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ABSTRACT

LEVERAGING CAPILLARY ZONE ELECTROPHORESIS-MASS SPECTROMETRY FOR
MULTI-LEVEL PROTEOMICS

By
Xiaojing Shen
Mass spectrometry (MS) coupled with online liquid-phase separation is the major tool for
large-scale bottom-up proteomics (peptide-centric), top-down proteomics (proteoform-centric),
and native proteomics (protein complex-centric). While liquid chromatography (LC)-MS is the
dominant method for proteomics at different levels, capillary zone electrophoresis (CZE)-MS has
emerged as a valuable and complementary technique, which provides high-capacity separation
and highly sensitive detection of peptides, proteoforms and even protein complexes under native
conditions. This work focuses on developing novel CZE-MS/MS methods for multi-level

proteomics (bottom-up, top-down, and native).

In Chapter 2, a high-throughput bottom-up proteomics workflow was developed by coupling
immobilized trypsin-based speedy protein digestion with fast CZE-MS/MS. Immobilized trypsin
produced almost the same digestion performance as free trypsin for complex proteomes with
about 50-times higher speed (15 min vs. 12 h). Integration of immobilized trypsin (IM)-based
rapid protein cleavage and fast CZE-MS/MS enables the identification of thousands of proteins
from the mouse brain proteome in only 3 h, which is significantly faster than the typical LC-MS-
based bottom-up proteomics workflow (3 h vs. >12 h). The high-throughput workflow was
expected to be useful for bottom-up proteomics of human clinical samples (e.g., serum and

urine).



Chapter 3 presents the first example of CZE-MS/MS with activated ion-electron capture
dissociation (AI-ECD) on a high-end quadrupole-time-of-flight (Q-TOF) mass spectrometer for
top-down proteomics, enabling high-resolution separation, highly sensitive detection, and
extensive gas-phase backbone cleavages of proteoforms. The CZE-AI-ECD method will be
useful to the top-down proteomics community for the comprehensive characterization of

proteoforms in complex proteomes.

Chapter 4 and 5 focus on the development of novel CZE-MS methods for native proteomics,
delineating proteins and protein complexes under native conditions. In Chapter 4, a native CZE-
MS/MS platform with an Orbitrap mass spectrometer was established for native proteomics of a
complex proteome (E. coli), leading to the identification of 23 protein complexes in discovery
mode. The work represents the first example of native proteomics via coupling online liquid-
phase separation to native MS and MS/MS. The characterization of large protein complexes (up
to 200 kDa) was also achieved with a new CZE-MS system on a high-end Q-TOF mass

spectrometer.

In Chapter 5, a novel native capillary isoelectric focusing (cIEF)-assisted CZE-MS method is
presented for the characterization of monoclonal antibodies (mAbs) with large sample loading
capacity and high separation resolution. Using the method, the potential separations of different
conformations of the SigmaMADb and the detection of its various glyco-proteoforms and
homodimer were documented. The method separated the NISTmAD into three peaks with a
microliter sample loading volume, corresponding to its different proteoforms. In addition, eight
glyco-proteoforms of the NISTmAb and its homodimer were detected. The results demonstrate
the potential of the native clEF-assisted CZE-MS method for advancing the characterization of

large proteins (i.e., mAbs) and protein complexes under native conditions.
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CHAPTER 1. Introduction

1.1 Multi-level mass spectrometry-based proteomics

1.1.1 Overview of proteomics

Proteins are one of the most essential elements of biological systems and participate in
virtually every process in cells or organs [1]. The proteome, which is the entire set of proteins
expressed by an organism’s genome, IS extremely complex due to the heterogeneity derived from
multiple biological processes [2] including genetic variation, alternative RNA splicing and post-
translational modifications (PTMs), Figure 1.1. The protein products of a gene with different
molecular forms due to the above modifications are designated as proteoforms [3]. Another

word, “proteoform family”, represents a group of proteoforms derived from the same gene [4].
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Figure 1.1. The sources of protein variation contributing to different proteoforms. The figure is

reprinted with permission from reference [2].

Part of this chapter was adapted with permission from: X. Shen, Z. Yang, E. N. McCool, R. A. Lubeckyj,
D. Chen, L. Sun, TrAC, Trends Anal. Chem. 120 (2019) 115644.
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Proteomics is the study of proteomes including all proteoforms as well as their structures,
interactions, and functions [1,5]. It is a critical technology for biological and clinical research,
such as biomarker discovery, single cell analysis and disease diagnosis [6-9]. With the
development of electrospray ionization (ESI) and matrix-assisted laser desorption/ionization
(MALDI), two advanced ionization techniques for mass spectrometric analysis of biological
macromolecules that garnered the Chemistry Nobel Prize in 2002, mass spectrometry (MS) has
become the core tool for proteomic analysis [5,10]. In a typical proteomic study, proteins are first
extracted from cell or tissue samples. Then the proteins can be either digested into peptides or
remain intact, followed by one or multiple dimensions of liquid-phase separations performed
online or offline. Both mass spectra for precursor ions and tandem mass spectra for fragment
ions are collected, and proteins are identified by database searching against a genome sequence
database. Two approaches of proteomics, bottom-up and top-down, are named for the strategies

with or without proteolytic digestion (Figure 1.2).
1.1.2 Bottom-up proteomics

Bottom-up proteomics is an indirect measurement of proteins through their digested peptides.
Proteolytic digestion is usually performed after denaturation, reduction and alkylation of
proteins. The serine protease trypsin is the enzyme of choice for digestion because it specifically
cleaves proteins into peptides with an average size of 600-1000 Da, which is ideal for mass
spectrometry analysis [11]. Also, trypsin has very high proteolytic activity, so that only a limited
amount of trypsin is required for protein digestion, which minimizes the interference by
autoproteolysis peptides in sample analysis. Then the resultant peptides are typically separated
by liquid chromatography (LC) and analyzed by ESI-MS/MS. The protein identifications are

accomplished by inferring the peptide sequence to the protein sequence [13]. The peptides can be



either uniquely annotated to a single protein or shared with multiple proteins, thus all proteins

inferred from the same peptides are reported as one protein group.
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Figure 1.2. Schematic of top-down and bottom-up proteomics. The figure is reprinted with

permission from reference [12].

Quantitative analysis is also commonly conducted in bottom-up proteomics to reflect the
abundance changes of proteins and better address biological questions [13]. Isotope labeling and
label-free quantification (LFQ) are two widely used quantification methods to compare the
relative abundance of proteins and peptides between different samples. In isotope labeling,
peptides are labeled with isobaric tags for relative and absolute quantification (iTRAQ) [14] or
tandem mass tags (TMT) [15]. The chemical structure of TMT is shown as an example in Figure
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1.3. It is composed of an amine-reactive group, a spacer arm (mass normalizer), and a mass
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Figure 1.3. Functional regions of the TMT reagent’s chemical structure, including MS/MS sites

of fragmentation by HCD. The figure is reprinted with permission from reference [16].

Briefly, peptides from multiple biological samples (up to 16 samples) are labeled with
different isobaric tags through the reaction of the amine-reactive group with the amine groups on
peptides. Peptides with the same mass are isolated for fragmentation in tandem mass
spectrometry (MS/MS), in which the linkers are cleaved, and the mass reporters are released.
Then the intensity of these mass reporter ions represents the relative abundance of labeled
peptides from different samples (Figure 1.4). LFQ as an alternative method quantifies proteins
based on the signal intensity of peptides in base peak chromatograms. The area of extracted
chromatographic peak is used to represent peptide abundance [17]. The relative abundance of a
protein is achieved by integrating all peak area of peptides from the given protein [18]. The
advantage of LFQ is it avoids the additional sample preparation steps related to the isotope
labeling, but it has a higher requirement for software programs that consider alignment of

peptide retention times, background noise and mass accuracy, and is compatible with specified



systems [13]. The limited reproducibility owing to ion suppression or coelution of the samples

would also affect the performance of LFQ.
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Figure 1.4. Procedure summary for MS experiments using TMT isobaric mass tagging reagents.

This figure was modified from (https://www.thermofisher.com/us/en/home/life-science/protein-

biology/protein-mass-spectrometry-analysis/protein-quantitation-mass-spectrometry/tandem-

mass-tag-systems.html).

Bottom-up proteomics is the most widely used approach for protein sequence analysis for the

last two decades because of several reasons. First, separation at the peptide level is highly

efficient and easy to be performed. Reversed-phase LC (RPLC) is the most employed separation

mechanism in bottom-up proteomics research, which provides high-resolution separation of

peptides and fully automated instrument settings. A meter-long capillary packed RPLC column

can provide more than 1000 peak capacity (theoretical number of peaks that can be resolved
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within a retention window) for a single-dimension separation of peptides from yeast and bacteria
lysate [19]. The peak capacity of one-dimension separation is usually not enough to resolve the
entire complexity of whole proteome, thus, combing multiple dimensional separation methods
together could be helpful. Multi-dimensional separation of mouse brain proteome peptides can
reach about 7000 peak capacity [20]. The superior separation performance significantly reduces
the coelution of peptides and allows large-scale characterization of proteins from complex
samples [21]. Second, the small size of peptides is more favorable for mass spectrometry. The
ionization efficiency is higher for peptides compared to intact proteins. High mass resolution of
different isotopic compositions is easily achieved without rigorous demand for advanced mass
spectrometers. The sensitivity of peptide analysis is also higher in general. The advanced
nanoRPLC-ESI-MS/MS system confidently identified more than 4000 protein groups from only
1 ng of HeLa digest [22]. Moreover, peptides can be efficiently fragmented in mass
spectrometers, which greatly improves the identification accuracy and localization of post-
translational modifications (PTMs). Third, bioinformatic tools for bottom-up proteomics have
been maturely developed. Many database searching software programs are either
commercialized along with the instruments or freely open to the public, and are reliable, stable

and user-friendly [23-26].

However, several inherent drawbacks exist in bottom-up proteomics. The sample preparation
is tedious in the bottom-up approach and may cause artificial modifications on proteins and
peptides. Moreover, limited sequence coverage and the use of protein inference from peptides

cannot accurately determine proteoforms in bottom-up proteomics as shown in Figure 1.5.



1.1.3 Top-down proteomics

Top-down proteomics, as an alternative approach for proteomics, characterizes proteoforms in
the cell. The workflow of top-down proteomics is similar to that of bottom-up proteomics except
that proteins are not digested with proteolytic enzymes and are separated and detected at the
intact protein level (Figure 1.2). The top-down approach surpasses the bottom-up approach in
higher sequence coverage and potential full protein characterization. Thus, it can reveal the
information of specific proteoforms including the relationship between primary protein sequence
and PTM combinations (Figure 1.5). A subdiscipline of top-down proteomics is native top-down
proteomics (native proteomics), which is performed under near-physiological conditions. It
allows the characterization of protein complexes with noncovalent interactions at a global scale

and in discovery mode [27,28].
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Figure 1.5. Determination of proteoforms from top-down and bottom-up proteomics. In bottom-
up proteomics, proteoform information can be lost because proteoforms are digested into
peptides. Ac: acetylation; P: phosphorylation. The figure is reprinted with permission from

reference [2].



Despite its advantages, top-down proteomics encounters several technical challenges that
preclude its wide application compared to the bottom-up approach. One challenge is the limited
number of proteoform identifications. The proteome samples can be extremely complicated. It
has been estimated that the human proteome contains over 1 million proteoforms with an
enormous dynamic range [29]. Therefore, front-end separation is critical in the top-down
workflow to reduce sample complexity and allow the detection despite high abundance
proteoforms. With single-dimensional RPLC-MS/MS, around 1600 proteoforms from 563
proteoform families could be identified from Salmonella typhimurium [30]. However, compared
to peptides, separation of proteins is less efficient due to the low solubility of many intact
proteins and stronger adsorption effect of proteins on chromatography media [31]. Employing
multi-dimensional liquid-phase separation before MS can greatly expand the proteome coverage.
Catherman et al. combined subcellular fractionation, solution isoelectric focusing (SIEF), gel
elution liquid fraction entrapment electrophoresis (GELFrEE), and RPLC-MS/MS for deep top-
down proteomics and identified over 5000 proteoforms and 1220 proteoform families from
human cell line H1299 proteome [32]. An orthogonal multidimensional separation platform
developed by the Sun group that couples size exclusion chromatography (SEC) and RPLC based
protein prefractionation to capillary zone electrophoresis (CZE)-MS/MS allowed nearly 6000
proteoform identifications from 850 proteoform families from the Escherichia coli (E. coli)
proteome [33]. Nevertheless, the identification of proteoforms is still far away from complete
proteome coverage of complex samples. Proteoforms usually have wide charge state distribution,
so the signal of multiple proteoforms coeluted from the same peak could overlap on each other
and interfere the generation of clear MS/MS spectra. More efforts are needed to explore new

separation strategies as well as combinations of multi-dimensional separation methods.



For native proteomics, the requirement of native condition largely restricts the options of
separation methods. Traditional native separation techniques include SEC and ion exchange
chromatography (IEX) which have been reported previously to characterize simple samples such
as standard protein aggregates [34,35]. However, their relatively low separation peak capacity
limits their application on more complex samples. Alternative native separation techniques such
as native GELFrEE [36] and native CZE [37] recently show the potential for large-scale native
proteomics and are worth further investigation. In addition to front-end separation, high-
resolution MS instrumentation with extended detection ranges is crucial for the native approach,
because native protein complexes usually have much larger mass than single intact proteins.
Recent advancements in mass analyzers including Fourier Transform lon Cyclotron Resonance
MS (FTICR), Orbitrap, and time-of-flight (TOF) continually expand the MS performance at
large mass-to-charge ratio (m/z) range and facilitate the application of native top-down as well as

denaturing top-down proteomics for large proteins and protein complexes.

Comprehensive characterization of proteoforms is another challenge in top-down proteomics.
The lack of extensive gas-phase fragmentation of proteoforms hinders the accurate localization
of PTMs. Besides the widely used vibrational energy-based dissociation, such as collision-
induced dissociation (CID) and higher-energy collisional dissociation (HCD), alternative gas-
phase fragmentation methods including electron-based methods and ultraviolet photodissociation
(UVPD) have been applied to increase the backbone cleavage coverage in MS/MS. More details

are discussed in ensuing sections on tandem mass spectrometry (section 1.1.5).

1.1.4 Mass spectrometry

Mass spectrometry (MS) is a major analytical method to study proteins and can provide

comprehensive information of each protein such as abundance, modifications, structure,
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interactions, etc [38]. It measures the m/z of charged analytes in the gas phase. Because MS for
proteins is usually coupled with liquid phase separation, soft ionization methods are required to
transform nonvolatile protein and peptide ions in liquid phase to gaseous forms without
degrading the analytes. Electrospray ionization (ESI) is the most widely used ionization
technique for protein studies. In ESI, a high voltage is applied at the end of a capillary tip infused
with the sample solution (Figure 1.6). The flow rate is about several hundred puL/min and well
compatible with LC separation. Then charged droplets containing analytes are emitted from a
Taylor cone formed at the capillary tip [39]. These droplets then experience rapid solvent
evaporation and jet fission, and their size shrinks from couple microns to a few nanometers [40].
Eventually, gaseous ions are generated from the nanodroplets. NanoESI is a variation of ESI, in
which the orifice of the emitter tip is only a few microns instead of about 100 microns in regular
ESI [41]. The smaller orifice size results in smaller radii of the initial droplets, leading to
enhanced ionization efficiency and sensitivity [42]. NanoESI is operated at lower flow rates

(nL/min), so it can be coupled with capillary LC and CZE.
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Figure 1.6. Schematic ESI process operated in positive ion mode. The figure is reprinted with

permission from reference [41].
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After ionization, protein and peptide ions are measured by a mass analyzer, which is the
central component in a mass spectrometer. The Orbitrap mass analyzer has achieved increased
popularity in the proteomics field in the last decade because of its high mass accuracy (sub-ppm
level) and high mass resolution (up to 1 million FWHM at m/z 200 for Orbitrap Eclipse Tribrid
Mass Spectrometer). It was developed by Makarov [43] and the commercialized Orbitrap-based
mass spectrometer was first released in 2005 by Thermo Fisher Scientific [44]. The Orbitrap
analyzer is composed of one spindle-like central electrode and two cup-shaped outer electrodes
[45], as shown in Figure 1.7. The trajectories of ions in the Orbitrap analyzer are driven by three
kinds of cyclic motions: the rotational motion around the central electrode, the radial motion
between the outer and central electrodes, and the axial oscillations along the central electrode.
The first two kinds of motions make the ions spiral around the central electrode and are
responsible for trapping the ions in the analyzer, while the third kind of motion is used to
determine the m/z of ions. The ion movements along the central electrode induce image currents
whose frequencies depend on m/z, which can be Fourier-transformed and further converted to
m/z [46]. Recent development of the Orbitrap mass spectrometer enables the detection range up
to 80,000 m/z, which provides the potential for characterization of large biomolecules at MDa

levels.
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Figure 1.7. Orbitrap mass analyzer. The figure is modified with permission from reference [47].

The time-of flight mass (TOF) analyzer is another mainstream device for mass spectrometry
investigations of proteins. It has fairly high mass resolution, fast data acquisition, and an
unlimited mass scale in theory [48]. The first TOF-based mass spectrometer can be traced back
to 1946 [49]. In the 1950s, Wiley and McLaren made key advances, leading to the
commercialization of TOF-MS by Bendix [50]. Briefly, a TOF analyzer contains a flight tube
and a system of grids to accelerate (typically orthogonally) ions from the ion source in an electric
field [51]. All ions from the ion source gain the same Kinetic energy during acceleration, but they
drift in the field-free flight tube with different velocities if they have different m/z values. lons
with larger m/z values fly slower than ions with smaller m/z values, so that the m/z value of the
ions can be determined as a function of time required to arrive at the detector. Reflectron TOF-
MS (Figure 1.8) is widely employed to increase the mass resolution by correcting spatial and
kinetic energy distributions of the ions during acceleration [48]. Although a TOF mass

spectrometer generally has lower mass resolution than an Orbitrap mass spectrometer, it has a
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faster acquisition speed and can work for large biomolecules (e.g. up to 30,000 m/z for an

Agilent 6545XT Q-TOF mass spectrometer) with much lower cost.
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Figure 1.8. Reflectron TOF mass spectrometer with orthogonal acceleration. The figure is

reprinted with permission from reference [48].

1.1.5 Tandem mass spectrometry

Proteomics studies usually employ tandem mass spectrometry (MS/MS) to achieve more
comprehensive information of proteins, such as primary sequence and PTMs, in addition to the
intact masses. MS/MS is comprised of two (or more) mass analyzers in the instrument [52]. The
first analyzer is used to isolate protein or peptide ions with a specific m/z, which are called the
precursor ions. The selected precursor ions are then dissociated into small pieces, termed as
product (fragment) ions, typically with some kind of gas-phase fragmentation methods, followed
by detection with a second mass analyzer. A variety of fragmentation methods with different
fundamental mechanisms have been developed to achieve more efficient fragmentation and

provide complementary information about proteins and peptides.
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Figure 1.9. The peptide fragmentation nomenclature. The figure is reprinted with permission

from reference [53].

Collision-induced dissociation (CID) is the most widely used fragmentation method for
peptides and proteins in proteomics studies. In CID, ions are accelerated by an electrical
potential and collide with neutral gas molecules like nitrogen or helium in an ion trap. Their
kinetic energy is then converted to internal energy, which results in bond cleavage and produces
b- and y- type ions depending on localization of charge [54], Figure 1.9. Another collision-based
fragmentation method is higher energy collisional dissociation (HCD). It has the same
mechanism as CID, but the dissociation occurs in the multipole collision cell [55], thus it has no
low-mass cutoff and can be applied with isotope labeling quantitation [56]. However, CID and
HCD have preferential cleavage of the most labile bonds, limiting the sequence coverage and

labile PTM localization of proteoforms [57].

Electron-based activation methods like electron capture dissociation (ECD) and electron
transfer dissociation (ETD) are alternatives to CID and HCD for protein and peptide
fragmentation. They both generate cation radicals of the analytes that will undergo breakage of

bonds quickly and produce c- and z-type fragment ions, as shown in Figure 1.9. In ECD, a
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multiply-charged analyte cation reacts with a free electron, leading to an excited cation radical
[58]. While in ETD, the unstable cation radical is generated by transferring an electron from an

anion radical to the analyte cation [59], Figure 1.10.

Figure 1.10. Fragmentation mechanism of ETD. The figure is reprinted from

(https://en.wikipedia.org/wiki/Electron-transfer dissociation#cite note-13).

Fragmentation by ECD and ETD is a non-ergodic process [60], which means the bond
cleavage happens rapidly at the sites where cation radicals were formed originally before the
energy is redistributed through the molecules. Therefore, they can provide more extensive
fragmentation of the peptide chain as well as retain labile modifications. For example, Kelleher
et al. showed ECD in a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer
localized y-CO2 moiety and SOz modifications, which were ejected from peptides by CID [61].
Molina et al. demonstrated that ETD could identify 60% more phosphopeptides than CID in an
ion trap mass spectrometer [62]. Because of their nature being non-ergodic processes, ECD and
ETD have become powerful tools to increase sequence coverage of intact proteoforms in top-
down proteomics. However, the conversion efficiency from precursor ions to fragment ions in
ECD is relatively low (typically <33% [63]), so ECD is commonly employed for target protein

fragmentation through direct infusion MS, in which high sample concentration can be used and a
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large number of spectra can be combined. With ECD, about 93% sequence coverage can be
achieved for carbonic anhydrase Il (29 kDa) [64]. While ETD has been applied for large-scale
top-down proteomics and enabled 3,000-5,000 proteoform identifications from human proteome
by 4D-separation-MS/MS [32,65], one limitation of ETD is nondissociative electron transfer
dissociation (ETnoD), which hinders the extensive fragmentation of ETD for intact proteins.
ETnoD is a process in which protein backbone is cleaved, but product ions are held together by
noncovalent interaction, thus no fragment ions are produced. Activated ion ETD (AI-ETD) is
developed as an improved ETD technique to minimize ETnoD [66,67]. Supplemental energy
provided by infrared photoactivation concurrent with ETD can disrupt the noncovalent binding
and increase ETD efficiency while incurring no additional time costs to the MS/MS scan event.
Our group recently performed large-scale top-down proteomics using SEC-CZE-MS/MS with
AI-ETD on an Orbitrap Fusion Lumos mass spectrometer and identified 3028 proteoforms and

387 proteoform families from E. coli cells [68].

Ultraviolet photodissociation (UVPD) is another gas-phase fragmentation technique and has
also been well recognized for enhancing proteoform fragmentation [69-71]. Because of the
absorption of high energy UV photons (typically 193 nm or 213 nm), the protein ions are
activated to the electronic excitation states, and bond cleavage subsequently occurs over the
entire amino acid sequence of the protein [31]. Therefore, UVPD can produce a variety of
fragment ions (a-, b-, c-, x-, y-, z-type ions), and obtain better protein fragmentation coverage
compared to CID and HCD. Cleland et al. demonstrated that although HCD could lead to a
higher number of proteoform identifications from Human cell lysate, 193 nm UVPD provided

higher average sequence coverage of proteoforms and more confident localization of PTMs [71].
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1.2 Capillary zone electrophoresis-mass spectrometry

1.2.1 Capillary zone electrophoresis (CZE)

The dominant separation technique for proteomics research is RPLC, which separates analytes
based on their hydrophobicity [72]. However, a comprehensive and high-throughput analysis
cannot be achieved by this single separation method due to the peak capacity limit. Moreover,
drawbacks have emerged when RPLC is applied to intact protein separation [73]. For example,
the adsorption of proteins to the stationary phase and the protein conformational heterogeneity

result in peak broadening and poor peak capacity during separation.

