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ABSTRACT OF THE DISSERTATION 

 

Mass Spectrometry Analysis Reveals Sequence and  

Higher-Order Structure Information for Proteins and  

Protein Complexes 

 

by 

 

Carter Lantz 

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology 

University of California, Los Angeles, 2022 

Professor Joseph Ambrose Loo, Chair 

 

Mass spectrometry (MS) has been found to be a useful technique for the study of various compounds. 

Fundamentally, MS is a way to measure the masses of compounds for the purpose of identifying and 

quantifying those compounds. Protein mass spectrometry, where proteins are the analyte of interest, has 

been found to return relevant information on those proteins including the mass, the identity and location 

of modifications, and even aspects of protein higher-order structure. The work here aims to develop mass 

spectrometry methods for the study of proteins and to use those methods to investigate amyloid proteins 

common in neurodegenerative diseases. Herein, it is described how ClipsMS, a program that assigns 

internal fragments resulting from top-down mass spectrometry (TD-MS), can be utilized to increase the 

sequence coverage of proteins and locate modifications. This work also illustrates how native TD-MS of 

large protein complexes with high-energy C-trap dissociation (HCD) can release covalent fragments that 

reveal aspects of higher-order structure. Furthermore, it is described how TD-MS of proteins with 

electron capture dissociation (ECD) on an orbitrap-based mass spectrometer can return relevant 

information on proteins including sequence information, the location of modifications, and higher-order 

structure information on protein complexes. In this work, MS techniques were also utilized to characterize 
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neurodegenerative disease protein monomers and oligomers. The research conducted reveals the location 

of phosphorylation sites on commonly phosphorylated amyloid proteins and that phosphorylation 

compacts the gas-phase structure of those proteins. It is possible that structure alteration due to 

phosphorylation could modulate the aggregation potential of amyloid proteins. In addition, it was found 

that CLR01, a molecular tweezer compound that has been found to inhibit amyloid protein aggregation, 

directly interacts with the N-terminus of multiple proteoforms of the amyloid protein α-synuclein and that 

the molecule compacts the gas-phase structure of the protein. It is possible that compaction of the N-

terminal region of α-synuclein by CLR01 could prevent monomers from interacting with one another and 

forming oligomers and fibrils of the protein. Lastly, MS was utilized to determine size information and 

aggregation interface information for various amyloid protein oligomers. Characterization of these small 

aggregates could provide information on how they become toxic in brain neurons. The data presented 

here aims to further mass spectrometry methods for the characterization of proteins and to use those 

methods to reveal protein aggregation mechanisms and discover possible therapies for neurodegenerative 

diseases. 
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CHAPTER 1 

 

Introduction 

 

PROTEIN STRUCTURE AND FUNCTION 

Proteins are the molecular machines that drive the processes necessary to sustain life. These 

proteins facilitate various reactions in the cell that would otherwise occur infrequency. A common example 

of a protein facilitating an important reaction is glucose 6-phosphatase which converts glucose 6-

phosphoate (G6P) to glucose.1, 2 The conversion from G6P to glucose is highly endergonic, so the liver 

utilizes glucose 6-phosphatase to catalyze the reaction converting G6P to glucose. In this example, glucose 

6-phosphatase is utilized to overcome a large energy barrier to perform a reaction that would not otherwise 

be possible. Proteins like glucose 6-phosphatase are imperative for sustaining life, so characterization of 

these molecular machines is quite important. Proteins are synthesized by the central dogma of biology, a 

term that was first coined by Francis Crick in 1958.3 This term came to represent the idea that DNA in the 

nucleus of cell is transcribed to RNA which is then translated into a protein sequence.4 This is the 

fundamental concept for protein synthesis and the basis for molecular and structural biology. 

Figure 1: A graphic portraying the layers of protein structure from primary structure (left) to quaternary 

structure (top left).5 

 

To understand how proteins function, it is important to understand how the protein is structured. 

(Fig. 1) The first layer of protein structure is the primary structure or the sequence of the protein. The first 

protein sequence to be identified was insulin discovered by Frederik Sanger in 1953.6, 7 This study 

established that proteins are distinguished by unique covalent sequences of amino acids. Since then there 
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have been over 8 million unique sequences reported8 the largest of which is β-galactosidase which was 

sequenced by Dr. Audree Fowler in the UCLA Department of Chemistry and Biochemistry in 1978.9 

Protein primary structure has been shown to be essential for correct protein folding and proper function of 

the protein. This concept was discovered by experimenting with heat denaturation of bacteriophage tails.10, 

11 In these experiments, it was found that heat prevented mutant bacteriophage tails from forming. However, 

at lower temperatures, the tails of the bacteriophages were formed correctly, and the tails became functional. 

Notice in this example how the native structure of the bacteriophage tails was formed from the primary 

structure of the 76kDa monomers. This experiment demonstrated that protein primary structure is necessary 

but not solely sufficient for proteins to function. This concept has driven the scientific community to 

investigate how higher-order protein structure is necessary for the function of proteins. 

Protein higher-order structure includes intramolecular interactions within the chain of a protein 

monomer that does not involve covalent peptide bonds. These interactions can be facilitated by hydrogen 

bonds, disulfide bonds, or salt bridge interactions between amino acid residues. Secondary structures of 

proteins, which includes α-helical and β-sheet structures, constitute rigid localized structures that are 

utilized to facilitate protein function. Aquaporin Z, for example, contains numerous α-helices which create 

a channel across membranes that allow for the passage of water.12 The concanavalin A protein, on the other 

hand, utilizes an arrangement of β-sheets to bind metal ions and carbohydrates.13 In these examples, 

localized α-helical and β-sheet structures of amino acids facilitate protein function. The global structure of 

a protein monomer, known as the tertiary structure, provides the necessary arrangement of atoms in space 

for the protein to perform its intended function. The retinol binding protein arranges into a beta-barrel 

structure that allows for capture and transport of the hydrophobic molecule vitamin A through the 

bloodstream.14 In another example, the structure of myoglobin allows for binding of the heme group which 

allows for oxygen binding to the protein monomer.15 In these examples, higher-order structure 

characteristics within a monomer provides the monomer with the ability to perform its necessary function. 

Protein higher-order structure can also refer to established intermolecular interactions between 

different subunits or the transitory interactions between subunits and other ligands. The arrangements of 
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subunits in a defined protein complex, also known as quaternary structure, can play a role in the function 

of protein complexes. The quaternary structure of the hemoglobin tetramer,16 for example, transitions 

between the R state and the T state allowing for efficient uptake of oxygen in the lungs and release of 

oxygen in tissues.17 The quaternary structure of the pyruvate dehydrogenase complex allows for multiple 

reactions to occur to efficiently convert pyruvate to acetyl-CoA.18 Quinary structure, a relatively 

understudied concept, describes the transient interaction between the target protein and other surrounding 

proteins and ligands.19, 20 Although the quinary structure of proteins is difficult to decipher, there are a few 

studies that have attempted to uncover the quinary structure of key proteins such as ribosomes.21 

Characterizing protein structure at all levels provides explanations for protein function and illuminates how 

cells regulate key metabolic processes necessary to support life. 

Correct primary sequence and higher-order structure is necessary for the proper functioning of 

proteins; however, it has also been found that modifications to the protein sequence can affect the function 

of proteins. It has been found that covalent post-translational modifications (PTMs) can modulate the 

function of many proteins and therefore various cellular processes. For example, it has been found that 

methylation of histones has been found to regulate gene expression22 and methylation of isomerized proteins 

mitigates the process of aging.23 Acetylation modulates the function of p53 and thus the regulation of the 

cell cycle and cellular apoptosis,24 and maintains the translational rate of proteins synthesis when added to 

ribosomes.25 Phosphorylation has been shown to be the most prevalent PTM and has been found to have a 

profound effect on numerous cellular processes. For example, the peripheral membrane protein c-Ras 

regulates differentiation and cell growth by phosphorylating various proteins26, 27 and those proteins have 

been the target of many cancer therapies.28 Crosstalk between PTMs is common.29 In fact, crosstalk between 

acetylation and methylation regulates p53 function30 and crosstalk between acetylation and phosphorylation 

regulates the microtubule binding affinity and disease pathology of the amyloid protein tau.31 In addition, 

non-covalent modifications has also been revealed to affect the function of proteins. For example, the 

catalytic zinc metal ion binding to alcohol dehydrogenase facilitates the reaction reducing acetaldehyde to 

ethanol.32 Drug binding to HIV-1 reverse transcriptase alters the mobilities of certain domains preventing 
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the protein from functioning.33 These examples indicate that modifications can affect the function of 

proteins which can regulate their activity in the cell. 

Numerous studies point to the fact that modifications affect the function of proteins; however, 

determining how modifications affect the structure of proteins is more difficult. Some studies show that 

structural changes due to the addition of PTMs can alter protein function. For example, phosphorylation of 

the N-terminus of glycogen phosphorylase induces the formation of a helical structure necessary for stable 

formation of the dimer.34 Recently, it was found that phosphorylation induces a structural change in the 

mitochondrial calcium uniporter affecting dimerization of tetramers.35 Acetylation has also been found to 

alter the conformational dynamics of the αK40 loop of α-tubulin which restricts its interaction with 

acetylase.36 Even methylation has been found to stabilize a domain of a chemotaxis receptor which controls 

the binding of the CheA kinase.37 Non-covalent modifications can also affect the structure of proteins. Zinc 

binding to alcohol dehydrogenase provides structure to the protein complex monomers.32 Ion-mobility mass 

spectrometry has also revealed that non covalent salt adducts can even shift the structure of protein ions.38 

These examples reveal that understanding the effect modifications have on protein structure can provide 

information on protein dynamics and may provide explanations on how their function is altered.  

PROTEIN MISFOLDING AND AMYLOID PROTEIN AGGREGATION 

 Protein misfolding can result in the loss of protein function and in some cases can lead to protein 

aggregation. Protein misfolding diseases such as sickle cell disease characterized by the misfolding of the 

protein hemoglobin39 and cystic fibrosis characterized by the misfolding of the cystic fibrosis 

transmembrane conductance regulator40 occur due to various mutations to the protein sequence. Misfolded 

proteins are normally labeled by ubiquitin for degradation by proteosomes41 or decomposed with 

lysozymes.42 When lysosomes fail to function properly, various disorders are common.43 Misfolding and 

insufficient degradation of certain proteins known as amyloid proteins lead to the aggregation of these 

proteins and the onset of neurodegenerative diseases.44 (Fig. 2) These diseases affect over 50 million people 

worldwide,45 and they were first reported by Alois Alzheimer in the early 20th century.46 These 

neurodegenerative diseases which include Alzheimer’s disease, Parkinson’s disease, Machado-Joseph’s 
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disease, and Huntington’s disease among others are characterized by protein deposits in the brain. Although 

the existence of these diseases has been known for quite some time and much research has been performed 

on these proteins, a complete understanding of amyloid protein aggregation as well as a cure remain elusive. 

 

Figure 2: The process of misfolding and aggregation of amyloid proteins which cause the death of brain 

neurons.47  

 

Tau is an amyloid protein that has been studied extensively due to its involvement in various 

neurodegenerative diseases, coined tauopathies.48 Tau’s intended function is to stabilize microtubules 

allowing for the polymerization of tubulin, and it is found that tubulin does not assemble into microtubules 

without tau.49 Tau is an intrinsically disordered protein that has 6 isoforms ranging from 352 to 441 amino 

acids and contains 4 broad domains including the N-terminal domain, the proline rich domain, the 

microtubule binding domain, and the C-terminal domain.50 Aggregates of tau have been studied extensively. 

It has been reported that the 3R isoforms of tau aggregate more aggressively than the 4R isoforms.51 

Aggregation prone peptides based off of tau’s sequence have been reported to exist in the microtubule 

binding region of tau including the sequence VQIVYK.52 These sequences have been found to bind together 

by a network of hydrogen bonds creating steric zippers of amino acids. Since then, it has been found that 

fibrils of tau also form these steric zipper structures and have multiple regions along the protein sequence 

that are prone to aggregate.53 In Alzheimer’s disease, tau aggregates manifest as neurofibrillary tangles in 

brain neurons.54 It is possible that these aggregates of tau could induce cellular degeneration and the death 

of neurons in the brain. 

α-Synuclein is another intrinsically disordered protein that has also been studied extensively due to 

its involvement in various neurodegenerative diseases, coined synucleinopathies.55 α-Synuclein is an 
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intrinsically disordered protein with 120 amino acids with 3 broad domains including the amphipathic lipid 

binding N-terminal domain, the NAC-core, and the acidic C-terminus.56 The intended function of α-

synuclein is not clear; however, there some studies suggests that it helps recruit vesicles to the membrane 

of neurons57 and this seems to be modulated by calcium binding.58 Aggregates of α-synuclein have also 

been studied extensively. Peptide regions in the NACore and the preNAC core have been shown to form 

tight hydrogen bond interactions that resemble steric zipper structures.59 Cryo-EM structures of α-synuclein 

fibrils also show tight interactions between protein monomers that form these structures.60 In Parkinson’s 

disease, α-synuclein aggregates manifest as Lewy bodies in brain neurons.61 These large aggregates of α-

synuclein could induce cellular degeneration and the death of neurons in the brain. 

There is no consensus on the exact reason these proteins aggregate; however, there are factors 

which seem to modulate their rate of aggregation. Post-translational modifications seem to be one of those 

factors. For example, threonine 231 seems to be correlated with progression of AD62 while acetylation at 

lysine 321 and 353 has been found to decrease the rate of tau aggregation.63 In addition, phosphorylation 

of α-synuclein at serine 129 has been linked to increased α-synuclein,64 while acetylation of the N-terminus 

has been found to decrease aggregation.65 It has been reported that crosstalk between PTMs such as Lys-

321 and phosphorylation at Serine 324 on tau can also modulate aggregation.31 It is clear that modifications 

affect amyloid protein aggregation potential; however, the reason why these modifications affect the 

aggregation rate is still not clear. 

Mutations can also affect the aggregation of amyloid proteins. Tau contains at least 37 known 

mutations with many resulting in increased aggregation of tau.66 α-Synuclein also contains various 

mutations, some forming increased amounts of inclusions and others forming more oligomeric species.67 

Amyloid-β, a small 40 amino acid peptide linked to Alzheimer’s disease, contains a proreform with 2 extra 

hydrophobic amino acids on its tail which lowers the barrier for nucleation.68 The research in these studies 

suggest that mutations can reduce the protein’s ability to perform its original function, decrease solubility 

of the protein, or lower the barrier of nucleation which would increase the aggregation rate of these amyloid 
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proteins. Although much research has been done on this subject, more research is needed to determine the 

mechanism of aggregation for these mutated amyloid proteins.  

Metal binding has also been shown to modulate the rate of aggregation of amyloid proteins. In 1973 

it was reported that high levels of aluminum were present in the brains of Alzheimer’s disease patients.69 

Since then elevated metal levels have been found to correlate with other neurodegenerative diseases such 

as Parkinson’s disease70 and amyotrophic lateral sclerosis.71 The reason accumulation of metals is correlated 

with neurodegenerative diseases is not abundantly clear. However, it is thought that metals tend to oxidize 

amyloid proteins causing various complications including apoptosis.72, 73 Other studies have found that 

metal ions directly interact with amyloid proteins which could alter the structure and thus the aggregation 

propensity of amyloid proteins.74-76 The research provided so far has given us many leads; however, more 

research is needed to pinpoint the reason metals correlate with increased levels of amyloid protein 

aggregation. 

Small molecule inhibitors of amyloid proteins have also been shown to modulate amyloid protein 

aggregation. These aggregation inhibiting compounds can be in the form of small aromatic compounds, 

small peptides, or antibodies. Some small aromatic compounds such as CLR01,77 EGCG,78 and rifamycin79 

have been shown to slow the aggregation of amyloid proteins or to disaggregate existing fibrils. In some 

cases, these molecules have been found to directly interact with these amyloid proteins and bind in 

aggregation prone regions of the protein.77, 80, 81 Small peptides have been found to inhibit aggregation of 

amyloid proteins. The first aggregation inhibiting peptides were targeted at inhibiting amyloid-β 

aggregation82 and some peptides seemed to be stable in monkey cerebral fluid.83 This logic was further 

utilized to form inhibitors for α-synuclein84 and the islet amyloid polypeptide.85 Since then, structure based 

peptide inhibitors created with help of computer algorithms have also been found to inhibit aggregation of 

amyloid proteins.86, 87 Lastly, antibodies have also been found to have some inhibitor effect on amyloid 

proteins. Structure and electron microscopy analysis shows that a M204 antibody binds toxic tau oligomers. 

88 Recently, an APOE antibody inhibits tau seeding by amyloid-β in a mouse model.89 In fact, the only 

approved drug for Alzheimer’s disease is aducanumab which is an antibody that has a slight inhibitory 
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effect.90 These compounds have proven to inhibit or disaggregate fibril formation to some extent but more 

importantly study of these compounds may provide information that could lead to more effective inhibitors 

of aggregation. 

MASS SPECTROMETRY INSTRUMENTATION UTILIZED FOR PROTEIN ANALYSIS 

Mass spectrometry (MS) involves the mass measurement of ions in the gas-phase. Over the past 

few decades, MS has become a useful technique for the analysis of organic compounds and biopolymers 

necessary for life including small molecules,91 carbohydrates,92 lipids,93 and proteins. 94, 95 MS of peptides 

and proteins has been shown to reveal molecular weight,96 sequence,97 modification,98 and in some cases, 

higher-order structure information.99 MS has been utilized to solve a variety of questions involving proteins 

such as the identification of all expressed proteins in a culture of yeast100 and the characterization of all 

proteoforms of native chicken ovalbumin.101 In many cases, MS can obtain information about proteins that 

supplement information from other techniques. In one study, MS was utilized to determine that the presence 

of N-terminal acetylation and the deletion of two amino acids on the C-terminus of the 20S proteosome 

which could not resolved by the crystal structure of the protein.102 MS has been found to be a useful 

technique for the characterization of peptides and proteins largely due to the development of 

instrumentation allowing for analysis of these biopolymers. 

Protein and peptide analysis with mass spectrometry begins by transferring proteins into the gas-

phase which can be facilitated with matrix assisted laser desorption ionization (MALDI)103 and electrospray 

ionization (ESI).104 Protein ionization with MALDI involves the use of a laser to ablate proteins mixed with 

a matrix compound from a plate.105 The matrix mixed into the protein solution absorbs some of the energy 

from the laser allowing for the ionization of protein ions without excessive fragmentation. ESI transfers 

proteins and peptides directly from the solution into the gas-phase by applying either a positive or negative 

voltage to a small tip.106 The voltage applied to the tip creates a Taylor cone of solution which eventually 

releases droplets of solution containing proteins and peptides. These droplets are desolvated until proteins 

and peptides are released into the gas-phase. There are multiple theories on how this occurs including the 

charge residue model,107 ion evaporation model,108 and the chain ejection model.109 Since their development 
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in the late 1980s, MALDI and ESI have been utilized to ionize peptides,110, 111 intact proteins,105, 112 and 

even native protein complexes.96, 113 Both techniques won the Nobel prize for chemistry in 2002 for their 

impact on protein mass spectrometry and the larger scientific community. 

Once proteins are ionized into the gas-phase, protein ions must be transferred to a detector which 

involves the use of ion funnels, quadrupoles, and ion activation. Once proteins are ionized, they are 

transferred from higher pressure to lower pressure with facilitates the scattering of ions. To combat this 

phenomenon, ion funnels,114, 115 a series of electrodes with decreasing diameter, focus ions which prevents 

scattering.116 This greatly increases the sensitivity of mass spectrometers and allows for sufficient signal to 

noise of protein signal. Quadrupole mass selectors are made of 4 poles that were first developed to separate 

ions by their mass to charge ratio when an electric fields are applied to the rods.117 The motion of ions in a 

quadrupole can be described by Mathieu’s second order differential equation.118, 119 These mass selectors 

have been found to efficiently transfer ions including proteins to detectors and have even been optimized 

for the transmission of large protein complexes such as viruses.120 Ion activation has been found to be 

important for the study of proteins. The process of ionization and ion transmission contribute to the 

desolvation of protein ions; however, solvent, metal ion adducts, and other small molecule ligands can cling 

to proteins which can lead to peak broadening and loss of sensitivity. To combat this, proteins can be 

activated with collision activated dissociation121 or infrared multiple photon dissociation.122 The use of ion 

activation reveals highly resolved protein peaks and leads to more accurate analysis of the proteins that are 

ionized. The development of ion funnels, quadrupoles, and ion activation have significantly forwarded the 

field of protein mass spectrometry and allow for the collection of highly resolved and accurate mass spectra. 

Protein and peptide mass spectrometry utilize time of flight (TOF) and Fourier transform mass 

spectrometry (FTMS) for the detection of ions. A TOF detector pushes ions from a trap to an electron 

multiplier tube.123 The time it takes for the ions to reach the detector is dependent on the mass of the ion.124 

This technique benefits from speed and sensitivity and has been utilized for a variety of protein analyses 

such as intact mass analysis,125 ion-mobility mass spectrometry,80 and top-down mass spectrometry.126 

Fourier transform MS is performed by exciting ions into an orbit and recording the cyclotron frequency or 
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axial frequency with which they oscillate. Fourier transform ion cyclotron resonance (FT-ICR) mass 

spectrometry measures the cyclotron frequency of ions127, 128 while orbitrap instruments measure the axial 

frequency.129 A Fourier transform is then performed on the resulting waveform to obtain peaks for 

individual ions. Traditionally, FTMS benefits from higher resolution and accuracy and can be utilized to 

obtain the mass of peptides and intact proteins.130 Additionally, collecting FT-MS spectra in absorption 

mode131 or enhanced FT mode132 can increase the resolution of resulting peaks leading to more resolved 

and accurate data. FTMS techniques have been found to acquire high resolution intact protein mass 

spectra101 and top-down mass spectra.133 Accurate detection of proteins and peptides with these detection 

systems can reveal relevant information about the identity of the proteins and peptides in the sample. 

PEPTIDE AND PROTEIN SEPARATION TECHNIQUIES 

For complex samples with multiple species, direct MS analysis of the entire sample is not sufficient 

for the detection of all species in the sample. In these samples, low abundance species will be lost as our 

current instrumentation does not have the sensitivity or dynamic range to accurately detect all proteins in a 

complex sample. To reduce sample complexity of the sample, it is common for peptides and proteins to be 

separated before analysis with MS. This way the maximum number of proteins and peptides in the solution 

can be detected without saturating the detector. Common separation techniques before MS analysis include 

gel separation, liquid chromatography, and capillary electrophoresis. 

Performing gel electrophoresis can reduce the complexity of samples by separating out analytes by 

size before analysis with MS. In this workflow, a protein mixtures are separated out with 1D or 2D gel 

electrophoresis and the gel bands are then cut from the gel and the proteins in the gel are digested.134 The 

digested peptide solution can then be analyzed with MALDI or ESI MS. 2D gel electrophoresis involves 

the separation of peptides by size and isoelectric point. This has been performed on the proteome of lung 

cancer patients for the identification of biomarkers135 and to identify modifications on proteins.136 Gel-based 

separation has also been found to benefit the analysis of intact proteins. This can be done by directly 

ionizing the proteins in the gel by MALDI,136 or by first extracting proteins from the gel before analysis.137 
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Gel separation before MS analysis yields greater identification of proteins compared to direct analysis of 

the protein solution. 

Other common separation techniques that are utilized in tandem with mass spectrometry include 

reverse-phase liquid chromatography, strong cation exchange chromatography, and size exclusion 

chromatography. Reverse-phase liquid chromatography separates out peptides by hydrophobicity and is 

commonly utilize to separate out peptides for bottom up proteomics.138, 139 Reverse-phase liquid 

chromatography MS has been utilized for a variety of applications including localizing phosphorylation 

sites on proteins140 and identifying biomarkers in pathogenic bacteria141 and irradiated mice.142 In addition, 

reverse-phase liquid chromatography MS has been found to separate out intact proteins proteins.143 Strong 

cation exchange mass spectrometry has also been utilized as a robust method to separate out peptides before 

analysis.144 It has also been adapted for the targeted analysis of protein modifications such as acetylation 

and phosphorylation.145 Size exclusion chromatography separates out proteins by size and is normally 

coupled to MS instruments for the analysis of large biomolecules.146, 147 Size exclusion chromatography has 

been found to efficiently desalts solutions of large biomolecules making it easier to ionize with subsequent 

mass spectrometry. These chromatography techniques have proven useful to effectively characterize 

complex samples and efficiently analyze large biomolecules. 

Capillary zone electrophoresis has recently been found to efficiently separate out proteins and 

peptides before MS analysis. This technique separates proteins out based on their electrostatic interaction 

with a capillary.148, 149 Capillary zone electrophoresis has been shown to separate out peptides for 

glycopeptide analysis.150 This technique has also been utilized to obtain a mass measurement for intact 

proteins151 and to perform top-down fragmentation on intact proteins.152 The benefits of performing these 

techniques is the sensitive nature of the technique and the speed with which the technique can be performed. 

Like other chromatography techniques, Capillary zone electrophoresis can significantly reduce the 

complexity of a sample which allows for more complete analysis of the proteins in the sample. 

Many times, combinations of these techniques can be utilized to obtain more separation.  In one 

example, strong cation exchange separation with subsequent reverse-phase liquid chromatography 
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separation was utilized to separate out peptides of the yeast proteome.153 In another example, size exclusion 

chromatography in combination with capillary zone electrophoresis was utilized to separate native proteins 

from a lysate of Ecoli before being analyzed with MS.154 In this study they were able to identify 144 proteins 

and 23 protein complexes in the sample. Combination of separation techniques can lead to more separation 

and a greater number of proteins and peptides identified. However, the drawback of combining separation 

techniques is the speed of analysis decreases considerably. 

GAS-PHASE SEPARATION OF PEPTIDES AND PROTEINS 

 It is also possible to separate ions in the gas-phase in with a technique known as ion mobility (IM). 

Ion mobility separates ions by their overall shape known as the collisional cross section (CCS) in a 

pressurized cell before analyzing those ions by MS. It is possible to perform ion mobility combined with 

mass spectrometry due to the relatively lengthy time scale of ion mobility compared with MS analysis. IM-

MS was first developed in the early 1960s to study ion-molecule reactions in the gas-phase.155 In 1995, a 

study by Clemmer et. al. found that protein conformations could be resolved when taking IM-MS of the 7+ 

charge state of cytochrome C.156 Since then, various ion mobility techniques have been developed and 

utilized for the analysis of peptide and protein characterization in the gas-phase.  

There are three main types of ion mobility that can be utilized to separate gas-phase peptide and 

protein ions. (Fig. 3) Drift tube ion mobility spectrometry (DTIMS) utilizes a uniform electric field to pull 

ions through a region with neutral gas molecules.157, 158 Smaller ions will travel through the gas region at a 

faster rate than larger molecules due to less collisions with neutral gas molecules. The time it takes for ions 

to tumble through the neutral gas corresponds to its CCS and their relationship is described by the Mason-

Schamp equation159 which was developed to explain the mobility of ions in a weak electric field. This type 

of IM-MS can separate ions with high resolution; however, the duty cycle of performing this type of analysis 

is quite long.159 Traveling wave ion mobility spectrometry (TWIMS) guides ions through a neutral gas by 

applying a DC voltage along ring electrodes while a RF frequency confines the ions in the region.157, 160 The 

pulsed wave pushes the ions through the ion mobility cell allowing ions to be separated by their CCS. It is 

possible to determine the exact CCS of ions with TWIMS, although, calibration of the TWIMS device is 
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needed before measurement.160 TWIMS also suffers from low resolving power and potential heating of ions 

injected into the cell.157 The last type of mobility separation of gas-phase ions is known as field asymmetric 

ion mobility spectrometry (FAIMS). FAIMS operates by changing the path of ions with an electric field as 

a neutral gas carries ions through the regions with changing electric fields. 161, 162 The changing electric 

fields will manipulate the path of the ions which separates out ions by CCS. FAIMS can separate ions with 

relatively high resolving power; however, the device reduces the amount of ions that reach the detector 

decreasing sensitivity.157 In addition, the precise CCS value can not be determined with FAIMS.157 

 

 

Figure 3: Ion mobility techniques and their general principles including a.) drift time ion mobility, b.) 

traveling wave ion mobility, and c.) field asymmetric ion mobility.157 

 

Ion mobility has been utilized to separate out peptide and proteins for various applications. FAIMS 

is often utilized in bottom-up proteomics workflows to reduce background noise in the mass spectrum for 

more accurate analysis of peptide digests.163 DTIMS and TWIMS have been utilized to separate out peptides 

due to modifications on the protein sequence. For example, phosphorylated peptides have been found to 

have a different mobility than their non-phosphorylated counterparts allowing for better characterization of 

the peptides.164 In addition, ETD fragments from a peptide bound with a metallic drug could be separated 
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based on whether the fragments contained that drug.165 Ion mobility analysis have also been utilized to 

calculate the CCS of protein ions in the gas-phase giving information on the size of protein in the gas-

phase.166 167 Ion mobility analysis can also be utilized to separate out subcomplexes protein complexes as 

many times overlapping charge states make it difficult to assign peaks.102 Collision induced unfolding (CIU) 

of proteins was developed to determine regions of relative structure of a protein monomer. With this 

technique proteins are activated with collisional energy and ion mobility of the ions is take after 

activation.168 From this data, regions of relative order can become unfolded which is reflected in the 

mobiligram. Top-down mass spectrometry along with ion mobility can reveal regions of protein complexes 

that are unfolded when activated.126 Ion mobility analysis have become an integral part of peptide and 

protein analysis with mass spectrometry providing us with relevant information on protein identification 

and analysis of protein structure. 

