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Summary 

 

Virtually every process occurring in living organisms involves the action of 

proteins. These linear biopolymers, although composed of a limited set of twenty 

-amino acids, adopt a variety of three-dimensional structures, and this higher-

order structure is crucial for protein function. A second aspect of higher-order 

protein structure involves not only the way an isolated protein chain does or does 

not fold to a defined structure, but rather the protein’s interaction partners and 

the architecture of the resulting complexes. As a ‘malfunction’ at any of these 

stages often results in disease and/or death, there is obviously a significant need 

for analytical techniques which (1) are sensitive to multiple (preferably all) levels 

of protein structure, (2) are widely applicable, and (3) require a minimal amount 

of time and sample preparation. 

Mass spectrometry (MS) has for some time been the method of choice for rapidly 

determining the primary structure (i.e. amino acid sequence) of peptides. By 

enzymatic digestion of proteins to peptides, this is easily and routinely expanded 

to primary structure determination of an entire protein. However, while a change 

in primary structure can, and often does, result in changes in higher-order 

structure, this standard workflow is itself not sensitive to 3D structure, i.e. two 

different ‘shapes’ of the same polypeptide chain will exhibit identical behavior. 

Even in more modern ‘top-down’ workflows, which dispense with enzymatic 

digestion, this is a shortcoming which is still typically not addressed. 

By careful control of both solution and gas-phase parameters, it is possible to 

transfer intact proteins into the vacuum of a mass spectrometer whilst preserving 

much of the biologically relevant higher-order structure. This approach is referred 

to as ‘native’ mass spectrometry. In this thesis, we demonstrate the use of native 

MS, in conjunction with two other novel technologies, electron transfer 

dissociation (ETD) and ion mobility (IM) spectrometry, to obtain information 

about (changes in) higher-order protein structure in the gas phase beyond that 

revealed by conventional MS experiments. 

After an in-depth introduction to the separate technologies used in this work in 

Part I, we propose a model in Part II for the (previously uninvestigated) dynamics 

of ions within the type of ETD cell implemented in a (relatively) commonly used 

type of ion mobility-mass spectrometer. The data presented in Part II were 



 

obtained under denaturing (i.e. disrupting the higher-order structure) conditions, 

whereas in Part III, we will show how ETD can provide information about the 

exposed surface and unfolding pathways of large, noncovalent protein complexes. 

Furthermore, we show how certain non-dissociative side reactions occurring 

under ETD conditions can be promoted, allowing for simplification of ‘crowded’ 

spectra as well as investigating the effect of gas-phase charge manipulation on the 

higher-order structure of these complexes. In Part IV, we describe our 

contribution to the development of software to process the enormous quantities 

of data which are generated by MS experiments. This includes a method of 

estimating the (typically unobserved) monoisotopic mass of an intact protein, 

with the potential for facilitating automated matching of experimentally detected 

proteins with sequences found in a database. Furthermore, another algorithm 

allows for rapid quantification of the different reaction channels available to a 

protein ion under ETD conditions. In the course of this work, conformation-

dependent depletion of metastable reaction products was discovered and as such, 

it was shown that this reaction pathway analysis provides a novel ‘window’ into 

the gas-phase structure and dynamics of protein ions. 

 

 

  



 

Samenvatting 

 

Bij vrijwel elk proces dat plaatsvindt in levende organismen zijn eiwitten 

betrokken. Hoewel deze lineaire biopolymeren bestaan uit een beperkte set van 

slechts twintig -aminozuren, nemen zij zeer diverse driedimensionale structuren 

aan, en deze structuren zijn cruciaal voor het correct functioneren van de 

eiwitten. Een tweede aspect van ‘hogere’ eiwitstructuur betreft niet enkel de 

manier waarop een geïsoleerde keten van aminozuren vouwt tot een 

welbepaalde 3D-structuur (of dit net niet doet), maar ook interactiepartners van 

het eiwit en de architectuur van de resulterende complexen. Een afwijking op 

eender welk van deze niveaus leidt vaak tot ziekte en/of de dood, en bijgevolg is 

er een duidelijke nood aan analytische technieken die (1) gevoelig zijn voor 

meerdere (bij voorkeur alle) niveaus van eiwitstructuur, (2) een breed 

toepassingsgebied hebben, en (3) slechts een minimum aan tijd en 

staalvoorbereiding vereisen. 

Massaspectrometrie (MS) is al enige tijd de methode bij uitstek voor de snelle 

bepaling van de primaire structuur (d.w.z. soort en volgorde van aminozuren) van 

peptiden. Via enzymatisch knippen van eiwitten tot peptiden kan dit relatief 

eenvoudig en routinematig worden uitgebreid tot de bepaling van de primaire 

structuur van een compleet eiwit. Het is echter belangrijk te beseffen dat, 

alhoewel een verandering in primaire structuur vaak een effect heeft op hogere 

structurele niveaus, deze aanpak op zich niet gevoelig is voor 3D-structuur, m.a.w. 

indien een eiwit twee verschillende structuren kan aannemen, zullen deze 

hetzelfde gedrag vertonen. Zelfs in moderne ‘top-down’ methodes, die geen 

gebruik maken van enzymatisch knippen, blijft dit probleem bestaan. 

Door experimentele omstandigheden zorgvuldig te beheersen, zowel in oplossing 

als in de gasfase, is het mogelijk om eiwitten in het vacuüm van de 

massaspectrometer te brengen en toch de biologisch relevante 3D-structuur zo 

goed mogelijk te behouden. Deze aanpak wordt ‘natieve’ massaspectrometrie 

genoemd. In deze thesis wordt het gebruik van natieve MS onderzocht in 

combinatie met twee andere nieuwe technieken, namelijk 

elektronentransferdissociatie (ETD) en ionenmobiliteitspectrometrie (IM). Het 

doel is om meer gedetailleerde informatie te bekomen over (veranderingen in) 

3D-structuur in de gasfase dan via conventionele massaspectrometrie. 



 

In Deel I van de thesis zullen we de verschillende technieken, gebruikt in dit werk, 

in detail bespreken. Daarna stellen we in Deel II een model voor voor het (tot 

hiertoe niet eerder bestudeerde) gedrag van ionen binnen het type ETD-cel dat 

gebruikt wordt in een relatief nieuw, maar veelgebruikt type ionenmobiliteit-

massaspectrometer. Bij de experimenten in dit deel werd niet geprobeerd om de 

natieve 3D-structuur te behouden, dit in tegenstelling tot Deel III, waarin we 

aantonen dat ETD informatie onthult over het oppervlak en wijze van ontvouwing 

van grote, niet-covalente eiwitcomplexen. Verder laten we zien hoe bepaalde 

nevenreacties bij ETD kunnen worden bevorderd, wat de vereenvoudiging van 

‘drukke’ massaspectra toelaat, evenals het bestuderen van het effect van 

ladingstoestand op de 3D-structuur van deze complexen. In Deel IV beschrijven 

we onze bijdrage tot de ontwikkeling van software om te helpen bij de verwerking 

van de enorme hoeveelheden data die gegenereerd worden via 

massaspectrometrie. We beginnen met een methode voor de nauwkeurige 

schatting van de mono-isotopische massa van een eiwit (die doorgaans niet 

rechtreeks kan worden gemeten), wat in de toekomst kan leiden tot 

verbeteringen bij het geautomatiseerde vergelijken van experimenteel 

gedetecteerde eiwitten met gekende sequenties die in een database zijn 

opgeslagen. Verder laat een ander algoritme toe om de verdeling (m.a.w. 

relatieve waarschijnlijkheid) tussen verschillende nevenreacties bij ETD te 

bepalen. In dit werk ontdekten we structuurafhankelijke uitputting van 

metastabiele reactieproducten en bijgevolg kunnen we stellen dat dit soort 

analyse een nieuw ‘venster’ biedt op (verandering van) eiwitstructuur in de 

gasfase. 
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1.1 Introduction 

The title of this dissertation, ‘Development and application of novel methods for 

top-down and structural proteomics’, immediately raises the question of why 

these novel methods are needed in the first place. Therefore, this first chapter will 

outline the importance of studying different levels of protein structure, their 

interactions, and the forces involved. Subsequently, we will discuss different 

techniques used in this context, paying special attention to the role of native mass 

spectrometry approaches and electron transfer dissociation (ETD), which are the 

subject of the second and third chapters, respectively. We will then briefly 

describe the instrumentation and methods used in this work in a fourth chapter. 

In Part II of the work, we will investigate fundamental aspects of ETD, specifically 

as implemented fairly recently in the Synapt G2 instrument used in most of our 

experiments. Chapter 5 is focused on parameters controlling reaction time and 

effective ion concentration, as this is not trivial to set in Synapt ETD. In Chapter 6, 

a subtle yet clear ‘heating’ effect (i.e. increase of internal energy) of proteins 

during both the ETD reaction and ion mobility separation is described. Equipped 

with this knowledge of how to tune the instrument for efficient ETD while limiting 

inadvertent collisional activation, Part III then focuses on the application of ETD to 

native large protein complexes. Chapter 7 describes a method to optimize the 

extent of ion/ion reaction while limiting dissociation, resulting in extensive charge 

reduction, which can be used for both spectral deconvolution and fundamental 

study of the three-dimensional structure of these low-charged species. Next, in 

Chapter 8, it is shown how fragmentation in ETD of native complexes can be 

maximized, and how the fragmentation pattern provides information about 

protein surface and unfolding. The results described in Part IV all rely at least in 

part on the use of software tools (developed in-house) for processing of mass 

spectrometry data. In Chapter 9, a novel method is described for estimation of the 

(not directly observable) monoisotopic mass of an intact protein, which is crucial 

for many modern database search approaches. In Chapter 10, a method is 

presented to quantify the extent of the different side reactions occurring under 

ETD conditions. Finally, in Chapter 11, we apply this software to spectra in which 

the instrument was tuned for efficient charge reduction rather than 

fragmentation. In this work, we leverage the ion mobility capabilities of the 

Synapt G2 instrument to show that the apparent selectivity between reactions 

depends on three-dimensional protein structure in a manner which can be 

rationalized by conformation-dependent depletion of noncovalently bound ETD 

fragment complexes. 
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Naively however, one might not even ask whether novel methods are desirable to 

adequately characterize proteins, but whether methods for proteomics are 

actually needed in the first place. After all, the so-called ‘central dogma of 

molecular biology’ is often (erroneously) claimed to state that deoxyribonucleic 

acid (DNA), stored in a cell’s nucleus, is transcribed to a messenger ribonucleic 

acid (mRNA), which is in turn ‘translated’ to an amino acid sequence, i.e. a 

protein, in the ribosome. As a side note, this claim is not fully accurate, as in 

actuality, the ‘central dogma’ as described by Crick merely states that residue-by-

residue transfer of sequential information does not occur from protein to either 

protein or nucleic acid[1]. In a simplistic view, one might assume there is a one-to-

one relation of a gene to a protein, with each protein having a single, specific 

function. As such, analysis of the genome (or, for that matter, ‘transcriptome’, i.e. 

the whole of all mRNA in a cell or organism) would theoretically reveal which 

functional proteins are being synthesized at any given time. While proteomics 

studies generally attempt to characterize, quantify, and/or localize proteins 

present in a cell or organism (as opposed to merely determining synthesis rates), 

in the simple gene-protein-function paradigm, genomics and transcriptomics 

would thus already provide much of the information obtainable through a 

proteomics experiment. Meanwhile, this approach would require far less effort 

than direct protein analysis, in large part due to the ability to multiply the 

available amount of DNA (or RNA) practically ad infinitum by utilizing the 

polymerase chain reaction (PCR)[2-8]. 

This view contributed to the undertaking of the Human Genome Project in the 

1980s and 1990s[9, 10]. Upon completion, it was found that only around 1% (the 

so-called ‘exome’) of the three billion base pairs making up the human genome is 

actually transcribed to mRNA and expressed as proteins. The coding human 

genome thus consists of only around twenty thousand genes, totaling around 

thirty million base pairs. As there are four bases making up the DNA sequence, the 

total information content of the human genome can thus be naively estimated to 

be around 7 MB. This would lead to the somewhat absurd – and perhaps even 

slightly offensive – conclusion that five ‘ancient’ 3.5-inch floppy disks can 

comfortably hold the information required to fully describe the complexity 

observed within a human individual. 

Clearly then, the straightforward model described above is somewhat overly 

simplistic, and information content somehow increases between the DNA and 

protein level. As it turns out, there are multiple points where this occurs (depicted 

in Figure 1.1). First of all, DNA is not transcribed directly to mRNA, but to an 
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intermediate stage, aptly named precursor (pre-)mRNA. This is broadly composed 

of two types of segments, exons (which go on to be translated to an amino acid 

sequence) and introns (which are removed). The main process in conversion of 

pre-mRNA to mature mRNA is thus ‘splicing’ or removal of the introns[11-13]. 

However, the exons are not always reassembled in the same order during this 

process, and in fact it is estimated that around 95% of multiexon genes undergo 

so-called ‘alternative splicing’, leading to the expression of up to 130,000 of these 

events in major human tissue, already a six-fold increase compared to the number 

of genes[14]. Other processes which increase information content at the 

transcriptome level are less common in eukaryotes, but include ribosomal and 

translational frame-shifting. 

Finally, at the protein level, complexity increases dramatically due to several 

factors, including post-translational modification (PTM), the importance of 

secondary, tertiary, and quaternary protein structure. As the name implies, PTMs 

are (covalent) modifications made to the protein after translation of mRNA. 

Generally, this does not alter the order of amino acid residues, although an 

extremely common PTM is the removal of the first (several) N-terminal amino 

acid(s). Rather, the side chains of amino acid residues are enzymatically modified, 

leading most commonly to phosphorylation, acetylation, glycosylation, and 

deamidation, but also to formation of disulfide bonds, which has important 

consequences for higher-order protein structure[15-17]. PTMs occur in the 

majority of observed proteins and are often crucial for protein structure and 

function; for instance in antibody/antigen recognition, functioning of G protein-

coupled receptors, and cancer metastasis[18-23]. Collectively, all protein variants 

discussed up to this point have in recent years become known as 

‘proteoforms’[24]. In a recent effort, 74 distinct proteoforms of the human 

histone H4 were identified in an international collaboration involving seven 

different research groups[25]. 
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Figure 1.1. Levels of complexity between DNA and functional proteins/complexes. 

Numbers indicate a rough (order of magnitude) estimate of the observed diversity 

at each level. 

 

1.2 Levels of protein structure 

We have alluded to the importance of higher-order protein structure several 

times now, and will elaborate on this in the current paragraph. The primary 

structure of a protein is of course simply the type and order of amino acids. Due 

to the presence of multiple hydrogen bond donors and acceptors in the 

‘backbone’ of an amino acid, noncovalent interactions are obviously highly 

important to stabilize 3D protein structure[26-28]. Balancing maximization of 

these stabilizing interactions with steric factors (also involving the side chains) 

leads to a limited number of energetically optimal recurring structural elements 

being encountered in the backbone, most commonly -helices and -sheets. 

These elements make up the secondary structure of the protein[29, 30]. Looking 

at the twenty standard amino acids, it is striking that nearly half of these possess 

hydrophobic side chains. For entropic reasons, these side chains need to be 

shielded from the aqueous environment in which the vast majority of proteins 

occur in vivo. This is the driving force causing proteins to fold into a globular 

structure, i.e. the tertiary structure, generally possessing a hydrophobic core and 

a hydrophilic surface[27]. As mentioned previously, oxidation of cysteine side 

chains can stabilize this structure via a (covalent) disulfide bond. 



8 
 

While this type of tertiary structure is found in about half of all studied proteins, 

several classes of protein constitute exceptions to this simple model. A first 

important exception is provided by intrinsically disordered proteins (IDPs), i.e. 

proteins which, rather than a fixed three-dimensional structure, can adopt a range 

of energetically similar conformations in an aqueous environment[31-33]. It has 

been estimated that around a quarter of all proteins possess disordered regions of 

significant length. A second important exception is provided by membrane 

proteins, which, as the name implies, are incorporated into (cellular, 

mitochondrial, or nuclear) membranes. These membranes largely consist of a lipid 

bilayer, providing an apolar environment and thus different driving forces for 

folding for membrane-embedded and transmembrane regions. As with IDPs, 

membrane proteins are estimated to make up around 20 – 30% of most 

proteomes[34]. 

A well-known, highly clinically significant example illustrating the importance of 

protein conformation is provided by the major prion protein (PrP), a highly 

conserved 253-residue membrane protein expressed predominantly in the 

nervous system[35, 36]. Two important conformations of PrP exist for the 

purpose of our discussion; the function of the first, normal form PrPC is not yet 

fully understood, but is likely linked to circadian rhythm[37]. A link with memory 

formation has also been suggested, as cognitive deficits occurred in a murine 

knockout model[38]. The in vivo behavior of the second conformation, known as 

PrPSc, however, is rather better known and the reason for the significant interest 

in this otherwise fairly obscure protein. Both the secondary and tertiary structure 

of PrPSc differ from that of PrPC, with the secondary structure of the abnormal 

variant being characterized by conversion of -helices to -sheets, making the 

protein highly resistant to degradation by proteases[39, 40]. More importantly, 

the protease-resistant form is able to catalyze the conversion of PrPC into PrPSc, 

leading to exponential increase in its abundance[41, 42]. Crucially, enough 

hydrophobic residues are exposed at the surface to make PrPSc prone to 

oligomerize as a result of much the same thermodynamic factors stabilizing the 

tertiary structure, ultimately leading to the deposition of amyloid fibrils[43]. The 

oligomers and (possibly) fibrils are toxic and thus interfere with normal tissue 

function, in this case – as PrP is found predominantly in the nervous system – 

causing a variety of neuropathies. Well-known examples include bovine 

spongiform encephalopathy (BSE, also known as ‘mad cow disease’), scrapie, 

Creutzfeldt-Jakob disease, and kuru[44, 45]. As the protein is highly conserved, 

not only humans and livestock are affected, but infection with the abnormally 
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folded prion leads to very similar types of transmissible spongiform 

encephalopathy in a wide variety of mammals. These degenerative conditions are 

invariably fatal, as of yet untreatable, and can in principle be caused by a single 

misfolding event in a protein which is expressed throughout – and apparently 

crucial for the normal function of – the nervous tissue of every mammal. Other 

well-known protein misfolding diseases include Alzheimer’s, Huntington’s, and 

Parkinson’s diseases, as well as various types of amyloidosis[46]. These examples 

highlight the importance of conformation to protein function, as well as the 

importance of understanding protein folding and the driving forces involved. 

Rather than the folding of single polypeptide chains, the fourth and final level of 

protein structure deals with the specific (noncovalent) interactions between these 

chains. To understand this, it is important to realize that many proteins do not 

fulfill their biological role by themselves, but as part of a multiprotein complex. 

The stoichiometry and arrangement of individual protein chains (subunits) in such 

a complex is referred to as the quaternary structure. Note that, unlike the fibril 

formation in misfolding diseases described above, most of these interactions are 

highly specific, and can be either permanent or transient. The best-known 

example of a protein complex which is not particularly dynamic is likely to be 

hemoglobin, an oxygen-carrying tetramer consisting of two  and two  subunits, 

and four iron-containing heme groups[47]. On the other extreme, the 14-3-3 

family of proteins is expressed in all known eukaryotic cells, and one of the major 

‘hubs’ in protein interaction networks, known to bind over 200 target proteins[48-

50]. 

It has been suggested that, rather than the number of genes in an organism, or 

even the size of the transcriptome, the whole of all physiologically relevant 

protein-protein interactions, also called the ‘interactome’ serves as a better proxy 

for the perceived complexity of an organism[51]. The size of the human 

interactome has been estimated to be around 650,000 interactions[51]. Taking 

into account a multitude of proteoforms, conformational isoforms, and 

interactions, one can see how the 130,000 or so mRNA sequences translated in 

the ribosome actually give rise to a proteome consisting of tens of millions of 

functional elements, the vast majority of which are not accessible through 

genomic or transcriptomic analysis. Having thus established the necessity for 

direct protein analysis, we will discuss a range (Figure 1.2) of commonly used 

methods in the following paragraphs, beginning with non-mass spectrometry-

based options. 
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1.3 Methods for analysis of protein structure 

From the preceding paragraphs, it is clear that protein analysis can be broadly 

divided into three categories, the first being primary structure determination, i.e. 

sequencing, including determination of PTM state, the second being 

conformational analysis of monomer units, and the third focusing on elucidating 

protein interactions. Due to the maturity of sequencing techniques, the first type 

of experiment is typically performed using complex mixtures, resulting in (partial) 

sequence information on a large number of proteins. On the other hand, studies 

where the aim is to derive higher-order structural information are often 

performed on isolated proteins or complexes, resulting in a great deal of 

information about this specific analyte. Determining protein interaction partners 

can be achieved using so-called ‘pull-down’ – also known as immunopurification – 

assays, in which an antibody, keyed to a protein of interest, is either mixed with 

cell lysate and then extracted, or immobilized before lysate is passed over the 

substrate[52-55]. Most commonly, the desired selectivity is achieved by 

recombinantly adding an epitope ‘flag’ to the target protein. A typical example of 

this is a relatively short metal-chelating polyhistidine sequence[56], commonly 

known as a His-tag. In all of these approaches, the protein of interest is selectively 

extracted, along with its physiologically relevant binding partners, which can then 

be identified. However, this approach reveals nothing about complex 

stoichiometry or structure (one can imagine for instance that the data 

interpretation for a pull-down of 14-3-3 protein would be rather challenging), and 

is fairly labor intensive. 
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Figure 1.2. Some commonly used techniques in structural biology. 

 

High-resolution methods capable (in principle) of determining the identity and 

position of each atom in a protein (complex) are X-ray crystallographic diffraction 

(XRD) and nuclear magnetic resonance (NMR). Indeed, over 99% of the slightly 

more than 100,000 (as of January 2016) proteins for which the structure has been 

deposited in the Protein Data Bank (PDB) have been resolved using these 

techniques, with XRD alone accounting for nearly 90% of the total. Elucidation of 

the structure of heme-containing proteins by XRD[47, 57] led to Max Ferdinand 

Perutz and John Cowdery Kendrew being awarded the 1962 Nobel Prize in 

Chemistry. Likewise, forty years later, Kurt Wüthrich was awarded a half-share of 

the 2002 prize for protein structure determination via NMR[58, 59]. However, 

both of these techniques have serious drawbacks limiting their applicability. In the 

case of XRD, a relatively high concentration of protein is required, which needs to 

crystallize in order to generate a usable diffraction pattern. While this often works 

for globular proteins, membrane proteins and IDPs present significant difficulties 

in this regard. Advances have recently been made by producing crystals of such 

systems in complex with a less challenging protein, often an antibody or 

nanobody, making the structure somewhat more rigid[60-63]. Of course, trapping 
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proteins in a low-energy state eliminates some of their defining aspects in vivo, 

and due to a crystal being by definition made up of regularly repeating motifs, 

dynamic aspects in general are somewhat suppressed in XRD. This being said, XRD 

is still an invaluable technique in modern structural biology, and structures 

obtained via this method generally seem close to the biologically relevant forms. 

A variant of XRD which trades resolution for speed of analysis and the ability to 

apply the technique to proteins in solution is small-angle X-ray scattering (SAXS). 

This technique allows a rough estimation of size and shape of a macromolecule in 

solution. However, this estimation is averaged over all analytes, limiting the 

information one derives about (for instance) different members of a 

conformational ensemble. Also, the best results are achieved using synchrotron 

radiation, which also limits the access of most labs to this technique. NMR is a 

high-resolution technique which allows for structure determination in solution 

and in this sense represents an improvement; however, data interpretation can 

become an issue at high (greater than around 30 kDa) mass, limiting the 

application field of this technique. The fact that an appreciable amount of purified 

protein (typically around 10 mg) is required can also pose a problem. 

An emerging technique for protein structural analysis is (cryo-)electron 

microscopy (EM), which allows one to directly ‘see’ individual proteins and 

complexes. However, at present, averaging of information on multiple particles is 

required to obtain high-resolution information, again limiting the information 

about dynamics and co-population of multiple conformational states. 

Furthermore, beam-induced motion and damage cannot be ignored, and unstable 

or flexible proteins and complexes are generally problematic, as are assemblies 

massing less than 150 kDa. Expensive, highly specialized equipment is obviously 

also required[64]. 

So far, we have more or less ignored primary structure determination. As 

mentioned at the beginning of this chapter, analysis of nucleic acids is insufficient 

for this, so methods must focus on analyzing an actual protein sample, for which 

multiplication through some type of PCR analogue is impossible[1]. In principle, 

some of the high-resolution techniques described above might be used for this; 

however, data analysis in these techniques, i.e. converting a diffraction pattern or 

NMR spectrum to a three-dimensional structure, is aided massively by a priori 

knowledge of the primary structure. In this context, it should be noted that 

protein samples for high-resolution analysis are currently usually obtained 

through recombinant expression and the sequence is thus known; however, 
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significant heterogeneity can still arise due to e.g. post-translational modification 

or accidental (partial) proteolysis during purification. As such, even for 

recombinantly produced proteins, there is a need for methods for sequence 

determination. Chemists have developed a range of ingenious techniques for 

determining the identity and order of amino acid residues in a protein, the best-

known of these being the Edman degradation[65]. However, these methods are 

rather time-intensive and not applicable to sequences longer than about 50 

residues. The advent of ‘soft’ ionization methods, primarily electrospray ionization 

(ESI)[66] and matrix-assisted laser desorption/ionization (MALDI)[67, 68] allowed 

transfer of peptides and proteins to the gas phase. As a result, mass spectrometry 

has become the method of choice for protein sequencing in a high-throughput 

context. John Fenn and Koichi Tanaka shared half of the 2002 Nobel Prize (the 

other half, as mentioned, going to Kurt Wüthrich) for their contributions to ESI 

and soft laser desorption (SLD), respectively. As in fast atom bombardment (FAB) 

developed by Barber and colleagues[69, 70], the efficiency of laser 

desorption/ionization methods is greatly enhanced by mixing the analyte with a 

(usually non-volatile) matrix. Both MALDI, developed by Karas and Hillenkamp[67, 

71] and SLD rely on this principle to enable desorption and ionization of large, 

‘fragile’ molecules. The principles of ESI will be discussed in more detail later; for 

MALDI, the reader is directed to some excellent reviews[72-76]. 

In a typical ‘bottom-up’ proteomics experiment, a protein, or more likely, a 

complex mix of proteins is first enzymatically digested (i.e. partially and selectively 

hydrolyzed) into peptides, which are then separated, typically using reversed-

phase high-performance liquid chromatography (RP-HPLC) and ionized via ESI[77]. 

Mass spectrometry then allows determination of the mass of each peptide, and 

collision-induced dissociation (CID) is used to gradually (over hundreds or even 

thousands of collisions) increase the internal energy of the peptide and crucially, 

deposit energy into vibrational modes, effectively increasing the ion’s 

temperature until the weakest bond(s) break[78]. Ideally, this is the peptide bond, 

and the mass difference between sequential fragments allows one to determine 

the sequence of the peptide. Isolation of a particular precursor peptide prior to 

CID in a tandem MS approach is obviously beneficial with regard to data 

processing. In practice, however, quite often PTMs are lost before peptide bonds 

break, complicating their analysis, although it has been claimed that higher-

energy CID (HCD) does not allow for complete energy redistribution among the 

peptides vibrational degrees of freedom, allowing improved retention of PTMs by 

fragments. 
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The use of (extensive) enzymatic digestion, as well as organic solvents and low pH 

during the LC step obviously destroys higher-order protein structure; however, 

the speed of primary structure determination is dramatically better than that 

achieved using chemical sequencing methods, as MS-based peptide sequencing 

can be performed at a rate of several Hz. A major drawback is the lack of 

knowledge of the mass of the intact protein, often requiring the use of advanced 

software and databases in order to infer protein identities and sequences based 

on LC-MSn analysis of an enzymatic digest[79-81]. Regularly, proteins are 

identified based on only one or a handful of partially sequenced peptides, 

obviously leading to many proteoforms potentially going undetected. 

More recent advances have for this reason focused on the separation, ionization, 

and sequencing of intact proteins, i.e. without enzymatic digestion, in a new field 

known as ‘top-down proteomics’[82, 83]. It is currently possible, although not 

routine, to identify thousands of proteins from cell lysates using a top-down 

approach[84, 85]. In these projects, it is striking that due to splicing and post-

translational modification, individual genes are often found to give rise to multiple 

proteoforms, up to several dozen in extreme cases[25, 85]. This highlights the 

utility and importance of intact protein analysis, even for primary structure 

determination alone. Top-down approaches have been facilitated by 

developments in both hard- and software, with one of the main technical 

advances being novel, more selective dissociation methods[86, 87]. These include 

infrared multiphoton dissociation (IRMPD), ultraviolet photodissociation (UVPD), 

electron capture dissociation (ECD), electron transfer dissociation (ETD), and 

surface-induced dissociation (SID). ETD will be discussed in greater detail in later 

chapters, but for the moment, the reader is directed to several outstanding 

reviews[88, 89]. 

 

1.4 Mass spectrometry for determination of higher-order protein structure 

While primary structure determination is the most mainstream application of 

mass spectrometry for protein analysis, a number of fairly conventional as well as 

emerging MS techniques exist for the study of the higher-order structure of 

proteins (Figure 1.3). The conventional methods in general rely on in vitro (or in 

some cases, in vivo[90]) chemical modification of the protein, followed by analysis 

as described above. If the modification is performed in a manner which is 

sensitive to higher-order structure, and care is taken to preserve the modification 
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during analysis, results from this type of experiment will obviously also allow 

inference of (some aspects of) higher-order structure. 

 

 

Figure 1.3. Mass spectrometry-based methods for protein structure analysis. 

 

A first such technique is hydrogen-deuterium exchange (HDX), in which, as the 

name implies, some of the hydrogen atoms in a protein are exchanged for 

deuterium by dissolving it in deuterium oxide (D2O). The first recorded instance of 

this is an experiment by Hvidt and Linderstrøm-Lang in 1954, in which they 

performed this experiment on porcine insulin[91]. In lieu of mass spectrometry 

analysis, which would presently allow one to estimate the extent of deuterium 

incorporation in a matter of seconds, a fascinating protocol was used, requiring 

several days and including lyophilization, drying over P2O5, and back-exchange 

into water. Nonetheless, the data showed that HDX was selective for certain 

hydrogen atoms, and the authors concluded that this selectivity most likely was 

linked to secondary structure. Another landmark study in the development of HDX 
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(or technically, hydrogen-tritium exchange in this example) was performed by 

Rosa and Richards in 1979 and included both a proteolytic digestion step, and 

made an explicit link between selectivity of hydrogen exchange and crystal 

structure[92]. 

In general, HDX is now understood to be sensitive to a combination of secondary 

structure and surface accessibility[93, 94]. Exchange occurs primarily at reactive 

protons in side chains, as well as amide hydrogen atoms in the protein backbone. 

Exchange of the former tends to occur very rapidly however, and back-exchange 

(i.e. exchange of incorporated deuterium for normal hydrogen from 

environmental water) usually occurs during sample preparation and handling, 

meaning most information is actually gained from the exchange of backbone 

amide hydrogen atoms. When these are involved in hydrogen bond networks, i.e. 

 helices or  sheets, exchange is slowed significantly. While the surface of the 

protein obviously comes into contact with the D2O first, and this gives rise to 

some surface-selectivity, the deuterium labels tend to diffuse inward, due to both 

the existing H-bonding network and the dynamic nature of a protein structure in 

solution (also referred to as ‘breathing’ of the protein). This accounts for why this 

technique is mainly used to probe secondary structure. While fairly 

straightforward in theory, in practice, the prevention of unintentional back-

exchange, particularly during proteolytic digestion and liquid chromatography, is 

difficult and requires carefully maintaining temperature and pH in a specific 

range. Conversely, it is also possible to carry out the hydrogen-deuterium 

exchange in the gas phase, in which case the process is typically performed on a 

millisecond timescale, reactive protons in side chains are studied, and results are 

more selective towards surface than secondary structure[95, 96]. 

A conceptually similar technique, which is far more selective toward a protein’s 

exposed surface than HDX, is covalent labeling[94]. The most commonly used 

form of this is labeling with in situ generated hydroxyl radicals. Due to the 

technique’s ability to provide information on protein surface, this specific 

approach is often referred to as ‘oxidative footprinting’[97, 98]. Advantages of a 

hydroxyl radical probe include its reactivity toward a variety of amino acid 

residues, as well as its small size (indeed, the same size as the water molecules 

the protein is natively surrounded by), allowing labeling with minimal disruption 

of the structure due to steric effects. Results from this type of experiment provide 

information on which residues are located at the surface of a folded protein, as 

well as which areas are ‘protected’ within protein complexes (i.e. within the 

protein-protein interface), allowing determination of quaternary structure to 
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some extent. Traditionally, the radicals are generated by classical chemistry, 

including Fenton chemistry[99], but much attention has recently been garnered 

by a novel technique, called fast photochemical oxidation of proteins (FPOP), 

developed by Gross and colleagues[100-103]. In this approach, hydroxyl radicals 

are generated in a protein solution containing a small amount of H2O2, by a 248 

nm laser pulse. Given the short duration of the laser pulse, combined with the 

presence of radical scavengers in solution, the reaction time can be limited to the 

low microsecond range, allowing one to monitor highly dynamic aspects of 

protein structure, including for instance laser-induced unfolding and refolding. A 

similar approach developed by Chance and colleagues uses cyclotron radiation for 

generating radicals and has been used to perform oxidative labeling of peptides 

and nucleic acids on a millisecond timescale[104-108]. 

Another technique which relies on the formation of permanent, covalent bonds 

for determination of the structure of a folded protein is chemical cross-

linking[109, 110]. In HDX and oxidative footprinting, a label reacts with a single 

atom or functional group of the protein, at one site. Conversely, cross-linking 

reagents are able to bind to two different sites, often by possessing two reactive 

groups separated by a ‘spacer’ of some sort. Exceptions to this rule are 

formaldehyde (possessing a single functional group which is capable of reacting 

with two nucleophiles) and ‘zero-length’ cross-linking approaches (in which no 

spacer is used) such as photo-cross-linking[111]. As the length of this spacer is 

known, an upper limit is imposed on the distance between two groups binding to 

the same reagent molecule in the folded protein. A number of such constraints 

can then be used to build a model of the protein. An approach using cross-linking 

combined with conventional sequencing and native mass spectrometry 

techniques (which will be discussed in detail in the next chapter) was recently 

described and benchmarked using three well-characterized protein complexes, 

composed of six to nine subunits and having masses in the 200 – 250 kDa 

range[112]. 

A final technique utilizing in vitro modification of the protein prior to MS-based 

analysis is limited proteolysis[113]. This method, which so far has only seen 

limited use, exploits the fact that certain regions – determined by low solvent-

accessibility and flexibility – of a folded protein are resistant to proteolysis. Thus, 

by exposing a protein of interest to protease in a buffer which allows preservation 

of higher-order structure, and then quenching the reaction, for instance by 

reducing the pH, after a relatively short time, preferential hydrolysis in exposed, 
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flexible regions is observed, somewhat similar to how ‘unprotected’ residues are 

labeled in oxidative footprinting. 

In conclusion, there is a clear need for comprehensive protein characterization, 

from primary to quaternary structure, and taking into account the dynamic 

aspects and interactions essential to protein function. In the last century, a wide 

range of techniques for protein analysis have arisen, each providing information 

on some aspect(s) of this puzzle, limited by its particular field of applicability. Due 

to significant advances made in the last decades, mass spectrometry is becoming 

increasingly more prominent in protein analysis. However, all of the MS-based 

methods discussed so far rely on denaturing – and often digestion – of the protein 

prior to entering the mass analyzer. Since the early 1990s, there has been a steady 

rise in interest for techniques which are able to maintain the solution folding 

state(s) during a mass spectrometry experiment[114, 115]. These so-called ‘native 

mass spectrometry’ approaches, as well as ion mobility spectrometry, another 

technique providing structural information about gas-phase ions, are the focus of 

the next chapter. 
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2. Native mass spectrometry 

approaches using ion mobility-

MS 

 

Parts of this chapter have been published as: 

Lermyte, F., Martin, E.M., Konijnenberg, A., Lemière, F., Sobott, F.: Native mass 

spectrometry approaches using ion mobility-MS. Analyzing Biomolecular 

Interactions by Mass Spectrometry, ISBN: 978-3-527-33464-3 
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2.1 Introduction 

Over the last two decades, mass spectrometry (MS) has become a powerful tool 

for investigating biomolecules and their interactions. Traditional top-down MS 

approaches have included the study of intact proteins under denaturing 

conditions (acidic solution and/or high concentration of organic solvent) to 

determine accurate protein masses or map post-translational modifications 

(PTMs) using MS/MS fragmentation (Figure 2.1). Proteomics scientists are 

becoming increasingly interested in the use of “native” approaches, where 

conformations of individual proteins and noncovalent complexes are preserved 

throughout the ionization process and analysis inside the mass spectrometer 

(“native” MS; Figure 2.1).  

 

Figure 2.1. A comparison of the information obtained from denaturing and native 
MS of proteins. While denaturing MS yields accurate sequence masses, native MS 
is able to preserve higher-order structure allowing ion mobility and footprinting 
experiments. Typical charge state distributions are indicated below: a broad 
distribution around m/z 1000-2000 irrespective of mass for denatured proteins 
(as well as some partially folded states at higher m/z), and a narrow distribution 
for native proteins at high m/z depending on their mass. 

 

The formation of biologically active protein structures is mediated by numerous 

noncovalent contacts. It is therefore very desirable to study these systems under 

conditions that preserve these interactions, in order to gain information about 

their function. Native ion mobility-MS (IM-MS) is one route that is being 
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increasingly used in the field of structural biology as a complimentary tool to NMR 

spectroscopy and X-ray crystallography, as well as electron microscopy and other 

biophysical and spectroscopic approaches. This new MS technology has opened 

up numerous possibilities for the characterization of protein complexes, and 

information on protein-protein[116-119], protein-DNA[120], protein-RNA[121, 

122], protein-metal ion[123], protein-carbohydrate[124], protein-lipid[125], 

protein-drug interactions[126] and even membrane-bound proteins[127, 128] is 

now readily accessible.  

Here we describe the necessary steps to be taken in order to study protein 

complexes successfully by mass spectrometry (illustrated in Figure 2.2). We will 

first discuss the way sample preparation is typically performed in native MS, then 

we will describe the mass analyzers used in these studies and discuss possibilities 

for tandem MS experiments, and finally, we will discuss the added value of IM for 

native MS. 

 

Figure 2.2. (A) Typical workflow used in native IM-MS experiments. Sample 
preparation, ionization and conditions inside the mass spectrometer are all 
optimized for preservation of noncovalent interactions. (B) Example native mass 
spectrum of concanavalin A, showing a mixture of monomer, dimer and (native) 
tetramer. 
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2.2 Sample preparation 

Solution conditions are especially important when performing native MS 

experiments. The analyte obviously has to be in a native-like environment in 

solution, which requires a near-physiological pH and prevents the use of organic 

solvents typically employed in liquid chromatography-mass spectrometry (LC-MS). 

It is best to keep the percentage of organic co-solvents (e.g. DMSO) below 5-10% 

in order to preserve the native structure in electrospray ionization. Analyte 

concentrations used are typically in the 1-10 M range, although 0.1-100 M is 

possible. Only a few L are required per analysis at flow rates of 10-100 nL/min, 

so sample consumption is in the order of a few g of protein. 

In order to provide sufficient charge carriers and stabilize the pH of the solution, 

volatile buffers, which evaporate in the gas phase, are used in native electrospray 

ionization-mass spectrometry (ESI-MS). In practice, the most frequently used 

buffer systems are 10-500 mM ammonium acetate solutions with pH close to 

7[129]. However, it should be emphasized that the search for an optimal buffer 

for use in native MS experiments is still very much an active area of research. For 

instance, it was recently shown that the use of ethylene diammonium diacetate 

(EDDA), a buffer that had not previously been used in MS experiments, can lead to 

significantly better resolved peaks for the intact 800 kDa GroEL tetradecamer, 

presumably by aiding desolvation[116]. 

Desalting is a key step in sample preparation for native MS. Solutions of 

biomolecules are routinely purified in buffers which contain non-volatile salts (e.g. 

