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Abstract

Proteins play an indispensable cellular role within organisms and participate
in a majority of biological functions, including enzymatic catalysis, immune
reaction, and signaling. Multiple forms of a protein (i.e., proteoforms) can be
generated from one single gene due to genetic variation, alternative RNA splicing,
and post-translational modifications (PTMs). It has been reported that there are
about ~20,000 human protein-coding genes, ~100,000 RNA splice variants, and an
estimated 1 million proteoforms in complex biological systems. Different
proteoforms from the same protein may have different functions and abundances;
therefore, studying proteoforms is essential to understanding biological functions
and the mechanisms of different biological processes.

Top-down mass spectrometry (MS)-based proteomics (TDP) techniques
analyze intact proteoforms for high throughput identification, quantification, and
characterization of intact proteoforms. Recent advancements in commercially
available, high resolution MS instrumentation, such as improved MS resolution and
scan speed, have made MS-based proteomics more accessible to the proteomics
community. However, due to the extremely high proteome complexity and wide
dynamic range of proteoform concentrations in complex biological samples, TDP
generally suffers from low sensitivity and low proteome coverage. As such,
advancements in technology to quantify and characterize intact proteoforms using
top-down proteomics are imperative.

Currently, label-free quantitation is the most common quantitative approach

in TDP due to the overall simplicity of application and sample handling; however,
XXiii



TDP suffers from run-to-run instrument variation, no multiplexing, and difficulty
in implementing multidimensional (MD) separation. Application of isobaric
chemical tag labeling (e.g., tandem mass tag, TMT), which is the gold-standard for
bottom-up quantitation, has been limited in application to quantitative analysis of
intact proteoforms to pure proteins and simple protein mixtures. Further application
of isobaric chemical tag labeling to complex biological samples (e.g., cell lysate)
remains challenging for three reasons: (1) protein precipitation under labeling
conditions due to introduction of organic solvent; (2) production of side products
including underlabeled (incompletely labeled) and overlabeled (labeling of
unintended residues) species; (3) inability of MS fragmentation to simultaneously
achieve adequate quantitation and identification. In this dissertation, | will present
the development and optimization of sample preparation and MS methods to enable
the application of TMT labeling to intact, complex biological samples.

Initially, we found that large molecular weight proteoforms tended to
precipitate and “crash out” of solution under TMT labeling conditions. To minimize
protein precipitation under labeling conditions, we developed a “filter-SEC”
technique that couples 100 kDa MWCO filtration and size exclusion
chromatography to enrich small molecular weight proteoforms (Yu D. et al. 2021).
By removing larger proteoforms, we were able to accurately quantify and
characterize smaller proteoforms (<35 kDa) in complex biological samples using
TMT labeling. However, the production of side products, including both
underlabeled and overlabeled species increased the sample complexity and

decreased the signal-to-noise ratios which impeded the accurate quantification and
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characterization of intact proteoforms, particularly low abundance proteoforms, in
complex biological samples. We systematically optimized the intact protein-level
TMT labeling conditions and achieved >90% labeling efficiency for TMT-labeled
E. coli cell lysate and ~86% labeling efficiency for TMT-labeled HeLa cell lysate
using the optimized conditions. Finally, we evaluated the higher-energy collisional
dissociation (HCD) using an Orbitrap Exploris 240 mass spectrometer for TMT-
labeled complex protein mixtures. We found that high HCD energies resulted in
high-intensity reporter ion peaks for accurate quantification and relatively lower
HCD energies resulted in production of adequate proteoform backbone fragment
ions for confident identification. However, single HCD energies were not adequate
to provide accurate quantification and confident characterization simultaneously.
Therefore, we evaluated stepped normalized collision energy (SNCE) schemes
between 30% to 50% and found that these stepped schemes provided balance
between accurate quantification and confident identification.

The innovation of an intact protein TMT labeling platform for proteoform
quantitation further allowed the application of multidimensional (MD) separation
to quantitative top-down proteomics to improve proteome coverage. MD separation
couples two or more orthogonal separation approaches to improve separation to
increase detection of low abundance proteoforms. Previously, MD separation has
not been used for quantitative TDP because MD separation is not compatible with
label-free quantitation due to the inability to accurately quantify proteoforms that
elute in multiple first dimension fractions. We successfully integrated an automated,

online 2-dimensional (2D) high-pH/low-pH reversed phase liquid chromatography
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(RPLC)-MS separation system with intact protein-level TMT labeling for deep
proteome profiling and quantitative analysis of complex biological samples such as
the HeLa proteome.

In summary, this dissertation presents the optimization of intact protein-
level TMT labeling conditions to decrease the production of side products, the
optimization of MS2 fragmentation energies to achieve a balance between accurate
quantification and confident identification, and the coupling of automated online
2D RPLC-MS platform with protein-level TMT labeling for deep proteoform
characterization and quantification in TDP. | believe that the isobaric labeling-
based quantitative TDP platform demonstrated here holds great potential for the
quantitative analysis of intact proteoforms in real biological samples. This will have
significant impacts on many areas of proteomics research including understanding

of disease state, disease progression, and biomarker discovery.
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Chapter 1 Introduction

1.1 BACKGROUND

1.1.1 Proteome and proteomics
Proteins are macromolecules made up of amino acids through peptide bonds

that play an indispensable cellular role within organisms and participate in majority
of the biological reactions such as enzymatic catalysis, immune reaction, and
signaling.* The central dogma explains the transition of genetic information within
a biological system from DNA to RNA through transcription and from RNA to
proteins through translation, where each single step undergoes different types of
variations that contribute to the biological system complexity (Figure 1-1).2% As
such, multiple forms of a protein can be generated from one single gene and these
variants are called “proteoforms”.® The entire set of proteoforms expressed in an
organism was termed the “proteome”.® It has been reported that there are about
~20,000 human protein-coding genes, ~100,000 RNA splice variants, and an
estimated 1 million proteoforms resulting in extremely high proteome complexity

in complex biological systems.3®

Proteoform 1 Proteofog 2 Proteoform3
Transcription Translation % % %
—_— —_—
+ Gene variation * Alternative splicing * Posttranslational modification
*«  mRNA editing + Amino acid substitution

* Covalent cleavages

Figure 1-1 Central dogma of the flow of genetic information and generation of
various proteoforms through variation at each step. Figure was created with
BioRender.com.



Proteins are the key intermediaries connecting genotype and phenotype and
it is impossible to understand the function of the biological systems without
knowing what type of proteoforms are present, the abundance of different
proteoforms, the location within cells or tissues, and the interactions with other
proteoforms.? Proteomics, the large-scale study of proteomes of a cell, tissue, or
organism, enables the investigation of proteoform expression, proteoform
abundance, protein-protein interactions, and the understanding of biological
mechanisms and pathways in complex biological systems (e.g., cell lysate or
biological fluids).” Mass spectrometry (MS)-based proteomics has emerged as an
important technology to identity, quantify, and characterize proteoforms in a large-
scale and high-throughput manner.® Recent advancements in commercially
available, high resolution MS instrumentation, such as improved MS resolution and
scan speed, have made MS-based proteomics more accessible to the proteomics
community.®® However, due to the extremely high proteome complexity (millions
of proteoforms from approximately 20,000 human genes?) and wide dynamic range
(>5-10 orders of magnitude®'?) of the protein mixture obtained from the complex
biological sample, front-end separation methods are often applied to reduce sample
complexity before MS analysis. Two-dimensional polyacrylamide gel
electrophoresis (2D PAGE) was developed and has been traditionally applied as a
standard procedure for proteomic research. 2D PAGE separates proteins based on
molecular weight (MW) and isoelectric point (pl) with subsequent mass
spectrometry analysis of protein spots isolated from the gel.*® This process is
typically labor-intensive and time-consuming and is not suitable for high

2



throughput proteomics analysis. Alternatively, front-end separation methods such
as liquid chromatography (LC) and capillary electrophoresis (CE) have been
developed and applied to MS-based proteomics to separate proteins and reduce
sample complexity. These separation method can also facilitate online coupling to
MS for direct analysis.** MS-based, large-scale proteomics studies utilizing LC or
CE as front-end separation techniques are typically called high-throughput

proteomics.

1.1.2 High-throughput proteomics
Two major high-throughput proteomics approaches have been developed

and applied, bottom-up and top-down, Figure 1-2. Bottom-up proteomics (BUP,
peptide-level) is the most common strategy to study complex samples. In BUP,
proteins are enzymatically digested into peptides, the peptide mixture is separated
by 1-dimensional (1D) or multidimensional (MD) separation, and peptides are
analyzed by MS.

1D or MD

”~

h / H

Gpps e, | e
&,\; b) spectrometer Bottom-up proteomics

Digestion

—
& ¢
- | — o
1D or MD
Cell culture Protein separation Mass Ny
i ) — _— -
or tissue mixtures spectrometer Top-down proteomics

Prefractionation

Figure 1-2 Typical workflow for high-throughput proteomics. Figure was
created with BioRender.com.

Bottom-up proteomics is a robust and sensitive approach, which provides
an indirect analysis of proteins through detection of peptides generated from

proteins. Digestion of proteins into small peptides makes the sample more
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homogeneous and limits the number of charge states which increases separation
efficiency and benefits the MS detection, respectively.!* Moreover, since proteins
ware digested into peptides, there is no size limitation for proteins that can be
analyzed by bottom-up proteomics. However, a key limitation to bottom-up
proteomics is the loss of information regarding the intact proteoform such as the
location of PTMs, the number of PTMs, and endogenous proteolysis due to
incomplete sequence coverage and coexistence of multiple PTMs on the same

protein, Figure 1-3.81°

Bottom-up proteomics Top-down proteomics

Peptide fragment ions * Q f CP Intact proteoform
ﬂ Fragmentation ﬂ Gas-phase dissociation
Peptides Q Q Intact precursorion

ﬂ Fragmentation
ﬂ‘ Enzyme digestion

* Q * Q Fragmentions

Intact proteoform

Figure 1-3 Bottom-up and top-down proteomics.

Unlike bottom-up proteomics, top-down proteomics (TDP, intact
proteoform-level proteomics) allows for the identification and characterization of
intact proteoforms arising from genetic variation, alternative RNA splicing or
mutation, and post-translational modifications (PTMs).>111%16 Digestion is not
required for TDP, so the location and identity of PTMs can be characterized, Figure
1-3. PTMs have been found to play critical roles in development and progression
of many human diseases including cardiovascular diseases, cancer, infectious
diseases, neurodegenerative diseases, and immunobiology.> Moreover, different
proteoforms from the same protein may have different functions and abundances in
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difference cell types and as a result of diseases state. Therefore, quantitative and
qualitative study of proteoforms is essential to understand biological functions and
the mechanisms of different biological processes.

High-resolution mass spectrometers such as Fourier transform (FT) MS
instruments are commonly required for high-throughput top-down proteomics.'’
Moreover, because of the high sample complexity, wide dynamic range, and
heterogeneity of the intact proteoform mixture, efficient separation techniques such
as LC and CE are required for the application of top-down proteomics in complex
biological samples.®!! Both LC and CE have been commonly applied in TDP;18-
24 however, 1 dimensional (1D) separation may not provide enough separation
resolution for high-throughput analysis of complex intact proteoform mixtures.
Alternatively, multidimensional (MD) separation that couples two or more

orthogonal separation techniques is often applied for in-depth proteome

characterizations in TDP.

1.2 SEPARATION TECHNIQUES IN TOP-DOWN PROTEOMICS
Multidimensional (MD) separation couples two or more orthogonal
separation techniques and is often applied for in-depth proteome characterizations
in TDP. Orthogonal separation techniques are regarded as those having differing
selectivities, and coupling orthogonal methods tends to result in increased peak
capacities and minimized ionization suppression from coeluted species which is
especially important for the complex spectra produced in TDP.?>?% For MD
separation, fractions from the first dimension are collected, either online or offline,

and transferred to the second dimension for further separation and online MS
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detection. Offline MD separation is flexible and can be applied to various first-
dimension separation systems; however, additional sample handling steps in offline
MD separations, such as buffer exchange and sample concentration, can be labor-
intensive and may introduce sample loss, contamination, and degradation.?’
Alternatively, in online MD separation, eluent from the first-dimension system is
either directly injected into the second dimension system or concentrated in a
trapping column before injection into the second dimension system for separation,
which eliminates many offline sample handling steps. Moreover, the sample
required for online MD separation is typically much lower than the sample
consumption in offline MD separation. On the other hand, online MD separation

often has less flexibility due to issues with coupling various types of

chromatography (e.g., buffer compatibility).®

Recent advancements in TDP, including improved separation technologies,
have been reviewed by various research groups.'1>262845 Here, we discuss the
development and applications of MD separation techniques to TDP reported within
the last two decades. Experimental details, including separation column/capillary,
sample type and loading amount, online/offline, and pros and cons of each
approach, are summarized for each reviewed method. We also discuss perspectives

and potential future applications of novel methods to MD separation.

1.2.1 Current state of separation techniques in top-down proteomics
Separation techniques applied to TDP have focused primarily on liquid

chromatography (LC) and capillary electrophoresis (CE). As applied to TDP, LC



methods encompass diverse separation strategies with high separation efficiency to
characterize intact proteoforms in complex samples. % These LC-based methods

include (1) polarity-based separation: reverse phase chromatography (RPLC or

RPC)82 hydrophobic interaction chromatography (HIC)*"*8, and hydrophilic

interaction chromatography (HILIC)**%: (2) ionic strength-based separation: ion-

exchange chromatography (IEX or IEC)®; (3) size-based separation: size-exclusion

chromatography (SEC)°2°3,

The application of CE separation for TDP has been popularized more
recently because it can be coupled directly to MS for data collection and features
high separation efficiency, short separation time, low-volume sample requirements
(nL to pL level), and ultra-low detection limits (zmol).>*> CE has several varieties
that have been applied to TDP, including (1) capillary zone electrophoresis (CZE):
separates proteins based on the differences in electrophoretic mobility®®; and (2)

capillary isoelectric focusing (CIEF): separates proteins based on isoelectric point

(pl).29'58

Apart from LC and CE separation techniques, gel electrophoresis-based
techniques have also been applied as a dimension of separation for TDP. These
prefractionation methods separate intact proteins based on size and include Acid-
Labile Surfactant—Polyacrylamide Gel Electrophoresis (ALS)-PAGE®>*®, Gel-
Eluted Liquid Fraction Entrapment Electrophoresis (GELFrEE)*-!-70  and
Passively Eluting Proteins from Polyacrylamide gels as Intact species for MS

(PEPPI-MS)""-72,



Together, these methods encompass all published separation strategies
coupled for MD separation of intact proteins for MS-based TDP. Researchers have
coupled these in a variety of ways to present unique and innovative platforms, as
demonstrated in Table 1-2 and Table 1-2. Here, we discuss the development and
applications of these MD separation platforms as well as the advantages and

disadvantages as they apply to the separation of intact proteins for TDP.

1.2.2 Multidimensional separations in top-down proteomics
Researchers have coupled different separation approaches in TDP in a

variety of ways to present unique and innovative platforms, including RPLC-
RPLC, IEC-RPLC, HIC-RPLC, RPLC-HILIC, SEC-RPLC, gel electrophoresis-
RPLC, IEC-HIC, RPLC-CE, SEC-CE, gel electrophoresis-CE, and CE-CE, as
demonstrated in Figure 1-4,Figure 1-4 Schematic of MD separation in top-down
proteomics with (A) RPLC-RPLC; (B) HIC-RPLC; (C) RPLC-HILIC; (D) IEX-
RPLC; (E) SEC-RPLC; (F) Gel electrophoresis-RPLC; (G) CE-MD separations.
Table 1-2, and Table 1-2. Here, the development and application of these MD
separation platforms applied in TDP were discussed.

RPLC-based MD separations: Reversed-phase liquid chromatography
(RPLC) is the most commonly used separation approach in high-throughput TDP
due to its MS-compatible buffers and high separation resolution.” RPLC separates
proteins based on the strength of hydrophobic (i.e., nonpolar) interactions between
proteins and the nonpolar stationary phase (Figure 1-4A). Buffer gradients that
move from polar (aqueous) to nonpolar (organic) are used to elute proteins based
on differences in hydrophobicity. Coupling multiple RPLC methods for MD
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separation may seem counterintuitive as a lack of orthogonality would be expected
from methods with similar selectivities. It is possible, however, to couple RPLC
techniques via a change in the buffer system; specifically, combination of two
RPLC separations with high- (first dimension) and low- (second dimension) pH
mobile phases is feasible due to variance in selectivity arising from differentially
charged amino acids at different pH.”* As positive ion mode is typically used for
MS detection of intact proteins, all iterations of pH-based RPLC-RPLC MD
separation for TDP feature low-pH RPLC as the second dimension directly coupled
with MS for analysis.

In bottom-up proteomics, the success of 2D high-pH/low-pH RPLC
separation has been limited by the average peptide length as differential charge
distributions are limited with shorter peptides’®. In contrast, intact proteins are
much longer than peptides and contain more groups that maintain different charges
at different pHs. As such, orthogonality between high-pH and low-pH RPLC was
found to be much higher for intact proteins, and there was efficient utilization of
the separation space without fraction concatenation.'® The intrinsic orthogonality
makes high-pH/low-pH RPLC an attractive MD method for both online and offline
TDP analysis. Moreover, the MS-compatible mobile phases utilized in both
dimensions require no desalting steps and further simplify sample processing.

The Wu lab developed and applied an offline high-pH/low-pH RPLC
platform for the separation of intact cell lysate proteins.” As shown in Table 1-2,
a normal-flow Waters XBridge BEH C4 column (300 A, 3.5 um, 2.1 mm x 250

mm) was used for the 1% dimension high-pH RPLC separation, and an in-house
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packed capillary C5 column (5 um, 75 pm x 75 cm) was used for 2" dimension
low-pH RPLC separation. Different protein elution profiles were observed,
demonstrating the orthogonality between high-pH RPLC and low-pH RPLC. 365
proteins and 886 proteoforms were identified from 500 ug intact E. coli lysate,
compared to 163 proteins and 328 proteoforms identified using a 1D RPLC (low-
pH)-MS approach (in-house packed capillary C5 column) from 10 ug intact E. coli
lysate. This platform was also applied to intact HeLa cell lysate with a successful
characterization of 20 different types of PTMs, including phosphorylation,
acetylation, glutathionylation, and octanoylation.”®

Sample handling steps used in offline MDLC commonly include buffer
exchange and sample concentration steps that introduce sample loss, are low
throughput, and may also cause sample degradation or addition of artificial PTMs
such as oxidation.®** Online MDLC platforms have been developed to overcome
such challenges. For example, the Schug group reported the first top-down, online
high-pH/low-pH RPLC platform with two sample storage loops for online coupling
and a flow splitter for MS detection.” Microflow RPLC columns were used for
both dimensions and a steep gradient (<1 min) was utilized in the 2" low-pH RPLC
separation to overcome the mismatch between mobile phases with different pH and
organic solvent content. However, the overall separation resolution was relatively
low due to the short second dimension gradient (e.g., peak capacity of 19), resulting
in limited improvement in proteome coverage. To improve the separation
resolution, the Wu group developed an alternative online 2D high-pH/low-pH

RPLC system with a short nanoRPLC column (i.e., 150 pm i.d., 10 cm length) for
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1D high-pH separation and a long nanoRPLC capillary column (i.e., 75 um i.d.,
100 cm length) for 2D low-pH RPLC separation.*® Using this online system,
comparable identification numbers were observed with 100-times less initial
sample injection amount (e.g., 5 pg) compared with the offline high-pH/low-pH
RPLC platform.”™

Very recently, the Tholey group has offered a novel coupling method for
RPLC-RPLC analysis for TDP. This group utilized low-pH RPLC in both
dimensions and employed different ion pairing reagents and stationary phases to
change selectivity between the two RPLC dimensions. In addition to concatenation
to improve sample throughput, this group demonstrated the first implementation of
low-pH/low-pH RPLC for MD separation and TDP.”

In summary, good orthogonality, improved separation efficiency, and more
comprehensive protein characterization has been achieved using high-pH/low-pH
RPLC platforms compared with 1D RPLC for TDP. MD RPLC takes advantage of
the high-resolution separation offered by RPLC for both dimensions and requires
no desalting steps due to the application of MS-compatible buffers. As such, only
simple sample dilution with compatible buffers between dimensions is required to
combine these techniques offline. This also reduces sample loss and simplifies the
system for online coupling. However, RPLC separates proteins in a denaturing
mode such that the protein tertiary structure and bioactivity cannot be preserved
limiting its application to native MS analysis.

HIC-based MD separations: Hydrophobic interaction chromatography
(HIC) separates proteins based on hydrophobic interactions between the stationary
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phase and proteins. The separation environment is less denaturing and more polar
compared with RPLC (Figure 1-4B).*"*8 HIC is a valuable tool because it provides
high-resolution separation of intact proteins under nondenaturing conditions so that
the protein tertiary structure and bioactivity can be preserved allowing separation
of intact proteins with small conformational variations.*”’®"® A salt gradient, from
high to low salt concentration, is generally required as the mobile phase for HIC
separation and is the key to ensuring the retention of hydrophobic proteins and
elution of hydrophilic proteins.”® As such, proteins elute in order of increasing
surface hydrophobicity.

Generally, the requirement of non-volatile salt buffers (e.g., sulfate,
phosphate, or citrate salts) has largely limited the application of HIC for direct MS
analysis and as the terminal separation method for MD separation.*”® However,
the Ge group evaluated the use of volatile ammonium tartrate for HIC separation
and found that similar results were obtained compared with ammonium sulfate.”
With the development of a HIC separation protocol for intact proteins that utilized
MS-compatible, volatile salts, the Ge group further developed a MD separation
method coupling HIC with RPLC.”® They found that, even though both HIC and
RPLC separate proteins based on hydrophobicity, orthogonality was observed
between the two methods based on the change in protein folding between the
conditions. Specifically, proteins maintain native state folding under HIC buffer
condition and become denatured under RPLC conditions resulting in different
exposure of hydrophobic regions of the proteins. Therefore, complementary

selectivity was achieved between the two dimensions.
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Additionally, the Ge group published a 3DLC platform coupling IEC, HIC
and RPLC for intact protein separation. The MS-compatible buffer, ammonium
tartrate, previously optimized for HIC separation was utilized for both IEC and
HIC.81 IEC was coupled before HIC because a salt gradient from low to high is
required to elute proteins in IEC, while a higher starting salt concentration is
required for HIC separation; therefore, desalting steps were not required between
separation dimensions.

Overall, HIC is a promising method for TDP due to its ability to separate
proteins in a nondenaturing mode to preserve the tertiary structure of proteins and
biological activity.”® This allows for separation of intact proteins with small
changes in conformations, such as those induced by protein modification (e.g.,
PTMs). Integration of HIC with RPLC improved protein characterization compared
to 1D RPLC. Recently, the Ge group introduced an online HIC-MS platform that
utilizes a mobile phase comprised of relatively low concentrations of ammonium
acetate and organic solvent to retain the tertiary structure of proteins. This platform
demonstrated the potential of applying HIC as the terminal dimension in MD
TDP.*8 As a hybrid method, this innovation would allow for the implementation of
HIC as a terminal separation method for MD separation and would open up a new
avenue of coupling HIC with other separation methods.

HILIC-based MD separations: Hydrophilic interaction liquid
chromatography (HILIC) separates intact proteins based on interactions of polar
functional groups with polar stationary phases (Figure 1-4C). Mobile phases for

HILIC generally consist of aqueous solutions containing water-miscible polar
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organic solvents such as acetonitrile. Gradients begin with high concentrations of
organic between 50-95% and become more aqueous over the gradient. VVolatile salts
with high solubility in organic solvent, such as ammonium acetate, are typically
added to control interactions between proteins and the stationary phase.®? In HILIC
separation, polar proteins elute later than nonpolar proteins, roughly the reverse of
the elution order in RPLC separation. Compared with RPLC, HILIC utilizes higher
concentrations of organic solvent in the mobile phase, making it suitable for online
coupling with MS. It has been reported that HILIC tends to result in higher
sensitivity compared with RPLC, which has a more extensive range of organic
solvent concentrations in the mobile phase.?3 As such, HILIC has been successfully
applied to TDP to analyze intact proteins including histones, membrane proteins,
and monoclonal antibodies.8+ Notably, HILIC was able to resolve different
proteoforms resulting from acetylation and methylation of histones which may
coelute in RPLC separation.”®8 Moreover, weak cation exchange-hydrophilic
interaction (WCX-HILIC), a mixed-mode chromatography, separates proteins
based on both hydrophilic interaction and electrostatic interaction between the
stationary phase and protein molecules.® Application of WCX-HILIC has resulted
in successful separation of differentially methylated histone isoforms®* that were
not separated by RPLC®,

The Kelleher group developed an offline 2DLC system with RPLC as the
first dimension and HILIC as the second dimension to characterize histone isoforms
to improve separation resolution and increase proteome coverage.®® In this study,
RPLC fractions were collected from purified H4 protein samples and analyzed by
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HILIC-MS/MS. In total, 42 H4 isoforms were characterized using this system.
Similarly, the Pasa-Toli¢ group demonstrated the first online metal-free RPLC-
WCX-HILIC-MS platform for the characterization of intact core histone proteins
(H4, H2B, H2A, and H3).2"% Specifically, this group developed a salt-free pH-
gradient® that was adapted for the second dimension WCX-HILIC separation in
this study resulting in increased sensitivity and throughput. 41 H4 proteoforms were
identified from ~24 pg core histones purified from human fibroblasts.?’
Additionally, this group presented a nanoflow-based online 2DLC system with
WCX-HILIC as the first dimension and RPLC as the second dimension for the
analysis of HeLa core histones.*®

Overall, HILIC has demonstrated good orthogonality to RPLC for the TDP
study of intact proteins. The high resolution of RPLC combined with the increased
sensitivity of HILIC is particularly beneficial for MD analysis of hypermodified
proteoforms as has been demonstrated for the analysis of histone proteoforms

resulting from methylation and acetylation.

IEX-based MD separations: lon exchange chromatography (IEX)
separates protein molecules based on ionic interactions between charged protein
molecules and ion exchanger stationary phases that can be positively (anion-
exchange chromatography, AEX) or negatively (cation-exchange chromatography,
CEX) charged based on functional groups (Figure 1-4D).%* Both AEX and CEX
can be further categorized into two types: weak and strong, including weak anion
exchange (WAX), strong anion exchange (SAX), weak cation exchange (WCX),

and strong cation exchange (SCX). Weak exchangers are only ionized within a
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limited pH range (e.g., pH = 5-9), and strong exchangers are ionized over the full
pH range (e.g., pH = 0-14).°* IEX uses a salt concentration gradient for intact
protein separation in which proteins with fewer charged groups are eluted out at
lower salt concentrations and proteins with more charged groups are eluted out at
higher salt concentrations. IEX cannot be directly coupled to MS without additional
desalting steps and, as such, is often used as the non-terminal dimension in MD
separation.

