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ABSTRACT

Proteomics, the intricate study of the proteome, has evolved significantly with
advancements in mass spectrometry (MS)-based techniques. While bottom-up proteomics
(BUP), relying on proteolytic peptides, offers extensive protein identification, it grapples with
challenges like limited sequence coverage and ambiguity in proteoform differentiation.
Conversely, top-down proteomics (TDP), targeting intact proteoforms, provides a comprehensive
view, capturing post-translational modifications (PTMs) but is constrained by low sensitivity and
complex fragmentation. Analytical techniques like capillary zone electrophoresis (CZE) and
liquid chromatography (LC) play pivotal roles in enhancing separation efficiency, while ion
mobility spectrometry (IMS) complements mass spectrometry by offering an additional
dimension of gas-phase separation. The unity of multi-dimensional separations and cutting-edge
bioinformatics tools has expanded the horizons of proteomics, yet challenges remain.

In chapter 2, we engineered a high-throughput BUP workflow for plasma and serum
analysis by integrating nanoparticle (NP) protein corona formation, rapid on-bead tryptic
digestion, and CZE-tandem mass spectrometry (CZE-MS/MS). Four distinct magnetic NPs with
varied functional groups on their surfaces using SDS-PAGE and CZE-MS/MS on healthy human
plasma were firstly evaluated. The optimized workflow with amine-terminated and carboxylate-
terminated NPs to analyze serum samples from both healthy and NUT cancer-afflicted mice was
applied. This approach facilitated the identification of hundreds of proteins from plasma and
serum samples, achieving high throughput within only 3.5-hours from sample to data.
Leveraging the NP protein corona, rapid digestion, and CZE-MS/MS, we unveiled potential
cancer biomarkers through quantitative proteomics.

In chapter 3, we explored magnetic NP-based immobilized metal affinity
chromatography (IMAC) using Ti*" and Fe** for the selective enrichment of phosphoproteoforms
from a standard protein mixture and yeast cell lysate. This method demonstrated reproducible,
high-efficiency enrichment, outperforming a commercial phosphoprotein enrichment kit in terms
of capture efficiency and recovery. Reversed-phase LC (RPLC)-MS/MS analysis of yeast cell
lysates post-IMAC enrichment yielded nearly 100% more phosphoproteoform identifications
than without enrichment. Intriguingly, phosphoproteoforms identified after Ti*'-IMAC or Fe¥*-
IMAC enrichment corresponded to proteins of significantly lower abundance and distinct pools,

suggesting their combination could enhance phosphoproteome coverage. These findings



underscore the potential of our magnetic NP-based Ti**-IMAC and Fe**-IMAC in advancing top-
down MS characterization of phosphoproteoforms in complex biological systems.

In chapter 4, we introduced the first integration of CZE, IMS, and MS for online multi-
dimensional separations of histone proteoforms. This innovative CZE-high-field asymmetric
waveform IMS (FAIMS)-MS/MS platform enabled the identification of 366 histone proteoforms
(ProSight PD) and 602 (TopPIC) from a commercial calf histone sample, using only a low
microgram starting material. Remarkably, CZE-FAIMS-MS/MS achieved a threefold increase in
histone proteoform identifications compared to CZE-MS/MS alone. These findings suggested
that CZE-FAIMS-MS/MS holds significant potential for the comprehensive and highly sensitive
characterization of histone proteoforms, paving the way for deeper insights into their complex
roles in epigenetic control.

In chapter 5, we advanced native proteomics by analyzing large proteoforms and protein
complexes, up to 400 kDa, from complex proteomes using native CZE (nCZE) coupled with an
ultra-high mass range (UHMR) Orbitrap mass spectrometer. Our nCZE-MS technique
successfully measured a 115-kDa standard protein complex with minimal sample consumption
of only 0.1 ng. When applied to an E. coli cell lysate, nCZE-MS detected 72 proteoforms and
complexes in the 30-400 kDa range from only 50 ng of material in a single run. Notably, the
mass distribution of detected proteoforms and complexes was consistent with mass photometry

measurements, marking a technical leap in native proteomics for complex proteome analysis.
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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 critical components at the molecular level in regulating
biological functions within cells, including signal transduction, cell proliferation, cell death
(apoptosis, autophagy, necrosis), cell division, and many others [1-5]. The central dogma provides
an outline where the genetic information in DNA is transferred to RNA by transcription, followed
by RNA translation into proteins as the final target. The proteome refers to the entire set of
protein products from an organism’s genome. The proteome has a significantly higher
heterogeneity than the genome due to multiple biological processes like RNA alternative splicing,
genetic variants, and protein post-translational modifications (PTMs) (Figure 1.1) [6].
Proteoforms, as the basic units in the proteome, are used to represent all the protein forms arising
from the same gene due to, e.g., amino acid sequence variations and PTMs [7]. For example, it is
estimated that 20,000 encoding genes in the human genome can produce approximately over 1
million proteoforms [7].

Proteomics is defined as the study of the proteome, aiming to identify, quantify, and
analyze the structures, functions, and interactions of all the proteoforms within a biological
system [8, 9]. Mass spectrometry (MS)-based proteomics has become critical for measuring
proteins to better understand the molecular mechanisms within diverse cellular processes and
disease developments [10]. This was achieved by the development of two advanced ionization
techniques of biological macromolecules for mass spectrometric analysis: electrospray ionization
(ESI) and matrix-assisted laser desorption ionization (MALDI), which earned the Chemistry
Nobel Prize in 2002. A general workflow for MS-based proteomics includes protein extraction
from cells or tissues, followed by either enzymatic digestion into peptides or remaining intact
proteoforms. Then, the peptides or proteoforms will experience online or offline liquid phase
separation coupled with ionization steps and the downstream MS analysis. Next, the mass spectra
of precursor ions and fragment ions are both acquired to collect enough information for protein
identifications from database searching. There are two main strategies, bottom-up proteomics
(BUP) and top-down proteomics (TDP), decided by the inclusion of enzymatic digestion or not
during the protein preparation (Figure 1.2) [11].
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1.1.2 Bottom-up proteomics (BUP)

BUP achieves the protein information by analyzing the proteolytic digested peptides from
the corresponding proteins. Figure 1.2 shows a typical BUP workflow where the proteins are first
extracted from the cells or tissues. Then, the proteins are either in-gel digested or in-solution
digested by specific enzymes based on the needs. This enzyme digestion usually requires several
steps to assure the digestion efficiency including the denaturation of proteins, reduction of
disulfide bonds, and protective alkylation of proteins. The most commonly used enzyme is serine
protease trypsin with high specificity and high proteolytic activity. Trypsin could specifically
cleave the proteins at the carboxyl side of lysine and arginine to generate an average range of
peptides at 10-20 amino acids. The product peptides will carry at least two protonation sites: the
amine group at the N-terminus and the C-terminus lysine or arginine. With such an averaged size
of peptides and the charges, the tryptic-digested peptides are ideal for ionization and
fragmentation during the MS analysis. Next, the peptides are typically under liquid
chromatography (LC) separation and followed by downstream ESI-tandem MS (ESI-MS/MYS)
analysis. At last, the protein identifications are attained by matching the identified peptide
sequence to the protein sequence [12]. The peptide identifications apply the precursor ion and the
corresponding fragmentation ion information against the database from the in-silico digestion of
the protein sequences derived from the known genome. During this process, one peptide could
belong to not only one protein but multiple proteins, designated as one protein group.

Quantitative proteomics measures the abundance differences of proteins across samples to
provide crucial insights into the biological states of cells and tissues, significantly advancing our
understanding of key biological processes [13]. Two techniques are commonly used in
quantitative BUP: isotopic labeling quantification strategy and label-free quantification (LFQ)
strategy [14-19].

Tandem mass tags (TMT) [16] and isobaric tags for relative and absolute quantification
(ITRAQ) [17] are the two most used multi-channel labeling methods for isotopic labeling
quantification. For example, TMT (Figure 1.3) contains one mass reporter to show the relative
abundance of labeled peptides across different samples based on the relative intensity of the
reporter ions, one mass normalizer to balance the overall mass of each tag equally and one amine-
reactive group to attach to the N-terminus or the side chain of lysine residue of peptides. The

general TMT workflow first labels the peptides across different samples with different channels of



isobaric mass tags by the amine-reactive group. Then, the peptide samples are mixed as one
sample for LC-MS analysis. The same peptides from different samples having isobaric mass tags
will be co-eluted during LC separation because of the same hydrophobicity and mass.
Furthermore, they will be co-isolated for fragmentation to get the relative abundance information
from the cleavable report ions. This analysis happens within the same LC-MS run to measure
multi-channeled samples, eliminating the random quantification errors from the measurement of
different samples by different LC-MS runs. The multiplexity of TMT labeling could measure up
to 18 channels [20] of samples, enabling the high throughput of BUP analysis.

Cleavable
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N H/\)J\H/\)J\O,N
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L J \ J\ J
1 I 1

Mass Mass NH,-reactive
reporter normalizer group

Figure 1.3. TMT reagent structure including functional regions and higher-energy collisional
dissociation (HCD) fragmentation site.

In the LFQ approach, isotopic labeling is no longer required, simplifying sample
preparation and eliminating the limitation of sample multiplicity for quantification. LFQ methods
rely on comparing precursor ions’ intensities from the extracted ion chromatograms between
independent LC-MS measurements. Signal intensities of the peptide ions from ESI are directly
correlated with the peptide concentrations [21, 22]. Therefore, the extracted peak areas
corresponding to specific peptide ions from chromatograms in LC-MS measurements can be
utilized for the relative quantification of particular peptides and proteins across different samples.

LFQ employs the integration of all the peak areas under the curve of peptides from the
separation profile to estimate the corresponding protein abundance [23]. Several factors are
crucial to affect the accuracy of LFQ analysis, including the reproducibility across different LC
separation runs, the stability of the ESI source, the retention time alignment, the computational
algorithms for abundance comparison, and the statistical evaluation of multiple LC-MS datasets

[24].



Although BUP has become the gold standard approach in MS-based proteomics studies,
several intrinsic drawbacks are still impeding the development of this technique. The bottom-up
approach often struggles to differentiate proteoforms from the same gene because the intact
proteoform information is lost during the proteolytic process. Furthermore, the sequence coverage
of proteins from the bottom-up method is limited because only a subset of peptides from a protein
is typically detected. Moreover, peptides may be shared between different proteins, leading to
ambiguity in protein identification in complex biological samples.

1.1.3 Top-down proteomics (TDP)

Unlike BUP, TDP is a proteoform-centric approach, employing MS and MS/MS to
characterize intact proteoforms without proteolytic cleavage. Most steps in the typical TDP
workflow (Figure 1.2) are similar to BUP except enzymatic digestion, including protein
extraction from cells or tissues, one or multiple-dimensional liquid-phase separations, soft
ionization of intact proteins, MS and MS/MS acquisition, and data analysis. One significant
advantage of TDP is that it could provide a bird’s eye view of all proteoforms in a sample while
fully preserving the PTM information in the proteoform sequence (Figure 1.4A). It could prevent
false identifications from the proteoforms with the high similarities of the sequence compared to
BUP. However, two main challenges in TDP are the identification of the proteoforms in low
abundance and the precise localization of PTMs on each proteoform. The larger intact
proteoforms carrying more charges than peptides cause substantial MS signal dilution, inducing
the overall lower sensitivity for MS detection (Figure 1.4B). Because intact proteoforms are
considerably larger than peptides, the backbone cleavage is more strenuous for proteoform
fragmentation than BUP. Furthermore, the denaturation step in traditional TDP impedes the
detection of protein complexes due to the disassembly of the protein complex. Native TDP (native
proteomics) offers the most precise profiling of proteome samples by analyzing them under near-
physiological conditions and directly assessing protein complexes. Nevertheless, this approach
faces several technical hurdles. Firstly, native proteomics often struggles with detecting low-
abundance protein complexes within complex biological samples due to its inherent low
sensitivity. Consequently, this technique is most effective for analyzing highly abundant protein
complexes or purified samples [25-27], which limits its broader applicability in proteomic studies.
Secondly, analyzing large protein complexes and identifying individual proteoforms within them

necessitates the use of advanced and specialized mass spectrometers. Techniques such as MS/MS



MS?) or MS? analysis are essential, adding complexity to the experimental setup and requiring
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substantial expertise and resources [28].
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Figure 1.4. TDP and BUP. (A). Determination of proteoforms and PTMs from TDP and BUP.
Pho: phosphorylation. Ac: acetylation. (B). Charge state distribution of proteins and peptides.

Despite the challenges and limitations, TDP has made substantial technological
advancements in the past decades involving the characterization of large proteoforms, heavily
modified proteoforms, global proteoform profiling, and bioinformatics tools [29-39].

Currently, most large-scale TDP studies have concentrated on proteoforms smaller than 30
kDa, primarily due to the ion suppression of coelution of high and low abundant proteoforms, low
sensitivity from broad charge state distribution, and low backbone cleavage coverage by
conventional collision-based fragmentation [40, 41]. Size exclusion chromatography (SEC) has
been recognized as an effective method to fractionate the proteoforms by size to lower the
complexity of the sample, improving the detection of larger proteoforms. The Smith research
group coupled SEC with reverse-phase LC (RPLC)-MS/MS to achieve the identification of a 140-
kDa protein (endogenous human cardiac myosin binding protein C) from human heart samples
[29]. The Zhang group applied a novel monolithic reverse-phase capillary column for an SEC-
RPLC-MS platform to identify 347 proteoforms over 30 kDa from E. coli lysate in a single RPLC
run [30]. To improve the sensitivity of detecting large proteoforms, the Sun group coupled high
field asymmetric waveform ion mobility spectrometry (FAIMS) to capillary zone electrophoresis-
MS/MS (CZE-MS/MS) as an online two-dimensional separation to boost the number of
proteoform identifications by 6-fold in the mass range of 20-45 kDa [31]. For better backbone



cleavage coverage, electron or photon-based fragmentation techniques have shown significantly
superior performance compared to collision-based techniques in fragmenting large proteoforms
[42-44]. The internal fragment ions are another huge part typically neglected by the
bioinformatics tools because they don’t contain any N-terminal or C-terminal fragments of the
proteoforms [45, 46]. The Loo group achieved the highest sequence coverage (75%) of an intact
mAb by combining electron capture dissociation (ECD), higher-energy collisional dissociation
(HCD), and internal fragment ion assignments for top-down analysis of the intact NIST mAb
[32].

The delineation of proteoforms carrying many PTMs is challenging due to the high
heterogeneity of proteoforms and the potential loss of labile PTMs during collision-based
fragmentation. Take histone, a heavily modified protein containing methylation, acetylation,
phosphorylation, and citrullination, and many others, as an example [47, 48]. High-resolution
separation for the isobaric and isomeric histone proteoforms and the effective gas-phase
fragmentation for the labile PTMs are crucial. The Sun group developed SEC-CZE-MS/MS and
CZE-FAIMS-MS/MS platforms for high-capacity separation and highly sensitive TDP analysis of
histone proteoforms, resulting in the identification of nearly 400 and 600 histone proteoforms,
respectively, from a commercial calf thymus sample [33, 34]. To precisely localize PTMs on
histone proteoforms, the Brodbelt group combined ultraviolet photodissociation (UVPD) with
gas-phase proton transfer charge reduction (PTCR) to achieve a drastic improvement of sequence
coverage of histone proteoforms (e.g., 73% for H2A and 91% for H4) with a substantially
accurate characterization of PTMs [35].

Global TDP profiling of complex samples is challenged by their immense complexity, yet
multi-dimensional separations prior to MS and MS/MS have been employed to improve proteome
coverage in MS-based TDP. The Kelleher group applied immunomagnetic enrichment and
fluorescence-activated cell sorting (FACS) to selectively enrich specific cell types from human
blood and bone marrow, followed by RPLC-MS/MS-based proteoform profiling [36]. This
approach led to the identification of nearly 30,000 unique proteoforms originating from 1,690
human genes across 21 different human hematopoietic cell types and plasma. The Sun group
combined an offline LC fractionation with the downstream CZE-MS/MS for TDP of two
colorectal cancer cell lines (SW480 and SW620), resulting in the identification of 23,622

proteoforms from 2,332 proteins [37]. This improvement enhanced the understanding of



colorectal cancer metastasis at the proteoform level through large-scale proteomics, and
previously unknown protein biomarkers for cancer diagnosis and drug development were
discovered.

Sophisticated algorithms for bioinformatics tools are also critical to boost the proteoform
characterization and quantification in MS-based TDP. In the last decades, many bioinformatics
tools emerged and are well established, such as ProSight [49], TopPIC [50], Metamorpheus [51],
MASH [52], ClipMS [53], Informed-Proteomics [54] and many others. Current bioinformatics
tools for MS-based TDP struggle with the identification of large proteoforms (over 30 kDa)
because they generally depend on resolved isotopic peaks in each charge state to accurately
determine the monoisotopic mass of proteoforms or their fragment ions for subsequent database
searching, but the resolution for typical mass spectrometers is not high enough for large
proteoforms. To improve this situation, the Kohlbacher group introduced FLASHDeconv, an
ultrafast deconvolution tool for TDP that can analyze both isotopically resolved and unresolved
peaks across a wide charge and mass range in MS spectra, making it particularly effective for
identifying large proteoforms [38]. For the intact proteoform quantification, the Petyuk group
designed a companion R package (TopPICR) for TopPIC to enhance cross-data set quantification
based on LFQ [39]. The TopPICR tool added a critical step of clustering features across datasets
in LC-MS space to make the transformation of LC and MS dimensions into Z-scores to be
statistically interpretable.

1.1.4 Mass spectrometry (MS)

MS has progressed from merely cataloging proteins in biological systems to evaluating
protein properties and their functional modulation at multiple levels, such as protein
identification, quantification, PTM, protein dynamics, and many others [55]. The basic principle
of MS is to measure the charged molecules by their mass-to-charge ratios (m/z) in the gas phase.
Proteins or peptides are typically separated by liquid-phase separation before MS analysis. Owing
to the invention and development of ESI, protein and peptide ions can gently transform from
liquid phase into gas phase while keeping their integrity. Unlike MALDI commonly forms singly
charged analytes, ESI can generate multiple charging to benefit not only the detection of the large
biomolecules on mass spectrometers with limited m/z range but also the fragmentation in tandem
MS (MS/MS). In the positive ion mode of the ESI process (Figure 1.5), a high voltage is applied
at the capillary end at an electric potential of several kV [56, 57]. The capillary is filled with an



analyte solution carrying typically an acidic buffer to provide protonation for the analytes. The
Taylor cone is first formed due to the electric field and the surface tension, followed by the initial
micron-sized droplet generation into the gas phase. The initial droplets shrink into the final
nanometer-sized droplets and form naked charged analytes caused by the evaporation of the
solvent. Ultimately, the charged analytes move into the mass spectrometer by the electric field for

MS analysis.
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Figure 1.5. Schematic depiction of the ESI process operated in posﬁve ion mode. The figure is
reprinted with permission from reference [56].

To measure the protein or peptide ions, the mass analyzer inside the mass spectrometer is
the key unit to separate ions of different m/z. Filtering mass analyzer, ion trapping mass analyzer,
and time-of-flight (TOF) are the three most common types of mass analyzers. Quadrupole is the
most representative and frequently used filtering-type mass analyzer, invented by Wolfgang Paul
Helmut Steinwedel in the 1950s. A quadrupole consists of four parallel metal rods arranged in a
square configuration, which create an oscillating electric field that acts as a mass filter (Figure
1.6) [58]. This field allows only ions with a specific m/z ratio to pass through while deflecting
others. The operation of a quadrupole mass analyzer involves applying both direct current (DC)
and radiofrequency (RF) voltages to the rods. By adjusting these voltages, the analyzer can
selectively stabilize the trajectory of ions with a particular m/z ratio, enabling them to reach the

detector, while ions with different m/z ratios are deflected or filtered out. Quadrupoles offer



several critical advantages that make them essential tools in the MS field, including but not
limited to high selectivity and sensitivity, rapid mass scanning speed, and robustness and
durability [59-63]. Triple quadrupole (QqQ) is designed by aligning three quadrupoles in series to
filter not only the precursor ions but also the fragment ions to selectively monitor and quantify
analyte ions with high specificity and high sensitivity [64]. However, the limitations of
quadrupoles are the low mass resolution and mass accuracy and the limited scanning mass range

(typically <3000 m/z) [62, 65].
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Figure 1.6. Schematic of quadrupole. m: mass of the ion; e: charge of the ion. The figure is
reprinted with permission from reference [58].
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The Orbitrap is an ion-trapping type mass analyzer based on Fourier transform (FT) and
was first invented by Dr. Makarov in 1999 [66]. The orbitrap mass analyzer contains a spindle-
shaped rod as the central electrode and a barrel-like outer electrode (Figure 1.7) [67]. The analyte
ions have the trajectories of integrating rotation around the central electrode and oscillations along
the z-axis to form a three-dimensional spiral motion. This intricate motion enables the ions to stay
trapped within the orbitrap mass analyzer long enough for accurate measurement. The image
current is generated from the analyte harmonic oscillations and detected on the split outer
electrodes to provide the m/z information of the analytes from FT. The Orbitrap mass analyzer has
been extensively utilized in MS-based proteomics for its high resolution (up to 1 million FWHM

at m/z 200) and high mass accuracy (up to sub-1 ppm). Conventional Orbitrap mass analyzer
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could only process mass range lower than 8,000 m/z, but the release of ultra-high mass range
(UHMR) Orbitrap boosts the mass range up to 80,000 m/z to benefit the detection and the
characterization of large biomolecules like native protein complexes [68]. The Ivanov group
successfully coupled the native CZE to UHMR orbitrap to characterize a near-1 MDa GroEL
protein complex with the binding molecules to show its conformational changes [69]. However,
the Orbitrap mass analyzer suffers from a low scanning speed (typically lower than 40 Hz),

limiting its applications for high-throughput screening and real-time analysis.
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Figure 1.7. The Orbitrap mass analyzer. The figure is reprinted with permission from reference
[67].

