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Mass spectrometry is well-established as one of the primary methods used to characterize 

peptides and proteins. New advances in instrumentation and innovative analytical workflows 

have continued to expand the range of applications of mass spectrometry for proteomics. 

The ability to determine sequences, pinpoint modifications, and quantify vast numbers of 

peptides or proteins remains the key mission of mass spectrometry-based proteomics. There 

also remains great fundamental interest in understanding the intrinsic properties of peptides 

and proteins in the gas phase, such as mechanisms of charging, conformations, and 

reactivity. One of the cornerstones of the comprehensive analysis of peptides and proteins by 

mass spectrometry is the utilization of ion activation methods, primarily in the context of 

tandem mass spectrometry (MS/MS), to cause informative dissociation of the ions of 

interest. An array of activation methods has been developed to energize ions and promote 

reproducible fragmentation in a way that generates a molecular fingerprint. These 

fingerprints can be used to assign a sequence of a peptide or protein, localize its 

modifications, and/or allow high throughput quantitation based on specific fragmentation 

pathways. The critical role of ion activation in mass spectrometry-based proteomics 

strategies has had a tremendous impact in fields ranging from cancer biology to structural 

biology to the development of biotherapeutics. The broad utility of MS/MS explains why 

there continues to be new developments and applications of ion activation for peptides and 

proteins despite the maturity of the field. This Review will provide an overview of some of 

the latest advances of ion activation methods over the past four years (2016 through 2019) as 

a sequel to a comprehensive review that was published in January 2016.1 Owing to the 

widespread use of mass spectrometry for proteomics, there have been an array of 

outstanding reviews over the past few years, including a number of technique-based reviews 

of MS/MS that provide key insight and foundational knowledge to which readers are 

directed.2–22 After introducing the fundamental concepts and nomenclature of MS/MS, the 

next sections of this review discuss the most common activation methods used for peptides 

and proteins. This is followed by an overview of new mass spectrometry applications in 

which ion activation plays a key role.

TANDEM MASS SPECTROMETRY AND PROTEOMICS

The core of most tandem mass spectrometry approaches for analysis of peptides and proteins 

is the ion activation method used to energize ions and promote a reaction, most often 
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fragmentation. The resulting fragmentation patterns hold the key information to assign a 

sequence, localize modifications, and in some cases, differentiate isomers. Traditionally, 

ions have been isolated on the basis of mass-to-charge (m/z) ratio prior to activation, thus 

generating a specific fragmentation pattern for a selected precursor ion. This requirement for 

ion isolation is no longer the universal norm, owing to the development of elegant multiplex 

methods in which broader ranges of precursor ions are simultaneously activated, generating 

composite fragmentation patterns that are deciphered using postprocessing approaches (as 

described in a later section). The majority of ion activation methods for peptides and 

proteins focus on the addition of energy to induce fragmentation, while not promoting other 

types of reactions. Thus, these dissociation methods are emphasized in this review. The 

general mode of energizing ions occurs in a stepwise manner, such as via a series of low-

energy collisions with a target gas (collision induced dissociation (CID) or collisional 

activated dissociation (CAD)) or via absorption of low-energy infrared (IR) photons 

(infrared multiphoton dissociation (IRMPD)). Alternatively, ion activation may involve 

faster, higher energy deposition via collisions with surfaces (surface induced dissociation 

(SID)) or absorption of ultraviolet photons (ultraviolet photodissociation (UVPD)). 

Activation via electron transfer has led to a number of methods, including electron capture 

dissociation (ECD), electron transfer dissociation (ETD), and a host of related offshoots 

(electron induced dissociation (EID), electronic excitation dissociation (EED), electron 

detachment dissociation (EDD)), many of which have been applied for the analysis of 

peptides and proteins. The types, abundances, and distribution of fragment ions are 

modulated by the mechanism and net energy deposition of activation and are not always 

predictable. In addition, specific structures of the resulting fragment ions are frequently not 

fully elucidated. Despite some of the yet unresolved details of ion activation mechanisms 

and structures of the product ions, what has become clear is that utilizing multiple activation 

methods, either in parallel or combined in hybridized strategies, often provides the most 

comprehensive insight for analysis of peptides and proteins. The quest for even more 

information-rich MS/MS spectra that reveal previously uncharted structural details continues 

to motivate the development of new ion activation strategies and their application toward 

increasingly challenging problems in proteomics and structural biology.

For applications of ion activation methods to proteomics, the approaches are categorized as 

bottom-up, middle-down, and top-down, depending on whether proteins are digested into 

peptides (bottom-up and middle-down) or analyzed as intact molecules (top-down). Analysis 

of small peptides, done in bottom-up methods, is arguably the easiest of the three categories, 

both in terms of separation of complex mixtures, using chromatographic or electrophoretic 

methods, and production of informative fragmentation patterns. It is the robust and 

reproducible nature of bottom-up methods, in addition to the advanced state of high 

proficiency data interpretation algorithms (database search and de novo methods), that have 

made the popularity of bottom-up methods unsurpassed by any other proteomics method. 

However, one of the recognized drawbacks of peptide-based analysis is the potential loss of 

contextual patterns of post-translational modifications when reconstructing proteins based 

on limited subsets of small peptides. The “middle-down” approach is aimed at generating 

and analyzing significantly longer peptides on the basis of restricted proteolysis of proteins, 

thus focusing on peptides that cover longer sequence stretches while bypassing the 
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challenges raised by analyzing intact proteins. The top-down approach directly interrogates 

intact proteins, offering the potential to maximize sequence information, but encompasses 

more significant hurdles with separations of mixtures of proteins and data analysis. With 

respect to the role of ion activation in these different proteomic workflows, the greatest 

challenges are encountered with the analysis of intact proteins owing to their large sizes and 

complexity. All of the aforementioned methods have been supported and advanced by the 

development of sophisticated algorithms and search engines for comprehensive peptide and 

protein identification. Readers are directed to numerous reviews and references that cover 

mass spectrometry workflows for proteomics and software tools.2–9

FRAGMENTATION NOMENCLATURE

The nomenclature developed for classifying the types of fragment ions produced by peptides 

and proteins is a well-established code-based system. The fragment ions are categorized 

alphabetically on the basis of the backbone bond or side chain that is cleaved, with subscript 

numbers designating the number of amino acids contained in the fragment ion relative to the 

N- or C-terminus. The nomenclature system is summarized in Figure 1.23 Cleavages of the 

labile C–N amide bonds of the peptide or protein backbone are prominent upon low-energy 

activation methods, such as CID and IRMPD, resulting in formation of b- and y-type ions. 

The loss of NH3 or H2O from b/y ions, as well as the loss of CO from b-type ions to produce 

a-type ions, is common. Electron-based activation methods, including ECD and ETD, 

promote the cleavage of N–Cα bonds, which results in c/z-type fragment ions. Activation 

methods that result in higher energy deposition allow one to access a more diverse array of 

fragmentation processes. For example, UVPD generates a/x ions via cleavage of Cα–C 

bonds as well as b/y and c/z ions. In general, the a/x, b/y, and c/z ions are the ones most 

useful for identifying the primary sequence of a peptide or protein. The production of 

internal ions, ones arising from the cleavage of multiple backbone bonds, is also possible, 

and they are typically more difficult to assign because they are not anchored by the N- or C-

terminus. Two other types of informative but less frequently generated ions include 

immonium ions, which are low mass ions composed of an individual amino acid, and side-

chain loss products classified as d, v, and w ions. The latter are particularly useful for 

differentiating isomeric leucine/isoleucine and aspartic acid/isoaspartic acid residues in 

peptides or proteins.

COLLISIONAL ACTIVATION

Collisional activation continues to be the most popular method for characterization of 

peptides and proteins.24,25 The activation process originates from collisions between ions 

and inert gas molecules, thus promoting the conversion of kinetic energy to internal energy 

and causing fragmentation. The simplicity and high fragmentation efficiency of collisional 

activation methods has ensured their widespread implementation on all types of mass 

spectrometers. CID has been utilized in countless investigations of peptides and proteins, 

and its exceptionally robust performance has been showcased in numerous high throughput 

proteomics applications, resulting in the identification of thousands of proteins. CID for the 

characterization of peptides or intact proteins has several well-known limitations, largely 

related to the stepwise mechanism of energy deposition, which leads to preferential cleavage 
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of the lowest energy bonds. This shortcoming hampers the localization of post-translational 

modifications and limits the effective dissociation of larger proteins due to the limited 

energy input. In addition, certain residue-specific backbone cleavages may dominate the 

fragmentation patterns of peptides and proteins, depending on the charge states selected for 

analysis, an outcome related to the number of mobile protons. The role and impact of mobile 

protons was recognized as a key concept that influenced peptide fragmentation, ultimately 

leading to the formulation of the landmark mobile proton model. The mobile proton model 

rationalizes the fragmentation pathways of protonated peptides on the basis of the number of 

ionizing protons and their ability to migrate along the peptide backbone to catalyze charge-

site initiated backbone cleavages. For example, the propensity for backbone cleavages 

adjacent to specific amino acids, particularly proline and aspartic acid, may be enhanced, 

depending on the charge state of the peptide or protein ion, thus suppressing fragmentation 

at other backbone positions. Despite the impressive metrics of collisional activation, its 

limitations have motivated the exploration of other ion activation methods, as well as hybrid 

(combination) methods, many of which are now used as complementary strategies in 

addition to CID for analysis of peptides and proteins.

IN-SOURCE DISSOCIATION

Conventional CID is typically performed in a collision cell after isolation of a specific 

precursor ion or set of precursor ions. Alternatively, ions can be activated as they exit the 

source region during transfer to the ion focusing or mass analyzer regions in a process 

named in-source dissociation (ISD). ISD is controlled by the voltages applied during the ion 

transfer process, leading to acceleration of the ions and collisions with gas molecules in a 

manner rather similar to CID yet without precursor ion selection. ISD can be used not only 

for ion fragmentation as an alternative to or to complement MS/MS methods but also for 

improved desolvation and removal of adducts.26–28 The lack of precursor ion selectivity is 

balanced by the often efficient ability to decongest mass spectra by eroding the 

heterogeneous population of solvated ions and adducts. ISD has also been used to cleave 

both backbone and disulfide bonds in peptides29 as well as cleave glycans from 

glycopeptides, leaving an N-acetylglucosamine attached to the peptide, thus facilitating 

localization of the sites of glycosylation in subsequent MS/MS experiments.30 Currently, 

ISD is mainly utilized in investigations of noncovalent protein complexes.31–35 This 

technique is routinely employed to disassemble protein complexes prior to subsequent 

characterization of the subunits or individual proteins by MS/MS.33–35 ISD can also be used 

to simply desolvate proteins and/or protein complexes, which provides better resolution in 

the resulting mass spectra. Despite being a nonselective activation method, ISD has proven 

useful in a variety of applications.

ELECTRON-BASED ACTIVATION

Rivalling collisional activation, electron-based dissociation methods have become a 

powerful mainstay in proteomic analyses. For a thorough examination of electron-based 

activation methods, readers are directed to recent reviews that provide an excellent recount 

of the applications, mechanisms, and evolution of these approaches as well as the 

instrumental and methodological advances that have fostered widespread adoption of these 

Macias et al. Page 4

Anal Chem. Author manuscript; available in PMC 2021 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



techniques.10,11 Here, we briefly cover the principles of electron-based activation methods 

and recent advances.

The most mature of these electron-based methods, electron capture dissociation (ECD),36 

involves the addition of a low-energy thermal electron to a protein or peptide to generate a 

charge-reduced radical that may rearrange to induce cleavage of the peptide backbone. 

Electron transfer dissociation (ETD)37 serves as the ion/ion reaction equivalent of ECD; 

rather than trapping a free electron, an anionic reagent is introduced to an ion trap mass 

analyzer holding a population of positively-charged peptides or proteins. When the ions 

interact, the anion transfers an electron to the peptide or protein to induce both charge 

reduction and fragmentation of the backbone. Both ECD and ETD lead to preferential 

cleavage of N–Cα backbone bonds to produce c- and z•-type fragments.36,37 Because the 

activation/fragmentation process in ETD and ECD occurs with little vibrational energy 

redistribution, many noncovalent interactions are conserved, and backbone cleavages may 

reflect protein higher-order structure.38 Conversely, the preservation of noncovalent 

interactions, particularly for ions with low-charge density, can inhibit separation of the 

fragment ions, hindering the analysis of protein primary structure and PTM localization. To 

surpass this hurdle, supplemental excitation has been used to disrupt interactions between 

fragments, such as via collisional activation39,40 or infrared photoactivation.8–10 A recent 

breakthrough has been the addition of an IR laser to a quadrupole-Orbitrap-quadrupole 

linear ion trap hybrid system for the simultaneous irradiation of ETD products with IR 

photons (known as activated ion-ETD (AI-ETD)) to disrupt higher-order structure and 

improve sequence coverage.41 Triumphs of AI-ETD spurred by this recent development are 

discussed in a later section.

