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Abstract

Top-down mass spectrometry (MS) analyzes intact proteins at the proteoform level, which allows
researchers to better understand the functions of protein modifications. Recently, top-down
proteomics has increased in popularity due to advancements in high-resolution mass
spectrometers, increased efficiency in liquid chromatography (LC) separation, and advances in
data analysis software. Some unique protein proteoforms, which have been distinguished using
top-down MS, have even been shown to exhibit marked variation in biological function compared
to similar proteoforms. However, the qualitative identification of a particular proteoform may not
be enough to determine the biological relevance of that proteoform. Quantitative top-down MS
methods have been notably applied to the study of the differing biological functions of protein
proteoforms and have allowed researchers to explore proteomes at the proteoform, rather than the
peptide, level. Here, we review the top-down MS methods that have been used to quantitatively
identify intact proteins, discuss current applications of quantitative top-down MS analysis, and
present new areas where quantitative top-down MS analysis may be implemented.

Introduction

Modern MS-based proteomics methods fall generally into two categories: bottom-up
proteomics and top-down proteomics. Bottom-up proteomics differ from top-down
techniques in the requirement for protein digestion prior to LC-MS separation and analysis.
Typically, bottom-up proteomics methods use individual proteases or protease mixtures to
selectively cleave proteins at multiple amino acid sites to produce a mixture of small
peptides. Optimum peptide length for bottom-up MS is considered to be 6-50 amino acid
residues for effective computational analysis; trypsin digestion is often used as it produces
peptides with an average length of 14 amino acids.12 Digestion of proteins into small
peptide fragments offers multiple advantages including increased separation efficiency,
limited number of charges on each peptide, and increased sample homogeneity which are all
beneficial for MS detection. Indeed, for much of history mass spectrometry-based
proteomics has only been possible using bottom-up analysis methods due to the limitations
of MS instrumentation which was not capable of the isotopic peak resolution required to
calculate accurate protein masses. As such, many MS techniques to quantify peptides have
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been developed. However, bottom-up proteomics has a key limitation: when proteins are
digested into small peptides, information about the proteoform that has biological activity
can be lost such as location of post-translational modifications (PTMs), number of PTMs,
and endogenous proteolysis.

Top-down proteomics methods analyze intact proteins that have not been digested, which
allows for the detection of the biologically active forms of the proteins, including location
and identity of PTMs, and provides a more in-depth understanding of the action of specific
proteoforms in vivo. The advent of highly sensitive, high-resolution mass spectrometers and
an increase in efficiency of separation techniques has paved the way for high-throughput
top-down MS proteomics to be feasible.2 For example, Fourier transform (FT) MS
instruments such as the Fourier transform ion cyclotron resonance (FTICR) MS and orbitrap
MS were among the first to be used to achieve isotopic resolution of intact proteins® and are
still among the highest resolution MS instruments available. Furthermore, application of
multidimensional separation techniques such as the coupling of orthogonal separation
platforms including RPLC,>6 capillary electrophoresis (CE),”8 or size-based
separations®11 increase separation efficiency so that deep proteoform characterization can
be achieved for intact proteins. Multiple recent reviews have been written that focus on the
improvement of MS instrumentation and separation techniques to improve methods for
sample preparation, separation, ionization, data acquisition, and data processing.12-14
Additionally, the Consortium for Top-Down Proteomics published a set of best practices for
the analysis of intact proteins.1® These technological advances in high-throughput top-down
proteomics have allowed researchers to take the next step to perform quantitative analysis on
complex mixtures of proteins at the proteoform level.

The ability to identify and relatively quantify intact proteins at the proteoform level has
enabled the investigation into how differing proteoforms are involved in biological
pathways, determine the effect of disease states on the proteome, and potentially aid in the
discovery of disease biomarkers. There are generally three quantitative approaches that have
been successfully applied in quantitative top-down proteomics analysis: label-free
quantitation, metabolic labeling, and chemical labeling (Fig. 1). Label-free quantitation is a
relative quantitation method that directly compares proteoform intensity between LC-MS
runs. Metabolic labeling techniques supplement cell cultures with isotopically labeled
compounds so that they express isotopically labeled proteins. Samples from the labeled
media are mixed with samples grown using typical media and the ratio of labeled and
unlabeled protein is used for relative quantitation. Chemical labeling methods utilize
isotopically labeled chemical tags that react with specific amino acid residues on proteins.
The labeled samples are mixed, and the ratio of the labels is used to relatively quantify
proteoforms from different samples.

