Electroforesi capil-lar en gel (CGE): El fonament de la CGE és molt semblant al de la

SDS-PAGE i s’ha utilitzat ampliament per separar proteines en funcié de la seva
mida.

- Isoelectroenfocament capil-lar (CIEF): En aquest mode com en I'l[EF convencional,

les proteines sdn separades en funcio del seu punt isoeléctric en un gradient de pH

format per diferents amfolits quan s’aplica un camp eléctric.
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- Electrocromatografia capil-lar (CEC): Es una técnica hibrida, on la separacié dels

analits s’aconsegueix mitjancant la combinacié de la migracié electroforéetica i la
retencio cromatografica.

- Electroforesi capil-lar en zona (CZE): La separacidé es duu a terme per la diferent

migracio electroforéetica que presenten els analits quan s’aplica un camp electric.
Es el métode més emprat per a la separacié de péptids i proteines quan s’utilitza
deteccio en linia per MS. A més, a diferencia de la majoria dels modes d’HPLC, la
composicié de I'electrolit de separacié (BGE, background electrolyte) pot
compatibilitzar-se amb la conservacid de I'estructura nativa de les proteines o
I’estudi d’oligobmers quan s’utilitzen solucions aquoses proximes a la neutralitat
[114]. Donat que és el mode més emprat, s’accepta I'us del terme CE per referir-se
en general a la CZE. Com que en aquesta tesi doctoral s’ha utilitzat exclusivament

CZE, d’ara endavant es fara servir el terme CE per referir-se a la CZE.

La separacio en CE es basa en la diferent mobilitat dels ions sotmesos a una diferéncia
de potencial en columnes capil-lars de diametre intern molt petit (normalment
50-75um).

Quan se li aplica un camp electric a una solucid que conté ions, aquests es
comengaran a moure i la seva mobilitat dependra de la seva carrega i de la seva mida.
La mida dels ions esta relacionada amb la seva M, la seva estructura tridimensional i
el seu grau de solvatacié. Fent balang entre les forces d’electromobilitat i friccid, la
mobilitat electroforetica (m,, L), que és constant per a cada i6 determinat, pot
expressar-se com: L. = q/6mnr, on q és la carrega de I'id, n és la viscositat del BGE i r
és el radi de I'i6 solvatat. Si tenim una mescla de diferents substancies, a I'aplicar un
camp eléctric, la diferéncia en la |, fara que els anions migrin cap al pol positiu
(anode) i els cations cap al pol negatiu (catode). A més, els ions més petits i més

carregats migraran a major velocitat que els de major mida i menys carregats [115].

Quan s’utilitzen capil-lars de silice fosa, un constituent fonamental de les separacions
electroforetiques és el flux electroosmotic (EOF) [116-117]. La superficie de la paret
interna d’aquests capil-lars conté grups silanols, que s’ionitzen a partir de pH 2. Els
silanols ionitzats atreuen els contraions cationics de I'electrolit de separacié i es forma
una doble capa de cations que origina una diferencia de potencial coneguda com a

potencial zeta [116-117] (figura 1.7). Quan s’aplica un camp electric, els cations de la
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doble capa es mouen cap al catode, arrossegant el BGE que omple el capil-lar. Aquest
EOF catodic provoca el moviment de totes les espécies, ja siguin positives, negatives o
neutres cap al catode, on esta situat el detector, i té un efecte molt important en la
separacié dels analits, ja que minimitza els efectes de dispersié [116-117]. La mobilitat
efectiva dels analits ve donada, doncs per la seva m, i I'EOF. En |'actualitat, s’han
descrit nombroses alternatives per controlar I'EOF. Aquestes permeten, a més
d’optimitzar les separacions, evitar I'adsorcid irreversible dels analits a les parets del
capil-lar. En aquest sentit es fan servir capil-lars recoberts o I'addicid de reactius
adequats al BGE [15, 118].

Altres factors importants que afecten a la separacid i que generalment estan
interrelacionats son: la quantitat de mostra a injectar, la mida del capil-lar (longitud i
diametre), la calor per efecte Joule, la temperatura de treball i el voltatge emprat en
la separacid. El control d’aquests factors és imprescindible per a poder aconseguir

separacions reproduibles i d’alta resolucio [115].
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Figura 1.7. Representacié de la migracid electroforetica de diferents

moleécules i de la formacid de I'EOF en un capil-lar de silice fosa.

1.4.4. Espectrometria de masses (MS)

La MS esta molt lligada a la Quimica Analitica moderna i s'ha convertit en una eina de
gran importancia per a la identificacid i caracteritzaci6 de molécules senzilles,
macromolecules, oligomers i estructures supramoleculars [119]. El potencial de la MS
augmenta quan s’acobla en linia amb una técnica de separacié d’alta resolucié (LC-MS
i CE-MS) a I'afegir la dimensid de la separacid cromatografica o electroforética. Pel
que fa a la sensibilitat, ambdues tecniques acoblades permeten la preconcentracio

dels analits en pics cromatografics o electroforetics. A més, la separacio pot prevenir
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la supressié d’ionitzacié provocada per I'elucid o migracié dels analits amb altres

components de la mescla que estiguin més concentrats o que s’ionitzin millor.

1.4.4.1. lonitzacio

Els espectrometres de masses sén instruments sofisticats que en general consten d’un
sistema d’introduccid de la mostra (p. e. bomba d’infusié, cromatograf de liquids o

electroforesi capil-lar), una font d’ionitzacid, un analitzador i un detector.

Entre les interfases més emprades per a obtenir ions moleculars en fase gasosa, a
partir dels analits en solucié, per a la posterior analisi per MS, en destaquen la
ionitzacié per electrosprai (ESI) i la ionitzacid per desorcié laser assistida per una
matriu (MALDI). Aquestes técniques son capaces d’ionitzar en condicions suaus
molecules polars d’elevat pes molecular i en ocasions labils, com les proteines
intactes i els seus complexos [4, 120-123]. La seva contribucié a la Quimica Analitica
moderna es va reconeixer I'lany 2002, quan es va atorgar el Premi Nobel de Quimica a
John B. Fenn i Koichi Tanaka, descobridors d’ambdues tecniques de ionitzacié (ESI i
MALDI, respectivament) [124].

lonitzacio per electrosprai (ESI)
L'ESI és una de les tecniques d’ionitzacid a pressié atmosférica més emprades per
I’acoblament el linia de I’'HPLC i la CE amb la MS [5, 116].

En I'ESI es produeix la ionitzacid dels analits mitjancant I'aplicacié d’una diferéncia de
potencial entre I'extrem del capil-lar per on flueix la mostra liquida (normalment
cabals compresos entre 1 i 100 uL/min) i el contraeléctrode situat a I'entrada de
I’espectrometre de masses (figura 1.8) [127]. El procés d’ionitzacié genera ions
moleculars multicarregats, la qual cosa permet I'analisi de molécules d’elevat pes
molecular emprant analitzadors de m/z amb intervals d’escombratge convencionals.
Entre els analitzadors més emprats es poden destacar el de quadrupol (Q), la trampa
d’ions (IT) i el de temps de vol (TOF).

En les interfases d’ESI, és molt important ajustar correctament els parametres
instrumentals per arribar a I'equilibri adequat entre el subministrament de suficient
energia d’activacid, que asseguri una bona sensibilitat, i la preservacié dels grups més
labils, com les conformacions i les interaccions no covalents. Actualment, s’accepta

ampliament que alguns elements de la conformacié proteica en solucid, les
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interaccions no covalents amb metalls, certs alguns o els oligdomers proteics es poden
conservar durant el procés d’ionitzacié si s’utilitzen les condicions apropiades
[122-123, 125-126]. D’altra banda, I'eficacia de la ionitzacié depen de les propietats
de la molécula, del pH i de la composicié de la solucié on es troba dissolta [127]. Per a
treballar en mode positiu (ESI+) és habitual emprar dissolucions hidroorganiques amb
concentracions moderades d’acids organics volatils (0.05-0.5% v/v d’acid acétic o
d’acid formic).
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Figura 1.8: ESI.

En I'actualitat existeixen interfases d’ESI comercials per a I'acoblament en linia de
I"'HPLC (convencional, micro o nano) o la CE a la MS amb ionitzacié per electrosprai
(LC-ESI-MS i CE-ESI-MS, o simplement LC-MS i CE-MS). En totes s’utilitza generalment
N, com a gas nebulitzador per assistir la ionitzacié. Entre les interfases que s’han
descrit destaca especialment la que utilitza un liquid auxiliar coaxial (“coaxial
sheath-liquid”) que té una doble funcid: d’una banda augmenta el cabal proporcionat
per la CE i d’altra banda, tanca la connexié eléctrica a la sortida del capil-lar [3, 128].
Aquesta interfase destaca per la reproductibilitat dels resultats, la robustesa, facil
implementacio i versatilitat, pero alguns autors continuen criticant que la dilucié pot
tenir un efecte negatiu en els limits de deteccié (LODs) [4]. En general, la composicid
del liquid coaxial és un dels parametres que més afecten a I'eficacia de la ionitzacié i

s’ha d’optimitzar per a cada aplicacié concreta [128].

En I'actualitat, I'Us de I'ESI no esta exempt de reptes per a I'analisi de biomolecules.
Les condicions necessaries per a una ionitzacié i desolvataciéo optimes (dissolvents
organics, acids volatils, potencials d’ionitzacié i temperatures relativament elevades)
poden ser negatives per a l'estabilitat d’algunes biomolecules [129]. Una bona
alternativa per a superar aquests inconvenients, sén les fonts miniaturitzades de

nano-ionitzacié per electrosprai (n-ESI), en les que s’ha reduit el diametre intern de
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I’eléctrode, el cabal de treball i la quantitat de mostra necessaries. El seu principal
avantatge rau en una ionitzacié molt eficag i suau, apropiada per a I'obtencié d’ions
moleculars en fase gas de molecules especialment labils [130-131]. A més,
s’augmenta la sensibilitat, la tolerancia a les sals [130] i s’elimina la necessitat de fer
servir dissolvents i acids organics, aixi com temperatures massa elevades [121, 129].
També s’ha observat que es minimitza la supressio ionica i els efectes de matriu que
dificulten I'ESI convencional [131]. Amb tots aquests avantatges, la n-ESI s’esta
convertint en la tecnica escollida per molts autors per a dur a terme estudis de
metal-loproteines, glicoproteines, oligobmers i complexos proteics especialment labils

emprant solucions tampd aquoses neutres [131-132].

lonitzacio per desorcié amb laser assistida per una matriu (MALDI)
El MALDI és una tecnica que no es pot acoblar en linia a I’'HPLC o a la CE [5,116] tot i
gue s’han dissenyat diferents sistemes per automatitzar-la quan es vol combinar amb

aquestes tecniques de separacié [128].

En MALDI es produeix la ionitzacié dels analits quan es fa incidir sobre la mostra un
laser d’energia adequada en el buit elevat de I'espectrometre de masses (figura 1.9)
[133-134]. Per a que aix0 succeeixi, primer s’ha de barrejar una solucié de la mostra
amb un gran excés d’una solucid de la matriu adequada. Quan el dissolvent s’evapora,
les molécules de matriu i analit cocristal-litzen per a que la matriu, a I'absorbir els
fotons de la radiacio laser, permeti la ionitzacié de les molecules de I'analit. Aquestes
matrius solen ser acids organics de baix pes molecular [135]. El laser més emprat és el
de N, i es pot operar tant en mode positiu com negatiu, depenent de la matriu
seleccionada. Els ions que es generen tenen poques carregues, fins i tot els de les
molecules de pes molecular elevat, el que déna com a resultat espectres de major

simplicitat que els obtinguts amb ESI [133-134].
Laserde N, (‘

4

Figura 1.9. MALDI
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Com passa amb I'ESI, el mecanisme pel qué es produeix la ionitzacid no s’entén
completament i la seleccié d’'una matriu adequada i la forma de preparar i cristal-litzar
la mescla es realitza moltes vegades empiricament. Les matrius més emprades per a
peptids son derivats de l'acid cinamic (acid «a-ciano-4-hidroxicinamic) i I'acid
dihidroxibenzoic (acid 2,5-dihidroxibenzoic), mentre que els derivats de I'acid
sinapinic (acid trans-3,5-dimetoxi-4-hidroxicinamic, SA) sén els més emprats per a
I’analisi de proteines [133-134]. A diferencia del que succeeix amb ESI, els ions
s’originen des de I'estat solid i no es produeixen de forma continua, sind en paquets
discrets i aixo limita, com ja s’"ha comentat, el seu acoblament en linia amb I’'HPLC o la
CE, i també el tipus d’analitzadors que s’utilitzen. En general, solen emprar-se

espectrometres de masses amb analitzadors de temps de vol (MALDI-TOF-MS).

1.4.4.2. Analitzadors d’espectrometria de masses (MS)

Entre els avantatges de molts dels nous espectrometres de masses es destaquen:
I’elevada resolucid (permeten distingir les distribucions isotopiques d’ions moleculars
multicarregats aixi com identificar la seva carrega); I'exactitud (millora la fiabilitat en
la identificacié dels analits); I’excel-lent sensibilitat i 'ampliacid dels intervals dinamics
(permeten determinar simultaniament components de la mescla a diferents nivells de

concentracio) [136].

A I'hora d’acoblar-los en linia amb la CE, els espectrometres de masses han de
presentar també una velocitat d’escombratge elevada, per poder aprofitar la majoria
dels ions formats, i un temps d’adquisicié reduit, de manera que es puguin adquirir

diversos espectres per cadascun dels pics electroforetics si sén molt estrets [137].

L’analitzador de quadrupol (Q) va ser el que es va utilitzar en el primer instrument
comercial de CE-MS. Malgrat les bones prestacions i el cost raonable, aquests
analitzadors sén poc adequats per a l'estudi de mostres complexes, ja que
proporcionen poca informacié estructural [128]. A més, solen presentar velocitats
d’escombratge petites [128]. L’analitzador de triple quadrupol (QqQ) pot treballar en
el mode de monitoritzacié de reaccid seleccionada/multiple (SRM/MRM) que és molt
selectiu i permet una gran sensibilitat, pero els ions s’han de seleccionar abans de
I’analisi [138-139]. Els analitzadors de trampa d’ions (IT) sdn més rapids, capacos

d’adquirir diversos espectres per segon i permeten realitzar experiments de masses
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en tandem (MS/MS i MS"), perd tenen un interval dinamic bastant estret a causa de la

capacitat limitada de la IT.

Els espectrometres de masses de ressonancia ciclotronica amb transformada de
Fourier (FT-ICR) tenen una excel-lent exactitud, resolucié i sensibilitat [4, 138,
140-141], pero sén poc recomanables quan |'eficacia de les separacions és molt gran i
els pics sén molt estrets [128, 141]. A més, el seu preu és especialment elevat [3, 128,
138, 141-140]. Avui dia, una de les millors alternatives per acoblar en linia la CE amb
la MS sén els analitzadors de temps de vol (TOF). La majoria dels TOF actuals amb font
d’ESI sén d’acceleracié ortogonal (oa), on un camp eléctric polsant extrau
perpendicularment els ions moleculars abans d’arribar al detector. Les seves
prestacions d’exactitud i resolucid sén, en principi, lleugerament inferiors a les
d’altres analitzadors com I'FT-ICR, |'orbitrap o el de sector magnetic, pero presenten

una velocitat d’escombratge elevada i un preu més economic [137, 142-143].

No obstant I'excel-lent exactitud i resolucid dels espectrometres de masses que hem
tractat fins ara, no permeten discriminar entre ions moleculars amb valors de m/z
idéntica, com és el cas dels oligdbmers d’'una mateixa proteina. Si aquests ions tenen
mida diferent, es pot emprar |'espectrometria de mobilitat ionica (IM) que separa els
ions en fase gas en funcié de les seves mobilitats, que és aproximadament
proporcional a la seva relacié6 mida-carrega [123, 138]. La IM és una eina molt
important per a la investigacié en proteomica si s’acobla en linia amb la MS (IM-MS),
ja que llavors s’obtenen espectres en tres dimensions, amb una dimensié de
separacié addicional (m/z, intensitat i IM) [144-145]. La IM-MS s’utilitza per separar i
caracteritzar isomers, conformers, oligomers complexos i, en general, tot tipus d’ions

amb la mateixa m/z que tinguin mobilitats diferents [138, 144-146].

En I'actualitat, hi ha tres dissenys instrumentals comercialment disponibles dels quals
es descriura breument el d’espectrometria de mobilitat ionica de temps de deriva
(DTIMS) per la seva importancia en aquesta tesi doctoral (figura 1.10). La DTIMS va
ser el primer tipus d’IM que es va desenvolupar i ha esdevingut la modalitat més
utilitzada. Per aquest motiu sovint es fa servir les sigles IM en comptes de DTIMS. En
DTIMS els ions en fase gas es mouen a través d'un camp electric continu i homogeni
en preséncia de molecules de gas neutre [138] (figura 1.10). El temps que triguen els

ions en migrar, aixi com la seva velocitat, és directament proporcional a la seva seccio
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transversal de col-lisid (CCS) i inversament proporcional a la seva carrega. La CCS esta
relacionada amb la conformacié i la massa molecular (M) dels ions en fase gas
[123, 144]. Tot i que proporciona una excel-lent resolucio i és la Unica de les tres
modalitats que permet la mesura directa de la CCS, la DTIMS és la que presenta
menor sensibilitat [138]. Aquest fet, es veu compensat, en part, per la utilitzacié

d’interfases de n-ESI, amb els avantatges que aix0 representa [138].

Gas
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Figura 1.10. DTIMS.

1.6. BIOMOLECULES ESTUDIADES. MALALTIES
RELACIONADES

1.6.1. Neuropeptids. Peptids opiacis

Els neuropéeptids tenen un paper fonamental en un gran nombre de processos
fisiologics. Actuen com a hormones i neurotransmissors, regulant les transmissions de
senyals al sistema nervids central. Alguns d’ells estan implicats en la regulacio
d’emocions i d’altres, com els peptids opiacis, estan involucrats principalment en la
percepcio del dolor [147-148].

Els péptids opiacis deuen el seu nom a que actuen produint efectes similars als
analgesics derivats de I'opi, com la morfina. Les seves propietats terapeutiques son
apreciades a la industria farmaceutica perquée no provoquen efectes secundaris com
I’addiccio [147]. A més a més, el seu estudi és de gran rellevancia en recerca

biomedica com a biomarcadors. Alguns autors han relacionat els peptids opiacis
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estudiats en aquesta tesi doctoral amb la fibromialgia i d’altres patologies que es
desenvolupen amb quadres de dolor cronic, com la sindrome de fatiga cronica
[149-151].

L’analisi de péptids opiacis en mostres biologiques (plasma, liquid cerebroespinal,
etc.) resulta una tasca dificil perque es troben a concentracions subnanomolars i la

guantitat de mostra disponible és limitada.

1.6.2. Superoxid dismutasa 1 (SOD-1). Esclerosi lateral amiotrofica
(ALS)

La SOD-1 és una metal-loproteina que protegeix les cel-lules de I'estres oxidatiu, ja
que catalitza la desproporcié dels radicals superoxid per produir oxigen i peroxid
d’hidrogen [45, 152'153] (Oz'_+ 02'_ '|'2H+ 9 02 + H202 )

En estat natiu és un homodimer d’aproximadament 32 kDa que conté un atom de Cu i
un de Zn per cada subunitat de monomer (Cu,Zn,-SOD-1) [45, 153-155].
manteniment de la forma dimerica és essencial per a 'activitat enzimatica [45, 78]. En
aquesta activitat, el Cu** té un paper molt important en I'activitat enzimatica, mentre
que el Zn* contribueix a I'estabilitat estructural [45]. A més a més, la seqléncia
aminoacidica en diferents espécies es troba altament conservada, aixi com els ponts
disulfur que contribueixen a I'estabilitat de I'homodimer [78] (figura 1.11). Aixo
podria explicar la seva elevada estabilitat i la seva eficacia catalitica. Les majors
diferencies entre especies es troben a la resta de PTMs. Les PTMs descrites a la
bibliografia per a la SOD-1 bovina sén el pont de disulfur i 'acetilacié [21] mentre que
per a la humana s’han detectat ponts disulfur, acetilacions, fosforilacions i
glutationitzacions [21, 77].

N2 d’ordre

aminoseds

1 MATRAVCVLRGDGPVOGI INFEQRESNGEPVEVWGS IRGLTEGLHGFHVHEFGDNTAGCTS 60 PO0O441 S0DC_HUMAN
1 VﬂTKP‘ﬁ»dﬂCDquQ»TIHF“Z’tD——TV?”T =SITGLTEGDHGFHVHQFGDNTQGCTS 58 PO0442 SODC_BOVIN

............... * W ARk RE kAR kAR s MR WA kR kW

SODC_HUMAN

61 ACPHFNPLSREHGGPEDEERHVGDLGNVTADEDGVADV EZ:DS?ISTSCDHCZZGQT""' 120 B0
T S0DC BOVIN

59 AGPHENPLEEEHGCEPEDEERHVGDLGNVTADENGV. 118 PO

L R g T S N S T e L L T E T

121 HEFADDLGEKGGNEESTEKTGNAGSRLACGVIGIAC 154 PO0441

e CGVIGIAQ 154 200441  SODC HUMAN  (Tgentity = 8182 %

SOD
119 HEKPDDLGRGGNEESTKTGNAGSRLACGVIGIAK 152 PO0442 SOD

Figura 1.11. Comparacio de la seqiéncia aminoacidica de SOD-1 bovina i la SOD-1 humana.
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La Cu,,Zn,-SOD-1 es troba majoritariament en els eritrocits [156] perd també se’n
troba en fluids biologics extracel-lulars com el plasma, la limfa i el fluid sinovial [157].
Existeixen altres tipus de SOD com la Mn-SOD que es troba principalment als
mitocondris [21, 157] i la Fe-SOD que s’ha aillat en bacteris i que no s’ha trobat en cap

teixit animal [157].

La SOD-1 humana té un gran interés medic ja que es troba relacionada amb I’esclerosi
lateral amiotrofica (ALS) [45]. L’ALS, és la malaltia neurodegenerativa més greu que
afecta a les motoneurones humanes. La seva causa encara és desconeguda i provoca
una paralisi muscular progressiva de pronostic mortal [158]. Les motoneurones son
un tipus de cel-lules que es troben situades al cervell i a la medul-la espinal i que
tenen la funcié de produir els estimuls que provoquen les contraccions dels musculs
de I'organisme. El nom de la malaltia, descrita per primera vegada en 1869 pel metge
frances Jean Marie Charcot (1825-1893), especifica les seves caracteristiques
principals:

- Esclerosis lateral: perdua de fibres nervioses i esclerosis (del grec, okAnpwolg,

“enduriment” en la zona lateral de la medul-la espinal).

- Amiotrofica: atrofia muscular per la inactivitat muscular cronica.

En I'ALS les funcions cerebrals no relacionades amb [’activitat motora, com la
sensibilitat, la funcié sexual i la intel-ligeéncia, es mantenen inalterades. Tampoc es
veuen afectades les motoneurones que controlen els moviments oculars i els
esfinters. Aquesta malaltia afecta especialment a persones amb edats entre 40 i 70
anys i és més freqient entre els homes. Avui dia no existeix cap tractament que
permeti la seva curacid i és una malaltia altament incapacitant, pero hi ha farmacs per

a lluitar contra el conjunt de simptomes que I'acompanyen [158].

Existeixen dos tipus d’ALS: I'ALS esporadica i I'ALS familiar (fALS), que és hereditaria.
Tots dos tipus es caracteritzen per l'aparicié d’agregats fibril-lars intracel-lulars
insolubles de SOD-1. En un 5-10% dels casos de fALS, I'agregacié de la SOD-1 podria
explicar-se per les mutacions trobades a la cadena d’aminoacids de la SOD-1 [21, 48,
153]. A la resta de casos la causa no és tan clara. Alguns autors postulen que
I’agregacio podria iniciar-se amb la dissociacio de la forma dimerica nativa [45, 76-77].
Altres autors creuen que l'alteracié de les PTMs podria tenir els mateixos efectes que

les mutacions [77]. Per verificar ambdues hipotesis és de gran importancia
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desenvolupar metodologies analitiques amb técniques que permetin conservar

I’estructura nativa de la SOD-1 i caracteritzar en detall les seves PTMs.

1.6.3. Pri6 cel-lular (PrP%). Encefalopatia espongiforme
transmissible (TSE)

Prié (PrP) és un terme encunyat en 1982 per Stanley B. Prusiner que es deriva de les
paraules “protein” i “infection” [102, 159]. Les TSEs sén un conjunt de malalties
neurodegeneratives infeccioses de certs mamifers on l'agent responsable de la
transmissié és el prié patologic (PrP>) [80]. Afecten al sistema nervids central i els
simptomes que s’observen sén deguts a 'acumulacié d’agregats amiloides de PrP* a
les cel-lules neuronals, el que origina la mort cel-lular. L’analisi microscopic del teixit
afectat revela lesions com vacuoles que donen al teixit nervidés un aspecte d’esponja
[44, 80, 160]. L'acronim “Sc” prové del terme angles “Scrapie”que deriva d’un dels
simptomes de la TSE de les ovelles, la tendéncia dels animals infectats a rascar-se
compulsivament. A la taula 1.3 és resumeixen les TSEs més importants juntament

amb 'espéecie animal que les pateix.

Tot i que en general, el periode d’incubacid de les TSEs és llarg, una vegada es declara,
la malaltia progressa rapidament fins la mort de l'individu afectat. En humans, la
malaltia de Creutzfeldt-Jakob (CJ), ho fa en forma de demencia. La CJ es pot classificar
en funcié de la seva aparicid en: esporadica (es desconeixen les causes de la seva
aparicié), familiar (hi ha factors d’heréncia genetica) i iatrogenica (deguda al contacte

amb teixits infectats).

TSE Hoste Acronim en anglés
Scrapie Ovellesirosegadors Sc
Encefalopatia espongiforme bovina Bovins BSE
Malaltia de Creutzfeldt-Jakob Humans cl
Malaltia de Gerstmann-Straussler-Scheinker Humans GSS
Insomni fatal familiar Humans FFI

Kuru™ Humans

Taula 1.3. TSEs més importants [44, 81, 102, 160-161]. “El Kuru es va eradicar completament

al prohibir-se les practiques de canibalisme a Papua Nova Guinea.
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El prié cel-lular (PrP%) és una glicoproteina de membrana que es troba a molts teixits,
perd la major concentracié es troba al cervell [166]. Presenta diversos graus de
glicosilacié com es pot observar a |'electroferograma de la figura 1.12 i té activitat

superoxid dismutasa mitjancant el cicle d’oxidacié reduccié del Cu®* [167].

‘) €— 37.0kDa

) €—31.0kDa

() —

Figura 1.12. Analisi per WB d’un patré de PrP“.

a) di-glicosilat, b) mono-glicosilat; c) no glicosilat [81].

S’han postulat diverses hipotesis per a explicar I'aparacié de la CJ, com la mutacié del
gen del PrP¢ o la conversid espontania del PrP¢ en PrP>. Com es pot observar a la
taula 1.4 les seves conformacions son totalment diferents, la qual cosa explicaria la
formacié dels agregats amiloides caracteristics. Les diferencies estructurals no afecten
a la seqliencia d’aminoacids [81-82, 162] perd no esta gaire clar el paper que juguen
les PTMs, especialment la glicosilacié. La modificacié estructural ve acompanyada
d’alteracions molt importants en les seves propietats (veure taula 1.4), que han estat
ampliament utilitzades per a la deteccié de PrP* i la diagnosi de TSEs [81, 162]. En
canvi, I'extraccié i purificacid del PrP¢, donada la seva resisténcia limitada a les
proteases, és molt complicada i el rendiment de tot el procés és relativament baix.
Per aquest motiu s’han realitzat molts estudis estructurals a partir de PrP* i de pri6
recombinant (rPrP), que manté el pont de disulfur perd que no conté la resta de PTMs
[82], ni presenta activitat superoxid dismutasa [161]. La confirmacié d’un diagnostic
de TSE es realitza mitjancant assajos immunohistologics, per WB i per ELISA [162] un
cop ha mort o s’ha sacrificat I'individu malalt, en laboratoris de seguretat biologica 2 o
3, en funcid de la font consultada [168-170]. Per aquesta rad és de gran importancia
el desenvolupament de metodologies analitiques que permetin la deteccid i la
caracteritzacié acurada del PrP* i el PrP° in vivo i durant els estadis inicials de la

malaltia.
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C Sc

PrP PrP
Soluble en detergents no ionics Insoluble en detergents no ionics
Sensible a les proteases Resistent a les proteases
Alt contingut en helix o Alt contingut en lamines 3
S'uneix al coure en condicions fisiologiques No s'uneix al coure en condicions fisiologiques
Alt grau de glicosilacié Baix grau de glicosilacio
No s'acumula S'acumula

Taula 1.4. Principals diferencies entre el PrP%i el PrP* huma [44,81-82, 90, 167, 171].

Una de les possibles vies de transmissié de la TSE en humans, que ja s’ha mencionat
anteriorment, és el consum de carn contaminada amb PrP* provinent d’una vaca
afectada de BSE (“vaca boja”) [44]. D’aquesta mateixa manera és com es creu que
PrP* provinent d’anyells o ovelles amb “Scrapie” va arribar a les vaques, després
d’alimentar-les amb pinsos preparats a partir de materials procedents d’aquests
animals. Després de la mort de diverses persones pel consum de carn contaminada,
les autoritats van haver de prendre mesures, entre d’altres, prohibir aquesta practica
habitual de la industria dels pinsos. Alguns mitjans de comunicacié fins i tot la van

Ill

qualificar d’epidemia. Avui dia, les mesures de prevencio i el resso mediatic del “mal
de les vaques boges” encara és present. Aixo és degut, en part, a que tot i els esforcos
realitzats, les TSE encara no tenen tractament i el seu pronostic tant en animals com a

humans continua essent mortal.
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L’establiment de noves metodologies per a la caracteritzacié del PrP® mitjancant
tecniques de separacid d’alta resolucid acoblades a la MS pot ser d’utilitat per
aprofundir en els mecanismes de conversié del PrP¢ a PrP*. No obstant aixo, aquests
estudis requereixen I'Us de patrons que sovint, com en aquest cas, no es troben

disponibles comercialment i s’"han de purificar a partir dels materials adients.

La purificacié de PrP® a partir de cervell bovi és un procés complicat degut,
especialment, a la seva resisténcia limitada a la proteolisi. Aixd provoca que no es
trobi disponible comercialment i que molta informacio sobre la seva estructura s’hagi
obtingut a partir de I'estudi del rPrP i el PrP*, que es poden obtenir més facilment i en
més quantitat, principalment en el cas del rPrP. Per relacionar tots tres s’han utilitzat
tradicionalment diferents models informatics i representacions tridimensionals,

dicroisme circular, ressonancia magnetica nuclear i WB.

La tecnologia de DNA recombinant permet obtenir quantitats relativament elevades
de rPrP, pero un dels seus grans inconvenients és que la seva funcionalitat es pot
veure afectada perqué no presenta les PTMs caracteristiques del PrP¢. Pel que fa a
I'obtencié del PrP>, els métodes d’extraccid i purificacié descrits a la bibliografia sén
forca uniformes i es basen fonamentalment en la seva resistencia parcial a la proteasa
K i la seva baixa solubilitat en dissolvents no ionics. Pel contrari, no hi ha propietats
tan especifiques que permetin aillar i purificar el PrP® i cada autor suggereix el seu

procediment, amb I’dnic punt en comu, de no fer sevir proteases en cap cas.

En aquest treball, s’ha desenvolupat una nova metodologia d’extraccio i purificacié de
PrP¢ a partir de cervell bovi utilitzant centrifugacié diferencial, SEC, diafiltracid i
Cu™-IMAC. L'optimitzacié de les diferents etapes s’ha avaluat emprant WB per a la

separacid i detecci6 del PrP.
El treball realitzat ha conduit a la seglient publicacié:

e Evaluation of non-immunoaffinity methods for isolation of cellular prion protein
from bovine brain. Borges-Alvarez. M., Marquez M., Benavente F., Barbosa J.,

Sanz-Nebot V. Anal Bioanal Chem. (2012) enviat per a la seva publicacid.
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Article 2.1.

Evaluation of non-immunoaffinity methods for
isolation of cellular prion protein from bovine brain

M. Borges-Alvarez’, F. Benavente**, M. Marquez”, J. Barbosa®, V. Sanz-Nebot"

"Department of Analytical Chemistry, University of Barcelona, 08028 Barcelona, Spain
"Animal Tissue Bank of Catalunya, Department of Animal Medicine and Surgery, Autonomous University of Barcelona, 08193

Bellaterra, Spain

*Corresponding author: fbenaventef@ub.edu, +34-934039123, Fax +34-934021233

Transmissible spongiform encephalopathies (TSEs) are progressive neurodegenerative
diseases that affect the central nervous system of many animals, including humans.
Research suggests that TSEs are caused by conversion of the cellular prion protem (PrP ),
which is encoded in many tissues especially in brain, to the pathological form (PrP®). This

conversion affects PrP™

structure conferring different biochemical properties such as the

increased resistance to protease K that have been widely used for its purification. By
contrast, PrP® is less resistant and its isolation is a challenging purpose. Here, we propose
a purification strategy to efficiently recover PrP® from healthy bovine brain using

conventional,

non-immunoaffinity methods.

The applicability of extraction using

detergents, size exclusion chromatography, diafiltration with molecular weight cut-off
filters and immobilized metal affinity chromatography (IMAC) using western blot (WB)
analysis to detect the presence of PrP* is discussed in detail.

KEYWORDS: Cellular prion protein,

Transmissible spongiform encephalopathies (TSEs)
belong to a group of progressive neurodegenerative
discases that affect the central nervous system in
animals and humans, such as scrapie in sheep and
goat, bovine spongiform encephalopathy (BSE) in
cattle, chronic wasting disease in deer and elk or
Creutzfeldt-Jakob disease (CJD) and fatal familial
insomnia (FFI) in humans [1]. The causative agent of
TSEs is believed to be linked to the presence of a host
encoded prion protein PrP [2]. TSEs are manifested
as sporadic, infectious or genetic disorders that are
characterized by accumulation of the abnormal
scraplc isoform (PrP*) of the cellular prion protein
(PrP“), which is mostly expressed in the brain [1].
The critical event in TSE pathogenesis has been
proposed to be the conformational transition from the
native PrP to the disease-related PrP*[2]. This post-
translational  conversion involves non-covalent
modifications, leading to aggregation of PrP% into
scrapie associated fibrils, which form the typical
proteinaceous plaques. The appearance of these
plaques and the spongiibrm modifications of the grey
matter are the main histopathological features of
TSEs [3]. PrP* contains two N-linked glycosylation
sites and is a glycosylphosphatidylinositol (GPI)-
anchored membrane protein with a higher content of
a-helices than B-sheets in the secondary structure [2,
4-14]. In contrast with PrP®, PrP* isoform is partially
protease K resistant, it is insoluble in non-ionic
detergents and it does not bind to copper [9]. These
specific biochemical properties have been widely
used for differentiation between PrP™ and PrP",
facilitating purification and detection of PrP* as well
as dlagnosm of TSEs [5]. In contrast, isolation of
native PrP® from brain tissue is more challenging and
many authors have preferred to use recombinant
prion proteins (rPrP) expressed in Escherichia coli as
standard, because it is casier to obtain and purify with

SEC,

IMAC, purification, Western Blot.

large recoveries [2, 6-7, 10, 15-17]. However, rPrP is
unlikely to be truly representative of PrP®, because

the recombinant protein expressed in £. Coli lack of

the post-translational modifications of the native
mammalian protein [2, 7, 10-11]. Therefore,
developing efficient methods for large scale
purification of PrP® in its natively folded form with
all its post-translational modifications is critical to

obtain standards for clucidation of the mechanisms of

conformational transition to PrP>.

