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Part 1. Protein Structure – The Proteoform  

 
Proteins are critical components of the cellular machinery; acting as molecular machines that 

perform vital functions necessary to sustain life e.g. cell maintenance, replication, destruction, 

etc. Protein structure in structural biology can be divided into four levels of increasing 

complexity: primary, secondary, tertiary, and quaternary structures (Figure 1).18 Primary 

structure is the sequence of amino acids that make up its polypeptide chain. Secondary protein 

structure are local folds of amino acids 

e.g. alpha helices, beta sheets, beta 

barrels, etc. Tertiary structure refers to 

how the protein folds and organizes in 

three dimensional space. The highest 

degree of protein structure, quaternary 

structure, references the number 

and arrangement of multiple folded 

proteins that make up a multi-protein complex.1  

 

To further increase the complexity, proteins can undergo post-translational modification (PTM), 

chemical changes that occur on individual amino acids after the sequence has been translated 

from its genetic instructions. PTMs range from the cleavage of peptide bonds to the covalent 

attachment of entirely new chemical moieties e.g. phosphorylations and glycosylations.2 The 

term “proteoform” refers to all possible forms in which the protein product of a single gene can 

be found (Figure 2).3 This includes all forms of genetic variation and all possible post-

translational modifications. The complexity of protein structure and the vast number of possible 

Figure 1. The four degrees of protein structure: 

primary, secondary, tertiary, and quaternary.18 
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proteoforms highlight the need for analytical tools that can provide insight into all four degrees 

of protein structure.  

 

Some currently available and emerging techniques used in protein analysis are X-ray 

crystallography, Nuclear magnetic resonance (NMR) spectroscopy, and mass spectrometry (MS). 

X-ray crystallography and NMR spectroscopy can provide high resolution structural data on  

 

 

 

 

 

 

proteins and protein complexes, but it is highly challenging to employ these technologies in the 

study of large heterogeneous protein complexes. Mass spectrometry based instrumentation is not 

restricted by complex size and has been used to study protein complexes of up to several 

megadaltons.9,20 The use of X-ray crystallography is also entirely dependent on the ability to 

crystallize the protein/protein complex of interest. NMR spectroscopy requires pretreating the 

sample with expensive isotopic labels. Mass spectrometry does not share these limitations.16 

Mass spectrometry of intact proteins and protein complexes has the potential to provide 

information about every level of protein structure ranging from sequences and post-translational 

modifications to the structure of whole protein assemblies.6 This, coupled with a reduced sample 

Figure 2. Post-translational modifications and other site-specific features contribute to individual proteoforms.3  
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requirement compared to both XRD and NMR (picomoles versus millimoles), make the 

optimization of mass spectrometry based technologies for protein analysis highly desirable.  

 

Part 2. Mass Spectrometry Based Top-Down and Bottom-Up Proteomics 

Proteomics is defined as the comprehensive analysis of cellular proteins. There are two general 

approaches used in proteomics: top-down and bottom-up.4 Bottom-up proteomics employs an 

enzyme, typically trypsin, to digest proteins into peptides prior to analysis. Top-down proteomics 

analyzes intact proteins without first using an enzyme to digest the cellular proteoforms into 

peptides.8 While the peptides generated in bottom-up approaches are easily solubilized and 

chromatographically separated before MS analysis, a large degree of information is forfeited 

upon enzymatic digestion of the proteoforms present.5 More specifically, digestion eliminates 

connectivity between any PTMs identified and their incorporation into specific proteoforms. The 

digestion process can also obfuscate the location and identity of post-translational modifications, 

in that all of the sequence is not always recovered during the analysis. The top-down approach 

conserves the connectivity between PTMs and proteoforms, as well as often providing improved 

information on the identify and location of PTMs.6,7  

 

Part 3. Top-Down Proteomics using Native Mass Spectrometry 

Most proteins form non-covalent multiprotein assemblies to carry out their biological function.16 

As a result, complete characterization of these complexes requires maintaining non-covalent 

interactions that influence higher degrees of protein structure. Preserving the native state is 

possible by keeping the protein in aqueous solution and manipulating ionic strength and pH to 

mimic physiological conditions.10 Recently, a number of research groups have attempted 
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merging top-down sequencing efforts with native MS. As above, such an experiment has the key 

advantage of connecting protein complex proteoforms with the identification of individual 

PTMs. A typical top-down proteomics experiment coupled with native mass spectrometry can be 

effectively described in three key steps: ion generation, ion activation/fragmentation, and mass 

analysis.  