In this review, we will discuss the fundamentals of these quantitative top-down MS methods,
the details of the application of these methods, and literature examples of their use to study
intact proteins in biological research (Table 1).
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Label-free quantitation

Label-free quantitation, when used for MS analysis of intact proteins, relatively quantifies
proteoforms by direct comparison between individual LC-MS runs. As such, no isotopic
labels or mass tags are required for relative quantitation and sample handling is limited,
making label-free quantitation the easiest and most cost-efficient quantitative proteomics
method to implement in the laboratory. Furthermore, label-free quantitation can be applied
to any protein solution or complex sample and is not limited to those that can be cultured in
the laboratory.

In order to compare results between MS runs, the instrument response to a proteoform must
be reliably quantified, and quantification often occurs at the MS1 level (Fig. 1A). However
quantitation of instrument response to intact proteins can be challenging because ions with
different charge states and different m/z values co-exist for a single proteoform when
electrospray ionization (ESI) techniques are used.1® To aid in relative quantitation of
individual proteoforms, several approaches have been developed to quantify proteoforms
across the entire LC-MS peak at the MS1 level 1719 Label-free quantitation of proteoforms
generally occurs in three steps: determination and identification of mass features, calculation
of intensity, and statistical analysis. Mass features represent the putative proteoforms present
inan LC-MS run (i.e., at the MS1 level). Mass features can be determined using various
deconvolution algorithms including MS-Deconv+, ProMex, X-tract, ICR-2LS, etc. Mass
features are then compared to identified proteoform databases using mass tolerance and/or
normalized retention time for proteoform identification. Relative quantitation is done using
the intensities of detected and identified mass features; for example, ProMex and
Quantitation Mass Targets (QMTSs) combines the intensity data for each charge state of a
proteoform across the entire elution time span to generate a final cluster of intensities or a
single intensity value. IPQuant, however, utilizes the m/z calculated for each mass feature to
produce extracted ion chromatograms (EICs). The area under the curve is then calculated to
determine the intensity of a proteoform.19 Once intensity has been determined for each mass
feature, the intensities are often normalized according to the total ion chromatogram
intensity for each LC-MS run, and various statistical analysis methods such as #test and
ANOVA can be applied to determine the statistical significance.

After proteoforms have been quantified for individual spectra, the mass and elution time can
be used to match and compare proteoforms between LC-MS runs.1® However, in some label-
free experiments, the need for relative comparison of proteoforms across LC-MS runs is
unnecessary because the ratio of different proteoforms is directly compared in a single MS
run rather than comparison of the same proteoform in different LC-MS runs.29-22 This
comparison is often done at the MS1 level using the relative ratio of different post
translationally modified proteoforms.22 In addition, mixed integer linear optimization
(MILP), was developed by the Garcia group to identify and relatively quantify intact
proteoforms with a large number of PTMs within the same LC-MS run.23 MILP compares
ratios of fragment ions at the MS2 level for quantification of proteoform expression ratios.
This label-free quantitation method was used to study expression ratios of highly modified
histone proteins,20:21
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When top-down label-free quantitation is implemented well, proteoform intensities can be
compared across LC-MS runs and have been shown to have relatively high reproducibility
with a coefficient of variation range from 8-20% for a simple mixture of standard proteins.24
The disadvantage of label-free quantitation is that run-to-run instrument variation strongly
impacts the comparative analysis of the peaks. This means that the success of data analysis
using label-free quantitation depends directly on the efficiency and reproducibility of the
LC-MS data collection, which makes comparing a large number of runs challenging.
Additionally, sample variation due to inconsistent sample handling and human error further
decreases the reproducibility of this method. Label-free quantitation is also difficult to
combine with 2D separation as it is challenging to accurately determine the sum intensities
of proteins that span multiple fractions in the 1st dimension.13

labelling

Metabolic labeling approaches were some of the first to be successfully applied to
quantitative top-down MS-based proteomics studies. Metabolic labeling approaches are
characterized by the isotopic labeling of proteins in vitro for comparative quantification of
proteoforms expressed by cells cultured under different conditions.2> Metabolic labeling
methods are popular in quantitative proteomics due to their ability to directly probe the
protein state in vivo. There are three metabolic labeling techniques that have been applied to
top-down MS: stable isotope labeling by amino acids in cell culture (SILAC),26-28 neutron
encoding (NeuCode) SILAC,2930 and tunable intact protein mass increases (TIPMI).31

