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General Introduction
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Chapter 1

1. Electrochemistry-M ass Spectrometry: Historic overview

The first record of coupling electrochemistry (E&@)}-line with mass spectrometry
(MS) dates back to the early 1970s when Bruckemsted Gadde [1] reported the analysis
of oxygen that was generated electrochemically qmom@us platinum (Pt) electrode by
electron impact (El) mass spectrometry. The tealmigas however limited to the analysis
of volatile species since the porous electrodeda@sea permeable membrane in contact with
the solution at one side and to the vacuum inlehefMS at the other side. A decade later,
the elaboration of new ionization techniques aramhpess in the coupling of MS interfaces
with liquid sample introduction in the early daysL&C-MS allowed the analysis of non-
volatile species. In 1986, Hambitzer and Heitbauon fthe first time coupled an
electrochemical cell on-line with thermospray iatian (TSP) for the analysis of N,N-
dimethylaniline [2]. This major breakthrough in theld of EC-MS was rapidly followed by
work of several research groups including BrajtetiTand coworkers for the analysis of
purines [3-5] and Getek et al. who studied the atxxh and formation of cysteine (Cys) and
glutathione (GSH) conjugates of acetaminophen TBe implementation of tandem MS
(MS/MS) [3-4] and liquid chromatography (LC) [5] iBrajter-Toth’s group constituted a
major improvement of the technique since it respelst allowed to obtain detailed
structural information and to separate reactiondpets prior to analysis. The use of
commercially available coulometric cells with posoworking electrodes having large
surface areas was an additional advantage ovemopsegystems since higher flower rates
(up to 2 mL/min) could be used resulting in shastdvtimes (500 ms) between product
formation in the EC cell and product detection ISPTMS/MS. The early developments of
EC-MS have been reviewed by Chang et al. [7] anié ¥oal. [8].

The major advantage of EC-TSP-MS was the rapidyaisabf reaction products by
MS in the gas-phase after extraction of ions from ¢ondensed phase. However, the high
temperature applied in TSP-MS could potentialljyuahce kinetics of redox reactions and
was not suited for the analysis of thermally laliteanpounds [8]. Electrospray ionization
(ESI) emerged in the 1990s as the method of cHoiche coupling of EC and MS. ESl is a

soft ionization technique that releases ions from liquid phase by applying a potential
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General Introduction: Electochemistry - Mass Spectrometry

difference (typically several kV) between a conihglectrospray emitter and the entrance
of the mass analyzer yielding minimal fragmentatmndecomposition of analytes. The
potential applied to the emitter induces electratbal processes at the liquid-metal
interface of the ESI source which can thus be demed as an electrolytic cell as first
described by Blades et al. [9]. These inherenttiglelbemical reactions have been studied in
detail notably by the group of Van Berkel [10-14] gain a better understanding of the
electrospray process and are further discusselapter 2 (section 2.3.2). Bond et al. [15],
who designed a simple two-electrode system for thealysis of metal-
diethyldithiocarbamates, and Van Berkel and cowark&6], who presented three different
setups, pioneered the coupling of EC and ESI-MSetal. [17] published the first study
using on-line linear sweep voltammetry in 1997 wehalowed the construction of mass
voltammograms that follow product formation versapplied potential and give detailed

information on reaction mechanisms occurring ded#nt potentials.

Although EC has been combined with several otheization sources such as fast
atom bombardment (FAB) [18], particle-beam (PB),209 and APCI [21], coupling with
ESI-MS remains by far the most widely used. Thesjiilgty to setup integrated, automated
systems, facilitating high-throughput applicatioiss a clear advantage of the on-line
coupling of EC-MS and is of major interest for m®d fields such as the study of drug
metabolism, metabolomics and proteomics. As meatioearlier, the ability to observe
short lived species and/or reaction intermediatemtegrated systems is another appealing
feature of EC-MS. Reaction products can be produsesmall-volume cells (UL range)
which, when connected to the inlet of the MS, allbtection in a few seconds or less [22-
26]. Miniaturization of electrochemical cells amdrtsfer of the technique onto a chip is the
latest technological breakthrough in the field. €ip electrochemistry is particularly
interesting when only small sample volumes arelabi® and provides very short transfer
times to the MS detector when the chip is equippetth an ESI emitter [27]. Fully
integrated systems on-chip containing an EC cdll,deparation and the ESI emitter are
conceivable and may solve interfacing problems. lisppons have been reported in the
fields of electrosynthesis [28] and drug metabol[2830]. The development of automated

systems [31,32] has shown promising results whithundoubtedly be followed by many
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Chapter 1

others in the near future. Early developments ettebchemical techniques for lab-on-a-

chip applications have been reviewed by Nyholm [33]
2. Practical aspectsof EC-MS

The coupling of EC to ESI-MS is fairly easy to gettlowever, the combination of
both techniques comes with some restrictions aadtigal aspects need to be considered in
order to make both methods fully compatible. Thel Bi§gh voltage, which induces
upstream currents, the solution composition andB@ecell design are points that require

special attention and are discussed here briefly.
2.1 ESI high voltage and upstream currents

The design of ESI mass spectrometers varies amifiegetit manufacturers. The
high voltage necessary for the ESI process cannétance, be applied either at the entrance
of the MS (in which case the ESI emitter is grout)d® at the ESI emitter itself. The latter
configuration is the most frequently implemented generates electrochemical reactions at
the liquid—emitter interface (see section 2.3.2ctochemical reactions inherent to the ESI
source induce currents flowing between the tiphef ES needle and the EC cell if the latter
is grounded. These currents can affect electrod@meactions occurring within the EC
cell but can also damage instrumentation placetreg®s to the ESI source (e.g. the LC
system). The EC system and any other upstreanumstits must thus be decoupled in
some way. Placing a grounding point between the@&Cand the emitter or in some cases a
long transfer line (~30 cm) will allow decouplin§tbe backwards currents. A long transfer
line will increase delay between EC and MS andtedebemically generated products may
not be detected depending on their lifetime. A ging point however will act as a counter
electrode where electrochemical reduction or oidateactions will occur when operating
the ESI source in positive or negative mode, respdg. These products can also influence
electrochemically generated species in the EC a@etl one should be aware of such
possibilities. Floating the EC device at high vgltds a more preferable way to decouple
the cell from the mass spectrometer high voltag®l. [A battery-operated potentiostat

and/or an isolation transformer are used to floatEC cell at the high voltage of the ESI
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General Introduction: Electochemistry - Mass Spectrometry

emitter. Alternatively, controlled-potential elemthemistry (CPE) can be achieved by
implementation of two- or three-electrode systemslding porous flow-through (PFT)
electrodes for high conversion) within the ESI seurThis allows precise control of ESI-
inherent electrochemistry and prevents additiomalircontrolled reactions in the emitter
[17,34-38].

In all experiments described in this thesis, a gding point was placed between
the ESI source and the upstream instruments togetlie long transfer lines to avoid

interference due to backwards currents.
2.2 Influence of solution composition

Another restriction and compatibility issue thatezges when coupling EC-MS on-
line is the supporting electrolyte required for &@ich is in many cases incompatible with
MS. The yield of EC reactions is low if the conduity of solutions in water or organic
solvents is low. In order to obtain good conversiomithin the EC cell, addition of
electrolytes is necessary to increase solution watihdty and decrease the ohmic potential
drop causing the electrode potentials to deviaemfrthe potential imposed by the
potentiostat. Buffer salts are widely used in etmttemistry but lead to ion suppression,
signal saturation, or plugging of the MS orificedeare not compatible with MS analysis. A
careful choice of supporting electrolyte must thesmade and priority should be given to
volatile solvent additives that are ‘MS-friendlyControl of the solution pH is another
crucial aspect that requires special attention esipmtonation or deprotonation of the
targeted analytes alters the outcome of the elgotraical reaction. Ammonium acetate or
ammonium formate salts are recommended for aqusolusions. Dilute acetic or formic
acid (low pH) and ammonia (basic pH) can be uséteeialone or added to ammonium
acetate/formate salts depending on the desired AstHmonium-based electrolytes or
ammonia, however, have the potential disadvantdgearting as nucleophiles with the
electrochemically generated intermediates, formimgvanted products. Jurva et al. [39]
have listed a number of suitable alternative ebdygies for the oxidation and detection of

lidocaine in an on-line EC-MS setup. Lithium trifkomethane sulfonate (i.e. lithium
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Chapter 1

triflate) has been suggested as a compatible elgietrwhen working in organic solvents
[13].

In conclusion, a compromise has to be made to acwatate both techniques
depending on the desired electrochemical reactitoreover, implementation of an LC
separation step between the EC device and the MBattaw separating the supporting

electrolytes from the analytes of interest and teoethe range of useable electrolytes.
2.3 EC cdl design

Although several home-made EC cells have been dpeedlfor specific purposes,
commercial flow-through cells are more widely usedon-line EC-MS applications. The
latter are found either as thin-layer cells orgellth a porous working electrode. Both thin-
layer and porous flow-through (PFT) electrochemixlls have been used for the studies

described in this thesis and both designs comethwdin benefits and shortcomings.

PFT electrodes are characterized by their larglasairarea and yield high analyte
conversion at high flow rates (up to several hudsiref pL/min for synthesis cells). Some
cells are designed to withstand high pressurescandhus be placed in front of an HPLC
column. The coulometric 5021 conditioning cell d8A& was used in the majority of the
experiments described in this thesis. It containkrge porous graphite electrode and
palladium auxiliary and reference electrodes thati@cated upstream in the flow path from
the working electrode. The major shortcoming @& BF+T coulometric cells manufactured
by ESA is the fact that they cannot be disassembledeaning or replacing the electrodes.
Cell history is therefore an important factor imfhecing the performance of the cell,
although cleaning procedures with diluted acids lvalp to regenerate the surface to some

extent.

Thin-layer electrochemical cells have small surfaceas, typically estimated to be
50 times (or more) smaller than PFT coulometridscél direct consequence is that much
lower flow rates have to be used to reach adeaglattrochemical conversions. The volume

of the cell is defined by a spacer that is placetivben the working and the auxiliary
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General Introduction: Electochemistry - Mass Spectrometry

electrode and can thus be adjusted to fit spepifiposes (e.g. a thin spacer for analytes
with low diffusion rates). The proximity of the dliary electrode to the working electrode
is a drawback of thin-layer cells. Reactions odagrat the auxiliary electrode are known in
EC to potentially affect the outcome of the desimddctrochemical reaction by either
reacting with products generated at the workingtedele or by appearing as additional
peaks in the mass spectra which can lead to mipnetation. The positioning of auxiliary
and working electrodes inside the coulometric PRIl eninimizes such unwanted
interferences and is thus a clear benefit of thls Thin-layer cells can, unlike coulometric
cells, be disassembled and the working electrodestltus be regularly checked, cleaned

and mechanically polished to ensure surface regéaer
3. Applicationsfor EC-MS

A couple of selected applications where EC-MS haevegd useful are described
here to show the potential of the technique. Adearand developments in the field of EC-

MS have been reviewed over the past years [40-46].
3.1 Electrochemically assisted ionization

lonization of compounds with electrospray relies e presence of suitable
functional groups that can be protonated or forauats with metal-ions in order to produce
ionized species in solution. When such functiomaligs are not present, the process known
as Electrochemically Assisted lonization (EAI) agther generate charged species directly
or produce functional groups that can further b@zied in solution. Formation of radical
cations and chemical derivatization of aromatic anighly conjugated molecules
[10,11,13,47,48] but also of alkenes and alkynéy pfe examples where ionization of
initially neutral analytes was achieved by on-llBE-MS. Introduction of oxygen via S-
oxidation reactions of dibutylsulfide [50], pheniatkine [51] or epoxidation of benzopyrene
[50] generated functional groups that could be@rated and subsequently detected by MS.
An alternative method, introduced by Van Berkel @aosvorkers, consists in synthetizing
ferrocene-based electrochemically ionizable derigat that allow or enhance ESI-MS

analysis of a variety of compounds [34,52]. A ramjenon-polar alcohols, sterols and
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Chapter 1

phenols was successfully derivatized and deteatdd® thanks to the oxidation of the¥e
to the F&" ferrocenium ion, by taking advantage of the etdytic process inherent to the
operation of the ESI source in positive mode. Tlethod provides stable, preformed ions in
solution and ensures increased sensitivity in M&8lyais even for compounds that can be
protonated. More importantly, it also broadens rdiege of compounds amenable to ESI-
MS analysis [52]. Diehl et al. assembled a hypheth&aiC-EC-MS system where a mixture
of ferrocene-derivatized alcohols and phenols wadyaed [53]. The derivatized analytes
were separated on an LC column prior to oxidatiothe ferrocene and detection in the MS.
The same group extended the derivatization methdbe analysis of isocyanates [54] and
thiols [55,56]. Ferrocene-based derivatization lbesn reviewed recently by Seiwert et al.
[57].

3.2 Electrochemical tagging

EC occurring at the ES-emitter of microfluidic chibas been exploited by Girault
and coworkers for the tagging of peptides and prstby means of quinone addition [58-
63] (see also section 2.3.2 in chapter 2). The ibgggtrategy consists of oxidizing
hydroquinone to benzoquinone which subsequentlctseapecifically with free Cys
residues in peptides and proteins. The reaction whswn to follow an ECE
(Electrochemical-Chemical-Electrochemical) mechanisince the reduced conjugated
guinone is almost instantly re-oxidized in the E8urce [58,59]. The incorporation of
functional groups onto hydroquinone precursors slasvn to have a significant influence
on tagging yields and substituted electron-withdngwgroups gave improved vyields [60].
Up to three Cys residues could react within theespeptide [62] and successful tagging
was shown to take place even for intact proteirtoabgh slower kinetics and steric
hindrance affected the yields [61]. The technigae be used as a method for the “on-line
counting” of Cys residues within peptides generasdter enzymatic digestion [62].
Knowing the frequency of a specific amino acid with peptide is valuable information for
protein identification through database searchg®{,Van Berkel et al. extended the
method to the tagging of disulfide linked peptidé6]. A PFT electrode placed at the

upstream grounding point of the ESI source sucubgsfeduced the disulfide bridge
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General Introduction: Electochemistry - Mass Spectrometry

providing two free Cys residues that underwent egafion with oxidized hydroquinone at
a second PFT electrode placed at the emitter fifaud and coworkers also introduced the
use of copper, zinc, nickel, iron and silver saddf electrodes to generate their
corresponding metal ions in solution for furtheagons with peptides and proteins [67].
Copper ions were used to study copper-Cys intenaetic8-70] that are known to promote
inter- and intra-molecular disulfide bridging [72hereas zinc ions where shown to

successfully react with tyrosine- and serine-phosghted peptides [70,72].
3.3EC-MSin drug metabolism research

Drug metabolism consists in simple terms of theogiion, distribution, interaction
with targets, and eventual elimination of xenolsiotiompounds from the body. Drug
metabolism can be divided into two phases. Phageetabolism aims at converting
xenobiotic compounds into more polar derivativesumyeiling or introducing functional
groups (e.g. oxidation, reduction, hydrolysis) whphase Il metabolism conjugates the
polar functional groups of phase | metabolites witldlogenous compounds (e.g. glucuronic
acid, sulfates, GSH, amino acids) to facilitatdartleecretion.In vivo Phase | metabolism is
performed by a variety of enzymes, the most studiedhich constitute the cytochrome
P450 superfamily (CYP450). CYP450 monooxygenasesercoa wide range of
biotransformations and are able to convert a laayéety of substrates [73,74]. CYP450-
catalyzed reactions proceed via two principal meigmas based on single electron transfer

(SET) and hydrogen atom transfer/abstraction (Héxiglation reactions.

An important part of EC-MS studies aims at mimigkin vivo drug metabolism.
Prediction of the metabolic fate of potential neiaidigically active compounds in the early
stage of drug development is of crucial importatacdetermine the range of active, inactive
or toxic, non-toxic metabolites that may be geremtdtom a specific drug. Conventional
methods to study metabolic conversions include limieal in vivo studies in laboratory
animals andin vitro experiments with liver cells, subcellular fracofrom animal or
human liver tissue (e.g. microsomes, cytosol) daimg enzymes in their natural
environment which allow formation of the full rangd metabolites. These methods

generate, however, complex mixtures and intensidigation steps may be required to
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detect and identify the metabolités.vitro drug metabolism studies by electrochemistry are
thus an alternative and complementary approadhesetconventional methods and have the
potential to produce metabolites in sufficient purnd quantity for subsequeint vivo
toxicity studies. The ability of fast screening drigh throughput is an additional benefit of
EC-MS over the other techniques and can prove Lafa rapid and detailed evaluation
during the early development stages of drug camhedaA brief overview of the current
state of EC-MS in drug metabolism research willgoesented with a focus on selected
studies in relation to CYP450 reactions highlightthe developments in the field. More
detailed information can be found in recently psitoéid reviews [43,45,46,75,76].

3.3.1 Direct electrochemical oxidation

Direct electrochemical oxidation at unmodified #&ledes (usually carbon) is the
most straightforward technique to generate mettdsobased on well-known reactions from
organic electrochemistry [77]. Getek et al. pioeéethe use of EC-MS in drug metabolism
research more than 20 years ago. They studiedxilatmn of acetaminophen on a glassy
carbon electrode showing the formation of the taxietabolite N-acetyl-p-benzoquinone
imine (NAPQI) by a dehydrogenation reaction [6].eTpotential of EC-MS was further
demonstrated by mimicking phase Il metabolism ieastas they successfully observed
conjugation of Cys and GSH with NAPQI by simple &idd of the reactants with a mixing
tee placed downstream of the EC cell. A major greent in the field was achieved by
Jurva et al. when they carried out a systematidysto evaluate the extent of CYP450
reactions that can be imitated by direct electrotbael oxidation [78]. The study of
lidocaine showed that N-dealkylation reactions ddug performed whereas O-dealkylation
of 7-ethoxycoumarin was not observed. They furiihemonstrated the potential of direct
electrochemical oxidation to yield S-oxidation, Heation, alcohol oxidation, and
dehydrogenation products [50]. Based on these tsesiil was concluded that direct
oxidation only produces metabolites resulting fraeactions that follow the SET
mechanism with the condition that they do not regjoixidation potentials greater than the
oxidation potential of the solvent (usually watévetabolites that were formed by reactions

following a HAT mechanism, such as O-dealkylatiaifcohol and aldehyde oxidation to
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carboxylic acids as well as hydroxylation of nomihaated aromatic rings, were not
observed [50].

Several applications were developed in the follgwigears which further
contributed to reveal EC-MS as a promising new fobmetabolism studies. Mimicking of
phase Il metabolism reactions, notably by conjugatiith GSH, allowed the correlation of
a wide range of conjugates to metabolites obsdoyetthe conventionah vitro andin vivo
approaches [79-81]. Transient species, undergaisigdegradation, can be trapped as well,
as shown by Karst and coworkers for the study otagpine. The reactive nitrenium ion,
formed upon metabolic activation of clozapine, vsascessfully trapped by GSH and
detected by LC-MS analysis [82]. The same grougemted an original setup in which the
reactor for the generation of metabolites was adtievely an EC cell or a reactor containing
the enzyme horseradish peroxidase (HRP) chemicaltynobilized on magnetic
microparticles [83-85]. Both biomimetic models w&@mpared to microsomal incubation
experiments and proved to be suitable for simujatile metabolism of amodiaquine,
amsacrine and mitoxantrone [83]. Another variatiothe setup showed the implementation
of a reaction coil placed between the EC cell amel HPLC column. The addition of
glutathione-S-transferase (GST) and a GSH solutinithe EC effluents permitted the
enzyme-catalyzed conjugation reactions of toremifi4]. Last but not least, conjugation
reactions of electrophilic metabolites of paracethramodiaquine and clozapine (nitrenium
ion) were observed to occur with the free Cys thi@ups of3-lactoglobulin A and human

serum albumin [81,85].

Recently, Nouri et al. introduced a novel approfmhthe selective generation of
metabolites of lidocaine [86] and phenacetin [8y]square-wave potential pulses on a Pt
electrode. Varying the pulse cycle time at the Urfage promoted reactions that are not
feasible with direct, constant potential electranlwl oxidation. Short cycle times (< 0.1 s)
yielded the N-dealkylation metabolite while longcleytimes (1 s up to 100 s) produced
lidocaine-N-oxide by reaction with electrogeneratégidrogen peroxide (under air
atmosphere) [86]. Intermediate cycle times (betw&@rs and 12 s) promoted the formation

of 4-hydroxylidocaine. The pulses presumably allowgeneration of the passivated Pt
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electrode surface during the low potential steptte pulse. Although the underlying
mechanisms for the selectivity of N-dealkylationdad-hydroxylation remain to be
elucidated, a different orientation of the substriawards the electrode surface is believed

to play a role.

The latest innovative approach in the field of EG-Mas introduced by Falck and
coworkers who, for the first time, implemented a@G/EC/MS setup combined with a
protein kinase binding assay to assess the biabgativity of electrochemically generated
drug metabolites [88]. The integrated approach wigveloped for the oxidation,
identification and biological characterization 088 mitogen-activated protein kinase
inhibitors. Fluorescence enhancement by competdfahe oxidation products with a tracer
upon binding to the orthosteric site of p3Rinase was used as the biological readout.
Assessing the biological activity of drug metaladitis of great importance for new
chemical entities. Implementation of a biologicasay provides thus an additional valuable

feature to the conventional EC-LC-MS setup.
3.3.2 EC-mediated chemical reactions

Due to the inability of direct electrochemical ciibn to mimic the entire range of
biotransformations achieved by the CYP450 enzymmilya several electrochemically
assisted techniques have been introduced to matieteroduction of additional oxidative
drug metabolites e.g. via HAT reactions. Electroaoistry can be used to produce reactive
oxygen species (ROS) either by catalytic activatisimg iron cations or by direct activation
of molecular oxygen. The Fenton reaction (Eq. (r9duces hydroxyl radicals by the
homolytic activation of hydrogen peroxide in thegence of ferrous ions (g Ferric ions
(F€*) are electrochemically reduced to*Fevhich subsequently reduce hydrogen peroxide
to produce hydroxyl radicals and hydroxyl anionslyQratalytic amounts of ferric ions are

required since they are regenerated during theiogac

Fenton Reaction: Fe** +H,0, - Fe* + HO™ + HO" 1)
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Hydroxyl radicals have a broad range of reactidtyd react readily with many
substrates via electrophilic/nucleophilic additioms HAT mechanisms. Aromatic
hydroxylation of benzoic acid at various positidnsan EC-induced Fenton reaction was
shown for the first time by Oturan et al. [89].\duet al. successfully trapped the generated
radicals by the radical scavenger DMPO (5,5-dimethgyrroline-N-oxide) and showed
oxygen atom insertion reactions into organic conmgsuthat were not observed by direct
electrochemical oxidation [90]. The EC-Fenton riarcivas also used by Johansson et al. to
simulate the most relevant metabolic reactions wifferent EC-MS systems [91] and by

Bruins and coworkers to expand the range of lideeanetabolites [92].

Alternatively, hydroxyl radicals can be generatgdolidation of water on boron-
doped diamond (BDD) electrodes if sufficiently higtotentials are applied. BDD
electrodes, which are described in chapter 5 sfttiesis, have become popular materials in
electrochemistry for both direct electrochemicaidakion and for their ability to induce
indirect oxidation by formation of ROS. Hydroxyldiaals are generated only at pH values
lower than 9 [93] and have been used for the oxidabdf hydroquinone, resorcinol and
catechol [94].

Nouri et al. recently presented an original metlfiadthe generation of ROS by
controlled electrochemical reduction of moleculaygen on a gold electrode [92]. A two-
compartment cell was used with the goal to isokid separately analyze the products
formed at the working (cathode) and auxiliary (agjoelectrodes. Cyclic voltammetry
experiments and structure elucidation by LC-MS/M®$veed that direct oxidation of
lidocaine at the anode yielded the N-dealkylatioptaholite while the N-oxide was

produced at the cathode by ROS intermediates raftieiction of molecular oxygen.