Part 4. A Typical Native Mass Spectrometry Experiment 

For simplicity, a typical experiment will be described in the specific context of the mass 

spectrometry instrumentation used to collect all data described in Chapter 3 of this dissertation. 

All data were collected on a quadrupole ion mobility time-of-flight mass spectrometer (Synapt 

G2 HDMS, Waters, Milford, Ma). The instrument is equipped with a nano-electrospray 

ionization (nESI) source, a quadrupole mass analyzer, a T-wave ion mobility separator (IM), and 

a time-of-flight (ToF) mass analyzer arranged in tandem (Figure 3). The first step in the 

experiment is to generate ions from a sample of interest. nESI is well suited for native mass  

 

 

 

 

 

 

 

 

Figure 3. A Schematic diagram of the Synapt G2, quadrupole-ion mobility-time-of-flight mass spectrometry 

instrument used in this work.  
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spectrometry because it is a soft ionization technique capable of preserving non-covalent 

interactions in protein assemblies. 

 

Gas-phase protein ions are generated in the nESI source region by applying high electrostatic 

voltage to the tip of a capillary charged with a protein containing solution. The high electric field 

causes exposed liquid at the tip of the capillary to form a Taylor cone, which emits droplets 

containing charged biomolecular species. Emitted droplets encounter neutral gas molecules as 

they enter the instrument which removes excess solvent. As solvent is removed the charges in 

each droplet experience increasing Coulombic repulsion. When the Coulombic repulsion 

overcomes the surface tension holding the droplet together, droplet fission occurs. This process 

repeats itself until virtually all solvent has been removed, leaving behind multiply charged 

protein ions.21 

 

Multiply charged protein ions are then transmitted through the “T-Wave Ion Guide” and into the 

“High m/z quadrupole”. The quadrupole can be operated as an additional ion guide, or be used to 

isolate a particular m/z ion packet for subsequent mass analysis. In top-down proteomics 

analysis, the quadrupole is operated so that only a single charge state will be transmitted further 

into the instrument.5 Ions permitted to travel through the quadrupole enter the “Tri-wave region.” 

This region is where two key processes take place: collision induced dissociation (CID) and ion 

mobility (IM) separation. In CID, ions that have been selected in the quadrupole mass analyzer 

are accelerated into a population of neutral gas molecules. Collisions with neutral gases convert 

the ion’s kinetic energy into internal energy until the ion undergoes fragmentation.22 CID is 

discussed in greater detail in Chapter 2. Regardless of whether CID was employed to induce 
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fragmentation, quadrupole selected ions enter the mobility cell of the “Tri-wave region” where 

they are IM separated based on their ability to travel through a chamber filled with a population 

of neutral gas molecules. Larger proteins experience more collisions with the neutral gas 

molecules, taking longer to traverse the mobility cell.20 Ions that have been separated in the 

mobility cell are transferred to the pusher. The pusher pulses periodically to inject a portion of 

the ion beam into the flight tube of the time-of-flight (ToF) mass analyzer. The flight tube is a 

field-free drift tube operated under vacuum. Ions are separated in the flight tube based on their 

m/z-dependent flight times to the detector.36 

 

Part 5. Challenges in Top-Down Proteomics using Native Mass Spectrometry 

Mass spectrometry of intact proteins and protein complexes has the potential to provide a 

transformative level of information on biological systems, ranging from sequence and post-

translational modification analysis to the structures of whole protein assemblies.12-20 This 

ambitious goal requires the efficient fragmentation of both intact proteins and the 

macromolecular, multicomponent machines they collaborate to create through non-covalent 

interactions. Current activation technologies struggle to provide sufficient activation to 

efficiently fragment these assemblies. This lack of fragmentation limits the amount of the protein 

sequence that can be identified. State of the art mass spectrometry compatible activation 

technologies have only reported meager sequence coverage of large protein assemblies. In this 

thesis, we aim to improve the sequence coverage of intact protein complexes by using chemical 

derivatization technology coupled with CID to enhance top-down fragmentation. Improving 

technologies to achieve the fragmentation required to comprehensively analyze cellular protein 

composition remains perhaps the greatest challenge facing current efforts in top-down type 
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analyses and is essential to realize the full potential of proteomics.9-11 Currently available 

activation technologies are discussed in Chapter 2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 14 

 

 

 

 

 

Chapter 2 

Ion Activation and Fragmentation Technologies 

Compatible with Native Mass Spectrometry  
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Part 1.  Post-Ionization Activation Technologies 

 
The most common method of ion activation for use with MS is collision induced dissociation 

(introduced in Chapter 1). Like the 

name suggests, CID induces 

fragmentation of charged species by 

accelerating them into a population of 

neutral gas molecules. Each collision 

converts some portion of the ion’s 

kinetic energy into internal energy. 

