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ABSTRACT
DEVELOPING ULTRASENSITIVE MS-BASED PROTEOMIC PLATFORMS FOR THE
CHARACTERIZATION OF MASS-LIMITED SAMPLES
By
Zhichang Yang

Single cell analysis such as single cell sequencing has shed invaluable light on
cellular heterogeneity and understanding molecular mechanisms such as cell
differentiation. Modern single cell sequencing techniques have achieved throughput of
analyzing thousands of single cells per day with sequencing depth of thousands of
genes. Proteins play vital roles in almost all biological processes and have been crucial
biomarkers for disease diagnosis and drug development. Unlike DNA and RNA
molecules, protein molecules can’t be amplified, making the large-scale characterization
of proteins (proteomics) challenging for mass-limited samples such as single cells.
Novel proteomics methodologies with extremely high sensitivity are vital for analysis of
mass-limited samples. This work focuses on developing ultrasensitive Mass
Spectrometry (MS)-based proteomics platforms to enable large-scale proteome profiling
of mass-limited samples.

In Chapter 2, we applied nanoRPLC-CZE-MS/MS platform for large scale
proteome profiling on 5 pug of a MCF7 cell digest. The digest was fractionated by the
nanoRPLC, followed by dynamic pH junction based CZE-MS/MS. The nanoRPLC-CZE-
MS/MS produced over 7500 protein IDs and nearly 60000 peptide IDs from the 5-ug
MCF7 proteome digest. It reduced the required amount of complex proteome digests for

LC-CZE-MS/MS-based deep bottom-up proteomics by two orders of magnitude.



In Chapter 3, we improved the sensitivity of the nanoRPLC-CZE-MS/MS system
drastically. The improved system identified 6500 proteins from a MCF7 proteome digest
starting with only 500-ng peptides using a Q-Exactive HF mass spectrometer. In
addition, we coupled single spot solid phase sample preparation (SP3) method for
sample preparation on 5000 HEK293T cells, resulting in 3689 protein IDs with the
consumption of a peptide amount that corresponded to only roughly 1000 cells.

In Chapter 4, we developed a Nanoparticle-aided Nanoreactor for
Nanoproteomics (Nano3) technique for processing few mammalian cells for bottom-up
proteomics. The Nano3 technique employed nanoparticles packed in a capillary channel
to form a nanoreactor (<30 nL) for concentrating, cleaning, and digesting proteins
followed by nanoRPLC-MS/MS analysis. The Nano3 method identified 40-times higher
number of proteins from 2-ng mouse brain protein samples compared to the low volume
SP3 method. The Nano3 method was further applied in processing 10-1000 HelLa cells
for bottom-up proteomics, producing 1084 + 287 (N=4) protein IDs from only 10 HelLa
cells using a Q-Exactive HF mass spectrometer.

In Chapter 5, we developed a universal sample preparation method for
denaturing top-down proteomics (dTDP), and the method combined the sodium dodecyl
sulfate (SDS)-based protein extraction and the membrane ultrafiltration (MU)-based
protein cleanup. The MU method outperformed CMP (chloroform-methanol
precipitation) and SP3 methods, resulting in high and reproducible protein recovery from
both E. coli cell (59+3%) and human HepG2 cell (86+5%) samples without a significant
bias. The assay afforded identification of various post-translational modifications and

protein containing transmembrane domains through top-down analysis.
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1CHAPTER 1. Introduction

1.1 Single cell analysis

Cell is the fundamental structural and functional units of living organisms. It is
essential to study the composition of the biological molecules in cells, to have a
comprehensive understanding of cell functions and intercellular interactions. The
studies of collective characterization of the biological molecules are called -omics,
including genomics, transcriptomics, proteomics and metabolomics etc., regarding the
specific molecule type for characterization. Most -omics studies are implemented on
either a mixture of heterogeneous cells or on sorted subpopulations, usually containing
millions of cells, and are called bulk analysis. Bulk analysis is usually performed with
easily accessible and well-established techniques with high accuracy and precision.
However, bulk analysis can only provide average measuring of the compositional
change of biological molecules between samples, i.e., with bulk analysis, the
heterogeneity of individual cells is lost. Even in one cell type, various subtypes of cell
populations exist, and they have distinct gene expression profiles.>? Even under
seemingly stable and identical environment, cells can display heterogeneous
behaviors.® As shown in Figure 1.1, cellular response is monitored as a function of
inducer concentration. When signal molecule (i.e., inducer) is below the average
threshold level, no cellular response is observed through bulk analysis. However, by

checking individual cells, a small fraction of cells are already turned on. The number of

1 Part of this chapter was adapted with permission from: Yang, Z.; Sun, L., Analytical Method 2021, 13,
1214-1225.



cells respond to the inducer increases when the inducer concentration keeps
increasing. When the concentration of the inducer is well above the threshold, the
cellular response saturates, indicating fully turned-on of cells to stimulus. However,
there is still a small portion of cells not responding, possibly due to mutation or cell
death.* The cellular heterogeneity has essential biological significance. During the early
embryogenesis, blastomeres in one embryo gradually differentiate from each other at
the molecular level (e.g., protein), establishing the foundation for organogenesis.>*®
Strong protein-level heterogeneity across cancer cells in one tumor makes drug

development for cancer treatment challenging.’-°

Bulk cellular response

Inducer concentration

Figure 1. 1 Bulk measurement might not manifest the heterogenous response of
cells to stimulus. Reproduced from ref. 4 with permission from Springer Nature,
copyright (2003).

Single cell analysis has been applied in genomics and transcriptomics. In 1988,
Li et. al. reported the very first analysis of DNA sequence in single diploid cell.®° Two
years later. Brady et al. reported a single cell transcripts analysis of hemopoietic cell.'!

In 2006, Kurimoto reported an innovative cDNA amplification strategy for single cell



microarray analysis, which improved gene expression profile accuracy and
reproducibility.*? A modified protocol of the cDNA amplification was reported by Tang et
al. in 2009 and achieved full-length capture of cDNA with no bias. 1,753 previously
unknown splice junctions were identified, and more gene expressions were detected at
single-cell resolution than microarray assay with hundreds of cells.'® In 2012, a mMRNA
sequencing strategy on single cell called Smart-Seq was developed.* This sequencing
strategy resolved the issue of lacking technique-control to distinguish truly biological
variation from technique variation, and the inability of generating whole read coverage
of the transcripts. Circulating tumor cells from melanoma were analyzed by Smart-Seq.
Distinct gene expression patterns indicating possible disease biomarker were
identified.'# Intrinsic characteristics of nucleotide-based molecules (i.e., DNA, RNA)
enables the use of barcode to differentiate molecules from different samples so that
pooling and parallel analysis of thousands of single cells are possible. As a result, the
reproducibility and throughput of single cell analysis can be significantly improved.°16
Combining microfluidic strategy and barcoding, a technique called inDrops (index
droplet) was developed by Klein et al. and achieved tens of thousands single cell
transcriptomics analysis with great sequencing depth.’ In inDrops, Single cells were
uniquely barcoded with an oligonucleotide primer (one out of 147,456 synthesized
primers) within an oil-formed-droplet through well-controlled microfluidic device. mMRNA
from the single cell was barcoded during synthesis of complementary DNA. After
barcoding, droplets were broken and material from thousands of cells was pooled for
sequencing (Figure 1.2). Informative insights of embryo development were revealed

through the inDrops technique when it was applied to study single blastomeres from



zebrafish and Xenopus laevis embryos.518

°,° Encapsulation i " .
MO 20 Regz‘s.e;’ﬁ‘"gcé'ﬁ":’s" Library preparation
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e .: ..' primer mRNA droplet
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cleavable barcode

linker

Figure 1. 2 A platform for DNA barcoding thousands of cells. Cells are
encapsulated into droplets with lysis buffer, reverse-transcription mix, and hydrogel
microspheres carrying barcoded primers. After encapsulation primers are released.
cDNA in each droplet is tagged with a barcode during reverse transcription. Droplets are
then broken and material from all cells is linearly amplified before sequencing. UMI =
unique molecular identifier. Reproduced from ref. 17 with permission from Elsevier,
copyright (2015).
1.2 Importance of protein analysis and proteomics

Proteins play central biological functions in cells and are involved in every
biological process within cells including catalyzing metabolic reactions, regulating DNA
replications, expression and repairing, providing structure to cells and tissues and
transducing signals for cell communications etc. The central dogma describes a flow of
information passing from DNA to RNA through transcription and from RNA to protein
through translation. There are about 20,000 encoding genes in human, but millions of
proteins with different forms due to alternative splicing, genetic variants and protein

post-translational modifications (Figure 1.3.). These events create highly related but



chemically different protein variants performing distinct biological functions. Taken
histone, a highly modified protein that packs DNA molecules into nucleosome, as an
example. Histone plays central roles in gene regulation. Genes will be turned on or off
based on the modification states of amino acids in histones. A variety of modifications
such as methylation, acetylation and phosphorylation occur in the tail domain of the
histone dynamically.'® Enzymes transducing the modification to the amino acids are
very specific to the particulate amino acid positions.2%?! The combination of the
modifications not only alters the structure of chromatin and the interaction between DNA
and histones, but also forms a “code” that is read by other proteins. It has been found
that the histone code regulates gene expression, DNA repairing and chromosomal
condensations with complex mechanisms.?? The fact that highly complex proteins with
different forms performing distinct functions, represents an example of how genome

information is not enough to explain phenotype differences.
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Figure 1. 3 Central dogma of molecular biology. The gene variants such as single
nucleotide polymorphism (SNP) at DNA level, the alternative splicing at mRNA level,
and the post translational modification (PTM) at protein level may all contribute to the
difference of phenotype from same genotype.

Another reason of the significance of protein characterization, is that genome-
wide correlation of mMRNA and protein is poor, even though gene expression can be
guantitatively analyzed at both mRNA level and protein level. Studies found that only
40% of variance in protein expression can be explained by changes at transcripts
level.??2 Source of poor correlation may come from different MRNA and protein stability,
different efficiency of translation, and alternative splicing products of transcripts.
Proteins were also found being more stable, more abundant and spanning higher
dynamic range than mRNA 2224

Similar to the concept of genome and transcriptome, proteome is a
representation of entire component of proteins in the biology system. Study of the

proteome is called proteomics, includes but not limits to identification and quantification



of the entire set of proteins and PTMs, exploring protein interactions and protein high
order structures.?®

Mass spectrometry-based proteomics has become one of the major tools to
measure protein molecules in a biological system at a global scale. Studies on protein
identity, quantity, PTMs, localization, temporal and spatial dynamics, and even
structural assembly have been implemented using MS-based proteomics. One of
ultimate goals of proteomic research is comprehensive profiling of whole proteomes of
cells. Normally, a comprehensive profiling study requires at least tens of micrograms of
starting protein material. The requirement of large amount of protein material is mainly
due to two reasons: first, protein abundance in cells can have very high dynamic range,
from one copy per cell to millions of copies per cell, and second, sensitivity of modern
MS-based platform is not high enough.?5-28 The protein mass in a single human somatic
cell is on the order of sub-nanogram.?®:3° Unlike mMRNAs and DNAs, protein molecules
cannot be amplified. The application of oligonucleotide barcode is also not feasible for
protein analysis, preventing pooling thousands of single cells to improve throughput and
protein abundance. Hence, technique advancement for single cell proteomics is highly
desired. With the advance of MS instrumentation, single ion detection is possible.31:32
The state-of-the-art proteomics platforms have also achieved the sensitivity of 1-100
zmol for proteins.??33-38 Mammalian cells can express 12,000 to 15,000 different
proteins spanning 7 orders of magnitude in concentration. With the modern proteomic
techniques, over 4,000 proteins could be identified in theory from a single mammalian
cell. However, only few studies have reported the identification of hundreds of proteins

from single human cells.38:39



Technical breakthrough in developing extremely sensitive proteomic
methodologies will enable global characterization of proteins in a small number of cells
and even single cells, leading to substantial impact on the understanding of various
biological questions in cancer biology, developmental biology, neuroscience, etc.

1.3 Mass spectrometry-based proteomics
1.3.1 Electrospray ionization

Electrospray ionization mass spectrometry (ESI-MS) is one of the most important
techniques for proteomics study. ESI can produce multiple charged ions with minimum
or no fragmentation, allowing characterization of large biological molecules. Briefly, ESI
utilizes electrical energy to transfer ions from liquid phase to gas phase for MS
analyzing. For positive mode ESI-MS, chemicals such as acetic acid or formic acid are
added into the solution to facilitate ionization and provide protons for analytes. With the
high voltage applied, charged droplets are formed at the electrospray tip when liquid
phase analytes exit the emitter. Solvent in the droplet evaporates very fast in condition
of high voltage and high temperature, leading droplet size reducing and surface charge
increasing. When the electric field strength within the droplet reaches to a critical point,
namely Rayleigh limit, droplets fissure into smaller droplets until gaseous ions are
generated. Charged gaseous ions are then introduced into MS inlet by electric field for
analysis (Figure 1.4).4%42 The no fragmentation nature of ESI allows intact mass to be
characterized for large biological macromolecule such as proteins and peptides. The
fact that multiple charges are deposited onto the large molecules increases the mass

range MS can analyze.
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Figure 1. 4 Electrospray ionization process.
1.3.2 Top-Down and bottom-up proteomics

Depends on whether proteins are digested by proteolysis protease or not,
proteomics study can be categorized into bottom-up proteomics and top-down
proteomics. In top-down proteomics, proteins are directly analyzed by MS without
enzyme cleavage. Without digestion, it is possible to achieve full sequence coverage
characterization of proteins.

In bottom-up proteomics, proteins are digested into peptides by proteolysis
protease such as trypsin because trypsin cuts the carboxyl side of amino acid lysine
and arginine with high specificity.#344 In this way, all peptides contain at least two basic
sites for protonation (N-terminus and C-terminus with lysine or arginine), which is
beneficial for peptide ionization and fragmentation. The proper frequency occurrence of
lysine and arginine in protein renders length of tryptic peptides in the range of 10-20
amino acids, which places peptide in ideal m/z range for MS analysis when multiply
charged.

In top-down proteomics, the intact mass measurement and fragmentation-

assisted sequencing afford preservation of PTM information, which could be very



challenging to localize among proteins with high sequence similarities in bottom-up

proteomics (Figure 1.5A). However, the large size of proteins leads multiple charge

states of a protein and consequently dilutes the MS signal into multiple charges states

channels. Bottom-up proteomics on the other hand, does not suffer from the signal

dilution since most tryptic peptides carry only 2 or 3 charges (Figure 1.5B). Thus,

bottom-up proteomics usually has higher sensitivity*>4% and is mainly used in trace

proteomics and single cell proteomics study.
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Figure 1. 5 Top-down and Bottom-up proteomics. (A) Determination of proteoforms
and PTMs from top-down and bottom-up proteomics. It is challenging to allocate PTMs
when sequence-similar proteins are digested into peptides in bottom-up proteomics.
Pho: phosphorylation. Met: methylation. (B) Charge states distribution of protein and
peptides.
1.3.3 Tandem mass spectrometry

Mass spectrometer measures molecular mass of gas-phase ions through the
motions of ions in magnetic/electric field.4” The interaction of ions with magnetic/electric

field also depends on the elementary charge the ions carry (charge state). Mass
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spectrometers acquire the ratio of molecular mass to charge states of ions (m/z) and
determine the charge states through isotopic pattern of ions. With known m/z and
charge states, the molecular mass can be calculated straightforwardly. The presence of
isomeric and isobaric species in complex sample makes it challenging for peptide
identification with intact molecular mass only (usually acquired through full MS can
(MS1)). Fragmentation on peptides backbone is usually required and a tandem MS
scan (MS?) of fragment ions provides additional level of specificity. Tandem MS occurs
when consecutive MS scans of fragment ions that are produced by dissociation of
interrogated intact molecular ion. The use of intact ion mass and corresponding
fragment ions mass series enables accurate identifications of peptides. For peptide
Identification, the empirical tandem MS spectra is compared with database containing
theoretical tandem MS spectra. In general, protein sequences derived from open
reading frames of Genome are subjected to in silico digestion with designated cleavage
specificity (depends on enzyme used for digestion). The consequential peptides are
then fragmented with specific fragmentation patten based upon the applied
fragmentation strategy to generate the database for comparison. In bottom-up
proteomics, identified peptides were used for their origin proteins identification and
quantification. This type of experiment is called “shotgun” proteomics.*8-5°
1.3.4 Fragmentation of peptides

In The most commonly used methods to generate fragment ions from peptides
for tandem MS is collision-induced-dissociation (CID). In general, peptide ions are
accelerated and collide with natural gas molecules such as helium or argon in the cell.

The kinetic energy is imparted to the ions and when the energy is above the threshold
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of energy needed to break a bond, fragmentation occurs.>* The most prevalent fragment
ions introduced by CID are b-type and y-type when fragmentation occurs at peptide
bond (Figure 1.6). With known fragment pattern of peptides, assignment of tandem MS
spectra to theoretical spectra is much easier.

Peptides with labile PTMs such as phosphorylation and glycosylation can go
through PTM loss during CID fragmentation due to the low fragmentation energy
threshold of the bond between PTM and peptides, making PTM mapping a challenge
task if CID is applied to generate tandem MS.3%,52

Electron capture/transfer dissociation(ETD/ECD) on the other hand, can be
alternative fragmentation strategies for peptide sequencing.3>* In ETD, multiply
charged ions receive electrons from radical anion produced from reagent such as
fluoranthene and become radical cations, [M+nH](n-1)+.. The radical cations introduce
rapid and facile fragmentation at N-C bond and generate z and c type fragment
ions( Figure 1.6).> ECD is very similar to ETD, with only electrons produced from
emitter cathode are captured by multiply charged ions directly. The fact that the process
of imparting internal energy to peptide ions is faster than the rate of energy
randomization, leads fragmentation not necessarily on the weakest bond as that of
CID.3! As a result, ETD/ECD usually introduce fragmentation on the peptide backbone

and preserve well the PTM information.

12



o
1<

-

| —p———

-—-1

O——

1
1
1
1
|
-

(o]

o

Figure 1. 6 Nomenclature of fragment ions of peptide.
1.3.5 Database searching

Spectra matching for peptide identification is usually performed through
computational database searching.%5-%’

Briefly, the protein sequences of a proteome in the database are subjected to in-
silico digestion following specific enzyme cleavage rules, e.g., tryptic peptides are
produced from protein cleavage at the C-terminal of lysine and arginine. The resulting
peptide list is serving as a master peptide list to which the empirical interrogated peptide
mass compares with specified mass tolerance. With high resolution mass analyzer, the
mass tolerance is usually set at ppm level. Subsequently, the MS/MS spectra are then
compared against the theoretically possible fragment ions that are generated with
specific fragmentation patterns from possible peptides. each comparison will be
assigned a match score to estimate how close the empirical to the theoretical is.%®
Multiple factors could affect the score of peptide matching, such as number of matching

fragment ions observed in empirical MS2 spectra, mass accuracy and intensity of
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fragment ions. In addition to searching in target (i.e., normal) proteome database, A
decoy database (usually a database with reverse sequence or randomized sequence of
the target database) searching is usually performed®® to estimate statistically the false
discovery rate (FDR) of the matching. It has been proved that matching in the decoy
database can be a good estimation of the false matching in the target database.®° The
FDR is usually set at 1% level for a shotgun proteomics database search. The identified
peptides were then mapped back to the identification of proteins. A general workflow of

bottom-up proteomics is shown in Figure 1.7.
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Figure 1. 7 General workflow of bottom-up proteomics.
1.3.6 Protein quantification in shotgun proteomics

Quantitative analysis of proteins provides insight of biological states of cells and
tissues and has contributed significantly to understanding biological questions.! In
shotgun proteomics, signal intensities from peptide precursor ions or fragment ions are

usually used to estimate relative abundance change across samples.
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To address technigque variation from multiple-step sample handling and
instrument measurement, isotopic labeling strategies are developed to achieve relative
quantification®?-%° or absolute quantification of proteins from samples.®® Tandem mass
tag (TMT) is a representative of quantification techniques using isotopic labeling for
relative quantification of proteins.®* The tag contains an amine-reactive group that can
react with amine group in peptides (Figure 1.8). Once fragmented, the reporter group is
cleaved, and its relative intensity is used to indicate the relative abundance of labeled
peptides across samples. The mass normalizer is used to balance the molecular mass
of labeled peptides, so that same peptides from different sample source have exact
same molecular mass after being labeled. Because same peptides from different
sample source have same hydrophobicity and molecular mass, ensuring co-elution and
co-isolation for fragmentation, the application of TMT labeling affords accumulation of
MS1 signal from multiple channels and improves sensitivity of MS analysis. Up to 16
channels have been developed using TMT labeling.®” The multiplexity significantly
improves throughput of proteomics analysis and is crucial for quantifying proteins in
cohort containing large number of samples.

Another popular protein quantification strategy is label free quantification (LFQ).
In LFQ, isotopic labeling treatment is obviated so sample processing is simplified, and
cost of labeling reagent is eliminated. It has also been reported that labeling reagent
can have significant impact on peptide-spectrum matching (PSM) and consequentially
influence number of identification of peptides and proteins.®® Moreover, there is no
limitation of sample numbers when quantification is achieved through LFQ. Instead of

using intensities of fragment ions to achieve peptide abundance, peak area under curve
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(AUC) of peptides from separation profile is used to estimate peptide intensities. In
2002, Chelius et al. demonstrated that, with proper normalization, AUC of peptide peaks
can accurately reveal relative intensity of proteins across samples.®® Sophisticated

algorithms were also developed to improve quantification precision and accuracy.’%"?
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Figure 1. 8 Protein quantification with TMT labeling strategy.
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1.4 MS-based proteomics analysis of mass-limited sample
1.4.1 Sample preparation in proteomics of mass-limited sample

A general sample preparation workflow for bottom-up proteomics study includes
protein extraction and denaturing, reduction and alkylation,’?73 digestion, and peptide
clean-up.

Protein extraction includes disruption of the cell membrane and denaturing and
solubilization of proteins. Mechanical disruption such as sonication and homogenization
are commonly applied to facilitate protein extraction. During extraction, additives to lysis
buffer such as chaotropic reagent (e.g., urea) or detergent (e.g., SDS) are usually

applied to facilitate protein denaturing and solubilization. However, these additives
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might affect the enzyme activities and following separation and MS detection. Trypsin
tolerates up to 2 M urea concentration for enzyme activity while 8M urea concentration
is normally applied for protein extraction.”* Thus a 4-times dilution of urea is required
before digestion, leading to increasing of processing volume. A follow-up desalting step
is required to eliminate urea’s effect on MS signal. SDS has been widely used in
proteomics studies to facilitate protein extraction and protein solubilization. However,
trace amount of SDS is detrimental to downstream processes such as enzyme
digestion, LC separation and ions detection by MS.”>’¢ Numerous techniques have
been developed for SDS depletion in bottom-up proteomics studies.””-8°

For mass-limited sample processing, protein extraction, digestion and clean-up
need necessary adjustment to maximize sample recovery and minimize sample loss.
One of the major challenges of comprehensive characterization of the mass-limited
samples is the sample loss during the sample preparation and liquid-phase separation
caused by hydrophobic adsorption of proteins on surfaces, such as processing
containers, pipette tips, the stationary phase of LC columns, and sample loading valves
in LC, leading to low sample recovery from sample preparation and limited sensitivity of
LC-MS for proteomics.

Reducing sample loss due to nonspecific interactions between proteins/peptides
and surfaces is the key point in processing trace proteome samples and can be
achieved by minimizing sample processing volume, eliminating sample transferring, and

blocking the non-specific interactions.
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1.4.1.1 Minimizing sample processing volume

Controlling the sample processing in a very small volume (i.e., nanoliters) is one
efficient approach for preparing mass-limited samples. In 2018, Zhu et. al. developed a
strategy called NanoPOTs (nanodroplet processing in one pot for trace samples)
platform for proteomics analyses of small numbers of human cells.*® Nanowells were
manufactured on a glass chip with hydrophilic surface and with diameters of 1 mm
(Figure 1.9A). All steps of sample processing including protein extraction, reduction and
alkylation and digestion took place in the nanowells with total volume of 200 nL. The
NanoPOTs platform significantly reduced the reaction volume by 99.5% compared to
regular sample processing in a 0.5-mL Eppendorf tube. In addition to the nanowell, the
hydrophilic surface can reduce hydrophobic adsorption. Rapigest was used as the
surfactant to facilitate cell lysis while did not affect trypsin digestion and MS signal.®!
The NanoPOTs has been applied to few cell and even single cell proteomics, laser
capture microdisected (LCM) tissues with a diameter low to 50 um,®3 and circulating
tumor cells.®* Hundreds or over one thousand of proteins were identified from single
HelLa cells with or without the match-between-runs algorithm.’* The algorithm is
integrated in the MaxQuant software.® The fact that the match-between-runs algorithm
boosted the number of protein identifications drastically indicated the value of high mass
accuracy and reproducible retention time of parent peptides on protein identification
from trace proteome samples.

A nanoliter-scale oil-air-droplet (OAD) chip was introduced in 2018 by Li et. al. for
sample preparation of low population of cells.®® In a sandwiched device, a droplet

containing cells was deposited on to a low retention millimeter sized chip and was
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isolated from the outside world by an oil layer to prevent evaporation of liquid (Figure
1.9B). Surface tension prevented the direct contact of the oil and sample droplet.
Followed by the deposition of the cell droplet, a series of reagents were added into the
droplet to implement cell lysis, protein reduction and alkylation, and protein digestion.
The total droplet volume was estimated around 550 nL. A C18 prepacked capillary was
then inserted into the droplet. Peptides were directly loaded onto the capillary column
from the droplet through pressurization and online desalting was performed. Using this
approach, 51 to 1360 protein groups were identified from 1 to 100 HeLa cells. When
comparing the OAD and NanoPOTs methods, we noted that the number of protein
identifications from single HelLa cells using the OAD chip was much lower than that
using the NanoPOTs platform (tens of proteins vs. hundreds of proteins). However, it
doesn’t necessarily indicate lower sensitivity or more sample loss of the OAD method
compared to the NanoPOTs method since different LC-MS/MS systems were used for
the two methods (50-i.d. LC column plus Orbitrap Elite vs. 30-i.d. column plus Orbitrap
Fusion Lumos or Orbitrap Eclipse Tribrid).

Recently, another on-chip based microfluidic device was developed by the Vinh
group.®” The device integrated an ultrafiltration membrane in a micro-reaction chamber
with 1.2 pL volume in total. The membrane divided the chamber in half with one side
(0.6 pL) for protein extraction and digestion. The membrane played the role as filtration
membrane applied in the filter aided sample reparation (FASP) technique?® for protein
clean up and allow clean peptides to be eluted for the downstream LC-MS/MS. A multi-
reagent pump system and multi-way valve were integrated with the chipfilter device to

deliver sample and reagent (Figure 1.9C). The chipfilter method achieved 10 times
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higher sensitivity compared with traditional FASP strategy when the starting protein
material was 1 pg. Although the chipfilter was not applied on low numbers of human
cells as NanoPOTs and the OAD chip, the chipfilter has great potential on preparing low
numbers of cells. First, it is directly connected to LC-MS/MS platform with no need of
material transferring. Second, all the sample processing steps take place in one side of
the reaction chamber upstream the membrane, which is only 600 nL, leading to
comparable volume level as the NanoPOTs and OAD chip. Third, the good sealing of
the chamber prevented liquid evaporation. Further sensitivity improvement is highly
possible with a smaller chamber volume and special surface treatment of the device to
reduce hydrophobic adsorption.