PEPTIDE AND PROTEIN DISSOCIATION TECHNIQUIES  

Mass spectrometers can be modified to obtain additional information on peptides and proteins. 

Some instrument modifications aim to dissociate peptide bonds resulting in the protein being fragmented 

into daughter ions.169 The mass of these daughter ions are measured by the mass analyzer, and can be 

mapped back to the protein sequence. Fragments containing the N-terminus can either be a, b, or c fragment 

ions, and fragments that contain the C-terminus can either be x, y, or z fragment ions.170 In addition, internal 

fragment ions which contain neither terminus, can also form if two cleavages occur.171 Since the early days 

of protein MS, various methods have been developed utilizing collision-, electron-, and photon-based 

fragmentation techniques to reveal information on the protein sequence. 

Collision techniques such as collisionally activated dissociation (CAD) and surface induced 

dissociation (SID) are common collision-based techniques. CAD increases the internal energy of a protein 

ion by colliding the peptide or protein of interest with numerous neutral molecules (e.g., nitrogen, argon, 

and xenon) which eventually break peptide bonds.172 This technique is quite efficient at fragmenting 

proteins, although the timescale for fragmentation is quite long which tends to unfold protein ions before 

fragmenting them.172 This technique is commonly used for protein and peptide sequencing and locating of 
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covalent modifications.173 High energy C-trap dissociation (HCD), a collisionally activated technique that 

occurs on a faster timescale with higher energy, has also been utilized for these purposes as well.174 CAD 

of protein complexes tends to release highly charged monomer products in addition to covalent products.175 

SID collides proteins with a surface to obtain information about proteins.176 SID happens on a much faster 

timescale than CAD because dissociation is obtained with 1 collision.177 SID has been found to release 

some b- and y- ions; however, its intended use is to symmetrically dissociate protein complexes for the 

determination of complex connectivity.178, 179 Collision based techniques have proven a useful tool for 

protein sequencing and determination of protein complex quaternary structure.  

TD-MS can also be performed with electron-based techniques including electron capture 

dissociation (ECD) and electron transfer dissociation (ETD). Electron capture dissociation (ECD) was 

developed in 1998 and is performed by placing protein ions in the path of an electron beam.180 The electrons 

are captured and cause a reaction that dissociates peptide bonds.181 Because the electron beam needs to be 

focused to interact with protein ions ECD has historically been performed on FT-ICR instruments; however, 

ECD has recently been designed to perform on orbitrap instruments as well.182 Electron ionization 

dissociation (EID) is a variant of ECD that utilized high energy electrons (25V-30V) to fragment proteins. 

In some circumstances EID has been found to obtain higher sequence coverage of proteins.183 Electron 

transfer dissociation (ETD) is performed by transferring an electron from a donating compound to a protein 

facilitating covalent cleavage.184 These electron-based techniques are known as soft fragmentation 

techniques because they can dissociate covalent bonds without excessive heating of protein ions.185 This 

feature makes electron-based techniques ideal for obtaining information from native protein complexes186 

and protein ligand complexes.80 Electron-based techniques are ideal for obtaining sequence as well as 

tertiary and quaternary structure information on protein and protein complexes.  

Additionally, TD-MS can also be performed with photon-based techniques including infrared 

multiple-photon dissociation (IRMPD) and ultraviolet photodissociation (UVPD). IRMPD utilizes low 

frequency photons to slowly heat proteins until peptide bonds break187 yielding similar products as CAD.185 

In addition, IRMPD has also been utilized to dissociate fragments that are noncovalently attached to 
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proteins due to hydrogen bond or salt bridge interactions.186 Ultraviolet photodissociation (UVPD) utilizes 

photons in the ultraviolet range (e.g., 157nm,188 213nm,189 and 266nm190) of the electromagnetic spectrum 

to break peptide bonds. UVPD has been found to efficiently fragment peptides191, 192 and large proteins,133, 

193 and in some cases they can reveal the location of covalent194 and non-covalent modifications195 on 

proteins. Other uses for UVPD includes the determination of isomeric residues on peptides.196 These 

dissociation techniques are frequently utilized to perform proteomics as characterizing proteins with them 

can provide information about the sequence and structure of a protein.  

BOTTOM-UP VS. TOP-DOWN PROTEOMICS 

 Over the past few decades, bottom-up proteomics (BUP) has proven a useful technique for the 

identification of proteins and the location of covalent modifications.197 BUP involves digestion of all 

proteins in a sample with cleavage enzymes and performing liquid chromatography on the peptides before 

the peptides are analyzed with MS.139, 198 This type of analysis can determine proteins present in cell 

lysates153 and to interrogate PTMs on a specific protein of interest.140 To further sequence peptides when 

they elute off the column, BUP mainly utilizes CAD and HCD199 however other techniques such as 

UVPD200 have also been implemented into this workflow. Although BUP can provide information on a 

wide variety of subjects there are some drawbacks to bottom-up proteomics including incomplete digestion 

and chemicals that are not suitable for MS which cause the loss of some protein and PTM information.201 

Nevertheless, BUP has proven a useful tool for the study of proteins. 

 Analysis of BUP data has been developed for the analysis of large datasets. Tools such as proteome 

discoverer,202 mascot,203 skyline,204 among others will sift through peptide spectra and match their sequence 

to a specific protein in a database. The peptide match indicates that that protein was present in the sample. 

BUP can also search for covalent modifications such as PTMs on peptide sequences and some workflows 

have been implemented to determine the amount of modified proteins in a sample.205 These software 

packages also calculate statistics to measure the validity of a match which are based off the quality of the 

match and the number of sequences in a database.203 These software packages have made analysis of large 



 
 

17 
 

proteomics datasets efficient over the past few decades and have provides us with much data on complex 

protein mixtures. 

On the other hand, top-down mass spectrometry forgoes the digestion process and aims to directly 

fragment the intact protein in the gas-phase.206 In this workflow intact protein ions are ionized with either 

ESI207 or MALDI208 and those intact ions are fragmented with collision-, electron-, or photon-based 

fragmentation techniques. The resulting daughter ions from the intact protein or protein complex are 

measured by the mass analyzer and can be mapped back to regions of the protein sequence. This analysis 

is normally aimed at the characterization of a single protein species and its proteoforms;209, 210 however, top 

down proteomics of samples with multiple species has also been attempted.154, 211 TD-MS has no theoretical 

limit on its sequencing capability, although, with the current instrumentation, the soft limit for TD-MS is 

30kDa.212 Recently, there have been attempts to obtain sequence coverage from larger proteins with 

techniques such as UVPD.193 TD-MS has been found to be useful for returning information on the sequence 

of intact proteins and locating modifications along the protein sequence without additional processing of 

digestion of the proteins.  

 Analysis of TD-MS data is less developed than analysis of BUP data; however, there have been 

great strides in data analysis over the past couple of years. TD-MS data analysis is split into two steps 

including a deconvolution step and an assignment step. Deconvolution involves the deisotoping of fragment 

ions and consolidation of charge states into one mass. Various methods of deconvolution have been put 

fourth including MsDeconv,213 FLASHDeconv,214 and TopPIC.215 In addition, there are software tools that 

assign MS deconvolution values to the protein sequence. These include PrositeLite,216 PrositePTM,217 and 

the recently developed ClipsMS.218 These programs can also search for modifications on the protein 

sequence. Deconvolution and assignment of mass spectra has simplified analysis of MS data; however, 

there are still issues with false positive deconvolution as well as assignment. More research is needed to 

perfect and standardize this process. 
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NATIVE MASS SPECTROMETRY 

Native mass spectrometry (nMS) involves the ionization and analysis of the physiologically 

relevant structure of proteins and protein complexes.96 To obtain a native mass spectrum, the protein must 

be dissolved in a solution that maintains its native structure, gently ionized into the gas-phase, and 

minimally activated so the structure of the protein remains intact. To perform nMS proteins are dissolved 

in a solution at neutral pH and that solvent must be volatile enough so the protein can be desolvated during 

the ionization process. This is normally done with 5mM-1M ammonium acetate which has been found to 

have a buffering capacity at pH 7 and be volatile enough to allow for the desolvation of proteins.95 It has 

been found that ESI from ammonium acetate is able to ionize protein ions from water droplets and 

minimizes perturbation of the protein and protein complex structure.219 These ions are transferred to the 

detector with minimal protein activation. Excessive activation can increase the internal energy of a protein 

or protein complex which could undermine the integrity of protein or protein complex structure. However, 

tunning the instrument to provide the least activation possible can preserve protein structure as well as 

weakly bound ligands that are also located on native proteins. This workflow analysis has become a 

valuable tool for the interrogation of intact proteins in their biologically active state. 

Native mass spectrometry has been utilized to conserve the structure of monomer ions, the integrity 

of protein complexes, and the interaction between proteins and small ligands. The first reports of native MS 

being utilized to preserve non-covelent complexes were done with heme binding of myoglobin220 and the 

macrolide FK506 1 binding to human FKBP.221 These studies indicated that non-covalent interactions can 

survive the electrospray ionization process into the gas-phase and be transferred to a detector. Since then, 

it has been found that nMS can conserve other non-covalent protein ligand interactions including the 

interaction between a small aggregation inhibiting compound with amyloid proteins77 and a zinc metal ion 

bound to carbonic anhydrase.222 Furthermore, it has been found that nMS can conserve quaternary structure 

of non-covalent protein complexes including the alcohol dehydrogenase tetramer (150kDa),223 the GroEL 

14mer (800kDa),224 and even heterogenous megadalton viral capsids (1.2MDa).225 Native MS of protein 
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complexes has been found to reveal various ligands bound to proteins and reveal the makeup of protein 

complexes.   

Over the past few decades there has been attempts to deconvolute intact native mass spectra. 

Deconvolution of native mass spectra involves the consolidation of protein charge states to a neutral mass 

peak. This can give the exact molecular weight of the protein and their proteoforms in a native mass 

spectrum. A couple of algorithms have been developed to deconvolute native mass spectra including 

UniDec,226 ReSpect, and PMI.227 These algorithms can subtract excessive baseline noise and consolidate 

all charge states to a single mass. There have been attempts to deconvolute all types of spectra including 

spectra of ADH,228 membrane protein lipid complexes,229 and intact antibodies.227 These algorithms have 

been found to provide accurate molecular weights for native compounds in mass spectra. 

COMPLEX-DOWN FRAGMENTATION OF NONCOVELENT PROTEIN COMPLEXES 

Native mass spectrometry has been found to reveal overall protein or protein complex mass and 

the identify of modifications on the native protein; however, for some applications it is necessary to obtain 

sequence information of native protein complexes. Fragmentation of denatured proteins can sequence 

proteins and locate covalent modifications; however, information about protein structure and information 

on non-covalent protein/ligand interactions is lost. To obtain select information on protein structure and 

noncovalent interactions, MS3 analysis of native complexes is often performed. This workflow is known as 

“complex-down”197 MS or “nativeomics”230 and has been found to provide a greater understanding of 

protein complex function. 

The first step of these experiments is to transfer an intact native protein complex into the gas-phase 

with minimal disruption of protein structure. Next the internal energy of the protein complex is increased 

(normally with CAD or SID) resulting in the release of protein monomers or non-covalent ligands from the 

protein complex. In the case of CAD, the monomer ions accumulate more charges relative to the number 

of charges on each monomer in the intact complex. These monomers are subsequently isolated and 

fragmented to reveal covalent fragments. This workflow has be utilized to fragment large protein complexes 

including the GroEL 14mer231 and a virus-like nanocontainer.232 In these examples, complex monomers 
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could be fragmented and sequence information could be obtained after they had been ejected from the 

complex. Complex-down analysis of protein complexes can reveal relevant information about protein 

complexes including modification and structure information. 

Complex-down analysis can reveal abnormalities such as mutations and deletions as well as 

modifications on protein complexes. In one study, complex-down fragmentation of the 20S proteosome 

found that the N-terminus was acetylated and the last two amino acids on the C-terminus were absent.102 

This data complemented cryo-EM data which could not resolve the N- or C-terminus of the protein. 

Complex-down analysis can also pinpoint modification sites that serve functional roles. It was found that 

different proteoforms of the triosephosphate isomerase complex have different affinities for dimerization.233 

A proteoform phosphorylated at serine 20 and a proteoform that was N-terminally acetylated inhibited 

dimerization of the complex, but the proteoform that was not modified did dimerize. In another example, 

complex-down analysis showed that phosphorylation of fructose-1,6-bisphosphatase 1 in yeast differed 

depending on the media that the yeast was grown in.234 The data showed that Ser12 or Thr13 was highly 

phosphorylated when grown on glucose. Ser12 is known to deactivate the complex, this data indicates that 

when grown on glucose, the cells switch from gluconeogenesis to glycolysis. MS3 analysis was also able 

to determine the identity of peptide ligands bound to a human E3 ligase.235 Complex-down has been shown 

to provide useful information on protein complexes and reveal key regulatory modifications that modulate 

protein function.  

Lastly, complex-down analysis has been found to study membrane proteins. Membrane proteins 

are normally dissolved in solutions with detergents or lipids so that their native structure can be preserved. 

During the ESI processes those molecules stick to the protein after ionization. Because detergents stick to 

the protein, it is necessary to provide activation to remove those detergents from the protein complex.236 

Increasing the activation of membrane protein complexes can result in the ejection of intact membrane 

protein complexes or membrane protein monomers. It was found that complex down with UVPD 

fragmentation increased sequence coverage by 21% compared to native fragmentation of the tetramer.237 

In another case, complex-down fragmentation with CAD of the mechanosensitive ion channel of large 
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conductance (MscL) was found to release b- and y- ions that stem from transmembrane helix regions of the 

protein.238 This example indicates that structure information can be obtained with this workflow in some 

instances. These studies indicate that complex down analysis can reveal sequence and structure information 

for various membrane protein complexes. 

NATIVE FRAGMENTATION OF PROTEINS AND PROTEIN COMPLEXES 

The complex-down workflow disassembles the complex before covalent bonds are cleaved. 

However, to obtain information on the native structure of protein complexes, direct fragmentation of 

proteins or complexes in their native state must be performed. In this workflow, known as native top-down 

mass spectrometry (nTD-MS), the least amount of activation is given to the protein complex until the 

protein is ready for fragmentation. nTD-MS is normally performed with ExD and UVPD fragmentation 

techniques as these techniques have been shown to release covalent products that reflect higher-order 

structure characteristics during fragmentation. Data from this workflow can reveal the locations of covalent 

and non-covalent modifications along the protein sequence and reveal aspects of higher-order structure. 

nTD-MS can determine the location of non-covalent ligands present on protein and protein 

complexes. Covalent fragments that result from nTD-MS can retain the ligand that bound to the native 

protein complex. In 2006 it was found that ECD of the α-synuclein/spermine complex revealed fragments 

that contained the spermine ligand and that the ligand could be localized to the C-terminus of the protein.239 

A couple of years later it was found the drug cisplatin could be located on a peptide with ETD 

fragmentation.165 Since then ECD has been utilized to localize NAD+ on alcohol dehydrogenase133 and a 

small aggregation inhibiting compound on amyloid proteins such as α-synuclein240 and tau.80 Similarly, 

UVPD fragmentation has been found to determine the location of heme on myoglobin241 and GTP on 

eIF4E.242 Metal ions can also be localized along a protein sequence. Early studies utilized CAD to localize 

metal ions;243 however, it is possible that fragmentation with CAD can eject metal ions from the binding 

site. More recently, ECD has been found to localize zinc metal ions on carbonic anhydrase222 and the alcohol 

dehydrogenase tetramer.133 In addition, it was found that UVPD is able to localize metal ions on various 

metaloproteins195 and even an insulin pentamer.242 Information from nTD-MS can be utilized to infer ligand 
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binding effects. For example, localization of CLR01 along the sequence of tau with nTD-MS revealed that 

CLR01 binding in the microtubule binding region could disrupt the interaction between monomers and 

prevent their aggregation into oligomers and fibrils.80 In another example, localization of CLR01 binding 

to α-synuclein could be utilized to guide a molecular dynamic simulation indicating that CLR01 shifts the 

structure of α-synuclein.240 nTD-MS of protein/ligand complexes can utilized to reveal the location of 

ligands and that information can be used to determine the function of those ligands. 

 

Figure 4: A graphic revealing the levels of protein structure accessible by the different top-down mass 

spectrometry methods. The circles represent the fragmentation techniques and gold filling represents the 

levels that the technique is reported to probe.99 

nTD-MS has also been found to reveal higher-order structure of proteins and protein complexes. 

(Fig. 4) It is known that interactions besides covalent peptide bonds such as salt bridges244 and disulfide 

bonds245 can hold protein fragments together even after covalent bonds have been dissociated. This 

phenomenon is known as ExnoD. These regions of relative stability and instability can be probed by 

nTDMS fragmentation. Early experiments utilized ECD to probe changes in the structure of ubiquitin246 

and cytochrome C247 due to an increase in source temperature and infrared activation. ExD of protein 

complexes reveals fragments that reflect the structure of the intact complex. For example, ExD of the ADH 

homotetramer revealed numerous N-terminal fragments and few C-terminal fragments.248, 249 The relative 
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amount of solvent exposure of the N-terminus compared to the C-terminus may explain the greater number 

of fragments containing the N-terminus in the spectrum. Furthermore, nTD-MS of protein complexes such 

as hemoglobin250 and glutamate dehydrogenase186 reveals regions of stability of those protein complexes. 

UVPD has also been found to preferentially fragment more flexible regions of protein complexes;242, 251 

however, the vibrational excitement of the protein allows for deeper sequence coverage into the protein. A 

unique feature of UVPD fragmentation is that a+1 and a+2 ions can be utilized to probe secondary structure 

of proteins. For example, these ions have been found to occur in proteins with hydrogen bonding motifs252 

and turn structures.251 nTDMS can probe structures of proteins and protein complexes which can give 

information on the structure and function of protein complexes. 

Lastly, nTDMS can locate interfaces between peptides and proteins. It was found that ExD 

techniques could be utilized to determine the binding sites between small acidic and basic peptides253 and 

a hexapeptide on a protein/peptide complex.254 CAD has also been used to locate the binding site of RNA 

on proteins.255 The electrostatic interactions holding the RNA and protein together were able to keep the 

RNA from dissociating from the complex during CAD fragmentation. In another example, ECD of amylin 

oligomers revealed the interface holding monomers of the amyloid protein together was located on the C-

terminus.256 These results indicate that nTD-MS is able to reveal information on important interactions 

between proteins and peptides. 

ION MOBILITY UTILIZED FOR NATIVE PROTEIN ANALYSIS 

 Ion mobility analysis has been shown to provide useful information on native proteins and protein 

complexes. IM-MS can determine the relative size of proteins and protein complexes in the gas-phase.166, 

257 The gas-phase structures of the ions would presumably differ slightly from their solution phase 

structures; however, this generalized size information can give us an estimation of the size of the protein or 

protein complex.257 IM-MS has also been found to separate subcomplexes of protein complexes and 

oligomer states of proteins. Using IM to separate subcomplexes from their intact precursors is especially 

helpful when dissociating complexes with SID, as each species can be separated by IM for more accurate 

quantification.102 In addition, it has been found that IM-MS of amyloid protein oligomers can separate out 
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oligomeric states for accurate analysis of oligomer size.258, 259 This information can reveal possible 

mechanisms of amyloid protein aggregation.260 There have been multiple studies that find that small 

molecule ligands and metal ions are able to shift protein distributions. Recently, zinc ions have been found 

to shift the structure of transthyretin tetramer261 and manganese and cobalt ions have been found to shift the 

structure of the amyloid protein α-synuclein.75 In addition, it has been found that a conformational shift of 

the c-MYC:MAX complex is observed when 10058-F4 compound is added262 and a conformation shift of 

α-synuclein is observed when small molecules such as EGCG81 and CLR0180 bind to the protein. This 

analysis can give valuable information on the size of protein ions and changes in structure due to ligand 

binding. 

In some cases, IM has been utilized in combination with TD-MS to study native protein complexes. 

An early study utilized FAIMS to determine that ECD fragmentation was more efficient when the ubiquitin 

structure was more extended.263 A couple other studies found that IM-MS with subsequent ECD can probe 

structural dynamics of lymphotactin.264, 265 IM-MS of hemoglobin revealed that activation of the 

hemoglobin tetramer complex showed more fragmentation coming from the B-chain indicating that the B-

chain was becoming unfolded.126 It was also found that IM-MS can reveal ETnoD can be utilized to study 

structured regions of proteins such as ubiquitin.266 Activation post IM revealed that fragments are retained 

on protein complexes after a covalent bond was broken with ETD. This can also be performed with protein 

complexes such as ADH, hemoglobin, and concanavalin A.250, 267 nTD-MS fragmentation along with IM-

MS has been able to reveal more information about protein complexes and probe their structure for ordered 

regions. This has given us valuable information on the dynamics of protein complexes and the regions that 

formed their ordered structure. 

MASS SPECTROMETRY ANALYSIS OF AMYLOID PROTEINS 

 Protein misfolding and aggregation has been of significant interest over the past century. These 

amyloid proteins have been found to create aggregates in the brain and have been studied through a variety 

of techniques including Cryo-electron microscopy, X-ray crystallography, and NMR. Mass spectrometry 

has also been utilized for the studying various aspects of amyloid proteins. In many cases, MS techniques 
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can provide relevant information on amyloid protein monomers and their proteoforms as well as amyloid 

protein oligomers. 

 MS has been utilized for the determination of amyloid protein identify and the location of PTMs. 

As was discussed previously, PTMs of amyloid proteins can trigger aggregation. BUP has been found to 

be an invaluable resource for determining the location of modifications sites on amyloid proteins. In one 

study tau protein from cerebrospinal fluid and soluble brain fractions was digested and the phosphorylation 

landscape was mapped over the entire sequence.268 This study gave valuable insight into the location of 

phosphorylation sites common to Alzheimer’s disease patients. Intact protein mass spectrometry has also 

been utilized to categorize the proteoforms of amyloid proteins in solution. Intact protein mass spectrometry 

has been utilized to determine the extent of acetylation269 and phosphorylation 270 of α-synuclein and 

phosphorylation of tau.80 Top-down mass spectrometry can be utilized to locate PTMs such as 

acetylation,269 and phosphorylation80 on these proteins. These analyses can give insight into mechanisms 

that PTMs utilized to alter aggregation potentials of amyloid proteins. 

 MS has also been utilized to characterize the binding of non-covalent modifications that modulate 

aggregation including metal ions and aggregation modulating compounds. It has been found that native 

mass spectrometry can determine the stoichiometry of metal ions. nMS has categorized the binding of 

manganese and cobalt to α-synuclein.75 In another study calcium was also found to bind α-synuclein and 

modulate the aggregation of various proteoforms.271 nMS has also determined the binding of small 

molecules to amyloid proteins. MS was able to characterize the binding of EGCG, a compound most 

associated with green tea, to α-synuclein.81 In addition, MS was also utilized to characterize the binding of 

CLR01, a molecular tweezer compound, to tau,80 α-synuclein,240 amyloid-β,77 SOD1,272 and the N17 domain 

of huntingtin.273 These small compounds tend to bind amyloid protein with a Kd in the micromolar range. 

Top-down mass spectrometry can locate these modifications on the protein sequence. To determine the 

location of these noncovalent modifications along the protein sequence, electron-based techniques are 

normally utilized so the interaction between the compound and the protein is not disturbed. ExD techniques 

have been utilized to determine the binding location of metal ions such as manganese and cobalt on α-
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synuclein. 75 In addition, ExD techniques have also been utilized to determine to binding location of small 

molecules such as CLR01 on tau,80 α-synuclein,240 amyloid-β,77 SOD1,272 and the N17 domain of 

huntingtin273 and EGCG on α-synuclein.81 

 MS techniques have also been utilized to determine the size of oligomers of amyloid proteins. It is 

thought that oligomers of amyloid proteins become toxic by interesting themselves into membranes and 

disrupting other cellular processes; however, due to their transitory nature they are difficult to study. Mass 

spectrometry is uniquely qualified for measuring the molecular weight of these oligomers, but the 

heterogeneity of the oligomer samples complicates oligomer analysis. Most amyloid protein oligomer 

research has been performed with ion mobility from the Mike Bowers lab. By measuring collisional cross 

section of peaks of amyloid proteins, they can determine oligomeric states. They have demonstrated that 

IM-MS is able to detect various oligomeric states of amyloid-β259 human IAPP peptides274 and TDP-43 

mutant peptides.275 This information can provide information on the size of toxic amyloid protein species 

and provide mechanisms for amyloid protein aggregation. If the oligomers are small, they can be 

characterized directly with mass spectrometry. This has been done with α-synuclein dimers,276 tau 

dimers,277 as well as small IAPP oligomers.256 This analysis has proven useful for the identification of toxic 

species, however, better instrumentation is necessary for accurate characterization of larger amyloid protein 

oligomers. 

 Lastly, mass spectrometry can determine the binding interface of amyloid protein oligomers. This 

analysis follows the same workflow as nTD-MS of protein complexes described earlier. The fragments that 

result from TD-MS can be correlated back to the protein sequence and inferences can be made based off 

the fragmentation pattern. Direct nTD-MS on amyloid protein oligomers has been reported once on small 

oligomers of amylin. In this experiment amylin oligomers were fragmented with ECD.256 The resulting 

fragments that were mapped to the sequence showed the aggregation interface to the on the C-terminus of 

the amylin peptide. This technique has not been utilized extensively; however, it does show promise for the 

determination of amyloid protein oligomer interfaces and could provide information on these toxic species 

in neurodegenerative diseases. 
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ABSTRACT: Top-down mass spectrometry (TD-MS) of peptides and proteins results in product ions that 

can be correlated to polypeptide sequence. Fragments can either be terminal fragments, which contain either 

the N- or the C-terminus, or internal fragments that contain neither termini. Normally, only terminal 

fragments are assigned due to the computational difficulties of assigning internal fragments. Here we 

describe ClipsMS, an algorithm that can assign both terminal and internal fragments generated by top-down 

MS fragmentation. Further, ClipsMS can be used to locate various modifications on the protein sequence. 

Using ClipsMS to assign TD-MS generated product ions, we demonstrate that for apo-myoglobin, the 

inclusion of internal fragments increases the sequence coverage up to 78%. Interestingly, many internal 

fragments cover complimentary regions to the terminal fragments that enhance the information that is 

extracted from a single top-down mass spectrum. Analysis of oxidized apo-myoglobin using terminal and 

internal fragment matching by ClipsMS confirmed the locations of oxidation sites on the two methionine 

residues. Internal fragments can be beneficial for top-down protein fragmentation analysis, and ClipsMS 

can be a valuable tool for assigning both terminal and internal fragments present in a top-down mass 

spectrum 

Keywords: Top-Down Mass Spectrometry (TD-MS), Terminal Fragment, Internal Fragment, Electron 

Capture Dissociation (ECD) 

 

INTRODUCTION 

Top-down mass spectrometry (TD-MS) has become a prominent tool for the analysis and 

characterization of intact proteins and protein complexes.1, 2 TD-MS analysis of proteins and protein 

complexes has many advantages, including the ability to detect and identify degradation products, sequence 
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variations, post-translational modifications (PTMs), and other proteoforms.3 TD-MS has progressed 

significantly in the last decade owing to advances in instrumentation and associated technologies.4-6 For 

example, TD-MS has recently been utilized for the characterization and analysis of heterogeneous samples, 

large noncovalent protein complexes, and intact monoclonal antibodies.7 Despite these advances, however, 

the application of TD-MS for profiling PTMs and proteoforms is limited in sensitivity and scope, as data 

produced by top-down MS methods are not as easily analyzed compared to bottom-up proteomics. 

TD-MS analysis of intact proteins typically starts by forming multiply charged gas-phase proteins using 

electrospray ionization (ESI).8, 9 The protein ions can then be activated and fragmented by collision-,10, 11 

photon-,12, 13 or electron-based dissociation methods14-16 to generate product ions that can be assigned to the 

protein primary sequence.17 Product ions formed by top-down MS can either be i) a terminal fragment ion, 

which includes the N-terminus (a, b, or c fragment) or the C-terminus (x, y, or z fragment) of the polypeptide 

sequence,18 or ii) an internal fragment ion that results from multiple cleavage events of the protein backbone 

to generate ax, ay, az, bx, by, bz, cx, cy, and cz fragment ions, with the first letter designating the cleavage 

site on the N-terminal side of the fragment and the second letter designating the cleavage on the C-terminal 

side of the fragment.19-21 The isotopically resolved mass spectral signals22 can be matched to regions of the 

sequence to return information about the protein’s primary structure. Within a single protein fragmentation 

mass spectrum, there can be hundreds of product ion signals that could be assignable.   

Assignment of mass spectral signals within a mass spectrum can be a long and arduous task that 

can require manual comparisons of experimentally measured masses to lists of computed theoretical masses 

to return putative information of the protein sequence. There has been significant development of software 

tools to aid the deconvolution and automated assignment of TD mass spectral signals. Multiple algorithms 

have been developed to deconvolute MS spectra including MSDeconv,23 YADA,24 and mMass.25 Other 

programs such as ProSight PTM 2.026 and ProSightLite27 match deconvoluted mass lists to a theoretical 

mass list from a given protein sequence. Other assignment algorithms include TopPIC28 and MS-Align+.29 

Ge and co-workers have developed MASH Explorer, which allows the user to load raw data from a top-

down mass spectrum, deconvolute the peaks present in that spectrum, and match the resulting values to 
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theoretical masses from a given protein sequence.30 Although these and other tools are potentially powerful, 

they largely consider only the assignment of terminal fragments, which could leave many peaks in a 

fragmentation mass spectrum, including those representing internal fragments, to be unassigned. These 

unassigned signals, that we colloquially term as “dark matter” of a fragmentation mass spectrum, could 

provide valuable information if assigned correctly to the protein sequence.  

