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ABSTRACT 

Top-down proteomics (TDP) enables the proteome profiling of biological subjects at the 

proteoform level and understanding of differential functions associated with proteoform 

heterogeneity, such as sequence variation, post-translational modifications (PTMs), etc. Drastic 

advances on TDP technologies (e.g. sample preparation, separation/fractionation, fragmentation, 

bioinformatics, etc.) have been achieved in the past decades. Further improvements in separation 

remain desired for better analysis throughput and deeper proteome coverage. Capillary 

electrophoresis (CE), including capillary zone electrophoresis (CZE) and capillary isoelectric 

focusing (cIEF), provide superior separation performance for proteoforms. This dissertation 

focuses on the advancement of CE-MS-based tools on throughput, separation resolution, and 

capacity for TDP and utility of these tools for biological applications.  

In Chapter 2, we developed high-throughput and high-capacity cIEF-MS/MS platforms. 

The high-throughput platform enables efficient identification and quantification of proteoforms 

(less than one hour per run), whereas the high-capacity cIEF-MS/MS provides large number of 

proteoform identifications (IDs, more than 700 proteoforms in a single shot analysis) which is 

valuable for deep TDP. In Chapter 3, we further improved the stability and robustness of cIEF-

MS platform using optimized linear polyacrylamide (LPA) capillary coating and catholyte with 

lower pH (pH~10). The work achieved high-resolution characterization and accurate isoelectric 

point (pI) determination of charge variants (~0.1 pI difference) of monoclonal antibodies (mAbs). 

In Chapter 4, we developed a nondenaturing cIEF-MS platform for ultrahigh resolution 

characterization of microheterogeneity of a variety of protein complexes. Typically, pI 

determinations of variants in protein complexes allow us to decipher how sequence or PTM 

variations modulate the pIs of the protein complexes. In Chapter 5, while CZE-MS/MS is a well-

developed approach, for the first time, we coupled FAIMS to CZE-MS/MS to facilitate online gas-

phase fractionation of proteoforms. The FAIMS greatly enhanced the sensitivity of the system and 

expanded the number of proteoform IDs, especially large proteoform IDs. The work renders CZE-

FAIMS-MS/MS as a new powerful multidimensional platform for deep TDP.  

In Chapters 6 and 7, we applied cIEF-MS/MS and CZE-MS/MS for studying the sexual 

dimorphism of zebrafish brains and proteoform-level differences between metastatic and 

nonmetastatic colorectal cancer (CRC) cells, respectively. In Chapter 6, quantitative TDP of 

thousands of proteoforms from male and female zebrafish brains by cIEF-MS/MS based approach 

discovered various overexpressed proteoforms in male or female brains that are closely 

associated with hormone activity. In Chapter 7, We performed deep TDP study of non-metastatic 

and metastatic CRC cells (SW480 and SW620) using CZE-MS/MS based multidimensional 



 

 

platform and identified more than 20,000 proteoforms of over 2,000 proteins from the two cell 

lines, which presents around 5-folds higher number of proteoform IDs in comparison with previous 

TDP studies of human cancer cells. The work revealed significant discrepancies between the two 

isogenic cell lines regarding proteoform and single amino acid variant (SAAV) profiles. 

Quantitative data disclosed differentially expressed proteoforms between the two cell lines and 

their corresponding genes were connected to cancer pathways and networks. 
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CHAPTER 1.  Introduction 

1.1 Top-down proteomics (TDP) and technological challenges 

Proteins direct participants in biological events and are central intermediaries connecting 

genotype and phenotype. A single protein-coding gene can derive various forms of proteins, also 

termed proteoforms, due to genetic variations/single nucleotide polymorphisms (SNPs), 

alternatively spliced ribonucleic acid (RNA) transcripts, post-translational modifications (PTMs), 

and truncations (Figure 1.1).1,2 The proteoform diversity can result in distinct protein functions and 

activities.3-5 For instance, dynamic phosphorylated histones in humans, such as phosphorylated 

H3Y41, regulate the transcription processes by promoting the unwrapping of nucleosomes.6 

Certain PTMs (e.g. phosphorylation, ubiquitination) on alpha-synuclein are associated with a high 

incidence of neurodegeneration in Parkinson’s disease.7 Mapping the proteoforms is crucial for 

understanding their functions in the biological systems, deciphering the disease pathologies, and 

developing targeted therapeutics.4-9 Recently, Human Proteoform Project has been proposed to 

construct human proteoform atlases and discover the proteoforms related to the disease.3 As the 

human proteome is extremely complex and diverse, which comprises millions of proteoforms 

across a billion-fold dynamic range,5 the development and advancement of technologies are 

highly desired to enlarge proteoform characterization for the project. 

 

Figure 1.1 Diverse proteoforms derived from a single gene. Reproduced with permission from  

reference (3). 

Bottom-up proteomics (BUP) is well-established for precisely interrogating the PTMs on 

peptides from digested proteins but fails to capture the combinatorial PTMs of individual 

proteoforms due to the “peptide-to-protein inference problem”.4,10,11 In contrast, top-down 

proteomics (TDP), which delineates intact proteoforms, reflects comprehensive information on 
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primary sequence and PTM variations. TDP relies on mass spectrometry (MS)-based approaches 

for proteoform identification and quantification.12-16 A typical MS-based TDP workflow is shown in 

Figure 1.2. Briefly, proteins are extracted from cells or tissues and then separated using either 

liquid chromatography (LC) or capillary electrophoresis (CE). After protein molecules are ionized 

through electrospray ionization (ESI) and introduced into a mass spectrometer (e.g. Orbitrap), the 

masses of intact proteoforms are measured through full MS acquisition, and proteoforms of 

interest are further isolated and fragmented by tandem mass spectrometry (MS/MS). The 

proteoforms can be identified based on accurate masses of precursor and fragment ions by 

database searching. 

 

Figure 1.2 Workflow of TDP. 

At present, TDP remains restricted in the throughput and depth of proteoform analysis.3,8,17 

TDP studies generally require a long sample preparation (several days) and instrumentation time 

(several days to months). Developments of high-throughput TDP workflows with simple sample 

preparation procedures and rapid sample fractionation/ separation are crucial for efficient profiling 

of proteome and facilitating clinic applications. On the other hand, considering the high complexity 

and dynamic range of proteome, the approaches for deep TDP are required to expand proteoform 

identification. Currently, interrogation of the low-abundance or large proteoforms (>30 kDa) is 

extremely difficult.16,18,19 The advancement of separation resolution and capacity of front-end 

fractionation/separation is the key to improving proteome coverage by reducing sample 

coelution.4,14,16 Different LC (e.g. reversed-phase liquid chromatography, RPLC) and CE (e.g. 

capillary zone electrophoresis, CZE) methods have been extensively coupled to MS for TDP. CE 

is potentially better suitable for proteoform separation than LC. The separation of CE in capillary 

causes less sample diffusion and sample loss than an LC column with the stationary phase, 
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thereby providing higher separation resolution and sensitivity.20-24  However, technical issues of 

CE-MS for TDP remain. For example, the sample loading capacity of CZE is low and needs to be 

improved for complex samples.21-23 For another example, the automation, sensitivity, and stability 

issues of capillary isoelectric focusing (cIEF)-MS needs to be addressed.25-27 Besides liquid-

phase separation, high-field asymmetric waveform ion mobility spectrometry (FAIMS), a gas-

phase fractionation technique, has recently emerged as a promising option for constructing 

multidimensional platforms with LC/CE to implement high throughput or deep TDP.28-31 

More details about the principles, technological challenges, and method improvements in 

separation, MS and MS/MS, CE-MS interface for ESI, as well as applications of CE-MS will be 

introduced in the following sections.  

1.2 Separation approaches 

1.2.1 Liquid chromatography (LC) 

Liquid chromatography (LC) is a prevalent separation technique with high capacity and 

reproducibility for TDP. LC utilize packed column for separation and the principle of separation 

can be explained by van Deemter equation (Equation 1.1): 

                                                              𝐻 = 𝐴 + 𝐵/𝑣 + 𝐶𝑣                                        Equation 1.1 

where H is plate height, A is the eddy diffusion parameter, which is related to different 

paths that molecules flow through the column, B is the longitudinal diffusion parameter, which is 

associated with the band broadening in the mobile phase from the central region to neighboring 

zones, C is the resistance to mass transfer between mobile and stationary phase, v is the linear 

velocity.32  

The plate number is used to describe the separation efficiency of LC (Equation 1.2): 

                                                                 𝑁 = 𝐿/𝐻                                                      Equation 1.2  

where N is the number of theoretical plates, L is column length, and H is the plate height. 

Lowering the plate height benefits higher separation efficiency.32 LC typically achieves plate 

numbers around 103 to 104 plates/m.33 

LC provides various separation options based on proteins’ hydrophobicity (e.g. reversed-

phase liquid chromatography, RPLC17,34,35; hydrophobic interaction chromatography, HIC), size 

(e.g. size exclusion chromatography, SEC36-37), and ionic strength (e.g. ion exchange 

chromatography, IEX38-41). Among them, RPLC and SEC are the most popular separation 

approaches for TDP. 

RPLC employs the non-polar stationary phase and polar mobile phase to perform the 

separation. Proteoforms with different hydrophobicity have different retention on the stationary 
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phase. By altering the compositions of organic solvents in a gradient, they are separated at 

different times. RPLC for TDP remains limited by a low peak capacity (<100) and irreversible 

sample adsorption.14,42 Utilizing packing beads with shorter alky chains (C1-C4) can improve 

protein recovery.43 Elevating the temperature to 50-70 °C can benefit protein solubility and 

minimize protein adsorption.44 The smaller size of beads provides better separation efficiency by 

reducing eddy diffusion and resistance to mass transfer.34 For larger proteins, larger particle pore 

size generates better separation resolution by providing larger binding areas.43  Shen et al. 

previously systematically investigated the factors (column length, particle size, pore size, 

functional group of beads) that impact the separation of S. oneidensis lysate.43 They found 

increasing the length of the column (> 1 meter) and using a long gradient (> 10 hours) achieved 

the most significant improvement in separation capacities (>400) and the number of proteoform 

identifications (IDs) below 50 kDa (~900). However, the method requires ultrahigh-pressure (14k 

psi) and is time-consuming.  

Alternatively, SEC enables fast separation of analytes according to their sizes. SEC 

columns are packed with porous silica particles coated with a neutral and hydrophilic layer. In 

SEC separation, molecules larger than the pores are excluded from the packed bed and elute 

first in the void volume. In contrast, the smaller molecules can penetrate the pores to various 

degrees depending on their size, with the smallest molecules diffusing furthest into the pore 

structure and eluting last. Multiple offline SEC or online SEC-MS/MS studies have been carried 

out for resolving standard protein mixtures and lysates from heart tissues, greatly benefiting the 

identification of various large proteoforms up to 223 kDa.39,40 SEC has a relatively low resolution 

compared to many other LC methods. In many cases, it was adopted as a protein fractionation 

method in TDP or coupled with several other SEC columns with different pore sizes to enhance 

the separation resolution.40 In addition, the undesired secondary interaction/ionic interaction 

between protein and stationary phase is also a great concern for SEC.45 High concentrations of 

acid or additives (e.g. trifluoroacetic acid, TFA) are previously employed in studies to mitigate the 

ion paring effect. 40, 46 

1.2.2 Capillary electrophoresis (CE) 

1.2.2.1 Capillary zone electrophoresis (CZE) 

Capillary zone electrophoresis (CZE) separates proteins based on their electrophoretic 

mobilities in an electric field, which relate to their charge-to-size ratios (Equation 1.3).  CZE 

separation in a fused silica capillary is determined by two factors: electrophoretic mobility 

(Equation 1.3), and electroosmotic flow (EOF, Equation 1.4).  

 



5 

 

                                                                𝜇𝑒𝑝 =
𝑞

6𝜋𝜂𝑟
                                                   Equation 1.3 

where μep is electrophoretic mobility, q is the charge of the proteoform, η is the viscosity 

of the background electrolyte (BGE), and r is the proteoform’s radius.47  

                                                                𝜇𝑒𝑜 =
ɛ𝜁

4𝜋𝜂
                                                     Equation 1.4 

Where μep is EOF, ɛ is dielectric constant, ζ is zeta potential, and η is the viscosity of the 

BGE.48 

The EOF is induced by negatively charged silanol groups on the capillary inner wall. The 

negatively charged surface attracts the cations from the BGE to form a double layer, which drives 

the BGE along with proteoforms to migrate toward the cathode under the electric field.49 EOF 

causes a narrower separation window and lower separation resolution in CZE.20 To suppress the 

influence of EOF, many CZE studies modified the capillary inner wall with a layer of neutral coating 

(e.g. linear polyacrylamide, LPA).20 Therefore, the separation of CZE is mainly determined by the 

electrophoretic mobilities of proteoforms, which are associated with their charge-to-size ratios. A 

single-shot CZE-MS/MS analysis of Escherichia coli (E. coli) using LPA coating previously 

achieved peak capacity of around 280 in a 90 min separation window and 600 proteoform 

identifications, presenting much better performance than the CE-MS/MS works using bare fused 

silica capillaries. 20,21  

CZE has better separation performance than LC (theoretical plate number: 105-106 

plates/m 33 vs. 103-104 plates/min) since separation in the open tubular capillary avoids eddy 

diffusion and resistance to mass transfer. In particular, CZE presents high-resolution separation 

for some proteoforms with heterogeneity on PTMs (e.g. phosphorylation, acetylation). For 

example, Drown et al. compared both LC-MS/MS and CZE-MS/MS analysis of human heart tissue 

and indicated three phosphoproteoforms of cardiac troponin I (cTnI) which are baseline separated 

in CZE-MS/MS but coeluted in RPLC-MS/MS.50 In addition, CZE-MS/MS using a 1.5-meter 

capillary for CZE-MS/MS previously achieved the separation of three proteoforms of myoglobin 

with heterogeneity on acetylation and phosphorylation.51  

However, the sample loading capacity of CZE is much lower than LC. A typical CZE 

separation allows only 1% of the total capillary volume for sample loading to guarantee separation 

resolution, which is equivalent to 20 nL for a 1-meter capillary (50 μm i.d.).20 In comparison, RPLC 

can facilitate the microliter level of sample loading, due to the capability of trapping the sample in 

the stationary phase. The development of high-capacity CZE methods are highly desired for better 

identification of low-abundance proteoforms. 
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Different sample preconcentration methods have recently been introduced for CZE, such 

as field-amplified sample stacking (FASS), transient isotachophoresis (tITP), dynamic pH junction, 

etc.20 The dynamic pH junction attracts the most attention for CE-based TDP studies due to its 

high stacking and separation performance.51,52  In dynamic pH junction (Figure 1.3), the sample 

is dissolved in a basic sample buffer (e.g. ammonium bicarbonate, pH 8), whereas the acidic 

solution (e.g. 5% acetic acid, pH 2.4) is employed as BGE.53-55 The majority of proteoforms in the 

sample buffer are negatively charged and migrate towards pH boundary I when a positive 

potential is applied. Meanwhile, the protons in the BGE start to titrate the sample zone. The pH 

boundary I gradually shrink towards the pH boundary II and the sample is concentrated in a 

narrower zone. Eventually, when the titration is complete, the two boundaries are combined 

together and the proteoforms are positively charged to facilitate regular CZE separation. Dynamic 

pH junction improves sample injection to a maximum of 50% of total capillary volume.51 Our recent 

work applied dynamic pH to CZE in a 1.5-meter capillary and achieved 2000 proteoform 

identifications from microliter level sample loading of zebrafish brains.51 A comparison of dynamic  

 

Figure 1.3 Process of dynamic pH junction. 

pH junction and FESS in TDP of a standard protein mixture showed a 4-fold higher theoretical 

plate number in dynamic pH junction than FESS.51 However, for CZE, the room for further 

improving sample loading capacity is very limited. Therefore, digging into the potential of other 

CE separation methods with high loading capacity such as cIEF for TDP can be an alternative 

solution. 

1.2.2.2 Capillary isoelectric focusing (cIEF)  

cIEF offers the separation of proteins on basis of their isoelectric points (pIs). cIEF 

provides several attractive advantages. First, cIEF can achieve ultrahigh-resolution separation for 

proteins with minor pI differences (as low as 0.01 pH unit)56 and differentiate proteoforms that are 

structurally similar but heterogenous on charges, such as proteoforms with different PTMs. 
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Second, cIEF provides a higher sample loading capacity (up to 100% of capillary volume) than 

regular CZE (typically ~1% of capillary volume).57 After focusing, a concentration factor of 50 -100 

times can be easily obtained for analytes, which makes cIEF well suitable for analyzing low-

abundance proteins.  

A typical cIEF separation is performed with a two-step process: focusing and mobilization. 

Briefly, in the electric field, a linear pH gradient is built up with the assistance of amphoteric 

compounds with high buffering capacity; meanwhile, the charged proteoforms migrate until they 

focus on narrow zones where pHs equal to their pIs, i.e., proteoforms become neutral. 

Subsequentially, either hydrodynamic flow (pressure /gravity) or chemical mobilization is applied 

to drive proteins into a detector.26  

Conventional cIEF systems are equipped with one-point imaging (ultraviolet (UV), 

fluorescence) or whole-column imaging for monitoring signals of analytes. The methods were 

widely applied for pI measurement and stoichiometric characterization. Integrating ultrahigh 

resolution cIEF with MS/MS is very appealing for protein characterization and TDP study. cIEF-

MS has been pioneered by Lee and Smith group in 1990s.56-62 However, for a long time, the cIEF-

MS was performed in a semi-online manner, where the capillary outlet was first inserted in a basic 

catholyte for focusing, and then manually transferred to an interface filled with acidic sheath liquid 

for chemical mobilization and ionization. The appearance of the “sandwich” injection configuration 

in 2009 makes it possible to implement the fully automated cIEF-MS analysis.63 The method was 

carried out by filling the capillary with a plug of MS-compatible catholyte buffer such as ammonia 

hydroxide, followed by a plug of the sample-ampholyte mixture (Figure 1.4). Thus, the cIEF 

focusing could be facilitated after applying voltage even though its outlet was installed in an 

interface with an acidic sheath liquid. After focusing, a low pressure (~50 mbar) or chemical 

mobilization was employed to drive focused proteins toward MS for detection (Figure 1.4). The 

chemical mobilization can automatically be initiated when cations from anolyte and anions from 

sheath liquid enter the capillary and gradually disrupt the pH gradient.64 
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Figure 1.4 cIEF separation with “sandwich” injection configuration. Reproduced with permission 

from reference (116). 

The widespread adoption of cIEF-MS requires drastic improvement of the system’s 

sensitivity. First, a highly sensitive and robust ESI interface is desired for constructing cIEF-MS 

system. In addition, optimization of the ampholyte concentration is always necessary to mitigate 

signal suppression by ampholytes. Ampholytes are indispensable additives for maintaining pH 

gradients in cIEF. Reducing the concentration of ampholyte can significantly improve MS signal 

but adversely impacts separation resolution. Therefore. the ampholyte concentration has to be 

optimized by carefully balancing the MS signal and separation resolution. Furthermore, two-

dimensional CE platforms have been recently introduced by coupling icIEF with CZE-MS, which 

effectively reduces the influence of ampholytes on MS analysis.65-67 

1.2.3 High-field asymmetric waveform ion mobility spectrometry (FAIMS) 

FAIMS, as a fractionation strategy in the gas phase, provides rapid and online filtering of 

ions based on their differential mobilities in oscillating high and low electric fields.68-70 The FAIMS 

is composed of two parallel electrodes (planar or cylindrical shape) with dispersion voltage (DV) 

applied to one of the electrodes to deliver an asymmetric waveform (Vmax≠Vmin) (Figure 1.5A).68 

The ions carried by the carrier gas have different mobilities in high and low field segments of 

waveform and eventually end up colliding with the electrodes (Figure 1.5B).68 The fractionation of 

ions can be facilitated by applying compensation voltage (CV) on the other electrode to offset the 

drift of ions and selectively allow the transmission of specific groups of ions.68 

The differential mobility of an ion is determined by a variety of properties, such as the 

mass, shape, center of mass, and dipole.29,68,71 Ideally, the dependence of ion mobility on the 
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electric field can be divided into three types in a specific range of electric field strengths (Figure 

1.5C): motility accelerates with an increasing electric field (A-type); mobility initially increases and 

then gradually declines with an increasing electric field (B-type); mobility initially decreases with 

an increasing electric field (C-type).68 The mobility behaviors of 10 proteins (8-66kDa) in FAIMS 

were evaluated previously.71 The proteins lower than 30 kDa presented in C-type behavior, 

whereas proteins above 30 kDa showed A/B-type behavior. Large proteins have dipoles that can 

align in the strong electric field. Their mobility is determined by the collision cross sections (CCS) 

in the plane orthogonal to the dipole, rather than the averaged CCS. Therefore, FAIMS has the 

potential to separate proteins with different molecular weights based on their mobility difference.  

 

Figure 1.5 Separation mechanism in FAIMS. (A) asymmetric waveform applied to the FAIMS 

electrodes; (B) ion trajectory in FAIMS; (C) three types of mobility behavior in FAIMS. 

Reproduced with permission from reference (68). 

1.3 Mass spectrometry (MS) for TDP  

1.3.1 MS instrumentation 

High-resolution and sensitive MS instruments are highly preferred for TDP studies. 

Various mass spectrometers, including Fourier transform ion cyclotron resonance (FTICR), 

Orbitrap, hybrid linear ion trap (LTQ) Orbitrap, and time-of-flight (TOF), have previously been 

applied for proteoform analysis.13,72-74 

Early TDP was mostly carried out on FTICR mass spectrometers because of ultrahigh 

mass resolving power (105-106 at m/z 400) and high mass accuracy (mass error lower than 

1ppm).75,76 The principle of FTICR can be concluded in the following processes. The ions are 

trapped in a cell that is composed of a magnetic field and orthogonal electric trapping plates, and 

then are excited to a larger cyclotron radius by oscillating the electric field with radio frequency 

(RF) pulse. When the RF is turned off, the ions continue rotating at cyclotron frequencies which 
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are proportional to their z/m. The image current from ions is recorded and converted to the 

frequency domain using Fourier Transform (FT) and further transformed to a mass spectrum. 

Orbitrap is another high-resolution FTMS analyzer (105 at m/z 400) and contains a barrel-

like outer electrode and a spindle-like inner electrode.77,78 Orbitrap MS utilizes a curved linear trap 

(C-trap)  to collect and pulse the ions into the orbitrap. After injection from C-trap to the Orbitrap, 

the positive ions oscillate around the inner electrode with applied negative static potentials in 

various frequencies that relate to m/z of ions. Different ions are separated according to their 

differential frequencies and their image currents are determined. Compared to FTICR, the orbitrap 

is more affordable and has received wide applications in TDP of cells, tissues, clinic samples, and 

in both denaturing and native conditions. 14,17,50 

Both FTICR and Orbitrap have slow scan speeds (up to 20 Hz). In contrast, TOF can serve 

as a complementary instrument with fast data acquisition (higher than 1000 Hz). In TOF, ions 

obtain kinetic energy from acceleration by an electric field, followed by traveling through a drift 

tube. Their time of flight is: 

                                                                          𝑡 =
𝑑

√2𝑈
√

𝑚

𝑞
                                         Equation 1.5 

where d is the path of flight, U is the voltage for accelerating ions, m is the mass of the 

ion, and q is the charge of the ion.  

The ions with different m/z have distinct velocities and reach the detector at different times. 

The length of the drift tube dictates separation resolution. The reflectron TOF typically has an ion 

mirror at the opposite end of the tube which can reverse the direction of ions to increase the length 

of the drift path.79 In addition, the same ions may carry a distribution of kinetic energy due to 

different starting points during acceleration. The ions with higher energy can travel deeper into 

the reflectron whereas the ions with less energy have a shallow path.79 Thus, reflectron corrects 

their flight time and better focuses them on the detector. Most TOF instruments equip with 

microchannel plate (MCP) detectors, where ions hit the plate and electrons are generated to 

produce amplified signal.79 

TOF has a lower resolution (103-104)80, compared to FTICR and Orbitrap. However, unlike 

FTICR and Orbitrap which have resolution decrease dramatically with increasing m/z, TOF 

experiences a very small decline of resolution at high m/z.81,82 In addition, the TOF allows a much 

wider mass range, which makes it popular for native MS analysis of protein complexes (up to 500 

MDa).82  
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1.3.2 Tandem mass spectrometry (MS/MS) 

Extensive fragmentation of proteoforms by MS/MS is crucial for interrogating their 

sequence and PTM information during database search. In MS/MS, the ions of interest (precursor 

ions) are isolated in a mass analyzer and sent to the collision cell for fragmentation. The produced 

fragments were further introduced to the second mass analyzer for detection.  A variety of 

techniques have been developed for fragmenting protein backbones, including collision-induced 

dissociation (CID), higher energy collisional dissociation (HCD), electron capture dissociation 

(ECD), electron transfer dissociation (ETD), ultraviolet photodissociation (UVPD), etc.14,74 

CID and HCD are similar approaches that collide protein precursor ions with neutral gas 

(nitrogen, helium, or argon) for fragmentation. Concisely, the isolated precursor ions are 

accelerated by potential and undergo multiple collisions with neutral gas. The process deposits 

the kinetic energy to the backbone as vibrational internal energy. The backbone cleavage occurs 

when the energy is sufficient to overcome the barrier for dissociation. CID and HCD typically 

cause cleavage of C−N amide bonds and generate b and y type of fragments.14 As CID and HCD 

favor cleavage of the most labile bonds of a protein, they generally present limited sequence 

coverage for large proteins.14  

ECD and ETD are electron-driven fragmentation techniques that provide extensive 

fragmentation of protein backbone and better preservation of the labile PTMs, such as 

phosphorylation and glycosylation.83-86 In ECD , electrons are captured at the protein protonated 

sites. The energetic hydrogen atoms (H•) are ejected from the proteins and are further captured 

at high-affinity sites of the proteins (e.g. backbone amide), leading to cleavages of the N-Cα bond 

and generation of c and z• ions.87 The fragmentation mechanism of ETD is similar to ECD. 

However, unlike ECD, where protein directly captures the electrons ejected from the filament, 

ETD uses radical anions to deliver the electrons to protein ions. ECD and ETD are frequently 

coupled with activation/dissociation methods to further improve fragmentation efficiency. For 

example, in ETD, noncovalent interactions across the precursor ion can prevent the separation 

of fragment ions, resulting in electron transfer without dissociation (ETnoD). Using higher energy 

infrared photons to vibrationally activate the precursor, also called activated ion (AI)-ETD, can 

effectively disrupt the noncovalent interactions during ETD. 88-90 Alternatively, all ETD products 

are further fragmented using HCD (EThcD) to increase sequence coverage.91 

UVPD utilizes UV laser source (wavelength of 193nm or 213 nm) to excite precursor ions 

with high-energy photons.92 UVPD can generate all types of ions (a, x, b, y, c, z•) from direct 

backbone cleavage and other ions (d, v, w ions) from secondary fragmentation, thereby providing 

high fragmentation efficiency. In addition, UVPD has a low dependency on the charge of the 
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protein and can well preserve the labile PTMs. Therefore, UVPD has been considered a powerful 

fragmentation tool for proteoform characterization. UVPD and HCD were compared previously in 

TDP of HeLa cell lysate.93 Particularly, UVPD presented better sequence coverage and 

confidence in proteoform identification than HCD.93 

1.4 CE-MS interfaces for electrospray ionization (ESI)  

ESI is a soft ionization process that produces intact multiply charged gas-phase ions from 

analytes in solution.94,95 The process of ESI is illustrated in Figure 1.6. For ESI, an electric 

potential is applied between the emitter and mass spectrometer. The solution at the tip of the 

emitter is occupied with positively charged ions and forms a Taylor cone where a jet of liquid 

droplets is emitted (micrometer radius size). With the assistance of heat and drying gas, the 

solvent evaporates from the droplets quickly and the droplets shrink to smaller sizes. When the 

charge density in a droplet increases to a limit at which the surface tension of the droplet cannot 

hold charge repulsion on the surface (Rayleigh limit), the droplet will experience an explosion and 

form even smaller droplets (nanometer radius size). After certain rounds of the explosion, the 

analytes in the droplets are eventually released into the gas phase.  

Online hyphenation of CE and MS or MS/MS requires a well-designed interface that 

establishes electrical continuity in CE separation and facilitates ESI. Two types of ESI interfaces 

are available for CE-MS: sheath-flow and sheathless.96,97 Sheath-flow interfaces use sheath 

liquid to maintain electric contact and assist ionization. They are most widely adopted in CE-MS 

for their high robustness and good stability. However, sheath-flow interfaces are challenged by 

decreased sensitivity due to the dilution of effluent by sheath liquid. In contrast, sheathless 

interfaces can achieve superior sensitivity as it does not use sheath liquid, but they encounter 

several issues such as fragile tips, instability of electrospray owing to low flow rate, and bubbles 

formation.   
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Figure 1.6 ESI process in the positive ion mode. Reproduced with permission from reference 

(95). 

In decades, tremendous efforts have been invested to improve the sensitivity of the 

sheath-flow interface. The coaxial sheath-flow interface, designed by the Smith group in 1988, is 

the earliest version of the interface used for CE-MS.98 The coaxial configuration allows the 

introduction of sheath liquid around the terminal end of the capillary to promote desolvation and 

ionization (Figure 1.7A). However, significant dilution of analytes can occur using this interface, 

as sheath liquids are typically pumped at a high flow rate (~1~10 µL/min), which is much higher 

than the flow rate in CE (20~100 nL/min). Improvement in the sensitivity has been achieved by 

reducing the flow rate of sheath liquid to nL/min level in later CE-MS interface development. In 

2010, the Chen group constructed a flow-through microvial interface by placing the separation 

capillary in a stainless-steel emitter (Figure 1.7B).99,100 The sheath buffer is delivered through the 

gap between the capillary and the emitter via a syringe pump at a very low flow rate (100~300 

nL/min). By applying this interface with a flow rate of 200 nL/min, they achieved a five times higher 

limit of detections (LODs) for amino acids compared to using a commercialized sheath flow 

interface (flow rate~1 µL/min).100 In the same year, the Dovichi group introduced an 

electrokinetically pumped sheath flow interface to the field.101,102The interface is designed with the 

capillary inserted through a cross-unit into a glass emitter (Figure 1.7C). The side arm of the 

cross-unit is connected to a vial containing acidic sheath liquid. When the voltage is applied to 

the sheath buffer, it drives electro-osmotic flow in the emitter to produce an electrospray. The 

interface was later upgraded by adjusting of emitter orifice size and distance between the terminus 

of the capillary and emitter orifice. The third generation of the interface reported in 2015 achieved 

as low as ~50 nL/min flow rate and ~300 zmole LODs for peptides.102 Compared to the flow-
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through microvial interface, the electrokinetically pumped sheath flow interface does not require 

hydrodynamic forces (such as pressure) to aid flow, thus avoiding post-column band broadening. 