An integrated proteome analysis device (iPAD), Figure 1.9F, was developed by
the Zhang group in 2015 for ultrasensitive proteome profiling of only 100 living cancer
cells.88 Cells were suspended in a cold solution (4 °C) containing salts (NH4HCOs,
guanidine hydrochloride, and EDTA) and trypsin at a known cell concentration. An exact
proportion of cell solution containing 100 cells was directly drawn into a fused silica
capillary loop (100 pm i.d.x 40 cm, 3.2 uL in volume). One hour of heat treatment
(50 °C) facilitated the cell lysis and digestion in the capillary loop. The digested peptides
were then directly loaded onto a trap column for further LC-MS analysis. 813 proteins
were identified from the 100 cells. In 2018, Shao et. al. developed an optimized version
of iPAD technique, iPAD-1, for proteomics analysis of single HeLa cells.?? In iPAD-1, a
narrower capillary and simpler valve system were applied, Figure 1.9G. Single HelLa
cell was aspirated into the capillary under microscope monitoring. The total volume of

the processing capillary in iPAD-1 is only 20 nL (22 um i.d. X 5 cm). In addition to heat
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treatment, an ultrasonication probe was placed close to the capillary to facilitate cell
lysis and protein digestion. The processing capillary was then connected to an LC
column through a union with zero dead volume for LC-MS analysis. Over 180 proteins
were confidently identified with MS/MS from one HelLa cell. The ultrasensitive
performance of the iPAD-1 device can be attributed to the tiny sample processing
volume (20 nL) and the direct connection between sample processing capillary with LC-
MS without sample transfer.

All the methods we discussed above handle liquid at the nanoliter level and
require special liquid handling systems. For example, NanoPOTSs requires 70% humidity
to reduce liquid evaporation so the entire sample processing is implemented in a closed
humid chamber. The OAD chip method requires an installation of a self-alignment
monolithic device for droplet deposition, pressurization and sample loading for LC-
MS/MS. The chipfilter technique requires specialization of multi-reagent pump and
multi-way valve for reagent delivering and good sealing reaction chamber for sample
processing. The requirement of specific instrumentation limits the adaptability of the
methods across different labs.

To overcome the instrumentation availability issue of above-mentioned methods,
a micro-FASP technigue was published by Zhang et al. recently.®® The strategy adapted
the idea of conventional FASP but reduced the surface area of the filtration membrane
to 0.1 mm2. The membrane was integrated within a 20 pl pipette tip with bottom and top
support for immobilization (Figure 1.9D). The sample loading, buffer washing, and
elution volume were all controlled at microliter level. Peptides were directly eluted into

sample vials for LC-MS/MS analysis to avoid additional liquid transferring. The micro-
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FASP identified a comparable number of protein IDs and 20% more peptide IDs
compared to the conventional FASP when 10 times lower of protein amount (1 pg vs 10
Hg) was consumed. Over 3,000 proteins were identified starting with 1000 MCF-7 cells,
indicating the great potential of the micro-FASP method for proteomic analysis on few
human cells. More importantly, it does not require special instrumentation for sample
preparation.

1.4.1.2 Eliminating sample transferring

Another crucial point on treating trace amount of protein materials is to reduce
liquid transferring as much as possible during sample processing. Proteomic sample
preparation normally employs detergents (e.g., SDS) or chaotropic reagent (e.g., urea)
to facilitate cell lysis and protein extraction. Most of the detergents and chaotropic
reagents are incompatible to downstream enzymatic protein digestion and LC-MS
analysis. Detergents usually need to be removed through ultrafiltration or precipitation,
and chaotropic reagents need to be removed through desalting to ensure the
compatibility with follow-up LC-MS experiments. Those steps lead to limited sample loss
when hundreds of micrograms of proteins are available but result in serious sample loss
for trace protein material processing.

Researchers have been searching for ways to avoid further sample clean up to
reduce sample loss. Budnik et. al. used water as lysis buffer, lysed single cells through
mechanical sonication, and denatured proteins through high temperature.?” Since
chemicals were obviated, no further clean-up was applied. Detergent Rapigest was
applied in preparation of mass-limited proteome samples.3® Because Rapigest is

compatible with enzymatic digestion and is degraded into non-interfering products under
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an acidic condition. Organic solvent trifluoroethanol was also employed for preparation
of mass-limited samples.?®°! Trifluoroethanol can assist the cell lysis and protein
denaturation. More importantly, it can be removed easily by lyophilization.

In 2014, Hughes et. al. introduced a single-pot solid-phase-enhanced sample
preparation (SP3) method.” The method utilizes strong detergents (e.g., SDS) for
protein extraction from cells. The cell lysates are incubated with carboxyl-coated
paramagnetic nanoparticles under high concentration of acetonitrile (>70%). Proteins
are captured on the beads through hydrophilic interaction and detergents can be
removed efficiently via washing multiple times with organic solvents. Then the captured
proteins are digested by enzymes on beads, followed by peptide elution from beads
using an aqueous solution for LC-MS/MS analysis, Figure 1.9E. The fact that the
paramagnetic nanoparticles have large surface area, ensuring strong interaction with
proteins and supporting extensive washing. The SP3 method achieves sample
preparation in a single Eppendorf tube, reduces sample loss during sample transferring,
and enables preparation of mass-limited samples for proteomic analysis. Multiple
studies have used SP3 method for processing mass limited sample and achieved good
sensitivity on proteome profiling. Hughes et. al. processed single Drosophila embryos
containing only 200 ng of proteins and identified almost 3000 proteins when using SP3
for sample processing.” Griesser applied SP3 to process proteins extracted from FFPE
sample. From tissue containing about 3000 cells, over 5,600 protein IDs were
confidently quantified.®? Yang et. al. identified 3600 protein IDs from protein amount
equal to 1000 HEK 293t cells using CE-MS/MS, when SP3 was used for sample

processing.®® We need to point out that the SP3 method is operated in Eppendorf tubes
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and requires microliter-level solutions for sample preparation, resulting in limited

performance for preparation of nanograms of proteome samples.
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Figure 1. 9 Schematic diagrams of different sample preparation methods. (A)

NanoPOTS, reproduced from ref. 38 with permission from Springer Nature, copyright

(2018); (B) OAD, reproduced from ref. 86 with permission from American Chemical
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Society, copyright (2018); (C) ChipFilter, reproduced from ref. 87 with permission from
American Chemical Society, copyright (2020); (D) MicroFASP, reproduced from ref. 90
with permission from American Chemical Society, copyright (2020); (E) SP3; (F) iPAD,
reproduced from ref. 88 with permission from American Chemical Society, copyright
(2015); (G) IPAD-1, reproduced from ref. 89 with permission from American Chemical
Society, copyright (2018).
1.4.1.3 Blocking the non-specific interactions

Blocking the non-specific hydrophobic adsorption of proteins/peptides on the
surfaces of Eppendorf tubes, sample vials, and even beads packed in the LC columns
has also been implemented in proteomic analyses of mass-limited samples. Yang et. al.
proved that treatment of the sample vials with BSA improved the number of protein IDs
by 40% and peptide intensity by 4-fold compared to that without treatment when only
nanograms of peptides were in the sample vials for MS analysis.®® BSA peptides were
also used to block the hydrophobic adsorption of beads packed in reversed-phase LC
columns before the columns were used for LC-MS/MS analysis of trace amounts of
peptides.®* Similar treatment of LC columns with an E. coli digest was also reported
when mammalian proteome samples were analyzed.8 Dou et al. applied n-Dodecyl B-
D-maltoside (DDM) (0.01%) as collection buffer additive in the process of fraction
collection and achieved significantly higher numbers of protein IDs compared to that
without the DDM additive.®® This outcome is because of the reduced interaction
between peptides and the collection device surface in the presence of low-concentration
DDM.% Another effective approach for reducing non-specific binding between peptides

to potentially interacting surface is to introduce carrier peptides into the peptide
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samples. The carrier peptides have much higher concentration than the peptides in the
samples and are responsible for blocking the hydrophobic adsorption. One of the
perfect examples is the Single Cell ProtEomics by Mass Spectrometry (SCoPE-MS)
method developed by Budnik et. al.?’ In the SCoPE-MS method, one of the TMT
channels is used to label the carrier sample and other TMT channels are used to label
the target mass-limited samples (i.e., single mammalian cells). The carrier sample
derive from the same source of protein materials as the single cell samples but with a
significant higher peptide amount. The use of a high concentration of TMT-labeled
carrier sample not only reduces the peptide loss of mass-limited samples but also
boosts the peptide signal in mass spectra, facilitating the identification and quantification
of peptides from the mass-limited samples. In addition, the involving of TMT labeling
also improves the throughput of proteomic analysis of trace proteome samples, such as
single cells.®"%8
1.4.2 Separation in proteomics of mass-limited sample

Coupling liquid-phase separations (LC and CE) to MS and MS/MS plays vital
roles in comprehensive and sensitive profiling of complex proteomes with high
concentration dynamic ranges.2® Millions of different peptide molecules exist in a typical
proteome digest. Highly efficient separation of peptides before MS and MS/MS reduces
ionization suppression and boosts the sensitivity of peptide measurement. The
separation science provides an efficient approach to reduce the complexity of the
proteome and affords more time for the mass spectrometer to analyze the proteome.

The most widely applied separation strategies in bottom-up proteomics are RPLC,
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which separates peptides based on hydrophobicity and CE, which separates peptides
based on size to charge ratio.
1.4.2.1 Applying liquid chromatography in proteomics of mass-limited samples

In RPLC, a nonpolar stationary phase and a polar mobile phase are employed to
facilitate peptides and proteins separation. Retention of peptides, which is determined
by the distribution of peptides between stationary phase and mobile phase, highly
correlates with the hydrophobicity of peptides. C18 is the most frequently used
stationary phase for peptides separation. It is an octyldecylsilane that contains 18
carbons bound to the silica. For packed RPLC column, C18 material is covalently bound
to porous amorphous silica microparticles. Aqueous mobile phase favors peptides
trapping onto the stationary phase. The elution of the peptides is then determined by
their hydrophobicity and the composition of organic and aqueous mobile phase. Using
such binary combination of mobile phases affords flexibility to control elution strength
and selectivity. Instead of using isocratic elution, where the separation is carried out
through fixed proportion of mobile phases, a gradient elution with programmed changes
of organic mobile phase is usually applied in bottom-up proteomics due to high sample
complexity.®®-101 Gradient elution facilitates retention of poorly retained peptides and
elution of strongly retained peptides with high selectivity and affords high resolution of
peptides separation. Acetonitrile (ACN) is one of the most frequently used organic
modifier as organic mobile phase due to its low viscosity that can help to reduce back
pressure, high strength of elution, low reactivity and its dissolving capacity to

peptides.10?
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In separation science, the separation efficiency can be evaluated through height
equivalent theoretical plate (HETP). The HETP can be influenced by various factors

described in Van Deemter equation.03

HETP = A + §+Cu Eq. 1.1

In Van Deemter equation, A-term correlates with Eddy-diffusion parameters
which is related to the multiple flow paths due difference of the packing particles and
non-ideal packing in the column. B-term correlates with the longitudinal diffusion,
resulting from dispersion of molecules along the column axis from high concentration to
low concentration. The longitudinal diffusion is inverse proportional to the flow rate u.
the C-term correlates with resisting to mass transfer, which is the major source of peak
broadening.1%* Resisting to mass transfer describes the different extent of the analytes
penetrate into the porous packing particles and difference of diffusion through
“stagnant” mobile phase back to the surface of the particles. the C-term is proportional
to flow rate, because slower the flow rate is, the difference of mass transfer of analytes
becomes smaller. With all terms considered, separation efficiency of RPLC can be
improved through application of universally distributed packing particles, a flow rate
modest to the column size, and small packing particles that can reduce paths of
analytes diffusion. High separation efficiency is critical to improve sensitivity of
proteomics analysis.10>106

Conventional RPLC system applies separation column with i.d. at millimeter level
and correspondingly requires optimum flow rate of hundreds of microliters to low
milliliter per min. The large i.d. of separation column and high flow rate are detrimental

for trace proteomics analysis for following reasons: first, the large inner diameter
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requires higher amount of packing material and consequentially higher surface area the
analyte will interact with. This could introduce more sample loss due to unavoidable
hydrophobic adsorption. Second, the high flow rate causes sample dilution during
transferring in the LC system. Third, a high flow rate causes low ionization efficiency
due to large droplet size formed during ESI process. To improve sensitivity, a nanoLC is
usually applied for proteomics analysis of mass-limited samples.3436. 196-112 Researchers
have deployed RPLC columns with narrow inner diameter to accommodate lower flow
rate of LC separation and to increase the sensitivity of LC-MS. It has been pointed out
that the sensitivity of LC-MS can be boosted by decreasing the inner diameter (d) of the
RPLC column from d1 to d2, and the improvement factor (f) is equal to d12/d22.113 The
i.d. of RPLC columns has been decreased from 75 um as the most routinely used for
RPLC-MS to 30 um or smaller. 3435383114115 The flow rate is on the order of tens of
nanoliter per min to even picolitre per min. Extremely high sensitivity has been achieved
for bottom-up proteomics by applying such small i.d. RPLC columns. In 2004, a trace
proteomics study was performed by coupling a 15-pum-i.d. RPLC column with an 11.4 T
Fourier Transform lon Cyclotron Resonance (FT-ICR) mass spectrometer. The flow rate
of the system was controlled at 20 nL/min, and a peak capacity of 103 was achieved.3*
About 14% of the total proteome of Deinococcus radiodurans were confidently identified
when only 2.5 ng of peptides were consumed. The sensitivity was proved to be at the
low zmol level, corresponding to thousands of peptide molecules. Recently, 20-pum-i.d.
RPLC columns have been applied to the characterization of peptides of single human
cells processed by the NanoPOTS method, enabling the identification of over 300

proteins from single cells by MS/MS.*° Porous layer open tube (PLOT) columns with
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small i.d. have also been employed for proteomics of mass-limited samples.3%114 In
PLOT, a poly(styrene - divinylbenzene) in-situ polymerization was implemented in a 10-
pm-i.d. capillary column with polymer thickness of 1-2 um, Figure 1.10. The thin wall of
the polymer as stationary phase significantly reduces the resistance to mass transfer
and boosts the separation efficiency.'** By applying a 10-um i.d. PLOT column, 4,000
proteins were identified with the consumption of peptides corresponding to 100-200
cells.® Recently, Xiang et al. introduced an extremely narrow open tubular (NOT)
column with only 2-um i.d. for trace proteomics analysis.*® The 2-um-i.d. NOT column
was operated at a flow rate lower than 1 nL/min and achieved over 1,000 proteins IDs
when only 75 pg of tryptic peptides were loaded onto the system, demonstrating the

tremendous potential for single-cell proteomics.

Figure 1. 10 SEM image of PLOT capillary cross section.

1.4.2.2 Applying capillary electrophoresis in proteomics of mass-limited samples
Capillary electrophoresis is another highly efficient separation strategy that is

widely applied in proteomics.'16-120 The separation is performed within narrow-bore

capillary (usually 10-75 um) filled with electrolyte buffer (i.e., background electrolyte

(BGE)). During separation, high electric voltage is applied across the capillary. At a
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certain pH, zwitterion (i.e., peptides and proteins) carries either a net charge
(positive/negative) or no charge based on the isoelectric point (i.e., Pl) of the zwitterion.
The voltage applied across the capillary drives positively charged ions towards cathode
and negatively charged ions towards anode. Separation is based on different size to
charge ratio of ions in capillary. Fused silica capillary is mostly used in CE separation.
On the inner wall of the capillary, there are ionizable silanol group with pKa about 2-3
(borosilicate) or 4-5 (silica).1?%122 When the pH of BGE is higher than pKa, the
negatively charged wall will attract positively charged ions from BGE in the capillary,
creating an electrical double layer at the capillary wall interface. When high voltage is
applied, the positive ions enriched at the wall interface will move towards the cathode
end and carry the solvent alongside the movement (Figure 1.11). The resulting flow of
bulk solvent is called electroosmotic flow (EOF). EOF is directly proportional to the
charge density and the thickness of the double layer on the capillary inner wall. The

migration time of ions through the length (L) of capillary is given by:

— g2
t=1L /V(p-electrophoresis + uelectroosmosis) Eq.1.2

where V is the applied potential, Helectrophoresis IS the electrophoretic mobility of analytes
and electroosmosis iS mobility caused by EOF. EOF can be manipulated through control the
pH of the BGE and by applying neutral coating on the inner surface of the capillary.
EOF can deliver rapid separation when un-coated capillary was applied. However, this
also leads to short separation window and insufficient separation when analytes are not
fully separated by their electrophoretic mobility. For complex proteome such as cell
lysates, short separation window can be detrimental to number of identification of

peptides and proteins. Neutral coating with hydrophilic polymer such as Linear
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polyacrylamide (LPA) is a commonly used coating to effectively reduce EOF and

minimize peptides interaction with capillary inner walls (Figure 1.11).124-126

Bare fused silica capillary LPA coated capillary
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Figure 1. 11 Elimination of EOF through LPA coating.

CZE-MS has shown great potential for proteomic analysis of mass-limited
samples. Multiple studies have compared the performance of CZE-MS and RPLC-MS
for discovery proteomics in terms of sensitivity.116-119.127 |t has been found that CZE-MS
outperforms RPLC-MS regarding the number of peptide and protein IDs when the
sample size is smaller than 10 ng. The higher sensitivity of CZE-MS can attribute to
several reasons. First, CZE can achieve very high separation efficiency for large
biomolecules. In idealized systems, longitudinal diffusion is the only contribution for
peak band broadening. The number of theoretical plates N is given by:

N = Vp-total /2D Eq 13

Where D is diffusion coefficient. V is applied potential. ptotal iS the sum of Helectrophoresis
and electroosmosis. Applying high voltage leads high separation efficiency for diffusion
limited molecules such as proteins and peptides. One million of theoretical plates have
been achieved by CZE for separation of proteins.*?® Second, the flow rate in CZE
separation is on the order of low nL/min when capillaries with neutral coatings are

employed, ensuring the high electrospray ionization efficiency of peptides and proteins.
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Third, the absence of stationary phase and direct sample injection from a sample vial
without a valve and transferring tubing reduce sample loss. Low zmole peptide
detection limits have been reported using CZE-MS.33:129

CZE-MS typically has excellent mass detection limit but poor concentration
detection limit because of the low sample loading capacity of CZE (low nL). The low
sample loading capacity had impeded CZE-MS/MS for large-scale proteomics of mass-
limited samples. During the recent years, various online concentration approaches have
been evaluated for boosting the sample loading capacity of CZE-MS for large-scale
proteomics of nanograms of proteome samples. Sun et al. applied CZE-MS/MS for
large-scale proteomic analysis of a HeLa cell proteome digest with a filed enhanced
sample stacking method for increasing the sample loading volume (100 nL), identifying
10,000 peptides and 2,000 proteins from only 400 ng of Hela digest.*3° The principle of
field enhanced sample stacking is simple. When the conductivity of the sample plug is
lower than that of BGE, with same current across the capillary, the electric field is a lot
higher in the sample plug. lons in the sample plug as a result, will migrate faster and get
concentrated at the boundary of sample plug and BGE. For field enhanced sample
stacking, sample buffer usually contains organic solvent (e.g., 50% ACN) to reduce
conductance.

Chen et al. optimized the dynamic pH junction-based sample stacking method for
CZE-MS/MS according to the work reported by the Dovichi group*®! and reported a
CZE-MS/MS system with a microliter-scale sample loading volume and an over 2-hours
separation window, establishing the foundation of using CZE-MS/MS for large-scale

proteomics.'32 When dynamic pH junction is applied for sample stacking, sample is
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usually dissolved in basic buffer (e.g., 50 mM NH4HCOs3, pH 8.0) and the BGE is usually
acidic buffer (5% acetic acid, pH 2-3). During separation, analytes (i.e., peptides) are
negatively charged and move towards positive electrode. Peptides are then neutralized
and becomes positively charged when they contact the acidic BGE buffer at the positive
electrode end. Positively charged peptides move towards negative electrode and back
into the sample buffer and are neutralized again. The back-and-forth movement
concentrate peptides at the moving pH boundary | (Figure 1.12).

pH boundary | pH boundary Il

—

+ BGE 1

Figure 1. 12 Schematic illustration of the simplified mechanism of dynamic pH
junction.

More recently, the dynamic pH junction-based CZE-MS/MS has shown great
potential for large-scale proteomics of mass-limited samples.®3132 The CZE-MS/MS
system identified on average 100 proteins via consuming only 250 pg of a MCF7
proteome digest, corresponding to the protein content of roughly one MCF7 cell in
mass.133 Yang et al. reported the identification of over 6500 proteins from a MCF7 cell
lysate starting with only 500-ng peptides via coupling the nanoRPLC fractionation with
the dynamic pH junction-based CZE-MS/MS.®3 The well orthogonal separations of
nanoRPLC and CZE for peptides guarantee the high peak capacity of the nanoRPLC-

CZE-MS/MS platform for bottom-up proteomics, Figure 1.13. In the same work,
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coupling the SP3 sample preparation method and nanoRPLC-CZE-MS/MS enabled the
identification of nearly 4000 proteins from 5000 HEK293T cells with the consumption of

a peptide amount that corresponded to only roughly 1000 cells.
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9 (“.\“

Figure 1. 13 High orthogonality affords high peak capacity of LC-CE-MS system.
Reproduced from ref. 93 with permission from American Chemical Society, copyright
(2019).

Besides online stacking, coupling SPME (solid phase microextraction) to CZE
was also explored in multiple studies to improve the sample loading capacity. The
SPME-CZE-MS theoretically can eliminate the limitation of sample loading volume of
CZE as peptides can be preconcentrated by the SPME material before CZE-MS. In
addition, the eluted sample plug from SPME can be further online concentrated with
transient isotachophoresis (tITP)1° and dynamic pH junction via carefully choosing the
elution buffer and separation buffer.134135> The SPME-CZE-MS has shown over 3-folds

more protein IDs than nanoRPLC-MS when only 5-ng peptides were used, clearly
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demonstrating the advantage of SPME-CZE-MS for trace proteome samples.''® Zhang
et al. reported the identification of over 1000 proteins from 50-ng of Xenopus laevis
proteome digest with the SPME-CZE-MS/MS. 13

Interface that can couple CE separation with MS is crucial for high sensitivity and
stability of CE-MS performance on mass-limited sample analysis. The interface
completes the electrical circuit for CE separation and provides the voltage for ESI of
MS. Multiple designs of interface have been reported.126:136.137 Qur lab uses the electro-
kinetically pumped sheath flow interface with diagrams shown below. Different
generations of the interface have been developed to further increase the sensitivity and
robust operation (Figure 1.14).138140 A High voltage is applied in the sheath buffer
reservoir and an EOF in the glass emitter is produced. Sheath liquid in the buffer
reservoir is driven by the EOF at nL/min flow rates through the emitter for ESI. As
shown in the design progress across the generations of the interface, the size of the
emitter orifice was enlarged and the distance between the capillary end to the orifice
was reduced. This third generation of the interface significantly increases the sensitivity
by reducing sample dilution from the sheath buffer and improved the robustness of the

interface.
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Figure 1. 14 Diagrams of the basic design of the electrokinetically pumped sheath
flow CE-MS interface (A) and its three different generations (B). Reproduced from
ref. 140 with permission from American Chemical Society, copyright (2015).
1.4.3 Mass spectrometer in proteomics of mass-limited sample

Mass spectrometry is one of the most important technology applied in proteomics
study. Modern mass spectrometers for proteomics analysis compose multiple mass
analyzers, usually with a high-resolution analyzer such as ion cyclotron resonance
(ICR), orbitrap or time-of-flight (TOF) and a low-resolution analyzer such as linear
trapping quadrupole (LTQ) or quadrupole. The high-resolution analyzers provide highly
accurate (i.e., low ppm) and highly precise (i.e., £ 0.001 m/z) mass measurement of
ions and enable accurate assignment of molecular identity and charge states
determination. The low-resolution analyzers afford fast scan and efficient ion
accumulation, isolation and transferring. The hybrid configuration of mass analyzer
offers complementary advantages for fast peptide sequencing and deep proteome
profiling.14!

Various types of mass spectrometers have been explored on their performance

on proteomics of mass-limited samples.
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1.4.3.1 Fourier transform ion cyclotron resonance mass spectrometer (FTICR)
ICR is categorized as Fourier Transform Mass Spectrometer (FTMS). It
measures the sinusoidal current that is produced by ion’s motion. When ions packets
with different m/z are transferred into an ion cyclotron resonance (ICR) cell applied with
high magnetic field, ions’ motion is produced by the Lorenz force exerted on ions.14%143
lons are then excited by applying radio frequency pulse (RF pulse) to opposing
electrodes. When the frequency of ions cyclotron matches the RF pulse frequency, ions
resonance occurs, and they are accelerated and excited to a larger cyclotron radius of
motion so that the radial frequency is kept same. The length of RF pulse determines the
final radius of ions cyclotron so that they are close enough to the electrodes for
sensitive detection, while not strike to the electrodes. When multiple packets of ions with
different m/z are analyzed, the RF pulse is performed through frequency sweep so that
all ions are excited.14* When the excitation amplifier is turned off, ions continue orbiting

in the ICR cell with frequency directly related mass to charge ratio as given in formula:
f=— Eq. 1.4

where q is the charge of the ion, B is the magnetic field, m is the mass of the ion. The
orbiting ions oscillate between opposing electrodes and induce oscillating charge image
current and produce ICR signal (time-domain). The ICR signal is then Fourier
transformed into frequency domain spectrum that can be further transformed into mass
domain spectrum (Figure 1.15).13 FTICR mass spectrometer is famous for its high
resolution and high mass accuracy due to superior stability and uniformity of the
magnetic field.1*> The high resolution makes it possible for the instrument to resolve

target molecules and interference at detection limit level. Taking advantage of high
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accuracy and precision of mass measurement of FTICR MS, it is possible to identify
proteins by only measuring the intact mass of produced peptides without tandem
MS/MS measurement. The idea is called accurate time and mass (AMT) tag.'#¢ It
assumes that molecular masses of many peptides from enzyme digestion are unique
enough among all possible peptides produced from an annotated genome for protein
identification.1#® Briefly, a reference database with AMT tag information specific to a
biological sample (e.g., human, mouse etc.,) is first established. The database
searching only relies on highly accurate precursor mass (sub ppm level) and LC elution
time for peptide matching. Avoidance of tandem MS/MS improved MS scan rate and
dynamic range of peptide identification. The inherent advantages of FTICR MS makes it
a promising instrument for highly sensitive analysis of biological sample. A single cell
analysis with detection of hemoglobin at attomole level from a single erythrocyte using
FTICR-MS was first reported in 1996.147 Later in 2001, sensitive detection of peptide
mixture at concentration of amol/pL from complex matrix was reported using FTICR.148
Multiple studies have used LC-FTICR-MS analysis with AMT approach for highly
sensitive analysis of proteome with only picograms of protein extract and achieved
zeptomoles detection of proteins with high dynamic range.34 14°
1.4.3.2 Orbitrap-base mass spectrometer

Orbitrap is also a FTMS analyzer and was first introduced to public commercially
in 2005 as a hybrid instrumentation, LTQ orbitrap.®® The orbitrap includes an outer
“cup” like electrode and a central “spindle” like electrode. With voltage applied on the
outer and central electrode, a combination of a radial electric field and an axial electric

field is created. lons oscillate along the axial direction and orbit around the central
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electrode at the same time. Outer electrodes receive the oscillating image current of the
ions’ axial oscillation. Similar to ICR, the image current is Fourier transformed into
frequency domain spectrum and then mass domain spectrum (Figure 1.15).%2 The
introduction of orbitrap to the proteomics community advanced the development of
proteomics regarding comprehensive proteome profiling, high throughput, and high
sensitivity. Single ion detection was proved on orbitrap instrumentation5%152 indicating

the potential of orbitrap MS in single cell proteomics.
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Figure 1. 15 FT-MS. Mass to charge ratio of ion in FT-MS is related to frequency of
oscillation of the ion in the ion cyclone cell. The oscillation frequency is obtained from
Fourier transform of the image current induced by ion motion. The relationship of
frequency and m/z is indicated in the figure.