Both AEX and CEX have been coupled with RPLC for MD separations to
analyze complex samples such as cell lysate. For example, the Pasa-Toli¢ group
applied WAX-RPLC separation to analyze Shewanella oneidensis MR-1 cell lysate.
In this study, offline fractions from WAX were dialyzed to remove the salt before
being subjected to RPLC-MS analysis.®®> More recently, an online 2DLC-MS
platform that coupled AEX as the first dimension and RPLC as the second
dimension was developed to analyze adeno-associated viruses (AAVS) with online
desalting.®® The Tholey group utilized SCX to reduce the abundance of low-
charged ions prior to RPLC separation using monolithic columns and MS detection
to characterize low molecular weight proteomes and short open reading frame-
encoded peptides (SEP) using combined bottom-up proteomics (BUP) and TDP.%’

A variant of IEX, chromatofocusing, utilizes a pH gradient to focus proteins
based on their isoelectric point (pl) values.®® Chromatofocusing has been reported
to provide better peak shapes, compared with salt gradients, since proteins can be
focused into relatively narrow bands.®® However, generating a pH gradient that

encompasses the full range of pl values for all intact proteins in complex samples
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has proven challenging. To address this challenge, the Greibrokk group innovated
a mixture of six amine buffers that provided a wide pH gradient descending from
10.5 to 3.5. Fractions from pH gradient separation were subjected to RPLC,
followed by UV and ESI-TOF-MS analysis.*®

IEX-RPLC is an attractive MDLC separation technique for TDP analysis
due to high orthogonality between IEX and RPLC (e.g., charge vs. hydrophobicity).
Both salt-gradient-based IEX and pH-gradient-based IEX have been used in MD
separation for TDP. Although salt buffers are typically required for IEX separation,
with online desalting or substitution of volatile buffers, IEX-RPLC still holds great
potential for deeper proteome profiling in TDP.

Size-based MD separations: Characterization of high molecular weight
(MW) intact proteoforms in complex biological samples is challenging due to wide
dynamic range, high sample complexity, low sensitivity, and limitations in high
resolution MS technology.® Specifically, it has been reported that the signal-to-
noise ratio (S/N) has an exponential decay for proteins as a function of increasing
MW, and this problem was amplified for high MW proteoforms that coeluted with
low MW proteoforms.?4°® Enrichment of proteins with MW suited for MS-based
TDP (e.g., <30 kDa)® can lower spectral complexity and increase sensitivity for
analysis of intact proteins. Thus, the inclusion of size-based separation techniques
has proven valuable for MD separation. These size-based separation techniques can
be coupled with other methods such as RPLC for in-depth proteome
characterization (Figure 1-4E&F). To date, several size-based separation

techniques have been developed or implemented for MDLC separation in TDP,
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including size exclusion chromatography (SEC)?101192  Gel-Eluted Liquid
Fraction Entrapment Electrophoresis (GELFrEE)*¢6%-0 pPassively Eluting Proteins
from Polyacrylamide gels as Intact species for MS (PEPPI-MS)"*72, and acid-labile
surfactant—polyacrylamide gel electrophoresis (ALS-PAGE)®%%,

Size exclusion chromatography (SEC) separates proteins based on size as
they pass through a packed column of porous beads (Figure 1-4E). Smaller proteins
are able to diffuse into the pores on the beads resulting in increased retention
compared with larger proteins that are excluded from the pores and tend to elute
earlier.>>2 SEC is compatible with various solvents and salt buffers, including MS-
compatible salts such as ammonium acetate that preserve native protein folding.1%
However, SEC separation suffers from relatively low resolution, and proteins are
highly diluted after SEC separation.®>1% These drawbacks can be partially
addressed by coupling SEC with orthogonal techniques such as RPLC. 2D SEC-
RPLC separation has been previously applied to analyze complex biological
samples such as intact Shewanella oneidensis proteome!®?, endogenous membrane
protein proteome profiling for HEK 293T cell lysate and cardiac tissue lysate!®?,
and bovine seminal plasma proteins'®. Moreover, the Ge group developed a serial
SEC (sSEC)-RPLC platform to increase SEC resolution prior to RPLC-MS analysis.
This platform coupled 3 SEC columns with 1000 A, 500 A, and 500 A pore size,
sequentially, for high-resolution size-based fractionation. Significantly more
unique proteoforms were identified using this SSEC-RPLC platform compared to

1D RPLC, including higher MW proteins up to 223 kDa.?* Overall, coupling SEC
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with RPLC for TDP has been valuable in reducing spectral complexity and is
particularly useful when coupled with MS compatible buffers.

Other size-based prefractionation methods that have also been applied for
MD separation and TDP include Acid-Labile Surfactant-Polyacrylamide Gel
Electrophoresis (ALS-PAGE), Gel-Eluted Liquid Fraction Entrapment
Electrophoresis (GELFrEE), Passively Eluting Proteins from Polyacrylamide gels
as Intact species for MS (PEPPI-MS), Figure 1-4F. ALS-PAGE and GELFrEE are
tube gel electrophoresis methods with continuous elution, which separate proteins
using polyacrylamide gel similar to the Sodium Dodecyl-Sulfate Polyacrylamide
Gel Electrophoresis (SDS-PAGE) technique.’®® However, unlike SDS-PAGE, in
which proteins remain on the gel for staining and analysis, tube gel electrophoresis
techniques elute proteins from the matrix for further TDP analysis. In ALS-PAGE,
an acid-labile surfactant is used to aid in protein denaturation and charge
distribution. This acid-labile surfactant can be degraded in acid before RPLC-MS
analysis.>®® Similarly, the GELFrEE platform can be used for size-based
prefractionation of proteins; however, Sodium Dodecyl-Sulfate (SDS) is used as
the surfactant. As SDS is not compatible with MS detection, GELFrEE separation
must be followed up by SDS removal using detergent removal technigues such as
chloroform/methanol/water precipitation'®”1% or spin columns!®®!° The original
GELFrEE platform featured a single lane for protein separation; the authors further
enhanced and commercialized the technique for multiple simultaneous separations
in multiplexed GELFrEE (MGELFrEE).% GELFrEE has been successfully coupled

with RPLC and/or solution isoelectric focusing (SIEF) in MD TDP for complex
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sample analysis.*®5-"0 While GELFrEE is a robust and relatively high-resolution
technique for size-based separations, the consumable gel cartridges for the
commercial GELFrEE instrument have unfortunately become discontinued,
making the method inaccessible to the general public. As such, other groups have
developed gel-based fractionation techniques to apply to MD separations for TDP.

One alternative method to GELFrEE for size-based prefractionation is
PEPPI. PEPPI was designed to passively extract intact proteins from precast gels
as a prefractionation method in MD TDP.”* After SDS removal by
methanol/chloroform/water precipitation, proteins can be directly analyzed using
RPLC-MS. In addition, anion-exchange disk-assisted sequential sample
preparation (AnExSP) can also be coupled to PEPPI to remove SDS from
fractions.”? PEPPI-MS has been successfully applied to analyze complex lysates
such as E. coli. Overall, PEPPI is an accessible alternative to continuous elution
tube gel electrophoresis that can be easily implemented by many labs.

Capillary  electrophoresis-coupled MD  separations:  Capillary
electrophoresis (CE) separates proteins in open-bore submillimeter diameter
capillaries using electrokinetic forces. Two commonly applied CE techniques in
TDP include capillary zone electrophoresis (CZE), which separates proteins based
on electrophoretic mobility in an electric field, and capillary isoelectric focusing
(cIEF), which separates proteins based on their isoelectric points (pls), Figure
1-4G. Recently, CE separations have increased in popularity in TDP due to the

associated high sensitivity, high-resolution separation, and small sample
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mass/volume requirements. Moreover, CE can be directly coupled with MS for
online analysis since MS-compatible buffers are utilized.

Various RPLC-CE separation methods (e.g., CE as the 2" dimension in
coupling with MS) have been developed for TDP. For example, the Smith group
offline coupled RPLC with cIEF for analysis of Shewanella oneidensis
proteome.*%? The Sun group developed an automated online clEF-MS/MS platform
and performed the large-scale characterization of proteoforms in E. coli cell lysate
by coupling SEC-cIEF-ESI-MS/MS. ! The online clEF-MS/MS platform was also
successfully applied for characterizing monoclonal antibody (mAb) charge
variants.!? Additionally, the Yates group demonstrated the offline coupling of
RPLC with CZE for analyzing Pyrococcus furiosus cell lysate®™ Using this
platform, the Dovichi group further optimized the CZE separation and MS data
collection to improve proteoform characterization.!® Online coupling of RPLC
with CE separation is challenging because separation conditions between these two
formats are incompatible due to the differences in separation parameters including
flow rates, solvents, and sample volumes.*418 To overcome these challenges, the
Neusiif} lab presented an online nanoRPLC-CZE-MS platform that utilized a 4-port
valve interface to transfer small sample volumes from the nanoRPLC dimension to
the CE capillary for online CZE-MS. This group initially used this platform for the
heart-cut analysis of a simple protein mixture!'® and further applied it to the analysis
of human alpha-1-acid glycoprotein and nearly doubled the number of assigned

glycoforms compared with one-dimensional CZE-MS!°. Overall, coupling RPLC
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with CZE or cIEF results in good orthogonality and improved proteoform
characterization compared with 1D separation techniques.

CE-based methods, clEF and CZE, can be coupled in MD TDP because the
separation principles between the techniques are orthogonal (e.g., pl for clEF and
electrophoretic mobility for CZE). However, direct coupling of these two methods
is complicated because of the difference in separation electrolytes and addition of
ampholytes in clEF that may affect the ESI process.'?%122 Using a similar 4-port
valve coupling mechanism as discussed above, the Neusii3 group developed an
online clEF-CZE-MS platform for the TDP analysis of standard protein mixtures?3
and deglycosylated model antibody (mAb) charge variants'?*. However, this
platform is not readily applied to complex biological samples such as cell lysates
because the heart-cut fraction selection process is incapable of consecutive analysis
of multiple fractions from the first-dimension separation.

Size-based fractionation has also been commonly used as a prefractionation
method for CE-based MD separations in TDP.21100105125-127 The Kelleher group
used a GELFrEE-CZE-MS platform to characterize large intact proteins in the 30-
80 kDa mass range from Pseudomonas aeruginosa whole cell lysate and found that
size-based fractionation prior to CE-MS can improve identification of large
proteoforms.?® Alternatively, the Sun group developed an offline SEC-CZE-MS
platform to characterize complex proteomes such as E. coli cell lysate. Initially, this
platform used native conditions for both SEC and CZE to perform native MS on E.
coli lysate.*?” This group further implemented SEC-CZE-MS to analyze denatured

samples to improve proteoform characterization.'?>'% The Yates group recently
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applied both SEC-CZE and SEC-RPLC for proteome profiling of bovine seminal
plasma proteins using electron-transfer/higher-energy collisional dissociation

(EThcD) and 213 nm ultraviolet photodissociation (213 nm UVPD).1%

CE methods have also been integrated into 3D separations. For example,
the Sun group demonstrated a 3D separation platform by coupling SEC, RPLC, and
CZE-MS for deep intact proteome characterization of E. coli cell lysate.?? This 3D
platform was recently used in conjunction with CZE-MS/MS, SEC-CZE-MS/MS,
and RPLC-CZE-MS/MS to analyze human colorectal cancer cell lines. Altogether,
this study identified 23,622 proteoforms of 2,332 proteins from two cancer cell

lines, representing one of the largest TDP datasets currently reported.?

CE has been demonstrated to be a powerful addition to MD separation
platforms because of its high sensitivity, small sample volume, and high-resolution
separation. Moreover, use of MS-compatible buffers in CE makes it capable of
direct coupling with MS and ideal for coupling with RPLC and size-based
separation techniques. However, while there are a few instances of online MD
separations with CE, developing robust online platforms for complex sample
analysis is still challenging due to the extremely low sample injection volume

required for CE analysis.
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Figure 1-4 Schematic of MD separation in top-down proteomics with (A)
RPLC-RPLC; (B) HIC-RPLC; (C) RPLC-HILIC; (D) IEX-RPLC; (E) SEC-
RPLC; (F) Gel electrophoresis-RPLC; (G) CE-MD separations.

1.2.3 Current applications and perspectives

Since the development of top-down MD separations, the platforms
discussed here have been applied to many systems such as E. coli cell
lysatel®227578.125121.128 - Shewanella oneidensis cell lysate®>%>1%2  Pyrococcus
furiosus cell lysate®®, yeast cell lysate!'®, Pseudomonas aeruginosa PAO1 cell
lysate®, zebrafish brain extract'?®, HeLa cell lysate*®"®, HEK 293 cell lysate8!10t,

cardiac protein extract?®, bovine seminal plasma proteins!®, and human plasma
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proteins®. Apart from these complex biological samples, other systems have also
been studied, including the blood proteome in human hematopoietic cells, histone
proteoforms, charge variants of mAbs, and other proteins with PTMs,1927.70:86,92,129
These are all impressive implementations of MD separation technologies; however,
some additional developments such as improved quantitation methods, increased
throughput, and improved MS data acquisition and data analysis would improve
the robustness of these methods and make them more accessible to researchers.
TDP quantitation has been primarily limited to label-free quantitation,
which is challenging to implement for MD separation due to the inability to
accurately quantify proteoforms if separated into multiple first-dimension
fractions.'® Recently, intact protein-level tandem mass tag (TMT) labeling'® and
thiol-directed TMT labeling®®' have been optimized with respect to sample
preparation'*>13! labeling parameters'®, and fragmentation**'% for labeling of
intact, complex biological samples. Implementing isobaric chemical tag labeling
also increases the throughput of quantitative TDP experiments. The throughput of
MD TDP may also be improved by shortening cycle time with optimized short-
gradient separations or through the use of LC systems with multiple columns.***
140 Methods to increase the throughput of CE-MS for proteomics analysis have also
been developed, including multisegmented injection CE-MS'! which injects
multiple samples for CE-MS analysis prior to initiating separation voltage.
Limitations in applicable gquantitative methods and low throughput are primary

drawbacks to MD separation for TDP, methods such as these to quantify intact
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proteoforms and increase throughput will greatly increase the feasibility of
applying these methods to relevant biochemical research.

In summary, with the improved proteome coverage and separation
efficiency acquired using MD separations in TDP, we believe that TDP holds great

potential to address biological questions in real complex biological samples.

Table 1-1 Summary of multidimensional separation in TDP. Grey highlights
represent reported combinations of two separation techniques with related
references noted in the brackets. RPC: reverse phase chromatography; HIC:
hydrophobic interaction chromatography; HILIC: hydrophilic interaction
chromatography; (2) IEC: ion-exchange chromatography; SEC: size-exclusion
chromatography; GE: gel electrophoresis. CE: capillary electrophoresis.

1D
2D RPC IEC 'g' H(':L' SEC GE CE
[19,27,70,81,9 [78,81 [24,101,102,10
R P C [18,73,75—77] 5—98,128] ] [19,27] 5] [46,59—72]
IEC
HIC ]
HILIC [£527]
SEC
GE
[21.22,55,102,113,116,1 [21.105,111,12 [123.124.12
CE 19] 5—127] [64’100] 9]

27



Table 1-2 Summary of multidimensional separation in TDP.

MDLC Couplin 1% 2md 1% column 2" column Separation Sample MS Proteoform/protein count
g separation separation sample type  starting
strategy  technique  technique amount
Offline High-pH Low-pH Waters XBridge In-house packed E. coli cell 500 ug LTQ Orbitrap 886 proteoforms; 365 proteins’™
RPLC RPLC BEH C4 (25 cm x  capillary C5 (75 cm  lysate Elite MS
2.1 mm, 3.5 um x 75 um, 5 pm)
particles, 300 A)
Offline High-pH Low-pH Waters XBridge In-house packed HelLa cell 1 mg LTQ Orbitrap 2778 proteoforms; 628 proteins’®
RPLC RPLC BEH C4 (25 cm % capillary C5 (75cm  lysate Elite MS
2.1 mm, 3.5 um x 75 um, 5 um)
particles, 300 A)
Online High-pH Low-pH Waters Acquity Halo protein C4 E. coli cell 90 ug Shimadzu N/A™
RPLC RPLC UPLC BEH C4 column B0 mm x 3 lysate LCMS-8050
column (150 mm mm, 2.7 pm, 1000 triple
x1mm, 1.7 um,  A) quadrupole
RPLC- 300 A) MS
RPLC Online High-pH Low-pH In-house packed In-house packed E. coli cell Sug LTQ Orbitrap 1507 proteoforms; 308 proteins'®
RPLC RPLC Waters XBridge C5,75cm x 75 um,  lysate Elite MS
BEH C4 (5§ cm x 5 pum)
150 pm, 3.5 pm,
300 A)
Offline Low-pH Low-pH Agilent PLRP-S Thermo Fisher Caco-2 500 pg FAIMS 4,900 proteoforms; 1,250 protein’
RPLC RPLC column (150 mm  Scientific C4 proteome Orbitrap
x 2.1 mm, 8 pum, analytical column Tribrid MS
1,000 A) with (Accucore™, 50 cm
Trifluoroacetic x 75 um, 2.6 um,
acid (TFA) asthe 150 A) with formic
ion-pair reagent acid (FA) as ion-
pair reagent
Offline HIC RPLC PolyLC New Objective E.coliBL21 200 mg Q Exactive 20 proteins in HIC fraction 278
PolyPROPYL A PicoFrit PLRP-S cell lysate of E. coli  benchtop
column (100 mm  column (100 mm x cells Orbitrap MS
x 4.6 mm, 3 pm, 100 pm i.d., 5 pm,
gfLC'C 1500 A) 1000 A;
Offline IEC and RPLC PolyCAT WAX A PLRP-S column HEK 293 100 uL Q Exactive 640 proteins in IEC fraction 35
HIC column (200 mm (100 mm x 100 pm cell lysate of HEK benchtop
x4.6 mmid., 5 id., 5 um, 1000 A) 293 cell Orbitrap MS
um, 1000 A) for lysate
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IEC;
PolyPROPYL A
column (100 mm
x 4.6 mmid., 3
um, 1500 A) for
HIC

Offline RPLC WCX- Ultrapore RPSC PolyCAT A column  HelLa cell 150 pug Custom 8.5 T 42 H4 proteoforms®
HILIC C3 column (250 (4.6 mmx 150 mm;  histone H4 Quadrupole-
x 10 mm, 5 um 3 um, 1000 A) FTMS hybrid
particle pore size,
30 nm pore size
Online RPLC WCX- C5 (600 mm x PolyCAT A (50 cm HeLa core 7.5 ug LTQ Orbitrap 708 proteoforms®
HILIC 200 um, 5 pm, % 100 um, 5 um, histones MS
300 A) 1000 A)
Online WCX- RPLC PolyCAT A In-house packed HeLa core 1.5 ug Q Exactive 395420 proteoforms °
RPLC- HILIC column (150 mm  CI18 column (100 histones HF Orbitrap
HILIC x 75 um, 5 pm mm x 50 pm, 3 pm, MS modified
particles, 1000 A 300 A, Phenomenex to incorporate
pore size) Jupiter particles) 193 nm
ultraviolet
photodissociat
ion (UVPD)
Online WCX- RPLC PolyCAT A (800 Phenomenex Jupiter ~ Histone H4 24 ug LTQ Orbitrap 41 H4 proteoforms 2’
HILIC mm x 200 pm, 5 C5 (600 mm x 75 MS
pm; 1000 A pore  pm, 5 pum; 300 A)
size)
Offline IEX RPLC PL-SAX column  PS-DVB column plasma 10 uL TOF MS +200 protein peaks®
(25cm x 0.32 (10 cm x 0.3 mm, samples
mm) with a wide 4000 A)
pH range (10.5-
3.5)
Offline WAX RPLC PolyWAX LP In-house packed C5  Shewanella 435mg 12 TFTICR 715 proteins *
IEX- column (100 mm  column (80 cm x 75  oneidensis
RPLC x4.6mm,Spm,  pm,S um, 300 A? cell lysate
1000 A) Phenomenex Jupiter
particles)
Online SAX RPLC Thermo ProPac ACQUITY UPLC Adeno- 1 uL Thermo 13 proteoforms for AAVS and AAV1
SAX-10 column Protein BEH C4 associated Scientific samples®
(250 mm X 2 mm,  column (150 mm x viruses Orbitrap
10 pm) 2.1 mm, 1.7 pm, (AAVs) Exploris 480
300 A) MS

29



Offline SCX RPLC PolyLC Thermo monolithic ~ Methanosarc ~ 41.6£1.5  Orbitrap 1356 proteoforms; 353 proteins®’
PolySulfoethyl ProSwift RP-4H, ina mazei mg wet Fusion
A"™ column (200 500 x 0.1 mm) G61 cell weight Lumos mass
x 2.1 mm, 5 pm, lysate pellet spectrometer
300 A) (~3.44+0

48mg
proteins)

Offline sSEC RPLC PolyHEA column  PLRP column (250 Cardiac 200 pg MaXis IT Q- 5360 proteoforms?
(200 mm x 9.4 mm X 0.5 mm, 10 protein TOF
mm, 3 pm, 1000-  pm, 1000 A) extract
500-500 A)

Oftline SEC RPLC PolyHEA column  PLRP capillary (250 HEK293T 150 pg- MaXis II Q- HEK293T: 1688 proteoforms, + 188
(200 x 4.6 mm,3  mm x 0.250 mm, 5 cells and 360 pg TOF proteins; cardiac tissues: 1781,124 proteins'®
um, 1000 A) um, 1000 A) cardiac

tissues

Offline SEC RPLC BioSep-SEC- In-house packed C5  Shewanella 22.5mg  FTICR 297 proteins®
S2000, 600 x column (80 cm x oneidensis
21.2 mm column 150 pm, 5 um, 300 cell lysate

A, Phenomenex
Jupiter particles)
Rs;fz-C Oftline sIEF and RPLC sIEF buffer: SM New Objective HelLa S3 0.5-1mg 12TLTQFT +3000 proteoforms; 1043 proteins*®
GELFrEE urea, 2M PLRP-S column (10 cells Ultra MS
thiourea, S0mM cm X 75 um, 5 um,
DTT, 1% w/v 1000 A)
Biolyte 3/10
carrier
ampholytes
GELFrEE: 12% T
resolving
Offline GELFrEE ~ RPLC 15% T resolving New Objective nuclear and ~100 uL 12T or 14.5T N/A®

PLRP-S column (10
cm X 75 um, 5 um,
1000 A)

cytosolic
extracts from
Hela S3 cells

LTQ-FT-Ultra
MS
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Offline GELFrEE  RPLC 12% or 10% T New Objective Peripheral 300 ug Velos Orbitrap 2905 proteoforms; 344 proteins®
resolving PLRP-S column (10  blood Elite MS
cm X 75 pm, 5 pm, mononuclear
1000 A) cells
(PBMCs)
Offline GELFrEE RPLC 15% T resolving home-packed C4 Six protein 60 pg MicroTOF 428 proteins®
column (5 cm x 0.5 standards MS
mm, 5 pm, 300 A)
Offline GELFrEE ~ RPLCand  10% T resolving PLRP-S column (25 Human 300 pug Orbitrap 8784 proteoforms; 343 proteins®
CZE cm X 75 um, 5 um, tissue Eclipse
1000 A) or 90 cm, samples Tribrid MS or
30 umi.d., CESI a Fusion
800 Plus (Sciex), Lumos
neutrally coated Orbitrap
Tribrid MS
Oftline GELFrEE  RPLC 10% T resolving Home-packed Nuclear and 250 pg Orbitrap Elite 207 proteoforms; 186 proteins %

PLRP-S column (5
um, 1000 A,
Phenomenex media)

cytosolic
extracts of E.
granulosus
protoscolece
s
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Offline GELFrEE  RPLC GELFrEE: 10% T  Home-packed venom of 300 pug Orbitrap Elite 184 proteoforms; 131 proteins®®
and sIEF resolving. PLRP-S column (20  Ophiophagus and Q-
sIEF buffer: 7M cm X 75 um, 5 pm, hannah (king Exactive HF
urea,2M thiourea, 1000 A, cobra)
30 mM DTT,and  Phenomenex media)
2% Bio-Lyte 3/10
carrier
ampholytes, pH
range 3-10
Offline GELFtEE  RPLC 10% T resolving Home-packed IMR90 30 ug Orbitrap Elite 1577 proteoforms; 1180 proteins®’
or 8% T resolving ~ PLRP-S column (10 human
cm X 75 um, 5 um, fibroblasts
1000 A,
Phenomenex media)
or monolithic
Thermo Dionex RP-
4H analytical
columns (50 cm x
100 um)
Offline sIEF and RPLC sIEF buffer: 4M New Objective Human cell 500 ug-3  Orbitrap Elite 1220 proteins®
GELFrEE urea,2M thiourea, =~ PLRP-S column (10  line H1299 mg MS
50mM DTT,and  cm X 75 um, 5 pum,
1% Bio-Lyte 3/10 1000 A)
carrier
ampholytes
GELFrEE: 12%
or 10% T
resolving
Offline sIEF and RPLC sIEF buffer: 4 M New Objective Saccharomyc 3 mg 12T LTQ-FT- 10-60 proteins (70-80 kDa) per LC run®®
GELFrEE urea, 2 M PLRP, 100 mm x 75 es Ultra MS
thiourea, 50 mm pm, 5 um, 300 A) cerevisiae