Although ECD was originally commercialized on an FTICR mass spectrometer, the 

widespread implementation of ECD on other platforms has been limited by the need for 

cotrapping of low-energy electrons and positive ions. Renewed interest in ECD as a viable 

option for proteomics applications was stoked by the development of a novel 

electromagnetostatic (EMS) cell42,43 that was utilized recently to equip Orbitrap systems 

with ECD capabilities.44,45 The cell was designed to require minimal changes to the 

instrument hardware and to function independently from the instrument’s internal 

programming. The cell circumvented the need to simultaneously trap positively-charged 

analyte ions and electrons by placing electrons in the ion flight path. Two ring magnets 

generate a magnetic field with a “bottle” configuration that axially confines electrons 

(generated from a heated loop filament in the center of the cell) to be aligned with the 

trajectory of passing ions. Placement of the EMS cell either prior44 to or after45 the C-trap in 

a Thermo Q-Exactive Orbitrap mass spectrometer proved successful for ECD of peptides.
44,45 Preferential cleavage of disulfide bonds was also observed, pinning potential to this 

configuration as a tool for disulfide mapping.44 Notable performance of the EMS cell was 

also demonstrated for top-down analysis of intact proteins.44,45 ECD on the Orbitrap mass 

spectrometer surpassed the standard higher energy collisional dissociation (HCD) 

capabilities of this platform, in terms of both sequence coverage and percent matching 

fragments when applied to myoglobin and ubiquitin.44 Furthermore, this platform afforded 

the potential to couple ECD with beam-type collisional (EChcD) and photo- (ECuvPD) 

activation techniques to further enhance protein characterization.45 Although challenges 
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remain toward integrating this ECD mode with data-dependent LC-MS/MS methods, 

antibody subunits were successfully characterized with high sequence coverage via an LC-

MS/MS strategy.45 Overall, this promising development displays the potential to broaden the 

scope of ECD as a standard tool in proteomics.

Other existing electron-based methods (“hot” ECD (hECD), electronic excitation 

dissociation (EED), and electron capture-induced dissociation (ECID)) as well as those 

aimed toward the analysis of anionic peptides (electron-detachment dissociation (EDD), 

negative electron transfer dissociation (NETD), and negative ion electron capture 

dissociation (niECD)) have not undergone significant breakthroughs in the last four years in 

the context of peptide or protein analysis. For detailed descriptions of these methods, readers 

are directed to a recent review.10

PHOTODISSOCIATION

The use of photons to activate ions has a rich history, in terms of both the diverse photon 

sources and mass spectrometer platforms utilized for photoactivation and the large array of 

concomitant applications.13,14,46–53 The implementation of photodissociation requires a 

suitable source of photons and a means of introducing the photons into the mass 

spectrometer to intersect or overlap with the ions in a controlled manner. Photon sources 

successfully used for photodissociation have been cataloged in prior review 

articles13,14,46–53 and include CO2 lasers, excimer lasers, solid state Nd:YAG lasers, 

femtosecond titanium sapphire lasers, tunable optical parametric oscillator lasers, gas 

discharge lamps, synchrotron radiation sources, and even light emitting diodes. Applications 

of photodissociation have been reported using wavelengths ranging from the infrared (e.g., 

10.6 μm) to vacuum ultraviolet. Depending on the mode of photodissociation, the activation 

process entails absorption of one or more photons resulting in the excitation of vibrational 

modes (akin to low-energy collisional activation via absorption of multiple IR photons) or 

access to excited electronic states (via absorption of UV photons). Despite the large and 

growing number of academic groups that have modified home-built or commercial mass 

spectrometers for photodissociation, there have been relatively few fully integrated 

photodissociation-enabled commercial systems. Infrared multiphoton dissociation (IRMPD) 

is available on a high performance FTICR platform (Bruker Daltonics Inc.), and ultraviolet 

photodissociation using a 213 nm solid state laser was integrated on an Orbitrap platform 

(Thermo Fisher Scientific) in 2017.

Readers are directed to other review articles in the past ten years,13,14,46–53 as well as a very 

recent comprehensive review about ultraviolet photodissociation to be published in 2020,14 

that have provided detailed accounts of the instrumentation, mechanisms, and general 

applications of photodissociation. In recent years, the growing familiarity with the attributes 

and performance of photodissociation and greater availability of photon sources have 

motivated the integration of photodissociation with other orthogonal methods, including ion 

mobility, hydrogen–deuterium exchange, and capillary electrophoresis. Owing to the wide 

range in the implementation and applications of photoactivation, numerous variations of 

photodissociation have been developed and explored for the characterization of peptides and 

proteins, many of which are described throughout this article.13,14,46–53

Macias et al. Page 6

Anal Chem. Author manuscript; available in PMC 2021 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SURFACE INDUCED DISSOCIATION

Surface induced dissociation (SID) was first reported over 30 years ago and was recognized 

even then as a method that offered the potential for high-energy deposition owing to the use 

of a target of enormous mass (a surface) for collisions with ions.54–56 Collision with a 

surface provides a route for fast, high-energy deposition that opens up new fragmentation 

pathways not accessible with slower, lower energy methods like CID. SID has been 

implemented in a wide array of mass spectrometers, including Q-TOF, Orbitrap, and FTICR 

platforms,57 and a variety of surfaces have been utilized, including graphite, diamond, 

Langmuir–Blodgett films, fluorocarbon, and functionalized alkanethiolate self-assembled 

monolayer films. Moreover, SID has proved successful for fragmentation of peptides, 

proteins, and protein complexes,16,57,58 providing primary sequence and structural 

information. Recently, it has been shown that SID of protein complexes releases 

subcomplexes that remain in folded states.16 Additionally, this leads to more symmetric 

partitioning of charge among the disassembling subunits than observed for CID and UVPD 

and also allows topologies of protein complexes to be inferred.16 Further, protein–ligand 

complexes dissociate upon SID to generate fragment ions that contain the bound ligand, 

yielding insight into the binding site.57,58 With the adoption of SID by a growing number of 

groups,59,60 its applications and attributes are anticipated to continue to expand, a number of 

which are described in subsequent sections.61–66

ION/ION PROTON TRANSFER REACTIONS AND PARKING

The analysis of intact proteins by mass spectrometry is challenging due to their high mass, 

the presence of proteoforms, and the prevalence of multiply charged ions with overlapping 

charge state envelopes and isotopic profiles, the latter occurring for both precursor ions and 

fragment ions. Charge state manipulation by ion–ion reactions, a strategy pioneered by the 

McLuckey group,67,68 can be used to reduce spectral complexity. Ion–ion proton transfer 

reactions entail the reaction between peptide and protein cations with a proton scavenging 

anion that extracts protons from the peptides, proteins, or the fragment ions generated after 

MS/MS, thus causing the reduction of charge states of the ions.67,68 The ions are dispersed 

through a broader m/z range, thus diminishing the overlap of ions that share the same m/z 
ratios, ultimately decongesting the spectra. This established approach was adapted to reduce 

the charge states of histone ions prior to ETD in the recent LC-MS/MS analysis of 

proteoforms of the H2B histone.69 Charge reduction facilitated the dispersion of isotopic 

clusters, thus improving the ability to isolate them prior to activation. This strategy allowed 

one to identify H2B proteoforms that differed by a single amino acid, an analysis that would 

be difficult to achieve chromatographically.69 A similar approach was used to characterize 

monoclonal antibodies (mAb), including localization of disulfide bonds.70

During ion/ion proton transfer reactions, it is difficult to avoid sequential charge-reduction 

reactions that lead to the neutralization of ions. Owing to this reason, the McLuckey group 

developed a technique based on the application of specific waveforms to the ion trap to 

allow ions of a specific m/z to be “parked” after undergoing sufficient charge-reduction 

reactions.71 This manipulation of multiple ions with different m/z values was termed parallel 

ion parking. More recently, ion parking has been implemented in an Orbitrap platform with 
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PTR and UVPD to analyze intact proteins such as ubiquitin, myoglobin, and carbonic 

anhydrase72 and determine the charge state dependence of fragmentation by UVPD and 

HCD. UVPD showed less charge dependence compared to HCD, the latter exhibiting 

improved performance for intermediate charge states.72 Parallel ion parking was also 

adapted to control ion–ion proton reactions for the analysis of intact E. coli ribosomal 

proteins by LC-MS/MS.73 With this approach, the sensitivity of the method was increased 

by concentrating multiple-charge states into a single-charge state, ultimately allowing the 

identification of proteins that were below the S/N ratio and not detected in the MS1 survey 

spectra.73

ION ACTIVATION AND MS/MS APPLICATIONS FOR PEPTIDES, PROTEINS, 

AND PROTEOMICS

Post-Translational Modifications, Isomeric Amino Acids, and Cyclic Peptides.

The ability to determine minor variations in primary sequences of proteins is a hallmark of 

tandem mass spectrometry. A goal that transcends basic sequence analysis is the localization 

of post-translational modifications (PTMs) and differentiation of isomers, an endeavor that 

has driven advances and innovative applications of separation techniques, hybrid-activation 

methods, and both top-down and middle-down approaches. This section emphasizes new 

applications of established tandem mass spectrometry techniques (CAD, electron-based 

activation, UVPD) to address the challenges of PTM analysis, differentiating isomeric 

residues, mapping disulfide bridges, and characterizing cyclic peptides.

There is an array of different post-translational modifications that result in the covalent 

attachment of functional groups to side chains of amino acids, as exemplified by the ones 

shown in Figure 2, and which greatly expand the diversity of the proteome. One of the most 

common PTMs, protein phosphorylation, regulates almost every basic cellular process 

including growth, division, and immunity.74 Mass spectrometry-based phosphoproteomics is 

now an expansive field with a broad suite of innovative tools and methodologies capable of 

tracking and quantifying protein phosphorylation events at an inspiring scale.2 Readers are 

directed to recent comprehensive reviews on phosphoproteomics that cover recent advances 

and discoveries regarding phosphorylation identification/localization strategies, activation 

methods, and fragmentation mechanisms, with excellent detail regarding benefits and 

drawbacks of collisional activation, electron activation, and electron activation with 

supplemental activation.2,3 Many other more specialized reviews on phosphoproteomics and 

particular diseases have also been published, and thus, this topic will not be covered here.
75,76

Another important PTM, glycosylation, is a prevalent protein modification that affords 

particular challenges owing to the variability in the potential sites of modification as well as 

sizes of the attached glycans, ranging from single sugars to much larger branched 

polysaccharides. The versatility of separation methods that can be coupled to mass 

spectrometry and the variety of ion activation methods capable of dissociating the 

compositionally distinct biopolymers (i.e., oligosaccharides and peptides) have led to 

significant strides in the applications of mass spectrometry toward glycoproteomics.5,77 
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Some aspects of glycoprotein analysis are covered in other sections of this review (hybrid 

activation techniques, top-down, and middle-down proteomics), and are thus not readdressed 

here. Readers are directed to outstanding recent reviews of glycoproteomics that recount the 

tandem mass spectrometry-based methodologies adopted by the field.5,77

Exemplifying the maturity of bottom-up proteomics, the ability to characterize a wide array 

of PTMs showcases the power of currently available mass spectrometry methodologies. In a 

systematic study spanning common and rare PTMs, the impact of an impressive 21 different 

types of PTMs on the chromatographic properties and fragmentation behavior of 5000 

peptides was evaluated.78 To facilitate this large systematic study, a synthetic peptide library 

was generated comprising 14 lysine modifications, 4 arginine modifications, 2 tyrosine 

modifications, and 4-hydroxylation of proline.78 The fragmentation patterns obtained by five 

MS/MS methods, including HCD, CID, ETD, and hybrid methods EThcD and ETciD, were 

reported, thus providing one of the largest comparisons of activation methods ever reported.
78 Through collection of numerous spectra via LCMS runs and extensive analysis of the 

large data sets, the effect of each modification on retention time was monitored, while 

accounting for differences in each peptide, such as peptide length and modification position.
78 Scoring for each PTM was also compared across activation methods, with HCD resulting 

in the highest scores.78 This large study highlighted the potential breadth and utility of 

multiple ion activation methods for enhancing PTM identification.78 Furthermore, the ability 

to identify multiple and distinct PTMs aids in unravelling PTM cross-talk, the impact of 

individual or collections of PTMs on each other and protein function.79 Recently, the 

identification of both phosphorylated and glycosylated peptides has allowed for the 

identification of a cross-talk motif for these two common PTMs.79 Through kinetic-based 

mass spectrometry assays that utilize ETD to localize the PTMs, phosphorylation was 

determined to hinder O-GlcNAcylation at a (pSp/T)P(V/A/T)(gS/gT) motif. Additionally, it 

was also found that a common proline-directed kinase phosphorylation site, PX(S/T)P, could 

not be O-GlcNAcylated, indicating that PTM crosstalk could not occur at this prominent 

phosphorylation site.79 This revelation serves as an example of the potential biological 

discoveries now being uncovered as a result of advanced MS/MS methodologies.