Electrode modification is another promising applogdor mimicking in vivo
metabolism using electrochemistry. Modificationghmiifferent types of porphyrins and
porphyrin analogs have been performed to promotareety of redox reactions in an
attempt to mimic the active center of CYP450 enzyn{®5-101]. Immobilized
metalloporphyrins allow for more selective reactioand provide a wider range of

metabolites compared to direct electrochemistry hodd. However, the lack of a
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surrounding protein environment prevents regioseiecand stereoselective reactions to
occur. Different immobilization methods of metalbwphyrins have been described
[102,103] and can influence their reactivity. Thee thiolate ligands to coordinate with the
metal center can for instance emulate the bindin@ys in CYP450 [104]. Alternatively,
enzymes themselves can be bound to electrodes whésle the advantage over
metalloporphyrins of selectivity for certain sulasés and reaction pathways due to the
protein environment surrounding the active site 5]10Peroxidase containing heme
prosthetic groups [106,107], synthetic heme pept[d@88] and CYP450 enzymes [109,110]
have been studied and shown to have potentialrinst®f promoting selective reactions.
Electrode-bound enzymes are promising tools fogdnetabolism research that may be

used in combination with LC-MS for rapid screenaigirug candidates.
34EC-MSin protein analysis

The present section gives an overview of applicatiwhere EC-MS was employed
for protein analysis. The benefits of EC-MS ovemwmntional techniques include speed of
analysis and the possibility to avoid laborious y@ne handling, long incubation times
and/or purification and extraction steps. This isectill regularly refer to chapter 2 of this
thesis where oxidative protein labeling technigaled applications of MS-based proteomics

have been reviewed in more detail [111].

The study of protein oxidation is of major importanin biological processes and
has been associated with a wide variety of diseasdswith ageing [112]. Mimickingn
vivo reactions helps understanding the underlying mashe and can be used to produce
oxidized proteins for further research. Proteindakionin vivo occurs either via reactive
agents or by direct oxidation of specific aminodagide chains. ROS are the most common
reactive agents formeith vivo and are derived from the environment (e.g. frogatte
smoke) or from biological processes such as theamindrial production of ATP or during
inflammation. These oxidation agents and their mesdrproduction are listed in section 2.1
and section 2.2 in chapter 2. Direct oxidation tieas occur with the sulfur-containing

cysteine (Cys) and methionine (Met), and the aramwgtosine (Tyr), tryptophan (Trp) and
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histidine (His) side chains. Both indirect, ROStindd, and direct oxidation reactions can

be performedn vitro using electrochemical methods to mimic differi@ntivo mechanisms.

3.4.1 Peptide and protein cleavage

Identification and characterization of proteinsiegl on their residue-specific
cleavage into a set of smaller peptides. Peptidgssetaobtained by MS analysis and further
sequence information by MS/MS fragmentation carcempared within silico-generated
spectra using database search algorithms in oadddntify the proteins of interest.
Enzymatic digestion is the method of choice fortgepcleavage (e.g. trypsin digestion) but
alternative methods such as chemical cleavage sed when enzymes do not have the
required specificity or reactivity. Electrochemicd¢avage is another alternative, and purely

instrumental, protein digestion method.

Almost 50 years ago Witkop and coworkers [113,1a44 Farber et al. [115]
reported the first observation of an electrochehulsmvage of peptides next to Tyr residues
at Pt electrodes. The cleavage reaction was showadur in a similar way as the chemical
cleavage with brominating and iodinating oxidatisgents [116-118]. Although these
innovative experiments were presented as holdiagtgromise, further developments were
rather limited. Improvement of MS detection techusig and further developments in protein
analysis resulted in renewed interest for this ége in the late 1990s. MacDonald and
Roscoe [119] reported the electrochemical cleavegy to Trp residues in dipeptides and
confirmed the already observed cleavage next to atyPt electrodes. The same year,
Walton et al. observed coincidentally the electemoltal cleavage of the peptide bond
between two Trp residues in hen egg-white lysozymbile investigating the
electrochemical nitration of proteins [120]. Thetda publication is the first report of
electrochemically induced protein cleavage. Perieeet al. followed this up by studying
the electrochemical oxidation and cleavage of pepti[{121] and proteins [122] in more
detail providing a better insight into the beneftsd shortcomings of the technique. They
used both online EC-MS and EC-LC-MS setups to deted characterize electrochemically
generated cleavage and non-cleavage products.tlithg of various peptides (< 2.5 kDa)

showed that cleavage occurred at least to sometewithin all Tyr-containing peptides.
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Construction of mass voltammograms relating thdieggpotential to product formation
indicated that side reactions and dimer formatiom iaitiated at high potentials. More
importantly, phosphorylated Tyr residues did nodengo cleavage reactions which makes
the technique suitable to distinguish between phagpated and unphosphorylated Tyr in
proteins [121]. This constitutes an important b&neince phosphorylation plays an
important role inin vivo regulatory mechanisms and the activation or deabtin of many
enzymes [123]. A follow-up study examined the okimia and cleavage of a set of proteins
of various sizes. Cleavage C-terminal to almosiTg and Trp residues was observed for
the small proteins insulin anglactalbumin (6 and 14 kDa) while the ratio of cled vs.
uncleaved sites decreased with increasing proteen[$22]. Several proteins did not yield
cleavage reactions indicating that electrode saréacessibility of Tyr and Trp residues and
competing oxidation reactions were detrimental tftg cleavage of large proteins. Prior
reduction of the disulfide bridges of lysozyme léaied cleavage reactions due to improved
accessibility of Tyr and Trp residues. Investigatiand optimization of experimental
parameters is addressed in chapter 3 where the rdeavage and non-cleavage products
has been studied in more detail [124]. The inflgernd vicinal amino acid, electrode
potential, pH and supporting electrolyte was inigaged in both on-line EC-MS and EC-
LC-MS setups.

The authors also pinpointed adsorption issues g@figes and proteins on the
surface of the porous graphite electrodes whichni®ng the major shortcomings of the
method since it can impair repeatability and repoilility, or even prevent oxidation to
occur at all. Boron-doped diamond (BDD) has ememgd promising alternative electrode
material for organic electrochemistry notably doeits improved properties in terms of
adsorption. Evaluation of a BDD electrode for thedation and cleavage of peptides is

detailed in chapter 4 of this thesis.

A recent study of Basile and Hauser combined thd EGMS setup with an on-line
microwave heated acid hydrolysis flow cell [125heTshortcomings of both microwave
acid hydrolysis at aspartic acid (Asp), which ygldng peptides due to the scarcity of Asp

in proteins, and the decreasing EC cleavage ymitimined with large peptides and proteins
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(< 4 kDa) were addressed. Microwave hydrolysisrotgins at Asp produced peptides with
an average length of 16 amino acid residues, whighnot very suitable for collision-

induced dissociation (CID) fragmentation in MS/M%kysis. The combined microwave/EC
method however yielded peptides with an averaggtteof 10 amino acids which is similar

to the average of 9 amino acids after tryptic diges As a result, the peptides that were
produced by this novel non-enzymatic cleavage nikfiroduced protonated species with
mostly singly and doubly charged ions after ESlalhare suitable for MS/MS analysis.
The combination of both methods presents advantimgessms of speed of digestion and
operation without reagents that are incompatiblh wWiownstream ESI-MS analysis. Acid
hydrolysis at Asp can for instance be performedwitlatile organic acids such as formic
or acetic acid that can also serve as electrotytd=€ cleavage, which is more efficient at
low pH as shown in chapter 3 of this thesis [1RA4dreover, microwave heating can induce
reduction of disulfide bridges when dithiothreif®TT) is added to the mixture, which

allows for more efficient acid hydrolysis at AspdakC cleavage at Tyr and Trp. The
combined microwave/EC-LC-MS setup has been suadésspplied for the digestion of a

series of test proteins and a protein extract fam&. coli cell lysate. The method has a total
experiment time of 6 min and provides good sequeoceerage allowing protein

identification with a high degree of confidence d@strating a notable improvement over

either non-enzymatic digestion technique alonesbllifagging behind enzymatic digestion.
3.4.2 Electrochemical cleavage of disulfide bonds

Cleavage of disulfide bonds is required for impebvenzymatic, chemical or
electrochemical digestion efficiency. The convemtiomethod for disulfide bond cleavage
involves a time-consuming chemical reduction steipgian excess of reducing agent (e.g.
DTT) which has the main drawback of requiring temoval of the excess reductant prior to
digestion. Van Berkel et al. were the first repaytdisulfide bond cleavage within peptides
by means of a PFT electrode placed at the upstgeaomding point of the ESI source [66].
Free Cys residues were subsequently conjugatedoxitiized hydroquinone generated at a
second PFT electrode placed at the emitter tipnGimel coworkers have further addressed

and expanded the use of EC for the electrolytiavdge of disulfide bridges using an on-
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line EC-desorption electrospray ionization (EC-DESletup [126,127]. Glutathione
disulfide (GSSG) and the three disulfide bridgefetilin were fully reduced at a potential
of -1.5V vs. Ag/AgCl applied on an amalgam workglgctrode consisting of a thin-layer of
mercury deposited onto a gold electrode surfac@][Ihis constitutes the first report of EC
cleavage of disulfide bonds within proteins. Furtherestigations of biologically active
peptides and proteins showed that the electrolgieavage of disulfide bonds provides
valuable chemical information for proteomics stgdifl27]. The relative change in
abundance of ions, that is observed when switctiad=C cell on and off, can be utilized to
distinguish disulfide-containing peptides from othen mixtures of enzymatic protein
digests. Additionally, selective tagging of free sCsesidues with selenium-based agents
allows determination of the number of free thiatel dacilitates the analysis and distinction
of intra- and interpeptide disulfide containing pees [128,129]. Electrolytic reduction of
a-lactalbumin showed that the technique also previd®nformational information.
Monitoring charge state distribution shifts priorand after electrolytic reduction revealed
the role of disulfide bonds in maintaining protewnformation. Unsuccessful reduction of
disulfide bridges on the contrary indicates thaytlare located in a buried area of the

protein which hampers accessibility to the elearsdrface area.
3.4.3 Further applicationsin peptide and protein analysis

Several other applications in peptide and proteialyesis have been reported that
further emphasize the potential of EC-MS in thddfig=or example, investigations by
Girault and coworkers on the use of sacrificiat&tedes for phosphopeptide tagging or for
the study of biologically relevant metal ion-proteinteractions expand the range of

applications.

Studies of protein conformation constitute anotrea for EC-MS applications. As
discussed in section 2.3.3 of chapter 2 EC atithed/metal junction of the ESI capillary
can induce pH changes by oxidation or reductiowatker and provoke folding or unfolding
of proteins and subsequent shifts in charge stegibditions [130,131]. Tertiary and
quaternary structure analysis of proteins is alfiehere EC oxidation plays an increasingly

important role. In this method, also called protmotprinting, solvent-accessible residues
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are either tagged by reactive species or modifieditect oxidation. Subsequent analysis of
oxidized proteins or protein complexes provides, doynparison with their unoxidized
counterpart, valuable structural information. Pirowurface mapping is further discussed in

section 3.5 of chapter 2.
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Abstract

Oxidation of proteins and peptides is a common phemon, which can be
employed as a labeling technique for mass spectrgrhased proteomics. Nonspecific
oxidative labeling methods can modify almost anynanacid residue in a protein or only
surface-exposed regions. Specific agents may ledsdtive functional groups in amino
acids, primarily cysteine, methionine, tyrosine atrgptophan. Nonspecific radical
intermediates (reactive oxygen, nitrogen or haloggecies) can be produced by chemical,
photochemical, electrochemical or enzymatic methddsre targeted oxidation can be
achieved by chemical reagents but also by directelchemical oxidation, which opens the
way to instrumental labeling methods. Oxidativeelaiy of amino acids in the context of
liquid chromatography-mass spectrometry (LC-MS)bgsroteomics allows for differential
LC separation, improved MS ionization, and labedeific fragmentation and detection.
Oxidation of proteins can create new reactive gsownpich are useful for secondary, more
conventional derivatization reactions with e.gofiescent labels. This review summarizes
reactions of oxidizing agents with peptides andens, the corresponding methodologies
and instrumentation, and the major, innovative igppbns of oxidative protein labeling

described in selected literature from the last deca
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1. Introduction

The development of analytical methods for oxiddyivenodified amino acid
residues has benefited from the study of oxidadiamage to proteins related to ageing and
disease [1,2]. This review focuses on applicatioh®xidative protein labeling in mass

spectrometry-based proteomics.

Proteomics experiments typically aim at the idéraiion and subsequent
guantitation of as many proteins as possible im@mpie. Often, however, a subset of
proteins of interest needs to be quantified, fanemle, as potential biomarkers. Labeling,
whether oxidative or non-oxidative, changes propgrnf peptides and proteins, which can
be used to improve sample cleanup, HPLC separdati® detection and quantitation. A
labeling method can be tailored to enhance detectfaarget proteins or peptides and/or
suppress signals from undesired or uninterestimg.ofor example, by labeling N-terminal
peptides sample complexity is greatly reduced {8jjle important details about protein

processing are revealed.

The main targets for derivatization in proteomios amines (protein or peptide N-
terminus and lysine (Lys)) and thiols (cysteine g3yor which numerous specific labeling
methods are known. Oxidative derivatization prityatargets redox sensitive residues,
comprising the aromatic tryptophan (Trp), tyrosfigr), phenylalanine (Phe) and histidine
(His), and the sulfur-containing Cys and methior(Met) residues (Figure 1). While thiols
are usually labeled through non-oxidative electiaphlubstitution reactions, disulfide bond
formation between two thiol groups can be promdigaxidizing agents and is a common

and reversible labeling method.

For oxidative labeling reactions a distinction ida between primary (direct)
oxidation of amino acid residues followed by reawcti with nucleophiles (e.qg.
electrochemical oxidation of Tyr followed by reactiwith water) or reaction with oxidizing
reagents (e.g. hydroxyl radicals). For aromatiidess such as Tyr and Trp the distinction

between oxidation and electrophilic aromatic swibstin is not always clear. Different
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reactions can result in the same products viardifiteintermediates (e.g. via hydroxylation

or halogenation of the aromatic rings).

tyrosine phenylalanine
OH OH
X X X > X -~ X
S ]
X AN
H CH; H CH; H CH; H CH;
R—N—(F‘i-(l.‘l,—R R—N—ﬁ—ﬁ—R R—N—|C_2|-(I.‘I,—R R—N—|C_2|—(I.‘I,—R
O
tryptophan histidine
X 0}
™~ NH NH NH
. SN
% % 0 HN
CHy g G n ¢H2 CH,
R-N-CHC-R R-N-CHC-R R-N-CHC-R H,N—CHC-OH
O O I
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methionine
cysteine
CHo CHa
§=O O=§=O (I)H (I)H (?H
CHa CHa ; 0=5 0=5=0
CHa CHy G Gt Gt
R—N—CH(IZ‘I,—R R—N—CH(IZ‘I,—R R—N—CH(I?I,—R R—N—CHICIZ—R R—N—CH%)—R
methionine methionine cysteine cysteine cysteine
sulfoxide sulfone sulfenic acid sulfinic acid sulfonic acid
(cysteic acid)

Figure 1 Structures of the most common amino acid oxidaporducts. X denotes
either a halogen or a hydroxyl group.

Oxidative labeling is presented here as a distateégory of labeling techniques,
based on the specific methods employed and thethattiess commonly targeted redox-
active residues are modified. In contrast to regaleemical labeling methods, reactive
intermediates of either the reactant or the tapgetein are formed by oxidation. Oxidative
labeling is the most straightforward labeling mettior aromatic residues, in particular Tyr

and Trp, and provides access to purely instrumetabeling methods, such as
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electrochemical (EC) oxidation, that has no eqeingin conventional, chemical labeling
methods. EC oxidation can be achieved with a stdoide electrochemical cell but the
electrospray emitter itself can also act as antrelde in case of on-line (LC)-electrospray-

MS analysis.

The following sections present and discuss the maactive agents, their
production methods and their most common reactatis peptides and proteins (section 2)
illustrating various applications of oxidative ldbg in mass spectrometry-based

proteomics (section 3).

2. Methods for oxidative modification

A distinction can be made between nonspecific lageteactions and reactions
directed at specific amino acids or functional greuThe directed reactions are used for
site-specific labeling while less specific methodstably those mediated by free radicals
(e.g. hydroxyl radicals), are useful for accesibbased labeling to probe the three-
dimensional structure of proteins (section 3). Heavestudies have shown that amino acids
with redox-active side chains are more susceptitda others [4]. Nonspecific labeling
reactions are also widely used for mimicking vivo oxidation (e.g. susceptibility to

oxidants generated during a host defense reaction).

2.1 Oxidation agents and reaction with peptides and proteins

In this section, a review of the most widely usedizing agents is presented and
the primary end products are listed with selectgdn®wles taken from the literature.
Oxidizing agents are grouped in three main categpmamely reactive oxygen (ROS),

reactive nitrogen (RNS) and reactive halogen sgecie

2.1.1 Reactive oxygen species (ROS)

Reactive oxygen species (ROS)-mediated oxidaticammho acids in proteins is an

important process occurringg vivo as part of the first-line defense of a host orgami
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against infections [5-7]. ROS-mediated protein rfiodiion has therefore been extensively
studied by biologists and biochemists due to itplication in disease development [1,2].
Reactive oxygen species include hydroxyl radicaBH'§, superoxide anions ¢O),
peroxides (ROOR, including radical species derivech them), and ozone ¢D The effect

of ROS on free amino acids and amino acid residnegroteins has been extensively
studied and reviewed by Garrison [8] and more rigdoy Stadtman and Levine [9].
Typically, the study of ROS-mediated oxidation obgeins can be performed by generating
the reactive species by chemical, photochemicalyraatic or electrochemical reactions of

molecular oxygen (), hydrogen peroxide (,) or water (HO).

Hydroxyl radicals are by far the most commonly s&#ddROS. They can easily be
generated (section 2.2), and they have a broadt rahgeactivity, which includes not only
the oxidation-sensitive Cys, Met, Trp, Tyr, Phe dtid side chains, but also aliphatic
groups and the peptide backbone [4,9]. Hydroxylcad can abstract electrons from the
alpha carbon of any amino acid to form carbon &dip4] which after reaction with Qead
to peptide backbone cleavage. Alternatively bethara radical formation leads to beta-
scission resulting in side chain cleavage [10]. &ent modification of the side chains of
aromatic amino acids by hydroxyl radicals resultsstcommonly in hydroxylation (Figure
1). Phe is converted to 2-, 3- and 4-hydroxyphdagiae, while Tyr yields mainly the
ortho-hydroxylation product [11]. Tyr can also urgke cross-linking reactions to form
dityrosine derivatives [12]. Trp residues are cateto a mixture of hydroxy-Trp isomers

followed by further decomposition to kynureninedpyrrole ring opening reaction [13].

Ozone, as a powerful oxidizing agent, was showre#at with free amino acids and
proteins similarly to other ROS by affecting suliantaining (Met, Cys) and aromatic
residues (Trp, Tyr, Phe, His) although Phe and &gsmuch less reactive. Studies with
ambient air ozone [14,15] and aqueous ozone [16a@ge on the following relative

reactivity: Met > Trp > Tyr > His > Phe > Cys.

Performic acid oxidizes Met, Tyr and Trp, leadirg dulfoxide formation and

aromatic hydroxylation, respectively. It is usededfically for oxidative cleavage of
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disulfide bonds, producing two cysteic acid resgl{@0,21]. Sulfenic acid is an unstable
intermediate oxidation product of Cys (Figure 1)miay be further oxidized to unreactive
sulfinic and sulfonic acid (cysteic acid). Sulferacid reacts readily with nucleophiles,

including other Cys residues with which it can faardisulfide bond [22].

ROS are highly reactive and can modify most amicid eesidues. As shown later
in this review, such non-specific modifications areeful for protein surface mapping

experiments. It is, however, of limited utility feelective, oxidative modifications.

2.1.2 Reactive nitrogen species (RNS)

Reactive nitrogen species mainly derived from mitkxide (NO) lead to nitration
and nitrosation of proteinig vivo [2]. RNS, in comparison to ROS, preferentially ozl
sulfur-containing (Cys and Met) and aromatic amaecals (Tyr, Trp, Phe and Hidh vivo
nitration of Tyr is a well known widely studied pt@nenon, while niration of Trp has
received less attention [23]. Tyr nitration occatsthe ortho positions and dinitration is
possible [24].

Peroxynitrite (ONOO), which may be formed from NQand superoxide anion
(0, "), is thought to be the primary agent for reacticith Cys, Met and Trp, while for
reaction with Tyr, Phe and His secondarily formadicals are thought to be involved [24].

Reaction with NQis believed to be the main vivo Tyr nitration pathway [25-27].

Reaction of Cys with NO in the presence of oxygeay fiead to nitrosation of the
thiol group [28]. In addition, formation of sulfenacid is possible with RNS in a similar
way as with ROS [24].

RNS are more selective than ROS and thus potgntiatire suitable for site-

directed labeling of peptides and proteins. Subsegreduction of nitrated Tyr or Trp to

their aromatic amines is a useful approach fordiitected labeling [29,30].
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2.1.3 Reactive halogen species

Reactive halogen species are oxidized forms of rictdp bromine and iodine,
including hypohalous acids, which readily reacthmdtromatic amino acids. The oxidized
halogen intermediate may be formed through readigween halide anions and oxidizers,
such as KD, (section 2.2.1). Reaction with Cys and Met tarfasulfoxides is possible
(Figure 1) [22,31] and cystine can yield N-dichioystine (NDC), but halogenation of free
Cys is not observed. The extent of oxidation of ,@yst and His can be limited by using

sub-stoichiometric amounts of oxidizing agents.

Reaction with Tyr and Trp leads to single or mpldt halogenations (see below).
Halogenated intermediates (Figure 2) react witkeiotiucleophiles, including water, leading
to hydroxylation or cleavage of adjacent peptidendso Oxidative halogenation and
cleavage of peptide bonds C-terminal to Tyr anddftpn occur simultaneously and can be
achieved by chemical or electrochemical methodsti(se 2.3). Some selectivity for the
cleavage reaction is observed, depending on tleeo$ithe reactant and the redox activity of
Tyr or Trp (at low pH the redox potential of Trpskghtly lower than that of Tyr [32]). N-
Bromosuccinimide, N-lodosuccinimide, and N-Chlorosnimide have been used to cleave
peptide bonds C-terminal to Tyr [33-35] and Trpideses [36,37]. In all cases cleavage is
accompanied by halogenation. Reagents have bepngwo that are selective for Trp (e.qg.

o-lodosobenzoic acid) but never reached widespread3s].

Halogenation of Tyr is most favorable at the orftusition (Figures 1 and 2b)
yielding a mixture of singly and doubly halogenafegt. For Trp the 2 position of the
pyrrole ring and any position on the six-memberedmetic ring are targeted [39],
analogous to naturally occurring Trp brominationttgras [40] (Figures 1 and 2a).
Oxidation by reactive halogen species usually Idadsto 2-oxoindole formation (Figure
2a (1)) through reaction with water. Subsequendabon reactions result in halogenation of
the six-membered aromatic ring, presumably at thgoSition, and/or peptide bond
cleavage, as illustrated in Figure 2a [39]. Theoedary oxidation of the 2-oxoindole leads

to intramolecular reaction to form an iminolactomdnich is readily hydrolyzed, cleaving
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the tryptophanyl or tyrosyl peptide bond (Figure 23). The reaction of Trp with 3
equivalents of N-bromosuccinimide (NBS) leads tonoimominated, cleaved 2-oxo-Trp
[41], while the equivalent reaction with Tyr proesca dibrominated, cleaved Tyr residue
[39] (Figure 2b).

a H Br H
p o
o) @) P
¢—N-R Cso
- 2 Ri—N
Rl H H
+Br+l +Br+T -H*
H
N N
+ o
Br
0 @ 0
C—N-R Cs,
Ri— b RN ©
+H,0 l - HBr, H* +H,0 T - Rz-NH;
H Br H
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i Livn
C—N-R TR
R1_N |l| 2 R1_N ll'
(1)
OH o)
b
3eqNBS  Br Br
- Rz , + H20
CHy .
R1_N_ﬁ_g_R2 R1—H o]

Figure 2 (a) Proposed reaction pathway for oxidation reactf Trp with bromine
[39]. A first oxidation step with Brleads to the oxoindole (1), followed by a second
oxidation which induces internal cleavage of thetjgle bond (2). In the presence of an
excess of bromine, halogenation of the six-membeirggl occurs (3). (b) The analogous
reaction of Tyr with 3 equivalents of N-bromosudgiile leads to a dibrominated, cleaved
Tyr residue [138].
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Hypohalous acids, such as HOCI and HOBr, produc@lynhalogenated Tyr and
Trp, as well as 2-oxo-Trp [42-44]. In addition, rgasther minor modifications of these and
other residues have been described [45]. Mono-dictdorination of Tyr with performic
acid in the presence of Glas been observed, which may be ascribed to ietéate HOCI
formation [46,47].