In general, methods for isolation of PrP from brain
include a first step of preparation of brain
homogenates and subcellular fractionation by
differential centrifugation to obtain the membrane
fraction, Then PrP" is separated from the membrane
with the use of detergents or a specific lipase called
phosphatidylinositol-specific phospholipase C (PI-
PLC). Soluble fractions containing PrP¢ are pooled
and purified by immunoprecipitation [18],
diafiltration using molecular weight cut-off filters | 7]
or chromatographic techniques, such as cationic
exchange chromatography [2, 12, 19], immobilized
Cu®" or Co” affinity chromatography (Cu®” or Co™'-

IMAC) [2-3, 7, 12, 20], immunoaffinity
chromatography  (IAC) [19], lectin  affinity
chromatography  [21] or size  exclusion

chromatography (SEC) [20, 22]. Here, we describe a
procedure that does not include immunoaffinity-
based steps, which are the gold standard proposed by
others due to the excellent sclectivity [23, 24].
However, immunoprecipitation and [AC are difficult
to scale-up due to the elevated costs, poor recoveries
and limited stabll]ty of anti-PrP* sorbents [12]. In our
method, PrP extracted from the membrane fraction
obtained by centrifugal filtration of the brain
homogenates, was purified using SEC followed by
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diafiltration and Cuz’-IMAC and using western blot
(WB) analysis for PrP" detection.

MATERIALS AND METHODS

Chemicals and reagents

All chemicals used in the preparation of buffers and
solutions were of analytical reagent grade. Acetone,
methanol, ethanol, hydrochloric acid (25%),
trifluoroacetic acid (TFA), ammonia (25%) and
copper (II) sulfate pentahydrate were supplied by
Merck (Darmstadt, Germany). Carbonic anhydrase
from bovine erythrocytes (CA) and imidazole were
purchased at Fluka (Madrid, Spain). Potassium
chloride, sodium chloride, ribonuclease A from
bovine pancreas (RNasc A), DL-dithiothreitol (for
clectrophoresis), bovine serum albumin (BSA),
albumin from chicken egg white (ALB), superoxide
dismutase 1 (SOD-1) from bovine erythrocyles,
sodium bicarbonate, sucrose, Tween 20 and N-
dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate were supplied by Sigma (Madrid,
Spain).  Tris(hydroxymethyl)aminomethane  and
ethylenediaminetetraacetic acid disodium salt were
purchased at J. T. Baker (Deventer, The Netherlands)
and Panreac (Barcelona, Spain), respectively.
Aprotinin from bovine lung, leupeptin hemisulfate
and pepstatin A were supplied by Calbiochem
(Darmstadt, Germany). Water with a conductivity
value lower than 0.05 puS/cm was obtained using a
Milli-Q water purification system (Millipore,
Molsheim, France).

Protein standard solutions and samples

0.5 mg-mL” individual solutions and a mixture of
BSA, ALB, CA and RNase A were prepared in one
of the mobile phases (MP) tested in SEC (10 mM
Tris and 0.15 M KCL, pH 7.5, SEC mobile phase 2,
SEC MP-2). A | mg:mL" solution of commercial
SOD-1, which is an homodimer formed by two
identical monomers which coordinates one Cu®" and
Zn®" per unit (CusZns,-dimer SOD-1) [25], was
demetalated to obtain Apo-SOD-1 by acidification
with TFA and diafiltration following a procedure
described elsewhere [26]. The final Apo-SOD-I1
solution of approximately 1 mg-mL™" was prepared in
SEC MP-2 and was used as a standard for Cu®'-
IMAC.

The brain of a healthy 4-years-old Pyrenean Brown
female cow tested negative for BSE was provided by
the Animal Tissue Bank of Catalunya (BTAC) of the
Autonomous University of Barcelona (Bellaterra,
Spain). It was cut into slices and stored at -80°C until
its use.

Extraction
PrP“ was extracted from the membrane fraction
combining and adapting different parts of several
methods described in the literature [2-3, 7, 12, 19-20,
22, 27-28].

To hinder denaturation and inactivation processes, all
steps were performed at 4 °C. After thawing,
approximately 40 g of midbrain was homogenized
with a Polytron PT-10-35 (Kinematica AG, Lucerne,
Swithzerland) for three periods of five seconds
separated by a 10s break in an erlenmeyer containing

200 mL of ice-cold homogenation buffer (10 mM
Tris, 100 mM KCI, 320 mM sucrose, | mM
dithiothreitol, 1 mM NaHCOs, 5 pg-mL™" leupeptin
and 10 pg-mL™" aprotinin, pH 7.5). To collect the
membrane  fraction, the homogenates  were
centrifuged at 5500 rpm during 10 min at 4°C
(Centrifuge TM Avanti TM J-25, Beckman Coulter.
Rotor: JA 25.5). The pellet was removed and saved,
and the resulting supernatant was centrifuged at
10000 rpm during 10 min. The new pellet was
collected and mixed with the previous one. Both
pellets were solubilised in 60 mL of incubation
solution (1 % (w/v) N-dodecyl-N,N-dimethyl-3-
ammonio-1-propanesulfonate (zwittergent 3-12), 5
pg-mL™" leupeptin, 10 pg-mL™" aprotinin and 1
ug-mL™" pepstatin) using mechanic agitation during
90 min. Then, 90 mL of dilution buffer (10 mM Tris,
100 mM KCl, 5 pgmL” leupeptin, 10 pg-mlL’!
aprotinin and 1 pg-mL"' pepstatin, pH 7.5) were
added to make a final concentration of 0.4 % (w/v) of
N-dodecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate. The suspension was stirred
overnight and later centrifuged at 30000 rpm for 3 h
at 4°C (Ultracentrifuge TM L-90K, Beckman Coulter.
Rotor: 35). The final supernatant was separated and
subsequently filtered through 0.45 and 0.22 pm nylon
filters (MSI).

Purification

Size Exclusion Chromatography (SEC)

Before SEC, the filtered extract was concentrated 5
times using Amicon Ultra-10 centrifugal devices
(Molecular weigth cut-off, MWCO, 10000 Da)
(Millipore, Beverly, MA, USA) at 4100 rpm in a
Rotanta 460 centrifuge at 4°C (Hettich Zentrifugen,
Tuttlingen, Germany).

SEC was performed with a HiLoad 16/60 Superdex
75 prep grade column (GE Healthcare, Uppsala,
Sweden) wusing a HP 1100 series liquid
chromatograph with a diode array detector (Agilent
Technologies, Waldbronn, Germany). Instrument
control, data acquisition and data processing were
performed using the Chemstation LC3D software
(Agilent Technologies). With the pressure of this
semi-preparative column as a limiting factor, the flow
rate was set up to the highest possible (1.5 ml-min™)
to achieve a reasonable separation time (90 min/run).
The column was first equilibrated with one column
volume of 10 mM Tris and 0.015 M KCI, pH 7.5
(SEC mobile phase 1, SEC MP-1) and then with four
column volumes of 10 mM Tris, 0.15 M KCI, pH 7.5
(SEC MP-2). Absorbance was monitored at 220 nm.
A calibration curve was constructed by injecting 1
mL of the mixture of protein standards, afler
identification using individual solutions. The
concentrated extract was fractionated injecting
volumes of 1 mL and using an LKB Bromma 2212
Helirac fraction collector (LKB, Bromma, Sweden)
to collect fractions at 7 min. intervals after 2 min. of
the injection. Fractions potentially containing PrP®
were merged and concentrated 15 times using
Amicon Ultra-10 or -50 centrifugal devices (MWCO
10000 or 50000 Da, respectively) (Millipore) as
indicated at the beginning of this subsection.
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Diafiltration using MWCO filters

A single step of diafiltration using different MWCO
filters was tested as an alternative to purification with
SEC. 15 mL of the filtered extract were centrifuged
using Amicon Ultra-30, -50 or -100 centrifugal
devices (MWCO 30000, 50000 and 100000 Da,
respectively) (Millipore) until reducing the volume to
3 mL (4100 rpm, 4 °C, Rotanta 460 centrifuge).

Immobilized metal affinity chromatography
(IMAC)

IMAC was performed with a HiTrap IMAC HP (1
mL) and Hi Prep IMAC FF 16/10 (20 mL) (GE
Healtheare, Uppsala, Sweden) columns using an HP
1100 series liquid chromatograph with a diode array
detector  (Agilent  Technologies)  measuring
absorbance at 220 nm. Instrument control, data
acquisition and data processing were performed using
the Chemstation L[LC3D  software (Agilent
Technologies). Separation and fraction collection
were optimized using a standard solution of Apo-
SOD-1. Commercial SOD-1 was demetalated in order
to ensure retention in Cu”'-IMAC columns.

HiTrap IMAC HP (I mL)

All the experiments were performed at a flow rate of
1 mL-min”. The column was loaded with 5 mL of
copper solution (0.1 M CuSQ,), washed with 5 mL of
binding buffer (20 mM Tris, 0.5 M KCI and 1 mM
imidazole, pH 7.5), 5 mL of ¢lution buffer (20 mM
Tris, 0.5 M KCl and 0.5 M imidazole, pH 7.5) and
again with 3 mL of binding buffer. Then the
concentrated fractions from SEC or the single-step
diafiltration process were applied on to the column.
After washing with 7 mL of binding buffer, the
bound proteins were eluted with 5 mL of clution
buffer. The fraction containing PrP® was collected
using the fraction collector. Before a new injection,
the column was equilibrated with 5 mL of binding
buffer. After 5 runs (1 blank and 4 samples), copper
was removed from the column using 15 mL of EDTA
solution (0.5 M KCI and 50 mM EDTA) and
equilibrated with 5 mL of binding buffer.

Hi Prep IMAC FF 16/10 (20 ml)

Unless otherwise indicated, the flow rate was set up
at 2 mL-min™ The column was loaded with 20 mL of
copper solution, washed with 40 mL of binding
buffer, 20 mL of clution buffer at 4 mL-min™' and
equilibrated with 20 mL of binding buffer. Then the
concentrated fractions from SEC or the single-step
diafiltration process were applied on to the column.
After washing with 40 mL of binding buffer, the
bound proteins were eluted with 20 ml of elution
buffer at 4 mL-min"". The fraction containing PrpP®
was collected using the fraction collector. Before a
new injection, the column was equilibrated with 20
mL of binding buffer. After 5 runs (1 blank and 4
samples), copper was removed from the column
using 25 mL of EDTA solution and equilibrated with
20 mL of binding bufter.

The fraction containing PrPC, with both columns, was
concentrated until 200 pl. using Amicon Ultra-10
centrifugal devices (MWCO 10000 Da) (4100 rpm, 4
°C, Rotanta 460 centrifuge).

Western Blot (WB)

SDS polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out at 200 V during 45 min. PrP*
positive control of Prionics (Schieren, Switzerland),
digested and non-digested PrP™ control and
molecular mass standards (Kaleidoscope, Bio-Rad)
were included in the gel. 10 uL of each sample were
loaded into the wells. After running, prior to protein
transler, PVDF membranes Immobileon-P (Millipore,
Molsheim, France) were pre-treated with methanol
(some seconds) and equilibrated with transfer buffer
(25 uM Tris, 192 uM glycine, containing 10 %
methanol (v/v)) for 15 minutes at room temperature.
Protein transfer was done at 90 V for 90 min. with
continuous cooling at 4 °C. After protein transfer, the
PVDF membranes were blocked with PVDF blocking
buffer diluted 5 times (Prionics) for 30 min. with
agitation at room temperature. Then, membranes
were incubated with a 1:5000 dilution of 6H4
antibody (Prionics) with agitation overnight at 4 °C.
After incubation, membranes were washed 4 times
for 5 min. with TBST (Tris-Buffered Saline and
Tween 20) (25 uM Tris, 2.6 uM KCI and 137 uM
NaCl, pH 7.4 with 0.05 % (v/v) Tween-20) and then
incubated with a 1:5000 dilution of the secondary
antibody (Prionics) with agitation for 1 h at room
temperature. Then, membranes were washed as
before. After washing, membranes were incubated
with a 1:10 dilution of the luminescence buffer
(Prionics) and dried. Diluted CDP-Star (Disodium 2-
chloro-5-(4-methoxyspiro[ 1,2-dioxetane-3,2"-(5-
chlorotricyclo[3.3.1.13.7]decan])-4-yl]-1-phenyl
phosphate) was added (Applied Biosystems,
Carlsbad, California) to the membranes and
maintained for 5 min. in the dark without agitation.
Finally, chemioluminescence was directly measured
up to 40 min.

pH measurements were performed with a Crison
2002 potentiometer (Crison Instruments, Barcelona,
Spain) and a ROSS electrode 8102 (Orion Research,
Boston, MA, USA).

RESULTS AND DISCUSSION

The methodology described in this paper can be
divided in two parts. The first part consists in the
extraction of bovine PrP® and the second one is
related to purification.

Extraction

Bovine PrP“ was extracted from the brain of a
healthy cow combining and adapting different parts
of several methods described in the literature [2-3, 7,
12, 19-20, 22, 27-28]. After homogeneization of the
brain sample, the fraction containing the PrP*, which
is anchored to the cellular membranes, was separated
by differential centrifugation [2, 4-14]. After
discarding the supernatant, the PrP“ was released
from the membranes by using an appropriate non-
ionic or zwitterionic detergent [7, 20, 29]. Detergent
election (e.g. octyl glucoside, triton X-100 or
zwittergent  3-12) depends on its denaturing
properties, the kind of the samples and the ease of
elimination [29-31]. We chose zwittergent 3-12
because it was the optimal in terms of cost and
effectiveness. Once the PrP“ was released from the
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membranes, the debris were separated and discarded
by ultracentrifugation. It is worth mentioning that in
all the stages of the extraction process a mixture of
protease inhibitors was added and temperature was
maintained at 4 °C in order to prevent PrP®
degradation [2-3, 19, 27]. We did not use sucrose as
stabilizer, as some authors also recommend during
incubation to release PrP¢ from the membranes [32-
33], because the final extracts were too dense to be
easily filtered.

Purification

SEC

We decided to apply SEC as the first purification step
so as Lo increase later the effectiveness of IMAC due
to the elimination of a large quantity of proteins that
could hinder the interaction of PrP with the
immobilized copper by unspecific interactions. In
order to reduce sample volume to a certain extent
before SEC, avoiding an extremely long and tedious
purification process, we concentrated the filtered
extract using 10000 Da MWCO centrifugal devices.
The effectiveness of filtration was confirmed
checking by WB analysis that PrP was detected in
the concentrated solution but not in the filtrates.
Figure 1 shows the WB analysis of the molecular
weight markers (lane 5), a positive control of prionics
(rPrP, lane 4), a concentrated extract using 10 kDa
MWCO centrifugal devices (lane 3), a proteinase K
digested homogenate of bovine brain infected with
(BSE) (PrP™, lane 2) and a filtrate of the extract
using the centrifugal filters (lane 1). The primary
antibody recognized all the PrP forms. Thus, rPrP
(lane 4) appeared as a single band around 23 kDa
because lacks of the post-translational modifications
observed in PrP* (lane 2) that showed a wider band
distribution due to the different glycoforms.

Figure 1. WB analysis of

i <16kEa a standard mixture of MW
4 132kDa markers  (lane 5 a
positive control of
78kDa prionics (rPrP. lane 4), a
concentrated extract using
10 kDa MWCO
i centrifugal devices (lane
- 45.7kDa 3n  a protemase K
32.5kDa digested homogenate of
bovine brain infected with
(BSE) (PrP™. lane 2) and
a filirate of the extract
using  the  centrifugal

12345 filters (lane 1).

However, the large exposure time applied to detect, if
present, the low concentration of PrP" expected in the
filtrates made hardly possible to detect the glycoform
patterns of PrP> described in other works [3-4, 14,
34]. In a similar way, the analysis of the concentrated
extract that was supposed to contain PrP® also
generated an intense band that covered a wide
molecular weight range (lane 3), probably because of
the high concentration of PrP*. Lane 1 clearly shows
that PrP was not detected on the filtrate confirming
that(_thosc devices were useful for preconcentration of
PrP™.

Figure 2 shows the SEC chromatograms obtained
under optimal conditions for the mixture of protein
standards used for calibration (a.i) and the extract
before (b) and after preconcentration (c.i) using
10000 Da MWCO filters. Four protein standards with
MW that covered most of the dynamic range of the

SEC column (3000-70000 Da) and the expected MW
of bovine PrP° isoforms (~37-35 KDa , ~32-28 Kda
and ~27-25 kDa for di-, mono- and un-glycosylated
forms [14, 35]) were chosen for calibration and
confirmation of excellent method reproducibility,
namely BSA (66000 Da), ALB (44300 Da), CA
(29000 Da) and RNase A (13700 Da),. As can be
observed from the chromatogram of the standard
mixture (Figure 2-a.i) and the calibration curve
(Figure 2-a.ii), all of them, as well as several
impurities, eluted between 30 and 60 min. ordered by
decreasing MW. However, they were not baseline
resolved due to the limited separation efficiency
achievable with a low-pressure semipreparative
column. With regard to the chromatograms of the
extracts (Figure 2-b and 2-c.i), the detected
components were eluting between 25 and 60 min.
suggesting that there were components of MW higher
than 66000 Da (MW of BSA), which would not be
retained in the column. The larger components were
especially abundant in the preconcentrated extract
(Figure 2-c.i), probably due to the increased
formation of molecular oligomers in the concentrated
solution. However preconcentration was necessary in
order to purily the total amount of raw extract in a
reasonable time. In the chromatogram of Figure 2-c.i
we have indicated the fractions that were collected
after SEC and analyzed by WB (labeled from H to L).
In accordance to the MW of the different isoforms
indicated above, PrP" was supposed to elute after 40
min. in fraction K and L that corresponded to smaller
components than ALB (44300 Da). However, instead
of eluting in these fractions, it was detected in
fractions I and J (Figure 2-c.ii), which corresponded
to components with MW higher than 44300 Da
(ALB). This fact agreed with oligomerization of
PrPY, as suggested before, a process that could be
promoted by the presence of a great amount of
proteins and other components in the extracts before
and after preconcentration.

Diafiltration using MWCO filters

The potential presence of PrP® oligomers in the raw
extracts, mostly with MW over 70000 Da that was
the upper limit of the SEC column dymamic range,
led us to explore as an alternative the suitability of
single-step purification by diafiltration using 30, 50
or 100 kDa MWCO filters. In order to separate the
fractions of proteins with MW comprised between
100 and 30 or 50 and 30 kDa, we passed the extract
first through the filter of higher MWCO (100 or 50
kDa) and the filtrate was subsequently filtered with
the other one (30 kDa MWCO). Although we were
supposed to detect by WB analysis the PrP® after the
whole process with 100-30 kDa or 50-30 kDa filters,
in the retentates from the last filtration with 30 kDa
MWCO filters, concentration was extremely low in
both cases. Detection was only possible after a 60-
fold preconcentration and a long exposure time of
WB membranes. This fact, together with detection of
a high amount of PrP" in the retentates from the first
filtration with 100 or 50 kDa MWCO filters,
confirmed that PrP® was mostly present as oligomers
of MW higher than 100 kDa. Therefore, diafiltration
using 100 kDa MWCO filters was the best alternative
to SEC in terms of time, solvent or reagent
consumption, simplicity and ease of handling.
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Figure 2. SEC analysis. A) Calibration: (i)
chromatogram of the mixture of protein standards
and (i) calibration curve. Bovine serum albumin
(BSA), albumin from chicken egg white (ALB),
carbonic anhydrase from bovine erythroeytes (CA)
and ribonuclease A from bovine pancreas (RNase
L Ak (B) Chromatogram of the extract  without
- = preconcentration. (i) Chromatogram of the extract
Hl JKL after preconcentratio using 10 kDa MWCO

IMAC

IMAC can be ogcralcd with different metallic ions
such us Cu®*, Zn®", Co™ and Ni** [2-3, 12, 36]. Metal
election depends on the type of the application as
well as the target protein. PrP® binds Cu®" under
physiological conditions through the PHGGGWGQ
peptide octarepeats contained in the 60-91 residues
region [8, 13, 37-40]. PrP° can bind other metals
although the affinity to Cu® is the highest one [37],
hence Cu™'-IMAC has been extensively preferred for
purification [2, 3, 7, 12, 20]. In general, Cu®'-IMAC
is applied after some preliminary steps of
fractionation, such as those presented in this paper
(SEC or diafiltration), because a higher separation
selectivity and reproducibility is expected.

i)

min

centrifugal devices. (i) WB analysis of the collected
fractions.

Figure 3.i shows the chromatogram corresponding to
a SEC extract concentrated with 10 kDa MWCO
filter and a blank acquired in the same conditions
using 1 mL IMAC columns. As it can be observed, at
the beginning of the chromatogram (fraction I1-1)
were detected non-retained components of the extract
that were eliminated during the loading or washing
steps. Retained proteins, which were supposed to
have affinity to Cu”", were eluted at around 20 min.
as an intense sharp peak in the front of the large wide
band due to the increase of imidazole concentration
(fraction [1-3). As can be observed in Figure 3.11, WB
analysis of the different fractions revealed that
concentration of PrPC was extremely high in fraction
I1-1 and extremely low in fraction I1-3. This

Figure 3. Cu**-IMAC with | mL
columns. (i) Chromatogram of a
blank sample (dashed line) and the
solution  resulting  after  merging
fractions 1 and I of SEC [ollowed by
preconcentration with 10 kDa
MWCO  centrifugal  devices (solid
line). (i) WB analysis of the collected
fractions

EEES
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suggested that most of the PrP“ was not retained,
probably because of the limited loading capacity of
the 1 mL IMAC columns, which would be rapidly
overloaded with the extract. Furthermore, we could
not discard that other proteins from the complex
concentrated extract could interfere in PrP® retention.
These were the reasons why we decided to evaluate
larger IMAC columns (20 mL). In order to take into
account our previous observations with SEC and
diafiltration, we compared results for an extract
purified by SEC followed by diafiltration (100 kDa
MWCO) and those obtained for another subjected
only to diafiltration (100 kDa MWCO).

Figure 4-a shows the IMAC chromatogram (i) and
the WB analysis (ii) corresponding to purification of
the SEC fractions 1 and J (Figure 2-c¢) merged and
concentrated by diafiltration. In accordance to the
WB, the electropherogram (Figure 4-a.i) showed that
PrP® was predominantly detected in fractions 120-7
and to a less extent in 120-8, which corresponded to
elution. Therefore, PrP® was efficiently recovered
and separated from the rest of proteins, which were
climinated during the loading and washing steps as
can be observed in the first part of the chromatogram.
However, loading capacity of 20 mL IMAC columns
was not enough to recover the PrP¢ from the extracts
when they were subjected only to diafiltration. Figure
4-b shows the IMAC chromatogram (i) and the WB
analysis (ii) corresponding to purification of the
retentates obtained after a single-step diafiltration.
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As can be observed, now the peak corresponding to
PrP¢ was moare intense in 120-7 fraction (around six
times), but PrP“ was also significantly detected
immediately before and afier, in fractions 120-6 and
[20-8 (lanes 120-6 and 120-8). This elution pattern
could be due to column overloading. Another fact
pointing to column overloading with PrP¢ and other
sample components was the presence of intense
chromatographic peaks in fractions 120-2, 120-3, 120-
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4 and 120-5 and detection of small amounts of PrP®
by WB in fractions 120-2, 120-3 and [120-4 (lanes B
120-2, 120-3 and 120-4, respectively). Extraction
efficiency could be improved to achieve higher
recoveries applying diluted diafiltration retentates in
the IMAC columns, but at the cost of increasing the
whole time for purification. In contrast, SEC
purification followed by diafiltration was a longer
procedure that results in dilution. I and J fractions
could be further concentrated by diafiltration to avoid
excessive time, reagent and solvent consumption.
Using the single-step diafiltration procedure before
IMAC and taking into account that the detection limit
of WB is in general around 0.1 ng -uL" of protein
[41], we estimated that 0.26 pg of PrP" could be
purified from 40 g of brain tissue. This recovery is
similar to the values reported with other methods that
are longer, more complex or require immunoaftinity-
based purification steps [2,7,12].

CONCLUSION

We have developed an efficient extraction and
purification procedure of PrP® from healthy bovine
brain using conventional, non-immunoaffinity
methods and western blot (WB) analysis to detect the
presence of PrPY. Once obtained the PrP® extracts,
diafiltration with 100 kDa MWCO centrifugal
devices followed by semipreparative Cu* " IMAC was
the fastest procedure to purify PrP® with the largest
recoveries. The use of SEC, before diafiltration and

Figure 4. Cu -IMAC with 20 mL
columns. {A) (i) Chromatogram of
the solution resulting after merging
fractions | and J of SEC followed
by preconcentration with [0 kDa
MWCO centrifugal devices and
(ii) WB analysis of the collected
fractions. B (i) Chromatogram of
the retentate obtained afier a single
step preconcentration  with 100
- R — kDa MWCO centrifugal devices

and (i) WB analysis ol the
collected fractions.

: .

9-021

Cu’"IMAC was time consuming and unnecesarily
extended the purification procedure. As PrP* tended
to form oligomers with MW higher than 100 kDa,
which was much over the upper limit of the SEC
column dymamic range, it was more useful to use a
single-step diafiltration with 100 kDa MWCO
membranes. In order to achieve the best recoveries
Cu’"IMAC it is important to arrive to a compromise
between the whole purification time and protein
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concentration in the loaded samples to avoid column
overloading. The procedure described in this paper
could be scale-up at a reasonable cost.
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Capitol 3

La SOD-1 és un metal-loenzim homodimeéric amb Cu i Zn que com el PrPS, es relaciona
amb una malaltia neurodegenerativa caracteritzada per la formacié d’agregats

proteics, I’ALS, presenta afinitat pel Cu i una activitat enzimatica del mateix tipus.

En aquest treball s’"ha posat a punt una metodologia analitica per a la separacio i
caracteritzacié de SOD-1, emprant MALDI-TOF-MS, CE-UV i CE-IT-MS. S’ha utilitzat
SOD-1 bovina que, a diferéncia de la SOD-1 humana o el PrP€ bovi, es troba disponible
comercialment. Aquestes metodologies, constitueixen el punt de partida per abordar
posteriorment I'analisi de la SOD-1 en mostres de sang humana. Com veurem en el
proxim capitol d’aquesta tesi, a diferéncia del PrP® bovi, la SOD-1 humana es pot
obtenir de manera relativament senzilla i en quantitats elevades purificant-la

adequadament a partir dels eritrocits de la sang.

A la bibliografia existeixen diversos metodes d’analisi de SOD-1, pero gairebé tots
detecten només el monomer desmetal-lat, ja que utilitzen unes condicions que
provoquen la perdua del metall i la destruccié de I'estructura homodimerica. Un dels
grans objectius d’aquesta tesi ha estat I'establiment de metodologies analitiques que
permetessin preservar I'estructura nativa d’aquest biomarcador proteic, tant des del
punt de vista de les PTMs com des del punt de vista de I'estructura dimeérica. En
aquest sentit, com ja s’ha apuntat a la introduccié, alguns autors han relacionat la
monomeritzacid i les PTMs de la SOD-1 humana amb els processos d’oligomeritzacié
que precedeixen a la formacié dels agregats caracteristics de certes malalties

neurodegeneratives.
El treball realitzat ha conduit a la seglient publicacio:

e Capillary electrophoresis/mass spectrometry for the separation and
characterization of bovine Cu,Zn-superoxide dismutase. Borges-Alvarez M.,
Benavente F., Barbosa J., Sanz-Nebot V., Rapid Commun Mass Spectrom., 24
(2010) 1411-1418.
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Capillary electrophoresis/mass spectrometry for the
separation and characterization of bovine Cu,Zn-
superoxide dismutase
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The native form of Cu,Zn-superoxide dismutase (SOD-1) is a homodimer that coordinates one Cu**
and one Zn** per monomer. Cu®* and Zn** ions play crucial roles in enzyme activity and structural
stability, respectively. In addition, dimer formation is essential for SOD-1 functionality, and in
humans several SOD-1 mutant isoforms have been associated with certain types of amyotrophic
lateral sclerosis (ALS), a progressive neurodegenerative disorder. In this paper we used capillary
electrophoresis and mass spectrometry to study the different structures of bovine SOD-1. The metal
ions of the native enzyme (Cuy,Zn,-dimer SOD-1) were released in acidic medium in order to obtain
apo-SOD-1, which is a monomer. Both substances were analyzed by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and capillary electrophoresis with
ultraviolet and electrospray ionization mass spectrometry detection (CE/UV and CE/ESI-MS, respect-
ively). With MALDI-TOF-MS, using matrices of sinapinic acid (SA) or 2,5-dihydroxybenzoic acid
(DHB) with or without trifluoroacetic acid (TFA), similar mass spectra were obtained for the
metalated and non-metalated samples. In both cases, an average molecular mass corresponding to
the apo-monomer SOD-1 was calculated. This finding indicated that the metals were released from
the Cuy,Zn,-dimer SOD-1 during sample preparation or ionization. For CE/UV and CE/ESI-MS, two
background electrolytes (BGEs) potentially compatible with ESI-MS detection were used, namely
1M of acetic acid (pH 2.3) and 10 mM of ammonium acetate (pH 7.3). Using a sheath liquid of 2-
propanol/water (60:40 v/v), with or without 0.1% v/v of formic acid, CE/ESI-MS sensitivity was
enhanced when the acidic BGE and the acidic sheath liquid were used. However, the electrophoretic
profiles and the mass spectra obtained suggested that the metals of Cu,Zn,-dimer SOD-1 were
released, which generated the apo-monomer during the electrophoretic separation. The neutral BGE
provided enhanced conditions for the detection of the native enzyme. The differences between
the mass spectra obtained for the Cu,Zn,-dimer and the apo-monomer forms were significant and
the presence of formic acid in the sheath liquid affected only sensitivity. Our results highlight the
importance of selecting appropriate non-denaturing separation and detection conditions to obtain
reliable structural information about non-covalent protein complexes by CE/ESI-MS. Copyright ©
2010 John Wiley & Sons, Ltd.

Cu,Zn-superoxide dismutase (SOD-1) catalyzes the conver-
sion of superoxide anion to produce oxygen and hydrogen
peroxide, thereby protecting cells from oxidative stress.'”
The native enzyme is a homodimer that coordinates one
copper and one zinc ion per monomer (Cu,Zn,-dimer), while
glycation in vivo is negligible.*® Cu®" and Zn*" ions play
crucial roles in enzyme activity and structural stability,
respectively. In addition, dimer formation is essential for
SOD-1 function. Comparison of the structural features of
various species shows that this enzyme has been highly
conserved during evolution, which may explain both its high
stability and catalytic efficiency.®

*Correspondence to: V. Sanz-Nebot, Department of Analytical
Chemistry, University of Barcelona, Diagonal 647, 08028 Barce-
lona, Spain.

E-mail: vsanz@ub.edu

The polymorphism associated with amino acid changes in
SOD-1, resulting from gain-of-function mutations, is related
to familial amyotrophic lateral sclerosis (FALS) and sporadic
ALS>'1* These progressive neurodegenerative disorders,
which affect motor neurons, may be caused by aggregation
of the enzyme, which could be triggered by misfolding,
monomerization or oligomerization of the SOD-1 mutant
isoforms.® 12

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS), electrospray ioniz-
ation mass spectrometry (ESI-MS) and liquid chromatog-
raphy/electrospray ionization mass spectrometry (LC/ESI-
MS) have been used in clinical diagnosis for the detection and
identification of protein isoforms and abnormally increased
modified proteins, such as hemoglobin, transthyretin, SOD-1
or transferrin.>'®'® Under certain conditions (low pH,

Copyright © 2010 John Wiley & Sons, Ltd.
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oxidation, treatment with chelating or chaotropic agents, . . .),
the metal ions of SOD-1 are released in part or totally from
the amino acidic structure, thereby leading to the metal-
deficient dimer forms, the apo-dimer forms or the completely
dissociated apo-monomer forms of the enzyme.
general, the experiments were performed under such
denaturing conditions because the main interest was to
obtain average molecular mass values to differentiate
between the isoforms detected. Sato et al. reported a simple
method based on immunoprecipitation followed by
reversed-phase LC/ESI-MS to detect several SOD-1 isoforms
in human erythrocytes.>'''> Reduction of the protein
disulfide bonds with dithiothreitol was required before
separating SOD-1 from the antibody using a linear gradient
with hydro-organic mobile phases containing a high content
of acetonitrile (>28% v/v) and acetic acid (2% v/v).>'"'?
Under these experimental conditions, the native enzyme
dissociated into monomers; however, the mass spectra of
these forms allowed the differentiation of SOD-1 mutant
isoforms from patients with fALS. Similarly, but to a lesser
extent, capillary electrophoresis (CE) has been used in the
clinical diagnosis of protein-related disorders. However, CE
is the technique of choice for the separation and character-
ization of protein glycoforms.'®" The separation and
characterization of alpha-l-acid glycoprotein, fetuin and
erythropoietin have recently been described using back-
ground electrolytes of 1M of acetic acid in water or in
methanol /water (20:80 v/v)."° In general, for optimum
detection sensitivity by CE/ESI-MS using sheath-flow
interfaces in the positive ion mode, acidic BGEs and sheath
liquids are preferred.'®"” However, these conditions may

12
12

disrupt protein conformation or the weak forces holding
non-covalent complexes, oligomers or aggregates
together.”™* A number of techniques have been used to
monitor these protein states (e.g. ESI-MS, size-exclusion
chromatography (SEC) and CE/UV*%). CE/UV under
non-denaturing conditions is considered a good analytical
alternative because it minimizes the disruption of non-
covalent association.”>** However, little attention has been
paid to the application of CE/ESI-MS under non-denaturing
conditions to study misfolding, non-covalent complexation,
oligomerization and aggregation of intact proteins in their
native states in solution.”® 7

Here we evaluated MALDI-TOF-MS, CE/UV and CE/ESI-
MS for the separation and characterization of bovine SOD-1.
Special attention is given to the use of non-denaturing
conditions in CE/ESI-MS for the detection of the native form
of the enzyme.