Increasingly investigated as a prominent PTM in biotherapeutics, disulfide bridges 

covalently link cysteine residues to induce proper structural folding and impart protein 

stability.80–82 In particular, rearrangement or scrambling of the disulfide cross-links in 

monoclonal antibodies (mAbs) can reduce thermostability and antigen affinity.81 

Understanding and mapping disulfide bridges, however, comes with special challenges due 

to the complexity of pinpointing a PTM that simultaneously links and modifies two distinct 

residues. Several novel methodologies have been developed to map disulfide linked cysteine 

residues, such as selective labeling and the cleavage of disulfide bonds via ion/ion reactions.
83 The activation of polypeptides complexed with oxidizing reagent anions, such as 

periodate, resulted in the oxidation of the disulfide to generate a thiosulfinate derivative that 

rearranged to release and allow identification of the bound peptides.83 Cleavage of some 

portion of the disulfide linkages can also be achieved by conventional ETD through gas-

phase reduction of the disulfide bond. Subsequent HCD of the free peptides generates 

sequence fragments that can unambiguously identify disulfide bound cysteine pairs. This 

ETD-HCD strategy was recently applied to completely characterize the previously unknown 

Macias et al. Page 9

Anal Chem. Author manuscript; available in PMC 2021 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disulfide structure of murine Meteorin, a newly discovered neurotrophic factor that has 

shown potential as a drug for neuropathic pain.84 Proteolytic digestion of the protein 

followed by LC-MS resulted in peptide clusters containing multiple disulfide bonds. 

Cysteine binding partners were unambiguously identified by employing ETD to reduce 

some fraction of the disulfide bonds and release free peptides for subsequent identification 

by HCD, resulting in a complete disulfide map.84 Yet, another method for disulfide bond 

mapping involves the use of photoactivation. Building from previous work that demonstrated 

the successful use of UV photons (157 nm85 and 266 nm86) to cleave disulfide bonds in the 

gas phase, both 193 and 213 nm UVPD have recently exhibited potential as disulfide 

mapping tools.87–89 193 and 213 nm UVPD induce simultaneous cleavage of disulfide 

bonds and the peptide backbone.87–89 In one study, 193 nm UVPD was used to release the 

A- and B-chains of insulin while also producing peptide sequence ions with either reduced 

or intact intramolecular disulfide bridges.87 Furthermore, partial reduction and alkylation of 

tryptic peptides using Tris(2-carboxyethyl)phosphine (TCEP, a reducing agent) and N-

ethylmaleimide (NEM, an alkylating agent) prior to 193 nm UVPD allowed the four 

disulfide bonds of lysozyme and the 19 disulfide bonds of serotransferrin to be deciphered in 

an LC-MS/MS workflow.87 In a different approach, it was shown that 213 nm UVPD of 

disulfide bound peptides generated diagnostic sets of triplet ions corresponding to fragments 

that differed by 32 Da, originating from cleavage of the S–S bond and the adjacent C–S 

bonds.88,89 Exploiting the presence of this triplet ion motif in the resulting MS/MS spectra, a 

two-tiered data processing approach was implemented to increase confidence and simplify 

data analysis for cross-linking assignments.89 Although sequence fragments were not as 

prominent as those observed using 193 nm UVPD, sufficient sequence information was 

produced by 213 nm UVPD to allow assignment of disulfide-bridged peptides in a peptic 

digest of mAb Rituximab.89

Distinguishing isomeric amino acids in peptides and proteins is also a demanding endeavor 

that has prompted the search for new MS/MS strategies incorporating multimodal activation 

methods. Distinction of the isomeric isoleucine and leucine amino acids has been a key 

target of interest for antibody de novo sequencing.90 Combinations of several MS/MS 

workflows, including utilizing HCD MSn and ETD-HCD methods, and integration of these 

multistage MSn strategies on an LC time scale have been enabled by novel platforms.91,92 

Translating a multistage CID into a multistage HCD strategy on an Orbitrap platform 

simplified and reduced analysis time previously required for differentiation of Ile/Leu by 

conventional low-energy CID.91,92 The strategy relied on the production of a diagnostic 

immonium ion of m/z 86 that was not consistently observed upon CID owing to the low-

mass cutoff inherent to quadrupole ion trapping instruments.93 Subsequent activation of the 

m/z 86 ion by HCD leads to production of an ion of m/z 69 that is characteristic for 

isoleucine.91–93 The presence of multiple Ile/Leu residues in an amino acid may confound 

identification through this approach. In such cases, HCD may be used to cleave the peptide 

to generate b/y ions that only contain one such amino acid.91 Subsequent dissociation of 

these b/y products by HCD also allows the same m/z 86 to m/z 69 transition to be mapped. 

Alternatively, ETD may be used to generate z ions via backbone cleavage N-terminal to 

Ile/Leu residues. Subsequent HCD produces side-chain losses of either 43 or 29 Da that 

identify the residue as either leucine or isoleucine, respectively.91,92,94 Although these 
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multistage strategies have limited utility for some peptides based on their sizes or charge 

states, these methods are complementary to one another and have been demonstrated on an 

Orbitrap platform on an LC time scale.91,92 Multienzyme digestion and the described LC-

MSn strategies have been used to successfully distinguish Ile and Leu residues in the CDR 

regions of mAb1, mAb2, and the Waters mAb standard.91,92 Similarly, multistage HCD of 

dimethylated peptides also resulted in diagnostic a1 product ions for Ile/Leu,95 resulting in 

the identification of 71% to 94% of the Ile/Leu residues on the heavy and light chains of 

dimethylated SILuLite and Trastuzumab mAbs, respectively.95 When the differentiation of 

isomeric peptides was allowed, these new MS/MS methods advanced the feasibility of de 

novo sequencing through mass spectrometry.

Lacking defined termini, nonlinear peptides like cyclotides and stapled peptides present a 

unique challenge to tandem mass spectrometry for characterizing primary structure. The 

production of informative sequence-type fragment ions upon activation of cyclic peptides 

requires two backbone cleavages, as the first cleavage only opens the ring. Additionally, the 

interpretation of the resulting tandem mass spectra is complicated by the lack of an anchor 

point to which other dissociation events can be referenced as the conventional fragment ions 

(b/y, c/z, a/x) cannot be assigned. Chemical derivatization has been used to circumvent this 

problem and promote preferential fragmentation at specific residues to allow prediction of 

one of the cleavage sites and simplify characterization.96 Through selective deguanidination 

of arginine residues to convert them to ornithines, a selective cleavage site can be 

incorporated to induce backbone dissociation C-terminal to the modified residue.96 In this 

manner, both CID and 193 nm UVPD of stapled peptide sequence variants resulted in 

unique fragments that were used to aid the characterization of cyclic peptides and isobaric 

stapled peptides.96 Two other investigations utilizing 193 nm UVPD for analysis of cyclic 

peptides have been reported.97,98 For microcystin peptides, HCD, CID, multistage CID 

(MS3), and UVPD were used to produce product ions specific to different sequence variants, 

with UVPD performance comparable to HCD.98 For the cyclotide cyO8, UVPD resulted in 

spectra containing a diverse array of fragment types that allowed a confident assignment of 

fragments spanning approximately half of the peptide backbone.97 Although currently 

limited by the lack of appropriate data analysis tools, UVPD induces cross-ring cleavages 

and yields rich spectra that could harbor the necessary information for de novo sequencing 

of these challenging peptides.97

Data Acquisition Methods.

Tandem MS is a powerful tool for the characterization of peptides and proteins; however, the 

rate of data acquisition is slowed by the common practice of isolating and interrogating 

individual precursors in a serial manner. The development of various multiplex MS/MS 

strategies, broadly called data independent acquisition methods, entails the simultaneous 

activation of broader m/z windows of precursor ions, followed by various postprocessing 

methods to link fragmentation patterns to specific precursors. These advanced data 

acquisition strategies allow workflows to be specially tailored for quantitative and/or higher 

throughput applications in proteomics. Ubiquitous across all proteomic approaches, the 

conventional data-dependent acquisition (DDA) strategy entails isolation and activation of 

the most abundant peptides detected in a survey MS1 scan in order to generate high-quality 
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MS/MS spectra. Achieving incredible proteomic depth, this long-standing approach has 

become the standard workflow for proteome discovery-type applications.99 Exchanging 

broad proteome coverage for specificity and sensitivity, targeted methods selectively monitor 

specific peptides, usually to improve upon the quantitative metrics and circumvent the 

stochastic nature of peptide precursor ion selection of DDA. Regarded as the gold standard 

for quantitative proteomics, selected reaction monitoring (SRM) entails isolation and 

activation of selected precursors and monitors specific fragment ions generated from those 

precursors.100 Together, the precursor and fragment ions comprise transitions that can be 

tracked with high accuracy, reproducibility, and sensitivity for peptide (and by inference 

protein) quantification. Parallel reaction monitoring (PRM) offers a targeted approach that 

maintains some flexibility in postacquisition data analysis by monitoring all fragments 

generated by the precursor.101 Transitions best suited for quantitative analysis can then be 

selectively utilized to quantify each peptide. Foregoing precursor isolation, data-independent 

acquisition (DIA) was introduced as an alternative to DDA with improved quantitative 

metrics, yet without a limit in the number of transitions that can be monitored in a single 

experiment.102 Several incarnations of DIA have since arisen, including wide selection ion 

monitoring (WiSIM-DIA) as an alternative that quantifies peptides on the basis of precursor 

intensity, rather than from MS2 features, as is done in traditional DIA.103 These landmark 

data acquisition methods have been the subject of recent reviews.99–102,104

One common DIA strategy, sequential window acquisition of all theoretical mass spectra 

(SWATH-MS), has gained major interest for deep proteomic analyses. The strategy, along 

with the implementation and optimization thereof, are expertly detailed in a previous 

tutorial.104 MS/MS is implemented by simultaneous activation of all ions in a defined m/z 
window, using multiple windows to cover a wide range of precursors with high efficiency. 

