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ABSTRACT
METHOD DEVELOPMENT FOR CAPILLARY ELECTROPHORESIS MASS
SPECTROMETRY (CE-MS)-BASED PROTEOMICS AND APPLICATION TO

UNCOVERING PROTEOME DYNAMICS OF ZEBRAFISH EMBRYOS DURING
EARLY EMBRYOGENSIS

By
Daoyang Chen

Reversed-phase liquid chromatography (RPLC) coupling with tandem MS
(MS/MS) is often the method of choice in both peptide-centric bottom-up proteomics
(BUP) and proteoform-centric top-down proteomics (TDP) studies. In recent years,
capillary zone electrophoresis (CZE)-MS has attracted attention as another platform
in proteomics due to high separation efficiency, high sensitivity, and complementarity
to LC-MS. This work is dedicated to developing novel CE-MS-based methods for
large-scale proteomics and applies them to study the proteome dynamics of
zebrafish embryos during early embryogenesis.

In Chapter 2, a sample stacking method, dynamic pH junction, was
systematically investigated and employed to improve CZE’s sample loading capacity
for large-scale BUP. The results of the optimized system represent the highest
loading capacity, the highest peak capacity, and the widest separation window of
CZE for peptide separation to date. The automated CZE-MS system opened the
door to using CZE-MS for large-scale BUP.

In Chapter 3, for the first time, a strong cation exchange (SCX)-RPLC-CZE-
MS/MS platform was established for deep BUP and phosphoproteomics. The
platform approached comparable performance to the modern 2D-LC-MS/MS for
deep proteomic sequencing evident by identifying 8200 protein groups and 65,000

unique peptides from a mouse brain proteome digest, 11,555 phosphopeptides from



the HCT116 cell line. SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS showed good
complementarity in protein, peptide, and phosphopeptide IDs.

In Chapter 4, a quantitative BUP study was performed on zebrafish embryos
across four developmental stages during the maternal-to-zygotic transition (MZT) via
coupling isobaric tag for relative and absolute quantitation (iTRAQ) chemistry with
both RPLC-MS/MS and CZE-MS/MS. Expression kinetics of nearly 5000 proteins
including over 100 transcription factors (TFs) across four early embryonic stages
were determined. The protein expression profiles fall into several different clusters
and accurately reflect the important events during early embryogenesis. Further
studies of the expression profiles of TFs revealed that the differentially expressed
TFs during the MZT show wave-like expression patterns.

Top-down proteomics (TDP) aims to directly characterize proteoforms in cells.
CZE-MS/MS has been demonstrated as a useful tool for TDP. In Chapter 5, for the
first time, we evaluated various semiempirical models for predicting proteoforms’
electrophoretic mobility using large-scale TDP data sets from earlier CZE-MS/MS
studies. Linear correlations were achieved between the experimental and predicted
et of E. coli proteoforms and histone proteoforms (R? = 0.98), demonstrating that the
Mef Of proteoforms in CZE-MS can be predicted accurately, which could be useful for
validating the confidence of proteoform IDs from a database search.

In Chapter 6, we concluded the results of this dissertation and provided our

expectations for future studies.
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CHAPTER 1. Introduction

1.1. Proteomics

Proteins serve as the functional basics in a vast number of biological
processes. Comprehensive characterization of protein cellular localization, post-
translational modifications (PTMs), interactions, and expression levels under
perturbation can advance our understanding of molecular mechanisms in many
biological activities. However, the extremely high complexity underlined the technical
challenge of complete investigation of a proteome. After various biological events
such as single amino acid polymorphisms, alternative splicing, truncations, and
PTMs, one gene can produce multiple forms of protein molecules, termed as
“proteoforms” [1,2]. Based on estimation, the approximate 20000 protein-coding
genes in the human genome can produce well over 1 million proteoforms [2,3].
Although comprehensive delineation of complex proteomes is still an analytical
challenge, mass spectrometry (MS)-based proteomics has made tremendous
progress for the characterization of proteins and proteoforms in complex samples in

the last decades.

Proteomics is a study of proteomes with the dedication of understanding all
protein sequences, PTMs, interactions, and functions. In the 1980s, the milestone
development of two soft ionization techniques, matrix-assisted laser-induced
ionization (MALDI) and electrospray ionization (ESI), has fueled the MS-based
analysis of biomolecules [4,5]. Nowadays, proteomics is widely used in fields of
forensics, cancer biology, hematology, development biology, and so forth [6-15]. A
typical MS-based proteomics workflow comprises 5 general steps: protein exaction

and preparation, liquid phase separation, biomolecule ionization, parent and



fragment ions measurement, and database searching for protein identification.
Depending on whether enzymatic digestion of proteins is involved in sample
preparation or not, proteomics is branched into two strategies, i.e., bottom-up and

top-down, Figure 1.1 [16].
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Figure 1.1. Schematic illustration of the difference between top-down and bottom-up
proteomics. The figure is reprinted with permission from reference [16].

1.1.1. Bottom-up proteomics

Bottom-up proteomics (BUP) measures the product peptides of enzymatic digestion
of proteins. In a classic BUP workflow, Figure 1.1(Right), proteins are extracted
from cells or tissues followed by either in-gel or in-solution enzymatic digestion. One
or multiple dimensional liquid-phase separations of peptides are then performed

followed by soft ionization of enzymatic digests. The tandem MS (MS/MS)-based



mass spectra collection of peptides is performed in two steps. First, a survey mass
spectrum where the signal of all parent ions at a certain time is acquired. Second,
ions having the top N (usually 10 to 12) intense signals in the survey mass spectrum
are isolated for gas-phase fragmentation in sequence. Through in-silico digestion of
the corresponding protein database that is established by the known genome
sequence, a theoretical tandem mass spectra database is generated. In the
database searching step, tandem mass spectra containing the fragment ions
information are compared to the theoretical mass spectra database and scored.
Peptides assigned with high matching scores are considered as confident
identifications (IDs). The protein ID is achieved by the alignment between identified
peptide sequence and protein sequence. A peptide can be annotated to one unique
protein or several proteins that are typically referred to as a protein group.
Noteworthily, each mass spectrum scan only consumes milliseconds. Therefore,
BUP has high-throughput and compatibility with most liquid chromatography (LC)

methods where the average peak width is on a sub-minute scale.

1.1.2. Peptide enrichment, separation, and fractionation methods in BUP

Reduction of proteome complexity is essential to approach large-scale peptide
IDs in BUP. The protein abundance dynamic range of a complex human serum
proteome is up to 12 orders of magnitude [17]. The in-silico digestion of a yeast
proteome, which theoretically contains far fewer gene products than the human
serum, generated about 300,000 peptides [18]. Although modern mass
spectrometers can acquire tens of mass spectra within 1 second, the extremely high
complexity of the peptide pool makes large-scale profiling of a proteome impossible

by using MS alone. Therefore, methods including enrichment of peptides of interest,



chromatographic separation, and pre-fractionation are frequently employed to

decrease the complexity and diversity of the peptide pool.

PTMs on proteins like methylation, glycosylation, phosphorylation, etc., play
crucial roles in various cellular processes such as cell differentiation, cellular
signaling, and metabolism [19-24]. However, post-translationally modified proteins
are usually dynamic and low abundant. Enrichment of post-translationally modified

peptides is essential for the global analysis of PTMs.

In BUP studies on phosphorylated proteins, namely phospho-proteomics, a
variety of strategies has been established for the enrichment of phosphorylated
peptides based on their inherent characteristics such as immunoaffinity, charge,
hydrophobicity, and Lewis basicity [25-33]. Antibodies have shown good specificity
for the immunoaffinity-based enrichment of low-abundant phosphorylated peptides
[25, 26]. However, they are expensive and not always commercially available, thus
not suited for the global study of phosphorylation. LC methods based on analyte
charge and hydrophobicity, e.g., ion-exchange chromatography (IEC) [27, 28], and
hydrophilic interaction chromatography (HILIC) are relatively cost-effective and high-
throughput but also suffered from limited specificity for phosphorylated peptide
enrichment [28-30]. As well known, a phosphoryl group shows strong Lewis base
properties so that it can interact with metal cations, which are typical Lewis acids, via
electrostatic interaction and/or chelation. A great number of immobilized metal
affinity materials, especially titanium-based materials, have shown high specificity

and high throughput for phosphorylated peptide enrichment [31-33].

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) had been

widely used for protein separation in the early era of BUP. In the two dimensions of



2D-PAGE, proteins are separated based on molecular weight (MW) and isoelectric
point (pl), respectively. Stained gel pieces where proteins underlie are cut out and
subjected to in-gel enzymatic digestion. 2D-PAGE has a laborious and time-
consuming workflow with the risk of losing proteins that have extreme MWs and pls
[34]. In the contrast, LC-based methods provide unbiased separation with high
separation efficiency, wide separation window, and high peak capacity. That is why
LC, especially reversed-phase (RP)LC has been substantially developed and
became the dominant separation method in BUP. As an alternative separation
method to LC, capillary electrophoresis (CE) has also been applied in BUP studies

and has shown some unique features [32, 35, 36].

Although LC is a robust separation method, single-dimensional separation still
cannot offer large-scale protein IDs with high protein sequence coverages. Additional
separation obtained by offline peptide prefractionation or online multi-dimensional
separations is frequently employed in large-scale BUP analysis. Fractionation
methods prior to RPLC-MS/MS analysis are frequently employed off-line due to the
use of MS-incompatible buffers. Methods like strong cation exchange (SCX) [37, 38,
45], weak anion exchange chromatography (WAX) [39], HILIC [40, 45], high-pH
RPLC [41, 42, 45], electrostatic repulsion hydrophilic interaction chromatography
(ERLIC) [43] and free-flow electrophoresis [44] have shown their good orthogonality
to RPLC. Nevertheless, the protein ID numbers in studies might have compromised
from the extensive sample handling in offline fractionation. The development of
online multidimensional separation embarked on in the early twenty-one century. By
then, the Yates group established the multidimensional protein identification
technology (MudPIT) online coupling SCX and RPLC for peptide separation first by

charge and then by hydrophobicity [46, 47]. The pioneering study inspired many



developments of two- and three-dimensional LC platforms that are routinely used in
proteomics. Further discussions of separation and fractionation methods are

available in the Peptide separation methods section.
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Figure 1.2. Schematic representation of the electrospray ionization process. The
figure is reprinted with permission from reference [48].

1.1.3. Mass spectrometers

Analysis of large biomolecules had been crippled by the instability of ionization.
This gap was bridged by the Nobel-prize-winning developments of ESI and MALDI
[4, 5]. ESI is a popular ionization method due to its feasibility coupling to different
liquid phase separations. As depicted in Figure 1.2, a liquid Taylor cone is first
formed at the end of the separation after the spray voltage application [48]. Followed
by the formation of a charged parent droplet. Then solvent evaporation and coulomb
fission take place and split the parent droplet into smaller charged droplets that carry
analytes. Eventually, the desolvated analytes fly into a mass spectrometer for
detection. The implementation of soft ionization methods has enabled extensive

studies of proteins on large scales.



Figure 1.3. Orbitrap mass analyzer. This picture is reprinted from
(https://www.creative-proteomics.com/support/g-exactive-hybrid-quadrupole-orbitrap-
mass-spectrometer.htm)

In addition to ionization, crucial optimizations in mass analyzers ensured
detections with high sensitivity and high mass accuracy. Mass analyzers including
linear ion trap (LIT), Orbitrap, quadrupole (Q), TOF are commonly used in BUP. In a
LIT mass analyzer, peptide ions are trapped radically by 2D radio frequency (RF)
and axially by the stopping potential on both end electrodes. Trapped peptide ions
are ejected by the increasing RF voltages. The mass resolution of LIT is about 2 k
with a mass accuracy of around 1000 ppm [34]. Limited mass resolution and
accuracy burdened LIT from separating peptide ions with similar m/z. The demand
for high-resolution m/z separation was met by high-resolution mass analyzers such
as Orbitrap. In 2000, upon the Kingdon trap model, Makarov developed the Orbitrap
mass analyzer in which peptide ions are trapped between a spindle-like inner
electrode and an outer electrode [49]. As illustrated in Figure 1.3, ions are circulating
the inner electrode meanwhile oscillating back and forth axially in a harmonic
fashion. The frequency of ion oscillation is proportional to (m/z)*. lon frequency is
detected by the image current detector located on the outer electrode and then

transferred to ion signals via Fourier transformation. The Orbitrap can provide mass
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resolution up to half a million with approximate 1 ppm mass accuracy ensuring

accurate peptide mass assignment and sufficient separation power for peptide ions.

On top of the development of high-resolution mass analyzers, hybrid mass
spectrometers nowadays such as Q-Orbitrap [50], and Q-Orbitrap-LIT [51], showed
their outstanding performances in BUP due to their fast scan rates and multi-
principal capabilities. Furthermore, the interfacing of external ion mobility
spectrometry to mass spectrometers greatly improved BUP in noise reduction,
sensitivity, dynamic range, and coverage of proteome [52-56]. More recently, the
trapped ion mobility-spectrometry-TOF (timsTOF) mass spectrometer, integrating the
gas separation power of the trapped ion mobility spectrometry, the fast scan rate,
high mass accuracy, and high resolution of the Q-TOF, demonstrated its robustness

in BUP with over 2500 protein IDs from sorely 10 ng of Hela proteome digest [57].

Sufficient peptide fragmentation is another prerequisite for confident
peptide/protein ID. Peptide fragmentation methods with different principles have
been integrated with mass spectrometers to produce informative spectra of
complementary fragment ions. A widely used peptide fragmentation method is
collision-induced dissociation (CID). In CID, accelerated peptides that have high ion
kinetic energy collide with neutral gas. The collision transfers the kinetic energy to
internal energy resulting in the breakage of peptide bonds. In the Orbitrap mass
spectrometer, the ions were introduced into the higher-energy collision cell where the
higher-energy C-trap dissociation (HCD) takes place. The resultant fragment ions
are then accumulated in the C-trap followed by the measurement by the Orbitrap

mass analyzer [34, 58, 59].



OH

Figure 1.4. The nomenclature for peptide fragmentation. The figure is reprinted with
permission from reference [59].

Another well-known strategy is electron-based fragmentation including electron
transfer dissociation (ETD) [60], and electron capture dissociation (ECD) [61]. Both
fragmentation processes are initiated by interaction between an ion with multiply
charges and a free electron either from a low energy electron pool in ECD, or an
electron from an anion radical in ETD. The interactions form unstable odd-electron
ions which will spontaneously be fragmented. Based on their principles, ETD and
ECD provide peptide fragmentation with higher sequence coverage than CID or
HCD. ETD and ECD can better conserve labile PTMs leading to better PTM
localization of PTMs [62]. Both HCD and CID predominantly produce b- and y-ions
when ETD and ECD form c-, z- ions [34], Figure 1.4. Noteworthily, HCD forms low-
mass ions such as a2, b2, y1, and y2 ions which are not routinely observed in CID
mass spectra [63]. Therefore, HCD outperforms CID in the identification of low-mass

reporter ions in isobaric labeling-based quantitative proteomics.
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Figure 1.5. Schematic representation of the Isobaric labeling-based quantitation. (A)
Structure backbone of isobaric labeling reagent. (B) Example labeling scheme of 8-
plex labeling reagent. (C) lllustration of identical peptides labeled with different
channels; each color represents a channel of labeling reagent. (D) An example
tandem mass spectrum of isotopic mass reporters.

1.1.4. Isobaric labeling for quantitative proteomics

Isobaric labeling is a quantitative proteomics strategy that allows simultaneous
analysis of multiple samples, Figure 1.5. Two most used multi-channel labeling
reagents, isobaric tags for relative and absolute quantification (iTRAQ) [64] and
tandem mass tags (TMT) [65], both consist of three major parts: the primary amine-
reactive group, the mass reporter group, and the mass balance group, Figure 1.5A.
All channels in a set of multi-channel reagents have the same total mass, Figure
1.5B. Samples are labeled with reagents of different channels via NHS-ester
reaction and then pooled together followed by LC separation, where identical
peptides labeled with different channels are co-eluted and inseparable by MS due to

their same molecular masses, Figure 1.5C. During the fragmentation, the isotopic
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mass reporters are released, and their intensities represent the relative abundance

of the corresponding peptide between different biological conditions, Figure 1.5D.

1.2. Peptide separation methods

lon suppression first reported by Buhrman et al. is a form of matrix effect [66].
The researchers found that the ion intensity of the spike-in compound had an inverse
relationship to the diversity of the matrix in ESI. In theory, matrix compounds that
coelute with the analyte can suppress the ionization of the analyte which leads to
inaccuracy and low sensitivity of the MS-based quantification. Therefore, robust
peptide separation methods that are compatible with ESI-MS are much-needed for

reducing the ion suppression effect in BUP.

1.2.1. One dimensional LC-based methods

RPLC is the most used separation scheme in BUP, attributed to its buffer
compatibility with MS. In the RP separation mode, peptides are separated based on
their partitioning between the stationary phase and mobile phase that typically has
an increasing concentration of organic solvent (i.e., acetonitrile). Peptides are eluted
from an RPLC column by the order of increasing hydrophobicity. Reducing the inner
diameter (i.d.) can boost the ionization efficiency of ESI, the consequently the
sensitivity of a RPLC-MS/MS platform [67-69]. In a recent study, Xiang et al. reduced
the column i.d. to 2 um and obtained a flow rate at the pico-liter per minute range
[70]. As a result, they identified near 1000 proteins from sorely 75 pg of sample
proving the high sample concentration sensitivity of nanoRPLC columns. As is well-

known, longer LC columns provide better separation efficiency. In nanoRPLC-
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MS/MS BUP experiments, columns shorter than 20 cm are frequently used
[37,40,43,45]. Using a 1-meter-long nanoRPLC column, Zhou et al. identified over
4000 proteins with a high separation peak capacity of 700 in 10 hours [71]. In a
milestone study, the Coon lab demonstrated the separation power of RPLC. A 35-cm
long nanoRPLC column (i.d. 75 pm) was used for separation, the RPLC-MS/MS
platform to identify around 4000 yeast proteins with an only 70-min gradient when
the yeast proteome temporally contains a total of 4500 proteins based on estimation

[42].

As an alternative mode for peptide separation, HILIC has been used for peptide
fractionation and rarely coupled with MS for applications in BUP [72, 73]. In the
HILIC mode, peptides are loaded onto the HILIC column by a high concentration of
organic solvent and interact with the ionic stationary phase within the column. Elution
in HILIC was done by the increasing concentration of the hydrophilic mobile phase.
HILIC and RPLC have the inverted peptide elution orders between each other, but
the same buffer compatibility to MS. ERLIC, a variation of HILIC, has been directly

coupled with MS for BUP or peptide mapping of an antibody [74,75].

1.2.2. Peptide fractionation and multi-dimensional LC

Although one-dimensional RPLC has proven its robustness and reproducibility in
peptide separation, the separation was merely based on hydrophobicity resulting in
failures to resolve peptides with similar hydrophobicity. Theoretically, the human
proteome contains over twenty thousand gene products. One-dimensional LC-
MS/MS platform can routinely identify thousands of proteins covering less than 50%

of human proteome because of its limited peak capacity and insufficient separation
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power. Therefore, peptide fractionation or multi-dimensional LC (MDLC) is required

for extensive applications of proteomics in studies of variety.

The principle in peptide fractionation or MDLC is the orthogonality between
separation mechanisms. Since RPLC usually serves as the last dimension of
separation, other dimensions are better to be providing different peptide retention
mechanisms other than hydrophobicity. For example, in the pioneer study reported
by the Yates group, peptides were separated first by charge in the SCX column and
then by hydrophobicity in the RPLC column [47]. SCX-RPLC is a commonly used
online separation platform in BUP [46, 47, 76-78]. ERLIC was also involved for
iTRAQ-labelled peptide fractionation and demonstrated comparable or even better
performance than SCX [79]. More recently, a study has revealed that SCX and HILIC
have lower orthogonality to low-pH RPLC as compared to high-pH RPLC [80]. The
increase in buffer pH alters peptide hydrophobicity in the first dimensional RPLC
separation which brings good orthogonality to the second dimension of the RPLC
separation. This pH mediated 2D-RP separation strategy facilitated the completion of
a draft map of the human proteome [81]. The draft map annotated over 17000 gene
products covering 84% of the annotated genes. Three-dimensional LC configuration
was also explored towards peptide ID comprehensiveness and received great
improvement [82, 83]. However, high proteome coverage requires better peptide
separation to boost the coverage of the proteome. An alternative method that offers
orthogonal peptide separation to the existing LC methods is desired for further

improvement.
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1.3. Capillary electrophoresis
1.3.1. Capillary zone electrophoresis for peptide separation

CE has attracted a lot of attention as an alternative separation approach for BUP
in the past decade. CE has different modes including capillary isoelectric focusing
(CIEF), capillary zone electrophoresis (CZE), capillary gel electrophoresis (CGE),
micellar electrokinetic capillary chromatography (MEKC), etc. Due to the buffer

compatibility, CZE is the most popular mode for peptide separation.

In CZE, analytes are separated based on their electrophoretic mobility (uer) that
is determined by charge-to-size ratios [84]. In a conventional setting, a fused silica
open-tubular capillary with 10 to 75 pum i.d. and 20 to 100 cm length is employed for
the CZE separation. The total mobility of an analyte is the sum of electrophoretic

mobility (per) and electroosmotic mobility (peof).

Htotal = [ef + [eof (1)

Based on the Debye-Huckel-Henry theory, the pet is determined by

Mlef= = (2)

6nnr

Where z is the analyte’s net charge, e is the elementary charge, n is the viscosity of
the background electrolyte (BGE), and r is the analyte’s radius. During the
separation, the per of positive ions direct towards the cathode, the per of negative ions
direct towards anode while the per of neutral ions is equal to 0, Figure 1.6. peor Of all
analytes equals the speed of electroosmotic flow (EOF). The inner wall of the fused
silica capillary is full of silanol groups that are negatively charged when the pH of

BGE is higher than 3. The negative charges attract cations that consequently form
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the electrical double layer near the inner wall. After separation voltage application,
the outer cation layer moves and forms EOF that carries the BGE along with all

analytes towards the cathode. The EOF gives all analytes the same peof.
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Figure 1.6. CZE separation mechanism.

CZE and RPLC are orthogonal for peptide separation. Li et al. found a small
overlap in peptide IDs between CZE-MS/MS and nanoRPLC-MS/MS when they
were analyzing the tryptic digest of M. marinum [85]. A similar small overlap was also
found in phospho-proteomics [86]. Besides the orthogonality in peptide separation,
CZE also allows accurate prediction of peptides’ per. In 2017, Krokhin et al. reported
a semi-empirical model that achieved linear correlation (R?>~0.995) between
predicted per and experimental pet [87]. The accurate prediction of peptide Her can
facilitate or even guide the confident peptide ID. Although CZE has shown great
potentials, it requires a mature, stable CE-MS interface. Besides, inherent features of
CZE, including narrow separation window and limited loading capacity, have been

hampering it from practical applications for large-scale BUP.
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1.3.2. CE-MS Interface

Configuration of CE and ESI-MS appears to be more straightforward than CE
and MALDI [88]. The hyphenation of CE-ESI-MS demands a close electric circuit
and high voltage supply for forming the electrospray. In 1988, the Smith group
developed the first coaxial sheath-liquid CE-MS interface [89]. In their design, the
end of the capillary is introduced into a stainless-steel spray needle that is filled with
sheath liquid. The electric circuit is closed by the contact of sheath liquid and CE
eluate. The mixture of sheath liquid and CE eluate is electro-sprayed by applying a
voltage to the metal needle. Formation of electrospray is also assisted by neutral
sheath gas. This design was pioneering, stable and the foundation of many modern
CE-MS interface designs. However, the flow rate of sheath liquid in Smith’s model is
at least 100-fold higher than that in CZE (uL/min v.s. nL/min), which results in

significant sample dilution and compromising of sensitivity.

Another strategy for CE-ESI-MS interfaces, the sheathless strategy, theoretically
provides higher sensitivity for sample concentration than the sheath liquid-based
strategy. A classic sheathless model was reported by Moini in 2007 [90]. In Moini’'s
design, the outlet end of the capillary is etched by hydrofluoric acid (HF) and
becomes porous. The porous end allows the ions to transfer between conductive
liquid and BGE. Droplets are formed via electrospray ionization at the exit end of the
capillary when a voltage is applied to the outer metal ESI needle that is in contact
with the conductive liquid. Although the sheathless interface provides high sensitivity,
the fabrication of the capillary with a porous tip and the setup of the interface are not
simple and easy to use. The requirement of separation current lower than 10 pA also

limited its application for sophisticated BUP analysis.
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EOF-driven sheath liquid-based interfaces provided an interesting solution to
compensate for the loss in sensitivity of the sheath liquid interfaces [91-93]. As
depicted in Figure 1.7A, one end of the capillary is threaded through a cross and
introduced into a borosilicate glass emitter filled with sheath liquid. The sheath liquid
is electrokinetically pumped by the applied voltage in the sheath electrolyte reservoir.
Since the flow rate of the sheath liquid is EOF-driven, it is at the same scale with the
CE eluate (nL/min), much lower than that in the conventional sheath liquid-based
design. By adjusting the diameter of the exit end of the capillary and the electrospray
emitter, Sun et al. made the capillary end closer to the orifice of the emitter, Figure
1.7B. This effort resulted in less sample dilution and further boosted the sample
concentration sensitivity. This design has been commercialized by CMP Scientific

(https://www.cmpscientific.com/).
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Figure 1.7. Diagrams of the basic design of the electrokinetically pumped sheath
flow CE-MS interface (A) and its three different generations (B). The figure is
reprinted with permission from reference [93].