DTT, 1% (w/v)
Biolyte

3/10 carrier
ampholytes
GELFrEE: 15% T
resolving

cell lysate
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Offline IEX and RPLC IEX: Pierce ProSwift RP-4H human blood  0.4-100 Orbitrap Elite 17103 proteoforms; 1690 proteins™
GELFrEE strong anion column (50 cm x or bone million or Modified
exchange spin 100 um) or PLRP-S  marrow cells Q-Exactive
columns (Thermo (20 cm x 75 um, 5 HF or
Fisher Scientific) ~ um, 1000 A) Orbitrap
GELFrEE: 8% or Fusion Lumos
12% T resolving or 21 Tesla
FT-ICR
Offline PEPPI RPLC Thermo Fisher Agilent PLRP-S Escherichia ~ ~80—11 21 TFTICR +1000 proteoforms (<50 kDa)™
Scientific precast ~ (17.5 cm x 150 pm,  coli strain 0pg MS
NuPAGE 4— 5 um, 1000 A) MG1655
12% Bis—Tris
gradient gels
Offline PEPPI- RPLC Thermo Fisher Thermo human 40 pg Fusion Lumos  PEPPI-AnExSP: 6728 proteoforms;
AnExSP/P Scientific precast ~ Fisher Scientific C4  protein per well Tribrid MS PEPPI-MCW: 3088 proteoforms’
EPPI- NuPAGE 4— column (50 cm x 75 extract equipped with
MCW 12% Bis—Tris pm, 2.6 um, 150 A)  (Promega) the
gradient gels FAIMS Pro
Interface
Offline ALS- RPLC Bio-Rad model Waters C4 Exterra Saccharomyc 3 mL Quadrupole- N/A®®
PAGE 491 Prep Cell RPLC column (100 es cerevisiae FTMS Hybrid
with 12% T mm X 4.6) or cell lysate
resolving gel and ~ Eichrom
0.1% ALS Technologies NPS
column (14 x 4.6
mm)
Offline ALS- RPLC Bio-Rad Mini Vydac C4 column Saccharomyc 300 pL Custom Q- 37 yeast protein forms between
PAGE Prep Cell with (25 cm x 320 pm) es cerevisiae FTMS 6 and 30 kDa®
12% T resolving and New Objective (S288C) cell
gel and 0.1% C4 column (10 cm lysate
ALS x 75 pm)
Online CIEF CZE 50 ¢cm, 50 um 87 ¢cm, 50 umi.d., hemoglobin ~ N/A micrOTOF-Q ~ N/A!®
id,363 umo.d., 363 umod., and glycated instrument
CIEF/CZ Ultratrol™ Ultratrol™ dynamic ~ hemoglobin
E-CZE dynamic pre-coat  pre-coat LN coated
LN coated capillary
capillary
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Online CIEF CZE 60 cm 50 umi.d., 80 c¢cm 50 pmid., charge 18.750r  compactquadr ~ N/A'?*
360 um o.d. PVA 360 um o.d. PVA variants of 75ug upole—
capillary capillary mAb quadrupole
time of flight
Online CZE CZE 60cm, 50 umi.d.,  80cm, 50 pmi.d., de/glycosylat 18 compact™ N/A®
360 um o.d., bare 360 um o.d., PVA ion of mg/mL quadrupole—
coated trastuzumab quadrupole
time-of-flight
Offline RPLC CIEF C4 column (250 80 cm x 50 umid.,  Shewanella 4 mg FTICR 166 proteins®
x 10 mm, 10 mm, 190 um o.d., HPC oneidensis
300 A, coated proteome
Phenomenex
Jupiter)
Offline RPLC CZE C4 column (8 cm 90 cm, 30 pm i.d., Pyrococcus 270 ng Orbitrap Elite 291 proteoforms; 134 proteins®
x 250 um, 5 pm, 150 um o.d., PEI furiosus cell
300 A) coated lysate
Offline RPLC CZE C5 column (250 60 or 80 cm, 50 pm  Red Star 320 pg Q Exactive 580 proteoforms; 180 proteins''®
x 4.6 mm, 5 pm, id., 150 pm o.d., Active Dry HF
RPLC- 300 A) LPA coated Yeast
czE/CIE Offline SEC, CZE SEC: 300 x 4.6 100 or 70 cm, 50 SW480 and 100 pg-2  Q-Exactive 23622 proteoforms; 2332 proteins?
F RPLC, mm, 500 A pmi.d., 360 um SW620 mg HF
SEC- RPLC: C4 o.d., LPA coated
RPLC column (250 x
2.1 mm)
Online RPLC CZE ZORBAX 300SB  10cm, 50 pm i.d., Standard 50 ng QTOF-MS N/A1E
C8 (50 x0.075 PVA coated protein
mm, 3.5 um) mixture
Online RPLC CZE PLRP-S column 70 ¢cm, 50 pm i.d., intact human 50 QTOF-MS 368 glycoforms*®
(250 mm x 75 <150 pm o.d., alpha-l1-acid  pg/mL
pm, 5 pm, 1000 PDADMAC-PMA glycoprotein
A) or DEAEDq-PMA-
coated
Oftline SEC and CZE SEC: 300 x 4.6 Im, 50 pmi.d., 360  E. coli cell 1 mg Q-Exactive 5705 proteoforms; 850 proteins?
RPLC mm, 3 um, 300 A umo.d., LPA coated lysate HF
, RPLC: C4
size-CZE column (250 x
2.1 mm, 3.0 um,
300 A)
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Offline SEC CZE 300 x 4.6 mm, 3 Im, 55 pmi.d., 360  E. coli cell 663 nug Orbitrap 957 proteoforms; 253 proteins*?®
um, 300 A um o.d., LPA coated lysate Fusion Lumos
Offline SEC CZE 300 x 4.6 mm, 3 Im, 50 umi.d., 360  zebrafish 700 pg Orbitrap 600 proteoform; 369 proteins?®
um, 300 A um o.d., LPA coated  brain Fusion Lumos
Offline SEC CZE 300 x 4.6 mm, Im, 50 pmi.d., 360  E. coli cell 600 ug Q-Exactive 672 proteoform; 144 proteins?’
2.7 um, 300 A um o.d. LPA coated  lysate HF
Offline SEC cIEF Agilent, 300 x 1m, 50 pmi.d., 360  E. coli cell 200 ug Q-Exactive E. coli cell lysate:1896 proteoforms; 365
4.6 mm, 3 pm, pm o.d. LPA coated  lysate and for E. HF proteins among all SEC fractions
150 A zebrafish coli and Zebrafish brain lysate:171-1260 proteoforms
brain lysate 500 ug and 51-216 proteins from different SEC
for fractions''
zebrafish
brain
proteins
Offline GELFtEE  CZE 8% cartridge 30 cm, 50 pmi.d., Pseudomona 400 pg Q-Exactive 30 proteins (30-80kDa)'®
150 ym o.d., PA s aeruginosa
coated PAOI cell
lysate
Offline GELFrEE CZE and 10% T resolving 90 cm, 30 um i.d., Human 300 pg Orbitrap 8784 proteoforms; 343 proteins®
RPLC CESI 800 Plus tissue Eclipse
(Sciex), neutrally samples Tribrid MS or
coated or PLRP-S a Fusion
column (25 cm x 75 Lumos
pm, 5 pm, 1000 A) Orbitrap
Tribrid MS
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1.3 QUANTITATIVE TOP-DOWN PROTEOMICS

Quantitative top-down proteomics (TDP) enables the quantification of
intact proteins at the proteoform level and allows for the characterization of
physiological differences between biological samples. Quantitation of intact
proteoforms in top-down proteomics can elucidate proteoforms that are involved in
the biological pathways, determine the effect of proteoform expression on disease
states, and potentially be used for biomarker discovery and drug target
identification. There are three major approaches that have been used for
quantitative TDP including label-free quantitation, metabolic label-based

quantitation, and isobaric chemical tag-based quantitation.*

1.1.1 Label-free quantitation (LFQ)
Label-free quantitation (LFQ) quantifies intact proteoforms in different

biological samples by direct comparison of proteoform intensity between
individual LC-MS runs. LFQ relatively quantifies intact proteoforms at the MS1
level using the extracted ion chromatogram (EIC) peak area or MS spectra
abundance, Figure 1-5.142 There are generally 4 steps required for LFQ™: (1)
individual LC-MS runs will be collected; (2) quantification of the mass features
and identification of the proteoforms using bioinformatic tools such as Biopharma
Finder, Proteome Discoverer, TopPIC Suite, etc.; (3) relative quantitation using the
intensities of mass features/proteoforms. Statistical analysis such as t-test will also
be applied at this step to evaluate the statistical significance of changes in

proteoform abundance between experimental conditions.
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It has been reported that the proteoform intensities among different LC-MS
runs vary with a coefficient of variation ranging from 8-20% for a simple mixture
of standard proteins.** The variation might become larger for complex biological
sample because of the increased sample complexity and wider dynamic range. To
decrease the run-to-run variation, intensities from total ion chromatograms (TICs)
or based peak chromatograms (BPCs) among different samples are commonly
normalized for relative quantitation. Alternatively, standard protein can be added
into the samples prior to analysis and the intensity of the standard protein can be
utilized for normalization among different samples. On the other hand, if expression
of different proteoforms within the same run can be compared between
experimental conditions, there is no need for mass feature matching or

normalization between runs.'*

Label-free: MS1-level quantitation
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Figure 1-5 Label-free quantitation in top-down proteomics.

Overall, since LFQ does not require labeling and can be applied to any
protein solution or complex biological sample, LFQ is the simplest quantification

approach and has been commonly utilized in TDP. However, label-free quantitation
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IS sensitive to run-to-run instrument variation and because individual LC-MS runs
must be collected for each sample. This process is generally time-consuming and
especially challenging when dealing with a large number of runs. Additionally,
inconsistent sample handling will further decrease the reproducibility of the
quantitation. Moreover, LFQ cannot typically be coupled with multidimensional
(MD) separation approaches for relative quantitation since the proteoforms of

interested may be eluted in multiple first dimension fractions.

1.1.2 Metabolic labeling-based quantitation
In the metabolic labeling-based quantitation approach, cells are cultured

with isotopically labeled media (i.e., “heavy” culture) or typical media (i.e., “light”
culture) so that differentially isotopically labeled proteoforms are expressed under
different experimental conditions. The isotopically labeled sample and unlabeled
sample will be mixed, and one single LC-MS run will be performed. The relative
quantitation will be completed at the MS1 level using the intensity ratio of labeled
and unlabeled proteoforms, Figure 1-6.% Several metabolic labeling techniques
have been developed and applied in TDP, such as stable isotope labeling by amino
acids in cell culture (SILAC)¥*-148 neutron encoding (NeuCode) SILAC#¢-151 and
tunable intact protein mass increases (TIPMI)¥®2, Other metabolic labeling
approaches that culture cells by using heavy isotopes such as labeled nitrogen
sources have also been applied in TDP.3

Specifically, in SILAC-based quantitation, cells are cultured in the media
containing isotopically labeled amino acids such as *C or °N labeled lysine,

leucine, and tryptophan®*; the control cells are cultured in the normal media
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without isotopically labeled amino acids. Several generations of cell cultures are
needed to ensure the efficient labeling.'*’ After protein extraction, “heavy”
proteoforms (labeled proteoforms) and “light” proteoforms (unlabeled proteoforms)
will be combined and analyzed for LC-MS. The intensity ratio at the MS1 level of
the “heavy” proteoforms and “light” proteoforms will be extracted and used for the
relative quantitation. SILAC has been commonly utilized for peptide quantitation
in bottom-up proteomics studies, and it has also been successfully extended to the
relative quantitation of intact proteins using top-down protoemics.46:1%

However, SILAC is commonly used to compare two conditions and may
lack multiplexing. Additionally, the incorporation of isotopes on amino acids
complicates the isotopic distribution and further challenge data analysis.!*
NeuCode SILAC was developed using different isotopologues of the same amino
acid for cell culture to provide more multiplexing.t®* However, the mass difference
is relatively small (~ mDa scale), and high-resolution MS instruments are required
for NeuCode SILAC-based quantitation approach to be able to resolve the subtle
mass difference. TIPMI can be applied to the study of animal models since the
isotopically labeled sugar or deuterated water can be added into the media or

feedstock so that proteoforms can be differently labeled.*>

39



Metabolic: MS1-level quantitation
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Figure 1-6 Metabolic labeling-based quantitation in top-down proteomics.
Figure was created with BioRender.com.

Overall, metabolic labeling-based quantitation enables the characterization
of the proteoform in vivo for relative quantitation between different conditions.
However, metabolic labeling is restricted to the samples that can be cultured or
grown in the laboratory, which limits its application to clinical samples that can not
be metabolically labeled. Also, MS spectra will be much more complicated because
of the introduction of light/heavy isotope labeling; therefore, it relies on advanced
MS instruments with high resolving power. The complicated spectra could further
complicate the data analysis process to the relative quantitation application of intact

proteins using top-down proteomics.

1.1.3 Isobaric chemical tag-based quantitation
Another alternative quantitation approach that has been applied in top-down

proteomics (TDP) is isobaric chemical tag labeling, which covalently labels
proteins at specific amino acids.’® All isobaric tags share similar physical and
chemical properties as well as the same total masses, with different distributions of

isotopes in each tag channel, Figure 1-7.1%7 Many isobaric chemical tag labeling
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techniques have been developed for relative and absolute quantitation (iTRAQ)*8,
tandem mass tag (TMT)¥%180 cysteine-reactive tandem mass tag (iodoTMT)31:162,
and N, N-dimethylleucine (DiLeu)®>1%* A standard isobaric tag design commonly
includes three parts: (1) a reactive group that targets specific amino acid residues
such as lysine and N-terminus, (2) a reporter group that contains a different number
of isotopes for different tag channels, and (3) a balance group that links the reactive
group and reporter group to ensure the identical total mass for different tag channels.
Different samples are labeled with different chemical tags, and the labeled samples
are mixed into one single tube for LC-MS analysis. The bond between the reporter
group and the balance group will be cleaved during MS2 fragmentation and the
ratio of the reporter ion intensities will be used for relative quantitation between
different samples. Since isobaric chemical tag labeling quantifies proteoforms at
the MS2 level, multiple proteoform masses will not complicate MS1 spectra, which
increases quantitation sensitivity compared with metabolic labeling techniques.
These isobaric chemical tags enable the quantification of multiple samples (e.g., up
to 18 samples with TMTpro 18-plex and 21 samples using 21-plex DiLeu'®®) in a
single run, allowing for simultaneous quantification and identification at the MS2

level.
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Isobaric chemical tag: MS2-level quantitation
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Figure 1-7 Isobaric chemical tag-based quantitation in top-down proteomics.

Isobaric chemical tag labeling has been widely applied to bottom-up
proteomics (BUP) for the relative quantification of peptides in complex biological
samples.?>"165166 The application of isobaric chemical tag labeling in intact
proteoforms has been limited majorly due to the nature of intact proteins that (1)
protein tend to precipitate out under the chemical labeling condition since organic
solvent is commonly required to avoid the isobaric chemical tag hydrolysis; (2) the
production of incomplete or labeling of unintended residues.'®>"167 Even with these
challenges, protein-level labeling is still beneficial over peptide-level labeling to
some extent. For example, the variation from downstream sample preparation steps
in peptide-level labeling such as protein digestion and desalting can be reduced;
protein-level labeling also enables the application of intact protein separation
approaches such as MD separations for intact proteins to improve the proteome
coverage.

ITRAQ was first applied to simple intact protein mixtures for relative
quantitation®®, then TMT was also applied to protein-level labeling in standard

protein or simple protein mixtures for the quantitative analysis.*®"* Only a few
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publications have applied isobaric chemical tag labeling for quantitative analysis in
complex biological samples using TDP because of the increased sample complexity,
protein precipitation, and production of side products.*3133172 Tq tackle the protein
precipitation issue, our group has recently developed a “filter-SEC” technique that
encompasses 100 kDa molecular weight cutoff spin filtration (MWCO) and size
exclusion chromatography (SEC) for the removal of larger proteoforms (> 30 kDa),
which allows for the relative quantitation of smaller intact proteoforms in complex
biological samples using protein-level TMT labeling.** Later, Winkels and the
coworkers developed a labeling strategy using thiol-directed TMT (e.g., cysteine
labeling) for the quantitation of cysteine-containing proteoforms (< 30 kDa) after
prefractionation using GELFrEE or high-pH RPLC, followed by low pH RPLC-
MS/MS analysis. 3!

Overall, isobaric chemical tag labeling-based quantitation allows for
simultaneous identification and quantification at the MS2 level without
complicating the MS1 level. The successful application of protein-level labeling in
standard proteins, simple protein mixtures, and complex biological samples also
enables the protein-level guantification in TDP. However, there are still some
challenges existing that need to be addressed, such as the formation of side products
that increase the sample complexity and decrease the signal-to-noise ratios and
insufficient separation due to the high complexity and wide dynamic range of

proteoforms in complex samples.
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1.4 DISSERTATION SYNOPSIS

This dissertation presents the development of an intact protein-level TMT
labeling platform for high-throughput and deep quantitative top-down proteomics.
Some challenges in protein-level TMT labeling in complex biological samples
include production of side products, inefficient quantification and identification,
and insufficient separation for TMT-labeled complex samples.

First, to reduce the production of side products and maximize the percentage
of completely labeled proteoforms, a systematic optimization of protein-level TMT
labeling conditions was performed (Chapter 2)'%2, and a benchmarking protocol for
protein-level TMT labeling was demonstrated (Appendix A — A Benchmarking
Protocol for Intact Protein-Level Tandem Mass Tag (TMT) Labeling for
Quantitative Top-Down Proteomics)!’2. Parameters that were optimized include
TMT-to-protein mass ratio, pH/concentration of quenching buffer, protein
concentration, reaction time, and reaction buffer. Method optimization improved
the labeling efficiency to 90% for TMT-labeled E. coli cell lysate and ~86% for
TMT-labeled HeLa cell lysate and improved proteoform quantitation.

Isobaric chemical tag-based protein quantitation relies on the efficient and
accurate measurement of low-mass reporter ions generated in MS2 fragmentation;
therefore, optimal fragmentation energy for TMT-labeled complex protein mixture
is essential to generate high-intensity reporter ion peaks for accurate quantification,
as well as adequate protein fragment ions for confident identification.'*® We have
optimized the fragmentation energies (higher-energy collisional dissociation (HCD)

on Orbitrap Exploris 240 mass spectrometer) for TMT-labeled complex intact
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proteoforms to achieve a balance between accurate quantitation and confident
identification (Chapter 3).2** We found that stepped normalized collision energy
(SNCE) schemes with NCEs between 30% and 50% provided a balance between
high reporter ion intensity that was sufficient for accurate and sensitive
quantification and adequate fragment ions for confident identification.

Finally, we applied MD separation techniques for deep proteome
quantitation of TMT-labeled intact protein lysate. Due to the high complexity and
wide dynamic range of the TMT-labeled complex sample, one dimensional (1D)
separation using LC or capillary electrophoresis (CE) may not provide sufficient
proteome coverage. Therefore, multidimensional (MD) separation platforms that
couple different orthogonal separation methods are commonly utilized to improve
the separation resolution and identification (1.2.2 Multidimensional separations in

top-down proteomics).

Successful application of protein-level TMT labeling in complex samples
not only allows identification and quantification of intact proteoforms with high
multiplexing capacity and eliminates variability from downstream sample
preparation (e.g., peptide digestion) but also enables protein-based fractionation
such as multidimensional separation.’3*1”® We have demonstrated the deep
quantitative analysis of human cell lysate using top-down TMT labeling'*®® and
online 2D high-pH/low-pH LC separation'® (Chapter 4). In summary, we observed
~5600 quantifiably proteoforms from 20 pug TMT-labeled intact protein lysate. This

analysis demonstrated the first application of isobaric chemical tag labeling for
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deep, quantitative top-down proteome profiling using MD separation with low

microgram sample amounts.
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Chapter 2 Optimization of protein-level tandem mass tag (TMT)
labeling conditions in complex samples with top-down proteomics

2.1 ABSTRACT

Isobaric chemical tag labels (e.g., ITRAQ and TMT) have been extensively
utilized as a standard quantification approach in bottom-up proteomics, which
provides high multiplexing capacity and enables MS2-level quantification while
not complicating the MS1 scans. We recently demonstrated the feasibility of intact
protein TMT labeling for the identification and quantification with top-down
proteomics of smaller intact proteoforms (<35 kDa) in complex biological samples
through the removal of large proteins prior to labeling. Still, the production of side
products during TMT labeling (i.e., incomplete labeling or labeling of unintended
residues) complicated the analysis of complex protein samples. In this study, we
systematically evaluated the protein-level TMT labeling reaction parameters,
including TMT-to-protein mass ratio, pH/concentration of quenching buffer,
protein concentration, reaction time, and reaction buffer. Our results indicated that:
(1) high TMT-to-protein mass ratio (e.g., 8:1, 4:1), (2) high pH/concentration of
quenching buffer (pH > 9.1, final hydroxylamine concentration >0.3%), and (3)
high protein concentration (e.g., > 1.0 pg/uL) resulted in optimal labeling
efficiency and minimized production of over/underlabeled side products. >90%
labeling efficiency was achieved for E. coli cell lysate after optimization of protein-
level TMT labeling conditions. In addition, a double labeling approach was
developed for efficiently labeling limited biological samples with low
concentrations. This research provides practical guidance for efficient TMT
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labeling of complex intact protein samples, which can be readily adopted in the
high-throughput quantification top-down proteomics.
2.2 INTRODUCTION

The ability to identify and relatively quantify intact proteoforms using
quantitative top-down proteomics techniques has enabled the study of diverse
biological processes that are mediated by post-translational modifications
(PTMs). 218 Various quantitative techniques have been adapted and applied to top-
down proteomics, including label-free quantitation, metabolic labeling, and
isobaric chemical labeling. However, isobaric chemical tag labeling methods
including relative and absolute quantitation (iTRAQ)™® tandem mass tags
(TMT)®16% and N, N-dimethylleucine (DiLeu) isobaric tags®>'™* have been
widely applied to the quantification of peptides and proteins in bottom-up

proteomics studies, the application to top-down proteomics has been limited.

Previously, intact protein-level isobaric tag labeling has been coupled with
bottom-up proteomics methods to improve proteome coverage or characterize
protein structures. iTRAQ was first applied to protein-level labeling using standard
proteins by Wiese et al. to measure the labeling efficiency of intact proteins using
matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) mass
spectrometry analysis.'” Sinclair et al. further applied protein-level TMT labeling
to human serum samples; the TMT labeled proteins were separated using strong
anion exchange (SAX) chromatography and digested to achieve a higher proteome
coverage.'®® Nie et al. applied isobaric chemical tag labeling for serum glycoprotein

quantification and evaluated the effect of various digestion enzymes, isobaric
49



chemical tags, and organic solvents on the identification and quantification of
peptides.’®” TMT was also applied to whole cells for protein quantification with
combination of enrichment using anti-TMT antibody.!’® Kaiwen et al. also
developed a native protein TMT method to profile Lys accessibility and applied it

to investigate structural change in Alzheimer’s disease brain specimens.”’

Top-down proteomics on protein-level isobaric chemical tag labeled
standard proteins has been previously performed by Hung et al;™* however, the
application of protein-level isobaric tag labeling to complex samples has been
limited. One major challenge has been protein precipitation during labeling due to
the presence of organic solvent which limits labeling efficiency. We previously
demonstrated that the removal of large proteins by coupling molecular weight
cutoff (MWCO) and size exclusion chromatography prevents intact proteins from
precipitating under labeling conditions and allows for the identification and
quantification of smaller proteoforms (< 35 kDa) in E. coli cell lysate.*® Moreover,
the application of thiol-directed isobaric labeling for quantification and
identification using top-down proteomics has also been demonstrated for E. coli
and combined E. coli/yeast samples.t”

Another challenge for protein-level TMT labeling is the production of side
products (i.e., overlabeled and underlabeled species) during the labeling reaction.
Overlabeling (labeling of residues other than lysine or the N-terminal) may occur
on residues with side chains containing hydroxyl groups (Ser, Thr, Tyr).
Underlabeling (missing labels) may occur on the N-terminal or lysine residues.

Over and underlabeling does not have a significant impact on quantification results;
50



however, the side products will decrease the signal-to-noise ratio and increase the
sample complexity.t’117

Recently, the TMT labeling condition for peptides was optimized by Zecha
et al. and the impact of labeling reaction parameters was evaluated to achieve >99%
labeling efficiency.'” Considering protein-level labeling is more complicated than
peptide-level labeling, it is necessary to optimize protein-level labeling conditions
to increase the labeling efficiency. In this study, we systematically optimized the
parameters of the protein-level TMT labeling reaction using to maximize the
production of the completely labeled species. Overall, we evaluated the effect of
TMT-to-protein ratio (w/w), labeling reaction conditions (i.e., quenching buffer,
reaction time, and reaction buffer), and protein concentration on protein-level TMT
labeling efficiency. Our results demonstrate an optimized condition for intact
protein-level TMT labeling of complex samples. We also innovated a double
labeling strategy as an alternative approach to achieve sufficient labeling efficiency
for mass limited samples that did not have adequate concentrations to implement

the optimized labeling conditions (e.g., clinical samples).
2.3 EXPERIMENTAL

2.3.1 Chemicals and materials.
All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA)

unless noted otherwise. Acetonitrile (ACN), isopropanol (IPA), trifluoroacetic acid
(TFA), and water used for LC mobile phases were LC-MS grade. Tris (2-
carboxyethyl) phosphine hydrochloride (TCEP), Pierce™ BCA Protein Assay Kit,

molecular weight cutoff spin filters (10K and 100K MWCO), TMT 6-plex Isobaric
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Label Reagent set (90061) and TMT zero Isobaric Label Reagent set (90067) were

obtained from Thermo Fisher (Waltham, MA, USA).

2.3.2 E. coli cell lysate preparation.
E. coli K12 cells were inoculated in 250 mL sterilized LB medium at 37 °C,

250 rpm for 8 hours. Then 250 mL E. coli was transferred into 2 L LB solution and
incubated at 37 °C, 250 rpm for 12 hours. The cells were collected and pelleted
through centrifugation at 10,000 x g, 4 °C for 20 minutes. Cell pellets were
resuspended in 25 mM ammonium bicarbonate (ABC) buffer at the ratio of 5:1
(w/w) with addition of 0.1% (v/v) PMSF, as described previously.!’® Cells were
lysed using high pressure Avestin C3 EmulsiFlex homogenizer (ATA Scientific
Instruments, Australia) with the operating pressure between 1500 psi and 2000 psi.
The lysate was cooled on ice to offset the slow heat buildup during homogenization.
After homogenization, the cell lysate was centrifuged at 10,000 x g, 4 °C for 40
minutes to remove the insoluble debris. Protein concentration was measured using
Pierce™ BCA Protein Assay Kit. The E. coli lysate was aliquoted and stored at -
80 °C.

2.3.3 HelLa cell culture and cell lysate preparation.

HeLa cells were grown and lysed as previously described.” Briefly, HeLa
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 2% penicillin-streptomycin under 5% CO>
at 37 °C. Hela cells were washed with ice-cold PBS buffer and scratched off,
followed by centrifugation at 2, 500%g, 4 °C for 20 minutes, resuspended into lysis

buffer (1 uM PMSF and 20 mM NaF in PBS, pH = 7.4), and lysed using a sonicator.
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Cell lysate was centrifuged at 15,000 xg, 4 °C for 30 min and the supernatant was
collected. Protein concentration was measured by Pierce™ BCA Protein Assay Kit.

