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ABSTRACT

COUPLING LIQUID CHROMATOGRAPHY TO CAPILLARY ZONE
ELECTROPHORESIS TANDEM MASS SPECTROMETRY FOR DEEP TOP-DOWN

PROTEOMICS

By

Elijah Neal McCool

Proteomes are very complex with a large number of unique proteoforms spread across a

wide concentration dynamic range. This means that an MS-based platform with highly

efficient separation and highly sensitive detection of proteoforms is required. Capillary zone

electrophoresis-tandem mass spectrometry (CZE-MS/MS) has been suggested as one such

platform. When coupled to offline liquid chromatography-based fractionation,

CZE-MS/MS has proven to be invaluable to the TDP community.

In Chapter 2, the first optimization of dynamic pH junction-based sample stacking for

TDP is provided along with one of the first comparisons of reversed-phase liquid

chromatography coupled to mass spectrometry (RPLC-MS) and CZE-MS/MS.

Optimization of dynamic pH junction is performed with a standard protein mixture, and

this platform was ultimately applied to an Eschericia coli (E. coli) whole cell lysate. This

resulted in the largest TDP dataset for single-shot CZE-MS/MS. The comparison of

RPLC-MS/MS and CZE-MS/MS also included analysis of an E. coli cell lysate and

resulted in high numbers of identifications and highlighted the various pros and cons of

each method.

In Chapter 3, two dimensional LC fractionation (size exclusion chromatography (SEC)

and RPLC) was coupled to CZE-MS/MS for deep TDP of E. coli cells. This study resulted

in the largest TDP dataset, at the time, for E. coli, identifying 5700 proteoforms and 850

proteins. We were also able to identify and localize various interesting PTMs and estimate

protein abundances using a spectral counting method. From this study it was clear that



our platform was comparable to other RPLC-MS/MS methods for deep TDP in terms of

number of proteoform identifications and total instrument time.

In Chapter 4, we applied our TDP platform to two isogenic colorectal cancer (CRC) cell

lines, SW480 and SW620, from primary and metastatic tumors. Genetic changes have been

known for a long time to affect CRC progression but this was the first proteoform-level

deep TDP study of CRC metastasis. In total, we identified over 23000 proteoforms and

over 2000 proteins, for the largest TDP dataset of any cell type and was a 400% increase in

terms of identifications over previous deep TDP studies. We used a special database

searching tool to identify single amino acid variants (SAAVs) for the largest dataset of

proteoforms containing SAAVs. Quantitative analysis identified 460 proteoforms with

significant differences in abundance between SW480 and SW620. Several of these

proteoforms were also phosphorylated which could further impact disease progression and

outcome for a specific patient phenotype and could serve as biomarkers for deciding how to

treat a patient or for drug development.

In Chapter 5, both activated ion electron transfer dissociation (AI-ETD) and ultraviolet

photodissociation (UVPD) at 213 nm were coupled to CZE for deep TDP of E. coli and

zebrafish brain samples, respectively. Optimized CZE-AI-ETD and CZE-UVPD resulted in

large numbers of proteoform identifications, and many important modifications were

identified and localized using these effective fragmentation techniques. This included

N-terminal acetylation, methylation, S-thiolation, disulfide bonds, and lysine succinylation.

In Chapter 6, a variety of insights into the future of TDP are provided. This includes

important applications for TDP, such as personalized medicine, drug development,

embryonic development, and pathogen identification. Also, a few advancements to the

TDP workflow that may have increased focus on in the future are mentioned.
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Chapter 1

Introduction

1.1 Foundations of proteomics

Proteins and protein complexes either participate in or control every biological process in

cells. Proteomics is the large-scale study of the complement of proteins (proteomes) within

cells and their dynamic regulation across various conditions [1, 2]. Proteomes are

complicated with one gene producing many different protein molecules (proteoforms) due to

individual genetic variations, RNA splicing, and post-translational modifications (PTMs),

Figure 1.1 [3–8]. Recently, it has been estimated that the human proteome has more than

Figure 1.1: Illustration of the genetic and post-translational variability that results in
proteoforms. This figure is reprinted with permission from reference [8].

one million unique proteoforms [8]. Proteoforms from the same gene can have very similar

sequences as well as contain multiple PTMs, combinations of modifications, or single amino

acid variants (SAAVs), making proteoforms difficult to distinguish from one another in

complex samples. Proteomes also have a wide proteoform concentration dynamic range,

1



approaching seven orders of magnitude, adding another level of complexity [8–10].

Differentially modified proteoforms, many of which are low abundant, have been shown to

be or are likely to be uniquely integral to various biological processes, including cancer and

embryonic development [11–13]. Thus, proteome-scale investigation of proteoform changes

during these processes are of great interest to both the scientific and medical communities.

1.2 Electrospray ionization mass spectrometry

Investigation of proteins within cells frequently involves intact and fragment mass analysis

of either peptides or proteins by mass spectrometry (MS), the data from which is passed

through some sort of database searching protocol to match with theoretical sequences from

the genome for protein identification.Introduction of peptides and proteins into the mass

spectrometer is made possible through a variety of methods that generate gas phase ions

that can then be detected and subsequently or simultaneously fragmented. Simply,

ionization techniques can be distinguished from each other based on their relative softness

or hardness, or the degree to which the molecular ion is conserved during the ionization

process [14]. Electrospray ionization (ESI), seen in Figure 1.2, pioneered for biomolecules

by John Fenn in 1984, is a soft ionization technique, producing intact multiply charged

ions, with preserved labile modifications, and is the most commonly used ionization

technique for peptides and proteins [15–17]. Charge state depends greatly on the size of a

particular peptide or protein, with higher mass species having higher charge states, and

makes peptides and proteins mass-to-charge ratio (m/z) much more amenable to

measurement by a mass spectrometer. Peptides or proteins that pass through an emitter,

with an applied potential between the emitter tip and the mass spectrometer, where charge

is concentrated at the liquid surface, causing formation of a Taylor cone, from which

charged droplets are formed. These charged droplets undergo evaporation and charge

concentration at the surface of the droplet. These droplets eventually become smaller, until
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Figure 1.2: Illustration of electrospray ionization using a metal emitter tip. This figure is
reprinted with permission from reference [15].

the Rayleigh limit of stability is reached, and undergo a series of Coulomb explosions

resulting in smaller droplets. Ultimately, the peptide or protein is either ejected or dried to

the point of becoming charged gas phase ions that can then enter the mass spectrometer

through a vacuum and series of voltage drops.

MS separates these charged species by their m/z, which can be accomplished through a

variety of means. Traditional instruments for mass analysis include time-of-flight (TOF),

magnetic sector instruments, linear quadrupoles, linear quadrupole ion traps, quadrupole

ion traps, Fourier transform-ion cyclotron resonance instruments (FT-ICR, and Orbitraps

(Figure 1.3) [14]. The most common instruments for analysis of intact proteins are

FT-ICR, Orbitrap, and TOF. FT-ICR instruments are usually ran at higher resolution

(> 106) and have high mass accuracy, leading to fewer false peptide and protein

identifications [3, 14, 19–24]. Simply, FT-ICR instruments trap ions in a fixed magnetic

field (Penning trap), followed by excitation by an electric field, and ultimately detection of
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Figure 1.3: Illustration of the cross-section of the C-trap and Orbitrap mass analyzer. This
figure is with permission from reference [18].

image current in the time domain. This data can be transformed into the frequency

domain (Fourier transformation), and related back to the m/z of the ions.

Like FT-ICR instruments, Orbitraps utilize Fourier transformation to convert an image

current into the frequency domain. The Orbitrap was invented by Alexander Makarov in

2000 and first released by Thermo Fisher Scientific in 2005 [25]. Briefly, Orbitraps store

ions in the rf-only C-trap followed by an rf down ramp and high voltage pulse that

introduces ions into the Orbitrap analyzer for mass analysis, Figure 1.3 [18]. Orbitraps do

not require a magnetic field to operate, allowing labs, otherwise limited by price and size

constraints, to run at high resolving powers with accurate mass measurements (sub-ppm)

[14]. Modification of Orbitrap instruments has extended the mass range significantly,

improving the Orbitrap’s applicability to high mass species [26].

Although lower resolution, TOF instruments have high mass accuracy, high frequency of

spectra acquisition, and a theoretically unlimited m/z range [14]. This makes TOF

instruments an important tool in proteomics experiments for time-limited experiments,

discovery of high mass species, and analyte quantification [27]. TOF instruments operate
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by accelerating ions with an electric field, with the resulting ion velocity dependent upon

the m/z of the ion. Various modifications to TOF instruments, including addition of the

reflectron and quadrupole mass analyzer to the front-end of TOF instruments, have

improved their resolution and mass accuracy [28, 29].

1.3 Bottom-up proteomics

The most widely used proteomics strategy is bottom-up proteomics (BUP). During a

typical BUP workflow, proteins are digested into peptides, usually by trypsin which cleaves

at lysine and arginine, and these peptides are passed through a reversed-phase liquid

chromatography tandem mass spectrometry (RPLC-MS/MS) workflow. Peptide and

fragment ion masses from mass analysis are then passed through a database searching

protocol where protein identifications are inferred through peptide identifications [30].

BUP is highly sensitive, with demonstrated low zmole limit of detection (LOD) for

peptides using capillary zone electrophoresis mass spectrometry (CZE-MS) [31]. However,

BUP suffers from the protein inference problem meaning it can only provide limited

information about distinct proteoforms, which can be visualized in Figure 1.4 [32].

However, BUP has been and will continue to be useful to the proteomics and medical

Figure 1.4: Visual representation of distinct proteoforms in cells with (a) sources of variability
and (b) resultant proteoforms [8].

community due to the highly developed and extremely high throughput pipelines for
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peptide analysis as well as the ability to multiplex through chemical modification of the

peptides [30]. Several established workflows exist for selective purification of peptides

containing modifications, such as phosphorylation, meaning that low abundant proteins

containing these modifications can be detected [30]. Also, the process of creating peptides

artificially increases markers for proteins that otherwise may have abundance below the

dynamic range of the mass spectrometer. In terms of identifications, BUP is able to

identify tens of thousands of peptides and many thousands of proteins [33].

1.4 Top-down proteomics

Top-down proteomics (TDP) directly characterizes proteoforms within cells in their intact

form [3, 11, 34]. In a typical TDP workflow proteoforms are usually extracted from cells

and fractionated using either LC or electrophoresis, followed by analysis with

RPLC-MS/MS, Figure 1.5. Proteoform identification is then accomplished by matching

Figure 1.5: A typical TDP workflow.

experimental data to a theoretical protein database based on the genome under

investigation. Because TDP analyzes intact proteins, TDP can identify the distinct
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proteoforms mentioned above that contain multiple PTMs, combinations of modifications,

or SAAVs. Modern deep TDP workflows are able to identify hundreds to low thousands of

proteoforms, with notably fewer protein identifications than BUP [33]. Sensitivity for TDP

has been improved through the use of CZE-MS with hundreds to thousands of proteoforms

identified from tens to hundreds of nanograms of proteins, with 10-30-fold less sample

consumption with nanoRPLC-MS [35–37]. However, TDP comes with a host of issues

throughout traditional workflows that has kept TDP from becoming as biologically

impactful as other -omics methods.

1.5 Challenges of top-down proteomics

1.5.1 Sample preparation

Sample preparation for intact proteins, with a wide range of sizes and diverse properties, is

complicated, and membrane protein or extracellular matrix protein samples are notorious

for having issues with solubility [38–40]. TDP also starts at a disadvantage without the

ability to artificially increase proteoform abundance, making any sample handling and

preparation of utmost importance to ensure high protein recovery. Protein bias,

reproducibility, and compatibility with downstream analyses of the sample preparation

method are also important considerations [38]. For example, chaotropic agents (e.g. urea)

and detergents (e.g. sodium dodecyl sulfate, SDS) are commonly used for protein

extraction and denaturation, but are incompatible with mass spectrometry, see Figure 1.6

[38, 41, 42]. Protein samples need to be cleaned-up following the use of any incompatible

sample buffers. Membrane ultrafiltration, chloroform-methanol precipitation, and SP3

sample clean-up methods have recently been tested for deep TDP, with membrane

ultrafiltration showing the most promising results [38]. MS-compatible surfactants, such as

Azo, have been developed for TDP and are explored in more detail elsewhere [43].

7



Figure 1.6: An illustration of TDP sample preparation. This figure is reprinted with
permission from reference [38].

TDP has proven to be very useful for targeted analysis of proteins, however, this is

usually accomplished with antibody-based approaches for affinity purification [44, 45]. At

the proteoform-level, antibodies could have more favorable, and therefore more biased,

interactions with certain proteoforms within a particular family of proteins.

1.5.2 Separations

As mentioned previously for the typical TDP workflow, Figure 1.5, following sample

preparation, protein samples are usually fractionated prior to RPLC-MS/MS. In TDP,

efficient and selective separation of intact proteins is vital for downstream identification

due to the number and wide concentration dynamic range of unique proteoforms within

cells. Separation of intact proteins is extremely difficult compared to smaller molecules.

Fundamentally, separation of proteins can be understood by the van Deemter equation,

which encapsulates the causes of band broadening during chromatographic experiments,

Equation 1.1.

HETP = A+
B

µ
+ Cµ (1.1)

In this equation, the height equivalent to a theoretical plate (HETP) is dependent upon

multiple flow paths (A term) longitudinal diffusion (B term), and resistance to mass

transfer (C term), where µ is mobile phase linear velocity [46] This is the most basic

representation of the van Deemter equation, but is all that is necessary for the forthcoming
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discussion of intact protein separations. For large biomolecules, such as proteins, the most

significant term from Equation 1.1, in terms of separation performance, is the C term, or

the resistance to mass transfer. Multiple flow paths and longitudinal diffusion are mostly

negated through the large number of particles in the column packing and the low diffusion

coefficients of large proteins. Basically, resistance to mass transfer is inversely proportional

to the diffusion coefficient, Ds, of a protein, meaning that for large proteins with small Ds,

this term becomes more significant and contributes more to band broadening.

The larger the HETP, the larger the band broadening, or the wider the peaks in a

chromatogram. Therefore, it is relatively easy to imagine that the wider the peaks in a

chromatogram, the more overlap there will be between analytes in the sample. Higher

overlap between analytes, especially for proteins, means that there is less time for the mass

spectrometer to collect useful mass spectra for all species present in a sample. Also, higher

abundant species that overlap with lower abundant species will, sometimes, completely

drown out their signal, leading to fewer identifications and poor proteoform

characterization in a proteomics experiment.There are several other factors that impact

band broadening in chromatography, and other resources go into more detail [46]. For

open-tubular columns, as is the case for CZE, there is no stationary phase, therefore the A

term and C term are negated, leaving only the B term to contribute to band broadening.

Number of theoretical plates (N) is one of the more common terms for describing the

efficiency of a separation, Equation 1.2.

N =
L

H
(1.2)

In Equation 1.2, L represents the length of the column and H represents the plate obtained

from Equation 1. For high efficiency separations, a small HETP is observed, resulting in

high N. Another commonly used term to describe separation efficiency in proteomics

studies is peak capacity (Pc). Simply, Pc describes the number of peaks that can be
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separated in a given separation window [47]. Traditional proteomics workflows provide Pc

values of around 200 using high performance liquid chromatography (HPLC) and around

400 with ultrahigh-pressure liquid chromatography (UHPLC) or with long columns

(100-200 cm) optimized for intact proteins [48, 49]. Clearly, this is far from the nearly one

million unique proteoforms theoretically present in the human proteome, placing analytical

stress on the mass spectrometer in TDP studies.

State-of-the-art separations of intact proteins are performed by 2D-gel electrophoresis

which attains peak capacities in the thousands, but low recovery, the presence of SDS, and

extensive set-up limit its application within TDP [11]. However, the mechanisms of

separation in 2D-gel electrophoresis (charge and size) can be used as a foundation for

intact protein separations. In one TDP study, Tran, et al. utilized solution isoelectric

focusing (sIEF), gel-eluted liquid fraction entrapment electrophoresis (GELFrEE), and

nano-capillary RPLC coupled online to the mass spectrometer [11]. The charge and size

sorting steps are sIEF and GELFrEE, while nanocapillary RPLC offers a separation based

on hydrophobicity. This platform achieved a peak capacity before mass spectrometric

analysis of ∼ 2, 500 and 3,000 proteoform identifications (20-fold increase). However,

identifications are still limited by the dynamic range of the mass spectrometer making it

clear that orthogonal separations are necessary to expand the coverage of complex

proteomes [11, 22].

While sIEF and GELFrEE separated intact proteins efficiently and reduced some of the

limitations associated with 2D-gel electrophoresis, the use of SDS required sample cleanup

prior to mass spectrometric analysis [11]. Cai, et al. attempted to address SDS limitations

by using serial size exclusion chromatography (sSEC) coupled offline to RPLC-MS and

RPLC-MS/MS [50]. sSEC-RPLC-MS (10 fractions) boosted the number of identified

proteoforms from ∼ 900 to ∼ 4, 000 compared to RPLC-MS alone demonstrating the

selectivity of the sSEC fractionation method despite low peak capacity (Pc ∼ 10). Both
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studies used RPLC-MS as their final dimension of separation because of its well-known

ability to be coupled to mass spectrometry in peptide analysis. However, RPLC has low

separation efficiency for intact proteins, and significant sample loss on columns can occur

due to the high surface area of the beads.

Shen, et al. recently attempted to optimize RPLC parameters including column length,

length of bonded stationary phase, particle physiochemistry, and particle size [49]. Peak

capacities > 400 were obtained, achieving a separation efficiency similar to peptide

analyses. However, the separation efficiency of RPLC is limited due to the number of

trade-offs between particle properties, separation length/time, and maximum pressure

limitations of current instruments [49]. This highlights the need for a unique, high

resolution final dimension of separation that could be coupled to mass spectrometry.

1.5.3 Capillary zone electrophoresis

CZE-MS is a sensitive and effective method both for the separation of intact proteins

(100-fold less sample needed compared to RPLC-MS) and for identifying large proteins in

complex mixtures when coupled to mass spectrometry [51–57]. CZE is a separation method

based on size and charge, performed in an open tube capillary, Figure 1.7.

Figure 1.7: Basic illustration of a traditional CZE separation.

Electrophoretic mobility differences between analytes in the capillary drive the
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separation in CZE. The speed of analyte movement out of the capillary depends upon (1)

analyte mobility and (2) electroosmotic flow (EOF) created by an electric double layer,

consisting of the Stern layer and diffuse layer, where immobile charge on the capillary wall

and charge from the background electrolyte (BGE) can move in an electric field, Figure

1.8.

Figure 1.8: Illustration of EOF.

EOF shortens the separation time, but also reduces the separation window, thus

reducing the number of proteoform identifications that can be achieved in a complex

mixture [58]. EOF can be controlled through the thickness of the electric double layer,

shown in Figure 1.8. Zeta potential is directly proportional to the thickness of the double

layer. Lower charge density at the capillary wall lowers the zeta potential, Equation 1.3.

ζ =
δσ

ε0εr
(1.3)

ζ is the zeta potential, σ is the charge density on the inner wall, ε0 is permittivity of a

vacuum, and εr is the buffer dielectric constant. Lowering the charge density can be

achieved with higher electrolyte concentration in the BGE, Equation 1.4.

δ =

(
ε0εrRT

2cF 2

)1/2

(1.4)

R is the universal gas constant, T is the absolute temperature, c is the molar

concentration, and F is the Faraday constant. Lowering the zeta potential ultimately
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lowers EOF according to Equation 1.5.

µeof =
εζ

4πη
(1.5)

µeof is the electroosmotic flow, ε is the buffer dielectric constant, and η is the buffer

viscosity. Also, neutral capillary coatings, such as linear polyacrylamide (LPA), reduce

both the EOF and any protein analyte adsorption on the capillary wall [55, 58]. The

process of coating capillaries with LPA is reproducible and the coating itself is stable [52,

58–60]. The fused silica capillary wall is first derivatized with 3-(trimethoxysilyl)propyl

methacrylate, which leaves an acrylic group exposed on the capillary wall surface [58, 61].

A solution containing acrylamide and ammonium persulfate (initiator) is then introduced

into the capillary after degassing with N2. Polymerization, along the capillary wall on the

free acrylic groups, is then initiated by heating at 50◦C, which decomposes the persulfate

and generates radicals, for 30 min.

N in CE is calculated according to Equation 1.6, where µ is equal to electrophoretic

mobility (from both the electric field and EOF), V is the applied voltage, and D is the

diffusion coefficient of the analyte [56].

N =
µV

2D
(1.6)

Therefore, the number of theoretical plates is not dependent upon the capillary length or

analysis time, and higher voltages should supply higher separation efficiency. Since large

molecules have lower diffusion coefficients, they should have higher N, making CE a

seemingly perfect application for intact proteins. Another useful equation in CE

experiments is the equation for analysis time (t) shown in Equation 1.7.

t =
L

v
=

L2

µV
(1.7)
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The v term is equal to the migration velocity of the analyte from both the electric field and

EOF, and L is the length of the capillary. Therefore, it follows that higher voltages and

shorter capillaries would generate the greatest N with the shortest analysis time. Using

high voltage, our group has been able to obtain N values in the hundreds of thousands for

intact proteins in a relatively short analysis time [52].

Traditionally, CZE has low loading capacity (tens of nL) and short separation windows

(∼ 30 min), which limit identification of low abundance proteoforms and the number of

MS/MS spectra that can be obtained [22, 52–54]. Attempts at increasing the loading

capacity and separation window of CZE have included various online sample

preconcentration methods, including dynamic pH junction, field enhanced sample stacking

(FESS), and isotachophoresis [51, 58, 62–66]. In typical dynamic pH junction

preconcentration, application of a positive potential across the capillary causes negatively

charged analytes in a basic sample buffer (e.g. ammonium bicarbonate) to migrate to the

proximal (injection) end of the capillary, where they come in contact with the acidic BGE

on both sides of the sample plug, Figure 1.9 [58, 63, 64]. Thus, as analytes are titrated by

Figure 1.9: Basic illustration of dynamic pH junction sample stacking.

the BGE, two pH boundaries are formed, one stationary and one mobile. The analytes are

concentrated into a short sample plug between these two boundaries. Once these

boundaries meet, the sample undergoes an isotachophoresis mechanism which further

concentrates our samples and is described elsewhere [64]. After concentration, the

positively charged sample continues through the capillary, undergoing conventional CZE
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separation. Although the dynamic pH junction method was systematically evaluated for

online concentration of metabolites and peptides, it had not been systematically

investigated for online concentration of intact proteins until recently [52]. FESS is a

well-known method where the sample is dissolved in lower conductivity buffer compared to

the BGE causing sample stacking due to analyte velocity differences in the sample and

BGE zones [51, 65, 66]. Isotachophoresis is a less widely used approach to sample stacking,

but, simply, analytes are focused based on their mobility versus the mobility of leading and

terminating (fast and slow) electrolytes [67].

Our group mainly utilizes dynamic pH junction which has also been used in various

other groups in proteomics experiments. Using 5 mM ammonium bicarbonate sample

buffer and 5% acetic acid BGE for dynamic pH junction, Zhao, et al. were able to attain a

separation window and peak capacity of around 30 min and 100 respectively while injecting

∼ 200 nL of sample [53]. Application of this method to a yeast lysate resulted in 580

proteoform identification from 23 fractions (RPLC) and < 200 proteoforms identified per

fraction.

1.5.4 Capillary zone electrophoresis electrospray ionization mass

spectrometry

CZE-MS is made possible through a nanospray sheath-flow interface for a stable

electrospray with low flowrate (nL/min), resulting in more efficient ionization, Figure 1.10

[31, 68–72]. The end of the separation capillary is etched down to 70-100 µm, for a 50 µm

i.d. capillary, with hydrofluoric acid (HF) and fed through the glass emitter, with a 15 to

35 µm orifice diameter, to within a millimeter of the orifice, Figure 1.11 [70]. The use of

glass electrospray emitters in this set-up eliminates redox reactions that may affect

peptides and proteins and corona discharge that would be present with metal emitters

which limits electrospray [68]. Optimization of this interface is reported elsewhere [70].
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Figure 1.10: Figure of the electrokinetically pumped sheath flow interface from CMP
Scientific used in our lab.