1.3.3. Narrow separation window of conventional CZE

In the conventional CZE mode using a fused silica capillary, EOF is fast and
drives all analytes out of the capillary quickly. So that, the separation windows using
the conventional CZE are usually narrower than 30 min [93-95]. The narrow
separation window limits the number of acquirable MS/MS spectra, and

consequently the number of protein IDs in large-scale BUP.

Since EOF is the determining factor of the fast migration of analytes,
suppression of EOF via neutral coating can widen the separation window for CZE.
Hydrophilic and neutral materials such as linear polyacrylamide (LPA) [96, 97] and
hydroxypropyl cellulose (HPC) [98, 99] have been employed for capillary coating.
The Dovichi group has demonstrated that CZE-MS/MS analysis of bovine serum

albumin (BSA) digest using an LPA-coated capillary generated a separation window
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exceeding one hour [100], significantly wider than using a fused silica capillary [93-

95].

1.3.4. Low loading capacity of CZE

Typically, sample volume cannot exceed 1% of total capillary volume to avoid
significant peak broadening in CZE. For instance, the total volume of a capillary with
1-m long, 50-pm i.d. is ~2 yL, meaning that the sample volume is limited to 20 nL.
The upper limit of CZE loading capacity is approximately 100-fold lower than
nanoRPLC. The extremely low sample amount prohibits the detection of low
abundant peptides in a complex mixture. Online sample stacking methods including
field-amplified sample stacking (FASS), transient isotachophoresis (tITP), and

dynamic pH junction can improve the loading capacity of CZE.

FASS is based on the analyte ion stacking at the interface between low-
conductivity sample buffer and high conductivity BGE [101, 102]. To perform FASS,
the sample is dissolved in a low-conductivity solution and injected into a capillary
filled with high conductivity BGE. When the separation voltage is applied, the high
electric field strength over the low-conductivity sample matrix provides high analyte
ions velocity. The ions eventually reach the interface between the BGE and sample
buffer where they drastically slow down and be stacked in a narrow zone. FASS
stacking can significantly improve both the loading capability of CZE and the
sensitivity. A sample buffer containing 0.04% (v/v) formic acid (FA) and 30% (v/v)
acetonitrile was used to create a low-conductivity sample plug in a study by the
Dovichi group [103]. Sample volume was successfully boosted to about 100 nL,

equivalent to 5% of the capillary. More importantly, the FASS-based CZE separation
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produced 2100 protein IDs from Hela proteome digest with high peak capacity

(~300).

In tITP, the sample and the leading electrolyte (LE) are first introduced into a
capillary that is filled with BGE. Then a plug of terminating electrolyte (TE) is injected
into the capillary. After voltage application, analytes, based on their original
concentration and electrophoretic mobilities, are pre-concentrated into narrow zones
that have the same migrating velocity between LE and TE. After tITP
preconcentration, the boundaries built by LE and TE are disrupted by the
surrounding BGE. Analytes are then separated by CZE. Guo et al. systematically
evaluated the loading capacity, sensitivity, and separation window of a tITP/CZE-
MS/MS system [104]. Although they enlarged the sample loading capacity from less
than 1% to 32%, they also found a trade-off between the tITP/CZE separation

window and loading capacity [104].

Dynamic pH junction developed by the Chen group is based on pH-dependent
Met changes [105]. Typically, the sample is dissolved in a basic solution (i.e., 50 mM
NH4HCOs3, pH 8) when the BGE is acidic (i.e., 5% (v/v) acetic acid, pH 2.4). After
sample injection, two pH boundaries are formed at both ends of the sample plug
interfacing with BGE. Within the basic sample solution, the analytes are negatively
charged. When the positive separation voltage is applied on the injection end,
hydrogen protons start to migrate towards the detection and titrate the basic sample
plug. Therefore, the pH boundary near the injection end begins to move towards the
other pH boundary when negative analytes move towards the injection end due to
the electrostatic force. Once the negative analytes meet the moving pH boundary,
their mobilities drastically decrease because of the pH-dependent charge turn-over.

Eventually, analytes are concentrated at the moving pH boundary. Until the two pH
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boundaries emerge, analytes are separated by CZE. Dynamic pH junction has been
used for pre-concentration of samples in CZE and achieved up to 400-nL sample

injection volume without losing separation efficiency [106].

1.4. Summary

This chapter introduced MS-based BUP protein studies. Advance in ESI, liquid
phase separation, and mass spectrometer has made BUP a powerful tool in the
delineation of protein dynamics, PTMs on proteins, protein function, and protein
interactions. Current LC-based one- or multi-dimensional separation methods
allowed large-scale protein IDs with limited sequence and proteome coverages. To
approach the comprehensive characterization of proteomes, CZE as an alternative
liquid phase separation method to RPLC has shown its potential for BUP.
Improvement in CZE regarding the CE-MS interfaces, capillary coating, online pre-
concentration method boosted its performance for BUP with high separation
efficiency, good reproducibility, and high sensitivity. The following chapters in this

dissertation will discuss further improvement and application of CZE for BUP.
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CHAPTER 2. Capillary zone electrophoresis-mass spectrometry with
microliter-scale loading capacity, 140 min separation window and high peak

capacity for bottom-up proteomics

Part of this chapter was adapted from Analyst 2017, 142(12), 2118-2127 with
permission

2.1. Introduction

2D-LC-ESI-MS/MS has been routinely used for large-scale BUP for a decade
starting from the invention of MudPIT [1]. Recently, the Coon group reported the
complete yeast proteome using only one-hour RPLC-MS/MS analysis [2]. However,
for deep proteome profiling of mammalian cells, 2D-LC-MS/MS is still required. Two
kinds of 2D-LC systems are widely used. One system typically employs SCX/SAX
and RPLC to separate peptides based on their charge and hydrophobicity [1,3-6].
Another system usually employs high-pH RPLC (i.e., pH 10) and low-pH RPLC (i.e.,
pH 3) to separate peptides based on their hydrophobicity [7—10]. The 2D-LC-MS/MS
approaches have achieved great success in the last decade, thus leading to the
identification of 10,000 protein groups from a mammalian cell line [8,11], and the
generation of the draft human proteome in 2014 [12,13]. However, as is well known,
the median protein sequence coverage from large-scale BUP is well below 30%,
thus leading to challenges for the identification of protein isoforms, which typically
have similar amino acid sequences. Although thousands of LC-MS/MS runs were
performed for the draft human proteome work, the median sequence coverage of
identified proteins is only about 28% [12]. Accordingly, proteome coverage from

bottom-up proteomics is still limited in terms of protein isoform identification. Better
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peptide separation is required to improve the protein sequence coverage, thus

leading to better characterization of protein isoforms and deeper proteome coverage.

On-line 3D-LC-MS/MS has been established to improve the proteome coverage
from bottom-up proteomics [14,15]. The system employed high pH RPLC-SAX—low
pH RPLC for peptide separation, and indeed improved the total peak capacity of
peptide separation to 1.3 x 104, thus leading to the quantification of 11,352 gene
products from mammalian cell lines [15]. Spintip-based 2D-LC fractionation
(SCX/ISAX-high pH RPLC)—-low pH RPLC-MS/MS systems have also demonstrated
their power for large-scale and highly sensitive bottom-up proteomics [16,17]
However, the 3D-LC systems still only explore the differences among peptides in

their hydrophobicity and charge.

We need to consider alternative separation techniques with different separation
mechanisms in order to enhance the peptide separation significantly. CZE-MS has
been suggested as an attractive alternative platform for large-scale and highly
sensitive BUP [18-30]. First, CZE separates analytes based on their size-to-charge
ratios, which is complementary with LC [31]. Second, CZE has high efficiency for
separation of biomolecules (i.e., peptides and proteins) [24,31,32]. Third, the
commercialization of several new CE-MS interfaces recently demonstrates their
maturity for robust and highly sensitive CZE—-MS experiments [24,33—-36]. Fourth,
using the improved CE—MS interfaces, CZE—MS has better sensitivity for peptide
and protein detection, and it can produce more protein IDs from mass-limited
complex proteome samples than typical RPLC-MS [18,19,33]. RPLC-MS has
significant sample loss during sample loading and on the column due to the
existence of very hydrophilic peptides/proteins, the valve and the large surface area

of beads [32,37]. CZE—MS can dramatically attenuate that sample loss due to its
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simple design, and can be routinely operated at a low nL/min flow rate for ESI, thus
leading to very high ESI efficiency [38]. The Dovichi group recently reported a low
zmole peptide detection limit using CZE—-MS and 10000 peptide IDs using single-
shot CZE-MS/MS from a human cell line proteome digest, which clearly
demonstrates the great potential of CZE-MS/MS for large-scale and highly sensitive
BUP [24,25]. However, the typical loading capacity of CZE is only on the low nL level
and the typical separation window is around 1 hour or narrower. The low loading
capacity and narrow separation window limit the further improvement of the number

of peptide/protein IDs using CZE-MS/MS from complex proteome samples.

Several methods have been used to improve the loading capacity of CZE-MS for
proteomics without significant loss of separation efficiency, e.g., FASS [23,25]. tITP
[29,30,39] solid phase micro-extraction [18,40] and dynamic pH junction [41,42].
Dynamic pH junction is a very simple method for improving the loading capacity of
CZE, and it was invented by Aebersold's group and Chen's group [43,44]. At least
95% of target molecules injected into the capillary could be captured and

concentrated easily with the dynamic pH junction method [45].

Dynamic pH junction based CZE-MS/MS has been used for bottom-up
proteomics recently and around 500 nL of the peptide sample was loaded for CZE—
MS analysis [42]. In that work, the background electrolyte (BGE) of CZE was 0.1%
(v/v) formic acid (pH 3) and the sample was simply dissolved in a buffer with a much
higher pH than BGE (ammonium acetate, pH 7) for CZE—MS analysis. A
commercialized LPA-coated fused silica capillary from Polymicro Technologies was
used for CZE—MS. The results showed that the dynamic pH junction based CZE-MS
could approach reasonably good peptide separation when about 500 nL of the

sample was loaded for analysis [42]. However, the results also indicated that when
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the volume of the loaded sample increased from 20 nL to around 500 nL, the
separation window of the system became significantly narrower [42]. The widest
separation window of dynamic pH junction based CZE-MS for peptide samples is
around 80 min [46]. The widest separation window of CZE—MS for peptide samples
is around 90 min with 100 nL sample loading volume based on a field enhanced
sample stacking method [25]. Unfortunately, the separation efficiency of CZE-MS
attenuated when larger than 100 nL of the sample was loaded based on the FASS
method [42]. A wide separation window and a large loading capacity are both
imperative for CZE—MS based large-scale proteomics. A high peak capacity is also
crucial. The highest peak capacity for peptide separation using CZE was around 300
[25,39]. CZE-MS systems with a large loading capacity, a wider separation window

and a higher peak capacity are required for large-scale proteomics.

In this work, we reported one automated CZE—MS system with a microliter-scale
loading capacity, a 140 min separation window and a high peak capacity (~380) for
complex proteome digest analysis. It is the first time that CZE—-MS approaches both
the microliter-scale loading capacity and over 2-hour separation window for analysis
of complex samples. The CZE—-MS system employed the systematically optimized
dynamic pH junction sample stacking and in-house made LPA-coated separation
capillary. The results represent the widest separation window and the highest peak
capacity of CZE—-MS for peptide separation. The CZE-MS system truly opens the

door of CZE-MS based large-scale BUP.
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2.2. Experimental

2.2.1. Materials and reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. LC/MS grade water, formic acid (FA), methanol, acetonitrile (ACN), HPLC
grade acetic acid (AA) and hydrofluoric acid (HF) were purchased from Fisher
Scientific (Pittsburgh, PA). Acrylamide was purchased from Acros Organics (NJ,
USA). Fused silica capillaries (50 pym i.d./360 ym o.d.) were purchased from

Polymicro Technologies (Phoenix, AZ).

Mammalian Cell-PE LB™ buffer for cell lysis was purchased from G-Biosciences
(St. Louis, MO). Complete, mini protease inhibitor cocktail (provided in EASY packs)

was purchased from Roche (Indianapolis, IN).

2.2.2. LPA coating for separation capillary of CZE

Bare fused silica capillary (50 um i.d./360 um o.d.) was flushed successively with
1 M hydrochloric acid, water, 1 M sodium hydroxide, water, and methanol. Then the
capillary was flushed with nitrogen overnight at room temperature. After that, the
capillary was filled with 50% (v/v) 3-(trimethoxysilyl) propyl methacrylate in methanol
and was kept at room temperature for at least 24 hours with both ends sealed by
silica rubber. (Tips. Based on our experience, the capillary with 3-(trimethoxysilyl)
propyl methacrylate inside can be kept at room temperature for up to one week
before next step. The silica rubber will block the ends of the capillary, so before next
step at least 5 mm length of capillary should be removed from both ends of the
capillary.) The capillary was then flushed with methanol to remove the unreacted
reagents and dried under nitrogen. The capillary now can be stored at room

temperature with both ends sealed with silica rubber before further steps.
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40 mg of acrylamide was dissolved in 1 mL of water. Then 500 pL of the
acrylamide solution was used for following steps. 3.5 pL of 5% (w/v) ammonium
persulfate (APS) in water was added to the 500-uL acrylamide solution. After mixed
via vortex, the solution was degassed using nitrogen to remove the oxygen in the
solution for 5 minutes. The solution finally was introduced into the pretreated
capillary by vacuum. The filled capillary was sealed with silica rubber at both ends
and incubated in the water bath at 50 “C for 35 min. The capillary was then flushed
with water to remove excess reagents and was stored at room temperature before
use. (Tips. The reaction in the capillary is initiated by APS at high temperatures. The
reaction time can be varied depending on the temperature in the lab. Therefore, the
volume of APS and reaction time need to be slightly adjusted. The degassing step is
important and this step can be longer (i.e., 10 min). When you flush the capillary with
water after the reaction at 50 °C, you should be able to see “agarose gel” like
substance being pushed out of the capillary at the beginning. The quantity of the
“agarose gel” like substance can be small depending on the total volume of the
capillary. If you see the “agarose gel” like substance, it means the quality of the
coating is good. If the reaction time is too short or APS concentration is too low or
the degassing step is not sufficient, you will not see the “agarose gel” like substance.

We suggest using a short capillary to test the conditions at the beginning.)

2.2.3. Sample Preparation

Four standard proteins including bovine serum albumin, cytochrome c (from
bovine), myoglobin (from equine) and beta casein (from bovine) were dissolved in 8

M urea and 100 mM ammonium bicarbonate (NH4HCOs3), pH 8.0, and the solutions
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were kept at 37 °C for 30 min for protein denaturation, followed by protein reduction
with dithiothreitol (DTT) at 37 °C for 30 min and alkylation with iodoacetamide (I1AA)
at room temperature for 20 min. After diluting the samples with 200 mM NH4HCO3
(pH 8.0) to make the urea concentration lower than 2 M, tryptic digestion was
performed at 37 “C for overnight with trypsin/protein ratio as 1/30 (w/w). After
digestion, the samples were acidified with formic acid to terminate the reactions and
desalted with C18 SPE columns (Waters, Milford, MA), followed by lyophilization with
a vacuum concentrator (Thermo Fisher Scientific). Finally, we prepared a standard-
protein digest sample via mixing the peptides from the four standard proteins. The
standard-protein digest sample contains 1 mg/mL of BSA, 0.07 mg/mL of myoglobin,
0.03 mg/mL of beta-casein and 0.006 mg/mL of cytochrome c. This sample was
further diluted 10-times with different buffers to get total peptide concentration

around 0.1 mg/mL for CZE-MS experiments.

Two 21-week-old female OT-1 mice were sacrificed for collection of brain and
liver. The mouse brain and liver samples were kindly provided by Professor Xuefei
Huang’s group at Department of Chemistry, Michigan State University. The whole
protocol related to the mouse samples was performed following guidelines defined
by the Institutional Animal Care and Use Committee of Michigan State University.
The mouse brain and liver samples taken from the sacrificed mice were stored at -20
°C before use. The mouse brain and liver samples were further prepared with the
same protocol described below. The tissue was first cut into small pieces and
washed with phosphate-buffered saline (PBS) to remove the blood. Then, the
sample was suspended in 9 mL of lysis buffer containing mammalian cell-PE LBTM
buffer and complete protease inhibitor, followed by homogenization with a

Homogenizer 150 (Fisher Scientific, Pittsburgh, PA) on ice and sonication with a
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Branson Sonifier 250 (VWR Scientific, Batavia, IL) on ice for 10 minutes. The lysates
were then aliquoted equally into 1.7 mL Eppendorf tubes, followed by centrifugation
at 10,000 g for 5 min. The supernatants were collected and a small portion of the
sample was used to measure the protein concentration with bicinchoninic acid (BCA)
assay. The supernatants were then subjected to acetone precipitation to purify the
proteins. Briefly, 1 volume of sample was mixed with 4 volumes of cold acetone.
Then the mixture was kept at -20 °C overnight, followed by centrifugation at 10,000 g
for 5 min. After removed the supernatant, we added cold acetone to the Eppendorf
tube again to simply wash the protein pellet, followed by centrifugation. After
centrifugation, the supernatant was discarded and the protein pellet was air dried in
the chemical hood for several minutes. Finally, the protein pellets were stored at -20

°C before use.

The protein pellet from the mouse brain or liver was dissolved in 8 M urea and
100 mM NH4HCOs3 (pH 8.0) buffer via vortex and sonication to a final protein
concentration of approximately 4 mg/mL. The proteins were denatured at 37 °C for
30 min, followed by protein reduction with DTT at 37 °C for 30 min, and protein
alkylation with 1AA in dark at room temperature for 20 min. The DTT solution was
added into the sample again to react with the left IAA for 10 min at room
temperature. The sample was then diluted with 100 mM NH4HCOs (pH 8.0) to
reduce the urea concentration to 2 M. After that, proteins were digested into peptides
with TPCK-treated trypsin at 37 °C overnight with a trypsin/protein ratio of 1/30
(w/w). Then, the protein digests were acidified with formic acid to terminate the
reaction. The protein digests were desalted with C18 SPE columns (Waters, Milford,

MA), followed by lyophilization with a vacuum concentrator (Thermo Fisher
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Scientific). The protein digests were dissolved in different buffers for CZE-MS

experiments.

2.2.4. RPLC fractionation of mouse brain proteome digests

500 pg and 50 pg of mouse brain proteome digests were dissolved in 150 pL of
0.1% (v/v) FA for RPLC fractionation. An Agilent Infinity Il HPLC system was used. A

C18 RP column (Zorbax 300Extend-C18, 2.1 mm i.d. x 150 mm length, 3.5 pum

particles, Agilent Technologies) was used for peptide separation. Buffer A (water,
0.1% FA) and buffer B (ACN, 0.1%FA) were used as mobile phases to generate a
gradient for separation. The flow rate was 0.3 mL/min. The peptide samples (500 pug
and 50 pg of mouse brain digests) were loaded onto the RPLC column for 4 min at
2% B. Then the peptides were separated by gradient elution: 2 min from 2% B to 6%
B, 70 min from 6% B to 40% B, and 1 min from 40% B to 80% B. The mobile phase

was kept at 80% B for 4 min, followed by column equilibration with 2% B for 10 min.

We collected fractions from 11 min to 78 min. The eluate from 11 min to 14 min
were collected as one fraction, from 72 min to 78 min was collected as one fraction.
From 14 min to 72 min, fractions were collected one fraction/min. In total 60 fractions

were collected from each sample.

For the 500 ug of mouse brain digest sample, fraction number “N” and fraction
number “N+30” were combined, thus leading to totally 30 fractions. For the 50 ug of
protein digest sample, fraction number “N”, fraction number “N+15”, fraction number
“N+30” and fraction number “N+45” were combined, thus leading to totally 15

fractions. The fractions were lyophilized and stored at -20 °C before use.

40



Each RPLC fraction from the 500 pg of protein digest sample was dissolved in 8
pL of 10 mM NH4HCOs (pH 8.0) for CZE-ESI-MS/MS analysis. Each RPLC fraction
from the 50 pg of protein digests was dissolved in 4 pL of 10 mM NH4HCOs3 (pH 8.0)

for CZE-ESI-MS/MS analysis.

2.2.5. CZE-ESI-MS/MS

An ECE-001 capillary electrophoresis autosampler (CMP Scientific, Brooklyn,
NY) was used for CZE separation. An LTQ-XL mass spectrometer (Thermo Fisher
Scientific) was used for detection. A commercialized electro-kinetically pumped
sheath flow interface (CMP Scientific, Brooklyn, NY) was employed for coupling CZE

to MS [24,33,48].

The LPA-coated capillary (50 pm i.d., 360 um o.d.) made in house was etched
with HF based on ref. 24 to reduce the outer diameter of one end of the capillary to
around 70 um with the total length of the etched part around 3 mm. The total length
of the capillary for CZE—-MS was 96 cm. (Caution: use appropriate safety procedures
while handling HF solutions.) The power supply integrated in the autosampler was
used for CZE separation and another power supply from CMP Scientific (Brooklyn,
NY) was used for electrospray. The electrospray emitter was a borosilicate glass
capillary (1.0 mm o.d., 0.75 mm i.d., and 10 cm length) pulled with a Sutter
instrument P-1000 flaming/brown micropipette puller. The opening size of the
electrospray emitter is around 30 ym. The BGE of CZE was 5% (v/v) AA and the

sheath buffer was 0.2% (v/v) FA containing 10% (v/v) methanol.

26 kV or 30 kV was applied at the injection end for CZE separation and around 2
kV was applied in the sheath buffer vial for electrospray. For all the standard-protein

digest data, we applied 26 kV at the injection end for separation. The analysis time
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ranged from 125 min to 265 min. For all the mouse brain and liver proteome digests,
30 kV was applied at the injection end for separation. The analysis time ranged from
110 min to 210 min. For the RPLC fractionated samples, 30 kV was applied at the
injection end for separation. The separation time ranged from 120 min to 150 min.
For all the CZE-MS runs, we flushed the capillary with BGE for 10 to 20 min at 5 psi
pressure at the end of the separation. Sample injection was performed via applying
5-psi pressure for different periods in order to inject different volumes of samples into
the separation capillary. The sample injection volume was calculated based on

Poiseuille's law.

The distance between the spray emitter orifice and the mass spectrometer
entrance was ~2 mm. The parameters of the LTQ-XL mass spectrometer are listed
below. The ion transfer tube temperature was 200 °C. The top 10 data dependent
acquisition (DDA) method was used for data acquisition. The full MS scan was
acquired with the automatic gain control (AGC) target value as 30 000 and scan
range 300 m/z to 1500 m/z. The ten most intense ions were sequentially isolated in
the ion trap with 2 m/z isolation window, followed by fragmentation with normalized
collision energy as 35%. The AGC target value for MS/MS is 10 000. The maximum
ion injection time for MS and MS/MS scans was 50 ms and 100 ms, respectively.
Dynamic exclusion was enabled with the following settings: repeat count as 1, repeat
duration as 15 s and exclusion duration as 20 s. The minimum ion signal in MS

spectra required for triggering MS/MS is 5000 counts.

2.2.6. Data analysis

The RAW files were analyzed by Proteome Discoverer 1.4 software (Thermo

Fisher Scientific) with Sequest HT database search engine. The mouse proteome,
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bovine proteome and equine proteome databases (ID: UP000000589,
UP000009136, UP000002281) downloaded from UniProt (http://www.uniprot.org/)
were used for database search. The database search was also performed for the
reversed databases to evaluate the false discovery rates (FDRS). For database
search, the MS/MS spectra were filtered firstly to remove the background peaks with
the parameters as top 6 peaks in every 100 Da window. Fully specific tryptic
digestion was chosen. The mass tolerance of parent ions and fragment ions was 2
Da and 1 Da, respectively. The dynamic modification was oxidation (M), and the
static modification was carbamidomethyl (C). The Percolator tool integrated in the
Proteome Discoverer 1.4 software was used to validate the database search results
based on the g-value. The IDs were filtered with peptide confidence value as high to
obtain FDR less than 1% on the peptide level. Protein grouping was enabled, and a
strict maximum parsimony principle was applied. Therefore, if multiple proteins were
identified from same peptides, these proteins were grouped into one protein group,

and each protein group has at least one unique peptide.

2.3. Results and discussion

2.3.1. Optimization of the dynamic pH junction based CZE-MS system

CZE-MS systems with large loading capacity, wider separation window and
higher peak capacity are required for CZE-MS based large-scale proteomics.
Because the dynamic pH junction method has the great potential to dramatically
improve the loading capacity of CZE without significant loss of separation efficiency

[42], we should be able to optimize the dynamic pH junction based CZE-MS system
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to approach large loading capacity, significantly wider separation window and higher

peak capacity.

