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Mass spectrometry (MS) is essential for understanding the composition, structures, and 

interactions of proteins. There are various forms of MS that can be used to obtain valuable 

information about proteins and protein interactions. In native MS, intact protein ions are 

generated from a solution that maintains the non-covalent protein interactions into the gas-phase 

environment of a mass spectrometer. MS is frequently coupled liquid chromatography (LC), 

which is an analytical technique that is used to separate proteins or peptides before they enter the 

mass spectrometer. LC can improve the sensitivity of an MS analysis and increase the amount of 

information that can be obtained from a sample. Ion mobility (IM) is a gas-phase separation 

technique that occurs after a protein sample has been ionized. IM-MS measurements can provide 

simultaneous details about the mass and size of a protein ion, which is useful for structural 

biology applications. In the following chapters of this dissertation, various MS, LC, and IM 
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techniques were used to study protein composition, interactions, and structure. In Chapter 2, 

native anion exchange chromatography (AEX), which uses a low-pressure and bioinert workflow 

with ammonium acetate mobile phases, is used to enhance native MS by removing common 

contaminants that interfere with MS, separating protein variants based on their charge, and 

isolating proteins from complex mixtures. Those capabilities demonstrate that native AEX is a 

valuable tool for overcoming common challenges that are associated with native MS, and that 

native AEX has distinct advantages over other conventional sample preparation methods. In 

Chapter 3, an integrative MS strategy was developed to identify binding interactions that 

essential proteins called E3 ligases have in cells. Eukaryotic cells use hundreds of unique E3 

ligases to control cellular functions through protein degradation. E3 ligases selectively bind to 

protein substrates through recognition motifs known as degrons. The integrative MS strategy, 

which uses a combination of native MS, native top-down MS, MS of destabilized samples, and 

LC-MS, is called “degronomics” and will be useful for uncovering degron motifs that other E3s 

can recognize in cells. Results from that study demonstrate that an E3 ligase called KLHDC2 

binds to C-terminus diglycine degrons by uncovering KLHDC2-peptide binding interactions 

from cells. In Chapter 4, a combination of IM-MS experiments and computational tools was used 

to characterize the effects of charge state, charge distribution, and structure on the ion mobility 

of proteins in nitrogen gas. The results from Chapter 4 have implications for interpreting protein 

structures from IM-MS experiments and for comparing nitrogen gas-based measurements against 

measurements taken with helium gas.  
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Chapter 1. Introduction 

1.1. Overview 

 

 Proteins are essential molecules that enable the biological functions of all organisms. 

Proteins are comprised of amino acid chains that are defined by genes. The amino acid chain 

folds, giving each protein a unique overall structure that provides the basis for its function. The 

roles of many proteins also require interactions with other proteins or molecules and can require 

special chemical modifications called post-translational modifications (PTMs). Since the amino 

acid sequence of a protein can be predicted from the corresponding gene, and the masses of the 

amino acids are known, mass determination is one of the best tools for studying proteins, 

interactions that proteins have with other molecules, and chemical modifications to a protein. 

Masses are determined using mass spectrometry (MS), which can be used to study a single 

protein at a time or tens of thousands in a single experiment. Knowledge of a protein’s structure 

is critical for understanding the nature of its biological function, and many tools have been 

developed to determine protein structure, including X-ray crystallography, nuclear magnetic 

resonance (NMR), and cryo-electron microscopy (cryo-EM).1 MS has also become a valuable 

tool for studying structures of proteins when combined with orthogonal tools like ion mobility 

(IM).2 Thus, MS-based analysis of proteins has become crucial for understanding the 

composition of proteins and protein interactions, unraveling the complexity of protein systems, 

and for guiding and enhancing structural biology studies. The work in this dissertation utilizes 

various modes of mass spectrometry and complementary tools to investigate the composition and 

interactions of proteins.  



9 
 

1.2. Mass Spectrometry 

 

Mass spectrometry (MS) is an analytical tool that measures the mass-to-charge (m/z) ratio 

of a molecular ion in the gas-phase. Measurements of m/z can be used to determine the molecular 

weight, elemental composition, and chemical structure of a compound. A mass spectrometer 

consists of an ion source, an analyzer, and a detector.3 An ion source converts molecules into 

positively or negatively charged ions, which is necessary because ions are moved and stored by 

electrical fields within an MS instrument. Ions are separated by time or space their m/z ratios in 

the mass analyzer, which include time-of-flight, quadrupole, and ion traps.4 

1.3. Electrospray Ionization and nano Electrospray Ionization 

 

One of the most widely used ion sources for MS is electrospray ionization (ESI), which 

uses a high voltage to aerosolize a liquid sample that is contained in a capillary.5,6 The high 

electrical potential causes a Taylor cone to form at the tip of the capillary, which emits a plume 

of charged droplets that contain the analytes from the sample.7 Although the mechanisms behind 

ESI are not fully understood, there are several models that explain how different classes of 

analytes are ionized. Small molecules are thought to ionize through the ion evaporation model 

(IEM), which states that an ion will be emitted from a droplet when the field strength at the 

surface is sufficiently large to overcome solvation energy of the ion.8 Large molecules, such as 

proteins, are through to ionize through the charged-residue model (CRM), where neutral solvent 

molecules evaporate from the initial charged droplet until the repulsion between charges exceeds 

the surface tension of the droplet, at which point Coulomb fission occurs.9,10 This causes many 

smaller progeny droplets to form, and this process repeats until a single desolvated and charged 

gas-phase ion is left.  
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 There are some disadvantages to using ESI, which can lead to reduced sensitivity or an 

inaccurate representation of the abundances of the analytes in a sample. Competition for charge 

occurs when different analytes are present in a sample and make it into the same electrospray 

droplet. Certain physical properties, such as hydrophobicity, can enhance or suppress the 

ionization efficiency of a molecule, leading to discrepancies between the observed intensity of an 

ion in a mass spectrum compared to its concentration in a sample.11,12 Additionally, adduction of 

contaminant salts such as Na+, K+, or Ca2+ onto a molecular ion can disrupt measurements and 

limit sensitivity.13,14 Many of these problems stem from the large droplets that are produced from 

conventional ESI approaches that use high flow rates, high inner diameter capillaries, and high 

voltages. A partial solution to these challenges is to use nanoelectrospray ionization (nESI), 

which uses capillaries with smaller inner diameters (<75 μm), lower applied voltages (<1.5 kV), 

and low flow rates.7,15 Those changes reduce the size of the initial droplets, which limits non-

specific adduction,13,16 reduces ion suppression effects,17 and increases overall ionization 

efficiency.15 In most ESI and nESI applications, a sample is continually pumped into the emitter, 

but some iterations of nESI use electroosmotic flow without a pump to produce a steam of ions. 

This variant is termed “electrokinetic nESI” and enables flow rates of less than 10 nL min-1, and 

is most commonly used for intact protein analysis with MS (Figure 1).16  

1.4. Analysis of Proteins with Mass Spectrometry 

 

1.4.1 Intact Proteins and Native Mass Spectrometry. The earliest iterations of intact 

protein MS used conventional ESI sources and solutions that contained acidified organic solvents 

that denatured or unfolded the proteins in the sample.18 Although denaturing approaches are 

useful for determining the molecular weight of a protein, they disrupt protein structure and any 

interactions that a protein has with other molecules in solution. Ammonium acetate, a non-
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denaturing and volatile solution that is compatible with ESI, was determined to enable intact 

protein MS and maintain non-covalent interactions between protein subunits,19–21 and between 

small molecule ligands.22 Those early experiments led to the widespread use of native MS 

(Figure 1),23 which has become an essential tool in molecular and structural biology.23,24 Native 

MS can be used for determining the composition and stoichiometry of proteins and protein 

complexes,25–28  to identify protein cofactors,29,30 and proteoforms.29,31,32 Native MS is also 

becoming an important tool in industry, where it has been used characterize small molecule 

drugs that act as molecular glues between E3 ligases and substrate proteins,33 or to characterize 

de novo proteins34 and antibodies.35 

 

Figure 1.1. Native mass spectrometry uses nanoelectrospray ionization 

(nESI) to produce bare protein ions from an ammonium acetate solution. A native 

mass spectrum of the protein bovine serum albumin that was acquired on a time-

of-flight instrument is shown as an example. The individual protein molecules can 

acquire different amounts of charge during the ionization process, leading to 

multiple peaks that appear across a range of mass-to-charge (m/z) values.  
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1.4.2 Analysis of Peptides. The alternative to studying intact proteins with MS is called a 

“bottom-up” approach; proteins are extracted from cell lysates or tissues, denatured, and then 

digested with a protease like trypsin to produce peptides.36,37 An ionized peptide can be 

measured directly by a mass spectrometer, which is called a precursor spectrum or MS1. The 

peptide ion can be isolated and subjection to collision-induced dissociation (CID), where it is 

accelerated into a neutral gas (argon or nitrogen) in order to fragment the peptide into 

characteristic b- and y-ions that can be used to reconstruct its amino acid sequence.38,39 These 

fragmentation spectra are known as tandem mass spectra (also MS/MS, MS2). Tandem mass 

spectra can be matched to a peptide sequence using database searching, where the experimental 

spectra are compared to theoretical tandem spectra that are produced from all possible enzymatic 

peptides in a protein sequence database.40,41 Spectral library searching is also commonly used, in 

which experimental tandem spectra are compared with previously acquired and sequenced 

reference spectra.42,43 Another option is to use de novo sequencing, where the amino acid 

sequence of a spectrum is assigned from the fragment ions without the use of a database.44 Some 

de novo sequencing platforms use database searching after a preliminary peptide sequence is 

identified in order to increase confidence and accuracy in the assignments.45,46 Most algorithms 

to interpret tandem mass spectra were developed to identify enzymatic peptides, but many tools 

have options for non-enzymatic searches,41,47 which are useful in peptidomics48 experiments that 

analyze naturally occurring peptides.49 

1.4.3 Liquid Chromatography – Mass Spectrometry. Liquid chromatography (LC) is 

an essential analytical technique that separates the molecules in a sample based on their relative 

affinities for the stationary phase and the mobile phase. The stationary phase is immobilized 

inside of a column, and a liquid mobile phase is pumped through the column, leading to 
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separation (Figure 2). LC coupled to MS (LC-MS) has become indispensable for protein and 

peptide analysis. Perhaps the most common iteration of LC-MS uses reversed-phase 

chromatography, which is based on a hydrophobic stationary phase (usually C18, or octadecyl 

carbon chains bonded to silica beads) and an aqueous mobile phase that is modified with an 

organic solvent such as acetonitrile. Reversed-phase LC is standard for peptide separations, 

which typically utilize nano-scale flow rates of 0.1 to 1.0 μL min-1.50 Peptides bind to the 

stationary phase and elute off the column based on their hydrophobicity as the percentage of 

organic solvent in the mobile phase increases, which is called a gradient. A similar approach is 

used for denatured proteins, but C4 stationary phases (butyl carbon chains bonded to silica 

beads) are more common due to the increased hydrophobicity of a full protein compared to a 

peptide.51  

LC applications for native MS are not as mature as the reversed-phase separations 

described above, which are denaturing. Efforts to couple LC to native MS include size-exclusion 

chromatography,52–54 ion-exchange chromatography,55–57 and hydrophobic interaction 

chromatography.58,59 One major challenge has been coupling native separations with nESI due to 

the high flow rates that are commonly used. A recent solution has been to use commercially 

available multi-tip nESI emitters that split the LC flow into multiple electrospray channels to 

improve performance and senstivity.59  
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Figure 1.2. Liquid chromatography separates molecules in a sample based 

on their affinity for a stationary phase that is embedded in the column, and for the 

liquid mobile phases that are pumped through the column. As molecules elute 

from the column, they are detected using mass spectrometry, ultraviolet 

absorbance, or other methods. The time it takes for a molecule to elute off the 

column is called the retention time.  

 

1.5. Ion mobility 

 

1.5.1 Ion Mobility. Ion mobility (IM) is a gas-phase technique that separates ions based 

on their size and charge. IM experiments measure the time it takes for an ion to pass through a 

drift region that is filled with a neutral background gas (typically He or N2) under an applied 

electric field (E). The measured drift time (tD) can be used to calculate the mobility (K) of an ion: 

𝐾 =
𝐿

𝑡𝐷𝐸
                                                    Equation 1.1 

where L is the length of the drift region. K can be used determine a collision cross section (Ω), 

which is the momentum transfer integral of many ion-background gas collisions that occur 
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throughout an IM separation.60 Ω provides an estimate of the size of an ion. K is related to Ω 

through the Mason-Schamp equation:60 

Ω =  
3𝑒𝑧

16𝑁
√

2𝜋

𝜇𝑘𝐵𝑇

1

𝐾
                                             Equation 1.2 

where N is the number density of the drift gas, e is the elementary charge, z is the charge state of the 

ion, μ is the reduced mass of the ion and neutral gas pair, kB is Boltzmann’s constant, and T is the 

temperature of the drift-gas.  

 

Figure 1.3. (A) Ion mobility (IM) separates ions by their mobility (K) 

through a drift region that is under an applied electric field and filled with a 

neutral drift gas (gray circles). The ions are pulled through the drift region by the 

electric field but experience an opposing drag force due to collisions with the drift 

gas. Larger ions experience more collisions, resulting in reduced mobility 

compared to smaller ions. (B) The arrival time of ions are measured by a mass 

spectrometer as they pass through the IM cell. Smaller ions have greater 

mobilities, leading to shorter arrival times. Mobility values that are derived from 
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arrival times are used to calculate collision cross section (Ω) values, which 

provide estimates of ion size.  

1.5.2. Ion Mobility-Mass Spectrometry of Proteins. IM usage has seen a boom in 

recent years thanks to commercial implementations that unify IM separations with time-of-flight 

(TOF) mass spectrometers.61–63 TOFs acquire spectra in ~ 100 microseconds, allowing hundred 

to thousands of measurements to be made throughout an IM separation, which occur on 

millisecond timescales. The combination of IM-MS allows simultaneous determination of m/z 

and Ω, or information on mass and size of an ion. This proved to be valuable for characterizing 

many types of analytes in biology, including carbohydrates,64,65 lipids, and metabolites. It has 

also achieved significant success for characterizing native-like protein ions in structural biology 

applications.66–69 IM-MS is particularly useful for studying proteins that resist conventional 

structural techniques such as X-ray crystallography, cryo-electron microscopy, or nuclear 

magnetic resonance. Examples of this include amyloid70,71 and small heat shock proteins72 that 

have unstructured regions which are difficult to study with other methods.  

1.5.3. Ω Calculations. Experimentally determined Ω values of proteins can be used for  

structural analysis through comparison to Ω values that have been calculated for candidate 

structural models.73,74 There are several methods for calculating Ω, including the projection 

approximation (PA), which is the simplest implementation that uses the rotationally-averaged 

project area of a protein.75 The exact hard-spheres scattering method (EHSS) calculates Ω based 

on the estimated momentum transfer between elastic collisions between an ion and the neutral 

drift gas, with all atoms in the model treated as hard spheres.76 The diffuse hard sphere scattering 

(DHSS) method is similar to EHSS, except it incorporates inelastic and diffuse collisions that 

may more accurately model ion collisions with polar drift gases like N2.
77,78 The trajectory 
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method (TJM) accounts for the charge of an ion by calculating Ω values using an accurate 

potential between the ion-gas pair.79 The structure relaxation approximation (SRA) was 

developed to predict Ω from an ensemble of protein structures, rather than a single structure like 

in the earlier methods.80 Other methods to use experimental Ω values to guide protein structure 

prediction or modelling are available. The Integrative Modeling Platform81 now incorporates 

course-grained protein complex topology using molecular radii that are determined from 

experimental Ω values. Experimental Ω values can also be combined with molecular dynamics 

simulations, which has been used to interpret protein unfolding trajectories.82 

1.6. Outline of this Dissertation 

In this dissertation, I demonstrate how various modes of mass spectrometry and 

chromatography can be used to examine the composition of proteins and protein complexes. I 

also explore the fundamentals of collision cross section values that are obtained for protein ions 

with nitrogen gas.  

