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ABSTRACT OF THE DISSERTATION 

 

Methodologies and applications for the analysis of intact proteins  

and protein-ligand interactions by top-down mass spectrometry 

 

by 

 

Michael Nshanian  

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2018 

Professor Joseph Ambrose Loo, Chair 

 
 

The advent of top-down protein mass spectrometry (MS), or direct analysis of intact proteins 

forgoing proteolysis, has transformed the field of protein mass spectrometry, ushering in a new 

era of protein identification and characterization together with a new set of challenges. The 

analysis of intact proteins and their direct fragmentation in tandem (MS/MS) mode helps 

overcome the “inference” problem associated with peptide-based bottom-up proteomics; that is, 

correctly assigning given peptide fragments and their modifications to the intact protein from 

which they originated. Despite its many advantages, however, the top-down approach requires 

extensive sample fractionation and suffers from low sensitivity but much progress has been made. 

From recently-developed cross-linked polyacrylamide gels, from which intact proteins can be 

more easily recovered, to the discovery of reagents that enhance protein charging in electrospray 

ionization (ESI), there have been considerable gains in detection and sensitivity, offering the 

potential for a more complete and accurate characterization of a “proteoform”: the full 

complement of the combinatorial possibilities that could arise from a given gene product. 
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Top-down MS also includes the study of proteins in their native or native-like states. This 

is especially important in characterizing disease-related proteins, particularly in the context of 

protein aggregation. Native MS, using electron-capture dissociation (ECD) and ion mobility 

spectrometry (IMS), enables the study of protein-inhibitor complexes in the gas phase, offering 

structural insight into stoichiometry, site of inhibitor binding and mechanism of inhibition. In 

addition, intact analysis and electron-based fragmentation enable the detection of thermally-

labile post-translational modifications like phosphorylation, known to play key regulatory roles 

in shifting proteins towards cytotoxic states. Top-down method developments in protein recovery, 

separation and supercharging have led to improvements in detection and sensitivity, while top-

down MS applications to structural characterization of disease-related proteins have shed more 

light on the mechanisms of cytotoxic aggregation, offering greater promise of therapeutic 

development. 
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CHAPTER 1 

 

 

Introduction 

 

 

1.1 Mass spectrometry-based proteomics  

The field of proteomics, the study of proteins and their function, entered a new phase with 

applications of mass spectrometry (MS) to the analysis of large biological molecules, but the 

technique originally belonged to the physicists, right when they were about to turn the science 

upside down, with the discovery of quantum theory and the ultimate nature of matter.  In 1897, 

in the basement of the Cavendish laboratory at Cambridge University, a young professor named 

J.J. Thomson was analyzing the deflection of cathode rays in an electric field. This allowed him to 

determine the mass-to-charge ratio m/e of the electron [1]. He was just 28 years old and his work 

led to the discovery of the electron.  A year later in 1898, by analyzing positive anode rays, Wilhelm 

Wien measured the mass of the hydrogen atom [2]. This was the discovery of the proton. In 1907, 

Thomson’s work led to the development of the crude ‘mass spectrograph’ to measure the atomic 

weights of elements. This was the official birth of mass spectrometry.  

Thomson’s students F.W. Aston and J.J Dempster advanced his work to build more 

sophisticated instruments and in 1913, Aston’s discovery’s of 20N and 22Ne proved the existence of 

stable isotopes [3]. In the 1940s, Alfred Neir’s design and development of mass spectrometers 

enabled more accurate measurements of isotopic ratios, leading to the discovery of the very rare 

isotope of uranium 235U [4]. Neir’s contributions and promotion of the technique took it outside 

the field of physics where it dominated. In the 1950s, Klaus Biemann’s pioneering work in electron 

impact ionization led to the measurement of molecular weights of small molecules and 

determination of their structure [5]. Klaus Biemann along with Fred McLafferty and Carl Djerassi 
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worked on fragmentation mechanisms of different types of organic molecules, allowing chemists 

to determine the structure of unknown molecules using MS. In the 1970s, Alan Marshall and 

Melvin Comisarow made a major breakthrough in MS by applying Fourier transformation (FT) to 

ion cyclotron resonance (ICR) MS, where ions rotate under the influence of a magnetic field [6, 

7]. This allowed the deconvolution of complex spectra and simultaneous detection of all ions, 

resulting in ultra-high resolving power.  

With the development of ‘soft ionization’ techniques like chemical ionization, protein and 

peptide sequencing advanced at a rapid pace. In the 1970s, Donald Hunt developed a peptide 

sequencing method based on tandem mass spectrometry, whereby ions can be selected and 

passed into a collision cell, where they collide with gas molecules resulting in fragmentation [8].  

By the 1980s, the analysis of small molecules using MS became routine but proteins and large 

macromolecules proved more challenging. Techniques that would allow large molecule gas-phase 

transition without decomposition and fragmentation were not yet available. Two new ionization 

techniques, matrix-assisted laser desorption ionization (MALDI) and electrospray ionization 

(ESI) appeared almost simultaneously in the late 1980s and radically transformed the field, 

earning the Nobel Prize in Chemistry in 2002. Michael Karas and Franz Hellenkamp showed that 

UV-light excitation of proteins embedded in an ionizing matrix enabled the detection of proteins 

above 10,000 Da [9]. MALDI’s unique capability to rapidly ionize large molecules as singly 

charged species allowed the accurate mass measurement of macromolecules like proteins and 

nucleic acids in ways never before possible. In ESI, developed by John Fenn, sample solutions 

were passed through a heated capillary under a high voltage, forming a spray containing tiny 

droplets that was passed on to the mass spectrometer [10]. ESI resulted in the formation of 

multiply charged ions, which facilitated the detection of large proteins within the mass-to-charge 

(m/z) limits of most mass spectrometers. ESI also allowed the integration of liquid-phase 

separations with mass spectrometry, extending the analysis of single molecules to online 

separation of complex biological mixtures [11].  
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1.2 Top-down and bottom-up MS 

Proteomics is the study of proteins, proteoforms and proteform complexes, including their 

identification, quantitation and characterization in various contexts. Prior to the emergence of 

MS for protein analysis in the 1990s, targeted approaches like Western blots, fluorescence 

microscopy and enzyme-linked immunosorbent assays were used to measure abundance and 

localization of proteins of interest. With the advent of soft ionization techniques like ESI, and the 

advances in high-resolution, accurate mass measurements, MS-based proteomics approaches 

rapidly expanded to cell, molecular and structural biology.  

MALDI and ESI techniques expanded the rapid and accurate MS analysis of large 

molecules and complex biological samples but the tools needed to analyze the data generated 

lagged behind.  In a fortuitous convergence of the technology used in the genome sequencing 

projects and data generated from tandem mass spectrometry of protein digests, researchers 

discovered that observed masses of peptide fragments could be matched to expected masses of 

peptides from the sequence databases. By using MALDI with a time-of-flight (TOF) MS to analyze 

proteolytically cleaved proteins derived from two-dimensional gel electrophoresis separation, an 

observed peptide mass list or fingerprint could be matched to predicted molecular weights of 

peptides in genome sequence databases [12]. This gave rise to bottom-up proteomics; a high-

throughput analysis of enzymatically-cleaved protein mixtures derived from organelles, whole cell 

lysates and tissues without the need to individually isolate the proteins of interests [13–15]. 

Bottom-up analysis of proteins could also be done using ESI coupled to liquid-phase separation 

techniques like high-performance liquid chromatography (HPLC) or capillary electrophoresis 

(CE). Despite being a paradigm shift in protein analysis, bottom-up proteomics had its 

shortcomings. Since proteins are processed and post-translationally modified, their observed 

molecular weights do not often match the values predicted from gene sequences. In addition, 

labile post-translational modifications (PTMs) are often lost during enzymatic digestion and little 

if any structural information is obtained in the bottom-up approach. Bottom-up proteomics 
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effectively operated at the peptide level, leaving many questions concerning genetic variation, 

PTMs and higher order structure unanswered. Intact protein MS analysis and direct 

fragmentation without proteolytic digestion was needed to address these concerns [16].  

 ESI also facilitated top-down proteomics, the analysis of intact proteins and their direct 

fragmentation in tandem MS mode. Top-down proteomics is the study of the proteoform. Coined 

just a few years ago, the term proteoform designates all the molecular forms in which the protein 

product of a single gene can be found, including all forms of genetic variation, alternative splicing 

of mRNA transcripts and PTMs [17]. The idea of the proteoform was created as a means of 

connecting terms like protein form, isoform, protein variant to understand and characterize 

genetic and chemical complexity of proteins with complete molecular specificity. The proteoform, 

therefore, represents the basic unit of top-down proteomics: a specific primary structure of an 

intact protein derived from a specific gene, with precisely defined genetic variation, splice variants 

and localized PTMs. 

      

1.3 Protein identification and characterization by top-down MS 

Protein characterization by mass spectrometry requires three major steps: ionization, which 

includes protein transition from liquid to gas phase as a charged particle that can be analyzed 

inside the mass spectrometer; the determination of the intact protein mass; and the activation 

and fragmentation of the precursor ions in specialized compartments of the mass spectrometer in 

tandem MS (or MS/MS, MS2) mode to obtain sequence information. While intact protein analysis 

using MALDI have been reported, ESI is the dominant ionization technique used in top-down 

proteomics. Protein ionization in ESI (typically performed in the positive mode) turns solution-

phase intact proteoforms into positively charged molecular ions that with the aid of heat and gas 

flow are further desolvated into gas-phase protein cations [10]. The determination of the intact 

protein mass is performed at the MS1 stage, where an ion beam of gas-phase protein cations is 

mesaured using a complex system of ion optics, mass filters and analyzers. The data output is a 
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measure of analyte mass-to-charge ratios that can be deconvoluted to yield the intact mass of the 

proteoform. Finally, sequence information for protein identification and characterization is 

obtained at the tandem MS stage, where precursor ions are selected for fragmentation, most often 

using collisional or electron-based activation.  

 A key advantage of top-down proteomics is the ability to achieve theoretically complete 

elucidation of the protein primary structure, and when combined with various fragmentation 

techniques virtually complete dissociation for proteoforms <30 kDa [18]. Together with fragment 

ions created in the tandem MS mode, the intact mass of the precursor ion can be used along with 

the known primary sequence and top-down software tools to characterize the proteoform of 

interest. High-resolution, top-down MS is especially well-suited for the identification of PTMs 

and localization of their sites to precise regions of the amino acid sequence using mass shifts (Δm) 

that correspond to given PTMs. Breakthrough developments from the McLafferty group in the 

early 1990s helped propel high-resolution tandem FTICR-MS for top-down analysis for 

polypeptides above 10 kDa [19]. Shortly after, Kelleher et al. applied targeted top-down MS as a 

tool for obtaining 100% sequence coverage for carbonic anhydrase (29 kDa) [16].  

Despite the recent developments in top-down MS methodologies, and its advantages over 

the bottom-up approach, it remains technically challenging.  Unlike bottom-up proteomics, the 

top-down approach requires high-resolving power, particularly for tandem MS analysis. For MS1 

experiments on intact proteoforms, isotopic resolution of ion clusters is desirable to determine 

their charge state, where manual peak assignment is necessary. In addition, MS2 fragmentation 

spectra of intact proteoforms are convoluted and contain product ions of different and partially 

overlapping charge state distributions (CSDs). Therefore, resolving power of > 50,000 is generally 

necessary to deconvolute and correctly interpret the MS2 fragment ion spectra. Current TOF mass 

analyzers can achieve this resolving power, whereas FTICR and Orbitrap mass analyzers can 

provide resolving powers > 1,000,000 [20]. Another important consideration in the intact protein 

MS analysis is signal-to-noise ratio (S/N). ESI forms multiply charged species that appear as large 
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charge-state envelopes, where protein ion signals split into multiple channels, with the intensity 

of each inversely proportional to the number of channels [21]. Limitations in resolving power and 

S/N ratio from multiple charge states formed in ESI coupled with potential interference and 

solvent adduction, which is directly proportional to protein molecular weight, are hindrances to 

the top-down analysis of large intact proteins [16]. Reducing sample complexity and overcoming 

limitations in fractionation and separation of intact proteins pose further challenges to the top-

down proteomics field.  

 

1.3.1 Fourier transform ion cyclotron resonance mass spectrometry 

FTICR-MS was the original workhorse in top-down proteomics. The Michelson inferometer, 

which records overlapping frequencies that are converted to wavelength spectra via Fourier 

transform, revolutionized the field of spectroscopy with its ability to measure a wide range of 

wavelengths simultaneously [19]. Comisarow and Marshall extended this feature to the ICR 

technique giving rise to the powerful FTICR-MS [6, 7].  In FTICR-MS, ions trapped in a magnetic 

field axis (z-axis) are excited into their cyclotron orbits (in the x, y plane) through the application 

of a resonant radiofrequency (rf) excitation waveform [6]. A coherent packed of ions having the 

same mass-to-charge ratio induces an rf signal on the opposing parallel detector plates. This 

cyclotron motion of orbiting ions produces an image current which can be amplified and recorded 

as the image transient. The Fourier transform of the time domain transient produces its 

corresponding mass spectrum. The simplicity of the fundamental equations of cyclotron motion 

in FTICR-MS instruments is unique among mass spectrometers. Ion angular velocity ωc, 

(expressed in rad/sec) is a function of ion’s mass-to-charge m/q ratio and the applied magnetic 

field B0 (Eq. 1a),    

 

                             =	                                                               (1a) 
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Another expression of Eq. 1 results in the famous cyclotron equation,   

 

                 =	                          (1b) 

 

where νc is the cyclotron frequency expressed in Hz. A remarkable feature of Eq. 1b is that ions of  

the same mass-to-charge ratio have the same cyclotron frequency, regardless of their velocity and 

therefore kinetic energy. This is one of the fundamental reasons why FTICR-MS is able to achieve 

ultra-high resolution; because it is not limited by the spread of ions’ kinetic energy distribution 

and translational energy “focusing” is not essential for the precise determination of m/q [22, 23]. 

Another reason FTICR-MS is able to achieve ultra-high resolution is because in ICR, frequency 

resolving power and mass resolving power defined as v/Δv50%  and m/Δm50%, respectively, are the 

same (except for a minus sign) and resolving power increases with increasing magnetic field and 

decreasing m/q [23].  Resolution is also directly related to the transient length and the time 

orbiting ions can maintain coherence lost during collisions between ions and neutral molecules 

in the analyzer cell [22]. FTICR-MS with ESI was used in the analysis of intact proteins since 1989 

by the McLafferty group, in the detection of multiply charged ions, allowing for intact mass 

determination [24]. They were also able to demonstrate isotopic resolution and accurate mass 

measurement on small intact proteins using a 2.8 Tesla (T) instrument [25, 26]. The same 

instrument was used to fragment ubiquitin (8.6 kDa) using tandem MS and in-source dissociation 

(ISD) or nozzle-skimmer dissociation (NSD), using the high resolving power to determine the 

charge state and identify the fragment ions [27]. Until recently, FTICR-MS was the main 

instrument of choice in top-down proteomics due to its high resolving power, mass accuracy and 

a number of technological developments in trapping, enhanced selected ion accumulation, and 

improved S/N [28]. Further optimizations to trapping potential of a high-field 12-T ICR trapping 

cell, which closely approximated ideal harmonic trapping potential, combined with reduction in 



 

 8

pressure in the trapping cell led to sub-ppm mass accuracy, increased signal and dynamic range 

[29]. Most recently, using a 21-T LC-FTICR-MS system, the analysis of intact proteins derived 

from human colorectal cancer cell lysate identified 3,238 unique proteoforms at a 1% false-

discovery rate, including 372 proteoforms of molecular weights greater than 30 kDa detected at 

isotopic resolution, substantially extending the accessible mass range for high-throughput, top-

down LC-MS [30].    

 

1.3.2 Orbitrap and Q-TOF mass spectrometry 

Recently, the Orbitrap mass analyzer, invented by Alexander Makarov, has become an attractive 

alternative to ICR due to its lower cost, higher accessibility, and a variety of hybrid architectures 

available [31–33]. In the Orbitrap, electrostatically (as opposed to magnetically) trapped ion 

packets orbit around an axial electrode, while also experiencing harmonic oscillations along the 

electrode with frequencies proportional to (m/z)-1/2 and field curvature k (Eq. 2), 

 

         =	 ( / )                                        (2) 

 

Ionic oscillations are registered as an image current in the time domain followed by fast Fourier 

transformation (FFT) to produce the corresponding mass spectrum, as with ICR-MS [31]. Its high 

resolving power and sensitivity facilitated intact proteome measurements for proteins smaller 

than 30 kDa [33]. Notable early top-down applications of the Orbitrap by the Kelleher group 

successfully characterized the various modifications on DNA-packaging histone proteins [34, 35].  