In typical dynamic pH junction based CZE experiments, the sample buffer and
BGE of CZE have significantly different pH values [42-44]. For instance, the sample
is dissolved in a buffer with pH as 10 and the pH of BGE is 3. The underlying
mechanism of dynamic pH junction-based sample stacking is complicated, and its
concentration performance may be provided by more than one mechanism, e.g., pH
boundary and isotachophoresis [45,49-53] Here we systematically evaluated the
effect of sample buffer pH and salt concentration as well as the sample injection
volume on the CZE-MS performance for complex peptide mixtures. We chose 5%
(v/v) AA (pH 2.4) as the BGE based on the results from initial evaluations of different
BGEs (0.1%-0.5% (v/v) FA and 1%-10% (v/v) AA). 5% (v/v) AA as BGE produced
stable CZE-MS runs and the widest peptide separation window when 500 nL of the
standard protein digest was loaded for analysis. We used the in-house made LPA-

coated capillary for peptide separation to reduce the EOF in the capillary.

We firstly optimized the sample injection volume with the standard-protein digest
sample, Figure 2.1. When the sample injection volume increases from 40 nL to 500
nL, the peptide intensity reasonably increases, suggesting that peptides can be well
concentrated via the dynamic pH junction method with even half-a-microliter sample
loading volume. Interestingly, when the sample loading volume increases, the
migration speed of analytes in the capillary decrease and the separation window of
the system widens. The peptides start to migrate out of the capillary at around 20
min, 35 min and 55 min for 40 nL, 240 nL and 500 nL injection volume, respectively,
Figure 2.1. Because of the slower migration speed of peptides for 500 nL loading

volume, peptides spread out in a wider migration time window. The results clearly
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demonstrate that dynamic pH junction based CZE-MS system can approach half-a-

microliter loading capacity and wider separation window.
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Figure 2.1. Electropherograms of the standard-protein digest sample (0.1 mg/mL in
10 mM NH4HCOgs, pH 8.0) after CZE-MS analysis with three different sample

injection volumes. Top: 40 nL injection; Middle: 240 nL injection; Bottom: 500 nL
injection.
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We also tried to inject 1 pL (50% of the total capillary volume) and 1.5 pL (75%
of the total capillary volume) of the sample for CZE-MS. Surprisingly, we still
observed good peptide separation even 50%-75% of the capillary was filled with the
sample, Figure 2.2. When the sample injection volume increases from 500 nL to 1
ML, the migration speed of peptides in the capillary continue to slow down, and the
separation window becomes wider. When the sample injection volume increases
from 1 pL to 1.5 pL, the peptides migrate faster in the capillary and the separation
window narrows. The results suggest that the CZE-MS system can approach 1 pL of
sample loading capacity (50% of the total capillary volume) without effect on the
peptide separation. The results also suggest that change of injection volume can be
used as one way to modulate the migration speed of peptides in the separation
capillary and the separation window. It is worth to note that the numbers of unique
peptides matched to the four standard proteins from different sample loading
volumes (40 nL to 1.5 pL) are comparable, which is most likely due to the low

complexity of the sample.

We chose 500 nL sample injection volume for all the following experiments in
order to balance the loading capacity, separation window and the migration speed of
peptides in the capillary. Although there is still around 50 min dead time for the 500
nL sample injection data, we can easily reduce the dead time via applying higher
separation voltage across the capillary. Interestingly, it has been demonstrated in the
literature that when the sample injection volume of CZE increased from 20 nL to
around 500 nL, the separation window of dynamic pH junction based CZE-MS
narrowed significantly [42]. We observed different phenomenon in this work. One
potential reason for this difference is the higher quality of the LPA coating on the

inner wall of the separation capillary in this work (in-house made) compared with
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reference [42] (from Polymicro Technologies), thus leading to much lower EOF in the
capillary. Based on our previous experience, in order to get good intact protein
separation, the LPA coated capillary (50 um i.d.) from Polymicro Technologies need
to be flushed with the protein sample first to reduce the dead adsorption of proteins
on the inner wall of the separation capillary before protein separation. The in-house

made LPA-coated capillary can be directly used for intact protein separation.
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Figure 2.3. Electropherograms of the standard-protein digest sample (0.1 mg/mL) in
10 mM NH4HCOg3, pH 8.0 (A), in 10 mM ammonium acetate (NH4AC), pH ~7 (B) and
10 mM NH4AC, pH ~4 (C) after CZE-MS analysis with 500 nL sample injection
volume. Two peptides were marked (*) in electropherograms (A) and (B) to show the
different distance between those two peptides.

Next, we optimized the pH of the sample buffer with the standard-protein digest

sample, Figure 2.3. The results clearly show that sample buffer with higher pH (pH 7
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and 8) leads to better peptide separation when 500 nL of sample was injected for
CZE-MS. The results also show that sample buffer with higher pH leads to lower
migration speed of peptides in the capillary and wider separation window, which are
clearly demonstrated by the migration time of the two marked peptides and the
migration time difference between them for different sample buffers (~50 min for pH
8 sample buffer vs. ~45 min for pH 7 sample buffer). The total numbers of unique
peptides matched to the four standard proteins from pH 7 and 8 sample buffers are
similar and are about 34% higher than that from pH 4 sample buffer. We did not try
sample buffers with pH higher than 8, because the LPA coating of separation
capillaries is not stable in high basic conditions. Accordingly, we chose pH 8

(NH4HCO3) as the optimum pH of sample buffer.

Finally, we optimized the salt concentration of the sample buffer with both the
standard-protein digest sample and the mouse brain proteome digest sample,
Figure 2.4, and Figure 2.5. Higher salt concentration in the sample buffer leads to
higher peptide intensity and narrower peptide separation window. The narrower
separation window is demonstrated by the shorter distance between the two marked
peptides in the electropherograms (38 min, 34 min and 27 min for 5 mM, 10 mM, and
20 mM NH4HCOs in Figure 2.5, respectively). The numbers of peptide IDs from the
mouse brain proteome digests in 5-20 mM NH4HCOs3 (pH ~8.0) are comparable. In
order to balance the peptide intensity and separation window, we chose the 10 mM
NH4HCOs3 (pH ~8.0) as the optimum sample buffer. We also need to note that 30 kV
was applied for CZE separation of the mouse brain proteome digest (Figure 2.5.)
and 26 kV was applied for the standard-protein digest (Figure 2.4), thus leading to

faster peptide migration in the electropherograms in Figure 2.5.
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The results mentioned above suggest that the pH boundary and
isotachophoresis contribute to the analyte focusing during dynamic pH junction
process. Higher sample buffer pH produces better peptide separation. Higher salt
concentration in sample buffer generates higher peptide intensity due to higher
concentration of leading electrolyte (NH4*) for isotachophoresis. We also observed
that at the beginning of the dynamic pH junction based CZE-MS, the current of CZE
was quickly and dramatically decreased (i.e., from 8 pA to 2 pA when 500 nL of
sample in 10 mM NH4HCO3 was loaded for analysis). Interestingly, larger sample
injection volume led to more obvious current drop. The results suggest that low
conductivity zone is produced in the capillary during dynamic pH junction based
sample stacking. Accordingly, the conventional field enhanced sample stacking may
also contribute to the analyte stacking during dynamic pH junction process. The
results here further indicate that the mechanism of dynamic pH junction based

sample stacking is complicated.
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Figure 2.4. Electropherograms of the standard-protein digest sample (0.1 mg/mL) in
5 mM NH4HCOgs, pH ~8.0 (top), 10 mM NH4HCOg3, pH ~8.0 (middle), and 20 mM
NH4HCOs3, pH ~8.0 (bottom) after CZE-MS analysis with 500 nL sample injection
volume. Two peptides were marked (*) in the electropherograms to show the
different distance between those two peptides.
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Figure 2.5. Electropherograms of the mouse brain proteome digests (0.4 mg/mL) in
5 mM NH4HCOs3, pH ~8.0 (A), 10 mM NH4HCOs3, pH ~8.0 (B), and 20 mM NH4HCOs,
pH ~8.0 (C) after CZE-MS/MS analysis with 500 nL sample injection volume. Two
peptides were marked (*) in the electropherograms to show the different distance
between those two peptides.
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The results also suggest that the characteristics (e.g., separation window,
stacking performance, migration speed of analytes in the capillary) of dynamic pH
junction based CZE-MS can be manipulated via simple adjustments of the sample

buffer and/or sample injection volume.

Based on the optimized results above, we employed the dynamic pH junction
based CZE-MS with 500 nL sample loading volume and 10 mM NH4HCOs3 (pH 8)

sample buffer for the following experiments.

2.3.2. Reproducibility and robustness of the dynamic pH junction based CZE-

MS system

We evaluated the reproducibility of the system with both the standard-protein
digest sample and the mouse brain proteome digest sample, Figure 2.6. and Figure
2.7. CZE-MS system with 500 nL injection volume produced reproducible separation
and detection of both the standard-protein digest and complex proteome digest
samples in terms of the separation profile, peak intensity, migration time and the
number of peptide IDs. The relative standard deviation (RSD) of number of peptide
IDs from the mouse brain proteome digest sample with the CZE-MS/MS system in
quintuplicates is about 7%. We also calculated RSDs of the migration time and
intensity of peptides based on five randomly selected peptides from the standard-
protein digest data. The RSDs of migration time and intensity of peptides are around
5% and less than 16%, respectively. We continuously used the dynamic pH junction
based CZE-MS system for analysis of different peptide samples for about one week,

suggesting the good robustness of the system.
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Figure 2.6. Electropherograms of the standard-protein digest sample (0.1 mg/mL) in
10 mM NH4HCOs3 (pH ~8.0) after CZE-MS analysis in duplicates with 500 nL sample
injection volume per run.
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2.3.3. 140-min peptide separation window with the dynamic pH junction based

CZE-MS system

We further applied the optimized dynamic pH junction based CZE-MS/MS
system for analysis of a mouse liver proteome digest sample, Figure 2.8. We
approached nearly 140-min separation window and the separation window is much
wider than that reported in the literature (140 min vs. 90 min) [25,39] We calculated
the peak capacity of the system based on the peak width at 50% height, and we
observed significantly higher peak capacity than that reported in the literature (380
vs. 300) [25,39]. The results here represent the widest separation window and the
highest peak capacity for peptide separation using CZE-MS. It is the first time that
CZE-MS approaches both microliter-scale loading capacity and over 2-hour
separation window for analysis of complex samples. 497 protein groups and 1,400
peptides were identified with this single-shot CZE-MS/MS analysis on an LTQ-XL

mass spectrometer.
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Figure 2.8. Electropherogram of the mouse liver proteome digest (1 mg/mL) in 10
mM NH4HCOs (pH 8) after CZE-MS/MS analysis with 500 nL sample injection
volume.

In the literature, single-shot CZE-MS/MS has approached 800-2,000 protein
group IDs and over 10,000 peptide IDs from complex proteome samples [25,28,54].
Orbitrap Fusion or Q-Exactive HF mass spectrometer with high mass resolution and
high scan speed (up to 20 Hz) was employed in those works. In this work, an LTQ-
XL mass spectrometer with dramatically lower mass resolution and scan speed (~3
Hz) was used, thus leading to lower number of peptide and protein IDs compared
with those works. Recently, ~500 peptides and 200 protein groups were identified
from a complex proteome sample with single-shot CZE-MS/MS on a LTQ-XL mass
spectrometer [42]. Our data in this work is about 2-3 times better in terms of the
number of peptide and protein group IDs, which is most likely due to the significantly

better peptide separation.
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2.3.4. Quantitative performance of the dynamic pH junction based CZE-MS

system

We analyzed the mouse brain proteome digests with five different concentrations
ranging from 0.1 mg/mL to 1.6 mg/mL via the dynamic pH junction based CZE-
MS/MS. The sample loading volume of CZE-MS/MS is 500 nL per run. The loaded
mass of mouse brain proteome digests ranged from 50 ng to 800 ng. We observed
good linear correlations between the mass of loaded mouse brain proteome digests
and peptide intensity based on five chosen peptides, Figure 2.9A. Those five
peptides have different isoelectric points (4.1-9.8), different length (6-26 amino acids)
and dramatically different intensity. The result suggests that the dynamic pH junction
based CZE-MS system is quantitative and has great potential for label free based

guantitative bottom-up proteomics.

We also evaluated the relationship between the number of peptide and protein
IDs and the mass of loaded mouse brain proteome digest, Figure 2.9B. The number
of protein and peptide IDs increase reasonably with the increase of mass of loaded
mouse brain proteome digest, further suggesting the system is quantitative. It is
worth to note that when the mass of loaded complex proteome digests increases
from 400 ng to 800 ng, the number of peptide and protein IDs only increases very
slightly, suggesting that 400 ng is very close to the optimum loading mass of

complex proteome digests for the dynamic pH junction based CZE-MS/MS system.
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Figure 2.9. (A) Correlations of the mass of loaded mouse brain proteome digests
and peptide intensity after the dynamic pH junction based CZE-MS/MS analysis.
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digest and the number of peptide and protein group IDs after the dynamic pH
junction based CZE-MS/MS analysis.
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2.3.5. Large-scale BUP with the dynamic pH junction based CZE-MS system

Firstly, we performed two CZE-MS/MS runs with different concentrations (0.4
mg/mL and 4 mg/mL) of mouse brain proteome digests. For the 0.4 mg/mL sample,
500 nL of sample was injected. For the 4 mg/mL sample, 50 nL of sample was
injected. The total mass of the loaded mouse brain proteome digests for those two
CZE-MS/MS analyses are the same (200 ng). We observed that the CZE-MS/MS
analysis of the 0.4 mg/mL sample with 500 nL injection volume generated
significantly higher numbers of protein and peptide IDs than the analysis of the 4
mg/mL sample with 50 nL injection volume (423 vs. 294 protein groups and 1,159 vs.
797 peptides). Two factors affect the number of peptide IDs. One is the peptide
intensity and the other one is the peptide separation. As shown in Figure 2.10, 0.4
mg/mL of digest with 500 nL injection volume generates comparable peptide
intensity and much wider separation window compared with 4 mg/mL of digest with
50 nL injection volume, thus leading to much higher numbers of high-quality MS/MS
spectra and peptide IDs. The result provides us with two important information. First,
the dynamic pH junction based CZE-MS/MS system can significantly benefit analysis
of mass-limited proteome samples. Second, the dynamic pH junction based CZE-
MS/MS system can enable large-scale proteome analysis with much lower mass of
sample material compared with typical CZE-MS/MS systems, thus leading to much

higher overall sensitivity.

Secondly, we employed RPLC fractionation and the dynamic pH junction based
CZE-MS/MS for large-scale bottom-up proteomics with 50 ug and 500 pug of mouse
brain proteome digests. Fifteen LC fractions and 30 LC fractions were analyzed by
CZE-MS/MS for the 50 pg and 500 pug sample, respectively. Each LC fraction from

the 500-ug sample was dissolved in 8 uL of 10 mM NH4HCO3 (pH 8.0) for CZE-

61



MS/MS analysis. Each LC fraction from the 50-ug sample was dissolved in 4 pL of
10 mM NH4HCOs3 (pH 8.0) for CZE-MS/MS analysis. The sample loading volume of
CZE-MS/MS was 500 nL per run. An LTQ-XL mass spectrometer was used in these
experiments. About 3,000 protein groups and 13,000 peptides were identified from
the 500 pg of starting material with peptide-level FDR less than 1%. About 1,600
protein groups and 5,200 peptides were identified from only 50 pg of the complex

proteome digest. The identified protein groups are listed in supporting material Il.

In the literature, 3,000-4,000 protein group IDs from complex proteome samples
have been approached by Dovichi and Lindner groups with offline RPLC-CZE-
MS/MS.20,55 LTQ-Orbitrap Velos or LTQ-Orbitrap XL was used in those works, and
600 ug-1 mg of complex proteome digests were used for RPLC fractionation. In this
work, we identified slightly lower number of protein group IDs (3,000 vs. 4,000
protein groups) with 500 pg of initial proteome digest and only LTQ-XL mass

spectrometer.

We identified 1,600 protein groups from only 50 pg of the complex proteome
digest with offline RPLC fractionation and the dynamic pH junction based CZE-
MS/MS (LTQ-XL). We compared our data with the LTQ-XL based MudPIT datasets
in the literature. Typically, offline multi-dimensional separation-MS/MS has lower
sensitivity than online MudPIT due to the sample loss during fraction collection [56].
Our offline RPLC-CZE-MS/MS has similar sensitivity to the online MudPIT technique
in terms of the number of protein group IDs from similar mass of initial complex
proteome digests [57-61]. The result here is very important. Offline RPLC-CZE-
MS/MS has been suggested as a valuable platform for large-scale proteomics
[20,55], but hundreds of microgram of proteome digests are typically required due to

the low loading capacity of CZE and also limited separation window, thus leading to
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much lower overall sensitivity compared with MudPIT (typically 30 pg of
peptides/run). This is one bottleneck of CZE-MS/MS for deep proteomics. Our
dynamic pH junction based CZE-MS/MS has much larger loading capacity (0.5-1 pL
vs. low nL) and significantly wider separation window (140 min vs. 60 min or
narrower) than typical CZE-MS/MS systems, thus leading to much higher overall
sensitivity. In addition, in this work we simply adjusted the position of the injection
end of the separation capillary in the sample vial and guaranteed that the injection
end of the separation capillary could be immersed in the sample for injection when
only 4 pL of sample was in the sample vial. Injection of 500 nL of sample into the
separation capillary from 4 pL of sample in the vial represents the use of 12% of the
available sample for CZE-MS analysis, which is at least 6 times higher than that in
typical CZE-MS systems (12% vs. 2% or lower) [20,25,28]. Those are the major
reasons that our offline RPLC-CZE-MS/MS can approach similar sensitivity to the
online MudPIT technique in terms of the number of protein group IDs. Our dynamic
pH junction based CZE-MS/MS system truly opens the door of CZE-MS/MS based

deep proteomics.

In this work, our RPLC-CZE-MS/MS system (LTQ-XL) need 2-3 days for
comprehensive analysis of complex proteome digests. Typical 2D-LC-MS/MS
approaches require about 1-day MS time for deep proteomics profiling using modern
mass spectrometers [6,8,11]. The MS time required by our RPLC-CZE-MS/MS
system can be easily attenuated by using one modern mass spectrometer with high

mass accuracy and high scan speed.

We believe that coupling MDLC prefractionation (e.g., SCX-RPLC) with the

dynamic pH junction based CZE-MS/MS will further greatly enhance the separation
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of complex proteome digests, thus leading to higher protein sequence coverage,

better characterization of protein isoforms and deeper proteome coverage.
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Figure 2.10. Electropherograms of the mouse brain proteome digests in 10 mM
NH4HCOs (pH 8) after CZE-MS/MS analysis. (A) 4 mg/mL of the mouse brain

proteome digest with 50 nL injection volume; (B) 0.4 mg/mL of the mouse brain
proteome digest with 500 nL injection volume.

64



2.4. Conclusions

In this work, we presented one automated CZE-MS system with microliter-scale
loading capacity, 140-min peptide separation window and high peak capacity (~380),
which represent the widest peptide separation window and the highest peak capacity
for peptide separation using CZE-MS. It is the first time that CZE-MS approaches
both microliter-scale loading capacity and over 2-hour separation window for
analysis of complex samples. Coupling RPLC fractionation with the CZE-MS/MS
(LTQ-XL) yielded 1,600 and 3,000 protein group IDs from 50 pg and 500 pg of
mouse brain proteome digests, respectively. The results clearly demonstrate that

CZE-MS/MS is ready for large-scale proteomics.

We expect that coupling SCX-RPLC fractionation with CZE-MS/MS will produce
an invaluable platform for ultra-deep bottom-up proteomics. The platform will provide
orthogonal and high capacity peptide separation. The platform combines the
advantages of SCX (large loading capacity), RPLC (high-resolution peptide
separation and on-line peptide desalting) and CZE-MS (high efficiency and high

sensitivity for peptide separation/detection).

We also expect that the separation window and peak capacity of CZE-MS can be
further significantly improved by using a longer separation capillary (e.g., 1.5 meters)

and higher separation voltage across the capillary (e.g., 60 kV or higher).
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CHAPTER 3. Strong cation exchange-reversed phase liquid chromatography-
capillary zone electrophoresis-tandem mass spectrometry (SCX-RPLC-CZE-

MS/MS) platform for deep bottom-up proteomics and phosphoproteomics

Part of this chapter was adapted from Anal. Chim. Acta 2018, 1012, 1-9; and
Anal. Chem. 2019, 91(3), 2201-2208 with permission
3.1. SCX-RPLC-CZE-MS/MS platform with high peak capacity for deep bottom-

up proteomics

3.1.1. Introduction

The state-of-the-art 2D-LC-MS/MS has approached over 8000 protein IDs from
mammalian cell lines or tissues in 1-3 days of mass spectrometer time [1-5]. The
draft human proteome containing 84% of the total annotated protein-coding genes in
humans has also been generated using 2D-LC-MS/MS [6]. Over 2,000 LC-MS runs
were performed for the draft human proteome, but the median protein sequence
coverage was still only 28% [6]. The typical median protein sequence coverage of
deep bottom-up proteomics datasets is around 25% or lower. The low sequence

coverage impedes the confident identification of protein isoforms.

Alternative separation techniques that are orthogonal to LC for peptide
separation will be very useful to further improve the number of peptide IDs from
complex proteomes in bottom-up proteomics experiments, boosting the protein
sequence coverage. CZE-MS/MS has been suggested as an alternative to LC-
MS/MS for bottom-up proteomics [7-18]. CZE separates peptides based on their
size-to-charge ratios and it is orthogonal to LC for peptide separation. CZE-MS/MS

and LC-MS/MS are complementary in protein/peptide ID from complex proteome
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digests [7-11]. CZE tends to identify small, basic and hydrophilic peptides compared
with RPLC-MS. In addition, the migration time of peptides from CZE-MS can be
predicted more accurately and easily than their retention time from commonly used
RPLC-MS [19]. The electrophoretic mobilities of peptides in CZE mainly relate to
their size (molecular mass) and charge, which are relatively easy to be determined
accurately. The retention of peptides in RPLC can be affected by various factors,
e.g., hydrophobic, hydrogen-bond, and ion-pairing interactions. Modeling those
factors is very difficult. Recently, Krokhin et al. developed a simple model for CZE
and approached a very good correlation (R? ~0.995) between the experimental and
predicted migration time of peptides in CZE based on a large-scale peptide dataset
[19]. The capability for accurate prediction of peptide migration time in CZE makes
CZE-MS become a powerful tool for bottom-up proteomics because it can help us
further evaluate the confidence of peptide ID from the database search and even

guide the database search.

Although CZE-MS has many valuable features for bottom-up proteomics, the
number of protein IDs from complex proteomes using CZE-MS/MS is still much lower
than the state of the art using 2D-LC-MS/MS. Much effort has been made to improve
the CZE-MS for large-scale proteomics [7,15,20,21]. Sun et al. approached 2,000
protein and 10,000 peptide IDs from a human cell line digest using single shot CZE-
MS/MS with a neutrally coated separation capillary and an Orbitrap Fusion mass
spectrometer [7]. FASS was used to improve the sample loading volume to 100 nL
and a 1-meter long neutrally coated separation capillary was employed to improve
the peak capacity to about 300 [7]. Yan et al. coupled RPLC prefractionation to CZE-
MS/MS for bottom-up proteomics of Xenopus embryos, resulting in the identification

of over 4,000 proteins [20]. For each CZE-MS/MS run, about 50 nL of the sample
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was injected for analysis. Faserl et al. coupled RPLC prefractionation to CZE-MS/MS
for quantitative proteomics of yeast, leading to the identification of over 3,000
proteins [15]. A 1.5-mg yeast digest was used as the starting material and the
sample loading volume for CZE-MS/MS was 40 nL. Very recently, Faserl et al.
approached 6,000 protein IDs from a human cell line proteome digest by RPLC
prefractionation and sequential sample injection based CZE-MS/MS with 2 mg of
peptides as the starting material [21]. The sample loading volume of CZE-MS/MS

was 25 nL.

In order to further improve the CZE-MS/MS for significantly deeper proteome
coverage with a reasonable mass of initial protein material, we need to improve the
sample loading volume of CZE-MS/MS and meantime boost the overall peak
capacity of the system. The improvement in both sample loading volume and peak
capacity can evidently benefit the identification of low abundant proteins. We showed
that dynamic pH junction based CZE-MS/MS could approach both micro-liter scale
sample loading volume and high peak capacity (up to 380) for analysis of complex
peptide or protein mixtures [22,23]. In this work, we coupled online SCX-RPLC
prefractionation to the dynamic pH junction based CZE-MS/MS for deep bottom-up
proteomics. The orthogonal SCX-RPLC-CZE platform approached a very high peak
capacity (~7,000). Because of the high peak capacity and the large sample loading
volume of CZE (~0.5 pL per run), the SCX-RPLC-CZE-MS/MS system identified
8,200 protein groups and 65,000 unique peptides from a mouse brain proteome

digest.
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3.1.2. Experimental

3.1.2.1. Reagents and chemicals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. LC/MS grade water, methanol, ACN, HPLC grade AA, FA, and HF were
purchased from Fisher Scientific (Pittsburgh, PA). Acrylamide was ordered from
Acros Organics (NJ, USA). Fused silica capillaries (50 um i.d./360 ym o.d.) were
bought from Polymicro Technologies (Phoenix, AZ). The 30 kDa Centrifugal Filter
Units with Ultracel-30 membrane were purchased from Merck Millipore (Burlington,
MA). Complete, mini protease inhibitor cocktail was purchased from Roche

(Indianapolis, IN).