CZE is a complementary separation technique, which separates proteins and peptides based on
their electrophoretic mobility that relates to analytes’ sizes and charges [74]. Usually, CZE
employs fused silica open tubular capillary and the separation is performed under an electric
field. The typical inner diameter (i.d.) of the fused silica capillary used for CZE is in the range of
10-75 pum; the typical length of the capillary ranges from 20 to 100 cm. As shown in Figure
1.11, the analyte apparent mobility (papp) is contributed by two parts: the electrophoretic

mobility (uep) and the electroosmotic mobility (peo):

Happ = Ugp T HEo (Equation 1.1)

The pep of analyte ions are determined by Debye-Huckel-Henry theory as

ze

Hep (Equation 1.2)

- 6mnr

where z is the ion’s net charge, e is the elementary charge, # is the viscosity of the background

electrolyte (BGE), and r is the ion’s radius. As a result, the cations migrate towards the cathode
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and the anions migrate towards the anode. Neutral analytes have no charge, therefore, they have

no electrophoretic mobility in an electric field..

Electrophoretic mobility Electroosmotic mobility Apparant mobility
++ —> ++ ——> +4+ —>
Anode + —> + —> + —> Cathode
—
+ D —— = s -
— - - — . —
«— (- R —— --) —

Figure 1.11. The mechanism of CE separations.

An analyte’s peo is caused by the electroosmotic flow (EOF) in the capillary. Because the
inner wall of the fused silica capillary is covered with silanol groups, which are negatively
charged at pH 3 and higher, it attracts cations from BGE and forms the electrical double layer at
the capillary-solution interface. When high voltage is applied across the capillary, those cations
carry the solution in the capillary and together move towards the cathode. This migration is

termed EOF and peo is defined as

Ugo = %E (Equation 1.3)

where ¢ is the dielectric constant of the BGE, 7 is the viscosity of the BGE, E is the electric field,

and ( is the zeta potential.

CZE has an almost orthogonal separation mechanism to RPLC and can improve the proteome
coverage in proteomics studies [75]. It has also shown better performance for low sample

volume and the separation can be accurately predicted due to the simple separation mechanism.
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Moreover, CZE-MS has several valuable features for top-down proteomics. First, CZE can reach

a highly efficient separation of large biomolecules like proteoforms. As shown in Equation 1.4,

N=H (Equation 1.4)
q

T 2D

the number of theoretical plates from CZE (N) only relates to the electrophoretic mobility of
analytes (), the voltage applied across the capillary (V), and the analytes’ diffusion coefficient
(D). Large biomolecules like proteoforms usually have low diffusion coefficients in solution,
leading to high separation efficiency in CZE. Our most recent data showed that CZE can achieve
up to one million theoretical plates for the separation of certain proteoforms [76]. Second, CZE-
MS has extremely high sensitivity for top-down characterization of proteins. In 1996, the
McLafferty group achieved the detection of attomole amounts of intact proteins (less than 1 pg in
mass) using CZE-MS [77]. The Yates group has reported that CZE-MS approached comparable
signal-to-noise ratios (S/N) to the widely used nanoRPLC-MS for characterization of intact
proteins with 100-fold less sample consumption [78]. Third, CZE has the capability for high-
resolution separation of protein complexes under native conditions [79]. This feature is unique to
CZE and makes CZE-MS valuable for native top-down proteomics that aims to characterize

endogenous protein complexes in the cell at a proteome-scale and in discovery mode [80,81].

Wide application of CZE-MS for large-scale top-down proteomics has been impeded by
multiple factors. First, the stability and sensitivity of the CE-MS interface have been major
obstacles. Second, the separation window and sample loading capacity of CZE has been at least
10-fold narrower and 100-fold lower than that of RPLC-MS, respectively, which hampered the

adoption of CZE-MS in deep and large-scale proteomics.
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1.2.2 CE-ESI-MS interfaces

CE-MS requires an interface that can complete the electrical circuit for CE separation and
provide voltage for ESI. There are two major categories of CE-MS interface: sheath-flow

interface and sheath-less interface.

Using sheath liquid for electrical contact is simple and convenient as it is decoupled from
separation conditions. The sheath liquid can also help to modify the eluent composition for better
ESI performance. In 1988, the Smith group reported the pioneering development of a coaxial
sheath-flow CE-MS interface [82]. As shown in Figure 1.12, the separation capillary is inserted
in two coaxial tubes [83]. The sheath liquid is filled in the gap between the capillary and the
inner tube and merges with CE effluent at the exit of the capillary to realize the electrical contact.
The gap between the coaxial tubes is filled with the sheath gas to assist the ESI process.
However, the sheath liquid flow rate (1-10 uL/min) is much higher than the flow rate in CZE
(20-100 nL/min), which would cause significant sample dilution and lower the sensitivity of

detection.

Sheath liquid

Fused-silica Electrospray

Sheath gas CE capillary

Figure 1.12. Schematic of the coaxial sheath-liquid interface. The figure is reprinted with

permission from reference [83].

The sensitivity of sheath-flow interfaces could be improved by reducing the flow rate of

sheath liquid. The Chen group developed a junction-at-the-tip type CE-MS interface in 2010
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[84]. The design allows the sheath liquid solution driven by pressure flow through at a much
lower flow rate compared to the coaxial sheath-flow CE-MS interface (nL/min vs. uL/min),

leading to significantly higher sensitivity and a stable spray [84].

The Dovichi group reported the electro-kinetically pumped sheath flow interface in 2010 [85]
and improved it further in 2013 and 2015 [86,87]. Figure 1.13 shows diagrams of the basic
interface and its different generations. High potential applied in the sheath buffer reservoir
produces electroosmotic flow (EOF) in the glass emitter, which pumps sheath liquid at nL/min
flow rates through the emitter for ESI, leading to extremely high sensitivity [86]. Larger ESI
emitter orifice and shorter distance between the capillary end and emitter orifice improve the
robustness and sensitivity of the CE-MS interface. The improved electro-kinetically pumped
sheath flow interface has been commercialized by CMP Scientific

(http://www.cmpscientific.com).

B 1'st generation

Separation __ '
capillary Emitter ~1mm

— T 2'nd generation

——
P75 i
A :T 2-10 Mm
———
]

High R
voltage 0.2 mm

Sheath | }|
electrolyte |:

3'rd generation

e
7////////////////}" IJ'
I 1
1!
—>

l]‘

20 um

Figure 1.13. Diagrams of the basic design of the electrokinetically pumped sheath flow CE-MS
interface (A) and its three different generations (B). The figure is reprinted with permission from

reference [87].
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Another strategy to increase the sensitivity is not employing sheath liquid in the CE-MS
interface. The Moini group developed a sheathless CE-MS interface using a porous capillary end
as the ESI emitter in 2007 [88]. The major benefit of the sheathless interface is the elimination of
sample dilution by sheath liquid, thus leading to high sensitivity. The sheathless interface has

been commercialized by Sciex and is used in the CESI 8000 and 8000 plus systems.

1.2.3 Capillary coating

CZE typically employs a regular fused silica capillary for separation and the inner wall of the
capillary is covered with silanol groups, which causes an EOF as mentioned in section 1.2.1 and
will push the analytes out of the capillary for detection quickly. Therefore, CE separation is
typically fast with a separation window in a range of 1-30 min [86,89,90]. This feature makes
CZE-MS attractive for high throughput analysis of relatively simple samples. However, only
about 5 MS/MS spectra can be generated per second in a typical MS/MS approach. The narrow
separation window of CZE limits the number of MS/MS spectra that can be acquired during one
run, leading to unsatisfying performance of CZE-MS for large-scale proteomics. Thus, boosting
the separation window of CZE is crucial. The inner wall properties of fused silica capillaries

could have a big impact on the separation window.

Several kinds of neutral and hydrophilic coatings, e.g., linear polyacrylamide (LPA) and
hydroxypropyl cellulose (HPC), have been utilized to cover the capillary inner wall and
eliminate the EOF in CZE, leading to wider separation windows. The neutral coatings could also
suppress protein adsorption on the capillary inner wall. The LPA coating is the most widely used
neutral coating for CE-MS-based proteomic studies [75]. The preparation of the LPA coating has
been reviewed recently by the Dovichi group [75]. CZE-MS system with an LPA-coated

capillary could produce a 90-min separation window and a high peak capacity of nearly 300 for
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top-down proteomics of an E. coli sample [91]. The separation window of the CZE-MS system is

significantly wider than that of typical CZE-MS systems with uncoated capillaries [86,89,90].

Cationic coatings have also been used to coat the inner wall of the capillary for top-down
proteomics [92-95]. In this case, the capillary inner wall has rich positive charges that reduce the
protein adsorption on the capillary inner wall because the proteins are also positively charged in
an acidic BGE. Upon applying a negative potential across the capillary, EOF towards the ESI tip
will be generated. Proteins will migrate to the inlet of the capillary, but meanwhile will be
pushed to the outlet of the capillary by the EOF [93-95]. Therefore, the migration rate of proteins
can be abated, resulting in a wider separation window. However, the improvement of separation
window using capillaries with cationic coatings is modest because of the strong EOF inside of

the capillary.

1.2.4 Sample loading capacity of CZE

CZE employs an open-tubular capillary for separation without stationary phase, meaning that
the analytes cannot be trapped at the front end of the separation capillary like in RPLC, which
results in a low loading capacity of CZE. The typical sample loading volume is less than 1% of
the total capillary volume to obtain high separation efficiency. For a 1-meter-long capillary with
a 50-um i.d., the total capillary volume is about 2 pL, and the sample loading volume needs to be
only 20 nL or lower. Sample loading volumes in CZE are orders of magnitude lower than that in
RPLC, which is challenging for the detection of low abundance proteoforms in a complex
sample. The use of online sample preconcentration/stacking methods could help to improve the

sample loading capacity.
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Several preconcentration methods have been applied in CZE-MS-based proteomics, including
field-amplified sample stacking (FASS), transient isotachophoresis (tITP), and dynamic pH
junction. FASS is a simple technique for sample stacking. It is based on the idea that sample ions
experience a dramatic decrease in velocity when migrating through a low-conductivity sample
plug into a high-conductivity BGE zone and are stacked at the boundary between the sample and
BGE zones. The addition of organic solvents, e.g., acetonitrile (ACN), in the sample buffer for
lowering the conductivity of the sample zone is an efficient way to perform FASS [96,97]. In the
top-down proteomics study of a Mycobacterium marinum secretome, Zhao et al. employed a
70% (v/v) acetic acid to dissolve the sample, which had much lower conductivity than the BGE
that was 0.25% (v/v) formic acid, to realize FASS and increased the sample loading volume to
120-nL (12% of the total capillary volume), leading to the identification of 22 proteoform

families and 58 proteoforms from the secretome sample [98].

TITP requires the presence of a leading electrolyte (LE) and a terminating electrolyte (TE),
whose electrophoretic mobility is higher and lower than the sample ions. At the beginning of a
CZE separation, a plug of sample dissolved in a leading electrolyte (LE) and a plug of a
terminating electrolyte (TE) are sequentially introduced into the capillary. After a voltage is
applied, sample ions between LE and TE are arranged in the order of their mobility and are
concentrated to achieve the same migrating velocity towards the outlet of the capillary. Larsson
et al. employed cITP for peptide analysis with CZE and enlarged the sample injection volume to
up to 900 nL, which was about 45% of the total capillary volume [99]. Li et al. were able to
boost the sample loading volume of CZE to approximately 15% of the total capillary volume
with tITP and identified 65 proteins in top-down proteomics of a Pseudomonas aeruginosa PAOL

lysate using CZE-MS [94].
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Dynamic pH junction is also a widely utilized stacking technique in top-down CZE-MS
studies. A simplified diagram of the dynamic pH junction method with a neutrally coated
capillary is shown in Figure 1.14. The sample is usually dissolved in a basic buffer (i.e.,
ammonium bicarbonate, pH 8) and is injected into the separation capillary filled with an acidic
BGE (i.e., 5%(v/v) acetic acid, pH 2.4). Both ends of the capillary are then immersed in the BGE
vials and two pH boundaries are formed in the capillary. The analytes in the basic sample zone
mostly have negative charges. Upon applying a positive potential at the injection end of the
capillary for separation, the protons titrate the basic sample zone gradually, and the pH boundary
| starts to move towards the pH boundary 1. Meanwhile, the negatively charged analytes migrate
towards the moving pH boundary | and are concentrated there. Once the moving pH boundary |
meets with the static pH boundary 11, the analytes undergo a normal CZE separation. The
dynamic pH junction method was invented by the Chen group in 2000 [100] and is a highly
efficient method for online concentration of analytes, enabling the focusing of at least 95% of
analytes injected into the capillary [101]. The Sun group systematically optimized the conditions
of the dynamic pH junction-based CZE-MS in 2017 and achieved a microliter scale sample
loading volume for both bottom-up and top-down proteomics, leading to nearly 600 proteoform

identifications in a single run [91,102].
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Figure 1.14. A simplified diagram of the dynamic pH junction method with a neutrally coated
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capillary.

1.3 Summary

This chapter introduced mass spectrometry-based proteomics for protein studies. Bottom-up
proteomics, top-down proteomics and native proteomics are powerful tools for delineation of
proteins, proteoforms, and protein complexes in complex proteomes with their own advantages
and disadvantages. Combining the different approaches, termed multi-level proteomics, will be a
future research direction for more comprehensive proteomic studies. Advances in the
development of ESI, liquid phase separation, MS instrumentation, gas-phase fragmentation for
MS/MS, and bioinformatic tools enable deep and large-scale analysis of peptides and
proteoforms from complex samples with increasing proteome coverage. CZE as an alternative
separation technique to RPLC has shown great potential for bottom-up and top-down
proteomics. Numerous efforts have been made for CZE separation as well as CE-MS interfaces,

capillary coating and online sample preconcentration methods, which significantly improve the
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separation capacity, detection sensitivity and analysis stability of CZE-MS and render CZE-MS
as a useful and complementary technique for the proteomics community. The subsequent
chapters in this dissertation will describe four projects on proteomics by CZE-ESI-MS/MS with

an electro-kinetically pumped sheath flow interface.
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CHAPTER 2. Systematic Evaluation of Immobilized Trypsin Based Fast

Protein Digestion for Deep and High-Throughput Bottom-Up Proteomics

2.1 Introduction

Comprehensive characterization of complex proteomes using bottom-up proteomics has been
achieved in only a couple of hours using modern RPLC-ESI-MS/MS [1]. However, at least 12 h
is typically required to prepare the sample for RPLC-MS/MS analysis, which limits the overall
throughput of bottom-up proteomics. The most time-consuming step during the sample
preparation is the digestion of proteins using free trypsin (FT), which typically requires 12 h for
complete digestion. Immaobilized trypsin (IM) has been well recognized for speeding protein
digestion [2,3]. IM can accomplish protein digestion in minutes due to the much higher
concentration of trypsin compared with FT [2,3]. Moreover, the immobilization of trypsin

greatly reduces the autodigestion of trypsin molecules.

Various solid matrixes have been used to immobilize trypsin, e.g., beads [4-10], monolithic
materials [11-16], and membranes [17-19]. Sun et al. reported 2,100 protein 1Ds from MCF7 cell
lysate using 20-min IM digestion, and the number of protein IDs was comparable with that using
12-h FT digestion [5]. They also observed a significant loss of basic peptides using the IM
digestion compared with FT digestion, most likely due to the negatively charged solid matrix
(carboxyl groups functionalized magnetic beads) used for trypsin immobilization [5]. Fan et al.

also observed a significant effect of the IM matrixes on the identified protein and peptide pools

Part of this chapter was adapted with permission from X. Shen, L. Sun, Proteomics 18 (2018) 1700432.
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from complex proteome samples digested with IM [6]. Those data indicate that the surface

chemistry of the solid matrix of IM can influence the tryptic digestion process.

IM has also been coupled to CZE-MS/MS [20-23] or RPLC-MS/MS [23-31] for online
protein digestion, peptide separation, and identification. However, IM has not played a
significant role in routine deep bottom-up proteomics studies. Some questions involving IM

activity need to be answered to facilitate its wide application.

First, how does the solid matrix of IM influence its preference for protein cleavage in
comparison to FT? Quantitative proteomics has been employed to reveal the preference of
protein cleavage catalyzed by FT [32,33]. Using dimethyl labeling based quantitative proteomics
[34,35], Ye et al. observed that the cleavage sites surrounded by neutral amino acids could be
cleaved quickly, while sites surrounded by negatively charged amino acids (aspartic and
glutamic acids) were cleaved much more slowly [32,33]. Slechtova et al. also reached a similar
conclusion about the cleavage preference of peptides catalyzed by FT using synthetic peptides as
trypsin substrates [36]. To our best knowledge, the preference of protein cleavage catalyzed by
IM and the effect of the solid matrixes of IM on the cleavage preference have not been studied

using quantitative proteomics.

Second, how well can IM perform digestion of complex proteomes for deep proteomics
compared with FT? Only a few reports in the literature have applied the IM based fast protein
digestion for large-scale proteomics, resulting in 1000-3000 protein IDs from mammalian cell
lines or tissues [5,6,28], and fewer than 1000 protein IDs from yeast cell lysate [24,26]. The
routine deep bottom-up proteomics studies using FT digestion have approached over 8000

protein IDs from mammalian cell lines or tissues [37-40]. Deep proteomics datasets using IM
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based fast protein digestion are required to demonstrate the capability of IM for deep proteomics

and to confirm that IM can speed protein digestion without bias.

In this work, experiments were performed to provide answers to those two questions. |
prepared amine and carboxyl functionalized magnetic beads-based IM (IM-N and IM-C), which
represented a nearly neutral and negatively charged solid matrix surface at the trypsin digestion
pH (pH 8). The preference of protein cleavage catalyzed by FT and two types of IM were
investigated using label-free quantitative proteomics. Furthermore, both qualitative and
quantitative analysis were conducted for the mouse brain proteome samples digested by FT (12
h) and IM-N (15 min) using both 1D- and 2D-LC-ESI-MS/MS. The FT and IM-N results were
compared in terms of the identified protein and peptide pools that contained nearly 9,000
proteins and over 100,000 peptides. Finally, a high-throughput bottom-up workflow was

developed using IM-N based rapid protein digestion and fast CZE-MS/MS analysis.

2.2 Experimental

2.2.1 Materials and reagents

Bovine pancreas TPCK-treated trypsin, 3-(Trimethoxysilyl)propyl methacrylate, ammonium
persulfate, glycine, ammonium bicarbonate (NH4sHCO3), dithiothreitol (DTT), iodoacetamide
(1AA), formic acid (FA), acetic acid (AA), glutaraldehyde, sodium cyanoborohydride
(NaCNBH3) and ethanolamine were purchased from Sigma-Aldrich (St. Louis, MO). Methanol,
hydrofluoric acid (HF), LC/MS grade water and acetonitrile (ACN) were purchased from Fisher
Scientific (Pittsburgh, PA). Acrylamide, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide

hydrochloride (EDC) and benzamidine were purchased from Acros Organics (NJ, USA). N-
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hydroxysulfosuccinimide sodium salt (sulfo-NHS), urea and 4-morpholineethanesulfonic acid

monohydrate (MES) were purchased from Alfa Aesar (Tewksbury, MA).

Bare fused silica capillaries (50 um i.d., 360 pum o.d.) were purchased from Polymicro
Technologies (Phoenix, AZ). Carboxyl functionalized magnetic microspheres (BioMag®Plus
carboxyl) and amine functionalized magnetic microspheres (BioMag®Plus Amine) were
purchased from Bangs Laboratories, Inc. (Fishers, IN). C18 spin columns were purchased from

Pierce Biotechnology (Rockford, IL).

2.2.2 Preparation of LPA-coated separation capillary for CZE

The inner wall of the separation capillary was coated with linear polyacrylamide (LPA) based
on prior protocols [41,42]. A bare fused silica capillary (50 um i.d., 360 um o.d.) was
successively flushed with 1 M hydrochloric acid, water, 1 M sodium hydroxide, water, and
methanol, followed by treatment with 3-(trimethoxysilyl) propyl methacrylate to introduce
carbon-carbon double bonds on the inner wall of the capillary. The treated capillary was filled
with degassed acrylamide solution in water containing ammonium persulfate, followed by
incubation in a 50 °C water bath for 35 to 40 min with both ends sealed by silica rubber. After
that, the capillary was flushed with water to remove the unreacted reagents. Then one end of the
LPA-coated capillary was etched with HF based on prior protocol [43] to reduce its outer

diameter to around 70 pm.

2.2.3 Preparation of magnetic beads-based IM

The detailed procedures for trypsin immobilization on amine and carboxyl functionalized
magnetic beads have been reported [4]. Briefly, for IM-C, carboxyl groups on the magnetic

microspheres were first activated with 50 mg/mL sulfo-NHS and EDC solution. Then trypsin
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was immobilized on the surface of the microspheres via the reaction between amine groups on
trypsin and succinimide groups on the bead surface. The remaining succinimide groups on the
magnetic beads were blocked with 100 mM glycine solution. The IM-C magnetic beads were
stored in 20 mM ammonium bicarbonate (pH 8.0) at 4 °C with a final concentration of 5 mg/mL.
The amount of trypsin bound to the magnetic beads was about 70 pg/mg magnetic beads-based

on the estimation with the bicinchoninic acid (BCA) method [4].

For IM-N, amine groups on the magnetic microspheres were first activated with a 5%
glutaraldehyde solution. Trypsin was then immobilized on the surface of the microspheres in the
presence of NaCNBHzs. Ethanolamine solution (0.4 M, pH 8.4) was used to block the unreacted
aldehyde group on the microspheres after the cyanoborohydride reduction. The IM-N magnetic
beads were stored in 20 mM ammonium bicarbonate (pH 8.0) at 4 °C with a final concentration
of 5 mg/mL. The amount of trypsin bound to the magnetic beads was estimated by measuring the
trypsin concentration in the solution before and after immobilization with the BCA method.
Based on the trypsin concentration difference, the amount of trypsin immobilized on the
magnetic beads was calculated. The amount of trypsin immobilized on the magnetic beads was

about 70 pg/mg magnetic beads.
2.2.4 Sample preparation

Two samples were prepared for the experiment, E. coli and mouse brain proteome. E. coli
(strain K-12 substrain MG1655) cells were kindly provided by Professor Heedeok Hong’s group
in the Department of Chemistry, Michigan State University. The E. coli cells were lysed in a
lysis buffer containing 8 M urea, 100 mM Tris-HCI (pH 8.0) and protease inhibitors, followed by
sonication in a Branson Sonifier 250 (VWR Scientific, Batavia, IL) on ice for 10 min. After

centrifugation (18,000 x g for 10 min), the supernatant was collected and the protein
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concentration was determined by BCA assay. The leftover protein extracts were stored at -80 “C

before use.

The mouse brain tissue from a 6-month old male mouse (strain BL-6, wild type) was kindly
provided by Professor Chen Chen’s group in the Department of Animal Science, Michigan State
University The whole protocol related to the mouse samples was performed following guidelines
defined by the Institutional Animal Care and Use Committee of Michigan State University. The
mouse brain tissue was cut into small pieces, washed with PBS to remove the blood, and
suspended in 8 M urea and 100 mM NHsHCO3 with complete protease inhibitor, followed by
homogenization with a Homogenizer 150 (Fisher Scientific) on ice and sonication with a
Branson Sonifier 250 on ice for 10 min. After centrifugation (10,000 x g for 10 min), the
supernatant was collected, and the protein concentration was measured with BCA assay. The
supernatant was then aliquoted equally into 1.7 mL Eppendorf tubes. Each tube contained about
500 ug of protein, which were purified by acetone precipitation. The protein pellet was air dried

in the chemical hood for several minutes and stored at -20 °C.

In the study for digestion performance, both samples were denatured in 8 M urea and 100 mM
ammonium bicarbonate (pH 8.0) at 37 °C for 30 min, followed by reduction and alkylation with
DTT and IAA. The resulting protein solution was diluted with 100 mM ammonium bicarbonate

by a factor of five to produce a 1 mg/mL protein solution for experiments.