Alternative to filtering-type and ion-trapping mass analyzers, the TOF mass analyzer is a
foundational technique in MS to determine the m/z ratio of ions based on their flight time through
a field-free drift region. Originating in the 1940s, TOF operates under the principle that ions, once
accelerated to uniform kinetic energy, will traverse the drift region at velocities inversely
proportional to their m/z ratio (Figure 1.8) [61, 62, 70]. Consequently, ions with lower m/z ratios

arrive at the detector more rapidly than those with higher m/z values. The precise measurement of
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these time differences facilitates the accurate determination of the ions' m/z. TOF mass analyzers
are particularly noted for their unlimited mass range and rapid data acquisition capabilities, which
render them exceptionally suited for the analysis of large biomolecules and complex matrices
[71]. TOF mass analyzers often incorporate reflectron technology to enhance the mass resolution
by correcting kinetic energy differences among ions with the same m/z, causing them to converge
in time at the detector and resulting in high-resolution peaks in the mass spectrum [72]. Although
TOF mass analyzers generally exhibit lower resolving power compared to high-resolution
counterparts such as Orbitrap mass analyzers, their capacity for high-speed scanning is
unparalleled, making them indispensable for high-throughput screening applications [73].

Recent technological advancements have further expanded TOF’s utility, notably through
its integration with ion mobility spectrometry (IMS), which significantly improves its ability to
resolve complex mixtures by adding an additional dimension of separation such as trapped IMS-
TOF (TIMS-TOF) [74]. However, the performance of TOF mass analyzers can be subject to
matrix effects, particularly in MALDI-TOF applications, where the choice of matrix and the co-

crystallization process can critically influence spectral quality [75].
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Figure 1.8. Schematic of a linear TOF analysis of singly charged ions. The figure is reprinted
from reference [70].
1.1.5 Tandem mass spectrometry (MS/MS)

In MS-based proteomics, tandem MS (MS/MS) is a powerful tool for dissecting the
intricate details of proteins beyond their intact masses, such as their sequences, and PTMs. The
process begins with the mass spectrometer scanning the full mass spectrum (MS1) and isolating
ions based on their m/z at a narrow isolation window. These ions, known as precursor ions, are

then fragmented into smaller pieces called fragment ions using gas-phase techniques, which are
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subsequently analyzed by a second mass analyzer to obtain the tandem mass spectrum scan
(MS2). The mass analyzers precisely measure the molecular mass of gas-phase ions by analyzing
their motions in magnetic or electric fields [62]. Both m/z and charge states, which are determined
from isotopic patterns, play a crucial role in calculating the ions' mass with high accuracy.
Identifying proteins or peptides in complex biological samples based solely on intact molecular
mass from MS1 can be a daunting task because of the presence of isomeric and isobaric species.
Therefore, MS2 is necessary to provide the fragment ions as a fingerprint of the specific protein or
peptide isolated after MS1 for identification. Protein or peptide identification becomes more
accurate as these empirical spectra are matched against theoretical ones from vast databases.
Depending on the location of cleavage at the protein sequence, different types of fragment ions
are generated (Figure 1.9). Numerous gas-phase fragmentation techniques with distinct
mechanisms have been developed to enhance fragmentation efficiency and offer complementary

insights into proteins and peptides.
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Figure 1.9. An example of peptide fragmentation nomenclature.

Collision-induced dissociation (CID) stands as the most widely employed method for
generating fragment ions from peptides and proteins in MS-based proteomics. In CID, protein or
peptide ions are accelerated and collide with neutral gas molecules, such as nitrogen, helium, or
argon, within an ion trap (Figure 1.10) [76]. The kinetic energy from these collisions is deposited
into the internal energy of ions. When this energy exceeds the threshold required to break
chemical bonds, b-type and y-type ions are predominantly produced from the fragmentation at the
peptide bond [77]. One deficiency of conventional CID is that it happens in an ion trap where the

low m/z ions cannot be retained effectively. To advance CID, HCD follows a similar collisional
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mechanism but takes place in a multipole collision cell (Figure 1.10) [76, 78]. This improvement
allows for the inclusion of low-mass ion detection and enables applications like isobaric tag-based
labeling quantification [79]. Despite these advancements, both CID and HCD tend to
preferentially cleave the most labile bonds of proteins or peptides, bringing the risk of breaking
labile PTMs [80]. Thus, applying CID or HCD limits sequence coverage and hinders the accurate
localization of labile PTMs in the proteoforms, making PTM mapping particularly challenging

[81, 82].
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Figure 1.10. Mechanism of CID, high-energy collision dissociation (HCD), ECD, and electron
transfer dissociation (ETD) fragmentation. The figure is reprinted with permission from reference

[76].

ECD and electron transfer dissociation (ETD) are widely employed electron-based
activation methods as the alternative gas-phase fragmentation to collision-based dissociation for
proteins and peptides. The mechanisms for ECD and ETD are similar except for the source of
electrons. In ECD, the free electrons are generated typically from a heated filament and captured
by the multiply charged analyte cations to form highly reactive cation radicals, followed by the
bond cleavage at N-C a bonds along the protein or peptide backbone, resulting in the formation of
c-type and z-type fragment ions (Figure 1.10) [76, 83]. ETD also produces the same types of
fragment ions, but the reactive cation radicals originate from the transfer of the anion radicals

(formed from the reagents like azulene and fluoranthene) to the multiply charged analyte cations
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[84, 85]. ETD/ECD acts as a robust approach for characterizing PTMs for large peptides or entire
proteins while preserving labile modifications at modified residues, making it central to PTM
analysis [86-88]. This is because bond dissociation happens immediately following electron
transfer or capture, before any energy redistribution, which protects labile modifications [89].
However, ETD/ECD fragmentation efficiency is highly dependent on precursor charge density,
with higher charge densities leading to more extensive precursors, while lower charge densities
make the precursors more compact [86, 90, 91]. During the ETD/ECD process, the non-covalent
interactions may still hold the fragment ions together within the low charge density precursors,
known as nondissociative ETD (ETnoD) [92]. Supplemental activation for ETD/ECD has been
recognized as an efficient approach to minimize ETnoD such as activated ion ETD (AI-ETD) and
electron-transfer/higher-energy collision dissociation (EThcD) [93-96]. AI-ETD uses infrared
photoactivation during ETD to disrupt noncovalent binding, while EThcD activates all ETD
product ions with HCD energy, both generating additional b-type and y-type ions that enhance
complementary fragment series and improve protein backbone coverage [97].

UVPD is another gas-phase fragmentation method that couples well with MS, and it
utilizes UV lasers (commonly at 157, 193, 213, or 266 nm wavelength) to activate the precursor
ion by the adsorption of one or more high-energy UV photons [98]. This process deposits internal
energy into the analyte ions, exciting them to electronic states where dissociation occurs as soon
as they gain enough energy to surpass the dissociation barrier [99, 100]. Unlike collisional-based
and electron-based dissociation, UVPD can yield all types of fragment ions (a-, x-, b-, y-, c-, z-
type ions), generating a series of complementary fragments for more comprehensive sequence
coverage. Also, UVPD achieves higher sequence coverage compared to collisional-based
dissociation and to preserve labile PTMs for protein and peptide characterization, while
performing little dependence on the charge states of the analyte ions [101-105].

1.2 Separation techniques in MS-based proteomics
1.2.1 Capillary zone electrophoresis (CZE)

CZE is a highly efficient open tubular liquid-phase separation technique based on the
electrophoretic mobility (lep) of analytes, and it has been applied broadly in proteomics [106-
110]. CZE separation requires a fused silica capillary (typically 10-75 pm inner diameter and 20
to 100 cm length), background electrolyte (BGE) buffer filled in the capillary for conductivity,

and a high voltage source to provide a strong electric field. In separation science, the number of
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theoretical plates (N) and the height equivalent to a theoretical plate (HETP) are commonly used
to evaluate the column separation efficiency. A theoretical plate is a hypothetical concept and
represents a single equilibrium step of the solute reaching between the stational phase and the
mobile phase. More theoretical plate numbers of a column reflect the better separation efficiency.
HETP is defined as the length of one theoretical plate within the separation column [111]. The

relationship of the column length (L), N, and HETP are expressed in Equation 1.1:

N=— Equation 1.1
HETP

HETP depends on various factors during the separation and can be explained by the van Deemter

equation (Equation 1.2) [112].
HETP = A+ S + Cu Equation 1.2

In the van Deemter equation, the A-term is the eddy diffusion parameter that arises from
the multiple flow paths that molecules can take through the column due to variations in the
packing of particles, B-term is the longitudinal diffusion parameter that occurs as molecules
disperse along the column axis and is inversely proportional to the flow rate (u), C-term is the
mass transfer parameter that is associated with resistance to mass transfer between the mobile and
stationary phases to reflect the delay in equilibrium between the phases [113]. In CZE, there is no
stationary phase contributing to the A-term and C-term, leading to a much lower HETP and
higher separation efficiency compared to other packed chromatographic separations. CZE also
shows great potential in separating such large biomolecules as intact proteins. Another way of
describing the CZE separation efficiency is shown in Equation 1.3.

14
N — Hall

- Equation 1.3

In this equation, N is related to overall electrophoretic mobility (pan), voltage applied at
the capillary (V), and diffusion coefficient of the analytes (D). A higher voltage is commonly
applied to achieve a higher N for the separation of intact proteins owing to the low D of these
proteins. For example, one work from our group showed the CZE could reach nearly 1 million
theoretical plates for the separation of myoglobin proteoforms [114].

The pan of analytes in the CZE process is the sum of two contribution factors: pe, and
electroosmotic mobility (o), as shown in Equation 1.4.

Hau = Hep t+ Heo Equation 14
The pep and peo can be described in Equation 1.5 and Equation 1.6:
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q

Hep = oo Equation 1.5
Heo = % Equation 1.6

Where q is the charge of the molecule, 7 is the viscosity of the BGE, r is the radius of the
molecule, ¢ is the dielectric constant of the BGE, and ( is the zeta potential. In the typical
denatured CZE separation of proteins (Figure 1.11), the protein cations (assume the pH of BGE is
lower than the pls of all proteins) move towards the cathode by electrophoretic flow (EPF) and
electroosmotic flow (EOF). EOF arises from the zeta potential of the double layer at the capillary
inner wall and drives the whole bulk solution along with all the molecules. Only charged
molecules have EPF, while the neutral molecules don’t and move solely by EOF. EOF is
considered an acceleration force for rapid CZE separation in most cases of proteomics studies.
However, the presence of EOF can also be a limitation, as it reduces the separation window,
potentially providing insufficient time for mass spectrometer acquisition in CZE-MS analysis.
The common way of controlling EOF’s effect is by either adjusting the pH of BGE or various
types of coatings at the capillary inner wall. The advantages of capillary coating are not only
helping manage the effects of EOF, but also reducing or eliminating the non-specific binding of
proteins to better the separation efficiency for proteomics studies. One example of such a capillary
coating is applying neutral and hydrophilic linear polyacrylamide (LPA) to eliminate EOF in the
capillary for a wide separation window and minimize the interaction between the proteins or

peptides with the capillary inner wall [115-117].
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Figure 1.11. The mechanism of CZE separation. Molecules with more charges and smaller radii
move faster.
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To online couple CZE to ESI-MS for proteomics, the interface used for completing the
electrical circuits of CZE separation and providing voltage for ESI is critical. A series of
advanced CZE-MS interfaces have been developed with the improvement of sensitivity, stability,
and easy operation [118-123]. Our group uses the electrokinetically pumped sheath flow
nanoelectrospray interface (Figure 1.12), first reported by the Dovichi group in 2010 and
subsequently upgraded in 2013 and 2015 [121-123]. A separation capillary is inserted through a
junction and enters a glass ESI emitter, where it connects via a side arm to a sheath electrolyte
reservoir linked to a power supply. The application of voltage to the sheath electrolyte induces
EOF within the emitter, allowing for precise control of sheath fluid pumping at nL/min flow rates
of spraying. With the development from the first to the third generation, the larger size orifice of
the ESI glass emitter and the closer distance of the capillary tip towards the emitter orifice

escalate the robustness without the loss of sensitivity [122].
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Figure 1.12. Diagrams of the basic design of the electrokinetically pumped sheath flow
nanoelectrospray CE-MS interface (A) and its three different generations (B). The figure is
reprinted with permission from reference [122].

CZE-MS has been extensively applied in both denatured and native TDP (nTDP) and
offers high efficiency of separation and high sensitivity of detection. Our group applied the single-
shot CZE-tandem MS (CZE-MS/MS) run of E. coli cell lysate and attained a peak capacity of 300
and proteoform identification of 600 under a 90-min separation window [124]. The Yates group
demonstrated that CZE-MS offers significantly higher sensitivity for proteoforms compared to

RPLC-MS, delivering comparable signal-to-noise ratios of protein targets while using 100-fold
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less sample [125]. Our group developed a novel CZE-MS platform by coupling native CZE
(nCZE) to a UHMR Orbitrap mass spectrometer to separate the whole E. coli lysate and detect
nearly 100 protein/protein complexes ranging up to 400 kDa with only 50ng of sample
consumption [126]. The Kelleher group reported a nCZE-top-down MS (nCZE-TDMS) system to
obtain the attomole level of nucleosome characterization, with the detection of histone PTM
profile changes [127]. However, a long-existing limitation of CZE-MS is the low sample loading
capacity. In the CZE-MS analysis, typically, only 1% of the total capillary volume equivalent
sample is injected to maintain the high separation efficiency. This limitation is a concern for TDP
due to the intrinsic much lower sensitivity for intact protein measurement than peptides. Online
capillary stacking methods are commonly used to increase the loading capacity, such as dynamic
pH junction [128]. The dynamic pH junction method is based on applying the pH differences
between the sample buffer and the BGE to concentrate the proteins at the pH boundary to achieve
up to 50% capillary [124, 129].

1.2.2 Liquid chromatography (LC)

LC is one of the most fundamental analytical separation techniques via the liquid-phase
sample interacting with the stationary phase and the mobile phase when flowing through the
column packed with solid particles. LC offers a series of separation choices from distinct
principles such as the analyte’s hydrophobicity, size, and ionic strength. Reverse phase LC
(RPLC) is the most dominant LC applied in proteomics studies based on the hydrophobicity of
proteins or peptides.

RPLC contains a non-polar stationary phase and a polar mobile phase for separation and
the retention of proteins or peptides on the stationary phase is directly correlated to their
hydrophobicity. Isocratic elution and gradient elution by the mobile phase are the two common
strategies when eluting the biomolecules from the stationary phase. Isocratic elution refers to the
constant composition ratio and flow rate of the mobile phase, while gradient elution applies an
increasing concentration of organic solvent in the mobile phase during analysis. The gradient
elution is preferable when coupling to MS for proteomics because it provides improved resolution
and sensitivity, enhanced peak capacity, and reduced analysis time over the isocratic elution. The
gradual concentration change of the mobile phase enhances the resolution between closely eluting
biomolecules, leading to sharper and more concentrated peaks which are beneficial for the

sensitivity of detecting low-abundance biomolecules. Also, the gradient flow allows a broader
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range of biomolecule elution within a shorter analysis time of a single run, increasing the number
of biomolecules that can be effectively separated and improving the overall peak capacity.
Acetonitrile (ACN) is frequently as the organic solvent in the mobile phase because of its strong
solvent strength to effectively elute a wide range of biomolecules, low viscosity to significantly
reduce the backpressure of the system and support high flow rates for fast analyses, and good
volatility to be easily removed by evaporation and minimize the solvent contamination for
downstream MS analysis [130].

The stationary phase of RPLC generally consists of porous silica particles covalently
bonded with the alkyl chains. The selection of particle size, pore size, and alkyl chain can
significantly affect the separation efficiency for RPLC. Applying smaller particles benefits the
separation by decreasing eddy diffusion and resistance to mass transfer (Equation 1.2) to lower
the height equivalent to a theoretical plate [131]. The pore size of the particles must keep a good
balance between surface area and pore volume, allowing for efficient interactions between the
analytes and the stationary phase. Larger pore size (typically 300 A) gives better access to the
interior of the silica particles for large biomolecules like intact proteins, while smaller pore size
(typically 100 A) is optimal for separating smaller biomolecules like peptides [132]. The alkyl
chains provide the hydrophobicity for the stationary phase to interact and separate the analytes.
C18 is composed of a linear arrangement of 18 carbon atoms and is most widely utilized for
separating small molecules like peptides because of its strong hydrophobicity [133]. Shorter alkyl
chains like C1-C4 are commonly for intact protein separations because of their low
hydrophobicity to reduce the inevitable sample loss [132].

Microflow and nanoflow RPLC-MS are the two frequently used methods in proteomics
studies. Microflow RPLC-MS is termed by the 0.5-1 mm i.d. analytical column with a flow rate
of 10-200 pL/min, while nanoflow RPLC-MS refers to the columns with an i.d. <100 um used at
a flow rate <1 pL/min. Microflow RPLC-MS shows great capabilities in high-throughput analyses
with excellent reproducibility in both retention time and protein quantification [134]. For
example, the Kuster group demonstrated that microflow RPLC-MS could conduct up to 1,500
analyses in a month and process over 14,000 samples on a single column while maintaining
consistent chromatographic performance [135]. However, the large sample consumption and
sample loss from the high flow rate of microflow RPLC-MS are not ideal for limited sample

analysis. The high flow rate also causes lower sensitivity for the downstream detection due to the
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sample dilution in the column and the insufficient ionization efficiency in the electrospray. On the
contrary, nanoflow RPLC-MS was developed to improve the sensitivity with lower sample
consumption for the proteomics workflow [136-139]. The Olsen lab introduced an optimized fast
and sensitive data-dependent acquisition method for nanoflow RPLC-MS by comparing the
isotopically labeled yeast proteome [138]. With less than 125 ng of sample loading, the optimized
nanoflow RPLC-MS workflow could identify and quantify above 2500 proteins from yeast
proteome with 1 h of analysis time. The Mann group reported the high sensitivity with the single
run nanoflow RPLC-MS, identifying approximately 1000 of a total of 5000 proteins from a
human embryonic kidney cell line (HEK293) at an estimated detection limit of fewer than 100
attomoles per protein [139].

1.2.3 Ion mobility spectrometry (IMS)

IMS is a gas-phase separation technique measuring ions’ trajectories under the influence
of carrier gas and electric field, based on the sizes, charges, and shapes of ions. Owing to the
intrinsic principle of IMS and MS both analyzing gas-phase charged ions, coupling IMS to MS
shows an easy compatibility and can be firstly traced back to the 1970s [140]. IMS-MS has
greatly improved the resolution of the analysis with complementary separations in mobility and
mass dimensions, providing outstanding selectivity and sensitivity [141-143]. Revealing the
structural information of analytes is a significant advantage of IMS-MS, typically achieved
through the conversion of measured mobility into the calculated collision cross-section value
(CCS). Several types of IMS are developed to create distinct instrument platforms coupled to MS,
such as drift tube IMS (DTIMS), traveling wave IMS (TWIMS), TIMS, and field asymmetric
IMS (FAIMS).

FAIMS commonly operates as an online mobility filter, positioned directly after the ion
source and prior to the entrance region of the mass spectrometer. The gas-phase ions are
transported under a parallel carrier gas flow between two electrodes where the asymmetric
waveform electric field oscillates in the high and low field with opposite polarities [144-146].
Typically, the magnitude of the high field (reported as dispersion voltage, (DV)) is twice the low
field, but the duration is half of the low field (Figure 1.13A) [144, 146]. The filtration of the ions
is achieved by applying a small compensation voltage (CV) at the inner electrode to select ions
with specific sizes, charges, and shapes passing through. The ion trajectories are generalized into

three types (Figure 1.13B): ions with increasing mobility at high field (type A) such as
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declustering from adducts with decreasing CCS, ions with initially increasing mobility but
followed by decreasing mobility because of the high-energy collisions (type B), ions with
decreasing mobility (type C) like protein unfolding with increasing CCS [144, 146]. The analysis
of short-chain glycine-based peptides by ESI-FAIMS-MS demonstrated the transformation from
type A to type C with the increasing peptide length due to the increasing CCS [147]. For
proteomics studies, FAIMS tuned to transmit longer peptides will effectively exclude short
peptides and small molecules, offering a cleaner background of the mass spectrum with higher
sensitivity compared to no-FAIMS. FAIMS is typically added as an online additional dimension
of separation for liquid-phase chromatography-MS (LC-MS) for both peptide and intact protein
analyses [148, 149]. The Ivanov lab reported an optimized ultralow flow LC-FAIMS-MS
platform to achieve up to 131% more protein identifications by applying four CVs within a single
shot run from 1 ng of Hela digest, showing the high sensitivity of FAIMS [148]. The Petyuk
group applied an Alzheimer’s disease (AD) brain tissue sample by LC-FAIMS-MS to attain the
double identification numbers of unique proteoforms with the external CV stepping compared to
no-FAIMS [149]. Therefore, FAIMS has the potential to be coupled with different separation
techniques to form online multi-dimensional separations to enhance the proteome coverage for

MS-based proteomics studies.
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Figure 1.13. Separation principles of FAIMS. (A) asymmetric waveform on FAIMS electrodes;
(B) three types of ion mobility in FAIMS. The figure is reprinted with permission from reference
[146].
1.3 Summary

This chapter introduced multi-level MS-based multi-level and well-developed separation
techniques for proteins and peptides. BUP and TDP are two popular complementary strategies in
the characterization of peptides and intact proteoforms with their advantages and limitations. BUP

suffers from limited sequence coverage and difficulties in differentiating proteoforms, while TDP
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faces challenges with sensitivity and the identification of low-abundance proteoforms. However,
it can be foreseen that coupling these two strategies (named multi-level proteomics) is a bright
direction for better delineation of proteins with their PTMs to better the understanding of
molecular mechanisms in cellular processes and diseases. CZE and RPLC are two liquid-phase
separation methods presenting great potential and applications in both BUP and TDP. IMS is a
gas-phase separation technique often coupled with MS to improve resolution and sensitivity by
providing additional dimensions of separation. More advanced analytical techniques and
workflows must be further developed to improve MS-based proteomics. The following chapters
will build on these concepts to explore advanced methodologies and applications in proteomics

research.
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CHAPTER 2. High-throughput bottom-up proteomics of human plasma enabled by
advanced CZE-MS/MS and nanoparticle protein corona
2.1 Introduction

Nanomedicine has gained significant interest in pharmaceutical research due to the
promising capability of drug targeting and drug delivery [1-6]. The therapeutic efficacy, targeting
ability, toxicity, cellular interactions, and biodistribution of nanoparticle-bound medicine are
heavily influenced by the formation of the biomolecule corona, i.e., protein corona [7-10].
Nanoparticle protein corona refers to a layer of proteins that are naturally attached to the surface
of nanoparticles (NPs) when they enter a biological environment, such as blood or other body
fluids [11-13]. It has been well established that the distinct profiles of nanoparticle protein corona
layers can not only reflect the complex thermodynamics, kinetics, and biological interactions of
NPs but also provide a snapshot of the proteome information [13-18]. Therefore, studying the
composition of the protein corona has the potential to reveal the biological identity of NPs and
provide insights into the proteome of the surrounding biological environment.