EXPERIMENTAL

Chemicals and reagents

All chemicals used in the preparation of buffers and
solutions were of analytical reagent grade. Acetonitrile
(MeCN), acetone, formic acid (FA), acetic acid (HAc)
(glacial), trifluoroacetic acid (TFA), hydrochloric acid
(25%) (HC), sodium hydroxide (NaOH), potassium chloride
(KCI), ammonia (25%) (NH3), ethanol (EtOH) and 2-
propanol (iPrOH) were supplied by Merck (Darmstadt,
Germany). 3,5-Dimethoxy-4-hydroxycinnamic acid (sinapic

Copyright © 2010 John Wiley & Sons, Ltd.

or sinapinic acid, SA), 2,5-dihydroxybenzoic acid (DHB) and
ammonium acetate (NHyAc) were purchased from Fluka
(Madrid, Spain). Tris [Tristhydroxymethyl)aminomethane]
was purchased from ].T. Baker (Deventer, The Netherlands).
SOD-1 from bovine erythrocytes was supplied by Fluka
(Madrid, Spain). Bovine serum albumin (BSA, 99%) was
obtained from Sigma (St. Louis, MO, USA). Water with a
conductivity value lower than 0.05puS/cm was obtained
using a Milli-Q water purification system (Millipore,
Molsheim, France).

Protein solutions

The average molecular mass of commercial SOD-1 from
bovine erythrocytes (Cu,,Zny-dimer SOD-1, M =31432.5 Da)
was calculated as [apo-SOD-1 (M =15591.3 Da, taking into
account the amino acid sequence and an acetyl group®’)-
+2Zn*" +2Cu*" — 8H'] where masses of Cu®', Zn*'
and H" were 63.5, 65.4 and 1 Da, respectively.” Cu®" and
Zn** were removed by acidification with TFA and diafiltra-
tion. A volume of 500puL of a 2000mgL~"' solution of
CuzZny-dimer SOD-1 was acidified with TFA (final
concentration was 0.1% v/v). The acidic samples were
desalted using Microcon YM-10 centrifugal devices (MWCO
10000 Da) (Millipore, Beverly, MA, USA).° The filter
membrane was initially washed with 500 pL of Milli-Q
water for 10min at 12000 rpm. Then 500 L of the acidified
sample were centrifuged for 10min under the same force.
The residue was washed four times, for 10min in the
same way, with 500 pL of Milli-Q water and the filtrates
were discarded. The residue was recovered from the sample
reservoir by centrifugation upside down into a new vial
(2min at 1000rpm). Finally, sufficient Milli-Q water was
added to adjust the apo-SOD-1 concentration to 2000 mg-L .
The solution of the native enzyme Cu,,Zn,-dimer SOD-1 was
obtained by diafiltrating a 2000mg-L ' solution of the
commercial sample using the same procedure but without
the addition of TFA. Both SOD-1 samples were analyzed by
Cu?*"-immobilized metal affinity chromatography (Cu®'-
IMAC), MALDI-TOF-MS, CE/UV and CE/ESI-MS. A
1000mg-L. ! BSA solution was prepared for MALDI-TOF-
MS calibration.

Immobilized metal affinity chromatography
(IMAC)

IMAC was performed with a 1 mL HiTrap HP cartridge (GE
Healthcare, Uppsala, Sweden) using a HP 1100 series liquid
chromatograph with a diode-array detector (Agilent Tech-
nologies, Waldbronn, Gemmny).28 Instrument control, data
acquisition and data processing were performed using the
Chemstation LC3D software (Agilent Technologies).

All the experiments were performed at a flow rate of
1mL-min !, unless otherwise indicated. As the stationary
phase of the cartridge was supplied without bound metal
ions, it was necessary to load it first. The cartridge was first
washed with 10mL of water to remove the storage buffer
(EtOH /water, 20:80 v/v), then with 5mL of binding buffer
(20mM Tris, 0.5 M KCl, 1 mM imidazole, pH 7.5) followed by
5mL of a Cu®" solution (0.1 M CuSO,). The cartridge was
then ready for sample injection after a rinse with 5mL of
binding buffer to remove excess Cu®". A blank injecting

Rapid Commun. Mass Spectrom. 2010; 24: 1411-1418
DOI: 10.1002/rem



Article 3.1

500 uL of binding buffer was necessary before sample
analysis.

Volumes of 500 pL of Cu,,Zn,-dimer SOD-1 or apo-50D-1
samples were injected onto the cartridge and the UV signal
was acquired at 280nm. Non-retained compounds were
washed for 14min with binding buffer at a flow rate of
0.5mL-min~'. The flow rate of the binding buffer was
changed to 1 mL-min ' in 2min. The proteins retained were
eluted from the cartridge with 5 mL of elution buffer (20 mM
Tris, 0.5M KCl, 0.5M imidazole, pH 7.5). Finally, the
cartridge was re-equilibrated with 10 mL of binding buffer.
The cartridge was regenerated after five uses by rinsing with
10mL of EDTA solution (0.5M KCl, 50mM EDTA) to strip
the Cu®* ions. At this point, the column was prepared to be
loaded with Cu®* or to be washed with 5mL of water and
5mL of storage buffer. As expected, only apo-5OD-1 samples
were retained and eluted as a sharp peak because the
native enzyme was already fully metalated.

pH measurements were performed throughout the
experiments with a model 2002 potentiometer (Crison
Instruments, Barcelona, Spain) and a ROSS electrode 8102
(Orion Research, Boston, MA, USA).

MALDI-TOF-MS
The MALDI-TOF mass spectra were obtained using a
Voyager-RP-DE system (Perseptive Biosystems, Framing-
ham, MA, USA) equipped with a nitrogen laser (337 nm).
Laser energies were slightly higher than the threshold values
(60% and 75% of the maximum were selected for SA and
DHB experiments, respectively). The acceleration voltage
was set at 25kV. The voltage on the first grid was 90% of the
total acceleration voltage, and the delay time between ion
production and extraction was 300ns. The guide wire
voltage was set at 0.1%. Spectra were externally calibrated
using the singly and doubly charged ions from BSA. The
spectra shown were acquired using the linear positive mode
and represent summation of 100 consecutive laser shots.”
SA matrix was prepared daily at 10mg-mL ' in MeCN/
H>0 (50:50 v/v) with or without the addition of 0.1% v/v of
TFA. DHB matrix was prepared like the SA matrix but the
organic solvent used in this case was ethanol. We also
prepared a 27mg-mL ' MALDI matrix solution of SA in
acetone/water (99:1 v/v) when the fast evaporation method
was to be used as crystallization procedure (see below).
The sample-matrix solutions were prepared by mixing
1 pL of protein sample solution and 1 pL of the 10 mgmL_1
matrix solution. Each mixture was vortexed and centrifuged
in order to obtain homogeneous samples, which improved
the reproducibility of the results. All the crystallization
procedures were performed in a thermostatted room at 20°C.
The sample-matrix crystals were obtained by the dried-
droplet method for DHB or the fast evaporation method for
SA. In the former, the sample-matrix solution (1uL) was
deposited onto the stainless steel MALDI target plate and
allowed to evaporate to dryness in air. In the latter, 1 nL of
the 27 mg-mL ' SA matrix solution was first deposited onto
the target plate and allowed to evaporate to dryness in air.
Then, 1 pL of sample-matrix solution was deposited over this
first layer and air-dried again. Data calibration and data

Copyright © 2010 John Wiley & Sons, Ltd.
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processing were performed using Data Explorer software
(Perseptive Biosystems).

CE/UV

CE/UV experiments were performed in an HP*PCE system
(Agilent Technologies, Waldbronn, Germany) with a diode-
array detector. A 50cm x50 pm i.d. fused-silica capillary
(Polymicro Technologies, Phoenix, AZ, USA) was inserted
into a CE/UYV capillary cartridge and thermostatted to 25°C.

All capillary rinses were performed at 930 mbar. A new
capillary was set every time the BGE was changed. New
capillaries were activated by flushing for 10min with
aqueous 1M NaOH, followed by 10min with water and
5min with the BGE. Finally, a 15kV voltage was applied for
5min. The capillary was rinsed for 1 min with 1M NaOH,
1 min with water and finally 1 min with BGE between runs.
Samples were hydrodynamically injected at 50 mbar for 10s
(approx. 15nL using the Hagen—Poiseuille equation™) and
separation was conducted under normal polarity, applying a
voltage of 15kV (current intensity (I) was lower than 10 wA in
both cases). The UV window was placed at 41.5 cm from the
inlet of the capillary and detection was made at 200 nm. The
BGEs 10 mM Tris (pH 7.3, adjusted with HCI), 1 M HAc (pH
2.3) and 10mM NHAc (pH 7.3, adjusted with NH3) were
evaluated for CE/UV analysis. They were passed through a
0.45 pm nylon filter (MSI). The capillary was stored over-
night filled with working buffer electrolyte. Instrument
control, data acquisition and data processing were per-
formed using the Chemstation HP*PCE software (Agilent
Technologies).

Effective electrophoretic mobility (m.) values were
calculated as the difference between their apparent mobility
(m,pp) and the mobility of the EOF (mgop) given by the
negative dip observed when the water contained in the
sample reached the detector:™

Me = Mapp — MEQF = LcLD/V(l/tupp - l/tF.OF)

where Lp is the distance from the injection point to the
detector, Lc is the capillary length, and t,,p and tgor are the
migration times of the glycoform and the EOF, respectively.
Mobility is expressed in Tiselius units: 1 TU corresponds
to 1077 m? V7' s7,

CE/ESI-MS

All CE/ESI-MS experiments were performed in a
HP?*PCE system (Agilent technologies) coupled to a MSD
ion trap (IT) mass spectrometer with a G1603A sheath-flow
CE/ESI-MS  interface  (Agilent Technologies).“ A
50 cm x 50 pm i.d. fused-silica capillary (Polymicro Technol-
ogies) was inserted into CE/MS capillary cartridge and
thermostatted to 25°C.

All capillary rinses were performed at 930 mbar. A new
capillary was set every time the BGE was changed. BGEs 1M
HAc (pH 2.3) and 10mM NH;Ac (pH 7.3, adjusted with
NH;) were evaluated for CE/ESI-MS analysis. They were
passed through a 0.45 wm nylon filter (MSI) before use. New
capillaries were flushed for 20 min with aqueous 1M NaOH,
followed by 15min with water and 10min with BGE. The
system was finally equilibrated by applying the separation
voltage for 15min. Between workdays, the capillary was
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conditioned by rinsing with aqueous 0.1 NaOH (5min),
water (10min) and BGE (5min). Both activation and
conditioning procedures were performed off-line in order
to prevent NaOH from entering the MS system. Samples
were hydrodynamically injected at 50mbar for 10s and
separation voltage was 15kV (normal polarity) (I was lower
than 10 pA in both cases). Between runs the capillary was
rinsed for 2min with 1M HAc, 1 min with water and 1 min
with BGE. The capillary was stored overnight filled with
working BGE and for longer periods of time it was rinsed
with water for 10 min and dried with air for 5min to prevent
salt crystallization.

The sheath liquid solutions consisted of iPrOH/water
(60:40 v/v) with or without 0.5% v/v of FA. The solutions
were degassed by sonication (10 min) before being delivered
by a 100 Series infusion pump (KD Scientific, Holliston, MA)
at a flow rate of 0.2mL-h™'. The parameters of the mass
spectrometer were fine-tuned in a previous study using
transferrin.®' All experiments were peformed in positive
mode. The ESI voltage and the end-plate offset were set at
4000 and —500V, respectively. Voltages on capillary exit and
skimmer were 260 and 30 V, respectively. Octopole voltages
were set at 3 and 2.5 V and octopole radio frequency at 225
Vpp. Lens voltages were —2.8 and —80 V and the trap drive
value 95 (arbitrary units). Nebulizer gas (N,) pressure was
7 psi, drying gas (N2) flow rate 2L-min" ' and drying

Cu,Zn,-dimer SOD-1
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temperature 300°C. No effect was observed between the ESI
voltage, the end plate offset and the drying gas temperature
on artificial dimer dissociation. Instrument control, data
acquisition and data processing were performed using the
CE/MSD Trap Software (Agilent Technologies). ESI mass
spectra were deconvoluted to obtain molecular mass values
using MaxEnt1 (Micromass, Manchester, UK), which uses an
algorithm based on the method of maximum entropy to find
the simplest zero charge molecular mass spectrum that could
account for the observed mj/z data.*

RESULTS AND DISCUSSION
MALDI-TOF-MS

In order to obtain complementary information, the Cu,,Zn,-
dimer SOD-1 and apo-SOD-1 samples were analyzed by
MALDI-TOF-MS using different sample preparation pro-
cedures. The best results in terms of reproducibility and
signal-to-noise (5/N) ratio were achieved using SA acidified
with TFA and the fast evaporation method as sample-matrix
crystallization procedure. The threshold laser intensity
required for mass spectra generation with DHB was slightly
higher than with SA, 75% vs. 60%, respectively. Figures 1(a)
and 1(c) show the mass spectra of Cuy,Zny-dimer SOD-1 and
apo-50D-1 samples using SA. As can be observed, both mass
spectra were similar and peaks corresponding to the singly
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Figure 1. MALDI-TOF mass spectra of Cu,,Zn,-SOD-1 and apo-SOD-1 samples using SA and DHB
matrices with TFA for sample preparation. The minor protein impurities are labeled as A, B and C.
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and doubly charged molecular ions of the monomeric
apo-50D-1 were detected at n1/z 15578/15541 and 7795/7788,
respectively. Using these m/z values, the molecular masses
calculated (i.e. 15583 and 15557 Da, respectively) were close
to the theoretical value of the apo-SOD-1 (15591.3 Da),
suggesting dimer dissociation in Cu,,Zn,-dimer SOD-1
samples. The singly charged molecular ions of the dimeric
form of apo-SOD-1 (apo-dimer SOD-1) were also detected
(mfz 31150 and 31173, respectively) in both mass spectra.
These molecular mass values suggested the absence of
metals because they were significantly different from the
theoretical value of the Cu,,Zn,-dimer SOD-1 (31432.5 Da).
These apo-dimeric species were probably generated during
desorption as we previously found with other proteins.'”
In addition, several other minor peaks were detected, which
may correspond to protein impurities such as fragments of
SOD-1 and certain types of carbonic anhydrases (I, I or I11).?
A similar conclusion was drawn from the mass spectra
obtained with DHB acidified with TFA and the dried-
droplet method as sample-matrix crystallization procedure
(Figs. 1(b) and 1(d)). However, fewer impurities were
detected because of the lower S/N ratios (compare, for
example, the maximum intensities from the right y-axis of
Figs. 1(a) and 1(b)). Finally, in order to eliminate that the
presence of TFA in the sample matrix was promoting metal
depletion and dimer dissociation, the MALDI-TOF-MS
samples were prepared using SA and DHB matrices
without TFA. As expected, the S/N ratios were markedly
low, but the singly and doubly charged molecular ions of
apo-SOD-1 and the singly charged molecular ions of apo-
dimer SOD-1 were still detected. The presence again of the
apo-dimer SOD-1 suggested that acidification of the matrix
solution with TFA was not the cause of metal release and
dimer dissociation in Cuz,Zn,-dimer SOD-1 samples and
reinforced the assumption of an artifact during desorption.
In a previous study we demonstrated that the choice of the
MALDI matrix, the sample-matrix preparation procedure
and the laser intensity are crucial for the MALDI-TOF-MS
analysis of molecules with labile functional groups, such as
glycoproteins.”® Here we confirm that even taking into
account all these parameters, the MALDI-TOF-MS tech-
nique may not be suitable to obtain reliable molecular mass
information of certain metalloproteins and protein—protein
complexes.

CE/UV

The Cuy,Zn,;-50D-1 and apo-SOD-1 samples were analyzed
by CE/UV. Three BGEs were examined: 1M HAc (pH 2.3),
10mM NH,Ac (pH 7.3, adjusted with NH3) and 10 mM Tris
(pH 7.3, adjusted with HCI). The latter was used by Chiba
et al. and Abe et al. to study the dissociation of the dimeric
structure of the native enzyme by CE/UV in the presence
or absence of metal chelates, ascorbic acid or hydrogen
peroxide.“‘q']‘l In those studies, all the conclusions were based
on the variations observed in the height of the electrophoretic
peak assigned to the native enzyme. Furthermore, the
experimental conditions were suitable for UV detection
but not for on-line ESI-MS detection. In the present study, we
evaluated 1M HAc (pH 2.3) and 10mM NH;Ac (pH 7.3,
adjusted with NH3) for the analysis of SOD-1 samples by

Copyright © 2010 John Wiley & Sons, Ltd.
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CE/UV. Both BGEs had increased volatility, especially the
former, which also provided an acidic pH value that proved
to be optimum for detection sensitivity of proteins by CE/
ESI-MS."""?! However, the 10mM NHjAc (pH 7.3) BGE
was more suitable to obtain structural information under
non-denaturing conditions, like the BGE of 10 mM Tris (pH
7.3). Figure 2 shows the UV electropherograms obtained for
Cup,Zny-dimer SOD-1 and apo-SOD-1 samples in 1M HAc
(pH 2.3) and 10mM NH,Ac (7.3). As observed, the
separations using the 10mM NH,Ac (pH 7.3) were better
than those obtained with 1M HAc (pH 2.3) and similar to
those obtained with 10 mM Tris (pH 7.3) (data not shown).
Using 1M HAc (pH 2.3), the apo-50D-1 sample appeared as
a single sharp peak (Fig. 2(b)) while the several components
of the Cu,,Zn,-dimer SOD-1 sample co-migrated in a broad
peak (Fig. 2(a)). The BGE of 10mM NH,Ac (pH 7.3) allowed
improved resolution and differentiation of Cua,Zny-dimer
SOD-1 and apo-SOD-1 forms (Figs. 2(c) and 2(d)). The
tentative identification of the peaks in Figs. 2(c) and 2(d) was
based on the peak intensities and the observed m, values. At
this pH value, in agreement with the isoelectric point
reported for the native enzyme, i.e. pl=4.95, both SOD-1
forms carried an overall negative charge and may corre-
spond to the most intense peaks after the neutral substances
of the sample matrix, which migrated with the EOF as a peak
with negative absorbance. Indeed, the electropherograms
showed a group of three minor electrophoretic peaks, which
may be due to the protein impurities previously detected by
MALDI-TOF-MS. These minor components were labelled as
I1, 12 and I3 from their m, values in Figs. 2(c) and 2(d) (see the
insets in Figs. 2(c) and 2(d)). The significant differences in m,
values of peaks assigned to Cus,Zn,-dimer SOD-1 and apo-
SOD-1 may be explained taking into account the charge-to-
mass ratio values of both SOD-1 forms. Thus, apo-SOD-1 had
half the molecular mass and half the ionizable groups of the
native enzyme but no positively charged metal ions and was
migrating last to the cathode. As both proteins were globally
negatively charged, like the ionized silanol groups, adsorp-
tion on the capillary wall was minimized and repeatability
was good, as observed from the low standard deviations of
the m,. values (Figs. 2(c) and 2(d)).

CE/ESI-MS

To confirm the improved performance of 10 mM NHjAc (pH
7.3, adjusted with NHj;) for the analysis of the native enzyme,
we evaluated 1M HAc (pH 2.3) and 10 mM NH;Ac (pH 7.3)
for the analysis of SOD-1 samples by CE/ESI-MS. An acidic
solution of iPrOH/water (60:40 v/v) with 0.5% v/v of FA
was used for optimum detection sensitivity in positive ion
mode. The parameters of the mass spectrometer were tuned
using human transferrin, a high molecular weight glyco-
protein with a low carbohydrate content (79561 Da (most
abundant glycoform), 6% of glycosylation®') to ensure the
best performance of the IT analyzer in the upper part of the
scanned m/z range (1000-30001m/z).*" Figure 3(a) (i) and 3(b)
(i) show the base peak electropherograms (BPEs) obtained
for Cup,Zny-dimer SOD-1 and apo-50D-1 samples in 1M
HAc (pH 2.3). As can be observed, the electrophoretic
profiles were similar to those obtained by CE/UV (Figs. 2(a)
and 2(b)). The Cu,,Zny,-dimer SOD-1 sample appeared as a

Rapid Commun. Mass Spectrom. 2010; 24: 1411-1418
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Figure 2. CE/UV electropherograms for Cup,Zn,-dimer SOD-1 and apo-SOD-1 samples using a
BGE of (a, b) 1 M HAc (pH 2.3) and (c, d) 10 mM NH4Ac (pH 7.3, adjusted with NHg). The effective
electrophoretic mobility (m,) values of the peaks, which appear as insets in the figure, are
calculated as the mean of ten replicates (+ standard deviation) (1 TU corresponds

010 9m?v 's ).

broad peak separated from another minor peak (Fig. 3(a) (1))
while the apo-SOD-1 sample appeared as a single sharp peak
(Fig. 3(b) (i)). The m/z spectra of the detected peaks together
with the molecular mass values obtained after deconvolution
are shown in Figs. 3(a) (ii), 3(a) (iii) and 3(b) (ii). The minor
peak detected in the Cuy,Zn,-dimer SOD-1 sample (Fig. 3(a)
(i1)) corresponded to the most abundant protein impurity
detected previously by MALDI-TOF-MS (M =13870 Da).
Furthermore, the m/z spectra of the main peak of the same
electropherogram (Fig. 3(a) (iii)) allowed the calculation of a
molecular mass of 15601 Da, which was similar to that
calculated for the apo-SOD-1 (i.e. 15602 Da, Fig. 3(b) (ii)).
Both values were close to the theoretical molecular mass of
the monomeric apo-SOD-1 (15591.3), thereby indicating that
the native enzyme was denaturated when 1M HAc (pH 2.3)
was used for the electrophoretic separation. In contrast to the
findings of other authors in chicken and human SOD-1, we
did not detect isoforms of bovine SOD-1 with additional
cysteine residues or forming adducts with glutathione.*''?
Figures 3(c) (i) and 3(d) (i) show the BPEs obtained for
Cuy,Zny-50D-1  and  apo-SOD-1  samples in  10mM
NHjAc (pH 7.3). Sensitivity and separation resolution
allowed detection of only a single peak. The nt/z spectra of
the detected peaks together with the molecular mass values
obtained after deconvolution are shown in Figs. 3(c) (ii)
and 3(d) (ii). As can be observed, the appearance of both mass
spectra was significantly different. The mass spectrum
corresponding to the detected peak in the electropherogram
of the Cu,,Zn;-SOD-1 sample (Fig. 3(c) (ii)) showed the ion

Copyright © 2010 John Wiley & Sons, Ltd.

signals corresponding to the most abundant protein
impurity detected previously by MALDI-TOF-MS
(M =13869 Da), together with a cluster of multiply charged
ions due to the enzyme. A careful analysis of the cluster m/z
values and their relative intensities indicated the presence
of the Cu,Zn-monomer SOD-1 and the Cu,,Zn,-dimer SOD-
1. The molecular mass calculated for the different enzyme
forms from the mass spectra of Figs. 3(c) (ii) and 3(d) (ii)
(15721, 31441 and 15600 Da, respectively) confirmed
that Cu,Zn-monomer SOD-1, Cu,,Zn,-dimer SOD-1 and
apo-50D-1 were detected. In order to further confirm that
the acidic sheath liquid did not contribute to enzyme
denaturation, all the experiments were repeated using a
sheath liquid of iPrOH/water (60:40 v/v) without FA (data
not shown). As expected, sensitivity decreased slightly but
the mass spectra obtained using 1M HAc (pH 2.3) and
10 mM NH,Ac were similar to those obtained previously.
This may suggest that the Cu,Zn-monomer SOD-1 already
existed in the original sample and was not an artifact of
ionization. In our case, the acidity of the BGE was the main
factor influencing protein denaturation in CE/ESI-MS
using a sheath flow interface when the parameters of
the mass spectrometer were finely tuned to prevent the
disruption of such weak assemblies from solution into
the gas phase of the mass spectrometer. However, other
authors have demonstrated that under their measurement
conditions in CIEF/ESI-MS the composition of the sheath
liquid affects the dissociation of intact non-covalent protein
complexes.***

Rapid Commun. Mass Spectrom. 2010; 24: 1411-1418
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Figure 3. CE/ESI-MS BPEs for Cu,,Zn,-dimer SOD-1 and apo-SOD-1 samples using a BGE of (a, b) 1 M HAc (pH 2.3) and
(c, d) 10mM NH4Ac (pH 7.3, adjusted with NH3). The molecular mass values obtained after deconvolution are shown in the
insets of the mass spectra (i), (ii) and (iii).
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CONCLUSIONS

We have demonstrated that MALDI-TOF-MS may not
provide reliable molecular mass information of certain
metalloproteins and protein—protein complexes in their
native states, such as bovine SOD-1. In contrast, CE/UV
using neutral BGEs with low ionic strength (i.e. 10mM Tris
or NHyAc (pH 7.3)) successfully differentiated between
the dimeric fully metalated native form of the enzyme and
the monomeric apo-form obtained after metal depletion. The
10mM NHyAc (pH 7.3) BGE was also suitable for the
detection of the native enzyme by CE/ESI-MS in positive ion
mode using a sheath-liquid of iPrOH/water (60:40 v/v) with
0.5% v/v of FA. The pH of the BGE was the most determinant
factor to prevent metal depletion and dissociation during the
CE/ESI-MS experiments. The proposed non-denaturing CE/
ESI-MS conditions may allow differentiation of fully
metalated and non-reduced monomeric or dimeric human
SOD-1 isoforms for diagnostic purposes using minute
sample volumes as an alternative to the existing LC/ESI-
MS method.*""'? Furthermore, CE/ESI-MS may be used to
address the mechanism by which single amino acid changes
in human SOD-1 leads to fALS or the relation with sporadic
ALS. In a wider sense, it could be used to characterize the
labile native forms of other metalloproteins or protein non-
covalent complexes, especially multimeric proteins and
protein-ligand complexes. We conclude that CE/ESI-MS
under non-denaturing conditions may be a suitable tech-
nique to gain insight into the conformation, misfolding,
oligomerization and aggregation of proteins in solution.
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CAPITOL 4. ANALISI DE NEUROPEPTIDS | SOD-1 PER
CE-TOF-MS






Capitol 4

L’ds dels espectrometres de masses amb analitzadors de trampa d’ions en CE-IT-MS
ha demostrat ser una eina molt util per a la caracteritzacié de peptids i proteines, a
partir dels seus pesos moleculars o els seus espectres MS/MS caracteristics. Els nous
analitzadors de temps de vol amb acceleracié ortogonal (0oa-TOF) encara ofereixen
millors prestacions perquée proporcionen mesures d’alta resolucié i massa exacta a
gran velocitat, i intervals dinamics i d’escombratge amplis. Aix0 permet la separacio i
caracteritzacié acurada de tot tipus de substancies amb un ampli ventall de masses

moleculars i concentracions mitjancant CE-TOF-MS.

A l'actualitat no existeixen unes indicacions clares que posin de manifest els
parametres que més influeixen en els resultats de I'analisi per CE-TOF-MS. Amb la
finalitat de millorar aquesta situacid, en els treballs que es presenten a continuacid
s’ha desenvolupat metodologia analitica per a la separacid i caracteritzacié de
neuropeptids i SOD-1 amb CE-TOF-MS. Fent emfasi en la influencia dels parametres
instrumentals del sistema en la resposta analitica, I'analisi de neuropéeptids de baix
pes molecular fonamenta les bases per emprendre posteriorment I'analisi de la
SOD-1, que presenta un pes molecular molt més elevat i una estabilitat limitada, com
ja s’ha apuntat al capitol anterior. En aquest ultim cas, a més a més d’utilitzar patrons
de SOD-1 bovina, es va posar a punt un tractament de mostra per analitzar la SOD-1

humana en mostres de sang.
Aquests estudis han donat lloc a les seglients publicacions:

e Assessment of capillary electrophoresis TOF MS for a confident identification of
peptides. Borges-Alvarez M, Benavente F, Giménez E, Barbosa J, Sanz-Nebot V. )
Sep Sci. 33 (2010) 2489-2498.

e Separation and characterization of superoxide dismutase 1 (SOD-1) from human
erythrocytes by capillary electrophoresis time-of-flight mass spectrometry.
Borges-Alvarez M, Benavente F, Barbosa J, Sanz-Nebot V. Electrophoresis. 33
(2012) 2561-2569.
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CE on-line coupled to orthogonal accelerated TOF-MS (CE-0a-TOF-MS) is an emerging
technique offering efficient charge-to-mass-based separations, as well as accurate and
high-resolution mass measurements. Here, we investigated the main factors influencing
the analysis of low molecular mass peptides using a sheath-flow electrospray ionization
interface and several neuropeptides as model compounds. Moderate fragmentor voltage
values of the 0a-TOF-MS were crucial to maximize the production of molecular ions for
optimum sensitivity precluding molecular fragmentation. However, the major fragments
provided specific information that may result valuable for confirmatory purposes.
Advantages and disadvantages of adding internal mass references to the sheath liquid for
continuous mass-to-charge recalibration during the electrophoretic separations were
discussed with regard to mass accuracy and sensitivity. Furthermore, several instrumental
modes related to mass resolution were also examined. Finally, the method was validated
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for quantitative analysis of the studied neuropeptides in terms of repeatability, linearity
and LODs. The results obtained using CE-0a-TOF-MS were compared with those obtained
using CE coupled to other mass spectrometers. In addition to the simplicity and reliability
on the identification, CE-0a-TOF-MS allowed improved repeatability and an around
10-fold improvement in sensitivity with respect to conventional reflectron TOF and ion

trap mass analyzers.

Keywords: Calibration / Exact mass / Fragmentation / Resolution / Sensitivity
DOI 10.1002/jssc.201000361

1 Introduction reviews have covered the application of CE-MS over the last

years using almost all mass analyzers [1-8], such as a recent

Today, CE-ESI-MS (CE-ESI-MS or CE-MS) is a well-
established technique capable of high-efficient separation
and molecular mass measurement of a diverse range of
chemical compounds, specially polar and charged
compounds [1-11]. There is a growing interest in the
analysis of biomolecules (e.g. proteins, peptides, amino
acids, oligonucleotides) with emphasis in proteomics or
metabolomics research for biomarker discovery, natural
compounds (e.g. phenolic compounds, alkaloids or biogenic
amines) and applications in the toxicological, environmen-
tal, food or pharmaceutical fields [1-11]. A number of
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Analytical Chemistry, University of Barcelona, Diagonal 647,
08028 Barcelona, Spain

E-mail: fbenavente@ub.edu

Fax: +34-934021233

Abbreviations:  Ala-Met, [Alal-Met-enkephalin; BGE,
background electrolyte; Des-Tyr, des-Tyr-Leu-enkephalin;
EIE, extracted ion electropherogram; Endo, endomorphin 1;
FWHM, full-width half-height maximum; iPro, isopropanol;
IT, ion trap; Met, Met-enkephalin; oa-TOF-MS, orthogonal
accelerated time-of-flight mass spectrometry; Y, tyrosine; G,
glycine; P, phenylalanine; M, methionine; A, alanine; L,
leucine; P, proline; W, tryptophan; R, arginine

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

paper focused on TOF analyzers [7]. Modern orthogonal-
acceleration reflectron TOF (0a-TOF) mass spectrometers
are regarded as an excellent alternative for CE-MS because
of providing high-resolution and mass accuracy at a
reasonable cost, as well as reduced bench space, user-
friendly operation, high acquisition rates and potentially
unlimited mass acquisition ranges in a single run [7, 12-14].
Only Fourier transform ion cyclotron resonance, orbitrap
and magnetic sector instruments provide better resolution
and have the potential to give better mass accuracy, but
without the complete set of desirable characteristics [12-14].
In addition, hybrid 0a-TOF instruments (e.g. quadrupole-oa-
TOF, Q-0a-TOF) allow MS/MS experiments for a deeper
characterization through analyte fragmentation [7].
However, it is typically accepted that oa-TOF-based mass
spectrometers do not meet the requirements of a triple
quadrupole in multiple-reaction monitoring mode for
sensitive quantitative analysis of target compounds [14, 15].

Many desirable characteristics of 0a-TOF-MS analyzers
explain the increasing number of CE-0a-TOF-MS publica-
tions over the last years [1-8]. However, it is difficult to
decipher from the available applications the main specific
factors influencing the performance of CE-0a-TOF-MS$ in
terms of sensitivity, selectivity, accuracy and resolution of
the measurements. Very little work has been carried out on

www.jss-journal.com
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this subject and following the extensive use, it is clear that
there is a need to investigate those factors in order to provide
a clear guidance on separation and mass measurements
using CE-0a-TOF-MS [12, 16-21]. The reliability of the
results is the first step before making use of the high
amount of information that can be gathered from, for
example, the separation of protein glycoforms [22] or the
screening procedures based on identification of the chemi-
cal formula and comparison of isotope patterns using
molecular mass reference databases [23-28].

In this paper, we investigated the main factors influ-
encing the CE-0a-TOF-MS analysis of low molecular mass
peptides, using several neuropeptides as model compounds,
which are the largest family of neurotransmitters and
neuromodulators in the central nervous system [29]. Cali-
bration, fragmentation, different instrumental modes and
validation for quantitative analysis were carefully examined
for a sensitive determination and a confident identification

oo alas o i Fhoh P
O1 ul€ S€pardiu neuropepuiacs.

2 Materials and methods
2.1 Chemicals and reagents

All chemicals used in the preparation of buffers and
solutions were of analytical reagent grade. Formic acid,
acetic acid (glacial), ammonium hydroxide (25%) (NH,OH),
and 2-propanol (iPro), were supplied by Merck (Darmstadt,
Germany). Water with a conductivity value lower than
0.05 pS/cm was obtained using a Milli-Q water purification
system (Millipore, Molsheim, France).

The neuropeptides studied were: Methionine enke-
phalin (Met), [Ala]-methionine enkephalin ([Ala]-Met),
methionine enkephalinamide (Met-NH,;), des-Tyr-leucine
enkephalin (Des-Tyr), endomorphin 1 (Ende) and dynorphin
A (1-7). All were purchased from Sigma (St. Louis, MO,
USA), except dynorphin A (1-7) that was supplied by Bachem
(Bubendorf, Switzerland) and Des-Tyr by Phoenix Pharma-
ceuticals (Belmont, CA, USA). They were stored in a freezer
when not in use. Sequences and theoretical monoisotopic
relative molecular mass (M,) values are shown in Table 1.

ESI Low Concentration (ESI-L) tuning mix for tuning and
calibration of the 0a-TOF mass spectrometer and the reference
compound solutions for internal mass recalibration (i.e. 5 mM

J. Sep. Sci. 2010, 33, 2489-2498

of purine, CsH4N,, in 90:10 v/v acetonitrile/water and 2.5 mM
HP-0921, hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine
a proprietary polyfluorinated compound, C;gH,30sN;P3F;4, in
acetonitrile) were supplied by Agilent Technologies (Wald-
bronn, Germany).

2.2 Sample solutions, background electrolye and
sheath liquid

A stock solution containing 100 pg/mL of each neuropep-
tide was prepared in water. Solutions used in determination
of LODs were prepared by successively diluting the stock
solution in water.