A hybrid mass spectrometer consisting of linear quadrupole ion trap (LTQ) coupled to an Orbitrap 

via the C-trap, an intermediate rf-only storage device, enabled storage of background ions of 

known composition (polydimethylcyclosiloxane ions generated in the ESI process from ambient 

air), resulting in sub-ppm mass accuracy for peptides and high-confidence identification of PTMs 

[36]. A newly developed dual-pressure linear ion trap mass spectrometer (LTQ Velos) provided 
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increased sensitivity and isotopic resolution of intact myoglobin [37]. Coupled to an Orbitrap, 

together with storage of analyte ions of known composition via “lock mass” feature in the C-trap, 

it provided high mass accuracy and resolving power needed to advance top-down proteomics [38, 

39].  An improved LTQ Velos Pro, combined with a novel high-field Orbitrap enhanced the top-

down, label-free quantitative analysis of the proteoform-level effects of deleting a histone 

deacetylase (rpd3) in S. cerevisiae and quantified 120 proteoform differences, including 

observations of hyperacetylation of histone H4 and H2B isoforms [40].  

Although FTMS-based techniques have become the dominant methods in top-down 

proteomics, recent studied have shown the utility of TOF instrumentation for intact protein 

analysis. A hybrid quadrupole TOF (Q-TOF) system, coupled with radical-driven fragmentation 

methods, successfully elucidated structural properties of medium and large size proteins in the 

30-80 kDa range [41]. This type of hybrid system also successfully identified PTMs in biologically 

relevant proteoforms in Neisseria meningitidis [42].  

 

1.4 Ion activation and tandem (MS/MS) methods 

Mass spectrometers used in top-down proteomics often consist of hybrid mass analyzers 

connected in series, which not only enables more sophisticated ion manipulation but also ion 

activation and fragmentation in tandem MS mode. In tandem mass spectrometry, bonds of 

precursor ions are broken and the sequence and structure of the precursor ion can be deduced 

from the resulting fragment ions. Fragment ions that retain the N-terminus are labeled as a, b, c-

ions, whereas ions retaining the C-terminus are labeled as x, y, z-ions (Figure 1). The 

fragmentation nomenclature for peptides was developed by Roepstorff et al. [43]. Ion pairs a/x, 

b/y and c/z are considered complementary. Ion activation can proceed via step-wise energy 

deposition primarily in the vibrational modes, as with low-energy collisional methods or in a 

single step, as with UV-based photoactivation.  There are several kinds of activation methods 

currently used in the analysis of proteins, including activation based on collisions with a neutral 
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gas, radical-driven activation techniques involving interactions with electrons and electron-

donating or electron-accepting reagent ions, or absorption of photons. Several fragmentation 

techniques have been developed, including collision induced dissociation (CID) [44] (also known 

as collisionally-activated dissociation (CAD) [45]), sustained off-resonance dissociation (SORI- 

CAD) [46], infrared multiphoton dissociation (IRMPD) [47], and blackbody infrared radiative 

dissociation (BIRD) [48]. In collisional activation and some types of photoactivations like IRMPD, 

the predominant cleavage occurs at the thermally labile C—N amide bonds of the polypeptide 

backbone, resulting in b- and y-type ions.  By contrast, electron-based activation methods such as 

electron capture dissociation (ECD) and electron transfer dissociation (ETD) result in the 

cleavage of the N—Cα bonds, generating c- and z-type ions. Higher energy, photon-based 

activation methods such as 193 nm UV photodissociation (UVPD) involve the capture and 

absorbance of photons and the cleavage of  Cα—C bonds, generating a- and x-type ions, in 

addition to b/y and c/z ions. Successive bond cleavage observed in moving along the peptide from 

the N-terminus to the C-terminus corresponds to cleavages of  Cα—C, C—N and N—Cα bonds, 

generating a/x, b/y and c/z ions, respectively.  

 

 
 
Figure 1. Types of fragment ions produced along the polypeptide backbone (—R groups denote 
amino acid side chains).    



 

 11

1.4.1 Collisional activation  

This technique involves inelastic collisions between the ions of interest and nonreactive gas atoms 

such as helium, argon or nitrogen, during which some of the kinetic energy of the colliding gas 

atoms is converted into internal energy of the analyte ions. The vibrational energy is redistributed 

throughout the entire molecule in a process known as intramolecular vibrational redistribution.  

This results in a step-wise accumulation of internal energy that ultimately leads to fragmentation 

[49]. The high efficiency of most collisional activation methods and its availability on virtually all 

tandem mass spectrometers (Q-TOF, ion trap, FTICR, Orbitrap) made it a top choice in many 

proteomics applications. The main disadvantage of collisionally-activated dissociation is that 

energy deposition occurs via step-wise multicollision process, which favors fragmentation via 

lower energy pathways and molecular rearrangements prior to fragmentation. This type of slow-

heating process tends to limit the total energy deposition and typically results in the cleavage of 

the most labile bonds and structurally uninformative neutral losses such water and ammonia [49, 

50]. For protein and peptide analysis on ion traps, the additional shortcoming of low-energy CAD 

is the truncation of signal in the lower m/z ranges, which comes from the adjustment of the 

radiofrequency in the trapping voltage during ion activation. This type of problem, known as the 

lower-mass cutoff (LMCO), has made it difficult to detect N- and C-terminal fragment ions. It was 

largely overcome by the development of higher energy collisionally-activated dissociation (HCD), 

now available on most commercial ion trap platforms [36]. HCD is complementary to CAD on 

Orbitraps but unlike CAD, HCD is a beam-type collisional activation technique, whereby ions of 

interest are accelerated into a separate collision cell or a multipole (similar to CAD on triple 

quadrupole systems). Since this type of activation is independent of trapping parameters, the 

lower m/z truncation problem is avoided.  

 CAD remains the “gold standard” to which all other activation techniques are compared. 

Its dominance in proteomics is largely due to its robustness and increasingly well understood 

mechanistic processes [50, 51]. The mobile proton model and the complementary pathways in the 
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competition model have provided frameworks for understanding the fragmentation mechanism 

[49, 51, 52]. The mobile proton model assumes that ionizing protons are initially located at the 

basic amino acid sites such as N-terminus and side chains of lysine, arginine and histidine. Upon 

collisional activation, these ionizing protons may migrate to less basic sites, facilitating charge-

site-induced cleavage. The mobile proton model can produce N-protonation and cleavage of the 

amide bond, generating the characteristic b- and y-type ions. This type of preferential cleavage 

can limit the information obtained from polypeptides containing proline and aspartic acid 

residues [52, 53]. Internal prolines are known to generate β-turns in polypeptide chains, making 

their fragmentation more energetically costly, while the acidic hydrogen of aspartic acid residues, 

in the presence of arginine, can act as a ‘reactive proton’, initiating cleavage [52, 53]. Another 

disadvantage of slow-heating collisional activation techniques like CAD is the loss of thermally-

labile PTMs such as phosphorylation, manifested as neutral losses of PTMs [50]. Despite its 

robust performance and its utility in protein sequencing, CAD application to top-down proteomics 

and the characterization of proteoforms is therefore limited.  

 

1.4.2 Electron-based activation  

The first ECD-type experiment was reported in 1996, when applying UV irradiation to multiply-

charged protein cations resulted in charged-reduced species and unusual c/z type ions, indicating 

a different fragmentation pathway initiated by UV photons [54]. In 1998, Zubarev et al. discovered 

that charge-reduced species and c/z fragment ions were created by fragmentation from secondary 

electrons generated by the UV laser hitting the metal ICR plate, rather than the UV photons 

directly [55]. This gave rise to ECD-MS/MS that used a heated filament as an electron source. In 

ECD, multiply-charged analyte cations interact with low-energy electrons via exothermic process, 

which leads to their capture followed by charge reduction and fragmentation [56–58]. The 

capture of low-energy electrons leads to the formation of odd-electron radical species that initiate 

ion-radical reactions and the cleavage of the N—Cα backbone bond, with little vibrational energy 
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redistribution. This type of fragmentation results in the formation of c- and z-type fragment ions 

rather than the b- and y-type ions observed in CAD. Several mechanisms of ECD fragmentation 

have been proposed and extensively investigated [55, 59]. ECD is typically performed in FTICR 

instruments where electrons and analyte cations can be simultaneously trapped within the ICR 

cell’s magnetic field.  By contrast, ECD application in quadrupole-ion traps proved difficult to 

implement because electrons could not be effectively trapped in the dynamic fields created by the 

radiofrequency voltages. However, more recently ECD has been interfaced to quadruple, Q-TOF 

and Orbitrap analyzers [60].  

An alternative to ECD, ETD was developed and successfully implemented in ion trap 

instruments [61, 62].  In ETD, analyte cations interact with radical anions resulting in electron 

transfer and fragmentation that also generates c- and z-type ions, as seen with ECD [63, 64]. The 

original methodology demonstrated that anthracene anions transfer an electron to multiply- 

protonated peptides and induce fragmentation along the peptide backbone that is analogous to 

ECD [61].  The capture of low-energy electrons in ECD, or their transfer during ion/ion reaction 

in ETD, is generally thought to occur at the site of an ionizing proton via exothermic process that 

as a result of hydrogen radical migration, induces backbone cleavage and fragmentation. Transfer 

of Cα radicals to backbone carbonyls may also occur during ECD and ETD, leading to free-radical 

reaction cascades [65, 66].  

Over the last decade, electron-based activation techniques like ECD and ETD have 

demonstrated many advantages over slow-heating activation techniques [56, 63, 64]. They 

generally do not result in the loss of post-translational modifications, so modifications can be 

localized and assigned to specific residues. Also, contrary to low-energy collisional-activation, 

ECD and ETD do not result in the disruption of noncovalent interactions, making them ideal 

techniques for studying structural properties of native proteins and protein complexes [67–71]. 

While both techniques have gained widespread use for protein and peptide analysis, ECD and 

ETD are only applicable to positively charged precursor ions carrying at least two charges. Other 
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electron-based activation techniques have been reported, though none have achieved the 

popularity of ECD and ETD. In electron induced dissociation (EID), singly protonated peptides 

interact with moderately low-energy electrons producing radical ions that dissociate [72, 73].  

Electron ionization dissociation (also abbreviated EID) by contrast, involves the interaction of 

singly- and multiply-charged cations with high-energy (>20 kV) electrons leading to ionization, 

electronic excitation and dissociation [74]. The resulting radical cations may undergo 

spontaneous side chain and backbone fragmentation generating a/x and c/z product ions. Other 

specialized electron-based techniques geared mostly towards deprotonated peptide anions have 

also emerged, including electron detachment dissociation (EDD) [75, 76], negative ion electron 

capture dissociation (niECD) [77], and negative electron transfer dissociation [78]. 

 While they have been shown to achieve higher sequence coverage than show-heating 

collisionally-activated techniques, electron-based techniques like ECD and ETD suffer from lower 

fragmentation efficiency (defined as the total intensity of product ions over the initial intensity of 

the isolated precursors) [18, 64]. They are therefore not the main technique used in large-scale 

LC-MS of proteins but rather reserved for the analysis of intact proteins and macromolecular 

assemblies, where ECD remains the most popular activation technique to date. ECD has been 

especially well-suited to the analysis of noncovalent interactions of macromolecular protein-

protein and protein-ligand complexes that survive electron capture activation, allowing mapping 

of protein-ligand contacts [67–69].  

 Due to its propensity for cleavage of backbone bonds in the more flexible regions of the 

protein, ECD fragmentation has been correlated with B-factors of proteins, a crystallographic 

measure defined as the degree of their flexibility or rigidity [71, 79, 80]. For alcohol 

dehydrogenase the most flexible regions were determined by mapping the relative abundances of 

the characteristic c- and z-type ions [71]. ECD was used to characterize a 158 kDa tetrameric 

complex of aldolase and sequence 168 C-terminal amino acids out of a total of 463 residues [68]. 

ECD also demonstrated that backbone cleavage occurred in the flexible and surface regions of the 
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protein. As previously stated, ECD is less effective for low-charge state proteins, which makes its 

application to native-like proteins (representing compact, folded structures that take on lower 

charge states) more challenging. The implementation of ETD on common hybrid instrument 

platforms was an important development that facilitated future applications [81]. Application of 

ETD, together with time-domain averaging on the Orbitrap, resulted in a 33 % increase in 

sequence coverage of intact ~150 kDa immunoglobulin G1 [82]. Similar sequence coverage using 

ECD was obtained on an intact immunoglobulin protein using a modified 9.4 T ICR [83]. 

 

1.4.3 Photoactivation 

Absorption of photons by the gas-phase analyte ions can lead to excitation in vibrational and 

electronic states resulting in ion activation and ultimately fragmentation, also known as 

photodissociation (PD). Coupling of an excited state to an antibonding state during absorption 

and excitation leads to direct fragmentation. Otherwise, the energy is redistributed statistically 

into the vibrational modes leading to unimolecular dissociation in the ground state [84].   

Photodissociation’s advantages over other activation techniques include tunability and selectivity 

that can be delivered by photons of a specified wavelength. Using high-energy photons in the UV 

range, 157 or 193 nm wavelengths for example, allows access to excited electronic states. 

Combined with high-energy deposition per photon, this results in a greater number and variety 

of fragment ions. The use of pulsed lasers also provides fast (e.g., nanosecond) activation periods 

with little to no vibrational energy redistribution when high-energy photons are used [84–86].  

 The number of photons necessary to induce dissociation varies with the wavelength and 

can range from several hundred in the IR range (~ 0.1 eV/photon), to as little as one photon in 

the UV range (~3-8 eV/photon) [84]. The internal energy transferred during photoactivation is a 

function of the laser power (total photon flux), the number of laser pulses, or the length of 

irradiation period, and the absorption cross-section, which determines the probability that a 

photon will be absorbed. Competition with collisional deactivation that occurs via collisional 
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cooling is a limiting factor, though mainly in ion trap instruments that operate with 1 mTorr buffer 

gas [87].    

One of the original photoactivation techniques was based on IR photons from a 10.6 μm 

CO2 laser. The energy at this wavelength is efficiently absorbed by the vibrational modes of the 

C—C, C—N and O—P bonds of the gas phase ions. This kind of step-wise energy deposition that is 

similar to the thermal heating of low-energy CAD (as in ion trap instruments), results in the 

cleavage of the most labile bonds. Because of the low-energy per IR photon, many photons must 

be absorbed for activation and fragmentation to take place [87]. IRMPD has been successfully 

implemented in FTICR instruments because the extremely low pressures under which they 

operate do not result in collisional cooling often seen with ion trap instruments. Despite its 

successes in the analysis of phosphopeptides, owing to the high absorption stretch of O—P bond’s 

vibrational modes, IRMPD has rarely outperformed collisional activation techniques [88, 89].  

While IRMPD shares with CAD the slow-heating nature of ion activation, and their 

resultant MS/MS spectra are often comparable, obtaining efficient CAD at lower m/z values has 

proven difficult on ion trap instruments, because of the low-mass cutoff that results from elevated 

trapping voltages required for CAD. The rf voltage on these types of systems define both the m/z 

range of ions that can trapped during CAD experiments, and the kinetic energies of the precursor 

ions selected for activation. This sets a limit on the total energy that can be deposited on the 

precursor ion without exceeding optimum trapping voltages for fragment ions in the low m/z 

range. By contrast, the energy deposition in IRMPD can be manipulated independently of the 

trapping rf voltages, as evidenced by the presence of low m/z value fragment ions not seen in CAD 

spectra [87]. Though methods offering some options in overcoming the low-mass cutoff by fast 

manipulation of rf voltages [90] and novel scan functions [91] have emerged for CAD on ion traps, 

they sometimes result in lower dissociation efficiencies. IRMPD on the other hand, offers a more 

complete precursor ion fragmentation and a fuller MS/MS spectrum, without compromises to 

overcome the low-mass cutoff.  



 

 17

An important difference between CAD and IRMPD (and PD in general) is the non-

resonant nature of photoactivation. When implementing CAD in ion trap instruments, voltage is 

applied at the resonant frequency of the precursor ion, causing no activation of the fragment ions. 

Photodissociation by contrast, is a non-resonant process resulting in a non-selective absorption 

of photons, which may lead to precursor as well as fragment ion activation, followed by secondary 

dissociation [87]. IRMPD used in conjunction with CAD has shown to produce a richer spectra of 

peptide fragment ions than either activation technique alone [92]. Implementing IRMPD in a 

quadrupole ion trap has resulted in increased peptide sequence coverage over CAD, as well as the 

selective dissociation of phosphorylated peptides in complex mixtures [93]. The selective 

dissociation of phosphopeptides using IRMPD in ion trap instruments demonstrates the utility of 

the technique in assigning the specific sites of phosphorylation in more complex protein and 

proteoform analysis. IRMPD has also been successfully implemented on hybrid quadrupole time-

of-flight (QqTOF) instruments in the top-down characterization of cytochrome c [94], myoglobin, 

human insulin and their post-translational modifications such as phosphorylation, acetylation 

and formation of disulfide bonds [95]. Although IRMPD has been widely used in the analysis of 

proteins and peptides and most types of organic molecules, its limitations with respect to the step-

wise energy deposition and the types of fragment ions generated (mainly b/y) have not offered 

widespread utility in the analyses of proteoforms.  