The E. coli proteome sample was digested by three methods. For FT digestion, 20 uL of the
protein sample (20 pg of proteins) were digested at 37 °C with trypsin-to-protein mass ratio as
1:100 for 30 s, 5 min, 1 h and 14 h, respectively. After digestion, the digests were acidified
immediately by adding 5 pL of 20% (v/v) FA to terminate the tryptic reaction. For digestion

using IM-N and IM-C, 20 pL of the protein sample (20 ug of proteins) was added into a tube
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containing IM and the proteins were digested under trypsin-to-protein mass ratio as 1:100 (w/w)
as well. The mass of magnetic beads used for digestion was calculated based on the
immobilization capacity of trypsin on those beads (~70 g trypsin/mg magnetic beads). The
mixture of sample and IM was vortexed for several seconds and then transferred to a 37 °C water
bath. Digestion was performed with occasional vortexing at a trypsin-to-protein mass ratio of
1:100 for 30 s, 5 min, 1 h and 14 h, respectively. After digestion, the digests were acidified
immediately by adding 5 L of 20% (v/v) FA to terminate the tryptic reaction and the magnetic
beads were separated from the solution by a magnet. All samples from the three digestion
methods were desalted using C18 spin columns, lyophilized and dissolved in 20 pL of 2% (v/v)

AA for triplicate CZE-ESI-MS/MS analysis.

The mouse brain proteome was digested by two methods. For conventional FT digestion, three
aliquots of the mouse brain protein sample (20 uL of protein solution in each aliquot) were
digested in parallel at 37 °C with trypsin-to-protein mass ratio of 1:30 for 12 h. 20% (v/v) FA
was applied to terminate the tryptic reaction. For digestion using IM-N, three aliquots of the
mouse brain protein sample (20 pL of protein solution in each aliquot) were also digested in
parallel. Each sample was added into a tube containing IM-N. The mixture was vortexed for
dispersion and incubated at 37 °C for 15 min for protein digestion with vortexing every 5 min.
The final concentration of trypsin in the solution during IM-N digestion was 0.5 mg/mL. After
digestion, 20% (v/v) FA solution was applied to terminate the tryptic reaction and the magnetic
beads were separated from the solution by a magnet. All of the six samples generated by two
digestion methods were desalted by C18 spin columns, lyophilized and dissolved in 20 pL of 2%

(v/v) ACN, 0.1% (v/v) FA prior to nanoLC-ESI-MS/MS analysis in duplicate.

41



Another two aliquots of the mouse brain proteome sample (300 pg of proteins in each aliquot)
were also digested by FT and IM-N, respectively. The procedures were the same as those
described in the previous paragraph. After acidification with FA, the 300 pg of mouse brain
proteome digests from FT and IM-N were directly fractionated by high-pH RPLC, followed by

low-pH RPLC-MS/MS analysis.

For the experiment of high-throughput bottom-up proteomics, the mouse brain proteome
sample (30 pug) was dissolved in a buffer containing 8 M urea, 6.6 mM DTT, 100 mM
ammonium bicarbonate (pH 8.0) and was kept at 37 °C for 30 min for denaturation and
reduction, followed by alkylation with IAA (16.5 mM) for 10 min at room temperature in dark.
The sample was then diluted with 100 mM ammonium bicarbonate by a factor of four to reach 1
mg/mL protein concentration. The protein sample (30 pg) was added into a tube containing IM-
N. The mixture was vortexed for dispersion and incubated at 37 °C for 15 min for protein
digestion with vortexing every 5 min. The final concentration of trypsin in the solution during
IM-N digestion was 0.5 mg/mL. After digestion, 20% (v/v) FA solution was applied to terminate
the tryptic reaction and the magnetic beads were separated from the solution by a magnet. The
digest was desalted by a C18 spin column and lyophilized with a vacuum concentrator in 1 h.
The sample preparation described above was repeated for three times and got three peptide
samples. The peptide samples were dissolved in 30 uL of 20 mM ammonium bicarbonate (pH

8.0) and analyzed by CZE-ESI-MS/MS in triplicate. Each CZE-MS/MS run took 30 min.

2.2.5 High-pH RPLC fractionation of mouse brain proteome digests

An Agilent Infinity Il HPLC system and a C18 RP column (Zorbax 300Extend-C18, 2.1 mm

i.d. x 150 mm length, 3.5 um particles, Agilent Technologies) were used for peptide separation.
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Buffer A (5 mM NHsHCOs3, pH 9) and buffer B (5 mM NHsHCOs3 containing 80% ACN, pH 9)
were used as mobile phase to generate gradient for separation. The flow rate was 0.3 mL/min.
The peptide samples were loaded onto the RPLC column for 5 min at 2% B. Then the peptides
were separated by gradient elution: 2 min from 2% B to 10% B, 60 min from 10% B to 50% B,
and 2 min from 50% B to 100% B. The mobile phase was kept at 100% B for 10 min, followed

by column equilibration with 2% B for 10 min.

Fractions were collected at a rate of one fraction/min from 7 min to 67 min. In total 60
fractions were collected from each sample. Fraction number “N” and fraction number “N+30”
were combined, thus leading to 30 fractions totally. The fractions were lyophilized and dissolved

in 10 pL of 2% (v/v) ACN, 0.1% (v/v) FA for nanoLC-ESI-MS/MS analysis.

2.2.6 CZE-ESI-MS/MS and nanoLC-ESI-MS/MS

An ECE-001 capillary electrophoresis autosampler (CMP Scientific, Brooklyn, NY), a
commercialized electrokinetically pumped sheath flow interface (CMP Scientific) [44,45] and a
Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) were used for CZE-ESI-MS/MS.
One power supply integrated with the autosampler was used for CZE separation. Another power
supply from CMP Scientific (Brooklyn, NY) was employed for electrospray. The orifice of the
electrospray emitter was around 30 pum. The distance from the electrospray emitter orifice to the

mass spectrometer entrance was around 2 mm.

For the experiment of E. coli, the total length of the LPA-coated capillary for CZE separation
was 70 cm. The background electrolyte (BGE) of CZE was 5% (v/v) AA in water and the sheath
buffer was 0.2% (v/v) FA containing 10% (v/v) methanol. The sample was injected into the

separation capillary by air pressure (3 psi, 8 s). The voltage applied at the injection end was 25
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kV and the voltage for electrospray was around 2 kV. The separation time for each run was 60

min, including 10 min flushing of BGE at 10 psi at the end of the separation.

For the experiment of high-throughput bottom-up proteomics of the mouse brain proteome,
the total length of the LPA-coated capillary for CZE separation was 60 cm. The sample was
injected for 6 s with 5 psi air pressure. The voltage applied at the injection end was 20 kV. The
BGE of CZE was 5% (v/v) AA in water and the sheath buffer was 0.2% (v/v) FA containing
10% (v/v) methanol. The separation time for each run was 30 min, including 5 min flushing of

BGE at 10 psi at the end of the separation.

An EASY-nLC™ 1200 System (Thermo Fisher Scientific) was used for the separation of the
digests. Mobile phases for gradient separation were Buffer A (0.1% FA in 2% ACN) and buffer
B (0.1% FA in 80% ACN). A commercial C18 reversed-phase column (Acclaim™ PepMap™,
75 um i.d. x 50 cm, particle size 2 um, pore size 100A) was used as a separation column and a
commercial C18 reversed-phase column (Acclaim™ PepMap™, 75 um i.d. x 2 cm, particle size
3 um, pore size 100A) was used as a trap column. For mouse brain sample without fractionation,
a 2-pL sample was loaded on the trap column by 100% A at a flow rate of 20 puL/min, followed
by a 150-min gradient separation at a flow rate of 200 nL/min: 120 min from 8% B to 50% B, 2
min to 100% B, and maintained for 28 min. Each sample was analyzed in duplicates. For
fractionated mouse brain sample, a 3-puL sample from each fraction was loaded by 100% A at a
flow rate of 20 puL/min, followed by a 90-min gradient separation at a flow rate of 200 nL/min:
70 min from 8% B to 40% B, 2 min to 100% B, and maintained for 18 min. The column was

equilibrated by 5 pL of 100% buffer A prior to the next sample analysis.

The parameters of Q Exactive-HF mass spectrometer (Thermo Fisher Scientific) were as

follows. The ion transfer tube temperature was 320 °C and the S-Lens RF level was 55.0. Full
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MS scans were acquired in the Orbitrap mass analyzer over the m/z 300-1500 range with
resolution as 60,000 at m/z 200 and AGC target value of 3.00E+06. The twenty most intense
peaks with charge state from 2 to 6 were isolated in the quadrupole with the isolation window of
1.5 m/z. The normalized collision energy was set as 28% for precursor fragmentation in the high
energy collisional dissociation (HCD) cell. The tandem mass spectra were acquired in the
Orbitrap mass analyzer with resolution of 15,000 at m/z 200 and AGC target value of 1.00E+05.
The ion selection threshold intensity was 1.0E+05, and the maximum times of accumulating ions
per scan event were 50 ms for full MS scans and 25 ms for tandem mass spectra. Peptide match

and exclude isotopes were set on and dynamic exclusion was set to 30 s.

For the high-throughput bottom-up proteomics experiment with the mouse brain proteome, the
parameters of the Q Exactive-HF mass spectrometer were the same as above except for those
mentioned below. Full MS scans were acquired over the m/z 300-1800 range. The twenty most
intense peaks with charge state higher than 1 were isolated in the quadrupole with the isolation
window of 2 m/z. The tandem mass spectra were acquired with resolution of 30,000 (at m/z 200).
The ion selection threshold intensity was 5.0E+04, and the maximum ion injection time per scan

event was 50 ms for both full MS and MS/MS scans.

2.2.7 Data analysis

Raw MS files were analyzed by MaxQuant [46] version 1.3.0.5 software. MS/MS spectra
were searched using the Andromeda search engine [47]. The UniProt Escherichia coli (strain
K12) database containing forward and reverse sequences and common contaminants were used
for E. coli data analysis. The UniProt Mus musculus database containing forward and reverse
sequences and common contaminants was used for mouse brain data analysis. MaxQuant

analysis included a first search peptide mass tolerance of 20 ppm, main search peptide mass
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tolerance of 6 ppm, and fragment mass tolerance of 20 ppm. The search included full tryptic
digestion, cysteine carbamidomethylation as a fixed modification and methionine oxidation, N-
terminal acetylation and deamidation (NQ) as variable modifications. The minimum peptide
length was set to seven amino acids. The false discovery rate (FDR) for both peptide and protein
identifications was set to 0.01. The “match between runs” function was turned on with the time
window as 0.7 min. For analysis of the mouse brain proteome samples digested by IM-N and FT,

the label-free quantification (LFQ) function integrated in MaxQuant was enabled [48].

The RAW files from 2D-LC-MS/MS analysis of the mouse brain proteome digests prepared
using IM-N were also analyzed using Proteome Discoverer 2.1 software (Thermo Fisher

Scientific) with Sequest HT database search engine against Mus musculus databases downloaded

from UniProt (http://www.uniprot.org/). The reversed database search was also performed to
evaluate the FDR. The MS/MS spectra were firstly filtered with the top 12 peaks in the mass
window of 100 Da. The database searching parameters included two maximum missed cleavage
sites for fully specific tryptic digestion, precursor mass tolerance as 20 ppm and fragment mass
tolerance as 0.05 Da. The dynamic modification was oxidation (M) and acetyl (N-Terminus), and
the static modification was carbamidomethyl (C). Peptide identifications were filtered with
peptide confidence value as high, corresponding to less than 1% FDR on peptide level. The
results from Proteome Discoverer 2.1 software were only used for the prediction of the number
of transmembrane domains (TMDs) of proteins with the TMHMM

(http://www.cbs.dtu.dk/servicess TMHMMY/) algorithm.

Perseus software [49] (version 1.6.0.7) was used for further analysis of the MaxQuant results.
Peptide isoelectric point (pl) and grand average of hydropathy (GRAVY) values were calculated

by Compute pl/Mw tool (http://web.expasy.org/compute pi/), and GRAVY CALCULATOR
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(http://www.gravy-calculator.de). Biological process, cellular components and molecular

functions were assigned based on Gene Ontology using DAVID Bioinformatics Resources 6.8

[50,51].

2.3 Results and discussion

To investigate how the solid matrix of IM influences its preference for protein cleavage
comparing with FT, two types of IM were prepared based on reference 4, as shown in Figure
2.1A. IM-C was prepared with carboxyl group functionalized magnetic beads, and the remaining
succinimide groups on the bead surface were blocked with glycine. Therefore, the solid matrix
surface of IM-C is negatively charged at pH 8 due to the immobilized glycines' carboxyl groups.
IM-N was prepared with amine group functionalized magnetic beads, and the remaining
aldehyde groups were blocked with ethanolamine, resulting in the nearly neutral solid matrix at
pH 8. As shown in Figure 2.1B, experiments 1 and 2 were performed to understand the protein
cleavage catalyzed by IM. To investigate how well IM can perform for digestion of complex
proteomes for deep proteomics compared with FT, a mouse brain proteome sample was digested
with both IM-N and FT, followed by 2D-LC-MS/MS analysis, experiment 3. Finally, IM-N
based rapid protein digestion was coupled to fast CZE-MS/MS for high-throughput

characterization of the mouse brain proteome (experiment 4).

2.3.1 Investigation of protein cleavage preference catalyzed by IM

E.coli proteome samples (20 ug of proteins) were digested by FT, IM-C and IM-N for four
different periods (30 s, 5 min, 1 h and 14 h), followed by single-shot CZE-MS/MS analysis in

triplicate, Figure 2.1B. The same trypsin-to-protein mass ratio (1:100) was employed for all
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digestion methods. Therefore, accurate investigation could be performed to answer the question

how immobilization of trypsin affects the preference of trypsin-catalyzed cleavage.

(A) Carboxyl functionalized magnetic bead based IM (IM-C)

SO;

so;
0"(10 COOH

Q. _NH

OO fo-NHS o
i) 6/%]% _ Trypsin -Glyclne .
H
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CHO ohoilS »/_/_f
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(B)
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Mouse brain proteome

SESE RPLC-ESI-MS/MS
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Figure 2.1. (A) Synthesis of carboxyl functionalized magnetic bead-based IM (IM-C) and amine

functionalized magnetic bead-based IM (IM-N). (B) Experimental design of the work.
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IM-C, and IM-N. The E. coli cell lysate was used for these experiments. The number of IDs was

from the combined results of triplicate CZE-MS/MS runs.
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IM-N had better digestion performance than IM-C based on the numbers of protein and
peptide IDs in each digestion time as well as the missed cleavage distributions, Figures 2.2 and
2.3. One reason is that IM-N has a longer spacer arm between trypsin and solid matrix than IM-C
(Figure 2.1A). The longer spacer arm can avoid steric hindrance and allow the trypsin on beads
to stretch and catch substrates more easily [52], thus leading to faster and more complete
digestion. Another possible reason is that the negatively charged proteins in the sample at pH 8
have difficulty approaching the IM-C surface due to electrostatic repulsion. IM-C tended to
identify more basic proteins compared with IM-N in short digestion periods (30 s, 5 min, and 1

h), Figure 2.4.

IM-N showed better digestion performance than FT in each digestion period concerning the
numbers of peptide/protein IDs and the missed cleavage distributions, Figures 2.2 and 2.3. The
number of protein IDs from 1-h IM-N digestion was almost the same as that from 14-h FT
digestion, suggesting that IM-N could digest proteins faster than FT. Because the same trypsin-
to-protein mass ratio (1:100) was used for all of the experiments, the difference between IM-N
and FT in digestion performance is most likely due to the immobilization of trypsin. In FT
digestion, trypsin is consumed by auto-digestion. One tryptic peptide was clearly detected from
the E. coli sample that was digested by FT for only 30 s, indicating that the auto-digestion of
trypsin happened very fast. However, no significant signals of trypsin peptides was observe in
the E.coli samples that were digested by IM-N for 30 s or 5 min, suggesting that immobilization
of trypsin in IM-N greatly reduced the auto-digestion of trypsin. Therefore, IM-N can achieve
better digestion performance than FT. FT and IM-N have no significant difference in the
cumulative distribution of the pl of identified proteins, Figure 2.4, which is due to the nearly

neutral solid matrix surface of IM-N.

50



(A) (B)
S S
() ()
(@] o
g8 8
c c
[} (]
2 2
() ()
o o

0 1 2
# missed cleavage
C) 70+ D
( ) -FT 1h ( )
60 | 'M_C
B VN
S S
() ()
g g
[ c
[} (]
2 2
) ()
o o

0 1 2
# missed cleavage

0 1 2
# missed cleavage

14 h

0 1 2
# missed cleavage

Figure 2.3. The number of missed cleavages on the peptides from IM-C, IM-N and FT digestion

of the E. coli proteome across four different digestion periods (30 s, 5 min, 1 h and 14 h).



(A)

Cumulative Probability

(©)

Cumulative Probability

100 ~

80

60

40

20

100 ~

80

60

40

20

(B)

(D)

Cumulative Probability

Cumulative Probability

100 ~

80

60

40

20

100 ~

80

60

40

20

Figure 2.4. Cumulative distribution of the pl of identified proteins from FT, IM-C and IM-N

digestion of the E. coli proteome in different digestion periods (30 s, 5 min, 1 h and 14 h).

Then the microenvironment surrounding the cleavage sites (K/R) was investigated to better

our understanding of the cleavage preference catalyzed by FT, IM-N, and IM-C. The identified

peptides from the four digestion periods were classified into two types, early-generated peptides,

and late-generated peptides, based on the intensity change of peptides as a function of digestion

time, Figure 2.5. Early-generated peptides were defined as peptides that appeared in the first

digestion period (30 s) and had no continuous increase in intensity in longer digestion periods

(Figure 2.5, panels A-C). The early-generated peptides contained cleavage sites (K/R) that were
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cleaved quickly. Late-generated peptides were defined as peptides that had an at least 5-times
continuous increase in intensity as digestion time increased (Figure 2.5, panels D-F). Those

peptides contained cleavage sites (K/R) that were cleaved slowly.

The microenvironment surrounding the cleavage sites (K/R) for FT, IM-C, and IM-N were
compared based on those early-generated peptides and late-generated peptides, Figure 2.6.
Compared with the early-generated peptides, the cleavage sites for the late-generated peptides
tended to be surrounded by more acidic amino acids (D/E). The results from FT, IM-C and IM-N
digestion agreed reasonably with each other, suggesting that the immobilization of trypsin on the
solid matrixes studied here did not significantly influence the cleavage preference of trypsin
molecules. For the first time, the protein cleavage preference catalyzed by the IM was

investigated using a complex proteome sample and quantitative proteomics.
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1280 and 760 late-generated peptides were determined for FT, IM-C, and IM-N, respectively.
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Figure 2.6. Sequence logos of the cleavage sites for early- and late-generated peptides from FT,
IM-C, and IM-N digestion of the E. coli proteome. WebLogo software

(http://weblogo.threeplusone.com/) was used to generate the sequence logos. For the x-axis, “0”

represents the cleavage site; -7 to -1 represent the left amino acids; 1 to 8 represent the right

amino acids. The y-axis represents the probability.

2.3.2 Reproducibility of IM-N for fast digestion of a mouse brain proteome sample

The reproducibility of IM-N for fast digestion of a mouse brain proteome sample was further
investigated. Three protein samples were prepared in parallel as replicates using IM-N and FT.
For IM-N digestion, each protein sample (20 ug of proteins) was mixed with IM-N for digestion
at 37 °C for 15 min. The trypsin concentration in the solution during IM-N digestion was 0.5

mg/mL, and the trypsin-to-protein mass ratio was 1:2. For FT digestion, each sample (20 pg of
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proteins) was digested with FT at 37 °C for 12 h under trypsin-to-protein mass ratio of 1:30. All

of the six proteome digests were analyzed by RPLC-ESI-MS/MS in duplicate.

Table 2.1. Protein group and peptide identifications (# protein groups/ # peptides) and overlap
between duplicated LC-MS runs (protein overlap/peptide overlap) from mouse brain proteome
samples prepared by IM-N and FT in triplicate.

Ist run 2nd run Combined Overlap of two runs (%)
FT 1 2553/ 14799 2449/ 12877 2721/ 20003 84/ 64
FT_2 2535/ 14374 2528/ 13833 2721/ 18983 86/ 65
FT_3 2470/ 13345 2429/ 12970 2658/ 16812 84/ 72
IM_N_1 2536/ 15166 2538/ 14928 2672/ 18414 90/ 81
IM_N_2 2469/ 14260 2447/ 14031 2657/ 17733 85/ 72
IM_N_3 2487/ 14627 2446/ 14249 2709/ 18772 82/ 67

Table 2.2. Overlaps of protein group and peptide identifications (protein overlap (%)/ peptide
overlap (%)) between IM-N and FT digestion from the mouse brain proteome samples.

FT | FT 2 FT 3
IM N 1 88/ 77 88/ 75 86/ 68
IM N 2 88/ 71 87/ 70 86/ 67
IM N 3 88/ 76 88/ 75 86/ 68

Tables 2.1 and 2.2 show the summary of protein and peptide IDs from FT and IM-N
digestion. IM-N and FT digestion generated comparable numbers of protein and peptide IDs
from duplicate LC-MS runs (2679+27 vs. 2700+36 proteins; 18306+£528 vs.18599+1630
peptides), Table 2.1. Both FT and IM-N digestion were reproducible regarding the numbers of
protein and peptide IDs. In addition, IM-N and FT digestion yielded the same pools of proteins

and peptides. As shown in Table 2.2, the overlaps of protein and peptide 1Ds between FT and
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IM-N digestion are comparable with that from duplicate LC-MS analysis of one sample. The
identified peptides from FT and IM-N digestion have almost the same cumulative distributions
of the pl and grand average of hydropathy (GRAVY) values as well as the same distributions of

the number of missed cleavages, Figure 2.7.
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Figure 2.7. The properties of the identified peptides from the mouse brain proteome using FT
and IM-N digestion. The cumulative distributions of the pl (A) and GRAVY values (B) of

identified peptides; the distributions of the number of missed cleavages on the peptides (C).

The FT and IM-N digestion was further quantitatively evaluated based on the label-free
quantification (LFQ) protein intensity from MaxQuant database search [46, 48]. The Perseus

software was used for data analysis [49]. Good correlations of LFQ intensity were observed
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among triplicate sample preparations using FT and IM-N (r > 0.998), Figure 2.8, indicating that
both digestion methods were quantitatively reproducible. The LFQ intensity of proteins from FT
and IM-N digestion also agreed well (1>0.989), Figure 2.8. As shown in Figure 2.9, almost no
proteins have significantly different LFQ intensity between replicate preparations using FT or
IM-N digestion (panels A and B). Only 90 out of 1488 quantified protein groups show
significantly different LFQ intensity between IM-N and FT digestion, Figure 2.9 (panel C).
Those results further indicated that IM-N could yield very similar digestion performance to FT

for complex proteomes.
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Figure 2.8. Multi-scatter correlations of protein LFQ intensity from triplicate preparations of
mouse brain proteome with IM-N and FT digestion. Pearson correlation (r) values were labeled.

Perseus software (version 1.6.0.7) was used to generate the correlations [49].
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generate the volcano plots with the following parameters: the FDR value as 0.05 and the sO
value as 1. The protein groups having significantly different protein LFQ intensity between the

two conditions were marked in blue color.

59



2.3.3 IM-N based fast protein digestion for deep bottom-up proteomics

In order to determine how well IM can perform for deep bottom-up proteomics compared to
FT, we employed two-dimensional LC-ESI-MS/MS to analyze the mouse brain proteome digests

(300 pg) from the IM-N digestion (15 min) and FT digestion (12 h).