Chapter 2 describes the development of ammonium acetate-based anion exchange 

chromatography, or native AEX, as a tool to enhance native MS studies. Native AEX can be 

used for rapid sample clean-up and preparation for native MS and is a promising alternative to 

standard methods that native MS researchers use for sample preparation. Native AEX can also be 

used to separate proteins and protein variants from complex mixtures, and to enhance proteoform 

or protein cofactor identification with native MS. 

 Chapter 3 describes the development of an integrative MS strategy to study the 

interactions that essential enzymes called E3 ligases have with peptides in cell culture.83 The 

strategy, called degronomics, uses native top-down MS, LC-MS/MS and destabilizing MS to 

determine the degron binding motifs that E3 ligases use to identify and bind to their substrates. 
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This research was based on a collaboration with Prof. Ning Zheng and Dr. Domniţa-Valeria 

Rusnac in the Department of Pharmacology at the University of Washington and our previous 

work to characterize an E3 ligase called KLHDC2.84 

Chapter 4 describes the effects of charge state, structure, and shape on Ω values of 

protein ions that are measured with N2 gas.85 This study used results from IM-MS experiments 

and Ω values that were determined using trajectory method calculations. This work demonstrates 

that long-range ion-induced dipole interactions strongly increase Ω values with N2 gas, but not 

with He gas. Those results have implications for reporting Ω values and converting between Ω 

values that are measured with different drift gases, even when calibrants are used.86  
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Chapter 2. Native Anion-Exchange Chromatography: Rapid Sample Clean-Up and 

Fractionation for Native Mass Spectrometry 

Canzani, D.; Chen, C.; Kozemchak, C.; Rathod, P.K.; Bush, M.F. In Preparation.  

2.1. Abstract 

Despite the success of mass spectrometry (MS) in answering a wide range of questions 

related to protein structure, interactions, and quality, there are several common scenarios that 

make sample preparation challenging and/or decrease the quality of the resulting native MS data: 

(1) the presence of solution additives or contaminants that decrease the quality of native mass 

spectra, (2) various copies of a protein with different post-translational modifications and/or 

cofactors that cannot be resolved simultaneously by native MS, or (3) mixtures of proteins that 

yield highly congested mass spectra. Various methods have been developed to address those 

challenges, but additional complementary tools are needed. This work demonstrates that native 

anion-exchange chromatography (AEX) is a rapid and facile tool for overcoming each of those 

common scenarios. Native AEX uses a low-pressure, bioinert workflow that is based on a 

polymeric quaternary amine stationary phase and aqueous ammonium acetate mobile phases. 

Native AEX yields clean native-like ions and requires less time and materials than typical native 

MS sample preparation workflows. We anticipate that many native MS experiments would 

benefit significantly from using native AEX to replace one or more steps in their sample 

preparation workflow. Therefore, this strategy offers great potential for benefiting native MS, 

including applications to biophysics and the characterization of biotherapeutics. 

2.2. Introduction 

The detailed characterization of proteins and protein complexes by native mass 

spectrometry (MS) has become essential for the fields of structural and molecular biology.1,2 
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Native MS is widely used for determining the composition and stoichiometry of proteins and 

protein complexes,3–6 especially when multiple forms of a complex exist simultaneously. Native 

MS is also becoming increasingly used for the identification of protein cofactors,7,8 substrates,9,10 

and proteoforms,7,11,12 and to unravel the complexity of glycosylated proteins.13,14  

Most samples for native MS are first prepared using standard protein purification 

strategies, which often are time-intensive, require multiple steps, and make use of specialized 

solutions that include components (e.g., nonvolatile salts, buffering agents, reducing agents, and 

detergents) that negatively impact the performance of native MS experiments.15–17 For a 

successful native MS experiment, the proteins in a sample are usually then exchanged from the 

solution used for purification into aqueous ammonium acetate,18 which increases the time to 

analysis and is not always straightforward. Various methods have been developed to make 

protein samples compatible with native MS and reduce the preparation time for analysis. For 

example, solution additives were shown to reduce the extent of sodium adduction during 

electrospray ionization,19,20 but those additives might not be appropriate for all native MS 

experiments, especially if they have supercharging effects or disrupt non-covalent interactions. 

Another advancement was electrospray emitters that have sub-micron diameter openings, which 

reduce salt adduction and interferences from buffering agents,21,22 but can also result in surface-

induced unfolding of the protein.23 Perhaps one of the easiest to implement methods is buffer-

loading, in which a protein sample is diluted into concentrated (1-7 M) ammonium acetate, but 

this requires a high concentration of starting material24 and the stability of many noncovalent 

interactions depend on ionic strength.3 

Although the methods mentioned above are useful in certain situations, they will not 

overcome all challenges associated with native MS analysis. In addition, researchers are 
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interested in improving automation during sample preparation, so more general methods are 

needed. Due to those considerations, chromatography is now being adopted for native MS 

analysis. For example, size-exclusion chromatography (SEC) with native MS has been used for 

various purposes, including characterizing protein aggregates and oligomeric state,25 determining 

the effects of small molecules on protein quaternary structure,26 and enabling therapeutic 

antibody analysis.27 Online buffer exchange (OBE) using miniature SEC devices have been used 

to rapidly screen recombinant proteins and guide protein expression and purification.28 These 

SEC methods are useful in a wide variety of applications, but lack the resolution to separate 

proteoforms and can dilute samples. Cation-exchange chromatography has been used to separate 

proteins based on natural charge variants, including therapeutic monoclonal antibodies.29–31 

However, cation-exchange is limited to separating proteins that are positively charged in 

solution, so it will not be appropriate for all native MS applications. The limitations of SEC and 

cation exchange highlight the need for complementary tools.  

Here, we demonstrate that native anion-exchange chromatography (AEX) is an effective 

method for rapid clean-up and fractionation of proteins. In this study, native AEX refers to 

separations performed using a polymeric, quaternary amine stationary phase, aqueous 

ammonium acetate mobile phases, modest pressures (~500 PSI), and a bioinert workflow (e.g., 

no metal or silica). Although AEX has been used to separate proteins for use with MS, those 

methods used conventional HPLC systems32,33 and mobile phases that were modified using 

formic acid.33 We demonstrate that selected salts, detergents, and common additive can be 

removed from protein samples using native AEX. The ability to reduce sample heterogeneity 

with native AEX protein separations will enhance proteoform and protein complex identification 

with native MS. Therefore, we anticipate that this strategy will be highly valuable for a wide 
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range of workflows that use native MS to answer questions in biophysics and to characterize 

biotherapeutics. 

 

2.3. Methods 

2.3.1. Materials. Bovine serum albumin (BSA), human apo-transferrin, and ammonium 

acetate were purchased from Sigma-Aldrich (St. Louis, MO). Chicken egg whites were separated 

from yolk and 10 mL of egg white was added to 30 mL of deionized H2O and then adjusted to 

pH 6. The sample was left at 4 ºC overnight on a rotator to precipitate ovomucin and decrease the 

viscosity of the sample.34 20 uL of that sample was added to 980 uL of aqueous 100 mM 

ammonium acetate, pH 9.7, and centrifuged at 20,000 g for 10 minutes. Escherichia coli cells 

that overexpressed superfolder green fluorescent protein with a with a hexa histidine tag (sfGFP-

His6, Addgene plasmid #85942)35 were grown overnight in Luria Broth at 37 °C. The cells were 

spun down and the growth media was removed. 150 mg of the cell pellet was resuspended in 

1000 μL of aqueous 50 mM ammonium acetate and lysed on ice using a Branson Sonifier 200, 

then centrifuged at 20,000 g for 10 minutes at 4 ºC. Immediately after centrifugation, 50 μL of 

the cleared lysate was loaded onto the AEX column. Additional details about the molecular 

biology and affinity purification of sfGFP-His6 protein can be found in the Supporting 

Information.  

2.3.2. Native Anion-Exchange Chromatography. A BioRad (Hercules, CA) BioLogic 

DuoFlow 10 fast protein liquid chromatography (FPLC) system equipped with a UV detector 

(280 nm) was used to achieve separations on a BioRad Continuous Bed Uno Q-1 anion-exchange 

column (7 mm x 35 mm). This system was operated using gradients of either ionic strength or 

pH. The ionic strength gradient consisted of solution A: deionized H2O and solution B: aqueous 

1 M ammonium acetate, both of which were adjusted to pH 8 with ammonium hydroxide. Linear 
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gradients were run at 0.6 mL min−1 from 5 to 95% solvent B. The pH mode of operation 

consisted of solvent A: 100 mM ammonium acetate, pH 9.7 and solvent B: 100 mM ammonium 

acetate, pH 4.5. 15 or 20-minute linear gradients were run at 0.6 mL min−1 from 0 to 100% 

solvent B. Fractions of 0.5 mL were collected over the entire run for all methods. All native AEX 

separations were performed at 4 ºC. 

2.3.3. Native Mass Spectrometry. The fractions collected during native AEX were 

analyzed individually. 3 µL of a single fraction was added into the tip of a pulled borosilicate 

glass capillary. A platinum wire electrode was inserted into the capillary to achieve contact with 

the sample. The sample was ionized by applying a potential of between 0.5 to 1.0 kV to the 

platinum wire electrode. The resulting ions were analyzed using a hybrid 

electrospray/quadrupole/ion-mobility/time-of-flight mass spectrometer (Waters Synapt G2 

HDMS, Milford, MA). A 30 mg mL−1 solution of aqueous CsI was also analyzed and the 

resulting mass spectrum was used for external calibration of all native mass spectra.  

 

2.4. Results and Discussion 

Despite the success of native MS in answering a wide range of questions related to 

protein structure, interactions, and quality,3,7 there are several common scenarios that make 

sample preparation challenging and/or decrease the quality of the resulting native MS data: the 

sample includes (1)  molecules and/or ions, which were often added intentionally during early 

stages of purification, that decrease the quality of native mass spectra, (2) various copies of a 

protein with different post-translational modifications and/or interactions with cofactors that are 

not resolved simultaneously by native MS, or (3) mixtures of proteins that yield highly congested 

mass spectra. In this study, we will use separations performed using a polymeric, quaternary 

amine stationary phase, aqueous ammonium acetate mobile phases, modest pressures (~500 PSI), 
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and a bioinert workflow (e.g., no metal or silica), which we will refer to as native AEX, to 

demonstrate the rapid and facile method for overcoming each of those common scenarios. 

2.4.1. Rapid Sample Clean-up using Native AEX. Various molecules and ions are often 

introduced throughout the process of lysing cells and purifying proteins. Detergents are used 

frequently to enhance protein solubility and stability during purification protocols,15,16 but many 

of those detergents are incompatible with MS, even at low concentrations.36 For example, Figure 

1A shows a spectrum of bovine serum albumin (BSA) in a solution containing 0.1% NP-40, a 

common detergent used in many affinity-purification schemes. This spectrum exhibits intense 

signals for ions of detergent molecules at low-m/z values and very broad features for the protein 

ions at high-m/z values. Spectra measured for BSA in solutions containing either 0.05% Triton 

X-100 (Figure A1A) or 0.05% Tween 20 (Figure A1B) exhibited intense signals for ions of 

detergent molecules and negligible signals for protein ions. Even low concentrations of 

detergents can strongly interfere with and limit the interpretation of the protein components of 

samples. 
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Figure 2.1. (A) Native mass spectrum of a BSA in an aqueous solution of 

0.1% NP-40. Strong interference from NP-40 limited the detection of BSA, and 

the region above 3000 m/z is magnified 20-fold to aid in visualization. (B) Native 

AEX chromatograms of samples containing BSA and one of three common non-

ionic detergents: 0.1% NP-40, 0.05% Triton X-100, or 0.05% Tween 20. Solution 

A was aqueous 50 mM ammonium acetate and solution B was 950 mM 

ammonium acetate. (C) Native mass spectrum of a fraction collected near 16 

minutes during the native AEX separation shown in panel B. This spectrum 

exhibits no interference from the NP-40 detergent.  

 

Unfortunately, most detergents are difficult to remove from protein samples; NP-40 and 

Triton X-100 are non-dialyzable and can be difficult to separate from proteins by size-exclusion 

or molecular-weight cut-off methods due to the large micelles they form in solution (between 60 
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and 90 kDa).37 There are single-use devices that can remove detergents but these can be 

expensive,38 and other methods can denature proteins and are therefore unsuitable for native 

MS.39–41 MS-compatible detergents have been developed, but can form non-specific adducts with 

proteins during ESI,42 which can complicate or prevent complete interpretation of native mass 

spectra. Some detergents can be removed using high extents of collisional activation in the gas 

phase, but that activation could also cause protein fragmentation or unfolding.43  

Native AEX is well suited for removing non-ionic or cationic detergents, since they are 

not retained on the positively charged stationary phase.37,44 Additionally, many anion-exchangers 

are compatible with aqueous ammonium acetate, which is the primary solution that is used for 

native MS. Figure 1B shows the native AEX chromatograms of BSA mixed with 0.1% NP-40, 

0.05% Triton X-100, or 0.05% Tween 20. The non-ionic detergents eluted during the wash step 

at the beginning of the separation, whereas BSA was retained on the stationary phase and was 

then eluted using a 10-minute gradient from 50 to 950 mM ammonium acetate. Figure 1C, shows 

the native mass spectrum of the eluted fraction that contained BSA (collected at approximately 

minute 16 of the separation), which demonstrate that NP-40 is effectively removed from the 

protein sample. Triton X-100 and Tween 20 were also effectively removed from the BSA sample 

using native AEX, and the corresponding mass spectra are shown in Figures S1C and S1D.  

Other molecules are often used in protein purification to control the properties of 

solutions (e.g., ionic strength and pH of solutions) and improve the stability of proteins during 

storage; most molecules used in molecular biology workflows are nonvolatile and will decrease 

the quality of native mass spectra. For example, Figure A2A shows the native mass spectrum of 

a sample of α-lactalbumin prepared in solution of aqueous 50 mM NaCl; the ions observed in 

this spectrum exhibit a very high degree of sodium adduction, with up to 28 sodium ions bound 
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to the 7+ ion (Figure A2A). In contrast, subjecting that sample to native AEX prior to native MS 

results in spectrum that exhibits a very low extent of sodium adduction (Figure A2B), which 

enabled the identification of calcium-bound α-lactalbumin in that spectrum. Figure A3 shows a 

series of native mass spectra measured for BSA prepared in solutions with either 5% dimethyl 

sulfoxide, 50 mM imidazole, or 5% glycerol. All three samples characterized without native 

AEX yielded poor quality native mass spectra, with evidence of protein unfolding, poor signals 

for protein ions relative to non-protein ions, and/or wide peaks for protein ions. In contrast, all 

three samples characterized after native AEX yielded similar, high-quality native mass spectra. 