Photodissociation using UVPD, by contrast uses higher energy UV photons and higher 

energy deposition for ion activation. UVPD of peptides have been successfully employed using a 

variety of lasers, including F2 excimer laser (157 nm, 7.9 eV/photon), ArF excimer laser (193 nm, 

6.4 eV/photon), and Nd:YAG laser (266 nm, 4.7 eV/photon or 351 nm, 3.5 eV/photon) [96]. 

Absorption of photons in the UV range requires a suitable chromophore at each wavelength. 

UVPD has been typically performed using 157 nm and 193 nm photons from F2 and ArF lasers, 

respectively [96]. These wavelengths are particularly effective for activation of proteins and 

peptides because these photons are absorbed by the amide bonds, so that the entire backbone may 
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serve as a chromophore. The amide bond has several absorption bands at near 190 nm and near 

160 nm, both of which are accessible by the excimer lasers. Of the two, the 193 nm laser is the 

more practical because it can travel through air with little to no absorption, while the 157 nm laser 

requires a vacuum or transmission through an inert gas because it is strongly absorbed by oxygen 

[85].  For UV and visible range lasers (~400-150 nm) with photon energies of 3-8 eV, one or two 

photons are often sufficient to result in transitions to excited electronic states, leading to direct 

dissociation from excited states [97–102]. Alternatively, excited state ions might follow the path 

of internal conversion and vibrational redistribution, akin to the slow-heating process of CAD, 

producing b/y type fragment ions seen in collisional activation [86]. This feature provides access 

to diverse fragmentation pathways, producing all six types of fragment ions (a/x, b/y, c/z) among 

others. The Reilly group in particular, has undertaken extensive studies to elucidate the UVPD 

mechanism at 157 nm and provided ample evidence to support the proteolytic cleavage of the Cα—

C bond model, prior to radical elimination and generation of a/x type ions [96–102]. Following 

the initial homolytic Cα—C bond cleavage, radical migration and hydrogen atom migration can 

also lead to side chain loss generating d and w-type ions, which allow differentiation between 

isobaric species like leucine and isoleucine [97].  

The proposed mechanism for UVPD at 193 nm is similar to that at 157 nm, with the amide 

bond serving as a good chromophore (π to π*) at or near 190 nm [86, 103, 104].  The potential to 

generate a full complement of fragment ions has made UVPD at 193 nm the ideal fragmentation 

technique for achieving extensive sequence coverage as well as maintaining labile PTMs such as 

phosphorylation [105, 106], sulfonation [107], and glycosylation [108]. It has proved successful 

in the analysis of intact proteins and protein complexes [109–111].  UVPD at 213 nm using a YAG 

laser was recently commercialized on an Orbitrap Fusion Lumos model.  While not as energetic 

as photons at 157 nm or 193 nm wavelengths, a photon at 266 nm can deliver 4.7 eV of energy and 

its absorption by the aromatic side chains of phenylalanine, tyrosine and tryptophan can generate 

a, b, c, x, y and z-type fragment ions [112–114]. The aromatic side chains on those amino acids 
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absorb in 260-270 nm range and serve as good chromophores in peptides and proteins that 

contain these amino acids. Another useful feature of UVPD at 266 nm is that proteins and peptides 

exhibit homolytic cleavage of the disulfide bond, which can provide valuable structural 

information [115]. The advantages of UVPD over CAD and ECD were recently demonstrated in 

studies of different variants of green fluorescent protein [110]. UVPD at 193 nm consistently 

resulted in the identification of more fragment ions compared to other activation techniques like 

CID, HCD and ETD, allowing more confident identification of different proteoforms [110]. 

 

1.4.4 Hybrid activation techniques 

Various hybrid MS instruments and activation methods have been developed to maximize 

proteoform characterization with enhanced sensitivity and confidence of identification. Recently, 

a tribird Orbitrap platform based on the combination of quadrupole, linear ion trap, and Orbitrap 

technologies offered improvements to the acquisition rate, resulting in enhanced proteome 

coverage and general experimental throughput [116]. This instrument was used to combine HCD 

and ETD in a single fragmentation event to provide more comprehensive proteoform 

characterization, in particular, for the identification and localization of PTMs [117]. The 

combination of ETD with supplemental collisional activation techniques (termed ETcaD and 

EThcD to denote electron transfer/collisionally-activated dissociation, and electron 

transfer/higher-energy collisional dissociation, respectively) resulted in increased sequence 

coverage of mitotic regulator protein Bora and histone H3 proteoforms, together with more 

precise determination of their PTM sites, compared to HCD or ETD alone [117, 118]. The same 

combination of hybrid techniques was used in the biopharmaceutical field to achieve 95% 

sequence coverage of granulocyte-colony stimulating factor protein using CID, HCD and ETD in 

an MS3 experiment [119]. 
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1.5 Intact protein separation techniques  

The staggering complexity of the proteome and its dynamic nature are daunting and estimates 

can run wild as to the true number of proteoforms that exist at any given time in a cell, tissue or 

organism. Given the ~20,300 genes that comprise the human genome, their various sequence 

variants and modifications, billions of possible combinations arise that dynamically shift in time 

as a response to their environment and external stimuli.  The inherent complexity of the 

“proteoform-ome” greatly complicates large-scale analysis by mass spectrometry, and typically 

requires sample fractionation and separation prior to MS analysis as a way of reducing sample 

complexity and increasing confidence of data interpretation [120, 121].  

The standard top-down workflow generally involves three steps: front-end fractionation 

or separation of complex mixtures, high-resolution mass spectral data acquisition, and finally 

data processing combined with database searching [122]. The front-end fractionation techniques 

have been a major challenge due to lower solubility of intact proteins versus peptides and their 

tendency to non-specifically adsorb to the chromatographic media. Several separations 

approaches have been developed that enable front-end fractionation off-line, or independent of 

the mass spectrometer [123]. This entails collection of eluted fractions and their subsequent 

infusion into the mass spectrometer. This approach enables targeted analysis of a single protein 

or a simple mixture with more instrument time per determination. In addition, separations 

conditions and solvents do not have to be mass spectrometry compatible. The alternative on-line 

approach involves direct coupling of the separations module to the mass spectrometer, allowing 

for high-throughput analysis and limited sample pretreatment. However, this approach imposes 

limitations on separation conditions and data acquisition. Considering the complexity of most 

proteoform analysis, a combination of multiple separations is typically required, often using both 

off-line and on-line approaches.  
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1.5.1 Liquid chromatography  

Liquid chromatography (LC) is the most ubiquitous separations approach for the analysis of 

proteins, peptides as well as small molecules. It involves differential partitioning of the analyte 

between liquid mobile phase and solid stationary phase. The development of ESI has allowed 

direct coupling of LC effluent to the mass spectrometer, providing an effective on-line separation 

technique [124]. The most common liquid chromatography techniques used in the analysis of 

intact proteins are reversed-phase liquid chromatography (RPLC), hydrophobic interaction 

chromatography (HILIC), and ion-exchange chromatography (IEX) [122].  

 

1.5.2 Reversed-phase liquid chromatography 

In RPLC, separation is based on hydrophobic interaction between analytes and a hydrophobic 

stationary phase, typically porous silica particles linked to alkyl chains of various lengths (C4, C5, 

C8, C18). Elution is largely determined by analyte hydrophobicity, with the most polar species 

eluting first. Longer alkyl chains enable the retention of small molecules and peptides, while 

shorter chains are generally preferred for intact protein analysis since they are less retentive and 

offer higher recoveries [123]. The use of derivatized nonporous and superficially porous particles 

(containing a nonporous silica core and a porous shell) have also been reported [125, 126]. The 

former offers increased speed and recovery over traditional silica but suffers from low loading 

capacity and high back pressure, while the latter offers efficiency comparable to porous particles 

but lower back pressure and improved loading capacity [125, 126] . The use of polymeric columns 

offering higher uniformity of the packing material together with increased mechanical strength 

and high recovery has also been reported for intact protein analysis [127, 128].  

For the study of intact proteins, RPLC has had success as a standalone separations 

technique as well as the second dimension of separation [123, 124]. An early proteomics study, 

with a focus on sequence analysis of six gene products of Escherichia coli (E. coli) thiamin 

biosynthetic operon, used offline reversed-phase traps for simple-step elution before ESI [129]. 
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Soon afterwards, high-throughput mass spectrometric analyses of intact proteins were carried out 

using capillary RPLC coupled online to an FTICR [130]. In another study, a 4.6 mm-inner-

diameter derivatized nonporous silica column was used to fractionate Methanococcus jannaschii 

lystates followed by off-line analysis [131]. Another study used 1.0 mm polymeric column for the 

separation of histone extracts from HeLa cells [132].  

 

1.5.3 Hydrophobic interaction liquid chromatography 

Contrary to RPLC, separation in HILIC mode is based on analyte partitioning between the polar 

stationary phase and water-enriched region surrounding the stationary phase. Elution results 

from gradients of increasing water content, whereby the most hydrophobic species elute first  

[133, 134]. This is a variant of traditional normal-phase chromatography, where polar analytes 

interact with the hydrophilic stationary phase. HILIC is a good alternative to RPLC when the 

retention of polar analytes is poor. It has been effective in the separation of modified histone 

proteins prior to top-down MS analysis [135, 136] as well as membrane proteins extracted from 

bovine heart mitochondria [137]. While HILIC helps to solve the retention problem of hydrophilic 

analytes, it is generally not an effective separation medium for mixtures of hydrophobic and 

hydrophilic species. An alternative to HILIC, termed aqueous normal phase (ANP) 

chromatography employs a silica hydride-based stationary phase, as opposed to ordinary silica 

used in HILIC and RPLC, and offers a dual retention mechanism that comes from differences in 

the liquid monolayers at the solid-liquid interphase [138, 139]. ANP has proven successful in the 

analysis of intact proteins like myoglobin, α-lactalbumin and cytochrome c [138], as well as 

simultaneous analysis of hydrophobic and hydrophilic peptides [139]. 

 

1.5.4 Ion-exchange chromatography 

Contrary to RPLC and HILIC, which rely primarily on analyte hydrophobicities to achieve 

separation, ion-exchange chromatography (IEX) exploits differences in analyte charge. 
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Increasing the ionic strength of the mobile phase leads to analyte elution from the charged 

stationary phase. Weak anion-exchange coupled to on-line RPLC has been used for the tw0-

dimensional top-down analysis of Shewanella oneidensis lysate [140], yeast [141] and human 

leukocytes [142]. In addition to increasing the fractionation power of the analysis, the use of RPLC 

following IEX provides an efficient means of sample desalting prior to ESI. A variant of IEX, 

chromatofocusing, which uses changes in pH rather than ionic strength to achieve elution based  

on isoelectric point (pI), has been successfully coupled to off-line RPLC for separation of intact 

proteins from breast cancer tissue [125] and Methanosarcina acetivorans [143]. Separation based 

on pI offers an additional parameter for protein identification.  

 

1.5.5 Electrophoresis 

Electrophoresis is another popular separation technique in the analysis of proteins but unlike 

chromatography, it relies on differential analyte migration in an applied electric field.  The most 

common type of electrophoresis is sodium dodecylsulfate (SDS)-based polyacrylamide gel 

electrophoresis (SDS-PAGE), where SDS-coated proteins migrate based on their molecular 

weight and electrophoretic mobility [144]. This methodology can be extended to include 

isoelectric focusing (IEF) as a second dimension, where a pH gradient applied across the gel 

results in analyte migration and separation based on isoelectric point [145, 146].  

However, this method suffers from poor protein recovery from the gel and interference 

with ESI from a surfactant like SDS  [145]. In 2011, Zhou et al. reported the use of N,N’-cystamine-

bis–acrylamide (bis-acrylylcystamine or BAC), a disulfide-containing analog of bis-acrylamide, to 

improve peptide recovery from the polyacrylamide gel [147]. They showed that the partial 

degradation of BAC-crosslinked acrylamide gel by incubation with dithiothreitol (DTT) or 2-

mercaptoethanol is effective for releasing the peptides from the gel. However, reductive treatment 

involving DTT needs long incubation times to achieve peptide extraction, and partial degradation 

may not be adequate for comprehensive peptide recovery. Shortly after, Takemori et al. 
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demonstrated complete dissolution of the BAC gel matrix using tris-(2-carboxyethyl)phosphine 

(TCEP), a more powerful reducing agent than DTT, effective for shortening the preparation time 

and maximizing peptide and intact protein recovery [148, 149].  

 

1.5.6 Tube gel electrophoresis 

A type of continuous gel electrophoresis, termed tube gel electrophoresis utilizes a tube gel 

column to separate proteins that are subsequently collected as fractions. The fractions can be 

further separated using off-line RPLC [150]. This technique was used for a proteome study of 

Saccharomyces cerevisiae, where an acid-labile surfactant rather than SDS was used to limit ESI 

interference [150]. This separation process was aided by a mini prep-cell, featuring a 7 mm gel 

column, rather than a 37 mm column, coupled to a C4 RPLC column, enabling lower sample 

loading and some on-line analysis [151].  Tube gel electrophoresis was further enhanced by the 

development of gel-eluted liquid fraction entrapment electrophoresis (GELFrEE) [152]. This 

feature minimized the dilution and spread of high-molecular weight proteins by including a 

manual fraction collection module, and using a short gel column, which offered an additional 

benefit of shortening analysis time by ~75 %. Over the last few years, a number of top-down 

proteomics studies reported using GELFrEE-based fractionation for achieving increased 

throughput and identification [153–155].  

 

1.5.7 Isoelectric focusing  

Isoelectric focusing (IEF) has been a challenging technique for separation of proteins due to their 

precipitation at their isoelectric point, limiting their recovery from the gel for subsequent analysis 

[156]. Isoelectic focusing can be performed in free solution, in a preparative Rotofor cell using 

carrier ampholytes to create a pH gradient under an applied electric field [157]. Protein 

precipitation can be partially overcome by the use of 8 μM urea or a nonionic detergent [120]. 

Another variant of solution IEF featured a partitioning into eight independent separation 
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channels with subsequent pooling of collected fractions [158]. Similar to a 2D-gel separation, a 

custom-built sIEF device was used in a two-dimensional liquid electrophoretic platform (2D-LE) 

as the first dimension of separation prior to GELFrEE fractionation [159]. This technique was 

used to map over a 1000 intact human protein isoforms in tandem MS-based top-down analysis, 

the highest number identified at the time [153].   

 

1.5.8 Capillary electrophoresis 

Another common electrophoresis-based separation technique is capillary electrophoresis (CE), 

which employs narrow diameter capillaries (<100 μM inner diameter) as opposed to gels. The 

simplest and the most common type of capillary electrophoresis in the analysis of intact proteins 

is capillary zone electrophoresis (CZE), where analytes migrate under an applied electric field 

based on their size and electrophoretic mobility [160, 161]. CZE is an attractive alternative over 

chromatographic techniques for the study of intact proteins and peptides due to its high selectivity 

and MS interface. Contrary to chromatographic techniques where analyte retention time is based 

on its interaction with the solvent and the stationary phase, retention time in CZE is based on 

analyte migration through an electric field as a function of its charge and mass [162]. This provides 

a consistent migration profile with limited peak broadening, offering higher selectivity in addition 

to faster analysis time [162]. Despite CZE’s success as a standalone separations technique, 

coupling it to MS proved challenging and it wasn’t until the late 80s that it was successfully 

interfaced was ESI-MS [11]. Subsequent studies showed that mixtures of intact proteins could be 

successfully separated and analyzed using CE-ESI-MS [163]. While CE has been successfully 

interfaced with ESI-MS, it was limited to a few target studies like the detection of α and β subunits 

of hemoglobin from a single erythrocyte [164] and the detection of various protein glycoforms of 

erythropoietin, fetuin, and α1-acid glycoprotein [165]. In a larger scale study, CE-ESI-MS was 

applied for the subcellular proteomics of ribosomal E. coli and the detection of 55 out 56 

ribosomal proteins [166]. Another common CE separations mode is capillary isoelectric focusing 
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(cIEF). It provides high-resolution separation within an open capillary tube that has been 

modified with polyacrylamide coating to reduce electrosmotic flow and protein adsorption [167]. 

The first successful use of cIEF-MS for intact protein analysis was reported in 1998 for the 

detection of human hemoglobin variants and E. coli cell lysate [168]. cIEF has been coupled to 

RPLC-MS as a second dimension of separation allowing for the removal of ampholytes, which 

suppress ionization in ESI-MS [169]. More recently, CZE ESI-MS/MS was used to identify 580 

proteoforms from the RPLC fractionated yeast proteome, the largest proteome data set acquired 

using this technique  [170].  