SILAC is a metabolic labeling method where cells are cultured in media containing
isotopically labeled amino acids to express ‘heavy’ (isotopically labeled) proteins. The
amino acids in the media are incorporated into the proteins of the cell over several
generations of cell cultures to produce proteins that are labeled to a high degree (495%).32
The labeled sample is combined with a sample that was grown in ordinary media to express
‘light” (unlabeled) proteins for comparative quantitative analysis (Fig. 1B). SILAC growth
media generally contains a labeled essential amino acid and may include carbon-13 or
nitrogen-15 labeled lysine, arginine, leucine, methionine, or proline.33 Nonessential
carbon-13 labeled tyrosine has also been introduced into SILAC growth media to study
tyrosine kinases using SILAC.34 The mass difference between the ‘light” and ‘heavy’
species is detected and proteoforms are quantified at the MS1 level by comparing the ratio of
the labeled and unlabeled proteins. One of the disadvantages of traditional SILAC is the lack
of multiplexing capabilities, as SILAC is generally only used to compare two experimental
conditions. However, SILAC experiments have been performed with 5 isotopically distinct
forms of arginine to study adipose tissue over several days of cell growth to display effective
SILAC multiplexing.3>

Neutron encoding (NeuCode) SILAC has more recently been introduced as a modified form
of SILAC that incorporates the theory behind isobaric chemical tagging methods to allow for
higher levels of SILAC multiplexing.38 In NeuCode SILAC, cells are cultured in media
containing different isotopologues of the same amino acid with the same calculated mass.
NeuCode SILAC utilizes the difference in mass defects of the various isotopologues of the
isotopically labeled amino acids to distinguish between ‘heavy’ and ‘light” proteoforms that
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have overall mass differences on the order of mDas.3¢ Comparative quantitation of the
‘heavy’ and ‘light” proteoforms occurs at the MS1 level (Fig. 1B); however, as the mass
differences of the isotopologues are very small, high resolution MS instrumentation is
required to resolve the mDa mass differences induced using NeuCode labeled media.
NeuCode SILAC addresses the lack of multiplexing capabilities of traditional SILAC and is
potentially capable of very high levels of multiplexing. In fact, the multiplexing capability of
NeuCode SILAC is more limited by the resolving power of modern MS instrumentation than
the availability of amino acid isotopologues.3” The utility of Neucode SILAC in quantitative
top-down MS has been demonstrated in the literature.2%:30 The practicality of top-down
Neucode SILAC has also been increased by the introduction of an open-source software
package, Proteoform Suite, to assist in quantification of intact Neucode SILAC labeled
proteins.38

Tunable intact protein mass increases (TIPMI) differs from SILAC techniques in that
carbon-13 labeled sugar or deuterated water is spiked into media or feedstock to isotopically
label proteins.3! As such, this method can be used to study animal models as well as cell and
tissue cultures. Quijada et al. found that spiking carbon-13 labeled glucose into a nutrient
rich media (2% wi/v) increased the abundance of carbon-13 from a natural abundance of
1.1% to 9.2% resulting in a protein mass increase of approximately 0.4% which is analyzed
via MS. Furthermore, the concentration of labeled glucose could be varied to produce
different levels of isotopic labeling to produce multiplexed samples. As with SILAC
methods, comparative quantitation occurs at the MS1 level. Currently, there are no publicly
available computational analysis programs for top-down TIPMI and manual data analysis for
complex samples is complicated and time consuming.

As the isotopically labeled species used to label the proteins must be tightly controlled to
mediate the level of incorporation, the primary drawback of metabolic labeling techniques is
that the samples must be cultured or grown in the laboratory. This means that samples which
cannot be grown in the lab, such as clinical samples, cannot be metabolically labeled.
Furthermore, incomplete metabolic labeling increases the complexity of MS spectra which
decreases signal to noise ratio and complicates data analysis.