Typically, a peptide-centric scoring approach is taken where a spectral library containing 

high-quality MS2 spectra for known peptides is used to parse through the data based on 

defined precursor-to-fragment ion transitions and expected retention times. Figures-of-merit, 

including LLOQs, linear dynamic range, and coefficients of variation, of this now widely 

adopted approach were evaluated in a systematic assessment spanning 11 laboratories.105

Leveraging the reproducibility of this high throughput ion activation strategy, SWATH-MS 

has been implemented to effectively track quantitative changes in biological systems at the 

protein and PTM level. When evaluating the extracellular matrix (ECM) and ECM-

associated proteins, collectively known as the matrisome, SWATH-MS resulted in more 

reproducible and comprehensive analysis than conventional DDA.106 SWATH-MS identified 

54% more liver matrisomal proteins compared to DDA, without the need for utilizing 

extensive enrichment strategies.106 SWATH-MS displayed overall lower sensitivity in the 

analysis of phosphorylated peptides but comparable performance in terms of quantification, 

while offering the advantage of quantifying unexpected phosphorylations when compared to 

SRM.107 SWATH has also been adapted to target the protein glycosylation modifications, 

most notably N-glycosylation based on the alignment of diagnostic fragment ion 

chromatograms with peptide precursor chromatograms.108,109 This SWATH-MS approach 

allowed the identification of unique glycoforms for immunoglobulin M in a complex 

lysate108 as well as unexpected truncated glycopeptides of immunoglobulin G1.109 

Furthermore, DIA technologies have been adapted to monitor N-glycoform stoichiometry at 
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the proteome scale by fragmenting both the modified and unmodified peptides, allowing 

characterization of over 1000 N-glycosites in HEK 293 cells.110

Improvements upon data analysis and acquisition in the traditional SWATH-MS workflow 

have further enhanced peptide identification and quantification. An experimental approach, 

EncylcopeDIA, building and searching chromatographic libraries based on the fragment ion 

chromatographic peak shapes and retention times, demonstrated the detection of 20–25% 

more peptides in human and yeast cells than traditional DDA libraries.110 Improved 

demultiplexing algorithms have also enabled the collection of SWATH spectra acquired 

using overlapping windows to yield an increase in precursor selectivity by almost a factor of 

2 with a 64% improvement in sensitivity and 17% increase in number of peptides detected.
111

Other SWATH-MS efforts have focused on incorporating alternate activation methods to 

introduce specificity into peptide fragmentation, effectively reducing the complexity of the 

chimeric spectra inherent to DIA. Both IRMPD and laser-induced dissociation (LID) have 

been used to preferentially dissociate cysteine-modified peptides in complex mixtures.112,113 

Because sulfoxides have a high IR absorbance at 10.6 μm, IRMPD allowed differentiation of 

cysteine-containing peptides with S-sulfonylation oxidative modifications from unmodified 

peptides.112 473 nm of LID of Dabcyl-derivatized peptides was used to preferentially target 

cysteine-containing peptides, thus providing much greater selectivity in the activation and 

fragmentation of only those peptides that contained the UV-absorbing Dabcyl tag, as 

illustrated in Figure 3.113 An expansive LID spectral library consisting of 354 synthetic 

peptide surrogates for human-related protein kinases was generated to enable the DIA-LID 

approach. Using the spectral library, DIA-LID led to the identification of 76% of the 

synthetic peptides when spiked into a complex E. coli lysate.113

An alternative form of SWATH-MS is broadband DIA in which all ions observed in the MS1 

spectra are activated, typically using in-source CID (MSE),114 without any precursor 

isolation. Although collisional activation is the most common method used for DIA 

strategies, ETD was recently introduced (MSETD) as an alternative activation mode, aiming 

to provide a complementary strategy to MSE.115 MSE applied in a top-down manner has also 

been shown to be feasible on a TOF platform by rapid switching of the voltage used for in-

source dissociation in order to record spectra with and without ion activation.116 This 

method allowed the identification of proteoforms from 14 of the subunits of the 20S 

proteasome.116

In addition to the vast developments in the implementation and application of DIA 

strategies, DDA schemes that improve upon the established workflow have also emerged. 

Advanced peak detection (APD) enhances charge state assignment to target peptide features 

that would otherwise be missed in a typical DDA LC-MS/MS experiment.117 APD 

implements an iterative approach to annotate multiple isotope distributions that overlap in 

m/z space and thus increases the number of unique peptide identifications.117 Another DDA 

strategy aimed at improving the dynamic range of high throughput proteomics is termed 

BoxCar acquisition, entailing fractionation of the survey MS1 spectra into separate m/z 
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windows in order to increase S/N of low abundance species that would otherwise be 

suppressed by more abundant ions.118

The multiplexing concept for MS/MS data collection has also been implemented on FTICR 

mass spectrometers.119 All ions in a sample are activated without ion isolation through the 

use of a more elaborate pulse sequence.119 Ions of different m/z ratios are moved in and out 

of the ICR cell through modulation of their radii according to ion cyclotron frequency by 

using identical pulses separated by an encoding time. This encoding time specifies ions of 

different m/z for selective dissociation, which is performed until the whole m/z range of 

interest is covered. The two-dimensional (2D) Fourier transform yields a 2D graph 

correlating the precursor ions with the respective fragment ions. Although initially conceived 

in 1987,120 the broader application of 2D MS required more advanced algorithms to meet 

the computational demands of the method. Figure 4 shows the schematic representation of a 

2D mass spectrum. Various characteristic lines are observed: the autocorrelation line, 

fragment ion scans, and precursor ion scans. The y axis represents the precursor ions (m/z), 

while the x axis represents the fragment ions (m/z).

Two dimensional MS has been used for both bottom-up and top-down analysis of proteins.
26,119,121–124 In fact, both approaches were used in the same study for the analysis of 

calmodulin with IRMPD as the activation method,121 and the results were comparable to 

those of conventional one-dimensional MS/MS with the advantage of saving considerable 

data acquisition time. Despite the extreme complexity of the spectra, a good sequence 

coverage (~40%) was obtained. In a subsequent study, electron-capture dissociation was 

employed in the 2D MS strategy for the bottom-up analysis of calmodulin.122 The use of 

ECD resulted in a sequence coverage of ~47%, somewhat higher than the sequence coverage 

obtained using IRMPD (~40%), and combining both activation methods improved the 

sequence coverage to ~68%. For further gains in performance, a hybrid method, IR-ECD,123 

was implemented to improve de novo peptide sequencing based on extensive production of 

c/z and b/y ions as demonstrated for cytochrome c. Additionally, IR-ECD facilitated side-

chain losses, resulting in wa-type fragments that allowed the differentiation of leucine and 

isoleucine isomers.123 Recently, an MS3 strategy was used for the top-down analysis of 

calmodulin and ubiquitin26,124 in which the 2D MS method was employed to interrogate 

fragment ions produced by an initial stage of CAD. For a small protein like ubiquitin, 97% 

sequence coverage was obtained.124 The multiplexing capabilities of 2D MS to increase the 

depth of structural information have many other potential applications that are expected to 

emerge in the years ahead.

Hybrid Activation Methods.

To circumvent limitations of current modes of activation, different techniques have been 

combined into a single ion activation step or sequential steps to leverage the benefits of 

constituent techniques for enhanced analysis of peptides and proteins. Electron-based 

dissociation in conjunction with collisional or infrared supplemental activation superbly 

showcases the merits of these methods. For example, despite the success of ETD, a 

drawback has been the lack of informative sequence fragments upon activation of low-

charge density fragments (typically ions in low-charge states). Nondissociative electron 
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transfer (termed ETnoD) predominates due to noncovalent interactions that survive the 

activation step and hamper the separation and detection of fragment ions. One of the original 

methods developed to overcome the ETnoD problem entailed utilizing collisional activation 

to promote disassembly of the products.39 Similarly, implementing broadband HCD of all 

ETD products (EThcD) not only increased the yield of diagnostic sequence ions but also 

resulted in production of b/y ions through activation of the unreacted precursors.40 EThcD 

has garnered extensive use, in large part owing to its commercialization and accessibility. 

With the widespread availability of EThcD, this hybrid method has been adopted in recent 

years for identifying and localizing PTMs that are otherwise difficult to characterize, such as 

phosphorylation,2,125 glycosylation,77,126 ADP-ribosylation,127,128 pyrophosphorylation,129 

and disulfide bridges,130 as well as to distinguish isomeric amino acids such as isoleucine/

leucine131 and 3-/4-hydroxyproline isomers.132 EThcD has also been shown to be 

compatible with isobaric chemical tags (like DiLeu and TMT) to enhance data quality for 

quantitative proteomics.133 Several further applications of EThcD are addressed in recent 

reviews.2,11,77

Originally demonstrated on a dual cell linear ion trap,134 activated ion ETD (AI-ETD), a 

method combining ETD with simultaneous infrared photoactivation, was recently 

implemented on an Orbitrap platform (Figure 5a).41 Concurrent slow heating of the 

precursor through absorption of IR photons unfolds the peptide during ETD, which 

decreases the overall activation time and the extent of hydrogen transfer reactions. As 

illustrated for shotgun proteomics, AI-ETD almost doubled the number of peptide spectra 

matches (PSMs) compared to ETD and demonstrated significant gains in performance for 

low-charge density precursors detected in a mouse brain tryptic digest.41 Another variation 

of this method, AI-ETD+,41 entailed the photoactivation of AI-ETD products after their 

transfer to the low-pressure linear ion trap, which enhanced formation of b/y fragment ions. 

In comparison to AI-ETD and EThcD, AI-ETD+ resulted in a greater number of PSMs and 

generally provided greater sequence coverage.41 For glycoproteomic analyses, AI-ETD 

generated c/z fragments that largely retained the intact glycan, aiding in glycopeptide 

characterization as well as producing Y ions and oxonium ions via glycosidic bond cleavage 

that allowed characterization of the glycan, as illustrated for one glycopeptide in Figure 5b.
135 For phosphoproteomics, AI-ETD identified and localized 24 503 phosphopeptide PSMs, 

tripling the identifications generated by ETD alone and outperforming ETcaD and EThcD, 

even though a significant neutral loss of the phosphate group was observed upon 

photoirradiation.136 AI-ETD yielded higher sequence coverage than ETD, HCD, and EThcD 

for phosphorylated α-casein, allowing unambiguous localization of the eight 

phosphorylation modifications.136 When adapted for a top-down workflow, AI-ETD bested 

ETD, EThcD, and HCD for sequence coverage of both low molecular weight (<20 kDa)137 

and high molecular weight (30–70 kDa)138 proteins. AI-ETD was used to boost sequence 

coverage of proteins possessing disulfide bonds139 and for high throughput top-down 

proteomics.140 Utilizing AI-ETD, 935 proteoforms were identified from human colorectal 

cell line HCT116, compared to 1014, 915, and 871 proteoforms identified using HCD, ETD, 

and EThcD, respectively.140

High-energy 213 nm UV photodissociation has also been coupled with low-energy IR 

irradiation (termed HiLoPD) to increase the diversity of fragment types achieved by either 
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high-energy or low-energy photons alone.141,142 HiLoPD provided a rich array and even 

distribution of a/x, b/y, and z ions as well as d, v, and w ions useful for distinguishing 

isomeric amino acids, such as leucine and isoleucine. For the analysis of ubiquitin, HiLoPD 

displayed greater sequence coverage of the protein (83%) compared to 213 nm UVPD 

(76%).141 In the context of mapping post-translational modifications, this method was 

capable of identifying and localizing modifications such as phospho-tyrosine, phospho-

threonine, and sulfo- and glyco-peptides.142

Hybrid ECD methods, particularly ECuvPD and EChcD, were recently implemented on an 

Orbitrap mass spectrometer equipped with a modular electromagnetostatic ECD cell.45 The 

performance of ECD was compared to ECuvPD and EChcD in the characterization of 

proteins like carbonic anhydrase and subunits of monoclonal antibodies, with each method 

returning good sequence coverage. The best outcome was obtained by combining the results 

of all three methods, yielding, for example, 89%, 92%, and 76% sequence coverage for the 

LC, Fc/2, and Fd subunits of the mAbs, respectively.45

Advances in Separations.

Crucial to expanding the power and depth of MS/MS, innovative separation methods have 

expanded the scale and scope of proteoform analyses. Although the popular use of reversed-

phase chromatography coupled with collisional dissociation has become indispensable to 

standard proteomics workflows,4,6,7 recent innovations have focused on the development of 

alternative separation techniques, with an emphasis on methods to enhance characterization 

of PTMs and to facilitate middle-down and top-down analysis. One such technique is size 

exclusion chromatography (SEC). In SEC, proteins and peptides are separated in MS-

friendly mobile phases by size, rather than by hydrophobicity.143,144 For example, SEC has 

been used to cause coelution of isomers of oxidized peptides, while identification and 

relative quantification was achieved through ETD.145 The application of SEC to purify large 

proteins (>200 kDa) prior to limited proteolysis and analysis of the resulting large peptides 

by ETD enabled the comprehensive characterization (including identification and 

localization of all PTMs) of the 226 kDa heavy chain of cardiac myosin.146 Formerly limited 

by low chromatographic resolution, SEC has been shown to produce robust, reproducible, 

high resolution separations of complex mixtures by the utilization of serial SEC (sSEC).
147,148 sSEC is done by combining SEC columns of decreasing pore sizes in series, and it 

afforded high resolution separations of high MW, intermediate MW, and low MW proteins 

in complex mixtures over a range of 10–220 kDa. In the first application of this technique, a 

sarcomeric protein mixture was analyzed in a top-down manner via sSEC-reversed phase 

chromatography.147 Utilizing three polyhydroxyethyl A columns (with pore sizes of 1000 

Å/500 Å/500 Å) in series, the protein mixture was fractionated and each fraction was 

subsequently separated using a polymeric reversed phase (PLRP) analytical column coupled 

to a Q-TOF mass spectrometer, resulting in the identification of over 4000 additional 

proteoforms than a standard reversed-phase LCMS workflow.147 Additionally, sSEC-RPC 

resulted in a 15-fold increase in the detection of proteoforms greater than 60 kDa and proved 

especially useful for the analysis of both high MW proteins (>200 kDa) and low abundance 

proteins containing PTMs.147 Given the excellent separation of high MW proteins in MS 

compatible solvents, sSEC was used to take full advantage of the ultrahigh resolving power 
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and mass accuracy of FTICR MS for top-down analysis.148 sSEC fractionation of the 

cytosolic heart proteome improved the sensitivity for the analysis of high MW proteoforms 

(>30 kDa), facilitating their identification and characterization via ECD.148 Sample dilution, 

however, has continued to impede more widespread adoption of sSEC as a separation 

method, in some cases requiring the pooling of multiple fractions to ensure sufficient S/N 

for the analysis of intact proteins.