 

1.5.9 Multidimensional separations  

Following the success of of Multi-Dimensional Protein Identification Technology (MuDPIT) in 

bottom-up proteomics [171], hybrid techniques involving coupling of different types of 

chromatography and electrophoresis have been successfully employed to the analysis of intact 

proteins. In addition to the hybrid techniques discussed earlier, in recent years hydrophobic 

interaction chromatography (HIC) coupled to RPLC has shown promise as a high-resolution 

technique for separation of intact proteins, owing largely to adoption of MS-compatible salts in 

the mobile phase [172, 173]. HIC achieves separation on the basis of hydrophobic interactions 

between immobilized hydrophobic ligands and non-polar regions on the surface of proteins [172]. 

Analyte retention increases with high salt concentration in the mobile phase and the elution is 

achieved by decreasing the salt concentration of the eluent. This platform was further enhanced 

with the addition of IEX as a third dimension of separation together with HIC and RPLC, resulting 

in a vast increase in the protein identification from each collected fraction [174].  

 

1.6 Top-down MS data analysis 

The increasing complexity of the data generated from top-down proteomics workflow demands a 

fast and automated data processing capability to accurately identify and characterize proteoforms. 
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Advances in fractionation and fragmentation techniques necessitated developments in spectral 

deconvolution algorithms and fragment ion identification. The first web application to offer a 

search engine to use precursor mass and a tolerance window to generate an expected list of 

candidates from a larger set of an annotated database was ProSight PTM [175]. A list of expected 

fragments is then compared to experimentally-observed fragment ions and given an error 

tolerance, a P-score can be calculated indicating the probability of a false match [176]. An updated 

version called ProSight PTM 2.0 offered the capability to identify fixed modifications, while a 

desktop-based version of the search engine called ProSight PC provided the ability to search for 

known sequence tags and biomarkers against all possible fragments in the database [177]. 

Algorithms like THRASH and Extract are used to determine monoisotopic masses of precursor 

and fragment ions prior to database searching. ProSight PC was used in high-throughput mode 

for rapid processing of large-scale LC-MS data [178]. In a recent study, a fully automated workflow 

was able to detect intact masses, guide fragmentation of intact protein species, and perform an 

online database search to yield real-time protein identification to achieve improved 

characterization by an average of 42 orders of magnitude [179]. Other databases like MascotTD 

and BIG Mascot were developed from the popular bottom-up database Mascot but had limited 

use [180].  An alternative program, precursor ion independent top-down algorithm (PIITA) was 

developed to search tandem mass spectra against all possible spectra from the sequence database, 

with the aim of protein identification rather than full proteoform characterization [181].  The 

application of PIITA to data on a Salmonella typhimurium outer membrane extract identified 154 

proteins by top-down analysis. Another top-down data processing software MASH Suite, and later 

MASH Suite Pro, have been developed and combined with tools for protein identification, 

quantitation, and characterization [182].   

 

1.7 Protein charging and supercharging in ESI  

MALDI and ESI have revolutionized protein analysis over the last two decades. They are both 
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considered ‘soft’ ionization techniques that induce little to no molecular fragmentation. In 

MALDI, proteins are embedded in a solid matrix, which upon laser excitation forms gaseous ions 

[9]. By contrast, ESI converts solution-phase analytes into gas-phase ions [10]. Both MALDI and 

ESI generate [M + nZ]n+ ions. MALDI generally results in singly- and sometimes doubly-charged 

species, whereas ESI results in multiple charging. Putting more charges on proteins shifts the 

charge state distribution towards lower m/z values, facilitating their detection on mass analyzers 

with a limited m/z range. It also makes electron-based activation and fragmentation in tandem 

MS more efficient. Another advantage of ESI is the direct coupling to various separation modules 

prior to MS analysis. Despite the enormous success of ESI in proteomics, its underlying 

mechanism remains surprisingly elusive and is currently an active area of research. While some 

aspects of ESI are well understood, “there is still much debate on the mechanism(s) by 

which...gaseous ions are formed’, as stated in a 2007 paper by John Fenn [183].  The basic 

principles of ESI have been summarized in several excellent reviews [184–187].  

ESI occurs at atmospheric pressure, under which an analyte solution is infused into a 

metal capillary that is held at an electric potential of several kilovolts (kV) [188]. Proteins and 

peptides are generally sprayed in the positive mode, where the potential is positive vs ground. The 

ESI source is essentially an electrochemical cell where the current is maintained by analyte ions 

that move through the liquid/gas interface, as well as the current that flows through the ESI 

emitter (anode) and the mass spectrometer (cathode) [189]. Ions are enriched at the surface of 

the emitter as they are pulled towards the inlet of the sampling cone of opposite potential under 

an applied electric field. The solution at the tip of the emitter is distorted into a Taylor cone that 

emits a fine mist of droplets assisted by a coaxial gas flow [188, 190]. Droplet radii are initially in 

the micrometer range. Droplets are positively charged due to the presence of excess ions of H+, 

Na+, K+ and NH4
+. Under acidic conditions, protons can be the main source of positive charge in 

solution. Protons are also generated at the metal/solution interphase at the tip of the emitter  (e.g., 

2 H2O →  4 H+  + 4 e−  + O2) [191].  When a buildup of ions at the Taylor cone tip reaches a point 
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where Coulombic charge repulsion overcomes the surface tension of the liquid, droplets enriched 

with ions are emitted from the tip of the capillary [191].  The droplets emitted from the Taylor 

cone undergo rapid desolvation, assisted by heating and a drying gas. The volatile, organic 

component of the droplet evaporates more rapidly resulting in a gradual increase of aqueous 

content [186]. The charge density of the droplet builds up until the surface tension is balanced by 

Coulombic repulsion at the so-called Rayleigh limit, where the number ZR of elementary charges 

e is given by (Eq. 3), 

 

       =	 	 	 	 	             (3) 

 

where ε0 is the vacuum permittivity, γ is the surface tension and R is the droplet radius [192].  

Droplets at the Rayleigh limit subsequently undergo further reduction in size via jet fission, 

resulting in droplets with nanometer radii. These highly charged nanodroplets are where gaseous 

analyte ions detected by the mass spectrometer are generated [10, 183, 184, 186, 193]. Several 

mechanisms have been proposed to account for charge transfer from the bulk solvent of the 

droplet to the analyte in electrospray ionization. They include the ion ejection model (IEM) [186, 

194]  for low-molecular weight analytes, the charge residue model (CRM) [186, 195, 196] for large, 

globular species and the chain ejection model (CEM) for disordered polymers [197, 198].   

As stated earlier, ESI of proteins results in multiple charging, because on average, a 

protein will pick up one proton for every ten amino acid residues [199], shifting the overall charge 

state distribution towards a lower m/z range. This reduces the upper m/z limit of certain mass 

analyzers, facilitating the detection of high-molecular weight proteins [199]. In addition, the 

presence of multiple charges on a protein allows for greater electron capture and more efficient 

fragmentation in ECD/ETD mode [200, 201]. The extent of protein charging is affected by many 

factors including overall conformation, solvent pH and composition, as well as instrumental 
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parameters.  In general, proteins sprayed under native-like conditions (pH ~ 7) acquire less 

charge and appear in the high m/z range, while proteins sprayed under acidic conditions (pH ≤ 

4) and in the presence of organic solvents, acquire more charge and appear in the lower m/z range 

of the spectrum. Typical infusion rates in ESI vary from one to several hundred μL min-1, making 

ESI well suited for LC coupling. Over the past decade, there has been a clear shift towards nano-

ESI (nESI) regime, with infusion rates of less than 1000 nL min-1. Significant increases in 

ionization efficiency became possible from the smaller size of the droplets produced at a low flow 

rate, due to fewer numbers of Coulombic fissions and desolvation events necessary to produce a 

gas-phase ion [187].  

The term “supercharging” was first introduced by Williams et al. to describe increased 

charging observed in the presence of solvent additives m-nitrobenzyl alcohol (m-NBA, 0–20%), 

glycerol (0–50%), dimethyl sulfoxide (DMSO, 0–50%), m–chlorophenol (0–40%), formamide 

(0–10%), and 2-methoxyethanol (0–25%) [202–204]. In the absence of other factors that 

contribute to ESI charging, increased charging in the presence of these additives obtained from 

denaturing conditions was attributed to increased surface tension γ, and the extension of the 

Rayleigh stability limit (Eq. 3), supporting the charge residue model [196]. This hypothesis is 

based on the observation that maximum charge states for folded proteins in ESI-MS is between 

65 - 110% of the ZR calculated from Eq. 1 for water droplets of the radius representing globular 

proteins [196]. The Williams model posits that during electrospray, the high boiling point of m-

NBA (177° C at 3 Torr) relative to water/organic solvents, causes it to concentrate, as the more 

volatile components of the solvent evaporate. Since m-NBA has a higher surface tension than 

methanol and acetonitrile (50 mN/m vs 25 mN/m and 27 mN/m, respectively), its concentration 

inside the shrinking droplet will raise the droplet surface tension and lead to thermal heating and 

unfolding of the protein. This model attributes supercharging to protein unfolding and 

denaturation due to thermal heating [204]. By contrast, increased charging observed under native 

conditions, in the absence of additive-induced thermal heating due to increased droplet surface 
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tension was attributed to simple protein denaturation. However, this dependence on surface 

tension and the CRM model is only supported by data from denaturing solvents [202], and it fails 

to address the argument that CRM and surface tension dependence do not apply to denatured 

proteins, as only native CSDs conform to Rayleigh predictions [196, 205].  

Contradictory evidence emerged from Šamalikova and Grandori who demonstrated that 

protein CSDs in the presence of low-surface-tension, low-vapor-pressure additives were either the 

same as those in the control samples or changed to a much lesser extent than calculated by the 

Rayleigh equation. Protein CSDs did not seem to be limited by the surface tension of the solvent 

and, rather, appeared to be quite protein specific [206]. The same group also showed that ESI 

spectra obtained from water-HCl and water-acetic acid solutions showed little difference in CSDs, 

despite significant differences in surface tension [207, 208]. Their results reflected a general lack 

of dependence of protein CSD on the surface tension of the solvent. Assumptions underlying the 

role of surface tension, and that maximum protein charge reflects Rayleigh-limit charge of the 

precursor droplet, have been called into question because unlike distillation, liquid and vapor are 

not in equilibrium in electrospray ionization [209].  

Studies by Lomeli et al. showed that adding m-NBA to aqueous solutions resulted in 

supercharging of  a range of protein complexes [210, 211]. Additional new reagents benzyl alcohol, 

m-nitroacetophenone, m-nitrobenzonitrile, o-NBA, m-NBA, p-NBA, m-nitrophenyl ethanol, 

sulfolane (tetramethylene sulfone), and m-(trifluoromethyl)-benzyl alcohol, were shown to 

“supercharge” proteins from nondenaturing solutions. Several of these were even more effective 

than m-NBA for increasing positive charging. “Active” reagents conferring extra charge appeared 

to have low solution-phase and relatively low gas-phase basicity and were less volatile than water 

[211]. In addition, the presence of reagent adducts at higher charge states was indicative that  

supercharging might involve a direct interaction with the reagent in addition to other factors like 

droplet heating due to surface tension [211]. Despite increased charging in the presence of m-

NBA, subunit interaction was maintained in the 690 kDa Methanosarcina thermophila 20S 
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proteasome [210, 211]. With surface tension below that of water (50 mN/m vs 72 mN/m) m-NBA 

was not expcted to increase charge, at least not according to the Rayleigh limit theory. Subunit 

losses were not observed in any of the multimeric complexes to which m-NBA was added (to at 

least 0.5% v/v) and circular dichroism (CD) and hydrogen/deuterium exchange studies did not 

reveal any changes to structure of aqueous myoglobin in the presence of 0.5% m-NBA [210]. The 

presence of o.5 % m-NBA in an aqueous solution of GroEL increased the average charge state of 

the tetradecamer from +66 to +71, with little to no disruption to the complex [212]. The increased 

charge observed with non-covalent protein complexes and native MS in the presence of m-NBA 

was initially attributed to  droplet heating, as the high boiling point of m-NBA reduced evaporative 

cooling [213]. CSDs from proteins containing 0.4% m-NBA were compared to those of proteins 

heated to 92°C and considered to be similar. However, there was disagreement as to the merit of 

that interpretation, especially given that instrumental parameters used during acquisition may 

have caused ion activation in atmospheric pressure-vacuum interface affecting the results.   

Next, arrival time distributions (ATDs) from a traveling wave ion mobility spectrometer 

(TWIMS) experiments were used as evidence of additive-induced protein unfolding [214]. Since 

analyte ion mobility (IM) is directly related to its size and shape or collisional cross section (CCS), 

compact, folded proteins are expected to have higher mobility and shorter drift time, compared 

to unfolded proteins that have lower mobility and longer drift times.  The observed ATDs of higher 

charge state myoglobin ions formed in the presence of m-NBA and sulfolane were significantly 

expanded compared to the lower charge states [214]. However, at higher charge states controls 

were not compared to the experimental conditions and ATDs for the same charge state acquired 

with and without additives were not significantly different. In addition, the extent of ion activation 

applied by the TWIMS, which can lead to unfolding is hard to assess from the uncalibrated data 

[215]. In another study, Hogan et al. applied atmospheric pressure differential mobility analyzer-

mass spectrometry (DMA-MS) to examine conformational changes of monomeric and multimeric 

phosphorylase B ions [216]. Unlike TWIMS, DMA measures the cross-sections directly, without 



 

 33

the need for external calibration using proteins of known structures under identical conditions.  

Furthermore, in DMA CCSs are measured immediately following solvent evaporation, and 

preceding the MS interphase (thus affording the opportunity to study ion mobility under elevated 

droplet temperatures predicted by the surface tension model), but prior to collisional heating at 

the atmospheric pressure-t0-vacuum interface [209, 214, 217]. In contrast to the expected ~60% 

decrease in mobility between folded and unfolded proteins, only ~6-10% decrease in mobility was 

observed in the presence of 138 mM sulfolane [209, 216, 218].  TWIMS cr0ss-section of 

concanavalin A (con A) tetramers in the presence and absence of supercharging agents showed 

little difference in cross-section [209, 217]. Changes in charge states were attributed to chemical 

and/or thermal “destabilizations”, which were enough to perturb the protein without causing 

extensive unfolding.   

Williams et al. also reported DMSO as a supercharging agent based on charge increase on 

cytochrome c  in the presence of up to 50% DMSO [204]. This was attributed to its high boiling 

point and enrichment inside the droplet. DMSO’s role in denaturing proteins has been well 

established. What was less clear was whether or not it was a supercharging agent in the same 

sense as m-NBA and sulfolane. DMSO was reported by others to actually reduce charge at 2% 

(v/v) and induce denaturation at higher concentrations [219]. The reduction of charge at low 

concentrations was also observed by Sterling et al. and attributed to “global compaction” of higher 

order structures [220]. However, biophysical data from CD, differential scanning calorimetry, 

ultracentrifugation, and dynamic light scattering call that hypothesis into doubt, establishing 

reduced stability in 0.5% DMSO, conditions that reduced positive charge in ESI of the proteins 

tested [209, 219]. Because DMSO does not appear to increase charge independent of 

conformational effects, its classification as a supercharging agent in the positive mode is debated 

[209]. In fact, it may even be considered a “sub-charging” agent [209, 221]. DMSO’s solution 

basicity is considered close to that of water, although accurate assessment is dependent heavily 

on the solvent used in the measurement [209].  



 

 34

 Initial work involving supercharging agents was largely limited to their addition to the 

sample solution. In 2007, Jensen and co-workers reported improved efficiency of peptide 

sequencing and identification by addition of m-NBA to the mobile phase for online LC-ETD 

MS/MS [222]. It was the first use of a supercharging agent as an LC mobile phase additive.  In 

2010 Marshall’s laboratory noted charge increases for proteins eluted from a reversed-phase 

column with DMSO-containing mobile phase [223]. A year later, Loo and co-workers reported 

ESI-MS of proteins in HPLC eluent containing trifluoroacetic acid (TFA) that were directly 

sampled and ionized by desorption electrospray ionization (DESI) using spray solvents containing 

m-NBA and sulfolane [224]. This led to a simultaneous enhancement of both signal and protein 

charge, unexpected from such an LC/reactive DESI-MS experiment. Most recently, the same 

group also reported testing several supercharging agents as mobile phase additives, including 

novel agents N,N,N’N’-tetraethylsulfamide (TES) and 3-methyl-2-oxazolidone (MOZ) [225]. This 

use of supercharging agents could apply broadly to LC–MS mobile phases containing TFA, which 

generally improves chromatographic separation but suppresses ionization in MS analysis (Figure 

2).  