This rise in internal energy results in 

ion fragmentation. Applying CID in 

native MS to activate intact proteins 

and protein complexes is challenging 

because it struggles to generate enough fragmentation to characterize them effectively.22 The 

lack of CID mediated fragmentation in protein complexes can be attributed to their ability to 

participate in multiple dissociation pathways (Figure 4).38 Possible dissociation pathways of 

macromolecular assemblies include unfolding followed by dissociation, dissociation without 

unfolding, or peptide fragment loss without dissociation. Protein assemblies that participate in 

the first two pathways are especially difficult to sequence because they utilize the energy gained 

in the CID process to unfold/dissociate a protein from the complex before fragmenting into 

peptides that can be used for sequence analysis.  

 

Figure 4. Dissociation pathways available to CID activated 

protein assemblies.38 
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This drawback has led to the development of other post-ionization activation technologies 

including ultraviolet photodissociation (UVPD)23-25, electron transfer and capture dissociation 

(ETD26,27 and ECD28-30), and infrared multiphoton dissociation (IRMPD).31  

 

UVPD operates by irradiating trapped protein ions with energetic photons, typically 193 nm. 

These high energy photons are absorbed by the amide backbone which results in dissociation. 

UVPD has demonstrated conservation of labile PTMs and the ability to localize them in the 

proteoform. This method of activation has produced net sequence coverages of approximately 

50% in ~20 kDa proteins and reduced net sequence coverages in larger proteins.23-25, 39  

 

ECD induces fragmentation by introducing low energy electrons to trapped gas-phase protein 

ions. ECD has demonstrated the ability to conserve labile PTMs. This activation technique was 

originally developed exclusively for use with Fourier-Transform Ion Cyclotron Resonance (FT-

ICR) instrumentation. The restriction of this activation technique to expensive FT-ICR mass 

spectrometers catalyzed the development of ETD. ETD induces fragmentation by using charged 

electron donating reagents to energize ions in an exothermic electron attachment process. Unlike 

ECD, ETD is not limited to a specific subset of mass spectrometry instrumentation. Like ECD, 

this technology has demonstrated the ability to conserve labile PTMs. These methods have only 

demonstrated modest sequence coverage for large proteins and protein complexes. 

 

IRMPD induces fragmentation in a similar manner to UVPD. Trapped protein ions are irradiated 

with low energy photons, typically 10.6 um, which corresponds to ~ 0.1 eV of energy per 



 17 

photon. A large number of these low energy photons must be absorbed to gain sufficient energy 

to dissociate an intact protein.  

 

Employing UVPD or IRMPD requires implementing expensive laser modules to generate the 

energetic photons responsible for fragmentation. ETD requires using radical anion reagents to 

transfer electrons to biomolecules.  While these methods of activation have demonstrated an 

improved ability to fragment proteins and proteins complexes relative to traditional CID, they are 

far less available and limited to a small subset of MS instrumentation. More importantly, these 

activation technologies still lack the ability to generate the sequence coverage required to 

actualize the analysis of protein complex proteoforms.33  

 

 

Part 2. Chemical Modifications for Improvement and Study of Ion Activation 

 
Applying chemical derivatization technologies to covalently tether charge bearing functional 

groups to a substrate and influence the way that it fragments when energized is an attractive 

technique to apply to top-down protein sequencing. The ability to covalently tether fixed positive 

charges to peptides prior to MS analysis and CID activation has been demonstrated in the form 

of sulfonium based reagents but adapting this technology to native mass spectrometry is 

challenging.32 

 

Adapting any form of covalent modification to top-down proteomics requires a high labeling 

specificity. Ideally, modifications can be localized to one or two amino acid residues. Multiple 

potential sites of modification can result in complex isobaric mixtures of modified species. This 
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complex mixture of species can dissociate into even more complicated peptide ions and impede 

sequencing attempts.35 

 

Fixed charges that have been tethered to intact proteins and protein complexes dissociate at 

lower activation energies than is required to induce fragmentation of the biomolecule itself. The 

loss of the charged tags during activation does not improve fragmentation of intact proteins. In 

fact, it only serves to complicate the data analysis process. Fixed charges that remain tethered 

through the CID process can alter the dissociation pathways of protein assemblies and have the 

potential to improve fragmentation efficiency in native mass spectrometry experiments.33 
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Chapter 3 

Trimethyl Pyrilium Modification for Enhanced Top-

Down Analysis  

 

 

 

 

 

 

 



 20 

Part 1. Precedence  

Polasky et. al. recently reported the use of an inexpensive pyrilium reagent, trimethyl pyrilium 

(TMP), to tether fixed positive charges to lysine residues of intact protein complexes (Figure 5). 