NaCl), detergents or co-solvents (e.g. glycerol) which either cluster to the analyte 

ions or suppress ionization. For example, Na+ ions can replace protons on the 

analyte, leading to peak broadening by formation of satellite peaks with varying 

numbers of these cations, which reduces sensitivity as the total ion intensity is 

distributed over several species[129]. NH4
+ ions on the other hand can displace 

these alkali metal ions and dissociate into NH3 (which is released) and H+ (which 

stays attached) during the ESI process[129]. Desalting and buffer exchange can be 

performed immediately prior to analysis by using gel filtration or size-exclusion 

micro-columns. Alternatively, dialysis or centrifugal filters can be used to remove 

impurities with a low molecular weight, with the latter enabling simultaneous 

increase of the concentration of the analyte. A useful workflow in the analysis of 

protein-ligand complexes is to add an excess of ligand to the protein and then 

desalt the resulting solution, as the excess low-molecular weight ligand will be 

removed in the desalting step. 
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2.3 Electrospray ionization  

Native MS relies on transfer of the ionized analyte from solution into the gas 

phase of the mass spectrometer. This requires desolvation (removal of water and 

buffer) while maintaining the weak, noncovalent interactions which stabilize 

tertiary and quaternary structure. We owe our ability to perform these 

experiments to the development of soft ionization techniques such as ESI by John 

Fenn in 1989 (2002 Nobel Prize in Chemistry)[66]. In ESI, a potential difference of 

a few kV (typically 1.2-1.8 kV for nano-ESI) is applied between the sprayer and the 

vacuum entrance of the mass spectrometer. The resulting electric field causes the 

surface of the liquid to distort into a so-called Taylor cone from which droplets are 

released which carry an excess of charge carriers (e.g. H+ or NH4
+). As solvent 

molecules evaporate, the density of these charges increases until the resulting 

electrostatic repulsion overcomes the surface tension of the liquid. At this point, 

known as the Rayleigh limit, fission of the droplet into smaller droplets 

occurs[129].  

The final step of the process by which free, gaseous ions are formed, is believed to 

occur via a mechanism described by the charged residue model (CRM)[130, 131]. 

This proposes that the cycle of droplet fission and solvent evaporation continues 

until extremely small droplets are formed. A (small) portion of these droplets 

contain a single copy of the analyte ion, while the majority of them are 

empty[132]. As the final droplet “dries up”, the remaining charges are then 

deposited on the analyte. Strong experimental evidence for the CRM comes from 

the observed charge states of proteins in native MS experiments (see below). 

Unlike denatured proteins, native proteins do not proportionally pick up more 

charges with increasing mass, but rather with their surface area so that they move 

up the m/z scale (see Figures 2.1 and 2.3).  
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Figure 2.3. Relation between mass, collision cross-section (CCS), solvent-

accessible surface area (SASA) and charge state attained in native ESI. (A) Average 

charge state for native proteins approaches but does not exceed the Rayleigh 

limit. (B) SASA (and CCS, as these two generally correlate) can be predicted from 

average charge state, as these follow a power law. (C) The correlations shown in A 

and B demonstrate that m, z, SASA, and CCS are related in a fairly simple way in 

native ESI. Adapted with permission from [94]. 

 

Like the ESI mechanism, it is also debated what the observed charge state 

distributions reveal about properties of native proteins[133]. Several possible 

explanations for the observed degree of charging have been proposed, including 

the availability of basic sites[115], intramolecular interactions within the 

protein[134], and the surface tension of the solvents used (which relates to the 

Rayleigh limit)[135]. While all of these factors probably contribute to some extent, 

it is striking that the observed charge states of globular proteins and protein 

complexes systematically approach, but do not exceed the Rayleigh limit[94]. This 

is consistent with the formation of free ions from a droplet of essentially the same 

size as the ion, i.e. the charge states of the analyte are defined in the very last 

stages of ion release when the droplet is drying up, according to the CRM[136-

138]. In this way, the charge states of native proteins in ESI are thought to 

strongly correlate with the exposed surface area of the folded protein structure. 

If very high analyte concentrations are used in ESI (> 20 M), in principle more 

than one copy of the analyte can be present in the final ESI droplet, potentially 

leading to formation of clusters, i.e. artificial interactions during solvent 

removal[139, 140]. Usually though, it is possible to tell these apart from 

biologically relevant interactions, as in the case of artificial interactions, a 

statistical distribution of dimer, trimer, etc. will be observed, while in native mass 

spectrometry, one would expect to see only the specific complex being studied. In 

order to avoid these artifacts, it is best to stepwise dilute the solution to monitor 
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this behavior, and use concentrations in the low micromolar range. At these 

concentrations, non-specific dimers typically do not occur. The risk of observing 

artifactual interactions is further mitigated by the fact that mostly highly purified, 

well-known samples are used to study proteins which are already known to 

interact in vivo. 

For native MS, the key requirements are the use of (usually) aqueous solutions 

and a minimized consumption of the often precious sample. Both these demands 

are met by a miniaturized version of the ESI source developed by Wilm and Mann, 

known as nano-ESI[141, 142]. Crucially, the much smaller spray orifices used here 

also lead to improved dispersion of the liquid into nano-droplets with a favorable 

surface-to-volume ratio, enabling the formation of ‘naked’ ions without requiring 

harsh desolvation conditions or the use of organic (co-)solvents. Normally, a spray 

orifice with an inner diameter of 1-2 µm is achieved by pulling a glass or quartz 

capillary to a very fine tip and coating this with conductive material such as gold, 

or inserting a metal wire[142] (Figure 2.2). This can be done in-house, but ready-

to-use capillaries are also available from commercial sources (New Objective, 

Woburn/MA, USA or Thermo Fisher Scientific, Waltham/MA, USA). Typically these 

capillaries are then loaded with 2-3 µl of analyte solution which is infused directly 

(i.e. without an additional online separation step) into the source of the mass 

spectrometer. An alternative, automated method for performing nano-ESI also 

exists, in which a few µl of the analyte solution are aspirated into a sampling tip 

which is then positioned against a chip, containing an array of ca. 390 nano-ESI 

nozzles. This system is produced by Advion (Ithaca, NY/USA) and has been used to 

analyze noncovalent multiprotein and protein-ligand complexes[143], amongst 

others. This approach has the benefit of excellent reproducibility between 

experiments (the nozzles are quasi-identical) and has recently been used for low-

resolution surface imaging via LESA (liquid extraction surface analysis)[144]. 

A central, important aspect of native MS is the question if it is justified to talk 

about native structures in a solvent-free environment. Indeed, the high vacuum 

found in a mass analyzer is far removed from biological conditions, whereas the 

hydrophobic effect (which is absent in vacuo) plays an important role for protein 

folding in solution. However, from the early days of ESI-MS, studies have been 

performed on noncovalent protein-ligand[145-148] and multiprotein 

complexes[114], as well as nucleic acid duplexes[149] and protein-DNA/RNA 

complexes[114]. This type of work was later expanded to increasingly larger 

systems[150, 151], and recently, mass spectra of an 18 MDa virus assembly were 

reported[117].  
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The evolution of protein conformations in native ESI-MS experiments has been 

studied in some detail[152-154], and it is believed that significant changes to the 

global fold of a protein occur on a longer timescale than that of most MS 

experiments. This can be explained by kinetic trapping: it is known that the 

conformational flexibility of a protein is greatly reduced in the absence of 

water[155], due to an increased kinetic barrier for refolding (mainly due to a lack 

of H-bonding partners). Even though the native structure is not necessarily the 

most stable one in the gas phase, it is pre-formed in solution and large-scale 

structural rearrangement is rather slow under normal MS conditions[156]. While 

collapse of charged side chains can occur[157], it is usually only observed in 

structures which contain disordered, extended regions or are “hollow” (e.g. ring-

shaped protein complexes). This is further confirmed by indications that this 

compaction can be reduced by microsolvation of these side chains using cyclic 

polyethers (e.g. crown ethers)[158]. Ion mobility measurements have provided 

strong evidence that the native structure of protein complexes is largely 

maintained in the gas phase[118, 159, 160], and the (rotationally averaged) size of 

most folded proteins matches the expected value from X-ray structures, at least 

for the lowest observed charge states (see below). 

 

2.4 Mass analyzers and tandem MS approaches 

Native MS experiments impose a number of requirements on the mass 

analyzer[119, 161-164], due to the high mass and the relatively low charge state 

(see above) of native proteins. Quadrupole/time-of-flight (Q-TOF) instruments are 

widely used for these experiments, although Orbitraps with extended m/z range 

have seen increasing use in the last few years. Due to the high m/z of the analytes 

– values up to m/z 50 000 have been reported for 18 MDa virus capsids[117] – it is 

necessary to reduce the frequency of the quadrupole to allow efficient 

transmission and MS/MS selection of high m/z species[119, 161-164]. Collisions 

with background gas molecules must be carefully controlled, particularly in the 

early vacuum stages of the instrument. Upon transition into vacuum, the ion 

cloud undergoes fast expansion and the ions are accelerated. Through gentle 

collisions with background gas, they can be slowed down and focused into a tight 

beam, which improves transmission of high m/z ions significantly. This also 

prevents the adiabatic expansion caused by the sudden drop in pressure upon 

entering the first vacuum stage from causing the protein ions to cluster with 

surrounding water vapor and ‘freeze’. Also, efficient removal of residual solvent 
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molecules can be achieved without disrupting protein interactions. This process is 

known as collisional cooling and is especially important for supramolecular 

assemblies. In general, this requires the pressure in the initial vacuum stages to be 

increased (or a heavier collision gas used), compared to the analysis of small 

molecules.  

In contrast, collisional heating is the process in which collisions increase the 

internal energy of the analyte ion, causing unfolding and fragmentation (see 

Figure 2.4). This, along with other dissociation techniques, will be discussed in 

detail in Chapter 3. The applied pressures and voltages determine which of the 

two regimes the analytes experience, i.e. how energetic and frequently collisions 

occur and whether this causes a net increase of internal energy. In order to avoid 

collision-induced unfolding (CIU) and collision-induced dissociation (CID), voltages 

are deliberately kept low in native MS experiments. In the past, this required 

custom modification of instruments; however presently, high-mass modified 

instruments are commercially available. The Q-TOF instruments manufactured by 

Waters (Wilmslow, UK) and AB SCIEX (Concord, Ontario/Canada) should be 

specifically mentioned, although Orbitrap instruments (Thermo, Bremen, 

Germany) modified for native work are currently also available. 

While CIU and CID destroy a protein’s native conformation, they can be very 

beneficial for top-down analysis of protein complexes. For instance, CIU can be 

used to study the stability of the noncovalent interactions stabilizing a protein’s 

higher-order fold[165]. In CID, as the ionized complex is collisionally heated, one 

monomer unfolds before dissociating from the complex. As it unfolds, its surface 

increases and a disproportionately large portion of the mobile charges on the 

complex are ejected along with the monomer[166]. This process is known as 

asymmetric dissociation. In this way, accurate masses of the individual building 

blocks of a protein complex can be determined and the subunits or ligand(s) 

identified. 
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Figure 2.4. Comparison of collision-induced unfolding (CIU) and dissociation (CID) 

of a protein complex and the information obtained in both types of experiment. 

 

2.5 Ion mobility 

IM can be used purely as an additional separation dimension, in which case 

differential mobility spectrometry (DMS) or high-field asymmetric waveforms 

(FAIMS) are typically used [167-169], with resolving power up to 500[170]. 

However, other variants of this technique also offer low-resolution structural 

information on a timescale of milliseconds, in addition to separating analytes. In 

IM, the ion of interest is propelled forward by an electric field in an inert 

background gas, typically He or N2 (Figure 2.5). On a macroscopic scale, the ions 

will quickly reach a constant velocity due to friction caused by collisions with the 

mobility gas. This process is somewhat similar to electrophoresis (albeit in the gas 

phase), and IM has historically also been referred to as plasma 

chromatography[171]. It is important to note that the pressure and voltage 

gradient need to be carefully controlled, so that the collisions with background 

gas do not cause unwanted CIU or CID (see above). 
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Figure 2.5. IMS allows the separation of analytes based on shape. Assuming 
(nearly) identical mass and charge, analytes in a more compact, native 
conformation will have a shorter drift time (equivalent to a smaller CCS or an 
increased mobility constant). 

 

The ratio of an ion’s velocity to the applied electric field is expressed as the 

mobility constant (K), and depends primarily on the reduced mass (μ) of both 

collision partners (which for protein-gas collisions becomes almost identical to the 

gas mass), the ion charge (z), and Collision Cross-Section (CCS or Ω). In the case of 

a constant, homogenous electric field, this is expressed mathematically as[171]: 

 

where N is the number density of the drift gas, T is the temperature and kb is the 

Boltzmann constant. As the mass of the drift gas is known, and the mass and 

charge state of the analyte can be easily obtained through MS, coupling IM with 

MS can reveal an analyte’s CCS. Since the analyte ions tumble fast and freely while 

moving through the mobility cell (as a result of collisions with molecules of the 

background gas), the CCS is determined by the rotationally averaged 3D structure 

of the analyte. It follows that IM-MS can distinguish ions with the same m/z, but 

with a different shape. The most obvious applications of this are the analysis of 

different conformations of a large biomolecule and distinction of isomers of small 

molecules, but IM-MS can also separate oligomers with a different aggregation 

(Eq. 2.1) 
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number and (nearly) identical m/z (e.g. a monomer with charge state n and a 

dimer with charge state 2n). 

Several ‘sub-families’ of ion mobility spectrometry can be distinguished. Drift-tube 

IMS (DT-IMS) and differential mobility analysis (DMA)[172] utilize electric fields 

that are constant over time. Travelling-wave IMS[173] (TWIMS) utilizes a series of 

travelling electrostatic waves instead of a uniform field to propel the ions forward. 

When an ion is retarded sufficiently due to collisions with the drift gas, it ‘rolls’ 

over the wave and stays in place until it is picked up by the next one. Ion 

transmission is higher than in DT-IMS, but the simple mathematical relation 

between mobility and CCS is lost, and a calibration procedure is necessary in order 

to derive structural information[174-177]. Resolving power is currently limited to 

around 50, which allows the distinction of analytes with collision cross-sections 

differing by 2-3%. A TWIMS cell is incorporated in the first commercially available 

IM-MS instrument, the Synapt HDMS [178] (Waters, Wilmslow, UK) which was 

launched in 2006, and its successors, the Synapt G2 and G2-S(i). In 2013, Agilent 

Technologies (Santa Clara/CA, USA) launched the 6560 Ion Mobility Q-TOF with a 

DT-IMS cell. Less common, recently developed IMS variants such as overtone 

mobility spectrometry (OMS)[179-183], transversal modulation (TM-IMS)[184], 

trapped ion mobility spectrometry (TIMS)[185] and ion cyclotron mobility 

spectrometry[186, 187] will not be discussed here. 

 

2.6 Data processing 

IM-MS data are usually represented as a 2D plot (color-coded contour plot, or 

heat map) of m/z value versus drift time. The most popular software for this is 

DriftScope (Waters, Manchester, UK), as it is also the most convenient way of 

processing Synapt IM-MS data. In DriftScope it is possible to select a specific drift 

time or range of drift times, and extract the associated (partial) mass spectrum for 

that range. Conversely, it is also possible to extract the intensity vs. drift time plot 

associated with a specific m/z window. In the latter case, and especially when 

working with large molecules or complexes, one must be careful to select only 

one analyte species. If, for instance, a ligand or metal cation induces a 

conformational change, inadvertent simultaneous selection of the protein or 

complex with and without the ligand would lead one to incorrectly conclude that 

the analyte itself has two distinct conformations. 
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IM measurements can inform on subunit connectivity within protein complexes 

by ruling out possible topologies, which would lead to CCS values significantly 

different from experimental observations[160]. Several computational methods 

have been developed in order to relate the measured CCS to structures 

determined by using XRD or NMR[188-190], or to other candidate structures. 

These include the projection approximation (PA), exact hard-sphere scattering 

(EHSS) method and the trajectory method (TM), all of which calculate CCS based 

on Cartesian coordinates of the atoms in the model. All three of these algorithms 

are incorporated in the open-source program MOBCAL, developed by Shvartsburg 

and colleagues[189]. Further discussion of these methods would be beyond the 

scope of this chapter; however, in general IM data is in good agreement with 

other biophysical techniques, with gas phase structures typically being slightly 

more compact than crystal structures[191-193], possibly due to the 

aforementioned side-chain collapse during the later stages of the ESI process. One 

should also note that it has been suggested that the ultimate limitation to 

resolving power in IM is not due to instrumentation, but conformational 

heterogeneity inherent to the large biomolecules being studied close to room 

temperature[192, 194]. 

 

2.7 Challenges and future perspective 

While there have been significant advances in native MS in recent years, 

challenges still remain in sample preparation, instrumentation and data analysis. 

In this final section, we will discuss some recent, exciting developments which 

allow analysis of ever larger complexes, and have opened up the field for the 

study of integral membrane proteins and their interactions. 

A first example is the investigation of lipid binding by soluble proteins with so-

called 'catch and release MS'. Here nanodiscs – membrane bilayers restricted in 

size by a scaffolding protein wrapped around them – are used as a platform to 

simulate protein-lipid interactions for membrane-associated proteins. Many 

proteins, especially when involved in signal transduction or antigen/microbial 

recognition, bind to specific lipids or receptors on the cell surface. By preparing 

the lipid bilayer in the nanodiscs from lipids extracted from specific ranges of cells, 

it has been shown that it is possible to probe selectively for lipid affinity of 

membrane-associated proteins[195]. To demonstrate their approach, the authors 

investigate the binding of the glycosphingolipid (GSL) GM1 to the cholera toxin. 

The toxins were mixed with nanodiscs with a DMPC/GM1 bilayer and introduced 
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into the mass spectrometer by nano-ESI. By applying mild CID in the source 

region, the lipid-lipid interactions were broken, allowing for the release of the 

toxin-GM1 complex from the nanodisc-protein complex. Not only does this 

simplify the spectrum, but higher energy CID also allows to identify the type of 

lipid attached, while simultaneous IM can further confirm the assignment. This 

approach seems to hold promise for investigating protein-lipid interactions, and 

might enable for high-throughput screening of nanodiscs loaded with a broad 

variety of lipids. 

A current challenge for large complexes is the time-consuming analysis of 

complicated spectra, e.g. from heterogeneous, polydisperse samples. An 

unambiguous assignment of all observed peak series is a prerequisite for 

structural studies, and this problem is being addressed by a number of research 

groups. Massign[196] and Amphitrite[196] were developed in order to extract m/z 

and mobility data from spectra obtained from large biological systems. To 

deconvolute the often complex data generated in native (IM-)MS, particularly 

when analyzing mixtures of intact protein assemblies, several algorithms have 

been developed in recent years. These include the CHAMP algorithm (Calculating 

the Heterogeneous Assembly and Mass Spectra of Proteins) and the CHAMPION 

extension for IM data[197], and most recently UniDec (Universal Deconvolution), 

also designed to assist in interpretation of IM-MS spectra[198]. 

In summary, native MS is now increasingly used to characterize protein 

conformations and study the effect of ligands and other binding partners on the 

stoichiometry and stability of complexes. In combination with ion mobility, the 

shape and size of molecular assemblies can be determined as well in this way. 

Native approaches together with computational methods are thus beginning to 

pull their weight in the fields of biomolecular analysis and structural proteomics, 

and address questions of biochemical and biomedical importance. 
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3. Radical solutions: Principles and 

application of electron-based 

dissociation in mass 

spectrometry 
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3.1 Introduction 

3.1.1 Common dissociation techniques in tandem mass spectrometry 

Determination of the mass of a gas-phase ion has been possible since the initial 

cathode-ray experiments by Francis Aston and J.J. Thomson at the beginning of 

the 20th century[199]. However, it took considerably longer to appreciate not only 

that radical molecular ions – at the time mostly generated by electron ionization 

(EI) – often undergo spontaneous, unimolecular fragmentation in the gas phase, 

but that measurement of fragment masses could provide information on 

dissociation pathways and as a result, ion structure[200]. It is interesting to 

observe that, fifty years later, there is a renewed interest in the dissociation 

pathways of metastable radical cations[201], although the focus has since shifted 

to large biomolecules, which are obviously not amenable to ionization via EI, but 

are generally transferred into the gas phase using electrospray ionization 

(ESI)[66]. 

A next critical step in the use of mass spectrometry for structure determination 

was the deliberate activation of gas-phase ions through collisions with an inert 

background gas. Performing this collision-induced dissociation (CID) after m/z 

selection of the precursor to be fragmented gave rise to the now ubiquitous 

technique known as tandem MS[202-205]. One major advantage of this workflow 

is that fragmentation of an otherwise stable even-electron ion is possible, so that 

CID-based tandem MS is compatible with a wide range of ionization techniques, 

including ESI. However, it is easy to show that the maximum amount of kinetic 

energy that can be converted to internal vibrational energy per collision, is 

strongly dependent on the relative masses of both collision partners such that, 

particularly for high-mass ions, many collisions are required to increase internal 

energy to the point where dissociation occurs[86, 87]. As such, it is generally 

assumed that the energy transferred to the analyte ion has time to redistribute 

among its various vibrational degrees of freedom, such that the process is 

thermodynamically, rather than kinetically controlled (although a very few 

exceptions have been described[206, 207]). This means that the weakest 

(non)covalent interactions will be destroyed preferentially at each point and 

specifically for peptide and protein analysis, that higher-order structure (inasmuch 

as it is not stabilized by covalent disulfide bonds) will be lost first, followed by 

labile post-translational modifications (PTMs), and only then will backbone 

dissociation – from which sequence information can be obtained – occur 

efficiently. A similar mechanism underlies dissociation via other so-called ‘slow 
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heating’ methods, such as sustained off-resonance irradiation collision-activated 

dissociation (SORI-CAD), infrared multiphoton dissociation (IRMPD), and 

blackbody infrared radiative dissociation (BIRD)[78]. This thermodynamic control 

therefore limits the use of these techniques for the interrogation of higher-order 

structure and/or heavily post-translationally modified proteins. 

For these applications, there was thus a need for dissociation methods which are 

selective for the backbone, without first destroying higher-order structure and/or 

energetically labile PTMs. An overview of commonly used dissociation techniques 

is shown in Table 3.1. Backbone selectivity is provided for instance by ultraviolet 

photodissociation (UVPD), which can deposit the required energy with a single 

photon and has been used for selective protein backbone dissociation in both 

noncovalent assemblies as well as heavily post-translationally modified proteins 

ever since. This technique will not be discussed in further detail here, but an 

excellent review was recently published by Brodbelt[208]. 

 

Name Fragmentation 
induced by 

Polarity Typical 
instrument(s) 

Main fragments 
(proteins) 

CID Collisions +/- Trap/QTOF b/y 
SORI-CAD Collisions +/- FTICR b/y 

IRMPD Multiple photons +/- FTICR b/y 
BIRD Blackbody radiation +/- FTICR b/y 

     

UVPD Single photon +/- FTICR/Orbitrap a/x 
SID Surface +/- QTOF b/y 

     

ECD Electron addition + FTICR c/z 
ETD Electron addition + Trap/QTOF c/z 

‘Hot’ ECD Electron addition + FTICR c/z 
ECID Electron addition + Sector c/z 

EID Electron addition + FTICR c/z 
EED Electron migration + FTICR a/x, c/z 
EDD Electron loss - FTICR a/x 

niECD Electron addition - FTICR c/z 
EPD Electron loss - Trap a/x 

NETD Electron loss - Trap/Orbitrap a/x 
 

Table 3.1: Common dissociation techniques used in biomolecular mass 

spectrometry. ‘Slow heating’ methods are shown in the top four rows; electron-

mediated fragmentation approaches in the bottom ten. 
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Another dissociation method occurring on a timescale which allows only limited 

energetic redistribution is surface-induced dissociation (SID)[209]. In this 

approach, rather than background gas molecules, the precursor ions are made to 

collide with a specially treated solid surface. As the mass of this surface is many 

orders of magnitude greater than that of the ion, all of the kinetic energy is 

typically assumed to be converted into internal energy in a single collision, on a 

picosecond timescale. Research is ongoing, but this technique shows great 

promise for the structural analysis of proteins and complexes, in particular their 

subunit connectivity[210-214]. However, significantly more attention has so far 

gone to the development of electron-based dissociation methods and as such, the 

application of these techniques to protein structure analysis is better (although 

not yet fully) understood and will be the focus of the rest of this discussion. 

In 1998, Zubarev, Kelleher, and McLafferty discovered that the 193 nm laser used 

in their UVPD experiments could also be employed to release low-energy 

photoelectrons from a metal surface, and that capture of said electrons by an 

even-electron protein ion formed by ESI resulted in the formation of radical 

charge reduction products, as well as selective cleavage of the N-C( ) bond (with 

a minor secondary pathway resulting in cleavage of the carbonyl-C( ) bond)[215]. 

It is trivial to see that only 19 of the 20 common amino acid residues are 

susceptible to this type of dissociation, as cleavage of the N-C( ) bond in proline 

results in two ‘fragments’ which remain bound by the pyrrolidine side chain. The 

selectivity for the N-C( ) bond observed in this process, known as electron 

capture dissociation (ECD), is remarkable, and there is still an ongoing debate 

about the precise reaction mechanism[88, 201]. The most often cited mechanisms 

are shown in Figures 3.1 and 3.2 and will be discussed in the next section. 

 

3.1.2 Mechanism(s) of electron-based dissociation methods 

The original mechanism proposed by McLafferty and colleagues[215] involves 

electron capture at a protonated amide group, the occurrence of which was 

already acknowledged to be rather unlikely in this first publication, given that 

(side chain) amino groups are typically considered the most favored protonation 

sites. The resulting aminoketyl radical would then dissociate via homolytic 

cleavage of the N-C( ) bond located on the C-terminal side of the radical. The N-

terminal fragment then has an enolimine functionality, which rapidly 

tautomerizes to a significantly more stable amide. This mechanism was then 
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refined[216] to what is now commonly referred to as the ‘Cornell’ mechanism, 

after the university where this work was performed. In this mechanism, rather 

than a protonated amide, the reaction starts with a protonated amine (typically a 

lysine side chain), which is solvated by an intramolecular hydrogen bond to an 

amide carbonyl group. It is this charged group where electron capture is then 

assumed to occur, resulting in a hypervalent ammonium radical, hydrogen 

bonded to an amide carbonyl oxygen. From here, migration of a hydrogen radical 

to the carbonyl group (most likely through proton-coupled electron transfer[217]) 

leads to the formation of the aminoketyl radical, and dissociation progresses as 

originally suggested[215]. One advantage of the Cornell mechanism is its ability to 

explain the aforementioned minor pathway in which the backbone carbonyl-C( ) 

bond is broken. If the radical ends up on a backbone nitrogen (note that this is 

unlikely for energetic reasons), homolytic cleavage of the adjacent carbonyl-C( ) 

bond located on the N-terminal side of this nitrogen atom is plausible, leading to 

formation of an  a /x fragment pair, the latter of which is assumed to undergo loss 

of (neutral) carbon monoxide, so that a /y fragments are observed in addition to 

the more abundant c/z  fragments[216]. In the Cornell mechanism, it is also 

assumed, given the significant (~6 eV) energy released as the electron is initially 

captured in a high-n Rydberg state, that dissociation occurs before this energy can 

be redistributed among the ion’s vibrational degrees of freedom (similar to UVPD 

or SID described previously). This non-ergodic mechanism is still often cited[218, 

219]; however, several alternatives have been proposed over the years. 

The main alternative to the Cornell mechanism is referred to as the ‘Utah-

Washington’ mechanism[220-224], as two highly similar mechanisms were 

simultaneously developed circa 2003 by the groups of Jack Simons (University of 

Utah) and Frantisek Turecek (University of Washington). In the Utah-Washington 

mechanism(s), as in the Cornell mechanism, the reaction starts with a carbonyl 

group involved in an intramolecular hydrogen bond. However, the main function 

of hydrogen bonding in this case is lowering the energy of the amide * (LUMO) 

orbital via Coulomb stabilization. It is in this orbital that electron capture then 

occurs, forming a highly basic amide anion. At this point, a subtle difference 

between both mechanisms exists: In the ‘Washington’ mechanism, the amide 

anion at this point is neutralized by intramolecular proton transfer – usually 

assumed to come from a distant charged side chain – leading to formation and 

dissociation of an aminoketyl radical as described by the Cornell mechanism. In 

the ‘Utah’ variant, however, homolytic cleavage of the N-C( ) bond located on the 

C-terminal side of the amide occurs immediately, resulting in an N-terminal 
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enolimidate, which is then neutralized by proton transfer, leading immediately to 

the conventional amide structure for the c fragment, without requiring 

tautomerization. In effect, these two mechanisms differ mainly in the order in 

which dissociation and proton transfer occur, while the more fundamentally 

different Cornell mechanism effectively assumes transfer of a neutral hydrogen 

radical. Evidence for the Utah-Washington mechanism is found in the ECD 

behavior of peptides where the only available charge carriers are arginine 

residues[223]. According to quantum chemical calculations, after capture of an 

electron by a charged arginine side chain (the first step in the Cornell mechanism), 

loss of the guanidinium group is favored over hydrogen radical migration. As these 

peptides are experimentally found to dissociate via backbone N-C( ) cleavage, it 

would seem more likely that electrons in this case are captured elsewhere. 

However, it has also been found[225, 226] that if peptides are modified so that all 

charge sites are fixed and no mobile protons are present, backbone cleavage is 

significantly inhibited or even eliminated, which would at least seem at odds with 

the Utah mechanism. 

Another variant, commonly referred to as the ‘nonlocal’ mechanism, was 

proposed in 2006 by Zubarev and colleagues[227]. In this mechanism, an 

NH OC hydrogen bond is again required; however, the presence of a positive 

charge is not, and as such, a secondary structure motif such as an alpha helix is 

the prototypical example. According to this mechanism, electron capture occurs 

at the nitrogen atom. A hydrogen radical is then transferred to the H-bonded 

carbonyl group, forming an aminoketyl radical, while the negative charge is 

retained by nitrogen, forming an even-electron amide anion. This is neutralized by 

intramolecular proton transfer (as in the Utah-Washington mechanism), while the 

aminoketyl radical dissociates as in the Cornell and Washington mechanisms. This 

mechanism explicitly involves secondary structure, matching the periodic 

fragmentation behavior observed in -helices in a number of studies, which will 

be discussed in a later paragraph[228, 229]; however, for an aminoketyl radical 

involved in an amide-based hydrogen-bond network, it is easy to imagine the N-H 

bond rather than the N-C( ) bond being broken, generating a secondary 

enolimine (which can then tautomerize to an amide again), with the hydrogen 

radical being passed on to a hydrogen-bonded carbonyl group like the proverbial 

‘hot potato’, leading to a new aminoketyl radical[216]. As such, this behavior is 

also compatible with the other proposed mechanisms. Furthermore, Crizer and 

McLuckey have shown that methylation of backbone amide nitrogen has little 

effect on electron transfer dissociation (ETD, cf. infra) of peptides, casting doubt 
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on the idea that hydrogen bonding involving this nitrogen is needed for electron-

based dissociation to occur[230]. 

In several studies, O’Connor and colleagues emphasize the radical nature of the z  

fragment formed by the initial N-C( ) cleavage in ECD and argue this radical can, 

even using a low electron energy, react further in a ‘cascade’ of backbone 

cleavages, side chain losses, and/or loss of small neutrals such as H , H2O, 

etc[231]. This cascade then continues until (a) the system has lost sufficient 

energy due to reactions and blackbody radiation such that further reactions are 

impossible, (b) the radical is eliminated, for instance by loss of H , or (c) the radical 

is accommodated at a site of low reactivity. Strong evidence for the occurrence of 

multiple bond cleavages is provided by the observation of fragments in ECD of 

cyclic peptides, such as gramicidin S and cyclosporin A[231]. Using both 

deuteration and resonant ejection of charge-reduced species, this group also 

showed significant hydrogen migration (resulting in the formation of ‘c-1’ and 

‘z+1’ fragments, as will be discussed later) within intact, charge-reduced precursor 

ions[232, 233]. However, this approach does not differentiate between hydrogen 

migration occurring intramolecularly during a free radical cascade or 

intermolecularly within a noncovalently bound c/z fragment complex. 

Introduction of spin trapping and fixed-charge modifications within peptide 

structures both resulted in a significant reduction (in some cases complete 

elimination) of backbone cleavage, while promoting loss of side chains[226, 234]. 

While this is in agreement with the free radical cascade mechanism for ECD, it is 

worth pointing out that the other commonly proposed mechanisms also require 

migration of hydrogen radicals or protons from acidic side chains, and could 

therefore also be expected to be inhibited by these modifications. Therefore, 

while strong evidence exists that these cascades do occur at least to some extent 

during low-energy ECD, it is at present unclear how common they are. 

All mechanisms discussed so far assume cleavage on the C-terminal side of the 

amide group in which the unpaired electron is inserted. N-terminal cleavage 

mechanisms are more fundamentally different, and were initially considered in 

2007 by Zubarev and colleagues[235] and then in 2010 by Turecek and 

colleagues[236]. Some experimental evidence for this was reported in 2009 by 

Tsybin and colleagues[237]; however, for small peptides at least, both later 

experimental[238, 239] and computational[221] work raised doubts about the 

feasibility of this mechanism. However, in several recent studies, Tsybin and 

colleagues used combined computational and experimental methods to argue 

that this ‘enol’ mechanism is in many cases both thermodynamically and 
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kinetically favored[240-242]. As the peptide conformation is important in 

determining reaction kinetics, it is possible that peptide size and amino acid 

composition – in particular the type(s) of residue carrying charge[223, 243] – play 

a role in determining which mechanism dominates, and it is clear that further 

work is required in this very active field of research. 

Another important bone of contention is the alleged non-ergodicity of ECD 

fragmentation[215, 221, 244, 245]. While this was originally believed to be the 

only way to explain why the N-C( ), rather than the thermodynamically more 

labile amide bond is cleaved[215, 216], quantum mechanical calculations have 

shown that the N-C( ) bond in the aminoketyl (or enolimidate) radical is very 

labile, and the energetic barrier for cleavage extremely low, so that dissociation 

occurs rapidly in thermalized ions and the non-ergodic hypothesis does not need 

to be invoked[221, 245]. Indeed, by using secondary dissociation pathways as 

kinetic ‘thermometers’, Pepin and Turecek managed to estimate how the excess 

(i.e. not consumed during backbone dissociation) cation/electron recombination 

energy is divided between the c and z fragments in ECD fragmentation of 

peptides, and found that this distribution is proportional to the fragments’ 

number of vibrational degrees of freedom[246]. These results strongly suggest 

that the ECD process is ergodic after all, raising the question of why fragmentation 

patterns so closely match higher-order structure, and why labile PTMs are 

retained. However, it is worth remembering in this context that full distribution of 

the few eV recombination energy over all degrees of freedom of a peptide or 

protein results in only a minute increase in ion ‘temperature’, compared to the 

dozens or hundreds of eV transferred in ‘slow heating’ methods such as CID. As 

such, the ergodic hypothesis is not actually at odds with the observed 

preservation of PTMs and structure. 
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Figure 3.1. (A) Cornell and (B) Utah-Washington mechanism for ECD.   
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Figure 3.2. (A) Enol and (B) nonlocal mechanism for ECD.  
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Despite the mild controversy concerning the details of the ECD mechanism, what 

is certain is that this technique allows backbone cleavage without first annihilating 

the higher-order structure, and in fact, the resulting c and z fragments often 

remain bound noncovalently, necessitating the use of mild supplemental 

(vibrational) activation to induce fragment release[247, 248]. A useful indicator 

for how long these fragment complexes, often referred to as ‘ECnoD (electron 

capture without dissociation) products’ survive is monitoring fragment isotope 

patterns: Within the complex, migration of a hydrogen radical from the c to the z 

fragment is often observed, resulting in radical ‘c-1’ and even-electron ‘z+1’ 

ions[233, 249]. Observing the fragment mass shifts with and without moderate 

vibrational activation of ions prior to or concomitant with ECD therefore allows 

convenient distinction of N- and C-terminal fragments[249]. 

In 2004, Hunt and colleagues achieved ECD-like dissociation by allowing ESI-

generated peptide and protein cations to react with radical anions in an ion trap. 

In this type of experiment, the radical anion, rather than a cathode, serves as a 

source of low-energy electrons, and this technique is therefore known as electron 

transfer dissociation[250]. ECD and ETD are largely comparable, although it has 

been suggested that differences in both internal energy and angular momentum 

transfer could lead to a slightly different branching ratio between available 

reaction pathways[219]. Additionally, the presence of the anion introduces an 

additional reaction pathway not available in ECD, namely transfer of a proton 

from the protein/peptide to the ETD reagent[251-253]. This process is generally 

referred to as the proton transfer reaction (PTR) and results in formation of an 

even-electron, charge-reduced analyte and a neutral radical reagent. It was also 

proposed by Turecek and colleagues[254] that a cation’s dipole moment can 

‘guide’ an electron to preferential cleavage sites in ECD, while the site of electron 

incorporation by the analyte is (partly) determined by relative position and 

orientation of reagent and analyte in ETD (and thus more random due to thermal 

motion). Nonetheless, these two dissociation techniques are often collectively 

referred to as ExD methods. A timeline showing some of the highlights in the 

spectacular development of ECD and ETD since 1998 is shown in Figure 3.3. As in 

ECD, fragments in ETD often fail to separate and are detected as ETnoD products 

if the internal energy of ions is not increased either prior to, or following the ETD 

process[255, 256], particularly in peptides or proteins in which histidine residues 

act as charge carriers[243]. Concomitant collisional activation is difficult to 

achieve in practice, as the increase in kinetic energy results in increased relative 

velocity of the protein and ETD reagent anion, causing a sharp decrease in 

reaction rate (proportional to vrelative
-4)[251] for electron transfer. However, it has 
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been shown that concomitant activation via IR laser irradiation results in 

enhanced fragment yield and (by reducing fragment isotope distortion via 

hydrogen radical migration) more confident identification in ETD of both protein 

cations and anions[257-259]. 

 

 

Figure 3.3. Timeline of ‘milestones’ in the development of ECD and ETD. 

 

3.2 Instrumentation 

Generally, efficient ECD requires simultaneous trapping of peptide/protein cations 

and low-energy electrons, with sufficient overlap to allow reaction. In practice, 

this is only conveniently achieved in a Penning trap, and nearly (although some 

exceptions have been reported[260-262]) all ECD studies have consequently been 

performed on Fourier Transform Ion Cyclotron Resonance (FTICR) mass 

spectrometers. Soon after the initial observation of photoelectron-driven ECD by 

McLafferty and colleagues, the efficiency of the process was dramatically 

improved by the use of directly[215, 263] and indirectly[264, 265] heated 

cathodes for electron injection. Recently, however, attempts have been made to 

implement ECD on quadrupole/time-of-flight instruments. A first such effort is an 

atmospheric pressure ECD source[266, 267], which works by introducing a dopant 

gas (typically acetone) into the electrospray chamber. A photoionization lamp 

then ionizes the dopant gas, and dissociation is effected by capture of the 

resulting photoelectrons by the analyte cations. Intuitively, since backbone 

cleavage thus occurs prior to entry into the vacuum of the mass spectrometer, let 

alone precursor m/z selection, one would expect the resulting fragments to be 

rather difficult to assign to a particular precursor. However, this method takes full 
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advantage of the capability of ECD to induce backbone cleavage without 

destroying higher-order structure, as noncovalently bound c/z fragment 

complexes (i.e. ECnoD products) can be preserved, selected in the quadrupole, 

and then made to dissociate by applying low-energy CID. Another, more 

conventional approach is the development of a miniature (ca. 8 cm length) 

electromagnetostatic ECD cell, which was successfully mounted within triple-

quadrupole (G6460, Agilent Technologies, Santa Clara, CA, USA, as well as 

Finnigan TSQ700, Thermo Fisher Scientific, Waltham, MA, USA), and 

quadrupole/time-of-flight (QSTAR XL, Applied Biosystems, as well as ultrOTOF-Q, 

Bruker Daltonics, Billerica, MA, USA) instruments[268-272]. Recently, this cell has 

also been used to perform electron-induced dissociation, a technique which will 

be discussed in detail in section 3.3[273]. 