Another separation technique that has been adapted for online MS/MS analysis of intact 

proteins is hydrophobic interaction chromatography (HIC). Complementary to RPC, HIC 

separates proteins on the basis of hydrophobicity and largely preserves the native structure.
149 The elution order is modulated on the basis of interactions between surface exposed 

hydrophobic residues in the protein tertiary structure and stationary phase ligands of 

moderate hydrophobicity. Traditional HIC stationary phases, however, require the use of salt 

gradients that are incompatible with mass spectrometry. To address this challenge, a series of 

increasingly hydrophobic materials were designed to be compatible with MS-friendly (<1M) 

levels of ammonium acetate in the mobile phase.150 With these new materials 

(PolyPENTYL A, PolyHEXYL A, and PolyHEPTYL A) serving as hydrophobic stationary 

phases, reproducible retention times and well-defined peak shapes were achieved for a 

standard protein mixture using a diminishing ammonium acetate gradient (1 M to 20 mM) in 

50% acetonitrile.150 To showcase the utility of HIC to enhance MS/MS, intact monoclonal 

antibodies (mAbs) were purified with the aforementioned HIC materials and characterized 

using ECD on a 12 T FTICR mass spectrometer.151 This strategy yielded impressive 66% 

and 57% sequence coverages of the light and heavy chains, respectively.151 Although still 

under development for online proteomics applications, HIC offers a promising 

complementary separation technique relative to traditional reversed-phase chromatography 

methods.

Capillary zone electrophoresis (CZE) is another alternative separation technique that has 

garnered considerable interest for protein analyses, as recently described in a comprehensive 

review.152 Previous impediments for the application of CZE as a viable tool for top-down 

proteomics included the low injection volumes permitted by this method and confounding 

protein adsorption onto the inner capillary wall. The use of a dynamic pH junction 

technique153 and the development of linear polyacrylamide (LPA)-coated capillaries154 have 

increased sample loading capacity and reduced sample adsorption, respectively. The 

combination of these two approaches resulted in the identification of 580 proteoforms, 

including 180 different proteins, from fractionated yeast via a top-down workflow using 

CAD as the MS/MS mode.155 The largest bacterial top-down proteomics data set to date was 

achieved through a multidimensional SEC-RPC-CZE method, again relying on CAD for the 

identification of 5700 proteoforms in the E. coli proteome.156 Other efforts to enhance top-

down characterization of proteins using CZE-MS have focused on the incorporation of 

alternative ion activation techniques. For example, integrating AI-ETD157 or UVPD158 with 

SEC-CZE resulted in some of the largest proteomic data sets achieved by each MS/MS 

method for top-down analysis. SEC-CZE paired with AI-ETD led to the identification of 

3028 proteoforms in an E. coli lysate, capturing multiple PTMs including N-terminal 

acetylation, methylation, S-thiolation, disulfide bonds, and lysine succinylation.157 

Furthermore, CZE-AI-ETD performance afforded higher quality spectra displaying greater 
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numbers of sequence informative fragment ions compared to HCD for a number of the 

identified proteins.157 SEC-CZE-UVPD (213 nm) of proteins extracted from zebrafish brain 

resulted in the identification of 600 proteoforms, encompassing 369 proteins.158

Other work has focused on using CZE to improve the identification of peptides containing 

specific PTMs that are otherwise difficult to separate or detect.159–161 As also reported for 

top-down proteomics, LPA-coated capillaries and the dynamic pH technique have improved 

CZE for bottom-up applications. For example, a CZE-CID strategy was used for the analysis 

of peptides generated from proteolysis of antibody drug conjugates159 and both ETD and 

CID were used to characterize peptides from histones after CZE separation.160 Using an 

advanced peak determination algorithm (APD),117 a massive data set composed of 4405 

identifications was obtained from the CZE-MS/MS analysis of phosphopeptides enriched 

after LysC proteolysis of a mouse brain extract.161 This large data set was also used to 

explore the electrophoretic mobilities of phosphopeptides and confirmed the 

complementarity of CZE-MS/MS and LC-MS/MS for phosphopeptidomics.161

CZE-MS has also recently been adapted for the separation and analysis of nondenatured 

(native-like) proteins and protein complexes, with HCD for identification.162,163 For the 

latter, the E. coli proteome was prefractionated using SEC with subsequent analysis of the 

fractions using CZE-MS/MS. 144 proteins, 672 proteoforms, and 23 protein complexes were 

identified in this high throughput analysis.163

The examples described above emphasize the benefits of coupling alternative separation 

techniques with tandem MS for peptide and protein analysis. In a number of the highlighted 

studies, the most impressive results were achieved by implementing orthogonal fractionation 

methods to maximize the depth and breadth of analysis,146–148,155–158 and this is likely to 

become an increasingly popular option for mining more information from complex mixtures 

in the future.

Structural Proteomics.

Structural proteomic techniques, such as hydrogen–deuterium exchange (HDX),164,165 

chemical cross-linking (XL),166,167 and covalent labeling (CL),168,169 induce isotopic or 

chemical changes that capture the higher-order structure of proteins. Tandem mass 

spectrometry tracks changes in amino acid composition introduced by each strategy with 

escalating structural resolution and detail as new developments in the application of ion 

activation arise. Some of the recent studies that have benefitted from new advances in ion 

activation are highlighted here.

By encoding solvent accessibility into the isotope distribution, HDX-MS probes the protein 

structure in solution.164,165 When proteins are diluted in D2O, backbone amide hydrogen 

atoms are exchanged for deuterium atoms. As only amide hydrogens accessible to the 

solvent can be displaced, backbone hydrogen bonds, transient interactions, folding, and 

unfolding events sequester regions of the backbone from the solvent and mediate the rate of 

H/D exchange, slowing down the process in ordered regions. The rate of H/D exchange can 

be monitored through high-resolution mass spectrometry by tracking the mass shifts or 

changes in isotope distributions incurred by the deuterium uptake. Sites of deuterium 
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incorporation are more highly resolved via MS/MS analysis of the labeled peptides (bottom-

up or middle-down methods) or proteins (top-down methods). Monitoring the fragmentation 

patterns of deuterated peptides or proteins is a key method used to obtain site-specific 

information about isotopic labeling, but H/D scrambling during ion activation nullifies much 

of the information obtained from the diagnostic fragment ions. H/D scrambling during 

collisional activation has been reported in many prior studies,170,171 whereas the extent of 

scrambling has been found to be minimal for electron-activation methods.172 The quest for 

new activation methods that mitigate hydrogen migration has motivated the exploration of 

UVPD for HDX studies. 213 nm UVPD exhibited a low degree of scrambling, evidenced by 

measuring the deuterium content of a/x and c/z fragments from the peptide scrambling probe 

P1 (sequence HHHHHHIIKIIK2).173 Top-down strategies have also been utilized for HDX-

MS, again with an emphasis on finding and utilizing activation methods that minimize 

scrambling, such as ECD174 and ETD.175,176 213 nm UVPD was reported to proceed 

without scrambling on the basis of the analysis of deuterium-labeled myoglobin and resulted 

in sequence fragments complementary to those produced by ETD.177 In this case, each 

activation method yielded 58% sequence coverage individually but 81% when combined.177

As also noted in the section on PTM analysis, middle-down approaches have been adopted 

for HDX-MS to study proteins too large to be amenable for top-down workflows.176,178 

HDX and limited pepsin digestion prior to disulfide reduction of antibody Herceptin (150 

kDa) resulted in the production of large peptides (12–25 kDa) that afforded extensive HDX 

information on the entire light chain and 95% of the heavy chain via ETD.178 Comparisons 

between the bottom-up, middle-down, and top-down approaches for the characterization of 

histone tail dynamics reported that comparable HDX results were achieved by each 

approach, but inherent to the ETD-based top-down and middle-down approaches, HDX sites 

could be localized with superior resolution by the MS/MS approaches.176 As the 

interpretation of and ability to draw meaningful conclusions from HDX data clearly benefits 

from ion activation methods that minimize scrambling, the increasing availability of 

platforms suitable for photodissociation and electron dissociation of large peptides and 

proteins holds great promise for the application of HDX in structural proteomics.

Capable of “freezing” and mapping otherwise transient interactions, protein chemical cross-

linking coupled to MS/MS has evolved into a high-throughput method for the elucidation of 

protein structure and the identification of protein–protein interactions166,167,179 (see the 

typical workflow in Figure 6). In this technique, a chemical agent of known size and 

chemistry introduces an inter- or intraprotein covalent bond between amino acid side chains 

or between an amino acid and another biomolecule.166,167,179 Following the incorporation of 

the covalent linkages, the proteins are generally proteolyzed and analyzed via bottom-up 

MS/MS methods to identify the cross-linking sites and reconstruct the spatial arrangements 

within proteins or interacting proteins. When two peptides are found to be bound using 

protein chemical cross-linking, it suggests that they are adjacent in the native environment.
166,167,179 Previously, a major factor stunting the application of this technique to complex 

mixtures was the n2 problem.179 That is, the complexity of the search space for peptide 

combinations increases quadratically as the number (n) of possible peptide candidates 

increases. The key to overcoming this hurdle is the introduction of gas-phase cleavable 

cross-linkers to circumvent bioinformatic computational stress by reducing the complexity 
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of data analysis. Some of the original examples of cleavable cross-linkers included the 

protein interaction reporter (PIR),180 which utilized an MS3 strategy for confident 

identification of linked peptides, and disuccinimidyl sulfoxide (DSSO) containing two 

symmetric CID-cleavable sites that resulted in the release of peptides readily identified by 

product ions with diagnostic mass differences.181 Spurred by these developments, clever 

data acquisition strategies have surfaced to capitalize on the combination of multiple 

activation techniques to enhance the cleavable cross-linking concept. For example, one type 

of cross-linker was designed with both a CID-cleavable and an ETD-cleavable bond, each 

cleaved in sequential CID and ETD scans.182 For this linker, each activation method yielded 

distinct signature ions that, when combined, improved cross-link identification. Furthermore, 

sequential CID and ETD scans have been implemented to take full advantage of the benefits 

provided by the DSSO cross-linker to achieve proteome-wide cross-link analysis.183–185 

Utilizing CID to cleave the cross-linker and ETD to produce c/z-type peptide fragments, this 

dual CID/ETD approach proved sufficiently robust to identify cross-linked peptides in 

human cell lysates with high confidence.183 Further incorporation of automated CID-based 

MS3 strategies led to characterization of 1158 and 3301 unique high confidence cross-links 

in E. coli and HeLa cell lysates, respectively.184 Detailed comparisons of five activation 

methods, including CID, HCD, ETD, EThcD, and ETciD, for the analysis of noncleavable 

cross-linked peptides generated from the bis-(sulfosuccininidyl) suberate reaction of three 

proteins (human serum albumin, myoglobin, and creatine kinase) have also been presented.
186 This latter study reported that EThcD proved most effective for cross-linked peptides 

with the highest charge densities, whereas HCD gave the best all-around performance for 

other peptides.186

The portfolio of activation methods applied for cross-link analysis has been further extended 

with the use of 193 nm UVPD.187,188 UVPD was used in a top-down strategy to identify 

intramolecular and intermolecular cross-links, although the method was hampered by the 

heterogeneity of the cross-linking sites, which impeded resolution of isomeric structures.187 

In another application, 193 nm UVPD was used to characterize cross-linked peptides from 

hemoglobin and the E. coli ribosome, finding some that were complementary to the larger 

total number of unique ones identified by HCD.188 The release of dityrosine cross-linked 

peptides via UVPD relieves the n2 problem (i.e., the multiplicative number of potential 

cross-links for a set of n peptides, which increases the chances of random matches) and 

results in reporter ions that facilitate automated cross-link peptide identification with readily 

available MS-cleavable cross-linking software tools.189

The optimization of proteome-wide cross-linking mass spectrometry, including data 

collection and analysis, is described in an expansive protocol.185 Cross-linking/tandem mass 

spectrometry workflows have advanced to the point of allowing massive studies at the 

system-wide level, resulting in compilations of thousands of cross-links and the creation of 

protein interaction networks for complex systems, as exemplified by a recent study of 

Drosophilia melanaogaster embryos.190 As summarized in an overview article,191 there has 

also been considerable progress in applying elegant cross-linking methods for in vivo 

applications, again underscoring the importance of robust ion activation methods for 

identification of the cross-links.
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Covalent labeling coupled to mass spectrometry provides information about protein surface 

structure through the modification of solvent accessible amino acid side chains but with 

fewer bioinformatics hurdles than cross-linking methods.168,169,192 Differential activity of 

the covalent probes favors the modification of more accessible surface-exposed side chains, 

while buried residues remain less modified or completely unmodified.168,169,192 Monitoring 

the extent of modifications, typically via proteolytic digestion of the proteins of interest and 

quantitative LC-MS/MS analysis of the resulting peptides, provides a snapshot of protein 

topology.168,169,192 A comparison of the degree of protein modification under different 

conditions can thus be achieved at the single-residue level to resolve topological changes 

that occur during folding events and ligand binding as well as modulation of accessibility 

owing to protein–protein interactions.168,169,192 As summarized in several excellent reviews,
168,169,192–197 numerous innovations in covalent labeling have been reported, and these 

strategies are not even being used to probe protein solvent accessibility in vivo.198 Covalent 

labeling workflows have rarely departed from the standard bottom-up approach utilizing 

either collisional activation or electron-activation methods for the identification of peptides, 

and readers are directed to the review articles cited above to gain more insight into the 

methods and the conventional use of MS/MS for peptide analysis and the reconstruction of 

protein structural features.