Notably, the pyrilium reagent does not dissociate during the CID activation process and provides  

 

 

 

 

 

 

Figure 5. Reaction of the pyrilium with a primary amine results in a pyridinium derivative with a fixed positive 

charge on the nitrogen atom of the former amine. Plus signs indicate positive charges localized to lysine residues or 

N-termini throughout the protein complex.33 

 

increased fragmentation of the native protein assembly.33 The ability to manipulate the charged 

environment of the substrate using CID stable fixed charges while preserving the non-covalent 

interactions characteristic of native protein complexes was explored in Avidin, alcohol 

dehydrogenase, and ovalbumin systems. Avidin, alcohol dehydrogenase, and ovalbumin are 

tetramers with masses of 64, 148, and 170 kDa respectively. The generation of TMP fragments 

from these native assemblies enabled sequencing of previously inaccessible regions of the 

complexes. In the case of ADH, employing TMP modification resulted in the identification of 57 

additional residues not accessible when using ECD or ETD methods of activation. This 

translated to a total top-down sequence coverage of ~50%. This level of coverage is 

unprecedented for assemblies of this size and a dramatic improvement when compared to 

sequence information available by using UVPD, ECD, or ETD activation technologies. 
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In this thesis, we explore the details surrounding this cheap chemical derivatization reagent 

(TMP) coupled with the most widely available fragmentation technique (CID) by targeting 

smaller protein systems to ascertain how individual TMP modification states influence overall 

protein sequence coverage. Such information can then be fed back into our ongoing efforts to 

optimize the TMP modification for top-down proteomics applications more generally. 

Part 2. Applying Trimethyl Pyrilium Modification to a New Protein 

Current instrumentation lacks the mass resolving power to discern between TMP and modified 

states for large protein complexes. As such, in order to assess the impact of individual TMP 

modifications on the CID fragmentation chemistry of a protein, we have chosen to study the 

Small EDRK rich factor (SERF) protein. SERF has recently been identified as a positive 

regulator of protein aggregation, aiding in the construction of amyloid fibrils that are 

characteristic of many human neurodegenerative disorders e.g. Parkinon’s Disease and 

Alzheimer’s Disease.37 A monomeric protein containing a large number of lysine residues 

relative to all other amino acids making up its sequence (14 lysines/68 total residues) and 

weighing 8 kDa, SERF has been identified as a good candidate for exploring trimethyl pyrilium 

modification technology.37 

 

Part 3. TMP Modification Efficiency 

Applying TMP labeling to a new system requires first validating the ability to modify the lysine 

residues in that system. While SERF possesses 14 lysine residues that have the potential to be 

modified by TMP, factors such as solubility of the protein in the reaction buffer and the degree to 

which each lysine residue is exposed to the solvent can influence reactivity. In applying this 
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chemical derivatization technology to SERF, we have observed that the number of TMP 

modifications covalently tethered has a significant dependence on the reaction stoichiometry of 

the labeling reagent relative to the amount of protein in solution. A general reaction scheme was 

followed while varying the equivalents of the trimethyl pyrilium labeling reagent (Figure 6).  

 

 

 

 

 
Figure 6. Generalized scheme of trimethyl pyrilium reacting with protein (SERF). Except for equivalents of TMP, 

all conditions described were kept constant for all modification reactions. 

 

Applying the same set of reaction conditions, save for the equivalents of trimethyl pyrilium 

relative to protein in solution, we can manipulate the number of modifications applied to the 

system. The reaction was performed using 25, 100, 250, and 1000 equivalents of TMP with 

respect to protein. This set of four reaction conditions has allowed us to successfully resolve each 

individual modification state of SERF; ranging from zero to fourteen lysines modified (no 

modification versus complete modification). The entire range of TMP tagging is most easily 

observed in the +7 charge state. Each TMP added increases mass by 104.06 Daltons. In the 7+ 

charge state, m/z shifts of 14.9 are indicative of the modification series (Figure 7). The number 

of modifications increases as the number of equivalents of TMP in solution increases. 
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Figure 7. Stacked mass spectra highlighting the full range of TMP modification states achievable in SERF system. 