Chemical labeling

Though chemical labeling techniques are some of the most frequently used quantitative
methods for bottom-up MS quantitation, only behind label-free quantitation, they are the
newest addition to the quantitative top-down analysis methods.3? Chemical labeling
techniques covalently modify peptides at specific amino acid residues, generally lysine
residues, and the n-terminal domain. The lack of application of chemical labeling techniques
to top-down MS analysis is due in part to the complication of data analysis caused by
incomplete/nonspecific labeling, amino acid conversion, and side reactions.*° These
challenges exist in bottom-up proteomics when chemical labeling methods are used, but are
only worsened by analysis of long peptides/intact proteins. Additionally, current chemical
labeling techniques are often not conducive to intact protein labeling because proteins
precipitate under the labeling conditions. Currently, pseudoisobaric dimethyl labeling
(pIDL) and tandem mass tag (TMT) labeling have been successfully applied to quantitative
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top-down proteomics; the use of these methods in top-down proteomics will be discussed
here.

Pseudoisobaric labeling (pIDL) reacts lysine residues and N-terminal amines with various
isotopologues of formaldehyde and sodium cyanoborohydride to dimethylate lysine residues
to produce an isotopically unique group.?! By varying the identity and number of carbon-13
and hydrogen-2 isotopes on the reactants, 8-plex multiplexing can be accomplished using
commercially available isotopes of formaldehyde and cyanoborohydride. Like NeuCode
SILAC, pIDL relies on the mass defect of different isotopologues to differentiate labeled
proteins, so this method requires contemporary high-resolution MS instrumentation for data
analysis. Product ions with labeled lysine residues are identified in the MS2 and the ratio is
determined for relative quantification of the intact protein (Fig. 1C). Fang et al.
demonstrated the application of pIDL combined with top-down MS analysis on a myoglobin

standard protein as well as hepatocellular carcinoma and normal hepatocellular cell lines.
42,43

TMT and iTRAQ are chemical labeling methods that label specific chemical groups with
isotopically labeled mass tags. These mass tags consist of four distinct chemical groups:
mass reporter, linker, normalizer group, and reactive group.3® The reactive group, generally
a hydroxysuccinimide ester, reacts with primary amines on the lysine residues and N-
terminus of proteins. The mass tags all have the same mass, but hydrogen, carbon, or
nitrogen isotopes are distributed across the mass reporter and normalizer groups. The linker
is a cleavable portion of the mass tag between the mass reporter and normalizer group and is
the site of cleavage during MS2 dissociation. As the mass of intact proteins is consistent
before MS2 dissociation, quantitation is performed at the MS2 level. The mass reporter
portions of the mass tags are cleaved from the peptides during MS2 dissociation and produce
strong MS2 signals relative to their concentrations (i.e., the concentration of the bound
protein in the sample). Relative quantitation is performed by mixing samples with unique
mass tags at known ratios and the intensities of the mass tags are used to compare the
concentrations of the intact protein.

Hung and Foley demonstrated the ability of TMT labeling to be effective in labeling intact
proteins for top-down analysis in a simple mixture of standard proteins.#? Furthermore, Yu
et al. have applied TMT labeling to complex cell lysates and, through the implementation of
a high molecular weight cutoff filter, have minimized the precipitation under labeling
conditions. While iTRAQ labeling of intact proteins has never been used for relative
quantitation by MS, it has been used to label a simple mixture of intact proteins.*4

Current and prospective applications

Determination of the identity and quantity of protein proteoforms by MS has become
increasingly common as MS technology has improved and PTMs have been shown to affect
the biological function of proteins. For example, heat shock protein 90 (Hsp90) is known to
possess a variety of different PTMs including phosphorylation, acetylation, oxidation, etc.,
which have varying effects on the association of Hsp90 with client proteins.#® Practical
quantitative top-down proteomics has been applied recently to quantify proteoform
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expression in human disease and aging, biological response to stimuli, and microbiology.
Here we discuss some examples of the use of quantitative top-down proteomics techniques
in these areas of research as well as prospective applications of these techniques.

aging

Determination of the effect of disease states on proteoform expression can be valuable in the
study of disease pathways and the discovery of disease biomarkers. However, it is not
always sufficient to qualitatively observe which proteoforms are expressed in diseased
proteomes. Quantitative top-down proteomics methods have been applied to offer deeper
understanding of diseased proteomes at a proteoform level. For example, the Ge group used
label-free top-down proteomics methods to study proteoform expression of cardiac troponin
I (cTnl) in heart tissues in early, mid, and late stage chronic heart failure (CHF). They
determined that a higher ratio of phosphorylated cTnl, compared to nonphosphorylated
cTnl, was observed in CHF samples, which may serve as an indicator of cardiac health.
Therefore, quantitation of phosphorylated cTnl can be used as a diagnostic method for CHF.
22 The Ge group further used top-down label-free quantitation methods to examine the
skeletal muscle of aging rats to study the molecular mechanism of sarcopenia.*® The
Kelleher group utilized top-down label-free quantitation methods to study regulatory
mechanisms in human colorectal cancer cells.*” They developed a strategy to enrich KRAS
proteins so they could determine the effect of mutations on KRAS proteoform expression.
They found that a mutated DLD-1 cell line, with a G13D mutation, expressed a unique
KRAS4b proteoform when compared with the wild type, which suggests that post-
translational modifications of KRAS proteins affect cell growth and proliferation pathways.
Additionally, quantitative top-down proteomics methods have been used to study
Parkinson’s disease,*8 autoimmune diseases,*° and the maturation of human pluripotent
stem cell-derived cardiomyocytes.>0