Both the two sheath-flow interfaces have been successfully applied to CZE-MS and cIEF-MS 

analysis. In particular, the electrokinetically pumped sheath flow interface, has presented 

outstanding robustness and sensitivity in CZE-MS-based TDP and BUP. In addition, sheath-flow 

interfaces are well-suited for cIEF-MS studies. Apart from assisting ionization, the sheath liquids 

can serve as chemical mobilizers to facilitate protein mobilization after cIEF focusing and reduce 

the impact of ampholyte on sensitivity by mixing cIEF effluent with sheath liquids. 

 

Figure 1.7 CE-MS interface. (A) Coaxial sheath flow interface. (B) Flow-through microvial 

interface. (C) Electrokinetically pumped sheath flow interface. Reproduced with permission from 

reference (98), (100), and (102). 

1.5 Advancement of CE-MS and their applications in TDP  

CZE-MS and cIEF-MS have been developed for protein analysis since the 1990s. In 

recent years, CZE-MS have been improved in sensitivity and capacity through the advancement 

of the CE-MS interface and the development of sample preconcentration methods. Using an 

electrokinetically pumped sheath flow interface and dynamic pH junction, a single-shot CZE-

MS/MS of E.coli proteome was able to achieve around 600 proteoform IDs and 200 protein IDs.21 

The performance of CZE-MS/MS was enhanced by the application of advanced fragmentation 

techniques. CZE-MS/MS with UVPD (213 nm) for TDP of zebrafish brain identified more than 227 

proteoforms from 139 proteins with high sequence coverage.103 CZE-MS/MS system equipped 

with AI-ETD presented around 1000 proteoform IDs of 300 proteins from one SEC fraction of E. 

coli.104 The capacity of CZE-MS/MS was also expanded using a long separation capillary. A 1.5-

meter capillary for CZE-MS/MS significantly increased the sample loading volume from hundreds 
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of nL (1-meter capillary) to 2 μL in large-scale TDP of zebrafish brains.51 In addition, constructing 

multidimensional platforms by integrating various liquid-phase phase separation/sample 

prefractionation methods with CZE-MS/MS further boosts peak capacity, which is crucial for deep 

TDP. Coupling SEC and RPLC sample prefractionation with CZE-MS/MS previously generated 

high peak capacity (~4000) and attributed around 6000 proteoform IDs from E.coli, presenting a 

10-fold improvement compared with many one-dimensional CZE-MS/MS studies.52  

CZE-MS/MS and CZE-MS/MS-based multidimensional platforms have been applied for a 

variety of biological applications. CZE-MS/MS for quantitative analysis of zebrafish brain 

cerebellum (Cb) and optic tectum (Teo) and discovered 700 differentially expressed proteoforms 

between the two regions, which provides insight into different functions of different brain regions.51 

Furthermore, the platform was used for the analysis of brain sections isolated from optic tectum 

(Teo) and telencephalon (Tel) regions using laser capture microdissection (LCM), enabling spatial 

resolving of proteoform distribution of brains.105 Another study was carried out for comprehensive 

mapping of the proteoform landscape in five human tissues (heart, lungs, kidneys, small intestines, 

and spleen) by combining CZE-MS/MS and nano-flow RPLC-MS/MS analysis.50 The work 

identified in total, 11,466 proteoforms and found various important proteoforms associated with 

tissue-specific functions (e.g. muscle contractility, host-pathogen interaction, etc.). Chen et al. 

applied two-dimensional SEC-CZE-MS/MS to globally investigate histone proteoforms from a calf 

histone sample. CZE-MS/MS showed 30-fold higher sensitivity than RPLC-MS/MS and achieved 

400 histone proteoform IDs with diverse PTMs, such as acetylation, methylation, phosphorylation, 

and succinylation.106 Johnson et al. initialized a pilot study using an on-capillary cell lysis workflow 

for CZE-MS/MS analysis of single cells, resulting in 23-50 proteoform IDs from replicate runs of 

single HeLa cells.107 The low protein loss sample processing combined with the high sensitivity of 

CZE-MS/MS will no doubt expedite a better understanding of the single-cell heterogeneity at the 

proteoform level in the future. CZE-MS/MS was also performed at native conditions and has been 

used for the characterization of the standard protein mixture, protein complexes in E. coli 

proteome, and endogenous nucleosomes (200 kDa complex of DNA and histone proteins).108-110  

In addition, the CZE-MS/MS has emerged as a powerful tool in pharmaceutical analysis. 

Native CZE-MS/MS was employed for characterizing the proteoforms in SigmaMAb and monomer 

and homodimer in NISTmAb.111 CZE-MS on the microfluidic device (ZipChip system of 908 

devices) facilitates fast screening (less than 15 minutes) of fragments and PTM variants in 

monoclonal antibodies (mAbs) and bispecific antibodies (bsAbs), and drug-to-antibody ratio (DAR) 

species in a lysine-linked antibody-drug conjugate (ADC).112-115  
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Compared to CZE-MS/MS, cIEF-MS/MS remains less popular although cIEF is the CE 

mode with the highest resolving power. cIEF-MS/MS has long been challenging because of 

manual operations, lack of sensitive CE-MS interface, and ampholyte impact on MS detection.27 

In recent years, the technique has received breakthrough improvements in those aspects. The 

introduction of the “sandwich” injection configuration to cIEF enabled fully automated separation 

and mobilization. The upgraded sheath flow CE-MS interface also enhanced sensitivity for MS 

analysis and minimized the influence of ampholytes. cIEF-MS has been applied for the 

characterization of various mAbs and presented superior separation resolution on their charge 

variants (pI variation less than 0.1) with heterogeneity on deamidation, incomplete lysine clipping, 

and cyclization of N-terminal glutamic acid, etc.116,117 In addition, Lecoeur et al. performed 

qualitative and quantitative analysis of whey proteins in bovine milk using cIEF-MS in glycerol-

water media.118 Typically, using glycerol as an additive in cIEF greatly benefited the solubility of 

hydrophobic whey proteins during separation. Furthermore, despite that early cIEF-MS studies 

attempted to utilize cIEF-MS for the mass analysis of proteins in complex samples (e.g. E. coli), 

they generally lack identification of separated proteins, which was limited by efficient 

fragmentation and bioinformatics tools.56-62 Therefore, the combination of state-of-the-art top-

down (TD)-MS technologies with ultra-high resolution cIEF will be appealing for large-scale TDP 

of complex proteome and targeted TD characterization of proteoform heterogeneity.  

1.6 Summary  

TDP is a crucial strategy for interrogating complex proteomes at the proteoform level. MS-

based TDP needs to be improved in throughput and depth for efficient analysis and better 

proteome coverage. The advancement of separation in TD-MS analysis is critical for achieving 

the expectation above. CZE and cIEF are considered highly attractive for TDP for their high 

separation efficiency and low sample loss compared to LC. CZE-MS/MS (or MS)-based platforms 

have been frequently employed for TDP and pharmaceutical applications in the past five years. 

Typically, coupling LC prefractionation with CZE-MS/MS largely boosted the peak capacity of the 

platform, which is highly valuable for the deep TDP of biological subjects. In addition, the current 

CZE-based multidimensional approach requires large sample materials and is time and labor-

consuming. More efficient sample fractionation to couple with CZE-MS/MS is highly desired for 

further enhancing the performance and making it feasible to use. Besides, cIEF-MS/MS remains 

a less developed but highly promising technique for TDP. cIEF has a higher sample capacity and 

separation resolution than CZE. However, cIEF-MS/MS still needs to be further improved in the 

configuration for automated separation and the sensitivity and stability of the platform. 
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The research works in this dissertation are dedicated to advancing cIEF-MS/MS and CZE-

MS/MS (or MS) based platforms for TDP. Two biological applications using cIEF-MS/MS and 

CZE-MS/MS were carried out for studying the sexual dimorphism of zebrafish brains and 

metastatic and non-metastatic colorectal cancer cell lines, respectively. 
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CHAPTER 2. Development of automated cIEF-MS/MS and multidimensional SEC-cIEF-

MS/MS approaches for TDP 

2.1 Introduction 

Mass spectrometry (MS)-based top-down proteomics (TDP) has emerged as a powerful 

tool for accurate identification and quantification of proteoforms, and provides comprehensive 

information about genetic variations, alternative splicing, post-translational modifications 

(PTMs).1,2 Accurate characterization of proteoforms is critical for better understanding protein 

functions and discovering important protein signatures in the development of diseases.3-5 Due to 

the extremely high complexity of proteomes, high-resolution proteoform separation is vital for 

large-scale TDP.   

Besides the routinely used reversed-phase liquid chromatography (RPLC)-MS/MS, 

capillary zone electrophoresis (CZE)-MS/MS has been suggested as a valuable tool for TDP of 

complex proteomes with the identification of thousands of proteoforms [6-13]. Capillary isoelectric 

focusing (cIEF) is another classic electrophoresis technique, which separates proteoforms 

according to their isoelectric points (pIs).14 Integrating cIEF with ESI-MS for protein study has 

been an important research area for two decades because cIEF has ultra-high resolution for 

proteoform separation.15 The Lee and Smith groups performed the pioneering cIEF-MS works in 

the 1990s for the characterization of simple protein mixtures and complex proteome  via the co-

axial sheath flow CE-MS interface.16-20 These pioneering works laid the foundation of using cIEF-

MS for protein characterization. However, the technique has not been widely adopted for protein 

characterization in last two decades due to its manual operations, the ionization suppression of 

analytes from ampholytes, and lack of robust and highly sensitive CE-MS interface.  

In recent years, cIEF-MS has attracted great attention again because of the drastic 

improvement of the CE-MS interface in sensitivity and the automated operations of cIEF-MS.  The 

flow-through micro-vial CE-MS interface21 and the electro-kinetically pumped sheath flow CE-MS 

interface 22,23 have been employed for cIEF-MS studies, in which “sandwich” injection methods 

were developed for automated cIEF-MS 24-26. Several studies have successfully employed 

automated cIEF-MS for the high-resolution characterization of antibody charge variants27-30.  

 

 This chapter is partially adapted with permission from Xu, T.; Shen, X.; Yang, Z.; Chen, D.; 

Lubeckyj, R. A.; McCool, E. N.; Sun, L. Anal. Chem. 2020, 92 (24), 15890-15898. 
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While cIEF-MS presented great potential for delineating proteoforms, the previous cIEF-

MS studies have been concentrated on measuring protein’s mass without MS/MS analysis, 

impeding the confident proteoform identification in complex samples as well as the accurate 

localization of PTMs on proteoforms. In this study, we report the first work of applying automated 

cIEF-MS/MS in large-scale TDP of complex proteomes. The automated and on-line cIEF-MS/MS 

platform was developed using the electro-kinetically pumped sheath flow CE-MS interface, the 

“sandwich” injection configuration, and linear-polyacrylamide (LPA) coated separation capillaries. 

We developed high-throughput and high-capacity cIEF-MS/MS methods for large-scale TDP.  

2.2 Experimental section 

2.2.1 Sample preparation 

A standard protein mixture (0.2 mg/mL) containing cytochrome c (11.7 kDa, pI 10.0, 0.1 

mg/mL, Sigma-Aldrich) and myoglobin (16.9 kDa, pI 7, 0.1 mg/mL, Sigma-Aldrich) was prepared 

in 10 mM ammonium acetate solution (pH 6.9) for investigating cIEF separation under different 

conditions.  

E. coli (strain K-12, substrain MG1655) was cultured in Lysogeny broth (LB) medium at 

37 °C with 225 rpm shaking until the OD600 value reached to 0.7. The bacteria were collected by 

centrifugation (4,000 rpm, 10 min), then washed three times with phosphate-buffered saline (PBS). 

Afterward, the E. coli pellet was suspended in the lysis buffer containing 8 M urea, protease 

inhibitor (Roche), phosphatase inhibitor (Roche), and 100 mM ammonium bicarbonate (pH 8.0). 

The cells were lysed for 1 minute using a homogenizer 150 (Fisher Scientific) and then sonicated 

on ice for 10 minutes with a Branson Sonifier 250 (VWR Scientific). The E. coli lysate was 

centrifuged at 18,000 g for 10 minutes to collect the supernatant containing extracted proteins. 

The concentration of total proteins was measured by a bicinchoninic acid (BCA) kit (Fisher 

Scientific) according to manufacturer’s instructions. 500 μg of E. coli proteins were denatured in 

lysis buffer at 37 °C for 30 minutes, reduced at 37 °C for 30 minutes after adding 1 μL of 1 M 

dithiothreitol (DTT, Sigma-Aldrich), and then alkylated at room temperature for 20 min after adding 

2.5 μL of 1M iodoacetamide (IAA, Sigma-Aldrich). The reaction was quenched with an addition of 

1 μL of 1 M DTT solution. The buffer exchange of protein sample was conducted by centrifugation 

with Microcon-30 kDa centrifugal filter (Merck Millipore) at 14,000 g for 10 minutes and then 

washing three times with 10 mM ammonium acetate (pH 6.9). Finally, the proteins retained on 

the centrifugal filter membrane were re-dissolved in 10 mM ammonium acetate (pH 6.9) for SDS-

PAGE gel analysis and SEC fractionation. 
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2.2.2 SEC fractionation of E. coli proteome 

SEC fractionation was performed on Agilent 1260 Infinity II HPLC system. An SEC column 

(Agilent, 4.6 × 300 mm, 3 μm particles, 150 Å porous) was used for protein separation. 200 μg (2 

mg/mL, 50 μL × 2 injections) of E. coli proteins were injected into the SEC column and separated 

using 0.1% formic acid (FA) as mobile phase at a flow rate of 0.35 mL/min. The first fraction was 

collected from 2.0 minute to 5.0 minutes, the rest of the five fractions were collected from 5.0 to 

15.0 minutes with 2 minutes per fraction. The samples were dried in the speed vacuum and re-

dissolved in 10 μL of 10 mM ammonium acetate (pH 6.9). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted 

using 4~20% Mini-PROTEAN TGX precast gels (Bio-Rad) to evaluate the SEC fractionation 

efficiency. The fractions (10 μL, ~16 μg, protein per fraction) collected from of E. coli lysate were 

separately mixed with 10 μL loading buffer (10 mM Tris-HCl, pH 8.0,1% SDS, 40% glycerol, 0.1% 

DTT, and 0.05% bromophenol blue), and denatured at 95°C for 5 minutes. After these samples 

were loaded into an SDS-PAGE gel, the electrophoresis was performed with 1× SDS buffer at 

140 V for 90 minutes. Finally, the gel was stained with Coomassie Blue for 2 hours and 

decolorized by deionized water for 12 hours. The size of proteins in each fraction was determined 

by comparing with standard proteins (Bio-Rad, Precision Plus Protein Dual Color Standards). 

2.2.3 Preparation of linear polyacrylamide (LPA)-coated capillary  

LPA-coated capillaries are commonly used in CZE since the neutral coating can effectively 

prevent proteins from adsorption onto the inner wall of the capillary and eliminate electroosmotic 

flow (EOF) in CE. In this study, LPA-coated capillaries were employed for cIEF separation. The 

bare fused silica capillaries (50 μm i.d., 360 μm o.d.) were coated with LPA according to the 

procedure previously described.12-31 One end of the LPA-coated capillary was etched with 

hydrofluoric acid (HF) for about 90 minutes to reduce the outer diameter of the capillary end to 

around 70 μm according to our published procedure for cIEF-MS.32 

2.2.4 Automated cIEF-MS/MS analysis 

Automated cIEF-MS/MS analysis was performed via coupling a CESI 8000 Plus CE 

system (Beckman Coulter) to a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) 

through a commercialized electrokinetically pumped sheath-flow CE-MS nano-spray interface 

(CMP Scientific Corp).22-23 An ESI emitter (orifice size: 20~30 μm) was used to generate stable 

electrospray with assistance of sheath buffer containing 0.2%(v/v) formic acid and 10% (v/v) 

MeOH. One end of the LPA-coated capillary was inserted into the ESI emitter and the other end 

of the capillary was connected to the CE system. The “sandwich” injection configuration was 

employed to facilitate automated cIEF separation.26,27 Generally, the capillary was sequentially 
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pumped with a plug of catholyte (0.3% v/v NH3∙H2O, pH 11.8), protein-ampholyte (GE Healthcare 

Parmalyte 3~10 for IEF) mixture, and then inserted into a buffer vial containing 0.1% (v/v) formic 

acid (FA) or 5% (v/v) acetic acid (AA). Next, a voltage of 30 kV was applied across the capillary 

for protein focusing and mobilization. 

A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used for the cIEF-

MS/MS analysis of complex proteomes using the data-dependent acquisition (DDA) mode. Full 

MS spectra were collected using the following parameters: m/z range of 800-3000, mass 

resolution of 240,000 (at m/z 200), a microscan number of 3, AGC target value of 1E6, and 

maximum injection time of 100 ms. The top 5 most intense precursor ions in full MS spectra were 

isolated with a window of 4 m/z and fragmented via higher-energy collisional dissociation (HCD) 

with normalized collision energy (NCE) of 20%. Only the precursor ions with an intensity higher 

than 5E4 and a charge state more than 3 were selected for fragmentation. Product ions were 

detected with a resolution of 60,000 (at m/z 200), a microscan number of 3, AGC target value of 

1E6, and maximum injection time of 200 ms. The dynamic exclusion was enabled with a duration 

of 30 s and the isotopic peaks were excluded for DDA. A spray voltage of 2.0~2.3 kV was used, 

ion transfer tube temperature was set at 320°C, and the s-lens RF level was 55.   

2.2.5 Database analysis 

The MS raw files were converted to the mzXML files using Msconvert,33 and further 

deconvoluted to the Msalign files using TopFD (TOP-down mass spectrometry feature detection), 

followed by database search using TopPIC (Top-down mass spectrometry-based proteoform 

identification and characterization).34 UniProt databases of E. coli (UP000000625). Cysteine 

carbamidomethylation (+57) was set as a fixed modification and the maximum number of 

unexpected modifications was 2. The mass error of the precursor and product ions was within 15 

ppm. The maximum and minimum mass shifts of unknown modifications were 500 Da and -500 

Da, respectively. The false discovery rates (FDRs) were estimated using the target-decoy 

approach35,36. The data of six E. coli fractions were combined and filtered with a 5% proteoform-

level FDR.  

2.3 Results and discussions 

2.3.1 Automated high-throughput and high-capacity cIEF-MS/MS  

Figure 2.1A shows a diagram of the automated cIEF-MS system. In this platform, the outlet 

of an LPA-coated capillary is positioned into the electro-kinetically pumped sheath-flow CE-MS 

interface  filled with an acidic sheath buffer containing 0.2% (v/v) formic acid (FA) and 10% (v/v) 

methanol, while its inlet is inserted into an acidic anolyte solution (0.1% (v/v) FA or 5% (v/v) acetic 
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acid (AA)). The focusing is carried out by applying a 30-kV voltage across the capillary after 

injecting a plug of basic catholyte (0.3% (v/v) NH3∙H2O, pH 11.8) and a mixture of analytes and 

ampholyte into the capillary successively. After focusing, the separated proteoforms are mobilized 

out of the capillary for ESI-MS automatically when the pH gradient is gradually disrupted by the 

migration of hydrogen protons from the acidic anolyte and anions from the sheath buffer (chemical 

mobilization).  

 

Figure 2.1 Development of cIEF-MS/MS methods with a single SEC fraction of an E. coli lysate. 

(A) Flowchart of automated cIEF-MS including basic catholyte and sample injection, focusing, 

and chemical mobilization. (B) Evaluation of reproducibility of cIEF-MS/MS system. The base 

peak electropherograms are from cIEF-MS/MS analysis of Fraction 3 of E. coli lysate in triplicate 

runs using an 80-cm capillary. (C) Base peak electropherograms of Fraction 3 using an 80-cm 

capillary plus 0.1% FA as anolyte (Red), a 150-cm capillary plus 0.1% FA as anolyte (Blue), and 

a 150-cm capillary plus 5% AA as anolyte (Dark cyan). 

To improve proteoform separation and detection, critical experimental parameters of cIEF-

MS were first investigated with a standard protein mixture, Figure 2.2. The results indicated that 

a 5-cm catholyte plug, a 40-cm sample plug (half of the total capillary volume), a 0.1% ampholyte 

concentration, and low protein concentration were the most appropriate conditions for cIEF 

separation balancing separation resolution and MS signal.  

Using the optimized condition, one SEC fraction of an E. coli lysate (~0.4 mg/mL protein 

concentration) was analyzed by cIEF-MS/MS in triplicate. On average, nearly 300 proteoforms 

were identified in only 50 min with good reproducibility regarding the number of proteoform 

identifications (n=3 and RSD=4.1%), Figure 2.1B. We called the method high-throughput cIEF-
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MS/MS. The high-throughput cIEF-MS/MS method also showed nice reproducibility regarding the 

label-free quantification (LFQ) intensity of proteoforms, Figure 2.3. 

 

Figure 2.2 Optimization of separation in cIEF-MS/MS analysis with a mixture of cytochrome c 

(peak a, 12 kDa, pI 10) and myoglobin (peak b, 16.9 kDa, pI 7). Different lengths of catholyte 

plug (A), lengths of sample plug (B), sample concentration (C), ampholyte concentration (D) 

were investigated. 

We then questioned how we further boosted the number of proteoform identifications from 

single cIEF-MS/MS run. Inspired by our recent CZE-MS/MS-based TDP work using a 1.5-meter-

long LPA-coated capillary,10 we tried cIEF-MS/MS with a 1.5-meter-long LPA-coated capillary for 

analysis of the same E. coli sample used previously. We loaded roughly 50% of the capillary with 

sample (80-cm long sample plug) for cIEF-MS/MS in this case. The 1.5-meter capillary offered a 

higher number of proteoform identifications (449 vs. 281) and peak capacity (92 vs. 77) compared 

to the 80-cm capillary, Figure 2.1C. In addition, we observed that compared to 0.1% (v/v) FA, the 

use of 5% (v/v) AA as an anolyte further increased the peak capacity (136 vs. 92) and proteoform 

identifications (771 vs. 449) by nearly 20% and 50%, respectively, Figure 2.1C. 5% (v/v) AA 

elongated the protein migration time and achieved a wider separation window, and thereby 

enhanced the number of proteoform identifications and peak capacity. This is likely because 5% 

(v/v) AA has a higher viscosity and a lower pH than 0.1% (v/v) FA, which slow down protein 

migration during the mobilization process. The cIEF-MS/MS using a 1.5-meter-long capillary and 

5% (v/v) AA as the anolyte enabled the identification of 711 proteoforms and 177 proteins from 
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the E. coli sample in about 2.5-hours instrument time with a consumption of roughly 480 ng of 

proteins. We named this method high-capacity cIEF-MS/MS. Interestingly, the high-capacity cIEF-

MS/MS method is comparable with the dynamic pH junction-based CZE-MS/MS10,11 and nanoflow 

RPLC-MS/MS37-39 regarding the number of proteoform identifications in a single run. We need to 

point out that the LPA-coated capillaries prepared in our study are generally durable, which can 

be continuously used for more than 60 hours for cIEF-MS. All the exciting data render cIEF-

MS/MS as another powerful tool for large-scale delineation of proteoforms in complex samples.  

 

Figure 2.3 Correlations of proteoform label-free quantification (LFQ) intensities between two 

runs of cIEF-MS/MS analyses of one E. coli sample (SEC fraction 3). A: run 1 vs. run 2; B: run 1 

vs. run 3; C: run 2 vs. run 3. 

2.3.2 Large-scale TDP of E. coli cells using SEC-cIEF-MS/MS 

2D-PAGE is well known for high-capacity separation of proteoforms based on their 

molecular weight and pI. Unfortunately, it is challenging to directly couple 2D-PAGE to ESI-

MS/MS for TDP due to offline and tedious operations. Here we proposed SEC-cIEF as “gel-free 

2D-PAGE” and coupled it to ESI-MS/MS for large-scale TDP for the first time. The E. coli 

proteoforms were first fractionated to six fractions based on their size using SEC, followed by 

online high-capacity cIEF-MS/MS, Figure 2.4A. Each SEC eluate was further separated into an 

about 40-minutes separation window by cIEF, indicating good orthogonality of SEC and cIEF for 
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proteoform separation. The number of identified proteoforms and proteins per SEC fraction 

ranged from 150 to 711 and 32 to 177, respectively. SDS-PAGE analysis of the SEC fractions 

showed that SEC offered reasonable separations of proteoforms based on their molecular 

weights (MWs) with clear MW shift from high to low as the fraction number increased, Figure 2.4B. 

The mass distribution of identified proteoforms from cIEF-MS/MS analysis of each SEC fraction 

agreed well with the SDS-PAGE data, Figure 2.4C. Figure 2.4D show the correlations of 

proteoforms’ pIs and migration time from cIEF-MS/MS analyses of two SEC fractions. Basic 

proteoforms tended to migrate out of the cIEF capillary faster than acidic ones, indicating clear 

pI-based separations. The data in Figure 2.4D agrees with the cIEF-MS/MS-based BUP data in 

the literature.40 Figure 2.4E depicts the cumulative proteoform and protein identifications as a 

function of the number of SEC fractions with a continuous increase of both protein and proteoform 

identifications as more SEC fractions were considered.  

The SEC-cIEF-MS/MS identified 10,153 proteoform-spectrum matches (PrSMs), 1896 

proteoforms and 365 proteins from the E. coli proteome with a 5% proteoform-level FDR, Figure 

2.5A and Supplemental Information III. The data represents the first and largest TDP dataset 

using cIEF-MS/MS. The majority of the identified proteoforms had masses less than 20 kDa, while 

83 proteoforms were between 20 and 33 kDa, Figure 2.5B. Although the extracted E. coli 

proteome consisted of proteins ranging from ~10 kDa to 100 kDa (Figure 2.5B), characterization 

of proteoforms larger than 30 kDa remains challenging for top-down MS due to dramatic decrease 

of signal-to-noise ratio with the increase of proteoform’s mass, limited mass resolution of mass 

analyzers, and ion suppression caused by co-eluted small proteins. The number of matched 

fragment ions of identified proteoforms were in a range of 6 to 92 with the mean at 23, Figure 

2.5C. An example of the fragmentation pattern of one proteoform (putative monooxygenase YdhR) 

is shown in Figure 2.5D. The proteoform was identified with 76 fragment ions, a 1.71e-45 E-value, 

and a 52% backbone cleavage coverage. On average, we identified about five proteoforms per 

protein (1896 proteoforms and 365 proteins). For some proteins, the number of proteoforms could 

be much higher. For instance, we identified 48 proteoforms of the protein Osmotically-inducible 

protein Y (osmY). All these proteoforms were truncated either at the N-termini (47) or at the C-

termini (1). Because TDP directly characterizes intact proteoforms, we were able to determine the 

distribution of the first amino acid residue position of the truncated proteoforms at the N-termini, 

Figure 2.5E. For 23 out of the 47 N-terminally truncated proteoforms, the first 28 amino acids 

residues were cleaved as the signal peptide as reported in the literature.41 Interestingly, we also 

identified 3 and 4 proteoforms with the first 27 and 114 amino acid residues truncated, respectively. 

We then analyzed relative abundance of these proteoforms truncated at different positions based 
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on the number of PrSMs of each proteoform,12-42 Figure 2.5F. The 23 proteoforms with the first 

28 amino acid residues removed accounted for about 87% of the total number of PrSMs of osmY 

(248 out of 284). We further examined the 23 proteoforms and discovered that they either had no 

PTMs or carried various PTMs, e.g., methylation, acetylation, and succinylation. According to their 

numbers of PrSMs, the proteoform with the first 28 amino acid removed and without any PTMs is 

the most abundant proteoform of osmY in the E. coli cells. The data suggest the power of our 

SEC-cIEF-MS/MS platform for delineating proteoforms in complex biological samples on a global 

scale. 

 

Figure 2.4 Characterization of an E. coli proteome using SEC-cIEF-MS/MS. (A) 2D separation 

of E. coli proteome using SEC-cIEF platform. Proteins were fractionated based on molecular 

weights in SEC dimension (vertical chromatogram) and further be separated according to pI 

values in cIEF dimension (horizontal electropherograms). (B) SDS-PAGE profiling of proteome 

in SEC fractions. (C) Box plots of mass distribution of identified proteoforms in SEC fractions. 

(D) Migration time versus calculated pI value of proteoforms without modifications in SEC 

fractions 5 and 6. The pI values were calculated using ExPASy 

(https://web.expasy.org/compute_pi/). (E) Number of proteoform (the black line) and protein 

identifications (the dark cyan colored bars) cumulated on fractions. 
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Figure 2.5 Identification results of the E. coli proteome from large-scale TDP using SEC-cIEF-

MS/MS. (A) Summary of the number of PrSMs, proteoforms, and proteins identified from six 

SEC fractions of the E. coli proteome. (B) Mass distribution of identified proteoforms. (C) Box 

plot of the number of matched fragment ions of identified proteoforms. (D) Sequence and 

fragmentation pattern of N-terminal methionine removed Putative monooxygenase YdhR with a 

backbone cleavage coverage of 52%. (E) Proteoform count versus the first residue position of 

truncated proteoforms of osmY. (F) PrSM count versus the first residue position of truncated 

proteoforms of osmY. 

2.4 Conclusions 

Top-down proteomics (TDP) requires high-capacity separations of proteoforms before 

mass spectrometry (MS) and MS/MS. Capillary isoelectric focusing (cIEF)-MS has been 

recognized as a useful tool for TDP in 1990s because cIEF is capable of high-resolution 

separation of proteoforms. Previous cIEF-MS studies concentrated on measuring protein’s mass 

without MS/MS, impeding the confident proteoform identification in complex samples as well as 
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the accurate localization of post-translational modifications (PTMs) on proteoforms. Here, for the 

first time, we present automated cIEF-MS/MS-based TDP for large-scale delineation of 

proteoforms in complex proteomes. Single-shot cIEF-MS/MS identified 771 proteoforms from an 

E. coli proteome consuming only nanograms of proteins. Coupling two-dimensional size exclusion 

chromatography (SEC)-cIEF to ESI-MS/MS enabled the identification of nearly 2000 proteoforms 

from the E. coli proteome. Our study provides the proteome community with a  new and powerful 

tool for the large-scale TDP profiling of complex proteomes. 
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CHAPTER 3. Improved cIEF-MS for ultrahigh-resolution characterization of charge 

variants of biotherapeutics 

3.1 Introduction 

As an emerging class of therapeutic proteins with high specificity, monoclonal antibodies 

(mAbs) have shown great potential for the treatment of cancers, virus infections, and autoimmune 

disorders in recent years.1-6 In the process of mAb manufacturing, the formation of undesired 

post-translational modifications (PTMs), such as asparagine/glutamine deamidation, glycation, C-

terminal proline amidation, iso-Asp modification, and methionine oxidation, are critical quality 

attributes (CQAs). PTMs can alter the surface charge distribution and conformation of a mAb, 

which derives charge heterogeneity and influences its pharmacological effects. For example, 

asparagine deamidation of trastuzumab has been found to reduce antibody charge and change 

HER2 antigen binding activity.7 Therefore, routine characterization of antibody charge 

heterogeneity and PTMs are necessary to guarantee product stability, safety, and efficacy. 