FT and IM-N digestion produced similar numbers of protein group and peptide IDs, 8716 vs.
8733 proteins and 96377 vs. 103662 peptides. This is the largest proteomic dataset using IM
based fast protein digestion reported to date. Recently, Sharma et al reported that nearly 13000
transcripts were detected using RNA sequencing from mouse brain with common filtering
criteria [53]. Our work using IM-N covered nearly 70% of the mouse brain proteome, which
clearly suggests that deep proteome coverage can be approached using IM-N based fast protein
digestion. More importantly, FT and IM-N approached the same pool of proteins, which was
demonstrated by the 93% protein-level overlap. Although the peptide-level overlap is relatively
lower compared with the peptide overlaps in Table 2.1 and Table 2.2 (60% vs. 64%-81%), we
did not observe significant differences of identified peptides from IM-N and FT in the peptide pl,
peptide GRAVY and the number of the missed cleavages on peptides, Figure 2.10 (panels A-

Q).
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(C) Distributions of the missed cleavages on peptides. (D) Dynamic range of observed proteome
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protein from FT and IM-N vs. the ratio of protein LFQ intensity between FT and IM-N (Log2).
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We further analyzed the dynamic range of the observed mouse brain proteomes from IM-N
and FT digestion and compared the LFQ intensity of 6099 proteins quantified from IM-N and FT
digestion, Figure 2.10 (panels D-F). IM-N and FT digestion both yielded close to 6.5 orders of
magnitude proteome dynamic range, Figure 2.10D. The protein LFQ intensity from FT and IM-
N agreed well across the complete dynamic range of the observed proteome (r=0.98), Figure
2.10E. The data suggest that IM-N has no bias in the digestion of low abundant proteins
compared to FT. Around 99% of the quantified proteins had less than 2-fold differences in LFQ
intensity between FT and IM-N, Figure 2.10F. The results clearly indicate that IM-N (15 min)
can perform as well as FT (12 h) for the digestion of complex proteomes qualitatively and

quantitatively.

Compared to FT, IM-N had no bias in the digestion of proteins that were involved in various
biological processes, were located in different components of cells, and had diverse functions,
Figure 2.11 (panels A-C). As shown in Table 2.3, around 50% or higher of the proteins related
to the selected biological processes, cellular components, and molecular functions in the UniProt
mouse database were covered by the proteome dataset from IM-N digestion. The result further

indicates that IM-N based fast protein digestion can approach very deep proteome coverage.
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Figure 2.11. GO analysis of the identified proteins from the mouse brain proteome sample (A-
63

C). The distribution of the transmembrane domains of identified proteins using IM-N digestion
(http://www.cbs.dtu.dk/servicess TMHMMY/) algorithm was used for the prediction of the number

(D). DAVID Bioinformatics Resources 6.8 was used for the GO analysis. TMHMM

of transmembrane domains based on the protein sequences.
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Table 2.3. Summary of selected GO information of all proteins in UniProt Mus musculus
database and the identified proteins from the mouse brain proteome sample digested by IM-N
using 2D-LC-MS/MS.

# proteins from # proteins from | B/A
Category Term )
UniProt database (A) IM-N (B) (%)
) ) lon transport 583 261 45
Biological
Cell cycle 611 290 47
process
Nervous system develop 377 220 58
Membrane 6951 3447 50
Cellular
Nucleus 5849 2889 49
component ] _
Mitochondrion 1684 1157 69
Molecular Zinc ion binding 1068 492 46
function Kinase activity 674 423 63

We identified 3447 membrane proteins using IM-N digestion, which is 50% of all the
annotated membrane proteins in the UniProt Mus musculus database, Table 2.3. The data
represents the first example of fast IM digestion for deep membrane proteomics. 1549 identified
proteins have at least one transmembrane domain (TMD). The number of predicted TMDs on
those proteins ranged from 1 to 21, Figure 2.11. Chen et al. identified 1897 membrane proteins
from a rat brain lysate using FT digestion and 2D-LC-MS/MS [54]. Wisniewski et al. identified
2700 membrane proteins from mouse hippocampus using FT digestion and 2D-LC-MS/MS [55].
Very recently, Zhao et al. performed deep membrane proteomics of HelLa cells using FT
digestion and 2D-LC-MS/MS [38]. They identified 3785 membrane proteins from HelLa cells,
representing the largest membrane protein dataset from human cell lines. Overall, the results here

support that IM-N could perform as well as FT for digestion of hydrophobic membrane proteins.
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2.3.4 Coupling IM-N based protein digestion to CZE-MS/MS for high-throughput

bottom-up proteomics

We developed a high-throughput bottom-up proteomics workflow encompassing the protein
sample pretreatment (denaturation, reduction and alkylation) in 40 min, protein digestion with
IM-N in 15 min, desalting and lyophilization of the peptides in 1 h, peptide analysis with CZE-
MS/MS in 30 min, and data analysis for protein ID in 30 min, Figure 2.12A. In total, this
workflow only required ~3 h. This fast workflow enabled the identification of over 1000 proteins
and 6000 peptides from the mouse brain proteome in only 3 h and with good qualitative and

quantitative reproducibility, Figure 2.12B and Figure 2.13.

Much effort has been made to improve the throughput of proteomic sample preparation for
bottom-up proteomics in order to facilitate fundamental research and clinical diagnostics [56-57].
However, hours of tryptic digestion were required in those studies. We believe the high-
throughput bottom-up proteomics workflow comprising IM-N based rapid protein digestion and

fast CZE-MS/MS analysis will benefit many clinical applications.

65



(A)

Denaturation,
Reduction
& Alkylation

Desalting & CZE-ESI-

Digestion MS/MS DEIEELENE

Lyophilization

15004 Il Protein groups 8000
Peptides

3

1000 +
S5
3 2
> S
£ Q
3 g
€ 500- **
H+

04

Batch 1 Batch 2 Batch 3

Figure 2.12. The high-throughput bottom-up proteomics workflow using IM-N for rapid protein
digestion and CZE-MS/MS for fast sample analysis (A). The number of protein and peptide IDs
from the mouse brain proteome using the workflow (B). Three samples were prepared and
analyzed by the workflow as three batches. Each sample was analyzed by the CZE-MS/MS in
triplicate. The error bars represent the standard deviations of the number of protein and peptide

IDs from the triplicate CZE-MS/MS analyses.
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Figure 2.13. Multi-scatter correlations of protein LFQ intensity from the CZE-MS/MS analyses
of three batches of the mouse brain proteome digests. Three mouse brain samples were prepared
and analyzed by the high-throughput bottom-up proteomics workflow as three batches. Each
sample was analyzed by the CZE-MS/MS in triplicate. For example, batch 1-1, 1-2 and 1-3
represent the triplicate CZE-MS/MS analysis of batch 1. Pearson correlation (r) values were
labeled. Perseus software (version 1.6.0.7) was used to generate the correlations [10].
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2.4 Conclusion

We provided clear answers to two important questions of IM. First, the surface property of the
immobilized trypsin microreactors could change cleavage preference compared with FT. Second,
IM-N (15-min digestion) can perform as well as FT (12-h digestion) for deep bottom-up
proteomics of complex proteomes. Compared to FT, IM-N did not introduce any bias in the
digestion of proteins that were involved in various biological processes, were located in different
components of cells, had diverse functions, and were expressed in varying abundance. We
developed a high-throughput bottom-up proteomics workflow that coupled IM-N based rapid
protein digestion to fast CZE-MS/MS analysis. The workflow enabled the characterization of
complex proteomes in only 3 h. In our next step, we would further increase the throughput of the
workflow. For example, an alternative reducing reagent, tris(2-carboxyethyl)phosphine (TCEP),
can be used with alkylating reagents simultaneously, which could simplify the sample
pretreatment process and shorten the sample pretreatment time [58]. We will apply the fast

workflow for clinical studies such as blood and urine tests.
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CHAPTER 3. Coupling Capillary Zone Electrophoresis to Activated lon-
Electron Capture Dissociation (AlI-ECD) for Top-Down Characterization of

Protein Mixtures

3.1 Introduction

Delineation of proteoforms in cells plays a central role in accurate understanding of protein
function in biological processes because different proteoforms from the same gene can have
divergent functions [1-6]. Mass spectrometry (MS)-based denaturing top-down proteomics
(dTDP) aims to comprehensively characterize proteoforms in cells, which needs high-capacity

liquid-phase separation and extensive gas-phase fragmentation of proteoforms [7,8].

Liquid chromatography-MS (LC-MS), typically reversed-phase LC (RPLC), is routinely used
for dTDP [9-17]. Proteomes are super complex regarding the number of proteoforms. For
example, over one million proteoforms have been predicted in the human proteome [18]. The
high sample complexity leads to a high need for liquid-phase separation methods with much
better separation capacity for proteoforms. Capillary zone electrophoresis (CZE)-MS has been
investigated by our group and others for high-capacity separation of proteoforms, enabling large-
scale delineation of proteoforms in complex biological systems [19-27]. CZE-MS has been
proven as an alternative tool to RPLC-MS for dTDP due to its several valuable features, such as
better sensitivity than RPLC-MS [28,29], high separation efficiency for proteoforms [21], and
great potential for accurate prediction of proteoforms’ electrophoretic mobility [30-32]. The
tremendous progress of developing robust and highly sensitive CE-MS interfaces has laid the

solid foundation for deploying CZE-MS for dTDP [33-37].
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Extensive gas-phase fragmentation of proteoforms requires new fragmentation methods.
Collision-based methods, i.e., collision-induced dissociation (CID) and higher-energy collisional
dissociation (HCD), are the routine approaches for fragmentation of biomolecules [11-13,19-22].
However, CID and HCD have some bias in backbone cleavages, impeding complete cleavages of
proteoforms’ backbones. Alternative gas-phase fragmentation techniques have been developed in
recent years to provide better characterization of large biomolecules, including but not limited to
electron-transfer dissociation (ETD) [10,38-40], electron-capture dissociation (ECD) [41-45],

and ultraviolet photodissociation (UVPD) [46-49].

ECD for protein fragmentation was pioneered by the McLafferty group in the late 1990s
[50,51]. ECD-based protein fragmentation is a nonergodic process, in which electrons are
captured at the protonated sites of positively charged protein ions, energetic hydrogen atoms (H-)
are ejected from the protein ions and are captured at high-affinity sites of the protein ions such as
backbone amide, leading to backbone cleavages with the production of ¢ and z' ions [S1]. ECD
fragmentation can be improved by activating the ECD fragment ions, e.g., collision with gas
molecules, to break their intramolecular noncovalent bonds and this modified ECD was called
activated-ion ECD (AI-ECD) [52]. For example, Horn et al. has achieved the cleavage of 116
backbone bonds in a 29-kDa protein using AI-ECD on a Fourier transform (FT) ion cyclotron
resonance (ICR) mass spectrometer in 2000 [52]. In another example, Ge et al. has obtained the
efficient characterization of large intact proteins (45 kDa) using the AI-ECD method in 2002 on
an FT-ICR mass spectrometer [53]. The FT-ICR mass spectrometer equipped with ECD has also
been employed for the characterization of integral membrane proteins and large protein
complexes [41,54]. More recently, the ECD cell has been integrated into QqQ [42], Q-TOF [43],

ion mobility [55], and Orbitrap [44, 56, 57] mass spectrometers for peptide, protein, and protein
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complex fragmentation. Fort et al. demonstrated that ECD outperformed HCD for fragmentation
of ubiquitin and myoglobin on an orbitrap mass spectrometer as measured by backbone cleavage
coverage [56]. Shaw et al. reported a 93% backbone cleavage coverage for carbonic anhydrase 11
(29 kDa) using ECD on an Orbitrap mass spectrometer with a direct-infusion approach [44],
demonstrating the great potential of ECD to advance dTDP via offering extensive protein
fragmentation. Direct-infusion MS is typically deployed for ECD-based TDP and in-front liquid-

phase separation is needed to analyze complex protein mixtures.

In this work, for the first time, we coupled CZE to ECD on a Q-TOF mass spectrometer for
highly efficient liquid-phase separation and extensive gas-phase fragmentation of intact proteins.
CID was integrated with ECD to activate the ECD ions and to produce more extensive protein
fragmentation. We employed the online CZE-(AI-ECD)-Q-TOF platform for characterization of
a standard protein mixture in a mass range of 8-30 kDa. We investigated the effect of CID
potential on the backbone cleavage coverage of proteins from AI-ECD, studied how protein
precursor’s charge state influenced backbone cleavage coverage from Al-ECD, and showed that
combining AI-ECD fragment ions from different charge states could boost the backbone
cleavage coverage of proteins drastically compared to that from a single charge state. Finally, we
achieved baseline separation and nearly complete backbone cleavages for the standard protein
mixture using the online CZE-AI-ECD on an Agilent 6545XT AdvanceBio Q-TOF mass

spectrometer, suggesting the great potential of the new platform for advancing dTDP.

75



3.2 Experimental

3.2.1 Materials and reagents

All standard proteins, ammonium acetate (NHsAc), dithiothreitol (DTT), iodoacetamide
(IAA), and Microcon-30kDa centrifugal filter units for buffer exchange were purchased from
Sigma-Aldrich (St. Louis, MO). LC/MS grade water, methanol, formic acid (FA) and acetic acid
(AA) were purchased from Fisher Scientific (Pittsburgh, PA). Urea was purchased from Alfa
Aesar (Tewksbury, MA). Hydrofluoric acid (HF) and acrylamide were purchased from Acros
Organics (NJ, USA). The fused silica capillary (50 um i.d., 360 um o.d.) was purchased from

Polymicro Technologies (Phoenix, AZ).

3.2.2 Sample preparation

A mixture of standard proteins consisting of ubiquitin (bovine, 0.05 mg/mL), myoglobin
(equine, 0.1 mg/mL), carbonic anhydrase (CA, bovine, 0.5 mg/mL), and bovine serum albumin
(BSA, 2.0 mg/mL) was prepared in 50 mM NHsHCOs (pH 8.0) for the CZE-MS experiment.
Carbonic anhydrase and its impurity superoxide dismutase (SOD, bovine) [21] were denatured
with 8 M urea at 37 °C, reduced with DTT and alkylated with 1AA, followed by buffer exchange
with a Microcon-30 kDa centrifugal filter unit. For the buffer exchange, 200 pg protein material
was loaded on the membrane and centrifuged at 14,000 g to remove the sample buffer. Then the
sample was washed with 200 uL. 50 mM NHsHCOs (pH 8.0) for three times, followed by protein
recovery from the membrane using 30 uLL 50 mM NH4HCO3 (pH 8.0) with pipetting and

vortexing gently.

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 0.7. The bacteria were collected by
centrifugation (4,000 rpm, 10 min), then washed three times with phosphate-buffered saline
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(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 min using a homogenizer 150 (Fisher Scientific) and then
sonicated on ice for 5 min twice with a Branson Sonifier 250 (VWR Scientific). The E. coli
lysate was centrifuged at 14,000 g for 10 min 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. After denaturation, reduction and
alkylation, the buffer exchange of protein sample was conducted by centrifugation with
Microcon-30 kDa centrifugal filter (Merck Millipore) at 14,000 g for 10 min and then washing
three times with 50 mM ammonium bicarbonate (pH 8.0). Finally, the proteins retained on the
centrifugal filter membrane were re-dissolved in 50 mM ammonium bicarbonate (pH 8.0). The

final concentration was 1 mg/ml.

3.2.3 CZE-ESI-MS/MS analysis

A 7100 CE System from Agilent Technologies (Santa Clara, CA) was used for automated
operation of CZE. An EMASS-II CE-MS lon Source commercialized by CMP Scientific
(Brooklyn, NY) was used to couple CZE to a 6545XT AdvanceBio Q-TOF (Agilent
Technologies) mass spectrometer, Figure 3.1A [34,35]. The ECD fragmentation was realized by
a built-in electromagnetostatic ExD cell (e-MSion, Corvallis, OR) between the quadrupole and
the collision induced dissociation (CID) cell, Figure 3.1B. The ESI emitters of the CE-MS
interface were pulled from borosilicate glass capillaries (1.0 mm o.d., 0.75 mm i.d., 10 cm
length) with a Sutter P-1000 flaming/brown micropipet puller. The opening size of the ESI

emitters was 20-30 um. Voltage for ESI ranged from +2.0 to +2.3 kV.
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Figure 3.1. (A) Image of the CZE-MS system including a 7100 Agilent CE system, an EMASS-
Il CE-MS interface from the CMP Scientific, and an Agilent 6545XT Q-TOF mass spectrometer
with an ECD cell. The image was adapted from

https://www.agilent.com/cs/library/applications/application-nistmab-charge-variants-cief-ms-

5994-1079en-agilent.pdf. (B) Schematic of Agilent 6545XT AdvanceBio Q-TOF mass

spectrometer with built-in ExD cell (e-MSion). The inset shows an image of the ExD cell
installed between quadrupole and shortened collision cell. The figure was kindly provided by the

e-MSion.
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A 75-cm long capillary (50 um i.d., 360 pm o.d.) coated with linear polyacrylamide (LPA)
was used for separation of the standard protein mixture. A 1.5-m long LPA-coated capillary
(50 um i.d., 360 um o.d.) was used for E. coli separation. The LPA coating was prepared on the
inner wall of the capillary based on the literature [58-59]. One end of the capillary was etched
with HF to reduce the outer diameter of the capillary to ~ 70 um [60]. The background
electrolyte (BGE) for CZE was 5% (v/v) AA (pH ~ 2.4). The sheath buffer was 0.2% (v/v) FA
containing 10% (v/v) methanol. High voltage (+30 kV) was applied for CZE separation. For each
CZE-MS/MS run of the standard protein mixture, 120 nL of the sample was injected into the
capillary. For CZE-MS/MS run of E. coli proteome, 500 nL of the sample was injected into the
capillary. The injection was realized by applying 100 mbar air pressure and the injection volume

was calculated based on Poiseuille's law.

The 6545XT AdvanceBio Q-TOF (Agilent) was used for the experiments. The gas
temperature and flow rate of nitrogen drying gas was 325 °C and 1 L/min. The voltage applied
on the ion transfer capillary was 0 V. The fragmentor was 175 V and the skimmer was 65 V. The
mass range was set as Standard (3200 m/z). The slicer mode was High Resolution. The
instrument mode was Extended Dynamic Range (2 GHz). For MS, the mass range was 600-3000
m/z, and the scan rate was 1 spectrum/sec. For MS/MS, the mass range was 300-3000 m/z, and
the scan rate was 1 spectrum/sec. The precursor ion isolation width for MS/MS was set as wide
(~9 amu). For auto MS/MS, max precursors per cycle was 3. Active exclusion for precursor
selection was not enabled and the precursors were sorted by abundance only. Only precursors
with more than 3000 counts in abundance were isolated for MS/MS. For targeted MS/MS, the
max time between MS1 spectra was 5 s. Five MS/MS spectra were collected for each targeted

precursor. AI-ECD was used for fragmentation.
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3.2.4 Electromagnetostatic ExD Cell

The e-MSion ExD cell mounted on a shortened collision cell replaced Agilent’s standard CID
cell (Figure 3.1). The ExD cell consists of a hot rhenium filament producing electrons and two
high-temperature magnets that restrain electrons radially to the central axis. The analyte ions are
guided through the cell without trapping by seven DC electrostatic lens. An auxiliary electronics
control module controlling the ExD cell was interfaced to the instrument computer. The ExD cell
was tuned with direct infusion of Substance P, ubiquitin, and CA using our CZE system. Briefly,
the CZE capillary was first filled with the sample. After that, the sample was pushed out of the
capillary slowly via applying a small pressure (50-100 mbar) at the sample injection end of the
capillary for ESI-MS. The ExD cell was first tuned to achieve full ion transmission without ECD
in MS1. Then, the ExD cell and filament current were optimized to achieve the maximum ECD
fragment ion intensity in MS2. The optimized ECD conditions including electrostatic potentials

and filament current settings are shown in Table 3.1.

Table 3.1. Optimized ExD cell settings for the ECD (ECD on) and positive transmission
without ECD (ECD off).

Settings ECD on ECD off
Lens 1 (V) 28.0 20.0
Lens 2 (V) -23.5 1.2

Lens 3 (V) 33.0 25.8
Lens 4 (V) 41.0 27.2
Lens 5 (V) 31.5 29.3
Lens 6 (V) 26.0 24.7
Filament Bias (V) 23.0 21.8
Filament current (A) 2.6 2.6
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3.2.5 Data analysis

For annotation of the MS/MS spectra of standard proteins, MS/MS spectra for standard
proteins were first averaged manually over the electrophoretic peak of each protein in Agilent
MassHunter Qualitative Navigator B.08.00. The information in the averaged MS/MS spectra
including m/z and intensity of ions were exported and saved as a .mgf file for each protein. After
that, each .mgf file was loaded into the LcMsSpectator

(https://omics.pnl.gov/software/lcmsspectator) for fragment ion match and annotation. Matched

fragment ion types were b, y, ¢, z (z and z+), and w with a 20-ppm mass tolerance and minimum
S/N threshold as 1.5. The annotated MS/MS spectra were also manually checked. The sequences

of standard proteins were obtained from the UniProt (https://www.uniprot.org/). Fragmentation

patterns and backbone cleavage coverages were generated by the LcMsSpectator.

Deconvolution of large proteoforms from E. coli proteome was performed with Agilent
MassHunter BioConfirm 10.0 using Maximum Entropy algorithm. The mass step was 0.05 Da.

Other parameters for deconvolution were set as default.

3.3 Results and discussion

3.3.1 Effect of CID potential on the performance of AI-ECD for protein backbone
cleavage
We deployed CID to activate the ECD fragment ions to destroy the intramolecular noncovalent
bonds, leading to more extensive backbone cleavage coverage [52]. We set the ECD filament
current as 2.6 A for efficient ECD fragmentation. The CID was mainly used to activate the ECD

fragment ions. Five types of fragment ions (b, y, ¢, z and w ions) were considered in the data
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analysis using the LcMsSpectator. The z ion in this work represents the z and z- ions. The regular
low electron-energy (<1 eV) ECD mainly produces c and z ions and the high electron-energy (3-
13 eV) ECD can induce protein backbone fragmentation via different pathways, yielding c, z, b,
Yy, &, and w ions [44, 61]. The w ions are from the secondary fragmentation of z- ions through side
chain neutral loss due to the high electron energy, and they are very useful for distinguishing
isomeric amino acid residues, like leucine (L) and isoleucine (I), in protein sequences [61]. | and

L offer distinctive side chain neutral loss, -C2Hs (29 Da) and -CsH7 (43 Da), respectively.

We speculated that too high CID potential would produce obvious CID fragmentation of the
protein precursor ions and ECD fragment ions, leading to much more complicated MS/MS spectra
and challenges for data interpretation. Therefore, we investigated how CID potential affected Al-
ECD fragmentation to achieve an optimized CID potential using the CZE-MS system and a
standard protein mixture containing ubiquitin (8.5 kDa), myoglobin (17 kDa), CA (29 kDa), BSA
(66 kDa), and one protein impurity SOD (16 kDa). We chose three CID potentials, 10 V, 30 V,
and 50 V. We did not test 0-V CID potential because a little bit of CID potential is needed to

facilitate ion transmission and achieve sufficient fragment ion signal in our system.