 

 
 
Figure 2. Addition of m-NBA to mobile phases containing TFA results in protein 
supercharging and rescue of signal suppression generally observed in the presence of TFA.  
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The success of two new agents predicted to supercharge due to their weak Brønsted 

basicity (pKa < –1.7) lent support to the proposed supercharging mechanism based on a three-

regime view of ESI: with solution, intermediate, and gas-phase regimes [209]. Intermediate-

regime ions evaporate from the filamentous protrusions of decomposing droplets at the late stage, 

and are assumed to have properties in between those of solution and gas phase. 

  Based on the Rayleigh model, the number of charges deposited on an analyte should 

increase with increasing surface tension [192]. Most supercharging modifiers reported have 

higher surface tension than ESI solvents like acetonitrile and methanol (but not water) and can 

increase charge under denaturing conditions. These modifiers could also affect ESI droplet size 

and the overall desolvation process. In ESI, solvent evaporation rates determine rates of 

disappearance, although Williams incorrectly argued that equilibrium vapor pressure determines 

this. The vast majority of supercharging additives reported have a significantly higher boiling 

point and lower vapor pressure than water (100 °C). Williams argued that their presence can 

increase the lifetime of the ESI droplets, thus reducing evaporative cooling that prevents droplet 

heating and changes to protein conformation [213]. Moreover, the altered distribution of analytes 

within the droplet may result in enhanced charging in the presence of polar modifiers, due to 

higher surface concentration [226]. According to the intermediate regime model, weak acid/weak 

base supercharging agents, concentrating in later-stage droplets, reduce solvent, buffer and 

analyte ionization in solution, allowing more of the excess charge of the spray to transfer to the 

emitted analyte ions [209]. The mechanism correctly predicted CSD shifts to higher m/z for high 

analyte concentrations, and large diameter emitter openings. According to this model, 

supercharging additives alter charge partitioning between analyte and solvent, shifting CSDs 

and/or increasing analyte ionization overall [209]. Therefore, an effective supercharging agent in 

the positive mode must be soluble, interact with analytes, have weak Brønsted basicity (pKa < –

1.7)  and have similar or lower volatility than the bulk solvent.  

Despite the controversies surrounding the mechanism of supercharging in ESI, putting 
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more charges on proteins has proven extremely beneficial for targeted top-down protein analysis. 

Higher charge state is desirable for peptides and proteins because ion signal-to-noise ratio, mass 

resolving power and mass accuracy are directly proportional to detection that is based on induced 

charge, as with ICR and the Orbitrap mass analyzers. With respect to both ECD and ETD, MS/MS 

efficiency increases as the square of ion charge [200]. ETD-MS/MS of ubiquitin was shown to 

have a ~60% increase in sequence coverage in the presence of 1% m-NBA [227]. ECD-MS/MS on 

charge states obtained by supercharging improved the capability of detecting ligand-bound 

fragment ions [228]. Supercharging also increased sequence coverage with IRMPD, creating a 

greater number and type of diagnostic ions, in part due to the lowering of critical energies of the 

higher charge states and less competition with collisional cooling attributed to low energy 

deposition per IR photon [229]. Protein charge state distribution is affected by many factors, 

including analyte gas-phase basicity [209, 225, 230], solution pH [231], solvent composition 

[232], droplet size [233], instrumental parameters [234], as well as protein conformation [235–

237].  Further work is needed to better understand the relationship between charge enhancement, 

acid-base interactions between the analyte and the bulk solvent containing the additive, as well 

as protein structure and conformational changes in the gas phase.  

 

1.8 MS-based techniques for studying protein structure 

For studying proteins and protein complexes, it is highly desirable to interrogate them in their 

native state, inside the cell and with full atomic detail. This goal remains beyond most analytical 

capabilities and most proteins structures have been solved using overexpressed, recombinant 

proteins taken outside their native environment and subjected to high-resolution analysis using 

X-ray crystallography and NMR spectroscopy, and more recently cryogenic electron microscopy 

(CryoEM) [238].  Deriving such high-resolution protein structures is often a challenging and 

laborious undertaking, requiring appropriate construct design and expression, as well as folding 

and purification. Combined with crystallization trials in X-ray crystallography, and careful tuning 
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of solution conditions in NMR spectroscopy, accurate structure determination and interpretation 

are a formidable multidisciplinary task. The high sensitivity and specificity of MS, especially 

following the advent of soft ionization techniques like MALDI and ESI, have made it a valuable 

tool for characterizing the state of proteins taken from solution.  

Because of its gentle ionization process, ESI generally does not result in molecular 

fragmentation and can preserve weakly-bound complexes and ligands—from salts and solvent 

molecules to metal cofactors and protein aggregates [124, 239–241]. While lacking the specificity 

of direct structural information provided by X-ray crystallography and NMR, ESI-MS can 

nevertheless provide valuable stoichiometric information and account for any heterogeneity 

between the subunits of the protein complex [241]. Thus, ESI-MS reveals a more specific picture 

of the protein quaternary structure [124].  

It may initially seem counterintuitive that MS can be used for conformational studies on 

proteins and large macromolecules, since structural transitions are not necessarily associated 

with changes in m/z but rather rotation of σ  bonds (e.g., Ψ/Φ angles on the polypeptide 

backbone). Nevertheless, there are a number of established and emerging MS-based techniques 

that effectively probe protein structure [242]. Solution-phase labeling alters the analyte mass in 

a conformation-dependent fashion and unfolded or disordered proteins tend to undergo more 

extensive labeling than their folded counterparts. This is the principle behind 

hydrogen/deuterium exchange (HDX) and covalent labeling experiments. Similarly, unfolded or 

denatured proteins tend to take on more protons in ESI, and changes in charge state distributions 

can be used to monitor structural changes in solution. Covalent or chemical cross-linking (CX) 

sheds light on inter and intramolecular distances, while “native” ESI-MS studies provide 

information on protein-ligand interactions and enable the detection of protein complexes in the 

gas phase. Furthermore, ion mobility spectrometry (IMS), often coupled with mass spectrometry 

(IM-MS), provides information on analyte size and shape by measuring their collisional cross 

section in the gas phase. Despite their many virtues, none of these techniques alone can answer 
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whether or not solution-phase structure survives in the gas phase but there has been much 

progress.  

The emergent field of integrative structural biology has helped to overcome individual 

technique limitations by combining complementary data sources into a comprehensive structural 

model. The development of techniques like HDX-MS, affinity purification MS (AP-MS) and 

chemical cross-linking MS (CX-MS) have helped unravel the dynamic nature of proteins [243]. 

Pioneering work by Chait and co-workers employed HDX-MS to probe protein-protein 

interactions and conformational changes [244]. McLafferty’s group used  chemical reactions and 

lasers to observe protein folding and unfolding in vacuo using gas-phase HDX-MS [245]. The 

coupling of mass spectrometry with affinity purification has enabled the isolation of a protein of 

interest based on its interaction with a target molecule [246], while cross-linking mass 

spectrometry has made it possible to study organization of multi-protein complexes, their 

topology and interacting surfaces [247]. Loo and co-workers have shown that non-covalent 

protein complexes are preserved in the gas phase [240]. The same group has also shown that 

fragmentation using ECD dissociates covalent backbone bonds but preserves non-covalently 

bound ligands and metal cofactors [68, 69, 228]. More recently, native MS and ion mobility MS 

have also emerged as powerful tools for studying protein assembly, subunit connectivity, 

stoichiometry as well as shape via collisional cross section measurements [248, 249].  

 

1.8.1 Protein structure in the gas phase 

Historically, various forces and interactions like hydrogen bonding, hydrophobic forces and 

packing have been thought to be important in protein folding. Given the importance of water and 

the hydrophobic effect in mediating protein folding, structural information derived from MS of 

proteins was initially greeted with skepticism [250, 251].  Both α-helices and β-sheets that make 

up the secondary structure are dominated by hydrogen bonds. Just as critical is the segregation 

of the apolar hydrophobic residues and polar hydrophilic residues to the interior and exterior of 
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the protein, respectively. Close packing, repulsive forces, steric constraints and large cavities are 

also important.  In principle, the presence of water should affect both hydrogen bonding and the 

separation of hydrophobic and hydrophilic residues. On the one hand, without hydrogen bonding 

to the solvent, the classical secondary structure should be even more stable in vacuo, as predicted 

theoretically by Pauling [250]. On the other hand, the absence of hydrophobic forces in the gas 

phase would seem problematic.  In the apolar vacuum, proteins may be expected to turn inside-

out, with hydrophilic polar residues facing inward and the hydrophobic apolar residues facing 

outward.  

An often overlooked contribution to stability comes from van der Waals forces between 

the residues of the polypeptide that are still present in vacuo. Microcalorimetry experiments on 

solution-phase folding transitions by Privalov indicate that most of the stabilization, in fact, comes 

from the intramolecular van der Waals forces themselves, and that the residual interactions with 

water are actually destabilizing [252]. Recent molecular dynamics (MD) simulations show that 

loss of water can actually increase the number of intramolecular hydrogen bonds, resulting in 

increased stability [253]. This suggests that folded protein structure should at least be metastable, 

which would be consistent with the many computer simulations of proteins in vacuo that usually 

hold together for a few nanoseconds of real time. However, these only give a rough energy 

landscape of the protein in vacuo. The main question is whether the protein in its native solution 

structure can be thermodynamically stable in vacuo and whether there are other, lower-energy 

conformations. The simple hydrophobic vacuum picture would argue against this. However, it is 

possible that all the needed specificity for protein folding could come from packing forces. 

Richards [254], Chan and Dill [255], and many others argued that many (but perhaps not all) 

structural features of folded proteins can be described by the so-called “van der Waals" picture. 

In this picture a relatively nonspecific attractive force can lead to protein compaction. When the 

density is high enough, excluded volume and packing forces can result in a specific ordered 

structure, much like crystallization of hard spheres [256]. Molecular mechanics energy functions 
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allow van der Waals forces and charge interactions to be quite well satisfied, even under 

conformations that differ from native topologies [257, 258].  

Evidence that solution-phase structure can survive transition to the gas phase was 

demonstrated by comparing the concentrations and relative abundances of protein-peptide 

inhibitor complexes to solution-phase binding constants, which were consistent with each other 

[241, 259]. ESI-MS was also used as a way of constructing conventional Scatchard plots for 

measuring binding constants of antibiotics with peptide ligands [241]. However, these results also 

do not give a full picture of the protein in vacuo.  HDX-MS studies by McLafferty and co-workers 

suggest that there may be a significant difference between most folded or compact species in the 

gas phase and their native structure in solution, since the number of protons available for 

exchange would be different from solution to vacuum [245]. Further work by the same group 

demonstrates that while in some cases solution-phase structure can be preserved in the gas phase, 

at least to the extent that it can answer important questions, for a native structure with substantial 

stabilization by hydrophobic forces in solution, ESI denaturing can form an unstable transient 

structure that can then refold and equilibrate to a more stable gaseous conformer. The 

picoseconds to minutes evolution of native protein structure during and after transfer into the gas 

phase, can involve side chain collapse, unfolding, and refolding into new, non-native structures 

[258, 260]. This new refolded structure may be significantly different and bear little resemblance 

to its native counterpart. More recent studies by the McLafferty group point to a form of local ECD 

data called a “charge site” (CS), which can provide detailed mechanistic information regarding the 

influence of neighboring composition and protonation on charge site hydrogen bonding to 

backbone carbonyls [261].  The overall picture that emerges suggests that the extent of solution-

phase stability in the gas phase varies from protein to protein.  Even if ESI-MS completely 

preserves the native conformation, protein dehydration in vacuo will lead to the collapse of the 

extended basic side chains in ∼10−11 s, destroy hydrophobic non-covalent bonds and rearrange 
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others [260]. On the other hand, extensive retention of the native conformation in conventional 

ESI-MS is possible if the protein has similar solution and gas-phase stabilities [260, 262].  

The more realistic question then becomes not whether the protein retains its native, folded 

state but how long does it last before the protein assumes any one of the various states it can take 

in the vacuum, or as Breuker and McLafferty stated; “for how long, under what conditions, and to 

what extent, can solution structure be retained without solvent?” [260]. Using IM-MS 

Wyttenbach and Bowers have shown that ubiquitin retains its native state in the transition from 

solution to gas phase ESI for >100 ms in a 294 K (20.85 °C) solvent-free environment [263]. 

Similarly, using cryogenic IM-MS, a new technique that captures hydrated ions during ESI, the 

Russell group showed that a compact dehydrated conformer population of undecapeptide 

substance P (SP) can be kinetically trapped on the time scale of several milliseconds, without 

major structural changes during the evaporative process, even when an extended gas-phase 

conformation is energetically favorable [264]. Depending on the charge state, the transition 

proceeds via either fast unfolding, or slow unfolding that includes several metastable 

intermediates, and in some cases refolding. However, the native state of proteins like ubiquitin is 

very robust and occurs under a wide range of solution conditions and while there is some evidence 

that the solution-state structure persists for other proteins [265, 266], care must be taken to avoid 

ion activation during desolvation, sampling and detection. Nevertheless, techniques like “native” 

ESI-MS and IM-MS can provide valuable insight into structure of proteins, particularly in cases 

of aggregating systems where traditional tools are ineffective [263, 267–270].    

 

1.8.2 Hydrogen/deuterium exchange MS 

Hydrogen/deuterium exchange is a widely used technique for studying protein conformation and 

dynamics in solution. HDX relies on the exchange of backbone amide hydrogens with deuterium. 

The secondary structure of proteins is stabilized by backbone N−H···O=C hydrogen bonds. 

Exposure to a D2O-containing solvent results in the exchange of backbone hydrogen (or rather 
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“protium”, i.e. 1H) atoms with deuterium (2H). The ∼ 1 Da mass difference between hydrogen and 

deuterium allows the detection of this exchange by MS [242]. Measurements can be made under 

exchange-in or exchange-out conditions, when the unlabeled protein of interest is either 

incubated in D2O, or when a fully deuterated protein is exposed to H2O, respectively. HDX can 

also occur at O−H, N−H and S−H sites on the side chains, but most HDX/MS experiments involve 

proteolytic digestion and fractionation, and deuterium is lost in the back exchange during these 

steps, and isn’t generally a part of the diagnostic mass shifts [271]. Some hydrogens, such as those 

bound to carbon, almost never exchange while others, such as many side chain hydrogens, 

exchange so quickly that measuring them by MS is difficult. The mechanism of backbone HDX 

under native, continuous labeling is based on ideas first expressed by Linderstrom-Lang et al. 

which assumes that exchangeable backbone sites alternate from “open” (exchange competent) to 

“closed” (exchange incompetent) states with kinetics rate constants kop and kcl [242, 272].  Once 

the open state is reached the exchange proceeds via the rate constant kch. In its most commonly 

observed regime, the first-order rate constant for HDX can be expressed as kHDX = (kop/kcl)kch . 

While HDX/MS has become a useful tool for probing thermally-activated structural dynamics, 

the exact nature of the opening/closing events governing the exchange is less clear. NMR data 

suggest that for exchange to happen, the hydrogen bond of interest has to be disrupted long 

enough for the N−H group to come in contact with the D2O solvent [273].  

There are two approaches of labeling in HDX: continuous labeling and pulsed labeling 

[274]. In the continuous labeling approach, the protein is exposed to the deuterated buffer under 

conditions that retain its native conformation (i.e. pH 7 and physiological buffer conditions). 

Incubation in deuterated buffer follows for a given period of time and then the labeling reaction 

is quenched. This strategy enables the determination of deuterium incorporation into the protein 

as a function of time, providing information on the conformational dynamics under equilibrium 

conditions. In the pulsed labeling approach, a protein is first perturbed somehow, such as by 

adding a chemical denaturant, changing the pH or the temperature. Then the protein is exposed 
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to deuterated buffer (typically with higher pH, e.g. pH 8–10) for a very brief period (~10 s or less) 

[275]. With a short pulse time, HDX will only occur at positions that are solvent exposed and not 

at those involved in hydrogen bonds. 

The first experiment coupling ESI-MS with HDX was carried out in 1991 by Chait and co-

workers to probe protein conformational changes by MS [244]. Over the past two decades, with 

advances in HDX methodology and MS instrumentation, HDX-MS has emerged as an 

indispensable tool for the study of higher-order structure of protein therapeutics in solution [276–

278]. Applications of HDX-MS in the biopharmaceutical industry range from protein therapeutics 

discovery to development, including the study of protein conformation and conformational 

change upon modifications, epitope mapping, protein–protein/protein–ligand interactions as 

well as protein aggregation [279–281]. Binding of a ligand to a protein usually stabilizes the 

protein structure, i.e., it causes a reduction in kop/kcl that results in a decrease of kHDX, or slower 

exchange [282, 283]. Binding to some domains may lead to ligand-induced stabilization while 

binding to others may result in destabilization [284, 285].  