Blood plasma plays a central and integrative role in human physiology, acting as a
universal reflection of an individual’s state or phenotype for disease diagnosis and therapeutic
monitoring [19]. However, plasma proteomics is challenging as the broad dynamic range of
protein abundance in plasma remains the major difficulty [20]. 22 proteins compose 99% of
plasma proteins by mass with albumin alone contributing 55% [21-22]. The presence of highly
abundant proteins dominates the mass spectra during mass spectrometry (MS) analysis, hindering
the in-depth analysis of plasma proteome and comprehensive proteome coverage. To improve
this, one of the emerging applications of nanoparticle protein corona is to reduce blood plasma
proteome complexity and protein concentration dynamic range, facilitating the detection and
identification of low-abundance disease-associated biomarkers [23-26].

Quantitative proteomics offers valuable insights into the biological states of relevant cells
or tissues and has significantly advanced both biological and clinically focused research [27].
Label-free quantification (LFQ) and isobaric tagging strategies (i.e., TMT and iTRAQ) are
commonly used in quantitative proteomics to identify the differentially expressed proteins for
understanding the dynamics of protein-protein interactions across distinct cellular states and
uncovering disease-related molecular mechanisms for better diagnosis [28-32]. MS-based bottom-

up proteomics (BUP) is broadly recognized as an effective approach for characterizing the protein
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corona, allowing for the precise identification and quantification of proteins adsorbed on
nanoparticle surfaces [23-25, 33]. The throughput remains a significant challenge in plasma
studies using BUP for achieving rapid clinical diagnostics of biomarkers because the enzymatic
digestion step in typical BUP workflow is time-consuming (4-18 h). Shen, et al. demonstrated
comparable numbers of protein identifications (IDs) from 15 min of immobilized trypsin
digestion and 12 h of free trypsin digestion of mouse brain tissue sample, proving the application
of rapid tryptic digestion for high-throughput BUP by NPs [34]. Capillary zone electrophoresis
(CZE)-tandem MS (MS/MS) has been widely acknowledged as a valuable technique for BUP
such as highly sensitive analysis of mass-limited biological samples, analysis of disease-related
biomarkers, large-scale quantitative analysis, and many others [35-40]. CZE is a high-efficiency
separation method based on an analyte’s electrophoretic mobility. The use of shorter capillaries
can accelerate CZE separations, making it a promising approach for high-throughput proteomics.

In this work, we developed a high-throughput BUP workflow for plasma/serum analysis
by coupling nanoparticle protein corona, rapid on-bead tryptic digestion, and CZE-MS/MS. We
first compared the workflow using 4 types of magnetic NPs with distinct functional groups on the
nanoparticle surface and healthy human plasma with SDS-PAGE and CZE-MS/MS. Next, we
applied the optimized workflow containing amine-terminated and carboxylate-terminated NPs to
a pair of mouse serum samples (healthy and NUT cancer). We identified hundreds of proteins
from plasma/serum samples with high throughput in 3.5 hours of total analysis time using
nanoparticle protein corona, fast protein digestion, and CZE-MS/MS. Overall, we discovered
potential cancer biomarkers by a quantitative proteomics analysis of the pair of mouse serum
samples.
2.2 Experimental section
2.2.1 Ethical statement

All animal work was carried out under PROT0202000143 and PROTO 202300127,
approved by the Michigan State University (MSU) Campus Animal Resources (CAR) and
Institutional Animal Care and Use Committee (IACUC) in AAALAC credited facilities.
2.2.2 Materials and reagents

Amine-terminated NPs (Catalog #BP617) and carboxylate-terminated NPs (Catalog
#BP618) were purchased from Bangs Laboratories, Inc. (Fishers, IN). Single-pot solid-phase-
enhanced sample preparations (SP3) hydrophilic NPs (Catalog # 45152105050250) and SP3
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hydrophobic NPs (Catalog # 65152105050250) were obtained from Cytiva (Marlborough, MA).
Dulbecco's Phosphate-Buffered Saline (DPBS, 1X), Sodium dodecyl sulfate (SDS), ammonium
bicarbonate (ABC), and dithiothreitol (DTT) were from Sigma-Aldrich (St. Louis, MO). Plain
polystyrene NPs were obtained from Polysciences (www.polysciences.com). Trypsin (Bovine
pancreas TPCK-treated), formic acid (FA), acetonitrile (ACN), methanol, LC/MS grade water,
and bicinchoninic acid (BCA) assay kit were purchased from Fisher Scientific (Pittsburgh, PA).
The protein LoBind tube was from Eppendorf (Enfield, CT). Healthy human plasma protein was
purchased from Innovative Research (www.innov-research.com) and diluted to 55% using 1X
DPBS. Biological triplicates of healthy and NUT cancer mouse serum (healthy: BN010, BNO12,
and BN110; NUT cancer: KBN002, KBN010 and KBN111) [41]. Krtl4Cre-driven NUT
carcinoma mouse models were generated as described by crossing the Kr#/4Cre mouse line with
the NUT Carcinoma Translocator mouse line (MMRRC 071753-MU) [41]. Serum was sampled
from end-stage tumor-bearing mice and healthy controls following the retro-orbital blood
collection procedure as previously described [42].
2.2.3 Formation of nanoparticle protein corona

For human plasma nanoparticle protein corona, 1.25 mg amine-terminated magnetic NPs,
carboxylate-terminated magnetic NPs, SP3 hydrophilic magnetic NPs, SP3 hydrophobic magnetic
NPs or polystyrene NPs were individually washed with 200 pL. water twice, and then incubated
with 1 mL 55% human plasma at 37 °C for 1 h with constant stirring at 350 rpm to form
nanoparticle protein corona. A magnet rack was used to separate the solution for four magnetic
NPs, while centrifugation at 14,000 g for 20 min was applied to remove the solution for
polystyrene NPs. Next, the nanoparticle protein coronas were washed with 500 pL ice-cold DPBS
twice, followed by 500 pL ice-cold water twice. The resulting nanoparticle protein coronas in the
solid phase were collected for further BUP sample preparation. For SDS-PAGE evaluation of the
performances by different nanoparticle protein coronas, the proteins from nanoparticle protein
coronas were eluted with 100 pL 0.2% SDS in water. The protein concentrations in the eluates
were measured by BCA assay. 15 pg eluted protein was loaded into each lane of SDS-PAGE gel
for analysis.

For mouse serum nanoparticle protein corona, 200 pg amine-terminated magnetic NPs,
and carboxylate-terminated magnetic NPs were individually washed with 200 pL water twice and

then incubated with 40 pL 55% mouse serum at 37 °C for 1 h with constant stirring at 350 rpm to
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form nanoparticle protein corona. A magnet rack was used to separate the solution for four
magnetic NPs, while centrifugation at 14,000 g for 20 min was applied to remove the solution for
polystyrene NPs. Next, the nanoparticle protein coronas were washed with 20 pL ice-cold DPBS
twice, followed by 20 pL ice-cold water twice. The resulting nanoparticle protein coronas in the
solid phase were collected for further BUP sample preparation.
2.2.4 Sample preparation for BUP

The resulting nanoparticle protein coronas in the “Formation of nanoparticle protein
corona” section (~15 pg of total proteins) was dispersed in 15 pL of 100 mM ABC buffer (pH
8.0) containing 5 mM DTT and led the protein corona to be fully denatured and reduced at 90 °C
for 15 min. Then, the protein corona was cooled down to room temperature, followed by trypsin
(3 ng) digestion at 37 °C for 1 h. The digestion was finally terminated by adding formic acid
(0.6 % (v/v) final concentration), and the supernatants were collected in the LoBind tubes. To
fully elute the peptides, 10 uL 20% ACN in 100 mM ABC was incubated with the nanoparticle at
37 °C for 10 min and combined with the supernatant from the previous portion for downstream
CZE-MS/MS analysis.
2.2.5 CZE-MS/MS analysis

Linear polyacrylamide (LPA)-coated fused silica capillaries (50 um i.d., 360 pm o.d.)
were prepared according to our previous studies [43, 44]. The CZE-MS/MS system configuration
involved the integration of a CESI 8000 Plus CE system (Beckman Coulter) with an Orbitrap
Exploris 480 mass spectrometer (Thermo Fisher Scientific), employing an in-house-built
electrokinetically pumped sheath-flow CE-MS nanospray interface [45, 46]. The interface
featured a glass spray emitter pulled using a Sutter P-1000 flaming/brown micropipette puller to
achieve an orifice size of 30—35 pm, filled with sheath buffer composed of 0.2% (v/v) formic acid
and 10% (v/v) methanol. The spray voltage was about 2 kV. The length of the LPA-coated CZE
capillary was 80 cm. The capillary inlet was securely affixed within the cartridge of the CE
system, while its outlet was inserted into the emitter of the interface. The capillary outlet to
emitter orifice distance was maintained at approximately 0.5 mm. 50 nL (~30 ng) of each corona
peptide sample was loaded for CZE-MS/MS. Following this, the capillary inlet was filled with the
background electrolyte (BGE, 5% (v/v) acetic acid), initiating the CZE separation process under a
separation voltage of 30 kV, and the separation time was 50 min. After the separation, 30 kV

voltage and 15 psi pressure were applied for 10 min to clean up the capillary.
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For the mass spectrometer, all experiments were conducted using an Orbitrap Exploris 480
mass spectrometer (Thermo Fisher Scientific) in Data-dependent acquisition (DDA) mode. lon
transfer tube temperature was set at 320 °C and peptide mode was enabled. Pressure mode was set
as standard. Full MS scans were acquired in the Orbitrap mass analyzer over the m/z 300-1500
range with a resolution of 60,000 (at 200 m/z). Normalized AGC targets for MS and MS/MS were
set at 300% and 150%, respectively. Only precursor ions with an intensity exceeding 1E5 and a
charge state between 2 and 7 were fragmented in the higher-energy collisional dissociation (HCD)
cell and analyzed by the Orbitrap mass analyzer with a resolution of 7,500 (at 200 m/z). The
numbers of dependent scans for human plasma and mouse serum were at 15 and 25, respectively.
Monoisotopic peak determination was set to peptide and the option “Relax restrictions when too
few precursors are found” was checked. One microscan was used for both MS and MS/MS. The
normalized collision energy was set at 30%. The maximum ion injection times for MS and
MS/MS spectra acquisition were both set as auto. The precursor isolation width was 1.4 m/z. The
first mass for MS/MS was set at m/z 100. The dynamic exclusion was applied with a duration of
15 s, and the exclusion of isotopes was enabled.

2.2.6 Database search

For human plasma nanoparticle protein corona, database searching of the raw files was
performed in Proteome Discoverer 2.2 with SEQUEST HT search engine against the UniProt
proteome database of human (UP000005640, 82697 entries, version 12/2023). Database searching
of the reversed database was also performed to evaluate the false discovery rate (FDR). Search
parameters included full tryptic digestion, allowing up to 2 missed cleavages, with precursor mass
tolerance set to 20 ppm and fragment mass tolerance to 0.05 Da. Acetyl (protein N-term) and
phospho (S, T, Y) were set as variable modifications. Data was filtered with a peptide-level FDR
of 1%, and protein grouping was applied.

For mouse serum nanoparticle protein corona, raw data files were analyzed using
MaxQuant software (Version 2.1.2.0) with the Andromeda search engine against the UniProt
proteome database of mouse (UP000000589, 54707 entries, version 02/2024) [47]. The peptide
mass tolerances for the initial and main searches were set to 20 ppm and 4.5 ppm, respectively,
with a fragment ion mass tolerance of 20 ppm. Trypsin was specified as the protease, and
dynamic modifications included oxidation on methionine and acetylation at the protein N-

terminus. LFQ option was checked and the LFQ minimum ratio count was at 2. Intensity-based
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absolute quantification (iBAQ) was checked to report the measure of protein abundance. The
minimum peptide length was set to 7 amino acids, and FDRs were controlled at 1% for both
peptides and proteins.
2.2.7 Statistical analysis

For LFQ of amine-terminated nanoparticle and carboxylate-terminated nanoparticle
treated mouse serum (healthy and nut cancer), each sample contains technical duplicate CZE-
MS/MS runs. 12 MS raw files for each nanoparticle were applied for statistical analysis, and
iBAQ values were used as the absolute abundance. The quantitative results were further analyzed
using Perseus software [48]. The intensities of each protein were log2 transformed, and the
significantly differentially expressed proteins were determined by performing t-test analysis using
the Perseus software to generate ‘-log (P-value)’ and ‘log 2 (fold change of KBN to BN)’. P-value
at 0.05 and fold change at 2 were used for making volcano plots by DataGraph software (Version
5.3).
2.3 Results and discussion
2.3.1 A high-throughput BUP workflow of CZE-MS/MS using human plasma

To develop an effective BUP workflow for high-throughput analysis of human plasma, we
tested four types of magnetic NPs including amine-terminated NPs, carboxylate-terminated NPs,
SP3 hydrophilic NPs, and SP3 hydrophobic NPs. We used a commercialized healthy human
plasma and CZE-MS/MS for peptide separation, detection, and identification. Figure 2.1
describes the detailed BUP workflow, which takes approximately 3.5 hours from sample
preparation to generate MS raw files. The full procedures are outlined in the experimental section.
Briefly, 55% human plasma was first incubated with magnetic NPs for 1 hour to form a
nanoparticle protein corona, followed by washing steps to remove unbound proteins. The
nanoparticle protein corona underwent rapid on-bead tryptic digestion for 1 hour, with hydrophilic
peptides remaining in the aqueous phase. To ensure complete peptide elution, the NPs were
incubated with an elution buffer containing 20% ACN. Finally, the second eluted peptides were
combined with the initial aqueous phase and directly subjected to a 1-hour CZE-MS/MS analysis

without any additional processing.
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Figure 2.1. Schematic of the MS-based BUP workflow for magnetic nanoparticle protein corona
using amine-terminated NPs, carboxylate-terminated NPs, SP3 hydrophilic NPs, SP3
hydrophobic NPs, a human plasma sample, and CZE-MS/MS.
2.3.2 Validation of the high-throughput BUP workflow using human plasma

Prior to CZE-MS/MS, we employed a preliminary SDS-PAGE analysis (Figure 2.2A) to
compare the profiles of the untreated human plasma, four different magnetic nanoparticle protein
coronas, and a non-magnetic polystyrene NPs, which has demonstrated the robustness for forming
protein corona of human plasma [33]. Among four magnetic NPs, SP3 hydrophilic NPs and SP3
hydrophobic NPs are well developed for rapid, robust, and efficient protein sample processing for
BUP [49]. Instead of the tryptic cleavage, the intact proteins were eluted from the nanoparticle
surface by an elution buffer containing SDS. The SDS-PAGE result showed that the major protein
bands (37 kDa - 150 kDa) from carboxylate-terminated NPs are relatively consistent with those
from SP3 hydrophilic NPs and SP3 hydrophobic NPs. It must be noted that both SP3 NPs contain
a carboxyl group covalently bound on the nanoparticle surface, leading to a similar surface
chemistry to carboxylate-terminated NPs of forming protein corona. However, the protein profiles
from carboxyl group-based NPs, amine-terminated NPs, and polystyrene NPs are all significantly
different from each other, representing the distinct pools of protein coronas by different NPs.
Furthermore, all NPs performed obvious drops at the intense bands compared to the untreated
human plasma, such as near-150 kDa (possibly IgGs) and near-50 kDa (possibly a-1-antitrypsin,

haptoglobin or plasminogen) bands, showing the effective depletion of high-abundance proteins
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in human plasma. Next, CZE-MS/MS was applied to deeply explore the protein corona profiles
by different NPs. Figure 2.2B depicts the protein and peptide identification numbers (IDs) from
untreated human plasma and four magnetic nanoparticle protein coronas. Amine-terminated NPs
achieved slightly higher protein IDs (191 IDs) than untreated human plasma (180 IDs) with fewer
peptide IDs (2000 IDs vs 2172 IDs), while all carboxyl group-based NPs showed lower protein
IDs (153, 104, and 140 IDs for carboxylate-terminated NPs, SP3 hydrophilic NPs and SP3
hydrophobic NPs, respectively) and peptide IDs (1134, 703 and 1117 IDs for carboxylate-
terminated NPs, SP3 hydrophilic NPs and SP3 hydrophobic NPs, respectively). This revealed
individual NPs didn’t perform a significant increase in the protein or peptide IDs compared to
untreated human plasma. However, by combining four different NPs, we could attain much higher
protein IDs (253 IDs) with comparable peptide IDs (2272 IDs) to untreated human plasma,

showing the potential of coupling distinct NPs for protein corona to reach higher protein IDs.
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Figure 2.2. Different protein profiles revealed by amine-terminated NPs (Amine), carboxylate-
terminated NPs (Carboxylate), SP3 hydrophilic NPs (SP3 philic), SP3 hydrophobic NPs (SP3
phobic), polystyrene NPs (Polystyrene) and untreated human plasma. (A). SDS-PAGE data of
nanoparticle protein coronas and untreated human plasma. (B). The protein and peptide
identification counts by different nanoparticle protein coronas and untreated human plasma. (C).
Protein overlaps among amine-terminated NPs, carboxylate-terminated NPs, and untreated human
plasma. (D). Protein overlaps among carboxylate-terminated NPs, SP3 hydrophilic NPs and SP3
hydrophobic NPs. (E). Protein concentration distribution by different nanoparticle protein coronas
and untreated human plasma, and all the numbers are at the unit of mg/L. The protein abundance
information was obtained from the Human Protein Atlas database.

Interestingly, the untreated human plasma, amine-terminated NPs, and carboxylate-
terminated NPs produced different protein profiles, evidenced by the low protein identification
overlap among them (Figure 2.2C). This can be explained by the distinct functional groups on the

nanoparticle surface to selectively capture different proteins. On the contrary, a high protein

identification overlap was found within three carboxyl group-based NPs (Figure 2.2D), which is
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consistent with the similar protein band distributions in the previous SDS-PAGE result. We then
speculated that the proteins identified in the untreated human plasma contained many high-
abundance proteins such as albumin and immunoglobulin, which are also identified from each
magnetic NPs as the overlap. However, for the proteins identified from each nanoparticle protein
corona, there are still a good amount of non-overlapped proteins identified and we assumed the
nanoparticle protein corona could significantly decrease the concentration dynamic range of
human plasma. To prove this hypothesis, we checked the identified proteins’ concentrations by
untreated human plasma and four nanoparticle protein coronas from the blood protein section in
the Human Protein Atlas database [50]. As shown in Figure 2.2E, the protein concentration
distribution data demonstrated the benefits of nanoparticle protein corona for reducing the
concentration dynamic range to detect more low-abundance proteins in human plasma, verified by
the lower median value from different NPs (6.7, 7.75, 18, and 12.5 mg/L) compared to untreated
human plasma (20.5 mg/L). Considering the low protein overlaps from NPs with different
functional groups and the capability of detecting more low-abundance proteins, we decided to
apply only amine-terminated NPs and carboxylate-terminated NPs as the representative NPs for
further experiments.

2.3.3 Application of the high-throughput BUP workflow CZE-MS/MS-based BUP using a
pair of mouse serums (healthy and NUT cancer)

NUT carcinoma (NC) is an aggressive cancer characterized by chromosomal
rearrangements, typically involving the fusion of the NUTM1 gene with genes like BRD4,
leading to uncontrolled cellular growth and blocked differentiation [51]. This rare carcinoma
occurs primarily in midline structures such as the head, neck, and mediastinum, affecting both
children and adults, with a poor prognosis despite intense treatment [52]. Research is actively
exploring the origins and epigenetic mechanisms of NC, aiming to develop more effective
therapeutic strategies and early-stage detection. Mouse serum proteomics can be used to study
disease models to identify biomarkers, and a genetically engineered NC mouse model was
developed to replicate NC oncogenesis in a controlled experimental setting with the precise
regulation of key parameters [41]. Therefore, we decided to apply the serum samples from this
NC mouse model to further validate the performance of our high-throughput BUP CZE-MS/MS

workflow.
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Three biological triplicates of mouse serum from the healthy mouse model and NC mouse
model were used to analyze the proteins recovered by amine-terminated and carboxylate-
terminated nanoparticle protein coronas. Figure 2.3A and 2.3B displayed that amine-terminated
nanoparticle protein corona outperformed carboxylate-terminated nanoparticles in terms of
protein (average 426 IDs vs 274 IDs) and peptide IDs (average 3081 IDs vs 2853 IDs), agreeing
well with the findings from previous human plasma experiments. Besides, amine-terminated
nanoparticle protein corona showed consistent IDs at the protein level (4 % relative standard
deviation), while carboxylate-terminated nanoparticles reached 9 % relative standard deviation for
protein IDs, both presenting the credible stability of protein corona formation by each NPs. To
further investigate the protein identified in each nanoparticle protein corona, we studied the
protein overlaps between the biological triplicates of each mouse model by each NPs (Figure
2.3C and 2.3D). Good reproducibility was found for both NPs between each mouse serum
sample, ranging from 0.75 to 0.89 for amine-terminated NPs and from 0.65 to 0.89 for
carboxylate-terminated NPs. The data suggests that two NPs can both perform nanoparticle
protein corona efficiently with good reproducibility, allowing for the confidently quantitative

analysis of proteins.