ION MOBILITY AND MS/MS

Ion mobility (IM) is a collision-based process that separates ions on the basis of their size, 

charge, and shape. Although not an ion activation method, ion mobility (IM) provides 

another dimension of separation for characterization of peptides and proteins and has been 

integrated with many activation methods to provide structural insight about fragment ions199 

or to disperse congested populations of ions prior to or after activation.200–202 Commercial 

mass spectrometers now provide a number of different types of ion mobility methods, 

including drift-tube ion mobility spectrometry (DTIMS), traveling-wave ion mobility 

spectrometry (TWIMS), and field-asymmetric ion mobility spectrometry (FAIMS), among 

others. The description of these methods is beyond the scope of this article, and readers are 

directed to many recent reviews that have covered ion mobility.17–19,203

IM coupled to MS/MS can aid in the analysis of peptides, proteins, and protein complexes 

by improving the sensitivity, speed, and limit of detection of the method. IM has also been 

shown to be able to separate isomers, thus facilitating characterization by MS/MS. 

Additionally, by adding IM to LC-MS/MS, the additional dimension of separation allows 

improved peak capacity and the removal of background interferences.200,204–206 FAIMS 

coupled to LC-MS has shown to improve the separation of precursor ions and thus boost the 

identification of proteins by 2-fold in a human cell line.207,208 FAIMS has also been used to 

separate peptide variants and improve the localization of PTMs by ETD.209,210 The same 

technique was used in a middle-down approach and proved to be efficient in the separation 

of larger peptides and the localization of PTMs.211

In the past few years, IM has proven to be invaluable in structural proteomics through the 

measurements of collision cross sections (CCS), an indicator of ion size. These 

measurements are important to determine the conformation of peptides, proteins, and protein 
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complexes as well as their subunits.203,212,213 Nevertheless, CCS measurements alone are 

not sufficient to provide information about the stoichiometries, locations of bound ligands, 

and structures of subunits. Therefore, many studies have combined information from IM 

measurements with MS/MS to provide greater insight into structures of macromolecular 

complexes. An example of this multipronged approach was used to decipher the binding 

sites of cobalt and manganese and confirm significant changes in the structure of α-

synuclein, an intrinsically disordered protein, upon metal binding.34 The combination of 

fragmentation information from ECD and CAD improved the sequence coverage obtained 

from the analysis of the intact protein, and the complementary CCS values derived from the 

IM measurements revealed the compaction of the protein after metal binding.34 In a similar 

manner, ECD and IM were also integrated to elucidate the interaction between a molecular 

tweezer assembly modulator and the tau protein.214 For this study, ECD was used to 

determine the binding site, localize phosphorylation sites, and obtain sequence coverage of 

tau, whereas IM provided insight into the overall changes in tau conformation upon tau 

binding.214 Another recent study combined ECD and IM to characterize monomers and 

tetramers of apolipoprotein isoforms.215 ECD of the tetramers caused fragmentation 

primarily from the N-terminus, whereas evidence of fragmentation of the C-terminus 

occurred when the tetramers were subjected to collisional activation prior to ECD, 

suggestive of unfolding.215 In a different approach, electron transfer reactions were used as a 

tool to reduce the charge states of cytochrome c and myoglobin prior to IM measurement of 

the protein cross sections in order to determine the impact of charge reduction on the protein 

structures.216 Significant changes in conformation were observed for high-charge states, an 

outcome attributed to the disruption of salt bridges, which results in reorganization and 

unfolding of the protein.216

UVPD has also been coupled to ion mobility to allow the characterization of 

conformationally selected ions. One of the original studies used 193 nm UVPD to probe the 

cis/trans isomerization of proline peptide bonds of ubiquitin ions,217 thus demonstrating the 

insight obtained from combining UVPD with ion mobility. More recently, 266 nm UVPD 

was used to characterize different conformers of melittin218 and ubiquitin separated by ion 

mobility.219 For melittin, the fragmentation efficiency and sequence coverage of the more 

extended conformer was significantly greater, demonstrating the sensitivity of UVPD in the 

detection of ion conformation.218 213 nm UVPD was also coupled to IM-MS to study the 

disruption of the tertiary structure based on the conditions used to transfer the ions out of the 

source region (via in-source collisional activation).219 As shown for ubiquitin in Figure 7 (as 

well as cytochrome c and myoglobin), compact structures yielded lower photofragmentation 

efficiencies while unfolded structures yielded higher fragmentation efficiencies.219

Recently, two-dimensional ion mobility (IMS-IMS) with CAD was used to identify 

structural changes of the undecapeptide substance P upon collisional activation.220 The CCS 

measurements and variation in fragmentation pathways allowed the detection of five 

conformations illustrating differences in the cis/trans isomerization of proline residues.220 

The examples described above have demonstrated the significant gains in structural detail 

obtained by combining ion mobility with MS/MS of peptides and proteins and foretell a 

promising future capitalizing on the use of the combined techniques in proteomics and 

structural biology.
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Although not a classical ion activation method for MS/MS, collision induced unfolding 

(CIU) is a specialized method in native MS utilizing collisional heating to unfold proteins 

and disassemble protein complexes in the gas phase.221 The added energy is sufficient to 

disrupt noncovalent interactions but not to cause covalent bond cleavage, thus providing an 

indirect means to evaluate the structure and stability of proteins and protein complexes. CIU 

is frequently combined with ion mobility mass spectrometry to allow insight into the 

variations in cross sections (e.g., shape, size) of ions that reflect the conformational changes. 

Applications of CIU in the arena of structural biology have increased over the years with the 

more widespread availability of IM-enabled mass spectrometers, but CIU is beyond the 

scope of this review.

TOP-DOWN AND MIDDLE-DOWN METHODS

Accelerated by improvements in ion activation methods, top-down and middle-down 

methodologies have evolved to give rise to high-throughput workflows capable of 

elucidating and profiling proteoforms in complex samples. These workflows have enabled 

the routine application of top-down and middle-down analysis for the characterization of 

biotherapeutics as well as the discovery and understanding of important biological pathways.
8,9 The activation of intact proteins and polypeptides displays a more comprehensive view of 

modifications and sequence information, providing a powerful platform for dissecting 

proteins. With widespread application of these methodologies, only a portion of new studies 

are emphasized here through the lens of ion activation.

Developments in instrumentation and methods have both increased the performance metrics 

of top-down methods and enabled facile integration and the combination of ion activation 

techniques. Several advancements have sought to better resolve or improve the detection of 

ETD product ions. When the precursor ions were trapped in the center section of a linear ion 

trap rather than being sequestered and limited to the ion population in the back of the trap, 

high capacity ETD was introduced and led to an increase in product ion S/N, manifesting as 

a boost in sequence coverage for intact myoglobin and carbonic anhydrase.222 Another 

approach to increase S/N for ETD products implemented front-end ETD on a 21 T FTICR 

mass spectrometer to take full advantage of the high resolution platform.223 Numerous c/z 

ions identified using this approach led to 87% sequence coverage for carbonic anhydrase, 

emphasizing the utility of ETD for providing unbiased fragmentation throughout intact 

proteins.223 Implementing AI-ETD on a quadrupole-Orbitrap-ion trap provided better 

sequence coverage for intact proteins and alleviated the charge state dependence,137–139 on a 

time scale suitable for LC.140 ECD implemented on a benchtop Orbitrap mass spectrometer 

via a modular ECD cell resulted in high sequence coverage (>60%) and fragment 

identification rates (~70%) for ubiquitin and myoglobin.44 The combination of ECD with 

HCD and 193 nm UVPD provided even more comprehensive characterization of proteins up 

to ~30 kDa as well as monoclonal antibody subunits.45 Photo-ECD, a process in which 193 

nm photons impinge on a surface and dislodge electrons, was demonstrated to occur 

simultaneously with UVPD on an FTICR mass spectrometer.224

The development of advanced data acquisition methods for top-down analysis has enabled 

high-throughput profiling and quantitation of proteoforms in complex mixtures, enabling the 
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differential analysis of disease states. For example, improvements in data acquisition using 

AUTOPILOT allowed confident quantitation of more than 1100 proteoforms (all less than 

30 kDa) in growing and senescent human fibroblasts.225 A modified acquisition strategy, 

where the MS1 survey scan was replaced with consecutively selected ion monitoring scans, 

in conjunction with the use of AUTOPILOT to select precursors for tandem mass 

spectrometry resulted in the identification of almost 2000 proteoforms, including 

quantitation of some proteins in the 30–60 kDa range.226 When an ultrahigh resolution 21 T 

FTICR mass spectrometer was employed to characterize human colorectal cancer cell lysate, 

over 40 data-dependent LC-MS/MS experiments utilizing both CID and ETD led to the 

identification of more than 3200 proteoforms, including 372 isotopically resolved 

proteoforms above 30 kDa.227 The examples of CID and ETD mass spectra acquired for 

peptidyl-prolyl cis–trans isomer B, a 20 kDa protein in the 29+ charge state, are shown in 

Figure 8, with 51% coverage and higher scoring metrics obtained by ETD compared to CID.
227 In addition, 193 nm UVPD was used for high-throughput proteomics, affording 

increased confidence in proteoform identification and PTM localization in comparison to 

HCD.228 With the growing adoption of high-throughput methods, tools to accurately 

calculate false discovery rates (FDR) have been developed to enhance the quality and 

consistency of top-down proteomic analyses.229 These advancements in high-throughput 

profiling and proteoform quantitation have been showcased in the comparative analysis of 

brain proteoforms between mouse strains,230 apolipoprotein A-1 proteoforms between 

individuals with high- and low high-density-lipoprotein cholesterol efflux,231 sarcomeric 

proteomes across various species of muscle types,232–234 and the effect of KRAS gene 

mutations on downstream proteoforms.235 The considerations for high-throughput top-down 

proteomics are presented in a tutorial on translational top-down proteomics.236

Middle-down approaches aim to preserve the advantages of top-down approaches by 

revealing isoforms and positional isomers, while circumventing the challenges in ionization, 

separation, and dissociation of intact proteins. In an effort to develop a more robust 

workflow for middle-down proteomics, a standardized protocol from beginning (digestion) 

to end (activation) of 3–10 kDa peptides was optimized at each step.237 For the activation of 

these larger peptides, EThcD provided a higher identification rate and higher sequence 

coverage than HCD and ETD.237 A middle-down strategy was combined with native mass 

spectrometry to profile glycoforms and localize the modifications.238 Other efforts to 

enhance middle-down glycoproteomics evaluated collisional activation and electron-based 

methods to characterize large multi-glycosylated peptides, with hot electron ECD and 