Comparatively, ETD is more straightforward to implement, as the only 

requirement is a significant overlap of a cation and anion ‘cloud’. In practice, this 

has mostly been achieved by charge-sign independent ion trapping, e.g. in 

quadrupole ion trap or linear trap quadrupole cells[250, 274, 275]. Depending on 

the precise implementation, these can either be used as standalone mass 

spectrometers, or integrated in a hybrid instrument, e.g. LTQ/Orbitrap[276]. More 

recently, it has been found that carrying out the ETD reaction in either the higher-

energy collisional dissociation (HCD) cell, or a specially designed multi-dissociation 

reaction cell (MDC) – with both having a higher charge capacity than the LTQ – 

results in higher reaction rates and more confident identifications in both top-

down and bottom-up workflows[277, 278]. 

More recently, a new ETD implementation has been commercialized by Waters 

(Wilmslow, UK), in which the overlap of both ion clouds is not achieved by 

simultaneous trapping, but rather by transmission of a cation ‘beam’ through a 

cloud of radical anions[279]. This is implemented within a travelling-wave ion 

guide located between both mass analyzers in a hybrid quadrupole/time-of-flight 

instrument (Synapt G2, later also adopted in the G2-S and G2-Si models). The ion 

mobility capabilities of this instrument (IM cell located immediately downstream 

of the ETD cell) allow global structural characterization by an orthogonal method, 

as well as conformation- or charge state-selective fragmentation, again through 

dissociation of noncovalent fragment complexes[280]. Bruker (Bremen, Germany) 

has also implemented ETD on a quadrupole/time-of-flight instrument (maXis HD), 

also by placing the reaction cell between both mass analyzers[281]. While this 

implementation, in contrast to the Waters instrument, does not currently possess 

ion mobility capabilities, a mass resolution of 40 000 or more can be routinely 
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achieved, with mass accuracy being in the low-ppm range[282], making this 

instrument particularly attractive in a top-down proteomics context. 

 

3.3 Other electron-based gas-phase dissociation techniques 

Over the years, a number of alternative dissociation techniques based on the 

introduction of an unpaired electron have been developed for biomolecular 

analysis. For an overview, we refer again to Table 3.1. While these methods are 

generally neither as far developed, nor as commonly used as ECD or ETD, a few of 

them will be briefly discussed in this section. 

One parameter which can be conveniently varied to develop ECD variants is 

electron energy. In ‘hot electron’ ECD[283-285], rather than thermalized 

electrons, peptide or protein cations are irradiated with electrons possessing 

kinetic energies of around 6-10 eV. Interestingly, the transition between a 

‘normal’ and ‘hot’ ECD regime is not, as one might expect, continuous, but a 2-3 

eV ‘gap’ exists between the two, in which the cross-section for electron capture 

and subsequent dissociation is minimal[283]. The main difference between the 

observed fragmentation behavior in ‘normal’ and ‘hot’ ECD is the far greater 

abundance of secondary fragments, resulting from further unimolecular 

dissociation of radical a  and z  fragments (the aforementioned ‘free radical 

cascade'), leading to the formation of w ions. Cooper and colleagues exploited this 

secondary fragmentation in order to distinguish variants of the hemoglobin  

subunit in which residue 54 was either leucine or isoleucine[285]. While the 

primary z ions of both variants obviously have identical masses, secondary 

fragmentation of the Leu and Ile variant results in the loss of an isopropyl (43 Da) 

or ethyl (29 Da) radical, respectively. Taking the ‘hot electron’ approach to its 

logical extreme, Budnik and Zubarev irradiated [M+H]+ peptide ions with electrons 

possessing kinetic energies up to 70 eV[286]. This resulted in an EI-like process, 

leading to the formation of [M+H]2+  radicals. Interestingly, it was reported in this 

work that no fragmentation occurred, which the authors rationalize by the ions 

possessing a maximum reaction cross section for dissociation at electron energies 

around 9 eV, in accordance with earlier reports from the EI literature[287]. 

An alternative approach, also developed by Zubarev and colleagues, however, was 

successful at generating fragments and deserves mention here[288, 289]. In this 

technique, named electronic excitation dissociation (EED), [M+H]+ ions were 

generated by MALDI and subsequently irradiated with high-energy (>10 eV) 
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electrons. The high-energy electron again induces loss of a second, thermalized 

electron from the analyte and the formation of an intact [M+H]2+  radical. The 

slow electrons, ejected by the analyte, were then reflected back at and absorbed 

by these hydrogen-deficient radicals. Unlike the [M+H]+ precursor, absorption of a 

single electron by these doubly charged radicals does not neutralize all charge and 

thus does not prevent the detection of fragments. This led to ECD-like 

fragmentation – although subtle differences have been reported due to the 

absorbing species being a distonic radical, rather than an even-electron ESI ion – 

and formation of predominantly a, c, and z fragments. In later experiments by 

Zubarev and colleagues, the use of electrons with kinetic energies around 40 eV 

resulted in fragmentation of both singly and multiply charged proteins and 

peptides without reflection of ejected, thermalized electrons[290]. This technique 

is referred to as ‘electron ionization dissociation’. Due to mechanistic similarities, 

‘electron-induced dissociation’ has been proposed[291] as a generic term for 

high-energy electron-based dissociation methods, specifically electron ionization 

dissociation, electronic excitation dissociation, and an older technique (not 

discussed in detail here) known as ‘electron impact excitation of ions from 

organics’ (EIEIO)[287, 292]. 

Besides ion/electron and ion/ion interactions, ion/neutral collisions can also 

induce ECD-like fragmentation, in a method called electron capture-induced 

dissociation (ECID)[254, 293-298]. In this approach, multiply charged [M+nH]n+ 

cations are accelerated to high (~100 keV) kinetic energies and made to collide 

with an electrically neutral ‘target’ in the gas phase. Na, Cs, and C60 have all been 

used successfully as targets. The collision results in transfer of an electron from 

the neutral species to the cation, leading to the formation of [M+nH](n-1)+  radicals, 

which then exhibit ECD-like fragmentation patterns. 

All methods discussed so far have focused on the analysis of biomolecular cations; 

however, a number of radical-based techniques for fragmentation of gas-phase 

anions (e.g. acidic peptides, nucleic acids, etc.) have also been developed. 

Irradiation of anions with moderate or high-energy electrons induces ejection, 

rather than absorption, of an electron, similar to what is observed in cations. The 

resulting radical subsequently undergoes unimolecular dissociation. However, in 

contrast to the behavior of cations, the main fragmentation pathway for peptides 

in this case leads to cleavage of the carbonyl-C( ) bond, resulting in the formation 

of a and x fragments. This technique is called electron detachment dissociation 

(EDD)[299-306], and an ion/ion equivalent exists in which loss of an electron by 

the analyte anion is effected by interaction with a reagent cation rather than an 



48 
 

electron beam. Appropriately, this ion/ion reaction is called negative electron 

transfer dissociation (NETD)[307-311]. Finally, a third method to induce loss of an 

electron from a gas-phase anion is the absorption of one or more (depending on 

frequency) photons. This method, which leads to similar fragmentation as EDD 

and NETD, is known as electron photodetachment dissociation or EPD[312-316]. 

While this technique is still very novel, promising results have been reported in 

the analysis of negatively charged oligonucleotides, peptides, proteins, 

oligosaccharides, lipids, and synthetic polymers. EPD itself, as well as these 

applications, have recently been the subject of an excellent review, to which the 

reader is directed for further information[317]. Finally, it was recently reported by 

Hakansson and colleagues that lowering the electron energy in EDD to around 5 

eV actually results in electron capture by singly or multiply charged peptide anions 

generated by ESI[318, 319]. This process is obviously fairly inefficient due to a high 

Coulomb barrier, and irradiation times of 10 to 20 seconds are typically required. 

Interestingly though, negatively charged c and z fragments were detected in these 

experiments, suggesting that these peptide anions are zwitterionic in nature, and 

that electron capture actually occurs at a positive charge site. Further 

development of this technique, called niECD (negative ion electron capture 

dissociation) is required to address some of the current disadvantages, 

particularly the long irradiation time. However, this method has the potential of 

becoming a powerful tool for studying the so-called acidic proteome, since these 

(e.g. highly phosphorylated/sulfated) proteins often do not ionize efficiently in 

positive-mode ESI. 

While not a dissociation method for ESI-generated biomolecular ions, it is worth 

mentioning here that there are many mechanistic similarities between electron-

based dissociation methods and MALDI in-source decay (ISD)[320]. Like ECD/ETD, 

this process leads to extensive cleavage of N-C( ) bonds in peptides, as well as 

formation of w fragments (as in ‘hot’ ECD)[321]. This is thought to proceed 

through formation of an aminoketyl radical within the MALDI plume[76]. 

While there is thus a growing ‘toolbox’ for electron-based dissociation of both 

biomolecular cations and anions, the rest of the current discussion will focus on 

ECD and ETD fragmentation of peptides and (native) proteins in positive ionization 

mode. 
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3.4 Determinants of ExD fragmentation behavior of peptides 

As mentioned previously, the main drawback of ‘slow heating’ methods in tandem 

MS is the distribution of the gained internal energy over all vibrational degrees of 

freedom of a peptide or protein, resulting in preferential dissociation at a limited 

number of thermodynamically labile sites, often N-terminal to proline[322, 323]. 

In contrast, statistical analysis of the ETD fragmentation patterns of a large 

number of peptides showed much less bias, with only a mild preference for 

cleavage N-terminal to K, and C-terminal to E and R residues being revealed[324]. 

The precursor charge state plays a much more significant role than amino acid 

composition, however, as fragmentation yield and sequence coverage have been 

shown to correlate with the charge/residue ratio[325]. Later, it was confirmed 

that, for small tryptic peptides, ETD of triply charged precursors resulted in more 

efficient fragmentation compared to doubly charged species[326]. Interestingly, in 

this work, doubly charged precursors yielded significant z+1 fragments, whereas if 

the triply charged ion was subjected to ETD, this decreased significantly in favor of 

regular z ions, suggesting a slightly higher-energy process and somewhat more 

rapid separation of the ETD fragments[249]. 

Another important factor in determining the appearance of an ETD spectrum is 

the ion population, including the ratio of analyte cations and reagent anions[325]. 

In particular, an overabundance of cations will result in the observation of 

primarily non-dissociative charge reduction[280, 327], whereas an excess of 

anions can lead to multiple reaction steps, including neutralization of reaction 

products, preventing their detection[328]. Recently, Coon and colleagues 

introduced a calibration routine to rapidly optimize the reaction time and number 

of reagent anions to maximize information in a shotgun proteomics 

experiment[329]. As this method only requires limited user expertise, this could 

become a significant step forward in the successful implementation of ETD in 

high-throughput, bottom-up proteomics workflows, which today are still heavily 

reliant on collisional activation. 

However, even on the peptide level, it has been shown that secondary structure 

plays an important and often dominant role in determining the observed ExD 

fragmentation pattern. For instance, ECD of -helical peptides, produced by 

enzymatic digestion of myoglobin, resulted in fragments exhibiting a periodic 

intensity, with maxima spaced three to four residues apart[229]. A different 

example from the same study is shown in Figure 3.4. This periodic product ion 

abundance is of course reminiscent of the 3.6-residue periodicity which is 
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characteristic for an -helix in solution. Similarly, in ECD of peptides with n 

residues, derived from human and E. coli cell lysate, the zn-4 fragment was found 

to usually be the most intense by Zubarev and colleagues, indicating preferential 

cleavage N-terminal to the fourth residue[330]. This is consistent with the N-

terminal charge being solvated intramolecularly in an -helix-like motif in the gas 

phase. It has also been shown that ion activation by IR laser prior to ECD leads to 

increased sequence coverage and fragmentation efficiency in peptides[331]. 

Similarly, ECD of substance P and gramicidin S in an ICR cell cooled to 86 K 

resulted in significantly less fragmentation than at 313 K[332]. In both of these 

cases, increased conformational heterogeneity and reduced stabilization of 

higher-order (secondary) structure by hydrogen bonding were posited to account 

for the increased fragmentation observed in ions possessing more internal energy. 

Due to the presence of tertiary and quaternary structure in native proteins and 

complexes, their behavior in ExD experiments is of course even more complex 

than that of peptides, and will be discussed in a later section. Presently, we will 

briefly consider a different area where ECD and ETD have played a significant role, 

namely the analysis of post-translational modifications. 
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Figure 3.4. Periodic product ion abundance in the ECD spectrum of a 3+ -helical 

transmembrane domain of the influenza virus A membrane protein M2. Adapted 

with permission from [229]. 

 

3.5 Application of ExD to the analysis of post-translational modifications 

Although not the focus of this review, the use of ExD methods for protein 

sequencing is important enough to warrant mention at this stage. In particular, 

the selectivity for cleavage of the N-C( ) bond makes these methods ideally suited 

for analysis of extensively post-translationally modified proteins. The fairly equal 

probability for cleavage at 19 of the 20 common amino acid residues (proline, as 

mentioned, being the obvious exception) provides advantages for top-down 

analysis of intact proteins, as spectra are not dominated by a handful of 

preferentially formed fragments. This was already realized in the early days of 

ExD, and initial efforts focused mainly on the characterization of glycoproteins 
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and histone PTMs, which have consistently remained important application 

areas[275, 333-335]. In a similar vein, 74 isoforms of the human histone H4 

subunit were identified in embryonic stem cells using ETD in 2008[336]. The first 

pilot project of the Consortium for Top-Down Proteomics, a broad international 

collaboration working toward the development of high-throughput methods for 

intact protein analysis, also focused on histone proteoforms[24, 25], and ExD 

methods dominated here as well, demonstrating that these have gained 

importance since their initial development. 

Much work has been performed by Tsybin and colleagues at the Ecole 

Polytechnique Fédérale de Lausanne (EPFL). This includes the use of ETD for rapid 

top-down identification of clinically significant hemoglobin variants on QTOF[337] 

as well as ion trap instruments[338]. Also, this group has made significant efforts 

in another area where post-translational modifications are highly biologically 

relevant, namely the top- and middle-down analysis of monoclonal 

antibodies[339-342]. In this work, it was consistently found that sequence 

coverage is significantly improved if disulfide bonds are reduced first, as these can 

prevent fragment separation and have a very high electron affinity, while capture 

at these sites does not generally result in backbone cleavage[343-345]. 

O’Connor and colleagues have shown that distinction between 

aspartic/isoaspartic and glutamic/ -glutamic acid residues is fairly straightforward 

using ECD and ETD, as the isomerization products show unique peaks due to the 

presence of C( ) in the backbone[346-348]. This approach also allows detection of 

deamidation of asparagine/glutamine residues. Supplemental activation facilitates 

cleavage of the C( )-C( ) backbone bond, particularly if ETD is used[349]. 

Activation (using an infrared laser) prior to ECD has also proven effective, and by 

varying the laser power, this approach has been used to construct melting curves 

for each residue in the terminal regions of calmodulin and 2 microglobulin[350]. 

It was shown in this study that deamidation leads to a reduction in melting 

temperature, likely due to increased flexibility and local weakening of the 

hydrogen bond network. Paradoxically, overall sequence coverage was reduced in 

deamidated proteins, which the authors rationalize as a strengthening of the 

‘global’ salt bridge network due to replacing neutral with negatively charged side 

chains. The O’Connor group has also used ECD to study artificially induced 

covalent protein modifications, specifically binding of Pt- and Ir-based anticancer 

drugs, and showed that this technique outperforms slow-heating methods such as 

CID and IRMPD[351-353]. 
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Finally, ECD and ETD have proven to be so little disruptive toward peptide and 

protein structure that in addition to weak covalent bonds, even noncovalent 

interactions often survive the process. As a result, dissociation of protein-ligand 

complexes will often result in the detection of fragments which are still bound to 

the ligand, allowing identification of e.g. a ligand binding site[354-357], residues 

involved in a specific peptide/peptide interaction[358], and mapping of a 

protein/peptide interface[359]. The preservation of noncovalent interactions 

during the ExD process implies that higher-order protein structure should also 

survive, and have some effect on the observed dissociation pattern. As this is a 

highly important phenomenon, which has been the subject of many investigations 

over the past 15 years, the next section is devoted to the use of ExD methods in 

this context. 

 

3.6 ExD for interrogation of protein higher-order structure 

3.6.1 Initial efforts: ExD for characterization of secondary structure and salt bridge 

patterns of small monomeric proteins 

The observation that ECD could induce backbone cleavage without significantly 

disrupting higher-order structure led McLafferty and colleagues to investigate the 

effect of gas-phase protein conformation on ECD fragmentation behavior in the 

early 2000s[228, 360, 361]. For this, they focused on the analysis of relatively 

small proteins such as ubiquitin and cytochrome c. Knowing that ECD causes 

extensive backbone cleavage in these proteins even in their folded state, they 

could thus infer information about noncovalent interactions based on which 

fragments were and were not released. In these landmark papers, several factors 

such as protein charge state, ion activation (either by blackbody radiation, 

collisional activation, or laser irradiation), and storage time were investigated and 

their effects on gas phase unfolding and refolding quantified. In particular, a 3- to 

4-residue periodicity in fragment intensity distributions was observed, suggesting 

significant occurrence of -helices in the gas-phase structure of ubiquitin, 

particularly at high charge states. Lack of observed fragmentation in certain 

regions was assumed to correlate with the gas-phase salt bridge pattern, and 

different patterns were proposed to occur in different charge states, as 

summarized in Figure 3.5[361]. 
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Figure 3.5. ECD as a structural probe for different ubiquitin charge states. 

Fragment intensities per cleavage site for charge states between 6+ and 13+ are 

shown on the left, while the right-hand side shows proposed gas-phase structures 

with salt bridge patterns accounting for regions displaying low or no dissociation. 

Adapted with permission from [228] (Copyright (2002) American Chemical 

Society) and [361] (Copyright (2002) National Academy of Sciences).  

 

A small criticism of this pioneering work can be made from a native MS/structural 

biology point of view, as the proteins analyzed in these studies were almost 

always sprayed from acidified solutions containing a significant amount of organic 

solvent. One can therefore question to what extent the described behavior 

informs on biologically relevant conformations. Specifically for ubiquitin, the most 

popular model system in these studies, it is known that these solution conditions 

lead to a significant proportion of the protein occurring in the semi-extended, 

largely -helical ‘A’ state, rather than the native ‘N’ state[362]. This, along with 

the fairly harsh interface and relatively long (~1 s) gas-phase ion storage time 

common in ECD on FTICR instruments might, to some extent, help explain why 

Vachet and colleagues, performing ETD of charge states of ubiquitin generated by 

electrospray from a purely aqueous solution[363], found that the native salt 

bridge pattern best explained the observed fragmentation, indicating greater 

retention of the native structure in the gas phase than usually reported[364]. 

Having said this, it is hard to overestimate the importance of the early work 

carried out in the McLafferty lab for our present understanding of electron-based 

dissociation methods in structural biology. 

Ubiquitin ECD @298 K Proposed gas-phase structures
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In 2003, Breuker and McLafferty developed a technique they dubbed ‘native ECD’ 

(NECD)[365, 366]. In these experiments, a 100 µM (1.2 mg/mL) aqueous solution 

(pH = 5.5) of cytochrome c was subjected to ESI, resulting in the formation of 

noncovalent dimers during the spray process[139, 140]. Asymmetric charge 

partitioning[166] during dissociation of these dimers then introduced a radical site 

in the protein chain, without the introduction of external electrons via a cathode. 

As this was accompanied by reduction of Fe(III) to Fe(II), the protein’s heme group 

was believed to be involved in this process. This was corroborated by the 

observation that cleavage was preferred in residues known to interact 

noncovalently with the heme group. In the past decade, continued experimental 

and computational work by Breuker and McLafferty has provided a more detailed 

understanding of the evolution of the structure of small gas-phase proteins in the 

gas phase, on a timescale ranging from picoseconds to minutes[152, 157, 367-

373]. 

 

3.6.2 New frontiers: Application to large noncovalent complexes 

With the increased use of native mass spectrometry for the characterization of 

large protein complexes[114, 374], there has been considerable interest in the 

application of ECD/ETD to native protein complexes (not to be confused with 

‘native ECD’ as developed by Breuker and McLafferty) in the last five years. 

Several landmark papers using ECD in this context were published by Gross and 

colleagues[375-378]. In these studies, as in the small-protein work by the 

McLafferty group, it was assumed that backbone cleavage occurs throughout the 

sequence, and that selectivity in the observed fragmentation pattern is due to the 

different propensities of protein regions to unfold in the gas phase. The 

crystallographic B factor (a measure for flexibility) was used as a proxy for this 

propensity. 

In our own lab, using ETD for the same purpose (see also Chapter 8), several 

differences with the work by Gross and colleagues were observed: First of all, 

under the gentlest experimentally accessible conditions, almost no fragmentation 

of the alcohol dehydrogenase (ADH) tetramer was apparent. Instead, significant 

additional collisional activation was required. Doing this prior to entry of the ion 

into the ETD reaction cell[256] resulted in fragmentation patterns matching the 

literature ECD results obtained on FTICR instruments, as shown in Figure 3.6.  
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Figure 3.6. Fragmentation patterns observed in ECD and ETD of the native ADH 

tetramer. (A) FTICR-ECD with the entire native charge state distribution subjected 

to ECD; (B) QTOF-ETD of the 26+ tetramer with varying degrees of pre-ETD 

collisional activation and no supplemental activation (only additional fragments 

colored for higher cone voltages, i.e. fragments observed with 40 or 80 V pre-

heating are generally also found using 120 V); (C), as in (B), but with minimal pre-

ETD voltages and 70 V of supplemental activation. Panel (A) is based on data 

published in [376]; data to generate panels (B) and (C) is found in [256]. 

Crystallographic B factor is shown on vertical axis. Horizontal axis only shows the 

first 70 (of 347) N-terminal residues for clarity (no fragments from further along 

the sequence observed). 
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Serendipitously, three independent studies were published over a period of two 

months in 2015, all showing stepwise collisional activation of the hemoglobin 

tetramer prior to ExD fragmentation[256, 378, 379]. Interestingly, similar 

observations were made in all cases, with fragmentation in the first 20 to 25 

amino acid residues in both the  and  subunits being observed at the lowest 

voltages required for transmission. Fragmentation up to around residue 35 

required intermediate activation, and large fragments (up to c58 for the  and c68 

for the  chain) were reported at high levels of ‘pre-heating’ in the ECD studies. 

Interestingly, in all these studies, the ‘boundaries’ between the different regions 

in which fragmentation is observed at increasing energy levels, correspond quite 

well to the N-terminal ends of -helices in the crystal structure. This indicates that 

this type of ‘activated ion’ ExD can be used to monitor the initial gas-phase 

unfolding steps of subunits within large, noncovalent protein complexes. 

Besides the absence of fragmentation in low-energy ETD of ADH, it was also noted 

that if collisional activation is only applied downstream of electron transfer, and 

every effort is thus made to ensure that the most native-like gas phase 

conformation interacts with the anion, fragments are less intense and the 

observed fragmentation pattern generally matches surface accessibility 

somewhat better than backbone flexibility[255, 256]. Under the assumption – 

made in all commonly cited ExD mechanisms – that backbone cleavage occurs 

very rapidly and requires no additional activation of vibrational modes, this would 

indicate that there is, in these cases, a preference for cleavage at the exposed 

surface, leading to noncovalently bound c and z fragments which then need to be 

separated by gentle collisional activation. 

Intuitively, this surface-selectivity may seem to be at odds with what is known 

about ExD fragmentation, based both on the various proposed mechanisms, as 

well as the aforementioned small-protein work by McLafferty and colleagues. 

However, the discrepancy is not as fundamental as one might initially think, if we 

assume that rather than surface per se, ETD might be selective for dissociation 

near charge sites, in particular protonated side chains. These are known to be 

located primarily at the exposed surface in protein ions generated by native 

ESI[380, 381]. Indeed, the possibility of charge-site selective fragmentation has 

been raised by the McLafferty group[228, 372], and is not only compatible, but 

even expected in the Cornell mechanism, as it proceeds through creation of a 

hydrogen radical by neutralization of a positive charge site. So is this an indication 

that ETD proceeds via this mechanism in this case? Let us consider the main 

alternative model, the Utah-Washington mechanism. If we assume that electrons, 
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generated by a cathode discharge, are ‘blind’ to the presence of charged side 

chains, and only interact with amide * orbitals, we would indeed expect deeper 

penetration into the protein core, possible following some type of Beer-Lambert 

attenuation law. In this case, the fragmentation pattern would be determined by 

ease of fragment release, i.e. flexibility, as is for instance observed in native 

UVPD[382]. In the Utah-Washington mechanism however, electron absorption is 

greatly facilitated if the amide forms a hydrogen bond to a positively charged 

group, as the resulting Coulomb stabilization significantly lowers the energy of the 

amide * (LUMO) orbital. As such, a preference for cleavage near charge sites is 

not unexpected. 

Furthermore, it has been suggested by Jack Simons, in whose group the Utah 

mechanism was developed, that rather than direct absorption of an electron by 

an amide * orbital, the electron might actually be captured in a high-n Rydberg 

state by a positively charged group, as in the Cornell mechanism[344]. In contrast 

to the Cornell mechanism, however, the reaction according to Simons then 

proceeds by intramolecular transfer of this electron to an amide functionality. 

What is particularly intriguing about this possibility, is that the maximum range 

over which this electron transfer can occur efficiently, depends on the principal 

quantum number of the aforementioned Rydberg state, which in turn depends on 

the energy of the incoming electron. As such, it is conceivable that (low-energy) 

ETD would be more selective for cleavage near charge sites than ‘normal’ ECD 

using thermalized electrons, which in turn would be more charge site-selective 

than ‘hot electron’ ECD. The fact that no surface selectivity is found in ExD of 

small proteins is easily explained by the fact that no true protected ‘core’ region 

exists here, which has been confirmed by calculation of surface accessibility per 

residue in the crystal structure[256, 383]. Clearly, more work is required to 

investigate this; however, we can conclude that the possibility of charge- and/or 

surface-selectivity is compatible with all previously published ExD experiments 

and proposed mechanisms. 

 

3.7 Future perspectives 

The past decade has witnessed a tremendous evolution of electron-based 

dissociation methods, and one may be forgiven for occasionally forgetting that 

the first of these, ECD, was developed less than twenty years ago. Undoubtedly, 

this evolution will continue over the next years, driven in large part by the ever-
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increasing availability and affordability of ECD and ETD, either as an integral part 

of commercial mass spectrometers, or as easily added modules. It was 

predicted[384] nearly a decade ago that electron- and collision-induced 

dissociation methods would become roughly equally important for sequence 

analysis in the 21st century, and today, we seem to be at the brink of achieving 

this target in many proteomics laboratories, particularly in top-down approaches. 

With ECD and ETD of peptide cations being almost commonplace, it is an open 

question whether increasing interest in the analysis of the acidic proteome, 

nucleic acids, and other classes of biopolymers which are more conveniently 

ionized in negative mode, will result in either EDD, niECD, NETD, and/or EPD 

becoming more popular, or the development of methods for more efficient 

positive-mode ECD and/or ETD of these analytes. NETD has recently been 

implemented, although not commercialized, on an LTQ/Orbitrap instrument[309], 

leading to improved fragmentation of acidic peptides, but as some publications 

exist reporting ECD/ETD of oligosaccharides[385-389] and nucleic acids[390-392] 

in positive ion mode, both avenues are still open for future development. 

Not only will we see an evolution in these (nearly) completely new application 

areas, but significant improvements are still being made in ‘normal’ positive mode 

ECD/ETD. Annihilation of higher-order structure prior to or concomitant with ETD 

shows great promise in improving fragmentation efficiency[256-259], and will 

likely become more common over the next years in studies aiming to maximize 

sequence coverage. Conversely, in ‘native’ ExD, focus will shift toward larger, 

more challenging systems than the small monomeric proteins which have 

heretofore received most attention. This evolution is already apparent, with 

several recent reports of ECD and ETD of large noncovalent complexes[255, 256, 

375-378] and highly dynamic proteins[393-395]. In this context, the specifics of 

the mechanism will surely continue to be investigated, and more sophisticated 

experimental methods such as interrogation of radical intermediates via action 

spectroscopy might provide more insight[396]. One important class of protein 

which so far has proven nearly impervious to ‘native’ electron-based 

fragmentation are membrane proteins. As this type of experiment could provide 

valuable insights into protein-protein and protein-lipid interactions in these 

biologically highly significant proteins, however, it is expected that this problem 

will receive considerable attention from many researchers in the near future. 

As befits these techniques utilizing the gas-phase behavior of odd-electron 

species, the advances currently being made in many laboratories across the world 
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will undoubtedly take electron-based dissociation in radically new and exciting 

directions over the next years. 
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4. Materials and Methods 
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4.1 Proteins and sample preparation 

Unless mentioned otherwise, proteins were acquired from Sigma-Aldrich (St. 

Louis, MO, USA). Catalog numbers and approximate masses were as follows: 

substance P (1.4 kDa) – S6883; bovine ubiquitin (8.6 kDa) – U6253; equine apo-

myoglobin (16.9 kDa) – M0630; bovine hemoglobin (tetramer mass 64 kDa) – 

H2500; jack bean concanavalin A (tetramer mass 103 kDa) – C2010; yeast alcohol 

dehydrogenase (tetramer mass 148 kDa) – A3263; leporine pyruvate kinase 

(tetramer mass 233 kDa) – P9136; bovine glutamate dehydrogenase (hexamer 

mass 336 kDa) – G7882. Human B-crystallin used as a model system for spectral 

deconvolution via charge reduction was a gift from the laboratory for 

Biocrystallography at KU Leuven. Cesium iodide was likewise acquired from Sigma 

(catalog number 202134; 259.81 Da). In general, lyophilized ubiquitin and 

myoglobin were dissolved in the appropriate buffer and used without further 

purification. For native analysis, 100 mM aqueous ammonium acetate (pH = 6.8) 

was typically used, while 50:50 H2O:methanol or 50:50 H2O:acetonitrile were 

typically used to denature proteins, with 0.1% formic acid added in both cases. 

Conversely, for native analysis of the complexes, the lyophilized protein was 

typically dissolved at a concentration of 1 mg/mL in 100 mM aqueous ammonium 

acetate and desalted at least twice using Micro Bio-Spin P-6 gel columns (Bio-Rad, 

Hercules, CA, USA). 

 

4.2 Mass spectrometry 

Most mass spectrometry experiments were performed using an ETD-capable 

hybrid quadrupole/ion mobility/time-of-flight instrument (Synapt G2 HDMS, 

Waters, Wilmslow, UK), shown in Figure 4.1. As it plays a significant role in most 

of the upcoming chapters of this dissertation, it is worth summarizing the manner 

in which ETD is implemented in this instrument. Briefly, ETD reagent vapor is 

carried by a nitrogen flow at room temperature to the glow discharge needle 

located between the sampling and extraction cones, where radical anions are 

generated. In nearly all cases, 1,4-dicyanobenzene (Sigma D76722, 128.0 Da) was 

used as the reagent. The polarity of the ion optics up to and including the 

entrance of the Trap cell is continuously switched, and the quadrupole is set to 

transmit only the ETD reagent signal in negative ion mode. After filling the Trap T-

Wave cell with ETD reagent, typically for 0.1 s, it is trapped there by means of 

radial RF confinement and a DC barrier potential at both entry and exit. The 

reagent is allowed to interact with the nano-ESI generated analyte cations, 



63 
 

typically for 1 second, after which the Trap cell is emptied and the cycle starts 

again. Cation precursors and reaction products are axially propelled through the 

ETD ‘‘cloud’’ in the Trap cell by means of a travelling wave, the amplitude 

(‘height’) and velocity of which determine the extent and time of ion-ion 

interaction. The intervals of 0.1 s and 1.0 s, respectively for anions and cations, 

should not be confused with the ion-ion reaction time, which is typically a few 

tens of milliseconds depending on the T-Wave parameters (see also Chapter 5). 

 

 

Figure 4.1. Schematic representation of the Synapt G2. ETD reagent ions are 

generated between the sample cone and extraction cone, and the polarity of the 

instrument up to and including the entrance of the TriWave Trap is continuously 

switched. The T-Wave parameters determine the time and extent to which the 

ions can interact. 

 

Nano-ESI on the Synapt was typically achieved using in-house prepared glass 

capillaries. These were based on 100 mm long borosilicate capillaries with an 

outer and inner diameter of 1.0 and 0.78 mm, respectively (Harvard Apparatus, 

Holliston, MA, USA). These capillaries were drawn out in a P97 micropipette puller 

(Sutter Instrument Company, Novato, CA, USA) and the resulting needles 

subsequently gold-coated using a plasma sputter coater (Oerlikon Balzers SCD 
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004, Vaduz, Liechtenstein). Mass calibration of the Synapt was typically performed 

using (CsI)nCs+ clusters, generated by ESI of a 10 mg/mL aqueous solution of 

cesium iodide. Data processing was mostly performed using MassLynx (version 

4.1). 

Some experiments were also performed using a hybrid linear trap/Orbitrap 

instrument (LTQ Orbitrap Velos, Thermo Scientific, Bremen, Germany). Ionization 

here was typically performed through nano-ESI using a TriVersa NanoMate 

(Advion BioSciences, Ithaca, NY, USA). Calibration was performed using a standard 

calibration mix containing n-butylamine, caffeine, MRFA, and Ultramark 1621 

(Pierce LTQ Velos ESI Positive Calibration Solution, Thermo catalog number 

88323). 
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Part II: Fundamental aspects of 

Synapt ETD 

  



66 
 

  



67 
 

5. Characterization of top-down ETD 

in a travelling-wave ion guide 

 

Parts of this chapter have been published as: 

Lermyte, F., Verschueren, T., Brown, J.M., Williams, J.P., Valkenborg, D., Sobott, 

F.: Characterization of top-down ETD in a travelling-wave ion guide. Methods 89, 

22-29 (2015) 
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5.1 Introduction 

Recently, the field of structural proteomics benefits increasingly from the 

development of novel approaches in mass spectrometry such as ETD, which aim 

to combine detailed information on the sequence of proteins with aspects of their 

higher-order structure and interactions. We anticipate that top-down strategies, 

with both native and denatured protein, will play an increasingly important role in 

such integrative approaches. Before discussing the application of ETD to native 

proteins and complexes, we will first describe the dynamics of ions within the 

Synapt G2 instrument under ETD conditions. In this chapter, we will systematically 

investigate the effect of important instrument control parameters on the time 

and extent of ion/ion interaction – and thus, reaction efficiency – in the Trap T-

Wave cell. In Chapter 6, we will see that careful tuning of the instrument is 

important not only for maximizing reaction efficiency, but also for preserving the 

native-like structure. This is because it is possible for an ion to undergo a 

noticeable increase of internal energy (i.e. ‘temperature’) within the Trap cell 

under ETD conditions, particularly if parameters are significantly different from 

the default settings. 

While high resolution ion trap instruments are now also suitable for the 

transmission and MS/MS analysis of native proteins and protein complexes [119, 

397], there are extended analytical benefits provided by combining these 

capabilities with ion mobility (IM), on quadrupole/time-of-flight (QTOF) mass 

spectrometers. These instrument platforms have become powerful and versatile 

tools for structural proteomics, especially when coupled with H/D exchange and 

different fragmentation techniques. The commercially available Synapt 

instruments (Waters, Wilmslow, UK) enable ETD on a Q-IM-TOF platform in a way 

which has already been described for peptides, proteins, and noncovalent 

complexes[255, 398, 399]. In contrast to ETD-enabled ion traps, the reaction 

occurs here in a travelling-wave (T-Wave) ion guide, so that the exact duration of 

the ETD reaction is not set directly in these instruments. Instead, the reaction can 

be conveniently regulated by adjusting the height of the travelling wave voltage. 

Here we seek to understand how T-Wave and other control parameters affect the 

extent and duration of cation-anion interaction. In particular, we explore a mode 

whereby the ETD reaction duration is directly controlled, without requiring either 

hardware or software modifications. In the current work, we use standard 

peptides and proteins of different sizes to demonstrate the capacity of an ETD-

capable Synapt G2 instrument to induce extensive top-down fragmentation, and 

show that significant non-dissociative charge reduction accompanies the observed 
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fragmentation. As the aim in this case is to investigate the degree of backbone 

cleavage, we use primarily denatured charge states of the proteins in these 

experiments. Furthermore, we systematically investigate the effect of selected 

instrument parameters and provide an explanation for the observed 

fragmentation behavior based on reagent concentrations and reaction times. This 

improved understanding of experimental top-down ETD control parameters will 

pave the way to obtaining more detailed information on sequence and higher-

order structure of large proteins including native, non-covalent complexes of 

biological interest. These applications will be discussed in later chapters. 

 

5.2 Materials and methods 

Substance P, ubiquitin, and myoglobin were dissolved at a concentration of 4 µM 

in water/acetonitrile (v/v) 50/50 and 1% formic acid added. A capillary voltage of 

1.2 – 1.6 kV was used, with minimal (< 0.2 bar) nanoflow gas pressure, a backing 

pressure of 2.4 mbar and a source pressure of 1.6e-3 mbar. 

 

 

Figure 5.1. Diagram of the layout of the Synapt G2 instrument used in this study, 

depicting the positions of the electrospray ionization (ESI) source, glow discharge 

(GD), quad(rupole) mass filter, Trap, ion mobility and Transfer T-Wave cells, and 

the time-of-flight (TOF) analyzer. The inset shows the structure of the reagent 

(1,4-dicyanobenzene) and its quadrupole-selected mass spectrum. Under the 

conditions used, the first isotope peak of the reagent is also transmitted and, as 

expected, has an intensity of around 10% of the signal at m/z 128. 
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The Synapt G2 instrument has already been described in Chapter 4; however, an 

alternative, schematic representation focusing on the manner in which ETD is 

implemented is shown in Figure 5.1. The glow discharge was tuned to provide a 

signal of approximately 2e6 reagent counts per second (make-up gas flow 35 

mL/min, discharge current 20 µA). Instrument settings were as follows: sampling 

cone 60 V, extraction cone 2 V, Trap pressure 6.2e-2 mbar, Trap collision energy 4 

V, Trap DC bias 8 V, Transfer pressure 1.2e-2 mbar. To provide supplemental 

activation, the Transfer collision energy was set to 20 V for top-down ETD (except 

for substance P, where this was not necessary and set to 2 V). The instrument was 

operated in Sensitivity mode. For top-down ETD followed by ion mobility 

separation, the IM cell was pressurized with 2.5 mbar of N2 (He cell gas flow 140 

mL/min, IM gas flow 60 mL/min), with IM wave height 40 V and IM wave velocity 

1000 m/s. Transfer pressure and collision energy in IM mode were increased to 

3.7e-2 mbar and 60 V, respectively. Significant horizontal ‘streaking’ in the 2D 

(arrival time versus m/z) plot was initially observed in these experiments, possibly 

due to trapping inefficiencies, and it was found to be critical to lower the Trap 

wave height below 0.4 V to avoid this. Uncalibrated drift times are reported in this 

study, and mobilograms are shown displaying the full 200-bin drift time range. For 

IM of cesium iodide, the instrument was operated in CID mode and the IM cell 

was filled with 3.1 mbar of N2 (He cell gas flow 180 mL/min, IM gas flow 90 

mL/min). The IM wave height in this case was kept constant at 10 V. For relative 

peak intensity measurements, the spectrum was smoothed (2x three-channel 

Savitsky-Golay method[400]) and centered using MassLynx (version 4.1). The 

intensities of the peaks of interest (see Table 5.1) were subsequently exported 

and expressed as a fraction of the summed intensities over the entire measured 

m/z range. 