The HeLa cell lysate was then aliquoted and stored at -80 °C.

2.3.4 Protein-level TMT labeling.
Spin filters were washed using the labeling buffer (100 mM TEAB, pH=8.5

or 100 mM HEPES, pH=8.5) prior to protein filtration. Cell lysates were
centrifuged at 12,000 x g and 4 °C for 20 minutes filtered in 100 kDa MWCO spin
filters to remove high molecular weight proteins. The low MW filtrate was then
concentrated using a pre-washed 10 kDa MWCO spin filter for the removal of small
proteins and protein concentration by centrifugation at 12,000 x g and 4 °C for 15
minutes. Right before labeling, the protein sample was diluted to 1 pg/uL using 6
M fresh urea in the labeling buffer to the final urea concentration of 3 M. 800 pg
proteins were reduced by adding 160 pL 0.5 M TCEP (incubating for 15 minutes
at room temperature), and then alkylated by adding 215 pL of 375 mM IAA
(incubating at room temperature at dark for 30 minutes). The reduced and alkylated
proteins were then buffer-exchanged and concentrated with labeling buffer using a
10 kDa MWCO spin filter to the appropriate concentration for TMT labeling.
TMTsixplex reagent or TMTzero reagent was used for the optimization of intact
protein-level labeling. Reactant volumes, concentrations, and reaction conditions
for each experimental condition are specified in Table 1. The labeled sample was
centrifuged at 12,000 x g and 4 °C for 30 minutes before LC-MS/MS analysis to

remove any precipitation.
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For TMT labeling of HelLa cell lysate, 100 kDa MWCO filtered HeLa cell
lysate was reduced and alkylated as described above. This samples were then buffer
exchanged into 100 mM TEAB buffer, pH 8.5 using a 10 kDa MWCO filter. Protein
concentration was diluted to 1.5 pg/uL before TMT labeling. HeLa cell lysate was
aliquoted into 6 tubes and labeled with TMTsixplex individually at the optimal
conditions: TMT reagent and proteins were incubated with a 4:1 TMT-to-protein
mass ratio at room temperature for 1 hour, then the same amount of TMT reagent
was added again, and the sample was incubated for an additional hour to complete
double labeling. The TMT labeling reaction was quenched using hydroxylamine to
a final concentration of 1.2% (pH 9.5). Six TMT-labeled samples were mixed with

a mass ratio of 5:5:2:2:1:1 for LC-MS/MS analysis.
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Table 2-1 Experimental design of protein-level TMT labeling optimization

Protein TMT
Group o T™T TMT-to-protein Initial prot_eln Protgl_n TM_T' Reaction conc. conc. _
NoO Description reagent ratio (wt/wt) concentration | quantities guantities volume during during Varying parameters
' (g/L) (ng) (ng) (uL) labeling labeling
(g/L) (mM)
0 Reproducibility TMTzero 4:1 1.5 50 200 43.3 1.2 13.6 N/A
1:1 45 2.3 TMT final conc. =2.3 mM
TMT-to-orotein 2:1 90 4.5 TMT final conc. =4.5 mM
1 P TMTsixplex 4:1 12 45 180 55.5 0.8 9.1 TMT final conc. = 9.1 mM
ratio -
. TMT final conc. = 18.2 mM
8:1 360 18.2 -
(Control*)
0.3% final conc. of hydroxylamine
Quenchin 0.6% final conc. of hydroxylamine
2 b 9 TMTzero 4:1 15 50 200 43.3 12 13.6 1.2% final conc. of hydroxylamine
uffer
(Control*)
50 mM final conc. of Tris
0.5 110 0.5 5.4 Final reaction volume = 110 pL
Protein conc 1.0 60 0.8 9.8 Final reaction volume = 60 pL
3 (single Iabelj TMTzero 4:1 1.5 50 200 43.3 1.2 13.6 Final reaction volume =43.3 uL
20 35 14 16.9 Final reaction Volulne =35uL
(Control*)
05" & 54° & . . ~
0.5 120 04" 08" Final reaction volume = 120 pL
# #
Protein conc 1.0 70.0 0'0875& 912 9% Final reaction volume = 70 pL
4 \ TMTzero 41 & 8:1" 50 200* & 400" - 7
(double label) 12" & 13.6" & . . _
15 53.3 09" 29 1* Final reaction volume = 53.3 pL.
14% & 16.9* & Final reaction volume =45 uL
20 450 11" 26.2" (Control*)
TEAB, 60 min, hydroxylamine
quenching (Control*)
Labelin 30-min labeling
5 |9 TMTsixplex 4:1 14 50 200 46.0 11 12.2 HEPES reaction buffer (pH 8.5,
reactions
100 mM)
TEAB, 60 min, hydroxylamine
quenching (Control*)
# #
6 HeLa cell lysate | TMTsixplex 4.1 & 8:1" 15 50 2007 & 400" 43.3 1'0295& 1226 1§‘ N/A
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2.3.5 Top-down RPLC-MS/MS analysis.
10 pg of TMT-labeled protein sample was loaded onto a trapping column

(150 um i.d., 5 cm length, Jupiter particles, 5 pm diameter, 300 A pore size) and
separated using a home-packed C5 RPLC capillary column (75 pum i.d., 70 cm
length, Jupiter particles, 5 um diameter, 300 A pore size) on a modified Thermo
Scientific (Waltham, MA, USA.) Accela LC system.}’®8 Mobile phase A was
0.01% TFA, 0.585% acetic acid, 2.5% isopropanol, and 5% acetonitrile in water.
Mobile phase B was 0.01% TFA, 0.585% acetic acid, 45% isopropanol, and 45%
acetonitrile in water. A 200-min gradient from 10% to 70% of MPB was applied
with a flow rate of 400 nL/min.13017%-181 A cystomized nano-ESI interface!* was
coupled to an LTQ Orbitrap Elite mass spectrometer using positive ion mode
(Thermo Fisher Scientific, Hanover Park, IL, Bremen, Germany, USA). The
temperature of the inlet capillary was set to 275 °C and the spray voltage was 2.6
kV. Full MS scans were collected with a resolving power setting of 240,000 (at m/z
400) with two micro scans. The top 6 most abundant precursor ions in the full MS
scans were selected for MS/MS fragmentation. The MS/MS data were obtained
using a resolving power setting of 60,000 (at m/z 400) with two microscans, an
isolation window of 5.0 m/z and 60 s dynamic exclusion. lons with charge state <4
were rejected for MS/MS fragmentation. Collision-induced dissociation (CID) with
a normalized collision energy of 35 eV was applied. The maximum injection time
was 1000 ms for full mass scans and 800 ms for MS/MS scans. The AGC target

was 1x10° for full mass scans and 6x10° for MS/MS scans.
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For TMT-labeled HeLa samples, a 60-min gradient from 10% to 70% MPB
was applied, and the other LC parameters were consistent with the previously stated
parameters. MS detection was performed using and Orbitrap Exploris 240 mass
spectrometer with positive mode (Thermo Fisher Scientific, Hanover Park, IL,
Bremen, Germany, USA). Full MS resolution was set at 120,000 with three
microscans. The resolution of MS/MS was 120,000 with 2 microscans. The AGC
target was set to 3x10° for MS and 1x10° for MS/MS. Maximum injection time
was 1000 ms for MS and 500 ms for MS/MS. Top 6 most abundant precursor ion
peaks were selected for MS/MS fragmentation, and 35% of normalized HCD
collision energy was used for MS/MS. The isolation window was set to 2 m/z.
Dynamic exclusion was 20 s. Charge 4-50 ions will be included for MS/MS

fragmentation.

2.3.6 Data analysis.
All top-down proteomics datasets were deconvoluted using Biopharma

Finder (Thermo Fisher Scientific) and were searched against the annotated E. coli
protein database (UniProt 2019-10-13, 4519 species) or Human protein database
(UniProt 2020-07-11, 20368 species) using TopPIC Suite.!8218 The TopPIC
parameters were MS1 signal-to-noise ratio was 3, the precursor window size was
5.0 m/z and the maximum mass was 50,000 Daltons. Decoy database searching was
used, and the FDR cutoff was set to 0.01 for the spectrum and proteoform levels.
The maximum number of mass shifts was 2 and the mass shift range was = 500
Daltons. TMT labeling at the N-terminal and lysine residues was set as a fixed PTM
and the variable PTM list is given in Table 2-2. All other parameters were set as
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default values. MASH Suite’® and ProSight Lite'®® were used for manual

interpretation and spectrum presentation.

Table 2-2. Post-translational modifications (PTMs) in TopPIC Suite
searching.

Description Monoisotopic Residues UnimodID Status
mass
Acetylation 42.0106 K 1 Variable
Carboxymethyl 58.0055 C 6 Variable
Phosphorylation 79.9663 STY 21 Variable
Oxidation 15.9949 MCPKDNRY 35 Variable
Methylation 14.0157 CKRHDE_N_Q, N- 34 VTl
termini
TMTsixplex 229.1629 K, N-termini 737 Fixed
TMTzero 224.2994 K, N-termini 739 Fixed

2.3.7 Labeling efficiency evaluation.

The labeling efficiency was evaluated and calculated by the relative
intensity of each labeled product (e.g., completely labeled, under-labeled, or over-
labeled) under individual labeling conditions using an in-house python package.
First, proteoforms with mass shifts of £ 229.163 Da for TMTsixplex or + 224.152
Da for TMTzero were grouped together in the same “protein group” with the cutoff
of mass shift less than 200 ppm and retention time shift less than 6 min. Here,
“protein group” means the same proteoform with different TMT labeling status.
The proteoforms with masses that are decreased by the mass of one or more TMT
labels compared to reference proteoforms were considered to be under labeled and
proteoforms with masses increased by the mass of one or more TMT labels
compared to the reference proteoforms were considered to be over labeled. The
most abundant species in the protein group was used as reference to calculate the

relative intensities for each labeled product.
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Second, the identification results were matched with protein groups in
deconvolution results based on monoisotopic mass and retention time to generate
the identification heatmap (Example in Figure 2-2C). In the identification heatmap,
0 was used to represent the completely labeled proteoforms, negative integers were
used to represent under labeling (e.g., -1, -2), and positive integers were used to
represent over labeling (e.g., 1, 2). Protein group number is used as the y-axis
ranking from high molecular weight to low molecular weight of the completely
labeled proteoforms and the rows in the heatmap represent the normalized intensity
of each proteoform.

We also evaluated the average TMT labeling status (weighted average)
under each condition using Equation 1 shown below (Example in Figure 2-2D).
Labeling status is the integer we assigned for each labeled product in the same
“protein group”, such as -1, -2, -3 for under labeling, 0 for complete labeling, 1, 2,
3 for over labeling. The intensity for each labeled product was also extracted for
calculation. The mean of weighted average values for all protein groups of each
sample was calculated demonstrating the average labeling status. Theoretically, the
closer the weighted average is to 0, the more completely labeled the species; the
more negative the value, the more under labeling is present; the more positive the
value, the more over labeling is present.

Y. labeling status * intensity Equation 1
Y. intensity

Weighted average =

2.4 RESULTS AND DISCUSSION

2.4.1 Removal of high molecular weight proteoforms
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We previously found that removal of large molecular weight proteins (>100
kDa) decreased sample precipitation and increased labeling efficiency for protein-
level TMT labeling,'* so we evaluated and adapted this sample preparation process
for the removal of large proteins prior to TMT labeling (e.g., molecular weight
cutoff (MWCO) filtration step to enrich proteins <100 kDa). We examined the
reproducibility of protein-level TMT labeling of complex samples using E. coli cell
lysate. We labeled these samples using TMTzero reagent as described before with
minor modifications.*® In short, we reduced, alkylated, and buffer-exchanged the
lysate and labeled with TMTzero reagent with a TMT-to-protein mass ratio of 1:4
at room temperature for 1 hour. The labeling reaction was quenched with 5%
hydroxylamine to a final concentration of 0.6% and incubated for 15 minutes.
Lysate was labeled in duplicate to evaluate the labeling reproducibility. No
significant precipitation was observed during the labeling process, indicating that
the 100 kDa molecular weight cutoff approach can efficiently remove large proteins
for protein-level TMT labeling. In total, 352 unique proteoforms were identified
from these two samples. Base peak chromatogram (BPC) shown in Figure 2-1A
demonstrated high reproducibility between the two replicate samples. An
identification heatmap (Figure 2-1B) was utilized to compare the overall labeling
efficiency between two replicates. Each row in heatmap represents a “protein group”
which contains all TMT labeled products from one proteoform, including
completed labeled, underlabeled, and overlabeled products. The greyscale indicates
the relative intensity of each labeled product. The heatmap demonstrated high

similarity of labeling efficiency between two replicates.
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Overall, we found that the protein-level TMT labeling is reproducible and
100 kDa MWCO filtration removes large proteins to avoid protein precipitation
during the TMT labeling reaction. Using this MWCO filtering method to prepare
intact protein samples for TMT labeling, we systematically evaluated protein-level
TMT labeling reaction parameters, including TMT-to-protein ratios,
pH/concentration of the quenching buffer, initial protein concentration, reaction
time, and reaction buffer to minimize the under-/over- labeling commonly observed

in protein-level TMT labeling.167:17
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Figure 2-1 Simple sample preparation and reproducibility evaluation. (A) The
base peak chromatogram (BPC) for two replicates. (B) Identification heatmap of
group O for protein-level TMT labeling reproducibility test. The protein groups
were found in both replicates.

2.4.2 Optimization of TMT-to-protein mass ratios in the labeling reaction

The TMT-to-protein mass ratio recommended by the manufacturer is 8:1,
which is an approximately 20-fold molar excess of the labeling reagent.!’® However,
a recently published bottom-up study determined that a TMT-to-peptide mass ratio
of 1:1 demonstrated a high labeling efficiency with high reproducibility. Here, to

minimize under-labeling and over-labeling products in the protein-level TMT
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labeling process, TMT-to-protein mass ratio (1:1, 2:1, 4:1 to 8:1) was evaluated
(Figure 2-2A). Briefly, 45 ug of E. coli proteins were labeled with TMTsixplex
reagent at different ratios. The protein reaction concentration after mixing was 0.8
ug/uL (e.g., the final TMT concentration varied from 2.3 mM to 18.2 mM).

In total, 747 unique proteoforms were identified from these 4 samples using
top-down LC-MS/MS analysis. The labeling efficiency for identified proteoforms
in each sample is demonstrated in an identification heatmap (Figure 2-2C). We
found that 31.00% (31 out of 100), 34.76% (65 out of 187), 52.69% (98 out of 186),
and 67.39% (124 out of 184) of the protein groups from the samples labeled using
1:1, 2:1, 4:1 and 8:1 TMT-to-protein ratios, respectively, were found to only
include the completely labeled products; improperly labeled side products were not
detected. 67.00%, 64.71%, 36.02% and 12.50% of protein groups, respectively,
were found to include underlabeled products; 4.00%, 6.42%, 23.66%, and 25.54%
of protein groups were found to include overlabeled products. The percentage of
protein groups that contained a completely labeled product with >80% intensity
(e.g., completely labeled product was the dominant protein peak) was found to be
35.00%, 36.36%, 59.68%, and 80.98%, respectively.

We also evaluated the average labeling status using a violin plot (Figure
2-2D). The mean of the weighted averages for the 1:1, 2:1, 4:1 and 8:1 TMT-to-
protein labeled samples were -1.19 + 1.22, -0.56 + 0.53, -0.09 + 0.36 and 0.07 +
0.27. This suggests that as TMT-to-protein mass ratio increases, the amount of
completely labeled protein groups increases as demonstrated by the mean value

approaching 0. Additionally, at labeling ratios of 4:1 and 8:1, the dominant

62



distributions are localized around 0, indicating a majority of protein groups
primarily contain completely labeled proteins. However, in the sample labeled at
1:1 and 2:1 ratio, a large portion of protein groups were underlabeled. Also, in the
samples labeled with a 1:1 TMT-to-protein ratio, multiple underlabeled products
were observed. In the sample labeled with a 2:1 ratio, the dominant product is

underlabeled by 1 TMT tag (e.g., a dominant distribution at -1 on the violin plot).
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Figure 2-2 Optimization of TMT-to-protein mass ratio. (A) Quantities and
concentrations of TMT reagent (blue) and intact E. coli protein lysate (grey). The
reaction volume and protein quantity were kept constant at 55.5 uL and 45 pg for
all 4 conditions. The mass of the TMT reagent was increased from 45 to 360 pg in
a constant volume of ACN yielding an increasing TMT-to-protein mass ratio from
1:1 to 8:1. (B) MS of 2 identified proteins labeled using the different TMT-to-
protein ratios: Phosphocarrier protein HPr, POAA04 and Glutaredoxin 3, POAC63
(asterisk (*) represents coeluted species). (C) Identification heatmap demonstrating
all labeled species observed under each TMT-to-protein ratio condition. Y-axis
shows the number of “protein groups” ranked from high to low MW of the
completely labeled proteoform. The labeling status is shown for each intact
proteoform as x-axis with under-/over-labeled status indicated by the brackets.
Grey scale (0-1) represents the relative intensity of each proteoform. (D) Violin
plots of average labeling status to show overall TMT labeling efficiency.
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Two examples of identified proteoforms are shown in Figure 2-2B,
Phosphocarrier protein HPr (Uniprot: POAAO4) and Glutaredoxin 3 (Uniprot:
POACG62), which showed multiple labeled products in the MS spectra. For
Phosphocarrier protein HPr protein, the dominant peak that represented the
completely labeled proteoform was observed at 8:1 and 4:1 TMT-to-protein
labeling ratios. However, in the sample with a 4:1 ratio, a small peak that
represented the underlabeled product (underlabeled by 1 tag) was also observed. In
the samples labeled with 1:1 and 2:1 labeling ratios, there were significant
underlabeled products detected. Interestingly, the sample with a 1:1 ratio showed a
normal distribution of underlabeled peaks with multiple peaks representing
underlabeled products. However, the sample with a 2:1 ratio only contains one
major underlabeled product (underlabeled by 1 tag) which is consistent with the
violin plot (Figure 2-2D). The MS/MS fragmentation confirmed that the missing
label was located on the N-terminus (Figure 2-3A-C), which is consistent with our
previously reported results that the decreased reactivity of the N-terminus compared
with lysine (pKa of N-terminal is 7.7 £ 0.5 and lysine is 10.5 + 0.1) causes
underlabeling to occur more frequently on the N-terminus.*%!8 Similar results
were observed for POAC62 with the exception that the sample labeling with a 2:1
TMT-to-protein ratio had no observable underlabeling. Overall, analysis of MS/MS
spectra for identified proteoforms confirmed that the missing labels inthe 2:1 TMT-
to-protein ratio sample was primarily localized to the N-terminus (Figure 2-3D-

E).130
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Overall, higher TMT-to-protein ratio (w/w: 8:1, 4:1) reaction conditions
resulted in higher ratios of completely labeled products compared with
underlabeled products. However, some protein groups labeled using 8:1 and 4:1

TMT-to-protein ratios showed overlabeled products, which suggested that

overlabeling also needs to be minimized by optimization.
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Figure 2-3 Fragmentation examples from optimization of TMT-to-protein
mass ratio group. Phosphocarrier protein HPr (POAA04) underlabeled species
with (A) 7 TMT; (B) 6 TMT; (C) 5 TMT labels. Glutaredoxin 3 (POAC63)
underlabeled species with (D) 6 TMT; (E) 5 TMT labels. Amino acids highlighted
in yellow indicate TMT labeling on N-terminus or K; blue highlight represents the
carboxymethyl modification on C. Missing labels were indicated by grey highlight.
All fragmentations were collected from 1:1 TMT-to-protein ratio sample.
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2.4.3 Optimization of quenching buffers in the labeling reaction

For bottom-up TMT labeling, 5% hydroxylamine (0.3% final concentration)
was recommended as the quenching buffer by the manufacturer. However, Tris
buffer (50 mM at pH 8.0) has also been utilized as the quenching buffer in previous
literature during peptide-level TMT labeling.!” In this study, we evaluated
different quenching buffers for intact protein-level TMT labeling (e.g.,
hydroxylamine buffer with a final concentration of 1.2%, 0.6%, or 0.3%, and Tris
buffer with a final concentration of 50 mM Figure 2-4A). We also measured final
pH values of the reaction solution after quenching: 9.1 (0.3% hydroxylamine), 9.3
(0.6% hydroxylamine), 9.5 (1.2% hydroxylamine), and 8.0 (50 mM Tris).

A total of 610 unique proteoforms were identified from 4 samples with
different quenching buffers using LC-MS/MS analysis. An identification heatmap
was generated to evaluate the labeling efficiency for each identified protein (Figure
2-4C). In the solution quenched by Tris buffer (pH 8.0), many overlabeled products
were observed with relatively high intensity. With the increased pH/final
concentration of hydroxylamine, the relative intensity of overlabeled products
decreased and more completely labeled product were detected. The percentage of
protein groups that only included the completely labeled product (no improperly
labeled products) were 89.24% (141 out of 158), 77.86% (109 out of 140), 80.16%
(101 out of 126), and 60.13% (92 out of 153) for the samples quenched at pH 9.5,
pH 9.3, pH 9.1 and pH 8.0, respectively. 3.16%, 15.00%, 15.08%, and 35.29% of
protein groups, respectively, included overlabeled products, which suggested that

higher pH after quenching led to a decrease in overlabeled products. Additionally,
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7.59%, 7.86%, 4.76%, and 8.50% of the protein groups were found to include
underlabeled products. The percentage of protein groups that contained a
completely labeled product with >80% intensity (e.g., completely labeled product
was the dominant peak) was found to be 92.41%, 85.00%, 84.92%, and 67.97%,
respectively. Mean values of the weighted averages for the four samples were
calculated to be -0.03 + 0.20, 0.02 = 0.30, 0.06 £ 0.33 and 0.26 + 0.54 for pH 9.5,
pH 9.3, pH 9.1, and pH 8.0, respectively (Figure 2-4D), which indicated that

quenching at pH > 9.1 decreases overlabeling.
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Figure 2-4 Optimization of quenching buffer in protein-level TMT labeling.
(A) Quantities and concentrations of TMT reagent (blue) and intact E. coli protein
(grey). The reaction parameters were kept the same for all four experiments, but the
final concentration of the quenching buffer was varied: 1.2%, 0.6%, and 0.3%
hydroxylamine or 50 mM Tris which resulted in final pH of 9.5, 9.3, 9.1, and 8.0,
respectively. (B) MS of 2 identified proteins under different quenching conditions:
Phosphocarrier protein HPr, POAAO4 and Glutaredoxin 3, POAC63 (asterisk (*)
represents coeluted species). (C) Identification heatmap of quenching buffer
optimization group. Y-axis shows the number of “protein groups” ranked from high
to low MW of the completely labeled proteoform. The labeling status is shown for
each intact proteoform as x-axis with under-/over-labeled status indicated by the
brackets. Grey scale (0-1) represents the relative intensity of each proteoform. (D)
Violin plots demonstrating the average labeling status to show overall TMT
labeling efficiency.
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As shown in Figure 2-4B, for Phosphocarrier protein HPr (POAAQ4), only
a very small portion of the overlabeled product was observed in the reaction
quenched at high pH (hydroxylamine 1.2%, pH 9.5). Generally, as the quenching
pH increased, overlabeling decreased. In the solution quenched with Tris buffer
(pH=8.0), the dominant peak represented the product overlabeled by one TMT label.
Similar results were observed for Glutaredoxin 3 (POAC62). MS/MS fragmentation
(Figure 2-5A) for Phosphocarrier protein HPr protein localized the overlabeling
site at Tso; Figure 2-5B for Glutaredoxin 3 indicated the overlabeling site was
within a range with several STY residues, which is consistent with previous

reported results that TMT overlabeling tends to occur on STY amino acids.!6"17
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Figure 2-5 Fragmentation examples from optimization of quenching buffer
group. (A) Phosphocarrier protein HPr (POAA04) overlabeled species with 9 TMT
labels. (B) Glutaredoxin 3 (POAC63) overlabeled species with 8 TMT labels.
Amino acids highlighted in yellow indicate TMT labeling on N-terminus, K, and
T; blue highlight represents the carboxymethyl modification on C. All
fragmentation examples were taken from Tris sample.

The side chains of lysine and tyrosine have similar pKa values (Lys: 10.5 +
1.1; Tyr: 10.3 + 1.2);8 therefore, it is expected that tyrosine would also be labeled
by TMT at basic pH. It has also been reported that O-acylation can occur on serine
and threonine because of the nucleophilicity of the hydroxyl oxygen due to the

hydrogen bonding of hydroxyl hydrogen to proton acceptors such as histidyl
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imidazole groups.'®”!8 Hydroxyl-containing amino acids also show reactivity
towards NHS esters when separated by one or two residues from a histidyl residue
to form an H-X-[STY] or [STY]-X-H motif.}">!8 O-acylation was found to
hydrolyze within a few minutes at basic pH values,">1% which explains why
hydroxylamine quenching buffer can be used to reverse the overlabeling by

increasing the pH to > 9.0, 187:189.189,191

Overall, our results demonstrate that a hydroxylamine quenching buffer
(final concentration of 0.3% or higher) resulting in >pH 9.1 after quenching can
reverse unwanted O-acylation reactions and reduce the production of overlabeled

products.