However, internal fragment ions have been largely ignored due to the difficulty of accurately and 

efficiently assigning these mass spectral signals. As the size of the protein increases, the number of internal 

fragments that can be generated increases exponentially, hence increasing the false discovery rates limiting 

the accuracy of these assignments.31, 32 Due to this, internal fragment ion analysis of top-down mass spectra 

has been limited to peptides and small proteins. Despite the limitations associated with extending the use 

of internal fragment ion analysis on larger proteins, the inclusion of accurately assigned internal fragment 

ions could offer richer sequence and structural information.  

Recently, the assignment of internal fragment signals for the analysis of protein ions in TD-MS 

experiments has been reported. Kelleher and co-workers demonstrated that for collision induced 

dissociation of ubiquitin (8.6 kDa), the inclusion of internal fragments resulted in a greater fraction of the 

fragmentation spectrum to be explained.21 Loo and co-workers recently demonstrated that internal 

fragments can be formed by electron-based fragmentation of ubiquitin and carbonic anhydrase II (29 

kDa).32 Although these reports suggest that internal fragments can significantly enhance the information 

obtained from a TD-MS experiment, which could be beneficial for localizing sites of protein modifications, 

to date there have been few readily available computational methods that can be utilized to assign internal 

fragment ions. 

Here, we describe an algorithm developed in Python, coined ClipsMS (Comprehensive 

Localization of Internal Protein Sequences), that can be utilized to assign both terminal and internal 

fragments resulting from a top-down mass spectrometry experiment. This algorithm generates every 

possible terminal and internal fragment, compares those fragments against a deconvoluted mass list, and 

graphically displays the data. We demonstrate the use of ClipsMS for the analysis of top-down mass spectra 
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of wild type (wt) and oxidized apo-myoglobin. Assigning internal fragment masses is shown to increase 

sequence coverage of the protein sequence and confidence in the location of modified sites present on the 

protein. 

 

MATERIALS AND METHODS 

Apo-myoglobin from equine skeletal muscle was purchased from Sigma-Aldrich (St. Louis, MO, 

USA) and used without further purification. LC/MS grade water and methanol were obtained from Fisher 

Chemical (Hampton, NH, USA). Hydrogen peroxide (H2O2) was obtained from Sigma-Aldrich (St. Louis, 

MO, USA). 

The oxidized form of apo-myoglobin was prepared by reaction with hydrogen peroxide at a 1:10 

ratio of molar concentration (H2O2/ apo-myoglobin = 1:10) at 37°C for 30 min. Both wild type and oxidized 

apo-myoglobin were dissolved in water/ methanol/ formic acid (49.5:49.5:1, v/v/v) at a concentration of 20 

µM. 

All experiments were conducted on a 15-T Bruker SolariX Fourier transform ion cyclotron 

resonance (FTICR)-MS instrument equipped with an infinity ICR cell (Bruker Daltonics, Billerica, MA, 

USA). Protein solutions were loaded into in-house pulled capillaries coated with gold, and electrosprayed 

by applying a voltage between 0.8 and 1.2 kV on the ESI capillary. MS1 spectra were collected of wildtype 

and oxidized myoglobin and the spectra were deconvoluted with UniDec.33 Broadband ECD experiments 

were conducted without precursor isolation. For ECD fragmentation of wild type apo-myoglobin, the pulse 

length was set at 0.1s, with a lens voltage at 50 V and an ECD bias voltage at 2V. For ECD fragmentation 

of the oxidized form, the lens and bias voltage were kept the same, while the pulse length was set at 0.025s 

to obtain an optimized ECD fragmentation. For each spectrum, 200 scans were obtained. The data was 

deconvoluted with the SNAPTM 2.0 algorithm from the Bruker Daltronics DataAnalysis software and 

internally calibrated against theoretical terminal fragments of apo myoglobin.  

The algorithm and GUI were designed in PyCharm 2020.2. The program runs on at least python 

3.7 and is available on GitHub (https://github.com/loolab2020/ClipsMS-Version-1.0.0). Because ECD was 
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performed on myoglobin, c, z, and cz fragments were searched for both wildtype and oxidized myoglobin. 

At the end of every N-terminal fragment a hydrogen atom (1.00783) is added to complete the amino group, 

and at the end of every C-terminal fragment a hydroxyl group (17.00274) is added to complete the carboxyl 

group (Figure S1A). The error given to the program was 2 ppm, the smallest internal fragment size is 5, 

and any fragments containing n-terminal cuts at proline residues were disregarded as false positives. In both 

instances, the biased version of the algorithm was run. For the oxidized version of the protein, localized 

modifications corresponding to oxidation (15.99491Da) were added to methionine 55 and methionine 131. 

An unlocalized modification corresponding to a hydrogen atom (1.00783Da) was also added to each 

fragment.  

Sequence coverage was calculated as number of inter-residue cleavages divided by the total number 

of inter-residue sites. The number of cleavage site was calculated as the number of unique cleavage sites 

not already cut by another fragment. The coverage for a PTM site was designated as the number of times 

that the modified amino acid was covered by a unique fragment.  

 

RESULTS 

Graphical user interface of ClipsMS 

A graphical user interface (GUI) was designed for ClipsMS so the user can easily compare 

theoretical fragments of a peptide or protein sequence against a user specified deconvoluted mass list from 

a top-down mass spectrum (Figure 1A). The algorithm can generate any theoretical terminal and internal 

fragment from a given amino acid sequence with a user defined minimum sequence length for internal 

fragments. Users can select the fragment types that can be formed by their experiments and set the mass 

error tolerance for matching. In addition, modifications can be accounted for: to include localized 

modifications, where a single amino acid site has been modified, and unlocalized modifications in which 

modifications can occur on any amino acid site. Once the user inputs the information required, the user can 

run either a biased version of the algorithm where terminal fragments are weighted higher than internal 
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fragments, or an unbiased version of the algorithm where both terminal and internal fragments are weighted 

the same.  

Processing and generation of theoretical fragments and fragment matching using ClipsMS 

The algorithm calculates a molecular weight based on the amino acid sequence (Table S1) plus a 

H+ (1.00728 amu) to return the monoisotopic [M+H]+ mass (Figure 1B). Next, all possible a, b, c, x, y, and 

z terminal fragments of the protein are calculated and stored as a list (Figure 1B, Figure S1A). After terminal 

fragments are calculated, those fragments are used to calculate the mass of all possible internal fragments: 

ax, ay, az, bx, by, bz, cx, cy, and cz fragments of a protein (Figure 1B, Figure S1B). All fragment masses 

are calculated as monoisotopic [M+H]+ masses.  

After the base theoretical fragment masses of the amino acid sequence have been generated, these 

masses are compared against a given deconvoluted mass list (Figure 1B). Each observed mass in the 

deconvoluted mass list is compared against every theoretical terminal and internal mass for completeness. 

If modifications have been imported, the shift in mass will be accounted for by the algorithm. The 

modifications the algorithm accounts for are: (i) localized modifications, (ii) unlocalized modifications, and 

(iii) terminal modifications. (i) Localized modifications are treated as static modifications that occur on a 

single amino acid and will not detach from the protein. This would include previously located PTMs, 

nonstandard mutations (e.g., selenocysteine), the absence of hydrogen atoms from oxidized cysteine 

residues, and/or user modified proteins. These modifications are added to every terminal and internal 

fragment that contains that amino acid at a given site before the fragment is compared against the 

deconvoluted values (Figure 1B). (ii) Unlocalized modifications include modifications that are not 

attributed to a specific amino acid. This may include addition or subtraction of hydrogen atoms or water 

molecules, PTMs where the location is not known, or ligands where the location is not known. Unlocalized 

modifications are added to each mass after the unmodified theoretical masses have been searched (Figure 

1B). These modifications were designed to allow for both unmodified and modified peaks to be analyzed. 

(iii) Terminal modifications are added to the end of every C or N terminal fragment before comparing that 

fragment against the deconvoluted values (Figure 1B). The terminal modifications do not affect internal 
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fragments matching as they do not contain either terminus. If the measured mass error of an observed 

fragment compared to a theoretical fragment is within the error tolerance set by the user, the fragment is 

counted as a match. 

 

Figure 1: A. The graphical user interface (GUI) for ClipsMS. The user can input several key parameters 

including the error allowed, the smallest internal fragment size, the sequence, the observed fragments, any 

modifications on the sequence and the type of fragments to search. B. The workflow of the algorithm and 

how it matches peaks input by the user. The algorithm calculates all theoretical terminal and internal 

fragments, matches all peaks, makes decisions on which assignments to keep, and automatically generates 

figures. 

After deconvoluted masses are matched with the theoretical masses, matches that cannot occur are 

automatically deleted from the matched list (Figure 1B). This can include matches that contain c and z 

fragmentation at proline residues in electron-based fragmentation or matches containing improbable 

unlocalized modifications. For electron-based fragmentation methods, the α-amino group on proline 

contains two bonds making it an imino acid, c or z fragmentation at these residues are indicated as 

improbable34 and removed from the matched list. There is an option to use this feature in the GUI. (Figure 

1A) An example of an improbable unlocalized modification could be a match that contains a mass shift 

equal to phosphorylation on a fragment not containing a serine, threonine, or tyrosine. If a fragment contains 

a modification but does not have the amino acids required, the match is designated as a false positive and 

removed from the list. The masses of unlocalized modifications and the amino acids on which they occur 
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can be input by the user with the GUI (Figure 1A). These safeguards help reduce false positives and generate 

more accurate results. 

After all possible fragments have been matched and improbable fragments have been removed, the 

algorithm makes decisions on duplicate fragment assignments. For example, a single deconvoluted mass 

can be assigned to multiple theoretical masses provided these masses fall within the error tolerance set by 

the user. The algorithm decides which fragment to keep depending on the version run. The unbiased version 

of the algorithm assigns the fragment with a lower mass error (Figure 1B). If two fragments have exactly 

the same chemical formula (and as a result the same mass), both fragments are kept and displayed. All 

matched fragments are output in a table for the user to review. The biased version of the algorithm favors 

the terminal fragments (Figure 1B). If a terminal fragment and an internal fragment are matched to a single 

deconvoluted mass, the terminal fragment is chosen as the assignment. If two terminal or two internal 

fragments are matched to the same deconvoluted mass, the fragment with the lower mass error is assigned. 

However, two terminal or two internal fragments with exactly the same chemical formula and mass are 

retained and output in a table for the user to review. These features were incorporated to limit false positive 

matches. 

The output table contains all the information for the observed fragments that were matched with 

the theoretical fragment list. It includes the fragment type, any localized and unlocalized modifications, any 

terminal modifications, the observed mass, the theoretical mass calculated by ClipsMS, the starting and 

ending amino acids, the error of the observed mass compared to the theoretical mass, the sequence of the 

fragment, the intensity given by the user, and the molecular formula of the fragment (Table S2). This table 

allows for manual interpretation of the data if desired. 

The time it takes for the algorithm to run depends on the length of the protein sequence, the number 

of fragments uploaded, and the number of modifications on the protein sequence. Peptides and small 

proteins (< 30 kDa) with a few hundred deconvoluted peaks take less than 1 minute to analyze on a laptop 

with 12GB of ram with an Intel Core i7-2760QM processor (4 cores @ 2.40 GHz). Larger sequences or 

sequences with more modifications can take up to a few minutes to complete. At the end of every run, a 
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.csv document with all matched fragments is exported (Table S2) and 3 figures are output representing the 

fragments that are matched.  

Top-down fragmentation data analysis using ClipsMS 

To test ClipsMS for top-down fragmentation analysis, apo-myoglobin was prepared in denaturing 

conditions and electrosprayed on a Bruker 15T FT-ICR MS (Figure S2A). Apo-myoglobin was fragmented 

with broadband electron capture dissociation (ECD) MS (Figure 2A). In the resulting spectrum, charge 

reduced precursor ions are present as well as fragment ions (Figure 2A). The data deconvoluted from the 

SNAPTM algorithm was input to the algorithm along with the intensity values and the biased version of the 

algorithm was run. 

Unlike terminal fragments where one end is fixed, internal fragments contain neither the N nor C 

terminus. Because neither terminus is fixed, it is difficult to represent internal fragments with the 

conventional top-down fragmentation map such as the one used by Prosight Lite27 and MASH Explorer.30 

To represent both terminal and internal fragments, the algorithm outputs 3 figures: (i) a fragment location 

map, (ii) a sequence coverage map, and (iii) a fragmentation cleavage site map. Each of these figures 

displays a key piece of information to describe the data analyzed by the algorithm. 

The first figure displays the data in a way so that the number of internal fragments identified is 

easily determined and the coverage of the protein sequence can be easily shown (Figure 2B). In addition, 

the size of the dots indicates the relative intensity of the matched fragments. The myoglobin data indicated 

that 98 c and z terminal fragments were assigned, and 15 cz internal fragments were assigned (Figure 2B). 

Furthermore, the data indicates that the internal fragments are normally lower in abundance than many of 

the terminal fragments (Figure 2B). This data also shows that the c and z terminal fragments assigned 

heavily cover both the N and C terminal regions of the sequence and the cz internal fragments cover the 

interior of the protein. 
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Figure 2: A. Broadband ECD MS of 20 μM apo-myoglobin formed from acidic denaturing conditions. B. 

A fragment location map indicating the region of the protein sequence covered by terminal and internal 

fragments. C. A sequence coverage map for the terminal and internal fragments. Darker regions indicate 

more coverage. D. A fragment cleavage map indicating the location of inter-amino acid cleavage sites for 

terminal and internal fragments.  

  

The second figure includes the sequence information map of a protein. This map is based off a 

figure in a paper published by the Kelleher lab.21 The figure represents the areas of the sequence that are 

covered by the product ions. Darker regions of the sequence indicate regions of the protein that are covered 

by many fragments while lighter colored regions of the sequence indicate regions of the protein that are 

covered by fewer fragments. This data indicates regions of the protein that terminal and internal fragments 

cover. Terminal fragments heavily cover the ends of protein sequences and internal fragments cover the 

interior of the protein. Internal fragments increase the amount of sequence information of the protein. In 

the apo-myoglobin data, the sequence coverage is 59% when only terminal fragments are considered; 

however, by including internal product ions in the search, the sequence coverage was increased to 66% 

(Figure 2C). Including internal fragments tends to enhance the sequence coverage on proteins by giving 
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information of the amino acid sequence in the center of the protein sequence. This observation has been 

reported before by our lab for carbonic anhydrase II,32 and an updated fragmentation location map is 

included (Figure S3). 

Figure 2D shows the cleavage sites of terminal and terminal fragments. Analyzing internal 

fragments can increase the number of fragmentation sites that occur in the protein sequence. The cleavage 

sites of terminal fragments and the cleavage sites of internal fragments are displayed. In the apo-myoglobin 

data, it is shown that the terminal fragments identified cleave at 90 of the 152 inter-residue cleavage sites 

of the protein (Figure 2D). Inclusion of cz internal fragments increased the number of cleavage sites on apo 

myoglobin to 101 (Figure 2D). Increasing the number of cleavage sites can increase confidence in the 

sequence identity as more protein information can be extracted.   

Unlocalized modification feature of ClipsMS 

ClipsMS can also be utilized to investigate unlocalized modifications on protein fragment ions. 

When unlocalized modifications are considered, ClipsMS will generate a list of fragments with the addition 

and/or subtraction of a user defined mass after it has searched for the unmodified masses. This list of 

fragments will then be matched to fragments that the user has input. For wt apo-myoglobin, we investigated 

the unlocalized modification feature by examining c, z, and cz fragments from wt apo-myoglobin that can 

be matched with the loss/gain of a hydrogen atom (1.00783Da), which are prevalent in ECD.35 Including 

the addition of a hydrogen atom increased the number of assignments to 158 (Figure S4B). In addition, the 

inclusion of internal fragments increased the sequence coverage from 63% to 78% when fragments with an 

extra hydrogen were searched, (Figure S4C) and the number of cut sites increased from 95 to 118 (Figure 

S4D). This data indicates that ClipsMS’s unlocalized modification feature can be utilized to increase the 

number of assignments and the sequence coverage of proteins. In addition to analyzing fragments with 

neutral mass losses, this feature can also be used to pinpoint PTMs where the location is not specified and/or 

ligand binding sites of a protein as the inclusion of internal fragments could give more informative data on 

where PTMs and ligand binding occurs. 
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Confirmation of localized modification sites using ClipsMS 

To test ClipsMS’s localized modification feature, apo-myoglobin was oxidized and fragmented 

with ECD. An MS1 spectrum of oxidized apo-myoglobin showed a mass difference of 32Da compared to 

wt apo-myoglobin, suggesting that 2 oxidation sites were present (Figure S2B). Oxidation of intact proteins 

can occur on methionine residues,36 and apo-myoglobin contains two methionine residues at positions 55 

and 131. To confirm that oxidation occurred on these two residues, broadband ECD was performed on the 

oxidized myoglobin sample (Figure 3A). For oxidized apo-myoglobin, 73 terminal fragments and 20 

internal fragments were identified, with 39 of those fragments containing a single oxidation site and 1 

fragment containing both oxidation sites (Figure 3B). Modifications on apo-myoglobin were confirmed to 

be on methionine 55 and 131 and these sites are indicated by a dashed line (Figure 3B). This data indicates 

that the inclusion of internal fragments enhances the confidence of the location of both oxidation sites. 

Terminal fragments cover the residues near N and C terminus while the internal fragments cover the 

residues interior of the protein (Figure 3C). For Met-55, terminal fragments cover the residue 11 times, and 

4 additional internal fragments cover Met-55. Similarly, Met-131 was covered by a terminal fragment 23 

times, and 3 additional internal fragments cover the modified residue.  

When the inter-amino acid cleavage sites of apo-myoglobin are considered, terminal fragments 

account for 67 inter-amino cleavage sites and inclusion of internal fragments increased the number of inter-

amino acid cleavage sites to 84 (Figure 3D). This included a cut site between position 53 and 54, which 

narrowed down the location of oxidation on Met-55. Increased coverage of residues with PTMs increases 

confidence that a modification occurs on a particular residue.  

DISCUSSION 

ClipsMS efficiently assigns both terminal and internal fragments present in top-down mass spectra. 

Assigning internal fragments can enhance top-down mass spectrometry analysis (Figure 2B). For apo-

myoglobin, the sequence coverage obtained was enhanced from 59% to 66%. This data agrees well with 

previous reports obtained for proteins and peptides.32, 37, 38 Conventionally, internal fragment analysis has 

been ignored; including internal fragments may help to increase the molecular weight limit of 30 kDa that 
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is often observed for high sequence coverage TD-MS.17, 39, 40 Here, we demonstrate that internal fragments 

can provide more information of the interior of the protein (Figure 2C). In addition, a plethora of PTMs are 

located within the interior of protein sequences,41 hence internal fragment assignments can aid in the 

localization of these PTMs.  

Figure 3: A. Broadband ECD MS of 20 μM oxidized apo-myoglobin formed from acidic denaturing 

conditions. B. A fragment location map indicating the region of the protein sequence covered by terminal 

and internal fragments. Dashed lines indicate sites of oxidation. C. A sequence coverage map for the 

terminal and internal fragments assigned indicating terminal and internal fragments cover both oxidation 

sites. Darker regions indicate more coverage. D. A fragment cleavage map indicating the location of inter-

amino acid cleavage sites for terminal and internal fragments. Red amino acids indicate sites of oxidation. 

 

Although ClipsMS has been shown to be a powerful tool for top-down fragmentation assignments, 

there are a few limitations of the algorithm. Duplicated fragments pose a problem for internal fragment 

analysis. A single deconvoluted mass can be matched to multiple theoretical masses due to those fragments 

having the same elemental composition. It is possible that a better understanding of top-down fragmentation 

mechanisms and/or ion mobility analysis of top-down fragments can help overcome this issue. Another 

current limitation of ClipsMS is that some protein modification types are not considered.35, 42, 43 In the future, 
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the algorithm will include the capability to specifically search for neutral losses and more diverse fragment 

types such as c+1 fragments, z+1 fragments, and z·  fragments. In addition, the ability to search for labile 

modifications on specific amino acids will be incorporated into the search algorithm. Lastly, larger 

sequences with more fragments or data containing many modifications can take up to a few minutes to 

complete. For the myoglobin data, processing times ranged from ~30 seconds to ~11 minutes on the same 

device (Table S3). A dummy 1023 amino acid sequence (116.3kDa) with 250 fragments took approximately 

an hour to run on a laptop with 12GB of ram with an Intel Core i7-2760QM processor (4 cores @ 2.40 

GHz). Currently however, the architecture of the algorithm is such that it only uses a single core, which 

limits the processing times. By allowing access to more cores and/or ram the processing time can be 

significantly reduced. Despite all these limitations, the information obtained from ClipsMS can still be 

beneficial for top-down protein fragmentation analysis. 

As top-down proteomics becomes more mainstream in proteome research, it is becoming 

increasingly important to efficiently analyze top-down mass spectrometry data. The top-down community 

for the most part has disregarded internal fragments and opted to only analyze terminal fragments. By 

analyzing internal fragments, it is possible to gain more insight into the protein sequence. We hope this 

algorithm will aid researchers to mine some of the previously unknown “dark matter” in top-down mass 

spectra and will spur research in proteomics and the proteoforms that exist in nature. 

 

ClipsMS (https://github.com/loolab2020/ClipsMS-Version-1.0.0) 

  

https://github.com/loolab2020/ClipsMS-Version-1.0.0
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SUPPORTING INFORMATION 

 
Figure S1: Examples of theoretical (A) terminal and (B) internal fragments and masses that are searched 

in ClipsMS.  
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Figure S2: (A) MS1 spectrum of apo-myoglobin with the corresponding UniDec spectrum confirming the 

mass of wt apo-myoglobin (16,951Da), and (B) a spectrum of oxidized apo-myoglobin with the 

corresponding UniDec spectrum confirming the mass of oxidized apo-myoglobin (16,983 kDa).1 The mass 

shift of 32 Da on oxidized apo-myoglobin indicates the presence of two oxidation sites on the protein.  
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Figure S3: The fragment location figure for a top-down mass spectrum of carbonic anhydrase II. Internal 

fragments are shown to increase sequence coverage in the center of the protein sequence complementing 

the terminal fragments.  
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Figure S4: A. Broadband ECD MS of 20 uM apo-myoglobin formed from acidic denaturing conditions. B. 

A fragment location map indicating the region of the protein sequence covered by terminal and internal 

fragments including fragments with the addition of a hydrogen atom (1.00783Da). C. A sequence coverage 

map for the terminal and internal fragments also including fragments with the addition of a hydrogen atom 

(1.00783Da). Darker regions indicate more coverage. D. A fragment cleavage map indicating the location 

of inter-amino acid cleavage sites for terminal and internal fragments including fragments containing an 

additional hydrogen atom (1.00783Da).  
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Table S1. Amino acid 

residue masses used to 

calculate theoretical 

fragments in ClipsMS.2 

Amino 

Acid 

Molecular 

Weight 

A 71.037114 

R 156.101111 

N 114.042928 

D 115.026944 

C 103.009185 

E 129.042594 

Q 128.058578 

G 57.021464 

H 137.058912 

I 113.084064 

L 113.084064 

K 128.094963 

M 131.040485 

F 147.068414 

P 97.052764 

S 87.032029 

T 101.047679 

W 186.079313 

Y 163.063329 

V 99.068414 
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Frag Type Localized Mod Unlocalized Mod Term Mod Observed Mass Theoredical Mass Start AA End AA Error

C Fragment 0 0 0 6675.415628 6675.409316 1 59 0.94556

C Fragment 0 0 0 3402.755447 3402.755322 1 31 0.03673

C Fragment 0 0 0 3246.652926 3246.654211 1 30 -0.39579

C Fragment 0 0 0 8647.638721 8647.629036 1 78 1.11996

C Fragment 0 0 0 4802.465087 4802.468927 1 43 -0.79959

C Fragment 0 0 0 1230.609567 1230.611331 1 11 -1.43343

C Fragment 0 0 0 447.2195446 447.21979 1 5 -0.54872

C Fragment 0 0 0 3820.973598 3820.976943 1 35 -0.87543

C Fragment 0 0 0 7353.79476 7353.790626 1 65 0.56216

C Fragment 0 0 0 3763.952 3763.955479 1 34 -0.92429

C Fragment 0 0 0 5457.813483 5457.813123 1 48 0.06596

C Fragment 0 0 0 4184.12768 4184.131213 1 38 -0.84438

C Fragment 0 0 0 4527.301635 4527.30555 1 41 -0.86475

C Fragment 0 0 0 5320.755681 5320.754211 1 47 0.27628

C Fragment 0 0 0 1344.654492 1344.654259 1 12 0.17328

C Fragment 0 0 0 4398.256538 4398.262956 1 40 -1.45921

C Fragment 0 0 0 5800.036508 5800.039829 1 51 -0.57258

C Fragment 0 0 0 890.3996115 890.400275 1 8 -0.74517

C Fragment 0 0 0 2114.062323 2114.066535 1 19 -1.99237

C Fragment 0 0 0 4917.496342 4917.495871 1 44 0.09578

C Fragment 0 0 0 10310.49998 10310.48808 1 93 1.15446

C Fragment 0 0 0 10875.83815 10875.82171 1 98 1.51179

C Fragment 0 0 0 7766.059605 7766.059197 1 69 0.05254

C Fragment 0 0 0 7454.839683 7454.838305 1 66 0.18485

C Fragment 0 0 0 2470.235109 2470.236121 1 23 -0.40968

C Fragment 0 0 0 10747.73932 10747.72675 1 97 1.17001

C Fragment 0 0 0 1913.985537 1913.986827 1 17 -0.67399

C Fragment 0 0 0 3662.904928 3662.9078 1 33 -0.78408

C Fragment 0 0 0 6388.294862 6388.297579 1 56 -0.42531

C Fragment 0 0 0 10173.43828 10173.42917 1 92 0.89596

C Fragment 0 0 0 5192.649935 5192.659248 1 46 -1.79349

C Fragment 0 0 0 2921.416012 2921.417669 1 27 -0.56719

C Fragment 0 0 0 7553.906906 7553.906719 1 67 0.02476

C Fragment 0 0 0 2342.174462 2342.177543 1 21 -1.31544

C Fragment 0 0 0 1117.526602 1117.527267 1 10 -0.59506

C Fragment 0 0 0 7031.625444 7031.615287 1 62 1.44448

C Fragment 0 0 0 762.3415546 762.341697 1 7 -0.18679

C Fragment 0 0 0 390.1985072 390.198326 1 4 0.46438

C Fragment 0 0 0 576.2620209 576.262384 1 6 -0.63009

C Fragment 0 0 0 4285.174033 4285.178892 1 39 -1.13391

C Fragment 0 0 0 9106.849359 9106.863287 1 82 -1.5294

C Fragment 0 0 0 1018.458448 1018.458853 1 9 -0.39766

C Fragment 0 0 0 5929.083304 5929.082423 1 52 0.14859

C Fragment 0 0 0 6129.17301 6129.162131 1 54 1.77496

C Fragment 0 0 0 7159.709381 7159.71025 1 63 -0.12137

C Fragment 0 0 0 2607.293471 2607.295033 1 24 -0.59909

C Fragment 0 0 0 275.1719229 275.171382 1 3 1.96568

C Fragment 0 0 0 4655.396281 4655.400513 1 42 -0.90905

C Fragment 0 0 0 7652.967559 7652.975133 1 68 -0.98968

C Fragment 0 0 0 3020.485035 3020.486083 1 28 -0.34696

C Fragment 0 0 0 3515.837402 3515.839386 1 32 -0.5643

C Fragment 0 0 0 1629.799519 1629.801986 1 14 -1.51368

Z Fragment 0 0 0 6633.499172 6633.499352 94 153 -0.02713

Z Fragment 0 0 0 6196.264101 6196.260684 98 153 0.55146

Z Fragment 0 0 0 2698.415629 2698.414716 130 153 0.33835

Table S2. Sample output of ClipsMS including the fragment type, localized modifications, 

unlocalized modifications, terminal modifications, observed mass, theoretical mass, start amino 

acid, end amino acid, error, sequence, intensity, and molecular formula.
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Z Fragment 0 0 0 6068.163995 6068.165721 99 153 -0.28444