3.1.2.2. Preparation of the linear polyacrylamide-coated capillary for CZE

The inner wall of the separation capillaries for CZE was coated with LPA based
on references [22] and [24] in order to reduce the EOF. The separation capillaries for
CZE used in this study were coated with LPA. First, a bare fused silica capillary (50
pm i.d./360 um o.d.) was sequentially flushed with 1 M sodium hydroxide, water, 1 M
hydrochloric acid, water and methanol. Then the capillary was flushed with nitrogen
for 4 h. Next, the capillary was filled with 50% (v/v) 3-(trimethoxysiyl)propyl-
methacrylate in methanol, and kept at room temperature for 24 h with both ends
sealed with silica rubber. After that, the capillary was flushed with methanol to

remove the excess reagent, followed by nitrogen flushing for 24 h.

The solution of 5% (w/v) APS in water and the solution of 40 mg/mL of
acrylamide in water were prepared. 3.5 pL of the 5% APS solution was added to 500

pL of the acrylamide solution. The mixed solution was degassed under nitrogen for
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15 min. Then the pretreated capillary was filled with the mixed solution and
incubated in 50 °C water bath for 35 min with sealed ends. After incubation, the
redundant reagents were flushed out with water. Lastly, one end of the coated
capillary (=5 mm long) was etched with HF to reduce the outer diameter of the
capillary to ~70 um based on the protocol in reference [14]. The capillary was stored

at room temperature before use.

3.1.2.3. Sample preparation

The mouse brain tissue samples originated from two 6-month-old BL/6 male
mice were kindly provided by Professor Chen Chen’s group at Department of Animal
Science, Michigan State University. All animal-related experiments were conducted
strictly following the guidelines defined by the Institutional Animal Care and Use

Committee of Michigan State University.

The mouse brains were cut into small pieces and washed with PBS multiple
times for the removal of blood. Then the sample was suspended in 8 M urea in 100
mM NH4HCO3 (pH 8) with complete protease inhibitor. The suspended sample was
homogenized using a Homogenizer 150 (Fisher Scientific, Pittsburgh, PA) on ice
until it was completely homogenized. The sample was then sonicated using a
Branson Sonifier 250 (VWR Scientific, Batavia, IL) on ice for 5 min. The lysate was
aliquoted to 1.7-mL Eppendorf tubes and centrifuged at 10,000 g for 5 min. A small
aliquot of the supernatants was subjected to BCA assay for protein concentration
measurement. The remaining supernatants were subjected to acetone precipitation.
The supernatants and cold acetone were mixed at the ratio of 1:4 (v/v) and stored in
-20 °C overnight followed by centrifugation at 10,000 g for 5 min. The supernatants

were discarded. Cold acetone was added to the Eppendorf tubes to wash the pellets
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again. After centrifugation, the supernatants were discarded and the pellets were air

dried in the chemical hood for several minutes, followed by storage at -80 ° C

before use.

Filter-aided sample preparation (FASP) method was used for protein digestion
[31]. ~500 ug of mouse brain proteins were dissolved in 125 pL of 2% sodium
dodecyl sulfate (SDS) (w/v) and 100 mM NH4HCOs3 solution (pH 8). The solution was
heated at 90 °C for 10 min for protein denaturation. Then, 1 yL of DTT solution (1 M
in 100 mM NH4HCO3) was added to the sample solution and the mixture was heated
at 80 °C for 20 min for protein reduction. After that, 2.5 pL of 1 M IAA solution in 100
mM NH4HCO3s was added to the sample solution and the mixture was kept at room
temperature for 10 min (in dark) for protein alkylation. Then 1 uL of 1 M DTT solution
was added to the sample solution in order to react with the excess IAA. The sample
was then mixed with 375 pL of 8 M urea in 100 mM NH4HCOs. Next, the mixture
(=500 pL) was added onto two 30-kDa centrifugal filter units (250 pL/unit), followed
by centrifugation at 14,000 g for 15 min. The proteins on the membrane were
washed with 250 pL of 8 M urea in 100 mM NH4HCOs three times. Next, the proteins
were washed with 100 mM NH4HCOs3 three times to remove urea. Finally, 150 pL of
100 mM NH4HCOs (pH 8.0) was loaded on each membrane and 8 L of trypsin
solution (1 pg/pL) was added to each unit. The filter units were gently vortexed for 5
min to mix the trypsin and proteins. After that, the filter units were kept in a 37 °C
water bath for 12 h for tryptic digestion. After digestion, the units were centrifuged at
15,000 g for 15 min, and the flow-through containing the peptides was collected. To
increase peptide recovery from the membrane, the membrane was further washed
with 150 pL of 100 mM NH4HCOs. The flow-through from those two steps were

combined and the peptide solution was acidified with FA, followed by peptide
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desalting with C18 SPE columns (Waters, Milford, MA). The eluates from the C18
SPE columns were lyophilized with a vacuum concentrator (Thermo Fisher
Scientific) and stored at -80 °C until use. In total, we performed the FASP workflow
described above three times, and prepared ~1.5 mg of mouse brain proteome

digests for the following online SCX-RPLC and high pH RPLC fractionation.

3.1.2.4. Online SCX-RPLC fractionation of a mouse brain proteome digest

An Agilent Infinity Il HPLC system with a quaternary pump was used for the
experiment. A SCX trap column (Zorbax 300SCX, 4.6 mm i.d. x 12.5 mm length, 5
pum particles, Agilent Technologies) and a C18 RP column (Zorbax 300Extend-C18,
2.1 mm i.d. x 150 mm length, 3.5 um particles, Agilent Technologies) were directly
connected with a PEEK tubing and two fittings for online 2D-LC separation. 0.1% FA
in water (mobile phase A), 0.1% FA in ACN (mobile phase B) and 890 mM
ammonium acetate solution (pH=2.88) (mobile phase C) were used for separation.
Mobile phase A and C were used for the generation of different salt concentrations
for step-wise elution of peptides from the SCX column to the RPLC column. Mobile

phases A and B were used for gradient separation of peptides with RPLC.

A 500-pg mouse brain proteome digests dissolved in mobile phase A were
injected into a sample loop and loaded onto the SCX column by pushing the sample
through the system with mobile phase A at 0.3 mL/min flow rate for 5 min. The
peptides trapped on the SCX column were eluted in a step-wise fashion with
different concentrations of ammonium acetate for 20 min at a flow rate of 0.3
mL/min. After each salt step elution, the eluted peptides from the SCX were captured
on the RPLC column, followed by RPLC gradient separation at 0.3 mL/min for 90

min: 0-20 min, 2%B; 20-22 min, 2-6%B; 22-67 min, 6-40%B; 67-72 min, 40-80% B;
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72-77 min, 80%B; 77-80 min, 80-2%B; 80-90 min, 2%B. 40 fractions were collected
for each RPLC run from 25 min to 71 min. From 25-31 min and 65-71 min, we
collected each fraction every 2 min; from 31 min to 65 min, we collected one fraction
per min. We named the fractions based on the order of retention time from 1 to 40.

Then we combined the fraction N and fraction N+20 to generate 20 fractions.

We performed two SCX-RPLC fractionation experiments. In the first experiment,
we eluted the peptides from SCX with three different concentrations of ammonium
acetate: 150 mM, 350 mM, and 890 mM. In total, we got 60 SCX-RPLC fractions (3
salt stepsx 20 fractions/salt step) from this experiment. In the second experiment, we
used two salt steps for peptide elution from the SCX with salt concentrations of 250
mM and 890 mM. In total, we collected 40 fractions for the second experiment. All of
the collected fractions were lyophilized and stored at -80 °C for the following CZE-

MS/MS experiments.

3.1.2.5. High-pH RPLC fractionation of the mouse brain proteome digest

The same Agilent Infinity II HPLC system was used for high pH RPLC
fractionation. A C18 RP column (Zorbax 300Extend-C18, 2.1 mm i.d. x 150 mm
length, 3.5 um particles, Agilent Technologies) was used for separation. Mobile
phase A (5 mM NH4HCOs3 in water, pH 9) and mobile phase B (5 mM NH4HCOs in

80% ACN, pH 9) were used to generate a gradient for peptide separation.

500-ug mouse brain proteome digest was injected onto the RP column for the
experiment. The flow rate was 0.3 mL/min. The gradient was as follow: 0-5 min, 2%
B; 5-7 min, 2-10% B; 7-67 min, 10-50% B; 67-69 min, 50-100 % B; 69-79 min, 100%
B; 79-80 min, 100-2% B; 80-90 min, 2% B. In total, 60 fractions were collected from

7 min to 67 min, one fraction per min. We named the fractions based on the order
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of retention time from 1 to 60. Then we combined the fraction N and fraction N+30 to
generate 30 fractions. Those fractions were then lyophilized and stored at -80 °C for

low pH RPLC-MS/MS.

3.1.2.6. CZE-ESI-MS/MS

For CZE-ESI-MS/MS, a commercialized electro-kinetically pumped sheath flow
CE-MS interface (CMP Scientific, Brooklyn NY) was employed for coupling CZE to
MS [25,26]. An ECE-001 CE autosampler (CMP Scientific) was used for the
automated operation of CZE. The ESI emitter was pulled from a borosilicate glass
capillary (1.0 mm o.d., 0.75 mm i.d.) with a Sutter P-1000 flaming/brown micropipette
puller. The orifice of the ESI emitter was 20-40 um. The BGE was 5% (v/v) AA with
pH 2.4 and the sheath buffer was 0.2% (v/v) FA containing 10% (v/v) methanol. The
etched end of the separation capillary was introduced into the ESI emitter, and the
distance between the end of the capillary and the orifice of the ESI emitter was ~300
pm. The distance between the orifice of the emitter and the inlet of the mass
spectrometer was ~2.0 mm. The voltage applied to the sample injection end of the

capillary was 30 kV and ~2.2 kV was applied at the interface for ESI.

The 60 SCX-RPLC fractions from the three salt step experiment were dissolved
in 4 puL of 10 mM NH4HCOs3 (pH 8.0) for CZE-MS/MS. A 71-cm LPA-coated capillary
(50-pm i.d., 360-um o.d.) was used for CZE. Each fraction was injected into the
capillary with 5-psi pressure for 63 s, corresponding to about 500-nL sample injection
volume. After that, 30 kV was applied at the injection end for CZE separation for 50
min, followed by capillary flushing with BGE using 10 psi for 10 min. The 20 fractions
from the second salt step (350 mM ammonium acetate) were further diluted from

~3.5 pL to 6 pL with 50 mM NH4HCOs (pH 8). From those 20 fractions, we performed
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CZE-MS/MS analysis again using a 92-cm long LPA-coated capillary (50-umi.d.,
360-um o.d.). For those analyses, 5 psi for 87 s was used for sample injection,
corresponding to ~500-nL sample injection volume. The separation was performed

with 30-kV voltage for 90 min, followed by BGE flushing with 10 psi for 15 min.

The 40 SCX-RPLC fractions from the two-salt-step experiment were dissolved in
4 pL of 50 mM NH4HCOs (pH 8). A 94-cm long LPA-coated capillary (50-umi.d.,
360-um o.d.) was used for CZE. The sample was injected into the capillary using 5
psi for 92 s, corresponding to about 500-nL sample injection volume. Next, 30 kV
was applied at the injection end for separation for 92 min, followed by BGE flushing

with 10 psi for 13 min.

A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used for all
of the experiments. A Top10 DDA method was used. The mass resolution was set to
60,000 (at m/z 200) for both full MS scans and MS/MS scans. For full MS scans, the
target value was 3E6, the maximum injection time was 50 ms and the scan range
was 300 to 1500 m/z. For MS/MS scans, the target value was 1E5 and the maximum
injection time was 110 ms. The ten most abundant ions in an MS spectrum with
intensity higher than 1E5 were sequentially isolated in the quadrupole with an
isolation window as 2 m/z, followed by fragmentation in the HCD cell with a
normalized collision energy of 28%. Dynamic exclusion was applied and it was set to
30 s. Only ions with charge states as two or higher were considered for

fragmentation.

3.1.2.7. RPLC-ESI-MS/MS

The 30 high-pH RPLC fractions were subjected to low pH RPLC-ESI-MS/MS

analysis. An EASY-nLC™ 1200 system (Thermo Fisher Scientific) was used for
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RPLC separation. Each fraction was dissolved in 10 pL of 0.1% (v/v) FA and 2%
(v/v) ACN. 3 pL of the sample was loaded onto a C18 pre-column (Acclaim
PrepMapTM 100, 75-pm i.d. x 2 cm, nanoviper, 3 um particles, 100 A, Thermo
Scientific). Then, the peptides were separated on a C18 separation column (Acclaim
PrepMapTM 100, 75-pm i.d. x 50 cm, nanoviper, 2 um particles, 100 A, Thermo
Scientific) at a flow rate of 200 nL/min. Mobile phase A (2% (v/v) ACN in water
containing 0.1% (v/v) FA) and mobile phase B (80% (v/v) ACN and 0.1% (v/v) FA)
was used to generate the gradient for separation. For separation, a 90-min gradient
was used: 0-70 min, 8-40% B; 70-72 min, 40-100% B; 72-90 min, 100% B. The LC
system required another 30 min for column equilibration between runs. Therefore,

one LC-MS run required about 2 h.

The same Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was
used for the RPLC-MS/MS experiments. The spray voltage was set to 1.8 kV. The

other detailed parameters were the same as CZE-MS/MS described above.
3.1.2.8. Data analysis

Proteome Discoverer 2.1 software (Thermo Fisher Scientific) was used for
analyses of RAW files. Sequest HT database search engine was used for database
search. The mouse proteome database (UP000000589) downloaded from UniProt
(http://www.uniprot.org/) was used as the database. Both the forward and reversed
databases were used for database search in order to evaluate the FDRs [27,28]. The
enzyme was set as trypsin. The maximum number of missed cleavages was set as
2. The mass tolerances of precursor ions and fragment ions were set as 20 ppm and
0.05 Da, respectively. Oxidation (methionine) and deamination (Asparagine or

Glutamine) were chosen as the dynamic modifications. The carbamidomethylation
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(cysteine) was set as the static modification. The peptide IDs were filtered with
peptide confidence as high, corresponding to less than 1% FDR. Protein grouping

was enabled, and the strict parsimony principle was applied.

The grand average of hydropathy (GARVY) value of peptides was calculated

with GARVY Calculator (http://www.gravy-calculator.de/). Isoelectric points (pls) of

peptides were calculated using the “Compute pl/Mw” tool in ExPASy

(http://web.expasy.org/compute pi/). The gene ontology (GO) information of proteins

was observed using the DAVID bioinformatics resources 6.8

(https://david.ncifcrf.gov/) [29,30].
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3.1.3. Results and discussion
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Figure 3.1. Experimental design of the work

As shown in Figure 3.1, proteins were extracted from mouse brains and were
digested into peptides with trypsin based on the FASP method [31]. Three aliquots of
mouse brain digests (500-ug peptides/aliquot) were used for prefractionation and
MS/MS analysis. Two aliquots were fractionated by online SCX-RPLC. The peptides
were trapped on an SCX trap column first, followed by step-wise elution from the
SCX trap column to the RPLC column using three or two salt steps. The eluates
were further separated by RPLC. In total, 60 fractions were collected from the three-
salt-step SCX-RPLC experiment and 40 fractions were collected from the two-salt-
step experiment. All of the fractions were analyzed by the CZE-MS/MS in 60 h (for
the three-salt-step experiment) and 70 h (for the two-salt-step experiment). The

dynamic pH junction method was used for on-line stacking of peptides to improve the
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sample loading capacity of CZE [32,33]. The sample loading volume for each CZE-
MS/MS run was about 500 nL. The third aliquot of the mouse brain digest was
fractionated by high-pH RPLC into 30 fractions, and those fractions were analyzed

by low-pH RPLC-MS/MS in 60 h.

3.1.3.1. SCX-RPLC-CZE-MS/MS for deep bottom-up proteomics of the mouse

brain

Figure 3.2 presents the results from the mouse brain proteome digest using
SCX-RPLC-CZE-MS/MS with three-salt-step elution (150 mM, 350 mM and 890 mM
ammonium acetate, pH 2.88). The 60 SCX-RPLC fractions were analyzed by CZE-
MS/MS with a 71-cm LPA-coated separation capillary in 60 h (1 h/fraction), leading
to the identification of over 7,000 protein groups and 40,000 unique peptides, Figure
3.2A. The LC fractions from the second salt step (350 mM) made a significantly
higher contribution to the overall peptide IDs than those from other two salt steps.
We made two conclusions based on this preliminary experiment. First, we should be
able to boost the overall protein/peptide IDs via improving the analyses of the twenty
fractions from the 350-mM salt step. Second, we need to change the concentration
of the ammonium acetate for peptide elution from SCX in the following experiments

to maximize the protein/peptide IDs.

We further analyzed the twenty LC fractions from the 350-mM salt step with
CZE-MS/MS based on a much longer LPA-coated separation capillary (92 cm vs. 71
cm). The long separation capillary produced much more protein group and unique
peptide IDs than the short capillary, Figure 3.2B, boosting the protein group and
unigue peptide 1Ds from 6,000 to 7,100 and from about 27,000 to over 35,000,

respectively. The improvement in protein and peptide IDs is most likely due to the

86



much wider separation window from the long separation capillary(55 min vs. 30 min),
leading to more tandem mass spectra. As shown in Figure 3.2C, the CZE-MS
system using the long separation capillary produced reasonably narrow peaks of
peptides with the full width at half maximum (FWHM) ranging from 7.2 sto 36 s. The
number of theoretical plates, on average, was around 240,000. The peak capacity of
the CZE-MS run in Figure 3.2C was estimated to be around 170 based on the
FWHM of the three selected peptides. We decided to use the long separation
capillary-based CZE-MS/MS for following experiments due to the much better
protein/peptide 1Ds, although the long separation capillary required a longer time for

each CZE-MS/MS run compared with the short capillary (1.75 h vs. 1 h).

Next, we tried to improve the overall protein/peptide IDs via changing the
concentration of the ammonium acetate for peptide elution from SCX based on the
preliminary data from the three-salt-step experiment. We fractionated another 500-ug
mouse brain peptides with SCX-RPLC into 40 fractions based on two salt steps (250
mM and 890 mM ammonium acetate, pH 2.88). The SCX-RPLC fractions were
analyzed by CZE-MS/MS with a 94-cm separation capillary in 70 h (1.75 h/fraction).
We increased the concentration of NHsHCO3 (pH 8.0) in the sample buffer from 10
mM to 50 mM in order to improve the stacking performance of the dynamic pH
junction method [22,23,34]. As shown in Figure 3.3, the first and second salt steps
made comparable contributions to the overall unique peptide IDs. In total, the
platform identified nearly 8,200 protein groups and 65,000 unique peptides from the
mouse brain proteome (Figure 3.3), representing the largest proteomics dataset
using CZE-MS/MS. CZE-MS/MS analysis of the fractions from the first salt step
alone produced nearly 7,000 protein group IDs in 35 h. The data clearly suggest that

CZE-MS/MS has the capability for deep sequencing of complex proteomes.
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Figure 3.2. Summary of the results from the mouse brain proteome digest using
SCX-RPLC-CZE-MS/MS. Three salt steps were employed for step-wise elution of
peptides from the SCX to the RPLC. (A) The accumulated numbers of protein group
and unique peptide IDs vs. the number of fractions. A 71-cm separation capillary was
used for CZE-MS/MS. (B) Comparison of the number of protein group and unique
peptide IDs from the twenty LC fractions corresponding to the second salt step
analyzed by the CZE-MS/MS with a 71-cm separation capillary (short) or a 92-cm
separation capillary (long). (C) An electropherogram of one SCX-RPLC fraction
analyzed by CZE-MS/MS with the 92-cm separation capillary. The migration time
and the full width at half maximum (FWHM) of three peptides were shown in the
figure.
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Figure 3.3. The accumulated numbers of protein group and unique peptide IDs from
the mouse brain proteome digest vs. the number of SCX-RPLC fractions. Two salt
steps were employed for step-wise elution of peptides from the SCX to the RPLC.
CZE-MS/MS with a 94-cm separation capillary was used for analysis of the 40 SCX-
RPLC fractions.

We attributed the large numbers of protein and peptide IDs from the experiment
to two main reasons. First, the CZE-MS/MS system was capable of loading over
10% of the analytes in each LC fraction for analysis based on the dynamic pH
junction stacking, 500 nL injection volume vs. 4 uL total sample volume. The large
sample loading volume guaranteed the identification of low abundant proteins in the
sample. Second, the SCX, RPLC, and CZE are orthogonal for separation of peptides
based on their charge, hydrophobicity, and size-to-charge ratio. The orthogonal
three-dimensional separation platform produced high peak capacity. We chose five
CZE-MS runs and calculated their peak capacity based on five randomly chosen
peptides with medium abundance. The peak capacity per CZE-MS run ranged from
175 to 250 based on the FWHM of those five peptides. Therefore, we estimated the
overall peak capacity of the SCX-RPLC-CZE platform as at least 7,000 (175 x 40
fractions), representing the highest peak capacity of the CZE based platform until

now for separation of a complex proteome digest.
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The SCX-RPLC-CZE-MS/MS system combined the advantages of SCX, RPLC,
and CZE-MS/MS. SCX has high sample loading capacity; RPLC can desalt the
peptides and provide high-resolution separation of peptides; CZE can easily
approach high separation efficiency for peptides and CZE-MS/MS can provide highly
sensitive identification of peptides. [8,10,13,14]. The whole platform is
straightforward and no sample cleanup is required between SCX-RPLC fractionation
and CZE-MS/MS. In addition, the per of peptides in CZE has been predicted
accurately using a simple model based on the size (molecular mass) and charge of
peptides [19], which is invaluable for evaluating the confidence of peptide ID from the
database search and even guiding the database search. The large-scale proteomic
dataset from CZE-MS/MS presented in this work will be very useful for further

evaluating and improving the model for prediction of et of peptides [19].

3.1.3.2. Comparison of SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS for deep

sequencing of the mouse brain proteome

Much effort has been made for comparing CZE-MS/MS and RPLC-MS/MS for
bottom-up proteomics, and the results clearly showed the good complementarity of
those two methods for protein/peptide ID from complex proteomes [7-11,13,18-
20,35]. In general, CZE-MS/MS tended to identify small, basic and hydrophilic
peptides compared with RPLC-MS/MS, most likely due to the relatively weak
retention of those peptides on RPLC column. However, the highest number of
protein and peptide IDs using CZE-MS/MS in those previous works was only about
4,000 and 20,000, respectively. It is still not clear whether the good complementarity
between CZE- and RPLC-MS/MS in protein/peptide ID still exists or not for

dramatically larger proteomic datasets.
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Here we further employed 2D-LC-MS/MS (high pH RPLC-low pH RPLC) for deep
sequencing of the mouse brain proteome, resulting in the identification of 8,900
protein groups and 70,000 unique peptides in 60 h of mass spectrometer time. The
data represents the capability of the state-of-the-art 2D-LC-MS/MS for deep
sequencing of complex proteomes. Our SCX-RPLC-CZE-MS/MS identified 8,200
protein groups and 65,000 unique peptides in 70 h using the same amount of
peptides as the starting material. This is the first time that CZE-MS/MS showed its
capability to approach comparable performance to the state-of-the-art 2D-LC-MS/MS

for deep proteomic sequencing.