2.2 Production and use of oxidation agents

2.2.1 Chemical methods

Chemical oxidants can be added directly to a pmoseimple or generated after
chemical, photochemical, electrochemical or enzignattivation (see below). Hydrogen
peroxide is the most easily obtained oxidizing agétydroxyl radicals are formed from
hydrogen peroxide or from water by chemical, etstiemical or photochemical activation.
On-line reactions coupled to electrospray-masstepeetry or reactions on the target plate

for MALDI-mass spectrometry [48] have the advantdgd sample handling is avoided.

Various peroxide species are produced by combidigdrogen peroxide and
precursors, such as nitrite to form peroxynitr#®][ or formic acid to form performic acid
[47]. Reactive halogen species include hypohalaidsasuch as HOCI and N-halogen-
succinimides. Others are produced by oxidizers sashhydrogen peroxide to form
hypohalous acids with molecular halogens ghd Bg) or alkali halides. lodination of
tyrosine is used in radiology, where radioactivdine (*) is incorporated in proteins,

typically with ** which is activated by chloramine T [50].

Metal catalyzed oxidation of proteins, with traimit metal complexes (e.qg.
ruthenium bipyridine or porphyrin-like compoundsjeaused for photochemically or
chemically-induced oxidation of Trp, Tyr and Cysttwir radical intermediates [51,52].
These methods are most commonly employed for prateiss-linking or to determine the

metal-binding site of proteins [53,54].
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The Fenton reaction has been used to produce hyldradicals from hydrogen
peroxide by addition of Fe(ll) for Trp and Tyr ogitibn and cross-linking studies [55,56].
An Fe-complex has been constructed which produketenyl (Fe(IV)=0) in combination
with H,O, [57], which is claimed to be potentially more sifiedchan other ROS such as

hydroxyl radical due to lower diffusion.

2.2.2 Reactiveintermediates produced by irradiation

Hydroxyl radicals are photochemically generatetdezitoy photolysis of hydrogen
peroxide or by radiolysis of water. Photolysis indd by a UV lamp [58] or a laser [59-65]
and radiolysis induced by X-ray [66-70] and gamm@ag-rradiation [71] as well as pulsed
electron beam methods [72] have all proven to lefuliso produce hydroxyl radicals for
protein footprinting experiments (see section 3.5).

Photochemical oxidation of hydroquinone with a Udsdr on a MALDI target
coated with TiQparticles has been shown to produce benzoquinbatrdacts with thiols
in peptides [73]. This parallels the electrochemiganeration of benzoquinone in the
electrospray emitter reported by the same grougtitse 2.3.2). Furthermore, metal
complexes employed in protein oxidation can be @tioémically activated, e.g. the

ruthenium-bipyridine complex [52].

2.2.3 Electrochemically produced reactive intermediates

Electrochemistry is a useful method of producingSRi@® a controlled manner. An
electrochemical cell can be used to oxidize watenydroxyl radicals at sufficiently high
potential. Boron-Doped Diamond (BDD) electrodes pagticularly suitable for hydroxyl
radical production due to their intrinsic high gvetential for the formation of molecular
oxygen by oxidation of water (oxygen evolution) [74]. The potential at which the radical
formation is observed is dependent on the dopinbimpurities level of the BDD material
employed [75]. Another major advantage of BDD wliteoomes to protein analysis is its
low adsorption. Adsorption of proteins and peptidesthe working electrode affects
reproducibility as has been observed when workiit aommonly used carbon electrodes

[76]. Hydroxyl radical formation at high voltage mbined with the low adsorption
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properties makes BDD a suitable and efficient niatéor footprinting experiments ([77];

see section 3.5).

The Fenton reaction (section 2.2.1) can be inifidean electrochemical cell [78].
Alternatively, the electrospray emitter of a magsctrometer’'s source can be employed to
oxidize atmospheric oxygen. High voltage on thetetspray emitter tip (typically above 5
kV) can generate a corona discharge, which leadsytivoxyl and perhydroxyl radical
formation and subsequent peptide oxidation in #eeghase [79], an approach that has been
used for protein footprinting experiments [80,84¢e section 3.5). However, Bogt al.
showed recently that corona discharge can occugruedular electrospray ionization (ESI)
conditions (3.5 kV, Mnebulizer gas) inducing hemoglobin oxidation [&lctrochemical
production of RNS in an electrochemical cell hasrbshown to lead to tyrosine nitration

[83,84] by oxidation of nitrite to nitrogen dioxiae peroxynitrite.

2.2.4 Enzymatically produced reactiveintermediates

Peroxidases are often used for production of ROBN® inin vivo assays. Both
the enzyme and an oxidizing reagent may be addagtotein sample, but more commonly
peroxidases are supplied with hydrogen peroxidiedacein situ oxidation. For example,
myeloperoxidases can produce HOCI from @id HBO,, and NQ from nitrite and HO,
[85], leading to Tyr chlorination or nitration, pectively.

The tyramine labeling system [86] uses peroxidasgity to cross-link tyramine to
Tyr residues in proteins. Tyramine-fluorophore libg has been used to probe Tyr radical

formationin vivo [87].

2.3 Direct electrochemical oxidation of peptides and proteins
2.3.1 Electrochemical cdl

Electrochemistry has long been a domain reservagdoialists but the coupling of
electrochemistry to mass spectrometry has genenateglased interest due to its ability to

monitor electron transfer processes on-line. Mampugs have contributed to the
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development of methods and instrumentation for gpf electrochemical cells to MS

and LC-MS systems (see [88-90] for reviews).

Electrodes can donate or accept electrons and tlasce or oxidize
macromolecules. Metalloproteins have for instaneenbwidely studied because of their
crucial role inin vivo redox processes [91]. Electrochemistry of biomaiecules is
mainly used for detection purposes and in thatcspetalloproteins are easily oxidizable

targets due to their metal ion cofactor.

Electrochemistry is also used to mimic oxidativedifioations occurringn vivo
through enzymatic and ROS activity. Indeed, pra&edontain electroactive amino acid
residues which side-chains can interact with amctelde and undergo electron transfer
reactions. Sulfur-containing Cys and Met residuesvall as the aromatic Tyr, Trp and His
are susceptible to direct oxidation reactions in ed@ctrochemical cell when positive
potential is applied to the working electrode. Raitun of disulfide bridges can, on the

other hand, be achieved by applying negative piatierj©2].

Electrochemical oxidation of aromatic amino acidsdoices reactive intermediates
which mainly yield hydroxylated residues by reactiwith water and, for Tyr, quinones
after secondary oxidation reactions. Sulfur-cortgjrresidues can be oxidized through up
to three oxygen atom insertions in the case of[@9k Another common oxidation reaction
for Cys is to form a disulfide bond with anothersOgesidue. Recent work in our group
showed that cleavage of the protein backbone canradter electrochemical oxidation of
peptides and proteins [76,93]. Similarly to the rofeal cleavage with halogen species
described above (section 2.1.3), electrochemicalation of peptides and proteins leads to
the preferred cleavage of peptide bonds C-ternimdlyr and Trp residues. The cleavage
reaction yields a spirolactone derivative of Tyrdanrp (Figure 2). This amino acid
specificity makes it a promising method for the elepment of an alternative protein
digestion technique. Interestingly it has been shdihat the method can be used for
distinguishing phosphorylated Tyr from Tyr, sindeppho-Tyr cannot be oxidized and thus

no cleavage occurs [93].
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Proteins have not been extensively studied in teohsoxidative side-chain
modifications using electrochemistry although igipotentially useful method to mimiic
Vivo processes. Brabeat al. [94,95] first presented electrochemical oxidatanTyr and
Trp side chains in the protein backbone. NitratddTyr side-chains in lysozyme has also

been investigated by electrochemical oxidationitrita [84].

Carbon-based working electrodes are the most comymaeed in organic
electrochemistry but present the main drawbackuofase oxidation and fouling due to
irreversible adsorption when working with large f@@s and proteins. This strongly
hampers accurate analysis and reproducibility. Baloped diamond (BDD) electrodes
have recently gained considerable attention dubew chemical inertness, large potential
window and more importantly their lower adsorptiproperties as compared to glassy
carbon [74,75]. Shiret al. showed strongly reduced adsorption of Bovine Seflipumin
(BSA) to BDD electrodes as compared to glassy e¢afB6] and Chikuet al. investigated
the direct electrochemical oxidation [97] and canfational changes of BSA [98] using

BDD electrodes indicating that this electrode mniatés suitable for protein analysis.

2.3.2 Electrospray emitter

The simplest configuration to perform electrochahioxidation in combination
with mass spectrometry is to make use of the inftezkectrochemical processes occurring
within the electrospray emitter of the mass speotter. Kebarle and coworkers were the
first to compare the ESI source to an electrolgélt by showing that Zn(Il) and Fe(ll) ions
were generated in solution by electrochemical diodeof the emitter tip [99]. Electrospray
ionization by its nature involves electrochemicabgesses. In positive ionization mode,
positively charged droplets formed at the emitielate flowing towards the aperture of the
mass spectrometer due to the applied electrichl. fiehe way to balance charges and to
allow current to flow through the entire circuitby providing electrons at the liquid-metal
interface by electrochemical oxidation of the mletamitter tip and/or electrolytes present
in solution to release electrons although someudson is still ongoing about this process

[100,101]. The emitter can thus act as a workiregtebde where oxidation (positive ion
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mode) or reduction reactions (negative ion mode)taking place whereas the curtain plate
or inlet capillary of the mass spectrometer pldys tole of the counter electrode. Van
Berkel and coworkers studied the fundamental aspEdhe electrospray ionization process
extensively [101] and “in source” redox reactionsrgv mainly used to ionize compounds
such as porphyrins [102], polyaromatic hydrocarbd@s8], metallocenes [104], fullerenes

[105] in the form of radical cations in positivenionode.
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Figure 3 Oxidation reactions in an electrospray emittey.(aidation of hydroquinone
(hQ) to benzoquinone (bQ) in the presence of Cydaining peptides leads to quinone-
labeled peptides [106]. (b) Oxidation of metalg (érom the emitter material itself) leads to
metal ions that may coordinate with peptides [118]. Oxidation of water reduces the
solvent pH, leading to higher protein charge stHt24].
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Girault and coworkers pioneered the use of in sowerlox reactions for peptide
and protein analysis. In their work, hydroquinoresvexidized to benzoquinone that reacts
with the thiol groups of Cys in peptides and prugeivithin the emitter as shown in Figure
3A [106-110]. In this way they developed a systam‘dn-line counting’ of Cys residues
with the goal to facilitate peptide identificatiqthrough database searches, which is
enhanced when at least one amino acid residueoisrkin the sequence [109,111,112]. The
technique was shown to be successful on a set mtides containing up to three Cys
residues and on proteins, although tagging effoyiethecreased with increasing molecular

size due to steric hindrance and slower kinetics.

The same group explored the use of sacrificialteldes on microchip devices to
generate metal ions in solution (Cu(ll), Zn(ll),(N), Fe(ll), Ag(l)) that can complex to
peptides (Figure 3B) [113]. The use of copper amt electrodes appeared to be most
efficient to probe metal ion-protein interactiosat mimic those observed in biological
systems. Copper sacrificial electrodes for instamgere used to study copper-Cys
interactions [114-116]. Copper is known to catal¢zes oxidationin vivo [117] and it was
shown that generating Cu(l) and Cu(ll) ions in siolu promoted the formation of inter- or
intra-molecular disulfide bridging. Alternativelysacrificial zinc electrode was used to tag
phosphopeptides. Zn(ll) ions generated at the emiip were shown to interact with

phosphopeptides and complex phosphorylated TyiSand116,118].

Redox reactions taking place at the electrospraiftemelectrode can affect the
composition of the solution in the capillary [1180]. Oxidation or reduction of water at the
liquid-metal interface (Figure 3C) can induce viaoia of the pH in solution. McLuckegnd
coworkers [121] showed that this change of solutomposition can be used to enhance
ubiquitin, myoglobin and cytochrome c detectiomaygative ion mode. Indeed reduction of
water within the electrospray capillary progreshiviacreased the basicity of the solution,
through formation of OHions, thus altering the charge state of the diffeiproteins and
improving the detection in negative ESI-MS. Theceleachemical modification of a solute
inside the electrospray capillary is strongly defssrt on liquid flow rate. When the flow

rate is increased there is a lower yield of eledtemical reaction products [101].
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Figure 4 Secondary labeling reactions of oxidized amina aesidues. (a) Oxidative
nitration, followed by reduction of the nitro-grotp an amine, and finally amide formation
[27,131] (b) Reaction of the radical intermediatd o with the spin-label DMPO [134] or
a second Tyr residue [51] (¢) Secondary oxidatibhyolroxylated Tyr to an orthoquinone,
followed by reaction with an amine (e.g. a protdigps), leading to a Schiff base
intermediate, which is very reactive towards th{él$] (d) Reaction of sulfenic acid with a
linker molecule containing secondary amine or ahighetional groups for labeling [137] (e)
Tyr peptide bond cleavage leads to a lactone irgdiabe that can react with alcohols or
amines [138].
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3. Applications

Applications of chemical modifications and taggsigategies for protein research
and proteomics are covered in recent reviews [I29-1Here we highlight applications
where oxidation facilitates sample preparation puadfication, and those where oxidation
changes physico-chemical properties with respechtomatographic separation, ionization

efficiency or mass are utilized for improved orfei€ntial detection of labeled peptides.

3.1 Sample preparation

Oxidative modification for sample preparation isshoommonly performed at the
protein level. The oxidized functional group maythe end point of labeling, but oxidation
methods can also be employed for creation of fonetigroups for secondary labeling, e.g.

biotinylation for affinity purification or fluoresmnt labeling for detection.

Figure 4 illustrates a variety of secondary lalzplimethods after oxidation of amino
acids. Nitro-Tyr can be reduced with sodium diself{125], dithiothreitol (DTT) in
combination with heme [126] or by electrochemiauction [127-130] and yield amino-
Tyr. This amine group is useful for coupling labéfsgure 4a) such as biotin [27,30,131],
sulfhydryl groups [29] or fluorescent tags [132hig strategy allows for isolating residues
containing the modified amino acids. Zhang et afl Abello et al. show selective tagging

of Nitro-Tyr that is achieved after prior acetytatiof primary amines [29,30].

Oxidative cross-linking of radical intermediates Dfr with other Tyr residues
(Figure 4b) or with tyramine coupled to a fluorophhd51,52,87] produces dityrosine-
containing compounds with distinct spectroscopiopprties. The study of cross-linking
reactions are of great interest due to the fadtttiey involve residues (Tyr, Trp, Cys) that
often play an essential role in protein functior dmological recognition processes. Such
studies have for instance revealed intermolecultaractions between G-protein-coupled
receptors (GPCRs) within intact cells [51] or tmautrophil-derived proteins with anti-
inflammatory and bactericidal properties are marsgceptible to be attacked by Tyr radicals

[87]. The biological role of protein Tyr radicalarc be assessed by trapping with the spin-
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label 5,5-dimethylpyrroline-N-oxide (DMPO) beforeacting with other radicals (Figure

4b). The trapped radicals are stable enough faesyuent tryptic digestion and MS analysis
and can thus be localized in the protein [133,1BApse studies allow to map the radicals in
proteins under oxidative stress leading to a bettelerstanding of the mechanism that are
related to human diseases. Trapped Tyr residuealsarbe detected with antibodies and by

molecular magnetic resonance imaging (mMMRI) [135].

Tyr ortho-quinone is produced by a second oxida#ifier oxidative hydroxylation
(section 2.3.1). This group is susceptible to nyalelic attack by thiols, as shown in Figure
4c, or by other oxidized Tyr residues [51,136].f&uic acid is capable of nucleophilic
attack which has been used to couple a linker médethat subsequently reacts with
fluorescent labels [137] (Figure 4d).

The spirolactone group of Tyr, which is producedmupeptide cleavage, is reactive
towards alcohols and amines under basic conditorierm esters and amides (Figure 4e)
[138]. An analogous reaction with amines such eghtydroxymethyl)aminomethane has
been described for the homoserine lactone prodogedNBr cleavage C-terminal to Met
[139].

Protein digestion for proteomics, which is typigablerformed enzymatically, may
be achieved by electrochemical or chemical oxigatikeavage of proteins as described in
sections 2.1.3 and 2.3.1. The distinct specifieityl the reactive spirolactones of Tyr and
Trp at the peptide C-terminus may provide noveltidepenrichment and identification

strategies.

3.2LC properties

Oxidative labeling may change peptide retentioncbnomatographic stationary
phases. Hydroxylation of Tyr and Trp and oxidatarMet and Cys to sulfoxide or sulfo-
acids decreases their hydrophobicity thus redugemide retention on reversed phase (RP)

columns. Hydrophobicity and elution order may beHer affected by solvent composition
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and pH (e.g. nitro-Tyr has a longer retention tithen Tyr on RP-HPLC under acidic
conditions, but elutes earlier under basic cond#i¢27]). Increased retention times are
observed upon halogenation, so that Tyr, bromoahg dibromo-Tyr elute in this order in
RP-HPLC [140].

Direct comparison of labeled versus unlabeled sesnjd possible, but as for
peptide mass shifts (section 3.3.2), sample contplexd low abundance of peptides of
interest can make retention time shifts hard toeaetTo overcome this issue the
COFRADIC method has been developed [3], which isva-stage LC method with a
primary separation, labeling of certain moleculedumctional groups in fractions, and a
secondary separation. Differential labeling wilusa a shift in retention time for labeled
peptides while unlabeled peptides remain unaffectedking labeled peptides easily
detectable. COFRADIC has been applied to variougeta based on different labeling
methods, including oxidation of Met with perfornacid [141]. Met oxidation has also been
used to reduce the hydrophobicity of peptides @erifrom membrane proteins, which are
difficult to elute from RP stationary phases [142]This is a case where oxidative
modification of methionine residues, that are oftecated in transmembrane segments,
leads to increased peptide coverage, which is dterissue when analyzing membrane
proteins by LC-MS. Reaction of Cys with benzoquigosimilar to the electrospray tagging
reaction (section 2.3.2), has been employed toc@du hydrophilic shift in COFRADIC
with RP-HPLC [143].

3.3 Mass spectrometric properties
3.3.1 lonization efficiency and char ge state

Protein solution-phase conformation influencesdharge state of a protein during
the ESI process [144,145]. The charge state itsfiliences the ionization efficiency of
proteins since highly charged conformers are masiyeamenable to ESI. A protein in its
native folded conformation gives rise to lower geastates (fewer available protonation
sites) and a wider charge distribution comparedstainfolded equivalent. Based on this
empirical relationship, ESI-MS has been used asoal for monitoring protein

conformational changes in solution [146] includifty protein footprinting experiments
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[147] (section 3.5) where oxidative modificatiorffeat the solution-phase structure. The
nature of the oxidized residue can also affectctia@ge state as testified for instance by the
lower proton affinity of 2-oxo-His compared to undified His [148]. Oxidation of Cys to
cysteic acid can on the other hand contribute tinarease of charge state in negative ion
mode due to its acidity. It is also noteworthy ttiegt peptide dissociation patterns in MS/MS
may be affected by oxidatively modified residuekjols must be taken into account during
the interpretation of MS/MS spectra [148] (sect®8.2). lonization efficiency can also be
increased by taking advantage of inherent electnmatal processes taking place in the

electrospray emitter as discussed in section 2.3.2.

3.3.2 Mass change of peptides and fragments

Almost any labeling method, including oxidation,llwincrease the mass of an
analyte. Differential MS analysis of oxidized vessunoxidized samples will therefore
reveal modified peptides, provided that they amficsently abundant and can be ionized
well. Alternatively, much more sensitive MS/MS madls can selectively detect modified
peptides based on characteristic product ions wiraldosses [149]. Table 1 lists precursor
and neutral loss scanning applications that haven baescribed for variousn( vivo)

modifications that can be mimicked by oxidativedky.

Collision-induced dissociation (CID) of peptides iisfluenced by side chain
properties of the constituent amino acids. Notatigation of acidic or basic groups affects
the proton localization, so that formation of suilfi and sulfonic acid leads to greatly
increased fragmentation at their C-terminal sidé0J1l analogous to the preferential
fragmentation induced by aspartic acid [151]. Toibservation may help in interpreting
MS/MS spectra of unknown peptides [152]. In coriirdlse preferential fragmentation

normally observed for His is inhibited upon itsaadion to 2-oxo-His [148].
While fragmentation of protonated peptides by Cd0he most common technique

in proteomics, electron transfer-induced dissoomti{ETD) has gained considerable

interest, since its introduction in 2004 [153], applications targeting oxidized residues are
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easily envisaged. In a related method, iodinatedd yradiated in the gas phase to produce

radical intermediates which readily fragment upolisional activation [154].

Residue M odification Precurisct))r: égg;omum Neutral loss (Da) Reference

bromo 237.002

Trp 239.00% [155]
hydroxy 175.086 [45]
hydroxy 152.071 [45]
bromo 213.986 [174]
chloro 170.037 [45,174]

Tyr nitro 181.061
dinitro 226.046 [175]
iodo 261.973
diiodo 387.869 [176]

M et sulfoxide 63.998 [177,178]
sulfinic acid 65.977 [150]

Cys | cam-sulfoxidé 107.004
cam-sulfoné 122.999 [179,180]

Table 1 Specific fragments of oxidatively modified aminagidch residues used for
MS/MS based detection. Note8:®Br isotope;b negative ionization;" cam denotes
carbamidomethylcysteine produced by alkylation wattoacetamide.

3.3.3 Mass defect and isotopic pattern signature

In addition to the overall mass increase upon Iagethe elemental composition of
the labeling group may introduce a shift in the sndsfect of the peptide or protein, which
is on average +0.00055 amu per amu for proteinsddripeptides. Labels with many
hydrogen atoms cause an additional positive magectjevhile incorporation of heavier
elements, including chlorine, bromine and iodiregd to an increasingly large negative
mass defect (Table 2). The term Mass-Deficient Mesg (MaDMaT) has been proposed
by Steen and Mann [155]. The large mass defect abbgens may be used for the
preparation of internal standards for quantitatm®teomics [156]. MaDMaT-labeled
peptides are easily distinguished from non-labgledtides in a mass spectrometer with

sufficient mass resolution and accuracy [156]. ¢terfc acid oxidation of Met [20], or
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halogen labeling [157,158] expand the mass dididhuof tryptic peptides and the

compositional information may be used to improvptjgke identification.

The well-known specific isotope patterns of chleriand bromine are used to
confirm their presence and number from the relais@ope intensities (Table 2). In
combination with its large mass defect, the charastic isotope pattern makes detection of

labeled peptides in mass spectra rather straigtefor.

3.4 Differential isotopic labeling for quantitation

Isotopic labeling is a standard approach in masstspmetric quantitation, and
becoming increasingly important in proteomics s8diSynthesis of labeled peptides as
well as metabolic and enzymatic labeling is widebed, but the most common method is
chemical labeling either at the peptide or proteirel. The primary labeling targets are the
same as for non-isotopic labeling, such as priraamines of Lys residues or protein/peptide
N-termini [159,160] or the thiol of Cys [161]. Ldbey is performed by reaction with alkyl-
halide (nucleophilic substitution) or maleimide @), or N-hydroxysuccinimidyl esters
(amines). Trp is also a target for direct electitbtpharomatic substitution using the

sulfenylation reagent 2-nitrobenzenesulfenyl clleiil62].