2.4.4 Optimization of the initial protein sample concentration in the labeling

reaction

Inthe TMT and protein labeling reaction, higher molarity of reactants (TMT
and protein) increases the rate of labeling and reduces the hydrolysis of the TMT
reagent which may reduce the production of underlabeled species.!” Hence, to fully
understand the effect of reactant concentration on intact protein-level TMT labeling,
the initial concentration of protein was varied (2 pg/pL, 1.5 pg/uL, 1.0 pg/uL, and
0.5 pg/pL) while maintaining the same TMT-to-protein mass ratio of 4:1, Figure
2-6A. Specifically, 200 pug TMT in 10 pL of ACN solvent was reacted with 50 pg
protein in different buffer volumes from 25 pL to 100 pL, which varied the final
reactant concentrations of TMT and proteins from 5.4 to 16.9 mM and 0.5to 1.4

pg/uL, respectively.
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LC-MS/MS analysis identified 559 unique proteoforms among 4 samples.
In the identification heatmap (Figure 2-6C), we found that 61.22% (90 out of 147),
75.76% (125 out of 165), 79.61% (121 out of 152), and 75.89% (107 out of 141) of
the protein groups for samples labeled with protein concentration from 0.5 pg/ulL
to 2 pug/uL, respectively, which suggested underlabeled products could be reduced
by increasing protein initial concentration. The percentage of protein groups that
contained underlabeled products were 37.41%, 20.00%, 8.55% and 10.64% as
protein concentration increased; the percentage of protein groups that include
overlabeled products decreased slightly as concentration increased (3.40%, 5.45%,
13.82% and 15.60%). In addition, the means of weighted averages (Figure 2-6D)
from were calculated to be -0.16 + 0.38,-0.08 £ 0.27, 0.02 £ 0.25 and 0.03 = 0.28
from 0.5 pg/uL to 2 pg/uL. This trend further demonstrates that under labeling was
reduced as reactant concentration increased. The percentage of protein groups that
contained a completely labeled product peak with >80% intensity (e.g., completely
labeled product was dominant) was found to be 69.39%, 86.06%, 88.16%, and
83.69% for samples with protein concentrations from 0.5 pg/ulL to 2 pg/uL,

respectively.
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Figure 2-6 Optimization of initial protein concentration in the labeling
reaction. (A) Quantities and concentrations of TMT reagent (blue) and intact E.
coli protein (grey). The reaction TMT and protein quantity were kept constant at
200 pg and 50 ng for all 4 conditions and the total reaction volume was varied from
35 pL to 110 pL by changing initial protein concentration from 2.0 pug/uL to 0.5
pg/ul. (B) MS of 2 identified protein examples under different reaction conditions:
Phosphocarrier protein HPr, POAA04 and Glutaredoxin 3, POAC63 (asterisk (*)
represents coeluted species). (C) Identification heatmap of all four samples under
initial protein concentration optimization group. Y-axis shows the number of
“protein groups” ranked from high to low MW of the completely labeled
proteoform. The labeling status is shown for each intact proteoform as x-axis with
under-/over-labeled status indicated by the brackets. Grey scale (0-1) represents the
relative intensity of each proteoform. (D) Violin plots demonstrating the average
labeling status to show overall TMT labeling efficiency.

To further demonstrate the influence of reactant concentration on labeling
efficiency, MS data for two identified proteins are shown in Figure 2-6B. The MS
spectra of Phosphocarrier protein HPr (POAAQ04) showed that the dominant peak
that represented the completely labeled product was observed in all samples.
However, the sample with an initial protein concentration of 0.5 pg/ul showed 2
underlabeled peaks with similar intensities as the completely labeled peak (Figure
2-6B). Another example, Glutaredoxin 3 (POAC62), also showed the completely

labeled product peak as the highest peak in all samples; however, a small peak that
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represents the underlabeled product was detected in the samples with initial protein
concentration of 1.0 pg/uL and 0.5pg/ul (Figure 2-6B). Fragmentation and
MS/MS spectra for the two examples in Figure 2-7 suggested that proteoforms that
were under labeled by one TMT tag were missing labels on the N-terminal which

is consistent with previous observations.'*
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Figure 2-7 Fragmentation examples of initial protein concentration with single
labeling optimization group. Phosphocarrier protein HPr (POAA04) underlabeled
species with (A) 7 TMT labels; (B) 6 TMT labels. (C) Glutaredoxin 3 (POAC63)
underlabeled species with 7 TMT labels. Amino acids highlighted in yellow
indicated TMT labeling on N-terminus or K; blue highlight represents the
carboxymethyl modification on C. The range highlighted in light grey represents
the range that the mass shift lies within. All fragmentations were taken from 0.5
pg/uL sample.

Overall, our results indicated that initial protein concentration >1.0 pg/uL
with a TMT-to-protein ratio of 4:1 (wt/wt) or higher was best for intact protein
TMT labeling. These conditions minimized underlabeling and resulted in high

labeling efficiency to produce primarily completely labeled species.
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2.4.5 Investigation of TMT labeling reaction conditions influence in labeling

efficiency.

Here, we evaluated other reaction parameters that might affect the
efficiency of protein-level TMT labeling, including (1) reaction time (60 minutes
and 30 minutes); (2) pH 8.5 reaction buffer (100 MM TEAB and 100 mM HEPES)
(Figure 2-8A). LC-MS/MS analysis identified 367 proteoforms among 3 samples.

Reaction time evaluation: The manufacturer protocol recommended a 60-
min reaction time for TMT labeling. To evaluate the effect of reduced labeling time
on labeling efficiency, we changed the labeling time to 30 minutes and kept the
other parameters the same (Table 2-1). Two protein examples: Phosphocarrier
protein HPr (POAA04) and Glutaredoxin 3 (POAC63), Figure 2-8B, demonstrated
similar labeling for the samples incubated for 30 and 60 minutes with the exception
that the sample incubated for 60 minutes generated a higher intensity of over
labeled peak in POAAO4. In the identification heatmaps (Figure 2-8C), 77.08%
(148 out of 192) of protein groups from the 60-min incubation sample and 75.47%
(160 out of 212) of protein groups from the 30-min incubation sample demonstrated
only the completely labeled products. 11.46% and 12.26% of protein groups,
respectively, were found to include under labeled products and 12.50% and 15.09%
of protein groups were found to include over labeled products. The percentage of
protein groups that contained a completely labeled product with >80% intensity
(e.g., completely labeled product was dominant) was 80.21% and 80.19% for 60-
min and 30-min incubations, respectively. There is no significant difference

between these two samples with respect to labeling efficiency. Additionally, the
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weighted averages shown in the violin plot (Figure 2-8D) indicate similar overall
TMT labeling with mean values of 0.02 + 0.36 for 60-min incubation and 0.05 +
0.39 for 30-min incubation. These results indicate that a 30-minute incubation time
is sufficient for high protein-level TMT labeling efficiency.

Reaction buffer evaluation: To determine if different reaction buffers will
affect the labeling efficiency, we tested the protein-level TMT labeling in 100 mM
TEAB (pH=8.5) and 100 mM HEPES (pH=8.5), the other parameters were shown
in Table 2-1. The examples (Phosphocarrier protein HPr (POAA04) and
Glutaredoxin 3 (POAC63)) shown in Figure 2-8B suggest a similar labeling
efficiency between two samples except that the HEPES sample had a higher ratio
of over labeled product peaks compared to TEAB buffer for POAAQ04. According
to the identification heatmap in Figure 2-8C, the labeling efficiency was similar
between the HEPES and TEAB buffers. 77.08% (148 out of 192) and 78.95% (165
out of 209) of the protein groups in TEAB and HEPES, respectively, were found to
only produce the completely labeled products. 11.46% and 9.09% of protein groups
were found to contain under labeled products; 12.50% and 12.44% of protein
groups included over labeled products. The percentage of protein groups that
contained a completely labeled product with >80% intensity (e.g., completely
labeled product was dominant in majority of protein groups) was 80.21% and 82.78%
for TEAB and HEPES, respectively. The weighted average distribution (Figure
2-8D) for the two samples was also quite similar with mean values of 0.02 £+ 0.36
and 0.03 £ 0.33, respectively, which was consistent with the heatmap, suggesting

similar labeling efficiency between labeling buffers.
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In conclusion, we evaluated the reaction conditions for protein-level TMT
labeling and concluded that the reaction buffer and time did not significantly affect
labeling efficiency. The result indicated that the labeling reaction time can be

reduced and HEPES may be used as alternative reaction buffer.
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Figure 2-8 Investigation of TMT labeling reaction conditions influence in
labeling efficiency. (A) Quantities and concentrations of TMT reagent (blue) and
intact E. coli protein (grey). The reaction TMT and protein quantity were kept
constant at 200 ug and 50 ug for all 4 conditions. Reaction buffer and time are
indicated in the figure. (B) MS of 2 identified protein examples with labeling status
at different reaction conditions: Phosphocarrier protein HPr, POAAO4 and
Glutaredoxin 3, POAC63 (asterisk (*) represents coeluted species). (C)
Identification heatmap for reaction optimization group. Y-axis shows the number
of “protein groups” ranked from high to low MW of the completely labeled
proteoform. The labeling status is shown for each intact proteoform as x-axis with
under-/over-labeled status indicated by the brackets. Grey scale (0-1) represents the
relative intensity of each proteoform. (D) Violin plots of average labeling status to
show overall TMT labeling efficiency.

2.4.6 Double labeling: to achieve complete labeling on low concentration

samples.

Our results indicate that high protein and TMT reagent concentrations are

optimum for intact protein labeling. However, some samples (e.g., clinical samples)
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may be limited and may not be sufficient to produce high concentration protein
solutions (e.g., >1.0 pg/ul). For efficient labeling of low concentration protein
samples, we designed and optimized a double labeling technique using various
initial protein concentrations (2 pg/ulL, 1.5 pg/ul, 1.0 pg/ul, and 0.5 pg/ul),
Figure 2-9A. Briefly, TMT labeling was conducted twice before quenching; 200
ug of TMT in 10 uL ACN was incubated with the protein solutions in 100 mM
TEAB buffer (pH 8.5) for 1 hour followed by a second addition of TMT reagent
and incubation for an additional hour. TMT-to-protein ratio remained constant and
the final reactant concentrations were varied from 10.8 to 33.8 mM (TMT) and 0.5
to 1.4 pg/uL (protein).

The LC-MS/MS analysis identified 619 unique proteoforms among the 4
samples. The heatmap in Figure 2-9C suggested a similar labeling efficiency for
all 4 conditions. The percentage of protein groups that only included completely
labeled products was found to be 87.73% (193 out of 220), 88.54% (170 out of 192),
90.78% (187 out of 206), and 89.15% (189 out of 212) from 0.5 pg/uL to 2 ug/uL,
respectively. 10.45%, 7.81%, 5.83% and 6.60% of protein groups, respectively,
were found to include under labeled products and 2.27%, 4.17%, 3.88% and 4.72%
of protein groups were found to include over labeled products. The percentage of
protein groups that contained a completely labeled product with >80% intensity
(e.g., majority of protein product was completely labeled) was found to be 93.64%,
92.71%, 93.69%, and 93.87% for initial protein concentration samples from 0.5
ng/uL to 2 pg/ul, respectively. As shown in the violin plot (Figure 2-9D), there is

no significant difference among the mean values of the weighted averages (-0.04 +
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0.20, -0.03 £ 0.22, -0.03 £ 0.20 and -0.02 £ 0.18). Overall, we found that there was
no significant difference in TMT labeling efficiency among 4 samples with
different initial protein concentrations when the double labeling technique was used.
Furthermore, the MS spectra of both Phosphocarrier protein HPr (POAA04) and
Glutaredoxin 3 (POAC62) proteins showed that the completely labeled product was

the only observable proteoform peak in all samples after double labeling (Figure
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Figure 2-9 Double labeling: to achieve complete labeling on low-concentration
samples. (A) Quantities and concentrations of TMT reagent (blue) and intact E.
coli protein (grey). The reaction TMT and protein quantity were kept constant at
200 ug and 50 pg for all 4 experiments but the final reaction volume after double
labeling was varied from 45 uL to 120 uL by changing initial protein concentration
from 2.0 pg/pL to 0.5 pg/uL. (B) MS of 2 identified protein examples under
different reaction conditions: Phosphocarrier protein HPr, POAAO4 and
Glutaredoxin 3, POAC63 (asterisk (*) represents coeluted species). (C)
Identification heatmap of all four samples under initial protein concentration
optimization group. Y-axis shows the number of “protein groups” ranked from high
to low MW of the completely labeled proteoform. The labeling status is shown for
each intact proteoform as x-axis with under-/over-labeled status indicated by the
brackets. Grey scale (0-1) represents the relative intensity of each proteoform. (D)
Violin plots demonstrating the average labeling status to show overall TMT
labeling efficiency.
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Our results indicated that the double labeling can be an alternative approach
to achieve high labeling efficiency for limited samples with low protein

concentration (i.e., >0.5 pug/uL initial protein concentration).

2.4.7 Application of optimized protein-level TMT labeling conditions on HelLa

cell lysate

We applied the optimized conditions to the TMT labeling of HelLa cell
lysate to evaluate the TMT labeling efficiency and quantification accuracy. Briefly,
HelLa proteins (1.5 pg/uL) were aliquoted into 6 tubes and labeled with
TMTsixplex under the optimized conditions: TMT-to-protein mass ratio of 8:1
(double labeling) and hydroxylamine quench (final concentration of 1.2%, pH 9.5).
Then, the six TMT-labeled HeLa protein samples were mixed to a mass ratio of
5:5:2:2:1:1 and analyzed using LC-MS/MS.

179 proteoforms were identified from the LC-MS/MS analysis. MS spectra
of four protein examples are given in Figure 2-10A. All four proteins were found
to only show the completely labeled proteoforms (indicated by *) and the dashed
lines labeled with -1 and +1 represent the theoretical location of proteoforms under
labeled and over labeled by one TMT tag, respectively. An identification heatmap
with 133 clustered protein groups (Figure 2-10B) was generated to illustrate the
overall labeling efficiency. 86.47% (115 out of 133) protein groups were found to
only include completely labeled products without any improperly labeled side
products, 10.53% protein groups contained under labeled products and 6.77%
protein groups included over labeled products. 91.73% of protein groups that

contained a completely labeled product with >80% intensity (e.g., completely
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labeled product was dominant in majority of protein groups). The mean value of
the weighted average was -0.05 + 0.21, which confirmed that most of the protein
groups showed primarily completely labeled products. In Figure 2-10C, the Jupiter
microtubule associated homolog 1 protein (QOUK76) was found to include only the
completely labeled proteoform. Additionally, the intensities of all reporter ions
were extracted and the ratios were calculated as previously described.**® The
average reporter ion ratios were 5.20 + 1.50, 5.00 £ 1.37, 1.97 £ 0.76, 1.98 + 0.67,
1.05 + 0.34 (theoretical ratios as 5:5:2:2:1), which represents a sizeable
improvement compared with our previously published data before reaction
optimization.'3°

Overall, the intact protein-level TMT labeling under these optimized
conditions not only increased the labeling efficiency, but also improved the

quantification accuracy.
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Figure 2-10 Application of optimized protein-level TMT labeling conditions
on HelLa cell lysate. (A) MS of 4 identified proteoforms. The completely labeled
proteoform is indicated by an asterisk and the -1 and +1 represent the theorical
location of proteoform peaks under labeled and over labeled by one TMT tag. (B)
Identification heatmap of TMT-labeled HelLa proteoforms. Y-axis shows the
number of “protein groups” ranked from high to low MW of the completely labeled
proteoform. The labeling status is shown for each intact proteoform as x-axis with
under-/over-labeled status indicated by the brackets. Grey scale (0-1) represents the
relative intensity of each proteoform. (C) MS/MS spectra of the completely labeled
Jupiter microtubule associated homolog 1 protein. (D) Normalized intensity ratios
(126/131, 127/131, 128/131, 129/131, and 130/131) of TMT-labeled HeL a proteins.
The error bars represent the standard deviation, and the red dashed lines represent
the theoretical ratio (5:5:2:2:1).
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2.5 CONCLUSION

We have determined that the optimized conditions for protein-level TMT
labeling in complex samples, such as E. coli cell lysate and HeLa cell lysate. A
protein solution with initial concentration > 1.0 pug/uL labeled with TMT as 4:1 or
higher TMT-to-protein mass ratio, then quenched by hydroxylamine to a final
concentration as > 0.3% (final pH > 9.1) resulted in optimal labeling efficiency and
minimized production of over/underlabeled side products). Double labeling can
also be applied for low concentration samples for better labeling efficiency. With
optimal protein-level TMT labeling conditions, >90% labeling efficiency
(percentage of protein groups that only contained completely labeled product) was
achieved. When the optimal conditions were applied to HeLa cell lysate, 86.47%
labeling efficiency was achieved and 91.73% of protein groups contained a
completely labeled product with >80% intensity (e.g., completely labeled product
was dominant). These optimized conditions can potentially be adapted to the other
isobaric chemical tag labeling approaches (e.g., iTRAQ, DilLeu).

In previous work, optimization of peptide-level TMT labeling suggested
that a 1:1 TMT-to-peptide mass ratio was sufficient for labeling;'”> however, our
results indicated a higher TMT-to-protein mass ratio (4:1 or 8:1) is required for
efficient top-down TMT labeling. The higher TMT-to-protein mass ratio required
for sufficient labeling may be due to structural hindrance caused by the secondary
structure that may be present in intact proteins even after urea denaturation,
reduction, and alkylation.*® Higher organic concentration and/or higher labeling

temperature may improve intact protein denaturation by reducing the remaining
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secondary structure, which can potentially enhance labeling efficiency at a lower
TMT-to-protein mass ratio.’®® This may be determined by further optimization of
organic content and temperature during TMT labeling.

We also demonstrated that the enrichment of low molecular weight proteins
using 100 kDa MWCO only was sufficient for protein-level TMT labeling of
complex samples to limit precipitation under the labeling conditions. Simplified
sample preparation reduced the sample processing time and may prevent sampling
bias. Other molecular weight strategies such as Gel-Eluted Liquid Fraction
Entrapment Electrophoresis (GELFrEE)'** can also be utilized in the future for
enhanced enrichment of low molecular weight proteoforms. The presented protocol
was optimized for low molecular weight proteoforms quantification using protein-
level TMT labeling, which may not be readily applicable to larger proteins such as
IlgG (~150 kDa). In the future, MS compatible detergent such as 4-
hexylphenylazosulfonate (Azo)*'*°, will be evaluated to optimize TMT labeling
for high molecular weight proteins.

In addition, we will optimize the fragmentation parameters in the future to
increase the number of proteoform identifications and increase proteome coverage.
Also, fractionation methods such as high-pH and low-pH reversed phase
chromatography*®"7® can also be applied to improve intact proteoform

identification and characterization.
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Chapter 3 Optimization Higher-Energy Collisional Dissociation
Fragmentation Energy for Intact Protein-level Tandem Mass Tag
Labeling

3.1 ABSTRACT

Isobaric chemical tag labeling (e.g., TMT) is a commonly used approach in
quantitative proteomics and quantification is enabled through detection of low-
mass reporter ions generated after MS2 fragmentation. Recently, we have
introduced and optimized an intact protein-level TMT labeling platform that
demonstrated >90% labeling efficiency in complex samples with top-down
proteomics. Higher-energy collisional dissociation (HCD) is commonly utilized for
isobaric tag labeled-peptides fragmentation because it produces accurate reporter
ion intensities and avoids loss of low mass ions. HCD energies have been optimized
for isobaric tag labeled-peptides but have not been systematically evaluated for
isobaric tag-labeled intact proteins. In this study, we report a systematic evaluation
of normalized HCD fragmentation energies (NCEs) on TMT-labeled HelLa cell
lysate using top-down proteomics. Our results suggested that reporter ions often
result in higher ion intensities at higher NCEs. Optimal fragmentation of intact
proteins for identification, however, required relatively lower NCE. We further
demonstrated that a stepped NCE scheme with energies from 30 to 50% resulted in
optimal quantification and identification of TMT-labeled HelLa proteins. These
parameters resulted in an average reporter ion intensity of ~4E4 and average
proteoform spectrum matches (PrSMs) of >1000 per RPLC-MS/MS run with a 1%

false discovery rate (FDR) cutoff.
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3.2 INTRODUCTION

Top-down mass spectrometry (MS)-based proteomics analyzes intact
proteins in complex samples, allowing for the characterization of intact
proteoforms arising from genetic variation, alternative RNA splicing, and post-
translational modifications (PTMs).1%161% Quantitative top-down proteomics
enables measurement of variation in proteoform-level expression resulting from
different biological conditions to better understand protein function, cellular
mechanism, disease state, and to aid in biomarker discovery.'>!® Isobaric chemical
tag labeling, such as isobaric tag for relative and absolute quantitation (iTRAQ)*,
tandem mass tag (TMT)**1¢° and N, N-dimethylleucine (DiLeu)!%?%4 has become
one of the most popular approaches in quantitative bottom-up proteomics. 6516
These isobaric chemical tags may be used to quantify multiple samples (e.g., up to
18 samples with TMTpro 18-plex and 21 samples using 21-plex DiLeu'®®) in a
single run allowing for simultaneous quantification and identification at the MS2
level. Isobaric chemical tag-based quantification has been extended to top-down
proteomics for the analysis of standard proteins or simple protein mixtures6&-17*
but has remained limited with respect to complex samples due to the presence of
protein precipitation and side products during the labeling.*3**%2 To overcome these
challenges, our group recently developed and optimized an intact protein-level
TMT labeling platform for the quantification of low molecular weight proteoforms
(<35 kDa).1” Moreover, a systematic evaluation of protein labeling conditions was
performed using top-down proteomics and >90% labeling efficiency was achieved

in complex samples.®3%1%2 Konrad et al. also applied thiol-directed isobaric labeling
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(e.g., cysteine labeling) for the quantification of E. coli and combined E. coli/yeast
cell lysate using top-down proteomics.”

Protein quantification using isobaric chemical tag-based labeling relies on
the efficient and accurate measurement of low-mass reporter ions generated in MS2
fragmentation; therefore, the selection and optimization of fragmentation
techniques is essential to generate reporter ions and protein fragment ions
simultaneously. Higher-energy collisional dissociation (HCD) fragments ions in a
collision cell instead of an ion trap and operates at higher collisional energies than
collision-induced dissociation (CID)!**’. HCD has been commonly utilized for
isobaric-based quantification because HCD fragmentation resulted in high quality
MS?2 spectra by providing high resolution ion detection, no low-mass cutoff, and
high intensity low-mass reporter ions that improve the accuracy and precision of
isobaric-based quantification (e.g., iTRAQ and TMT).1%8.19

It has been reported that quantification precision and accuracy decreased for
isobaric tag-labeled precursors if reporter ion signals are low due to low HCD
fragmentation energy; however, over-fragmentation issues due to high HCD
fragmentation energy can result in less confident identification.?%® Therefore, a fine
tuning of the collision energy for MS2 fragmentation is required for a balance
between confident identification and highly sensitive and accurate quantification.
Some groups have studied the influence of fragmentation energy on the reporter
ion intensity for isobaric tag-labeled peptides, achieving a compromise between
peptide identification and quantification.?®®?%® A normalized collision energy

(NCE) of 40-45% is used in many laboratories for routine analysis of TMT-labeled
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peptides.?93206-208  There have also been reports for evaluation of MS2
fragmentation on isobaric tag-labeled intact protein using solutions of standard
protein. Chien-Wen et al. evaluated reporter ion intensities from intact TMT-
labeled myoglobin using different HCD energies and found that reporter ion signals
increased as NCE increased and reached a maximum at 30% NCE using a LTQ-
Orbitrap Velos mass spectrometer.}’* Konrad and coworkers recently applied a
combined fragmentation scheme for iodoTMTzero-labeled lysozyme (e.qg., cysteine
labeling) using an Orbitrap Fusion Lumos Tribrid mass spectrometer. This study
found that different fragmentation energies were required for efficient backbone
fragmentation and cleavage of reporter ions.*”® Thus, they utilized a sequential scan
approach with 80% HCD used for reporter ion quantification and electron-transfer
dissociation (ETD) fragmentation or collision induced dissociation (CID) for intact
protein fragmentation. To date, no systematic evaluation of HCD fragmentation
energy on TMT-labeled intact proteins in complex samples such as cell lysate has
been reported.

In this study, we systematically evaluated the effect of HCD normalized
energy on fragmentation efficiency and reporter ion intensities of TMTzero-labeled
HelLa cell lysate using an Orbitrap Exploris 240 mass spectrometer. Our results
indicated that reporter ion intensities increased with increasing NCE, which
provided improved quantification sensitivity and accuracy; however, high NCE
(e.g., 50% or higher) often introduced over-fragmentation of intact proteoforms,
resulting in poor identification confidence. Based on these observations, we

proposed a stepped HCD strategy with three normalized HCD energies from 30 to
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50%. With the optimized HCD strategy, we confidently identified >1000 PrSMs
with an average reporter ion intensity of ~4E4 in TMT-labeled intact proteins from

HelLa cell lysate with a single LC-MS/MS run.

3.3. EXPERIMENTAL

3.3.1 Chemicals and materials.
Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), Pierce™ BCA

Protein Assay Kit, molecular weight cutoff filters (10K and 100K MWCO), and
TMT isobaric label reagents (both TMTzero and TMT10plex) were obtained from
Thermo Fisher (Waltham, MA, USA). LC-MS grade acetonitrile (ACN),
isopropanol (IPA), trifluoroacetic acid (TFA), water used for LC mobile phases,
and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA)

unless noted otherwise.

3.3.2 HeL a cell lysate preparation.
HelLa cells were grown in Dulbecco’s modified Eagle medium (DMEM),

with 10% fetal bovine serum (FBS) and 2% penicillin-streptomycin under 5% CO-
at 37 °C until 80-90% density was achieved. Then HelLa cells were collected and
cell lysate were prepared as previously reported.?®® Protein concentration was
measured by Pierce™ BCA Protein Assay Kit (Thermo Fisher). HeLa cell lysate

was aliquoted and stored at -80 °C.

3.3.3 Protein-level TMT labeling.
Optimized protein-level TMT labeling protocol was reported here (Chapter

617810432Appendix A — A Benchmarking Protocol for Intact Protein-Level

Tandem Mass Tag (TMT) Labeling for Quantitative Top-Down Proteomics).1"2
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Briefly, low molecular weight (<100 kDa) HeLa cell lysate proteins were enriched
using 100 kDa MWCO spin filters and concentrated using 10 kDa MWCO spin
filters. Low M.W. HelLa proteins were denatured by urea, reduced by TCEP,
alkylated by IAA, buffer-exchanged to 100 mM TEAB buffer (pH 8.5), and
concentrated to > 1 ug/uL using 10 kDa MWCO spin filters. TMTzero reagent was
then added to the protein solution with a mass ratio of 8:1 (TMT-to-protein) and
incubated for 1 hour at room temperature. Then, the same amount of TMTzero
reagent was added for double labeling at room temperature for an additional hour,
followed by quenching by hydroxylamine to a final concentration of 1.2% for 15
min. The TMT-labeled HelLa lysate was centrifuged at 12,000 x g and 4 °C for 30
minutes to remove any precipitation before LC-MS/MS analysis. Moreover, three
aliquots of HelLa cell lysate proteins were individually labeled with TMT10plex
tags (129C, 130C, 131) using the same conditions to evaluate the quantification.
These TMT-labeled HelLa samples were then mixed with a mass ratio of 1:4:2
(129C:130C:131), centrifuged at 12, 000 x g and 4 °C for 30 minutes, and analyzed

by nano-RPLC-MS/MS.