Capillary isoelectric focusing (cIEF)8-10, capillary zone electrophoresis (CZE)11,12, and ion 

exchange chromatography (IEX)13-15, are frequently employed techniques for monitoring charge 

heterogeneity of mAbs in the pharmaceutical field. CZE with a background electrolyte (BGE) 

containing ε-amino-caproic acid (EACA) has demonstrated high-resolution separation of mAb 

charge variants.12 Conventional imaged cIEF (icIEF) is reliable for examining the relative 

abundance of charge variants and performing pI measurement. However, the results gathered 

from optical detections (i.e., UV and fluorescence) remain less informative for charge variant 

identifications. Moreover, mAb charge variants were typically separated using IEX, followed by 

fraction collection, buffer exchange, and liquid chromatography (LC)-mass spectrometry (MS) 

analysis. The method also has limited application as it is labor-intensive, difficult to provide 

comparable charge profiles with icIEF-UV, and unable to provide pI information.  

Developing platforms that directly integrate the separation methods above with MS 

characterization is highly desirable for industrial use.  cIEF-MS is of most interest as it provides 

ultra-high resolving power for mAb charge variants with subtle isoelectric point (pI) difference and 

enables sensitive detection. The hyphenation of cIEF with electrospray ionization (ESI)-MS has 

been initiated since the 1990s for characterizing pIs and masses of standard proteins and 

 

 This chapter is adapted with permission from Xu, T.; Han, L.; Thompson, A. M. G.; Sun, L. 

Anal. Methods 2022, 14 (4), 383-393. 
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complex proteomes.16-19 However, for a long time, it was not accepted for wide applications due 

to complicated operations, semi-online coupling, lack of highly sensitive CE-MS interface, and 

suppression of ionizations by ampholytes. 

Microchip-based capillary electrophoresis (CE) devices have been developed and 

commercialized for the comprehensive characterization of charge variants of mAbs using MS 

detection.20-25 The cIEF-MS microchip system of Blaze (Intabio, CA) integrated imaged cIEF 

feature and ESI tip into a microchip. The system was coupled with MS for real-time monitoring of 

focusing and mobilization processes of cIEF, and enabled efficient characterization of mAb 

charge variants in 15 min.20 The ZipChip system of 908 devices is another type of microfluidic-

based technique that uses capillary zone electrophoresis (CZE)-MS to facilitate fast screening of 

mAb variants,21-24 antibody-drug conjugate variants,25 and perform peptide mapping and mAb 

PTM identification23,24. These microchip-based devices are generally easy to operate, and provide 

fast speed and high-resolution separation, making them highly attractive tools in pharmaceutical 

applications. 

So far, regular CE systems remain dominant in CE-MS characterization of proteins. 

Compared with microfluidic devices, regular CE systems give more flexibility for separation 

optimization (e.g. adjusting the capillary length, applying different CE separation modes) 

according to different subjects.  In recent years, substantial progress has been achieved in 

improving the performance of cIEF-MS system. The new generation of sheath-flow CE-MS 

interfaces, including flow-through microvial interface and electrokinetically pumped sheath flow 

interface, enable ultra-low flow rate of sheath liquid at nL per min level (~two magnitudes lower 

than the traditional interfaces), thereby largely improving the sensitivity of CE-MS.26-28 Fully 

automated cIEF-MS has been achieved with the advent of “sandwich” injection configuration.29-31 

Moreover, multiple strategies have been developed to reduce the influence of ampholytes on 

ionization, including choosing compromised ampholyte concentration, incorporating a 

microdialysis device into cIEF-MS interface, removal of ampholytes using two-dimensional 

systems (cIEF-liquid chromatography or cIEF-CZE), and utilization of immobilized pH gradient.19, 

32-37 

The cIEF-MS platforms have recently been used for the characterization of charge 

variants of mAbs, and large-scale top-down proteomics.38-41 Dai et al. developed the first online 

cIEF-MS approach on an Agilent CE system for the characterization of mAb charge variants using 

an electrokinetically pumped sheath flow interface and “sandwich” injection configuration.38 Their 

cIEF-MS platform was successfully applied for resolving the charge variants of trastuzumab, 

bevacizumab, infliximab, and cetuximab. Later, Wang et al. established a similar cIEF-MS 
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platform with a flow microvial interface and “sandwich” injection configuration.39, 40 This platform 

enabled the separation of mAb charge variants with a pI difference of only 0.02-0.2 pH unit and 

provided accurate measurement of intact masses. In these studies, capillaries with neutral coating 

were employed for cIEF separation, which was crucial for maintaining high separation resolution 

by suppressing electroosmotic flow (EOF) and minimizing protein adsorption to the capillary wall. 

The additives (e.g., methylcellulose) typically used in conventional icIEF-UV for suppressing EOF 

and preventing protein adsorption need to be avoided in cIEF-MS.  

The stability of capillary coating could be challenged in cIEF-MS by the usage of extremely 

basic catholyte (ammonium hydroxide, pH >11). Reducing catholyte pH lower than 10 was 

considered an effective way to eliminate coating degradation. Ramsay et al. compared sodium 

hydroxide (40mM, pH 12) and CAPS (100 mM, pH 9.8) as catholyte for cIEF- laser-induced 

fluorescence (LIF) analysis of gastric biopsies.42 They found the catholyte with lower pH (CAPS, 

pH 9.8) maintained a better reproducibility of cIEF separation. The catholyte developed in the 

study was only applicable to optical detection. Based on our best knowledge, there is still no cIEF-

MS study that developed MS-compatible catholyte buffer with pH 10 for protein analysis to 

improve the system’s reproducibility and stability.   

Here, we improved the automated cIEF-MS method to achieve reproducible and high-

resolution separation of charge variants of mAbs. To address the coating degradation problem, a 

highly durable linear polyacrylamide (LPA) capillary coating was developed, and an ESI-MS-

friendly catholyte (10 mM ammonium bicarbonate, pH~10) was employed. Critical parameters 

including catholyte length, sample concentration, ampholyte composition as well as ampholyte 

concentration were systematically investigated to improve separation resolution. Using the 

optimized separation parameters and a high-resolution quadrupole-time-of-flight (Q-TOF) mass 

spectrometer, we characterized charge variants of NISTmAb, and mAb1 under denaturing 

conditions. The methods developed in this work can potentially be adapted for analyzing charging 

variants of other mAbs. 

3.2 Experimental section 

3.2.1 Chemicals and materials 

Ammonium bicarbonate (ABC), ammonium hydroxide (NH4OH), 3-(Trimethoxysilyl) propyl 

methacrylate, glycerol, cytochrome c, Pharmalyte 3-10, 5-8, 8-10.5 (GE healthcare), and Amicon 

Ultra (0.5 mL, 10 kDa cut-off size) centrifugal filter units were purchased from Sigma-Aldrich (St. 

Louis, MO). LC/MS grade water, acetonitrile (ACN), HPLC-grade acetic acid (AA), fused silica 

capillaries (50 µm i.d., 360 µm o.d., Polymicro Technologies) were ordered from Fisher Scientific 
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(Pittsburgh, PA). Acrylamide was purchased from Acros Organics (Fair Lawn, NJ). Five peptide 

markers with pI values of 4.1, 5.5, 7.0, 9.8, 10.0 were obtained from Beckman Coulter (Brea, CA). 

cIEF-MS reagent kit containing anolyte (Buffer A, pH 2.7), catholyte (Buffer B, pH 11.6), solution 

for buffer exchange and sample dilution (Buffer C), sheath liquid (Buffer SL), and ampholyte buffer 

(buffer S35) was obtained from CMP Scientific (Brooklyn, NY). mAb1 was provided by AbbVie 

(North Chicago, IL). NIST mAb was obtained from Sigma-Aldrich (St. Louis, MO). 

3.2.2 Sample preparation 

100 µg each of NISTmAb and mAb1(10 mg/mL, containing 12.5 mM histidine and 12.5mM 

histidine HCl, pH 6.0) were diluted in 200 µL Buffer C, and then centrifuged via Amicon Ultra 

centrifugal filters (0.5 mL, 10 kDa cut-off size) at 14,000 g for 10 min. After spinning down, 200 

µL Buffer C was added into the filters and centrifuged. The process was repeated two times to 

thoroughly replace the sample buffer with Buffer C. After buffer exchange, sample volume was 

adjusted to 50 µL with Buffer C, and the concentrations of mAbs were roughly 2 mg/mL assuming 

no sample loss in desalting process. The desalted mAbs were stored in -20 °C.  Before sample 

analysis, the desalted mAbs (2 mg/mL) were further diluted with Buffer C and then mixed with 

ampholyte stock solution (2×) at a ratio of 1:1.   

3.2.3 Preparation of linear polyacrylamide (LPA)-coated capillary 

The procedure for preparation of LPA-coated capillary (50 µm i.d., 360 µm o.d.) was 

slightly modified according to the previous literature.43 After capillary pretreatment, the capillary 

was filled with degassed acrylamide-ammonium persulfate mixture and incubated in 50 ˚C water 

bath for reaction. We extended the incubation time from 45 minutes to 60 minutes to achieve a 

highly durable capillary coating. The solution in the capillary was pushed out after the 60-min 

reaction using a high-pressure liquid chromatography pump.  

3.2.4 Online and automated cIEF-MS analysis 

The online and automated cIEF-MS platform was constructed by integrating an Agilent 

7100 CE System with an Agilent 6545XT Q-TOF mass spectrometer via a commercialized 

electrokinetically pumped sheath-flow CE-MS nano-spray interface (EMASS-II, CMP Scientific). 

The ESI emitter (orifice size: 25~35 μm) on the interface was filled with sheath liquid, and the 

emitter orifice was positioned 4~5 mm away from the inlet of the mass spectrometer. The 

electrospray voltage was carefully adjusted in the range of 2.3 kV to 2.5 kV to generate a stable 

electrospray. 

A 75 cm LPA-coated capillary was used for cIEF separation. Two ends of the capillary 

were installed in the ESI emitter and CE system, respectively. The “sandwich” injection strategy 

was adopted for automated cIEF-MS analysis. Precisely, the capillary was filled with a plug of 
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catholyte (10 mM ABC, 15% glycerol, pH 10), a plug of mAb-ampholyte mixture, and then inserted 

into a vial with anolyte (Buffer A from cIEF kit or buffer with 0.1%FA and 15% glycerol, pH ~2.7). 

After sample loading, a voltage of 20 kV was applied to the capillary injection end to facilitate 

protein focusing and mobilization. After 20 min, a pressure (10 mbar) was applied at the capillary 

inlet to assist protein mobilization. Finally, the capillary was flushed with anolyte with a pressure 

of 950 mbar for 5 min. The total analysis time including focusing and mobilization was around 75 

minutes.  

For the Q-TOF mass spectrometer, a regular ESI spray shield was installed, and drying 

gas (325 °C) was set to a low flow rate (1 L/min) to maintain the stability of the electrospray. The 

voltages for VCap, skimmer, and fragmentor were set to 0 V, 300 V, and 380 V, respectively. The 

collision energy was set at 10 V to assist the transmission of gas-phase mAb ions in the mass 

spectrometer. Full scan mass spectra were collected in the m/z range of 2000-6000 with an 

acquisition rate of 0.5 spectra/sec.  

3.2.5 Data analysis 

The cIEF electropherograms and MS data were analyzed using Agilent Mass-Hunter 

Qualitative Navigator B.08.00. The intact masses of mAb charge variants were obtained by 

manual averaging across the base peak electropherogram of a specific peak and performing 

deconvolution in Agilent Mass-Hunter Bio-Confirm 10.0. Parameters for deconvolution were set 

as follows: Maximum Entropy algorithm, mass step of 0.05 Da. The other parameters were kept 

as default. 

3.2.6 Capillary equilibrium and cleanup 

The new LPA-coated capillaries were equilibrated by flushing with bovine serum albumin 

(BSA) or mAb samples for 2 minutes to block residual adsorption sites. The capillary cleanup was 

performed after every three cIEF-MS runs to remove proteins adsorbed on the capillary inner wall. 

The capillary was flushed with 4 M urea for 10 minutes, water for 5 minutes, and anolyte for 5 

minutes successively. 

3.3 Results and discussions 

3.3.1 Development of a robust automated cIEF-MS method using NISTmAb 

A stable neutral coating is critical for achieving high separation resolution in cIEF. Different 

types of neutrally coated capillaries have been developed previously, including LPA coating, poly 

(vinyl alcohol) (PVA) coating, and hydroxypropyl cellulose (HPC) coating. The LPA coating can 

be made easily and is the most widely used one. Here we chose the capillaries with LPA coating 

(~75 cm in length) for cIEF-MS analysis of mAbs.  
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Figure 3.1 Triplicate cIEF-MS runs of NISTmAb with a pH 10.0 catholyte and an LPA-coated 

capillary (75 cm). Other parameters for cIEF separation were 30 cm catholyte plug, 45 cm 

sample plug, 0.2 mg/mL sample concentration, 1.5% ampholyte mixture (pH range 3-10 and 8-

10.5 with ratio of 1:4), 20 kV separation voltage, 10 mbar pressure applied at 20 min. 

A NISTmAb sample and a commercialized cIEF-MS kit (CMP scientific) were used to test 

separation performance. We observed quick degradation of the capillary coating after one or two 

cIEF-MS runs (12-cm catholyte plug, 63-cm sample plug) due to the highly basic catholyte (pH 

11.6) from the kit. It is a common issue in cIEF as the Si-O bond is susceptible to hydrolysis under 

high pH, leading to the destruction of capillary coating. To address this issue, we prolonged the 

reaction time for LPA coating synthesis from regular 45 minutes to 60 minutes to achieve a highly 

durable capillary coating. Additionally, an ESI-MS-friendly catholyte with lower pH (10 mM ABC, 

15% glycerol, pH 10) was employed to mitigate the hydrolysis effect. Using the same separation 

parameters, however, we found a decrease in catholyte pH had an adverse impact on separation 

performance because the pH gradient could not hold enough time for protein focusing. This 

problem was overcome by increasing the catholyte length from 12 cm to 30 cm. Overall, the 

separation profile of NISTmAb can be reproduced using the optimized catholyte condition (Figure 

3.1). For certain pI regions, further optimization is still necessary to achieve more resolved 

separations. The improved cIEF-MS with the LPA-coated capillary was able to perform more than 

25 runs of various mAb samples without significant deterioration of separation performance. 
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We observed that the electrospray was not stable in some cases. We used sheath liquid 

containing 25% ACN and 20% AA for our experiment. Changing compositions of the sheath liquid 

(15% ACN, 10% AA; 15% methanol, 10% AA) did not give significant improvements. We then 

optimized the position of ESI emitter relative to MS inlet. We found that when the emitter was too 

close to the MS inlet, it led to a significant change in high vacuum values inside the TOF tube, 

which was the major reason for signal variations. Therefore, to achieve a stable MS response, 

the spray emitter orifice should be positioned 4-5 mm away from the MS inlet and then shifted 

1~2 mm away from the central zone of the MS inlet. 

Furthermore, we investigated the impact of ampholyte composition and sample 

concentration on separation resolution. Cytochrome c (0.05 mg/mL, pI~10) was spiked into the 

NISTmAb sample as a pI marker to normalize the migration time and evaluate the separation 

window. Figure 3.2 indicated that the ampholyte with and without the narrow pI range 5-8 

produced a minimal difference in the separation resolution of NISTmAb charge variants. It could 

be due to that NISTmAb variants are highly basic (pI 9.0~9.4),44, 45 and the addition of the pI range 

of 5-8 cannot significantly promote focusing of the acidic charge variants. When the concentration 

of NISTmAb was increased from 0.2 to 0.8 mg/mL, the MS signal increased by nearly 10-folds 

without significant reduction of separation resolution (Figure 3.2), indicating the 0.2-0.8 mg/mL 

should at least be a good range of sample concentration for experiments. 

Four charge variants of NISTmAb were observed in Figure 3.2C. Each variant included various 

glycoforms, which were resolved by MS (Figure 3.3A). The intact masses of the charge variants, 

Figure 3.3B, were obtained by averaging across each variant peak and performing deconvolution. 

The modifications that appeared in acidic or basic variants were estimated by comparing the mass 

difference to corresponding glycoforms in the main peak. For example, 148038.0 Da in the main 

peak of NISTmAb can be assigned to a mAb form containing glycan pairs G0F/G0F and two lysine 

clipping on heavy chain C-terminus (theoretical mass: 148037.2 Da).  The two basic variants 

(148165.8 Da in B1, 148294.4 Da in B2) exhibited +127.8 Da and +256.4 Da mass shift relative 

to the G0F/G0F form in the main peak (148038.0 Da), corresponding to one and two incomplete 

C-terminal lysine clipping. In addition, the acidic variant (148200.9 Da) showed +162.9 Da mass 

shift from the main species (148038.0 Da), indicating a glycation modification on lysine. The 

NISTmAb charge variants detected in our study were consistent with previous reports,45, 46 which 

suggests high accuracy of our cIEF-MS system for mAb characterization. 
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Figure 3.2 Comparison of cIEF separation of NISTmAb charge variants with different ampholyte 

compositions and sample concentrations. (A, B) Comparison of cIEF separation of NISTmAb 

between using a two-ampholyte mixture and a three-ampholyte mixture. The two-ampholyte 

mixture contains 1.5% ampholytes with pH range of 3-10 and 8-10.5 (ratio 1:4). The three-

ampholyte mixture comprises 2% ampholytes with pH range of 3-10, 5-8 and 8-10.5 (ratio: 

1:2:4).  (B, C) Comparison of cIEF separation and MS signal of NISTmAb between using 0.2 

mg/mL and 0.8 mg/mL sample concentration. Other parameters for separation: 75 cm LPA-

coated capillary, 30 cm catholyte plug, 45 cm sample plug, 0.05 mg/mL cytochrome c, 20 kV 

separation voltage, 10 mbar pressure applied at 20 min. 
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Figure 3.3 Mass spectra (A) and deconvoluted mass spectra (B) of NISTmAb charge variants 

from two basic peaks (peak B1 and B2), a main peak (peak M) and an acid peak (peak A). 

3.3.2 cIEF-MS characterization of mAb1 

mAb1 is one model lgG1 mAb manufactured by AbbVie. Here, our improved cIEF-MS 

platform was applied to understand mAb1 charge variants. In our experiment, the mAb1 sample 

was directly diluted to 0.8 mg/mL with a sample buffer (buffer C) for cIEF analysis. The cIEF-MS 

analysis was started by using 0.2 mg/mL mAb1 and a two-ampholyte mixture (pI range of 3-10 

and 8-10.5), resulting in three charge variants (a main peak M and two acidic peaks A1, A2), 

Figure 3.4A. Incorporating pI 5-8 ampholyte and increasing the sample concentration to 0.8 

mg/mL further generated an additional acidic variant (A3) and two basic variants (B1, B2), Figure 

3.4B and Figure 3.4C. Moreover, we tested direct cIEF-MS analysis of mAb1 sample (11.8 mg/mL 

mAb1 in 30 mM histidine and 8% sucrose) without desalting to examine if it is possible to simplify 

the sample preparation process and improve analysis efficiency. In our experiment, the mAb1 

sample was directly diluted to 0.8 mg/mL with a sample buffer (buffer C) for cIEF analysis. 
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Figure 3.4 Improvement of cIEF separation and MS signal of mAb1 by incorporating a narrow 

range ampholyte (pH range of 5-8) into a two-ampholyte mixture (pH range of 3-10 and 8-10.5) 

and using higher sample concentration. (A-C) Base peak electropherograms of mAb1 with two-

ampholyte mixture, 0.2 mg/mL sample; three-ampholyte mixture, 0.2 mg/mL sample; and three-

ampholyte mixture, 0.8 mg/mL sample. The two-ampholyte mixture used in the experiment 

contains 1.5% ampholytes with pH range of 3-10 and 8-10.5 (ratio: 1:4). The three-ampholyte 

mixture comprises 2% ampholytes with pH range of 3-10, 5-8 and 8-10.5 (ratio: 1:2:4). Other 

parameters for cIEF separation: 75 cm LPA-coated capillary, 30 cm catholyte plug, 45 cm 

sample plug, 20 kV separation voltage, 10 mbar pressure applied at 20 min. 

As a consequence, the signal of mAb increased around 2-fold, and ten charge variants 

were detected, Figure 3.5, which could be due to less sample loss from the simplified sample 

preparation workflow. The data here also suggests that antibody samples could be directly diluted 

for cIEF-MS analysis without desalting or buffer exchange in some cases.  
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Figure 3.5C presents representative deconvoluted MS spectra of mAb1 charge variants 

(peak B1, B2, M, A1 and A5).  In the main peak of mAb1 (M), the most abundant spectral peak 

(147610.8 Da) indicated a glycoform with biantennary glycan pairs G0F/G0F (theoretical mass:  

147609.4 Da), whereas the other two low abundant peaks (147772.2 Da and 147406.9 Da) 

represented glycoforms with G0F/G1F and G0F/G0F-GlcNAc, respectively. We compared 

spectral peaks in the charge variants with G0F/G0F glycoform in the main peak (147610.8 Da). 

A -2636.2 Da (B1, 144974.6 Da) mass shift was observed in the first basic peak (B1), which is 

associated with loss of glycan pairs G0F/G0F and two uncleaved C-terminal lysines (theoretical 

mass shift: 2633 Da). In addition, we identified a -58.9 Da (B2, 147551.9Da) and a +127.3 Da 

(B2, 147738.1 Da) mass shift in the second basic variant, which might originate from a PGK 

amidation (theoretical mass shift: -58 Da) and one incomplete C-terminal lysine truncation, 

respectively. A +1.7 Da mass difference discovered in the first acidic variant (A1) could be 

assigned as two deamidations. Moreover, the fifth acidic peak (A5) clearly identified three mAb1 

variants with a Fab arm missing. Their masses (100697.3 Da, 100458.9 Da, and 100214.6 Da) 

are well-matched with G0F/G0F glycoform truncated at different sites of the upper hinge region 

(theoretical mass: 100697.2 Da for the cleavage between C224 and D225, 100453.9 Da for the 

cleavage between K226 and T227 and 100215.6 Da for the cleavage between H228 and T229), 

which was previously reported as degradation hotspot of lgG1.40  

Apart from commonly found PTMs and truncations, our result also presented several 

unknown mass shifts, such as -199.6 Da mass shift in the first basic variant (B1, 147411.2 Da), a 

63.5 Da mass difference in the acidic variant (A1, 147674.3 Da). It is difficult to explain those 

uncommon mass shifts on an unknown mAb solely based on intact level analysis. In this case, 

peptide mapping of these variants could be helpful to elucidate PTMs on those variants. 
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Figure 3.5 Direct cIEF-MS analysis of mAb1 without sample desalting and buffer exchange. (A) 

Base peak electropherogram of mAb1 and cytochrome c. (B) Zoomed-in base peak 

electropherogram of mAb1. Eight charge variants of mAb1 were separated and characterized 

via cIEF-MS platform. (C) Deconvoluted mass spectra of a basic peak (B), a main peak (M), two 

acidic peaks (A1 and A5). Parameters for cIEF separation: 75 cm LPA-coated capillary, 30 cm 

catholyte plug, 45 cm sample plug, 0.8 mg/mL mAb1, 0.05 mg/mL cytochrome c, 2% three-

ampholyte mixture (pH range of 3-10, 5-8 and 8-10.5, ratio 1:2:4), 20 kV separation voltage, 10 

mbar pressure applied at 20 min. 

3.3.3 pI determination of charge variants of mAb1 

pI is an important property of mAbs, which is known to influence their pharmacokinetic 

behaviors and half-life.49, 50 Majority mAbs have pIs in the range of 8-9.5.44, 49 Under physiological 

pH (pH~7.4), mAbs are positively charged and can adhere to negatively charged sites of cell 

surfaces. An increase/decrease of antibody pI by PTMs usually leads to higher/less target tissue 

uptake and shorter/longer half-time.49 cIEF has been accepted as a standard method for 

determining protein pI. Unlike conventional icIEF which performs whole-column imaging and does 

not require protein mobilization, cIEF-MS needs to migrate focused proteins to MS for analysis 

by chemical mobilization or pressure. Disturbance of pH gradient can easily occur during this 

process, which causes a problem for pI determination.   

In our study, 15% glycerol was added in catholyte, anolyte, and sample buffer as an anti-

convection reagent to maintain pH gradient and separation resolution according to the literature.38 
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Linearity of pH gradient was studied by cIEF-MS analysis of a mixture containing six peptide pI 

markers (pI 4.05, 5.52, 7.00, 9.50, 9.99), Figure 3.6. Linear regression of pI values of pI markers 

versus mobilization times exhibited a good correlation coefficient (R2=0.999) with the wide range 

ampholyte (pI 3-10). Distortion of linearity at acidic pH range was observed when narrow range 

ampholyte (pI 8-10.5) was incorporated into pI 3-10 ampholyte. This phenomenon was because 

much higher concentration of basic ampholytes caused expansion of basic pH gradient to a wider 

range in the capillary, thereby shrinking and distorting acidic pH gradient. Nevertheless, it still 

maintained excellent linearity in the basic range (pH 7-10, R2=0.999). Moreover, the separation 

window in the pH range of 7-10 was doubled with the addition of narrow pI range ampholyte due 

to the expansion of basic pH gradient.   

 

 

Figure 3.6 Direct cIEF-MS analysis of mAb1 without sample desalting and buffer exchange. (A) 

Base peak electropherogram of mAb1 and cytochrome c. (B) Zoomed-in base peak 

electropherogram of mAb1. Eight charge variants of mAb1 were separated and characterized 

via cIEF-MS platform. (C) Deconvoluted mass spectra of a basic peak (B), a main peak (M), two 

acidic peaks (A1 and A5).  

We evaluated run-to-run variation of migration time in cIEF-MS analysis. For triplicate runs 

of mAb1, the relative standard deviations (RSDs) of absolute migration time (t1 in Table 3-1) of 
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mAb charge variants were about 6%. We then aligned the migration time across runs based on 

the cytochrome c (cyto.c) peak, and the RSDs of migration time (t2 in Table 3-1) became only 

1.0%. As cIEF-MS analyses of peptide pI markers and mAb1 were performed with the same 

separation conditions (ampholyte pI 3-10 and 8-10.5), the linear regression equation (y=-

5.6x+111.4) in Figure 3.6D achieved from the analysis of pI markers was used for determining 

the pIs of mAb1 charge variants. Before pI calculation, the migration times of mAb1 charge 

variants were normalized to the cyto.c data to reduce migration time variations across runs. As 

shown in Table 3-1, the calculated pI of the main species of mAb1 is 9.16 ± 0.01, which agrees 

with the pI value obtained from icIEF-UV analysis (pI 9.23, Figure 3.6). The other three acidic 

variants (A1, A2, A3) have pIs of 9.01± 0.01, 8.85± 0.00, and 8.72± 0.01, respectively, indicating 

0.1~0.3 pI shifts by acidic modifications. The data highlight the potency of our cIEF-MS method 

for the accurate determination of pIs of proteins in typical top-down MS studies. 

Table 3-1 Calculation of pIs of mAb1 charge variants. 

 
Data 1 Data 2 Data 3  

Mean 

 

SD t1 t2 pI t1 t2 pI t1 t2 pI 

M 59.6 57 9.15 53.3 56.9 9.17 56.3 56.9 9.17 9.16 0.01 

A1 60.5 57.9 9 54.2 57.8 9.01 57.2 57.8 9.01 9.01 0.01 

A2 61.4 58.8 8.85 55.2 58.8 8.85 58.2 58.8 8.85 8.85 0.00 

A3 62.1 59.5 8.73 56 59.6 8.71 59 59.6 8.71 8.72 0.01 

 

t1 and t2 represent migration time (min) before and after normalization based on the cyto.c 

peak. 

3.4 Conclusions 

We demonstrated an improved automated cIEF-MS method for the characterization of 

intact charge variants of mAbs with high resolution and reproducibility. First, improving the quality 

of LPA-coated capillaries via employing a 60-min reaction time for coating and employing a MS-

compatible catholyte containing 10 mM ABC and 15% glycerol (pH ~10) greatly boosted the 

robustness and reproducibility of the cIEF-MS method by mitigating coating degradation effect. 

Second, good stability of ESI was achieved by carefully adjusting of the positions of ESI emitter 

relative to the inlet of the Q-TOF mass spectrometer (4-5 mm away from the MS inlet and 1~2 
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mm away from the central zone). Third, to gain good separation resolution and MS sensitivity, 

catholyte length, sample concentration, and ampholyte composition were optimized. The 

optimized conditions are a 30-cm catholyte plug in a 75-cm capillary, 0.8 mg/mL protein 

concentration under our current MS condition, a 2% three-ampholyte mixture (pI 3-10, 5-8 and 8-

10.5, ratio 1:2:4).  Fourth, by comparing different sample preparation methods (sample predilution 

or sample desalting) with mAb1, we found prediluted sample could be directly used for cIEF-MS 

analysis. The method can significantly reduce sample loss and improve the detection of low 

abundant charge variants. Finally, we need to point out that constant capillary clean-up (every 

three runs) with 4 M urea is necessary for maintaining the reproducibility of the system. 

We achieved high-resolution and reproducible characterization of charge variants of mAb1 

using the optimized cIEF-MS method. Particularly, cIEF-MS resolved ten charge variants of mAb1. 

Our cIEF-MS method determined the pIs of charge variants of mAb1 accurately by employing a 

mixture of pI markers and spiking in cytochrome c for migration time normalization. The results 

render the cIEF-MS method a powerful tool to the biopharmaceutical community for monitoring 

and validating the heterogeneity of antibody therapeutics. The improved cIEF-MS method will 

also be valuable for the top-down proteomics community for top-down MS characterization of 

proteoforms carrying various PTMs. 

While most charge variants are well characterized in our study, it remains challenging to 

explain some mass shifts in deconvoluted mass spectra solely based on intact masses. 

Comprehensive characterization of mAb charge variants could be benefited from advanced 

fragmentation techniques for sequencing mAb and mapping PTMs. For example, recently 

reported activated ion electron transfer dissociation (AI-ETD) would be a promising method for 

mAb identification with over 60% sequence coverage in a direct infusion study.49 Alternatively, 

integrating intact mass analysis and middle-down or bottom-up strategies for multi-level 

characterization of charge variants could be effective for a better understanding of charge 

heterogeneity. The strategy has been successfully applied in a previous study of mAb structural 

heterogeneity.50 
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 CHAPTER 4. Development of non-denaturing cIEF-MS for ultrahigh-resolution 

characterization of microheterogeneity of protein complexes 

4.1 Introduction 

Proteins in cells typically form protein complexes to perform functional processes. 