In addition to rapid and effective detergent removal, these results demonstrate that native AEX is 

highly effective for de-salting and removal of other nonvolatile components of solutions. 

Overall, these results demonstrate a robust and fast (less than 25-minute chromatography run) 

method to prepare proteins for native MS from solutions that contain salts, detergents, and other 

common additives.   

2.4.2. Fractionating Proteoforms. Transferrin is the major iron-binding protein of blood 

plasma and has been shown to be modified by glycans containing variable numbers of sialic acid 

groups in the form of N-acetylneuraminic acid.45 Transferrin was separated using native AEX 

with a linear pH gradient (Figure 2A), and six fractions were collected and analyzed with native 

MS (Figure 2B). The native mass spectra for the early fractions exhibited features assigned to 

transferrin with 2, 3, or 4 sialic acid groups, whereas those for the later fractions exhibited 

features assigned to transferrin with 5 or 6 sialic acid groups. That elution order is consistent 

with the expected order based on the decrease of pI of the proteoforms with increasing numbers 

of sialic acids.46  
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Figure 2.2. (A) Native AEX chromatogram of transferrin separated using 

a linear, pH gradient of aqueous 100 mM ammonium acetate from pH 9.7 

(solution A) to 4.5 (solution B). (B) Six fractions were collected and analyzed 

using native MS. This region exhibits features that are assigned to 19+ ions with 2 

sialic acid groups and 20+ ions with 3 to 6 sialic acids groups (the number of 

groups is indicated in purple diamonds; the structures of the glycans are shown in 

Figure A5). These assignments indicate that the retention time of these 

proteoforms increases with the number of sialic acid groups, consistent with the 

effect of the number of sialic acid groups on the isoelectric point. Di-ferric, 

glycosylated holo-transferrin was also observed in the early fractions (orange 

circles).  
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Although the material used for these experiments was sold as apo-transferrin, the first 

two fractions yielded mass spectra with peaks assigned to di-ferric holo-transferrin ions ([M + 

2Fe3+ + (z˗6)H]z+) in addition to having 2 or 4 sialic acid groups. Holo-transferrin was not 

observed in the native mass spectrum of the sample acquired prior to native AEX (Figure A4), 

but it may have been present at low abundance. To confirm the assignment of the holo-

transferrin peaks in fractions 1 and 2 of the native AEX experiments, the material sold as apo-

transferrin was suspended in a solution containing 150 mM ammonium acetate, 50 mM 

ammonium bicarbonate, and 0.5 mM FeCl3 (Figure A4). The observed m/z values corroborate 

the identities of [M+19H]19+ and [M + 2Fe3+ + 13H]19+ ions.  

In addition to the rapid separation of transferrin glycoforms, the observation of holo-

transferrin in the apo sample demonstrates the value of fractionation to enhance cofactor 

identification with native MS. For comparison, an ionic-strength gradient from 50 to 950 mM 

ammonium acetate was also used to separate transferrin (Figure A5) but was not as effective in 

separating the holo- and sialoforms as the 15-minute, pH gradient.  

2.4.4. Separation of Proteins from Egg White. Egg whites are a complex matrix with a 

high concentration of proteins. Despite the presence of many high-abundance proteins, “buffer 

loading”24 analysis enabled by 20-fold dilution of egg white into aqueous 1 M ammonium 

acetate (Figure A6A) only resulted in the identification of lysozyme; some broad, unidentified 

features were also observed at higher m/z values. To demonstrate the capabilities of native AEX 

to rapidly prepare proteins for native MS, egg whites were separated on a 20-minute, linear 

gradient of 100 mM ammonium acetate from pH 9.7 to 4.5 (Figure 3A). Four distinct peaks were 

observed in the chromatogram (Figure A4B), which are assigned to lysozyme, ovotransferrin, 
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ovomucoid, and ovalbumin, in order of increasing retention time. These assignments are 

consistent with the decreasing isoelectric points of those proteins. Although egg whites contain a 

relatively high electrolyte concentration (including sodium, potassium, and other ions), the 

proteins were effectively desalted and various glycoforms of ovotransferrin (Figure 3B) and 

ovalbumin (Figure 3C and S7) were observed in the native mass spectra. The predominate 

features observed for ovotransferrin are consistent with modifications by either GlcNAc6Man3 or 

GlcNAc5Man3; these were identified previously as the primary glycoforms of ovotransferrin.47,48 

Although HPLC using an AEX stationary phase has been used to separate glycoforms present in 

an commercially prepared sample of ovalbumin,33 the present experiments demonstrate the 

potential for similar molecular characterization using a bioinert workflow and minimal 

preparation of the original biological source. Lysozyme eluted during the loading of the sample, 

consistent with the high pI of that protein and a positive charge under the initial conditions of the 

mobile phase (Figure A4B). These results indicate that native AEX is most suitable for preparing 

and separating negatively charged proteins, consistent with the mechanism of the separation. 
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Figure 2.3. (A) Native AEX chromatogram of egg white using a 20-

minute, linear gradient of aqueous 100 mM ammonium acetate from pH 9.7 

(solution A) to 4.5 (solution B). (B) Native mass spectrum of ovotransferrin 

isolated from the separation in panel A. Unmodified transferrin and two probable 

glycoforms, GlcNAc6Man3 and GlcNAc5Man3 were identified. The glycoforms 

are labeled based on assignments reported previously.48 (C) Zero-charge mass 

spectrum of ovalbumin ; the corresponding m/z spectrum is shown in Figure A7. 

Various glycoforms were assigned based on the masses of those identified in 

previous studies.13,33 Abbreviations used: Hexose (H), N-acetyl hexose (HNAc), 

Sialic acid (S).  
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2.4.5. Separation of an Overexpressed Protein from a Cell Lysate. Since most protein 

purification schemes are time-intensive and require specialized buffers, efforts have been made 

to bypass affinity purification and bring the protein directly from cell culture into a native MS-

compatible solution.49–51 Those methods are promising, but can require a protein to be secreted 

and might not sufficiently clear all cell debris or solution components that are present in the in 

cell lystate. 

To evaluate the use of native AEX for the analysis of samples without any previous 

purification, we used native AEX to analyze a lysate from E. coli that overexpressed superfolder 

green fluorescent protein with a hexa-histidine tag (sfGFP-His6). The cells were homogenized in 

aqueous 50mM ammonium acetate using an ultrasonic device and the resulting lysate was 

cleared using centrifugation; no affinity purification was performed. Figure 4A shows a native 

AEX chromatogram of the lysate. The bound fraction was eluted with an ionic strength gradient 

from 50 to 950 mM ammonium acetate. A fraction collected around 12 minutes yielded a native 

mass spectrum that exhibits peaks that are consistent with the overexpressed protein (Figure 4B). 

This assignment was then corroborated through native MS (Figure 4C) of the same native-AEX 

fraction number collected for a sample that was affinity purified (see Supporting Information) 

prior to native AEX. Although there are features in Figure 4B that are attributed to unidentified 

lysate components below 1500 m/z and other unidentified E. coli proteins, sfGFP-His6 was 

clearly distinguishable. These results demonstrate the potential of using native AEX to analyze 

complex mixtures without affinity purification, which saves time and material. Only a small 

quantity of cell lysate was loaded onto the column (derived from 7.5 mg of cell pellet; a liter of 

E. coli culture grown to an OD600 of 1 typically yields a ~3 g pellet) and only 3 uL of each 0.5 

mL fraction from the separation was used for native MS, so this method is applicable to 
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screening small-scale cell cultures. More generally, these results illustrate the potential for using 

native MS to guide protein purification without the use of affinity tags, which can both remove 

steps and completely remove unintended complications associated with introducing affinity tags 

using molecular biology, including applications that require high throughput and/or automation. 

 

 

Figure 2.4. (A) E.coli cells that overexpressed sfGFP-His6 were lysed in 

50 mM ammonium acetate and cleared by centrifugation. The cleared lysate was 

loaded onto an AEX column and eluted using a 10-minute, linear gradient from 

aqueous 50 (solution A) to 950 (solution B) mM ammonium acetate. (B) A native 

mass spectrum of a fraction that was collected around 12 minutes from the 

chromatogram in panel A. Peaks assigned to sfGFP-His6 (green circles) are the 

predominant protein signal, even though other lysate components were present in 

the sample. (C) A native mass spectrum of the same fraction number acquired for a 
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sample that was affinity purified prior to native AEX, which corroborate the 

assignments in panel B. 

 

2.5. Conclusions  

Native AEX using aqueous ammonium acetate mobile phases is a rapid and facile tool for 

preparing proteins for native MS and overcoming several common challenges that are associated 

with native MS experiments. Native AEX: (1) performs well as a sample preparation tool by 

simultaneously exchanging a protein into an MS-compatible solution and eliminating detergents 

(Figures 1 and S1), salts (Figure A2), and other common solution additives from a protein 

sample (Figure A3), (2) can improve the identification of post-translational modifications and 

protein co-factors, especially when mass spectrometer resolving power isn’t sufficient on its own 

(Figures 2, S2B, and S4), and (3) can enhance the identification of proteins that are in complex 

mixtures or dense matrices (Figures 3 and S7), including cell lysates (Figure 4).  

 These experiments suggest that many native MS workflows would benefit from 

incorporating native AEX either as an additional step or as a replacement for earlier purification 

steps that would introduce molecules or ions that require removal prior to MS. Native AEX is a 

valuable tool that can enable successful native MS preparation, separation, and analysis. An 

intrinsic limitation of AEX is that it is limited to separating proteins that are negatively charged, 

so protein pI must be taken into consideration for each sample and in the selection of mobile 

phases. Solution pH or ionic strength can affect the stability of proteins and protein complexes, 

so the use of pH or ionic strength gradients should also be considered for each protein in order to 

maintain native-like conditions during the AEX separation. In these experiments, pH gradients 

were used from 9.7 to 4.5, but the range of pH could be narrowed for specific proteins that have 

instability at high or low pH. Native AEX has limited utility for removing solution additives or 
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contaminants that are anionic since they will be retained by the column. The peak capacities of 

native AEX separations are modest compared to some other modes of separation, but this level 

of separation is adequate for most native MS applications. Overall, the selectivity that native 

AEX provides is complementary to forms of chromatography, like size-exclusion or cation-

exchange, and that selectivity makes it a valuable option for native MS applications. In the 

future, we will explore a wider range of column chemistries, and combinations of those column 

chemistries, to provide a broader selection of tools that can meet the needs of any native MS 

application.  

 

2.6. Supporting Information. Detail about the molecular biology and protein purification, and 

Figures A1 to A7 can be found in Appendix A. 
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Chapter 3. Degronomics: Mapping the Interacting Peptidome of a Ubiquitin Ligase Using 

an Integrative Mass Spectrometry Strategy 

This chapter is reproduced with permission from Canzani, D; Rusnac, D.-V.; Zheng, N.; Bush, 

M. F. “Degronomics: Mapping the Interacting Peptidome of a Ubiquitin Ligase Using an 

Integrative Mass Spectrometry Strategy” Analytical Chemistry 2019. Copyright 2019 American 

Chemical Society. 

3.1. Abstract 

Human cells make use of hundreds of unique ubiquitin E3 ligases to ensure proteome 

fidelity and control cellular functions by promoting protein degradation. These processes require 

exquisite selectivity, but the individual roles of most E3s remain poorly characterized in part due 

to the challenges associated with identifying, quantifying, and validating substrates for each E3. 

We report an integrative mass spectrometry (MS) strategy for characterizing protein fragments 

that interact with KLHDC2, a human E3 that recognizes the extreme C-terminus of substrates. 

Using a combination of native MS, native top-down MS, MS of destabilized samples, and liquid 

chromatography MS, we identified and quantified a near complete fraction of the KLHDC2-

binding peptidome in E. coli cells. This degronome includes peptides that originate from a 

variety of proteins. Although all identified protein fragments are terminated by diglycine, the 

preceding amino acids are diverse. These results significantly expand our understanding the 

sequences that can be recognized by KLHDC2, which provides insights into the potential 

substrates of this E3 in humans. We anticipate that this integrative MS strategy could be 

leveraged more broadly to characterize the degronomes of other E3 ligase substrate receptors, 

including those that adhere to the more common N-end rule for substrate recognition. Therefore, 

this work advances “degronomics,” i.e., identifying, quantifying, and validating functional 

E3:peptide interactions in order to determine the individual roles of each E3.  
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3.2. Introduction 

The ubiquitin-proteasome system (UPS) regulates intracellular protein degradation.1 E3 

ubiquitin ligases are essential UPS enzymes that transfer ubiquitin from an E2 conjugating 

enzyme to a protein substrate2 and ensure proteome fidelity by selectively eliminating aberrant 

proteins that may have translation, folding, or other errors.3 There are hundreds of E3s in 

humans, but the individual roles of most remain poorly characterized.4 One tremendous hurdle 

for determining the roles of individual E3s has been identifying their substrates. Several 

techniques have been adapted for characterizing E3-substrate pairing, including affinity-based 

capturing approaches,5 yeast two-hybrid methods,6 high-throughput microscopy screens,7 and 

phage display assays.8 Bottom-up, mass spectrometry (MS) based proteomics,9 in which proteins 

are enzymatically digested into peptides, peptides are separated using liquid chromatography 

(LC), and peptides are sequenced using tandem MS, has been used to investigate several aspects 

of the UPS. For example, targets of the entire UPS have been determined by identifying 

ubiquitination sites across the proteome.10,11 Quantitative proteomics has been used to 

characterize protein turnover in mammalian cells in response to expression of a selected E3 

ligase, which identified several substrates for those E3s.12,13 

One emerging technique for characterizing the UPS is global protein stability profiling 

(GPS), which is a high throughput approach for characterizing the stability of individual 

proteins.14 Recently, GPS was used to identify hundreds of potential substrates of the Skp1–

CUL1–F-box (SCF) family of ubiquitin ligases. Specific E3-substrate interactions are often 

dictated by a short linear sequence, known as a degron, in the substrate that is specifically 

recognized by the E3.15 Identification of degrons can help predict and validate substrate targeting 

by an E3. For instance, GPS revealed that one family of E3 ligases, the CUL2-RING ligases 

(CRL2), recognizes degrons at the extreme C-terminus of substrates.16,17 GPS analysis of 
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KLHDC2, a member of the CRL2 family, revealed binding to selenoprotein fragments that 

contain diglycine at the C terminus.18 Subsequent characterization using in vitro binding assays 

and X-ray crystallography showed that KLHDC2 can recognize degron peptides with nanomolar 

affinities via the top surface pocket of its β-propeller domain.19 

Despite substantial and sustained efforts to identify E3 ligase substrates, substrates have 

been validated for relatively few E3s. One challenge is that established methods, including 

conventional MS-based proteomics and GPS, do not directly probe E3:substrate binding. Native 

MS, in which samples are prepared in aqueous solutions with physiological pH and ionic 

strength, can preserve noncovalent interactions during transfer into the gas phase.20 Due to this 

advantage, native MS has been used to identify protein cofactors21–23 and to characterize the 

stoichiometry and composition of protein complexes.24–26 More recently, native top-down MS, in 

which ions of intact proteins and protein complexes are subjected to fragmentation to yield 

sequence information, has been used to identify proteoforms27 and link that information to 

higher-order protein structure.28,29 Native MS has been used to construct structural models of the 

CRL5SOCS2 ligase30 and to characterize cofactor binding to the SCFFBXL3 and SCFTIR1 E3s.31,32 

We recently used native top-down MS to corroborate interactions between KLHDC2 and a 

selenoprotein fragment identified through GPS analysis;19 otherwise native MS and native top-

down MS have not been used previously to characterize E3:substrate interactions. 