3.3.4 Top-down RPLC-MS/MS analysis.
All RPLC separations were performed on a modified Thermo Scientific

(Waltham, MA, USA.) Accela LC system.13017%-181 NMopile phase A (MPA)
consisted of 0.01% TFA, 0.585% acetic acid, 2.5% isopropanol, and 5% acetonitrile
in water. Mobile phase B (MPB) consisted of 0.01% TFA, 0.585% acetic acid, 45%
isopropanol, and 45% acetonitrile in water. 5 ug of TMT-labeled HelLa lysate was

loaded onto a trapping column (150 pm i.d., 5 cm length, Jupiter particles, 5 um
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diameter, 300 A pore size), and then separated by a C2 capillary from CoAnn
Technologies (100 pm i.d., 30 cm length, 3 um diameter, 300 A pore size) with a
flow rate of 400 nL/min. The LC eluent was analyzed using an Orbitrap Exploris
240 mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped
with a customized nano-ESI interface.’* A 60-min gradient from 10% to 70% of
MPB was applied. MS parameters were set as follows: inlet capillary temperature
was 275 °C; spray voltage was 3.0 kV; resolution for MS1 and MS2 was set to 120,
000 and 60, 000, respectively; AGC target was 1x10® with 2 microscans for both
MS1 and MS2 scans. Maximum injection time was 500 ms for MS1 and 300 ms
for MS2 scans; the isolation window was set as 2 m/z. Dynamic exclusion was 90
s; top 6 most abundant precursor ion peaks (charge 4-50) in MS1 scans were
selected for MS2 fragmentation. Normalized HCD energy was varied for MS2
fragmentation: single energies of 25%, 30%, 35%, 40%, 45%, 50% and 80%;
stepped energies of 30/40/50% and 35/45/50%. TMT-labeled HelLa lysate was

analyzed in triplicate for each selected energy scheme.

3.3.5 Data analysis.
An in-house python package

(https://github.com/OUWuLab/Yanting_ TMT-extraction.git) was utilized to
extract reporter ion peaks. TopPIC Suite was used for proteoform search against
human protein database (UniProt, 2020-07-11, 20368 species).'®2183 Decoy
database searching was used and the FDR cutoff was set as 0.01 for both spectrum
and proteoform levels. The maximum number of mass shifts was 2 with TMTzero
or TMT10plex at both N-terminal and lysine residues as the fixed modification. All

90



the other parameters were set as default. MASH Suite'® and ProSight Lite were

used for manual interpretation and spectrum presentation.

3.4 RESULTS AND DISCUSSION

The fragmentation energy used for multistage fragmentation has an
important impact on the quality of fragmentation spectra. In top-down MS, isobaric
chemical tag-based quantification normally requires higher fragmentation energy
to produce intense reporter ion peaks for accurate and sensitive quantification.?%
However, high fragmentation energy may also introduce over-fragmentation of
intact proteoforms, resulting in low-quality MS2 spectra that do not result in
confident proteoform identification.?® This is especially true for low abundance
isobaric tag-labeled species in complex samples. Therefore, a balanced
fragmentation energy is required to obtain both confident proteoform identification
and highly sensitive and accurate quantification. Here, we systematically evaluated
different normalized HCD energies for optimal proteoform identification and
reporter ion intensity using an Orbitrap Exploris 240 mass spectrometer for TMT-

labeled intact proteoforms in HeLa cell lysate.

3.4.1 Evaluation of normalized HCD energy for optimal reporter ion

intensities

An in-house python package was developed to extract TMTzero reporter
ion peaks from mzML files (converted from RAW using MSConvert?*). The
reporter ion intensities from all MS2 scans collected using various normalized HCD
energies (NCEs) were plotted using a box plot, not including the scans that reporter

ions were not detected, as shown in Figure 3-1A. As HCD fragmentation energy
91



increased (25-80%), average reporter ion intensity increased from 4.6E3 at
NCE=25% to 1.8E5 at NCE=80% (~38-fold increase). We also plotted the reporter
ion intensities for all proteoform spectrum matches (PrSMs) (i.e., identified MS23®
spectra, not including the scans that reporter ions were not detected) with different
HCD energies in Figure 3-1B. The overall trend was consistent with Figure 3-1A,
but there was less variation observed in HCD 45-80% after matching to PrSMs. In
addition, the percentage of PrSMs without reporter ion detected in each NCE
scheme was also evaluated. As shown in Figure 3-1C, the percentage of PrSMs
without reporter ion detected decreased as NCE increased from 25% to 80% as
expected. 47.84+5.20% PrSMs did not have reporter ions detected at NCE = 25%,
while it decreased to 0% at NCE = 80% and close to 0% (0.47+0.20%) at NCE =
50%. In summary, our results suggested that higher HCD energies generally
produced higher reporter ion intensities, which can be beneficial for TMT
quantification.?

The relationship between precursor intensity and reporter ion intensity in
PrSMs was also explored by the scatter plots in Figure 3-1D, not including the
scans that reporter ions were not detected. A slight trend was observed that
indicated precursor intensity was proportional to reporter ion intensity. Overall,
higher HCD energies produced reporter ions with higher intensities for mass
features with similar intensities. For example, for features with intensities from
7.9E7 t01.3E8 (log value 7.9-8.1), average reporter ion intensities varied from
1.33E3 to 2.63E5 as NCE increased from 20% to 80% (~200-fold increase).

However, even though 80% NCE generated the highest average reporter ion

92



intensities (~2.63E5), a very small number of PrSMs were found. This is likely due
to over-fragmentation of proteoforms caused by high fragmentation energy
resulting in fewer identifiable terminal fragment ions. On the other hand, we
noticed some PrSMs with relatively high reporter ion intensities at low NCEs (e.g.,
NCE <35%). Notably, most of these PrSMs are proteoforms with low MW (< 5
kDa) that are less likely to be identified using higher NCEs due to over-
fragmentation.

The intact parathymosin proteoform (Uniprot# P20962, Figure 3-2) demonstrated
how the reporter ion intensity changed across different HCD energies. The
observed monoisotopic mass was 14348.13 Da with 3.62 ppm difference to the
theoretical monoisotopic mass of 14348.19 Da. As shown in Figure 3-2, for
parathymosin with charge state = 15, no reporter ion was detected at NCE = 25%
and the precursor ion peak (957.03 m/z, z = 15) was still the most abundant peak in
MS?2 spectra. The reporter ion intensities increased from 8.80E2 at NCE = 30% to
2.95E5 at NCE = 80%, suggesting a ~335-fold improvement. However, as
mentioned above, when the normalized HCD energy is too high (e.g., NCE = 80%),
over-fragmentation may be observed, which can be seen from the poor MS2 spectra
quality at NCE = 80% where very few identifiable peaks were observed. In fact,
when the NCE = 50%, we observed fewer fragment peaks, particularly for large

MW fragment ions.
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Figure 3-1 Evaluation of reporter ion intensities. Box plot representation of (A)
average reporter ion intensities for all MS2 scans (excluding scans with no reporter
ions detected); (B) average reporter ion intensities for all PrSMs (excluding scans
with no reporter ions detected); (C) percentage of PrSMs with no reporter ions
detected; (D) scatter plots of precursor ion intensities versus reporter ion intensities
in PrSMs (excluding scans with no reporter ions detected). The red dotted lines
represent the mean values of log (reporter ion intensity) and log(feature intensity)
for different NCEs.
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Figure 3-2 Parathymosin protein (Uniprot#P20962). (A) MS spectrum (inset:
isotopic distribution of charge state 15) and representative protein sequence
fragmented using SNCE = 30/40/50%. Red highlight represents acetylation and
yellow highlight represent TMT tags. (B) MS/MS identification spectra for charge
state = 15 using single HCD energies and SNCE schemes. Reporter ion peak and
intensity are shown in the inset for each energy in which a reporter ion was detected.

Overall, higher normalized HCD fragmentation energy generated higher
reporter ion intensities, which can be beneficial for improved accuracy and
sensitivity of the quantification. However, high normalized HCD fragmentation
energy may also lead to over-fragmentation, resulting in poor sequence coverage
and identification. Therefore, for balanced identification and quantification, the
intact proteoform

effect of normalized HCD fragmentation energies on

identification should also be evaluated.
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3.4.2 Evaluation of the effect of normalized HCD fragmentation energy on

intact proteoform identification

To determine the optimal normalized HCD energy for proteoform
identification, the number of PrSMs matched and unique proteoforms identified
using each energy by TopPIC Suite were evaluated.*®® As shown in Figure 3-3A,
the number of PrSMs increased as NCE increased from 25-40% and remained
approximately constant for NCE = 40-50% with approximately 800 PrSMs.
However, PrSMs dramatically decreased to ~100 when NCE was increased to 80%.
Figure 3-3B similarly demonstrated that for NCE <50% the number of unique
proteoforms that were identified had a similar trend to the PrSMs and again the
number of unique proteoforms identified with NCE = 80% decreased (~20

proteoforms) due to over-fragmentation.

Identified PrSMs and proteoforms alone cannot entirely gauge the quality
of MS2; these spectra can be further evaluated using the matched fragment peaks
(i.e., fragment peaks matched in MS2 spectra, one fragment ion may have multiple
fragment peaks due to charge distribution). We plotted the average number of
matched peaks for all PrSMs (Figure 3-3C) against different normalized HCD
energies and found that the number of matched peaks increased as NCE increased
from 25% to 45% but dramatically decreased for 50% and 80%. A similar trend
was observed for the matched unique fragment ions (i.e., matched fragment ions
counted only once regardless of the number of charge states matched) as shown in
Figure 3-3D. Additionally, we examined the E-value (expected value, representing

a nonlinear transformation of the number of matched peaks when searching the
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spectrum against a protein database, the lower the E-value, the more significant the
database match is)!?>?!! for the PrSMs to determine the confidence of the
identifications. The average -log(E-value) for all PrSMs were plotted against
different normalized HCD energies, as demonstrated in Figure 3-3E, identification
confidence increased as NCE increased from 25% to 45% but decreased at 50%
and 80%. Overall, the results suggested that as NCE increased from 25% to 45%,
the identification confidence level increased, but decreased when NCE = 50% and

80%.
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Figure 3-3 Identification of PrSMs and unique proteoforms using single NCEs
and SNCE schemes. Bar graph representation of (A) matched PrSMs; (B) uniquely
identified proteoforms. Box plot representation of the (C) average number of
matched peaks for matched PrSMs; (D) average number of uniquely matched
fragment ions for matched PrSMs; (E) average E-values for matched PrSMs. *Error
bars represent the standard deviations.
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proteoforms identified as a function of molecular weight for each single NCE and
SNCE scheme. The legends show the NCE used for fragmentation and the error
bars represent standard deviation. Inserts show PrSMs and proteoforms when
molecular weight is below 5 kDa and above 20 kDa.

We further evaluated the fragmentation efficiency using different
normalized HCD energies as a function of proteoform molecular weight (Figure
3-4). For moderately sized proteoforms (10-20 kDa), the number of PrSMs
generated and proteoforms identified increased with increasing NCE up to 45-50%.
These proteoforms represented approximately 70% of all identified proteoforms.
Interestingly, for higher molecular weight proteoforms (>20 kDa), higher
normalized HCD energies (50% and 80%) generated more PrSMs than the lower
energies. This suggested that larger proteoforms may need a higher energy for
efficient backbone fragmentation.?*> A 22 kDa intact proteoform of Stathmin
(STMNL1, Uniprot#P16949) was shown as an example in Figure 3-5. The observed
monoisotopic mass was 22358.55 Da with a mass measurement accuracy of 5.96
ppm compared with the theoretical mass of 22358.42 Da. The reporter ion
intensities increased from 5.12E2 at NCE = 30% to 4.62E5 at NCE = 80%. No
protein fragments were observed at NCE = 25% and 30% (no reporter ion was
detected at NCE = 25%). The highest sequence coverage was observed at NCE =
50%, which yielded a 13% sequence coverage with the reporter ion intensity of
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2.14E5 (Figure 3-5B). NCE = 80%, on the other hand, resulted in the highest
reporter ion intensity (4.62E5), but no fragment ions were detected. We also noticed
that the peak with the highest intensity at NCE= 50% was the precursor ion, which

suggested that the optimal HCD NCE would be between 50% and 80%.
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different NCEs. (A) MS spectrum and representative fragmentation map using
NCE = 50%. Red highlight represents acetylation and yellow highlights represent
TMT tags; (B) MS/MS spectra for +21 charge state precursor ions using single
NCEs and SNCE schemes. Reporter ion peaks and the intensities are shown in the
inset.

Another 20 kDa intact proteoform of endothelial differentiation-related
factor 1 (EDF1, Uniprot#060869) was shown in Figure 3-6. The observed
monoisotopic mass was 20752.89 Da with the mass measurement accuracy of 10.55
ppm to its theoretical monoisotopic mass. For this proteoform, no fragments (either

protein fragments or reporter ions) were detected at the NCE = 25% and 30%. The
99



reporter ion intensities increased from 1.00E3 at NCE = 35% to 9.54E4 at NCE =
80% (~95-fold). The precursor ion peak (903.80 m/z, z = 23) was the dominant
peak when the NCE was below 45% with only a few fragment ions detected. The
MS2 spectrum at NCE = 50% showed the highest number of detected fragment
peaks and relatively high reporter ion intensity (1.37E4). NCE = 80% was too high
for efficient terminal fragment detection, but this energy resulted in the highest

intensity of reporter ion (9.54E4).
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Figure 3-6 HCD analysis of Endothelial differentiation-related factor 1 (EDFL1,
Uniprot#060869) with different NCEs. (A) MS spectrum and representative
fragmentation map using NCE = 50%. Red highlight represents acetylation and
yellow highlights represent TMT tags; (B) MS/MS spectra for +23 charge state
precursor ions using single NCEs and SNCE schemes. Reporter ion peaks and the
intensities are shown in the inset.
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Figure 3-7 HCD analysis of Prothymosin alpha (PTMA, Uniprot#P06454) with
different NCEs. (A) MS spectrum and representative fragmentation map using
NCE = 25% and SNCE = 30/40/50%. Red highlight represents acetylation and
yellow highlights represent TMT tags; (B) MS/MS spectra for +5 charge state
precursor ions using single NCEs and SNCE schemes. Reporter ion peaks and the
intensities are shown in the inset.

The trend was opposite for small proteoforms with M.W. <5 kDa compared
with large M.W. proteoforms. For these smaller proteoforms, the NCE = 25%
identified the highest number of PrSMs. For example, MS2 spectra of a small intact
protein prothymosin alpha (Uniprot#P06454, observed monoisotopic mass:
4684.43 Da; theoretical monoisotopic mass: 4684.46; mass measurement accuracy:
5.08 ppm, 938.30 m/z, z = 5) was evaluated as shown in Figure 3-7. As expected,
reporter ion intensities increased as NCE increased from 1.14E4 at 25% to 6.04E5
at 80% (~53-fold). However, sequence coverage decreased from 68% at NCE =

25% to 3% at NCE = 80%, suggesting smaller proteoforms (<5 kDa) may need a
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lower fragmentation energy for better protein backbone fragmentation as opposed
to larger proteoforms (>20 kDa).?*? For most proteoforms with M.W. >5 kDa, NCE
= 25% may not be sufficient for complete protein fragmentation while NCE = 50%
or 80% may start to cause over-fragmentation. For example, as shown in Figure
3-8A, a fragmentation heatmap of parathymosin (Uniprot#P20962) at differing
normalized HCD energies depicts all N- and C-terminal fragments (i.e., internal
fragments that contain neither N- or C-termini were not considered?**2'4). Most of
the fragments of parathymosin were located in the N-terminal and the middle of the
sequence. ~30% sequence coverage was achieved when NCE was below 40%.
Fewer large fragment ions were detected when higher NCEs were applied (e.g.,
NCE > 40%). Bias against longer terminal fragment ions was previously reported
to be linked with repeated backbone cleavage for internal fragment production,

which increased with increased fragmentation energy.?*®
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Figure 3-8 Fragment ion heatmaps of parathymosin protein (Uniprot#P20962)
with (A) +15 charge state and (B) +13 charge state using different NCEs. Color
scale represents the detection of b, y, and b/y ions; (C) MS/MS spectra of
parathymosin with +13 charge state using different NCEs; (D) representative
fragment maps at different NCEs. Red highlight represents acetylation, and yellow
highlights represent TMT tags.
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3.4.3 Optimization of stepped normalized HCD fragmentation scheme.

Stepped normalized collisional energies (SNCE) fragments precursor ions
at different energies (e.g., low, medium, and high) and then all fragment ions are
combined and detected simultaneously.*®” The use of SNCE is particularly helpful
for TMT-labeled intact proteoforms in complex sample due to the high sample
complexity and large range of proteoform size. Our results suggested that the SNCE
fragmentation schemes with NCEs between 30% and 50% can efficiently fragment
intact proteoforms with an extensive range of molecular weights (e.g., lower than
30 kDa) with reasonable reporter ion intensities. We selected 3 energies in this
range for the SNCE schemes (NCE = 30/40/50% and 35/45/50%). The NCE = 80%
was not included in the initial test because very few fragment ions were detected
for protein identification. NCE = 25% was not included because of low reporter ion
intensities and the presence of intense peaks representing unfragmented precursor
ions. Use of SNCE aims to improve both broad proteoform identification and TMT
reporter ion quantification.

Overall, both fragmentation schemes generated relatively high reporter ion
intensities, an average intensity of 3.24E4 for SNCE = 30/40/50% and an average
intensity of 4.03E4 for SNCE = 35/45/50%, respectively (Figure 3-1). These
results were similar to the average reporter ion intensity from the NCE = 45% run
but with lower variation. No significant difference was observed between these two
schemes but the average reporter ion intensity with the 35/45/50% scheme was
slightly higher since relatively higher average NCE was used. As shown in Figure

3-1D, many low abundance proteoforms showed high reporter ion intensities with
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stepped HCD energies. For example, for features with intensities from 7.9E7
t01.3E8 (log value 7.9-8.1, ~10E3 fold lower than the highest proteoforms
intensity), average reporter ion intensities were 3.14E4 at SNCE = 30/40/50% and
2.87E4 at SNCE = 35/45/50%.

Also, the fragmentation schemes with stepped HCD energies (30/40/50%
and 35/45/50%) in general identified more PrSMs and unique proteoforms
compared to other energies (Figure 3-1A&B). In 30/40/50% scheme, 1047+44
PrSMs and 218+12 unique proteoforms were confidently identified with an average
E-value of 3.8E-8. In 35/45/50% scheme, 1076+24 PrSMs and 224+3 unique
proteoforms were confidently identified with an average E-value of 5.0E-8. For
experiments using single NCE values, the NCE = 40% provided the highest number
of PrSMs (811+19), NCE = 50% provided the highest number of unique
proteoforms (146+21), and the NCE = 45% demonstrated the lowest average E-
value as 3.6E-8. Overall, the stepped schemes allowed for improved proteoform
identification with higher confidence. In addition, SNCE = 35/45/50% provided
slightly higher reporter ion intensities and identified more PrSMs and proteoforms
compared to SNCE = 30/40/50%, but the average E-value was slightly higher in
NCE 35/45/50%, suggesting slightly better identification confidence in NCE =
30/40/50%. The SNCE schemes significantly improved the identification of
proteoforms with molecular weight <20 kDa and especially for proteoforms from
5-10 kDa, there was a >2-fold improvement of the number of identified PrSMs and
proteoforms compared with all schemes using single NCE value. For high M.W.

proteoforms (>20 kDa), higher NCE energy (e.g., larger than 50%) resulted in
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improved fragmentation, so the current stepped scheme may not outperform a
scheme using a single NCE value (50% or 80%).

As shown in Figure 3-2, parathymosin (charge state = 15) showed reporter
ion intensities of 1.02E4 at SNCE = 30/40/50% and 2.18E4 at SNCE = 35/45/50%.
Although these reporter ion intensities were similar to the reporter ion intensities at
NCE = 45% (8.42E3) and 50% (2.46E4), there were more matched fragment peaks
in the MS2 spectra (142 for NCE = 30/40/50% and 101 for 35/45/50%) when
compared with NCE = 45% and 50% (35 and 33, respectively). A higher number
of matched fragment peaks result in improved MS2 spectra quality using SCNE
schemes. A similar trend was observed for charge state = 13 (1105.41 m/z) (Figure
3-8 B-D), higher sequence coverage was achieved in the SNCE runs (34% and 32%
for 30/40/50% and 35/45/50%, respectively) compared to runs using single NCEs.
Reporter ion intensities increased from 0 to 9.33E5 as NCE increased from 25% to
80%, similar to those detected for charge state = 15.

In addition, the largest fragment was 10333.81 Da at SNCE = 30/40/50%,
and 8742.64 Da at SNCE = 35/45/50% compared with 7882.33 Da at NCE = 45%
and 7495.21 Da at NCE = 50%, suggesting SNCE performed better to maintain
large fragments compared with the schemes using single NCE values (figure). We
also evaluated the largest fragment detected using different NCEs as well as SNCEs
in other protein examples (
Table 3-1). Our results suggested that SNCEs were able to maintain large fragments
for a variety of proteoforms with different molecular weights (e.g., 5-22 kDa). As

shown in Figure 3-8A, higher sequence coverage was observed in the SNCE runs
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(41% and 35% for 30/40/50% and 35/45/50%, respectively for parathymosin
(charge state = 15, 958.09 m/z). Sequence coverage decreased to 22% for NCE =
45% and 17% for NCE = 50% due to relatively poor MS2 spectra. Although NCE
= 80% provided the highest reporter ion intensity (2.95E5), over-fragmentation
resulted in only 2 matched fragment peaks and 2% sequence coverage. When NCE
< 45%, the reporter ion intensity was < 5E3 (no reporter ion peak was detected at
NCE = 25%) and fewer fragment peaks (<100) were matched, resulting in
approximatedly30% sequence coverage.

Overall, the results suggested the SNCE scheme outperformed schemes
using single HCD energy to balance accurate quantification and confident

identification.

Table 3-1 Largest fragment mass for example proteins at different NCEs.

Parathymosin (PTMS, Uniprot# P20962)

Charge = 15 Charge = 13
Largest Largest
fragment fragment
HCD obser\?ed mass lon type obsersed mass lon type
(Da) (Da)
25 9430.85 B63 14100.91 B98
30 9430.93 B63 13280.59 Y93
35 9115.75 B60 10320.22 B70
40 8613.56 B56 8112.40 B51
45 8011.36 B50 7882.32 B49
50 7753.30 B48 7495.16 B46
80 N/A N/A 1733.97 Y12
30/40/50 9115.77 B60 10333.76 Y77
35/45/50 8871.72 B58 8742.70 B57
Endothelial differentiation-
Stathmin (STMN1, Uniproti#P16949) related factor 1 (EDF1,
Uniprot#060869)
Largest Largest
HCD fragr?lent lon type fragr%lent lon type
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observed mass observed mass
(Da) (Da)
25 N/A N/A 15168.74 Y106
30 N/A N/A N/A N/A
35 6134.48 B43 20639.90 Y146
40 16233.94 Y105 20382.74 B146
45 21512.10 B140 20423.80 Y144
50 21512.10 B140 20510.83 Y145
80 N/A N/A N/A N/A
30/40/50 16233.94 Y105 20308.84 Y143
35/45/50 16233.94 Y105 20639.93 Y146

Prothymosin alpha (PTMA, Uniprot#P06454)
Largest fragment observed

HCD mass (Da) lon type
25 4555.39 Y34
30 4440.36 Y33
35 4369.33 Y32
40 4555.38 Y34
45 386.14 B4
50 386.14 B4
80 386.14 B4
30/40/50 4369.33 Y32
35/45/50 4298.30 Y31

3.4.4 Evaluation of the effect of normalized HCD fragmentation energy on

TMT-based quantification

To verify the labeling accuracy, the intensity ratios among each pair of
samples were compared (130C/129C, 131/129C) for all the scans in which all
reporter ions were detected (Figure 3-9A). In all single NCE runs (e.g., from 25%
to 80%), the average reporter ion ratios were similar to the theoretical ratios for
both sample ratios. For example, the average reporter ion ratios between
130C/129C were between 3.37 + 1.41 (NCE =25%) and 3.93 £ 2.13 (NCE=50%),
which is consistent with the theoretical ratio of 4. In both SNCE schemes, the
average reporter ion ratios were also close to the theoretical ratio (e.g., 3.94 + 2.31

for SNCE 30/40/50% and 3.89 £ 2.21 for SNCE 35/45/50%). However, the average
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reporter ion intensities were much lower (3.24E3 for 130C tag) in NCE of 25%
compared with higher NCE values (e.g., 8.02E4 for 130C tag at NCE = 50%). A
similar trend was observed when the average reporter ion ratios were calculated for
only scans that produced PrSMs, as shown in Figure 3-9B. Our results suggested
that MS/MS scans in which all report ions were detected provided good
quantification accuracy, even with low reporter ion intensities. However, when
NCE value was too low, many MS/MS scans contained missing reporter ions
(shown in Figure 3-9C). > 50% of the scans showed missing reporter ions using
NCE < 30%, while most MS/MS scans at NCE > 50% had no missing reporter ions
(e.g., <1 % in NCE =50%). Overall, our results indicated that when single NCEs
are used, higher NCE (i.e., > 40%) was required for a relatively accurate

quantification with no missing reporter ions. The SNCE schemes (30/40/50% and

35/45/50%) provided good quantification accuracy compared to single NCEs.
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Figure 3-9 Evaluation of quantification accuracy using different NCEs. Bar
graph representations of the normalized intensity ratio (130C/129C, 131/129C) of
(A) all MS/MS scans and (B) all PrSMs. In these graphs, scans with any missing
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tags were not included. Error bars represent the standard deviation of reporter ion
ratios from all scans. Red lines represent theoretical normalized ratios, 4:1 and 2:1.
(C) Percentage of MS/MS scans (black) or PrSMs (grey) with missing detection of
reporter ions at different NCEs.