We then compared the SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS on the
scale of 8,000 protein groups and 65,000 peptides. The two techniques had good
complementarity at both protein and peptide levels. Combination of both techniques
improved the number of protein group ID to over 9700, which was nearly 10% higher
than that from 2D-LC-MS/MS alone. The two techniques had even more significant
complementarity at the peptide level, Figure 3.4A. Combining the data from those
two methods resulted in the identification of over 100,000 unique peptides, which
was over 40% higher than that from 2D-LC-MS/MS alone. The median sequence
coverage of the overlapped proteins between CZE-MS/MS and LC-MS/MS (~7,000
proteins) was ~22% based on the LC-MS/MS data alone, and it was boosted to
~30% by combining CZE-MS/MS and LC-MS/MS data. The data clearly indicate that
combination of the SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS can significantly

improve the sequence coverages of identified proteins.
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Figure 3.4. Comparison of SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS in terms of
the identified peptides from the mouse brain proteome digest. (A) Overlap of
identified peptides. (B) Cumulative distribution of molecular weight (MW) of identified
peptides. (C) Bar graph of the MW distribution of the identified peptides. (D)
Correlation between migration time and MW, migration time and FWHM of identified
peptides from one random CZE-MS run. The FWHM of peptides at the three different
migration time were calculated based on five randomly chosen peptides. The mean
and the standard deviations of the FWHM of those five peptides were shown in the
figure. (E) Cumulative distribution of the isoelectric point (pl) of identified peptides.
(F) Cumulative distribution of the grand average of hydropathy (GRAVY) value of the
identified peptides. Negative GRAVY values indicate hydrophilic; Positive GRAVY
values signify hydrophobic.
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Next, we investigated the physicochemical properties of the identified peptides
from the SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS. The SCX-RPLC-CZE-MS/MS
tended to identify small peptides compared with 2D-LC-MS/MS, Figure 3.4B and
Figure 3.4C. One reason is that those small peptides tend to have weak retention on
RPLC column, and are most likely washed out during the sample loading step [8].
Another possible reason relates to CZE. As shown in Figure 3.4D, larger peptides
tend to have slower migration in the CZE separation capillary; The peptides with
longer migration time tend to have wider peaks due to more significant diffusion in
the capillary. Therefore, the relatively large peptides tend to have obviously wider
peaks than the small peptides in CZE, leading to a more significant overlap of
peptide peaks and more serious ionization suppression. As shown in Figure 3.4E
and Figure 3.4F, the SCX-RPLC-CZE-MS/MS also tended to identify basic peptides
and hydrophilic peptides. Basic peptides have more positive charges in an acidic
buffer than acidic peptides, and they are more hydrophilic. Hydrophilic peptides can
not be captured and separated well on the RPLC column. The different
prefractionation methods used in those two platforms (SCX-RPLC vs. high pH
RPLC) might also contribute to the differences in peptide IDs. In summary, the SCX-
RPLC-CZE-MS/MS tended to identify small, basic and hydrophilic peptides, which

agreed well with the data in the literature [8,10,11,19,35].

We also compared the identified proteins using SCX-RPLC-CZE-MS/MS and
2D-LC-MS/MS in terms of their gene ontology (GO) information. When we performed
the comparison based on all of the identified proteins, we observed that those two
platforms agreed well in GO information of identified proteins, Figure 3.5. We further
performed a biological process enrichment analysis of the genes that were uniquely

identified by the SCX-RPLC-CZE-MS/MS (847 genes) or 2D-LC-MS/MS (1,476
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genes). Surprisingly, we observed that those uniquely identified genes from those
two platforms had dramatically different biological process enrichment profiles. The
genes uniquely identified by the SCX-RPLC-CZE-MS/MS were enriched in
potassium ion transmembrane transport, regulation of angiogenesis, bone
development, covalent chromatin modification, and positive regulation of I-kappaB
kinase/NF-kappaB signaling. The genes uniquely identified by 2D-LC-MS/MS were
enriched in the regulation of gene expression, ribosome biogenesis, DNA
methylation, nucleosome assembly, transcription, and rRNA processing. The results
clearly suggest that the combination of SCX-RPLC-CZE-MS/MS and 2D-LC-MS/MS
not only can boost the sequence coverage of proteins but also can improve our

ability for more comprehensive characterization of biological processes in cells.
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Figure 3.5. Gene Ontology (GO) information of identified proteins using the SCX-
RPLC-CZE-MS/MS (CZE-MS) and 2D-LC-MS/MS (LC-MS). DAVID bioinformatics
resources 6.8 (https://david.ncifcrf.gov/) was used to get the GO information of
proteins. The GO terms were sorted by the number of proteins (Count). The top10 or
top11l GO terms were used for the figure. (A) Biological process; (B) Molecular
function; (C) Cellular component; (D) KEGG pathway.
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3.1.4. Conclusions

In this work, for the first time, we established an SCX-RPLC-CZE-MS/MS
platform for deep bottom-up proteomics, leading to the identification of 8,200 protein
groups and 65,000 unique peptides from a mouse brain proteome digest. The data
represents the largest bottom-up proteomics dataset using CZE-MS/MS. The
orthogonal SCX-RPLC-CZE platform produced a high peak capacity of ~7,000,
representing the highest peak capacity of the CZE based platform until now for
separation of a complex proteome digest. The SCX-RPLC-CZE-MS/MS and the
state-of-the-art 2D-LC-MS/MS showed good complementarity in protein and peptide
IDs based on the comparisons performed on the scale of 8,000 proteins and 65,000

unique peptides.

We expect that the number of protein/peptide IDs from complex proteomes
using the SCX-RPLC-CZE-MS/MS platform can be further significantly improved via
simply increasing the number of SCX-RPLC fractions. In order to speed up the
analysis of those large numbers of SCX-RPLC fractions, the sequential sample

injection based CZE-MS/MS can be employed. [21,36,37].
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3.2. SCX-RPLC-CZE platform for large-scale phosphoproteomics with the
production of over 11000 phosphorylated peptides from the colon carcinoma
HCT116 cell line

3.2.1. Introduction

Protein phosphorylation is a key reversible post-translational modification in
nature, and it is involved in various cellular processes such as transcriptional and
translational regulation, cellular signaling, metabolism, and cell differentiation [38].
Global site-specific characterization of protein phosphorylation allows us to gain
insights into the regulatory role of phosphorylation in fundamental biological
processes. MDLC-MS/MS (e.g., SCX-RPLC-MS/MS) is routinely used for large-scale
phosphoproteomics and it can identify over 10,000 phosphorylation events per study
[39-47]. More than 50,000 distinct phosphorylated peptides have been reported from

a single human cancer cell line using MDLC-MS/MS [40].

Based on statistical estimates, there are over half a million potential
phosphorylation sites in the human proteome [40,48,49]. We need to boost the
peptide separation to reach a deeper coverage of the human phosphoproteome.
Since the proteomics community has made tremendous efforts in improving MDLC-
MS/MS for phosphoproteomics in the last 20 years, we argue that an alternative
separation method that is complementary to the LC for phosphorylated peptide

separation will be very useful for deep phosphoproteomics.

CZE is a powerful method for the separation of biomolecules (e.g., peptides and
proteins) and it can have extremely high separation efficiency [13,14,50-54]. CZE-

MS/MS has attracted great attention for proteomics recently because of the
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improvements in the CE-MS interface [25,26,55,56], the sample stacking method
[32,33,57], and the high-quality coating on the inner wall of the separation capillary

[24].

CZE-MS/MS has some unique features for phosphoproteomics. First, CZE-
MS/MS and RPLC-MS/MS can sample different pools of the phosphorylated
peptides in cells due to the different separation mechanisms of CZE and RPLC (size-
to-charge ratio vs. hydrophobicity) [9, 58,59]. The combination of these two methods
can boost the phosphoproteome coverage significantly. Second, CZE can separate
the phosphorylated and unphosphorylated forms of peptides due to their significant
difference in charge. This feature reduces the interference of phosphorylated peptide
ID from unphosphorylated peptides [9,58]. Third, the migration time of peptides in
CZE can be predicted easily and accurately [19]. If we can generate a large
phosphorylated peptide dataset using CZE-MS/MS, we can build a simple model to
predict the migration time of phosphorylated peptides. This unique feature of CZE-
MS/MS makes it a powerful tool for phosphoproteomics because the predicted
migration time of phosphorylated peptides can be used to evaluate their ID

confidence from a database search and even guide the database search.

Few papers have been published on using CZE-MS/MS for phosphoproteomics.
We previously coupled CZE to a Q-Exactive mass spectrometer via an electro-
kinetically pumped sheath flow CE-MS interface for phosphoproteomics of a human
cell line [9]. 2,300 phosphorylated peptides were identified with single-shot CZE-
MS/MS in 100 min, and the data suggested the high potential of CZE-MS/MS for
large-scale phosphoproteomics. Recently, Faserl et al. investigated the sheathless
CE-MS interface-based CZE-MS/MS for large-scale phosphoproteomics [58]. They

identified over 5,000 phosphorylated peptides by coupling RPLC fractionation to the
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CZE-MS/MS. To boost the number of phosphorylated peptide IDs using the CZE-
MS/MS, the loading capacity and the separation window of CZE need to be
improved. Recently, we developed a novel CZE-MS/MS system with a micro-liter
scale sample loading volume and hours of separation window, opening the door to
using CZE-MS/MS for large-scale proteomics [22,23]. The CZE-MS/MS system
employed a 1-meter separation capillary with a high-quality neutral coating on its
inner wall for eliminating the electroosmotic flow, an optimized dynamic pH junction
method for highly efficient online stacking of peptides and proteins, the improved
electro-kinetically pumped sheath flow CE-MS interface [25] and a Q-Exactive HF

mass spectrometer.

We recently coupled SCX-RPLC fractionation to the CZE-MS/MS for deep
proteomics of a mouse brain, leading to extremely high peak capacity for peptide
separation and 8,200 protein IDs [60]. Motivated by the high peak capacity of the
SCX-RPLC-CZE system for peptide separation, in this work, we applied the SCX-
RPLC-CZE-MS/MS system for large-scale phosphoproteomics of HCT116 colon
cancer cells. We had three goals in this work. First, boost the number of
phosphorylated peptide IDs from a human cell line using CZE-MS/MS. The large
phosphorylated peptide dataset will be useful for building a model for predicting the
migration time of phosphorylated peptides. Second, we were interested in reaching a
better understanding of CZE for the separation of phosphorylated and
unphosphorylated forms of peptides. Third, we wished to investigate the difference
between our CZE-MS/MS data and the literature LC-MS/MS data regarding the
phosphosite motifs. We speculated that the good complementarity between CZE-
MS/MS and RPLC-MS/MS for peptide IDs might result in significant differences in

phosphosite motifs and found that the data supported our hypothesis.
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3.2.2. Experimental

3.2.2.1. Materials and reagents

All reagents were bought from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. LC/MS grade water, FA, methanol, ACN, HPLC grade AA and HF were
purchased from Fisher Scientific (Pittsburgh, PA). Acrylamide was obtained from
Acros Organics (NJ, USA). Fused silica capillaries (50 ym i.d./360 um o.d.) were

purchased from Polymicro Technologies (Phoenix, AZ).

3.2.2.2. Cell Growth Conditions

The human colon carcinoma cell line HCT 116 was obtained from American
Type Culture Collection (ATCC). The cells were grown in RPMI 1640 cell culture
medium (Life Technologies) supplemented with 10% fetal bovine serum (FBS)
(Thermo Scientific). The provider assured authentication of the cell line by
cytogenetic analysis. In addition, the cell line was validated by short tandem repeat

(STR) analysis within the last two years.

3.2.2.3. Sample Preparation and phosphorylated peptide enrichment

A lysis buffer with 8 M urea with 75 mM NaCl, 50 mM Tris-HCI (pH 8.2), 10 mM
sodium pyrophosphate, 1 mM PMSF, 1 mM NasVOs4, 1 mM NaF, 1 mM j3-
glycerophosphate, and 1 EDTA-free protease inhibitor cocktail was prepared.
HCT116 colon cancer cells were cultured to 70% confluence followed by cell lysis
with the lysis buffer. A small proportion of the cell lysates were subjected to
Bicinchoninic acid assay for protein concentration measurement. Three mg of

extracted protein was subjected to denaturation at 37 °C for 1 h, reduction with 5 mM
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DTT at 37 °C for 1 h, and alkylation with 14 mM IAA for 30 min at room temperature.
The alkylation was terminated by adding 5 mM DTT for 25 min. The sample was
then diluted with 25 mM Tris-HCI buffer (pH 8.2) with 1 mM CacClz. Trypsin was
added to the sample for overnight digestion at 37 °C. Phosphorylated peptides in the
desalted digest were enriched with TiO2 beads in 1:4 peptides to beads ratio based
on the references [61,62]. After enrichment, the phosphorylated peptides were

desalted, lyophilized and stored at -80 °C before use.

3.2.2.4. SCX-RPLC fractionation

An SCX-RPLC online fractionation was performed based on reference [60] with
some minor modifications. Briefly, a 4.6 mm i.d. x 12.5 mm length SCX trap column
(Zorbax 300SCX, Agilent Technologies) and a 2.1 mm i.d. x 150 mm length C18 RP
column (Zorbax 300Extend-C18, Agilent Technologies) were connected directly for
online 2D-LC fractionation. An Agilent Infinity Il HPLC system was used for the
experiment. 0.1% FA in water, 0.1% FA in ACN, and 890 mM ammonium acetate
solution (pH = 2.88) were used as mobile phase A, B, C for separation, respectively.
Mobile phase A and C were used for stepwise elution of peptides from the SCX
column. Mobile phases A and B were used to generate a linear gradient for the

RPLC separation of peptides.

Roughly 200-ug phosphorylated peptides were dissolved in mobile phase A and
then loaded onto the SCX column with mobile phase A at a flow rate of 0.3 mL/min
for 20 min. The phosphorylated peptides retained on the SCX column were eluted
stepwise by two different concentrations of ammonium acetate solution: 150 mM and
890 mM. Then, each SCX eluate was captured on the RPLC column. RPLC gradient

separation was performed at a 0.3 mL/min flow rate for 70 min: 0-5 min, 2%B; 5-7
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min, 2-8% B; 7-47 min, 8-40% B; 47-49 min, 40-80%; 49-59 min, 80% B; 59-60 min,
80-2% B; 60-70 min, 2%B. 42 fractions were collected (1 fraction/ min) from 6 to 48
min for each salt step elution and the fractions were named based on the elution
order. From fraction 2 to fraction 41, fractions were combined by the following rule:
fraction N + fraction (N+20). Fraction 1 was combined with the mixture of fraction 2
and fraction 22, and fraction 42 was combined with the mixture of fraction 21 and
fraction 41. In total, there were 40 fractions (20 fractions/salt step x 2 salt steps)

collected, and they were lyophilized and stored at -80 °C before use.

3.2.2.5. CZE-MS/MS

An ECE-001 CE autosampler (CMP Scientific, Brooklyn, NY) and a Q-Exactive
HF mass spectrometer (Thermo Fisher Scientific) were coupled with the third-
generation electro-kinetically pumped sheath flow CE-MS interface (an EMASS-II
CE-MS interface, CMP Scientific) [25]. A borosilicate glass capillary (1.0 mm o.d.,
0.75 mm i.d.) was pulled with a Sutter P-1000 flaming/brown micropipette puller to

make an electrospray emitter. The opening of the emitter was 20-40 um.

A 95-cm long fused silica capillary (50 um i.d., 360 um o.d.) was used for CZE
separation. The inner wall of the capillary was coated with LPA based on reference
[63]. One end of the LPA coated capillary was etched with hydrofluoric acid based on
reference [14] to reduce the outer diameter to less than 100 um. The BGEfor CZE
was 5% (v/v) AA (pH 2.4) and the sheath buffer for electrospray was 10% (v/v)
methanol and 0.2% (v/v) FA in water. The etched end of the capillary was introduced
into the electrospray emitter, and the distance between the etched end and the

orifice of the emitter was ~300 pum. The distance between the emitter orifice and the
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inlet of the mass spectrometer was ~2 mm. 2.2 kV voltage was applied for

electrospray ionization.

The 40 LC fractions were redissolved in 5 uL of 50 mM NHsHCOs3 (pH 8) for
CZE-MS/MS. For sample injection, approximately 200 nL or 300 nL of each sample
was injected into the capillary for analysis. Then, 30 kV voltage was applied at the
injection end for 5400 seconds for CZE separation, followed by capillary flushing with

the BGE for 900 seconds under a 5-psi pressure.

A Q-Exactive HF mass spectrometer was used in CZE-MS/MS. A DDA method
was employed. The mass resolution was 60,000 (at m/z 200) for both full MS scans
and MS/MS scans. The automatic gain control targets were set to 3E6 and 1E5 for
full MS scans and MS/MS scans, respectively. For full MS scans, the maximum
injection time was 50 ms with a scan range of 300 to 1500 m/z. For MS/MS scans,
the maximum injection time was set to 110 ms. The top ten most abundant ions were
sequentially isolated with a 2-m/z isolation window for fragmentation with 28%
normalized collision energy. The dynamic exclusion was set to 40 s. lons with

charges higher than 1 and lower than 8 were selected for fragmentation.

3.2.2.6. Data analysis

Proteome Discoverer 2.2 software (Thermo Fisher Scientific) was used for data
analysis. Sequest HT was used for the database search [63]. The human database
(UP0O00005640) was downloaded from UniProt (http://www.uniprot.org/). All raw
files were searched against both the forward database and a decoy (reverse)
database to estimate the FDR [28]. Maximum two missed cleavage sites were
allowed for peptide identification, and the peptide length was set to 6 to 144 amino

acid residues. The mass tolerances of precursor and fragments were 20 ppm and
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0.05 Da, respectively. Oxidation (methionine) and phosphorylation (serine, threonine,
and tyrosine) were set as dynamic modifications. Acetylation at the protein N-
terminal was chosen as a dynamic modification. Carbamidomethylation (cysteine)
was set as a static modification. The peptide ID was filtered with confidence as high,
corresponding to a 1% FDR. Protein grouping was enabled, and the strict parsimony
principle was applied. The phosphoRS that integrated into the workflow was used to

evaluate the confidence of the phosphosite localization [64].

MaxQuant 1.5.5.1[65] was also used for the database search to compare
phosphorylated peptide IDs and phosphosite motifs obtained from our CZE-MS/MS
data with the literature data. The Andromeda search engine was used to search the
MS/MS spectra [66]. The same human database used in the Proteome Discoverer
search was used. The peptide mass tolerances of the first search and main search
were 20 and 4.5 ppm, respectively. The fragment ion mass tolerance was 20 ppm.
Trypsin was selected as the protease. The variable and static modifications were the
same as the Proteome Discoverer search. The minimum length of a peptide was set
to 7. The FDRs were 1% for both peptide and protein IDs. For phosphorylated
peptide identifications, the phosphosite localization probability should be better than

0.75.

An online available GRAVY calculator (http://www.gravy-calculator.de/) was used

to calculate the grand average of hydropathy (GRAVY) values of peptides. Online

version of SSRCalc (http://hs2.proteome.ca/SSRCalc/SSRCalcX.html) was used to

calculate the hydrophobicity indexes for peptides [67]. Molecular weights and
isoelectric points of identified peptides were calculated using the “Compute pl/Mw”

tool in EXPASYy (http://web.expasy.org/compute pi/). Motif-x (http://motif-

x.med.harvard.edu/motif-x.html) was used to extract motifs from the data sets,
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default settings were used except MS/MS was chosen as foreground format, and the
human proteome was chosen as the organism [68]. Motif alignment was performed

with WebLogo3 (http://weblogo.threeplusone.com/create.cqi).

3.2.2.7. Observed and predicted electrophoretic mobility of peptides

The data from LC fraction 8 was used for the per analysis. Only peptides having
no variable modifications except for single phosphorylation were used for the
analysis. Peptides’ observed et (Lef Observed) was determined using migration
times (tm, min) - time of MS/MS acquisition of the most intense tandem spectra for
each unique peptide identification. We assumed that the electroosmotic flow (EOF)
at 5% (v/v) acetic acid (pH 2.4) in the BGE was very low and mapped tm Iinto e
using the equation for their experimental conditions (a 95 cm long capillary at 280

volts/cm):

95

—————  (units of cm?*V-1*s1)
65Xty X280

Mef Observed =

Sequence-Specific Retention Calculator (SSRCalc) CZE model reported previously
was used to predict the per of peptides [67]. While peptide charge and mass are the
main parameters in determining mobility value, we introduced corrections for several
sequence-specific features affecting corrected charge value (Zc) applied for

calculations:

14+0.35XZc
Mc0411

Hef predicted = 3.069 + 386X ln( ) + OFFSET(%)
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where 3.069 and 386 are empirical coefficients applied to align modeling output with
experimentally measured values; Zc — peptide charge at pH 2.4, corrected using
thirteen residue and sequence specific coefficients; Mc = (0.66*M + 0.34*N*110.9),
corrected mass to reflect the influence of different amino acid size; M is the
molecular weight of peptides; N is the peptide length; OFFSET is a polynomial
empirical function of Zc/N to correct prediction for peptides with extremely high and

low mobility values.

3.2.3. Results and discussion

As shown in Figure 3.6A, 3 mg of HCT-116 cell proteins were digested into
peptides with trypsin, followed by phosphorylated peptide enrichment using TiO2
beads based on references [61,62]. The phosphorylated peptides were fractionated
with online SCX-RPLC into 40 fractions based on the charge and hydrophobicity of
phosphorylated peptides. Each LC fraction was analyzed by dynamic pH junction
based CZE-MS/MS [22], and CZE separates peptides based on their size-to-charge
ratios. The SCX, RPLC, and CZE are orthogonal for peptide separation. As shown in
Figure 3.6B, a 2-min RPLC eluate was further separated by CZE into a 50-min
window. As shown in Figure 3.6C, the correlation between m/z and migration time of
peptides from the database search is complicated but, in general, peptides with

higher m/z tend to migrate slower in the capillary during the CZE separation.
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Figure 3.6. (A) The experimental design of the work. (B) Base peak
electropherogram of one RPLC fraction (fraction 8) after CZE-MS/MS analysis. (C)
Mass-to-charge ratio (m/z) vs. migration time of peptides identified by CZE-MS/MS
from the RPLC fraction 8.

107



3.2.3.1. Large-scale phosphoproteomics of the HCT-116 cell line using SCX-

RPLC-CZE-MS/MS

CZE-MS/MS analyses of the 40 SCX-RPLC fractions produced 6,502 protein
IDs, 33,301 peptide IDs, and 11,555 phosphopeptides with a peptide-level 1% FDR.
Proteome discoverer 2.2 was used for the peptide and protein IDs. 10,029
phosphorylated peptides were identified with phosphosite localization probability
better than 95%. To our knowledge, our phosphorylated peptide dataset represents
the largest phosphoproteomics data so far using CZE-MS/MS. In the literature, we
reached 2,300 phosphorylated peptide IDs with single-shot CZE-MS/MS in 100 min
[9] and Faserl et al. approached over 5,000 phosphorylated peptide IDs using an
RPLC-CZE-MS/MS system in about 60 hours [58]. In this work, we identified 11,555
phosphorylated peptides using the SCX-RPLC-CZE-MS/MS in 67 hours. All three
studies employed the Proteome Discoverer platform for data analysis. Our system
improved the number of phosphorylated peptide IDs by 100% compared with
Faserl’'s work with a comparable instrument time. We noted that the phosphorylated
peptide identification efficiency decreased drastically from the single-shot CZE-
MS/MS data (1400 phosphorylated peptides/hour) [9] to the RPLC-CZE-MS/MS data
(90 phosphorylated peptides/hour) [58] and our SCX-RPLC-CZE-MS/MS data (170

phosphorylated peptides/hour).

We also noted that the specificity of our TiO2 enrichment was low (about 35%)
regarding the ratio between phosphorylated peptide IDs and total peptide IDs. We
believe the number of phosphorylated peptide IDs can be improved significantly with
a better phosphorylated peptide enrichment procedure. The large-scale
phosphorylated peptide dataset produced in this work will be useful for building a

simple model for accurate prediction of migration time of phosphorylated peptides

108



[19]. The accurately predicted migration time of phosphorylated peptides could be
used to evaluate the confidence of their IDs from a database search and even further

guide the database search.

The SCX with two salt step elution (150 mM (salt step 1) and 890 mM (salt step
2) ammonium acetate solution, pH = 2.88) separated the phosphorylated peptides
well, and only 618 out of the 11,555 phosphorylated peptides were overlapped
between those two salt steps, Figure 3.7A. Phosphorylated peptides in salt step 2
tend to have higher charge states (Figure 3.7B), have higher molecular weights
(Figure 3.7C), and be more basic (Figure 3.7D) compared with that in salt step 1.
The number of phosphorylated peptide IDs per LC fraction ranges from 300 to 700
for most of the fractions, and the distribution is moderately uniform, Figure 3.7E. In
CZE, phosphorylated peptides tend to migrate significantly slower than
unphosphorylated peptides in the separation capillary, Figure 3.7F. This feature
makes CZE-MS/MS useful for phosphoproteomics because the interference of

phosphorylated peptide IDs from unphosphorylated peptides can be reduced.
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Figure 3.7. Summary of the phosphorylated peptide IDs using the SCX-RPLC-CZE-
MS/MS. (A) Overlap of the identified phosphorylated peptides from the two salt steps
of the SCX. Salt step 1 and 2 used 150 mM and 890 mM ammonium acetate solution
(pH = 2.88) for peptide elution, respectively. (B) The charge distribution of identified
phosphorylated peptides in the two salt steps. (C) Cumulative distribution of mass of
identified phosphorylated peptides in the two salt steps. (D) Cumulative distribution
of pl of identified phosphorylated peptides in the two salt steps. The pl was
calculated based on the peptide sequence. (E) The number of phosphorylated
peptide IDs across the 40 LC fractions. (F) Cumulative distribution of migration time
of identified phosphorylated peptides and unphosphorylated peptides in one LC
fraction (fraction 8).

110



3.2.3.2. Investigating the effect of phosphorylation on electrophoretic mobility

of peptides

Phosphopeptides tend to migrate significantly slower than their
unphosphorylated forms under acidic conditions used for CZE separations and in
normal polarity. The addition of one phosphoryl group reduces the overall positive

charge of peptides by one charge unit, thus resulting in a drastic decrease in plet.