Orbitrap-based instruments have been used in multiple laboratories for proteome

profiling of mass-limited sample. Since the first commercial instrument incorporated with
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Orbitrap analyzer was introduced in 2005, successive generations of Orbitrap-based
instruments have been developed with improved scan speed, sensitivity, resolution and
duty cycle.'®>® For example, the introduction of S-lens, a stacked ring ion guide!®
improved the ion transfer efficiency and boosted the sensitivity up to 10-fold compare to
the original Orbitrap system coupled with a capillary-skimmer interface for ion
introduction. The installation of higher energy collision-induced dissociation (HCD)*%°
cell as a replacement of CID allowed beam-type collision dissociation of ions, which
lowered the cutoff of fragment mass. Enhanced Fourier Transform (eFT) technique®®®
was implemented on Orbitrap system to achieve high acquisition rate without
compensation of resolution. The introduction of high field Orbitrap to the later model of
Orbitrap system instrumentation, further increased the resolution and acquisition rate of
the instrumentation.'5”158 Advanced precursor determination algorithms was
incorporated in Orbitrap instrumentation so that overlapping isotopic envelop can be
annotated more efficiently to determine charge states and assign monoisotopic m/z,
which is critical to trigger MS/MS with optimal collision energy and ensures fully usage
of TopN loop count.*®® With all the improvements, Up to 40 Hz acquisition rate (at
resolution setting of 7500 at m/z 200) and half million resolution at m/z of 200 were
achieved in latest model of orbitrap instrumentation. The superior resolving power, scan
rate, and sensitivity make Orbitrap instrumentation the most widely used MS in
proteomics analysis of trace material, especially single cell.38:39.86.160

lon mobility mass spectrometry separates gas-phase ions by their mobility within
gas media and provides additional dimension of separation of ions on tops of liquid-

phase separation (i.e., LC/CE) and mass spectrometry. High field asymmetric waveform
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ion mobility spectrometry (FAIMS) separates gas-phase ions based on their
characteristic difference in mobility in high and low electric field.'%* For mass-limited yet
complex sample such as proteome of single cell, FAIMS provides many advantages.
First, FAIMS can filter out charge-one ions and affords MS spectrum with low
background noise. Second, FAIMS provides a reproducible online fractionation of ions.
For mass-limited sample such as single cell, online fractionation plays vital role to
reduce sample complexity that overwhelms MS duty cycle and resolving power,
especially when off-line fractionation is impractical.*¢?> FAIMS was not widely applied in
MS instrumentation until recently because it attenuated ion signal up to one order of
magnitude, and because the long ion transmission time of FAIMS resulted in delay
switching of compensation voltage (CV). In 2018, Pfammatter et al. introduced a novel
FAIMS device with shorter CV switch time and improved sensitivity and integrated it
with the Orbitrap Tribrid mass spectrometer.'%3 The novel FAIMS-Orbitrap platform
achieved better detection of low-abundance peptides that were underrepresented in the
platform without FAIMS and effectively reduced ratio compression effect in TMT
quantification.'®* The fractionation ability of FAIMS was proved by Hebert et al.'%® In a 6
h single-shot LC-MS analysis with FAIMS on human cell line digest, 8151 proteins were
identified, where 7776 proteins were identified from 4 LC-fractions analyzed with 1.5 h
each. FAIMS-interfaced MS instrumentation has shown superior performance on
proteomics analysis of trace material. More than 1000 proteins were identified from 5 ng
of Hela digest with only 5 min gradient using FAIMS-MS.?8 More than 1000 protein IDs
(by MS/MS only) were identified from a single Hela cell using FAIMS-MS, which is 2.3

times more identification than the platform without FAIMS. 160
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1.4.3.3 Time-of-flight mass spectrometer

Alternative to FTMS, time of flight mass spectrometer has also been used in
bottom-up proteomics laboratories. TOF MS separates ions based on their velocity as
they travel through a flight tube. Once introduced into MS, the charged ions are
accelerated by electric field and are imparted with kinetic energy (KE). lons then move
into a field-free region where the only force driving the ion movement is the initial KE.*56
The time ions spend in the flight tube is determined by mass to charge ratio, as

indicated in the equation:

t=D ZZV Eq. 1.5

Where D is the distance to the detector, m is the mass, z is the charge of ions, eV is the
initial voltage applied. TOF MS measures the time ions reach detector and convert it
into mass spectrum.

TOF MS has extremely high scan speed (> 1000 Hz) and is absence of space
charge effect (a limitation of usable ions in trapping instrument), determining its potential
of high sensitivity and wide dynamic range for proteomics study. Typical configuration of
TOF-MS employed in proteomics laboratories includes a quadrupole for ion transferring
and isolation, collision cell to generate fragment ions, an orthogonal acceleration unit to
reflectron, and a multichannel plate (MCP) as detector.'®” Reflectron changes the
trajectories of ions movement. lons with higher KE will penetrate deeper in reflectron so
that ion with same m/z but lower KE can catch up of flight path.1%8 Flight time of ions
with same m/z gets averaged and the peak broadening gets decreased. Thus,
application of reflectron improves resolution of TOF-MS. Multiple improvement on TOF

instrument including collision cell, drift region, reflectron and MCP detector improved the
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ion transferring efficiency, reduced spatial distribution of ions, and improved data
acquisition speed. Resolution of 40,000 at 1222m/z and mass accuracy of 1.45 ppm on
average were achieved in TOF MS.1¢° The extreme high scanning speed also makes
possible to interface TOF instrument with trapped ion mobility mass spectrometry
(TIMS). TIMS separates gas-phase ions based on collision cross section of ions. The
separation is typically performed within 10s or 100s milliseconds.'’® The extremely high
scan speed (scan/sub-millisecond) of TOF-MS makes it perfect to be coupled with TIMS
since ions emerged from TIMS can be efficiently sampled by TOF analyzer. Bruker's
timsTOF pro is a representative of interfacing TIMS with TOF-MS. By applying Parallel
Accumulation - SErial Fragmentation (PASEF)'"! in timsTOF pro, peptides sequencing
speed is significantly improved without loss of sensitivity. By using timsTOF pro, more
than 2500 proteins were identified from 10 ng of Hela digest within 30 min of acquisition
time.1’2 Very recently, timsTOF pro was applied for single cell proteomics study. Over
800 proteins were identified from a single Hela cell and over 420 single Hela cells were
analyzed, representing one of the largest data sets of single cell proteomics.1”3
1.4.4 Applications of the techniques to single-cell proteomics

The advance of techniques regarding sample preparation, separation and MS
instrumentation enables researchers to explore proteome difference at single-cell
resolution. Lombard-Banek et al. used a capillary microprobe to sample cellular proteins
from single blastomeres in Xenopus early-stage embryos, followed by CZE-MS/MS-
based label-free quantitative bottom-up proteomics.'’# Significant proteome differences
were observed at the single-cell level between blastomeres collected from the animal

pole and vegetal pole, Figure 1.16A. Brunner et al. processed FACS isolated single
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cells in 384-well plate with very small processing volume (1-2 L) and applied an
improved LC-MS platform to study proteome difference in cells at different cell-cycle
stages.'’® Cell-cycle of HeLa cells was arrested by drug treatment to produce four cell
populations enriched in specific cell-cycle stages. Although all cells were HelLa cells,
significant proteome differences were observed between cells at different cell-cycle
stages, Figure 1.16B. This single-cell proteomics result also reflected different protein
amounts in cells at different proliferation states by summarizing identified peptides
intensity, Figure 1.16C. Significant cell-to-cell heterogeneity at the proteome level was
also demonstrated in a single cell proteomics study of progenitor cell and descendant
cell.}”™ In this study, Zhu et al. processed individual hair cells and its progenitor,
supporting cells, with NanoPOTS, and performed single-cell proteomics of these two
kinds of cells with LC-MS equipped with an ultranarrow bore separation column (30 pm
i.d.). By using FM1-43 as a labeling reagent (a membrane probe for identifying actively
firing neurons), hair cells and supporting cells were distinguished through fluorescence-
activated cell sorting, based on the fact that hair cells can be labeled more strongly by
FM1-43 than supporting cells. The NanoPOTS-assisted single-cell proteomics study
identified 60 proteins from a single hair cell and 600 proteins from a pool of 20 hair cells.
By checking the identified proteins from a pool of 20 cells in each population (hair and
supporting cells), different proteins were significantly enriched in different cell types,
Figure 1.16D. Specht et al. applied SCoPE2, an optimized version of SCoPE method,
for proteomics analyses of 1,490 single cells (monocytes and macrophage cells) and

quantified over 3,000 proteins from those single cells.1’® Principle component analysis
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of the large single-cell-proteomics data set clearly separated the two cell types and
revealed cellular heterogeneity, Figure 1.16E.

Single-cell proteomics can shed light on the molecular mechanisms of cell
differentiation. In the Lombard-Banek’s work, cellular proteins were sampled from a
blastomere called midline animal-dorsal cell (at 16-cell stage) and its descendant cells
at different cell-division stages (at 32, 64, and 128-cell stages) prior to mid-blastula
transition (MBT).17* Before MBT, there is no de novo transcription. Since all descendant
cells arise from the same founder cell, it is surprising to see the proteome change over
embryo development as shown in the hierarchical cluster analysis result, Figure 1.16F.
In Zhu’s work, although less than 100 proteins were identified from a single cell due to
the extremely small cell size, with sufficient sample size, developmental trajectories
from various protein expression patterns at the single-cell level can be established,
Figure 1.16G.1"> These single-cell proteomics studies revealed the protein expression

dynamics during cell differentiation.
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Figure 1. 16 Application of single cell proteomics. (A) Volcano plot revealing

significant proteomic differences between blastomeres from animal and vegetal poles,

reproduced from ref. 174 with permission from American Chemical Society, copyright

(2019). (B) Volcano plot of the quantified proteins from single cells in the two drug

arrested states, reproduced from ref. 173 with permission from bioRxiv, copyright

(2020). (C) Violin plot of total protein signals of the analyzed single cells in the indicated
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cell cycle stages as enriched by the drug treatments, reproduced from ref. 173 with
permission from bioRxiv, copyright (2020). (D) Volcano plot showing significant
proteomic differences between FM1-43high/FM1-43low cells (hair cell/supporting cell),
reproduced from ref. 175 with permission from eLife, copyright (2019). (E) Weighted
principal component analysis (PCA) of 1490 single cells using all 3,042 proteins,
signaling proteins and least abundant proteins quantified across single cells. Cells are
colored by cell type. The more spread-out of macrophage cells indicates significant
cellular heterogeneity after differentiation from homogeneous monocytes cells,
reproduced from ref. 176 with permission from BioMed Central, copyright (2021). (F)
Hierarchical cluster analysis-heat map of quantified proteins from single Xenopus
blastomeres isolated from various developmental stages, reproduced from ref. 174 with
permission from American Chemical Society, copyright (2019). (G) Absolute expression
dynamics (log2 niBAQ) of 5 proteins as a function of pseudotime, reproduced from ref.
175 with permission from eLife, copyright (2019).
1.5 Summary

This chapter introduced ultrasensitive proteomics analysis of mass-limited
sample. Proteomics of mass-limited samples has been advanced aggressively in recent
years because of significant technical progress in sample preparation, liquid-phase
separation, and MS instrumentation. It took over 20 years from the detection of
hemoglobin from single erythrocytes!’” to the identification of hundreds of proteins from
a single HelLa cell3?160.173.176 sing MS. We expect that with further advancement of
sample preparation methods and nanoRPLC/CE-MS platforms, the sensitivity and

throughput of proteomics will be improved drastically, enabling routine proteomic
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characterization of mass-limited samples (e.g., single cells) with high proteome
coverage. The subsequent three chapters in the dissertation describe methodology
development of ultrasensitive platforms for protein characterization of mass-limited
samples. The last chapter focuses on evaluation of various sample preparation methods

for top-down proteomics.
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2CHPATER 2. Microscale reversed-phase liquid chromatography-capillary zone
electrophoresis-tandem mass spectrometry for deep and highly sensitive bottom-
up proteomics: identification of 7500 proteins with five micrograms of an MCF7
proteome digest

2.1 Introduction

Capillary zone electrophoresis-tandem mass spectrometry (CZE-MS/MS) has a
long history in bottom-up proteomics. Yates group reported bottom-up proteomics of
yeast ribosome using CZE-MS/MS in 1999.! Since then, there have been many reports
on exploring CZE-MS/MS for bottom-up proteomics of samples with varying complexity.
14 CZE-MS/MS has some unique features compared to widely used reversed-phase liquid
chromatography (RPLC)-MS/MS for bottom-up proteomics. First, it outperforms RPLC-
MS/MS for analyses of low nanograms of complex proteome digests in terms of the
number of protein identifications (IDs).26°1! This feature makes CZE-MS/MS very useful
for mass-limited sample analyses, e.g., characterization of single cells.'! Second,
migration time of peptides in CZE can be predicted easily with high accuracy while
prediction of peptides’ retention time in RPLC is much more difficult due to various
interactions between peptides and beads.® This valuable feature of CZE provides the
proteomics community with a new approach to validate the confidence of peptide ID from
a database search. Third, CZE can reach much better separation of phosphorylated and

unphosphorylated forms of peptides than RPLC,° which makes CZE-MS/MS very useful

2 Part of this chapter was adapted with permission from: Yang, Z.; Shen, X.; Chen, D.; Sun, L., Analytical
chemistry 2018, 90 (17), 10479-10486.
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for phosphoproteomics. Fourth, CZE-MS/MS has no bias against the ID of very
hydrophilic peptides that usually have no or very weak retention on RPLC columns.3?8

Recently, CZE-MS/MS has achieved great progress in deep bottom-up proteomics
due to improvement in CE-MS interface,'!° mass spectrometer,??2! and online sample
stacking method.® 2226 Yan et al. identified over 4000 proteins from Xenopus embryos via
coupling RPLC prefractionation to CZE-MS/MS.?° Very recently, our group reported over
8000 protein IDs from a mouse brain proteome digest using two-dimensional (2D) LC-
CZE-MS/MS.?” LC-CZE-MS/MS is becoming a useful tool for deep bottom-up proteomics.
LC-CZE-MS/MS and the state-of-the-art 2D-LC-MS/MS are complementary in peptide
and protein IDs from complex proteomes and combining those two techniques can boost
the proteome coverage from bottom-up proteomics.?’

Hundreds of micrograms of proteome digests were typically required for the LC-
CZE-MS/MS-based deep bottom-up proteomics studies.>?>27 There are at least two
reasons for the requirement of large amounts of proteome digests. First, typically LC
fractionation employs a LC column with a large inner diameter (2.1 or 4.6 mm). The total
surface area of beads packed in the column and the optimum flow rate of mobile phase
for separation are high, leading to unavoidable sample loss on the beads and on the inner
wall of Eppendorf tubes used for fraction collection.?® Second, the sample loading volume
of CZE is low, typically less than 100 nL.52526 A reasonable amount of peptide material
is required for identification of low abundant proteins in a complex proteome sample with
MS/MS. Therefore, a relatively high peptide concentration in the sample is essential for
CZE-MS/MS in order to reach large-scale proteomics. The significant sample loss during

LC fractionation and the requirement of high peptide concentration in the sample for CZE-
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MS/MS lead to the need of a large amount of starting peptide material for deep bottom-
up proteomics using the LC-CZE-MS/MS. The requirement of large amount of peptides
impedes the application of CZE-MS/MS for deep bottom-up proteomics of mass-limited
samples.

Microscale RPLC (URPLC)-based peptide fractionation and CZE-MS/MS with a
much higher sample loading volume are vital for dramatically reducing the required
amount of initial peptide material. Several groups have tested different uRPLC methods
for fractionation of complex proteome digests prior to CZE-MS/MS or nanoRPLC-
MS/MS.628-31 RP-based solid phase microextraction (RP-SPME) and strong cation
exchange monolith based SPME have been online coupled with CZE-MS/MS for highly
sensitive bottom-up proteomics using nanograms of proteome digests.®2%3° The SPME-
CZE-MS/MS platforms will be very useful for large-scale proteomics of mass-limited
proteome samples, e.g., single cells. C18 ZipTip has low-ug loading capacity and it is a
simple and efficient uRPLC method for peptide fractionation. Choi et al. have employed
the C18 ZipTip-CZE-MS/MS recently to enhance the protein ID from mammalian neuron
proteome digests that correspond to the protein content of a few mammalian neurons in
mass.3! SPME and C18 ZipTip can be considered as low-resolution uRPLC. Kulak et al.
recently showed that coupling high-resolution and high-pH pRPLC fractionation to low-
pH nanoflow RPLC-MS/MS enabled deep bottom-up proteomics of human cell lines using
low-pg of proteome digests.?® The data in that work clearly demonstrated that high-
resolution pRPLC could reach highly efficient peptide fractionation with high peptide
recovery. In order to reach a high sample loading volume in CZE, efficient online sample

concentration is essential. The dynamic pH junction method3?32 has been evaluated for
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the online concentration of peptides and intact proteins in CZE.1#243435 Qur group
demonstrated that the dynamic pH junction based CZE-MS/MS could approach a
microliter scale sample loading volume and a 2-hour separation window
simultaneously.13* We speculate that coupling the low-resolution C18 ZipTip or the high-
resolution pRPLC prefractionation to the dynamic pH junction based CZE-MS/MS will
enable deep bottom-up proteomics starting with low-pug complex proteome digests.

In this work, we first performed a calibration curve experiment using the dynamic
pH junction based CZE-MS/MS for bottom-up proteomics of the MCF7 proteome with
0.1-100 ng of protein digests as the starting material. Then we investigated C18 ZipTip-
dynamic pH junction based CZE-MS/MS for deep bottom-up proteomics of the MCF7
proteome starting with 5-pg protein digest. Finally, we coupled high-resolution nanoflow
RPLC (nanoRPLC) to the dynamic pH junction based CZE-MS/MS to deepen the
coverage of the MCF7 proteome with 5-pg protein digest.

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, methanol, acetonitrile (ACN), HPLC grade acetic acid
(AA), formic acid (FA), and hydrofluoric acid (HF) were purchased from Fisher Scientific
(Pittsburgh, PA). Urea was purchased from Alfa Aesar (Haverhill, MA). Acrylamide was
ordered from Acros Organics (NJ, USA). Fused silica capillaries (50 ym i.d./360 pm

0.d.) were purchased from Polymicro Technologies (Phoenix, AZ).
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2.2.2 Preparation of the MCF7 breast cancer cell proteome digest

The human breast cancer cells (MCF-7) were kindly provided by Dr. Xuefeli
Huang'’s group at the Department of Chemistry, Michigan State University. MCF7 cells
were cultured at 37°C under a 5% CO2 in ATCC-formulated Eagle's Minimum Essential
Medium, supplemented with 0.01 mg/ml human recombinant insulin and 10% fetal
bovine serum. The cells were washed with PBS and lysed in a lysis buffer containing 8
M urea, 100 mM ammonia bicarbonate (NHsHCOs3, pH 8.0) and protease inhibitors, with
the assistance of ultrasonication (Branson Sonifier 250, VWR Scientific, Batavia, IL) on
ice for 10 minutes. After centrifugation at 10000 g for 10 min, the supernatant was
collected and the protein concentration was measured by the BCA assay.
250 pg of MCF-7 proteins were precipitated with cold acetone and stored at -20 °C
overnight. After centrifugation at 14000 g for 10 min, the protein pellet was washed with
cold acetone once and was air-dried for a couple of minutes at room temperature. The
protein pellet was then redissolved in 100 pL of 8 M urea containing 100 mM NH4HCOs
(pH 8.0). The proteins were reduced by dithiothreitol (DTT) at 37°C for 30 min and
alkylated by iodoacetamide (IAA) at room temperature for 20 min in the dark. DTT was
added to quench extra IAA. The protein sample was then diluted to 500 pL with 100 mM
NH4HCOs (pH 8.0), followed by tryptic digestion at 37°C for overnight with 8 pg of
trypsin (Bovine pancreas TPCK-treated). The digestion process was terminated by
adding 2 pL of formic acid. Peptides were then desalted using Sep-Pak C18 Cartridge
(Waters) and lyophilized with a vacuum concentrator (Thermo Fisher Scientific). The

peptide sample was stored at -80°C before use.
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2.2.3 Calibration curve experiment

We prepared a series of MCF7 peptide samples in 20 mM ammonium
bicarbonate (NH4HCOs, pH 8.0) with various concentrations: 50 ng/uL, 5 ng/uL, 0.5
ng/uL, and 0.05 ng/uL. 2 pL of each sample was put into a sample vial and a 500-nL
aliquot of each sample was injected for CZE-MS/MS. The mass of peptides in the
sample vial was 100 ng, 10 ng, 1 ng, and 0.1 ng corresponding to different peptide
concentrations from 50 ng/uL to 0.05 ng/uL. Each sample was analyzed by one CZE-
MS/MS run. We repeated the experiment three times to obtain triplicate analyses of
each sample.
2.2.4 C18 ZipTip fractionation

A C18 ZipTip (Millipore, ZTC18S096) was first conditioned with 100 pL of 80%
(v/v) acetonitrile (ACN) containing 20 mM NH4HCOs3 (pH 8.0) and equilibrated with 100
pL of 3% (v/v) ACN containing 20 mM NH4HCOs (pH 8.0). 5-pg MCF7 proteome digest
dissolved in 20 mM NH4HCOs3 (pH 8.0) was loaded onto the ZipTip by pipetting up and
down for 20 times. The flow-through from the loading was kept for further analysis. The
peptides retained on the ZipTip were separated by step-wise elution using 6%, 15%,
20%, 25%, 40%, and 80% (v/v) ACN containing 20 mM NH4HCOs (pH 8.0). Each
elution was processed by centrifugation at 2000 rpm for 2 min and 4000 rpm for 30
seconds using 20-pL elution buffer. The flow-through from loading and the eluate from
80% (v/v) ACN were combined. Each eluate was lyophilized and redissolved in 5 pL of

20 mM NH4HCOs3 (pH 8.0) for CZE-MS/MS analysis.
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2.2.5 NanoRPLC fractionation

An EASY nanoLC-1200 (Thermo Fisher Scientific) was used for the fractionation.
An analytical column (75 um i.d. x 50 cm, C18, 2 um, 100 A, Thermo Fisher Scientific)
was employed for RPLC. Buffer A containing 0.1% (v/v) formic acid (FA) and buffer B
containing 80% (v/v) ACN and 0.1% (v/v) FA were used to generate gradient
separation. 5-pg MCF7 proteome digest was loaded onto the RPLC column with buffer
A at 800-bar pressure. Then the peptides retained on the column were separated by a
linear gradient. The flow rate was 200 nL/min.

For the first RPLC fraction experiment, the gradient used for peptide separation
was as follows: from 8 to 30% (v/v) B in 50 min, from 30% to 50% (v/v) B in 25 min,
from 50% to 100% (v/v) B in 5 min and maintain at 100% (v/v) B for 10 min. The fraction
collection started from the sample loading. The flow-through during sample loading and
the peptides eluted during the first 14 min of the gradient were collected in one
Eppendorf tube as the first fraction. After that, we collected one fraction every 7 min.
The last fraction was collected from 70 min to 90 min. In total, 10 fractions were
collected. The eluate for each fraction was directly transferred to the bottom of one 0.6-
mL Eppendorf tube during fraction collection. After lyophilization, each fraction was
redissolved in 3 pL of 20 mM NH4HCOs (pH 8.0) by pipetting up and down for CZE-
MS/MS.

For the second RPLC fractionation experiment, the gradient for RPLC separation
was as follows: from 5 to 20% (v/v) B in 100 min, from 20% to 40% (v/v) B in 50 min,
from 40% to 100% (v/v) B in 15 min and maintain at 100% (v/v) B for 15 min. The

fraction collection started from the sample loading. The flow-through during sample
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loading and the peptides eluted during the first 15 min of the gradient were collected as
the first fraction. Then, each fraction was collected every 7 min. The last fraction was
collected starting from 141 min until the end of the gradient. We collected 20 fractions in
total into 0.6-mL Eppendorf tubes. All fractions were lyophilized and each fraction was
redissolved in 1.5 pL of 20 mM NH4HCOs (pH 8.0) for CZE-MS/MS.
2.2.6 CZE-MS/MS analysis

A one-meter linear polyacrylamide (LPA) coated fused silica capillary (50 pm
1.d./360 um o.d) was used for CZE. The LPA coating was prepared based on references
14 and 36. One end of the capillary was etched with hydrofluoric acid (HF) to reduce its
outer diameter to ~70 um. The length of the etched part was about 5 mm. The LPA
coated capillary was stored at room temperature before use.

The commercialized electro-kinetically pumped sheath flow CE-MS interface
(CMP scientific, Brooklyn, NY) was used to couple CZE to MS.1""1%9 The automated CZE
operations were carried out with an ECE-001 autosampler (CMP scientific) or a CESI
8000 plus CE system (Sciex). The background electrolyte (BGE) for CZE was 5% (v/v)
acetic acid (pH 2.4). The sheath buffer was 10% (v/v) methanol and 0.2% (v/v) FA. The
glass emitter for electrospray was pulled from a borosilicate glass capillary (0.75 mm
i.d., 1 mm o.d.) by a Sutter P-1000 flaming/brown micropipette puller. The orifice of the
electrospray emitter was 20-40 um. The distance between the etched end of the
separation capillary and the emitter orifice was less than 300 um. The distance between
the emitter orifice and the MS entrance was 2 mm.

Sample injection was performed by applying 5-psi pressure for 90 seconds.

About 500 nL of the sample was loaded into the capillary for CZE separation. After
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sample loading, the injection end of the capillary was moved into the BGE vial. 30 kV
voltage was applied at the injection end for CZE separation and 2 kV was applied in the
sheath buffer vial for electrospray. The CZE separation was finished in 90 min or 100
min. After the CZE separation, 15-psi pressure and 30 kV were applied at the injection
end to flush the capillary for 5 min. In order to inject a 500-nL sample plug for CZE-
MS/MS from only 5 pL or lower volume of sample in a sample vial, we pushed the
injection end of the capillary to the bottom of the sample vial for injection. For the
experiments on the CESI 8000 plus CE system, we used the nanoVials (Part number
5043467, SCIEX) for sample injection.

A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used in all
the experiments. For all experiments, the resolution for full MS was 60000, the AGC
was 1E6, the maximum injection time was 50 ms and the scan range was 300-1800
m/z. A Topl0 data-dependent acquisition (DDA) method was applied. Only ions with a
charge of 2 or higher were isolated in the quadrupole and fragmented in the high energy
collision dissociation (HCD) cell with normalized collision energy (NCE) as 28%. Other
parameters were varied for different experiments.

For the calibration-curve experiment, we changed some parameters for different
amounts of MCF7 peptides. For CZE-MS/MS analysis of 0.1-ng to 10-ng MCF7
peptides, the resolution for MS/MS was 60000, the AGC target for MS/MS was 1ES5,
and the maximum injection time for MS/MS was 250 ms. The isolation window was 4
m/z and the intensity threshold for fragmentation was 2.2E4. Dynamic exclusion was 10
s. For CZE-MS/MS analysis of 100-ng sample, all the parameters were the same as

that used for 0.1-ng to 10-ng samples except the MS/MS maximum injection time as
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110 ms, the isolation window as 2 m/z, the intensity threshold for fragmentation as 5E4,
and the dynamic exclusion as 30 s. The parameter settings were referred to reference
37. It has been demonstrated that a high injection time (2250 ms) and a wide isolation
window (4 m/z) can benefit the analysis of mass-limited samples.®” For the 100-ng
sample, a 110-ms maximum injection time and a 2-m/z isolation window were used to
acquire more MS/MS spectra and reduce the co-isolation of peptides for fragmentation.