First, CZE achieved baseline and reproducible separation of the standard proteins with relative
standard deviations (RSDs) of migration time less than 2%, Figure 3.2A. Second, the CZE-Al-
ECD method with the 10-V CID potential yielded extensive backbone cleavages of ubiquitin
(97%), myoglobin (>80%), CA (~60%), and SOD (~70%) under auto MS/MS mode. For the BSA,
we only gained a limited backbone cleavage coverage (<20%) using the AI-ECD due to its large
mass (66 kDa) and folded structure with many internal disulfide bonds. We analyzed both
completely unfolded (denatured) and folded (nondenatured) CA using AI-ECD, obtaining much

better cleavage coverage for the unfolded CA compared to the folded one (~60% vs. ~40%). We
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noted that the c, z, and w ions dominated the generated fragment ions of ubiquitin (82%),
myoglobin (69%), and BSA (66%) when the CID potential was 10 V. For SOD and CA, about 50%
of the fragment ions were b and y ions. Third, when the CID potential was increased from 10 V to
50 V, the backbone cleavage coverage of proteins except the BSA was reduced substantially,
Figure 3.2B. We speculated the reason for the decrease of cleavage coverage was most likely
because high CID potential resulted in the over-fragmentation of proteins, in which the generated
fragment ions were too small for identification. The number of sequence-informative fragment
ions of proteins from AI-ECD decreased as a function of CID potential from 10 to 50 V, Figure
3.2C. We further analyzed the mass and intensity of generated fragment ions from three proteins
(CA, SOD, and myoglobin), which had the most significant reduction of backbone cleavage
coverage as a function of CID potential. The increase of CID potential resulted in fragment ions
with obvious lower mass (Figure 3.2D) and drastically lower intensity (Figure 3.2E). Take CA
as an example, the correlation between mass and intensity of fragment ions for CID 10 V and 50
V further elucidated the overall reduction of intensity of fragment ions across the whole mass range,

Figure 3.2F.
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Figure 3.2. (A) Base peak electropherograms of the mixture of a) BSA, b) ubiquitin, ¢) myoglobin,
d) CA and e) SOD after triplicate CZE-MS/MS analyses. (B-E) Changes of backbone cleavage
coverage, number of matched fragment ions, median mass of fragment ions and median intensity
of fragment ions for standard proteins across different CID potential. (F) Correlation between mass

and intensity of fragment ions from CA with 10-V and 50-V CID potentials.
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Further comparison of annotated AI-ECD spectra of CA under two different conditions (CID

10 V and 50 V) showed that the 50-V CID produced more noisy MS/MS spectra compared to the

10-V CID potential in the low m/z region, Figure 3.3. All the evidence suggests that AI-ECD with

high CID potential (30 V and 50 V) leads to over fragmentation of proteins lower than 30 kDa.

We considered AI-ECD with the 10-V CID as the optimized AI-ECD condition and used it in all

the following studies.
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Figure 3.3. Annotated MS/MS spectra of CA from AI-ECD (A) using a 10-V CID potential and

(B) using a 50-V CID potential. Auto MS/MS was used. The spectra were averaged from all

MS/MS spectra with different precursor ions. Blue: b ions; red: y ions; cyan: c ions; pink: z ions;

grey: w ions.
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We further manually evaluated the annotated MS/MS spectra of the proteins under the optimized
AI-ECD condition, Figure 3.4 and Figure 3.5. For the large protein CA (29 kDa) and the small
protein ubiquitin (8.5 kDa), most of the high abundant ions in these MS/MS spectra were annotated

as common AI-ECD fragment ions (b, y, ¢, z, and w ions).

3.3.2 Effect of protein precursor’s charge state on AI-ECD fragmentation of proteins
During ECD fragmentation, positively charged protein ions capture electrons emitted from the

internal heated rhenium filament, leading to protein fragmentation. Electron capture becomes
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more probable with higher charge states of protein ions, which can capture more electrons and
generally results in more efficient protein fragmentation. Therefore, we investigated the protein
fragmentation from AI-ECD as a function of the protein charge state for three of the five proteins
in the protein mixture (Myoglobin, SOD, and CA). The chosen charge states and m/z are
summarized in Table 3.2. We selected three charge states (low, medium, and high) for each
protein to make sure that these charge states were significantly different from each other and had
comparable precursor ion abundances. The medium charge state was the most abundant charge
state in each spectrum. We used the CZE-AI-ECD to separate the standard protein mixture and
fragment the specific charge states of the three proteins in targeted MS/MS mode. About 20-60
MS/MS spectra were acquired for each charge state of each protein. The MS/MS spectra were

averaged, followed by fragment identification using the LcMsSpectator software.

Table 3.2. Charge states and m/z of myoglobin, CA and SOD for studying the eftect of
protein charge state on AI-ECD fragmentation.

Low charge Medium charge High charge

Myoglobin 1060 m/z, +16 893 m/z, +19 772 m/z, +22
CA 1210 m/z, +24 1076 m/z, +27 937 m/z, +31
SOD 928 m/z, +17 830 m/z, +19 751 m/z, +21

The protein charge state altered the number of sequence-informative fragment ions (Figures
3.6A-C) and the backbone cleavage coverage (Figures 3.6D-F) materially. The total number of
fragment ions dropped obviously as the charge state changes from low to high for myoglobin and
SOD. For CA, the low and medium charge states yielded a comparable number of fragment ions,
which are significantly better than that from the high charge state. When we examined the changes
in the number of different types of fragment ions as a function of protein charge state, we observed

that the numbers of ¢, z and w ions for the three proteins all declined dramatically at the high
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charge states compared to the low charge states. However, the numbers of b and y ions for
myoglobin and CA show different trends from the c, z and w ions. The high charge states of CA
and myoglobin produced more b and y ions than their low charge states. The corresponding protein
backbone cleavage coverage data depicted in Figures 3.6D-F agree well with the number of
fragment ions data discussed above. The low and high charge states generated the highest and
lowest backbone cleavage coverages, respectively, for all the three proteins when we considered
all types of fragment ions or only ¢, z and w ions. When we only considered b and y ions, the high

charge states yielded better cleavage coverage than the low charge states for CA and myoglobin.
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Figure 3.6. Number of matched fragment ions (A-C) and backbone cleavage coverage (D-F) from

AI-ECD fragmentation of SOD, myoglobin, and CA as a function of the precursor’s charge state.

The CID potential was 10 V.

The drastic decrease of overall backbone cleavage coverage and the total number of fragment

ions for the three proteins as a function of protein ion charge state might be due to over
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fragmentation. The high charge state protein ions produced smaller fragment ions compared to the
low charge state protein ions, Figure 3.7, offering some evidence of over fragmentation. We then
asked why myoglobin and CA showed different trends from SOD regarding the backbone cleavage
coverage from only b and y ions when the protein ion charge state increased from low to high.
Although myoglobin has a similar mass to SOD, it was not as fully denatured as SOD in our
experiment. CA is a much larger protein than SOD. Therefore, higher charge states of myoglobin
and CA can facilitate the unfolding of the gas-phase protein ions to a slightly better extent, offering
a higher chance for collision-based fragmentation. On the other hand, a protein ion with a high
charge state can capture electrons more efficiently compared to the medium and low charge states
due to the higher charge density, which might lead to absorption of too much energy for proteins
and eventually over fragmentation. SOD had more severe over fragmentation than myoglobin and
CA, which is evidenced by the more profound drop of fragment ion mass of SOD than that of CA

and myoglobin as a function of charge state, Figure 3.7.
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Figure 3.7. Median mass of fragment ions from AI-ECD fragmentation of SOD, myoglobin, and

CA as a function of the precursor’s charge state. The CID potential was 10 V.
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We noted that although the charge state of protein ions could influence their backbone cleavage
coverage from AI-ECD significantly, our CZE-AI-ECD-Q-TOF system provided reasonably
extensive protein backbone cleavages for the three proteins in a mass range of 15-30 kDa across a
wide range of charge states, which is extremely useful for the dTDP of complex protein mixtures
in the widely used data-dependent acquisition (DDA) mode. The system produced over 60% (high,
+21) to 88% (low, +17) backbone cleavage coverage for SOD, nearly 70% (high, +22) to 90%
(low, +16) backbone cleavage coverage for myoglobin, and a little bit lower than 60% (high, +31)

to 69% (low, +24) backbone cleavage coverage for CA.

3.3.3 Combining AI-ECD fragment ions from different charge states of proteins for
improved backbone cleavage coverages

We observed that the generated fragment ions for different charge states of proteins using Al-
ECD are complementary to each other. As shown in Figure 3.8, AI-ECD fragmentation of the
low (+24), medium (+27) and high (+31) charge states of CA produced 269, 273, and 220
fragment ions. Only about 50% of the fragment ions from the medium or high charge state of CA
were the same as that from its low charge state. Combining the AI-ECD data from the three
charge states of CA produced an 85% backbone cleavage coverage and 454 fragment ions in
total, including 88 b ions, 105 c ions, 68 w ions, 80 y ions, and 113 z ions, Figure 3.9D.
Noticeably, the w ions allowed us to confidently distinguish the isomeric leucine (L) and
isoleucine (I) residues at 10 positions in the CA sequence. The backbone cleavage coverage and
number of fragment ions from the combined data for CA were 23% (85% vs. 69%) and 69%
(454 vs. 269) higher than that from the low charge state of CA (+24) only. By combining data
from the three different charge states, we obtained extremely high backbone cleavage coverages

for myoglobin (97%) and SOD (94%), which offered 7% and 6% gains in backbone cleavage
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coverage, respectively, compared to the best data of the single charge states, Figure 3.9B and
Figure 3.9C. For ubiquitin, AI-ECD fragmentation of a single charge state (+7) already
produced 97% cleavage coverage and 154 fragment ions, including 8 b ions, 54 c ions, 19 y ions,
61 z ions, and 12 w ions, Figure 3.9A. The w ions enabled distinguishment of the isomeric | and
L residues at 4 positions in the protein sequence. To our best knowledge, our work is one of the
first examples of coupling online liquid-phase separation to ESI-MS/MS for top-down MS
characterization of protein mixtures with nearly complete backbone cleavages. This work
certainly represents the first example of dTDP using CZE-ECD. The data demonstrate that our
CZE-AI-ECD Q-TOF platform has a great potential to advance dTDP via offering highly

efficient protein separation and extensive protein fragmentation.

Medium Low .- Ss High
(273) (269) .7 (220)
/

Figure 3.8. Overlap of AI-ECD fragment ions of CA between different charge states (low,

medium, and high).
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Figure 3.9. Sequences and fragmentation patterns of (A) ubiquitin, (B) myoglobin, (C) SOD and

(D) CA obtained using CZE-AI-ECD. For each protein, three charge states were isolated separately
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Figure 3.9 (cont’d). for AI-ECD fragmentation and the backbone cleavage coverage were
calculated by combining all the fragment ions from the three charge states. B, y, ¢, z, and w ions
were considered for the AI-ECD fragmentation. The CID potential was 10 V. Blue: b ions; red: y

ions; cyan: ¢ ions; pink: z ions; grey: w ions.

3.3.4 CZE-ESI-Q-TOF for large proteoform detection from a complex sample

Before our next step to apply the system for large-scale dTDP of a complex sample, we first
want to prove that CZE-ESI-Q-TOF is capable to detect proteoforms from complex samples and
characterize proteoforms larger than 30 kDa. The E. coli proteome (1 mg/mL) was used here to
test the system. The low sample loading amount and narrow separation window are two main
obstacles that limit CZE-MS/MS for large-scale TDP. To increase the sample loading amount,
we utilized dynamic pH junction as the online preconcentration method, which allowed us to
inject 500 nL protein sample (about 500 ng protein material) into the capillary. Then we
employed a 1.5-m LPA coated capillary for proteoform separation to extend the separation
window. As shown in Figure 3.10, the CZE separation could generate a 120 min separation
window. The CZE-ESI-Q-TOF analysis was reproducible in quadruplicated runs in terms of
separation profile and peak intensity. We observed several large proteoforms from the data and
Figure 3.11 shows two examples. The spectrum of the first example (eluting at 71.5 min) is
complex and difficult to determine the charge states due to the overlap of signals from several
proteoforms (Figure 3.11A). However, we could clearly see three proteoform masses about 40
kDa after deconvolution (Figure 3.11C). These three proteoforms should belong to one
proteoform family as they were co-eluted from CZE; their masses increase by 183 Da, probably
the modification by AEBSF protease inhibitor. The second example proteoform was observed at

72.8 min in the electropherogram with a deconvolution mass about 45 kDa (Figure 3.11B, D).
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The results demonstrated the ability of CZE-ESI-Q-TOF platform for separation and detection of
complex sample analysis. The detection of large proteoforms with low signal intensity also
showed the high sensitivity of CZE-ESI-Q-TOF system. We will employ AI-ECD in the

platform for dTDP of E. coli proteome in the future to identify the observed proteoforms.
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Figure 3.10. Electropherograms of E. coli protein sample analyzed by quadruplicated CZE-ESI-
Q-TOF with 1.5-m LPA-coated capillary and 500 nL injection volume. The inset is the zoom-in

electropherogram from 90-170 min.
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Figure 3.11. MS spectra (A, B) and deconvolution spectra (C, D) of two large proteoforms

observed from CZE-ESI-Q-TOF analysis of E. coli proteome.

3.4 Conclusions

We presented a novel analytical tool for dTDP of protein mixtures by combining highly
efficient CZE separation and extensive AlI-ECD fragmentation of proteins on an Agilent 6545XT
Q-TOF mass spectrometer. The CID potential and the charge state of proteins could alter the
cleavage coverage and the number of sequence-informative fragment ions of proteins from Al-
ECD fragmentation significantly. Under an optimized condition, the CZE-AI-ECD-Q-TOF
system produced a baseline separation and nearly complete backbone cleavages of a mixture of
standard proteins in a mass range of 8-30 kDa. The CZE-ESI-Q-TOF platform also shows high-

capacity and robust separation performance and high sensitivity for the complex sample. The

96



CZE-AI-ECD will be a new tool for dTDP with high utility to advance both the separation and

fragmentation of proteins.

However, some improvement in the technique and data analysis software need to be done to
allow routine and large-scale dTDP using the CZE-AI-ECD-Q-TOF system. First, we need to
enable the real-time mass calibration during CZE-MS on the Agilent Q-TOF system, which will
ensure high mass accuracy of fragment ions, improving the confidence of fragment ion
matching. Second, spectral averaging is extremely useful for improving the cleavage coverage of
proteins from ECD. Incorporation of some spectral averaging function in the available dTDP
software packages will allow the automated analysis of the ECD data. Third, the widely used
dTDP software packages for proteoform identification via database search were developed
mainly based on the data from Orbitrap and FT-ICR mass spectrometers. To analyze the CZE-
AI-ECD Q-TOF data, some efforts need to be made to modify the current software tools and

better fit the Q-TOF data.
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CHAPTER 4. Native Proteomics in Discovery Mode using Size Exclusion
Chromatography-Capillary Zone Electrophoresis-Tandem Mass

Spectrometry

4.1 Introduction

Modern proteomics has already approached 10,000 protein identifications (IDs) from
mammalian cell lines with bottom-up strategy and obtained thousands of proteoform IDs from
human cell lines with top-down strategy [1-7]. However, the majority of proteins in a cell
function as protein complexes, and typical bottom-up and top-down strategies cannot directly
measure the dynamics of proteomes in cells at protein complex level because the protein-protein
interactions are destroyed during sample preparation and reversed-phase liquid chromatography
(RPLC)-electrospray ionization (ESI)-tandem mass spectrometry (MS/MS) analysis.
Comprehensive characterization of complex proteomes under native conditions, termed native
top-down proteomics (native proteomics), will ultimately produce a full picture of endogenous

protein complexes in a cell [8].

Native proteomics requires high-resolution and liquid-phase separation of a complex proteome
prior to native electrospray ionization (nESI)-MS and MS/MS. NESI-MS has been widely used
for the characterization of purified protein complexes, antibodies and virus assemblies via direct

infusion [9-16]. Some work has been done using liquid-phase separation-nESI-MS for the

Part of this chapter was adapted with permission from: X. Shen, Q. Kou, R. Guo, Z. Yang, D. Chen, X.
Liu, H. Hong, L. Sun, Anal. Chem. 90 (2018) 10095-10099.
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characterization of standard protein complexes or samples with very low complexity [17-23].
Recently, Skinner et al. coupled off-line ion exchange chromatography or clear native gel-eluted
liquid fraction entrapment electrophoresis [24] to direct infusion nESI-MS/MS for native
proteomics of mouse hearts and four human cell lines, leading to the identification of 164
proteins and 125 protein complexes from 600 fractions [8]. This is the first example of native
proteomics. However, the workflow is labor- and time-consuming. Coupling an online and high-
resolution separation technique to nESI-MS and MS/MS is required to boost the throughput and

scale of native proteomics.

Capillary zone electrophoresis (CZE)-MS/MS has a great potential for native proteomics due
to the high separation efficiency of CZE for intact proteins [24-27], the mature CE-MS interfaces
[28-31], and its capability for high-resolution separation and highly sensitive detection of protein
complexes under native conditions [20,23, 32-34]. Nguyen et al. established a native CZE-MS
system based on a sheathless CE-MS interface for characterization of protein complexes,
detecting carbonic anhydrase 11-Zn complex, carbonic anhydrase I-Zn complex and hemoglobin
A (tetramer) from human red blood cells (RBCs) [20]. It is worth noting that those three
complexes span a concentration dynamic range of ~3 orders of magnitude in RBCs. This work
clearly demonstrated the great potential of CZE-MS for highly sensitive characterization of
protein complexes in native conditions. Leize-Wagner group recently demonstrated a sheathless
CE-MS interface based native CZE-MS system as a powerful and highly sensitive nanoESI
infusion platform for the analysis of antibody-drug conjugates, monoclonal antibodies and other
various protein complexes [22,35,36]. Very recently, Belov et al. established a native CZE-MS
and MS/MS platform based on the sheath-less CE-MS interface and applied the platform for the

analysis of standard protein complexes, monoclonal antibodies and a ribosomal isolate from E.
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coli. [23]. Although native CZE-MS has been well recognized as a useful platform for the
analysis of protein complexes, there is still no report on evaluating CZE-MS/MS for native
proteomics of complex proteomes. In this work, for the first time we established a native SEC-
CZE-ESI-MS/MS platform based on the commercialized electro-kinetically pumped sheath flow
interface for characterization protein complexes from a complex proteome sample (E. coli cell

lysate) via native proteomics.

4.2 Experimental

4.2.1 Materials and reagents

Carbonic anhydrase from bovine erythrocytes, pyruvate kinase from rabbit muscle, 3-
(Trimethoxysilyl)propyl methacrylate, ammonium persulfate, ammonium acetate (NHsAc) and
the Microcon-30kDa centrifugal filter units for buffer exchange were purchased from Sigma-
Aldrich (St. Louis, MO). Recombinant streptavidin, hydrofluoric acid (HF) and LC/MS grade
water were purchased from Fisher Scientific (Pittsburgh, PA). Acrylamide were purchased from
Acros Organics (NJ, USA). Bare fused silica capillaries (50-pum i.d., 360-um o.d.) were

purchased from Polymicro Technologies (Phoenix, AZ).
4.2.2 Preparation of separation capillary for CZE

The LPA coating was conducted based on the protocol described in references [37] and [38].
A bare fused silica capillary was successively flushed with 1 M hydrochloric acid, water, 1 M
sodium hydroxide, water, and methanol, followed by treatment with 3-(trimethoxysilyl) propyl
methacrylate to introduce carbon-carbon double bonds on the inner wall of the capillary. The

treated capillary was filled with degassed acrylamide solution in water containing ammonium
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persulfate, followed by incubation at 50 °C water bath for 35 to 40 min with both ends sealed by
silica rubber. After that, the capillary was flushed with water to remove the unreacted reagents.
The details of the linear carbohydrate polymer (LCP)-coating are discussed in section 5.2.2.
Then one end of the LPA-coated capillary and the LCP-coated capillary was etched with HF

based on the protocol in reference [31] to reduce its outer diameter to around 70 pum.
4.2.3 Sample preparation

E. coli (strain MG1655) was cultured in Lysogeny broth medium at 37 °C until OD600
reached 0.7. After washed with PBS three times, the cells were lysed in a PBS buffer plus 10
mM magnesium chloride, 2 mM calcium chloride and complete protease inhibitors (Roche) and
homogenized for 30 s, followed by sonication with a Branson Sonifier 250 (VWR Scientific,
Batavia, IL) on ice for 2 min. After centrifugation, the supernatant containing the extracted
proteins was collected. A small aliquot of the diluted sample was used for the bicinchoninic acid

(BCA) assay to determine the protein concentration.

One aliquot of the E. coli lysate containing about 600 ug of proteins (~2 mg/mL) was
fractionated with size exclusion chromatography (SEC) on an Agilent Infinity II HPLC system.
The AdvanceBio SEC column (4.6 x 300 mm, 2.7 um particles, 300 A pores) was from Agilent.
The mobile phase was 100 mM NH4Ac (pH 7.0), and the flow rate was 0.15 mL/min. Eight
fractions were collected from 11-19 min (1 min for each fraction) for relatively small proteins
based on our preliminary experiment. Then each fraction was loaded onto a Microcon-30 kDa
centrifugal filter unit, respectively, followed by centrifugation to remove the lysis buffer. We
washed the membrane with 50 mM NHsAc (pH 6.9) for buffer exchange, followed by adding 40
pL of 50 mM NHsAc (pH 6.9) into each filter unit to extract the proteins on the membrane. We

gently vortexed the filter units for 5 min and took the protein solution from the filter units for
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native CZE-MS/MS analysis. The use of Microcon-30 kDa centrifugal filter unit for buffer

exchange was based on the recent native proteomics work from the Kelleher group [8].

The mixture of standard protein complexes was prepared with carbonic anhydrase and its
impurity superoxide dismutase (CA and SOD, 1 mg/mL), pyruvate kinase (PK, 5 mg/mL) and
streptavidin (2 mg/mL). The protein complex mixture was purified and buffer exchanged into 10

mM NHsAc (pH 6.9) by 3-time centrifugation with a Microcon-100 kDa centrifugal filter unit.

4.2.4 SDS-PAGE

In order to evaluate the sample loss during the buffer exchange with Microcon-30 kDa
centrifugal filter units, we analyzed the E. coli whole cell lysate before and after the buffer
exchange as well as the flow through using SDS-PAGE. About 400 pg of E. coli proteins in 50
pL of the lysis buffer were loaded onto one membrane filter, followed by centrifugation at 10
000 g for 10 min. The membrane was washed with 100 pL of 50 mM NHsAc (pH 6.9). After
centrifugation, 100 puL of 50 mM NHsAc (pH 6.9) was added onto the membrane to extract the
proteins. The membrane filter was gently vortexed for 5 min. After that, the protein solution on
the membrane was collected and lyophilized to about 50 pL for the SDS-PAGE experiment. The
flow-through during the buffer exchange (~150 pL) was collected and lyophilized to about 50
pL for the SDS-PAGE experiment. We performed the buffer exchange experiment twice as
technical duplicate. The samples from the technical duplicate were loaded onto an SDS-PAGE
gel for analysis. Two microliters of the E. coli sample before and after the buffer exchange (~16
Mg of proteins in theory) and 2 pL of the flow-through sample were analyzed by SDS-PAGE.

The Coomassie blue solution was used for staining.
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4.25 Native CZE-ESI-MS and MS/MS analysis for E. coli proteome

An ECE-001 capillary electrophoresis autosampler (CMP Scientific, Brooklyn, NY) was used
for automated operation of CZE. A commercialized electrokinetically pumped sheath flow
interface (CMP Scientific) was used to couple CZE to MS. A Q-Exactive HF mass spectrometer
(Thermo Fisher Scientific) was used for the experiments. The commercialized electrokinetically
pumped sheath flow interface (CMP Scientific) was directly attached to the Q-Exactive HF mass
spectrometer for experiments. The ESI emitters of the CZE-MS interface were pulled from
borosilicate glass capillaries (1.0 mm o.d., 0.75 mm i.d., 10 cm length) with a Sutter P-1000
flaming/brown micropipet puller. The opening size of the ESI emitters was 20 um. The spray

emitter with ~4 cm length was typically used. The voltage for ESI was ~2 kV.