The composition of the background electrolyte (BGE)
and the sheath liquid solution for CE-MS were optimized in
a previous work [30, 31]. The BGE contained 50 mM acetic
acid-50 mM formic acid, adjusted to pH 3.5 with NH,OH.
The sheath liquid solution was a hydioorganic mixture of
60:40 v/v iPro/water containing 0.05%v/v of formic acid.
When internal mass recalibration was used, the concentra-
tion of purine and HP-0921 in the sheath liquid solution
was selected by monitoring the intensity of the signal of
their single charged molecular ions (i.e. 121.0509 and
922.0098 m/z, respectively). The manufacturer recom-
mended intensity values comprised between 1000 and
75000 counts for optimum reference mass correction.
However, the suggested concentrations needed some
adjustment to avoid signal intensities above the upper limit
under the optimum CE-MS conditions. Therefore, in our
case, the sheath liquid containing the reference compounds
was prepared diluting 1.5pL of purine and 1.2pL of
HP-0921 solutions to 100 mL with the sheath liquid.

The samples and the BGE were filtered through a
45-pum nylon filter (MSI). The BGE and the sheath liquids
were degassed by sonication (10 min) before use.

2.3 Instrumentation

All CE-0a-TOF-MS experiments were performed in an
HP?*°CE system (Agilent Technologies) coupled to a 6220
oa-ToF LC/MS mass spectrometer (Agilent technologies)
with a dual-nebulizer ESI source. The orthogonal nebulizer
was a G1603A sheath-flow interface for CE-MS (Agilent

Table 1. Sequence, theoretical monoisotopic relative molecular mass (Mr) and m/z values of the detected ions of the studied peptides

Abbreviation Peptide Molecular formula Sequence Theoretical
M, [M+HI" (m/2) [M+2H?" (m/2)

Met Met-enkephalin Ca7H35N5048 YGGFM 573.2257 574.2330

Ala-Met [Ala]-Met-enkephalin CygH3;N50,S YAGFM 587.2414 588.2486

Met-NH, Met-enkephalinamide Co7Ha6Ng06S YGGFM-NH, 572.2417 573.2490

Des-Tyr des-Tyr-Leu-enkephalin CygH2eN,05 GGFL 392.2060 393.2132

Endo Endomarphin 1 CasH3sNs05 YPWF-NH, 610.2904 611.2976

Dyn Dynorphin A (1-7) CapHgiN 1304 YGGFLRR 867.4715 868.4788 4347430

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Technologies). The other one, which is in general used to
introduce the internal reference mass standard solution in LC-
MS experiments, was disabled to avoid interferences with the
CE-MS experiments [12, 20]. The sheath liquid was delivered
at a flow rate of 3.3 pL/min by a KD Scientific 100 series
infusion pump. CE control and separation data acquisition
(e.g voltage, temperature and current) were performed using
ChemStation software (Revision B.04.01, Agilent Technolo-
gies) that was running in combination with the MassHunter
workstation software (Version B.02.00, Agilent Technologies)
for control, data acquisition and analysis of the 0a-TOF mass
spectrometer. Theoretical molecular mass calculations of
parent ions and fragments were performed using mmass
software that was freely available on-line [32].

The CE separation was performed in a 57 cm x 75 pm id
fused-silica capillary (Polymicro Technologies Phoenix, AZ,
USA) at 25°C fitted in a CE-MS cartridge cassette (Agilent
Technologies). All capillary rinses were performed at
930 mbar. New capillaries were flushed for 20min with
aqueous 1M NaOH, followed by 15min with water and
10 min with BGE. The system was finally equilibrated by
applying the separation voltage for 15 min. Between work-
days, the capillary was conditioned by rinsing with aqueous
0.1 NaOH (5min), water (10 min) and BGE (5min). Both
activation and conditioning procedures were performed off-
line in order to avoid the unnecessary entrance of NaOH into
the mass spectrometer. Samples were hydrodynamically
injected at 33.5 mbar for 3 s without turning off the nebuliz-
ing gas and separation voltage was 16kV (normal polarity,
anode in the inlet). Between runs the capillary was rinsed
3 min with BGE. At the end of the working day, the capillary
was stored dry after being rinsed for 10 min with water and
for 5 min with air to avoid salt crystallization.

Unless otherwise indicated, the 0a-TOF mass spectro-
meter was operated under optimum conditions in positive
mode using the following parameters: capillary voltage
4000V, drying gas temperature 200°C, drying gas flow rate
4 L/min, nebulizer gas 7 psig, fragmentor voltage 215V,
skimmer voltage 60V, OCT 1 RF Vpp voltage 300 V. Data
were collected in profile (continuum) at 1spectrum/s
(aprox. 10000 transients/spectrum) between m/z 100 and
1250 working in the extended dynamic range (2 GHz) mode
with the mass range set to standard (3200 m/z). The refer-
ence mass correction was enabled for the experiments with
internal mass recalibration.

pH measurements were performed with a Crison 2002
potentiometer (Crison Instruments, Barcelona, Spain) and a
ROSS electrode 8102 (Orion Research, Boston, MA, USA).

2.4 Procedures

2.4.1 Tune and calibration of the oa-TOF mass
spectrometer

Every day, prior to any analysis, a standard tune of the oa-
TOF parameters and a mass-axis calibration were carried
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out. The typical LC-MS nebulizer was fitted in the
orthogonal position of the dual-nebulizer ESI source. Only
this nebulizer was necessary to infuse the ESI-L tuning mix
under the conditions recommended by the manufacturer
[33]. The other one was disabled as in CE-MS experiments.
During a standard tune the instrument automatically
adjusted the main parameters influencing the sensitivity,
peak shape and the actual TOFs of the ions with known
masses contained in the ESI-L tuning mix. The standard
tune was carried out in positive polarity, the instrument
resolution mode was set to extended dynamic range (2 GHz)
and the mass range was set to standard (3200 m/z). After
finishing the standard tune, we calibrated the mass-axis to
ensure accurate mass assignments. For mass calibration, it
was important to set the instrument resolution mode and
mass range required later for the analysis.

2.4.2 CE-0a-TOF-MS of neuropeptides

Using the CE-0a-TOF-MS setup, the parameters of the oa-
TOF-MS were specifically tuned for the ions of the
compounds of interest. A 1 pg/mL mixture of the studied
neuropeptides was delivered through the CE separation
capillary at 50 mbar and the o0a-TOF parameters were
monitored to get the maximum signal intensity for the ions
of the neuropeptides. The 0a-TOF-MS parameter values
obtained in this way are reported above in Section 2.3 and
were later confirmed running different CE-0a-TOF-MS$
separations and monitoring their extracted ion electropher-
ograms (EIEs). The m/z values of the molecular ions which
are considered to obtain the EIE for each neuropeptide are
shown in Table 1. In CE-0a-TOF-MS, the parameters related
to ESI were optimized first. The nebulizer pressure was set
at 7psig because the CE run times were shortened,
resolution was good and the height (or S/N ratios) of the
peptide peaks in the EIEs was almost the same as that of the
other values tested (3 and 5 psig). The height of the peaks in
the EIEs was very similar for the different drying gas
temperatures studied (200, 250, 300 and 350°C) although
their shape was better at 200°C. In the case of the drying gas
flow rate, the highest peaks were obtained by using a
4L/min flow rate, instead of 6 L/min. Regarding the oa-
TOF-MS parameters, the best responses when varying the
capillary voltage values between 3000 and 5000V were
obtained at 4000 V. The fragmentor voltage was of special
interest and the results obtained at 225, 275, 325, 375,425V
will be discussed later in detail. Several skimmer voltage
values (from 40 to 80 V) and OCT 1 RF Vpp voltage values
(from 150 to 300V) voltages were also studied. Both
parameters do not have a significant effect on the signal
intensity of the neuropeptide ions and 60 and 300V were
selected, respectively, because of the improved peak shape
in the EIEs.

The sheath liquids with and without the reference
compounds were used to test the influence of the reference
compounds involved in internal mass recalibration on

www.jss-journal.com

71



Analisi de neuropéptids i SOD-1 per CE-TOF-MS

72

2492 M. Borges-Alvarez et al.

repeatability and accuracy of the experimental M, values, as
well as repeatability of peak area, linearity and LODs. All
quality parameters were calculated from data obtained by
measuring the peak area, the S/N ratio values or the M,
from the EIE of each peptide. Repeatability studies (n = 10
or 12runs/1/day) were performed with a mixture of the
studied neuropeptides at a concentration of 1 pg/mL. Both
parameters were calculated as a percentage of the RSD
(%RSD) of peak area or experimental M,. Mass accuracy was
expressed in ppm as an average of the ratio between the
difference of the experimental and the theoretical M, and
the theoretical M, [12, 13]. The LOD for each neuropeptide
was obtained analyzing low-concentration samples. Samples
were successively diluted and analyzed until no peptides
were detected. In each case, the lowest concentration giving
a signal significantly different from the baseline was
considered as the LOD (S/N ratio was always higher than 3).
The linearity range was determined by injecting the samples
at concentrations of 0.1-10 pg/mL.

Finally, different instrumental modes related to mass
resolution and dynamic range were examined, namely
“high resolution” (4 GHz) and “extended dynamic range”
(2 GHz). The mass ranges were set to low (1700 m/z) and
standard (3200 m/z) in both cases. Prior to any change in
the instrumental mode, the 0a-TOF parameters were tuned
as indicated in Section 2.4.1. Then, the mass-axis was
calibrated to ensure accurate mass assignments in the new
instrumental mode. In all cases, the CE-0a-TOF-MS
experiments were performed using a sheath liquid with the
reference compounds for internal mass recalibration.
Resolution was discussed on the basis of the width at half-
height (full-width half-height maximum (FWHM)) for a
given ion [12, 13].

3 Results and discussion

In a previous investigation, we developed and validated a
CE-MS methodology for the analysis of neuropeptides using
a conventional reflectron TOF and an ion trap (IT) mass
spectrometer [30, 31]. In this study, we evaluated this
methodology with an 0a-TOF mass spectrometer. The use of
CE-0a-TOF-MS is becoming popular as an alternative to CE-
MS using conventional mass analyzers. However, it is
difficult to find in the literature clear descriptions about the
essential specific factors involved in the performance of CE-
0a-TOF-MS [12, 16-21]. After tuning and calibrating the oa-
TOF-MS with the (ESI-L) tuning mix and the neuropeptide
mixture as described in the experimental section, we
concluded that the fragmentor voltage value was the
operational parameter of the 0a-TOF showing the greatest
influence on the intensity of the molecular ions of the
neuropeptides. Figure 1 shows the sum of the EIE for a
mixture containing 1pg/mL of each neuropeptide using
different fragmentor voltage values. In all cases, four peaks
were obtained because Endo and Met-NH, comigrated and
Met and Ala-Met could not be fully resolved. As expected,
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Figure 1. Sum of EIE for the studied peptides. Extracted ions are

indicated in Table 1. Fragmentor voltage values of the oa-TOF
mass spectrometer are: {A) 215V, (B) 275V and (C) 300 V.

separations and migration times were similar to those
previously obtained by CE-MS with conventional reflectron
TOF and IT analyzers [30, 31]. The maximum peak heights
were shown in all cases at a fragmentor voltage value of
215V (Fig. 1A). In general, peak heights were around twice
higher at 215V (Fig. 1A) than at 275V (Fig. 1B), except
for Des-Tyr that was more than 10 times higher at 215V. A
similar trend can be observed from comparison of the
electropherograms at 275V (Fig. 1B) and 300V (Fig. 1C).
The lowest peak heights were obtained at a fragmentor
voltage value of 300V especially for Des-Tyr. This general-
ized decrease in peak height of the molecular ions with an
increase in the fragmentor voltage values was directly
related to in-source collision-induced dissociation (i.e.
fragmentation) of the neuropeptides, as previously observed
with other molecules, such as pesticides and antibiotics [23,
27, 34]. Figure 2 shows the mass spectra of Met and Des-Tyr
at different fragmentor voltage values. At 215V, the
fragmentation of Met was negligible (Fig. 2A). The single
charged molecular ion was the most important signal of the
mass spectrum together with the corresponding adducts
with Na* and K. A large number of product ions of Met
were obtained when the fragmentor voltage value was
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increased up to 275V (Fig. 2C), but the intensity of the
single charged molecular ion remained higher than those of
the product ions. At 300V (Fig. 2D), the intensity of the
peaks of some product ions of Met rose until being similar
to that of the single charged molecular ion. A similar
behavior was observed for the rest of peptides excepting
Des-Tyr (Fig. 2B, D and F). The single charged molecular
ion of this neuropeptide was more labile than the others. As
can be observed in Figure 2B fragmentation already began
at 215V. At 275V, the precursor ion was almost completely
fragmented to mostly obtain the i3 fragment (Fig. 2D). In
contrast, the adducts of Des-Tyr with Na™ and K™ seemed to
be less prone to fragmentation because their ion signals
decreased to a lesser extent. At 300 V (Fig. 2F) the Des-Tyr i3

Electrodriven Separations 2493
fragment was the predominant ion of the product ion mass
spectrum. In-source collision-induced dissociation of the
substances of interest could be a disadvantage when the aim
is to obtain optimum sensitivity by detecting single or
multiple charged molecular ions but could be a useful tool
for confirming the identity of the different compounds [12,
23, 27, 34]. In addition, we recommend using several
fragmentor voltage values for accurate mass screening of
unknowns in complex mixtures in order to avoid identity
misinterpretations. Using accurate M, the characteristic
isotope pattern and, in some cases, product ion mass
spectra, the identity of the separated low molecular
mass compounds may be confirmed almost unequivocally
(12, 14, 15, 21, 23-28)].
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In 0a-TOF-MS, a continuous internal mass recalibration
during data acquisition is recommended to ensure the
reliability of the mass measurements [12, 18-21]. In LC-0a-
TOF-MS, it is common to use a dual-nebulizer EST source
[12, 18-21]. The main nebulizer is used to spray the solvent
coming from the LC column, whereas simultaneously from
the auxiliary one it is sprayed a hydroorganic solution
containing at an appropriate concentration two reference
compounds with known molecular masses (i.e. lock masses)
covering the acquired m/z range. The selection of appro-
priate reference compounds is a challenging task with
important implications not only in mass accuracy, but also
in sensitivity. Therefore, the reference compounds have to
be stable and readily ionizable in the experimental ESI
conditions without causing ion suppression or excessive
background signal. We used in CE-0a-TOF-MS the two
compounds recommended by the instrument manufacturer
for the analysis of low molecular mass compounds (i.e.
purine and HP-0921, with nominal m/z values of 121 and
922, respectively [33]), because both bracketed the mj/z
values of the molecular ions of the studied neuropeptides.
The preliminary experiments with the dual-nebulizer ESI
source were not satisfactory, because the nebulization of the
auxiliary nebulizer interfered with the CE-MS analysis. We
explored several alternatives. First, we discarded to add the
reference compounds to the BGE to avoid undesired effects
on separation. Later, we evaluated the use of some of the
ions that were commonly found in the background mass
spectra [35]. However, in addition to the lower intensity of
the background ions in the upper m/z range, it was only
easy to unambiguously identify some of the compounds in
the 100400 m/z range. Finally, we decided to investigate
the addition of purine and HP-0921 to the sheath liquid.

As the sheath liquid with the reference compounds was
mixed with the BGE coming from the separation capillary
immediately before nebulization, no influence was observed
on separations. The concentration of the reference
compounds in the sheath liquid was optimized in order to
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avoid excessive background noise while maintaining an
appropriate intensity for their single charged molecular
ions. In general, we observed that the higher the concen-
tration of reference compound ions, the worse the S/N ratio
for the peaks of neuropeptides. In addition, other authors
have described a negative effect on mass accuracy if the
compounds used as references are measured at high
concentration [12, 33]. Table 2 shows repeatability of peak
area, calibration data, LODs, experimental M, repeatability
and accuracy of experimental M, in CE-0a-TOF-MS using
sheath liquids with and without reference compounds
under optimum conditions. The RSD values (%RSD) for
repeatability of peak areas ranged between 2.3 and 16.9%
without reference and 3.4 and 11.4% with reference. Both
results were similar between them and slightly better than
the repeatability values previously obtained with conven-
tional reflectron TOF and IT analyzers [30, 31]. Signal
versus concentration was linear in both cases in three orders
of magnitude, between 0.1 and 10 pg/mL (* 0.99), but r*
values were slightly better with reference compounds,
probably because of the higher accuracy in EIE generation.
The observed linear range was slightly wider than those
obtained with conventional reflectron TOF (3-70 pg/mL)
and IT (2.5-50 pg/ml) analyzers [30, 31]. With regard to
LODs, 0.1 pg/mL of each neuropeptide was detected in all
cases and the S/N ratios calculated with and without refer-
ences were not significantly different. These LODs repre-
sent around a 10-fold improvement with respect to the
values previously obtained with conventional reflectron TOF
or IT analyzers [30, 31]. The main drawback of using purine
and HP-0921 as reference compounds in the sheath liquid
was that the intensity of the single charged molecular ion of
HP-0921 (922.0098 m/z) decreased with time, until being
almost undetectable after 12 h of unstopped operation. The
problem was solved preparing again fresh sheath liquid
solution with both reference compounds, indicating that
HP-0921 degraded with time due to the composition of the
sheath liquid. At this point, it could be worth mentioning

Table 2. Repeatability of peak area, calibration data, LODs, experimental M,, repeatability and accuracy of experimental M, in CE-oa-TOF-
MS. Mass spectra were acquired at 2 GHz in extended dynamic range (until 3200 m/z). The concentration of the peptides was

1 pg/mL unless otherwise is indicated.

Without reference

With reference

Peptide  Peak area R (0.1-10
(% RSD) (n=12) pg/mL)

M, (n=12)

Average % RSD Average

Peak area R (0.1-10
(% RSD) (n=10) pg/mL)

M, (n=10)

Average % RSD Average

value error (ppm) value error (ppm)
Met 520 0.986 573.2326 0.126 12.0 355 0.993 573.2288 7.98x107° 534
Ala-Met 324 0.987 587.2484  0.098 1.8 342 0.993 587.2444 7.40x10°° 519
Met-NH,  3.06 0.988 572.2486 0.132 12.0 4.62 0.994 5722448 560%10° 536
Des-Tyr 292 0.988 392.2108 0.228 122 3.88 0.995 3922106 9.93x10°° 117
Endo 228 0.987 610.2974 0.091 115 4.42 0.992 611.2999 6.33x10°°  3.70
Dyn 169 0.982 867.4820  0.096 12.1 1.4 0.992 867.4806 1.19x10°* 104

LODs were 0.1 pg/mL for all the studied peptides

LODs were 0.1 pug/mL for all the studied peptides
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other strategies for continuous recalibration such as the use
of some of the ions that are commonly found in the back-
ground mass spectra or the selection of other compounds as
references [12, 35]. Other authors have preferred post-run
calibration, using as lock masses the sodium formate adduct
ions that are detected at the beginning of the electro-
pherograms after washing the capillary with sodium
hydroxide or switching the sheath-liquid to an appropriate
solution. Adding specific lock mass internal standards to the
samples or using some specific sample matrix compounds
has also been described (12, 18, 19]. In all these cases, post-
run calibration is not a real-time calibration because the
reference compounds are not continuously analyzed. This
could be detrimental if there are small changes in the
instrument behaviour or temperature changes within the
runs. A varying temperature will cause an external calibra-
tion to drift due to the expansion and contraction of
the flight tube over time producing poor mass accuracy
(12, 18, 19)].

As can be observed in Table 2, recalibrating the mass-
axis was necessary to obtain the best performance in terms
of repeatability and accuracy of mass measurements. The
benefit of using internal mass recalibration was clearly
revealed even with a short series of 10 analysis and average
mass errors and %RSD with the sheath liquid with refer-
ence compounds were significantly better (between approx.
5.2 and 11.7 ppm and 5.6x107° and 1.2 x 10~ %RSD,
respectively). The differences in mass accuracy for the
different peptides could be due to changes on the stability
and intensity of the analyte signal, which may influence
peak shape and the ability to obtain the true values of the
monoisotopic ion peaks from the mass spectra. These
accuracy values from 5 to 10ppm agree with those
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previously reported in the literature with similar mass
spectrometers and were markedly better to those that can be
achieved with conventional reflectron TOF or IT mass
analyzers [30-31]. To further explore the factors potentially
influencing compound identification, the “high resolution”
(4 GHz) and “extended dynamic range” (2 GHz) instru-
mental modes were examined in the low (1700 m/z) and
standard (3200 m/z) mass ranges. As can be observed in
Table 3, no influence was observed in terms of repeatability
and accuracy of M measurements. However, the instru-
mental mode was clearly affecting resolution as can be
observed from comparison of the FWHM for the ion peaks
of Figure 3 that shows the mass spectra of Des-Tyr and
Endo. The narrower the peak width was obtained, the higher
the resolving power of the mass spectrometer. At 4 GHz
(Fig. 3A until 3D) the FWHMSs were twice as much to the
values obtained at 2 GHz (Figs. 3E until 3H) whatever the
mass range considered (1700 or 3200m/z). Thus, for
example, in the Endo mass spectra obtained at 4 GHz (in
Fig. 3B and D) the increase in resolving power allowed
separation of Endo molecular ions from some minor ions
from the background (i.e. peaks at around 611.2 and
611.3 m/z values) which were not fully resolved at 2 GHz
(Fig. 3F and H). In addition, the increase in resolution did
not produce a variation in sensitivity. At the “high resolu-
tion” (4 GHz) mode, the analog-to-digital converter detector
of the mass spectrometer acquired data at 4 GHz, while
special processing was performed in real-time on the peak
ions detected, weighting the apex data of the peaks much
more heavily than the shoulders [33]. This led to narrower
peaks in the mass spectra without affecting S/N ratios.
However, at the “extended dynamic range” (2 GHz) mode,
the acquisition rate was also 4 GHz but in a dual channel

Table 3. Experimental M,, repeatability and accuracy using different modes in CE-0a-TOF-MS. The concentration of the peptides was

1 ug/mL.
3200 m/z (n=3) 1700 mjz (n=13)
M, M,
Peptide Average value RSD (%) Average error (ppm) Average value RSD (%) Average error (ppm)
4 GHz, High resolution
Met 573.2302 9.61x10°° 173 573.2290 1.09 <104 5.76
Ala-Met 587.2454 4.2810°° 6.79 587.2439 192% 107" 4.29
Met-NH, 5722448 1.89x10°° 5.45 572.2436 6.14 % 10°° 3.24
Des-Tyr 392.2104 7.36x107° 1.2 392.2086 5.31%107° 128
Endo 610.2934 774x10°° 4.89 610.2926 473x10°° 3.58
Dyn 867.4789 1.14x10°8 8.52 867.4767 266108 5.98
2GHz, Extended dynamic range
Met 573.2285 9.06x107° 4.88 §73.2290 266 x10°° 5.82
Ala-Met 587.2439 780%107° 4.29 587.2444 2953 10°° 5.14
Met-NH, 572.2447 5.24x10°° 5.28 572.2450 5.04 x 10°° 5.74
Des-Tyr 392.2099 9.19%10°° 9.99 392.2103 965 % 105 109
Endo 610.2925 492x10° 347 610.2926 591 x10°° 3.64
Dyn 867.4790 128 10°° 8.67 867.4810 230 % 10°° 11.0
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mode. One channel was recorded at a high detector
gain whereas the other channel operated at a low detector
gain. Then the two channels were stitched together to
produce a scan with a sampling rate of 2GHz, which
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Figure 3. Mass spectra in the
mjzrange of the single charged
molecuiar ion of Des-Tyr (A, C,
E and G) and Endo (B, D, F and
H) using different modes for
the oa-ToF mass spectrometer:
A, B) “high resolution” (4 GHz),
mass range 3200 m/z, (C, D)
“high  resolution” (4 GHz),
mass range 1700 m/z, (E, F)
“extended dynamic range’’
(2 GHz), mass range 3200 my/z
and (G, H) “extended dynamic
range” (2GHz), mass range
1700 myz.

resulted in a greatly increased dynamic range. A wide
dynamic range may be necessary for the analysis in a single
run of unknown samples that vary widely in analyte
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4 Concluding remarks

We have clearly described the main parameters influencing
sensitivity and reliability of the molecular mass measure-
ments in CE-0a-TOF-MS of a series of low molecular mass
neuropeptides. Tuning of the 0a-TOF parameters and
external mass-axis calibration is mandatory before begin-
ning the experiments. Then, the fragmentor voltage value
can be adjusted in order to maximize the production of the
analyte molecular ions for optimum sensitivity. Higher
fragmentor voltage values allow obtaining product ion mass
spectra that, when the variety of fragment ions is not
limited, can be useful to confirm the identity of the
separated compounds. The addition of internal mass
references to the sheath liquid for continuous mass-axis
recalibration during the electrophoretic separations results
in the best performance in terms of repeatability and
accuracy of mass measurements, with values around
5-10 ppm and 10 * %RSD, respectively. The presence of
the reference compounds (purine and HP-0921) at the
proposed concentrations does not affect the electrophoretic
separations, peak area repeatability and sensitivity.
On the contrary, it promotes a slight positive effect on
linearity (R* values). An inconvenience of following this
strategy for internal mass-axis recalibration is degradation
with time of HP-0921 due to the sheath liquid composition.
Hence, the sheath liquid solution used for continuous mass-
axis recalibration needs to be refreshed after 12h of
preparation. Real-time mass-axis recalibration is necessary
to obtain the best performance of the 0a-TOF-MS ensuring
the accuracy of the mass measurements. In terms of mass
resolution, the “high resolution” (4 GHz) mode allows
enhanced resolution without a decrease in sensitivity.
The “extended dynamic range” (2 GHz) mode is advisable
for improved performance with samples that vary
widely in analyte concentrations when resolution is not a
limiting factor. In general, the results obtained for the
analysis of neuropeptides by CE-0a-TOF-MS are markedly
better than those obtained using conventional reflectron
TOF or IT analyzers. Especially remarkable are the
improvements in sensitivity, linear range, repeatability,
mass accuracy and resolution. Thus, despite not having
the sensitivity or the quantitative capabilities of triple
quadrupole mass spectrometers working in multiple-reac-
tion monitoring mode for targeted analytes, the possibility
of performing MS" experiments of hybrid TOF mass
analyzers (e.g. Q-TOF) or the accuracy and resolving power
of magnetic sector or Fourier transform ion cyclotron
resonance (FTICR-MS) mass spectrometers, the features of
an 0a-TOF may be good enough for screening, elucidation
of elemental composition and confirmation of low molec-
ular mass compounds in complex mixtures with CE-MS at a
reasonable price.
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Research Article

Separation and characterization of
superoxide dismutase 1 (SOD-1) from
human erythrocytes by capillary
electrophoresis time-of-flight mass
spectrometry

Cu, Zn-superoxide dismutase (SOD-1) is a homodimeric metalloenzyme that has been
related to ALS (amyotrophic lateral sclerosis). The majority of ALS cases are sporadic
while approximately 109 are inherited (familial ALS, FALS). Mutations in the amino acid
sequence of human SOD-1 cause only 25% of the FALS cases, while the explanation for
the rest is not clear yet. In this way, several authors have suggested the importance of
posttranslational modifications or dimer dissociation on formation of the characteristic
fatal intraneuronal SOD-1 aggregates. In this paper, we used capillary electrophoresis-
electrospray mass spectrometry with an accurate mass and high-resolution time-of-flight
mass spectrometer (CE-TOF-MS) for separation and characterization of standard bovine
SOD-1 and human SOD-1 purified from erythrocytes. Two background electrolytes (BGEs)
were used for CE-TOF-MS experiments in positive ion mode. An acidic BGE allowed de-
tection of apo-monomer SOD-1, because the metal ions were completely released during
the electrophoretic separation. The better sensitivity at acidic pH was especially interest-
ing to detect different isoforms of human SOD-1. In contrast, a neutral BGE provided
enhanced conditions for detection of the fully metalated dimeric and monomeric enzyme,
but selecting an appropriate fragmentor voltage value in the TOF analyzer was critical
to obtain reliable quantitative information. Anyway, only the metalated forms involving
the main isoform of human SOD-1 were detected due to the lower sensitivity. Hence,
the combination of both methodologies resulted necessary to obtain detailed structural
information from the enzyme.

Keywords:
Aggregation / ALS / Mass spectrometry / Metalloprotein
DOI 10.1002/elps.201100672

quence of Cu,Zn-superoxide dismutase (SOD-1), an ubig-
uitous enzyme involved in protecting cells from oxidative

Amyotrophic lateral sclerosis (ALS) and its hereditary form,
familial amyotrophic lateral sclerosis (FALS), are fatal neu-
rodegenerative diseases characterized by progressive motor
neuron loss. The majority of ALS cases are sporadic while
approximately 10% are inherited [1-7]. Only a subset of these
FALS cases are caused by mutations in the amino acid se-
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damage [1-10]. Tn addition to this differential fact, as in
many neurodegenerative disorders, including Huntington’s,
Alzheimer’s, Parkinson’s, and Prion diseases, protein aggre-
gates in motor neurons are a key pathological feature in all
the ALS forms [4-7]. Understanding the aggregation of SOD-
1 would have important implications on the development of
novel therapeutics for ALS. In this sense, several authors have
proposed the existence of a common aggregation pathway
for FALS and sporadic ALS based on dissociation of SOD-1
to monomers [4—7]. In addition, the presence or abundance
of certain posttranslational modifications in human SOD-1
might have similar effects to mutations in some of the FALS
cases [3,4].

The structure of SOD-1 is very similar in different
species. The native enzyme is a homodimer of approxi-
mately 32 kDa that coordinates one Cu’" and one Zn’"
per monomer (Cu;,Zn;-dimer SOD-1). Dimer formation is
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essential for SOD-1 function. While copper ion plays a cru-
cial role in enzyme activity, zinc ion contributes to structural
stability [11]. MALDI-TOF-MS, ESI-MS and especially LC-
MS have been the techniques of choice for the analysis of
SOD-1 due to the possibility of identifying different protein
isoforms (i.e. acetylated, phosphorylated, or glutathionylated
forms in human SOD-1) or mutations in the amino acid se-
quence [1-4, 11-14]. However, the required analytical condi-
tions promoted the partial or total loss of the metal ions from
the enzyme structure due to low pH, oxidation, treatment
with chelating or chaotropic agents, etc., leading to the metal
deficient forms, mostly the apo-monomer [1-4, 6,7, 11-14],
Although this is not a limiting factor when the aim is to ob-
tain a molecular mass to identify mutations of human SOD-1,
which involve differences at the sequence level [1-4, 11-14].
CE-MS using ESI or MALDI interfaces is an excellent alterna-
tive to analyze proteins, when analyte adsorption to the inner
surface of fused-silica capillaries is prevented [1-19]. We have
recently proposed some methods for the analysis of bovine
SOD-1 by CE-ESI MS with an ion-trap mass spectrometer
(CE-IT-MS) [14]. One of the methods was using nondenatur-
ing conditions for separation, detection, and identification of
the dimeric fully metalated native form of the bovine enzyme
or any monomeric, dimeric, apo-, or metalated intermediate
form. In this work, we will apply these CE-MS methodologies
for the analysis of standard bovine SOD-1 and SOD-1 puri-
fied from human erythrocytes using an accurate mass and
high-resolution time-of-flight mass spectrometer (CE-TOF-
MS) [19,20]. Our aim is to demonstrate, on one hand, that un-
der acidic conditions CE-TOF-MS may be regarded as an ex-
cellent tool to map the posttranslational modifications of hu-
man SOD-1 and, on the other hand, that under nondenatur-
ing conditions it may be useful to identify and quantify the na-
tive form of the enzyme and the potential intermediates that
could be involved in triggering SOD-1 aggregation in ALS.

2 Materials and methods
2.1 Chemicals and reagents

All chemicals used in the preparation of buffers, BGEs,
and solutions were of analytical reagent grade. Formic acid
(FA), acetic acid (HAc) (glacial), TFA, sodium hydroxide (pel-
lets), ammonia (25%), ethanol, chloroform, acetone, potas-
sium dihydrogen phosphate anhydrous (99.5%) (KH,PO.),
potassium monochydrogen phosphate anhydrous (99.5%), or-
thophosphoric acid (85%), and 2-propanol (iPrOH) were sup-
plied by Merck (Darmstadt, Germany). Sodium chloride was
provided by Sigma (St. Louis, MO, USA). SOD-1 from bovine
erythrocytes (>97%) and ammonium acetate (NH:Ac) were
supplied by Fluka (Madrid, Spain). Water with a conductivity
value lower than 0.05 uS/cm was obtained using a Milli-Q
water purification system (Millipore, Molsheim, France). ESI
low concentration (ESI-L) tuning mix for tuning and calibra-
tion of the TOF mass spectrometer was supplied by Agilent
Technologies (Waldbronn, Germany).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Background electrolyte, sheath liquid,
and standard bovine SOD-1 solutions

The compositions of the BGE and sheath liquid sclution were
optimized in a previous work for the analysis of bovine SOD-1
by CE-IT-MS [14]. The BGEs contained 1 M HAc (measured
pH was 2.3) or 10 mM NHsAc (pH 7.3). In this last case,
the quantity of NH,Ac necessary to prepare 100 mL of a 10
mM solution was weighed and dissolved in 90 mL of water.
Then, pH was adjusted to pH 7.3 with NH; before making up
solution to the final 100 mL volume. Both BGEs were filtered
through a 0.45-pm nylon filter (MSI, Westboro, MA, USA)
before use. The sheath liquid solution was a hydroorganic
mixture of 60:40 v/v iPrOH fwater containing 0.5 % v/v of
FA. It was degassed by sonication (10 min) before use.

The commercial SOD-1 from bovine erythrocytes ap-
peared to be by CE-IT-MS a mixture of the metalated dimeric
and monomeric forms (Cuz,Zn;-dimer SOD-1 and Cu,Zn-
monomer SOD-1) [14]. As an example, the average molecular
mass of Cu,,Zn;-dimer SOD-1 (M = 31432.1 Da, Table 1) was
calculated using mmass software (http://www.mmass.org,
Institute of Microbiology, Academy of Sciences of the Czech
Republic, Prague, Czech Republic, [21]) as apo-SOD-1 (M =
15 591.2 Da, Table 1, taking into account the amino acid se-
quence and an acetyl group) + 2 Zn** + 2 Cu’* — 8 HF
[11,14,21,22]. The 2000 mg-L~"' solutions of apo-SOD-1 were
obtained removing Cu?! and Zn?" by acidification with TFA
and diafiltration using Microcon YM-10 centrifugal devices
(MWCO 10 000 Da) (Millipore, Beverly, MA, USA) [14]. The
solution of the commercial enzyme was obtained by diafiltrat-
ing a 2000 mg-1.~! solution of the commercial sample using
the same procedure but without the addition of TFA. Both
bovine SOD-1 samples were analyzed by CE-TOF-MS.

2.3 Instrumentation

All CE-TOF-MS experiments were performed in a HP*PCE
system (Agilent Technologies) coupled to a 6220 oa-TOF
LC/MS mass spectrometer (Agilent technologies) with a
dual-nebulizer ESI source. The orthogonal nebulizer was a
G1603A sheath-flow interface for CE-MS (Agilent Technolo-
gies) [23]. The sheath liquid was delivered at a flow rate of 3.3
p.L/min by a KD Scientific 100 series infusion pump (KD Sci-
entific, Holliston, MA). CE control and separation data acqui-
sition (e.g. voltage, temperature, and current) were performed
using ChemStation software (Agilent Technologies) that was
running in combination with the MassHunter workstation
software (Agilent Technologies) for control, data acquisition,
and analysis of the TOF mass spectrometer. m/z mass spec-
tra were deconvoluted to obtain molecular mass values and
abundances using an algorithm based on the method of max-
imum entropy to find the simplest zero charge mass spectra
that could account for the observed m/z data.