Z Fragment 0 0 0 2083.07356 2083.073297 136 153 0.12626

Z Fragment 0 0 0 762.3913146 762.390658 147 153 0.86124

Z Fragment 0 0 0 925.4541015 925.453987 146 153 0.12372

Z Fragment 0 0 0 2395.290142 2395.289438 133 153 0.29391

Z Fragment 0 0 0 2755.438676 2755.43618 129 153 0.90585

Z Fragment 0 0 0 3965.966715 3965.972884 117 153 -1.55548

Z Fragment 0 0 0 1954.030364 1954.030703 137 153 -0.17349

Z Fragment 0 0 0 6857.599054 6857.590293 92 153 1.27756

Z Fragment 0 0 0 7508.010042 7508.00184 86 153 1.09243

Z Fragment 0 0 0 1423.733137 1423.734186 141 153 -0.73679

Z Fragment 0 0 0 3750.842668 3750.845892 119 153 -0.85954

Z Fragment 0 0 0 4103.026667 4103.031796 116 153 -1.25005

Z Fragment 0 0 0 9590.203303 9590.196803 66 153 0.67778

Z Fragment 0 0 0 2496.341564 2496.337117 132 153 1.78141

Z Fragment 0 0 0 3459.709664 3459.712752 122 153 -0.89256

Z Fragment 0 0 0 5744.936969 5744.944829 102 153 -1.36816

Z Fragment 0 0 0 3344.68812 3344.685808 123 153 0.69125

Z Fragment 0 0 0 3878.938215 3878.940855 118 153 -0.6806

Z Fragment 0 0 0 9912.384769 9912.372142 63 153 1.27386

Z Fragment 0 0 0 3069.556017 3069.558816 126 153 -0.91186

Z Fragment 0 0 0 1195.620887 1195.623178 143 153 -1.91616

Z Fragment 0 0 0 2954.528513 2954.531872 127 153 -1.1369

Z Fragment 0 0 0 1693.877693 1693.878225 139 153 -0.31407

Z Fragment 0 0 0 4749.445478 4749.448428 110 153 -0.62112

Z Fragment 0 0 0 3197.611844 3197.617394 124 153 -1.73567

Z Fragment 0 0 0 8835.752994 8835.737911 74 153 1.70704

Z Fragment 0 0 0 1308.706673 1308.707242 142 153 -0.43478

Z Fragment 0 0 0 9489.159251 9489.149124 67 153 1.06722

Z Fragment 0 0 0 16925.95941 16925.9536 1 153 0.34302

Z Fragment 0 0 0 6333.310883 6333.319596 97 153 -1.37574

Z Fragment 0 0 0 1537.776592 1537.777114 140 153 -0.33945

Z Fragment 0 0 0 1840.945689 1840.946639 138 153 -0.51604

Z Fragment 0 0 0 1124.585088 1124.586064 144 153 -0.86787

Z Fragment 0 0 0 3140.595896 3140.59593 125 153 -0.01083

Z Fragment 0 0 0 4315.183216 4315.184274 114 153 -0.24518

Z Fragment 0 0 0 9784.285342 9784.277179 64 153 0.8343

Z Fragment 0 0 0 7708.078568 7708.081548 84 153 -0.38661

Z Fragment 0 0 0 8168.267095 8168.26343 80 153 0.44869

Z Fragment 0 0 0 2196.154896 2196.157361 135 153 -1.12242

Z Fragment 0 0 0 4864.470212 4864.475372 109 153 -1.06075

Z Fragment 0 0 0 2627.37608 2627.377602 131 153 -0.57928

Z Fragment 0 0 0 505.2525515 505.253101 149 153 -1.08757

CZ Int Fragment 0 0 0 1125.592217 1125.593889 105 114 -1.48544

CZ Int Fragment 0 0 0 8109.234979 8109.250125 80 152 -1.86774

CZ Int Fragment 0 0 0 6987.649429 6987.663178 81 143 -1.96761

CZ Int Fragment 0 0 0 8776.734388 8776.724606 74 152 1.11454

CZ Int Fragment 0 0 0 3068.549188 3068.550991 122 149 -0.58757

CZ Int Fragment 0 0 0 3296.772817 3296.779016 82 110 -1.88032

CZ Int Fragment 0 0 0 1504.813291 1504.811822 83 96 0.9762

CZ Int Fragment 0 0 0 2009.089113 2009.085478 135 151 1.80928

CZ Int Fragment 0 0 0 2778.412683 2778.414436 114 139 -0.63094

CZ Int Fragment 0 0 0 1069.567559 1069.567674 13 22 -0.10752

CZ Int Fragment 0 0 0 3363.806619 3363.809331 44 74 -0.80623

CZ Int Fragment 0 0 0 2180.174515 2180.174371 53 73 0.06605

CZ Int Fragment 0 0 0 784.398022 784.398817 6 11 -1.01352

CZ Int Fragment 0 0 0 2998.489568 2998.483974 108 136 1.86561

CZ Int Fragment 0 0 0 671.3144366 671.314753 6 10 -0.47131
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Sequence Intensity Formula

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASE 398886720 C300 H466 N81 O90 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIR 277860608 C151 H237 N44 O46 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLI 198142896 C145 H225 N40 O45 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKK 194605216 C391 H627 N106 O113 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKF 191463008 C218 H334 N59 O64 S0

GLSDGEWQQVL 177542192 C54 H84 N15 O18 S0

GLSDG 165365232 C17 H31 N6 O8 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTG 160233120 C172 H267 N48 O51 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHG 148447040 C330 H516 N91 O98 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFT 140507136 C170 H264 N47 O50 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKH 139385312 C249 H379 N68 O71 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPE 135383504 C188 H288 N53 O56 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLE 122917280 C203 H313 N56 O62 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFK 104063632 C243 H372 N65 O70 S0

GLSDGEWQQVLN 89008488 C58 H90 N17 O20 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETL 86289096 C198 H306 N55 O59 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKT 77548496 C265 H409 N72 O75 S0

GLSDGEWQ 74813128 C38 H56 N11 O14 S0

GLSDGEWQQVLNVWGKVEA 72110784 C95 H145 N26 O29 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFD 72101728 C222 H339 N60 O67 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELK

PLAQSH 71896952 C464 H741 N130 O134 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELK

PLAQSHATKHK 71311528 C489 H784 N139 O140 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVL 69863056 C350 H552 N95 O103 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGT 66992788 C334 H523 N92 O100 S1

GLSDGEWQQVLNVWGKVEADIAG 66749252 C110 H169 N30 O35 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELK

PLAQSHATKH 63984388 C483 H772 N137 O139 S1

GLSDGEWQQVLNVWGKV 63687832 C87 H133 N24 O25 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLF 60314392 C166 H257 N46 O48 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMK 58699376 C289 H449 N78 O84 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELK

PLAQS 57872672 C458 H734 N127 O133 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKF 46574104 C237 H360 N63 O69 S0

GLSDGEWQQVLNVWGKVEADIAGHGQE 46013272 C128 H194 N37 O42 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTV 44378872 C339 H532 N93 O101 S1

GLSDGEWQQVLNVWGKVEADI 40127252 C105 H161 N28 O33 S0

GLSDGEWQQV 38401180 C48 H73 N14 O17 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLK 38126776 C316 H494 N85 O95 S1

GLSDGEW 36999452 C33 H48 N9 O12 S0

GLSD 33560796 C15 H28 N5 O7 S0

GLSDGE 30180068 C22 H38 N7 O11 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPET 29675962 C192 H295 N54 O58 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHH 28001424 C411 H656 N115 O117 S1

GLSDGEWQQ 25162260 C43 H64 N13 O16 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTE 20696572 C270 H416 N73 O78 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAE 20345026 C278 H428 N75 O82 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKK 19655936 C322 H506 N87 O96 S1

GLSDGEWQQVLNVWGKVEADIAGH 13978781 C116 H176 N33 O36 S0

GLS 10444626 C11 H23 N4 O4 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEK 10153317 C209 H325 N58 O63 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVV 8005857 C344 H541 N94 O102 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEV 7187482 C133 H203 N38 O43 S0

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRL 6456200 C157 H248 N45 O47 S0

GLSDGEWQQVLNVW 2774463 C74 H109 N20 O22 S0

ATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 245264208 C305 H474 N80 O84 S1

KIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 199922288 C286 H443 N73 O79 S1

AMTKALELFRNDIAAKYKELGFQG 199080704 C123 H195 N31 O35 S1

IPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 193644096 C280 H431 N71 O78 S1

ELFRNDIAAKYKELGFQG 150563984 C96 H146 N24 O28 S0

KELGFQG 140075296 C35 H54 N8 O11 S0
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YKELGFQG 131402608 C44 H63 N9 O13 S0

KALELFRNDIAAKYKELGFQG 123460160 C111 H174 N28 O31 S0

GAMTKALELFRNDIAAKYKELGFQG 112769520 C125 H198 N32 O36 S1

SKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 100691576 C177 H272 N48 O54 S1

LFRNDIAAKYKELGFQG 92797088 C91 H139 N23 O25 S0

SHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 86512464 C314 H486 N84 O87 S1

LKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 86432040 C345 H540 N92 O94 S1

DIAAKYKELGFQG 80702824 C66 H101 N15 O20 S0

HPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 59094216 C168 H255 N45 O51 S1

HSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 58875760 C183 H279 N51 O55 S1

TVVLTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 56931200 C439 H699 N119 O120 S1

TKALELFRNDIAAKYKELGFQG 55520912 C115 H181 N29 O33 S0

DFGADAQGAMTKALELFRNDIAAKYKELGFQG 55503328 C155 H238 N40 O48 S1

KYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 52084328 C263 H402 N68 O75 S1

FGADAQGAMTKALELFRNDIAAKYKELGFQG 49979400 C151 H233 N39 O45 S1

KHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 45241468 C174 H267 N47 O52 S1

KHGTVVLTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQ

G 42212112 C453 H721 N125 O123 S1

DAQGAMTKALELFRNDIAAKYKELGFQG 40466532 C137 H216 N36 O42 S1

AAKYKELGFQG 38369120 C56 H85 N13 O16 S0

AQGAMTKALELFRNDIAAKYKELGFQG 38083344 C133 H211 N35 O39 S1

RNDIAAKYKELGFQG 38052780 C76 H119 N21 O23 S0

AIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 37808856 C215 H333 N59 O61 S1

GADAQGAMTKALELFRNDIAAKYKELGFQG 36089288 C142 H224 N38 O44 S1

GILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 35859152 C404 H637 N111 O110 S1

IAAKYKELGFQG 31220382 C62 H96 N14 O17 S0

VVLTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 30659956 C435 H692 N118 O118 S1

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELK

PLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 29789670 C769 H1211 N209 O218 S2

HKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 28632288 C292 H450 N76 O80 S1

NDIAAKYKELGFQG 22523802 C70 H107 N17 O22 S0

FRNDIAAKYKELGFQG 22165450 C85 H128 N22 O24 S0

AKYKELGFQG 22041524 C53 H80 N12 O15 S0

ADAQGAMTKALELFRNDIAAKYKELGFQG 20005334 C140 H221 N37 O43 S1

VLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 18964876 C194 H299 N53 O57 S1

HGTVVLTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 12819766 C447 H709 N123 O122 S1

AELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 12603535 C353 H552 N94 O98 S1

GHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 12411123 C372 H576 N102 O104 S1

LELFRNDIAAKYKELGFQG 11926676 C102 H157 N25 O29 S0

DAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 7441562 C219 H338 N60 O64 S1

MTKALELFRNDIAAKYKELGFQG 6890706 C120 H190 N30 O34 S1

LGFQG 6823282 C24 H35 N5 O7 S0

EFISDAIIHV 86469552 C53 H81 N12 O15 S0

GHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQ 77332336 C370 H573 N102 O102 S1

HHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIA 58335840 C317 H494 N89 O88 S1

GILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQ 55233628 C402 H634 N111 O108 S1

DFGADAQGAMTKALELFRNDIAAKYKEL 31020380 C137 H215 N36 O42 S1

HEAELKPLAQSHATKHKIPIKYLEFISDA 25602240 C152 H239 N40 O42 S0

EAELKPLAQSHATK 15867519 C66 H110 N19 O21 S0

LELFRNDIAAKYKELGF 15034973 C95 H146 N23 O25 S0

VLHSKHPGDFGADAQGAMTKALELFR 14319574 C124 H193 N36 O35 S1

VWGKVEADIA 13795592 C50 H77 N12 O14 S0

DKFKHLKTEAEMKASEDLKKHGTVVLTALGG 12841460 C149 H248 N41 O45 S1

AEMKASEDLKKHGTVVLTALG 12616580 C95 H163 N26 O30 S1

EWQQVL 12085659 C37 H54 N9 O10 S0

SDAIIHVLHSKHPGDFGADAQGAMTKALE 7827239 C131 H205 N38 O41 S1

EWQQV 4593338 C31 H43 N8 O9 S0
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Protein Fragments Searched PPM Error Minimum Internal AA length Localized Modification Unlocalized Modification Time(sec)

Myoglobin c/z/cz 2 5 None None 26.31

Myoglobin c/z/cz 5 5 None None 29.02

Myoglobin c/z/cz 2 3 None None 27.22

Myoglobin c/z/cz 2 5 None H+ 49.6

Myoglobin c/z/cz 5 5 None H+ 57.61

Myoglobin c/z/cz 2 3 None H+ 51.84

Myoglobin All Fragments 2 5 None H+ 427.95

Myoglobin All Fragments 5 5 None H+ 636.12

Myoglobin All Fragments 2 3 None H+ 483.52

Myoglobin c/z/cz 2 5 2 Oxidation sites H+ 80.09

Myoglobin All Fragments 2 5 2 Oxidation Sites H+ 657.99

Table S3: ClipsMS Processing Times for Myoglobin with Different Parameters
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Native Top-Down Mass Spectrometry with Collisionally Activated Dissociation Yields Higher-
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ABSTRACT: Native mass spectrometry (MS) of proteins and protein assemblies reveals size and binding 

stoichiometry, but elucidating structures to understand their function is more challenging. Native top-down 

MS (nTDMS), i.e., fragmentation of the gas-phase protein, is conventionally used to derive sequence 

information, locate post-translational modifications (PTMs), and pinpoint ligand binding sites. nTDMS also 

endeavors to dissociate covalent bonds in a conformation-sensitive manner, such that information about 

higher-order structure can be inferred from the fragmentation pattern. However, the activation/dissociation 

method used can greatly affect the resulting information on protein higher-order structure. Methods such 

as electron capture/transfer dissociation (ECD and ETD, or ExD) and ultraviolet photodissociation (UVPD) 

can produce product ions that are sensitive to structural features of protein complexes. For multi-subunit 

complexes, a long-held belief is that collisionally activated dissociation (CAD) induces unfolding and 

release of a subunit, and thus is not useful for higher-order structure characterization. Here we show not 

only that sequence information can be obtained directly from CAD of native protein complexes, but that 

the fragmentation pattern can deliver higher-order structural information about their gas- and solution-phase 

structures. Moreover, CAD-generated internal fragments (i.e., fragments containing neither N-/C-termini) 

reveal structural aspects of protein complexes 

Keywords: Native Mass Spectrometry, Top-Down Mass Spectrometry (TDMS), Collisionally Activated 

Dissociation (CAD), High-Energy C-Trap Dissociation (HCD), Higher-Order Structure 
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MAIN TEXT: 

Native top-down mass spectrometry (nTDMS) of gas-phase proteins yields product ions that can 

provide information on amino acid sequence,1, 2 sites of modifications,3-5 and even higher-order structure.6 

Performing nTDMS with electron-based techniques such as electron capture dissociation (ECD) and 

electron transfer dissociation (ETD)7-11 and photon-based techniques such as infrared multiphoton 

dissociation (IRMPD) and ultraviolet photodissociation (UVPD)8, 12-14 is generally favored, as it fragments 

the complex directly without disrupting the overall complex structure. In contrast, it has been generally 

assumed that collision-based fragmentation does not reveal higher-order structural information, as 

unfolding and ejection of monomer subunits (and ligands) occurs. However, we have found that direct 

fragmentation of native protein complexes with Orbitrap-based high-energy C-trap dissociation (HCD),15 a 

collision-based fragmentation technique performed with higher energy and a faster timescale than 

conventional collisionally activated dissociation (CAD), can uncover aspects of protein higher-order 

structure. For a variety of protein complexes, we show here that HCD can generate b-/y-type product ions 

that provide information on solvent exposed regions and subunit interfaces. 

 To investigate HCD fragmentation of protein complexes,16 complex-down MS (pseudo-MS3)17, 18 

and nTDMS (Scheme 1) of yeast alcohol dehydrogenase (ADH) homotetramer (147 kDa) were compared. 

Complex-down MS was performed by using in-source CAD to detach a monomer from the tetramer and to 

subsequently activate the 12+ charged monomer with HCD. The resultant MS/MS spectrum revealed both 

N-terminal b-fragments and C-terminal y-fragments of ADH (Fig. S1A); 24 b-fragments and 18 y-

fragments resulted in 11.8% total sequence coverage. (Fig. 1A) The fragmentation pattern also revealed the 

presence of N-terminal acetylation, a V58T proteoform, and Zn2+ binding. The presence of near equal 

numbers of abundant b- and y-fragments from the complex-down MS workflow suggests that both termini 

of the ADH monomer subunit are easily accessed by HCD fragmentation, i.e., the in-source CAD process 

releases a low structure monomer such that subsequent HCD products yield little information about the 3D 

structure of the native tetramer. 
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For comparison, nTDMS results from HCD of the 25+ charged ADH tetramer were examined. 

Primarily b-products and surprisingly few peaks corresponding to released ADH monomers (Fig. 1B, Fig. 

S1B) were detected. We speculate that monomers were not ejected from the tetramer complex prior to 

covalent bond cleavage, i.e., the tetramer fragmented directly. To further support this claim, broadband 

fragmentation (of all ADH tetramer charge states) with a range of HCD energies did not yield significant 

levels of released monomer signals. (Fig. S2) nTDMS of ADH yielded 60 N-terminal b-fragments, but only 

3 C-terminal y-fragments (17.6% sequence coverage). (Fig. 1B) Numerous abundant N-terminal fragments 

produced by HCD resemble nTDMS  products from electron-based7, 8 and photodissociation techniques.8, 

12 Mapping the fragments onto the crystal structure of ADH shows that the N-terminal region is more 

solvent exposed than the C-terminal region, with the latter forming subunit-subunit interfaces of the 

complex. (Fig. S3) Our analysis indicates that fragments that cut at the interface of the tetramer (residues 

240-310) accounted for only 8% of the fragment ion current. 

To further examine how collision-based fragmentation can reveal structural information from 

protein complexes, intact (rabbit) aldolase homotetramer (157 kDa) was fragmented with HCD. Much like 

ADH, aldolase did not release monomers upon HCD, but rather y-fragments including an especially 

abundant y74 ion (2+ to 5+ charged). (Fig. S4) At low HCD energies, a large complementary fragment 

corresponding to the mass of the intact tetramer losing a y74 fragment, i.e., (4M - y74), was observed (Fig. 

S5 and Table S1), indicating direct fragmentation of the tetramer. nTDMS yielded 35 C-terminal y-

fragments but only 8 N-terminal b-fragments (11.0% sequence coverage). (Fig. 2) This result differs from 

the complex-down mass spectrum of aldolase, which shows a nearly equal proportion of N-terminal b-

fragments (19) and C-terminal y-fragments (16). (Fig. S6) 

The HCD fragments from the aldolase tetramer mainly cover the solvent exposed C-terminus and 

are absent from the interface forming N-terminus. (Fig. 2) Our analysis indicates that fragments that cut at 

the interface of the tetramer (AA 110-224) only accounted for only 1% of the fragment ion current. The 

relatively high proportion of C-terminal fragments present in the native HCD spectrum of aldolase is similar 
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to that measured by ECD previously,19 and further suggests that direct HCD fragmentation of some protein 

complexes can reveal regions of solvent accessibility. 

nTDMS with HCD was performed on several other protein complexes. Complex-down 

fragmentation of the glutathione S-transferase A1 (GSTA1) dimer revealed 25 N-terminal b-fragments and 

20 C-terminal y-fragments. (Fig. S7A) In contrast, the native fragmentation spectrum of GSTA1 reveals 5 

N-terminal b-fragments and 19 C-terminal y-fragments, (Fig. S7B) consistent with the GSTA1 crystal 

structure showing that the C-terminus is more solvent exposed than the N-terminus. (Fig. S7B) For the 

yeast enolase dimer, 27 b-fragments along with 18 y-fragments were measured by complex-down MS. (Fig. 

S8A) nTDMS revealed 48 N-terminal b-fragments along with 51 C-terminal y-fragments without the 

appearance of abundant monomer ions. (Fig. S8B) The crystal structure of enolase (Fig. S8B) indicates that 

both N-/C-termini are solvent exposed and are not involved in forming the dimer interface, consistent with 

the near equal proportion of b-/y-products measured by nTDMS. 

Some complexes did not release monomers from in-source CAD for complex-down fragmentation; 

however, HCD of the native complexes still returned structural information. Native HCD of the creatine 

kinase dimer revealed 9 b- and 38 y-fragments, which suggests that the C-terminus is solvent exposed and 

the N-terminus forms the interface of the dimer; this aligns well with the crystal structure of creatine kinase. 

(Fig. S9) Similarly, HCD of 6-phosphogluconate dehydrogenase (GND1) dimer generated 23 b-fragments 

but only 6 y-fragments, consistent with the GND1 crystal structure showing the N-termini to be solvent 

exposed and C-termini forming the dimer interface. (Fig. S10) 

There are some exceptions to this pattern of b-/y-product formation directly from intact native 

complexes under HCD. For example, HCD of the native membrane protein, aquaporin Z (AqpZ) 

homotetramer,20-22 yielded abundant monomer, dimer, and trimer products released from the intact 

complex. (Fig. S11A) This observation can be attributed to the weak hydrophobic binding interface between 

the monomer subunits of the AqpZ tetramer. Complexes such as aldolase and ADH are stabilized somewhat 

by salt bridges that strengthen greatly in the gas-phase,23, 24 potentially preventing monomer ejection during 

HCD. (Fig. S12) That monomer products are released when HCD is applied to native AqpZ complexes, 
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suggests that structural information, (such as the locations of solvent exposed regions and the tetramer 

interface) cannot be inferred from the resulting b-/y-fragments, at least assuming that the monomers likely 

eject before covalent bonds cleave. This suggestion is supported by the fact that the nTDMS fragmentation 

pattern of AqpZ tetramers (65 b-fragments, 62 y-fragments, 38.4% sequence coverage; Fig. S11A) does not 

differ significantly from the complex-down fragmentation pattern of isolated monomers (63 b-fragments, 

60 C-terminal y-fragments, 34.6% sequence coverage; Fig. S11B). Although HCD fragmentation of native 

AqpZ does not reveal significant higher-order structural information, it does suggest that the interaction 

between complex monomers in the gas-phase is relatively weak.  

Monomer releases during HCD are not limited to membrane protein complexes. HCD 

fragmentation of the hemoglobin (Hb) tetramer revealed monomer and trimer peaks in addition to 10 b-

fragments and 8 y-fragments from the α-subunit and 7 b-fragments and 7 y-fragments from the β-subunit. 

(Fig. S13A) Fragmentation of the Hb dimer also revealed released monomer peaks in addition to 11 b-

fragments and 16 y-fragments from the α-subunit and 10 b-fragments and 4 y-fragments from the β-subunit. 

(Fig. S13B) A similar HCD fragmentation pattern can be observed from complex-down MS of individual 

subunits (9 b- and y-fragments, and 6 b- and 5 y-fragments from the α- and β-subunits, respectively). (Fig. 

S13C) Similarly, nTDMS of human transthyretin (TTR) tetramers by HCD releases monomer products in 

addition to 2 b- and 38 y-fragments. (Fig. S14A) The relative proportion of b-/y-product ions between the 

tetramer and monomer TTR is similar, with complex down of the TTR monomer yielding 3 b-fragments 

and 41 y-fragments. (Fig. S14B) The HCD results for all of the complexes included in the study are listed 

in Table S2. 

Lastly, we investigated the utility of internal fragments (i.e., product ions containing neither N-/C-

termini that result from at least two bond cleavage events)1, 25-30 for structure determination of protein 

complexes. Preliminary data shows that HCD fragmentation of ADH tetramers reveals numerous internal 

fragments spanning residues 178-236, (Fig. S15A) which correspond to a solvent exposed region. (Fig. 

S15B) More work will extend this concept further, but it demonstrates that HCD-derived internal fragments 

can deliver structural information on protein assemblies. 
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Although other studies have noted the detection of b-/y-products with concurrent subunit release 

from CAD31 and HCD16 of protein complexes, we have found that collision-based fragmentation with HCD 

can reveal higher-order structure information for several multi-subunit protein complexes that appear to be 

stabilized through the presence of salt bridges.23 These complexes fragment directly by HCD without 

significant monomer release. The resulting products map to solvent-exposed areas, while regions delivering 

fewer fragments likely comprise subunit interfaces. Other, weak gas-phase complexes eject monomers upon 

HCD. Nonetheless, it is currently unclear what differences between HCD and other beam-type CAD 

experiments are responsible for the unique fragmentation behavior. 

An assumption carried over from small molecule dissociation studies to macroion decompositions 

is that, on the experimental timescale, activation from collisions always randomizes fully to steer collision-

induced decompositions along the lowest energy pathways. However, those assumptions fail to consider 

that entropically demanding, slow rearrangements might be essential to releasing a subunit, e.g., to 

reposition salt bridges tethering one subunit to others.23 In cases where the number of collisions and/or 

energy per collision are insufficient to stumble on the rare configuration ejecting a subunit within the 

experimental timeframe, alternative rearrangements to eject smaller polypeptide fragments (with fewer 

tethers) may be competitive.  Nevertheless, we show that HCD can be a powerful biophysical tool to probe 

the structure of proteins without the need for other electron- and photon-based activation/dissociation 

methods. 
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FIGURES 

 
Scheme 1: Complex-down MS and nTDMS workflows used in this study. 
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Figure 1: Fragment location maps for ADH representing b-/y-product ions measured by (A) complex-down 

MS and (B) nTDMS with HCD. Red lines indicate V58T mutation, green lines indicate Zn2+ binding, the 

vertical dotted line indicates N-terminal acetylation, and the size of the blue dots indicates the relative 

intensity of each fragment. Numbers in parentheses indicate the number of product ions detected. 
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Figure 2: Fragment location map for nTDMS products of the 25+ charged precursor of aldolase 

homotetramer, with the size of the blue dots corresponding to the relative intensity of the fragments The 

crystal structure shows that most cleavage sites lie on the solvent exposed C-terminus (blue), rather than 

the interface forming N-terminus (red). The purple region is covered by both N-terminal and C-terminal 

fragments. 
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SUPPORTING INFORMATION 

MATERIALS AND METHODS 

Proteins samples were obtained from Sigma Aldrich (St. Louis, MO, USA), dissolved in 200mM 

ammonium acetate, and desalted with 10K Amicon filters from Sigma Aldrich. The samples were then 

diluted to 10M and sprayed on a Thermo UHMR (Thermo Fisher Scientific, San Jose, CA) with voltages 

of 1-2kV. To fragment native complexes, HCD energies of 125-280V were applied. Lower voltages were 

applied for select applications. Complex-down MS experiments were performed by applying 5-150V of in-

source CAD or -60V of desolvation voltage to eject monomers and then applying 100V-177V of HCD 

energy to subsequently activate those monomers. For internal fragment analysis, the ADH the tetramer was 

fragmented with 215V of collision energy with argon as the collision gas. 

Deconvolution was performed with BioPharma Finder 3.2 and the resulting deconvoluted peak list was run 

through ClipsMS.1 b- and y-fragments were matched to protein sequences with an error tolerance of 5ppm 

and unlocalized modifications included the addition of a hydrogen atom and the abstraction of a water 

molecule were added to the theoretical masses. For ADH, additional modifications including an N-terminal 

acetylation, a V58T mutation, and a Zn2+ ion were added to theoretical fragments. by internal fragments of 

ADH were searched with ClipsMS with an error tolerance of 5ppm. To deconvolute large complementary 

fragments, UniDec was used.2 Fragments were mapped onto crystal structures of protein complexes using 

Pymol 2.5.4. The ADH pymol code used was 4W6Z, the aldolase pymol code used was 1ADO, the enolase 

pymol code used was 1EGB, the GSTA1 pymol code used was 1GSD, and the creatine kinase pymol code 

used was 1U6R, and the aquaporin Z pymol code used was 1RC2.  
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Figure S1: (A) Complex-down fragmentation mass spectrum and (B) native TDMS spectrum of ADH.  

 

 

Figure S2: Broadband nTDMS spectra of ADH at various HCD voltages. 

500 2000 3500 5000 6500 8000

0

20

40

60

80

100

R
e

la
ti
v
e
 A

b
u

n
d

a
n

c
e

m/z

B22
1+

Y41
2+

B23
2+

B53
3+

B122
3+

B139
4+

12+ Monomer 

B53
2+

Y64
3+

Y47
3+

m/z
500 2000 3500 5000 6500 8000

0

20

40

60

80

100

R
e

la
ti
v
e
 A

b
u

n
d

a
n

c
e

m/z

B23
2+

B139
8+

Y41
2+

B22
1+

B139
5+

B139
7+

B39
3+B22

2+

B21
2+

25+ Tetramer 

m/z

A. B.
R

el
at

iv
e 

In
te

n
si

ty

R
el

at
iv

e 
In

te
n

si
ty

m/z m/z

500 2000 3500 5000 6500 8000 9500

0

20

40

60

80

100

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e

m/z

26+

C42
4+

C42
3+

Dimer 17+

500 2000 3500 5000 6500 8000 9500

0

20

40

60

80

100

R
e

la
ti
v
e
 A

b
u

n
d

a
n

c
e

m/z

120V of HCD Energy0V of HCD Energy
26+

C42
4+

C42
3+

Y37
3+

Dimer 17+

500 2000 3500 5000 6500 8000 9500

0

20

40

60

80

100

R
e

la
ti
v
e
 A

b
u

n
d

a
n

c
e

m/z

17+

160V of HCD Energy

25+

B23
2+

B22
1+

B22
2+

B53
4+

B139
+8

16+

500 2000 3500 5000 6500 8000 9500

0

20

40

60

80

100

R
e

la
ti
v
e
 A

b
u

n
d

a
n

c
e

m/z

200V of HCD Energy 240V of HCD Energy
B23

2+

Y41
2+

B22
1+

B53
3+

B9
1+

B53
2+

B139
+4 24+

500 2000 3500 5000 6500 8000 9500

0

20

40

60

80

100

R
e

la
ti
v
e
 A

b
u

n
d

a
n

c
e

m/z

280V of HCD Energy

R
el

at
iv

e 
In

te
n

si
ty

R
el

at
iv

e 
In

te
n

si
ty

R
el

at
iv

e 
In

te
n

si
ty

R
el

at
iv

e 
In

te
n

si
ty

R
el

at
iv

e 
In

te
n

si
ty

R
el

at
iv

e 
In

te
n

si
ty

m/z m/z m/z

m/z m/z m/z

26+26+26+

25+

25+

24+25+
24+26+

24+

26+

27+

25+

27+
24+

24+

25+

25+

27+

24+

27+

28+
28+



 
 

92 
 

 

Figure S3: The structure of ADH with the region covered by the N-terminal fragments labeled in red and 

the region covered by the C-terminal fragments labeled in blue. Fragmentation occurs in the solvent 

exposed regions and does not occur in the subunit-subunit interface region (green). 