As shown in Figure 3.8A and 3.8B, the phosphorylated forms of peptides
QGGGGGGGSVPGIER and AGELTEDEVER migrate much slower than their
unphosphorylated forms and their migration time difference (A time) is about 20 min.
We noted that the A time should be larger than 20 min because we started to flush
the capillary by applying a 5-psi pressure at 90 min. As shown in Figure 3.8C, the
doubly phosphorylated form of the peptide AAKLSEGSQPAEEEEDQETPSR
migrates slower than the singly phosphorylated form due to the one more negative
charge. Their A time should be much larger than 3 min because they were both

pushed out of the capillary by the pressure.

We manually analyzed the data from six LC fractions regarding the A time
between unphosphorylated and singly phosphorylated forms of peptides. We
obtained 200 pairs of peptides and their altered migration (A) time in CZE. As shown
in Figure 3.8D, for all the 200 pairs of peptides, the singly phosphorylated forms
migrate slower than the corresponding unphosphorylated forms, which is
demonstrated by the positive A time values. For about 70% of the peptide pairs, the
A time ranges from 10 to 30 min. We reached two conclusions here. First, for the
majority of peptides studied, the addition of one phosphoryl group onto the peptide

can drastically slow down its migration in the capillary during CZE. Second, adding
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one phosphoryl group to different peptides influences their migration to various

extents.

We further investigated the effect of phosphorylation on et of peptides by
comparing the observed and predicted mobility values of phosphopeptides and
unphosphopeptides. We used the data from one LC fraction (fraction 8) for this task.
The observed and predicted per of peptides were calculated using the methods
described in the “Experimental section”. Application of non-modified SSRCalc CZE
model (without considering the effect of negatively charged phosphoryl groups) was
used to illustrate the effect of phosphorylation, Figure 3.8E. Mobility of
unphosphopeptides follows SSRCalc prediction (R?=0.99) [19], whereas addition of
one phosphoryl group decreases mobility dramatically, Figure 3.8E. After removing
all the phosphopeptides (+2) and some of the phosphopeptides (+3) with mobility
lower than 6.2x10° cm?*V-1*s'1, we obtained reasonably good linear correlations
between observed and predicted pef values within each group of phosphopeptides
(R?20.94), Figure 3.8E. We noted that the observed mobilities of peptides were
obviously lower than their predicted mobility. We attributed the phenomenon to the
dynamic pH junction sample stacking method used in the CZE experiments, which

slowed down the mobility of peptides in the capillary.

First attempts have been made to adapt SSRCalc CZE model to prediction of
phosphopeptides’ mobility values. The corrected charge (Zc) of phosphopeptides
has been modified to improve correlation for the entire set of peptides shown in
Figure 3.8E (phosphopeptides and unphosphopeptides). We found that Zc values
had to be adjusted by -0.91 and by -1.0 for +5/+4 and +3 phosphopeptides,
respectively. Figure 3.8F shows prediction accuracy (R? ~0.99) for combined set of

peptides, identical to the collection of unphosphopeptides in Figure 3.8E. This data
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indicate that the charge shift is indeed very close to the expected contribution from
one phosphoryl group. We need to note that much larger phosphopeptide datasets
with confident assignments of modification site are needed for the development of
the sequence-dependent model for mobility prediction and for a better
understanding of how phosphorylation influences pef of peptides. Similar to the effect
of acidic Asp/Glu residues reported before [19], we anticipate that N-terminal
positioning of phosphate (or in close proximity to other positively charged groups) will

result in a larger decrease in mobility.
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Figure 3.8. (A) Extracted ion electropherogram (EIE) of phosphorylated and
unphosphorylated forms of the peptide QGGGGGGGSVPGIER. (B) EIE of
phosphorylated and unphosphorylated forms of the peptide AGELTEDEVER. (C)
EIE of singly phosphorylated and doubly phosphorylated forms of the peptide
AAKLSEGSQPAEEEEDQETPSR. (D) Cumulative distribution of the migration time
difference (A time) between unphosphorylated and singly phosphorylated forms of
peptides. The figure was based on the data from six LC fractions. (E) Correlations
between observed and predicted electrophoretic mobility (1er) of unphosphopeptides
and phosphopeptides with one phosphoryl group. The non-modified SSRCalc CZE
model 3! was used to highlight the effect of phosphorylation. (F) Correlation between
observed and predicted et of peptides using the modified SSRCalc CZE model. per X
10°% (cm?*V~1*s™1) is shown in (E) and (F). The peptides’ charges in (E) and (F) are
shown for non-modified peptide sequences (counting the number of lysine, arginine,
and histidine residues, plus positively charged N-terminus).
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3.2.3.3. Comparing our phosphoproteome dataset from CZE-MS/MS with an
LC-MS/MS dataset in literature

Recently, Kubiniok et al. performed deep phosphoproteomics of HCT116 cells
using TiO2 enrichment, SCX-RPLC-MS/MS and MaxQuant software for data analysis
[69]. We compared the HCT116 phosphoproteomics datasets from our SCX-RPLC-
CZE-MS/MS with Kubiniok’s SCX-RPLC-MS/MS. In order to make a fair comparison,
we reanalyzed our data with MaxQuant software and filtered the data with the same
criteria as Kubiniok et al. 6,221 phosphopeptides were identified using MaxQuant
software, and only 45% of these phosphopeptides were covered by that identified in
the Kubiniok’s work, suggesting good complementarity between those two platforms
for phosphopeptide IDs. The result here agrees well with the data in the literature
that CZE-MS/MS and RPLC-MS/MS are well complementary for peptide and
phosphopeptide IDs [9,58,60]. Further analyses of the physicochemical properties of
identified phosphopeptides demonstrated that CZE-MS/MS tended to identify basic,
small and hydrophilic phosphopeptides compared with LC-MS/MS Figure 3.9; these
data agree with reports in the literature [8,35,60]. The data highlights that CZE-
MS/MS can make a significant contribution to phosphoproteomics by improving the

phosphoproteome coverage.

We further analyzed the phosphopeptides exclusively identified in our work or
Kubiniok’s work regarding the phosphosite motifs using the Motif-x, Figure 3.10.
Interestingly, we observed significantly different motif logos between those two
datasets for both phosphoserine and phosphothreonine. The corresponding
phosphosites from the phosphopeptides exclusively identified in our work tend to be
surrounded by acidic amino acids (glutamic acid and aspartic acid) after the

phosphosites and basic amino acids (lysine and arginine) before the phosphosites
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compared to that in Kubiniok’s work, Figure 3.10. The data further highlights the
value of CZE-MS/MS for phosphoproteomics for not only improving the

phosphoproteome coverage but also providing more insight into the phosphosite

motifs.
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Figure 3.9. Physicochemical properties of phosphopeptides identified by the SCX-
RPLC-CZE-MS/MS in this work (CE) and by SCX-RPLC-MS/MS in reference [69]
(LC). Cumulative distributions of (A) isoelectric point, (B) theoretical molecular
weight, (C) GRAVY value and (D) hydrophobicity index of peptides. For GRAVY
value, negative values demonstrate hydrophilic peptides and positive values indicate
hydrophobic peptides. For hydrophobicity index, a larger value indicates more
hydrophobic.
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Figure 3.10. Summary of the phosphosite motif data from the SCX-RPLC-CZE-
MS/MS in this work and from the SCX-RPLC-MS/MS in reference [69]. Motif-x
(http://motif-x.med.harvard.edu/motif-x.html) was used to extract motifs from the data
sets. Motif alignment was performed with WebLogo3
(http://weblogo.threeplusone.com/create.cqi). Motif logo of the phosphoserine (A)
and phosphothreonine (C) based on the phosphorylated peptides exclusively
identified in the SCX-RPLC-CZE-MS/MS data. Motif logo of the phosphoserine (B)
and phosphothreonine (D) based on the phosphorylated peptides exclusively
identified in the SCX-RPLC-MS/MS data.

117


http://weblogo.threeplusone.com/create.cgi

3.2.4. Conclusions

An SCX-RPLC-CZE-MS/MS platform was employed for large-scale
phosphoproteomics of the HCT116 cell line with the production of 11,555
phosphopeptide IDs. The dataset represents the largest phosphoproteome data so
far using CZE-MS/MS. We are working on building a simple model based on the
phosphoproteome dataset generated here for accurate prediction of phosphopeptide
migration time in CZE. Our preliminary modeling attempts demonstrate that, similar
to the unmodified tryptic peptides, the per of phosphopeptides can be accurately
predicted. We expect that the predicted migration time of phosphopeptides will be
useful to improve the confidence of phosphopeptide IDs from the database search

and even guide the database search.

We expect that the number of phosphopeptide IDs from biological samples using
CZE-MS/MS can be significantly boosted via several improvements. First, the
phosphopeptide enrichment procedure can be dramatically improved. In this work,
the specificity of phosphopeptide enrichment was only 35%. Over 80% and even
90% phosphopeptide enrichment specificity should be approachable with an
optimized procedure based on the data in the literature [70,71]. Second, the
separation system can be improved. Recently, we developed a high-resolution
nanoflow RPLC-CZE-MS/MS system for deep and highly sensitive bottom-up
proteomics with the production of 60,000 peptide IDs with only 5-ug of peptides as
the starting material [72]. We expect significant improvements in both the number of
phosphopeptide IDs and sensitivity will be achieved by using the nanoRPLC-CZE-

MS/MS platform.
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CHAPTER 4. Quantitative proteomics of zebrafish early-stage embryos with

the quantification of 5000 proteins

4.1. Introduction

Embryology is a field studying the maturation of sex cells, fertilization, and
embryonic development. An important branch of embryology, i.e., teratology, is
dedicated to understanding birth defects. Centers for Disease Control and
Prevention (CDC) has previously reported that around 3% of the newborn were
affected by birth defects annually [1]. Till now, the understanding of the underlying
reasons for various congenital disorders is still very limited. Investigation of early

embryogenesis is desired since it can provide insights into the origin of birth defects.

Danio rerio, also known as zebrafish, is a widely used vertebrate model
organism in embryological developmental biology due to its feasibility in handling,
the high genomic similarity with humans, and rapid development [2-4]. Zebrafish
embryos with diameters of ~0.7 mm are easy to handle and compatible with high-
throughput multi-well plate assays. The transparency of zebrafish embryos also
allows direct observation during early embryonic development. Moreover, the close
relationship between the human and zebrafish genomes has been revealed by Howe
et al. 70% of human genes were found to have at least one zebrafish orthologous
gene and over 80% of human disease-related genes had at least one zebrafish
orthologue [5]. These findings highlight the value of zebrafish as a model organism
for evaluations such as disease progress and environmental toxicology [3,4,6,7].

Also, zebrafish embryos develop rapidly. In the first 24 hours, zebrafish embryos can
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reach the stage where human embryos require one month to develop. The rapid

development of zebrafish embryos can effectively shorten the timespan for research.

The first 24-hour zebrafish embryonic development comprises 5 key periods:
zygote, cleavage, blastula, gastrula, and segmentation periods [8]. In the zygote
period, embryos are single cells. In the cleavage period, the cells, or the
blastomeres, divide every 15 min. At the eighth cycle (128-cell stage), the blastodisc
becomes ball-like indicating the start of the blastula period. Before the tenth
cleavage cycle (512-cell stage), the cells divide rapidly. The lengthening of the cell
cycle denotes the onset of mid-blastula transition (MBT), in which the transcription of
zygotic DNA is initiated, namely the zygotic genome activation (ZGA), and the cells
start to be motile. Later in the gastrula period, the cells undergo initial differentiation
and rearrangement and result in the formation of primary germ layers. In the
segmentation period, the embryos continue to differentiate. The first 24-hour
embryonic development of zebrafish can simulate the first month of human
embryogenesis which is the critical period for the formation of developmental

abnormalities.

There has been a considerable number of research on transcriptomic dynamic
changes during early embryogenesis [9-14]. However, changes at the transcriptomic
level during early embryogenesis cannot fully represent the changes at the protein
level due to two reasons. First, the zygotic mRNA is silent before ZGA. Second,
studies on the correspondence between mRNA and protein have shown a poor
correlation between the expression levels of mRNA and protein [15]. Besides the
expression level difference, the modulations of the gene expression by complicated
post-transcriptional regulations and the influences of various post-translational

modifications on gene functions cannot be reflected by transcriptome-level
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information. Therefore, proteome-level information would be invaluable for the

understanding of early embryogenesis.

BUP is a powerful tool for studying protein dynamics globally. However, the
existing BUP-based zebrafish proteomics databases have either limited time-
resolution or limited quantitative information in the first 24-hour zebrafish
embryogenesis [16-19]. In 2006, Tay et al. profiled protein expression during early
embryogenesis at 10 different time points using 2D-PAGE and MALDI-TOF, Figure
4.1 [16]. Due to technological limitations, only 108 protein expression profiles were
examined. On the other hand, three later studies on zebrafish proteome during early
embryogenesis only employed embryos from less than 5 stages [17-19]. None of
these databases contains information around the MBT stage, Figure 4.1. Limited
coverage at embryonic developmental stages or insufficient protein ID numbers of
these existing zebrafish proteome dynamic databases failed to provide sophisticated

insights into zebrafish early embryogenesis.

In a typical BUP workflow, LC-MS/MS is the platform of choice in the delineation
of complex proteomes [20-23]. Recently, CZE-MS/MS has shown its potential as an
alternative platform for BUP with complementary peptide identification to LC-MS/MS
[24-28]. In the present study, we coupled isobaric tag for relative and absolute
quantitation (iTRAQ) chemistry with both CZE-MS/MS and LC-MS/MS to profile
protein expression levels of zebrafish embryos across four stages during the
maternal-to-zygotic transition (MZT) between fertilization and 6 hours post
fertilization (hpf). We quantified nearly 5,000 proteins across the four embryonic
stages with biological replicates. The clusters of protein expression profiles clearly
indicated the important events that happened during the first 6 hours of zebrafish

embryos’ life. We also observed the wave-like expression patterns of tens of
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transcription factors. Furthermore, the loss of function study of one important
transcription factor, Nanog, demonstrated its important role in regulating early

zebrafish embryogenesis.

108 8,363

Protein IDs Protein
Tay et al. IDs

2006 Shaik et
al. 2014

275hpt 6 hpf 8hpf 10hpf 12hpf 14 hpf 18hpf 24 hpf 48 hpf 72hpf 120 hpf One
(MBT) 4 4 4 44 44 week

1564 1384
Protein IDs Protein IDs

Kwon et al. Lucitt et al.
2016 2008

Figure 4.1. Schematic representation of existing zebrafish proteome databases.

4.2. Experimental

4.2.1. Material

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. LC/MS grade water, FA, methanol, ACN, HPLC grade AA and HF were
purchased from Fisher Scientific (Pittsburgh, PA). Acrylamide was obtained from
Acros Organics (NJ, USA). Fused silica capillaries (50 um i.d./360 um o.d.) were
bought from Polymicro Technologies (Phoenix, AZ). Mammalian Cell-PE LB™ buffer
for cell lysis was purchased from G-Biosciences (St. Louis, MO). Complete, mini

protease inhibitor cocktail (provided in EASYpacks) and PhosSTOP phosphatase
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inhibitor were purchased from Roche (Indianapolis, IN). Morpholino was purchased

from Gene Tools, LLC (https://www.gene-tools.com/).

4.2.2. Zebrafish maintenance and breeding

Zebrafish are housed in a ZMod self-enclosed system. Water temperature was
set at 28.5 °C. pH, ammonia and nitrites were checked every day. Twenty-five
percent of the water in the system was changed daily. Each holding tank has 2-liter
water capacity and has a maximum number of 12 adult fish per tank. Tanks are
made of polypropylene and fish were moved to a clean tank approximately every 4
weeks. Fish were on a 14h light/10h dark light cycle. Adult fish were fed brine shrimp
twice a day, and new brine shrimps were prepared daily. Newborn fish were fed
using the GEMMA larval diet using the company recommendations and were

transitioned to brine shrimp 30 days after fertilization.

One day before the breeding day, a male and a female were placed in the
breeding tank, with a sieve separator. On the breeding day, soon after the lights
come on, the separator was removed, and fish were briefly allowed to breed
naturally. After natural breeding was observed, the fish were separated so the sperm
(milt) and eggs can be manually collected for in vitro fertilization (IVF). Eggs and milt
were collected manually. After breeding activity, the male and female were placed
back into tanks and are rested for at least one month before the next round of
breeding or experimental handling. The maintenance and breeding of zebrafish
were performed by the Cibelli group in the Department of Animal Science at

Michigan State University.
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4.2.3. Embryo collection

Approximate 100 embryos at each of 4 different early stages (64-cells, 256-cells,
Dome, 50%-epiboly) were collected and split into three 1.7 mL centrifuge tubes (~ 30
embryos/tube). The redundant liquid was carefully removed with 200-uL pipette. The
tubes were immediately cooled down by liquid nitrogen and stored at -80 °C before

use.

4.2.4. Sample preparation

Collected embryos in each tube were suspended in 700 uL of mammalian cell-
PE LB™ cell lysis buffer (G-biosciences) containing complete protease inhibitor
(Roche) and phosphatase inhibitor (Roche). After homogenization for 1 min on ice,
all the tubes were sonicated for 10 min on ice using a Branson Sonifier 250 (VWR
Scientific, Batavia, IL). The lysates were then centrifuged at 12,000 g for 5 min. The
supernatants were collected and a small portion was used to measure the protein
concentration with BCA assay. Based on the measured concentration, 200 pg of
protein samples at each stage were purified by acetone precipitation: 1 volume of
protein sample was mixed with 4 volumes of cold acetone and the mixtures were
kept at -20 °C overnight. The tubes were then centrifuged at 10,000 g for 5 min and
the supernatants were discarded. The pellets were simply washed using 500 pL of
cold acetone and re-centrifuged. The supernatants were discarded, and the protein
pellets were placed in a chemical hood for 1~2 min until they are dry (Caution: Do

NOT overly dry!). The protein samples were stored at -80 °C before use.

All the protein pellets were suspended in 100 pL of 2% SDS (w/v) and 100 mM
NH4HCOs3 solution and vortexed and sonicated. To denature the protein, tubes were

kept at 90 °C for 20 min. To reduce the disulfide bonds between cysteine amino acid
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residues, 6 puL of 0.1 M of DTT was added to each tube and tubes were kept at

80 °C for 20 min. Protein alkylation with 15 pL of 0.1 M IAA was done at room
temperature in dark for 20 min. 6 pL of 0.1 M DTT was added to each tube to react
with the residue IAA. The sample was then mixed with 125 yL 8 M urea in 100 mM
NH4HCOs. Then the mixture of each tube was loaded onto a 30-kDa centrifugal filter
unit (250 pL/unit) followed by centrifugation at 12,000 g for 10 min. The proteins on
the membrane were washed with 250 pL of 8 M urea in 100 mM NH4HCOs three
times. Next, the proteins were washed with 100 mM NH4HCOs3 three times to remove
urea. Finally, 150 pL of 100 mM NH4HCOs3 (pH 8.0) was loaded on each membrane
and 7 pL of trypsin solution (1 pg/pL) was added to each unit. The filter units were
gently vortexed for 5 min to mix the trypsin and proteins. After that, the filter units

were kept in a 37 °C water bath overnight for tryptic digestion.

After digestion, the units were centrifuged at 12,000 g for 15 min, and the flow-
through containing the peptides was collected. To increase peptide recovery from
the membrane, the membrane was further washed with 150 pL of 100 mM
NH4HCOs. FA was used to acidify the protein digests to terminate digestion (0.5%
FA final), followed by desalting using C18 SPE columns (50 mg beads, 250 ug
peptide capacity) (Waters, Milford, MA), the elutes from desalting were lyophilized
with a vacuum concentrator (Thermo Fisher Scientific) (Caution: Do NOT overly

dry!). The digests were stored at -80 °C before use.

4.2.5. iITRAQ labeling

The lyophilized digests were dissolved in 70 pL of 500 mM Triethylammonium
bicarbonate buffer (Dilute the 1 M buffer with water, make sure the pH >7.5). Then

withdraw 35 pL of the solution and added 50 pL of isopropanol to each iTRAQ
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reagent vial. The iTRAQ reagent (60-70 uL) was transferred to each sample and
incubated for 2 h. 50 pL of 100 mM Tris-HCI (pH 8.0) buffer was added to each tube
followed by incubation at room temperature for 40 min to block the residue iTRAQ
reagent. Then the digests were mixed and acidified by formic acid to 0.5% formic
acid final concentration. The sample was lyophilized to remove the organic solvent.
When there was ~200 pL solution left, the lyophilization was stopped. 600 pL of
0.5% FA was added to the sample (total volume 800 pL). The samples were
desalted with two C18 SPE columns (100 mg beads, 500 ug capacity, Waters,
Milford, MA) and lyophilized. The sample was re-dissolved in 0.1% FA, 2% ACN

(800 pL) and kept at -20 °C before use.

4.2.6. High-pH RPLC fractionation for iTRAQ labeled zebrafish embryo digest

An Agilent Infinity Il HPLC system was used for high pH RPLC fractionation. A
Zorbax 300Extend-C18 RP column (2.1 mm i.d. x 150 mm length, 3.5 pum particles,
Agilent Technologies) was used for separation. Mobile phase A was 5 mM NH4HCO3
in water with pH 9 and mobile phase B was 5 mM NH4HCOs3 in 80% ACN with pH 9.

Gradient elution was used for peptide separation.

800-ug ITRAQ-labeled zebrafish embryo digest was injected onto the RP
column for each experiment. The flow rate was 0.3 mL/min. The gradient was as
follow: 0-5 min, 2%B; 5-8 min, 2-10%B; 8-108 min, 10-50%B; 108-110 min, 50-
100%B; 110-120 min, 100%B; 120-122 min, 100-2% B; 122-132 min, 2% B. In total,
100 fractions were collected from 8 min to 108 min, one fraction per min. We named
the fractions based on the order of retention time from 1 to 100. Then we combined
the fraction N and fraction N+50 to generate 50 fractions. Those fractions were then

lyophilized and stored at -80 °C for low pH RPLC-MS/MS.
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4.2.7. LC-MS/MS

An EASY-nLC™ 1200 system (Thermo Fisher Scientific) was used for RPLC
separation. Each of 50 high-pH RPLC fraction was dissolved in 10 pL of 0.1% (v/v)
FA and 2% (v/v) ACN. 2 uL of the sample was injected onto a C18 pre-column
(Acclaim PrepMapTM 100, 75-um i.d. x 2 cm, nanoviper, 3 pm particles, 100 A,
Thermo Scientific). Then, the loaded peptides were separated on a C18 separation
column (Acclaim PrepMapTM 100, 75-uym i.d. x 50 cm, nanoviper, 2 um particles,
100 A, Thermo Scientific) at a flow rate of 200 nL/min. Mobile phase A was 2% (v/v)
ACN in water containing 0.1% (v/v) FA), and mobile phase B was 80% (v/v) ACN
and 0.1% (v/v) FA. For separation, a 150-min gradient was used: 0-80 min, 8-30% B;
80-120 min, 30-55% B; 120-135 min, 55-100% B, 135-150 min, 100% B. The LC
system required another 30 min for column equilibration between runs. Therefore,

one LC-MS run required about 2 h.

A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used for the
RPLC-MS/MS experiments. The spray voltage was set to 1.8 kV. A Top10 DDA
method was used. The mass resolution was set to 60,000 (at m/z 200) for both full
MS scans and MS/MS scans. For full MS scans and MS/MS scans, the target value
was 3E6 and 1E5, the maximum injection time was 50 ms and 110 ms, respectively.
Scan range for MS scans was 300 to 1500 m/z. For MS/MS scans, the isolation
window was 2 m/z. Fragmentation in the HCD cell was performed with a normalized
collision energy of 28%. The fixed first mass was set to 100 m/z. Dynamic exclusion
was applied and it was set to 30 s. lons with unassigned or +1 charge states were

not considered for fragmentation.
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4.2.8. CZE-MS/MS

An ECE-001 capillary electrophoresis autosampler (CMP Scientific, Brooklyn,
NY) was used for CZE separation. A commercialized electro-kinetically pumped
sheath flow interface (CMP Scientific, Brooklyn, NY) [29] was employed for coupling

CZE to MS.

A one-meter-long LPA coated capillary (50 uym i.d., 360 um o0.d.) was made in
house based on ref. 30. A Sutter instrument P-1000 flaming/brown micropipette
puller was used to pull a borosilicate glass capillary (1.0 mm o.d., 0.75 mm i.d., and
10 cm length). The resultant electrospray emitter has an opening with a diameter of
30 to 40 mm. The background electrolyte (BGE) of CZE was 5% (v/v) acetic acid and
the sheath buffer was 0.2% (v/v) FA containing 10% (v/v) methanol. 4 pL of leftover
samples in RPLC-MS/MS analysis was withdrawn and lyophilized. The dry sample
was redissolved in 3 pL of 50 mM NH4HCOs (pH 8.0). The sample was injected
using 5-psi pressure for 95 seconds. 30 kV was applied at the injection end for CZE
separation and around 2 kV was applied in the sheath buffer vial for electrospray.
For all the CZE-MS runs, the separation was performed for 90 min followed by 10

min wash BGE for 10 min at 5 psi pressure.