The underlying assumption in mapping binding sites is that the largest reduction in 

structural dynamics is at the site of protein-ligand interaction, and does not take into account 

allosteric effects. Another useful application of HDX is in the study of natively unfolded or 

intrinsically disordered proteins (IDPs); a class of proteins that contradict the structure−function 

paradigm, according to which a well-defined structure is necessary for biological function. While 

these proteins are highly disordered, many of them undergo folding upon binding to various 

substrates. Intrinsically disordered regions may be limited to a certain sequence allowing other 

regions to have partial structure [286, 287]. HDX-MS is increasingly used for exploring the 

properties of IDPs, especially conformational fluctuations that are induced by ligand binding. 

Disordered regions undergo deuteration with kHDX rate constants that approach kch, i.e., the value 

expected for open or exchange-competent amides [288, 289]. 
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1.8.3 Chemical cross-linking MS  

HDX-MS represents the most benign type of protein labeling techniques compared to covalent 

labeling like chemical cross-linking, which relies on the introduction of covalent modifications. 

The key feature of cross-linking involves the use of bifunctional reactive probes. The technique is 

based on the principle that two protein side chains a certain distance apart will experience 

coupling in the presence of a cross-linking agent of the appropriate length [242]. The detection of 

cross-links by MS provides low-resolution information on the structure of the protein or the 

spatial arrangement of its subunits in a complex [290]. The design of most cross-linking agents 

includes two reactive sites connected by a spacer. The most widely-used cross-linking targets are 

Lys side chains but Cys and other residues can also be used. Cross-linking agents can be classified 

as homobifunctional (e.g., for probing Lys—Lys distances) or heterobifunctional (e.g., for Lys —  

Cys linkages) [242, 290]. The spacer length can be used to explore different regions such that in 

the presence of homobifunctional cross-link indicates that Cα atoms of given residues are 

separated by the length of the space plus twice the length of the side chain [290].  

The standard workflow of cross-linking experiments is almost always based on a bottom-

up approach with tryptic proteolysis followed by tandem MS. Following data acquisition, 

structurally informative cross-linked fragments have to be identified out of a pool of unmodified 

fragments. Cross-linking can be performed on purified proteins or on protein mixtures [291]. 

More information can be obtained if a tandem affinity purification is also performed on complexes 

from cell extracts [292]. Protein-protein interactions may not survive most in vitro approaches 

[293] that include cell lysis and purification but cross-linking experiments can also be performed 

in vivo [294, 295]. However, in such cases it’s important to ensure that the bifunctional reagents 

can enter the subcellular compartments without causing major physiological changes to the 

cellular environment [294].  
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1.8.4 Affinity purification MS  

The purification of proteins is generally accomplished via a multitude of separation techniques 

like size-exclusion and ion-exchange chromatography. These methods, for all their many virtues 

do not address sample complexity and the specificity requirements necessary for targeted protein 

isolation. This can be addressed by affinity-based techniques.  In general terms, AP-MS consists 

of isolating a protein of interest then identifying the isolated components of the sample using 

mass spectrometry. The isolation is based on an inherent interaction (or affinity) between two 

proteins. If one of the interacting partners is immobilized on a solid support, then the substrate 

molecule can be purified from a complex mixture (e.g., a cell lysate) along with associated proteins 

[296]. If the conditions used for the affinity purification do not disrupt protein–protein 

interactions, binding partners may also be recovered in the sample. Another advantage of AP-MS 

is that it can be performed in a near physiological context: that is, interactions can be monitored 

in the proper cell type, and following exposure of the cells to almost any type of treatment [297]. 

Protein interactions that depend on a PTM can thus be identified. The choice of a proper affinity-

purification strategy is critical to the success of an experiment. The most frequently used method 

of testing protein association in vivo is the co-immunoprecipitation (CoIP), which directly tests 

complex co-membership: a bait protein is tagged and a purification of its complex co-members 

(prey proteins) is made followed by mass spectrometry.  CoIP has also been used for the discovery 

of novel interacting partners in a complex [298]. Protein capture from the cell lysate takes place 

upon specific recognition of an epitope of a known component of the complex. However, a specific 

antibody is necessary for every bait protein, and it is often difficult to predict whether custom 

made antibodies will have the specificity and affinity necessary for immunoprecipitation [296].  

Antibodies can also be used in a more generic way by fusing the bait proteins with an epitope tag 

and using the interaction between the antibody and the tag rather than the bait protein for 

complex retrieval.  Epitope tags are small strings of peptides that are incorporated into the 

protein of interest during synthesis. They enable the study of recombinant proteins in instances 
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where protein-specific antibodies are not available. A wide variety of epitope tags have 

developed (FLAG, GTS, HS, His, Myc) for which commercially available antibodies exist [296]. 

A major drawback of epitope tagging is the need to ectopically express proteins in cells which 

limits this approach to cell culture-based systems. In addition, the artificially introduced tag may 

interfere with protein folding, function or the ability to interact with other proteins. Despite some 

of these limitations, CoIP via epitope tagging has been used extensively to identify protein 

complexes [299, 300]. Precipitation experiments using a recombinant GST fusion protein have 

been widely used for the discovery and analysis of individual protein interactions and, to a lesser 

extent, protein complexes [301, 302].  

Another critical factor in studies involving protein interactions is the stoichiometry of the 

complex components, which can shed light on the structural organization of the protein assembly. 

In addition, most common AP-MS methods paint a static view of the protein complexes. Due to 

the dynamic nature of many complexes, especially those involved in cell signaling, experimental 

strategies that reveal regulated interactions are necessary. Quantitative proteomics approaches 

are ideally suited for this task. One effective way to generate quantitative information is to 

incorporate stable isotopes into peptides. This is typically accomplished through metabolic 

labelling, in which isotopically ‘heavy’ compounds replace the natural ‘light’ isotopes in growth 

medium or through the addition of an isotopic label after lysis (and often after purification) using 

chemical or enzymatic reactions [303, 304]. Chemical labelling approaches that are 

complementary to stable isotope labeling with amino acids in culture (SILAC) such as isotope-

coded affinity tags are particularly useful for measuring dynamic changes in complexes isolated 

from tissues or organisms that cannot be metabolically labelled [291, 305].  

 
1.8.5 Native MS for studying noncovalent protein interactions  
 
The discussion of the structural MS techniques presented above did not make any assumptions 

regarding the conformation of proteins after their release into the gas phase. An important subset 
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of MS-based structural approaches is “native” MS, where (at least partial) retention of solution-

phase structure and interactions is essential. With some possible exceptions [242, 306, 307] 

native MS studies employ ESI or nanoESI (nESI).  Typically, the solvent used in native MS is 

water with a low concentration of ammonium acetate (100 - 200 mM) at pH ∼ 7. The volatile 

nature of this background electrolyte (NH4
+ (aq) + CH3−COO− (aq) → NH3 (g) + CH3−COOH (g)) 

minimizes undesired adduct formation during ESI. Although commonly referred to as a “buffer”, 

ammonium acetate is rather an electrolyte solution, with little to no buffering capacity at neutral 

pH [308]. The most widely-used application of native MS is the characterization of noncovalent 

protein−protein and protein−ligand complexes. A comprehensive characterization of the latter 

also includes the measurement of the corresponding association/dissociation constants, the 

stoichiometry of the interacting constituents and the sites of protein-ligand interactions [309].  

The earliest examples of MS application for detecting non-covalent complexes from 

aqueous solutions were reported in the early 1990s. In 1991, Katta and Chait reported the 

detection of the intact globin-heme interaction of myoglobin using ESI-MS [310]. That same year, 

Ganem and c0-workers reported the observation of enzyme-substrate and enzyme-product 

complex using ion spray (pneumatically assisted electrospray) MS [311]. After the initial reports 

demonstrating the preservation of specific protein-ligand interactions using ESI-MS, the 

technique was applied for determining protein-ligand association constants (Ka). The first such 

application was reported in 1993 by Loo and co-workers, who using ESI-MS measurements on 

the ribonuclease S-protein/S-peptide complex over a range of temperatures were able to establish 

not only Ka values but also estimate the enthalpy (∆Ha) and entropy (∆Sa) of association [312]. 

Over the past decade, advances in methodology and instrumentation have improved the reliability 

of the ESI-MS assay and affinities measured in various protein-ligand complexes were shown to 

be in agreement with measurements performed using other analytical techniques [313–316]. 

 The assay is based on the detection and quantitation of free and ligand-bound protein by 

ESI-MS. In principle, this can be accomplished on the basis of mass spectral peak intensity ratios. 
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More specifically, the Ka for a given protein-ligand interaction is determined by the ratio of total 

abundance of ligand-bound and free protein from solutions of known initial concentrations of 

protein and ligand [309]. Generally, the Ka for a given protein-ligand interaction is determined 

from a series of measurements performed on a number of different concentrations or from a 

titration experiment, where the concentration of protein is fixed while the concentration of the 

ligand is varied [317]. The value of Ka can then be extrapolated using nonlinear regression analysis 

of the experimentally determined concentration-dependence of the fraction of ligand-bound 

protein [309]. In practice, ESI-MS measurements are typically limited to protein and ligand 

concentrations in the 0.1 to 1000 μM range and the Ka values accessible with direct ESI-MS 

binding assays range from approximately 103 to 107 M-1 [309]. However, competitive binding and 

direct ESI-MS can be used to probe interactions with larger Ka values [309]. For example, the 

range of measurable Ka values can be extended through competition experiments involving 

multiple proteins with a range of affinities for the same ligand [309, 318, 319]. While acquiring 

ESI-MS spectra of a protein-ligand complex is fairly straightforward, the direct ESI-MS assay 

requires a successful transition of the equilibrium abundance ratio of bound-to-free protein from 

solution to the gas phase. Several other potential sources of error such as non-uniform response 

factors, in-source dissociation, nonspecific protein-ligand binding, as well as ESI-induced 

changes to solution pH and temperature must also be taken into account [309].   

To elucidate the structure of any protein complex or assembly, it is necessary to know the 

stoichiometry of its subunits. A variety of analytical approaches have been developed to address 

this question but many are difficult to implement and do not always provide sufficient accuracy 

for unambiguous determination [238, 320–322]. The high precision and sensitivity of MS make 

it an attractive alternative for stoichiometric measurements. One approach entails isolation of the 

protein complex, enzymatic digestion of its constituents into peptides, followed by measurement 

of the relative amounts of selected peptides from each of the proteins, sometimes accompanied 

by calibration with heavy isotopically-labeled internal standards for increased accuracy [323–
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326]. An alternative approach for determining the stoichiometry is via direct measurement of the 

intact protein assemblies, with access to not only stoichiometry but also composition and even 

connectivity of protein complexes in their native or near-native states [241, 327–329].   

An early indicator of the usefulness of native MS for determining stoichiometry came from 

the observation that ESI-MS protein charge state distributions reflected (to some extent) the 

folding state of electrosprayed solutions [235]. Soon after it was observed that cofactors and even 

noncovalent protein complexes could maintain their interaction in the gas phase in ESI-MS from 

nondenaturing solutions [330]. In the years that followed, an impressive array of noncovalent 

complexes has been determined by native MS [331–333] with growing evidence that the ESI-MS 

measurements of protein complexes can be used to accurately deduce their stoichiometry [241, 

327–329]. Some obvious advantages of native MS were its simplicity, direct and precise mass 

determination and the potential to deal with mixtures of complexes. As with affinity purification 

MS, the isolated material is often a composite of complexes centered around the target protein 

rather than a single homogenous complex. Native MS also allows one to examine native 

heterogeneity that can be important for normal cellular function [334]. The high sensitivity of 

native MS even allows for analysis of low-abundance endogenous complexes derived from their 

native environment, eliminating the need for expression in heterologous systems. Unfortunately, 

to date, the much needed application of native MS to the analysis of endogenous protein 

complexes has been limited. The main limitations include the difficulty in capturing sufficiently 

pure cellular protein complexes, as well as preparing them at sufficiently high concentrations in 

ESI-compatible solutions to obtain useful MS spectra. 

Several native MS methodologies for characterizing protein-ligand interactions also 

extend to mapping the location of ligand binding sites on protein receptors using top-down ECD-

MS/MS. This approach requires the protein-ligand interactions to remain intact under conditions 

where the polypeptide backbone undergoes fragmentation. ECD was first used as a dissociation 

technique in 1998 by the McLafferty group as a way of fragmenting intact proteins in top-down 
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sequencing [16, 55, 200]. Several year later, the McLafferty group first demonstrated this 

application of ECD in structural analysis of unfolded proteins in the gas phase [335]. It has since 

become the activation method of choice for the analysis of intact proteins and macromolecular 

protein assemblies [68, 69, 79, 80]. The electron beam in ECD is essentially a probe of protein 

structure in the gas phase, and positive charges on the protein (e.g., Arg and Lys) serve as focal 

points of electron capture. This process has been especially successful in FTICR instruments 

where the analyte cations and the electron beam can be effectively trapped in a magnetic field. As 

described earlier, electron-based activation leads to the fragmentation of the N−Cα bond, 

generating the characteristic c/z-type fragment ions. At the same time, noncovalent protein-

ligand interactions have been shown to survive electron capture, enabling the mapping of protein-

ligand contacts [68, 69]. Sequencing by ECD also allows for the mapping of thermally-labile PTMs 

lost during collisional activation [16, 79]. Fragment ions from the native structure should in 

principle derive from the surface of the protein, providing a readout of the surface regions. ECD-

induced cleavage of backbone bonds in the more flexible region of the protein has lent support to 

the correlation between ECD efficiency and the crystallographic B-factor, defined as the degree of 

flexibility or rigidity of a protein [69, 79, 80]. ECD was used by Loo and co-workers to characterize 

a 158 kDa protein complex consisting of a tetramer of aldolase (the largest complex studied by 

ECD), resulting in sequencing of 168 residues at the C-terminal end out of 463 total amino acids 

[68]. Moreover, the fragmentation pattern revealed that ECD cleavage was not limited to the 

flexible regions of the protein complex but extended to surface regions as well. ECD-MS/MS of 

ubiquitin carried out by Gross et al. showed that the protein assumed an intermediate form in the 

gas phase, because both the less flexible N-terminus (small B-factor) and highly flexible C-

terminus (large B-factor) produced significant ECD fragmentation. On the other hand, the same 

study showed that ECD fragments derived from both N- and C-termini of cytochrome c, which 

have similar flexibility and B-factor values, indicted that the gas-phase structure does not differ 

significantly from that in solution [80].  
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As noted earlier, electron-based methods are generally less effective for ions in low charge 

states. This is problematic for proteins in native or native-like states, which typically adopt low 

charge states in ESI. While seemingly beneficial, the use of supercharging agents for enhancing 

ECD efficiency can itself be problematic as it often entails protein conformational changes that 

may alter the nature of the protein-ligand interactions [217]. Also, evidence of possible ligand 

migration in the gas phase has been reported [336, 337]. Given the delicate nature of protein 

complexes in the gas phase, extra care must be taken when using collisional activation during ion 

sampling to ensure adequate desolvation and adduct removal while avoiding unfolding and 

dissociation. ESI-MS based studies of noncovalent complexes therefore require a carefully tuned 

set of instrumental parameters like sampling voltages, collision energies and gas pressures.  

 A complementary approach for studying the structures of biomolecular systems in the gas 

phase is ion mobility spectrometry [338, 339]. IMS represents the most widely used tool for 

characterizing the structures of proteins in the gas phase, with the implicit assumption that the 

data obtained correlate with analyte structure in solution. In IMS, ions travel through a buffer gas 

under the influence of a weak electric field. The drift time td depends on Ω/z, where Ω is the 

rotationally-averaged CCS, which is directly related to analyte’s overall size and shape. 

Experimentally measured Ω values can be compared with Ω values obtained from three‐

dimensional coordinate files derived by X‐ray crystallography or NMR [340, 341]. Unfolded ions 

generally have larger Ω values than their compact, folded conformers [342].  The introduction of 

commercial (Q-TOF) systems that allow IMS measurements via traveling-wave (T-Wave) ion 

guides (TWIGs) has made it very popular in the native MS user community [341]. Also, the 

capability of operating these devices at cryogenic temperature provided the opportunity to study 

partially hydrated biomolecular ions [343]. While the resolution (Ω/ΔΩ) of TWIGs is relatively 

low, typically ~40 [341], values of up to 1000 have been demonstrated in a cyclical drift tube 

instrument [344]. The nature of IM via TWIGs is different from a standard drift tube in that 

mobility is approximately proportional to the inverse of the square root of drift time, rather than 
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just the inverse [341]. Consequently, calibration is generally employed to obtain accurate Ω values 

[338, 341, 345]. An alternative way of conducting high-resolution gas-phase separations is 

differential IMS, also known as field asymmetric waveform IMS, or FAIMS [346]. However, it has 

a limited application to native MS and conformational analyses because the relationship between 

analyte structure and FAIMS data remains poorly understood [242].  