The CE separation was performed in a 50 cm x 50 pm id
fused-silica capillary (Polymicro Technologies Phoenix, AZ,
USA) at 25°C fitted in a CE-MS cartridge cassette (Agilent
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Table 1. Theoretical average molecular mass values of bovine and human SOD-1 isoforms detected by CE-TOF-MS.

Bovine SOD-1 Human SOD-1

Apo Metalated Apo Metalated
PTM 1 acetyl 1 acetyl Tacetyl  3acetyl 1acetyl +1 1acetyl +1 1 acetyl 1 acetyl

phosphate glutathione
Structure a-Mo Mo DI a-Mo a-Mo a-Mo a-Mo Mo DI
{Cu,Zn) (Cuz,Zns) {Cu,Zn) (Cuy,Zng)

M 15591.2 15 716.1 314321 15 844 8 15928.5 159424 16 149.7 159695 31939

The native forms of bavine and human SOD-1 enzymes have some differences in the amino acid sequence and posttranslational
modifications [33, 34]. (PTM: posttranslational modification, M: molecular mass, a-Mo: apo-monomer, Mo: monomer, and DI: dimer).

Technologies). A new capillary was set every time the BGE pH
was changed. Methods for storage, activation, conditioning
between workdays, runs or after a change of BGE were as
described in our previous work with CE-IT-MS [14]. Samples
were injected at 50 mbar for 10 s without turning off the
nebulizing gas and separation voltage was 15 kV (normal
polarity) (current intensity was lower than 10 pA in both
cases). The working BGE was refreshed after every analysis
to ensure optimum repeatability [14].

Unless otherwise indicated, the TOF mass spectrometer
was operated under optimum conditions in positive mode us-
ing the following parameters: capillary voltage 4000 V, drying
gas temperature 200°C or 300°C, for the acidic and the neutral
BGEs, respectively, drying gas flow rate 4 L/min, nebulizer
gas 7 psig, fragmentor voltage in the range between 250 and
325 V, skimmer voltage 80 V, OCT 1 RF Vpp voltage 300 V.
Data were collected in profile (continuum) at 1 spectrum/s
(approximately 10 000 transients/spectrum) between m/z 100
and 3200 working with the mass range set to standard (3200
m/z) in the extended dynamic range (2 GHz) and high res-
olution (4 GHz) modes. In both cases, the reference mass
correction for internal mass recalibration was disabled for all
the experiments, but a standard tune and external calibration
was performed daily at the beginning of the day following the
manufacturer instructions using the typical LC-MS sprayer
and ESI-L tuning mix (Agilent Technologies) [23].

pH measurements were performed with a Crison 2002
potentiometer (Crison Instruments, Barcelona, Spain) and a
ROSS electrode 8102 (Orion Research, Boston, MA, USA).
Centrifugations were carried out in a Mikro 20 centrifuge
with a 2073 roter and in a cooled Rotanta 460 centrifuge
(Hettich Zentrifugen, Tuttlingen, Germany) for centrifuga-
tions at room temperature and at controlled temperature,
respectively.

2.4 Procedures

2.4.1 Human SOD-1 purification

Fresh blood from a healthy donor (female, 25-years old) was
obtained by venipuncture and was collected in 4 mL BD Vacu-

tainer Plus Plastic K;EDTA tubes (Franklin Lakes, NJ, USA)
to prevent coagulation. Potassium phosphate buffer (PBS)

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

was prepared weighting enough KH,PO, and K;HPO; to
prepare 500 mL of a 0.565 mM of KH,PO, and 1.935 mM of
K, HPO, solution. Then, 490 mL of water were added and pH
was adjusted to 7.4 with H; PO, before making up to the final
500 mL volume.

Human SOD-1 was purified from blood combining and
adapting different parls of several methods described in the
literature [24-27]. Four milliliters of blood were processed ata
time. The plasma was separated after centrifuging the blood
at 3700 rpm for 10 min at 4°C. Erythrocytes were washed
three times by centrifugation with 2 mL of cold 0.1 M NaCl at
4300 rpm for 5 min at 4°C, Then, they were lysed with 6 mL of
cold water. Hemoglobin was removed using a treatment with
EtOH and CHCl; [24-29]. The temperature was maintained
at 0°C by means of an ice-water bath while 2.7 mL of cold
EtOH were added to the lysate with adequate stirring. Then,
1.5 mL of cold CHCl; were added to the mixture, mixing
for 30 min to render hemoglobin insoluble [24]. The mixture
was centrifuged at 3000 rpm for 10 min. The resulting clear
supernatant (approximately 9 mL) was maintained overnight
at 4°C in the refrigerator. Then, it was allowed to warm at
room temperature and 2.9 g of solid K;HPO, were added
with vigorous stirring resulting in the separation of two liquid
phases [24]. The organic upper phase containing SOD-1 was
collected after centrifuging the mixture at 2100 rpm for 10
min at 25°C (approximately 4 mL). This solution was cooled
at 4°C in the refrigerator and 3 mL of cold acetone were
added to precipitate SOD-1 [24]. The mixture was incubated
for 30 min at 4°C with occasional manual shaking. Then, the
precipitate was separated by centrifugation at 4300 rpm for 10
min at 25°C. This precipitate was finally dissolved in 7 mL of
PBS. The SOD-1 solution was desalted and preconcentrated at
room temperature using Amicon Ultra-10 centrifugal devices
(MWCO 10 000 Da) (Millipore, Beverly, MA, USA) [14, 26].
The procedure was similar to the one previously described for
commercial bovine SOD-1 using Microcon YM-10 centrifugal
devices but without the addition of TFA [14]. It consisted of
four consecutive washing steps with PBS (7 mL x 1) and
water (1 mL x 3) at 4300 rpm and 4°C. The final volume was
adjusted to around 250 L. The human SOD-1 concentrated
solution was analyzed by CE-TOF-MS. In the case of neutral
BGE, a further concentration was needed using Microcon
YM-10 centrifugal devices and volume of the previous sample
was reduced until 50 p.L. The average molecular mass values
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of human SOD-1 forms were calculated as indicated above
for bovine apo-SOD-1 (Table 1). Samples were stored at 4°C
when not in use.

2.4.2 CE-TOF-MS of SOD proteins

Using the CE-TOF-MS setup, the parameters of the TOF
mass spectrometer were specifically tuned for the ions of
bovine Cu;,Zn,-dimer SOD-1 and apo-SOD-1. The 2 mg/mL
solutions of each protein were delivered through the CE sep-
aration capillary at 50 mbar for infusion experiments and
the mass spectrometer parameters were monitored to get the
maximum signal intensity for the ions of both proteins. The
parameter values obtained in this way are reported above in
Section 2.3 and were later confirmed running different CE-
TOF-MS separations. Under optimum conditions, base peak
electropherograms (BPEs) were showing the best compro-
mise in terms of CE run times, separation resolution, peak
shape, and height (or S/N ratios). Mass accuracy was calcu-
lated in ppmas |Msxprr1mr.nmf - Mrh:'ormmfI/Mhmn:!imn' b 106 [20}

3 Results and discussion
3.1 CE-TOF-MS of bovine SOD-1

In a previous investigation, we developed CE-MS method-
ologies for the analysis of bovine SOD-1 using an IT mass
spectrometer [14]. Now, these methods were evaluated with
a TOF mass spectrometer. Although the use of CE-TOF-MS
is becoming popular for the analysis of peptides and pro-
teins [19, 20, 23], it is difficult to find in the literature clear
descriptions about the essential specific factors involved in
the performance of CE-TOF-MS, especially when complex
proteins are involved [23].

The CE-TOF-MS experiments were run in positive ESI
mode with 1T M HAc (pH 2.3) and 10 mM NH,Ac (pH
7.3) BGEs [14]. Thus, while the acidic BGE has increased
volatility and allowed only detection of bovine apo-SOD-1, the
neutral BGE was more suitable to identify Cu,Zn-monomer
and the Cu,,Zn,-dimer SOD-1. One of the greatest prop-
erties of the TOF mass spectrometer apart from its high
mass accuracy and resolution, is the ability to detect ions
with m/z values up to higher m/z values than other analyz-
ers [19,20]. A wide m/z scanning range is useful when the
cluster of multicharged ions of the studied protein is dis-
placed to high m/z values, as expected for Cuy,Zn,-dimer
SOD-1 using the neutral BGE. In our previous work, the
IT analyzer was able to scan up to 3000 m/z allowing only
detection of +12 (2620 m/z) and +11 (2858 m/z) ions of
bovine Cuy,Zn,-dimer SOD-1 [14]. In our preliminary CE-
TOF-MS experiments with commercial bovine SOD-1 and
neutral BGE the scanning range was extended until 4500
m/z that required decreasing the mass spectra resolution to
the minimum (minimum storage size [1 GHz|). Under these
conditions, +12 (2620 m/z), +11 (2858 m/z), and +10 (3144
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m/z) were the ions with the highest intensity of the bovine
Cu;,Zn;-dimer SOD-1 cluster, while +9 (3494 m/z) and +8
(3930 m/z) ions were detected with extremely low intensity
(lower than 1% of the intensity of +11 ion). As the main ions,
+12, 411, and +10, could be detected scanning until 3200
m/z values at higher resolution (2 GHz or 4 GHz in extended
dynamic range or high resolution modes, respectively), the
rest of the experiments were performed using these high-
resolution modes. The BPEs obtained by CE-TOF-MS for the
different bovine SOD-1 samples using both BGEs were sim-
ilar to those previously obtained by CE-IT-MS, with a single
main peak corresponding to the protein (data not shown)
[14].

Regarding other TOF mass spec parameters, the frag-
mentor voltage value was showing the greatest influence on
SOD-1 m/z spectra [23]. Figure 1A-F shows the m/z spec-
tra of the detected electrophoretic protein peaks at differ-
ent fragmentor voltage values together with the molecular
mass values obtained after deconvolution for bovine apo-
SOD-1 and commercial bovine SOD-1 samples using the
neutral BGE. As can be observed from Fig. 1A, C, and E
the appearance of the apo-SOD-1 m/z spectra was similar
but the intensity of the molecular ions was higher at the
lowest fragmentor voltage value (275 V). This decrease in
peak height of the ions when the fragmentor voltage value
was increased could be directly related to in-source collision-
induced dissociation (i.e. fragmentation) of the protein, as
previously observed with other molecules, such us pesti-
cides, antibiotics, and peptides [23, 30-32]. In all cases, the
m/z spectra allowed the calculation of a molecular mass
of around 15 591.7, very close to the theoretical molecu-
lar mass of the monomeric apo-SOD-1 (a-Mo), which bears
an acetyl group (15 591.2, Table 1). The mass accuracy was
excellent (around 30 ppm), 25-fold better than in our pre-
vious work with CE-IT-MS [14]. A careful analysis of the
cluster of multiply charged ions obtained in the m/z spec-
tra of commercial SOD-1 indicated the presence of Cu,Zn-
monomer SOD-1 and Cu,,Zn;-dimer SOD-1 (Mo and DI,
Fig. 1B, D, and F). Thus, as indicated in the different ion
labels of Fig. 1B, D, and F, the ions with nominal m/z val-
ues 2620 and 3144 were the summed contribution of the
Cu,Zn-monomer SOD-1 (Mo) and the Cu,,Zn;,-dimer SOD-1
(DI), while the ions of 2246 and 2858 m/z were exclusively
detected for the Cu,Zn-monomer SOD-1 and the Cu;,Zn;-
dimer SOD-1, respectively (+14 DI, was necessarily missing
because +13 DI was not detected). The molecular mass val-
ues calculated were around the theoretical values expected
for those metalated forms (31 432.1 Da and 15 716.1 Da, re-
spectively, Table 1). The explanation of the influence of the
fragmentor voltage value on the mass spectra is more com-
plex now. As can be observed, when the fragmentor voltage
value was changed from 275 up to 325 V (Fig. 1B, D, and
F) the intensity of the ions with m/z 2620 and 3144 clearly
increased while only the intensity of the ion with m/z 2858
decreased. That means that part of the Cuy,Zn;-dimer SOD-1
was converted to Cu,Zn-monomer SOD-1 due to in-source
fragmentation.
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Figure 2. CE-TOF-MS BPEs (from 900 to 3200 m/z) for a human
S0OD-1 sample at 325 V of fragmentor voltage value using a BGE
of (A) 1 M HAc (pH 2.3) and (B) 10 mM NH4Ac (pH 7.3, adjusted
with NHj).

With regard to the influence of the BGE on the detected
bovine SOD-1 species, Fig. 1G and H show the m/z spectra
together with the molecular mass values obtained by CE-TOF-
MS with the acidic BGE for bovine apo-SOD-1 and commer-
cial bovine SOD-1 samples, respectively. As expected, sensi-
tivity was better than with the neutral BGE because of the
lower pH and improved volatility of 1 M HAc. However, both
m,/z spectra allowed the calculation of a molecular mass that
agrees with the theoretical molecular mass of the monomeric
apo-SOD-1 (a-Mo) (15 591.2, Table 1), thereby indicating that
the metals were released from the Cu;,Zn,-dimer and Cu,Zn-
monomer SOD-1 when the acidic BGE was used for the elec-
trophoretic separation.

3.2 CE-TOF-MS of human SOD-1

The results for bovine SOD-1 were the starting point to ana-
lyze SOD-1 from human erythrocytes. Figure 2 A and B shows
the BPEs obtained with the acidic and neutral BGEs, respec-
tively. The electrophoretic profiles were similar to those that
were obtained for bovine SOD-1 by CE-TOF-MS or CE-1T-
MS [14]. The electropherograms show a broad single peak
in the acidic BGE (Fig. 2A) while in the neutral BGE the
single peak was sharper (Fig. 2B). This focusing effect at
neutral pH could be explained by a dynamic pH junction
mechanism, as human SOD-1 sample was injected in wa-
ter instead of the BGE. Repeatability was good at both pH
values, because protein adsorption was prevented due to the
appropriate balance between silanol and protein ionization
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at both pH values (SOD-1 pI = 5) [14]. At neutral pH, analy-
sis time was slightly lower because the higher cathodic EOF
transported faster the anionic SOD-1 toward the detector. The
m/z spectra of the detected peaks together with the deconvo-
luted zero charge spectra can be found in Fig. 3. According
to the results for commercial bovine SOD-1, the m/z spectra
for human SOD-1 were completely different for both BGEs
(Fig. 3A and B). With the acidic BGE the metals were re-
leased from the native enzyme and the m/z spectrum corre-
sponded to the different monomeric apo-SOD-1 isoforms (a-
Mo, Fig. 3A). The excellent mass accuracy and resolution on
the m/z spectrum of Fig. 3A allowed deconvolution of a zero-
charge spectrum showing the peaks corresponding to differ-
ent isoforms of the protein at 15 844.8, 15 928.8, 15 943.0, and
16 150.0 Da (Fig. 3A-i). The main isoform (M, = 15 844.8
Da) corresponded to the apo-monomer-SOD-1 sequence
(M = 15 804.6 Da) [1-4] (Swiss-Prot Protein knowledge-
base, 2011, http://www.uniprot.org/uniprot/P00441. The
Association of Biomolecular Resource Facilities, 2011,
http:/ /www.abrf.org/index.cfm/dm.home) with an acetyla-
tion (+42.0 Da) (Swiss-Prot Protein knowledgebase) and a
disulfide bond (—2.0 Da) (M = 15 844.6, Table 1) (The As-
sociation of Biomolecular Resource Facilities). In the rest of
cases, the main isoform was further modified with two extra
acetyl groups (M.g, = 15 928.8 Da, +84.0 Da), an hydrated
phosphate group (M., = 15 943.0 Da, +98.0 Da) and a glu-
tathione group (M., = 16 150.0 Da, 4-305.0 Da) (Table 1). All
these isoforms were previously described in the literature for
human apo-monomer-SOD-1 using different analytical tech-
niques [1-4,12,13] (Swiss-Prot Protein knowledgebase). With
the neutral BGE we expected to detect the metalated forms
of the human enzyme. The m/z spectrum corresponding to
the detected peak in the electropherogram with NH,Ac (pH
7.3) of Fig. 2B is shown in Fig. 3B. In addition to the cluster
of multiply charged ions of the Cu,Zn-monomer SOD-1 (Mo)
and Cuy,Zn;-dimer SOD-1 (DI), there was another at lower
m/z values corresponding to a major protein impurity (la-
beled as UBI). This protein impurity, which comigrated with
the metalated forms of the enzyme at neutral pH, was not
detected with the acidic BGE. The deconvoluted zero-charge
spectrum of Fig. 3B-i shows a main molecular mass of 8565.1
Da that could correspond to ubiquitin (UBI, My,., = 8564.7
Da, without posttranslational modifications), a small protein
of 76 amino acids present in almost all tissues of eukary-
otic organisms, which is involved in protein degradation [33].
The minor peak of 8451.0 Da was in good agreement with a
truncated ubiquitin that resulted after the cleavage of the C-
terminus segment 75-76 (Gly-Gly) (M., = 8450.6 Da). The
zero-charge spectra deconvoluted for Cu,Zn-monomer SOD-
1and Cu,,Zn;,-dimer SOD-1 (Fig. 3B-ii and B-iii, respectively)
show a molecular mass of 15 969.8 and 31 938.8 together with
an adduct with sodium ions (+Na = 22.0 or +2Na = 44.0 Da,
respectively). Both experimental molecular values are in good
agreement with the fully metalated monomeric and dimeric
forms of the human enzyme, acetylated, and with a disulfide
bond (M = 15 969.5 Da and M = 31 939.1 Da, respectively,
Table 1). No other isoforms were detected due to the lower
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sensitivity at neutral pH, which also contributed to the gener-
ation of the sodiated protein ions. Results were similar with
other samples from healthy blood donors (data not shown).
With regard to the influence of the fragmentor voltage value
on detection of the main monomeric or dimeric metalated
isoforms of human SOD-1, Fig. 4A shows a bar graph with
the ratio between the intensity of the ions with nominal m/z
values 2282 and 2905 as a function of the fragmentor volt-
age value. This ratio was useful to evaluate the conversion
of Cuy,Zn;-dimer SOD-1 to Cu,Zn-monomer SOD-1 due to
in-source fragmentation, because these ions were exclusive
of the monomer (2282) and the dimer (2905) (see Fig. 3B). As

© 2012 WILEY-VCH Verlag GmhH & Co. KGaA, Weinheim

CE and CEC 2567

15844.8
o
°, B
fs &
a8 -
-e
15500 15750 16000
M (Da)
x104
6
5
g4 Figure 3. Mass spectra of hu-
3 3 man SOD-1 using a BGE of (A) 1
31938.8 M HAc (pH 2.3) and (B) 10 mM

NH:Ac (pH 7.3, adjusted with
NH3) in CE-TOF-MS at a frag-
mentor voltage value of 325 V.
i, ii, and iii) deconvoluted mass
spectra. (a-Mo = apo-monomer,
Mo = monomer, and DI = dimer).

1

0
31500 31750 32000 32250
M (Da)

it can be seen, when fragmentor voltage value was changed
from 250 to 375 V the proportion of the monomer relative to
the dimer increased, suggesting in-source dissociation. Frag-
mentation was maximum at 375 V and did not further in-
crease at 450 V. These results were in agreement with those
obtained for bovine SOD-1. The mass spectra of human SOD-
1 at different fragmentor voltage values (Fig. 4B, C, and D)
gave a better overview of the effect on the overall m/z spec-
tra, especially on the ions with nominal m/z values 2663 and
3195 that accounted for both, the monomer and the dimer.
These results again support the idea that the fragmentor volt-
age value was a critical factor to take into account in order
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Figure 4. (A) Bar graph of the ratio between the intensity of the
ions with nominal m/z values 2282 and 2905 of human SOD-1 at
different fragmentor voltage values. (B} Mass spectra of human
SOD-1 samples using a BGE of 10 mM NH;Ac (pH 7.3, adjusted
with NHa) at a fragmentor voltage value of 250 V (B), 325 V (C),
and 375 V (D). (Mo = monomer and DI = dimer).
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to obtain reliable quantitative information about both meta-
lated forms of the enzyme. In general, it would be advisable to
select the lowest fragmentor voltage value providing enough
detection sensitivity, in this case 250 V.

4 Concluding remarks

We have confirmed that CE-TOF-MS is a better choice than
CE-IT-MS for the analysis of bovine SOD-1 and human SOD-
1, due to the wider scanning range and the improved mass
accuracy and resolution of the TOF analyzer. The acidic BGE
allowed detection of apo-monomer SOD-1, because the metal
ions were completely released during the electrophoretic sep-
aration. Meanwhile, the neutral BGE made it possible to de-
tect the fully metalated dimeric and monomeric enzymes. In
this last case, selection of an appropriate fragmentor voltage
value was of special interest to minimize in-source dimer
dissociation, which would preclude reliable quantitative in-
formation about the abundance of the metalated forms. Both
CE-TOF-MS methodologies provided complementary struc-
tural information. The better sensitivity with the acidic BGE
led to detection of different isoforms of human SOD-1. In
contrast, only the main isoform of the fully metalated dimeric
and monomeric human enzyme was detected with the neu-
tral BGE. The combination of both methodologies may be
regarded as an excellent alternative tool to the existing analyt-
ical methods for SOD-1 based in ESI-MS and LC-MS. It has
the potential to gain insight into the molecular mechanisms
of aggregation underlying in ALS related to posttranslational
modifications or monomerization.
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Capitol 5

Un dels inconvenients més grans de I'ESI-MS quan s’analitzen proteines oligomeriques
com la SOD-1, és que no pot distingir entre ions de la mateixa m/z pertanyents al
monomer i al dimer. Aixo dificulta la interpretacid de la informacié obtinguda quan
una proteina existeix com a mescla de monomers, dimers o d’altres oligdmers,
perque fins a cert punt els diferents espectres de masses es troben superposats. A
més, la impossibilitat de separar les diferents formes de la proteina abans de Ia
deteccido per MS suposa una dificultat afegida. En aquest sentit, la IM-MS és una
tecnica que afegeix de forma efectiva una dimensié de separacié addicional, ja que
permet separar ions en fase gas en funcié aproximadament de la seva relacio
mida-carrega i posteriorment obtenir els seus espectres de masses. En I'actualitat,
s’utilitzen interfases de tipus n-ESI que, entre d’altres avantatges, permeten analitzar
volums molt petits de mostra en tampons aquosos neutres i preservar encara més
I’estructura proteica. La n-ESI-IM-MS és una de les millors alternatives per avaluar tot
tipus d’interaccions no covalents en complexos proteics o bé caracteritzar isomers,

conformers o oligomers de diferents mides.

En aquest capitol s’han establert les condicions optimes per a caracteritzar la SOD-1
bovina i humana mitjangant n-ESI-IM-MS. L’objectiu fonamental és obtenir informacid
rellevant sobre la presencia de la forma monomerica i dimeérica de la proteina, per
avaluar el potencial d’aquesta técnica en I'estudi de malalties neurodegeneratives

caracteritzades per la formacié d’agregats proteics, com |’ALS.
El treball realitzat ha conduit a la seglient publicacio:

e Characterization of superoxide dismutase 1 (SOD-1) by electrospray ionization-ion
mobility mass spectrometry. Borges-Alvarez M., Benavente F., Vilaseca M.
Barbosa J., Sanz-Nebot V. ) Mass Spectrom. (2012) Acceptat.
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Characterization of superoxide dismutase 1 (SOD-1)

by

electrospray ionization-ion  mobility

spectrometry

M. Borges-Alvarez’, F. Benavente'*, M. Vilaseca®, J. Barbosa®, V. Sanz-Nebot®
‘Department of Analytical Chemistry, University of Barcelona, Diagonal 647, 08028 Barcelona, Spain

"Institute for Research in Biomedicine (IRB Barcelona), Baldiri Reixac 10, 08028 Barcelona, Spain.
*Corresponding author: fbenavente@ub.edu, (+34) 934 039 123, Fax (+34) 934 021 233.

In this paper, we report nano-electrospray ionization-ion mobility mass spectrometry
(nano-ESI-IM-MS) characterization of bovine superoxide dismutase (SOD-1) and human
SOD-1 purified from erythrocytes. SOD-1 aggregates are characteristic of amyotrophic
lateral sclerosis (ALS), a fatal neurodegenerative disease in humans that could be
triggered by dissociation of the native dimeric enzyme (Cu,Zn)-dimer SOD-1). In
contrast to ESI-MS, nano-ESI-IM-MS allowed an extra dimension for ion separation,
vielding three-way mass spectra (drift time, mass-to-charge ratio, and intensity). Drift
time provided valuable structural information related to ion size, which proved useful to
differentiate between the dimeric and monomeric forms of SOD-1 under non denaturing
conditions. In order to obtain detailed structural information, including the most relevant
post-translational modifications (PTMs), we evaluated several parameters of the IM
method, such as sample composition (10 mM ammonium acetate, pH 7) and activation
voltages (trap collision energy and cone voltage). Neutral pH and a careful selection of the
most appropriate activation voltages were necessary to minimize dimer dissociation,
although human enzyme resulted less prone to dissociation. Under optimum conditions, a
comparison between monomer-to-dimer abundance ratios of two small sets of blood
samples from healthy control and ALS patients demonstrated the presence of a higher

mass

relative abundance of Cu,Zn-monomer SOD-1 in patient samples.

KEYWORDS: ALS; dimer; ion mobility; mass spectrometry; neurodegeneration; protein-protein.

Several serious neurodegenerative disorders, such as
amyotrophic lateral sclerosis (ALS), prion disease,
Huntington’s disease, Alzheimer’s disease, and
Parkinson’s disease, are characterized by the
aggregation of a specific protein [1-6]. In prion
discase, the dimerization of cellular prion protein
(PrP“) has been reported to trigger aggregation [5].
Other authors have proposed that aggregation is
generally induced by PrP® misfolding [6]. Similarly,
ALS involves a monomeric misfolded intermediate of
superoxide dismutase 1 (SOD-1) [4]. Therefore,
elucidation of the mechanisms behind protein folding,
oligomerization and aggregation is crucial to further
our understanding of these neurodegenerative
discases [6]. Several techniques have been used for
this purpose, including circular dichroism (CD),
electrophoresis, liquid chromatography, differential
scanning calorimetry (DSC), ultracentrifugation,
nuclear magnetic resonance (NMR), and mass
spectrometry (MS) [1-5, 7-12]. Given its capacity to
preserve non-covalent interactions of protein-ligand
complexes in the gas phase under certain conditions,
electrospray ionization-mass spectrometry (ESI-MS)
has been widely used to study protein interactions
and stoichiometry in protein complexes [13-14].
However, this technique has the drawback that it is
unable to distinguish between ions with identical
mass-to-charge (m/z) ratios, thus hindering the
interpretation of mass spectra from mixtures of
monomers, dimers or other oligomers that are usually
highly overlapped [15-17]. lon mobility (IM)
spectrometry is a technique that separates gaseous
ions in function of their size and charge [7, 14-15, 18-

20]. Specifically, IM spectrometry measures the time
(drift time) taken for an ion to cross a region
containing a background inert gas (usually N, and
He) at a controlled pressure under the influence of a
weak electric field. Drift time depends on ion-gas
collisions; hence ions are separated on the basis of
their ion-neutral collision cross-section (€2), which is
related to the overall shape and topology of the ion.
Small ions cross first as a result of their smaller €.
Moreover, the higher the charge of the ion, the
greater the strength of the separation field, and
therefore the more quickly the ion will cross the
chamber. Consequently, ion mobility is ofien
described as being proportional to collision cross-
section-to-charge ratio (Q /z) [7, 14-15, 18-20].
Electrospray  ionization-ion ~ mobility = mass
spectrometry (ESI-IM-MS) has been used to study
small molecules, individual proteins, and intact
protein complexes [7, 13-15, 18-22]. Protein
complexes can be maintained intact in the gas-phase,
under the reduced pressure conditions of the mass

spectrometer. Furthermore, some proteins may
maintain  their native-like conformations [14];
however, others may adopt conformations far-

removed from their native state in solution because
interaction with the solvent may contribute to
stabilization [21]. Therefore, it is necessary to further
our understanding of the experimental parameters
involved in nano-ESI-IM-MS in order to develop
reliable methods for the analysis of proteins and their
complexes.
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Here we studied the capacity of nano-ESI-IM-MS to
characterize standard bovine SOD-1 and human
SOD-1 purified from erythrocytes, with the aim of
gaining further insight into their monomer-dimer
composition. SOD-1 is a ubiquitous enzyme involved
in protecting cells from oxidative damage [2-4, 23-
26]. In many species, the native form of this enzyme
is a homodimer of approximately 32 kDa that
coordinates one Cu”* and one 7Zn° per monomer.
SOD-1 aggregates are characteristic of ALS, but the
cause of this aggregation remains unclear. As only a
minor percentage of ALS cases within the familial
variant can be explained by SOD-1 mutations [2-4,
23, 27-29], dimer dissociation has been proposed as
the trigger of oligomerization and later aggregation
[2-4]. The prevention of ALS and the development of
effective treatments for this disease call for greater
knowledge of the mechanisms behind SOD-1
aggregation. In general, the MS techniques used to
analyse SOD-1 require analytical conditions such as
low pH, which promote metal release from the
enzyme structure, thus leading to metal-deficient
forms, mostly the apo-monomer [2, 4, 11, 16-17, 23,
27-31]. Recently, we demonstrated that capillary
electrophoresis-mass ~ spectrometry  (CE-MS) at
neutral pH can provide improved molecular mass
information that is useful to estimate monomer-dimer
composition [16-17]. With the aim of developing
novel tools to separate, identify and quantify
monomeric and dimeric forms of SOD-1, as well as
any potential intermediates involved in triggering the
oligomerization, here we evaluated the capacity of
nano-ESI-IM-MS to provide reliable information
about the size and molecular mass of this enzyme.
Such information may be highly relevant for the early
diagnosis of ALS and the development of efficient
drugs for this disease.

MATERIALS AND METHODS

Chemicals and reagents

All the chemicals used to prepare the buffers and
solutions were of analytical reagent grade. Ammonia
(25%), ethanol, chloroform, acetone, potassium
dihydrogen phosphate anhydride (99.5%) (KH,PO,),
potassium  monohydrogen phosphate anhydride
(99.5%), and orthophosphoric acid (85%) were
supplied by Merck (Darmstadt, Germany). Sodium
chloride was provided by Sigma (St. Louis, MO,
USA). SOD-1 from bovine erythrocytes and
ammonium acetate (NH40Ac¢) were from Fluka
(Madrid, Spain). Water with a conductivity value
lower than 0.05 pS/cm was obtained using a Milli-Q
water purification system (Millipore, Molsheim,
France).

SOD-1 samples

Bovine SOD-1

Capillary electrophoresis mass spectrometry (CE-
MS) revealed commercial SOD-1 from bovine
erythrocytes to be a mixture of the metallated dimeric
and monomeric forms (Cu,,Zn,-dimer SOD-1 and
Cu,Zn-monomer SOD-1) [16]. As an example, using
mMass software [32], the average molecular mass of
Cus,Zn,-dimer SOD-1 (M = 314322 Da) was
calculated to be apo-SOD-1 (M = 15591.2 Da, taking
into account the amino acid sequence, a disulfide
bond and an N-terminal acetyl group) + 2 Zn*' + 2

Cu®" - 8 H', where the masses of Cu’", Zn*" and H”
were 63.5, 65.4 and 1.0 Da, respectively, and § 1
were displaced by metals so that the net electric
charge of the molecule was zero [16, 30, 33]. A
solution of the commercial enzyme was obtained by
diafiltering a 2000-mg-L™' solution of the commercial
sample using Amicon Ultra-0.5 centrifugal devices
(MWCO 10000 Da) (Millipore, Beverly, MA, USA).
The filter membrane was initially washed with 500
uL of water for 5 min at 6000 rpm. Then 500 pL of
the commercial sample was centrifuged for 5 min
under the same force. The residue was washed three
times with 250 uL of water for 5 min in the same
way. The filtrates were discarded. The residue was
recovered from the sample reservoir by centrifugation
upside down into a new vial (2 min at 6000 rpm).
Finally, sufficient water was added to adjust the
protein concentration to 2000 mg-L™. Five uL of
bovine SOD-1 solution was mixed with 43 uL of
water and 2 pL of a 250 mM NH40Ac (pH 7)
solution prior to ESI-IM-MS analysis. All the
analyses were performed in triplicate.

Purification of SOD-1 from human erythrocytes
Fresh blood from healthy donors and patients (males
and females) diagnosed with variants of sporadic
ALS and at a medium-advanced stage of the disease
was collected in the Hospital Universitari de
Bellvitge (HUB, Hospitalet de Llobregat, Spain).
Samples were obtained by venipuncture and collected
in 4-mL BD Vacutainer Plus Plastic K;EDTA tubes
(Franklin Lakes, NJ, USA) to prevent coagulation.
Potassium phosphate buffer (PBS) was prepared with
0.565 mM of KH,PO, and 1.935 mM of K,HPO,
adjusted to pH 7.4 with H;PO; The assay was
approved by the Ethics Committee of the HUB.
Written informed consent was obtained from all
participants in the study.

Human SOD-1 was purified from blood using
adaptations of methods described in the literature
[17,34-35]. Four mL of blood was processed at a
time. Plasma was separated after centrifuging the
blood at 3700 rpm for 10 min at 4 °C. Erythrocytes
were washed 3 times by centrifugation with 2 mL of
cold 0.1 M NaCl at 4300 rpm for 5 min at 4 °C. They
were then lysed with 6 mlL of cold water.
Hemoglobin [34-39] was removed by treatment with
EtOH and CHCI;. The temperature was maintained at
0 °C by means of an ice-water bath while 2.7 mL of
cold EtOH was added to the lysate under adequate
stirring. To render hemoglobin insoluble, 1.5 mL of
cold CHCIl; was then added to the mixture, which
was then stirred for 30 min [34]. The mixture was
centrifuged at 3000 rpm for 10 min. The resulting
clear supernatant (approx. 9 mlL) was maintained
overnight at 4°C in a refrigerator. It was then allowed
to warm to room temperature, and 2.9 g of solid
K;HPO, was added with vigorous stirring, resulting
in the separation of two liquid phases. The organic
upper phase containing SOD-1 was collected after
centrifuging the mixture at 2100 rpm for 10 min at 25
°C (approx. 4 mL). This solution was cooled at 4 °C
in a refrigerator, and 3 mL of cold acetone was added
to precipitate SOD-1. The mixture was incubated for
30 min at 4 °C with occasional manual shaking. The
precipitate was then separated by centrifugation at
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4300 rpm for 10 min at 25°C. This precipitale was
finally dissolved in 7 mL of PBS. The SOD-I1
solution was desalted and pre-concentrated at room
temperature using Amicon Ultra-10 centrifugal
devices (MWCO 10000 Da). The procedure was
similar to that previously used for commercial bovine
SOD-1. It consisted of four consecutive washing
steps with PBS (7 mL x 4) and water (I mL x 3) at
4300 rpm and 4 °C. After that, another centrifugation
step was required, and the volume of the previous
sample was reduced to 50 pL. There is consensus that
organic solvent-based purification treatments retain
SOD-1 activity and, following a similar procedure,
Djalali et al. reported recoveries higher than 70% for
the human native enzyme [34]. Five uL of human
SOD-1 was mixed with 20 pL of water and 1 pL of a
250 mM NH40Ac (pH 7) solution prior to nano-ESI-
IM-MS analysis. All the analyses were performed in
triplicate. Average molecular mass values of human
SOD-1 forms were calculated as indicated above for
bovine SOD-1. Samples were stored at 4 "C when not
in use.