 

Figure S4: Native top-down mass spectrum of the 25+ charged aldolase homotetramer.   
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Figure S5: Native top-down mass spectrum of the 25+ charge state of the aldolase homotetramer showing 

multiple charge states of an abundant y74 fragment and high m/z peaks corresponding to charge states of the 

(4M - y74) product ion. 

 

 

 

 

Figure S6: A complex-down mass spectrum (12+ monomer) and the corresponding fragment location map 

for aldolase.  
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Figure S7: (A) A complex-down mass spectrum (11+ monomer) with the corresponding fragment location 

map and (B) a native top-down mass spectrum with the corresponding fragmentation location map for the 

12+ charged human GST A1 dimer. The inset shows the structure of GST A1 with the region covered by 

N-terminal fragments labeled in red, the region covered by C-terminal fragments labeled in blue, and the 

region covered by N- and C-terminal fragments labeled in purple.  
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Figure S8: (A) A complex-down mass spectrum (13+ monomer) with the corresponding fragment location 

map and (B) a native top-down mass spectrum with the corresponding fragmentation location map for the 

19+ charged enolase dimer. The inset shows the structure of enolase with the region covered by N-terminal 

fragments colored in red and the region covered by C-terminal fragments colored in blue (and green 

indicates no fragment coverage). 
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Figure S9: A native top-down mass spectrum with the corresponding fragmentation location map for 17+ 

charged creatine kinase dimer. The inset shows the structure of creatine kinase with the region covered by 

N-terminal fragments colored in red and the region covered by C-terminal fragments colored in blue (and 

green indicates no fragment coverage). 

 

 

 

Figure S10: A native top-down mass spectrum with the corresponding fragmentation location map for the 

20+ charged GND1 dimer with the vertical dotted line representing N-terminal acetylation. The inset shows 

the structure of GND1 with the region covered by N-terminal fragments colored in red and the region 

covered by C-terminal fragments colored in blue (and green indicates no fragment coverage). 
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Figure S11: (A) A native top-down mass spectrum (18+ charged tetramer) with the corresponding fragment 

location map and (B) a complex-down mass spectrum (8+ monomer) with the corresponding fragmentation 

location map for AqpZ. 

 

Figure S12: (A) The crystal structures of rabbit aldolase and (B) aquaporin Z with positively charged amino 

acids (Lys and Arg) labeled in blue and negatively charged amino acids (Glu and Asp) labeled in red. The 

black lines indicate the complex interface. Aldolase contains many charged residues at the interface of the 

protein complex and aquaporin Z does not, which may explain why aquaporin Z releases monomers and 

aldolase does not when HCD is applied to the intact complex. 
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Figure S13: (A) nTDMS spectrum of the 16+ charged hemoglobin tetramer with the corresponding 

fragment location maps for the α-subunit and β-subunit, (B) a nTDMS mass spectrum of the 12+ charged 

hemoglobin dimer with the corresponding fragmentation location maps for the α-subunit and β-subunit, and 

(C) complex-down fragmentation mass spectra and the corresponding fragment location maps for the 6+ 

charged α-subunit and β-subunit. 
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Figure S14: (A) Native top-down mass spectrum (15+ tetramer) with the corresponding fragment location 

map and (B) a complex-down mass spectrum (6+ monomer) with the corresponding fragmentation location 

map for the TTR tetramer. 
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Figure S15: (A) A heatmap representing terminal and internal fragment analysis of the 24+ charged ADH 

tetramer and (B) the structure of the ADH tetramer with an internal fragment hotspot (residues 178-236) 

highlighted in blue. Notice how this region of the ADH tetramer is solvent exposed. 

A. B.
Terminal Fragments

Internal Fragments
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Supplementary Tables: 

 

 

 

 

Species MW (Da)

Measured Molecular weight of Aldolase 156,982

Measured Molecular Weight Higher m/z Peaks 149,088

Molecular Weight Difference 7,894

Theoredical Mass of Y74 7,896

Table S1: Molecular weights of species present in a low 

HCD energy spectrum of aldolase. The high m/z ions in 

the spectrum correspond to the aldolase tetramer-y74.

Name of Complex Type of Complex MW Complex (Da) MW Monomer (Da)

ADH Tetramer 147,472 36,738

Aldolase Tetramer 156,748 39,187

GSTA1 Dimer 51,000 25,500

Enolase Dimer 93,312 46,656

Creatine Kinase Dimer 86,224 43,112

GND1 Dimer 106,003 52,957

AqpZ Tetramer 24,269 97,076

Hemoglobin Tetramer 61,986 α=15,1 6 β=15,867

Hemoglobin Dimer 30,993 α=15,1 6 β=15,867

Transthyretin Tetramer 55,044 13,761

General Inforamtion

Table S2: Information on the complexes analyzed in this study. 

Name of Complex Monomer Release with HCD # N-Term Frags # C-Term Frags Sequence Coveage

ADH No 60 3 18%

Aldolase No 8 35 11%

GSTA1 No 5 19 11%

Enolase No 48 51 18%

Creatine Kinase No 9 38 13%

GND1 No 23 6 6%

AqpZ Yes 65 62 38%

Hemoglobin Yes α=10 β=7 α=8 β=7 α=13% β=10%

Hemoglobin Yes α=11 β=10 α=16 β=4 α=19% β=10%

Transthyretin Yes 2 38 33%

Native TD-MS Fragmentation

Name of Complex Monomer Release with CAD # N-Term Frags # C-Term Frags Sequence Coverage

ADH Yes 24 18 12%

Aldolase Yes 19 16 8%

GSTA1 Yes 25 20 21%

Enolase Yes 27 18 8%

Creatine Kinase No NA NA NA

GND1 No NA NA NA

AqpZ Yes 63 60 35%

Hemoglobin Yes α=9 β=6 α=10 β=6 α=13% β=8%

Hemoglobin Refer to row above Refer to row above Refer to row above Refer to row above

Transthyretin Yes 3 41 36%

Complex-Down Fragmentation



 
 

102 
 

REFERNCES 

1. Lantz, C.;  Zenaidee, M. A.;  Wei, B.;  Hemminger, Z.;  Ogorzalek Loo, R. R.; Loo, J. A., 

ClipsMS: An Algorithm for Analyzing Internal Fragments Resulting from Top-Down Mass 

Spectrometry. Journal of Proteome Research 2021, 20 (4), 1928-1935. 

 

2. Marty, M. T.;  Baldwin, A. J.;  Marklund, E. G.;  Hochberg, G. K.;  Benesch, J. L.; Robinson, C. 

V., Bayesian deconvolution of mass and ion mobility spectra: from binary interactions to polydisperse 

ensembles. Analytical Chemistry 2015, 87 (8), 4370-4376. 

 

  



 
 

103 
 

CHAPTER 4 

 

Native Top-Down Mass Spectrometry with Electron Capture Dissociation on an Orbitrap Mass 

Spectrometer Yields Sequence and Higher-Order Structure Information for Proteins and Protein 

Complexes 

 

ABSTRACT: Electron capture dissociation (ECD) is a nonergodic top-down fragmentation technique 

where electrons directly interact with proteins and protein complexes to produce covalent fragments. 

Conventionally, ECD has been performed on Fourier transform ion cyclotron resonance (FT-ICR) mass 

spectrometers because the magnet used to radially trap ions can also be utilized to focus an electron beam. 

However, ECD has recently been adapted to work on other types of instruments including orbitrap mass 

spectrometers. With this new development it is possible to obtain much of the same information that can 

be collected with FT-ICR instruments. This study reveals that ECD on an orbitrap-based instrument can 

provide sequence information for the NIST monoclonal antibody. The sequence coverage for the heavy 

chain was 31.60% and the sequence for the light chain was 10.94%. Fragments from ECD fragmentation 

can reveal the location of modifications along the protein sequence. Fragmentation of phosphorylated tau 

protein reveal the locations of the phosphorylation sites to be at the boundary of the microtubule binding 

domain and the proline rich domain and the C-terminal domain. ECD of large protein complexes can reveal 

regions that are solvent exposed regions that form the interface. The research here indicates that ECD of 

the aldolase homotetramer produces fragments from the solvent exposed C-terminus and are absent from 

the interface forming N-terminus. 

Keywords: Native Mass Spectrometry, Top-Down Mass Spectrometry (TDMS), Electron Capture 

Dissociation (ECD), Electron Ionization Dissociation (EID), Higher-Order Structure 

 

MAIN TEXT: 

Top-down mass spectrometry, where an intact protein is dissociated into fragments and analyzed 

by mass spectrometry, has become a growing field for the analysis of proteins. Top-down mass 

spectrometry can be performed with collision-, electron-, or photon-based techniques and can be utilized to 
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sequence proteins,1 locate modifications,2 and return structure information.3, 4 It has been found that 

electron-based techniques are uniquely suited to obtain structure information as the nonergodic nature of 

the technique dissociates peptide bonds without disturbing the structure of the intact protein. Electron 

capture dissociation (ECD) has conventionally been relegated to Fourier transform-ion cyclotron resonance 

instruments because the magnet can be used to focus the electron beam while simultaneously trapping 

protein ions.5 However, ECD has recently been adapted to work on an orbitrap mass spectrometer. In this 

work, ECD on a UHMR instrument was performed to obtain sequence, modification, and structure 

information on a variety of proteins and proteins complexes. 

To demonstrate the utility of ECD on an orbitrap-based mass spectrometer, ECD was performed 

on an intact native antibody. Antibodies have traditionally been sequenced with a bottom-up approach or a 

middle-down approach due to the size of the complex;6 however, we have found that ECD with an orbitrap 

based instrument can reveal extensive sequence coverage of these molecules. ECD of a native mAb reveals 

numerous c/z fragments from the light chain and the heavy chain that can be mapped back to their respective 

sequence as well as charge reduced precursors. (Fig. 1A) The sequence coverage for the light chain is 32% 

(Fig. 1B) and the sequence coverage for the heavy chain is 11%. (Fig. 1C) The light chain has many more 

N-terminal fragments than C-terminal fragments since there is an interchain disulfide bond that requires 

breaking before a C-terminal fragment is released. The heavy chain contains modifications that and be 

mapped back to the sequence including an N-terminal pyroglutamic acid and a G1F glycan modification. 

Performing ECD on native antibodies could be beneficial for increasing the signal to noise of fragment 

peaks. Most antibody analysis is performed under denaturing conditions. However, the accumulation of 

charge under denaturing conditions leads to spread of the charge state distribution and loss of signal to 

noise. Fragmentation of native antibodies allows for the consolidation of charge, higher signal to noise for 

fragment peaks, and potentially higher sequence coverage for the complex. 

 ECD fragmentation with subsequent high energy C-trap dissociation (HCD) of the ECD products 

can also provide sequence information on protein complexes. To determine the types of products that result 

from this workflow a three-step experiment was carried out on the native tetramer of alcohol 
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dehydrogenase. First, in-source CAD was utilized to eject a monomer from the tetramer complex. The 

monomer was then subjected to ECD producing c and z fragments with reduced precoursors. Lastly the 

product ions were activated with HCD to obtain b and y fragments in addition to the c and z fragments. The 

spectrum resulting from this workflow revealed abundant c-ions from ECD as well as abundant b- and y- 

ions from subsequent HCD. (Fig. S1A) Analysis of the spectrum revealed many types of terminal fragment 

ions are produced from this workflow as well as bz, cy, and cz internal fragment ions adding up to a sequence 

coverage of 40%. (Fig. S1B) The fragmentation also revealed the presence of N-terminal acetylation, the 

location of the V58T mutation, and the location of a Zn2+ ion. ECD in combination with HCD reveals high 

sequence coverage for protein complex monomers and reveals the locations of multiple modifications along 

the protein sequence. 

 Electron capture dissociation with an orbitrap based instrument can be utilized to locate 

phosphorylation sites on the tau protein. Tau is a 40kDa intrinsically disordered amyloid protein that 

aggregates in Alzheimer’s disease.7 Tau is commonly phosphorylated, and it is thought that phosphorylation 

could trigger aggregation of the protein.8 Tau phosphorylated with a CDK5 kinase was obtained and an 

MS1 spectrum revealed that 3 sites of the protein were dominantly phosphorylated. (Fig. S2) To determine 

the location of those phosphorylation sites, the 14+ charge state fragmented with ECD. The spectrum 

revealed charge reduced precursors as well as abundant c- and z- fragments. (Fig. 2A) It was found that the 

phosphorylation sites occur at S345 as well as a site between amino acid 184 and 227. (Fig. 2B) This data 

indicates that ECD fragmentation of large, phosphorylated proteins can reveal the location of 

phosphorylation sites which could contribute to increased aggregation of tau and the onset of 

neurodegenerative diseases such as Alzheimer’s disease. 

It has been reported that ECD of protein complexes can reveal structural information on those 

complexes. For example, ECD of yeast alcohol dehydrogenase reveals primarily c-fragments because the 

N-terminus is solvent exposed.9 It has also been reported that other electron-based fragmentation techniques 

such as electron transfer dissociation (ETD) release fragments that are sensitive to protein structure.10 To 

determine if ECD on an orbitrap instrument can also release structure sensitive fragments, a complex-down 
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and native experiment were performed on the aldolase homotetramer. Complex-down, where a monomer 

of aldolase is ejected with in-source CAD before ECD fragmentation (Scheme S1), reveals numerous 

abundant N and C-terminal fragments in the ECD spectrum. (Fig. 3A) Full analysis of the spectrum reveals 

that 46 N-terminal c-fragments and 43 C-terminal z-fragments are present in the spectrum. (Fig. 3B) In 

contrast, ECD of the intact native tetramer revealed abundant C-terminal z-fragments. (Fig. 3C) Complete 

analysis of this spectrum revealed that N-terminal c-fragments were not found in the spectrum but 54 C-

terminal z-fragments were found. (Fig. 3D) The discrepancy between the complex-down and native 

workflows could indicate that there is a structural effect of fragments resulting from the native 

fragmentation workflow. Mapping the fragments resulting from native ECD of aldolase to the crystal 

structure indicated that the fragments resulted from the solvent exposed region of Aldolase. (Fig. 3D) This 

data indicates that fragments resulting from ECD on an orbitrap-based instrument can also reveal structure 

characteristics for those complexes. 

It was also found that electron ionization dissociation (EID) can reveal structure information on 

protein complexes. EID dissociates peptide bonds with higher energy electrons than ECD and it has been 

found that EID of denatured proteins can result in higher sequence coverage compared to ECD;11 however, 

it is not known if EID can release fragments in structure dependent manner. To investigate this, ECD and 

EID were performed on the native ADH homotetramer. ECD of ADH revealed charged reduced species in 

addition to covalent fragments released from the intact tetramer. (Fig. S3A) The fragmentation pattern 

reveals numerous N-terminal c-fragments since the N-terminal region of ADH is solvent exposed. (Fig. 

S3B) For comparison EID was also performed on the ADH homotetramer. The spectrum revealed charge 

reduced species, fragment ions, and charge oxidized species which is characteristic of EID fragmentation. 

(Fig. S3C) The fragment ions present in the spectrum are exclusively N-terminal c-fragments as is shown 

in the fragment location map. (Fig. S3B) Mapping the fragments from EID on the crystal structure of ADH 

reveals the fragments result from the solvent exposed region of the N-terminus much like ECD. This 

example indicates that EID of protein complexes releases fragments in a conformationally sensitive manner 

and reveals structural characteristics of those protein complexes. 
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This research indicates that ECD on an orbitrap mass spectrometer can reveal sequence, 

modification, and structure information on large proteins and protein complexes. ECD on a native antibody 

reveals sequence coverage of 32% for the light chain and 11% for the heavy chain as well as the location 

of various modifications on the heavy chain. ECD with subsequent HCD of ejected ADH monomers reveals 

intense fragments from both techniques as well as internal fragments which add up to a sequence coverage 

of 40%. ECD of phosphorylated tau revealed the location of the phosphorylation sites to be on the C-

terminal domain and the interface between the proline rich domain and the microtubule binding domain. 

Native TD-MS of the native aldolase homotetramer with ECD reveals fragments that correspond to the 

solvent exposed C-terminus which contrasts with fragmentation of the monomer with ECD. Lastly, EID of 

the ADH homotetramer reveals the release of N-terminal c-fragments and is comparable to ECD of the 

same complex. This is consistent with the fact that the N-terminus of ADH is solvent exposed.  ECD of 

proteins with an orbitrap-based mass spectrometer reveals results that are similar to ECD with other mass 

spectrometers and provide information relevant to the sequence and structure of the proteins. 
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FIGURES 

 
Figure 1: An ECD spectrum of the 25+ charge state of the intact NIST antibody along with the 

corresponding fragmentation location maps for the B.) light chain and C.) the heavy chain. Notice how 

fragments come from both chains and that modifications on the heavy chain can be located. 
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Figure 2: A.) An ECD spectrum of the 14+ charge state of tau phosphorylated for 20 mins with a CDK5 

kinase and B.) the corresponding fragment location map. The data indicates that tau is phosphorylated on 

the boundary of the proline rich domain and the microtubule binding domain and the C-terminal domain of 

tau. 

 

 
Figure 3: A.) A complex-down ECD spectrum of the aldolase homotetramer with B.) the corresponding 

location map and C.) a native ECD spectrum the aldolase homotetramer with D.) the corresponding 

fragment location map as well as the structure for the native tetramer (Blue=C-terminal coverage). Notice 

that exclusively C-terminal z-fragments are observed in the native TD-MS spectrum, indicating the C-

terminus is solvent exposed. Mapping the fragments on the crystal structure supports this notion. 
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SUPPORTING INFORMATION 

MATERIALS AND METHODS 

ADH, aldolase, and the NIST mAb were dissolved in 200mM ammonium acetate. These samples 

were desalted with 10kDa filters or 6k Bio-Rad filters and diluted to 10µM for analysis. 1N3R tau was 

expressed in E. coli and phosphorylated with a CDK5 kinase for 20min. The solution was then buffer 

exchanged into 20mM ammonium acetate. All samples were diluted to 10μM. The solutions were 

electrosprayed on a Thermo UHMR (Thermo Fisher Scientific, San Jose, CA) with metal-coated 

borosilicate capillaries (Au/Pd-coated, 1 μm i.d.) on a nanospray ionization source. Complex-down 

experiments were performed by using in-source dissociation to eject a monomer, guiding the monomer 

through the ECD cell, and activating the monomer with 50V of HCD energy. nTD-MS was performed by 

guiding intact protein complexes though the ECD cell and activating the complex with 50-110V of HCD 

energy. 

UHMR TD-MS data was deconvoluted with Biopharma Finder 3.2. Deconvoluted peaks were 

assigned to c, z, and internal fragments by ClipsMS 2.0.0 with an error tolerance of 3-5ppm. The addition 

of a hydrogen atom was searched as an unlocalized modification. For ADH, modifications including an N-

terminal acetylation, a V58T mutation, and a Zn2+ ion were searched. Phosphorylation modifications were 

added to tau for localization. Fragmentation of ADH (PDB: 4W6Z) and aldolase (PDB: 1ADO) was 

mapped onto crystal structures with Pymol 2.4.1. 
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SUPPORTING INFORMATION 

 

Figure S1: A.) ECD of ejected ADH monomers with subsequent HCD of the ECD products with B.) the 

corresponding fragmentation location map. The resulting b-, c-, y-, z-, and internal fragments add up to a 

sequence coverage of 40%. 

 

 

Figure S2: A.) A mass spectrum of phosphorylated tau and B.) the deconvoluted spectrum indicating that 

tau predominantly has 3 phosphorylation sites and up to 4 phosphorylation sites. 
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Figure S3: A.) ECD and B.) EID spectrum of the alcohol dehydrogenase (ADH) 147 kDa homotetramer 

with the corresponding fragment location maps and ADH structure (Red=N-terminal coverage and Blue=C-

terminal coverage). The red lines correspond to a V58T mutation, and the vertical dotted line indicates the 

presence of an N-terminal acetylation. Notice that charge oxidation is not observed in the ECD spectrum 

but is observed in the EID spectrum. Mainly N-terminal c-fragments are observed in both spectra indicating 

that N-terminus of ADH is solvent exposed. 

 

Scheme S1: The workflow of A.) complex-down TD-MS and B.) native TD-MS. nTD-MS can result in 

fragments that reveal structural information on protein complexes. 
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CHAPTER 5 

 

Mass Spectrometry Structural Analysis of Intrinsically Disordered Phosphoproteins  

 

Carter Lantz1, Muhammad A. Zenaidee1, Denise Tran1, Karl Biggs2, Gal Bitan2, Rachel Loo3, Joseph A. 

Loo1 

 

1Department of Chemistry and Biochemistry, 2Department of Neurology, David Geffen School of 

Medicine, 3Department of Biological Chemistry University of California-Los Angeles, Los Angeles, CA 

90095 

 

ABSTRACT: Phosphorylation is a ubiquitous protein modification that is known to play important roles 

in many biological phenomena including cell signaling, the opening and closing of membrane protein 

channels, and even triggering of amyloid protein aggregation. Despite the important effect phosphorylation 

has on the function of proteins, the impact phosphorylation has on the structure of proteins is not well 

understood. To determine how phosphorylation affects the structure of proteins, top-down mass 

spectrometry (TD-MS) and ion mobility-mass spectrometry (IM-MS) were performed on various 

phosphorylated proteins and their dephosphorylated proteoforms. Top-down mass spectrometry (TD-MS) 

analysis with collision- and electron-based fragmentation techniques reveal the location of phosphorylation 

sites on the intrinsically disordered amyloid proteins β-casein and α-synuclein. It was also found that 

alkaline phosphatase dephosphorylates β-casein from the N-terminus to the C-terminus. Furthermore, IM-

MS of commonly phosphorylated proteins such as β-casein, α-casein, ovalbumin, and phosvitin indicates 

that phosphorylation promotes compaction of protein structure in denaturing as well as native conditions. 

This observation is also shown for phosphorylation at serine 129 of the disease related amyloid protein α-

synuclein. Compaction of proteins due to phosphorylation could suggest a mechanism that explains 

multiple biological phenomena seen in cellular mechanisms. 

 

INTRODUCTION 

Post-translational modifications (PTMs) (e.g., acetylation, methylation, glycosolation, sumolation, 

ubiquitination, and phosphorylation) are covalent modifications added to proteins which can significantly 

alter the function of that protein. Of these modifications, phosphorylation has been shown to be one of the 
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most ubiquitous and consequential PTMs.1 Phosphorylation of certain proteins has been shown to regulate 

important cellular processes such as translation2 and mitosis,3 open channels regulating calcium intake,4 

and activate p53, a cancer suppressing protein.5 Furthermore, it has been reported that phosphorylation of 

amyloid proteins such as tau and α-synuclein can lead to aggregation and the onset of neurodegenerative 

diseases.6-8 Phosphorylation has been shown to affect the function of proteins, although the effect 

phosphorylation has on the structure of a protein is not well understood.  

Previous studies have attempted to provide insight into the structural effects of phosphorylation on 

peptides and proteins. Circular dichroism and ultracentrifugation of dephosphorylated and phosphorylated 

β-casein 1-25 shows that the structure of β-casein is more flexible when dephosphorylated.9 Small-angle 

X-ray scattering has shown that phosphorylated peptides manifest a more compact tertiary structure than 

their corresponding dephosphorylated peptides.10 Other research has suggested that the secondary structure 

of peptides10 and proteins11 can be altered by phosphorylation. Molecular simulations of peptides have 

shown that phosphorylation could compact peptides in the gas-phase by forming hydrogen bonds with other 

residues.10, 12 Wong et al. also suggested that phosphorylated residues interact with the backbone of peptides 

in solution phase resulting in compaction of peptide structure.13 The data from these studies have given us 

indications of how phosphorylation affects the structure of proteins; however, more information is needed 

to provide a more comprehensive view of how phosphorylation affects protein structure. 

Bottom-up proteomics (BUP) has been utilized to localize sites of phosphorylation on various 

proteins including tau14 histones,15 β-casein,16 and α-casein.17 Although BUP has commonly been used to 

localize phosphorylation sites, any structural information on the protein is lost during the process of 

digestion and reverse phase liquid chromatography. To return relevant structural information, an intact 

protein must be ionized. With the development of electrospray ionization(ESI),18 a soft ionization 

technique, proteins can be gently transferred into the gas-phase.19, 20 This technique has been found to 

preserve weakly bound PTMs such as phosphorylation21, 22 and even electrostatically bound compounds on 

native protein structures.23-27 Once the intact protein is ionized into the gas-phase, modifications can be 
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localized with top-down mass spectrometry (TD-MS) and protein structure can be studied with ion-mobility 

mass spectrometry (IM-MS). 

Top-down mass spectrometry (TD-MS) has become a rising field for the localization of PTMs 

including phosphorylation. TD-MS directly dissociates peptide bonds of intact proteins in the gas-phase 

using electron-, collision-, or photon-based fragmentation methods.28 Fragments resulting from TD-MS can 

be mapped back to the protein sequence to provide relevant information on the sequence, 29 location of 

modifications,30 and structural characteristics of proteins.31 Measurement of dissociated products with 

Fourier transform-ion cyclotron resonance (FT-ICR) MS provides superior mass accuracy and resolution 

for accurate characterization and assignment of protein fragments.32, 33 TD-MS in combination with FT-

ICR has been utilized to localize phosphorylation sites on intact proteins including cardiac troponin 1,34 β-

casein,35, 36 and mutant tau.26 Top-down mass spectrometry has been found to be a useful tool when 

characterizing proteoforms of proteins and has previously been found to be an efficient way to localize 

phosphorylation sites.  

Ion-mobility mass spectrometry (IM-MS) of intact proteins can be used to return relevant structural 

information on proteins and protein complexes. In IM-MS analytes are separated by collision cross section 

(CCS) so as to separate out proteins by their size.37, 38 IM-MS data can be used to separate peptide mixtures39, 

40 as well as separate different conformations of proteins and protein complexes.26, 41-43 IM-MS studies have 

performed on phosphorylated peptides showing that peptides have lesser drift time compared to their non 

phosphorylated counterparts indicating compaction of peptide structure.12, 44-47 Eyers and coworkers 

recently showed that phosphorylation stabilizes cAMP-dependent kinase and shows an increase in early 

arriving confirmers in the ion mobiligram.48 Our lab has shown that phosphorylation may promote more 

compact structures of a mutant tau protein.26 IM-MS has proven to be a useful tool when characterizing 

protein structure and has been found to provide relevant information on changes to protein conformation 

due to modifications such as phosphorylation. 

In this study, TD-MS and IM-MS are utilized to determine the effects phosphorylation has on the 

structure of proteins. Intact mass spectrometry and TD-MS efficiently characterizes the proteoforms in 
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solution and localizes where those sites are on the proteins. Phosphorylation seems to shift the structure of 

proteins by interacting with positively charged residues on the protein. This data indicates that 

phosphorylation compacts protein structure which may lead to alteration of protein function or the 

progression of diseases such as neurodegenerative diseases such as Parkinson’s disease. 

 

MATERIALS AND METHODS 

β-casein, α-casein, and ovalbumin were bought from Milipore sigma already phosphorylated. 

Phosphorylated α-synuclein was obtained from Gal Bitan’s lab. To dephosphorylated proteins, 1-3 units of 

alkaline phosphatase was inserted into solutions with 4.5-20ug of protein for 30mins on ice. Protein 

solutions sprayed in positive ion mode were dissolved in 50%ACN with 0.1% FA and protein solutions 

sprayed in negative ion mode were prepared in 50% ACN. The proteins were electrosprayed at a 

concentration of 10uM on a Synapt G2Si in Mobility-TOF mode. The proteins were sprayed with a capillary 

voltage of 1-2kV, a cone voltage of 20V, and a source offset of 40V. Upwards of 300 scans were collected 

for each experiment. 

Proteins sprayed in native solutions were dissolved in 20mM ammonium acetate. Protein solutions 

were dephosphorylated by adding 1-2 units of alkaline phosphatase solution from Promega to 20ug of 

protein for 30 mins on ice. Alkaline phosphatase was allowed to dephosphorylated phosvitin for 24 hours 

in 4°C. Protein solutions were sprayed at a concentration from 10-30uM on a Synapt G2 in Mobility-TOF 

mode for both positive and negative ion mode. The capillary voltage was 0.9-1.5kV, a cone voltage was 

20-40V, and a source offset of 40-80V. Upwards of 300 scans were collected for each experiment.  

To obtain all phosphorylation states for β-casein, the protein was dissolved into 20mM ammonium 

acetate and diluted to 7.5M. 1.31 miliunits of alkaline phosphatase were inserted into 3.5ug of β-casein. 