Finally, the relative intensities for each ion over the entire parameter range were 

rescaled to a similar maximum intensity, in order to display the evolution of the 

peak intensity for multiple ion types more clearly. For reliable (relative) 

quantitation, it was important that the signals have a high signal-to-noise (S/N) 

ratio. Top-down spectra were therefore acquired on this older, less sensitive 

Synapt instrument for around one minute (i.e. longer than the timescale of a 

typical LC peak) in order to increase this ratio, which is expected to be 

proportional to the square root of the number of scans combined. However, many 

fragments can already be identified after only a few seconds. For ETD of peptides, 

(near-)complete fragmentation is observed with a high S/N ratio already after a 

few seconds. 
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Apo-myoglobin  Ubiquitin  Substance P 

Ion m/z  Ion m/z  Ion m/z 

M18+ 942.173  M9+ 952.076  M3+ 449.912 
M17+ 997.535  M8+ 1070.96  M2+ 674.364 
M16+ 1059.818  M7+ 1223.81  M+ 1347.720 
M15+ 1130.405  M6+ 1427.611  c6

+ 752.453 
M14+ 1211.077  M5+ 1712.931  c7

+ 899.522 
M13+ 1304.159  M4+ 2140.912  c8

+ 1046.590 
M12+ 1412.755  M3+ 2854.213  c9

+ 1103.611 
M11+ 1541.096  M2+ 4280.816  c10

+ 1216.706 
M10+ 1695.104  c6

+ 764.449  z9
+ 1077.540 

c11
+ 1230.612  c7

+ 865.497  z11
+ 1330.693 

c12
+ 1344.655  c10

+ 1136.650  c9
2+ 552.799 

c22
2+ 1207.112  c11

+ 1264.745    
c23

2+ 1235.622  c17
+ 1921.120    

c24
2+ 1304.152  c24

2+ 1346.728    
c30

2+ 1623.831  c27
2+ 1517.331    

c31
2+ 1701.882  c32

3+ 1196.991    
z24

2+ 1349.208  c38
3+ 1404.107    

z31
2+ 1672.343  z3

+ 272.136    
z37

2+ 1982.987  z5
+ 541.321    

z55
2+ 3034.083  z17

2+ 959.056    
z56

2+ 3098.131  z18
2+ 1040.587    

z55
3+ 2023.058  z22

2+ 1248.683    
z56

3+ 2065.756  z25
2+ 1412.757    

z60
3+ 2211.503  z59

3+ 2214.176    
z55

4+ 1517.545  z60
3+ 2247.199    

z56
4+ 1549.569       

z55
5+ 1214.238       

z56
5+ 1239.857       

 

Table 5.1. Ions (monoisotopic m/z values) for which the intensity was monitored 

in this work. 
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5.3 Results and discussion 

5.3.1 Characteristics of Synapt ETD 

In the first part of this study, we assessed the performance of ETD, as 

implemented on the Synapt G2 instrument, to induce extensive backbone 

fragmentation. We used substance P, a 1.3 kDa peptide, as well as two denatured 

proteins (ubiquitin; 8.6 kDa and apo-myoglobin; 16.9 kDa) as test compounds, and 

were able to achieve highly efficient fragmentation, particularly in the terminal 

regions, similar to what is typically reported in top-down ECD/ETD in ion 

traps[228, 276, 401, 402]. The 3+ precursor of substance P shows cleavage of 

eight out of ten N-C  bonds, with the remaining two on the N-terminal side of 

proline and thus immune to ETD fragmentation (as the resulting ‘fragments’ 

remain bound via the pyrrolidine side chain; see Chapter 3). For ubiquitin (9+ 

precursor), 64 out of 75 bonds were cleaved, with three of the remaining nine 

being followed by proline. In the case of 18+ apo-myoglobin with its four proline 

residues, 72 out of 152 backbone bonds were cleaved. Representative top-down 

ETD spectra as well as observed sequence coverage for ubiquitin and apo-

myoglobin are shown in Figure 5.2, and a Synapt ETD spectrum of substance P can 

be found in Figure 5.12. Important control parameters for (top-down) ETD, the 

aspect of the ion/ion interaction they affect and their typical values (when tuning 

for maximum sequence coverage) are summarized in Table 5.2. 

 

Parameter Effect Typical value 

Trap wave height Ion/ion reaction time < 0.35 V 
Trap wave velocity Ion/ion reaction time 300 m/s 
Trap pressure Collisional cooling of ions (5 – 7)e-2 mbar 
Trap RF amplitude Effective ion concentration 450 – 530 V 
Transfer CE Supplemental activation 5 – 20 V 
Reagent:analyte ratio ~10:1 reagent excess needed 100 – 200 

 

Table 5.2. Important parameters for ETD optimization. 
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Figure 5.2. Top-down ETD spectrum of (a) 9+ bovine ubiquitin; (b) 18+ myoglobin. 

The insets show the sequence and fragmentation pattern. Singly, doubly, triply, 

and quadruply charged fragments (the most intense one is indicated in case a 

fragment appears at multiple charge states) are indicated in red, green, purple, 

and black, respectively. 

 

The effect of varying these parameters is investigated systematically in section 

5.3.2. It is important to note that the ETD fragments appear at relatively low 

charge states compared to typical top-down ECD results[228, 402, 403]. 

Significant non-dissociative charge reduction is also visible in these spectra, 
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indicating that the proton transfer reaction (PTR) and non-dissociative electron 

transfer (ETnoD) accompany fragmentation. Evidence for the occurrence of both 

of these reactions is provided by the observed isotope distributions, which 

simultaneously broaden and shift to higher m/z compared to the ions formed by 

electrospray ionization (See Figure 5.3). 

 

 

Figure 5.3. Isotope distributions observed after (top) charge reduction of 6+ 

ubiquitin and (bottom) native ESI, for the (a) 5+ and (b) 4+ charge state. In blue, 

the theoretical distribution of the [M+nH]n+ product, formed by ESI or pure proton 

transfer is shown. In red, the expected isotope distribution is shown if 50% of the 

charge reduction occurs via proton transfer, and 50% via nondissociative electron 

transfer. Specifically, for the 5+ ion (one charge reduction step), this is 50% 

[M+5H]5+ and 50% [M+6H]5+., and for the 4+ ion, 25% [M+4H]4+, 50% [M+5H]4+., 

and 25% [M+6H]4+... 

 

The reason for this is that PTR of an [M+nH]n+ precursor generates even-electron 

[M+(n-1)H](n-1)+ ions just like ESI itself, while ETnoD produces [M+nH](n-1)+  radicals 

which retain the proton mass, but not the charge. From the observed isotope 

distributions in Figure 5.3, it becomes apparent that PTR and ETnoD occur 

concomitantly. However, the precise ratio between these competing reactions 

depends in part on the choice of reagent, and preference for either electron or 

proton transfer is believed to be associated with the Franck-Condon factor and 

electron affinity[253, 404]. Other important factors determining the extent to 

which electron transfer leads to non-dissociative charge reduction are the size 

and structure of the precursor, as at least some of the observed ETnoD product 

ions actually consists of c and z ions which remain noncovalently bound. The 

stability of this fragment complex is dependent on factors such as the remaining 
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higher-order structure and Coulombic repulsion between the fragments[228, 249, 

255, 274, 327, 345, 360, 361, 405, 406]. Later chapters will describe a method for 

detailed analysis of the different ETD processes leading to charge reduction, as 

well as how these depend on precursor charge state, instrument parameters, etc. 

As mentioned, in order to maximize the sequence coverage achieved in top-down 

ETD, it is important to provide sufficient supplemental activation (ion 

acceleration) in the (argon-pressurized) Transfer cell so that all fragments are 

released. Top-down ETD spectra of denatured 9+ ubiquitin using varying levels of 

Transfer cell collision energy are shown in Figure 5.4. 

 

 

Figure 5.4. The spectra displayed here were acquired with a different degree of 

supplemental activation in the Transfer cell (voltage offset shown on the right), 

but otherwise standard top-down ETD conditions were used as described in 

section 5.2. Increased detection of large fragments and charge-reduced intact 

protein is observed with increasing supplemental activation. 

 

The effect of this additional post-ETD ion acceleration is twofold: First, 

transmission of high m/z species is improved (particularly for large cross-section, 

low charge species with low ion mobility), as can be seen from the increased 

intensity of charge-reduced intact precursor and the presence of heavy ETD 

fragments. Second, c- and z-type fragments are released from ETnoD products in 

the Transfer cell by supplemental activation[249, 255, 274, 327, 345, 361, 405, 

406]. Evidence for the release of ETD fragments which remained noncovalently 
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bound to each other is provided by ion mobility experiments, as shown in Figure 

5.5. In this experiment, intact 6+ ubiquitin was subjected to top-down ETD and 

the resulting products were separated in the IM cell prior to supplemental 

activation.  There were two reasons for choosing the 6+ precursor in this case: 

First of all, because there are more noncovalent interactions present in this 

relatively compact ion, the intensity of the charge-reduced (ETnoD) product – at 

least some of which is actually a noncovalent complex of a c/z fragment pair – is 

quite high. Second, as the degree of conformational heterogeneity in the 

6+/5+/4+/3+ range is rather low for ubiquitin – all form compact structures, 

particularly if gentle ionization conditions are used[407] – baseline ion mobility 

separation of the 3+ species from the others is conveniently achieved. It can be 

seen that most of the fragments have arrival times similar to the (non-, singly or 

doubly charge-reduced) precursors, indicating that they were released either 

before IM separation, or from the highly charged precursor in the Transfer cell. 

Certain fragments however (highlighted in the green box in the 2D plot in Figure 

5.5) clearly share the arrival time of the (triply charge-reduced) 3+ ubiquitin, 

proving that they were only released after IM separation due to supplemental 

activation. In order to ensure efficient release of noncovalently bound ETD 

fragments from the 3+ charge-reduced ubiquitin, the voltage for supplemental 

activation was increased to the point where the higher charge states – as a result 

of picking up more energy after acceleration across the same voltage difference – 

started to exhibit efficient CID fragmentation. Consequently, the low-arrival time 

spectrum (orange box) shows predominantly b and y ions, while the high-arrival 

time mass spectrum (green box) yields a ‘pure’ ETD spectrum, with a high signal-

to-noise ratio. Most of the fragments in this spectrum are also singly charged, 

possibly accounting for at least some of the low-charged fragments we typically 

observe in Synapt ETD. 
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Figure 5.5. Charge reduction of 6+ ubiquitin in top-down ETD in ion mobility 

mode, represented as a 2D-plot. The mobilogram is displayed on the right of the 

2D plot, and it can be seen that the arrival time distributions of 6+, 5+, and 4+ 

ubiquitin overlap, while the 3+ peak is clearly separated from the higher charge 

states as well as fragments released before IM separation. Abundant fragment 

ions are released in the Transfer cell (visible to the left of the corresponding 

precursor charge state). Below the 2D plot, the top mass spectrum shows the 

(ETD) fragments released from 3+ ubiquitin (green box in the 2D plot) and the 

bottom spectrum shows the (mainly CID) fragments released from the higher 

charge states (orange box in 2D). 

 

5.3.2 Systematic investigation of important control parameters 

As the ETD reaction occurs in a travelling-wave device, the main control 

parameters which determine the extent and the duration (‘reaction time’) of 

cation-anion interaction are the amplitude (‘height’) and velocity of the Trap T-

Wave[255, 279]. The reaction is typically controlled by adjusting the wave height, 
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as a lower wave height allows for more mixing of the ions, resulting initially (as 

the voltage decreases) in non-dissociative charge reduction of the precursor. 

Further reduction of the wave height leads to more efficient fragmentation, as 

shown in the ubiquitin spectra in Figure 5.6, and the substance P and apo-

myoglobin spectra in Figures 5.7 and 5.8. 

 

 

Figure 5.6. Top-down ETD of 9+ ubiquitin with (a) wave height 1.50 V, wave 

velocity 300 m/s; (b) wave height 1.30 V, wave velocity 300 m/s; (c) wave height 

1.20 V, wave velocity 300 m/s; (d) wave height 0.30 V, wave velocity 300 m/s; (e) 

wave height 1.50 V, wave velocity 10 m/s; (f) wave height 1.50 V, wave velocity 

3000 m/s. 
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Figure 5.7. Substance P (3+) ETD spectra acquired at different sets of Trap T-Wave 

height/velocity. 

 

 

Figure 5.8. Top-down ETD spectra of myoglobin (18+) acquired at different sets of 

Trap T-Wave height/velocity. 

 

Use of an extremely low voltage may result in significant neutralization of 

fragments and a reduction of the total ion current. Interestingly, we observed that 

adjusting the wave velocity to a value either significantly lower or higher than the 

default (300 m/s) while keeping the wave height high (1.50 V) also leads initially to 

charge reduction and then fragmentation, as observed when lowering the wave 
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height. This can be explained as follows: in the normal wave velocity regime, a 

high wave keeps the analyte and reagent ions bunched together in regions of low 

and high electric potential, respectively, decreasing the local (‘effective’) reagent 

ion concentration. In contrast, a low wave height allows ions to spread out by 

‘rolling over’ the wave, similar to the well-known phenomenon in travelling-wave 

ion mobility spectrometry[173, 177, 178], leading to more effective mixing of both 

ion types and simultaneously increasing the residence time of the analyte ions in 

the Trap cell. This effect can typically be observed at wave heights of ca. 1.3 V or 

lower in top-down experiments, while efficient charge reduction and 

fragmentation tend to occur mostly below 0.5 V. In the high-wave height regime, 

the use of a very low wave velocity leads to minimization of the effect of roll-over, 

and as a result, although the effective reagent concentration might stay low, the 

reaction time can be easily set to very high values. As the reaction time now 

becomes approximately equal to the length of the Trap cell (18 cm) divided by the 

wave velocity, this corresponds to a reaction time between 18 and 1.8 ms as we 

increase the wave velocity from 10 to 100 m/s. Conversely, at a very high wave 

velocity, the occurrence of roll-over increases significantly, increasing both the 

mixing of both ion types and the reaction time. 
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Figure 5.9. Plots of (a) ion yield of selected ubiquitin charge states (9+ precursor 

and charge-reduction products) versus wave height (wave velocity = 300 m/s); (b) 

selected ubiquitin charge states versus log. wave velocity (wave height = 1.50 V); 

(c) selected ubiquitin fragments versus wave height (velocity = 300 m/s); (d) 

selected ubiquitin fragments versus log. wave velocity (height = 1.50 V); (e) 

relative intensities of intact (including charge reduced species) ubiquitin and ETD 

fragments versus wave height (velocity = 300 m/s); (f) relative intensities of intact 

precursor (including charge reduced species) ubiquitin and ETD fragments versus 

log. wave velocity (height = 1.50 V). The 9+ precursor was isolated in the 

quadrupole in all these experiments. The default wave velocity of 300 m/s 

corresponds to log (WV) = 2.5. 

 

This view is substantiated by a more systematic study of the effect of these two 

parameters on charge reduction and fragmentation of 9+ ubiquitin (isolated in the 

quadrupole). In Figure 5.9 (a-d), the relative intensities (calculated as described in 

the Materials and methods section) of the 9+ ubiquitin precursor, charge-reduced 

protein signals and some ETD fragments are shown as a function of wave height 

and velocity (with the latter on a logarithmic scale, to cover the range of 10 – 

6000 m/s). The intensity of a set of 25 ions, which were selected based on their 

favorable signal-to-noise ratio across multiple spectra (See Table 5.1), was 

monitored in this experiment, and some examples which represent N- and C-

terminal fragments of different sizes and charge states are displayed in Figure 5.9. 

Figure 5.9a shows the evolution of different nominal charge states (precursor and 

products of charge reduction). Successive maxima for decreasing charge are 
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observed as the wave height is lowered, following the trend predicted by the 

model described above. Likewise, in Figure 5.9b, as we move further away from 

the default wave velocity of 300 m/s to either lower or higher values, successive 

maxima for charge-reduced ubiquitin charge states are observed. In Figure 5.9c, 

the effect of the wave height on ETD fragment intensities is shown. As expected, 

fragments generally become more intense at lower wave height, although it is 

worth mentioning that the multiply charged fragments achieve a maximum at 

higher wave heights, and therefore less ion/ion interaction, than the smaller, 

singly charged fragments. This phenomenon will be discussed in more detail 

below. Similar behavior is observed in the plot of fragment intensity versus log. 

wave velocity shown in Figure 5.9d. As expected, the total fragment intensity 

increases at lower wave heights and also at very low and high wave velocities, as 

shown in Figures 5.9e and 5.9f. Total precursor (9+ and charge-reduction products 

combined) intensity follows the opposite behavior, as expected. It bears repeating 

at this point that the data shown in Figure 5.9f were acquired using a wave height 

of 1.50 V, which is why no fragmentation is observed at ‘intermediate’ wave 

velocities, including the default value of 300 m/s. Conversely, at a reduced wave 

height, use of the default wave velocity does result in efficient fragmentation, as 

displayed in Figure 5.9e. Confirmation of our hypothesis concerning the effect of 

‘extreme’ wave velocities on the residence time of ions in the Trap T-Wave cell via 

a direct measurement is unfortunately not possible. We can qualitatively show 

this effect by recording IM-MS spectra of CsI while varying the IM travelling wave 

velocity. The resulting plot of Cs+ ion arrival time vs. log. wave velocity is shown in 

Figure 5.10, displaying the expected U-shape, i.e. ions traversing the T-Wave cell 

fastest at medium wave velocities (provided that the amplitude of the wave is 

sufficiently high). 

 

 

Figure 5.10. Drift time of Cs+ (ion mobility) versus log (WV). IM wave height was 

constant at 10 V, while the wave velocity was varied between 10 and 600 m/s.  
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Figure 5.11. Selected charge states of apo-myoglobin (18+ precursor and products 

of non-dissociative charge reduction) versus (a) wave height (wave velocity = 300 

m/s) and (b) log. wave velocity (wave height = 1.50 V); selected apo-myoglobin 

ETD fragments versus (c) wave height (wave velocity = 300 m/s) and (d) log. wave 

velocity (wave height = 1.50 V). 

 

In Figure 5.11, the relative intensities of intact protein and ETD fragments of apo-

myoglobin (18+ precursor selected in the quadrupole) are shown as a function of 

wave height (at a constant wave velocity of 300 m/s) and log. wave velocity (at a 

constant wave height of 1.50 V), similar to the ubiquitin data shown in Figure 

5.9(a-d). The trends observed here are the same. The z55 fragment occurs at four 

different charge states (2+ to 5+), and the order in which these appear depends 

on the travelling wave parameters in the same way as the charge-reduced 

precursors. The appearance of successively lower charge states with increased 

‘reaction time’ indicates that the fragments observed under typical ETD conditions 

are the product of multiple reaction steps, the majority of which lead to non-
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dissociative charge reduction. Precursor charge state and fragment intensities for 

substance P (3+ precursor selected) are shown in Figure 5.12, along with a 

representative spectrum. Trends observed for substance P product ion yields 

match those for the proteins studied here. The maximum intensity of the c9
2+ 

fragment is observed under conditions which allow less ion/ion interaction than 

those which favor c9
+, showing that this behavior is also not unique to intact 

proteins. 

Another parameter which controls the extent of ion/ion interaction is radial 

confinement of the ions, which is provided by the amplitude of the RF voltage 

applied to the ring electrodes in the Trap cell. This voltage needs to be greater 

than ca. 50 V in order to achieve transmission at all, and an increase leads to more 

extensive ion/ion interaction (Figure 5.13), similar to a decrease in wave height. 

All of the same trends concerning charge reduction, fragmentation, and fragment 

charge states described for the Trap T-Wave height are observed here as well. It 

seems likely that this is due to the ions being confined to a smaller volume with 

increasing Trap RF amplitude, increasing their ‘effective’ local concentration. 
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Figure 5.12. Plots of (a) nominal substance P charge states versus wave height 

(wave velocity = 300 m/s); and (b) log. wave velocity (wave height = 1.50 V); (c) 

selected substance P fragments versus wave height (wave velocity = 300 m/s); and 

(d) log. wave velocity (wave height = 1.50 V). Panel (e) shows a representative ETD 

spectrum for substance P, acquired at a wave height of 0.30 V and wave velocity 

of 300 m/s. The 3+ charge state was selected in the quadrupole in all cases. 
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Figure 5.13. Effect of the Trap RF amplitude on (a) relative abundance of 

(reduced) charge states of the intact precursor and (b) fragmentation of 9+ 

ubiquitin. The Trap T-Wave height and velocity were kept constant at 0.50 V and 

300 m/s, respectively, during these experiments. The normal operating regime for 

the Trap RF amplitude in top-down ETD of proteins is 450 – 530 V. 
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The pressure of the background gas also plays an important role in mediating 

ion/ion interactions:  According to a commonly cited general mechanism for gas-

phase ion/ion chemistry[251], the reaction between analyte cations and reagent 

anions progresses within a stable orbiting complex, the formation of which occurs 

with a rate constant that is inversely proportional to the fourth power of the 

relative velocity of both interaction partners. Hence, the probability of formation 

for this complex is greatly increased when the ions are slowed down by collisions 

with an inert gas. 

 

 

Figure 5.14. Adduct formation between ubiquitin cations and 1,4-dicyanobenzene 

anions. Formation of adducts with the ETD reagent can be observed during charge 

reduction of 5+ ubiquitin. The number of reagent anions in the complexes is 

indicated by asterisks. 

 

Reducing the relative velocity of the ions after the formation of the orbiting 

complex is also beneficial, as this leads to a decreased orbit and higher probability 

of proton or electron transfer[408]. The choice of helium as the background gas 

has several advantages, besides its chemical inertness: First of all, the low mass 

results in minimal conversion of kinetic into internal energy of the ions and hence 

minimizes unintentional collision-induced dissociation[409]. Collisional scattering 

of the ions, which could potentially destroy the complex in which the reaction 

occurs, is also decreased with a low-mass background gas[251]. Finally, the 

reduced center-of-mass collision energy leads to improved trapping efficiency of 

the ETD reagent, which can otherwise transfer its electron to a background gas 
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molecule.  Formation of the cation-anion complex can also lead to a third type of 

charge reduction besides electron or proton transfer, namely attachment of the 

reagent anion[251, 252]. In the Synapt instrument, the resulting adducts can be 

detected, particularly when a precursor with a low charge state is used (Figure 

5.14).  As expected based on the mechanism described above, plots of 9+ 

ubiquitin charge reduction and fragmentation versus Trap gas flow give evidence 

for more extensive cation-anion interaction at higher pressure, similar to the 

effect of a reduction in wave height (see Figure 5.15). The decrease in precursor 

intensity at very low pressure seen in this figure is explained by increased CID 

fragmentation, as well as reduced collisional cooling, resulting in expansion of the 

ion beam and less efficient transmission of ions through the ion guide. 

 

 

Figure 5.15. Effect of Trap He gas flow on (a) charge reduction and (b) 

fragmentation of 9+ ubiquitin. The table shows the measured pressure at the 

different gas flows investigated (normal operating regime shown in bold). The 

Trap T-Wave height and velocity were kept constant at 0.50 V and 300 m/s, 

respectively. 

He (mL/min) p (mbar) 

0 8.86e-5 
2 6.28e-3 
4 1.26e-2 
6 1.90e-2 
8 2.53e-2 
9 2.81e-2 

10 3.14e-2 
11 3.42e-2 
12 3.73e-2 
14 4.33e-2 
17 5.21e-2 
20 6.12e-2 
25 7.65e-2 
30 9.09e-2 
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Finally, it is expected that the ratio between the number of anions and cations 

present in the Trap cell also plays a role. It is recommended to tune for 

approximately 1e4 analyte counts/s, and 1e6 reagent ion counts/s. We varied the 

ratio between analyte cations (9+ ubiquitin) and reagent anions entering the Trap 

by adjusting the quadrupole transmission window for the precursor (making 

transmission of the precursor less efficient) and the glow discharge current 

(varying the ETD reagent intensity). This resulted in the ubiquitin cation count 

varying between 5e3 and 2e4 counts/s, and the reagent anion count between 3e5 

and 6e6. The results of these experiments can be seen in Figure 5.16.  

 

 

Figure 5.16. Effect of variation of the reagent/analyte current ratio in top-down 

ETD of 9+ ubiquitin. The reagent currents in the four bottom spectra are 

significantly ( >= 100-fold) larger than for the protein ion and all lead to similar 

spectra, showing efficient ETD fragmentation, even though both reagent and 

analyte counts, as well as their ratio are varied significantly. The top spectrum, 

with a reduced reagent/analyte ratio, only shows charge reduction, similar to how 

other tuning parameters reduce the ‘effective’ reagent concentration or reaction 

time. 

 

In general, it seems that as long as the reagent current is significantly 

(approximately 100 times or greater) more intense than that of the 

peptide/protein precursor, the ETD reaction can progress efficiently, while the 
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absolute number of charge carriers present plays only a secondary role. 

Accounting for the relative cation and anion fill times, this is equivalent to a 

reagent excess of approximately 10:1. However, as expected, a reduction of this 

ratio leads to far less extensive cation-anion interaction. 

 

5.4 Conclusions 

The advent of electron-based dissociation techniques such as ECD has opened up 

new possibilities for top-down and structural proteomics, not least due to their 

ability to sequence the peptide backbone while maintaining aspects of the higher-

order structure. The development of ETD has enabled this type of experiment on 

instruments other than FT-ICR, thereby making this approach accessible to a 

wider range of scientists. In recent years, the availability of ETD on QTOF 

instruments has the advantage of relatively high resolution, while coupling with 

ion mobility paves the way to studies which link 3D structural information with 

the observed fragmentation patterns. In agreement with earlier work, the ability 

to apply post-ETD or post-IMS supplemental activation was found to be crucial for 

the release of fragments from the more structured parts of a protein, and 

facilitates in-depth studies of the multistep fragmentation mechanism. 

Although the cation-anion interaction time is not directly programmable on the 

QTOF in the normal operating regime, the reaction can be easily controlled by 

adjusting one parameter only, the wave amplitude. As this amplitude is lowered, 

the extent of the ion/ion interaction increases. We have also studied other 

parameters, such as the wave velocity and ion confinement, and qualitatively 

explained the relative abundance of fragment ions obtained. Ion/ion reactions 

lead to both electron- and proton-based charge reduction at the same time, along 

with dissociation from the former, in a multistep process. Combined with the 

capacity to detect high m/z ions, this leads to the observation of relatively low 

fragment charge states and simplified data interpretation. 

In top-down studies, particularly of larger proteins or complexes, a detailed 

understanding of ETD reaction tuning becomes increasingly important in order to 

maintain good fragment ion yields. Understanding of how these parameters affect 

the observed charge reduction and fragmentation behavior is crucial to tune for 

the behavior necessary in a specific experiment and to maximize the information 

obtained from ETD experiments. As this understanding increases, we expect that 
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the use of top-down ETD in combination with ion mobility will become more 

widespread in structural proteomics studies. 
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6. Evidence for travelling wave-

dependent field heating under 

ion mobility and ETD conditions 
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6.1 Introduction 

6.1.1 Use of concomitant ion activation in ETD experiments 

The fact that electron transfer dissociation (ETD) preserves noncovalent 

interactions has many analytical benefits, but also introduces a disadvantage in 

sequencing experiments, as noncovalent interactions can keep fragments bound 

in a long-lived c/z fragment complex, resulting in limited sequence coverage. It is 

well-known in top-down protein analysis that such interactions can form during 

the electrospray process, even if proteins are denatured in solution, reducing 

fragmentation efficiency[150]. Most often, this is remedied by application of 

supplemental (collisional) activation, which destroys these noncovalent 

interactions, ideally without causing further breaking of covalent bonds[405, 406, 

410]. However, migration of a hydrogen radical from the c to the z fragment is 

commonly observed within these noncovalent ETD fragment complexes, and as 

such, supplemental activation of these complexes leads to products possessing a 

distorted (often both broadened and shifted) isotope distribution, complicating 

fragment assignment[249, 411]. 

This problem can be alleviated by applying collisional ion activation during, rather 

than after the ETD process, preventing the formation of noncovalent fragment 

complexes (and associated hydrogen radical migration) rather than breaking them 

up. Within ion traps, however, this approach leads to a decrease in overlap 

between the cation and anion clouds, as well as an increase in relative velocity 

between both ion types. As both of these factors lead to a decrease in ETD 

reaction rate, this approach is generally of limited utility[251, 412]. Recent efforts 

by Coon and colleagues have demonstrated the use of ion activation by laser 

irradiation under ETD conditions, leading to increased sequence coverage and the 

observation of more ‘natural’ fragment isotope distributions[257, 258, 413]. 

In Synapt instruments, ETD is not carried out within a quadrupole ion trap, but in 

a travelling-wave (T-Wave) ion guide (called the Trap cell) located between the 

quadrupole mass filter and the ion mobility (IM) cell. Shvartsburg and Smith[177], 

based on a detailed mathematical analysis of the motion of ions in a travelling-

wave IM device, conclude that the maximum temperature increase due to field 

heating can theoretically be up to 7000 K, although they acknowledge that a few 

hundred K is a more realistic estimate under typical T-Wave conditions. This is 

consistent with earlier results by Giles and colleagues[173], where increased 

declustering of [bradykininn+nH]n+ ions (1061 m/z) was observed by varying the T-

Wave amplitude between 5.5 and 11.5 V in a prototype T-Wave ion mobility 
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device. Studies using benzylpyridinium ‘thermometer’ ions have also shown that 

ion temperatures can be varied by up to 300 K by changing IM T-Wave parameters 

on Synapt G1 and G2 instruments[414, 415], although it has been argued that a 

significant portion of this heating might actually occur during injection of the ions 

into the IM cell rather than field heating by the travelling wave[416]. However, to 

the best of the authors’ knowledge, a similar heating effect within the other, 

lower-pressure T-Wave cells in Synapt instruments has not previously been 

investigated. As the ETD reaction is controlled by the Trap T-Wave height and 

velocity in the Synapt G2, G2-S, and G2-Si, the possibility of field heating within 

this cell is of particular interest. 

In this chapter, we further investigate the T-Wave-induced heating phenomenon 

by varying both wave height and velocity over the entire available range in the IM 

cell, using m/z-selected cesium iodide clusters as probes. We then perform a 

similar experiment in the Trap cell (ETD reagent source switched off), in order to 

establish whether a measurable ‘heating’ effect occurs in this lower-pressure, 

helium-filled cell. Finally, we perform top-down ETD of substance P and ubiquitin 

and investigate whether, in addition to the effect of reaction time described in the 

previous chapter, there is evidence in the fragmentation behavior for a more 

subtle, T-Wave-dependent ‘heating’ effect. 

 

6.1.2 Field heating within T-Wave devices 

The physical principles governing ion motion in an ion mobility cell were initially 

described in detail over forty years ago[171]. In 2008, Shvartsburg and Smith 

expanded this work to travelling wave IM and provided a detailed mathematical 

treatment of the relation between T-Wave parameters (height/velocity), pressure, 

and analytical characteristics, specifically macroscopic drift velocity vd and 

resolution[177]. In particular, they also describe the possibility of field heating 

within these devices. Briefly, assuming steady state, in any type of ion mobility, 

the ions have an ‘effective’ temperature given by Equation 6.1[171, 414]: 

 

where M is the ion mass, k is the Boltzmann constant, and v is the ion speed due 

to the electric field. In drift-tube ion mobility, where a constant, uniform electric 

(Eq. 6.1) 
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field is used, v = vd. Generally, in the case that ions reach a steady state drift 

velocity at each time point, it is easy to see that (Equation 6.2): 

 

where K is the mobility constant of the ion and Eeff is the effective electric field 

experienced by the ion. As K is constant for a given ion, at a given pressure and 

temperature, this equation predicts that Eeff is the main tuning parameter 

allowing the user to control v and by extension the ion temperature. Eeff is 

proportional to E/N, where E is the applied electric field and N is the number 

density (proportional to pressure for an ideal gas) of the background gas. In the 

low-field limit, v is much smaller than the thermal motion of the ions, and the 

effective temperature can be considered to be equal to the temperature of the 

gas. In practice, it has been shown that ions cannot always accommodate for the 

fast changes of E experienced in T-Wave ion mobility, and v is consequently 

typically somewhat lower than expected based on Equation 6.2[414]. By 

definition, T-Wave ion mobility is characterized by the use of travelling 

electrostatic waves, rather than a constant, uniform field, and as such, even 

assuming that Equation 6.2 applies, v  vd. Instead, these quantities can be related 

as follows[177] (Equation 6.3): 

 

where s is the T-Wave velocity, p is the wavelength, and b is the baseline width of 

the wave. In the Synapt G2 specifically[415, 417] Equation 6.3 reduces to 

(Equation 6.4): 

 

In the typical operating regime for T-Wave ion mobility instruments, an increase 

of s leads to a decrease of vd, and v2 typically decreases as a result. However, if s 

becomes too large (depending on the wave height) the ions are mostly ‘bobbing’ 

along and no IM separation occurs. In this case, vd is fairly constant as a function 

of s, and v2 (and thus the temperature) are expected to actually increase with s. 

Likewise, at very low wave velocities, energy transfer from the travelling wave to 

the ion is more efficient, and v approaches its upper bound, KEeff. 

The occurrence of this type of effect in the Trap T-Wave cell is perhaps 

counterintuitive, given that the travelling waves during ETD operation are typically 

(Eq. 6.2) 

(Eq. 6.3) 

(Eq. 6.4) 
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100 times lower than in the ion mobility cell. However, the pressures in these cells 

are also considerably lower than in the ion mobility cell, and this must be taken 

into account when estimating the effective electric field Eeff experienced by the 

ions. In fact, the pressure in the Trap cell is typically around 5e-2 mbar during ETD 

experiments, while the ion mobility cell is operated at around 2.5 mbar. As such, 

the effective field strength in the Trap cell is expected to be around half of that in 

the IM cell, and the possibility of field heating cannot be a priori ignored. 

In the current work, we investigate this phenomenon and find that significant ion 

activation (albeit less than in the IM cell) occurs within the Trap cell under typical 

instrument conditions. This is shown by T-Wave dependent fragmentation of 

(CsI)nCs+ clusters (with the ETD reagent source switched off), which is particularly 

significant for clusters below 1500 m/z, the range where ETD precursors are most 

often selected[325]. Cesium iodide clusters were selected for two reasons. First of 

all, they appear at regular intervals across a broad m/z range and as such are ideal 

to investigate to what extent ion heating depends on mass. Secondly, cesium 

iodide is relatively inexpensive, commercially available, and is not toxic, volatile, 

or flammable, unlike for instance metal-carbonyl complexes, which have been 

used as temperature ions in electron ionization-mass spectrometry[418]. 

Further confirmation of ion heating inside the Trap cell is provided by ETD 

fragmentation of ubiquitin and the peptide substance P, where the effect of ion 

activation during the ETD process leads to somewhat more ‘natural’ fragment 

isotope distributions, distinct from the effect of applying collisional activation 

either prior to or after the ETD reaction. As has been noted previously[257, 258], 

reducing the complexity of observed isotope distributions provides analytical 

benefits; in particular, reducing the potential for peak overlap due to unnaturally 

broad distributions as well as allowing confirmation of product identities by fitting 

the entire isotopic envelope, rather than merely the monoisotopic peak[419]. 

Furthermore, although the effect we observe is limited, the current work 

illustrates that in experiments where a ‘native-like’ ion, particularly a low-m/z 

peptide, is subjected to ETD in Synapt instruments[255, 256, 420], care must be 

taken so as not to inadvertently disrupt the higher-order structure during the ETD 

process. 
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6.2 Experimental 

Experiments were performed on the Synapt G2 instrument, operated in Sensitivity 

mode. Settings for the analysis of CsI clusters were as follows (TOF mode): 

capillary 1.30 kV, sampling cone 100 V, extraction cone 10 V, nanoflow gas 

pressure 0.2 bar, Trap collision energy 4 V, Transfer collision energy 0 V, backing 

pressure 4 mbar, Trap pressure 6.1e-2 mbar (He flow 20 mL/min), Transfer 

pressure 5.7e-3 mbar (Ar flow 1 mL/min). Settings in Mobility mode were similar, 

except for pressures, which were as follows: Trap 7.4e-2 mbar (He flow 20 

mL/min), He cell 1.4e-3 mbar (He flow 140 mL/min), IM 2.5 mbar (N2 flow 60 

mL/min), Transfer 3.8e-2 mbar (Ar flow 4 mL/min). To minimize collisional heating 

during injection into the IM cell, the Trap DC bias and He cell DC were maintained 

at minimal voltages for transmission during these experiments, i.e. 20 and 10 V, 

respectively. For analysis of substance P and ubiquitin (TOF mode), settings were 

similar to those used for analysis of the CsI clusters, but the sampling and 

extraction cone voltages were set to 40 V and 2 V, respectively, and the backing 

pressure was 2.4 mbar. Ubiquitin and substance P were dissolved at a 

concentration of 4 µM in a denaturing solution consisting of water/methanol (v/v) 

50/50 with 0.1% formic acid added. Cesium iodide was dissolved in water at a 

concentration of 2 mg/mL. Spectrum acquisitions lasted between 15 seconds and 

10 minutes, in order to ensure sufficient intensity of the precursor and main 

dissociation products in order to accurately calculate survival yields (i.e. intensity 

of precursor divided by sum of intensities of precursor and fragments) as defined 

by[414]. For the shorter (<30 seconds) acquisitions, the variability of calculated 

survival yields between the 15-30 scans (acquisition rate 1 Hz) was calculated and 

typically less than 2%. 

 

6.3 Results and discussion 

6.3.1 Field heating of CsI clusters in the ion mobility region of the Synapt G2 

As a first step, we wanted to assess the use of CsI clusters as thermometer ions. A 

representative spectrum is shown in Figure 6.1, illustrating several important 

points. First of all, the spectrum is dominated by Cs+ and (CsI)Cs+, with larger 

clusters being far less common at these concentrations. This is in contrast to 

literature spectra acquired at significantly higher concentration (20 mg/mL), 

where clusters up to (CsI)350Cs+ were observed[164]. The advantage of the lower 

concentration used here is that it is rather unlikely for the observed (CsI)nCs+ 
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signals to actually be due to (CsI)2nCs2
2+ clusters. Further confirmation is provided 

by the absence of signals apparently corresponding to (CsI)xCs+ with non-integer x 

(which can only be accounted for by multiply charged clusters). As both cesium 

and iodine possess only one naturally occurring isotope, signal overlap with these 

large, multiply charged clusters would otherwise be difficult to identify and 

quantify, possibly complicating data analysis. The second important feature of 

Figure 6.1 is that the (CsI)2-8Cs+ clusters we focus on in this study occur in a 

significant intensity range (a factor of 20 difference between the most and least 

intense signal). Average ion currents for these clusters in the displayed spectrum 

were below 2000 counts/s, typical (even somewhat low) for peptide/protein 

analysis on this instrument. This makes it unlikely that any observed heating effect 

is due to space charge effects pushing ions out radially towards the ring 

electrodes of the T-Wave cell, where the effective electric field is higher and RF 

heating could occur more easily[173, 417]. This is especially true for effects 

observed across different clusters, given the significant intensity differences (note 

that quadrupole selection was performed in experiments where T-Wave 

parameters were varied, so that only one ion type is transferred to the T-Wave). 

 

 

Figure 6.1. Representative CsI spectrum, acquired using an IM wave height of 25 V 

and wave velocity of 500 m/s. 

 

 In order to compare our results to literature data (which focus primarily on T-

Wave IM devices), and to paint a more complete picture of the effect of field 

heating in the ion mobility region than has thus far been available, for our first 

series of experiments we varied wave heights and velocities applied in the IM cell. 
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We calculated the survival yield of CsI clusters for every combination of a set of 

ten wave heights (2, 6, 10, 14, 18, 22, 26, 30, 34, and 38 V) and twelve wave 

velocities (s) (10, 20, 40, 80, 150, 300, 600, 1200, 2400, 3000, 3800, 6000 m/s) 

applied in this region. Wave heights were selected to be equally spaced across the 

full range (0 – 40 V) available on this instrument, while wave velocities were 

chosen to be approximately equidistant on a logarithmic axis, based on previous 

work[280]. As the behavior observed at 2400 m/s was often significantly different 

from that at 6000 m/s, two intermediate wave velocities (i.e. 3000 and 3800 m/s) 

were added. We focused on four clusters of (CsI)nCs+, selected in the quadrupole, 

with values of n being 2, 4, 6, and 8, corresponding to a mass range of 652 – 2212 

Da. As these clusters are singly charged, they represent a typical m/z range in 

which large peptides and small (native) to intermediate/large (denatured) 

proteins occur. The resulting survival yields are shown in Figure 6.2. Extracted 

survival yields and drift times for some of the wave height/velocity combinations 

are tabulated in Table 6.1. 
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Figure 6.2. Contour map showing survival yields of (CsI)2Cs+ (652 Da), (CsI)4Cs+ 

(1172 Da), (CsI)6Cs+ (1692 Da), and (CsI)8Cs+ (2212 Da) across a wide range of 

different IM T-Wave conditions. 