A 1-m LPA-coated capillary (50-pm i.d. and 360-pum 0.d.) was used for the CZE separation of
E. coli samples. A 70-cm linear carbohydrate polymer (LCP)-coated capillary was used for the
CZE separation of the mixture of standard protein complexes. The background electrolyte (BGE)
for CZE was 50 mM NHsAc (pH 6.9), and the sheath buffer was 25 mM NHsAc (pH 6.9). 15 kV
was applied at the sample injection end and 1 psi was applied at the meantime for CZE
separation. The E. coli sample was injected into the separation capillary for CZE-MS/MS with 5-

psi pressure for 20 s.

A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used for all of the
experiments. The transfer capillary temperature was 200 °C, and the S-lens RF level was 50. A
top 3 data-dependent acquisition (DDA) method was used. The number of microscans was 3 for
both MS and MS/MS. The resolution for MS and MS/MS was 240,000 and 120,000 (m/z 200),
respectively. The AGC target was 3E6 for MS and 1E6 for MS/MS. The maximum injection

time was 200 ms for MS and 500 ms for MS/MS. The mass range for MS scans was 1000-4000
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m/z. Three most abundant protein peaks in the mass spectrum were sequentially isolated with
isolation window as 4 m/z in the quadrupole, followed by fragmentation with normalized
collisional energy (NCE) as 35. “Exclude isotopes” was turned on and the dynamic exclusion

was 30 s.

4.2.6 Native CZE-ESI-MS for the mixture of standard protein complexes

A 7100 CE System from Agilent Technologies (Santa Clara, CA) was used for automated
operation of CZE. The interface setting was the same as native CZE-ESI-MS analysis for E. coli
proteome unless labelled otherwise. The opening size of the ESI emitters was 30-40 um. Voltage

for ESI ranged from +2.2 to +2.5 kV.

A 70-cm linear carbohydrate polymer (LCP)-coated capillary and a 70-cm LPA-coated
capillary was used for the CZE separation of the mixture of standard protein complexes. The
background electrolyte (BGE) for CZE was 25 mM NHAc (pH 6.9), and the sheath buffer was
10 mM NHsAc (pH 6.9). 30 kV was applied at the sample injection end and 50 mbar was applied
at the mean time for CZE separation. The protein complex mixture was injected into the
separation capillary for CZE-MS/MS with 100 mbar pressure. For LPA experiment, 50 nL
sample was injected for CZE separation, while for LCP experiment, 30 nL sample was injected

for CZE separation. The injection volume was calculated based on Poiseuille's law.

A 6545XT AdvanceBio LC/Q-TOF mass spectrometer (Agilent Technologies, Santa Clara,
CA) with an electromagnetostatic ExD cell (e-MSion, Corvallis, OR) was used for the
experiments. The ExD cell was set for positive transmission without ECD fragmentation (ECD
off). CID potential of 10 V was required for the maximum transmission efficiency of mAbs in

the system with the ExD cell. A regular ESI spray shield was used in the experiments. The gas
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temperature and flow rate of nitrogen drying gas was 300 °C and 1 L/min. The fragmentor
voltage was 300 V, and the skimmer voltage was 250 V. The voltage applied on the ion transfer
capillary was 0 V. The mass range option was set as High (1000 m/z). The slicer mode was High
Resolution. The mass range of detection was 3000-12000 m/z, and the scan rate was 0.25

spectrum/sec.

4.2.7 Data analysis

The RAW files were first converted into mzML files using Msconvert tool [39]. Then, TopFD
(TOP-Down Mass Spectrometry Feature Detection) was used for the spectral deconvolution to

produce msalign files. TopFD (http://proteomics.informatics.iupui.edu/software/toppic/) is an

improved version of MS-Deconv [40]. Finally, TopPIC (version 1.1.3) [41] was used for
database search with msalign files as input. The E. coli UniProt database (UP000000625, 4307
entries) was used for database search. The false discovery rates (FDRs) were estimated using the
target-decoy approach [42]. The database search parameters were as follows: the maximum
number of unexpected modifications as 2, the precursor and fragment mass error tolerances as 15
ppm, and the mass shift of unknown modifications as -200 to 10000 Da. In order to reduce the
redundancy of proteoform identifications (IDs), proteoforms identified by multiple spectra were
considered as one proteoform ID if those spectra match the same proteoform feature reported by
TopFD or those proteoforms belong to the same protein and have similar precursor masses

(within 1.2 Da).

Two rounds of analyses were performed. TopPIC was employed to search each raw file
against the E. coli database separately, and no filter was applied in this step. Then, all the

proteoform spectrum-matches (PrSMs) identified from the 8 SEC fractions were combined and
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filtered out with a 1% spectrum-level FDR. The identified proteoforms were further filtered with

a 5% proteoform-level FDR.

Deconvolution of standard protein complexes was performed using Agilent MassHunter
BioConfirm 10.0 using Maximum Entropy algorithm. The mass step was 0.5 Da. Other

parameters for deconvolution were set as default.

4.2.8 Workflow for identification of protein complexes

First, we performed a regular data-dependent acquisition (DDA) experiment on the
fractionated E. coli samples to acquire MS and MS/MS spectra of the proteins and protein
complexes. We isolated a protein or a whole protein complex with the quadrupole, followed by
HCD fragmentation of the protein or protein complex. Second, we performed a database search

of the acquired MS and MS/MS spectra using TopPIC to identify proteoforms.

Third, we believe if one proteoform is a complex with some co-factors, there should be a
detected mass shift that matches with the mass of the co-factor after database search. We
obtained a potential protein cofactor list from the UniProt E. coli database, as shown in Table
4.1. Here we take RNA polymerase-binding transcription factor DksA as an example. We
identified this protein by TopPIC and obtained the proteoform as shown in Figure 4.1. We found
it has an unknown modification of ~63.5 Da, which is close to the average isotopic mass of zinc
or copper. We think the proteoform should be a potential protein complex with a zinc ion or a

copper ion.
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Table 4.1. The names and masses of the major protein co-factors in the UniProt E. coli database.

Cofactor MW (Da)
Mg(2+) 24
Chloride 355
K(+) 39
Ca(2+) 40
Mn(2+) 55
Fe(2+) 56
Ni(2+) 58.7
Co(2+) 59
Hydrogencarbonate 61
Cu(2+) 64
Zn(2+) 65
pyruvate 87.05
[2Fe-2S] cluster 175.8
(R)-lipoate 206
pyridoxal 5'-phosphate 245.126
[3Fe-4S] cluster 296
pyrroloquinoline quinone 327.182
[4Fe-4S] cluster 352
pantetheine 4'-phosphate 356.333
dipyrromethane 416
thiamine diphosphate 422.29
FMN 453.321
FMNH2 456.344
Mo-molybdopterin 519.26
heme b 614.471
NAD(+) 663.43
NADP(+) 744.41
FAD 782.5
siroheme 908.597
methylcob(l11)alamin 1344.38
adenosylcob(lI1)alamin 1579.58
Mo-bis(molybdopterin guanine dinucleotide) 1584.99

112



Protein-Spectrum-Match #3700 for Spectrum #800370

PrSM ID: 3700 Scan(s): 801726 Precursor charge: 9
Precursor m/z 1954.3036 Precursor mass: 17579.6666 Proteoform mass: 17580.1916
# matched peaks: 33 # matched fragment ions: 30 # unexpected modifications: 1
E-value 1.03e-19 P-value 1.03e-19 Q-value (Spectral FDR) 0

63.44725
31 Y M NE A QL A HF R R|]I L E A W R N|Q L R D E VDRTV T 60
61 H M OQDEA AA ANTF P D PLV DRAA A Q E E E F S L E L R NIRD 9
91 R ERKUILTIKKTIE K T L KKV E D E D F G Y C ELS C 6 VvV E 120

121 LI 6 I R R L ELA RILP T ALDILL CLILDLCLKILT L A EII R E K Q M A 150

151 G 151

Unexpected modifications: Unknown [63.44725)

Figure 4.1. The sequence of the RNA polymerase-binding transcription factor DksA, the

observed fragmentation pattern, and the mass shift detected through the database search.

Fourth, in order to confirm this modification (+63.5 Da) is not an unusual covalent
modification, we compared the proteoform with our recently published large-scale top-down
proteomics dataset of E. coli under a denaturing condition [43]. If the proteoform matches with
some proteoform identified under the denaturing condition in terms of the mass shift within a 4-
Da mass tolerance, we think the modification (+63 Da) should be some covalent modification
and the proteoform is not a protein-metal complex. If we did not observe any proteoform similar
to the proteoform identified in this work, we conclude the proteoform should be a protein

complex.
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Finally, we went back to UniProt and tried to seek some information in the literature on the
protein complex. In this case, we found the RNA polymerase-binding transcription factor DksA
had been reported to bind with a zinc ion and has no other modifications of the same mass. Then
we conclude the identification of the protein complex with a zinc ion. If we did not get literature
information of some protein complexes, we reported those protein complexes as unreported

protein complexes.

For the identification of homodimers, we used the similar workflow. Because the mass shift in
this case is very big, it should not correspond to a co-factor. If the mass shift of some proteoform
is 50% of the detected proteoform mass, we think the proteoform should represent a homodimer.
We considered hetero-oligomers in the experiment via manually evaluating the proteoforms with

large mass shifts but we only found small homodimers.

4.3 Results and discussion

4.3.1 Native proteomics of E. coli proteome with SEC-CZE-ESI-MS/MS

In this work, we coupled size exclusion chromatography (SEC) prefractionation to online
CZE-MS/MS for native proteomics in discovery mode, Figure 4.2. E. coli cells were lysed in
PBS buffer. The extracted proteins were fractionated with SEC into 8 fractions. The mobile
phase was 100 mM ammonium acetate (NHsAc, pH 7.0). After simple protein concentration and
buffer exchange with Microcon-30 kDa centrifugal filter units, the SEC fractions were analyzed
by CZE-MS/MS. We evaluated the sample loss during the buffer exchange using SDS-PAGE,
Figure 4.3. We did not observe significant differences in protein abundance before and after the

buffer exchange. The protein abundance in the flow-through sample was ignorable compared
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with the original sample. For the CZE-MS/MS, the commercialized electro-kinetically pumped
sheath flow interface (CMP Scientific, Brooklyn, NY) was used to couple CZE to MS. The
background electrolyte (BGE) and the sheath buffer were 50 mM NHsAc (pH 6.9) and 25 mM
NHsAc (pH 6.9), respectively. A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific)
was used. The SEC-CZE-MS/MS platform is straightforward. The CZE-MS/MS analyses of the
8 SEC fractions took 16 h. One example electropherogram is shown in Figure 4.2B. The native
CZE-MS/MS run obtained 15 major peaks and approached a 1-h separation window. TopPIC
software was used for the database search of the acquired MS/MS spectra for proteoform
identification [41,42]. We note that the Q-Exactive HF cannot isolate ions with the mass-to-
charge ratio (m/z) higher than 2500 for fragmentation. In this proof-of-principle work, we

focused on the identification of protein complexes with mass lower than 30 kDa.
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Figure 4.2. (A) The SEC-CZE-ESI-MS/MS platform for native proteomics. (B) An example
base peak electropherogram of an SEC fraction of the E. coli lysate after CZE-MS/MS analysis.

(C) The mass distribution of the identified proteoforms from the E. coli proteome.
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Figure 4.3. Image of the SDS-PAGE results. E. coli cell lysate before (Original) and after the
buffer exchange with Microcon-30 kDa centrifugal filter units were analyzed by SDS-PAGE.
About 16 pug of proteins were loaded in theory. The flow-through during buffer exchange was
also analyzed. The buffer exchange experiment was performed in technical duplicate and the

data were shown as the two channels.

A total of 144 proteins and 672 proteoforms were identified from the E. coli lysate with a 1%
spectrum-level false discovery rate (FDR) and a 5% proteoform-level FDR. The number of
protein identifications from each SEC fraction and the protein-level overlap between adjacent
SEC fractions are shown in Figure 4.4. The data indicate that SEC can reach a reasonable
protein separation under the native condition. Most of the identified proteoforms have mass

lower than 30 kDa, Figure 4.2C.
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Figure 4.4. The number of protein identifications (IDs) from each SEC fraction and protein

overlaps between adjacent SEC fractions.
4.3.2 ldentification of protein complexes from E. coli proteome

23 protein complexes from 17 proteins were identified, including four homodimers, 16
protein-metal complexes, two protein-[2Fe-2S] complexes, and one protein-glutamine complex.
14 out of the 23 protein complexes have not been reported before. The details of those protein
complexes are listed in Table 4.2. The SEC-CZE-MS/MS performed native proteomics in

discovery mode because the identities of protein complexes were unknown before analysis.

The protein complexes were identified through several steps. First, during CZE-MS/MS
analysis, a protein or a whole protein complex was isolated in the quadrupole, followed by high
energy collision dissociation (HCD). The MS and MS/MS spectra of the proteins and protein
complexes were acquired. Second, proteoforms were identified through the database search of
the acquired MS and MS/MS spectra against a UniProt E. coli database with the TopPIC

software. Third, the mass shifts of the identified proteoforms were compared with the masses of
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known protein co-factors in the UniProt E. coli database manually. The co-factors are shown in
Table 4.1. If they matched with each other within a 4-Da mass difference, we assumed that the
mass shift corresponded to the specific cofactor. We obtained a list of proteoforms that were
potential protein complexes with the cofactors. Fourth, we compared those proteoforms with that
identified in our recent deep top-down proteomics work. We identified nearly 6000 proteoforms
and 850 proteins from the E. coli proteome using denaturing top-down approach [45]. Because of
the denaturing conditions, the non-covalently bound cofactors were lost during that experiment.
If the potential protein complexes detected in this work matched well with some proteoforms in
reference [43], the corresponding mass shifts should represent some covalent modifications.
Those potential protein complexes were removed from the initial protein complex list. After this
step, we obtained a list of identified protein complexes with bound cofactors. Finally, we
searched the UniProt database to find information on those identified protein complexes in the
literature. Protein complexes without literature information were considered as unreported
protein complexes. The workflow using RNA polymerase-binding transcription factor DksA-
zinc complex as an example was described in section 4.2.7. Figure 4.5A shows one
deconvoluted spectrum of the DksA-zinc complex. Figure 4.1 shows the sequence, observed
fragmentation pattern, and detected mass shift of the DksA-zinc complex after the database

search.
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Table 4.2. The list of the identified protein complexes with the SEC-CZE-MS/MS from the E.
coli proteome.

Mass difference

Protein UniProt . Firstamino | Last amino
. Protein name (observed- . - E-value | Unreported
complex accession # : acid acid
theoretical, Da)
POAES9 Acid stress 18 22 110 | 451E-13 X
chaperone HdeA
POAES9 Acid stress 35 22 110 | 1.06E-11
Homodimer chaperone HdeA
POAESQ Acid stress 58 22 110 | 129E-06 X
chaperone HdeA
POAA04 Phosphocarrier -0.31 1 85 1.35E-25 X
protein HPr
poaazy | UPFO434 protein 22 1 60 | 1.74E-07
YcaR
RNA polymerase-
POABS1 | binding transcription -1.9 1 151 1.03E-19
Zinc ion factor DksA
bindin Thiol:disulfide
g POAEG4 | interchange protein 3.7 20 208 1.66E-18
DsbA
Thiol:disulfide
POAEG4 interchange protein 0.74 146 208 1.33E-09 X
DshA
POAA25 Thioredoxin 1 -0.23 2 109 6.17E-10
Copper ion Nickel/cobalt
- P64534 homeostasis protein 15 27 112 2.06E-12
binding RenB
POAA57 Protein YobA -1.6 27 124 1.40E-11
P09372 Protein GrpE -2.7/-0.89 2 197 7.85E-25 X
DNA-directed RNA
POA800 polymerase subunit -0.43/1.4 26 91 6.54E-08 X
omega
poagxg | C°d S'éosi)kApmte'” -0.40/1.4 2 70 1.70E-10 X
Zinc/ ;
_ POAA04 Phosphocarrier 0.57/2.4 1 85 1.67E-07 X
copper ion protein HPr
bindi POAC59 Glutaredoxin 2 -0.62/1.2 1 215 9.29E-08 X
Inding POADUS5 Protein YgiwW -3.1/-1.2 21 130 7.51E-16 X
POAEQ3 | Slutamine-binding -1.6/0.26 23 248 | 2.35E-09 X
periplasmic protein
poarss | el d"’;a'gg protein 0.58/2.4 4 81 1.47E-21 X
P76402 UPFOi‘“’e%gmte'” -1.9/-0.060 2 110 1.23E-14 X
[2Fe-25] POA9R4 2Fe-2S ferredoxin -2.6 2 111 4,55E-10
binding POA9R4 2Fe-2S ferredoxin 21 2 111 3.49E-08 X
Glutamine . -
. poAEQ3 | Clutamine-binding -0.23 23 248 1.61E-14
binding periplasmic protein

Using this approach, we identified 17 protein complexes including 16 protein-zinc/copper

complexes and one protein-[2Fe-2S] complex, Table 4.2. Besides the detected 2Fe-2S ferredoxin
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complex, we observed another form of the complex with additional 21-Da modification. Seven
out of the identified protein complexes have been reported in the literature including YcaR-zinc
complex [44], DksA-zinc complex [45], DsbA-zinc complex [46], thioredoxin 1-copper complex
[47], RenB-copper complex [48], YobA-copper complex [49], and ferredoxin-[2Fe-2S] complex
[50]. The data clearly indicate that those non-covalent interactions can be preserved during the
SEC-CZE-MS analysis. The 11 unreported protein complexes include the 2Fe-2S ferredoxin
complex with additional 21-Da modification, a truncated DsbA-zinc complex, and protein-metal

complexes from nine novel zinc/copper-binding proteins.
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Figure 4.5. (A) One deconvoluted spectrum of the identified RNA polymerase-binding

transcription factor DksA-zinc complex. The averaged mass spectrum across the peak of the
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complex was used for the mass deconvolution with the Xtract software (Thermo Fisher
Scientific) using the default settings. The x-axis is molecular weight (MW). (B) The crystal
structure of glutamine-binding periplasmic protein bound with a glutamine molecule. The image
of the crystal structure was obtained from the Protein Data Bank in Europe

(https://www.ebi.ac.uk/pdbe/). (C) The sequence, observed fragmentation pattern, and detected

mass shift of the 50S ribosomal protein L31 through the database search. The location of the
mass shift and the cysteine amino acids are highlighted. (D) The molecular function distribution
of the identified metalloproteins. The Retrieve/ID mapping tool on the UniProt website

(http://www.uniprot.org/uploadlists/) was used to obtain the molecular function information. (E)

The metal binding stoichiometry of some identified metalloproteins. The detailed information is
shown in Table 4.3. The error bars for “Others” represent the standard deviations of relative

abundance and cysteine count from 13 metalloproteins.

We noted that the mass spectrometer used in this work limited our capability to localize the
protein co-factors in the protein sequences. For example, as shown in Figure 4.1, the zinc ion is
localized between the 50" and 72" amino acids based on the database search result. However,
the zinc ion should bind with the four cysteine amino acids at positions 114,117,135, and 138
based on the UniProt database. During the HCD fragmentation, the zinc ion and the DksA
protein fell apart, leading to a challenge for accurately localizing the zinc ion in the protein
sequence. During the database search with the TopPIC, the mass shift corresponding to the co-
factor was assigned to a region that no fragment ion could cover. In order to improve the
localization of protein co-factors, we will employ mass spectrometers with electron transfer

dissociation (ETD) [51] or electron capture dissociation (ECD) [16] in our future work.
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Table 4.3. The metal binding stoichiometry of some identified metalloproteins.

Relative abundance (metal

Number of C/H/D/E in the

Cofactor Protein name binding/no binding)* protein sequence**
UPF0434 protein YcaR >8.0 3/1/4/6
RNA polymerase-binding 10 4/2/10/22
Zincion transcription factor DksA
Thiol:disulfide interchange 2 (S-S)13/12/12%**
. 0.50
protein DsbA
Thioredoxin 1 0.60 2(S-S)/1/11/5***
Gopper ion Nickel/coba-lt homeostasis 0.70 0/3/714
protein RcnB
Protein YobA 0.20 0/6/4/4
Protein GrpE 0.60 0/3/13/26
DNA-directed RNA 0.20 0/0/5/12
polymerase subunit omega '
Cold shock protein CspA 0.80 0/1/6/2
Zinc/copper Phosphocarrier protein HPr 0.50 0/2/1/9
ion Glutaredoxin 2 0.20 2 (S-S)/4/19/9***
Protein YgiWw 0.20 1/1/11/6
Glutamine-binding 0.30 0/2/22/10
periplasmic protein '
Cell division protein ZapB 0.30 0/2/1/16
UPF0339 protein YegP 0.10 0/1/2/8

* The relative abundance was calculated based on the intensity of the proteoforms with and
without metal binding. The averaged mass spectra across the proteoform peaks were used for
the calculation. ** C for cysteine, H for histidine, D for aspartic acid, and E for glutamic acid.
*** The two cysteine amino acids form a disulfide bond based on the database search results
and/or the UniProt E. coli database.

4.3.3

Identification of homodimers from E. coli proteome

We identified four homodimers from two proteins, acid stress chaperone HdeA and

phosphocarrier protein HPr, Table 4.2. The masses of these homodimers are 19487 Da (HdeA),

19466 Da (HdeA), 19527 Da (HdeA), and 18227 Da (HPr). For those two proteins, the mass

shifts of some proteoforms are about 50% of the proteoform mass. For example, a mass shift of

9731 Da was detected from one HdeA proteoform that had a mass of 19466 Da. The proteoform
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is the homodimer of HdeA. The data agree well with the literature [52]. HdeA is homodimer at
neutral pH and dissociates into monomer at pH 4. Using the same approach, we detected the
homodimer of phosphocarrier protein HPr. Another two forms of HdeA homodimer were
identified with additional 18-Da and 58-Da modifications. Those three protein complexes have
not been reported previously. We identified one proteoform of glutamine-binding periplasmic
protein (gInH) with a mass shift of 146 Da. The mass shift matches well with the mass of
glutamine. The proteoform represents the glnH-glutamine complex. GInH is involved in
glutamine transport. One crystal structure of the ginH-glutamine complex has been reported [53],
Figure 4.5B. The data highlight the capability of our platform for the identification of various

protein complexes.
4.3.4 Characterization of cofactor interaction in protein complexes from E. coli proteome

We noted that NfuA-[4Fe-4S] complex and 50S ribosomal protein L31-zinc complex have
been reported with bound cofactors [54,55]. However, we only identified proteoforms
corresponding to those two proteins without the cofactors through the database search and did
not identify the whole protein complexes. Cysteine(C)149 and C152 of NfuA are known to play
central roles in binding the [4Fe-4S] cluster, and C16 of 50S ribosomal protein L31 is crucial for
zinc ion binding. We detected mass shifts as -4 and -2 Da from the identified 50S ribosomal

protein L31 and NfuA proteoforms, Figure 4.5C and Figure 4.6.
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oteins / sp|ifb3 JINFUA_E( Fe/S biogenesis protein NfuA OS=Escherichia coli (strain K12) GN=nfuA PE=1 SV=1/ Proteofo

Protein-Spectrum-Match #4239 for Spectrum #900401

PrSM ID 4239 Scan(s) 902493 Precursor charge 9
Precursor m/z 2332.3868 Precursor mass 20982.4156 Proteoform mass 20982.3206
# matched peaks 60 # matched fragment ions 53 # unexpected modifications 1
E-value 3.88e-26 P-value 3.88e-26 Q-value (Spectral FDR) 0
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Figure 4.6. The sequence of the Fe/S biogenesis protein NfuA, the observed fragmentation
pattern, and the mass shift detected through the database search. The mass shift, location of the

mass shift, and the cysteine amino acids were highlighted.