As highly complex biological samples are analyzed in TDP, more efficient separations

and dynamic range/resolution improvements of the mass spectrometer are necessary. High

resolution and mass accuracy during MS diminishes the overlap between co-eluting

proteins with similar m/z and lowers the number of potential false positive identifications

[22]. However, there is a reasonable limit to resolution in most mass analyzers. Orbitrap

mass analyzers, for example, have resolution inversely proportional to the square-root of

m/z and directly proportional to acquisition time [22]. The Q Exactive HF (QEHF) mass

spectrometer is a potential solution to these limitations and offers high speed, resolution,

and sensitivity [22, 73]. For example, BUP analysis of a complex biological sample using

CZE-MS (Q Exactive mass spectrometer) has achieved low zmole peptide detection limit

and high resolution is routinely used in proteomics experiments [31]. In summary, CZE

addresses many of the limitations associated with other prefractionation approaches and

can be coupled to mass spectrometry for efficient separation and identification of

proteoforms. Combining CZE-MS with orthogonal LC methods could further improve the

scale of TDP to provide deep proteome coverage.
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Figure 1.11: Illustration of the electrokinetically pumped sheath flow interface (A) with
a zoomed in view of the separation capillary and emitter through various generations of
optimization (B). This figure is reproduced with permission from reference [70].

1.5.5 Throughput

Efficient separation of intact proteins inherently takes time, due to many of the restraints

previously mentioned, negatively impacting the throughput of TDP experiments. This not

only applies to the final dimension of separation coupled directly to the mass spectrometer,

but also any other dimensions of separation that are used during fraction collection. TDP

also suffers from large amounts of dead time during the final dimension of separation

coupled to mass spectrometry. This is demonstrated by Figure 1.12, which shows the

number of identified proteoform-spectrum matches per minute as a function of the

migration time in a TDP study [62]. Basically, this figure shows when useful data is being

produced during the CZE separation. Ultimately, the amount of dead time makes the use

of TDP, compared to BUP and other-omics methods, for precise medical approaches

tailored to an individual patient’s phenotype or biomarker development next to impossible

[12, 40, 74, 75]. There are a few approaches that have been used in proteomics to try and
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Figure 1.12: The number of identified PrSMs per minute as a function of the migration time
for two fractions, (A) Fraction 15 and (B) Fraction 19, from a deep TDP study [62].

increase throughput including sequential injections in CZE and other creative

sampling/separations [76–78].

Simply, sequential injection involves the introduction of multiple samples to a capillary

followed by mass analysis. Sequential injection has been relatively successful in BUP

experiments, but, in our experience, has proven less useful in TDP. There are several

possible reasons for this, including a significant voltage drop between the first sample plug

and any other samples subsequently introduced into the capillary. This means that

separation efficiency and preconcentration of these subsequent samples may be affected.

Isobaric tags are very popular in BUP and aids in throughput by being able to run multiple

samples at the same time (multiplexing). More details about isobaric tags for TDP is

provided in subsection 1.4.6 Proteoform identification and quantification. SampleStream is

an example of a creative sampling and separation platform for online immunoprecipitation

(IP) coupled directly to MS (IP-SampleStream-MS for TDP [75]. IP-SampleStream-MS

showed > 7-fold sample processing rate resulting in faster per-sample run times than
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LC-MS, clearly improving throughput and stability. However, this method ultimately

sacrifices depth, making it more likely to be useful for validating biomarkers [75].

1.5.6 Proteoform fragmentation

Identification of proteoforms involves a database search using parent and fragment ion

data. High speed and range of protein isolation and fragmentation is important for

confident and complete proteoform identification and is mostly dependent on the mass

spectrometer, with well known trade-offs [22]. Typically, the intact mass of a proteoform is

determined using MS data (intact mass), and MS/MS data is searched against a

theoretical spectra database created from sequence stretches that match the measured

mass of the unknown [3, 62, 79–81]. High resolution mass analysis, necessary for resolution

of isotopic peaks and charge determination, of large proteins also takes more time when

using FT instruments, resulting in a general hurdle for identifying co-eluting proteoforms

in complex mixtures [22]. However, more often than not, the depth of information that can

be gleaned using TDP about proteoform-specific modifications depends on both the

efficiency and variety of fragmentation.

Fragmentation usually occurs after some sort of internal energy distribution (activation)

followed by dissociation or by capture of a near thermal electron [82–87]. Our current

method of fragmentation is higher energy collisional dissociation (HCD), where parent ions

collide with an inert gas (N2 in our case). As a high energy event with short interaction

times, HCD causes electronic ion excitation followed by vibrational internal energy

redistribution, which could result in fragmentation if the activation barrier for bond

cleavage is exceeded [86, 88]. When HCD occurs, the resulting fragment ion series are b

and y type, Figure 1.13. An example fragmentation of a 30 kDa protein, carbonic

anhydrase (CA), is shown in Figure 1.14. These types of fragments are defined by the

position of fragmentation along the peptide backbone consisting of Cα-C, C-N and N-Cα

bonds. Cα-C, C-N and N-Cα bonds are associated with a and x, b and y, and c and z ion
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Figure 1.13: Schematic of a and x, b and y, and c and z ion series. This figure is reproduced
with permission from reference [89].

Figure 1.14: Example fragmentation pattern of carbonic anhydrase utilizing HCD.

series, respectively, with the particular series distinguished by the side that retains the

positive charge [88]. The fragmentation reaction itself can be understood using the “mobile

proton model” where fragmentation of a protonated species involves a proton at the

cleavage site that withdraws electron density from nearby bonds followed by electron

migration and fragmentation [81, 90]. Determination of the amino acid sequence depends

on the mass differences between members of either the b or y ion series, which allow amino

acid assignment to the extra residue in the larger of the fragments in that series [86, 88].

Electron transfer dissociation (ETD) is another popular technique used for fragmenting

intact proteins. ETD transfers an electron from a charged anion and can be used in the RF

fields of the most popular mass analyzers [86]. Fragmentation of the protein or peptide

using ETD follows a process without vibrational internal energy redistribution and involves
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the release of a hydrogen radical [86]. Determination of amino acid sequence using ETD is

very similar to HCD, except ETD produces mass differences in mostly c or z type ion

series. Recently, an activated ion electron transfer dissociation (AI-ETD) method that

combines infrared photoactivation concurrent with ETD has been developed and

systematically evaluated for fragmentation of intact proteins [91–94]. AI-ETD showed

better performance than HCD and standard ETD, regarding sequence coverage of

identified proteoforms and proteoform characterization scores, and other results have

demonstrated a good complementarity of HCD and AI-ETD for intact protein

fragmentation. An example fragmentation pattern utilizing AI-ETD and HCD for intact

CA is shown in Figure 1.15. Fragmentation techniques without vibrational internal energy

Figure 1.15: Example fragmentation pattern of carbonic anhydrase utilizing AI-ETD and
HCD. This figure is reprinted with permission from reference [93].

redistribution also result in less biased fragmentation along the protein backbone and,

theoretically, better PTM localization. However, the use of these fragmentation techniques

has mainly been limited to targeted analysis of intact proteins and not high-throughput

TDP workflows, even though the speed of these gas phase reactions occur on a time-scale

well within the limits of the mass spectrometer [14].

Ultraviolet photodissociation (UVPD) is fragmentation technique where molecules are

irradiated with high-energy photons, mainly 193 and 213 nm, to heat proteins and directly

dissociate along the backbone, generating a wide variety of fragments and superior
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sequence coverage [95–97]. Close to complete sequence coverage of intact proteins using

UVPD (193 nm) has been demonstrated, allowing for in depth characterization of proteins,

see Figure 1.16 [95]. However, 213 nm UVPD is the only commercially available method

Figure 1.16: Example fragmentation pattern of carbonic anhydrase utilizing UVPD with 193
nm photons.This figure is reprinted with permission from reference [95].

currently. UVPD (193 nm) has been compared to HCD for high-throughput top-down

proteomics in a recent study with UVPD resulting in better average proteoform sequence

coverage compared to HCD [98].

Compared to BUP, sufficient fragmentation for identification of proteoforms and

localization of modifications can be difficult for TDP. With large molecules such as

proteins, there are many vibrational modes available for energy redistribution, making the

number of collisions required for fragmentation in the hundreds when using collision-based

methods, such as collision-induced dissociation (CID) or HCD. Also, spectra collected in

TDP, even for relatively well-separated proteoforms, experiments are notoriously complex,

Figure 1.17, making interpretation of data from mass analysis difficult, especially for low

abundance proteoforms.

1.5.7 Proteoform identification and quantification

Difficulty identifying proteoforms is furthered by the signal of gas phase proteins generated

by ESI being distributed over multiple charge states and isotopic peaks, Figure 1.17. Most
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Figure 1.17: An example mass spectrum of an intact protein in a complex sample.

TDP mass spectrometry workflows only select for the top abundant ions in a particular

spectrum, usually the top 5 or less most abundant ions, for fragmentation. For a spectrum

like the one shown in Figure 1.17, it is highly unlikely that any ions from the low abundant

species also present in that spectrum will be chosen for fragmentation and, therefore, will

not be identified. Proteoforms containing combinations of or lesser known modifications

can also be difficult to identify, as most TDP software allows for only a few unknown mass

shifts and a non-exhaustive list of known modifications along the proteoform sequences.

Proteoforms containing combinations of unusual mass shifts are, therefore, rarely identified

and require manual examination of raw data.

Newer and better software for database searching is constantly being developed to aid in
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proteoform identification in TDP [99–104]. One of the most common methods for protein

and peptide identification is the target-decoy approach [105, 106]. A basic workflow for this

approach begins with deconvolution of MS and MS/MS spectra to get monoisotopic masses

of intact parent ions and fragments. This experimental data is then matched to a

theoretical protein database, inferred from the genome for the sample in question, to

obtain best scoring identifications. Scoring systems depend on which software is being used

and therefore, specific numbers will not be provided here. Experimental data is then

matched to a reverse (decoy) database for best scoring identifications. One identification is

produced for each spectrum (best scoring match from either target or decoy sequences)

that scores above a certain score, x. A false discovery rate (FDR) is then used to filter

data, Equation 1.8 [107–109].

FDR ≈ Ndecoy(x)

Ntarget(x)
(1.8)

N in this case would stand for the number of identified spectra from the decoy database

search (Ndecoy) and target database search (Ntarget). Several other methods exist for

estimating significance of proteoform identifications, and details can be found elsewhere

[100, 110, 111].

There are methods that have been developed or are currently being developed to

increase proteoform identification confidence, including using BUP data and

electrophoretic mobility µef predictions [101, 112]. BUP is extremely useful as its methods

are much more developed than TDP, and integration of BUP and TDP datasets allows for

the use of shared sequence and PTM information for higher confidence and possibly more

proteoform identifications [101]. Electrophoretic mobility predictions for peptides in

large-scale studies has been relatively successful compared to predictions for retention time

during LC, as the size and charge of peptides is relatively easy to calculate [112, 113].

However, for large proteoforms, this is more complex, as is pointed out and addressed in

the recent work by Chen, et al [112].

24



A classification scheme has also been developed at the proteoform-level for addressing

the issue of ambiguous proteoform identifications in TDP studies [114]. Importantly, this

classification scheme distinguishes between localizing and identifying PTMs, as PTM

localization is much more difficult for TDP than BUP because of the relative ease of

fragmenting smaller peptides. Following proteoform identification after the database

search, various annotation analyses and quantification can be performed that highlight the

possible biological impact of proteomics [1, 2, 9].

Limitations associated with the sensitivity and dynamic range of the mass spectrometer,

coelution of proteoforms of wide abundance differences, and differences in ionization

efficiency of intact proteoforms not only makes identification of a large number of

proteoforms difficult but also makes quantitative analysis of these proteoforms extremely

difficult [40, 71, 72]. Software tools for quantification in TDP are constantly being

developed [103, 115–119]. Label-free formats for quantitation are attractive as they require

no additional sample preparation and do not rely on reproducible labeling or

chromatographic retention time [120]. Label-free methods widely include “spectral

counting” methods in BUP as a rough estimate of true quantitation [22, 120, 121]. It

functions off of the assumption that precursor ion selection for fragmentation of higher

abundant precursors occurs more often with repetition resulting in higher likelihood of a

successful identification [120]. Application to TDP in recent studies has demonstrated that

spectral counting can approach other methods of quantitation (e.g. peak areas and

intensities) while requiring much less data processing, even though it depends greatly on

the speed at which MS/MS spectra can be gathered [22, 120, 122]. However, for the future

of TDP in precision medicine, more accurate and precise isotopic labeling methods and

label-free methods, such as peak areas and intensities, need to be utilized.

BUP often utilizes multiplexing of samples to aid in throughput and quantification by

labeling with isobaric chemical tags. Isobaric tagging for relative and absolute
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quantification (iTRAQ) and tandem mass tag (TMT) are the most common methods used

in BUP. Stable isotope labeling by amino acids in cell culture (SILAC), neutron coding

(NeuCode) SILAC, and protein-level TMT labeling are methods that have been utilized in

TDP but have been difficult to develop, Figure 1.18 [119, 123–125]. Sequential window

Figure 1.18: TMT workflow in TDP. This figure is reprinted with permission from reference
[119].

acquisition of all theoretical mass spectra (SWATH-MS) is a data-independent acquisition

method is a method in BUP that is growing in popularity for increasing throughput and

reproducibility in proteomics experiments [126, 127]. Simply, all ions in a sample that are

within a certain mass range are fragmented instead of choosing more specific m/z values

for fragmentation as is the case in data-dependent acquisition (DDA) methods [126]. The

recent development of scanning SWATH by Messner, et al. has significantly increased

throughput in BUP experiments compared to traditional SWATH [127]. Although DDA

methods can be used in TDP experiments, the complicated nature of tandem mass spectra

makes software development the most significant bottleneck for regular use [128].

MASH Suite Pro is an example of label-free software that has been developed for

proteoform identification, quantification, and characterization of proteoforms, and uses

intensity data from MS, not MS/MS, for quantification [40, 129, 130]. TopPIC Suite,

developed by Xiaowen Liu at IUPUI, is another example of software for proteoform

identification, quantification, and characterization. For quantification, proteoform
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isotopomer envelopes are combined across different migration times and charge states, and

the sum of the intensities across these peaks are used for proteoform quantification [35].

As is implied earlier, better proteoform separations can aid in proteoform quantification,

easing some of the analytical stress on the mass spectrometer. But, ultimately, the better

the separations and the faster the mass analysis, the better the quantification. High

resolution is important for determining charge and therefore mass to identify proteoforms,

however, the accurate mass and speed of analyzers, such as TOF instruments, may provide

an important step forward.

1.6 Summary

Due to the various issues associated with TDP, TDP studies have been mainly limited to

targeted studies of specific proteoforms. Targeted studies are extremely important for the

further development of possible drug targets or treatment regimen for specific diseases, but

the initial association of different proteoforms from a certain gene to a specific phenotype

can be lost [75]. This includes proteoforms that could be more strongly associated with

that phenotype than the whole protein concentration [75]. To take advantage of the

information that TDP can provide about these proteoforms, there needs to be significant

advancement in almost all aspects of the TDP workflow.

The rest of this dissertation will address portions of the TDP workflow that need

improvement and a variety of applications, utilizing CZE-ESI-MS-MS as the final

dimension of separation and mass analysis, whose aims are to develop a unique and

effective platform for deep TDP. Ultimately, coupling LC to CZE, combined with

aforementioned fragmentation techniques will provide a significant step forward for TDP in

terms of the numbers of proteoform identifications in large-scale studies and

characterization of proteoforms.
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Chapter 2

Optimization of capillary zone

electrophoresis mass spectrometry for

top-down proteomics

2.1 Introduction

Efficient separations coupled to MS are a vital aspect to any proteomics study

characterizing complex biological mixtures [1, 2]. 1 Highly efficient and high capacity

separations are especially difficult to achieve when characterizing intact proteoforms, as in

TDP studies [5–10]. A large variety of separations have been utilized in TDP studies with

trade-offs between separation efficiency, protein solubility, and compatibility with MS. The

most common methods for separating intact proteins include separations based on

hydrophobicity, such as RPLC, charge-based separations including CZE, and isoelectric

focusing (IEF), and size-based separations including size exclusion chromatography (SEC),

gel-electrophoresis, and GELFrEE [3, 7, 8, 11–13].

CZE-ESI-MS has been well recognized for characterization of intact proteins due to its

high separation efficiency [14–17]. CZE-ESI-MS/MS has been suggested as an alternative

to widely used RPLC-ESI-MS/MS for TDP. [5, 15, 18–26].

1This chapter was adapted with permission from references [3, 4]
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CZE-MS/MS has been evaluated for top-down characterization of intact proteins for

over 20 years ago. In 1996, Valaskovic et al. developed a CZE-ESI-MS/MS platform for

characterization of attomole amounts of intact proteins, and identified carbonic anhydrase

in crude extract of human red blood cells by sequence-specific fragment ions [18]. However,

the CZE-MS interface used in that work had limited lifetime and robustness, which

impeded the wide application of the platform for TDP. An electrokinetically pumped

sheath flow CE-MS interface with good sensitivity and robustness was developed by

Dovichi group in 2010 [27]. Sun et al. demonstrated fast, reproducible and sensitive

characterization of intact proteins with the electrokinetically pumped sheath flow interface

based CZE-MS/MS [19]. Later, Zhao et al. further applied the CZE-MS/MS system for

TDP of Mycobacterium marinum secretome and yeast proteome [20, 21]. Coupling offline

RPLC fractionation to CZE-MS/MS identified 580 proteoforms from a yeast lysate. In

total, 23 RPLC fractions were analyzed by CZE-MS/MS and up to 180 proteoforms could

be identified with single-shot CZE-MS/MS [21]. Li et al. developed a CZE-MS system

based on the electrokinetically pumped sheath flow interface and applied the system to a

complex proteome sample for characterization of large proteins, resulting in identification

of 30 proteins in the mass range of 30-80 kDa [22].

A sheathless CE-MS interface using a porous tip for ESI was developed by the Moini

group in 2007 and showed great sensitivity and robustness [28]. Han et al. employed the

sheathless interface-based CZE-MS/MS for TDP of a Pyrococcus furiosus lysate, resulting

in identification of 291 proteoforms with RPLC fractionation and CZE-MS/MS [23]. Han

et al. also characterized the Dam1 protein complex using the sheathless interface-based

CZE-MS. Their results showed that CZE-MS approached complete characterization of the

protein complex with 100-times less sample consumption compared to RPLC-MS [5].

Sensitive and comprehensive characterization of intact pharmaceutical proteins via the

sheathless interface based CZE-MS has been demonstrated recently, thus leading to

detection of over 250 different isoforms of recombinant human erythropoietin and 138
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proteoforms from recombinant human interferon-β1 [15, 24]. The sheathless interface based

CZE-MS has also been applied for characterization of intact histones by the Lindner group

[25, 26].

The current CZE-MS interfaces are robust and sensitive, enabling CZE-MS/MS to be

used for TDP. However, two issues remain for CZE-MS/MS-based TDP. First, the largest

sample loading capacity of CZE-MS/MS systems reported in the literature for TDP is only

about 200 nL [21, 23]. The low sample loading capacity impedes identification of low

abundant proteoforms from complex proteome samples. Second, the reported separation

window of CZE-MS/MS systems for TDP is roughly 30 min [21, 23]. The narrow

separation window limits the number of MS/MS spectra acquired during one experiment,

which restricts the number of proteoform identifications (IDs) from CZE-MS/MS.

Capillary isoelectric focusing (cIEF)-MS is a promising technique for large-scale TDP due

to its large sample loading capacity and high resolution for separation of intact proteins.

The Smith group evaluated cIEF-MS for top-down characterization of complex proteomes

over one decade ago [29, 30]. However, coupling cIEF to MS is still not straightforward,

which hinders its wide application for TDP.

In order to improve the sample loading capacity and separation window of CZE-MS, our

group recently systematically evaluated a dynamic pH junction-based CZE-MS/MS system

for BUP. We observed a 140-min separation window and a µL-scale sample loading

capacity using the CZE-MS/MS system for analysis of complex proteome digests [31].

Dynamic pH junction is a simple method for sample stacking in CZE [32, 33]. For instance,

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

acidic (e.g., 0.1% (v/v) formic acid, pH 2.8). The capillary is first filled with BGE, and

then a long plug of sample is injected into the separation capillary via applying pressure.

After that, both ends of the separation capillary are immersed in the BGE vials. Two pH

boundaries exist at the two junctions of the BGE and the sample, one at the injection end
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(pH boundary I) and the other one inside the capillary (pH boundary II). When a positive

high voltage is applied at the injection end of the separation capillary, the hydrogen

positive ions in the BGE vial will migrate into the capillary and titrate the sample zone,

which makes the pH boundary I slowly move toward the pH boundary II. In the meantime,

the negatively charged analytes in the sample zone migrate toward the injection end of the

capillary, and they are focused at the moving pH boundary I [34–37]. After those two pH

boundaries meet, isotachophoresis (ITP) plays a role for stacking the analytes with NH4+

as the leading ion, followed by the typical CZE [34].

Although dynamic pH junction has been widely used for concentration of small

molecules and peptides, it has not been thoroughly investigated for concentration of intact

proteins for TDP. To our best knowledge, there is only one published paper in the

literature about using dynamic pH junction-based CZE-MS/MS for large-scale TDP. Zhao

et al. performed TDP of a yeast lysate using dynamic pH junction-based CZE-MS/MS

[21]. They used 5 mM ammonium bicarbonate (pH 8) as the sample buffer and 5% (v/v)

acetic acid (pH 2.4) as the BGE. 100-240 nL of the sample was injected for CZE-MS/MS

analysis. The separation window and peak capacity of the dynamic pH junction-based

CZE-MS/MS system was roughly 30 min and less than 100, respectively [21]. In this work,

for the first time dynamic pH junction-based CZE-MS was systematically evaluated for

concentration and separation of proteins. We applied the optimized CZE-MS/MS system

for TDP of E. coli, thus leading to µL-scale loading capacity, 90-min separation window,

high peak capacity (∼ 280), and nearly 600 proteoform IDs with single-shot CZE-MS/MS.

Advancements in RPLC have recently been made with the use of shorter bonded

stationary phases (C4 and shorter), a variety of particle types and column packing

procedures, the use of monoliths, and longer columns [8, 38, 39]. The main advantages of

RPLC over CZE is the loading capacity, which is consistently in the µg-range, and control

over the separation window which is the window of time in which proteoforms are coming
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out of the capillary [3, 34]. This is an important point when considering the large dynamic

range of protein concentrations in the proteome, which can approach 7 orders of magnitude

[40, 41]. Also, it is estimated that ∼ 1 million unique proteoforms exist in the human

proteome [42]. Shen, et al. demonstrated that high peak capacity (Pc ∼ 400) was possible

for intact protein separation with an optimized long-column RPLC system, which, when

coupled to MS, resulted in the identification of ∼ 900 proteoforms from an S. oneidensis

lysate in a single run [8]. Specifically, long columns (120 cm long x 100 µm i.d.) were used

with superficially porous particles (3.6 µm, 200 Å pores) in that study. The loading

amount was 2.5 µg, and the separation window approached 800 minutes while still

retaining an efficient separation.

Without the use of particles and with a complementary separation mechanism, CZE can

offer additional insight into complex proteomes [15, 19, 21, 43]. The lack of particles is

especially important for the separation of intact proteins to limit zone broadening and

sample loss [16]. Also, with current interfaces, CZE-MS outperforms LC-MS platforms in

terms of sensitivity [5]. An improved CZE-MS platform for the separation and

identification of proteoforms has resulted in ∼ 600 proteoform and 200 protein

identifications in a single run of an E. coli sample [3]. This CZE-MS platform, utilizing

dynamic pH junction-based sample stacking, increased the loading capacity to ∼ 1µg and

the separation window to 90 minutes [3, 34, 36, 44, 45]. Combining offline SEC-RPLC

fractionation to this optimized CZE-MS platform resulted in the identification of 5705

proteoforms and 850 proteins from an E. coli lysate [46]. Fractionating before CZE-MS

analysis alleviates the inherent limitations of CZE and using RPLC combines the

complementary nature of these two techniques to reach unrivaled proteome coverage. Li et

al. showed that, on the protein level, the overlap was less than 35% using a C18 column

(100 µm i.d. x 100 mm long, 1.7 µm particles) for RPLC separation and an uncoated

capillary (30 cm in length) for CZE separation under high voltage (5.5 kV) [43].
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Herein, we offer the first optimization of CZE parameters for increased loading capacity

and separation window using dynamic pH junction-based sample stacking and the first

direct comparisons of RPLC-MS and CZE-MS for top-down MS characterization of a

standard protein mixture and an E. coli proteome sample [3, 4].