Immediately after injection of the alkaline phosphatase, the solution of β-casein and alkaline phosphatase 

was inserted into a borosilicate nanoelectrospray tip and sprayed on a Waters Synapt G2 Si. 800 scans were 

acquired over 1 second intervals. The capillary voltage was 1.00kV, a cone voltage of 20V, and a source 

offset was 40V. The resulting spectrum was deconvoluted with UniDec to observe the summed intensities.49 
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β-casein was analyzed on a Bruker 15T FT-ICR SolariX instrument equipped with an infinity cell 

with metal-coated borosilicate capillaries (Au/Pd-coated, 1µM i.d.; Thermo Fisher Scientific) and sprayed 

at a flow rate of 10-40 nL/min with a nanospray ion source. Denatured β-casein was diluted to 10uM and 

sprayed in 50% ACN with 0.1% FA. The capillary voltage was set to 0.80kV, a skimmer voltage of 50V, a 

funnel voltage of 100V, and a time of flight of 0.8 seconds. Native β-casein was diluted to 10uM and 

sprayed in 20mM ammonium acetate with a capillary voltage of 1.20kV, a skimmer voltage of 25V, and a 

funnel voltage of 80V, and a time of flight of 1.0 second. 100 scans were averaged for each experiment. To 

perform top-down mass spectrometry analysis denatured β-casein was broadband fragmented with a CAD 

voltage of 3V and an EID bias of 25V. 400 scans were averaged for the experiment. Fragments were 

deconvoluted with Bruker software and analyzed with ClipsMS50 with an error of 2ppm. Fragments were 

manually interpreted up to 5ppm. 

To fragment all phosphorylation states of β-casein, protein was dissolved in 20mM ammonium 

acetate and diluted to 60uM. 1.31miliunits of solution was provided for 283ug of β-casein. At time points 

0mins, 4 mins, 10mins, 15mins, and 30mins, 25uL of sample was placed in 25uL of ACN with 0.2% formic 

acid. The solutions were diluted to 20uM and sprayed with a capillary voltage of 0.80kV, a skimmer voltage 

of 50V, a funnel voltage of 100V, and a time of flight of 0.8 seconds. Each phosphorylation state from the 

22+ charge state was fragmented with an m/z window of 3, a CAD voltage at 3 volts, and an EID bias of 

30 volts. 100 scans were collected for each experiment. The data was deconvoluted with Bruker software 

and analyzed with ClipsMS with an error of 2ppm.  

Native α-Synuclein was diluted to 10uM in sprayed in 20mM ammonium acetate. The solution was 

sprayed with a capillary voltage of 1.00kV, a skimmer voltage of 50V, a funnel voltage of 90V, and a time 

of flight of 0.80 seconds. 100 scans were collected for the experiment. To fragment native phosphorylated 

α-synuclein, the solution was sprayed with a capillary voltage of 1.00kV, a skimmer voltage of 50V, a 

funnel voltage of 90V, and a time of flight of 0.80 seconds, then the 15+ charge state was isolated with a 

m/z window of 20, and fragmented with an ECD bias of 1.0V. 400 scans were averaged for the experiment. 

The data was deconvoluted with Bruker software and analyzed with ClipsMS with an error of 2ppm. 
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RESULTS AND DISCUSSION 

Characterization of Phosphorylated β-Casein 

Intact mass spectrometry (MS1) and top-down mass spectrometry (TD-MS) were performed on β-

casein to characterize the protein and locate the phosphorylation sites. MS1 analysis of denatured β-casein 

in positive ion mode revealed a bimodal distribution with the most abundant charge states for each 

maximum being 16+ and 22+. (Fig. 1A) The spectrum of native phosphorylated β-casein in positive ion 

mode showed a trimodal distribution with the most abundant charge states for each maximum at 11+, 16+, 

and 21+. (Fig. S1) The molecular weight corresponds to the mass of the protein containing 5 

phosphorylation sites. The spectrum also reveals the presence of two variants known as the A1 and A2 

variant which differ by one amino acid at position 67. (Fig. 1A)51, 52 Top-down fragmentation with 

collisionally activated dissociation (CAD) and electron ionization dissociation (EID) was then performed 

on β-casein to localize the phosphorylation sites. The data revealed that phosphorylation sites were present 

on ser15, ser17, ser18, ser19, and ser35 which has been reported previously. (Fig. 1B) 26, 35 In addition, a b-

fragment present at amino acid 74 contained a 40Da shift indicating the presence of the histidine variant at 

amino acid 67. (Fig. 1B) Alkaline phosphatase, an enzyme that has the capability to remove 

phosphorylation sites from a protein, was utilized to subsequently remove each phosphorylation site from 

β-casein and the states were isolated and fragmented with TD-MS. It was found that alkaline phosphatase 

removes phosphorylation sites from the N-terminus to the C-terminus. (Fig. S2) This indicates that the most 

N-terminal phosphorylation sites are more accessible to alkaline phosphatase and removal of the N-terminal 

sites provides access to other sites. 
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Figure 1: A.) A mass spectrum of denatured β-casein with an inset of the 16+ charge state showing the 

presence of the A1 and A2 variant, and B.) a spectrum of CAD/EID broadband fragmentation of 

phosphorylated β-casein with an inset of the fragment location map. The vertical dotted lines represent the 

location of the phosphorylation sites, and the red horizontal lines indicate existence of a point mutation 

from proline to histidine at position 67. 

 

Structure Analysis of Denatured Phosphorylated β-Casein 

To investigate the effect of phosphorylation on protein structure, dephosphorylated and 

phosphorylated β-casein were dissolved in denaturing solution and ion-mobility mass spectrometry (IM-

MS) was performed on the solutions in positive-ion mode. The mass spectrum of dephosphorylated β-casein 

displayed a unimodal charge state distribution with 18+ as the most abundant charge state. (Fig. 2A) The 

mass spectrum of phosphorylated β-casein revealed a bimodal charge state distribution with the most 

abundant charge states for each maximum being 22+ and 15+. (Fig. 2B) A difference in charge state 

distribution often indicates a shift in protein conformation,53-55 so to further investigate the structural effects 
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of phosphorylation on β-casein, the mobiligrams of the 16+ charge state of dephosphorylated and 

phosphorylated β-casein were extracted. The 16+ charge state showed two resolved peaks with times 

corresponding to 9.54ms and 11.75ms;(Fig. 2C) however, phosphorylated β-casein revealed early arriving 

conformers increase in abundance. (Fig. 2D) This trend is also present for the 15+ charge state which 

showed an increase in early arriving conformers when β-casein is phosphorylated. (Fig. S3A) The 

mobiligrams of the higher charge states such as the 22+ charge state showed a minimal shift in drift time. 

(Fig. S3B) It is possible that accumulation of charge on the protein abolishes any localized structures the 

protein may contain.54, 55 Similarly, α-casein shows a similar trend where the charge state distribution shifts 

considerably when phosphorylated, and the mobiligrams show that early arriving conformers of α-casein 

increase in abundance when phosphorylated. (Fig. S4) The presence of early arriving conformers for many 

of the charge states suggests that phosphorylation compacts the structure of denatured proteins when 

electrosprayed in positive ion mode. Previous research has shown that phosphate groups interact with side 

chains of proteins through salt bridges resulting in intermolecular peptide interactions, intramolecular 

peptide interactions, and stable peptide helical structures.10, 56-58 It is also known that salt bridges contribute 

significantly to protein structural stability in the gas-phase.59-61 Therefore, it is possible that salt bridges 

form between phosphorylation sites and positively charged residues on the protein which results in a more 

compact structure of the protein.  

A difference in electrospray polarity often shifts the charge state distribution of a protein.62, 63 To 

determine whether the structural effect present in positive-ion mode is also present in negative-ion mode, 

dephosphorylated and phosphorylated β-casein were dissolved into denaturing solution and IM-MS was 

performed in negative ion mode. The mass spectrum of dephosphorylated β-casein displayed a mostly 

unimodal distribution with the most abundant charge state being 10-, although there was a less intense 

distribution of higher charge states with the most abundant charge state being 16-. (Fig. 2E) The mass 

spectrum of phosphorylated β-casein showed an increase in the abundance of the higher charge states 

revealing a distinct bimodal distribution with the most abundant charge states at each maximum being 20- 

and 12-. (Fig. 2F) This shift in charge state distribution suggests that a structural shift of β-casein due to 
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phosphorylation may be present negative-ion mode. The mobiligram of the 16- charge state of 

dephosphorylated β-casein reveals two dominate conformers at 10.09ms and 11.89ms. (Fig. 2G) The 

mobiligram of the 16- charge state for phosphorylated β-casein also showed the presence of those two 

conformers; however, the abundance of the early arriving conformers increases relative to the later arriving 

conformer. (Fig. 2H) The 10- (Fig. S5A) and 13- (Fig. S5B) charge states also showed an increase in early 

arriving conformers when β-casein is phosphorylated. Similarly, analysis of α-casein in negative-ion mode 

reveals a shift in charge state distribution due to phosphorylation, and the mobiligrams reveal the abundance 

of early arriving conformers increase when phosphorylated. (Fig. S6) The increase of early arriving 

conformers due to phosphorylation in negative-ion mode suggests the structure of proteins are compacted 

when phosphorylated. It is possible that salt bridges between negatively charged phosphates and positively 

charged residues are the reason for this compaction. 

 
Figure 2: Spectra of denatured A.) dephosphorylated and B.) phosphorylated β-casein in positive ion mode 

with 16+ mobiligrams for C.) dephosphorylated and D.) phosphorylated β-casein, and spectra of E.) 

dephosphorylated and F.) phosphorylated β-casein in negative ion mode with 16- mobiligrams for G.) 

dephosphorylated and H.) phosphorylated β-casein. 

 

Structure Analysis of Native Phosphorylated β-Casein 

It is thought that native proteins tend to have more ordered arrangements of residues compared to 

their denatured counterparts.64 Despite this, it is possible that phosphorylation could still have a structural 

effect on native proteins. To investigate this, β-casein was dissolved in 20mM ammonium acetate at pH 6.9 
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and IM-MS was performed in positive ion mode. The spectrum of dephosphorylated β-casein revealed a 

trimodal charge state distribution with the most abundant charge states at each maximum being 10+, 13+, 

and 21+. (Fig. 3A) The spectrum of phosphorylated β-casein showed a slight increase in the abundance of 

the lower charge states, although the spectrum still retained a trimodal distribution with the most abundant 

charge states for each maximum being 10+, 13+, and 22+. (Fig. 3B) The shift in charge state distribution 

was not as pronounced in native conditions compared to denatured conditions; however, it is still possible 

that a shift in structure is still present. The mobiligram of the 16+ charge state showed the presence of two 

conformers at 8.71ms and 10.25ms. (Fig. 3C) The mobiligram of the 16+ charge state of phosphorylated β-

casein reveals conformers of similar size; however, the early arriving conformer increases in abundance 

relative to the late arriving conformer. (Fig. 3D) The mobiligrams for the lower charge states such as 10+ 

also reveal an increase in early arriving conformers when phosphorylated. (Fig. S7A) The mobiligram of 

the higher charge states such as 21+ may reveal a slight shift toward early arriving conformers, although 

the higher charges did not shift to the same degree as the lower charge states. (Fig. S7B) Furthermore, the 

spectra of native α-casein reveal only a minimal shift in charge state distribution when phosphorylation is 

present, although, early arriving conformers are shown to increase due to the presence of phosphorylation 

sites. (Fig. S8) The increase in early arriving conformers, especially for the lower charge states, indicates 

that phosphorylation compacts the structure of native proteins when electrosprayed in positive-ion mode. 

It is possible that salt bridges between phosphates and positively charge residues are also present in native 

conditions which lead to the compaction of the proteins.  

To investigate how a difference in polarity would affect phosphorylated proteins in their native 

state, dephosphorylated and phosphorylated β-casein were electrosprayed under native conditions in 

negative-ion mode. The spectrum of dephosphorylated β-casein primarily displays a unimodal distribution 

with the maximum charge state being 10-, although there is a smaller distribution of higher charge states 

with the most abundant charge state being 16-. (Fig. 3E) The spectrum of phosphorylated β-casein revealed 

an increase in the abundance of the higher charge states and a distinct bimodal distribution with the most 

abundant charge states at each maximum being 11- and 22-. (Fig. 3F) The shift in charge state distribution 
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indicates that the structure of native β-casein also shifts due to phosphorylation in negative-ion mode. The 

mobiligram for the 16- charge state of dephosphorylated β-casein revealed two dominate conformers at 

10.14ms and 11.91ms. (Fig. 3G) The mobiligram for the 16- charge state of phosphorylated β-casein reveals 

similar size conformers however the early arriving conformer increased in abundance relative to the late 

arriving conformer. (Fig. 3H) The 10- (Fig. S9A) and 13- (Fig. S9B) charge states also showed an increase 

in early arriving conformers when β-casein is phosphorylated. Furthermore, native α-casein shows a similar 

trend where the charge state distribution shifts considerably and the mobiligrams show that early arriving 

conformers increase in abundance when α-casein is phosphorylated. (Fig. S10) The increase in abundance 

of early arriving conformers indicates that the presence of salt bridges in native conditions could be 

compacting the structure of native β-casein when electrosprayed in negative-ion mode. 

 
Figure 3: Spectra of native A.) dephosphorylated and B.) phosphorylated β-casein in positive ion mode 

with 16+ mobiligrams for C.) dephosphorylated and D.) phosphorylated β-casein, and spectra of native E.) 

dephosphorylated and F.) phosphorylated β-casein in negative ion mode with 16- mobiligrams for G.) 

dephosphorylated and H.) phosphorylated β-casein. 

 

To further confirm the result that phosphorylation promotes compaction of protein structure, an 

experiment was also performed to determine if incremental compaction could be observed due to removal 

of each phosphorylation site on β-casein. β-casein was dissolved in native conditions with a minimal 

amount of alkaline phosphatase and electrosprayed in positive ion mode. In the mass spectrum, it was 

observed that each phosphorylation state of β-casein could be resolved, and a UniDec deconvolution 

confirms the presence of all phosphorylation states. (Fig. S11A) IM-MS of each phosphorylation state for 
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the 12+, 16+, and 21+ charge states showed that the addition of a phosphate on the protein incrementally 

gives rise to early arriving conformers. (Fig. S11B) This data further suggests that each phosphorylation 

site adds to the compaction of β-casein by forming salt bridges and further supports our hypothesis that 

phosphorylation compacts the structure of β-casein by forming salt bridges with positively charged 

residues.  

Structure Analysis of Other Phosphorylated Proteins  

Other common phosphorylated proteins were analyzed to determine the effect of phosphorylation 

on protein structure. Phosvitin has been reported to be heavily phosphorylated and glycosylated. 65, 66 To 

investigate how phosphorylation affects phosvitin, the protein was dissolved in native solution and IM-MS 

in positive ion mode was performed. The spectrum of dephosphorylated phosvitin revealed a dominant 

unimodal distribution; however, the spectrum seems to be quite heterogeneous possibly due to all the 

glycosylation sites on the protein. (Fig. S12A) The spectrum of phosphorylated phosvitin revealed a 

heterogenous bimodal distribution indicating that various phosphorylation and glycosylation proteoforms 

are present in the spectrum. (Fig. S12B) IM-MS was performed on both spectra of phosvitin and a drift plot 

reveals that dephosphorylated phosvitin (Fig. S12C) favors extended conformers compared to 

phosphorylated phosvitin. (Fig. S12D) The presence of early arriving conformers indicates that 

phosphorylation does promote a more compact structure of phosvitin. This result supports data from a 

previous study that showed it is more difficult to digest phosvitin with cleavage enzymes when 

phosphorylated.67 It is possible that a more compact structure of phosvitin could decreases the efficiency of 

the cleavage enzymes by restricting sites available to the enzymes. 

Ovalbumin, a heterogeneous monomeric protein with multiple sites of phosphorylation and 

glycosylation,68 was analyzed in denaturing and native conditions in positive-ion mode. The spectra of 

dephosphorylated and phosphorylated ovalbumin are quite similar, although it was shown that the lower 

charge states of ovalbumin slightly increase in intensity relative to the higher charge states when ovalbumin 

is phosphorylated. (Fig. S13A) IM-MS of the 29+ (Fig. S13B), 32+ (Fig. S13C), and 35+ (Fig. S13D) 

charge states of phosphorylated and dephosphorylated ovalbumin shows that the drift time for 
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phosphorylated ovalbumin decreases indicating compaction of ovalbumin structure. In native conditions, 

the most intense charge state of dephosphorylated ovalbumin is 13+; however, when phosphorylated, the 

charge state distribution shifts and the most intense charge state becomes 13+. (Fig. S14A) This shift in 

distribution indicates phosphorylation affects ovalbumin structure. IM-MS of the 12+ (Fig. S14B) and 11+ 

(Fig. S14C) charge states for dephosphorylated and phosphorylated ovalbumin indicates there is a slight 

increase in early arriving conformers due to phosphorylation. The 13+ charge state for dephosphorylated 

and phosphorylated ovalbumin did not differ much in mobility. (Fig. S14D) This data suggests that more 

ordered proteins such as ovalbumin are also compacted when phosphorylated. 

Characterization of Phosphorylated α-Synuclein 

α-Synuclein is an intrinsically disordered amyloid protein. Aggregation of this protein in the brain 

has been shown to precipitate the death of neurons and incur the onset of neurodegenerative diseases such 

as Parkinson’s disease.69 Phosphorylation of S129 on α-synuclein is thought to modulate the aggregation 

rate; however, the mechanism for aggregation modulation is not known. In addition, there is much debate 

on how phosphorylation of this residue affects aggregation rate with some studies suggesting that 

phosphorylation at S129 increases aggregation7 and other studies suggesting S129 phosphorylation 

decreases the aggregation rate.70 It is possible that structure analysis of α-synuclein could provide some 

insight into the effect phosphorylation at S129 has on the aggregation of this proteins. 

To characterize phosphorylated α-synuclein, MS and TD-MS analysis was performed on a 

proteoform of phosphorylated α-synuclein. MS1 analysis of the native protein displayed a unimodal 

distribution with the most abundant charge state at 13+. (Fig. 4A) MS1 analysis of the denatured protein 

was a unimodal distribution with the most abundant charge state at 15+. (Fig S15) The mass of the protein 

was revealed to be the molecular weight of the α-synuclein sequence with the addition of 1 phosphorylation 

site. TD-MS with ECD of the 15+ charge state was performed, and analysis of the resulting TD-MS 

spectrum indicated that α-synuclein is phosphorylated at serine 129. (Fig. 4B) Structure analysis of this α-

synuclein proteoform could provide insight into how phosphorylation at this site modulates aggregation. 
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Figure 4: A.) A native mass spectrum of phosphorylated α-synuclein and B.) an ECD fragmentation 

spectrum of the 15+ charge state indicating that the location of phosphorylation is at serine 129 (dotted 

line). 

 

Structure Analysis of Phosphorylated α-Synuclein 

To determine the structural effect of S129 on native α-synuclein, dephosphorylated and 

phosphorylated α-synuclein were dissolved in native conditions and IM-MS was performed in positive-ion 

mode. The spectrum of dephosphorylated α-synuclein exhibited a unimodal distribution with the most 

intense charge state being 13+. (Fig. 5A) Phosphorylated α-synuclein showed a unimodal charge state 

distribution with the most abundant charges state being 14+. (Fig. 5B) The mobiligram for the 9+ charge 
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state of dephosphorylated α-synuclein reveals 4 conformers with drift times of 8.05ms, 9.26ms, 10.91ms, 

and 11.69ms. (Fig. 5C) The mobiligram for the 9+ charge state of phosphorylated α-synuclein reveals 

similar size conformers; however, the early arriving conformers increase in abundance relative to the late 

arriving conformer. (Fig. 5D) The mobiligram for the 10+ charge state also showed an increase in the 

abundance of early arriving conformers when α-synuclein was phosphorylated. (Fig. S16A) The higher 

charge states such as the 15+ did not change shape or drift time significantly due to phosphorylation (Fig. 

S16B) The spectrum of denatured phosphorylated α-synuclein reveals a similar distribution to 

dephosphorylated α-synuclein, and the mobiligrams do not show much of a difference due to 

phosphorylation of the protein. (Fig. S17) The increase in abundance of early arriving conformers in native 

conditions reveals phosphorylation compacts native α-synuclein in positive ion mode. It is possible that salt 

bridges between the phosphate on S129 and positively charged residues compact the structure of the protein.  

 
Figure 5: Spectra of native A.) dephosphorylated and B.) phosphorylated α-synuclein in positive ion mode 

with 9+ mobiligrams for C.) dephosphorylated and D.) phosphorylated α-synuclein, and spectra of native 

E.) dephosphorylated and F.) phosphorylated α-synuclein in negative ion mode with 9- mobiligrams for G.) 

dephosphorylated and H.) phosphorylated α-synuclein. 

 

To further investigate how phosphorylation affects the structure of α-synuclein, dephosphorylated 

and phosphorylated α-synuclein were dissolved in native conditions and IM-MS was performed in negative-

ion mode. The charge state distribution of dephosphorylated α-synuclein revealed a bimodal distribution 

with the most abundant charge states for each maximum being 6-, and 14-. (Fig. 5E) The charge state 

distribution of phosphorylated α-synuclein still revealed a bimodal distribution; however, the higher charge 
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states shifted so that the maxima were present at 17- and 6-. (Fig. 5F) The mobiligram for the 9- charge 

state of dephosphorylated α-synuclein reveals two conformers at drift time of 11.80ms and 13.01ms. (Fig. 

5G) The mobiligram for the 9- charge state of phosphorylated α-synuclein revealed an increase in 

abundance of the early arriving conformer. (Fig. 5H) Ion mobility for the 10- charge state also revealed the 

presence of early arriving conformers when phosphorylated. (Fig. S18A) IM-MS of the 15- charge state for 

dephosphorylated and phosphorylated α-synuclein does not shift significantly in drift time or shape when 

phosphorylated. (Fig. S18B) The spectrum of denatured phosphorylated α-synuclein reveals a similar 

distribution to dephosphorylated α-synuclein; however, the mobiligrams show an increase in abundance of 

early arriving conformers when α-synuclein is phosphorylated. (Fig. S19) The increase in abundance of 

early arriving conformers due to phosphorylation indicates that phosphorylation compacts native α-

synuclein in negative-ion mode due to the presence of salt bridges on the protein. 

Phosphorylation seems to compact the structure of proteins when sprayed in native conditions. 

Structural changes have often been linked to an alteration in protein function.71 It is possible that 

phosphorylation could induce a structural change in proteins which could alter their function. Many charge 

states of α-synuclein seem to indicate a compaction due to phosphorylation at serine 129. Compaction of 

α-synuclein due to phosphorylation at this site could reveal a mechanism for protein aggregation. Because 

of the location of S129 on the protein sequence, it is likely that phosphorylation at this residue compacts 

the C-terminal region of the protein which may expose the aggregation region of the protein leading to the 

creation of oligomers, fibrils, and larger aggregates.  

 

CONCLUSION 

This study indicates that mass spectrometry can efficiently characterize phosphorylated proteins 

and provide information on how those phosphorylation sites alters the structure of the protein. Top-down 

fragmentation techniques such as CAD, EID, and ECD can pinpoint all 5 phosphorylation sites on β-casein, 

and serine 129 on α-synuclein. In addition, top-down fragmentation can determine how phosphorylation 

sites are removed with alkaline phosphatase. IM-MS of phosphorylated proteins in denaturing as well as 
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native conditions shows the rise of early arriving conformers compared to their respective dephosphorylated 

proteoforms. This suggests that phosphorylation of proteins promotes compaction of those proteins 

presumably due to salt bridges that form between negatively charged phosphate groups and positively 

charged side chains. This trend is also observed when serine 129 is phosphorylated on the disease related 

amyloid protein α-synuclein. Compaction of α-synuclein due to phosphorylation of serine 129 could expose 

the aggregation region of α-synuclein and provide a mechanism for protein aggregation and the onset of 

neurodegenerative diseases. This data indicates that structural perturbations on protein structure due to 

phosphorylation could be a mechanism that cells use to alter protein function and how diseases such as 

Parkinson’s disease can develop. 
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23. Vöpel, T.;  Bravo-Rodriguez, K.;  Mittal, S.;  Vachharajani, S.;  Gnutt, D.;  Sharma, A.;  Steinhof, 

A.;  Fatoba, O.;  Ellrichmann, G.; Nshanian, M., Inhibition of huntingtin exon-1 aggregation by the 

molecular tweezer CLR01. Journal of the American Chemical Society 2017, 139 (16), 5640-5643. 

 

24. Acharya, S.;  Safaie, B. M.;  Wongkongkathep, P.;  Ivanova, M. I.;  Attar, A.;  Klärner, F.-G.;  

Schrader, T.;  Loo, J. A.;  Bitan, G.; Lapidus, L. J., Molecular basis for preventing α-synuclein aggregation 

by a molecular tweezer. Journal of Biological Chemistry 2014, 289 (15), 10727-10737. 

 

25. Xie, Y.;  Zhang, J.;  Yin, S.; Loo, J. A., Top-down ESI-ECD-FT-ICR mass spectrometry localizes 

noncovalent protein-ligand binding sites. Journal of the American Chemical Society 2006, 128 (45), 14432-

14433. 

 

26. Nshanian, M.;  Lantz, C.;  Wongkongkathep, P.;  Schrader, T.;  Klärner, F.-G.;  Blümke, A.;  

Despres, C.;  Ehrmann, M.;  Smet-Nocca, C.; Bitan, G., Native top-down mass spectrometry and ion 

mobility spectrometry of the interaction of tau protein with a molecular tweezer assembly modulator. 

Journal of the American Society for Mass Spectrometry 2018, 30 (1), 16-23. 

 

27. Sinha, S.;  Lopes, D. H.;  Du, Z.;  Pang, E. S.;  Shanmugam, A.;  Lomakin, A.;  Talbiersky, P.;  

Tennstaedt, A.;  McDaniel, K.; Bakshi, R., Lysine-specific molecular tweezers are broad-spectrum 



 
 

133 
 

inhibitors of assembly and toxicity of amyloid proteins. Journal of the American Chemical Society 2011, 

133 (42), 16958-16969. 

 

28. Lermyte, F.;  Tsybin, Y. O.;  O’Connor, P. B.; Loo, J. A., Top or middle? Up or down? Toward a 

standard lexicon for protein top-down and allied mass spectrometry approaches. Journal of The American 

Society for Mass Spectrometry 2019, 30 (7), 1149-1157. 

 

29. Loo, J. A.;  Edmonds, C. G.; Smith, R. D., Primary sequence information from intact proteins by 

electrospray ionization tandem mass spectrometry. Science 1990, 248 (4952), 201-204. 

 

30. Li, H.;  Wongkongkathep, P.;  Van Orden, S. L.;  Ogorzalek Loo, R. R.; Loo, J. A., Revealing 

ligand binding sites and quantifying subunit variants of noncovalent protein complexes in a single native 

top-down FTICR MS experiment. Journal of the American Society for Mass Spectrometry 2014, 25 (12), 

2060-2068. 

 

31. Zhou, M.;  Lantz, C.;  Brown, K. A.;  Ge, Y.;  Paša-Tolić, L.;  Loo, J. A.; Lermyte, F., Higher-order 

structural characterisation of native proteins and complexes by top-down mass spectrometry. Chemical 

science 2020, 11 (48), 12918-12936. 

 

32. Comisarow, M. B.; Marshall, A. G., Resolution‐enhanced Fourier transform ion cyclotron 

resonance spectroscopy. The Journal of Chemical Physics 1975, 62 (1), 293-295. 

 

33. Donnelly, D. P.;  Rawlins, C. M.;  DeHart, C. J.;  Fornelli, L.;  Schachner, L. F.;  Lin, Z.;  Lippens, 

J. L.;  Aluri, K. C.;  Sarin, R.; Chen, B., Best practices and benchmarks for intact protein analysis for top-

down mass spectrometry. Nature methods 2019, 16 (7), 587-594. 

 

34. Zhang, J.;  Guy, M. J.;  Norman, H. S.;  Chen, Y.-C.;  Xu, Q.;  Dong, X.;  Guner, H.;  Wang, S.;  

Kohmoto, T.; Young, K. H., Top-down quantitative proteomics identified phosphorylation of cardiac 

troponin I as a candidate biomarker for chronic heart failure. Journal of proteome research 2011, 10 (9), 

4054-4065. 

 

35. Shi, S. D.-H.;  Hemling, M. E.;  Carr, S. A.;  Horn, D. M.;  Lindh, I.; McLafferty, F. W., 

Phosphopeptide/phosphoprotein mapping by electron capture dissociation mass spectrometry. Analytical 

Chemistry 2001, 73 (1), 19-22. 

 

36. Sze, S. K.;  Ge, Y.;  Oh, H.; McLafferty, F. W., Plasma electron capture dissociation for the 

characterization of large proteins by top down mass spectrometry. Analytical chemistry 2003, 75 (7), 1599-

1603. 

 

37. Lanucara, F.;  Holman, S. W.;  Gray, C. J.; Eyers, C. E., The power of ion mobility-mass 

spectrometry for structural characterization and the study of conformational dynamics. Nature chemistry 

2014, 6 (4), 281-294. 

 

38. May, J. C.;  Jurneczko, E.;  Stow, S. M.;  Kratochvil, I.;  Kalkhof, S.; McLean, J. A., Conformational 

landscapes of ubiquitin, cytochrome c, and myoglobin: Uniform field ion mobility measurements in helium 

and nitrogen drift gas. International journal of mass spectrometry 2018, 427, 79-90. 