In this study, we report an integrative MS strategy that combines results from native and 

non-native experiments to characterize KLHDC2:peptide complexes that were copurified from 

cells. We describe the first application of native top-down MS to identify unknown copurified 

peptides. Our results provide direct evidence that KLHDC2 recognizes cellular peptides 

containing C-terminal glycylglycine or glycylalanine, and demonstrates high-affinity binding for 
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a diverse profile of peptides that contain those features. These results significantly expand our 

understanding of degrons that can be recognized by KLHDC2, which aids in identifying 

potential substrates of this E3 in humans. More generally, this integrative MS strategy advances 

“degronomics,” i.e., identifying, quantifying, and validating functional E3:peptide interactions in 

order to determine the individual roles of each E3. 

 

3.3. Methods 

3.3.1. Molecular Biology and Protein Purification for Mass Spectrometry 

Experiments. The kelch repeat domain of human KLHDC2 (UniProt: Q9Y2U9, amino acids 

22–362) was subcloned into the pET vector with an N-terminally fused His-elongation factor Ts 

(TSF) and a TEV-cleavage site. The His-TSF-KLHDC2 protein was overexpressed and purified 

from BL21 (DE3) E. coli cells. Bacterial cells transformed with the pET-based expression 

plasmid were grown in LB broth to an OD600 of 0.8-1 and induced with 0.5 mM IPTG. Cells 

were harvested, re-suspended and lysed in lysis buffer (20 mM Tris, pH 8.0, 200 mM NaCl, 20 

mM imidazole) in the presence of protease inhibitors (1 μg mL–1 leupeptin, 1 μg mL–1 pepstatin 

and 100 μM phenylmethylsulfonyl fluoride) using a microfluidizer. The His-TSF-KLHDC2 

protein was isolated from the soluble cell lysate by HisPurTM Ni-NTA Superflow Agarose 

(Thermo Fisher Scientific, Waltham, Massachusetts). After TEV cleavage of the His-TSF, 

KLHDC2 was further purified by Q Sepharose High Performance resin (GE Healthcare, 

Chicago, Illinois). The NaCl eluates were subjected to Superdex-200 size-exclusion 

chromatography (GE Healthcare). All samples were flash frozen in liquid nitrogen for storage 

prior to use. 

3.3.2. Native MS. KLHDC2 purified from E. coli cells was buffer exchanged into 

aqueous ammonium acetate (200 mM, pH 7) using four cycles of dilution and re-concentration 
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with a 10K MWCO Spin-X UF centrifugal concentrator (Corning Inc., Corning, New York) at 

14,000 g and 4 °C. The final concentration of KLHDC2 used for experiments was approximately 

20 µM. 2-3 µL of the prepared solution was added into the tip of a pulled borosilicate glass 

capillary. A platinum wire electrode was inserted into the capillary and placed in direct contact 

with the solution. A potential between 0.5 and 1.0 kV was applied to the electrode to achieve 

ionization.33 Those ions were then analyzed using a hybrid electrospray/quadrupole/ion-

mobility/time-of-flight mass spectrometer (Waters Synapt G2 HDMS, Milford, Massachusetts). 

Native mass spectra were acquired using a 45 V bias between the sampling and extraction cones 

in the atmospheric-pressure interface that was operated at room temperature, and using a 3 V 

bias between the quadrupole mass filter and the trap collision cell that contained ~20 mTorr of 

argon gas. Activation in the trap collision cell was performed using those conditions, except that 

the bias between the quadrupole and trap collision cell was increased to 45 V. Activation in the 

atmospheric-pressure interface was achieved by increasing the bias between the sampling and 

extraction cones to 120 V. Tandem MS of peptide ions released during activation in the 

atmospheric-pressure interface was performed by increasing the bias between the quadrupole 

mass filter (used to isolate a released peptide ion) and the trap collision cell to 30-45 V. Mass 

spectra were calibrated externally using spectra obtained from electrospray ionization of 30 mg 

mL−1 aqueous CsI. 

3.3.4. MS from Destabilizing Conditions. Thermal destabilization was achieved by 

transferring approximately 5 µL of the sample prepared for native MS into a 1.5 mL snap-cap 

vial, which was then placed in 55 °C heat block for 5 minutes. Chemical destabilization was 

achieved by adding 15% acetonitrile and 1% formic acid by volume into the sample prepared for 

native MS. The thermally and chemically destabilized samples were then each analyzed using 
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the parameters described for native MS. Tandem MS was performed by increasing the bias 

between the quadrupole mass filter (used to isolate the selected peptide ion) and the trap collision 

cell to 25-45 V.  

3.3.5. LC-MS2. The sample prepared for native MS was adjusted to pH 4 with the 

addition of triflouroacetic acid, loaded onto a Pierce C18 tip with a 10 µL bed (Thermo Fisher 

Scientific), washed, and eluted using an aqueous solution with 70% acetonitrile and 0.1% formic 

acid by volume. Peptides were separated using a nanoAcquity UPLC (Waters) using a 150 mm 

fused-silica emitter that was packed with reversed-phase ProntoSIL AQ 120-C18 5 μm resin 

(Bischoff Chromatography, Germany). A 60-minute linear gradient from 10-30% organic 

phase (acetonitrile with 0.1% formic acid), followed by a 1-minute gradient to 80% organic 

phase, was used with a flow rate of 0.3 µL/min. The eluent was analyzed using a Q Exactive 

Plus mass spectrometer (Thermo Fisher Scientific) and a data-dependent acquisition method. 

Full-scan MS spectra were acquired in positive ion mode with the resolution set to 70k and 

with a scan range of 400 to 2,500 m/z. MS2 spectra were acquired on the top 20 precursors 

present in the MS1 scan, and MS2 spectra were acquired at 17.5k resolution with a 1.5 m/z 

isolation window.  

3.3.6. Peptide Identification. Peptide sequences were identified using unrestricted 

database searches and downstream validation. A protein database was constructed that contained 

the E. coli BL21 proteome (Proteome ID UP000002032),34 the His-TSF-KLHDC2 fusion protein 

that introduced with molecular biology (Figure S3), and reverse-sequence protein decoys. The 

experimental data was searched against this database using both Comet35 and MSFragger.36 

Searches were performed using standard settings for accurate mass data and allowing for a wide 

range of isotope errors (-1, 0, +1, +2, +3 isotope offsets). The results of both searches were each 
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analyzed with PeptideProphet37 using only the expect score as the discriminate and using the 

decoys to establish the negative distribution. Those analyses were then combined using 

iProphet.38 This workflow was performed within the Trans-Proteomic Pipeline,39 except the 

MSFragger search and the subsequent PeptideProphet analysis were performed using FragPipe.36 

Quantification based on the LC-MS data was performed using XPRESS40 in label-free mode 

within the Trans-Proteomic Pipeline. PEAKS Studio 8.5 (Bioinformatics Solutions, Waterloo, 

Ontario) was used to sequence spectra obtained from native top-down and destabilizing MS 

experiments. Spectra from those experiments were signal averaged using MassLynx v4.1, 

converted into a single mzML file, then searched using a 0.1 Da precursor mass tolerance and a 

0.1 Da fragment ion tolerance with no enzyme selected for de novo sequencing. For PEAKS DB 

analysis, the UniProt E.coli BL21 and K12 proteomes were combined with the FASTA entries 

for human KLHDC2 and the His-TSF tag. 

3.3.7. Determining Relative Abundances of Bound Peptides. The native mass spectra 

were resampled with 4 equally spaced points between each m/z value. The signal profile for apo 

KLHDC2 was used to represent the contributions from each KLHDC2:peptide complex. A 

template was created by first isolating the feature for apo KLHDC2 in the resampled spectrum. 

Since the tailing edge of this feature was obscured by the peptide-bound portion of the spectrum, 

a tail was added by reflecting the leading edge of the profile and then reducing the intensity of 

this tail to reach the baseline of the spectrum. The relative intensity (In) for each complex was 

optimized by minimizing the total residual (Equation 1) using Powell’s conjugate gradient 

method.41 A notebook illustrating this method is included with the Supporting Information.  
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3.4. Results and Discussion 

KLHDC2 is a human E3 ligase that is of considerable interest because it recognizes the 

C-terminus of substrates,16–19 rather than the more common N-end rule42 for substrate 

recognition. As part of our effort to characterize the molecular biophysics of KLHDC2, we used 

native MS to analyze this protein purified from E. coli cells. Several high-intensity peaks were 

observed at m/z values expected for the 11+ to 13+ charge states of apo KLHDC2. To our 

surprise, many additional features were also observed (Figure 1). The unexpected features 

correspond to ions that are approximately 400 to 1500 Da greater in mass than apo KLHDC2 and 

suggest that many different peptides had complexed with KLHDC2. Since exogenous peptides 

were not added at any point, these peptides must have bound to KLHDC2 during their expression 

or purification from E. coli cells. Therefore, the bound peptides represent bacteria-produced 

protein fragments that copurified with KLHDC2. To the best of our knowledge, these spectra 

show the first evidence of copurified protein fragments bound directly to an E3 using MS. Here 

we report the integrative mass spectrometry strategy that we developed to identify and quantify 

the protein fragments that comprise the interacting peptidome of this E3 ligase, i.e., the 

degronome of KLHDC2 in these cells. We then discus the properties of this degronome and the 

potential for using this strategy to determine the roles of individual E3 ligases. 
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Figure 3.1. Native mass spectrum of KLHDC2 expressed in E. coli cells. In 

addition to features expected for apo KLHDC2, additional features corresponding 

to ions that are approximately 400-1500 Da larger in mass relative to the apo 

protein are also observed. These features are attributed to KLHDC2:peptide 

complexes. Intensities below 3200 m/z are increased tenfold to aid in 

visualization. 

 

3.4.1. Native Top-Down MS. To determine the identity of the copurified peptides, we 

first used native top-down MS, i.e., subjecting intact KLHDC2:peptide complex ions to multiple 

stages of activation in order to sequence the bound peptides. Peptides were released using 

collision-induced dissociation (CID), which was achieved at the atmospheric-pressure interface 

or in the trap collision cell of the mass spectrometer. When CID was performed in the trap 

collision cell, the transmission profile of the quadruple (positioned immediately prior to the trap 

cell and operated as an RF-only guide) was set to favor higher-m/z ions corresponding to apo or 

peptide-bound KLHDC2. This filtered away lower-m/z contaminants, including any peptides that 

were unbound in solution, and provides high confidence that the peptide ions observed after CID 

were released from complexes with KLHDC2. When CID was performed at the atmospheric-
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pressure interface, it is possible that unbound peptides from solution may also be transmitted. 

CID performed in the trap collision cell (Figure S1) or at the atmospheric-pressure interface 

(Figure 2A) both yielded identical peptide ions, which corroborates that the peptide ions in both 

experiments originated from complexes with KLHDC2. Peptide ions released at the atmospheric-

pressure interface were used for acquiring peptide fragmentation spectra because those ions 

could be quadrupole selected prior to subsequent fragmentation. 

Seven interacting peptides were identified using native top-down MS; representative 

fragmentation spectra are shown in Figure 2B and S2. In order to minimize bias, the 

fragmentation spectra were first analyzed using unconstrained de novo sequencing and the 

candidate sequences were compared with a protein library, as described in the Methods. Five of 

the peptides are assigned to a series of N-terminal truncations of ASDEGEVIVFGG (Figure 2B), 

which is a fragment of KLHDC2. This assignment was validated by subjecting synthetic 

ASDEGEVIVFGG to tandem MS on the same instrument (Figure 2C). The origin of the N-

terminal truncations are not yet understood, but are presumably the result of digestion or 

degradation that occurred in vivo. The other two peptides were assigned to EKGGGSGGG and 

GGGSGGG, which are fragments of the His-elongation factor Ts (TSF) tag that was fused to the 

N-terminus of KLHDC2 for expression and purification purposes (Figure S3). These peptides all 

feature C-terminal diglycine, which is present in the majority of the reported degrons of 

KLHDC2.17 These seven degron-like peptides were all identified through the direct analysis of 

KLHDC2:peptide complexes that were formed in cells or during cell lysis and survived 

extensive purification.  
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Figure 3.2. Native top-down MS of KLHDC2:peptide complexes. (A) Complexes were ionized 

and subjected to collision-induced dissociation (CID) at the atmospheric-pressure interface of the 

mass spectrometer, resulting in the release of peptide ions that are labeled using the IDs in Table 

1. Intensities are increased fivefold to aid in visualization. Additional ions are annotated in 

Figure S2. (B) Ion F was isolated and subjected to CID in the trap collision cell of the 

instrument. CID fragments (labeled using the scheme of Roepstorff and Fohlman)43 were used to 

assign ion F to ASDEGEVIVFGG, which is a fragment of KLHDC2. (C) Synthesized 

ASDEGEVIVFGG was resuspended in aqueous 200 mM ammonium acetate, ionized using 

electrospray, and subjected to CID in the trap collision cell of the same instrument. The 

fragmentation spectra in B and C are nearly identical, which corroborates the assignment of 

peptide F to ASDEGEVIVFGG.
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Table 3.1. The degronome of KLHDC2 in E. Coli Cells based on observations (○) and 

sequencing (●) in Native, Destabilizing, and Liquid Chromatography MS experiments. 