2.2 Experimental

2.2.1 Materials and reagents

Acrylamide was purchased from Acros Organics (NJ, USA). Standard proteins, ammonium

bicarbonate (NH4HCO3), urea, dithiothreitol (DTT), iodoacetamide (IAA) and

3-(trimethoxysilyl)propyl methacrylate were purchased from Sigma-Aldrich (St. Louis,

MO). LC/MS grade water, acetonitrile (ACN), methanol, formic acid (FA and

HPLC-grade acetic acid (AA) were purchased from Fisher Scientific (Pittsburgh, PA).

Aqueous mixtures were filtered with Nalgene Rapid-Flow Filter units (Thermo Scientific)

with 0.2 µm CN membrane and 50 mm diameter. Fused silica capillaries (50 µm i.d./360

µm o.d.) were obtained from Polymicro Technologies (Phoenix, AZ). Hydrofluoric acid

(HF, 48-51% solution in water) and acrylamide were purchased from Acros Organics (NJ,

USA). Complete, mini protease inhibitor cocktail and PhosSTOP (provided in

EASYpacks) were bought from Roche (Indianapolis, IN). Capillary columns for RPLC

were bought from CoAnn Technologies, LLC (Richland, WA).

2.2.2 Sample preparation

E. coli (strain K-12 substrain MG1655) was cultured in LB medium at 37◦C with 225 rpm

shaking until OD600 reached 0.7. E.coli cells were harvested by centrifuge at 4,000 rpm for

10 min. Then the E.coli cells were washed with PBS three times. The E.coli cells were

then lysed in a lysis buffer containing 8 M urea, 100 mM Tris-HCl (pH 8.0) and protease
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inhibitors. The cell lysis was assisted by sonication with a Branson Sonifier 250 (VWR

Scientific, Batavia, IL) on ice for 10 minutes. After centrifugation (18,000 x g for 10 min),

the supernatant containing the extracted proteins was collected. A small aliquot of the

extracted proteins was used for bicinchoninic acid (BCA) assay to determine the protein

concentration. The leftover protein extracts were stored at -80◦C before use. E. coli

samples were prepared the same way for comparing RPLC and CZE except for the final

solvent for analysis. The E. coli protein sample was redissolved in either MP A for

RPLC-ESI-MS or in an NH4HCO3 buffer (50 mM, pH 8) for CZE-ESI-MS for a final

protein concentration of ∼ 2 mg/mL.

E.coli proteins in 8 M urea and 100 mM Tris-HCl (pH 8.0) were denatured at 37◦C,

reduced with DTT and alkylated with IAA. Then, the proteins were desalted with a C4

trap column (Bio C4, 3 µm, 300 Å, 4.0 mm i.d., 10 mm long) from Sepax Technologies,

Inc. (Newark, DE). A HPLC system (Agilent Technologies, 1260 Infinity II) was used. The

HPLC eluate from the trap column was collected and further lyophilized with a vacuum

concentrator (Thermo Fisher Scientific). The dried protein sample was redissolved in 50

mM NH4HCO3 (pH 8.0) to get about 2 mg/mL protein concentration (theoretical

concentration based on 100% recovery from the whole sample preparation process) for

CZE-MS/MS analysis.

For comparing RPLC and CZE, the stock standard protein mixture consisted of

ubiquitin (∼ 8.5 kDa, 0.1 mg/mL), cytochrome c (cyto.c, ∼ 12 kDa, 0.1 mg/mL), bovine

serum albumin (BSA, ∼ 66 kDa, 1 mg/mL), myoglobin (myo, ∼ 17 kDa, 0.2 mg/mL),

carbonic anhydrase (CA, ∼ 29 kDa, 0.2 mg/mL), and β-casein (∼ 24 kDa, 0.4 mg/mL).

Mixtures were dissolved in either mobile phase (MP) A, NH4HCO3 (50 mM) for RPLC or

CZE, respectively. The stock mixture was diluted by a factor of 10 with MP A or

NH4HCO3 (50 mM) before analysis.
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2.2.3 CZE-ESI

An automated CZE-ESI-MS system was used in the experiments. The system contained an

ECE-001 CE autosampler and a commercialized electrokinetically pumped sheath flow

CE-MS interface from CMP Scientific (Brooklyn, NY) [27, 47]. The CE system was

coupled to a LTQ-XL or a QEHF (Thermo Fisher Scientific). A fused silica capillary (50

µm i.d., 360 µm o.d., 1 meter long) was used for CZE separation. The inner wall of the

capillary was coated with LPA based on previous studies [31, 48]. One end of the capillary

was etched with HF acid based on reference to reduce the outer diameter of the capillary to

∼ 70-80 µm [49]. (Caution: use appropriate safety procedures while handling hydrofluoric

acid solutions.) Different BGEs were used for CZE, including 5-10% (v/v) acetic acid and

0.1-0.5% (v/v) formic acid. The sheath buffer was 0.2% (v/v) formic acid containing 10%

(v/v) methanol. Sample injection was carried out by applying pressure (5-10 psi) at the

sample injection end and the injection periods were calculated based on the Poiseuille’s law

for different sample loading volume. High voltage (30 or 20 kV) was applied at the

injection end of the separation capillary for separation and 2-2.2 kV was applied for ESI.

At the end of each CZE-MS run, we flushed the capillary with BGE by applying 5 psi for

10 min. The ESI emitters were pulled from borosilicate glass capillaries (1.0 mm o.d., 0.75

mm i.d., and 10 cm length) with a Sutter P-1000 flaming/brown micropipet puller. The

opening size of the ESI emitters was 20-40 µm.

Samples were injected into the capillary by applying pressure for a specified amount of

time to achieve the necessary volume and sample amount based on Poiseuille’s law.

Loading volume was 200 nL for the 40 ng standard protein analysis and 500 nL for the 1

µg E. coli protein analysis. A separation voltage of 30 kV and 20 kV was used for the

standard protein sample and E. coli sample, respectively. The capillary was flushed

between runs with BGE with a pressure of 10 psi for 10 min.
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2.2.4 RPLC-ESI

NanoRPLC was performed with an analytical column (C2, 90 cm long x 100 µm i.d., 3 µm

beads, 300 Å pores) connected to an EASY nanoLC-1200 (Thermo Fisher Scientific). The

RPLC system was connected directly to an ESI emitter with a metal union. A Spellman

CZE1000R (Hauppage, NY) power supply was used to provide voltage for ESI through the

metal union. A 240-min linear gradient from 100% MP A (10% ACN, 0.1% FA) to 75%

MP B (70% ACN, 30% IPA, 0.1% FA) was used with a flow rate of 300 nL/min. The

sample was loaded onto the column in MP A under a pressure of 800 bar. Blanks were

performed between runs using a 120-min linear gradient (10% B-90% B) at 300 nL/min.

Loading volumes were 0.5 µL for the 1 µg E. coli run and 4 µL for the 8 µg E. coli run.

2.2.5 MS and MS/MS

For all of the LTQ-XL experiments, only MS1 spectra were acquired using positive ion

mode, and no protein fragmentation was performed. The scan range was m/z 600-2,000

using three microscans. The maximum injection time was 50 ms and the AGC target value

was 3.0E4.

For all of the standard protein mixture experiments on the QEHF mass spectrometer,

only MS1 spectra were acquired and no protein fragmentation was performed. “Intact

protein mode” was used for all experiments with a trapping pressure of 0.2. The

temperature of the ion transfer capillary was 320◦C and the s-lens RF level was 55. Full

MS scans were acquired with the number of microscans as three, the resolution as 240,000

(at m/z 200), the AGC target value as 1E6, the maximum injection time as 50 ms and the

scan range as m/z 600-2000.

DDA methods were used for analysis of the E.coli sample on the QEHF mass

spectrometer. The MS/MS spectra were acquired with the number of microscans as one,

the resolution as 120,000 (at m/z 200), the AGC target value as 1E5 and the maximum
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injection time as 200 ms. The three or eight most intense ions (Top 3 or Top 8 DDA) in

the full MS spectrum were sequentially isolated with 4 m/z isolation window and further

sequentially fragmented in the HCD fragmentation cell with NCE as 20%. The intensity

threshold for triggering fragmentation was 1.0E5. Charge exclusion and exclude isotopes

were turned on. Only protein ions with charge state higher than five can be isolated for

fragmentation. The dynamic exclusion was turned on, and the setting was 30 s. The other

parameters were the same as those used for the standard protein mixture experiments.

For comparing RPLC and CZE, a QEHF mass spectrometer was used for the

experiments. The “intact protein mode” was turned on and a trapping pressure of 0.2 was

used. The same MS and MS/MS settings were used for the RPLC and CZE experiments.

Ion transfer capillary temperature was set to 320◦C and the s-lens RF level was 55. For full

MS, the number of microscans was 3, resolution was 120,000 (at m/z 200), AGC target

value was 1E6, maximum injection time was 100 ms and the scan range was m/z 600-2000.

For MS/MS, the number of microscans was 3, resolution was 120,000 (at m/z 200), AGC

target value was 1E5, and maximum injection time was 200 ms. The top 5 most intense

ions, for data dependent acquisition (Top 5 DDA), in full MS spectra were isolated with a

4 m/z window and sequentially fragmented at normalized collision energy (NCE) of 20%.

The intensity threshold for triggering fragmentation was 1E5. Charge exclusion and

exclude isotopes settings were turned on with proteins with charge state higher than 5 able

to be fragmented. Dynamic exclusion was used with a setting of 30 s.

2.2.6 Measurement of electroosmotic flow

The protocol used here for measuring the EOF in the LPA coated capillary was based on

previous works [50, 51]. Benzyl alcohol (neutral marker) was dissolved in the BGE, and

used as the sample. The LPA coated capillary (50 µm i.d., 360 µm o.d., 1-meter-long) was

flushed and filled with the BGE. First, the neutral marker (N1) was injected by applying 5

psi for tinj (2s). Then, a plug of BGE was injected into the separation capillary by
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applying 5 psi for time tr (40s). After that, a second short plug of neutral marker (N2) was

injected into the capillary for tinj (2 s). Subsequently, another plug of BGE was injected

into the capillary by applying pressure for tr. The separation voltage (30 kV) was then

applied at the injection end of the capillary for tmig (50 min). During this period, the two

neutral markers (N1 and N2) moved toward the cathode end with mobilities that were

equal to the electroosmotic mobility (µeof ). After tmig has been completed, a third short

plug of neutral marker (N3) was injected into the capillary for tinj (2s). Finally, 5 psi was

applied at the injection end of the capillary, which was immersed in the BGE, to push the

three plugs of neutral marker out of the separation capillary, and the MS data acquisition

was simultaneously started to record the signal of the neutral marker. The µeof was

calculated by:

µeof =
[(tN3 − tN1) − (tN2 − tN1)]L

2

Vseparationtmig(tN3 +
tinj

2
)

(2.1)

Where tN1, tN2, tN3 are the observed migration time for neutral marker N1, N2, and N3. L

corresponds to the length of the capillary, and Vseparation is the separation voltage applied.

2.2.7 Data analysis

The standard protein data was analyzed using Xcalibur software (Thermo Fisher Scientific)

to get intensity and migration time of proteins. The electropherograms were exported from

Xcalibur and were further formatted using Adobe Illustrator to make the final figures.

All of the E.coli RAW files were analyzed with the TopFD (TOP-Down Mass

Spectrometry Feature Detection) and TopPIC (TOP-Down Mass Spectrometry Based

Proteoform Identification and Characterization) pipeline [52, 53]. TopFD is an improved

version of MS-Deconv [54]. It converts precursor and fragment isotope clusters into

monoisotopic masses and finds possible proteoform features in CZE-MS data by combining

precursor isotope clusters with similar monoisotopic masses and close migration times (the

isotopic clusters may have different charge states). The RAW files were first transferred
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into mzXML files with Msconvert tool [55]. Then, spectral deconvolution was performed

with TopFD to generate msalign files. Finally, TopPIC (version 1.1.3 and version 1.2.3)

was used for database searching with msalign files as input. E. coli (strain K12) UniProt

database was used for the first study (UP000000625, 4307 entries, version June 7, 2017)

and second study (UP000000625, 4313 entries, version June 28, 2018). The spectrum-level

false discovery rate (FDR) was estimated using the target-decoy approach [56, 57].

Cysteine carbamidomethylation was set as a fixed modification, and the maximum number

of unexpected modifications was 2. The precursor and fragment mass error tolerances were

15 ppm. The maximum mass shift of unknown modifications was 500 Da, and the

identified PrSMs were filtered with a 1% FDR at the spectrum level. For the second study,

proteoform identifications were filtered with a 5% proteoform-level FDR. In order to reduce

the redundancy of proteoform identifications, we considered the proteoforms identified by

multiple spectra as one proteoform ID if those spectra correspond to the same proteoform

feature reported by TopFD or those proteoforms are from the same protein and have

similar precursor masses (within 1.2 Da).

2.3 Results and discussion

In order to approach large-scale TDP using CZE-MS/MS, the sample loading capacity and

the separation window of CZE need to be improved for characterization of complex

proteomes. We recently showed that dynamic pH junction based CZE-MS could reach

µL-scale sample loading capacity and 140-min separation window simultaneously for

analysis of complex peptide mixtures [31]. We speculated that the dynamic pH junction

based CZE-MS should also work for characterization of complex mixtures of intact

proteins. To test our speculation, we first investigated the performance of dynamic pH

junction-based CZE-MS using a mixture of six standard proteins across a wide range of

sample injection volumes (50-500 nL). The dynamic pH junction method was compared
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with the field enhanced sample stacking (FESS) method, which is another widely used

sample stacking mechanism of CZE [19, 45, 58]. We then optimized the dynamic pH

junction-based CZE-MS, and applied the optimized system for TDP of an E. coli proteome.

2.3.1 Comparison of dynamic pH junction and FESS methods

We compared the performance of dynamic pH junction method and FESS method for

concentrating intact proteins during CZE-MS across four different sample injection

volumes that were 50 nL (2.5% of the total capillary volume), 100 nL (5% of the total

capillary volume), 200 nL (10% of the total capillary volume), and 500 nL (25% of the

total capillary volume). The stock solution of the standard protein mixture was diluted by

a factor of two for the experiments. The sample was finally dissolved in 5% (v/v) AA

(BGE) for control, 2.5% (v/v) AA in water containing 35% (v/v) ACN (lower conductivity

than BGE) for FESS, and 10 mM NH4HCO3 (pH 8.0) for dynamic pH junction. The

protein sample contained six different standard proteins with varied molecular weights

(12-66 kDa) and isoelectric points (pI 4.5-11). The BGE was 5% (v/v) AA (pH 2.4).

Choices for the BGE and the sample buffer for dynamic pH junction method was based on

previous work [21, 31].

Figure 2.1 summarizes the results of the comparison experiments. Figure 2.1A-2.1C

shows the change of protein intensity as a function of sample injection volume (50, 100,

200, and 500 nL) for control (A), FESS (B) and dynamic pH junction (C) methods. All of

the protein intensity were obtained from the extracted ion electropherograms (EIEs) of the

protein mixture. Error bars represent the standard deviations of protein intensity from

triplicate CZE-MS analyses. The four proteins (lysozyme, cyto.c, myoglobin and CA) were

extracted with m/z 1590.33, 765.33, 808.20, and 880.55, respectively. For (A)-(C), β-casein

was extracted with m/z 1043.76. For (D), three different m/z (m/z 1043.76, 1045.45 and

1048.5) corresponding to three different forms of β-casein separated by CZE using dynamic

pH junction method (e3, e2 and e1) were used for extraction. Figure 2.1D shows the EIEs
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Figure 2.1: Protein intensity change across different sample injection volumes for control
(A), FESS (B) and dynamic pH junction (C). (D) EIEs of the mixture of standard proteins
from CZE-MS under the three different conditions. Proteins shown: lysozyme (a), cyto.c
(b), myoglobin (c), CA (d) and β-casein (e). This figure is reprinted with permission from
reference [3].

of the mixture of standard proteins from control, FESS and dynamic pH junction

experiments with 500 nL sample injection. We detected BSA in all of the experiments,

however, its signal-to-noise ratio was low due to its large molecular weight. Therefore, we

did not extract the peak of BSA for comparison.

As shown in Figure 2.1A (control), the intensity of proteins (except lysozyme)
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reasonably increased as the injection volume increased from 50 nL to 100 nL. On average,

the increase of intensity of the five proteins was about two times. We noted that the

intensity change of lysozyme was negligible. The intensity of proteins (except cyto.c) were

reasonably consistent when the injection volume increased from 100 nL to 500 nL. On

average, the change of intensity of the five proteins was less than 10%. We noted that the

intensity of cyto.c from 500-nL sample injection was significantly lower than that from

100-nL sample injection, which was most likely due to the electrospray ionization

suppression from BSA. BSA and cyto.c were partially separated by CZE with 100-nL

sample injection volume, but they co-migrated out of the separation capillary when the

sample injection volume increased to 500 nL.

As shown in Figure 2.1B (FESS), on average, the protein intensity increased roughly by

two times when the injection volume increased from 50 nL to 100 nL. We observed

reasonably steady intensity of proteins (except cyto.c) when the sample injection volume

increased from 100 nL to 500 nL. On average, the increase of protein intensity was only

around 20%. The data indicated that FESS method could not efficiently concentrate

protein molecules when the sample injection volume was higher than 100 nL, corresponding

to 5% of the total capillary volume. We noted that the intensity of cyto.c declined

significantly, which is also due to the ionization suppression from BSA mentioned in the

previous paragraph. We also noted that the protein intensity from FESS method was, on

average, 2-3 times higher than that from control with the same sample injection volume,

which is due to the stacking performance of FESS. As shown in Figure 2.1D, the protein

intensity from FESS was much higher than that from the control. In addition, FESS

method yielded much better separation of proteins than the control, which is also due to its

concentration performance. Lysozyme, cyto.c, myoglobin and CA showed poor separated in

control experiments using the 500-nL sample injection volume. In contrast, the FESS

experiments demonstrated reasonable separation, and produced much higher separation

efficiency than control. For example, the number of theoretical plates of myoglobin was less
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than 400 for control and around 6,600 for FESS with 500-nL sample injection.

As shown in Figure 2.1C (dynamic pH junction), we observed significant increase in

intensity for all five proteins when the injection volume increased from 50 nL to 100 nL. On

average, the protein intensity increase was about 2 times. We still observed significant

protein intensity increase when the sample injection volume changed from 100 nL to 500

nL. On average, the intensity of proteins from 500 nL sample injection were about 2 times

higher than that from 100-nL sample injection. The result demonstrated that the dynamic

pH junction method could efficiently concentrate protein molecules with even 500-nL

sample injection volume, which corresponded to 25% of the total capillary volume. On

average, the intensity from the five proteins using the dynamic pH junction method showed

a comparable intensity to that of the FESS method when evaluating the 50-, 100-, and

200-nL sample injection volumes. During the 500-nL injection volume, the intensity

showed an 80% improvement when comparing the dynamic pH junction method to the

FESS method, as shown in Figure 2.1D. Dynamic pH junction method also produced

better separation of proteins than FESS method. Myoglobin and CA could only be

partially separated with FESS method (R=1); they could be baseline separated with

dynamic pH junction method (R=1.6). In addition, three forms of β-casein [19, 59]. having

different masses were well separated with dynamic pH junction method; they could not be

separated from each other with FESS method. The mass of those three β-casein forms

were 23,983 Da (e3), 24,022 Da (e2) and 24,092 Da (e1), which were manually calculated

based on the most abundant isotope peaks of those forms at charge +23. We noted that

the calculated mass of those three forms were different from those reported in reference,

which were the monoisotopic masses of those three forms exported from MS-Deconv

software [19, 54]. Finally, dynamic pH junction method generated better separation

efficiency than FESS method. For example, the number of theoretical plates of myoglobin

was 6,600 for FESS and 23,000 for dynamic pH junction. Overall, dynamic pH junction

method outperformed the FESS method for characterization of proteins with 500-nL
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sample injection, and it was used for the following experiments.

We performed a calibration curve experiment with the dynamic pH junction-based

CZE-MS shown in Figure 2.2. Each sample was analyzed by CZE-MS in duplicate runs

Figure 2.2: Correlations between protein concentration and protein intensity for lysozyme,
CA and myoglobin. This figure is reprinted with permission from reference [3].

and error bars represent the standard deviations of protein intensity from the duplicate

runs. The stock solution of the standard protein mixture was diluted with NH4HCO3

buffers by four different dilution factors that were 2, 6, 18 and 54, respectively. All of the

dilute samples were dissolved in 10 mM NH4HCO3 (pH 8.0). The sample injection volume

was 500 nL per CZE-MS run. We chose three proteins (lysozyme, CA and myoglobin) for
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the calibration curve and those proteins were detected and well separated in all the

CZE-MS runs. Good linear correlations (r=0.96-0.99) were observed between protein

concentration and protein intensity for all of the three proteins across nearly 30-times

concentration range. The results indicate that the dynamic pH junction-based CZE-MS is

quantitative and has the potential for quantitative TDP.

2.3.2 Optimization of the dynamic pH junction-based CZE-MS

We chose 10 mM NH4HCO3 (pH 8.0) as the sample buffer for dynamic pH junction based

CZE-MS at the beginning based on previous works [31, 48]. Imami et al. systematically

investigated the effect of the concentration of NH4HCO3 in the sample buffer on the

concentration performance of dynamic pH junction method using a peptide mixture [36].

They increased the concentration of NH4HCO3 from 20 mM to 200 mM, and observed

steady increase of the peptide intensity until 100 mM, which was consistent with an ITP

mechanism. We also recognized a similar phenomenon in our recent work [31]. When we

increased the concentration of NH4HCO3 in the sample buffer from 5 mM to 20 mM, we

observed increase of peptide intensity. Those results motivated us to try higher

concentration of NH4HCO3 in the sample buffer. We recognized that when ITP was

coupled with CZE-MS for biomolecule analysis, the salt concentration in the sample buffer

was typically 50 mM [60–62]. Therefore, we tested 50 mM NH4HCO3 (pH 8.0) as the

sample buffer for dynamic pH junction based CZE-MS using the mixture of the six

standard proteins, Figure 2.3. The m/z used for protein peak extraction were the same as

those in Figure 2.1. The mass tolerance was 100 ppm for peak extraction. The N of each

protein was calculated based on the peak width and migration time of each protein in the

EIEs. BSA was not extracted in the figures due to its low signal-to-noise ratio. The BGE

was 5% (v/v) AA. The stock solution of the standard protein mixture was diluted with a

NH4HCO3 buffer (pH 8.0) by a factor of 10, and the concentration of NH4HCO3 in the

dilute sample was 50 mM. The dilute sample was used for all of the following experiments.
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Figure 2.3: EIEs of the standard protein mixture dissolved in 50 mM NH4HCO3 (pH 8.0)
analyzed by the dynamic pH junction based CZE-MS with 500-nL sample injection (A) and
1 µL sample injection (B). The number of theoretical plates (N) of different proteins in (A)
and (B) are summarized in (C). This figure is reprinted with permission from reference [3].

Figure 2.3 shows the corresponding EIEs of the standard protein mixture using 500-nL

sample injection (Figure 2.3A) and 1-µL sample injection (Figure 2.3B). The CZE-MS

system using 50 mM NH4HCO3 as the sample buffer produced high separation efficiency

for proteins with both 500-nL and 1-µL sample injection. As shown in Figure 2.3C, the N

of proteins ranged from 21,000 (β-casein, peak e2) to 206,000 (lysozyme) for 500-nL sample

injection, and ranged from 30,000 (β-casein, peak e3) to 292,000 (lysozyme) for 1-µL

sample injection. On average, the intensity of proteins from 1-µL sample injection were

about 2.5 times higher than those from 500-nL sample injection based on the EIEs. The

results indicated that the CZE-MS system using 50 mM NH4HCO3 as the sample buffer
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could efficiently concentrate proteins even when 50% of the capillary was filled with the

sample.

We also compared the intensity of proteins observed using 10 mM NH4HCO3 and 50

mM NH4HCO3 as the sample buffers based on the EIEs in Figure 2.1D and Figure 2.3A.

50 mM NH4HCO3 sample buffer generated, on average, comparable intensity of proteins

with 5-times lower protein concentration compared with 10 mM NH4HCO3 sample buffer.

Therefore, we chose 50 mM NH4HCO3 (pH 8.0) as the sample buffer in all of the following

experiments.

Next, we screened different BGEs including 0.1-0.5% (v/v) FA and 5-10% (v/v) AA.