 

39. Bush, M. F.;  Campuzano, I. D.; Robinson, C. V., Ion mobility mass spectrometry of peptide ions: 

effects of drift gas and calibration strategies. Analytical chemistry 2012, 84 (16), 7124-7130. 

 



 
 

134 
 

40. Hoaglund-Hyzer, C. S.; Clemmer, D. E., Ion trap/ion mobility/quadrupole/time-of-flight mass 

spectrometry for peptide mixture analysis. Analytical chemistry 2001, 73 (2), 177-184. 

 

41. Lermyte, F.;  Williams, J. P.;  Brown, J. M.;  Martin, E. M.; Sobott, F., Extensive charge reduction 

and dissociation of intact protein complexes following electron transfer on a quadrupole-ion mobility-time-

of-flight MS. Journal of The American Society for Mass Spectrometry 2015, 26 (7), 1068-1076. 

 

42. Campuzano, I. D.; Giles, K., Historical, current and future developments of travelling wave ion 

mobility mass spectrometry: A personal perspective. TrAC Trends in Analytical Chemistry 2019, 120, 

115620. 

 

43. Konijnenberg, A.;  Ranica, S.;  Narkiewicz, J.;  Legname, G.;  Grandori, R.;  Sobott, F.; Natalello, 

A., Opposite structural effects of epigallocatechin-3-gallate and dopamine binding to α-synuclein. 

Analytical chemistry 2016, 88 (17), 8468-8475. 

 

44. Ruotolo, B. T.;  Gillig, K. J.;  Woods, A. S.;  Egan, T. F.;  Ugarov, M. V.;  Schultz, J. A.; Russell, 

D. H., Analysis of phosphorylated peptides by ion mobility-mass spectrometry. Analytical chemistry 2004, 

76 (22), 6727-6733. 

 

45. Thalassinos, K.;  Grabenauer, M.;  Slade, S. E.;  Hilton, G. R.;  Bowers, M. T.; Scrivens, J. H., 

Characterization of phosphorylated peptides using traveling wave-based and drift cell ion mobility mass 

spectrometry. Analytical chemistry 2009, 81 (1), 248-254. 

 

46. Kerr, T. J.;  Gant-Branum, R. L.; McLean, J. A., Multiplexed analysis of peptide functionality using 

lanthanide-based structural shift reagents. International journal of mass spectrometry 2011, 307 (1-3), 28-

32. 

 

47. Glover, M. S.;  Dilger, J. M.;  Acton, M. D.;  Arnold, R. J.;  Radivojac, P.; Clemmer, D. E., 

Examining the influence of phosphorylation on peptide ion structure by ion mobility spectrometry-mass 

spectrometry. Journal of the American Society for Mass Spectrometry 2016, 27 (5), 786-794. 

 

48. Byrne, D. P.;  Vonderach, M.;  Ferries, S.;  Brownridge, P. J.;  Eyers, C. E.; Eyers, P. A., cAMP-

dependent protein kinase (PKA) complexes probed by complementary differential scanning fluorimetry 

and ion mobility–mass spectrometry. Biochemical Journal 2016, 473 (19), 3159-3175. 

 

49. Marty, M. T.;  Baldwin, A. J.;  Marklund, E. G.;  Hochberg, G. K.;  Benesch, J. L.; Robinson, C. 

V., Bayesian deconvolution of mass and ion mobility spectra: from binary interactions to polydisperse 

ensembles. Analytical chemistry 2015, 87 (8), 4370-4376. 

 

50. Lantz, C.;  Zenaidee, M. A.;  Wei, B.;  Hemminger, Z.;  Ogorzalek Loo, R. R.; Loo, J. A., ClipsMS: 

An Algorithm for Analyzing Internal Fragments Resulting from Top-Down Mass Spectrometry. Journal of 

proteome research 2021, 20 (4), 1928-1935. 

 

51. Kamiński, S.;  Cieślińska, A.; Kostyra, E., Polymorphism of bovine beta-casein and its potential 

effect on human health. Journal of applied genetics 2007, 48 (3), 189-198. 

 

52. Chen, J.;  Shiyanov, P.; Green, K. B., Top‐down mass spectrometry of intact phosphorylated β‐

casein: Correlation between the precursor charge state and internal fragments. Journal of Mass 

Spectrometry 2019, 54 (6), 527-539. 

 



 
 

135 
 

53. Konermann, L., A minimalist model for exploring conformational effects on the electrospray 

charge state distribution of proteins. The Journal of Physical Chemistry B 2007, 111 (23), 6534-6543. 

 

54. Bush, M. F.;  Hall, Z.;  Giles, K.;  Hoyes, J.;  Robinson, C. V.; Ruotolo, B. T., Collision cross 

sections of proteins and their complexes: a calibration framework and database for gas-phase structural 

biology. Analytical chemistry 2010, 82 (22), 9557-9565. 

 

55. Picache, J. A.;  Rose, B. S.;  Balinski, A.;  Leaptrot, K. L.;  Sherrod, S. D.;  May, J. C.; McLean, J. 

A., Collision cross section compendium to annotate and predict multi-omic compound identities. Chemical 

science 2019, 10 (4), 983-993. 

 

56. Errington, N.; Doig, A. J., A phosphoserine− lysine salt bridge within an α-helical peptide, the 

strongest α-helix side-chain interaction measured to date. Biochemistry 2005, 44 (20), 7553-7558. 

 

57. Woods, A. S.; Ferré, S., Amazing stability of the arginine− phosphate electrostatic interaction. 

Journal of proteome research 2005, 4 (4), 1397-1402. 

 

58. Bailey, L. S.;  Alves, M.;  Galy, N.;  Patrick, A. L.; Polfer, N. C., Mechanistic insights into 

intramolecular phosphate group transfer during collision induced dissociation of phosphopeptides. Journal 

of Mass Spectrometry 2019, 54 (5), 449-458. 

 

59. Zhang, Z.;  Browne, S. J.; Vachet, R. W., Exploring salt bridge structures of gas-phase protein ions 

using multiple stages of electron transfer and collision induced dissociation. Journal of The American 

Society for Mass Spectrometry 2014, 25 (4), 604-613. 

 

60. Julian, R. R.;  Hodyss, R.; Beauchamp, J., Salt bridge stabilization of charged zwitterionic arginine 

aggregates in the gas phase. Journal of the American Chemical Society 2001, 123 (15), 3577-3583. 

 

61. Hall, Z.;  Hernández, H.;  Marsh, J. A.;  Teichmann, S. A.; Robinson, C. V., The role of salt bridges, 

charge density, and subunit flexibility in determining disassembly routes of protein complexes. Structure 

2013, 21 (8), 1325-1337. 

 

62. Liko, I.;  Hopper, J. T.;  Allison, T. M.;  Benesch, J. L.; Robinson, C. V., Negative ions enhance 

survival of membrane protein complexes. Journal of the American Society for Mass Spectrometry 2016, 27 

(6), 1099-1104. 

 

63. Watt, S. J.;  Oakley, A.;  Sheil, M. M.; Beck, J. L., Comparison of negative and positive ion 

electrospray ionization mass spectra of calmodulin and its complex with trifluoperazine. Rapid 

Communications in Mass Spectrometry: An International Journal Devoted to the Rapid Dissemination of 

Up‐to‐the‐Minute Research in Mass Spectrometry 2005, 19 (15), 2123-2130. 

 

64. Beychok, S.;  De Lozé, C.; Blout, E., Helix contents of solutions of native and acid-denatured 

ferrihemoglobin and ferrimyoglobin. Journal of Molecular Biology 1962, 4 (6), 421-429. 

 

65. Czernick, D.;  Liu, J.;  Serge, D.; Salih, E., Topographical distribution of phosphorylation sites of 

phosvitins by mass spectrometry. Journal of proteomics 2013, 83, 76-98. 

 

66. Raikos, V.;  Hansen, R.;  Campbell, L.; Euston, S. R., Separation and identification of hen egg 

protein isoforms using SDS–PAGE and 2D gel electrophoresis with MALDI-TOF mass spectrometry. Food 

chemistry 2006, 99 (4), 702-710. 

 



 
 

136 
 

67. Samaraweera, H.;  Moon, S. H.;  Lee, E. J.;  Grant, J.;  Fouks, J.;  Choi, I.;  Suh, J. W.; Ahn, D. U., 

Characterisation of phosvitin phosphopeptides using MALDI-TOF mass spectrometry. Food chemistry 

2014, 165, 98-103. 

 

68. Yang, Y.;  Barendregt, A.;  Kamerling, J. P.; Heck, A. J., Analyzing protein micro-heterogeneity 

in chicken ovalbumin by high-resolution native mass spectrometry exposes qualitatively and semi-

quantitatively 59 proteoforms. Analytical chemistry 2013, 85 (24), 12037-12045. 

 

69. Marques, O.; Outeiro, T., Alpha-synuclein: from secretion to dysfunction and death. Cell death & 

disease 2012, 3 (7), e350-e350. 

 

70. Stephens, A. D.;  Zacharopoulou, M.;  Moons, R.;  Fusco, G.;  Seetaloo, N.;  Chiki, A.;  Woodhams, 

P. J.;  Mela, I.;  Lashuel, H. A.; Phillips, J. J., Extent of N-terminus exposure of monomeric alpha-synuclein 

determines its aggregation propensity. Nature communications 2020, 11 (1), 1-15. 

 

71. Krishnamurthy, H.; Gouaux, E., X-ray structures of LeuT in substrate-free outward-open and apo 

inward-open states. Nature 2012, 481 (7382), 469-474. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

137 
 

SUPPORTING INFORMATION 

 

Figure S1: A FT-ICR spectrum of native β-casein containing all 5 phosphorylation sites. The wide charge 

state distribution indicates that this protein is intrinsically disordered and the trimodal distribution indicates 

that multiple conformations of this protein exist in native conditions.  
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Figure S2: CAD/EID fragmentation of each phosphorylation state of β-Casein when dephosphorylated by 

alkaline phosphatase. The vertical dotted lines indicate the phosphorylation sites that are still present on the 

protein. 
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Figure S3: Mobiligrams of A.) the 15+ charge state and B.) the 22+ charge state for phosphorylated and 

dephosphorylated denatured β-casein. Notice how the mobiligrams reveal that early arriving conformers 

are favored when β-casein is phosphorylated. 

 

 

Figure S4: A.) Spectra of dephosphorylated and phosphorylated α-casein (23.0kDa) analyzed under 

denaturing conditions in positive-ion mode, and the corresponding B.) 16+, C.) 15+, and D.) 22+ 

mobiligrams for the two proteoforms. Notice that phosphorylated α-casein displays a different charge state 

distribution compared to dephosphorylated α-casein, and that mobiligrams indicate early arriving 

conformers are greater in abundance when α-casein is phosphorylated.  
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Figure S5: Mobiligrams of A.) the 10- charge state and B.) the 13- charge state for phosphorylated and 

dephosphorylated denatured β-casein. Notice how the mobiligrams reveal that early arriving conformers 

are favored when β-casein is phosphorylated. 
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mobiligrams for the two proteoforms. Notice that phosphorylated α-casein displays a different charge state 

distribution compared to dephosphorylated α-casein, and that mobiligrams indicate early arriving 

conformers are greater in abundance when α-casein is phosphorylated.  
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Figure S7: Mobiligrams of A.) the 10+ charge state and B.) the 21+ charge state for phosphorylated and 

dephosphorylated native β-casein. Notice how the 10+ mobiligrams reveal that early arriving conformers 

are favored when β-casein is phosphorylated. The 21+ does not shift considerably when phosphorylated 

possibly due to the accumulation of charge on the protein. 

 

Figure S8: A.) Spectra of dephosphorylated and phosphorylated α-casein (23.0kDa) analyzed under native 

conditions in positive-ion mode, and the corresponding B.) 13+, C.) 10+, and D.) 21+ mobiligrams for the 

two proteoforms. Notice that phosphorylated α-casein displays a slightly different charge state distribution 

compared to dephosphorylated α-casein, and that mobiligrams indicate early arriving conformers are 

greater in abundance when α-casein is phosphorylated.  
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Figure S9: Mobiligrams of A.) the 10- charge state and B.) the 13- charge state for phosphorylated and 

dephosphorylated native β-casein. Notice how the mobiligrams reveal that early arriving conformers are 

favored when β-casein is phosphorylated.  

 

Figure S10: A.) Spectra of dephosphorylated and phosphorylated α-casein (23.0kDa) analyzed under native 

conditions in negative-ion mode, and the corresponding B.) 13-, C.) 10-, and D.) 16- mobiligrams for the 

two proteoforms. Notice that phosphorylated α-casein displays a different charge state distribution 

compared to dephosphorylated α-casein, and that mobiligrams indicate early arriving conformers are 

greater in abundance when α-casein is phosphorylated.  
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Figure S11: A.) A spectrum of native β-casein in positive-ion mode containing all 6 phosphorylation 

proteoforms and a UniDec deconvolution of the spectrum indicating all 5 phosphorylation sites can be 

observed. B.) Mobiligrams for all phosphorylation states of β-Casein for the 12+, 16+, and 21+ charge 

states. The mobiligrams for the 12+ and 16+ reveal incremental compaction when more phosphorylation 

sites are present on the protein. The 21+ mobiligram does not reveal much change; however, the drift time 

does decrease when more phosphates are present on the protein. 
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Figure S12: A.) Spectra of phosphorylated and dephosphorylated phosvitin and B.) drift plots of 

dephosphorylated (25.47kDa) and phosphorylated (36.19kDa) phosvitin, an intrinsically disordered 

phosphoprotein, in native solution positive-ion mode. The drift plots show that the structure of 

phosphorylated phosvitin is compacted in the gas-phase (narrower range of drift times). 
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Figure S13: A.) Spectra of dephosphorylated and phosphorylated Ovalbumin (~45kDa) analyzed under 

denatured conditions in positive-ion mode, and the corresponding B.) 29+, C.) 32+, and D.) 35+ 

mobiligrams for the two proteoforms. Notice that phosphorylated ovalbumin displays a different charge 

state distribution compared to dephosphorylated α-casein, and that mobiligrams indicate a shift toward 

lower drift time when ovalbumin is phosphorylated.  

 

Figure S14: A.) Spectra of dephosphorylated and phosphorylated ovalbumin (~45kDa) analyzed under 

native conditions in positive-ion mode, and the corresponding B.) 12+, C.) 11+, and D.) 13+ mobiligrams 

for the two proteoforms. Notice that the charge state distribution for phosphorylated ovalbumin shifts 

toward lower charge states compared to dephosphorylated α-casein, and that mobiligrams reveal an increase 

in abundance of early arriving conformers when phosphorylated.  
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Figure S15: FT-ICR spectrum of denatured α-synuclein phosphorylated at serine 129. 

 

Figure S16: Mobiligrams of A.) the 10+ charge state and B.) the 15+ charge state for phosphorylated and 

dephosphorylated native α-synuclein. Notice how the higher charge states of α-synuclein do not shift 

considerably when phosphorylated.  
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Figure S17: A.) Spectra of dephosphorylated and phosphorylated α-casein (14.5kDa) analyzed under 

denatured conditions in positive-ion mode, and the corresponding B.) 9+, C.) 10+, and D.) 15+ mobiligrams 

for the two proteoforms. Notice that the spectra and the mobiligrams do not shift considerably due to 

phosphorylation of α-synuclein. 

 

Figure S18: Mobiligrams of A.) the 10- charge state and B.) the 15- charge state for phosphorylated and 

dephosphorylated native α-synuclein. Notice how the mobiligrams reveal that early arriving conformers are 

favored when α-synuclein is phosphorylated.  
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Figure S19: A.) Spectra of dephosphorylated and phosphorylated α-casein (14.5kDa) analyzed under 

denatured conditions in negative-ion mode, and the corresponding B.) 9-, C.) 10-, and D.) 15- mobiligrams 

for the two proteoforms. Notice how the 9- and the 10- mobiligrams reveal that early arriving conformers 

are favored when β-casein is phosphorylated. The 15- does not shift considerably when phosphorylated 

possibly due to the accumulation of charge on the protein. 
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CHAPTER 6 

 

Characterization of CLR01 Binding on α-Synuclein with Native Top-Down Mass Spectrometry and 

Ion Mobility-Mass Spectrometry Reveals a Mechanism for Aggregation Inhibition 

 

Carter Lantz1, Jaybree Lopez1, Andrew K. Goring1, Muhammad A. Zenaidee1, Karl Biggs2, Julian 

Whitelegge3, Gal Bitan2, Rachel Loo4, Joseph A. Loo1,4 
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David Geffen School of Medicine, 3The Pasarow Mass Spectrometry Laboratory, The Jane and Terry 

Semel Institute for Neuroscience and Human Behavior, David Geffen School of Medicine, 4Department 

of Biological Chemistry, University of California-Los Angeles, Los Angeles, CA 90095 

 

ABSTRACT: Parkinson’s disease, a neurodegenerative disease that affects 15 million people worldwide, 

is characterized by aggregation of α-synuclein into Lewy Bodies in the neurons. Although this disease is 

prevalent in the population, a therapy or cure has yet to be found. Some small aromatic compounds have 

been reported to disrupt fibril formation. Among these compounds is a molecular tweezer compound known 

as CLR01 that binds lysine and arginine residues. This study aims to characterize how CLR01 interacts 

with various proteoforms of α-synuclein and how the structure of α-synuclein shifts due to that interaction. 

Native mass spectrometry (nMS) analysis of α-synuclein/CLR01 complexes reveals that multiple CLR01 

molecules can bind α-synuclein with Kd values in the micromolar range, and that the binding of 1 CLR01 

molecule shifts the ability for α-synuclein to bind other ligands. Electron capture dissociation (ECD) with 

Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometry (MS) of α-synuclein proteoforms 

bound with CLR01 can localize the sites of modification and indicates that CLR01 binds these proteoforms 

on the N-terminus. Ion mobility-mass spectrometry (IM-MS) reveals that CLR01 binding to α-synuclein 

compacts the structure of α-synuclein in the gas-phase. This data could indicate that when multiple CLR01 

molecules bind the N-terminus of α-synuclein, the structure of the N-terminus of α-synuclein shifts toward 

a more compact state. This mechanism could explain why CLR01 binding prevents the formation of 

oligomers and fibrils and halts the progression of neurodegenerative diseases.  

Keywords: Native Mass Spectrometry, Top-Down Mass Spectrometry, Ion-Mobility Mass Spectrometry, 

Proteoform, α-Synuclein 
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INTRODUCTION 

Neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease are characterized 

by the formation of protein aggregates in the brain. Aggregates of amyloid proteins such as tau,1 huntingtin,2 

and ataxin3 have been correlated with the death of brain neurons and the onset of neurodegenerative disease 

symptoms. α-Synuclein (α-syn), a 14kDa intrinsically disordered amyloid protein, has been proposed to 

regulate synapse formation in neurons.4, 5 Monomers of α-synuclein bind together in tight beta-sheet 

structures to form oligomers and fibrils6, 7 and eventually form Lewy bodies in the brains of Parkinson’s 

disease patients.8 Although aggregation of α-syn has been studied extensively, the reason for this 

aggregation is largely unknown and a cure for this disease has not been found. 

Although the reason for α-syn aggregation is not known, certain mutations and modifications have 

been found to modulate the rate of α-syn aggregation. For example, it has been reported that mutations such 

as A30P and A53T increase the rate of α-syn aggregation.9 Post-translational modifications such as N-

terminal acetylation have been reported to decrease the rate of α-syn aggregation9-11 while phosphorylation 

at serine 129 has been correlated with increased α-synuclein aggregation.12 In addition, the presence of 

metal ions such as copper13 and manganese14 have been linked to increased aggregation of α-syn. A shift in 

α-synuclein aggregation due to modifications is well documented; however, the reason for this alteration in 

aggregation potential is not well understood. 

Although α-synuclein has been studied extensively, there is no therapy or cure for 

synucleinopathies. A multitude of small aromatic compounds have been found to have some inhibitory 

effect on fibril formation and disrupt the structures of existing fibrils.15-19 Among these compounds is a 

small aromatic molecule known as CLR01. CLR01 is a molecular tweezer compound that binds lysine and 

arginine residues. We have previously found that CLR01 binds various amyloid proteins including α-

synuclein.20-24 Although some research has been done on CLR01 binding of α-synuclein, there is not much 

known about the binding interaction of CLR01 on different proteoforms of α-syn or the structural effect of 

CLR01 binding on the protein. 
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Over the past few decades, intact protein mass spectrometry (MS) has become a useful technique 

to characterize proteoforms of proteins and protein/ligand complexes. MS analysis of protein solutions has 

been utilized to determine the number of PTMs on a protein and the quantity of those PTMs on α-syn such 

as oxidation,25 acetylation,26 and phosphorylation.27 In addition, native MS has been shown to readily 

determine binding of ligands on amyloid proteins including CLR0121, 22 and metal ions.13, 28, 29 MS1 analysis 

of proteins has found to provide valuable insight into the types of modifications present on proteins in 

solution and the extent of those modifications.  

Electron capture dissociation (ECD) with Fourier transform-ion cyclotron resonance (FT-ICR) MS 

can be used to return relevant information on proteins including amyloid proteins. ECD is a nonergodic 

fragmentation technique that utilizes a beam of electrons to dissociate the peptide backbone without 

disrupting other intermolecular or intramolecular interactions.30-32 Due to its nonergodic nature, ECD has 

been used for a variety of applications including protein sequencing, modification localization, and 

characterization of protein structure.33 FT-ICR MS has been shown to provide superior mass accuracy and 

resolution for various compounds.34 It has become a viable technique for collecting high resolution data of 

protein fragmentation from proteins31 and protein complexes.35 ECD in combination FT-ICR MS has 

previously been found to accurately pinpoint the binding of CLR0120-24 and metal ions13, 29 on various 

amyloid proteins including α-syn. In addition to locating the site of binding, it has been shown that TD-MS 

of can help simulate shifts in protein structure. Recent studies have shown that locating CLR01 binding 

with TD-MS can guide molecular dynamic simulations which revealed that CLR01 binding can shift the 

structure of N17-Huntingin and α-synuclein.20, 22 

Ion mobility mass spectrometry (IM-MS) can be used to determine the overall 3D structure of 

intrinsically disordered proteins in the gas-phase. IM-MS can be utilized to determine the size of an ion in 

the gas-phase.36 This measurement has been used to record conformational differences of proteins due to 

factors such as solution conditions,37 collisional activation,38, 39 and protein charging.40 Binding of ligands 

has also been reported to shift the drift time of proteins.41, 42 It has been found that small ligands and metal 

ions shift the conformational dynamics of amyloid proteins such as mutant tau21 and α-syn.13, 15, 29, 43, 44 IM-
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MS has been found to reveal relevant structural information on proteins in the gas-phase and detect 

structural perturbations due to modifications.  

In this study, the interaction between CLR01 and various proteoforms of α-syn is characterized. 

Native MS indicated that CLR01 binds a variety of α-synuclein proteoforms. Electron capture dissociation 

(ECD) can reveal the location of all modifications including the location of CLR01 binding to α-syn. In 

addition, IM-MS of α-synuclein/CLR01 complexes indicates that CLR01 compacts the structure of all α-

syn proteoforms which may prevent aggregation of α-synuclein monomers. This research could shed light 

on how small molecule ligands interact with α-synuclein and how they inhibit aggregation of α-syn and 

other amyloid proteins. 

 

MATERIALS AND METHODS 

For native MS experiments, 10uM of protein was dissolved into 20mM ammonium acetate. CLR01 

was added at various amounts to obtain concentrations of 10uM to 50uM. For analysis of acetylated and 

phosphorylated α-syn, WT α-syn, phosphorylated α-syn, and acetylated α-syn were added at 10uM for a 

total concentration of 30uM and 30uM of CLR01 was added to the solution. For metal ion experiments 

copper acetate was added at 10uM and manganese acetate was added at 50uM. CLR01 was added at 30uM 

for metal binding experiments.  

For electron capture dissociation experiments 10 to 50uM CLR01 was added to 10uM solutions of α-

synuclein in 20mM ammonium acetate. For solutions where metal was added 10uM copper acetate was 

added and 50uM manganese acetate was added to the solution with 30uM CLR01. Solutions were sprayed 

on a 15T Solarix FT-ICR instrument from Bruker. Peaks were isolated and fragmented with ECD with a 

bias of 1V and a pulse length of 10ms to 50ms. The spectra were deconvoluted with the DataAnalysis 4.0 

or 5.0 and c and z fragments were matched to the deconvoluted list were assigned with ClipsMS45 with an 

error of 5ppm. CLR01, manganese, and copper were added as unlocalized modifications and the A30P 

mutation, phosphorylation, and N-terminal acetylation were added as localized modifications. 
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For IM-MS experiments, IM was taken of the entire spectrum and data for each charge state was 

extracted over the [M+nH]n+ peak. IM-MS of CLR01 binding to WT and A30P α-syn was taken with 

CLR01 inserted into the solution at a 5x molar concentration. IM-MS of acetylated and phosphorylated α-

synuclein bound with CLR01 were analyzed at a 1:1 molar ratio. To analyze structural changes of CLR01 

binding to copper bound α-syn, WT α-syn was added at a concentration of 10uM, copper acetate was added 

at a concentration of 10uM, and CLR01 was added at a concentration of 30uM. To analyze structural 

changes of CLR01 binding to manganese bound α-syn, WT α-syn was added at a concentration of 10uM, 

manganese acetate was added at a concentration of 50uM, and CLR01 was added at a concentration of 

30uM. 

 

RESLUTS AND DISCUSSION 

Characterization of α-Synuclein CLR01 Binding 

Previous research has found that CLR01 binds to wild type (WT) α-syn (α-syn) when combined at 

a 1:1 molar ratio.20 However, it is known that greater inhibition of fibril formation can be achieved at higher 

concentrations of CLR01.17 To investigate the interaction between CLR01 and α-syn at higher 

concentrations of CLR01, CLR01 was inserted into a native WT AS was inserted into a solution with a 5x 

molar concentration of CLR01. The resulting mass spectrum revealed a broad charge state distribution 

characteristic of intrinsically disordered proteins and multiple CLR01 binding events. (Fig. 1A) 

Deconvolution of the mass spectrum indicated that up to 5 binding events can be observed and 63% of all 

the CLR01 in the solution is bound to the protein. A solution of A30P α-syn, a proteoform that has been 

correlated with increased aggregation9, and CLR01 were also sprayed in native conditions revealing that 

multiple CLR01 molecules can bind to A30P α-syn. (Fig. S1) Deconvolution of the spectrum indicated that 

5 binding events can be observed on α-syn at this concentration and that 74% of CLR01 is bound. It is 

possible that the large number of CLR01 molecules bound to α-synuclein monomers at this concentration 

may prevent monomers from interacting with one another and aggregating into oligomers and fibrils. 



 
 

154 
 

 

Figure 1: Mass spectra of solutions of A.) α-syn and CLR01 at a 1:5 molar ratio B.) α-syn, phosphorylated 

α-syn, acetylated α-syn, and CLR01 at a 1:1:1:3 molar ratio, and C.) α-syn, Mn2+, and CLR01 at a 1:5:3 

molar ratio with the corresponding deconvoluted mass spectra. The results reveal multiple CLR01 binding 

events and the increased binding of Mn2+ CLR01 molecules bind. 

 

Mass spectra were also collected at 1:0, 1:1, 1:2, 1:3, 1:4 molar ratios of WT α-synuclein and 

CLR01. These spectra were utilized to calculate Kd values for each binding event. (Fig. S2) It was found 
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that the first binding event had a Kd of 46µM. The Kd values for the second and third binding sites were 

70.6µM and 89.2µM respectively, indicating enhanced binding at these sites. The Kd values for the fourth 

and 5th binding sites was 250.6 µM and 1M indicating these binding sites were nonspecific. It is interesting 

that CLR01 binding is enhanced at the 2nd and 3rd binding site, and it may be the case that cooperative 

binding occurs when more than one CLR01 molecule is bound. 

It is known that some post-translational modifications (PTMs) can modulate the rate of amyloid 

protein aggregation including N-terminal acetylation and serine 129 phosphorylation. To investigate how 

these PTMs alter CLR01 binding, wild type α-synuclein, acetylated α-synuclein, and phosphorylated α-

synuclein were added to the same native solution and sprayed with an equimolar ratio of CLR01. (Fig. 1B) 

The spectrum revealed baseline resolved peaks corresponding the acetylated and phosphorylated 

proteoforms of α-synuclein in addition to CLR01 bound proteoforms. Deconvolution of the spectrum 

indicates up to 2 CLR01 molecules can bind each proteoform. Comparison of the intensities for unbound 

and CLR01 bound proteoforms revealed acetylated and phosphorylated α-synuclein had a slightly lower 

affinity (96%-98%) for the CLR01 molecule than the WT proteoform possibly indicating that the presence 

of PTMs alter the binding characteristics of CLR01.  

Mn2+ binding to α-syn has been shown to increase aggregation.14 To determine the relationship 

between α-syn, Mn2+, and CLR01, nMS was performed on a solution with a 1:5:3 molar ratio of α-syn to 

Mn2+ to CLR01. The resulting spectrum indicated multiple binding events of Mn2+ and CLR01. (Fig. 1C) 

Deconvolution of the spectrum indicates up to 5 Mn2+ binding events can be observed and 4 CLR01 

molecules at this concentration. In addition, the spectrum indicates that binding of CLR01 enhances Mn2+ 

binding. When CLR01 is not bound to the protein, 86% of the α-synuclein is bound by Mn2+. However, 

when 1 CLR01 molecule is bound, 89% of the α-synuclein is bound by CLR01, and when 2 CLR01 

molecules are bound, only 92% of the α-synuclein is bound by Mn2+. This data indicates that when CLR01 

binds to α-syn, Mn2+ binding increases. 