For CZE-MS/MS analysis of the fractions from C18 ZipTip and nanoflow RPLC
fractionation, the resolution for MS/MS was 30000, the maximum injection time for
MS/MS was 50 ms, the AGC target for MS/MS was 1E5, the isolation window was 2.0
m/z, the intensity threshold for fragmentation was 5E4, and the dynamic exclusion was
30 s.
2.2.7 Nano 2D-RPLC-MS/MS analysis

A C18 RPLC column (75 um i.d. x 50 cm, C18, 2 um, 100 A, Thermo Fisher
Scientific) connected to an EASY nanoLC-1200 system (Thermo Fisher Scientific) was
used for the first dimensional high-pH RPLC separation. Buffer A containing 5 mM
ammonium bicarbonate (pH 9.0) and buffer B containing 80% (v/v) ACN and 5 mM
ammonium bicarbonate (pH 9.0) were used to generate gradient separation. 5 ug of the
MCF7 protein digest was loaded onto the RPLC column with buffer A at 800-bar
pressure. Then the peptides retained on the column were separated by a linear
gradient. The flow rate was 200 nL/min. The gradient for RPLC separation was as
follows: from 5 to 20% (v/v) B in 100 min, from 20% to 40% (v/v) B in 50 min, from 40%
to 100% (v/v) B in 15 min and maintain at 100% (v/v) B for 15 min. The fraction

collection started from the sample loading. The flow-through during sample loading and
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the peptides eluted during the first 15 min of the gradient were collected as the first
fraction. Then, each fraction was collected every 5 min. The last fraction was collected
starting from 155 min until the end of the gradient. We collected 30 fractions in total and
combined fractions into 15 fractions. All fractions were lyophilized and each fraction was
redissolved in 5 pL of 0.1 % (v/v) FA for low pH nanoRPLC-MS/MS.

80% of the peptides in each fraction were loaded on the analytical column (75
um i.d. x 50 cm, C18, 2 ym, 100 A, Thermo Fisher Scientific) for low pH RPLC
separation. An EASY nanoLC-1200 (Thermo Fisher Scientific) was used. Buffer A
containing 0.1% (v/v) FA and buffer B containing 80% (v/v) ACN and 0.1% (v/v) FA
were used to generate gradient separation. Sample was loaded onto the RPLC column
with buffer A at 800-bar pressure. Then the peptides retained on the column were
separated by a linear gradient. The flow rate was 200 nL/min. The gradient for RPLC
separation was as follows: from 5 to 20% (v/v) B in 60 min, from 20% to 40% (v/v) B in
40 min, from 40% to 100% (v/v) B in 10 min and maintain at 100% (v/v) B for 10 min.

The parameter settings of each nanoLC-MS/MS analysis were all consistent with
CZE-MS/MS analysis except 120 min was set for data acquisition.

2.2.8 Data Analysis

Proteome Discoverer 2.2 (Thermo Fisher Scientific) was used for the database
search. SEQUEST HT searching engine was used. Precursor mass tolerance was 20
ppm while fragment mass tolerance was 0.05 Da. UniProt human proteome database
(UP000005640) was used for the database searching. Trypsin was set as the enzyme
with two maximum missed cleavages. The false discovery rate (FDR) was evaluated by

the target and decoy approach.383° Methionine oxidation, Protein N-terminal acetylation,
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and Asparagine or Glutamine deamination were set as variable modifications.
Carbamidomethylation of cysteine was set as the fixed modification. The peptides were
filtered with confidence as high, corresponding to a 1% peptide-level FDR. Protein
grouping was enabled, and the strict parsimony principle was applied. All the numbers
of protein and peptide IDs reported in this work were from Proteome Discoverer 2.2.

We also performed database search using MaxQuant software“° (version 1.5.5.1)
to obtain label-free quantification (LFQ) information. All the parameters were kept as
default settings. The LFQ and match-between-runs function were enabled.*! The
UniProt human proteome database (UP000005640) was used for the database
searching. Perseus software (version 1.6.0.7) was used for further analysis of the
MaxQuant results.*> The MaxQuant data was only used for evaluation of the quantitative
reproducibility of the C18-ZipTip-CZE-MS/MS based on the LFQ information.

Grand average of hydropathy (GRAVY) values of peptides were calculated
through GRAVY Calculator (http://www.gravy-calculator.de/). Positive GRAVY values
indicate hydrophobic and negative values show hydrophilic.

2.3 Results and Discussion
2.3.1 Calibration curve data

CZE-MS typically can approach excellent mass detection limit and relatively
unsatisfied concentration detection limit due to the low sample loading volume of CZE.
Hundreds to thousands of protein IDs have been reported using CZE-MS/MS for
analysis of low ng even pg of complex proteome digests.118:3143 However, due to the
low nL loading volume of CZE, the concentration of proteome digests in sample vials for

injection need to be high for identification of low abundant proteins in complex
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proteomes, leading to the requirement of at least 1-ug protein digest for the CZE-
MS/MS studies. Recently, we boosted the sample loading volume of CZE to microliter
scale based on the dynamic pH junction online sample stacking method. 434 The large
sample loading volume offers us the opportunity to fully use the available peptide
material in the sample vial, dramatically reducing the required mass of peptides for
CZE-MS/MS. Here we investigated the dynamic pH junction based CZE-MS/MS for
analysis of a MCF7 proteome digest using 0.1-100 ng of peptides as the starting
material. Each CZE-MS/MS run took 90 min.

Two-pL aliquots of MCF7 peptide samples with a various concentration in 20 mM
NH4HCOs3 (pH 8.0) were put into sample vials for CZE-MS/MS. The mass of peptides in
the sample vials ranged from 0.1 ng to 100 ng. Our CZE-MS/MS system enabled a 500-
nL sample injection from the 2-pL available sample in the vial, using 25% of the available
sample for analysis. A diagram of the dynamic pH junction based CZE-MS/MS is shown
in Figure 2.1A. Figure 2.1B shows the number of peptide and protein IDs as a function
of the amount of available peptide material and injected peptide material. On average
1200 proteins and 5300 peptides were identified by the CZE-MS/MS when only 100-ng
peptide was available in the vial. The data clearly indicate that our dynamic pH junction
based CZE-MS/MS is able to reduce the required mass of complex proteome digests by
one order of magnitude compared with the literature data (100 ng vs. 1 ug).!* The CZE-
MS/MS was able to identify on average 100 proteins and 15 proteins from the MCF7
proteome starting with only 1-ng and 0.1-ng peptide, which correspond to the protein
content of only ten and one MCF7 cells in mass.** The data highlight the potential of the

CZE-MS/MS system for single cell proteomics.
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As shown in Figure 2.1B, the number of protein and peptide IDs steadily increase
as the amount of available peptide material grows. The CZE-MS/MS produced
reproducible protein and peptide IDs from triplicate analyses with the relative standard
deviations (RSDs) lower than 10% when 10 ng and 100 ng of peptides were available.
We extracted the peaks of 12 peptides across all the raw files of 0.1-100 ng samples. The
12 peptides were randomly chosen from that identified from the 0.1-ng sample. We
plotted the peptide intensity as a function of the available peptide amount, Figure 2.1C.
The peptide intensity grows linearly as the peptide amount increases. The data suggest
high confidence of those identified peptides from the 0.1-ng sample.

The calibration curve data indicate high sensitivity of our dynamic pH junction
based CZE-MS/MS system and inspired us to think about deep proteomics of the MCF7
cells with only low-pg peptides using URPLC fractionation-dynamic pH junction CZE-

MS/MS.
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Figure 2. 1 The calibration curve data. (A) Diagram of dynamic pH junction based

CZE-MS/MS. The sample was dissolved in 20 mM NH4HCOs3 (pH 8.0) and the BGE was

5% (v/v) acetic acid (pH 2.4). Roughly 25% of the separation capillary was filled with the

sample for CZE-MS/MS. (B) The number of protein and peptide identifications as a

function of the peptide amount in the sample vial (log-log plot). The peptide amount

injected for CZE-MS/MS analysis was labeled on the top. The error bars represent the

standard deviations of the number of identifications from CZE-MS/MS in triplicate. (C)

The peptide intensity as a function of the peptide amount in the sample vial (log-log

plot). Twelve peptides were randomly chosen from that identified with the 0.1-ng sample

for this figure. The peptide intensity was obtained based on the extracted peptide peaks
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with 20-ppm mass tolerance and Gaussian smoothing (5 points). The error bars
represent the standard deviations of the peptide intensity from CZE-MS/MS in triplicate.
2.3.2 C18 ZipTip fractionation-CZE-MS/MS

We investigated the C18 ZipTip fractionation-dynamic pH junction CZE-MS/MS
for deep bottom-up proteomics of the MCF7 cells starting with only 5-pg proteome
digest. The C18 ZipTip fractionated the 5-ug peptides into 6 fractions based on their
hydrophobicity. Each eluate was lyophilized and redissolved in 5 pL of 20 mM
NH4HCOs3 (pH 8.0) for CZE-MS/MS analysis. Each fraction was analyzed by one CZE-
MS/MS run in 105 min with a 500-nL sample loading volume. One C18 ZipTip-CZE-
MS/MS experiment took 630 min of instrument time. The whole experiment was
performed three times.

The platform produced 4453+304 (n=3) protein IDs, 26928+2489 (n=3) peptide
IDs, 93354+11209 (n=3) peptide-spectrum matches (PSMs) and 229148+10524 (n=3)
MS/MS spectra, Figure 2.2A. The data indicate the good reproducibility of the platform.
More importantly, for the first time, CZE-MS/MS was able to approach deep bottom-up
proteomics of a human cell line proteome reproducibly using only low-pg of starting
peptide material. The C18 ZipTip fractionation is simple and straightforward. It can be
completed within 20 min. We believe the C18-ZipTip fractionation-dynamic pH junction
CZE-MS/MS can be a useful tool for deep bottom-up proteomics.

The C18 ZipTip-CZE-MS/MS was performed in triplicate and the protein-level
overlap between replicates is reasonable (>70%), Figure 2.2B. The platform also
shows great quantitative reproducibility based on the LFQ intensity of quantified

proteins (R?20.97), Figure 2.2C. We further investigated the performance of C18 ZipTip
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for peptide fractionation, Figure 2.2D. We used the first replicate data and obtained the
peptide-level overlap between adjacent C18 ZipTip fractions. CZE-MS/MS generated
4000-9000 peptide IDs from one C18 ZipTip fraction. The adjacent fractions share a
significant portion of the identified peptides, and the number of shared peptides ranges
from 2000 to 4000. The obvious peptide-level overlap between adjacent C18 ZipTip
fractions is most likely due to the low resolution of C18 ZipTip for peptide separation.
We speculated that coupling high-resolution pRPLC fractionation to the dynamic pH

junction CZE-MS/MS could further deepen the coverage of the MCF7 proteome.
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Figure 2. 2 The C18 ZipTip-CZE-MS/MS data. (A) Protein IDs, Peptide IDs, peptide-

spectrum matches (PSMs), and the acquired MS/MS spectra. The error bars represent
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the standard deviations of the IDs from the platform in triplicate. (B) The protein-level
overlap between the C18 ZipTip-CZE-MS/MS replicates. (C) The correlations of protein
LFQ intensity between the C18 ZipTip-CZE-MS/MS replicates. (D) The number of
peptide IDs in each C18 ZipTip fraction and the number of common peptides between
adjacent fractions. “FT” represents the flow through during the sample loading. The 6%,
15%, 20%, 25%, 40%, and 80% represent the concentration of ACN for peptide elution
from the ZipTip.
2.3.3 NanoRPLC fractionation-CZE-MS/MS

We further coupled high-resolution nanoRPLC fractionation to the dynamic pH
junction based CZE-MS/MS for deep bottom-up proteomics of the MCF7 cell proteome
starting with only 5-ug proteome digest. One RPLC column (75-pm i.d., 50-cm length)
packed with 2-um C18 beads was used for the high-resolution fractionation. The flow
rate was 200 nL/min.

Two experiments were performed. In the first experiment, we fractionated the 5-
Mg proteome digest with the RPLC column into 10 fractions, lyophilized the fractions,
and redissolved each fraction in 3 pL of 20 mM NH4HCOs (pH 8.0) for CZE-MS/MS with
a 500-nL sample loading volume. The CZE-MS/MS identified 5769 proteins and 35575
peptides from the 10 RPLC fractions. The experiment took 1100-min instrument time. In
the second experiment, we fractionated another 5-ug MCF7 proteome digest sample
with the same RPLC column and obtained 20 fractions. Because the average amount of
peptides in each fraction was lower than that in the first experiment due to more
fractions (20 vs. 10), we dissolved the peptides in each fraction in only 1.5 pL of 20 mM

NH4HCOs3 (pH 8.0) for CZE-MS/MS. Over 30% of the peptide material in each fraction
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was used for the analysis (500 nL vs. 1.5 pL) in order to identify lower abundant
proteins. CZE-MS/MS analyses of the 20 RPLC fractions in 34 hours generated 7512
protein IDs, 59403 peptide IDs, 152086 PSMs, and 543622 MS/MS spectra. The
number of peptide and protein IDs was improved by 67% and 30%, respectively,
compared to that from the first experiment. Compared with recent deep bottom-up
proteomics work using LC-CZE-MS/MS,>2527 this work reduced the required amount of
complex proteome digests by two orders of magnitude (5 pg vs. 2500 ug). We noted
that different mass spectrometers used in those studies could also affect the overall
sensitivity of LC-CZE-MS/MS. We also noted that CZE-MS/MS analyses of only 8 RPLC
fractions in less than 14 hours could yield 6000 protein IDs, Figure 2.3. The nanoRPLC-
CZE-MS/MS platform will become a powerful tool for highly sensitive and deep
proteomics. The mass spectrometry proteomics raw files have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset

identifier PXD009991 4546
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Figure 2. 3 Cumulative protein IDs vs. number of RPLC fractions. The data from the
nanoRPLC-CZE-MS/MS experiment (20 RPLC fractions) were used for the figure.
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We attribute the drastically high sensitivity of our nanoflow RPLC-CZE-MS/MS
system to three major reasons. First, the nanoRPLC system significantly reduced the
sample loss due to the much lower total surface area of beads packed in the column
and much lower mobile phase flow rate compared with the RPLC systems used in the
literature (75-pm-i.d. column vs. 22.1-mm-i.d. column; 200 nL/min vs. 2200 uL/min).5 25
2" The data reported recently by the Mann’s group provided strong evidence for this
point.?22 Second, the nanoRPLC produced high-resolution separation of peptides,
leading to negligible peptide-level overlap between adjacent RPLC fractions, Figure
2.4A. The high-resolution RPLC fractionation reduced the sample complexity and ion
suppression during the electrospray ionization. Third, the dynamic pH junction based
CZE-MS/MS was able to use over 30% of the peptide material in each fraction for
analysis. In previous LC-CZE-MS/MS studies,>?526 the CZE-MS/MS system was only
able to inject less than 1% of the peptide material in each LC fraction for analysis.

We noted that the nanoRPLC and dynamic pH junction based CZE yielded highly
orthogonal separation of peptides. RPLC separates peptides based on their
hydrophobicity. As shown in Figure 2.4B, the peptides in later RPLC fractions tend to
be more hydrophobic, which agrees well with the separation mechanism of RPLC. CZE
separates peptides based on their size-to-charge ratios.'® The retention time of peptides
in RPLC and their migration time in CZE have no significant correlation, demonstrating
that RPLC and CZE are highly orthogonal for peptide separation, Figure 2.4C. The
peptides in every 7-min eluate from the nanoRPLC were further separated by CZE in a

60-min window.
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Figure 2. 4 The nanoRPLC fractionation-CZE-MS/MS data. The data was from the 20
RPLC fractions. The bigger RPLC fraction number indicates longer retention time in
RPLC. (A) The number of peptide IDs in each nanoRPLC fraction and the number of
common peptides between adjacent fractions. (B) The cumulative distribution of the
GRAVY of the identified peptides in 10 out of the 20 nanoRPLC fractions. The fraction
number was labeled in the figure. Positive GRAVY values indicate hydrophobic and
negative values show hydrophilic. (C) The correlation between the RPLC fraction

number and the migration time of peptides in CZE. All the identified peptide-spectrum
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matches (PSMs) were used to generate this figure. The migration time corresponding to
each PSM was obtained directly from the database search result.

Recently, the Mann’s group developed a highly sensitive 2D-RPLC-MS/MS
system via coupling high-pH nanoRPLC fractionation to low-pH nanoRPLC-MS/MS for
deep bottom-up proteomics.?® In this work, we also applied the nano-2D-RPLC-MS/MS
for deep bottom-up proteomics of the MCF7 proteome using 5-pg of the proteome
digest as the starting material. We fractionated the digest into 30 fractions with high-pH
nanoRPLC and combined the 30 fractions into 15 fractions. Then each fraction was
analyzed by low-pH nanoRPLC-MS/MS with a 2-hour gradient. The total MS analyses
including the sample loading and column equilibrium took roughly 40 hours. We
identified 8605 proteins and 91546 peptides after the database search. Our nanoRPLC-
CZE-MS/MS generated 13% lower number of protein IDs (7512 vs. 8605 proteins) and
35% lower number of peptide IDs (59403 vs. 91546 peptides) compared to nano-2D-
RPLC-MS/MS with 15% shorter MS time (34 vs. 40 hours). Those two platforms have
good complementarity in peptide ID and moderate complementarity in protein ID,
Figure 2.5. Only 70% of the peptides identified using nanoRPLC-CZE-MS/MS were
covered by those identified using nano-2D-RPLC-MS/MS. 677 proteins were only

identified by the nanoRPLC-CZE-MS/MS.
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Figure 2. 5 Comparisons between nano-2D-RPLC-MS/MS and nanoRPLC-CZE-
MS/MS in terms of the protein-level and peptide-level overlaps.
2.4 Conclusion

We developed two pHRPLC-CZE-MS/MS platforms for highly sensitive and deep
bottom-up proteomics. The C18 ZipTip-CZE-MS/MS identified 4453 proteins from 5-ug
MCF7 proteome digest with good qualitative and quantitative reproducibility. The
nanoRPLC-CZE-MS/MS platform reached over 7500 protein IDs and nearly 60000
peptide IDs with only 5-ug MCF7 proteome digest and improved the overall sensitivity of
LC-CZE-MS/MS for deep bottom-up proteomics drastically. The nanoRPLC-CZE-
MS/MS is complementary with the nano-2D-RPLC-MS/MS in terms of the protein and
peptide IDs from the MCF7 proteome. This work provides the proteomics community
with a powerful tool for deep proteomics of mass-limited samples.
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3CHPATER 3. An improved nanoflow RPLC-CZE-MS/MS system with high peak
capacity and sensitivity for nanogram bottom-up proteomics

3.1 Introduction

Multi-dimensional separation before electrospray ionization-mass spectrometry
(ESI-MS) is indispensable for bottom-up proteomics of complex proteomes.-
Reversed-phase liquid chromatography (RPLC) and capillary zone electrophoresis
(CZE) are both capable for high-resolution separation of peptides and are orthogonal.*>
Coupling RPLC to CZE-MS for complex sample analysis has been a very active
research area in the literature.® Both offline and online RPLC-CZE-MS systems have
been developed and applied in bottom-up proteomics. In general, the online RPLC-
CZE-MS should produce better sensitivity and higher throughput than the offline version
due to the reduced sample loss and labor; the offline RPLC-CZE-MS should have much
simpler system setup and provide better flexibility for the two-dimensional (2D)
separations compared to the online version.? It was well demonstrated that CZE-MS
outperformed RPLC-MS for analysis of mass-limited proteome samples regarding the
number of protein identifications (IDs), suggesting the better sensitivity of CZE-MS
compared to RPLC-MS.”1° Therefore, CZE is typically online coupled to MS and RPLC
is employed as the first dimension for peptide fractionation.
Several research groups have developed online RPLC-CZE-MS systems for
proteomics.''"1” The Ramsey group carried out the connection of RPLC and CZE-MS

using a microfluidic device.'®6 They applied the online RPLC-CZE-MS systems in

8 Part of this chapter was adapted with permission from: Yang, Z.; Shen, X.; Chen, D.; Sun, L., Journal of
proteome research 2019, 18 (11), 4046-4054.
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bottom-up MS characterization of standard protein digests, an antibody, and an E. coli
proteome sample. Under the optimal condition, a peak capacity of over 1000 in one
hour was produced by the online system. Recently, the Neusuf3 group built an online
RPLC-CZE-MS system using a 4-port valve as the interface for characterization of intact
proteins.’” An RPLC eluate containing proteins was selectively transferred into a sample
loop integrated into the 4-port valve, followed by CZE-MS analysis. Although some
successful examples were published, some challenges remain for the online RPLC-
CZE-MS. First, the separation power of RPLC and CZE cannot be fully used because
we need to balance the two dimensions for online operation. Second, usually only a
small fraction of the RPLC eluate can be analyzed by CZE-MS. For instance, in the
design of the Ramsey group,*® only small fractions of RPLC eluates flowed into the
microfluidic device and most of them went to waste through splitting to ensure the
compatibility of RPLC and CZE.

Offline RPLC-CZE-MS is a good solution for fully using the separation power of
both RPLC and CZE and has been applied for large-scale bottom-up proteomics.518-25
Yan et al. coupled offline RPLC fractionation to CZE-MS/MS for bottom-up proteomics
of Xenopus embryos and identified 4100 proteins.'® Chen et al. developed a SCX-
RPLC-CZE-MS/MS platform and achieved 8200 protein IDs in 70 h from a mouse brain
proteome.?* Both studies started with hundreds of micrograms of proteome digests.
Choi et al. coupled a microscale RPLC fractionation using a C18 zip-tip to CZE-MS/MS
for analysis of 1 to 20-pg neuron proteome digests.?® Nearly 800 proteins were identified
with consumption of only 1-ng proteome digest, demonstrating the power of microscale

RPLC-CZE-MS/MS for bottom-up proteomics of mass-limited samples. Although the
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offline RPLC-CZE-MS/MS showed its power for large-scale bottom-up proteomics, only
a small fraction of peptides in each RPLC fraction (i.e., less than 5%) was analyzed by
CZE-MS/MS in the typical workflow because of the low sample loading capacity of CZE.
The offline RPLC-CZE-MS/MS suffered from low overall sensitivity also because the
serious sample loss on the analytical RPLC column (2.1-4.6 mm i.d.) used for peptide
fractionation and in the Eppendorf tubes used for fraction collection.

The Mann group demonstrated that the RPLC fractionation using a capillary
column (i.e., 250-um i.d.) produced drastically better sensitivity compared to that using
an analytical column (i.e., 2.1-mm i.d.) for bottom-up proteomic analyses of low
micrograms of human cell proteins, due to the much lower sample loss from the
obviously reduced surface area.?® Recently, we coupled offline nanoRPLC fractionation
using a 75-um-i.d. column at 200 nL/min flow rate to high-capacity CZE-MS/MS for
highly sensitive and deep bottom-up proteomics of MCF7 cancer cells.?” We employed
a dynamic pH junction-based sample stacking method?® to improve the sample loading
capacity of CZE and enabled a 500-nL sample injection from a 1.5-uL peptide solution,
using up to 33% of the available peptide material for a CZE-MS/MS analysis. The
combination of nanoRPLC and dynamic pH junction-based CZE-MS/MS identified 7500
proteins and nearly 60000 peptides starting from only 5-ug of a MCF7 proteome digest.
The nanoRPLC-CZE-MS/MS can fully use the separation power of RPLC and CZE and
has great overall sensitivity because the RPLC eluates can be efficiently used for CZE-
MS/MS analysis.

Built upon our preliminary work, here we present an improved nanoRPLC-CZE-

MS/MS with much better sensitivity than our previous system. The improved system
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enabled deep bottom-up proteomic analysis of nanograms of MCF7 proteome digests
with the production of 6500 protein IDs starting with only 500-ng MCF7 peptides using a
Q-Exactive HF mass spectrometer. Only roughly 100 ng of peptides were actually
consumed. We further applied the improved nanoRPLC-CZE-MS/MS in bottom-up
proteomics of 5000 HEK293T cells. The single spot solid phase sample preparation
(SP3) method??:3° was employed for preparing the 5000-cell sample. We identified
about 3700 proteins with the consumption of protein content of roughly 1000 cells. The
optimized nanoRPLC-CZE-MS/MS system showed high sensitivity for bottom-up
proteomics because of several novelties.

First, we applied a short capillary (i.e., 70-cm long) in CZE separation and the
sample loading volume was 500 nL, corresponding to 36% of the total capillary volume.
One CZE-MS/MS run was completed in an hour with an average peak capacity of
nearly 200. The peptides migrated drastically faster compared to our previous work with
a 1-meter-long capillary,?” resulting in sharper peaks and higher peptide intensity, which
are important for analysis of mass-limited samples.

Second, we pretreated the inner wall of sample vials of CZE with bovine serum
albumin (BSA) to reduce the nonspecific peptide adsorption. The BSA treatment
improved the peptide intensity by nearly 200%.

Third, lyophilization and redissolution of nanoRPLC eluates before CZE-MS/MS
analysis were avoided to reduce sample loss, to decrease labor, and to improve
throughput. The nanoRPLC eluates were directly collected into 0.6-mL low-retention

Eppendorf tubes containing 1.4-2.4 yL of an ammonium bicarbonate (NH4HCOg3) buffer
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(pH 8.5). Then the samples were transferred into the BSA-treated sample vials of CZE
for the dynamic pH junction-based CZE-MS/MS without any sample preparation steps.

Fourth, we coupled the SP3-based sample preparation method with nanoRPLC-
CZE-MS/MS for bottom-up proteomics of 5000 HEK293T cells. The SP3 method has
high sample recovery for preparation of mass-limited proteome samples based on the
literature.?%3 To our best knowledge, this is the first report of bottom-up proteomics of a
small number of human cells using CZE-MS/MS.
3.2 Experiment
3.2.1 Material and reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. Urea was purchased from Alfa Aesar (Haverhill, MA). LC/MS grade water,
methanol, acetonitrile (ACN), HPLC grade acetic acid (AA), formic acid (FA), and
hydrofluoric acid (HF) were purchased from Fisher Scientific (Pittsburgh, PA).
Acrylamide was ordered from Acros Organics (NJ, USA). Fused silica capillaries (50 um
1.d./360 um o.d.) were purchased from Polymicro Technologies (Phoenix, AZ).
Carboxylate-modified paramagnetic beads (Sera-Mag SpeedBeads (hydrophilic) CAT #
45152105050250, and Sera-Mag SpeedBeads (Hydrophobic), CAT #
65152105050250) were purchased from GE Healthcare. 0.6 mL Eppendorf tubes (CAT
# C-2176) were purchased from Denville (Saint-Laurent, Canada). CZE insert tubes
(CAT # C4010-630P) were purchased from Thermo Scientific.
3.2.2 MCF7 cell culture and proteome digestion

The MCF7 cells were kindly provided by Dr. Xuefei Huang'’s lab from chemistry

department, Michigan State University. The cells were cultured at 37°C under a 5% CO:
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in ATCC-formulated Eagle's Minimum Essential Medium, supplemented with 0.01 mg/ml
human recombinant insulin and 10% fetal bovine serum. After cell culture, cells were
harvested and rinsed with 10 mL PBS buffer a couple times. The cells were then lysed
in 8 M urea buffer (100 mM NH4HCOs3, pH = 8.0 protease inhibitor) with ultrasonication
(Branson Sonifier 250, VWR Scientific, Batavia, IL) on ice for 10 min. After lysis, cells
were centrifuged at 10,000 g for 10 min. The supernatant was subjected for BCA assay
for protein concentration measurement.

250 pg of MCF7 protein were precipitated with 4 times (v/v) ice cold acetone and
stored in -20 °C overnight. The protein pellet was obtained through centrifugation at
14,000 g for 15 min and was washed once by cold acetone. The protein was then
dissolved with lysis buffer (8 M urea, 100 mM NH4HCOg3, pH = 8.0). Reduction was
implemented with addition of dithiothreitol (DTT) at 37 °C for 30 min and alkylation was
implemented with addition of iodoacetamide (IAA) at room temperature for 20 min in the
dark. DTT was added again to quench the extra IAA. The protein solution was then
diluted with 500 pL of NH4HCOs buffer (100 mM, pH = 8.0). 8 pg of trypsin (Bovine
pancreas TPCK-treated) was added. Digestion was performed under 37 °C overnight.
The digestion was quenched by adding 2 pL of formic acid. The peptides were then
desalted by Sep-Pak C18 Cartridge (Waters) and lyophilized. The peptides were stored
in -80 °C for further use.