The sample injection volume was 500 nL per CZE-MS run. We observed that the overall

performance of 0.1% (v/v) FA BGE (pH 2.8) was better than that of 0.3% and 0.5% (v/v)

FA (pH 2.3 and 2.1) in terms of protein intensity, Figure 2.4. We also observed comparable

protein intensity from 0.1% (v/v) FA BGE and AA BGEs (5% and 10% (v/v)), Figure

2.4B and Figure 2.4C. However, 5% and 10% (v/v) AA BGEs (pH ∼ 2.4 and ∼ 2.2)

produced significantly wider separation window than 0.1% (v/v) FA BGE for the standard

protein mixture. In addition, the migration time of protein analytes in the capillary in 5%

and 10% (v/v) AA BGEs was significantly longer than that in 0.1% (v/v) FA BGE (e.g., 10

minutes longer for lysozyme). There are two potential reasons for the phenomenon. First,

5-10% (v/v) AA has much lower pH than 0.1% (v/v) FA (2.4-2.2 vs. 2.8), which further

reduces the remaining EOF in the LPA-coated separation capillary. We measured the EOF

in the LPA-coated capillary based on the method reported in literature [50, 51]. The EOF

in 10% (v/v) AA BGE was lower than that in 0.1% (v/v) FA BGE (6.8Ö10−6cm2V−1s−1

vs. 1.1Ö10−5cm2V−1s−1). Second, the more acidic a BGE is (5-10% (v/v) AA) typically

leads to more severe protein unfolding and an increase in hydrodynamic radii of the protein

analytes, resulting in slower migration of proteins in the separation capillary.

Based on the results discussed above, we chose 5-10% (v/v) AA and 50 mM NH4HCO3
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Figure 2.4: Base peak electropherograms of the standard protein mixture dissolved in 50
mM NH4HCO3 (pH 8.0) analyzed by the dynamic pH junction-based CZE-MS with 500-nL
sample injection (A) and 1-µL sample injection (B). This figure is reprinted with permission
from reference [3].

(pH 8.0) as the optimized BGE and sample buffer for the following experiments. We then

evaluated the reproducibility of the optimized dynamic pH junction-based CZE-MS system

for intact protein analysis; using 5% AA as the BGE, and 500-nL sample injection volume.

The system produced reproducible separation and detection of proteins during 16 hours of

continuous analysis (11 CZE-MS runs) with the relative standard deviations (RSDs) of

migration time and intensity of proteins less than 7% and 16%, respectively, Table 2.1.

One LPA-coated capillary can typically be used for continuous analysis of complex samples

for at least one week without significant loss of separation performance based on our
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Table 2.1: Summary of the reproducibility data, relative standard deviations (%), from the
11 CZE-MS runs.

Protein Migration time Intensity
Lysozyme 6.6 15.4

BSA 6.0 9.2
Cyto.c 5.9 15.4

CA 4.4 8.7
β-casein 5.4 12.2

experience, signifying that the inner wall of the LPA coating of the separation capillary is

stable.

2.3.3 Single-shot TDP with CZE-MS/MS

We further applied the optimized CZE-MS/MS system for TDP of E.coli. An E.coli

protein sample (2 mg/mL) in 50 mM NH4HCO3 (pH 8.0) was used for the experiments.

AA (10% v/v) was used as the BGE. A QEHF mass spectrometer was used.

First, we evaluated the effect of sample loading volume on the number of proteoform

IDs and the number of PrSMs, Figure 2.5. A top 3 DDA method was used for data

acquisition. CZE-MS/MS with 500-nL sample loading volume produced the highest

number of proteoform IDs (407) after filtered with 1% spectrum-level FDR. When the

sample loading volume increased from 100 nL to 500 nL, the number of PrSMs increased,

leading to identification of over 2,100 PrSMs with 500-nL sample injection after filtering

with 1% spectrum-level FDR. The number of PrSMs remained reasonably consistent when

the sample loading volume changed from 500 nL to 1 µL. We further tried to decrease the

voltage applied at the injection end of the separation capillary from 30 kV to 20 kV,

resulting in slower migration of analytes in the capillary and wider separation window. 468

proteoforms were identified with 20 kV voltage and 500-nL sample loading volume. The

number of proteoform IDs was 15% higher than that from the 30 kV voltage (468 vs. 407).

We then performed CZE-MS/MS analysis of the E.coli sample in duplicate with 20 kV
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Figure 2.5: Data about TDP of E. coli using CZE-MS/MS. (A) Effect of E. coli sample
loading volume on the number of proteoform IDs and the number of proteoform-spectrum
matches (PrSMs). (B) Electropherograms of the E. coli protein sample analyzed by CZE-
MS/MS in duplicate runs. (C) The zoom-in electropherogram of the E.coli protein sample
from the 1st run CZE-MS/MS in (B). This figure is reprinted with permission from reference
[3].

voltage and 500 nL sample loading, Figures 2.5B and 2.5C. We applied a top 8 DDA

method instead of the top 3 DDA method. We identified 586±38 proteoforms (n=2) and

2,798±97 PrSMs (n=2) with single shot CZE-MS/MS after filtered with 1% spectrum-level

FDR. The lists of identified proteoforms from those duplicate CZE-MS/MS runs can be

found elsewhere [3]. The corresponding raw files have been deposited to the

ProteomeXchange Consortium via the PRIDE partner repository with the dataset

identifier PXD007273 [63]. The number of proteoform IDs is over three times higher than
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that reported in the literature using single-shot CZE-MS/MS (586 vs. 140-180) [21–23].

Results clearly demonstrate the capability of CZE-MS/MS for large-scale TDP. If 0%

spectrum-level FDR was used to filter the data, 419±25 proteoforms still could be

identified, which is still over 2 times higher than the data that has been presented in the

literature. We also analyzed the molecular weight distribution of the identified proteoforms

from the single-shot CZE-MS/MS, Figure 2.6. The molecular weight of identified

Figure 2.6: Distribution of the molecular weight of identified proteoforms from single-shot
CZE-MS/MS. This figure is reprinted with permission from reference [3].

proteoforms ranged from ∼ 2, 000 Da to ∼ 24, 000 Da. About 33% of the identified

proteoforms had molecular weight higher than 10 kDa. 1% spectrum-level FDR was used

to filter the data.

We attributed the significant improvement of the number of proteoform IDs from
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single-shot CZE-MS/MS to three reasons. First, the large sample loading capacity of the

CZE-MS/MS system (0.5 µL, 1 µg of E.coli proteins) and the optimized dynamic pH

junction method guaranteed the identification of large numbers of proteoforms. Second, the

optimized dynamic pH junction-based CZE-MS/MS system produced 90-min separation

window for the E.coli proteome (Figures 3B and 3C), providing enough time for acquisition

of tandem mass spectra. The separation window is about three times wider than those in

previous reports [21–23]. Third, the dynamic pH junction-based CZE produced higher Pc

for separation of the E.coli proteome. Based on the electropherograms in Figure 3B, the Pc

of the system was ∼ 280 (using the average peak width at 50% peak height) for the E.coli

proteome sample, which is 2-3 times higher than those in the previous reports [21–23].

We further analyzed the identified proteoforms from the E.coli proteome with single-shot

CZE-MS/MS. The nearly 600 proteoforms from single-shot CZE-MS/MS corresponded to

about 200 E.coli genes. On average, we identified about three proteoforms from each gene.

Distribution of the number of proteoform IDs from each gene is shown in Figure 2.7. The

single-shot E. coli data in Figure 3B was used for these analyses. We identified one

proteoform/gene for about 100 E.coli genes, 2-5 proteoforms/gene for about 80 genes, and

6-44 proteoforms/gene for about 20 genes. We identified 44, 30 and 21 proteoforms for

E.coli genes hdeA, acpP and ybgS, respectively. The proteins corresponding to those three

genes are the most abundant proteins in E.coli (top 5%) based on the information in

PaxDb (Protein Abundance Database, http://pax-db.org/). About 80% and 65% of the

identified proteoforms from single-shot CZE-MS/MS had significant mass errors with and

without consideration of cysteine carbamidomethylation, respectively. Figure 2.7B shows

the distribution of detected mass errors of identified proteoforms. In total, we detected 870

mass error events corresponding to different modifications of the proteins including cysteine

carbamidomethylation (57 Da), oxidation (16 Da) and acetylation (42 Da). In addition,

truncations, N-terminal methionine excision and signal peptide removal of proteins were

also detected. Figures 2.7C and 2.7D show sequences and observed fragmentation patterns
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Figure 2.7: (A) Distribution of the number of identified proteoforms from each E. coli gene.
(B) Distribution of the detected mass errors from the identified proteoforms. (C and D)
Sequences of two identified proteins with carbamidomethylation sites (cysteines) marked in
red and the fragmentation patterns observed. This figure is reprinted with permission from
reference [3].

of two proteins. The fragmentation covered the termini and middle parts of those two

proteins, leading to identification of over 40 fragment ions. N-terminal truncation was

detected for uncharacterized protein YggL (Figure 2.7C), while there was N-terminal

methionine excision that was detected for 30S ribosomal protein S17 (Figure 2.7D).

2.3.4 Comparing RPLC-MS and CZE-MS for analysis of a

standard protein mixture

We first employed a standard protein mixture containing proteins with molecular weight in

a range of 8.5-66 kDa for the comparison of RPLC-MS and CZE-MS in terms of separation,

signal intensity, and charge state distributions of proteins. For CZE-MS, we employed an

LPA-coated capillary to reduce the protein adsorption on the inner wall of the capillary
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and to reach a wider separation window [3]. We used a dynamic pH junction-based sample

stacking method for online concentration of the proteins based on our recent work [3]. For

RPLC-MS, we employed a 90-cm-long nanoRPLC column (100-µm i.d.) packed with 3 µm

C2 porous beads (300 Å pores). We got the nanoRPLC column from Dr. Yufeng Shen at

CoAnn Technologies, LLC (Richland, WA). Based on previous work, the column represents

one of the state-of-the-art nanoRPLC columns for the separation of complex intact protein

mixtures [8]. We employed a QEHF mass spectrometer in the experiment. The MS

parameters for CZE-MS and RPLC-MS were the same.

Figure 2.8 shows the separation profiles and charge state distributions of proteins using

CZE-MS and RPLC-MS. First, CZE and RPLC have different mechanisms for protein

separation, size-to-charge ratio vs. hydrophobicity, leading to drastically different

migration or elution orders, as shown in Figures 2.8A and 2.8B. 40 and 400 ng of proteins

were injected in Figures 2.8A and 2.8B, respectively. For example, BSA migrated fastest in

CZE and had stronger retention than ubiquitin and cyto.c. It suggests that a combination

of RPLC and CZE can produce orthogonal and high capacity separation of complex

mixtures of intact proteins. We recently demonstrated the power of

nanoRPLC-CZE-MS/MS for orthogonal and high capacity separation of an MCF7 cancer

cell proteome digest, leading to the identifications of nearly 8000 proteins and 60000

peptides starting from only 5-µg peptides [64]. We noted that RPLC-MS produced a very

broad peak of cyto.c (over 10-mins wide), and CZE-MS yielded a reasonably sharp peak of

cyto.c (less than 1-min wide). The broad peak of cyto.c in RPLC-MS might be due to its

weak retention on the C2 column, leading to its inefficient trapping at the front end of the

column during sample loading. Second, CZE-MS had much higher sensitivity than

RPLC-MS. CZE-MS with 40 ng protein injected produced comparable protein intensity to

RPLC-MS with 400 ng protein injected, as shown in Figures 2.8A, 2.8B, and Table 2.2.

Cyto.c and BSA are not listed in the table because they were not separated well in CZE,

and because cyto.c had a very broad peak in RPLC runs. S/N ratios were estimated by
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Figure 2.8: The standard protein mixture data from CZE-MS and RPLC-MS. (A) Base peak
electropherogram of the protein mixture using CZE-MS. (B) Base peak chromatogram of the
protein mixture using RPLC-MS. (C) Charge state distributions of myo, CA, and β-casein
using CZE-MS. (D) Charge state distributions of myo, CA, and β-casein using RPLC-MS.
This figure is reprinted with permission from reference [4].

dividing base peak intensity of the protein by the base peak intensity at the base of that

protein’s peak. The data agreed well with that from Yates group recently [5]. The high

sensitivity of CZE-MS makes it extremely useful for TDP of mass-limited samples. Very

recently, we showed that thousands of proteoforms were identified from zebrafish brains

using advanced CZE-MS/MS with only 500 ng protein material [65]. Third, interestingly,

the protein in RPLC-MS tended to have higher charge states than that in CZE-MS, as
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Table 2.2: Base peak intensity of proteins in the standard protein mixture from CZE-MS
(40 ng protein) and RPLC-MS (400 ng protein) and their S/N ratios.

Protein CZE-MS (40 ng proteins) RPLC-MS (400 ng proteins) S/N (CZE-MS) S/N (RPLC-MS)
Ubiquitin 1.6E9 1.2E9 1.3E4 3.0E3

Myo 1.8E8 2.7E8 90 1.7E2
CA 1.8E7 2.3E7 11 64

β-casein 7.4E6 1.2E7 37 17

shown in Figures 2.8C and 2.8D. For example, the most abundant charge states of CA in

CZE-MS and RPLC-MS are +31 and +35, respectively. This phenomenon is most likely

due to the high acetonitrile concentration in RPLC mobile phase, leading to the more

extensive unfolding of proteins in RPLC compared to that in CZE. Higher charge states

can potentially benefit gas-phase fragmentation of protein for identifications due to their

more unfolded structures. Fourth, RPLC-MS produced a much wider separation window

than CZE-MS for the standard protein mixture, 80 min vs. 20 min, as shown in Figures

2.8A and 2.8B. Because we employed a 90-cm-long RPLC column, we used a 240-min

gradient for separation, leading to a wide separation window. This feature becomes one

very important advantage of RPLC-MS compared to CZE-MS for TDP. For large-scale

TDP, a wide separation window is vital because more MS/MS spectra can be acquired

during a run for more extensive characterization of complex protein mixtures.

2.3.5 Comparing RPLC-MS/MS and CZE-MS/MS for TDP of E.

coli cells

We then applied both RPLC-MS/MS and CZE-MS/MS for top-down MS characterization

of an E. coli proteome sample. Two kinds of sample loading, 1-µg and 8-µg E. coli protein,

were tested for RPLC-MS/MS. For CZE-MS/MS, 1-µg E. coli protein was injected for

analysis. The same MS and MS/MS parameters were used for CZE-MS/MS and

RPLC-MS/MS. A 240-min gradient was used for RPLC-MS/MS analyses because the

RPLC column was long (90 cm). The CZE-MS/MS analysis was completed in 120 min, as
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shown in Figure 2.9A. CZE-MS/MS with 1-µg protein produced only 27% lower total ion

Figure 2.9: Summary of the E. coli data from RPLC-MS/MS and CZE-MS/MS. (A) Total
ion current (TIC) chromatograms of E. coli proteins from RPLC-MS/MS with 1-µg and 8-µg
protein injected, and the TIC electropherogram of E. coli protein from CZE-MS/MS with
1-µg protein injected. (B) Protein-level overlaps between RPLC-MS/MS (8-µg protein),
CZE-MS/MS (1-µg protein), and RPLC-MS/MS (1-µg protein). This figure is reprinted
with permission from reference [4].

chromatogram (TIC) signal than RPLC-MS/MS with 8-µg protein (4.03E9 vs. 5.49E9),

and it generated over 4-fold higher TIC signal than RPLC-MS/MS with 1-µg protein

(4.03E9 vs. 9.26E8). RPLC-MS/MS produced a much wider separation window than

CZE-MS/MS (160 min vs. 60 min). Overall, RPLC-MS/MS identified 245 proteins and
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1,004 proteoforms using 8-µg protein and 105 proteins and 277 proteoforms using 1-µg

protein. CZE-MS/MS identified 159 proteins and 513 proteoforms using 1-µg protein. A

5% proteoform-level FDR was used to filter the proteoform identifications.

With the same loading amount of 1-µg E. coli protein, CZE-MS/MS was able to

identify 51% more proteins and 85% more proteoforms. However, RPLC-MS/MS with 8-µg

E. coli protein identified 54% more proteins and 96% more proteoforms compared to

CZE-MS/MS with 1-µg protein. This data highlights the advantages and limitations of

CZE compared to RPLC. The better sensitivity of CZE results in more protein and

proteoform identifications than RPLC-MS/MS with the 1-µg protein material, but the

increased loading capacity of RPLC (8-µg protein) and wider separation window allowed

for more protein and proteoform identifications. In order to improve the CZE-MS/MS for

more proteoform identifications, we recently developed a CZE-MS/MS system using a

much longer LPA-coated capillary compared to this work (1.5 m vs. 1 m) [65]. The novel

CZE-MS/MS system produced a 180-min separation window, leading to the identifications

of 800 proteoforms and 260 proteins from an E. coli sample [65].

We then evaluated the protein-level overlaps between RPLC-MS/MS and CZE-MS/MS,

as shown in Figure 2B. RPLC-MS/MS (8-µg protein) and CZE-MS/MS (1-µg protein)

identified 306 unique proteins in total with 98 shared between the two methods for a total

overlap of 32%. 96 of the 105 proteins identified in the 1-µg RPLC-MS/MS run were also

found in the 8-µg RPLC-MS/MS run; 76 of the 105 proteins identified in the 1-µg

RPLC-MS/MS run were identified by CZE-MS/MS.

We further compared the RPLC-MS/MS (8-µg protein) and CZE-MS/MS (1-µg protein)

data regarding the molecular weight of identified proteoforms. The RPLC-MS/MS and

CZE-MS/MS runs identified proteoforms with molecular weight in a range of 1-22 kDa and

3-23 kDa, respectively. The molecular weight distributions of proteoforms from these two

methods have no drastic differences, as shown in Figure 2.10. We need to note that because
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Figure 2.10: Molecular weight distributions of identified proteoforms from the E. coli sample
using RPLC-MS/MS (8-µg protein) and CZE-MS/MS (1-µg protein). This figure is reprinted
with permission from reference [4].

the proteoforms identified in this work are relatively small (less than 23 kDa), there may

be drastic differences between RPLC-MS/MS and CZE-MS/MS for identification of large

proteoforms (larger than 30 kDa), which will be tested in our future work.

We identified various modifications on the protein sequences, including N-terminal

methionine removal, signal peptide cleavage, truncations, N-terminal acetylation,

succinylation, disulfide bond, and S-thiolations. For example, we detected a -2 Da mass

shift on one proteoform of Thioredoxin 1, and the mass shift was localized in a small region

of the proteoform sequence (WCGPCK), as shown in Figure 2.11A, suggesting a disulfide

bond between the two cysteine residues. The data agree well with the information in the

UniProt database. As another example, we detected two kinds of S-thiolations for

Chaperone protein DnaK and they are S-glutathionylation (+305-Da mass shift) and

S-cysteinylation (+119-Da mass shift), as shown in Figures 2.11B and 2.11C. For the
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Figure 2.11: Sequences and fragmentation patterns of thioredoxin 1 with a disulfide bond (A),
Chaperone protein DnaK with an S-glutathionylation (B), and Chaperone protein DnaK with
an S-cysteinylation (C). The cysteine residues marked with circles have the modifications.
This figure is reprinted with permission from reference [4].

Chaperone protein DnaK proteoforms in Figure 2.11, the N-terminal methionine was

removed, and the C-terminal was truncated. Examples of the Thioredoxin 1 proteoform

with a disulfide bond and the S-thiolation proteoforms of dnaK in Figure 2.11 are from the

CZE-MS/MS study. The disulfide bond and S-glutathionylation was identified using all

methods and S-cysteinylation was identified using CZE-MS/MS and 8-µg RPLC-MS/MS.
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2.4 Conclusion

We presented a CZE-MS/MS system with µL-scale sample loading capacity, 90-min

separation window and high peak capacity (∼ 280) for large-scale TDP, thus leading to

nearly 600 proteoform IDs from an E.coli proteome using single-shot CZE-MS/MS. The

number of proteoform IDs is over three times higher than that from previous single-shot

CZE-MS/MS studies. The 600 proteoform IDs from single-shot CZE-MS/MS is roughly

equivalent to the data from single-shot RPLC-MS/MS using a 21T FT-ICR mass

spectrometer [66]. This CZE-MS/MS system established the foundation for large-scale

TDP using CZE-MS/MS.

RPLC-MS/MS is typically used for large-scale TDP, and separates proteins based on

their hydrophobicity. CZE separates proteins based on their size-to-charge ratios. CZE and

RPLC can provide orthogonal separation of intact proteins. It has been reported that

CZE-MS approached better characterization of Dam1 complex subunits in terms of

separation efficiency and resolution with 100-times less sample consumption compared to

RPLC-MS [5]. In addition, CZE can separate protein(s)/protein complexes in native

condition [67, 68]. Very recently, Belov et al. characterized a ribosomal isolate from E. coli

using CZE-MS/MS in native condition, leading to the identification of 42 ribosomal

proteins and 137 proteoforms in a single experiment [68]. The results demonstrate the

potential of CZE-MS/MS for TDP of complex proteomes in native conditions.

However, CZE-MS/MS based large-scale TDP is still at the early stage. The 600

proteoform IDs in this work represents the largest TDP dataset using CZE-MS/MS. The

number of proteoform IDs from CZE-MS/MS, at the time of this work, was still far away

from the state of the art of LC-MS/MS-based TDP, which had reached thousands of

proteoform IDs from mammalian cell lines [6, 7, 66, 69–71]. Around 1,000 proteoform IDs

from complex proteome samples has been approached using one-dimension high-resolution
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RPLC-MS/MS [8, 72]. To improve the scale of CZE-MS/MS-based TDP, we need to

further improve the CZE-MS/MS system in terms of the separation window and sample

loading capacity. One solution could be to use longer separation capillary (e.g., 1.5 meters)

and higher separation voltage (e.g., 60 kV or higher) [65].

This work also represents the first comparison of the state-of-the-art

nanoRPLC-MS/MS and CZE-MS/MS for TDP. Overall CZE-MS/MS has drastically

better sensitivity than nanoRPLC-MS/MS for characterization of a simple intact protein

mixture and an E. coli proteome. CZE-MS/MS can be very useful for top-down MS

characterization of mass-limited proteome samples. RPLC has large sample loading

capacity and wide separation windows for fraction collection and CZE-MS/MS can

characterize proteoforms with high sensitivity. More importantly, RPLC and CZE are

orthogonal for separation of proteoforms. Combining RPLC and prefractionation (using

SEC or RPLC) to CZE-MS/MS should be an ideal platform for large-scale TDP.
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Chapter 3

Large-scale top-down proteomics of a

model system

3.1 Introduction

In TDP, intact proteins extracted from cells are typically fractionated by LC or

electrophoresis, followed by RPLC-MS/MS analysis. 1 The resulting MS/MS spectra are

compared with a protein database derived from the genome sequence for proteoform

identifications (IDs) [2–4]. The state-of-the-art RPLC-MS/MS based workflows have

approached 3000-5000 proteoform IDs corresponding to around 1000 proteins [5–8].

CZE-MS/MS has been recognized as a useful tool for TDP due to the high resolution of

CZE for separation of intact proteins and the high sensitivity of CZE-MS/MS for detection

of intact proteins [9–15]. However, the performance of CZE-MS/MS based platforms is still

far below that of RPLC-MS/MS based platforms in terms of the number of proteoform

IDs. Several groups have made some effort to improve CZE-MS/MS for TDP [16–20]. Li et

al. identified 30 large proteins (30-80 kDa) from P. aeruginosa PA01 cell lysate using

CZE-MS/MS, indicating the potential of CZE-MS/MS for top-down identification of large

proteins from a complex proteome [16]. Han et al. coupled RPLC fractionation to

CZE-MS/MS for TDP of Pyrococcus furiosus and identified nearly 300 proteoforms

corresponding to 134 proteins, demonstrating the capability of CZE-MS/MS for large-scale

1This chapter was adapted with permission from reference [1]
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TDP [17]. Zhao et al. combined high-resolution RPLC fractionation and CZE-MS/MS for

large-scale TDP of yeast and observed nearly 600 proteoform and 200 protein IDs [19]. The

data represents the state-of-the-art of CZE-MS/MS for top-down proteomics.