Protein of Origin Interacting Peptide ID RAa N D LC 

KLHDC2 VSDGRHMFVWGG J 1.7(0.4) – ○ ● 
 TVGNRGFVFGG A 0.3(0.2) ○ ○ ● 
 VGNRGFVFGG h 1.4(0.4) – – ● 
 NRGFVFGG D 0.4(.4) ○ ○ ● 
 FVFGG x 0.5(0.1) ○ ○ ● 
 SSDHLFLFGG r 1.8(0.5) ○ – ● 
 FLFGG f 0.6(0.4) ○ - ● 
 HTACASDEGEVIVFGG U 0.2(0.1) – – ● 
 ACASDEGEVIVFGG K 0.3(0.4) – ○ ● 
 CASDEGEVIVFGG H 2.0(0.5) ○ – ● 
 ASDEGEVIVFGG F 5.7(1.1 ● ● ● 
 SDEGEVIVFGG C 5.5(0.8) ● ● ● 
 DEGEVIVFGG y 1.7(0.2) ● ● ● 
 EGEVIVFGG t 4.3(0.5) ● ● ● 
 GEVIVFGG o 3.1(0.5) ○ ○ ● 
 EVIVFGG m 1.5(0.8) – ○ ● 
 VIVFGG j 5.4(1.7) – – ● 
 IVFGG c 1.9(1.1) ● ○ ● 

His-TSF solubility tag AWSHPQFEKGGGSGGGSGG X 0.8(0.3) – – ● 
 WSHPQFEKGGGSGGGSGG W 0.9(0.7) – – ● 
 SHPQFEKGGGSGGGSGG R 0.3(0.4) – – ● 
 SSAWSHPQFEKGGGSGGG Y 0.4(0.2) – – ● 

 AWSHPQFEKGGGSGGG T 0.5(0.1) – – ● 

 WSHPQFEKGGGSGGG Q 0.3(0.1) – – ● 

 SHPQFEKGGGSGGG I 3.7(0.8) – – ● 

 HPQFEKGG s 1.5(0.5) ○ ○ ● 
 EKGGGSGGG l 19.5(2.6) ● ● – 
 GGGSGGG b 4.5(2.0) ● ○ – 

UPF0441 protein YgiB QRSATGTSSRSMGG N 1.7(0.3) – – ● 

Cell division protein FtsZ TNDAVIKVIGVGGGG L 0.6(0.3) – – ● 
 VIKVIGVGGGG v 0.8(0.1) ○ – ● 

Glutamate dehydrogenase SSAIGPYKGG u 0.8(0.3) ○ – ● 
 SAIGPYKGG q 0.2(0.2 ○ – ● 

Outer membrane protein F SDDFFVGRVGG E 0.8(0.1) – – ● 

 DDFFVGRVGG z 0.8(0.5) – – ● 

Malate dehydrogenase MKVAVLGAAGG w 0.9(0.2) – – ● 
 KVALGAAGG p 1.7(0.2) – – ● 

Superoxide dismutase TAFEGKLEEIIRSSEGG Z 1.0(0.5) – – ● 

30S ribosomal protein S11 TDRQGNALGWATAGG P 0.2(0.1) – – ● 
 LGWATAGG n 1.1(0.9) ○ – ● 

30S ribosomal protein S12 IGGEGHNLQEHSVILIRGG α 0.5(0.2) – – ● 

30S ribosomal protein S5 VFMQPASEGTGIIAGGA V 0.5(0.2) – – ● 

 MQPASEGTGIIAGGA M 0.6(0.3) – – ● 

Phage Shock operon AEHWIDVRVPEQYQQEHVQGA δ 1.6(1.8) – – ● 
rhodanese PspE IDVRVPEQYQQEHVQGA  β 0.8(0.6) – – ● 

17 kDa surface antigen IQGGDDSNVIGAIGGA O 0.9(0.2) – – ● 

Phenylalanine-tRNA ligase α subunit  LRELPPEERPAAGA S 0.5(0.2) – – ● 

DNA- binding protein HU-β KSQLIDKIAAGA G 0.5(0.3) – – ● 
 SQLIDKIAAGA B 0.1(0.1) – – ● 

Ambiguous origin (See SI) bLPPGG e 1.2(0.6) ○ – ● 
 LVYGG d 2.3(0.9) – ○ ● 
 LPEFGG k 4.9(0.7) – – ● 
 PEFGG g 0.0(0.0) ○ ○ ● 
 LIIGGG i 3.0(0.5) – ○ ● 
 bLYFGG a 1.2(0.9) ○ – ● 

a Relative Abundances are reported at the 95% confidence level. 
b Additional sequences with leucine/isoleucine substitutions are also possible. 
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3.4.2. Integrating Complementary MS-Based Measurements. Although roughly half 

of the KLHDC2 containing ions observed using native MS were complexed with peptides 

(Figure 1), the abundance of each individual peptide was inherently lower than that of KLHDC2. 

This ultimately limited the number of peptides that could be observed in native MS2 experiments 

(Figure 2A) and sequenced in native MS3 experiments (Table 1). Since it was apparent that many 

other peptides were bound to KLHDC2 than were identified using native top-down MS alone, 

we developed an integrative MS-based strategy to identify additional bound peptides (Figure 3).  

 

Figure 3.3. Integrative MS for degronomics. Native MS enabled the direct 

observation and mass determination of E3:peptide complexes that were purified 

from cells. Native top-down MS provided primary amino acid sequences for a 

subset of the bound peptides. Complementary MS-based approaches, including 

destabilized-sample MS2 and LC-MS2 provided additional peptide identifications. 

Together, these methods provide an integrative strategy to identify and quantify 

protein fragments interacting with an E3 in cells that could be used to study 

E3:degron interactions more broadly.  
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Destabilizing samples, by the addition of acetonitrile and formic acid (15% and 0.1% by 

volume, respectively) or heating the sample to 55 °C, caused peptides to be released from 

KLHDC2 in solution. MS1 of these destabilized samples and MS2 of the native-like complexes 

yielded similar spectra, but destabilized-sample MS yielded more intense signals for peptide ions 

than native MS2. The highest-intensity ions from the destabilized samples were quadrupole 

selected for MS2 (Figure S4), which confirmed the peptide sequences identified using native top-

down MS (Table 1). However, analysis of the destabilized samples was limited by congested 

MS1 spectra; some peptide ions could not be isolated completely using the quadrupole mass filter 

and others exhibited inadequate intensity for MS2. Ultimately, no additional peptides were 

sequenced from the destabilized samples, but analysis of those samples corroborated many of the 

results from native top-down MS. LC-MS2, without enzymatic digestion, was used to determine 

the sequences for the greatest number of interacting peptides (Table 1, probability scores from 

peptide-spectrum matches in Table S1). 

Although the destabilized-sample MS and LC-MS2 methods offer certain advantages, i.e., 

greater precursor ion intensities and greater number of identified peptides, respectively, those 

methods both destroy the KLHDC2:peptide interactions prior to analysis. The native top-down 

and destabilized sample MS benefited from the use of direct infusion of the sample into the ion 

source. Relative to the LC-MS2 experiments, adjusting the extent of activation for individual 

peptide ions contributed to higher quality fragmentation spectra and acquiring fragmentation 

spectra for more time enabled higher signal-to-noise spectra after averaging. Consequently, the 

average of the significance scores from PEAKS DB analysis (−10log10P) for the peptides 

identified using all three approaches are 51, 44, and 30 for native MS3, destabilized-sample MS2, 

and LC- MS2, respectively. Interesting, two of the most abundant interacting peptides (b and l) 
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were not identified in the LC-MS2 experiments. The absence of b and l in the LC-MS2 data may 

be attributable to the hydrophobicity of each peptide, which is significantly lower than the 

peptides that were identified using LC-MS2 (Table S2), and poor retention during solid-phase 

extraction and LC. Therefore, the data generated using all three approaches are complementary 

and enable the most comprehensive overview of the interacting peptidome of KLHDC2 in E. coli 

cells.  

3.4.3. Relative Abundances. The peptides identified through the integrative MS strategy 

were used to assign features in the native mass spectrum (Figure 4A) that had been tentatively 

assigned to KLHDC2:peptide complexes (Figure 1). Fundamental studies indicate that native-

like ions are formed through the charged-residue model for electrospray ionization, in which the 

final ions are the result of desolvation of charged droplets containing the biomolecule.33,44,45 

Since the ionization efficiency of KLHDC2 and its complexes should be largely independent of 

peptide binding,46 we hypothesize that the relative abundances of the KLHDC2:peptide complex 

ions accurately reflect the relative abundance of those complexes in solution prior to ionization. 

In contrast, the ionization efficiency of peptides from electrospray can depend strongly on 

peptide length, sequence, hydrophobicity, solubility, and other factors.47 For example, 

hydrophobic peptides have greater affinity for surface of the electrospray droplet,48 which can 

result in their preferential ionization49 and suppress the ionization of less hydrophobic peptides.50 

Therefore, it is normally extremely difficult to quantify peptides without using internal standards 

or peptide labelling, which is challenging to implement in discovery experiments. Label-free 

quantitation of the peptides discovered in these experiments was attempted based on their LC-

MS elution profiles. The relative abundances of the peptides from that analysis are reported in 

Table S1, but due to the absence of highly abundant peptides such as b and l (Table 1) in the LC-
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MS experiments and the predicted differences in the ionization of peptides as described above, 

those values are not correlated with the relative abundances determined from the native MS 

experiments.  

 

 

 
 

Figure 3.4. Identification and quantification of interacting peptides. (A) Native 

mass spectrum of the 12+ KLHDC2:peptide complex ions, plotted using a false 

mass axis that is relative to apo KLHDC2. Vertical bars are plotted using the 

masses of the interacting peptides that had a 1% or greater relative abundance and 

are labeled using the IDs in Table 1. For comparison, this region is plotted with 

all peptide IDs as a function of m/z in Figure S5. (B) The total residual (Equation 
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1) of the experiment (black trace) and the sum of modelled components (blue 

trace) was minimized by optimizing the relative intensity of each component. The 

contribution from each KLHDC2:peptide complex is represented using a different 

color. (C) The relative abundances of the interacting peptides determined using 

this approach for the 11+, 12+, and 13+ ions.  

 

Congestion in these native mass spectra imposes some additional challenges in 

determining the relative abundance of the bound peptides. For example, the signals for apo 

KLHDC2 (Figure 1) are broad and appear to depend on the presence of non-specific adducts that 

persisted through electrospray ionization51 as well as scattering with background gas in the time-

of-flight mass analyzer. It is possible that individual peptides that bind to KLHDC2 contribute to 

differences in adduct formation during electrospray, but the major factors that broaden the MS 

signals for apo KLHDC2 are expected to be common to all KLHDC2:peptide complexes. From 

this, we hypothesize that the profile for apo KLHDC2 can be used as template to simulate the 

signals originating from each of the KLHDC2:peptide complexes. To test this hypothesis, the 

feature for apo KLHDC2 was extracted from the experimental spectrum as described in the 

Methods. For each of the n peptides in Table 1, this template was reproduced and shifted by τ, 

which is the neutral mass of the interacting peptide divided by the charge state of the complex. 

Next, the relative intensity (In) for each simulated feature was optimized to minimize the total 

residual:  

 Total Residual = √∑ (𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 (
𝑚

𝑧
) − ∑ 𝐼𝑛 × 𝑇𝑒𝑚𝑝𝑙𝑎𝑡𝑒(

𝑚

𝑧
+ 𝜏𝑛))2𝑛

0𝑚/𝑧  (1) 

Note that In is a scalar that is relative to that for the original template (I0). Additional details of 

this process are described in the Methods and Supporting Information.  
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Figure 4B shows results from this analysis of the 12+ ions. The sum of the components is 

strongly correlated with the experimental spectrum. The derivatives of these traces are shown in 

Figure S6, which highlight the fidelity and the limitations of this approach. The differences 

between the model and experiment are most likely due to limitations in the template and 

unidentified peptides; for instance, the experiment appears to include contributions from 

KLHDC2 bound to peptides with masses of approximately 398, 565, and 648 Da that were not 

identified and are therefore not included in the model. However, the model reproduces nearly 

98% of signal observed for KLHDC2:peptide ions, suggesting that the integrative MS strategy 

identified the vast majority of the interacting peptides. The relative abundances of the interacting 

peptides determined from the analysis of the 11+, 12+, and 13+ KLHDC2:peptide ions are 

shown in Figure 4C. Overall, the relative abundances determined for different charge states and 

for technical replicates (Figure S6) are similar to each other, demonstrating the robustness of this 

approach. The relative abundances, averaged over all charge states and replicates, are reported in 

Table 1. The difference between the most and least abundant peptides (corresponding to 19.5 and 

0.1% relative abundance) suggests that this approach has a dynamic range that is capable of 

quantifying peptides that differ nearly 100-fold in intensity. Note that the accuracy of this 

approach depends on the extent to which the original native mass spectrum (Figure 1) reports the 

distribution of interacting peptides in solution; different extents of peptide dissociation during 

protein purification or MS may bias these results. Additionally, the accuracy of the templating 

approach could be reduced if adduct formation differs significantly between the apo and peptide-

bound components.  
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Figure 3.5. The peptide F (ASDEGEVIVFGG) was synthesized and added at 

various concentrations to the sample of KLHDC2 expressed in E. coli cells. (A-E) 

The intensity of the feature for the KLHDC2:F complex increases with peptide 

concentration, which is consistent with the intensities in the native mass spectra 

depending on the abundances of the corresponding complexes in solution. (F) The 

relative abundances of apo KLHDC2 and the KLHDC2:peptide complexes were 

determined for the spectra shown in A to E using the same method used for 

Figure 4. (G) The abundance of the KLHDC2:F complex relative to apo 

KLHDC2 and all KLHDC2:peptide complexes as function of the concentration of 

additional ASDEGEVIVFGG after it was spiked into the sample.  
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In order to characterize the relationship between the relative abundances determined 

using this quantitation approach and the abundances of the complexes in solution, we performed 

a titration experiment by adding the synthesized peptide F (ASDEGEVIVFGG). We added that 

peptide to the original sample of KLHDC2 from E. Coli cells and monitored the change in the 

resulting native mass spectra, which is shown in Figure 5A-E. The original sample was diluted 

twofold with the addition of the standard; the concentration of the additional standard is reported 

after this dilution step. The intensity of the feature assigned to the KLHDC2:F complex 

increased with the concentration of the spiked peptide. Figure 5F shows that the increase in the 

relative abundance of that complex is concomitant with a decrease in the relative abundance of 

the other components of the sample, especially apo KLHDC2. For comparison, Figure S7 shows 

the relative abundance of the other components, excluding apo KLHDC2 and KLHDC2:F. This 

analysis suggests that the concentration of the KLHDC2:F complex in sample was 164 ± 44 nM, 

prior to the addition of the standard (Figure 5G). These results also illustrate the advantage 

interpreting native mass spectra using an experimentally derived template. Even though the 

different experiments yield slightly different extents of nonspecific adducts following 

electrospray ionization (Figures 5A to 5E), those differences are inherently accounted for using 

this approach for quantitation. 

We anticipate that this approach for quantitation could be used to quantify the relative 

abundance of other molecules that interact with proteins, including those that bind endogenously 

and/or lack standards. Additionally, this templating approach could be used to facilitate 

measurements of Kd values directly from native MS experiments. Although simulating native 

mass spectra in order to quantify the relative abundance of noncovalent complexes has been 

reported previously,25,52 to the best of our knowledge this is the first report the use of an 
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integrative mass spectrometry strategy to inform the identities and masses of the contributing 

complexes as well the use of an experimentally derived template to represent peak shapes.  

3.4.4. The Degronome of KLHDC2 in E. coli Cells. This degronome includes peptides 

that originate from a variety of proteins, including those from E. coli and those introduced using 

molecular biology (Table 1). E. coli doesn’t have a UPS or encode KLHDC2, so the peptides 

that originate from E. coli proteins may not directly inform the role of KLHDC2 in humans. 

However, these E. coli derived peptides may provide insights into KLHDC2 function in humans. 

For instance, peptide N is the extreme C-terminal fragment of UPF0441 protein YgiB, whereas 

all other peptides originate from the interior or close to the N-termini of the associated proteins 

(Table S3). This suggests that KLHDC2 may recognize proteins that natively feature diglycine at 

their extreme C-terminus, in addition to protein fragments. 

Interestingly, many of the peptides originated from KLHDC2. There are six interspersed 

diglycines within KLHDC2 (Figure 6A, one for each of the Kelch repeats of the protein) and 

interacting peptides terminating in four of the six diglycines were identified (Figure 6B). To 

determine the binding affinity of ASDEGEVIVFGG, which is the most-abundant peptide 

originating from KLHDC2, we used a luminescence-based competition assay (AlphaScreen, see 

Supporting Information and Figure S8). In this experiment, free ASDEGEVIVFGG peptide 

competed for binding to KLHDC2 against immobilized HLRGSPPPMAGG, which enables a 

direct comparison with the other degron peptides that have been characterized.19 Because the 

concentration of immobilized components is extremely low relative to that of the free peptide, 

the IC50 values determined here are approximately equal to the corresponding Kd values.53 

Strikingly, this internal KLHDC2 peptide binds almost as tightly (IC50 = 5.3 nM) as the recently 

characterized selenoprotein fragment (HLRGSPPPMAGG, IC50 = 3.4 nM).19 An intriguing, 
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albeit speculative, possibility is that the high affinity between KLHDC2 and its internal 

fragments may enable KLHDC2 to clear its own proteolytic products through the UPS. 