EThcD providing the most impressive results.239

Complexities of the antibody structure and the stringent need for accurate proteoform 

characterization for drug efficacy and safety have motivated the use of both top-down and 

middle-down approaches for comprehensive characterization of monoclonal antibodies 

(mAbs). For instance, using a middle-down workflow targeting large subunits (~25 kDa), 

193 nm UVPD was shown to generate higher sequence coverage than ETD with the 

localization of glycosylations and the extensive coverage of the critical complementarity 

determining regions of immunoglobin G1.240 Furthermore, the high sequence coverage 

achieved by UVPD was leveraged in combination with the high specificity of LysC for 

unambiguous identification of anti-influenza mAbs, showcasing the use of UVPD for 
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immunoproteomic assays.241 The combination of the results from ETD, EThcD, and 213 nm 

UVPD provided complementary layers of information, including sequence confirmation and 

PTM mapping, in both targeted top-down and middle-down analyses of antibodies.242 With 

this approach, a record ~40% sequence coverage was achieved for top-down analysis of 

rituximab and up to 90% sequence coverage, for the >25 kDa middle-down subunits.242 

Antibody analysis has also been advanced by utilizing ultrahigh resolution FTICR mass 

spectrometers.243–247 The enhanced sequence coverage obtained on this platform using both 

ETD and CID allowed de novo sequencing of monoclonal immunoglobulin light chains.247 

Recently, middle-down methods have also been extended to the analysis of antibody–drug 

conjugates (ADCs), showcasing the ability of ETD to characterize conjugation sites, 

occupancy, and microvariants at the subunit level.248 Advanced data processing via 

differential analysis of fragment ions was used to accurately distinguish antibody 

proteoforms by enhancing the assignment of both terminal and internal fragment ions, 

thereby allowing the localization of deamidation events and single point mutations.249

The achievement of more extensive characterization of heavily modified histone tails has 

capitalized on the attributes of top-down and middle-down methods to decipher the role of 

post-translational modifications in the regulation of gene expression. Through the 

implementation of front-end ETD, ion–ion proton transfer reactions (II-PTR), and parallel 

ion parking, intact histone proteoforms were identified with up to 81% sequence coverage.69 

The charge states of intact histones were reduced via II-PTR and “parked” at a higher m/z to 

reduce the spectral density and allow more proteoforms to be resolved. To increase the 

overall S/N of fragment ions, the C-trap was used to store products from multiple iterations 

of ion–ion reactions.69 For both top-down and middle-down workflows, 193 nm UVPD 

generated excellent sequence coverage of multiply modified histone proteoforms.250,251 

UVPD and ETD were showcased for the analysis of large peptides produced by LysC 

proteolysis of histones H3 and H4.251 UVPD proved especially useful in the characterization 

of heavily modified peptides with more than five PTMs.251 With the complexity of 

unravelling PTM cross-talk, other studies have focused on developing top-down and middle-

down methods to accurately quantitate histone variants using both metabolic labeling and 

label-free approaches.252–255

Given the widespread adoption of top-down analyses, efforts have arisen to promote 

consistency in the field. Recent efforts include defining proteoform identification,256 

notation,257 and lexicon258 as well as enumerating the best practices for high-quality 

proteomic studies.259

NATIVE PROTEINS AND PROTEIN COMPLEXES

The characterization of protein structures is a critical step in understanding the functions of 

proteins, elucidating their binding specificity to other molecules, and facilitating the design 

of new drugs. Tandem mass spectrometry in bottom-up and top-down workflows has been a 

transformative method for determining primary sequences of proteins and localizing 

modifications but does not directly reveal secondary, tertiary, and quaternary structural 

features. The strategy of native MS uses electrospray ionization to transfer proteins from 

nondenaturing solutions of high ionic strength to the gas phase, thus enhancing the retention 
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of noncovalent interactions and preserving folded states of protein and protein complexes.
20–22,260–263 Native MS provides information on the masses of the protein and stoichiometry 

of subunits in protein complexes. In addition, the activation of protein complexes can further 

lead to the dissociation and release of subcomplexes or individual subunits, thus providing 

information about the interactions and organization of the subunits and locations of the 

binding sites. In fact, it has been shown that the fragmentation pathways of native-like 

proteins (typically in low-charge states) differ from those of denatured proteins (in high-

charge states), and some of the pathways correlate with tertiary structural features of the 

proteins.264 For example, backbone cleavages occurring from the C-terminal to aspartic acid 

and between proline and histidine were enhanced for native-like proteins relative to 

denatured proteins. Moreover, fragmentation was notably enhanced in regions expected to be 

surface exposed for native-like proteins.264

The CID of protein complexes typically results in protein unfolding and ejection of highly-

charged monomers (asymmetric-charge partitioning), regardless of the structure of the 

complex as supported by molecular dynamics simulations.265 Thus, CID can be used to 

disassemble complexes and provide general information about strengths of the subunit 

interfaces, but insight into the structures of the complexes typically cannot be inferred. 

Nevertheless, CID showed an anomalous behavior when it was used to characterize ring-like 

and stacked ring peroxiredoxin multimers.266 Symmetric dissociation of cleaved 

peroxiredoxin rings was observed, resulting in the release of dimers in a manner consistent 

with the low strengths of the dimer interfaces relative to the monomer–monomer interface of 

the dimer.266

HCD has also been used to characterize protein complexes, often in an MS3 manner in 

which multimeric complexes are disassembled on the basis of in-source activation; then, the 

released proteins are subjected to collisional activation. This multistage method was used to 

characterize an array of protein complexes derived from mouse heart and human cancer cell 

lines.267 These mixtures containing proteins and protein complexes were separated using 

either ion exchange chromatography or native GELFrEE fractionation, and ultimately, 125 

protein complexes and 217 proteoforms were identified in total.267 HCD was also used in an 

MS3 approach to characterize the yeast homotetramer FBP1 complex, thus allowing the 

localization of phosphorylations.268 Recently, a detailed standard operating procedure for 

native MS using HCD as an ion activation method was developed to assist others in the 

acquisition of high quality MS/MS data.269

Membrane proteins are important therapeutic targets but are among the most difficult class 

of molecules to study by mass spectrometry, owing to their poor solubility in typical ESI-

friendly solutions.270 To facilitate analysis by native MS, membrane proteins are usually 

solubilized with the aid of detergent micelles, liposomes, or nanodiscs.270 CID is 

particularly valuable as a means to release and characterize the membrane proteins from 

these stabilization/solubilization cages for further analysis with other activation techniques.
271–274 For example, CID was used to disrupt the nanodiscs encapsulating particulate 

methane monooxygenase (a copper-dependent metalloenzyme) and release the three 

membrane protein subunits (PmoA, PmoB, PmoC) that were subsequently characterized by 

HCD to generate b/y ions. These fragment ions were suitable to aid sequence identification 
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and localization of acetylation, methylation shifts, and the Cu(II) binding site.275 

Additionally, collisional activation was used to compare the relative lipid binding affinities 

of soluble and membrane proteins.276 Higher energy was necessary to remove lipid adducts 

from membrane proteins, indicating the greater stabilities conferred by lipid binding.276 

Other techniques such as IRMPD have also been used to successfully eject proteins from 

micelles.277

Electron-based activation methods are known to cause backbone cleavages of proteins and 

protein complexes in the regions of greater structural flexibility.12 At the same time, these 

methods allow preservation of noncovalent interactions, thus producing fragment ions that 

may retain bound ligands. For example, ECD on an FTICR mass spectrometer was used to 

characterize a thrombin–aptamer complex and determine the binding site of the 15-

nucleotide aptamer.278 ECD yielded predominantly c and z ions, including both apo 

(aptamer-free) and holo (retaining aptamer) ions, which allowed the identification of the 

binding site around Lys21.278 Electron ionization dissociation (EID), a higher energy 

version of ECD that causes both ionization via electron detachment and electronic 

excitation, was used to characterize human carbonic anhydrase I and superoxide dismutase 

dimers. This study afforded some insight into the impact of single point mutations on the 

structures, suggesting potential variations in the locations of protons on the protein.279 

Native electron capture dissociation (NECD) was also used to study ferritin, a complex 

containing 24 protein molecules that allows storage of up to 4500 iron atoms.280 NECD 

occurred for metal-containing proteins as they traversed the heated capillary used for 

electrospray ionization, resulting in the cleavage of backbone bonds adjacent to residues 

interacting with the heme group and the formation of c/z ions. Changes in the yields of these 

specific fragment ions were correlated with structural changes in the higher order structures 

of heme-containing proteins. For ferritin, NECD provided information about the locations of 

two iron-binding channels.280

UVPD (193 nm) has also proven to be an effective activation method to study the secondary 

and tertiary structures of proteins, provide sequence information, identify binding sites, and 

probe conformational changes induced by ligand binding or sequence variations. Past studies 

have indicated that the extent of backbone cleavage induced by UVPD was enhanced in 

regions with greater flexibility and/or fewer stabilizing noncovalent interactions,281–283 in 

many ways similar to the behavior observed by using electron activation methods. The 

preservation of noncovalent interactions results in the production of fragment ions that retain 

bound ligands, termed holo fragments. For example, the impact of single point mutations at 

Gly12 in the K-Ras protein caused variations in the pattern of backbone cleavages observed 

upon UVPD, suggestive of some degree of conformational reorganization of the protein 

induced by the replacement of even just a single amino acid for another.284 The impact of 

single point mutations on protein fragmentation was also echoed in a study that used UVPD 

to characterize two clinically relevant variants of dihydrofolate reductase found in 

trimethoprim-resistant E. coli.285 UVPD was also used to identify conformational changes 

of phosphotransferase adenylate kinase during each stage of its multistep catalytic cycle.286 

Differences in the UVPD patterns, particularly evident in the regions spanning three α-

helices and the adenosine binding site, were attributed to conformational rearrangement 

related to cofactor and ligand binding.286
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For characterization of multimeric protein complexes, UVPD results both in production of 

sequence-type ions and disassembly into subunits with symmetrical-charge partitioning that 

is consistent with the quaternary organization of the complexes.287,288 One study found that 

HCD resulted in less symmetric partitioning of charges among the separated monomers of 

dimeric conconavalin A owing to unfolding of complexes during activation, whereas UVPD 

led to a more symmetric distribution of charges indicative of less unfolding.288 It was also 

shown that the outcome of UVPD depended on the size of the protein complex and the 

stability of the intersubunit interface.288 Recently, the impact of charge state on the 

fragmentation pathways of an array of multimeric protein complexes was assessed using 193 

nm UVPD.289 UVPD using higher energy laser powers resulted in more symmetric 

fragmentation of the complexes and exhibited little dependence on the precursor charge 

state, as well as yielding far greater sequence coverage of the constituent proteins in the 

complexes.289 This outcome was reflected for several multimeric complexes in a range of 

charge states, as illustrated in Figure 9 for dimeric superoxide dismutase, tetrameric 

streptavidin, tetrameric transthyretin, tetrameric hemoglobin, and pentameric C-reactive 

protein.289 As an alternative to UV photodissociation, IR photoactivation had been explored 

for the characterization of membrane protein assemblies.290 The employment of a pulsed IR 

laser allowed the removal of membrane proteins from their lipid micelles or the dissociation 

of proteins after they were released from the micelles by collisional activation.290

Recently, pseudo MS3 based on the combination of nonselective in-source dissociation 

(ISD) followed by precursor isolation and UVPD was used to characterize the enzyme 

branched-chain amino acid transferase 2 (BCAT2).291 ISD afforded a means to break the 

dimeric protein into its constituent proteins, allowing the determination of the mass of each 

protein and subunit stoichiometry. Localization of amino acid mutations and mapping of 

binding sites of the cofactors were subsequently achieved using UVPD.291

Surface induced dissociation (SID) has proven to be one of the most valuable activation 

methods to study protein complexes, as it produces fragment ions that are reflective of the 

quaternary structure. It has been previously shown that this technique results in symmetric-

charge partitioning for protein assemblies owing to its fast, high-energy deposition.16,57 

Several of the more recent applications of SID in the arena of structural biology are 

described here. SID was used to evaluate structural changes of protein complexes as large as 

237 kDa after confinement in a trapping region for extended periods (1–60 s).292 No 

significant changes were observed in the fragmentation patterns, suggesting that proteins 

undergo minimal structural changes even in the absence of stabilizing solvent interactions. 

