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The development of multiplexing technologies for proteomics has enabled the
quantification of proteins on a global scale across samples with high confidence.
In the covalent ligand discovery pipeline, quantitative proteomics can be used to
establish selectivity profiles and provide critical mechanistic insight into the action
of lead compounds. Current multiplexing systems allow for the analysis of up to
eighteen samples in a single run, allowing proteomic analyses to match the pace
of high-throughput covalent ligand discovery workflows. This review discusses
several quantitative proteomic techniques and their applications in the field of
covalent ligand discovery.
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1 Introduction

Mass spectrometry-based proteomics has emerged as the established method for
protein identification and quantitation in complex biological samples, representing the
gold standard in the field. In the realm of covalent drug discovery, chemoproteomics has
become an integral component, as it enables the mapping of chemical modifications
induced by covalent ligands through proteomics approaches (Meissner et al., 2022). The
success of these techniques has revolutionized modern drug-screening workflows by
enabling high-throughput and quantitative analysis. This review focuses on elucidating
the principles and methodology of various quantitative proteomics techniques, including
label-free quantitation, iTRAQ (isobaric tagging for relative and absolute quantification),
and TMT (tandem mass tags) labeling. Additionally, we explore the application of these
tools in quantitative chemoproteomics, demonstrating their utility in the discovery of
covalent ligands.

2 Principles of discovery proteomics

In global protein identification using mass spectrometry (MS), two main approaches are
employed: “top-down” analysis (Siuti and Kelleher, 2007) of intact proteins and “bottom-up”
analysis of enzymatic peptide digests. In this review, wewill focus on bottom-up approaches. The
general workflow (Figure 1A) for sample preparation is as follows (Pappireddi et al., 2019):
protein extracts are denatured using urea, followed by reduction of disulfide bridges using a
reducing agent like dithiothreitol (DTT) or Tris (2-carboxyethyl) phosphine (TCEP), and
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alkylation of the resulting sulfhydryl groups with reagents such as
iodoacetamide (IA) to prevent bridge reformation. Subsequently, the
samples are digested with specific proteases such as trypsin, which
cleaves at the C-terminal end of lysine and arginine residues, or other
proteases like LysC, ArgC, and GluC, which cleave C-terminal to lysine,
arginine, and glutamate residues, respectively. The resulting mixture of
peptides can be optionally fractionated prior to sample injection to
maximize proteome coverage during the analysis (Manadas et al., 2010).

Proteomics data is typically obtained using LC-MS/MS (liquid
chromatography-tandem mass spectrometry). After chromatographic
separation, peptides enter the mass spectrometer, where they undergo
ionization into the gas phase through electrospray ionization (ESI).
These newly formed “precursor ions” then proceed into the mass
analyzer, where they are filtered based on their mass-to-charge ratio
(m/z) and subsequently detected. The distribution of m/z values for all
precursors at a given time is referred to as the MS1 spectrum, where the
height of each peak is proportional to the number of detected ions.

Selected peptide ions can then undergo further fragmentation. This step
produces the MS2 spectrum, which consists of peptide fragment ions.
Analyzing the data from theMS2 spectrum allows for the identification
of peptides and enables themapping of post-translational modifications
(Han et al., 2008). To reduce ambiguity in peptide identification,
MS2 ions can undergo additional fragmentation, generating
MS3 spectra (Olsen and Mann, 2004).

There are two paradigms in bottom-upMS2 data acquisition: data-
dependent acquisition (DDA) and data-independent acquisition (DIA)
(Figure 1B) (Schubert et al., 2017). In data-dependent acquisition
(DDA), precursor ions are selected for further fragmentation based
on a “top N” approach. After acquiring a full-scan MS1 spectrum,
MS2 scans are obtained for the most abundant precursor ions. DDA
provides unbiased coverage of the proteome since the selection process
is stochastic. However, this strategy introduces a “missing value
problem” because the same precursors may not be fragmented
consistently across runs. This limitation becomes problematic in