Two major issues have limited the number of proteoform IDs from complex proteomes

using CZE-MS/MS. One issue is the low sample loading capacity of CZE. The other one is

the low Pc of CZE for separation of intact proteins. The sample loading capacity and Pc of

CZE was 200 nL or lower and less than 100, respectively, in the reports mentioned in the

previous paragraph. Recently, we boosted the sample loading capacity and Pc of

CZE-MS/MS to 1 µL and 280, respectively, using dynamic pH junction-based sample

stacking for analysis of complex mixtures of intact proteins [20–23]. Duplicate

CZE-MS/MS analyses of an Escherichia coli (E. coli) proteome generated 586±38

proteoform IDs with a 1% spectrum-level FDR [20]. We compared the identified

proteoforms from the duplicate CZE-MS/MS analyses and revealed that, on average, about

76% of the proteoform IDs were the same in each CZE-MS/MS run, suggesting the good

reproducibility of the CZE-MS/ MS system. The remainder of this chapter deals with

applying a multidimensional proteoform separation and identification platform with

optimized parameters to a model system, E. coli.

3.2 Experimental

3.2.1 Materials and reagents

MS-grade water, ACN, MeOH, FA and HPLC-grade AA were purchased from Fisher

Scientific (Pittsburgh, PA). NH4HCO3, urea, DTT, IAA and 3-(trimethoxysilyl)propyl

methacrylate were from Sigma-Aldrich (St. Louis, MO). HF (48-51% solution in water) and

acrylamide were purchased from Acros Organics (NJ, USA). Fused silica capillaries (50 µm

i.d./360 µm o.d.) were purchased from Polymicro Technologies (Phoenix, AZ). Complete,
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mini protease inhibitor cocktail (EASYpacks) was from Roche (Indianapolis, IN).

3.2.2 Sample preparation

E. coli (K-12 MG1655) was cultured in LB medium (37◦C) while shaking (225 rpm) until

the OD600 reached 0.7. E. coli cells were harvested through centrifugation (4000 rpm, 10

min.) and washed three times with PBS. The E. coli cells were lysed in a lysis buffer

containing 8 M urea, 100 mM Tris HCl (pH 8.0) and protease inhibitor cocktail with the

assistance of sonication on ice for 10 min with a Branson Sonifier 250 from VWR Scientific

(Batavia, IL). Following centrifugation (18,000 x g, 10 min), the supernatant containing

extracted proteins was collected. A BCA assay was performed to determine the protein

concentration using a small aliquot of the extracted proteins while leftover proteins were

stored at -80◦C for later use. Prior to fractionation, the E. coli sample (1 mg of proteins)

was denatured at 37 ◦C for 30 min, reduced (1 µL, 2 M DTT) for 30 minutes at 37◦C,

alkylated (3 µL, 2 M IAA) for 20 minutes at room temperature in the dark and then

quenched with 1 µL DTT (2 M) for 5-10 minutes. Then the sample was acidified with FA

to get a pH ∼ 3.

3.2.3 HPLC

All separations were performed on a 1260 Infinity II HPLC system from Agilent (Santa

Clara, CA). Detection was performed using a UV-visible detector at a wavelength of 254

nm. Data was collected and analyzed using OpenLAB software.

3.2.4 SEC separation

The SEC column (4.6×300 mm, 3 µm particles, 300 Å pores) from Agilent was used for

separation of proteins. The mobile phase was 0.1% (v/v) FA, and the flow rate was 0.15

mL/min. The column temperature was kept at 40◦C. One mg of E. coli proteins were
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loaded onto the column for separation. We collected 5 fractions from 12-22 min (2 min for

each fraction).

3.2.5 RPLC separation

RPLC was performed using a column with C4-bonded stationary phase (2.1 x 250 mm, 3.0

µm particles) and porous particles (300 Å) from Sepax Technologies (Newark, Delaware).

Mobile phase A (2.0% ACN, 0.1% FA) and mobile phase B (0.1% FA in ACN) were used to

generate gradient separation. The flow rate was 0.25 mL/min. A 90-min gradient was used

for protein separation: 100% A to 80% B. The E. coli proteins in each SEC fraction were

loaded onto the RPLC column for separation. Two different methods were used in the

collection of RPLC fractions from these SEC fractions. For the first SEC fraction, we

collected 40 fractions from 15 to 75 min with 1.5 min per fraction. Then we combined

those 40 fractions to 20 fractions by combining adjacent fractions. Based on the UV-visible

data from the first SEC fraction, we changed the way for fraction collection for SEC

fractions 2-5. Twenty fractions were collected between 36 and 66 minutes with 1.5 minute

per fraction. All of the RPLC fractions (100 total, 5×20) were dried down with a vacuum

concentrator and the proteins in each RPLC fraction were redissolved in 5 µL of 50 mM

NH4HCO3 (pH 8.0) for CZE-ESI-MS/MS analysis.

3.2.6 CZE-ESI-MS/MS

An automated CZE-ESI-MS system containing an ECE-001 CE autosampler and a

commercialized electrokinetically pumped sheath flow interface from CMP Scientific

(Brooklyn, NY) was used in all E. coli experiments [24, 25]. This online system was

coupled to a QEHF mass spectrometer (Thermo Fisher Scientific, Waltham, MA). A

1-meter-long fused silica capillary (50 µm i.d., 360 µm o.d.) coated with LPA was used for

CZE separation. The inner wall of the capillary was coated with LPA based on the

previous works [23, 26]. One end of the capillary was etched with HF to reduce the outer
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diameter of the capillary to about 70-80 µm based on the procedure described in reference

[27]. (Caution: use appropriate safety procedures while handling HF solutions) The sample

was injected into the capillary via applying 5-psi pressure for 95 s. The sample loading

volume was about 500 nL based on the calculation using Poiseuille’s law. The voltage

applied at the injection end was 20 kV for separation and the ESI voltage was 2-2.3 kV.

The ESI spray emitter was pulled from a glass capillary (1.0 mm o.d., 0.75 mm i.d., 10 cm

long) with a Sutter P-1000 flaming/brown micropipette puller. The size of the emitter

orifice was 20-40 µm. The background electrolyte (BGE) was 10% AA and the sheath

buffer consisted of 0.2% FA (v/v) and 10% MeOH (v/v).

The “intact protein mode” was turned on and a trapping pressure of 0.2 was used in the

QEHF mass spectrometer. DDA was used with NCE of 20% for protein fragmentation. Ion

transfer capillary temperature was set to 320◦C and the s-lens RF level was 55. For full

MS, the number of microscans was 3, resolution was 240,000 (at m/z 200), AGC target

value was 1E6, maximum injection time was 50 ms and the scan range was m/z 600-2000.

For MS/MS, the number of microscans was 1 or 3, resolution was 120,000 (at m/z 200),

AGC target value was 1E5, and maximum injection time was 200 ms. The top 5 or 8 most

intense ions (Top 5 or Top 8 DDA) in full MS spectra were isolated with a 4 m/z window

and sequentially fragmented (NCE = 20%) and an intensity threshold for triggering

fragmentation of 1E5. Charge exclusion and exclude isotopes settings were turned on with

proteins with charge state higher than 5 able to be fragmented. Dynamic exclusion was

used with a setting of 30 s.

3.2.7 Data analysis

Electropherograms were exported using Xcalibur software from Thermo Fisher Scientific

and formatted using Adobe Illustrator to make final figures. The 43 RAW files from the 43

CZE-MS/MS runs were analyzed with the TopFD and TopPIC pipeline [28]. TopFD is an

improved version of MS-Deconv [29]. It converts precursor and fragment isotope clusters
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into monoisotopic masses and finds possible proteoform features in CZE-MS data by

combining precursor isotope clusters with similar monoisotopic masses and close migration

times (the isotopic clusters may have different charge states). The 43 RAW files were

converted into 43 mzXML files with msconvert [30]. Then, the spectral deconvolution was

performed with TopFD to generate msalign files for database search using TopPIC (version

1.1.0). The E. coli (strain K12) UniProt database (UP000000625, 4307 entries, version

June 7, 2017) was used for database search. The database search parameters were as

follows. Cysteine carbamidomethylation was set as a fixed modification, and the maximum

number of unexpected modifications was 2. The precursor and fragment mass error

tolerances were 15 ppm. The spectrum-level FDR was estimated using the target-decoy

approach [31]. In order to reduce the redundancy of proteoform identifications, we

considered the proteoforms identified by multiple spectra as one proteoform ID if those

spectra correspond to the same proteoform feature reported by TopFD or those

proteoforms are from the same protein and have similar precursor masses (within 1.2 Da).

We used a two-step approach for data analysis. In the first step, we employed TopPIC

to search each msalign data file against the E. coli proteome database separately, and no

FDR filter was used in this step. In the second step, we combined all the PrSMs identified

from the 43 data files and used 1% spectrum-level FDR to filter out the identified PrSMs.

3.3 Results and discussion

On the basis of the previous work, we report a multidimensional platform with high peak

capacity for separation of intact proteins in complex proteomes, Figure 3.1. The proteins in

an E. coli lysate were first fractionated with SEC into five fractions based on their size,

Figure 3.1A. The proteins in each SEC fraction were further fractionated with RPLC into

20 fractions based on their hydrophobicity, resulting in 100 RPLC fractions (5×20) in

total, Figure 3.1B. The proteins in those fractions were separated by the dynamic pH
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Figure 3.1: Multidimensional platform with high peak capacity for separation of intact
proteins in complex proteomes. (A) SEC chromatogram of an E. coli lysate. (B) RPLC
chromatogram of an SEC fraction of the E. coli lysate. (C) TIC electropherogram of an
RPLC fraction of the E. coli lysate (D) Fragmentation pattern of one identified proteoform
from gene hdeB. AU = absorbance units; mAU = milli-absorbance units; NL = normalized
level. This figure is reprinted with permission from reference [1].

junction-based CZE based on their size-to-charge ratios, followed by ESI-MS/MS analysis,

Figure 3.1C. The proteins in each RPLC fraction were dissolved in 5 µL of 50 mM

NH4HCO3 (pH 8.0) for CZE-MS/MS. The BGE of CZE was 10% (v/v) AA (pH 2.2). The

electrokinetically pumped sheath flow interface was employed to couple CZE to MS [24,

27]. About 10% of the sample (500 nL) was injected into the separation capillary for

CZE-MS/MS. The SEC-RPLC-CZE platform produced orthogonal and high-capacity

separation of intact proteins. The peak capacity of the platform was estimated to be

around 4000 based on the full width at half-maximum (fwhm) of protein peaks. The
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acquired MS/MS spectra of proteins were subjected to a database search using TopPIC

software for identification and characterization of proteoforms, Figure 3.1D [28, 29].

We identified over 58000 PrSMs, 5705 proteoforms, and 850 proteins from the E. coli

proteome using the SEC-RPLC-CZE-MS/MS platform with a 1% spectrum-level FDR. We

observed reasonable protein signal from 43 RPLC fractions using CZE-MS/MS, and the

proteoform/protein IDs were from those 43 CZE-MS/MS runs. Example electropherograms

are shown in Figure 3.2. The data set represents an order of magnitude improvement in

Figure 3.2: Base peak electropherograms of RPLC fractions 1-5 after CZE-MS/MS analysis.
This figure is reprinted with permission from reference [1].
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the number of proteoform IDs compared with previous CZE-MS/MS studies (5700 vs

300-600 proteoforms) [17, 19, 20]. The data set also represents the largest bacterial TDP

data set reported to date. The details of the identified PrSMs and proteoforms are listed

elsewhere [1].

We attribute the dramatic improvement in the number of proteoform IDs to two major

reasons. First, the SEC-RPLC-CZE platform produced high peak capacity (∼ 4, 000) for

separation of intact proteins. The peak capacity is at least 4 times higher than that in

previous TDP studies using CZE-MS/MS [17, 19, 20]. Second, the dynamic pH

junction-based CZE-MS/MS system had high sample loading capacity. About 10% of the

proteins in each RPLC fraction (500 nL vs 5 µL) was injected into the capillary for

CZE-MS/MS, and the sample loading volume is 2-5 times higher than previous TDP

studies using LC-CZE-MS/MS [17, 19]. Both the high peak capacity and high sample

loading capacity benefit the identification of relatively low abundant proteins and

proteoforms.

We then performed various analyses of the proteoforms and proteins that were identified

from the E. coli proteome using the SEC-RPLC-CZE-MS/MS platform. Single-shot

CZE-MS/MS produced nearly 500 proteoform IDs from two of the 43 RPLC fractions and

yielded 200-400 proteoform IDs from most of the RPLC fractions, Figure 3.3A. The number

of cumulative proteoform IDs increased steadily with the increase of the number of RPLC

fraction or SEC fraction, indicating the efficient prefractionation performance of SEC and

RPLC, Figure 3.3A. SEC fractions 3-5 made greater contribution to the proteoform IDs

than SEC fraction 1, and we did not observe significant protein signal from SEC fraction 2,

Figure 3.3A. The majority of the identified proteoforms had mass in a range of 10-20 kDa,

and 52 proteoforms with mass bigger than 30 kDa were identified, indicating the potential

of the platform for top-down characterization of large proteins, Figure 3.3B.

The number of proteoforms per gene ranged from 1 to 345, Figure 3.4. The detected
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Figure 3.3: Summary of the identified proteins and proteoforms. (A) The number of
proteoform IDs in each RPLC fraction (red bars); the cumulative proteoform IDs vs the
number of RPLC fractions (black line with squares). (B) Mass distribution of identified
proteoforms. (C) Distribution of biological processes of identified proteins in this work
and proteins in the UniProt E. coli database. (D) Distribution of molecular functions of
identified proteins in this work and the proteins in the UniProt E. coli database. The
“Retrieve/ID mapping” tool in the UniProt Web site was used to obtain the gene ontology
(GO) information on proteins. This figure is reprinted with permission from reference [1].

mass shifts from the identified proteoforms ranged from -600 to 600 Da, corresponding to

various modifications, e.g., cysteine carbamidomethylation (57 Da), methylation (14 Da),

acetylation (42 Da), and oxidation (16 Da), Figure 3.5. We also detected N-terminal

methionine excision, signal peptide removal, and protein truncations. We observed good
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Figure 3.4: Distribution of the number of identified proteoforms from each E. coli gene. This
figure is reprinted with permission from reference [1].

linear correlation between the number of PrSMs and the abundance (ppm) of 20 randomly

selected proteins in a mass range of 6-20 kDa, Table 3.1 and Figure 3.6. Protein abundance

was obtained from PaxDb (Protein Abundance Database, https://pax-db.org/). We used

the E. coli protein abundance data derived from a BUP dataset deposited via PRIDE with

the accession number PRD000485. The data suggested that the number of PrSMs of

proteins (<20 kDa) could be used to roughly estimate their abundance in cells, which is

similar to the spectral count idea used in BUP [32]. Similarly, we used the number of

PrSMs to estimate the relative abundance of various proteoforms derived from the same

gene and we took two genes, hdeA and hdeB, as the examples. We identified 345

proteoforms (6634 PrSMs) and 47 proteoforms (1084 PrSMs) for hdeA and hdeB,

respectively, Figure 3.4. For hdeA, 62% of the identified proteoforms (214 out of the 345)

related to various truncations at the termini of the protein molecules, and 131 proteoforms

had no truncations. The data suggest that protein truncation is one major reason for the
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Table 3.1: Summary of the gene, the number of PrSMs and abundance of the selected 20
proteins.

Gene Number of PrSMs Protein abundance (ppm)
hdeA 6634 16470
hdeB 1084 2403
rpsF 1603 2913
groS 1703 3297
wrbA 436 1933
acpP 1909 8302
greA 96 746
ygiW 536 1313
slyA 94 622
rpoZ 569 1515
yeeX 333 1844
trxA 338 1280
yjjA 48 62.7
copA 81 270
osmC 288 1152
sufE 13 18.7
ygiC 52 261
yibT 66 294
ybeL 95 235
hns 1680 7009

88



Figure 3.5: Distribution of the detected mass shifts from the identified proteoforms. This
figure is reprinted with permission from reference [1].

large number of identified proteoforms of hdeA. The 131 proteoforms of hdeA that were

not truncated corresponded to 87% of all the PrSMs of hdeA, and the 214 truncated

proteoforms only accounted for 13% of the total PrSMs of hdeA. For hdeB, only 10% of the

proteoforms (5 out of the 47) related to various truncations and those proteoforms only

represented 1% of the total PrSMs. The data clearly indicate that the majority of the

hdeA and hdeB protein molecules in the E. coli cells have no truncations. As shown in

Table 3.2, the majority of the hdeA and hdeB protein molecules in E. coli cells had the

mass shift as 0 Da based on their PrSM data. When the number of PrSMs listed in the

table were calculated for different mass shifts, we did not consider whether the protein

sequences were truncated or not. A small percentage of the hdeB protein molecules had

methylation (mass shift as 14 Da), dimethylation (mass shift as 28 Da), acetylation (mass

shift as 42 Da), or a combination of methylation and acetylation (mass shift as 56 Da), 3.1.

Those PTMs of hdeB detected here agreed well with that in one E. coli PTM database
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Figure 3.6: Correlation between the number of PrSMs and the abundance (ppm) of 20
randomly selected proteins with mass in a range of 6-20 kDa (log-log plot). This figure is
reprinted with permission from reference [1].

established recently by the Smith group using BUP [33]. Similarly, we also identified some

hdeA proteoforms with the same mass shifts as the hdeB proteoforms, e.g., 14, 28, and 42

Da. However, we could not find any PTM information about hdeA from UniProt database

(http://www.uniprot.org/uniprot/P0AES9) and the E. coli PTM database in reference

[33]. The results here highlight the capability of the CZE-MS/MS-based TDP for accurate

characterization of proteins in cells.

We further compared the identified proteins (850) with the proteins in UniProt E. coli

database (∼ 4, 000 proteins) in terms of the gene ontology (GO) information, Figures

3.3C,D and 3.7. The detailed information about those proteins is shown in Table 3.1. Our

SEC-RPLC-CZE-MS/MS platform had no obvious bias in protein ID with respect to the

biological process and molecular function distributions. About 36% of the identified

90



Table 3.2: Summary of the number of PrSMs of various proteoforms derived from hdeA and
hdeB with different mass shifts detected in the work.

Mass shift (Da) hdeA hdeB
0 3191 553
14 249 68
28 282 126
42 138 68
56 0 22

Others 2774 247
In total 6634 1084

Figure 3.7: Distribution of the cellular component of the identified proteins and the proteins
in the UniProt E.coli database using the “Retrieve/ID mapping” tool in the UniProt website.
This figure is reprinted with permission from reference [1].

proteins were membrane proteins, and this percentage was only slightly lower than that in

the UniProt database (43%). The data indicated that our platform was efficient for

identification of membrane proteins. The percentage of proteins that located in the

intracellular part, cytosol, or ribosomal subunit was higher in the identified protein pool

than that in the UniProt database.
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We also compared our work with recent deep TDP studies that employed RPLC as the

final dimension for separation of intact proteins prior to MS and MS/MS analysis. In our

work, 5705 proteoform and 850 protein IDs were observed from the 43 CZE-MS/MS runs,

corresponding to roughly 4680 min of instrument time. Tran et al. combined sIEF,

GELFrEE, and RPLC-MS/MS for TDP of a human cell line, resulting in over 3000

proteoform IDs from 1063 proteins with 3825 min of instrument time [5]. Anderson et al.

identified 3238 proteoforms and 684 proteins from human colorectal cancer cells using

GELFrEE prefractionation followed by RPLC-MS/MS [8]. Overall, the data acquisition

took roughly 4960 min. Catherman et al. combined subcellular fractionation, sIEF,

GELFrEE, and RPLC-MS/MS for deep TDP of the transformed human cell line H1299

proteome [6]. Over 5000 proteoforms and 1220 proteins were identified, representing the

largest TDP data set of the human proteome reported to date. Hundreds of RPLC-MS/MS

runs (∼ 90 min per run) were performed in that study.

3.4 Conclusion

In summary, our SEC-RPLC-CZE-MS/MS platform is comparable with the state-of-the-art

RPLC-MS/MS based systems for deep TDP in terms of the number of proteoform IDs and

the total instrument time. It is noteworthy that the total CZE-MS/MS analysis time can

be easily reduced via boosting the electric field across the separation capillary. In this

work, 20 kV was applied across the capillary for separation, and increasing the voltage to

30 kV will theoretically improve the throughput by 1.5-fold. In addition, in this work, we

did not fully use the instrument time for proteoform IDs, and there was significant dead

time in each CZE-MS/MS run. For instance, all of the identified PrSMs concentrated in a

10 min window for the RPLC fraction 15, and the dead time of this CZE-MS/MS run was

110 min, Figure 1.12A.

As another example, the identified PrSMs spread over an 80 min window for the RPLC
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fraction 19, and about 40 PrSMs/min was approached across a 35 min window, Figure

1.12B. The dead time of that CZE-MS/MS run was still 40 min. We believe the sequential

sample injection method that has been tested for high-throughput BUP using

CZE-MS/MS recently will allow us to reduce the dead time in each CZE-MS/MS run

[34–37]. Those improvements will be very helpful to increase the throughput of our

SEC-RPLC-CZE-MS/MS platform for deep TDP.

We speculate that the number of proteoform and protein IDs from the

SEC-RPLC-CZE-MS/MS platform can be significantly boosted via several improvements.

First, the SEC separation can be further improved via simply increasing the length of the

SEC column and employing the serial SEC method developed recently by the Ge group [7].

Second, the RPLC separation can be improved via investigating different RP beads and

employing longer columns [37, 38]. Third, the performance of CZE can be improved with

longer separation capillaries (i.e., 1.5 m) and higher separation voltage (i.e., 60 kV).

Fourth, the improvement in mass resolution and scan speed of mass spectrometers

definitely will benefit large-scale TDP of complex proteomes. In, addition, the combination

of different protein fragmentation techniques, e.g., HCD, ETD, and UVPD, will be

invaluable for boosting the scale of TDP and improving the quality of proteoform

characterization [39–44].
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Chapter 4

Large-scale top-down proteomics of

human colorectal cancer cell lines using

capillary zone electrophoresis-tandem

mass spectrometry

4.1 Introduction

As the third most common cancer in the world and due to its high mortality rate,

colorectal cancer (CRC) has drawn considerable attention from the medical community

[1–3]. Metastasis is the main cause of CRC death and gaining insight into the main actors

in cells behind CRC progression is highly desirable to develop new drug targets and for

choices related to patient care and treatment regimen [4–6]. A comprehensive list of genes

that are known to be associated with unfavorable prognosis in CRC are provided through

The Human Protein Atlas [1]. However, cellular behavior during cancer progression is the

result of subtle changes at the protein level and genetic analysis does not provide a clear

picture of how proteins are regulated or protein level information, such as PTMs, that also

play a key role in CRC metastasis [2, 4, 7, 8]. Hummon, et al. identified phosphorylated

proteins upregulated during CRC metastasis by analyzing SW480 and SW620 (primary

and metastatic) cell lines [5]. Ghosh, et al. utilized iTRAQ for a complete BUP profile of
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SW480 and SW620 cell lines [9]. However, BUP is limited by the protein inference problem

where it is not possible to identify or quantify specific proteoforms that may contain

multiple PTMs or combinations of different modifications, including those with SAAVs and

other genetic alterations [10]. Herein, we provide a clear picture of the diversity of

modifications and proteoform family variation at play during CRC metastasis in the largest

TDP study of CRC to date. RPLC-MS is traditionally used in proteomics experiments,

however, our TDP platform utilizes CZE-MS/MS which is a recently proven method for

in-depth analysis of proteoforms within complex proteomes [11–15]. We also combine LC

prefractionation with CZE-MS/MS for increased separation efficiency of proteoforms and

to ease the burden on the mass spectrometer. High separation efficiency coupled to the

resolving power and speed of mass analysis routinely allows for analysis of thousands of

proteoforms, many of which are low abundant but still play key roles in biological processes

[11, 16–20].

4.2 Experimental

4.2.1 Materials and reagents

MS-grade water, ACN, MeOH, FA and HPLC-grade (AA) were purchased from Fisher

Scientific (Pittsburgh, PA). NH4HCO3, urea, DTT, IAA and 3-(trimethoxysilyl)propyl

methacrylate were from Sigma-Aldrich (St. Louis, MO). HF (48-51% solution in water) and

acrylamide were purchased from Acros Organics (NJ, USA). Fused silica capillaries (50 µm

i.d./360 µm o.d.) were purchased from Polymicro Technologies (Phoenix, AZ). Complete,

mini protease inhibitor cocktail (EASYpacks) was from Roche (Indianapolis, IN).
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4.2.2 Sample preparation

Cell lysis buffer consisted of 8M urea. 50 mM (pH 8.2), 1 mM β-glycerophosphate, 1 mM

PMSF, 75 mM NaCl, 1 mM NaF, 1 mM sodium orthovanadate, 10 mM sodium

pyrophosphate, and protease inhibitor cocktail. Protein concentrations were determined by

BCA assay. SW480 and SW620 proteins were denatured at 37◦C for 30 minutes, reduced

at 37◦C for 30 minutes after adding 1 M DTT, and then alkylated at room temperature in

the dark for 20 minutes after adding 1M IAA. The reactions were quenched by adding 1M

DTT for 5 minutes at room temperature.