Cu2+ binding to α-syn has shown to increase the rate of α-syn aggregation.13 To investigate the 

interaction between α-synuclein, Cu2+, and CLR01, nMS was performed on a solution of α-syn/Cu/CLR01 
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at a 1:1:3 molar ratio. (Fig. S3) The spectrum reveals that most α-synuclein is bound with Cu2+ and CLR01 

binding events can be observed. Deconvolution of the spectrum indicates up to 3 CLR01 molecules can 

bind α-syn. In addition, the spectrum reveals that multiple CLR01 binding events compete with Cu2+ for 

binding. In the deconvoluted spectrum, 65% of the α-synuclein is bound to Cu2+ bound when CLR01 is not 

bound. When 1 and 2 CLR01 molecules bind α-synuclein the amount of the Cu2+ proteoform does not 

change much at 64% and 68% respectively. However, when 3 CLR01 molecules are bound by α-synuclein 

57% is bound by Cu2+. This data suggests that when multiple CLR01 molecules bind to α-synuclein, they 

compete with Cu2+ for binding. 

Top-Down Analysis of α-Synuclein/CLR01 Complexes 

Our lab has previously fragmented the WT α-syn/CLR01 complex and it was determined that 

CLR01 binds predominantly to lysine 10 and lysine 12.20 However, it is not known where other CLR01 

molecules bind when multiple CLR01 molecules are bound to α-synuclein. To determine where the second 

CLR01 binding event occurs, the 13+ charge state of wildtype α-syn bound with 2 CLR01 molecules (m/z 

= 1223.85) was isolated and fragmented with ECD. (Fig. 2A) The spectrum revealed fragments that were 

not bound with CLR01, fragments with 1 CLR01 molecule bound, and fragments with 2 CLR01 molecules 

bound. Analysis of the unbound and bound fragments indicated that the secondary CLR01 binding location 

is at lysine 20 and 23. This data seems to suggest that CLR01 molecules coat the N-terminus of α-synuclein. 

ECD was also performed on A30P α-synuclein/CLR01 complex. ECD fragmentation of the A30P α-

syn/CLR01 complex indicated the location of the A30P mutation and the location of the CLR01 binding 

event at on the N-terminus of this proteoform. (Fig. 2B) This data suggests that the binding site of CLR01 

did not shift drastically from WT.  

To further study the binding site of location of CLR01 on α-syn, ECD was performed on acetylated 

and phosphorylated α-syn bound with CLR01. Fragmentation of the acetylated α-syn/CLR01 complex 

showed fragments that contained the acetylation site and the CLR01 molecule. (Fig. S4A) CLR01 was 

found to bind the N-terminus of this proteoform; however, the interaction may be weaker due to the lesser 

number of fragments containing the CLR01 molecule. It is possible that the stabilization of the α-helix on 
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the N-terminus shifts the binding site of CLR01 to this location. Fragmentation of the phosphorylated α-

syn/CLR01 complex indicated the location of the phosphorylation site at serine 129 and the location of 

CLR01 binding was similar to WT at the N-terminus of the protein. (Fig. S4B) This indicates that 

phosphorylation of α-syn on the C-terminus does not significantly shift the binding location of CLR01. This 

data suggests that the CLR01 binding does not shift significantly due to the presence of PTMs on α-syn. 

 

Figure 2: ECD fragmentation spectra for 13+ charge state of A.) the α-syn/CLR01/CLR01 complex, B.) 

the A30P α-syn/CLR01 complex, and E.) the α-syn/Mn2+/CLR01 complexes with the corresponding 

fragment location maps. The maps reveal the location of the modifications and of the CLR01 binding 

location on the N-terminus of the protein. 

500 1000 1500 2000 2500 3000

0

20

40

60

80

100

R
e
la

ti
v
e
 I
n
te

n
s
it
y

m/z

500 1000 1500 2000 2500 3000

0

20

40

60

80

100

R
e
la

ti
v
e
 I
n
te

n
s
it
y

m/z

α
-S

yn
/C

LR
0

1
/C

LR
0

1
A

3
0

P
 α

-S
yn

/C
LR

0
1

α
-S

yn
/M

n
/C

LR
0

1

ECD Spectrum Fragment Location Map

1 CLR01 Bound
2 CLR01 Bound

Unmodified

1 CLR01 Bound
Unmodified

13+

12+

11+

C9
1+

C6
1+

10+

C10
1+

C58
4+

Z4
1+

C46
3+

1 CLR01 Bound
Mn2+ Bound

Unmodified

Mn2+/CLR01 Bound

500 1000 1500 2000 2500 3000

0

20

40

60

80

100

R
e

la
ti
v
e
 A

b
u

n
d

a
n

c
e

m/z

CLR011+

13+

12+
11+

10+C9
1+

C8
1+

9+

C6
1+

A.

B.

C.

A30P

12+

11+

10+

9+

C9
1+C6

1+

C28
3+

C46
3+

8+

Z65
3+



 
 

158 
 

Previous studies have utilized TD-MS to locate metal ions such as copper 13 and manganese 29 on 

α-syn. To characterize the interaction between α-syn, metal ions, and CLR01 molecules, ECD 

fragmentation was performed on α-syn/metal/CLR01 complexes. ECD fragmentation of the α-syn/ 

Mn2+/CLR01 complex indicated that CLR01 binds to N-terminal region as expected and Mn2+ binds to the 

C-terminal region of α-Syn. (Fig. 2C) It is possible that CLR01 binding to the N-terminus could expose the 

Mn2+ binding region on the C-terminus which would explain the increased binding of Mn2+ when CLR01 

molecules bind. ECD of the α-syn/ Cu2+/CLR01 complex revealed peaks bound with Cu2+, CLR01, and 

both Cu2+ and CLR01 which indicate that both CLR01 and Cu2+ bind primarily to the N-terminus of the 

protein. (Fig. S4C) The proximity of Cu2+ and CLR01 binding on α-syn may explain the decreased binding 

of Cu2+ when multiple CLR01 molecules bind the protein. Multiple CLR01 binding events on the N-

terminus could shield the N-terminal region and prevent Cu2+ ions from binding. TD-MS with ECD of 

protein/ligand/metal complexes can accurately identify the location of the ligands and may explain why 

binding of metal ions is modulated by CLR01 binding. 

Ion Mobility Analysis of α-Synuclein/CLR01 Complex 

Ion-mobility mass spectrometry (IM-MS) has revealed that small molecules can shift the structure 

of amyloid proteins. Previous research has found that CLR01 compacts the structure of mutant tau upon 

binding.21 In addition, it has also been found that EGCG compacts the structure of α-synuclein upon 

binding.15 To determine if the structure of α-syn shifts upon CLR01 binding, IM-MS was performed on 

solutions of α-syn and CLR01. IM-MS of the 9+ charge state of the WT proteoform reveals the existence 

of 4 ensembles of ions. (Fig. 3A) IM-MS of the 9+ charge state with 1 CLR01 molecule bound reveals an 

increase in abundance of the early arriving ensembles (Fig. 3B). When additional CLR01 molecules bind, 

a greater increase in the abundance of early arriving ensembles is observed. (Fig. S5A) The 8+ charge state 

also shows an increase of early arriving ensembles much like that of the 9+ charge state. (Fig. S5B) The 

higher charge states such as 12+ do not show significant shifts in the mobiligram when CLR01 binds. (Fig. 

S5C) IM-MS of the A30P α-syn/CLR01 complexes reveals a similar pattern. The 9+ charge state of A30P 

α-syn reveals 4 ensembles, and when CLR01 binds, the early arriving ensembles increase in abundance. 
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(Fig. S6A) The 8+ charge state shows a similar trend. (Fig. S6B) The mobiligram of the 12+ charge state 

of A30P α-syn does not shift drastically indicating CLR01 does not affect the structure of the higher charge 

states of A30P. (Fig. S6C) The increase in abundance of early arriving ensembles for the 8+ and 9+ charge 

states due to CLR01 binding indicates that CLR01 compacts the structure of α-syn. It is possible this 

compaction is due to the presence of salt bridges formed by the negatively charged phosphates on CLR01 

and positively charged residues of α-syn. The higher charge states do not shift considerably, possibly due 

to an accumulation of charge that extends the structure of the protein owing to charge repulsion between 

adjacent charge sites.46, 47 

To further investigate the structural effect of CLR01 binding, IM-MS was performed on CLR01 

bound forms of phosphorylated and acetylated α-syn. The 9+ IM profile of phosphorylated α-syn also 

revealed 4 ensembles of the proteins. (Fig. 3C) IM-MS of phosphorylated α-syn bound to CLR01 showed 

further increase in abundance of the early arriving ensembles. (Fig. 3D) The 8+ charge state (Fig. S7A) 

shows similar results to the 9+ charge state; however, the higher charge states such as 12+ did not shift 

significantly when bound with CLR01. (Fig. S7B) The 9+ IM profile of acetylated α-syn alsoreveals 4 

ensembles of ions and the CLR01 bound state shows an increase in the abundance of early arriving 

ensembles indicating CLR01 compacts the structure of acetylated α-syn. (Fig. S8A) This observation is 

also observed for the 8+ charge state (Fig. S8B), although, the 12+ charge state does not shift significantly. 

(Fig. S8C) This data suggests that CLR01 compacts the structure of phosphorylated and acetylated 

proteoforms much like the WT proteoform of α-syn. 

Previous research from our lab has found that Cu2+ binding increases early arriving ensembles of 

the protein.13 To further study this proteoform of α-syn, IM-MS was performed on the unbound and CLR01 

bound version of this proteoform. The 9+ charge state of Cu2+ bound α-syn revealed 4 ensembles of ions 

with early arriving ensembles significantly more abundant than WT. (Fig. 3E) When CLR01 binds the Cu2+ 

bound proteoform, the early arriving conformers further increase in abundance. (Fig. 3F) the 8+ charge 

state indicates similar trends. (Fig. S9A) The 12+ charge state as expected did not shift significantly when 

bound to either Cu2+ or CLR01. (Fig. S9B) It is possible that compaction of α-syn structure due to CLR01 
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binding could shield the region of Cu2+ binding. Mn2+ binding only slightly compacts α-syn structure; 

however, when CLR01 and Mn2+ both bind, the structure of α-syn is compounded. (Fig. S10A) This trend 

is also seen with the 8+ charge state. (Fig. S10B) The 12+ charge state of α-syn does not shift significantly 

as seen in the other spectra. (Fig. S10C) Compaction of protein structure may explain why Mn2+ binding is 

enhanced upon CLR01 binding. 

 

Figure 3: The mobiligrams for the 9+ charge state of A.) unbound and B.) CLR01 bound WT α-syn, C.) 

unbound and D.) CLR01 bound phosphorylated α-syn, and E.) unbound and F.) CLR01 bound Cu2+ bound 

α-syn. Notice for these proteoforms how CLR01 binding results in the increased abundance of early arriving 

ensembles of α-syn. 
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It is possible that compaction of α-syn due to CLR01 binding could be a possible mechanism 

CLR01 utilizes for preventing monomers from forming oligomer and fibrils. The disordered N-terminus of 

α-syn could expose its aggregation region and provide the opportunity for monomers to interact. From our 

data we found that multiple CLR01 molecules bind to the N-terminus of α-syn proteoforms and compacts 

its structure. This compaction of the N-terminus could shield the aggregation region of α-syn from other 

monomers resulting in a decreased probability for proteins to aggregate and form oligomers and fibrils. 

This could be the mechanism that CLR01 utilizes to prevent the aggregation of amyloid proteins. 

 

CONCLUSION 

In this study we analyzed how CLR01 interacts with various proteoforms of α-syn. It was found that CLR01 

molecules can bind various proteoforms including mutated α-synuclein, PTM modified α-synuclein, and 

metal ion bound α-synuclein and that CLR01 binding modulates the binding of other ligands including 

other CLR01 molecules Mn2+ ions, and Cu2+ ions. Using ECD along with FT-ICR MS, it was possible to 

localize the modifications for all proteoforms and the CLR01 molecule along the protein sequence. It was 

found that for all proteoforms, CLR01 binds the N-terminal region of α-synuclein. IM-MS of various α-

synuclein/CLR01 complexes indicates that CLR01 compacts the structure of the protein. It is possible that 

salt bridges formed by the negatively charged phosphates on CLR01 with positively charged residues of α-

synuclein result in a more compact structure of the protein. This data could indicate the mechanism CLR01 

utilizes to inhibit fibril formation. The compaction of the N-terminal region promoted by CLR01 could 

shield the region prone to aggregation from other α-synuclein monomers. This would prevent monomers 

from aggregating and forming oligomers and fibrils. This mechanism could potentially indicate how small 

molecules prevent fibril formation and provide information for the development of these small molecule 

inhibitors to halt the onset of neurodegenerative diseases.  
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SUPPORTING INFORMATION 

 

Figure S1: MS analysis of a solution with a 1:5 ratio of A30P α-syn to CLR01 and the UniDec 

deconvolution of the spectrum.  

 

 

Figure S2: A graph revealing the Kd values for the 1 to 5 bound states of α-synuclein. The data indicates 

that CLR01 binds in the micromolar range. 
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Figure S3: MS analysis of a solution with a 1:1:3 ratio of α-syn to Cu to CLR01 with the UniDec 

deconvolution of that spectrum. 
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Figure S4: Fragment location maps for A.) the acetylated α-syn/CLR01 complex, B.) the phosphorylated 

α-syn/CLR01 complex, C.) and the α-syn/Cu/CLR01 complex. These maps indicate the location of the 

modification and that CLR01 binds to the N-terminus of the protein. 
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Figure S5: Ion mobility profiles for the CLR01 bound states of the A.) 9+, B.) 8+, and C.) 12+ charge states 

of α-syn. 
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Figure S6: Ion mobility profiles for the CLR01 bound states of the A.) 9+, B.) 8+, and C.) 12+ charge states 

of A30P α-syn. 
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Figure S7: Ion mobility profiles for the unbound and CLR01 bound states of the 8+ and 12+ charge states 

of phosphorylated α-syn. 
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Figure S8: Ion mobility profiles for the unbound and CLR01 bound states of the A.) 9+, B.) 8+, and C.) 

12+ charge states of acetylated α-syn. 
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Figure S9: Ion mobility profiles for the unbound and CLR01 bound states of the A.) 8+ and B.) 12+ charge 

states of copper bound α-syn. 
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Figure S10: Ion mobility profiles for the unbound and CLR01 bound states of the A.) 9+, B.) 8+ and C.) 

12+ charge states of manganese bound α-syn. 
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CHAPTER 7 

 

Mass Spectrometry Analysis Reveals Size and Structure Information of Amyloid Protein Oligomers 

 

ABSTRACT: Neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease are 

characterized by the aggregation of amyloid proteins in the brain. These aggregates can be large inclusions, 

fibrils, or small oligomers. It has been hypothesized that oligomers of amyloid proteins disrupt cellular 

processes in neurons causing their death; however, due to their small size and transient nature, analysis of 

these small aggregates have proven difficult. Here, we utilize native mass spectrometry (nMS) and top-

down mass spectrometry (TD-MS) to provide information on the size of amyloid protein oligomers and 

information on the location of the aggregation interface along the sequence of the protein. We find that 

nMS analysis of amyloid-β oligomers reveals charge states while nMS of tau and α-synuclein oligomers 

only reveals oligomeric populations. In addition, we find that amyloid-β oligomers release monomers 

products under collision-based fragmentation while tau and α-synuclein oligomers release covalent 

fragments that reveal the location of the aggregation interface along the sequence of the protein. These 

techniques provide a promising way to characterize oligomers of amyloid proteins and may provide 

information on how these oligomers become toxic in neurodegenerative diseases. 

 

INTRODUCTION 

 Neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease are characterized by 

aggregated protein in the brain. In Alzheimer’s disease, tau aggregates into neurofibrillary tangles,1 in 

Parkinson’s disease α-synuclein aggregates into Lewy bodies,2 and in Machado Joseph’s disease ataxin 

aggregates into nuclear inclusions.3 Although these diseases are characterized by large aggregates of protein 

in the brain, smaller oligomers species of these proteins have also been reported to exist in the brains of 

neurodegenerative disease patients and have been hypothesized to be the toxic species of these diseases.4 

These aggregates are thought to disrupt cellular processes in the brain by inserting themselves into cell and 

organelle membranes causing destabilization of cellular processes.5 Due to the contribution of these 
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oligomers to the progression of neurodegenerative diseases, it is important to characterize these oligomers 

and to understand how they form.  

 Amyloid protein aggregation is not fully understood, however there are factors which seem to affect 

the aggregation rate. It has been reported that post-translational modifications such as phosphorylation of 

tau6 and α-synuclein7 modulate the rate of aggregation and some sites have been found to be triggers for 

the aggregation process. Metal ion binding has also been linked to increased amyloid protein aggregation. 

For example, aluminum seems to increase aggregation of tau8 and copper seem to increase the aggregation 

rate of α-synuclein.9 Small molecules have been found to inhibit the progression of amyloid protein 

aggregation. For example, it has been reported that EGCG inhibits the formation of amyloid-β aggregates10 

and CLR01 inhibits α-synuclein aggregation.11 Although aggregation has been studied extensively, little is 

known about amyloid proteins oligomers. Questions as fundamental as the size of the oligomers and the 

structure of the oligomer interface remain a mystery.  

 It has been hypothesized that oligomers are the toxic species in these neurodegenerative diseases. 

This hypothesis is based off the now controversial study reporting that oligomers of amyloid beta are toxic 

in mice.4 This result is backed by other labs including the Mike Bower’s lab where he reported the existence 

of dodecamer oligomers of amyloid-β.12 A couple other studies have reported the location of amyloid 

protein aggregation interfaces13 and the type of structure binding amyloid protein oligomers.14 However, 

because of the transient nature of oligomers, it has been difficult to study them with conventional 

techniques. Mass spectrometry is uniquely qualified to study the size of these oligomers and the interface 

of these oligomers. In fact, there have been a few studies using native mass spectrometry,13, 15 ion mobility 

mass spectrometry,12, 15-17 and top-down mass spectrometry to obtain information on these oligomers.13 In 

this study, we reveal how native mass spectrometry and top-down mass spectrometry can be utilized to 

return much needed information on amyloid protein oligomers formed in vitro.  
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MATERIALS AND METHODS 

Oligomer solutions were created and buffer exchanged into 20mM ammonium acetate with 10k 

amicon filters from Sigma Aldrich. The solutions were directly sprayed on a Thermo UHMR (Thermo 

Fisher Scientific, San Jose, CA) with a voltage of 1.5-2.0kV. Amyloid-β oligomers were deconvoluted by 

simulating gaussian distributions from MATLAB and calculating the molecular weight from those values. 

The oligomers were activated with either 100V of in-source collisionally activated dissociation (CAD) or 

200-300V of high-energy C-trap dissociation (HCD). The fragments were deconvoluted with Biopharma 

3.2 and b- and y- fragments were searched with ClipsMS. Sodium ions were added as unlocalized 

modifications. 

 

RESULTS 

 To obtain information on the size of amyloid protein oligomers, MS1 analysis was performed on 

incubated solutions of amyloid proteins. MS1 of amyloid-β oligomers reveals broad unresolved peaks that 

correspond to charge states. (Fig. 1A) The charge states range from 3+ to 9+ with the most abundant charge 

state being 6+. The average molecular weight of the oligomers is revealed to be about 55kDa which 

corresponds to oligomers comprised of 12 amyloid-β monomers. The unresolved nature of the charge states 

indicates there are multiple oligomer states. The distribution seems to indicate that oligomer states range 

from 11 monomers to 13 monomers. This analysis reinforces previous studies suggesting that amyloid-β 

oligomers aggregate into dodecamers.4, 12 It is possible that this oligomer species is a toxic species and seeds 

larger aggregates of amyloid-β such as fibrils and plaques in the brain.  

 Other amyloid protein oligomers were analyzed to obtain size information. Tau K18+ oligomers 

revealed multiple peaks in the spectrum. These peaks did not correspond to charge states; however, they 

could correspond to oligomeric states. (Fig. 1B) This spectrum indicates that there are multiple populations 

of oligomers in the spectrum rather than one gaussian peak of oligomer states. More information is needed 

to determine the exact molecular weights of these oligomers or if certain sizes are more toxic than other 

oligomers; however, it is possible that these oligomers could be toxic and lead to the formation of larger 
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aggregates. α-Synuclein oligomers on the other hand did not reveal any size information. The peak detected 

revealed itself as one broad unresolved peak. (Fig. 1C) Presumably multiple oligomeric states, charge states, 

and other proteoforms are present within this one broad peak. Better desolvation and higher resolution are 

needed to determine the precise size information for these oligomers.  

 Top-down mass spectrometry has been performed on protein complexes including amyloid protein 

oligomers. TD-MS can provide the identity of the monomers in the complex and even provide information 

on structure characteristics.13 HCD of amyloid-β oligomers revealed peaks corresponding to amyloid-β 

monomers as well as various fragments. (Fig. 2A) The presence of intense monomer peaks reveals that the 

strength of the oligomers is not as strong as other protein complexes such as ADH or aldolase. Analysis of 

the fragments present in the spectrum reveal fragments that contain the N-terminus and the C-terminus. The 

fragments reveal the binding of sodium ions which may contribute to the heterogeneity of the oligomers. 

HCD fragmentation of amyloid-β oligomers confirms the identity of the oligomers and reveals that different 

sodium bound proteoforms exist within the oligomers. 

K18+ tau oligomers were also fragmented with high energy C-trap dissociation (HCD). 

Fragmentation of the oligomer peak did not reveal monomer peaks; however, it did reveal covalent 

fragments. (Fig. 2B) The fact there are no monomers in the spectrum revealed that the interaction between 

these monomers is stronger than the amyloid-β oligomers and could reveal structure information. It was 

found that the fragments that were present in the spectrum corresponded to C-terminal y-fragments. This 

indicates that the oligomer interface is on the N-terminus of the protein. This region contains the VQIVYK 

peptide which is a section of the tau sequence that is known to aggregate.18 HCD fragmentation of tau 

oligomers reveals that the fragments contain structure information and suggests that the oligomer interface 

is on the N-terminus of the protein. 

α-Synuclein oligomers were fragmented with in-source CAD to obtain modification and structure 

information on the oligomers. The fragmentation spectrum of α-synuclein oligomers did not reveal 

monomer peaks, although, the spectrum did reveal multiple covalent fragments that could be mapped to the 

protein sequence. (Fig. 2C) The spectrum revealed that exclusively y-fragments are released from the 
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oligomers and multiple sodium ions bind these oligomers. These sodium ions could contribute to the 

heterogeneity of the heterogeneity of the MS1 spectrum. Since no monomers are present in the spectrum, 

the interaction between these monomers is stronger than the amyloid-β oligomers, and the fragments could 

reveal structure information. The fragments in the spectrum only contain the C-terminus which indicates 

the aggregation interface is closer to the N-terminus. This lines up nicely with a previous fibril structure 

known as the rod polymorph,19 so it is possible that the site of aggregation for these oligomers is close to 

the rod polymorph aggregation site. 

 

CONCLUSION 

Development of mass spectrometry techniques and instrumentation has provided the ability to 

analyze amyloid protein oligomers. We have found that oligomeric populations and in some cases charge 

states are able to be resolved when analyzing with MS. In addition, TD-MS with collision-based 

fragmentation techniques can reveal the identity of monomers present in the oligomers and in some cases 

information on the oligomer interface. In the future it may be possible to perform charge detection mass 

spectrometry (CD-MS) for direct mass analysis of the oligomers. This technique which measures the m/z 

and charge of an ion simultaneously can provide the mass of amyloid protein oligomers and the distribution 

of oligomeric units. In addition, ECD of amyloid protein oligomers could provide fragments that return 

more precise information on the location of the aggregation interface. These techniques should give us more 

information on amyloid protein oligomers and may explain how they form and become toxic species in 

neurodegenerative diseases. 

 

  



 
 

180 
 

FIGURES 

 

Figure 1: Spectra of A.) amyloid-β, B.) tau, and C.) α-synuclein oligomers. The amyloid-β spectrum reveals 

peaks corresponding to charge states, the tau spectrum reveals peaks corresponding to oligomeric states, 

and the α-synuclein spectrum does not reveal any size information. 
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Figure 2: TD-MS spectra of A.) amyloid-β, B.) tau, and C.) α-synuclein oligomers with the corresponding 

fragment location maps. The amyloid-β spectrum reveals monomer peaks in addition to fragment peaks. 

The tau and α-synuclein spectra only reveal peaks corresponding to y-fragments which indicates that the 

aggregation interface is on the N-terminus of those oligomers. 
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CONCLUSION 

 

This work reveals that mass spectrometry techniques can readily return relevant information on 

proteins and protein complexes. The development of algorithms to assign internal as well as terminal 

fragments generated by top-down mass spectrometry provides the ability to extract more information out 

of a mass spectrum than assignment of terminal fragments alone. Because internal fragments make up a 

significant number of observed fragments and those fragments cover the center of the protein sequence, 

they promise an increase in efficiency of characterizing protein sequences, localizing modifications, and 

revealing structure information. However, internal fragment duplicate assignments provide a significant 

hurdle to overcome. Fragments with the same chemical composition or fragments that are not 

distinguishable within the allotted mass error make assignment of some internal fragments difficult. Further 

evaluation of these fragments with more accurate mass analyzers, ion-mobility analysis, and MS3 

fragmentation of selected fragments may provide a greater understanding of internal fragment generation. 

Nevertheless, the assignment of internal fragments in a top-down mass spectrum shows promise of 

increased information gleaned from this data for the analysis of large proteins and protein complexes. 

Recent developments in top-down mass spectrometry instrumentation have provided the ability to 

obtain relevant information on intact proteins and protein complexes. In this work it is described how in 

some circumstances the collisionally activated technique high energy C-trap dissociation (HCD) can reveal 

quaternary structure information on protein complexes. HCD is available on many Thermo instruments and 

is easy to implement in experimental workflows which should provide the ability for other labs to obtain 

structure information on their protein complexes relatively quickly and efficiently. It is possible that future 

research will provide insight into which proteins release covalent fragments that are sensitive to structural 

characteristics and why this phenomenon occurs. Moreover, we find that electron-based techniques (ExD) 

have their own advantages for fragmenting proteins. Electron-capture dissociation (ECD) of proteins with 

weakly bound PTMs such as phosphorylation can provide information on locations of those sites without 

disturbing the phosphate on the protein. Both ECD and electron ionization dissociation (EID) of protein 

complexes provide accurate structure information on solvent exposed regions of protein complexes. These 
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capabilities provide great promise for the study of these proteins; however, ECD tuning can be difficult and 

time consuming making it harder to implement in experimental workflows than collisionally activated 

techniques such as HCD. We hope with further development of ExD techniques and more widespread 

installation of these devices that electron-based fragmentation can become a routine fragmentation 

technique for the study of proteins. 

Amyloid protein aggregation has been correlated to the death of neurons and the onset of 

neurodegenerative diseases. Characterization of amyloid protein monomers is important to determine the 

reason these proteins aggregate and for the discovery of potential therapies and cures. This work reveals 

that some sites of phosphorylation compact amyloid protein structure. This shift in protein dynamics could 

expose the aggregation region and allow monomers of amyloid proteins to interact and form oligomers and 

fibrils. However, this explanation is still speculative at this point. More research is needed to determine if 

the structural shift observed in the gas-phase is also present in solution or if another mechanism can explain 

the increase in aggregation potential of amyloid proteins. Furthermore, small molecule binding to amyloid 

proteins has been shown to decrease the aggregation rate. This work indicates that CLR01 binds the N-

terminus of multiple proteoforms of α-synuclein with a Kd in the low micromolar range and that the 

molecule compacts the structure of the protein. The compaction of amyloid protein structure from small 

molecules could shield the aggregation region of amyloid proteins and prevent the protein from forming 

oligomers, fibrils, and larger aggregates. Small molecule inhibitors like CLR01 provide a promising way 

to inhibit aggregation, but challenges such as transporting them to brain neurons and indiscriminate binding 

to other proteins pose a problem. It is possible that modifying these compounds so they pass through to the 

brain and performing in vivo experiments to make sure these compounds do not significantly affect other 

cellular processes will yield a compound with the ability to inhibit fibril formation and to disrupt already 

existing aggregates in the brain. 

Oligomers of amyloid proteins are thought to be the toxic species in neurodegenerative diseases. 

These small aggregates are thought to disrupt cellular processes which can cause havoc in brain neurons. 

Characterization of these oligomers is important, but their transient nature and small size make them 
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difficult to analyze. This work shows that mass spectrometry can provide relevant information on amyloid 

protein oligomers including their size and their aggregation interface. This data can be used to provide 

information about the formation and the toxicity of these oligomers. Although the mass spectrometry 

techniques utilized to obtain this information show promise for characterizing oligomers, the heterogeneous 

nature of the oligomers still pose a significant problem. Native mass spectrometry reveals that some 

oligomer solutions are too heterogeneous to obtain molecular weight information. Other recently developed 

techniques such as charge detection mass spectrometry (CD-MS) show promise for determining the exact 

molecular weights of these species. Future directions also include utilizing electron-based fragmentation 

techniques on an orbitrap-based instrument to reveal the location of the oligomer interface. It is possible 

that in time these mass spectrometry techniques will be used to quickly and efficiently characterize these 

small aggregates which could provide information on the toxicity of these species. 

 

 

 