Microheterogeneity in protein complexes arising from protein sequence variations, post-

translational modifications (PTMs), etc., can result in alteration of their physicochemical properties 

(e.g., charge) and activities.1 Therefore, an effective method for characterizing 

microheterogeneity of protein complexes is highly desired for biological and biopharmaceutical 

applications. 

Native mass spectrometry (nMS) has emerged as a powerful analytical tool for the 

delineation of protein complexes.2-6 Due to the heterogeneous nature of protein complexes, 

coupling online and native liquid-phase separations to nMS is an ideal approach for protein 

complex analysis. Various liquid-phase separation techniques, such as size exclusion 

chromatography7,8, ion-exchange chromatography9, and capillary zone electrophoresis (CZE)10-

16, have been coupled directly to nMS for extensive characterization of protein complexes in 

simple to complex samples. However, separation resolution of the liquid chromatography (LC) 

and CZE techniques for protein complexes still need to be improved. Additionally, for CZE, more 

effort needs to be made to boost the sample loading capacity, although some progresses have 

been made recently.17  

Capillary isoelectric focusing (cIEF) is a powerful electrophoretic technique for proteoform 

and even protein complex separations based on their isoelectric points (pIs) with extremely high 

resolution.18-23 It has a drastically higher sample loading capacity (maximum loading of entire 

capillary volume) compared to CZE (typical loading of less than 1% of the capillary volume). In 

addition, cIEF can measure the pIs of proteoforms accurately using pI standards.24 Because the 

pIs reflect the surface electrostatic properties of proteoforms/protein complexes and eventually 

impact their biological activities,25-28 pI measurements can potentially provide evidence for 

understanding activities of protein complexes. Further coupling cIEF to MS is attractive for 

proteoform/protein complex analysis by offering capability of mass detection. Denaturing cIEF-

MS methods have been widely employed for top-down characterization of proteoforms, e.g., 

 

 This chapter is adapted with permission from Xu, T.; Han, L.; Sun, L. Anal. Chem. 2022, 94 

(27), 9674-9682. 
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characterization of monoclonal antibody (mAb) charge variants.29-34 Only very few reports 

developed and applied non-denaturing cIEF-MS (ncIEF-MS) for analysis of protein 

complexes.18,35 The Smith group reported the first example of ncIEF-MS for the characterization 

of standard protein complexes over 20 years ago.18 The ncIEF-MS work was carried out in semi-

online manner, which required manual operations, including transferring the capillary outlet to CE-

MS interface after offline cIEF focusing and then lifting up capillary inlet for protein mobilization. 

Later, the Daniel group applied “sandwich” injection configuration to ncIEF-MS and was capable 

of facilitating online protein focusing.35 They characterized the cytokine human interferon-gamma 

(IFN-γ) and its homodimer using ncIEF-MS and determined the pI of the dimerized IFN-γ as 

9.95.35 However, the ncIEF-MS remains challenging on both sensitivity and resolution aspects. 

First, coaxial sheath-flow interface was used for coupling ncIEF and MS with a high sheath liquid 

flow rate (1~10 µL/min), leading to severe sample dilution before MS measurement. Moreover, 

using of pressure-driven hydrodynamic mobilization can sacrifice separation resolution by 

inducing significant peak broadening. Furthermore, separation parameters still need to be 

improved to better characterize the microheterogeneity of protein complexes. The Yates group 

presented high resolving power of ncIEF for differentiating several phosphorylation states of 

Dam1 complex.19 Unfortunately, their study was only based on UV detection. Lack of nMS 

characterization greatly limited the identification of variants in the protein complexes.  

Here, we advanced ncIEF-MS on sensitivity and resolution for discovering 

microheterogeneity (sequence variations, PTMs, conformational variations, and cofactor binding) 

of protein complexes (up to 150 kDa). We coupled ncIEF to MS with a new generation of electro-

kinetically pumped sheath flow CE-MS interface (EMASS-II, ~100 nL/min sheath liquid flow 

rate)36,37 for intact protein complex characterization with high sensitivity. Meanwhile, chemical 

mobilization was employed as a major mobilization method for largely maintaining separation 

resolution. To further improve the performance of ncIEF-MS, we systematically investigated 

electrospray ionization (ESI) and MS conditions for boosting sensitivity and optimized ncIEF 

conditions (such as ampholyte composition and concentration) for better separation resolution. 

Using our novel ncIEF-MS technique, for the first time, we delineate the 

microheterogeneity of streptavidin homotetramer and an interchain cysteine-linked antibody-drug 

conjugate (ADC1). Particularly, ADCs represent promising antitumor agents to be used as one of 

the tools in personalized cancer medicine.38 Cysteine conjugated ADC achieved by controlled 

partial reduction of mAb interchain disulfide bonds followed by drug linker conjugation is one 

common form of ADCs, which can be considered as ~150 kDa ‘protein complex’. Denaturing 

methods do not work for characterizing this kind of ADC in its intact form because the intact ADC 
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easily falls apart during analysis. Our work offers ncIEF-MS as a promising technique for 

monitoring variations in the interchain cysteine-linked ADCs. Besides, we compared results 

between ncIEF-MS and conventional nCZE-MS, which provided the research community with a 

better understanding of the features of the two techniques for protein complex analysis. 

Furthermore, we determined the pIs of those protein complexes with high accuracy and studied 

how protein sequence variations/PTMs modulate pIs of protein complexes and how drug loading 

affects the pI of ADC1.  

4.2 Experimental section 

4.2.1 Materials 

Ammonium bicarbonate (NH4HCO3), ammonium acetate (NH4Ac), Pharmalytes (wide pI 

range of 3-10, norrow pI range of 5-8 and 8-10.5, GE healthcare), Amicon Ultra centrifugal filter 

units (0.5 mL, 10 kDa cut-off size), cytochrome c (Cyt c), myoglobin (Myo), carbonic anhydrase II 

(CA) and recombinant streptavidin (SA) were purchased from Sigma-Aldrich (St. Louis, MO). 

Water (LC-MS grade), acetic acid (AA, LC-MS grade), formic acid (FA, LC-MS grade), acetonitrile 

(ACN, LC-grade), fused silica capillaries (50 µm i.d./360 µm o.d., Polymicro Technologies) were 

bought from Fisher Scientific (Pittsburgh, PA). An IEF marker kit containing five peptide pI markers 

(pI values of 4.1, 5.5, 7.0, 9.8, 10.0) was ordered from Beckman Coulter (Brea, CA). ADC 1 was 

provided by AbbVie (North Chicago, IL) 

4.2.2 Sample preparation  

For cIEF-MS analysis, standard protein complexes [cytochrome c (Cyt c), myoglobin 

(Myo), carbonic anhydrase II (CA) and recombinant streptavidin (SA)]-ampholyte mixtures, ADC1- 

ampholyte mixtures, and IEF marker-ampholyte mixtures were prepared in a buffer consisting of 

10 mM NH4Ac and 15% glycerol (pH 6.7). For pI determination of SA and ADC1, Cyt c was 

incorporated into the sample-ampholyte mixtures at a final concentration of 0.1 mg/mL as an 

internal standard for calibration of migration time. Other reagents for cIEF-MS analysis were 

prepared, including anolyte [0.1% (v/v) formic acid (FA), 15% glycerol, pH 3.0], catholyte (10 mM 

NH4HCO3, 15% glycerol, pH 10.0), and sheath buffer [10 mM NH4Ac, 10% (v/v) acetonitrile (ACN), 

pH 5.0].  

For CZE-MS analysis, a standard protein complex mixture and ADC1 sample were 

prepared in 10 mM NH4Ac (pH 6.7). The background electrolyte was 25 mM NH4Ac (pH 6.7). 

4.2.3 ncIEF-MS analysis  

The ncIEF-MS analysis was performed on an Agilent 7100 CE system coupled with a 

6545XT Q-TOF mass spectrometer via an EMASS-II CE-MS interface (CMP Scientific).36,37 The 
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ESI emitter orifice size was 25-35 µm. For stable electrospray, the emitter orifice was positioned 

at a distance of 4~5 mm to the inlet of the mass spectrometer, and the electrospray voltage was 

2.3~2.5 kV. The sheath buffer flow rate in the ESI emitter was about 100 nL/min. A linear 

polyacrylamide (LPA)-coated capillary was used for cIEF separation.  

The automated cIEF separation includes the following steps. First, “sandwich” sample 

injection method was applied by filling an LPA-coated capillary (75 cm long, 50 µm i.d., 360 µm 

o.d.) with a plug catholyte (pH~10, 30 cm) followed by a plug of sample-ampholyte mixture (pH~7, 

45 cm).33 Afterwards, the capillary inlet was inserted into the anolyte (pH~3). When a voltage (20 

kV) was applied across the capillary, mobilization of protons and hydroxide ions can form a pH 

gradient in the range of 3 to 10. Meanwhile, protein complexes migrate and focus at different 

positions in the capillary where pHs are equal to their pIs. Finally, when the pH gradient was 

gradually disrupted by the protons from anolyte and anions from sheath buffer, the focused protein 

complexes can be charged and migrate towards MS for detection, which is known as chemical 

mobilization process. In our experiment, a pressure of 10 mbar was applied after 20 min to assist 

protein mobilization. Motivated by previous studies,18,19,35 we expect that protein complexes can 

be preserved during the cIEF separation.  

For Q-TOF mass spectrometer, the flow rate and temperature of drying gas were set to 

1L/min and 365 °C. The voltage of VCap was 0V. The voltage of collision energy was 10 V. For 

analysis of protein complexes, the voltages of the skimmer and fragmentor were set to 150 V and 

200 V, and the m/z range was 1800-5000. For ADC1 analysis, the voltages of skimmer and 

fragmentor were set to 300 V and 380 V, and the m/z range was 2000-10000. The acquisition 

rate (full scan) for all sample analyses was 0.5 spectrum/sec. 

4.2.4 nCZE-MS analysis 

Native CZE-MS analysis was performed on the same CE-MS platform used for cIEF-MS 

analysis. The sheath buffer contained 10 mM NH4Ac and 10% ACN (pH 5.0). The background 

electrolyte (BGE) was 25 mM NH4Ac. 30 nL sample was loaded by pressure (100 mbar, 14s) into 

an LPA-coated capillary (75 cm long). A voltage of 30 Kv was applied for CZE separation. 

Meanwhile, a pressure of 50 mbar was applied to assist protein mobilization. Parameters for the 

mass spectrometer were consistent with cIEF-MS analysis. 

4.3 Results and discussions 

4.3.1 Optimization of nMS conditions for ncIEF-MS 

We first studied the impact of MS parameters, sheath buffer, and sample buffer on protein 

signal and native state of protein complexes via direct infusion of a myoglobin solution (0.5 
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mg/mL), Figure 4.1. We found that MS parameters with 200 V fragmentor and 150 V skimmer, 

sample buffer consisting of 10 mM NH4Ac and 15% glycerol, and sheath buffer comprising 10 mM 

NH4Ac and 10% ACN (pH 5) produced best protein signals without impacting the integrity of non-

covalent heme-apomyoglobin complex, which were considered as optimal conditions for ncIEF-

MS analysis of standard protein complex mixtures (12 kDa~53 kDa). However, for ADC1 (150 

kDa), MS parameters needed to be adjusted (380 V fragmentor, 300 V skimmer, additional 10 V 

CID energy applied) to enhance transmission of large protein complex.  

 

Figure 4.1 Direct infusion of Myo (0.5 mg/mL) for investigating the influence of sheath liquid 

(SL), sample buffer (SB), and MS settings (voltages of fragmentor (F) and skimmer (S)) on the 

signal and native state of the Myo. Deconvoluted mass spectra (A) and the corresponding 

averaged mass spectra (B) of Myo under different conditions. 
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4.3.2 High-resolution characterization of standard protein complexes using ncIEF-MS  

We tested the general performance of ncIEF-MS platform across a wide pI range using a 

standard protein complex mixture containing cytochrome c (Cyt c, 0.05 mg/mL, pI~10), myoglobin 

(Myo, 0.2 mg/mL, pI~7), carbonic anhydrase II (CA, 0.4 mg/mL, pI~5), and recombinant 

streptavidin (SA, 1 mg/mL, pI~7) with 1.5% (v/v) ampholyte (pI range of 3-10). Cyt c and CA were 

well separated from Myo and SA; SA and Myo were not baseline separated due to their very close 

pIs, Figure 4.2A. We observed the intact forms of non-covalent protein complexes in the sample, 

including the holomyoglobin, CA-Zn(II) complex, and homotetramer of SA. The data suggests that 

the ncIEF-MS condition is capable of maintaining intact protein complexes. Interestingly, we 

detected two Cyt c peaks (Cyt c 1 and Cyt c 2) with an intensity ratio of roughly 10:1, Figure 4.2A. 

Both Cyt c variants have the same deconvoluted mass (12231 Da) and similar charge state 

distribution profiles, which most likely correspond to conformational isomers of holocytochrome c 

(covalent Cytc-heme complex). In addition, we found CA contained various protein complexes 

with variations on PTMs, with the main peak and three additional low-abundance variant peaks 

being characterized by ncIEF-MS, Figure 4.3. The main peak (CA2) was a Zn (II) complex 

(29086.7 Da), whereas the basic peak [CA1 (29068.8 Da)] showed a -18- Da mass shift relative 

to the main Zn (II) complex, representing most likely a succinimide formation from aspartic acid 

on the Zn (II) complex. The two acidic peaks [CA3 (29087.8 Da and CA4 (29058.3 Da)] showed 

+1-Da and -28-Da mass shifts in comparison with the main Zn (II) complex in CA2, corresponding 

to a deamidated form of CA2 and a CA variant with an unknown PTM or sequence variation. The 

data highlights the power of our ncIEF-MS technique for the characterization of 

microheterogeneity of protein complexes with high separation resolution. 
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Figure 4.2 ncIEF-MS analysis of a standard protein complex mixture with different ampholyte 

compositions, including (A) 1.5% (v/v) ampholyte (pI 3-10), (B) 1.5% (v/v) ampholyte (pI 3-10 

and 8-10.5 with a ratio of 1:2) and (C) 1.5% (v/v) ampholyte (pI range of 3-10 and 8-10.5 with a 

ratio of 1:4). 
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Figure 4.3 ncIEF-MS result of carbonic anhydrase (CA). (A) Base peak electropherogram of CA 

from ncIEF-MS analysis. Four variant peaks of CA were detected. (B, C) Deconvoluted mass 

spectra (B) and averaged mass spectra (C) of the four CA variants. The inserted figure in (C) 

represents the zoomed-in spectra of CA charge variants with a charge state of 12+. 

To achieve better separation of Myo and SA, we added a narrow pI range ampholyte (pI 

5-8) to the sample-ampholyte (pI 3-10) mixture and maintained the total concentration of 

ampholyte as 1.5%. For the two-ampholyte mixture (1.5% v/v, pI 3-10 and 5-8), we varied the 

concentration ratio between the wide (pI 3-10) and narrow range ampholyte (pI 5-8) from 1:2 to 

1:4. We improved the separation resolution of SA and Myo slightly with the 1:2 ampholyte mixture 

and boosted the resolution obviously with the 1:4 ampholyte mixture, Figures 4.2B and 4.2C. For 

example, we observed three peaks of SA (SA I, II, and III) and three peaks of Myo (Apomyo, Myo 

I, and Myo II) using the 1:4 ampholyte mixture. The improved separation resolution is due to the 

fact that the narrow pI range ampholyte (pI 5-8) stabilizes the pH gradient in the 5-8 range. The 

more stable pH gradient in the two-ampholyte mixture conditions also results in a longer migration 

time of protein complexes because hydrogen protons need a longer time to titrate the catholyte 

zone and charge the separated analytes for chemical mobilization, Figures 4.2B and 4.2C. 
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Figure 4.4 ncIEF-MS result of myoglobin (Myo). (A) Base peak electropherogram (BPE) and 

extracted base peak electropherogram [extracted ion at m/z 1952.7 (contains heme) and 1884. 

3 (without heme)] of myoglobin sample from ncIEF-MS analysis. (B-D) Averaged mass spectra 

and deconvoluted mass spectra (the inserted figures) of three myoglobin variants including 

apomyoglobin (B), Myo I (C), and Myo II (D) from ncIEF-MS analysis. 

As shown in Figures 4.2C and 4.4, we achieved reasonable separations of three Myo 

peaks, corresponding to Apomyo, Myo I, and Myo II. Myo I (17566.0 Da) was the most abundant 

and identified as a holomyoglobin containing a non-covalently binding heme group, Figure 4.4C. 

Compared to Myo I, Myo II appeared to be more acidic and contained both species with heme 

(17566.0 Da, ~65%, Figure 4.4A) and without heme group (16950.4Da, ~35%, Figure 4.4A), 

which could be resulted from a conformation isomer/intermediate state of holomyoglobin that is 

vulnerable to lose heme during ESI, Figure 4.4D. Another low-abundance basic peak (Apomyo) 

separated by cIEF turned out to be an apomyoglobin (16950.3 Da), Figure 4.4B. The two 

histidines on Myo, His64 and His93, were known as heme-binding sites.39 The apomyogbin with 

free His64 and His93 turned out to be more basic compared to the Myo I. The Apomyo in Figure 

4.4B tended to be in a slightly higher charge state (average charge state of 8.4+) compared to 

the myoglobin losing heme during the ESI process (average charge state of 7.9+) in Figure 4.4D, 

which suggests a more unfolding structure of Apomyo compared to Myo II.   
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We also detected three peaks of SA (SA1, SA2, SA3) in Figure 4.2C, corresponding to 

SA homotetramers with variations in N-terminal methionine removal. It was difficult to sufficiently 

separate those SA charge variants from the Myo I and Myo II due to their high similarity in pIs. To 

achieve a better understanding of SA’s microheterogeneity, we performed another ncIEF-MS 

experiment on the SA standard protein complex. Surprisingly, ncIEF-MS resolved seven variants 

of SA homotetramer, Figure 4.5. SA1, SA2, SA3, SA4 correspond to SA tetramer with remaining 

N-terminal methionine on zero, one, two, and three monomers, Figure 4.5B. The SA 

homotetramers preserving more N-terminal methionine had lower pI values. There are two 

possible reasons for this phenomenon. First, methionine is an acidic amino acid with a pI of ~5.7. 

Second, the existence of N-terminal methionine changed the structure of SA slightly, leading to 

minor changes in the surface electrostatic property of SA. Moreover, we detected another three 

charge variants of SA tetramer (SA5, SA6, and SA7), which contain additional acetylation 

(∆m~+42Da) PTM on SA1, SA2, and SA3. Interestingly, we detected additional SA variants in SA 

5-7 peaks with formylation (∆m ~+28Da) on SA2, SA3, SA4. While missing of formylated SA1, we 

suspect the formylation is mostly likely to occur on the N-terminal methionine. The formylated 

methionine on recombinant SA was reported in the literature.40 Based on our knowledge, this is 

the first time that the microheterogeneity of SA homotetramer is characterized by such high 

separation resolution, although SA has been a commonly used standard protein complex in nMS 

studies. The data provide additional strong evidence about the capability of ncIEF-MS for the 

delineation of protein complexes. 
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Figure 4.5 ncIEF-MS result of streptavidin (SA). (A) Base peak electropherogram of SA 

analyzed by ncIEF-MS. (B) Deconvoluted mass spectra of seven SA charge variants separated 

from ncIEF-MS. (C) Averaged mass spectra of SA1, SA2, SA3 and SA4. (D) Averaged mass 

spectra of SA5, SA6 and SA7. The mass spectra of SA charge variants were overlaid in (C) and 

(D) for comparing the subtle difference of peaks at the same charge state. The inserted figures 

represent the zoomed-in peaks of SA charge variants at a charge state of 16+. 

Native CZE-MS (nCZE-MS) has also been reported to characterize protein complexes by 

our group and several other research groups.11-16 Here, we compared nCZE-MS and ncIEF-MS 

for analysis of the protein mixture containing Cyt c, Myo, SA and CA (Figure 4.2C vs Figure 4.6). 

Overall, ncIEF-MS has a better resolution for delineating the microheterogeneity of protein 

complexes compared to nCZE-MS. Besides that, ncIEF-MS can provide accurate information on 

pIs of protein complexes, offering valuable information about their surface electrostatic properties. 

This point will be well demonstrated in the last part of the “Results and discussions”. We noted 

that nCZE-MS also has its advantages compared to ncIEF-MS. First, nCZE-MS produced a 

comparable signal of protein complexes to ncIEF-MS with 30-times lower sample consumption, 
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most likely due to the ionization suppression of ampholyte in ncIEF-MS. Second, nCZE-MS 

provides fast analysis compared to ncIEF-MS (30 min vs. over 1 hour). Third, nCZE and ncIEF 

separate protein complexes according to different principles (size-to-charge ratios vs. pIs). Protein 

complexes having very close pIs (e.g., Myo and SA) could not be fully resolved by ncIEF but could 

be separated by nCZE. We expect the combination of nCZE-MS and ncIEF-MS will be important 

for native proteomics. 

 

Figure 4.6 Base peak electropherogram of the standard protein mixture from nCZE-MS 

analysis. 

4.3.3 High-resolution characterization of interchain cysteine-linked ADC1 using ncIEF-MS 

After validating the ncIEF-MS system with the standard protein complex mixture 

containing relatively small protein complexes (<60 kDa), we aim to further test it for characterizing 

the microheterogeneity of a much larger protein complex. We chose one interchain cysteine-

linked ADC (ADC1, pI~9.1, ~150 kDa) produced by AbbVie for this purpose. Interchain cysteine-

linked ADCs are a type of biotherapeutics for treating cancers.41 They are manufactured by 

breaking interchain disulfides of tumor-specific monoclonal antibodies (mAbs) and conjugating 

drugs/payloads to the free cysteines via linkers.42 With this process, ADC1 was produced with a 

broad distribution of varied drug-to-antibody ratio (DAR) species (DAR0, DAR2, DAR4, DAR6). 

Critical quality attributes (CQAs) of ADCs, such as PTMs, size variants, charge variants and DAR 

distribution are highly concerned because of their potential impacts on pharmacokinetics, 

bioactivity, and toxicity.43 For interchain cysteine-linked ADCs, cIEF separation and MS 

characterization need to be performed under the non-denaturing condition to maintain the integrity 

of the ADC structure. Here, we validated our ncIEF-MS methods to characterize CQAs in the 

ADC1. 
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Figure 4.7 Investigation of the influence of incorporating a narrow range ampholyte on 

separation of ADC1 in ncIEF-MS. (A) Base peak electropherograms of ADC1 with 0.25% (v/v) 

ampholyte (pI 3-10), 0.5% (v/v) ampholyte (pI 3-10 and 8-10.5 with a ratio of 1:1) and 0.75% 

(v/v) ampholyte (pI range of 3-10 and 8-10.5 with a ratio of 1:2). ADC1 (3 mg/mL) was used for 

the experiment to guarantee protein signal. (B) Averaged mass spectra and deconvoluted mass 

spectra (the inserted figures) of DAR variants (peak 1 to peak 3) and an acidic variant (peak 4) 

of ADC1 with 0.75% (v/v) ampholyte (pI 3-10 and 8-10.5 with a ratio of 1:2). 

As we learned from the standard protein complex mixture, the separation resolution of 

ADC1 could also be improved by incorporating a narrow pI range ampholyte (pI 8-10.5) into the 

pI 3-10 ampholyte. As the addition of a narrow pI range ampholyte can raise the concentration of 

ampholyte in specific region, 3 mg/mL ADC was used to achieve a reasonable protein signal.  As 

shown in Figure 4.7, adding pI 8-10.5 ampholyte into pI 3-10 ampholyte (0.75% (v/v), pI range of 

3-10 and 8-10.5 with a ratio of 1:2) improved the separation of different species of ADC1 

significantly, resulting in four resolved peaks of ADC1. Deconvoluted mass spectra indicated DAR 

6, DAR 4, and a mixture of DAR 4, DAR 2, and DAR 0 in peaks 1, 2 and 3, respectively. Our 

results also suggest that the high DAR species are more basic than the low DAR species, which 

could be because the cysteine reduction and drug linker conjugation perturb the local 

conformation of ADC1, exposing the charged residuals to some extent. Although the DAR 4 was 

not fully separated from DAR 2 and DAR0 in our study, the coeluted DAR 4 in peak 3 [average 
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charge state of (27.6 ± 0.0)+] showed slightly higher charge states than the DAR 4 in peak 2 

[average charge state of (27.3 ± 0.1)+], Figure 4.7. The predominant charge state shifted to a 

higher value for DAR4 in peak 3 compared to that in peak 2. We suspect that there is subtle 

structure heterogeneity in DAR 4 arising from variations in drug binding sites (positional isomers). 

Optimization of the ampholyte generated a wider separation window, potentially bettering the 

separation of positional isomers. We also performed nCZE-MS analysis of the ADC1 and could 

not resolve the different DAR species using nCZE separation, Figure 4.8. The DAR variants 

separated in ncIEF co-migrated in nCZE, further highlighting the better separation resolution of 

ncIEF-MS for characterizing the microheterogeneity of protein complexes. 

 

Figure 4.8 CZE-MS result of ADC1. (A) Extracted ion electropherograms (base peak at m/z of 

4000-6500) of ADC1 from nCZE-MS analysis. (B) Averaged mass spectrum and deconvoluted 

mass spectrum (the inserted figure) of ADC1. 

4.3.4 Accurate determination of pIs of SA and ADC1 using ncIEF-MS 

The pIs of protein complexes could reflect their surface electrostatic properties which are 

closely associated with protein complex activities.44,45 cIEF is a powerful tool for determining pIs 

of proteins via using a mixture of pI markers.24 Here, we employed ncIEF-MS for accurate 

determination of pIs of SA and ADC1 via using a mixture of five peptide pI markers (pI 4.05, 5.52, 

7.00, 9.50, 9.99). We first investigated the correlation between migration time and pI via ncIEF-

MS analysis of the pI markers. A linear correlation (R2=0.99) was observed using the pI 3-10 

ampholyte, Figure 4.9A. For SA tetramer variants, their relative standard deviations (RSDs) of 

absolute migration time in triplicate runs were around 3%. We normalized their migration time 

across runs based on the cyt c peak and reduced the migration time RSDs to 0.2%. The pIs of 

five SA tetramer variants (SA1-5) were determined with high precision based on their normalized 

migration time and the calibration curve. The pIs of SA tetramer variants range from 6.9-7.4 (Table 



73 

 

4-1), agreeing well with the pI information provided by the manufacturer (pI 6.8~7.5), suggesting 

that our ncIEF-MS technique can provide an accurate pI determination of SA tetramers.  

 

Figure 4.9 pI calculation of SA homotetramer variants and ADC1 variants. Linear regression of 

pI values of five pI markers (pI 9.99, m/z 624.3; pI 9.50, m/z 950.4; pI 7.00, m/z 627.3; pI 5.52, 

m/z 471.2; pI 4.05, m/z 591.2) versus mobilization times with (A)1.5% (v/v) ampholyte (pI 3-10) 

and (B) 0.75% (v/v) ampholyte (pI 3-10 and 8-10.5 with a ratio of 1:2). Addition of narrow range 

ampholyte led to distortion of acidic pH gradient in (B). However, excellent linear correlation 

(R2=0.99) was well maintained in the basic region (pI 7-10) and was used for pI determination of 

the ADC1 (theoretical pI~9.06). 

The data here provide us with a unique opportunity for studying how sequence variations 

and PTMs of SA affect its pI. From the pIs of SA 1-4, we discovered that keeping the N-terminal 

methionine residue of one subunit of SA tetramer decreased its overall pI by roughly 0.1, which 

is most likely due to the acidic feature of methionine (pI ~5.7) and the possibility that the existence 

of N-terminal methionine changed the structure of SA tetramer slightly. By comparing the pIs of 

SA1 and SA6, we deciphered that adding one acetylation onto the SA homotetramer reduced its 

pI by nearly 0.4 and adding one formylation decreased the pI by around 0.3, indicating that 

acetylation has a slightly higher impact on protein complex’s pI compared to formylation. The 

ncIEF-MS technique enabled the direct connection between sequence variations/PTMs and pIs 

of protein complexes. 
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Table 4-1 Calculation of pI values of streptavidin charge variants. 

SA variants 

Normalized migration time 

(min) 
pI 

pI 

Run#1 Run#2 Run#3 Run#1 Run#2 Run#3 

SA1 62.82 62.60 62.70 7.36 7.36 7.40 7.37±0.02 

SA2 63.09 62.84 62.90 7.26 7.29 7.33 7.29±0.03 

SA3 63.38 63.26 63.22 7.16 7.16 7.22 7.18±0.03 

SA4 63.67 63.43 63.50 7.07 7.06 7.12 7.08±0.04 

SA2+acetyl 64.14 63.73 63.90 6.90 6.94 6.99 6.94±0.04 

 

We further performed a similar experiment for ADC1 (theoretical pI~9.06). pI 

determination of ADCs and their charge variants is crucial for understanding the pharmacological 

properties of ADCs.27 In this case, we employed the mixture of pI 3-10 and 8-10.5 ampholytes 

with a ratio of 1:2 (0.75% (v/v) in total). The addition of narrow pI range ampholyte (8-10.5) 

reduced the overall linearity of migration time and pI across a pI range of 4-10, but we still 

achieved an excellent linear correlation in the basic region (pI 7-10, R2=0.99), Figure 4.9B. Based 

on the calibration curve and normalized migration time of resolved ADC1 variants (Peak 1, 2, 3, 

and 4), we determined their pIs in a range of 8.8~9.2 with nice precision, Table 4-2. The pIs of 

ADC1 variants in peaks 1-3 suggest that loading two more drug molecules on one ADC1 molecule 

increased its overall pI by 0.1, potentially due to the conformational heterogeneity from linker 

payload conjugation. The PTM (∆m~+64Da) on DAR4 and DAR2 reduced their pIs by about 0.2. 

The data here clearly render ncIEF-MS as a powerful tool for the delineation of ADCs via providing 

not only high-resolution separation but also an accurate determination of pIs of ADC variants. 
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Table 4-2 Calculation of pI values of ADC charge variants. 