45



500 4000 400 4000
E 400 3000 § £ 300 3000 §
2 = 2 2
o 300 a ) 4
£ 2000 © £ 200 2000 &
2 200 8 2 8
£ 1000 5 2 100 1000 5
2 100 - o ES
0 0 0 0
N & > sv N N . o N > sv N N !
N & S N N [l Protein number ) N > Ry S S [l Protein number
0@ 0‘\ 0% 3 {9\; ,‘3"\ [ Peptide number @ <@ < & & & [l Peptide number
Cc . D

BNO10  BNO12  BN110  KBNO02 KBNO10 KBN111
BNO10  BNOT2  BN110  KBNOD2 KBNO10 KBN111

BNO10 BND12 BN110 KBN002 KBNO10 KBN111 BNO10 BND12 BN110 KBNO0D2 KBN010 KBN111

Figure 2.3. Protein and peptide identification counts and protein overlaps by amine-terminated
NPs (A and C), carboxylate-terminated NPs (B and D) using serum from healthy mouse model
(BN0O10, BNO12 and BN110) and NC mouse model (KBN002, KBN010 and KBN111). (A). The
protein and peptide identification counts by amine-terminated NPs. (B). The protein and peptide
identification counts by carboxylate-terminated NPs. (C). Protein overlaps by amine-terminated
NPs. (D). Protein overlaps by carboxylate-terminated NPs.

Next, LFQ was applied for both amine-terminated nanoparticle-treated and carboxylate-
terminated nanoparticle-treated mouse serum. The volcano plot in Figure 2.4A and 2.4B showed
the up-regulated (red) and down-regulated (blue) proteins corresponding to genes by an
abundance ratio cutoff at 2 (KBN/BN) and P-value at 0.05 in the amine-terminated nanoparticle-
treated and carboxylate-terminated nanoparticle-treated NC mouse serum model, respectively.
Overall, 116 proteins of 489 protein IDs and 111 proteins from 332 protein IDs had statistical
differences in abundance between the healthy and NC mouse serum by amine-terminated NPs and
carboxylate-terminated NPs, respectively. Interestingly, more up-regulated proteins were found in
NC mouse serum by amine-terminated NPs, and more down-regulated proteins were found in NC
mouse serum by carboxylate-terminated NPs. To be specific, 67 proteins were up-regulated and
49 proteins down-regulated in NC mouse serum by amine-terminated NPs, while 31 proteins were
up-regulated and 80 proteins down-regulated in NC mouse serum by carboxylate-terminated NPs.
This further showed the advantage of coupling different types of nanoparticle protein corona to

achieve more protein IDs with significant abundance differences. Furthermore, we found 15 genes

(up-regulated : down-regulated = 11 : 4 in NC mouse serum) from amine-terminated NPs and 8
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genes (up-regulated : down-regulated = 1 : 7 in NC mouse serum) from carboxylate-terminated
NPs reported to be candidate biomarkers of negative survival in the tumors by comparing the
proteomic data to the transcriptomic data. In total, 19 genes (shown in Table 2.1) were revealed to
be differentially expressed by combining two NPs’ data, suggesting that different NPs could be
used as complementary tools to identify more biomarkers from serum samples. Among the 19
genes, Sppl is a confident gene associated with aggressive cancers, produced in various organs
and found in body fluids such as serum and urine. SPP1 is expressed in specific cell types,
including osteoblasts, macrophages, and immune cells, and is also present in cancer cells, with
elevated levels of SPP1 correlating with poor prognosis in several cancers [53-55]. SPP1
promotes cancer cell growth and resistance to chemoradiotherapy through the induction of
epithelial-mesenchymal transition, autophagy, and metabolic alterations, primarily via activation

of the PI3K/Akt and MAPK pathways [56].
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Figure 2.4. LFQ of healthy mouse serum model (BN) and NC mouse serum model (KBN).
Volcano plot of LFQ of amine-terminated nanoparticle-treated mouse serum (A) and carboxylate-
terminated nanoparticle-treated mouse serum (B). Up-regulated biomarkers in the NC mouse
serum model are labeled in red, while down-regulated ones are marked in blue. Examples of some
genes related to candidate biomarkers of negative survival in the tumors are marked. (C). An
ingenuity pathway analysis reported some cancer, organismal injury, and abnormalities diseases
that are related to the differentially expressed genes in the two mouse serum models by amine-
terminated NPs. (D). Proteins with significant abundance differences within two mouse serum
models correspond to genes that are involved in cancer-related networks with high scores. Those
genes are highlighted in red (increased), green (decreased), orange (predicted activation), and blue
(predicted inhibition). Copyright permission has been granted by QIAGEN for using the network
data.
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Table 2.1. Summary of cancer-related protein biomarkers identified by nanoparticle protein corona.

Amine- Carboxylate- Up or down
q terminated terminated regulated in NC
Gene Protein name . q
nanoparticle nanoparticle mouse  model
protein corona protein corona serum
Sppl Secreted phosphoprotein 1 X Up
Coll12al Collagen, type XII, alpha 1 X Up
Hp Haptoglobin X Up
Apod Apolipoprotein D X Up
Orml Alpha-1-acid glycoprotein 1 X Up
Psmb8 Proteasome subunit beta type-8 | x Up
Prg4 Proteoglycan 4 X X Up
Lrgl Leucme-ngh HEV X Up
glycoprotein
Cp ferroxidase X Up
Ctla2a Protein CTLA-2-alpha X Up
Lbp Llpopolysaccharlde-bmdmg X Up
protein
Gsn Gelsolin X X Down
Serpinall Serpin A1l X Down
Egfr Epidermal growth factor X X Down
receptor
Tirap Interleukin-1 receptor X X Down
accessory protein
Ecml Extracellular matrix protein 1 X Down
Phosphatidylinositol-glycan-
Gplal specific phospholipase D X Down
Qsox1 Sulfhydryl oxidase 1 X Down
Mstl Macrophage stimulating 1 X Down

(hepatocyte growth factor-like)

We then performed an ingenuity pathway analysis (IPA) of the genes with differential
abundance between healthy and NC mouse serum models using amine-terminated NPs as an
example. The genes are involved in cancer-related pathways such as immune-related pathways (B

cell development, IL-15 signaling, and FcyRIIB signaling), cell growth pathways (p70S6K
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signaling), and proliferation and migration pathways (PI3K signaling), as shown in Figure 2.4C.
IPA network analysis revealed that 20 proteins (highlighted in red) showed higher abundance and
4 proteins (highlighted in green) showed lower abundance in the NC mouse serum model to
healthy mouse serum model involving cancer, organismal injury, and abnormality-related network
(score, 57) (Figure 2.4D). Those proteins belong to several groups such as growth factor (e.g.,
SPP1), peptidase (e.g., CTSB), complex (e.g., Collagen type i or I) and others, and the proteins all
have direct (solid line) and indirect (dotted line) interactions with one another. The abundance
changes of proteins in the serum could potentially reflect the activities of proteins in the cell, e.g.,
PI3K complex. PI3K (phosphatidylinositol 3-kinase, located in the cytoplasm) intracellular
pathway is critical in regulating cell growth, survival, and metabolism, and the PI3K mutations
activate the downstream AKT/mTOR signaling cascade, which promotes tumorigenesis by
enabling cells to evade apoptosis, enhance proliferation, and develop resistance to conventional
therapies [57]. In the IPA network, we noticed that up-regulated proteins like SPP1 and down-
regulated proteins like collagen type I, collagen type i, and COL1A1 in the NC mouse cancer
model have indirect interaction (dotted line) with PI3K, which is predicted to indirectly activate
proteins located in cytoplasms like alpha-catenin and F Actin. We also noted that PI3K also has
indirect interaction (dotted line) with immunoglobulin BCR complex which directly interacted
with many up-regulated immunoglobulin variables found from our experimental result. All the
differentially expressed proteins associated with PI3K and PI3K-affected proteins could be used
as potential biomarkers for cancer, organismal injury, and abnormality.
2.4 Conclusion

In this study, we have developed a novel high-throughput nanoparticle protein corona
workflow coupled with CZE-MS/MS for proteomic analysis of plasma and serum samples,
achieving 3.5 hours from sample to data. Our results demonstrated the effectiveness of this
approach in reducing sample complexity and increasing the identification of low-abundance
proteins, addressing the inherent challenges in plasma proteomics. By utilizing distinct
functionalized nanoparticles, we were able to selectively enrich different subsets of proteins,
further enhancing proteomic coverage. Moreover, the application of rapid on-bead digestion
significantly reduced the overall experimental time without compromising data quality. Our
workflow’s application to NC mouse models highlighted its utility in discovering potential cancer

biomarkers. Comparative analysis of serum samples between healthy and NC mouse models
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revealed significant differences in protein expression, with potential implications for
understanding cancer progression and therapeutic response. However, some limitations need to be
addressed for future work. Firstly, the current workflow could identify ~200 protein groups from
human plasma, requiring some strategies to increase the proteome coverage, such as applying
other types of NPs with distinct functional groups. Secondly, the current capillary length used for
CZE-MS/MS is 80 cm, and the separation could be faster with shorter capillaries to improve the
throughput. Thirdly, the scanning rate of orbitrap-based mass spectrometers is limited, causing a
relatively lower number of protein IDs from fewer MS/MS spectra compared to other fast mass
analyzer-based mass spectrometers like time-of-flight. Overall, this high-throughput workflow
offers a robust platform for large-scale proteomics studies and could be further applied to various
clinical and research settings, including biomarker discovery and disease monitoring.
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CHAPTER 3.” Pilot investigation of magnetic nanoparticle-based immobilized metal affinity
chromatography for efficient enrichment of phosphoproteoforms for mass spectrometry-
based top-down proteomics

3.1 Introduction

Protein phosphorylation is a vital and common post-translational modification (PTM),
modulating various biological processes and diseases [1-5]. Mass spectrometry (MS)-based
phosphoproteomics has been widely deployed for large-scale characterization of protein
phosphorylation in cells and tissues across various biological conditions [6]. However, almost all
the phosphoproteomics studies were performed using bottom-up proteomics (BUP) [6], which
cannot provide clear knowledge of phosphoprotein proteoforms due to enzymatic digestion.
Proteoforms are a group of protein molecules that derive from the same gene due to RNA
alternative splicing and protein PTMs [7]. Strong pieces of evidence suggest that proteoforms
from the same gene can have drastically different biological functions [8-11]. Therefore, the
characterization of phosphoproteins in a proteoform-specific manner (i.e., phosphoproteoform) is
critical for accurate understanding of phosphoproteins’ biological function in biological processes
and diseases [12].

Top-down proteomics (TDP), unlike BUP, characterizes intact proteoforms using mass
spectrometry (MS) and tandem mass spectrometry (MS/MS), providing rich information on
PTM:s and their combinations on proteins [13]. TDP has been employed for large-scale
identification and quantification of proteoforms across cells and tissues to better our
understanding of fundamental biological processes and to determine disease-related proteoform
biomarkers [12-19]. However, the TDP study of phosphoproteoforms has largely lagged because
of the relatively low abundance of phosphoproteoforms in complex proteomes. It is also more
challenging to enrich phosphoproteoforms compared to phosphopeptides due to their much larger
size and much more complex structure than phosphopeptides. To advance the TDP of
phosphoproteoforms, highly efficient and selective enrichment technologies for

phosphoproteoforms are crucial.

* This Chapter is partially adapted with permission from Wang Q, Fang F, Sun L. Pilot investigation of magnetic
nanoparticle-based immobilized metal affinity chromatography for efficient enrichment of phosphoproteoforms for
mass spectrometry-based top-down proteomics. Anal Bioanal Chem. 2023 Jul;415(18):4521-4531.
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A variety of techniques have been developed for the enrichment of phosphopeptides from
complex peptide mixtures for BUP-based phosphoproteomics [6], including the most widely used
immobilized metal affinity chromatography (IMAC, e.g., Ti*" and Fe**) [20-23], antibody [24-
26], ion exchange chromatography (IEX) [27, 28], and affinity tag [29, 30]. However, only a few
studies investigated techniques for highly selective phosphoproteoform isolation for TDP. The Ge
group synthesized several different novel nanoparticles with affinity tags for the enrichment of
phosphoproteoforms from complex samples, followed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based TDP analysis [31-33]. The Yu group synthesized a Ti*"-IMAC
material based on polyoxometalate/polydopamine composite microspheres for selective isolation
of phosphoproteins, and SDS-PAGE was utilized to evaluate the performance of the IMAC for
standard phosphoproteins and low-complexity samples [34]. Those studies have demonstrated the
potential of large-scale top-down characterization of phosphoproteoforms with the assistance of
selective enrichment techniques. However, much more efforts need to be made to achieve
comprehensive TDP of phosphoproteome in a proteoform-specific manner regarding
phosphoproteoform enrichment, separation, MS/MS, and identification through bioinformatic
tools.

Herein, we investigated the magnetic nanoparticle-based IMAC materials with Ti** and
Fe* for highly specific phosphoproteoform enrichment from a complex cell lysate for TDP for
the first time. The IMAC procedure is similar to the typical one using IMAC for phosphopeptides
but with substantially different buffers. The Ti**-IMAC and Fe*"-IMAC magnetic materials were
prepared using a well-established procedure with a relatively new linker for the immobilization of
Ti*" and Fe3*. We systematically characterized the magnetic IMAC nanomaterials and evaluated
their performance for phosphoproteoform enrichment using SDS-PAGE and LC-MS/MS. We
compared the Ti*-IMAC and Fe*"-IMAC methods regarding the identified phosphoproteoforms.
3.2 Experimental section
3.2.1 Materials and reagents

All materials are purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Amine-terminated nanoparticles were purchased from Polysciences (Warrington, PA). Sodium
phosphate monobasic (NaH2PO4) and sodium cyanoborohydride (NaBH3CN) were ordered from
Fisher Scientific (Pittsburgh, PA). Pierce™ Phosphoprotein Enrichment Kit, Coomassie Brilliant
Blue G-250, Pro-Q™ Diamond Phosphoprotein Gel Stain, and SYPRO™ Ruby Protein Gel Stain
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were purchased from Thermo Scientific (Waltham, MA). Mini-PROTEAN Precast Mini PAGE
Gel was from Bio-rad (Hercules, CA). Tris, HEPES, sodium phosphate dibasic (Na;HPO4), and
sodium chloride (NaCl) were ordered from Invitrogen (Waltham, MA), GoldBio (St. Louis, MO),
Jade Scientific (Westland, MI), and ChemPure Brand (Westland, MI), respectively.
3.2.2 Preparation of Ti*'-IMAC magnetic nanoparticles

The Ti**-IMAC nanoparticles were synthesized using commercially available reagents
following the schematics shown in Figure 3.1A. (1) Amine-terminated magnetic nanoparticles
(10 mg) were suspended in 200 pL of deionized water. Water was removed by a magnet for
isolation. Then, 600 pL of 10% (v/v) glutaraldehyde in 100 mM phosphate aqueous buffer (93.5
mM Na;HPOys, 6.5 mM NaH;PO4, pH 8.0) was added and mixed well with the nanoparticles via
vortex for 10 s. Then, the mixture was kept at room temperature for 6 h under a gentle mixing
condition with a tube revolver rotator (Thermo Scientific) at 15 rpm. After the reaction, the
aldehyde-functionalized nanoparticles (Intermediate 1) were washed three times with 100 mM
phosphate aqueous buffer (600 pL each time). (2) 600 uL. of AMPA (amino-methylphosphonic
acid, 2 mg/mL) and NaBH3CN (10 mg/ mL) in 100 mM phosphate aqueous buffer was added to
the Intermediate 1 for reaction at room temperature for 6 h under the same mixing condition as
step 1. The Intermediate 2 was washed three times with LC-MS water. (3) 1.8 mL of 100 mM
TiCls in LC-MS water (note: precipitates were removed from the solution after mixing TiCls with
the water) was added to Intermediate 2 for reaction at room temperature for 6 h under the same
mixing condition as the previous steps to produce the final product, Ti**-IMAC magnetic
nanoparticles. After washing with LC-MS water three times, the final product was kept in 200 pL.
of LC-MS water at 4 °C before use.
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Figure 3.1. (A). Schematic of the synthesis process of Ti*'-IMAC magnetic nanoparticles. The
Ti*" chelated on the linker has strong binding to the phosphate groups. The cartoon at the bottom
right shows the schematic diagram of the final product of Ti*'-IMAC magnetic nanoparticles.
(B). Schematic of the phosphoproteoform enrichment process from protein mixtures using
magnetic nanoparticle-based Ti**-IMAC.
3.2.3 Characterization of Ti**-IMAC magnetic nanoparticles

Transmission electron microscopy (TEM) was conducted on a JEOL JEM-1400 Flash
instrument operated at 80 kV. Energy Dispersive X-ray Microanalysis (EDS) was carried out at
10kV by an ultra-high resolution JEOL 7500F scanning electron microscope equipped with
Oxford EDS systems for elemental analysis. Zeta potential was measured using the Zetasizer
Nano instrument (Malvern Panalytical) at 377.6 kcps count rates, 12 zeta runs, 2.00 mm
measurement position, and 5 attenuator. Thermogravimetric analysis (TGA) was conducted
using a TGA Q500 thermal analysis system (Waters Corporation) under a N> atmosphere at a
constant heating rate of 10 °C/min from 100 °C to 600 °C. All samples were first heated to
100 °C and held at that temperature for 2 min to fully dry down the particles.
3.2.4 Phosphoprotein enrichment using Ti**-IMAC magnetic nanoparticles and the
commercial kit: standard proteins

The procedure for phosphoprotein enrichment with the Ti**-IMAC is shown in Figure

3.1B. A mixture of bovine serum albumin (BSA, unphosphorylated protein) and B-casein
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(phosphorylated protein) was dissolved in the loading buffer (50 mM HEPES-NaOH, 200 mM
NaCl, pH 7.0). Then, the sample (4.5 mL) was mixed with Ti*’-IMAC nanoparticles (10 mg) and
kept at room temperature for 2 hours. Next, the nanoparticles were washed twice with the
loading buffer (4.5 mL) to remove non-specific binding proteins. At last, the phosphoproteins
bound to the nanoparticles were eluted twice with about 2 mL of elution buffer (200 mM
NaxHPO4, 200 mM NaCl, pH 7.0). The two eluates were combined. Protein concentration in the
loading mixture (LM), flow-through (FT), and elution (E) samples were measured by the
Bicinchoninic Acid (BCA) assay. These samples were mixed with a 4X SDS-PAGE sample
buffer (1.0 M Tris pH 6.8, 2 mL; SDS, 0.8g; Bromophenol Blue, 0.04g; Glycerol, 4mL; LC/MS
grade water, 4mL; 1M DTT, 1mL), and boiled at 94 °C for 10min. Then a Mini-PROTEAN
Precast Mini PAGE Gel (Bio-rad) was used for gel electrophoresis. The parameters for SDS
PAGE were set at 150 V for 50min. After Coomassie Blue staining, the recovery rate was
calculated using the ImageJ software (%oRecovery = amount of f-casein after envichment /
amount of p-casein before enrichment x100%).

For the phosphoprotein enrichment using the commercial kit, the Pierce™
phosphoprotein enrichment kit was used following the manufacturer’s protocol. First, the storage
solution was removed, and 5 mL of the loading buffer was applied to equilibrate the commercial
column via centrifugation at 1000 x g for 1 minute at 4 °C. Second, 4 mg of the standard protein
mixture (BSA, 10 uM; B-casein, 10 uM) in the loading buffer (LM) was incubated with the
column on a tube revolver rotator for 30 minutes at 4°C. Third, the flow-through (FT) was
collected by centrifugation at 1,000 % g for 1 minute at 4 °C. Fourth, the column was washed
three times with 4.5 mL loading buffer in total via centrifugation at 1,000 % g for 1 minute at 4°C
to remove the non-specific protein binding (W1, W2, and W3). Finally, the phosphoproteins
were eluted four times using a total volume of 4.5 mL elution buffer (E) via centrifugation at
1,000 x g for 1 minute at 4°C. The eluted sample was desalted and concentrated to 1 mL for
SDS-PAGE analysis as described above.

3.2.5 Preparation of yeast cell lysate, phosphoproteoform enrichment, and SDS-PAGE
analysis

The baker’s yeast (YSC1 purchased from Sigma Aldrich) was cultured in YPD broth
(Sigma Aldrich) according to the general yeast growth protocol. After the harvest, the yeast was
washed 3 times by the loading buffer and well dispersed in the loading buffer supplemented with
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1% cOmplete protease inhibitor and 1x PhosSTOP phosphatase inhibitor. The yeast was lysed for
2 minutes using a homogenizer 150 (Fisher Scientific) and then sonicated on ice for 10 minutes
by a Branson Sonifier 250 (VWR Scientific). Next, the yeast lysate was centrifuged at 14,000 g
for 10 min under 4°C. The supernatant was kept, and the protein concentration was measured by
the BCA assay. The extracted proteins were stored at -80 °C before use.

The phosphoproteoform enrichment procedure was the same as the standard protein
mixture experiment (BSA and B-casein) with some modifications. 3 mg yeast proteins in 1 mL
loading buffer were mixed with 10 mg of IMAC magnetic nanoparticles. ImL of loading buffer
was used for washing the beads twice to remove non-specific binding. 200 pL of elution buffer
was used to elute phosphoproteoform from beads twice. After enrichment, loading mixture
(LM), flow-through (FT), and elution (E) were desalted with a 10-kDa molecular weight cut-off
membrane (Millipore Sigma, Inc) before analysis.

15 pg yeast proteins of LM, FT, and E were separated by SDS-PAGE. Precast Mini
PAGE Gel (4-20%, Bio-rad) was used for gel electrophoresis (150 V, 50 min). The gel was
stained with Pro-Q™ Diamond Phosphoprotein Gel Stain followed by SYPRO™ Ruby Protein
Gel Stain according to the manufacturer’s protocols. To visualize phosphoproteins and all the
proteins, the gel was imaged using a ChemiDoc MP system (Bio-rad) with built-in settings for
Pro-Q Diamond and SYPRO Ruby fluorescent dye separately.