For study 1, 200 µg of protein for SW480 and SW620 were reduced, alkylated, and

acidified prior to being sent directly through RPLC fractionation. For study 2, 2 mg of

protein for SW480 and SW620 were reduced and alkylated prior to being sent directly

through multidimensional separation. For study 3, 420 µg of both SW480 and SW620 were

reduced and alkylated prior to separation by RPLC. For study 4, the samples were

desalted after reduction and alkylation using a C4 trap column (4Ö10 mm, 3 µm particles,

300 Å pore size). Specifically, 500 µg of protein from SW480 and SW620 was loaded onto

the column and flushed with mobile phase A (2% (v/v) ACN, 0.1% FA) for 10 minutes at a

flow rate of 1 mL/min. The proteins were eluted with mobile phase B (80% ACN, 0.1%

FA) for 3 minutes at flow rate of 1 mL/min. The eluates were lyophilized with a speed

vacuum and redissolved in 150 µL 0.1% FA.

4.2.3 Fractionation of the SW480 and SW620 proteome

All separations were performed on a 1260 Infinity II HPLC system from Agilent (Santa

Clara, CA). Detection was performed using a UV-visible detector at a wavelength of 254

nm. Data was collected and analyzed using OpenLAB software. RPLC (C4, 2.1 x 250 mm,

Sepax Technologies) and SEC (4.6 x 300 mm, 500 Å pores, Agilent) were performed offline

(Agilent HPLC) for prefractionation. Fractions from SW620 and SW480 from study 1
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(13×2), study 2 (52×2), study 3 (6×2), and study 4 (6×2) were analyzed by CZE-MS/MS,

respectively.

In study 1, a 0.25 mL/min flow rate and gradient of 0-80% mobile phase (MP) B over

90 minutes (MPA: 2% ACN, 0.1% FA in water MPB: 80% ACN, 0.1% FA in water) were

used. Fractions were collected from 15 to 22 minutes (fraction 1) and 22 to 70 minutes (12,

4-minute fractions). For study 2, both SEC and RPLC were used for fractionation prior to

CZE-MS/MS. For SEC, the flow rate was 0.35 mL/min with a 0.05% TFA mobile phase. A

20 µL loading volume (40×) was used for more efficient SEC separation with fractions

being combined from successive separations. Fractions were collected from 5-8 minutes

(fraction 1) and 8-12.5 minutes (3, 1.5-minute fractions). One RPLC run was performed

for each SEC fraction with a flow rate of 0.25 mL/min and gradient of 0-80% MPB (MPA:

2% ACN, 0.1% TFA in water MPB: 10% IPA, 0.1% TFA in ACN) over 90 minutes with a

10-minute flush with 100% MPA at the beginning of the separation. Fractions were

collected from 20 to 25 minutes (fraction 1) and 25 to 65 minutes (20, 2-min fractions). In

study 3, the same mobile phases were used as in study 1, and a 90-minute gradient was

used with a 10-minute flush with 100% MPA at the beginning of the separation. Fractions

were collected from 25 to 55 minutes (fraction 1), 50 to 70 minutes (4, 5-minute fractions),

and 70 to 95 minutes (fraction 6). In study 4 SEC fractionation was performed with an

Agilent Bio SEC-5 column (4.6 Ö 300 mm, 5 µm particles, 500 Å pore size). 220 µg each of

SW 480 and SW 620 (1.5 mg/mL, 75 µLÖ2 injections) proteins were loaded into the SEC

column and separated isocratically at the flow rate of 0.3 mL/min with 0.1% FA as mobile

phase. The first fraction is collected from 5.6 to 8.6 minutes. The second to the fifth

fraction was from 8.6 to 14.6 minutes with 1.5 minutes per fraction. The final fraction was

collected from 14.6 to 19.0 min. In studies 1-3, samples were dried down and redissolved in

50 mM NH4HCO3 (pH 8.0, ∼ 2 mg/mL) for CZE-ESI-MS/MS. In study 4, fractions were

dried down and redissolved in 20 µL of 10 mM ammonium bicarbonate for a concentration

of ∼ 2 mg/mL.
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4.2.4 CZE-MS/MS

CZE separation was performed using a CESI 8000 Plus CE system (Beckman Coulter). A

commercialized electrokinetically pumped sheath-flow CE-MS nanospray interface (CMP

Scientific Corp) was applied for online coupling the CE system and mass spectrometer [21,

22]. A glass emitter (orifice size: 20-30 µm) installed on the interface was filled with sheath

buffer (0.2% FA, 10% MeOH) to generate electrospray at voltage of 2-2.3 kV.

In studies 1, 2, and 4 an LPA-coated fused silica capillary (1 m, 50 µm i.d., 360 µm o.d.)

was used with BGE (5% AA). In study 3, a 70 cm capillary was used with all other

parameters being the same as studies 1, 2, and 4. The inner wall of the capillary was

coated with LPA based on the procedure described in references [23, 24]. One end of the

capillary was etched with HF to reduce the outer diameter of the capillary to about 70-80

µm based on the procedure described in reference [25]. (Caution: use appropriate safety

procedures while handling HF solutions)

In study 1 and 2, the capillary was loaded with 500 nL of sample using 5 psi for 95

seconds. In study 3, the 70 cm capillary was loaded with ∼ 350 nL of sample and in study

4, the capillary was loaded with 500 nL of sample. After sample loading, the capillaries

were inserted into background electrolyte, containing 5% AA, and 30 kV voltage was

applied at the sample injection end to carry out separations. In study 1, 30 kV was applied

for 100 minutes, followed by a 10-minute flush and in study 2, 30 kV was applied for 70

minutes for separation. In study 3 and 4, 30 kV was applied for 70 and 100 minutes for

separation, respectively.

MS1 and MS2 data were collected on a QEHF mass spectrometer (Thermo Fisher

Scientific) under DDA mode. The temperature of ion transfer tube was set to 320◦C and

s-lens RF was 55. MS1 spectra were collected with following parameters: m/z range of

600-2000, mass resolution of 120,000 (at m/z 200), a microscan number of 3, AGC target

value of 1E6, and maximum injection time of 100 ms. The top 5 high abundant precursor
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ions (charge state higher than 3, 5, or charge state unassigned and intensity threshold 2E4)

in the MS1 spectra were isolated with a window of 4 m/z and fragmented via HCD with

NCE of 20%. The settings for MS2 spectra were m/z range of 300 to 2000, resolution of

120,000 (at m/z 200), a microscan number of 3, AGC target value of 1E5, and maximum

injection time of 200 ms. The dynamic exclusion was set to a duration of 30 s and the

isotopic peaks were excluded. Each fraction was analyzed three times using CZE-MS/MS.

4.2.5 Data analysis

The 422 RAW files, that contained significant protein signal from the CZE-MS/MS runs,

were analyzed with the TopFD and TopPIC pipeline [26]. TopFD is an improved version of

MS-Deconv [27]. It converts precursor and fragment isotope clusters into monoisotopic

masses and finds possible proteoform features in CZE-MS data by combining precursor

isotope clusters with similar monoisotopic masses and close migration times (the isotopic

clusters may have different charge states). The 422 RAW files were converted into 422

mzXML files with msconvert [28]. Then, spectral deconvolution was performed with

TopFD to generate msalign files for database search using TopPIC (version 1.1.0). The

human UniProt database (UP000005640, 77027 entries, version October, 23, 2019) was

used for database search with TopPIC (version 1.4.0). The database search parameters

were as follows. Cysteine carbamidomethylation was set as a fixed modification, and the

maximum number of unexpected modifications was 2. The precursor and fragment mass

error tolerances were 15 ppm. The maximum mass shift of unknown modifications was 500

Da. The spectrum-level FDR was estimated using the target-decoy approach and was set

to 1% and the proteoform-level FDR was also set to either 1% or 5%.9 If set to 5%,

proteoforms were filtered to have proteoform-level FDRs of less than 1%.
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4.3 Results and discussion

Briefly, this work consists of four separate studies, each consisting of a slightly different

analytical approach. Offline fractionation was performed in all four studies, with study 1

and 3 consisting of RPLC fractionation with 13 and 6 fractions collected respectively.

Study 2 consisted of SEC and RPLC fractionation with 52 total fractions collected and

study 4 consisted of SEC fractionation with 6 fractions collected. Each sample was

analyzed by CZE-MS/MS and studies 2-4 were ran in triplicate. The 422 raw files

accumulated during this work represent 516 hours of instrument time, mostly from study 2

(378 hours).

A summary of identification results from this work is provided in Figure 4.1A with a

combined total of 23319 and 2297 proteoform and protein identifications at 1%

proteoform-level FDR, respectively across studies 1-4. This is an over 400% increase, in

terms of proteoform identifications, from any TDP study reported to date, Figure 4.1B.

Despite requiring the most instrument time, study 2 resulted in nearly as many

identifications as study 4 on its own, highlighting the give-and-take between protein

concentration, solubility, and efficiency of prefractionation. The high number of

proteoforms after combination of study 3 and study 4 (11374) highlights the complementary

nature of both RPLC and SEC. Study 1 resulted in 7545 proteoform identifications.

Using the combined list of proteoforms, we identified proteoforms from genes which are

among those listed in The Human Protein Atlas to be directly related to unfavorable

outcomes in CRC. This includes proteoforms from the gene AKAP8L which has a

prognostic p-value of 3.49E-4 for colorectal cancer according to The Human Protein Atlas.

The particular proteoforms shown in Figure 4.1C, show the presence of both a

phosphorylated and unphosphorylated AKAP8L proteoform in the SW480 cell line.

Existence of phosphorylation on S601 on AKAP8L is further confirmed through
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Figure 4.1: A, Graph showing an overview of identifications in this study. B, a plot of the
proteoform learning curve, comparing the number of proteoform identifications in this study
to other TDP studies. C, fragmentation patterns of two proteoforms from the AKAP8L gene.
D, a histogram showing the molecular weight distribution for all proteoforms in this study.
E, graph of various active proteases using TopFINDer. F, graph of the proteoforms with
SAAVs for SW480, SW620, and the combined number of proteoforms. G, fragmentation
patterns of TP53 and MSH6 proteoforms that contain SAAVs.

PhosphoSitePlus (version 6.5.9.3) [29]. As AKAP8L is already confirmed to be associated

with an unfavorable prognosis in CRC, it is significant that we find the presence of these

two proteoforms, as phosphorylation is also known to be an important factor in disease

progression [1, 5]. Therefore, an additional layer of information is provided from analysis of

these proteoforms by TDP that could ultimately lead to drug development or a different

patient treatment regimen, significantly impacting CRC outcome.

105



As in most large-scale TDP experiments, this study was limited to mostly small

proteoforms, with the complete mass distribution, shown in Figure 4.1D, filtered at 1%

proteoform-level FDR. The relatively narrow mass range of top-down experiments is due to

a combination of factors including limited separation efficiency for large proteoforms,

particularly during fractionation using LC, the protein signal being spread over many

charge states after ESI, and resolution and mass range limitations associated with the mass

spectrometer. In addition to instrumentation limitations, there is a high number of

proteoform fragments present within our dataset, which has long been a point of contention

in TDP experiments. We believed that this could possibly be due to enzymatic

degradation prior to sample preparation, and utilized the TopFINDer tool to confirm

enzymatic activity [30]. A high number of cleaved proteoforms were confirmed through

TopFINDer, Figure 4.1E, with high confidence and the cleavage enzyme responsible is also

provided. This figure shows the proteases with the highest number of cleavages and a

q-value less than 5%, demonstrating high confidence. The q-value represents the

percentage of cleavages that are expected to be false positives, and a significant value is

chosen by TopFINDer. Manual examination of the dataset also confirmed the presence of

complementary proteoform sequences to the cleaved sequences, further validating these

results. Complete protease information is shown in Table 4.1.

TDP is also aided by advances in other -omics fields, including analysis of the

transcriptome, which can give information on expected mutations in proteoforms [31]. This

study uses mRNA level data to match to our TDP dataset to confirm the presence of

mutations at the proteoform-level [32]. Using a curated database, we were able to identify

SAAVs present in SW480 and SW620, Figure 4.1F. Proteoforms with SAAVs from genes

TP53 and MSH6 are shown in Figure 4.1G. According to many studies, TP53 mutations

are recognized as a hallmark of colorectal cancer, and the regulation of TP53 is directly

related to patient outcome in CRC [33, 34]. MSH6 mutations are used as a marker for

clinical diagnosis of Lynch syndrome which is known to increase a patient’s risk of
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Table 4.1: Complete protease information from TopFINDer.

Protease Accession List count Adjusted Fisher Exact Test (q-value)
MEP1A Q16819 385 1.26E-17
MAP12 Q6UB28 56 6.65E-20
GRAM P51124 239 8.40E-01
GRAA P12544 325 2.84E-29
MEP1B Q16820 367 4.91E-05
CASP6 P55212 20 1.00E+00
MAP2 P50579 74 1.41E-31
MPPB O75439 15 2.65E-02
GRAB P10144 273 1.00E+00
CASP3 P42574 56 1.00E+00

IDE P14735 51 2.08E-07
CATS P25774 173 1.00E+00
CATB P07858 105 1.00E+00
CATL1 P07711 176 1.00E+00
MMP14 P50281 10 5.75E-01
HTRA2 O43464 29 1.00E+00
FURIN P09958 3 1.00E+00
CASP1 P29466 15 1.00E+00
PPCE P48147 13 1.14E-05
CMA1 P23946 5 7.75E-01
CASP7 P55210 6 1.00E+00
MMP7 P09237 5 1.00E+00
CASP8 Q14790 2 1.00E+00
KLK5 Q9Y337 1 1.00E+00
CAN1 P07384 1 1.00E+00
PARL Q9H300 1 1.00E+00
UROK P00749 1 1.00E+00
GRAK P49863 1 1.00E+00
CBPA6 Q8N4T0 2 7.75E-01
MMP2 P08253 2 1.00E+00
MMP9 P14780 2 1.00E+00
MMP12 P39900 1 1.00E+00
MMP25 Q9NPA2 1 1.00E+00
MMP3 P08254 1 1.00E+00
MMP26 Q9NRE1 1 1.00E+00
MMP1 P03956 1 1.00E+00
MMP8 P22894 1 1.00E+00
ELNE P08246 2 1.00E+00
TRY3 P35030 1 1.00E+00
KLK3 P07288 1 1.00E+00
LGMN Q99538 2 1.00E+00
GRAH P20718 2 7.75E-01
CATD P07339 1 1.00E+00
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developing CRC and other cancers [35]. Therefore, the ability of TDP to detect mutated

TP53 and MSH6 proteoforms directly, possibly with modifications that further impact

disease progression and outcome, is a significant upper hand in a clinical setting when it

comes to treating patients and for drugs that target these genes.

A quantitative analysis was performed with the TopDiff (version 1.3.4) tool, based on

proteoforms reported by TopPIC, available in the TopPIC suite, for the data obtained with

SEC-CZE-MS/MS and RPLC-CZE-MS/MS (study 3 and 4). Quantitative data provides

differentially expressed proteoforms that can be further analyzed for biological significance

within the context of CRC. Differentially expressed proteoforms in study 4 can be

visualized in Figure 4.2A, with 460 proteoforms that have significant differences between

SW480 and SW620. Pink dots have higher abundance in SW480 and blue dots have higher

abundance in SW620. GO analysis was performed for study 3 and 4 and select biological

processes, with p-values less than 0.01, are shown in Figure 4.2B. Several of the

differentially expressed proteoforms with significant difference between SW480 and SW620

also contained phosphorylations. The genes associated with these proteoforms, along with

a log transformation of the ratio of their abundance in SW480 and SW620 and their

p-values are shown in Figure 4.2C. Complete proteoform information from Figure 4.2C is

shown in Table 4.2.

Interestingly, there are two proteoforms from the death-associated protein (DAP) gene

that are either higher abundant in SW480 (positive ratio) or SW620 (negative ratio). The

DAP gene is integral to programmed cell death and is therefore critical to cancer

progression [36]. A closer look at the fragmentation pattern and localization of the

phosphorylation modification in these proteoforms is shown in Figure 4.2D. The DAP

proteoform that is higher abundant in SW620 has a better localized phosphorylation site

on the proteoform sequence than the proteoform that is higher abundant in SW480, in

addition to being a smaller proteoform fragment. However, the phosphorylation site for the
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Figure 4.2: A, volcano plot showing differentially expressed proteoforms with S0 = 1 and
FDR = 0.05. B, graph showing a select few biological processes and fold enrichment after
GO analysis of proteoforms quantified in study 3 and study 4 for SW480 and SW620. C,
graph of genes with quantified proteoforms from study 4 that also contain phosphorylations.
D, fragmentation patterns for phosphorylated proteoforms from the DAP gene that are
differentially expressed in SW480 and SW620.

DAP proteoform in SW620 also includes a T56, in addition to S51. Both of these sites are

known to be phosphorylated according to PhosphoSitePlus, with S51 phosphorylation
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Table 4.2: Proteoform information from Figure 4.2C. Proteoform ratio is given as the
log2(average abundance in SW480/average abundance in SW620). Proteoform sequences
are provided with the part of the sequence that contains the phosphorylation in parentheses.

Gene Ratio Proteoform Sequence
DAP 1.53 R.IVQKHPHTGDTKEEKDKDDQEWES(PSPPKPTV)[79.9696]FIS

GVIARGDKDFPPAAAQVAHQKPHASMDKHPSPR.T
DAP -1.49 R.IVQKHPHTGDTKEEKDKDDQEWES(PS)[79.9692]PPKPTVFIS

GVIAR.G
HDGF 3.45 R.AGDLLED(SPK)[79.9689]RPKEAENPEGEEKEAATLEVERPLP

MEVEKNSTPSEPGSGRGPPQEEEEEEDEEEEATKEDAEAPGIR
DHESL.

HIST1H1B 2.42 M.(S)[Acetyl]ETAPAETATPA(PVEKS)[79.9702]PAKKKATK.K
HMGN1 2.01 K.QAEVANQETKEDLPAEN(GETKTEESPAS)[159.9318]DEAGE

KEAKSD.
HNRNPC -3.09 R.SAAEMYGSVTEH(PS)[79.9690]PSPLLSSSFDLDYDFQRDYY DR.M

NPM1 -2.67 K.(C)[Carbamidomethylation]GSGPVHISGQHLVAVEEDAE
(SE)[79.9682]DEEEEDVKLLSISGKR.S

RALY -5.52 R.TRDDGDEEGLLTH(SEEELE)[79.9695]HSQDTDADDGALQ.

being the most common phosphorylation site. Ideally, more efficient fragmentation would

be able to localize this modification better, but this is a perfect example of what TDP has

to offer in terms of identifying proteoforms from the same gene that otherwise would not

be differentiated by BUP or any other -omics method.

Other interesting proteoforms that are differentiated by their abundance in SW480 and

SW620 includes proteoforms from the nucleophosmin (NPM1) gene and hepatoma-derived

growth factor (HDGF). Both of these genes are known to play significant roles in cancer,

and phosphorylated proteoforms from both genes are differentially expressed in CRC,

Figure 4.2C [37, 38]. Another proteoform from HDGF, that was quantified without

significant expression difference between SW480 and SW620, also contains a possible

double phosphorylation event (159.9 Da mass shift). This event was localized to part of the

proteoform sequence that contains S132 and S133 that are both commonly phosphorylated

in HDGF according to PhosphoSitePlus.
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4.4 Conclusion

Big data produced by TDP experiments poses a unique challenge to analytical chemists

attempting to get a complete picture about the state of the biological system being

analyzed. As a result, TDP has not carved out a niche in a clinical setting although more

targeted TDP analyses are not far from clinical application. However, in the lab we can

piece together results from a variety of input/outputs ranging from the analytical methods

being used to specialized TDP software to gain some biologically relevant insight. This will

involve moving away somewhat but not completely from characterizing the brute strength

of TDP in terms of identifying large numbers of proteoforms and proteins and into

completing other incomplete, but very useful, pictures of biological processes created from

other -omics studies. In this study we offered a comprehensive top-down analysis of two

human CRC cell lines, SW480 and SW620, resulting in the largest TDP dataset and

irreplaceable insight into the biological state of primary and metastatic CRC. Drastic

proteoform differences between SW480 and SW620 make it apparent that greater attention

needs to be paid to the clinical ramifications caused by tumor proteoform heterogeneity

between patients.
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Chapter 5

Fragmentation of intact proteins using

activated ion electron transfer

dissociation and ultraviolet

photodissociation

5.1 Introduction

TDP aims to characterize proteoforms in their intact state and often in complex protein

mixtures, with many advantages and disadvantages which have been discussed thoroughly

to this point [1–4]. 1 The ability to elucidate these forms of biological variation is vital for

understanding the roles played by proteoforms in disease and development [7, 8]. The

state-of-the-art RPLC-MS/MS-based systems have achieved identification, and even

quantification, of thousands of proteoforms from complex samples [9–17]. Much effort has

been made to improve the separation of proteoforms with RPLC. Monolithic columns and

packed columns with beads having various sizes, different lengths of carbon chains, varied

porosity, and longer columns have been investigated for proteoform separation [10, 18–20].

Also, the recent improvements in CE-MS interface have facilitated the CZE-MS/MS for

TDP [21–23]. The McLafferty group reported identifications (IDs) of intact proteins using

1This chapter was adapted with permission from references [5, 6].
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CZE-MS with attomole amounts of materials in 1996 [24]. The Yates group demonstrated

that CZE-MS achieved similar signal-to-noise ratios to RPLC-MS for analysis of a protein

complex sample with 100-fold less sample consumption [25]. The Dovichi group has

reported 600 proteoform IDs using RPLC-CZE-MS/MS from yeast cells [26]. And, for large

protein characterization, the Kelleher group identified 30 proteins with masses in a range of

30-80 kDa from Pseudomonas aeruginosa PA01 cell lysate using CZE-MS/MS [27],

demonstrating the potential of CZE-MS/MS for characterization of large proteins.

Challenges remain for large-scale TDP using CZE-MS/MS, including the narrow

separation window (typically 30 min) and low sample loading capacity (low nL) of CZE.

Recently, our group achieved a 90-min separation window and a 1-µL sample loading

volume using CZE-MS for analysis of an E. coli cell lysate, leading to IDs of 600

proteoforms in a single CZE-MS/MS run [14, 28]. We employed a separation capillary with

high-quality LPA coating on its inner wall to eliminate EOF in the capillary, widening the

separation window [29]. We used a protein stacking method, dynamic pH junction, for

highly efficient and online concentration of proteins in the capillary, boosting the sample

loading volume [30, 31]. We coupled SEC-RPLC fractionation to the dynamic pH

junction-based CZE-MS/MS for deep TDP of E. coli cells [15]. Nearly 6000 proteoforms

and 850 proteins were identified using the multidimensional system. The dynamic pH

junction-based CZE-MS/MS has established the foundation of TDP using CZE-MS/MS.

Extensive fragmentation of proteoforms in the gas phase is another challenge in TDP.

Collision-based dissociation methods (e.g., HCD) are widely used for fragmentation of

proteoforms [9–12, 18, 19, 26, 27, 32, 33]. However, HCD often fails to provide extensive

fragmentation of proteoforms, and has preferential cleavage sites [34–37], limiting its utility

for thorough characterization of proteoforms. Alternative fragmentation methods are vital

for TDP.

Direct dissociation methods, without or concurrent with internal energy redistribution
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prior to dissociation, include ETD, AI-ETD, and UVPD [17, 36, 38]. AI-ETD disrupts

non-covalent interactions, that can hold fragments together following fragmentation by

ETD, by using infrared radiation to heat the ion [17]. AI-ETD has been used for more

efficient fragmentation of proteoforms in high-throughput TDP studies [17]. UVPD utilizes

high-energy photons to heat the proteins and directly dissociate along the backbone,

generating a wide variety of fragments and superior sequence coverage [38]. Close to

complete sequence coverage of intact proteins using UVPD (193 nm) has been

demonstrated, allowing for in-depth characterization of proteins [38]. However, 213 nm

UVPD is the only commercially available method currently.