Based on those mass shifts and their location in the protein sequences, we concluded that those
mass shifts represented two disulfide bonds among the four cysteines (C16, C18, C37, and C40)
in 50S ribosomal protein L31 and one disulfide bond (C149-C152) in NfuA. Therefore, 50S
ribosomal protein L31 and NfuA were detected without the zinc ion and [4Fe-4S]. We further
performed mass deconvolution on the averaged mass spectra across the peaks of the identified
50S ribosomal protein L31 and NfuA proteoforms without the cofactors, Figures 4.7 and 4.8. It
is clear that 50S ribosomal protein L31 with two disulfide bonds and NfuA with one disulfide
bond dominate the spectra. There are not very strong protein peaks corresponding to the 50S

ribosomal protein L31-zinc complex and NfuA-[4Fe-4S] complex in Figures 4.7 and 4.8. The
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results demonstrate that a larger fraction of 50S ribosomal protein L31 and NfuA exist as apo
forms lacking the cofactors in the E. coli cells used in the experiment, providing new insight into

the cofactor binding of these two protein complexes.

674

100
i Protein with two i :
< disulfide bonds *4Da + 65Da  Protein with
g one zinc ion
20
75
m_
55_
8 o
=
3 =
5 %
& 40
35_
:yJ.
25
.
15:
10
E' 67604 GED6T 6312 69148 3068 NEZT 72635
e TeEo | em o we

Figure 4.7. The deconvoluted spectrum from the averaged mass spectrum across the peak of the
identified 50S ribosomal protein L31 proteoform without the zinc cofactor. The Xtract software

from Thermo Fisher Scientific was used for the mass deconvolution with the default settings.
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Figure 4.8. The deconvoluted spectrum from the averaged mass spectrum across the peak of the
identified Fe/S biogenesis protein NfuA proteoform without the [4Fe-4S] cofactor. The Xtract
software from Thermo Fisher Scientific was used for the mass deconvolution with the default

settings.

The SEC-CZE-MS/MS platform identified 16 protein-metal complexes. These metalloproteins
are involved in metal ion binding, catalysis, enzyme regulation, transcription, and
transmembrane transport, Figure 4.5D. This work agrees with the literature regarding the
molecular function distribution of metalloproteins [56]. The platform enabled us to determine the
metal binding stoichiometry of most of those metalloproteins, Table 4.3 and Figure 4.5E.
Protein YcaR and DksA bind zinc ion through sulfur from cysteine (C) [44,45], and others most
likely bind metal ions through nitrogen from histidine (H) and/or oxygen from acidic amino
acids (aspartic acid (D) and glutamic acid (E)). Zinc ion binding through sulfur and nitrogen is

generally more stable than that through nitrogen and oxygen [57]. Our metal binding
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stoichiometry results agree well with the general concept from the literature. For YcaR and
DksA, the abundance of the metal-binding form is at least 8 times higher than the non-binding
form. For other proteins, the metal-binding form has lower abundance than the non-binding
form. Our results highlight the potential of the native SEC-CZE-MS/MS platform for high
throughput characterization of metal ion binding on metalloproteins directly from complex

proteomes.

4.3.5 Characterization of PTMs on proteoforms under native condition

We identified many post-translational modifications (PTMs) including N-terminal acetylation,
phosphorylation, C-terminal thiocarboxylation, 4’-phosphopantetheine, biotinylation, and
disulfide bond. An example of those PTMs is shown in Figure 4.9. Some of the PTMs and
corresponding proteins are listed in Table 4.4. We identified 55 proteoforms with N-terminal
acetylation. Disulfide bonds were identified on eight proteins, and four of them are reported for

the first time.
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Protein-Spectrum-Match #993 for Spectrum #300419

PrsMm ID: 993 Scan(s): 301514 Precursor charge: 7

Precursor m/z: 1749.5032 Precursor mass: 12239.4712 Proteoform mass: 12239.5912

# matched peaks: &7 # matched fragment ions: 81 # unexpected modifications: 1

E-value: 3.44e-38 P-value: 3.44e-38 Q-value (Spectral FDR): 0
41.10868
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Unexpected modifications: Unknown [41.10868]

Figure 4.9. The sequence of the 50S ribosomal protein L7/L12, the observed fragmentation
pattern, and the modifications through the database search. The initial methionine excision, N-

terminal acetylation, and one +41 Da modification were labeled.
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Table 4.4. The list of some of the PTMs detected in this work.

PTMs Protein name Maa;z)r ror E-value | Unreported™

C-terminal Molybdopterin synthase sulfur -0.09

. . . . 2.90E-08
thiocarboxylation carrier subunit

Phosphorylation on PTS system glucose-specific -0.7

o 1.79E-29
histidine EIIA component

— . Biotin carboxyl carrier protein -0.2
Biotinylation of acetyl-CoA carboxylase 2.28E-17
4'-Phosphopantetheine Acyl carrier protein -0.92 6.42E-41
Peroxiredoxin Bcp -0.94 4.35E-22

Thiol:disulfide interchange -2.4

. 1.84E-1
protein DsbA 8 8
Thioredoxin 1 -0.01 2.90E-34
Glutaredoxin 3 0.00 2.40E-27
Disulfi n - - -
isulfide bond Fe/S biogenesis protein NfuA 0.00 3.88E-26
Putative sulfur carrier protein -0.02 9.86E-14
YeeD

Uncharacterized protein YbgS -0.02 191E-11
50S ribosomal protein L31 -0.03 1.22E-18

* The disulfide bonds in the proteins highlighted in green have not been reported in the literature.

We detected unreported signal peptide cleavage and initial methionine excision on 25 proteins,

Table 4.5. An example of unreported signal peptide cleavage is shown in Figure 4.10.
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Table 4.5. The list of proteins with unreported signal peptide cleavage and initial methionine
excision.

Unreported signal peptide cleavage

Protein name Firstamino acid | Last amino acid
Maltose operon periplasmic protein 27 306
30S ribosome-binding factor 30 133
DNA-directed RNA polymerase subunit omega 26 91
Phosphocarrier protein HPr 11 85
Protein YcgL 12 108
Biotin carboxyl carrier protein of acetyl-CoA carboxylase 8 156
Uncharacterized protein YhhA 19 146
Cell division protein ZapB 4 81
Glycine betaine/proline betaine-binding periplasmic protein 47 109

Putative cryptic phosphonate transport system permease

protein PhnE1l 49 113
Inner membrane protein YihN 13 128
Nickel/cobalt homeostasis protein RcnB 27 112
50S ribosomal protein L25 19 94
PTS system glucose-specific EIIA component 8 169
PTS system glucose-specific EIIA component 9 169
Uncharacterized protein YkfA 11 144
DTW domain-containing protein YfiP 34 100
Unreported initial methionine excision
Protein GrpE 2 197
UPF0234 protein YajQ 2 163
Glutaredoxin 4 2 115
Iron-sulfur cluster assembly scaffold protein IscU 2 128
Protein IscX 2 66
Putative sulfur carrier protein YeeD 2 75
Putative selenoprotein YdfZ 2 67
UPF0339 protein YegP 2 110
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Figure 4.10. The sequence of the 50S ribosomal protein L25, the observed fragmentation
pattern, and the modifications through the database search. The first 18 amino acids are cleaved
as a signal peptide, which has not been reported in the literature. The signal peptide cleavage and

one +2.3 Da modification were labeled.

4.3.6 Characterization of large protein complexes via native CZE-MS

Detection of large protein complexes is a big challenge in native proteomics. As mentioned
above, all proteoforms and protein complexes we identified were less than 35 kDa (Figure 4.2C)
due to the limitation of the Q-Exactive-HF mass spectrometer. However, most protein complexes
are usually much larger than 30 kDa. In order to detect large protein complexes, we made two
improvements in the native CZE-ESI-MS platform. First, we coupled our native CZE separation
with an Agilent Q-TOF mass spectrometer to expand the m/z range of detection. Second, we
developed a new coating for CZE separation to reduce the adsorption of proteins on the inner
wall of the capillary. We noted that the traditional LPA coating still has interaction with intact

proteins in native conditions, leading to the peak broadening and the lost identifications of low
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abundance proteoforms. Thus, we designed a new linear carbohydrate polymer (LCP)-based
neutral coating through the collaboration with Prof. Wenjun Du at Central Michigan University.
A mixture of four protein complexes from 29 kDa to 232 kDa was used to evaluate the improved
system. We first compared the CZE separation performance of the protein complex mixture with
LPA and LCP coating, Figure 4.11. Similar sample amounts were used for the CZE separation.
Obviously, the LCP coating showed better separation performance in terms of peak width and
separation profile when comparing to traditional LPA coating. Four protein complexes and
several protein impurities were baseline separated in the LCP-coated capillary. The peak
intensity with LCP coating is also 5 times higher than that with the LPA coating. Moreover, we
observed the peak of PK, a homotetramer about 232 kDa, with the new coating (peak 1 in Figure
4.11). A clear spectrum of PK was observed in the m/z range from 7000-11500 with a charge
state distribution from 21+ to 33+ (Figure 4.12), which means the homotetramer of PK was in
its native condition. Besides the full-length form, we also observed a truncated form, which is
consistent with the literature report [58]. It is noted that the signal of PK was not observed in
LPA-coated capillary, probably because of the strong adsorption of PK on the LPA coating,
which significantly lowered the signal intensity of PK. The results indicated that the new LCP
coating has less interaction and adsorption of proteins during the separation and can benefit the

detection of native protein complexes, especially for larger protein complexes.
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Figure 4.11. Electropherograms of CZE separation for four protein complexes with LPA-coated
and LCP-coated capillaries. 1: tetrameric PK (232 kDa); 2: tetramer streptavidin (53 kDa); 3:

CA-Zn*" complex (29 kDa); 4: Dimeric SOD-Zn?*, Cu?* complex (31 kDa).
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Figure 4.12. Averaged spectrum of the homotetramer of PK across the electropherographic peak

in CZE separation with LCP coating. The inset is the zoom-in spectrum of m/z 7200-9400.
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The streptavidin (peak 2 in Figure 4.11) was also well characterized in the LCP-based native
CZE-ESI-MS analysis. Both monomer and homotetramer of streptavidin were observed in the
averaged spectrum. The zoom-in spectrum of one charge state of the monomer shows a pair of
peaks with the mass difference as 131 Da, which corresponds to the initiator methionine
removal. The homotetramer can be assembled by either form of the monomer with four
combinations. As a result, multiple peaks were observed in the zoom-in spectrum of the
homotetramer. They represent the homotetramer with 0-3 methionine residues on the monomers.
The peak of the tetramer with four methionine residues was not detected, probably because the
abundance of this form was too low compared to other forms. The other two protein complexes
detected in the CZE separation were CA-Zn?* complex and dimeric SOD-Zn?*, Cu?* complex
(peak 3 and 4 in Figure 4.11). The deconvolution mass and the theoretical mass of these two
protein complexes were very close (CA: 29089.18 Da vs. 29088.00 Da; SOD: 31434.05 Da vs.
31432.58 Da). The mass errors were less than 1.5 Da and 47 ppm, indicating the high mass

accuracy of the system.
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Figure 4.13. Averaged spectrum of streptavidin across the electropherographic peak in CZE
separation with LCP coating. The insets are the zoom-in spectra of m/z 1890-1930 for the

monomer and m/z 3530-3570 for the homotetramer.

We then employed the native CZE-ESI-MS platform with LCP coating to study the protein
complex stability in gas phase. We performed 8 CZE runs with the same sample, and the CID
potential were varied for each run from 0 to 200 V. The total intensity of all forms from the same
protein complex was normalized to 100% so that the relative abundance of different forms could
be investigated. The example we want to highlight in this study is PK and streptavidin, Figure
4.13. They are both homotetramers, but they went through different paths of dissociation as we
changed the CID potential. The tetramer of pyruvate kinase tended to dissociate into a more

stable form of dimer as the CID potential increased (Figure 4.13A). The dimer was the major
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form after 30 V, while the trimer and monomer were much less abundant. Also, clearly the
protein-protein interaction in pyruvate kinase is pretty strong, since the tetramer still existed at
200 V CID potential, though streptavidin is less stable compared with pyruvate kinase. We did
not observe the tetramer at CID potentials beyond 50 V (Figure 4.13B), which is most likely
because streptavidin is much smaller than PK in mass (53 kDa vs. 232 kDa). As a result, it
requires less internal energy to be dissociated. We also observed the monomer even when no
CID potential was applied. One possible reason is that the complex could be denatured and
dissociated in the ion source. It is also possible that the tetramer was dissociated during the

producing process.

The dissociation path of streptavidin is also different from PK. The tetramer tended to
dissociate into its monomer directly and the signal for trimer and dimer was very low. Over 90%
of this protein was in the monomer form after 50 V CID potential. This study proved that native

CZE-MS/MS can be a useful and high-throughput method to study protein complex stability.
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Figure 4.14. Relative abundance of different conformations of (A) PK and (B) streptavidin in

gas phase as the CID potential increased.
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4.4 Conclusion

We developed a novel, efficient and high-throughput SEC-CZE-MS/MS platform for the
characterization of endogenous protein complexes in cells. The proof-of-principle study of the E.
coli proteome identified 144 proteins, 672 proteoforms, and 23 protein complexes in discovery
mode. The platform will be useful for the proteomics community for characterization of complex
proteomes under native conditions. The platform can be further improved through optimization
of the SEC and CZE conditions for better separation of protein complexes, via use of multiple
fragmentation techniques (e.g., HCD [59], ETDI[51], ECD [16], and ultraviolet photodissociation
[60]) for more comprehensive fragmentation of intact protein complexes, and by employing a
high-resolution mass spectrometer that is capable of detection of large protein complexes in high
m/z range. We have demonstrated the feasibility of native CZE-Q-TOF system for the detection
of large protein complexes with a mixture of standard protein complexes. In the future, we will
keep optimizing this system and employ the built-in ECD fragmentation for native proteomics to
provide more comprehensive information on endogenous protein complexes of complex

proteome samples.
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CHAPTER 5. Investigating Native Capillary Zone Electrophoresis-Mass

Spectrometry on a High-End Quadrupole-Time-Of-Flight Mass

Spectrometer for the Characterization of Monoclonal Antibodies

5.1 Introduction

Monoclonal antibodies (mAbs) have become a dominant class of therapeutics for the treatment
of cancer and autoimmune diseases because of their specificity and affinity to diverse targets [1,2].
Since first commercialized in 1985, over 80 therapeutic mAbs have been approved by FDA [3,4].
However, the complex production process of mAbs usually introduces various post-translational
modifications (e.g., glycosylation, oxidation, deamidation, etc.) and structure changes (e.g.,
misfolding, denaturation, aggregation, etc.), leading to heterogeneities in the final products, which
affect the potency, stability and efficacy of the therapeutics [5-7]. Thus, critical quality attributes

of mADbs need to be closely monitored to ensure the desired product quality.

Capillary zone electrophoresis (CZE) has been widely used for the quality control of mAbs in
biopharmaceutical fields due to its high separation efficiency and straightforward operation [8].
Compared to other electrophoresis techniques, one advantage of CZE is that it has better
compatibility with electrospray ionization-mass spectrometry (ESI-MS). A large number of
reports illustrate CZE-ESI-MS for the characterization of mAbs from peptide mapping to intact
protein analysis [9-19]. Although the peptide-level analysis can reveal detailed information on
primary structure and PTMs of mADbs, intact mAb analysis better defines accurate mass and

heterogeneity of mAb proteoforms. Han et al. performed an intact mass analysis of reduced and
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deglycosylated IgG1 by CZE-ESI-MS implemented by an electrokinetically pumped sheath-flow
nanospray interface [16]. Redman et al. developed a microfluidic CZE-ESI device with online MS
detection for separation and characterization of charge variants of intact Infliximab [14]. We note
that most of the intact mAb analyses by CZE-MS are performed under denaturing conditions,

which most likely lead to the information loss of mAb’s structure changes.

Recently, native CZE-ESI-MS has emerged as a promising technology for the characterization
of mAD variants and aggregates as well as complex proteomes under native conditions [20,21].
The Ivanov group published the pioneering works on the analysis of mAbs by native CZE-MS,
revealing major proteoforms due to glycosylations as well as low-abundance truncated species and
mADb aggregates [18,22]. A sheathless CZE-MS interface [23], a linear polyacrylamide (LPA)-
coated capillary, and an Orbitrap EMR mass spectrometer [24] were employed in the study. Le-
Minh et al. investigated the conformational changes of Infliximab under stressed conditions using
native CZE-MS [25]. A co-axial sheath liquid interface [26], a separation capillary with cationic
coatings, and a Q-TOF mass spectrometer were utilized. Some challenges still exist in native CZE-
MS for the characterization of mAbs. First, the CZE separation of different mAb variants or
conformations under native conditions needs to be improved. Second, the sample loading capacity
of CZE is low under native conditions, which impedes the detection of low-abundance proteoforms
of mAbs. Our group has demonstrated the capability of the dynamic pH junction sample stacking
method [27] for substantially boosting the sample loading capacity of CZE for large-scale top-
down proteomics under denaturing conditions [28]. However, the dynamic pH junction method is
hard to deploy for native CZE because it employs the drastic difference in pH between sample
buffer and background electrolyte (BGE) (i.e., pH 8-11 vs. 3). Alternative sample stacking

methods are required for native CZE-MS.
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In this work, we present the successful coupling of CZE with a high-end Q-TOF mass
spectrometer using the electrokinetically pumped sheath-flow CE-MS interface [30,31] for the
characterization of mAbs under native conditions. We first optimized the Q-TOF instrument
parameters and CZE separation conditions, together with employing a new capillary coating to
fulfill the maximum signal and mass resolution for native mAb detection. An online sample
stacking method based on capillary isoelectric focusing (CIEF) in a narrow pH range was
developed to expand the loading capacity as well as improve the CZE separation in the native
condition for the first time. With the clEF-assisted native CZE-MS, we achieved the separation of
four conformational variants of SigmaMADb. In the study of NISTmADb, three major peaks were
baseline separated. The glyco-proteoforms of both monomer and homodimer of the mAbs were

observed in the mass spectra and annotated after deconvolution.

5.2 Experimental

5.2.1 Materials and reagents

The SILu Lite SigmaMADb universal antibody standard human (MSQC4), Pharmalyte 3-10,
ammonium persulfate, ammonium acetate, ammonium formate and ammonium bicarbonate were
purchased from Millipore Sigma Inc. (St Louis, MO, USA). Micro Bio-Spin™ P-6 gel columns
were purchased from Bio-Rad Laboratories (Hercules, CA, USA). Hydrofluoric acid (HF) and
acrylamide were purchased from Acros Organics (NJ, USA). The fused silica capillary (50 ymi.d.,

360 um o.d.) was purchased from Polymicro Technologies (Phoenix, AZ).
5.2.2 Sugar monomer synthesis and characterization

All reactions were conducted under dried nitrogen or argon stream. Anhydrous solvents (CH2Cl»
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99.8%) were purchased in capped DriSolv'" bottles, used without further purification, and stored
under argon. All other solvents and reagents were used without further purification. All glassware
utilized were flame-dried before use. Glass-backed TLC plates (Silica Gel 60 with a 254 nm
fluorescent indicator) were used without further manipulation and stored over desiccant.
Developed TLC plates were visualized under a short-wave UV lamp, and/or by heating plates that
were dipped in ammonium molybdate/cerium (IV) sulfate solution. Silica gel column
chromatography was performed using flash silica gel (32-63 um) and employed a solvent with
polarity correlated with the TLC mobility.

Mass spectrometry was measured with a Waters LCT Premier™ XE unit. "H NMR spectra were
recorded at 300 MHz on a Varian Mercury 300 MHz or a Varian Inova 500 spectrometer,
respectively, with tetramethylsilane (TMS) proton signal as the standard. '*C NMR spectra were
recorded at 75 MHz on a Varian Mercury 300 spectrometer.

The synthesis of monomer 4 started from commercially available 1,2:5,6-di-O-isopropylidene-
a-D-glucofuranose 1 (Figure 5.1). To a flame-dried round bottom flask was added 1 (1.0 g, 3.84
mmol) in anhydrous DCM (30 mL), acryloyl chloride (0.69g, 7.68 mmol) and triethylamine (TEA,
1.52 g, 15.4 mmol). The reaction mixture was stirred under nitrogen gas at rtf o 18 h. After
determining that the starting material was consumed by TLC (hexane/EtOAc = 8/2, v/v, Ry =0.4),
solvent was removed under reduced pressure and the reaction mixture was subjected to silica gel
chromatography (hexane/EtOAc = 8/2, v/v, Ry = 0.4) to give the product as an oftf-white oily liquid

2 (1.1 g, 92%), which was used directly for the synthesis of 3.
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Figure 5.1. The synthesis of glucose-based monomer 4 from 1,2:5,6-di-O-isopropylidene-a-D-

glucofuranose 1.

To a round bottom flask was added compound 2 (1.0 g, 3.2 mmol) was added a mixed solvent
of tetrahydrofuran (THF) and trifluoroacetic acid (TFA) (1:1. v/v). The reaction mixture was
stirred for 48 h, after determining that the conversion was converted by TLC (further purification
using silica gel chromatography (dichloromethane/methanol = 8/2, v/v, Ry = 0.3), the reaction
mixture was neutralized by using 5% NaOH solution. The solvent was removed under reduced
pressure to almost dry, silica gel (2.0 g) was added and the powder was subjected to silica gel
chromatography (dichloromethane/methanol = 8/2, v/v, Ry = 0.3) to afford the final compound 4
as a slightly yellow powder, which underwent rearrangement to give 3-O-acryloyl-o/B-D-
glucopyranose (0.6 g, 2.56 mmol, 80%). The structure was confirmed by 'H NMR (500 MHz, D,0)
0 6.31, 6.11, 5.96, 5.96, 5.89, 5.08, 4.89, 4.67, 4.65, 4.62, 4.58, 4.49, 4.46, 3.80, 3.58, 3.29, 3.22,
3.08, Figure 5.2. 3C NMR (75 MHz, D,0) § 168.02, 162.43, 132.92, 127.56, 95.84, 92.03, 77.48,
75.40,74.03, 72.66, 71.37, 69.49, 67.73, 60.72, Figure 5.3. ESI-MS calc for CoH14NaO7 [M+Na]"

=257.0637, found: 257.0110.
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Figure 5.3. 3C-NMR spectrum of 3-O-acryloyl-a/B-D-glucopyranose 4.



5.2.3 Antibody purification

SigmaMADb lyophilized powder was dissolved in water. NISTmADb was received in solution.
Antibody samples were purified and buffer exchanged with 10 mM ammonium acetate (pH 6.8)
by Bio-Spin™ P-6 gel columns according to the instruction. Briefly, after the removal of the
remaining buffer in the column, the column was washed with 500 uL 10 mM ammonium acetate
four times. Then 20 pL of the stock sample was loaded in the column, and the protein sample was
collected in the flow-through solution after centrifugation. The samples were diluted to desired

concentrations for native CZE-MS analysis.

5.2.4 Native CZE-ESI-MS analysis

A 7100 CE System from Agilent Technologies (Santa Clara, CA) was used for the automated
operation of CZE. The commercialized electrokinetically pumped sheath-flow nanospray interface
(EMASS-II CE-MS lon Source, CMP Scientific, Brooklyn, NY) [29,30] was used to couple CZE
to a 6545XT AdvanceBio LC/Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA).
The ESI emitters of the CE-MS interface were pulled from borosilicate glass capillaries (1.0 mm
0.d., 0.75 mm i.d., 10 cm length) with a Sutter P-1000 flaming/brown micropipet puller. The

opening size of the ESI emitters was 30-40 um. Voltage for ESI ranged from +2.2 to +2.5 kV.