3.2.6 Phosphoproteoform enrichment from yeast cell lysate and reversed-phase LC
(RPLC)-MS/MS

The phosphoproteoform enrichment procedure was the same as mentioned before except
that 5 mg of yeast proteins were used as the starting material. About 200 pg of proteins were
recovered in the eluate (E) after the enrichment. The protein sample was dissolved in 400 pL. of
0.1% (v/v) formic acid (0.5 mg/mL).

For RPLC-MS/MS, an EASY-RPLC™ 1200 system and a Q-Exactive HF mass
spectrometer (Thermo Fisher Scientific) (Thermo Fisher Scientific) were used. The yeast sample
was dissolved in 0.1% (v/v) FA. 1 uL of the sample corresponding to 0.5 pg proteins was
separated on a home-packed C4 separation column (100-pm i.d. x 30 cm, 3 pm particles, 300 A,
Sepax Technologies, Inc.) at a flow rate of 500 nL/min. Mobile phase A was 5% (v/v) ACN in
water containing 0.1% (v/v) FA), and mobile phase B was 80% (v/v) ACN and 0.1% (v/v) FA.
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For separation, a 105-min gradient was used: 0-85 min, 5-70% B; 85-90 min, 70-100% B; 90-
105 min, 100% B.

The electrospray voltage was set to 1.8 kV. A Top5 DDA method was used. The mass
resolution was set to 120,000 (at m/z 200) for full MS scans and 60,000 (at m/z 200) for MS/MS
scans. For full MS scans and MS/MS scans, the target values were 3E6 and 1E6, and the
maximum injection time was 100 ms and 200 ms, respectively. The scan range was 600 to 2000
m/z for full MS scans. For MS/MS scans, the isolation window was 4 m/z. Fragmentation in the
HCD cell was performed with a normalized collision energy of 20%. The fixed first mass was set
to 100 m/z for MS/MS. Dynamic exclusion was applied and it was set to 30 s. Ions with charge
states from +1 to +5 were not considered for fragmentation.

3.2.7 Data analysis

All the RAW files were analyzed with the TopPIC (Top-down mass spectrometry-based
proteoform identification and characterization) software (version 1.5.2) [35].

The RAW files were first converted to mzML files with the MsConvert software [36],
and spectral deconvolution was performed with the TopFD (Top-down mass spectrometry
feature detection) software, generating msalign files, which were used as the input for database
searching using TopPIC. The spectra were searched against a yeast database (downloaded from
Swiss-Uniprot, September 2021). False discovery rates (FDRs) were estimated using the target-
decoy approach [37, 38]. A 1% proteoform spectrum match (PrSM)-level FDR and a 5%
proteoform-level FDR were employed to filter the identifications. The mass error tolerance was
15 ppm. The mass error tolerance was 1.2 Da for identifying PrSM clusters. The maximum mass
shift was 500 Da. The maximum number of mass shift was set to 2.

For phosphoproteoform determination, we used multiple strategies. First, we manually
checked the reported mass shifts from TopPIC, considering single phosphorylation (around 80-
Da mass shift), multiple phosphorylation (i.e., around 160-Da and 240-Da mass shifts), and
combinations of phosphorylation and other common PTMs (e.g., methylation and acetylation).
Second, we confirmed those PTMs according to the information on the UniProt database
(https://www.uniprot.org) and YAAM database (http://yaam.ifc.unam.mx). Third, we manually
checked the MS/MS spectra of some identified phosphoproteoforms for the neural loss of
phosphorylation (80-Da or 98-Da) caused by HCD fragmentation.
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3.3 Results and discussion
3.3.1 Characterization of Ti**-IMAC magnetic nanoparticles

The synthesis of Ti*-IMAC nanoparticles is shown in Figure 3.1A. First, the amine-
terminated nanoparticles (ATNPs) were mixed with glutaraldehyde to bring an aldehyde group to
the NPs. Then, this intermediate 1 reacted with sodium cyanoborohydride and AMPA to
generate stable phosphate groups to the NPs. Finally, the Ti*" was immobilized on the surface of
intermediate 2 based on the chelating interaction between the phosphate group and Ti*".

The TEM results (Figure 3.2A) revealed the size of the Ti**-IMAC magnetic
nanoparticles is smaller than 20 nm, and the functionalization didn’t increase the particle size
compared to the initial ATNPs, most likely because the reactions only added short carbon chains
to the particle surface. Figure 3.2B shows the elemental composition analysis data of ATNPs
and Ti**-IMAC nanoparticles from EDS. Ti**-IMAC nanoparticles had substantially higher
amounts of Ti*" and P compared to ATNPs (Ti*", 8.5% vs. 0%; P, 4.7% vs. 0%), indicating the
successful functionalization of the magnetic nanoparticles with phosphate groups and Ti*" ions.
Additionally, we further characterized the zeta potentials of ATNPs and Ti*'-IMAC
nanoparticles by Laser Doppler Velocimetry (LDV), Figure 3.2C. The zeta potential of the
ATNPs and Ti*'-IMAC nanoparticles were 19.8 mV and -29.6 mV. This negative shift is due to
the replacement of the amine group with the phosphate group on the nanoparticle surface.
Finally, the TGA analysis results of ATNPs and Ti*-IMAC nanoparticles demonstrated a much
more significant weight loss of Ti*'-IMAC compared to the original ATNPs, Figure 3.2D. The
phenomenon is due to several more chemical modifications of the Ti**-IMAC nanoparticles
compared to the original ATNPs. Figure 3.2E shows that the Ti**-IMAC magnetic particles can
be well dispersed in water and easily separated from water by a magnet, which guarantees

efficient interactions between nanoparticles and phosphoproteins as well as easy operations.
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Figure 3.2. Characterization results of magnetic nanoparticle-based Ti*'-IMAC material,
including TEM (A), elemental composition analysis (B), zeta potential analysis (C), weight loss
analysis (D), and water dispersion and magnetic separation tests (E). Each red arrow in (A) is
pointing at a single magnetic nanoparticle and those nanoparticles were used to estimate the
means and standard deviations of the size of original ATNPs and Ti**-IMAC nanoparticles.
3.3.2 Phosphoprotein enrichment by the Ti**-IMAC nanoparticles and SDS-PAGE
analysis: standard proteins

We used a standard protein mixture containing B-casein (3, a phosphoprotein) and bovine
serum albumin (BSA, a non-phosphoprotein) to evaluate the performance of Ti*'-IMAC
nanoparticles for selectively isolating phosphoproteins. The experimental procedure is shown in
Figure 3.1B, including (1) mixing and incubating the protein mixture (loading mixture, LM)
with the Ti*'-IMAC, (2) selectively isolating the phosphoproteins by the Ti**-IMAC and
removing the non-phosphoproteins in the solution (flow-through, FT), (3) washing away the non-
phosphoproteins efficiently by a couple of washing steps (Wash 1 and 2, W1 and W2), and (4)
eluting phosphoproteins from the Ti**-IMAC (Elution, E). We chose the salt concentrations in
the loading buffer, washing buffer, and elution buffer according to one previous report. [31] We
optimized the pH of the loading buffer, washing buffer, and elution buffer using the standard
protein mixture (BSA and B-casein molar ratio as 10:1, 100 uM:10 uM), shown in Figure 3.3.
We used SDS-PAGE to evaluate the enrichment efficiency of phosphoproteins, and the gel was
stained with Coomassie blue dye to observe the phosphoproteins and non-phosphoproteins. After
considering both non-phosphoprotein removal and phosphoprotein recovery, we decided to

choose the pH 7.0 buffers for all the following experiments. The loading and washing buffer
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contained 50 mM HEPES-NaOH and 200 mM NaCl (pH 7.0). The elution buffer contained 200
mM NaCl and 200 mM Na,HPO4 (pH 7.0).
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Figure 3.3. Optimization of the pH of the loading buffer, washing buffer, and elution buffer.
Three different pH were evaluated, pH 6.0 (A), pH 7.0 (B), and pH 8.0 (C). The composition of
the loading buffer and washing buffer is the same, containing 50 mM HEPES and 200 mM NacCl.
The elution buffer contained 200 mM Na,HPO4 and 200 mM NaCl. The loading mixture (LM)
contained a mixture of BSA and B-casein with a molar ratio of 10:1 (100 uM:10 uM). M: protein
molecular weight marker; LM: loading mixture (the standard protein mixture before IMAC
enrichment); FT: flow-through; W1 and W2: the first and second wash; E: eluate from the Ti*'-
IMAC magnetic nanoparticles after enrichment; : B-casein standard; BSA: BSA standard.
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Figure 3.4 shows the SDS-PAGE data of the standard protein mixture (1:1 molar ratio of
BSA: B-casein, 10 uM:10 uM) after treatment by the Ti**-IMAC (A) and the commercial kit (B)
as well as the standard protein mixture (10:1 molar ratio of BSA: B-casein, 100 uM:10 uM) after
treatment by the Ti**-IMAC (C). It is clear that Ti**-IMAC can selectively capture the
phosphoprotein (B-casein) and efficiently remove the non-phosphoprotein (BSA) even when
BSA has a 10-fold higher concentration than B-casein, Figure 3.4A and 3.4C. Compared to the
commercial kit (Figure 3.4B), the Ti**-IMAC had a better performance regarding the capture
efficiency for phosphoproteins. As marked by the red ovals, clear f-casein bands were observed
in the flow-through (FT) and Wash (W1) samples from the commercial kit; no obvious signals
were obtained in FT and W1 samples from the Ti**-IMAC. The B-casein recovery from the Ti**-
IMAC is much higher than that from the commercial kit (46% vs. 37%). We further tested the
reproducibility of the Ti*-IMAC for phosphoprotein enrichment using the standard protein
mixture (BSA:B-casein, 100 uM:10 uM). A reproducible B-casein recovery (48+8%) was
produced from quadruplicate preparations. We want to highlight that another important
advantage of our Ti*"-IMAC magnetic particles compared to the commercial kit is its easy
operations via a magnet without the need for centrifugation. Additionally, the Ti*'-IMAC

method could be used for a variety of initial amounts of protein materials via a simple adjustment
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of the mass of magnetic particles depending on the availability of the biological samples. We
noted that there is still a visible BSA band in the eluates of the Ti*'-IMAC (Figures 3.4A and
3.4C) and there is no clear BSA signal in the elution sample of the commercial kit (Figure
3.4B). Some further improvement of the surface chemistry of Ti*'-IMAC magnetic particles
could be done to reduce the non-specific binding of non-phosphoproteins and will be
investigated in our future study.
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Figure 3.4. SDS-PAGE data of a standard protein mixture (BSA and B-casein) after selective
isolation of phosphoprotein B-casein with magnetic nanoparticle-based Ti*'-IMAC (A and C)
and the commercial phosphoprotein enrichment kit (B). For A and B, the concentration of BSA
and B-casein in the sample was both 10 uM. For C, the concentration of BSA was 10 times
higher than B-casein (100 puM vs. 10 uM). M: protein molecular weight marker; LM: loading
mixture (the standard protein mixture before IMAC enrichment); FT: flow-through; W1, W2,
and W3: the first, second, and third wash; E: eluate from the Ti*'-IMAC magnetic nanoparticles
after enrichment; 3: B-casein standard; BSA: BSA standard.

3.3.3 Phosphoproteoform enrichment by Ti**-IMAC nanoparticles and SDS-PAGE
analysis: a yeast cell lysate

We further validated the performance of the Ti*'-IMAC magnetic nanoparticles for
phosphoproteoform enrichment from a complex sample, a yeast cell lysate. 3 mg of yeast
proteins and 10 mg of Ti*-IMAC magnetic nanoparticles were used. The experiment was
performed in triplicate. We loaded an equal amount of proteins for loading mixture (LM), flow-
through (FT), and elution (E) into each lane of SDS-PAGE gel for analysis. We first stained the
gel using Pro-Q Diamond to detect phosphoproteoforms specifically. Then, we de-stained the gel
and re-stained it with SYPRO Ruby to detect total proteins in the samples.

As shown in Figure 3.5A, much more visible phosphoproteoform bands were observed
in the eluates (E1, E2, and E3) compared to the loading mixture (LM) in the triplicate
preparations. The Ti*-IMAC method has nice reproducibility according to the
phosphoproteoform profiles in the three eluates (E1, E2, and E3). Figure 3.5B further shows the
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nice reproducibility of the technique at the total proteoform level (E1, E2, and E3). By
comparing the total proteoform and phosphoproteoform profiles in the eluates, we observed that
the major proteoform bands (<75 kDa) are relatively consistent, indicating the reasonably high
specificity of the technique for phosphoproteoform enrichment from complex samples. We noted
that many visible phosphoproteoform bands exist for the flow-through sample (FT) and some
bands even have a higher intensity than that in the eluates. To get a better understanding of this
phenomenon, we determined the loading capacity of the Ti**-IMAC nanoparticles using B-casein
as the sample, shown in Figure 3.6A. The loading capacity is about 140 pg phosphoproteins/mg
nanoparticles for Ti*'-IMAC and the enrichment process could be done within one hour. The 10
mg of Ti*'-IMAC magnetic nanoparticles used in the experiment could capture more than 1 mg
of phosphoproteoforms. Interestingly, only about 200 pg of proteins were recovered in the eluate
© after the enrichment. The results suggest that the Ti*'-IMAC cannot capture all the
phosphoproteoforms in the cell lysate, probably due to the three-dimensional structure of intact

phosphoproteoforms and the selectivity of Ti*".
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Figure 3.5. SDS-PAGE data of a yeast cell lysate. Visualization of phosphoproteoforms by the
Pro-Q Diamond staining (A) and total proteoforms by SYPRO Ruby staining (B) after
phosphoproteoform enrichment by magnetic nanoparticle-based Ti**-IMAC in triplicate
experiments. M: protein molecular weight marker; LM: loading mixture (the yeast cell lysate
before IMAC enrichment); FT1, FT2, and FT3: flow-through from the first, second, and third
experiment; E1, E2, and E3: eluate from the Ti**-IMAC magnetic nanoparticles after enrichment
in the first, second, and third experiment. Direct comparisons of Ti*-IMAC and Fe**-IMAC
regarding the profile of phosphoproteoforms (C) and total proteoforms (D) isolated from the
yeast cell lysate.
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Figure 3.6. Loading capacity measurement of Ti*-IMAC nanoparticles (A) and Fe**-IMAC
nanoparticles (B). 1 mg nanoparticles were incubated with 1000 pL of 0.6 mg/mL of B-casein
solution in the loading buffer. After different incubation time periods (20-min, 40-min, 1 hour, 2
hours, and 4 hours), aliquots of the protein solution were collected for protein concentration
measurement using the BCA assay. According to the protein concentration difference between
the original -casein solution and the solution after incubation with IMAC magnetic
nanoparticles, we determined the captured protein amount. The error bars show the standard
deviations of captured phosphoprotein amount from triplicate measurements.

Considering that IMAC with different metal ions (e.g., Ti*" and Fe**) could enrich
different pools of phosphopeptides from complex proteome samples [39, 40], we compared Ti**-
IMAC and Fe**-IMAC for phosphoproteoform enrichment for the first time here. The Fe*-
IMAC magnetic nanoparticles were prepared using the same procedure as the Ti**-IMAC
material, and the salt FeCl; was used as the source of the Fe**. We employed the same protocol
for the phosphoproteoform enrichment from the yeast cell lysate using the Ti**-IMAC and Fe**-
IMAC magnetic nanoparticles. The loading capacity is about 160 pg phosphoproteins/mg
nanoparticles for Fe**-IMAC nanoparticles, see Figure 3.6B. The Ti*"-IMAC and Fe**-IMAC
produced substantially different profiles of phosphoproteoforms, as evidenced by the SDS-
PAGE data in Figure 3.5C. The total proteoform data in Figure 3.5D also indicates the
distinguishable differences between Ti**-IMAC and Fe**-IMAC eluates. The data indicate that
Ti**-IMAC and Fe**-IMAC are complementary for phosphoproteoform enrichment from

complex proteomes and a combination of the two methods will be useful for improving the

phosphoproteoform coverage.
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3.3.4 RPLC-MS/MS-based top-down proteomics of yeast phosphoproteoforms enriched by
Ti**-IMAC and Fe3*-IMAC

We further enriched phosphoproteoforms from the yeast cell lysate using both Ti*'-
IMAC and Fe**-IMAC and analyzed the loading mixture (LM) and eluates (E) by RPLC-
MS/MS. After database search by the TopPIC, 15, 28, and 32 phosphoproteoforms were
identified from the LM, E of Ti**-IMAC, and E of Fe**-IMAC, respectively, with a 5%
proteoform-level FDR.

The IMAC technique yielded about 100% more phosphoproteoform identifications
compared to a direct RPLC-MS/MS analysis of the LM without enrichment (about 30 vs. 15).
Interestingly, Ti**-IMAC and Fe**-IMAC produced different phosphoproteoform profiles,
evidenced by the low proteoform-level overlap between the two methods, Figure 3.7A. In total,
48 phosphoproteoforms were identified by the two IMAC methods and only 12 of them were
identified by both methods. The data agrees well with the data in Figure 3.5C. We noted that
only 3 out of 15 phosphoproteoforms identified in the LM sample were also identified in the E of
Ti**-IMAC or Fe**-IMAC, indicating that some phosphoproteoforms cannot be captured by the
IMAC materials during the enrichment step, which agrees well with the SDS-PAGE data in

Figure 3.5.
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Figure 3.7. Phosphoproteoform identification results from the yeast cell lysate by RPLC-
MS/MS. (A) Proteoform-level overlap among phosphoproteoforms identified from the yeast
sample before IMAC enrichment (loading mixture, LM), after Ti**-IMAC enrichment (Ti*"), and
after Fe**-IMAC enrichment (Fe**"). (B) Protein-level overlap among LM, Ti*", and Fe** for the
identified phosphoproteoforms. (C) Boxplots of abundance (ppm) of proteins corresponding to
the identified phosphoproteoforms from LM, Ti**, and Fe*". The protein abundance information
was obtained from the Protein Abundance Database (PAXdb, version 4.2, https://pax-
db.org/species/4932).
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We speculated that proteins corresponding to the phosphoproteoforms identified in the
LM had a relatively high abundance in the yeast cells, and the phosphoproteoforms can be
identified directly by RPLC-MS/MS without the need for IMAC enrichment. However, for the
phosphoproteoforms identified in the E after Ti**-IMAC or Fe**-IMAC, the corresponding
proteins have relatively low abundance in the yeast cells and IMAC enrichment is critical for the
characterization of those phosphoproteoforms. To prove this hypothesis, we first checked the
protein-level overlaps among LM, E of Ti**-IMAC, and E of Fe**-IMAC for the identified
phosphoproteoforms, followed by the investigation of protein relative abundance according to
the Protein Abundance Database (PAXdDb, version 4.2, https://pax-db.org/species/4932). As
shown in Figure 3.7B, the protein-level overlaps between LM and E of Ti**-IMAC or LM and E
of Fe**-IMAC are low. The protein abundance data in Figure 3.7C clearly indicate that
phosphoproteins identified in the Es after IMAC enrichment have much lower abundance
compared to that identified in the LM. The data clearly demonstrate the benefits of Ti**-IMAC
and Fe**-IMAC enrichment for top-down proteomics of phosphoproteoforms with low
abundance.

We noted that the number of phosphoproteoforms identified from IMAC eluates here is
small compared to the total number of proteoform identifications (~30 vs. ~600). Those about
600 proteoforms correspond to roughly 200 proteins and the approximate 30
phosphoproteoforms derive from about 10 proteins. We further manually checked the identified
total proteins from the Ti**-IMAC and Fe**-IMAC eluates in terms of phosphorylation through
the online protein phosphorylation database PhosphoGRID (https://phosphogrid.org/). We found
that at least more than 50% of those proteins have been reported as phosphorylated proteins. The
reason why we only identified roughly 30 phosphoproteoforms of 10 proteins from each of the
IMAC eluates by RPLC-MS/MS might be due to the phosphate group loss during sample
processing and storage because of their dynamic features. This is because the buffer exchange
steps prior to MS analysis removed phosphatase inhibitors in the solution, and enzymatic
activities might happen. However, it is hard to make a solid conclusion about this point here. We
will study the sample processing procedure in more detail and more samples to achieve a better
understanding of this phenomenon in our future work.

Figure 3.8 shows two examples of identified phosphoproteoforms from the yeast cell

lysate by Ti**-IMAC or Fe*"-IMAC enrichment and RPLC-MS/MS. One phosphoproteoform of
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gene HYP?2 (eukaryotic translation initiation factor 5A-1) shows a strong signal after Ti**-IMAC
enrichment, but without a visible signal before enrichment, Figure 3.8A. In another example
shown in Figure 3.8B, one phosphoproteoform of gene STF2 (ATPase-stabilizing factor 15 kDa
protein) has a drastically better signal after Fe**-IMAC enrichment compared to before
enrichment. The data further demonstrate the highly efficient phosphoproteoform enrichment
from complex samples by the Ti**-IMAC and Fe**-IMAC. Interestingly, we detected clear
signals of the corresponding un-phosphoproteoforms of the genes HYP2 and STF?2 not only
before enrichment but also after IMAC enrichment, which might be due to either the dynamic
nature of protein phosphorylation (loss of phosphate groups during the steps after enrichment) or
the non-specific binding of un-phosphoproteoforms on the IMAC magnetic nanoparticles.
Figures 3.8C and 3.8D show the sequences and fragmentation patterns of two identified
phosphoproteoforms. The two phosphoproteoforms were identified with high confidence and
were characterized reasonably well. We noted that the proteoform shown in Figure 3.8C has
both acetylation and phosphorylation close to its N-terminus. Although the database search
software assigned the acetylation to the S2 residue and the phosphorylation to the S8 residue,
there are still uncertainties in the PTM localization because of the lack of fragment ions from the
first 10 amino acid residues. The data indicate a general challenge in top-down proteomics for

accurate PTM localization.
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Figure 3.8. (A). Mass spectra of one HYP2 phosphoproteoform before and after Ti*'-IMAC
enrichment. (B). Mass spectra of one STF2 phosphoproteoform before and after Fe*"-IMAC
enrichment. (C, D). Sequences and fragmentation patterns of two example phosphoproteoforms.