FIGURE 1
Principles of shotgun proteomics and an overview of isobaric labeling techniques. (A)Upper: The bottom-up proteomics workflow. Flowing sample
lysis, protein extracts are processed and subjected to proteolytic digestion. Peptide mixtures are then analyzed by LC-MS/MS. Lower: Sample
multiplexing increases throughput. (B) Data-dependent acquisition (DDA) and data-independent acquisition (DIA). (C) Nonisobaric and isobaric labeling
approaches. In nonisobaric labeling, sample-encoded peptides appear as distinct peaks in the MS1 spectrum, enabling relative quantification. In
isobaric labeling, sample-encoded peptides appear as a single MS1 peak, resulting in no additional MS1 complexity. (D) 4-plex iTRAQ tags. A slash
indicates the MS2 fragmentation site that liberates the mass reporter. (E) Upper: Selected structure of tag 128 from the 6-plex TMT set. Lower: Selected
structure of tag 129C from the TMT 16/18-plex set. A slash indicates the MS2 fragmentation site that liberates the mass reporter.
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high-throughput applications like fragment-based screening, where
numerous samples need to be compared. The data-independent
acquisition (DIA) workflow, on the other hand, can mitigate this
problem (Aebersold and Mann, 2016). In DIA methods such as
SWATH-MS (Messner et al., 2021), precursor ions within preset m/
z ranges are fragmented simultaneously, ensuring full and unbiased
coverage of theMS1 spectrum. By acquiring all precursor fragmentation
data, DIA can largely overcome the missing value problem. However,
the resulting MS2 spectra are more complex as they are the
superposition of the fragmentation patterns for several precursors.
To extract information from DIA spectra, data deconvolution with
sophisticated informatics frameworks is necessary (Tsugawa
et al., 2015).

3 Modern techniques in quantitative
proteomics

Advancements in quantitative multiplexing technologies including
label-free, iTRAQ, and TMT approaches have enabled the relative
quantification of proteins across multiple samples within a single
experiment. These technologies have made MS-based proteomics
more compatible with high-throughput drug discovery workflows.
Relative abundance information facilitates the comparison of protein
levels between different samples, even though precise quantification at
an absolute level remains challenging (Ankney et al., 2018). A brief
overview of these techniques is presented in Table 1.

3.1 Label-free quantification

Label-free quantification (LFQ) enables the comparison of protein
levels between samples without the need for labeling during sample
preparation. One approach for LFQ is spectral counting, as the number
of acquired MS/MS spectra tends to increase with the relative
abundance of a given peptide (Megger et al., 2013; Lee et al., 2019).
To establish the relative abundance of peptides with reasonable
confidence, various statistical frameworks are available which
account for spectral counts, protein length, fragment ion intensities,
and the number of unique peptides for each protein. A second strategy
for label-free quantification involves utilizing MS1-based quantification
of precursor ion intensities (Megger et al., 2013; Smith and Tostengard,
2020). Integrating the intensity of them/z peak associated with a specific
peptide over its chromatographic retention time gives the extracted ion
chromatogram (XIC), with the area under the curve representing the
ion count for the peptide. Ion count analysis enables the establishment
of relative abundance ratios for a particular protein across multiple

samples (Cox et al., 2014). Label-free quantification eliminates the need
for expensive isotopic tags and additional steps in sample preparation,
although it is less accurate than label-based quantification techniques. It
provides a straightforward analytical workflow, albeit with relatively
lower precision between replicates. Label-free quantification requires
consecutive sample runs, resulting in lower throughput. Nevertheless,
thismethod enables the comparison of an unlimited number of samples
post-acquisition (Moulder et al., 2016), offering broad utility in large-
cohort clinical (Dytfeld et al., 2016) or longitudinal studies (Geyer et al.,
2021; Vu et al., 2023).

3.2 Isobaric tagging

The introduction of isobaric tagsmarked a significant breakthrough
in quantitative proteomics, primarily due to their enhanced
multiplexing capabilities and high quantitative accuracy (Sivanich
et al., 2022). Isobaric labeling strategies, including widely available
iTRAQ and TMT reagents, involve chemical modification of
peptides with isotope-coded tags of the same nominal mass post-
digestion, enabling quantitation (Figure 1C). Each isobaric label
contains a reporter group, a cleavable linker, a mass balancing
group, and a protein reactive group. The unique distribution of
isotopes within each tag enables the identification of samples in the
MS2 orMS3 spectrum (Chen et al., 2021). Unlike other isotopic labeling
techniques, peptides labeled with isobaric tags exhibit a single peak in
the MS1 spectrum, allowing for extensive multiplexing without
additional MS1 complexity. Fragmentation of the labile linker site at
the MS2 or MS3 level generates sample-encoded lowm/z reporter ions,
along with complementary reporter ions that consist of the mass
balancing group attached to the peptide or peptide fragment. Both
sets of ions can be utilized for relative quantification, as their masses are
unique to each channel within the multiplexed sample (Pappireddi
et al., 2019).