Recently, an AI-ETD method that combines infrared photoactivation concurrent with

ETD has been developed and systematically evaluated for fragmentation of intact proteins

[17, 39–42]. RPLC-AI-ETD has been evaluated for high-throughput top-down

characterization of intact proteins (less than 20 kDa) in human CRC cells with a

production of 935 proteoforms and 295 proteins [17]. More importantly, AI-ETD showed

better performance than HCD and standard ETD regarding sequence coverage of identified

proteoforms and proteoform characterization scores. CZE has also been coupled with

AI-ETD for top-down characterization of a standard protein mixture and a bacterial

secretome sample [42]. About 40 proteoforms were identified using the CZE-AI-ETD from

the secretome sample, and other results have demonstrated a good complementarity of

HCD and AI-ETD for intact protein fragmentation. UVPD (193 nm) has been compared

to HCD for high-throughput TDP in a recent study and was reported to yield better

average proteoform sequence coverage compared to HCD [16]. Coupling size-based protein

fractionation to RPLC-UVPD led to 153 protein and 489 proteoform IDs from a HeLa cell

lysate [16]. RPLC-UVPD (193 nm) has also been applied for top-down characterization of

histones and BUP [43, 44].

In this work, for the first time, we coupled the dynamic pH junction-based CZE to
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AI-ETD and UVPD (213 nm), Figure 5.1, on an Orbitrap Fusion Lumos mass

spectrometer for large-scale TDP. An E. coli cell lysate was employed to evaluate the

Figure 5.1: A figure of the workflow in the CZE-UVPD study. This figure is reproduced
with permission from reference [6].

performance of the system. First, we investigated how the laser power used for the AI-ETD

influenced the proteoform IDs. Then, we compared CZE-AI-ETD and CZE-ETD, as well

as CZE-AI-ETD and CZE-HCD, for TDP of the E. coli cells. After that, we optimized the

electric field and the DDA method for the CZE-AI-ETD system. After evaluating the

reproducibility of the CZE-AI-ETD system, we coupled SEC fractionation to CZE-AI-ETD

for large-scale TDP of the E. coli cells. For UVPD, a commercialized UVPD source with a

213-nm laser was used and optimized in the experiment. SEC-based fractionation was then

coupled to CZE-UVPD for large-scale top-down proteomics of a zebrafish brain sample.

119



5.2 Experimental

5.2.1 Materials and reagents

MS-grade water, ACN, MeOH, FA and HPLC-grade AA were purchased from Fisher

Scientific (Pittsburgh, PA). NH4HCO3, urea, ammonium persulfate and

3-(trimethoxysilyl)propyl methacrylate were from Sigma-Aldrich (St. Louis, MO). HF

(48-51% solution in water) and acrylamide were purchased from Acros Organics (NJ,

USA). Fused silica capillaries (50 µm i.d./360 µm o.d.) were purchased from Polymicro

Technologies (Phoenix, AZ). Complete, mini protease inhibitor cocktail and phosphatase

inhibitor cocktail were bought from Roche (Indianapolis, IN).

5.2.2 Sample preparation

E. coli (K-12 MG1655) was cultured in Lysogeny broth (LB) medium (37◦C) while shaking

(225 rpm) until the OD600 reached 0.7. E. coli cells were harvested through centrifugation

(4,000 rpm, 10 min.) and washed three times with PBS. The E. coli cells were lysed in a

lysis buffer containing 8 M urea, phosphatase inhibitor and protease inhibitor cocktail with

the assistance of sonication on ice for 15 min with a Branson Sonifier 250 from VWR

Scientific (Batavia, IL) after homogenization with a Homogenizer 150 from Fisher Scientific

(Pittsburgh, PA). Following centrifugation (18,000 x g, 20 min), the supernatant

containing extracted proteins was collected. A BCA assay was performed to determine the

protein concentration using a small aliquot of the extracted proteins while leftover proteins

were stored at -80◦C for later use. The E. coli sample (∼ 780 µg of proteins) was desalted

using a C4 trap column (Bio-C4, 3 µm, 300 Å, 4.0 mm i.d., 10 mm long) from Sepax

Technologies, Inc. (Newark, DE) on a 1260 Infinity II HPLC system from Agilent (Santa

Clara, CA). The eluate containing the E. coli proteins was collected and lyophilized. The

E. coli protein sample was redissolved in 50 mM NH4HCO3 (pH 8.0), and an aliquot
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(∼ 117 µg) with ∼ 2 mg/mL protein concentration was used for the single-shot

CZE-MS/MS experiments. The leftover E. coli proteins (∼ 663 µg) was fractionated with

SEC, followed by CZE-MS/MS analyses.

Zebrafish brain samples were kindly provided by Professor Jose Cibelli’s group at the

Department of Animal Science of Michigan State University. The whole protocol related to

the zebrafish were performed in compliance with relevant laws or guidelines, and the

protocol followed guidelines defined by the Institutional Animal Care and Use Committee

of Michigan State University. Using zebrafish for scientific research has been approved by

the Institutional Animal Care and Use Committee of Michigan State University. Male

zebrafish brains were lysed in 8 M urea and 100 mM NH4HCO3 (pH 8.0) containing

complete protease inhibitor cocktail and PhosSTOP (EASYpacks) from Roche

(Indianapolis, IN). Homogenization with a Homogenizer 150 from Fisher Scientific

(Pittsburgh, PA) and sonication with a Branson Sonifier 250 from VWR Scientific

(Batavia, IL) were performed on ice for protein extraction. Samples were then centrifuged

at 15,000 x g for 10 minutes to effectively separate lipids and cell debris from the proteins.

The supernatant was collected for further preparation. The protein concentration was

determined using a BCA assay. 0.7 mg of zebrafish brain proteins were reduced with DTT

(1 M, 2 µL/mg of proteins) at 37◦C for 30 minutes, alkylated with IAA (1 M, 5 µL/mg of

proteins) at room temperature for 20 minutes in dark, and quenched with DTT (1M, 2 µL)

before SEC-CZE-MS/MS analyses.

5.2.3 SEC prefractionation

The SEC fractionation was performed on a 1260 Infinity II HPLC system from Agilent

(Santa Clara, CA). Detection was performed using a UV-visible detector at a wavelength of

254 nm. Data was collected and analyzed using OpenLAB software. An SEC column (4.6 x

300 mm, 3 µm particles, 300 Å pores) from Agilent was used for separation of proteins.

The mobile phase was 0.1% (v/v) FA, and the flow rate was 0.15 mL/min. The column
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temperature was kept at 40◦C. ∼ 663 µg of E. coli proteins were loaded onto the column

for separation. We collected one fraction during 11 to 12 minutes, one fraction per half a

minute during 12 to 18 minutes, and one fraction during 18 to 21 minutes. All 0.7 mg of

zebrafish brain sample was loaded onto the SEC column for fraction collection. One

fraction was collected from 8 to 11 minutes and then 1-minute/fraction from 11 to 20

minutes was performed. Each fraction was dried down with a vacuum concentrator and

redissolved in 50 mM NH4HCO3 (pH 8.0) with a final concentration of ∼ 2 mg/mL for

CZE-MS/MS analysis.

5.2.4 CZE-ESI-MS and MS/MS

An ECE-001 CE autosampler and a commercialized electrokinetically pumped sheath flow

CE-MS interface from CMP Scientific (Brooklyn, NY) were used in all experiments [22,

23]. The automated CE system was coupled to an Orbitrap Fusion Lumos mass

spectrometer (Thermo Fisher Scientific, Waltham, MA) via the electrokinetically pumped

sheath flow interface. A 1-m-long fused silica capillary (50 µm i.d., 360 µm o.d.) with LPA

coating on the inner wall was used for CZE separation. The LPA coating was made based

on the procedure in references [28, 29]. One end of the capillary was etched with HF to

reduce the outer diameter of the capillary to ∼ 70-80 µm based on the procedure described

in reference [28].

The sample was injected into the capillary via applying 5 psi for 95 s corresponding to a

500 nL volume based on the Poiseuille’s law. The separation voltage applied at the

injection end was either 10 kV for 240 min, 20 kV for 120 min, or 30 kV for 90 min in the

CZE-AIETD experiments and 20 kV for 120 min for CZE-UVPD experiments. Between

CZE-MS/MS runs, the separation capillary was flushed with BGE using 10 psi for 10 min.

For optimizing the laser power for AI-ETD and comparing the AI-ETD and ETD, 30 kV

for 90 min was applied. For comparing AI-ETD and HCD, optimizing the DDA method,

and evaluating the reproducibility of CZE-AI-ETD, 20 kV for 120 min was applied. For
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analyzing the SEC fractions of the E. coli proteome, 20 kV for 120 min was used for the

first nine fractions and 30 kV for 120 min for the last five fractions.

The ESI voltage was 2-2.3 kV. The ESI spray emitter was pulled from a glass capillary

(1.0-mm o.d., 0.75-mm i.d., 10-cm long) with a Sutter P-1000 flaming/brown micropipette

puller. The size of the emitter orifice was 20-40 µm. The BGE for CZE was 5% (v/v) AA

(pH 2.4) and the sheath buffer for ESI consisted of 0.2% (v/v) FA and 10% (v/v) MeOH.

An Orbitrap Fusion Lumos mass spectrometer was used for all experiments. For all

experiments, DDA was utilized with intact protein mode turned on, advanced peak

determination set to true, and default charge state set to 10. The ion transfer tube

temperature was set to 275◦C. Charge exclusion and exclude isotopes settings were turned

on for proteins with charge state between 7 and 24 able to be fragmented. Include

undetermined charges states was set to false and include charge states 25 and higher was

set to true. Dynamic exclusion was used with a setting of 30 s. The same MS settings were

used for all experiments. Use wide quad isolation was set to true, the orbitrap resolution

was 120,000, AGC target was 500,000, the number of microscans was 4, and the RF lens

(%) was 60.

The scan range, m/z 600-2000, and maximum injection time, 50 ms, was the same for

all CZE-AI-ETD experiments. For optimizing the laser power for AI-ETD (12, 18, 24, and

30 W) and comparing AI-ETD and ETD, a top 2 DDA method was used. The option for

performing a dependent scan on a single charge state per precursor was set to false. For

MS/MS, the isolation window was set to 3, orbitrap resolution was 60,000, maximum

injection time was 118 ms, AGC target was 500,000, and the number of microscans was 4.

For AI-ETD and ETD, the ETD reaction time was set to 20 ms, ETD reagent target was

700,000, and maximum ETD reagent injection time was 200 ms. For optimizing the DDA

methods (top N) for AI-ETD (18 W laser power), top 2, top 4, and top 5 DDA methods

were investigated. The option to perform a dependent scan on a single charge state per
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precursor only was set to true. For optimizing the separation voltage, the AI-ETD method

(18 W laser power) including a top 2 DDA method was used. For analyzing the SEC

fractions of the E. coli proteome, AI-ETD with 18 W laser power and a top 4 DDA method

were employed. The option to perform a dependent scan on a single charge state per

precursor only was set to true. For comparing the AI-ETD (18 W) and HCD, top 5 DDA

methods were used for both AI-ETD and HCD. The details of MS/MS with AI-ETD were

the same as that described above. For MS/MS with HCD, a normalized collision energy

20% was used for fragmentation. Other parameters were the same as that for AI-ETD.

For CZE-UVPD experiments, a top 5 DDA method was used for acquiring MS/MS

spectra of proteoforms. The setting for performing dependent scan on single charge state

per precursors only was set to False. An isolation window of 0.5 m/z was used for all

experiments. The orbitrap scan range was m/z 150-2000 and maximum injection time was

246 ms. Low and high mass tolerance was set to 1.5 m/z.

5.2.5 Data analysis

For the raw files from single-shot analyses of the whole E. coli cell lysate in the

CZE-AIETD experiment and for zebrafish brain samples in the CZE-UVPD experiment,

we employed the Proteome Discoverer 2.2 (Thermo Fisher Scientific) with the ProSight PD

Top Down High/High node for database search [45]. Briefly, MS/MS spectra of

proteoforms were deconvoluted with Xtract (signal-to-noise ratio threshold of three) and

searched against the whole E. coli or zebrafish database downloaded from the

http://proteinaceous. net/database-warehouse-legacy/. A three-tier search was used. Tier

one consisted of an absolute mass search with 2.0 Da precursor mass tolerance and 10 ppm

fragment ion mass tolerance. Tier two contained a biomarker search with 10 ppm precursor

mass tolerance and 10 ppm fragment ion mass tolerance. Tier three had an absolute mass

search with 1000 Da precursor mass tolerance and 10 ppm fragment ion mass tolerance.

[45] Only b- and y-types of fragment ions were considered for HCD fragmentation; only c-
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and z-types of fragment ions were considered for ETD and AI-ETD fragmentation.

Fragments considered for UVPD included a and x, b and y, and c and z ions. The

target-decoy approach was used to evaluate the FDRs of PrSMs and proteoform IDs [46,

47]. A 1% spectrum-level FDR was used to filter the PrSMs and a 5% proteoform-level

FDR was used to filter the proteoform IDs.

Although the ProSight PD node integrated in Proteome Discoverer 2.2 can perform

database search of individual raw files, it cannot combine raw files from different SEC

fractions from the CZE-AIETD of zebrafish brain samples for database search. Therefore,

the total numbers of protein and proteoform IDs from the SEC-CZE-MS/MS experiment

were from our manual combinations of proteoform and protein IDs from each SEC fraction

with the removal of redundant proteoforms and proteins.

For the raw files from the fractionated E. coli sample using SEC in the CZE-AIETD

experiment, we employed the TopFD and TopPIC pipeline for database search [48]. The 14

raw files corresponding to the 14 SEC fractions were analyzed. First, the 14 raw files were

converted into 14 mzML files with the Msconvert tool [49]. Then, the spectral

deconvolution was performed with TopFD to generate msalign files for database search

using TopPIC (version 1.2.2). The E. coli (strain K12) UniProt database (UP000000625,

4313 entries, version June 28, 2018) was used for database search. The database search

parameters were as follows. The maximum number of unexpected modifications was 2. The

precursor and fragment mass error tolerances were 15 ppm. The maximum mass shift of

unknown modifications was 500 Da. The FDRs were estimated using the target-decoy

approach [46, 47] To reduce the redundancy of proteoform IDs, we reviewed the

proteoforms that were identified by multiple MS/MS spectra as one same proteoform ID if

these MS/MS spectra corresponded to the same proteoform feature reported by the TopFD

or those proteoforms were from one same protein and had smaller than 1.2-Da mass

differences.
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Two steps of analyses were performed. In the first step, we used TopPIC to search each

raw file against the E. coli proteome database separately. In the second step, we combined

all the PrSMs identified from the 14 data files and filtered the PrSM IDs with a 1%

spectrum-level FDR. The proteoform IDs were then filtered with a 5% proteoform-level

FDR. A list of identified proteoforms can be found elsewhere [5].

5.3 Results and discussion

5.3.1 Comparing CZE-AI-ETD, CZE-ETD, and CZE-HCD

We first optimized the laser power for AI-ETD before comparing it with ETD and HCD.

The laser power can significantly affect the performance of AI-ETD based on a very recent

RPLC-AI-ETD report [17]. Here, we evaluated the performance of CZE-AI-ETD with four

different laser powers: 12 W, 18 W, 24 W, and 30 W, Figure 5.2. The CZE-MS system

Figure 5.2: (A) Base peak electropherogram of the E. coli proteome after CZE-MS analysis.
(B) Numbers of identified proteoform spectrum matches (PrSMs), proteoforms, and proteins
using CZE-AI-ETD with four different laser powers. This figure is reproduced with
permission from reference [5].

obtained a 1-h separation window and reasonably good signal (NL: 5.8E8) with only 1 µg

of E. coli proteins. CZE-AI-ETD with the 18-W laser power produced over 20% and 8%
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more PrSMs and proteins than other three laser powers. The 18-W laser power generated

over 5% more proteoform IDs than 12-W and 24-W laser powers and yielded similar

proteoform IDs to the 30-W laser power.

We then compared the performance of CZE-AI-ETD (18 W) and CZE-ETD for

top-down characterization of the E. coli proteome. CZE-AI-ETD identified about 12%

more proteoforms and proteins compared to CZE-ETD (Figure 5.3a). More importantly,

Figure 5.3: Summary of the comparisons between CZE-AI-ETD and CZE-ETD as well
as CZE-AI-ETD and CZE-HCD. (a) Number of IDs from AI-ETD (18 W) and ETD. (b)
Distribution of –log (E value) of identified proteoforms using AI-ETD (18 W) and ETD. (c)
Number of IDs from AI-ETD (18 W) and HCD. (d) Distribution of –log (E value) of identified
proteoforms using AI-ETD (18 W) and HCD. This figure is reproduced with permission from
reference [5].

CZE-AI-ETD tended to obtain better expectation values (E values) of proteoform IDs than

CZE-ETD (Figure 5.3b). E value represents a nonlinear transformation of the number of

matching fragment ions in a spectrum. The data suggest that AI-ETD can produce better

fragmentation of proteoforms compared to ETD. As shown in Figure 5.4, AI-ETD (18 W)
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yielded much better residue cleavage and a much higher number of matching fragment ions

than ETD (52% vs. 8%; 73 vs. 9 fragment ions) for thioredoxin 1. The disulfide bond was

Figure 5.4: Sequences and fragmentation patterns of thioredoxin 1 observed with AI-ETD
(A) and ETD (B). This figure was reproduced with permission from reference [5].

localized accurately based on the fragment ions from AI-ETD, with the two cysteine

residues marked in gray forming a disulfide bond in Figure 5.4. The 18 W laser power was

used in all following AI-ETD experiments.

We further compared the CZE-AI-ETD (18 W) with CZE-HCD. Single-shot CZE-HCD

identified 994 PrSMs, 363 proteoforms, and 195 proteins from the E. coli sample.

CZE-HCD produced a moderate increase in PrSMs and slightly better proteoform and

protein IDs than CZE-AI-ETD (Figure 5.3c). In the experiments, CZE-HCD generated

50% more MS/MS spectra than CZE-AI-ETD per 120-min analysis but resulted in only

minor improvement in the number of proteoform and protein IDs. Interestingly,

CZE-AI-ETD inclined to gain better E values of proteoform IDs than HCD (Figure 5.3d).

We need to note that different CZE separation conditions (30 kV for 90 min vs. 20 kV for

120 min) and MS/ MS conditions (top 2 vs. top 5 DDA methods) were used for the
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experiments for Figure 5.3a and Figure 5.3c, leading to significant differences in the

number of IDs from the CZE-AI-ETD.

5.3.2 Optimizing the CZE-AI-ETD method for TDP

We optimized the CZE separation voltage and the maximum number of MS/MS spectra

followed by one MS spectrum in the DDA method (top N). A high separation voltage

shortens the analysis time but produces a limited number of MS/MS spectra for

proteoform IDs. A low separation voltage slows down the separation, allowing the

acquisition of a large number of MS/ MS spectra for proteoform IDs. However, the low

separation voltage results in wider protein peaks and lower protein signal, which certainly

affects the quality of MS/MS spectra. The top N method in DDA influences the number of

proteoform IDs because of the production of different numbers of MS/MS spectra.

When the separation voltage of CZE was changed from 30 to 10 kV, the analysis

required much longer time, and the protein signal decreased significantly (Figure 5.5a).

CZE with 20 kV separation voltage produced better separation efficiency than 30 kV and

10 kV (Figure 5.5b). The mass tolerance for peak extraction was 20 ppm and Gaussian

smoothing (5 points) was applied in Figure 5.5b and N is labeled in the figure. The

separation efficiency was up to half a million for one proteoform (m/z 775.05, charge + 9).

CZE-AI-ETD with 20 kV voltage generated more proteoform IDs than that with 10 kV

and 30 kV voltages (292 vs. 278 or 255) (Figure 5.5c). Interestingly, CZE-AI-ETD with 30

kV voltage identified 5% and 12% more proteins than that with 20 kV and 10 kV voltage,

respectively. CZE-AI-ETD with 10 kV separation voltage gained the highest number of

PrSMs, most likely due to the wider proteoform peaks generated using the lower voltage.

The 20 kV separation voltage was employed in the following experiments.

We then optimized the DDA method by comparing the proteoform and protein IDs

from top 2, top 4, and top 5 methods. The top 4 method identified 384 proteoforms and
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Figure 5.5: Summary of the data on optimizing the separation voltage of CZE. (A) Base
peak electropherograms of the E. coli sample after CZE-MS analyses using 30 kV, 20 kV and
10 kV voltages. (B) EIEs of m/z 775.05 (charge +9) from one 30, 20, and 20 kV runs. (C)
The PrSMs, proteoforms and proteins identified by CZE-AI-ETD with different separation
voltages. This figure was reproduced with permission from reference [5].

191 proteins in a single CZE-AI-ETD run, and the number of proteoform IDs was 4% and

9% higher than that from the top 2 and top 5 methods. The top 4 method identified 2%

and 7% more proteins than the top 2 and top 5 methods. The top 4 method was used in

the following experiments.

We also evaluated the reproducibility of the optimized CZE-AI-ETD method for

top-down characterization of the E. coli proteoform (Figure 5.6). The CZE-AI-ETD

system produced reproducible separation profiles and base peak intensity across triplicate
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Figure 5.6: Reproducibility of the optimized CZE-AI-ETD system for TDP. (a) Base peak
and TIC electropherograms of the E. coli sample analyzed by the optimized CZE-AI-
ETD in triplicate. (b) Numbers of PrSMs, proteoforms, and proteins identified by the
optimized CZE-AI-ETD. (c) The protein-level overlaps among the CZE-AI-ETD runs. (d)
The proteoform-level overlaps among the CZE-AI-ETD runs. This figure was reproduced
with permission from reference [5].

analyses (Figure 5.6a). The RSDs of PrSM IDs, proteoform IDs, and protein IDs were

12%, 3%, and 1%, respectively (Figure 5.6b). Error bars show the standard deviations of

the IDs from the triplicate CZE-AI-ETD analyses. We further examined the protein-level

and proteoform-level overlaps among the three CZE-AI-ETD runs (Figure 5.6c and Figure

5.6d). The overlaps were about 58% (protein-level) and 37% (proteoform-level) among the

three runs.
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5.3.3 SEC-CZE-AI-ETD for large-scale top-down characterization

of the E. coli proteome

We fractionated the E. coli proteome into 14 fractions using SEC based on the size of

proteoforms. Each SEC fraction was analyzed by the optimized CZE-AI-ETD in 120 min.

Analyses of these 14 SEC fractions took 28 h. As shown in Figure 5.7a, the SEC fraction

12 was analyzed by the CZE-AI-ETD system, and a 50-min separation window was

obtained in the run. The base peak electropherograms of the 14 SEC fractions are shown

in Figure 5.8. The corresponding raw files have been deposited to the ProteomeXchange

Consortium via the PRIDE partner repository with the dataset identifier PXD012247 [50].

Nearly 12,000 PrSMs, 3,028 proteoforms, and 387 proteins were identified from the E.

coli proteome using the SEC-CZE-AI-ETD system with 1% spectrum-level and 5%

proteoform-level FDRs. The list of identified proteoforms is shown elsewhere [5]. The data

represents the largest TDP dataset using the AI-ETD method so far. The PrSM,

proteoform, and protein IDs were not uniformly distributed across the 14 SEC fractions

(Figure 5.7b). The number of proteoform IDs per SEC fraction ranged from as few as 25

proteoforms (fraction 2) to 957 proteoforms (fraction 14). On average, 216 proteoforms

were identified per SEC fraction. Later SEC fractions tended to produce more PrSM,

proteoform, and protein IDs. We need to note that single-shot CZE-AI-ETD of the SEC

fraction 14 identified 957 proteoforms and 253 proteins in 120 min, and the number of

proteoform and protein IDs from the fraction accounted for about 32% and 65% of the

total proteoform and protein IDs.

The 3,028 proteoforms corresponded to 387 E. coli genes, an average of about 8

proteoforms per gene. The genes were classified into three categories based on the number

of identified proteoforms: 1 proteoform per gene for 191 genes, 2-10 proteoforms per gene

for 127 genes, and 10-144 proteoforms per gene for 69 genes (Figure 5.7c). We identified

144, 130, and 111 proteoforms for genes rbsB, rplL, and mglB, respectively. The mass of
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Figure 5.7: SEC-CZE-AI-ETD for large-scale TDP of the E. coli cells. (a) Base peak
electropherogram of SEC fraction 12 of the E. coli proteome. (b) Distributions of the PrSM,
proteoform, and protein IDs across the 14 SEC fractions. (c) Distribution of proteoform IDs
per gene. (d) Distribution of the mass of identified proteoforms. (e) Box chart of the number
of matching fragment ions of identified proteoforms. (f) Correlation between the proteoform
mass and the normalized number of matching fragment ions. (g) Summary of the detected
PTMs. (h) Summary of the detected N-terminal methionine (M) removal, potential signal
peptide cleavage, and N-terminal truncations. This figure was reproduced with permission
from reference [5].

identified proteoforms ranged from 1-35 kDa, and most of the proteoforms (89%) were

smaller than 20 kDa (Figure 5.7d). 325 proteoforms from 51 proteins and 30 proteoforms

from 6 proteins were larger than 20 kDa and 30 kDa, respectively. The proteoforms larger

than 30 kDa were identified with at least 7 fragment ions, and the average number of
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Figure 5.8: Base peak electropherograms of the SEC fractions 1-8 analyzed by the CZE-AI-
ETD system. This figure was reproduced with permission from reference [5].

matching fragment ions was 18.