Increasing equivalents of TMP give rise to an increased number of modifications. 

 

Part 4. Effect of TMP Modifications on Required Fragmentation Energy 

After successfully producing the full range of modification states in SERF, we investigated the 

effect that the number of TMP modifications had on the conditions necessary to induce 

fragmentation of the intact protein using CID. The degree of fragmentation depends on the 

amount of kinetic energy the ion possesses when it enters the “Tri-wave region.” The kinetic 

energy of ions entering this region can be manipulated by raising/lowering the trap collision 

voltage (Trap CE). Trap CE acts as a potential difference between the “High m/z quadrupole” 

and the “Tri-wave region” and is used to accelerate/decelerate ions for CID experiments.20 The 

minimum Trap CE required to fragment a quadrupole selected ion until its intensity decreased by 
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50% was evaluated for TMP modification states of sufficient intensity (0-10 modifications) 

(Figure 8). 

 

Figure 8. Minimum Trap CE required to reduce the intensity of quadrupole selected parent ion by 50% as a function 

of number of TMP modifications. 

 

The increase in Trap CE required to fragment increasingly modified SERF could be explained by 

the increase in total mass of the ion. Each trimethyl pyrilium tag adds 104.06 Daltons, which is 

1.3% of the mass of the entire protein. SERF that has been completely modified has a mass 

~20% larger relative to the unmodified species. This is not unprecedented, higher energies are 

often required to activate and dissociate larger protein complexes. The small increase in energy 

required to induce fragmentation of the modified species is outweighed by the generation of 

informative new peptide fragments. 

 

Part 5. Effect of TMP Modifications on Fragments Generated 

The effect of TMP modifications on peptide fragments generated is easily visualized by 

comparing sequence coverage maps. Sequence coverage maps quickly display whether or not 
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any peptides that were generated in the CID process can be used to identify residues present in 

the protein system. These maps also distinguish whether or not detected peptide fragments 

include the N- or C- terminus. Sequence coverage maps comparing unmodified SERF and singly 

modified SERF are shown (Figure 9). Details regarding data analysis and generation of sequence 

coverage maps is discussed in the Experimental section. 

 

Figure 9. Sequence coverage maps highlighting differences observed between control (unmodified) and singly 

modified SERF. 

 

The addition of a single fixed charge dramatically improved the ability to generate CID induced 

peptide fragments that can be used to identify residues 30-40 in the protein sequence. Not only 

did the covalent tethering of one TMP modification to SERF improve coverage of residues 30-

40, but there was no loss of information relative to the unmodified species. This improvement 

was quantified by comparing the difference in total normalized intensity for ions corresponding 

to residues 30-40 (Figure 10). 

Unmodified 
Singly Modified 
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Figure 10. Total normalized signal intensity for ions corresponding to residues 30-40 in unmodified and singly 

modified SERF. 
 

The addition of one TMP modification produced a 54% increase in total normalized intensity 

corresponding to amino acid residues 30-40 relative to the unmodified variant. 

 

CID induced fragmentation of unmodified SERF struggled to provide sequence information 

relevant to positions 30-69. An increased number of modifications, 10 TMPs, provided an even 

more dramatic improvement in overall sequence information from fragmentation of the modified 

protein (Figure 11). 

0

0.5

1

1.5

2

2.5

3

Unmodified Singly Modified

To
ta

l N
o

rm
al

iz
ed

 S
ig

n
al

 In
te

n
si

ty
 

(R
es

id
u

es
 3

0
-4

0
)



 27 

Figure 11. Sequence coverage maps highlighting differences observed between control (unmodified) and SERF with 

10 TMP modifications.  
 

Fixing 10 CID stable positive charges to lysine residues in SERF in the form of trimethyl 

pyrilium has facilitated enhanced fragmentation of the intact protein. This enhanced 

fragmentation has resulted in an increase in sequence coverage relative to the unmodified 

protein. The improvement in sequence coverage was quantified by comparing the total number 

of amino acid residues covered between unmodified and highly modified (10 TMPs) protein 

variants (Figure 12). An amino acid residue was considered “covered” if the intensity of an ion 

corresponding to that residue exceeded 1% of the total normalized intensity. Fragmentation of 

the highly modified species provided 30% more sequence coverage compared to the unmodified 

protein. 