Since the labeling step occurs after digestion, isobaric tagging is
susceptible to variability from sample handling. Despite themultiplexing
limit and the cost associated with commercial tags, this method exhibits
high throughput, and sample multiplexing effectively eliminates the
missing value problem. MS2-based quantification offers excellent
reproducibility and quantitative accuracy. However, this approach is
also prone to interference effects caused by contaminating peptides
(Ankney et al., 2018). In tandem mass spectrometry, the precursor of
interest is often co-fragmented with several near-isobaric peptides,
reducing sensitivity between samples to low-abundance peptides.
These interference effects can be addressed through post-acquisition
computational corrections or experimentally by using MS3-based
quantification. By employing a narrow MS3 acquisition window,

TABLE 1 Overview of several quantitative proteomics techniques, including label-free, iTRAQ, and TMT approaches.

Labeling
technique

Labeling
type

Labeling
level

Multiplex capacity Quantification level Notable features

Label-free N/A N/A None, but no limit to the
number of samples that can be

compared

MS1 (ion intensity), MS2
(spectral counting)

Low cost, no limit to samples to be compared,
lower accuracy than labeling methods

iTRAQ, TMT Chemical,
isobaric

Peptide Up to 8-plex (iTRAQ) or 18-
plex (TMT)

MS2, MS3 Commercially available, high cost, high
accuracy, no additional MS1 complexity,

high multiplexing capacity
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target reporter ions can be selectively isolated while filtering out
unwanted interfering ions (Ting et al., 2011). Additionally, interfacing
ion mobility instrumentation to the MS/MS setup can reduce
interference by improving m/z separation (Pfammatter et al., 2018).

3.2.1 Isobaric tag for relative and absolute
quantification (iTRAQ)

iTRAQ is available in two variants: a 4-plex and an 8-plex
isobaric chemical labeling system. Both systems use a peptide
reactive N-hydroxysuccinimide (NHS) ester group, which
covalently modifies N-terminal amines and free amino groups of
lysine side chains (Figure 1D) (Evans et al., 2012). The 4-plex system
generates reporter ions across them/z range of 114–117, while the 8-
plex system generates reporter ions at m/z 113-119 and 121. iTRAQ
is compatible with a wide range of samples since the tagging step
occurs after digestion. The amine reactivity of the iTRAQ reagent
allows for broad peptide labeling. By labeling all sample peptides, the
iTRAQ method enables comprehensive proteome coverage and
facilitates high-confidence peptide identification, while still
retaining valuable post-translational modification (PTM)
information. Like all post-digestion labeling methods, iTRAQ is
susceptible to loss of precision between replicates resulting from
sample handling. However, iTRAQ is broadly compatible with
diverse MS platforms, including QToF, ion-trap, and Orbitrap
instrumentation (Evans et al., 2012).