 

In accordance with literature data[414, 415] and theoretical predictions[177], we 

find that in the ‘normal’ operating range (s >> vd, i.e. intermediate wave velocities 

and intermediate/high wave heights), increased s leads to a increase in survival 

yield, as the resulting decrease in vd leads to a reduced temperature (Equation 

6.4). At extremely high values of s, vd is more or less constant, as the ions are 

‘bobbing’ along rather than being efficiently pushed by the wave, and 

temperature increases linearly with s (recall that the ‘travelling waves’ are not 

actually analog waves with a smooth velocity, but are created by changing the 

voltages applied to different sets of ring electrodes in a discrete manner). This 

accounts for the abrupt drop of survival yield at s > 2400 m/s. Similarly, at a 

constant wave velocity, an increase in wave height (and therefore Eeff) leads to a 

decreased survival yield, which is predicted by Equation 6.2 and is also consistent 

with previous work[414, 415]. As predicted by Equation 6.1, lower-mass clusters 

survive to somewhat higher wave velocities. In the high-wave height/low-wave 

velocity range (where s  vd), increased wave height leads to a significantly 

decreased survival yield, although the predicted temperature increase due to field 
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heating is rather low. This is easily explained by significantly increased efficiency 

of energy transfer by the wave to the ion than would occur in a normal ion 

mobility regime. This is further supported by the observation that survival yield 

increases as the difference between s and vd increases and we enter a true IM 

regime (Table 6.1). 

 

(a)  (CsI)2Cs+ (652 Da) 
WH (V) WV (m/s) SY (%) DT (ms) vd (m/s) v² (m²/s²) TIM (K) 

2 600 98.8 N/A N/A N/A N/A 
6 600 99.6 N/A N/A N/A N/A 

10 600 99.2 17.20 14.5 8721 228 
14 600 98.9 9.15 27.3 16393 429 
18 600 98.9 5.73 43.6 26178 684 
22 10 33.2 3.20* 10.0 100 3 
22 20 35.8 12.79 19.5 1486 39 
22 40 24.7 6.73 37.1 5333 139 
22 80 63.0 3.75 66.7 16164 423 
22 150 85.9 2.32 107.8 42614 1114 
22 300 98.3 1.76 142.0 36765 961 
22 600 98.4 4.08 61.3 35800 936 
22 1200 98.4 8.38 29.8 8721 228 
22 2400 97.8 N/A N/A N/A N/A 
22 3000 91.1 N/A N/A N/A N/A 
22 3800 0.0 NS N/A N/A N/A 
22 6000 0.0 NS N/A N/A N/A 
26 600 91.2 3.09 80.9 48544 1269 
30 600 91.6 2.43 102.9 61728 1614 
34 600 68.5 1.98 126.3 75758 1980 
38 600 30.7 1.76 142.0 85227 2228 
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(b) (CsI)4Cs+ (1172 Da) 
WH 
(V) 

WV 
(m/s) 

SY 
(%) 

DT (ms) vd 
(m/s) 

v² 
(m²/s²) 

TIM 
(K) 

DT652 
(ms) 

2 600 91.9 N/A N/A N/A N/A N/A 
6 600 92.9 N/A N/A N/A N/A N/A 

10 600 94.1 N/A N/A N/A N/A N/A 
14 600 86.1 9.04 27.7 16593 780 9.04 
18 600 84.6 5.73 43.6 26178 1230 5.73 
22 10 86.6 3.31* 10.0 100 5 3.20 
22 20 84.8 12.90 19.4 388 18 12.79 
22 40 71.5 6.84 36.5 1462 69 6.84 
22 80 80.6 3.75 66.7 5333 251 3.75 
22 150 77.5 2.32 107.8 16164 759 2.32 
22 300 83.0 3.31 75.5 22659 1065 1.76/3.31 
22 600 82.5 6.84 36.5 21930 1030 4.08 
22 1200 84.1 15.32 16.3 19582 920 8.38/15.44 
22 2400 62.1 N/A N/A N/A N/A N/A 
22 3000 0.0 NS N/A N/A N/A N/A 
22 3800 0.0 NS N/A N/A N/A NS 
22 6000 0.0 NS N/A N/A N/A NS 
26 600 82.8 5.07 49.3 29586 1390 3.09 
30 600 84.2 3.97 63.0 37783 1775 2.43 
34 600 84.1 3.20 78.1 46875 2202 1.98 
38 600 84.8 2.65 94.3 56604 2660 1.76/2.65 
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(c) (CsI)6Cs+ (1692 Da) 
WH 
(V) 

WV 
(m/s) 

SY 
(%) 

DT 
(ms) 

vd 
(m/s) 

v² 
(m²/s²) 

TIM 
(K) 

DT652 
(ms) 

DT1172 
(m/s) 

2 600 79.7 N/A N/A N/A N/A N/A N/A 
6 600 97.0 N/A N/A N/A N/A N/A N/A 

10 600 98.7 N/A N/A N/A N/A 7.17/ 
17.53 

N/A 

14 600 98.6 20.73 12.1 7236 491 9.26/ 
15.66 

14-21 

18 600 98.6 12.90 19.4 11628 789 5.84 9.81/13.01 
22 10 94.1 3.31* 10.0 100 7 3.20 3.31 
22 20 90.9 12.90 19.4 388 26 12.79 12.90 
22 40 78.8 6.84 36.5 1462 99 6.84 6.84 
22 80 98.5 3.75 66.7 5333 362 N/A 3.75 
22 150 99.3 2.32 107.8 16164 1096 2.32 2.32 
22 300 98.3 4.30 58.1 17442 1183 1.87 3.31/4.19 
22 600 97.1 8.82 28.3 17007 1154 4.08/ 

5.40 
6.95/8.93 

22 1200 92.5 21.72 11.5 13812 937 8.49 15.32/21.72 
22 2400 39.9 N/A N/A N/A N/A 3.31/ 

4.74 
N/A 

22 3000 0.0 NS N/A N/A N/A 2.65/ 
3.09 

NS 

22 3800 0.0 NS N/A N/A N/A NS NS 
22 6000 0.0 NS N/A N/A N/A NS NS 
26 600 94.7 6.50 38.5 23077 1565 2.98 5.07/6.50 
30 600 96.9 5.07 49.3 29586 2007 2.43 3.97/5.07 
34 600 97.9 3.97 63.0 37783 2563 2.76 3.20/4.08 
38 600 93.4 3.31 75.5 45317 3074 2.09 2.20/2.65/ 

3.31 
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(d) (CsI)8Cs+ (2212 Da) 
WH 
(V) 

WV 
(m/s) 

SY 
(%) 

DT 
(ms) 

vd 
(m/s) 

v² 
(m²/s²) 

TIM 
(K) 

DT652 
(ms) 

DT1172 
(ms) 

DT1692 
(ms) 

2 600 0.0 N/A N/A N/A N/A N/A N/A N/A 
6 600 93.8 N/A N/A N/A N/A N/A N/A N/A 

10 600 94.5 N/A N/A N/A N/A N/A N/A N/A 
14 600 95.4 18.08 13.8 8296 736 9.48 15.55 5.3/ 

13.34/ 
20.84 

18 600 95.8 17.31 14.4 8666 768 5.62 9.70 8.49/ 
12.90/ 
17.31 

22 10 62.9 3.31* 10.0 100 9 2.02/ 
3.20 

N/A 3.31 

22 20 69.0 12.90 19.4 388 34 12.90 12.90 12.90 
22 40 50.3 6.84 36.5 1462 130 6.84 6.84 6.84 
22 80 98.8 3.75 66.7 5333 473 3.64 3.75 3.75 
22 150 99.4 2.32 107.8 16164 1433 2.32 2.32 2.32 
22 300 96.7 5.62 44.5 13345 1183 1.76 3.53 2.54/ 

4.19/ 
5.62 

22 600 94.1 11.91 21.0 12594 1117 4.08 6.95 5.73/ 
8.82/ 
12.13 

22 1200 91.2 N/A N/A N/A N/A 8.49 15.44 15.99/ 
21.45 

22 2400 0.0 NS N/A N/A N/A 7.39 NS NS 
22 3000 0.0 NS N/A N/A N/A 2.65/ 

3.09 
NS NS 

22 3800 0.0 NS N/A N/A N/A NS NS NS 
22 6000 0.0 NS N/A N/A N/A NS NS NS 
26 600 95.4 8.71 28.7 17222 1527 2.98 5.18/ 

8.71 
4.30/ 
6.50/ 
8.71 

30 600 97.1 6.61 37.8 22693 2012 2.43 3.97 3.31/ 
5.07/ 
6.73 

34 600 95.9 5.92 42.2 25338 2247 NS NS 2.65/ 
3.97/ 
5.40 

38 600 97.7 4.41 56.7 34014 3016 1.76/ 
2.32 

2.54 2.32/ 
3.31/ 
4.41 

 

Table 6.1. Survival yields (SY), drift times (DT) and estimated temperature 

increases due to field heating induced by the travelling wave ( TIM; based on 



107 
 

Equations 6.1 and 6.4 in the main text) for the four CsI clusters studied, for some 

of the IM wave height/velocity combinations in Figure 6.2. The last columns in 

Tables (b), (c) and (d) show the drift time(s) observed for some of the smaller 

clusters released by field heating (N/A: no IM separation under these conditions 

and thus no discernible peak; no signal (NS): ion absent or too low in abundance 

to determine DT). Measured drift time (marked with an asterisk) for (wave height 

= 22 V/wave velocity = 10 m/s) was not reliably measured due to roll-over; as a 

result, this value was entered manually (italicized), assuming (based on accurately 

measured vd at slightly higher wave velocities and wave height = 22 V) that vd = s 

under these conditions. 

 

In Table 6.1, the arrival times for (CsI)2Cs+, (CsI)4Cs+, and (CsI)6Cs+ have also been 

extracted in spectra where they result from dissociation of heavier clusters. 

Mostly, these drift times match those (assuming the same T-Wave parameters, 

obviously) as when these lighter clusters were selected in the quadrupole, 

implying that heating predominantly occurs either during or shortly after injection 

into the ion mobility cell. At very low wave velocities combined with relatively 

high wave heights, i.e. the range where s  vd and no ion mobility separation 

occurs, fragments – which generally possess a higher mobility than the precursor 

– obviously share the arrival time of the precursor. Similarly, at extremely high 

wave velocities, where ions are ‘bobbing’ along, some of the fragments share the 

arrival times of the precursor. Some intermediate fragment drift times are also 

occasionally visible, indicating fragmentation deeper in the ion mobility cell. The 

observation that heating predominantly occurs either during or shortly after 

injection into the ion mobility cell can be rationalized in two ways. The first 

possibility is that activation due to even minimal injection voltages is sufficient to 

induce fragmentation and the ions need to be ‘cooled’ in the IM cell in order to 

reduce fragmentation, with this cooling effect decreasing under T-Wave 

conditions where we would expect increased heating[415], explaining why our 

results are so conveniently explained by the theoretical arguments outlined 

earlier. Alternatively, it could be that, due to the high frequency of collisions 

(mean free path length at the pressure used  30 µm), ions reach their final 

‘temperature’, possibly sufficient to induce fragmentation, close to the front end 

of the 25 cm ion mobility cell. While these two possibilities are not easily 

distinguishable based on our results, it is clear that (1) fragmentation of CsI 

clusters indicates significant ion heating, dependent on T-Wave parameters, and 
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(2) this dependence can be easily rationalized from general principles governing 

the dynamics of ions in this type of cell. 

 

6.3.2 Field heating of ions within the Trap T-Wave under ETD conditions 

Having established the manner in which ion heating depends on T-Wave 

parameters in the preceding section, we investigated the possibility of T-Wave 

induced fragmentation of CsI clusters in the (He-filled) Trap T-wave in ETD mode 

(with the ETD reagent source turned off). This was conducted in exactly the same 

way as before, with ten T-Wave heights and twelve wave velocities. As the same 

range of wave velocities is available as in the IM cell, the same values were used 

for this parameter. The wave height – which can in principle also be varied 

between 0 – 40 V in the Trap cell – is rarely raised above 2 V in practice, as the 

interaction between cations and anions is nearly completely ‘switched off’ at 

wave heights above 1.5 V[280]. As such, the wave height was varied between 0.1 

and 1.9 V in increments of 0.2 V. The resulting survival yields are plotted as heat 

maps in Figure 6.3. Survival yields for some of the wave height/velocity 

combinations are tabulated for all four clusters in Table 6.2. 
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Figure 6.3. Contour map showing survival yields of (CsI)2Cs+ (652 Da), (CsI)4Cs+ 

(1172 Da), (CsI)6Cs+ (1692 Da), and (CsI)8Cs+ (2212 Da) across a wide range of 

different Trap T-Wave conditions. 

 

As the residence time in the Trap cell is not measured, it is virtually impossible to 

estimate v2 and TIM under these conditions; however, we can still qualitatively 

explain the observed patterns based on results obtained under IM conditions in 

the previous section. As previously mentioned, the pressure in the Trap cell is 

considerably lower than in the IM cell (resulting in an increased effective electric 

field strength); however, the mean free path length at 6e-2 mbar is still only about 

1 mm and as such, sufficient collisions occur to convert a significant amount of 

energy into internal vibrational energy. The idea that the Trap cell (under ETD 

conditions) is more ‘IM-like’ than would be intuitively expected is supported by 

our earlier observation that both charge reduction and fragmentation are most 

abundant at very low and very high Trap wave velocities, indicating that residence 

time is maximized (i.e. vd minimized) at these extremes, as in the IM cell[280]. 

However, the fact that survival yield in the Trap cell rarely drops below 70%, 

indicates, as expected, that the heating effect is less efficient than in the IM cell. 

Due to the lower pressure, collisions occur less frequently here, and the collision 

regime here is likely impulsive rather than purely thermal[415]. As such, collision-



111 
 

induced heating becomes less efficient for heavier clusters, both due to lower 

reduced mass of both collision partners and the internal energy being distributed 

over more vibrational degrees of freedom. This explains why these heavier 

clusters exhibit higher survival yields than lighter ones in the Trap cell, in contrast 

to what was observed in the IM cell. Besides the lower number of collisions, 

another contributing factor to reduced heating in this case is the lower mass of He 

versus N2, meaning – as center-of-mass collision energy scales with reduced mass 

of the collision complex – less kinetic energy gets converted to internal energy per 

collision. 

 

 SY 

WH 
(V) 

WV 
(m/s) 

(CsI)2Cs+ 
(652 Da) 

(CsI)4Cs+ 
(1172 Da) 

(CsI)6Cs+ 
(1692 Da) 

(CsI)8Cs+ 
(2212 Da) 

0.1 600 86.9 91.9 98.6 90.3 
0.3 600 80.1 86.6 97.8 91.2 
0.5 600 90.1 86.0 97.4 89.0 
0.7 600 86.9 83.3 97.2 86.9 
0.9 10 99.5 99.9 100.0 95.6 
0.9 20 99.5 100.0 99.8 95.7 
0.9 40 99.3 99.6 99.8 95.2 
0.9 80 98.9 99.4 99.6 94.9 
0.9 150 98.8 98.5 99.5 94.2 
0.9 300 95.0 97.2 99.2 93.6 
0.9 600 86.5 81.2 97.0 85.7 
0.9 1200 57.3 84.9 98.5 90.7 
0.9 2400 86.2 89.8 99.0 89.7 
0.9 3000 85.7 90.7 99.2 90.5 
0.9 3800 82.1 95.9 99.1 95.2 
0.9 6000 85.4 94.8 99.3 99.5 
1.1 600 85.6 88.6 96.8 89.3 
1.3 600 84.8 84.8 97.6 91.7 
1.5 600 83.4 88.3 97.6 92.4 
1.7 600 83.0 90.3 98.4 91.2 
1.9 600 83.5 91.1 98.3 91.3 

 

Table 6.2. Survival yields (SY) for the four CsI clusters studied, for some of the 

Trap wave height/velocity combinations in Figure 6.3. 
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In the low-wave velocity range (where, as mentioned, s  vd), which, as discussed 

earlier, is more CID-like than a true ion mobility regime, unlike in the IM cell, we 

do not observe significant fragmentation. This is likely due to the much lower 

wave height used (lower in all cases, in fact, than the lowest used in the IM cell) as 

well as the aforementioned effect of the mass and pressure of the background 

gas. Indeed, the effect of wave height, while still observable in the survival yields 

summarized in Table 6.2, is far less pronounced in the Trap cell compared to the 

ion mobility cell. Moving from 150 to about 1200-2400 m/s, an increase in wave 

velocity leads to ion heating and fragmentation for all wave heights, similar to the 

low wave height/high wave velocity regime in the IM cell, indicating as expected, 

that the ions are mostly ‘bobbing’ along (i.e. vd quasi-constant and v² 

approximately proportional to s) at high wave velocities. At wave velocities above 

2400 m/s, fragmentation again decreases. While we are not able to fully explain 

this behavior at this point, it is possible that coupling between the T-Wave and the 

ions becomes so inefficient at these extremes, that insufficient energy is 

transferred to induce much fragmentation. However, as transmission in this range 

decreases by at least an order of magnitude, particularly at low wave heights, it is 

not recommended to perform ETD experiments under these conditions. 

 

6.3.3 Effect of concomitant ion activation on isotope patterns of ETD fragments 

Knowing that there is a clear and systematic effect of Trap T-Wave parameters on 

the temperature and survival of CsI clusters over a relatively broad m/z range, we 

then tested whether this heating effect can also affect the ETD fragmentation 

behavior of peptides and proteins, as the ion/ion interaction in the Trap cell is 

modulated by the wave height and velocity. In order to investigate this, the 11-

residue peptide substance P (1.35 kDa) and the 76-residue protein ubiquitin (8.57 

kDa) were introduced into the instrument and subjected to ETD conditions under 

a variety of wave height/velocity regimes. In Figure 6.4a, the observed cleavage 

sites of ubiquitin (9+ precursor selected in the quadrupole) are displayed using a 

constant wave height (0.30 V) and three different wave velocities, without (top) 

and with (bottom) the application of 10 V of supplemental activation in the 

Transfer cell. 
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Figure 6.4. (a) Observed fragmentation sites of 9+ ubiquitin, using three different 

Trap T-Wave velocities, with zero (top) and ten (bottom) volts of supplemental 

activation provided in the Transfer cell. Numbers in bold print indicate percent of 

the (75) backbone N-C  bonds for which cleavage was observed. (b) Changing 

isotope patterns of the z3
+ fragment in the spectra summarized in panel (a). 

Values for the increase in hydrogen radical migration shown in red are the 

average of at least three measurements. 

 

The value of 0.30 V was selected for the wave height as this allows efficient mixing 

of anions and cations at all wave velocities[280]. Both with and without 

supplemental activation, sequence coverage throughout the protein is optimal at 

a wave velocity of 300 m/s, although sequence coverage in the terminal regions is 

somewhat better using a wave velocity of 1200 m/s. This is consistent with the 

hypothesis, proposed in previous work[280], that reaction time is minimal (albeit 

still sufficient for efficient fragmentation at the low wave height used here) at 

intermediate wave velocities, and increases significantly for velocities above 1000 

m/s, as it has been shown that too high a reaction time actually reduces sequence 

coverage in shotgun experiments using hybrid quadrupole ion trap/Orbitrap 

instruments[329]. Further support for the increased reaction time at high wave 

velocity is provided by the fragment charge states: Nearly all fragments observed 

at a wave velocity of 1200 m/s were observed as singly charged ions, whereas 
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using a lower velocity, virtually all fragments containing more than 15 amino acid 

residues occurred exclusively doubly or triply charged. This indicates that, using 

the high wave velocity, more reaction steps (most being non-dissociative) occur, 

again indicating a longer reaction time. As expected, sequence coverage is 

somewhat improved with the application of supplemental activation, although 

this effect is most prominent using a wave velocity of 300 m/s, which may indicate 

a somewhat greater proportion of noncovalent fragment complexes being formed 

(and thus available for separation via supplemental activation) under these ‘cool’ 

conditions. 

Whilst both are determined by T-Wave parameters, the variation of reaction time 

has a far greater effect on sequence coverage than the limited effect on ion 

temperature seen in the experiments with CsI clusters. However, evidence of 

increased ion activation during the ETD process is still provided by a decrease of 

the ratio of the intensities of z’/z  peaks[88, 249, 406, 411]. The reason for this, as 

mentioned earlier, is the hydrogen radical migration from the c to the z fragment 

(leading to conversion of z  to z’ fragments), which occurs within long-lived 

noncovalent c/z fragment complexes. Results for the z3
+ fragment of ubiquitin (9+ 

precursor selected in the quadrupole) are shown in Figure 6.4b. The reason for 

focusing on this fragment is that it is by far the most intense z fragment, and 

isotope ratios for this ion can therefore be measured most accurately. 

Furthermore, for larger z fragments, with more than one potential charge site, the 

possibility of overlap with a complex of a smaller z  fragment and a ‘zIc’ internal 

fragment, cannot be ruled out a priori. Such a complex would have an identical 

isotope pattern to the corresponding z’ fragment, complicating data analysis. As 

only one potential charge site (the guanidinium side chain of the R(74) residue) is 

present in the z3
+ fragment of ubiquitin, no such ambiguity exists. Values for the 

increase in hydrogen radical abstraction when moving to other wave velocities are 

shown in red, and are the average of at least three spectra, each acquired for 5-10 

minutes depending on signal intensity. 

As previously mentioned, application of even a limited amount of supplemental 

activation (10 V) in the Transfer cell promotes significant dissociation of 

noncovalent c/z complexes and associated hydrogen abstraction, as is clearly 

visible when comparing the left- and right-hand side of Figure 6.4b. Both with and 

without supplemental activation, the z’/z  ratio is minimized at a wave velocity of 

1200 m/z, the same range where dissociation of CsI clusters was maximized. This 

clearly illustrates the disparate effects of ion activation during and after electron 

transfer, leading to significantly fewer and significantly more fragments in which 
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H  migration has occurred, respectively. An obvious question at this point is 

whether the same increase in ion temperature during ETD could also be achieved 

by ‘pre-heating’ the ions prior to entry into the Trap cell, which we have 

previously shown to have an effect on the dissociation behavior of large protein 

complexes[256]. We tested this by increasing the sampling cone voltage from 40 

to 100 V, using wave velocities of 150 and 1200 m/s and a wave height of 0.30 V. 

In the former case, this lead to a decrease of 9.2% in z’/z
.
 ratio, while in the latter 

case, this ratio actually increased by 10.3%. The reason for this increase is not yet 

fully understood; however, it is clear that sufficient collisional cooling occurs, 

particularly of relatively small protein ions, so that this method of ion activation is 

a far less efficient way of increasing the ion temperature during the ETD process, 

compared to careful tuning of the T-Wave settings. 

We also wished to investigate the effect of different Trap T-Wave settings on ETD 

of a smaller peptide. For this, we decided to reanalyze a dataset we have 

previously used to estimate the effect of instrument settings on residence time 

and degree of ion/ion overlap[280]. In these experiments, the [M+3H]3+ ion of 

substance P was selected for ETD. We focused on the four most intense C-

terminal fragments, z5
+, z6

+, z7
+, and z9

+. The z8 and z10 fragments cannot be 

observed due to the ‘immunity’ of P(2) and P(4) to ETD fragmentation 

(‘fragments’ remain bound via the pyrrolidine side chain). Results are shown in 

Figure 6.5. Trap wave velocities of 20, 300, 1750, and 2500 m/s were used. Wave 

height was 1.5 V, except for the spectra at 300 m/s, as a wave height of 0.7 V or 

higher at this wave velocity leads to an almost complete lack of ion/ion 

overlap[280]. As such, wave heights of 0.3 and 0.5 V were used at this wave 

velocity, leading to fairly similar spectra, demonstrating, as before, that wave 

velocity has a greater effect on ion temperature than wave height under low-

pressure/low-wave height (compared to the IM cell) conditions. The values for 

increase in H  abstraction on the right of Figure 6.5 are the weighted average 

across all four displayed z fragments. Hydrogen radical migration is minimized at 

wave velocities around 1750 m/s, indicating, as before, that maximal field heating 

occurs at this ‘intermediate’ wave velocity and decreases if this parameter is 

either increased or decreased. Further evidence for T-Wave dependent ion 

heating is provided by concomitant CID fragmentation, which, while always very 

limited, increases under conditions where increased field heating was indicated by 

both the survival yields of CsI clusters, as well as analysis of the isotope profiles of 

z fragments. To investigate this, we focused on the b10
2+ fragment, which is by far 

the most intense CID fragment in these spectra due to the well-known proline 
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effect[421] and therefore the most reliable to quantify. At a Trap wave 

height/velocity of 1.5 V/1750 m/s, this fragment makes up 0.64% of the total 

spectral intensity. With different T-Wave settings, this decreases significantly, to 

0.44, 0.18, 0.49, and 0.06% at wave height/velocity of 1.5 V/20 m/s, 0.3 V/300 

m/s, 0.5 V/300 m/s, and 1.5 V/2500 m/s, respectively, again indicating greater ion 

heating at the intermediate wave velocity. 

 

 

Figure 6.5. Changing isotope patterns of C-terminal fragments in ETD of substance 

P (3+ precursor selected) under five different sets of Trap wave height/velocity. 

Average increase in hydrogen radical abstraction (shown on the right) was 

weighted by relative intensity of the four fragments. 

 

6.4 Conclusions 

Travelling-wave technology has opened up new vistas in mass spectrometry, 

including high-transmission ion mobility and efficient electron transfer 

dissociation on QTOF platforms. However, careful tuning of T-Wave parameters is 

necessary in both high- and low-pressure regions of the instrument, not only to 

optimize IM separation parameters and reaction rate, but also to control ion 

temperature. Awareness of this fact, along with knowledge of the effect of these 

parameters on the ions’ internal energy, will no doubt prove to be a valuable 

means of affecting ion/ion chemistry in both native and denaturing mass 

spectrometry studies. 
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7. Extensive charge reduction and 

dissociation of intact protein 

complexes following electron 

transfer on a quadrupole-ion 

mobility-TOF MS  

 

Parts of this chapter have been published as: 

Lermyte, F., Williams, J.P., Brown, J.M., Martin, E.M., Sobott, F.: Extensive charge 

reduction and dissociation of intact protein complexes following electron transfer 

on a quadrupole-ion mobility-time-of-flight MS. Journal of the American Society 

for Mass Spectrometry 26(7), 1068-1076 (2015) 
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7.1 Introduction 

In the following chapters, we will describe the application of (Synapt) ETD to 

native protein complexes. Chapter 8 will focus on the relation between 

fragmentation sites and surface accessibility of residues; however, in this chapter, 

we will demonstrate that non-dissociative charge reduction, typically considered 

an unwanted side reaction, can be enhanced significantly in native ETD. The most 

obvious application of this is deconvolution of ‘crowded’ spectra. 

Spectra of native protein complexes typically contain relatively narrow charge 

state distributions at comparatively high m/z. However, due to the presence of 

potentially overlapping charge states and significant peak widths, charge state 

assignment can still be challenging, particularly for polydisperse samples or in 

complex mixtures. As a result, a number of specialized algorithms have been 

proposed to deconvolute these spectra and identify the components[196, 197, 

422-426]. Another approach is to minimize mass spectral complexity by reducing 

the charge state of the ions in the gas-phase by means of “charge-stripping”[267, 

427-430]. In these experiments, charge reduction and the subsequent 

transmission and detection of the resulting extremely high m/z species typically 

require instrument modifications[429, 431]. 

Limited charge reduction is also typically observed as a side reaction in electron 

capture (ECD) and electron transfer dissociation (ETD) experiments, without 

instrument modification, particularly when working with intact proteins[248, 255, 

354, 364, 375, 376]. In addition, ECD or ETD fragments can remain bound to each 

other by noncovalent interactions, so that they appear as charge-reduced 

precursor ions in the spectra[255, 274, 405, 406]. In some cases, this limited 

charge reduction can be sufficient to resolve complex spectra where mass and 

charge state assignment are otherwise not trivial[432]. Here we describe a new 

approach to manipulate the ion charge state using unmodified, ETD-enabled 

QTOF type instruments (Synapt G2 and G2-S, Waters Corporation, Wilmslow, UK) 

with standard ETD reagents[178, 250, 279, 398], and propose the term “charge-

reduction ETD” or short “crETD” for it, in analogy to “charge reduction 

electrospray mass spectrometry” (CREMS) introduced by Smith and 

colleagues[427, 428]. Using this methodology, we are able to observe ions with a 

reduced net positive charge as low as 1+ from native protein complexes, whilst 

simultaneously generating product ions which yield sequence-specific 

information. 

Importantly, the ability to manipulate charge states in the gas phase over such a 
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wide range also opens up new possibilities for the investigation of electrostatic 

effects on the folding state of protein ions in the gas phase, independent of how 

they were generated, and to minimize the effect of charge repulsion on native 

structures[433, 434]. An interesting study in this regard was recently carried out 

by Campuzano and Schnier, who used a corona discharge to induce significant 

charge reduction of peptides and proteins on a Synapt HDMS instrument[435, 

436]. However, as with earlier charge reduction studies mentioned above, this 

required instrument modification. Also, the observed charge reduction was 

limited, as no detection of signals above approximately 18,000 m/z was reported. 

Furthermore, as charge reduction occurred in the source region of the instrument, 

a specific precursor could not be selected by using the quadrupole mass filter of 

the instrument in this case, an issue which is addressed by the approach described 

here.  

 

7.2 Materials and methods 

Native hemoglobin, concanavalin a, alcohol dehydrogenase, pyruvate kinase, L-

glutamic dehydrogenase, and B-crystallin were chosen to demonstrate extensive 

charge reduction by ETD. All experiments were carried out on Synapt G2 and G2-S 

HDMS instruments in TOF mode, unless indicated otherwise. A capillary voltage of 

1.0 – 1.3 kV was used, with minimal nanoflow gas pressure, and a backing 

pressure of 5 mbar. Traditionally, specific proton transfer reagents such as 

perfluoro-1,3-dimethylcyclohexane (PDCH) are used for charge-reduction 

studies[429]. However, standard ETD reagents were used for these experiments: 

1,4-dicyanobenzene on the Synapt G2 (fitted with a 32k quadrupole), and p-

nitrotoluene on the Synapt G2-S (8k quadrupole). Use of either reagent led to 

similar spectra. Instrument settings were as follows on both Synapt platforms: 

Trap pressure 8e-2 mbar, Trap collision energy 10 V, Trap DC bias 11 V (45 V in 

Mobility mode), Transfer pressure 6e-3 mbar (2e-2 mbar in Mobility mode), 

Transfer collision energy 5 V, detector voltage 3000 V, sampling cone 60 – 120 V, 

Trap wave height 0.5 – 0.7 V (1.6 – 1.9 V in Mobility mode) (sampling cone voltage 

and Trap wave height optimized for each protein complex). For the ion mobility 

experiments, the IM wave height was 30 V, IM wave velocity 1000 m/s, and the 

pressure in the IM cell was 4.3 mbar (He gas flow 180 mL/min; IM cell gas flow 50 

mL/min). Further details on the proteins and instruments used can be found in 

Chapter 4. 
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Figure 7.1. Left column: native charge state distributions of hemoglobin, alcohol 

dehydrogenase, L-glutamic dehydrogenase, concanavalin a, and pyruvate kinase 

with the precursor charge state in red. Right column: product ion spectra with 

charge-reduced complex signals. The spectra in (a) were acquired on the Synapt 

G2 in the mass range 3000 – 100,000 m/z, whereas the spectra in (b) were 

acquired on the G2-S, from 3000 – 120,000 m/z. 

 

7.3 Results and discussion 

The mass spectra displayed on the left in Figure 7.1 show the charge state 

distributions of native hemoglobin, concanavalin a, alcohol dehydrogenase, 

pyruvate kinase, and L-glutamic dehydrogenase, acquired in positive ion mode 

without the introduction of ETD reagent anions into the instrument (glow 

discharge emitter switched off). The spectra shown in Figure 7.1a were acquired 
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on a Synapt G2 (up to 100,000 m/z), and those in Figure 7.1b on a Synapt G2-S 

instrument (up to 120,000 m/z). The charge state that was selected in the 

quadrupole for charge reduction is indicated in red. The result of ETD conditions 

which promote extensive charge reduction of the complexes is shown on the 

right-hand side of Figure 7.1. Interestingly, a bi- or trimodal charge state 

distribution is typically observed, with a first intensity maximum in close proximity 

to the selected precursor ions, while the others are located at much lower charge 

states. The gradual decrease in signal intensity above 50,000 m/z is most likely 

due to less efficient ion transmission and reduced sensitivity of the detector in the 

high m/z range. Another striking feature of the spectra in Figure 7.1 is the peak 

broadening observed with increasing m/z. It should be noted however that the 

actual resolution of the peaks, defined as (m/z)/( m/z), either remains constant 

(e.g. in the case of L-glutamate dehydrogenase) or decreases by a factor of less 

than two (e.g. for hemoglobin). Another possible reason for apparent peak 

broadening is the formation of adducts with the ETD reagent [251, 252]. As the 

mass of the anion (128 Da for the 1,4-dicyanobenzene used in this study) is 

between 0.04 and 0.2% of the mass of the complexes studied here, the resulting 

adduct peaks would not be resolved in the spectra shown in Figure 7.1. The 

observed peak widths are, however, only compatible with a few adducts. 

The charge-reduced tetramers are annotated as Qn+ for the sake of simplicity; 

however, it should be noted that these are the products of a combination of 

proton transfer and non-dissociative electron transfer (ETnoD)[251-253, 255, 

437]. It would therefore be more accurate to consider them as [Q+xH]n+, with n  

x  N, where N is the charge state of the precursor.  Whilst we are still 

investigating the precise mechanism of this extensive charge reduction up to very 

high m/z, it has proven necessary to increase the acceleration voltages after the 

ETD reaction (‘Trap’) cell in order to promote the effect. 
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Figure 7.2. (a-c) Alcohol dehydrogenase spectra showing the effect of post-ETD 

ion acceleration. N-terminal ETD fragments (predominantly singly and doubly 

charged) are indicated in red at low m/z. Panel (d) zooms in on the fragments 

present in panel (b), from 600 – 3200 m/z and some of the peaks are annotated to 

illustrate the low fragment charge states. The inset shows the observed sequence 

coverage in the first 40 residues of the monomer.  

 

Both the ‘Trap DC bias’ (potential difference between the Trap cell exit and the 

travelling wave ion mobility (TWIMS) cell entry), and the ‘Transfer collision 

energy’ setting (ion acceleration into the argon pressurized region of the Transfer 

cell) are effective in this regard. Increased ion acceleration through both voltage 

offsets enables the detection of crETD products at very high m/z, leading to 
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similar spectra as demonstrated in TOF mode for alcohol dehydrogenase (Figure 

7.2). The maximum of the higher m/z charge state distribution shifts to the right 

when increased collisional activation energy (post-ETD acceleration) is applied as 

shown in Figure 7.2b (increased Trap DC bias) and 7.2c (increased Transfer CE). 

Increasing the voltage offsets in the various stages of the instrument is known to 

provide improved transmission for high-m/z ions [163, 164], but as the ETD 

products undergo energetic collisions with the bath gas (which converts ion 

kinetic energy into internal energy), they will also experience supplemental 

collisional activation. This could lead to some form of charge-stripping. In order to 

investigate whether the charge-reduction already occurs in the Trap cell, 

concomitant with ETD, or rather later in the instrument as suggested by the effect 

of post-ETD acceleration voltages, we also performed charge reduction of ADH in 

ion mobility mode (See Figure 7.3). Under the conditions used here, which favor 

good ion mobility resolution but should leave the ETD processes in the Trap cell 

unaffected, high-m/z ion transmission was limited and we only observed crETD 

products up to the 15+ ion. From the uncalibrated data (Figure 7.3a), it already 

becomes apparent that each charge state appears at a different arrival time, while 

they would share the same drift time if charge reduction had occurred post-ion 

mobility separation, e.g. in the Transfer cell. This leaves the possibility that charge 

reduction happens before, or during, ion mobility separation. In the latter case, if 

the exact time point of the charge reduction event during T-Wave separation was 

not defined, ions would switch their charge state somewhere along the mobility 

cell. Consequently, they would spend variable amounts of time as precursor and 

charge-reduced species, respectively (somewhat analogous to metastable ions in 

TOF post-source decay) and we should see a significant broadening of the ion 

mobility signal for these crETD products (vertical ‘streaking’ in Figure 7.3a). We 

observe however that the width of the drift time profiles remains largely the same 

for the observed charge states. Further to this, we also calculated the collision 

cross-section of these individual charge states (see Table 7.1) and found that they 

are essentially the same, apart from the well-known Coulombic effect of 

increasing charge on protein complexes, which makes them appear increasingly 

larger in the same way as native charge states would, and similar to results 

reported by Campuzano and Schnier[435]. Taken together, we regard this as 

evidence that the processes which reduce the charge state as far the 15+ ion must 

have happened prior to ion mobility separation, i.e. in the Trap cell and/or the 

helium-filled entry stage to the ion mobility cell. While this would suggest that the 

observed effect of increased post-ETD acceleration voltages, which seem to 

promote the crETD reaction, is due to the improved high m/z transmission, no 
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such conclusions can be definitively made at this stage for the extensively charge-

reduced species. In the absence of ion mobility data for these very high-m/z 

species, it is still a possibility that subsequent reactions of ETD products such as 

e.g. charge stripping can occur in the later stages of the instrument (beyond the 

Trap cell).  

 

 

Figure 7.3. (a) Result of charge reduction of 26+ ADH in Mobility mode, 

represented as a 2D-plot. Fragments released before and after IM separation are 

easily distinguished based on drift time (below and above the horizontal dashed 

line, respectively), and singly-charged fragments released before IM are separated 

from multiply charged ones. The fragment spectra in panel (b) were generated by 

extracting the full m/z range at drift times above (top) and below (bottom) the 

horizontal dashed line in panel (a). The highest-m/z fragment observed in the 

bottom spectrum is c29
2+, at 1685 m/z, and singly-charged fragments in this 

spectrum only span the range between c7
+ - c12

+. In the top spectrum, singly 

charged fragments are observed from c7
+ - c18

+, spanning the range up to 2074 

m/z. 



127 
 

z m/z CCS (Å2) 

26 5678 7501 

25 5906 7427 

24 6154 7480 

23 6422 7402 

22 6715 7387 

21 7036 7336 

20 7389 7365 

19 7777 7275 

18 8212 7182 

17 8698 7137 

16 9234 7075 

15 9868 7017 

 

Table 7.1. Calculated collision cross-sections (CCS) for the ‘nominal’ charge states 

of ADH observed in Figure 7.3. The charge states of ADH generated by native ESI 

(23+ to 26+) were used to calibrate the spectrum and CCS values were calculated 

using a logarithmic fit as described by Ruotolo and colleagues[175, 438]. 

 

In order to demonstrate the use of the crETD method for the separation of 

overlapping peaks, we selected the protein complex B-crystallin since it is known 

to be polydisperse[439-441]. This protein forms large oligomers with variable 

stoichiometry in solution. Figure 7.4a shows the native spectrum, displaying 

significant peak overlap. Peaks from the 16- to 18-mer are relatively well resolved 

in the 7500 – 8500 m/z region (calculated m/z values indicated with dashed lines; 

charge states approximately 41+ to 46+), but these species alone cannot account 

for the broad distribution of peaks observed, which also contains larger oligomers. 

For example, the peak with a maximum around 8500 m/z cannot be explained by 

only these two species, but likely also has a contribution from the 20-mer. 

Benesch and colleagues have reported that these oligomers somewhat favor a 2n 

stoichiometry[442, 443], but even with this prior knowledge, assignment of the 

region between 8500 – 10,000 m/z is not possible due to peak overlap. In order to 

overcome this problem, they used CID [440, 442, 443] to eject highly-charged 

monomers (sometimes in multiple steps) in order to achieve better separation 

between the resulting charge-reduced (n-1)- and (n-2)-mers. We selected the 

poorly resolved 8500 – 10,000 m/z region in the quadrupole by setting the MS/MS 

mass to 9000, with values for LM and HM resolution both set to 2. ETD-driven 
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charge reduction of this complex signal generated the spectrum shown in Figure 

7.4b, which shows much more separation between adjacent peaks, which we 

could assign mainly to the 20-, 22-, and 24-mers, with smaller contributions from 

the 18- and 23-mers.  