ADC variants Normalized migration time 

(min) 

pI pI 

Run#1 Run#2 Run#3 Run#1 Run#2 Run#3 

Peak1 67.35 67.50 67.40 9.24 9.19 9.22 9.22±0.02 

Peak2 67.80 67.89 67.80 9.11 9.09 9.11 9.11±0.01 

Peak3 68.21 68.23 68.10 9.00 9.00 9.03  9.01±0.02 

Peak4 68.85 69.15 68.95 8.83 8.75 8.80 8.79±0.04 

4.4 Conclusions 

We developed an automated ncIEF-MS technique, enabling characterization with high-

resolution separation of microheterogeneity of intact protein complexes and accurate 

determination of their pIs. The ncIEF-MS demonstrated advantages over nCZE-MS on separation 

resolution and the capability for determining pIs of protein complexes. Our method disclosed the 

various microheterogeneity in protein complexes originating from sequence variations, PTMs, 

conformational variations, and cofactor binding. In particular, we reported seven different forms 

of SA tetramer containing variations on N-terminal methionine removal, and PTMs including 

acetylation and formylation. We also documented the partial separations of different DAR species 

of an interchain cysteine-linked ADC. The ncIEF-MS methodology enabled precise pI 

measurements of SA tetramers and ADC1 variants via employing peptide pI markers for a 

calibration curve and using cyt c for migration time normalization across runs.  

We expect that some improvements in the mass spectrometer will further boost the 

capability of our ncIEF-MS for the delineation of protein complexes. For example, coupling ncIEF 

to a mass spectrometer with a much higher resolution (i.e., Orbitrap extended mass range 

(EMR)46,47 will allow high-resolution characterization of mega-dalton protein complexes. In 

addition, better declustering and transmission for large protein complexes are still needed, 

although we largely improved the sheath buffer and some MS parameters. Combining the ncIEF 

and a mass spectrometer with the capability of fragmenting large protein complexes in the gas 

phase will provide tremendous potential for native proteomics.15, 48-50 It will be attractive to couple 

ncIEF with ion mobility MS to study the conformational heterogeneity of protein complexes. We 

need to point out that the current ncIEF-MS method requires over 1 hour for a single run, and 
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improvement of its throughput is critical in the near future. The development of minimized CE 

systems with much shorter separation capillaries will be a potential solution for the throughput 

issue.  
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CHAPTER 5. Using FAIMS to enhance the performance of CZE-MS/MS for TDP 

5.1 Introduction 

Top-down proteomics (TDP) requires sufficient separation of complex proteome samples 

to reduce sample coelution prior to tandem mass spectrometry (MS/MS) analysis. Liquid 

chromatography (LC) and capillary electrophoresis (CE) are predominant techniques compatible 

with MS/MS for resolving heterogenous proteoforms.1-3 Constructing orthogonal multidimensional 

platforms by combining of different separation methods is frequently adopted for further 

enhancing identification outcomes. Offline sample fractionations in solution or gel, such as Gel-

eluted liquid fraction entrapment electrophoresis (GELFrEE), Passively Eluting Proteins from 

Polyacrylamide gels as Intact species (PEPPI), size exclusion chromatography (SEC), and 

reverse phase liquid chromatography (RPLC), have been extensively hyphenated to LC-MS/MS 

or CE-MS/MS analysis, which boosted the proteoform identification to thousands and even tens 

of thousands level. 4-9 Incorporating multiple dimensions of liquid phase fractionation is beneficial 

for achieving higher proteome coverage but needs large starting materials (hundred micrograms 

to milligrams of the samples), potentially has high sample loss, and is labor intensive.  

High-field asymmetric waveform ion mobility spectrometry (FAIMS), as a fractionation 

strategy in the gas phase, provides rapid and online filtering of ions based on their differential 

mobilities in oscillating high and low electric fields. The detailed mechanism of FAIMS has been 

explained in various studies.10-12 Briefly, the FAIMS is composed of cylindrical inner and outer 

electrodes with dispersion voltage (DV) applied to deliver an asymmetric waveform. The ions 

which have different mobilities in high and low field segments of waveform eventually end up 

colliding with the electrodes. The fractionation of ions can be facilitated by applying compensation 

voltage (CV) on the inner electrode to offset the drift of ions and selectively allow the transmission 

of specific groups of ions. A variety of applications of FAIMS in bottom-up proteomics (BUP) have 

been reported.12-18 By offering gas-phase fractionation and improved sensitivity, the technique 

greatly benefited the identification of peptides carrying post-translational modifications (PTMs) 

and enhanced the depth of proteome coverage. Most recently, FAIMS presented attractive 

performances in protein complex analysis and TDP. 5,11,19-21 In particular, for TDP, controlling the 

CV of FAIMS showed potency to fractionate proteoforms according to masses.11,20 The FAIMS 

has been coupled with RPLC-MS/MS for deep TDP of cells and tissues.5,11, 20-21 The works 

generally achieved around 2-fold number of proteoform identifications (IDs) in contrast to 

conditions without FAIMS.  
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Capillary zone electrophoresis (CZE) is one of the most popular CE approaches, which 

enables the differentiation of proteoforms on basis of their charge-to-size ratios. Our group 

previously demonstrated the advantage of CZE-MS/MS on separation resolution and sensitivity 

for TDP.3,7,22 To our best knowledge, there is no report incorporating FAIMS in CE-MS/MS for 

TDP. FAIMS have the potential to enhance the proteoform identification performance in CZE-

MS/MS analysis and provide better characterization of larger proteoforms via mass-based 

fractionation. Typically, the identification of intact proteoforms (with full protein sequence or only 

containing N-terminal methionine excision) and larger proteoforms (>20 kDa) has long been 

challenging in the field of TDP, mainly due to the loss of these proteoforms during buffer 

exchange/separation, signal suppression from coeluted small proteins, and limitation of mass 

spectrometers on mass/resolution/fragmentation. CZE is potentially better suitable for large 

proteoform separation than RPLC, as the separation capillary causes less sample diffusion and 

sample loss than an LC column with the stationary phase. Following post-fractionation using 

FAIMS can further benefit the enrichment and identification of proteoforms of higher masses. 

In this study, we carried out the first CZE-FAIMS-MS/MS study for TDP. The yeast lysate 

extracted by ammonium bicarbonate (ABC, pH~8) was used as a model sample to evaluate the 

performance of the platform. Different CVs were tested by performing a single CV per CZE-

MS/MS run. The results were largely compared between FAIMS and no FAIMS conditions to 

understand the features of FAIMS and how FAIMS benefits the sensitivity of detection and 

proteoform identifications in CZE-MS/MS analysis. In addition, we examined the CZE and FAIMS 

separation of proteoforms originating from the same gene and showed how the coupling of CZE 

to FAIMS can better differentiate these proteoforms.  Finally, we conducted CZE-FAIMS-MS/MS 

experiments on a yeast sample extracted by urea buffer for comparison with the result of ABC-

extracted yeast. The work aimed to demonstrate that directly using a CZE sample buffer, such as 

ABC, for protein extraction can well maintain the large or intact proteoforms and reduce their loss 

in buffer exchange. By combining ABC protein extraction protocol and CZE-FAIMS-MS/MS 

platform, we were capable of improving the identifications of larger or intact proteoforms than 

conventional TDP workflow.  

5.2 Experimental section 

5.2.1 Sample preparation 

Around 0.2g of Barker’s yeast (Saccharomyces cerevisiae, strain ATCC 204508 / S288c) 

was added in 1L of yeast extract peptone dextrose (YPD) medium (autoclaved) and cultured at 

37 °C (300 rpm shaking) overnight in an incubator shaker (Thermo Scientific MaxQ 4000). The 
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yeast was harvested by centrifugation at 3000g for 5 minutes, followed by washing with 

phosphate-buffered saline (PBS) three times. The yeast pellets were suspended in cell lysis buffer 

containing 100 mM ammonium bicarbonate (ABC, pH 8.0), protease inhibitor (cOmplete ULTRA 

Tables, Roche), and phosphatase inhibitor (PhosSTOP, Roche). The yeast cells were lysed (3 

minutes, 3 times) using a homogenizer 150 (Fisher Scientific) and sonicated on ice (10 minutes) 

with Branson Sonifier 250 (VWR Scientific). The supernatant of the cell lysate was collected with 

centrifugation at 18,000 g for 10 minutes. The same procedure was applied to the protein 

extraction of yeast using a buffer consisting of 8M urea,100 mM ABC (pH 8.0), protease inhibitor, 

and phosphatase inhibitor. The concentrations of protein samples were determined using 

bicinchoninic acid (BCA) kit (Fisher Scientific) according to the manufacturer’s instructions. Before 

CZE-MS/MS and CZE-FAIMS-MS/MS analyses, 150 μg of the yeast lysates in ABC buffer/urea 

buffer were loaded onto Amicon centrifugal filters (10 kDa molecular weight cut-off, Millipore 

Sigma) for buffer exchange. The samples were centrifuged at 14,000 g for 15 minutes at 10 °C 

and then washed four times with 50 mM ABC.  

5.2.2 CZE-MS/MS and CZE-FAIMS-MS/MS analyses 

CE-MS/MS system was set up by coupling a CESI 8000 Plus CE system (Beckman 

Coulter) to an Orbitrap Exploris 480 spectrometer (Thermo Fisher Scientific) with an in-house 

constructed electrokinetically pumped sheath-flow CE-MS nanospray interface. A glass spray 

emitter with an orifice size of 30~35 μm was installed on the interface and filled with sheath liquid 

consisting of 0.2% (v/v) formic acid and 10% (v/v) methanol. The spray voltage was adjusted in 

the range of 2.2~2.4 kV to generate stable electrospray. The capillary (100 cm length, 50 μm i.d, 

360 μm o.d) for CZE was coated with linear polyacrylamide (LPA), according to our previous 

protocol.23 The inlet of the capillary was fixed in the cartridge of the CE system and the outlet 

was inserted into the emitter of the interface. The distance of the capillary outlet to the emitter 

orifice was around 0.5 mm.  

To carry out CZE, the capillary was flushed with a background electrolyte (BGE, 5% acetic 

acid) at 10 psi for 10 minutes, followed by loading of 200 ng of yeast lysate (1mg/mL, injection 

volume of 200nL). Afterward, the inlet of the capillary was inserted into the background electrolyte 

(5% acetic acid) with a separation voltage of 30 kV applied.   

For the mass spectrometer, the temperature of the ion transfer tube was set to 320 °C and 

RF lens was 60%. The intact protein mode was turned on and the low-pressure mode was 

selected. The MS/MS experiments were performed using data-dependent acquisition (DDA). Full 

MS scan was performed with the following parameters: orbitrap resolution of 480,000 (at m/z of 

200), m/z range of 500-2500, normalized AGC target of 300%, microscan of 1. The top 6 most 
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intense precursors in full MS spectra were isolated with a window of 2 m/z and fragmented using 

HCD collision energy of 25%. Only precursors with charge states in the range of 5-60 and 

intensities higher than the threshold value of 10000 were included for fragmentation. Other 

parameters for MS/MS include the resolution of 60,000 (at m/z 200), m/z range of 200-2000, 

microscan of 3, normalized AGC target of 100%, and auto maximum injection time. The dynamic 

exclusion was applied with a duration of 30 s and the exclusion of isotopes was enabled. 

FAIMS Pro interface (Thermo Fisher Scientific) was installed, had auto DV tune, and was 

set to standard resolution for CZE-FAIMS-MS/MS analysis. The nitrogen carrier gas was set as 

default (4.6L/min). Different CV voltage ranging from -50 V to 30 V with 10V intervals was tested 

for nine individual CZE-MS/MS runs to investigate the fractionation performance of the FAIMS.  

5.2.3 Data analysis 

All the raw files were converted to mzML files using MSConvert and further deconvoluted 

to Msalign files using TopFD (version 1.4.7). The converted data were searched against the 

Uniprot S. cerevisiae database (UP000002311_559292) using TopPIC (1.4.7). Parameters for 

database search were set as follows: mass error of precursors and fragments of 15 ppm, the 

maximum number of unexpected modifications of 2, and maximum and minimum mass shifts of 

unknown modifications of 500 Da and -500 Da. The false discovery rates (FDRs) were estimated 

using the target-decoy approach. The spectrum level FDR cut-off was 1% and the proteoform 

level FDR cut-off was 5%. 

5.3 Results and discussions 

5.3.1 Investigation of features of the CZE-FAIMS-MS/MS system 

CZE-FAIMS-MS/MS analysis of a yeast sample was performed to investigate the 

performance of the system. We directly used the sample buffer for CZE (ABC) to extract yeast 

proteins to reduce sample loss during the buffer exchange. Different CVs ranging from -50V to 

30V were tested with 10 V increments for each CZE-MS/MS run. The same CZE-MS/MS condition 

was also conducted without FAIMS for comparison. Without FAIMS, most separation peaks 

appeared in around 25 minutes migration window, Figure 5.1. In contrast, when FAIMS was 

installed, distinct separation profiles were presented at different CV settings, Figure 5.1. At higher 

CV values from -10V to 30V, the peaks were mainly fractionated from 30 to 40 minutes. However, 

those peaks were overwhelmed and had coelution under the no FAIMS condition. The result 

strongly suggests the importance of employing FAIMS for additional separation of proteoforms 

with similar electrophoretic motility in solution. Several LC-MS/MS studies previously reported a 

significant decrease in protein signals using FAIMS compared to no FAIMS owing to the longer 
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path for ion transmission.11, 20 In our study, although some ions showed a slightly lower signal 

intensity under FAIMS conditions, a variety of ions were observed with increased signals at their 

best CV values compared to no FAIMS, which was likely because FAIMS reduced signal 

suppression by removing other coeluted ions.   

 

Figure 5.1 Base peak electropherogram of yeast lysate without FAIMS and with FAIMS at nine 

different CVs. 
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To better understand the features of FAIMS in CZE-MS/MS analysis, we examined the 

overlap of proteoform identifications, mass distribution of proteoforms, and sensitivity of detection 

at different CVs. Figure 5.2 showed larger overlaps between the neighboring CVs than the CVs 

with longer distances. The highest overlap (46%) occurred between -20 and -10V, whereas the 

lowest (10%) was between 20 and 30V. The overlaps of other neighboring CVs were around 

30~40%. We also performed triplicate CZE-MS/MS analysis without FAMIS and with FAIMS at -

40V. The electropherograms presented reproducible CZE separation profiles. The overlap 

between the triplicate datasets without FAMIS was 54% to 58%, which is reasonable due to the 

data dependent acquisition (DDA) method. In contrast, the overlap between FAIMS (-40V) 

triplicate (60 to 73%) was slightly higher than the no FAIMS condition. This could be due to the 

reduced complexity of mass spectra after fractionation, thereby giving the precursors of the same 

proteoform a higher chance to be isolated for fragmentation. In addition, the mass distribution of 

proteoforms indicated a correlation with CV values. As shown in Figure 5.2, the median mass was 

7 kDa without FAIMS fractionation. With FAIMS, the median mass was increased from 6 kDa to 

30 kDa when raising the CV from -50 to 30 V, revealing the higher CV favors the transmission of 

larger proteoforms. It is also interesting to see small proteoforms have a wide distribution of 

migration time in CZE, while the larger proteoforms are more concentrated in earlier migration 

time (Figure 5.1). For example, at -50V, most identified proteoforms were less than 10 kDa and 

were separated between 25 to 50 minutes. As CV increases to -10V, the identified proteoforms, 

mainly 10~20 kDa, were shifted to a migration window between 28 to 40 min. The electrophoretic 

mobilities of small proteoforms are intrinsically more sensitive to a small difference in charge or 

size, thereby generating a wide separation window. The large proteoforms usually carry higher 

charges and are more likely to have faster electrophoretic mobility. Moreover, we found the 

application of FAIMS significantly improved the sensitivity of detection in CZE-MS/MS analysis. 

We manually extracted base peak electropherograms of 20 proteoforms identified in both FAIMS 

and no FAIMS conditions and compared their signal-to-noise ratios (S/N). On average, using 

FAIMS presented around a 50-fold higher S/N than the no FAIMS condition (Figure 5.2). The 

improvement was mainly benefited by much-reduced background noise using FAIMS, which was 

in accordance with the observations in other studies related to FAIMS.11,18 

Furthermore, comparing the number of proteoform IDs showed a single CV of -50V was 

capable of identifying 32% more proteoforms than no FAIMS (432 vs. 327). Higher CV value 

particularly boosted the number of larger proteoforms. For example, the CV of 30V was identified 

around 3-fold of proteoforms larger than 20 kDa than no FAIMS (58 vs. 20). Combining the results 

of different CVs, we achieved 940 proteoform identifications from 288 proteins, which is a 3-fold 
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proteoform-level and 2.2-fold protein-level increase compared to the result without FAIMS (327 

proteoforms and 126 proteins), Figure 5.2. 65% (213) of proteoforms identified without FAIMS 

were included in the results of FAIMS, Figure 5.2.  In addition, the combined CVs obtained a 

nearly 6-fold improvement of indications proteoforms in the range of 20 kDa and 30 kDa, and 

above 30 kDa, Figure 5.2. 

 

Figure 5.2 Comparison of proteoform identifications without FAIMS and with FAIMS in CZE-MS 

analysis. (A) Overlap of identified proteoforms between FAIMS CVs. (B) Mass distribution of 

proteoforms identified without FAIMS and with different FAIMS CVs. (C) Improvement of the 

signal-to-noise ratio of proteoforms with FAIMS relative to no FAIMS condition. (D) Comparison 

of the number of proteoform identifications at the different mass ranges between no FAIMS 

condition and FAIMS condition. 

5.3.2 Enhancing proteoform characterization by combining CZE with FAIMS 

Proteoforms derived from the same gene can have diverse functions.  High-resolution 

separation and characterization of the proteoforms are vital for understanding their roles in 

biological processes. For some of the proteoforms, such as proteoforms with different PTMs, it is 

difficult to achieve good separations using RPLC, because of their high similarities in 
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hydrophobicity. In this case, CZE could offer better resolutions for those proteoforms on 

charge/size differences. We previously reported shifts of mobility of proteoforms with 

phosphorylation based on the prediction of electrophoretic mobility.24 In this study, we also 

observed the separation of proteoforms without and with phosphorylation by CZE.  

As shown in Figure 5.3, the two peaks baseline separated in CZE-FAIMS (0V)-MS/MS 

analysis represents two proteoforms of Nascent polypeptide-associated complex subunit alpha 

(NAC-α) with N-terminal methionine excision and N-terminal acetylation but containing no 

phosphorylation (proteoform 1) and phosphorylation (proteoform 2), respectively. The 

fragmentation pattern (Figure 5.3B) showed the phosphorylation of NAC-α is located between 

Pro92 and Ala113. The modification site can be further confirmed to Ser93 by the information on 

Uniprot (https://www.uniprot.org/uniprot/P38879). NAC-α can either be tethered to the 

cytoplasmic ribosome and function as a complex component of nascent polypeptide-associated 

complex (NAC) to modulate co-translational processes and protein translocation or accumulate 

in nuclei to participate in transcriptional coactivation.25-29 The phosphorylation of NAC-α was found 

to be regulated by the proteasome pathway and associated with its degradation.29 Our result 

showed that non-phosphorylated NAC-α has a much higher abundance than phosphorylated 

proteoform, indicating protein depletion only occurs in a small portion of NAC-α (Figure 5.3A).  

Furthermore, we found that the phosphorylated proteoform presented slower migration 

relative to the non-phosphorylated proteoforms in CZE. The phosphorylation can reduce the 

protein charge, therefore leading to decreases in the charge-to-size ratio and mobility. Although 

the CZE has the potential to resolve some proteoforms with PTM heterogeneity, for a complex 

proteome, however, it remains challenging to achieve sufficient separation for every species. For 

NAC-α, none of the two proteoforms shown in CZE-FAIMS-MS/MS above were identified in the 

triplicate CZE-MS/MS runs without FAIMS, due to signal suppression from other coeluted species. 

The result strongly highlights incorporating FAIMS to CZE-MS/MS can provide better proteoform 

characterization of the complex proteome. 
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Figure 5.3 Two intact proteoforms of nascent polypeptide-associated complex subunit alpha 

(NAC-α) identified in CZE-FAIMS-MS analysis at a CV value of 0V. (A) Overlapped base peak 

electropherograms of two NAC-α proteoforms separated by CZE. (B) Fragmentation patterns of 

NAC-α proteoform 1 (unphosphorylated intact NAC-α) and NAC-α proteoform 2 (phosphorylated 

NAC-α). 

We were also interested in the performance of FAIMS for fractionating the proteoforms 

originating from the same genes in CZE-MS/MS analysis. Here, the proteoforms identified without 

FAIMS and at different CVs were merged according to their protein accession numbers (Figure 

5.4A). We found 51% of genes had their proteoforms distributed into more than three different 

CVs. For the genes covered by both FAIMS and no FAIMS conditions, 56% of those genes had 

more proteoforms identified at a single CV condition than no FAIMS, and the total number of 

proteoforms IDs per gene was 2.2-fold improved in combined CVs relative to no FAIMS (Figure 

5.4B). Figure 5.4C showed two examples of proteoform identifications from the same gene 

without FAIMS and with FAIMS. The proteoforms of TPIS were detected in a wide CV range from 

-30V to 30V. Four out of six CVs detected more proteoforms than no FAIMS. Similarly, CYPH has 

three out of four CVs (from -40V to -10V) identified more proteoforms. For both genes, the total 

number of proteoform IDs was increased 6.3 times by FAIMS.   
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Figure 5.4 Gas-phase fractionation of proteoforms originating from the same genes in CZE-MS 

analysis. (A) Heatmap of proteoform IDs at different CVs merged by their protein accessions. 

(B) Improvement of the number of proteoforms per gene using FAIMS relative to no FAIMS 

condition (C)The number of proteoform IDs of CYPH and TPIS without FAIMS and at different 

CVs. 

5.3.3 Impact of protein extraction buffers on proteoform IDs 

Current TDP works mostly focus on proteoforms with lower mass (<20 kDa), due to the 

technical limitation mentioned in the introduction section. Improvement of separation is one 

important solution to expand the MW of proteoform IDs. Therefore, different multidimensional 

separation platforms have been developed by coupling different LC methods or combining LC 

with CE to achieve this goal. In this study, we offered CZE-FAIMS as a new 2D separation 

platform to promote proteoform IDs with higher mass. Besides separation, the sample preparation 

method could be another factor that impacts the mass distribution of proteoforms. The 

conventional TDP typically uses buffers containing detergent or urea for cell lysis and protein 

extraction, which requires desalting/buffer exchange before MS/MS analysis. Protein precipitation 

could occur in this process due to a dramatic change in salt condition and hydrophobic effect, 
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leading to the loss of large proteins. For CZE-MS/MS, the sample needs to be exchanged to a 

relatively basic buffer (50 mM ABC, pH~8) to enable dynamic pH junction.22,31 We speculate that 

direct using ABC buffer for protein extraction could reduce the loss of protein in buffer exchange 

and benefit larger proteoform identification. To understand how the protein extraction buffers 

influence protein identifications, we carried out CZE-FAIMS-MS/MS analysis of the urea-extracted 

yeast and compared the sample with ABC.  

CZE-FAIMS-MS/MS experiment of the urea sample was performed at three single CVs (-

50V, -40V, and -30V) for better throughput. Based on our experience with the ABC sample, 80% 

of proteoforms could be detected in those three CVs.  We found that the overlaps of proteoforms 

between the urea and yeast samples at the same CVs or without FAIMS are generally small 

(20%~28%) (Figure 5.5A), suggesting the two buffers favor the extraction of different proteoforms.  

Moreover, we found more proteoforms were identified in urea than ABC either without 

FAIMS (1217 vs. 327) or with 3-CV combined (2070 vs. 769) (Figure 5.5B). However, a very low 

percentage of these proteoforms (~4%) in urea have masses higher than 10kDa. For the ABC 

sample, the proteoforms above 10 kDa account for 22% without FAIMS and 27% for three-

combined CVs (-50V, -40V, -30V). The absolute number of proteoforms larger than 10kDa is also 

higher in ABC than in urea (211 vs. 103, 3 CV-combined) (Figure 5.5B). The result strongly 

suggests that ABC can better preserve the proteoform above 10kDa than urea buffer. Using nine 

CVs for the ABC sample furtherly boosted larger proteoform identification (>20 kDa) from 14 (3 

CVs) to 114, which is 12% of total proteoform IDs. Furthermore, the ABC sample tends to 

conserve more “intact” proteoforms that either cover the full protein sequences or only have N-

terminal methionine removed. Our result showed 78 (23%) and 268 (29%) of proteoforms in the 

ABC sample were intact without and using FAIMS, respectively (Figure 5.5C). In contrast, the 

majority of proteoforms (96%) in urea were truncated forms.  

Improvement of intact proteoform identification allows us to decipher their functions and 

properties in cells. We identified 8 intact proteoforms of isoform cytoplasmic of glutaredoxin 2 

(Grx2c, P17695-2) in the ABC sample. Grx2c is an important glutathione-dependent 

oxidoreductase in the cytosol, participating in the reduction of protein disulfide bonds.32, 33 Our 

result showed intact Crx2c proteoforms were either N-terminal methionine removed or reserved 

and contained different PTMs. For the forms without N-terminal methionine, one proteoform has 

two free thiols at Cys 27 and Cys30 (E-value: 1.77e-11), which could be associated with their 

oxidoreductase activity; one contains phosphorylation at Ser57 (E-value: 6.49e-7), one has a 

mass shift of 129 Da in the range of Leu51 to Leu53 (4.05e-10), which might be glutamylation on 

Glu52; the other one has a mass shift of 210 Da from Leu51 to Ser57 (E-value: 1.54e-6), which 
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could be a combination of phosphorylation and glutamylation. The glutamylation of Glu was 

previously found in one other protein34 but never reported in Grx2c. We suspect the two 

glutamylated Grx2 proteoforms might result from other biological processes related to glutathione. 

In addition, we identified 33 proteoforms related to isomers of acidic ribosomal P proteins (RPLP1- 

α, RPLP1-β, RPLP2- α, RPLP2-β). Interestingly, while intact proteoforms were found in both 

RPLP2- α and RPLP2-β, only truncated proteoforms were detected in RPLP1- α and RPLP1-β. 

The result is in good agreement with the report that P1 proteins generally have much lower half-

lives than P2 in yeast cells30.  

 

Figure 5.5 Comparison of proteoform IDs of yeast lysate prepared from different protein 

extraction buffers (ABC vs urea). (A) Overlap of proteoforms between yeast lysates extracted by 

ABC and urea. (B, C) Mass distribution of proteoforms (B) and percentage of the number of 

intact proteoforms (C) extracted by ABC and urea, and under no FAIMS and FAIMS conditions. 

5.4 Conclusions 

We incorporated FAIMS to CZE-MS/MS for TDP and demonstrated the features of the 

system. The gas-phase fractionation by FAIMS greatly reduced the complexity of CZE 
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electropherograms and improved the sensitivity of CZE-MS/MS by around 50-fold on average. 

The CVs of FAIMS showed strong fractionation dependence on the proteoform masses. Overall, 

CZE-FAIMS-MS/MS increased the number of proteoform IDs 3-fold compared to no FAIMS. To 

have a deeper understanding of how the combination of CZE-MS/MS and FAIMS benefit 

proteoform separation and identification, we typically focused on several examples in which CZE 

showed superior separation performance on proteoforms with heterogeneity on PTMs (e.g. 

phosphorylation) and the addition of FAIMS further assisted identification of these proteoforms.  

Our result highlighted the potential of CZE-FAIMS-MS/MS for better characterizing proteoforms 

derived from the same genes. Furthermore, considering FAIMS has the capability to fractionate 

large proteoforms from complex proteome, we were interested in whether we can make full use 

of CZE-FAIMS-MS/MS system to improve the identification of larger and intact proteoforms. We 

compared two yeast samples extracted from different buffers (ABC and urea) at 3 combined CVs 

(-50V, -40V, -30V). We found that ABC better preserved proteoforms above 10 kDa as well as 

intact proteoforms compared to urea (~25% vs. 4%). CZE-FAIMS-MS/MS analysis of ABC-

extracted yeast at 9 combined CVs identified more than 100 proteoforms above 20 kDa, which 

accounts for more than 10% of total proteoform IDs. We need to note that ABC tends to extract 

more hydrophilic proteoforms, which results in the missing identification of plasma membrane 

proteins. This defect might be compensated by combining a membrane protein extraction protocol 

with CZE-FAIMS-MS/MS to target membrane protein analysis in the future. 

Our current CZE-FAIMS-MS/MS method using 9 CVs consumed only around 2 μg of yeast 

in total and required around 10 hours for sample analysis. While this study focuses on 

investigating fractionation and proteoform identification outcomes of CZE-FAIMS-MS/MS at 

different CVs, internal CV stepping, which uses multiple CVs in a single run, is worth being applied 

to CZE-MS/MS for better throughput in the future. A further coupling of other liquid phase 

separation approaches such as SEC with CZE-FAIMS-MS/MS can serve as a promising platform 

for deep TDP. Moreover, although an improvement on larger proteoform IDs (>20 kDa) was 

obtained in the study, there remains room to upgrade database search software to achieve better 

results. The software we currently used remain favors analysis of proteoforms below 30 kDa.  

Besides data acquisition using high-resolution MS1 (480,000) and MS2 (6,000) settings, we 

tested low-resolution MS1 (7,500) and high-resolution MS2 (12,000) at the CV of 30V. The low-

resolution MS1 presented various proteoforms above 40 kDa by manual deconvolution. However, 

the current software remains difficult in interpreting this type of data. We expect the advancement 

of bioinformatics tools can greatly boost the number of larger proteoform IDs. 

 



94 

 

REFERENCES 

(1) Toby, T. K.; Fornelli, L.; Kelleher, N. L. Progress in Top-Down Proteomics and the Analysis of 
Proteoforms. Annu Rev Anal Chem (Palo Alto Calif) 2016, 9 (1), 499-519.  

(2) Chen, B.; Brown, K. A.; Lin, Z.; Ge, Y. Top-Down Proteomics: Ready for Prime Time? Anal. 
Chem. 2018, 90 (1), 110-127.  

(3) Chen, D.; McCool, E.N.; Yang, Z.; Shen, X.; Lubeckyj, R.A.; Xu, T.; Wang, Q.; Sun, L. Recent 
Advances (2019–2021) of Capillary Electrophoresis‐Mass Spectrometry for Multilevel 
Proteomics. Mass Spectrom. Rev. 2021 

(4) Melani, R. D.; Gerbasi, V. R.; Anderson, L. C.; Sikora, J. W.; Toby, T. K.; Hutton, J. E.; Butcher, 
D. S.; Negrão, F.; Seckler, H. S.; Srzentić, K.; Fornelli, L.; Camarillo, J. M.; LeDuc, R. D.; Cesnik, 
A. J.; Lundberg, E.; Greer, J. B.; Fellers, R. T.; Robey, M. T.; DeHart, C. J.; Forte, E.; Hendrickson, 
C. L.; Abbatiello, S. E.; Thomas, P. M.; Kokaji, A. I.; Levitsky, J.; Kelleher, N. L. The Blood 
Proteoform Atlas: A Reference Map of Proteoforms in Human Hematopoietic Cells. Science 2022, 
375 (6579), 411-418.  