We further evaluated the identification and quantification of multiple
proteoforms of the same protein. Figure 3-10 shows two fully labeled proteoforms
of heterogeneous nuclear ribonucleoprotein U (HNRNPU, Uniprot#Q00839) using
SNCE = 30/40/50%. The initiator methionine was removed for both proteoforms.
Proteoform 1 contained an acetylation at the N-terminal serine, and proteoform 2
included the addition of an unlocalized phosphorylation. Our results demonstrated
similar fragmentation patterns between these two proteoforms using the SNCE
schemes. No neutral loss peaks were detected for the phosphorylated proteoform,

consistent with previous reports.?!°

Quantification accuracy was evaluated by
calculating normalized ratios of reporter ion intensities (130C/129C, 131/129C) for
all the scans that matched to PrSMs of these HNRNPU proteoforms. The
quantification accuracy between the two proteoforms was similar, with normalized
ratios of 3.53 + 0.20 and 1.95 + 0.13 for proteoform 1 and 3.73 £ 0.28 and 2.04
0.12 for proteoform 2. Similar results were observed for two Calmodulin-1
(CALML, Uniprot#P0ODP23) proteoforms using SNCE = 30/40/50% (Figure 3-11).
The initiator methionine was removed for both proteoforms. Proteoform 1 had 1
acetylation at the N-terminal alanine and 1 trimethylation at K116; proteoform 2
had 1 acetylation and 1 unlocated phosphorylation. Similar quantification accuracy

was achieved for the two proteoforms. In summary, similar quantification accuracy

and fragmentation patterns were observed for the same protein with different PTMs.
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Figure 3-10 Evaluation of the effect of PTMs on quantification and
identification. (A) Sequence and MS/MS spectra for two proteoforms of
heterogeneous nuclear ribonucleoprotein U (HNRNPU, Uniprot#Q00839) at SNCE
= 30/40/50%. (B) Bar graph showing quantification of the two proteoforms. Error
bars shows the standard deviation of reporter ion intensities among all identified

PrSMs for HNRNPU.
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Figure 3-11 Evaluation of the effect of PTMs on quantification and
identification. (A) Sequence and MS/MS spectra for two proteoforms of
Calmodulin-1 (CALM1, Uniprot#PODP23) at SNCE = 30/40/50%. (B) Bar graph
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showing quantification of the two proteoforms. Error bars shows the standard
deviation of reporter ion intensities among all identified PrSMs for CALML1.

3.5 CONCLUSION

Here, we have explored the effect of variation in HCD fragmentation
energies on reporter ion intensity and proteoform identification for TMT-labeled
intact proteoforms in HeLa cell lysate. Our results indicated that although SNCE
energies did not provide the highest reporter ion intensity, SNCEs outperformed
single NCEs by providing a balance between high reporter ion intensity that was
sufficient for accurate and sensitive quantification and confident identification
leading to more PrSMs and identified proteoforms More matched fragment peaks
(including some large fragments) and relatively low E-values were also observed
using SNCEs. In this study, we evaluated two SNCE schemes with NCEs between
30% and 50%. The development and optimization of new stepped schemes may be
required for different biological samples with different applications. For example,
single cell proteomics (SCP) may require the inclusion of higher NCE (e.g., 80%)
to generate sufficient reporter ion intensities in each cell channel. Higher NCE may
also be beneficial for high MW proteins. On the other hand, the inclusion of lower
NCE, such as 25%, may increase the sequence coverage for identification of site-
specific modifications.?%3

Quantification accuracy was also evaluated at different NCEs, and the
results suggested that when lower NCEs were applied, quantification accuracy was
significantly skewed due to the missing detection of reporter ions. NCE > 40% was
required to obtain good quantification accuracy. SNCEs provided good overall

quantification accuracy. The effect of PTMs on identification and quantification of
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the same protein was also evaluated and similar quantification accuracy was
observed. Future work should be done to systematically evaluate the effect of PTMs
on identification and quantification in a proteome-wide range.

We also observed that optimal NCE was dependent on the proteoform size
and larger proteoforms (>20 kDa) require higher NCE (e.g., NCE = 50%) for better
quantification and identification. SNCE schemes, however, significantly improved
the identification for proteoforms with molecular weight <20 kDa.?'?> Thus,
molecular weight-based fractionation methods such as Gel-Eluted Liquid Fraction
Entrapment Electrophoresis (GELFrEE)®31%4 Passively Eluting Proteins from
Polyacrylamide gels as Intact species for MS (PEPPI-MS)’%"?, and size exclusion
chromatography (SEC)?4°221" may be considered for prefractionation so that single
NCEs or more targeted SNCESs may be used for improved proteoform identification
in a narrow M.W. range for a better balance between quantification sensitivity and
identification confidence. As mentioned previously, the TMT labeling protocol was
optimized for quantification of low molecular weight proteoforms**?, thus sample
preparation to observe larger proteins such as IgG (~150 kDa) need to be optimized
in the future using MS compatible detergent (e.g., Azo)"321% |n this case, the
optimization of NCE used for TMT-labeled larger intact proteoforms may also need
to be optimized. In addition, some multidimensional separation approaches (e.g.,
high-pH/low-pH RPLC)®7576209 can also be implemented to reduce sample
complexity for improved identification while maintaining high quantification
sensitivity and accuracy. Furthermore, the optimal collision energy may vary

depending on the instruments and samples, therefore, the optimization of
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fragmentation energy may be is necessary before the MS analysis. Other instrument
parameters such as maximum injection time and auto gain control (AGC) can also
be optimized. Some other combined fragmentation approaches may also be
considered, such as EThcD (combined electron-transfer dissociation, ETD and

HCD) for a balance between identification and quantification.”
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Chapter 4 Deep Quantification Of Intact Proteoforms Using
Tandem Mass Tag Labeling And Online 2D High-pH/Low-pH-
RPLC Top-Down Proteomics

4.1 ABSTRACT

Top-down proteomics has become a promising approach to characterize
intact proteoforms at the proteoform level. Isobaric chemical tag labels (e.g.,
iITRAQ, TMT, and DiLeu) have been most frequently utilized as a standard
quantification approach in bottom-up proteomics. We recently demonstrated the
feasibility of intact protein-level TMT labeling for the identification and
quantification of small intact proteoforms (< 35 kDa) in complex biological
samples through the removal of large proteins prior to labeling with top-down
proteomics; more than 90% labeling efficiency was achieved with optimized
protein-level TMT labeling conditions in complex cell lysate sample. Furthermore,
a stepped higher energy collisional dissociation (HCD) fragmentation scheme was
optimized for a balance between accurate quantification and confident
identification. The success of top-down TMT labeling allows identification and
quantification of intact proteoforms with high multiplexing capacity, eliminates
variability from downstream sample preparation (e.g., peptide digestion), and
enables protein-based multidimensional separation. To further improve the
throughput and sensitivity, we integrated an online 2D high-pH/low-pH-RPLC
system and TMT labeling for deep intact proteoform quantification in complex
Hela cell lysate. In total, ~5600 unique proteoforms were detected from 20 ug

TMT-labeled HeLa proteins. This research holds the potential for deep proteome
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characterization and quantification with low microgram sample amounts and top-

down TMT labeling approach.
4.2 INTRODUCTION

Top-down proteomics has become a promising approach to analyze intact
proteoforms resulting from genetic variations, alternatively RNA splicing and post-
translational modifications (PTMs).>'® Three quantitative methods have been
successfully applied in quantitative top-down proteomics, including label-free
quantitation, metabolic label-based quantitation, and isobaric chemical tag-based
quantitation.™ Label-free quantitation is mostly applied up to date due to its ease of
operation as it doesn't require any labeling steps. However, it suffers from limited
multiplexing capacity, sensitivity to run-to-run instrument variation, as well as
difficulty in combination with multidimensional separation. In metabolic labeling-
based quantitation techniques, cells are cultured in the media with and without
isotopically labeled compounds, and samples are relatively quantified based on the
ratio of labeled and unlabeled proteins. Metabolic label-based quantitation directly
probes the proteome in vivo and may also be able to be applied in animal models
for proteomics analysis; however, the complexity of MS1 spectra is significantly
increased due to the introduction of light/heavy isotope-labeled proteins, which

further complicated the data analysis process.

Isobaric chemical labeling such as relative and absolute quantitation
(iTRAQ)™, tandem mass tags (TMT)™%1 and N, N-dimethylleucine (DilLeu)

isobaric tags'®2-1%* allow quantification on the MS2 level while not complicating
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the MS1-level spectra. Such isobaric tags may be used to quantify up to 18 samples
with TMTpro 18-plex and 21 samples with 21-plex DiLeu'®®, which has been
considered as a “gold standard” quantitation approach in bottom-up proteomics.
Later, isobaric chemical tag-based quantification study was applied to pure protein
or simple protein mixtures'®®-1 but its application in complex samples (e.g., cell
lysate) is still challenging mainly due to protein precipitation introduced from
organic solvent used during TMT labeling. Another issue is the formation of side
products (i.e., incomplete labeling or labeling of unintended residues) during TMT
labeling.**® To overcome these challenges, our group recently developed protein-
level TMT labeling and quantification of intact proteoforms under 35 kDa in E. coli
cell lysate by using a “filter-SEC” technique that combines a molecular weight
cutoff filtration with size exclusion chromatography (SEC) to remove large
proteoforms that tend to “crash” out of solution during TMT labeling condition. %
Winkels et al. also further adapted top-down thiol-directed isobaric labeling (i.e.,
cysteine labeling) to quantify and identify proteoforms in E. coli cell lysate.*” Later,
we optimized the protein-level TMT labeling conditions and achieved >90%
labeling efficiency in E. coli cell lysate and 86.47% labeling efficiency in HeLa cell
lysate. With optimized protein-level TMT conditions, side products can be limited,
further decreasing the sample complexity and increasing signal-to-noise ratio. 3?28
In addition, MS2 fragmentation was also optimized for TMT-labeled intact proteins
in complex biological samples and a stepped higher energy collisional dissociation
(HCD) fragmentation was suggested for a balance between accurate quantification

and confident identification.!33
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Successful application of protein-level TMT labeling in complex samples
allows identification and quantification of intact proteoforms with high
multiplexing capacity, eliminates variability from downstream sample preparation
(e.g., peptide digestion), and enables protein-based fractionation, such as
multidimensional separation.*3®1® However, due to the high complexity and wide
dynamic range of complex samples (e.g., cell lysate), one dimensional (1D)
separation by using LC or capillary electrophoresis (CE) may not provide sufficient
identifications. Therefore, many multidimensional (MD) separation platforms by
coupling different separation methods, such as reversed-phase chromatography
(RPLC), ion exchange chromatography (IEX), hydrophilic interaction
chromatography (HILIC), hydrophobic interaction chromatography (HIC), size
exclusion chromatography (SEC), have been applied to improve the separation
resolution and identification based on separation orthogonality.?%7>76:219-221 Rp|_C
has become one of the most popular chromatographic separation approaches in
high-throughput top-down proteomics due to the high separation resolution and
MS-compatible mobile phases used.” Offline MD separation is commonly utilized
because of the simple operation and flexibility of generally being able to couple
any separation techniques. However, offline 2D separation generally requires
additional sample handling steps, which introduces more sample variation and
degradation products as well as reduces the throughput and sample recovery.
Moreover, starting protein material for offline 2D separation is relatively high,
ranging from hundreds of micrograms to milligrams.%7>768 However, such high

starting material is not practical for TMT-labeled samples due to sample limitation.
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Therefore, the online MDLC system was commonly used to overcome these
challenges. In online MDLC systems, only few micrograms of proteins are needed
for the deep proteome profiling.'®1°27:%2 Qur lab has recently developed a 2D high-
pH/low-pH RPLC-MS/MS system that integrated an automatic microtrap column-
based platform by coupling high-pH RPLC and low-pH RPLC separation, enabling
the characterization of >1000 intact proteoforms from only 5 pg E. coli cell lysate
in 10 online-collected fractions.®

Here we demonstrated the deep quantitative analysis of human cell lysate
using top-down TMT labeling®° and the automatic online 2D high-pH/low-pH
RPLC separation'®. Microgram-level TMT-labeled protein samples were subjected
to the online 2D system for high-pH separation, followed by online microtrap
column dilution, low-pH RPLC separation by an ultrahigh-pressure long capillary
column, and detection by a mass spectrometer. Overall, we successfully quantified
~5600 proteoforms from 20 ug TMT-labeled intact proteins, demonstrating the
deep proteome profiling and quantitation with low microgram sample amounts and

top-down TMT labeling approach.

4.3. EXPERIMENTAL
4.3.1 Chemicals and materials.

LC/MS grade acetonitrile (ACN), isopropanol (IPA), water, analytical
reagent (AR) grade ammonium formate (AF) and acetic acid (Hac) were purchased
from Sigma-Aldrich (St. Louis, MO, USA) unless noted otherwise. Trifluoroacetic

acid (TFA), Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), 1M
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Triethylammonium bicarbonate (TEAB), Pierce™ BCA Protein Assay Kit,
molecular weight cutoff spin filters (10K and 100K MWCQ), TMT 10-plex
Isobaric Label Reagent set (90061) was obtained from Thermo Fisher Scientific

(Waltham, MA, USA).
4.3.2 TMT-labeled HelLa proteins reparation.

HelLa cells were grown in Dulbecco’s modified Eagle medium (DMEM),
with 10% fetal bovine serum (FBS) and 2% penicillin-streptomycin under 5% CO-
at 37 °C until 80-90% density was achieved. HeLa cells were then collected and
lysed via a sonication-based approach, as previously described.”® 100 kDa
molecular weight cutoff (MWCO) filters were used to remove larger molecular
weight proteoforms through centrifugation at 12,000 x g and 4 °C for 20 minutes.
Then 3 kDa MWCO filters were used to concentrate the sample down to > 1 pg/uLL
in 100 mM TEAB buffer (pH 8.5). The filtered protein sample was aliquoted into
6 tubes and labeled with 6 different TMT reagents (126, 127N, 127C, 128C, 129N,
129C) individually at the optimal condition as discussed previously.**?2!8 The
labeled sample was centrifuged at 12,000 x g and 4 °C for 30 minutes before LC-
MS/MS analysis to remove any precipitation. Then six TMT-labeled HelLa cell
lysate samples were mixed with a mass ratio of 4:4:2:2:1:1 for online 2D RPLC-

MS/MS analysis.
4.3.4 Online 2D high-pH/low-pH RPLC-MS system setup.

The online 2D-RPLC system was built as previously described.’® TMT-

labeled proteins were separated by first dimensional (1D) home-packed high-pH
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C4 column (10 cm, 150 pum ID. x 360 um O.D., Waters BEH C4 3.5 pym
particles, 300 A pore size), and further eluted onto a trapping column (150 um i.d.,
5 cm length, Jupiter particles, 5 um diameter, 300 A pore size), then followed by
the separation of a second dimensional (2D) low-pH C4 RPLC capillary column
(CoAnn Technologies, 100 um i.d., 60 cm length, 3.4 um diameter, 300 A pore
size). 20 mM ammonium formate in water (pH = 10) and 20 mM ammonium
formate in acetonitrile (pH = 10) were prepared as mobile phase A and mobile
phase B, respectively, for 1D high-pH RPLC separation.'®?%° Mobile phase A
(0.01% TFA, 0.585% acetic acid, 2.5% isopropanol, and 5% acetonitrile in water)
and mobile phase B (0.01% TFA, 0.585% acetic acid, 45% isopropanol, and 45%
acetonitrile in water) were used for second dimensional low-pH RPCL separation.
Detailed 2D LC gradient schedule is shown in Table 4-1.

Table 4-1 The online high-pH/low-pH RPLC gradient schedule. The (*) marked

B% can be changed for different online fractions. The gradient time used in the
paper was 100 minutes.

1D high-pH RPLC 2D low-pH RPLC

Time Flowrate Flowrate

BY% (uL/min) BY% (uL/min)
0 0 5 0 25
5 30* 5 0 25
55 30* 5 0 25
56 0 5 0 25
60 0 5 10 25
160 0 5 70 95
161 0 5 90 95
171 0 5 90 95
172 0 5 0 95
212 0 5 0 95
213 0 5 0 25
215 0 5 0 25
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4.3.5 Top-down MS analysis.

Proteins separated by 2D RPLC were further analyzed by an Orbitrap
Exploris 240 mass spectrometer with positive mode (Thermo Fisher Scientific,
Bremen, Germany) through a customized nano-ESI interface.'* MS parameters
were listed below: The temperature of the inlet capillary was set to 275 °C and the
spray voltage was 3.0 kV. Full MS was acquired from 550-1500 m/z with mass
resolution of 120,000 at m/z=200 with two microscans. The resolution of MS/MS
was 60,000 at m/z=200 with 100-1800 m/z and 4 microscans. The AGC target was
set to 1E6 for both MS and MS/MS. Maximum injection time was 500 ms for MS
and 200 ms for MS/MS. Top 6 most abundant precursor ion peaks (charge 4-50)
were selected for MS/MS fragmentation. The isolation window was set to 2 m/z
with 90 s as the dynamic exclusion. Higher-energy C-trap dissociation (HCD) with

a stepped normalized collision energy of 35/45/50% was applied for fragmentation.
4.3.6 Data analysis.

Deconvolution for all datasets were performed using Biopharma Finder
(Thermo Fisher Scientific). Datasets were searched against the annotated Human
protein database (UniProt 2020-07-11, 20368 species) using TopPIC Suite (Version
1.4.10) for identification.'®218 The TopPIC parameters were set as shown below:
decoy database searching was used, and the FDR cutoff was set as 0.01 for the
spectrum level and 0.05 for the proteoform level. The maximum number of mass
shifts was 2, and the mass shift range was £+ 500 Daltons. TMT labeling at the N-

terminal and lysine residues was set as the fixed PTMs; acetylation, carboxymethyl,
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phosphorylation, oxidation and methylation were set as the variable PTMs.3? All
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other parameters were set as default values. ProSight Lite**®> was used for manual

interpretation and spectrum presentation. An in-house Python package was utilized

for reporter ion peaks extraction.**?

4.4 RESULTS AND DISCUSSION
The performance of the online 2D system was evaluated using denatured

HelLa cell lysate samples. Briefly, after reduction and alkylation (before TMT
labeling), a 10 pg of HeLa cell lysate were injected into a BEH C4 capillary column
for 1% dimension high-pH RPLC separation (pH = 10), then separated by a C2
capillary column for 2" dimension low-pH separation (pH = 2), followed by the
MS analysis. Two 2-fraction runs (the first fraction is flow through with 0% mobile
phase B from 1D high-pH RPLC; the second fraction is the proteins eluted using
97% mobile phase B from 1D high-pH RPLC) were collected. As shown in Figure
4-1, the majority of proteins eluted out in the 97% fraction, suggesting efficient
binding and elution from the 1% dimension high-pH columns. In addition, the two
2-fraction runs showed similar elution profiles, suggesting the reproducibility of

the online 2D RPLC system.
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Figure 4-1 Two 2-fraction runs testing the reproducibility of online 2D system
by using 10 pg of reduced HelLa cell lysate.

Next, we applied the 2-fraction 2D separation (0% and 97%) for the analysis
of TMT-labeled Hela protein samples. 5 pg of the TMT-labeled HeLa proteins with
a mass ratio of 1:1:2:2:4:4 was loaded onto the online high-pH/low-pH RPLC-
MS/MS system. Similarly, most TMT-labeled proteoforms were detected in the
97% fraction, as shown in Figure 4-2A. However, we noticed significant pattern
differences between the labeled and unlabeled samples, suggesting that the first
dimension fraction collection steps should be further optimized compared to the
unlabeled intact protein samples. Firstly, a 2D separation with 4 fractions was
applied (Figure 4-2B), including 0%, 30%, 60%, and 97% fractions. Both 60% and
97% fractions contain more proteoforms compared to the 0% fraction and 30%
fraction, which can be further split to improve proteome coverage. A 7-fraction 2D
separation was then evaluated (0%, 30%, 45%, 60%, 70%, 80%, 97%) as shown in

Figure 4-2C. 251 unique proteoforms were identified in the 2-fraction runs, 328
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unique proteoforms were identified in the 4-fraction runs, and 412 unique
proteoforms were identified in the 7-fraction runs, suggesting a significant increase

in proteoform detection and quantification with increased 1% dimensional fraction

numbers.
A) (®) © () [ 10iractions runs |

2F_0%

4F 0% 7F_0% F1_0% F6_60%
~

st F7_65%

4F_30% 7F_30%  7F_70%
F8_70%

4F_60% 7F_45%  7F_80%
F4_50% F9_80%

4F_97% M i\k\‘ 7F_60%  TF_97%
60 éﬂ 100 120
Time (o)

Figure 4-2 Total ion chromograms (TICs) for optimizing elution steps of 1D
high-pH RPLC separation. (A) 2-fraction runs; (B) 4-fraction runs; (C) 7-fraction
runs; and (D) 10-fraction runs. A 60-min 2" dimension RPLC gradient was applied
with the injection of 5 pug of TMT-labeled HeLa proteins for 2-fraction, 4-fraction,
and 7-fraction runs. A100-min 2" dimension RPLC gradient was applied with the
injection of 20 pg of TMT-labeled HeLa proteins for the 10-fraction runs.
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Based on the optimization results, we applied a 10-fraction scheme (Figure
4-2D) for the online analysis of 20 pg of the TMT-labeled HelLa proteins with a
mass ratio of 1:1:2:2:4:4. To further improve the proteoform identification and
quantification number, we also extended the 2" dimension separation time from 60
minutes to 100 minutes. In total, 5628 unique proteoforms were detected in a single
10-fraction 2D analysis. Among them, 1022 unique proteoforms from 231 unique

proteins were identified, similar to our previously reported 2D analysis of unlabeled
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samples (Figure 4-4A). Total ion chromatograms (TICs) of the 10 online collected

fractions suggested different elution profiles in different fractions, Figure 4-2D.
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Figure 4-3 Orthogonality evaluation of the online collected 10 fractions for
TMT-labeled HeLa proteins. (A) Heatmap demonstrating proteoform elution
patterns for different fractions. Each column bin in the heatmap represents the
relative number of uniquely identified proteoforms in the elution window in the low
pH RPLC separation. Relative proteoform count was normalized to the maximum
proteoform count in all bins. (B) Percentage of mass features or proteoforms were
detected or identified in different fractions. 1 fraction means the mass
feature/proteoforms were only eluted in 1 fraction among all 10 online-collected
fractions. >1 fraction means the mass feature/proteoforms were eluted in multiple
fractions among all 10 online-collected fractions.

In addition, to evaluate the separation orthogonality between high-pH and
low-pH RPLC separation, the relative number of uniquely detected proteoforms in
each elution window from low-pH RPLC were plotted against the high-pH RPLC
fraction number in a heatmap as shown in Figure 4-3A. The results demonstrated
that TMT-labeled intact human proteoforms were separated orthogonally by using
the online 2D system, which is compatible with the results from our previously
reported online 2D system for E. coli cell lysate.'® Also, 83% of the uniquely

detected mass features were eluted in 1 fraction and 17% of them were eluted in
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multiple fractions; In comparison, 94% of the uniquely identified proteoforms were
eluted in 1 fraction and 6% of them were eluted in multiple fractions, which further
confirmed the orthogonality between high-pH RPLC and low-pH RPLC for TMT-

labeled intact proteoforms (Figure 4-3B).

The quantification accuracy of TMT-based intact proteoform in complex
samples was also evaluated. Reporter ion peak intensities for all scans among all
10 online fractions were extracted using the in-house Python package.!*® Only
scans with all six reporter ions present were considered. The intensity of reporter
ions was distributed from ~ 1.2E2 to ~ 2.5E7, suggesting a good dynamic range of
relative quantification for intact proteoforms in complex samples with top-down
proteomics. The reporter ratio was normalized against the intensity from 127N
reporter channel (i.e., 129C/127N, 129N/127N, 128C/127N, 127C/127N,
126/127N) as shown in Error! Reference source not found. that demonstrated the m
easured reporter ion ratios on all the scans extracted from raw file (All scans) as
well as the scans that matched to proteoform spectrum matches (PrSMs). All
measured reporter ion ratios have the maximum close to the expected values,
suggesting relatively high quantification accuracy. The observed average reporter
ion ratios were 4.24+2.74, 3.79+2.11, 2.32+1.08, 2.32+1.73, and 1.31+1.14 for all
scans. For all identified PrSMs, the average reporter ion ratios were 4.34+2.48,
3.95+2.14, 2.42+1.42, 2.36+2.31, 1.22+1.41, which suggested similar

quantification results to all scans.
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Figure 4-4 Evaluation of online 2DLC-MS/MS system with 10 fractions. (A)
Detected and identified unique proteoforms from 20 pg TMT-labeled Hela
proteins with 10 online collected fractions. (B) Distribution of measured ratios for
quantification accuracy evaluation with all reporter ions extracted from raw file
(All scans) and the reporter ions after matching to PrSMs with the corresponding
quantifications scans (PrSMs). Dashed red lines represent the theoretical values.

Figure 4-5A showed the total ion chromatogram (TIC) of low-pH RPLC
separation for fraction 4 with the highlighted peak for Jupiter microtubule
associated homolog 1 (JPT1, Uniprot# Q9UKT76) as an example. Parent ion peak of
1050.37 m/z with charge state as 17 was chosen for the HCD fragmentation to
generate the MS2 spectra as shown in Figure 4-5B. The observed monoisotopic
mass for JPT1 proteoform was 17829.21 Da with mass measurement accuracy
(MMA) of 3.05 ppm to its theoretical monoisotopic mass. For this proteoform,
initial methionine was removed and the second amino acid, threonine (T2) was
modified by acetylation. All 8 lysine residues were labeled with TMT tags, and
unlocated phosphorylation was identified at serine residue at Sg7 or Sgs. The overall
sequence coverage was 23%, with a p-score of 3.5E-14 from ProSight Lite!. For
quantification, there are 4 PrSMs identified in total for this proteoform and the

average observed reporter ion ratios among all 4 PrSMs were 3.66+0.69, 3.15+0.73,
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1.94+0.34, 1.98+0.46, 1.02+0.32, which was close to the expected ratio as 4:4:2:2:1

(129C/127N, 129N/127N, 128C/127N, 127C/127N, 126/127N).
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Figure 4-5 Quantification evaluation with Jupiter microtubule associated
homolog 1 as the example. (A) Total ion chromatogram (TIC) of low-pH RPLC
separation for fraction 4 (50%) and the MS1 spectra for (JPT1, Uniprot# Q9UKT76).
(B) Representative MS/MS spectra and sequence of JUP1 proteoform identified in
fraction 4 with its corresponding reporter ions for quantification. Theoretical
reporter ion ratios should be 1:1:2:2:4:4.