3.2.3 HEK?293T cell culture and SP3-based sample preparation
The HEK293T cell was kindly provided by Prof. Jian Hu’s lab at the Department

of Biochemistry of Michigan State University. The HEK293T cells were grown in T75
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flasks contained 1x Gibco Dulbecco's Modified Eagle Medium (DMEM) without sodium
pyruvate at 37°C under 5% COa.

HEK?293T cells were harvested, washed with PBS buffer a few times and then were
immediately subjected to flow cytometry for cell sorting (BD Influx, BD Bioscience). Cell
were sorted into 1.7 mL Eppendorf tubes. 5 pL cell lysis buffer (4% SDS (w/v), Protease
inhibitor, 100 mM NH4HCOs3, pH 8) was added into 5000-cell aliquot so final SDS
content was about 1% (w/v). Cell lysis was performed by ultrasonication (Branson
Sonifier 250, VWR Scientific, Batavia, IL) on ice for 10 min and then 95 °C incubation
for 5 min. 2 uL 0.5 mM DTT was added into the sample. Sample was incubated under
37 °C for 30 min for reduction. Sample was then added with 2.5 pL of 1 mM IAA and
incubated under room temperature for 20 min in dark for alkylation. 1 pL of 0.5 mM DTT
was added to quench IAA.

2 L of each Carboxylate-modified paramagnetic beads stock solution (Sera-Mag
SpeedBeads (hydrophilic) CAT # 45152105050250, and Sera-Mag SpeedBeads
(Hydrophobic), CAT # 65152105050250) were combined and washed with water a few
times. The beads mixture was then added into the 5000-cell lysis solution treated with
DTT and IAA. Solution was quickly mixed through vortex. 120-uL ACN was then added
so the final ACN content was over 70% (v/v). Cell solution with beads was incubated
under room temperature for 18 min. Then, a magnet was placed under the tube for 2
min. The supernatant was taken with magnet on. Beads were then washed with 200 pL
of 70% (v/v) ethanol for twice and 100 % ACN once to remove SDS. 10 pL of NH4HCO3
buffer (100 mM, pH 8) was added into the tube to resuspend the beads. 50 ng of trypsin

was then added for digestion under 37 °C overnight. After digestion, the sample tube
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was spun down quickly and was added with 200 pL of 100 % ACN. Sample was
incubated at room temperature for 18 min and then on magnet for 2 min. The
supernatant was then taken out. The beads were then rinsed with 200 pL of 100 % ACN
and then resuspended with 3 puL of NH4HCOs3 buffer (50 mM, pH8) to release the
peptides off beads.
3.2.4 NanoRPLC fractionation

EASY-nLC 1200 (Thermo Fisher Scientific) equipped with a capillary column (75
um i.d. x 50 cm Length, C18, 2 ym bead, 100 A pore, Thermo Fisher Scientific) was
used for fractionation. Mobile phase A contained 2% (v/v) acetonitrile (ACN), 98% (v/v)
H20 and 0.1% (v/v) formic acid (FA). Mobile phase B contained 80% (v/v) ACN, 20%
(v/v) H20 and 0.1 % (v/v) FA. Flow rate was 200 nL/min. One-column set up was
selected on the nanoRPLC system. 0.6-mL low-retention Eppendorf tube (Denville,
Canada) was used for fraction collection.

50-fraction procedure. 5 ug and 500 ng of MCF7 proteome digests were
fractionated into 50 fractions with a 3-h gradient using nanoRPLC, respectively. The
gradient was set up as follows: from 8% to 30% (v/v) B in 100 min, from 30% to 50%
(v/v) B in 50 min, from 50% to 80% (v/v) B in 15 min and stay at 80% (v/v) B for 15 min.
The first fraction collection started at the sample loading and traversed the first 20 min
of gradient. Then each fraction was collected every 3 min. The last fraction was
collected from the 164 min to the end of the gradient. For 5-ug sample fractionation, 2.4
pL of 50 mM NH4HCOs (pH 8.5) was deposited to the bottom of the 0.6-mL Eppendorf
tube. For all fractions except the first and the last ones, when 0.6 pL of eluate (200

nL/min for 3 min) flowed into the buffer, the final pH was around 8.0. For 500-ng sample
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fractionation, the same procedure was used but only 1.4 pL of the NH4HCOz3 buffer (pH
8.5) was deposited into the tube, resulting in a total sample volume of 2 pL for each
fraction. For the first and last nanoRPLC fractions, the eluates were lyophilized and
redissolved in 3 pL (for the 5-ug sample) and 2 pL (for the 500-ng sample) of a 50 mM
NH4HCOs3 buffer (pH 8.0) for CZE-MS/MS.

20-fraction procedure. A 500-ng MCF7 cell proteome digest was fractionated
into 20 fractions with a 100-min gradient. The 100-min gradient was set up as follows:
from 8% to 30% (v/v) B in 60 min, from 30% to 50% (v/v) B in 30 min, from 50% to 80%
(v/v) B in 5 min and stay at 80% (v/v) B for 5 min. First fraction collection started from
sample loading and the first 15 min of gradient. Then each fraction was collected every
4 min. The last fraction collection started from 87 min and kept collecting until the end of
the gradient. A 1.4 pL of 50 mM NH4HCOs3 buffer (pH 8.5) was deposited into the tube
first. 0.8 pL of the nanoRPLC eluate was collected in the tube and the final sample
volume of each fraction was 2.2 pL.

10-fraction procedure. The proteome digest from 5000 HEK293T cells was
fractionated by the nanoRPLC system into 10 fractions using a 60-min gradient with a
similar procedure to the 20-fraction collection. The gradient was set up as follows: from
8% to 30% (v/v) B in 30 min, from 30% to 50% (v/v) B in 20 min, from 50% to 80% (v/v)
B in 5 min and stay at 80% (v/v) B for 5 min. First fraction collection started from sample
loading and the first 15 min of gradient. Then each fraction was collected every 4 min.
The last fraction collection started from 47 min and kept collecting until the end of the

gradient. 1.4 pL of 50 mM NH4HCOs buffer was deposited into the tube first. 0.8 pL of
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the eluate was combined into the NH4HCOs buffer with a final sample volume of 2.2 pL
and a final pH of around 8.

High pH 36-fraction procedure. 500 ng of MCF-7 cell digest was fractionated
by nanoRPLC system into 36 fractions using 100 min gradient with a similar procedure
as mentioned above. The gradient was set as follows: from 8% to 30% (v/v) B in 45 min,
from 30% to 50% (v/v) B in 40 min, from 50% to 80% (v/v) B in 5 min and stay at 80%
(v/v) B for 10 min. First fraction collection started from sample loading and the first 15
min of gradient. Then each fraction was collected every 2 min. The last fraction
collection started from 83 min and kept collecting until the end of the gradient. 2 pL of
water solution containing 0.1% (v/v) formic acid was first deposited into the tube for
fraction collection. The 36 fractions were then combined into 18 fractions (for example,
combining fractions 1 and 19, 2 and 20, 3 and 21, ----, 18 and 36) for nanoRPLC-
MS/MS analysis.

3.2.5 Pretreatment of sample vials of CZE-MS and nanoRPLC-MS with BSA

The sample injection vials of CZE-MS and nanoRPLC-MS were treated with a
BSA solution to reduce non-specific adsorption of peptides on the inner wall of vials. 10
pL of 2 mg/mL BSA solution was added into each sample injection vial and was
incubated at room temperature for 10 min. After the BSA solution was removed, each
vial was rinsed with 500 pL of a NH4HCO3 buffer (10 mM, pH 8) twice, followed by air
dry in the chemical hood. The treated sample vials were ready for use. We need to note
that the BSA treated sample vials were only used for the 500-ng MCF7 proteome

samples and the 5000 HEK293T cell sample.
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3.2.6 CZE-MS/MS

The inner wall of the CZE capillary (50/360 um i.d./o.d.) was coated with linear
polyacrylamide (LPA) based on the procedure described in references3! and the LPA-
coated capillary was etched with HF to reduce its outer diameter based on the protocol
described in reference®.

The commercialized electrokinetically pumped sheath flow CE-MS interface
(CMP scientific, Brooklyn, NY) was used to couple CZE to MS.33 34 An ECE-001
autosampler (CMP scientific) was used to carry out the automated CZE operation. The
background electrolyte (BGE) for CZE was 5 % (v/v) AA (pH = 2.4). The sheath liquid
was 10% (v/v) methanol and 0.2% (v/v) FA. The glass emitter for the electrospray was
pulled from borosilicate glass capillary (0.75 mmi.d., 1 mm o.d.) by a Sutter P-1000
flaming/brown micropipette puller. The orifice of the emitter was controlled at 20-40 pm.
The distance of the etched capillary tip to the emitter orifice was less than 300 pm and
the distance of the emitter orifice to the MS entrance was 2 mm.

A 70-cm-long capillary and a 100-cm-long capillary were used for CZE-MS/MS.
For the 70-cm capillary, the sample was loaded with 5-psi pressure for 60 s, leading to
the injection of approximately 500 nL of sample. For the 100-cm capillary, the sample
was loaded with 5-psi pressure for 90 s, leading to the injection of about 500-nL sample.
After sample loading, the sample injection end of the capillary was moved into a BGE
vial and 30-kV voltage was applied for separation. For the 70-cm capillary, separation
was carried out for 50 or 60 min and for the 100-cm capillary, separation was carried out

for 115 min. A 15-psi pressure was applied afterwards for 5 min to flush and condition
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the capillary. A 2-kV voltage was applied in the sheath buffer vial for electrospray
ionization.

A Q-Exactive HF (Thermo Fisher Scientific) mass spectrometer was use for all
CZE-MS/MS analyses. For the 5-ug proteome digest analysis, the full MS scan range
was set 300-1800 m/z. Resolution was set 60,000 (at m/z 200) and AGC was set 3E6.
Maximum injection time was set 50 ms. The resolution of MS/MS was set 30,000 and
AGC was set 1E5. Maximum injection time was set 50 ms and the loop count was set
10 (top 10). Quadrupole isolation window was set 2 m/z and the normalized
fragmentation energy was set 28. The ion intensity threshold was set 5E4 and the
dynamic exclusion window was set 30 s. For the 500-ng proteome digest and the 5000
HEK293T cell sample, to have better identification of low abundant peptides, we
modified the acquisition parameters. The resolution, AGC and maximum injection time
of full MS were set the same as the 5-ug proteome sample. However, the full MS scan
range was adjusted to 300—-1200 m/z. For MS/MS scan, the resolution was set 60,000
and the maximum injection time was set 200 ms. Quadrupole isolation window was set
4 m/z. the ion intensity threshold was set 1E4. All the rest of parameters were kept the
same.

3.2.7 NanoRPLC-MS/MS

The peptide eluate in each combined fraction was transferred into an insert tube
coated with BSA for nanoRPLC-MS/MS. About 75% of the peptide material in each
fraction was loaded onto an EASY nanoLC-1200 (Thermo Fisher Scientific) for low pH
nanoRPLC separation. A capillary column (75 um i.d. x 50 cm, C18, 2 pm, 100 A,

Thermo Fisher Scientific) was employed for RPLC. Buffer A containing 0.1% (v/v) FA
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and 2% (v/v) ACN and buffer B containing 80% (v/v) ACN and 0.1% (v/v) FA were used
to generate gradient separation. Each sample was loaded onto the RPLC column with
buffer A at 800-bar pressure. Then the peptides retained on the column were separated
by a linear gradient. The flow rate was 200 nL/min. The gradient for RPLC separation
was as follows: from 8 to 30% (v/v) B in 60 min, from 30% to 50% (v/v) B in 45 min,
from 50% to 80% (v/v) B in 5 min and maintain at 80% (v/v) B for 10 min.

The MS parameter settings of each nanoRPLC-MS/MS analysis were all
consistent with CZE-MS/MS analysis for 500-ng proteome digest except 120 min was
set for data acquisition.

3.2.8 Data Analysis

Database searching was performed on Proteome discoverer 2.2 (Thermo Fisher
Scientific) with SEQUEST HT search engine.3® Database search parameters were set
as follows: precursor ion mass tolerance was set 20 ppm; product ion mass tolerance
was set 0.05 Da; UniProt human proteome database (UP000005640) was used as
database; the false discovery rate (FDR%) was evaluated through target-decoy
database search approach.63” Trypsin was set for enzyme digestion with maximum 2
missed cleavage. Oxidation on methionine, acetylation on protein N-terminal and
deamination on asparagine or glutamine were set as variable modifications.
Carbamidomethylation on cysteine was set as fixed modification. The peptide FDR was
set as 1%. Protein grouping was enabled, and the strict parsimony principle was
applied.

MaxQuant 1.5.5.1 was also used for database search to obtain label free

guantification (LFQ) information between different experiments.383° All the parameters
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were set as default during database search except that when LFQ was enabled,
normalization was skipped to present the true quantity difference between different
experiments. UniProt human proteome database (UP0O00005640) was used as the

database. ExPASYy Bioinformatic Resource Portal (https://web.expasy.org/compute pi/)

was used to calculate peptide isoelectric point (pl) and molecular weight (MW). A

GRAVY calculator (http://www.gravy-calculator.de/) was used to calculate the GRAVY

values of peptides. Positive GRAVY values indicate hydrophobic and negative GRAVY
values suggest hydrophilic.
3.3 Results and discussion
3.3.1 Comparing 100-cm-long and 70-cm-long capillaries for CZE-MS/MS
Longitudinal diffusion is usually the only factor causes band broadening in CZE.
The longer time analytes spend in the capillary, the more band broadening would be. In
our previous work, we used a 100-cm-long LPA-coated capillary for CZE separation.?’
The LPA coating significantly reduced the electroosmotic flow in the capillary, which is
crucial for effective dynamic pH junction-based sample stacking and a wide separation
window. In a typical run of dynamic pH junction-based CZE-MS/MS using a 100-cm-
long LPA-coated capillary, we identified 8172 peptides and 1896 proteins from a MCF7
proteome digest with a Q-Exactive HF mass spectrometer in 95 min. 100-ng peptides in
500 nL of 50 mM NH4HCOs3 (pH 8.0) were injected for analysis. The effective separation
window was about 1 h, Figure 3.1A. The peak capacity was roughly 300 based on the
full width at half maximum (FWHM) of peptides. We performed peak extraction at m/z
593.33 with a mass tolerance of 10 ppm and observed three peaks corresponding to

three different peptides at varied migration time, Figure 3.1B. The peptide peak
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became obviously wider with the increase of migration time, most likely due to more
significant diffusion in the capillary. Interestingly, the basic peptides clearly tended to

migrate faster than the acidic peptides in the dynamic pH junction-based CZE, Figure

3.1C.
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Figure 3. 1 CZE-MS/MS analysis of a 100-ng MCF7 proteome digest. (A) Base peak
electropherogram of the CZE-MS/MS analysis. (B) Extracted ion electropherogram of
three peptides with similar m/z. The m/z for peak extraction was 593.33 with a mass
tolerance of 10 ppm. The m/z and full width at half maximum (FWHM) were labelled. (C)

Cumulative distribution of isoelectric point (pl) of peptides identified by CZE-MS/MS in
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different periods during a run. The identified peptides from 33 to 90 min were separated
into six groups based on their migration time.

We believe that by reducing the migration time of peptides, sharper peptide
peaks and higher peptide intensity could be achieved, which is important for CZE-
MS/MS analysis of mass-limited samples. To reduce peptide migration time, one option
is to use a shorter capillary. However, a shorter capillary can narrow the separation
window, reduce the peak capacity, and decrease the number of MS/MS spectra from
one CZE run. To ensure the overall peak capacity and number of MS/MS spectra of the
nanoRPLC-CZE-MS/MS system, we need to collect a higher number of fractions for
CZE-MS/MS analysis.

We first tested our idea by analyzing a 5-ug MCF7 proteome digest with
nanoRPLC-CZE-MS/MS, in which a 70-cm-long LPA-coated capillary was employed for
CZE-MS/MS analyses of 50 nanoRPLC fractions (70-cm-50-fractions). We also
compared the data with our previous work that utilized a 100-cm-long LPA-coated
capillary for CZE-MS/MS analyses of 20 nanoRPLC fractions (100-cm-20-fractions).?’

For the 70-cm-50-fractions study, we loaded 5 ug of a MCF7 proteome digest
onto a 50-cm-long nanoRPLC column for fractionation over a 3-h gradient as we did in
our 100-cm-20-fractions study in reference 27. To reduce additional sample handling
steps, here we put 2.4 pL of 50 mM NH4HCOs buffer (pH 8.5) in each sample collection
tube. When 0.6 pL of eluate (0.2 pL/min flow rate for 3 min) was combined with the
NH4HCOs3 buffer, the final pH was around 8 and final volume was 3 pL. 50 fractions
were collected. Each fraction was then directly analyzed by the dynamic pH junction-

based CZE-MS/MS with a 70-cm-long LPA-coated capillary. For each fraction, 500 nL
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out of 3 uL sample was injected. The MS analysis time per fraction was 55 min. In total,
we identified 7546 proteins and 66990 peptides from the 5-pug MCF7 proteome digest.
The 70-cm-50-fractions system produced similar numbers of protein IDs and peptide
IDs to the 100-cm-20-fractions system in reference 27 (7546 vs. 7512 proteins, 66990
vs. 59403 peptides) but with 50% less peptide material consumption (0.8 pg vs. 1.6 pg).
The result indicates that the 70-cm-50-fractions system has better sensitivity than the
100-cm-20-fractions platform. Less peptide material consumption also saves more
material for additional analysis.

We investigated the protein-level and peptide-level overlaps between the data in
the 70-cm-50-fractions and 100-cm-20-fractions studies, Figure 3.2A. The two studies
shared over 70% of protein IDs and only 26% of the peptide IDs. Considering the low
peptide-level overlap, we further investigated the physicochemical properties of
peptides identified in the two studies, Figures 3.2B-2D. The 70-cm-50-fractions system
clearly tended to identify basic peptides compared to the 100-cm-20-fractions system,
Figure 3.2B. The two systems showed no drastic differences in peptide molecular

weight (MW) and GRAVY value, Figures 3.2C and 3.2D.
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Figure 3. 2 Summary of the 5-ug MCF7 proteome digest data from 70-cm-50-
fractions and 100-cm-20 fractions experiments. (A) Overlaps of identified proteins
and peptides. (B) Cumulative distribution of isoelectric point (pl) of peptides. (C)
Cumulative distribution of molecular weight (MW) of peptides. (D) Cumulative
distribution of GRAVY (grand average of hydropathy) value of peptides. Positive
GRAVY values indicate hydrophobic and negative GRAVY values suggest hydrophilic.
3.3.2 NanoRPLC-CZE-MS/MS for bottom-up proteomic analysis of 500-ng MCF7
proteome digests

The 70-cm-50-fractions system has better sensitivity than our previous 100-cm-
20-fractions platform based on our data. Therefore, we further applied the 70-cm-50-
fractions method in the analysis of a 500-ng MCF7 proteome digest.
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We made some modifications on the nanoRPLC fraction collection and CZE-MS
sample vial compared to the 5-ug-sample study to reduce the sample loss further. First,
we only put 1.4-uL NH4HCOs buffer in the Eppendorf tube for nanoRPLC fraction
collection and we got 2-puL sample with pH about 8 in each Eppendorf tube after
collection of 0.6-pL eluate from nanoRPLC. Second, we pretreated the sample vial used
for CZE-MS/MS with a BSA solution to block nonspecific adsorption of peptides on the
inner wall of the sample vial.

25% of peptides in each nanoRPLC fraction (500 nL out of the 2 pL sample) was
loaded for CZE-MS/MS analysis, corresponding to consumption of only roughly 100-ng
MCF7 proteome digest in total. We identified 6492 proteins and 47342 peptides using
the 70-cm-50-fractions system. The total MS time was 45 h. The MS raw data have
been deposited to the ProteomeXchange Consortium via the PRIDE?° partner repository
with the dataset identifier PXD014392.

Recently, the Mann group developed a highly sensitive 2D nanoRPLC-MS/MS
system that employed a microscale capillary column for high-pH RPLC fractionation
followed by low-pH nanoRPLC-MS/MS analysis. 26 The system identified 5724 proteins
and 23765 peptides by MS/MS in 16 h using a Q-Exactive HF mass spectrometer with
the consumption of 500-ng HelLa proteome digest. 26 Our improved nanoRPLC-CZE-
MS/MS system identified 13% and nearly 100% more protein and peptide IDs than the
2D nanoRPLC-MS/MS system with four-times lower sample consumption (125 ng vs.
500 ng). We noted that our system consumed much longer MS time than the 2D
nanoRPLC-MS/MS system (45 h vs. 16 h). We also tried to collect 20 nanoRPLC

fractions for CZE-MS/MS to reduce the total MS analysis time. 4551 proteins and 24559
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peptides were identified by nanoRPLC-CZE-MS/MS in 18 h with the consumption of
about 100-ng peptides in total. The number of protein IDs is about 20% lower than that
in reference 26 with comparable instrument time but 4-fold lower sample consumption.
To make a fair comparison between our nanoRPLC-CZE-MS/MS and the 2D-
nanoRPLC-MS/MS for analysis of mass-limited proteome samples, we also analyzed a
500-ng MCF7 proteome digest using 2D-nanoRPLC-MS/MS with the same mass
spectrometer. We fractionated the 500-ng digest into 36 fractions using high-pH
nanoRPLC and combined them into 18 fractions. Each fraction was analyzed by low-pH
nanoRPLC-MS/MS in a 2-h gradient. Considering the sample loading time of
nanoRPLC-MS/MS, the total MS time for the 2D-nanoRPLC-MS/MS was about 45 h.
The 2D-nanoRPLC-MS/MS identified 4758 proteins and 23589 peptides. Using the
same mass spectrometer and instrument time, our nanoRPLC-CZE-MS/MS system
identified 36% more proteins (6492 vs. 4758) and 100% more peptides (47342 vs.
23589) than the 2D-nanoRPLC-MS/MS from 500-ng MCF7 proteome digests. We noted
that our nanoRPLC-CZE-MS/MS consumed 3-times lower (125 ng vs. 375 ng) peptides
compared to the 2D-nanoRPLC-MS/MS. About 65% and 88% of the identified peptides
and proteins from 2D-nanoRPLC-MS/MS were covered by the data from nanoRPLC-

CZE-MS/IMS, Figure 3.3.
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Figure 3. 3 The protein-level and peptide-level overlaps between the 2D-
nanoRPLC-MS/MS and nanoRPLC-CZE-MS/MS analyses of 500-ng MCF-7
proteome digests.

The nanoRPLC-CZE-MS/MS system in this work showed high sensitivity due to
several reasons. First, the system produced extremely high peak capacity for peptide
separation. On average, each CZE run had a peak capacity of 170 in 55 min. The
nanoRPLC-CZE with 50 fractions produced a peak capacity of 8500 for peptide
separation. The extremely high peak capacity was most likely because nanoRPLC and
CZE were well orthogonal for peptide separation. Figure 3.4 shows the base peak
chromatogram of nanoRPLC-MS/MS analysis of a 500-ng MCF7 proteome digest as
well as base peak electropherograms of 20 out of 50 nanoRPLC fractions of the 500-ng
digest after CZE-MS/MS analyses. It is clear that one 3-min nanoRPLC fraction can be

further separated into an up to 40-min window by CZE.
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Figure 3. 4 Orthogonality of nanoRPLC and CZE. 3D plot of a base peak
chromatogram of a 500-ng MCF7 proteome digest and base peak electropherograms of
20 nanoRPLC fractions from the 70-cm-50-fractions study of the 500-ng MCF7
proteome digest. A zoom-in plot is also shown in the figure.

Second, the pretreatment of CZE-MS sample vial with BSA drastically reduced
sample loss. We compared the number of protein IDs, the number of peptide IDs,
protein intensity, and peptide intensity between nanoRPLC-CZE-MS/MS studies with
and without sample vial pretreatment. Twenty nanoRPLC fractions were collected for
CZE-MS/MS analysis in both cases. The non-BSA treated study resulted in 39% and

58% lower number of protein (2758 vs. 4551) and peptide (10230 vs. 24559) IDs
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compared to the BSA-treated study. We also compared the LFQ intensity of identified
proteins in both studies, Figure 3.5A. The protein LFQ intensities had good correlation
between the two conditions (R? = 0.93) with a slope of 4.5, indicating drastically higher
protein intensity with BSA-treated sample vials compared to non-treated vials. The
median of peptide intensities from the BSA-treated sample vial was 2.6-fold higher than
that from the non-treated sample vial, Figure 3.5B.

Third, the 70-cm-50fractions system improved the sensitivity of nanoRPLC-CZE-
MS/MS obviously compared to the 100-cm-20fractions system for analysis of 500-ng
MCF7 proteome digest. We fractionated 500 ng of a MCF7 proteome digest into 20
fractions with nanoRPLC and analyzed each fraction with CZE-MS/MS using a 100-cm-
long capillary (100-cm-20fractions). The CZE sample vials were treated with BSA. Each
CZE-MS/MS run took 120 min, and the total MS time was 40 h. The 100-cm-20fractions
system identified 4723 proteins and 24975 peptides from the 500-ng MCF7 proteome
digest. The number of protein and peptide IDs was 27% and 47% lower compared to
that from the 70-cm-50fractions system with comparable MS time (40 vs. 45 h). The
protein LFQ intensity showed good correlation (R? = 0.93) between the two systems
with a slope of 2.3, indicating that higher protein LFQ intensities were obtained with the
70-cm-50fractions system, Figure 3.5C.

We need to note that the number of protein and peptide IDs using our
nanoRPLC-CZE-MS/MS system can be boosted drastically with a more advanced mass
spectrometer. In this work, a Q-Exactive HF mass spectrometer was employed and we
have shown that single-shot CZE-MS/MS analysis of a MCF7 proteome digest identified

nearly 2000 proteins and 8000 peptides. Over 4000 protein IDs and 27000 peptide IDs
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have been achieved by single-shot CZE-MS/MS using an Orbitrap Fusion Lumos mass
spectrometer with an advanced-peak-determination algorithm.*?

We also evaluated the reproducibility of our improved nanoRPLC-CZE-MS/MS
system. We fractionated a 500-ng MCF7 proteome digest into 20 fractions followed by
CZE-MS/MS analysis with a 70-cm-long capillary. We performed the experiment in
duplicate. The system identified 4508+60 proteins and 25034+671 peptides. The
duplicate analyses shared about 70% of the identified proteins. The system was highly
reproducible regarding the LFQ protein intensity, Figure 3.5D. The medians of peptide
intensities from the duplicate analyses were highly consistent (6.8E6 vs. 6.5E6). The
data here clearly indicate that the nanoRPLC-CZE-MS/MS is qualitatively and

guantitatively reproducible.
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Figure 3. 5 Summary of the 500-ng MCF7 proteome digest data from different

experiments regarding peptide intensity and protein LFQ intensity. The data were
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from MaxQuant database search. (A) Correlation of protein LFQ intensity (log-log)
between the studies using BSA treated and non-BSA treated sample vials. (B) The
medians of peptide intensities from the studies using BSA treated and non-BSA treated
sample vials. (C) Correlation of protein LFQ intensity (log-log) between the 100-cm-
20fractions and 70-cm-50fractions studies. (D) Correlation of protein LFQ intensity (log-
log) between two replicates of nanoRPLC-CZE-MS/MS analysis (Rep 1 and Rep 2).
3.3.3 Bottom-up proteomics of 5000 HEK293T cells

To further investigate the capability of our nanoRPLC-CZE-MS/MS system for
bottom-up proteomic analysis of mass-limited samples, we collected 5000 HEK293T
cells into an Eppendorf tube using flow cytometry and prepared the sample with the
SP3 method ?° followed by nanoRPLC-CZE-MS/MS analysis. The SP3 method has
been well characterized for preparation of low-pug and even sub-pg of complex
proteome samples.?®# If we assume each HEK293T cell contains 0.1 ng of proteins,*?
5000 cells contain 500-ng proteins in total. 16% of the peptides (500 nL out of 3 uL)
corresponding to 800 HEK293T cells were first analyzed by single-shot CZE-MS/MS (Q-
Exactive HF mass spectrometer). The single-shot analysis identified 1263 proteins and
5090 peptides in 2-h MS time. We then fractionated the rest of the sample using
nanoRPLC into 10 fractions. Each fraction was analyzed by CZE-MS/MS using the 70-
cm-long capillary in 65 min. We identified 3689 proteins in 11-h MS time using this
approach with the consumption of a peptide amount corresponding to only roughly 1000
cells. We plotted the cumulative number of protein IDs versus the number of nanoRPLC

fractions, Figure 3.6. We identified 2900 proteins from the first five nanoRPLC fractions
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using about 5-h MS time with the consumption of 12% of the total peptides

corresponding to only 500 cells.
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Figure 3. 6 Cumulative protein IDs vs. number of nanoRPLC fractions from the
data of 5000 HEK293T cells.