Saliva is a valuable source to search for known and potential biomarkers because it is easier
and less invasive to collect that other biological samples like blood or cerebral spinal fluid.>!
Top-down MS has been applied to quantitatively study the salivary proteome in search of
potential biomarkers that could lead to noninvasive methods for early disease diagnosis and
disease monitoring.19 In fact, quantitative top-down proteomics have revealed differentially
expressed proteins and potential biomarkers in saliva samples from patients afflicted with
schizophrenia and bipolar disorder,52 multiple sclerosis,?3 edentulism,>* and early onset
Alzheimer’s disease as it is associated with down syndrome.>®

Cellular response

The study of the cellular response to external stimuli at the proteoform level is critical to
understanding how specific proteoforms are involved in the initiation of cellular pathways
and mechanisms, and may also offer insight into the effects of chemical treatment on the
proteome (e.g., the effect of pharmaceuticals on cellular proteomes). Quantitative top-down
proteomics methods have been used to study highly modified proteins such as histones,2! the
effect of mechanical stimulation on mice,® exercise on humans,>” and heat on disulfide
bonds of b-lactoglobulin.>8 For example, the Young lab utilized MILP to accurately quantify
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highly modified proteoforms such as histone proteins to study the effect of SUV4-20
methyltransferase inhibition on breast cancer cell lines.2! Furthermore, they studied histone
acetylation upon addition of sodium butyrate and discovered a highly specific hierarchical
order of acetylation that occurred exclusively on histone proteins with a pre-existing
H4K20me2 modification.2? The importance of the order of acetylation, while it had been
previously hypothesized, could not previously be observed using bottom-up MS or antibody-
based methods.

Microbiology

The study of intact microbiological proteomes can offer valuable information on the
pathways and mechanisms of infection and disease and help inform treatment options. For
example, Chamot-Rooke et al. used top-down MS to study phosphorylation of type IV pili in
Neisseria meningitidis.>® They identified a phosphoglycerol transferase responsible for the
transfer of a phosphoglycerol PTM to Ser93 of the PilE protein. The addition of this PTM
allows the pili to release from a bacterial aggregate where replication occurs, which allows
the bacteria to infect new hosts. Ansong et al. used quantitative top-down MS proteomics to
study proteoform expression of Salmonella typhimurium under normal and infection-like
conditions.®% They found the first instance of a condition dependent PTM switch, from an S-
glutathionylation under basal growth conditions to S-cysteinylation under infection-like
conditions, which may inform cellular response in redox regulation.

Future directions and prospectives

Top-down proteomics methods have seen a rise in popularity as MS technology has
improved; however, there are still drawbacks to the use of top-down compared to bottom-up
methods. These drawbacks primarily exist in two areas: (1) large, highly charged proteins
are difficult to detect as a result of MS m/z limitations and low signal intensity due to charge
envelope broadening. These limitations lead to only the lowest molecular weight and most
abundant proteoforms being identified. (2) Coelution of intact proteins after LC separation
also complicates MS spectra and decreases ion intensity making the detection of high
molecular weight and low abundance proteoforms difficult.1® Fortunately, MS technology
and methods that seek to improve qualitative protein identification of intact proteoforms
have been successful. For example, parallel ion parking and ion/ion proton transfer reactions
methods were designed to improve the signal-to-noise ratio of low intensity MS signals by
mediating the number and level of charge states produced during the ESI process so that the
protein may be analyzed within the available m/z range.61:62 This also decreases spectral
complexity and increases the signal-to-noise ratio of proteins in complex samples. Another
emerging MS technology that may be applied to quantitative top-down MS is data-
independent analysis (DIA). DIA contrasts with data dependent analysis (DDA) in that
specific precursor masses are not chosen for fragmentation.63 Rather, repeating m/z ranges
are sequentially isolated and sent for fragmentation and MS detection during the full length
of separation.83 Using DDA, multiple parent ions may be selected for fragmentation and MS
spectra may be very complicated; thus, many software packages have been developed to
analyze mass spectra produced using DIA methods.54-66 Application of parallel ion parking,
ion/ion transfer, and DIA to top-down proteomics could help overcome some of the
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difficulties in envelope broadening, spectral complexity, and detection of low abundance
proteoforms that have been inherent to top-down proteomics.