 

 

Figure 3.6. Recognition of KLHDC2 protein fragments. (A) The sequences near the six internal 

diglycines of KLHDC2 are shown. The colored regions represent internal peptides that were 

identified using integrative MS. (B) These internal fragments are highlighted on the structure of 

KLHDC2 and correspond by color to the sequences in panel A (diglycines represented as 

spheres). (C) The peptide ASDEGEVIVFGG binds to KLHDC2 with an IC50 value of 5.3 nM. 

(D) LOGO plot54 of all peptides in Table 1. 

 

Although all identified peptides are terminated by diglycine or glycylalanine (Table 1), 

the preceding amino acids in those peptides are diverse (Figure 6D). This finding is consistent 

with the extremely tight binding of both ASDEGEVIVFGG and HLRGSPPPMAGG, as well as 

the previous report that KLHDC2 binds degron peptides through non-covalent interactions 

between the peptide backbone carbonyls and the binding pocket of KLHDC2, rather than 

specific interactions with amino acid side chains of the peptide.19 However, if only the presence 

of diglycine or glyclalanine were required, the E. coli peptides in this degronome are much less 
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diverse than might have been considered possible. The E. coli proteome contains ~4300 proteins, 

~2700 of which contain a total of nearly 7000 diglycines and ~3000 of which contain ~8000 

glycylalanines. The peptides identified here originate from only 12 of those proteins, which 

based on comparisons with a meta-analysis of results for E. coli K-12,55 have cellular 

concentrations that likely span several orders of magnitude (Figure S9). This finding indicates 

that KLHDC2 has particularly high affinity for these degrons or that only a small number of the 

candidate proteins undergo proteolytic digestion that exposes these C-terminal motifs. Therefore, 

this degronome may be useful for extending the profile of sequences that can be recognized by 

KLHDC2, i.e., treat the E. coli proteome as a peptide library that can be recognized by this E3. 

For instance, if the last 5 amino acids from each peptide originating from an E. coli protein 

represents a functional degron, KLHDC may have hundreds of potential protein substrates across 

the human proteome (Table S4). In the future, applying the integrative MS strategy reported here 

to study the degronomes of E3s in human cells may enable even more direct insights into the 

roles of those E3s in human biology. 

 

3.5. Conclusions 

We demonstrated an integrative MS strategy for identifying and quantifying cellular 

peptides that interacted with an E3 ubiquitin ligase (Figure 3). Unlike other methods for 

identifying E3 substrates, native MS provides direct evidence of E3:peptide binding. Combining 

results from native MS (Figure 1), native top-down MS (Figure 2), MS2 of destabilized samples, 

and liquid chromatography MS2 revealed a near complete fraction of the KLHDC2-binding 

peptidome from E. coli (Figure 4 and Table 1). These results demonstrate that KLHDC2 binds to 

peptides containing C-terminal diglycine or glycylalanine, and that a wide profile of sequences 
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preceding the C-terminus are recognized (Figure 6D). Using the native mass spectra and the 

comprehensive list of identified peptides, we demonstrated a novel and robust method for 

determining the relative abundance of interacting molecules (Figure 4B). The direct and 

quantitative data enabled by this integrative MS strategy offers many advantages relative to 

existing tools for characterizing E3-substrate pairing. Given the persistent challenges associated 

with identifying and validating substrates for the hundreds of E3 ligases in humans, we anticipate 

that MS-based degronomics will be leveraged more broadly to determine the individual roles of 

other E3s, including those that adhere to the more common N-end rule42 for substrate 

recognition. 
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Chapter 4. Ion Mobility of Proteins in Nitrogen Gas: Effects of Charge State, Charge 

Distribution, and Structure 

This chapter is reproduced with permission from Canzani, D; Laszlo, K. J.; Bush, M. F. “Ion 

Mobility of Proteins in Nitrogen Gas: Effects of Charge State, Charge Distribution, and 

Structure” Journal of Physical Chemistry A 2018. Copyright 2018 American Chemical Society. 

 

4.1. Abstract  

Ion mobility is emerging as a rapid and sensitive tool for structural characterization. 

Collision cross section (Ω) values determined using ion mobility are often compared to values 

calculated for candidate structures generated through molecular modeling. Several methods exist 

for calculating Ω values, but the trajectory method explicitly includes contributions from long-

range, ion-neutral interactions. Recent implementations of the trajectory method have 

significantly reduced its expense and have made applications to proteins far more tractable. Here, 

we use ion mobility experiments and trajectory method calculations to characterize the effects of 

charge state, charge distribution, and structure on the ion mobility of proteins in nitrogen gas. 

These results show that ion-induced dipole interactions contribute significantly to the Ω values of 

these ions with nitrogen gas, even for the modestly charged ions commonly observed in native 

mass spectrometry experiments. Therefore, these interactions contribute significantly to the 

values measured in most structural biology and biophysics applications of ion mobility using 

nitrogen gas. Comparisons between the reciprocal mobilities of protein ions in helium gas and in 

nitrogen gas show that there are significant, non-correlated differences between these values. As 

a consequence, it is challenging to estimate the errors associated with interconverting between 

helium- and nitrogen-based mobilities without extensive characterization in both gases, even for 

ions of proteins with similar sequences. Therefore, we recommend reporting Ω and mobility 
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values that are based on the predominant gas present in the separation and applying additional 

caution when comparing results from mobility experiments performed using different gases. 

 

4.2. Introduction 

Ion mobility (IM) mass spectrometry (MS) is emerging as a rapid, sensitive, and robust 

tool for molecular analysis and structural characterization.1,2 IM separates ions by their mobility 

(K) in a buffer gas under an applied electric field. When combined with MS, IM separations have 

proved valuable in the characterization of polymers,3,4 nanoparticles,5 carbohydrates,6,7 and other 

analytes. Collision cross section (Ω) values determined from experimental K values can be used 

in structural analysis through comparison to Ω values calculated for candidate structures.8,9 This 

approach has had a string of recent successes in structural biology.10–13  

The recent success of IM-MS in biomolecular characterization has been fueled by 

improvements in IM technology and the development of commercial instruments.14–16 Nearly all 

commercial instruments use N2 as the buffer gas. The selection of N2 can be attributed to 

practical reasons including cost and availability,15 as well as the observation of improved 

resolution for separations using N2 relative to other gases.14,17 However, many foundational IM-

MS investigations made use of He buffer gas18–20 and methods for calculating ΩHe values are 

more mature.21–23 Consequently, many studies calibrate mobilities determined from N2-based 

measurements using ΩHe values reported in the literature.24 One justification for this approach is 

the linear correlation observed for the reciprocal reduced mobilities in N2 and He for selected 

ions.15,25,26 However, deviations have been observed and attributed to differences in properties 

including charge state, charge distribution, molecular shape and size, and surface area.23,25,27–30 

As a consequence, several studies have reported that selecting calibrants with properties that are 

similar to the analyte is critical to managing errors in Ω determination.25,27,29,31 Selecting 
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calibrants with similar properties may also reduce errors associated with velocity relaxation, 

which is more significant in IM devices that use dynamic electric fields, e.g., travelling waves.32 

The difficulty associated with converting between ΩHe and ΩN2 values arises from the 

intrinsic physical properties of each gas. For example, N2 is larger in size and mass than He, and 

consequently much more momentum may be transferred during collisions with N2. The 

polarizability of N2 (1.74 Å3)33 is also much larger than that of He (0.21 Å3),34 which contributes 

to larger Ω values through ion-induced dipole interactions.23,35–37 Due to these differences, 

Bleiholder proposed that IM data “acquired in different buffer gases are functionally not 

rigorously related but instead to some extent complementary.”28 Therefore, errors associated 

with interconverting mobility data between gases or treating gas blends, e.g., air or mixtures of 

helium and nitrogen, as pure gases can ultimately diminish the accuracy of IM results. 

Several methods have been developed or adapted to calculate ΩN2 values. For example, 

the exact hard-spheres scattering method (EHSS) calculates Ω based on the expected momentum 

transfer between neutrals and ions with all atoms treated as hard spheres.22 EHSSΩ values have 

been shown to be accurate for He, but this method fails to provide good quantitative agreement 

for N2 and other diatomic gasses.38 One challenge is that ion-N2 collisions are likely to be 

inelastic and diffuse in nature, whereas the EHSS method treats all collisions as elastic and 

specular.36 The diffuse hard sphere scattering (DHSS) method incorporates inelastic and diffuse 

collisions and yields ΩN2 values that are closer to experimental values, especially for larger 

ions.39,40 However, the DHSS method overestimates the Ω values of smaller ions such as iodide 

clusters.41 The projection superposition approximation (PSA) is computationally inexpensive and 

was developed to account for shape effects through the incorporation of a shape factor that is 

unique to each ion.42 PSA calculations were used to estimate the effect of temperature on Ω 
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values of ubiquitin ions, which showed that Ω increases with decreasing temperature and that 

these increases are larger with N2 than with He.28 Note that the EHSS, DHSS, and PSA methods 

do not explicitly account for the effects of charge. Therefore, it is challenging to apply any of 

these methods universally for all ions. 

The trajectory (TJ) method explicitly accounts for the effects of charge and shape by 

calculating Ω values using the average momentum transfer for many gas molecule trajectories 

that are simulated using a potential, U.21 In most implementations, U for collisions between the 

gas and each of the n atoms in the ion is described using a Lennard-Jones potential, which is 

repulsive at short distances and attractive at long distances, and an ion-induced dipole potential, 

which is attractive over all distances:  

 𝑈(𝑟) = 4 ∑ 𝜀𝑖[(
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where r is the position of the neutral relative to the ion center-of-mass. For each atom, i, ε is the 

depth of the Lennard-Jones potential well, σ is the finite distance at which the Lennard-Jones 

potential is zero, d is the Euclidian distance relative to r, α is the polarizability, q is the charge, 

and x, y, and z are the Cartesian coordinates relative to r. Alternative functional forms of the 

interaction potential have also been evaluated and have been reported to improve the accuracy of 

TJ method calculations.9,43 Although the benefits of the TJ method have been appreciated since 

its initial development, its widespread use for predicting Ω values of protein ions was limited by 

its exceptionally high computational cost. Recent advances in computer hardware and faster 

implementations of the TJ method38,44 have made these calculations far more tractable for 

structural models with many atoms, such as protein ions. Relative to ion-He interactions, ion-N2 

interactions are stronger and more challenging to represent accurately. For example, the highest-

accuracy representation of ion-N2 interactions would include ion-quadrupole interactions and 
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model N2 as a linear diatomic molecule. Improved treatments of ion-N2 interactions have been 

reported,37,43,45 albeit with significantly increased computational expense. To the best of our 

knowledge, these improved treatments have not yet been fully integrated with high-performance 

implementations of the TJ method.38,44 

Recently, we characterized the effects of protein charge state, charge distribution, and 

structure on the ΩHe values of ubiquitin (Ub1), diubiquitin (Ub2), and alcohol dehydrogenase 

(ADH) using the TJ method.46 Over the range of charge states observed experimentally, ion-

induced dipole interactions can increase the ΩHe values of Ub1 and Ub2 by up 13% and 9%, 

respectively. Ion-induced dipole interactions with He were shown to be important for ions with 

high z, but these effects decreased with ion size, i.e., the magnitude of the increases in ΩHe values 

with increasing z were lower for Ub2 than for Ub1 and were lower for folded models than α-

helical or linear models. Here, we use the TJ method and IM experiments to characterize how 

these factors affect ΩN2 values and the consequences of interconverting between He- and N2-

based mobility data. 

 

4.3. Methods 

4.3.1. Experiments. Ub1 was purchased from Boston Biochem (Cambridge, MA) and C-

to-N terminally linked Ub2 was purchased from Enzo Life Science (Farmingdale, NY). For 

denaturing conditions, proteins were dissolved into a 70:30 (v/v) mixture of methanol and water, 

which was adjusted to pH 2.0 with trifluoroacetic acid. For supercharging conditions, 15% by 

volume of propylene carbonate47 was added to the solutions for denaturing conditions. For 

native-like conditions, Ub2 was prepared in a solution of aqueous 200 mM ammonium acetate at 

pH 7. Final protein concentrations ranged from 8.5 to 20 µM. Electrokinetic nanoelectrospray 

ionization (ESI) was used to generate protein cations, as described previously.48 IM-MS data was 
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acquired using a Waters Synapt G2 HDMS (Wilmslow, UK) modified with a radio-frequency 

confining drift cell that enables the absolute determination of Ω values.49,50 Most IM experiments 

were performed using the radio-frequency confining drift cell filled with 0.8 mbar N2 gas, and 

arrival-time distributions were converted to Ω distributions as described previously.50 Note that 

only N2 gas is supplied to the radio-frequency confining drift cell in these experiments; this 

implementation does not use a “helium cell” to assist in ion transfer.14,50 

4.3.2. Calculations. The protein models used in these calculations have been reported 

previously.46 Briefly, the native models were generated by modifying structures deposited into 

the Protein Data Bank for Ub1 (1UBQ),51 Ub2 (3AXC),52 and ADH (5ENV).53 Energy-relaxed 

models were generated using the native models, the Amber force field, and steepest-descent 

energy minimization. The α-helical and linear models were built using the expected dihedral 

angles of the protein backbone. TJ method calculations were performed using IMoS v1.06.36,39,54 

ΩTJ values determined using IMoS are within 1% of those determined using MOBCAL, but 

require approximately two orders of magnitude less time.38 Charge distributions were assigned 

using four methods, which are summarized in Table 1 and have been described previously in 

detail.46 Each calculation used 10 000 gas trajectories in 199.98 pascals of N2 at 301.15 K and 

the optimized Lennard-Jones parameters reported previously.45 IMoS parameters for a 

representative calculation is included in the Supporting Information. Confidence intervals were 

determined at the 95% level using at least 10 independent calculations and t statistics. Intervals 

are reported by placing the uncertainty of the least significant digit(s) of each value in 

parentheses, i.e., a value of 12.04(11) nm2 means that the 95% confidence interval spans from 

11.93 to 12.15 nm2. 
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4.4. Results and Discussion.  

Ω values of ions measured with He and N2 are correlated, which has provided researchers 

with a means of converting N2-based mobilities into effective He-based Ω values.15,55,56 For 

example, ΩHe and ΩN2 values for Ub1 and Ub2 generated from denaturing and denaturing-

supercharging conditions are shown in Figure 1. Although these values are correlated, deviations 

are apparent, especially for lowest- and highest-z ions observed. These results are consistent with 

reports of orthogonality between mobilities measured in different drift gases17,57 and of concerns 

regarding the potential errors associated with interconverting between He- and N2-based 

mobilities.28 For multiply charged proteins, the relationship between z and the accuracy of the 

correlation between drift gasses has not been established universally. Since most proteins exhibit 

a wide range of charge states following electrospray ionization, a deeper understanding of the 

relationship between protein charge state, drift gas, and Ω would be useful for directly 

comparing results between different IM experiments and drawing accurate conclusions from IM-

based structural biology experiments.  