(5) Takemori, A.; Kaulich, P. T.; Cassidy, L.; Takemori, N.; Tholey, A. Size-Based Proteome 
Fractionation through Polyacrylamide Gel Electrophoresis Combined with LC-FAIMS-MS for In-
Depth Top-Down Proteomics. Anal. Chem. 2022, 94 (37), 12815-12821.  

(6) Cai, W.; Tucholski, T.; Chen, B.; Alpert, A. J.; McIlwain, S.; Kohmoto, T.; Jin, S.; Ge, Y. Top-
Down Proteomics of Large Proteins up to 223 KDa Enabled by Serial Size Exclusion 
Chromatography Strategy. Anal. Chem. 2017, 89 (10), 5467-5475.  

(7) McCool, E. N.; Lubeckyj, R. A.; Shen, X.; Chen, D.; Kou, Q.; Liu, X.; Sun, L. Deep Top-Down 
Proteomics Using Capillary Zone Electrophoresis-Tandem Mass Spectrometry: Identification of 
5700 Proteoforms from the Escherichia Coli Proteome. Anal. Chem. 2018, 90 (9), 5529–5533.  

(8) Xu, T.; Shen, X.; Yang, Z.; Chen, D.; Lubeckyj, R.A.; McCool, E.N.; Sun, L. Automated 
Capillary Isoelectric Focusing-Tandem Mass Spectrometry for Qualitative And Quantitative Top-
Down Proteomics. Anal. Chem. 2020, 92(24),15890-15898. 

(9) McCool, E.N.; Xu, T.; Chen, W.; Beller, N.C.; Nolan, S.M.; Hummon, A.B.; Liu, X.; Sun, L. 
Deep Top-Down Proteomics Revealed Significant Proteoform-Level Differences between 
Metastatic and Nonmetastatic Colorectal Cancer Cells. Sci. Adv. 2022, 8 (51), 6348. 

(10) Cooper, H. J. To What Extent Is FAIMS Beneficial in the Analysis of Proteins? J. Am. Soc. 
Mass Spectrom. 2016, 27 (4), 566-577.  

(11) Gerbasi, V. R.; Melani, R. D.; Abbatiello, S. E.; Belford, M. W.; Huguet, R.; McGee, J. P.; 
Dayhoff, D.; Thomas, P. M.; Kelleher, N. L. Deeper Protein Identification Using Field Asymmetric 
Ion Mobility Spectrometry in Top-Down Proteomics. Anal. Chem. 2021, 93 (16), 6323-6328.  

(12) Hebert, A. S.; Prasad, S.; Belford, M. W.; Bailey, D. J.; McAlister, G. C.; Abbatiello, S. E.; 
Huguet, R.; Wouters, E. R.; Dunyach, J.-J.; Brademan, D. R.; Westphall, M. S.; Coon, J. J. 
Comprehensive Single-Shot Proteomics with FAIMS on a Hybrid Orbitrap Mass Spectrometer. 
Anal. Chem. 2018, 90 (15), 9529-9537.  

(13) Swearingen, K. E.; Hoopmann, M. R.; Johnson, R. S.; Saleem, R. A.; Aitchison, J. D.; Moritz, 
R. L. Nanospray FAIMS Fractionation Provides Significant Increases in Proteome Coverage of 
Unfractionated Complex Protein Digests. Mol. Cell Proteomics 2012, 11 (4).  

 

 



95 

 

(14) Schnirch, L.; Nadler-Holly, M.; Siao, S.-W.; Frese, C. K.; Viner, R.; Liu, F. Expanding the 
Depth and Sensitivity of Cross-Link Identification by Differential Ion Mobility Using High-Field 
Asymmetric Waveform Ion Mobility Spectrometry. Anal. Chem. 2020, 92 (15), 10495-10503.  

(15) Adoni, K. R.; Cunningham, D. L.; Heath, J. K.; Leney, A. C. FAIMS Enhances the Detection 
of PTM Crosstalk Sites. J. Proteome Res. 2022, 21 (4), 930-939.  

(16) Greguš, M.; Kostas, J.C.; Ray, S.; Abbatiello, S.E.; Ivanov, A.R. Improved sensitivity of 
ultralow flow LC–MS-based proteomic profiling of limited samples using monolithic capillary 
columns and FAIMS technology. Anal. Chem. 2020, 92 (21),14702-14712. 

(17) Fang, P.; Ji, Y.; Silbern, I.; Viner, R.; Oellerich, T.; Pan, K.T.; Urlaub, H. Evaluation and 
optimization of High-Field Asymmetric Waveform Ion-Mobility Spectrometry for multiplexed 
quantitative site-specific N-glycoproteomics. Anal. Chem. 2021, 93(25), 8846-8855. 

(18) Johnson, K. R.; Greguš, M.; Ivanov, A. R. Coupling High-Field Asymmetric Ion Mobility 
Spectrometry with Capillary Electrophoresis-Electrospray Ionization-Tandem Mass Spectrometry 
Improves Protein Identifications in Bottom-Up Proteomic Analysis of Low Nanogram Samples. J. 
Proteome Res. 2022, 21 (10), 2453-2461.  

(19) Hale, O. J.; Illes-Toth, E.; Mize, T. H.; Cooper, H. J. High-Field Asymmetric Waveform Ion 
Mobility Spectrometry and Native Mass Spectrometry: Analysis of Intact Protein Assemblies and 
Protein Complexes. Anal. Chem. 2020, 92 (10), 6811-6816.  

(20) Fulcher, J.M., Makaju, A., Moore, R.J., Zhou, M., Bennett, D.A., De Jager, P.L., Qian, W.J., 
Paša-Tolić, L. and Petyuk, V.A. Enhancing Top-Down Proteomics of Brain Tissue with FAIMS. J. 
Proteome Res. 2021, 20 (5), 2780-2795. 

(21) Kaulich, P. T.; Cassidy, L.; Winkels, K.; Tholey, A. Improved Identification of Proteoforms in 
Top-Down Proteomics Using FAIMS with Internal CV Stepping. Anal. Chem. 2022, 94 (8), 3600-
3607.  

(22) Lubeckyj, R. A.; McCool, E. N.; Shen, X.; Kou, Q.; Liu, X.; Sun, L. Single-Shot Top-Down 
Proteomics with Capillary Zone Electrophoresis-Electrospray Ionization-Tandem Mass 
Spectrometry for Identification of Nearly 600 Escherichia Coli Proteoforms. Anal. Chem. 2017, 89 
(22), 12059-12067. 

(23) Xu, T.; Han, L.; Thompson, A. M. G.; Sun, L. An Improved Capillary Isoelectric Focusing-
Mass Spectrometry Method for High-Resolution Characterization of Monoclonal Antibody Charge 
Variants. Anal. Methods 2022, 14 (4), 383-393. 

(24) Chen, D.; Lubeckyj, R. A.; Yang, Z.; McCool, E. N.; Shen, X.; Wang, Q.; Xu, T.; Sun, L. 
Predicting Electrophoretic Mobility of Proteoforms for Large-Scale Top-Down Proteomics. Anal. 
Chem. 2020, 92 (5), 3503-3507.  

(25) Andersen, K. M.; Semple, C. A.; Hartmann-Petersen, R. Characterisation of the Nascent 
Polypeptide-Associated Complex in Fission Yeast. Mol. Biol. Rep. 2007, 34 (4), 275-281.  

(26) Ott, A.K.; Locher, L.; Koch, M.; Deuerling, E. Functional Dissection of the Nascent 
Polypeptide-Associated Complex in Saccharomyces Cerevisiae. PLoS One 2015, 10 (11). 

(27) Raue, U.; Oellerer, S.; Rospert, S. Association of Protein Biogenesis Factors at the Yeast 
Ribosomal Tunnel Exit is Affected by the Translational Status and Nascent Polypeptide Sequence. 
J. Biol. Chem. 2007, 282 (11), 7809-7816. 

(28) George, R.; Walsh, P.; Beddoe, T.; Lithgow, T. The Nascent Polypeptide-Associated 
Complex (NAC) Promotes Interaction of Ribosomes with the Mitochondrial Surface in Vivo. FEBS 
Lett. 2002, 516 (1), 213-216.  



96 
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CHAPTER 6.  Application of SEC-cIEF-MS/MS for studying sexual dimorphism of brains 

6.1 Introduction 

Sexual dimorphism of brains, which is mainly generated from the expression of sex 

chromosome genes and effects of hormones secreted from gonads, determines phenotypic 

differences on memory, cognition, emotion, stress responsivity, and reproductive behaviors.1 Only 

several works employed quantitative BUP to study sexual dimorphism of brains.2-4 Based on our 

knowledge, no quantitative TDP studies have been done to compare male and female brain 

proteomes in a proteoform-specific manner. Zebrafish is an important model organism in 

developmental biology for both embryogenesis studies and drug development.5 Here, we 

performed a label-free quantitative TDP study using SEC-cIEF-MS/MS developed in Chapter 2 to 

investigate the sex-related proteoforms in zebrafish brains. The quantitative proteomics datasets 

of zebrafish brains from TDP were compared with bottom-up proteomics (BUP) data to better 

understand the features the two proteomics strategies. 

6.2 Experimental section 

6.2.1 Sample preparation  

The zebrafish (AB/Tuebingen line, 11 months old) brain tissues (5 males and 5 females) 

were provided by Professor Jose Cibelli’s laboratory at Department of Animal Science of Michigan 

State University. The whole protocol for collecting zebrafish brains were operated in compliance 

with national and institutional guidelines for animal research. All the experimental procedures 

were approved by Institutional Animal Care and Use Committee of Michigan State University. The 

collected brains were gently washed by PBS to remove the blood, and stored at -80 °C. The 

zebrafish brains were lysed with mammalian cell-PE LB™ buffer (G-Biosciences) containing 

protease and phosphatase inhibitors (Roche). The protein extraction, denaturation, reduction, 

alkylation, and buffer exchange experiments were performed using the same protocol applied to 

the E. coli sample in Chapter 2. 

6.2.2 SEC fractionation of zebrafish proteome 

The same LC system and SEC column in Chapter 2 was applied for SEC fractionation of 

zebrafish proteome. 500 μg (2 mg/mL, 50 μL × 5 injections) of male or female brain proteins were 

 

 This chapter is adapted with permission from Xu, T.; Shen, X.; Yang, Z.; Chen, D.; Lubeckyj, 

R. A.; McCool, E. N.; Sun, L. Anal. Chem. 2020, 92 (24), 15890-15898. 
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loaded onto the SEC column and separated using 0.05% trifluoroacetic acid (TFA) at a flow rate 

of 0.25 mL/min. Three fractions were collected from 9.30 to 15.3 minute with 2 minutes per fraction 

(500 μL per fraction) and the final fraction (1000 μL) were obtained from 15.3 to 19.3 minute. The 

fractions were lyophilized in the speed vacuum and re-dissolved in 20 μL of 10 mM ammonium 

acetate (pH 6.9). 

6.2.3 cIEF-MS/MS analysis 

For quantitative TDP analysis of zebrafish brain proteome, a high-throughput cIEF-MS/MS 

method developed in Chapter 2 was used, which utilized an 80-cm-long LPA-coated capillary, a 

5-cm plug of 0.3% (v/v) NH3∙H2O (pH 11.8) as catholyte, a 40-cm sample plug containing brain 

proteins, 0.1% ampholyte, and 0.1% (v/v) FA as anolyte (pH ~3.0). The same MS/MS parameters 

in Chapter 2 were applied for zebrafish samples. 

6.2.4 Database search for proteoform identification and quantification  

The same database search software and parameters were applied for the identification of 

proteoforms of zebrafish brains. UniProt database of zebrafish (UP000000437) was used. The 

data of eight zebrafish fractions including four fractions of male brains and four fractions of female 

brains were also filtered with a 5% proteoform-level FDR.  

When performing label-free quantification of proteoforms expressed in male and female 

brains of zebrafish, the feature intensity of a proteoform was calculated as sum of intensities of 

its corresponding peaks from all scans and charge states as described in our previous work.6  For 

each SEC fraction, only the proteoforms which were reported with feature intensities in all 

triplicate cIEF-MS/MS runs were further considered for relative quantification. 

6.2.5 Quantitative bottom-up proteomics (BUP) of zebrafish male and female brains  

Aliquots of the zebrafish brain lysates prepared in the “sample preparation” section (100 

μg of total proteins each gender) were precipitated with four times volumes of cold acetone 

overnight. After centrifugation at 14,000 g for 10 minutes, the supernatants were removed, and 

the pellets containing the extracted proteins were washed with cold acetone twice and air-dried 

at room temperature to remove residual acetone. The extracted proteins were dissolved in 100 

μL of 100 mM ammonia bicarbonate buffer (pH 8.0) containing 8 M urea. The proteins were 

denatured at 37 °C for 30 minutes, reduced by adding 2 μL of 100 mM DTT at 37 °C for 30 minutes, 

and alkylated by adding 5 μL of 100 mM IAA for 20 minutes in dark at room temperature. The 

reaction was quenched by adding 2 μL of 100 mM DTT. The protein samples were diluted by five 

times using 100 mM ammonia bicarbonate, followed by trypsin (8 µg, Bovine pancreas TPCK-

treated) digestion at 37 °C overnight. The digestion was finally terminated by adding 8 µL of 20% 

(v/v) formic acid. The samples were desalted with Sep-Pak C18 Cartridge (Waters) according to 
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manufacturer’s protocol. The eluates were lyophilized in a vacuum concentrator, and then re-

dissolved in 100 µL of 50 mM HEPES buffer (pH 8.0). 

The tryptic digest of each gender was equally divided into three aliquots (33 µg peptide 

each aliquot). The TMT labeling experiment (6 channels) was performed by mixing each aliquot 

with a TMT reagent and incubating them at room temperature for 1 hour, according to 

manufacturer’s instruction. Specifically, the three aliquots of male brains were labeled with 126, 

127, 128 isobaric tags, while the aliquots of female brains were labeled with 129, 130, 131 isobaric 

tags, respectively. After TMT labeling, the six aliquots were combined into one sample and 

lyophilized. The sample was finally re-dissolved in 100 µL of 0.1% (v/v) formic acid in water. 

A C18 reversed-phase column (Zobax 300 Extend-C18, 2.1mm i.d. × 150 mm length, 3.5 

μm particles, Agilent Technologies) was used for fractionation of the TMT labeled peptide sample. 

A gradient elution with a flow rate of 0.3 mL/min was applied as follows: 0-5 min, 2% B  (0.1% FA 

in 80% ACN- 20% Water mixture); 5-7 min, 2-5% B; 7-67 min, 5-50% B; 67-69 min, 50-100% B; 

69-79 min, 100% B; 79-81 min, 100-2% B; 81-90 min, 2%B. The mobile phase A was a 2% ACN-

98% water mixture containing 0.1% FA (v/v). 200 µg of TMT labeled peptides were loaded onto 

the column. 54 fractions were collected from 11.4 min to 65.4 min with 1 min each fraction. 

Subsequently, the fraction N was combined with fraction N+27 to generate 27 fractions in total. 

The fractions were dried in a speed vacuum and then re-dissolved in 20 µL of 20 mM ammonia 

bicarbonate (pH 8.0) for CZE-MS/MS analysis. 

CZE-MS/MS analysis was performed on the same platform and coupling strategy as 

applied to cIEF-MS/MS. A 1-meter LPA-coated capillary (50 μm i.d., 360 μm o.d.) was applied for 

CZE separation. The sample (500 ng peptides) was loaded into the capillary using dynamic pH 

junction stacking strategy. After sample loading, the inlet of the capillary was inserted into 5% 

acetic acid background electrolyte (BGE) and a voltage of 30 kV was applied on the sample 

injection end to carry out separations. The separated peptides were detected by Q-Exactive HF 

mass spectrometer. A Top10 data-dependent acquisition (DDA) method was applied with an 

isolation window of m/z 2, NCE of 28 for HCD fragmentation. Full scan spectra were acquired 

with scan range of m/z 300-2000, mass resolution of 60000 (at m/z 200), 1 microscan, AGC of 

3E6, and maximum injection time of 50 ms. For the MS/MS, the mass resolution was 60000 (at 

m/z 200), the number of microscans was 1, AGC target value was 1E5, and the maximum injection 

time was 100 ms. The ion intensity threshold was 2.5E4 and the dynamic exclusion window was 

30 s. 

 

 



100 

 

6.2.6 Experimental design and statistical rationale 

For the quantitative proteomic experiments, five female brains and five male brains were 

obtained from the zebrafishes which were at same age (11 months old) and from different mothers. 

The brain lysates of each gender were pooled into one sample (600 μg proteins) to minimize 

measurement bias caused by individual difference and manual collection of brains. Both of brain 

samples (male and female) were divided into two portions: 500 μg for TDP and 100 μg for BUP. 

For label-free quantitative TDP, each SEC fraction was measured using cIEF-MS/MS in triplicate. 

The quantitative TDP analysis was conducted to compare proteoform abundance in the matched 

SEC fractions (i.e., Male SEC fraction 1 vs. Female SEC fraction 1). Considering the proteoform 

overlaps between adjacent SEC fractions, the quantitative results of specific proteoforms 

appeared in multiple fractions were manually examined. The proteoforms showed inconsistence 

on expression changes across SEC fractions were not considered in data analysis. The data 

normalization and t-test analysis were performed using the Perseus software to indicate 

proteoforms with statistically significant abundance difference between female and male brains 

of zebrafish (FDR < 0.05, S0=1). For data normalization, the intensities of each proteoform from 

the six cIEF-MS/MS runs (3 runs for male and 3 runs for female) were normalized to the intensity 

of the first cIEF-MS/MS run, converting the proteoform intensity to proteoform ratio. Proteoform 

ratios of each cIEF-MS/MS run were divided by the corresponding median to make sure the ratios 

of each run center at 1. The proteoforms with significantly altered expression in male or female 

brains were sorted out for gene ontology (GO) enrichment analysis using database DAVID 

Bioinformatics 6.87 and enriched terms associated with biological process (BP), molecular 

function (MF) and cellular components (CC) were identified.  

For quantitative BUP, after database search, the reporter ion intensity of the TMT channel 

(channel 129) was used to normalize the rest of reporter ion intensities of other channels for fold 

change calculation. Briefly, each individual reporter ion intensity was divided by the corresponding 

reporter ion intensity of the channel 129, converting the reporter ion intensity to protein ratio. 

Protein ratios of each TMT channel were divided by the corresponding median to make sure the 

ratios of each channel center at 1. The Perseus software was employed to generate volcano plot 

and perform t-test analysis. The differentially expressed proteins between the male and female 

brains were determined with FDR 0.05 and s0 0.4 using the Perseus software. The DAVID 

Bioinformatics (6.8) was used to perform GO enrichment analysis. 
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6.3 Results and discussions 

6.3.1 Quantitative top-down proteomics of zebrafish male and female brains 

Five male zebrafish brains were pooled and homogenized to reduce heterogeneity 

between fishes and the extracted protein sample was fractionated by SEC into four fractions. The 

female fish brains were prepared with the same protocol. The eight SEC fractions (four fractions 

each gender) were analyzed by the high-throughput cIEF-MS/MS in technical triplicate. The 

relative abundance of proteoforms were compared between female and male brains for each pair 

of SEC fractions (i.e., male SEC fraction 1 vs. female SEC fraction 1) to simplify the quantitative 

TDP data analysis since the SEC separation was highly reproducible. 171, 1268, 1260, and 741 

proteoforms corresponding to 51, 211, 216, and 192 proteins were identified from SEC fraction 1, 

2, 3, and 4, respectively. Proteoforms with N-terminal methionine excision, N-terminal truncation 

or signal peptide cleavage, and several common PTMs, including acetylation (+42 Da), 

phosphorylation (+80 Da), and methylation (+14 Da) were identified. For instance, we identified a 

proteoform of calmodulin containing an N-terminal methionine excision, an N-terminal acetylation 

and K115 trimethylation, Figure 6.1A, which was also reported in our previous study of zebrafish 

brains using CZE-MS/MS.8 In addition, we identified an N-terminal truncated proteoform of 

caveolae-associated protein 4a with the sequence ranged from Lys273 to Asp329 and it is 

phosphorylated at Thr292, Figure 6.1B. The phosphorylation at Thr292 was further confirmed by 

PTM information in the UniProt (https://www.uniprot.org/uniprot/A1L260).  

When performing label-free quantification (LFQ), only the proteoforms having reported 

intensities across the six cIEF-MS/MS runs (triplicate runs per gender) were considered for further 

abundance comparisons between genders. The feature intensity of selected proteoforms were 

normalized and compared based on the t-test analysis using an FDR threshold of 0.05 and s0 of 

1, as depicted in Figures 6.1C-F. Out of the 109, 814, 1089, 569 quantified proteoforms in SEC 

fractions 1 to 4, we discovered 2, 92, 34, 40 proteoforms showing higher abundance in the 

corresponding SEC fractions of the female brain sample, while 3, 54, 37, 21 proteoforms 

presented higher abundance in relevant fractions of the male brain sample. In total, 263 

proteoforms showed statistically significant difference in abundance between the male and female 

brains.  
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Figure 6.1 Quantitative TDP of four SEC fractions of female and male zebrafish brains using 

cIEF-MS/MS. (A) Sequence and fragmentation pattern of a proteoform of calmodulin. The 

sequence underlined with green line has a mass shift of 42.0 Da corresponding to trimethylation 

at K115. (B) Sequence and fragmentation pattern of a proteoform of cavelolae-associated 

protein 4a. A mass shift of 79.0 Da at T292 corresponds to a phosphorylation modification. (C)-

(F) Volcano plots of -log (p-value) versus log2 (Fold change, female/male) of quantified 

proteoforms in SEC fractions 1, 2, 3 and 4 of female and male brains, respectively. The 

differentially expressed proteoforms were determined by t-test using Perseus with cut-off 

settings of FDR=0.05 and S0=1. The proteoforms with higher abundance in the female and 

male brains are highlighted in red and dark cyan color, respectively. 

To understand the biological significance of these differentially expressed proteoforms, 

we performed Gene Ontology (GO) enrichment analysis of genes whose proteoforms showed 

significantly higher abundance in female and male brains, respectively. We focused on examining 

the enriched biological process (BP) from 29 annotated genes of female (Figure 6.2) and 34 genes 

of male (Figure 6.2). In female brains, the enriched BP categories consist of sequestering of actin 

monomers, histone exchange, neuron projection development, cell proliferation, and actin 

filament organization, suggesting that these proteoforms involve in neurite outgrowth and 

neuronal development. Sequestering of actin monomers, as the most enriched BP category, 

includes thymosin beta 2 (Tβ 2) and beta thymosin-like protein. Two proteoforms of the Tβ 2 and 

five proteoforms of the beta thymosin-like protein showed significantly higher abundance in  
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Figure 6.2 GO enrichment analysis of differentially expressed proteoforms in female and male 

brains of zebrafish. Enriched GO terms of biological process, cellular component, and molecular 

function associated with the proteoforms with highly expressed in the female brains (A) and the 

male brains (B) of zebrafish. The values on the right of y-axis denote the p-value of each 

enriched GO term. 

female brains. Studies on beta-thymosin of zebrafish have revealed that the protein has 

monomeric actin binding ability and regulates neuronal growth and differentiation.9,10 However, 

the mechanism of how specific proteoforms of beta-thymosin involves in sex specific functions of 

the brains remains unknown. The category of histone exchange includes acidic leucine-rich 

nuclear phosphoprotein 32 family member A (ANP32A) and acidic leucine-rich nuclear 

phosphoprotein 32 family member E (ANP32E). APN32A plays a role in inhibiting 

acetyltransferase complex in the nucleus, regulating initiation of transcription.11 APN32E is 

implicated in the removal histone variant H2A.Z via inhibiting protein phosphatase 2A, promoting 

synaptogenesis.12-14 Overexpression of N-terminal truncated proteoforms of APN32A and 

APN32E in female brain might play some roles in sex-related regulation of transcription and 

neuron cell proliferation. Prothymosin alpha-A (PTα-A) and prothymosin alpha-B (PTα-B), which 

are enriched in cell proliferation category, have both N-terminal and C-terminal truncated 

proteoforms identified in our study. PTα is an essential nuclear protein, which regulates cell 

proliferation and protects brain from stroke or traumatic damage by inhibiting cell apoptosis and 
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neuronal necrosis.15 In breast cancer MCF7 cells, PTα was found to be upregulated by estradiol 

at both mRNA and protein levels, and gene transcription activity of PTα can be altered by estrogen 

receptor α.16 Similar data has been observed in neuroblastoma cell, in which the synthesis of PTα 

can be promoted via estradiol treatment.17 These evidences indicate that the overexpressed 

proteoforms of PTα in the female brains may be associated with estrogen-regulated neural cell 

proliferation and differentiation. 

In male brains, axon development and axon extension were enriched in BP categories, 

Figure 6.2. Several proteoforms are overexpressed in male brains and their corresponding genes 

involve in neuronal development. For example, growth associated protein 43 (Gap43), a 

membrane bound protein, is responsible for axonal outgrowth and elongation.18 We found a 

fragment of Gap43 which was highly expressed in the male brains but not in the female brains, 

suggesting the expression of Gap43 might be regulated by hormones. This hypothesis was 

consistent with previous studies, which showed that the mRNA of Gap43 was regulated by 

gonadal hormones and had sex dimorphism.18,19 Interestingly, we identified several 

overexpressed proteoforms in the male brains from pro-opiomelanocortin (POMC), prodynorphin 

(PDYN), and prepronociceptin a (PPNOC), which are relevant with neuropeptide signaling 

pathway. Particularly, POMC and PDYN are important neuropeptide precursors that can be 

proteolytically cleaved at either paired (such as Lys-Arg or Arg-Arg) or single basic residues to 

generate endogenous hormone peptides.20,21 We identified two proteoforms of POMC located in 

the region of N-terminal peptide of POMC (NPP, Gln29 to Ser73), which is a potential adrenal 

growth factor.22 A proteoform of POMC (Ser54 to His105), which contains cleavage sites at His-

Lys at C-terminus and Arg-Ser at N-terminus, was identified with 4.6 times higher abundance in 

the male brains than in the female brains (p-value: 10-3.9). The other proteoform (Gln29 to Arg53) 

with N-terminal signaling peptide cleaved was found 2.9 times higher abundance in male brains 

compared to that in the female brains (p-value: 10-2.3). Additionally, a proteoform (Asp20 to Val100) 

of PDYN generated from excision of N-terminal signaling peptide and cleavage at Val-Lys at C-

terminus showed statistically higher abundance in male brain. A mass shift of +55.06 Da localized 

in range of Gly81 to Ala85 might be Thr83 to Arg83 mutation (mass shift +55.05 Da). We also 

identified another PDYN proteoform having the same sequence without any mass shift, which 

showed no statistically significant difference in abundance between male and female brains. 

Further study will be needed to investigate hormone related biological processes regulated by 

overexpression of the proteoform of PDYN with Thr83-to-Arg83 mutation in male brains. 

We noted that ten and four phosphorylated proteoforms showed significantly higher 

abundance in female and male brains, respectively, including but not limited to proteoforms of 
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beta thymosin-like protein, MARCKS-related protein 1-B, thymosin beta 2, calmodulin, and 

microtubule-associated protein. The data suggests the potential role of protein phosphorylation in 

sexual dimorphism.  

In summary, we discovered drastic differences in proteoform abundance between male 

and female zebrafish brains using SEC-cIEF-MS/MS-based label-free TDP. A variety of 

differentially expressed proteoforms are associated with neuronal development. For example, 

proteoforms of Tβ 2, beta thymosin-like protein, APN32A, APN32E, PTα-A, PTα-B, stathmin, and 

microtubule-associated protein were highly expressed in female brains, while proteoforms of 

neurofilament (medium polypeptide), Gap43, trafficking regulator of GLUT4 (SLC2A4) 1a, and 

tubulin polymerization-promoting protein family member 2 were highly expressed in the male 

brains. It has been found that hormones can regulate most of gene expression corresponding to 

the proteoforms above, and affect multiple cellular processes such as neurogenesis, cell death, 

and cell differentiation.23 We speculate that the sex-dependent proteoform expression profile in 

zebrafish brains could be closely associated with hormone regulation in different genders. 

Discovering these differentially expressed proteoforms will help us pursue a better understanding 

of the sex-related neuronal developmental process. Our data demonstrate the value of 

quantitative TDP in studying sexual dimorphism of brains.  

6.3.2 Quantitative bottom-up proteomics of zebrafish male and female brains 

We also performed tandem Mass Tag (TMT)-based quantitative BUP of male and female 

zebrafish brains. We have two goals. First, acquire a comprehensive picture of sex-dependent 

gene expression outcomes in brain at the protein group level. Second, compare and combine the 

quantification results of TDP and BUP to pursue a better understanding of the sexual dimorphism 

of brain. The workflow of TMT quantification is shown in Figure 6.3. In our experiment, we 

quantified 3811 protein groups from 30738 peptides. The volcano plot was generated with t-test 

cut-off settings of FDR 0.05 and S0 0.4. We discovered that 67 protein groups were 

overexpressed in female brains, while 221 protein groups were overexpressed in male brains, 

Figure 6.3A. GO enrichment analysis of highly expressed protein groups in female indicated 

several categories associated with neuron growth and brain development, including histone 

exchange, translational initiation, translation, and cell proliferation, which is consistent with our 

findings in the top-down study. Overexpressed proteins such as APN32A, APN32E, PTα-A and 

PTα-B, have also been identified to be highly expressed in proteoforms using TDP. Some other 

highly expressed proteins not annotated in enrichment analysis also drew our attention because 

they showed drastically higher abundance in female brains. For example, vitellogenin 1 and 

vitellogenin 5 from vitellogenin gene family are typical estrogenic biomarkers and showed 10.6 
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(p-value: 10-4.3) and 4.6-fold (p-value: 10-4.8) higher abundance in the female brains. Coagulation 

factor XIII (A1 polypeptide a, tandem duplicate 1), which exhibited 3.3-fold (p-value: 10-3.6) higher 

level in female brains, was reported to be greatly upregulated by 17 β-estradiol during embryonic 

development process.24 We particularly found multiple hormone-regulated proteins showing 

significantly higher abundance in male brains than in female brains. These proteins include 

hemopexin, antithrombin, and lectin (mannose-binding, 1), which are associated with cellular 

response to estrogen stimulus based on GO enrichment analysis. For example, hemopexin, as 

heme scavenger, maintains iron homeostasis in neurons and prevents heme-mediated oxidative 

damage.25 Treatment of zebrafish embryos with estrogen downregulated the expression of 

hemopexin in the liver at various developmental stages.24 In our study, the hemopexin showed 

2.8 times (p-value: 10-5.3) higher abundance in male brains, which may be associated with lower 

level of estrogen.  