3.2.2 Tandem mass tag (TMT) labeling
TMT (Tandem Mass Tag) is a post-digestion chemical labeling

method that can multiplex up to eighteen samples and is
commercially available as a 2-plex, 6-plex, 10/11-plex, or 16/18-
plex system. The 6-plex and 10/11-plex TMT systems utilize a
dimethyl piperidine-based reporter group, which is attached to
an amine-reactive NHS-ester group through a labile linker
(Figure 1E, upper). The differential distribution of five 13C and
15N atoms within each tag results in reporter ions spanning the m/z
range of 126–131. By substituting one 15N atom with 13C, the system
can be expanded to 10-plex configuration. In this case, each channel
from m/z 127-130 is split by 6 mDa between an N or C variant. The
additional 11th channel, labeled with only 13C atoms, completes the
11-plex set, represented by the 131-C variant. For higher
multiplexing capabilities, the 16/18-plex TMT systems utilize an
isobutyl proline reporter group and a longer linker (Li et al., 2020; Li
et al., 2021). These systems accommodate nine differentially
distributed isotopes, generating reporter ions from m/z 126-
134 upon fragmentation (Figure 1E, lower). While the TMT
labeling system is more expensive, it offers a significant
advantage in its high multiplexing capacity, which minimizes
missing values in large sample datasets. This capability enhances
quantitative accuracy and precision without compromising coverage
and efficiency in peptide identification. The narrow mass shift
between channels in the 18-plex configuration necessitates high-
resolution scanning during data acquisition (Pappireddi et al., 2019).
This makes TMT labeling less compatible with older instruments
that may not be able to achieve adequate resolution for high-
multiplex sample deconvolution (Erdjument-Bromage et al.,
2018). Nevertheless the robustness and efficiency of the TMT
methodology make it particularly appealing for high-volume drug
discovery workflows.

4 Applications in covalent
ligand discovery

High-throughput screening has emerged as a crucial approach in
modern drug discovery, facilitating the rapid identification of lead
compounds from large small-molecule libraries (Blay et al., 2020).
The advancement of quantitative multiplexing technologies has
enhanced the utility of proteomics workflows within the drug
discovery pipeline. The recent approvals of covalent inhibitors
targeting BTK (Pan et al., 2007; Byrd et al., 2013) and the
previously considered “undruggable” KRAS-G12C (Ostrem et al.,
2013; Kim et al., 2020) have sparked significant interest in drug
discovery programs, redirecting attention towards the rational design
of covalent drugs. Advanced chemoproteomic methods, such as
activity-based protein profiling (ABPP), have been instrumental in
identifying numerous reactive cysteines within the ligandable
cysteinome (Weerapana et al., 2010; Backus et al., 2016;
Vinogradova et al., 2020; Spradlin et al., 2021). The discovery and
evaluation of potent and selective covalent ligands using quantitative
proteomics techniques have the potential to unlock previously
challenging targets and expand the druggable proteome, opening up
new avenues in drug discovery (Moellering and Cravatt, 2012).

4.1 Quantitative proteomics facilitates the
evaluation of the proteome-wide selectivity
of covalent drugs

Gaining insights into the on- and off-target profiles of cysteine-
targeting covalent drugs is crucial for understanding their clinical
activity and safety. Quantitative proteomics provides an effective
platform for this purpose, as it allows for the quantitative and site-
specific mapping of protein interactions with the candidate compounds
within native biological systems. In a study focused on ibrutinib
(Lanning et al., 2014), an FDA-approved covalent inhibitor of
Bruton’s tyrosine kinase (BTK) targeting BTK C481 (Pan et al.,
2007), an alkynylated probe of ibrutinib was synthesized. This probe
was employed for chemical proteomic target profiling in A431 and
Ramos cells. Comparison between cells treated with the alkynylated
ibrutinib probe and vehicle-treated cells revealed enrichment of BTK,
BLK, TEC, ERBB2 kinases, as well as several non-kinase proteins. To
confirm the binding and engagement of ibrutinib on the identified
proteins, a subsequent competitive proteomic experiment was
conducted. In this experiment, the cells were initially pretreated with
ibrutinib, followed by treatment with the alkynylated ibrutinib probe.
This experiment confirms the ibrutinib’s interactionwith the proteins of
interest and provided additional evidence for its engagement on these
targets. In another study (Ye et al., 2021) focusing on MM2-48, an
analog of ibrutinib that exhibits similar BTK inhibition but displays
higher cytotoxicity in BTK-dependent cancer cells, alkynylated probes
of both ibrutinib andMM2-48 were generated. Quantitative proteomics
was utilized to measure the protein targets engaged by these
compounds. The results revealed that, in addition to the expected
target BTK, MM2-48 engaged C141 on BRCA2 and CDKN1A-
interacting protein (BCCIP), which were not bound by ibrutinib.
BCCIP is a protein recognized for its significant involvement in cell
cycle regulation and DNA double-strand break-induced homologous
recombinational repair (Lu et al., 2005). The authors demonstrated that
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MM2-48, by specifically targeting C141 of BCCIP, displayed a more
potent inhibitory effect on homologous recombinational repair
compared to ibrutinib. This finding highlights the distinct and
enhanced inhibitory properties of MM2-48 in modulating this
critical DNA repair mechanism when compared to ibrutinib.