We compared our data with that in the literature about bottom-up proteomic
analyses of hundreds to thousands of human cells. Wang et al. identified 600 proteins
from 5000 MCF-7 breast cancer cells using a highly efficient NP-40-based sample
preparation method and nanoRPLC-MS/MS (Q-TOF mass spectrometer) in about 4-h
MS time.** Wisniewski et al. identified 1536 and 2055 proteins from 1000 and 3000
HeLa cells using the improved filter aided sample preparation method and nanoRPLC-
MS/MS (Orbitrap Velos mass spectrometer) in 4-h MS time.*° Li et al. developed a
highly sensitive bottom-up proteomic procedure for analysis of small numbers of human
cancer cells by employing a single-tube AFA (adaptive focused acoustics)-based
sample preparation method and PLOT (porous layer open tube)-nanoRPLC-MS/MS (Q-

Exactive mass spectrometer).*¢ A sample containing 2000 MCF7 cells was processed
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and a peptide aliquot corresponding to 500 cells was analyzed by nanoRPLC-MS/MS in
4-h MS time, leading to the identification of 3370 proteins. Chen et al. developed an
integrated spintip-based sample preparation method for processing mass-limited
proteome samples with high recovery, and 1270 proteins were identified from 2000 HEK
293T cells using nanoRPLC-MS/MS (Orbitrap Fusion mass spectrometer) in 1.4-h MS
time.#” Our SP3-nanoRPLC-CZE-MS/MS system achieved comparable performance
compared to that developed by Li et al. and Chen et al.*®#’ regarding the number of
protein IDs, MS time, and the number of human cells. The results clearly indicate that
the SP3-nanoRPLC-CZE-MS/MS is an alternative bottom-up proteomic system for deep
bottom-up proteomic analysis of mass-limited samples. Because CZE-MS/MS and
nanoRPLC-MS/MS are complementary for protein and peptide IDs,>%242527 and
because we only used 25% of the peptide sample in each nanoRPLC fraction for CZE-
MS/MS analysis, the leftover peptide material in each nanoRPLC fraction can be further
analyzed by nanoRPLC-MS/MS to boost the total number of protein and peptide IDs.
We further compared our 5000-cell data with a comprehensive bottom-up
proteomic study of the same cell line published by Bekker-Jensen et al. in 2017.%8 In
that study, 1 mg of HEK 293T cell proteome digest was analyzed by high-pH RPLC
fractionation followed by nanoRPLC-MS/MS with the identification of 9246 unique
protein-coding genes. Our 5000-cell study identified 3629 protein-coding genes and
only 77% of them were also identified in the Bekker-Jensen'’s work, suggesting good
complementarity between these two platforms for protein IDs. We then compared
proteins identified in the 5000-cell study to a human transcription factor list that contains

over 1600 transcription factors.*® Our result covered 121 human transcription factors. It
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has been estimated that in mammalian cells, transcription factors have copy nhumbers
per cell in the range of 10,000-300,000.°° In the 5000-cell study, the peptides from the
5000 cells were eventually dissolved in 3 pL of solution before nanoRPLC-CZE-MS/MS
analysis. The transcription factor concentration in the 3-puL solution should be in the
range of 1-50 pM, indicating high sensitivity of our system.

The proteomic sample preparation of small numbers of human cells has been
drastically improved recently. Zhu et al. developed nanoPOTS (nanodroplet processing
in one pot for trace samples) sample preparation method that enabled efficient
preparation of 1-100 human cells for bottom-up proteomic analysis.>'%? They achieved
the identification of 3000 proteins from 140 HelLa cells by coupling the nanoPOTS
method with nanoRPLC-MS/MS (Orbitrap Fusion Lumos mass spectrometer).>! The
Zhang group developed novel integrated devices for proteomic preparation of 100 cells
and even single cells with high sample recovery.>35* Over 300 proteins were identified
from single HeLa cells via coupling the sample preparation method to nanoRPLC-
MS/MS (Orbitrap Fusion mass spectrometer).5® We expect that coupling these
advanced sample preparation methods with CZE-MS/MS will further improve the
proteomic characterization of single human cells because it has been well demonstrated
that the advanced CZE-MS/MS outperformed nanoRPLC-MS/MS for mass-limited
proteomic sample analysis regarding the number of protein IDs.”-1°
3.4 Conclusions

In this work, we presented an improved nanoRPLC-CZE-MS/MS system with
high peak capacity and sensitivity for bottom-up proteomics of nanograms of human cell

proteome samples. The system produced 6500 protein IDs from only 100-ng MCF7
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proteome digest and identified 3700 proteins from 1000 HEK 293T cells. We expect that
coupling more advanced sample preparation methods with our improved nanoRPLC-
CZE-MS/MS will be a powerful tool for comprehensive bottom-up proteomics of small
numbers of human cells.

CZE-MS/MS has been recognized as an alternative approach to LC-MS/MS for
top-down proteomics,>>°¢ metabolomics,>” and global characterization of glycans®®. We
believe that our improved nanoRPLC-CZE-MS/MS system will also benefit the scientific
communities for global delineation of proteoforms, metabolites, and glycans in mass-
limited biological samples.
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CHAPTER 4. Nanoparticle-aided nanoreactor for large-scale proteomics of few
mammalian cells

4.1 Introduction

The advance of separation technique and mass spectrometer instrumentation
have achieved comprehensive proteome profiling in bottom-up proteomics. High
throughput identification of >10,000 gene products from human cells was achieved in
multiple laboratories.'™ To reach the “dark corner” of the human proteome, that is proteins
with low copy numbers per cell, it usually requires hundreds of micrograms to milligrams
of material and extensive fractionation.® It was reported that, with a charge state of 5 to
10, single ion detection is possible using orbitrap instrumentation.” The state-of-the-art
MS platforms have achieved zmol level limit of detection for peptides in complex
samples.® If a single mammalian cell contains 12,000 to 15,000 gene products with a
dynamic range spanning from one copy per cell to millions copies per cell, more than
4000 gene products could be identified from a single mammalian cell if protein recoveries
from sample preparation and separation are 100%.%> However, only a couple of labs in
the world reported identification of hundreds of proteins from a single mammalian
cell.141617 The challenge of single-cell or few-cell proteomics lies significantly in the
sample preparation step. A mammalian somatic cell is only 10 to 20 pum in size and
contains only hundreds of picogram of proteins in mass.%® A full recovery of the protein
material at such trace amounts is extremely challenging with regular sample processing
techniques due to significant sample loss caused by dead adsorption of proteins/peptides

on surfaces, such as processing containers and pipette tips. Researchers have been

125



making great efforts in exploring novel sample processing techniques that are suitable for
mass-limited proteome samples (e.g., single or small numbers of cells).1#16:19-25

The basic idea of the new sample preparation methods for mass-limited samples is to
decrease sample processing volume and eliminate sample transfer. The NanoPOTS
(nanodroplet processing in one pot for trace samples) method developed by Zhu et al. is
a nice example.** The method performed all the bottom-up sample preparation steps in
a nano-well with a total volume of only 200 nL. It has achieved hundreds of to over one
thousand protein identifications (IDs) from a single HelLa cell.16:26 Due to an extreme smalll
volume of sample handling, NanoPOTs required careful operations in a humid chamber.
MicroFASP is another example developed by Zhang et al.,?® and it is a modified version
of the FASP (filter-aided sample preparation) method.?” For the microFASP, a miniature
filter membrane of 0.1 mm? was installed into a 20 pL pipette tip for sample processing,
drastically reducing sample loss during sample preparation. The sample processing
volume was maintained at a low microliter level. Over 1800 proteins were identified when
a sample containing 100 HelLa cells was processed by the microFASP. More importantly,
microFASP does not require special instrumentation.

The SP3 (Single-Pot Solid-Phase-enhanced Sample Preparation) is also one of
the new sample processing approaches suitable for mass-limited sample.?223 All sample
preparation steps were performed in a single Eppendorf tube. Under high organic content
(>70% acetonitrile (ACN)), proteins were effectively captured on paramagnetic beads
through hydrophilic interaction while salts and detergents were effectively removed. After
that, proteins on beads were digested by trypsin, followed by MS analysis. The SP3

outperformed FASP in terms of proteome coverage when low pg of protein materials were
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processed, and high quantitative reproducibility was also documented for the SP3
method.?® Over 15,000 unique peptides were identified when a sample containing only
1000 HelLa cells was processed by SP3.22 However, SP3 is mainly operated in Eppendorf
tubes and requires a microliter-level solution for sample processing, limiting its
performance for processing low nanograms of complex proteome samples.

Unlike NanoPOTs, microFASP, and SP3 where samples were processed in an
open environment, some microreactors with small volumes in fused silica capillaries have
been developed to process proteins in a closed environment and are potential alternatives
for trace material processing.?®3! The microreactors in fused silica capillaries can be
easily sealed and provide a closed environment for all sample preparation steps.

Inspired by the microreactors and the SP3 method, in this work, we present a new
sample processing technique, nanoparticle-aided nanoreactor for nanoproteomics
(Nano3), for bottom-up proteomics of mass-limited samples. The Nano3 method employs
the same nanoparticles and principle as the SP3 method, but carries out the sample
processing in a nanoreactor with a total volume less than 30 nL. Paramagnetic beads
were packed into a fused silica capillary to form a nanoreactor for capturing proteins from
cells lysed by a lysis buffer containing SDS and ACN. After flushing the nanoreactor with
ACN to remove SDS, proteins captured on nanoparticles were digested into peptides by
a plug of trypsin solution, followed by peptide collection from the nanoreactor via flushing
the reactor with a buffer containing 2% (v/v) ACN and 0.1 % (v/v) formic acid and
nanoRPLC-MS/MS analysis. We compared the performance of Nano3 and SP3 for
processing 50, 10 and 2 ng of mouse brain proteome samples. Nano3 outperformed SP3

regarding the number of protein IDs and intensity, indicating better overall sample
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recovery. We further validated the Nano3 method for processing 1000, 100, and 10 HeLa
cells, corresponding to 100, 10, and 1 ng proteins in mass with the assumption of 100 pg
proteins per HelLa cell.
4.2 Experimental section
4.2.1 Material and reagent

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. LC/MS grade water, acetonitrile (ACN), ethanol, HPLC graded formic acid (FA)
were purchased from Fisher Scientific (Pittsburgh, PA). Fused silica capillaries were
purchased from Polymicro Technologies (Phoenix, AZ). Carboxylate-modified
paramagnetic beads (Sera-Mag SpeedBeads (hydrophilic) CAT # 45152105050250, and
Sera-Mag SpeedBeads (Hydrophobic), CAT # 65152105050250) were purchased from
GE Healthcare. C18 column packing material (ReproSil-Pur 120A C18-AQ 1.9um) was
purchased from ESI Source Solution (Woburn, MA). Frit kits were purchased from Next
Advance (Troy, NY). A syringe pump that can be operated in withdraw and infuse modes
was purchased from KD Scientific (Holliston, MA).

All the capillaries involved in Nano3 and protein transferring were pre-treated with
BSA (2 mg/mL) solution to reduce sample loss due to dead adsorption based on our
recent study.3? Briefly, 2 mg/mL BSA solution was injected into the capillary and stored in
capillary for 10 min at room temperature. The BSA solution was then flushed out by water.
Flushing continued for 30 min. The capillary was then flushed with methanol and air dried
before use.
4.2.2 Fabrication of the nanoreactor for the Nano3

A capillary (200 pm i.d., 360 um o.d., 10 cm long) was installed with a polymer frit

first for packing hydrophilic paramagnetic beads. The polymer solution for frit was made

128



according to the manufactural protocol. Briefly, 15 pL of Kasil-1624 and 5 pL Kasil-1 were
mixed. After that, 5 pL of formamide was added into the mixture and vortexed for a few
seconds. Frit material was then introduced into the capillary through capillary action. Both
ends of the capillary were sealed with a rubber. The capillary was then incubated in 80 °C
water bath for overnight. Prior of paramagnetic beads packing, the capillary was rinsed
with methanol. Both kinds of paramagnetic beads (hydrophilic and hydrophobic) were
mixed with 1:1 ratio, rinsed with water and were resuspended in 70% (v/v) ACN. The
beads solution was introduced into the capillary using a syringe and manual pump. The
length of the beads in the capillary was controlled to be about 1 millimeter, corresponding
to less than 30 nL total volume. The whole capillary was filled with 70% (v/v) ACN before
use. The total volume of the capillary containing the nanoreactor was 3-4 L.
4.2.3 Mouse brain protein preparation

Mouse brains were kindly provided by Dr. Chen Chen’s lab in the Department of
Animal Science, Michigan State University. The whole protocol related to the mouse brain
samples were performed following guidelines defined by the Institutional Animal Care and
Use Committee of Michigan State University. The mouse brain tissue was lysed through
homogenization in a lysis buffer (2% SDS, 100 mM NH4HCOs3, pH 8.0, complete protease
inhibitors, phosphatase inhibitors). After homogenization, the mouse brain solution was
centrifuged at 10,000 g for 10 min. The supernatant was taken out and subjected for BCA
assay for protein concentration measurement. 200 pg of mouse brain proteins were
reduced with 0.5 pumol dithiothreitol (DTT) at 37 °C for 30 min and then alkylated with 1
pmol lodoacetamide (IAA) at room temperature for 20 min in dark. 0.5 pmol of DTT was

added into the protein solution again to quench IAA. The protein sample was used for
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validating the sensitivity of our LC-MS platform and comparing the SP3 and Nano3
methods.
4.2.4 Hela cell preparation

The cells (originally from ATCC) were cultured at 37°C under 5% CO:2 in
Dulbecco's Modified Eagle's Medium, supplemented with 10% fetal bovine serum, 1x
glutamine, and 1000 units/ml penicillin/streptomycin (all of reagents above from Thermo
Fisher Scientific). After cell culture, cells were harvested, and cell concentration was
measured using a hemocytometer. After careful PBS rinsing, cells suspended in PBS
were diluted into concentrations of 1000 cells/pL, 100 cells/pL, and 10 cells/uL using the
PBS buffer based on the hemocytometer result. To minimize cell lysis in PBS, the entire
process was performed within 20 min, and diluted cell samples were immediately
processed by the Nano3 method.

Another batch of cultured HelLa cells (2x10° cells) were lysed in 200-uL lysis buffer
(2% SDS, 100 mM NH4HCOs, pH 8.0, complete protease inhibitor, and phosphatase
inhibitor) with ultrasonication for 10 min on ice and 95 °C for 5 min. The lysate was
centrifuged at 14,000 g for 5 min. The supernatant was collected and subjected for BCA
assay for protein concentration measurement. The sample was also used to validate the
Nano3 method.
4.2.5 Mouse brain sample processing using the SP3 and Nano3 methods

For the SP3 method, 20 uL of each of the paramagnetic beads stock solution (50
Mg/uL) was combined and was rinsed with water for a few times. 20-uL water was then
used to resuspend the paramagnetic beads. Reduced and alkylated mouse brain proteins

in 2% SDS lysis buffer was diluted with 70% (v/v) ACN into 50 ng/pL, 10 ng/uL and 2
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ng/uL. 1 pL of protein solution from each dilution was combined with 1 pL of beads
solution. Then 5 pL of ACN was added into the tube so ACN concentration was higher
than 70% (v/v) in the SP3 system. The mixture was incubated for over 18 min for thorough
protein binding. A magnet was placed under the tube for 2 min to separate beads from
solution. Supernatant was carefully removed with the magnet on and beads were rinsed
with 10 pL of 70% Ethanol for two times and 10 pL 100% ACN for one time. 8 pL of 100
mM NH4HCOs (pH 8) was then added into the tube to resuspend the beads. 1 pL of trypsin
solution in 100 mM NH4HCOs (pH 8) with different concentrations (10 ng/uL, 2.5 ng/uL
and 1 ng/uL) was added to 50-ng, 10-ng and 2-ng protein samples, respectively, for
protein digestion (37 °C, overnight). After digestion, the supernatant (about 6 pL) was
directly deposited into a nanoLC insert tube for nanoRPLC-MS/MS analysis. The
experiment was performed twice at each sample amount.

For the Nano3 method, the basic workflow for sample processing is shown in
Figure 4.1. Sample transfer was performed through an empty capillary (100 pm i.d. x
12.5 cm length, 1 pL total volume). For the mouse brain samples, the proteins were
loaded into the nanoreactor capillary not the intact cells. Reduced and alkylated mouse
brain protein solution in the 2% SDS lysis buffer was diluted with 70% ACN into 50 ng/uL,
10 ng/uL and 2 ng/uL. Each protein solution was pushed into the 1-pL transfer capillary
and the protein solutions in the transfer capillary containing 50-ng, 10-ng, and 2-ng
proteins were pushed onto the nanoreactor through a syringe filled with 70% ACN for the
Nano3 sample processing. After protein loading, beads were continuously rinsed with 70%
ACN for additional 8 pL to remove the SDS. 1 uL of trypsin solution (in 200 mM NH4HCO3)

with the same concentration settings as the SP3 method for different amounts of mouse
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brain proteins was pushed into the nanoreactor through the transfer capillary to cover the
nanoreactor. Both ends of the nanoreactor capillary were sealed with a rubber and the
nanoreactor was incubated in a 37 °C water bath overnight for tryptic digestion. After
digestion, the nanoreactor was rinsed with 5-6 pL of a buffer containing 2% ACN and 0.1%
formic acid to elute the peptides into a nanoLC insert tube for nanoRPLC-MS/MS analysis.
The experiment was performed twice at each sample amount.
4.2.6 Sample processing of few HelLa cells with the Nano3 method

The HelLa cell processing with the Nano3 method was similar to the mouse brain
protein processing with some modifications, Figure 4.1. The nanoreactor capillary was
first filled with a buffer containing 2% SDS and 80% ACN. The syringe used for cell
loading onto the nanoreactor was also filled with the same buffer. The cell solution was
first transferred into the 1-pL transfer capillary to control the number of cells for processing.
For the cell solutions with concentrations of 1000 cells/pL, 100 cells/uL and 10 cells/uL,
the number of cells in the transfer capillary was approximately 1000 cells, 100 cells, and
10 cells. The transfer capillary was connected to the nanoreactor capillary at one end and
to the syringe filled with a buffer containing 2% SDS and 80% ACN at the other end. The
1-uL cell solution surrounded by the buffer containing SDS and ACN was pushed into the
nanoreactor capillary. After that, both ends of the nanoreactor capillary was sealed with
a rubber and the capillary was sonicated for 10 min, followed by incubation in a 95 °C
water bath for 10 min for cell lysis and protein denaturation. Then the protein solution was
pushed onto the nanoreactor for protein capturing and the nanoreactor was flushed with
at least 10-pL 70% ACN to remove SDS. The rest of the sample processing steps were

the same as the mouse brain protein processing. Trypsin amount for digestion was 10 ng,

132



5 ng and 2 ng for 1000 cells, 100 cells and 10 cells, respectively. The experiment was
performed with replicates for each cell amount and we repeated the whole experiment
one more time starting from cell culture. The sample insert tube for nanoRPLC-MS/MS
analysis was pretreated with the BSA solution as described in our previous work.3?

We also examined the number of HelLa cells in 1 pL of 10 cells/pL cell solution
under a microscope by depositing 1 pL of the cell solution onto a glass slide. The cell
count varied from 3 cells to 20 cells in 1 pL of the solution across 6 different examinations
with a median of 10 cells.

We also performed a blank experiment to confirm that the protein IDs from HelLa
cells were not from contaminates in the cell culture medium. Before PBS rinsing,
harvested cells were centrifuged. After gentle centrifugation, the cells were pelleted, and
a small aliquot of the supernatant was collected. The supernatant aliquot was treated as
cells for processing with the Nano3 method. The steps for processing the blank sample

are the same as the 10-1000 cell samples.

133



Nanoparticles-based nanoreactor (<30 nL)

A /' Transfer capillary ;"
- ——

1. Sample loading (HeLa cells)

2. Protein extraction (heat, sonication with SDS)
3. Protein capturing and clean-up

4. Tryptic digestion (D trypsin )

5. Peptide elution

connector

Figure 4. 1 Schematic of the general workflow of sample processing with the
Nano3 method.
4.2.7 Direct sampling of mass-limited HelLa cell lysates in the Eppendorf tube for
processing with the Nano3 method

A Hela cell lysate was serially diluted to a concentration of 1 ng/uL with a buffer
containing 2% SDS and 70% ACN. 1 pL of diluted protein solution containing only 1 ng
of protein in mass was deposited into a 0.6 mL low retention Eppendorf tube for sample
processing with the Nano3 method. A capillary (200 um i.d.) containing a 100-um-long
nanoreactor was used. The capillary was first filled with 70% ACN. Because the capillary
only contained a very small amount of paramagnetic beads, the back pressure was low
enough for withdrawing the HelLa protein sample in the Eppendorf tube directly using a
syringe pump operated in the withdraw mode. The protein solution was continuously

drawn into the nanoreactor capillary until no solution was left in the tube. The protein
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solution in the nanoreactor capillary was then pushed through the nanoreactor for protein
loading with a buffer containing 70% ACN and was further processed using a similar
procedure to the mouse brain samples. 1 uL of 70% ACN was added into the Eppendorf
tube for protein rinsing after the protein solution was completely drawn. The 1 L of rinsing
solution was also loaded onto the nanoreactor for sample processing. Triplicate sample
preparations were performed. For digestion, 2 ng of trypsin was loaded as 10-Hela cell
analysis.
4.2.8 NanoRPLC-MS/MS

NanoRPLC separation was performed on an EASY nanoLC-1200 (Thermo Fisher
Scientific) system with one column set-up. Two kinds of self-packed C18 capillary
columns were used: 50 pm i.d. x 50 cm length and 75 pm i.d. x 50 cm length (ReproSil-
Pur 120A C18-AQ 1.9 um). Buffer A containing 0.1% (v/v) FA and 2% (v/v) ACN and
buffer B containing 80% (v/v) ACN and 0.1% (v/v) FA were used for gradient separation.
Each sample was loaded onto the RPLC column with buffer A. Then the peptides retained
on the column were separated by a linear gradient. For the 75-um-i.d. column, the flow
rate was set to 150 nL/min and for the 50-pum-i.d. column, the flow rate was set to 90
nL/min or 80 nL/min (depending on how high the back pressure was). The peptide
samples were separated with a 75-min gradient or a 105-min gradient. >80% of peptide
sample solution was loaded for each analysis.

A Q-Exactive HF (Thermo Fisher Scientific) mass spectrometer was used for all
MS analysis in a data dependent acquisition (DDA) mode. The full scan range was 400-
1200 m/z. The MS resolution was set as 60,000 (at m/z 200). The AGC target was set as

3e6 with a maximum injection time of 50 ms. The tandem MS resolution was also set at
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60,000. The AGC target was set as 1e5 with a maximum injection time of 200 ms. The
loop count was set as 10 (Top 10 DDA). Isolation window for MS/MS was set as 4 m/z
and a normalized collision energy was 28. The intensity threshold was 1e4 for triggering
MS/MS and the dynamic exclusion was 30 s.
4.2.9 Data analysis

All MS raw files were processed with MaxQuant 1.5.5.1.23 Mouse Brain sample
was searched against the database of UniPort Mus Musculus proteome (UP000000589)
and human sample was searched against database of UniPort Homo Sapiens proteome
(UP000005640). All the parameters were set default except for HeLa cell samples, the
fixed modification carbamidomethyl on cysteine residues was turned off because we
didn’t perform reduction and alkylation for the HelLa cell samples. The match between
runs (MBR) function was used.3* The false discovery rates (FDRs) were controlled to be
lower than 1% at the peptide and protein group levels.
4.3 Results and discussion
4.3.1 Comparisons of the SP3 and Nano3 methods for processing low-nanograms
of a complex proteome sample

Before we compared the SP3 and Nano3 methods for mass-limited sample
processing for bottom-up proteomics, we first evaluated the sensitivity of our nanoRPLC-
MS/MS (Q-Exactive HF mass spectrometer) platform for the analysis of trace amounts of
a complex proteome digest. A 100-ug aliquot of reduced and alkylated mouse brain
protein sample was digested with trypsin following the SP3 procedure.??>23 The digest was
used for the system evaluation. A self-packed nanoRPLC capillary column (75 pm i.d. x

50 cm long, ReproSil-Pur, 120A, C18-AQ, 1.9 pm beads) was used for peptide separation.
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Different amounts of mouse brain peptides ranging from 0.2 ng to 50 ng were loaded onto
the nanoRPLC-MS/MS system for analysis in triplicate and each LC-MS run used a 75-
min gradient. As shown in the Figure 4.2A, by MS/MS only, fewer than 30 proteins were
identified when only 0.2-ng protein digest was analyzed. That is about the amount of
proteins from 1-2 single mammalian cells with a size of 10-20 pm.'® The number of
identified proteins increased to 627 when 2-ng of peptides were loaded. The numbers of
protein IDs from 10-ng and 50-ng peptides were comparable (1313 vs. 1505). By
performing the database search of all the raw files from 0.2-50 ng peptides together with
the MaxQuant software and turning on the matching-between-runs function, the number
of protein IDs from 0.2-ng peptides was boosted to 190, which is over 6-folds higher than
that from MS/MS only. The number of protein IDs from the 2-ng peptide sample was also
improved by nearly 80% compared to the data of MS/MS alone (1106 vs. 627). The data
suggests that the match-between-runs function is extremely useful for mass-limited
samples. Also, the nanoRPLC-MS/MS system had nice reproducibility for analysis of the
0.2-50-ng peptide samples regarding the number of protein IDs from triplicate analyses.
After evaluating the sensitivity of our nanoRPLC-MS/MS system, we compared the
performance of the SP3 and Nano3 methods for processing 2-50 ng of mouse brain
proteins, Figure 4.2B. The Nano3 method clearly outperformed the SP3 method for
processing 2-50-ng mouse brain proteins regarding the number of protein IDs. For
example, the Nano3 method identified 40-times and 6-times higher number of proteins
based on MS/MS than the SP3 method starting from 2-ng (206 vs. 5 proteins) and 10-ng
proteins (367 vs. 62), respectively. If we consider the protein IDs from both MS/MS and

matching-between-runs, the Nano3 method still produced about 260% and 170% more
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protein IDs than the SP3 method from the 2-ng and 10-ng protein samples. For the 50-
ng protein sample, the Nano3 generated 40% more protein IDs than the SP3 (963 vs.
679).