Oxidative labeling for quantitation is limited byhe lack of specificity and
completeness of the reactions, but it is certaisigful if incomplete labeling is acceptable.
Other applications described to date comprise tixelatagging with H“®O during
electrospray ionization [163] and metabolic isotdpbeling of amino acid targets followed
by H,O, oxidation, as shown for Met in the COFRADIC wod«l [164].
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Modifi-
cation

chemical
composition

monoisotopic
mass
(M+H", Da)
and
mass defect

average tryptic
peptide
monoisotopic
mass
(M+H", Da)

lowest tryptic
peptide
monoisotopic
mass
(M+H", Da)

isotope masses
and relative
intensities

none

CGZHQON 17014

1296.6848

(0.52 mmu)

1296.6475

(- 0.0373 Da)

1296.5526

(- 0.1322 Da)

1296.68 100.0
1297.69 749
1298.69 30.6
1299.69 8.9
1300.70 2.0

hydroxy

C62H90N 17015

1312.6797

(0.52 mmu)

1312.6706

(- 0.0091 Da)

1312.5286

(- 0.1511 Da)

1312.68 100.0
1313.68 749
1314.69 30.8
131569 9.1
1316.69 2.1

chloro

C62H89N17()l4C|

1330.6458

(0.49 mmu)

1330.6723

(+ 0.0265 Da)

1330.5344

(- 0.1114 Da)

1330.65 100.0
1331.65 74.9
1332.65 625
1333.65 32.8
1334.65 11.8
133565 3.2

bromo

CeoHgoN17014Br

1374.5953

(0.43 mmu)

1374.6884

(+0.0931 Da)

1374.5483

(- 0.0470 Da)

1374.60
1375.60
1376.60
1377.60 63.9
1378.60 24.9
1379.60 7.1
1380.60 1.6

78.2
58.6
100.0

iodo

C62H89Nl7014I

1422.5814

(0.41 mmu)

1422.7089

(+ 0.1275 Da)

1422.5259

(- 0.0555 Da)

1422.58 100.0
142358 74.9
142459 30.6
142559 8.9
142659 2.0

dibromo

CeoHggN17014Br

1452.5058

(0.35 mmu)

1452.7232

(+0.2174 Da)

1452.5795

(+ 0.0701 Da)

145251 444
1453.51 333
1454.50 100.0
145551 68.7
1456.50 69.3
145751 39.3
1458.51 14.6
145951 4.1

Table 2 Effect of oxidative modifications of Tyr on the ssadefect and isotope pattern

of angiotensin | (DRVYIHPFHL). The average and lstvenonoisotopic masses of tryptic

peptides (without missed cleavages) were calculatddDa mass bins from a yeast protein

database (www.yeastgenome.org; orf_trans.fastbasesof 8 May 2009).
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3.5 Protein surface mapping

Protein ‘footprinting’ is a technique that gaindteation during the last decade due
to its ability to probe solvent accessible resididge technique of choice makes usanof
situ generated hydroxyl radicals that induce oxidatbemical modification of surface
accessible reactive amino acid side-chains. Tha teotprinting was introduced some 30
years ago by Galast al, who performed DNA surface mapping [165]. H/D excbe
experiments are also used to probe surface actessdidues by mass spectrometry but the
need to quench the reaction at low pH to avoid fahange reactions during protein
analysis limits its usefulness, since only a fewtgases (e.g. pepsin) work under low pH
conditions (see [147] and [166] for reviews). Wdl iocus here on the use of hydroxyl
radicals that allowed considerable improvementemms of spatial resolution compared to
bulky proteases used in other methddi§7-169]. In addition, the fact that the small
hydroxyl radicals nonspecifically attack a wide garof residues makes them better suited
to probe solvent accessibility and thus a proteiafiary and quaternary structure. Sulfur
containing (Cys, Met, cystine) and aromatic res&d(i&rp, Tyr, Phe) represent the most
reactive targets for oxidative covalent modificatlout other side-chains (His, Leu, lle, Arg,
Lys, Val, Pro, GIn, and Glu) have also been showbéd modified [66-68,70,77,170,171].
Details about the chemical reactions underlying cbealent modification of amino acid

side chains and backbone cleavage can be foundetaded review by Xu and Chance [4].

The general footprinting workflow (Figure 5) consisof producing hydroxyl
radicals which can be achieved by several mearshglw and section 2.2) and different
exposure times. After exposure, proteins are digestith proteases and the extent of
oxidation is measured by MS. The location of oxadizmino acids is finally assigned by
MS/MS analysis. The obtained results provide infation about the solvent-exposed
residues on the surface of the protein and can laks® to the determination of protein-
ligand interaction sites by comparison of proteimd grotein/ligand complexes. When
protein oxidation is measured as a function of sype time to the hydroxyl radicals,
conformational changes can be followed due to ms®d amino acid accessibility by

protein unfolding induced by primary oxidation eten
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A wide set of techniques to produce hydroxyl radideas expanded the toolbox
available for footprinting experiments (see sectR). The Fenton reaction to produce
hydroxyl radicals chemically [55,56] has the mairawback that iron and EDTA may
distort the native protein conformation. Photoctehiformation of hydroxyl radicals by
photolysis of hydrogen peroxide or by radiolysisaafter are very efficient and provide the
advantage (compared to the Fenton reaction) of (iasho- to microseconds) radical
generation, and the possibility of short exposumees (less oxidation-induced structural
changes) allowing time-resolved studies. Radiolysis the advantage of not requiring the
addition of any reagent to the sample solution.ctEtehemistry may also be used to
generate reactive oxidants for mapping solvent ssiiodity. Whereas Brabeet al. have
pioneered the use of EC to probe protein confoonatichanges [95,172], new approaches
for EC-based probing of the higher-order structofeproteins have been introduced by
McClintock et al. [77] where hydroxyl radicals have been producedigation of water
on a boron-doped diamond electrode. Oxidation & @hectrospray source by corona

discharge has also been performed [81,173].

Protein footprinting experiments have found widespr application to probe
protein structure and solvent accessible residonethé native conformation. Moreover
probing protein-protein, protein-ligand and protdmig interaction sites as well as
monitoring conformational changes (e.g. proteinifay and unfolding) have been studied
extensively, as shown by the many applications taate been reviewed in recent years
[4,68,80,147,171]. Although footprinting methodssdanatured, some drawbacks such as
secondary oxidation reactions are still an issiMvabk observed that buried sulfur-containing
residues can be oxidized either by internal electransfer reactions [58] or by secondary
oxidations due to residual hydrogen peroxide ottigglbhydroperoxides [65]. Oxidation of
non-solvent accessible residues can hamper datpiatation and must be considered when
performing footprinting experiments. Adding catalaand/or Met as scavengers limits
secondary oxidations that may occur particularlytmmried) sulfur-containing residues [65]

but internal electron transfer reactions are difflcult to avoid.
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£

Protein Protein + ligand
Hydroxyl Radical Oxidative Covalent
Formation Modification

§O §
Digestion with Generation of Unique
Specific Protease Peptide Fragments
k I
a 4 P —
& \Q
MS Analysis
Extent of Modification
MS/MS Analysis

Identification of Oxidation Sites

Figure 5 Workflow for hydroxyl radical footprinting of pretns and protein/ligand
complexes (adapted from Xu and Chance [4]).
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4. Conclusion

Oxidative labeling of peptides and proteins hasaeded the toolbox of biochemists
and notable progress has been made in the pastedekaariety of strategies for targeting
amino acid side-chains has been developed, incphatifor sulfur-containing and aromatic
residues. Current labeling techniques targetingnamy amines (N-termini, Lys) and
cysteine residues have found widespread applicatioproteomics while other amino acids
remain inaccessible to labeling to a large exté@ihg. increased interest in oxidative labeling
stems from the possibility to target other aminad aesidues, such as Tyr, Trp or Met,
which have essential roles in protein function doidlogical recognition processes.
Although the technique still suffers in many cadesm incomplete conversion and
selectivity, several applications in biological ®ymas have shown its usefulness. It is, for
instance, to be expected that oxidative labeling lvélp to improve our understanding of

protein-protein interactions with respect to prnotiinction and signaling processes.

An interesting feature of oxidative labeling is fistential to introduce reactive
groups in a site-specific manner, which can beetad) by secondary chemical reactions as
shown for nitro-Tyr residues. Electrochemistry, g¥his far from being fully exploited, can
efficiently induce such oxidative modifications. Maadvances and developments have
been observed in this field during the last decadd interesting applications can be
envisaged especially due to new developments oirete materials and surface-modified
electrodes. Boron-doped diamond electrodes, fomele are of interest due to their
reduced adsorption of biomolecules opening the faapew application of direct and ROS-

mediated oxidation of peptides and proteins.
The increasing demand for mass spectrometry-basgdgmics methods and the

relationship within vivo oxidative protein damage through radical-inducentlifications

suggest that these techniques will find increasis®y
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Abstract

Electrochemical oxidation of peptides and proteias been shown to lead to
specific cleavage next to tyrosine (Tyr) and trybtan (Trp) residues which makes the
coupling of electrochemistry to mass spectrometeC-MS) a potential instrumental
alternative to chemical and enzymatic cleavageetfro Tyr and Trp-containing tripeptides
has been studied to investigate the mechanistiectspf electrochemical oxidation and the
subsequent chemical reactions including peptidedbdeavage, making this the first
detailed study of the electrochemistry of Trp-comitey peptides. The effect of adjacent
amino acids was studied leading to the concludian the ratios of oxidation and cleavage
products are peptide-dependent and that the adjac@no acid can influence the secondary
chemical reactions occurring after the initial @tidn step. The effect of parameters such as
potential and solvent conditions showed that comifdhe oxidation potential is crucial to
avoid dimer formation for Tyr and an increasing i@m of oxygen insertions
(hydroxylations) for Trp, which occur above 1000 rté. Pd/H). While the formation of
reactive intermediates after the first oxidatiorepstis not strongly dependent on
experimental conditions, an acidic pH is requireddood cleavage yields. Working under
strongly acidic conditions (pH 1.9 to 3.1) led fatimal cleavage yields (40-80%) whereas
no or little cleavage occurred under basic cond#idOn-line EC-MS allowed determining
the optimal potential for maximum cleavage yieldfiereas EC-LC-MS/MS revealed the

nature and distribution of the reaction products.
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1. Introduction

Oxidation is a major modification of peptides andtpins that is related to disease
and ageing processes. Proteins are oxidizedvivo and in vitro through chemical,
photochemical, electrochemical or enzymatic reastigenerating reactive intermediates,
such as hydroxyl radicals or peroxides. Dependimghe reactive intermediate, any amino
acid can be oxidized, although the most susceptibidues are the sulfur-containing
cysteine (Cys) and methionine (Met) and the aramgattienylalanine (Phe), tyrosine (Tyr),
tryptophan (Trp) and histidine (His) [1-3]. A unigifieature of electrochemical oxidation is
the ability to directly abstract electrons from détional groups to the electrode. Cys, Met,
His, Tyr and Trp are susceptible to direct oxidatémd electrochemical detection is used in
protein and peptide analysis [4]. Recently, elexttemnical protein oxidation has been used

for oxidative footprinting to probe solvent-accédsiamino acids of intact, folded proteins

[5].

Electrochemical oxidation of peptides and proteinembined with mass
spectrometry (MS) has revealed specific cleavageepeptide bond at the C-terminal side
of Tyr and Trp residues [6,7]. In proteomics expenmts, the protein digestion method of
choice is usually enzymatic, and particularly trgpbut in specific cases chemical cleavage
is used, for example with cyanogen bromide aftet [8®], when enzymes do not have the
required specificity. Electrochemistry may offer meresting instrumental alternative to
chemical and enzymatic cleavage, with several adgas such as speed of analysis, easy
coupling of the electrochemical flow cell to MS b€-MS and the distinct amino acid

specificity.

The development of an automated proteomics metbaskd on electrochemistry,
requires further improvement in reproducibility acldavage yield. Although cleavage has
been observed in most analyzed peptides and psdi&iri], yields varied considerably and
non-cleavage oxidation products were, in most @& tlases, more abundant. We have
studied several experimental parameters (adjaceiniosacid, supporting electrolyte, pH) to

get a better insight into the limiting steps on tikey to an improved cleavage yield. The
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study of the reaction mechanism and the charaatéiz of reaction products by on-line
EC-MS and LC-MS/MS extend the initial work on clage reactions [7,10-14] and
facilitate the further development of electrocheahimxidation and cleavage of peptides and

proteins asn analytical tool.

M+16 M+16

Scheme 1 Proposed electrochemical oxidation and cleavatfenagys of Tyr-containing
peptides (adapted from Permentier et al. [6]).
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M+16 H M+14 H
N N N N
/ -2e” . ,)"OH -2e” (o] o
H -H o H* /
O — P +H,0 o —>» o ——>» (0}
[0} >0
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Scheme 2 Proposed electrochemical oxidation and cleavatenagys of Trp-containing
peptides (adapted from Permentier et al. [7]).
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2. Materials and M ethods

2.1 Chemicals

Tyr and Trp-containing tripeptides (LYL, GYG, EYEKYK, LWL, GWG, EWE,
KWK) were obtained from Research Plus Inc. (Barbeddl, USA). Formic acid
(HCOOH), trifluoroacetic acid (TFA) and lithium hsakide (LiOH) were obtained from
Sigma Aldrich (Steinheim, Germany). Water was pedifoy an Arium Ultrapure water
system (conductivity 18.2 B.cm, Sartorius Stedim Biotech, Gottingen, GermahygLC
supra gradient acetonitrile, glacial acetic acitH{COOH) and lithium chloride (LiCl) were

purchased from Merck (Darmstadt, Germany).

Stock solutions of Tyr- and Trp-containing tripejes were prepared in 90/10/1
(v/vlv) ultra-pure water/acetonitrile/formic acid a concentration of 1 mM, and used to

prepare fresh samples shortly before performingeiperiments described below.

2.2 On-line Electrochemistry-Mass Spectrometry (EC-MS)

Stock solutions of LYL, GYG, EYE, LWL, GWG, EWE afdNK were diluted to
a final concentration of 2 uM for the on-line EC-M8periments. KYK was diluted to a

final concentration of 10 uM due to the relativelw MS signal intensity.

The tripeptide solutions were oxidized at a floweraf 50 pL/min (syringe pump,
KD Scientific Inc., Holliston, MA, USA) with a Coathem 5021 conditioning cell (ESA
Inc., Bedford, MA, USA) with a porous graphite flaiwough working electrode, a
palladium auxiliary electrode and a palladium refere electrode. The auxiliary and
reference electrodes are located both up-stream dameh-stream with respect to the

working electrode.
On-line EC-MS experiments were done by linearly parg the cell potential from

0 to 1400 mV at 2 mV/s (triplicate experiments)hwét home-made potentiostat controlled

by a MacLab system (ADInstruments, Castle Hill, NSMustralia) and EChem software
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(eDAQ, Denistone East, NSW, Australia). The oxiolatproducts were directly monitored
by mass spectrometry with an API365 triple quadieipoass spectrometer (MDS-Sciex,
Concord, Ontario, Canada) upgraded to EP10+ (lpridzdton, Ontario, Canada) and
equipped with a TurbolonSpray source. The delag tih35 s between product formation
within the electrochemical cell and product detactivithin the mass spectrometer was
taken into account when correlating detected prisdaad cell potential. The oxidation
yields were calculated based on the decrease axinacted ion current of the unoxidized

tripeptides.

2.3 Off-line EC-L C-M S experiments
2.3.1 Stability study of LYL and LWL oxidation products

Oxidation of the tripeptides prior to liquid chrotography-mass spectrometry (LC-
MS) was performed off-line. Stock solutions of L\And LWL were diluted to 10 uM in
90/10/1 (viviv) water/acetonitrile/formic acid, diied at constant potential, collected, and
diluted two times with water to decrease the ag#tlenconcentration to 5% for LC-MS
analysis. LYL was oxidized at 1000 mV and LWL a07@V vs. Pd/H and the currents

recorded at the working electrode were around 2@pd\5 PA respectively.

The reaction mixtures obtained after oxidation ¥lLLand LWL were analyzed by
LC-MS at three different time points i.e. t = G; 24 h and t = 1 week to assess the stability
of the oxidation products. The samples were statedom temperature for the duration of

the study.

2.3.2 Experimentswith different electrolytes at different pH values

Stock solutions of LYL and LWL were prepared in BDv/v) acetonitrile/water at
a concentration of 10 pM. The supporting electesy{formic acid, trifluoroacetic acid,
acetic acid, lithium chloride and lithium hydroxjdeere added to a final concentration of
250 mM. The pH of the samples was measured witherdm Herisau E512 pH-meter.
The tripeptides LYL and LWL were oxidized at 1000/ rand 700 mV, respectively, and
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the experiments repeated three times. At thesenpiale both LYL and LWL showed
significant electrochemical conversions at eachtgdied. The obtained reaction mixtures
were diluted twofold with water and stored at ro@mperature before LC-MS analysis.
The currents obtained at the working electrodelLfék and LWL, respectively, were: 20
MA and 5 pA for formic acid, 180 pA and 10 pA fdfltloroacetic acid, 30 A and 6 pA
for acetic acid, 500 pA and 600 pA for lithium oz, 1000 pA and 60 pA for lithium
hydroxide.

2.4 Liquid Chromatography - Mass Spectrometry (LC-MS)

Liquid chromatography was performed on an Ultimphgs system (Dionex-LC
Packings, Amsterdam, The Netherlands) equipped athUltimate gradient pump and
Famos autosampler. A Vydac RRs€olumn (150 mm x 1 mm i.d., 5 pm particles, 300 A
pore size, Grace Vydac) was used for chromatogtapbparation at a flow rate of 50
pL/min. Mobile phase A consisted of ultra-pure watéth 0.1% formic acid. Mobile phase

B was acetonitrile with 0.1% formic acid.

For analysis of the tripeptide-derived reactiondoicis, 100 pL injections were
performed and separation was achieved with a gnadie B (5-50% at 1 %/min). The
column was directly coupled to an API 365 EP10plériquadrupole mass spectrometer for

product detection in positive ion mode.

2.5 High resolution MS/IM'S

High resolution MS/MS experiments were performedaarLTQ-Orbitrap XL with
HCD cell (Thermo Scientific, Bremen, Germany). @rel nano-HPLC separation was
performed with an easy-nLC system (Proxeon, Odebeamark) equipped with a 4&n
i.d. x 15 cm Acclaim PepMap100,§xolumn (Dionex, Amsterdam, The Netherlands). A 30
min gradient of 5-50 % acetonitrile in water/0.1fémic acid was used at a flow rate of
300 nL/min.
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Unoxidized and oxidized samples ofuM LYL and LWL (oxidized at 1000 mV
and 700 mV, respectively) were prepared as abawk5al were injected for LC-MS/MS
analysis. MS spectra were recorded at a resolwid®0,000 followed by data-dependent
acquisition of MS/MS spectra at a resolution o080, after collision-induced fragmentation
in the HCD cell.
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3. Results and Discussions
3.1 Influence of adjacent amino acids on oxidation and cleavage of Tyr and

Trp-containing tripeptides

The range of electrochemically oxidized peptided aroteins reported by
Permentier et al. [6,7] encompasses Tyr and Triglwes in a wide variety of sequence
environments, which makes it difficult to assessitifluence of adjacent residues. Size and
charge effects of adjacent residues could havgrafisant effect on both oxidation (access
to the electrode surface) and subsequent cleawaiyangolecular freedom of movement).
To determine their influence on the oxidation reactnd yield of reaction products, a set
of tripeptides with Tyr or Trp flanked at both ssdby leucine, glycine, glutamic acid or
lysine was studied to investigate the effect of roptiobic, acidic or basic amino acid
residues N- and C-terminal to the electroactive diyifrp. The small tripeptides have the
advantage that they do not suffer from adsorptsaes with the porous graphite electrode
that were encountered with larger peptides [6] g reliably reflect the products formed

within the cell.

Figure 1 shows the oxidation and cleavage yieldsotifi sets of tripeptides, at 1000
mV for Tyr-containing peptides and at 700 mV fopTontaining peptides, respectively.
Potential-ramping experiments showed that optimiawage product intensity was
observed at these potentials (see Figure 2). Resw# reported as normalized signal
intensities extracted from the ramping experimattshe two potentials and provide a
reasonably good estimation of relative product dlances since the ionization efficiencies
of the products are not expected to differ subkitiytcompared to the unoxidized
tripeptides (Figure 2). In the on-line EC-MS expwnts the delay between product
formation inside the electrochemical cell and paidietection inside the mass spectrometer
was 35 s. This has the advantage that all prodootsed after electrochemical oxidation
were analyzed shortly after their formation, theducing the possibility of degradation or

further chemical reaction.
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The detected products can be divided in three groufeavage products, non-

cleavage oxidation products for which a structuae been proposed (Schemes 1 and 2) and

so far unassigned products, which include dimerdjo-containing peptides.
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Figure 1 Relative ion intensities of oxidation and cleavg@geducts obtained after on-
line EC-MS experiments of A) LYL, GYG, EYE at 2 pahd KYK at 10 uM and B) LWL,
GWG, EWE and KWK at 2 uM. All samples were oxidizad H,O/CH;CN/HCOOH
(90/10/1) by ramping the potential from 0 to 140 rat a scan rate of 2 mV/s. lon
intensities obtained at 1000 mV for Tyr-containpeptides and 700 mV for Trp-containing
peptides were extracted and normalized to the ithsity of all the product peaks present
in the spectrum (variation between 3 repetitionshiswn with error bars). Oxidation yields
obtained for each tripeptide are given on top chegraph.
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All tripeptides were oxidized for more than 95%each experiment based on the
decrease of the extracted ion current of the unmedbtripeptides (Figure 1). This indicates
a very high conversion, presumably due to the bigface area of the porous graphite flow-
through electrode and the small size of the pegtiddich brings the electroactive groups
into intimate contact with the electrode. Howeuie cleavage yields of Tyr-containing
peptides, estimated by the relative intensitiehefRY-2 product (Scheme 1, structu®g
together with the distribution of the non-cleavagélation products varied for the different
peptides. At 1000 mV, LYL and KYK showed cleavagelds around 40% whereas higher
yields (approximately 80%) were obtained for botiGsand EYE (Figure 1A). A lower
steric hindrance with glycine (no side chain) coregato the bulky leucine and lysine may
explain the higher cleavage yields for GYG, sinleaeage of the peptide bond requires an
intramolecular reaction that involves the carbomgiety of the following amide bond
(Scheme 1) but results with EYE indicate that thisot the only factor. The high cleavage
yield of EYE may be related to the observation that acidic environment facilitates
cleavage. The ratio between non-cleavage oxidgtioducts varied as well for the different
peptides. Formation of the M-2 dienon8),(obtained by secondary oxidation of the
phenoxonium intermediate2), was favored only for the LYL tripeptide wheretse
hydroxylated forms M+14 and M+16 were the majomiogeucts for GYG, EYE and KYK.
Pyroglutamic acid, which is formed by cyclizatiohghutamic acid accompanied by loss of
water (-18 Da), was observed for both cleaved EMHlis detected as EY-16, and
hydroxylated EYE, and was independent of the agigential.

Lower cleavage yields were reached with the s@trpfcontaining peptides (Figure
1B). At 2 uM and 700 mV, yields ranging from 30%40% were estimated based on the
amount of the RV+14 product and its hydroxylated equivalent\R30 (see below) for
LWL, EWE and KWK whereas a yield of around 20% wiésained for GWG. The lower
cleavage yields may be related to the fact thatvelge is preceded by a hydroxylation step
in case of Trp (Scheme 2). The resulting bulky oxaBle group may explain why in
contrast to Tyr no increased cleavage of glycinglatamic acid was observed for Trp-
containing tripeptides. In addition, competing rd@avage reactions were favorable. In the

case of Trp the non-cleavage oxidation productsewmainly observed as the singly
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hydroxylated M+14 and M+16 products, but low amauaf multiply hydroxylated Trp
were also detected, already at the relatively lamteptial of 700 mV. Although the same
types of cleavage and non-cleavage oxidation pitsduere observed for all tripeptides, the
ratios of oxidation and cleavage products are gepdependent. Tyr-containing peptides
gave rise to higher cleavage yields, and the adfaaenino acid influences the secondary
chemical reactions occurring after the initial @tidn step. The observed amino-acid
dependence of cleavage yields indicates that ax&latotein cleavaga vitro orin vivois

not random.