Instrumentation

Travelling wave (T-Wave) IM-MS experiments were
performed on a Synapt G1 HDMS mass spectrometer
(Waters, Manchester, UK). Samples were placed on a
384-well plate refrigerated at 15°C and were
introduced by automated chip-base nano-ESI using a
Triversa NanoMate (Advion BioSciences) in positive
ion mode. The spray voltage was set to 1.65 kV and
delivery pressure to 0.5 psi. Unless otherwise
indicated, nano-ESI-IM-MS was operated under the
following conditions. The source pumping speed in
the backing region of the mass spectrometer was
reduced until achieving a pressure of 5.83 mbar to
ensure optimal transmission of high mass non-
covalent ions. Cone voltage, extraction cone, and
source temperature were set to 20 V, 5 V and 20 °C
respectively. lons passed through a quadruple mass
filter to the IM section of the instrument. This section
comprised three T-Wave devices. The first device
(Trap T-Wave) accumulated ions and released them
in packets into the IM T-Wave, in which the mobility
separation was performed. The final device (Transfer
T-Wave) was used to transport the separated ions into
the 0a-TOF analyzer. Trap and transfer collision
energies were set to 10V. The pressure in the Trap
and Transfer T-Wave regions were 6.63 107 mbar of
Ar and the pressure in the IM T-Wave was 0.5 mbar
of Na. Trap gas and IM gas flows were 8 and 32
mlL-s™', respectively. The travelling wave used in the
IM T-Wave for mobility separation was operated at a
velocity of 300 m-s”'. The wave amplitude was set at
9 V. The bias voltage for entering in the T-Wave cell
was 18V, The instrument was calibrated over an m/z
range of between 500 and 5000 Da using a solution
of cesium iodide. A solution of myoglobin was
analysed at the beginning of each day to check that
the initial conditions allowed detection of the non-
covalent interactions present in this protein.
MassLynx 4.1 and Drifiscope 2.1 packages were used
for MS and IM data processing.

pH measurements were performed with a Crison
2002 potentiometer (Crison Instruments, Barcelona,
Spain) and a ROSS electrode 8102 (Orion Research,

Boston, MA, USA). Centrifugations were carried out
at room temperature in a Mikro 20 centrifuge with a
2073 rotor or in a controlled temperature Rotanta 460
centrifuge  (Hettich  Zentrifugen,  Tuttlingen,
Germany).

RESULTS AND DISCUSSION

In previous studies, we demonstrated the suitability
of CE-MS at neutral pH to detect the presence of
monomeric and dimeric forms of bovine and human
SOD-1 in solution [16-17]. However, these forms
were not baseline-resolved by CE and their mass
spectra overlapped greatly. Table 1 shows the
multiply charged ions for native bovine SOD-1
(Cuy.Zny-dimer SOD-1) and its monomeric form
(Cu,Zn-monomer SOD-1). A comparison of the m/z
values of the ions of both forms shows that only the
ions of the dimer with an odd charge are specific to
the dimeric form (‘odd ions’). Therefore, careful
analysis of the overlapped mass spectra obtained by
CE-MS at neutral pH allowed a first approximation to
the monomer-dimer composition of SOD-1 [16-17].
Furthermore, we observed that dimer dissociation
was promoted by low pH of the separation buffer or
by certain parameters of the MS detector, especially
the fragmentor voltage of the o0a-TOF mass
spectrometer [16-17]. In this regard, the mild
experimental conditions required in nano-ESI-IM-MS
to separate gas-phase ions —even those with the
same m/z ratios— on the basis of their differential
drift times, are preferable for studying such
metalloproteins, their conformation, monomer-dimer
equilibria, and higher order oligomers [7, 13-15, 18-
22, 40]. Nano-ESI provides a more reliable method of
introducing small amounts of extremely labile protein
assemblies, because it shows greater tolerance of salt
contaminants, facilitates the spraying of neutral
aqueous buffers, and removes the need for heating the
source probe or desolvation gas. Furthermore, the
mass spectra collected may be of better resolution
[13, 22]. However, carcful optimization is necessary
to obtain reliable structural information.

Bovine SOD-1
Monomer miz Dimer
ion ion
[M+5H]"® 3144.2 | [M+10H]"" Table 1. Theoretical
2858 5 [M+11H]'” average m'z values of the
= - i i(l!'b of  bovine 3?‘013-1
[M+6H] 2620.4 [M+12H] with m/z values in the

scanned range. Detected

*13
24189 (b 13H) ions appear in bold letters.

[M+7H]7 22462 | [M+14H]™

First we studied the influence of NH4O0Ac
concentration on the quality of the mass spectrum for
the bovine SOD-1 sample. Protein solutions
containing 10, 50 and 100 mM of NH40Ac (pH 7)
were tested [13]. Neutral pH was required to avoid
metal release and dimer dissociation. However, we
did not detect great differences between the
concentrations tested. Therefore, the lowest ionic
strength solution of 10 mM of NH40Ac (pH 7) was
chosen for further analysis. This concentration was
the same as the one we used for separation in CE-MS
in previous studies [16-17].

To obtain improved sensitivity, mass accuracy and
high resolution MS measurements, protein complexes
should be activated by selecting the appropriate
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injection voltages of the mass spectrometer, in our
case the trap collision energy and the cone voltage
[18.,20]. Molecular internal energy is later removed in
a region of the instrument with an appropriate
backing pressure (5.83 mbar). At very low backing
pressure (under 2.1 mbar), non-covalent interactions
are broken because the gas pressure is not enough to
promote enough collisions to allow the necessary loss
of molecular internal energy [41].

Figures 1-A and -B ii show the mass spectra obtained
for commercial bovine SOD-1 with 10 and 50 V of
trap collision energy, respectively. Summation of the
three-way dataset acquired by nano-ESI-IM-MS led
to these mass spectra, which were in excellent
agreement with those produced in CE-MS [16-17]. In
accordance with the m/z values shown in Table 1, the
two scts of mass spectra presented the overlapped
charge distributions caused by monomeric (Mo) and
dimeric (Di) bovine SOD-1 (sce labels in Figures 1-A
and —B ii). However, we observed some differences
regarding signal-to-noise (S/N) ratios and relative ion
intensity. At higher trap collision energy (Figure 1-B
ii), the S/N ratios were better, except for the +11 ion
of the dimeric form (+11 Di). The relative intensity of
this ion with regard to adjacent ions (+6 Mo//+12 Di
and +10 Di) decreased dramatically. This decrease
was probably due to dimer dissociation. For a better
understanding, ion drift time was plotted against
intensity to obtain extracted ion mobility (EIM)
profiles (Figures 1-A and -B i). The distinct gas-
phase species associated with each ion were readily
visualized from these profiles. Thus, an EIM profile
showing a complex structure (two or more peaks)
indicates the presence of a single species with at least
two non-interconverting conformations, multiple
species (monomer, dimer, etc.) or both possibilities
[42]. At 10 V of trap collision energy (Figure 1-A i),
assignation of +7 Mo and +11 Di in the EIM profiles
was straightforward as only one peak was detected.
As explained before, ‘odd ions’, such as +11 Di, were
specific to the dimeric form of the enzyme. However,

A) Bovine SOD-1
10V of trap collision energy

+13 Di was not detected in the mass spectra (Figure
1-A ii), hence it was not possible to detect +14 Di,
which had the same m/z value as +7 Mo (Table 1).
The EIM profile of the 2620 m/z ion contained two
distinct signals, the first corresponding to the dimer
(+12 Di) and the second to the monomer (+6 Mo).
For ions of a certain m/z value, dimer ions travelled
first because they showed a lower Q/z value (i.e. Qp;
12z < Qy, /z). In general, the Q for the dimer (Qp;)
will be less than twice the Q of the monomer (Qy,).
because it is unlikely that monomers unravel upon
forming the dimer, hence resulting in an extended
structure [42]. Focusing on monomeric and dimeric
ions with different charges (e.g. +10Di, +11Di and
+12Di), we observed that drift time decreased with
charge (Figure 1-A i). An increase in  with charge
as a result of Coulomb repulsion was expected;
however, €2 /z values are, in general, lower for higher
order ions because drift times are proportional to Q
/z, and charge increase predominates over € increasc
[15, 20, 42]. Finally, the EIM profile corresponding
to the 3144 m/z ion contained a single signal. This
was assigned to +10Di because, in accordance with
the Mo/Di ratio in the EIM profile corresponding to
the 2620 m/z ion, +5Mo was undetectable. Some
significant differences were observed in the EIM
profiles at 50 V of trap collision energy (Figure 1-B).
A higher trap collision energy may induce
dissociation as well as conformational changes [19-
20]. For all ions, at 50 V (Figure 1-B i), drift times
and peak width increased with regard to the values
recorded at 10 V. Thus, on the one hand, ions
travelled later because of an increase in molecular
internal energy and collisions. On the other hand,
wider peaks indicated the generation of multiple
unfolded intermediates [18]. These induced unfolded
states were unlikely to correspond to any accessible
solution-state structures because gas-phase activation
occurs in an environment where solvation and
Coulomb forces have vastly different magnitudes
compared to those in solution [18]. Thus excessive
activation with 50 V of trap collision energy should

B)Bovine SOD-1
50V of trap collision energy

|} TIC 2.59 x 10° EIM 2245-2248 miz| i) TIC 4.25 x 10° EIM 2245-2248 m/z|
+7Mo +TMo
PAN
EIM 2616.5-2621.5 m/z| +12Di EIM 2618.5-26215 m/z|
+6 Mo
+12Di
bjt Lo
EIM 2857-2659 miz EIM 2857-2859 miz
}‘\”.‘ bi +110i
100 100 f\
EIM 31425-3145.5 m/z EIM 3142531455 miz
% 50 +10Di — +10Di +5Mo
0 y T y T T b Y y u v Y
0 5 o 15 20 25 0 5 10 15 20 25
ms ms
ii) TOF MS ES+ 329 ii) TOF MS ES+ 1.24 x 10
Mus = 15714 Da Muo = 15715 Da
Mp =31429 Da Mp =31431 Da
+5 Mo
+110i +10Di '!:ZM‘; +10Di
31441
100 2501 100 ;gzm e
+6 Mo
+12Di
% 50 ~irmo 26200 %50 <47 Mo E;\;GDB.
2246.0 22452 iR
0 ey T T 0 ey T e
250 2500 2750 3000 2O miz 2050 2500 2750 2000 20 mi
Figure 1, Extracted ion mobility (EIM) profiles (i) and mass spectra (i) for commercial bovine SOD-1 at (a ) 10V and (b) 50 V of trap

collision energy. Cone voltage was 20 V., (Mo=monomer and Di=dimer).
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be avoided in order to minimize unfolding. Taking
EIM profiles at 10 V as a reference, assignation of +7
Mo, +12 Di//+6 Mo, +11 Di and +10 Di//+5 Mo in
the EIM profiles was straightforward (Figure 1-B i).
Dimer dissociation could now be explained by the
decrease in intensity of +11 Di and the increase in
that of +6 Mo and +5 Mo in comparison to +12 Di
and +10 Di, respectively. Similar results were
observed when the trap collision energy was set at 90
V or higher (data not shown).

Having selected a trap collision energy of 10 V, we
analysed bovine SOD-1 at 20, 55, 90, 120, 180 and
200 V of cone voltage (data not shown). The EIM
profiles and mass spectra were very similar for the
range of cone values between 20 and 90 V (Figure 1
data correspond to a cone value of 20V). Over a cone
voltage of 120 V, the EIM profiles and mass spectra
resembled the one of Figure 1-B, thus suggesting
dimer dissociation. At 200 V, the +11 Di ion, which
was the most intense specific ion of the dimer (see
mass spectra of Figures 1 A-B ii and Table 1), was
almost undetectable.

The results for bovine SOD-1 were the starting point
to analyse SOD-1 from human erythrocytes, which
resulted to be more stable. In contrast to the 50 V
threshold of trap collision energy for bovine SOD-1,
a value of 150 V was required to observe human
SOD-1 dimer dissociation. Furthermore, this protein
did not dissociate in the range of cone voltages tested
(20-200V). At 90 V of trap collision energy and 20 V
of cone voltage, the mass spectrum showed improved
S/N ratios, mass accuracy and resolution and allowed
the detection of a greater number of post-translational
modifications (PTMs) than CE-TOF-MS [17]. The
multiple charged ions corresponding to monomeric
and dimeric forms of human SOD-1 were detected
(Mo and Di, respectively, see Table 2 for m/z
details), as well as those corresponding to some
impurities (X) (Figure 2). This observation was in
good agreement with mass spectra obtained by CE-
TOF-MS [17]. However, the mass spectrum for
human SOD-1 was now displaced to higher m/z
values as a result of the milder composition of the
sprayed solution. Thus, in nano-ESI-IM-MS, the
aqueous solution of protein containing NH40Ac was
sprayed directly without the typical acidic
hydroorganic sheath liquid needed in CE-MS with
sheath flow interfaces [17]. The ions with higher m/z
values were detected with excellent mass accuracy

and resolving power as a result of the improved
performance of this TOF analyzer at m/z values
above 3200. Peaks corresponding to +6 Mo (Figure 2
i) and +10 Di (Figure 2 ii) were magnified to
demonstrate the detection of the distinct human SOD-
1 forms, which contained a disulfide bond and from
one to three acetyl groups, in the presence or absence
of glutathione (GSH) (Table 2). Presence of an acetyl

2acetyl S TOF MS ES+ 266
i) , 6606 Tacetyl 71 3 acatyl
| 1212

X ; TOF MS ES+ 716

miz

M (Da)

1 acetyl
2-acetyl
3acatyl
1 acetyl

Zacetyl

15970
16010
16048
16275
16312
16356
3%z
018 Figure 2. Mass spectrum of human
bi e :r(\:?g: itl:\] ;?ﬁ c_f“(Ijlcnl;xzp‘.;;;‘jll‘:zlll“f;
With Toowt | s Zoom of the +6 Ma ion 1'cgm:-|, i)
GSH ot Zoom of the +10 Di ion region.
32708 (Mo=monomer and Di=dimer).

Without
GSH

With
GSH
3 acetyl

1 acetyl
Without

GSH 2 acetyl

Zacelyl
3 acetyl

group and a glutathione addition have been described
before by other authors [2, 29]. Figures 3-A and -B
show the EIM profiles. For a better interpretation, we
selected the appropriate m/z ranges to individually
consider ions corresponding to forms with and
without GSH. Following a similar reasoning as for
bovine SOD-1 (Figure 1), the distinct peaks were
casily identified, and they confirmed the presence of
monomeric and dimeric forms of human SOD-1 with
and without GSH. Furthermore, only a small shift in

Monomer - miz - Dimer
Without GSH With GSH
ion 1 acetyl | 2 acetyl | 3 acetyl | 1acetyl | 2 acetyl | 3 acetyl ion

[M+4H1‘4 3993.3 4003.8 4014.3 4069.6 4080.2 4090.7 [M-rBH]"a
3549.7 3559.1 3568.4 3617.6 3626.9 3636.3 [M+9|-|]*9

M+5H]® | 31949 3203.3 3211.7 3255.9 3264.3 32727 | [M+10H]'"
2904.5 2912.2 2919.8 2960.0 2967.7 2975.3 [M+11 H]+11

[M+6H]"® | 26625 2669.6 2676.6 2713.4 27204 27274 | [M+12H]'"
24578 2464.3 2470.8 2504.8 2511.2 2517.7 | [M+13H]'"®

[M+7H]+7 22823 2288.3 22943 2325.9 2331.9 2338.0 [M+14H]+14

Table 2. Theoretical average m/z values of the ions of human SOD-1 with m/z values in the scanned range. Detected ions appear in bold letters. (GSH=glutathione)
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A) Human SOD-1 without GSH

i) JEM 2277-2301 miz TIC 1.82 x 10¢
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B) Human SOD-1 with GSH

i) EIM 2315-2343 m/z TIC 1.37 x 10¢
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Figure 3. EIM profiles (i) and mass spectrum (i) for human SOD-1 at 90 V of trap collision energy and 20 V of cone
voltage, considering the forms (a) without GSH and (b) with GSH. (Mo=monomer and Di=dimer).

drift times was observed when comparing the two
EIM profiles (see the insets beside the ions +6 Mo
(10.52 and 10.77 ms) and +9 Di (17.44 and 17.83 ms)
in Figures 3 A- and B- i). This observation suggests
that the presence of GSH was not enough to promote
a conformational change that significantly affected
the molecule cross-section in the gas-phase.

Drift time +6 Mo (ms) | Drift time +9 Di (ms)
sample | ROV with asH | WEROU | with GsH
Control 1 10.52 10.77 17.31 17.70
Control 2 10.52 10.77 17.44 17.83
Patient 1 10.52 10.80 17.70 18.08
Patient 2 10.39 10.65 17.70 18.08
Patient 3 11.03 11.16 18.34 18.60
Patient 4 10.90 11.03 17.83 18.21
Patient 5 10.90 11.03 17.83 18.21

AVERAGE 10.68 10.90 17.74 18.10
s 0.25 0.18 0.33 0.29

Table 3. Drift times of the peaks detected in the EIM profiles
corresponding to +6 Mo and +9 Di, with and without GSH, in contral
and patient samples. (s=standard deviation)

To evaluate the potential of nano-ESI-IM-MS to
obtain a reliable fingerprint of human SOD-1 that
could be used to gain insight into monomerization as
a trigger of the oligomerization processes underlying
ALS, we performed a preliminary study with samples
from a small group of healthy controls and ALS
patients. All the blood samples were purified and
later analyzed at neutral pH under the optimum
instrumental  conditions to minimize dimer
dissociation (i.e. 90 V of trap collision energy and 20
V of cone voltage). Table 3 shows the drift times of
the peaks detected in the EIM profiles corresponding
to +6 Mo and +9 Di, with and without GSH, in

control and patient samples. We selected these ions
because they were specific to the monomer and the
dimer, respectively, and were baseline-resolved in the
ion mobility dimension (Figure 3). The repeatability
of drift times between samples was satisfactory and,
as indicated (Figures 3-A and —B), drift times were
only slightly lower without GSH than with. Figure 4
shows a bar graph with the ratios between areas
obtained for the peaks of +6 Mo and +9 Di in their
EIM profiles, with and without GSH, as well as the
average of both monomer-to-dimer ratios. These
ratios were usetul to evaluate the relative abundances
of monomer and dimer, because these ions were
exclusive to the monomer (+6 Mo) and the dimer (+9
Di) (see Figure 3). As it was a relative parameter,
comparison between both groups of samples was
more reliable, as differences caused by sample
matrix, the possible dissociation (during sample
purification or detection) or absolute protein
concentrations, were minimized. The average ratio of

1.8 4

14 Without GSH
0.8 4 W WithGSH
W AVERAGE

Area*t ¥ jarea*?0

Figure 4. Bar graph with the ratios between areas obtained for
the peaks of the =6 Mo and +9 Di fons in their EIM profiles,
with and without GSH, for control and ALS patient samples
(grey bars). The average of the ratios for both forms {(with and
without GSH) is shown as a black bar.
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peak areas for the two control samples was similar
(approx. 0.6). This value increased significantly for
all patient samples, except patient 3, thus indicating
the presence of a higher amount of monomer. At this
point, given the limited number of samples, it was
difficult to explain why the amount of monomer for
some patients increased for forms with or without
GSH. However, our results highlight the importance
of performing larger studies with carefully selected
control and patient samples or monitoring artificially
induced oligomerization in samples from animal
models.

CONCLUSIONS

Nano-ESI-IM-MS provides insight into protein
oligomerization. The use of an automated chip-based
nano-ESI interface allowed the characterization of
bovine and human SOD-1 in non-denaturant
conditions (10 mM NH40Ac (pH 7)). Careful
selection of the most appropriate instrumental
conditions was necessary to minimize dimer
dissociation, because this process precludes reliable
quantitative information about the composition of the
monomeric and dimeric forms. The most important
parameters of nano-ESI-IM-MS were trap collision
energy and cone voltage, which were maintained low
enough to achieve satisfactory sensitivity while
preventing dimer dissociation. However, the
behaviour of bovine and human SOD-1 differed
significantly, and fully metallated human dimeric
SOD-1 was more stable and less prone to dissociation
at high trap collision energies and cone voltages than
the bovine form. These observations indicate that
nano-ESI-IM-MS  detection conditions should be
carefully optimized for each specific protein. We
conclude that nano-ESI-IM-MS is an excellent
complementary tool to methods based on ESI-MS,
LC-MS and CE-MS for SOD-1 analysis. However,
further studies with real or artificial samples are
required to evaluate the capacity of this technique to
elucidate the molecular mechanisms of aggregation
related to PTMs or monomerization that underlie
ALS. Furthermore, this improved information may
have implications for other neurodegenerative
diseases, such as Alzheimer's discase, Parkinson's
disease, Huntington's disease, and prion diseases, thus
paving the way for early diagnosis, accurate
prognosis, or novel therapeutic targets.
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Capitol 6

6.1. EXTRACCIO | PURIFICACIO DE PrP©

La purificacié del prié cel-lular (PrP%) a partir de cervell bovi és un procés complicat
degut especialment, a |la seva baixa resistencia a la proteolisi. Aixd provoca que no es
trobi disponible comercialment i que molta de la informacié sobre la seva estructura
s’hagi obtingut a partir de I'estudi del prid6 recombinant (rPrP) i el prié patologic
(PrP*), que es poden obtenir més facilment i en més quantitat, principalment en el
cas de I'rPrP. A la figura 6.1-A es pot observar |'electroferograma de I'rPrP bovi
mitjancant electroforesi capil-lar acoblada a I'espectrometria de masses amb
ionitzacid per electrosprai i analitzador de trampa d’ions (CE-IT-MS) amb un electrolit
de separacié (BGE) acid. A la figura 6.1-B, a partir del seu espectre de masses, que
presenta el cluster d’ions multicarregats tipic d’una proteina, és senzill calcular una
massa molecular (M) de 23679.4Da, molt similar al valor teoric del rPrP (23688.0Da)

[172-173], corresponent a la seqliencia peptidica sense glicosilar.

A) B) +27
_ 878,0
100'] 100
- ] Mtet‘srim =23688.0 Da
+28 Mexperimental =23679.4Da
- 846,7| +26
3 Y 911,8
= 3
£ %1 g€ 9 +29
=" E* 817,6
- ) c 3
+30 987,7
| 1 +31 790,2 1;@3 2
1 {1 7648 L 8 o773
0 0Lt o, p oS
10 20 30 40 20 700 800 900 1000 1100
min miz

Figura 6.1. Analisi del rPrP bovi mitjangant CE-IT-MS en un capil-lar de silice fosa de 50cm de longitud total
i 50um de diametre intern, BGE: HAc:FA, 100mM : 100mM, pH 2.2. A) Electroferograma del pic base (BPE).

B) Espectre de masses.

Amb I'objectiu d’obtenir PrP¢ suficient per abordar la seva caracteritzacié6 amb
tecniques de separacié d’alta resolucié acoblades a I'espectrometria de masses (MS),
en el capitol 2 d’aquesta tesi s’ha desenvolupat un nova metodologia d’extraccio i
purificacié de PrP® a partir de cervell bovi (article 2.1). El métode s’ha dissenyat com a
combinacié de diferents etapes descrites a la bibliografia perque, actualment, no
existeix un protocol estandard que proporcioni uns rendiments elevats. Cap

d’aquestes etapes implica tecniques immunoquimiques.
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El procediment d’extraccio emprant el detergent zwitterionic (zwittergent® 3-12)
proposat en aquesta tesi doctoral és molt poc selectiu com ho van demostrar uns
experiments preliminars amb electroforesi en gel de poliacrilamida amb dodecil sulfat
de sodi (SDS-PAGE) amb tincié de blau de Coomassie realitzats amb els extractes
obtinguts. Aquest fet va posar de manifest la necessitat d’introduir diferents etapes
de purificacié per aillar el PrP. Per a la primera etapa, es van comparar dues
tecniques de purificacié de proteines tradicionals poc selectives: la cromatografia
d’exclusié molecular o filtracié en gel (SEC) i la diafiltracié amb filtres de tall per pes
molecular (MWCO). A continuacié es van optimitzar unes condicions de treball amb
cromatografia d’afinitat a metall immobilitzat (IMAC), que és molt més selectiva, i es

van aplicar les fraccions obtingudes amb les tecniques anteriors.

L’eficacia de les diferents etapes de la purificacid es va avaluar mitjancant western
blot (WB), que per la seva selectivitat i sensibilitat és la millor alternativa per a la
detecci6 de les baixes concentracions de PrPS. Aquestes analisis es van realitzar en
col-laboracié amb el Banc de Teixits Animals de Catalunya (BTAC, Universitat

Autonoma de Barcelona, UAB).

6.1.1. SEC vs diafiltracio

Abans de la purificacio per SEC, els extractes es van preconcentrar utilitzant filtres de
10 kDa de MWCO.

Per a la purificacié dels extractes concentrats es va fer servir una columna
semipreparativa de SEC amb un interval de treball de 3 a 70kDa, suficient per separar
les glicoformes del PrP® bovi (que pesen 37-35kDa, 32-28kDa i 27-25kDa, per a les
seves formes di-, mono- i no glicosilada, respectivament). La M de les proteines a les
diferents fraccions es va estimar a partir dels resultats del calibratge amb una mescla
de proteines patré (albumina (BSA), ovoalbumina (ALB), anhidrasa carbonica (CA) i
ribonucleasa A (RNase A). A la figura 6.2 es mostren els cromatogrames de SEC
corresponents a la mescla de proteines patré de calibratge (figura 6.2-A) i a I'extracte
concentrat (figura 6.2-B). Totes les fraccions indicades a la figura 6.2-B es van analitzar
per WB (figura 6.2-B-ii) i els resultats van demostrar I'existéncia de PrP® a les fraccions

I 'i J, on s’eluien les proteines de M amb valors superiors de 44kDa. Aquests valors
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eren molt superiors als de la M teorica del PrP® i es trobaven molt al limit de I'interval

de treball optim de la columna de SEC.

A) B)

~ ALB (44,3 kDa)

BSA (66 kDa)

. CA(29 kDa)
i 7 .RNaseA(13,7 kDa) 2000 4
1500

1000 4

500 4

min min

Figura 6.2. Cromatogrames de SEC. A) Mescla de proteines patrd. B) i) Extracte concentrat per

diafiltracié amb filtres de 10kDa de MWCO. ii) WB de les fraccions indicades al cromatograma anterior.

La preséncia d’oligomers de PrP en els extractes concentrats, amb una M
majoritariament superior a 70kDa (limit superior de I'interval de treball de la columna
de SEC emprada) va plantejar la possibilitat d’utilitzar una columna de SEC amb un
interval més adequat. Només es van trobar disponibles comercialment columnes amb
intervals de treball molt més amplis (10-600kDa) que feien preveure una disminucio

de la separacid.

Alternativament, es va estudiar la idoneitat de fer servir un Unic pas de purificacié
mitjancant diafiltracid amb filtres de MWCO de 30, 50 o 100kDa. Per a poder separar
les fraccions de proteines amb una M compresa entre 100-30 o 50-30kDa, es van
combinar seqliencialment filtres de 100 o 50kDa amb els de 30kDa. Encara que es
suposava que el PrP¢ es detectaria després de tot el procés amb la combinacié de
filtres de 100-30kDa o 50-30kDa, la concentracié detectada va ser extremadament
baixa en els dos casos. La deteccid per WB va ser Unicament possible després d’un
procés de preconcentracido de 60 vegades i amb un temps d’exposicié llarg en el
revelatge. Aixo, juntament amb el fet que es va detectar gran quantitat de PrP en les
fraccions corresponents a les proteines de pesos moleculars superiors a 50 i 100kDa,
confirmava que el PrP¢ es trobava majoritariament en forma d’oligomers amb M
superior a 100kDa. Per tant, la diafiltracié fent servir Unicament els filtres de 100kDa
de MWCO era una alternativa millor a SEC en quant a |'eficacia de la purificacié, la

dilucio, el temps, el consum de reactius, la simplicitat i la facilitat de manipulacid.
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6.1.2. IMAC

Després del primer pas de purificacio, discutit anteriorment, es va procedir a la
utilitzacié d’IMAC. Aquesta tecnica és adequada per a un ampli grup de peéeptids i
proteines que tenen afinitat per certs metalls, com el Cu** o el Ni**. En aquesta tesi
doctoral s’ha utilitzat Cu**-IMAC i I'elucié de les proteines retingudes s’ha basat en un
desplacament competitiu emprant una fase mobil amb imidazol. En comptes de fer
servir un gradient suau del contingut d’imidazol a la fase mobil, com molts autors
recomanen, es va optar per un gradient amb pendent elevada amb la intencié de
recol-lectar el PrP¢ en el minim volum de solucié possible. Els experiments preliminars
i I'optimitzacid del metode cromatografic es van realitzar emprant un patré de
superoxid dismutasa (SOD-1) bovina, que també presenta gran afinitat pel coure, una
activitat enzimatica del mateix tipus que el PrP%, i que en humans esta relacionada
amb una altra malaltia neurodegenerativa caracteritzada per la formacié d’agregats

proteics, |'esclerosi lateral amiotrofica (ALS).

El metode cromatografic es va adaptar per utilitzar columnes d’1 i 20mL, pero la
capacitat de les primeres no era suficient per a I'elevada concentracié de proteines
amb afinitat pel Cu®" als extractes purificats per SEC o per diafiltracié. La figura 6.3
mostra el cromatograma d’IMAC obtingut per als extractes purificats utilitzant la
diafiltracié amb filtres de 100kDa de MWCO. Com es pot veure a I'analisi per WB de
les diferents fraccions (figura 6.3-B), el PrP® s’elueix majoritariament al pic
cromatografic de la fraccid 120-7 (figura 6.3-A). També es detecten quantitats
importants de PrP® en les fraccions immediatament anterior (120-6) i posterior (120-8),
i menys significatives a les seglents. Aquest patré d’elucid podria indicar una
sobrecarrega de la columna. Per a millorar I'eficacia de la purificacié amb IMAC i
aconseguir recuperacions superiors es podrien diluir els extractes concentrats per
disminuir la concentracié de proteines pero aixo suposaria incrementar el temps de la
purificaci6. Com a norma general, és important arribar a un compromis entre el
temps total de la purificacié i la concentracié de proteines en les mostres a purificar
per evitar la sobrecarrega de la columna. En qualsevol cas, el PrP¢ recol-lectat en la

fraccid corresponent a I'elucié propiament dita (120-7), hauria de ser el més pur.

Utilitzant Unicament el procés de diafiltracié amb filtres de 100kDa de MWCO abans

d’'IMAC i tenint en compte que els limits de deteccié del WB sén, generalment, al
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voltant de O.1ng-uL'1 de proteina, es va estimar que a partir de 40g de cervell
s’aconseguirien purificar uns 0.26ug de Prp©.
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Figura 6.3. Cu™-IMAC amb la columna de 20mL de I'extracte concentrat per diafiltracié amb filtres de

100kDa de MWCO. A) Cromatograma. B) WB de les fraccions indicades al cromatograma anterior.

6.2. ANALISI DE SOD-1 PER MALDI-TOF-MS, CE-UV,
CE-IT-MS

Com s’ha indicat a I'apartat anterior, es va aconseguir optimitzar un procediment
d’extraccid i purificacié de PrP® que es podria adaptar a escala preparativa. Pero de
moment, la quantitat de PrP® obtinguda no era suficient per iniciar una caracteritzacié
amb les tecniques de separacid d’alta resoluciéd acoblades a la MS, emprant les
metodologies i la instrumentacié disponibles actualment. D’altra banda, el
mecanisme de la conversié del PrP® en PrP* podria estar relacionat amb la
complexitat estructural intrinseca del PrPS, amb les seves modificacions
post-transduccionals (PTMs) i la possibilitat de formar oligdomers. Per aix0, es va
comengar a treballar amb una altra proteina que presentava certes similituds amb el
PrPS, la SOD-1, com ja s’ha apuntat a la seccid anterior (6.1.2). L’objectiu final és posar
a punt metodologia analitica utilitzant tecniques d’alta resolucid que permetin
obtenir en el futur informacio rellevant sobre I'estructura d’aquest tipus de proteines

i dels processos relacionats amb la monomeritzacié i oligomeritzacié proteica.

El primer treball emprant |'espectrometria de masses amb font d’ionitzacid per

desorci6 amb laser assistida per una matriu i analitzador de temps de vol
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(MALDI-TOF-MS), electroforesi capil-lar amb deteccié ultraviolada (CE-UV) i CE-IT-MS
es va realitzar amb SOD-1 bovina, perque es troba disponible comercialment a un

preu raonable a diferencia de la SOD-1 humana.

Respecte a la CE, fins al moment no s’havien descrit metodologies d’electroforesi
capil-lar acoblada en linia amb I'espectrometria de masses (CE-MS) per a I'analisi de
SOD-1. La major part de la bibliografia existent per a I'analisi de la SOD-1 per
cromatografia de liquids acoblada en linia amb I'espectrometria de masses (LC-MS) o
espectrometria de masses amb font d’ionitzacié per electrosprai (ESI-MS) utilitzen
fases mobils hidroorganiques acides que impedeixen la deteccié de la forma nativa de
la proteina, el dimer metal-lat (Cu,Zn,-SOD-1). Alguns autors han relacionat la
monomeritzaci6 de la SOD-1 humana i les seves PTMs amb l'inici de la seva
oligomeritzacid, pas previ necessari per a la formacié dels agregats proteics
caracteristics de I’ALS. Aixi doncs, un dels principals objectius va ser desenvolupar

metodologies analitiques que preservessin la forma nativa de la proteina.