Figure 3.9 in shows the sequences and fragmentation patterns of four example
phosphoproteoforms with the combinations of multiple PTMs. Three phosphoproteoforms of
Eukaryotic translation initiation factor SA-1 (IF5A1) were identified with two phosphorylation
sites (A), combinations of phosphorylation, hypusination, and acetylation (B), and combinations
of phosphorylation, hypusination, and truncation (C). We identified over 10 different
phosphopoteoforms of IF5A1 by Ti*'-IMAC and Fe**-IMAC enrichment, suggesting the huge
potential heterogeneity of phosphoproteoforms from the same gene. It is impossible to reveal the
proteoform-level heterogeneity using the traditional BUP strategy. IF5A is a translation factor,
and it has crucial functions in modulating cancer and brain aging. [41,42] However, the detailed
functions of IF5A phosphorylation and hypusination in those processes are not clear. The
capability of delineating various IFSA phosphoproteoforms with or without hypusination using
TDP will establish the foundation for further elucidating their functions in cancer and brain
aging. The data here highlight the significance of TDP for protein characterization in a

proteoform-specific manner.
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Figure 3.9. Sequences and fragmentation patterns of example phosphoproteoforms identified
from the IMAC eluates by RPLC-MS/MS. (A). one phosphoproteoform with two
phosphorylation sites; (B). one phosphoproteoform with N-terminal methionine removal, N-
terminal acetylation, two phosphorylation sites, and one hypusine; (C). one phosphoproteoform
with one phosphorylation, one hypusine, and C-terminal truncation; (D). one phosphoproteoform
with one phosphorylation, one unknown modification, and terminal truncations.

3.4 Conclusion

In this pilot study, we investigated magnetic nanoparticles-based IMAC (Ti*" and Fe’*)
for the enrichment of phosphoproteoforms from simple and complex protein mixtures for MS-
based top-down proteomics. The IMAC methods achieved highly efficient and reproducible
enrichment of intact phosphoproteoforms from a standard protein mixture and a yeast cell lysate.
Substantially more phosphoproteoforms were identified from the yeast cell lysate after IMAC
enrichment with Ti* or Fe*" compared to that without enrichment. Interestingly, we documented
that Ti**-IMAC and Fe3"-IMAC tended to isolate different pools of phosphoproteoforms from a
complex proteome.

We note that some improvements need to be made to achieve global top-down
proteomics of phosphoproteoforms from complex proteomes. First, the surface chemistry of Ti**
and Fe**-IMAC magnetic particles could be improved to reduce the non-specific binding of non-
phosphoproteins and further boost the phosphoproteoform recovery. Second, the mass of all the
identified phosphoproteoforms by RPLC-MS/MS is smaller than 20 kDa in this work due to the
low sensitivity of top-down proteomics for the characterization of large proteoforms.

Improvement of MS-based top-down proteomics technique for the identification of large
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phosphoproteoforms will be an important topic in our future studies. Third, the full
characterization of phosphoproteoforms is hampered by the unsatisfying backbone cleavage
coverage of proteoforms from typical LC-MS/MS techniques with collision-based gas-phase
fragmentation. We expect that coupling our IMAC techniques to LC-MS/MS equipped with
collision, electron, and photon-based gas-phase fragmentation methods will advance the top-
down proteomics of phosphoproteoforms drastically.
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CHAPTER 4." Capillary Zone Electrophoresis-High Field Asymmetric Ton Mobility
Spectrometry-Tandem Mass Spectrometry for Top-down Characterization of Histone
Proteoforms
4.1 Introduction

Histones, serving as the backbone of the nucleosome where the genomic DNA is packed
along, are essential for the epigenetic gene regulation and the structural stability of the chromatin
[1-6]. Histones consist of two parts: the core histones (H2A, H2B, H3, and H4) as the key
components of the nucleosome and the linker histone (H1) as the linkage between nucleosomes.
The long N-terminal tails of all four core histones, which protrude from the nucleosome, have a
high diversity of post-translational modifications (PTMs) such as methylation, acetylation,
phosphorylation, and citrullination [2, 7]. “Histone code” was proposed to state that the PTMs of
histone directly contribute to the alternation of chromatin structure and thereby influence DNA
transcription [6]. It is crucial to characterize histone PTMs for a better understanding of
epigenetic gene regulation. With the diverse PTMs and high heterogeneity of histones, fully
deciphering the “histone code” using proteomics is super challenging [8, 9].

Top-down proteomics (TDP), middle-down proteomics (MDP), and bottom-up
proteomics (BUP) are three popular ways applied to the decryption of histone code [10-15].
Unlike partial or full digestion of protein into peptides by MDP or BUP, TDP targets intact
proteins for the utmost preservation of the PTM information of proteoforms via mass
spectrometry (MS) and tandem mass spectrometry (MS/MS) [13, 15, 16]. To delineate rich
PTMs of the histone, TDP is definitely the ideal choice among these three methods. In the
meantime, TDP requires sufficient separation techniques to improve proteoform detection and
identification, especially for complex proteoform mixtures. Reversed-phase liquid
chromatography (RPLC)-MS has been frequently used for TDP of histones [17-21]. To advance
the separation and throughput of histone variants for TDP, Tian et al. reported a weak cation
exchange-hydrophilic interaction liquid chromatography (WCX-HILIC) platform for two-
dimensional (2D) separations prior to MS analysis, leading to over 700 histone proteoform

identifications [22]. Besides LC-MS, capillary zone electrophoresis (CZE)-MS has also been

" This Chapter is partially adapted with permission from Wang Q, Fang F, Wang Q, Sun L. Capillary zone
electrophoresis-high field asymmetric ion mobility spectrometry-tandem mass spectrometry for top-down
characterization of histone proteoforms. Proteomics. 2024 Feb,;24(3-4):¢2200389.
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developed for TDP of histone proteoforms by our lab [11]. CZE provides efficient separation of
proteoforms due to PTMs by their charge-to-size ratios and CZE-MS has been proven as a
powerful analytical technique for large-scale delineation of proteoforms of histones, bacteria,
brains, and human cancer cells [11, 23-27]. Usually, offline LC fractionation is coupled to CZE-
MS/MS for TDP of a complex mixture (e.g., histones) to achieve an in-depth proteoform
characterization [11]. Development of an online multi-dimensional separation technique
involving CZE-MS/MS will be invaluable for TDP of histone proteoforms and complex
proteomes in general because of potentially much higher throughput and much less sample loss
during sample transfer.

High-field asymmetric waveform ion mobility spectrometry (FAIMS) is drawing more
attention as a highly efficient gas-phase online separation technique, which could significantly
reduce the background chemical noise, improve sensitivity, and fractionate ions based on their
mobility differences under the asymmetric oscillation between high and low electric fields [28-
31]. In the FAIMS device, a compensation voltage (CV) is uniquely applied to the inner
electrode and amends the trajectory of passing ions based on their mass, charge, and shape.
FAIMS has been online coupled with RPLC-MS/MS for TDP to efficiently fractionate
proteoform ions based on their masses by applying different CVs [32-35]. Also, Pham et al.
reported customized tandem nonlinear and linear IMS (FAIMS-TIMS) coupled to MS for
bettering the characterization of human histone H2A and H4 proteoforms [36, 37]. Therefore, we
expect that coupling FAIMS to CZE-MS/MS to build an online 2D platform will be useful for
further advancing the TDP of complex samples, for example, histones.

Here, we present the first example of 2D-CE-FAIMS-MS/MS for TDP of histones. We
optimized the CZE separation of histone proteoforms by adjusting the pH of the background
electrolyte (BGE) and sample buffer. We achieved nearly 400 and 600 histone proteoform
identifications by CZE-FAIMS-MS/MS analyses of a commercial calf histone sample with nine
different FAIMS CVs by using two different data analysis tools (ProSight PD and TopPIC
Suite).

4.2 Experimental section
4.2.1 Materials and reagents
Histone extract (from calf thymus, Product No. 10223565001) and all chemicals were

obtained from Sigma-Aldrich (St. Louis, MO) unless stated otherwise. Acetic acid, formic acid,
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methanol, LC/MS grade water, and ammonium hydroxide were ordered from Fisher Chemical
(Hampton, New Hampshire). Ammonium acetate (NH4OAc) was purchased from Invitrogen
(Waltham, MA). Acrylamide was purchased from Acros Organics (NJ, USA). Fused silica
capillaries (50 um i.d./360 pm o.d.) were purchased from Polymicro Technologies (Phoenix,
AZ).
4.2.2 Capillary coating

The linear polyacrylamide (LPA) coated capillary was prepared according to the previous
publications [38, 39]. In brief, a one-meter-long fused silica capillary (50 um i.d. 360 um o.d.)
was successively flushed by 1 M sodium hydroxide (NaOH), water, 1 M hydrochloric acid
(HCl), water, and methanol, followed by overnight nitrogen flow. Then, the capillary was treated
with 50% (v/v) 3-(trimethoxysilyl) propyl methacrylate in methanol at room temperature (RT)
for 24 hours. Next, the capillary was flushed with methanol and dried under overnight nitrogen
flow. For coating the inner wall of the capillary, 500 pL of 4% (w/v) acrylamide in water was
mixed with 3.5 pL. of 5% (w/v) ammonium persulfate (APS) in water, followed by a 15 min
degassing procedure using nitrogen flow. This mixture was then introduced to the capillary using
a vacuum suction. Both ends of the capillary were sealed before the incubation in a 50 °C water
bath for 1 hour. At last, the capillary was flushed with water to remove any residue reactants and
kept at RT before use.
4.2.3 Sample preparation

The histone extract was dissolved in 50 mM NH4OAc (pH 6.5 or pH 9.0) to prepare 2
mg/mL histone samples for CZE-MS/MS analysis.
4.2.4 Optimization of CZE conditions for CZE-MS/MS of histones

CZE-MS/MS platform was built up by connecting a CESI 8000 Plus CE system (Sciex)
to an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific) with an in-house
constructed electrokinetically pumped sheath-flow nano-electrospray ionization (nanoESI)
interface [40, 41]. A glass electrospray emitter with orifice size ranging from 30-35 um was
pulled using a Sutter P-1000 flaming/brown micropipette puller, and the sheath liquid contained
0.2% (v/v) formic acid and 10% (v/v) methanol in water. The electrospray voltage was set at 2.2-
2.4 kV to the sheath liquid reservoir for ionization. The inlet of the capillary was installed in the
cartridge of the CE system and the outlet was fit into the glass electrospray emitter (around 0.5

mm to the emitter tip), following the previous procedures [41].
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For the mass spectrometer settings, the ion transfer tube temperature was set to 320 °C,
and the RF lens was 60%. The application mode was set to intact protein mode with low C-trap
pressure. The isolation window was 0.7 m/z for isolating parent ions for high-energy collision
dissociation (HCD). The normalized collision energy (NCE) of HCD was 25%. The MS/MS
experiments were performed using data-dependent acquisition (DDA). Full MS scan was
performed with the following parameters: orbitrap resolution of 480,000 (at m/z of 200), m/z
range of 300-2000, normalized AGC target of 300%, microscans of 1. The top 6 most intense
precursors with charge states in the range of 5-60 in full MS spectra were isolated and
fragmented, and the threshold of precursors was set at 10,000. Other parameters for MS/MS
include the resolution of 120,000 (at m/z 200), m/z range of 100-1500, microscans of 3,
normalized AGC target of 100%, auto maximum injection time and dynamic exclusion of 30 s.

To achieve a better histone proteoform separation for more proteoform identifications, we
optimized the BGE of CZE. Two BGEs were evaluated, and they were 5% (v/v) acetic acid (pH
2.4) and 20 mM NH4OAc (pH 5.0). For the BGE 5% (v/v) acetic acid (pH 2.4), we used a
sample buffer of 50 mM NH4OAc (pH 6.5) for dynamic pH junction sample stacking [39]. For
the 20 mM NH4+OAc BGEs (pH 5.0 achieved by adding acetic acid), we chose the 50 mM
NH4OAc (pH 9) as the sample buffer to maintain the pH difference between sample buffer and
BGE for efficient dynamic pH sample stacking. A 1-meter-long LPA-coated separation capillary
(50 um 1.d./360 pm o.d.) was used for the project. The histone sample was injected under 5 psi
for 5s to introduce about 25 nL for each run (50 ng loaded). Then, a 30 kV voltage was applied
for separation. After the separation, 30 kV voltage and 15 psi pressure were applied for 10 min to
clean up the capillary.

4.2.5 CZE-FAIMS-MS/MS

All CZE separation conditions of histones and mass spectrometer settings were the same
as those mentioned above unless stated otherwise. For the CZE separation, the BGE was 20 mM
NH4OAc (pH 5.0). The sample injection volume was about 25 nL and about 50-ng histone was
loaded for each run. The separation voltage was 30 kV, and the separation time was 50 min.

For the FAIMS fractionation, the FAIMS Pro Duo interface (Thermo Fisher Scientific)
was installed prior to the mass spectrometer. After the auto DV tune, the FAIMS Pro Duo
interface was set to standard resolution and the nitrogen carrier gas was set as default (4.6

L/min). Different CV voltages (-60V, -50V, -40V, -30V, -20V, -10V, +10V, +20V, and +30V)
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were individually tested for triplicate CZE-FAIMS-MS/MS runs to examine the fractionation
performance of the FAIMS.

For the mass spectrometer settings, intact protein mode, low C-trap pressure, and
isolation window 0.7 m/z for MS/MS were employed. 28% HCD energy was applied for FAIMS
CV ranging from -60 V to -40 V, and 30% HCD energy was applied for FAIMS CV ranging
from -30 V to -10 V, and 35% HCD energy was applied for FAIMS CV ranging from +10 V to
+30 V. The top 6 most intense precursors with charge states in the range of 5-60 in full MS
spectra were isolated and fragmented for FAIMS CV ranging from -50 V to +30 V, and
precursor charge states in the range of 3-60 were selected for FAIMS CV at -60 V.

4.2.6 Data analysis

Proteome Discoverer 2.2 software (Thermo Fisher Scientific) with the ProSightPD 1 1
node for TDP was used for database search [42]. The detailed database searching setup was the
same as our previous work [11]. Briefly, the MS1 spectra were first averaged using the cRAWler
algorithm in Proteome Discoverer. The precursor m/z tolerance was set to 0.2 m/z. For both
precursor and fragmentation Xtract parameters, the signal-to-noise ratio threshold, the lowest and
the highest m/z were set to 3, 200, and 4000, respectively. Then deconvolution was performed by
the Xtract algorithm followed by database searching against a Bos taurus database (downloaded
from http://proteinaceous.net/-database-warehouse-legacy/ in April 2018). A three-prone
database searching was performed: (1) a search was performed with a 2-Da and 10-ppm mass
tolerance of absolute mass for MS1 and MS2, respectively; (2) a subsequent biomarker search
was performed to find unreported truncated proteoforms with 10 ppm tolerance for both MS1
and MS2; (3) the last search was performed with a 1000-Da mass tolerance for MS1 and a 10-
ppm mass tolerance for MS2 for matching unexpected PTMs. The target-decoy strategy was
exploited for evaluating the false discovery rates (FDRs) [43, 44]. FDR estimation was
performed for each of the three search strategies. The identified proteoform-spectrum matches
(PrSMs) and proteoforms were filtered using a 1% FDR.

For the CZE-FAIMS-MS/MS data, the raw files for FAIMS CV ranging from -60 V to -
10 V were searched by ProSightPD, and the raw files from CV ranging from +10 V to +30 V
were analyzed with the TopPIC (Top-down mass spectrometry-based proteoform identification
and characterization) software (version 1.6.2) [45]. The raw files were firstly converted to mzML

files with the MsConvert software [46], and spectral deconvolution was performed with the
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TopFD (Top-down mass spectrometry feature detection) software, generating msalign files,
which were used as the input for database searching using TopPIC. The spectra were searched
against a Bos taurus database (downloaded from Swiss-Uniprot, March 2022). FDRs were
estimated using the target-decoy approach [43, 44]. A 1% PrSM-level FDR and a 5%
proteoform-level FDR were employed to filter the identifications. The mass error tolerance was
15 ppm. The mass error tolerance was 1.2 Da for identifying PrSM clusters. The maximum mass
shift was 500 Da. The maximum number of mass shift was set to 2.

All the CZE-MS/MS and CZE-FAIMS-MS/MS data were further analyzed by the
TopPIC software (version 1.6.2) [45]. The parameters were the same as previously described
except for several differences. A 1% PrSM-level FDR and a 1% proteoform-level FDR were
employed to filter the identifications. The identified proteoforms were further filtered by the E
value lower than 0.001. The maximum variable PTM number was set to 5.

4.2.7 Data analysis

We followed the procedure in our previous work for calculating the experimental and
predicted per [11]. The experimental per was calculated by eq 1,
experimental per= L / ((30 - 2) / L x tm)(unit of cm? kV-!s) (1)

where L is the capillary length in cm, 30 and 2 are the separation voltage, and
electrospray voltage in kV. The eq 1 is obtained from the literature [47, 48]. The predicted pr
was calculated by eq 2,
predicted per= In(1 +0.350 x Q) / MO41! 2

where Q is the number of charges of the proteoform in the BGE by counting the number
of positively charged amino acid residues in the proteoform sequence (K, R, H, and N-terminus).
M is the molecular mass obtained by MS measurement in Da. The eq 2 is obtained based on
previous publications [47-49].
4.3 Results and discussion
4.3.1 Optimization of CZE for better separation and identification of histone proteoforms

CZE separates histone proteoforms according to their electrophoretic mobilities, which
relate to their charge-to-size ratios. Histones are super basic and are highly positively charged
under our typical CZE BGE condition (i.e., 5% (v/v) acetic acid (~pH 2.4)) for TDP [50]. The
pH of BGE will influence the charge of histone proteoforms and impact the CZE separations. A

BGE with a higher pH value decreases the charge of histone proteoforms, resulting in potentially
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bigger differences in charge-to-size ratios of histone proteoforms, which eventually leads to
better separation resolution and more histone proteoform identifications. To test our hypothesis,
we studied two different BGEs: 5% (v/v) acetic acid (~pH 2.4) and 20 mM NH4OAc (pH 5.0).
We maintained the same sample injection volume and protein injection amount for the two
conditions (25 nL and 50 ng). To maintain a sufficient pH difference between the sample buffer
and BGE for dynamic pH junction sample stacking, we employed 50 mM NH4OAc (pH 9) as the
sample buffer for the BGE of 20 mM NH4OAc (pH 5.0). For the 5% (v/v) acetic acid (~pH 2.4)
BGE, the sample buffer was 50 mM NH4OAc (pH 6.5).

As shown in Figure 4.1, CZE-MS/MS using a BGE pH 5.0 produced a substantially
wider separation window and better resolution for histone proteoforms compared to a BGE pH
2.4. The separation window of histone proteoforms was about 3 minutes for the BGE pH 2.4 and
about 9 minutes for the BGE pH 5.0. Histone H2A and H2B co-migrated under the pH 2.4 BGE
condition, agreeing well with our previous data [11]. Interestingly, Histone H2A and H2B were
well separated using a BGE pH of 5.0. Due to the much better separation and dramatically wider
separation window, CZE-MS/MS using a BGE pH 5.0 identified 60% (TopPIC) or 85%
(ProSight PD) more proteoforms that are larger than 10 kDa than that using a BGE pH 2.4 in
triplicate runs, Figure 4.1. CZE-MS/MS with a BGE pH 5.0 produced reproducible separations
of histone proteoforms in terms of separation profiles and proteoform intensity, Figure 4.2.
Considering the overall number of large intact histone proteoforms (over 10 kDa), the separation
profiles, and proteoform intensity, the BGE pH 5.0 was used for all the following experiments.
We observed that the histone proteoforms from pH 2.4 and 5 were substantially different, and
only 16% of identified histone proteoforms were shared, Figure 4.3. We need to point out that a
decrease in separation voltage is another potential way to increase the separation window for

histone proteoforms, but this approach will most likely reduce the separation efficiency.
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Figure 4.1. Electropherograms of CZE-MS/MS analysis of histone proteoforms under different
BGE conditions. Two different BGEs with pH 2.4 (5% (v/v) acetic acid) and pH 5.0 (20 mM
NH4OAc by adding acetic acid to achieve the pH) were studied. The peaks of H1, H2A, H2B,
H3, and H4 are marked with red arrows. The total number of proteoform identifications from
ProSightPD and TopPIC Suite, and the number of proteoforms larger than 10 kDa from triplicate
analyses are labeled.
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Figure 4.2. Base peak electropherograms of the calf histone sample were analyzed by CZE-
MS/MS in triplicate runs using the BGE pH 5.0 (20 mM NH4OAc by adding acetic acid to
achieve the pH).
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Figure 4.3. The overlap of identified histone proteoforms between two different BGEs: pH 2.4
(5% (v/v) acetic acid) and pH 5.0 (20 mM NH4OAc by adding acetic acid to achieve the pH).
The histone proteoform data here is from the analysis by ProSightPD.

4.3.2 CZE-FAIMS-MS/MS as an online two-dimensional technique for the characterization
of histone proteoforms

Because of the extreme complexity of histone proteoforms, multi-dimensional (MD)
separations are crucial for delineating histone proteoforms. Here, we integrated FAIMS into the
CZE-MS/MS system to carry out additional proteoform separations in the gas phase based on the
ion mobility principle between liquid-phase CZE and gas-phase MS separations. After initial
liquid phase CZE separation, histone proteoforms are further online fractionated in the gas phase
by FAIMS based on their charges and sizes prior to MS and MS/MS. For FAIMS fractionation,
nine different CVs ranging from -60 V to +30 V with 10-V increments were studied (triplicate
runs for each CV).