3.2 Mechanism of electrochemical oxidation of LYL and LWL
3.2.10n-lineEC-MS: potential dependence of product formation

LYL and LWL were chosen for further study by ondikEC-MS, LC-MS and LC-
MS/MS, since their products showed adequate retentduring reverse phase
chromatography (see Figure 3A-F) and because tbegrgte the whole range of oxidation
and cleavage products. Figure 2 shows the extramtedoltammograms of LYL and LWL
where product formation was followed as a functidrcell potential. The sum of the ion
intensities of the oxidation products is approxiehatequal to that of the unoxidized
tripeptides. Oxidation of LYL starts at a potentidl500 mV as indicated by a decrease of
signal intensity of unoxidized LYL and a concomitémcrease in the signals of the various
oxidation products. The N-terminal Tyr cleavageduct, for which a spirodienolactone
structure has been proposed (Scheme 1, stru@tuveas observed as LY minus 2 Da (LY-
2). The C-terminal cleavage product, unmodified I(&#0), was also detected. The main
non-cleavage oxidation products in Figure 2A cqroesl to hydroxylated Tyr (mass
increase of 16 Da (M+164a, 4b, 5) and to hydroxylated Tyr that is further oxidizedthe
benzoquinone §) (M+14) as well as a product with a mass decrezés@ Da (M-2)
corresponding to the dienon8).( Product distribution changes as the potentiateases.
Notably dimer formation, probably via Tyr crossling [15], was observed at potentials
above 1000 mV for LYL.
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The onset of oxidation of Trp in LWL also occurs580 mV, as indicated by the
decrease of signal intensity for LWL (Figure 2B)nirming that Trp and Tyr have similar
oxidation potentials in strongly acidic solutions6]. In our previous studies [7], Trp
cleavage products from proteins contained an aufditi oxygen, assumed to be due to
hydroxylation of the indole moiety prior to spirotane formation (Scheme 217)). This
suggests that Trp must be hydroxylatd®) (before the cleavage reaction can occur.
Hydroxylation was indeed observed for all Trp-camtay tripeptides, and the major
cleavage product was the LW+14 Da form. Howevertaitbel analysis of oxidation
products by on-line EC-MS revealed small amountetbér LWL cleavage products. Two
products withm/zvalues of 318 and 348 (LW+30) were detected batviE®® mV and 800
mV over a narrow potential window. Thwe/z 318 product indicates that cleavage of the
tryptophanyl bond can also occur in the absenca pfior hydroxylation step, albeit to a
minor extent. The equivalent product was howevdr detected for the other three Trp-
containing peptides. The presence of itifg 348 (LW+30) ion indicates the formation of a
doubly hydroxylated Trp-containing N-terminal clege product. This cleavage product
was found in low amounts in all Trp-containing éfyides indicating that the Trp indole
group was still reactive after electrochemical ecéege. However, neither the non-
hydroxylated, nor the multiply hydroxylated cleagagproducts were detected in

electrochemical protein digests [7], suggesting tinair yield is usually very low.

On-line EC-MS also allowed detailed analysis of then-cleavage oxidation
products after oxidation of Trp-containing peptidas area that has not been covered in
previous studies [6,7]. The major products comprisiagly- and multiply-hydroxylated Trp
residues with up to 4 hydroxylation sites. Thisnisccordance with previous work on Trp
oxidation through chemical methods [17-19]. FigRR:shows the signal intensities of the
products with up to 4-times hydroxylated Trp (M+M+32, M+48 and M+64). Although
singly (M+16) and doubly (M+32) hydroxylated prodievere formed at the onset of Trp
oxidation, their intensity decreased at potentieve 800 mV when further hydroxylated
products (M+48 and M+64) were formed. A similar @ese of signal intensity was
observed for the cleavage product (LW+14) at paengreater than 900 mV. However, the

products that were detected at potentials aboved 10V did not compensate for the
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decrease of LWL. It is thus possible that furtheodacts were formed that were not

detected by mass spectrometry due to poor ionizatio
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Figure 2 On-line EC-MS voltammograms of A) 2 uM LYL and B)uM LWL in
H,O/CH;CN/HCOOH (90/10/1). The potential was ramped frorto(L400 mV with a 2
mV/s scan rate. Traces of the most abundant preduete extracted and plotted versus
time and cell potential. The sum of intensitiesabfthe oxidation and cleavage products is

indicated in the voltammogram.
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On-line EC-MS provides a detailed insight into tleactions of Tyr- and Trp-
containing peptides at various potentials and al@lmost real-time monitoring of even
potentially unstable products. However, isobarimpounds cannot be distinguished, and it
cannot be excluded that matrix effects (e.g. iompsession) hamper the accurate
determination of product yield, that can be bettaluated by off-line EC followed by LC-

MS analysis.

3.22LC-M Sof electrochemically oxidized tripeptides

Separation of oxidation products by reverse ph&sengatography can overcome
ion suppression effects that may be encounterethglun-line EC-MS thus providing
additional information about the range of oxidatjgmoducts and, consequently, about the
reaction mechanism. Unstable products may, howegsgpe analysis, so both approaches

should be employed for a comprehensive analysis.

Comparison of LC-MS chromatograms of unoxidized anidized tripeptides
showed that all reaction products observed by ma-EC-MS were detected. Several
isobaric products were detected as multiple LC peakit no additional, major products
with distinct masses appeared that might have gadetected by EC-MS. Figure 3A shows
the extracted ion chromatograms (XICs) of reactiooducts of LYL after oxidation at a
constant potential of 1000 mV. Although the mixtufeoxidation products was directly
injected after off-line oxidation, the relative eémisity of product peaks was, to some extent,
different from that obtained by on-line EC-MS (Figl2A). This may be due to the different
ionization conditions but more likely to the linitestability of some of the reaction
products, since the delay between oxidation antysisavas at least 30 min in off-line EC-
LC-MS.

The M+16 non-cleavage oxidation product elutechie¢ separate peaks (M+16 (a),
(b) and (c)) suggesting that three different is@mef this compound are generated
corresponding to the orthdb)(meta #a) and para 4b) hydroxylated Tyr derivatives
represented in Scheme 1. The M-2 oxidation prodeicited in two peaks (M-2 (a) & M-2

86



Electrochemical Oxidation & Cleavage of Tyt- and Trp-containing Tripeptides

(b)) indicating the presence of two isomers. Thégomisl-2 (a) peak has been identified by
tandem MS as being the dienone produtigure 4A & MS/MS section) whereas the very
weak second peak might be the intermedi@t¢fcheme 1) that is formed after nucleophilic
attack of the carbonyl oxygen on the phenoxoniurtiona(2). The M+14 product )
coeluted with one of the M+16 products and its aamce was notably decreased as
compared to the on-line EC-MS experiment (Figurg, 2#here the intensity of the M+14
product peak was about half that of the M+16 praduc

Stability of oxidation products, in particular ofiet cleavage products, is very
important for development of a reliable proteinasi@ge application. Reaction products
were reanalyzed after 24 h (Figure 3B) and afteregk at room temperature (Figure 3C).
Both the M-2 and the M+16 (c) products disappeafer 24 h (Figure 3B and 3C). The
minor M-2 (b) product, assigned to the cleavagerinediate §), might further react
towards cleavage. However, disappearance of therr2 (a) and the M+16 (c) product
did not lead to equally intense new peaks. A corfit@orhincrease in intensity of the first
eluting M+16 peak (M+16 (a)) and the detection afeav peak with a mass increase of 30
Da (M+30) suggests reactions in solution, presuynalith water. M-2 (a) may well react
with water to form hydroxylated Tyr, but it is ndear how the M+30 product, presumably
a hydroxylated form of M+14, may be produced frdm M-2 or M+16 products. These
observations stress the importance for on-line E€-l addition to LC-MS to obtain a
complete picture of the reaction products. We damyever, not exclude that highly
unstable products, which react further within selsprescaped also on-line EC-MS. The
LY-2 cleavage product was stable in solution, aitfio hydrolysis of the spirolactone
occured after extended storage at pH 2.4 at roampéeature, as indicated by the formation
of them/z 311 product after 1 week (Figure 3C), which coroesis to hydrolyzed LY-2

with a mass increase of 18 Da.
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Figure 3 LC-MS analyses of oxidation products of LYL (A, 8) and LWL (D, E, F);
A and D: directly after electrochemical oxidati@and E: after storage for 24 hours; C and
F: after storage for 1 week at room temperaturectibchemical oxidation was performed
at a peptide concentration of 10 uM inQACH;,CN/HCOOH (90/10/1) at a constant
potential of 1000 mV for LYL and 700 mV for LWL aradflow-rate of 50 pL/min.
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Figures 3D, E and F show the XICs of the reactimdpcts of LWL directly after
oxidation at a constant potential of 700 mV, arntdraftorage. Multiple hydroxylation of the
indole group, which is detected at very low yigli®n-line EC-MS, is clearly evidenced in
LC-MS by the detection of different M+32 produckgure 3D). Similarly to LYL, several
isomers of the different hydroxylated products webserved (two M+14, two M+16 and
two M+32 LC peaks) pointing to several hydroxylatisites. Only the M+14 products
appeared to be unstable, since they were not detafter 24 h storage at room temperature
(Figure 3E). Hydrolysis of the spirolactone of thkeavage product LW+14 was also
observed after storage for a week at room temperatupH 2.4 (Figure 3F) as reflected by

the formation of a product with an 18 Da mass iasestan/z350.

LC-MS analyses of reaction mixtures generated afectrochemical oxidation of
Tyr- and Trp-containing peptides indicate that tlaeg more complex than expected based
on on-line EC-MS due to a number of isobaric conmoisu Some oxidation products
disappeared already after 24 h, but the cleavagdupts were stable for at least a day.
Extended storage led to spirolactone hydrolysis foit to further degradation of the

cleavage products.

3.3.3MSM S characterization of reaction products

Both low and high resolution MS/MS measurementsewgerformed to further
characterize some of the oxidation and cleavagduysts. Figure 4A shows the MS/MS
spectrum of then/z 406 peak for which an M-2 structure has been megdScheme 1,
structure3). A fragment aim/z 300 indicates a neutral loss of 106 Da that cpoeds to
loss of the dienone moiety as p-quinomethane. Tasepce of the correspondingand b
ions atm/z293 and 275 respectively are also consistent thighproposed M-2 structuie
Scheme 1. Figures 4B and 4C show the MS/MS spettte cleavage products assigned to
LY-2 (9) and LW+14 17) respectively. The fragmentation pattern of LYFRiglre 4B)
confirms the proposed structure as testified by ldss of CHO, (m/z 247) from the

spirolactone moiety and the further fragmentatiérnth@ amide bond yielding the Tyr-
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derived immonium ion with a mass decrease of 2 Da t the dienone structure of the
modified Tyr n/z 134). LW+14 (Figure 4C) fragments into theign (m/z 219) which
further loses CKD, (similarly to LY-2) from the proposed spirolactommiety to yield the
fragment observed at/z175. The latter corresponds to the Trp-derived émiomm ion that
has a 16 Da mass increase due to hydroxylationrdeguprior to the cleavage reaction
(Scheme 2). Loss of ammonia (RJHhccounts for the two other major peaks obsemédte
MS/MS spectrum (Figure 4C). Figure 4D and 4E compdwe MS/MS spectra of two
isoforms of the M+16 oxidation products (M+16 (lmdaM+16 (c) in Figure 3) generated
from LYL. Clearly different fragmentation patterng&re obtained for the two products that
relate to the localization of the hydroxylationesit The fragmentation pattern of M+16 (b)
(Figure 4D) indicates that Tyr is hydroxylated hé tpara-position of the aromatic ring,
since the pion (M/z293) readily loses the aromatic OH group as water CO to yield the
m/z 247 fragment. Moreover the intense peakn&t134 corresponds to the immonium ion
of modified Tyr with a dienone structure (Tyr - 2D The second M+16 isoform (Figure
4E) was identified as LYL that is hydroxylated ke tortho-position of the aromatic ring.
The presence of the fragmentratz 152, corresponding to the Tyr immonium ion with a
mass increase of 16 Da, confirms the presenceediytiroxyl group at the ortho-position of
the aromatic ring, which is not as easily lost dgriragmentation as the hydroxyl group in
the para-position. The presence of théeop atm/z311 and the hion atm/z293 also fits the
expected fragmentation pattern of an ortho-hydrabed Tyr. Moreover, the b2 ion readily
loses CO (m/z 265) followed by water to form anxeége (m/z 247), as observed for other

catechols (e.g. dopamine) [20].

High resolution MS/MS spectra allowed us to confitm proposed structures for
both Tyr and Trp cleavage products, a charactésizdlhat has, to our knowledge, not been
performed in earlier studies. The assignment ohtjaroxylation sites in the two Tyr M+16

isoforms is in agreement with the reaction prodsbtswvn in Scheme 1.
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Figure 4 MS/MS analysis of oxidation and cleavage prodwéteYL and LWL. A:
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91



Chapter 3

3.3 Effect of the supporting electrolyte and the pH on oxidation and cleavage

The pH of the solution affects the protonationestatt Tyr, which in turn affects its
redox potential and the initial electrochemicaldation steps. It is known that the oxidation
potentials of Tyr and Trp decrease (approximat@yrs//pH unit) when increasing the pH
[16]. The pH of the solution also affects the ptisdrapplied at the working electrode due to
pH sensitivity of the Pd/pHreference electrode: increasing the pH leadsdecaease of the
actual potential of the working electrode by apprately 60 mV/pH unit at 293 K, as well,
so that both effects compensate each other inabe of our study. In addition, the pH and
solution electrolytes may affect the subsequentmoted reactions, including cleavage. To
study these effects, oxidation of LYL and LWL tnieles was performed in different
media and the reaction mixture was subsequentliyzadh by LC-MS. Several electrolyte
compositions covering three pH regions were testgdngly acidic (pH 1.9-3.1), weakly
acidic (pH 5.2) and strongly basic (pH 12.2).

3.3.1 Strongly acidic conditions

Trifluoroacetic acid (TFA), formic acid and aceticid were used as supporting
electrolytes at a concentration of 250 mM resultingpH values of 1.9, 2.4 and 3.1,
respectively. For LYL at 1000 mV (Figure 5A), cleae products were observed in all
cases, with yields between 20% and 30%. Total dixidayields were above 95%, as
testified by the low amount of remaining, unoxidiz&YL. Non-cleavage oxidation
products (M-2, M+14 and M+16) represented about &@%he total ion intensity with the
M+16 oxidation products being most abundant. Fovd 5% of the total ion intensity was

assigned to other products, which are mainly rdlededimers due to Tyr-Tyr crosslinking.

Even higher conversions of nearly 100% were obthine LWL at 700 mV under
strongly acidic conditions (Figure 5B). Cleavagelgs, determined based on the L+14
product, were on the order of 30% and thus compeared LYL. Singly or multiply

hydroxylated products (up to 4 oxygen insertionsgoainted for 60% of the total ion
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intensity. A few unidentified products (5-15%) wexeserved, the structures of which could

not be assigned due to their low abundance.

We conclude that the nature of the electrolytetraingly acidic pH does not affect
the oxidation and cleavage yields of LYL and LWAQrsficantly. We thus prefer the use of
formic acid as supporting electrolyte, since itmest suitable for electrospray ionization of

peptides.

3.3.2 Weakly acidic pH conditions

Oxidation of LYL and LWL was performed under wealdgidic conditions in the
presence of 250 mM lithium chloride at pH 5.2 whtre phenolic OH group of Tyr (pK
10.1) is still in its uncharged state. The effdgpbld and of the electrolyte (no proton donor)
on the secondary chemical oxidation can thus bepeosd to the one obtained under
strongly acidic conditions, since the redox potanand thus the oxidation yield) is not
expected to change between the two conditions jA%g].observed, however, an increase of
pH, from 5.2 to 8.8 for LYL and from 5.2 to 6.6 fbkVL, measured before and after the
electrochemical cell. The change of pH is explaibgdeduction of water at the counter
electrode, combined with the low buffer capacitytiod LiCl solution. Reactions at counter
electrode could potentially influence the peptigeofiucts) as well but we expect these
reactions to have a minor effect due to the mucfjetaactive surface area of the porous
graphite working electrode. Figure 5 shows thatahving from strongly acidic to weakly
acidic starting conditions only slightly affectduetnature and distribution of the oxidation
products, although a large variation in producensities in repeated experiments was
observed for the Tyr-containing peptides. The axiayield decreased to 85% for LYL
(Figure 5A), but the cleavage yield did not deceeagpreciably and was still around 20%.
The large increase in pH observed for LYL may hewetributed to the lower conversion of
the peptide. In contrast, the oxidation yield of LWas not affected under these conditions,
and was close to 100% (Figure 5B). However, cleawags significantly reduced to 15%
compared to 30% under strongly acidic conditiorige $imultaneous increase of doubly and

triply hydroxylated products indicates that Trp-hgxylation is favored under weakly acidic
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conditions, and thus not favorable to increasetmlelsemical cleavage of Tyr- and Trp-
containing tripeptides.
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3.3.3 Strongly basic conditions

It is conceivable that the ratio between oxidatimal cleavage products of LYL and
LWL is affected by switching to strongly basic pHnditions, since the spirodienolactone
moiety is more rapidly hydrolyzed at basic pH [13,2Lithium hydroxide was used as
supporting electrolyte at a concentration of 250 giMng a pH value of 12.2 for LYL and
LWL, which is significantly higher than the gkof 10.1 of the phenolic OH group in Tyr

and of subsequent aromatic hydroxylation produtc@s/oor Trp.

Working under strongly basic conditions signifidgraffects oxidation of Tyr and
Trp as well as the subsequent chemical reactionth®freactive intermediate cations.
Reduced oxidation yields of around 90% were obthifer LYL (Figure 5A) indicating
reduced charge transfer. Secondary reaction pathwasae more drastically affected, since
very little peptide bond cleavage (1-2%) was deicThe hydrolyzed form of the cleavage
product was not detected either, confirming that ¢keavage of the peptide bond did not
occur. The M-2 non-cleavage oxidation product an€l Lldimers were most abundant.
Combined with the absence of hydroxylated oxidagioezducts and the very low amount of
cleavage products this suggests that nucleophiiéclka at the phenoxonium intermediate
(see Scheme 1) is not favored under basic conditibor LWL, initial electrochemical
oxidation of Trp is not affected at strongly baglé (see Figure 5B). Similarly to LYL, no
cleavage products, neither in the LW+14 nor inhigdrolyzed form, were observed under
these conditions. Hydroxylated, non-cleavage oiddaproducts (M+14, M+32 and M+48)

dominated the mass spectrum.
Basic pH is thus not favorable either for oxidatpeptide bond cleavage after Tyr

or Trp. Although oxidation yields are still goodrmation of the spirolactone intermediate,

that precedes hydrolysis of the peptide bondrangty disfavored.
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4. Conclusion

Electrochemical, oxidative cleavage of peptide Iso@derminal to Tyr and Trp has
been studied in detail by varying the adjacent anaicids, pH and electrolyte. Combination
of on-line EC-MS and off-line EC-LC-MS(/MS) provideomplementary information. On-
line EC-MS covers some of the unstable reactiordyets while LC allows to separate
isobaric oxidation products prior to MS(/MS). LC-MES) permits also a more accurate
determination of reaction yields and product digttion. On-line EC-MS allowed studying
product formation as a function of cell potentighich must be controlled in order to limit

unwanted side products, such as Tyr-Tyr dimers.

Our results show that the highest cleavage yieldsewobtained when working
under strongly acidic conditions (pH 1.9-3.1) ahdttno or little peptide backbone cleavage
was detected at basic pH (pH 12.2). Cleavage yeddhed up to 80% for GYG, a peptide
with minimal steric hindrance. Electrochemistry yides lower overall cleavage yields than
enzymatic and chemical methods due to competinegctemvage oxidation reactions, which
are difficult to avoid in view of the reaction mechism. In order to overcome this
limitation, we are currently investigating the pbdgy of separating the initial
electrochemical oxidation and the subsequent clammeactions. However, the clear
advantage of electrochemical cleavage lies in peed of analysis. Cleavage and oxidation
products are formed within seconds in the elecegotbal cell and can be directly detected
by coupling to an (LC-)MS system. The techniquduity instrumental and thus has the
potential for full automation, since oxidation acttavage are induced and controlled

entirely through electrical potentials.
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Abstract

Electrochemical oxidation of peptides and prot&ias be performed in high yields
with up to 100% conversion for small peptides. Etmxhemical cleavage of peptide bonds
specifically next to tyrosine (Tyr) and tryptophéfrp) in the peptide/protein backbone
reaches yields of 50% or more (up to 80% for certmnall peptides under optimized
conditions). Electrochemical oxidation reactionelgi complex mixtures due to the
generation of non-cleavage oxidation products ithtamh to cleaved peptides. In this work
we describe a chemical tagging procedure that tsuthe reactive spirolactone groups that
are generated at the newly formed C-terminus aftmtrochemical oxidation and cleavage
next to Tyr and Trp. We use hexylamine which spealiy reacts with the spirolactone
moieties and show that working at pH 10 with a tieactime of 0.5 min leads to the highest
conjugation yields in an aqueous environment. Wesaquently show that the excess of
hexylamine over spirolactone groups can be sigmifly decreased by working under non-
aqueous conditions in pure acetonitrile to prevapirolactone hydrolysis. The tagged
cleavage products can be monitored by precursoséanning on a triple quadrupole mass

spectrometer, which allows selective detectiorhefdleaved and tagged peptides.
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1. Introduction

Proteomics is a challenging field of research #mais at identifying and quantifying
proteins in complex biological matrices in orderrétate proteomic changes to biological
mechanisms. The widely accepted workflow in protesiis based on protein digestion in a
sample of interest and analysis of the resultingtides by reversed phase liquid
chromatography coupled to tandem mass spectrorfiRBYC-MS/MS). Proteins are finally
identified by comparing experimental MS/MS speatith in silico-generated spectra using

database search algorithms.

Enzymatic digestion is currently the method of ckofor cleaving proteins at
specific peptide bonds. Although trypsin is the tmaesmmonly used enzyme, the
proteomics toolbox contains several proteases wifferent amino acid specificities.
Chemical cleavage is also used in specific cagsseimes in combination with enzymatic
digestion, notably when enzymes do not have theimed| specificity but the scope of site-
specific chemical cleavage reagents with high yigldmited Alternative cleavage methods

are therefore of interest for specific applications

Electrochemistry may offer an interesting instrutaémlternative to chemical and
enzymatic cleavage. Electrochemical oxidation gitiges and proteins combined with MS
revealed specific cleavage of the peptide bonthetQ-terminal side of tyrosine (Tyr) and
tryptophan (Trp) residues [1,2]. However, electeital oxidation of peptides and
proteins yields a complex mixture of cleavage aon-cleavage oxidation products that can

be difficult to analyze.

A previous study explored experimental parameterget a better insight into the
limiting steps determining cleavage yield [3]. Thighest cleavage yields were obtained
under strongly acidic conditions and yields graualecreased with increasing pH.
Although up to 80% cleavage yield was observedd¥is, a small tripeptide with limited
steric hindrance, electrochemical cleavage vyielillslay behind enzymatic reactions when

it comes to large peptides and proteins due to etingp non-cleavage oxidation reactions.
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Previous work showed that most of the studied jprstéead only to partial sequence
coverage when using electrochemistry as a cleataieln addition, a significant amount

of oxidized, intact protein was observed [2].

An interesting aspect of electrochemically cleaymptides is that the newly
generated C-terminus is an acid stable spirolactooeety [3] that may be targeted by
chemical labeling. The reactivity of spirolactorfesss been studied for organic synthesis
purposes and ring opening reactions have been stmwaecur under specific conditions [4-
6]. Chemically synthesized Tyr-spirolactones wéoe,instance, shown to readily undergo
methanolysis at slightly basic pH, leading to arapening reaction at 0°C with formation
of the corresponding hydroxy-Tyr methyl ester, amdh cyclization reaction producing a
hydroindolenone at room temperature [4]. Aminolysisesters and lactones is a general
method for preparation of amides in synthetic oigamemistry. An example in peptide
chemistry is the aminolysis of homoserine lactomkich is generated upon cleavage C-
terminal to methionine residues by cyanogen bronfdsBr), and reacts with primary
amines at basic pH leading to the formation of & aeide bond [7-11]. Shét al. recently
developed a tagging method targeting homoserirteriaayenerated after CNBr cleavage of
peptides to study protein-protein interactions bgsslinking. Polyhistidine and biotin tags
were coupled via the formation of an amide bondiltieg from the reaction of the primary

amine with the lactone moiety [11].