 

Figure 6.3 Comparison of quantitative BUP and TDP data for achieving overview of gene 

expression outcome at the protein group and proteoform levels. (A) Volcano plot of protein 

groups quantified in female and male brains of zebrafish from BUP. The cut-off settings for t-test 

were FDR=0.05 and S0=0.4. Comparison of quantitative results of female (B) and male (C) 

brains between TDP and BUP. “ND” means not detected; “-” suggests no significant change in 

expression level. 

When comparing quantitation results of TDP and BUP, we extracted protein accession 

numbers from the differentially expressed proteoforms from TDP and used them to match with 

protein groups quantified by BUP to examine whether they were upregulated, downregulated, not 

differentially expressed, or not identified. Our data revealed that the majority of proteoforms 

having statistically higher abundance in the female (82.9%) or male brains (77.9%) were not 
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differentially expressed at the protein group level (Figure 6.3B and 6.3C). For instance, several 

proteoforms of beta thymosin-like protein, beta-synuclein, thymosin beta 2, calmodulin, pro-

opiomelanocortin and prodynorphin with various PTMs from TDP have showed statistically 

significant difference in abundance between male and female brains. However, the BUP failed to 

catch these differences. We further analyzed the quantified proteoforms of calmodulin and 

discovered that the summed intensity of the two differentially expressed calmodulin proteoforms 

accounted for only approximately 20% of the total intensity of all the quantified proteoforms. For 

only 10.1% and 12.5% of the differentially expressed proteoforms, the TDP and BUP data agree. 

Interestingly, for 5.1% and 8.7% of the differentially expressed proteoforms, TDP and BUP data 

show opposite expression pattern. 

The data of comparing BUP and TDP datasets are very important. First, the results show 

that combining two quantitative strategies is potentially valuable for generating comprehensive 

information regarding sexual dimorphism of zebrafish brains since TDP and BUP can provide 

complementary information on gene expression products. Second, the discrepancies between 

the BUP and TDP data clearly indicate the importance of delineating proteins in a proteoform-

specific manner with TDP for accurately understanding protein function in various biological 

processes.  

6.4 Conclusions 

Label-free quantitative TDP of zebrafish male and female brains using the SEC-cIEF-

MS/MS quantified thousands of proteoforms and revealed sex-dependent proteoform profiles in 

brains. We discovered several proteolytic proteoforms of pro-opiomelanocortin and prodynorphin 

with significantly higher abundance in male brains as potential endogenous hormone proteoforms. 

Multi-level quantitative proteomics (TDP and BUP) of the brains revealed that majority of 

proteoforms having statistically significant difference in abundance between genders showed no 

abundance difference at the protein group level. 
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CHAPTER 7. Application of CZE-MS/MS-based multidimensional platforms for 

uncovering proteoform-level differences between metastatic and nonmetastatic 

colorectal cancer cells 

7.1 Introduction 

Colorectal cancer (CRC) is the third most common cancer worldwide and has a high 

mortality rate even with recent improvements in therapies.1,2 CRC metastasis is the main cause 

of CRC-related death. New insights into the molecular mechanisms of CRC metastasis will 

undoubtedly be beneficial for developing more effective drugs.3-5 Extensive studies have been 

completed with the goal of understanding CRC metastasis at the transcriptome level, generating 

tremendous information about the landscape of mRNA across different stages of CRC. 6,7 

However, nucleic-acid–based measurements do not correlate well with protein abundance, which 

are the primary effectors of function in biology.8 Quantitative bottom-up proteomics (BUP) studies 

of metastatic and non-metastatic CRC cell lines have discovered new protein regulators involved 

in CRC metastasis.4,9,10 BUP usually provides limited information on the proteoforms, which 

represent all possible protein molecules derived from the same gene resulting from genetic 

variations, RNA alternative splicing, and protein post-translational modifications (PTMs).11,12 Mass 

spectrometry (MS)-based top-down proteomics (TDP) directly measures intact proteoforms and 

provides opportunities to study functions of specific proteoforms.13,14 Unfortunately, there is still 

no report in the literature about studying CRC metastasis using TDP, and this study will help to 

fill that gap.  

Here, we performed the first deep TDP study of metastatic (SW620) and non-metastatic 

(SW480) human CRC cell lines, aiming to produce a comprehensive proteoform-level view of the 

two isogenic CRC cell lines and discover novel proteoform biomarkers of CRC metastasis. We 

employed four different capillary zone electrophoresis (CZE)-tandem MS (MS/MS) approaches, 

1-D CZE-MS/MS, 2-D size exclusion chromatography (SEC)-CZE-MS/MS, 2-D reversed-phase 

liquid chromatography (RPLC)-CZE-MS/MS, and 3-D SEC-RPLC-CZE-MS/MS analyses of the 

two cell lines for proteoform identification (ID) and label-free quantification (LFQ), Figure 7.1. For 

1-D CZE-MS/MS, each sample was analyzed by CZE-MS/MS in technical triplicate. For 2-D SEC-

 

 This chapter is adapted with permission from McCool, E. N. †; Xu, T. †; Chen, W. †; Beller, N. 

C.; Nolan, S. M.; Hummon, A. B.; Liu, X.; Sun, L. Science Advances 2022, 8 (51), eabq6348. 
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CZE-MS/MS, each sample was fractionated by SEC into 6 fractions, followed by CZE-MS/MS in 

technical triplicate. For 2-D RPLC-CZE-MS/MS, we fractionated each sample to 6 or 13 fractions 

by RPLC and analyzed each LC fraction by single-shot CZE-MS/MS (RPLC 13 fractions) or 

triplicate CZE-MS/MS measurements (RPLC 6 fractions). For 3-D SEC-RPLC-CZE-MS/MS, 52 

LC fractions were collected for each sample, followed by CZE-MS/MS in technical triplicate. From 

1-D separation to 3-D separations, the required amount of starting protein materials increased 

(from 100 µg to 2 mg) due to the unavoidable sample loss during sample collections and transfers. 

The TopPIC (version 1.4.0) software was used for data analysis,15 and a 1% proteoform-level 

false discovery rate (FDR) was used to filter the database search results.  

7.2 Experimental section 

7.2.1 Materials and reagents 

MS-grade water, acetonitrile (ACN), methanol (MeOH), formic acid (FA) and HPLC-grade 

acetic acid (AA) were purchased from Fisher Scientific (Pittsburgh, PA). Ammonium bicarbonate 

(NH4HCO3), urea, dithiothreitol (DTT), iodoacetamide (IAA) and 3-(trimethoxysilyl)propyl 

methacrylate were from Sigma-Aldrich (St. Louis, MO). Hydrofluoric acid (HF, 48-51% solution in 

water) and acrylamide were purchased from Acros Organics (NJ, USA). Fused silica capillaries 

(50 µm i.d./360 µm o.d.) were purchased from Polymicro Technologies (Phoenix, AZ). Complete, 

mini protease inhibitor cocktail (EASYpacks) was from Roche (Indianapolis, IN). 

7.2.2 Sample preparation 

SW480 (catalogue number CCL-228) and SW620 (catalogue number CCL-227) original 

cell lines were both purchased from ATCC (Manassas, VA) and were cultured in RPMI 1640 cell 

culture medium (Life Technologies Corporation, Grand Island, NY) supplemented with 10% fetal 

bovine serum (Thermo Scientific, Gaithersburg, MD) and 2mM L-glutamine (Invitrogen, San Diego, 

CA). The cells were incubated at 37°C with 5% CO2 and were passaged every 3-4 days. Both 

cell lines were last verified by Short Tandem Repeat (STR) sequencing in 2016 and were used 

within two months after resuscitation from frozen aliquots at -80°C. 

Upon growing to confluency, cells were harvested and cleansed of remaining cell culture 

medium via subsequent washing with HPLC grade water (Fisher Scientific, Pittsburgh, PA) and 

centrifugation for 5-minute intervals at 15000 × g until supernatant was clear. Proteins were then 

extracted using mammalian cell lysis buffer. Cell lysis buffer consisted of 8 M urea, 50 mM Tris 

(pH 8.2), 1 mM β-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 75 mM sodium chloride, 

1 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, and one 

protease inhibitor cocktail. The reagents for cell lysis buffer were purchased from Sigma-Aldrich 
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and complete EDTA-free protease inhibitor cocktail tablet was purchased from Roche. Lysis 

buffer was added to the harvested cells which then underwent sonication on ice three times for 

1-minute intervals at 15% amplitude. The resulting extracted proteins were then clarified of cellular 

debris by centrifugation at 15,000 rpm for 10 minutes. Proteins were quantified using a 

bicinchoninic acid (BCA) protein assay (Thermo Scientific Pierce, Rockford, IL) and then stored 

at -80°C until preparation for MS analysis. 

SW480 and SW620 proteins were denatured at 37 °C for 30 minutes, reduced at 37 °C 

for 30 minutes using DTT, and then alkylated at room temperature in the dark for 20 minutes using 

IAA. The excess IAA were quenched by adding DTT and reacting for 5 min at room temperature.  

For the experiment 1 (RPLC-CZE-MS/MS), 200 μg of proteins from SW480 and SW620 

cells were reduced, alkylated, and acidified, followed by RPLC fractionation into 13 fractions and 

CZE-MS/MS. For the experiment 2 (SEC-RPLC-CZE-MS/MS), 2 mg of proteins from SW480 and 

SW620 cells were reduced and alkylated before fractionated by SEC-RPLC and analyzed by 

CZE-MS/MS. For the experiment 3 (RPLC-CZE-MS/MS), 420 μg of proteins from SW480 and 

SW620 cells were reduced and alkylated prior to fractionation by RPLC into 6 fractions and 

analyses by CZE-MS/MS. For the experiment 4 (SEC-CZE-MS/MS), the samples were desalted 

after reduction and alkylation using a C4 trap column (4×10 mm, 3 μm particles, 300 Å pore size). 

Specifically, 500 μg of proteins from SW480 and SW620 cells was loaded onto the column and 

flushed with mobile phase A (2% (v/v) ACN, 0.1% FA) for 10 minutes at a flow rate of 1 mL/min. 

The proteins were eluted with mobile phase B (80% ACN, 0.1% FA) for 3 minutes at flow rate of 

1 mL/min. The eluates were lyophilized with a speed vacuum and redissolved in 150 μL 0.1% 

formic acid (FA). Then proteins from SW480 and SW620 cells were fractionated by SEC into 6 

fractions, followed by CZE-MS/MS analyses. For the experiment 5 (1D-CZE-MS/MS), 100 µg of 

proteins from SW480 and SW620 cells were desalted using two methods. In one case, both 

samples were desalted by a C4 trap column as described in the experiment 4. In the other case, 

both samples were desalted by Amicon Ultra centrifugal filters with a molecular weight cutoff of 

10 kDa. Desalting with centrifugal filter was performed by loading 100 μg of proteins onto the filter 

and washing the sample four times with 50 mM NH4Ac at 14,000 × g. Finally, the sample was 

recovered in 30 μL of 50 mM NH4Ac. The samples desalted with the C4 trap column and 

centrifugal filters were analyzed by 1D-CZE-MS/MS in technical triplicate. 

7.2.3 Fractionation of the SW480 and SW620 proteome 

All separations were performed on a 1260 Infinity II HPLC system from Agilent (Santa 

Clara, CA). Detection was performed using a UV-visible detector at a wavelength of 254 nm. Data 

was collected and analyzed using OpenLAB software. RPLC (C4, 2.1 × 250 mm, Sepax 
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Technologies) and SEC (4.6 × 300 mm, 500 Å pores, Agilent) were performed offline (Agilent 

HPLC) for prefractionation. Fractions from SW620 and SW480 from experiment 1 (13 fractions × 

2 samples), experiment 2 (84 fractions × 2 samples), experiment 3 (6 fractions × 2 samples), and 

experiment 4 (6 fractions × 2 samples) were analyzed by CZE-MS/MS, respectively.  

In experiment 1, RPLC was used for sample fractionation with a 0.25 mL/min flow rate 

and gradient of 0-80% mobile phase (MP) B over 90 minutes (MPA: 2% ACN, 0.1% FA in water; 

MPB: 80% ACN, 0.1% FA in water). Fractions were collected from 15 to 22 minutes (fraction 1) 

and 22 to 70 minutes (12 fractions, 4 minutes per fraction). For experiment 2, both SEC and RPLC 

were used for fractionation prior to CZE-MS/MS. For SEC, the flow rate was 0.35 mL/min with a 

0.05% TFA mobile phase. 2 mg of proteins in 800 μL solution was fractionated by SEC. Fractions 

were collected from 5-8 minutes (fraction 1) and 8-12.5 minutes (3 fractions, 1.5 minutes per 

fraction). One RPLC run was performed for each SEC fraction with a flow rate of 0.25 mL/min and 

gradient of 0-80% MPB (MPA: 2% ACN, 0.1% TFA in water; MPB: 10% IPA, 0.1% TFA in ACN) 

over 90 minutes with a 10-minutes equilibration with 100% MPA at the beginning of the separation. 

Fractions were collected from 20 to 25 minutes (fraction 1) and 25 to 65 minutes (20 fractions, 2 

minutes per fraction). In experiment 3, RPLC fractionation was carried out using the same mobile 

phases as in experiment 1, and a 90-minute gradient was used with a 10-minute equilibration with 

100% MPA at the beginning of the separation. Fractions were collected from 25 to 55 minutes 

(fraction 1), 50 to 70 minutes (4 fractions, 5 minutes per fraction), and 70 to 95 minutes (fraction 

6). In experiment 4, SEC fractionation was performed with an Agilent Bio SEC-5 column (4.6 × 

300 mm, 5 μm particles, 500 Å pore size). 220 μg of SW480 and SW620 proteins (1.5 mg/mL, 75 

μL×2 injections) were loaded into the SEC column and separated isocratically at the flow rate of 

0.3 mL/min with 0.1% FA as mobile phase. The first fraction is collected from 5.6 to 8.6 minutes. 

The second to the fifth fraction was from 8.6 to 14.6 minutes with 1.5 minutes per fraction. The 

final fraction was collected from 14.6 to 19.0 min. In the experiments 1-4, samples were dried 

down and redissolved in 50 mM NH4HCO3 (pH 8.0, ~2 mg/mL) for CZE-ESI-MS/MS.  

7.2.4 CZE-MS/MS analysis 

CZE separation was performed using a CESI 8000 Plus CE system (Beckman Coulter). 

A commercialized electrokinetically pumped sheath-flow CE-MS nanospray interface (CMP 

Scientific Corp) was applied for online coupling the CE system and mass spectrometer.[64,65] A 

glass emitter (orifice size: 20~30 μm) installed on the interface was filled with sheath buffer (0.2% 

FA, 10% methanol) to generate electrospray at voltage of 2-2.3 kV.  

 A 100 cm LPA coated fused silica capillary (50 µm i.d., 360 µm o.d.) was used for CZE 

separation in experiments 1, 2, 4 and 5, while a 70 cm LPA coated capillary (50 µm i.d., 360 µm 
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o.d.) was employed for separation in experiment 3.  The inner wall of the capillary was coated 

with LPA. One end of the capillary was etched with HF to reduce the outer diameter of the capillary 

to about 70-80 µm. (Caution: use appropriate safety procedures while handling hydrofluoric acid 

solutions) 

In experiments 1, 2, 4 and 5, the capillary (100 cm) was loaded with 500 nL of sample. In 

experiment 3, the capillary (70 cm) was loaded with ~350 nL of sample. After sample loading, the 

capillaries were inserted into background electrolyte, containing 5% acetic acid (pH 2.4), and 30 

kV voltage was applied at the sample injection end to carry out separations.  

MS1 and MS2 data were collected on a Q-Exactive HF mass spectrometer (Thermo Fisher 

Scientific) under data-dependent acquisition (DDA) mode. The temperature of ion transfer tube 

was set to 320 °C and s-lens RF was 55. MS1 spectra were collected with following parameters: 

m/z range of 600-2000, mass resolution of 120,000 (at m/z 200), a microscan number of 3, AGC 

target value of 1E6, and maximum injection time of 100 ms.  The top 5 most abundant precursor 

ions (charge state higher than 5, or charge state unassigned and intensity threshold 2E4) in the 

MS1 spectra were isolated with a window of 4 m/z and fragmented via HCD with NCE of 20%. 

The settings for MS2 spectra were resolution of 120,000 (at m/z 200), a microscan number of 3, 

AGC target value of 1E5, and maximum injection time of 200 ms. The dynamic exclusion was set 

to a duration of 30s and the isotopic peaks were excluded. 

In experiments 2, 3, 4 and 5, each LC fraction was analyzed by CZE-MS/MS in triplicate. 

In experiment 1, each LC fraction was analyzed by a single CZE-MS/MS run. In total, 410 MS raw 

files with good protein signals were produced from experiments 1, 2, 3, and 4 for database search, 

including 26 MS raw files from experiment 1 (13 fractions × 2 samples), 312 MS raw files from 

experiment 2 (52 fractions × 2 samples × 3 replicates), 36 MS raw files from experiment 3 (6 

fractions × 2 samples × 3 replicates), and 36 MS raw files from experiment 4 (6 fractions × 2 

samples × 3 replicates). We need to note that we collected 84 fractions × 2 samples in the 

experiment 2. However, we only observed good protein signals from 52 LC fractions per sample. 

12 MS RAW files were collected from the experiment 5 using CZE-MS/MS.  

7.2.5 Data analysis for proteoform identification 

All RAW files were analyzed with the TopPIC Suite (version 1.4.0) pipeline. The RAW files 

were converted into mzML files with msconvert. Then spectral deconvolution was performed with 

TopFD (version 1.4.0), which converts precursor and fragment isotope clusters into neutral 

monoisotopic masses and finds proteoform features by combining precursor isotope clusters with 

similar monoisotopic masses and close migration times in MS1 scans. The resulting mass spectra 

with monoisotopic neutral masses were stored in msalign files and the proteoform feature 
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information was stored in text files. The human proteome database was downloaded from UniProt 

(UP000005640, 20350 entries, version October 23, 2019, only reviewed protein sequences were 

included) and concatenated with a random decoy database of the same size. Each msalign file 

was searched against the concatenated targe-decoy database using TopPIC (version 1.4.0). 

Cysteine carbamidomethylation was set as a fixed modification, and the maximum number of 

unexpected modifications was 1. The precursor and fragment mass error tolerances were 15 ppm. 

The maximum mass shift of unknown modifications was 500 Da. TopPIC reported a list of target 

and decoy proteoform-spectrum-matches (PrSMs) for each msalign file.  

The proteoforms identified from all msalign files were merged and filtered with a 

proteoform-level FDR. First, the target and decoy PrSMs reported from all the msalign files were 

combined and filtered with a 5% spectrum-level FDR. The PrSMs were then clustered by grouping 

PrSMs into the same cluster if they were from the same protein and their precursor mass 

differences were not large than 2.2 Da. The PrSM with the best E-value was selected for each 

cluster and its proteoform was reported as the representative one for the cluster. The 

representative target and decoy proteoforms were finally filtered with a 1% proteoform-level FDR. 

(The database search was performed with the help of Prof. Xiaowen Liu lab) 

7.2.6 Proteoform quantification 

There were 18 MS raw files from triplicate CZE-MS/MS analyses of the 6 SEC fractions 

for the SW480 or SW620 sample in experiment 4. The TopPIC suite pipeline reported a list of 

targe and decoy PrSM identifications for each raw file. Using the methods in the previous section, 

the PrSM identifications of the 36 MS raw files were merged and a list of proteoform identifications 

with a 1% proteoform-level FDR were reported. The abundance of a proteoform was computed 

as the sum of the proteoform abundances in the six SEC fractions, which were reported by TopFD. 

Proteoform identifications and their abundances were reported for each replicate using this 

method. Finally, TopDiff (version 1.4.0), a tool in TopPIC Suite, was used to match proteoform 

identifications across the three SW480 replicates and three SW620 replicates.  

The quantitative results were further analyzed using Perseus software. The intensities of 

each proteoform in triplicate CZE-MS/MS runs of SW480 and SW620 were normalized to the 

intensity of corresponding proteoform from the first run of SW480, converting proteoform intensity 

to proteoform ratio. Then, proteoform ratios of each run were divided by the corresponding median 

to make sure the ratios center at 1. After log2 transformation of all the data, the significantly 

differentially expressed proteoforms were determined by performing t-test analysis (FDR 

threshold: 0.05, S0: 1) using the Perseus software. The volcano plot [-log(p-value) vs. log2(fold 

change)] was generated.  
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7.2.7 Proteogenomic analysis  

To generate sample-specific protein sequence databases with genetic variations for 

SW480 and SW620 cells, two RNA-Seq data sets (SRR8616059 for SW480 and SRR8615459 

for SW620) were downloaded from the Sequence Read Archive (SRA). The GATK pipeline was 

employed to align short reads in the RNA-Seq data with the hg38 human genome to call single 

nucleotide variants (SNVs) and indels, which were further annotated using the gene-based 

annotation of ANNOVAR (April 16, 2018). The annotated nonsynonymous SNVs and indels in 

exons were chosen for generating sample-specific protein sequence databases based on the 

basic annotation of the hg38 human genome in GENCODE. Two sample-specific protein 

sequence databases were generated using TopPG (version 1.0): one for SW480 cells and the 

other for SW620 cells. Each protein sequence database contained both reference protein 

sequences in the basic annotation of GENCODE and protein sequences with sample-specific 

variants. There were 74887 entries with 51485 reference sequences and 23402 sequences with 

variants in the database for SW480 cells and 75665 entries with 51432 reference sequences and 

24233 sequences with sample-specific variants in the database for SW620 cells. The SW480 and 

SW620 mass spectra in experiments 3 and 4 were searched against their corresponding sample-

specific database using TopPIC (version 1.4.0) with the same parameter setting in Section “Data 

analysis for proteoform identification”. Using the methods in Section “Data analysis for proteoform 

identification”, PrSMs identified in each cell line were combined and clustered, and proteoform 

identifications were filtered by a 5% proteoform-level FDR. Identifications with single amino acid 

variant (SAAV) sites were manually inspected. If a proteoform with SAAV sites contained no 

unexpected mass shifts or had at least three matched fragment ions between each SAAV site 

and the unexpected mass shift, it was reported as a confident proteoform identification with SAAV 

sites. (Proteogenomic analysis was performed with the help of Prof. Xiaowen Liu lab) 

7.2.8 QIAGEN ingenuity pathway analysis (IPA) 

The cancer-related network analysis results shown in Figure 7.4F, Figure 7.5E, and Figure 

7.5F were generated through the use of QIAGEN IPA (QIAGEN Inc., 

https://digitalinsights.qiagen.com/IPA). Permissions have been granted by QIAGEN to use those 

copyrighted figures in this publication.  

7.2.9 Statistical analysis 

Data are presented as mean±standard deviations when available. For the statistical 

analysis of LFQ data of SW480 and SW620 cell lines, we performed both side t-test using the 

Perseus software to determine the proteoforms with statistically significant abundance difference 

between the two cell lines with the following settings, S0=1 and FDR = 0.05. 
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7.3 Results and discussions 

7.3.1 Identification of over 23,000 proteoforms from CRC cells using CZE-MS/MS  

One long-term goal of TDP is to characterize all the millions of proteoforms in the human 

body.16,17 During the last decade, because of the improvement of proteoform sample preparation, 

LC and CZE separations, MS and MS/MS, 3,000-5,000 proteoforms corresponding to roughly 

1,000 genes can be identified from one human cell line using LC-MS/MS-based platforms,18-22 

and up to 6,000 proteoform IDs corresponding to 850 genes have been reported from an E. coli 

sample using a CZE-MS/MS-based workflow.23 Only one TDP study of a human cell line using 

CZE-MS/MS was reported with the identification of about 500 proteoforms.24 Recently, the 

Kelleher group reported the identification of ~30,000 proteoforms of 1,690 human genes from 21 

human cell types and plasma using RPLC-MS/MS-based strategies, representing a milestone in 

large-scale TDP.21 On average, nearly 3,000 proteoforms were identified from one of the 21 

human cell types.  

In this work, we performed the first global TDP study of a pair of isogenic human non-

metastatic and metastatic CRC cell lines (SW480 and SW620). Four different strategies were 

employed, Figure 7.1. We first compared the four different CZE-MS/MS strategies listed in Figure 

7.1B in terms of the number and efficiency of proteoform IDs from the SW480 cells, Figure 7.2A. 

SEC-RPLC-CZE-MS/MS outperformed SEC-CZE-MS/MS, RPLC-CZE-MS/MS, and CZE-MS/MS 

in terms of the number of proteoform IDs due to better LC fractionation (2-D LC vs. 1-D or no LC) 

and much more CZE-MS/MS runs (52 vs. 6 and 13).  In terms of the proteoform identification 

efficiency (the number of proteoform IDs per CZE-MS/MS run), the SEC-CZE-MS/MS (6 LC 

fractions) produced nearly 700 proteoform IDs per run, which is nearly 6-fold and 4-fold higher 

than those from SEC-RPLC-CZE-MS/MS and CZE-MS/MS, respectively. We drew two 

conclusions from the data. First, multi-dimensional separation is crucial for large-scale TDP 

analysis of human cell lysates due to their extremely high complexity. Second, SEC-CZE-MS/MS 

and RPLC-CZE-MS/MS under an optimized condition are powerful techniques for deep TDP of 

human cell lysates with high throughput.  
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Figure 7.1 Schematic of the experimental design. (A) Schematic design of the TDP study of 

metastatic (SW620) and non-metastatic (SW480) CRC cells using CZE-ESI-MS/MS and LC-

CZE-ESI-MS/MS for proteoform identification and label-free quantification. (B) Four CZE-

MS/MS-based strategies in this work with the amounts of protein starting materials. 

In total, we collected over 400 MS raw files using the four CZE-MS/MS-based strategies 

and identified 23,622 proteoforms of 2,332 proteins from the SW480 and SW620 cell lines with a 

1% proteoform-level FDR. The number of proteoform IDs from the CRC cells is about 5-8 fold 

higher than that reported in previous TDP studies of human cancer cells (23,622 vs. 3,000-5,000 

proteoforms).18-20 17,316 and 14,504 proteoforms (on average 15,910 proteoforms) were 

identified from SW480 and SW620 cell lines, respectively, representing about 3-fold improvement 

in the number of proteoform IDs per human cell line compared to previous LC-MS/MS-based TDP 

datasets. The number of proteoform IDs is about 30-fold higher than previous human cell TDP 

datasets by CZE-MS/MS (~16,000 vs. ~500).24 Figure 7.2B shows the number of proteoform IDs 

per complex sample using TDP in previous works and this study.18-23  

We need to point out that the nearly 16,000 proteoform IDs from SW480 or SW620 cells 

combine the results of four different CZE-MS/MS-based strategies and about 200 CZE-MS/MS 

runs. The previous literature studies typically employ one LC-MS/MS or CZE-MS/MS-based 

approach.18-23 We also included the data of SW480 and SW620 cells from only SEC-CZE-MS/MS 

in Figure 7.2B. A total of 5,855 and 6,273 proteoforms (mean±standard deviation: 6,064±296) 

were identified from SW480 and SW620 cells, respectively, by SEC-CZE-MS/MS, via 18 CZE-

MS/MS runs (6 SEC fractions × 3 CZE-MS/MS runs/fraction). The SEC-CZE-MS/MS produced 

significantly higher proteoform IDs (6,000 vs. 3,000-5,000) from a single human cell line than LC-
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MS/MS-based approaches in the literature with a drastically lower number of MS runs (18 vs. 40-

800). 

The data clearly demonstrate the power of our CZE-MS/MS-based TDP strategy for 

comprehensive characterization of proteoforms in complex proteome samples. We attribute the 

drastic improvement of proteoform IDs to the high separation efficiency of CZE for proteoforms,25 

high sensitivity of CZE-MS for proteoform detection,25-27 and high orthogonality of LC and CZE for 

biomolecule separations.23,28 The features of CZE-MS/MS for TDP have been systematically 

reviewed recently.29,30  

We further compared the proteoforms and proteins identified from the SW480 and SW620 

cells using the SEC-CZE-MS/MS data. Figure 7.2C shows the heat map of proteoform overlaps 

among technical replicates of SW480 and SW620 cells. About 60-70% of proteoforms identified 

in one technical replicate of SW480 or SW620 cells were also identified in another replicate of the 

same cell line, indicating reasonable reproducibility of proteoform ID using SEC-CZE-MS/MS and 

the data-dependent acquisition mode. Interestingly, only about 40-50% of proteoforms identified 

in one replicate of SW480 cells (e.g., SW480_1) were identified in one replicate of SW620 cells 

(e.g., SW620_1). The proteoform overlaps in Figure 7.2C between the two cell lines are 

statistically significantly lower than that within each cell line (44±4% vs. 67±4%, p<10-14, two-

tailed student’s t-test). The data clearly demonstrate that the pair of isogenic human non-

metastatic (SW480) and metastatic (SW620) CRC cell lines have significantly different proteoform 

profiles. The two cell lines are also significantly different at the protein level. The difference in 

protein overlaps between the two cell lines and within each cell line is statistically significant (69±8% 

vs. 83±3%, p<10-6, two-tailed student’s t-test). 

TDP has some technical challenges for the identification of large proteoforms (i.e., >30 

kDa). In this work, we focused on the characterization of proteoforms smaller than 30 kDa using 

a Thermo Q-Exactive HF mass spectrometer. The majority of identified proteoforms in SW480 

and SW620 cells are 10 kDa or smaller, which is one main limitation of this study. It is worth noting 

that 1600-2200 proteoforms have masses larger than 10 kDa. Figure 7.2D shows the sequences 

and fragmentation patterns of two example proteoforms. Those two proteoforms were identified 

with high confidence and were also well characterized with N-terminal methionine removal and 

N-terminal acetylation. 
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Figure 7.2 Summary of proteoform identification results of this study. (A) Proteoform IDs from 

SW480 cells using different CZE-MS/MS-based strategies. The error bars represent the 

standard deviations of the number of proteoform IDs from technical triplicates. (B) The number 

of proteoform and protein IDs per complex proteome sample using RPLC- or CZE-MS/MS-

based TDP strategies. The data of studies 5, 6 and 7 are shown as mean ± standard deviations 

from various proteome samples. (C) Heat map of proteoform overlaps from technical triplicates 

of SW480 and SW620 cells using SEC-CZE-MS/MS. Each number in the figure represents a 

ratio between the number of shared proteoforms in two conditions (e.g., SW480_1 (x-axis) and 

SW620_1 (y-axis)) and the total number of identified proteoforms in one of the two conditions 

listed on the y-axis (e.g., SW620_1). For example, the proteoform overlap between SW480_1 

(x-axis) and SW620_1 (y-axis) is 0.4, which indicates the ratio between the number of shared 

proteoforms in those two conditions and the total number of identified proteoforms in SW620_1. 