6.2.1. MALDI-TOF-MS

La SOD-1 bovina es va analitzar per MALDI-TOF-MS utilitzant diferents procediments
de preparacié de mostra, per a obtenir informacié complementaria a I'obtinguda per
CE-UV i CE-MS. Els millors resultats en termes de reproductibilitat i relacio
senyal/soroll (S/N) es van aconseguir utilitzant I’acid sinapinic (SA) com a matriu, amb
acid trifluoroacetic (TFA) i el metode de cristal-litzacié d’evaporacié rapida (“fast
evaporation”). A la figura 6.4 es mostra I'espectre de masses obtingut per a la SOD-1
bovina comercial (figura 6.4-A) i per a I'apo-SOD-1, preparada després de desmetal-lar
la SOD-1 comercial amb TFA (figura 6.4-B). Tal i com es pot observar, els dos espectres
de masses sdn molt similars i els pics corresponents a I'ié molecular amb una i dues
carregues de I'apo-SOD-1 monomeérica es detecten a valors nominals de m/z de
15578/15541 i 7795/7788, respectivament. La presencia de I'apo-SOD-1 en ambdds
casos suggereix la dissociacid i desmetal-lacié de la Cu,,Zn,-SOD-1. Aix0 seria degut,
fonamentalment, a la composicié de la matriu emprada, pero no s’hauria de descartar
la influéncia de la intensitat del laser necessaria per aconseguir la ionitzacié de les
molecules de proteina [174-175]. Els resultats emprant la matriu d’acid

2,5-dihidroxibenzoic (DHB), amb i sense TFA, i el métode de cristal-litzacid “dried
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roplet”, o altres metodes de preparacié de mostra, no van ser significativamen
droplet” It todes d d t ficat t
iferents. Un altre inconvenient és que també, en tots els casos, es va detectar e
dif ts. U It t tamb tots el detect [
dimer d’apo-SOD-1, que es generaria durant el procés de desorcio tal i com ja s’havia

observat amb altres proteines [174-175].
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7795.5 155785 155409
[Apo-SOD+2HJ?* [Apo-SOD +H]* 7788.5 [Apo-SOD+H]*
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Figura 6.4. Espectre de masses de MALDI-TOF-MS de la SOD-1 comercial i I'apo-SOD-1 utilitzant SA com a

matriu, amb TFA i el métode d’evaporacio rapida. (Les impureses es troben etiquetades com A, B i C).

Aix0 significa que tot i que MALDI-TOF-MS és una téecnica senzilla i rapida que permet
obtenir informacié estructural de la SOD-1 bovina, no és gaire apropiada per a
conservar el seu estat natiu. D’altra banda, s’hauria de vigilar per no arribar a
conclusions poc acurades sobre dimers o altres oligdmers proteina-proteina que es

poden generar durant la deteccié.

6.2.2. CE-UV i CE-IT-MS

El MALDI-TOF-MS, I'ESI-MS i la LC-MS s’han utilitzat ampliament per a la
caracteritzacié d’isoformes de proteines com per exemple I’hemoglobina, Ia
transferrina o SOD-1 [14, 48, 64, 79, 176-178]. En la seccié anterior (6.2.1) hem vist
gue el MALDI-TOF-MS no és una téecnica apropiada quan s’utilitzen certes condicions
experimentals per a I'obtencié d’informacié acurada sobre la massa molecular (M)
d’algunes metal-loproteines o altres associacions proteiques. Pel que fa referéncia a
I’ESI-MS i al seu acoblament en linia amb la LC, moltes vegades, les condicions
optimes requereixen la combinacié de dissolvents organics, acids organics (acid acetic

(HAc) i acid formic (FA), principalment) i temperatures elevades per afavorir la
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ionitzacio i la desolvatacid dels ions [129]. Aquestes condicions poden ser apropiades
per a caracteritzar I'estructura primaria i les PTMs de les isoformes d’una proteina,
pero no per a detectar associacions especialment labils com els dimers metal-lats.
Aixi, en certes condicions experimentals (pH acid, preséncia d’agents oxidants,
tractament amb agents quelatants, etc.) els ions metal-lics de la Cu,,Zn,-SOD-1 sdén
alliberats, en part o totalment, de [I'estructura proteica, conduint a formes
monomeriques deficients en metall (SOD-1 parcialment metal-lada (Cu,Zn-SOD-1 i
SOD-1 desmetal-lada (apo-SOD-1)) [ 14, 45, 76, 78-79, 176, 179]. Tot i aix0, aquestes
metodologies permeten la diferenciacid de diverses isoformes mutants en un petit

percentatge de pacients amb esclerosi lateral amiotrofica familiar (fALS).

En el cas de CE es pot treballar evitant I'Us d’electrolits de separacié (BGE) que
continguin dissolvents organics o acids. Ara bé, la problematica en CE-MS quan
s'utilitzen interfases de “sheath-liquid” és similar a I'anterior, ja que les condicions
experimentals necessaries poden ser poc apropiades per al manteniment de la forma
nativa de les proteina. Quan es treballa en mode positiu sdn recomanables liquids
auxiliars hidroorganics, amb valors de pH acid, amb l'objectiu d’aconseguir una
deteccié optima [50, 120, 175, 180]. En qualsevol cas, la millor manera d’abordar el

problema és desenvolupar en primer lloc la metodologia per a la separacié per CE-UV.

Existeixen publicacions en les que s’ha analitzat la forma nativa de la SOD-1 bovina
mitjancant CE-UV amb un BGE de 10mM de tris(hidroximetil)Jaminometa (Tris) a
pH 7.3 (ajustat amb HCI) perd aquestes condicions sén incompatibles amb la deteccid
en linia per ESI-MS [114]. A I'article del capitol 3 d’aquesta tesi doctoral es presenta
una metodologia alternativa per a la separacié de la SOD-1 bovina mitjancant CE-UV
emprant dos BGEs compatibles amb la deteccid en linia per ESI-MS. Un d’ells, de pH
acid (1M HAc), proporcionava les condicions optimes per a la deteccié de la proteina
totalment desmetal-lada (apo-SOD-1) per CE-MS en mode positiu [15, 120, 180].
L’altre, de pH neutre (10mM acetat d’amoni (NH,Ac) ajustat amb NH; a pH 7.3), era
molt més adient per obtenir informacié estructural sobre les formes dimérica i
monomerica metal-lades (Cu,,Zn,-SOD-1 i Cu,Zn-SOD-1, respectivament) en
condicions no desnaturalitzants. Les millors separacions van ser les obtingudes amb el
BGE de pH neutre. Es va intentar interpretar els diferents pics observats als

electroferogrames considerant la seva intensitat i mobilitat electroforética (m. o L),
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tot i que era una tasca dificil sense disposar de la informacié proporcionada per un

detector d’espectrometria de masses.

Per a obtenir una sensibilitat optima en CE-MS en mode positiu amb els dos BGEs es
va fer servir un liquid auxiliar d’isopropanol:aigua (iPrOH/aigua) (60:40 v/v) amb un
0.5% (v/v) d’FA). A la figura 6.5 es poden observar els electroferogrames de CE-IT-MS
de la SOD-1 bovina comercial i I'apo-SOD-1 amb els dos BGEs, els espectres de masses
corresponents i la M calculada. A partir dels valors de M experimental calculats per a
les diferents especies de SOD-1 detectades, és facil concloure que el BGE de pH acid
permet detectar Unicament la forma apo-SOD-1 (figures 6.5-A i -B). Aquest fet indica
que el BGE d’acid acétic (HAc) desnaturalitza la SOD-1 nativa durant la separacio
electroforetica: s’eliminen els metalls completament i es dissocia el dimer. Quan
s’analitzava la SOD-1 bovina comercial amb el BGE de pH neutre es detectaven tant el

monomer com el dimer metal-lats (Cu,Zn-SOD-1 i Cu,,Zn,-SOD-1, respectivament).
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Figura 6.5. BPE i espectres de masses per CE-IT-MS de les mostres de SOD-1 comercial i apo-SOD-1
bovina utilitzant 1M HAc (A, B) i 10mM NH;Ac (pH 7.3, amb NHs)(C, D) (m: monomer; D: dimer).
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La interpretacio de I'espectre de masses de la figura 6.5-C i figura 6.6-A, que és una
ampliacié de I'anterior, no es senzilla perque els espectres de masses de la forma
monomerica i dimerica metal-lades estan parcialment solapats, presentant ions amb
el mateix valor de m/z. Com podem observar a la taula de la figura 6.6-B, els ions
moleculars amb carrega senar del dimer son exclusius del dimer. Aixi ha estat senzill
assignar I'id molecular +11 D a 'espectre de masses de la figura 6.6-A i descartar la
presencia del +13 D (2418 m/z). L’absencia de I'i6 molecular +13 D implica que els
ions +14 D i +16 D tampoc es podrien detectar, per la qual cosa elsions +7 m i +8 m es
poden assignar amb seguretat al monomer. El solapament dels espectres només es
donava al senyal dels ions moleculars +12 D/+6 m. Veurem en el seglient capitol, que
I"ds d’un espectrometre de masses amb analitzador de temps de vol (TOF) d’alta
resolucid i massa exacta, permet intervals d’escombratge de m/z més amplis, i aixi es

va poder millorar la interpretacidé d’aquests espectres de masses tan complexos.

Respecte a la presencia Cu,Zn-SOD-1 a la mostra de SOD-1 comercial bovina, amb els
experiments realitzats, no es va poder descartar ni que existis a la propia mostra
comercial ni que es produis durant la ionitzacid o desolvatacié dels ions en
I’espectrometre de masses. El que si que es va descartar és que la preséncia de I'FA al
liquid auxiliar hidroorganic fos la responsable de la desmetal-lacié parcial de la forma
dimerica (Cu,,Zn,-SOD-1). L’abséncia de I'FA feia disminuir la sensibilitat, perd no feia

variar la forma dels espectres.

A B
) D+12 ) Cu,Zn-SOD-1 bovina Cu,,Zn,-SOD-1 bovina
'":::: m+6 R Ié\ m/z 3 1o

26204 monomer (m) dimer (D)

o] [M+5H]*® 3144,2205 [M+10H]"*°

2858,4739 [M+11H]*"

, m+8 [M+6H]*¢ 2620,3516 [M+12H]**?

] 19603 2418,8636 [M+13H] 23
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Figura 6.6. A) Ampliacié de I'espectre de masses de la figura 6.5-C corresponent a la SOD-1
comercial bovina analitzada per CE-IT-MS a pH neutre; B) Llista dels ions de la forma monomerica i
dimeérica de la SOD-1 bovina que es podrien detectar en l'interval de m/z d’escombratge (fins a

1600 m/z). En negreta s’han assenyalat els ions moleculars detectats. (m: monomer, D: dimer).
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6.3. ANALISI DE NEUROPEPTIDS | SOD-1 PER CE-TOF-MS

6.3.1. Influencia dels parametres instrumentals del TOF en
CE-TOF-MS

En el treball realitzat mitjangcant CE-IT-MS amb SOD-1 bovina es va demostrar que el
pH del BGE tenia una gran importancia per a preservar els metalls i I'estructura
dimerica d’aquesta metal-loproteina (seccidé 6.2 i article 3.1). Per una altra banda, les
prestacions de |'espectrometre de masses, poden ser un factor limitant per a la
caracteritzacié de proteines complexes, sobretot pel que fa a les condicions
instrumentals relacionades amb la ionitzacio, l'interval de m/z d’escombratge,

I’exactitud i la resolucid.

L'espectrometre de temps de vol d’alta resolucié amb acceleracié ortogonal (oa-TOF,
d’ara en endavant TOF) té una major velocitat d’escombratge que la IT. També es
poden obtenir espectres de massa exacta amb una resolucid elevada. Aix0 permet
calcular la M monoisotopica per a molécules petites com els péeptids i resoldre els
isotops dels ions moleculars. A més, els limits superiors d’escombratge de m/z sén
lleugerament més elevats que amb la IT, tant en el mode d’alta resolucié com en el
d’“extended dynamic range”, la qual cosa permet la deteccié dels ions moleculars
amb valors de carrega més petits (m/z més gran). Aquesta darrera possibilitat és molt
interessant per a molecules grans com les proteines, especialment quan s’ha de

treballar a pH neutre, el que dificulta la ionitzacid.

6.3.1.1. Neuropeéptids i SOD-1 bovina i humana

Abans de procedir a la caracteritzacido d’'una metal-loproteina dimerica complexa com
la SOD-1 mitjancant CE-TOF-MS es va considerar oportu estudiar la influéncia dels
parametres de la detecci6 amb molécules més petites, per obtenir espectres de

masses més senzills d’interpretar.

En aquest sentit, i donada I'amplia experiéncia del nostre grup d’investigacié amb
neuropeptids, es van seleccionar sis neuropéptids opiacis relacionats amb malalties
que cursen amb una sindrome de dolor cronica, com la fibromialgia. La mescla es va
analitzar mitjancant una metodologia que s’havia desenvolupat i validat per CE-MS

utilitzant un TOF convencional i una IT com a analitzadors als espectrometres de
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masses [119, 181]. Tal com s’esperava, les separacions i els temps de migracid per
CE-TOF-MS van ser molt similars als obtinguts préviament [119, 181]. Respecte a la
deteccio, de tots els parametres estudiats del TOF es va constatar que el voltatge
d’acceleracié (“fragmentor voltage”) era el que major influéncia tenia a I'hora
d’assegurar la integritat de les molecules analitzades i en la mesura acurada de la seva
M. Aquest voltatge, que segons el fabricant s"anomena “fragmentor voltage”,
“declustering potential” o “ion transfer capillary offset voltage” [182], es pot afirmar

gue juga un paper fonamental en el procés d’ionitzacid i desolvatacio.

A la figura 6.7 es recullen tres electroforogrames de CE-TOF-MS obtinguts a diferents
valors d’aquest parametre. Com es pot observar, a I'augmentar el valor del voltatge
d’acceleracido la intensitat dels pics disminueix. Destaca el comportament del
neuropéptid des-Tyr-Leu-encefalina (Des-Tyr), que a un valor de 275V (figura 6.7-B)
gairebé ja no es pot detectar indicant que I'energia d’acceleracié és tan elevada que
s’ha produit la fragmentacié de I'i6 molecular monocarregat monitoritzat. La
disminucid generalitzada en l'alcada dels pics dels ions moleculars de tots els
neuropeptids quan s’augmenta el valor del voltatge d’acceleracio també esta
directament relacionada amb la fragmentacié induida per col-lisions en la font de
ionitzacid, tal i com s’ha observat amb altres molecules com pesticides i antibiotics
[142, 183-184].
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G 4 2 41 Met-NH,
2 2 +
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1 14 byn j\
Des-Tyr
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Figura 6.7. EIE per CE-TOF-MS de cadascun dels péptids estudiats. Els valors del voltatge d’acceleracié
(“fragmentor voltage”) del TOF sén: A) 215V, B) 275V i C) 300V. D) Taula de M teorica i valors de m/z

dels ions moleculars monitoritzats pels péptids estudiats.
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Per reforcar I'afirmacid anterior, a la figura 6.8 es pot veure I'espectre de masses de la
Met-encefalina (Met), que comigra amb la Ala-Met-encefalina (Ala-Met) (figura 6.7) a
dos valors diferents de voltatge d’acceleracid. A 215V (figura 6.8-A) la fragmentacio
de la Met és practicament negligible. L'ié6 molecular amb una sola carrega és el senyal
més important juntament amb els adductes amb Na® i K. A 300V (figura 6.8-B),

intensitat d’alguns dels pics corresponents a ions producte de la fragmentacio
augmenta fins a ser, en alguns casos, molt semblant a la de I'id molecular amb una
sola carrega. La resta de neuropéptids presenten un comportament molt semblant

excepte la Des-Tyr que és molt més labil, com ja s’havia apuntat anteriorment.

La fragmentacio de les substancies d’interes pot ser un desavantatge quan I'objectiu
és optimitzar la deteccidé d’ions moleculars pero pot ser una bona eina per confirmar
la identitat dels compostos analitzats [142, 183-185]. Per molecules petites, aquesta
informacid pot complementar la informacid sobre la seva M monoisotopica i millorar
la seva identificacio inequivoca [139-140, 142, 183, 185].
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Figura 6.8. Espectre de masses de la Met a (A) 215V i (B) 300V de voltatge

d’acceleracio. S’han indicat els fragments més importants estan etiquetats.

A la taula 6.1 s’han calculat les M experimentals i els errors respecte a les M teoriques
en tots els modes de treball estudiats amb el TOF i amb la IT. A la figura 6.9
s’observen els espectres de masses obtinguts per al peptid Des-Tyr. Com es pot
observar, I'exactitud i la resolucié en tots els modes del TOF (taula 6.1 i figura 6.9-A-D)
és molt més elevada que amb la IT (taula 6.1 i figura 6.9-E). Els millors resultats pel
que fa a la resolucié s’aconsegueix treballant a alta resolucié (“high resolution”,
4 GHz) (figures 6.9-A i -B). Com es pot observar a la taula 6.1, les diferencies en

exactitud no son tan evidents entre els diferents modes del TOF i trobem valors
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d’entre 3i 11 ppm. Per a I'obtencié de mesures exactes i reproduibles cal realitzar a
diari un ajust dels parametres de la deteccid (“standard tune”) i un calibratge de I'eix

de masses en el mode de treball seleccionat.

Met Ala-Met Met-NH; Des-Tyr Endo Dyn
Mesrica (Da) 573,2257 587,2414 572,2417 392,2060 610,2904 867,4715
M (Da) 573,2 587,2 572,2 392,2 610,2 867,5
T Error (ppm) 27 54 38 143 99 21
g Extended M (Da) 573,2290 587,2444  572,2450 392,2103 610,2926  867,4810
dynamic  Error (ppm) 5,8 5,1 5,8 11 3,6 11
o High M (Da) 573,2290 587,2439 572,2436  392,2086 610,2926 867,4767
= resolution  Error (ppm) 5,38 4,3 3,3 6,6 3,6 6,0
g Extended M (Da) 573,2285 587,2439 572,2447  392,2099 610,2925  867,4790
&  dynamic  Error (ppm) 49 4,3 5,3 9,9 3,4 8,6
o High M (Da) 573,2302 587,2454 572,2448 392,2104 610,2934 867,4789
I9 resolution  Error (ppm) 7.9 6,8 5,4 11,2 4,9 8,5

Taula 6.1. M experimental i exactitud (error en ppm) utilitzant diferents modes de
treball en CE-TOF-MS i en CE-IT-MS. L’error es calcula com: error (ppm) = Mexp/Mteo*los.

Per disminuir I'error en el calcul de la M experimental es pot, a més, calibrar en
continu I'eix de m/z durant les mesures amb la introduccié de compostos de
referencia. En LC-TOF-MS s’utilitza una interfase dual, amb dues interfases d’ESI-MS
en posicid ortogonal. En una d’elles s’introdueix la mescla de compostos de referencia
mentre que per l'altra, simultaniament, s’ionitza el que elueix de la columna
cromatografica. Aquesta configuracié no és possible en CE-TOF-MS ja que el cabal
provinent de la CE és molt petit i la solucié de referéncia dificulta fisicament, dilueix o
suprimeix, la ionitzacié dels analits. La millor alternativa, en aquest cas, consisteix en
introduir aquests compostos en el liquid auxiliar. Amb un calibratge intern realitzat
d’aquesta forma s’aconsegueix, en general, un 50% menys d’error en el calcul de la M
per a la majoria dels neuropéptids estudiats. Ara mateix, I'inconvenient d’aquesta
forma d’introduccié dels compostos de referéncia és que es degraden amb el temps,
possiblement pel fet d’estar dissolts en la solucid hidroorganica acida del liquid
auxiliar. Com a alternativa a la utilitzaci6 d’aquests compostos de referéncia
aconsellats pel fabricant es poden seleccionar ions moleculars de substancies
detectades al soroll de fons. Altres autors suggereixen utilitzar ions de substancies
detectades al principi de I'electroferograma i realitzar el calibratge amb posterioritat
a les mesures. Cal indicar que, per a obtenir valors acurats de M d’analits d’elevat pes
molecular com les proteines, és suficient la calibracié externa diaria abans de les

mesures.
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Per ultim, un altre avantatge del TOF és que els limits de deteccié (LODs) son molt
baixos. En el cas dels neuropeptids estudiats sén d’un ordre de magnitud inferior
(0.1ug/mL) que amb la IT (1ug/mL) [article 4.1, 181].
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6.3.2. Caracteritzacio de SOD-1 bovina i humana

La possibilitat de treballar amb un espectrometre de masses TOF, que ofereix millors

prestacions que la IT, va contribuir a I'establiment de nous reptes amb la SOD-1.

A l'article 4.2 d’aquesta tesi doctoral (capitol 4) es presenta I'analisi de la SOD-1
bovina i humana per CE-TOF-MS. En aquest ultim cas, es va desenvolupar un

tractament de mostra per purificar la proteina a partir de sang humana i es va establir
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una col-laboracié amb la unitat d’esclerosi lateral amiotrofica (ALS) de I'Hospital

Universitari de Bellvitge (HUB) per analitzar mostres de pacients amb ALS.

SOD-1 bovina

A la seccié anterior (6.3.1) hem vist que treballant amb el mode d’alta resolucié
(4GHz) del TOF s’obtenia la maxima resolucié. No obstant aix0, el mode de 2GHz
(“extended dynamic range”) permet analitzar mescles complexes amb substancies de
diferents concentracions sense saturar el detector. En ambdds casos, el limit superior
d’escombratge és de 3200 m/z. Donat que la SOD-1 presenta un pes molecular més
elevat que els neuropeéptids, s’ha utilitzat un mode de més baixa resolucié (1 GHz) per

escombrar a valors de m/z superiors.

A la figura 6.10-A es mostra I'espectre de masses de SOD-1 bovina comercial per
CE-TOF-MS a 1 GHz amb el BGE de pH neutre juntament amb I'electroferograma (i) i

I’ampliacié del senyal corresponent a la regié de I'idé molecular amb m/z 2858 (ii).
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Figura 6.10. BPE iespectf® de masses de la SOD-1 bovina comercial amb BGEheutre (i) i ampliacié
del senyal amb m/z 2858 (ii) per: A) TOF a 1 GHz, B) TOF a 2 GHz, C) TOF a4 GHz i D) IT.

Com es pot observar a I'espectre de masses complet (figura 6.10-A), tot i que es
veuen pics a valors de m/z superiors a 3200, aquests son molt menys intensos que la

resta, i es podria concloure que treballar en aquest mode d’adquisicid no compensa la
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possible perdua de sensibilitat, resolucié i exactitud. L'espectre de masses amb
CE-IT-MS (figura 6.10-D) té un aspecte, en general, lleugerament diferent degut a les
diferéncies instrumentals en la ionitzacié i no permet la deteccié de I'id molecular
amb m/z 3144. Pero el que és més significatiu és la perdua d’exactitud i resolucié

respecte el TOF.

A la taula 6.2 es mostren els valors de M experimental determinats amb els modes
d’alta resolucié del TOF i la IT per a la SOD-1 bovina comercial i I'apo-SOD-1 bovina.
L’exactitud és molt superior amb el TOF que amb la IT pero uUnicament hi ha
diferencies significatives entre els dos modes del TOF per a I'apo-SOD-1, on el cluster
d’ions multicarregats esta desplacat a m/z més petites. Per aquest mateix motiu,

I’exactitud per la Cu,,Zn,-SOD-1 és sempre inferior en qualsevol dels dos modes.

Analitzador Mostra BGE Espécie detectada  Mexperimentat  Error (ppm)
SOD-1 bovina NH;Ac Cu,,Zn,-SOD-1 31432,9860 27
TOF comercial HAC Apo-SOD-1 15591,4684 19
2 GHz _ -
ApO-SOD-1 NHaAC Apo-SOD-1 15591,3370 10
HACc Apo-SOD-1 15591,4353 16
SOD-1 bovina NH,Ac Cu,,Zn,-SOD-1 31433,1130 31
TOF comerecial HACc Apo-SOD-1 15591,2300 3
4 GHz NH;AC Apo-SOD-1 15591,2411
Apo-SOD-1
HAc Apo-SOD-1 15591,2258 3
SOD-1bovina NH,AC Cu,,Zn,-SOD-1 31434 282
T comerecial HAc Apo-SOD-1 15604 630
NH;AC Apo-SOD-1 15604 566
Apo-SOD-1
HACc Apo-SOD-1 15607 694

Taula 6.2. Calcul de la M experimental i I'error en ppm per a les mostres de SOD-1 bovina comercial i
apo-SOD-1 bovina amb BGE de NH,Ac (pH neutre) i HAc (pH acid) en diferents modes de treball del TOF
iamb lalT (n=3).

A la figura 6.11 es mostra l'espectre de masses de la SOD-1 comercial bovina
analitzada per CE-TOF-MS amb BGE de NH,Ac (pH neutre) a 4 GHz (figura 6.11-A)
juntament amb una taula amb tots els possibles ions detectables a I'interval m/z de
treball (figura 6.11-B). La interpretacié de I'espectre es realitza de forma similar a com
es feia en CE-IT-MS.

Es important considerar que, com ja passava amb els neuropéptids, el voltatge
d’acceleracid té una gran influéncia en I'espectre de masses de la SOD-1 comercial
bovina i 'apo-SOD-1 (figura 6.12). En el cas de I'apo-SOD-1 (figures 6.12-Ai-C), a
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I'augmentar el valor del voltatge d’acceleracié s’observa una disminucié de la
intensitat de tot I'espectre de masses indicant una possible fragmentacié de la
proteina, tot i que no es té cap més evidéncia experimental (no s’observen els pics
resultants de la fragmentacid). En el cas de la SOD-1 comercial si que es té evidencia
d’aquesta fragmentacio (figura 6.12-B i -D). A I"'augmentar el voltatge d’acceleracid la
Cu,,Zn,-SOD-1 es dissocia per a donar lloc a la Cu,Zn-SOD-1. Si es compara la
intensitat dels pics dels seus espectres de masses (figures 6.12-B i -D) s’observa que la
intensitat dels ions moleculars de m/z 2620 i 3144 augmenten mentre que la del m/z
2858 disminueix a l'incrementar el valor del voltatge d’acceleracié. De I'assighacio
dels ions moleculars comentada anteriorment (figura 6.11-A), a I'id molecular amb
m/z 2858 només contribueix la forma dimeérica de la proteina (+11 D) mentre que tant
el 2620 com el 3144 poden correspondre a la forma monomerica i dimerica
(+6 m/+12 D i 45 m/+10 D, respectivament). Aixo vol dir que a I'augmentar el voltatge
d’acceleracid, el dimer es dissocia per donar lloc al monomer. En tots els casos, la M
experimental obtinguda per a la Cu,Zn-SOD-1 i la Cu,,Zn,-SOD-1, aixi com per a
I’apo-SOD-1, concorda amb els valors teorics tenint en compte la seqliéncia
aminoacidica, les PTMs (una acetilacié i un pont disulfur) i la contribucié dels metalls

en el cas de les formes metal-lades [21, 45, 186, article 3.1, article 4.2].
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Figura 6.11. A) Ampliacié de I'espectre de masses de la SOD-1 comercial bovina analitzada per
CE-TOF-MS a pH neutre. B) Llista dels ions de la forma monomeérica i dimérica de la SOD-1 bovina
metal-lades que es podrien detectar en l'interval de m/z de treball (fins a 1900 m/z). En negreta

s’han assenyalat els ions moleculars detectats. (m: monomer, D: dimer).

Amb els resultats anteriors torna a fer-se palés que el voltatge d’acceleracié és un

parametre instrumental que pot distorsionar |'espectre de masses i conduir a
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conclusions equivocades sobre els analits estudiats, especialment si son labils, com els
neuropeptids, les metal-loproteines, les proteines oligomeériques i, d’acord a la
informacio recopilada en estudis paral-lels a aquesta tesi pel nostre grup de recerca,

glicopéptids i glicoproteines [60, 187].
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Figura 6.12. Espectre de masses de la solucié d’apo-SOD-1 i SOD-1 comercial bovina per CE-TOF-MS a
pH neutre i a diferents valors de voltatge d’acceleracié: AiB) 275V i Ci D) 375V. (a-m: apo-monomer

(desmetal-lada), m: monomer (metal-lat), D: dimer (metal-lat)).

SOD-1 humana

Com ja s’ha comentat anteriorment, la SOD-1 humana presenta una seqliéncia
aminoacidica amb una gran similitud amb la de la SOD-1 bovina (figura 1.11) pero és
més complexa perque s’han descrit més modificacions PTMs (acetilacid, pont disulfur,

glutationitzacié i fosforilacid) [14, 48, 176-178].

Una altra dificultat és que no es troba disponible comercialment a un preu raonable, i
s’ha d’aillar a partir dels materials adequats. A l'article 4.2 d’aquesta tesi doctoral

(capitol 4), es descriu un procediment per purificar-la a partir dels eritrocits de la
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sang, com a pas previ a I'analisi per CE-TOF-MS i la posterior aplicacié a pacients amb
ALS.

Els meétodes d’extraccid i purificacié de la SOD-1 humana descrits a la bibliografia es
van haver d’adaptar per a utilitzar volums de mostra relativament petits (4mL de
sang). S’ha de tenir en compte que els pacients amb ALS es deterioren rapidament i
fins i tot és dificil I'extraccié de volums petits de sang. Després de centrifugar la sang
per separar els eritrocits del plasma, es va procedir a la seva lisi, a la precipitacio de
I’'hemoglobina i a I'extraccid, dessalat i preconcentracié de la SOD-1. El tractament de
mostra proposat és senzill, rapid, economic, permet recuperacions elevades i es pot
aplicar simultaniament a més d’una mostra, la qual cosa el fa viable per un estudi a
major escala amb mostres de persones sanes (controls) i pacients. Els instruments
utilitzats sdn molt comuns en un laboratori de recerca i al tractar tant poca quantitat
de mostra, el consum de reactius és minim. D’altra banda, existeix cert consens en el
fet de que la purificacié de la SOD-1 emprant dissolvents organics no inactiva I’enzim,
el que fa pensar que la seva estructura nativa dimerica metal-lada es conservaria
intacta [153, 188].

Els resultats obtinguts per a la SOD-1 bovina comercial van ser el punt de partida per
a I'analisi de la SOD-1 humana purificada amb CE-TOF-MS. A la figura 6.13 es mostren
els electroferogrames obtinguts per a la SOD-1 humana amb 1M HAc (figura 6.13-A-ii)
i amb 10 mM NHAc (pH 7.3, amb NH;) (figura 6.13-B-ii). Els perfils electroforetics sén
molt similars als obtinguts per a la SOD-1 comercial bovina per CE-IT-MS i CE-TOF-MS
(figures 6.5 i 6.10). També, com era d’esperar, els espectres de masses de la SOD-1
humana sén completament diferents en funci6 del pH del BGE emprat
(figura 6.13-Ai-B). Amb el BGE acid els metalls son alliberats de les formes
Cu,Zn-SOD-1 i la Cu,Zn,-SOD-1 i l'espectre de masses correspon a les diferents
isoformes de I'apo-SOD-1 (a-m, figura 6.13-A). L'excel-lent exactitud i resolucié en la
mesura de les m/z del TOF va permetre la deteccié de diferents isoformes de la
proteina (figura 6.13-Ai -C): la majoritaria amb un grup acetil (15844.8Da) i d’altres
minoritaries amb 3 grup acetils (15928.8Da), 1 grup acetil i un grup fosfat (15943.0Da)
o un grup acetil i 1 glutatié (16150.0Da). Totes aquestes isoformes, que també
presenten el pont disulfur, s’"han descrit anteriorment a la bibliografia per a la forma
apo-SOD-1 utilitzant ESI-MS i LC-MS [176, 14, 21, 48,77, 176-178].
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C) Isoformes de la SOD-1 humana detectades

apo-SOD-1 (Da) Cu,Zn-SOD-1 (Da) Cu,,Zn,-SOD-1 (Da)
1 acetil 3 acetil 1acetil + 1fosfat 1acetil + 1 glutatid 1 acetil 1 acetil
a-m (monomer) m (monomer) D (dimer)
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Figura 6.13. Espectre de masses (i) i electroferograma (ii) de la SOD-1 humana utilitzant BGE (A) d’ HAc
(pH acid) i (B) de NH;Ac (pH neutre). C) M experimental de les isoformes de I'apo-SOD-1 detectades per
CE-TOF-MS. (a-m: apo-monomer (desmetal-lada), m: monomer (metal-lat), D: dimer (metal-lat) i UBI

(ubiquitina, impuresa).

La interpretacio de I'espectre de la SOD-1 humana, amb el BGE neutre és similar a la
de la SOD-1 comercial bovina (figura 6.12). Aixi es va confirmar la deteccid,
Unicament, de les formes Cu,Zn-SOD-1 i la Cu,,Zn,-SOD-1 amb un grup acetil, en part,
per la menor sensibilitat amb aquest BGE. Novament, tot i que el tractament de
mostra, preservaria |’activitat enzimatica de la SOD-1 purificada [153, 188], no podem
assegurar que durant aquesta etapa no es provoqui la dissociacié del dimer metal-lat
per obtenir el monomer metal-lat. Per altra banda, s’havia de tornar a considerar la
influencia del voltatge d’acceleracid del TOF als espectres de masses. Aquesta
influencia sobre I'espectre de masses de la SOD-1 humana es va estudiar a partir de la
relacié existent entre la intensitat de dos ions moleculars detectats especificament
per al Cu,Zn-SOD-1 i la Cu,,Zn,-SOD-1 (2282, +7 m i 2905, +11 D, figura 6.13-B). Com
era d’esperar, 'laugment del voltatge d’acceleracié provoca la monomeritzacié de la
proteina perqué augmenta la relacié d’intensitats d’aquests dos ions moleculars
(l2282/15905, figura 6.14). Entre 250 i 325V s’aconsegueix un bon compromis entre

sensibilitat i dissociacid, com amb la SOD-1 bovina.
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Figura 6.14. Grafic de barres de la relacié entre la intensitat dels ions de
m/z nominal 2282 i 2905 de la SOD-1humana a diferents voltatges

d’acceleracid.

Es important assenyalar que la preséncia de Cu,Zn-SOD-1 pot significar un
contratemps per a la determinacié quantitativa acurada de la Cu,,Zn,-SOD-1, degut a
la possibilitat de dissociacié del dimer durant el tractament de mostra o en la deteccié
per CE-TOF-MS. No obstant, aixd no implicaria cap inconvenient per a la comparacio
de diferents agrupacions de mostres de controls i pacients amb ALS, si s’utilitza un
parametre relatiu (l,25,/12905). Si €s tracten i s’analitzen totes les mostres de I’estudi de
la mateixa forma, un parametre que relaciona les concentracions absolutes del dimer

i el monomer hauria de donar informacio de suficient rellevancia.

6.3.3. Aplicacio a mostres de pacients d’ALS

La col-laboracié amb la unitat d’ALS de 'HUB, va permetre |'obtencié de mostres de
sang d’individus sans i pacients amb ALS per poder realitzar un petit estudi preliminar

amb la metodologia analitica desenvolupada.

A la figura 6.15 es mostra el grafic de barres de la relacié d’intensitats entre els ions
moleculars +7 m (2282) i +11 D (2905) (l5,55/ l2g05), mesurades sobre els espectres de
masses per les mostres de sang control i de pacients amb ALS purificades i analitzades
per CE-TOF-MS. Aquestes relacions es presenten per a les isoformes més abundants,
amb un grup acetil, amb i sense glutatié (GSH, que és una PTM important en el cas de
la SOD-1 humana i un factor diferencial respecte a la SOD-1 bovina), i la mitjana
d’ambdds valors. Com pot observar-se, no hi ha una diferéncia clara entre els dos

grups en cap dels casos. A una conclusié similar s’arriba estudiant els
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electroferogrames de I'i6 extret (EIE) d’aquests ions moleculars o utilitzant les eines
de deconvolucid i tractament de dades automatitzades del TOF. La limitada separacio
electroforetica podria influir negativament en I'obtencié d’informacié quantitativa
acurada sobre el monomer i el dimer per MS. La impossibilitat de trobar diferencies
significatives entre les mostres control i els pacients va fer necessaria |’aplicacié d’una
altra técnica de separacid i deteccid com I'espectrometria de masses de mobilitat
ionica (IM-MS).