Experimental IMS data are often analyzed on the basis of theoretical CCS calculated from 

known crystal structures or computer generated models using MOBCAL and related tools [347, 

348]. For example, for small analytes, relatively few gas-phase structures can be correlated with 

the measured CCSs but for larger molecules a given CCS may be compatible with a variety of 

candidate structures [349]. Recent developments like drag enhancement have led to uncertainties 

of up to 40% for existing td−Ω conversion methods [350, 351]. Also, simple CCS measurements 

on intact complexes provide only limited information because there are many different 

quaternary structures that would be compatible with a given CCS value [352]. To circumvent these 

limitations and obtain more detailed insights it may be worthwhile to focus on the  behavior of 

subcomplexes [353, 354]. The application of CID to generate subcomplexes would be 

counterproductive as it would likely result in complete or partial unfolding but the use of mildly 

denaturing conditions in solution may be effective for dissecting macromolecular assemblies 

[242]. Still, the location of flexible regions and those regions involved in structural changes cannot 

be identified from the IMS. ECD-MS/MS, on the other hand can pinpoint regions that change, as 

seen in data generated with ECD fragmentation. Combining IMS-based techniques with ECD-

MS/MS approaches should further improve our understanding of protein structures. ESI Q-TOF 

and ESI-TOF have been the primary type of analyzer for the analysis of noncovalent protein 

complexes [355, 356] but platforms like FTICR with ECD have also been successfully employed 

[68, 69]. One study reported the detection of an 18 MDa virus capsid on an Orbitrap [331]. In 

addition to the study of viral particles by native MS/IMS various other types of protein assemblies 

have been studied using native MS [357, 358] including cytotoxic protein aggregates [359–361].  
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1.9 Native MS for studying cytotoxic protein assembly 

The phenomenon of protein aggregation and amyloid formation has become the focus of 

rapidly increasing research across a wide range of scientific disciplines. The association of 

amyloid fibril deposition with a range of neurodegenerative disorders has made it a subject of 

considerable scientific as well as pharmacological research. For instance, it has become clear, 

that the ability of a protein to enter the so-called amyloid state is more general than previously 

thought, and that its study can provide unique insights into the nature of the associated 

peptides and proteins, as well as an understanding of the mechanisms by which their 

homeostasis is maintained and metastasis avoided. The process of introducing a new 

pharmaceutical compound as an approved therapeutic is a highly interdisciplinary process, with 

disciplines ranging from biology to computer science [362–364].  

Once viable biological targets have been identified, the process of generating small 

molecule drugs generally falls into two equally important phases termed ‘discovery’ and 

‘development’ [365]. The former, involves the identification of molecular structures that alter the 

function of the biological target and a candidate compound of promising potency, while the latter 

refers to the experiments and clinical trials that test drug toxicology and safety for use in patients. 

In both drug discovery and development, many analytical tools are employed to assess the 

structure, binding, stability and mechanism of action of the drug candidate. Since the observation 

that intact protein-ligand interactions could be retained during ESI-MS was reported [244, 311], 

many studies that followed illustrated the power of MS for determining the stoichiometry and 

affinity of small molecule binding to various protein targets [366]. Subsequent experiments 

expanded the role of ESI-MS to include larger multiprotein targets [367] as well as proteome-

wide information on direct protein–ligand interactions [368]. The ability of MS to gain a large 

amount of both qualitative and quantitative information from complex, dynamic biological 

mixtures became a chief advantage over other analytical techniques. When labeling techniques, 

chemical cross-linking, HDX, native ECD and other methods were combined with MS, the range 
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of the resultant information content included significant structural data on the protein–ligand 

interaction that could facilitate the discovery of lead compounds [364, 369].  

One of the earliest examples of using ECD to study noncovalent binding was reported in 

2002 by Haselmann et al., who investigated the interactions mediating the glycopeptide 

antibiotics vancomycin and eremomycin to their bacterial tripeptide target [370]. The results 

demonstrated ECD-induced cleavage of covalent bonds and the preservation of the noncovalent 

complex, allowing the determination of gas-phase structure, the primary sequence information 

and the location of the binding site. ECD was also employed to map the primary binding sites of 

the anticancer drugs cisplatin, transplatin and oxaliplatin on ubiquitin [371]. ECD was also used 

to characterize nanoscale bilayers or nanodiscs formed by binding of phospholipids to scaffold 

proteins [372]. Of the three activation techniques CID, HCD and ETD that were used to study a 

metallodrug-protein (oxaliplatin-ubiquitin) complex, ETD was the most successful in identifying 

the metal binding site [373]. The Loo lab reported the observation of the noncovalent complex 

formed by the small disordered protein α-synuclein implicated in Parkinson’s disease, and 

polycationic amine spermine, where ECD was used to map spermine binding site to a C-terminal 

fragment of α-synuclein [374] .  

A growing area for IM-MS application are protein targets that remain relatively 

challenging for traditional biochemical methods. Amyloidogenic proteins like amyloid β (Aβ) and 

β2-microglobulin (β2m) [268, 360] as well as a number of other IDPs [375] have all been studied 

in the context of ligand binding by IM-MS. Given their unprecedented structural flexibility, IDPs 

present a tremendously challenging class of targets for traditional structural biology tools. The 

standard route for therapeutic discovery in diseases such as Alzheimer’s involves small molecule 

inhibitors for the early stages of Aβ aggregation. IM-MS was successfully implemented in 

elucidating the basic features of aggregation on peptide segments [359] and full-length Aβ [268, 

376].  
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More recently, IM-MS was used to study the early aggregation pathways of the full-length 

protein and the impact of short peptide fragment ligands derived from the hydrophobic C-

terminus of Aβ (C-terminal fragments, CTFs) on the aggregation process [377, 378]. IM-MS data 

helped deduce the structures of isolated CTFs while also revealing extensive modulation of the 

oligomeric states of the Aβ aggregates by CTF binding, which eliminated the populations of larger 

aggregate species found in control samples, without causing any morphological changes in the 

insoluble amyloid fibrils. In a similarl study, a group of small molecule inhibitors was screened to 

find drug candidates that interrupt β2m aggregation and fibril formation [360]. Out of the 44 

ligands screened by IM-MS, rifamycin, a well-known antibiotic, was identified as the most potent 

inhibitor of aggregation. In another study using polyphenol (-)-epigallocatechin-3-gallate 

(EGCG), a small molecule with known anti-amyloidogenic properties [379], IM-MS integrated 

with NMR and other biophysical information, revealed that EGCG preferentially binds to compact 

forms of Aβ monomers and dimers [380]. Furthermore, there was an increase in anti-

amyloidogenic activity of EGCG together with similar conformational changes upon Cu(II) and 

Zn(II) binding to Aβ, and the conformational distributions recorded by IM-MS for ternary metal-

small molecule-peptide complexes suggest that metal binding may pre-organize Aβ for EGCG 

interactions and thus facilitate binding [364].  

 

1.10 Molecular tweezer assembly modulators 

Non-covalent interactions between molecules possessing aromatic rings (π-π and CH-π) are 

generally acknowledged to be important in the formation of ordered biological systems [381–

383]. Therefore, a host molecule that is designed to exploit aromatic interactions for targeted 

recognition of certain amino acids in relevant peptide regions could be of significant therapeutic 

interest. This is the approach the Bitan group at UCLA has pursued to study inhibition of 

amyloidogenic proteins like Aβ, α-synuclein and microtubule associate protein tau (MAPT). It 

involves the use of synthetic compounds known as molecular tweezers (MT), which act as 
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inhibitors of abnormal self-assembly via combination of hydrophobic and electrostatic 

interactions [384, 385]. The name “molecular tweezer” was first used in 1990s, to describe a class 

of U-shaped molecules as supramolecular tools with rigid aromatic side walls. The U-shaped 

cavity that they formed could, in principle, accommodate a sterically favorable functional group 

on a target molecule. The resonance of the π-π interactions in the convergent aromatic sidewalls 

allowed the accommodation of cationic “guest” molecules [386]. 

Contrary to the many artificial receptor molecules that have been developed for amino 

acids with little to no selectivity to specific residues, molecular tweezer compounds showed 

selectivity towards lysine, and to lesser extent arginine residues. With two phosphoryl groups as 

–R1 and –R2 functional groups running perpendicular to the U-shaped cavity, the affinity for 

cationic side chains on Lys and Arg residues became even higher [387–389]. A derivative 

compound, CLR03 that shares the polar bridgehead structure but lacks the hydrophobic arms was 

designed as a negative control [390]. Dissociation constants Kd for the host-guest complexes of 

CLR01 and various lysine-containing peptides fall in the μM range, supporting the high on-off 

binding to lysine residues [390]. Peptides containing two adjacent Lys units at their N-termini 

form even more stable complexes than those containing only one Lys or Arg [390]. 1H NMR 

experiments and calculations both provide strong evidence of inclusion of the aliphatic C4 and C3 

side chains of lysines inside the CLR01 tweezer cavity [391]. Due to the magnetic anisotropy of 

the convergent benzene rings on CLR01, the 1H NMR shifts of ‘guest’ protons are a reliable 

measure of their position relative to the host [387–389]. Recent crystal structures of CLR01 and 

14-3-3 protein fully validate the proposed binding mode [392].  The mechanism of MT inhibition 

is based on competing electrostatic and hydrophobic interactions, which are essential for 

abnormal self-assembly and aggregation. Furthermore, low binding affinity and high on-off rate 

allow MT to disrupt abnormal self-assembly without interfering with normal protein function 

[384, 385]. In addition to the characteristic binding to Congo red die, amyloid fibrils and tau 

neurofibrillary tangles also bind fluorescent molecule Thioflavin T (ThT), allowing their detection 
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using fluorescence microscopy or spectroscopy. The latter turns highly fluorescent upon 

incorporation into β-sheets and can be used to monitor protein fibriliation as a function of time. 

CLR01 completely suppressed the enhanced fluorescence triggered by Aβ aggregation at 10-fold 

inhibitor excess, and embryonic isoform of tau aggregation at equimolar concentrations, as 

compared to CLR03 [393]. ThT fluorescence and electron microscopy (EM) revealed complete 

inhibition of 0N3R tau aggregation by CLR01 in a 1:1 ratio [393]. Similarly, assessing protein 

morphology using transmission election microscopy (TEM) revealed a complete absence of Aβ or 

tau fibrils in the presence of CLR01, but not CLR03. Protein aggregation and fibril formation can 

also be monitored by observing a strong β-sheet band at 215 nm in circular dichroism (CD) 

spectroscopy. Once again, Aβ fibrils did not form in the presence of 3-fold excess of CLR01 [393]. 

CLR01 but not CLR03 prevented strong immunoreactivity of Aβ with oligomer specific antibody 

A11 in blotting assays [390]. Dynamic light scattering (DLS) was also used to study the effect of 

CLR01 on oligomer size distribution and their growth over time. At a 1:1 ratio, CLR01 produced 

Aβ oligomers of similar size that did not grow into larger aggregates. Moreover, these oligomers 

were no longer toxic as evidenced by cell culture experiments [390, 394]. In transgenic mouse 

models overexpressing Aβ protein precursor (APP(KM670/671NL), as well as tau(P301L), a 28-

day 0.04 mg/kg/day CLR01 dose applied subcutaneously resulted in a robust reduction of 

amyloid plaques and NFTs [395]. In accessing Aβ neurotoxicity in the presence of CLR01, cell 

viability was fully preserved while CLR03 had no effect. Similar results were obtained with other 

amyloidogenic proteins such as islet amyloid polypeptide (IAPP), amylin, calcitonin, insulin, β2-

microglobulin and mutant p53, supporting CLR01’s role as an inhibitor of toxic oligomerization 

[393, 396, 397]. Solution-state NMR experiments on full-length Aβ40/42 and CLR01 complexes 

showed that initial binding occurred at Lys16 with secondary binding on Lys28 and Arg5 [393]. 

While classic biophysical techniques like ThT fluorescence, CD spectroscopy, DLS and 

solution-state NMR have been successfully employed to characterize CLR01-mediated inhibition 

of cytotoxic protein assemblies, ESI-MS and IM-MS offer unique structural insight into protein 
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and protein-ligand complexes. IM-MS has been successfully used to study osmolyte-induced 

disruption of tau oligomers, revealing that the balance of protein-protein vs protein-solvent 

interactions in the initial solution environment is essential for fibril formation [398]. Another 

study using IM-MS, TEM and ThT was able to show the self-assembly of individual and binary 

mixtures of tau fragments containing the hexapeptides PHF6 (VQIVYK) and PHF6* (VQIINK) 

and R2/ΔK280 (which deletes the lysine present in PHF6*) associated with neurodegenerative 

tauopathy [270]. IM-MS has also revealed the different binding affinities of CLR01 and CLR03 to 

Aβ, as well as the stoichiometry of Aβ/CLR01 complex [399]. Moreover, IM-MS revealed a CLR01-

mediated compaction of Aβ dimers and tetramers, eliminating higher-order oligomers [399]. ESI-

MS and IM-MS yielded estimates for solvent-accessible surface area in solution and average CCS 

in the gas phase for intrinsically disordered NTAIL and the phosphoprotein X domain of the 

measles virus [400]. The highly heterogeneous nature of IDPs makes their structural 

characterization rather challenging. Together these techniques can add valuable insight into 

structural properties of aggregation-prone IDPs like tau, and shed more light on interactions with 

inhibitors like CLR01.  

As stated previously, native ECD-MS/MS can reveal the specific site of noncovalent ligand 

binding and the location of surface residues. The Loo group implemented ECD-MS/MS to study 

the interaction of various aggregation-prone proteins with CLR01. Native ECD-MS/MS approach 

taken by the Loo group, together with solution state-NMR, successfully identified binding sites of 

CLR01 on Aβ with primary binding at Lys16 and secondary binding at Lys28 and Arg5 [393]. In a 

collaborative study with the Bitan group, Loo and co-workers were also able to assign the primary 

binding sites of CLR01 on α-synuclein at N-terminal Lys10/12 [401]. Most recently, in the analysis 

of the 17-residue N-terminal (N17) region of huntingtin, the protein implicated in the etiology of 

Huntington’s disease, the same group used native ESI-MS to observe a 1:1 CLR01/N17 complex 

with an estimated Kd of 20 μM. In addition, ECD-MS/MS revealed Lys9 as the most probable site 

of CLR01 binding to N17 [402]. 
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1.11 Summary 

Top-down proteomics offers a viable alternative to the proteolysis-based bottom-up approach, 

with the potential of generating sequence information and structural characterization on a 

proteome-wide scale. Advances in fractionation and ion activation techniques together with 

increases in scanning speed, and on-line and multidimensional separations have made high-

throughput top-down MS analysis more feasible. In addition, new advances in native separations 

and direct analysis of protein complexes offer many promising applications for top-down 

proteomics.  

Exploring interactions of proteins and other macromolecules with small molecule 

partners is crucial for understanding ligand-induced conformational changes, mechanisms of 

drug action, as well as enzyme allostery and inhibition [352, 403, 404]. However, there still 

remains a number of technical hurdles for MS to address [309, 403], like the possibility that 

noncovalent interactions may not survive the transfer into the gas phase [405]. The intriguing 

question to what extent solution-phase structures of biological macromolecules can be retained 

in the gas phase will likely remain at the forefront of the field in the years to come. Nevertheless, 

the capability to maintain major aspects of biomolecular conformations and interactions during 

ESI has ushered in “gas-phase structural biology” [251]. Criticisms can be countered by 

considering that other, well-accepted methods such as cryo-EM and even X-ray crystallography 

also involve the characterization of biological analytes under nonphysiological conditions. MS-

based methods will likely never replace existing structure determination tools like X-ray 

crystallography, NMR spectroscopy and cryo-EM. Rather their contribution will be most 

significant when used in conjunction with these and other classical techniques.  

Gas-phase structural biologists should not limit themselves to just one type of MS-based 

technique. Experimental techniques like HDX, cross-linking, affinity purification, charge state 

distributions, native ECD-MS/MS and IM-MS are all complementary [242, 406–408], and taken 

together with computational modeling and simulations they provide an in-depth picture of 
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protein structure. By combining various MS-based as well as other experimental techniques with 

computational modeling and simulations, it may one day be possible to generate a truly 

comprehensive and dynamic picture of a given proteome, connecting its biological function to 

health and disease.  
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CHAPTER 2 

 

 

Enhancing sensitivity of liquid chromatography–mass spectrometry of 
 

peptides and proteins using supercharging agents 
 
 
 

The following is a reprint of a research article from 
 

International Journal of Mass Spectrometry 
 

427, 157-264 (2018) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Reprinted by permission from Elsevier 
 

1387-3806/© 2017 Elsevier B.V. 
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Supplemental figures  
 

 
 

 
 
Figure S1. LC-MS of protein mixture containing (1) 17 μM RNase A, (2) 13 μM ubiquitin, 
(3) 7.7 μM lysozyme, (4) 30 μM insulin, (5) 6.5 μM myoglobin, (6) 15 μM BSA, and (7) 7.6 
μM carbonic anhydrase with 0.1% formic acid and 0.1% TES and 0.1% MOZ. 