In this work, we use a version of the TJ method to characterize how ion charge state, 

charge distribution, and structure affect the ΩN2 values of protein ions. The TJΩN2 values obtained 

here are compared directly with previously determined TJΩHe values for these ions.46 Comparing 

TJΩN2 and TJΩHe values provides insights into the differences between mobility information 

obtained using N2 and He buffer gasses, and also sheds light on the efficacy of interconverting 

between ΩHe and ΩN2 values. The N2-based TJ method calculations used here treat N2 as a 

polarizable sphere. More accurate treatments of N2 would increase the computational cost of 

each calculation (using existing implementations) by several orders of magnitude, which would 

preclude broad consideration of structure, charge state, and charge distribution. For reference, 

inclusion of ion-quadrupole interactions increases ΩN2 values of ammonium cations and abiotic 
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amino acids by less than 3%.37 Relative contributions from ion-quadrupole interactions are 

expected to decrease with ion size, therefore omission of those interactions is expected to have a 

comparatively small effect on the values calculated here for protein ions with kDa masses. Due 

to uncertainties in the structures of the protein ions probed in the experiments, a range of model 

geometries (summarized in the Methods section) and charge distributions methods (summarized 

in Table 1) are evaluated. 

 

Figure 4.1. Median DTΩHe and DTΩN2 values of ubiquitin (Ub1, blue 

circles) and diubiquitin (Ub2, red stars) ions from denaturing (DN, solid markers) 

and denaturing-supercharging (DNS, hollow markers) condition experiments. The 

identity and Ω values of these ions are reported in Table S1. 

 

We will first consider an energy-relaxed model of Ub1, which was initialized using a 

native structure as described in the Methods section, and distribute 1 to 22 excess charges using 

the Even method. TJΩHe and TJΩN2 values are shown in Figure 2A. The TJΩN2 value of 12.04(11) 
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nm2 for Ub1
1+ is 12% larger than the corresponding TJΩHe value of 9.98(6) nm2. Note that all TJΩ 

values reported in this work are based on at least ten independent calculations. The uncertainty of 

the least significant digit(s) of each value is placed in parentheses and spans the 95% confidence 

interval, i.e., a value of 12.04(11) nm2 means that the 95% confidence interval spans from 11.93 

to 12.15 nm2. TJΩN2 values for Ub1
z+ are all similar for z ≤ 4 (m/z ≥ 2142) and then increase 

monotonically by up to 5% with each subsequent increase in z (Figure 2B). By comparison, 

TJΩHe values for Ub1
z+ are similar for z ≤ 10 (m/z ≥ 857) and then increase by only ~1% with 

each subsequent increase in z. As the charge state increases from 1+ to 22+, TJΩN2 values 

increase 91.4% from 12.04(11) to 23.05(5) nm2. By comparison, over this range of charge states, 

TJΩHe values only increase by approximately 14% from 9.98(6) to 11.44(14) nm2. 
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Figure 4.2. (A) TJΩHe and TJΩN2 values of the energy-relaxed relaxed 

model of Ub1 with charge distributed using the Even, FF-Even, FF-Protonation, 

and CoD methods (Table 1), as a function of charge state. The horizontal black 

bars show the typical range of charge states observed for Ub1 ions generated from 

native-like (NL), denaturing (DN), and denaturing-supercharging (DNS) 

conditions. (B) Ratio of the TJΩ for a given charge state to that of the 

corresponding 1+ ion, as a function of charge state. 
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For context, these TJΩ values for Ub1 in the limit of low charge state are generally 

consistent with consensus values from native IM-MS community. For example, these TJΩN2 

values are similar to the ΩN2 value (12.04 nm2) reported for Ub1
5+ based on measurements using 

structures for lossless ion manipulations implemented with a constant electrostatic gradient,58 

ΩN2 values for Ub1
6+ based on measurements using an electrostatic drift tube (12.00 nm2)28 and 

trapped ion mobility spectrometry (12.17 nm2),59 and projection superposition approximation 

calculations for the N-state of Ub1 (12.09 nm2).28  However, the TJΩN2 values of energy-relaxed 

Ub1
6+ and Ub1

7+ are 12.6(3) and 12.8(3) nm2, respectively, which are 4.6(2)% and 5.9(1.8)% 

larger than the corresponding value for Ub1
1+. These values are similar to those reported for the 

compact conformer of Ub1
7+ determined using electrostatic drift tube (12.70 nm2)28 and trapped 

ion mobility spectrometry (12.83 nm2)59 experiments. These larger TJΩN2 values for modestly 

charged ions, i.e., charge states that have been associated with native-like structures of Ub1, 

illustrate that excess charges can have a significant impact on IM data in the context of structural 

biology and biophysics. 

4.4.1. Origin of Differences between TJΩHe and TJΩ N2 Values. TJΩN2 values depend 

more strongly on z than TJΩHe values, which can be attributed to stronger ion-induced dipole 

interactions with N2 relative to those with He. To visualize the interactions between these gases 

and a protein ion, Figure 3 shows potentials that were calculated using Equation 1 for energy-

relaxed Ub1 with the charge distributed evenly. As charge is increased from 0 to 20+, the 

attractive wells of the potentials with each gases deepen and extend farther from the repulsive 

regions of the potential (colored black), but the changes are much more substantial with N2. For 

the 20+ ion, the minimum of the potential with He is −4 kJ mol−1, whereas that with N2 is −16 kJ 

mol−1. The attractive region of the potential with N2 extends several Å farther from the protein 
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atoms, and as a consequence, more N2 molecules in the buffer gas will interact with the ion. 

Glancing collisions will also become more significant, as individual N2 molecules will 

experience the attractive potential over a larger portion of their trajectories. These effects all 

combine to result in greater average momentum transfer with N2 compared to He.  

 

Figure 4.3. The interaction potentials between an energy-relaxed model of 

Ub1 with evenly distributed charge and He (left column) or N2 (right column). 

These potentials were calculated using Equation 1. Results for the 0 and 20+ 

charge states are shown on the top and bottom row, respectively. These images 

show the potential on an arbitrary plane whose origin is the center-of-mass of the 

model. For context, the repulsive regions of each potential are colored black and 

the xy position of each atom within 3 Å of the xy plane is plotted using a hollow 

circle. 
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The repulsive regions of the potentials with N2 extend farther from the protein atoms than 

those for He, which is consistent with the larger size of an N2 molecule. Furthermore, the edge of 

the repulsive regions with N2 are smoother than those with He, which indicates that the larger 

size of N2 prevents it from sampling the protein ion surface as finely as He does. This 

visualization is consistent with a previous report that structural details may be lost when using N2 

relative to using He.28 Therefore, these results indicate that IM measurements of protein ions in 

different gasses are sensitive to slightly different properties of the protein ion. 

4.4.2. Effects of Charge Distribution Method. In the discussion above, the charge state 

of the ion was distributed evenly on all atoms in the energy-relaxed model of Ub1. In order to 

assess the effects of charge distribution, calculations were also performed using the three 

alternative charge distribution methods described in Table 1. The resulting absolute and relative 

TJΩ values are shown in Figure 2. Similar TJΩN2 values were found using each of these four 

methods for each charge state. For example, as charge state increases from 1+ to 22+ the TJΩN2 

values increase from 12.0(1) to 23.1(5) nm2, 12.1(1) to 23.0(3) nm2, 12.2(1) to 23.5(5) nm2, and 

11.9(1) to 23.7(3) nm2 using the Even, FF-Even, FF-Protonation, and CoD methods, 

respectively. The ratio of TJΩ at a given charge to the TJΩ for Ub1
1+ is shown in Figure 2B, which 

reveals that the TJΩN2 values of the 22+ ions increase by 91(2)%, 90(1)%, 92(2)%, and 99(1)% 

for the Even, FF-Even, FF-Protonation, and CoD methods, respectively. By comparison, these 

four charge distribution methods all yielded increases in TJΩHe values of approximately 13% over 

this range of z. 

The TJΩN2 values for energy-relaxed Ub1 and energy-relaxed Ub2 (Figure S1) depend 

weakly on the charge distribution method for the methods considered here, which is consistent 

with the previously reported TJΩHe values for these protein models.46 The Even method is easy to 
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implement because it does not require the calculation or assignment of partial charges. 

Furthermore, assignment of charges using the FF-Even and FF-Protonation methods may make 

the calculations more sensitive to small errors in the structure.46 Therefore, we continue to 

recommend the Even method in cases where accurate structural models are elusive, e.g., 

proteins,46 and will use the Even method for the remaining calculations.  

 

Table 4.1. Description of Charge Distribution Methods 

Method Description 

Even All atoms are assigned an equal fraction of the net charge. 

FF-Even 

Atoms are assigned a partial charge using Amber force field plus an equal 

fraction of remaining net charge. 

FF-Protonation 

Atoms are assigned a charge using Amber force field; the net charge is then 

increased by increasing the partial charge of the most negative atom by one 

e. 

CoD 

The net charge is then placed at the center of mass of each domain. The 

partial charge on each atom is zero.  

  



104 
 

4.4.3. Effects of Size. Although the relative contribution of long-range, ion-neutral 

interactions to Ω values becomes less significant with increasing molecular size,9,21,23 the relative 

magnitude of these contributions to ΩN2 as a function of z and ion size remains unclear. To probe 

the relationship between ion size, z, and ΩN2, we will directly compare the TJΩN2 values of Ub1 

and Ub2. Over the full range of charge states used in the TJ method calculations, the TJΩN2 values 

for energy-relaxed Ub1 (1≤ z ≤ 22) increased by 91(2)%, whereas those for Ub2 (1≤ z ≤ 30) 

increased by 66(1)% (Figure S1). If only the charge states observed in IM experiments 

(including charge states observed from native, denaturing, and supercharging solution 

conditions) for Ub1 (6 ≤ z ≤ 18) and Ub2 (9 ≤ z ≤ 26) are considered, the increase in TJΩN2 for 

Ub1, 54(2)%, is larger than that of Ub2, 39(5)%. Comparing the results for Ub1 and Ub2 of a 

given z, the contributions of the ion-induced dipole interactions on Ω are diminished for Ub2 as a 

direct result of the increased size of the ion, which is consistent with previous findings using 

carbon cluster ions.28 For comparison, TJΩN2 values were also calculated for a native model of 

alcohol dehydrogenase (ADH), which is significantly larger than Ub1 or Ub2. As shown in Figure 

S2, the TJΩN2 values increase by 82(2)% from 90.3 to 164.7 nm2 as the charge state increases 

from 1+ to 150+. To directly compare the results for Ub1, Ub2, and ADH, Figure S3 shows the 

ratio of the TJΩN2 and TJΩHe values for each charge state to the value for the corresponding 1+ 

ion, as a function of m/z. These results show that although all three proteins yield ratios near one 

at high m/z and ratios that increase with decreasing m/z, the increase is protein dependent. 

4.4.4. Effects of Structure. The structures of protein ions in the gas phase can depend on 

their charge state and the solutions from which they were generated.19,60–62 For example, cation-

to-anion proton transfer reactions of Ub1
63 and lysozyme64 ions generated from denaturing 

conditions yield products that can undergo significant compaction following charge reduction. 
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To probe the relationship between structure, z, and ΩN2, four structural models each for Ub1 and 

Ub2 were investigated. Figure 4 shows the TJΩ values of the native, energy-relaxed, α-helical, 

and linear models of Ub1 with He and N2. 
TJΩ values increase with z for each structural model 

and buffer gas, and each TJΩN2 value is systematically larger than the corresponding TJΩHe value. 

For each structural model, the TJΩN2 value of Ub1
1+ is larger than the TJΩHe value of Ub1

22+. Ω is 

lowest for the energy-relaxed model, and increases concomitantly with surface area of the model 

in the order of the native, the α-helical, and then the linear model. The 91(1)% and 79(2)% 

increases in TJΩN2 values for the energy-relaxed and native models, respectively, are far larger 

than the 27(1)% and 9(1)% increases for the α-helical and linear models, respectively. This trend 

is attributed to greater charge density in the energy-relaxed and native models compared to the 

more extended α-helical and linear models. Similar to Ub1, the magnitude of the increases in 

TJΩN2 with z for Ub2 depend on the charge density of the model. The TJΩN2 values of the energy-

relaxed and native models of Ub2 increased by 66(1)% and 52(1)%, whereas those for the α-

helical and linear models increased by only 11(2)% and 3(1)%, respectively (Figure S4). 

Overall, the increases in Ω values with increasing z are much more substantial with N2 

than with He, which is attributed to differences in ion-induced dipole interactions as described 

above. An extreme example of this effect is that the TJΩN2 values of the native model of Ub1 

exceeds those of the corresponding α-helical models for z > 30+ (Figure S5), which was not 

observed with He. These findings demonstrate that increases in ion-induced dipole interactions at 

high charge states can significantly increase ΩN2, even without changes in ion structure. By 

comparison, ion-induced dipole interactions with He can account for only a comparatively small 

fraction of the observed increase in Ω without additional changes in structure. 
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Figure 4.4. TJΩHe (A) and TJΩN2 (B) values calculated using the Even method for 

all four structural models (red triangles). DTΩHe (A) and DTΩN2 (B) values for Ub1 

ions generated from denaturing (solid blue circles) and denaturing-supercharging 

(hollow blue circles) conditions. The markers indicate the median of the apparent 

DTΩ distribution and the bars span from 10% to 90% of the cumulative 

distribution function of the apparent DTΩ distribution, as described previously.69 

All ΩHe values were reported previously.46 

4.4.5. Structures of Protein Ions in the Gas Phase: Comparison of TJΩ and DTΩ. The 

mobilities of Ub1 ions generated from denaturing and denaturing-supercharging conditions were 

measured using a radio-frequency confining drift cell. The resulting DTΩHe and DTΩN2 values are 

plotted in Figures 4A and 4B, respectively. With increasing z (5+ to 13+) for Ub1 from 

denaturing conditions, DTΩHe values increased from 9.9 to 19.6 nm2 and TJΩN2 values increased 

from 13.5 to 25.4 nm2. The respective increases for Ub1 ions (7+ to 18+) from denaturing-
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supercharging conditions were 15.3 to 23.3 nm2 and 18.2 to 30.1 nm2. Although experiments 

with both gases used identical solutions and electrospray conditions, different ranges of charge 

states and extents of contributions from compact structures were observed. These differences are 

attributed to inadvertent collisional activation of ions during transfer into the N2-filled drift cell 

(collisions with N2 molecules result in more efficient conversion of energy from translational to 

internal degrees of freedom) and persisted even after the pressure in the drift cell was reduced to 

0.8 mbar for N2 (relative to 2 mbar for He). Alternatively, proton transfer to the N2 gas in the 

drift cell would also explain the absence of the highest-z ions in the N2-based IM experiments. 