We report here the use of a primary amine, hexylamto assess the specific
tagging of spirolactone moieties at the C-terminglectrochemically cleaved peptides. The
influence of pH, reaction time and tag concentratie@re investigated in order to optimize
the tagging yield. Precursor ion scanning targesedspecific fragments was used to
selectively detect hexylamine-tagged peptides withie mixture of the cleaved and non-

cleaved electrochemical reaction products.
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2. Material and M ethods

2.1 Chemicals
Tyr- and Trp-containing tripeptides (LYL and LWL)ene obtained from Research
Plus Inc. (Barnegat, NJ, USA). LFL was purchaseamfrBachem (Weil am Rhein,
Germany). Formic acid (HCOOH) and hexylamine 99%enabtained from Sigma Aldrich
(Steinheim, Germany). Water was purified by an Arillltrapure water system
(conductivity 18.2 M2.cm, Sartorius Stedim Biotech, Goéttingen, GermaimBLC supra
gradient acetonitrile (C¥CN), Dimethylformamide (DMF) and DimethylsulfoxidPMSO)

were purchased from Biosolve (Valkenswaard, Thénéiédnds).

2.2 Electrochemical oxidation of peptides
Stock solutions of LYL and LWL were prepared in BYL (viviv)
H,O/CH;CN/HCOOH at a concentration of 1 mM and dilutectfinal concentration of 10

UM prior to oxidation.

The tripeptide solutions were oxidized with a Cahlem 5021 conditioning cell
(ESA Inc., Bedford, MA, USA) with a porous graphitew-through working electrode and
a palladium reference electrode at a flow-rate @fuk/min (syringe pump, KD Scientific
Inc., Holliston, MA, USA). LYL was oxidized at 1000V and LWL at 700 mV vs. PdiH
with a home-made potentiostat controlled by a Mactgstem (ADInstruments, Castle Hill,
NSW, Australia) and EChem software (eDAQ, Denistdtest, NSW, Australia). The

reaction products were collected for further lafglieactions.

2.3 Reaction with hexylamine
The mixture of electrochemically oxidized peptidd® puM initial concentration)
containing the cleavage products (200 pL, pH 28ghes pH 4 upon addition of 800 pL of
H,O/CH;CN/HCOOH (89/10/1; v/viv) and 20 pL hexylamine 99%48.2 mM final
concentration) in a glass vial. Experiments at lpghvalues were performed as follows: to
200 pL of the 10 pM peptide solution (220 pL for gd) was added a mixture of A:
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hexylamine, B: BHO/CH;CN/HCOOH (89/10/1; v/viv) and C: 200mM sodium berauffer
pH 8.5. Volumes used for pH 8: 20 uL A, 500 pL BRI&00 pL C; for pH 9: 20 uL A, 300
pL B and 500 uL C; for pH 10: 20 puL A, 300 pL B,0s@L C plus 100 puL 1 M NaOH. All
reactions were performed at room temperature witlirg). The reactions were quenched
by the addition of 20 puL formic acid yielding addmixtures compatible with reversed

phase LC-MS analysis.

Experiments under non-aqueous conditions were ieeid by drying 500 pL of the
10 pM peptide solution under nitrogen (20 min). 80 of a mixture of DMSO, DMF or
acetonitrile and hexylamine (199:1) was added ¢oditied solution and allowed to react by
vortexing for 30 sec at room temperature. The reaavas quenched by the addition of 1

pL formic acid and 450 pL ultrapure water priotto-MS analysis.

All experiments were performed in triplicate andhlpereas obtained by LC-MS
analyses were normalized to the peak area of 100LRM that was added as internal
standard to the mixture prior to LC-MS analysiseTtormalized peak areas of the labeled
products were normalized a second time with respedhe initial cleavage yields of
LW+14 (for LWL) and LY-2 (for LYL), respectively, athese can vary by up to 50%

between experiments.

2.4 Liquid Chromatography - Mass Spectrometry (LC-MYS)

Liquid chromatography was performed on an Ultimphgs system (Dionex-LC
Packings, Amsterdam, The Netherlands) equipped aitiUltimate gradient pump and a
Famos well plate Microautosampler. A Vydac RB-€®lumn (150 mm x 2.1 mmi.d., 5 um
particles, 300 A pore size, Grace Vydac) was usedtromatographic separation at a flow
rate of 300 pL/min. Mobile phase A consisted ofaifture water with 0.1% formic acid.

Mobile phase B was acetonitrile with 0.1% formiadac
For analysis of reaction products, 50 pL injectiarese performed, and separation
was achieved with a gradient of 5-50% B at 1%/riitme column was directly coupled to an

API365 triple quadrupole mass spectrometer (MD®:§ciConcord, Ontario, Canada)
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upgraded to EP10+ (lonics, Bolton, Ontario, Canada) equipped with a TurbolonSpray

source for product detection in positive ion mode.

25MS/M S analysis and precursor ion scanning
Precursor ion scanning experiments were performyechénitoring them/z 281.3
product ion for Tyr-labeled peptides and th&320.2 product ion for Trp-labeled peptides.
Collision energy and collision gas (CAD) settingerev optimized for each compound. The
following MS acquisition settings were usediz range 320-500, step size 1 amu, dwell

time 10 ms.
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3. Results

3.1 Hexylaminelabeling of Tyr and Trp spirolactones

The tripeptides LWL 1) and LYL @) (Scheme 1) were chosen to assess the
feasibility of tagging the spirolactone moietiesetdctrochemically cleaved peptides. These
tripeptides have been previously used to studynbehanistic aspects of electrochemical
oxidation of Tyr- and Trp-containing peptides [3hey generate oxidation and cleavage
products in good yield and with well-characterizddictures, and therefore are suitable test
compounds to study the labeling reaction and piatleside reactions. The tripeptides were
oxidized with a porous graphite electrode at 700 (bWL) and 1000 mV (LYL), and the

oxidized samples were collected for subsequentqaibteactions.

Figure 1 compares the extracted ion chromatograirtfeoreaction products of
LWL (1) and LYL (@) directly after electrochemical oxidation (pan@lsand C) with the
chromatograms after reaction with a large excesheafylamine (150 mM, 15,000 fold
molar excess) at room temperature for 20 min at8pgbanels B and D). The cleavage
products bearing spirolactone moieties (LW+2% (n/z 332, and LY-2 4), m/z 293, for
LWL and LYL, respectively) are both converted te@npound with a mass increment of
101 Da (n/z 433 @) and m/z 394 @), respectively), in agreement with aminolysis by
hexylamine as shown in Scheme 1. No additional peakresponding to the addition of
hexylamine to the non-cleavage products were dalefdee Roeser et al. [3] for details
about non-cleavage products). The overall decreagatensity, especially in the case of
LYL, is probably due to ion suppression by the esce®f hexylamine which elutes

throughout the chromatogram.

The labeled cleavage products, LW-hexylamiBedand LY-hexylamine &), were
analyzed by MS/MS (Figure 2). The tagged compoundisch are dipeptides modified at
their C-terminus, were expected to yield y- andypet ions based on the predictable
fragmentation pattern of peptides. Collision-indlicBssociation of the parent compound

LW-hexylamine 8) (m/z 433) yielded a yfragment ion atm/z 320 which confirms the
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reaction of hexylamine with the Trp-spirolactoneendas the bion atm/z332 supports the
formation of an amide bond as described in Schem&hg other fragments are also

consistent with the expected structure of the Edebmpound as shown in Figure 2A.

A LWL LW+14 LW-hexylamine
H
N N N
Y o] 0o
.9 H EC cleavage 700mV 0 O HN_~_~_- o] OH
H3N N COOH + + H
N ———————> HN N o —— H:N N No~o~—
e} Acidic pH H Basic pH H o)
1 2 3

LY-2 LY-hexylamine

EC cleavage 1000mV o HoN A~~~

B LYL
OH
HaN. i /[ N__cooH >N g ————
3 - H3N
N Acidic pH 3 N ;
Wj)‘\H S \(( N O Basic pH
4 5

Scheme 1: Reaction of electrochemically generated spiraliaes LW+14 (A) and LY-2
(B) with hexylamine under basic conditions.

The formation of LY-hexylamine6] (m/z 394) is likewise confirmed by the
presence of an intense pn atm/z281 in the MS/MS spectrum (Figure 2B) and by the
other assigned fragments. Both the LY- and the lakytamine products elute at much
longer retention times than their unreacted forfigure 1) due to the presence of the
aliphatic hexyl group. Interestingly, both hexylamilabeled cleavage product$z433 and
m/z 394 elute as two distinct LC peaks (Figures 1B &byl The MS/MS spectra of both
isoforms showed identical fragmentation patternghvanly minor differences in peak
intensities, and therefore did not give any furtinéormation on the nature of the difference
between the two products: the MS/MS spectra in rieéigl2A and 2B represent the early

eluting peaks, while Figures 2C and 2D show thetspaf the later eluting isoforms. The
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similarity in MS/MS spectra suggests that the isanage structural conformers formed by

the attack of hexylamine on either side of thedpatone ring.
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12 LWL
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8 M+32
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Figure 1: Combined extracted ion chromatograms of LWL aid lteaction products
after oxidation (panels A and B) and after reactidth a 15,000-fold molar excess of
hexylamine for 20 min at room temperature in bokatéfer pH 8 leading to the formation
of the LW-hexylamine (panel C) and LY-hexylamipaiel D)

108



Chemical Labeling of Electrochemically Cleaved Peptides

3.2 Influence of pH and reaction time

The effect of pH and reaction time on product yiels investigated in order to find
the optimal conditions for the labeling of spirdl@we residues under aqueous conditions.
The moderate reactivity of the electrophilic spaaibne towards primary amines is
advantageous as it reduces the possibility to regitt primary amino groups that are
present at the N-terminus of peptides or as patiefysine side chain. The main competing

reaction is hydrolysis of the spirolactone yieldthg corresponding carboxylic acid [11].

Figures 3A and 3B compare the relative yields belad LW-hexylamine3) and
LY-hexylamine 6), respectively, at various pH values and reactiimes. All experiments
were performed with a 15,000-fold molar excess ekylamine over spirolactone, to
maximize the labeling yield. The pH region betw@&eand 10 was studied and the amount
of labeled products was compared to that obtainguHa4 which corresponds to the pH
value measured when only hexylamine was addedeaehction mixture (i.e. no buffer).
Accurate reaction yields could not be determinetkesithe unlabeled or hydrolyzed
spirolactone products were not detected in the LE-®halysis. Our conclusions are

therefore based on the absolute intensities ofetbigective labeled compounds.

The reaction yields of hexylamine with the cleavageduct LW+14 2) increased
with increasing pH and reached the highest yielgHatlO (Figure 3A). Reaction time had
only a minor influence and the maximal yield wasm@dt reached after 0.5 min. Reaction
times of 20 — 60 min resulted in the highest yieMhile there was a slight but non-
significant decrease after 120 min. The reactiowtics of the LY-2 spirolactonel) were
quite different because the reaction product wdsstable at pH 9 or 10 resulting in very
low yields for reaction times of 20 min and long&igure 3B). The highest yield was
obtained after 0.5 min reaction time at pH 10. [dgtion of the Tyr-spirolactone or the
labeled product by hydrolysis is likely to occurden these conditions but no new products

were observed during the analyses.
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Figure 22 MS/MS spectra of hexylamine labeled spirolactonkE®lectrochemically
cleaved LYL and LWL (see Figure 1). Product ioncipee of early-eluting (A) and late-
eluting (C) LW-hexylamine (m/z 433); early-elutin@B) and late-eluting (D) LY-

hexylamine (m/z 394).
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Figure 3: Effect of pH and reaction time on the formation2fLW-hexylamine (n/z
433) after conjugation of the LW+14 spirolactonedeoning cleavage product with
hexylamine under aqueous conditions, and B) LY-ke@xrine (n/z394) after conjugation of
the LY-2 spirolactone-containing cleavage produdthwhexylamine under aqueous
conditions. 150 mM hexylamine (15,000-fold excesss added to a solution of 10 uM
LWL (A) or LYL (B), oxidized respectively at 700 m\and 1000 mV (vs. Pd#i in
H,O/CH;CN/HCOOH (89/10/1). The pH of the solution was &atid to 8, 9, or 10 by
addition of borate buffer, and the reaction timeswaried between 0.5 and 120 min at room
temperature. The pH 4 sample was obtained aftetiaadf hexylamine to the reaction
mixture without pH adjustment. All experiments weexformed in triplicate.
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These results indicate that short reaction timegd®imin and pH 10 are optimal for
labeling electrochemically generated Tyr and Tgaehge products with hexylamine. These
reaction times are very short compared to thosdatktor tagging of homoserine lactone in
solution which required 6 h at 45-55°C [11]. Owulés correspond better with the 6 to 10
min reaction time at 20°C required for successiiud) opening reactions of homoserine

lactones for semisynthesis of proteins and polygeptas reported by Offord [8].

3.3 Method optimization under non-aqueous medium

The large amount of hexylamine required for effitieagging of the spirolactone
moieties under aqueous conditions (15,000-fold melecess) limits the development of
tagging reactions with more costly reagents. Thellag reaction was therefore tested with
LWL under non-aqueous conditions in order to prévsrolysis and to reduce the excess

of tagging reagent.

Several organic solvents (DMF, DMSO, ¢HN) were tested and the best results
were obtained when working in acetonitrile. Figude shows the extracted ion
chromatograms of the reaction products obtainedr aftaction of a dried solution of
electrochemically oxidized LWL with a 400-fold molkexcess of hexylamine in acetonitrile.
The cleavage product LW+14 was converted to theHHakiflamine labeling product(z
433) with a yield of approximately 80% relative ttoe remaining LW+14 spirolactone
starting material. The fact that LW+14 remaineeiathe reaction indicates that no or very
little hydrolysis occurred in acetonitrile. The &éd lactone elutes as two chromatographic
peaks, as observed under aqueous reaction corglitibmich shows that the formation of the
two isomers is independent of the solvent usedHterreaction. The required amount of
reagent can thus be decreased considerably undeaquzous conditions, and the use of

costly reagents such as biotin derivatives foritaggghould become less prohibitive.
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3.4 Precursor ion scanning of conjugated cleavage products

In CID MS/MS experiments both hexylamine-conjugatammpounds generate a
specific y ion containing the C-terminal Tyr or Trp residuengigated to the aliphatic
hexylamine moiety (Figure 2). Labeled peptides tars be specifically monitored in the
precursor ion scanning mode. Figure 5 shows thentitograms obtained by precursor ion
scanning of the product ions iz 281.2 for LYL andm/z 320.2 for LWL after labeling
with hexylamine under non-aqueous conditions. lthlmases only the conjugated cleavage
products LW-hexylamine (Figure 5A) and LY-hexylami(Figure 5B) were observed as
two peaks. Detection in the precursor ion scanmnge yields clean chromatograms which
have the benefit of providing rapid and selectim®rimation on the successfully cleaved
and labeled peptides. Making use of these fragmarish can be considered as reporter

ions, will simplify analysis of more complex bioliegl mixtures.
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Figure 4: Combined extracted ion chromatograms of the LWaction products after
reaction with a 400-fold molar excess of hexylamimeés0 pL acetonitrile for 20 min at
room temperature. Electrochemical oxidation wadopered at a peptide concentration of
10 pM in HO/CH;CN/HCOOH (89/10/1), a constant potential of 700 and a flow-rate
of 50 uL/min. The solvent was evaporated prioh®tagging reaction.
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4. Discussion

We show here proof-of-principle that the spirolaetanoieties of the C-terminal
residues formed by the electrochemically-inducedlaton and cleavage of the peptide
bond next to Tyr and Trp undergo a lactone ringnanee reaction in the presence of an
excess of a primary amine under basic conditiortss Tonstitutes the first chemical
labeling approach of electrochemically cleaved iplegtby taking advantage of the common
C-terminal spirolactone. Addition of hexylaminett® reaction mixture after oxidation of
the tripeptides LYL and LWL yielded the expecteagropening amidation reaction leading
in both cases to the formation of labeled peptigesonfirmed by LC-MS/MS analysis.
Both labeled cleavage products undergo a strongn@iographic shift to longer retention
times caused by the addition of the aliphatic heohdin (Figure 1). The strong retention
time shift may, for example, be utilized in the GR¥DIC workflow developed by Gevaert,
Vandekerckhove and coworkers [12,13], where fraetiodiagonal chromatography is
performed prior to, and after, chemical labelingntining our electrochemical cleavage-
tagging reaction with diagonal chromatography magcilitate the detection of

electrochemically cleaved peptides in more compharples.

Another characteristic feature arising from thibding method is that both
hexylamine labeled compounds yield a charactenstion after CID MS/MS that contains
the C-terminal Tyr or Trp residue covalently bondedhe aliphatic hexylamine moiety.
This opens the possibility to use these fragmesit®porter ions for precursor ion scanning
LC-MS/MS to detect the labeled products in compksction mixtures. Although we used
a simple labeling reagent to study the feasibdityhis (electro)chemical labeling workflow,
it is conceivable to use labeling reagents thataiorelements inducing mass defects (e.g.
halogens) which would allow the unambiguous detectf tagged peptides with mass
spectrometers having high-resolution and high-amurfragment ion selection (e.g.
guadrupole TOF) [14]. Such an approach would furttikhance the specificity of the
precursor ion scanning approach when working witmglex biological matrices. Labeling

reagents with functional groups such as biotin rbayintroduced to enrich the labeled
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peptides from complex mixtures before LC-MS analyas has been shown for homoserine

lactone-containing peptides [11].
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Figure 5: Precursor ion chromatogram after electrochemicédation and chemical
labeling with a 400-fold molar excess of hexylamimeler non-aqueous conditions in 50 pL
acetonitrile of A) 10 uM LWL 1//z320.2) and B) 10 uM LYLr(/z281.2). Electrochemical
oxidation was performed at a peptide concentratibriO0 uM in HO/CH;CN/HCOOH
(89/10/1), a constant potential of 700 mV for LWhdal000mV for LYL, and a flow-rate of
50 pL/min. The solvent was evaporated prior totégging reaction.

5. Conclusion

The successful chemical labeling of products olethiby electrochemical cleavage

of Tyr- and Trp-containing tripeptides shows thasibility of using this approach to tag the

spirolactone moieties with a primary amine. It opehe possibility of developing new

strategies that specifically target cleaved pepti@@ong a potentially complex mixture of
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oxidation products, which is currently a major digantage of electrochemical protein

digestion.

Other primary amine reagents containing specifitoigic patterns for quantitation
purposes, and/or the incorporation of tags fornaffi enrichment are future options to
increase the applicability of the current method fine extraction/enrichment of
electrochemically cleaved peptides and proteinpaa of a proteomic workflow. Finally,
cleavage C-terminal to Tyr and Trp introduces ecjp@y that is currently not accessible

through enzymatic methods.
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Abstract

Electrochemical oxidation of peptides and protamdraditionally performed on
carbon-based electrodes. Adsorption caused by ftmétyaof hydrophobic and aromatic
amino acids toward these surfaces leads to electfodling. We compared the
performance of boron-doped diamond (BDD) and glasmypon (GC) electrodes for the
electrochemical oxidation and cleavage of peptidesoptimal working potential of 2000
mV was chosen to ensure oxidation of peptides ob B electron transfer processes only.
Oxidation by electrogenerated OH radicals took @labove 2500 mV on BDD, which is
undesirable if cleavage of a peptide is to be aehie BDD showed improved cleavage
yield and reduced adsorption for a set of smaltidep, some of which had been previously
shown to undergo electrochemical cleavage C-tedmindyrosine (Tyr) and tryptophan
(Trp) on porous carbon electrodes. Repeated ogidatiith BDD electrodes resulted in
progressively lower conversion yields due to a geaim surface termination. Cathodic pre-
treatment of BDD at a negative potential in an i@oghvironment successfully regenerated
the electrode surface and allowed for repeataldetioins over extended periods of time.
BDD electrodes are a promising alternative to G&ttebdes in terms of reduced adsorption
and fouling and the possibility to regenerate tliemconsistent high-yield electrochemical
cleavage of peptides. The fact that OH-radicals lmarproduced by anodic oxidation of
water at elevated positive potentials is an addii@dvantage as they allow another set of
oxidative reactions in analogy to the Fenton reactithus widening the scope of

electrochemistry in protein and peptide chemishg analytics.

120



BDD Electrodes for the Electrochemical Oxidation & Cleavage of Peptides

1. Introduction

Carbon-based electrodes are widely used in eldwmistry and are often preferred
to noble metal electrodes for oxidation of orgasnd biological molecules [1]. The main
benefits of such materials are their electrocatabttivity for a variety of redox reactions,
their wide potential window, low cost and the pb#iy of preparing porous materials with
large surface areas (porous graphite carbon). Geaphd glassy carbon electrodes are,
however, also known to suffer from surface foulangd from oxide formation by reaction
with oxygen and water. These surface reactionsheae a significant effect on adsorption,

electron-transfer kinetics and electrocatalysis [2]

The introduction of diamond-based materials asteldes in the late 1980s by
Pleskov et al. [3] was a major advance in electrochemistry. Natuliamond is an
electrically insulating material that cannot bedises an electrode but the introduction of
impurities within thesp™-hybridized tetrahedral lattice of diamond makesdnductive.
Boron is by far the most widely used dopant anddgi@-type semiconductors or materials
with metal-like electronic properties depending the doping levels [4]. Boron-doped
diamond (BDD) thin-films are mostly prepared by wieal vapor deposition (CVD) on
silicon or metallic substrates under a hydrogenoaphere yielding H-terminated surfaces.
Preparation techniques, characterization, surfacadifioations, and electrochemical

properties of BDD electrodes have been reviewesindisre [1,2,4-8].

BDD electrodes have become attractive materialelectrochemical applications
in place of glassy carbon or graphite due to thailer potential window, low background
currents, higher chemical inertness, high thermahdactivity, and high mechanical
stability. The high overpotential for both oxygemahydrogen evolution are responsible for
the wide potential window (the widest so far meadun aqueous electrolytes) and allows
conversion of molecules with high oxidation andugttn potentials. Chemical inertness
and low background currents stem from thepgChybridization of diamond which has a low
capacitance and prevents surface oxide formatibrJwing to these properties, BDD is a

material well-known for its low adsorption, resista to (bio)fouling, excellent response
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stability, and high current signal-to-noise ratibigh made it popular for a wide range of

electroanalytical applications for both inorganmcarganic compounds [4,8].

Electrochemical properties and performance of BIdateodes depend on several
factors such as doping levels, non-diamond immsit{Csg carbon) and surface
termination (hydrogen or oxygen). The latter haseat influence on charge transfer rates at
the electrode surface which decrease upon the araeplacement of superficial hydrogen
by oxygen-terminated sites during repeated anodidation or prolonged exposure to
ambient air [9,10]. BDD electrode pre-treatment et at high anodic or cathodic
potentials in an acidic environment were shownlltmatuning of surface termination states
in order to study reaction kinetics [10]. Cathodite-treatment may improve the
voltammetric response of analytes [11] or can lexlusr the regeneration of an electrode
surface that was passivated due to analyte adsorpti an O-terminated surface, as has

been shown in the context of the electrochemicalation of proteins [12].

Anodic hydroxyl radical production by oxidation oflater can occur very
effectively on BDD electrodes due to the high ow¢eptial for oxygen evolution. Hydroxyl
radical generation at BDD electrodes is very sjebif this material and is widely used for
water treatment and destruction of organic or inoig pollutants, which is by far the most
investigated application area for BDD electrodesntation of hydroxyl radicals and even
methoxy radicals has also been applied to oth&tsfisuch as protein footprinting [13] and

organic synthesis [14-16].

Electrochemical oxidation of peptides and protéias been shown to yield specific
cleavage of the peptide bonds C-terminal to Tyr &ngl residues and holds promise to
become an instrumental alternative to chemical emziymatic protein cleavage [17-19].
Electrochemical cleavage has so far mainly beemiechrout on purely carbon-based
materials. Adsorption and fouling of carbon eled&® are aggravating issues when working
with large (bio)molecules and impair repeatabilgd reproducibility, or even prevent
oxidation to occur at all [18]. Moreover, Tyr dimérmation by crosslinking reactions
[20,21] occurs on carbon-based materials [22] dustrong affinity and adsorption of the

phenolic ring to the electrode surface [23]. Suchwdacks contribute to the limited
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cleavage vyields. BDD is thus a promising electrodgerial for electrochemical oxidation
of peptides and proteins, owing to its limited agdion. Studies involving a single amino
acid or amino acid mixtures have shown improvedfgperance for electrochemical
detection in terms of lower adsorption and improeéettrode stability, although in some
cases fouling and electrode passivation have beesereed when working with
concentrated solutions in the millimolar range B}- BDD electrodes have also been
investigated for the electrochemical detection eptjgles and proteins (both metallo- and
non-metal-containing proteins) [12,31-38] and fardges on resistance to protein fouling
[39-42].