As shown in Figure 4.4A, each CV displays its unique histone separation profile. Main
peaks of H2A and H2B were detected from -40 V to -10 V and from -50 V to -20 V CVs,
respectively. Interestingly, the main peak of H1 emerged at CV of -10 V and became the only
one at CV of +20 V and +30 V. This is consistent with the database search result using the
TopPIC. Almost all the identified proteoforms at CV of +20 V and +30 V were from histone H1.
Because the size of H1 (> 20 kDa) is larger than that of H2A and H2B, this phenomenon is in
agreement with the literature that protein ions are fractionated by FAIMS according to their

masses [34, 35].
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Figure 4.4. (A). Electropherograms of CZE-FAIMS-MS/MS analysis of histone proteoforms
under different CVs. CV values from -60 V to +30 V are listed from top to bottom. (B). Overlap
of identified proteoforms of histones between FAIMS CVs. (C). Violin plots of mass
distributions of identified histone proteoforms by different FAIMS CVs.

Totally, we identified 366 (from ProSight PD) and 602 (from TopPIC Suite) histone
proteoforms with the combination of 9 CVs by CZE-FAIMS-MS/MS, and the number of histone
proteoforms is improved by about 3 folds compared to that from CZE-MS/MS alone (without
FAIMS) (366 vs. 113 proteoforms from ProSightPD, 602 vs. 194 proteoforms from TopPIC
Suite). We previously coupled size-exclusion chromatography (SEC) to CZE-MS/MS for TDP of
histones with the identification of about 400 histone proteoforms from the same calf histone
sample [11]. Both offline 2D-SEC-CZE-MS/MS and online 2D-CZE-FAIMS-MS/MS are
efficient for histone proteoform characterization. The unique advantage of online 2D-CZE-
FAIMS-MS/MS is the much lower requirement for initial histone material compared to oftfline
2D platforms. The offline 2D-SEC-CZE-MS/MS used hundreds of micrograms of protein
material to start the analysis and online 2D-CZE-FAIMS-MS/MS only required less than 10 pg
of histone material to initiate and complete the analyses because it avoided any potential sample
loss due to, e.g., LC fraction collection and sample transfers. We expect the online 2D-CZE-
FAIMS-MS/MS will be a powerful tool for TDP of mass-limited biological samples.

To further investigate the histone proteoform fractionation performance of FAIMS, we
studied the histone proteoform overlaps between different CVs, Figure 4.4B. The proteoform

overlap coefficients between any two different CVs became smaller when the CV difference

90



increased. For example, the proteoform overlap coefficient was close to 0.4 between -60 V and -
50 V CVs; the coefficient was reduced to lower than 0.2 between -60 V and -40 V CVs. The data
suggests that FAIMS can perform proteoform fractionation efficiently in the gas phase. Next, the
violin plots in Figure 4.4C show the mass distributions of histone proteoforms identified under
each CV condition. It is clear that CZE-FAIMS-MS/MS with a larger CV tends to identify
histone proteoforms with higher masses. The median mass of identified histone proteoforms
increased from 3.4 kDa to 21.3 kDa when the CV was enlarged from -60 to +30 V. The results
indicate that the CV value of FAIMS and proteoform mass have a clear correlation in our CZE-
FAIMS-MS/MS condition. The histone proteoform overlaps between different CVs and
proteoform mass distributions across different CVs from TopPIC Suite were in consistent with

that from ProSightPD, Figure 4.5.
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Figure 4.5. (A). Overlap of identified proteoforms of histones between FAIMS CVs. (B). Violin
plots of mass distributions of identified histone proteoforms by different FAIMS CVs. The histone
proteoform data here is from the analysis by TopPIC Suite.
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Besides global analyses of the histone proteoform data from CZE-FAIMS-MS/MS, we
also tried to investigate the performance of FAIMS for separations of near isobaric histone
proteoforms. For example, we found that the H2B type 1-N (Protein Accession: Q32L.48) had
two nearly isobaric proteoforms well separated by FAIMS. The one with two acetylation (Theo.
MH+: 13868.4992 Da) was only identified by -40-V CV, while the one with one
phosphorylation (Theo. MH+: 13864.4444 Da) was only identified by -20-V CV. The data
suggests that CZE-FAIMS-MS/MS is promising for the characterization of isobaric or nearly
isobaric histone proteoforms, which will be further systematically studied in our future work.
4.3.3 Electrophoretic mobility prediction of histone proteoforms

Recently, our lab published the first examples of accurately predicting proteoforms’ pler

by optimized semiempirical models using large-scale CZE—MS/MS datasets of E. coli, zebrafish
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brain, plant leaf, and calf histone samples [11, 47, 51]. This new approach could help validate the
confidence of proteoform identifications by examining the correlation between predicted and
experimental per of proteoforms. The previous works employed 5% (v/v) acetic acid (~pH 2.4) as
the BGE in CZE—MS/MS analysis for denaturing histone proteoforms. Here, we employed an
optimized BGE (20 mM NH4OAc, pH 5.0) to better separations of histone proteoforms. Under
the pH 5.0 condition, the histone proteoforms most likely tend to carry fewer positive charges
and unfold less compared to the pH 2.4 condition, which could substantially influence the per
prediction of histone proteoforms by the semi-empirical model used in our previous studies [11,
47]. Here we further studied the per prediction of histone proteoforms under the two BGE
conditions, pH 2.4 and pH 5.0. The details of calculating the predicted and experimental per of
the proteoforms were described in the Data analysis part. Only histone proteoforms without
unknown modifications were used in this study. Both CZE-MS/MS datasets from BGE 2.4 and
5.0 without FAIMS were utilized.

For the CZE-MS/MS dataset from the BGE pH 2.4, we first optimized the prefactor of
‘Q’ and the power factor of ‘M’ in eq 2 using proteoforms without any PTMs by independent
adjustment of the factors. We found that 0.218 as the prefactor of ‘Q’ and 0.411 as the power
factor of ‘M’ produced the best linear correlation coefficient (R?) as 0.9824, Figure 4.6A. Then,
the optimized per prediction equation was used for histone proteoforms with PTMs (i.e.,
acetylation and phosphorylation). Proteoform acetylation and phosphorylation were reported to
reduce the charge (Q) by roughly one unit according to our previous studies [47]. Some of the
histone proteoforms with acetylation and/or phosphorylation were clearly off the trendline
without charge Q corrections, Figure 4.6B. After we applied charge Q reduction for those
acetylated and/or phosphorylated proteoforms, the linear correlation coefficient between
predicted and experimental pr increased from 0.9058 to 0.9548, Figure 4.6C. The nice linear
correlations between experimental and theoretical s of identified histone proteoforms suggest
high-confidence proteoform identifications in this study, which agrees with the P-Score
distribution of proteoforms, Figure 4.6D. The histone proteoforms identified by CZE-MS/MS
have P-scores centering around 1072°, The low P-score value indicates confident proteoform

identifications [50].
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Figure 4.6. Linear correlations between theoretical and experimental pier of unmodified histone
proteoforms (A) and unmodified plus phosphorylated and acetylated proteoforms (B) identified
in a single CZE-MS/MS analysis under the BGE of 5% (v/v) acetic acid (pH 2.4). The black dots
represent proteoforms without PTMs and the light blue dots represent proteoforms with
phosphorylation and/or acetylation. (C). Linear correlations between theoretical and
experimental per of unmodified histone proteoforms plus phosphorylated and acetylated
proteoforms after charge Q corrections due to PTMs. (D). Distribution of the —log(P-score) of
the identified histone proteoforms by CZE-MS/MS.

We further studied the CZE-MS/MS dataset from the BGE pH 5.0, Figure 4.7. After
optimizations, the best linear correlation coefficient (R?=0.9417) for histone proteoforms without
PTMs was obtained using a prefactor of ‘Q’ as 0.277, Figure 4.7, which is substantially different
from that for the BGE pH 2.4. The best linear correlation coefficient under BGE pH 5.0 is
significantly lower than that under BGE 2.4 (0.9417 vs. 0.9824). We also explored the CZE-
MS/MS dataset by TopPIC Suite from both BGE pH 2.4 and pH 5.0, Figures 4.8 and 4.9. After
applying charge Q reduction for acetylated and/or phosphorylated proteoforms, the linear
correlation coefficient between predicted and experimental per increased from 0.8538 to 0.8963
at pH 2.4, while the linear correlation coefficient at pH 5.0 almost had no changes (from 0.8774
to 0.8792). We suspected that the rise of BGE pH to 5.0 led to a more folded condition of histone
proteoforms and made accurate charge and size calculations more difficult, resulting in a lower

correlation coefficient.
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Figure 4.7. Linear correlations between theoretical and experimental pier of unmodified histone
proteoforms (A) and unmodified plus phosphorylated and acetylated proteoforms (B) identified
in a single CZE-MS/MS analysis under the BGE of 20mM NH4OAc (pH 5.0 achieved by adding
acetic acid). The black dots represent proteoforms without PTMs and the light blue dots
represent proteoforms with phosphorylation and/or acetylation. (C). Linear correlations between
theoretical and experimental per of unmodified histone proteoforms plus phosphorylated and
acetylated proteoforms after charge Q corrections due to PTMs. The histone proteoform data
used here is from ProSightPD.
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Figure 4.8. Linear correlations between theoretical and experimental pr of unmodified histone
proteoforms (A) and unmodified plus phosphorylated and acetylated proteoforms (B) identified
in a single CZE-MS/MS analysis under the BGE of 5% (v/v) acetic acid (pH 2.4). The black dots
represent proteoforms without PTMs and the light blue dots represent proteoforms with
phosphorylation and/or acetylation. (C). Linear correlations between theoretical and
experimental pler of unmodified histone proteoforms plus phosphorylated and acetylated
proteoforms after charge Q corrections due to PTMs. The histone proteoform data here is from
the analysis by TopPIC Suite.
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Figure 4.9. Linear correlations between theoretical and experimental pr of unmodified histone
proteoforms (A) and unmodified plus phosphorylated and acetylated proteoforms (B) identified
in a single CZE-MS/MS analysis under the BGE of 20mM NH4OAc (pH 5.0 achieved by adding
acetic acid). The black dots represent proteoforms without PTMs and the light blue dots
represent proteoforms with phosphorylation and/or acetylation. (C). Linear correlations between
theoretical and experimental per of unmodified histone proteoforms plus phosphorylated and
acetylated proteoforms after charge Q corrections due to PTMs. The histone proteoform data
here is from the analysis by TopPIC Suite.

The results here demonstrate that the pH of BGE can strongly affect the prediction of
histone proteoforms’ p.r. To achieve better perprediction of histone proteoforms under BGE pH
5.0, more efforts need to be made regarding the collection of much larger histone proteoform
datasets and more systematic investigations of factors that potentially influence the charge and
size of histone proteoforms.

4.3.4 Histone PTMs

The individual PTMs and the combination of diverse PTMs located on histone
proteoforms are critical for the epigenetic control of gene expression. Some examples of histone
proteoforms with PTMs identified in our CZE-FAIMS-MS/MS study by the TopPIC software

are shown in Figure 4.10. All four examples of histone proteoforms were identified with multi-

PTMs under high confidence, less than 10-ppm mass errors, and better than 1 x 10713 E-values.
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Figure 4.10A and 4.10B show proteoforms of H2B type 1K and H2B type 1, while Figure
4.10C and 4.10D display two proteoforms from H2A type 1. The proteoform in Figure 4.10A
has four PTMs at S6 (phospho), K15 (methyl), R86 to R92 (citrullination), L.101 to A110
(methyl). The phosphorylation of H2B at S6 was reported to occur during the early mitotic
phases and may prevent chromosomal instability and aneuploidy [52]. The proteoform in Figure
4.10B has one phosphorylation at the S14 and one citrullination at Q22. The phosphorylation of
H2B at S14 was associated with the apoptotic chromatin condensation pathway and regulation of
monoubiquitination of H2B [53, 54]. The proteoform in Figure 4.10C has N-terminal
acetylation at S1, one citrullination at R3, and another citrullination between N68 and N89. The
citrullination of histones by PADs (protein arginine deiminases) was reported to be correlated
with both transcriptional activation and repression [55]. The proteoform in Figure 4.10D carries
N-terminal acetylation and one phosphorylation at T101. Phosphorylation of H2A at T101 may
play a crucial role in creating distinctive binding sites for DNA double-strand break (DSB)
response proteins, and lead to alterations in the local chromatin structure [56]. We noted that
ProSight PD also identified similar histone proteoforms to that shown in Figures 4.10B and
4.10C. ProSight PD did not identify the proteoforms shown in Figures 4.10A and 4.10D, which
is most likely due to the fact that TopPIC and ProSight PD employ drastically different database

search strategies.

A sp|Q2M2T1|H2B1K_BOVIN Histone H2B type 1-K; Mass: 13844.493 Da B sp|P62808|H2B1_BOVIN Histone H2B type 1; Mass: 13847.467 Da;
FAIMS compensation voltage: -40 V; Migration time: 29.87 min; FAIMS compensation voltage: -50 V; Migration time: 31.36 min;
E-value: 6.58E-16; Coverage: 27% E-value: 7.03E-14; Coverage: 22%
Phospho Methyl Phospho citrullination
1 M]JPEIPIA KIS AP A P KIKIGS KK AVT K AQ XK I 25 1 MJPEIP AK S AP A PKKGSKKAVT K A Q K K 25
26 DG K K R KR S RK ESYSVYVY KXV L KQ V|HIS 26 D G K KR KRS RK ESYSVYVYKV L KOQ|V HS
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126 K 126 126 K 126
c sp|POCOS9|H2A1_BOVIN Histone H2A type 1; Mass: 13995.887 Da D sp|POCOS9|H2A1_BOVIN Histone H2A type 1, Mass: 14073.885 Da
FAIMS compensation voltage: -20 V; Migration time: 27.14 min; FAIMS compensation voltage: -40 V; Migration time: 27.07 min;

E-value: 1.58E-22; Coverage: 27% E-value: 8.89E-17; Coverage: 24%
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Figure 4.10. Sequences and fragmentation patterns of four histone proteoforms (A—D) with
various PTMs. (A) and (B) belong to H2B. (C) and (D) are from H2A. The data is from the
TopPIC Suite.

We further compared some identified histone proteoforms carrying PTMs in this work

with that identified in one recent study from the Brodbelt group, which employed ultraviolet
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photodissociation (UVPD) for TDP of the same calf histone sample as our study [57]. Several
histone proteoforms with PTMs were identified with high fragmentation coverage by ProSight
PD and highlighted in the Brodbelt group’s study. The first one was histone H4 carrying N-
terminal acetylation, R3 dimethylation, and K12 acetylation (acH4R3me2K12ac). The second
one was histone H4 with N-terminal acetylation and R3 dimethylation (acH4R3me2). The third
one was histone H2A with N-terminal acetylation (acH2A). In our study, we also identified
similar histone proteoforms by ProSight PD, Figures 4.11-4.13. We identified three possible H4
proteoforms, acH4R3me2K5ac, acH4R3me2K8ac, and acH4R3me2K12ac, Figure 4.11. Due to
the limited backbone cleavage at the N-terminus, we can't distinguish those three H4
proteoforms. Figure 4.12 shows another possible H4 proteoform, acH4R3me2, identified in this
study. We noted that there are other possible explanations regarding the PTMs in Figure 4.12
due to the limited fragmentation coverage at the N-terminus. Figure 4.13 shows a high-
confidence identification of one H2A proteoform, acH2A, in this work. The data demonstrate
that our histone proteoform data and the Brodbelt group’s data agree reasonably well regarding

the specific histone H4 and H2A proteoforms discussed above.
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(A) MscRGGGKGLGKGGAKRHIRKVLRDIN
1@ I TKPAIRIRRLARIRIGGVKR]I SGL I
YEEITRIGVLKVFLEINVIRDAVTYTEH
AKRKTVITAMDVIVIYALKRQGRTLYGEF

GlG acH4R3me2K5ac PCS: 216.99: P-Score: 8.2e-24

B) MscR6KGGAGLGKGGAKRHRKYVLRDIN
1MQGI TKPAIRIRLARIRIGGVKR]I SGL I
YEIEITRIGVLKVFLEINVIRDAVTYTEH
AKRKTVITAMDVIVIYALKRQGRTLYGEF

GlG acH4R3me2K8ac PCS: 216.99: P-Score: 8.2e-24

(C) MscRG6KGGKGLG[IGGAKRHIRKV L RDIN
11Q@G 1 TKPAIRIRRLARIRIGGVKR]I SGL I
YELEITRIGVLKVFLEINVIRDAVTYTEH
AKRKTVITAMDVIVIYALKRQGRTLYGEF
GlG acH4R3me2K12ac PCS: 216.99; P-Score: 8.2e-24

Figure 4.11. Sequences and fragmentation patterns of three possible histone H4 proteoforms
identified by ProSight PD from our CZE-FAIMS-MS/MS data. (A). acH4R3me2K5ac; (B).
acH4R3me2K8ac; (C). acH4R3me2K12ac. PCS (Proteoform characterization score) and P-
Scores are labeled.

acH4R3me2 PCS: 167.25; P-Score: 1.1e-19

MsGRGKGGKGLGKGGAKRHRKVLRDN
QG I TKPAIRRLARRGGVKRISGL I
1YEIEITRGVLKVFLENVIRDAVTYTEH
AKRKTV]TIAMID VIVIY AILKRQGRTLYGF
16 G

Figure 4.12. Sequence and fragmentation pattern of one possible histone H4 proteoform
(acH4R3me?2) identified by ProSight PD from our CZE-FAIMS-MS/MS data. PCS (Proteoform
characterization score) and P-Score are labeled.
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acH2A

MSsSGRGKQGGKARAKAIKTRSSRAGLQF
PVGRVHRLLRKGNYAERVGAGAPV]Y
TLIATALVILTELYILITIALE I LELAGNAARDNK K

TRITPRHLQLAIRNDEELNKLLGKYV
T 1 AlQGIGIVILIPNUIQAVLLPKKTESHHK
AKGK

Figure 4.13. Sequence and fragmentation pattern of one possible histone H2A proteoform
(acH2A) identified by ProSight PD from our CZE-FAIMS-MS/MS data. PCS (Proteoform
characterization score) and P-Score are labeled.

4.4 Conclusion

We presented the first example of coupling CZE, IMS, and MS as a multi-dimensional
platform for characterization of histone proteoforms with the identification of 366 histone
proteoforms (from ProSightPD) and 602 histone proteoforms (from TopPIC Suite) using a low
microgram amount of histone sample as the starting material. We revealed that the pH of BGE
could affect the CZE separation and pr prediction of histone proteoforms substantially. We
documented that FAIMS is an efficient gas-phase separation method for histone proteoforms and
can fractionate histone proteoforms according to their masses.

One limitation of our current CZE-FAIMS-MS/MS platform is the low backbone
cleavage coverage for histone proteoforms with HCD fragmentation, which impedes accurate
localizations of PTMs on histone proteoforms. We expect that the integration of alternative gas-
phase fragmentation techniques like UVPD [57], electron capture dissociation [58-61], and
electron transfer dissociation [62, 63] will drastically benefit the characterization of histone
proteoforms.
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CHAPTER 5." Native Proteomics by Capillary Zone Electrophoresis-Mass Spectrometry

5.1 Introduction
Proteins regulate cellular processes by their diverse proteoforms [1, 2] and the various

protein complexes via non-covalent protein-protein interactions, protein-ligand bindings, and
protein-DNA/RNA interactions [3]. Native mass spectrometry (nMS) provides essential insights
into the structures, functions, and dynamics of proteoforms and protein complexes near
physiological conditions [4-7]. nMS has been widely employed to study well-purified
proteoforms and protein complexes with low complexity through either direct infusion [8-13] or
coupling with online/offline native separation methods, including size-exclusion chromatography
(SEC) [14-18], ion-exchange chromatography (IEX) [19, 20], hydrophobic interaction
chromatography (HIC) [21,22], and capillary zone electrophoresis (CZE) [23]. Native
proteomics aims to measure endogenous proteoforms and protein complexes under a near
physiological condition on a proteome scale and it requires highly efficient separation techniques
for protein complexes prior to nMS [24]. The first native proteomics study coupled off-line IEX
or native gel-eluted liquid fractionation with direct infusion nMS for the characterization of
protein complexes in mouse heart and human cancer cell lines, identifying 125 endogenous
complexes from about 600 fractions [25]. More recently, direct infusion nMS was employed to
measure protein complexes from a human heart tissue lysate using a Fourier-transform ion
cyclotron resonance (FTICR) mass spectrometer with the identification of a handful of protein
complexes about 30 kDa or smaller [26]. Native CZE-MS (nCZE-MS) has high separation
efficiency and high detection sensitivity for protein complexes and has been applied to analyzing
low-complexity protein samples, i.e., monoclonal antibodies [27], large protein complexes like
GroEL (near 1MDa) [28-30], ribosomes [31], and nucleosomes [32]. Native SEC fractionation
and online nCZE-MS analysis of an E. coli cell lysate identified 23 protein complexes smaller
than 30 kDa, representing the first native proteomics study of a complex proteome using online

liquid-phase separation-MS [33]. However, those native proteomics studies are either too time

" This Chapter is partially adapted with permission from Wang Q, Wang Q, Qi Z, Moeller W, Wysocki VH, Sun L.
Native Proteomics by Capillary Zone Electrophoresis-Mass Spectrometry. Angew Chem Int Ed Engl. 2024 Aug
28:€202408370, and Wang Q. Exploring the Function of Plastoglobules Using Top-down and Bottom-up
Proteomics by Capillary Zone Electrophoresis—Mass Spectrometry (Doctoral dissertation, Michigan State
University).
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and labor-consuming or only able to detect small proteoforms/protein complexes from complex
proteomes.

In this study, we developed a high-throughput nCZE-MS technique for native proteomics
measurement of large proteoforms and protein complexes up to 400 kDa from complex samples,
i.e., an E. coli cell lysate. The nCZE-MS technique is based on the online coupling of nCZE to
an ultra-high mass range (UHMR) Orbitrap mass spectrometer. We first evaluated the nCZE-MS
technique using a standard protein complex mixture. Then, we employed the technique to
analyze endogenous proteoforms and protein complexes in E. coli cells. We also compared our
nCZE-MS data with mass photometry results in terms of the mass distribution of E. coli
proteoforms and protein complexes [34].