 
 
Figure S2. LC-MS of protein mixture containing (1) 17 μM RNase A, (2) 13 μM ubiquitin, 
(3) 7.7 μM lysozyme, (4) 30 μM insulin, (5) 6.5 μM myoglobin, (6) 15 μM BSA, and (7) 7.6 
μM carbonic anhydrase with 0.1% formic acid and with and without 0.1% PC.  
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Figure S3. Number of theoretical plates for LC-MS of proteins with 0.1% formic acid and 
supercharging agents. 
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Figure S4. LC-MS of BSA tryptic digest in 0.1% TFA with and without 0.1% m-NBA. Tryptic 
peptides: (1) ATEEQLK, (2) YICDNQDTISSK, (3) VPQVSTPTLVEVSR, (4) 
LFTFHADICTLPDTEK, (5) HLVDEPQNLIK, (6) ECCDKPLLEK, (7) YNGVFQECCQAEDK, 
(8) TVMENFVAFVDK, (9) QTALVELLK. 
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Figure S5. Protein retention times with TFA (top) or formic acid (bottom) as the mobile 
phase additive. 

 
 
Figure S6. LC gradient showing % ACN change as a function of time.  
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Figure S7. Protein retention times with TFA (top) or formic acid (bottom) as the mobile 
phase additive. 
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CHAPTER 3  

 

 

Top-down/Bottom-up Mass Spectrometry Workflow Using Dissolvable 
 

Polyacrylamide Gels 
 
 
 

The following is a reprint of a research article from  
 

Analytical Chemistry 
 

 89, 8244−8250 (2017) 
 
 
 

My contribution to this study was taking part in the top-down mass spectrometry analysis,  
 

specifically, the human histone HIST1H4A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
Reprinted by permission from ACS 

 
© 2017 American Chemical Society 
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Supplemental figures 
 
 

 
 

 
 

  
 
Figure S1. Tris-glycine SDS-PAGE using a BAC-crosslinked polyacrylamide slab gel. The 
components of acrylamide solution for making tris-HCl gel are shown in Table S1. SDS-
PAGE of protein extracts from the Drosophila brain tissue (10 μg total proteins) was carried 
out using tris/glycine/SDS buffer (BioRad). The separated proteins were visualized with 
CBB. 
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Figure S2. MALDI-TOF MS analysis of standard proteins derived from BAC gels. Standard 
proteins (BSA and HIST1H3A) were first separated by BAC-PAGE, and extracted by the 
protocol described in Fig.3a. Purified intact proteins were subjected to MALDI MS analysis 
using α-cyano-4-hydroxycinnamic acid as a matrix. MS spectra were acquired on a MALDI-
TOF MS instrument (AXIMA TOF2: Shimadzu Corporation, Kyoto, Japan) in positive mode. 
*: observed protein ions. 
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Figure S3. Comparison of the performance of BAC-PAGE and gel electroelution for in-gel 
protein recovery. (a) A crude protein extract from Drosophila brain (10 μg total protein) was 
first separated by SDS-PAGE using a Bis-crosslinked polyacrylamide gel. Gel-recovered 
proteins through electroelution were further subjected to 4-12% NuPAGE gel 
electrophoresis. *: Drosophila brain extracts (5 μg total protein/lane). Bis: Bis-crosslinked 
8% (w/v) acrylamide gel. (b) The number of identified proteins with different protein 
recovery procedures. Gel-recovered proteins were digested with trypsin and subjected to LC-
MS/MS analysis. 
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Figure S4. Evaluation of reproducibility of BSA recovery from BAC gel. (a) Schematic 
diagram of the experiment performed to evaluate the reproducibility of in-gel protein 
recovery. (b) SDS-PAGE image of BSA using 4-12% NuPAGE. *: original BSA sample (2 
μg/lane); Lane #1-5: recovered BSA. (c) Quantitative evaluation of BSA recovery from BAC 
gel using Qubit protein assay kit.electrophoresis. *: Drosophila brain extracts (5 μg total 
protein/lane). Bis: Bis-crosslinked 8% (w/v) acrylamide gel. (b) The number of identified 
proteins with different protein recovery procedures. Gel-recovered proteins were digested 
with trypsin and subjected to LC-MS/MS analysis. 
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Figure S5. LC-ESI-TOF MS analysis of HIST1H4A. Comparison of LC-MS (Agilent TOF 
MS) of histone standard protein. 
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Figure S6. Evaluation of cysteine alkylation by MS. (a) After alkylating the cysteines in BSA 
with iodoacetamide, we performed BAC-PAGE, digestion, and searched for acrylamide 
adducts by LC-MS/MS. Obtained MS/MS spectra were searched by the ProteinPilot (SCIEX) 
using the following parameters: cys alkylation, iodoacetamide with other cysteine 
modifications possible; digestion, trypsin; processing parameters, biological modification; 
and search effort, through ID. Table enumerates identified BSA peptides as reported by the 
ProteinPilot. In bottom-up analysis of the tryptic digest, no acrylamide adduct was observed. 
(b) We further evaluated the alkylated cysteine residues by selected reaction monitoring. 
Although partial acrylamide adduction was observed in BSA peptide YICDNQDTISSK, 
cysteine residues in 4 other peptides were completely alkylated by iodoacetamide. IAA: 
iodoacetamide; AA: acrylamide. (c) In addition to iodoacetamide, 4-vinyl pyridine is also 
effective for alkylating cysteines. Hen egg white lysozyme (4 disulfide bonds, MW=14305) 
was reduced with dithiothreitol and alkylated with 4-vinyl pyridine. After acetone 
precipitation, this MALDI mass spectrum was obtained with 2,5-dihydroxybenzoic acid as 
matrix. The singly-charged ion at 15150 m/z corresponds to the reduced protein adding 8 
vinyl pyridine molecules (predicted 15155 m/z). The shoulder at 15046 m/z is reduced 
protein with 7 vinyl pyridines. 
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CHAPTER 4 

 

 

Inhibition of Huntingtin Exon-1 Aggregation by the Molecular Tweezer 
 

CLR01 
 
 
 

The following is a reprint of a communication from 
 

Journal of the American Chemical Society 
 

139, 5640−5643 (2017) 
 
 
 

My contribution to this study was performing top-down mass spectrometry analysis on the Htt  
 

N17 peptide and molecular tweezer CLR01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Reprinted by permission from ACS 
 

© 2017 American Chemical Society 
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Supplemental figures 
 

 

 
 

 
 

Figure S1. Averaged structures of the 3 most populated clusters observed at 300 K in the 
preliminary MD simulation of htt exon-1 Q55. CS1 (~51% of the population) is shown at the 
left, CS2 (populated by ~24%) in the middle and CS3 (~9%) at the right. α-helix is shown in 
red, coil conformations in green and turns in blue.

 
 
Figure S2. CLR03 (left) and CLR01 (middle). The QM regions in the QM/MM calculations 
were formed by CLR01 and the highlighted atoms of the side chain of Lys (right).  
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Figure S3. Secondary structure content of the polyQ55 domains of CS1(A), CS2 (B) and CS3 
(C) without ligand (left), with CLR01 (middle) and with CLR03 (right). 

 
 
Figure S4. CLR01 decreases the α-helical content of the N17 domain in htte1

Q55. The 
averaged structures of the three most populated clusters at 300 K for the N17 domain of CS1 
are shown (A) in the absence of CLR01 and (B) in the presence of CLR01. 
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Figure S5. Secondary structure content of the N17 domains without ligand (left) and with 
CLR01 (right). CS2 (top) and CS3 (bottom). In the case of CS2 there is an increase in α-
helicity in residues 8, 9 and 10. This is explained by the fact that the inclusion complex with 
Lys15 is lost during the MD simulation and the tweezer establishes only salt bridge 
interactions with nearby residues. 
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Figure S6. Averaged structures of the three most populated clusters observed at 300 K for 
the N17 domain of CS1 in the presence of three CLR03 molecules. Lysine residues and 
CLR03 molecules are shown with sticks. 

 
 
Figure S7. Secondary structure content of the N17 domains without ligand (left) and with 
CLR03 (right). CS1 (top), CS2 (middle), and CS3 (bottom). 
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Figure S8. The decrease in α-helicity of the N17 domain with respect to the simulations 
without any ligand (top left) can also be seen when only one CLR01 molecule interacts with 
each lysine (Lys 6, Lys 15, Lys 9 from top right, clockwise). 
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Figure S9. Electron capture dissociation (ECD) tandem mass spectrum of the 3+ charged 
peptide-CLR01 complex. Peptide fragments of the c- (retaining the N-terminus) and z•- 
(retaining the C-terminus) product-ion series were observed, as indicated on the sequence 
shown. Some product ions from dissociation of the polypeptide backbone corresponded to 
unbound peptide (black line and black labels), whereas other product ions retained binding 
to CLR01 (red line and red labels). At some positions along the peptide chain, product ions 
were observed in both CLR01-bound and unbound states. From the ECD fragmentation 
profile, Lys9 appears to be the most likely site of binding to CLR01 (but some evidence for 
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Figure S10. ITC experiment of N17 peptide and CLR03. No change in the heat signal was 
observed upon titration of CLR03 to the N17 peptide, which is characteristic for no binding 
of the tweezer to the peptide. 

 
 

Figure S11. CD-spectra of htte1
Q55 with CLR01 or CLR03. Mean residue ellipticity (θmre). 



 

 132

 

 

 

 

 
 

Figure S12. Effect of CLR01 on the amphipathic nature of the N17 region of htt exon-1 Q55. 
The protein surface is colored with hydrophobic residues in blue and hydrophilic residues 
in red. Left: Structure from the REMD simulations in the absence of CLR01. Right: Structure 
from the REMD simulations in the presence of CLR01. 

 
 

Figure S13. Cell viability assay of HeLa cells treated with different concentrations of CLR01 
and CLR03, respectively. 
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Figure S14. Exemplary images of PC12 cells expressing htte1

Q103. Scale bar: 100 μm. Negative 
control: No induction, no CLR01/03. Positive control: Induction, no CLR01/03. 
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Figure S15. Characterization of PC12 cells expressing htte1

Q103 in the presence and absence 
of CLR01/03. (A) Total number of DAPI stained cells (%). (B) Cell proliferation (%). (C) 
Number of aggregate containing cells (%). (D) Aggregate size (μm2). Two-way ANOVA and 
Tukey post-hoc tests were performed pairwise (labelled with *) and to the reference without 
CLR01/03 (labelled with #).* = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, ### = P ≤ 0.001. 
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Table S1. Relative QM energies found for the CLR01 – Lys complexes averaged over seven 
snapshots of each system. The QM/MM level of theory was B3LYP-D3/def2-
SVP//CHARMM27. The most stable complex was taken as reference. 
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Table S2. Cartesian coordinates of the QM region of a selected optimized structure 
corresponding to the CLR01 - Lys6 complex calculated at the B3LYP-D3/def2-
SVP//CHARMM level of theory. 
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Table S3. Cartesian coordinates of the QM region of a selected optimized structure 
corresponding to the CLR01 – Lys9 complex calculated at the B3LYP-D3/def2-
SVP//CHARMM level of theory. 
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Table S4. Cartesian coordinates of the QM region of a selected optimized structure 
corresponding to the CLR01 – Lys15 complex calculated at the B3LYP-D3/def2-
SVP//CHARMM level of theory. 
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Supplemental figures  
 

 

 

 

 
 
Figure S1. Sequences of tau proteins measured for this study. 

 
 
Figure S2. Structure of CLR01 tweezer compound. 
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Figure S3. ECD-MS/MS fragmentation of 17+ charge state of 4R-repeat domain C291A tau 
fragment.  
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Figure S4. ECD-MS/MS fragmentation of 17+ charge state of 4R-repeat domain C291A tau 
fragment bound to CLR01 (1:1 complex). Red lines indicate CLR01-bound fragment ions.  
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Figure S5. ECD-MS/MS of 4R-repeat domain phosphorylated 4R-tau fragment C291A. 
(Red lines indicate phosphorylated fragment ions).  
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Figure S6. IM-MS of 16+, 14+, and 11+ charge state of 4R-tau C291A fragment with and 
without CLR01 bound (1:1 complex).  
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CHAPTER 6 

 

 

Conclusions and future directions 

 

 

6.1 Outlook for top-down proteomics  

Following improvements in MS-based proteome coverage over the past thirty years, the field of 

proteomics is shifting towards “quality” of the information generated at the genetic, 

transcriptional and post-translational levels. The prevailing bottom-up techniques operate at the 

peptide level, leaving open questions of protein inference, connectivity and modifications. Top-

down proteomics by contrast has focused on the analysis of proteins at the intact level, generating 

more precise compositional information, and elucidation of global patterns like protein cross-talk, 

and combinatorial PTMs, exemplified by the so-called “histone code”. Though technically more 

challenging, rapid advances in methodologies and instrumentation have made high-throughput 

top-down proteome analysis feasible. 

The question of how many proteoforms actually exist in nature inevitably comes up. It may 

be impossible to answer fully, as errors and small variations in transcription and translation can 

produce numerous low-abundance variants, perhaps as few as only a single molecule per cell. 

Current methodologies can only detect proteoforms present at concentrations above the detection 

limits of available instruments, though the advent of single-molecule strategies will open new 

possibilities for proteoform detection and characterization [1]. Nevertheless, the number and 

variety of proteoforms expressed in biological systems appear to be far below the calculated 

combinatorial possibilities [2]. Pioneering MS work on histone proteoforms by Garcia and co-

workers points to a much smaller number of histone variants than the maximal number of 

combinatorial possibilities would suggest [3]. Similarly, in a comprehensive study of histone H4 
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proteoforms by Coon and co-workers, only 74 variants were identified [4]. This presents a striking 

contradiction to the ~3 million theoretically possible variants from the combinatorial study of 

known site-specific modifications [4]. This discrepancy may indicate that many or most variants 

are below the detection limits of current technologies, and what we are able to detect at present 

are those that are the most abundant. Alternatively, nature may only make use of a small subset 

of the theoretically possible variants, as predicted from all the combinatorial possibilities. 

Unraveling these discrepancies, or perhaps reconciling them, will require improved technologies 

that can reveal proteoforms at lower abundances than current technologies offer. Establishing a 

comprehensive map of identified proteoforms for human as well as other organisms has begun, 

and over time, it will begin to yield important insights into the levels and roles of variant 

complexity present in biological systems. The creation of the Consortium for Top-Down 

Proteomics (CTDP, http://topdownproteomics.org/) by top-down proteomics practitioners will 

help harmonize nomenclature and database searching and foster collaborative research. The 

UniProt Knowledge base has already started cross-referencing their accession numbers with 

permanent PFR identifiers in the Proteoform Atlas hosted by CTDP 

(http://repository.topdownproteomics.org/) [5]. The top-down methodologies and applications 

described herein provide some examples of the kind of information which proteoform-resolved 

measurements can address.  

Among many developments in top-down proteomics methodologies is the clear trend 

towards miniaturization of separations and towards increased use of multidimensional 

separations. In addition, multiple modes of ion fragmentation have been increasingly employed 

for maximizing sequence coverage. Furthermore, top-down MS software is now more capable of 

performing various search types on complex databases. There is also the trend towards more 

complex proteome (e.g., human) analysis using lower sample amounts, which results in more 

identifications and improved proteoform characterization. It is conceivable that discovery-based 

MS proteomics can complement the conventional Western blot analysis without the requirement 
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to generate antibodies [6]. Orthogonal multidimensional chromatography is at the forefront of 

these developments. Emerging fractionation procedures and mixed-bed anion-cation-exchange 

multidimensional protein separations (ACE-MudPIT) already focus on identifying different 

classes of proteoforms in a single analysis [7]. Finally, new advances in native separations and the 

direct analysis of protein complexes offer many promising directions for the study of proteoforms. 

As native MS requires relatively small amounts of sample, and is not limited by the molecular 

weight of the analyte, it may one day bridge the gap between interactomics and structural biology, 

especially in the characterization of endogenously expressed protein complexes. There is also 

great potential in combining native MS with high-throughput top-down MS in the future. 

As techniques for denaturing and native top-down MS continue to develop, a turning point 

may be reached, enabling much more widespread applications of protein analysis at the intact 

level. Continued progress in intact protein analysis has the value of high molecular specificity, 

often with strong mechanistic connections to pathology. As an example, a recent report of 

phosphorylated α-synuclein proteoforms in Parkinson's disease demonstrates the new kind of 

information being provided by proteoform-resolved measurements, such as previously 

unreported modifications [8]. The question of when the value of these measurements will lead to 

wider adoption and use in academic and clinical research is a valid one. The predominant view in 

the field of MS is that top-down proteomics is several years behind the bottom-up approach in 

terms of feasibility and implementation. This notion may soon change as increasing numbers of 

practitioners adopt the direct interrogation of intact proteins. Advances in proteoform-level 

measurements will result in greater understanding of complex disease phenotypes. As our 

understanding of the links between proteoforms and disease phenotypes advances, so will 

applications to translational medicine and development of targeted therapeutics.  
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