 

 

Figure 7.4. Charge reduction of polydisperse B-crystallin. Panel (a) shows the 

native mass spectrum, characterized by significant peak overlap. While the peaks 

between 7500 – 8500 m/z appear fairly well resolved, overlap makes it difficult to 

distinguish the 16- and 18-mer (calculated m/z values indicated by dashed lines), 

complicating assignment. The signals between 8500 – 10,000 m/z correspond to 

larger oligomers, but are not sufficiently resolved to assign them, even if only 

those oligomers consisting of an even number of subunits are considered. The 

spectrum in panel (b) was acquired by isolating the ions in the poorly resolved 

region in the quadrupole and subjecting them to charge reduction, allowing 

confident assignment. Panel (c) zooms in on the 35,000 – 65,000 m/z region of 

panel (b), with the theoretical m/z values of the oligomers indicated by dashed 

lines and a few of the major species labeled. 
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A zoomed-in view of the region with the most spacing between adjacent peaks is 

shown in Figure 7.4c, along with calculated m/z values for the different oligomers 

(dashed lines; charge states 7+ to 12+). Only a few signals here are still subject to 

possible superposition of different oligomer charge states, mainly the peak 

around 40,500 m/z which can theoretically have contributions from any oligomer 

with an even number of subunits. Two limitations of this approach at this stage 

are the peak broadening discussed earlier, and the difficulty with calibrating such 

an extremely large m/z range accurately. The case of polydisperse B-crystallin 

nevertheless demonstrates that even a relatively complex mix of overlapping 

signals can be somewhat deconvoluted by charge-reduction MS. 

Previous charge reduction experiments carried out in ion traps, using high proton 

affinity anionic reagents such as PDCH[429], reported no evidence of dissociation. 

The work carried out here however, using conventional ETD reagents with 

supplemental activation, not only showed significant charge reduction, but also 

provided sequence-specific ETD fragment ions at the same time. These are visible 

for alcohol dehydrogenase in Figures 7.2 and 7.3, where, to the left of the 

precursor, N-terminal ETD fragments from c7 to c30 are observed, resulting from 

the cleavage of surface-exposed residues as previously reported[255]. In this 

earlier work, fragments smaller than c13 appeared as singly charged ions, 

fragments c14 to c22 only appeared doubly charged, and fragments c24 to c30 

appeared exclusively triply charged, with the exception of c26, where the 2+ and 

3+ fragment ion coexist. Interestingly, under conditions optimized for charge 

reduction, these fragments now also appear at lower charge states, typically at 1+ 

or 2+, as illustrated in Figure 7.2d. Virtually no CID fragmentation was observed. 

Since the tuning parameters, particularly the supplemental activation, differ from 

the optimal settings for native ETD fragmentation, sequence coverage was lower 

than reported elsewhere[255, 256], where only limited charge reduction of 26+ 

alcohol dehydrogenase (down to the 20+ charge state) was observed. Similar 

behavior is observed for hemoglobin, as illustrated in Figure 7.5. Two mechanisms 

could lead to the observation of these low-charged fragments: Fragments could 

be released and the charge state subsequently reduced, or it could be that the 

charge-reduced precursors – specifically ETnoD products – are releasing 

fragments upon supplemental activation[255, 274, 405, 406]. We can distinguish 

these two possibilities using ion mobility (See Figure 7.3), where fragments 

released in the Trap cell appear at lower drift times than those released after 

supplemental activation (which share the drift time of the charge-reduced 

precursor). In this way, we can distinguish both types of fragment by dividing the 
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spectrum into high- and low-drift time sub-spectra. Signal intensity in the former 

spectrum in the 500 – 2000 m/z range is fairly low, but singly-charged fragments 

spanning the range from c7 – c18 are observed. In the low-drift time spectrum 

however, singly-charged fragments are only observed up to c12
+, suggesting that 

charge reduction predominantly occurs before fragmentation. The relatively low 

intensity of the singly-charged fragments and the fact that singly charged 

fragments do not appear up to c26
+ (compare with Figure 7.2d) can be explained 

by the reduced transmission of very high m/z species in IM mode. 

 

 

Figure 7.5. (a) charge reduction of native (18+) hemoglobin tetramer, with ETD 

fragments indicated in red at low m/z. Panel (b) zooms in on the fragments 

between 600 – 1800 m/z. The inset shows the sequence coverage in both subunits 

achieved under these conditions. 
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7.4 Conclusions 

This work reports for the first time charge-reduced product ions for native non-

covalent protein complexes up to and beyond m/z 100,000 on an unmodified 

QTOF operating in ETD mode.  Concomitant with the charge reduction (crETD), 

top-down fragments from the protein complexes are also observed. These 

sequence-specific ions originate from the surface-exposed N-terminal regions of 

the subunits, and are detected at low charge states, which simplifies their 

assignment. 

The crETD approach promises to be very useful for the manipulation of charge 

states of protein ions in the gas phase, rather than in solution or during the 

electrospray process, without the need for modifications to the instrument. In 

combination with ion mobility, it allows to better understand the relationship 

between electrospray-generated and gas-phase charge states, and the effect of 

charge state on the global conformation (collision cross section) of proteins and 

complexes. 

Extensive charge reduction of noncovalent complexes generated by native ESI by 

up to nearly 40 charges was achieved for ions with masses of several hundred 

kDa. Using this approach, the very heterogeneous signal generated by a native, 

polydisperse protein complex was partially deconvoluted, simplifying the 

identification of the major species present in the spectrum. Future work will take 

advantage of the ability to charge-reduce native biomolecular assemblies post-

electrospray, paving the path to extensive studies of protein gas-phase 

conformations in response to electrostatic effects. 
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8. ETD as a structural probe for large 

noncovalent protein complexes 

 

Parts of this chapter have been published as: 

Lermyte, F., Konijnenberg, A., Williams, J.P., Brown, J.M., Valkenborg, D., Sobott, 

F.: ETD allows for native surface mapping of a 150 kDa noncovalent complex on a 

commercial Q-TWIMS-TOF instrument. Journal of the American Society for Mass 

Spectrometry 25(3), 343-350 (2014) 

and 

Lermyte, F. & Sobott, F.: Electron transfer dissociation provides higher-order 

structural information of native and partially unfolded protein complexes. 

Proteomics 15(16), 2813-2822 (2015) 
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8.1 Introduction 

We have seen (Chapter 1) that detailed structural information of proteins and 

complexes – e.g. secondary structure, distances between residues, and regions 

involved in a binding interface – can be obtained using (tandem) mass 

spectrometry combined with various labeling techniques. We have also discussed 

(Chapter 3) how electron-based dissociation of unmodified proteins provides 

higher-order structural information, particularly about noncovalent interactions, 

and possibly confirms the presence of secondary structure, specifically -helical 

motifs. Expanding on this, the question presents itself whether even more 

structural detail can be derived from ETD of unmodified proteins and complexes. 

Specifically, as the electron in ETD ‘jumps’ from the reagent to the protein, one 

could imagine electron incorporation and/or backbone cleavage to occur 

preferentially at the exposed surface, particularly in a large complex, in which 

exposed residues shield a buried, usually hydrophobic, core (at least in soluble, 

globular proteins). This in contrast to the small proteins (e.g. ubiquitin, 

cytochrome c) typically used as model systems, which do not truly have such a 

core region. 

An obvious comparison can be made with ultraviolet photodissociation (UVPD), in 

which a photon, rather than an electron, is absorbed by the protein and induces 

backbone cleavage. In UVPD of large complexes, however, no selectivity for 

surface-exposed residues is typically reported, and the fragmentation pattern 

correlates better with the crystallographic B factor, assumed to be a useful proxy 

for gas-phase chain flexibility. The explanation for this is that such regions are 

flexible precisely because they are ‘locked’ in place by fewer noncovalent 

interactions, resulting in a reduced probability of forming a long-lived fragment 

complex after backbone cleavage. However, this does not rule out the possibility 

of surface-selectivity being observed in electron-based dissociation methods, as 

photons are able to interact with any residue in the sequence, whereas, according 

to both the Cornell and Utah-Washington mechanisms for ExD (see Chapter 3), 

initial electron incorporation is expected to occur at or near a positive charge site. 

As these sites are known to occur primarily at the exposed surface in protein 

cations generated by ESI, the possibility of surface-selective ExD remains plausible 

and, despite significant interest in these methods over the past 15 years, has not 

been tested before. 

While this may seem surprising, one should note that most of the ‘structural’ ExD 

studies carried out in the past have focused on ECD of small proteins, starting with 
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a series of pioneering reports (discussed in some detail in Chapter 3) by 

McLafferty and colleagues. Using ECD, this group carried out temperature-

resolved monitoring of gas-phase unfolding and time-resolved refolding of small 

proteins after annihilation of the tertiary structure by an IR laser pulse[228, 360, 

366, 369]. In earlier work, they had also demonstrated increased ECD 

fragmentation efficiency and sequence coverage if ions are subjected to collisional 

activation (disrupting noncovalent interactions) during the ECD process[247]. ECD 

with a variable delay after IR irradiation has also been used by O’Connor and 

colleagues to study the gas-phase folding kinetics of small peptides[331]. 

Recently, Vachet and colleagues reported the use of ETD followed by 

supplemental activation on a quadrupole ion trap to map salt bridges in small, 

monomeric proteins[363]. The authors of this study also used collisional activation 

to induce unfolding of ubiquitin prior to ETD, although interestingly, this only 

resulted in a change in fragmentation pattern when supplemental activation was 

also applied, possibly (see Chapter 11[444]) because of collapse on a millisecond 

timescale to a state which also tends to form long-lived ETD fragment complexes. 

While these studies provide information about the gas-phase unfolding and 

refolding behavior of peptides and proteins, typically used model systems (e.g. 

ubiquitin) can be expected not to possess any significant ‘buried’ (i.e. solvent-

inaccessible) regions due to their small size. 

Calculation of the contribution of each residue to the solvent-accessible surface 

area (SASA) of the crystal structure of ubiquitin (PDB accession code 1UBQ) 

indicates no buried regions, although there is some evidence that – possibly 

depending on the precise experimental conditions – this protein undergoes 

significant structural changes in the gas phase, refolding into a three-helix 

structure at low charge states[152, 361]. We therefore also calculated the solvent 

accessibility of residues for the solution structure of the slightly larger (10.7 kDa) 

KIX protein, which is known to form a three-helix bundle in solution[445] (PDB 

accession code 2AGH), finding that no buried regions are present here, either. Our 

hypothesis is therefore that most likely the entire sequence of ubiquitin is surface-

exposed and available for ECD or ETD fragmentation. As such, the assumption 

made in these studies – that fragmentation occurs throughout the sequence, with 

higher-order structure only affecting whether or not fragments were 

subsequently released – is likely valid, regardless of any possible surface-

selectivity. 

In order to truly test the hypothesis of preferential cleavage at the exposed 

surface, it is necessary – in order to avoid conflating backbone cleavage with 
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subsequent fragment release – to avoid activation prior to or concomitant with 

ExD, and only disrupt noncovalent interactions after the reaction has occurred. 

Unfortunately, there have been relatively few reports in the literature of ECD 

followed by supplemental activation. An interesting result was recently reported 

by Ganisl and Breuker[345], in which the 180-residue (20.0 kDa) soybean trypsin 

inhibitor, which has two intra-chain disulfide bonds, was subjected to ECD and the 

resulting non-dissociative electron capture product exposed to IR laser radiation. 

This resulted in extensive dissociation in non-cyclic regions (i.e. parts of the 

sequence not located between C(39)-C(86) or C(136)-C(145)), including a beta 

strand between residues T(158) and V(163), which according to the crystal 

structure (PDB accession code 1AVU) should not be exposed in the native 

structure. As the protein was however analyzed from 50:50:1 

water:methanol:acetic acid (pH 2.5), it is likely that the native structure was not 

fully retained in the gas phase. This is further supported by the observation of 

fragments from this same beta strand already under the gentlest conditions 

reported in the study (5 V pre-ECD collisional activation, no supplemental 

activation), implying that this strand might have been surface-exposed in the gas 

phase after all (as fragment release from a buried region without ion activation is 

unlikely). 

Gross and colleagues performed ECD of an intact noncovalent protein complex 

(ADH) and reported a correlation between fragmentation pattern and 

crystallographic B factor, seemingly disproving the hypothesis that cleavage 

occurs preferentially at the exposed surface. However, in these experiments, ions 

were stored in the gas phase for a relatively long period, up to several seconds. 

Crucially, ions were typically accumulated for several hundred milliseconds prior 

to irradiation with electrons. There is considerable evidence that significant 

changes in higher-order protein structure can occur on this timescale[152]. As no 

coupling with ion mobility was performed in this case, it is nearly impossible to 

ascertain whether the protein in this case was still fully folded. As such, it is 

plausible – and indeed fully consistent with the correlation with chain flexibility – 

that the initial gas-phase unfolding steps of the monomers within the complex, 

rather than preferred cleavage sites in the native structure, are actually reflected 

in the observed fragmentation pattern, particularly as no supplemental activation 

was applied. Further evidence for this is shown in Section 8.3, were we will show 

that deliberately inducing some degree of gas-phase unfolding prior to ETD by 

collisional activation, results in spectra with a similar appearance to those 

obtained in the earlier ECD work. Based on these studies, we conclude that there 
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is insufficient information available in the literature to ascertain whether ECD 

and/or ETD induce surface-selective fragmentation. 

Rather than gas-phase collisional activation and/or long storage times, (partially) 

unfolded states of protein complexes can also be prepared in solution by changing 

solvent composition[446]; these non-native states will however typically appear 

at higher charge states compared to the native complex[133, 134, 156, 447, 448], 

increasing ETD reactivity and thus complicating a direct comparison[251, 325]. 

The partially unfolded conformational states produced by collision-induced 

unfolding (CIU) of protein ions in the gas phase have been shown to continue to 

exist on the timescale of an MS experiment[376, 449]. As it is generally accepted 

that the charge state of an ion is determined during the final stages of the 

electrospray ionization (ESI) process, rather than in the gas phase[133, 134, 156, 

374, 447, 448], the charge state distribution of the protein complex is not affected 

by this type of unfolding, thus enabling separation of the effect of protein 

conformation from that of the charge state on the observed fragmentation 

behavior. The drawback of this approach is that the appearance of these partially 

unfolded states cannot be verified by MS alone. The Synapt G2 instrument used in 

this study is however equipped with ion mobility (IM) capabilities, which can be 

used to confirm the existence of extended protein conformers. 

Here, we test the hypothesis that the changing fragmentation pattern observed 

with an increasing extent of collision-induced unfolding prior to ETD illustrates the 

initial unfolding steps of the proteins. Furthermore, we show that disruption of 

the higher-order structure allows fragment release from partially unfolded regions 

without the use of supplemental activation. As the ion mobility cell of the 

instrument is located between the Trap cell where the electron transfer reaction 

occurs, and the Transfer cell where supplemental activation can be applied, the 

arrival time of the ETD fragments reveals whether they were released from the 

protein complex immediately after electron transfer, or only upon application of 

supplemental activation. 

 

8.2 Materials and methods 

Native hemoglobin (Hb), concanavalin A (Con A), and alcohol dehydrogenase 

(ADH) were used as model proteins. The reason for choosing these three is that, 

despite all forming tetramers, important structural differences exist which are 

relevant for the hypothesis being tested. In ADH and Hb, the C-terminal regions of 
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all subunits are involved in the inter-subunit interface and hence buried, whereas 

the N-termini are exposed at the surface. In Hb, this exposed N-terminus is 

comprised of an exposed alpha helix not significantly bound to the bulk of the 

complex by strong noncovalent interactions such as hydrogen bonds, in contrast 

to ADH where the N-terminus is more strongly bound. In Con A, both the N- and 

C-terminus are exposed on the surface. The sequences of these proteins, 

including observed ETD cleavage sites, can be found in Figure 8.1). 

 

 

Figure 8.1. ETD sequence coverage for (A) alcohol dehydrogenase, (B) 

hemoglobin, and (C) concanavalin A. Fragments observed using a low sampling 

cone voltage are indicated in red and additional fragments observed by increasing 

this voltage (causing partial unfolding) in blue. 
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All experiments were carried out on the Synapt G2 instrument, operated in 

Resolution mode. Native ESI was performed using a capillary voltage of 1.0 – 1.3 

kV, minimal (<0.2 bar) nanoflow gas pressure, a backing pressure of 4 mbar and a 

source pressure of 2.85e-3 mbar. Instrument settings were as follows unless 

stated otherwise: sampling cone 40 V, extraction cone 1.0 V, Trap pressure 7.0e-2 

mbar (6.7e-2 mbar in Mobility mode), Trap collision energy 4 V, Trap wave height 

0.5 – 1.0 V (1.5 – 3.0 V in Mobility mode), Trap DC bias 11 V (45 V in Mobility 

mode), Transfer pressure 1.2e-2 mbar (3.1e-2 mbar in Mobility mode), Transfer 

collision energy 5 – 10 V. In Mobility mode, the IM cell was filled with 2.47 mbar 

of N2 (He cell gas flow 140 mL/min, IM cell gas flow 60 mL/min), with IM wave 

height 40 V and IM wave velocity 1000 m/s. Uncalibrated drift times are reported 

in this study, and mobilograms are shown displaying the full 200-bin drift time 

range. Data acquisition and processing were performed using MassLynx (version 

4.1). External calibration up to 5000 m/z was performed with NaI/CsI solution and 

spectra were assigned manually. Where relative fragmentation efficiencies are 

given, the extracted ion chromatogram for the m/z range of interest was 

integrated over the entire acquisition time, and the resulting intensity was divided 

by the integrated total ion chromatogram. Calculations of the solvent-accessible 

surface area (SASA) were performed as described by Braun and colleagues[383], 

using a probe size of 1.4 Å. The following crystal structures (PDB accession codes) 

were used for the calculations: ADH – 2HCY, Con A – 1NXD, Hb – 3PI8. Further 

experimental details can be found in Chapter 4. 
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Figure 8.2. (A): Charge state distribution observed in native ESI of the ADH 

tetramer, with the 26+ charge state isolated in the quadrupole for subsequent 

top-down dissociation. (B): ETD products at a sampling cone voltage of 40 V and a 

supplemental activation of (top) 10 V and (bottom) 70 V applied in the Transfer 

cell; and (C) at sampling cone voltage 120 V and supplemental activation 10 V. (D): 

crystal structure of ADH tetramer (only one subunit shown for clarity). The 

fragmentation sites observed with a sampling cone of 80 V, without supplemental 

activation, are shown in red. In this view, it can be seen how the beta sheet, 

consisting of two strands, which is sequenced under these conditions, forms a ‘lid’ 

covering the rest of the N-terminal region. The additional cleavage sites observed 

at a higher sampling cone voltage (causing partial unfolding) are shielded by this 

‘lid’ in the native structure and shown in blue. 
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8.3 Results and discussion 

We introduced native hemoglobin (Hb), concanavalin A (Con A), and alcohol 

dehydrogenase (ADH) into the gas phase using nanoflow electrospray ionization 

(ESI). The relatively low and narrow charge state distributions (See Figures 8.2A, 

8.3, and 8.4) indicate that these tetramers were maintained in their native form 

under ETD conditions. 

 

 

Figure 8.3. The top panel shows the native charge state distribution of 

hemoglobin, with the 18+ ion selected for ETD fragmentation. The middle and 

bottom spectra show the ETD results for the alpha and beta subunit, respectively 

(only the first 55 (alpha) and 50 (beta subunit) residues are shown). 
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Figure 8.4. The top panel shows the native charge state distribution of 

concanavalin A, with the 22+ ion selected for ETD fragmentation. The middle and 

bottom spectra show the ETD results for the N- and C-terminus, respectively (only 

the first 50 (N-terminus) and 30 (C-terminus) residues are shown). 

 

The Trap pressure used was higher than typical for ETD of peptides and small 

proteins, in order to improve transmission and fragmentation of the complexes. 

When the Trap wave height was lowered in order to allow close interaction of the 

protein cations with ETD reagent anions, we observed primarily charge reduction 

resulting from proton transfer and non-dissociative electron transfer (ETnoD) (See 

Figures 8.2B, 8.3-8.5 (A), and 8.6). The exception is hemoglobin, where c 

fragments spanning the first 24 and 20 N-terminal amino acids of the alpha and 

beta subunit, respectively, are visible. These cleavage sites are exposed in the 
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native complex, but as a number of them are located within an alpha helix, 

fragment release implies some degree of disruption of the hydrogen bonds within 

this helix, which was somewhat surprising given the gentle MS conditions we 

used. 

However, fragment release from helices located in terminal regions has been 

previously reported in native ECD of small proteins[360, 364, 366, 369]. Unlike in 

ADH and Con A, where most of the N-terminal residues are incorporated in a beta 

sheet, there are no strong noncovalent interactions binding the bulk complex to 

the alpha helix containing these residues. As a result, fragments are released 

easily after dissociation. However, the increased charge density and resulting 

increased electrostatic repulsion between fragments could also be a factor 

contributing to the easy fragment release observed for Hb. It is believed that 

some of the ETnoD product ions in the spectra had in fact undergone ETD 

fragmentation, with the resulting c and z fragment remaining bound 

noncovalently. 
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Figure 8.5. Observed fragmentation sites in native top-down ETD of 26+ ADH 

tetramer with various degrees of collisional activation, noted as ‘(cone 

voltage)/(Transfer collision energy)’ (only the first 70 residues are shown for 

clarity). The crystal structure of the tetramer is shown on the top right, with 

accessible (according to SASA calculations, see Materials and methods) N-terminal 

residues shown in red. In Panel (A), sequence coverage without any activation of 

the ions (minimal voltages for transmission) is shown. Panel (B) illustrates the 

effect of the use of various degrees of pre-ETD collisional activation in the 

sampling cone, while the supplemental activation is kept constant at 10 V. In (C), 

we show the observed sequence coverage achieved without pre-activation, but 

with 70 V of supplemental activation. In (D), the accessible residues according to 

SASA calculations are shown, as well as secondary structure elements and 

interactions between beta strands. Panel (E) shows the arrival times of the 26+ 

tetramer as a function of the sampling cone voltage (aligned with Panels (A – C)). 
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Figure 8.6. Top-down ETD spectra of folded (A) hemoglobin and (B) concanavalin 

A without (top) and with (bottom) supplemental activation (no CIU, sampling cone 

40 V), acquired in TOF mode. Note the intense peaks due to monomer ejection, 

which appear in the mass range between 1500 – 2500 m/z. Low and high 

supplemental activation were 10 V and 70 V, respectively, for ADH and 

concanavalin A, and 0 V and 30 V, respectively, for hemoglobin. 
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Application of significant supplemental activation indeed resulted in the complete 

release of ETD fragments, from the ETnoD products which are nearly completely 

eliminated in the resulting spectra (See Figures 8.2B, 8.3-8.5 (C), and 8.6). While 

N-terminal fragment release was observed from hemoglobin even at minimal 

voltages, the appearance of more diverse (particularly larger) c fragments was 

promoted by supplemental activation. 

As the observed ETD fragments are consistently found in a region below 1500 m/z 

which does not overlap with signals from the precursor or ejected monomers (see 

Figure 8.2 (B) and (C), 8.6, and 8.7), we approximated the efficiency of ETD 

fragmentation by the total relative intensity of the signals in this region, as 

described in the Materials and methods section.  For the native precursor, this 

efficiency was rather low – only a few percent of the total ion count (See Figure 

8.2B and 8.6). We optimized the level of supplemental activation needed for each 

protein separately and found it to be around 30 V for hemoglobin, and 70 V for 

ADH and Con A. Use of even higher activation voltages did not result in the 

observation of additional ETD fragments, but did cause increasing CID 

fragmentation. We did not have to subject the entire native charge state 

distribution to ETD in order to observe fragments, but were instead able to use 

the quadrupole to isolate a single precursor charge state. Specifically, 18+ 

hemoglobin, 22+ concanavalin A, and 26+ alcohol dehydrogenase were selected 

for native ETD fragmentation. 
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Figure 8.7. Top-down ETD spectra of 18+ hemoglobin tetramer acquired in TOF 

mode, without supplemental activation, with a sampling cone voltage of (A) 40 V 

and (B) 80 V, showing much higher fragment abundance with increased pre-ETD 

collisional activation. Panels (C) and (D) show top-down ETD of the 22+ 

concanavalin A tetramer, also acquired in TOF mode without supplemental 

activation, with a sampling cone voltage of 60 and 100 V, respectively. Relative 

intensities of the fragments (m/z range indicated) are displayed in each spectrum. 

 

In order to test whether our findings are consistent with the hypothesis that 

fragmentation of covalent bonds in this type of native ETD experiment only occurs 

on the exposed protein surface, we calculated the contribution of each amino acid 

to the solvent-accessible surface area (SASA) of the crystal structure [383]. In this 
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way, we can determine which parts of the sequence are potentially available to 

the ETD reagent. When we compare this to the observed fragmentation pattern 

without ion activation (unfolding) prior to ETD, we observe good sequence 

coverage in the first 45 to 55 N-terminal residues of each subunit, with regions 

with poor coverage corresponding to areas with low solvent-accessibility in the 

native structure, as shown in Panels (C) and (D) of Figures 8.3-8.5. For hemoglobin 

and ADH, no C-terminal fragments were observed, as the C terminus is involved in 

the protein-protein interface and thus not available for fragmentation. (C-

terminal) z fragments do appear in the native ETD spectrum of Con A, the only 

tetramer in our dataset where the C terminus is solvent-accessible. When non-

native conformations of the tetramers are subjected to ETD, as shown in Figures 

8.3-8.5 (B), the correlation between the observed fragmentation pattern and 

SASA is lost, as discussed in more detail below. 

We further investigated how the observed patterns and efficiency of 

fragmentation for the tetramers change if partially unfolded states of the proteins 

are subjected to top-down ETD. ETD reactivity is known to depend on a number of 

factors, including precursor charge state[251] and m/z ratio[325], but also the 

compactness and exposed surface area of the protein. We increased the sampling 

cone voltage in order to cause collision-induced unfolding in the gas phase, since 

the Trap collision energy determines the potential used to accelerate ions into the 

Trap cell, where ETD occurs. As a result, we were concerned that using this 

voltage for CIU would affect ETD efficiency and reaction time, making comparison 

of the spectra across different unfolding energies difficult. Furthermore, if CIU 

would have been induced in the same region of the instrument where ETD occurs, 

it would be unclear which conformation was actually subjected to ETD. As 

expected, increasing the sampling cone voltage did not affect the charge state 

distributions as shown in Figures 8.2A, 8.3, and 8.4, although we observed slightly 

improved desolvation as a result of loss of residual water and salt adducts. 

However, this gas-phase activation did cause some collision-induced unfolding, as 

can be seen by the increasing arrival times in the extracted mobilograms of the 

selected tetramer charge states (See Figures 8.3-8.5 (E)). This gradual shift of the 

mobility peak - rather than the population of an additional conformational state 

as often seen for monomeric proteins - is typical for complexes that partially 

unfold while retaining their oligomeric interface[449, 450].  

When we lowered the Trap wave height and allowed mixing of the ETD reagent 

anions with the partially unfolded tetramer ions, fragments in the 500 – 1500 m/z 

region were immediately apparent in high abundance, even without supplemental 
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activation (See Figure 8.2C and 8.7). In ion mobility, the ETD fragments had a 

considerably shorter arrival time than the (charge-reduced) precursor (See Figure 

8.8), consistent with our hypothesis that under these conditions, fragments were 

released before the ion mobility cell, i.e. immediately after electron transfer had 

occurred. Not only did fragment intensity increase dramatically with a more 

extensive collisional unfolding of the ions, but larger fragments were also 

released. Furthermore, the additional parts of the sequence which become 

available to ETD now match elements in the secondary structure of the proteins, 

providing information on the gas-phase unfolding pathways. 

 

 

Figure 8.8. Top-down ETD ion mobility – mass spectrum of the 26+ ADH tetramer 

with pre-ETD collisional activation (CIU) and no supplemental activation. Charge-

reduced ions are mainly visible at high drift times (region 1) with a small amount 

of the 19+ signal observed in region 3 due to roll-over of ions in the T-Wave ion 

mobility cell. The ETD fragments which are released spontaneously are visible in 

region 2 at low drift times. Fragments which share the drift time of charge-

reduced precursors – indicating fragment release after IM separation – are not 

observed (Region 4). 
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As mentioned before, in the case of the alpha subunit of hemoglobin (See Figure 

8.3B), relatively intense fragments up to c24 are observed even without pre-

activation (CIU) or application of supplemental activation. Partial unfolding seems 

to be characterized by a greater solvent accessibility and flexibility of the alpha 

helix from A(21) – S(35) (which is buried in the crystal structure), leading to 

fragments up to c35. The absence of larger fragments can be explained by the 

stability of the helix between P(37) – Y(42), inhibiting fragment release even if 

backbone cleavage does occur. This is consistent with the appearance of these 

larger fragments in the experiments where supplemental activation was applied 

(See Figure 8.3C). Application of even higher sampling cone voltages leads to 

significant monomer ejection, reducing precursor intensity and signal-to-noise 

(S/N) ratio so that it was not possible to observe larger fragments and study more 

extensive unfolding in this way. The same is true for the structurally similar beta 

subunit: Fragments up to c20 are observed without any collisional activation of the 

ions, the buried helix is located between E(21) – V(33), fragments from the 

partially unfolded state are again observed up to c35, and the second (stable) helix 

is located between P(35) – F(44). 

In concanavalin A without pre-activation, no fragments originating from the first 

ten N-terminal residues are observed due to the buried character of the beta 

strand between I(4) – D(10). Conversely, with CIU applied this beta strand 

separates and becomes accessible, leading to near-complete sequence coverage 

in the first 15 amino acids (See Figure 8.4B). With further collisional activation 

prior to ETD, the other two strands in the N-terminal beta sheet unfold (H(24) – 

R(33) and K(35) – K(39)), corresponding to fragments up to c42. The C-terminal 

region of Con A is not involved in the dimer interface. However, solvent 

accessibility is reduced or absent in some parts – particularly the buried loop 

between L(229) – F(233) where sequence coverage is incomplete for the native 

protein even with supplemental activation – due to the presence of the N-

terminus, specifically the aforementioned beta sheet. Therefore, the increased 

fragment yield and sequence coverage achieved for the less compact states is 

likely due to increased solvent accessibility caused by the unfolding of this N-

terminal beta sheet. The reason that sequence coverage decreases again at the 

highest level of pre-activation is currently unknown, but possible explanations 

include local compaction of the structure. Unfolding of the C-terminal beta strand 

between G(209) – N(216) is not observed with the levels of pre-activation tested, 

and the heaviest fragment observed is z17. Use of an even higher sampling cone 

voltage leads to significant monomer ejection, reduced precursor intensity, and 

reduced S/N ratio, similar to what we observed for hemoglobin. 
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In the case of ADH (See Figure 8.3B) CIU initially leads to disruption of the 

hydrogen bonds between the beta strands between amino acids E(4) – E(13) and 

E(19) – P(24) (labeled as 1 and 2 in Figure 8.2D). This is evidenced by the 

appearance of fragments up to c30. Likewise, a further increase in CIU is 

accompanied by separation of the beta strand between E(32) – V(42) from those 

between E(67) – M(75) and S(124) – D(132), resulting in a further increase in 

arrival time and the observation of fragments up to c55. Most striking is the 

observation that the combination of ETD and this further unfolding leads to 

complete sequence coverage between E(32) – V(37), which constitutes a buried 

loop in the native crystal structure, showing that this region becomes exposed on 

the surface of the complex now. Interestingly, our results show similarity to the 

earlier study by Gross et al. in which ADH tetramer was subjected to in-source 

collisional activation prior to ECD on an FT-ICR instrument[376]. However, while 

the gradual unfolding in that study was evidenced by a greater relative abundance 

of fragments c29 – c55, the same fragments were present in all spectra with pre-

activation ranging from 0 to 90 V, with only their relative intensities changing. At 

the lowest energies – and thus the most native conditions – used on our 

instrument, virtually no fragments of ADH were observed, and at intermediate 

levels of CIU, only fragments up to c27 are seen, which are accessible to the ETD 

reagent and can be released without unfolding the beta strand between E(32) – 

V(42). 

 

8.4 Conclusions 

An increasing interest in the study of intact proteins and protein complexes drives 

the rapid development of technologies that are capable of elucidating the 

conformational space as well as obtaining concurrent sequence-specific 

information, by using native mass spectrometry in combination with top-down 

analysis. Top-down approaches have so far been largely the preserve of FT-ICR 

and, more recently, Orbitrap instruments, and they have mainly focused on the 

characterization of protein isoforms rather than higher-order structure. The 

inherent advantages of time-of-flight instruments for native analysis and the 

convenient coupling with ion mobility have recently been combined with the 

capability of electron-based dissociation techniques to probe dynamic higher-

order protein structure in top-down fragmentation studies. In our unfolding 

experiments, we demonstrated a good correlation between the global folding 

state by ion mobility, elements of the secondary structure, and the ETD 
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fragmentation pattern of the protein. The data provide further evidence that ETD 

is sensitive to protein conformation, and that fragmentation occurs 

predominantly at the exposed surface of the protein. In this way, ETD can be used 

as a rapid, sensitive footprinting technique in terminal regions of proteins and 

complexes. Our current efforts focus on the characterization of different native 

conformations of proteins and complexes in order to investigate the propensity of 

ETD to fragment different elements of secondary structure. We expect that top-

down “native” ETD will become a valuable addition to the toolbox of integrated 

structural proteomics methods. 
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Part IV: Software tools for 
(non-)native top-down protein 

analysis 
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9. Monoisotopic mass estimation 

and stability of precursor mass 
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9.1 Introduction 

Technological developments such as those discussed in previous chapters, allow 

contemporary mass spectrometrists to generate enormous amounts of data. As 

such, there is at this stage not only a need for even further improvements in the 

field of MS instrumentation, but also for the development of software algorithms 

to assist scientists in distilling useful information from their experimental data. In 

the next three chapters, we will discuss our own contributions in this area, all 

involving the analysis of isotope distributions. As is well known, most elements in 

the periodic system have variants with a different number of neutrons in their 

nucleus. As elements are defined by their number of protons, these variants 

possess different masses, but occupy the same place in the periodic system. As 

such, they are known as isotopes (Greek for ‘the same place’). The elements 

occurring in the 20 proteinogenic amino acids, i.e. carbon, hydrogen, oxygen, 

nitrogen, and sulfur, all possess stable isotopes, the most abundant of which is 

referred to as the monoisotopic variant. The relative amounts of these isotopes 

are known and relatively constant for terrestrial matter[451, 452].  With the 

exception of sulfur, which is composed of approximately 94.9% 32S and 5.1% 

heavier isotopes, the other four elements are composed for at least 98.9% of their 

lightest variant. As a consequence of the occurrence of multiple isotopes, an ion is 

visualized by mass spectrometry as a series of locally correlated peaks, termed the 

isotope distribution. There is a direct relation between the molecular formula of 

the ion and the shape of the isotope distribution. 

In Chapters 10 and 11, we show how careful analysis of the isotope distributions 

of ETD reaction products can provide information on the preference for certain 

side reactions over others. We also show that, because of conformation-selective 

depletion of certain reaction products, these preferences depend in part on 

noncovalent interactions within the protein, and as such provide information on 

ion structure and dynamics in the gas phase. In the current chapter, however, we 

demonstrate the existence of a simple mathematical relation between the most 

abundant and the monoisotopic variant of proteins. 

For small molecules, such as metabolites, single amino acids or small peptides, the 

monoisotopic variant (i.e. that in which all elements occur in their monoisotopic 

form) is the most abundant one. While the relative abundance of isotopes, and 

thus the average mass of an element, may vary[84, 453], monoisotopic masses 

are a constant of nature, unambiguous and invariant, and therefore an optimal 

choice for analyte identification and other data processing, e.g. database 
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searching. However, direct measurement of the monoisotopic mass of 

macromolecules is unfortunately not feasible in practice. For instance, in the case 

of carbon, consisting of approximately 98.9% 12C and 1.1% 13C, it is trivial to show 

that the monoisotopic variant occurs with only 50% probability for a hypothetical 

C63 cluster (average mass 756.67 Da), and with probabilities of less than 1% for 

clusters beyond C416 (average mass 4996.45 Da). It is thus easy to see that in intact 

proteins, made up of thousands of atoms, the probability of encountering the 

monoisotopic variant actually becomes vanishingly small[454] and this variant will 

therefore fall below the limit of detection of contemporary mass spectrometers. 

Instead, we obtain abundances which follow a somewhat Gaussian-like 

distribution, as illustrated for apo-myoglobin in Figure 9.1. 

Figure 9.1 illustrates the difference between monoisotopic mass, average mass, 

and the mass of the most abundant isotope variant (henceforth referred to as the 

‘most abundant mass’ for convenience) of equine apo-myoglobin. Given that 

these three values are significantly (up to more than 10 Da) different, the 

question presents itself – after eight chapters of a dissertation focused on protein 

mass spectrometry – of what we actually understand to be a protein’s mass, 

particularly for the purpose of database searching. In theory, the three 

aforementioned masses are exactly defined and equally sound, but in practice 

they have different operational characteristics and behave differently in the 

presence of noise and uncertainty. With the absence of the monoisotopic variant 

(i.e. below the detection limit) and the requirement of specialized software (e.g. 

BRAIN[454, 455]) to compute the most abundant mass, a weighted average of all 

observed isotopic variants is often used to measure the observed mass of the 

proteins. In theory, the average mass of a protein is conveniently calculated from 

the average elemental masses and is equally trivial to compute as the 

monoisotopic mass. An additional argument in favor of using average mass is that 

this value will be measured if instrument resolution is insufficient to separate 

isotope peaks, allowing the use of lower-resolution (often less expensive) mass 

spectrometers. 
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Figure 9.1. Simulated isotope distribution of equine apo-myoglobin (Uniprot entry 

P68082; chemical formula C769H1212N210O218S2; average mass 16951.26 Da), at a 

resolution of 30000 (FWHM). Differences between the monoisotopic, most 

abundant, and average masses are expressed both in absolute values, as well as 

fractions of the most abundant mass. 

 

Average protein mass would thus appear to be an equally optimal characteristic 

as monoisotopic mass. However, we have recently shown that the average mass is 

quite sensitive to fluctuations in relative isotope abundances, which can occur due 

to both natural and technical causes[453]. While small, the resulting deviations 

are larger than the mass accuracy of modern high-end mass spectrometers and as 

such, during database identification, a tolerance for deviation of the precursor 

mass needs to be allowed which is greater than that provided by the instrument 

capabilities. There is thus a clear impetus for the development of methods for 

data processing which actually utilize the full instrument capabilities, particularly 

as these high-end instruments often represent a significant financial investment. 

In the same work, however, we also demonstrated that the most abundant mass 

of an ion is more robust than the average mass toward (limited) natural 
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fluctuations of isotopic abundances[453] and artifactual perturbations on peak 

intensities. While the  calculation of most abundant mass is not as trivial as for the 

average mass, several software packages for simulation of the isotope distribution 

of macromolecules exist[454-460]. 

In this chapter, we describe a method to combine the benefits of the most 

abundant (robust, easy to detect) with those of the monoisotopic (optimal for 

data processing) variants. This is possible since – as we will demonstrate – a 

relatively simple, double-linear model allows prediction of the monoisotopic mass 

based on the observed most abundant mass, typically with accuracy in the low 

parts-per-million (ppm) range. We have named this algorithm MIND 

(MonoIsotopic liNear preDictor). 