5.2 Experimental section
5.2.1 Materials and reagents

Bare fused silica capillaries (50-um i.d., 360-pm o.d.) were purchased from Polymicro
Technologies (Phoenix, AZ). 3-(Trimethoxysilyl) propyl methacrylate, ammonium persulfate,
ammonium acetate (NH4OAc), Dulbecco’s phosphate-buffered saline (DPBS), bovine serum
albumin (BSA) and carbonic anhydrase (CA) from bovine erythrocytes, Cytochrome C (Cyt C),
myoglobin from equine (Myo), C-reactive protein (CRP), glutamate dehydrogenase (GDH) were
purchased from Sigma-Aldrich (St. Louis, MO). Hydrofluoric acid (HF), streptavidin (SA), and
LC/MS grade water were purchased from Fisher Scientific (Pittsburgh, PA). Acrylamide was
purchased from Acros Organics (NJ, USA). Micro Bio-SpinTM 6 kDa gel-filtration column units
for buffer exchange were purchased from Bio-Rad. Protease inhibitors (cOmplete ULTRA
Tables) and phosphatase inhibitors (PhosSTOP) were from Roche.

5.2.2 Sample preparation

A mixture of standard protein complexes containing Cyt C (0.7 uM), Myo (0.5 uM), CA
(3 uM), SA (1.1 uM), BSA (0.7 uM), CRP (1 uM), and GDH (6 uM) was prepared in 20 mM
NH4OAc (pH ~ 7.0).

E. coli (strain Top10) was cultured in Terrific Broth (TB) medium at 37 °C until OD600
reached 0.7. After being washed with DPBS three times, a 2 g pellet was suspended in 5 mL
DPBS buffer plus complete protease inhibitors and phosphatase inhibitors and homogenized for
30 s, followed by sonication with a Branson Sonifier 250 (VWR Scientific, Batavia, IL) on ice

for 2 minutes, 3 times. After centrifugation at 10,000 g for 10 minutes, the supernatant
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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 (~2 mg/mL). One
aliquot of the E. coli lysate was diluted 8,000 times (~2.5 nM assuming an average molecular
weight of 80 kDa) by 20 mM NH4OAc and directly measured using mass photometry.

Another aliquoted E. coli lysate was buffer exchanged to 20 mM NH4OAc by Bio-Spin 6
kDa gel-filtration column. The column was washed with 20 mM NH4OAc and centrifuged at
1,000 x (g) for 2 minutes and repeated 3 times. A 50 uL (100 pug protein) cell lysate was loaded
on a 6 kDa gel-filtration and centrifuged for 4 minutes at 1,000 x (g). The step was repeated with
another pre-washed gel-filtration column to ensure the depletion of DPBS.

5.2.3 Mass photometry

Mass photometry experiments were conducted on a TwoMP instrument (Refeyn Inc.)
Glass coverslips and silicone gaskets used in this measurement were cleaned with ultrapure
water and isopropanol sequentially in order of water - isopropanol - water - isopropanol - water,
then dried by pure nitrogen. The oil immersion objective was covered with a clean coverslip, and
a 6-well silicone gasket was placed on the top of the coverslip.

Calibration was carried out using a mixture of 10 nM thyroglobulin and beta-amylase.
Four peaks corresponding to the monomer, dimer tetramer of BAM, together with the dimer of
TG, have been detected. These contrasts and corresponding masses generated a calibration curve
with an R square value of 0.99999, and the calibration was used to identify the rough mass of
individual proteins or protein complexes existing in the cell lysate.

The parameters related to the mass photometry are as follows. The mass precision was
2%. The mass error was 5%. The resolution (defined as FWHM) was 25 kDa @ 66 kDa and 60
kDa @ 660 kDa, respectively.

5.2.4 Preparation of LPA-coated separation capillary

The inner wall of the separation capillary (50-um i.d., 360-pm o.d.) was coated with
linear polyacrylamide (LPA) based on the protocol described in previous references [35, 36].
Briefly, a bare fused silica capillary was successively flushed with 1 M sodium hydroxide, water,
1 M hydrochloric acid, water, and methanol, followed by treatment with 3-(trimethoxysilyl)
propyl methacrylate for at least 24 hours to introduce carbon-carbon double bonds on the inner
wall of the capillary. The treated capillary was filled with degassed acrylamide solution in water

(4%) containing ammonium persulfate, followed by incubation at 50 °C water bath for 55 min
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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
the protocol in reference [37] for 85 minutes to reduce its outer diameter to around 70 um.

5.2.5 Native CZE-ESI-MS

A Beckman CESI8000 Plus capillary electrophoresis autosampler was used for the
automated operation of capillary zone electrophoresis (CZE). A commercialized
electrokinetically pumped sheath flow interface (CMP Scientific) was used to couple CZE to a
mass spectrometer [38, 39]. A Q-Exactive UHMR mass spectrometer (Thermo Fisher Scientific)
was used for the experiments. The interface was directly attached to the mass spectrometer. The
ESI emitters of the interface were pulled from borosilicate glass capillaries (1.0 mm o.d., 0.75
mm i.d.) with a Sutter P-1000 flaming/brown micropipette puller with an orifice size ~25 um.
The sheath liquid contains 10 mM NH4OAc. Voltage for ESI was ~2 kV. A 1-meter LPA-coated
capillary (50-pm i.d. and 360-um o.d.) was used for the CZE. The background electrolyte (BGE)
for CZE was 25 mM NH4OAc (pH ~ 7.0).

The transfer capillary temperature was 250 °C, and the S-lens RF level was 200. The
number of micro scans was 5 for MS, and the in-source trapping (IST) desolvation voltage was -
30V. The trapping gas flow was at 5 (UHV readback showed ~1E-11 mbar). The resolution for
MS was 6250 (m/z 200). The AGC target was 1E6 for MS. The maximum injection time was 200
ms for MS. The mass range for MS scans was 1000-10000 m/z. The E. coli sample was injected
into the separation capillary for CZE-MS/MS with 5-psi pressure for 9.5 s (50 nL, 2.5% of
capillary volume, ~50 ng). A 70-minute CZE separation with 30 kV was applied at the BGE end
and 1 psi was applied in the meantime. For a standard protein mixture, the separation is 45 min,
and the separation is under 1.5 psi.

5.2.6 Data analysis

All the mass spectra were firstly averaged by a time window of every 30 s, followed by
inputting the data into UniDec. Only peaks with S/N better than 10 were analyzed. Most of the
settings of UniDec [40] analysis was at default except applying the ‘Automatic m/z Peak Width’
and the ‘Suppress Artifacts’ with ‘Some’ or ‘Lots’. Next, the successive charge state distribution
of proteoforms/protein complexes was manually checked to ensure the correct distribution. At
last, we calculated the mass and the standard deviation of the proteoform/protein complex by

ESIProt [41] based on the m/z of the successive charge states from UniDec.
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5.3 Results and discussion
5.3.1 High sensitivity CZE-ESI-UHMR for standard protein mixture

Figure 5.1 shows the workflow of native proteomics analysis of an E. coli cell lysate
using our nCZE-UHMR Orbitrap platform. Briefly, the cultured E. coli cells (Top10 strain) were
lysed in a Dulbecco’s phosphate-buffered saline (DPBS) buffer containing complete protease
inhibitors and phosphatase inhibitors. The cell lysate was then buffer-exchanged on a spin
column (Bio-Rad P6) to a buffer containing 20 mM ammonium acetate (NHsOAc, pH ~7.0) by
gel filtration, followed by nCZE-MS analysis. The online nCZE-MS was assembled by coupling
a Sciex CESI-8000 Plus capillary electrophoresis (CE) autosampler to a Thermo Fisher Scientific
Q-Exactive UHMR mass spectrometer through a commercialized electrokinetically pumped
sheath flow CE-MS interface (EMASS-II, CMP Scientific) [38, 39]. A 1-meter-long linear
polyacrylamide (LPA) coated capillary (50-pm i.d., 360-um o.d.) was used for the CZE
separation, and the LPA coating was employed to reduce the protein non-specific adsorption
onto the capillary inner wall. The background electrolyte (BGE) for CZE was 25 mM NH4OAc
(pH ~7.0), and the sheath buffer for electrospray ionization (ESI) was 10 mM NH4OAc (pH
~7.0). Only roughly 50 ng of the E. coli sample was consumed in a single nCZE-MS run. Raw
MS data were averaged every 30 seconds, followed by mass deconvolution and check using

UniDec and ESIprot [40, 41].

& .
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E. coli Cell lysate Gel filtration
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Migration time (min) UHMR orbitrap si nCZE

Figure 5.1. Flow chart of nCZE-ESI-MS for native proteomics of an E. coli cell lysate. The
figure is created using the BioRender and used here with permission.
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We investigated the sensitivity of the nCZE-ESI-UHMR platform for measuring protein
complexes using a mixture of standard proteins and protein complexes, Figure 5.2. High
intensity was observed for streptavidin (SA, 53 kDa), carbonic anhydrase (CA, 29 kDa), C-
reactive protein (CRP, 115 kDa), and bovine serum albumin (BSA, 66 kDa) in the original
sample via consuming only about 15 ng of those proteins. After sample dilution by a factor of
50, a clear CRP peak was still observed, even though only 100 pg of the protein complex was
loaded, indicating the high sensitivity of the technique. Figure 5.3A shows one mass spectrum of
three SA tetramers with masses of 53084.67 Da, 53216.07 Da, and 53347.97 Da. A 131-Da mass
difference was observed between neighboring SA complexes, corresponding to N-terminal
methionine variation on SA, which is consistent with the literature [42]. Figure 5.3B shows a
mass spectrum of the CA-Zn(II) complex (29088.10 Da) and another CA complex (29194.01
Da) with an additional 107-Da mass shift compared to the CA-Zn(II) complex [42, 43]. Figure
5.3C shows the mass spectrum of the pentameric CRP complex in the original sample. Based on
De La Mora’s prediction of the maximum (Rayleigh) charge ‘Zr’ of a native protein during the
ESI process (Zr = 0.0778*M??), the max charge of CRP is around 26.4 [44, 45]. The max charge
states of CRP observed in the original and 50-time diluted samples are 27 and 26, matching well
with the Zr of native CRP. We observed slightly lower max charge states compared to the
theoretical charge states for the SA tetramer, CA-Zn (II) complex, and BSA, Figure 5.3D. The
data demonstrate that intact protein complexes are maintained in native-like states during nCZE-

ESI-UHMR measurements.
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Figure 5.2. The data of a mixture of standard protein complexes was analyzed by CZE-ESI-
UHMR, original concentration (13 puM, top), and 50-time dilution (bottom). SA: Streptavidin;
CA: carbonic anhydrase; CRP: C-reactive protein; BSA: bovine serum albumin. Cyt C, Myo, and
GDH were not detected in the runs.
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Figure 5.3. The mass spectra of some standard protein complexes are from Figure S1. (A).
Tetramer of SA (red star: 53084.49 Da; green inverted triangle: 53215.89 Da; yellow diamond:
53348.18 Da). (B). CA (yellow diamond: 29087.73 Da; green inverted triangle: 29194.01 Da).
(C). CRP (green star: 115148.23 Da). (D). Summary of theoretical charge states (calculated by
Rayleigh charge ‘Zr’ = 0.0778*M"°) and observed max charge states of 4 standard proteins or
protein complexes.

5.3.2 Detection of proteoforms or protein complexes from E. coli cell lysate

The high sensitivity of nCZE-UHMR for the standard protein complexes motivated us to
analyze an E. coli cell lysate. Figure 5.4A shows an example electropherogram of the sample
from nCZE-MS. The proteoforms or protein complexes migrated out of the capillary in a time
range of 20-65 minutes, allowing the mass spectrometer sufficient time for data acquisition (i.e.,
acquiring mass spectra and tandem mass spectra). In total, we detected 99 proteoforms or protein
complexes in a mass range of 10-400 kDa after spectrum averaging and mass deconvolution.
Figures 5.4B-5.4F show the mass spectra of some examples larger than 40 kDa, i.e., ~41, 139,
146, 318, 340, and 387 kDa. Those proteoforms or protein complexes show native-like and clear
mass spectra. For example, Figure 5.4E shows two co-migrating proteoforms or protein
complexes with masses ~318 and ~340 kDa. Their most-abundance charge states are +34 and
+36, respectively. The largest proteoform or protein complex detected in this study is ~387 kDa,

carrying around 42 charges (Figure 5.4F). Some additional examples are shown in Figure 5.5.
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Figure 5.4. Summary of detected proteoforms or protein complexes from an E. coli cell lysate
using nCZE-ESI-UHMR. (A). Representative electropherogram of nCZE-ESI-UHMR analyses
of the E. coli cell lysate. (B)-(F). Mass spectra of five examples of large proteoforms/protein
complexes were detected. The charge states and deconvolved mass of each proteoform/protein
complex is labeled. (G). Linear correlation between the most abundant charges and theoretical
Rayleigh charges (Zr) of all proteoforms/protein complexes detected in single-shot nCZE-
UHMR. (H). Alignment of the mass distribution of proteoforms/protein complexes in the E. coli
cell lysate from mass photometry (black dash line) and nCZE-UHMR (red line) analyses.
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Figure 5.5. Representative mass spectra of proteoforms/protein complexes detected from the E.
coli sample.

We further examined the correlation between the predicted Rayleigh charge (Zr) from De
La Mora’s theory and the experimental maximum charge state of detected proteoforms or protein
complexes, Figure 5.4G [44, 45]. We used the most abundant charge state instead of the highest
charge state for each proteoform/protein complex here to avoid potential variations introduced
during the manual determination of the highest charge state. We observed a strong linear
correlation (R? = 0.97, slope of 1.16) between the experimental and predicted charge states. The
slope indicates that the theoretical charges are slightly higher than the most abundant charges,

suggesting the preservation of native states of the proteoforms or protein complexes in this
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experiment. We further employed mass photometry (MP) to measure the individual mass of
proteoforms/protein complexes and their counts in the same E. coli cell lysate in a nearly
physiological solution based on the quantification by light scattering [34, 46, 47]. The masses of
proteoforms/protein complexes range from 10 kDa to 400 kDa according to the MP data, Figure
5.4H (black dashed line). About 72% of the molecule counts (2558 of 3555) from the MP
analysis are smaller than 100 kDa. Interestingly, the molecular mass distributions from the MP
and nCZE-MS analysis agree reasonably well, Figure 5.4H, considering the low mass cutoff of
MP. For example, the largest proteoform or protein complex detected by nCZE-MS is close to
400 kDa, and 78% (77 out of 99) of the proteoforms/protein complexes from nCZE-MS are
smaller than 100 kDa. It has been demonstrated that nMS and MP can produce reasonably
consistent mass assessments of large proteins or protein complexes and offer complementary
information about the analytes [48].

Our native proteomics study here is important because, for the first time, we can achieve
a proteome-scale measurement of endogenous proteoforms and protein complexes in a complex
biological sample under near-physiological conditions by nMS with relatively high throughput.
Nearly 100 endogenous intact proteoforms and protein complexes up to 400 kDa were detected
from an E. coli cell lysate by online nCZE-MS in roughly 1-hour measurements with the
consumption of 50-ng protein material. nCZE-MS can maintain the protein molecules from a
complex cell lysate in close-to-native states during the measurement, evidenced by the strong
linear correlation between the predicted Rayleigh charge ‘Zr’ and experimental most-abundance
charge state of detected proteoforms or protein complexes, as well as the strong agreement in
molecular mass distributions between the nCZE-MS and MP data.

Compared with native SEC-MS as another well-recognized technique for native
proteomics, nCZE-MS has better sensitivity due to higher separation resolution and a much
lower flow rate for ESI. However, native SEC-MS is robust and has high throughput [15, 49].
We expect that coupling native SEC fractionation with n"CZE-MS will be helpful for further
boosting the proteome coverage of native proteomics because the two separation techniques offer
orthogonal separations of protein complexes.

The current study still has several limitations. Firstly, we only observed the mass
information of proteoforms or protein complexes and did not generate high-quality MS/MS data

during the nCZE-MS run, impeding the accurate identification of each protein. Those detected
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proteoforms belong to level 5 identifications [50]. We will solve this issue by optimizing
surface-induced dissociation (SID) or higher-energy collisional dissociation (HCD) to achieve
better fragmentation of large proteoforms or protein complexes in our future study. Second, the
sample loading capacity of nCZE is low, impeding the detection of low-abundance proteoforms
or protein complexes and reducing the quality of acquired MS/MS spectra. We will enhance the
overall sample loading capacity of nCZE by some online stacking techniques (e.g., capillary
isoelectric focusing [27]) or offline fractionation techniques (e.g., SEC [33]). Third, the
separations of large protein complexes by nCZE need to be further improved regarding
separation peak capacity and reproducibility. Figure 5.6 shows the electropherograms of
triplicate nCZE-MS measurements of the E. coli cell lysate. Figure 5.7 shows the extracted ion
electropherograms of two example proteoforms/protein complexes. The peaks are much wider
than that in denaturing CZE. The roughly estimated peak capacity of the nCZE separation is 15
based on the separation window and the average full peak width at half maximum of the two
examples in Figure 5.7. The relatively low peak capacity is possibly due to the protein
dispersion under the applied pressure and non-specific protein adsorption on the capillary inner
wall. The separation profiles have some significant changes after 45 min in the second and third
runs compared to the first run, most likely due to changes at the capillary inner wall after the first
run of the E. coli sample. We need to develop procedures to clean up the capillary inner wall
between nCZE-MS runs [51] and improve the capillary inner wall coating through different
chemistries, e.g., carbohydrate-based neutral coating [27], to reduce protein adsorption for better
separation peak capacity and reproducibility. Lastly, the bioinformatics tool for data analysis
needs to be improved. We employed mass deconvolution using UniDec [40] and ESIprot [41] for
each averaged mass spectrum across the whole run. This approach was tedious and could be
problematic for low-abundance proteoforms or protein complexes. More efforts are needed to

build streamlined bioinformatic tools for large-scale native proteomics using, e.g., nCZE-MS.
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Figure 5.6. Electropherograms of triplicate analyses of an E. coli cell lysate by nCZE-ESI-
UHMR. The electropherograms were aligned according to the most abundant peak.
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Figure 5.7. Extracted ion electropherograms of two example proteoform/protein complexes. The
mass tolerance is set to 500 ppm, and Gaussian smoothing was enabled at 5 points.
5.4 Conclusion

In summary, we have demonstrated, for the first time, that nCZE coupled to an Orbitrap
UHMR mass spectrometer is an effective and sensitive platform to measure large proteoforms or
protein complexes up to 400 kDa from a complex proteome sample. This nCZE-MS technique
enabled highly sensitive detection of standard protein complexes via consuming only pg amounts

of protein material. The technique successfully detected nearly one hundred proteoforms or
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protein complexes from an E. coli cell lysate in a mass range of 10-400 kDa. With further
improvements in gas-phase fragmentation and nCZE separation peak capacity and
reproducibility, we envision that nCZE-orbitrap UHMR will become a powerful tool in native
proteomics of complex proteome samples.
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CHAPTER 6. Conclusion and future directions

This dissertation aims to advance analytical techniques for MS-based multi-level
proteomics. First, we introduced a novel high-throughput BUP workflow for plasma and serum
samples by coupling magnetic nanoparticle protein corona and CZE-MS/MS, allowing for a
rapid analysis for discovering potential cancer biomarkers. Second, a magnetic nanoparticle-
based IMAC (Ti*" and Fe**) for the enrichment of intact phosphoproteoforms from simple and
complex protein mixtures for MS-based TDP was investigated, showing a high efficiency and
good reproducibility. Third, we presented the first TDP example of coupling CZE, IMS, and MS
as a multi-dimensional platform for the characterization of histone proteoforms with the 3-fold
increasing identification numbers compared to no-IMS using a low microgram histone as the
starting material. Fourth, we demonstrated that nCZE coupled to an Orbitrap UHMR mass
spectrometer is a potent and sensitive platform for native proteomics to measure large
proteoforms or protein complexes up to 400 kDa from a complex proteome sample.

Previous chapters mainly cover the sample preparation and separation improvement by
reducing the sample complexity by nanoparticle-based strategies, enhancing the separation
efficiency by the additional dimension of separation, and boosting the native protein separation
and detection by creating a platform of coupling nCZE to a mass spectrometer with UHMR.
However, extensive fragmentation for characterizing intact proteoforms remains highly
demanded. Conventional collision-based fragmentation methods (CID or HCD) often struggle
with comprehensive backbone cleavage of intact proteoforms, leading to challenges in precise
sequence identification and accurate localization of PTMs [1, 2]. Electron or photon-based
fragmentation techniques (ETD, ECD, or UVPD) significantly outperform HCD in fragmenting
intact proteoforms, and it could be further enhanced by extra collision energy to electron-based
fragmentation, such as ECciD (ECD followed by CID) [3, 4]. Recently, we evaluated the
fragmentation performance of EThecD (ETD followed by HCD) compared to HCD-only for an
intact standard protein mixture by coupling CZE to an Orbitrap Ascend Tribrid mass
spectrometer. Figure 6 illustrates how carbonic anhydrase (~29 kDa) was fragmented, achieving
only 24% sequence coverage with HCD but an impressive 60% with EThcD. This underscores
that the combination of electron-based and collision-based fragmentation can significantly
enhance backbone cleavage, making it a powerful approach for the detailed characterization of

intact proteins.
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Protein: Carbonic anhydrase
Fragmentation: EThcD
Sequence coverage: ~60%

Protein: Carbonic anhydrase
Fragmentation: HCD only
Sequence coverage: ~24%
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Figure 6. Fragmentation pattern of carbonic anhydrase (~29 kDa) by HCD (A) and EThcD (B).
Blue: b/y ions. Red: c¢/z ions.

Despite significant advancements in analytical techniques, spanning sample preparation,
separation methods, gas-phase fragmentation, and mass spectrometry for multi-level proteomics,
there remains a need for further innovation. Future efforts should focus on refining mass-limited
sample preparation with high recovery rates, like in single-cell proteomics, enhancing high-
capacity, high-resolution separation through multi-dimensional approaches, and advancing the
characterization of large biopharmaceuticals, including monoclonal antibodies and antibody-drug
conjugates. Moreover, achieving global and in-depth analyses of native proteins and protein

complexes remains a crucial frontier to explore.
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