The drastically better overall performance of the Nano3 method compared to the
SP3 method is most likely due to much higher sample recovery from the Nano3 approach,
demonstrated by the substantially higher protein intensity produced by the Nano3 method,
Figure 4.2C. The much better protein recovery is due to the substantially smaller sample
processing volume of the Nano3 approach, leading to less sample loss because of dead
adsorption to surfaces and higher protein concentration for more efficient tryptic digestion.
The SP3 method is a good option for preparation of sub-micrograms of proteome samples
and it requires at least a 10-pL solution for processing the samples to make sure that the
paramagnetic beads are freely suspended.?® In our experiment, the sample processing
volume using the SP3 method was about 10 pL. The protein concentration in the 10-pL
solution was 0.2-5 ng/pL for the 2-50-ng protein samples. For the Nano3 method, the
proteins were digested in the nanoreactor, which had a smaller than 30-nL volume. The
protein concentration in the nanoreactor was over two orders of magnitude higher than
that during the SP3 processing. Minimized sample processing volume is a key point for
preparation of mass-limited proteome samples for large-scale proteome profiling.3®

We need to highlight several advantages of the Nano3 method. First, like the SP3
method, the Nano3 method is compatible with various detergents and chaotropic
reagents because proteins can be captured by the hydrophilic nanoparticles with high
efficiency under a high ACN concentration environment and detergents and chaotropic

reagents can be removed via flushing with ACN. Second, the total volume of nanoreactor
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is only 30 nL in the experiment. The extremely small volume not only reduces protein loss
during processing due to dead adsorption onto surfaces, but it also affords a relative high
protein concentration for digestion, ensuring high enzymatic digestion efficiency. We need
to note that the volume of the nanoreactor can be further reduced easily via packing lower
amounts of nanoparticles in the capillary or using capillaries with a smaller inner diameter.
We expect a nanoreactor with a smaller volume will further boost the performance of the
Nano3 method for processing mass-limited samples. Third, the Nano3 technique employs
a relatively closed environment for sample processing, making the protein and peptide
storage easy before MS analysis and Nano3 does not require special instrumentation.
The Nano3 method was quantitatively reproducible for processing low ng of mouse
brain proteome samples regarding intensity of quantified proteins from two replicates,
Figure 4.2D. For the 10-ng and 50-ng samples, the linear correlation coefficients of
protein intensity were 0.97 and 0.99, respectively. For the 2-ng sample, a reasonable

correlation coefficient of 0.85 was still achieved.
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Figure 4. 2 Summary of the data of low-nanograms of mouse brain samples. (A)
The number of protein ID from nanoRPLC-MS/MS as a function of the loaded peptide
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amount. The proteins identified by MS/MS and matching (match between runs) are
labelled separately. The error bars represent the standard deviations of the number of
protein ID from triplicate analyses. (B) The number of protein ID from 2-50 ng of mouse
brain protein samples processed by the Nano3 and SP3 methods. The error bars
represent the standard deviations of the number of protein ID (MS/MS+matching) from
duplicate sample preparation. (C) Total protein intensity from the 2-50 ng of mouse
brain protein samples processed by the Nano3 and SP3 methods. The error bars
represent the standard deviations of the total protein intensity from duplicate sample
preparation. (D) Correlations of protein intensity between duplicate preparations of 2, 10
and 50 ng of mouse brain protein samples using the Nano3 method.

We further examined the peptide length and missed cleavage from the Nano3
method and compared them with those from the regular in-solution digestion and SP3
method. We selected point of 10-ng for further analysis. Protein to trypsin ration of Nano3,
SP3 and in-solution digestion is 4:1, 4:1 and 30:1, respectively. For in-solution digestion,
a bulk amount of mouse brain protein (200 pg) was processed and 10 ng peptides were
analyzed by LC-MS. For Nano3 and SP3, 10 ng of mouse brain protein was processed,
and the digested peptides were analyzed by LC-MS. As shown in Figure 4.3, high ratio
of trypsin on nanograms of protein shows very similar result of peptide length distribution
(A) and missed cleavage (B) compared to regular in-solution digestion, indicating efficient
trypsin digestion with limited missed cleavage that is comparable to regular in-solution
digestion on bulk protein material. We noticed that even though we controlled same
amount of trypsin introduced into the Nano3 system as SP3, the actual amount of the

trypsin surrounded the paramagnetic beads was hard to estimate. However, the similar
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missed cleavage and peptide length percentage distribution across all three conditions
indicated non-compromised digestion in Nano3 system. Further optimization regarding

trypsin amount and digestion time may lead better outcome of Nano3 processing.
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Figure 4. 3 comparison of digestion between Nano3, SP3 and regular in-solution
method. (A) % distribution of peptide length of the Nano3, SP3 and in-solution method.
(B) % distribution of missed cleavage of the Nano3, SP3 and in-solution method. The
protein to trypsin ratio is indicated in the parenthesis.

Proteomics analysis of mass-limited samples requires both a highly efficient
sample preparation method and a highly sensitive LC-MS/MS platform for peptide
measurements. Our RPLC-MS/MS system with a 75-um-i.d. capillary column only
identified 26 + 4 (N=3) protein IDs based on MS/MS when analyzing 0.2-ng mouse brain
peptides, Figure 4.2A. To further improve the sensitivity of the platform, we tested
another capillary column with a smaller inner diameter of 50 um and a length of 50 cm. A
lower flow rate of 90 nL/min or 80 nL/min was employed for the 50-pm-i.d. column
compared to the 75-pum-i.d. column. We increased the length of the gradient to 105 min
because of the delay of the chromatography caused by the low flow rate. We analyzed
0.2 ng and 2 ng of the mouse brain digest using the new RPLC-MS/MS system with the

50-um-i.d. column. As shown in Figure 4.4A, we identified 224 + 24 (N=2) proteins based
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on MS/MS from the 0.2-ng sample, which is about 10-times higher than that from the 75-
pm-i.d. column. Considering match-between-runs, 668 + 41 (N=2) were identified from
the 0.2-ng sample. The new RPLC-MS/MS system showed a drastically better sensitivity
for protein ID from mass-limited samples, and it was used for the following experiments.
Figure 4.4B shows an example chromatogram of the 2-ng mouse brain peptide sample
after analyzed by the new nanoRPLC-MS/MS system. The system achieved strong
peptide signals from the tiny amount of peptide sample and the peak capacity was
estimated to be about 500 based on FWHM.
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Figure 4. 4 Identification result from 2 ng and 0.2 ng of mouse brain peptides
using optimized LC-MS platform. (A) number of proteins identified from 0.2 ng and 2
ng mouse brain peptides (N=2). The error bars represent the standard deviations of the
number of protein ID (MS/MS+matching) from duplicate sample preparation. (B)
chromatography of LC-MS result from 2-ng mouse brain peptides. Peak capacity was
estimated over 500 by FWHM.
4.3.2 Application of the Nano3 method in processing 10-1000 HeLa cells

After concentration determination by hemocytometer method, the harvested HeLa
cells were rinsed with a PBS buffer. The HelLa cell solution was then serially diluted with

the PBS buffer into three different concentrations (1000 cells/pL, 100 cells/uL, 10 cells/pL).
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Then 1 pL of the HelLa cell solutions with different concentrations were transferred into
the nanoreactor capillary for sample processing with the Nano3 method, Figure 4.1. The
approximate number of cells processed by the Nano3 method was 1000, 100 and 10 for
the 1000 cells/uL, 100 cells/uL, and 10 cells/uL samples. We performed two replicates of
the sample processing and repeated the whole experiment once starting from the cell
culture. As shown in Figure 4.5A, we achieved 1816 * 45 (N=5 for two batches) and 1109
+ 188 (N=5) protein IDs by MS/MS from the 1000 cells and 100 cells, respectively. For
the 10-cells samples, we identified 451 + 283 (N=4) proteins by MS/MS. Considering the
match-between-runs feature, 1052 + 317 proteins were identified in total from the 10 HelLa
cells. We also processed one blank sample and only 16 proteins were identified.

We further evaluated the quantitative reproducibility of the workflow for analyzing few
HelLa cells with the protein intensity data, Figure 4.5B. Analyses of 100 and 1000 HelLa
cells produced reasonably good reproducibility regarding the protein intensity with linear
correlation coefficients of 0.94 and 0.97 and analyses of 10 HelLa cells showed significant
variations of protein intensity across replicate. We also determined higher variations of
the number of protein IDs from the 10 cells compared to the 100 and 1000 cell samples,
Figure 4.5A. We speculate that the higher variations of protein ID and intensity from the
10 cell samples are due to the significant variations of the number of cells in the 10-cell
samples. We injected 1 pL of 10 cells/pL solution into the nanoreactor for processing and
we assumed that the cells uniformly distributed in the solution, corresponding to 10 cells
injected for sample preparation. To mimic the actual numbers of cells injected, we

examined the cell count under a microscope by depositing 1 puL of 10 cells/uL solution
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onto a glass slide. The cell count varied from 3 cells to 20 cells across 6 different

examinations with a median of about 10 cells.
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Figure 4.5 Summary of the data of 10-1000 HeLa cells processed by the Nano3
method. (A) The number of identified proteins from 10, 100, 1000 HeLa cells from two
batches of cultured cells. The proteins identified by MS/MS and matching (match
between runs) are labelled separately. The error bars represent the standard deviations
of the number of protein ID (MS/MS+matching) from duplicate sample preparation. (B)
Protein intensity correlations between duplicate preparations of 1000, 100 and 10 HelLa
cells using the Nano3 method. The data was from the Batch 1. (C) Protein Intensity plot

of identified proteins from one analysis of the 10-cells sample showing the protein
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intensity dynamic range. The highlighted ones are 20 transcription factors identified in
the run.

We need to highlight that the intensity of identified proteins from the 10-cell sample
spanned across five orders of magnitude and 20 transcription factors were confidently
identified from only 10 HelLa cells, Figure 4.5C. The identified transcription factors are
labeled in the figure. The transcription factors were determined through comparing the
identified proteins from the 10-cell sample with a transcription factor database reported in
the literature containing over 1600 transcription factors.®¢ It has been estimated that in
mammalian cell, transcription factors have a copy number of 10,000 to 300,000 per cell.*
Peptides from 10 HelLa cells in our study were dissolved in about 5 pL prior of LC-MS
analysis. From there we estimated the concentration of transcription factors in the 5-puL
solution was in the range of 33 fM to 1 pM, indicating a high sensitivity of the overall
workflow.

We need to point out that the experiments of 10-1000 cells were carried out by
employing a 1-pL transfer capillary for controlling the number of cells injected for the
Nano3 processing. This approach is appropriate to evaluate the performance of the
Nano3 method for preparation of few mammalian cells. However, it may be not
straightforward for processing mass-limited samples from laser capture microdissection
(LCM) of tissues and cells isolated by fluorescence activated cell sorting (FACS) using
the Nano3, because under those situations the samples are usually transferred into
Eppendorf tubes or wells. To demonstrate the potential of the Nano3 method for
processing trace protein samples placed in Eppendorf tubes, we put a 1-uL aliquot of a

HelLa cell lysate containing 1-ng proteins in a 0.6 mL low retention Eppendorf tube and
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processed the sample with the Nano3 method with the assistance of a syringe pump
operated under a withdraw mode. The 1-ng HeLa cell proteins were dissolved in a buffer
containing 2% SDS and 70% ACN.

In this experiment, we used a nanoreactor with a total length of only 100 um with
a total volume of 3 nL to reduce the backpressure of the nanoreactor for withdrawing the
solution into the nanoreactor capillary directly using a syringe pump. After the 1-ng HelLa
cell proteins were withdrawn into the nanoreactor capillary, the sample was processed
using the similar approach as the mouse brain sample. After nanoRPLC-MS/MS analyses,
692+182 proteins (N=3) were identified from the 1-ng HelLa cell protein sample based on
MS/MS. The data suggest the feasibility of coupling the Nano3 method with the LCM or
FACS for analysis of trace amounts of proteome samples.
4.4 Conclusions

In this work, we developed a novel sample preparation method (Nano3) for
processing trace complex proteome samples with high efficacy for large-scale bottom-up
proteomics. The Nano3 method employed the basic concept of minimizing the sample
processing volume. Proteins extracted from cells in a lysis buffer containing high-
concentration SDS were concentrated and digested into peptides in the nanoreactor (<30
nL total volume). The sample processing was performed in a relatively closed
environment, facilitating the sample storage before LC-MS analysis. The Nano3 method
identified 40-times higher number of proteins based on MS/MS than the SP3 method
starting from 2-ng mouse brain proteins, most likely due to its more than 100 times smaller
sample processing volume than the SP3 method, reducing sample loss and improving

the tryptic digestion. Over 1000 proteins including 20 transcription factors were identified
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from only 10 HelLa cells processed by the Nano3 method, demonstrating the potential of
the Nano3 method for advancing large-scale bottom-up proteomics of few mammalian
cells.

We expect the number of protein ID from few mammalian cells (e.g., 10 HelLa cells)
processed by the Nano3 method can be boosted obviously through several improvement.
First, in this proof-of-principle study, we did not systematically optimize the Nano3 method
for processing few cells. We expect the sample recovery can be improved significantly
after optimizing the volume of the nanoreactor, the trypsin concentration for digestion, the
tryptic digestion time, and the procedure for peptide elution from the nanoreactor. Second,
the number of protein ID can be increased through employing a liquid-phase separation
-MS/MS system with much better sensitivity than the system used in the current study.
For example, a nanoRPLC-MS/MS system with a 20-pum-i.d. or 30-um-i.d. RPLC column
and one of the most advanced mass spectrometers (e.g., Orbitrap Fusion Lumos) will be
certainly helpful for pursuing a better proteome coverage from trace samples.1416
Capillary zone electrophoresis (CZE)-MS/MS could be a useful alternative for analyzing
the trace samples processed by the Nano3 method because it outperformed nanoRPLC-
MS/MS for the characterization of mass-limited samples regarding the number of protein
ID and it has shown low zmole even ymole level limit of detections for peptides.? 3842 We
believe that the optimized Nano3 method coupled with an advanced liquid-phase
separation-MS/MS system will be a useful tool for large-scale proteome profiling of few

even single mammalian cells.
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4CHAPTER 5. Towards a universal sample preparation method for denaturing top-
down proteomics of complex proteomes

5.1 Introduction

Denaturing top-down proteomics (dTDP) aims to delineate proteoforms in cells
with high throughput.3 It is becoming an important tool for gaining a better understanding
of protein function in disease and development.®4 For mass spectrometry (MS)-based
dTDP, tremendous efforts have been made in boosting proteoform liquid-phase
separation,>'% improving MS instrumentation,®16-18 and developing new bioinformatics
tools for proteoform identifications (IDs) through database search,'®?! leading to
thousands of proteoform IDs from a complex proteome. The Kelleher group integrated
three dimensional (3D) liquid-phase separations (isoelectric focusing (IEF), gel-eluted
liquid fraction entrapment electrophoresis (GELFrEE), and reversed-phase liquid
chromatography (RPLC)) and a 12T FT-ICR mass spectrometer for large-scale dTDP of
human cells, enabling over 3 000 proteoform IDs.®> Anderson et al. showed that coupling
2D GELFrEE-RPLC separation to a 21T FT-ICR mass spectrometer identified over 3 000
proteoforms from human cancer cells.® The Ge group combined 2D size exclusion
chromatography (SEC)-RPLC separation and a Q-TOF mass spectrometer for dTDP,
detecting 5 000 different proteoforms from heart tissues.® Our group coupled a 3D SEC-
RPLC-capillary zone electrophoresis (CZE) separation to an Orbitrap mass spectrometer

for dTDP and identified nearly 6 000 proteoforms from E. coli cells.'! The Wu group

4 Part of this chapter was adapted with permission from: Yang, Z.; Shen, X.; Chen, D.; Sun, L., Journal of
proteome research 2020, 19 (8), 3315-3325.
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developed a 2D-RPLC system for high-capacity proteoform separation, and identified
2778 proteoforms from HelLa cell lysates.'? The Pasa-Toli¢ group developed a high-
capacity RPLC system for proteoform separation via using an 80-cm long RPLC column,
enabling 1665 proteoform IDs from bacteria with an Orbitrap mass spectrometer.3
Recently, our group employed a 1.5-meters long capillary for CZE separation of
proteoforms and coupling the CZE separation to an Orbitrap mass spectrometer enabled
the identification and quantification of thousands of proteoforms from zebrafish brain
samples using hundreds of nanograms of protein materials.*

The development of large-scale dTDP underlines the importance of a standardized
and universal sample preparation method to achieve comprehensive extraction of
proteins from biological samples with high recovery, good reproducibility, minimum bias
and absence of MS incompatible salts, chaotropes and detergents. Protein extraction
using a cell lysis buffer containing chaotropic agents or detergents, and protein sample
cleanup before MS with ultrafiltration or precipitation have been suggested as efficient
approaches for preparation of protein samples for MS.?? Sodium dodecyl sulfate (SDS) is
an extremely efficient detergent for solubilizing and denaturing proteins, making it widely
used in proteomics studies for protein extraction.?®> However, higher than 0.01% (w/v)
SDS can be detrimental to chromatography separation and suppress the ESI.?* Highly
efficient depletion of SDS before MS analysis is critical. Multiple methods have been
evaluated for SDS removal for bottom-up proteomics and/or dTDP, including membrane
ultrafiltration,?® chloroform-methanol precipitation (CMP),?6 and single-spot solid-phase

sample preparation using magnetic beads (SP3).2728
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Membrane ultrafiltration (MU) has been widely used by the bottom-up proteomics
community for the filter-aided sample preparation (FASP) method to remove SDS before
enzymatic digestion of proteins.?® Basically, a protein sample in 1-5% (w/v) SDS solution
is loaded onto a commercialized membrane filter unit with a 10-30-kDa molecular weight
cut off (MWCO), followed by washing with a 8 M urea solution to remove SDS, which is
based on the fact that 8 M urea can destroy the hydrophobic interaction between SDS
and proteins. The MU has also been routinely deployed for buffer exchange for TDP
sample preparation.?? CMP is a well-recognized method for removing SDS from proteins
in the dTDP workflow, and the Kelleher group has utilized the CMP for cleaning the protein
samples after GELFrEE fractionation in their large-scale dTDP works.>¢8 Briefly, a protein
sample dissolved in a SDS solution is mixed with methanol, chloroform, and water. After
centrifugation, three phases form and the proteins precipitate at the interphase. After
removing the upper phase, more methanol is added and the purified protein pellet is
obtained after centrifugation. SP3 has been suggested as an efficient sample preparation
method for bottom-up proteomics and various detergents can be removed from proteins
using the SP3 method.?”?® Recently, the Webb group evaluated the SP3 method for
preparing intact protein samples for dTDP, demonstrating the great potential of the SP3
method as a universal sample preparation method for both bottom-up proteomics and
dTDP.?° For SP3, a protein sample in a SDS buffer was mixed with magnetic beads and
acetonitrile (ACN). Under a high concentration of ACN, proteins are adsorbed on the
beads. Then the beads are washed with organic solvents (i.e., ethanol and ACN) to clean
up the proteins, followed by on-bead digestion for bottom-up proteomics?’22 or recovering

proteins from beads with cold 80% (v/v) formic acid for dTDP.?°
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In this work, for the first time, we compared the MU with a 30-kDa MWCO
membrane, CMP, and SP3 methods for cleaning up proteins extracted from E. coli cells
using 1% (w/v) SDS for dTDP. The MU method showed the best results regarding the
protein recovery and compatibility with the follow-up MS analysis. We further tested the
MU method for human cells (HepG2). We analyzed the prepared E. coli and HepG2
samples using our CZE-MS/MS system. Our data demonstrated that coupling the SDS-
based protein extraction with the MU-based sample cleanup could be a universal sample
preparation method for dTDP with high protein recovery, no significant protein bias, good
reproducibility, and great compatibility with follow-up MS analysis.

5.2 Experiment
5.2.1 Materials and Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated
otherwise. Urea was purchased from Alfa Aesar (Haverhill, MA). LC/MS grade water,
methanol, chloroform, HPLC grade acetic acid (AA), formic acid (FA), and hydrofluoric
acid (HF) were purchased from Fisher Scientific (Pittsburgh, PA). Acrylamide was ordered
from Acros Organics (NJ, USA). Fused silica capillaries (50 pum i.d./360 um o.d.) were
purchased from Polymicro Technologies (Phoenix, AZ). Carboxylate-modified
paramagnetic beads (Sera-Mag SpeedBeads (hydrophilic) CAT # 45152105050250, and
Sera-Mag SpeedBeads (Hydrophobic), CAT # 65152105050250) were purchased from
GE Healthcare. Centrifugal filter units with a 30-kDa molecular weight cutoff for
ultrafiltration were purchased from Millipore (MRCFORO030). CZE insert tubes (CAT #

C4010-630P) were purchased from Thermo Scientific. The polyacrylamide gel for SDS-
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PAGE was purchased from Bio-rad (CAT # 4561094). The gel staining buffer was
purchased from Bio-rad (CAT # 1610803).
5.2.2 Protein Extraction from Escherichia coli and HepG2 cells

Escherichia coli (E. coli, strain K-12 substrain MG1655) was cultured in the LB
(Luria-Bertani) medium at 37 °C until OD600 reached 0.7. The E. coli cells were harvested
by centrifugation at 4 000 rpm for 10 min. The cell pellet was washed with PBS (phosphate
buffered saline) buffer for three times to remove the leftover culture medium. After that,
400 L of a lysis buffer containing 1% (w/v) SDS, 100 mM NH4HCOs, protease inhibitors,
and phosphatase inhibitors (pH 8.0) was added into the Eppendorf tube containing the E.
coli cells. The cells were pipetted up and down a couple of times and lysed by
ultrasonication (Branson Sonifier 250, VWR Scientific, Batavia, IL) on ice for 10 min. After
cell lysis, the cell lysates were then centrifuged at 14 000 g for 5 min. After that, the protein
concentration of the supernatant was measured with the BCA (Bicinchoninic acid) assay.
The supernatant was then aliquoted into 100 pg/tube (4 mg/mL protein concentration)
and stored at -80 °C before use. The cultured HepG2 cells were kindly provided by Prof.
David Lubman at the Department of Surgery Research of University of Michigan. After
cell culture, the HepG2 cells were harvested through centrifugation at 100 g for 5 min and
were washed with the PBS buffer for three times. The cell lysis protocol was the same as
the E. coli cells described above. After the BCA assay for protein concentration
measurement, the extracted proteins were aliquoted into 100 ug/tube (4 mg/mL protein

concentration) and stored at -80 °C before use.

157



5.2.3 Protein sample cleanup with various methods before MS analysis
5.2.3.1 SP3 method

The SP3 procedure was performed according to the literature with some
modifications.?”?8 10 ug, 100 ug and 500 pg of the two types of Carboxylate-modified
paramagnetic beads were added into 100-pg E. coli protein extraction followed by
addition of acetonitrile (ACN) ensuring ACN concentration higher than 70% (v/v). E. coli
protein extraction was incubated in presence of magnetic beads and ACN for 18 min at
room temperature and then was placed on a magnet for 2 min. The supernatant was
taken out, dried down and the protein concentration was measured through the BCA
assay. 200 pL of ethanol was used to rinse the beads twice and 200 pL ACN was used
to rinse the beads once. 60 pL of 100 mM NH4HCO3 (pH 8) was then added into the
beads and sonicated for 10 min. The solution was then placed onto a hotplate at 95 °C
for 15 min. The supernatant containing proteins was taken out and the protein
concentration was measured with the BCA assay. The SP3 method was also applied on
the HepG2 cell lysate with the same procedure.
5.2.3.2 CMP method

The CMP procedure was processed based on the literature.?® Briefly, 400 pL
methanol, 100 pL chloroform and 300 uL water were added into 100-pug E. coli cell lysate
(1 pg/pL, 1% (w/v) SDS) successively. Every addition of reagent was followed by a
thorough vortex. The mixture was then centrifuged at 14 000 g for 1 min. Solution
separated into three layers after centrifugation. The top aqueous layer was carefully
removed without disturbing the protein flake. 400 pL of methanol was then added into the

solution followed by a thorough vortex. The mixture was then centrifuged at 20 000 g for
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5 min. Supernatant was removed. The protein pellet was suspended in a 50-uL buffer
containing 100 mM NH4HCOs (pH 8) with or without 1% (w/v) SDS with gentle pipetting.
We also vortexed and sonicated the sample solution gently for a short period of time to
improve the protein recovery. After centrifugation, the protein solution was analyzed by
the BCA assay to determine the protein concentration.
5.2.3.3 MU method

100 pL of an 8 M urea solution in 100 mM NH4HCOs3 (pH 8) was first added into
100-ug of E. coli cell lysate, producing a protein solution with about 0.80 mg/mL protein
concentration. The mixture was then loaded onto a membrane filtration unit (30 kDa
MWCO membrane). The filtration unit was centrifuged at 14 000 g to make sure that all
the solution went through the membrane. The membrane was then washed with 100 pL
of 8 M urea in 100 mM NH4HCOs3 twice followed by membrane washing with 100-pL 100
mM NH4HCOs for three times. After the washing, 50 pL of 100 mM NH4HCO3 was loaded
onto the membrane, followed by pipetting up and down a few times. The filtration unit was
then vortexed for 5 min and flipped over followed by a quick spin-down to recover the
proteins from the membrane. The protein concentration in the collected solution was
measured through the BCA assay. The same procedure was utilized for the HepG2 cell
lysate.
5.2.4 SDS-PAGE and CZE-MS/MS analysis

The E. coliand HepG2 cell lysates before and after cleanup with the three methods
were analyzed by SDS-PAGE according to the procedure in the literature.3® The gel was

first rinsed with D.I. water for 5 min for 3 times. Coomassie blue staining buffer was used
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for overnight staining with gentle swing. The destaining was processed with D.I. water
rinsing.

A 100-cm linear polyacrylamide (LPA)-coated capillary (50/360 um i.d./o.d.) was
used for CZE separation. The LPA coating was prepared following the published
procedure.®32 One end of the capillary was etched with HF following the published
procedure to reduce the outer diameter of the capillary to 70-80 um.33 The
commercialized electrokinetically pumped sheath flow CE-MS interface (EMASS II, CMP
scientific, Brooklyn, NY) was used to couple CZE to MS.34% The automated CZE
operations were implemented with an ECE-001 autosampler (CMP scientific). The sheath
buffer contained 10% (v/v) methanol and 0.2% (v/v) FA. The sample buffer was 100 mM
NH4HCOs (pH 8) and the background electrolyte (BGE) was 20% or 40% (v/v) acetic acid
in water. The glass emitter for the electrospray was pulled from borosilicate glass capillary
(0.75mmi.d., 1 mm o.d.) by a Sutter P-1000 flaming/brown micropipette puller. The orifice
of the emitter was controlled at 20-40 um. The distance of the etched capillary tip to the
emitter orifice was less than 300 um and the distance of the emitter orifice to the MS
entrance was around 2 mm. The sample was loaded with 5 psi for 90 s so approximately
500 nL of the sample was loaded into the capillary. The capillary sample injection end
was immersed in a CE vial containing 100 mM NH4HCOs (pH 8) for 10 s to neutralize the
leftover acetic acid on the outer surface of the capillary injection end before it was moved
into the sample vial for sample injection. After sample loading, the capillary sample
injection end was moved into a BGE vial and the CZE separation was carried out by

applying a +30-kV voltage for 115 min. A 15-psi pressure was applied afterwards for 5
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min to flush and condition the capillary. A +2-kV voltage was applied in the sheath buffer
vial for ESI.

A Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) was used for all
CZE-MS/MS analyses. A data-dependent acquisition (DDA) method was employed. The
full MS scan range was 600—-2000 m/z. Mass resolution was 120,000 (at m/z 200) and
AGC was 1E6. Maximum injection time was 50 ms. The top 3 most abundant ions in a
MS spectrum were isolated in the quadrupole with a 4-m/z isolation window sequentially
and fragmented with higher-energy collisional dissociation (HCD) with the normalized
collision energy 20. The mass resolution for MS/MS was 60,000 (at m/z 200). The
maximum injection time was 200 ms and the AGC was 1E5. The ion intensity threshold
was 2E4 for triggering MS/MS. The dynamic exclusion was turned on and set at 30 s.
Charge exclusion was enabled and ions with charges from +1 to +3 as well as ions with
unassigned charge states were excluded from MS/MS.