A further decrease in the spectral complexity caused by coelution of proteoforms for MS
analysis has been achieved by increased separation efficiency. Specifically, highly efficient
and multidimensional separation approaches have been developed and implemented to better
separate intact proteins and increase qualitative proteoform identification and quantitative
analysis.>~11 Increasing separation efficiency in quantitative top-down studies should lead to
deeper and more accurate proteoform identification and quantitation. However,
multidimensional separation techniques do present a disadvantage, particularly in
quantitative methods, in that proteins may elute over multiple 1st-dimension fractions and
become difficult to accurately quantify. Label-free quantitation methods are especially
unsuitable for multidimensional separation as quantitation must occur between LC-MS runs
for individual samples. The increased number of LC-MS runs for a single sample in
multidimensional separation increases the opportunity for run-to-run variability and
decreases the accuracy of label-free quantitation methods. Moreover, one proteoform can
elute across different fractions which complicates quantitation of proteoforms because
multiple second dimension LC runs must be combined. Metabolic and chemical labeling
methods, however, are much more suitable for quantitative analysis in multidimensional
separation as the labeled proteoforms from different samples can be combined prior to
separation and directly compared within the same LC run.

Quantitative top-down MS has been well established in the identification of proteoforms for
biomarker discovery and to study biochemical disease pathways as discussed above. Another
potential application of quantitative top-down proteomics is in the area of structural biology.
Traditionally, structural elucidation of biological macromolecules has been accomplished
using nuclear magnetic resonance (NMR),87 X-ray crystallography,®® cryogenic electron
microscopy (cryo-EM),8 or a combination of these techniques.’® Computational structural
biology has also been widely implemented independently and in conjunction with physical
experiments to probe the structure of biological macromolecules.”! The structural biology
methods discussed above have a common drawback in that the proteins must be purified to
use these methods. In many cases, these proteins must be bacterially expressed and purified
to be obtained in a high enough quantity to use these methods, and key PTMs may be
missing. MS-based methods for structural biology have been implemented to overcome
some of these difficulties. A primary advantage of the use of MS in structural biology is the
ability to analyze complex sample matrices by coupling MS methods to high resolution
separation techniques. This union decreases sample complexity, allows for the collection of
data on multiple peptides/proteins simultaneously, and uses highly sensitive MS detection.
For example, MS-based ‘footprinting” methods including hydrogen deuterium exchange
(HDX), hydroxyl radical footprinting (HRF), and chemical crosslinking’2:"3 have been used
to study aspects of protein structure and interactions. These footprinting methods have
generally been applied using bottom-up MS methods; however, a recent application of top-
down MS to HRF suggested the potential of top-down “footprinting” approaches in structural
biology.”
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Another area of research where quantitative top-down proteomics may be applied to
examine protein structure and interaction is to some recently introduced techniques that
probe protein stability called “stability proteomics’.”3 One of these techniques, thermal
proteome profiling (TPP), examines the resistance of a protein to thermal denaturation and
has been notably used to determine protein drug targets.”® TPP can be paired with
quantitative top-down MS proteomics methods to determine the effect of PTMs on the
thermal stability of the proteins. Furthermore, quantitative top-down TPP can be applied to
drug target analysis to determine if specific proteoforms are active in drug binding.

Quantitative top-down techniques have the potential to greatly increase the scope of the
proteomics field. Already, quantitative top-down techniques have been used to identify
biomarkers, study human and bacterial disease pathways, and observe cellular response to
stimuli. We believe that further improvement on and application of MS instrument
technologies, data collection/analysis techniques, and advanced separation techniques such
as those suggested in this review to top-down proteomics will propel the field forward and
lead to many new discoveries.
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Schematics of labeling and data analysis for (A) label-free quantitation, (B) metabolic

labeling, and (C) isobaric chemical labeling.
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