4.5 CONCLUSION

In summary, we have demonstrated the deep quantitative proteome
profiling of human cell lysate by coupling an automated online high-pH/low-pH
RPLC-MS/MS platform and intact protein-level TMT labeling that is highly
promising for the deep quantitative analysis of intact proteoforms in complex
biological samples using top-down proteomics. ~5600 proteoforms were detected
and quantified from only 20 pug TMT-labeled intact proteoforms. The observed
TMT reporter ion ratios also strongly resemble the theoretical ones, which
demonstrated good and accurate quantification. With significantly improved

proteome coverage and accurate quantification, this platform coupling protein-level
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TMT labeling and the automated online high-pH/low-pH RPLC-MS/MS holds
great potential for deep proteome profiling and quantitative analysis in real

biological samples.
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Chapter 5 Overall summary and future perspectives
5.1 OVERALL SUMMARY

Overall, the work presented here demonstrated a series of optimizations for
analytical methods including tandem mass tag (TMT) labeling and
multidimensional separation for deep quantitative analysis of intact proteoforms
using top-down proteomics, which holds great potential for the identification and
quantitation of intact proteoforms, understating of proteoforms functions,
characterization of the effects of intact proteoforms in disease state and progression,
and help with biomarker discovery.

Isobaric tag labeling-based quantitation has been commonly utilized in
bottom-up proteomics for quantitative analysis in complex biological sample
digest.’> Although a few publications have demonstrated the application of
isobaric tag labeling in pure intact proteins or simple protein mixtures168-171, it
has been limited to the application of complex biological sample for high
throughput quantitative analysis using top-down proteomics. One of the major
challenges is the protein precipitation during the labeling reaction because of the
use of organic solvent, which largely affected the quantification of intact
proteoforms in complex biological sample. To tackle such challenge, we previously
demonstrated the quantification of smaller proteoforms (<35 kDa) in complex
biological using intact protein-level TMT labeling and top-down proteomics by
removing large proteoforms with molecular weight cutoff (MWCO) spin filters

and size exclusion chromatography.*® However, another challenge that limits the
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application of protein-level TMT labeling in complex biological samples is the
production of side products including both underlabeled and overlabeled products,
which significantly increases sample complexity and decrease the signal-to-noise
ratio.

To limit the side products generated during protein-level TMT labeling
process and maximize the completely labeled products, we have performed a
systematic optimization of intact protein-level TMT labeling conditions including
TMT-to-protein mass ratio, protein initial concentration, quenching buffer pH,
reaction buffer, reaction time (Chapter 2). We concluded that a complex protein
solution with initial concentration >1.0 pg/uL labeled with TMT as 4:1 or higher
TMT-to-protein mass ratio, then quenched by hydroxylamine to a final
concentration as > 0.3% (final pH > 9.1) resulted in optimal labeling efficiency and
minimized production of side products. A double labeling approach was also
innovated to overcome the low concentration of limited samples such as clinical
samples. Moreover, a benchmarking protocol for intact protein-level TMT labeling
in complex biological sample was also summarized in Appendix A — A
Benchmarking Protocol for Intact Protein-Level Tandem Mass Tag (TMT)
Labeling for Quantitative Top-Down Proteomics.

Moreover, protein quantification using isobaric chemical tag-based labeling
relies on the efficient and accurate measurement of low-mass reporter ions
generated in MS2 fragmentation; therefore, higher-energy collisional dissociation
(HCD) fragmentation energy for TMT-labeled intact proteoforms in complex

biological sample was further optimized to better generate reporter ions and protein

134



fragment ions simultaneously (Chapter 3). Both quantification accuracy and
identification confidence were evaluated among different HCD energies. Our
results indicated that higher normalized collision energies (NCESs) such as NCE =
50% and 80% resulted in higher reporter ion intensities for accurate quantitation.
However, only a few fragments were generated at high NCEs for identification. We
further demonstrated that a stepped normalized collision (SNCE) with energies
from 30% to 50% resulted in optimal identification and quantification of TMT-
labeled intact proteoforms.

Another challenge that occurs in high throughput top-down proteomics is
the high sample complexity and wide dynamic range. To improve the proteome
coverage, coupling 2 or more orthogonal separation approaches has been applied
to further separate the coeluted species.®% Here, intact protein-level TMT labeling
and online high-pH/low-pH RPLC-MS/MS platform was coupled to perform the
deep quantitative analysis for complex proteome using top-down proteomics
(Chapter 4). The automated, online, 2D nano-high-pH/low-pH RPLC platform
enables the characterization of intact proteoforms with small quantity sample
consumption and our results indicated that the platform successfully characterized
and quantified over 5600 intact mass features from only 20 pg TMT-labeled intact
proteoforms using top-down proteomics. Overall, the online 2D-TMT platform
holds great potential for deep proteome quantitative analysis of mass-limited
samples, which allows for the characterization and quantification of thousands of

intact proteoforms from microgram-level complex biological samples.
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In summary, the optimization of intact protein-level TMT labeling reactions
simplifies the sample complexity by decreasing the production of side products
which lays the foundation for the quantitative analysis of intact proteomics in
complex biological sample using isobaric tag labeling in top-down proteomics. The
optimization of MS2 fragmentation energies for TMT-labeled intact proteoforms
in complex biological samples further allows for a balance between accurate
quantification and confident identification. Moreover, the successful coupling
between online 2D RPLC platform with intact protein-level TMT labeling allows
for deep proteome quantitative analysis using top-down proteomics, which paves
the way for future applications of quantitative analysis in real biological samples

such as cancer cells or human serum proteins.
5.2 FUTURE PERSPECTIVES

Characterization of intact proteoforms has become increasingly important
since many proteoforms with different PTMs have been identified and linked to the
progression of human diseases.® Therefore, simultaneous identification and
quantification of intact proteoforms in complex biological samples using
quantitative top-down proteomics (TDP) are essential to characterize proteoform
functions and understand the effect of PTMs on disease state and progression.

Label-free quantitation approach is the most popular strategy used in
guantitative TDP, and it has been applied to many complex biological samples for
guantitative analysis and potential biomarker discovery. However, label-free
quantitation naturally suffers from run-to-run variability that decreases the label-

free quantitation accuracy and low multiplexing that needs a lot of instrument time.
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The quantitation accuracy can be further decreased because of the increasing
number of LC-MS runs. Moreover, label-free quantitation is not suitable for
quantitative analysis in multidimensional separation techniques because the
proteoforms may be eluted in multiple fractions. Therefore, the isobaric chemical
tag labeling-based quantitative approach in TDP has been developed and further
extended to the applications of complex biological samples. This dissertation has
demonstrated a series of systematic optimizations of protein-level labeling in TDP
to limit the formation of side products, increase quantitation accuracy, decrease the
separation difficulty, and improve proteome coverage. With the optimized intact
protein-level TMT labeling, we believe that quantitative TDP holds great potential
for deep proteome profiling to address biological questions in real complex
biological samples. Additionally, the multiplexing ability of intact protein-level
TMT labeling holds the potential for the top-down proteomics investigation of
cellular heterogeneity in mass-limited samples or at the single-cell level.>* The
intact protein-level TMT labeling for top-down proteomics may also be applied to
study protein functions and protein interactions with functional top-down
proteomics such as stability proteomics.>???

Further improvements are still required in quantitative TDP using isobaric
chemical tag labeling. Advancing instrumentation on high-resolution MS
instruments and separation techniques will benefit the TMT-based guantitative top-
down proteomics analysis of real biological samples. Developing new isobaric
chemical tags that are more soluble in aqueous solution will solve the protein

precipitation, simplify the sample handling process, and decrease the potential bias
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from sample preparation. Moreover, current data analysis still relies on manual data
interpretation; therefore, advanced bioinformatic tools that can provide robust and

accurate data interpretation are urgently needed.
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Appendices

Appendix A — A Benchmarking Protocol for Intact Protein-Level Tandem
Mass Tag (TMT) Labeling for Quantitative Top-Down Proteomics

ABSTRACT
Isobaric chemical tag labeling for quantification of intact proteins in complex

samples is limited due to the tendency of intact proteins precipitate under labeling
conditions and increased sample complexity as a result of side products (i.e.,
incomplete labeling or labeling of unintended residues). To reduce precipitation
under labeling conditions, we developed a technique to remove large proteoforms
that allowed for the labeling and characterization of small proteoforms (< 35 kDa)
using top-down proteomics. We also systematically optimized protein-level tandem
mass tag (TMT) labeling conditions to obtain optimal labeling parameters for
complex samples. Here, we present a benchmarking protocol for protein-level TMT
labeling for quantitative top-down proteomics, including complex intact protein
sample preparation, protein-level TMT labeling, top-down LC/MS analysis, and
TMT reporter ion quantification.

* An optimized protocol for protein-level TMT labeling in complex sample

* Limits production of incorrectly labeled side products for minimization of

spectral complexity.

* A guideline for isobaric chemical tag quantification in top-down proteomics

METHOD DETAILS

HelLa cell culture and cell lysate preparation

Supplies
1. Nunc™ EasYDish™ Dishes (Thermo Fisher, 150466)

2. Sterile pipettes
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3. 50 mL falcon tubes (Corning, 430828)
4. Eppendorf Centrifuge 5804 R with rotors S-4-72 and FA-45-45-11

Chemicals
1. HeLa cell stock (stored at -80°C)

2. Eagle's minimal essential medium- high glucose (DEME) (Sigma-Aldrich:
D6429)

3. Penicillin-streptomycin (Sigma-Aldrich: P4333)
4. Fetal bovine serum (FBS) (Fisher Scientific, SH3008704HI)

5. TrypLE™ Express Enzyme (1X), phenol red (Thermo Fisher Scientific,
12605-010)

6. Dulbecco's Phosphate buffered saline, 10X (Sigma-Aldrich, D1408)
7. 75% ethanol

8. Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA, 23225)

Procedures
HeLa cells were grown and lysed as described previously.”® HeLa cells must be

cultured in a biosafety cabinet under sterile conditions. Proper PPE should be

worn.

Step 1: HeLa cell recovery
1. Mix DMEM with pen-strep and FBS to final concentration of 10% FBS and

2% penicillin-streptomycin. Then warm the DMEM mix in a water bath at
37 °C for around 1 hour. Thaw the frozen HeLa cells in a 37 °C water bath

quickly.

2. Add 8 mL of the DMEM mixture into the cell culture plate, transfer the

HeLa cells into the plate. Shake the plate gently on the bench.

3. Incubate the cells at 37 °C with 5% CO». Change the media every two days

until the cell density is around 80-90% confluent under the microscope.
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Step 2: HeL a cell passage
1. Mix DMEM with pen-strep and FBS to final concentration of 10% FBS and

2% penicillin-streptomycin. Then warm the DMEM mix, 1X PBS buffer,

and TryplE at 37 °C for around 1 hour.

2. Remove the old media from the plates. Add 5 mL 1X PBS buffer to the
plate from the edge and shake gently on the bench, then remove the PBS

using pipette.

3. Add 2.5 mL of TryplE and incubate at 37 °C for around 10 minutes to

dissociate the cells from the plate floor.

4. After 10-min TryplE incubation, quench the reaction by adding 7.5 mL

DMEM mix by moving the plate gently on the bench.

5. To passage 1 plate to 3 plates, prepare the new plates by adding 6.7 mL
DMEM to each plate. Write down the cell line name, the passage number,

operator name, and date on the plates for record.

6. Add 3.3 mL of parent cells to each new plate. Mix gently on the bench, then

incubate at 37 °C and 5% CO- for 2 days.

7. Change the medium every two days by following steps 2-1 and 2-2, then

add 10 mL warm DMEM mix to the plate.

Step 3: HeL a cell harvest
1. Remove old media from the plates with a pipette from the edge of the plate.

Add 5 mL 1X PBS buffer (ice cold, pH =7.4) to the plate from the edge and
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shake gently on the bench. Remove the PBS using pipette. Repeat this step

2 additional times.

2. Add 2 mL 1X PBS buffer (ice cold, pH = 7.4) to each plate and scratch the

cells off the plates into 50 mL falcon tubes.

3. Pellet and collect the cells through centrifugation at 4,200 rpm and 4 °C for

20 minutes.

4. Add 20 mL 1X PBS buffer (ice cold, pH = 7.4) to wash the cells again.

Repeat this step 2 additional times.

5. Centrifuge the cells down at 2,000 rpm and room temperature for 5 minutes.
Remove the supernatant and store the cells at -80 °C for future recovery or

lysis.

Step 4: HeL.a cell lysis
1. Resuspend HeLa cells into the lysis buffer (1 uM PMSF and 20 mM NaF

in PBS, pH=7.4).

2. Homogenize cells in a sonicator for 5 minutes and allow them to rest for 5

minutes, repeat this step two additional times.

3. Centrifuge the cell lysate at 15, 000 xg, 4 °C for 30 minutes.

4. Evaluate protein concentration and patter using Pierce™ BCA Protein
Assay Kit and SDS-PAGE. Aliguot HeLa protein samples and store at -80

°C for future use.
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Protein-level TMT labeling
1. Materials

1.1. Sartorius Vivaspin™ 20 Centrifugal Concentrator (100 kDa MWCO
spin filter, Fisher Scientific, 14558509)

1.2. Sartorius Vivaspin™ Turbo 15 PES Centrifugal Concentrator (10 kDa
MWCO spin filter, Fisher Scientific, 14558651)

1.3. Eppendorf Centrifuge 5804 R with S-4-72 rotor

2. Chemicals
2.1. Triethylammonium bicarbonate (TEAB) buffer (pH = 8.5, Sigma-
Aldrich, T7408)

2.2. TMTsixplex isobaric label reagent (Thermo Fisher Scientific, 90061)

2.3. Urea (Sigma-Aldrich, 208884)

2.4. lodoacetamide (IAA) (Sigma-Aldrich, 11149)

2.5. 0.5M Tris(2-carboxyethyl) phosphine (TCEP) (Thermo Fisher

Scientific, 77720)

2.6. 50% hydroxylamine solution (Sigma-Aldrich, 467804)

2.7. Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 23225)

3. Procedures
3.1. Sample preparation prior to TMT labeling
3.1.1. Rinse spin filters using labeling buffer (100 mM TEAB,
pH=8.5).
3.1.2. Remove large proteins (> 100 kDa) in HeLa cell lysate using
100 kDa MWCO filtration through centrifugation at 4200 RPM

(3234 xg) and 4 °C for 20 minutes. Remove the filtrate and add ~
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5 mL of the labeling buffer to wash the proteins and centrifuge at
3234 xg and 4 °C for 20 minutes. Remove the filtrate again and
combine with previous filtrate. Repeat rinsing 3-5 times.

3.1.3. Combine all the filtrate from Step 3.1.2 and concentrate
using a 10 kDa MWCO spin filter through centrifugation at 3234
xg RPM and 4 °C until the protein concentration is ~ 2 pg/uL.
Measure protein concentration using BCA assay.

3.1.4. Mix the concentrated protein sample (800 pg) with 6 M urea
at equal volume for protein denaturation. Final concentration of
urea is ~3 M and protein concentration is ~1 pg/pL.

3.1.4.1. Note: Protein mass (800 pg) may be adjusted based
on experimental design, but concentration should remain
consistent for all samples.

3.1.4.2. Note: Urea should be prepared fresh.

3.15. Add 160 pL of 0.5 M TCEDP to the denatured protein solution
(800 pg) to reduce disulfide bonds. Incubate for 15 minutes at
room temperature and then add 215 pL (375 mM) TAA at room
temperature. Incubate this solution in the dark for 30 minutes.

3.15.1. Note: IAA is light sensitive and should be prepared
in labeling buffer and wrapped with aluminum foil to prevent

decomposition.
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3.1.6. Buffer exchanges the alkylated protein solution to 100 mM
TEAB buffer (pH=8.5) and concentrates to > 1 ug/uL using a 10
kDa MWCO spin filter.

3.1.6.1. Note: A small portion (~10 pg) of proteins after each
step (urea denaturation, TCEP reduction, IAA alkylation,
MWCO buffer exchange) may be removed and analyzed
using SDS-PAGE to observe sample consistency (Figure

S1B: Sample 1-4).

A 2 . B
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Supplementary Figure 1. Protein-level TMT labeling sample preparation. (A)
Overall complex protein sample preparation workflow. (B) SDS-PAGE analysis of
protein samples taken from each step (L: standard protein ladder); TMTO: urea
denaturation; TMT1: TCEP reduction; TMT2: 1AA alkylation; TMT3: MWCO
buffer exchange; TMT4: TMT labeling. Figure was created in BioRender.com.

3.2. TMT labeling of intact complex protein mixture.
3.2.1. Centrifuge TMT reagent tubes for 1 minute with a benchtop
centrifuge, add 41 pL of ACN to each tube, and vortex the tubes
briefly to dissolve TMT. Then centrifuge the tubes briefly using a

benchtop centrifuge to bring solution down to the bottom of the

tube.
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3.2.2. Mix 50 pg of protein sample produced in Step 3.1.6
(concentration > 1 pg/ul) with 200 pg TMT reagent in 10 puL
ACN. Incubate the sample at room temperature for 1 hour, then
quench the reaction by addition of 5% hydroxylamine to a final
concentration of > 0.3% (final pH > 9.1) for 15 minutes at room
temperature.

3.2.2.1. Note: Protein mass may be adjusted based on
experimental design; however, it is recommended that the
protein amount be no less than 20 pg for good labeling
efficiency.

3.2.2.2. Note: If the protein concentration is lower than 1
pg/uL, double labeling can be applied. After the first 1-hour
reaction, add the same amount of TMT reagent (200 pg in 10
pL) to the solution and incubate for 1 additional hour, then
quench the reaction using hydroxylamine to a final
concentration of > 0.3% (final pH > 9.1).

3.2.3. Analyze TMT-labeled samples by SDS-PAGE to make sure
there is no obvious sample loss after TMT labeling (Figure 1B:
Sample 4).

3.24. Centrifuge the TMT-labeled sample at 12,000 x g and 4 °C
for 30 minutes before LC-MS/MS analysis to remove any possible
precipitation.

4. Top-down RPLC-MS/MS analysis
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4.1. Supplies
4.1.1. Home-packed C5 trapping column (150 pmi.d., 5 cm length,
Jupiter particles, 5 pm diameter, 300 A pore size)’>?°
4.1.2. Home-packed C5 RPLC capillary column (75 umi.d., 70 cm
length, Jupiter particles, 5 um diameter, 300 A pore size)’>?1°
4.1.3. Modified Thermo Scientific (Waltham, MA, USA.) Accela
LC system!7%180
414, Thermo Orbitrap Exploris 240 mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany)
4.2. Chemicals
4.2.1. LC-MS grade acetonitrile (ACN) (Sigma-Aldrich, 34998)
4.2.2. LC-MS grade iso-propanol (IPA) (Sigma-Aldrich, 34863)
4.2.3. Pierce™ Trifluoroacetic Acid (TFA), LC-MS Grade
(Thermo Scientific, 85183)
4.2.4. Acetic acid, glacial, ACS reagent, >99.7% (Sigma-Aldrich,
695092)
4.2.5. LC-MS grade HPLC water (Sigma-Aldrich, 270733)
4.3. Procedures'30:132
4.3.1. Mobile phase A (MPA) is made up of 0.01% TFA, 0.585%
acetic acid, 2.5% isopropanol, and 5% acetonitrile in water. To
prepare 1 L of MPA, add 50 mL ACN, 25 mL IPA, and 920 mL
HPLC water to a 1000 mL media storage bottle. Then, add 5.85

mL acetic acid and 0.1 mL TFA to the solution using a glass
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pipette. Sonicate the buffer for 15 minutes before use and stored at
room temperature.??’
43.1.1. Note: MPA should be prepared in the hood. Gloves,
goggles, and lab coat should be worn while preparing buffer.
4.3.1.2. Note: Trifluoroacetic acid (TFA) may react with
oxygen containing plastics and should only be transferred
using glass pipettes. Additionally, TFA is a corrosive
chemical that can irritate the throat, nose, and lungs and may
also burn the skin and eyes. Therefore, proper PPE should be
worn while handling TFA.

4.3.2. Mobile phase B is made up of 0.01% TFA, 0.585% acetic
acid, 45% IPA, and 45% ACN in water. To prepare 1 L of MPB,
add 450 mL ACN, 450 mL IPA, and 95 mL HPLC water to a 1000
mL media storage bottle. Then, add 5.85 mL acetic acid and 0.1
mL TFA to the solution using a glass pipette. Sonicate the buffer
for 15 minutes before use and store at room temperature.

4.3.2.1. Note: MPB should be prepared in the hood. Gloves,
goggles, and lab coat should be worn while preparing buffer.
4.3.2.2. Note: Trifluoroacetic acid (TFA) may react with
oxygen containing plastics and should only be transferred
using glass pipettes. Additionally, TFA is a corrosive

chemical that can irritate the throat, nose, and lungs and may
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also burn the skin and eyes. Therefore, proper PPE should be
worn while handling TFA.

4.3.3. Dilute the TMT-labeled protein sample with HPLC water to
a final organic percentage below 10%. Then load 10 pg of the
diluted TMT-labeled protein sample onto a home-packed trapping
column with a flow rate of 5~8 puL/min for 20 minutes.

434, Proteins bound on trapping column are then eluted onto a C5
RPLC capillary column using a modified Thermo Scientific
(Waltham, MA, USA.) Accela LC system for seperation.’®18 A
200-min gradient from 10% to 70% of MPB is applied for protein
separation at a flow rate of 400 nL/min. The LC eluent is analyzed
by an Orbitrap Exploris 240 mass spectrometer in positive mode
(Thermo Fisher Scientific, Bremen, Germany) using a customized
nano-ESI interface.?'

4.3.5. Gradient time can be adjusted according to sample
requirements.

4.3.6. Parameters used for Orbitrap Exploris 240 mass
spectrometer have been previously reported.®® Briefly, the
temperature of the inlet capillary is set to 275 °C and the spray
voltage is 2.6 kV. The resolution of full MS scans (500-2000 m/z)
is set to 120,000 with three micro scans. The top 6 most abundant
precursor ions (charge 4-50) are selected for MS/MS

fragmentation. The resolution of MS/MS scans (100-1600 m/z) is
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set to 120,000 with two microscans, 2.0 m/z as the isolation
window, and 20 s as the dynamic exclusion. Higher-energy
collisional dissociation (HCD) with a normalized energy as 35%
is performed for MS/MS fragmentation. The maximum injection
time is set to 1000 ms for full mass scans and 500 ms for MS/MS
scans. The AGC target is set to 3E6 for full mass scans and 1E6
for MS/MS scans.
5. Data analysis
5.1. Software
5.1.1. MSconvert??*
5.1.2. TopPIC Suite'®? (includes TopFD and TopPIC)
5.1.3. Python 3.8
5.14. ProSight Lite??
5.2. Procedures

5.2.1. Identification: Convert all MS raw files to mzML format

using MSconvert.?**
5.2.1.1. Set the TopFD!® deconvolution with parameters as
follows: MS1 signal-to-noise ratio as 3, MS2 signal-to-noise
as 1, the precursor window size as 3.0 m/z, maximum mass
as 50,000 Dalton, maximum charge as 30, and m/z error as
0.02.
5.2.1.2. TopPIC'®? is utilized for identification against the

annotated Human protein database (UniProt 2021-05-14,
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5.2.2.

20380 species). Parameters for TopPIC identification are
decoy database searching with FDR = 0.01 for spectrum and
proteoform level. The maximum number of mass shifts is 2
and the mass shift range is = 500 Dalton. TMT at both N-
terminal and lysine residues were set as fixed modifications.
Acetylation, phosphorylation, oxidation, methylation and
carbamidomethyl were set at dynamic PTMs. Parameters not
given here are default.

TMT Quantitation: To evaluate the protein-level TMT

labeling quantification, separate the buffer-exchanged protein
sample Step 3.1.6 to three aliquots and label individually with four
tags from TMTsixplex (127, 128, 130, and 131) (, then mixed with
the mass ratio as 5:2:1:1 for LC-MS/MS analysis. Extract the
intensities of the reporter ions for each scan from converted mzML
files using the in-house python coding described previously.!*
Calculate and compare the intensity ratios (127/131, 128/131,
130/131) among samples with the theoretical ratios (5:2:1)
(Example in Figure S2). Here, the observed ratio is5.00 = 1.37,
1.97 £ 0.76, 1.05 + 0. 34, which is close to theoretical ratio as

5:2:1))'%, suggesting accurate quantification as expected.
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Reporter ion intensity ratio

Supplementary Figure 2. The bar graph shows the normalized intensity ratio of
TMT-labeled HelLa protein after optimization (127/131, 128/131 and 130/131). The
error bars were the calculated standard deviation, and the red dashed lines represent
the theoretical ratio as 5:2:1.

5.2.3. Data visualization: Protein identification can be confirmed

and visualized using ProSight Lite.”*® Load the protein mass list,
precursor monoisotopic mass, and sequence obtained for the
protein of interest from TopPIC into ProSight to visualize
fragmentation. Appropriate PTMs or TMT tags can be manually
placed on the amino acid residues to obtain the best fragmentation
patterns. As shown in Figure 3, cyclin-dependent kinases
regulatory subunit 1 (Uniprot ID: P61024) from TMT-labeled
HeLa cell lysate demonstrates there is an acetylation at the N-
terminal and a TMT tag on each lysine residues. Quantification
results can be obtained from the relative intensity of the reporter

ions.
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Cyclin-dependent kinases regulatory subunit 1
Observed mass: 11627.37Da
mass difference: -0.04 ppm, P-score: 9.1E-27
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Supplementary Figure 3. Fragmentation and post-translational modifications
observed on cyclin-dependent kinases regulatory subunit 1 (Uniprot ID: P61024)
created by ProSight Lite. Red highlight represents acetylation; yellow highlights

represent TMT tag labeling.
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*The materials in Appendix A are adapted from:

Yanting Guo, Dahang Yu, Kellye A. Cupp-Sutton, Xiaowen Liu, and Si Wu. "A
benchmarking protocol for intact protein-level Tandem Mass Tag (TMT) labeling
for quantitative top-down proteomics.” MethodsX 9 (2022): 101873.

Author contributions: Yanting Guo: Methodology, Data curation, Formal
analysis, validation, Writing - original draft. Dahang Yu: Methodology, validation.
Kellye A. Cupp-Sutton: Validation, Writing - review & editing. Xiaowen Liu:
Software, Validation. Si Wu: Conceptualization, Validation, Supervision, Funding
acquisition, Writing — review & editing.

Copyright information for Appendix A:

This introductory chapter was originally published with Elsevier publisher in
MethodsX on October 191, 2022. This article, copyright © 2022 Guo, Yu, , Cupp-
Sutton, Liu, and Wu is under the Copyright license (Appendix D — Copyright
licence for Appendix A) which states that the article contents can be shared (copied

or redistributed) and adapted.
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