(D) Sequences and fragmentation patterns of identified example proteoforms in the study. 

7.3.2 Proteoforms of important genes in well-known CRC-related pathways 

We further performed QIAGEN Ingenuity Pathway Analysis (IPA) analysis of the genes 

identified in this work by the four CZE-MS/MS-based strategies and determined several 

significantly enriched and well-known CRC-related pathways, including WNT/β-catenin Signaling 

(p-value: 10-3), PI3K/AKT Signaling (p-value: 10-4), mTOR Signaling (p-value: 10-14), and 
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ERK/MAPK Signaling pathways (p-value: 10-4).31,32 Those pathways play critical roles in CRC 

progression via regulating cell proliferation, apoptosis, survival and etc. We identified hundreds 

of proteoforms from dozens of genes for each pathway, Figure 7.3A. The lists of proteoforms are 

shown in Supplementary Material II. Comparable numbers of proteoforms were identified from 

SW480 and SW620 cells for PI3K/AKT Signaling, mTOR Signaling, and ERK/MAPK Signaling 

pathways. An obviously higher number of proteoforms was obtained from SW480 cells compared 

to SW620 cells for the WNT/β-catenin Signaling pathway (511 vs. 340). Combination of the data 

from SW480 and SW620 cells produced about 40% more proteoforms related to the four CRC 

pathways compared to one cell line alone, indicating the potential differences in proteoform 

profiles for the well-known CRC-related pathways between the non-metastatic and metastatic 

CRC cell lines. As shown in Figure 7.3B, the shared proteoforms between SW480 and SW620 

cells for each pathway is only about 21%-38% of the total proteoforms identified from the two cell 

lines. The data suggest that proteoforms in those pathways could potentially play important roles 

in driving CRC progression and metastasis. 

We highlighted some proteoforms of important genes (MARK2, SOX9, EIF4B, and 

EIF4EBP1) related to the WNT/β-catenin Signaling, mTOR Signaling, and PI3K/AKT Signaling 

pathways in Table 7-1. MARK2 plays vital roles in modulating directional cancer cell migration, 

which is crucial for cancer metastasis.33 SOX9 is a high mobility group (HMG) box transcription 

factor and plays essential roles in regulating CRC progression.34 Expression of SOX9 is closely 

associated with the 5-year overall survival rate of CRC patients.34 EIF4B regulates cancer cell 

proliferation and has been reported as a potential target for developing anti-cancer therapies.35 

Phosphorylation of EIF4EBP1 has been reported as an important regulator of cancer 

progression.36  
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Figure 7.3 Summary of proteoforms from genes involved in well-known CRC-related pathways. 

(A) The number of proteoforms and genes in four CRC-related pathways identified from SW480 

and SW620 cells. (B) Overlaps of identified and pathway-related proteoforms between SW480 

and SW620 cells. 

We identified some phosphorylated proteoforms of those genes, which are unique to either 

SW480 or SW620 cells, Table 7-1. For example, two phosphorylated proteoforms of MARK2 and 

Sox9 in the WNT/β-catenin Signaling were exclusively identified in the SW480 cells; two 

phosphorylated proteoforms of EIF4B in the mTOR Signaling pathway were identified solely in 

the SW620 cells. SW480 and SW620 cells have different phosphorylated proteoforms of 

EIF4EBP1 in the PI3K/AKT Signaling pathway. We further manually checked the intensities of 

those proteoforms in the SW480 and SW620 raw files by matching the m/z, charge state, and 

migration time information from the database search. The proteoform intensity data agree well 

with the database search results, Table 7-1. For example, the three phosphorylated proteoforms 

identified solely in SW620 cells have roughly 6-60-fold higher intensity in SW620 cells compared 

to SW480 cells. The extracted ion electropherograms (EIEs) of the two EIF4B phosphorylated 

proteoforms from triplicate CZE-MS/MS analyses suggested good reproducibility of proteoform 
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measurements in terms of base peak proteoform intensity from technical triplicates (RSDs 

(relative standard deviations) ≤20%). Protein phosphorylation is well known for modulating cancer 

progression, including CRC. Although the roles of those four genes in regulating cancer 

progression have been well studied, the specific functions of those phosphorylated proteoforms 

of the genes have not been investigated. Here, for the first time, we documented the significant 

differences in protein phosphorylation of those genes between a non-metastatic and a metastatic 

CRC cell lines in a proteoform-specific manner. Those phosphorylated proteoforms could be 

central to the progression of CRC metastasis. 

Table 7-1 Selected proteoforms of important genes related to WNT/β-catenin Signaling, mTOR 

Signaling, and PI3K/AKT Signaling pathways. “X” suggests that the proteoform is identified in 

the sample. “ND” indicates that the proteoform is not identified in the sample. 

Gene Pathway Proteoform SW480 
cells 

SW620 
cells 

MARK2 WNT/β-
catenin 
Signaling 

M.(S)[Acetyl]SARTPLPTLNERDTEQPTLGHLD
SK(PSSKSNMIRGRNSAT)[mass shift: 96 Da, 
phospho and oxidation]SADEQPHIGNY.R 

× ND 

SOX9 

 

WNT/β-
catenin 
Signaling 

R.SQYDYTDHQNSSSYYSHAAGQGTGLYSTF
TYMNPAQRPMYTPIADTSGV(PSIPQTHS) 

[mass shift: 78 Da, phospho] 

PQHWEQPVYTQLTRP. 

× ND 

EIF4B 

 

mTOR 
Signaling 

M.AASAKKKNK(KGKTISLTDFL)[mass shift: 
122 Da, phospho and 
acetylation/trimethylation]AEDGGTGGGSTYV
SKPVSWADETDDLEGDVSTT 

WHSNDDDVYRAPPIDRSILPTAPR.A 

ND × 

EIF4B 

 

mTOR 
Signaling 

M.(A)[Acetyl]ASAKKKNKKGKTISLTDFLAEDG
G(T)[mass shift: 80 
Da,phospho]GGGSTYVSKPVSWADETDDLEG
DVSTTWHSNDDDVYRAPPIDR.S 

ND × 

EIF4EBP1 

 

PI3K/AKT 
Signaling 

.MSGGSS(C)[Carbamidomethylation]SQTPSR 

AIPAT(RRVVLGDGVQLPPGDYSTT)[mass 
shift:81Da,phospho]PGGTLFSTTPGGTRIIYDR
KFLME(C)[Carbamidomethylation]RNSPVTKT
PPRDLPTIPGVTSPSSDEPPMEASQSHLRNS
PEDKRAGGEESQFEMDI. 

ND × 

EIF4EBP1 

 

PI3K/AKT 
Signaling 

R.NSPVTK(T)[mass shift: 80 Da, 
phospho]PPRDLPTIPGVTSPSSDEPPMEASQ
SHLRNSPEDKRAGGEESQFEMDI. 

ND × 

EIF4EBP1 

 

PI3K/AKT 
Signaling 

K.TPPRDLPTIPGVTS(PSSDEPPMEASQSHL
RNS)[mass shift: 81Da, 
phospho]PEDKRAGGEESQFEMDI. 

× ND 
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7.3.3 Proteoforms with PTMs and single amino acid variants 

Protein PTMs modulate their biological function. For example, protein N-terminal 

acetylation influences the stability, folding, binding, and subcellular targeting of proteins.37 Protein 

phosphorylation is well known for regulating cell signaling, gene expression, and differentiation.38 

Protein methylation plays important roles in modulating transcription.39 All the data analyses in 

the following parts of the manuscript are based on the combined data from SEC-CZE-MS/MS, 

RPLC-CZE-MS/MS, and SEC-RPLC-CZE-MS/MS corresponding to 23,319 proteoforms unless 

specified otherwise.  

This large-scale TDP study identified 4,872 proteoforms with N-terminal acetylation (+42 

Da mass shift), 319 proteoforms with phosphorylation [+80 Da (single phosphorylation) or +160 

Da (double phosphorylation) mass shift], 321 proteoforms with methylation (+14 Da mass shift), 

and 241 proteoforms with oxidation (+16 Da mass shift), Figure 7.4A. TDP is powerful for the 

characterization of combinations of various PTMs on proteoforms. Here we identified 54 

proteoforms with two phosphorylation sites and 90 proteoforms with both acetylation and 

phosphorylation PTMs. Figure 7.4B shows the sequences and fragmentation patterns of 28 kDa 

heat- and acid-stable phosphoprotein (PDAP1) and Calmodulin-1 (CALM1) proteoforms with 

either two phosphorylation sites or the combination of N-terminal acetylation and one lysine 

trimethylation. Those PTMs of the two proteins agree with the literature data.40, 41 Those two 

proteoforms were identified with high confidence and were well characterized in terms of PTMs. 

PDAP1 and CALM1 are both prognostic markers of cancer according to the Human Protein Atlas 

(https://www.proteinatlas.org/). However, the potential roles of those specific proteoforms of 

PDAP1 and CALM1 in cancer are still not clear. The capability of TDP for delineating those 

proteoforms opens the door of further investigating their potential functions in CRC. 

One important value of TDP is its capability for delineation of various proteoforms from the 

same gene (proteoform family).42 Figure 7.4C shows one example of CALM1 proteoform family. 

CALM1 modulates many enzymes (kinases and phosphatases), ion channels, and many other 

proteins by calcium-binding. We identified 75 proteoforms of CALM1. Nearly 70% of those 

proteoforms start at the position 2 with the N-terminal methionine removal. Various truncated 

proteoforms, for example, with the starting positions around 40, 60, 80 and 120, were identified 

in a much lower frequency. The number of proteoform spectrum matches (PrSMs) can be used 

to roughly estimate the relative abundance of proteoforms.21 For the CALM1 proteoforms starting 

from position 2, about 90% of the corresponding PrSMs match to proteoforms covering the whole 

protein sequence (2-149), called intact proteoforms. The PrSMs corresponding to other C-

terminally truncated proteoforms only account for 3% or lower. The intact proteoforms have 
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various PTMs, including acetylation/trimethylation, oxidation, and phosphorylation. The intact 

proteoforms of CALM1 with a 42-Da mass shift (acetylation/trimethylation) are the most abundant 

forms; intact proteoforms with additional oxidation (a 58-Da mass shift) or phosphorylation (a 122-

Da mass shift) have much lower abundance according to the number of PrSMs of those 

proteoforms.    

Cancers result from gene mutations, which produce proteoforms containing amino acid 

variants (AAVs). Although transcriptomic analysis can provide ample information about gene 

mutations and possible AAVs on proteins, it is valuable to detect proteoforms containing AAVs 

directly because gene expression can be regulated post-transcriptionally. BUP has been used for 

the identification of peptides containing single AAVs (SAAVs) from cancer cells.43 The Kelleher 

group reported the identification of 10 proteoforms containing SAAVs from breast tumor 

xenografts in one TDP study.44 Here we identified 111 proteoforms containing SAAVs of 82 genes 

from the SW480 and SW620 cell lines with a proteogenomic approach with a 5% proteoform-level 

FDR, representing one order of magnitude improvement in the number of identified proteoforms 

containing SAAVs compared to previous studies of cancer cells, Figure 7.4D. The SEC-CZE-

MS/MS and RPLC-CZE-MS/MS (RPLC 6 fractions) data were used for the analysis. The 

transcriptomic variants based on the available RNA-Seq data were incorporated into the protein 

database for the identification of proteoforms containing SAAVs using TopPG, a recently 

developed bioinformatics tool.45 We also manually inspected the MS/MS spectra of proteoforms 

containing the SAAV sites to ensure high-confidence IDs. Only 20% of the 111 proteoforms were 

identified from both cell lines, indicating potentially different SAAV profiles between the two cell 

lines, Figure 7.4D. To confirm the conclusion about SAAV proteoform profile differences, we 

further analyzed the SAAV-containing proteoforms from 1-D CZE-MS/MS. Although the number 

of SAAV proteoforms from SW620 cells is about twice as many as that from SW480 cells, only 

half of the SW480 SAAV proteoforms are covered by the SW620 ones. Manual evaluation of 

some SAAV proteoforms exclusively identified from SW480 and SW620 cells in raw MS data 

supported the conclusion.  

Figure 7.4E shows the sequences and fragmentation patterns of two examples of 

proteoforms containing SAAVs. TP53 is an important tumor suppressor closely related to CRC 

development, and it is an essential member in WNT/β-catenin Signaling and PI3K/AKT Signaling 

pathways. We identified one TP53 proteoform containing an AAV at position 72 (P R) due to 

the codon 72 polymorphism. Studies have shown the functional differences of the P72 and R72 

proteoforms of TP53.46,47 For example, the R72 proteoform does a markedly better job of inducing 

apoptosis compared to the P72 proteoform.46 Another study indicated that the expression of P72 
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proteoform increased CRC metastasis, and that the R72 proteoform does not exist in the non-

metastatic CRC cell line (SW480) based on the nucleic-acid data.47 Interestingly, we only 

identified the R72 proteoform of TP53 in the SW620 cell line, not in the SW480 cell line, from the 

top-down MS data. MSH6 is one of the DNA mismatch repair genes and its mutations play a 

crucial role in Lynch syndrome, which is an inherited form of CRC. We identified one MSH6 

proteoform containing a SAAV due to polymorphism at position 39 (G E). The G39E SAAV 

has been associated with an increased risk of CRC according to the nucleic-acid data.48 We 

identified G39 proteoforms of MSH6 in both SW480 and SW620 cells, but identified the E39 

proteoform only in the SW480 cells, not in the SW620 cells.  

For the proteoforms containing SAAVs, we further performed QIAGEN Ingenuity Pathway 

Analysis (IPA) of the corresponding 82 genes. We revealed that 75 of those genes are associated 

with tumorigenesis of tissue (p-value: 0.0001), and three genes (MSH6, PITX1 and TP53) relate 

to the development of colon tumor (p-value: 0.002). Five of the genes related to tumorigenesis of 

tissue (AURKA, EIF5A, PFKFB3, POLE4, and TP53) are targets of cancer drugs. We further 

performed IPA network analysis and revealed that 17 out of the 82 genes are involved in a cancer-

related network (network score 36), Figure 7.4F, suggesting their crucial roles in cancer and 

development. The 17 genes are highlighted in purple and those proteins belong to several 

different families, including enzyme (diamond shape, LARS1, PARS1, ALDOA, MSH6, and PPIF), 

phosphatase/kinase (triangle shape, PGAM1, SET, and PFKFB3), transcription regulator (oval 

shape, TP53 and PITX1), and others (circle shape, PSG1, SRP14, MAGEB2, MT1G, MT1H, 

MT1M, and ISG15). Nine of those highlighted proteins have direct (solid line) or indirect (dotted 

line) interactions with TP53. 
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Figure 7.4 Analyses of the identified proteoforms from CRC cells with PTMs and single amino 

acid variants (SAAVs). (A) Proteoforms with various PTMs, including N-terminal acetylation, 

phosphorylation, methylation, and oxidation. (B) Sequences and fragmentation patterns of two 

proteoforms, one proteoform of PDAP1 with two phosphorylation sites and one proteoform of 

CALM1 with N-terminal acetylation and one lysine trimethylation. (C) Summary of all the 

identified proteoforms of calmodulin-1 (CALM1) regarding starting positions, relative abundance 

based on the number of PrSMs, and PTMs. (D) The number of proteoforms containing SAAVs 

identified from the SW480 and SW620 cells and the overlap of those proteoforms. The SEC-

CZE-MS/MS and RPLC-CZE-MS/MS (RPLC 6 fractions) data were used for the analysis. The 

error bars in the figure represent the standard deviations of proteoforms from triplicate 

measurements. (E) Sequences and fragmentation patterns of two proteoforms containing 

SAAVs. (F) SAAVs containing proteoforms correspond to many genes (highlighted in purple) 

that are involved in a cancer related network according to the IPA analysis. 
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7.3.4 Quantitative TDP of metastatic and non-metastatic human CRC cell lines 

We further carried out the first quantitative TDP study of a pair of metastatic (SW620) and 

non-metastatic (SW480) human CRC cell lines. The cell lysates of SW480 and SW620 cells were 

fractionated by SEC and each fraction was analyzed by CZE-MS/MS in technical triplicate. After 

database search with TopPIC, we identified roughly 4,000 proteoforms per replicate per cell line 

with a 1% proteoform-level FDR. The intensity distributions of identified proteoforms across 

technical triplicates and the two cell lines are consistent.  We performed label-free quantification 

(LFQ) analysis using TopDiff (version 1.3.4), a tool in the TopPIC suite, which reported about 

1,500 proteoforms with measured intensities in all the six samples (three replicates per cell line 

and two cell lines). The SEC-CZE-MS/MS system shows reasonably good reproducibility 

regarding the intensities of shared proteoforms, as evidenced by the strong linear correlations of 

proteoform intensities between technical replicates of SW480 or SW620 cells (Pearson 

correlation coefficients: 0.86-0.93). The Pearson correlation coefficients of proteoform intensity 

between SW480 and SW620 cells are statistically significantly lower than that between technical 

replicates of one cell line (0.71±0.01 vs. 0.90±0.03, p<10-10, two-tailed student’s t-test), indicating 

significant differences between the two cell lines in terms of proteoform intensity. We used the 

Perseus software for further data analysis.49 The two cell lines can be easily distinguished using 

the proteoform quantification profiles, Figure 7.5A. Two clusters of differentially expressed 

proteoforms across the six samples were revealed.  

According to the volcano plot in Figure 7.5B, 460 proteoforms of 248 proteins showed 

statistically significant differences in abundance between the two cell lines (FDR<0.05). 

Specifically, 244 proteoforms of 152 proteins had higher abundance in the SW480 cell line and 

216 proteoforms of 132 proteins had higher expression in the SW620 cell line. Figure 7.5B shows 

that one HMGN1 proteoform and one RBM8A proteoform have the most significant abundance 

changes between SW480 and SW620 cells. HMGN1 regulates gene expression and PTMs of 

core histones, affecting DNA repair and tumor progression.50 It has been reported that RBM8A 

promotes tumor cell migration and invasion in the most common type of primary liver cancer.51 
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Figure 7.5 Summary of the LFQ data of SW480 and SW620 cells. (A) Heat map and cluster 

analysis of the quantified proteoforms regarding LFQ intensities. A Z-score normalization was 

employed. The red color represents high intensity and the green color indicates low intensity. 

(B) Volcano plot showing differentially expressed proteoforms between the two cell lines. Red 

dots and blue dots represent proteoforms having statistically significantly higher abundance in 

SW480 and in SW620, respectively. Gene names of some differentially expressed proteoforms 

are labeled. The Perseus software was used for generating the heat map in (A) and Volcano 

plot in (B) with the following settings (S0=1 and FDR = 0.05).47 (C) Sequences and 

fragmentation patterns of two phosphorylated proteoforms of the gene DAP. One has higher 

abundance in SW480 cells and the other has higher expression in SW620 cells. (D) An IPA 

analysis reported some cancer related diseases that are related to the differentially expressed 

genes in the two cell lines. Proteoforms with higher abundance in SW480 cells (E) or higher 

abundance in SW620 cells (F) correspond to genes that are involved in cancer-related networks 

with high scores.  
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Comparing the overexpressed and underexpressed proteoforms in the two cell lines 

revealed that 36 genes (e.g., DAP, CALM1, HDGF, JPT1, and NPM1) have both overexpressed 

and underexpressed proteoforms in one cell line, suggesting that different proteoforms of the 

same gene had completely different expression patterns in the two cell lines. Figure 7.5C shows 

two differentially expressed proteoforms of DAP (Death-associated protein 1), one of those 36 

genes. It has been reported that DAP modulates cell death and correlates with the clinical 

outcome of CRC patients.52 Interestingly, we revealed that one phosphorylated proteoform of DAP 

(~7,607 Da, phosphorylation site S51 or T56) had a higher abundance in SW480 cells and another 

phosphorylated proteoform (~4,605 Da, phosphorylation site S51) showed higher expression in 

SW620 cells. Both the S51 and T56 are known to be phosphorylated according to 

PhosphoSitePlus, with S51 being the most common phosphorylation site of DAP. We noted that 

the differentially expressed proteoforms in this study include phosphorylated proteoforms of 

several important genes related to CRC, i.e., RALY,53 NPM1,54 DAP,52 and HDGF.55 The functions 

of phosphorylated forms of those four proteins in modulating CRC development are still unclear. 

However, the differential expressions of those phosphorylated proteoforms in the metastatic and 

non-metastatic CRC cells suggest their potential roles in regulating CRC metastasis.  

We highlight several differentially expressed proteoforms of CALM1, JPT1 (HN1), and 

EPCAM. CALM-dependent systems play important roles in cancer metastasis.56 JPT1 (HN1) 

promotes cancer metastasis via activating the NF-ƙB signaling pathway.57 EPCAM is a human 

cell surface glycoprotein and plays crucial roles in tumor biology, especially CRC.58 EPCAM has 

been recognized as an important therapeutic target for cancer. We discovered two CALM1 

proteoforms having significantly higher abundance in SW620 cells compared to SW480 cells; one 

of them contains K116 trimethylation. We revealed one CALM1 proteoform showing higher 

abundance in SW480 cells and the proteoform carries N-terminal acetylation and a 58-Da mass 

shift between amino acid residues 73 and 89. The 58-Da mass shift can be explained as a 

trimethylation/acetylation plus oxidation. Three of JPT1 proteoforms have higher abundance in 

SW480 cells and one of them contains a 167-Da mass shift between the amino acid residues 66 

and 89, where seven serine residues can be phosphorylated according to the PhosphoSitePlus 

database (https://www.phosphosite.org/). The 167-Da mass shift most likely represents a 

combination of phosphorylation and other PTMs. Interestingly, one JPT1 proteoform shows higher 

abundance in SW620 cells. We also observed two EPCAM proteoforms having higher abundance 

in SW480 cells.  
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We then performed IPA analyses of the genes of those differentially expressed 

proteoforms between SW480 and SW620 cells. Those genes are heavily involved in cancer-

related diseases, for example, tumorigenesis of tissue and metastasis, Figure 7.5D. Five of those 

proteins (EIF4E, EPCAM, FKBP1A, GAA, and HSP90AB1) are drug targets. IPA network 

analyses revealed that 26 proteins (highlighted in purple) whose proteoforms showed higher 

abundance in SW480 compared to SW620 were involved in a cancer-related network (score 51), 

Figure 7.5E. Those proteins belong to several families, including enzyme (diamond shape, e.g., 

PARK7 and FKBP4), transcription regulator (oval shape, e.g., FUBP1), translation regulator 

(hexagon shape, e.g., CIRBP and EEF1A1), transporter (trapezium shape, e.g., SLC12A2 and 

LASP1), and others (circle shape, e.g., EPCAM and JPT1). Most of those proteins have direct 

(solid line) and indirect (dotted line) interactions with one another. We also carried out network 

analysis for the proteins whose proteoforms had higher expression in SW620 cells, and observed 

high-scores for cancer-related networks. Figure 7.5F shows one cancer-related network (score 

54), and 26 of those proteins are involved in the network (highlighted in purple). Those proteins 

include several CRC-related important proteins, NPM1 (oval shape, transcription regulator, 

located in nucleus), DAP (transcription regulator, located in cytoplasm), and HDGF (square shape, 

growth factor, located in extracellular space). NPM1 is a crucial protein in the network and many 

of the highlighted proteins have direct interactions (solid line) with NPM1, for example, PARK7, 

VIM, and PPIA. NPM1 also has indirect interaction (dotted line) with the NFkB complex, which 

plays crucial roles in modulating DNA transcription and cell survival. Human NPM1 boosts the 

activation of NFkB according to Ingenuity relationships from the IPA analysis. Besides NPM1, 

several other highlighted proteins (e.g., HDGF and DAP) also have indirect interactions with the 

NFkB complex. For example, NFkB regulates the transcription of HDGF, and DAP deactivates 

the NFkB according to the IPA network analysis results. The IPA analysis also revealed that 13 

proteoforms of three genes (EIF4B, EIF4E, EIF4EBP1) in the mTOR Signaling pathway had 

statistically significant differences in abundance between the SW480 and SW620 cells. 

7.4 Conclusions 

In this study, we advanced TDP of human cells drastically in terms of the number of 

proteoform IDs per human cell line compared to previous LC-MS/MS-based studies (~16,000 vs. 

~3,000) via coupling LC fractionations to CZE-MS/MS. This work represents an important 

progress in TDP, which aims to characterize the human proteome in a proteoform-specific manner 

(Human Proteoform Project).16  
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TDP of metastatic and non-metastatic cells is crucial for discovering new protein 

biomarkers and providing a more accurate understanding of molecular mechanisms of cancer 

metastasis. According to the results from our qualitative and quantitative TDP of SW480 and 

SW620 cells, we had several conclusions about CRC metastasis. First, CRC cells have a 

significant transformation in proteoforms and SAAVs after metastasis, evidenced by obvious 

differences of proteoform and SAAV profiles between SW480 and SW620 cells. Second, different 

proteoforms from the same cancer-related gene (e.g., DAP, CALM1, HDGF, JPT1, RALY, and 

NPM1) may have potentially varied biological functions in modulating CRC metastasis, because 

they show opposite expression profiles between the SW480 and SW620 cells, Figure 7.5B. Some 

proteoforms of those genes have higher abundance in SW480 cells; some of their proteoforms 

show higher expression in SW620 cells. Third, PTMs (i.e., phosphorylation) of important cancer-

related genes (i.e., DAP, HDGF, JPT1, RALY, NPM1, MARK2, SOX9, EIF4B, and EIF4EBP1) 

could play important roles in regulating CRC metastasis, evidenced by the significant abundance 

differences of phosphorylated proteoforms from those genes between the SW480 and SW620 

cells. The differentially expressed proteoforms, especially those with PTMs, of important cancer-

related genes could be novel proteoform biomarkers of CRC metastasis. Fourth, proteoforms of 

genes in well-known CRC-related pathways (WNT/β-catenin Signaling, PI3K/AKT Signaling, 

mTOR Signaling, and ERK/MAPK Signaling) are different between SW480 and SW620 cells, and 

those proteoforms could play vital roles in modulating CRC metastasis.  

Our TDP strategies still have some technical limitations. One relates to the identification 

of large proteoforms. In this work, we focused on the characterization of proteoforms smaller than 

30 kDa. CZE-MS/MS has much lower sample loading capacity compared to RPLC-MS/MS (nL 

vs. µL), resulting in a limited mass of protein materials that can be injected for measurements with 

CZE-MS/MS. This issue is particularly severe for the characterization of large proteoforms in a 

complex proteome sample because large proteoforms tend to have drastically lower signal-to-

noise ratios than small proteoforms due to the much wider charge state distributions. Highly 

efficient size-based fractionation techniques must be employed to enrich large proteoforms before 

CZE-MS/MS. Additionally, more effort needs to be made to improve the sample loading capacity 

of CZE-MS/MS via investigating online sample stacking techniques or solid phase microextraction 

(SPME) methods. Another limitation relates to the extensive fragmentation of proteoforms for 

accurate localization of PTMs. The backbone cleavage coverage of proteoforms from commonly 

used collision-based fragmentation techniques (i.e., collision-induced dissociation (CID) and 

higher energy collision dissociation (HCD)) is limited. We expect that coupling our LC-CZE-

MS/MS technique to a mass spectrometer with electron- or photon-based gas-phase 
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fragmentation techniques (i.e., electron-capture dissociation (ECD),59 electron-transfer 

dissociation (ETD),60 and ultraviolet photodissociation (UVPD)61) will revolutionize TDP for the 

Human Proteoform Project.16 
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CHAPTER 8. Conclusions and future directions 

This dissertation is dedicated to advance cIEF-MS/MS and CZE-MS/MS for TDP. First, 

high-capacity and high-throughput cIEF-MS/MS approaches were developed and optimized for 

qualitative and quantitative TDP. Second, we greatly improved robustness and resolution of cIEF-

MS for characterization of charge variants of mAbs. The method can be easily adapted to perform 

targeted TDP for investigating proteoform heterogeneity of important proteoform families (e.g 

KRAS4b). Third, non-denaturing cIEF-MS was developed for studying the microheterogeneity of 

protein complexes. The approach is highly promising for implementing native TDP to study the 

protein complex heterogeneity in complex proteome samples. Fourth, FAIMS was coupled to 

CZE-MS/MS and greatly boosted the sensitivity of the system and number of proteoform IDs, 

offering a new multidimensional separation tool for deep TDP. Finally, cIEF-MS/MS and CZE-

MS/MS-based platforms were employed for two biological applications, in which we delineated 

sex-dependent proteoform profiles in brains and uncovered proteoform-level differences between 

metastatic and non-metastatic CRC cells, respectively. 

For CZE-MS/MS, improvement of sample loading capacity remains desired. Incorporating 

solid phase microextraction (SPME) with CZE can potentially enhance the sample loading amount. 

Alternatively, cIEF has a high loading capacity and can be an ideal option for TDP. cIEF-MS/MS 

typically provides ultrahigh resolving power for the proteoforms/protein complexes with 

microheterogeneity on PTMs, however, it is restricted in sensitivity due to ESI interference by 

ampholyte. As we learned from our CZE-FAIMS-MS/MS study, FAIMS has the capability to 

fractionate ions based on size by varying CVs. Considering ampholytes generally have small 

molecular weights, future application of FAIMS in cIEF-MS/MS is promising to address the 

sensitivity issue by removing the ampholytes before MS detection.  

Furthermore, current TDP studies mostly focus on proteoforms below 30 kDa. 

Identification of larger proteoforms faces various challenges from protein loss during sample 

preparation, signal suppression from coelution, limitation of MS instrumentations, inefficient 

fragmentations, and lack of effective bioinformatics tools to interpret data. In Chapter 5, we 

attempted to combine an improved sample preparation workflow with CZE-FAIMS-MS/MS, which 

greatly expanded the number of large proteoform IDs (20 kDa-40 kDa). More effort is required to 

apply advanced fragmentation tools such as ECD and UVPD to achieve better sequence 

coverage and PTM localization of larger proteoforms (>30 kDa). The improvement of bioinformatic 

tools is also necessary for interpreting MS spectra with low resolution and MS/MS spectra with 

high complexity. 



139 

 

TDP has served as important strategy for characterizing the proteoforms related to 

cancers and discovery of biomarkers for disease. In our study, we achieved large datasets of 

proteoform IDs from metastatic and non-metastatic CRC cell lines and disclosed a variety of 

proteoforms with discrepancy on SAAVs or level of expression. However, the functions of the 

individual proteoforms and crosstalk regulation of proteoforms remain unknown. Future study to 

explore the proteoform associated function and biological processes can deepen our 

understanding of the mechanism of cancer occurrence and metastasis. To achieve this goal, the 

targeted TDP will be combined with molecular biology techniques for studying proteoforms of 

specific cancer related genes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