4.2.9. Data analysis

All raw files were analyzed by MaxQuant 1.5.5.1 software with the Andromeda
search engine. The zebrafish proteome (ID: UP000000437) downloaded from
UniProt (http://www.uniprot.org/) was used for database search. iTRAQ on lysine
and N-terminus was selected as peptide labels. The peptide mass tolerances of the
first search and main search were 20 and 4.5 ppm, respectively. The fragment ion

mass tolerance was 20 ppm. Trypsin was selected as the protease. The dynamic
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modification was oxidation on methionine and acetylation on protein N-terminus, and
carbamidomethyl on cysteine was set as static modifications. The minimum length of
a peptide was set to 7. Match between runs was enabled, The FDRs were 1% for

both peptide and protein IDs.

The data processing was performed using Perseus software [31]. Average
intensities of every two biological replicates were normalized to that at 64-cell for
each protein ID. All values were then transferred to log(2) values. Cluster analysis
was performed on Graphical Proteomics Data Explorer (GProX) [32]. The number of

clusters was set to 9 with an upper limit of 0.4 and a lower limit of -0.5.

4.2.10. Morpholino injection

The Nanog morpholino (MO) (sequence: CTGGCATCTTCCAGTCCGCCATTT-
C) and the tp53 MO (sequence: TCAATTCTTGCAAAGCAATGGCGCA) were
dissolved in sterile water to 0.3 mM. A Sutter instrument P-1000 flaming/brown
micropipette puller was used to make the glass needles for microinjection. The
injected volume was estimated by measuring the diameter of the droplet. Unless
stated otherwise, approximately 1 nL of MO was injected into the yolk region in each

embryo at the one-cell stage.
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4.3. Results and discussion
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Figure 4.2. Experimental design. Design of three iTRAQ labeling experiment (A).
Separation strategy of pooled peptides (B).

We performed an ITRAQ experiment on zebrafish embryos during early
embryonic development. Stages of embryos employed, and the design of labeling
are shown in Figure 4.2A. In the experiment, embryos from 64-cell (2 hpf), 256-cell
(2.5 hpf), Dome (4.3 hpf), 50%-epiboly (5.25 hpf) stages were examined to study
proteome dynamic around the MBT stage (512-cell, 2.75 hpf). 30 embryos at each of
the four stages were equally split and labeled by separate iTRAQ channels as
biological duplicates. After enzymatic digestion of proteins, the resultant peptides
from different embryonic stages were labeled by 8-channel iTRAQ reagents. The
labeled peptides were pooled together. Figure 4.2B shows the separation strategy
for pooled iITRAQ-labeled peptides. Pooled peptides were first offline fractionated by
high pH (pH=9) RPLC to 50 fractions. Each of the fractions was separated into two

portions. One portion was subjected to nanoRPLC-MS/MS, and the other was
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subjected to CZE-MS/MS. Both platforms employed a Q Exactive HF mass

spectrometer for analysis.

4.3.1. Deep proteome analysis of zebrafish embryos during early

embryogenesis

After 83-hour analysis, CZE-MS/MS acquired 77,226 peptide-separtrum-matches
(PSMs) accounting for 20,888 peptide IDs and 3,009 protein IDs. The 50 nanoRPLC-
MS/MS runs cost approximately 150 hours. 107,331 PSMs were acquired by 50
nanoRPLC-MS/MS with 22,895 peptide IDs and 3545 protein IDs. As expected,
good orthogonality was found between CZE-MS/MS and nanoRPLC-MS/MS as
demonstrated by the small overlap in peptide IDs, Figure 4.3A. Analysis of all raw
files from two platforms approached 5,031 protein IDs, 67% and 42% higher than
using CZE-MS/MS or nanoRPLC-MS/MS alone, respectively, Figure 4.3B. The
nanoRPLC-MS/MS has an average sequence coverage of 18.0%. After combining
the results from two platforms, the average sequence coverage was boosted to
25.7%. These results underline the improvement in both proteome coverage and
sequence coverage caused by the complementarily between CZE-based and RPLC-
based platforms. Our data represents the largest quantitative dataset of zebrafish

embryos during early embryogenesis to date.

Before MBT, protein expression relies on maternally deposited mRNAs since
zygotic gene transcription is silent [33]. After MBT, gene expression transforms from
the modulation of maternal mRNA to the exclusive control of the zygotic genome.
This process is known as ZGA. Proteins play pivotal roles in the escape of zygotic
genome silencing. A crucial modulatory factor for the silence of zygotic genes is the

restricted systematic regulatory network constructed by transcription factors (TFs).
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By binding to specific DNA sequences, TFs can either trigger or suppress certain
gene expression in time- and cell type-specific fashions [34,35]. A zebrafish
proteome database covering stages around MBT has been desired to understand
the programmed regulation during the ZGA. After comparing our data with the TF list
predicted by protein sequence in Animal Transcription Factor DataBase
(AnimalTFDB) 3.0(http://bioinfo.life.hust.edu.cn/AnimalTFDB/ #!/) [36], we found 118

annotated TFs in our dataset.
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Figure 4.3. Comparison of CZE-MS/MS and RPLC-MS/MS in terms of the IDs from
zebrafish embryo proteome digest. (A) Overlap of peptides. (B) Column plot of
protein ID numbers of CZE-MS/MS, RPLC-MS/MS and combination of two platforms.

We performed the gene ontology (GO) analysis and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of over 5,000 annotated proteins.
We plotted out the 11 most abundant elements in each analysis, Figure 4.4A-D.
Important embryonic development-associated events like metabolic process [37], cell
cycle and protein folding [38] are also found in the top 11 biological processes (BP)
events, Figure 4.4A. Events associated with ZGA such as translation and
proteolysis are the top 2 and 4 abundant BP events, respectively. Genes related to
nucleotide binding, RNA binding, transferase activity, and structural constituent of

ribosome are found highly expressed during the early stages of embryonic
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development via molecular function (MF) analysis, Figure 4.4B. These genes may
be involved in the ZGA-associated transcription, translation, and chromatin structural
remodeling. The nucleus, as the cell sub-compartment where zygotic transcription
occurs, has the second largest ratio in the cellular component (CC) analysis, Figure
4.4C. Similarly, ZGA-associated pathways like RNA transport, ribosome, and
Ubiquitin mediated proteolysis are enriched in the KEGG analysis, Figure 4.4D. The
GO and KEGG pathway analysis reflect the important events during zebrafish early

embryonic development and highlighted the onset of ZGA.
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Figure 4.4. Gene Ontology (GO) information of identified proteins using both CZE-
used to get the GO information of proteins. The GO terms were sorted by the

number of proteins (Count). The topl1l GO terms were used for the figure. (A)

Biological process; (B) Molecular function; (C) Cellular component; (D) KEGG

pathway.
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4.3.2. Cluster analysis

We performed cluster analysis on expression dynamics for all quantified
proteins. Proteins were clustered to group 0 in which no significant abundance
changes were found on the group members and 9 other groups that have shown
significant changes in abundance, Figure 4.5. All the protein expression level data
were normalized to the 64-cell-stage data. Protein expression levels higher than 1.3
or lower than 0.7 compared to the 64-cell stage were considered as proteins with
significant changes in abundance, corresponding to 0.4- and -0.5-fold changes in
log(2) values, respectively. Group 0 contains 3,978 proteins that had no significant
changes in expression levels when Group 1 to 9 have a total of 1,053 proteins with
varied numbers of proteins shown in Figure 4.5. To have a better understanding of
BP events that proteins are involved in for each cluster, BP enrichment was also

performed, Figure 4.6.

Proteins in cluster 1 are upregulated in early embryogenesis, Figure 4.5. They
initially are the products of maternally deposited transcripts before MBT, and their
expression levels are further heightened by the expression of maternal or both
maternal and zygotic transcripts after MBT. Gene products in this cluster are
involved in nucleosome assembly, a process where histones and DNAs are
constructed together and form nucleosomes, and ribosomal RNA processing, which
matures ribosomal RNA for translation of proteins, Figure 4.6. We also manually
found proteins associated with mRNA splicing (u2af2b, ddx5, cstf3), and histone
modification (naa40) in cluster 1. Uplift of these proteins before MBT indicates that
they may modulate gene expression and promote protein translation. Proteins in
cluster 1 may also promote the escape from zygotic gene repression such as Nanog,

a well-known TF. Nanog serves as an activator for several hundred genes in ZGA
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and it is required to initiate the zygotic development in zebrafish [39]. Similar
trajectories of Nanog expression during early embryogenesis were proven by
immunoaffinity assays in the literature [40,41]. Interestingly, kidney development
related proteins are also enriched in this cluster suggesting certain types of

organogenesis may initiate from the very early stages of embryonic development.
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Figure 4.5. Cluster analysis of quantified proteins.

Cluster 4 and 9 are comprised of over 200 proteins that are maternally deposited
and gradually decreased after fertilization. The difference between these two clusters
is the expression behaviors after MBT. The decline of proteins in cluster 4 is
attenuated after ZGA whereas proteins in cluster 9 have a consistent declining rate

throughout early embryonic stages. Cluster 9 contains proteins that negatively
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regulate translation initiation, Figure 4.6, such as Y-box-binding protein 1 (gene
name: ybx1). Y-box-binding protein 1 represses global translation in oocytes [42].
Negative regulators of protein translation may contribute to safeguarding the
maturation of oocytes by controlling gene expression in a time-specific manner [42].
Proteins in cluster 4 are majorly involved in protein transportation. Transportation of
proteins, for example from the cytoplasm to the nucleus, is indispensable to cell
processes like differentiation and control of gene expression. An interesting sample
in cluster 4 is another TF called Forkhead box k2, which activates the Wnt-beta
catenin pathway by transporting dishevelled proteins into the nucleus [43]. Unlike
Nanog, Forkhead box k2 can act as both transcription activator and repressor
[44,45]. We speculate Forkhead box k2 serves as a global transcription repressor
like Y-box-binding protein 1 before MBT. But when gene transcription initiates,
Forkhead box k2 became an activator for pathways. More studies are needed to
achieve a better understanding of the function of Forkhead box k2 in regulating early

embryogenesis.

The other clusters display significant trajectory changes after MBT. Cluster 2
enriches proteins engaging in Kupffer’s vesicle and erythrocyte development. Early
research proposed that Kupffer’'s vesicle is a zebrafish-specific organ that guides the
development of the heart, brain and gut [46]. Our data suggest erythropoiesis is one
of the earliest types of cell-differentiation, and initial organogenesis takes place very

soon after ZGA.

Proteins in cluster 3 are rapidly upregulated after MBT. A good number of
proteins (e.g., mrpl51, rps4x, rpsl5, rpl39, rpll4, rplpl, rps9, rpsl5sa) in this cluster
are involved in gene expression-related events including mRNA splicing, ribosome

biogenesis, and translation, Figure 4.6. Since the assembly of translation machinery
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is required for the translation of zygotic mRNA, it is rational that the ribosomal

proteins are highly expressed after ZGA.

Cluster 5 contains proteins that are responsible for RNA and protein transports.
In this cluster, we found CHMP1, a key protein involved in the formation of
multivesicular bodies (MVBs) [47]. MVB is a type of endosome facilitating protein
degradation by trafficking proteins to lysosomes or extracellular spaces [48].
CHMP1's upregulation before MBT and the following decline after MBT indicates the
CHMP1-mediated formation for MVBs has an relationship with the maternal protein
abundances. Therefore, MVBs may be involved in maternal protein degradation.
Besides protein transportation, CHMP1 was found to affect chromatin structure and

consequentially gene expression [49].

Deoxyribonucleotide biosynthesis is the major enriched BP event in cluster 6.
The uplift of the related proteins as shown in cluster 6 implies the requirement for a
large amount of deoxyribonucleotide during rapid cell division prior to MBT.
However, the time for each cell division cycle increases after MBT thus reduces the
need for deoxyribonucleotide biosynthesis marked by the decline of the associated

proteins.

Proteins in cluster 7 majorly engage in nucleotides regulation. CCR4-NOT
transcription complex subunit 2 is a member of the CCR4-NOT protein complex
which is linked to mMRNA degradation [50,51]. The CCR4-NOT subunit 2’s sustaining
level of before MBT and rapid decline suggest its engagement in maternal mRNA

decay.

Similar to cluster 7, cluster 8 has enriched BP events involved in nucleotide

processing, Figure 4.6. The subunits 4 and 7 of the RNA exosome, a general
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regulator of mMRNA turnover, are found in this cluster. Besides, some genes in cluster

8 (mrpl14, polr2ea, and rps26l), and cluster 3 (mrpl51, rps4x, rpsl5, rpl39, rpll4,

rplpl, rps9, rpsl5a) are either ribosomal proteins or translation-related. Since

assemble of translation machinery is required for the translation of zygotic mRNA, it

is rational that the ribosomal proteins are upregulated right after ZGA.
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Figure 4.6. Biological process enrichment of proteins in each cluster.
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4.3.3. Transcription factors expression dynamics

By correctly controlling gene expression, TFs serve as essential components in
the restricted regulatory system that controls many biological processes, including
crucial activities in early embryogenesis such as cell differentiation and
organogenesis [52]. Aberrant expressions of TFs are attributed to one-third of human
developmental disorders [53]. Understanding TF functions may enrich our
knowledge of the cause of birth defects. Computational prediction of new TF
identification and function was performed by mapping DNA-binding domains (DBDs)
to the known TFs [36, 54]. We observed that 32 out of 108 identified TFs have

significant abundances changes across the four stages, Figure 4.7.

Previous transcriptomic research has revealed that maternal-to-zygotic transition
consists of two waves of ZGA [34,35,39,55]. Certain maternal transcription
regulators were found to activate the first wave of ZGA [39]. Coinciding with
transcriptomic profiling, the result of our cluster analysis also illustrated waves of TF
expressions. The difference between wave 1, Figure 4.7A, and wave 2, Figure
4.7B, is the stage when their primary boost in expression takes place. Proteins in
wave 1 start to be rapidly upregulated before the 256-cell stage whereas proteins in
wave 2 begin to be elevated after the 256-cell stage. Maternal translations in both
waves are accelerated prior to ZGA indicating TFs in these two waves may be the
transcriptional regulators to the first wave of ZGA, exampled by a famous first-wave
transcriptional activator Nanog in wave 2. On the other hand, TFs in wave 3 with a
boost in concentration after ZGA may be the products of the first wave and serve as
the transcription regulators for the second ZGA wave, Figure 4.7C. A proposed
mechanism in ZGA onset is the titration of maternal repressors such as ybx1 [34,35],

which suggests proteins in Figure 4.7D may play inhibitory roles in ZGA.
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Figure 4.7. Expression profiles of 32 TFs with significant changes in abundance
across the four stages. (A) Expression changes of TFs had significantly elevated
levels at the 256-cell stage. (B) Expression changes of TFs had significantly elevated
levels at the Dome stage. (C) Expression changes of TFs had significantly elevated
levels at the 50%-epiboly stage. (D) Expression changes of TFs had a significant
abundance decline.

4.3.4. Loss of function of Nanog via morpholino injection

Although rough prediction of protein functions can be made by the expression
trajectory during early embryogenesis, experimental verification is inevitable for
understanding proteins’ function. A classic method for loss of gene function in
zebrafish is the injection of the corresponding morpholino (MO) [56]. MO is a
synthetic oligomer containing DNA bases that can suppress gene expression by
binding to complementary RNA or single-strand DNA. To observe the phenotype of

Nanog knock-down zebrafish embryos, we injected 1 nL of 0.3 mM of Nanog MO
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(Sequence in experimental section) or 1 nL of culture media into embryos at the one-
cell stage. We found Nanog MO-injected sample can normally undergo rapid
cleavages as embryos in the control group, Figure 4.8A and Figure 4.8B. 6 hours
after fertilization, a signature formation of blastoderm that margins to 50% of the
diameter was found in the control embryos, Figure 4.8C. On contrary, the
blastomeres in MO-injected cells were arrest at MBT and failed to enter gastrulation,
Figure 4.8D. The co-injection of Nanog MO and tp53 MO led to the same embryo
phenotype, Figure 4.8E, as Nanog MO-injected embryos, Figure 4.8D, indicating
the cell-arrest phenotype was caused by loss of Nanog instead of the injection-

associated tp53-dependent neural toxicity [57].

The loss of function study data agrees reasonably well with the literature [39,41],
which highlighted the importance of maintaining the expression level of Nanog during
early embryogenesis. The data also showed that we successfully downregulated the
expression of Nanog through MO injection. We are working on western blot analysis
of these MO and control embryos at different stages to confirm the Nanog
expression profiles. We plan to perform quantitative BUP analysis of the control and
MO-injected embryos across different stages during maternal to zygotic transition for
elucidating the function of Nanog. The combination of gene knockdown and/or
overexpression with quantitative BUP will bridge the genotypes and phenotypes and
will allow us to pursue better understandings of functions of tens of transcription
factors quantified in this study. The outcome from the studies will be invaluable for

the developmental biology community.

151



Control 1 hpf

blastoderm
(D)

(©)

Nanog/tp53 MO
Control 6 hpf Nanog MO 6 hpf 6 hpf

Figure 4.8. Embryos showing effects of Nanog MO. The control embryos injected
culture media were observed at 1 hpf (A) and 6 hpf (C). Embryos injected with
Nanog MO were observed at 1 hpf (B) and 6 hpf (D). Embryos co-injected with
Nanog MO and tp53 MO were observed at 6 hpf (E)

4.4. Conclusions

In this study, we created the largest quantitative zebrafish proteome database
during early embryogenesis to date. We unprecedentedly quantified nearly 5,000
proteins around the MBT. The cluster profiles precisely reflect the major events
including the decline of maternal repressor and the accumulation of transcription
activator which are marked with significant gene expression fluctuations. Wave-like
TF expression patterns were found suggesting the specific regulatory roles of TFs to

both waves of ZGA. We also demonstrated a potential method to determine protein
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functions combined by loss of function assay and BUP. Overall, this work provides a

draft map for future studies on zebrafish embryonic development.
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CHAPTER 5. Predicting Electrophoretic Mobility of Proteoforms for Large-

Scale Top-Down Proteomics

Part of this chapter was adapted from Anal. Chem. 2020, 92(5), 3503-3507. with

permission

5.1. Introduction

MS-based top-down proteomics as a strategy in proteomics directly measures
intact proteins. Theoretically, top-down proteomics conserves all PTM combinations
on proteins. Each unique combination between a protein and PTM(s) is called a
proteoform. Top-down proteomics aims to delineate proteoforms in cells
comprehensively with high confidence and throughput [1-5]. Proteoforms extracted
from biological samples are typically separated by RPLC or CZE, followed by ESI-
MS/MS. Database search is then performed for the ID of proteoform spectrum
matches (PrSMs), proteoforms, and proteins through comparing experimental and
theoretical masses of proteoforms and their fragments. To improve the confidence of
proteoform ID, the target-decoy database search approach is typically employed
[6,7], and the identified PrSMs and proteoforms were filtered by certain FDRs.
Recently, the Kelleher group showed that the FDR estimation in top-down
proteomics was complicated and the FDRs could be drastically under-reported [8].
High-confidence proteoform and protein IDs are vital. Therefore, after filtering the
data with a specific FDR, we need to validate the data further using an alternative

approach to the FDR.

The retention/migration time of proteoforms in LC/CZE can be useful information

for improving the confidence of IDs. Some previous studies have deployed the
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retention/migration time of proteins and peptides to facilitate their IDs [9-12]. We
believe that accurate prediction of the retention/migration time of proteoforms will
push the use of separation time for ID forward drastically. By comparing the
experimentally observed and accurately predicted separation time of proteoforms,
we could further boost the confidence of identified proteoforms, determine wrong

proteoform IDs, and even provide useful information to correct proteoform IDs.

Some work has been done in predicting migration time (electrophoretic mobility,
Hef) of peptides from CZE separations [13-21]. It has been demonstrated that CZE
outperformed RPLC regarding the prediction of migration/retention time of peptides
for bottom-up proteomics [21]. One major reason is that the size and charge of
peptides for CZE can be calculated relatively easily, by contrast, the interaction
between peptides and beads for RPLC is complicated [21]. Krokhin et al. achieved a
linear correlation (R?=0.995) between predicted and experimental per of peptides in
CZE using a large peptide dataset and an optimized semi-empirical model [21],
which was based on the model reported by Cifuentes et al. [19]. More recently, we
also applied a similar model for predicting the per of phosphorylated peptides and
achieved a high correction (R?=0.99) between the predicted and experimental pler for

mono-phosphorylated peptides from the HCT116 cell line [22].

Great success has been achieved for predicting Her of peptides, but much more
effort need to be made on proteins/proteoforms. Some initial effort has been made
using a handful of standard proteins [17,23,24]. However, there is no report about
predicting Her Of proteins/proteoforms using large-scale proteoform datasets. There
are two major reasons for that. First, large-scale top-down proteomics datasets from
CZE-MS have been limited. Second, proteins/proteoforms are much larger than

peptides, leading to potential difficulties in calculating their size and charge

162



accurately. In the last 5 years, CZE-MS has been recognized as an important
approach for large-scale top-down proteomics due to the improvement in CE-MS
interfaces, capillary coatings, and online sample stacking techniques [25-32]. For
instance, we identified nearly 600 proteoforms from an E. coli cell lysate in a single-
shot CZE-MS/MS analysis [27]. In that study, we employed a commercialized
electro-kinetically pumped sheath-flow CE-MS interface [33,34], a 1-meter-long
linear polyacrylamide (LPA)-coated capillary [35], and a dynamic pH junction-based
proteoform stacking method [36] to boost the sample loading capacity, separation
window, and overall sensitivity of the CZE-MS system. In another study, we used a
1.5-meter-long LPA-coated capillary for CZE-MS/MS analysis of zebrafish brains and
identified thousands of proteoforms in a single analysis with consumption of
nanograms of protein material [29]. These large-scale proteoform datasets provide
us great opportunities to push forward the prediction of per of proteoforms, which will

be useful for improving the confidence of proteoform IDs in top-down proteomics.

Here, we applied previously reported semi-empirical mobility models in the
prediction of proteoforms’ per and evaluated their performance using large
proteoform datasets from E. coli cells and zebrafish brains under different CZE
conditions. We achieved a linear correlation between experimental and predicted pes
of E. coli proteoforms (R? = 0.98) with a simple semiempirical model, which utilizes
the number of charges and molecular mass of each proteoform as the parameters.
Our modeling data suggest that the complete unfolding of proteoforms during CZE
separation benefits the prediction of their per. Optimization of the prediction model on
histone proteoforms highlights the influence of charge suppression on the
performance of the model. Our results also indicate that N-terminal acetylation and

phosphorylation both decrease the proteoforms’ charge by roughly one charge unit.
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5.2. Experimental

5.2.1. Material and reagents

Unless stated otherwise, all reagents were purchased from Sigma-Aldrich (St.
Louis, MO). Acrylamide was purchased from Acros Organics (NJ, USA). Fused silica
capillaries (50/360 um i.d./o.d.) were bought from Polymicro Technologies (Phoenix,
AZ). Complete, mini protease inhibitor cocktail in EASYpacks was purchased from
Roche (Indianapolis, IN). LC-MS grade water, ACN, methanol, FA, and AA were
obtained from Fisher Scientific (Pittsburgh, PA). Lyophilized calf thymus histone

extract was obtained from Sigma-Aldrich (St. Louis, MO).

5.2.2. Sample preparation

A detailed zebrafish brain experiment was described in reference [29].
Escherichia coli (E. coli, strain K-12 substrain MG1655) was cultured in Luria-Bertani
(LB) medium at 37 °C with 225 rpm shaking. E. coli cells were harvested by
centrifugation at 4000 rpm for 10 min when OD600 reached 0.7. The cells were
washed using PBS for 3 times. Cell lysis was performed in lysis buffer containing 8
M urea, 100 mM Tris-HCI (pH 8.0), and protease inhibitors by sonication using a
Branson Sonifier 250 (VWR Scientific, Batavia, IL). The supernatant was collected
after centrifugation at 18000 g for 10 min. The BCA assay was used for the
measurement of protein concentration. The extracted proteins were stored at -80 °C

before use.

One milligram of E. coli sample in lysis buffer was denatured at 37 °C for 30 min.

The reduction was performed by adding 1.7 pL of 1 M DTT in 100 mM NH4HCOs
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followed by incubation at 37 °C for 30 min. Alkylation was performed by adding 4.0
pL of 1 M IAA in 100 mM NH4HCOs solution followed by incubation in dark for 20
min. Then the proteins were desalted with a C4-trap column (Bio-C4, 3 um, 300 A,
4.0 mm i.d., 10 mm long) from Sepax Technologies, Inc. (Newark, DE) in an HPLC
system (Agilent Technologies, 1260 Infinity II). The proteins were eluted with 80%
ACN, followed by lyophilization with a vacuum concentrator (Thermo Fisher
Scientific). The dried samples were dissolved in 50 mM of NH4HCOs (pH 8.0) with a

2 mg/mL final concentration for the CZE-MS/MS analyses.
5.2.3. SEC fractionation

A 4.6 mm i.d. x 50 mm length SEC guard column (Bio SEC-3, guard, Agilent)
and a 4.6 mm i.d. x 300 mm length SEC separation column (Bio SEC-3, Agilent)
were coupled for SEC fractionation. An Agilent Infinity Il HPLC system was

employed for the experiment. Mobile phase was 0.1 % FA in water.