5.2.5 Data analysis

The TopPIC (Top-down mass spectrometry based proteoform identification and
characterization) software was applied for proteoform IDs via database search for all E.
coli and HepG2 data.'® Briefly, the RAW files were converted into mzML files using the
msconvert tool.3® The mzML files was then processed by the TopFD (Top-down mass
spectrometry feature detection) tool for spectral deconvolution. The resulted msalign files
was then processed by TopPIC (v1.3.1) for database searching. UniProt databases of E.
coli (UP000000625) and Human (UP000005640) were used for search. For the database
search, the maximum number of mass shift was 1. All other parameters were kept as

default. The target-decoy approach was employed to evaluate the false discovery rate
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(FDR) of proteoform spectrum match (PrSM) and proteoform 1Ds.3"3 The database
search results were filtered with a 1% PrSM-level FDR and a 5% proteoform-level FDR.
The MS raw data have been deposited to the ProteomeXchange Consortium via the
PRIDE®® partner repository with the data set identifier PXD018248.

The Retrieve/ID mapping tool from the UniProt was used for Gene Ontology (GO)
analysis. Grand average of hydropathy (GRAVY) values of proteoforms were calculated
through a GRAVY Calculator (http://www.gravy-calculator.de/). Positive GRAVY values
suggest hydrophobic and negative values indicate hydrophilic. The transmembrane
domains (TMDs) of identified membrane proteins were predicted using the TMHMM

software (http://www.cbs.dtu.dk/services/TMHMMY/).

5.3 Results and discussion
5.3.1 Comparison of MU, CMP and SP3 methods for cleanup of cell lysates
containing SDS before MS

SDS has been widely used in proteomic studies to facilitate protein extraction from
cells and protein solubilization. However, trace amount of SDS could be detrimental to
downstream processes such as enzymatic digestion in bottom up proteomics,
chromatographic separation, and MS detection.?44° It is vital to remove SDS from cell
lysates before top-down MS analysis. MU, CMP, and SP3 methods have been used in
dTDP for removing detergents (e.g., SDS) from proteins.>68222% Here, for the first time,
we compared the MU, CMP, and SP3 methods for preparation of E. coli and human
(HepG2) cell lysates containing 1% (w/v) SDS for dTDP regarding protein recovery and
protein bias. For each method, 100 ug of proteins dissolved in 1% (w/v) SDS were used

as the starting material. The BCA assay and SDS-PAGE were used to evaluate the
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performance of the three methods. To make the sample preparation method compatible
with follow-up dynamic pH junction-based CZE-MS/MS analysis,*! 100 mM NH4HCOs (pH
8.0) was used to redissolve the proteins after removing SDS with the three methods.

For the SP3 method, we first tested the loading capacity of magnetic beads by
incubating 100 pg of E. coli proteins with three different amounts of magnetic beads, 10
Mg, 100 pg and 500 pg. The protein recovery based on the BCA assay was about 60%
and had no obvious difference among the three different bead amounts, Figure 5.1A. We
also measured the amount of proteins that were not bound to the magnetic beads at the
first step with the BCA assay, Figure 5.1B. The unbound protein amount was about 5 ug,
indicating that the magnetic beads captured proteins with high efficiency. Considering the
recovered proteins (~60 pg) and unbound proteins (~ 5 pg), we noted that about 35% of
the loaded proteins were lost somewhere during the SP3 process. We speculated that
those proteins were still adsorbed on the magnetic beads and were not eluted by the 100
mM NH4HCOs (pH 8.0) buffer. We further analyzed the proteins prepared by the SP3
method with the three different bead amounts using SDS-PAGE, Figure 5.2A. The three
E. coli protein samples after the SP3 cleanup show no significant difference regarding the
molecular weight (MW) distributions. The results indicate that 10 pg of magnetic beads
are good enough to prepare 100-ug proteins from a complex proteome, which agrees
well with the data in the literature.?”?® We utilized 10-ug beads for all the following SP3

experiments.
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Figure 5. 1 BCA and SDS-PAGE results on the E. coli cell proteins (A-D) and
HepG2 cell proteins (E and F) when different SDS removal methods were applied.
(A) Protein recovery (%) of the SP3 method for 100-ug E. coli proteins when different
amounts of magnetic beads were used (n=2). (B) Amounts of unbound proteins to
magnetic beads as a function of the magnetic bead amount (n=2). (C) Protein recovery
(%) of the SP3, CMP and MU methods. The protein pellets from the CMP method were
dissolved in 200 mM NH4HCO3 (ABC is short for ammonium bicarbonate) (pH 8) with
or without 1% (w/v) SDS (n=4). (D) SDS-PAGE data of the recovered E. coli proteins

using the SP3, CMP and MU methods (n=2) as well as the E. coli cell lysate in 1% (w/v)
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SDS before sample cleanup (Original). For the CMP method, the protein pellet
dissolved in 100 mM NH4HCO3 (pH 8) with 1% (w/v) SDS was used for the analysis.
For each sample, an aliquot of 10-ug proteins was loaded for SDS-PAGE. (E) SDS-
PAGE data of the HepG2 cell protein samples before (Original) and after sample
cleanup with the MU method (n=2). For each sample, an aliquot of 6-ug proteins was
loaded for SDS-PAGE. (F) Protein recovery data of the HepG2 cell samples after the
MU method-based sample cleanup (n=4). The error bars in the figures represent the
standard deviations of protein recovery or protein amount.

We also noted that the SP3 method-based sample cleanup introduced an obvious
bias against large proteins (higher than 50 kDa) compared to the sample before cleanup,
Figure 5.2A. The bias was also observed in the HepG2 human cell lysate processed by
the SP3 method, Figure 5.2B. We used 100 mM NH4HCOs3 (pH 8.0) to extract the proteins
from the beads in order to make the method compatible with follow-up CZE-MS/MS
analysis, which might lead to relatively low efficiency of redissolving large proteins,
because it has been suggested that a buffer containing detergents is essential for

completely extracting proteins bound to beads in SP3.27-2°
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Figure 5. 2 SDS-PAGE analysis of SP3 processed proteins. (A) SDS-PAGE analysis

of E. coli proteins processed by the SP3 method with three different amounts of beads.
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The original sample is the cell lysate in 1% (w/v) SDS without sample cleanup. For all
the four E. coli samples, 6-ug E. coli protein was loaded for analysis. (B) SDS-PAGE
analysis of HepG2 proteins processed by the SP3 method (n=2). The original sample is
the cell lysate in 1% (w/v) SDS without sample cleanup. 7 pg of total proteins were
loaded on each lane.

We then employed the MU, CMP, and SP3 methods for preparing aliquots of the
E. coli cell lysate dissolved in 1% (w/v) SDS. Each aliquot contained 100-ug proteins, and
four aliquots were prepared by each method. The MU and SP3 methods generated much
higher protein recovery than the CMP method (~60% vs. 5%) with good reproducibility
(RSD<12%) when a solution containing 100 mM NH4HCOs (pH 8.0) was used to
redissolve the protein pellet from CMP, Figure 5.1C. We noted that the protein pellet from
CMP was hard to be dissolved in the NH4HCOs buffer, which resulted in a low protein
recovery. We further tried to use a buffer containing 1% (w/v) SDS and 100 mM NH4HCOs3
(pH 8.0) to redissolve the protein pellet and obtained a 50% protein recovery with high
precision (RSD, 4%). We then analyzed the E. coli cell lysates before and after cleanup
using the three methods by SDS-PAGE, Figure 5.1D. For the CMP method, we used the
protein sample redissolved in the 1% (w/v) SDS solution for SDS-PAGE. Two batches of
prepared samples with the three methods were analyzed. The MU and CMP method
show comparable protein MW distributions, which are similar to the original E. coli sample
without cleanup. As we discussed before, the SP3 method had trouble recovering large
proteins with the 100 mM NH4HCO3s (pH 8.0) buffer. All the three methods show good
reproducibility regarding the SDS-PAGE data. Based on the discussed protein recovery,

protein bias, and compatibility with the CZE-MS/MS analysis of the three sample cleanup
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methods, the MU method outperformed the CMP and SP3 methods. We further employed
the MU method for preparation of the HepG2 cell lysate in 1% (w/v) SDS. The SDS-PAGE
and BCA assay data clearly show that the MU method can achieve reproducible
preparation of the human cell lysate with high protein recovery and precision (86£5%),
Figure 5.1E and 5.1F. All the results demonstrate that the MU method could be a
universal method for sample preparation in dTDP of complex proteomes. We obtained a
higher protein recovery for the human cell lysate than the E. coli cell lysate (86% vs. 60%)
using the MU method, presumably due to the fact that E. coli proteins tend to be smaller
than human proteins in the length range of 1-250 amino acids based on the data in Swiss-
Prot database, Figure 5.3, resulting in a higher chance for protein flow-through the

membrane (30-kDa MWCO) for the E. coli sample.
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Figure 5. 3 Cumulative distribution of the length of E. coli proteins and human

proteins in the Swiss-Prot database in alength range of 1-250 amino acids (aa).
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We also noted that for the MU method, when the centrifugal force is too high (i.e.,
16 800 g), the protein recovery can be reduced drastically compared to the typical
centrifugal force (14 000 g) used in the procedure (33% vs. 86%), possibly due to
membrane clogging by proteins or impurities in the extraction solution. We suggest a pre-
centrifugation operation for protein samples to remove any precipitate before the MU
procedure, which will ensure the straightforward MU operations and good protein
recovery.
5.3.2 Coupling SDS-based protein extraction and MU-based sample cleanup to
CZE-MS/MS for dTDP

We further coupled the SDS-based protein extraction and the MU-based protein
sample cleanup to our dynamic pH junction-based CZE-MS/MS for dTDP of E. coli cells.
About 500 nL of the E. coli protein solution in 100 mM NH4HCOs (pH 8.0) after cleanup
was injected into the CZE capillary for analysis. The injected protein amount was roughly
400 ng. The BGE of CZE was 20% (v/v) acetic acid. We performed CZE-MS/MS analysis
of two batches of the E. coli sample prepared by the MU method. Figure 5.4A shows the
base peak electropherograms of the two E. coli samples and Figure 5.4B shows the
numbers of identified proteins, proteoforms, and PrSMs. Single-shot CZE-MS/MS
identified 832+65 proteoforms (n=2) with a 5% proteoform-level FDR. When we used a
1% proteoform-level FDR, 821+ 67 (n = 2) proteoforms corresponding to 219+ 21 proteins
were identified in a single CZE-MS/MS run, Figure 5.4B. On average, about 20 fragment
ions were matched to each identified proteoform, Figure 5.4C, suggesting the high
confidence of the proteoform identifications. We noted that mass of identified proteoforms

ranged from 1 kDa to 25 kDa and over 70% of the identified proteoforms had mass smaller
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than 6 kDa. We also analyzed the GO information of the identified proteins, Figure 5.4D,
and about 30% of the proteins were membrane proteins. We finally analyzed the
hydrophobicity of the identified proteoforms and compared it with our previous work, in
which 8M urea was used for protein extraction from E. coli cells.** As shown in Figure
5.4E, the E. coli proteoforms identified in this work show higher hydrophobicity than the
ones identified in our previous work, most likely due to the fact that SDS has stronger
solubility for hydrophobic proteins than 8M urea. We also noted that compared to the
protein samples extracted with 8M urea,*! the samples from the 1% (w/v) SDS extraction
required a higher acetic acid concentration in the BGE of CZE (20% vs. 5% (v/v) acetic
acid) to achieve reproducible CZE separations, which might be due to the higher
hydrophobicity of proteoforms from the 1% (w/v) SDS extraction. We need to point out
that when high concentration of acetic acid (i.e., 20%) is used as the BGE for CZE
separation, the sample dissolved in the NH4HCO3 buffer in a sample vial could be acidified
by the BGE during the sample injection process, which will influence the dynamic pH
junction sample stacking obviously. When the sample volume is small (i.e., <5 puL), the
issue becomes severe. Immersing the sample injection end of the capillary in a 100 mM
NH4HCOs3 buffer for seconds before moving it into the sample vial for sample injection

can eliminate the issue based on our experience.
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Figure 5. 4 CZE-MS/MS data of E. coli samples prepared with the MU method. (A)
Base peak electropherograms of two batches of prepared E. coli protein samples after
CZE-MS/MS analysis. (B) Numbers of protein, proteoform, and PrSM identifications

from the two CZE-MS/MS runs. The error bars represent the standard deviations of the

number of identifications. (C) Box chart of the number of matched fragment ions of
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identified E. coli proteoforms. (D) Gene Ontology cellular component analysis of
identified E. coli proteins from the two CZE-MS/MS analyses. (E) Box charts of GRAVY
values of the identified proteoforms from the two CZE-MS/MS analyses in this work
(SDS-batch 1 and SDS-batch 2) and from our previous work in reference 41 (8M urea).
We also analyzed the HepG2 cell proteins prepared by the MU method using our
dynamic pH junction-based CZE-MS/MS. The same CZE and MS conditions as the E.
coli samples were used here except that we employed 40% (v/v) acetic acid as the BGE
of CZE due to much higher complexity of the human cell line sample compared to the E.
coli sample. The CZE-MS/MS identified 534 proteoforms and 248 proteins in a single run
with a 5% proteoform-level FDR. When a 1% proteoform-level FDR was used, 516
proteoforms corresponding to 241 proteins were identified. Figure 5.5A shows the base
peak electropherogram of the CZE-MS/MS run. The mass of identified proteoforms
ranged from about 1 kDa to roughly 24 kDa, Figure 5.5B. Over 200 proteoforms had
mass higher than 10 kDa. Out of the 248 identified proteins, 125 proteins are membrane
proteins, 112 proteins are located in nucleus, and 22 proteins belong to chromatin
according to the information from the UniProt Knowledgebase (https://www.uniprot.org/).
Sequences and fragmentation patterns of two transmembrane proteins (6.8 kDa
mitochondrial proteolipid and Cytochrome c oxidase subunit 6A1, mitochondrial) are
shown in Figures 5.5C and 5.5D. The two membrane proteins were identified with high
confidence and the TMDs were cleaved reasonably well in gas phase by HCD. Figures
5.5E and 5.5F show the mass spectrum and fragmentation pattern of one proteoform of
C1QBP (Complement component 1 Q subcomponent-binding protein, mitochondrial)

having a mass of 23767.7 Da. The proteoform had clear signal in the mass spectrum and
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was identified by MS/MS through the database search with 18 matched fragment ions

and a 2.53E-11 E-value. An N-terminal truncation was determined for the proteoform.
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Figure 5. 5 CZE-MS/MS data of the HepG2 cell protein sample prepared with the
MU method. (A) Base peak electropherogram of the protein sample after CZE-MS/MS
analysis. (B) Mass distribution of the identified proteoforms from the HepG2 protein
sample. (C) and (D): Sequences and fragmentation patterns of two transmembrane
proteins with one TMD. The regions corresponding to TMDs are underlined. (E) Mass
spectrum of the identified proteoform of CLQBP (Complement component 1 Q
subcomponent-binding protein, mitochondrial) with a mass of 23767.7Da. (F) Sequence

and fragmentation pattern of the C1QBP proteoform in (E).
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The CZE-MS/MS data further indicate that the sample preparation procedure
(SDS-based protein extraction and MU-based sample cleanup) is efficient for extraction
and preparation of proteins including membrane proteins from bacterial and human cells.
The sample preparation procedure should be also compatible with widely used RPLC-
MS/MS, although we only used CZE-MS/MS in this work.

5.3.3 Proteoforms with post-translational modifications (PTMs)

We also performed another CZE-MS/MS run of the prepared E. coli sample from
the MU method under very clean CZE and MS conditions to pursue a higher number of
proteoform identifications, leading to an identification of 1,336 proteoforms corresponding
to 301 proteins with a 1% proteoform-level FDR. Various protein modifications were
detected, including but not limited to N-terminal methionine removal, N-terminal truncation,
N-terminal acetylation, and disulfide bond, Figure 5.6A. Two truncated proteoforms of
50S ribosomal protein L7/L12 at the N-terminus with or without lysine methylation are
shown in Figures 5.6B and 5.6C. The fragmentation patterns show extensive backbone
cleavages of the two proteoforms. We also observed that the abundance of the
methylated proteoform was about 50% of the non-methylated proteoform according to the
mass spectrum in Figure 5.6D. The methylation at Lys-82 detected in our work agrees
well with the data in the literature.*2 We identified 15 proteoforms with one or two disulfide
bonds and those proteoforms. Sequences and fragmentation patterns of two proteoforms
with one and two disulfide bonds are shown in Figures 5.6E and 5.6F. Interestingly, for
Figure 5.6E, the location of the disulfide bond was previously reported as zinc ion binding
position.*® For the 50S ribosomal protein L31, the literature data suggested that the C16

was responsible for zinc ion binding, but our data show that the C16, C18, C37 and C40
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form two disulfide bonds, Figure 5.6F. The disulfide bonds might form endogenously or

develop after cell lysis due to the loss of zinc ions during sample preparation.
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Figure 5. 6 CZE-MS/MS data of the E. coli sample regarding PTMs. (A) Distribution

of some modifications on the identified proteoforms. (B) Sequence and fragmentation

pattern of the 50S ribosomal protein L7/L12 proteoform with one methylation at the

marked lysine residue and N-terminal truncation. (C) Sequence and fragmentation

pattern of the 50S ribosomal protein L7/L12 proteoform with only N-terminal truncation.

(D) Mass spectrum of one charge state (+6) of the 50S ribosomal protein L7/L12

proteoforms in (B) and (C). (E) Sequence and fragmentation pattern of one proteoform

of aspartate carbamoyltransferase regulatory chain with one disulfide bond between the
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two marked cystine residues and truncations at the termini. (F) Sequence and
fragmentation pattern of one proteoform of 50S ribosomal protein L31 with two disulfide
bonds among the four marked cystine residues, removal of two amino acid residues at
the N-terminus, and truncation at the C-terminus.

We identified proteoforms with various PTMs in the HepG2 data, including but not
limited to N-terminal acetylation (205), phosphorylation (11), and disulfide bonds (8),
Figure 5.7A. We identified one proteoform of programmed cell death protein 5 with N-
terminal acetylation and one serine phosphorylation (Figure 5.7B), one proteoform of
60S acidic ribosomal protein P2 with two serine phosphorylations (Figure 5.7C), and one
proteoform of small ubiquitin-related modifier 1 with both acetylation and phosphorylation
at the N-terminal serine residue (Figure 5.7D). The PTM information of these three

proteoforms match well with the UniProt Knowledgebase (https://www.uniprot.org/). We

noted that the three serine residues marked in red in the underlined region in Figure 5.7C
could be phosphorylated according to the UniProt Knowledgebase, and our data show

that only two of them are actually phosphorylated in the proteoform.
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Figure 5. 7 CZE-MS/MS data of the HepG2 sample regarding PTMs. (A) Distribution
of some modifications on the identified proteoforms. Sequences and fragmentation
patterns of some proteoforms with one phosphorylation site and N-terminal acetylation
(B), with two phosphorylation sites (C), and with phosphorylation and acetylation on the
N-terminal serine residue (D).

Prothymosin alpha (PTMA) is a histone binding protein and it can regulate gene
transcription.** Prothymosin alpha has eight phosphorylation sites according to the
UniProt Knowledgebase. Our data revealed one phosphorylation site (mass shift 79.97
Da) in the underlined region (S85 or T87) in Figure 5.8A, which is not reported previously.
We also compared the relative abundance of the identified phosphorylated proteoform of
PTMA and the corresponding unphosphorylated proteoform based on the extracted base
peak electropherogram, Figure 5.8B. The unphosphorylated proteoform had about 5-

times higher abundance than the phosphorylated one. Additionally, CZE separated the

176



phosphorylated and unphosphorylated proteoforms very well with an 8-min difference in
migration time and the phosphorylated one migrated obviously slower than the
unphosphorylated one in CZE due to the charge reduction from the phosphorylation,
which agrees well with the previous reports.#>#¢ The migration time shift between
unphosphorylated and phosphorylated proteoforms provides additional evidence for the
phosphorylation PTM. Figures 5.8C and 5.8D show mass spectra of the
unphosphorylated and phosphorylated proteoforms, indicating a difference between them
regarding charge distribution. We speculate that the phosphorylation could influence the

ESI of prothymosin alpha to some extent.
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Figure 5. 8 Proteoform information of prothymosin alpha. (A) Sequence and
fragmentation pattern of the prothymosin alpha proteoform with one phosphorylation at
the marked serine or threonine residue. (B) Extracted base peak electropherogram of
phosphorylated and unphosphorylated proteoforms of prothymosin alpha. The highest
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abundant charge state (+13) was used for peak extraction with a 20-ppm mass
tolerance. Mass spectra of the unphosphorylated (C) and phosphorylated (D)
proteoforms of prothymosin alpha.

Histone PTMs are extremely important for regulating gene expression and dTDP
is an invaluable approach for delineating the histone code in a proteoform specific
manner.*%-2 In this work, we identified 94 histone proteoforms from the HepG2 sample in
a single CZE-MS/MS run without any histone purification. The 94 histone proteoforms
covered the five major histone variants, H1 (11), H2A (39), H2B (36), H3 (1) and H4 (7),
Figure 5.9A. We observed various PTMs on the histone proteoforms, including
acetylation, methylation, and phosphorylation, Figures 5.9B-F. Sequences and
fragmentation patterns of two histone H4 proteoforms are shown in Figure 5.9B and C.
We observed both N-terminal acetylation and a 28-Da mass shift most likely
corresponding to two methylations within the underlined region in the two proteoforms.
Due to the limited backbone cleavage coverages for the two proteoforms, it is difficult to
localize the methylation PTM. Interestingly, there are no literature reports about
methylation or di-methylation PTM in the two regions of histone H4 underlined in Figures
5.9B and C according to the UniProt Knowledgebase. We also identified one histone H4
proteoform with a 337-Da mass shift, Figure 5.9D. The mass shift corresponds to a region
with four lysine residues (K6, K9, K13 and K17). According to the UniProt Knowledgebase,
these four lysine residues could have acetylation (+42 Da), propionylation (+56 Da),
crotonylation (+68 Da), butyrylation (+70 Da), succinylation (+100 Da), and glutarylation

(+114 Da). We speculate that the 337-Da mass shift is most likely produced by a
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combination of these various PTMs. The data further suggest the importance of improving
the backbone cleavage coverage for comprehensive characterization of proteoforms.
We identified one proteoform of Histone H2A type 1-J with a 122-Da mass shift in
the underlined region, Figure 5.9E. We speculate that the mass shift corresponds to an
acetylation (+42 Da) and a phosphorylation (+80 Da). It has been reported that the K6
and K10 residues could be acetylated.>® However, no literature information about the
phosphorylation at T17, S19 or S20 in the mass shift corresponding region according to
the UniProt Knowledgebase. We also identified one Histone H2A type 1 proteoform with
an 83-Da mass shift in the underlined region, Figure 5.9F. The K96 and K100 in the mass
shift corresponding region could be acetylated based on the previous reports %354 and the

information from PhosphoSitePlus® v6.5.8 (https://www.phosphosite.org/). Two lysine

acetylation modifications produce an 84-Da mass shift, which is 1-Da heavier than the
observed mass shift. The 1-Da difference could be due to a misassignment of the
monoisotopic peak of the protein, which resulted in a 1-Da error of the proteoform’s
monoisotopic mass. Therefore, the observed 83-Da mass shift is most likely due to the

acetylation at both K96 and K100.
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Figure 5. 9 CZE-MS/MS data of the HepG2 sample regarding histone proteoforms.
(A) Distribution of the identified histone proteoforms as a function of major histone
variants. Sequences and fragmentation patterns of three H4 proteoforms with a 28-Da
mass shift (B), a 28-Da mass shift (C), and a 337-Da mass shift (D). Sequences and
fragmentation patterns of histone H2A type 1-J proteoform with a 122-Da mass shift (E)

and histone H2A type 1 proteoform with an 83-Da mass shift (F).
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5.4 Conclusions

We performed comprehensive comparisons of the MU, CMP, and SP3 methods
for cleanup of proteome samples in a lysis buffer containing SDS regarding protein
recovery, protein bias, and compatibility with follow-up MS analysis. Our data indicate that
the SDS-based protein extraction and the MU-based protein cleanup could be a universal
sample preparation procedure for dTDP of complex proteome samples. The procedure
produced reproducible sample preparation with high protein recovery for both E. coli and
human cell line samples. Single-shot CZE-MS/MS analysis of the prepared E. coli and
HepG2 cell proteome samples (400-ng proteins consumed) identified up to 1 336
proteoforms (301 proteins) and 516 proteoforms (241 proteins) with a 1% proteome-level
FDR, respectively. Single-shot CZE-MS/MS analysis of the HepG2 cell sample identified
125 membrane proteins and 94 histone proteoforms. The sample preparation procedure
including the SDS-based protein extraction and the MU-based protein cleanup should be
also compatible with the widely used RPLC-MS/MS approach, although we only used
CZE-MS/MS in this work.

We need to point out that when the sample complexity and protein hydrophobicity
increase, the BGE composition of CZE needs to be adjusted to ensure good solubility of
proteins during CZE separation. We are working on optimizations of CZE-MS conditions
for characterization of proteome samples with high hydrophobicity.
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SUMMARY

Proteomics analysis of mass limited sample such as single cell proteomics is going
through initial stage of development but is progressing very rapidly. We have seen the
proteome coverage increased from a couple hundreds of identifications to over one
thousand identifications from a single mammalian cell. Keys of large-scale protein
characterization of single cells regarding sample preparation and separation are
reducing sample loss and reducing flow rate (without sacrificing separation efficiency) to
improve sample recovery and improve ionization efficiency during ESI, respectively. For
MS instrumentation, in addition to improving acquisition rate and resolving power, the
installation of ion mobility mass spectrometer such as FAIMS and TIMS provides
additional level of fractionation and reduces background noise which are all beneficial
for low input analysis. Not only instrumentation hardware, but the data acquisition
strategy of MS also plays vital role to improve performance of single cell proteomics.
Comparing to conventional data acquisition mode in most proteomics analysis(i.e., data
dependent acquisition (DDA)), data independent acquisition (DIA) strategy has unique
advantages. In DDA, peptides are sequentially picked for fragmentation, in order of
precursor ion intensity that is determined in survey scan, leading to inherent
randomness of peptide fragmentation and missing value problem. The missing value
problem is more serious for low abundant peptides and leads to poor reproducibility for
low-input sample analysis. DIA on the other hand, fragments all the peptides in broader
isolation window, potentially improves sensitivity, dynamic range, reproducibility, and

guantification accuracy.
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Although bottom-up proteomics is the major strategy for single cell proteomics due to
the fact that it has drastically better sensitivity than top-down proteomics, most recent
top-down proteomic studies demonstrated the identification and quantification of
hundreds to thousands of proteoforms from nanograms-input of proteome samples. The
data suggests the potential of using top-down proteomics for the characterization of
mass limited proteome samples, even single cells.

One significance of proteomics analysis is the PTM information that can’t be revealed
through transcriptomics and genomics studies. However, PTMs analysis of mass limited
sample still have great room of development due to the low abundance of proteins
containing specific PTMs. Enrichment regarding PTMs of interest is usually necessary,
and it usually requires high protein sample input in mass. It determines an important
direction of technique advancement in proteomics of mass limited sample.

Unlike transcriptomics/genomics analysis, proteomics analysis can’t be parallelly
processed with throughput of thousands cells/analysis, although the multiplexity
technique for protein analysis is progressing. Continuous investment regarding
automation, multiplexity and shortened analysis time are crucial for large-scale single

cell proteomics studies.
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