 

9.2 Materials and methods 

9.2.1 Description of the MIND algorithm 

To develop this algorithm, all 95616 human proteins (78328 after removing 

redundant sequences) with a mass between 8 – 60 kDa in the UniProt database 

were used. While we expect the resulting model to work well for most 

mammalian proteins, the same workflow can easily be used to generate a MIND 

model for different classes of proteins if necessary. The BRAIN algorithm[454, 

455] was used to model the isotope distribution of each protein. In this manner, 

we obtain the monoisotopic, most abundant, and average mass for each 

sequence. If we plot the monoisotopic vs. most abundant mass for each entry 

within the database, an approximately linear relation with offset  and slope  

just below unity is observed, as can be intuitively expected (Figure 9.2A). This is 

described by the following equation: 

   

where Mmono is the monoisotopic mass, and MMostAb is the most abundant mass. 

The deviations between this model and the actual monoisotopic masses are 

represented by the residuals, . In practice, it turns out that for approximately 

65% of all proteins, |  |  0.5 Da, and for 99% of proteins, |  |  2 Da (Figure 

9.2B). Still, these deviations are obviously too large for this simple linear model to 

be of much practical value. We therefore investigated whether the values of  are 

predictable, ideally as a function of MMostAb. 

(Eq. 9.1) 
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Figure 9.2. (A) approximately linear correlation observed between monoisotopic 

and most abundant mass of human proteins in the UniProt database. (B) 

Histogram of values of the residues , showing these are nearly always found 

between -2 and +2. (C) Plot of  versus MMostAb, revealing a structure in the 

deviation from this simple linear model, with the fractional part of  ( frac) shown 

in Panel (D). Panels (E) and (F) (zoomed-in view for a narrow mass range) show 

periodicity in the nearest integer value to  ( int). 
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Figure 9.2C shows a plot of the residuals  vs. MMostAb. Here, a clear structure can 

be seen, in which the values of  are found on a set of trend lines. Now, if we 

consider a vertical line indicating a particular most abundant mass MMostAb, then 

this line will intersect a few of these trend lines. Each intersect indicates a possible 

solution for the monoisotopic mass given the most abundant mass. Interestingly, 

the possible solutions exhibit an unexpected relation between each other as they 

seem to differ with integer mass difference. This is fairly easy to rationalize, since 

(from Equation 9.1) the residuals have a direct relation with the most abundant 

mass and the (very nearly integer) mass difference ( i) between the monoisotopic 

and most abundant peak, as described by the following equation: 

 

The residuals therefore contain structure and relevant information and are not 

randomly scattered on the [-2; +2] Da range, but appear in distinct groupings. The 

two or three possible values of Mmono (corresponding to as many possible values 

of ) predicted for each value of MMostAb are thus due to different values for i. 

These result from differences in the atomic composition that influence the shape 

of the isotope distributions of the proteins found on different trend lines in the 

same mass range, e.g., as a result of different amounts of sulfur-containing 

residues[461]. As such, these possible values are spaced very nearly 1 Da (actually 

x [mass difference between neighboring isotope peaks]  x 1.00235 Da[422]) 

apart. Therefore, we can decompose each value of  into an integer part int and a 

fractional part frac, with the convention that frac is computed as 

 

where  denotes the floor function. As such, frac is always positive, for example, 

frac(1.2) = 1.2 - 1.2  = 1.2 - 1 =  0.2 and frac(-0.8) = -0.8 - -0.8  = -0.8 - (-1) = 0.2. 

Doing this, even though this model is still too simple to allow unambiguous 

prediction of monoisotopic mass, we see that the consistent spacing between 

potential values for  is equivalent to having only a single value for frac 

corresponding to a given MMostAb. 

Alternatively, we can define the integer part of  ( int) as the nearest integer value 

to  (in other words, rounding  rather than using the floor function, and allowing 

frac to take a negative value). While this is slightly less intuitive than using the 

floor function, we will see that this makes the prediction of int as a function of 

MMostAb more elegant. This is shown in Figure 9.2D, where frac is plotted as a 

(Eq. 9.2) 

(Eq. 9.3) 
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function of MMostAb, neglecting int. The result is a relatively simple sawtooth 

pattern which can be easily modeled. The vast majority of int values are at 0 or ±1 

Da, with only 3.8% at ±2 Da, and the values ±3, ±4,… Da together occurring in less 

than 0.05% of cases. As such, for over 96% of all proteins, the model shown in 

Figure 9.2D allows one, for a given value of MMostAb, to calculate three potential 

values for Mmono, spaced (almost exactly) 1 Da apart, one of which is very likely to 

match the theoretical value to within a few ppm. A final refinement of this model, 

allowing us to choose between these three values, is shown in Figures 9.2E and 

9.2F, where the probability of int equaling -1, 0, or +1 is plotted as a function of 

MMostAb. Due to both the quasi-symmetric distribution of  values shown in Figure 

9.2B, as well as our choice to round  rather than using the floor function, a clear 

structure is visible in this plot (with 0 being by far the most common value for int), 

allowing us, in most cases, to arrive at a single predicted Mmono value.  

The most time-demanding step in deriving this model is the computation of the 

isotope distribution. Modeling is simple as the trends are approximated by linear 

models, except for the prediction of int. The model parameters derived for a 

certain species can be stored in computer memory for further use. As such, 

predicting monoisotopic masses given a most abundant mass comes with low 

computational cost as one only needs to evaluate two linear models. 

 

9.2.2 Mass spectrometry 

For the proof-of-concept experiments, spectra of equine apo-myoglobin (20 

µg/mL in 49/50/1 H2O/acetonitrile/formic acid) were acquired on a Thermo LTQ 

Orbitrap Velos, operated at a resolution of 100,000 at 400 m/z and 1,000,000 

charges were accumulated in the LTQ for analysis in the Orbitrap. Nano-ESI was 

performed using the Advion NanoMate. For further experimental details, we refer 

to Chapter 4. 

 

9.3 Results and discussion 

9.3.1 Dealing with imperfect data 

The workflow outlined in Section 9.2.1 applies to ‘perfect’ experimental data; 

however, for the processing of experimental data, the possibility of data 

imperfections must be taken into account. Using modern high-performance mass 
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spectrometers such as Fourier Transform Ion Cyclotron Resonance (FTICR) or 

Orbitrap instruments, masses for the (aggregated) isotope peaks can easily be 

measured with accuracies on the order of only a few ppm or better. However, due 

to poor ion statistics, the observed isotope distribution may differ significantly 

from what is expected based on the elemental composition. For example, tandem 

MS analysis performed on an LC timescale will typically limit the number of ions in 

the trap to improve acquisition time.  Many other effects exist that can negatively 

influence ion statistics. This problem is exacerbated in large ions, which exhibit a 

broad isotope distribution in which several peaks have theoretical intensities only 

a few percent below that of the most abundant mass. Indeed, at the typical 

precursor ion populations observed in top-down proteomics, it can be shown that 

the probability of the experimentally observed most abundant isotope peak not 

matching the theoretically predicted one, is sufficiently high that it should not be 

neglected. 

This probability is further increased by the introduction of a small amount of 

noise, which can also cause a minor distortion of the relative intensities of isotope 

peaks. Fortunately, neither poor ion statistics, nor the presence of a limited 

degree of noise, induce a significant shift in measured m/z values for the 

individual isotope peaks, and thus their masses are still measured with an 

accuracy in the low-ppm range. As isotope peaks are by definition spaced 1 Da 

apart, erroneously selecting a peak adjacent to the theoretically most abundant 

one introduces an error of 106/MMostAb ppm. In the precursor range between 10 – 

100 kDa, typical for top- and middle-down proteomics, this would therefore 

introduce an error of 10 – 100 ppm. This is thus a much more significant source of 

error than the mass accuracy of the instrument in a ‘naive’ MIND implementation, 

in which the peak for which the highest intensity is observed, is automatically 

assumed to be the theoretically most abundant one. Thus by introducing a 

solution to the poor accuracy associated with the observed average mass in a 

spectrum, a new problem is introduced on determining the theoretically most 

abundant mass even if this peak is not the most abundant one in an observed 

spectrum.   

Three remedial measures can be proposed to aid in the selection of the 

theoretically most abundant peak.  

1. By adjusting the instrument settings, ion statistics can be improved by 

enabling sum spectra or increasing the number of charges. However, 

caution should be applied to avoid overfilling the trap. 
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2. From an LC analysis or direct infusion, multiple MS1 spectra of the same 

compound can be collected. These spectra can be used to pinpoint the 

most abundant mass as described in section 9.3.2. 

3. If the previous two measures are not practical, then as a last resort the 

most abundant peak can be selected from an averagine model[462]. This 

method implies that the theoretically most abundant peak is chosen from 

a scaled averagine molecule with the same average mass as that observed 

in the spectrum. This method is described in the next paragraph. 

 

As mentioned, several natural and technical factors – including poor ion statistics 

– can cause MAverage to shift substantially, considerably more than expected from 

the specifications of high-end instruments. However, the (stochastic) effects that 

poor ion statistics and/or noise have on this value are typically far smaller than 

the error of 1 (or several) Da introduced by inadvertent selection of the wrong 

isotope peak as most abundant mass. Furthermore, the average mass is 

consistently higher than the most abundant mass, and the difference between 

both values is almost never larger than 1.2 Da. This insight already reduces the 

number of candidate peaks to one or two. For selecting between these, the 

averagine model is adopted (Figure 9.3). If we compare the observed pattern to 

that generated by the averagine model, we see that the observed values for 

(MAverage – MMostAb) rarely deviate from the model by more than about 0.2 Da. As 

the candidates for MMostAb are by definition spaced 1 Da apart, this accuracy is 

sufficient to uniquely identify a single observed isotope peak as the theoretically 

most abundant one. The simple averagine model correlates the most abundant to 

the average mass (MAverage) and can again be modeled by a sawtooth pattern. 

However, this model turns out to be most useful for masses up to around 20 kDa, 

after which the spread of the values for (MAverage – MMostAb) becomes too large to 

allow reliable prediction of the approximate (to within < 0.5 Da) most abundant 

mass. The fact that (MAverage – MMostAb) < 1.2 Da can, however, still be used to 

drastically reduce the number of candidate peaks for spectra of proteins up to 

several hundred kDa in size. This correction function was used in the proof-of-

concept MIND-based analysis of the protein spectra discussed in Section 9.3.2. 
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Figure 9.3. Values of (MAverage – MMostAb) vs. MAverage for human proteins in the 

UniProt database (averagine model shown as a solid blue line), showing this 

difference almost always has a value between 0 and 1, and revealing periodicity as 

a function of MAverage. 

 

9.3.2 Proof-of-concept experiments on a hybrid LTQ-Orbitrap mass spectrometer 

In order to evaluate the scan-to-scan stability of the monoisotopic mass predicted 

using MIND, 200 spectra of intact apo-myoglobin (average mass 16951.26 Da) 

were acquired and independently processed. For each scan, the experimentally 

most abundant as well as the average mass were determined after isotopic peak 

picking and charge deconvolution. A histogram of the number of spectra in which 

each signal between 16949 and 16954 Da occurred as the base peak is shown in 

Figure 9.4A. It is clear from this figure that, although the signal at approximately 

16950.9 (i.e. the theoretically most abundant mass) occurs as the experimentally 

most intense peak in a majority of the spectra, the experimentally most abundant 

peak is located 1 or 2 Da away from the theoretical value in nearly 50% of these 

spectra, even using a fairly high Automatic Gain Control (AGC) target of 106 

charges. We can, however, correct for this using the procedure outlined in Section 

9.3.1. The measured average mass, while showing a systematic deviation of nearly 

10 ppm from the calculated value, is relatively constant between scans, and only 

fluctuates in a range approximately 20 ppm (0.36 Da) wide. In contrast, due to 

poor ion statistics, this range is 240 ppm (4 Da) wide for the observed most 
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abundant mass. The MIND principle exploits this discrepancy to select the correct 

peak. 

 

 

Figure 9.4. Histograms summarizing the results from 200 spectra of equine apo-

myoglobin. (A) observed values of the most intense isotope peak; (B) observed 

values of (MAverage – MMostAb); (C) corrected values of the most intense isotope 

peak; (D) observed values of MAverage; and (E) values for Mmono, calculated using the 

MIND model. 
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A histogram of the observed values of (MAverage – MMostAb) (Figure 9.4B) shows clear 

clusters, corresponding to the clusters observed in Figure 9.4A. Using our 

correction procedure, we identify the cases in which the incorrect peak was 

selected and add or subtract 1 or 2 Da. The result of this correction is shown in 

Figure 9.4C, where essentially the same value for MMostAb is generated from all 200 

spectra. Finally, Figures 9.4D and 9.4E show the deviation of the calculated 

average (as a weighted sum of the observed masses and intensities of the isotope 

peaks) and monoisotopic (predicted using MIND) mass values from the theoretical 

values for the 200 spectra. As mentioned, this ranges between +1.11 and -20.37 

ppm (interval width 21.48 ppm; average -9.63 ppm) for the average mass. 

Conversely, after correction, the predicted monoisotopic mass only shows a 

deviation from the calculated value between -1.16 and -2.54 ppm (interval width 

1.38 ppm; average -1.85 ppm), in accordance with the accuracy and precision 

expected from the instrument specifications. 

 

9.4 Conclusions 

As the use of top-down methods for the identification and quantification of 

known and unknown proteoforms becomes more widespread, the demand for 

methods to accurately and reliably determine precursor mass will only increase. 

Due to the low probability of occurrence of the monoisotopic variant of an intact 

protein, as well as significant fluctuation of the average mass due to natural and 

technical causes, it is unlikely that this solution will be provided by improvements 

in mass spectrometry technology alone. In this work, we have described a simple 

yet powerful computational method which relates the monoisotopic protein mass 

to that of the most abundant isotopic variant, showing low-ppm accuracy and 

very good stability compared to the average mass. Undoubtedly, this method will 

prove to be of value to the ever-growing top-down proteomics community to 

allow large search spaces including many isoforms but restricted tolerance 

interval to improve the specificity. 
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10. Analyzing product isotope 

distributions to understand 

reaction pathways in top-down 

ETD 

 

Parts of this chapter have been published as: 

Lermyte, F., Łącki, M. K., Valkenborg, D., Baggerman, G., Gambin, A., Sobott, F.: 

Understanding reaction pathways in top-down ETD by dissecting isotope 

distributions: A mammoth task. International Journal of Mass Spectrometry 390, 

146-154 (2015) 
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10.1 Introduction 

As discussed extensively in previous chapters, top-down mass spectrometry 

approaches have benefitted immensely from the introduction of electron-based 

dissociation methods, specifically electron capture (ECD) and electron transfer 

dissociation (ETD). Ideally, under ETD conditions, the gas-phase interaction 

between protein cations and reagent radical anions would lead only to ETD; 

however, in reality, a number of side reactions also occur. While these will be 

discussed in more detail in section 10.3.1, the most important type of side 

reaction typically observed is non-dissociative charge reduction[248, 327, 354, 

364, 375, 376]. Mainly, this occurs through either a proton transfer reaction (PTR) 

from the electrospray-generated cation to the reagent anion, or non-dissociative 

electron transfer (ETnoD) from the reagent to the protein. To a large extent, the 

preference for either proton or electron transfer depends on the properties of the 

reagent, particularly the Franck-Condon factor and electron affinity[253, 404]. 

However, the occurrence of ETnoD also depends on how efficiently c and z type 

fragments are released after backbone cleavage, as these can form a long-lived 

noncovalent complex[249, 361]. As such, the extent of ETnoD (or, in electron 

capture studies, ECnoD) also depends on protein conformation[228, 361] and ion 

activation either prior to[256, 378, 379], during[247, 249, 410, 463], or after[255, 

274, 345, 361, 405, 406] electron capture/transfer. 

However, while PTR and ETnoD lead to the same ‘nominal’ charge-reduced state, 

both processes can be readily distinguished at sufficiently high mass resolution, 

based on their effect on a protein’s isotope distribution. As ETnoD is caused by 

neutralization, rather than actual loss of a proton, an ETnoD product will be 

heavier than the corresponding PTR product by one hydrogen mass. As PTR and 

ETnoD can both occur at each charge-reduction step, in a typical top-down ETD 

spectrum, the isotope distributions of charge-reduced species will gradually 

broaden and shift to higher m/z values compared to the ‘normal’ *M+nH+n+ charge 

states generated by electrospray ionization (ESI). This shift increases as the 

proportion of ions undergoing ETnoD compared to PTR increases, and the 

observed isotope distributions become more complex for more extensively 

charge-reduced species. 

In the current work, we attempt to gain more insight into the different reactions 

occurring under ETD conditions, and how these depend on both protein charge 

state/conformation and instrument parameters. In order to facilitate top-down 

ETD peak assignment, including careful analysis of isotope patterns, we are 
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developing a specialized, in-house software named MassTodon (Meticulous 

Assignment of Spectra by Splitting The Observed isotope Distributions Occurring 

after Normalization). We are using the already developed peak assignment 

algorithm here, but the software will have more advanced spectral interpretation 

capabilities once finished. The development and use of software for automated 

processing of high-resolution protein fragmentation spectra started with the 

THRASH algorithm developed by McLafferty and colleagues[422] and has seen 

considerable advances in recent years[419, 464-471]. However, most of these 

algorithms are tailored toward identification of unknown peptides and proteins, 

and a de-isotoping procedure is usually performed to obtain monoisotopic 

fragment masses which are subsequently used for database searching. 

The deconvolution of spectral information is frequently required in applications 

where isotope distribution profiles overlap with each other. For example, in 

hydrogen-deuterium exchange experiments, where each exchange event leads to 

a nominal mass difference of 1 Da, multiple isotope profiles of a molecule overlap. 

Other examples are 18O-labeling or SILAC-labeling for protein quantification. 

Deamidation can also lead to complex isotope patterns, but instead of shifting to 

higher mass values, deamidated molecules decrease their mass by approximately 

1 Da. A number of algorithms[472-475] have been developed with the aim to 

deconvolute the spectral information and to quantify the amount of overlapping 

signal. Although these algorithms seem very different in nature, they have some 

traits in common. For instance, they all assume prior information about the 

composition of the molecule, either through an ‘averagine’ model or from the 

known sequence or molecular structure. This information is translated into a 

theoretical isotope distribution, which is then shifted and fitted onto the observed 

overlapping isotope pattern. An upper bound on the shift is known because it is 

limited by the number of possible reaction sites at which an isotope exchange or 

deamidation can occur. In the case of ETD reaction modeling, as discussed in more 

detail in Section 10.3.1, the overlap follows from a combination of different 

reactions that will cause the isotope distributions to overlap as complex patterns. 

To deconvolute such a spectrum, we need to list all possible product ions resulting 

from each combination of reactions, convert these ions to isotope distributions, 

and fit these to the data. Based on the knowledge that (ESI-generated) precursor 

ions are composed of 100% [M+nH]n+, the relative intensities of the fragmentation 

products, which are encoded in their isotope pattern, provide information on the 

occurrence of the different reaction channels. As such, MassTodon is explicitly 

designed for the analysis of ETD reaction pathways. 
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Here we report experimental data for top-down ETD of different precursor charge 

states of ubiquitin, representing more folded and more extended conformations, 

and use the MassTodon software to determine the relative amounts of unreacted 

precursor, c and z type fragments, as well as intact charge-reduced protein 

formed by combinations of PTR and ETnoD steps. We find that fragments are 

released more efficiently from conformations possessing a less compact higher-

order structure. On a Synapt G2 instrument (Waters, Wilmslow, UK), we find that 

increased supplemental activation increases the efficiency of fragment release 

from ETnoD complexes. Analysis of the isotope distributions of the fragments 

shows a significant increase of the intensity of z’ (= z +H ) fragments, formed by 

abstraction of a hydrogen radical from the complementary c fragment. However, 

while the abundance of c type fragments also increases, most of those observed 

are conventional c’, rather than c  (= c’-H ) fragments, even at high levels of 

supplemental activation. On an LTQ Orbitrap Velos instrument (Thermo Fisher 

Scientific, Bremen, Germany), we study the effect of increasing reaction time and 

find that the relative contributions of PTR and ETnoD depend strongly on reaction 

time and charge state of the product. Starting from a more folded conformation, 

the ‘apparent’ PTR/ETnoD ratio (based on ions which survive long enough for 

detection) generally increases at high reaction times and with more extensive 

charge reduction. Possibly, this is due to deterioration of the noncovalent 

contacts stabilizing the c/z fragment complex, leading to a depletion of detected 

ETnoD product on a timescale of a few tens of milliseconds (see also Chapter 

11[444]). However, if a more extended conformation of the protein is subjected 

to ETD conditions, a decrease in PTR/ETnoD ratio is initially visible, indicating 

charge-state dependent compaction of the conformation. 

 

10.2 Materials and methods 

Ubiquitin was dissolved at a concentration of 5 µM in water/methanol (v/v) 50/50 

with either no (for ETD of the 6+ or 9+ precursors) or 2% (for ETD of the 12+ ion) 

formic acid added. Data were collected on the Synapt G2 as well as the LTQ 

Orbitrap Velos, both possessing ETD capabilities. Nano-ESI on the Synapt was 

performed at a voltage of 1.00 kV and minimal (<0.25 bar) nanoflow gas pressure. 

The backing and source pressure were 2.5e0 and 1.7e-3 mbar, respectively. 

Instrument settings were as follows: Make-up gas flow 50 mL/min, glow discharge 

current 15 µA (leading to a reagent signal intensity of approximately 2e6 

counts/s), sampling cone 50 V, extraction cone 2 V, Trap pressure 6.2e-2 mbar, 
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Trap collision energy 4 V, Trap DC bias 2 V, Transfer pressure 1.2e-2 mbar. The 

instrument was operated in TOF/Sensitivity mode. For ion mobility 

measurements, the IM cell was pressurized with 2.5 mbar of N2 (He cell gas flow 

140 mL/min, IM gas flow 60 mL/min), with IM wave height 40 V and IM wave 

velocity 1500 m/s. The Trap DC bias in Mobility mode was 25 V. Uncalibrated drift 

times are reported in this study, and arrival time distributions are shown 

displaying the full 200-bin drift time range. For precursor m/z selection, the LM 

and HM Resolution settings were 4.7 and 5.0, respectively. Precursor intensity 

was approximately 3e4 counts/s. On the Orbitrap, the protein solution was 

introduced into the instrument via direct infusion using a 500 µL syringe 

(Hamilton, Bonaduz, Switzerland) at a flow rate of 8 µL/min. Settings on this 

instrument were as follows: Spray voltage 4.0 kV, capillary temperature 275 °C, 

acquisition range 390 – 4000 m/z, nominal resolving power 30,000 (at 400 m/z), 

AGC set to 1e4 (precursor cation) and 1e5 (fluoranthene radical anion). In order to 

obtain a signal-to-noise ratio (theoretically scales with the square root of the 

number of scans combined) sufficient for accurate determination of the relative 

intensities of isotope peaks, spectra were acquired for approximately one minute 

on both instruments. Further experimental details can be found in Chapter 4. 

 

10.3 Results and discussion 

10.3.1 Description of possible gas-phase reactions and software used for spectral 

analysis 

For (semi-)automated spectral processing and deconvolution of aggregated 

isotope clusters, we have developed a computational tool which we have named 

MassTodon (Meticulous Assignment of Spectra by Splitting The Observed isotope 

Distributions Occurring after Normalization). This tool takes as input the precursor 

sequence and charge state (generated by ESI). We assume that an interaction 

between this precursor cation and the ETD reagent anion can only result in either 

transfer of a proton from the precursor to the reagent (proton transfer reaction or 

PTR), or electron transfer from the reagent to the protein ion. The latter leads 

either to dissociation (ETD), or non-dissociative charge reduction (electron 

transfer without dissociation or ETnoD). In case of ETD, particularly if the resulting 

c’/z  complex is long-lived, it is possible for the radical C-terminal fragment to 

abstract a hydrogen atom from its partner[88, 249], leading to a c  (=c’-H )/z’ 

(=z +H ) ion pair in a process we have termed ‘hydrogen transfer reaction’ or HTR. 
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Both PTR and ETnoD lead initially to the same nominal (reduced) charge state, but 

the radical electron transfer product is heavier than the even-electron proton 

transfer product, by one hydrogen mass. Based on these reactions, the molecular 

formulas of all possible reaction products and their respective charge states can 

be calculated. Multiply charged products can react with a new reagent anion and 

so on, until all possible reaction products are generated in an recursive manner 

(limited by the precursor charge state), as shown in Figure 10.1. 

 

 

Figure 10.1. Schematic overview of the multistep reaction process considered to 

generate the list of all possible ETD (and side reactions) products in our model. 

 

The following assumptions are made during generation of possible reaction 

products: (a) an ion can have at most a single dissociation step in its ‘history’, i.e. 

internal fragments are not considered; (b) all fragmentation is considered to lead 

to only c and z type fragments; and (c) a fragment can only carry a maximum of 

one charge per 5 residues. The consideration of internal fragments would lead to 

an enormous increase of the number of possible fragments (number of possible 

internal fragments scales with the square of the number of residues of the 
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precursor), significantly complicating the computational procedure, particularly 

for top-down/native ETD data. As these internal fragments do not typically make 

up a significant fraction of the total spectral intensity under the conditions used 

here, assumption (a) is generally valid. Similarly, while an alternative dissociation 

pathway exists in ETD, which leads to the formation of a  and y fragments[476], 

and inadvertent CID fragmentation can lead to formation of b and y ions, the 

intensity of these fragments is significantly lower than that of the conventional c 

and z type ions in a typical ETD spectrum, justifying assumption (b). Finally, it is 

trivial to see that fragment charge states higher than allowed under assumption 

(c) do not typically occur, and this assumption is only in place to prevent the 

consideration of obviously unrealistic species when dividing the precursor charge 

among the fragments. 

 

 

Figure 10.2. Deconvolution of the observed aggregated isotope cluster of the 

nominal 5+ charge state of ubiquitin (purple) – formed by charge reduction of the 

[M+6H]6+ generated by nano-ESI – into its [M+5H]5+ (PTR product, blue) and 

[M+6H]5+  (ETnoD product, red) components. 
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A potentially important reaction pathway that is not explicitly included in our 

approach is electron transfer followed by a loss of a hydrogen atom, which is 

known to proceed rapidly in hypervalent ammonium radicals[224, 233, 293, 477]. 

Instead, this reaction is included in the intensity of the PTR channel, as both 

reactions lead to identical [M+(n-1)H](n-1)+ products and can therefore not be 

easily distinguished[201, 253]. Similarly, side reactions such as loss of ammonia or 

water are not considered. After the list of all possible products has been 

generated as outlined above, it is trimmed to those formulas that are supported 

by the data. For a given (theoretical) ion we consider an interval (centered on the 

most abundant isotope peak) in the m/z domain which contains 99% of the 

intensity generated by that species. If no signals are detected within this range, 

that molecular formula is not considered in the subsequent fitting procedure. The 

molecular formulas of the remaining products are converted to aggregated 

isotope distributions using the BRAIN algorithm[454, 455]. The contribution of 

each of these theoretical distributions to the experimentally observed spectrum is 

then determined using a constrained quadratic programming approach[478]. This 

is illustrated in Figure 10.2 for ‘nominal’ 5+ ubiquitin, generated by subjecting the 

[M+6H]6+ precursor to ETD conditions. As shown in this figure, the experimental 

isotope distribution matches neither the pure [M+5H]5+ PTR product nor the pure 

[M+6H]5+  ETnoD product particularly well, but is best described by a combination 

of 52% ETnoD and 48% PTR. 

In general, the fitting algorithm will decompose a nominal charge state Mz+ into 

components [M+xiH]z+ (which can be either radicals or closed-shell species), with 

xi  z. For each such species formed after isolation of the [M+nH]n+ precursor, the 

number of ETnoD steps can be unambiguously determined to be (xi-z), and the 

number of PTR steps equals (n-xi), regardless of the order in which these steps 

occurred. This is illustrated in Figure 10.3.  
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Figure 10.3. Visual representation of the possible charge-reduction pathways of a 

hypothetical [M+4H]4+ precursor and their effect on the mass of the possible 

products [M+xH]z+, with z < 4 and x  z. 

 

As such, the ‘weights’ of the different species within each observed isotope 

cluster provide information about the preference (branching ratio) for certain 

reaction pathways. In general, the majority (up to ~95%) of the total intensity of a 

top-down ETD spectrum can be accounted for by this approach, particularly for 

those spectra acquired on the Orbitrap, which mostly show charge reduction and 

conventional c and z type fragments. On the Synapt, the signal-to-noise ratio is 

generally somewhat lower than on the Orbitrap, and the occurrence of the a /y 

dissociation pathway and CID fragmentation greater, the latter increasing with a 

higher supplemental activation voltage. The uncertainty of the MassTodon-

derived abundances was estimated by acquiring 20 top-down ETD spectra from 

the same 9+ ubiquitin precursor under identical conditions on the Synapt and 

processing the resulting spectra using MassTodon. The average relative standard 

error was found to be around 3%. On the Orbitrap, 17 top-down spectra were 

acquired and analyzed, leading to a similar standard error. As a further test of the 

reliability of MassTodon results, charge reduction of ubiquitin was also performed 

using PDCH (perfluoro-1,3-dimethylcyclohexane), a reagent expected to lead to 

nearly 100% proton transfer[251, 252, 479]. In agreement with previous work, 

analysis of the results using MassTodon revealed around 98% PTR in the charge-

reduced precursor and no ETD fragments. 
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10.3.2 Analysis of isotope distributions in top-down Synapt ETD and effect of 

supplemental activation 

We applied the approach outlined above to process top-down ETD spectra of 

bovine ubiquitin acquired on the Synapt and investigated the behavior of different 

precursor charge states and the effect of increasing supplemental activation 

(collision energy, CE) applied in the Transfer T-Wave cell. The relatively folded 6+ 

precursor, the more extended 9+ ion, and the (nearly) fully unfolded 12+ 

protein[361, 407] were selected in the quadrupole mass filter. From experience, 

we know that mass accuracy on the Synapt is generally around 0.05 m/z (or 

better) over the range between 50 – 5000 m/z using external calibration in top-

down ETD experiments. This absolute mass accuracy was therefore assumed by 

the software, rather than a relative value. As a result, the intervals (± 0.05 m/z) 

around isotope peaks of species with a charge state higher than 9+ overlap and 

could not be assigned. Consequently, on this instrument, only partial information 

is available for the 12+ precursor, which will not be discussed in detail. For a 

charge-reduced, intact protein ion Mz+ (product of PTR, ETnoD, or a combination 

of both) formed after quadrupole selection of the [M+nH]n+ precursor, it is trivial 

to see that the number of reaction steps equals (n-z). Combined with the 

contributions of PTR and ETnoD products to the observed isotope distribution of 

Mz+, the probability of each of these two channels is calculated for each charge-

reduced state. At a particular precursor charge state and set of instrument 

parameters, these values are generally similar for different charge-reduced states, 

and consequently a single average probability for each channel (weighted by the 

intensity of each ‘nominal’ charge state) is calculated for each spectrum. As these 

probabilities equal the relative reaction rate constants, the ratio of the rate 

constant for PTR over that for ETnoD can also be determined. 

Figure 10.4 shows the evolution of the relative intensities of unreacted precursor, 

charge-reduced intact precursor, and ETD fragments with increasing supplemental 

activation, as well as the intensity ratio of c versus z type fragments (total of 

radical and even-electron species for both fragment types) and the ratio of the 

PTR/ETnoD rate constants. As the Trap wave height is the most important factor 

determining reaction time in Synapt ETD[255, 279, 280, 327, 404], the spectra of 

the more reactive 9+ ubiquitin precursor[251, 252] were acquired at a higher 

wave height (0.7 V versus 0.3 V) than those of the 6+ protein in order to obtain a 

mix of fragmentation and non-dissociative charge reduction in both cases. 
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Figure 10.4. Evolution as a function of supplemental activation of the relative 

intensities of unreacted precursor (blue solid line), charge-reduced, intact 

ubiquitin (red solid line), ETD fragments (green solid line) (all on the y axis on the 

left-hand side), ratio of c versus z type fragment intensity (black dashed line), and 

ratio of rate constants for proton transfer over non-dissociative electron transfer 

(black dotted line) (both on the y axis on the right-hand side). Panel (A) shows 

results for 6+ ubiquitin, acquired at a Trap wave height of 0.3 V; panel (B) for 9+ 

ubiquitin at 0.7 V Trap wave height. 

 

In agreement with previously published work[255, 274, 345, 361, 405, 406], for 

the 6+ precursor shown in Figure 10.4A, the total intensity of charge-reduced 

species decreases with increased supplemental activation, while the ratio of 

PTR/ETnoD and total ETD fragment intensity increases. This indicates that at least 

some (but not all) of the ETnoD products are actually noncovalent c/z fragment 

complexes which are converted to ETD fragments under activating conditions. The 

intensity of z’ fragments also increases with higher supplemental activation, as 

illustrated in Figure 10.5. This is consistent with an increase in what we have 

dubbed the ‘hydrogen transfer reaction’ upon dissociation of long-lived 

noncovalent c’/z  complexes[88, 249, 405]. However, the change in isotope 

pattern of the c fragments is not as significant, possibly due to the radical c  

fragments – which are only observed to a limited extent – undergoing secondary 

fragmentation. This also explains why the ratio of c/z fragment intensity generally 

decreases at higher levels of supplemental activation. 
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Figure 10.5. Changing isotope pattern of the z3
+, z5

+ and z9
+ fragments of ubiquitin 

(6+ precursor selected in the quadrupole) at different levels of supplemental 

activation (Synapt). 

 

Similar trends are observed for the more extended 9+ precursor shown in Figure 

10.4B, although the intensity of the intact, charge-reduced precursor versus that 

of ETD fragments is lower than for the 6+ protein, in agreement with earlier 

work[325, 361]. The ratio of PTR/ETnoD is also somewhat higher, as the lower 

number of noncovalent interactions and increased Coulombic repulsion lead to 

reduced formation of long-lived c/z fragment complexes. At supplemental 

activation voltages above 40 V, total ETD fragment intensity decreases, as 

fragments released immediately after electron transfer (i.e. still in the Trap cell) 

are destroyed by CID fragmentation and this is not compensated by release of 

fragments from ETnoD products. 

Interestingly, for both precursor charge states some ETnoD product is still visible, 

even at very high levels of supplemental activation – sufficient to induce 

significant CID fragmentation of the protein. We take that as an indication that 

some part of this signal is not just a noncovalent c/z fragment complex, but rather 

a relatively stable radical species. This is further supported by the observation of 

ETnoD products in top-down spectra of the 12+ precursor, which, due to its 

mostly extended character, is less likely to keep fragments noncovalently bound 

following backbone cleavage[228, 361]. It has been suggested[215] that the 

imidazole function of a histidine residue can accommodate an unpaired electron, 

although the single histidine residue found in ubiquitin cannot account for the 

presence of species with more than one ‘extra’ hydrogen mass at high levels of 
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supplemental activation. The nature of the stable ETnoD products is currently 

being investigated. 

 

10.3.3 Analysis of top-down Orbitrap ETD spectra and effect of reaction time 

Before discussing the results of the Orbitrap experiments in detail, it is worthwhile 

to look at the general similarities and differences between the two instruments. 

As mentioned earlier, the reaction time for ETD is controlled indirectly on the 

Synapt – mainly by adjusting the amplitude of the Trap T-Wave – and is only 

varied in a rather narrow range, typically around 0-20 ms[280, 404, 480]. On an 

ion trap however, the reaction time is set directly by the user and can be varied in 

a broad range. As such, we decided to study the change in preference for the 

different reaction pathways (PTR, ETnoD, ETD) with increasing reaction time on 

the Orbitrap. As before, the 6+, 9+, and 12+ precursors were selected, in this case 

in the linear trap quadrupole (LTQ) of the instrument, to represent a more folded, 

a more extended, and a nearly fully unfolded structure, respectively. As mass 

accuracy on the Orbitrap is typically on the order of a few parts-per-million with 

external calibration, corresponding to <0.01 m/z in the range considered here, 

complete analysis of the spectra of the 12+ precursor proved possible in this case. 

The reaction time was varied between 0.03 and 100 ms. The evolution as a 

function of time of the contributions of unreacted precursor, charge-reduced 

intact precursor, and ETD fragments to the total spectral intensity are shown for 

the 6+, 9+, and 12+ precursors in Figure 10.6A-C, respectively. 
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Figure 10.6. Relative intensities of the unreacted precursor, intact, charge-

reduced precursor and ETD fragments as a function of reaction time on the 

Orbitrap, after isolation of (A) 6+, (B) 9+, and (C) 12+ ubiquitin in the LTQ. Panels 

(D), (E), and (F) show the relative intensities of different charge-reduced states of 

intact ubiquitin, for the 6+, 9+, and 12+ precursor, respectively. Ratios of 

PTR/ETnoD reaction constants calculated from the isotope distributions of 

different charge-reduced states (logarithmic axis, left-hand side) and c/z type 

fragment intensity ratio (axis on the right-hand side) are shown in Panels (G), (H), 

and (I) for the three precursor charge states. 
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Comparing the 6+ ubiquitin data for the Synapt (Figure 4A) to those for the 

Orbitrap (Figure 10.6A), it is clear that more non-dissociative charge reduction 

occurs on the Orbitrap (with a maximum of typically ~35% vs. ~60% of the total 

signal respectively). Meanwhile, typical fragment intensity decreases from ~25% 

on the Synapt to around 10% of total intensity on the Orbitrap. For the 9+ protein, 

charge reduction increases significantly, from ~5% on the Synapt (Figure 10.4B) to 

~30% on the Orbitrap (Figure 10.6B), while fragmentation increases less 

dramatically, from up to ~40% to a maximum of ~65%. While a direct comparison 

of the data is only valid for Transfer CE values close to 0V (Figure 10.4) and 

reaction times below 20 ms (Figure 10.6 A-C), it is apparent that non-dissociative 

charge reduction is significantly more prevalent on the Orbitrap 

As can be expected from simple reaction kinetics, an exponential decrease of the 

relative intensity of the unreacted precursor with increasing reaction time is 

observed on the Orbitrap (Figure 10.6A-C) in each case, and higher precursor 

charge states are depleted faster [251, 252]. Charge-reduction and fragmentation 

kinetics are also strongly charge state-dependent: For the 6+ ion, the intensity of 

intact, charge-reduced precursor increases initially and reaches a constant value 

after approximately 40 ms. The same occurs with the 9+ precursor; however, the 

constant value is lower and is already reached after about 10 ms. For the 12+ 

precursor, charge reduction is more limited, reaches a maximum (~15%) after 5 

ms, and then decreases in favor of increased fragmentation, which reaches up to 

99% of the total signal intensity at reaction times greater than 20 ms. For the 6+ 

precursor, total ETD fragment intensity steadily increases throughout the range of 

reaction times studied, while for the 9+ and 12+ ion, constant values are reached 

after 60 and 20 ms, respectively. More ETD fragments are generated from higher 

precursor charge states, in accordance with previous work[228, 325] and 

observations made from Synapt data. 

Figure 10.6D-F show the intensity of different charge-reduced states as a function 

of ETD reaction time on the Orbitrap, for the 6+, 9+, and 12+ precursor, 

respectively. A series of successively more charge-reduced states of the precursor 

can be observed in all cases, in accordance with what is expected from 

elementary reaction kinetics for a multistep process. Charge states lower than 3+ 

are likely also formed, but cannot be observed due to the limitation of the mass 

range of this instrument to 4000 m/z. Due to the very low (<1%) amount of intact, 

charge-reduced protein after reaction times greater than 20 ms following 

selection of the 12+ precursor, abundances of species with a charge state lower 

than 7+ could not be accurately measured in this case. As a result of the strong 
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dependence of the observed charge-reduced states on reaction time, it is 

important to calculate the PTR/ETnoD ratio only for those charge-reduced states 

possessing sufficient intensity to obtain reliable relative intensities of the different 

isotope peaks. Doing this, we obtain relatively constant values for each charge-

reduced state over the entire range in which it occurs, although the ratio differs 

significantly for different states. This is in contrast to the Synapt, where, for a 

given precursor charge state and set of control parameters, analysis of the 

observed isotope distributions of different charge-reduced states yielded similar 

values for the PTR/ETnoD ratio. As a result, this ratio is plotted separately for each 

observed charge-reduced state in Figure 10.6G-I. 

On the Synapt, the same charge-reduced states (predominantly 2+ to 4+) were 

observed in spectra across a wide range of supplemental activation voltages, 

whereas on the Orbitrap, this distribution depends strongly on the control 

parameter being varied, i.e. reaction time. This is shown in Figures 10.6D-F. 