Quantitative proteomics has also been used to evaluate the
proteome-wide selectivity of KRAS-G12C inhibitors. KRAS is an
oncogenic protein belonging to the small GTPase family and is
found to harbor gain-of-function mutations in approximately 30%
of human cancers (Simanshu et al., 2017). Historically, RAS proteins
have been considered “undruggable” due to their lack of suitable
allosteric regulatory sites and their high affinity for binding
Guanosine Triphosphate/Guanosine Diphosphate (GTP/GDP).
Nevertheless, a unique opportunity arises with the KRas-G12C
mutation, which occurs in around 13% of lung adenocarcinomas,
opening the door for the development of covalent inhibitors. The
Shokat lab embarked on this endeavor by creating an electrophilic
small molecule that targets a novel pocket beneath the Switch II loop
region of KRas-G12C, specifically in its GDP-bound state, thereby
obstructing Son of Sevenless (SOS)-mediated GDP/GTP exchange
(Ostrem et al., 2013). In another study, Patricelli and others
employed a competitive ABPP approach to quantitatively measure
compound engagement on KRAS-G12C within cells. This approach
simultaneously enabled the proteome-wide profiling of off-target
interactions (Patricelli et al., 2016). Through their work, a
compound named ARS-853 emerged, exhibiting potent engagement
with the acquired cysteine in KRAS-G12C inNCI-H358 cells, with only
two additional targets, FAM213A and RTN4, being identified (Patricelli
et al., 2016). Subsequently, an in vivo active KRAS-G12C inhibitor,
ARS-1620, was developed and confirmed through the competitive
ABPP approach to significantly engage KRAS-G12C within the
NCI-H358 proteome (Janes et al., 2018). FAM213A and AHR, two
commonly observed targets of covalent compounds bearing an
acrylamide warhead, were identified as off-targets of ARS-1620, as
well as targets of the inactive ARS-1620 R-atropisomer (Janes et al.,
2018). Notably, sotorasib (also known as AMG510) recently became the
first FDA-approved KRAS-G12C inhibitor for the treatment of KRAS-
G12C-expressing metastatic non-small cell lung cancer (NSCLC)
(Nakajima et al., 2022). Importantly, utilizing competitive ABPP, it
was found that the acquired cysteine of KRAS-G12C was the sole
cysteine substantially engaged by sotorasib within the NCI-H358
proteome (Canon et al., 2019).

5 Conclusion and discussion

The advancement of quantitative multiplexing technologies has
revolutionized the field of proteomics, enabling the simultaneous
quantification of thousands of proteins across multiple samples with
high accuracy and confidence. Sample multiplexing has streamlined
data acquisition, facilitating high-throughput analysis while addressing
critical challenges such as the missing value problem and ratio
distortion. The availability of diverse labeling systems ensures
compatibility with various sample types and workflows, making

multiplexing a versatile tool in proteomic research. Label-free
methodology offers a cost-effective approach for relative
quantification between large numbers of samples, which is extremely
valuable for clinical proteomic analyses. Isobaric labeling technologies,
such as iTRAQ and TMT, allow for a range of sample multiplexing
capabilities for high-accuracy relative quantification. In recent years,
isobaric labeling techniques have emerged as an attractive strategy in
quantitative proteomics. These techniques allow for the encoding of up
to 18 samples in a single experiment, offering exceptional precision,
accuracy, and dynamic range for quantitative analysis.

In the realm of drug discovery, where high-throughput screening
workflows are prevalent, proteomic datasets play a vital role in establishing
selectivity and interaction profiles of compounds or providingmechanistic
insights into potential hit molecules. Particularly in the domain of covalent
ligand discovery, quantitative chemical proteomics has expedited the
identification of new ligands, expanding the repertoire of druggable
targets. Looking ahead, the continuous evolution of quantitative
methodologies will further integrate quantitative proteomics into the
standard drug discovery workflow. By leveraging the power of
quantitative proteomics, researchers can accelerate the development of
groundbreaking therapeutics, leading to more effective treatments and
improved patient outcomes.
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