Sense GSH
= Amb GSH

15 BPromig

Intensitat *” M°/ Intensitat *112
N

A A A

Figura 6.15. Grafic de barres de les relacions d’intensitat obtingudes per als ions moleculars +7 m i
+11 D amb i sense GSH per als controls i els pacients d’ALS (barres grises). La barra de color negre

representa la mitjana de les relacionsanteriors.

6.4. ANALISI DE SOD-1 PER n-ESI-IM-MS

Acabem de veure que en CE-MS, tant el pH del BGE com les condicions de la deteccid
per ESI-MS, son critiques per preservar les interaccions no covalents a les
metal-loproteines oligomeriques i el mateix podia passar amb altres associacions
proteiques i els seus lligands [123, 146]. Un altre desavantatge de I'ESI-MS rau en que
és incapa¢ de distingir dos ions amb idéntica relacié m/z pertanyents a molecules
diferents. Aixo dificulta la interpretacid dels espectres de masses de proteines que
existeixen com a mescles de monomers, dimers i altres oligomers, perque fins a cert
punt, els seus espectres de masses es troben solapats [189, article 3, article 4.2] tal i
com hem pogut observar amb la SOD-1 tant bovina com humana (figures 6.5, 6.6,
6.11,6.12i6.13).
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L’espectrometria de mobilitat ionica (IM) és una técnica que separa els ions en fase
gas en funcié de la seva mobilitat ionica, que depen de la seva relacié mida-carrega.
Acoblada en linia a I'ESI-MS permet separar i caracteritzar isomers, conformers i ions
de la mateixa m/z pero amb mobilitats ioniques diferents [145-146, 190]. A més,
habitualment s’utilitzen interfases d’ionitzacié nano-electrosprai (n-ESI) amb els

avantatges que ja s’apuntaven a la introduccié d’aquesta tesi.

En aquesta seccid, es demostra que la metodologia de n-ESI-IM-MS desenvolupada
proporciona informacié rellevant sobre |'abundancia relativa de les formes
Cu,Zn-SOD-1 i Cu,,Zn,-SOD-1, que pot ser util per a I'estudi de mostres de pacients
amb ALS.

6.4.1. Optimitzacio dels parametres instrumentals

A la introduccié s’ha indicat que la IM-MS proporciona informacid en tres dimensions
sobre els ions en fase gas detectats: temps de deriva, m/z i intensitat. A mode
d’exemple, la figura 6.16 mostra la informacié que proporciona la tecnica per a

I’analisi de la SOD-1 bovina.

La figura 6.16 es troba dividida en tres grafics diferenciats. El primer (figura 6.16-A) es
correspon amb el grafic de corbes de nivell de la intensitat dels ions moleculars
detectats, segons els seus valors de m/z i temps de deriva. La intensitat maxima es
correspon amb el color groc. Als valors amb massa nominal 2620 i 3144 s’observen
dues senyals diferenciades indicant que se separen dos ions moleculars amb la
mateixa m/z perdo amb diferent mobilitat ionica (+6 m/+12D i +5m/+10D,
respectivament). Amb ESI-MS aix0 no era possible. El segon grafic (figura 6.16-B) es
correspon amb el perfil de la mobilitat idnica extreta (EIM) on es representa el temps
de deriva per als ions moleculars detectats en diferents intervals de m/z. Seguint un
paral-lelisme amb la CE-MS serien els EIEs. D’acord al que s’observa al mapa de relleu
es poden observar dos pics diferenciats per als ions amb la mateixa m/z (2620 i 3144)
deguts al monomer i al dimer, perque tenen diferent mobilitat idnica. Per ultim, el
grafic de la figura 6.16-C es correspon amb |'espectre de masses de la suma total dels

ions moleculars detectats.
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Figura 6.16. Informacio obtinguda per n-ESI-IM-MS de la SOD-1 bovina comercial. A) Grafic de corbes de

nivell dels ions moleculars detectats. B) Perfil de I'EIM. C) Espectre de masses total.

Un dels grans avantatges de les fonts de n-ESI, és la gran eficacia de la ionitzacid, el
gue va permetre analitzar directament les mostres de SOD-1 bovina i humana en
solucié de NH,;Ac a concentracions de 10, 50 i 100mM i pH neutre (7.3 ajustat amb
NH;), tot i que no es van observar diferencies significatives en funcié de la

concentracié de sal emprada.

Per obtenir resultats en condicions optimes, s’han d’avaluar tota una serie de
parametres relacionats amb la deteccid per n-ESI-IM-MS. L’activacié correcta dels
analits dins de I'espectrometre de masses augmenta la sensibilitat, I'exactitud i la

resolucié [145, 191]. Aquesta energia d’activacid s’aconsegueix mitjancant els

|ll |Il

voltatges d’injeccio, en el nostre cas el “trap collision energy” i el “cone voltage”. Per a
reduir I'energia molecular interna, s’utilitza un gas a la pressié apropiada (les
interaccions no covalents poden trencar-se si la pressid del gas és molt baixa i

insuficient per disminuir I'energia interna de les molecules a través de col-lisions
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[192]). Amb la SOD-1 es va treballar a una pressié de N, de 5.83mbar, perd no es van
trobar diferencies significatives treballant a una pressié de fins a 2.1mbar. La
influencia dels voltatges d’injeccié s’explica a continuacié per a la SOD-1 bovina i

humana.

6.4.2. Analisi de SOD-1 bovina

La SOD-1 bovina es va analitzar com a punt de partida a la caracteritzacio de la SOD-1
humana. La figura 6.17-A i -B mostren els espectres de masses obtinguts per a la
SOD-1 bovina comercial a 10 i 50V de “trap collision energy”, respectivament.
L’espectre de masses total obtingut per n-ESI-IM-MS (figures 6.17-A-ii i 6.17-B-ii) és
molt similar al produit per CE-TOF-MS (article 4.2). Una altra vegada, tenint en
compte els valors de m/z que es troben a les taules de les figures 6.6-B i 6.11-B, és
facil deduir que els clusters d’ions multicarregats deguts a les formes Cu,Zn-SOD-1
(m, monomer) i Cu,,Zn,.SOD-1 (D, dimer) de la SOD-1 bovina es troben superposats
als espectres de masses. Les millors S/N s’obtenen amb 50V excepte per I'ié +11 de la
forma dimérica (+11 D) que disminueix d’intensitat drasticament en comparacié amb
els ions adjacents (+6 m//+12 D i +5 m//+10 D). Aix0 pot ser degut a la dissociaci6 del
dimer durant l'activacié com ja vam veure que passava en funcidé de les condicions
experimentals en CE-TOF-MS (article 4.2).

Amb la comparacio dels EIMs es pot arribar a la mateixa conclusié sobre la dissociacio
del dimer (figures 6.17-A i -B (i)). L’assignacié dels ions moleculars +7 m i +11 D és
molt senzilla ja que només es detectava un pic. Es té en compte una altra vegada que
els “ions de carrega senar” del dimer, com el +11 D, sdn especifics de la forma
Cu,,Zn,.SOD-1 (taules de les figures 6.6-B i 6.11-B). Com no es detecta I'ié el +13 D
(figura 6.17-A-ii), és impossible detectar el +14 D que té el mateix valor de m/z que el
+7 m. L'EIM corresponent a I'id 2620 m/z conté dos pics diferents. El primer
correspon al dimer (+12 D) i el segon al monomer (+6 m). Aixi, els ions del dimer
tenen una mobilitat ionica inferior degut a que la seva relacié mida/carrega és inferior
(en general, la mida d’'un dimer és inferior a dues vegades la del monomer). Si
considerem els ions de diferent carrega (per exemple: +10 D, +11 D i +12 D), el temps
de deriva per als ions disminueix amb I'augment de la carrega (figura 6.17-A-i). Tot i

qgue a l'augmentar la repulsié coulombiana amb la carrega, la mida de I'ié6 augmenta,
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predomina l'increment de la carrega per explicar la mobilitat ionica superior
[123, 160, 191-192]. L’EIM corresponent a I'i6 de 3144 m/z conté una Unica senyal
que es pot assignar a |'id6 molecular +10 D, perque I'id molecular +5 m seria
indetectable a 10V, perd es comenca a detectar a 50V degut a la dissociacié del dimer
durant I'activacio (figura 6.17-B-i). Una cosa similar passa amb el +6 m (2620 m/z). De
la mateixa manera, la intensitat de I'id molecular +11 D (2858 m/z) disminueix degut a

la dissociacié del dimer amb I'augment de I’energia d’activacio.

A) SOD-1 bovina comercial
10V of trap collision energy

B) SOD-1 bovina comercial
50V of trap collision energy
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Figura 6.17. Perfil de I'EIM (i) i espectre de masses total (ii) per a la SOD-1 bovina comercial a

10V (A) i 50V (B) de “trap collision energy”. (“Cone voltage” = 20V).

Com s’ha comprovat, l'augment de l|’energia durant I'activacid pot induir Ia
dissociacio, pero també canvis de conformacié [144, 191]. Aixi, tots els temps de
deriva i I'amplada dels pics augmenten a 50V en relacid als obtinguts a 10V
(figura 6.17). Per una banda, els ions viatjarien més lentament perquée l'energia
molecular interna i les col-lisions augmenten. Per altra banda, els pics més amples
indicarien la generacié de multitud d’intermedis desplegats [145]. Per aquest motiu,
s’hauria d’evitar una activacié excessiva. Els intermedis desplegats serien estructures
poc probables de trobar en solucié. L’activacié ocorre en fase gas i en un medi on la
solvatacid i les forces coulombianes tenen magnituds molt diferents a les existents en
solucié [145].
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L’activacid també es va estudiar analitzant la SOD-1 bovina comercial a diferents
valors de “cone voltage” i 10V de “trap collision energy”. Els EIMs i els espectres de
masses obtinguts entre 20 i 90V no presentaven gaires variacions. La figura 6.17-A es
correspon amb un “cone voltage” de 20V. Per sobre de 120V, els EIM i els espectres
de masses s’assemblaven als de la figura 6.17-B (que es correspon amb una “trap
collision energy” igual a 50V) cosa que suggeria la dissociacié del dimer. A 200V, I'ié

+11 D era practicament indetectable.

6.4.3. Analisi de SOD-1 humana

A la SOD-1 purificada a partir de sang humana, es van realitzar experiments similars
als anteriors en els que la “trap collision energy” es va avaluar entre 10 i 150V fixant el
“cone voltage” a 20V. Mentre que amb la SOD-1 bovina el valor llindar per a
comengar a observar la dissociacio era de 50V, per a la SOD-1 humana aquest va
augmentar fins a 150V. Treballant a 90V, la SOD-1 humana no es dissociava quan el
“cone voltage” es va estudiar en l'interval entre (20—200V). Tot aix0 indica una major
estabilitat de la SOD-1 humana en I'analisi per n-ESI-IM-MS.

A la figura 6.18 es mostren els espectres de masses obtinguts per a la SOD-1 humana
del mateix individu sa mitjangant CE-TOF-MS (figura 6.18-A-i) i n-ESI-IM-MS
(figura 6.18-B-i). Com es pot observar, l'interval de m/z de treball amb IM-MS és molt
més ampli que amb CE-TOF-MS, on no es podia mesurar a alta resolucid per sobre de
3200 m/z. A més, en IM-MS I'espectre de masses de la SOD-1 es troba desplagat cap a
valors de m/z superiors degut a les condicions d’ionitzacid més suaus. Aixi, per una
banda s’han de considerar les diferents condicions instrumentals dels detectors i per
I'altra, que en n-ESI-IM-MS no s’utilitza un solvent hidroorganic acid com el liquid
auxiliar que es fa servir en CE-MS [189]. Aquests ions de m/z superiors corresponents
a la Cu,,Zn,-SOD-1 es detecten en n-ESI-IM-MS amb bona exactitud de massa i
resolucid. El pic corresponent a un valor de m/z de 2662 (+6 m/+12 D) s’ha ampliat en
cada un dels dos espectres de masses per a demostrar la deteccid de diferents
isoformes de la SOD-1 humana, que contenen el pont disulfur i d’'una a tres

acetilacions, en presencia i absencia de GSH.
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Figura 6.18. Espectre de masses de la SOD-1 humana d'un individu sa (i) i ampliacié del pic
corresponent a I'id molecular amb m/z 2662 (ii). A) CE-TOF-MS (250V de voltatge d’acceleracid).
B) n-IM-MS (90V de “trap collision energy” i 20V de “cone voltage”).

Seguint un raonament semblant al realitzat amb la SOD-1 bovina (figura 6.17), va ser
relativament senzill identificar els diferents ions moleculars de |'espectre de masses
alhora de confirmar la preséncia de les formes Cu,Zn-SOD-1 i Cu,,Zn,-SOD-1 amb i
sense GSH com es mostra a la figura 6.19. Les petites diferencies entre els valors del
temps de deriva, que s’han inserit sobre els ions +6 m i +9 D a les figures 6.19-A i -B,
que es detecten especificament per al monomer i el dimer respectivament,
suggereixen que la presencia del GSH promou canvis conformacionals que afecten
significativament la mida dels ions en fase gas. Tot i aix0, la diferéncia de mobilitat
ionica no seria suficient per a separar completament els ions moleculars amb Ia

mateixa carrega de les dues isoformes (+6 m: 10.52ms vs 10.77ms, amb i sense GSH,

respectivament).
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Figura 6.19. Perfil de I'EIM per a la SOD-1 humana obtinguda a 90V de “trap collision energy” i

20V de “cone voltage” considerant les isoformes sense GSH (A) i amb GSH (B).

6.4.4. Aplicacio a mostres de pacients d’ALS

Amb la finalitat d’aclarir si hi ha diferencies significatives en la quantitat de
Cu,Zn-SOD-1 i Cu,,Zn,-SOD-1, entre individus sans i pacients amb ALS, i obtenir
informacié que permeti estudiar si la monomeritzacié de la proteina pot estar
relacionada amb l'oligomeritzacié que precedeix a l'agregacié, es va realitzar un

estudi preliminar amb un petit grup control i de malalts.

En les condicions optimes de mesura, es van seleccionar els ions moleculars +6 m i
+9 D de les isoformes amb i sense GSH per a les comparacions dels dos grups, ja que
son especifics de la Cu,Zn-SOD-1 i de la Cu,,Zn,-SOD-1, respectivament. A més, tenen
valors de m/z i temps de deriva molt diferents. A la taula 6.3 es mostra el valor del
temps de deriva dels pics detectats en els perfils d’EIM corresponents als ions
moleculars monitoritzats, en individus sans i pacients d’ALS. Com es pot observar, i tal
com s’ha indicat anteriorment (figura 6.19-Ai-B), els temps de deriva sén
lleugerament inferiors per a les isoformes sense GSH i la repetitivitat és bona en tots
els casos. A la figura 6.20-A es mostra un grafic de barres on es representen les
relacions entre les arees obtingudes als EIM per als pics dels ions +6 m i +9 D, amb i
sense GSH, aixi com la mitjana de les dues relacions. Com ja haviem apuntat en els

estudis amb CE-TOF-MS, aquesta relacid és atil per avaluar les abundancies relatives
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del monomer i del dimer metal-lats. Com que es tracta d’'un parametre relatiu, és més
util per a la comparacio ja que les diferencies degudes a la matriu de la mostra, la

ionitzacio o les concentracions absolutes es minimitzen.

Cu,Zn-SOD-1 Cu,,Zn,-SOD-1
Temps de deriva +6 m (ms) Temps de deriva +9 D (ms)

Mostra Sense GSH Amb GSH Sense GSH Amb GSH
Control 1 10.52 10.77 17.31 17.70
Control 2 10.52 10.77 17.44 17.83
Pacient 1 10.52 10.90 17.70 18.08
Pacient 2 10.39 10.65 17.70 18.08
Pacient 3 11.03 11.16 18.34 18.60
Pacient 4 10.90 11.03 17.83 18.21
Pacient 5 10.90 11.03 17.83 18.21
MITJANA 10.68 10.90 17.74 18.10

S 0.25 0.18 0.33 0.29

Taula 6.3. Valor del temps de deriva dels pics detectats en els perfils d’EIM corresponents al +6 m i
+9 D, amb i sense GSH, en mostres de sang humana d’individus sans i pacients amb ALS.

(s = desviacio estandard).

Tal i com es pot observar, la mitjana de les relacions d’arees de les isoformes amb o
sense GSH per als controls és similar. Aquest valor augmenta significativament per a
totes les mostres de pacients excepte per al pacient 3, indicant que, en general, tenint
en compte la mitjana de les abundancies relatives de les isoformes amb i sense GSH,
hi ha una major preséncia de la forma monomerica metal-lada als pacients amb ALS.
Com ja s’ha explicat a la seccid anterior (6.3.3) i com es mostra una altra vegada a la
figura 6.20-B, un estudi similar per CE-TOF-MS no va permetre diferenciar els dos
grups de mostres. A diferencia del que passa en CE-TOF-MS, aqui els ions +6 m i +9 D
si es troben separats completament en a primera dimensié perque tenen mobilitats
ioniques diferents. En aquests moments, sense fer un estudi més ampli i amb més
informacié sobre les mostres de pacients, és dificil explicar perqué la quantitat de
Cu,Zn-SOD-1 present en les mostres de la majoria de pacients és major considerant la
mitjana de les dues isoformes o perque el comportament amb o sense GSH és
uniforme. En tot cas, aquests resultats assenyalen la importancia de realitzar estudis
més amplis amb una acurada seleccié de les mostres del grup control i el dels
pacients. Paral-lelament, també es podrien realitzar estudis per a monitoritzar el

procés d’oligomeritzacio in-vivo i in-vitro en diferents teixits d’animals mutants amb
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I'objectiu de poder dilucidar si aquest procés és el responsable de I'agregacié de la

proteina.
A) n-ESI-IM-MS B) CE-TOF-MS
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Figura 6.20. A) Grafic de barres de la relacié entre les arees obtingudes per als pics corresponents
als ions moleculars +6 m i +9 D dels EIM amb i sense GSH per als controls i els pacients d’ALS
(barres en gris). La barra negra representa la mitjana de les relacions anteriors. B) Grafic de barres
de les relacions d’intensitat obtingudes per als ions moleculars +7 m i +11 D amb i sense GSH per
als controls i els pacients d’ALS (barres grises). Promig de la relacié de les dues isoformes (amb i

sense GSH) (barra negra). La barra negra representa la mitjana de les relacions anteriors.

6.5. TREBALLS FUTURS

Els treballs realitzats en el transcurs d’aquesta tesi doctoral es poden considerar els

primers passos cap a estudis molt més complexos. Entre ells es destaquen:

e Purificar suficient quantitat de PrP® per abordar el seu estudi, aixi com el del
PrP** (en instal-lacions habilitades amb el nivell de seguretat biologica
adequat) per CE-TOF-MS i n-ESI-IM-MS.

e Estudiar altres matrius (p.e. matrius ioniques liquides ) o metodes de
preparacié de mostra que permetin preservar I'estructura de les proteines i
peptids labils en MALDI-TOF-MS [193].

e Modificar les condicions del buit, emprant valvules adequades a les primeres
regions de l|'espectrometre de masses per assegurar que en ESI-MS la
dissociacio no té lloc en fase gas després de la ionitzacio i la desolvatacid, i
abans d’arribar a I’analitzador [194-195].
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Treballar amb interfases “sheathless” (sense liquid auxiliar) de n-ESI per
CE-MS que permetin millorar els resultats amb CE-TOF-MS i interfases de
liquid auxiliar (sheath-flow) [196-197].

Establir altres tractaments de mostra per purificar la SOD-1 humana de
diferents materials biologics assegurant que es preservi tant l'activitat

enzimatica com l'estructura dimérica metal-lada [187].

Realitzar un estudi comparatiu amb un major nombre de mostres i de
diferents teixits, per treure conclusions definitives sobre la monomeritzacid

de la SOD-1i la seva relacié amb I’ALS.
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S’ha desenvolupat una metodologia per a I'extraccio i purificacio del prid cel-lular
(PrP%) a partir de cervell bovi basada en métodes convencionals. La concentracié
dels extractes finals és insuficient per a la caracteritzacid del PrP® amb les
tecniques de separacié d’alta resolucid disponibles actualment. Més

concretament:

- La cromatografia d’exclusié molecular (SEC) podria ser substituida per
ultracentrifugacié amb filtres de tall per pes molecular (MWCO). Aixo
suposaria un estalvi de temps molt significatiu i una reduccié de la dilucié
dels extractes finals.

- L'ds de columnes de 20mL en la cromatografia d’afinitat a metall
immobilitzat (IMAC) és recomanable per I'elevada concentracié de proteina
en les etapes intermedies.

- La metodologia es podria aplicar a escala preparativa, per a obtenir una

quantitat de PrP® suficient per a la seva caracteritzacid.

Les condicions experimentals per a espectrometria de masses amb font
d’ionitzacié per desorciéo amb laser assistida per una matriu i analitzador de temps
de vol (MALDI-TOF-MS) estudiades en aquesta tesi doctoral no sén apropiades per
a l'estudi de proteines intactes labils com la metal-loproteina homodimerica

superoxid dismutasa 1 (Cu,,Zn,-SOD-1).

S’ha desenvolupat una alternativa a l'analisi de la Cu,Zn,-SOD-1 per
espectrometria de masses amb font d’electrosprai (ESI-MS) i cromatografia de
liquids acoblada a I'espectrometria de masses (LC-MS) basada en I'electroforesi
capil-lar acoblada a I'espectrometria de masses (CE-MS). En aquest sentit es pot

concloure que:

- La utilitzacié d’un electrolit de separacid (BGE) acid permet I'estudi de la
forma totalment desmetal-lada d’aquesta proteina (apo-SOD-1). A més, la
sensibilitat de la deteccid6 en mode possitiu és superior respecte al BGE
neutre, per la qual cosa es poden detectar millor les isoformes. Els resultats
obtinguts en aquestes condicions son molt similars als obtinguts per ESI-MS i
LC-MS.

- L'ds d’un BGE neutre permet la conservacié de l'estructura dimerica i

totalment metal-lada de I'enzim. Aix0 proporciona informacié sobre la
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monomeritzacié complementaria a I'obtinguda amb el BGE acid, i que fins al

moment, no s’havia descrit per ESI-MS i LC-MS.

e Les condicions instrumentals de I'espectrometre de masses amb analitzador de
temps de vol amb acceleracié ortogonal (oa-TOF) influeixen de manera molt
significativa en els espectres de masses adquirits. Una seleccid adequada del
voltatge d’acceleracié (“fragmentor voltage”) es molt convenient per evitar

conclusions erronies sobre analits especialment labils. Es important destacar que:

- En 'analisi de molécules de baix pes molecular, la fragmentacié pot ser una
bona eina per a obtenir informacié estructural addicional que permeti la
identificacié inequivoca de I'analit en una mostra complexa.

- En Il'analisi de molecules de pes molecular elevat, com poden ser les
metal-loproteines i les proteines oligomeriques, una seleccié adequada dels
parametres instrumentals és fonamental per evitar conclusions incorrectes

en quant a l'estructura dels analits.

e L’espectrometria de masses de mobilitat idnica amb font de nano electrosprai
(n-ESI-IM-MS) podria ser una bona alternativa a les técniques de separacié d’alta
resolucié acoblades a I'espectrometria de masses (LC-MS i CE-MS) per a I’estudi de

proteines complexes com la SOD-1. Cal remarcar que:

- La capacitat de n-ESI-IM-MS de separar ions moleculars amb el mateix valor
de m/z pero amb mobilitat ionica diferent, fa que sigui una técnica molt
apropiada per a I'estudi de proteines oligomeriques i altres associacions
proteiques complexes.

- Els voltatges d’activacid (“cone voltage i "trap collision energy”) s’han de
seleccionar adequadament d’acord a [I'estabilitat de la substancia
analitzada.

- Per primera vegada s’ha desenvolupat una metodologia de n-ESI-IM-MS
que es pot aplicar a I'estudi de malalties caracteritzades per I'agregacié de
les proteines, com l|’esclerosi lateral amiotrofica (ALS). S’ha realitzat un
estudi amb mostres de sang d’individus sans i de pacients amb |'objectiu
d’avaluar la seva viabilitat per elucidar els mecanismes moleculars de
I’agregacio relacionats amb les modificacions post-transduccionals (PTMs) o

la monomeritzacio.
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RESUM ARTICLE 2.1

Titol: Avaluaciéo de métodes no immunoquimics per a l'aillament de la proteina

prionica cel-lular de cervell bovi.

Les encefalopaties espongiformes transmissibles (TSEs) sén un grup de malalties
neurodegeneratives que afecten al sistema nervids central de molts animals, fins i tot
el dels humans. Alguns autors suggereixen que la causa de les TSEs és la conversio de
la proteina prionica cel-lular (PrPS), que s’expressa en molts teixits especialment al
cervell, a la forma patologica (PrP*). Aquest canvi afecta a la seva estructura,
conferint propietats bioquimiques diferents al PrP>, com una major resisténcia a la
C

proteasa K, que s’ha utilitzat ampliament per a la seva purificacid. Per contra, el PrP

és menys resistent i la seva purificacié més complicada.

En aquest article es proposa una estrategia de purificacié per recuperar eficientment
PrP¢ de cervell bovi sa utilitzant métodes convencionals no immunoquimics. Es tracta
en detall I'aplicabilitat de I'extracci6 amb detergents, la cromatografia d’exclusid
molecular (SEC), la diafiltracié amb filtres de tall per pes molecular (MWCO) i la
cromatografia d’afinitat a metall immobilitzat (IMAC) utilitzant el western blot (WB)

per detectar la presencia de PrP".

RESUM ARTICLE 3.1

Titol: Electroforesi capil-lar acoblada a I’espectrometria de masses per a la separacid

i caracteritzacid de la Cu,Zn-superoxid dismutasa bovina 1.

La forma nativa de la Cu,,Zn,-superoxid dismutasa (SOD-1) és un homodimer que
coordina un Cu® i un Zn** per monomer. El Cu®* i el Zn** juguen un paper molt
important en 'activitat enzimatica i I'estabilitat estructural, respectivament. A més, la
forma dimerica és essencial per a la funcionalitat de la SOD-1. Diverses isoformes
mutants de la SOD-1 humana s’han relacionat amb un cert tipus d’esclerosi lateral

amiotrofica (ALS), que és una malaltia neurodegenerativa.
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En aquest article s’utilitza la CE i la MS per a I'estudi de les diferents espeécies de la
SOD-1 bovina. Els ions metal-lics de I'enzim natiu (Cu,Zn,-SOD-1 dimérica) sén
alliberats en medi acid per a obtenir la forma apo-SOD-1, que és monomerica.
Aguestes dues formes s’analitzen per espectrometria de masses amb font d’ionitzacid
per desorcid amb laser assistida per una matriu i analitzador de temps de vol
(MALDI-TOF-MS), electroforesi capil-lar amb deteccié ultraviolada (CE-UV) i
electroforesi capil-lar acoblada amb I'espectrometria de masses amb font d’ionitzacio

per electrosprai (CE-ESI-MS).

En MALDI s’obtenen espectres molt semblants per a les dues mostres de SOD-1, amb
metalls i sense metalls, fent servir com a matrius I'acid sinapinic (SA) i l'acid
2,5-dihidroxibenzoic (DHB) amb i sense acid trifluoroacétic (TFA). En els dos casos es
va calcular la massa molecular mitjana del monomer d’apo-SOD-1. Aquests resultats
indiquen que els metalls sén alliberats de la Cu,,Zn,-SOD-1 durant la preparacié de les

mostres o la ionitzacio.

Per a la CE-UV i la CE-ESI-MS es van fer servir dos electrolits de separacié (BGE)
potencialment compatibles amb la deteccid per ESI-MS: 1M d’acid acetic (HAc, (pH 2)
i 10mM d’acetat d’amoni (NH,;Ac, pH 7.3)). La utilitzacié d’un liquid auxiliar de
2-propanol/aigua (60:40 v/v) amb 0.1% v/v d’acid formic (FA) i el BGE acid
proporcionava una major sensibilitat. No obstant, els perfils electroforétics i els
espectres de masses obtinguts suggereixen que els metalls de la Cu,,Zn,-SOD-1
dimerica son alliberats durant la separacid electroforetica generant la forma
apo-SOD-1 monomerica. Per contra, el BGE neutre proporciona unes condicions
millors per a la deteccié de la forma nativa de I'enzim. Les diferencies entre els
espectres de masses obtinguts per a la Cu,Zn,-SOD-1 dimérica i I'apo-SOD-1 sén

significatives i la preséncia d’FA al liquid auxiliar només afecta a la sensibilitat.

Els nostres resultats destaquen la importancia de seleccionar condicions de separacié
i deteccid no desnaturalitzants apropiades per a obtenir informacié estructural fiable

sobre complexos proteics no covalents per CE-ESI-MS.

164



Annex

RESUM ARTICLE 4.1

Titol: Avaluacio de I'electroforesi capil-lar acoblada a la espectrometria de masses

amb analitzador de temps de vol (TOF-MS) per a la identificacio fiable de péptids.

L’electroforesi capil-lar acoblada en linia a I'espectrometria de masses amb un
analitzador de temps de vol amb acceleracié ortogonal (CE-0a-TOF-MS) és una técnica
emergent que ofereix separacions eficients basades en la relacidé carrega-massa i

mesures de massa exacta i d’alta resolucié.

En aquest article s’investiguen els factors principals que influeixen en I'analisi de
peptids de baix pes molecular utilitzant una interfase d’ionitzacid per electrosprai

amb liquid auxiliar coaxial i diversos neuropeptids com a compostos model.

Els valors moderats del voltatge d’acceleracio (“fragmentor voltage”) sén fonamentals
per a maximitzar la produccié d’ions moleculars i obtenir una sensibilitat optima,
minimitzant la fragmentacié. No obstant, els fragments majoritaris proporcionen
informacid especifica que pot resultar valuosa per a la confirmacid estructural dels

analits.

També es tracten, en termes d’exactitud en la mesura de massa i sensibilitat, els
avantatges i desavantatges d’afegir compostos com a referencia interna en el liquid
auxiliar per a realitzar un calibratge continu de I'eix de m/z durant les separacions
electroforetiques. A més a més, s’avaluen diferents modes instrumentals relacionats

amb la resolucio.

Finalment, el métode es valida per a I'analisi quantitatiu dels neuropeptids estudiats
en relacid a la repetitivitat, linealitat i limits de deteccid. Els resultats obtinguts amb
CE-0a-TOF-MS es comparen amb els obtinguts utilitzant CE acoblada a d’altres
espectrometres de masses. A més de la simplicitat i fiabilitat de la identificacid, la
CE-0a-TOF-MS permet millorar la repetitivitat i els limits de deteccié en un ordre de
magnitud respecte als TOF amb reflectré convencional i als analitzadors amb trampa
d’ions (IT).
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Tesi doctoral

RESUM ARTICLE 4.2

Titol: Separacid i caracteritzacié de superoxid dismutasa 1 (SOD-1) d’eritrocits
humans amb electroforesi capil-lar acoblada a I'espectrometria de masses amb
analitzador de temps de vol (CE-TOF-MS).

La Cu,Zn-superoxid dismutasa (SOD-1) és un metal-loenzim homodimeric relacionat
amb l'esclerosi lateral amiotrofica (ALS). La majoria dels casos d’ALS sén esporadics
mentre que, aproximadament, un 10% son hereditaris (ALS familiar, fALS). Només un
25% dels casos de fALS son causats per mutacions a la seqliencia aminoacidica de la
SOD-1 humana, mentre que I'explicacid per a la resta encara no és gaire clara. En
aquest sentit, diversos autors suggereixen la gran importancia de les modificacions
post-transduccionals (PTMs) o la dissociacié del dimer en la formacidé dels agregats

intraneuronals de SOD-1 caracteristics d’aquesta malaltia.

En aquest article s’utilitza la CE-TOF-MS per a la separacid i caracteritzacié de SOD-1
bovina patrd i SOD-1 humana purificada a partir d’eritrocits. Per a la realitzacié dels
experiments de CE-TOF-MS en mode positiu s’han utilitzat dos electrolits de separacio
(BGE). L’us d’un BGE acid permet la deteccié de la forma apo-SOD-1 monomerica,
perque els metalls s’alliberen completament durant la separacid electroforetica. Amb
aquest BGE acid també s’aconsegueix una millor sensibilitat especialment interessant
per a la deteccié de diferents isoformes de la SOD-1 humana. Per contra, el BGE
neutre millora les condicions per a la deteccid de les formes metal-lades dimerica i
monomerica de l'enzim, perd la seleccié d’un valor de voltatge d’acceleracio
(“fragmentor voltage”) adequat en el TOF és fonamental per a obtenir informacié
guantitativa fiable. En qualsevol cas, en aquestes condicions, només es detecten les
formes metal-lades de la principal isoforma de la SOD-1 humana degut a la menor
sensibilitat. Per tant, la combinacié de les dues metodologies resulta necessaria per a

I’obtencid d’informacio estructural detallada de I’'enzim.
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Annex

RESUM ARTICLE 5.1

Titol: Caracteritzacio de superoxid dismutasa 1 (SOD-1) per espectrometria de

masses de mobilitat ionica amb font d’ionitzacio per electrosprai.

En aquest article s’utilitza I'espectrometria de masses de mobilitat idonica amb font
d’ionitzacié per nano-electrosprai (n-ESI-IM-MS) per a la caracteritzacié de la SOD-1
bovina i humana purificada a partir d’eritrocits. La SOD-1 nativa en diferents especies

. 7 . . e . 2+ . 2+ \
animals és un enzim homodimeric que coordina un Cu” iunZn per monomer.

Els agregats de SOD-1 sdn caracteristics de I'esclerosi lateral amiotrofica (ALS), una
malaltia neurodegenerativa mortal. Com només un petit percentatge dels casos
d’ALS, dins de la variant familiar, es poden explicar per les mutacions de la SOD-1,
diversos autors suggereixen que la dissociacié del dimer podria ser el desencadenant

de I'oligomeritzacio i posterior agregacio.

En aquest article es mostra que la n-ESI-IM-MS es pot utilitzar per a la deteccié de
monomers, dimers i altres complexos proteics en condicions no desnaturalitzants. A
difereéncia que en ESI-MS, la n-ESI-IM-MS permet una dimensié addicional per a la
separacié dels ions, produint un espectre de masses en tres dimensions (temps de
deriva (“drift time”), relacié6 de massa-carrega (m/z) i intensitat). El temps de deriva
proporciona informacié estructural valuosa relacionada amb la mida de l'id i
demostra que pot ser molt atil per a diferenciar entre les formes monomeérica i
dimerica de la SOD-1.

També s’avaluen diferents parametres del metode d’IM, com la composicio de la
mostra o els voltatges d’activacid, per a obtenir informacid estructural detallada dels
enzims bovi i huma, que es comporten significativament diferent. Finalment s’analitza
un petit grup de mostres de sang de pacients d’ALS per a obtenir algunes conclusions

preliminars.
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