Comparing the results for the 6+ and 9+ precursor to Synapt data (Figure 10.4), it 

is immediately apparent that, with the exception of the first two charge-reduced 

states (8+ and 7+) of the 9+ precursor, the PTR/ETnoD ratios are considerably 

lower on the Orbitrap. This may be due, at least in part, to a less efficient 

dissociation of low-charged ETnoD ions which consist of noncovalently bound c/z 

fragments (discussed in more detail in Chapter 11), compared to Synapt 

experiments in which no supplemental activation was applied. This is also 

consistent with the increased contribution of intact, charge-reduced precursor – 

which also includes noncovalently bound c/z fragment complexes – to the total 

spectral intensity shown in Figure 10.6A and 10.6B. This also agrees with a limited 

degree of ‘inherent’ increase in the internal energy of the ions within the Synapt 

instrument, as discussed in detail in Chapter 6 and previously reported by others 

to occur in travelling-wave cells under ion mobility conditions[414, 415]. 

Figure 10.6G (6+ precursor selected) shows that while the PTR/ETnoD ratio is 

consistently much smaller than 1, it increases as we move to successively lower 

charge states, possibly because more fragments are being released. This behavior 

may be due to (partial) loss of the electrostatic bonds stabilizing the c/z fragment 

complex, similar to gas-phase protein unfolding which has been reported to occur 

on the order of a few tens of milliseconds, i.e. the same timescale as our 

experiments[152, 366, 481]. This would also explain why the PTR/ETnoD ratios for 

a given charge state tend to increase somewhat at higher reaction times. 

Conceivably, the dissociation of electrostatic interactions is being facilitated by 

transfer of an electron to a positively charged site, accounting for the ‘jumps’ in 
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PTR/ETnoD ratio between charge-reduced states. For the 9+ precursor (Figure 

10.6H), as already mentioned, the first two charge-reduced states exhibit 

PTR/ETnoD ratios similar to what was observed in Synapt ETD, indicating, as 

before, more efficient ETD fragment release from the more extended 

conformation. A decrease (and thus greater preference for ETnoD) is then 

apparent moving to the 6+ charge state, possibly due to a (partial) collapse of the 

structure to a more compact form as Coulombic repulsion decreases[435, 482, 

483]. This conformational transition around the 6+ charge state was confirmed 

using ion mobility on the Synapt (see Section 10.3.4 as well as Chapter 11). 

Going from 6+ to lower charge states on the Orbitrap, the same general increase 

in PTR/ETnoD ratio is visible as when the 6+ precursor was isolated, although 

absolute values are higher than before. While the relative changes in PTR/ETnoD 

ratio are quite large (several orders of magnitude), the absolute values are 

consistently low compared to what was seen on the Synapt, accounting for the 

fairly constant c/z type fragment intensity ratio observed throughout the range of 

reaction times, as shown in Figure 10.6E and 10.6F. Starting from the 12+ 

precursor, the low signal-to-noise ratio (even after acquiring a spectrum for 

several minutes) of charge-reduced protein lower than 8+ leads to significant 

distortions of the observed isotope distributions. As a result, determination of 

PTR/ETnoD ratios was not possible for these species. For the less extensively 

charge-reduced states (Figure 10.6I), PTR/ETnoD ratios do not fluctuate much and 

match the ratios observed for the 8+ and 7+ charge states observed after charge 

reduction of the 9+ precursor, implying efficient fragment release and little 

formation of noncovalent c/z fragment complexes, consistent with a (nearly) fully 

unfolded protein structure at these high charge states. The fact that ETnoD occurs 

at all for these unfolded structures supports the idea that some of the normally 

observed ETnoD product is stable, rather than simply a noncovalent c/z fragment 

complex, as noted earlier. 

 

10.3.4 Ion mobility measurements of charge-reduced ubiquitin 

In order to rationalize the observed, distinct difference in PTR/ETnoD ratio 

between charge-reduced states above and below 6+ (Figure 10.6H), we 

investigated the possibility of gas-phase structural change upon charge reduction. 

We used the ion mobility capabilities of the Synapt G2 instrument by subjecting 

9+ ubiquitin to ETD in Mobility mode, and assumed that the gas-phase structures 

of ions produced by ESI in Synapt and Orbitrap instruments are comparable at 
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each charge state. As can be seen in Figure 10.7, the 8+ and 7+ charge states 

formed by charge reduction of the 9+ protein possess an extended conformation 

similar to the precursor, while the arrival time distribution for the 6+ charge-

reduced state (green trace) shows considerable heterogeneity and the presence 

of a second, more compact conformation. The orange trace to the right of the 2D 

plot shows the extracted arrival time  distribution of [M+6H]6+, formed by native 

ESI (ETD off) and it can be seen that this has a similar arrival time to the 

‘collapsed’ conformation appearing after charge reduction of 9+ ubiquitin. While 

the intensity of the more compact form of the 6+ charge-reduced state is lower 

than that of the more extended one(s) under the conditions tested here, the 5+ 

conformation has collapsed in its entirety to the more compact form on the 

Synapt. The precise structure of the charge-reduced ions and the question of how 

well they match their electrospray-generated counterparts will be investigated in 

Chapter 11; however, we will already note at this point that previous IM studies of 

ubiquitin, on both home-built (linear)[407, 484] and commercial (travelling 

wave)[485, 486] instruments have revealed compact structures for 5+ and 6+ 

ubiquitin ions generated by ESI. Calculated collision cross-section values for these 

charge states range between 950-1100 Å2 in these studies, which matches the 

theoretical cross-section based on the crystal structure. In contrast, according to 

these studies, charge states of 9+ and higher are considerably less stabilized by 

noncovalent interactions, and occur mostly or fully in significantly extended 

(1500-2000 Å2) conformations. We thus conclude that, at the 5+ and 6+ charge 

state, the electrostatic repulsion between charges does not prevent ubiquitin 

from occurring in a similarly compact form to the native structure, in agreement 

with our own observations. Conformational changes during charge reduction of 

ubiquitin will be explored in more detail in Chapter 11. 
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Figure 10.7. Charge reduction of 9+ ubiquitin in Mobility mode on the Synapt G2. 

Two trend lines can be distinguished for a more extended and a more compact 

conformation, at high and low charge states, respectively. Both conformations 

coexist at the 6+ charge state, and the extracted arrival time distribution for this 

charge state is shown on the right of the 2D plot. The arrival time distribution 

shown in green is the result of charge reduction, while the orange trace shows the 

arrival time distribution of 6+ ubiquitin formed by native ESI. 

 

10.4 Conclusions 

In the current work, we have demonstrated the use of a novel method to process 

top-down ETD spectra, which is independent of instrument type, as long as 

isotopic resolution of reaction products is attained. This method provides 

quantitative information about the different, competing reaction pathways 

occurring under ETD conditions. By comparing the occurrence of these pathways 

for different precursor charge states, reaction times, and levels of supplemental 

activation, we have shown how their probabilities inform on the (evolution of the) 

gas-phase conformations of ubiquitin. We expect that this type of reaction rate 

analysis will play an increasingly important role in mass spectrometry-based 

structural biology as the use of both ETD and software for more efficient data 

processing become more prevalent. 
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11. Conformational space and 

stability of ETD charge reduction 

products of ubiquitin 

 

Parts of this chapter have been accepted for publication as: 

Lermyte, F., Łącki, M. K., Valkenborg, D., Gambin, A., Sobott, F.: Conformational 

space and stability of ETD charge reduction products of ubiquitin. Journal of the 

American Society for Mass Spectrometry (2016) 

DOI: 10.1007/s13361-016-1444-7 
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11.1 Introduction 

As discussed in the previous chapter, multiple ion/ion reaction pathways are 

available under ETD conditions, including several forms of non-dissociative charge 

reduction, for which we introduced the term charge-reduction ETD (crETD)[252, 

327, 432, 487]. The most important contributions to crETD are non-dissociative 

electron transfer (ETnoD) and the proton transfer reaction (PTR). The third charge 

reduction channel, gas-phase adduction of a reagent anion, is typically sufficiently 

rare so that it can be disregarded. As before[411], we note that electron transfer 

followed by loss of a hydrogen atom by the protein, which has been proposed to 

occur to some extent in hypervalent ammonium radicals under ECD 

conditions[224, 233, 293, 477], is not explicitly included in our approach, but 

contributes to the intensity of PTR when quantifying the relative amounts of 

different reaction channels. 

We noted in the previous chapter, particularly for the Orbitrap data shown there, 

that the apparent PTR/ETnoD branching ratio varied substantially between 

charge-reduced states of intact ubiquitin. As this is based on ‘surviving’ ions, i.e. 

those that do not dissociate on the timescale of the MS experiment, we proposed 

that this can be explained by increased “depletion by fragmentation” of more 

highly charged, extended states of ETnoD products (as the even-electron PTR 

products are relatively stable). This also matched the increase of this ratio if a 

greater supplemental activation voltage is applied (on the Synapt). In the current 

chapter, using the ion mobility capabilities of the Synapt instrument to a greater 

extent than in the previous chapter, we test the relation between apparent 

PTR/ETnoD branching ratio and conformation of charge-reduced ubiquitin. In 

order to separate the effects of gas-phase conformation and electrostatic 

interactions, we focus our investigation on the 6+ charge-reduced state. As shown 

in Chapter 10, this state is significantly more conformationally heterogeneous 

than charge(-reduced) states either 7+ and higher (which are typically extended), 

or 5+ and lower (which are typically significantly compacted).  

By applying limited collisional activation (both pre- and post-ETD; before the ions 

enter the IM cell in each case), we generate extended and (partially) collapsed 

drift-time species for 6+ ubiquitin, formed by charge reduction of the ESI-

generated [M+8H]8+ precursor (possible reaction pathways are shown in Figure 

11.1), and compare these to [M+6H]6+ ions directly generated by ESI. Regardless 

of the stage at which collisional activation was applied, a good correlation 

between average drift time (compactness) and apparent PTR/ETnoD branching 
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ratio was found. This can be rationalized as the more compact structures of c/z 

complexes are stabilized to a greater degree by noncovalent interactions, even 

though they are formed by gas-phase collapse of more highly charged, extended 

structures on a millisecond timescale. This results in a reduced propensity for 

fragment release and more ETnoD ions reaching the detector, decreasing the 

observed PTR/ETnoD ratio. As such, this method, which can be applied to any 

high-resolution, ETD-capable mass spectrometer, provides a new way of gaining 

insight into the global structure and dynamics of gas-phase protein ions. 

 

 

Figure 11.1. Reaction pathways in double charge reduction of (ESI-generated) 

[M+8H]8+ ubiquitin. Ions of ‘intact’ ubiquitin, i.e. precursor and products of charge 

reduction, are shown in black, while ion/ion reactions are shown in blue. 

Dissociation into c and z fragments (shown in red) can only occur for radical 

species (not for ‘pure’ PTR products), leading to depletion of these species and an 

increase in apparent PTR/ETnoD ratio. 

 

11.2 Experimental 

11.2.1 Mass spectrometry 

Experiments were carried out on the Synapt G2. Ubiquitin was used at a 

concentration of 5 µM in water/methanol (v/v) 50/50 with 0.1% formic acid 
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added. CCS calibration was performed using a standard protocol[438], but taking 

reference values for denatured ubiquitin from a more recent report[175]. Nano-

ESI was performed using a spray voltage of 1.0 kV and 0.20 mbar nanoflow gas 

pressure. The glow discharge was tuned to provide an ETD reagent (1,4-

dicyanobenzene) current of approximately 2e6 counts/s for charge reduction, and 

was switched off to measure drift times of ESI-generated ions. Backing and source 

pressure were 2.8e0 and 1.8e-3 mbar, respectively. Sampling cone and Trap DC 

bias were varied as described in the text. Pressure in the Trap, He, IM, and 

Transfer cell were 7.4e-2 (gas flow 20 mL/min), 1.4e3 (140 mL/min), 2.5e0 (60 

mL/min), and 3.7e-2 (4 mL/min) mbar, respectively. Standard values for IM wave 

height and velocity were 20 V and 500 m/s, respectively.  

To allow for more accurate determination of CCS values of ESI-generated ubiquitin 

charge states 4+ to 7+, additional experiments using IM wave height/velocity of 

25 V / 700 m/s and 30 V / 1000 m/s were performed. Since the aim of this work 

was to induce limited charge reduction rather than maximize fragmentation, the 

Trap wave height, which controls the extent of ion/ion interaction[279, 280], was 

kept relatively high, at 1.2 V. Trap wave velocity was 300 m/s.  

A minimum of three repeats were performed for all charge reduction 

experiments, and average branching ratios are reported. Data processing was 

performed using both MassLynx (version 4.1) and the in-house developed 

MassTodon software, described in Chapter 10. External m/z calibration was 

performed using cesium iodide clusters. 

 

11.2.2 Maximum likelihood estimation of apparent branching ratios 

The branching ratio for the first crETD step (8+  7+) is simply the ratio of the 

detected amount of PTR ([M+7H]7+) and ETnoD ([M+8H]7+ ) product and thus 

trivial to calculate. Maximum likelihood estimation subsequently allowed 

determination of the apparent branching ratio for the second step (7+  6+) 

separately, based on the ratio observed in the first step and the amounts of ‘2 x 

PTR’, ‘2 x ETnoD’, and ‘hybrid’ product that combine to make up the observed 6+ 

species. For this, we make use of a simple stochastic model. Consider a cascade of 

PTR and ETnoD reactions (as shown in Figure 11.1) that occur m and n times, 

respectively, to generate a charge-reduced ion. In our specific example – double 

charge reduction of an [M+8H]8+ ubiquitin ion – obviously (m + n = 2), (0  m  2), 

and (0  n  2). The observed abundance (calculated using MassTodon) of each 
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charge-reduced product is denoted as mn. Assuming the behavior of ions to be 

independent and defining the probability of PTR and ETnoD as PPTR and PETnoD, 

respectively, the probability (L) of observing the information found in the 

spectrum is given by 

 

Treating the above expression as a function of unknown parameters, i.e. the two 

probabilities, PETnoD and PPTR, we can calculate values for these parameters so as to 

maximize L. This general postulate, that the theoretically most probable events 

occur in nature, is referred to as the Maximum Likelihood principle and is 

commonly used in statistics. Taking into account that PETnoD + PPTR = 1 for charge 

reduction (equivalent to our assumption that other charge reduction pathways 

besides PTR and ETnoD can be neglected), the maximization results in estimates  

 

 

As such, the (average) PTR/ETnoD branching ratio is provided by 

 

Specifically for two-step charge reduction ETD of an [M+8H]8+ ion, and explicitly 

writing out product formulas in the indices of the  coefficients, this yields 

 

This formula yields optimized values for a two-step process, in which PPTR and 

PETnoD for both steps are equal. From this average value, combined with the 

(directly measurable) ratio for the first (8+  7+) reaction step, the branching 

ratio for the second (7+  6+) charge reduction step can easily be calculated 

separately and this value is reported. 

 

(Eq. 11.1) 

(Eq. 11.2) 

(Eq. 11.3) 

(Eq. 11.5) 

(Eq. 11.4) 
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11.3 Results and Discussion 

Previously (see Chapter 8), we compared the ETD fragmentation behavior of 

native and partially unfolded structures of large noncovalent complexes[256]. 

Partial unfolding in this case was induced prior to ETD and confirmed using IM. 

Fragment release from the fully folded complexes was found to require significant 

supplemental activation (applied in the Transfer cell) in nearly all cases. For 

partially unfolded species on the other hand, fragments were released 

immediately after electron transfer (also confirmed using IM), without applying 

supplemental activation. Partially unfolded species release fragments more 

readily, due to a reduced presence of hydrogen bonds and salt bridges. 

Accordingly, this should deplete the ETnoD products, resulting in an apparent 

increase in PTR/ETnoD branching ratio. In the current work, we investigate 

whether a correlation exists between this branching ratio of a (charge-reduced) 

precursor and its arrival time in IM.  

The MassTodon software, which we developed previously for estimating this 

ratio, requires that isotopes of charge-reduced products be resolved, which is 

difficult in native ESI of large protein complexes[488]. We therefore focused our 

investigation on ubiquitin, a small (8.6 kDa), well-characterized monomeric 

protein. Ubiquitin is known to adopt various conformations in the gas phase, 

particularly at intermediate charge states[174, 407, 489]. It was recently shown 

that the relative abundances of these conformations result at least in part from 

gas-phase activation[490]. Thus, we decided to systematically vary the sampling 

cone (activating the 8+ ESI-generated ion) and Trap DC bias (activating the 6+ 

charge-reduced product) voltages under ETD conditions, whilst isolating the 

[M+8H]8+ ion in the quadrupole. It should be noted that the cone voltage is 

applied before and the bias voltage after ETD, while both are applied prior to the 

IM cell. For each set of parameters, a minimum of three spectra was acquired and 

the PTR/ETnoD branching ratio calculated for each spectrum. The branching ratio 

for the first reaction step (8+  7+) was consistently between 1.082 and 1.122 

(±1.8% variability). The observed arrival time distributions (ATDs) for the 7+ 

charge state (See Figure 11.2) are also nearly identical between experiments. 

Interestingly, the apparent branching ratio for the second step (7+  6+) varied 

between 1.066 and 1.423 (±16.7% variability), reflecting the much greater 

structural heterogeneity of the 6+ charge state. 
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Figure 11.2. Collision cross-sections for (a, b, c, d) 7+ and (e, f, g, h) 8+ ubiquitin 

formed either by (a, b, e, f) electrospray ionization, or (c, d, g, h) under ETD charge 

reduction conditions. The ([M+8H]8+ ion was selected in the quadrupole in all 

charge-reduction experiments, so note that the CCS distributions shown in panels 

(g) and (h) are not actually the result of charge reduction. Traces in panels (a, c, e, 

g) were acquired using a sampling cone voltage of 40 V and a Trap DC bias of 

either (blue) 25, (orange) 35, or (red) 45 V. In panels (b, d, f, h), the bias was kept 

constant at 25 V and a sampling cone voltage of (blue) 60, (orange) 80, or (red) 

100 V was applied. 
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Assuming – as we will later show to be true – that gas-phase unfolding and 

collapse lead to a small number of quite well-defined conformations, the arrival 

time distribution (ATD) of the 6+ charge-reduced ion can be meaningfully 

represented as a (weighted) average of these states. In Figure 11.3a, the apparent 

(7+  6+) PTR/ETnoD branching ratio is plotted as a function of the weighted 

average of the arrival times of charge-reduced 6+ ions across all experiments. The 

observed isotope distribution of this ion in two of the spectra (i.e. two of the 

eleven data points in Figure 11.3a) is shown in Figure 11.3b, demonstrating that a 

deviation from the [M+6H]6+ ion generated by ESI is clearly visible even upon 

casual inspection. Two features of Figure 11.3a are striking: First of all, the quasi-

linear trend is consistent with our hypothesis that more extended conformations 

are more likely to release fragments and therefore exhibit a higher branching ratio 

(less ETnoD surviving). Second of all, charge-reduced ions generated after cone 

activation are on average more compact than those generated by bias activation.  

In the following, we will look at the ATDs of the various charge(-reduced) states of 

ubiquitin in more detail. While charge reduction in the gas or droplet phase via 

ion/ion and ion/neutral chemistry has been performed before, the focus was on 

spectral simplification or deconvolution of overlapping signals in the m/z domain, 

rather than investigating the effect on gas-phase ion structure[267, 427, 428, 430, 

432, 487]. Efforts to combine this approach with ion mobility have focused on 

large, noncovalent complexes, and in these cases, little or no conformational 

change has generally been observed[327, 434, 435, 450]. 
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Figure 11.3. (a) Apparent PTR/ETnoD branching ratio for the second (i.e. 7+  6+) 

charge reduction step ([M+8H]8+ precursor selected in the quadrupole) versus 

average collision cross-section for the corresponding 6+ charge-reduced state. 

Blue dots indicate experiments in which the bias voltage was held constant at 25 

V (varied sampling cone voltage); red dots indicate a constant cone voltage of 40 

V, with variable Trap DC bias. (b) Isotope distributions for the 6+ charge-reduced 

product acquired with (blue) a sampling cone of 100 V and a Trap DC bias of 25 V, 

or (red) a cone of 40 V and a bias of 45 V. The dashed line shows the isotope 

distribution of the [M+6H]6+ ion generated by ESI, corresponding to an ‘infinite’ 

PTR/ETnoD branching ratio. Note that the red trace approaches the dashed line 

more closely than the blue trace (i.e. higher percentage of ESI-like ions), in 

agreement with the plot shown in panel (a). 
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Figure 11.4 shows ATDs of 6+ ubiquitin, generated either directly by ESI (panels a-

b), or by double gas-phase charge reduction of the ESI-generated [M+8H]8+ 

precursor (panels c-d). 

 

 

Figure 11.4. Collision cross sections for 6+ ubiquitin formed by either (a, b) 

electrospray ionization, or (c, d) charge reduction of ESI-generated [M+8H]8+ by 

using ETD. Time axes of arrival time distributions were converted to CCS as 

described in [438]. Data shown in panels (a) and (c) were acquired using a 

sampling cone voltage of 40 V and a Trap DC bias of either 25 (blue), 35 (orange), 

or 45 V (red). In panels (b) and (d), the bias was kept constant at 25 V and a 

sampling cone voltage of 50 (blue), 60 (orange), or 100 V (red) was applied. 

Colored text in panels indicates (cone voltage)/(bias voltage) for each trace. 

Gaussian components used in deconvolution of the lowest-energy (blue) trace in 

each panel are shown at the bottom at half-intensity. Values between 

parentheses are optimized apparent PTR/ETnoD ratios for each of these 

components, as described in the text. Weighted average CCS values (used to 

generate Figure 11.3) are indicated with green arrows in panels (c) and (d). 
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In Figure 11.4a, it can be seen that the Trap DC bias voltage has a profound effect 

on the ATD of the ESI-generated [M+6H]6+ ion: When this voltage is increased 

from 25 to 45 V, the protein fully converts from a conformation with a collision 

cross-section (CCS) of ca. 1560 Å² to a more extended form with a CCS of around 

1830 Å² (+17%), with both conformations coexisting at intermediate bias voltages. 

Similar behavior occurs with increasing sampling cone (Figure 11.4b), but an 

intermediate conformation with a CCS around 1730 Å² is also observed, most 

likely due to the presence of residual solvent on the protein at this early stage of 

the ion transfer into vacuum. Charge states 7+ and 8+ show only the extended 

conformation (Figure 11.2).   

Our CCS values are larger than reported in a recent study[490]; however, that 

study used an IM calibration protocol[438] which relies on reference values 

measured in helium by the Clemmer group[407]. A reasonably good correlation is 

known to exist between CCS values measured in He and N2, particularly for 

peptides of the same charge state[175, 438, 491]. A comparison of reference 

values for different charge states of denatured ubiquitin obtained from a linear IM 

cell in both gases[175, 407] shows, however, not only that nitrogen values are 

systematically larger, but also reveals a much greater increase of CCS with charge 

in this gas, likely due to its greater polarizability[171]. Using the Clemmer CCS 

values for denatured ubiquitin (in helium) to calibrate our IM data, we obtain 

values for the 1560, 1730, and 1830 Å² species which are 15-20% smaller (1280, 

1460, and 1580 Å², respectively). This matches what is referred to as the 

I(ntermediate) (ca. 1200 Å²), E(xtended)-2 (ca. 1400 Å²), and E(xtended)-1 (ca. 

1500 Å²) states in [490]. At the bottom of each panel in Figure 11.4, the lowest-

energy (blue) ATD is represented by a linear combination of these three 

(Gaussian) components. The fact that all twelve traces in Figure 11.4 can be 

adequately described as such linear combinations (Figure 11.5) validates our 

assumption of a small number of gas-phase conformations, for both ESI-

generated and charge-reduced 6+ ubiquitin ions. 
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Figure 11.5. Comparison of experimental spectra (black, solid lines) shown in 

Figure 11.4 to the result of deconvolution into Gaussian components 

corresponding to the I(ntermediate), E(xtended)-1, and E(xtended)-2 

conformational states of ubiquitin (color, dotted lines). 

 

As CCS values for the C(ompact) state of ubiquitin (charge states below 7+) in N2 

are not found in the most commonly used databases (i.e. those hosted by the 

Clemmer[407] and Bush[485] groups), we can report here that we find values of 

(1264±17), (1240±18), and (1231±20) Å² for the 6+, 5+ and 4+ ESI-generated ions, 

respectively. Matching our other results, these values are again ca. 20% higher 

than reference values (ca. 1050 Å²) measured in helium[407, 484]. For the 6+ ion, 

this state was only observed if the sampling and extraction cone voltages were 

significantly lowered, to 8 V (minimum for ion transmission) and 1 V, respectively. 

Only the I, E1, and E2 states contribute significantly to the ATDs shown in Figure 

11.4. 
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Figure 11.4c shows that the extended 8+ ion (ca. 2000 Å², Figure 11.2e,f) collapses 

upon charge reduction to 6+. The resulting ion population spans the same CCS 

range as the ESI-generated [M+6H]6+ ion, but is largely trapped in intermediate 

states in the absence of post-ETD activation (blue trace). The fact that the more 

compact conformations are not observed in charge states above 6+ indicates that 

they are indeed formed by charge-driven gas-phase collapse rather than already 

being present in the quadrupole-selected 8+ precursor and merely undergoing 

charge reduction more efficiently than the extended conformers. This supports 

the hypothesis that subtle conformational effects do not play a major role in 

determining the actual ion/ion reactivity. The relatively compact I state at ca. 

1560 Å², which survives moderate activation in the ESI-generated 6+ ion (Figure 

11.4a, orange trace), is absent in the charge-reduced case (Figure 11.4c, orange 

trace). This indicates that charge-induced compaction may well lead to structures 

of similar CCS, but with reduced stability towards unfolding compared to the ESI-

generated structure. (While 40 V of cone voltage correspond to higher activation 

for the 8+ precursor than the 6+ ESI ion, we expect the ions to be largely 

thermalized again by the time they reach the Trap cell). 

A sufficient increase in bias voltage produces in both cases virtually identical 

ATDs, which represent extended conformations (red traces in Figure 11.4a,c). An 

increased cone voltage on the other hand (Figure 11.4d) leads to significant 

heterogeneity for the charge-reduced product at all cone voltages in the 40-100 V 

range, with a predominance of compact conformations. It appears that the 

structure of the 8+ precursor is already sufficiently disrupted, and the resulting 

extended form stabilized by charging, so that Cone activation does not have any 

significant effect (Figure 11.2f, h). Consequently, the 6+ crETD products of this 8+ 

precursor also show similar ATDs, apart from a slight shift towards more compact 

states at higher cone voltages (Figure 11.4d). Possibly, the increased internal 

energy of the [M+8H]8+ ions during desolvation disrupts some H-bonds and salt 

bridges, leading to an extended conformation which has a low barrier for collapse 

due to charge reduction. It should be noted however, that although the entire ESI-

generated ion population undergoes collisional activation due to an increased 

cone voltage, only the [M+8H]8+ ion is selected in the quadrupole and allowed to 

interact with the anions in the Trap cell. 

The data presented so far are in agreement with the observed correlation 

between different ATDs, characterized by average CCS values, and the extent of 

fragment release, reported as an apparent PTR/ETnoD branching ratio in Figure 

11.3. It is conceivable however that the competing ETnoD and PTR reactions could 
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lead to charge-reduced products with subtly different conformations, and that ion 

activation somehow biases the ratio between electron and proton transfer. 

However, it is counter-intuitive that transfer of either an electron or a proton 

would lead to such large CCS differences as observed in Figure 11.4. Additionally, 

both we and others have shown previously[411, 489, 492] that charge reduction 

of high charge states of ubiquitin, using the PTR-specific reagent PDCH (perfluoro-

1,3-dimethylcyclohexane), leads to the same conformational heterogeneity for 

the 6+ ion as observed here. Similar results were also observed by Badman and 

colleagues for cytochrome c[493], although they speculated that the intermediate 

and compact conformations formed by charge reduction of extended, highly 

charged ions, were the result of refolding to similar conformations as those 

generated by ESI, whereas our results suggest a different pattern of noncovalent 

stabilizing interactions (i.e. salt bridges). Finally, while activation at the cone (i.e. 

before ETD) could theoretically change the preference for initial proton or 

electron transfer, for the bias voltage (downstream of the ETD cell) to affect the 

apparent PTR/ETnoD ratio, the same argument of “depletion by fragmentation” 

would have to be made as in our model. 

Rather than our hypothesis that gas-phase activation induces a structural change, 

with different conformations subsequently generated possessing different 

propensities for fragment release from noncovalent c/z fragment complexes, it 

could also be proposed that the change in ATDs observed in Figure 11.4c,d is the 

result of certain conformations being selectively depleted by dissociation. In 

Figure 11.4c, this would mean conversion of the more compact conformations to 

ETD fragments with increasing bias voltage, while leaving the more extended 

conformations largely unaffected. However, first of all, total conversion of ETnoD 

products to ETD fragments does not occur at the low activation voltages used 

here (particularly as the Trap gas in this case is helium). Secondly, this would imply 

that the more compact conformation consists nearly exclusively of ETnoD 

product, which we have already ruled out in the previous paragraph. A similar 

argument can be made for why Figure 11.4d likely also shows mainly 

conformational transitions rather than the effect of selective dissociation. 

Having said this, it should be noted that some minor distortion of the observed 

ATDs is inevitable within our model, as by definition, we detect only the surviving 

ions and not the initially formed ion population. As survival rate differs between 

conformations, we expect that we underestimate the average arrival time 

somewhat, particularly for ion populations in which a significant portion occurs as 

extended conformations. However, this distortion is expected to be quite small 
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for several reasons: First of all, a significant amount of PTR product is present, 

which does not fragment and for which we therefore do actually detect the 

initially formed population. Secondly, even for the most extended conformation 

of 6+ ubiquitin we observe that our data are consistent with dissociation of only a 

minority of the ETnoD ions. As such, while an increased abundance of extended 

conformation(s) might be attenuated somewhat by this effect, it will still be 

clearly visible in our data. 

As mentioned, the collapsed I state we observe is clearly less stable toward 

collision-induced unfolding than the similarly-sized ESI-generated [M+6H]6+ ion, as 

demonstrated by the complete depletion of this state with a minor increase in 

bias voltage. Interestingly, however, the apparent PTR/ETnoD branching ratios can 

be predicted (based on the deconvolution into Gaussian components) with an 

error of less than 5% (even less than 1% in most cases) across all experiments if 

one assumes that only the I, E2, and E1 states occur, and that these exhibit 

branching ratios of 0.797, 1.076, and 1.479 respectively. This indicates that, 

despite reduced stability compared to the ESI-generated ion, hydrogen bond and 

salt bridge formation during collapse make the compacted ion significantly more 

capable than the extended state of forming long-lived c/z fragment complexes. A 

possible explanation for this is that during collapse, groups with a tendency to 

form noncovalent contacts (e.g. charged groups) easily find interaction partners 

locally, without the global fold of the protein being stabilized to a similar degree 

as in the native structure. This is in excellent agreement with results which were 

reported recently by Vachet and colleagues[363], who performed ETD in a 

quadrupole ion trap. This phenomenon could perhaps even provide insight into 

why, using ECD on FTICR instruments (somewhat harsh interface, ion residence 

time up to seconds), a rearrangement to a compact, salt-bridge stabilized, yet 

distinctly non-native structure is consistently reported when spraying ubiquitin 

from either acidified water/methanol solution[228], or native-like aqueous 

ammonium acetate[364]. 

These previous studies focused on the ExD fragmentation pattern of ubiquitin in 

order to infer structural information about the precursor, which was isolated in 

the quadrupole. Crucially, relatively low (< 7+) charge states were typically 

selected, occurring (according to our IM data as well as that of others[407, 438, 

490]) in compact and intermediate conformations and resulting in a lack of 

observed fragmentation in certain regions – mostly those spanned by salt bridges. 

Conversely, in our work, both the 8+ precursor isolated in the quadrupole, as well 

as the first (7+) charge-reduced state, occur fully in the extended state (Figure 
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11.2). Intensity ratios of the (ESI-generated) 8+, (charge-reduced) 7+, and (charge-

reduced) 6+ states of ‘intact’ ubiquitin in our crETD spectra are around 20:5:1 (see 

Figure 11.6) – in agreement with the exponential decrease expected from 

reaction kinetics. Therefore, the vast majority of the fragments originate from 

extended conformations. Since both ETD and collisional activation in our 

experiments occurred prior to entry of the ions into the ion mobility cell, 

distinguishing fragments released from the 6+ state by drift time alignment was 

obviously also not possible.  

 

 

Figure 11.6. Representative crETD spectrum of [M+8H]8+ ubiquitin, showing the 

extent of charge reduction and fragment release (sampling cone 40 V, Trap DC 

bias 25 V; 10-fold magnification in the range between 200 – 900 m/z). 

 

As mentioned, instrument conditions were optimized for (limited) charge 

reduction rather than high fragmentation efficiency, and as a result, the 

intensities of even the most abundant fragments were another order of 

magnitude less than those of even the 6+ charge reduction products. As such, the 

changes in intensities of individual fragments – due to changing propensity for 

fragment release from the 6+ charge-reduced state – are too small to be 

monitored with the same reliability as using our IM and isotope distribution 

analysis. However, it is still possible to estimate total fragment intensity in a 

consistent manner. Doing this for all our spectra, we observe that the relative 

total fragment intensity observed in our experiments follows a similar trend as the 

apparent PTR/ETnoD ratio (see Figure 11.7). This is in agreement with our 
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hypothesis that fragment release is the dominant factor determining apparent 

PTR/ETnoD ratio. 

 

 

Figure 11.7. Relative total ETD fragment intensity (axis on left-hand side) observed 

under the eleven sets of (cone/bias) voltages displayed in Figure 11.3 versus 

average collision cross-section for the corresponding 6+ charge-reduced state. 

Correlation between apparent PTR/ETnoD branching ratio (axis on right-hand side 

and shaded in gray) and CCS is displayed here as a gray dashed line to illustrate 

that fragmentation efficiency follows a similar trend. This is in agreement with our 

hypothesis that the conformation-dependent shift in isotope distribution is 

primarily due to differences in efficiency of fragment release. As in Figure 11.3, 

blue dots indicate experiments in which the bias voltage was held constant at 25 V 

(variable sampling cone voltage); red dots indicate a constant cone voltage of 40 

V, with variable Trap DC bias. 

 

A recent report showed a range of biologically irrelevant compact (collapsed) 

subpopulations in ‘native’ IM-MS of several intrinsically disordered proteins[494]. 

Another study demonstrated a dramatic change in CCS of ubiquitin, cytochrome c, 

and myoglobin at intermediate charge states after noncovalent binding of a 264 

Da crown ether ligand[158]. In this case, inhibiting the collapse of a single charge 

site onto the backbone was sufficient to prevent a much more dramatic disruption 

of the native hydrogen bond network and subsequent unfolding of these 

‘frustrated’ (i.e. electrostatic repulsion being barely canceled out by noncovalent 

stabilization) ions. Such studies, as well as our own results presented here, serve 
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as a reminder that experimental determinants of ‘native’ conditions in MS need to 

be carefully examined. This is particularly true for small proteins, as these possess 

a comparatively high number of charges relative to the number and strength of 

noncovalent interactions stabilizing the native structure. As such, the occurrence 

of charge-driven processes is facilitated, potentially muddying the relation 

between structure in solution and in the gas phase. 

 

11.4 Conclusion 

We have explored the conformational space occupied by ubiquitin during charge 

reduction ETD (crETD). The resulting (collapsed) states span the same range of 

collision cross-section values as ions of the same charge state generated directly 

by electrospray ionization; however, collapsed states are generally less stable 

toward collision-induced unfolding than the solution structure. Furthermore, we 

have described a method of estimating apparent branching ratios for competing 

reaction pathways under ETD conditions. Due to conformation-dependent 

depletion of noncovalent ETD fragment complexes, this ratio is strongly 

dependent on gas-phase ion structure, and a clear correlation with arrival time in 

ion mobility exists. This correlation indicates that, despite the limited stability of 

collapsed ions, ‘local’ stabilizing interactions, leading to increased preservation of 

fragment complexes, are more prevalent in these compact states than extended 

ones. The observation that in-source ion activation leads to increased collapse 

following charge reduction is surprising, and more in-depth work on the kinetics 

of charge-driven gas-phase refolding will be the focus of future research. 
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Conclusion and outlook 

 

Native (ion mobility-)mass spectrometry and top-down proteomics have recently 

emerged as powerful techniques for comprehensive protein analysis. It should 

come as no surprise then, that the combination of both, particularly when novel 

dissociation methods are employed, is rapidly opening up new vistas in the 

analysis of higher-order protein structure and dynamics. However, as the power 

and complexity of instrumentation increases, it becomes correspondingly more 

important to possess a thorough understanding of the physical and chemical 

factors which can affect analysis results. Only in this way can one investigate the 

desired aspects of these biomolecules in a rational manner. 

The most obvious aspect to investigate is of course the native solution structure, 

and as many aspects of this are known to be preserved in native (IM-)MS 

experiments, the value of these techniques is evident. Using ion/ion chemistry to 

reduce the gas-phase charge state of ions, we have shown how two major known 

problems in native MS, namely peak overlap and ambiguity in charge state 

assignment, can be overcome. Meanwhile, our data indicate that electron-based 

dissociation, if tuned correctly, induces preferential backbone cleavage at the 

exposed surface. This method therefore has the potential of supplementing low-

resolution IM data with residue-specific surface mapping, potentially providing 

constraints which could be used for structural modeling. While the native ETD 

literature is still relatively sparse, there is mounting evidence that ECD can be 

used to map interaction, surface, and/or flexible regions in proteins and 

complexes. Given the general similarities between these two dissociation 

methods, it is reasonable to expect ETD will find a similarly broad range of 

applications, although further studies will be required to prove this. 

Moving away from the ‘mere’ characterization of the native structure, the true 

strength of native mass spectrometry lies perhaps in the investigation of gas-

phase protein dynamics on a very short (millisecond) timescale. As such, we have 

shown how a ‘conventional’ CIU experiment can be supplemented with ETD, in 

order to relate the (low-resolution) shift in arrival time with changes in 

fragmentation behavior due to unfolding of specific regions within the protein. 

We have also shown that the isotopic distribution of proteins and reaction 

products contains a wealth of information, which is typically ignored and even 
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considered a nuisance by the majority of analysts. While not directly providing 

information on higher-order structure, the MIND algorithm we have developed 

allows convenient data processing based on the most abundant peak in the 

isotope distribution of an intact protein. This addresses a potentially significant 

issue, particularly as (non-native) top-down proteomics workflows are entering 

the mainstream and targeting ever-larger proteins. 

As with IM, we can again combine this isotope distribution analysis, in itself a 

potentially powerful technique, with ETD in order to derive more information 

than from either method alone. In this way, we have shown that survival of 

metastable reaction products – specifically, noncovalent fragment complexes – 

can be linked to IM data. Furthermore, we found that collapsed charge-reduced 

states, formed on a low-millisecond timescale in the gas phase, exhibit significant 

‘local’ stabilization, despite the global fold being significantly less stable toward 

collisional unfolding than the equivalent charge states produced directly by 

electrospray ionization. 

Regardless of solvent conditions and (lack of) gas-phase activation, what all MS-

based methods have in common is that they analyze the protein in what is 

essentially the opposite of its native environment – indeed, the conventional 

‘hydrophilic surface, hydrophobic core’ model for globular proteins becomes 

thermodynamically less stable than its exact inverse. As such, while it seems 

reasonable that the native structure is in many cases preserved to a large extent 

due to kinetic trapping, it is fair to question whether the study of unfolding and 

collapse in the gas phase can teach us anything applicable to (biologically 

relevant) behavior in solution. However, while the absence of solvent very likely 

does lead to a change in the energetic ‘landscape’ (hypersurface) for a folding 

polypeptide chain, these methods allow us to study the intrinsic properties of 

these biopolymers. The fact that a large community of researchers is devoted to 

studying protein structure and dynamics in this ‘simplified’ solvent-free 

environment, gaining new insights almost on a daily basis, is rather humbling, and 

it can be expected that the field of ‘structural’ (if not always native) protein mass 

spectrometry will continue to be a very active one for years to come. 
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