Two 70-cm-long capillaries (50 pm i.d., 360 um o.d.) coated with a new linear carbohydrate
polymer (LCP) coating from a synthesized sugar monomer and a linear polyacrylamide (LPA)
coating from a commercially available acrylamide monomer (Figure 5.4) were used for CZE
separation. The newly designed sugar monomer (Figure 5.4B) was used to form the LCP coating.
The LPA coating was prepared on the inner wall of the capillary based on the literature [31,32].

The new coating procedure is similar to the LPA coating. Briefly, the pretreated capillary was
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filled with degassed sugar monomer (3-O-acryloyl-o/pB-D-glucopyranose) solution (0.5 mg/mL)
containing ammonium persulfate, followed by incubation at 35 °C water bath for 25-30 min with
both ends sealed by silica rubber. After that, the capillary was flushed with water to remove the
unreacted reagents. Both capillaries were etched with HF to reduce the outer diameter of one end
of the capillaries to ~70 um [33]. High voltage (+30 kV) and 50 mbar assisting pressure were
applied for CZE separation unless specified. Samples were injected into the capillary by applying

100-950 mbar air pressure and the injection volume was calculated based on Poiseuille's law.

(A) O

HoN =

(B) OH

Figure 5.4. Monomer structures of the typical LPA coating (A) and the new carbohydrate polymer
coating (B). The carbon double bonds highlighted with red are used for the reaction between

monomers for polymerization.

The background electrolyte (BGE) was 25 mM ammonium acetate (pH 6.8), and the sheath
liquid (SL) was 10 mM ammonium acetate (pH 6.8) for CZE separation unless specified otherwise.
For clEF, SigmaMAb was dissolved in 10 mM ammonium acetate (pH 6.8) with 0.25%
Pharmalyte 3-10. Before sample injection, 160 nL (50 mM) ammonium acetate (AA, pH 9.0) was
injected as the catholyte. After sample injection, 12 nL BGE was injected to make sure the sample

would not move back into the stock BGE solution. At the beginning of the separation, the sample
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was first focused without assisting pressure for 5-20 min depending on the injection volume. Then

assisting pressure of 50 mbar was applied to the sample injection end of the separation capillary.

6545XT AdvanceBio LC/Q-TOF mass spectrometers (Agilent Technologies, Santa Clara, CA)
with and without an electromagnetostatic ExD cell (e-MSion, Corvallis, OR) were used for the
experiments. The instrument without the ExD cell was used for optimizations of MS parameters,
CZE background electrolytes (BGEs) and sheath liquid (SL). The instrument with the ExD cell
was used for other experiments. The ExD cell was set for positive transmission without ECD
fragmentation (ECD off). CID potential of 10 VV was required for the maximum transmission
efficiency of mAbs in the system with the ExD cell. A regular ESI spray shield and a nanoESI
spray shield were used in the experiments. The gas temperature and flow rate of nitrogen drying
gas was 365 °C and 1 L/min. The voltage applied on the ion transfer capillary was 0 V. The mass
range option was set as High (10000 m/z). The slicer mode was High Resolution. The mass range
of detection was 3000-10000 m/z, and the scan rate was 0.25 spectrum/sec. Fragmentor voltage,

skimmer voltage and CID potentials were set as specified.
5.2.5 Data analysis

Native CZE-ESI-MS runs were analyzed with Agilent MassHunter Qualitative Navigator
B.08.00. Mass spectra were averaged across the electropherographic peaks. Average charge state

(Zavg) of the mAb was calculated based on the equation [34]:
Lavg= n— (Equation 5.1)

where q is the net charge of the given charge state, | is the intensity of the given charge state.
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Deconvolution was performed using Agilent MassHunter BioConfirm 10.0 using Maximum
Entropy algorithm. The mass step was 0.05 Da. Other parameters for deconvolution were set as

default.

5.3 Results and Discussion

5.3.1 Optimizations of mass spectrometric parameters

Different from the detection of denaturing proteins, native MS requires mild MS parameters to
prevent protein complex dissociation, denaturation, and fragmentation in the system. To achieve
high-quality spectra as well as maintain the native condition of native mAbs, we investigated three
MS parameters (fragmentor voltage, skimmer voltage, CID potential) of the Q-TOF instrument

through direct infusion MS of SigmaMADb (3 mg/mL in 10 MM NHsAc, pH 6.8) with CZE system.

Fragmentor voltage is designed to promote ion transmission and perform in-source
fragmentation. For large molecules like mAbs, the high fragmentor voltage could improve
transmission and sensitivity. Moreover, high salt concentration is usually used for native
conditions and caused salt adduction on proteins. The high fragmentor voltage could help decluster
salts and water molecules complexing with the proteins. Therefore, we chose the fragmentor
voltage of 380 V for the later experiments, which was the largest value we could set for the

instrument.

Skimmer voltage and CID potential also had significant impacts on the mass resolution and
signal intensity of the mAb. Skimmer is used to sample the analytes into the high vacuum
compartment. It can also focalize the ions and reduce ion beam broadening. When the skimmer

voltage was raised from 65 to 300 V, we observed a three-fold improvement in mass resolution
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and a ten-fold increase in mADb intensity, Figure 5.5A. The higher skimmer energy could add more
internal energy to the analytes and further remove the salt and solvent adducts on the mAbs. As a
result, the heterogeneity of the mAb was reduced and higher mass resolution and signal intensity

were achieved.

x10 4| (A)
6. * Skimmer @ 300V
51 l ‘
4,
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Figure 5.5. Mass spectra of the SigmaMAVb through direct infusion MS with the CZE system and

the nanospray sheathflow CE interface. (A) Skimmer and (B) CID potential was investigated.
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Applying collision energy is also commonly used to help remove salt and neutral adducts from
proteins during native MS experiments. We investigated five different CID potential (0 V to 40 V)
in the CID cell. As we increased the CID potential, the intensity of both monomer and homodimer
of SigmaMADb decreased, Figure 5.5B. One possible reason is that we already applied enough
energy on the proteins for declustering, and the high CID potential could cause fragmentation of
the proteins and lead to the reduction of protein intensity. Therefore, CID potential was not
necessary for native MS of the SigmaMADb. We used 10 V for later experiments because we have
an ExD cell in our instrument and we needed the addition of CID potential to promise the

transmission efficiency.

Another setting that affects the acquired spectra is the spray shield on the inlet of the Q-TOF
mass spectrometer. We tested two kinds of spray shield: a regular ESI spray shield and a nanoESI
spray shield. With the regular ESI spray shield that has a larger orifice, more ions could be
transmitted into the instrument and higher signal intensity was obtained. With the nanoESI spray
shield that has a smaller orifice and allows fewer ions to pass into the instrument, the signal
intensity dropped about 10 times. However, the mass resolution was greatly improved, and the
peak broadening effect was reduced. As a result, we were able to see clear signals of mAb

proteoforms due to glycosylations in the spectra with the nanoESI spray shield.

5.3.2 Optimizations of the CZE conditions for mAbs

Volatile salt solutions around neutral pH are usually used to preserve the higher order structure
of proteins in native liquid-phase separations. We first investigated two kinds of salt, ammonium
acetate (AA) and ammonium formate (AF), for BGE and SL in native CZE-ESI-MS. An LPA-
coated capillary was used for CZE separation and SigmaMAb (3 mg/mL) was still used as a

standard to test the system. For each CZE run, 60 nL mAb sample was injected. Here, we used the
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regular ESI spray shield. Both BGE and SL were prepared with 10 mM concentration of the salt
buffers. AA and AF presented almost identical separation profiles, Figures 5.6A and 5.6B, but
AA had slightly better separation performance in the labeled part where two minor peaks were
separated. The mass spectra of the major peaks in both electropherograms have a charge state
distribution from 21+ to 28+ in the range of 5000-7200 m/z, Figure 5.6D. Besides the monomer,
we also observed the homodimer of SigmaMAb with a charge state distribution of 32+ to 39+,
demonstrating two salt conditions were gentle enough to preserve the noncovalent interaction.
However, when comparing these two spectra, AA presented higher intensity for both monomer
and homodimer of the SigmaMAb. We further calculated the average charge state of the mAb in
two conditions. The mAb in AA has a marginally lower average charge state than that in AF (24.4
vs. 24.5). The result indicates that mAb in AF is a little more denatured, which is consistent with
previous reports that AF has a destabilizing effect and can cause structure unfolding of proteins

[34,35].

We also tested 50 mM AA for BGE and SL and the electropherogram is shown in Figure 5.6C.
The CZE separation in 50 mM AA has a similar separation profile, but longer migration time and
wider peak width compared to that in 10 mM AA, probably due to the increased viscosity of BGE
as the salt concentration increased. From the mass spectra, we observed the reduction of mAb
monomer intensity as well as the mass resolution with increased concentration of AA, Figure 5.6E,
which could be explained by the higher salt concentration interfered with the ionization and caused
ion suppression. Nonetheless, it should be noted that the intensity of mAb dimer is higher in 50
mM AA, Figure 5.6E. Also, the average charge state of mAb in 50 mM AA is lower than that in
10 mM AA (23.8 vs. 24.4), because the higher salt concentration could better maintain protein

higher order structure. After an overall consideration of signal intensity and native conformation,
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we finally decided to use 10 mM AA as SL and 25 mM AA as BGE for the following native CZE-

ESI-MS experiments.
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Figure 5.6. Investigation of native CZE separation conditions for the SigmaMADb. (A-C) Base
peak electropherograms of native CZE-MS for SigmaMab with 10 mM AA, 10 mM AF and 50
mM AA as the BGE and SL. The peaks labeled with black boxes in the electropherograms
represent the same mAb species. The spectra of the main peak in (D) 10 mM AA vs. 10 mM AF
and (E) 10 mM AA vs. 50 mM AA are overlapped for comparisons. The insets are the zoom-in

spectra of 7500-9500 m/z range. An LPA-coated capillary was used.

The assisting pressure used in CZE separation was also studied. In native condition, the mAb is

folded and carries much fewer charges compared to that in denaturing conditions. Consequently,
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the electrophoretic mobility of the mAb in native CZE is lower than regular CZE, and its migration
time can be very long. We applied assisting pressure in native CZE separation of the mAb to
shorten the migration time and increase the throughput of experiments. Figure 5.7 shows the
electropherograms of SigmaMAb with 0-50 mbar assisting pressure during the native CZE
separation. The injection amount is 60 nL. One thing we need to additionally indicate is that from
here we changed the regular ESI spray shield to a nanoESI spray shield. Thus, the peak intensity
was decreased significantly compared to the experiments above. As the assisting pressure
decreased, the migration time of the mAb turned longer. At the same time, the peak width became
wider and peak shape became worse. When applying 50 mbar assisting pressure, two peaks were
observed in the electropherogram. However, only one peak was observed with lower assisting
pressure. When no assisting pressure was applied, we could not even find the mAb signal. The
longer migration time gave the analytes more chance to diffuse during the separation and
eventually led to the peak broadening. Considering both the throughput and separation

performance, assisting pressure of 50 mbar was used for the following experiments.

The capillary coating is another key factor in CZE separation. The LPA coating has been widely
used in both peptide and intact protein analysis to eliminate electroosmotic flow in the capillary
and improve CZE separation performance. However, we noticed from the data above that the LPA-
coated capillary still had protein adsorption on the inner wall as evidenced by wide peaks of the
mAD. It has been demonstrated that the polymers having the nitrogen element lead to significant
protein adsorption [36] and carbohydrates-based polymers have excellent resistance to protein
non-specific adsorption [37,38]. Recently, we developed a new linear carbohydrate polymer
(LCP)-based neutral coating, which is based on a glucose monomer (for details, see ESI) and

applied this new coating for mAb studies. With the same MS settings and CZE conditions, the new
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carbohydrate coating showed a 6-fold increment in mAb intensity (Figure 5.8 vs. Figure 5.7A).

The result suggests that the new LCP coating produces less interaction with the mAb during

separation, boosting the sensitivity of native CZE-MS for the mAb significantly. We employed

capillaries with the LCP coating for the rest of the experiments.
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Figure 5.8. Base peak electropherogram of native CZE-MS for SigmaMADb with the new

carbohydrate-coated capillary.
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5.3.3 Evaluating native capillary isoelectric focusing (clEF)-assisted CZE-MS for mAbs

One drawback of CZE is the low sample loading capacity. Less than 1% of the total capillary
volume is typically filled with the sample to obtain high separation efficiency, which limits the
detection of low-abundance species in the sample. Using online sample stacking methods could
help solve this problem. In addition, it could reduce peak width and lead to higher separation
resolution. Many sample stacking methods have been evaluated for denaturing CZE-MS
characterization of proteins, e.g., dynamic pH junction and field-amplified sample stacking (FASS)
[29]. However, it is difficult to apply them in native conditions efficiently. An efficient sample

stacking method under native conditions is urgently needed for native CZE-MS.

Here we investigated the possibility of employing clEF for online sample concentration in native
CZE-MS. clEF separates analytes based on their isoelectric points (pls). Although clEF is mostly
used for protein and peptide separation under denaturing conditions, several studies proved its
feasibility for protein complex separation under native environments without destroying the native
conformation and noncovalent interactions [39-43]. Its feature of focusing and ability of operation
in native conditions provides us the possibility to utilize clEF in a narrow pH range (i.e., pH 6-9)
as a sample stacking method in the native CZE separation. First, a short plug of 50 mM AA (pH
9.0, about 160 nL) was injected as the catholyte for clEF. Then, we injected a 30-nL SigmaMADb
sample (3 mg/mL) dissolving in 0.25% Pharmalyte and 10 mM AA into the capillary. After that,
12-nL BGE (25 mM ammonium acetate, pH 6.8) was injected. After a high voltage was applied
across the capillary, the SigmaMAb was first focused by native clEF in the sample plug. After the
focusing was completed, the mAb was further separated by native CZE. The native clEF stacking
had an obvious contribution to the CZE separation, Figure 5.9A. Four major peaks of SigmaMADb

were separated, which was not observed by regular native CZE separations in Figure 5.6.
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Figure 5.9. (A-C) Base peak electropherograms of native clEF-assisted CZE-MS for 3, 6 and 12
mg/mL SigmaMADb; (D-G) Averaged mass spectra of the four major peaks separated in (B). Herein

the LCP-coated capillary was used.

We increased the sample concentration for higher intensity as shown in Figures 5.9B and 5.9C.
The electropherograms of the three concentrations are reproducible in terms of migration time and
separation profile. The highest intensity was achieved with 6-mg/mL SigmaMAb. The higher

protein concentration (12 mg/mL) did not further improve the signal intensity but widened the
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peak instead. We observed four major peaks of SigmaMAb with the 6 mg/mL sample (Figure
5.9D-G). The mass spectra show charge state distributions (CSDs) of mAb monomer from 20+ to
28+ and homodimer from 32+ to 39+. The zoom-in mass spectrum of the 23+ charge state from
Figure 5.9E is shown in Figure 5.10A. The proteoforms due to different glycosylations could be
resolved in the spectrum. The deconvoluted mass spectrum of Figure 5.9E shows five known
glycosylated proteoforms of SigmaMADb (Figure 5.10B, Table 5.1), which were not achieved in
the previous work with native CZE separation and Q-TOF instrument [25]. Interestingly, the four
major peaks of SigmaMADb correspond to very similar masses after deconvolution but are different
in CSDs, Figures 5.9D-G. lons in peaks 1 and 2 carried significantly fewer charges than peaks 3
and 4. The charge envelopes of peaks 3 and 4 shifted to the higher charge states, which implied
their structures were partially unfolded leading to more positive charges. Thus, our native clEF-
assisted CZE-MS most likely separated four different conformations of the SigmaMADb. These
potential conformational changes could be caused by environmental stress such as long-time
storage or exposure to light and room temperature. It could happen in both production and sample

preparation.
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Figure 5.10. (A) A zoom-in mass spectrum of 23+ charge state and (B) deconvolution of

SigmaMADb proteoforms observed in Figure 3E. The carbohydrate-coated capillary was used.

Table 5.1. Theoretical and observed masses of the major glyco-proteoforms of SigmaMAb
monomer detected in peak 2 (Figure 3E) in native clEF-assisted CZE-MS.

Glyco- Theoretical Mass Observed Mass Mass Error Mass Error
proteoform (Da) (Da) (Da) (ppm)
GO0+GOF 146512.2 146519.6 7.4 50.5
GOF+GOF 146658.4 146664.5 6.1 41.6
GOF+GI1F 146820.6 146823.3 2.7 18.4
G1F+GIF 146982.7 146984.5 1.8 12.2
G1F+G2F 147144.8 147146.3 1.5 10.2
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We further tested different sample injection volumes using the native clEF-assisted CZE-MS
for the mAb. With the help of clEF sample stacking, we were able to inject a large sample volume
without losing separation resolution significantly. The concentration of Pharmalyte was decreased
from 0.25% to 0.1% to reduce the interference of ampholytes to the mass spectrometer. Four
different sample injection volumes from 30 nL to 800 nL were evaluated in two aspects: peak
intensity and peak width, Figure 5.11. The SigmaMADb sample we used was 3 mg/mL. When the
injection volume increased from 30 nL to 200 nL, the peak intensity was boosted about 6.5-folds
and the peak width was doubled. When we increased the injection volume from 200 nL to 800 nL,
the peak intensity was increased slightly, but the peak width was increased by nearly 100%.
Although we adopted clEF to stack the sample in the capillary, the stacking ability of clEF was
limited in native conditions. When too much mAb sample was injected, it would cause peak
broadening and even protein precipitation in the capillary, and finally could not provide the
expected increment of intensity. Furthermore, excess injection volume also resulted in excess
ampholytes in the capillary, which interfered with the ionization of the mAb, enlarged the
background noise and decreased the S/N ratio. Therefore, we selected 200 nL as the injection

volume for later experiments.
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Figure 5.11. Peak intensity and peak width of the mAb as a function of sample injection volume
in native clEF-assisted CZE-MS for SigmaMAb. The most abundant peak in the

electropherograms were selected.
5.3.4 Native clEF-assisted CZE-MS for the NISTmAD

We further applied the native clEF-assisted CZE-MS in the characterization of another
recombinant humanized monoclonal 1gG1 antibody, NISTmAb. The NISTmAb was dissolved in
a buffer containing 0.1% Pharmalyte and 10 mM AA with a concentration of 1 mg/mL. Because
NISTmAD has an isoelectric point as 9.18, we increased the catholyte pH to 9.5 to ensure the mAb
could be focused by clEF. For each run, 200 nL sample was injected into the capillary. Figure
5.12A shows the separation of the NISTmADb with three peaks. The main peak (peak 2) reveals the
presence of both monomer and homodimer of the mAb, Figure 5.12B. Zoom-in mass spectra of
the monomer at 24+ and dimer at 38+ are shown in Figures 5.12C and 5.12D. The deconvolution
of the monomer signal, Figure 5.12E, identified four major and four minor biantennary glyco-
proteoforms of the NISTmADb. The minor species included G2F/G2F, the addition of one hexose

and the loss of N-acetylglucosamine (GIcNACc). These glyco-proteoforms have been previously
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reported for the NISTmAb [45]. The peaks of major glyco-proteoforms in the spectrum had
fronting shapes, which were caused by the C-terminal lysine variants that could not be resolved
due to the limited mass resolution. We also observed eight corresponding glyco-proteoforms of
the homodimeric NISTmADb, Figures 5.12D and 5.12F. The assignments of all proteoforms for
monomer and homodimers are listed in Table 5.2. The mass spectra and deconvoluted spectra of
peak 1 and peak 3 are shown in Figure 5.13. Both monomer and dimer signals were detected in
the averaged spectrum across peak 1, Figure 5.13A. We could not get a clear deconvolution result
for glyco-proteoforms from the spectrum due to the low intensity, Figure 5.13C. However, it is
clear that the deconvolution mass of the mAb proteoform in peak 1 is roughly 1500 Da smaller
than that in the major peak 2. The mass shift is close to the mass of one glycan, thus, peak 1
probably represents the hemi-glycosylated mAb. The mass spectrum of peak 3 (Figure 5.13B)
shows a shift of CSD of monomer to lower charge states compared to the major proteoforms of
the NISTmAD, and the dimer is not observed. Several major glyco-proteoforms can be identified
by deconvolution, Figure 5.13D. The most abundant charge state (23+) in peak 3 is one less than
that in peak 2 (24+). One possible explanation is the deamidation of the mAb, which is previously
reported as a common post-translational modification for NISTmAb [46]. Unfortunately, we
cannot accurately distinguish this 1-Da mass difference in our experimental condition. Nonetheless,
the clEF-assisted CZE shows great potential for the separation of different variants of mAbs in

native conditions with large sample loading capacity.
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Figure 5.12. (A) Base peak electropherogram of native clEF-assisted CZE-MS for the NISTmAb.
(B) Mass spectrum averaged across the peak 2 in (A). (C, D) Zoom-in mass spectra of +24 and

+38 charge states and (E, F) Deconvolution of NISTmAb proteoforms in the main peak (peak 2).

Herein the LCP-coated capillary was used.
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Table 5.2. Theoretical and observed masses of the glyco-proteoforms of NISTmAb monomer
and homodimer detected in the main peak (peak 2) with the native clEF-assisted CZE-MS.

Structure] Glyco-proteoform Theoreticaal Observed Mass| Mass Error | Mass Error
Mass (Da) (Da) (Da) (ppm)
GOF/GOF — GIcNAc 147834.0 147835.7 1.7 115
GOF/G1F — GIcNAc 147996.1 147992.3 3.8 25.7
GOF/GOF 148037.2 148031.5 5.7 385
g GOF/G1F 148199.3 148194.3 5.0 33.7
% GI1F/GIF 148361.4 148356.2 5.2 35.1
S G1F/G2F 148523.6 148516.0 7.6 51.2
G2F/G2F 148685.7 148680.4 5.3 35.6
G2F/G2F + Hex 148847.7 148844.6 3.1 20.8
2x GOF/GOF — GIcNAc|  295668.0 295666.8 1.2 4.1
2% GOF/G1F — GIcNAc|  295992.2 295994.7 2.5 8.4
5 2x GOF/GOF 296074.4 296064.1 10.3 34.8
% 2x GOF/G1F 296398.6 296389.3 9.3 314
é 2x GIF/G1F 296722.8 296711.8 11.0 37.1
= 2x GIF/G2F 2970472 297038.1 9.1 30.6
2x G2F/G2F 297371.4 297362.2 9.2 31
2x G2F/G2F + Hex 297695.4 297687.1 8.3 28

a: The theoretical masses are from reference 45.
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Figure 5.13. Mass spectra averaged across peak 1 (A) and peak 3 (B) in Figure 4A. Their

deconvoluted mass spectra are shown in (C) and (D), respectively.

5.4 Conclusion

We developed a novel clEF-assisted CZE-MS platform for the analysis of mAbs under native
conditions with large sample loading capacity. The optimizations of the Q-TOF parameters and
CZE conditions provide a reference guide to the community for the characterization of native
mAbs with a Q-TOF mass spectrometer and CZE separation. With the new capillary coating and
the online clEF sample stacking, this platform achieved high-quality characterization of glyco-
proteoforms, variants and aggregates of two mAbs. Using clEF in a narrow pH range for sample

stacking is the first attempt and a proof of concept to preconcentrate the analytes and increase the
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loading capacity in native CZE conditions. We expect our novel platform could be a useful

analytical tool for the characterization of various mAbs and large protein complexes.

Although we used Pharmalyte 3-10 in the experiments, we believe the ampholytes in a narrow
pl range (e.g., 6-9) would improve the stacking performance in the native conditions further and
will be investigated in future studies. Another direction of improvement is to integrate gas-phase
fragmentation in the platform (i.e. electron capture dissociation), which could offer more precise
information of PTMs on mAbs and help us to understand the formation of different variants and
aggregates during production processes. We also need to note that the separation performance of
our native CZE-MS system for mAb charge variants needs to be boosted further via investigating
different additives to the separation buffer of CZE and evaluating different sugar monomers for

the LCP coatings.
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