Roughly 500 pg histone extract (10 pg/uL) was dissolved in mobile phase and
then injected into the SEC columns for separation. The flow rate was set to 0.1
mL/min. Total 13 fractions were collected from 17 to 43 min (1 fraction/ 2 min). Then
a small proportion of each fraction was subjected to the BCA assay for the
measurement of protein concentration. 20 pL of each fraction was lyophilized and re-
dissolved in 30% (v/v) ACN in water to roughly 1 pg/pL. Fractions 1 and 2, fractions
12 and 13 were combined into two fractions due to low protein concentration.

Eventually, 11 fractions were subjected to CZE-MS/MS analysis.
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5.2.4. CZE-ESI-MS/MS analysis

An ECE-001 CE autosampler (CMP scientific, Brooklyn, NY) was used for
sample injection and separation. The autosampler was coupled to a Q Exactive HF
mass spectrometer (Thermo Fisher Scientific) through a third-generation
electrokinetically pumped sheath flow CE-MS interface (CMP Scientific, Brooklyn,
NY). A fused silica capillary (50/360 pm i.d./o.d., 103 cm long) was coated with LPA
based on reference [35]. Then one end of the capillary was etched with hydrofluoric
acid. There were three kinds of BGEs used in this work: 5% (v/v) AA in water, 20%
(v/v) AA in water, and 20% (v/v) AA in water containing 10% (v/v) isopropanol (IPA)
and 15% (v/v) dimethylacetamide (DMA). Sheath buffer was 0.2% FA with 10%
methanol. For E. coli sample, the pressure of 5 psi was employed for sample
injection, approximate 400 nL of samples were injected for each run. For the histone
sample, 5 psi was applied for 5 s for each sample. Based on Poiseuille’s law,
approximately 25 nL of each sample was injected. +30 kV was applied for
separation, and +2 kV was applied in the sheath buffer reservoir to generate
electrospray. The ESI emitter was pulled from borosilicate glass capillaries
(0.75/1.00 mm i.d./0.d.,10 cm long) with a Sutter P-1000 flaming/brown micropipette

puller. The opening size of the emitter was 30-40 um.

For E. coli sample, a top 5 DDA mode was used on the Q Exactive HF mass
spectrometer. For MS, a mass resolution of 240,000 at m/z 200 was used,
microscans was set to 3, AGC target was set to 1E6, maximum injection time was 50
ms and the scan range was from 600 to 2500 m/z. For MS/MS, we used 120,000
mass resolution, 3 microscans, 1E5 intensity threshold, 200 ms maximum injection

time, 4 m/z isolation window, 20% normalized collision energy. Only ions with charge
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state higher than 2 were selected for HCD fragmentation. The dynamic exclusion

was set to 30 s.

For histone sample, a Top 3 DDA method was used. For MS, the resolution,
AGC target, and maximum injection time were set to 120,000, 1e6 and 50 ms,
respectively. The scan ranges of MS and MS/MS were 400-1500 and 200-2000 m/z,
respectively. For MS/MS, the resolution, AGC target, and maximum injection time
were set to 60,000, 1e6 and 400 ms, respectively. The ions for MS/MS were isolated
in the quadrupole with an isolation window of 2 m/z, followed by fragmentation
employing a stepped HCD method with three-step normalized collision energy as
12%, 16% and 20%. Dynamic exclusion was set to 50 s. lons with charge states

lower than 7 were excluded for the fragmentation.

5.2.5. Data analysis

Raw files of the E. coli sample were analyzed by the TopPIC (TOP-down mass
spectrometry based proteoform identification and characterization) suite for
proteoform identification [37, 38]. Raw files were first converted to mzML files using
Msconvert tool. The mzML files were then analyzed by TopFD, a spectral
deconvolution and msalign file generating tool. The msalign files were then searched
by TopPIC against an E. coli database (UP000000625) and a zebrafish database
(AUP000000437) downloaded from UniProt. Cysteine carbamidomethylation was set
as a fixed modification. Error tolerances of precursor and fragment ions were 15
ppm. The maximum number of mass shift was 2. The maximum mass shift of
unknown modifications ranged from -500 to 500 Da. The FDRs were estimated by
the target-decoy database search approach [6,7]. A 0.1% spectrum-level FDR and a

0.5% proteoform-level FDR were employed to filter the data.
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Proteome Discoverer 2.4 sp software (Thermo Fisher Scientific) with the
ProSight PD top-down nodes was used for database search of histone sample. The
MS1 spectra were first averaged using the cRAWIer algorithm in Proteome
Discoverer. The precursor m/z tolerance was set to 0.2 m/z. For both precursor and
fragmentation Xtract parameters, the signal-to-noise ratio threshold, the lowest and
the highest m/z were set to 3, 200 and 2000, respectively. Then deconvolution was
performed by the Xtract algorithm followed by database search against a Bos Taurus
downloaded from http://proteinaceous.net/-database-warehouse-legacy/ in April
2018. A three-prone database search was performed: (1) a search was performed
with a 10-ppm mass tolerance of absolute mass for both MS1 and MS2; (2) a search
was performed with a 200-Da mass tolerance for MS1 and a 10-ppm mass tolerance
for MS2 for matching unexpected PTMs; (3) a subsequent search was performed to
find unreported truncated proteoforms with 10 ppm tolerance for both MS1 and MS2.
The target-decoy strategy was employed for evaluating the FDRs. For a possible ID,
FDR estimation was performed for each of three search strategies. Proteoform IDs
were filtered first using single FDR threshold from each search, and then by the
global FDR estimated by the best g-value in three searches. The identified
proteoform-spectrum matches (PrSMs), proteoforms and proteins were filtered using

a 1% FDR.

To ensure confident identification of histone proteoforms, we applied a C-score
filter to all PrSMs and proteoforms (C-score >3). The C-Score (Characterization
Score) is used to indicate how well proteoforms are characterized (e.g., location of
PTMs). A higher C-Score indicates better proteoform characterization. Proteoforms
with C-Scores higher than 3 are confidently identified and partially characterized,

Proteoforms with C-Scores higher than 40 are fully characterized. Because the
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backbone cleavage coverage of identified histone proteoforms are limited in this
work and it is challenging to accurately assign and localize PTMs on proteoforms
solely based on the matched fragment ions, all the PTM assignments and

localization in this work are tentative.

5.2.6. Calculation of per

The experimental plet was calculated using Equation (1),

Experimental per = (unit of cm? kV-1s1) (1)

(30—2) X tm

Where L is the capillary length in cm, tm is the migration time in s. The 30 and 2 are

separation voltage and electrospray voltage in kilovolts.

The predicted pef of proteoforms was calculated using six classical semi-
empirical models [14-16,18-20], Table 5.1. The number of charges (Q) of each
proteoform equals the number of positively charged amino acid residues within their
sequences (K, R, H, and N-terminus). The molecular mass (M) of each proteoform
equals the adjusted mass reported by the TopPIC. The length (N) of each
proteoform equals the number of amino acid residues within the sequence. Only
proteoforms without post-translational modifications (PTMs) were used for the

calculation of experimental plerand predicted pler.

The calculation of electrophoretic mobility relative difference (EMRD) was

performed using the following equation,
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experimental per —predicted per (abs) (2)
predicted pef(abs)

EMRD =

Where the predicted per (abs) is the absolute value of predicted per which can be
calculated using the following equation based on the correlation equation shown in

Figure 5.3B,

predicted per —0.016
0.11 (3)

predicted Lef (abs) =

With the assumption that our prediction model can accurately predict the perof

unmodified proteoforms, the absolute predicted per of each modified proteoform
calculated solely based on the proteoform sequence equals the et of its unmodified
counterpart. Therefore, the EMRD represents the relative difference in per between

the modified and unmodified proteoforms with the same protein sequence.

5.3. Results and discussion

5.3.1. Performances of different semiempirical models in predicting per of large-

scale proteoform IDs.

To evaluate the performances of six semiempirical models in predicting
proteoforms’ per, we generated a large-scale E. coli proteoform dataset using CZE-
MS/MS for this project. Technical triplicates were performed for each of three

different BGEs. About 500-1100 non-modified proteoforms were used for the per
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calculations. The molecular mass of proteoforms ranged from 1.5 kDa to 30 kDa. We
also assumed that the electroosmotic flow (EOF) in an LPA-coated capillary with an

acidic BGE was extremely low [27].

The results of semiempirical models are shown in Table 5.1. For Cifuentes’s
model, we obtained the final equation (5) based on the original equation (4) in ref.

[19] via omitting the prefactor 900.

Uer = 900X 1H035XQ “IV*I(‘,’fflx ) 4)

_ In(1+0.35XQ)
Mef = T o (5)

Where Q is the number of charges and M is the molecular mass of each proteoform.

171



Table 5.1. Summary of the linear correlations between experimental pef and
predicted pef of E. coli proteoforms using different semi-empirical models and under
various CZE conditions.*

BGE

10% (v/v) IPA
15% (v/v)
Semi-empirical model 5% (viv) AA | 20% (v/v) AA
DMA

20% (viv) AA

R?2 |[Slope | R? | Slope | R? | Slope

In(1+0.35*Q)/ Cifuentes and

poppe [19.21] | 097 | 022 098 | 026 | 0.98 | 051
M0.411 ,

Grossman et al.

INn(1+Q)/N0-435 076 | 1.72 | 0.82 | 21 0.82 4.4
[18]

Q/M?3 Offord [14] 093 | 0.25 | 0.94 | 0.29 | 0.92 | 0.58

Q/MO0-56 Kim et al. [16] 090 | 0.65 | 0.89 | 0.74 | 0.82 1.4

Q/MY2 Tanford [15] 0.86 1.1 | 0.84 1.2 0.74 2.3

Reynolds et al.

Q/MY3 0.72 46 | 069 | 52 0.52 9.0

[20]

* Only proteoforms without PTMs were used. The R? and slope values were from the
mean of the triplicate CZE-MS/MS runs, and the standard deviations of the R? values
from the triplicate analyses were about 0.01.

The Cifuentes’s model produced the best linear correlation (R?: 0.97-0.98)
between the predicted and experimental et of proteoforms according to the R?
values for the three CZE conditions, followed by the Offord’s model (R?: 0.92-0.94)
and Kim’s model (R?: 0.82-0.90). The Reynolds’s model generated the lowest
correlation coefficient (R% 0.52-0.72). The Cifuentes’s model obtained a drastically

better linear correlation regarding the R? value than the Grossman’s model (0.97 vs.
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0.76 for the 5%AA BGE) and the two models have two differences, M%411 vs, N0-435
and 0.35*Q vs. Q. After a more detailed study using the 5%AA BGE data, we figured
out that the R? value of the Grossman’s model could be boosted from 0.76 to 0.94 by
simply changing the Q to 0.35*Q. Only a minor effect on the R? value was observed
by changing N%435to M%411, We note that the slopes of the linear correlation curves
from the two best models (the Cifuentes’s model and the Offord’s model) are
comparable for the different CZE conditions, e.g., 0.22 vs. 0.25 for the 5%AA BGE,
and are obviously smaller than that from other models, suggesting that the predicted
Het from these two models are much smaller than that from other four models and
significantly smaller than the experimental plet. We can add a CZE condition-
dependent prefactor to the Cifuentes’s model to match the predicted and

experimental ef.

The data here represents the first try of predicting pef of proteoforms using large-
scale top-down proteomics datasets. The great correlation between experimental e
and predicted per from the simple Cifuentes’s model further implies that the per of
proteoforms in CZE can be predicted easily. The predicted per of proteoforms

discussed in the following parts were obtained from the Cifuentes’s model.
5.3.2. Evaluation of the influence of BGE to Ler prediction

We evaluated how the BGE of CZE influenced the per of proteoforms, Figure 5.1.
When the AA concentration in BGE increased from 5% to 20% and when 10% (v/v)
IPA and 15% (v/v) DMA were added into the BGE, the experimental plef Of
proteoforms decreased. Two possible reasons exist for that phenomenon. First, the
lower pH of 20% (v/v) AA and the organic solvents unfold the proteoforms more

completely, enlarging the size of proteoforms and reducing their mobility. It has been
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reported recently that in CZE protein size can increase significantly due to unfolding
when the pH of BGE decreases [39]. Second, the lower pH of 20% (v/v) AA and the
organic solvents further eliminate the residual EOF in the capillary. In addition, when
20% (v/v) AA with or without 10% (v/v) IPA and 15% (v/v) DMA was used as the
BGE, a better linear correlation was observed compared to the 5% (v/v) AA (0.98 vs.
0.96). For the BGE containing 20% (v/v) AA, 10% (v/v) IPA, and 15% (v/v) DMA, the
absolute value of predicted per is much closer to that of experimental per compared to
the other two BGEs, indicated by the much larger slope of the linear correlation
curve (0.51 vs. 0.20-0.25). The number of outliers from the BGE containing IPA and
DMA is also much smaller compared to the other BGEs. The results suggest that
adding some organic solvents to the BGE of CZE could benefit the prediction of es
of proteoforms. There is also some evidence in the literature. For instance, in 2000,
Katayama et al. demonstrated that the use of methanol in BGE could improve the
correlation between predicted per and experimental plet of peptides [40]. We
speculate that the organic solvents (IPA and DMA) in the BGE facilitate the complete
unfolding of proteoforms, leading to better prediction of their per. It has been reported
that certain types of polar solvents such as dimethyl sulfoxide (DMSO),

dimethylformamide (DMF), and formamide have the ability to unfold proteins [41,42].
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Figure 5.1. Linear correlations between predicted per and experimental per of
proteoforms from E. coli cells under various CZE conditions. Only nonmodified
proteoforms were used, and the data was from a single CZE-MS/MS run.
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5.3.3. Performance of predicting Her of proteoforms with certain PTMs

We then tested the Cifuentes’s model on our published zebrafish brain (optic
tectum (Teo)) data and evaluated the performance of the model for predicting per of
proteoforms with certain PTMs (i.e., N-terminal acetylation and phosphorylation) [29].
When we only used nonmodified proteoforms, the predicted per and experimental e
showed reasonably good linear correlations (R?=0.96). We then further included the
proteoforms with N-terminal acetylation and/or phosphorylation in the analysis. The
zebrafish Teo data from one CZE-MS/MS run was used, which included 1163
nonmodified proteoforms, 92 proteoforms with only N-terminal acetylation, 3
proteoforms with one phosphorylation site, and 2 proteoforms with both N-terminal
acetylation and one phosphorylation site. N-terminal acetylation and phosphorylation
can reduce the proteoforms’ charge by one charge unit in theory. Figure 5.2A shows
the linear correlation between the experimental and predicted per for these post-
translationally modified proteoforms (97 in total) regardless of the PTMs. First, the
linear correlation is poor (R>=0.76). Second, it is clear that the addition of one
acetylation modification or one phosphoryl group to a proteoform can decrease its
mobility significantly. After considering the effect of these PTMs on the proteoforms’
charge, we corrected the charge (Q) in the Cifuentes’s model. We achieved a linear
correlation for the 97 proteoforms with PTMs (R?=0.92) after we adjusted the Q by -
1, -1 and -2 for proteoforms with N-terminal acetylation, proteoforms with one
phosphorylation site, and proteoforms with both N-terminal acetylation and
phosphorylation, respectively, Figure 5.2B. The results show that the proteoforms’
charge shifts are very close to the theoretical contributions of N-terminal acetylation
and phosphorylation. Additionally, the results suggest that the per of proteoforms with

N-terminal acetylation and phosphorylation could be predicted as accurately as
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nonmodified proteoforms (R? 0.92 vs. 0.96). We note that some outliers exist in
Figure 5.2B due to two possible reasons. First, for these outliers, their experimental
Hef values are larger than the predicted values, most likely due to the incomplete
unfolding of these proteoforms in the BGE used in the experiment (10% (v/v) AA, pH
2.2). Second, since the proteoform IDs were filtered by a 0.5% FDR, some of the

outliers could be simply the wrong proteoform IDs.
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Figure 5.2. Linear correlations between predicted per and experimental per of
proteoforms from zebrafish optic tectum (TEO). Nonmodified, N-terminal acetylated,
and mono-phosphorylated proteoforms were employed. In (A), the charge of
proteoforms in the BGE (Q) was calculated by counting the positively charged amino
acid residues (K, R, H, and N-terminal) regardless of the PTMs. In (B), the charge of
proteoforms (Q) was corrected based on their PTMs. For example, one charge
reduction corresponded to one N-terminal acetylation or one phosphorylation.

5.3.4. Electrophoretic mobility prediction of histone proteoforms

To test the performance of the prediction model on highly charged proteins, we
coupled SEC fractionation to CZE-MS/MS for analysis of the calf histone sample to
boost the number of histone proteoform IDs. We fractionated the histone sample into
11 fractions using SEC. Then each fraction was analyzed by CZE-MS/MS. The SEC-
CZE-MS/MS identified 48 proteins, 405 proteoforms, and 7832 PrSMs. The data

were filtered with 1% FDRs and C-Score better than 3. Among the 405 proteoforms,
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173 had C-score higher than 40 (43%), 390 were histone proteoforms and 15 were

proteoforms of other proteins.

We evaluated the model in predicting per of histone proteoforms. Only
proteoforms or PrSMs having C-score higher than 3, -log P-value higher than 11.5,
and mass error less than 20 ppm were used for percalculation. As illustrated in
Figure 5.3A, the correlation coefficient (R?) between the predicted and experimental
Het of unmodified histone proteoforms was 0.96, which is lower than that in our
previous report (0.98), Table 5.1. The prediction model, as shown in the eq (5),
contains two terms: the charge, represented by the logarithmic value of the
prefactored charge (Q) of a proteofrom, and the size, represented by the value of the
proteoform’s mass (M) to the power of 0.411. To improve the correlation between the
predicted and experimental et Of histone proteoforms, we optimized the prediction
model via independent adjustments of the size and charge terms. Little improvement
was observed by adjusting the size term. Interestingly, by reducing the prefactor of Q
from 0.350 to 0.233, the correlation coefficient (R?) was improved to 0.98, Figure
5.3B. The prefactor of Q was originally introduced to compensate the charge
suppression, which resulted from mutual electrostatic interactions of the charged
groups in the peptides/proteins [13]. The charge suppression becomes more
significant in highly charged peptides/proteins because when the total charge of an
analyte increases, the effect of any additional charge on its er decreases [18,43].
Histones are highly charged in acidic BGE, so that the charge suppression in the
enriched histone sample ought to be strong, leading to the need for a smaller
prefactor of Q for accurate prediction of per. Unless stated otherwise, the eq (6) is

used for predicting the pet of histone proteoforms in the work.
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In (1+0.233XQ)

Predicted pef= — oAt (6)

We then evaluated the influence of PTMs on the charge and pes of histone
proteoforms. Certain PTMs such as N-terminal acetylation and phosphorylation
reduce the charge (Q) of peptides/proteins by roughly one charge unit as
demonstrated in Figure 3.8 and in Figure 5.2, thus decreasing their per significantly.
To perform quantitative evaluation on the influence of PTMs to per of histone
proteoforms, we defined the electrophoretic mobility relative difference (EMRD), a
parameter that represents the influence of a PTM to the pet of a proteoform. The
detailed calculation of EMRD is in the experimental section (eq (2) and eq (3)). In
theory, the EMRDs of N-terminal acetylated histone proteoforms tend to be less than
0 compared to the unmodified proteoforms due to the fact that the PTM reduces the
number of positive charges of proteoforms in CZE. A dataset containing 89 histone
proteoforms, of which 48 were unmodified and 41 had only N-terminal acetylation,
was used. As shown in Figure 5.3C, the EMRDs of unmodified histone proteoforms
centers around zero as expected. The median of EMRDs of N-terminal acetylated
histone proteoforms is below 0, indicating that N-terminal acetylation indeed has

negative effect on the per of histone proteoforms.
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Figure 5.3. Correlations between predicted per and experimental per of unmodified
proteoforms of calf histones before the model optimization using a pre-factor of
0.350 to Q (A) and after model optimization using a pre-factor of 0.233 to Q (B). (C)
Box plots of EMRDs of unmodified and N-terminal acetylated proteoforms. (D) The

R? values between predicted and observed yer when different charge adjustment was
made to N-terminal acetylated proteoforms.

We further evaluated the charge reducing effect of N-terminal acetylation on
histone proteoforms. A high R? value of 0.976 was gained between the observed and
the predicted per Of all proteoforms in the dataset even without any charge
adjustment (charge adjustment unit = 0) to the N-terminal acetylated proteoforms,
suggesting that the per difference between a N-terminal acetylated histone
proteoform and its unmodified counterpart is small due to histones’ high charge-to-
size ratios, Figure 5.3D. Because histones are highly charged in the 5% (v/v) AA
(pH 2.4) BGE, the changes in charge (Q) caused by the N-terminal acetylation have
limited overall impact on their charge-to-size ratios in our CZE conditions, leading to

small effect on their per. Interestingly, when we reduced the positive charge (Q) of N-
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terminal acetylated histone proteoforms stepwise, we observed the best R? value
when the charge (Q) was reduced by 1 unit, Figure 5.3D. The data here highlight the
challenges of achieving baseline separations of different proteoforms of one histone
protein using our CZE condition. We need to note that the CZE conditions (e.g., BGE
composition) can modulate the per of histones substantially as demonstrated by the
works from the Zhong group [44,45]. We expect that systematic optimizations of the
CZE condition could amplify the effect of the PTMs (e.g., N-terminal acetylation) on
histone proteoforms’ per, thus leading to better separations of modified and

unmodified histone proteoforms.

5.4. Conclusions

In summary, in this work, for the first time, we evaluated various semi-empirical
models for predicting proteoforms’ et using large-scale top-down proteomics
datasets. Using a simple semi-empirical model, we achieved a linear correlation
between experimental per and predicted per of E. coli proteoforms and histone
proteoforms (R?=0.98). We note that some effort has been made on predicting
retention time of proteins in RPLC using simple protein mixtures based on
complicated models, producing reasonable correlations between predicted and
experimental retention time (R?=0.86-0.90) [11,46,47]. We also note that our current
study still has some limitations. First, the proteoforms used in this study have
masses lower than 30 kDa. Top-down proteomics datasets of large proteoforms
using CZE-MS/MS are required to expand the model into a wider range of
proteoforms in mass. Second, the number of proteoforms with PTMs (i.e., acetylation

and phosphorylation) used here is small, less than 100. Larger numbers of
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proteoforms with PTMs are extremely important for improving the model for post-

translationally modified proteoforms.
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CHAPTER 6. Conclusion and Discussion

This dissertation discussed three improvements in proteomics. First, we
improved the low loading capacity of CZE which boosted the performance of CZE-
MS in BUP. After systematically optimizing dynamic pH junction, an online stacking
method, we improved the loading capacity of CZE from nL scale to sub-pL scale
which opened the door to large-scale BUP using CZE-MS [1]. We then coupled
peptide fractionation with the optimized CZE-MS method to approach large-scale
profiling of the mouse brain proteome digest and the human cancer cell line
phosphoproteome digest [2,3]. We reconfirmed the complementarity in peptide
identification and phosphopeptide characterization between the 2D-LC-MS/MS and
SCX-RPLC-CZE-MS/MS. Second, using both 2D-LC and high-pH RPLC-CZE
platforms, we built the largest quantitative proteome dataset to date, which depicted
the zebrafish proteome dynamics during early embryogenesis. In the database, we
found the wave-like expression patterns of TFs which may imply their functions
during zebrafish early embryonic development. Third, we explored the possibility of
using a semi-empirical model for predicting proteoforms’ per as an alternative method
for validating proteoform IDs [4,5]. The experimental and predicted per of the calf
histone, E. coli, and zebrafish proteoforms were linearly correlated suggesting that
accurate pef prediction can be achieved. The result also showed the great potential
of using the model for further evaluation of proteoform ID confidence.

Future studies should consider using longer capillaries [6] and higher separation
voltage [7] to further improve the separation window and peak capacity. Besides, we

can couple the ion mobility techniques such as high field asymmetric waveform ion
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mobility spectrometry (FAIMS) to CZE to further boost the sensitivity of the platform
[8,9].

To better understand early embryogenesis, we expect the combination of loss-of-
function studies and quantitative proteomics would provide significant insight into TF
functions and their relationship to important embryonic events such as
organogenesis. PTMs on histones play important regulatory roles in gene expression
[10]. To study the specific function of histone PTMs in early embryogenesis, top-
down proteomics analysis of zebrafish histones can be performed using CZE-
MS/MS.

Although we provided a prediction model that has a linear correlation between
the predicted and experimental s of proteoforms, we noted that only unmodified,
single phosphorylated, and N-terminal acetylated proteoforms were studied using the
semi-empirical model so far. To evaluate the influence of specific PTM on
proteoforms’ migration in CZE, one should consider enriching the low-abundant
proteoforms with the specific PTMs (i.e., lactylated proteoforms) prior to CZE-MS
analysis. Protein sequence specific factors should be explored and integrated into

the model as well [11].
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