The number of matching fragment ions of identified proteoforms ranged from 6 to nearly

100 (Figure 5.7e). The mean was 23 and the median was 17. Roughly, 25% of the

proteoforms were identified with fewer than 10 fragment ions. The proteoform mass

influenced the number of matching fragment ions (Figure 5.7f). The number of matching

fragment ions was normalized to the proteoform length that is the number of amino acid

residues in a proteoform sequence. The number of fragment ions of each proteoform was

normalized to the length of each corresponding proteoform, and the normalized number of

fragment ions was used to evaluate the performance of AI-ETD for generation of

sequence-informative fragment ions. When the proteoform mass increased, the performance
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of AI-ETD tended to decrease (Figure 5.7f). However, the normalized number of fragment

ions varied obviously for proteoforms with similar masses, suggesting that the performance

of AI-ETD for proteoform fragmentation was also influenced by other proteoform features.

5.3.4 PTMs with SEC-CZE-AI-ETD

We detected several kinds of PTMs from the E. coli proteome, including protein

N-terminal acetylation, methylation, S-thiolation, disulfide bonds, and lysine succinylation

(Figure 5.6g). Only a few proteins in the E. coli sample had these PTMs. We detected 28

proteins with N-terminal acetylation, 56 proteins with methylation, 25 proteins with

S-thiolation, 15 proteins with disulfide bonds (S-S), and 7 proteins with lysine

succinylation. We identified 712 proteoforms from 113 proteins with N-terminal methionine

removal, 800 proteoforms from 137 proteins with potential signal peptide cleavage, and

1041 proteoforms from 206 proteins with N-terminal truncations (Figure 5.7h).

The N-terminal acetylation was determined by the TopPIC software with a 42-Da mass

shift at the N-terminus of one proteoform. The methylation was determined with a 14±1

Da or 28±1 Da mass shift. The S-thiolation was determined with a 305±2 Da mass shift

for glutathionylation and a 119±2 Da mass shift for cysteinylation. We also manually

checked that there was one cysteine residue in the sequence corresponding to the mass

shift. For the S-S, if they are reported in the literature, we confirmed the detection through

a -2±1 Da mass shift and two cysteine residues for one S-S and through a -4±1 Da mass

shift and four cysteine residues for two S-S. If the S-S were not reported before, we

required more accurate masses of the mass shifts (-2 Da for one S-S and -4 Da for two S-S).

The lysine succinylation was determined with a 100±2 Da mass shift for one succinylation

site, a 200±2 Da mass shift for two succinylation sites, and a 300±2 Da mass shift for three

succinylation sites. If the first 7-50 amino acids of a proteoform were cleaved from its

N-terminus, we considered the proteoform had a potential signal peptide cleavage based on

information from the ”Center for Biological Sequence Analysis”
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(http://www.cbs.dtu.dk/services/SignalP-1.1/sp lengths.html). If more than 50 amino

acids were cleaved from the N-terminus of one proteoform, we reviewed the proteoform as

truncated.

S-thiolation is a kind of PTM in which free thiol groups on proteins react with low mass

thiols (e.g., glutathione and cysteine) to form disulfides. S-glutathionylation and

S-cysteinylation are two kinds of S-thiolation. Protein S-thiolation can occur in response to

oxidative stress and protect cysteine from irreversible oxidation, and it can happen under

physical conditions to influence protein function [51–53]. Recently, Ansong et al. reported

that Gram-negative bacteria cultured in LB medium preferred to use S-glutathionylation

as a way for thiol protection [12]. We cultured the E. coli cells in LB medium for the

experiment. We detected 25 proteins with S-glutathionylation PTM and only four proteins

with S-cysteinylation PTM. Interestingly, the four cysteinylated proteins had both

cysteinylated and glutathionylated proteoforms. Information of these proteins is listed

elsewhere [5]. We compared the relative abundance of cysteinylated and glutathionylated

proteoforms of two proteins (Figure 5.9a and 5.9b). In Figure 5.9a, 1022.66 m/z (charge

+8) and 944.49 m/z (charge +8) were extracted with a 20-ppm mass tolerance for the

S-glutathionylation and S-cysteinylation proteoforms. In Figure 5.9b, 920.02 m/z (charge

+15) and 907.55 m/z (charge +15) were extracted with a 20-ppm mass tolerance for the

S-glutathionylation and S-cysteinylation proteoforms.The glutathionylated proteoform

showed much higher intensity than the cysteinylated proteoform, suggesting that the E.

coli cells cultured in LB medium preferentially used S-glutathionylation as a mechanism for

thiol protection. Figure 5.10 shows the sequences and fragmentation patterns of the

cysteinylated and glutathionylated proteoforms of the two proteins. We identified 15

proteins with S-S, including 9 proteins with one, and 5 proteins with two. Interestingly, we

also identified one protein, RNA polymerase-binding transcription factor DksA, which had

one proteoform with one S-S and another proteoform with two S-S. Five out of the 15

proteins have been reported as S-S containing proteins in the literature. Information of the
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Figure 5.9: Examples of the S-thiolation, disulfide bond, and lysine succinylation PTMs.
(a) EIE of the dnaK proteoforms with S-glutathionylation and S-cysteinylation. (b) EIE
of the ridA proteoforms with S-glutathionylation and S-cysteinylation. (c) The sequence
and fragmentation pattern of thioredoxin 1. (d) The sequence and fragmentation pattern of
DksA. (e) The sequence and fragmentation pattern of DNA-binding protein HU-alpha. (f)
The sequence and fragmentation pattern of DNA-binding protein HU-beta. This figure was
reproduced with permission from reference [5].

15 proteins is listed elsewhere [5]. Figure 5.9c and 5.9d show two examples of these

proteins. In Figure 5.9c, the sequence underlined with a green line had a -3 Da mass shift

corresponding to a disulfide bond between the two cysteine residues. In Figure 5.9d, the

sequence underlined with a green line had a -4 Da mass shift corresponding to two disulfide

bonds between the four cysteine residues. These two proteins, thioredoxin 1 and DksA,
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Figure 5.10: The sequences and fragmentation patterns of DnaK with S-glutathionylation
(a), DnaK with S-cysteinylation (b), ridA with S-glutathionylation (c), and ridA with S-
cysteinylation. (d)The S-thiolation modifications are in the regions highlighted with red
underlines. This figure was reproduced with permission from reference [5].

were well fragmented with AI-ETD. The disulfide bonds were well localized based on the

matching fragment ions. Thioredoxin 1 has one S-S between the two cysteine residues

highlighted in red in Figure 5.9c [54]. Figure 5.9d and Figure 5.11 show the sequences and

fragmentation patterns of DksA proteoforms with two and one S-S between the cysteine

residues highlighted in red. The sequence underlined with a green line had a -2 Da mass

shift corresponding to one disulfide bond between the two cysteine residues in Figure 5.11.

DksA does not have S-S based on the literature, and instead, it binds one zinc ion through

the four cysteine residues highlighted in Figure 5.9d [55]. The detected S-S on protein

DksA might be endogenous or might form after cell lysis because the E. coli cells were
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Figure 5.11: The sequence and fragmentation pattern of DksA. This figure was reproduced
with permission from reference [5].

lysed under a denaturing condition and the DksA-zinc complex was most likely destroyed

during the process.

We also identified seven proteins with the lysine succinylation PTM, and these seven

proteins were reported as succinylated proteins in the literature [56]. Three proteins had

one modification site (100-Da mass shift), two proteins had three modification sites

(300-Da mass shift), and one protein had two modification sites (200-Da mass shift).

Interestingly, the lysine residues on ribose import binding protein RbsB were not

succinylated consistently across different proteoforms. Two RbsB proteoforms had two

succinylation sites, but the sites were different between the proteoforms. We also identified

one RbsB proteoform with only one succinylation site. The information on proteins with

lysine succinylation is shown elsewhere [5]. As shown in Figure 5.9e, the three modification

sites on DNA-binding protein HU-alpha were localized based on the fragment ions

generated by AI-ETD. The sequence underlined with a green line had a 300-Da mass shift

corresponding to succinylations on the three lysine residues. Figure 5.9f shows the sequence
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and fragmentation pattern of another succinylated protein, DNA-binding protein HU-beta,

indicating one succinylation site on one of the three lysine residues highlighted in red. The

sequence underlined with a green line had a 99-Da mass shift corresponding to

succinylation on one of the three lysine residues.

5.4 CZE-UVPD

As shown in Figure 5.12, proteins were extracted from zebrafish brains and fractionated by

SEC into ten fractions based on their size. The SEC fractions were analyzed by

CZE-MS/MS using UVPD (213 nm) for proteoform fragmentation. The ProSight PD

Figure 5.12: Diagram of the experimental design. NL: normalized level. TIC: total ion
current. This figure was reproduced with permission from reference [6].
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software was used for database search for proteoform IDs. A 1% PrSM-level FDR and a

5% proteoform-level FDR were employed to filter the database search results. The

workflow was able to identify proteoforms with high confidence. For example, one

proteoform of calmodulin was identified with a good E-Value and a high proteoform

characterization score (PCS), Figure 5.12. N-terminal acetylation and K115 trimethylation

were also detected on this calmodulin proteoform.

In total, about 600 proteoforms and 369 proteins were identified from the zebrafish

brain samples using the SEC-CZE-MS/MS in roughly 20 hours. The identified proteoforms

from each SEC fraction are listed elsewhere [6]. The dataset represents one of the largest

TDP datasets using UVPD. In the meantime, this work represents the first application of

CZE-UVPD for TDP. The number of proteoform and protein IDs are not uniformly

distributed across the ten SEC fractions, Figure 5.13A. Single-shot CZE-UVPD analysis of

the SEC fraction 8 identified 227 proteoforms from 139 proteins. The number of

proteoform and protein IDs in each SEC fraction are in ranges of 7-227 and 5-139. On

average, ∼ 95 proteoforms and ∼ 62 proteins were identified per SEC fractions.

SEC separates proteoforms based on their size. We plotted the mass distribution of the

identified proteoforms in each SEC fraction, Figure 5.13B. On average, the identified

proteoforms in early SEC fractions have larger masses than that in late SEC fractions,

which agrees well with the separation principle of SEC. We noted that the adjacent SEC

fractions have obvious overlaps regarding proteoform mass, suggesting the relatively low

resolution of the SEC column used in the experiment for proteoform separation based on

their masses. In our future study, we will increase the length of the SEC column for better

separation resolution or try the serial SEC method developed by the Ge group recently [11].

Our SEC-CZE-UVPD system identified proteoforms in a mass range of ∼ 3-21 kDa. TDP

usually has difficulty in the identification of large proteins, partially due to the limited mass

resolution of mass spectrometers and inefficient gas-phase fragmentation of large proteins.
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Figure 5.13: Summary of the SEC-CZE-UVPD data. (A) Numbers of PrSMs, proteoforms,
and proteins vs. SEC fractions. (B) Box-plots of the masses of proteoforms identified from
each SEC fraction. (C) Box-plots of the -log (E-Value) of identified proteoforms from each
SEC fraction. (D) Cellular component distribution of identified proteins obtained from the
UniProt website using the Retrieve/ID mapping tool. This figure was reproduced with
permission from reference [6].

In our work, a target-decoy approach was used to evaluate the FDR of proteoform IDs

and a 5% proteoform-level FDR was used to filter the proteoform IDs. For each identified

proteoform listed elsewhere, a P-Score (Probability Score) and an E-Value (Expectation

Value) were reported for the ID [6]. Lower P-Scores and E-Values indicates better

confidence in proteoform IDs; Higher -log (P-Score) and -log (E-Value) are better regarding

the confidence of proteoform ID. For example, as shown in Figure 5.12, one proteoform of
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calmodulin was identified with -log (E-Value) as indicating a proteoform ID with very high

confidence. The proteoform was well fragmented across the proteoform sequence,

producing a good number of fragment ions. E-Value is a non-linear transformation of the

number of matched fragment ions in a MS/MS spectrum. The -log (E-Value) ranges from 2

to over 160 for the identified proteoforms and the median value of -log (E-Value) is in a

range of 4.6-24 for the ten SEC fractions, Figure 5.13C. Some of the proteoform IDs have

-log (E-Values) well below 10, indicating small numbers of fragment ions produced during

UVPD. Better UVPD fragmentation will be helpful for more confident identification and

characterization of these proteoforms. We also analyzed the cellular component (CC)

information of the identified proteins, Figure 5.13D. The Top 5 CCs are organelle,

protein-containing complex, membrane, supramolecular fiber, and synapse part.

Proteoforms of over 40 membrane proteins were identified in this work.

UVPD (213 nm) has produced reasonably good gas-phase fragmentation for some

proteoforms. As shown in Figures 5.14A and 5.12B, 75% and 73% backbone cleavages for

Parvalbumin-7 (11932 Da) and Si:dkey-46i9.1 (7184 Da) were observed using UVPD. a/x

ions, b/y ions, and c/z ions were marked in green, blue, and red. For a relatively large

protein, ATP synthase subunit d (18158 Da), only 25% backbone cleavage was obtained,

Figure 5.14C. The data suggest that the extensive fragmentation of large proteins is still

challenging with the UVPD (213 nm). Interestingly, 87% backbone cleavage was reported

by the Brodbelt’s group for carbonic anhydrase II (29 kDa) using UVPD (193 nm) under

an optimal condition [38]. The data suggest that the fragmentation performance of UVPD

for large proteins can certainly be improved with further systematic optimization. The

dominant fragment ion types from UVPD (213 nm) for Parvalbumin-7 and Si:dkey-46i9.1

are a, x, y and z ions, Figure 5.14D. For the ATP synthase subunit d, a and y ions are the

dominant ones. The data reasonably agrees with that reported in the literature [38].

Our SEC-CZE-UVPD system detected various PTMs from the zebrafish brain sample,

143



Figure 5.14: Proteoform fragmentation data. (A)-(C): sequences and fragmentation patterns
of Parvalbumin-7, Si:dkey-46i9.1, and ATP synthase subunit d (mitochondrial). (D)
Distribution of the fragment ion types for the three proteoforms shown in (A)-(C). This
figure was reproduced with permission from reference [6].

including N-terminal acetylation, trimethylation and myristoylation of N-terminal glycine.

Acetylation was the most abundant PTM (most commonly N-terminal acetylation) with a
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total of 156 acetylated proteoforms. An example of an acetylated protein well-characterized

by CZE-UVPD in the zebrafish brain sample is calmodulin from the calm1a gene. The

calm1a gene has one ortholog in human. The calmodulin-calcium complex is known to

control kinases, phosphatases, and other proteins. In this work, we detected two different

proteoforms from the calm1a gene. One proteoform (Proteoform 1, theoretical mass: 16739

Da) has only N-terminal acetylation and the other proteoform (Proteoform 2, theoretical

mass: 16781 Da) has both N-terminal acetylation and K115 trimethylation, Figures 5.15A

and 5.15B. a/x ions, b/y ions, and c/z ions were marked in green, blue, and red. Both

Figure 5.15: Data about proteoforms of the calmodulin. (A)-(B): sequences and
fragmentation patterns of the Proteoform 1 and Proteoform 2 of calmodulin. (C):
Distribution of the PrSMs of the Proteoform 1 and Proteoform 2 across different SEC
fractions. (D): EIE of the Proteoform 1 and Proteoform 2 from the data of the SEC fraction
8. This figure was reproduced with permission from reference [6].
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proteoforms were identified with good confidence with E-Values better than 10−20

(Proteoform 1) and 10−39 (Proteoform 2). The identification confidence of Proteoform 2 is

much higher than that of Proteoform 1, indicated by the much lower E-Value. It has been

reported that calmodulin in the human brain has both N-terminal acetylation and K115

trimethylation [57]. However, there is no experimental evidence in the literature on the

N-terminal acetylation and K115 trimethylation of calmodulin in zebrafish brain based on

the information in the UniProt Protein knowledgebase

(https://www.uniprot.org/uniprot/Q6PI52). Here we identified the two proteoforms of

calmodulin from the zebrafish brain for the first time. We also compared the relative

abundance of the two proteoforms of calmodulin in each SEC fraction based on their

PrSMs [15]. Proteoform 2 has much higher abundance than Proteoform 1 in all the SEC

fractions, Figure 5.15C. The PrSM data agrees well with the proteoform intensity data,

Figure 5.15D. For peak extraction, m/z 1132.54 (+15) was used for the Proteoform 1 and

m/z 1120.33 (+15) was used for the Proteoform 2. The mass tolerance was 20 ppm for

peak extraction and Gaussian smoothing (5 points) was applied. We noted that the

Proteoform 2 migrated slower than the Proteoform 1 during CZE separation, most likely

because K115 trimethylation reduced the overall charge of the protein, Figure 5.15D.

5.5 Conclusion

We demonstrated the first application of CZE-AI-ETD for large-scale TDP. CZE-AI-ETD

outperformed CZE-ETD and CZE-HCD considering the number of proteoform and protein

IDs as well as the number of sequence-informative fragment ions generated. Coupling SEC

fractionation to CZE-AI-ETD enabled IDs of 3028 proteoforms and 387 proteins from the

E. coli proteome, which represents the largest TDP dataset using the AI-ETD method so

far. The SEC-CZE-AI-ETD system detected various PTMs, including protein N-terminal

acetylation, methylation, S-thiolation, disulfide bonds, and lysine succinylation.
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CZE-UVPD was applied for top-down proteomics for the first time. About 600

proteoforms and 369 proteins were identified from a zebrafish brain sample using the

SEC-CZE-UVPD. The pilot data demonstrate the great potential of CZE-UVPD for

large-scale TDP. We expect that further systematic optimization of the UVPD

fragmentation and further improvements in the SEC-CZE separations will boost the

number of proteoform and protein IDs drastically.

We noted that UVPD (213 nm) did not reach extensive fragmentation for many

identified proteoforms, which made the complete characterization of these proteoforms

challenging. We expect that combinations of various fragmentation methods, e.g., HCD,

ETD/AI-ETD, and UVPD, will be useful for improving the quality of proteoform

characterization.
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Chapter 6

Conclusion

6.1 Future directions

TDP of biological systems would not be possible without teams of researchers, across the

country and abroad, continuously developing aspects of TDP, Figure 6.1. The TDP

community has expanded rapidly in the past couple of decades, and has made a concerted

effort to propel TDP into of a variety of fields and applications [1–5]. The natural

limitations associated with efficiency of front-end intact protein separations, speed of mass

analysis, and efficiency of fragmentation have been and will continue to hamper the

advancement of TDP into more useful applications outside of the laboratory. In

conjunction with other -omics approaches, TDP could become a routinely used method.

However, without advancements like what was seen in the genome project, it is unlikely to

carve out a standalone niche in a clinical or industrial setting. This is also a good thing, as

outside influences, such as foreign proteins, peptides, transcripts, small molecules, and

environmental factors also impact what will eventually be seen at the proteoform-level of a

species. It is more important to develop sensitive and selective diagnostics that include

information from a wide variety of angles to gain insight into patient phenotype [6].

As deep TDP is becoming more efficient and thorough, TDP is beginning to be

recognized as a useful approach to personalized medicine,including therapeutics,

diagnostics, and drug development, embryonic development, tissue imaging, and pathogen

identification and characterization, to name a few [1, 6, 7]. In terms of cancer, it is
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Figure 6.1: An overview of the challenges in TDP. This figure is reproduced with permission
from reference [1].

universally recognized that no two patients’ cancers are exactly the same, and that there is

molecular heterogeneity between different tumor subtypes within a tumor type [8, 9].

Molecular heterogeneity has even been realized within the same tumors using single-cell

proteomics [10]. Heterogeneity and the importance of personalized medical approaches

continues to become more evident with the use of genomics and proteomics

(proteogenomics) to analyze various cell types and tumors, Figure 6.2 [8, 11, 12]. A more

precise medical approach tailored to an individual patient’s cancer based on their

phenotype is needed and may be accomplished using technologies that can be extended to

a wide variety of tissue and serum samples [1, 13–18].

Proteomics and TDP will also be invaluable in the identification of biomarkers, and
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Figure 6.2: An overview of what proteomics and genomics, used in conjunction, can offer
in terms of biological discovery and it’s clinical potential. This figure was reproduced with
permission from reference [11].

identification and characterization of drugs and therapeutics. Newer biotherapeutics are

usually monoclonal antibodies, and characterizing and following up with them after they

have been on the market involves a variety of analytical challenges that many people are

trying to solve, including using CE-MS in some targeted studies [19]. A lot of recent work

has identified, using TDP and BUP, potential biomarkers for phenotypic characterization

using reference cell lines and tissue samples [14, 20].

Understanding embryonic development is another area that TDP could provide

invaluable insight into. Danio rerio (zebrafish) has been viewed as an important model

organism for vertebrate development studies. 71% of human genes have at least one

ortholog in zebrafish and 82% of the known genes responsible for human disease are present

in zebrafish [21]. Research on understanding zebrafish early embryogenesis could shed

invaluable light on human early embryogenesis. Figure 6.3 shows a few of the important
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stages of embryonic development in zebrafish. Although many transcriptome studies have

Figure 6.3: A figure demonstrated the stages of embryonic development in zebrafish. Parts
of this figure are adapted with permission from reference [22].

been done on zebrafish early embryogenesis, transcriptome-level information cannot fully

reflect proteome-level information during early embryogenesis due to several reasons

[23–26]. First, zygotic transcription is silent before mid-blastula transition (MBT). Second,

post-transcriptional regulation modulates gene expression. Third, protein PTMs affect

protein function. Time-resolved, quantitative proteomics datasets for zebrafish early-stage

embryos will provide new insights into early embryogenesis. Unfortunately, those datasets

are not available, and it is a goal of our research group to create them.

Another relatively active field for TDP is pathogen identification and characterization

Figure 6.4 [27–30]. In addition to analysis of the pathogens, understanding their affect on

the body is important for development of potential therapies. A recent work looked at the

multi-organ proteomic landscape of COVID-19 autopsies [31]. I anticipate there to be

interest in using TDP to better characterize individual patient responses to pathogens,
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Figure 6.4: Workflow for bacterial discrimination. This figure is reproduced with permission
from reference [30].

much like it is starting to be used for potential personalized medical approaches for

diseases. In a very creative use of CZE, the Dovichi group collected fractions from an

environmental microbiome using CZE to separate intact bacterial cells, followed by

culturing and identification of bacteria using Sanger sequencing. Similar studies could be

repeated with TDP used as the bacterial identification method, possibly providing even

more accurate differentiation between species [32].

Finally, in addition to the parts of the TDP workflow mentioned earlier in this

dissertation, I expect there to be more of a push towards identifying larger proteoforms in

TDP studies. This not only includes specialized mass analyzers with high fields and

extended mass ranges, but specially designed separations and fragmentation methods

[33–35]. TDP can also work in conjunction with other proteomics methods for better

proteome characterization. I expect this to happen more frequently with BUP and native

proteomics for better databases for searching with TDP datasets and for analysis of protein

complexes [36, 37]. Aebersold, et al. developed a method for native separation of protein

complexes followed by BUP for protein complex analysis [37]. Similar work could be done

with TDP for even better understanding of these complexes and to get the best of both

worlds for each of these techniques for better proteome coverage and characterization.

Overall, I expect there to be continued and more heavy investment in CZE-MS-MS and

TDP in general, targeted and untargeted, by industry and academia, and more expeditious

and creative improvements to the parts of the TDP workflow mentioned in this dissertation.
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6.2 Summary

Efficient separations coupled to extensive proteoform fragmentation results in well

characterized proteoforms. Our group has been able to substantially increase the number

of proteoform identifications, we have been able to identify and localize interesting

modifications, and we have been able to perform quantitative TDP for identification of

differentially expressed proteoforms in primary and metastatic tumor samples using

LC-CZE-MS/MS [38–44]. These are all extremely important leaps forward for the TDP

workflow and sets the table for future TDP studies where I believe that TDP will be a

significant part of the future of personalized medicine.
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