That explanation is consistent with the recent observation of proton transfer from highly charged 

cytochrome c and myoglobin cations to N2 molecules, which was attributed to the exceptionally 

weak gas-phase basicities of those highly charged protein ions.65  

The DTΩHe and DTΩN2 values for Ub1
5+ and the DTΩHe value for Ub1

6+ are all similar to the 

corresponding TJΩ values calculated for the native and energy-relaxed models. In contrast, the 

DTΩN2 value for Ub1
6+ is significantly larger than the corresponding TJΩ values calculated for the 

native and energy-relaxed models and DTΩN2 values reported previously for native-like Ub1.
28,58 

This difference is consistent with Ub1
6+ generated in these experiments undergoing collision-

induced unfolding66 during transfer into the N2-filled drift cell. The DTΩHe and DTΩN2 values both 

increase with increasing z. For z ≈ 10, the DTΩ values are similar to the corresponding TJΩ values 

for the α-helical model. At the highest z, the DTΩ values are similar to but smaller than the TJΩ 

values for the linear model. Analogous data for Ub2 are shown in Figure S4. Although there are 

several similarities between the results for Ub1 and Ub2, compact ions were not observed in the 

nitrogen-based experiments. The DTΩ values are similar to the corresponding TJΩ values for the 

α-helical model for z ≈ 18 and z ≈ 24 with He and N2, respectively. The DTΩ values for the 
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highest-z ions are smaller than the TJΩ values for the linear model, which suggests that 

interactions between neighboring residues persist even for the highest-z ions.  

4.4.6. Relationship between ΩHe and ΩN2. As discussed in the Introduction, the results 

of many experiments that probe mobilities in N2 are interpreted via calibration with standards of 

known ΩHe. This process yields effective ΩHe values and assumes a functional relationship 

between the mobilities in each gas, and that the relationship is the same for all analytes and 

standards in the analysis. We will evaluate this relationship based on the experiments and 

calculations reported here. 

One method for visualizing this relationship is to plot K0,N2
−1 values as a function of the 

corresponding K0,He
−1 values. This approach has been used for a large set of peptide, protein, and 

protein complex ions,25 as well as sets of peptide26 and carbohydrate ions.67 The correlation 

between experimentally determined K0,He
−1

 and K0,N2
−1 values for Ub1 and Ub2 from denaturing 

and denaturing-supercharging conditions (Figure 5) is reasonably linear, but the coefficient of 

determination (r2 = 0.797) is significantly smaller than that reported previously for the large set 

of peptide, protein, and protein complex ions (0.991).25 The origin of this discrepancy appears to 

be systematic differences between the results for Ub1 and Ub2 as well as between the results for 

ions from denaturing and denaturing-supercharging conditions, which are all included in the 

present study. Figure 5 shows that the relationship between K0,He
−1

 and K0,N2
−1 for Ub1 from 

denaturing conditions in this study is similar to that for Ub1, cytochrome c (12.6 kDa), and 

myoglobin (16.7 kDa) from denaturing conditions in the previous study.26 However, those values 

are shifted from those for Ub1 from denaturing-supercharging conditions in this study, as well as 

from Ub2 under both solution conditions. For comparison, the linear regression of the K0,He
−1

 and 

K0,N2
−1 values that were reported previously25 is also shown in Figure 5. That linear function, 
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which was determined using the larger set of ions that included peptides, native-like proteins, 

and native-like protein complexes, deviates from the present experimental data with decreasing 

mobility. Although calibration errors can be minimized by careful selection of standards,25,26,68,27 

these results highlight the challenge of estimating the errors of interconverting between He- and 

N2-based mobilities a priori.  

 

Figure 4.5. Experimentally determined reciprocal reduced mobilities of 

Ub1 (blue circles) and Ub2 (red stars) in He and N2 under denaturing (DN, solid 

markers) and denaturing-supercharging (DNS, hollow markers) conditions. 

Previously reported data for Ub1, myoglobin, and cytochrome c are shown using 

black markers as indicated.25 The solid line corresponds to line of best fit for all 

experiments from this work (r2 = 0.797). The dashed line is a line of best fit 

reported previously (r2 = 0.991 for the data in that work).25 

 

Figure 6A shows K0,N2
−1 values plotted as a function of K0,He

−1 values for the four 

structural models of Ub1 and Ub2, based on these TJ method calculations. Note that this plot 
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contains data for the full range of charge states observed experimentally in both gases for Ub1 (6 

≤ z ≤ 18) and Ub2 (9 ≤ z ≤ 26); data for a wider range of charge states will be discussed below. 

This data is correlated linearly (r2 = 0.997), but the relative differences between the data and the 

best-fit line (Figure 6B) span from approximately −6% to +15% and the root-mean-square of the 

relative differences (%RMSD) is 5.6%. The %RMSD values were greatest for the native (9.1%) 

and energy-relaxed (5.4%) models, and smallest for the α-helical models (2.1%). An analogous 

plot that includes all calculated mobilities for Ub1 (1 ≤ z ≤ 22) and Ub2 (1 ≤ z ≤ 30) in both gases 

is shown in Figure S6A. Although the data in the larger set has a larger coefficient of 

determination (r2 = 0.9989), the results for the highest-z ions exhibit significant positive 

deviation and relative differences of up to 30% (Figure S6B).  

The results in Figures 5 and 6 show that many factors can affect the relationship between 

K0,He
−1 and K0,N2

−1, even for closely related species (in this case, Ub1 and Ub2 ions). As a 

consequence, it is challenging to estimate the errors associated with interconverting between He- 

and N2-based mobilities without extensive characterization in both gases (as done here), even 

with well-paired analytes and standards. Therefore, we recommend that this practice be avoided 

as this study indicates that there are not yet effective ways to integrate this additional uncertainty 

into the reporting of effective Ω values. 
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Figure 4.6. (A) Reciprocal reduced mobilities in He and in N2 for the four 

structural models of Ub1 (solid markers) and Ub2 (hollow markers), with charge 

distributed using the Even method. The black line was determined by linear 

regression of all data plotted. (B) Relative percent difference between K0,N2
−1 and 

the best-fit line in (A) as a function of z. This analysis was limited to ions whose 

charge states were observed experimentally, i.e., from the lowest-z ions observed 

from native-like conditions to the highest-z ions observed from denaturing, 

supercharging conditions. Results for the analysis that considers data for all 

charge states considered computationally is shown in Figure S6. 

 

4.5. Conclusions 

The effects of charge state, charge distribution, ion size, and ion structure on ΩN2 values 

were evaluated using TJ method calculations and IM experiments. ΩN2 values of Ub1 and Ub2 
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were compared with ΩHe values reported previously in order to characterize the correlation 

between mobility information obtained in both buffer gasses. When excess charges are added to 

an energy-minimized model of Ub1, 
TJΩN2 values increased significantly more than the 

corresponding TJΩHe values. TJΩN2 values increased by ~90% as charge was added from 1+ to 

22+, but over this same range of z, TJΩHe values only increased by approximately 13% (Figure 2). 

The larger increase for the N2-based values is attributed to stronger ion-induced dipole 

interactions with that gas. The potential of the ion-N2 interaction, calculated as the sum of 

Lennard-Jones and ion-induced dipole interactions, is much more attractive and extends much 

farther from the protein atoms than the corresponding ion-He potential (Figure 3). These 

differences result in more collisions and efficient momentum transfer during collision with N2. 

Most significantly to structural biology experiments, ion-induced dipole interactions between N2 

and energy-relaxed Ub1 ions with native-like charge states, i.e., 6+ and 7+, result in TJΩN2 values 

that are 4.6% and 5.9% larger than the corresponding 1+ ion. Therefore, not treating charge 

explicitly in calculations can result in large errors even for modestly charged ions. Additionally, 

these experiments investigated protein cations, but similar changes to ΩN2 values due to ion-

induced dipole interactions are expected as charge increases on protein anions.  

Three additional structural models of each protein were constructed and all yielded 

increasing TJΩN2 values with increasing z, but the magnitude of the increase depended on the 

model. Over the same range of evenly distributed z (1+ to 22+), TJΩN2 values increased by 

91(1)% ,79(2)%, 27(1)%, and 9(1)% for the energy-relaxed, native, α-helical, and linear models 

of Ub1, respectively (Figure 4). This further demonstrates that the contributions from ion-induced 

dipole interactions decrease with decreasing charge density. Experimental DTΩ values of Ub1 and 

Ub2 also increased with increasing z. For Ub1, 
DTΩN2 values of the lowest-z ions are similar to the 
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TJΩN2 values for the native and energy-relaxed models. Concomitant with increasing z, DTΩN2 

values rapidly approach the TJΩN2 values for the α-helical structure and nearly converge with 

TJΩN2 values for the linear structure for the highest-z ions observed experimentally (Figure 4). 

These results all indicate that charge state affects ΩN2, even in the absence of structural changes. 

Therefore, we continue to recommend the TJ method when interpreting results from IM for 

applications in structural biology and biophysics, particularly when N2 is used as the drift gas. 

The relationship between K0,He
−1

 and K0,N2
−1 values were assessed using experimental 

results and TJ method calculations. The strength of the correlation between DTK0,He
−1 and 

DTK0,N2
−1 values of Ub1 and Ub2 was weakened as a result of deviations for ions with the highest 

and lowest charge states and for ions generated from different solution conditions (Figure 5). 

Similarly, deviations from the correlation between TJK0,He
−1

 and TJK0,N2
−1 values were observed 

for lowest and highest charge states of Ub1 and Ub2 , with relative errors as high as 30% from the 

line of best fit (Figure S6). For the charge states of Ub1 and Ub2 observed experimentally (Figure 

6), the %RMSD between TJK0,He
−1 and TJK0,N2

−1 values are as high as 9.1%. Together, these 

findings indicate that the relationship between N2- and He-based mobilities depend on charge 

state, ion shape, and size, and that it is difficult to estimate the errors associated with 

interconverting between mobilities in different gases. Therefore, we recommend reporting Ω and 

K values that are based on the predominant gas present in the separation and applying additional 

caution when comparing results from mobility experiments performed using different gases. 
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4.7. Supporting Information. Table S1, Figures S1 to S6, and a representative parameters file 

for IMoS. 
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Molecular Biology and Protein Purification.  

Superfolder green fluorescent protein with a C-terminal hexa histidine tag (sfGFP-His6, 

Addgene plasmid #85492)1 was transformed into BL21(DE3)pLysS Chemically 

Competent Escherichia coli (Thermo Fisher Scientific). E. coli cells were grown at 37 °C in 

Luria Broth (LB, Research Products International). Cells in the logarithmic growth phase (OD600 

= 0.6) were collected by centrifugation and were resuspended in lysis buffer, which consisted of 

50 mM Tris HCl pH 7, 150 mM NaCl, 0.1% TritonX-100, 10% glycerol, 5 mM imidazole, 2 mM 

β-mercaptoethanol, 4 cOmplete ULTRA Mini EDTA-Free Protease Inhibitor Cocktail tablets 

(MiliporeSigma), and 1 mM of phenylmethyl sulfonyl fluoride. The cells were sonicated on ice 

with a Branson Sonifier Cell Distributor 200 at pulse output control 3.5 and 35% duty cycle. Cell 

fragments were removed by centrifugation at 16,000 g for 30 minutes. The soluble protein 

fraction was immediately applied to a HisTrap FF Ni Sepharose 6 Fast Flow column (GE 

Healthcare). sfGFP-His6 was eluted from the column using elution buffer (50 mM Tris HCl pH 

7.4, 150 mM NaCl, 250 mM imidazole, 2 mM β-mercaptoethanol, and 10% glycerol) then was 

dialyzed into storage buffer (20 mM Tris HCl pH 7.4, 150 mM NaCl, 2 mM β-mercaptoethanol, 

and 10% glycerol) and stored at -80°C. All steps were performed at 4 °C unless otherwise noted.  

 

sfGFP-His6 Sequence  

 

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTT

LTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKG

IDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDG

PVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGSHHHHHH 

 

Reference 

(1)  Peeler, J. C.; Mehl, R. A. Site-Specific Incorporation of Unnatural Amino Acids as Probes 

for Protein Conformational Changes. In Unnatural Amino Acids: Methods and Protocols; 

Pollegioni, L., Servi, S., Eds.; Humana Press: Totowa, NJ, 2012; pp 125–134. 

https://doi.org/10.1007/978-1-61779-331-8_8.  
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Figure A1. Native mass spectra of solutions that contained bovine serum albumin (BSA) and 

either (A) 0.05% Triton X-100 or (B) 0.05% Tween 20. BSA, which would be expected to 

appear at the position labeled “X” on each spectrum, was not readily identified, which is 

attributed to interference from the detergents. Those samples were loaded onto a native AEX 

column and eluted with an ionic strength gradient from 50 to 950 mM ammonium acetate 

(Figure 1B), resulting in the spectra shown in C and D in which BSA is easily identifiable and 

there are no significant interferences from detergents. 

 

  



127 
 

 

 

 

 

 

 

Figure A2. (A) α-lactalbumin was electrosprayed from aqueous 50 mM NaCl, which resulted in 

a high extent of sodium adduction. The 7+ charge state of α-lactalbumin is shown, which has 

between 10 and 28 sodium adducts. (B) Native mass spectrum a native AEX fraction collected 

during the separation of the sample used in panel A. Contributions from sodium ions are minimal 

after native AEX after native AEX. Calcium-bound α-lactalbumin could be identified, which was 

not the case before native AEX.  
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Figure A3. Non-volatile molecules (DMSO, imidazole, and glycerol) interfere with native MS 

of BSA (top row). These compounds were cleared from BSA samples using native AEX with an 

ionic-strength gradient from 50 to 950 mM ammonium acetate (bottom row).  
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Figure A4. The black trace is a native mass spectrum of apo-transferrin ([M+19H]19+) that was 

generated from a solution of aqueous 200 mM ammonium acetate. Holo-transferrin (iron-bound) 

was observed after native AEX (Figure 3B), but holo-transferrin was not detected using native MS 

alone (black trace). To confirm the assignment of holo-transferrin, the original sample was 

exchanged into an aqueous solution containing 150 mM ammonium acetate, 50 mM ammonium 

bicarbonate, and 0.5 mM FeCl3, equilibrated for 20 minutes, and then analyzed with native MS. 

The resulting spectrum is shown in the rust trace, which contains predominantly iron-bound 

transferrin ([M+2Fe+13H]19+) and corroborates the assignment of holo-transferrin in the native 

AEX experiment reported in Figure 3.  
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Figure A5. (A) Native AEX chromatogram of transferrin using a linear, ionic-strength gradient 

from 50 (solution A) to 950 (solution B) mM ammonium acetate. Two fractions were collected 

and analyzed using native mass spectrometry and are shown in panels B and C. Fraction 1 (panel 

B) contained one predominant glycoform, the 4-sialo variant (sialic acids are represented with 

purple diamonds). In fraction 2 (panel C), 3,4,5, and 6 sialo-transferrin were observed, as well as 

fucosylated (red triangle) variants of the 4 and 5 sialo-transferrin. This ionic-strength gradient 

did not separate the transferrin variants as well as the pH gradient (see chromatogram in Figure 

2), but a longer gradient time may have improved the level of separation.  
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Figure A6. (A) Native mass spectrum of egg whites diluted 1:20 into aqueous 1 M ammonium 

acetate. Lysozyme was identified directly from this spectrum, but the remaining peaks could not 

be confidently assigned to a protein. (B) Theoretical titration curves and isoelectric points (pI) of 

egg white proteins, based on the sequences listed in UniProt.   
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Figure A7. (A) Native mass spectrum of ovalbumin obtained from a fraction collected from 

native AEX of egg whites. A zero-charge version of this spectrum is plotted in Figure 3C and 

various glycoforms were identified.   

 

 

 

 