 

 

 

 

 

Unmodified 10 TMP mods 
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Figure 12. Number of amino acid residues covered in unmodified and highly modified (10 TMPs) SERF.  
 

The coupling of cheap chemical derivatization technology in the form of TMP modification with 

the most widely available fragmentation technique (CID) has proved highly beneficial; 

especially in the context of protein sequence coverage. 

 

Part 6. Future Directions 

We have observed discrepancies between the numbers of fixed charges added in the form of 

TMP modifications and the charge state of the protein ion e.g. fourteen fixed charges 

corresponding to an ion in the +7 charge state. This is evidence that has led us to believe the 

addition of fixed charges to the protein system is promoting zwitterion formation through charge 

pairing, presumably with some acidic residues in the protein. While the addition of CID-stable 

fixed charges changes the energy landscape to produce new peptide fragments, zwitterion 

formation provides a stabilizing effect, partially mitigating these benefits. Acidic residues can be 

protected to eliminate their ability to pair with nearby positive charges.35 By capping the acidic 

residues before tethering fixed positive charges, we will investigate the role of zwitterions in 
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charge dependent fragmentation pathways to inform future improvements in dissociation of 

intact proteins. 

 

Part 7. Experimental Methods 

Chemical modification. 

SERF from Saccharomyces cerevsiae was overexpressed in E. Coli and purified by ion exchange 

chromatography and size exclusion chromatography. SERF was dissolved in 100 mM 

triethylammonium bicarbonate (TEAB), pH 9, to make solutions containing 100 uM protein for 

chemical modification. 2,4,6-Trimethyl pyrylium (TMP) tetrafluoroborate (Alfa Aesar, 

Haverhill, MA) was dissolved in 100 mM TEAB, pH 9, vortexed for ten seconds to dissolve, and 

quickly added to protein solutions at varying molar excess relative to the protein complex 

concentration. Reaction solutions were briefly vortexed and allowed to react for 24 hours at 

room temperature. Following modification, proteins were buffer exchanged into 100 mM 

ammonium acetate pH 7.4 (Sigma Aldrich) with P6 microspin columns (BioRad Laboratories, 

Hercules, CA) according to manufacturer instructions. Buffer exchanged samples were either 

analyzed immediately or flash frozen with liquid nitrogen and stored at -80 ◦C prior to analysis.  

 

Ion Mobility-Mass Spectrometry. 

A quadrupole ion mobility-time of flight mass spectrometer (Synapt G2 HDMS, Waters, 

Milford, MA) was used for all ion mobility experiments. 5 uL of buffer-exchanged protein 

solution (100 uM) was transferred to a gold-coated borosilicate capillary (0.78mm i.d., Harvard 

Apparatus, Holliston, MA) for direct infusion. Instrumental settings were optimized to preserve 

intact protein complexes prior to activation: capillary voltage 1.5 kV, sample cone 40 V, 
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extraction cone 0 V. Gas flows (mL/min): source: 30, trap: 2, helium cell: 200, IMS: 90. IMS 

Settings: wave velocity: 300 m/s, wave height: 5.4 V, bias: 10 V. Backing pressure was set to 2.6 

mbar. A single charge state of each protein complex was selected and collisionally activated in 

the trap cell (trap collision voltage: ranging from 50 V to 70 V) prior to ion mobility separation. 

Scans were combined for 10 minutes to obtain sufficient signal to noise ratios.  

 

Data Analysis 

Ion mobility mass spectrometry fragmentation data was analyzed using a recently developed 

software suite consisting of two programs: IMTBX (IM Toolbox) and Grppr (Grouper).34 This 

software was specifically designed to process data generated in complex top-down proteomics 

experiments and allowed for a highly automated workflow. The first step in the analysis 

workflow requires picking peaks out of raw data and is performed using IMTBX. The second 

step in the analysis workflow requires isotopic peak grouping and is performed by Grppr. 

IMTBX added together or averaged all ion mobility scans. It then applies a 2D Gaussian filter 

for smoothing. Local maxima in the averaged or summed scans are found and used to fit 2D 

Gaussians. Averaged data with a signal-to-noise ratio of less than 2 was filtered. Final peak lists 

generated by IMTBX were then imported into Grppr for isotopic grouping. Grppr has two 

available algorithms for isotopic cluster detection: “Convex” and “Averagine”. The Averagine 

algorithm was used in all data analysis. This algorithm calculates theoretical isotopic 

distributions for all peaks in the list created by IMTBX and compared to the data. Sequence 

coverage plots were generated using an additional in-house script written in Python 3.5. 

 

.  
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