Enabling SID in a FTICR mass spectrometer allowed higher resolution measurements for 

improved confidence in assigning fragment ions as well as the resolution of metal adducted 

ions, as illustrated for protein complexes ranging from 53 to 85 kDa.62 SID was further 

explored for the analysis of multicopper oxidase protein complex (211 kDa), providing 

information on the metal binding stoichiometries and confirming previously uncharacterized 

modifications of the protein.63 This activation method has also proven versatile for 

localization of binding sites and the determination of the architectures of a number of other 

large protein complexes including the C-reactive protein (CRP) pentamer and cholera toxin 

B (CTB) pentamer,27 transthyretin tetramers,60 and dodecameric assemblies293 as well as 

integral membrane protein complexes (AmtB and AqpZ).65 Additionally, SID has been 
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implemented on an Orbitrap platform to further extend the success of this activation method 

for the characterization of protein complexes between 53 and 336 kDa.64 Recently, SID was 

coupled with computational modeling to predict the structures of protein complexes.66,67

Using multiple activation methods in an integrated manner can provide even broader and 

deeper characterization of protein complexes. One of the most extensive studies to date 

reported the use of multiple MS/MS methods, including CAD, ECD, AI-ECD, and IRMPD, 

to elucidate sequence and structural information about 11 protein complexes.31 The scope of 

this study illustrated the strategic benefits of combining insight from several complementary 

ion activation techniques.31

The analysis of even larger macromolecular complexes, such as ribosomes, proteasomes, 

and viral particles, is especially challenging owing to the size and heterogeneity of such 

assemblies. Nevertheless, improvements in the performance metrics of mass spectrometers, 

such as increased resolution, sensitivity, and improved transmission of larger molecules, as 

well as advances in the utilization of ion activation methods have facilitated the 

characterization of macromolecular complexes as large as 50 MDa.262 For example, CID 

and HCD were used to disassemble intact ribosomes294,295 and brome mosaic and cowpea 

chlorotic mottle viruses,296 while SID has been used to dissect the 20S proteasome from M. 
thermophila.297 UVPD was employed to characterize an array of macromolecular 

complexes, including B-phycoerythrin (265 kDa), CRISPR-Cas Csy ribonucleoprotein 

complex (347 kDa), and a virus-like particle termed AaLS (~1 MDa).298 Using lower laser 

powers for UVPD allowed the dissociation of the complexes and release of its subunits, 

whereas using higher laser powers for UVPD resulted in backbone cleavages of the subunits, 

yielding sufficient sequence coverage to identify proteoforms as shown in Figure 10 for the 

wild-type AaLS virus-like nanocontainer.298

CONCLUSIONS

In the context of tandem mass spectrometry, ion activation is a core concept that continues to 

amplify the impact of mass spectrometry as an analytical method for the characterization of 

peptides, proteins, and protein complexes. The accurate measurement of molecular masses 

provides important information about elemental composition, but it is the fragmentation 

patterns that give extraordinary insight into sequences, modifications, and greater structural 

details. The obtainment of the molecular signatures provided by ion fragmentation is what 

has continued to motivate the development of new activation methods as well as the design 

of innovative data acquisition strategies for countless applications in proteomics, structural 

biology, and protein science in general. Since the prior edition of this review in 2016,1 few 

new ion activation methods have emerged, and instead, the focus has shifted toward the 

greater integration of ion activation with auxiliary methods like ion mobility as well as new 

separation techniques to evaluate complex mixtures in a higher throughput manner. In the 

realm of applications, a fast growing area that has relied heavily on the full suite of ion 

activation methods is structural biology. The ability to decipher protein structures, ranging 

from insoluble membrane proteins to noncovalent protein–ligand complexes to ultrahigh 

molecular weight macromolecular protein assemblies, poses a major analytical challenge 

and represents one of the newest frontiers for mass spectrometry.15,262,299 Virtually every 
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current ion activation method has been used to characterize protein assemblies; another 

rising trend is the utilization of multiple activation modes and the exploration of hybrid 

activation methods, both aimed at increasing the information content obtained from MS/MS 

spectra. Along with these endeavors, there have been concerted efforts to extract more 

information from the fragmentation patterns generated by ion activation, thus improving the 

ability to elucidate the most intricate structural features of peptides and proteins, such as 

multiple modifications and isomeric residues. All of these inroads have placed increasing 

emphasis on the design and implementation of smarter data acquisition algorithms, superior 

data processing and analysis tools, and cutting edge bioinformatics strategies.
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Figure 1. 
Nomenclature for peptide and protein fragmentation.
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Figure 2. 
Examples of post-translational modifications.
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Figure 3. 
Tagging of cysteine residues with Dabcyl allows selective activation/fragmentation of 

cysteine-containing peptides using 473 nm laser-induced dissociation in a DIA workflow.113 

Reprinted from Garcia, L.; Girod, M.; Rompais, M.; Dugourd, P.; Carapito, C.; Lemoine, J. 

Data-Independent Acquisition Coupled to Visible Laser-Induced Dissociation at 473 Nm 

(DIA-LID) for Peptide-Centric Specific Analysis of Cysteine-Containing Peptide Subset. 

Anal. Chem. 2018, 90, 3928–3935. Copyright 2018 American Chemical Society.
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Figure 4. 
CAD-MS/IRMPD-2DMS of ubiquitin in denaturing conditions. (a) Two-dimensional mass 

spectrum, output of the CAD-MS/IRMPD-2DMS analysis of ubiquitin. The autocorrelation 

line and horizontal fragmentation patterns are observed. The curved line departing from the 

bottom of the spectrum constitutes harmonics signal. (b) Extraction of the autocorrelation 

line, with the percentages of the correctly assigned ions. Labeled ions represent the ions 

assigned through the precursor ion scan shown in spectrum d; they include ion y58
9+, whose 

fragmentation pattern is shown in spectrum c. (c) Fragment ion scan of the ion y58
9+ (m/z 

726.2838) and respective cleavage coverage. Nondiagnostic neutral losses are not labeled for 

better visualization. (d) Precursor ion scan of the ion y24
4+ (m/z 682.3820), revealing 

important information for the assignment of y ions on the autocorrelation line (b).124 

Reprinted from Floris, F.; Chiron, L.; Lynch, A. M.; Barrow, M. P.; Delsuc, M.-A.; 

O’Connor, P. B. Top-Down Deep Sequencing of Ubiquitin Using Two-Dimensional Mass 

Spectrometry. Anal. Chem. 2018, 90, 7302–7309. Copyright 2018 American Chemical 

Society.
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Figure 5. 
(a) Instrument schematic for activated ion-electron transfer dissociation (AI-ETD).41 (b) 

Annotated single AI-ETD spectrum (i.e., no averaging) of N-glycopeptide 

TN*SSFIQGFVDHVKEDcDR modified with a high mannose-type glycan 

[HexNAc(2)Hex(9)]. The red asparagine indicates the site of glycosylation, and the 

lowercase cysteine indicates carbamidomethylation. Green fragments are products from 

peptide backbone cleavage; triply-charged y ions are annotated along the top, and b ions 

include only glycan moieties. Blue asterisks (*) denote doubly- and quadruply-charged y 

ions (from 1700 to 2000 and 750 to 1000 Th, respectively), each which differ by one hexose 

residue. Peptide fragments retain the glycan modification unless denoted by a “~”.135 

Adapted from Riley, N. M.; Westphall, M. S.; Hebert, A. S.; Coon, J. J. Implementation of 

Activated Ion Electron Transfer Dissociation on a Quadrupole-Orbitrap-Linear Ion Trap 

Hybrid Mass Spectrometer. Anal. Chem. 2017, 89, 6358–6366. Copyright 2017 American 

Chemical Society. Adapted with permission from Riley, N. M.; Hebert, A. S.; Westphall, M. 

S.; Coon, J. J. Capturing Site-Specific Heterogeneity with Large-Scale N-Glycoproteome 

Analysis. Nat. Commun. 2019, 10, 1–13. Copyright 2019 Springer Nature.
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Figure 6. 
Workflow for cross-linking mass spectrometry relies heavily on effective ion activation 

methods for the production of informative MS/MS spectra. After optimized incubation of 

proteins with a cross-linking reagent and proteolytic digestion, four types of peptide 

products may be created. Cross-linked peptides are subjected to ion activation to generate 

informative MS/MS spectra.190 Reprinted from Götze, M.; Iacobucci, C.; Ihling, C.H.; Sinz, 

A. A Simple Cross-Linking/Mass Spectrometry Workflow for Studying System-Wide 

Protein Interactions, Anal. Chem., 2019, 91, 10236–10244. Copyright 2019 American 

Chemical Society.
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Figure 7. 
UVPD of two different conformational arrangements of [M + 6H]6+ ubiquitin. (a) UVPD 

spectra obtained at a cone voltage of 10 V (blue, bottom spectrum) and a cone voltage of 

120 V (red, top spectrum). (b) Arrival time distribution as a function of cone voltage ranging 

from 10 to 120 V. (c) UVPD cleavage sites indicated on the crystal structure (PDB structure 

4Z9S) of ubiquitin. Sites with higher relative cleavage abundance in the “soft” spectra are 

colored blue; those with higher abundance in the “harsh” condition are marked red.219 

Reprinted with permission from Theisen, A.; Black, R.; Corinti, D.; Brown, J. M.; Bellina, 

B.; Barran, P. E. Initial Protein Unfolding Events in Ubiquitin, Cytochrome c and 

Myoglobin Are Revealed with the Use of 213 Nm UVPD Coupled to IM-MS. J. Am. Soc. 
Mass Spectrom. 2019, 30, 24–33. Copyright 2019 Springer Nature.
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Figure 8. 
CID and ETD MS2 spectra of peptidyl-prolyl cis–trans isomerase B. (top) Single-scan CID 

(left) and ETD (right) MS2 spectra of a precursor identified as peptidyl-prolyl cis–trans 
isomerase B (UniProt P23284 residues 34–216, PFR 1354). Expanded views (center) of 50 

m/z regions (denoted by gray brackets) reveal the wealth of identified fragments. Colored 

fragment labels indicate multiplets identified by manual inspection only. * = neutral loss of 

water from a nearby fragment; ‡ = coisolated chemical noise/activation window. Sequence 

coverage maps and confidence metrics determined by TDPortal are given (bottom).227 

Reprinted from Anderson, L. C.; DeHart, C. J.; Kaiser, N. K.; Fellers, R. T.; Smith, D. F.; 

Greer, J. B.; LeDuc, R. D.; Blakney, G. T.; Thomas, P. M.; Kelleher, N. L.; Hendrickson, C. 

L. Identification and Characterization of Human Proteoforms by Top-Down LC-21 T FT-

ICR Mass Spectrometry. J. Proteome Res. 2017, 16, 1087–1096. Copyright 2017 American 

Chemical Society.
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Figure 9. 
Percent sequence coverage of all of the charge states generated from supercharging, 

standard, and charge-reducing solutions for (a) superoxide dismutase (SOD), (b) streptavidin 

(SA), (c) transthyretin (TTR), (d) hemoglobin (Hb), and (e) C-reactive protein (CRP). A 

single pulse of 3 mJ was used for all UVPD measurements. HCD energy was optimized for 

each protein and ranged from 1400 to 2500 eV of lab frame collision energy. Error bars are 

equal to the standard deviation of replicate data. Charge states with insufficient abundances 

for MS/MS analysis are not included.289 Reprinted with permission from Sipe, S. N.; 

Brodbelt, J. S. Impact of Charge State on 193 nm Ultraviolet Photodissociation of Protein 

Complexes. Phys. Chem. Chem. Phys. 2019, 21, 9265–9276, with permission of The Royal 

Society of Chemistry.
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Figure 10. 
(a) Native top-down mass spectrometry of wt-AaLS virus-like nanocontainers (Mw > 1 

MDa) using UVPD ([95+ to 87+], 0.7 mJ per pulse, 3.7 10–10 mbar N2 readout, and 

resolution of 4350 at m/z 200). (b) Some low mass peptide and (c) intact wt-AaLS subunits 

resulting from the dissociation of the (d) precursor ions of the VLPs are detected together 

with (e) larger fragments. (f) Structural model of wt-AaLS (PDB ID: 5MPP) with a pore 

formed by a pentamer of subunits highlighted in yellow.298 Reprinted with permission from 

Greisch, J.-F.; Tamara, S.; Scheltema, R. A.; Maxwell, H. W. R.; Fagerlund, R. D.; Fineran, 

P. C.; Tetter, S.; Hilvert, D.; Heck, A. J. R. Expanding the Mass Range for UVPD-Based 

Native Top-down Mass Spectrometry. Chem. Sci. 2019, 10, 7163–7171, with permission of 

The Royal Society of Chemistry.
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