We report here the first comparison and evaluatibthe performance of BDD
versus GC electrodes for the electrochemical oxidadnd cleavage of peptides. Products
were monitored by LC-MS which provided detailed ormhation about the reactions
occurring at the electrode surfaces. The potenéigions of the two different oxidation
mechanisms occurring on BDD electrodes, i.e. dirgletctron transfer processes and
hydroxyl radical formation, were investigated adlweie methods to regenerate the electrode

surface after performance loss upon prolonged tigid@&xperiments.
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2. Materials and M ethods

2.1 Chemicals

The tripeptides LYL and LFL were obtained from Res@ Plus Inc. (Barnegat, NJ,
USA). Angiotensin | (DRVYIHPFHL), Adrenocorticotrap hormone (ACTH) 1-10
(SYSMEHFRWG) and formic acid (HCOOH) were purchasiedm Sigma-Aldrich
(Steinheim, Germany). Water was purified by an Arillltrapure water system
(conductivity 18.2 M2.cm, Sartorius Stedim Biotech, Goéttingen, GermaimBLC supra

gradient acetonitrile was purchased from Merck (@sadt, Germany).
2.2 Electrochemical oxidation of peptides

Stock solutions of LYL, LFL, Angiotensin | and ACTH-10 were prepared at a
concentration of 1 mM in 89/10/1 (v/v/v) ultra-puveater/acetonitrile/formic acid and

diluted to a final concentration of 5 uM prior twidation.

The tripeptide solutions were oxidized with a Flekcthin-layer cell (Antec
Leyden, Leiden, The Netherlands) with Magic DiamdBidDD) and glassy carbon (GC)
working electrodes (8 mm diameter, surface are&008 mni), and a palladium (Pd4
reference electrode (Hy-REF). Prior to use, BD2teteles were washed with methanol and
ultra-pure water. Cathodic pre-treatment of BDDceledes was performed at a constant
potential of -3000 mV for 1 h in the presence d§ ®! sulfuric acid when significant
performance decrease of the electrode was deteGt€delectrodes were polished using

diamond spray (1 um particles) and subsequentbedmwith ultra-pure water.

The potentials were controlled with a home-madeemtidstat controlled by a
MacLab system (ADInstruments, Castle Hill, NSW, taba) and EChem software
(eDAQ, Denistone East, NSW, Australia).

124



BDD Electrodes for the Electrochemical Oxidation & Cleavage of Peptides

2.3 Liquid Chromatography - Mass Spectrometry (LC-MS)

Liquid chromatography was performed on an Ultimphgs system (Dionex-LC
Packings, Amsterdam, The Netherlands) equipped athUltimate gradient pump and
Famos well plate Microautosampler. A Vydac RB-€lumn (150 mm x 1 mm i.d., 5 pm
particles, 300 A pore size, Grace Vydac) was usedtromatographic separation at a flow
rate of 50 puL/min. Mobile phase A consisted ofa#pure water with 0.1% formic acid.

Mobile phase B was acetonitrile with 0.1% formiadac

For analysis of the peptide-derived reaction préglu&0 pL injections were
performed, and separation was achieved with a gnadif B (5-50% at 1 %/min). The
column was directly coupled to an API365 triple dyugole mass spectrometer (AB-Sciex,
Concord, Ontario, Canada) upgraded to EP10+ (lpridzdton, Ontario, Canada) and

equipped with a TurbolonSpray source for produtectéon in the positive ion mode.
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3. Results and Discussions

3.1 Direct oxidation vs. electr ochemical hydroxyl radical formation

The high overpotential for both oxygen and hydrogeolution on BDD electrodes
allows efficient anodic oxidation of water to hysyb radicals. Generation of hydroxyl
radicals on BDD electrodes takes place at elevaistgntials which can vary in our
experience from one electrode to another dependimgthe physical, chemical and
electronic properties of the material. The tripgptiLFL (1) (Scheme 1) was used to
determine the potential limit at which hydroxyl ieals are generated in our system, since
the aromatic ring of phenylalanine (Phe) cannoteugd direct oxidation by electron

transfer reactions, but is a target for hydroxglatby reactive oxygen species [5].

LFL LFL+16
- 1 ¥ ‘OH o H
HaN N N._COOH »  HaN N N._COOH COOH
H § \[%/ E >2500 mV H 5 \%/
A
1 2 &
2
Oz OH
L
LYL
Non cleavage EC o N EC cleavage
Oxidation Products < HaN. N._COOH
H N
LYL-2, LYL+14, E <2500 mV N T E <2500 mV 3 COOH
LYL+16, Dimerization 4

Scheme 1: Hydroxyl-radical-induced oxidation of the tripemidLFL on BDD
electrodes. Para-hydroxylation of LFL yields theeptide LYL which can undergo further
direct electron transfer reactions including clegvaf the peptide bond C-terminal to Tyr.

Figures 1A and 1B compare the base peak chromamsgohtained after oxidation
of LFL (1) at a BDD electrode at 2000 mV and 2500 mV vsHRdThe formation of
hydroxyl radicals by oxidation of water occurred?&800 mV as indicated by the presence of
LFL oxidation products eluting prior to the unoxadd tripeptide in LC-MS (Figure 1B).
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Figure 1. LC-MS chromatograms of reaction products obtairfeztr axidation of 5 uM
LFL in H,O/CH,CN/HCOOH (89/10/1) at a flow-rate of 5 pL/min onB®D electrode.
Base-peak chromatograms (BPC) obtained after dgidatt (A) 2000 mV and (B) 2500
mV. (C) Extracted ion chromatograms (XICs) of thedation products obtained at 2500
mV.

The combined extracted ion chromatograms in Fig@ellustrate in more detail
the range of products obtained for LFL) @t 2500 mV. The presence of products with a
mass increase of 16 Dank 408) compared to LFLn{z 392) indicate the formation of
hydroxylated LFL that occurs via hydroxyl radicdtagk. Despite their broad range of
reactivity, hydroxyl radicals preferably target d@aiion-sensitive amino acid side chains
(i.e. Cys, Met, Trp, Tyr, Phe and His) within pelet and proteins [5,43]. The presence of 3

peaks with a mass increment of 16 Da suggest®oidation in the ortho-, meta- and para-
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positions of the aromatic ring occurred, yieldingdioxylated LFL 2), (3) and @),
respectively (Scheme 1). The high peak intensitfds-L+32 Da products, also eluting as 3
chromatographic peaks, show that a second hydribowylastep is favored under these
conditions. This secondary oxidation step can og@utwo different mechanisms: a second
hydroxyl radical attack or direct electrochemicaldation of hydroxylated LFL. Indeed,
hydroxylation of Phe in the para-position leadsh® formation of Tyr and in this case the
formation of the tripeptide LYL4), which can react further by direct electron tfans
reactions. As described in previous work [19] andven in Scheme 1, LYL4) can undergo
dehydrogenation, hydroxylation or a combinatiothaise reactions yielding products with a
mass decrease of 2 Da or a mass increase of 16d&4aDa, respectively. These products
are all observed in Figure 1C and are labeled LBL+FL+32 and LFL+30, respectively.
Finally, cleavage of the peptide bond next to Tyr direct electrochemical oxidation
followed by a secondary hydrolysis step [19] yiefglthe dipeptide LY-25) occurs as well
as shown by the presence of the early elutire?93 product (Figure 1C).

Oxidation products of LFL were absent at 2000 migFe 1A). Therefore, anodic
oxidation of water leading to the formation of hgxlyl radicals did not occur at 2000 mV
making this potential suitable when only directcalechemical oxidation reactions are

desired, such as the electrochemical peptide agaZaterminal to Tyr or Trp.
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3.2 Cathodic pre-treatment of BDD electrodes

The surface termination of BDD affects the eledienical behavior of the

electrode. Charge transfer is enhanced when wonkitiyg hydrogen-terminated surfaces.

Oxygen-terminated sites are formed during oxidasibpositive potential in the presence of

oxygen. Reversion to an H-terminated surface isiptesby cathodic pre-treatment at high

negative potentials in an acidic environment [10].
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Figure 2: Influence of cathodic pre-treatment on the perfaroeaof a BDD electrode
for the oxidation of 5 UM LYL in BHO/CH;CN/HCOOH (89/10/1) at a flow-rate of 5
pL/min at 2000 mV. Base peak chromatograms of éaetron products (A) prior to and (B)
after cathodic pre-treatment at a constant poteotisB000 mV for 1 h in the presence of

0.5 M sulfuric acid.
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Deterioration of BDD-electrode performance was oles@ after repeated peptide
oxidation over a period of several days by a pregje decrease of oxidation yields to 20-
30%. Figure 2 illustrates the conversion of theeptide LYL prior to and after 1 h of
cathodic pre-treatment. Electrode pre-treatment pagormed by applying a constant
potential of -3000 mV in the presence of 0.5 M @idf acid and resulted in oxidation yields
of 60-70%, which are comparable to the values oeseoriginally. This is attributed to the
replacement of O-terminated by H-terminated si@zhodic pre-treatment has to be carried
out regularly in order to ensure reliable and rdpaoible results. No significant drop in
performance was observed during one day of pemaeersions indicating that daily

regeneration the electrode is sufficient for repicble results.
3.3. Peptide cleavage on a thin-layer GC electrode

For comparison with the BDD electrode, electroctuainoxidation was performed
with a GC electrode of identical size (8 mm diamet&he tripeptide LYL was used to
determine the optimal potential for maximum coni@rsAll experiments were performed
at 5 uM peptide concentration with flow rates ie thw pL/min range. Oxidation of LYL
started at 1000 mV vs. Pd/Hut with a low oxidation yield. Maximal conversiaf 30-
40% was reached at a potential of 1500 mV (Figuk¢ Jhe range of oxidation and
cleavage products detected on the GC electroddhimdayer cell is detailed in Figure 3B
and is in accordance with the range of productaioet in previous work performed with
porous graphite electrodes (ESA 5021 cell) [19]weer, the amount of products was
much higher in the coulometric ESA cell due to tinech larger surface area of the porous
graphite electrode (more than 50 times the ardheoflat GC electrode). Dimers formed by
Tyr cross-linking reactions, are the most abundaidation products of the tripeptide LYL
on GC suggesting strong adsorption of the peptaléahe working electrode surface.
Dimerization of, and cross-linking within Tyr-coimiang peptides and proteins [44,45]
readily occurs at the surface of carbon electratiesto strong adsorption of the phenolic
ring [23]. This constitutes a major drawback of @l&ctrodes, since dimers are formed at

the expense of other oxidation products, notal#gwvage products.
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Figure 3: LC-MS chromatograms of reaction products obtainielr alectrochemical
oxidation of 5 uM LYL in HO/CH;CN/HCOOH (89/10/1) at a flow-rate of 5uL/min. (A)
Base peak chromatogram and (B) combined extractedchromatograms (XICs) of the
main oxidation and cleavage products obtained @Caelectrode at 1500 mV. Base peak
chromatogram obtained on a BDD electrode at (CP20¥ and (D) 3500 mV. Note that
there is no cleavage at 3500 mV.
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3.4 Peptide cleavage on athin-layer BDD electrode

Since formation of hydroxyl radicals on the BDD attede was observed at a
potential of 2500 mV, we choose a potential of 2600 as the upper limit for evaluating
BDD for the electrochemical oxidation and cleavafjpeptides by direct electron transfer.
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Figure 4: LC-MS chromatograms of reaction products obtairfezr axidation of SuM
Angiotensin | (DRVYIHPFHL) in HO/CH;CN/HCOOH (89/10/1) at a flow-rate of 5
pL/min at (A) 2000 mV on BDD and (C) 1500 mV on @{&ctrodes. Panel B shows the
extracted ion chromatograms (XICs) of the main ati@h and cleavage products obtained
on the BDD electrode at 2000 mV.

Oxidation of LYL on BDD was initiated at 1300 mV tia conversion of around
5% and no detectable cleavage products. Both eaidand cleavage yields increased with
higher potentials and maximum conversion of 50% @atsained at 2000 mV. The cleavage

and non-cleavage oxidation products are present&igure 3C and correspond closely to
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those obtained on a porous graphite electrode asgiously described [17,19]. Since
complete conversion can be reached with peptideesdrations of up to 50 uM on the
porous graphite electrode, BDD electrodes withdargurface areas are needed to reach

similar conversion levels.

Two main differences were observed between BDDthagure carbon electrodes.
First, there is no dimer formation on BDD whilegls a significant reaction pathway when
working with carbon electrodes as reported aboveh® oxidation of LYL with a GC disk
electrode and in previous work with porous grapkitctrode in a coulometric cell [19].
Dimer formation likely occurs on the electrode aad due to the high local concentration of
adsorbed LYL. The observation that LYL does notelize even at high positive potentials
indicates that adsorption to BDD electrodes is mlogler. We therefore use the extent of
Tyr-mediated dimer formation as an indirect measidrpeptide adsorption. Second, when
potentials greater than 2000 mV were applied, gnessive decrease of the cleavage yield
with a concomitant increase of the M+16 hydroxydapeoducts was observed (see Figure
3D for the reaction products observed at 3500 rii¥f)s observation confirms the oxidation
pathway by reaction with hydroxyl radicals at vepgsitive potentials on the BDD

electrode, and shows that this goes at the exp#rdeavage product formation.
3.5 Electrochemical oxidation of larger peptides

Two decapeptides, Angiotensin | and Adrenocortauitt hormone (ACTH) 1-10,
were analyzed to compare BDD and GC electrodes laither peptides in view of the

adsorption issues encountered previously on pamhite electrodes [17,18].

Angiotensin | (DRVYIHPFHL) contains a single Tyrsidue that is amenable to
direct electrochemical oxidation. Earlier experitsewith porous graphite electrodes [17]
showed that it is possible to cleave this peptidr@inal to the Tyr residue but ith poor
reproducibility, presumably due to adsorption o€ tpheptide at the electrode surface.
Angiotensin | was successfully oxidized at the BBIBctrode in the thin layer cell with a
conversion yield of 20-30% (Figure 4A), which wasver than for LYL. Lower conversion

yields for larger peptides may be explained byrtl@ver diffusion rates. While oxidation
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yielded mainly non-cleavage products, listed a2AR1+14, A1+16 in Figure 4A and 4B,
the cleavage products DRVY-2 and IHPFHL were cleddtectable (Figure 4B). When the

performance of the BDD and the GC electrodes inthirglayer cell was compared with

respect to the conversion of Angiotensin | (Figdg@), a significantly lower yield was

observed with the GC electrode. This lower efficermay again be explained by

adsorption on the surface of the GC electrode tepdo a low recovery of oxidation

products. Dimer formation was however not detectexbsibly due to the low oxidation

yields or to adsorption of the dimer on the eladtrsurface.
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Figure5: LC-MS chromatograms of reaction products obtairfezr axidation of SuM
ACTH 1-10 (SYSMEHFRWG) in BD/CH;CN/HCOOH (89/10/1) at a flow-rate of 5
pL/min at (A) 2000 mV on BDD and (C) 1500 mV on &{&ctrodes. (B) Extracted ion
chromatograms (XICs) of the cleavage products nbthion the BDD electrode at 2000

mV.
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The second peptide we evaluated was ACTH 1-10 (SHISMRWG). This peptide
has been tested earlier with porous graphite e@etcontaining coulometric cells but no
products were detected, presumably due to verygtemlsorption on the porous graphite
electrode [18]. It was thus of interest to deteemvhether lower adsorption on the BDD
electrode would allow identification of oxidatiom cleavage products. Another interesting
feature of this peptide is that it contains 3 resg] i.e. Tyr, Met and Trp, that can be readily
oxidized electrochemically by direct electron tf@ngeactions. This peptide is therefore
useful to determine which oxidation pathways odqoteferentially, and whether cleavage

will occur next to both Tyr and Trp under the sasnaditions.

Oxidation of ACTH 1-10 at 2000 mV at the BDD worgielectrode showed non-
cleavage oxidation products (Figure 5A) containthg expected ACTH-2, ACTH+14,
ACTH+16, ACTH+32, ACTH+48 in analogy to those ab& with LYL and LWL [19].

In addition, two out of the three possible cleavpgeducts were detected as shown in
Figure 5B, namely the C-terminal peptide formedclsavage next to Tyr (SMEHFRWG)
and the N-terminal peptide formed by cleavage nexfirp (SYSMEHFRW+14). The
corresponding small cleavage products (SY-2 andv&e not detected probably due to
poor retention on the reversed-phase column dwi®gMS analysis. The higher intensity
of the Trp cleavage product suggests that thistimads favored under these conditions.
Interestingly, the Trp cleavage product elutedvim tpeaks suggesting the formation of
isomers (Figure 5B). This has not been reportedun earlier study of Trp-containing
tripeptides (performed on porous carbon electroffe) This might indicate the formation
of conformational isomers that can be detectedtduthe higher oxidation and cleavage
yields obtained on BDD. Conformational isomers hailso been observed after chemical
labeling of Trp-containing peptides after electraciical cleavage [46]. Modification of
oxidizable amino acids present in the cleavageymizdof ACTH 1-10 did not always take
place. S-oxidation of Met within the N-terminal pele SMEHFRW+14 was not detected.
Oxidation within the C-terminal peptide obtainedteaf cleavage next to Tyr
(SMEHFRWG+16) was observed on the other hand, iledyy due to hydroxylation of

Trp. The thin-layer cell containing a GC electradedentical dimensions resulted in lower
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conversion and cleavage yields possibly due toigemdsorption as indicated by dark

deposits on the GC electrode (Figure 5C).

4. Conclusion

Boron-doped diamond (BDD) was investigated as eddet material in comparison
to the more commonly used glassy carbon (GC) eldesr with respect to the
electrochemical oxidation and cleavage of peptitdesver adsorption of peptides on BDD
was indicated by the absence of Tyr dimer formativrthe electrode surface, even at
elevated potentials as opposed to high amountgrodifmers on GC. The maximal potential
on BDD was limited to 2000 mV vs. Pd/ltb prevent hydroxyl radical formation occurring
at 2500 mV vs. Pd/H Cathodic pre-treatment of the BDD electrode wasws to be
effective in regenerating the electrode surfacertsure maximal conversion rates and to
obtain reliable and reproducible results even aftepeated use of the electrode.
Investigation of the larger decapeptides Angioterisand ACTH 1-10 demonstrated the
benefit of BDD in comparison to GC in achievingaslage of the peptide bond C-terminal
to Tyr and Trp.
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Summary

Electrochemistry combined with mass spectrometr@-fES) is a fairly recent
technique which has the potential of modifying acdaracterizing molecules in an
integrated analytical fashion. Electrochemistrywal fast product formation under mild,
reagent-free conditions and can be tuned in teifmeectrode material, cell design, applied
potential and solvent conditions to serve a widageaof applications. Mass spectrometry
provides sensitive detection and detailed strutinfarmation and can be directly coupled
to an electrochemical cell for time-resolved anialysf potentially reactive and unstable
compounds. The combination of both techniques hiésessed growing interest for a
variety of applications in different research areltse present thesis focuses on the use of
EC-MS to study the electrochemical oxidation aneaehge of peptides and proteins. EC
has been shown to mediate cleavage reactions Gatrto tyrosine (Tyr) and tryptophan
(Trp) within peptides and proteins. The method hagitbmise to develop into an integrated
instrumental technique that is complementary toveational enzymatic and chemical
cleavage methods. The specific cleavage next to ang Trp, which is not possible
enzymatically (chymotrypsin cleaves at these resdbut with low specificity), may

provide a new tool for the protein chemistry comityun

Chapter 1 begins with an introduction to the early developteg challenges and
main applications in the field of EC-MS that havevyen, or have the potential to be useful.
A brief historical overview summarizes the majoeditthroughs in the field from the first
analysis of electrogenerated volatile compoundsatietl with electron impact (El) mass
spectrometry in the late 1970s to the implemematib electrochemical cells on-chip on
integrated EC-MS systems that allow fast analys#s mw sample volumes. Advances in
the coupling of MS ionization sources with liquahsple introduction in the mid-1980s was
a major contribution to the field since it allowdidect detection of non-volatile compounds
and gave rise to many new opportunities in varistientific areas. We review the use of
electrochemistry, in some cases inherent to elgatay ionization (ESI) sources, for analyte
signal enhancement, tagging reaction purposes |aiimn of drug metabolism and protein

research.In vitro production of metabolites by EC-MS allows rapirndfication and
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characterization of potentially toxic metabolitesthe early stage of drug development and
can avoid costly and time-consuminig vivo methods conventionally used for drug
screening. Several strategies including direct atidch, EC-mediated generation of reactive
species and electrode surface modifications witymes or synthetic porphyrins have been
developed and led to significant advances in thrpgieal effort of mimicking enzymatic
metabolism reactions. In this chapter we focus len dpecific cleavage of peptides and
proteins as an instrumental alternative for protigjestion and the reductive cleavage of
disulfide bridges. Furthermore, practical aspearg from the hyphenation of EC and MS
are addressed to emphasize technical issues iatdie taken into consideration to make

both techniques fully compatible.

Chapter 2 provides a review of oxidative protein labelingheifjues developed in
conjunction with mass-spectrometry based proteariiice review summarizes reactions of
oxidizing agents with peptides and proteins, theresponding methodologies and
instrumentation, and the major, innovative appiw# described in selected literature from
the last decade. Two forms of oxidative labelingctens can be distinguished: the primary
(direct) oxidation of amino acids and oxidation na¢eld by reactive reagents. Direct
oxidation reactions aim at specific functional gretin amino acids, primarily Cys, Met,
Tyr and Trp, and may be followed by subsequentti@acwith nucleophiles whereas
reactive reagents have a broad range of reactwitlyyield non-specific oxidation reactions.
Methods for the production of reactive agents (ieamxygen, nitrogen or halogen species)
by chemical, photochemical, enzymatic and electotgbal means are described in detail in
the first part of the review. Next, we highlightdadiscuss selected applications where
oxidation facilitates sample preparation and peaifion, and those where oxidation changes
physico-chemical properties with respect to chramatphic separation, ionization
efficiency or mass changes for improved or difféiendetection of labeled peptides.
Oxidative labeling of peptides and proteins expahdgoolbox of biochemists and a variety
of strategies for targeting amino acid side-chdiase been developed, in particular for
sulfur-containing and aromatic residues which ptagential roles in protein function and
biological recognition processes. Although the masi techniques still suffer in many cases

from incomplete conversion and selectivity, seveygblications in biological systems have
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shown their usefulness. It is, for instance, tekgeected that oxidative labeling will help to
improve our understanding of protein-protein intéians with respect to protein function

and signaling processes.

Chapter 3 presents a mechanistic study of electrochemicaltigee cleavage
performed on a set of Tyr- and Trp-containing foijides which do not suffer from
adsorption issues encountered with larger peptlgsroteins. Electrochemical oxidation
and the subsequent chemical reactions includingjgeepleavage were investigated in both
on-line EC-MS and EC-LC-MS setups that provide clemgntary information. The
present investigation is the first detailed stuflglectrochemical oxidation and cleavage of
Trp-containing peptides. The effect of adjacentramnacids by on-line EC-MS showed that
the ratios of oxidation and cleavage products agtige-dependent and that the adjacent
amino acid can influence the secondary chemicatti®@es occurring after the initial
oxidation. Cleavage yields were generally higherTigr-containing peptides and up to 80%
cleavage vyield was obtained for GYG a peptide withimal steric hindrance. Control of
electrode potential and solvent composition weteial to avoid unwanted reactions such
as dimer formation for Tyr and an increasing numifeoxygen insertions for Trp, which
are detrimental to the yield of the targeted clgavpathway. While the formation of
reactive intermediates after the first oxidatiogpstvas not strongly affected when varying
pH and supporting electrolyte, working under stigragidic conditions (pH 1.9-3.1) led to
optimal cleavage yields (40-80%) while little or oteavage was observed under basic
conditions. Finally, LC-MS/MS analysis gave detdiilaformation and further insight into

the range of oxidation and cleavage products.

In chapter 4 we report a chemical labeling approach for thayitagy of cleavage
products generated after electrochemical oxidabibmyr- and Trp-containing tripeptides.
Electrochemically cleaved peptides have the pdaiity to generate C-terminal acid stable,
spirolactone functional groups. Hexylamine was emodo show the feasibility of
spirolactone ring opening reactions under basiditimms. The influence of pH and reaction
time was investigated and revealed that shortigatimes of 30 s at high pH (pH 10) were

best suited for high tagging yields of both Tyrdafrp-containing peptides in an aqueous
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environment. The large excess of reagent that easined for efficient tagging in aqueous
solutions could be significantly decreased by wagkunder non-aqueous conditions in
acetonitrile, thus avoiding competing hydrolysiaations at high pH. The structure of the
successfully cleaved and tagged peptides was cwadiby CID-MS/MS. We observed two
isobaric reaction products based on different clatographic retention times with a similar
fragmentation pattern suggesting the formation mifarmational isomers. The precursor
ion scanning mode was used to selectively deteclatteled peptides within the mixture of
oxidation products by targeting a characteristaginent of the labeled peptides. This study
constitutes the first chemical labeling approachelgictrochemically cleaved peptides by
taking advantage of the C-terminal spirolacton@pkens the possibility of developing new
strategies to specifically target cleaved peptidesng potentially complex mixtures of
oxidation products, which is currently a major dbiale of electrochemical protein

digestion.

Chapter 5 addresses the well-known adsorption issues enemhtduring
electrochemical oxidation of peptides and proteinsthe commonly used glassy carbon
(GC) and porous graphite electrodes. Adsorptionfanling of carbon electrodes is a major
shortcoming of electrochemical cleavage of largeptigles and proteins and impairs
repeatability and reproducibility, or even prevemt&ation to occur at all. The performance
of boron-doped diamond (BDD), a promising electradaterial in terms of adsorption
properties, has been evaluated and compared toitidredd GC electrodes for
electrochemical oxidation of peptides. The regidrwater stability was first defined by
determining the potential threshold of hydroxylicad formation, a well-known mechanism
occurring on BDD electrodes. Oxidation of LFL, appée that is insensitive to direct
oxidation by electron transfer reactions, was okexbrat 2500 mV (vs. PdgH indicating
anodic oxidation of water and formation of hydroxydicals. Direct electrochemical
oxidation of a set of model peptides on BDD at 2600, to ensure direct electron transfer
reactions only, showed lower adsorption and impdoperformance in terms of oxidation
and cleavage yields in comparison to GC electroisle dimer formation due to Tyr
cross-linking reactions was the most prominent sedetion on GC for the peptide LYL,

suggesting strong adsorption to the electrode seyféthis was not observed on BDD.
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Investigation of the larger decapeptides Angiotehmsind ACTH 1-10 further demonstrated
the benefit of working with BDD in comparison to G€terms of lower adsorption leading
to easily detectable specific cleavage of the dedtiond C-terminal to Tyr and Trp. Finally,
cathodic pre-treatment of BDD at a negative po#diii an acidic environment was shown
to successfully regenerate the electrode surfa@msare maximal conversion rates and to

obtain reliable and reproducible results even aéipeated use of the electrode.
Futur e Per spectives

Electrochemical cleavage of proteins next to Tyd &rp residues has potential for
proteomics applications but still suffers from lied cleavage yields as well as issues
related to adsorption to the electrode surface hwhifects oxidation yields and product
composition. Competing non-cleavage oxidation ieast are difficult to prevent and
increase the complexity of the resulting peptidgtare. Further method optimization of the
chemical labeling approach of electrochemicallyegated cleaved peptides, as introduced
in chapter 4 of this thesis, has the potential to capture andcle the spirolactone-
containing intermediates and facilitate their detec Derivatization with affinity tags,
stable isotope labels or fluorescent dyes are @iomifuture strategies. Chemical labeling
of spirolactone with biotin affinity tags is an apt for subsequent affinity purification and
enrichment of the cleaved peptides with avidintogavidin beads. Alternatively, primary
amine-containing stationary phases can be usedriochment by binding the N-terminal
cleavage products via the spirolactone functionalugs. The latter approach may be
combined with linking the primary amine to the mtaary phase with a cleavable spacer
such as a disulfide bond. Both approaches woulnvatleducing the complexity of the
mixture by removing unoxidized or non-cleavage afish products and facilitate detection
of electrochemically generated cleaved peptidespaotins. Other primary amine reagents
of interest are stable isotope tags, which cansee for absolute and relative quantification,
and fluorescent dyes for sensitive spectrophotdmetietection. Development and
optimization of such derivatization strategies vdoudhcilitate the application of the

technique to the analysis of complex protein mixsuirom cells in culture or biofluids.
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The design of electrochemical cells is another athat requires further
development and optimization since it significantiffuences EC reaction yields. Our work
presented ithapter 5 introduces BDD electrodes to address adsorpt&ures encountered
when oxidizing large peptides and proteins on tiauhl carbon electrodes. Oxidation on
BDD electrodes can give higher yields, while adgorpis significantly lower than on GC.
The performance of such an electrode depends omtiigsic physical, chemical and
electronic properties (e.g. doping level, preseatenon-diamond impurities, crystalline
form), which should be evaluated to find the appedp material for electrochemical
cleavage. Regeneration of surface termination bthockc pre-treatments is another
important aspect to control to ensure repeatabiityfurther important step towards the
integration of EC in proteomics workflows is minigization to handle small sample
volumes and improve efficiency. Fabrication of roftwidic chips containing three-
electrode EC cells has been achieved and sucdgsspylied to drug metabolism studies.
Design of microfluidic flow-through chips with salile working electrode materials that
would oxidize and cleave peptides and proteins @ind@lar fashion than macroscopic EC
cells is perfectly conceivable. Moreover, miniatation offers the advantage of further
system integration, which can be used to incorpoEgl needles and/or LC columns on-
chip. This will allow separate ‘unit-operations’ ahip to perform the different tasks of a
typical proteomics workflow in a spatially resolvethnner. Incorporation of a reactor on-
chip for post-cleavage derivatization is a realistption and would allow a generic, fully
integrated microfluidic device for proteomics applion without the need for enzyme

catalysts.

Electrochemical cleavage thus holds promise to rack/groteomics research and
protein analysis in general. It will help addregsipractical problems in the areas of
biomarker research but also in the field of biophreuticals, a new class of highly
promising pharmaceutical products that today accémmmore than one third of all truly
novel therapeutics that are currently introducedtlom market. Protein analysis in the
broadest sense is crucial in many areas of sowigfyvast economic impact ranging from
the discovery of diagnostic and prognostic biomegier disease to the analysis of protein

pharmaceuticals all the way to assessing food ysafet! environmental pollution. New
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analytical and instrumental tools to facilitate amditomate various stages of the
experimental workflow are in high demand, in patée to address certain challenging
classes of proteins, such as transmembrane proteimsh constitute the largest group of

proteins that are currently addressed as drugtsarge

148



Chapter 7

Nederlandse Samenvatting

149



Chapter 7

Samenvatting

De combinatie van elektrochemie met massaspectrigm@EC-MS) is een vrij
recente techniek waarmee modificatie en identiicatan moleculen middels een
geintegreerde analytische benadering mogelijk idectbchemie maakt snelle
productvorming mogelijk onder milde, reagentia-lozendities in een breed scala aan
toepassingen, door de keuze van elektrodematedelaintwerp, toegepaste potentiaal, en
oplosmiddelcondities. Massaspectrometrie kan direadrden gekoppeld aan een
elektrochemische cel waardoor gevoelige detectigegietailleerde structuurinformatie van
reactieve en onstabiele stoffen met temporale wdsolkan worden verkregen. De
combinatie van beide technieken kent een groeiehdiangstelling door diverse
toepassingen in verschillende vakgebieden. Dit fpobeift richt zich op het gebruik van
EC-MS voor het bestuderen van elektrochemischeatigicen splitsing van peptides en
eiwitten. Er is aangetoond dat met EC, C-termisgalésing ten opzichte van tyrosine (Tyr)
en tryptofaan (Trp) in peptides en eiwitten karapgainden. Deze methode heeft de potentie
om verder te worden ontwikkeld tot een geintegreemstrumentele techniek die
complementair is aan enzymatische en chemischdsiagbmethodes. De specifieke
splitsing naast Tyr en Trp, die enzymatisch niegetigk is (chymotrypsine knipt wel na
deze aminozuren maar met lage specificiteit), kam @euwe, bruikbare methode zijn op

het gebied van eiwitchemie.

Hoofdstuk 1 begint met een introductie van de beginjaren, di@agingen en
belangrijkste toepassingen op EC-MS gebied met bewef potentiéle toepasbaarheid.
Een kort historisch overzicht beschrijft belanggijtoorbraken vanaf de eerste analyse van
elektrochemisch gemadificeerde vluchtige stoffeedatecteerd met elektron impact (El)
massaspectrometrie (laat zeventiger jaren, 20e )edowde recente implementatie van
elektrochemische cellen op een chip in een gelie¢edrEC-MS systeem waarmee shelle
analyses met kleine monstervolumes mogelijk zijwarden. Ontwikkelingen betreffende
de koppeling van MS ionisatiebronnen met monsterihictie in vioeibare vorm in het
midden van de jaren tachtig van de 20e eeuw hebberbelangrijke bijdrage geleverd aan
het vakgebied door de mogelijkheid tot directe d&tevan niet-vluchtige verbindingen, en

waren tevens van belang voor nieuwe ontwikkelingewerschillende vakgebieden. We
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bespreken het gebruik van EC, in sommige gevaldrerent aan electrospray-ionisatie
(ESI), op het gebied van signaalversterking vanahaliet, labelingsreacties, simulatie van
medicijnmetabolisme, en eiwitonderzoék.vitro productie van metabolieten met EC-MS
maakt snelle identificatie en identificatie van guiteel toxische metabolieten in een vroeg
stadium van medicijnontwikkeling mogelijk en kart ebruik van kostbare en tijdrovende
traditionelein vivo methodes, gebruikt voor medicijn-screening, beperiDe strategieén

die hiervoor gebruikt worden zijn de volgende: diecoxidatie, Elektrochemische vorming
van reactieve deeltjes en modificatie van het sbeledoppervlak met enzymen of

synthetische porfyrines die hebben geleid tot vibgang in de pogingen tot nabootsing van
metabolisme door enzymen. In dit hoofdstuk richenons ook voor een belangrijk deel op
de specifieke splitsing van peptides en eiwittesr edn alternatief voor enzymatische of
chemische eiwitdigestie en reductieve splitsing zamvelbruggen. Tenslotte komen een
aantal technische aspecten aan de orde die vamgba]a voor de koppeling van EC en MS

en de volledige compatibiliteit van beide technieke

Hoofdstuk 2 bespreekt oxidatieve eiwit-labeling technieken di@ ontwikkeld
voor op MS gebaseerde proteomics. Een opsommingeamties met oxidatieve reagentia
voor peptides en eiwitten met corresponderende adeth en instrumentatie, en de
belangrijkste innovatieve toepassingen uit deditausr van het laatste decennium worden
weergegeven. Er kan onderscheid worden gemaaldriusgee types oxidatieve labeling-
reacties: een primaire (directe) oxidatie van amimen en oxidatie middels reactieve
reagentia. Directe oxidatiereacties zijn gericht ggecifieke functionele groepen van
aminozuren, met name Cys, Met, Tyr en Trp, en knnmerden gevolgd door een reactie
met nucleofielen, terwijl reactieve reagentia earel reactiviteitsgebied hebben wat
resulteert in niet-specifieke oxidatiereacties. klettste deel van de bespreking beschrijft in
detail welke methodes voorhanden zijn voor de prodwan reactieve agentia (stoffen die
reactieve zuurstof, stikstof of halogenen bevatgat)aseerd op chemische, fotochemische,
enzymatische en elektrochemische reacties. Vermslgerden verschillende toepassingen
besproken waarbij oxidatie wordt gebruikt bij m@mgsborbewerking en opzuivering, naast
toepassingen waarbij de verandering van fysiscimidahe eigenschappen als gevolg van

oxidatie wordt gebruikt voor chromatografische s$dimg, ionisatie-efficiéntie of
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massaverandering voor verbeterde of differentiéltedie van gelabelde peptides.
Oxidatieve labeling van peptides en eiwitten veogjrde toolbox voor biochemici en een
verscheidenheid aan strategieén voor het labelemwvanozuurzijketens zijn ontwikkeld, in
het bijzonder voor zwavelbevattende en aromatisaméozuren. Hoewel verschillende
technieken nog last hebben van incomplete omzegtingelectiviteit zijn er verschillende
nuttige toepassingen in biologische systemen begehr Het ligt in de verwachting dat
oxidatieve labeling zal bijdragen aan onze kenais giwit-eiwit interacties op het gebied

van eiwitfunctie en signaaltransductieprocessen.

Hoofdstuk 3 geeft een studie weer over het werkingsmechanisraa
elektrochemische peptidesplitsing, uitgevoerd op g&t van Tyr- en Trp-bevattende tri-
peptiden. Deze hebben geen last van adsorptietgfferoals bij grotere peptiden en
eiwitten worden waargenomen. Elektrochemische ¢ieida de daaropvolgende chemische
reacties, waaronder peptidesplitsing, zijn onddrzat zowel on-line EC-MS als EC-LC-
MS opstellingen waaruit complementaire informatierdé¢ verkregen. Dit onderzoek is de
eerste gedetailleerde studie van elektrochemisgltlatie en splitsing van Trp-bevattende
peptiden. On-line EC-MS laat het effect van hetgaanzende aminozuur zien op de
verhoudingen van oxidatie- en splitsingproducteezd® zijn peptide-afhankelijk en het
aangrenzende aminozuur kan van invioed zijn op rekgite chemische reacties die
optreden na de eerste oxidatie. Splitsingseffi@éntijn in het algemeen groter bij Tyr-
bevattende peptiden. Tot wel 80% opbrengst werdrggen met het peptide GYG, een
peptide met minimale sterische hindering. Controler de elektrodepotentiaal en
oplosmiddelsamenstelling waren cruciaal om ongeteemsacties te voorkomen, zoals
dimeervorming van Tyr en een toenemend aantaltiesaran zuurstofatomen in Trp. Deze
zijn ongunstig voor de peptideopbrengst van de paeasplitsingsreactie. De vorming van
reactieve intermediairen na de eerste oxidatiesgad nauwelijks beinvioed wanneer de pH
en elektrodepotentiaal werden gevarieerd. Optirspliesingsopbrengsten (40-80%) werden
verkregen bij zure condities (pH 1.9-3.1) terwijleiwig tot geen splitsing werd
waargenomen bij basische condities. Ten slotterdieveC-MS/MS analyse gedetailleerde

informatie en diepgaander inzicht op over de veriatoxidatie- en splitsingsproducten.
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In hoofdstuk 4 rapporteren we een chemische labelingsstrategie Ivet labelen
van splitsingsproducten, gegenereerd na elektroslbbm oxidatie van Tyr- en Trp-
bevattende tripeptiden. Elektrochemisch gesplitstetiden hebben de bijzonderheid om C-
terminale, zuur-stabiele, spirolacton functionel®megen te vormen. Hexylamine werd
gekozen om de haalbaarheid van spirolacton-ringogsreacties onder basische condities
aan te tonen. De invloed van de pH en de readtistipnderzocht en daaruit bleek dat korte
reactietijden van 30 seconden bij hoge pH (pH 160 imeest geschikt zijn om hoge
labelingsopbrengsten voor zowel Tyr- als Trp-bearade peptiden te verkrijgen in een
waterig milieu. Een grote overmaat aan reagensialigg was om een efficiénte labeling te
verkrijgen in waterig milieu kon significant wordarerminderd door te werken in niet-
waterige milieu (acetonitril). Zo werd voorkoment d@mmpetitieve hydrolysereacties bij
hoge pH optreden. De structuur van de succesvaqilitge en gelabelde peptiden werd
bevestigd door CID-MS/MS. Wij namen isobare regebeucten waar op basis van
verschillen in chromatografische retentietijden,amanet gelijke fragmentatiepatronen,
wijzend op de vorming van conformationele isomef@a. precursor ion scanning modus
werd gebruikt om selectief gelabelde peptiden teéealeren in een mengsel van
oxidatieproducten, door te richten op karakterigiagmenten van de gelabelde peptiden.
Deze studie levert de eerste labelingsstrategie elestrochemisch gesplitste peptiden door
het benutten van het C-terminale spirolacton. Heend mogelijkheden voor de
ontwikkeling van nieuwe strategieén om gesplitseptiglen specifiek aan te tonen in
potentieel complexe mengsels van oxidatieprodudietgeen op dit moment een enorme

uitdaging is bij elektrochemische eiwitsplitsing.

Hoofdstuk 5 behandelt het welbekende adsorptieprobleem, dateaiti bij
elektrochemische oxidatie van peptiden en eiwitierde gebruikelijke glassy carbon (GC)
en poreuze-grafietelektroden. Adsorptie en vemgilvan koolstofelektroden is een grote
tekortkoming van elektrochemische splitsing van tgn® peptiden en eiwitten. Het
belemmert de herhaalbaarheid en reproduceerbaaémeidet kan zelfs voorkomen dat
oxidatie volledig wordt voorkomen. De resultatem vaet borium verrijkte diamant (BDD),
een veelbelovend elektrodemateriaal wat betreforptieeigenschappen, is geévalueerd en

vergeleken met de traditionele GC electroden viektechemische oxidaties van peptiden.
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De elektrochemische stabiliteit van water werd teeastgesteld d.m.v. bepaling van de
drempelwaarde voor de potentiaal voor de vorming kgdroxylradicalen, een bekend
mechanisme dat voorkomt bij BDD-electroden. Oxiglatian LFL, een peptide dat
ongevoelig is voor directe oxidatie door elektromeardrachtreacties, werd waargenomen
bij 2500 mV (versus PdM) hetgeen een indicatie is voor anodische oxidatie water en
de vorming van hydroxylradicalen. Directe elektraciische oxidatie van een set model
peptiden op een BDD-electrode bij 2000 mV, om zelerzijn van alleen directe
elektronenoverdrachtreacties, lieten lagere adeomuh verbeterde prestaties zien voor
oxidatie- en splitsingsopbrengsten, in vergelijkimgt GC electroden. Dimeervorming door
Tyr crosslinking-reacties is de meest voorkomenglenreactie op GC voor peptide LYL.
Dit veronderstelt sterke adsorptie aan het elekibpgerviak, hetgeen niet werd
waargenomen op BDD. Onderzoek naar de grotere dptidpn Angiotensine 1 en ACTH
1-10 liet verder het voordeel zien van het werkext BDD. In vergelijking met GC waren
de specifieke splitsingsproducten van de peptidkbin C-terminaal van Tyr en Trp
gemakkelijker te detecteren. Tenslotte gaf katlubdisvoorbehandeling van BDD bij een
negatieve potentiaal in een zuur milieu een suadiesvregeneratie van het
elektrodeopperviak. Daardoor worden zo hoog mdgelijomzettingswaarden en
betrouwbare en reproduceerbare resultaten verkregda na herhaaldelijk gebruik van de

elektrode.
Toekomstper spectieven

Elektrochemische splitsing van eiwitten naast Tywn Trp-residuen heeft
mogelijkheden voor toepassingen binnen proteomnesgr heeft nog steeds als nadeel dat
opbrengsten uit splitsing laag zijn. Bovendien zin problemen met adsorptie aan het
elektrodeopperviak, die oxidatieopbrengsten en pataling van het product beinvioedt.
Concurrerende niet-splitsingsoxidatiereacties mnijoeilijk te voorkomen en verhogen de
complexiteit van het verkregen peptidemengsel. ¥erdmethodeoptimalisatie middels
chemische labeling van elektrochemisch gesplitstptipes, zoals geintroduceerd in
hoofdstuk 4 van dit proefschrift, heeft de mogdlgid om spirolacton-bevattende

tussenproducten af te vangen, te verrijken en Rertmun detectie te vergemakkelijken.
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Derivatisering met affiniteitslabels, stabiel-gedtde isotopen of fluorescerende kleurstoffen
zZijn veelbelovende toekomstige strategieén. Chdmidabeling van spirolactonen met
biotine-affiniteitslabels is een optie voor affgitszuivering en verrijking van de gesplitste
peptiden met avidine of streptavidine deeltjes. @lternatief kunnen stationaire fasen die
primaire amines bevatten worden gebruikt voor kipgeaan het spirolacton van het N-

terminale splitsingsproduct. Tenslotte kan menpgrehaire amine van de stationaire fase
combineren met een te splitsen spacer zoals eeffidiebinding. Beide benaderingen

kunnen de complexiteit van het mengsel vermindedear het verwijderen van niet-

geoxideerde of niet-gesplitste oxidatieproducten weerbeteren de detectie van
elektrochemisch gesplitste peptiden en eiwitten. deka interessante primaire-

aminereagentia zijn stabiel gelabelde isotopenkaimen worden gebruikt voor absolute en
relatieve kwantificatie en fluorescerende kleurfstofvoor gevoelige spectrofotometrische
detectie. Ontwikkeling en optimalisatie van dezeivddiseringsstrategieén zouden de
toepassing van de techniek voor de analyse vanleampeiwitmengsels van celkweken of

biovloeistoffen kunnen ondersteunen.

Het ontwerp van elektrochemische cellen is een rargkbied dat verdere
ontwikkeling en optimalisatie vereist, aangezien bkignificante invioed heeft op EC-
reactieopbrengsten. Ons werk, gepresenteerd irdsidf 5, laat adsorptieproblemen zien
aan BDD-elektrodes bij het oxideren van grote mEptien eiwitten op de traditionele
koolstofelektroden. Oxidatie op BDD-elektroden kaogere opbrengsten geven, terwijl
adsorptie aanzienlijk lager is dan bij GC. De mtistvan een dergelijke electrode hangt af
van de intrinsieke, fysische, chemische en eleldote eigenschappen (bijv. dopingniveau,
aanwezigheid van diamantverontreinigingen en Hligia vorm), die moeten worden
geévalueerd om het geschikte materiaal voor elelk&mische splitsing te vinden.
Regeneratie van het oppervlak door kathodischebedandelingen is een ander belangrijk
aspect om de herhaalbaarheid te waarborgen. Eeereanmblangrijke stap om EC te
integreren in de proteomics workflow is miniatutissom lage monstervolumes te kunnen
verwerken en de efficiéntie te verbeteren. Fabaceagn microfluidische chips, die drie-
electrode EC-cellen bevatten, is voltooid en wordtet succes toegepast in

metabolismestudies. Het is denkbaar dat het ontwenpmicrofluidische doorstroomchips
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met geschikte werkelektrodematerialen de peptideriwitten op dezelfde wijze oxideert
en splitst als macroscopische EC-cellen. Boventiedt miniaturisatie het voordeel van
verdere systeemintegratie, die kan worden gebamkESI-naalden en/of LC-kolommen in
de chip in te bouwen. Hierdoor kunnen gescheid@it-aperations’ van een typische
proteomics workflow op een chip[ worden gecombide&oor post-splitsing derivatisering
op te nemen in het chipsysteem zal een algemedadigpgeintegreerd niet-enzymatisch

microfluidisch platform voor proteomics ontstaan.

Elektrochemische splitsing bevordert het proteoondgrzoek en eiwitanalyse in
het algemeen. Het zal helpen bij de aanpak vantipchle problemen bij onderzoek naar
biomarkers, maar ook op het gebied van biofarmaémeuteen nieuwe klasse van
veelbelovende farmaceutische producten die momemiser dan een derde van alle nieuwe
geneesmiddelen zijn op de gehele markt. Eiwitagalyscruciaal in veel gebieden van de
samenleving en kan grote economische impact heleérend van de ontdekking van
diagnostische biomarkers voor ziektes tot de amalyan eiwitgeneesmiddelen, de
beoordeling van de voedselveiligheid en de detegd@ milieuvervuiling. Nieuwe
analytische en instrumentele middelen zijn vanrgelam de verschillende stadia binnen de
experimentele workflow te versnellen en te autoseatin. Dit geldt vooral voor bepaalde
eiwitklassen, zoals transmembraaneiwitten, die nmiest de grootste groep drug-targets

worden genoemd.
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